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Процессы, основанные на ионном оомене, играют все 
более важную роль в современных технологиях. Математи­
ческое моделирование единиц таких процессов, решение 
модели и выведение важных для практики результатов (оп­
тимизация) являются важными инженерными задачами. Автор 
излагает и систематизирует известные типы моделей. Изу­
ченные модели относятся к следующим типам аппаратов:

- непрерывный ионный обмен в колонне с неподвижным 
слоем

- непрерывный ионный обмен е смешанном реакторе ко­
тельного типа в случае смоляной суспенсии

- полунепрерывный ионный обмен в смешанном реакторе 
котельного типа в случае смоляной суспенсии.

Одной из основных задач современного развития химической 
науки и техники является разработка и внедрение в практику новых 
методов анализа и расчета типовых процессов и аппаратов химической 
технологии с широним использованием средств вычислительной техни­
ки .

В настоящее время к числу таких процессов могут быть отнесе­
ны и процессы ионного обмена, которые получают все более широкое 
распространение и приобретают важное значение во многих отраслях 
производства, например, химичесная, атомная, пищевая, медицинская, 
гидрометаллургичвская промышленности, опреснение и очистка воды, 
удаление из организма токсических веществ, консервирование крови и 
т . д .
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Сложность фиэино-химичесних превращений, протекающих в гете­
рогенной системе жидность - твердое тело (ионообменная смола), 
требует совместного рассмотрения факторов, определяющих гидродина­
мический режим и массообмен в системе, а также собственно химичес­
кую кинетику.

В общем виде задача математического описания процесса ионно­
го обмена, протекающего в изотермических условиях, может быть 
сформулирована в виде следующей системы дифференциальных уравнений 
[1,2,3,4].

Уравнение материального баланса процесса для жидкой фазы

Э с 
Эх div Фдиф - div(c,V) + Фхим.

Уравнение статики процесса

с

Уравнение кинетики процесса

Уравнение движения жидкой фазы

pf^ = -Vp + F + uVw + (Ç+^)VdiIV w

Уравнение неразрывности потока

"T"—" + div ( p ,w) = 0

Эта система уравнений должна быть дополнена начальными и граничны­
ми условиями, которые определяют распределение равновесных и теку­
щих концентраций во времени и в пространстве, а также их значения
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на границе раздела взаимодействующих фаз. Однако даже при польном 
задании граничных и начальных условий решение задачи в обшем ви­
де требует еще конкретизации функций ф и f, которые очень часто 
не удается представить в явном виде.

Таким образом, полная система математических уравнений,опи- 
сывающих процесс ионного обмена,я вляется очень сложной и в обшем 
случае не имеет аналитического решения. Даже при рассмотрении от­
дельных, частных задач ионного обмена в большинстве случаев необ­
ходимо применение теории подобия или электронно-вычислительных 
машин. Вследствие этого до настоящего времени почти отсутствуют 
обобщенные методы инженерного расчета и моделирования ионообмен - 
ных процессов, в частности, с использованием средств вычислитель­
ном технини. При этом глубокое знание кинетических закономернос­
тей процесса ионного обмена должно являться основой его расчета и 
моделирования.

Настоящая работа посвящена разработке инженерных методов 
расчета и моделирования процесса ионного обмена преимущественно 
на основе математического описания нинетини процесса в условиях 
внешней и смешанной диффузии с использованием электронных вычис­
лительных машин.

Непрерывный процесс в колонном аппарате вытеснения 
с неподвижным слоем ионообменной смоль [5,6,7,В]

Для составления математической модели, описывающей процесс 
физико-химического превращения вещества в неподвижном слое ионо­
обменной смолы, предварительно аналитически исследуется матема­
тическое описание ионного обмена на одном зерне. В основу этого 
описания была положена физическая модель, которая предполагает
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наличие тонной диффузионной пленки на границе раздела фаз: зерно 
ионообменной смолы - раствор. В случае,когда скорость процесса ли­
митируется диффузией ионов в пленке,диффузионный поток вытесняющих 
ионов через жидкую пленку, окружающую зерно, равен:

dl Unr2D ’О dx (î)

Количество вытесняющих ионов в частицу ионита за время dx соответ­
ствует изменению их содержания в самой частице, т.е.

Intr3
dl = —-— — adN (2 )

Приравнивая диффузионные потони на основании электронейтральности 
раствора, получим исходное дифференциальное уравнение, описывающее 
кинетину процесса на одном зерне

dN
dx

3D * с /---- (п -п )6 г а  о е о
(3 )

Для рещения уравнения (3) необходимо выразить п через мольную долю 
поглощаемого иона в зерне ионита. Если для изотопного обмена,для 
которого константа равновесия равна I, а также для случая обмена
равновалентных ионов, когда

найдены решения уравнения (3) 
ионов аналитического решения

К -(к -1)Nс с
при ряде допущении

, то для случая обмена разновалентных 
(3) в общем виде не получено.

Используя основные характеристики равновесного состояния: 
кажущуюся константу равновесия обмена и коэффициент разделения,оп­
ределяющий селективность поглощения одних ионов по сравнению с 
другими и зависящий от эквивалентной доли поглощаемого компонента 
в ионите и в растворе, можно аналитически получить зависимость 
R = f(N), которая для обмена Ме2 + - Н+ будет иметь следующий вид

R = / AN+[ Ad-lO^ Ad-N) («О2 2
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При концентрации раствора менее 0,05 rl-r--|v|-̂-н-в, что является одним
из условий внешней диффузии и N<0,9, функциональная зависимость 
R = f(N) может быть записана в виде:

R = A(l-N) (5)

На основании определения коэффициента разделения и уравнения (5) 
величина мольной доли поглощаемого компонента на границе пленка- 
зерно может быть выражена следующим уравнением:

ne A(1-N)-A(1-N)N+N ^

Интегрируя уравнение (3) при найденном значении мольной доли ком­
понента на границе пленка - зерно (N = 0 при т = О), получаем ки­
нетическое уравнение, описывающее процесс на одном зерне в услови­
ях пленочной диффузии:

Кт = V î t i > + A2[ïèï + ln(l-N)] +

+ А-ТгЧг + 2 In(l-N) - (1-N)] + С 
э 1-N (т)

где А - J-
О

1-2А 1 А-1
2 п А ; 3 п ’ п Ао о о

3D * сКоэффициент К= f---  является сложной кинетической характеристи-о г а
кой процесса и зависит от гидродинамических, концентрационных, фи­
зико-химических свойств системы, поскольку 6=f(v,c); D’=f(c,n ), а 
величина а характеризует свойства ионообменной смолы. По своему 
физичесному смыслу коэффициент К может быть назван удельной произ­
водительностью реактора (ионообменнина), а само произведение Кт 
является мерой выражения эффективности его работы.
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Предложенная кинетическая модель может быть развита с учетом 
влияния внутренней диффузии на общую скорость процесса при введе­
нии в уравнение (7) вместо ô=const величины эквивалентной толщины 
пленки бе- В этом случае, принимая послойный характер физико-хими­
ческого превращения в зерне, нинетическое уравнение примет вид:

[А+(1-2А)Ы+АЫ ](1+а-а/ 1-N)_„ л. а т — --- --------------- --------- d In
п A-2n AN + n AITО О О

(8)

При изменении концентрации раствора в пределах 0<С^1.10 -2 мг-экв 
мл

численное значение коэффициента А>100 и, следовательно, уравнение 
(8) можно записать в форме:

KnodT = (1+a-a/l-N)dN (9)

Величина коэффициента a зависит от приведенных коэффициентов диф - 
фузии в жидкой пленне и в зерне смолы. Таким образом, оказалось 
возможным количественно выразить влияние внутридиффузионной сос­
тавляющей для случая, когда лимитирующей стадией процесса являет­
ся внешнедиффузионная кинетика.

Однако для инженерного расчета необходимо знать функцио­
нальную зависимость K=f(w,c,r ), которая имеет следующий вид:

К = Ъс/wп =1о
(1 0 )

Величина коэффициента Ъ зависит от радиуса зерна ионита и природы 
обменивающихся ионов.

Так как весь слой ионообменной смолы состоит из элементарных 
неравновесных слоев, то математическое описание процесса следует 
дополнить функцией K=f(no ), которую можно выразить в следующей 
форме :
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К = (1 1 )

Тогда окончательно К будет равно:

К = bc/w.nd о (1 2)

Величину мольной доли в растворе (п ), поступающего на т. слой,
т .1

можно найти из уравнении материального баланса для пк  ̂ слоя, ко­
торое имеет вид:

M.R ' Лт6’ где ß Uav
itD wc а

(13)

Таким образом, описание математической модели процесса фиэино - 
химического превращения вещества в неподвижном слое ионообменной 
смолы в условиях гидродинамического режима вытеснения, пленочной, 
диффузионной и частично смешанной кинетики можно выразить систе­
мой [7] , С8], [12] и [13].

Предложенная система уравнений при заданных исходных техно­
логических условиях проведения прочесса c,w,Da,nQ ,Н

m .1
позволяет рассчитать удельную производительность реантора (К) 
и нинетичесную кривую nQ = í'(т), которая является основой для расчета 
реантора (ионообменнина),

Непрерывный процесс в аппарате смешения с суспендированным 

слоем ионообменной смолы [9,10,11]

Ионный обмен между движущейся сферической частицей смолы и 
турбулентным потоком жидности, содержащей поглощаемый номпонент.



8 H . H .Смирнов Vol.3.

должен подчиняться общим закономерностям кинетини гетерогенных 
процессов, причем собственно химическая реакция протекает только в 
одной фазе - ионите. В этих условиях особое значение приобретают 
процессы переноса вещества между твердой частицей ионита и турбу­
лентным потоком жидкости. Следовательно, при рассмотрении кинетики 
ионного обмена, в общем случае, должны быть учтены как процесс пе­
реноса поглощаемого вещества через пограничный слой от ядра пото­
ка к поверхности частицы, так и перенос вещества внутри частицы. 
Внутри твердой частицы (0<rárQ) процесс переноса вещества с учетом 
химической реанции может быть описан дифференциальным уравнением 
вида :

Эс
Эт

2_ ajj,
г аг ' кс CU)

В нем величина к учитывает химическую активность ионообменной смо­
лы по отношению к поглощаемому компоненту, указывая на химическую 
связы между ними, что, очевидно, будет эквивалентно изменению ко­
личества вещества, равному кс. Рассматривая зерно ионита, как мо­
лекулярную модель, можно считать, что коэффициент к по своему фи­
зическому смыслу должен характеризовать также физико-химические 
свойства обменивающихся ионов, учитывать конфигурацию матрицы, ко­
личество активных групп, участвующих в образовании ионных пар, и 
Т.д.

Перенос вещества через пленку жидкости, окружающую частицу , 
носит сложный характер, так как эта пленка состоит из нескольких 
слоев с различным характером течения. Если ввести коэффициент тур­
булентной диффузии, то перенос вещества через пленку может быть 
описан дифференциальным уравнением вида:

Э с __е
Э т

Э2с „ Эс
°;(- Г  + 7 Т ГЭг

(15)

Таким образом, кинетика процесса на одиночной частице ионита
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радиуса г , окруженной приведенной пленной жидности толщиной 6, 
может быть описана следующим обобщенным дифференциальным уравнени­
ем с разрывными физико-химическими коэффициентами:

Э с 
Э т

D,’ 1 ( г )

: ( г )

D(г) 1 Í£)Э г '

D при 0
D ’ е при г
к при 0
0 при г

- к ! |С(г)

< г < го
< г < г +6о
< г < го
< г ^ г +бо

(16)

При составлении математического описания кинетику процесса было 
принято, что на внешней поверхности приведенной пленки концентра­
ция поглощаемого вещества должна быть равна концентрации поглощае­
мого вещества в потоке

с (г +б ,т ) = е ' о * (17)

а на границе раздела фаз (поверхность частицы) должны выполняться 
условия

с(го’т) = кссе(го’т) (18)

кр > Э с(го,т) Эсе(го,т)
Э z Эг (19)

Первое условие (18) отражает скачок концентраций, который в общем 
случае наблюдается на границе раздела фаз при равновесии. Условие 
(19) представляет равенство потоков вещества из приведенной пленни 
и потона вещества в глубь частицы: коэффициент kß, при этом имеет 
вид:
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Условия ( 18) и (19) должны быть дополнены начальным условием

с ( г , 0 ) = О
се(г,0)= О

и условием симметрии в центре сферичесной частицы

Э с ( О , т ) =
Ът.

(2 0 )

(21 )

Уравнения (lit) - (1б) с нраевыми условиями (17) - (21) были решены 
операционным методом, который успешно используется при решении за­
дач по тепло- и массопереносу. При этом переход от изображений к 
соответствующим оригиналам распределений концентраций был осуще­
ствлен с помощью теоремы разложения. Изменение общего количества 
целевого компонента, поглощенного частицей ионита, во времени оп­
ределяется выражением вида:

т
”(т)= “о Jd (5)<í5 = ~erad c(ro,T)dÇ (22)

Произведя соответствующую подстановку в уравнение (22) выражения 
с(го,т) и выражения распределения концентраций и проведя соответ­
ствующие вычисления, получим следующую кинетическую зависимость, 
описывающую процесс ионного обмена между одиночной сферической 
частицей и потоком жидкости.

m , . = 8нс Б ’к £ (( т ) о с
г + 6  о

п=1 ф sin[k~|^(k —1)у ] n D * г п
к (г +6) п о cos пп exp(Sn т)-1

sin n sin[k^?^(k -1)у ] Sn
(23)
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Зависимость (23) является общей, тан нан из нее могут быть полу­
чены частные зависимости, описывающие смешанную и внутридиффузион- 
ную кинетику процесса ионного обмена, а также уравнение, соответ­
ствующее степени физико-химического превращения вещества в ионооб­
менной смоле. В области внутридиффузионной кинетики уравнение (il*) 
совпадает с уравнением (1б) при краевых условиях

с ( г, 0 ) = О; с(го,т) = kc cq ; ЭСд°’Т ̂ = 0 (21*)

Решение уравнения (il*) совместно с краевыми условиями (21*) опера­
ционным методом позволяет получить выражение для распределения 
концентрации (профиль концентрации) в сферической частице ионита, 
которое имеет вид

rosln(r _)оо О
с ( г , т )  = c Qkc [ 1+ Z 2 ( -1  )П --------------- -------  ] '

n=l /,. kr Nг(1+ о ) un
D*xn

exp ( - n2n2D* т-kt ) (25)

Далее из нинетической зависимости можно получить уравнение, по ко­
торому на основе анализа экспериментальных данных возможно рассчи­
тать теоретически численное значение коэффициента диффузии пог­
лощаемого компонента в зерне ионообменной смолы D’ и определить 
его зависимость от степени физико-химического превращения вещества 
в ионитв

m / \
D * = f(--äJJ__)m / \( т )«
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4

В задачах расчета промышленных реанторов с перемешивающими 
устройствами для проведения процесса ионного обмена наибольший ин­
терес представляет нахождение средних по обьему значений концент­
рации (в этом числе и в ионообменной смоле). Переход к интеграль­
ным характеристикам может быть осуществлен при помощи интегрирова­
ния по времени и по поверхности частицы потока поглощаемого ве­
щества

т _ Эс(г ,т )
С/ V = / / -D ’ ---г---- dFdT (26)'т > 0 (F) 8г

где с(го,т) - решение уравнения (1б) с граничными и начальными ус­
ловиями, записанными ранее.

На основе полученных выше математических моделей кинетини 
процесса можно рассчитать ионный обмен в аппарате смешения непре­
рывного действия. Для этого необходимо дополнительно учесть слу­
чайное время пребывания каждой отдельной частицы ионита в реакци­
онном обьеме. Осреднением значения концентрации в уравнении (26) с 
учетом распределения частиц ионообменной смолы по временам пребы­
вания можно получить выражение для нахождения средней концентрации 
поглощаемого компонента в одиночной частице ионообменной смолы

сср !
о
--- ехр (---- ) dxт тср ср

 ̂ _ ,
I  I  -Ъ
0 (F)

т)
--dFdx (27)

С учетом сказанного выше количество вещества, поглощенное всем 
суспендированным слоем ионообменной смолы, будет определяться со­
отношением

М = N / m , \f(x)dT (28)о 0 I т >

где f(T)dx - плотность вероятности времени пребывания частиц ионо­
обменной смолы в аппарате.

Средняя концентрация поглощаемого компонента в реакционном
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обьеме будет

сср
Ve -Мо

V

При обработке экспериментальных данных по предлагаемой модели про­
водится сравнение между теоретической зависимостью

Vc -N I м, ,f(T )dT °__2_û__LEJ______ср (30)

и экспериментальным значением с с использованием метода после 
довательных приближений.

Периодический процесс в аппарате смешения с суспендированным 
слоем ионообменной смолы [9.12]

Приведенные выше кинетические модели могут быть использова­
ны и для расчета процесса ионного обмена в аппаратах (с турбулиэа- 
торами) периодического действия.

Действительно, интегральный материальный баланс по поглощае­
мому компоненту для аппарата периодического действия за промежуток 
времени от О до т может быть записан в виде

, Эс(г ,т)
Ve т - N f f  -D -------  dFdT

1 (F) Эг = Veср

Отсюда для сср получим

N т
: - гг2- !  ! -5’
° V 0 ( F )

Эс(го,т)

(31)

ср Эг dFdT (32)
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Далее требуется провести сопоставление теоретических решений с ре­
зультатами экспериментальных исследований, Поснольну в соотношение 
(32) входит кинетическая зависимость вида т(т), которая является 
фуннцией величины сс , то для нахождения сср необходимо испольэо - 
вать метод последовательных приближений.

В заключение рассмотрения математических моделей процесса и- 
онного обмена в аппаратах смешения периодического и непрерывного 
действия следует отметить, что для определения констант неизвест­
ных функций математического описания процесса целесообразно ис - 
пользовать данные экспериментальных исследований. При этом экспе­
рименты выявляют влияние гидродинамических (D^,ô) и концентрацион­
ных параметров (c,N ), а также природы вещества (б^к) на общую 
скорость фиэино-химического превращения вещества на ионообменной 
смоле. Так, для процессов ионного обмена, проводимых в аппаратах 
с перемешивающими устройствами, параметры внешнедиффузионного соп­
ротивления и 6 могут быть представлены в форме зависимостей от 
числа Рейнольдса, как основной характеристики интенсивности турбу­
лентных пульсаций, размеров аппарата и перемешивающего устройства, 
а танже геометрических величин, влияющих на масштаб турбулентных, 
пульсаций

D; = f-^Re.T) 

6 = f2(Re,r)
(33)

Полупериодический процесс в аппарате смешения с суспендированным 
слоем ионообменной смолы [131

Анализ и расчет полупериодического процесса, протекающего в 
неустановившемся режиме, сложен и требует, прежде всего, опреде­
ления массового потока взаимодействующих веществ, как функции вре­
мени. Поэтому для математического описания такого процесса целесо­
образно использовать вероятностные методы и построенные с их по­
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мощью статистические модели.
На основе фиэичесной модели и кинетичесного механизма изу­

чаемого явления, а следовательно, и характера связи величин, ис­
пользуемых для описания явления, была составлена общая зависи­
мость, описывающая физико-химическую кинетику процесса.

у = у х exp(-zx) (3*0
2zгде у = -

/ X exp(-x)dx О

с с V тт _ т а _ процесса
^ с aV и хмах cm контента

В этом случае при достижении максимальной концентрации ионов водо­
рода в потоне на выходе из реактора, что соответствует условию

Vdy 1 а
dx ’ max z * max zv

2
Если — 7̂ = О, что характеризует окончание процесса ионного обмена,

а х ̂
то X = 2/z и время завершения процесса ионного обмена будет равно

2V __а
нон - ZV

Зная кинетическую кривую процесса, описываемую уравнением 
(3*0, можно найти период вымывания ионов водорода из реакционного 
обьема, как продолжение всей кривой отнлика системы.

При полном перемешивании в реанционном обьеме период вымыва­
ния соответствует уравнению

Ü2L =dx -ФУ
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или у(т )=yQexp(—фу ) гдв <\>=v/Va и следовательно у ( х ) =yQexp ( -х ) . 
Значение у определяется по уравнению (3*0 при значении x=2/z, Та­
ким образом, после приведения н одному и тому ше аргументу уравне­
ние для процесса полного вымывания ионов водорода потоном из реак­
ционного обьема принимает следующий вид:

у(х) = ехр(-2-|-+х) (35)

Полное математическое описание всей кривой физико-химической кине- 
тини ионного обмена и вымывания в полупериодическом процессе в ус­
ловиях полного перемешивания будет иметь следующий вид:

У ( X ) = у X ехр(— z X ) при х<2Z

У(х ) = 2х
Z

2ехр ( - 2 ---ьх )
*  z при х£-Z

Коэффициенты у и z являются зависимыми величинами от гидродинами­
ческих концентрационных и геометрических условий. Поэтому полу­
ченные расчетным путем на электронной цифровой вычислительной ма­
шине численные значения этих коэффициентов могут быть скоррелиро­
ваны в зависимости от условий экспериментов.

На основе предлагаемой статистической модели можно рассчи­
тать кинетичесние кривые процесса, как в одном реакторе, так и в 
нескольких соединенных последовательно аппаратах.

Адекватность предлагаемых математических моделей проверена
, 2 +  ~ 2 +на многочисленных экспериментах по ионному обмену К ,Ыа ,Mg ,Са , 

Sr2+,Ba2+,Cu2+,Zn2+,Ni2+,Co2+,Cd2+,Fe3+ на катионите марки НУ-2, 
проведенных в широком диапазоне изменений гидродинамических, гео­
метрических и концентрационных параметров.

На основе разработанных математических моделей физико-хими- 
чесной кинетики ионного обмена были предложены методы анализа и
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моделирования процесса с помощи элентронных вычислительных машин 
и составлены алгоритмы для расчета коэффициента удельной произво­
дительности ионообменных реанторов и выходных кинетичесних кривых.

В заключение автор выражает благадарность профессору, докто­
ру наук Анталу Ласло, профессору донтору наук Палу Солчани, сот­
рудникам кафедры процессов и аппаратов химической технологии Весп- 
ремского химико-технологического института за обсуждение работы.

ОСНОВНЫЕ ОБОЗНАЧЕНИЯ

р плотность жидкой фазы 
у вязкость жидкой фазы 
р гидростатическое давление 
а динамическая емкость ионообменной смолы 
с тенущая концентрация компонента в жидкой фазе 
cq начальная концентрация компонента в жидкой фазе

концентрация компонента в пограничном слое жидкой фазы, 
окружающей зерно ионообменной смолы 

с концентрация компонента в ионообменной смоле 
D ’ коэффициент диффузии компонента в жидкой фазе 
Dg эффективный коэффициент диффузии компонента в жидкой фазе 
D ’ окружающей зерно ионообменной смолы
Da коэффициент диффузии компонента в ионообменной смоле 
г диаметр аппарата 
К радиус зерна ионообменной смолы 
Кс коэффициент разделения 
К константа равновесия
к
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kc нонстанта распределения 
к нонстанта скорости химической реакции
6 толщина жидкой пленки, окружающей зерно ионообменной смолы
N мольная доля компонента в зерне ионообменной смолы
Nq количество твердой фазы
п мольная доля компонента в жидкой фазе о
пе мольная доля компонента в жидкой пленке, окружающей зерно 

ионообменной смолы 
V& обьем аппарата
V обьем жидкой фазы
V обьем ионообменной смолыcm
F внешняя поверхность зерна ионообменной смолы 
т время
w линейная скорость движения жидкой фазы
V обьемная скорость подачи жидкой фазы
m количество компонента, поглощенного зерном ионообменной 

смолы
М общее количество компонента, поглощенного ионообменной

смолой
Re число Рейнольдса
Ъ,а,а,ß,y,z коэффициенты
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SUMMARY

The processes based on ion play more and more important role 
in up to date technologies. The mathematical modelling of such 
operational units, the solution of the models and the conclusion 
(optimalization) being important for the praxis is a significant 
task of an engineer. - The author summarizes and methodizes the 
known types of the models. The models taken into account are rela­
ted to the following ion exchangers :

Continuously operated, packed column ion exchanger; contin­
uous ion exchange in a mixed tank reactor filled with resin slurry; 
semi-continuous ion exchange in a mixed tank reactor filled with 
resin slurry.



Hungarian Journal 
of Industrial Chemistry 

Veszprém
Vol. 3. pp. 21-35 (1975)

ИССЛЕДОВАНИЕ ПРОЦЕССОВ МАССООБМЕНА МЕЖДУ ЖИДНОСТЬЮ И 
НАСАДНОЙ В ТРЕХФАЭНОМ НЕПОДВИЖНОМ СДОЕ

Нириллов В.А., Касаманян М.А.

Институт Наталиэа СО АН СССР

Поступила в редакцию 23. февр. 1974.

Проведено исследование гидродинамической обстанов­
ки в трехфазном неподвижном слое с помощью элентронон- 
тантной методини.

Показано, что жидкую фазу можно рассматривать в 
виде непрерывной пульсирующий пленки на поверхности 
твердых частиц. Получено приближенное решение для рас­
чета коэффициентов массообмена между жидкостью и на­
садной. Проведено экспериментальное исследование.

Реактора с трехфазным неподвижным слоем катализатора, работа­
ющие при прямоточном восходящем движении газа и жидкости занимают 
важное место в химической промышленности. При их проектировании 
необходимо знание процессов массопервноса между твердым катализа­
тором и газожидностной смесью,находящейся в свободном объеме слоя. 
До настоящего времени этим вопросам уделялось крайне мало внимания 
и в настоящей работе будет предпринята попытка в какой-то степени 
заполнить этот пробел.

I, Гидродинамическая обстановка в свободном объеме слоя.

При экспериментальном исследовании гидродинамической обстановки в 
свободном объеме слоя была использована электроконтактная методи- 
на, основанная на измерении изменения электрического сопротивления 
между элентродами при прохождении газовых пузырей. Эксперименталь­
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ная установка представляла собой колонну Д = 100 мм, в которую на­
сыпались стенлянные шары диаметром d = 18 мм. Непосредственно в 
слое устанавливался сферический датчик, представляющий собой полый 
шар (d = 18 мм) из тононепроводящего материала. В пяти тоннах его 
поверхности были установлены никелированные цилиндры заподлицо н 
последней. Внутри цилиндров изолировано вкладывались иглы. Цилин­
дры служили одним электродом, а иглы - вторым. К датчику подводил­
ся переменный тон высоной частоты, а выводы от него подсоединялись 
последовательно к электронно-вычислительной машине IKA-5. В про­
цессе исследования варьировались скорости газа и жидкости в преде­
лах Ui = 3-205 см/сек, 02 = 0,26-2,5 см/сек соответственно.

Градуировка датчика и ЭВМ проводилась в статических условиях, 
при этом находилась зависимость между толщиной пленки жидкости на 
поверхности сферы и показаниями ЭВМ в цифровом коде. По методике, 
приведенной в [1] определялись времена опроса датчиков и шаг дис­
кретизации .

Обработка результатов проводилась на основании методов теории 
вероятности. При этом находились математическое ожидание, диспер - 
сия, среднеквадратичная частота прохождения пузырей [1].

Было получено, что при широком варьировании скоростей газа и 
жидкости ни одна из ординат случайного процесса не обращались в 
нуль. Это означало, что газовая фаза не имела непосредственного 
контакта с твердым телом. Скорость жидкости слабо влияет на сред­
нее расстояние прохождения пузырей от поверхности зерна. Жидкая 
фаза представляет собой пульсирующую с частотой прохождения пузы­
рей пленку, средняя толщина которой может быть рассчитана по най­
денной эмпирической зависимости:

Т аким 
костью и 
постоянной

I = 0.15 (1 )
образом, для анализа процессов массопереноса между жид- 
твердым телом можно принять жидкую фазу в виде пленки 
тощины, но с переменной скоростью течения, зависящей от
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соотношения объемных расходов и частот прохождения пузырей.

2, Анализ процессов массопереноса

Анализ процессов массопереноса между жидкостью и твердым те­
лом по сути дела сводится к анализу решения уравнений конвективной 
диффузии и неустановившегося пограничного слоя. Рассмотрим предва­
рительно процессы массообмена для стационарного распределения кон­
центраций в диффузионном пограничном слое. Математическое описание 
в этом случае имеет вид:

+Эх Iх = оЭу (2)

Эи
Э t +

Эи , Эи 
иЭх V3y

1 ЭР  ̂ Э2и
р 3ï V 2 Эу

(3)

1 ЭР эМ х ’г) 3U (x,t)
(U)р Эх 3t е Эх

+ vjp. =
. ЭУ Эу2

(5)

Для решения дифференциальных уравнений необходимы следующие
граничные условия

У=0; u=0; v=0; *с = с (6)

у=т; u=ug(x,t ) ; с = 0; (7)

х = 0 ; с=0; t=0; u=u2 (8)

ие - скорость на внешней границе пограничного слоя, т■е. можно
принять, что
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U +U U -U
и е = С— — —  + — 2—  -cosmtDsin —  (9)

Поснольну процессы переноса вещества не оказывают влияние на 
поле скоростей вокруг частицы, то систему (2-8) можно разбить на 
две части, из которых первая (2-4) описывает поле скоростей, а 
вторая (5) - диффузию вещества в жидкой пленке.

Интегрирование (2-4) выполняется, как правило, методом после­
довательных приближений, основанном согласно [2] на следующем рас­
суждении. В начальный момент времени при движении из состояния по­
кой пограничный слой очень тонок, но важен вклад вязкого члена 

2Э и „V--— по сравнению с конвективными членами, сохраняющими обычные
ЗУ Эизначения. Вязкие силы уравновешиваются ускорением -г—  и величинойэидавления,в которой для начальных моментов времени преобладает ,О Ъ

Поскольку рассматривается периодическое движение,то указанные 
предположения будут, очевидно, выполняться для всех моментов вре­
мени. С учетом указанных допущений из системы (2-4) можно получить

Эи
3t

Э2и эи
эу2 эТ (10)

Это уравнение с учетом (6-7) соответствует уравнению типа тепло­
проводности с внутренними периодически действующими источниками 
тепла :

где

Э и 
at

Э и  о .V--— = -ßiDsmut
Эу

ß и2“и1 ----- sin х_
R

di)

Приближенное решение (11) можно получить на основании разра­
ботанного П. Цоем способа, заключающегося в совместном использова­
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нии интегрального преобразования Лапласа и вариационного метода 
Ритца [3]. Опустив из-за громоздкости все промежуточные преобразо­
вания, приведем окончательное выражение:

U ( x , y , t )  = Я- [ A + B c o s i u t ]  + — s i n - ^ - .  В,  m ïï ш

( A sinu)t (1 2 )

где А и1+.Ц.а2 s i n X
R 2m ш

Обратная величина А имеет смысл формпараметра для нестацио­
нарного пограничного слоя и характеризует профиль снорости в нем в

т 2зависимости от частоты внешних возмущении. МГИд=~ является мас-
щтабом времени установления гидродинамического пограничного слоя и 
характеризует его инерционные свойства.

Из теории пограничного слоя известно [4], что при обтекании 
осесимметричных тел возможен отрыв потока от боновой поверхности 
зерна. Условием отрыва является равенство

Эи|
ЭуIу=0 О (13)

эи
Нроме того отрыв возможен тольно там,где -— -<0. Наиболее вероят-

эие
ной точкой отрыва является та, в которой абсолютная величина - 
имеет максимальное значение, т.е.

dU _е
dx

А
R — c o s u i t  п (11* )

Правая часть в (14) может быть величиной положительной или
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отрицательной в зависимости от энана cosut. Это означает, что при 
обтекании частицы точна отрыва будет перемещаться по боновой по­
верхности зерна, при этом в окрестных слоях жидности будет созда­
ваться хорошее перемешивание. Отсюда следует, что величина коэффи­
циентов массообмена в трехфазном неподвижном слое всегда больше, 
чем при обтекании частиц только одной жидностью.

Для расчета поля концентраций в пленке жидности решение (12) 
и уравнение конвективной диффузии (5) можно упростить, рассматри­
вая установшееся движение пузырей, процессы переноса на малых 
расстояниях от поверхности зерна, т.е. при ^ « 1  и предполагая ма­
лой кривизну пограничного слоя. В этом случае (12) запишется как

V 2 ЪU ( x , y , t )  = “-  A + B c o s u t  + ----  - ( X s i n i ü t  -  c o s u t )ш 1 + A 2 (15)

Уравнение (5) упростится до вида

при

X . „ Эсsin - AiyUa ^ (16)

A 1 =
lpUi+Цг
m 2U % Ii2ÏÏ7 L cosut + (Asinut-cosut)]

y=0 c=c*
y=oo c=0
x=0 c =0 (17)

Последние граничное условие согласно [5] означает, что в лобовой 
точке концентрация растворенного вещества близка в объемной на 
удалении от поверхности.

Уравнение (1б) подстановкой

z R In tg X
2R (18)
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сводится н виду

л тт Эс _ Э2СAiyUa т—- = D Т~23z Эу (19)

введением новой переменной, предложенной в [5]

/ А1Цд\~ у" ■ f s
(2 0 )

Уравнение (19) преобразуется до:

О

при л=0 с=с*
П-*-" с = 0

(21 )

(2 2 )

Решение (19) с учетом (22) выглядит следующим образом:

' РС = Кч/ ехр(- § Н3)dH + Ka о У (23)

Ki ,Кд
имеет

константы, определяемые из граничных условий. Окончательно

п 2 з
I exp(- I Н )dH 

С = С*[ 1 - 2--------------- ]оо з
I exp(- I  H )dH

(21*)

Для перехода от (21*) к исходным переменным (x,y,t) проделаем 
с полученным решением следующие преобразования. Поскольку уравне­
ние (19) инвариантно относительно замены z на z+z0, где zo - конс­
танта, то верхний интеграл в (21*) преобразуется следующим образом:
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/ exp (- £  Н3 )dHО У ■ !

(z+Zo)

exp (- I  H 3 )dH (25)

Выбирал z0= R lntg , где xo - длина дуги лобовой части зерна, 
вокруг которой концентрация растворенного вещества равна нулю 
кончательное решение имеет вид:

С ( X , у , t )

О

(AjJJi);
[R ln(tg tg |g-)]5í 2R '

C*(l- S
exp (- §  H 3 ) dH

f  exp (- — H 3 ) dH о 9

при Х<Хо

при X>Xo

(26)

(27)

На основании (27) можно рассчитать толщину диффузионного погранич­
ного слоя (б), а по ней определить коэффициент массообмена.

у=0 (2 8 )

Знаменатель этого выражения в соответствии с [5] выражается 
через интеграл Эйлера второго рода и равен 0,67.

. X_
1 / D ï з г г ,  -, 8 2R -,±

6 -  Ö75T (Ä7Ü I) [R ln
g 2R

Sh = f  = 0,67
1  tg ig i

R 2 )3 [ln ----— ]
tg Xo

2R

(29)

(30)
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или Sh , _ п и7 tg 2R _3Sc о t з з “ 0 > о7 (In t я ÍA.2R

1 1
ш **) .Rea3 .(2-)3

. [ 1 cosiut + — U1---- ( Л si noűt-co sut ) ] 3
202 Ua (i + X 2 )

(31)

Выражение (31) определяет распределение коэффициентов массо­
обмена по боковой поверхности зерна в зависимости от скоростей га­
за и жидности, а также частот прохождения пузырей для стационарных 
условий.

Для расчета химических реакторов обычно требуются коэффици­
енты массообмена успедненные по боновой поверхности зерна и за пе­
риод пульсаций. Таное выражение можно получить из (31) проведя ин­
тегрирование ПО  X  и t .

В этом случае

Sc = 0.67 Rea5(ïj-)5 ' 2
tR

тт R
! (ln tg 2ЙГЗ „-----) dx

te ïS. tg 2R

. 1 2. \ Ui+üa Ua-Ui 
2 ir Jo L 2Ua " 2Ua cosy + 4a-Vi__

ua( i+ x2 )
(Xsiny cosy)]3dy 

(32)

Анализ 32 был проведен численно. Полученные результаты для раз­
ных значений X приведены на рис.1. Нан следует из этого рисунка, 
величина X при изменении ее в пределах 0,001-5 (что соответствует 
практической области изменения) оказывает довольно слабое влияние 
на значения, отложенные по оси ординат. Это обстоятельство дает 
возможность не учитывать зависимость X от Ui и Ua, аппроксимиро­
вать представленные по (32) расчеты следующим выражением:
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0,1 1,0 10,0 100.0

Рис.1. Влияние параметра на ус­
ловия обмена между жидкостью и 
твердым телом в ТНС. 1-1=0,001; 
2-1=1,0 ; 3-1=5,О ;

Sh
Sc ° '3 3 3,78 {0,7 + 0,12 [Ul }ве2,33(|)

и2Ф
(33)

Для расчета массообмена в нестационарных условиях,т.е. когда 
не успевает сформироваться диффузионный пограничный слой можно 
воспользоваться результатами следующего приближенного анализа: ма­
тематическое описание переноса вещества через жидкую пленку в не­
стационарных условиях имеет вид

°у2
_ 3 С

at (3U )

у=0 с =с о
у=6 с=с1 (35)
t =0 с = С о
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Приближенное решение (3**) с учетом (35) было получено с ис­
пользованием уже упоминавщейся методики [3] в виде:

c(y,t) = с0 + |-(ci-Co) + 2(c1-c0)sin^ exp L- t] (36)

Откуда

J = -D (c,-c0){j- + Щ- exp [-2i- t]} (37)6 6 62

Если диффузионный пограничный слой устанавливается за время 
равное т, то 

т
J = ^  /JdT = -D(ci-co){j + :^^-(l-exp[- t])} (38)

Переходя н коэффициентам обмена получим

Sh ( т ) 
Sh

. . 62 ,п г Ртс2
1 + 7р7(1-ехрС-“^ т]) (39)

Sh(x) - критерий Шервуда, определенный для неустановившегося про­
цесса массообмена. Величина = характеризует инерционные 
свойства диффузионного пограничного слоя и является масштабам вре­
мени переходных режимов в нем. Поскольку бябоSc~°'33, где 6о тол­
щина гидродинамического пограничного слоя, то

М
М
Диф
гид

Sc° '33 (U0)

Для жидкостей Sc=500-2000, следовательно, более инерционными
являются процессы массопереноса, чем импульса.
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3. Экспериментальное исследование массообмена между жидкостью
и твердым телом

Экспериментальное исследование массообмена между жидкостью и 
твердым телом проводилось с помощью известной стационарной методи­
ки, основанной на измерении убыли веса контрольных растворимых 
тел, помещенных в слой ими подобных частиц.

Экспериментальная установка представляла собой колонну квад­
ратного сечения 100*100 мм и высотой - 500 мм. Газ и жидкость дви­
гались восходящим прямотоком. Их скорость варьировалась в пределах 
Ui=0-50см/сек, Ua=0,01-2см/сек, температура 5-40 °С. Исследова­
ния проводились на шариках 30 и 8 мм, нольцах Рашига 12.12.2. Для 
последних в качестве определяющего размера выбиралась величина 
R 3 k b = Т  ' Контрольные элементы изготовлялись отливной в графито - 
выв матрицы.

Коэффициенты молекулярной диффузии указанных веществ в воде 
выбирались по [6], а равновесные концентрации определялись экспе­
риментально и сравнивались с данными, приведенными в L7] .

Нак и следовало из теоретического анализа, коэффициенты мас­
сообмена даже при небольших гаэасодержаниях значительно отличаются 
от системы жидкость - твердое /рис.2./. Характер зависимости Sh

от Ui и U2 сильно зависит 
от их абсолютных величин и 
соотношения объемных рас­
ходов .

Д пя получения единой 
зависимости была использо­
вана формула (33), Резуль­
таты обработки приведены 
на рис. 3. По оси ординат
отложено отношение Sh /Shэккости на коэффициенты обмена. Шарики 

d = 8 мм,бенэойная_нислота.1-01=г6,2см/с 
2-Ui = 0,25см/с, 3-Ui=0,125см/с,4-и1 = 0. Оказалось, что (33) дает
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Рис.З. Сравнение расчетных и экспери­
ментальных значений Sh. 1-шарики <1=8мм 
бензойная кислота, 2-шарики d=30 мм, 
гидронинон, 3-кольца Рашига 12.12.2, 
бензойная кислота.

наилучшее согласование с экспериментом, если вместо коэффициента 
3,78 положить величину в 1,25 раза меньшую. Таним образом, для 
расчета коэффициентов массообмена между жидкостью и насодкой в ТНС 
можно рекомендовать зависимость:

Sc§73-3 = 3,02 {0,7 + 0,12 (1-Ф ) 
Оаф

0 / 6 2  т,
1 } (г) Res (1*2 )

УСЛОВНЫЕ ОБОЗНАЧЕНИЯ

Ui ,U2 скорость газа и жидности, отнесенные н свободному сече­
нию слоя, соответственно

ш толщина пленки жидкости на поверхности зерна
d размер частиц слоя
х,у координаты в направлении течения и перпендикулярном к 

нему,соответственно



u,v снорости по ноординатам х и у , соответственно
р плотность жидкости
Р давление
V кинематическая вязкость
t время
с концентрация
D коэффициент молекулярной диффузии
Ui,U2 истинные скорости газа и жидкости, соответственно
ш частота пульсаций пленки
R радиус зерна
Ф доля газовой фазы в свободном объеме слоя газосодержание

определяемая по [8]

З1* Нириллов В.А. и Касаманян М.А. Vol.3.
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Sh

Fr 1 gd »

ttR0 , 3 3  r  о 3 3  p  " "  t g 2 RРе 0 > 67 (“ ) ' ^  / [In --—  ] 3dx7^ Xo

ЛИТЕРАТУРА

1. E .Г.ДУДНИКОВ. Построение математических моделей химино-техно-
логических объектов. Л . ,  Химия, 1970.

2. П.ЧЖЕН. Отрывные течения. И. Мир, 1. 1972.

3. П.В.ЦОЙ. Методы расчета отдельных задач тепломассопереноса.
М., Энергия, 1971.

4 Г.ШЛИХТИНГ. Теория пограничного слоя. М., Ил., 1956.



1975 Исследование процесса массообмена 35

5. В.Г.ЛЕВИН. Физико-химическая гидродинамика. М., 1959.

6. Р.РИД, Т.ШЕРВУД, Свойства газов и жидкостей. Л.,Химия, 1971.

7. Справочник по растворимости. 1.1. 1331, 1969.

8. Г.И.ЗИГАНШИН, А.ЕРМАКОВА. ТОХТ, 4.4, 494, 1970.

SUMMARY
Using the electrocontact methodics the hydrodynamic charac­

teristics of a three phase static bed reactor was investigated.
It was shown that the liquid phase can be regarded as a 

continuous, pulsating layer covering the surface of the solid 
particles. An approximate formula was derived for the description 
of the coefficient of mass transfer taking place between the 
packing and the liquid.
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Изучен массоперенос в трехфазной системе газ- 
жидкость-твердый катализатор методом модельной реанции 
гидрирования н-гептена-1. Опыты проводились в непод­
вижном и псевдоожиженном слое натализатора, в режиме 
неоднородного и однородного псевдоожижения.

Поназано, что лимитирующей стадией массопереноса 
в неподвижном слое натализатора является перенос реа­
гентов к внешней поверхности натализатора, а в псевдо­
ожиженном слое - массоперенос на границе раздела фаз 
газ-жидность. В режиме однородного псевдоожижения наб­
людается резкий рост коэффициента массопереноса по 
сравнению с режимом неоднородного псевдоожижения. Не­
достатком режима однородного псевдоожижения является 
сильное расширение слоя.

В работах 
абсорбция 
-------- »—  А

И ] , [2] показано, что 
реакция
------ В^, скорость

в случае простой реанции 
которой описывается урав -

нением первого порядна, наблюдаемая константа скорости связана с 
коэффициентами массопереноса уравнением:

w с—н нат 5 о2-ж еж-т
+

кат
U)
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где В

В

а

С

Н

IIЭЕ1СМ Н2-Ж *а-,2-ж
_ Н аж-т ш-т * ж-т

# Сж-т а кат
- 1 -екат
6
а \^"з

(2а)

(2Ъ)

(2с)

(2d)

( 2е ) 
( 2 f )

Члены суммы (1) представляют собой сопротивление переносу реагента 
А соответственна на границе раздела фаз газ-жидность, жидкость- 
твердый катализатор и внутри пор катализатора. Их соотношение оп­
ределяет область протекания химической реакции. Наблюдаемая конс­
танта снорости в общем случае находится в сложной зависимости от 
истинной константы снорости (Н), диаметра частиц катализатора и 
гидродинамических условий, определяющих харантер протекания про­
цессов внешнего массопереноса. При достаточно быстром протекании 
последних максимальное значение Нн будет равным К*. В этом случае 
скорость процесса определяется скоростью диффузии реагентов внутри 
зерна катализатора и не зависит от гидродинамических условий. Чем 
меньше диаметр зерна, тем больше Н*. Следовательно, при переходе 
от неподвижного слоя катализатора к псевдоожиженному, в результате 
дробления зерна мы повышаем тот предел, к которому можем стре­
миться , т.е. расширяем область интенсификации внешних процессов 
массопереноса.

В литературе опубликован ряд работ [3-9], посвященных изуче­
нию газо-жидкостных каталитических реакций в неподвижном и псевдо­
ожиженном слое натализатора. Приведенные вышеуказанными авторами 
предположения о природе лимитирующей стадии процесса носят в ос­
новном качественный харантер. В то же время, для управления хими­
ческим процессом с целью повышения его эффективности необходима 
знагсь природу лимитирующей стадии и возможные пределы интенсифи­
кации .
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В настоящей работе поставлена задача проанализировать наного 
влияние нашдого из членов суммы представленной уравнением (1), на 
наблюдаемую константу скорости, при проведении газо-жидкостной ре­
акции в неподвижном и псевдоожиженном слое катализатора,

В работе (10) было понозано существование в ТПС двух режимов 
псевдоожижения: неоднородного и однородного. Последний характери­
зуется высокой внешней „организованностью”: равномерным распреде­
лением твердых частиц и мелких газовых пузырей по всему объему 
жидности. Режим однородного псевдоожижения характеризуется также 
резким ростом газосодержани я.(11). Эти начества дают основание 
предполагать, что режим однородного псевдоожижения обеспечивает 
более интенсивное протенание процессов массопереноса, чем режим 
неоднородного псевдоожижения, следовательно, он будет оптимальным 
для проведения газо-жидкостных наталитичесних реакций. В данной 
работе сделана попытка проверить это предположение.

Для решения поставленной задачи проводилось эксперименталь­
ное изучение реакции гидрирования н-гептена,-1 на опытной установке 
производительностью 300 л/ч по жидкости. Описание эксперименталь­
ной установки и методики эксперимента приведено в (2).

Нинетика реакции гидрирования н-гептена-1 на Ni-снелетном 
катализаторе была изучена ранее, она опубликована в работе[13]. 
Установлено, что реакция в кинетической области описывается урав­
нением первого порядка по водороду. Порядок реакции по непредель­
ному соединению в изучаемой нами области концентраций-нулевой.

Проведено три серии опытов:одна - в неподвижном слое катали­
затора, вторая- в режиме неоднородного псевдоожижения, третья- в 
режиме однородного псевдоожижения. Линейную скорость жидкости, оп­
ределяющую переход из области неоднородного в область однородного 
псевдоожижения, при заданном диаметре зерна катализатора и скорос­
ти газа рассчитали при помощи уравнения (101

(3)
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Скорость протекания процесса гидрирования на опытной установке 
характеризовали при помощи наблюдаемой константы, рассчитанной из 
соотношения :

Нн
Q (У -У ) н к
X*qHaT

сек-1 ( h )

Результаты экспериментов (см. табл. 1,2) показали, что наблюдаемая 
константа скорости существенно зависит от гидродинамической обста­
новки в реакторе: от линейной скорости газа и жидкости, от диамет­
ра частиц катализатора, от состояния катализатора (неподвижный, 
псевдоожиженный слой), от режима псевдоожижения (однородный, неод­
нородный ).

С целью выяснения природы лимитирующей стадии процесса в тех 
или иных условиях, ниже сделана попытка проанализировать наков 
вклад каждого их членов суммы (1) в наблюдаемую константу скорос­
ти .

Неподвижный слой

Условия и результаты опытов представлены в табл. 1. Сущест­
венное влияние линейной скорости жидкости и слабое влияние скорос­
ти газа на наблюдаемую константу позволяет сделать предположение, 
что лимитирующим этапом в неподвижном слое катализатора является 
массоперенос на границе раздела фаз жидность-твердый катализатор. 
Чтобы проверить это предположение, приведена приближенная оценка 
коэффициентов массопереноса.6Г_Ж и 6Ж_Т> Согласно модели „проник­
новения" Хигби (12) для расчета коэффициента H.__w можно использо­
вать выражение :

Нж- т (5)

где t* - 
жидкости 
диаметры

среднее время контакта 
Если газ барботирует 
пузырьков равными 0,2-0,

поверхностных элементов газа иd пчерез жидкость, то t*;— . Принявwn6 см, скорость их движения 15-35
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см/сек, интервал величины Hr_w (для D|v] = 10_s см2/сек) будет равным 
0,015 Н <0,04 см/сен.

Значение а__ж очень трудно оценить, но для приближенных оце­
нок можно принять, что аг_ж=10 см-1. Тогда 0Г_Ж=О,15 т 0,4сек~1. 
Для расчета коэффициента ^ж-т использовали критериальное уравне­
ние, предложенное В.А. Нирилловым для оОласти

0, KRe ,Re <2.1 02 ж* г

- g _  = 3,02(0,7 + 0,12[W^ - 9--]O-62} ( g f ) ^ 3Re^33 (б)

Удельную межфазную поверхность аж-т рассчитали при помощи
уравнения (2с). Результаты расчета приведены в таблице 1. Данные
таблицы показывают, что в большинстве опытов при низких скоростях
жидкости (0,12-0,45 см/сек) коэффициенты Н С  и ß величиныН Н 0 т ж — т
одного порядна, примерно в 5-10 раз меньше, чем Н*С и ßК 0 т г — ж
Следовательно, основным лимитирующим этапом внешнего массопереноса 
в неподвижном слое катализатора является перенос на границе раз­
дела фаз жидкость - твердое тело. Однако, это утверждение теряет 
справедливость при более высоких скоростях жидкости (0,8-2,0 
см/сен). В этих условиях наблюдаемая константа скорости возрасла 
настолько, что Ун и Н* стали величинами одного порядка, следова­
тельно, скорости процессов внешнего и внутреннего массообмена 
стали соизмеримыми. Предел, к которому может стремиться Нн - это 
Н* - в неподвижном слое относительно низок: К*=0,4 при d=3,4 и 
Н*=0,75 при d=1,6 мм. Это свидетельствует о том, что возможность 
интенсификации процесса в неподвижном слое ограничена.

Псевдоожиженный слой

Результаты расчета приведены в таблице 2. При переходе к 
трехфазному псевдоожиженному слою пропорционально уменьшению раз­
мера зерна увеличится коэффициент Н*, следовательно, повысится тот 
уровень, к которому можно стремиться при интенсификации процессов 
внешнего массопереноса. Возрасло также значение 8Ж_Т в основном
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за счет увеличения а . Коэффициенты Н*С„__ и ß в режиме ТПС -ж т н а т ж —т
величины одного порядна.

Концентрацию натализатора рассчитали из уравнения (2d), по- 
розность псевдоожиженного слоя определили по данным работы [2].

Результаты экспериментов представлены в табл. 2. Приближен­
ная оценка коэффициентов Вш_т и ^г-ж проводилась вышеописанным
способом. Произведение наблюдаемой константы скорости Н С  в об-н кат
ласти неоднородного псевдоожижения примерно на порядок меньше чем
К*С и ß и соизмеримо со значением ß . Этот факт свидетель- кат Ж“т г ж
ствует о том, что в области неоднородного псевдоожижения лимитиру­
ющей стадией процесса является массоперенос на границе раздела фаз 
газ-жидкость .

При переходе в область однородного псевдоожижения при низких
скоростях газа сохраняется соотношение Н С г0,1ß _ и Н С  ,.;н кат ж—т н кат
г 0, 1 Н*С__. Однако, при W,_S5 см/сек и W >2 см/сен происходит кат г ж
резкий рост наблюдаемой константы, Кн и К* становятся величинами 
одного порядна. На рис. 1. представлена зависимость Кн от линей­
ной снорости газа. Резкий рост наблюдаемой константы Нн с увеличе­
нием скорости газа характеризует область однородного псевдоожижен 
ния, и незначительный рост - область неоднородного псевдоожижения. 
В последнем случае увеличение расхода газа не приводит к сущест­
венному изменению гидродинамики слоя, н увеличению межфазной по­
верхности, так как газ проскакивает в виде больших пузырей, соиз­
меримых с диаметром реактора, или по каналам. Этим объясняются 
сравительно низкие значения Нн и слабая зависимость от скорости 
газа.

В области однородного псевдоожижения газ проходит слой в ви­
де мелких пузырей, создавая при этом достаточно большую поверх­
ность контакта фаз. Увеличение расхода газа приводит по видимому 
не только к росту газосодержания и удельной поверхности контакта , 
но увеличивает скорость обновления межфаэной поверхности. Следова­
тельно, в области однородного псевдоожижения резко улучшаются ус­
ловия массопереноса на границе раздела фаз газ-жидкость по сравне­
нию с неоднородным псевдоожиженным слоем.
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Рис. 1. Зависимость наблюдаемой константы снорости 
от линейной скорости газа.

1- Режим неоднородного псевдоожижения.
2- Режим однородного псевдоожижения.

Сравнение эффективности работы реактора гидрирования 
в неподвижном и псевдоожиженном слое

Сравнение может быть проведено по двум критериям: первый 
критерий- это значение наблюдаемой константы Нн - выражающее отно­
шение числа молей прогидрированного вещества к количеству (объему 
или весу) взятого катализатора в единицу времени. Очевидно, что 
при прочих равных условиях с ростом Нн пропорционально уменьшается 
количество наталиэатора необходимое для достижения заданной степе­
ни превращения. Оценка эффективности по первому критерию особенно 
важна в тех случаях,в которых используется дорогостоящий катализа­
тор (Pt,Pd ) .

Вторым критерием является произведение ^н^нат» выражающее 
количество прореагировавшего продукта в единице объема реакционной 
смеси. Объем реактора при прочих равных условиях обратно пропорци­
онален произведению НнСнат. Второй критерий указывает, что с рас­
ширением ТПС, приводящим к уменьшению концентрации наталиэатора.
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при том же значении Кн эффективность использования реакционного 
объема падает, тан как для достижения заданной степени превращения 
необходимо увеличить реакционный объем. Сравнение эффективности 
процессов по второму нритерию необходимо проводить в тех случаях, 
когда процесс проводится в дорогостоящей аппаратуре, под высоким

О 0,5 1,0 1,5 2,0
W , см/сен жРис. 2. Зависимость наблюдаемой кон­

станты скорости от линейной скорости 
жидкости. 1-неподвижный слой,d=3,4мм 
2-неподв.слой,d=1,6мм,3-режим неод - 
нородного псевдоожижения,d = 0,2мм, 4- 
режим однородного псевдоожижения, d= 
=0,1 мм.

На рис. 2. показана
зависимость Н от линейной н
скорости жидкости для не­
подвижного слоя, неоднород­
ного и однородного ТПС. Из 
рисунка следует, что пере­
ход от неподвижного слоя 
катализатора к неоднородно­
му ТПС увеличивает Кн всего 
в 2-4 раза,переход к режиму 
однородного псевдоожижения 
приводит к росту Нн, следо­
вательно к сокращению но- 

10-15 раз. Однако, как отмечалось выше,личества катализатора в 
рост Кн в ТПС не означает пропорционального уменьшения реакцион­
ного объема. Чтобы убедиться в этом, необходимо обратиться к ри­
сунку 3., где показана зависимость К , С.,__ и их произведения -Н К 3 т
Н С от скорости жидкости. Падение С с ростом W сглаживает Н НЗТ К3 т ж
рост ^нСкат- Поскольку режим однородного псевдоожижения достигает­
ся при больших расширениях слоя, чем режим неоднородного псевдоо-

зчения Нн в режиме однородно- 
для обеих режимов отличаются

жижения, несмотря на более высоние значения Нн в режиме однородно-
Н С н катго псевдоожижения, значения 

несущественно. Следовательно, при переходе к режиму однородного 
ТПС выигрыш в реакционном объеме невелик. Сильное расширение слоя 
является недостатком режима однородного псевдоожижения.
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Рис, 3. Зависимость Н , С , и Н СV V н кэт* н нзтот линейной скорости жидкости.
О “ режим неоднородного псевдоожижения
о - режим однородного псевдоожижения

- -Скат
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удельная межфазная поверхность, см-1, 
концентрация натализатора в жидности, л/л. 
диаметр частицы катализатора, см. 
диаметр газового пузыря, см.
ноефф. эффект, диффузии внутри пористого зерна, см2/сек. 
коэффициент молекулярной диффузии, см2/сек. 
суммарная наблюдаемая константа скорости реакции первого 
порядка, учитывающая влияние процессов, внешнего и внут­
реннего массопереноса, 1/сек.
наблюдаемая константа снорости реакции первого порядка,учи­
тывающая диффузионное торможение внутри пористого зерна,1/с 
истинная нонстанта снорости реанции первого порядка, 1/сен. 
навесна катализатора, л. 
расход жидкого сырья, л/сек.
среднее время контакта поверхностных элементов газа и жид­
кости, сен.
объем жидкой фазы в реакторе, л.
линейная скорость жидкости, отнесенная к полному сечению 
реантора, см/сек. 
то же для газа,
скорость свободного всплывания пузыря, см/сек. 
скорость начала псевдоожижения в двухфазной системе жид- 
кость-твердое тело, см/сек.
скорость жидкости, при которой наступает режим однород­
ного псевдоожижения, см/сек.
равновесная концентрация растворенного водорода в гептане, 
моль/л .
начальная и конечная концентрации н-гептана-1 в растворе, 
моль/л.
коеффициент массопереноса, отнесенный к единице объема жид­
кости, 1/сек.
удельный вес катализатора, кг/м3, 
удельный вес жидности, кг/м3, 
порозность слоя катализатора [-] . 
вязкость жидности, см2/сек. 
вязность газа, см2/сен. 
параметр Тиле [-] .
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SUMMARY
The mass transfer was investigated in a gas - liquid - solid 

catalyst three phase system, as a model reaction the hydrogenation 
of n-heptene-1 was studied. Experiments were carried out using a 
static and a fluidized bed reactor, the fluidized system was 
inhomogeneous or homogeneous.

It was proved that the rate determining step of the mass 
transfer in a static catalyst layer is the reagent transfer to the 
surface of the catalyst;but in the case of fluidized bed this rate 
determining process is the mass transfer through the gas - liquid 
boundary layer. Using a homogeneous fluidized bed, as compared to 
the inhomogeneous system, a sharp increase of the mass transfer 
coefficient can be observed. The disadvantage of a homogeneous 
fluidized system is the significant extension of the layer.
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The oxidation and reduction equilibria estab­
lished in carbon monoxide removal with a copper ammo­
nium formate solution, the so-called copper-lye, was 
examined. It was concluded that under industrial con­
ditions the oxidation of copper ions occurs at a prac­
tically constant rate, whereas their reduction rate is 
dependent of the concentration of cuprous ions present 
On the basis of these conclusions, the conditions for 
stable operation and the preferable manner for elimi­
nating disturbances in the operation of the plant were 
determined.

INTRODUCTION

The technique for the removal of the carbon monoxide content 
from industrial gases based on absorption with a copper ammonium 
formate solution, the so-called copper-lye, has been known for a 
long time. In spite of the fact that this technique is widely used, 
especially in ammonia plants, there are very few publications that 
deal in detail with the theoretical fundamentals of the procedure, 
to be found in literature. The reason for this is probably that



52 J. Dévay, F. Ratkovics, B. Szeiler et alii Vol. 3.

the procedure is simple and if the necessary amount of copper, for­
mic acid and ammonia are added to make up for the losses and the 
operation is appropriately controlled, the solution once prepared 
may be in operation for years, theoretically for an infinite time. 
However, it was experienced in the Péti Nitrogénmüvek (Pét Nitro­
gen Works) that from time to time, in an unpredictable manner, the 
steady-state operational conditions of the copper-lye-type carbon 
monoxide removal plant showed an abrupt change, the ratio of mono­
valent to divalent copper ions in the solution was shifted in the 
direction of an increase in the concentration of the divalent ion, 
and it was not possible to restore normal operating conditions 
through the application of the usual changes in the working para­
meters. The length of the undisturbed periods is generally several 
years, but nevertheless it seemed important to elucidate the cause 
of the disturbance, because experience shows that the elimination 
of such disturbances takes several days and involves considerable 
expense.

In order to find the cause of the disturbance and the possi­
bility of its elimination or preferable termination, experiments 
were carried out with the co-operation of the Research Laboratory 
of the Pét Nitrogen Works and the Department of Physical Chemistry 
of the Veszprém University of Chemical Engineering. The aim of the 
present paper is to summarize the results of these experiments. 
However, prior to describing the experiments, it seems to be ne­
cessary to present a brief summary of the technological process 
used, its most important characteristics and the experiences in 
connection with the disturbance.

Characteristics of the Copper-Lye Type Carbon Monoxide Removal Unit

The flow diagram of the plant in question is shown in Figure 
1. The gas to be purified (1) passes the scrubber (2), the sodium 
hydroxide washing unit (3) and the spray trap (4). The copper- 
-lye, having left the scrubber (2) passes on through the residual
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Fig. 1. Flow diagram of the plant

gas scrubber (5) to the decomposition column (6) and through the 
water (7) and ammonia-operated cooler (8) into the storage unit 
(9), from there to the copper-lye pumps and back again to the 
scrubber. The sampling and measuring points are marked by Roman 
characters in the Figure. The parameters characteristic of steady- 
-state operating conditions are summarized in Table 1.

The composition of the copper-lye operating satisfactorily 
may fluctuate but within narrow limits, the characteristic figures 
being presented in Table 2.
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Table 2. Characteristic data of copper-lye 
in steady-state operation

Component Concentration 
g/100 ml

cuprous 10.5 - 11.5
cupric 2.5 - 3.5
total copper 13 - 14
carbonate-C02 4
formic-acid-C02 8 - 1 1
total C02 15
total NH3 16
oil content 0.01

The experience acquired in connection with the unexpected 
and seemingly unreasonable disturbances, mentioned in the intro­
duction, can be summarized as follows:

The usual monovalent cop­
per content of 10-11 g/100 ml 
of the copper-lye shows a gra­
dual decrease. In such a case 
the plant management reacts by 
carrying out the usual measures 
(controlling the temperature 
and the level in the regenera­
tor) and in general the process 
can be reserved in this manner. 
However, in some cases, these 
usual measures prove to be in­
effective. It also may occur 
that due to some failure in the 

apparatus it is impossible to carry out temperature or level con­
trol. In such cases, the concentration of cuprous copper in the 
copper-lye undergoes an abrupt decrease and a disturbance in plant

Fig.2. Changes in the cuprous ion 
content of the copper-lye 
during disturbance
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Table 3. Variations in the cuprous ion content of copper-lye 
in a typical disturbance

Time Copper, 
cuprous

g/100 ml 
cupric

Remark

Starting 11.5 2.5 normal operation
1 day 9.2 3.9 commencing disturbance
3 days 7.27 4.7
6 days 6.61 5.86
7 days 3.1 7.9
8 days 1.7 10.1
9 days 0.1 10.2

operation results. Changes in the cuprous ion content of the cop­
per-lye during such a period are shown in Table 3 and Fig. 2.

Laboratory Experiments

Fundamentally, the cause of the disturbance can be sought 
either in the copper-lye (composition, and impurities, etc.) or in 
the technological parameters (temperature, pressure relations, and 
residence times). In order to elucidate the possible causes of the 
phenomenon, comparative tests were carried out with the copper-lye 
that had to be exchanged due to a disturbance in plant operation 
(in the following termed "spent copper lye") and with the one 
newly prepared and working appropriately (in the following termed 
"fresh copper lye"). The results of these examinations are summa­
rized in Table 4.

It is apparent from Table 4 that the most important differen­
ce between the spent and the fresh sample is the following: all of 
the copper content of the spent copper-lye is present in the form 
of cupric copper, whereas the fresh sample contains a considerable 
amount of cuprous copper. The further analytical data reveal no
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Table 1*. Characteristics of fresh and spent copper-lye

Analysis results Spent
copper-lye

Fresh
copper-lye

Total copper content, g/100 ml 10.60 14.40
Cuprous copper content 0.10 11.05
Carbonate carbon dioxide 4.48 2.68
Total carbon dioxide 10.76 13.94
Total ammonia 22.35 17.03
Evaporation residue 33.73 29.14

significant difference. (The tests were carried out with the usual 
testing methods) [1].

An attempt was made to find the answer to the question: what 
non-volatile components are enriched during the long-term opera­
tion of the copper-lye. For this purpose, the ignition residue of 
the copper-lyes was examined by spectroscopy. The analysis was 
made to obtain a comparison and consequently it was considered sa­
tisfactory to obtain semi-quantitative data. The orders of magni­
tude of the different contaminants are presented in Table 5.

It is apparent from the data shown in Table 5 that some ele­
ments are enriched in the spent copper-lye. The solution contains 
considerable amounts of iron (in the form of iron oxide and hydro­
xide) and aluminium. The enrichment is about tenfold in the case 
of Fe, Si, Mg, Mn, Cr, Ni and Ca, about a hundredfold in the case 
of A1 and Pb, and no enrichment occurs with Na, Zn and W. The 
amount of elements not mentioned in the table was below the limit 
of detection.

The most important property of copper-lye for the present 
purpose is that it can be reduced by carbon monoxide (the rate of 
reduction) and the rate of oxidation by oxygen, since the ratio of 
mono and divalent copper ions is determined by these quantities.
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Table 5. Order of magnitude of non-volatile impurities of fresh 
and spent copper-lye

Component % by wt . in ignition residue
spent copper-lye fresh copper-lye

Fe X - o,x o,x - o,ox
A1 o,x o,oox
Si XоXоo' o,ox
Mg o,x o,ox
Mn o,ox o,oox
Pb o,ox - o,x o,oox
Sn o,oox o,oox
Ni o,oox - o,ox o,oox
Cr o,oox - o,ox traces
Ca o,ox - o,x o,oox - o,ox
Na o,x o,x
Zn less than 0,0X less than 0,0X
w less than 0,OX less than 0,0X

At first, examinations concerning the rate of oxidation were 
carried out.

Examination on the Oxidation of Copper-Lye

Under plant conditions, the copper-lye is necessarily in con­
tact with oxygen and consequently there is a possibility for its 
oxidation. It is not probable that considerable oxidation may oc­
cur, except by air oxygen in the storage container and by the oxy­
gen content of the gas to be purified (P0 2 z z 0.2 atm).Accordingly, 
oxidation - whether it occurs in the storage container or in the 
absorption column - is brought about by oxygen of a partial pres­
sure of 0.2 atm. Accordingly, the examination was carried out in 
such a way that basically this procedure was realized.
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It should be mentioned that the spent copper-lye contained 
no cuprous ions and consequently part of the copper content had to 
be reduced before oxidation. This was carried out by the addition 
of hydrazine, whereby care had to be exercised not to allow any 
excess hydrazine to remain.

Oxidation was followed by titration in such a manner that 
the copper-lye was agitated in contact with air and a sample was 
taken from time to time. (An attempt was also made to follow the 
oxidation process by the measurement of the oxygen consumption, 
but gases escaping from the copper-lye falsified the results of 
these measurements). The results are shown in Table 6. (The requi­
rement of titrant solution, which is proportional to the concen­
tration of cuprous ions, is plotted against time.)

The data contained in the Table are illustrated by Figures 3
and 4.

Table 6. Oxidation of copper-lye

Oxidation of copper-lye in air
Time of ml titrant required (proportional to cuprous c ont ent)
oxidation 

(min. )
spent copper-lye fresh copper -lye

ro о о о io °c ОооCM U) о о о Uo°c

0 9.6 9.6 18.8 18.8 18.8
20 8.5 8.1 16.0 14.6 13.1
40 7.4 6.3 12.3 11.15 10.0
60 6.3 4.2 10.7 9.1 7 .0
80 5.0 3.2 8.5 6.7 4.5

100 3.65 1.6 6.5 4.4 2.8
120 2.1 0.85 5.1 2.7 1.5
140 0.3 3.5 1.5 0.6
170 1.6 0 О
200 0
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It was strikingly apparent 
that whereas the spent copper 
lye is oxidized at a constant 
rate (zero-order reaction), the 
oxidation rate of the fresh 
copper-lye is dependent on the 
progress of the reaction. In ge­
neral, in the case of spent cop- 
per-lye

dx Ax
—  = к = -  —

dt At
and in the case of a fresh cop­
per-lye

dx 1 n- —  = к X
dt

(where dx is the amount transfor­
med, t is time, к is the rate 
constant and n is the order of 
the reaction) are the equations 
describing the reaction rate.

The kinetic order was de­
termined graphically and was 
found to be n = 0.43. This can 
approximately be taken as 0.5 
and accordingly the equation de­
scribing the rate of oxidation 
is the following:

dt

The activation energy, calcula­
ted on the basis of the tempera­
ture-dependence of the rate con-

Fig. 3. Oxidation of boiled spent 
copper-lye. о - 20°C;
X - 10°C

40 80 120 160 200
minutes

Fig. 1* . Oxidation of boiled fresh 
copper-lye. о - 200°C,
Д - 300UC, 1+00°C

о
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stants, is for the spent copper-lye ESpent = 3,600 cal/moles and 
for the fresh copper-lye Efresh = 5,100 cal/moles.

The following conclusions were drawn from the data presented 
in the foregoing and from the qualitative picture:

Any oil content present in the copper-lye forms a film on 
the surface which hinders the passage of oxygen into the solution. 
In spent copper-lye, having a relatively significant oil-content, 
the rate of oxidation is determined by the diffusion rate of 02 
across the oil film. The chemical reaction is faster than diffu­
sion through the film. This picture seems to be supported by the 
fact that the activation energy of the process is considerably 
lower in spent copper-lye than in the fresh one. The fresh copper- 
-lye is oxidized more quickly than the spent one and this is pos­
sible only if in this case the diffusion process in the boundary 
layer is faster than in the spent copper-lye. Due to the faster 
diffusion, the chemical process becomes rate-determining in this 
solution, and hence the rate of oxidation is dependent, not only 
on the rate of diffusion, but also on the cuprous ion concentra­
tion of the solution.

It seems to be self-evident that the difference between the 
properties of the two solutions may be connected with the oil con­
tamination of the spent copper-lye.

The higher activation value calculated from the data of the 
fresh copper-lye are in agreement with the fact that in this case 
the chemical process is the rate-determining one.

Examination of the Reduction of Copper-Lye

One of the processes of regeneration is the reduction of part 
of the copper content, depending on the cuprous:cupric ratio in 
the solution.

The reduction experiments were carried out with carbon mon­
oxide in such a manner that the solution to be tested was satura­
ted with carbon monoxide of 1 atm. pressure and a sample was with­
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drawn from the solution from time to time, in order to determine 
the cuproustcupric ratio. The reaction of the reduction with car­
bon monoxide is composed of a number of partial processes. Carbon 
monoxide is absorber by the ammonia-containing copper formate com­
plex and the CO exerts its action in the compound thus formed.

In the first stage of the examinations it was concluded that 
the reduction proceeds at the highest rate at a temperature of 
about 40°C if the partial pressure of CO is atmospheric. The other 
aim of the experiments was the elucidation of the kinetics of the 
reduction process.lt was expected that this will furnish an answer 
to the question why the spent copper-lye became unreducible.

The results of the reduction experiments are contained in 
Table 7. These results were illustrated in such a manner that the 
rate of reduction, plotted against the cuprous ion concentration, 
was drawn into a single diagram (Fig. 5).

Table 7/1. Reduction of 10 ml spent + 90 ml fresh copper-lye 
with CO

t ime/hour s cuprous, 
g/100 ml

time/hours cuprous, 
g/100 ml

0 8.7 5 11.95
1 8.96 6 12.46
2 10.04 19 12.59
3 10.68 20 13.10

Table 7/2. Reduction of 20 ml 
with CO

spent + 80 ml fresh copper

0 8.1 5 9.98
1 8.17 6 10.23
2 8.26 7 10.62
3 9.15 23 13.35
4 9.66
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Table 7/3. Reduction of 30 ml spent + 60 ml fresh copper-lye 
with CO

time/hours cuprous , 
g/100 ml

time/hours cuprous, 
g/100 ml

0 6.42 6 8.90
1 6.67 7 8.96
2 6.80 23 10.68
3 7.63 24 10.87
4 8.07 25 11.25
5 8.71

Table 7A . Reduction of UO 
with CO

ml spent + 6o ml fresh copper-lye

0 4.96 6 6.99
1 5.09 22 10.17
2 5.47 23 10.93
3 6.10 24 11.57
4 6.55 25 12.94
5 6.93 46 13.41

Table 7/5- Reduction of 60 
with CO

ml spent + lo ml fresh copper-lye

0 2.89 26 7.62
1 2.94 42 8.96
2 3.50 43 9.47
3 4 .00 44 10.17
4 4.32 45 10.98
5 5.59 46 10.36

20 5.78 66 12.60
21 6.17 67 12.39
22 6.42 68 13.34
23 6.42
24 6.80
25 7.37
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It can be concluded that in 
the case of copper-lyes of 19 
g/lOO ml total copper concentra­
tion, the reaction occurs at the 
highest rate in the lye con­
taining 8.5 g/100 ml cuprous cop­
per. At cuprous ion concentrati­
ons either higher or lower than 
that, the reaction rate shows a 
very rapid decrease. The auto-ca- 
talytic character of the reaction 
suggests that the presence of 
cuprous ions accelerates the ab­
sorption of CO.

It is assumed that the reaction is an auto-catalytic one, 
which can formally be described by a rate equation of the following 
form :

d C C u ] y TT- - - - -  = К [Cu ][Cu ]
dt

The experiments confirmed that the reaction rate is not in­
fluenced to an appreaciable degree by the following factors: oil 
content, metal ion impurities, and ammonia and ammonium carbonate 
in the concentration range present in the fresh and spent copper 
lye.-

The rate of reduction as a function of the cuprous copper 
content was determined by mixing spent and properly working fresh 
lyes to various ratios.

If fresh, properly working lye was totally oxidized with air 
and thereupon reduced with CO, the reduction was found to start 
very slowly, after a period of 72 hours (Table 8).

Accordingly, it can be concluded that the reduction of cop­
per-lye with CO and in the case of a constant excess of CO, de­
pends both on the cuprous ion content and the cupric ion concent-

Cu1 [g/100 ml]
Fig.5. Rate of reduction, plot­

ted against cuprous ion
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Table 8 . 100 ml boiled copper- 
followed by reduction

lye (fresh) 
with CO

oxidized with

time/h cuprous, ours *  9
g/100 ml

t ime/hours cuprous, 
g/100 ml

1 0 102 2.54
2 0 103 2.67
3 0 104 3.81
4 0 120 4.20

72 0.95 125 4.83
73 0.95 127 6.36
74 1.02 149 7.31
75 1.21 157 7.82
76 1.27 168 8.96
96 1.91 216 12.27

100 2.29

ration. It appears that the concentration of cuprous ions influ­
ences the amount of CO bound by absorption and thereby influences

Fig.6. Rate of reduction, plotted 
against cuprous ion con­
centration. о - 80°C;

- 50°C

the rate of reduction. The in­
fluence of cupric ion concent­
ration is readily understood, 
since this component is one of 
the materials taking part in 
the reaction. The rate of the 
reduction process also depends 
on the temperature.Its optimum 
value is determined by the re­
lative ratio of two processes 
of opposed effects.At low tem­
peratures, the reaction rate 
becomes low, whereas at higher 
temperatures the absorption is 
supressed. The results of the 
examinations carried out with 
respect to these are shown in 
Figure 6.X
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DISCUSSION

In the opinion of the authors, a change in the cuprous:cupric 
ratio in a copper-lye, having worked properly for years on end, is 
brought about by the simultaneous action of a number of factors. 
In the authors' opinion, the probable process of the development 
of the disturbance is the following:

1. In the course of operation, iron salts accumulate in the 
copper-lye. These are mainly corrosion products, present in the 
copper-lye either in a dissolved form or as a floating precipitate. 
This fact remains unnoticed by the plant management, because the 
analytical prescription for the determination of cuprous copper 
contains titration with permanganate. In this titration, an amount 
of ferrous salts equivalent to the amount of cuprous copper is tit­
rated, because the ferric salt added to the solution oxidizes the 
cuprous copper. It follows that any iron present as impurity, to­
gether with cuprous copper, can be only in the form of the diva­
lent form. However, this means that ferrous ions present as impu­
rity are in the course of the titration determined together with 
the ferrous ions produced in the oxidation of copper. Consequently, 
the result obtained is an erroneous one, or, more precisely, an 
amount of cuprous ions higher than the actual one is measured. In 
the case of 10 % iron content (this can actually occur) in a solu­
tion containing lO g /100 ml copper, about 1.4 g/100 ml monovalent 
copper can be found only on account of the iron impurity. Accor­
dingly, the cuprous:cupric ratio is shifted to the cupric side in 
the course of use, whereas the laboratory tests show a constant 
value.

2. The rate of the oxidation of the cuprous ions is practi­
cally constant and consequently it has to be assumed that it is 
the decrease in the rate of the reduction which results in the 
change of the cuprous :cupric ratio.

If the concentration of cuprous ions is somehow decreased to 
a value below 7.5 g/100 ml, an abrupt decrease in the rate of the
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reduction reaction is to be expected. In such a manner, a situa­
tion may be brought about in which the rate of reduction is lower 
than that of oxidation. Should this be the case, the rate of re­
duction is decreased even faster and the disturbance in plant 
operation is brought about.

These conditions
are schematically il­
lustrated in Figure 7. 
It is self-evident that 
the rate of oxidation 
is dependent on the sur­
face area of the con­
tainers, the shape of 
the latter, and the 02 
content of the gas to 
be purified, etc. - all 
parameters that are not 
likely to show abrupt 
changes, but are, to a 
good approximation, con-

Fig. 7- Equilibrium of oxidation and re­
duction of copper-lye. 1 - ratio 
of cuprous ion decreases; dis­
turbance; 2 - ratio of cuprous 
ion increases; 3 - ratio of cup­
rous ion decreases; 4 - unstable 
working point; 5 - steady state 
working point

stant. This is illus­
trated by the horizon­
tal straight line in 
Figure 7. The rate of 
reduction, when plotted 
against the cuprous ion

concentration, os described by a bell-shaped curve.
The rates of reduction and oxidation are equal at two con­

centrations. The higher concentration is the stable working point 
whereas the lower one is unstable. These points define three areas 
(broken lines). In the range of the lowest cuprous ion concentra­
tions, reduction is slower than oxidation, and accordingly distur­
bance is caused in the operation. In the middle area, reduction is 
faster and consequently the cuprous ion concentration in the solu­
tion is increasing. In the third area, oxidation is faster and the
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concentration of cuprous ions is decreased as long as the value 
corresponding to the working point is reached.

It should also be noted that the position of the working 
point can be shifted by altering the temperature or duration of 
the reduction. A reduction corresponding to a higher temperature 
and another to a lower one, respectively, are shown in the Figure 
drawn with a dotted line.

The question is now, what can be the “reason for the cuprous 
ion concentration to be decreased to a value below the lower wor­
king point, and how is it possible to prevent this or to terminate 
the disturbance.

According to the customary technological process, and under 
normal conditions the process can be governed by controlling the 
temperature of the regenerator used for reduction of the copper 
Iyer The disturbance occurs when an alteration in the temperature 
of the regenerator is insufficient to ensure a satisfactory re­
duction rate (or, on account of some trouble, the necessary tempe­
rature cannot be ensured).

It seems very probable that the oily emulsion collected in 
the regenerator column may take up a considerable fraction of the 
volume of the upper conical part of the regenerator, whereby its 
useful volume is decreased to an appreciable degree. It is very 
likely that disturbances that cannot be compensated by increasing 
the temperature, are brought about first of all by a decrease in 
residence time caused by the above-mentioned procedure. If follows 
from the foregoing that there are two possibilities for the elimi­
nation of disturbances of this kind:

1. Changing the copper-lye for a fresh one of high cuprous 
ion content of faultless operation, with simultaneous emptying and 
de-oiling of the regenerator column.

2. Intensive reduction of the copper-lye; however, this can 
be successful only with simultaneous emptying of the regenerator.

Reduction can be carried out in such a manner that the wor­
king solution of adequate cuprous copper content is prepared in
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the regenerator (or in a separate apparatus) by increasing the re­
sidence time, by making use of the CO content of the solution, or 
by the addition of metallic copper. The experiments have shown 
that working and oxidized copper-lyes can be mixed with each other, 
as long as it is observed that the cuprous ion content of the so­
lution is not decreased below the critical value (about 6 g/100 ml)
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РЕЗЮМЕ

Авторами исследовано равновесие окисления и восстановления 
окиси углерода с помощью медно-аммиакного раствора.

Установлено, что скорость окисления ионов меди практически 
постоянна, а снорость восстановления зависит от концентрации ионов 
закиси меди в заводских условиях. На основании этого установле­
ны условия стабильной работы башни и целесообразные методы устра­
нения перебоев в эксплуатации.
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*Kunstharzfabrik, Budapest )

Eingegangen am 8. Juli 1974.

Es wurde mit Hilfe dielektrischer Meßmethoden 
die bei atmosphärischer Beanspruchung auftretende Al­
terung von Polyurethanlacken geprüft, die durch aroma­
tischen, bzw. aliphatischen Isozyanat verhärtet wurden

Den Strukturänderungen im Laufe des Alterungs­
prozesses wurden durch die Messung der Veränderungen 
der Aktivierungsen ergiewerte und Dispersionsbereiche 
gefolgt, die auf Grund der Temperaturabhängigkeit des 
bei verschiedenen Frequenzwerten gemessenen dielektri­
schen Faktors bestimmt wurden.

D e r  d i e l e k t r i s c h e  F a k t o r  d e r  S t o f f e ,  die  p o l a r e  G r u p p e n  e n t ­
h a l t e n ,  h ä n g t  in b e d e u t e n d e m  M a ß e  v o n  d e r  b e i m  M e s s e n  g e b r a u c h t e n  
F r e q u e n z  u n d v o n d e r  T e m p e r a t u r  d e r  P r o b e  ab. D i e  E r s c h e i n u n g  ist 
d a m i t  zu e r k l ä r e n ,  d a ß  d i e s e  G r u p p e n  - i n f o l g e  i h r e r  t h e r m i s c h e n  
E n e r g i e  - e i n e  u n g e o r d n e t e  s t a t i s t i s c h e  B e w e g u n g  v o l l  f ü h r e n ,  d i e  
d a s  ä u ß e r e  e l e k t r i s c h e  F e l d  m i t  H i l f e  d e s a u f  d i e  D i p o l e  v e r ü b t e n  
D r e h m o m e n t s  zu o r i e n t i e r e n  v e r s u c h t .  D i e  O r i e n t a t i o n  d e r  p o l a r e n  
G r u p p e n  e r h ö h t  d i e  P o l a r i s a t i o n  in b e d e u t e n d e m  M a ß e  u n d  d a d u r c h  
a u c h  d e n  d i e l e k t r i s c h e n  F a k t o r .  Bei f e s t g e l e g t e r  F r e q u e n z  n i m m t
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d i e  O r i e n t a t i o n s w i r k u n g  d u r c h  d i e  E r h ö h u n g  d e r  T e m p e r a t u r  a n f a n g s  
z u , s p ä t e r  j e d o c h ,  b e i m  w e i t e r e n  S t e i g e n  d e r  t h e r m i s c h e n  B e w e g u n g  
t r i t t  e i n e  D e s o r i e n t a t i o n  a u f .  Bei s t ä n d i g e r  T e m p e r a t u r  w i r d  d u r c h  
d i e  E r h ö h u n g  d e r  F r e q u e n z  d i e  O r i e n t a t i o n  i m m e r  s c h w e r e r ,  w a s  m i t  
d e r  T r ä g h e i t  d e r  p o l a r e n  G r u p p e n  zu e r k l ä r e n  i s t ,  so n i m m t  a l s o  
d i e  P o l a r i s a t i o n ,  d. h.  d e r  d i e l e k t r i s c h e  F a k t o r  m i t  d e r  s t e i g e n d e n  
F r e q u e n z  ab. D i e  E r h ö h u n g  d e s  d i e l e k t r i s c h e n  F a k t o r s  bei s t e i g e n ­
d e r  T e m p e r a t u r ,  bzw . d e s s e n  S i n k e n  bei s t e i g e n d e r  F r e q u e n z  s p i e l e n  
s i c h  im B e r e i c h  d e r  T e m p e r a t u r - ,  bz w.  F r e q u e n z w e r t e  ab, d i e  c h a r a k ­
t e r i s t i s c h  a u f  d i e  B e w e g l i c h k e i t  d e r  p o l a r e n  G r u p p e n ,  a u f  d i e  B e ­
s c h r ä n k u n g  i h r e s  B e w e g e n s  s i n d .  D i e s e r  T e m p e r a t u r - ,  bzw. F r e q u e n z ­
b e r e i c h  w i r d  al s D i s p e r s i o n s b e r e i c h  b e z e i c h n e t ,  d i e  T e m p e r a t u r ,  
bz w.  d i e  F r e q u e n z ,  d i e  z u m  I n f l e x i o n s p u n k t  d e r  d i e  T e m p e r a t u r - ,  
b z w .  d i e  F r e q u e n z a b h ä n g i g k e i t  d e s  d i e l e k t r i s c h e n  F a k t o r s  d a r s t e l ­
l e n d e n  K u r v e  g e h ö r t ,  i s t  d i e  R e l a x a t i o n s t e m p e r a t u r  ( t r ), bz w.  di e  
R e l a x a t i o n s f r e q u e n z  (oor ) E l , 2, 3].

D i e  bei d e r  A l t e r u n g  a u f t r e t e n d e n  s t r u k t u r e l l e n  V e r ä n d e r u n ­
g e n  d e r  L a c k a n s t r i c h e  s i n d  m i t  d e m  E n t s t e h e n  o d e r  Z e r l e g e n  d e r  p o ­
l a r e n  G r u p p e n ,  bzw . m i t  d e r  V e r ä n d e r u n g  d e r e n  U m g e b u n g  v e r b u n d e n ,  
d e s w e g e n  z e i g e n  s i e s i c h  s e h r  m e r k l i c h  bei d e r  V e r s c h i e b u n g  d e r  
R e l a x a t i o n s b e r e i c h e .

D i e  T e m p e r a t u r a b h ä n g i g k e i t  d e r  R e l a x a t i o n s f r e q u e n z  k a n n  mi t  
g u t e r  A n n ä h e r u n g  d u r c h  d i e  A r r h e n i u s - G l e i c h u n g

d a r g e s t e l l t  w e r d e n ,  w o  d i e  A k t i v i e r u n g s e n e r g i e  d e r  D i p o l o r i e n -  
t a t i o n  b e d e u t e t .  D i e  V e r ä n d e r u n g  d e r  A k t i v i e r u n g s e n e r g i e  b e i m  A l ­
t e r n  w e i s t  a u f  d i e  V e r ä n d e r u n g  d e r  B e s c h r ä n k t h e i t  d e r  D i p o l o r i e n ­
t a t i o n  h i n ,  w a s  a l s  F o l g e  d e r  V e r n e t z u n g ,  d e r  D e g r a d a t i o n ,  s o w o h l  
d e r  V e r d a m p f u n g  d e s  L ö s u n g s -  u n d  E r w e i c h u n g s m i t t e l s  s e i n  ka n n .

S o w o h l  d i e  V e r s c h i e b u n g  d e s  R e l a x a t i o n s b e r e i c h e s ,  a l s  a u c h  
d i e  V e r ä n d e r u n g  d e r  A k t i v a t i o n s e n e r g i e  ist  f ü r  d i e  V e r ä n d e r u n g  d e r  
S t r u k t u r  d e r  A n s t r i c h e  b e z e i c h n e n d ,  d e s h a l b  w u r d e  bei d e n U n t e r s u ­
c h u n g e n  d i e  V e r ä n d e r u n g  b e i d e r  W e r t e  in B e t r a c h t  g e n o m m e n .
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Im L a u f e  u n s e r e r  U n t e r s u c h u n g e n  w u r d e  m i t  b e s o n d e r e r  R ü c k ­
s i c h t  a u f  d i e  W e c h s e l w i r k u n g  d e r  P i g m e n t e - B i n d e m i t t e l  d i e u n t e r  
a t m o s p h ä r i s c h e n  U m s t ä n d e n  s t a t t g e f u n d e n e  A l t e r u n g  d e r  f a r b l o s e n  
u n d  d e r  m i t  A n a t a s ,  bzw . R u t i l  p i g m e n t i e r t e n  M o d i f i k a t i o n e n  d e r  
m i t  a l i p h a t i s c h e m  u n d  a r o m a t i s c h e m  I s o z y a n a t  v e r h ä r t e t e n  P o l y u r e ­
t h a n l a c k e  g e p r ü f t .

D i e  zu d e n  U n t e r s u c h u n g e n  g e b r a u c h t e n  A n s t r i c h e  w u r d e n  m i t ­
t e l s  e i n e r  S p r ü h p i s t o l e  a u f  s ä u r e b e s t ä n d i g e  S t a h l p l a t t e n  m i t  D u r c h ­
m e s s e r  v o n  30 m m  in z w e i  S c h i c h t e n  4 0 - 6 0  u m  d i c k  a u f g e b r a c h t .  D i e  
v o r b e r e i t e t e n  P r o b e p l a t t e n  w u r d e n  bis  z u m  B e g i n n  d e r  B e a n s p r u c h u n g ,  
b z w .  d e n  U n t e r s u c h u n g e n  bei Z i m m e r t e m p e r a t u r , v o r  L i c h t  g e s c h ü t z t  
u n d  bei e i n e m  r e l a t i v e n  F e u c h t i g k e i t s g e h a l t  v o n  e t w a  60 % a u f b e ­
w a h r t .

Ei n T e i l  d e r  a u f  d i e s e  W e i s e  v o r b e r e i t e t e n  P l a t t e n  w u r d e  n a c h  
z w e i w ö c h i g e m  T r o c k n e n  e i n e r  a t m o s p h ä r i s c h e n  B e a n s p r u c h u n g  a u s g e ­
s e t z t ,  d e r  a n d e r e  T e i l  w u r d e  in L a b o r a t o r i u m s u m s t ä n d e n  z u r  F e s t ­
s t e l l u n g  d e r  V e r ä n d e r u n g e n  bei L a g e r u n g  o h n e  B e a n s p r u c h u n g  a u f b e ­
w a h r t .

D i e  in d e n P r o b e n  a u f t r e t e n d e n  S t r u k t u r ä n d e r u n g e n  w u r d e n  m i t  
H i l f e  d e r  t h e r m o d i e l e k t r i s e h e n  A n a l y s e  f e s t g e s t e l l t ;  d e r  d i e l e k t r i ­
s c h e  F a k t o r  ist bei F r e q u e n z w e r t e n  2 0 0 ,  500 , 7 0 0  u n d  1 0 0 0  Hz g e m e s ­
s e n  w o r d e n ,  w o b e i  d i e  T e m p e r a t u r  d e r  P r o b e n  z w i s c h e n  20 - 15 0°  m i t  
e i n e r  G e s c h w i n d i g k e i t  v o n  u n g e f ä h r  2 ° C / M i n u t e  g e ä n d e r t  w u r d e  [4].

Z u r  V e r a n s c h a u l i c h u n g  d e r  so e r h a l t e n e n  d i e l e k t r i s c h e n  S p e k ­
t r e n  w e r d e n  a u f  A b b .  1 d i e  bei 1 0 0 0  Hz g e m e s s e n e n  d i e l e k t r i s c h e n  
S p e k t r e n  d e r  m i t  R u t i l  u n d  A n a t a s  p i g m e n t i e r t e n  M o d i f i k a t i o n e n  d e s  
m i t  a l i p h a t i s c h e m  I s o z y a n a t  g e h ä r t e t e n  P o l y u r e t h a  na n s t r i c h e n  g e ­
z e i g t ,  u n d  z w a r ,  im Z u s t a n d  o h n e  B e a n s p r u c h u n g  u n d  n a c h  e i n e m  
s e c h s m o n a t i g e n  a t m o s p h ä r i s c h e n  A l t e r u n g s p r o z e ß . A u f  d e r  A b b i l d u n g  1 
ist  d i e  V e r s c h i e b u n g  d e s  D i s p e r s i o n s b e r e i c h e s  in R i c h t u n g  d e r  h ö ­
h e r e n  T e m p e r a t u r  g u t  zu s e h e n .

D i e  B e w e r t u n g  d e r  d i e l e k t r i s c h e n  S p e k t r e n  g e s c h a h  a u f  G r u n d  
d e r  V e r s c h i e b u n g  d e r  R e l a x a t i o n s t e m p e r a t u r  u n d  d e r  V e r ä n d e r u n g  d e r  
A k t i v i e r u n g s e n e r g i e ;  z u m  V e r g l e i c h  d i e n t e n  d i e  P r o b e n  o h n e  B e a n ­
s p r u c h u n g  .
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D i e  A b b .  2 z e i g t  d i e  V e r ä n ­
d e r u n g  d e r  R e l a x a t i o n s t e m p e r a t u r  
d e r  f a r b l o s e n ,  b z w .  m i t  R u t i l  u n d  
m i t  A n a t a s  p i g m e n t i e r t e n  M o d i f i k a ­
t i o n e n  d e s m i t  a l i p h a t i s c h e m  I s o -  
z y a n a t  g e h ä r t e t e n  P o l y u r e t h a n a n ­
s t r i c h e s  n a c h  L a g e r u n g  o h n e  B e a n ­
s p r u c h u n g  u n d  im F a l l e  a t m o s p h ä ­
r i s c h e r  B e a n s p r u c h u n g .

Es k o n n t e  f e s t g e s t e l l t  w e r ­
d e n ,  d a ß  s i c h  d i e  R e l a x a t i o n s t e m -  
p e r a t u r  d e r  A n s t r i c h e  bei L a g e r u n g  
o h n e  B e a n s p r u c h u n g  n a c h  e t w a  2 M o ­
n a t e n  s t a b i l i s i e r t  h a t  u n d ä n d e r t e  
s i c h  w ä h r e n d  d e r  U n t e r s u c h u n g e n  
n i c h t  w e i t e r .  D i e  E r h ö h u n g  d e r  R e ­
l a x a t i o n s t e m p e r a t u r  in d e n  e r s t e n  
2 M o n a t e n  i s t m i t  d e r  w e i t e r e n  V e r ­
h ä r t u n g  zu e r k l ä r e n ,  d i e  m i t  d e r  
w e i t e r e n  l a n g s a m e n  V e r n e t z u n g  n a c h  
d e m  T r o c k n e n  im Z u s a m m e n h a n g  s t e h t .

Bei s p h ä r i s c h e r  B e a n s p r u ­
c h ,  g z e i g r. s i c h  d i e  W i r k u n g  d e r  
~ 'g m e n t i e n  ng v i e l  p r ä g n a n t e r .  Im 
F a l l e  d e s f a r b l o s e n  A n s t r i c h e s  b e ­

Abb.l.Dielektrisches Spektrum 
des mit aliphatischem Isozy- 
anat gehärteten Polyurethanan­
striches; a) pigmentiert mit 
Rutil; b) pigmentiert mit Ana­
tas; о - ohne Beanspruchung,
X  - nach einem sechsmonatigen 
atmosphärischen Alterungspro­
zeßg i n n t  d i e  R e l a x a t i o n s t e m p e r a t u r

n a c h  z w e i m o n a t i g e r  B e a n s p r u c h u n g  zu s t e i g e n ,  w a s  a u f  d i e  Ä n d e r u n g  
d e r  S t r u k t u r  d e s  A n s t r i c h e s ,  w a h r s c h e i n l i c h  a u f  d i e  a u f t r e t e n d e  
O x y d a t i o n  h i n w e i s t .Ei ne ä h n l i c h e  E r s c h e i n u n g  k a n n  a u c h  bei d e r  R e ­
l a x a t i o n s t e m p e r a t u r v e r ä n d e r u n g  d e s  m i t  A n a t a s  p i g m e n t i e r t e n  A n s t r i ­
c h e s  f e s t g e s t e l l t  w e r d e n ,  m i t  d e m  U n t e r s c h i e d ,  d a ß  d e r  B e g i n n  d e r  
O x y d a t i o n  in d i e s e m  Fall d u r c h  d i e  P i g m e n t e  v e r z ö g e r t  w i r d .  D a g e ­
g e n  s t a b i l i s i e r t  s i c h  d i e  R e l a x a t i o n s t e m p e r a t u r  d e s  m i t  Ru t i l  p i g ­
m e n t i e r t e n  A n s t r i c h e s  - ä h n l i c h  w i e  bei d e n e n  o h n e  B e a n s p r u c h u n g  - 
n a c h  e i n e r  e i n m o n a t i g e n  V e r h ä r t u n g  u n d ä n d e r t  s i c h  a u c h  bei w e i t e ­
r e r  B e a n s p r u c h u n g  n i c h t  m e h r .  D a s  w e i s t  d a r a u f  h i n ,  d a ß  d a s R u t i l -
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Abb. 2. Veränderung der Relaxa- Abb. 3. Veränderung der Relaxati- 
tionstemperatur des mit alipha- onstemperatur des mit aromatischem 
tischem Isozyanat gehärteten Isozyanat gehärteten Polyurethan- 
Polyurethananstriches; a) bei anstriches; a) bei Lagerung ohne 
Lagerung ohne Beanspruchung; Beanspruchung, b) bei atmosphäri- 
b) bei atmosphärischer Bean- scher Beanspruchung; 1: farblos, 
spruchung; 1: farblos, 2: pig- 2: pigmentiert mit Anatas, 3: pig­
mentiert mit Anatas, 3: pig- mentiért mit Rutil 
mentiért mit Rutil

p i g m e n t  d i e  S t a b i 1 i t a t ,d i e  W e t t e r b e s t ä n d i g k e i t  des  B i n d e m i t t e l s  in 
g r o ß e m  M a ß e  e r h ö h t .

D i e  R e l a x a t i o n s t e m p e r a t u r  d e r  m i t  a r o m a t i s c h e m  I s o z y a n a t  g e ­
h ä r t e t e n  P o l y u r e t h a n a n s t r i c h e  ( A b b .  3) z e i g t  a u c h  im F a l l e  d e r  L a ­
g e r u n g  o h n e  B e a n s p r u c h u n g  e i n e  w e s e n t l i c h e  V e r ä n d e r u n g ,  m i t  A u s ­
n a h m e  d e r  m i t  R u t i l  p i g m e n t i e r t e n  M o d i f i k a t i o n ,  d i e  s i c h  g l e i c h  
d e n e n  a u f  d e r  A b b .  2 s t a b i l i s i e r t e .  Bei a t m o s p h ä r i s c h e r  B e a n s p r u ­
c h u n g  j e d o c h  w i r k t e  d i e  s t a b i l i s i e r e n d e  W i r k u n g  d e s  R u t i l s  n u r  
e i n e  k u r z e  Z e i t  ( u n g e f ä h r  1 M o n a t ) ,  d i e  O x y d a t i o n  u n d  Z e r s e t z u n g  
d e s  B i n d e n m i t t e l s  k o n n t e  w e d e r  m i t  A n a t a s ,  n o c h  m i t  R u t i l  v e r h i n ­
d e r t  w e r d e n .
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Ab b.  4 u n d  5 z e i g e n  d i e  
w ä h r e n d  d e r  B e a n s p r u c h u n g  a u f ­
t r e t e n d e  Ä n d e r u n g  d e r  A k t i v i e ­
r u n g s e n e r g i e ,  d i e  m i t  H i l f e  d e r  
d e n  Z u s a m m e n h a n g  z w i s c h e n  d e r  
R e l a x a t i o n s f r e q u e n z  u n d  T e m p e r a ­
t u r  d a r s t e l l e n d e n  A r r h e n i u s ­
g l e i c h u n g  b e r e c h n e t  w u r d e .  In 
d e r  Ä n d e r u n g  d e r  A k t i v i e r u n g s -  
e n e r g i e w e r t e n  b e s t ä t i g e n  s i c h  
d i e  F e s t s t e l l u n g e n  im Z u s a m m e n ­
h a n g  m i t  d e r  V e r s c h i e b u n g  d e r  
R e l a x a t i o n s t e m p e r a t u r e n .

A u f  G r u n d  d e r  A b b .  4 k a n n  
f e s t f e s t e l l t  w e r d e n ,  d a ß  s i c h  
d i e  A k t i V i e r u n g s e n e r g i e w e r t e  
bei d e n A n s t r i c h e n ,  d i e  o h n e  
B e a n s p r u c h u n g  g e l a g e r t  w u r d e n ,  
bei a l l e n  d r e i  M o d i f i k a t i o n e n  
n a c h  2 M o n a t e n  s t a b i l i s i e r t  h a ­
be n.  N a c h  e i n e r  a t m o s p h ä r i s c h e n  
B e a n s p r u c h u n g  b e w a h r t  d i e s e  E i ­
g e n s c h a f t  n u r  d e r  m i t  R u t i l  p i g ­
m e n t i e r t e  A n s t r i c h ,  d i e  A k t i v i e ­
r u n g s e n e r g i e  d e r  z w e i  a n d e r e n  M o ­
d i f i k a t i o n e n  z e i g t  e i n e  w e s e n t l i ­
c h e  S t r u k t u r ä n d e r u n g  a u f .

Abb . 4. Veränderung der Aktivie­
rungsenergie des mit aliphati­
schem Isozyanat gehärteten Poly­
urethanstriches; a) pigmentiert 
mit Rutil, b) pigmentiert mit 
Anatas, c) farblos, о - bei La­
gerung ohne Beanspruchung, x - 
bei atmosphärischer Beanspru­
chung

D i e  A b b .  5 z e i g t  di e A k t i v i e r u n g s e n e r g i e  d e r  A n s t r i c h e  m i t  
P o l y u r e t h a n - B i n d e m i t t e l ,  d i e  m i t  a r o m a t i s c h e m  I s o z y a n a t  g e h ä r t e t  
s i n d .  Bei L a g e r u n g  o h n e  B e a n s p r u c h u n g  s t a b i l i s i e r t e  s i c h  d i e  A k t i ­
v i e r u n g s e n e r g i e  u n d  d a m i t  d i e S t r u k t u r  d e s  A n s t r i c h e s  n u r  im F a l l e  
d e s  m i t  R u t i l  p i g m e n t i e r t e n  A n s t r i c h e s ,  bei d e n  f a r b l o s e n ,  b z w .  
bei d e n  m i t  A n a t a s  p i g m e n t i e r t e n  M o d i f i k a t i o n e n  z e i g t e  d i e  A k t i v i e  
r u n g s e n e r g i e  a u c h  w ä h r e n d  d e r  L a g e r u n g  s c h o n  e i n e  w e s e n t l i c h e  V e r ­
ä n d e r u n g .  Bei a t m o s p h ä r i s c h e r  B e a n s p r u c h u n g  k a n n  m a n  bei a l l e n  
d r e i  T y p e n  e i n e  V e r ä n d e r u n g  f e s t s t e l l e n ,  d i e  a u f  O x y d a t i o n ,  b z w .
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D e g r a d a t i o n  z u r ü c k z u f ü h r e n  s i n d .  
D i e  A k t i v i e r u n g s e n e r g i e  d e s  m i t  
R u t i l  p i g m e n t i e r t e n  A n s t r i c h e s  
i s t n a h e  d e r e n  o h n e  B e a n s p r u ­
c h u n g ,  b e s o n d e r s  in d e n  e r s t e n  
3 M o n a t e n ,  w a s  a u c h  in d i e s e m  
F a l l e  b e w e i s t ,  d a ß  R u t i l  g ü n s ­
t i g  a u f  d i e  W e t t e r b e s t ä n d i g k e i t  
wirkt.

A u f  G r u n d  d e r  d i e l e k t r i ­
s c h e n  U n t e r s u c h u n g e n  k a n n  f e s t ­
g e s t e l l t  w e r d e n ,  d a ß  d a s  m i t  
a l i p h a t i s c h e m  I s o z y a n a t  g e h ä r ­
t e t e  P o l y u r e t h a n - B i n d e m i t t e l  
n u r  m i t  R u t i l  p i g m e n t i e r t  e i n e  
s e h r  g u t e  W e t t e r b e s t ä n d i g k e i t  
a u f w e i s t , d i e  S t a b i l i t ä t  d e s  m i t  
a r o m a t i s c h e m  I s o z y a n a t  g e h ä r t e ­
t e n  P o l y u r e t h a n s  j e d o c h  k o n n t e  
a u c h  R u t i l  n i c h t  a n d a u e r n d  v e r -  
b e s s e r n . D i e s e  E r s c h e i n u n g  w e i s t  
e i n d e u t i g  d a r a u f  hin , d a ß  d i e  
A n w e n d b a r k e i t ,  in d i e s e m  F a l l e  
d i e  W e t t e r b e s t ä n d i g k e i t  e i n e s  
A n s t r i c h e s  n i c h t  a u s s c h l i e ß l i c h  
d u r c h  d a s  B i n d e m i t t e l  b e s t i m m t  
w i r d .  E i n e  s e h r  w i c h t i g e  R o l l e  
s p i e l t  a u c h  d i e  W e c h s e l w i r k u n g  

z w i s c h e n  P i g m e n t  u n d B i n d e m i t t e l .  U n s e r e  E r g e b n i s s e  s t e h e n  im E i n ­
k l a n g  m i t  d e n  p r a k t i s c h e n  E r f a h r u n g e n ,  u n d  d a s b e d e u t e t  z u g l e i c h ,  
d a ß  d i e  d i e l e k t r i s c h e  M e ß t e c h n i k  s e h r  e m p f i n d l i c h  a u f  d i e  S t r u k ­
t u r ä n d e r u n g  d e r  A n s t r i c h e  r e a g i e r t ,  so k a n n  s i e a l s o  b e i m  N a c h ­
w e i s e n  d e r  A l t e r u n g s p r o z e s s e  g u t  g e b r a u c h t  w e r d e n ,  d e s h a l b  w i r d  
b e a b s i c h t i g t ,  d i e  U n t e r s u c h u n g e n  s p ä t e r  a u c h  a u f  a n d e r e  B i n d e m i t ­
tel u n d  P i g m e n t e  zu e r s t r e c k e n .

Abb. 5. Veränderung der Aktivie­
rungsenergie des mit aromatischem 
Isozyanat gehärteten Polyurethan­
anstriches ;a) pigmentiert mit Ru­
til, b) pigmentiert mit Anatas , 
c) farblos; о - bei Lagerung ohne 
Beanspruchung, x - bei atmosphä­
rischer Beanspruchung
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РЕЗЮМЕ

При помощи диэлентричесного метода измерения было исследова­
но старение полиуретановых ланов с ароматичесной и алифатичесной 
иэоицанатовой сетной, происходящее в следствии подвержения атмос­
ферной нагрузке.

Происходящие в процессе старения структурные изменения мы 
наблюдали с помощью изменения энергий активации и сдвига областей 
дисперсии, которые определялись на основании зависимости от темпе­
ратуры, измеренной при различных фреквенциях диэлектрического фак­
тора .
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In dieser Arbeit werden die Sicherheit, die Zu­
verlässigkeit und das Risiko, sowie deren Zusammenhang 
erörtert, um den Paranieterbereich von optimalen Risiko 
der Inbetriebhaltung aller Funktionen der Großsysteme 
in der chemischen Industrie, auf der Grundlage eines 
Modells des Systems, bestimmen zu können.

E I N L E I T U N G

E n t s p r e c h e n d  d e r  k o n v e n t i o n e l l e n  I n t e r p r e t i e r u n g  d e r  S i c h e r ­
h e i t ,  w e r d e n  d i e  P l a n u n g  u n d  H e r s t e l l u n g  v o n  E i n r i c h t u n g e n  a u s r e i ­
c h e n d e r  S i c h e r h e i t ,  g e m ä ß  d e r  B e t r i e b s p r a x i s , u m  U n f ä l l e ,  B e t r i e b s  
S t ö r u n g e n  u n d  P a n n e n ,  o d e r  k a t a s t r o p h a l e  F e h l e r  zu v e r m e i d e n ,  a u c h  
bei S y s t e m e n  in d e r  c h e m i s c h e n  I n d u s t r i e  im a l l g e m e i n e n  u n t e r  R ü c k  
s i c h t n a h m e  a u f  d e n  s o g e n a n n t e n  S i c h e r h e i t s f a k t o r  d u r c h g e f ü h r t .N a c h  
d i e s e r  d e t e r m i n i s t i s c h e n  B e t r a c h t u n g s w e i s e  w i r d  d e r  S i c h e r h e i t s ­
f a k t o r  b e s t e n f a l l s ,  z . B .  in A n b e t r a c h t  v o n  E i n z e l g e r ä t e n ,  an H a n d  
i r g e n d w e l e h e r  E r f a h r u n g s b e m e s s u n g e n  d e r  v e r s c h i e d e n e n  M a s c h i n e n e l e  
m e n t e  d e r  c h e m i s c h e n  I n d u s t r i e  v e r f o l g t .  M i t  d e n  S i c h e r h e i t s -  u n d
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E r m ü d u n g s f a k t o r e n  r ü c k e n  E r w ä g u n g e n  in d e n  V o r d e r u n g ,  d i e  e h e r  m i t  
s t a t i s c h e n ,  bz w.  F e s t i g k e i t s - Ü b e r l e g u n g e n ,  a l s  m i t  d e r  L e b e n s d a u e r  
o d e r  m i t  e i n e r  e i n w a n d f r e i  b e t r i e b s s i c h e r e n  A r b e i t  in Z u s a m m e n h a n g  
s t e h e n .  Es ist  e v i d e n t ,  d a ß  k e i n e r  d e r  g e n a n n t e n  F a k t o r e n  v e r m a g ,  
ü b e r  di e d y n a m i s c h e n  E i g e n s c h a f t e n  bei V e r w e n d u n g  e i n e s  g e g e b e n e n  
S y s t e m s  d e r  c h e m i s c h e n  I n d u s t r i e  g e n ü g e n d e  I n f o r m a t i o n  zu e r t e i l e n .  
H i e r z u  w ä r e  es n ö t i g ,  a n  S t e l l e  d e r  k o n v e n t i o n e l l e n  S i n n g e b u n g  d e r  
S i c h e r h e i t ,  e i n  n e u e s ,  vie l a l l g e m e i n e r e s  u n d  e i n d e u t i g e r e s ,  
a u c h  d i e G e f ä h r l i c h k e i t  d e s  B e t r i e b s  v e r r a t e n d e s  S i c h e r h e i t s m a ß  
ei n z u f ü h r e n .

W i r  v e r m u t e n ,  d a ß  d a s  M a ß  d e r  S i c h e r h e i t  e i n e r s e i t s  d e n  g e ­
m e i n s a m e n  w i c h t i g e r e n  E i g e n s c h a f t e n  u n d  B e s c h a f f e n h e i t e n  d e r  G r o ß ­
s y s t e m e  in d e r  c h e m i s c h e n  I n d u s t r i e  z u g e o r d n e t  w e r d e n  s o l l t e ,  und  
z w a r  in A b h ä n g i g k e i t  d a v o n ,  w e l c h e  I n f o r m a t i o n  ü b e r  d i e  E r f ü l l u n g  
d e r  v o n uns  g e g e n ü b e r  d e n  v e r s c h i e d e n e n  T e i l s y s t e m e n ,  E r z e u g n i s s e n ,  
G e r ä t e n  u n d B a u e l e m e n t e n  g e s t e l l t e n  A n f o r d e r u n g e n  und  A u f g a b e n  g e ­
w ü n s c h t  w i r d ,  a n d e r s e i t s  g l a u b e n  w i r  d i e s e s  M a ß  d e m  e i n h e i t l i c h e n  
G e b r a u c h  d e r  m i t  d e n  s i c h e r h e i t s t e c h n i s c h e n  M a ß n a h m e n  in V e r b i n ­
d u n g  s t e h e n d e n  v e r s c h i e d e n e n  A u f w ä n d e ,  w i e  z . B .  A r b e i t s -  u n d  Kos  - 
t e n a u f w ä n d e ,  b e i o r d n e n  zu m ü s s e n .

V o n d i e s e n ,  e i n a n d e r  o f t  w i e d e r s p r e c h e n d e n  A n f o r d e r u n g e n  m u ß  
j e d e n f a l l s  b e i m  F o r t b e s t e h e n  d i e s e r  W i d e r s p r ü c h e  - d i e  o p t i m a l e  
L ö s u n g ,  bzw. d a s  e n t s p r e c h e n d e  S c h e m a  f ü r  d i e  z . B .  L a g e r u n g  o d e r  
I n b e t r i e b h a  1 t u n g  v o n  G r o ß s y s t e m e n  d e r  c h e m i s c h e n  I n d u s t r i e  e r w ä h l t  
w e r d e n .  E i n e  b e f r i e d i g e n d e  B e a n t w o r t u n g  d e r  F r a g e n ,  d i e  m i t  in d i e ­
s e m  P r o b l e m e n  a u f t a u c h e n d e n  A u f g a b e n  in Z u s a m m e n h a n g  s t e h e n ,  b e n ö ­
t i g t  a b e r  d i e  E i n f ü h r u n g  e i n e r  n e u e n ,  d a s  h e u t i g e  p h y s i k a l i s c h e  
W e l t b i l d  s p i e g e l n d e n ,  i n d e t e r m i n i s t i s c h e n  ( s t o c h a s t i s c h e n )  B e t r a c h ­
t u n g s a r t ,  wo d a n n  d a s  R i s i k o  d e r  s i c h e r h e i t s t e c h n i s c h e n  E n t s c h e i ­
d u n g e n  a u f  d a s  M i n i m u m  r e d u z i e r t  w e r d e n  ka n n .  U n s e r  g e s c h i l d e r t e s  
V e r f a h r e n  ist z u n ä c h s t  d e r  k o n v e n t i o n e l l e n  I n t e r p r e t i e r u n g  d e r  S i ­
c h e r h e i t  v ö l l i g  e n t g e g e n g e s e t z t ,  d e n n  es w i r d  n u n  v o n  d e r  i n d e t e r ­
m i n i s t i s c h e n  U n t e r s u c h u n g  v o n  k o m p l e x e n  G r o ß s y s t e m e n  d e r  c h e m i s c h e n  
I n d u s t r i e ,  u n d  n i c h t  u m g e k e h r t ,  v o n  d e r  P r ü f u n g  e i n z e l n e r  E i n r i c h ­
t u n g e n ,  bzw. R e a k t o r e n  d e t e r m i n i s t i s c h  a u s g e g a n g e n .
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Es f o l g t  a u s  d e m  o b e n  g e s a g t e n ,  d a ß  S i c h e r h e i t  u n d Z u v e r l ä s ­
s i g k e i t  n i c h t  a l l e i n  v o n d e n o b j e k t i v e n  F a k t o r e n  e i n e s  c h e m o  i n d u s ­
t r i e l l e n  S y s t e m s  (z. B. v o n d e s s e n  I n s t r u m e n t e n a u s r ü s t u n g s g r a d ) , 
s o n d e r n  a u c h  v o n  d e r  W a r t u n g s m e t h o d e n  u n d  d e r  t e c h n o l o g i s c h e n  L e i ­
t u n g  a b h ä n g i g  s i n d .  D i e  L e i t u n g  s t e l l t  in S y s t e m  d i e  P e r s o n a l  E r ­
f o r d e r n i s s e  - d . h .  d i e  s u b j e k t i v e n  B e d i n g u n g e n  - d a r .  A u s  d e m  
W E B E R — F E C H N E R - s c h e n  [1] p s y c h o p h y s i s c h e n  G e s e t z  f o l g t ,  d a ß  k e i n e  
h u n d e r t p r o z e n t i g  z u v e r l ä s s i g e  B e t r i e b s l e i t u n g  u n d  k e i n  s o l c h e s  
P e r s o n a l  g i b t ,  da d e r  A u f w a n d ,  z.B. in G e m e i n k o s t e n  a u s g e d r ü c k t ,  
bei e i n e r  Z u v e r l ä s s i g k e i t  v o n 10 0 % u n e n d l i c h  w ä r e * .  M i t  R ü c k s i c h t  
a u f  d i e  o b e n  g e s a g t e n ,  ist  a l l e i n  e i n e  s o l c h e  P r a x i s  r i c h t i g ,  wo 
d i e  t e c h n o l o g i s c h e  F ü h r u n g  u n d  d i e  S y s t e m e n t w i c k l u n g  u n t e r  d e r  p e r ­
s ö n l i c h e n  L e n k u n g  e i n e s  s o l c h e n  L e i t e r s  e r f o l g t ,  d e r  ü b e r  d i e  n ö ­
t i g e n  K e n n t n i s s e  u n d  E r f a h r u n g e n  v e r f ü g t ,  u n d  f o l g l i c h  - m a n c h e  
m ö g l i c h e  F e h l g r i f f e  d e r  L e i t u n g  s e l b t s v e r s t ä n d l i c h  in E r w ä g u n g  g e ­
z o g e n  - f ü r  d i e  P r o d u k t i o n  d e s  B e t r i e b e s  j e d e r z e i t  v e r a n t w o r t l i c h  
ist. In g e w i s s e m  M a ß e  m u ß  h i e r  a l s o  a u c h  m i t  e i n e m  s o g e n a n n t e n  " s o ­
z i a l i s t i s c h e n  R i s i k o "  g e r e c h n e t  w e r d e n .  D i e s e  F r a g e n  w e r d e n  vi el  
a u s f ü h r 1 i c h e r  v o n  M A C H A C S  [3] u n d  v o n s e i n e m  M i t v e r f a s s e r n  in i h r e r  
A r b e i t  e r ö r t e r t .

Im f o l g e n d e n  w e r d e n  d i e  s i c h e r h e i t s t h e o r e t i s c h e n  B e g r i f f s b e ­
s t i m m u n g e n ,  s o w i e  d i e  B e z i e h u n g e n  z w i s c h e n  R i s i k o  u n d  Z u v e r l ä s s i g ­
k e i t ,  v o n  d e m  S t a n d p u n k t  e i n e r  S u c h e  n a c h  d e r  o p t i m a l e n  S i c h e r h e i t

*Da die Eigenschaften der von DOBO u. SZAJCZ [2] definierten Auf­
wandfunktion (z.B. Arbeit) durch das WEBER-FECHNER-sche psychophy­
sische Gesetz befriedigt werden, läßt sich das Maß R des Aufwandes 
im Falle, daß wir die Zuverlässigkeit des technologischen Leitens 
mit einer Wahrscheinlichkeit P und einer Zuverlässigkeit Др erhö­
hen wollen, folgendermaßen schreiben:

^2 1 - p p
R(Pl5P2) = P J = ln (----~ )

P]_ ! - P  1 -  P2

wo Py = p-̂ + Ap. Ist also p kongruent zu 1, dann geht R(p^,p2) ins 
Unendliche. Folglich ist die Limitierung notwendig. Das ist eins 
der Probleme, worauf wir die Aufmerksamkeit hinlenken möchten. Der 
andere Faktor, der der Steigerung der Zuverlässigkeit Grenzen 
stellt, ist der Stress-Effekt und dessen Größe.
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b e h a n d e l t .  D i e  in d i e s e m  S i n n  v o r g e n o m m e n e n ,  g e s c h i l d e r t e n  U n t e r ­
s u c h u n g e n  g e h ö r e n  z u m  P r o b l e m k r e i s  d e r  n i c h t ! i n e a r e n  P r o g r a m m i e ­
r u n g .

1. G r u n d b e g r i f f e  d e r  S i c h e r h e i t s t h e o r i e

B e g r i f f  d e r  S i c h e r h e i t . W i r d  bei e i n e r  E i n r i c h t u n g  b z w .  e i n e m  
S y s t e m  in G a n g  d i e  W a h r s c h e i n l i c h k e i t  d e r  W i r k s a n k e i t  b e s t i m m t e r  
o d e r  a l l e r  F u n k t i o n e n  d u r c h  P ( A ) ,  u n d  d e r e n  R i s i k o  d u r c h  e(A)  b e ­
z e i c h n e t ,  so w i r d  d a s  M a ß  d e r  A u f r e c h t e r h a l t u n g  d e s  p a r t i e l l  o d e r  
v ö l l i g  s t ö r u n g s l o s e n  ( f e h l e r f r e i e n )  Z u s t a n d e s ,  d . h .  d i e  G r ö ß e

P(A ) - e (A )B ( A ) = - - - - - - - - - -
P ( A )

d e r  S i c h e r h e i t s g r a d ,  o d e r  k u r z  d i e  S i c h e r h e i t  g e n a n n t .

( 1 )

Da, n a c h  [ 3 ] ,  das  R i s i k o  e( A)  e i n e s  E r e i g n i s s e s  A a l l e m a l  
d e r  W a h r s c h e i n l i c h k e i t  P (A) d e s  a d v e r s a t i v e n  E r e i g n i s s e s  A g l e i c h  
ist, d.h.:

e ( A ) = P ( A )
w o h e r  f ü r  d i e  S i c h e r h e i t  n a c h  (1) g i l t :

(2 )

В ( A ) 2 P ( A ) - 1 
P ( A ) (3)

w o  0 á  В(А ) á  1 i s t * .  W i r d  in d e r  B e z i e h u n g  n a c h  (3) m i t  e i n e m  s t o ­
c h a s t i s c h e n  P r o z e ß  P ( A )  = Рд ( t) b e r e c h n e t ,  d a n n  k a n n  d e r  e r h a l t e n e  
A u s d r u c k

В ( А ) B A (t)
2 PA (t) - 1 

p A (t)
(4 )

Von einer Sicherheit zu sprechen, ist, laut der Definition (1-3) 
dann und nur dann rational, wenn e(A) = P(A) P(A).
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f ü r  e i n e  in w e i t e r e m  S i n n  g e n o m m e n e  D e f i n i t i o n  d e r  S i c h e r h e i t  e r ­
a c h t e t  w e r d e n .  D i e  F u n k t i o n  Pft(t) in d e r  G l e i c h u n g  n a c h  (4) w i r d  
d i e  Z u s t a n d s w a h r s c h e i n l i c h k e i t - F u n k t i o n  g e n a n n t .  D i e  A r t  u n d  W e i s e  
i h r e r  B e s t i m m u n g ,  im F a l l e  n i c h t  M A R K O V - s c h e r  P r o z e ß e ,  s i n d  in u n ­
s e r e r  A r b e i t  [4] e r ö r t e r t .  D a s  R i s i k o  un d d i e  Z u v e r l ä s s i g k e i t  s i n d  
e b e n f a l l s  ( s i e h e  B e r i c h t  [ 5 ] )  k o m p l e m e n t ä r e  B e g r i f f e ,  d. h . :

P( А) + e(A)  = 1,  ( 5)

wo p ( A )  a l s  d i e  Z u v e r l ä s s i g k e i t  d e s  E r g e b n i s s e s  A g i l t .
H i e r a u s  f o l g t ,  d a ß  es u n t e r  S i c h e r h e i t ,  Z u v e r l ä s s i g k e i t  u n d  

R i s i k o  e i n e n  e i n d e u t i g e n  Z u s a m m e n h a n g  gi b t .  B e d e u t e t  z.B . d a s  
E r e i g n i s  A d i e  L e b e n s d a u e r  d e s  c h e m o - i n d u s t r i el 1 e n  S y s t e m s  A = { £ }  
wo ç d i e  W a h r s c h e i n l i c h k e i t s v a r i a b l e  ist , so w i r d  d a s  R i s i k o

e( A)  = P ( { e < t }) = F (t ) (6)

n a c h  G l e i c h u n g  (2), als  d i e  V e r t e i l u n g s f u n k t i o n  d e s  S y s t e m s  g e l t e n  
D a n n ,  n a c h  (5), e r h a l t e n  w i r  f ü r  d i e  Z u v e r l ä s s i g k e i t s f u n k t i o n  d e s  
S y s t e m s  :

P ( U  ä  t>) » 1 - F ( t ) (7)
Im F a l l e  e i n e s  e x p o n e n t i e l l e n  R i s i k o s ,  z. B.  m i t  d e m  P a r a m e t e r  
X = 1 0 ~ 6 / S t u n d e ,  e r h ä l t  d i e  Z u v e r l ä s s i g k e i t s f u n k t i o n ,  n a c h  G l e i ­
c h u n g  (7), d i e  Fo r m :

p ( U  S t } )  - e ' xt (8)
u n d  so g i l t  a l s  d i e  S i c h e r h e i t  n a c h  (1):

В д ( t ) = 2 - e Xt (9)
Ist  BA (t) = 90 % d i e  v o r g e s c h r i e b e n e  S i c h e r h e i t ,  d a n n ,  um zu v e r ­
h i n d e r n ,  d a ß  d i e  S i c h e r h e i t  u n t e r  d e n e r w ü n s c h t e n  W e r t  s i n k t ,  sol l 
d i e  E r n e u e r u n g  e i n e s  G r o ß s y s t e m s  d e r  C h e m i s c h e n  I n d u s t r i e  b i n n e n  
e i n e m  Z e i t r a u m  von

t 1n 1,1 = 1 0 5 S t u n d e  
io-«

e r f o l g e n .
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W i r  w o l l e n  h i e r  b e m e r k e n ,  d a ß  d i e S i c h e r h e i t  a u c h  m i t  d e r  
" V e r b l ü f f h e i t "  a u s g e d r ü c k t  w e r d e n  k a n n .  U n t e r  " V e r b l ü f f h e i t "  w i r d  
h i e r  d i e  W a h r n e h m u n g  o d e r  d i e  I n f o r m a t i o n  v o n e i n e m  u n w a h r s c h e i n ­
l i c h e n  V o r f a l l  e i n e s  E r e i g n i s s e s  in Z u s a m m e n h a n g  m i t  e i n e m  G r o ß ­
s y s t e m e n  v e r s t a n d e n .  Ist  d i e  V e r b l ü f f h e i t * ,  d i e  z . B .  aus  d e r  F o r ­
m a t i o n  e i n e r  e x p l o s i o n s g e f ä h r d e t e n  K o n z e n t r a t i o n  e n t s p r i n g e n  ka n n ,  
zu g r o ß ,  d a n n  b e z w e i f e l n  w i r  d i e  W i r k l i c h k e i t  d e r  I n f o r m a t i o n . o d e r  
d i e  R i c h t i g k e i t  u n s e r e r  W a h r n e h m u n g .  W e n n  w i r  d a b e i  n a c h  e i n e m  F e h ­
l e r  s u c h e n ,  w e r d e n  w i r  e i n e n  a u c h  o f t  f i n d e n .  L ä ß t  s i c h  d e r  V o r ­
f a l l ,  z.B. e i n e  P a n n e ,  a u f  m e h r e r e  U r s a c h e n  z u r ü c k f ü h r e n ,  d a n n  
w i r d  d e r e n  E n t s t e h u n g  d e r j e n i g e n  U r s a c h e  b e i g e m e s s e n ,  bei d e r e n  
W i r k u n g  das  A u f t r e t e n  de s F e h l e r s ,  bzw. d e r  P a n n e  am w e n i g s t e n  
ü b e r r a s c h e n d  ist. J e  k l e i n e r  d i e  V e r b l ü f f h e i t  i s t ,  d e s t o  g r ö ß e r  
w i r d  a l s o  d i e  S i c h e r h e i t ,  u n d  f o l g l i c h  soll e i n  d u r c h  i r g e n d w e l ­
c h e s  S c h a d h a f t w e r d e n  ( o d e r  e i n e n  t e c h n o l o g i s c h e n  F e h l e r )  v e r u r s a c h ­
t e r  z.B. U n f a l l  d e m  Z u f a l l ,  al s e i n e r  s y s t e m a t i s c h  w i r k e n d e n  U r s a ­
c h e  z u g e m u t e t  w e r d e n .  N a c h  [4] k a n n  nun  d i e  S i c h e r h e i t ,  l a u t  d e r  
B R A V A I S - F o r m u l  i e r u n g  d u r c h  e i n e  x 2 - P r o b e  b e s t i m m t  w e r d e n ,  d . h . :

w o  :
B ( A )

2

m  n (vj - Npj  q k ) 2 

j = l k = 1 Npj  q k

(10)

( 1 1 )

w ä h r e n d  p. f ü r  d i e  W a h r s c h e i n l i c h k e i t  d e r  E r e i g n i s s e  A , (j = 1, 2, J J3, ..., m) q k f ü r  d i e  d e r  E r e i g n i s s e  B k (k = 1, 2, 3, ..., n) u n d
v j  a l s  H ä u f i g k e i t s w e r t  d e r  E r e i g n i s s e  A • • B, g e l t e n .  D i e  B e z i e h u n g  J J Xn a c h  (11) v e r f o l g t  o f f e n b a r  e i n e  x 2 “ V e r t e i l u n g  v o n  F r e i h e i t s g r a d  
(ran - 1 ), d.h.:

lim P (у 2 m n  <  X )
1 X

;о

1-3 _ U
u ^ u ^  du =

‘Als Definition, laut L. MÉSZÁROS [4], gilt für die
S(A) _ £ ( А ) 

■ P ( А )

Кг.!(х), (12)

"Verblüffheit" :

wodurch die Sicherheit: B(A) 1 - S ( А ) .
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wo £ = m n ,  u n d  N di e A n z a h l  d e r  V e r s u c h e  ist. Im a l l g e m e i n e n  i s t 
d i e  V e r w e n d u n g  e i n e r  x 2 - P r ° b e  d a n n  z w e c k m ä ß i g ,  w e n n  N so g r o ß  is t,  
d a ß  es f ü r  a l l e  W e r t e  v o n  j u n d к g i l t :  N p g ^ q ^ ^  10.

A u s  d e m  g e s a g t e n  f o l g t ,  d a ß  d i e  B e g r i f f e  v o n  S i c h e r h e i t  u n d  
V e r b l ü f f h e i t  k o r r e l a t i v  s i n d .  Ist a l s o  d i e  B e z i e h u n g  n a c h  (10 ) n a ­
h e z u  1 g l e i c h ,  so k a n n  u n s e r e  H y p o t h e s e  f ü r  d a s  e i n g e t r o f f e n e  
E r e i g n i s  (z .B . e i n e n  F e h l e r )  m i t  d e r  S i c h e r h e i t  n a c h  (10) a n g e n o m ­
m e n  w e r d e n .  Es ist  k l a r ,  d a ß  de r Z u s a m m e n h a n g  n a c h  ( W )  v o r  a l l e m  
in d e r  F e s t l e g u n g  d e r  R i s i k o ü b e r n a h m e  v o m  L e i t e r ,  u n d  s e i n e r  p e r ­
s ö n l i c h e n  V e r a n t w o r t u n g  e i n e  B e d e u t u n g  zu h a b e n  v e r m a g .

2. B E S T  I M M U N S  D E R  S I C H E R H E I T  D U R C H  S T O C H A S T I S C H E  P R O Z E S S E

D i e  Z u v e r l ä s s i g k e i t  e i n e s  e i n w a n d f r e i e n  B e t r i e b s  w i r d ,  bei 
A u f s t e l l u n g  v o n  G r o ß s y s t e m e n  in d e r  c h e m i s c h e n  I n d u s t r i e ,  a u f  
G r u n d  d e r  P r ü f u n g  d e r  S y s t e m s t r u k t u r  b e s p r o c h e n .  A u f  d e r  G r u n d l a g e  
d e r  n a c h  [ 6 ] d e f i n i e r t e n  S t r u k t u r e n m a t r i x ,  u n d m i t  Einftitorung 
e i n e s  s t r u k t u r e l l e n  M a ß s t a b s ,  k a n n  d i e  r e s u l t i e r e n d e  Z u v e r l ä s s i g ­
k e i t  d e s  v o n  M A C H Â C S  [7]  b e s c h r i e b e n e n  g r o ß e n  u n d  k o m p l i z i e r t e n  
S y s t e m s  b e r e i t s  f e s t g e s t e l l t  w e r d e n .  Sei d e r  B e t r i e b s s t a n d  a l l e r  
F u n k t i o n e n  d e s  S y s t e m s  d u r c h  E r e i g n i s  A, u n d  d e s s e n  R i s i k o  ( d e r  
A u s b e s s e r u n g s z u s t a n d ) ,  a u f  G r u n d  v o n  1. [2]  d u r c h  Ä b e z e i c h n e t .  
D a n n  w i r d  d e r  S y s t e m s z u s t a n d ,  a l s F u n k t i o n  d e r  Z e i t ,  f ü r  z u n e h m e n ­
de t - W e r t e  a b w e c h s e l n d  e n t w e d e r  Z u s t a n d  A o d e r  Z u s t a n d  Ä a n n e h m e n .  
So s t e l l t  X ( t ,ш ) e i n e n  s t o c h a s t i s c h e n  P r o z e ß  d a r ,  w o  u e i n e l e m e n ­
t a r e s  E r e i g n i s  ist. W o l l e n  w i r  nu n d e n s t o c h a s t i s c h e n  P r o z e ß  
{ X ( t ,Ш ), 0 á. t < “ } f o l g e n d e r m a s s e n  i n t e r p r e t i e r e n :

g [ x ( t , w ) ] = 1, w e n n  ш e A 0, w e n n  w ^  A (1 3)

D i e  E r w a r t u n g  d a v o n  ist:

P A (t) = H { g [ x ( t  »<•>)]} = J g [ x (  t ,u>) I d P ( w )  , (14)
О

w o  я d e n  P h a s e n r a u m  d a r s t e l l t .  Z e i g t  d a s  u m w e l t b e d i n g t e  S c h a d h a f t ­
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w e r d e n  e i n e  G l e i c h v e r t e i l u n g  im I n t e r v a l l  [ 0 , T ] , d a n n  s i n d  d i e  Zu - 
s t a n d s w a h r s c h e i n l i c h k e i t - F u n k t i o n  n a c h  (1 4)  u n d  d i e  in d e r  A r b e i t  
[ 5 ]  d e f i n i e r t e  W i r k s a m k e i t  de s S y s t e m s  g l e i c h ,  d . h . :

1 Tрд ( t ) = f T = Y  / M { g [ x ( t , u ) ] } d t  (15)
о

D e s h a l b  w i r d  d i e  S i c h e r h e i t ,  a u f  G r u n d  d e r  G l e i c h u n g  n a c h  1. (4) , 
d i e  F o r m

BA (T) (16)

a n n e h m e n .  H i e r a u s  f o l g t ,  d a ß  d i e  S i c h e r h e i t  d e s  S y s t e m s  u n t e r  d e n  
g e s t e l l t e n  B e d i n g u n g e n  e r s t  d a n n  o p t i m a l  s e i n  w i r d ,  w e n n  d i e  W i r k ­
s a m k e i t  des  S y s t e m s  e b e n f a l l s  o p t i m a l  ist .

S i n d  d e r  B e t r i e b s s t a n d  u n d  d e r  A u s b e s s e r u n g s z u s t a n d  d e s  S y s ­
t e m s  v o n  e x p o n e n t i e l l e r  V e r t e i l u n g ,  m i t  P a r a m e t e r s  X bz w.  y , so 
g i l t  a l s e i n e  s t a t i o n ä r e  S i c h e r h e i t s :

В = l i m  B A (T) = - - - - -  (17)
T-*o у

w o  X < y  > w o r a u s  es n u n  an d e r  H a n d  l i e g t ,  d a ß  d e r  E r w a r t u n g s w e r t  
d e s  S y s t e m s - B e t r i e b s s t a n d e s  1 / x g r ö ß e r  a l s  d e r  E r w a r t u n g s w e r t  1 / y  
d e s  d e m  S c h a d h a f t w e r d e n  e n t s p r e c h e n d e n  A u s b e s s e r u n g s z u s t a n d e s  ist .

3. M O D E L L  Z U R  B E S T I M M U N G  D E S  O P T I M A L E N  R I S I K O S

Da s R i s i k o  k a n n  ( n a c h  [4 ])  f ü r  o p t i m a l  e r a c h t e t  w e r d e n ,  w e n n  
d e r  E r w a r t u n g s w e r t  f ü r  d e n  V e r l u s t  e i n e s  - z . B .  w e g e n  E x p l o s i o n s ­
g e f a h r  - g e f ä h r d e r t e n  O b j e k t s  nu ll  w e r t i g  ist . A u c h  in s o l c h e m  Fal l 
g i b t  es a l s o  e i n  R i s i k o ,  da s a b e r  im S i n n e  d e r  D e f i n i t i o n  n a c h  [4] 
g e f a h r l o s  ist. N e h m e n  w i r  an,  d a ß  es in e i n e m  g e g e b e n e n  G r o ß s y s t e m  
d e r  c h e m i s c h e n  I n d u s t r i e  f ü r  d e n  F a l l ,  d a ß  e i n e  F e h l e r b e s e i t i g u n g  
m i t  e i n e r  Z e i t d a u e r  v o n  ç = t g e n a u  к -m al  e i n t r e t e n  w i r d ,  d i e  f o l ­
g e n d e  r e l a t i v e  W a h r s c h e i n l i c h k e i t  g i b t :
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( x t ) k e ‘ U
P( * = к I C = t) = - - - - - - - - -  (18 )

к !

wo л e i n  g e g e b e n e r  K o n s t a n t  i s t , w ä h r e n d  ç e i n e  W a h r s c h e i n 1 i c h k e i t s - 
v e r ä n d e r l i c h e  v o n  e x p o n e n t i e l l e r  V e r t e i l u n g ,  m i t  e i n e m  P a r a m e t e r  p 
d a r s t e l l t .

D e m  o b e n  g e s a g t e  g e m ä ß ,  b e s t e h e n  f o l g e n d e  P ( ï  = к) W a h r -  
s c h e i n l i c h k e i t e n :

oo „ ( At ) k e~xt p AkP ( f = k )  = J P( ¥ = k  I ç = t ) p e ‘ u t d t  = / - - - - - - - - -  p e " p t d t  = -- -- r— T
О О к ! (p+A)K+i

(19 )
u n d  so soll d e r  P a r a m e t e r  p, i n s o f e r n  w i r  w ü n s c h e n ,  d a ß  di e F e h l e r ­
b e s e i t i g u n g  bei e i n e r  b e l i e b i g e n  B e o b a c h t u n g  w e n i g s t e n s  к -mal m i t  
e i n e r  W a h r s c h e i n l i c h k e i t  v o n  ( 1 - e j )  e i n t r e t e ,  d e n  W e r t :

d. h.

ei - x i  x , kE (-----) = (-----) ,
A + p i = k  A + p А + p

U ^  X .....  - 1)
‘5t -- -ei

(20)

(2 1 )

h a b e n .  W o l l e n  w i r  nun , d a ß  e i n e  F e h l e r b e s e i t i g u n g  bei  m i n d e s t e n s  
e i n e r  A n z a h l  к (к ^  N) d e r  B e o b a c h t u n g e n  n i c h t  w e n i g e r  a l s k - m a l  
u n d  w e n i g s t e n s  m i t  e i n e r  W a h r s c h e i n l i c h k e i t  v o n  1 - e 2 e i n t r e t e n  
s o l l ,  so m u ß  d i e  B e d i n g u n g :

1
N N A k £  p ( N - r ) k

e 2 * L ( } ) ( -----) (-----)
£=к A + p p + А

(22)

e r f ü l l t  w e r d e n .  D a r a u s  k a n n  f ü r  d e n  We.rt von  N s c h o n  k e i n e  U n g l e i ­
c h u n g  m e h r  in e i n e r  e x p l i c i t e n  F o r m  d a r g e s t e l l t  w e r d e n .  N a c h  (20 )  
u n d  (22) g i l t  n u n  f ü r  d e n P a r a m e t e r b e r e i c h  e i n e s  o p t i m a l e n  R i s i k o s :
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(1-с2)+(1-е2:A e - 1 - ± [(-
k + U

k N N-) + Z. (")<-
t = к у + A

kI  y ( N-к)k(- - - )] (23)
y + A

w o  d i e  Wah l v o n  e x u n d  e 2 e i n e  s o l c h e  ist , f ü r  d i e  d e r  E r w a r t u n g s -  
w e r t  d e s  o b e n g e n a n n t e n  V e r l u s t e s  n u l l w e r t i g  i s t .  N a c h  (23) w i r d  
d i e  v o n  v e r a n t w o r t l i e h e r n  L e i t e r  g e t r o f f e n e  E n t s c h e i d u n g  e r s t  d a n n  
o p t i m a l ,  w e n n  d i e s e  E n t s c h e i d u n g  d a s  e R i s i k o :

e 6 Ле ( 24)
d . h .  d e s o p t i m a l e n  P a r a m e t e r b e r e i c h e s  ist. D i e s e m  o p t i m a l e n  R i s i k o  
n a c h  (24) e n t s p r i c h t  e i n  S i c h e r h e i t s w e r t :

В ( A ) 1 - 2e 
1 - e

(25)

w o  e = e (A ) d a s  R i s i k o  d e r  F e h l e r b e s e i t i g u n g  ( v o n  E r e i g n i s  A) ist. 
W e n n  w i r  w o l l e n ,  d a ß  d i e  Z u v e r l ä s s i g k e i t  d e r  z . B .  in R e i h e n  g e ­
s c h a l t e t e n  T e i l s y s t e m e  e i n e s  G r o ß s y s t e m s  d e r  c h e m i s c h e n  I n d u s t r i e  
( s i e h e  [4 ])  d e r  o p t i m a l e n  E n t s c h e i d u n g  e n t s p r e c h e n  s o l l ,  m u ß  d i e  
Z u v e r l ä s s i g k e i t  d e s  T e i l s y s t e m s ,  d e s s e n  Z u v e r l ä s s i g k e i t w e r t  p^ =
= 0 , 9 7 1  ist, um e i n e  G r ö ß e  6 j = 0 , 0 1 5 ,  d e n W e r t  p 2 = 0 , 9 8 0  um e i n e  
G r ö ß e  б 2 = 0 , 0 6 ,  u n d  d i e  W e r t e  p, = 0 , 9 8 5  , p^ = 0 , 9 9 0  u n d  =
= 0 , 9 9 3  um G r ö ß e  53 = 61* = 6 5  = 0 e r h ö h t  w e r d e n ,  u m  a u f  d i e s e  W e i s e  
s i c h e r n  zu k ö n n e n ,  d a ß  d i e  r e s u l t i e r e n d e  Z u v e r l ä s s i g k e i t  p (A ) =
= 0 , 9 2 4 ,  bei e i n e m  M i n i m a  1 - A r b e i t s a u f w a n d , d e m  o p t i m a l e n  R i s i k o  
e ( A )  = 0 , 0 8 6  e n t s p r e c h e .

A u s  d e r  B e s c h r e i b u n g  d i e s e s  M o d e l l s  w i r d  e s  nun  k l a r ,  d a ß  
d i e  B e s t i m m u n g  d e s  o p t i m a l e n  R i s i k o s ,  s o g a r  in v e r h ä l t n i s m ä ß i g  w e ­
n i g e r  k o m p l e x e n  F ä l l e n ,  k e i n e  l e i c h t e  A u f g a b e  i s t ,  u n d  d a ß  d i e L ö ­
s u n g  s o l c h e r  A u f g a b e n  ins  G e b i e t  d e r  n i c h t l i n e a r e n  P r o g r a m m i e r u n g  
g e h ö r t .
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РЕЗЮМЕ

Данная работа занимается взаимосвязью беэопастности, надеж­
ности и рисна на основе одной из моделей системы с целью определе­
ния области оптимального параметра рисна для эксплуатации сложных 
химичесних систем во всех функциях.
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Die Arbeit gibt eine mathematische Beschreibung 
des allgemeinen Mechanismus von Fließbettapparat en und 
vom Fließbettverfahren im allgemeinen auf Grund eines 
Rezirkulationsmodeils. Wir betrachten das Modell des 
in einem Fließbett entstehenden Strömungsbildes sowohl 
unter der Bedingung einer Nullmischung als auch im 
Falle einer im mittleren, kritischen Bereich zustande­
kommenden vollständigen Mischung. Es wurden die durch 
die physikalischen Modelle gelieferten, die Ausgangs­
konzentration des getriebenen Stoffes betreffenden 
Gleichungen gelöst und aus den erhaltenen Resultaten, 
die durch die inneren Zusammenhänge der Modelle defi­
nierten Verweilzeitverteilungen bestimmt.Der Vergleich 
der beiden Modelle und daher auch die Klarlegung der 
Rolle der Vermischung im mittleren Bereich geschieht 
durch die Anwendung dieser Modelle für die Berechnung 
derselben Größe.

I.  EINLEITUNG

D i e  T e c h n i k  d e r  F l i e ß b e t t s c h i c h t  is t im F a l l e  v o n  G a s - F e s t ­
s t o f  f- S y s  t e m e n  in e r s t e r  R e i h e  f ü r  g r o b e  - in d e r  F l u i d i s a t i o n s -  
s c h i c h t  n i c h t  a u f b e r e i t b a r e  - S t o f f e  e n t w i c k e l t  w o r d e n .  E i n  s t r ö ­
m u n g s t e c h n i s c h  v ö l l i g  ä h n l i c h e r  S t o f f t r a n s p o r t  k a n n  a b e r  a u c h  im
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F a l l e  v o n  G a s - F l ü s s i g k e i t - ,  F l ü s s i g k e i t - F l ü s s i g k e i t -  ( h e t e r o g e n ) ,  
s o w i e  Fl ü s s i g k e i t - F e s t  st o f f - S y s t e m e n  v e r w i r k l i c h t  w e r d e n .  In s o l ­
c h e n  F ä l l e n  ist  d e r  g e t r i e b e n e  S t o f f  - w i e  es z u m  B e i s p i e l  b e i m  
G a s - F e s t s t o f f - F l  i e ß b e t t s y s t e m  d i e  K ö r n e r  s i n d  - s t e t s  d i e  d i c h t e ­
r e , d a s  t r e i b e n d e  M e d i u m  h i n g e g e n  d i e  d ü n n e r e  S u b s t a n z .  A l l g e m e i n  
g e f a s s t  k ö n n t e  m a n  s a g e n ,  d a ß  d a s  F l i e ß b e t t v e r f a h r e n  e i n e  f ü r  d i e  
i n t e n s i v e  u n d k o n t i n u i e r l i c h e  B e r ü h r u n g  v o n  g e w i s s e n  Z w e i p h a s e n s y s -  
t e m e n  g e e i g n e t e  M e t h o d e  d a r s t e l l t ,  b e i w e l c h e r  d e m  Q u e r s c h n i t t  
e n t l a n g  g l e i c h z e i t i g  z w e i  v o n e i n a n d e r  a b w e i c h e n d e  S t r ö m u n g s f o r m e n  
a u f t r e t e n ,  w o b e i  d i e  d i c h t e r e  P h a s e  i n n e r h a l b  d e s A p p a r a t s  r e z i r -  
k u 1 i e r t .

Es g i b t  z w a r  v i e l e r l e i e  U n t e r s u c h u n g s m e t h o d e n  z u r  B e s t i m m u n g  
d e r  C h a r a k t e r i s t i k a  v o n  F l i e ß b e t t s t r ö m u n g s f o r m e n ,  bei d e n  in d e r  
L i t e r a t u r  m i t g e t e i l t e n  Z u s a m m e n h ä n g e n  h a n d e l t  es s i c h  j e d o c h  e n t ­
w e d e r  um e r f a h r u n g s m ä ß i g  g e w o n n e n e  D a t e n ,  d i e  n u r u n t e r  g e w i s s e n  
s p e z i e l l e n  U m s t ä n d e n  g e l t e n ,  o d e r  u m  k o m p l i z i e r t e  h a l b e m p i r i s c h e  
G l e i c h u n g e n  [ 1 - 7 ] .  E i n e  m a t h e m a t i s c h e  B e s c h r e i b u n g  d e s  M e c h a n i s m u s  
d e s  F l i e ß b e t t v e r f a h r e n s  m i t  A n s p r u c h  a u f  u m f a s s e n d e n  C h a r a k t e r  
s t e l l t  e i n b i s h e r  u n b e r ü h r t e s  G e b i e t  d a r ,  t r o t z d e m  s i n d  M e t h o d e n  
z u r  B e r e c h n u n g  d e r  P a r a m e t e r  b e k a n n t ,  d i e  e i n e  a l l g e m e i n e  B e h a n d ­
l u n g s w e i s e  e r m ö g l i c h e n  [ 1 - 3 ] .  D i e s e  P a r a m e t e r  s i n d  d i e f o l g e n d e n :
a) G e s c h w i n d i g k e i t  d e s  t r e i b e n d e n  M e d i u m s  im m i t t l e r e n  F l i e ß b e t t ­

b e r e i c h  ( b e i m  G a s - F e s t s t o f f - S y s t e m  o f f e n s i c h t l i c h  d i e  G e s c h w i n ­
d i g k e i t  d e s  G a s e s  im R o h r ) ;

b) G e s c h w i n d i g k e i t  d e s  g e t r i e b e n e n  S t o f f e s  im m i t t l e r e n  B e r e i c h ,  
s o w i e  im ä u ß e r e n  r i n g f ö r m i g e n  R a u m ,  in d e m  d i e  B e w e g u n g  d e s  
S t o f f e s  v o n  d e r  G r a v i t a t i o n s k r a f t  b e s t i m m t  w i r d ;

c) D u r c h m e s s e r  d e s  m i t t l e r e n  B e r e i c h s ,  w e l c h e r  in g e w i s s e n  F ä l l e n  
a l s  A p p a r a t e n a n g a b e  f u n g i e r e n  k a n n ,  in a n d e r e n  F ä l l e n  w i e d e r  
- w e n n  o b i g e r  B e r e i c h  nu r d u r c h  d i e  g e g e n s e i t i g e  W i r k u n g  d e s  
t r e i b e n d e n  M e d i u m s  u n d  d e s g e t r i e b e n e n  S t o f f e s  e n t s t e h t  - ist  
d i e s e r  a l s  F u n k t i o n  s o n s t i g e r  A n g a b e n  zu b e t r a c h t e n . In e r s t e r e m  
F a l l  ist  d e r  D u r c h m e s s e r  e i n f a c h  m i t  d e m  D u r c h m e s s e r  d e s  E i n ­
s a t z r o h r e s  i d e n t i s c h .
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In d e r  A r b e i t  w i r d  s c h l i e ß l i c h  - d u r c h  d i e  M o d e l l i e r u n g  d e s  
c h a r a k t e r i s t i s c h e n  F l i e ß b e t t - S t r ö m u n g s b i l d e s  n a c h  e n t s p r e c h e n d e n  
G e s i c h t s p u n k t e n  - d i e  V e r w e i 1 z e it v e r t e i 1 u n g  d e s  g e t r i e b e n e n  S t o f ­
f e s  in k o n t i n u i e r l i c h  w i r k e n d e n  F l i e ß b e t t a p p a r a t e n  a l s  F u n k t i o n  
d e r  K e n n d a t e n  d e r  A p p a r a t e  u n d  s o n s t i g e r  P a r a m e t e r  a n g e g e b e n .  In 
K e n n t n i s  d e r  V e r w e i 1 z e i t v e r t e i 1 u n g  k ö n n e n  n ä h m l i c h  m i t  H i l f e  e i n ­
f a c h e r  B e r e c h n u n g e n  z a h l r e i c h e  F r a g e n  a u s  d e r  P r a x i s  b e a n t w o r t e t  
w e r d e n  ( b e i m  T r o c k n e n  z.B. d i e  V e r m i n d e r u n g  d e s  d u r c h s c h n i t t l i c h e n  
F e u c h t i g k e i t s g e h a l t e s ,  bei F l i e ß b e t t - A d s o r b e r - D e s o r b e r n  d i e  d u r c h ­
s c h n i t t l i c h e  S ä t t i g u n g  d e s  A d s o r b e n t e n ,  d i e  d u r c h s c h n i t t l i c h e  V e r ­
wei  I z e i t  d e r  K ö r n e r ,  im a l l g e m e i n e n  d i e K o n s t r u k t i o n  v o n  F l i e ß b e t t ­
a p p a r a t e n ) .  D i e  e r z i e l t e n  R e s u l t a t e  k ö n n e n  a b e r  a u c h  f ü r  A u s w e r ­
t u n g  j e d w e d e r  V e r s u c h e  m i t  d e m  F l i e ß b e t t v e r f a h r e n  v e r w e n d e t  w e r d e n .

II. D A S  P H Y S I K A L I S C H - M A T H E M A T I S C H E  M O D E L L

1. B e s c h r e i b u n g  d e r  v e r e i n f a c h e n d e n  V o r a u s s e t z u n g e n

D a s  in F l i e ß b e t t a p p a r a t e n  e n t s t e h e n d e  S t r ö m u n g s b i l d  k a n n  
- a b g e s e h e n  v o n  d e n  u n w e s e n t l i c h e n  A b w e i c h u n g e n  i n f o l g e  u n t e r -

u, u 2 u 3'-‘l u 2
* t t
1 2  3

u

s c h i e d l i c h e r  t e c h n o l o g i s c h e r  A u s ­
f ü h r u n g e n  - a m  b e s t e n ,  u n d  z w a r  
u n a b h ä n g i g  v o n  d e r  A r t  d e s  s t r ö ­
m e n d e n  M e d i u m s ,  a n h a n d  d e s  f o l g e n ­
d e n  s c h e m a t i s c h e n  S c h n i t t b i l d e s  
( A b b . l )  g e z e i g t  w e r d e n . D i e  d u r c h  
P f e i l e  d a r g e s t e l l t e n  M a s s e n g e ­
s c h w i n d i g k e i t e n  b e s c h r e i b e n  d a s  
S t r ö m u n g s b i l d  o f f e n b a r  n u r  in 
i h r e n  H a u p t z ü g e n ,  a b e r  e i n e  u n s e ­
r e r  w e s e n t l i c h e n  V o r a u s s e t z u n g e n  
ist  g e r a d e ,  d a ß  a u f  d i e s e  W e i s e  
d e r  t a t s ä c h l i c h e  V e r l a u f  d u r c h  
s e i n e  e n t s c h e i d e n d e n  M o m e n t e  e r ­
f a s s t  w i r d .Abb. 1
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Es ist l e i c h t  e i n z u s e h e n ,  d a ß  o b i g e  s c h e m a t i s c h e  A b b i l d u n g  
d u r c h  e i n ä q u i v a l e n t e s  s t r ö m u n g s t e c h n i s c h e s  M o d e l l  e r s e t z t  w e r d e n  
k a n n ,  w e l c h e s  in B e z u g  a u f  d i e M a s s e n g e s c h w i n d i g k e i t  u n d  d i e  R ü c k ­
k o p p l u n g  g l e i c h  i s t , j e d o c h  w i r d  d e r  P r o z e ß  d e u t l i c h e r  v e r a n s c h a u ­
l i c h t  ( A b b . 2 ) .  D i e  A b s c h n i t t e  1 , 2 u n d  3 in A b b i l d u n g  2 s i n d

•c 2 (t-t2 )

1V///////////////77/////X t
I C 2 ( t )

1
Ul

2
u2

У1ШШШЛШШ1- c à (t-t2-t3 )

Ab b .2.

d e r  R e i h e  n a c h  d i e  e n t s p r e c h e n d e n  B e r e i c h e  v o n  A b b i l d u n g  1. D i e  
z w e i ,  d i e  R ü c k k o p p l u n g  s y m b o l i s i e r e n d e n  K a n ä l e  s i n d  M o d e l l e  d e r  
R e z i r k u l a t i o n  in d e n  P u n k t e n  a u n d  b d e s A p p a r a t e s .  D i e  zw ei  
K a n ä l e  s i n d  i d e a l i s i e r t ,  das  h e i ß t  e i n e  N u l l m e n g e  d e s  S t o f f e s  h ä l t  
s i c h  in i h n e n  e i n e  N u l l z e i t  l a n g  a u f .

D e r  g e t r i e b e n e  S t o f f  s t r ö m t  in d a s  F l i e ß b e t t  m i t  V o l u m g e ­
s c h w i n d i g k e i t  u e i n ,  u n d  im F a l l e  e i n e s  s t a t i o n ä r e n  B e t r i e b e s  ist 
d i e  S t r ö m u n g s g e s c h w i n d i g k e i t  n a c h  a u ß e n  zu d i e s e l b e .  In d e n  dre i  
B e r e i c h e n  b e t r a g e n  d i e  W e r t e  d e r  V o l u m g e s c h w i n d i g k e i t e n  d e r  S t r ö ­
m u n g  bei d e m s e l b e n  S t o f f  u 1s u 2 u n d  u 3 . D i e  V o l u m g e s c h w i n d i g k e i t  
d e s  E i n -  und  A u s s t r ö m e n s  des  t r e i b e n d e n  M e d i u m s  b e t r ä g t  u ' , d i e s e r  
W e r t  ist  in A b b i l d u n g  2. - d i e  d o r t  n u r  m e h r  d i e  P a r a m e t e r  d e s
g e t r i e b e n e n  S t o f f e s  e n t h ä l t  - z w e c k m ä ß i g e r w e i s e  n i c h t  a n g e f ü h r t .  
In d e n  P u n k t e n  a u n d  b in A b b i l d u n g  1 u n d  im S t r ö m u n g s m o d e l l  
w i r d  d e r  g e t r i e b e n e  S t o f f  m i t  d e n  V o l u m g e s c h w i n d i g k e i t e n  u v bzw.
u r ü c k g e k o p p e l t ,  b Da w i r  d a s  Z i e l  v e r f o l g e n ,  d i e  V e r w e i 1 z e i t v e r t e i 1 u n g  d e s  g e ­
t r i e b e n e n  S t o f f e s  z u  b e s t i m m e n ,  i s t  d i e  V o l u m k o n z e n t r a t i o n  d e s s e l -



1975 Verweilzeitverteilung in Fließbettapparaten 95

b e n  in d e n  dre i B e r e i c h e n  d e s  F l i e ß b e t t a p p a r a t e s  a l s  F u n k t i o n  d e r  
Z e i t  zu b e t r a c h t e n .  Im a l l g e m e i n e n  Fal l i s t  d i e s e  K o n z e n t r a t i o n  
e i n e  F u n k t i o n  d e s O r t e s  u n d  d e r  Ze i t .  N i m m t  m a n  j e d o c h  in de n B e ­
r e i c h e n  e i n e  v e r e i n f a c h t e  " k o r k a r t i g e "  S t r ö m u n g  v o n  h o m o g e n e n  G e ­
s c h w i n d i g k e i t s p r o f i l  an, so k a n n  d i e  O r t s a b h ä n g i g k e i t  in d e r  F u n k ­
t i o n  d e r  K o n z e n t r a t i o n  zu D i f f e r e n z e n  d e s Z e i t a r g u m e n t s  t r a n s f o r ­
m i e r t  w e r d e n .  U n s  i n t e r e s s i e r e n  n u r  d i e an d e n  E n d p u n k t e n  d e r  e i n ­
z e l n e n  B e r e i c h e  e r z i e l t e n  K o n z e n t r a t i o n s w e r t e . Z u r  D u r c h f ü h r u n g  
o b i g e r  O p e r a t i o n  g e n ü g t  es d a h e r ,  w e n n  d i e  V e r w e i l z e i t e n  in d e n  
d r e i  B e r e i c h e n  b e k a n n t  si nd . D i e s e  k ö n n e n  a u f  d i e  b e k a n n t e  W e i s e  
b e r e c h n e t  w e r d e n :

ti
(R 2 - r 2 ) um
- - - - - - - - , t

2 u.
V 2

ü l
r 2 nm
u2

t
3

V 3 ( R 2 - r 2 )nm 
2 u э ( 1 )

H i e r  ist  2 R = A u ß e n d u r c h m e s s e r  d e s F l i e ß b e t t a p p a r a t e s ,
2 r = D u r c h m e s s e r  d e s  F u t t e r r o h r e s ,  

m = H ö h e  de s A p p a r a t e s .
D i e  V o l u m e n  d e r  B e r e i c h e  V-,, V 2 , V 3 in o b i g e r  A u f t e i l u n g  s i n d  m i t  
H i l f e  d i e s e r  A p p a r a t e n k e n n d a t e n  b e r e c h n e t  w o r d e n .

A u f  G r u n d  v o n A b b .  2 k ö n n e n  f ü r  d i e  B e s t i m m u n g  d e r  s e c h s  
V o l u m g e s c h w i n d i g k e i t e n  d e s  g e t r i e b e n e n  S t o f f e s  K n o t e n p u n k t g l e i c h u n ­
g e n  a u f g e s t e l l t  w e r d e n :

u + u v = Uia
“ I + u = b u 2
u 2 = u 3 + \
u 3 = u +

4

(2)

Da d e r  M a t r i x r a n g  d e s  K o e f f i z i e n t e n  g l e i c h  3 i s t ,  s i n d  d i e G l e i ­
c h u n g e n  (2 ) v o n  e i n a n d e r  n i c h t  u n a b h ä n g i g ,  u n d  d r e i  v o n  d e n  s e c h s  
V o l u m g e s c h w i n d i g k e i t e n  s i n d  f r e i e  P a r a m e t e r .  W i r  f ü h r e n  nun  d i e  
R e z i r k u l a t i o n s q u o t i e n t e n

u V V
%  - v r  und %  = irr
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e i n ,  w o d u r c h  s i c h  f ü r  d i e  V o l u m g e s c h w i n d i g k e i t e n  in d e n  dr ei  B e ­
r e i c h e n  - w e n n  m a n  u, <pa u n d  cp ̂  a l s  u n a b h ä n g i g e  V e r ä n d e r l i c h e n  b e ­
t r a c h t e t  - f o l g e n d e  W e r t e  e r g e b e n :

1 - ф а + ф а ф Ь 1 1u, = u - - - - - - - - - - - -  , u 2 = u - - - - - - - - - - - -  , u 3 = u -----  (3)
1 " ф а " ф Ь + ф а ф Ь 1 ' ф а " ф Ь + ф а ф Ь 1 ' Ф Ь

A n d e r s e i t s  e r g i b t  s i c h  a u s  A b b .  1 d i e  v ö l l i g  p l a u s i b l e  A n ­
n a h m e ,  d a ß  in d e n  R a n d b e r e i c h e n  1 u n d 3 - i n f o l g e  g e o m e t r i ­
s c h e r  u n d s t r ö m u n g s t e c h n i s c h e r  Ä h n l i c h k e i t e n  - d i e  V e r w e i l z e i t e n  
u n g e f ä h r  ü b e r e i n s t i m m e n ,  t-, = t 3 . D e m z u f o l g e  ist  u, = u 3 , u n d a u s ­
g e h e n d  h i e r v o n  k a n n  m i t  H i l f e  v o n  (3) z w i s c h e n  d e n  R e z i r k u l a t i o n s - 
q u o t i e n t e n  e i n e  B e z i e h u n g  a u f g e s t e l l t  w e r d e n :

S e l b s t v e r s t ä n d l i c h  k a n n  a u c h  d e r  a n d e r e  R e z i r k u 1 a t i o n s q u o t i  - 
e n t  a l s F u n k t i o n  e i n e s  a n d e r e n  i n t e r e s s a n t e n  P a r a m e t e r s  a n g e g e b e n  
w e r d e n .  Ist  d i e s e r  z.B. d i e  V o l u m g e s c h w i n d i g k e i t  u 1 d e s  t r e i b e n d e n  
M e d i u m s ,  so e r h a l t e n  w i r  u n t e r  V o r a u s s e t z u n g  e i n e s  F u n k t i o n s z u s a m ­
m e n h a n g e s  u 2 = ct(u'), m i t  s i c h e r l i c h  m o n o t o n  w a c h s e n d e r  T e n d e n z  
( d a s  t r e i b e n d e  M e d i u m  u n d  d e r  g e t r i e b e n e  S t o f f  s i n d  im B e r e i c h  2 
in i n t e n s i v e s t e r  W e c h s e l w i r k u n g )  f ü r  ф ̂  | — — jj , u n d d a r a u s
u n t e r  V e r w e n d u n g  v o n  (4): ф 3 = ^  (1 - a ^ u i y ) ■

2. D i e  U n t e r s u c h u n g s m e t h o d e

U n s e r e  B e r e c h n u n g e n  h a b e n  - n a c h  D A N C K W E R T S  [ 8 ] - in ih r e n  
H a u p t z ü g e n  f o l g e n d e n  G a n g :  b e i m  E i n t r i t t  in d a s  F l i e ß b e t t  w i r d ,  
m i t  U n t e r b r e c h u n g  d e s b i s d a h i n  k o n t i n u i e r l i c h  e i n s t r ö m e n d e n  g e ­
w ö h n l i c h e n  B e t r i e b s s t o f f e s ,  z u m  Z e i t p u n k t  t = 0, w ä h r e n d  d e r  D a u e r  
t ^  e i n e n t s p r e c h e n d e r  I n d i k a t o r s t o f f ,  e b e n f a l l s  m i t  V o l u m g e s c h w i n ­
d i g k e i t  u, e i n g e f ü h r t .  D i e s e r  P r o z e ß  w i r d  in d e r  v o n  u n s  b e n u t z t e n
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E i n t r i t t s f u n k t i o n  c b (t) d a r g e s t e l l t :
0 w e n n t < 0

c b (t) = 1 w e n n  0 < t < t b
0 w e n n t b < t

E i n e  w i c h t i g e  B e d i n g u n g i st d i e  f o l g e n d e : t k < <  t 1 , t 2 » t 3
N u n  w e r d e n  - a u s g e h e n d  v o m  g e g e b e n e n  M o d e l l  - G l e i c h u n g e n  

f ü r  d i e  K o n z e n t r a t i o n  c d e s a u f  o b i g e  W e i s e  e i n g e f ü h r t e n  u n d  b e i m  
A u s t r i t t  e r s c h e i n e n d e n  I n d i k a t o r s  a u f g e s t e l l t ,  s o d a n n  w i r d  d a s  so 
e r h a l t e n e  m a t h e m a t i s c h e  P r o b l e m  g e l ö s t  u n d  a u f  d i e  ü b l i c h e  W e i s e  
a u s  d e r  F u n k t i o n s f o r m  c ( t )  d i e  D i c h t e f u n k t i o n  d e r  g e s u c h t e n  V e r ­
wei l ze i t v e r t e i  1 u n g  g e b i l d e t :

c( t)  c(t )P (t) = -- - - - - - -  = ---  ( 6 )
; c b ( t ) d t  4
0

D i e  F u n k t i o n ,  d i e  e i n P a r t i k e l  b e t r e f f e n d  d i e  D i c h t e  d e r  
e x a k t e n  V e r w e i 1 z e i t v e r t e i 1 ung  - d i e  d i e  W a h r s c h e i n l i c h k e i t  a n g i b t ,  
m i t  w e l c h e r  e i n  P a r t i k e l ,  d a s  im Z e i t p u n k t  t = 0 in d e n  A p p a r a t  
e i n g e t r e t e n  ist , d i e s e n  bis  z u m  Z e i t p u n k t  t v e r l ä ß t  - b e s c h r e i b t ,  
w i r d  d u r c h  d e n  G r e n z ü b e r g a n g  v o n  ( 6 ) e r h a l t e n :

P e (t) = 1 im p(t) (7)
V °

D i e  D i c h t e f u n k t i o n  ( 6 ) e i g n e t  s i c h  a l s o  v o r  a l l e m  f ü r  d i e  
I n t e r p r ä t a t i o n  v o n  V e r s u c h s r e s u l t a t e n .  F u n k t i o n  p e (t) i s t  j e d o c h  
b e r e i t s  i d e n t i s c h  m i t  d e r  G e w i c h t s f u n k t i o n ,  d i e  in d e r  v o n  d e r  S y s -  
t e m ü b e r t r a g u n g s t h e o r i e  her  b e k a n n t e n  D u h a m e l s c h e n  T h e s e  v o r k o m m t ,  
u n d  z w a r ,  w e n n  c b (t) e i n e  E i n t r i t t - K o n z e n t r a t i o n s f u n k t i on b e l i e b i ­
g e r  F o r m  ist , so e r h ä l t  m a n  b e i m  A u s t r i t t  f o l g e n d e  K o n z e n t r a t i o n s -  
ä n d e r u n g  c ^ (t ) :

oo
ck(t) = ; - t) dT> («>0

a n g e n o m m e n  Р е (т) = 0, w e n n  т < 0.
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3. D i e  vom  M o d e l l  g e l i e f e r t e n  G l e i c h u n g e n

Bei d e r  A u f s t e l l u n g  d e r G l e i c h u n g  d e r  K o n z e n t r a t i o n  c ( t )  a u f  
G r u n d  des  M o d e l l s  in Ab b.  2 w u r d e n  z w e i  E x t r e m f ä l l e  b e r ü c k s i c h ­
t i g t :  ei nm al  d e r  F a l l ,  w e n n  in s ä m t l i c h e n  B e r e i c h e n  d e s F l i e ß b e t t ­
a p p a r a t e s  k o r k a r t i g e  S t r ö m e v e r l a u f e n ,  u n d  z w e i t e n s  d e r  F a l l ,  w e n n  
im B e r e i c h  2 e i n e  v o l l s t ä n d i g e  M i s c h u n g  e r f o l g t ,  a b e r  d i e  S t r ö ­
m u n g  a n s o n s t e n  v ö l l i g  d e r  e r s t e r e n  ä h n l i c h  ist. W i r  h a b e n  d i e s e  
M e t h o d e  a n g e w a n d t ,  d a  w i r  d a v o n  ü b e r z e u g t  s i n d ,  d a ß  d i e  R e a l i t ä t  
i r g e n d w o  z w i s c h e n  d e n  b e i d e n  E x t r e m f ä l l e n  l i e g t .  D i e  G l e i c h u n g e n  
s e l b s t  k ö n n e n  a u f  G r u n d  des  E r h a l t u n g s g e s e t z e s  a u f g e s c h r i e b e n  w e r ­
d e n .

D i e zu m Z e i t p u n k t  t am A n f a n g  d e s  B e r e i c h e s  2 b e s t e h e n d e  
K o n z e n t r a t i o n  w i r d  m i t  c 2 (t) b e z e i c h n e t .  Es ist l e i c h t  e i n z u s e h e n ,  
d a ß  m i t  d e r b e r e i t s  e r w ä h n t e n  M e t h o d e  d e r  Z e i t a r g u m e n t - T r a n s f o r m a ­
t i o n  die  g e s u c h t e  A u s g a n g s k o n z e n t r a t i о n c ( t )  a u s c 2 a u f  f o l g e n d e  
W e i s e  b e s t i m m t  w e r d e n  ka nn :

c ( t )  = c 2 (t - t 2 - t 3 ) (9)
Im F a l l e  e i n e r  k o r k a r t i g e n  S t > ö m u n g  k a n n  f ü r  o b i g e n  P u n k t  

u n t e r  A n w e n d u n g  s ä m t l i c h e r  b i s h e r i g e r  Z e i c h e n ,  s o w i e  o b i g e r  Z e i t ­
v e r s c h i e b u n g  f ü r  d e n  I n d i k a t o r  e i n e  E r h a l t u n g s g l e i c h u n g  a u f g e ­
s c h r i e b e n  w e r d e n :

u c fa(t - ti) + u y c 2 (t - t 2 - ti) + u v c 2 (t - t 2 - t 3 ) = u 2 c 2 ( t ). a b
(1 0)

M i t H i l f e  d e s  Z u s a m m e n h a n g e s  (9) k a n n  (10) s o f o r t  in d i e  g e ­
s u c h t e  auf  c b e z o g e n e  G l e i c h u n g  u m g e b i l d e t  we rde n ., un d es w i r d  a u c h  
b e r ü c k s i c h t i g t ,  d a ß  d i e  V e r w e i 1 z e i t e n  in B e r e i c h e n  1 u n d  3 
i d e n t i s c h  si nd :

u c b (t - 1 1 ) + ( u y + u v ) c ( t ) - u 2 c ( t  + t-, + t 2 ) = 0 ( 1 1 )a b
U n s e r  M o d e l l  f ü h r t e  a l s o  im e r s t e r e n  F a l l  zu e i n e r  l i n e a r e n ,  i n h o ­
m o g e n e n  F u n k t i o n s g l e i c h u n g .
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Im B e r e i c h  2 b e t r ä g t  d i e  K o n z e n t r a t i o n  bei v o l l s t ä n d i g e r  
M i s c h u n g  g l e i c h z e i t i g  f ü r  d e n  g a n z e n  B e r e i c h  c 2 (t) (so d a ß  in i h r e r  
b i s h e r i g e n  I n t e r p r ä t a t  i o n a u c h  d i e  V e r w e i l z e i t  t 2 i h r e n  S i n n  v e r ­
l i e r t ) .  In d i e s e m  Fall ist  d i e  S t o f f b i l a n z  f ü r  d e n  I n d i k a t o r  im 
B e r e i c h  2 ( u n t e r  B e r ü c k s i c h t i g u n g  d e s s e n ,  d a ß  t-i = t 3 ) d i e  f o l ­
g e n d e  :

d c 2V 2 ---  = u c b (t - ti) + ( u v + u v ) c 2 (t - t-i) - u 2 c 2 (t) ( 1 2 )
dt a b

M i t  H i l f e  e i n e s  Z u s a m m e n h a n g e s  ä h n l i c h  w i e  bei (9); c ( t )  =
= c 2 (t - t-,), k ö n n t e  a u c h  G l e i c h u n g  (12) s o f o r t  a u f  d i e g e s u c h t e  
F o r m  g e b r a c h t  w e r d e n ,  d i e  L ö s u n g  d e r s e l b e n  w ä r e  a b e r  s c h w i e r i g e r  
a l s  in i h r e r  j e t z i g e n  F o r m .  D a h e r  w i r d  d i e s e  T r a n s f o r m a t i o n  e r s t  
n a c h  d e r  L ö s u n g  v o n  ( 1 2 ) ,  a n h a n d  d e r  F u n k t i o n s f o r m  P e (t) d u r c h g e ­
f ü h r t .  Es z e i g t  s i c h  a l s o ,  d a ß  d a s  M o d e l l  im z w e i t e n  Fall e i n e  l i ­
n e a r e ,  i n h o m o g e n e ,  s o g e n a n n t e  H y s t e r o - D i f f e r e n t ia 1 g 1 e i c h u n g  e r s t e r  
O r d n u n g  l i e f e r t e ,  d i e  v o r  a l l e m  d a d u r c h  g e k e n n z e i c h n e t  ist , d a ß  
d i e  G r ö ß e  d e r  V e r ä n d e r u n g  d e r  U n b e k a n n t e  zu e i n e m  g e g e b e n e n  Z e i t ­
p u n k t  a u c h  v o n  j e n e n  W e r t e n  b e e i n f l u ß t  w i r d ,  d i e  d i e  U n b e k a n n t e  zu 
a n d e r e n  Z e i t p u n k t e n  a n n i m m t .

II. L Ö S U N G  D E R  D E N  P R O Z E S S  B E S C H R E I B E N D E N  G L E I C H U N G E N

1. D e r  Fal l o h n e  M i s c h u n g

B e t r a c h t e n  w i r  d a s f o l g e n d e  m a t h e m a t i s c h e  P r o b l e m :  A u f  G r u n d  
v o n  (11 ) i s t d i e  G l e i c h u n g

u c b ( t - t-,) + ( u v + u v ) c ( t ) - u 2 c ( t  + t-, + t 2 ) = 0 a b
zu l ö s e n ,  w o b e i  g e m ä ß  d e s  i n h o m o g e n e n  G l i e d e s  (5)

0 w e n n  t <  0

c b (t) = 1 w e n n  0 <  t < t b
0 w e n n  t. < 0b
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s o w i e  a u f  G r u n d  v o n  Ab b.  2 a u s  d e r  p h y s i k a l i s c h e n  Ü b e r l e g u n g  o f ­
f e n s i c h t l i c h  h e r v o r g e h t ,  d a ß

c ( t )  = 0 w e n n  t <  2 ti + t 2 (13)
W i r  f ü h r e n  n u n  d i e L a p l a c e - T r a n s f o r m i e r t e n  d e r  K o n z e n t r a t i o n  

u n d  d e r  E i n g a n g s f u n k t i o n  m i t  f o l g e n d e r  B e z e i c h n u n g  ei n:
oo

0£ [ c ( t ) ]  = / e ' p t c ( t ) d t  = f ( P) ; «3CCcb ( t) 3 = f b (p) (14)
о

T r a n s f o r m i e r t  m a n  d i e s e  G l e i c h u n g  u n t e r  V e r w e n d u n g  v o n  (5) u n d
(1 3) , so e r g i b t  s i c h  z w i s c h e n  d e n  in (14) d e f i n i e r t e n  G r ö ß e n  f o l ­
g e n d e r  Z u s a m m e n h a n g :

-Pti p(t,+t2)uf, e + (u + u )f - u f e = 0  (15 )a b
A u s  d i e s e r  G l e i c h u n g  k a n n  d i e  T r a n s f o r m i e r t e  f ( p )  d e r  U n b e k a n n t e n  
- die  F u n k t i o n s f o r m  f^ b e n ü t z e n d  - a u s g e d r ü c k t  w e r d e n :

- P t bM l  - e D ) G ( p )f ( p )  = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  (= - - - - ) (16)
p(u2eP(2t^ t2)- (u + u )еР^) H(P) 

a b
D i e i n v e r s e  T r a n s f o r m a t i o n  k a n n  m i t  H i l f e  d e s  E n t w i c k l u n g s ­

s a t z e s  f ü r  L a p l a c e - s c h e  T r a n s f o r m i e r t e n  d u r c h g e f ü h r t  w e r d e n  ( d i e  
W u r z e l n  v o n  H ( p )  s i n d  v o n e i n f a c h e n  C h a r a k t e r ) :

G(P*>) P/ tc( t)  = E  - - - - —  e z  = E
H ' ( P £ ) L

pctu ( 1 - e ) e
Р Л М М )  Pot,P ^ ( ( 2 t , + t 2 ) u 2 e - t i ( u  + u v )ea b

(17)
da p = 0 k e i n e  P o l s t e l l e  is t,  u n d  d i e  ü b r i g e n  P o l e :

1 U v a + V(ln — -----5- + 2 ii£) ;
t ,  + t- U: (18)

l  = 0, ±1, ±2, . . .
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M u l t i p l i z i e r t  m a n  d e n  Z ä h l e r  u n d  N e n n e r  v o n  (17) m i t 
so e r h ä l t  m a n  u n t e r  B e n u t z u n g  v o n  ( 1 8 ) :

-p_£(2 t.,+t2 )

-P£ t p £ ( t - 2 t l - t 2 ) u ( 1 - e ) e
c ( t )  = - - - - - - - - - -  £  - - - - - - - - - - - - - - - - - - - - - - - - -  (19)u a (ti + t 2 ) l

A u s  (2) f o l g t ,  d a ß  R e [ p ^ ]  <  0, d a h e r  k a n n  (19) in f o l g e n d e r  F o r m  
w e i t e r  e n t w i c k e l t  w e r d e n :

c(t ) u » Pi, ( t ,- t . - 2 t 1 - t 2— -- - - - - -  L E  / e 4u 2 ( t i + t 2 ) £  о
d t  ' - o° p » ( t ' - 2 t 1 - t 2 )

E  f e z d t  ' ]
l о

(20)
V e r t a u s c h t  m a n  d i e  R e i h e n f o l g e  d e s  S u m m i e r e n s  u n d I n t e g r i e -  

r e n s  u n d  s e t z t  m a n  d i e  W e r t e  v o n  p ^  a u s  (18 ) ei n,  so e r h ä l t  m a n  
n a c h  d e r  S u m m i e r u n g :

c( t)  = u 2 ( t 1 + t 2 ) { / Ce
t

t' - t b - 2 t-, - t 2 

t i + t 2 «(k = 0

t' - t b - 2 t , - t 2 

t i +  t 2
k) dt'  ]-

t '
00 -
/ Ce 
t

211 -12 
ti + t 2

X- °° t 1 - 2 t-, - t 20 E  «(------
k=0 t , + t 2

k ) ] dt'} (21)

w o b e i  d e r  Z u s a m m e n h a n g  f ü r d i e  b e k a n n t e  F u n k t i o n s r e i h e  v e r w e n d e t  
w u r d e  (£ k o n t i n u i e r l i c h e  V e r ä n d e r l i c h e , ç > 0; 6 d i e D i r a c - s c h e  
D e l t a f u n k t i o n ):

E  e 2 l t U ç  = E  « U - k )
£ = -<» k = 0

w e i t e r s  ist  f o l g e n d e  B e z e i c h n u n g  e i n g e f ü h r t  w o r d e n :

X0 1 n b
U 2

(22)

( 2 3 )

D i e  I n t e g r a t i o n e n  in (21) k ö n n e n  d u r c h g e f ü h r t  w e r d e n ,  d a s  R e ­
s u l t a t  k a n n  m i t  H i l f e  d e r  0 E i n h e i t s f u n k t i o n  a u f g e s c h r i e b e n  w e r d e n :
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u “> X кc ( t ) = —  E  e ° [ e ( t - 2 t 1 - t 2 - k ( t 1 + t 2 ) ) - 0 ( t - t . - 2 t 1 - t 2 - k ( t 1 + t 2 ))]
2 k = 0 ( 2 4 )

A u s  (24) k a n n  n u n  g e m ä ß  (6 ) d i e g e s u c h t e  D i c h t e f u n k t i o n  g e b i l d e t  
w e r d e n ,  i n d e m  m a n  ( 2 3 ) ,  s o w i e  d i e R e s u l t a t e  l a u t  (3) u n d  d i e  D e f i ­
n i t i o n  d e r  R é z i r k u I  a t i o n s q u o t i e n t e n  v e r w e n d e t :

1-ф -фЬ + Ср ф Ь 0» kp(t) = --!— ----- D E ((Pa+<Pb-?a<Pb)KC0(t-2t1-t2-k(t1+t2)) -
t b k = o

- 0(t-tj)- 2 t 1 - t 2 - k ( t 1 + t 2 ) )] (25)
S c h l i e ß l i c h  k a n n  m a n  g e m ä ß  (7) d i e  F u n k t i o n  d e r  e x a k t e n  V e r -  

w e i l z e i t - V e r t e i  l u n g s d i c h t e  b e r e c h n e n ,  w e l c h e  - w i e  l e i c h t  e i n z u ­
s e h e n  - a u f  d i e  E i n h e i t s f o r m  n o r m a l i s i e r t  ist:

" к
P e (t) = li m p ( t )  = ( 1 _ Ф а “ Ф Ь +(Ра Ф ь ) E! ( ф а + ф Ь ’ ф а ф ь) 5 ( t - 2 t i - t 2 -k(  t -,+ t 2 ) )

t -»o k=0
Ъ (26 )

Abb. 3. А-<1-Фа-Фь + ФаФЬ )/Чь В- (1-Фа -<РЬ + ФаФЬ)(Фа+ФЬ-ФаФЬ ) Л ь

С- (1-Фа"фЬ + фафь)(фа + фЬ"фафЬ)2/Ч
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D e r  V e r l a u f  d e r  D i c h t e f u n k t i o n  (2 5)  ist  a u f  A b b .  3 z u  s e h e n :  
d i e  V o r a u s s e t z u n g  d e r  i d e a l i s i e r t e n ,  k o r k a r t i g e n  S t r ö m u n g  o h n e  M i ­
s c h u n g  e r g i b t  a u c h  in d e r  A u s g a n g s k o n z e n t r a t i o n  ( a l s o  a u c h  in d e r  
D i c h t e f u n k t i o n )  i d e a l i s i e r t e  I m p u l s e .

2. D e r  Fal l m i t  v o l l s t ä n d i g e r  M i s c h u n g

G e m ä ß  (12 ) ist  f o l g e n d e s  m a t h e m a t i s c h e  P r o b l e m  zu l ö s e n :  

d c 2
V 2 ---  = u c b ( t - t 1 ) + ( u v + u v ) c 2 ( t - t n ) - u 2 c 2 ( t ) ,

dt a b
w o b e i  d a s  i n h o m o g e n e  G l i e d  a u s  (5), b z w .  a u s d e n  V o r a n g e h e n d e n  b e ­
k a n n t  ist , u n d  d i e  A u s g a n g s b e d i n g u n g  i s t  o f f e n s i c h t l i c h

c 2 (t) = 0, w e n n  t < 0 (27  )
W i r  w o l l e n  n u n d e n  I n t e r v a l l  0 < t < » a u f  S t r e c k e n  v o n  L ä n ­

ge t-, a u f t e i l e n ,  u n d  u n s e r e  G l e i c h u n g  s t r e c k e n w e i s e  u n t e r s u c h e n .  
Im I n t e r v a l l  0 <  t < t -, ist j e d e s  G l i e d  d e r  r e c h t e n  S e i t e  N u l l ,  
a l s o  i s t c x (t) e i n e  K o n s t a n t e ,  bzw. w e g e n  (27) g l e i c h  N u l l .  ( D e r  
o b e r e  I n d e x  z e i g t  an, um w e l c h e n  u n t e r s u c h t e n  Z e i t a b s c h n i t t  c 2 es 
s i c h  h a n d e l t . )

Im I n t e r v a l l  ti < t < 2 t 1 s i n d  z w e i  G l i e d e r  d e r  r e c h t e n  S e i ­
te u n g l e i c h  N u l l ,  so d a ß  d i e zu l ö s e n d e  G l e i c h u n g  w i e  f o l g t  l a u t e t :

d e 1 1V 2 - 1 -  = uc. (t - t,) - u 2 c X I  (2 8)dt ü
D i e  L ö s u n g  v o n  (28 ) b e t r ä g t  u n t e r  B e r ü c k s i c h t i g u n g  d e r  F o r m  d e s  i n ­
h o m o g e n e n  G l i e d e s  v o n  (5):

c I I
2 (t)

U 2
u y ~ (tl_t)‘ ( 1 - e 2 ) w e n n  ti £  t <  ti + t b

U 2 U 2
. u_ VI VIu 2 'e e ) w e n n  t.,+tb < t <  2 t
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w o  d i e  a u f t r e t e n d e  I n t e g r a t i o n s k o n s t a n t e n  so b e s t i m m t  w u r d e n ,  d a ß  
c 2 I (t) e i n e  k o n t i n u i e r l i c h e  F u n k t i o n  e r g e b e .

Im n ä c h s t e n  I n t e r v a l l  2t-, < t < 3t-, ( u n d  n a c h h e r  s t e t s )  ü b e r ­
n i m m t  das  z w e i t e  G l i e d  d e r  r e c h t e n  S e i t e  p r a k t i s c h  d i e  R o l l e  d e s  
i n h o m o g e n e n  T e i l e s .  U n t e r  V e r w e n d u n g  d e s  R e s u l t a t s  v o n (29 ) ist  
d a h e r  in d i e s e m  F a l l  f o l g e n d e  G l e i c h u n g  z u  l ö s e n :

d c 1 1 1V 2 - - - -—  = (u + u v ) c * T (t - t, ) - U j C j 1 1  (30)d t  a b
w e l c h e  - im H i n b l i c k  a u f  d i e  S t r u k t u r  v o n  (29) - in d e n  T e i l i n ­
t e r v a l l e n  2t, < t <  2t,  + t^ u n d  2t,  + t b < t < 3t, v e r s c h i e d e n e  
F o r m e n  a n ni mt .

Es ist j e d o c h  z u  b e m e r k e n ,  d a ß  n u r  e i n  Z u s a t z  je I n t e r v a l  m i t  
d e m  b e s c h r i e b e n e n  s u k z e s s i v e n  I n t e g r a t i о n s v e r f a h r e n  b e r e c h n e t  w i r d .  
D i e  v o l l s t ä n d i g e  L ö s u n g  b a u t  s i c h  a u s  d e r  " Su p e r p o s i t i on v o n  K o n ­
z e n t r a t i o n s h u b e n "  a u f ,  i n d e m  zu d e m  in e i n e m  g e g e b e n e n  I n t e r v a l l  
b e r e c h n e t e n  Z u s a t z  s t e t s  a u c h  d i e  " a b k l i n g e n d e n "  T e i l e  d e r  in de r  
z w e i t e n  H ä l f t e  d e s  b e t r e f f e n d e n  I n t e r v a l l s  g ü l t i g e n  Z u s ä t z e  d e r  
v o r a n g e g a n g e n e n  I n t e r v a l l e  h i n z u z u g e b e n  s i n d .  So b e t r ä g t  in d e m  
l e t z t e n  u n t e r s u c h t e n  F a l l

с г ( t ) = c * 1 1  + c “ '(+  с ? )  (31)

w o b e i  d e r  S t r i c h  z e i g t ,  d a ß  aus  (29) d e r  a b k l i n g e n d e  T e i l  zu w ä h ­
l e n  ist; das  G l i e d  in K l a m m e r n  ist n u r  d e r  F o r m  h a l b e r  a u f g e s c h r i e ­
b e n  w o r d e n .  O b i g e s  u n g e w ö h n l i c h e  V e r h a l t e n  d e r  L ö s u n g s f u n k t i o n  
f o l g t  aus  d e m  l i n e a r e n  C h a r a k t e r  u n d  a u s  d e r  s p e z i e l l e n  S t r u k t u r  
u n s e r e r  G l e i c h u n g .

Wir  s c h r e i b e n  nu n d i e a l l g e m e i n e ,  im I n t e r v a l l  nt, < t <
< ( n + l ) t ,  g ü l t i g e ,  d u r c h  d i e b e s c h r i e b e n e  M e t h o d e  e n t w i c k e l t e  L ö ­
s u n g  auf , o h n e  d i e  b e z e i c h n e t e n  I n t e g r a t i o n e n  d u r c h z u f ü h r e n , d a m i t  
w ü r d e  n ä m l i c h  d e r  A l g o r y t h m u s  d e r  B e r e c h n u n g  v e r l o r e n  g e h e n .  Das 
u n t e r s u c h t e  I n t e r v a l l  m u ß  o f f e n s i c h t l i c h  a u c h  h i e r b e i  in z w e i  T e i ­
le g e t e i l t  w e r d e n ,  d a h e r :
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C 2 ( t )  =

B n _ j ( t )  w e n n  nt-, < t < nt-, + t|.
B n (t) w e n n  nt-, + t b < t <  (n + l)t.

(32)

Hier ist

A n (t)=
u +uV V, П - 1  r t t'^-t-, t " 1 1 U a .,

u a b —  I e Va d t 1 d t " . . d t nl b [ v 2 ) J  Jnt, 2 t, t-,
VI [ t - ( n - 1 ) t

Bn(t) = E u
k= 1 V-

r V + Va b -t TV 2 Ikt + t b ■2 t 1 + t . t , + t

U 2 
w— t '• e Va dt' +

*
+ A ̂ (t ! + t b ) d t " + A j ( 2 1 -, +t b ) d t k + A ^ ( k t ^  + t b )

. _

t  - ( k-1 ) 1 1 ] ;

A;(t)
A n (t)

u + u, V V.u I a b
m - I U2" y — C t - ( П - 1  )ti ]• e 2

W i r  b i l d e n  nu n g e m ä ß  ( 6 ) u n t e r  B e n u t z u n g  v o n  (32 ) d i e  D i c h t e ­
f u n k t i o n  p 2 ( t ) , d i e  m a n  e r h ä l t ,  i n d e m  m a n  an d i e  S t e l l e  v o n  c( t)  
v o r l ä u f i g  c 2 (t) s c h r e i b t .  N a c h  d e m  G r e n z ü b e r g a n g  l a u t  (7) s t e l l t  
m a n  f e s t ,  d a ß  d i e  e x a k t e  W a h r s c h e i n l i c h k e i t s d i c h t e  e i n e n  vi el  e i n ­
f a c h e r e n  A u s d r u c k  e r g i b t ,  in w e l c h e m  d i e  m e h r m a l s  e r w ä h n t e  T r a n s ­
f o r m a t i o n  d e s  A r g u m e n t s  b e r e i t s  d u r c h f ü h r b a r  ist:

c 2 (t)P e 2 (t) = l i m p 2 ( t ) = lim ----
tb->o tb-o tb

oo

k= 1 V 2

uv + Va b k - 1 ( t - k t , ) 1" ' 1- - - - - - - - -  e(t-kt-i)( k - 1 )!

U 2
w— ( к t  -, - 1 ) e v

(33)

- t-, :n a c h  T r a n s f o r m a t i o n  t -*■ t
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pe^t) - £ VT e k = 2  2

u v + U v h 1 k _ 2  ( t - k t 1 ) k ‘ 2

(k - 2)!
- TT—  ( k t 1 -t )

e ( t - k t , ) e  2 (34)

w o  e d i e  E i n h e i t s f u n k t i o n  d a r s t e l l t .
Es ist l e i c h t  e i n z u s e h e n ,  d a ß  d i e s e  F u n k t i o n  p 0 (t) e b e n f a l l s  

a u f  d i e  E i n h e i t s f o r m  n o r m a l i s i e r t  ist:

/ P e ( t ) d t  = E —  — 3—  
о e k=2 V 2 L V 2

U v - + U v b l k - 2  1

( k - 2  ) ! kt-,
°° к -? v~(  kt 1 -t)
J (t - kt !) á e v 2 dt

oo U
= E -k=2 V 2 [ V

u + uV V.a b k-2 1
(к-2)! о

/ * k-2 ^  * dx ■

„  u= z. —  k=2 V-
u + u V V, 1a b k-2 1 (k-2)! - u r V  + V la b k-2

V 2 (k-2) ! u2 к-l k = 2 u2
(•гг)

a u f  d i e  R e z i r k u l a t i o n s q u o t i e n t e n  ü b e r g e h e n d  e r h a l t e n  wi r:

E (1-Фа"ч,Ь+фа1рь)(фа+фЬ-фафь)к = < ̂ a^b+Mb) ГЕ-- 1-----Г
к = о 1-(‘Ра + фЬ'фафь)

= 1

A b b i l d u n g  4 z e i g t  d e n  V e r l a u f  d e r  K o n z e n t r a t i o n s f u n k t i o n  
( 3 2 )  u n d  a u c h  d e r  e n t s p r e c h e n d e n  D i c h t e f u n k t i o n .  D i e  g e z e i g t e n  
K u r v e n  b e s i t z e n  s ä m t l i c h e  M e r k m a l e  d e r  v o n  d e n  e x p e r i m e n t e l l e n  U n ­
t e r s u c h u n g e n  her  b e k a n n t e n  D i c h t e f u n k t i o n e n  d e r  V e r w e i l z e i t v e r t e i -  
1 u n g .
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Abb. 4. R 
г 
m 
t.

0,05 m 
0,03 m 
0,15 
5 sec

0,6xl0-6 m3/sec 
l,2xl0~6 m3/sec 
3 , OxlO-6 m3/sec 
6,0xl0~6 m3/sec

= 0,50 
= 0,75 
= 0,90 
= 0,95

IV. D I S K U S S I O N  D E S M O D E L L S

A u f  G r u n d  d e r  v o r h i n  b e s c h r i e b e n e n  R e s u l t a t e  e r g i b t  s i c h  d i e  
F r a g e ,  i n w i e w e i t  d i e  V e r w e n d b a r k e i t  u n s e r e s  G r u n d m o d e l l s  v o n  d e r  
A n n a h m e  e i n e r  v o l l s t ä n d i g e n  V e r m i s c h u n g  im B e r e i c h  2 b e e i n f l u ß t  
w i r d .  D i e s t r ö m e n d e n  u n d g e t r i e b e n e n  M e d i e n  s i n d  im B e r e i c h  2 in 
i n t e n s i v e r  B e r ü h r u n g ,  u n d  das  S t r ö m u n g s b i 1 d ist  h i e r  e h e r  t u r b u ­
l e n t  a l s l a m i n a r  o d e r  k o r k a r t i g .  D a d u r c h  t r i t t  e i n e  g e w i s s e  V e r m i ­
s c h u n g  a u f ,  d e r e n  G r ö ß e  n i c h t  b e k a n n t  i s t ,  a b e r  s i c h e r l i c h  z w i s c h e n  
zw ei  G r e n z f ä l l e n  - n ä m l i c h  d e r  N u l l m i s c h u n g  ( k o r k a r t i g e  S t r ö m u n g )  
u n d  d e r  v o l l s t ä n d i g e n  V e r m i s c h u n g  - l i e g t .
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D i e  F r a g e ,  w e l c h e  B e d e u t u n g  d e r  K e n n t n i s  des  M a ß e s  d e r  V e r ­
m i s c h u n g  z u k o m m t ,  k a n n  durch- d i e  A n w e n d u n g  d e r zwe i u n t e r s u c h t e n  
F ä l l e  d e s  M o d e l l s  f ü r  die  B e r e c h n u n g  d e r s e l b e n  G r ö ß e n  e n t s c h i e d e n  
w e r d e n .  W e n n  d i e  e n t s p r e c h e n d e n  G r ö ß e n  v o n e i n a n d e r  n i c h t  s e h r  v e r ­
s c h i e d e n  s i n d ,  so i s t  m i t S i c h e r h e i t  a n z u n e h m e n ,  d a ß  d i e  im m i t t ­
l e r e n  B e r e i c h  e x i s t i e r e n d e  V e r m i s c h u n g  u n b e k a n n t e n  G r a d e s  k e i n  w e ­
s e n t l i c h e s  M e r k m a l  d e s  F l i e ß b e t t a p p a r a t e s  d a r s t e l l t ,  u n d  d a ß  es 
v o n  k e i n e r  B e d e u t u n g  ist, w e l c h e r  F a l l  bei d e r B e r e c h n u n g  e i n e s  
P r o b l e m s  a n g e w a n d t  w i r d ,  de nn  es e r g i b t  s i c h  j e d e n f a l l s ,  i n n e r h a l b  
d e r  G r e n z e n ,  d i e  d i e  G e n a u i g k e i t  d e s  G r u n d m o d e l l s  e r m ö g l i c h t ,  ein  
d i e  t a t s ä c h l i c h e  L a g e  a n n ä h e r n d e s  R e s u l t a t .

M a n  b e t r a c h t e  f o l g e n d e n  P r o z e ß :  a l s  g e t r i e b e n e r  S t o f f  soll 
in d e n  F l i e ß b e t t a p p a r a t  e i n e  k ö r n i g e  M a s s e  e i n t r e t e n ,  d e r e n  S t o f f  
m i t  d e m  in d e n  A p p a r a t  e i n g e b l a s e n e n  G a s  ( t r e i b e n d e s  M e d i u m )  in 
e i n e  R e a k t i o n  s c h e i n b a r  e r s t e n  G r a d e s  e i n g e h t .  N e h m e n  w i r  a n ,  d a ß  
d e r  r e a g i e r e n d e  A n t e i l  der  e i n t r e t e n d e r n  K ö r n e r  (X) e i n e  E i n h e i t  
b e t r ä g t ,  so k a n n  d i e  V e r ä n d e r u n g  d e s  r e a g i e r e n d e n  A n t e i l s  d e s  im 
M o m e n t  t = 0 e i n g e t r e t e n e n  K o r n e s  m i t  g u t e r  A n n ä h e r u n g  d u r c h  f o l ­
g e n d e n  Z u s a m m e n h a n g  b e s c h r i e b e n  w e r d e n :

X = e ' yt (35)
Im F a l l e  v o n  P r o b l e m e n  a u s  d e r  P r a x i s  ist es n o t w e n d i g ,  d a ß  

d e r  d u r c h s c h n i t t l i c h e  r e a g i e r e n d e  A n t e i l  des  a u s t r e t e n d e s  S t o f f e s  
X b e k a n n t  s e i ,  u n d  z w a r  - f a l l s  a l l e  ü b r i g e n  ä u ß e r e n  K e n n d a t e n  
u n v e r ä n d e r t  b l e i b e n  - in A b h ä n g i g k e i t  v o n d e r d u r c h s c h n i t t l i c h e n  
V e r w e i l z e i t  t. O b i g e  G r ö ß e  k ö n n e n  u n t e r  V e r w e n d u n g  d e r  m i t  H i l f e  
d e s  M o d e l l s  e r h a l t e n e n  D i c h t e f u n k t i o n e n  d e r  V e r w e i l z e i t v e r t e i l u n ­
g e n  (26) bz w.  ( 3 4 )  e i n z e l n  b e r e c h n e t  w e r d e n :

0° 00

X = I e ‘ yt p e ( t ) d t ,  t = / t p e (t )dt (36)
о 0

W i r d  e i n e  G l e i c h u n g  v o n  ( 3 6 )  im W e g e  i r g e n d e i n e s ,  in 
d e r  D i c h t e f u n k t i o n  p e ( t ) f i g u r i e r e n d e n  g e e i g n e t e n  P a r a m e t e r s  in 
d i e  a n d e r e  e i n g e s e t z t ,  so e r h a l t e n  w i r  d i e g e s u c h t e  F u n к t i о n s b e z i e -  
h u n g  X = X ( t ) .
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B e z e i c h n e n  w i r  d i e  R e s u l t a t e  f ü r  d e n  Fa ll  o h n e  V e r m i s c h u n g  
m i t  I n d e x  (1), u n d  f ü r d e n  F a l l  m i t  v o l l s t ä n d i g e r  M i s c h u n g  m i t  I n ­
d e x  (2). N a c h  I n t e g r a t i o n  v o n  (36) e r h a l t e n  w i r :

e "P ( 2 t-I +t 2 )
X (1) = ( 1 - Ф а - Ф ь + Ф а Ф ь ) ----- -- - - - - - - - - - — — —

1 “ (ф а + ф Ь _ ф а ф Ь > е _ У 1+ 2

Фа"*” ФК ’t<i) = t<2) = 2ti + t 2. + — - - - - - - - - - - -  (t-i+t2 ) ( 3 7 )
1_фа-фЬ+фафЬ

X < 2 , = ( 1 - Ф а - фь + ф а фь)
,-2yti

I + ut2-(фа+Фь-ФаФь)е-у t-i

H i e r b e i  w u r d e  b e r ü c k s i c h t i g t ,  d a ß  a u c h  di e d u r c h s c h n i t t l i c h e  V e r ­
w e i l z e i t  d e s  v ö l l i g  d u r c h m i s c h t e n  B e r e i c h s  2 d e n  b e r e i t s  b e k a n n ­
t e n  W e r t  t 2 b e s i t z t .  U n t e r  V e r w e n d u n g  vo n (1) u n d  (3) k ö n n e n  d u r c h  
E i n f ü h r u n g  d e r  V o l u m q u o t i e n t e n  a x , a 2 d e r  e n t s p r e c h e n d e n  B e r e i c h e  
d e s  g e t r i e b e n e n  S t o f f e s ,  s o w i e  d e s  S t o f f r ü c k m i s c h u n g s - Q u o t i e n t e n  
Ÿ = — d i e  G l e i c h u n g  d e r  d u r c h s c h n i t t l i c h e n  V e r w e i l z e i t  v o n  ( 3 7 )
u m g e f o r m t  w e r d e n :

2 0 1 V 1 + C 7 2 V 2 - 2 CT1 V 1 + o 2 V 2t < D  = - - - - - - - - - - -  , t (2 ) = - - - - - - - - - - - -  ( 3 8 )u u
A u f  d i e s e l b e  W e i s e  k ö n n e n  a u c h  Ü m  und X < 2 ) u m g e b i l d e t  w e r d e n ,  
u n d  f ü h r t  m a n  d i e  e r w ä h n t e n  S u b s t i t u t i o n e n  d u r c h  B e s e i t i g u n g  d e s  
P a r a m e t e r s  u d u r c h ,  so e r h ä l t  m a n  d i e  g e s u c h t e n  E n d f o r m e l n :  t = 
= t (1 ) = t (2 ) :

X (1 )
e x p  [ - u t 2 x I T ?  

.J  -X-
+ 7+Ф T T ~ ]

1- 2--  e x p [ - y t
2+Ф

Vx T W  + 2 + 7 -,2+Ф

2 X + 1

( 3 9 )
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(2 ) =
V

2+v

о Tr : 2 X TT?., exp [-pt ------- ]2 Y + 1
y

1 + wt J Ü -----=-
2X + 1

y- X I +\j/e x p [ - p t  — — ] 
2+y 2X+ 1

ai Viw o b e i  der  Q u o i  f e n t  x = p y e i n g e f ü h r t  w o r d e n  ist , w e l c h e r  d i e
V e r t e i l u n g  d e r  g e s a m t e n ,  zu e i n e m  g e g e b e n e n  Z e i t p u n k t  im A p p a r a t  
a n w e s e n d e n  g e t r i e b e n e n  S t o f f m e n g e  u n t e r  d e n  e i n z e l n e n  B e r e i c h e n  a n ­
g i b t .
X ( 1 ) ,X (2)

Abb .

Die F u n k t i o n s b e z i e h u n g e n  X ( n ( t )  u n d  X < 2 > ( t )  s i n d  u n t e r  A n ­
g a b e  der m ö g l i c h e n  W e r t e  der  v o r k o m m e n d e n  P a r a m e t e r  a u c h  g r a f i s c h  
d a r g e s t e l l t  w o r d e n .  A b b .  5 z e i g t  d i e  K u r v e n .  Es ist  f e s t z u s t e l l e n ,  
d a ß  die  A b w e i c h u n g  d e r  d u r c h  zwei u n t e r s u c h t e  F ä l l e  e r h a l t e n e n  R e -
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u l t a t e  n i e m a l s  m e h r  a l s  10 % i h r e s  M i t t e l w e r t e s  b e t r ä g t .  Es ist  
a l s o  a u f  G r u n d  o b i g e r  A u s f ü h r u n g e n  o f f e n s i c h t l i c h ,  d a ß  d i e  A n n a h m e  
d e r  V e r m i s c h u n g  im B e r e i c h  2 im M o d e l l  k e i n e  e n t s c h e i d e n d e  R o l l e  
s p i e l t ,  z u m i n d e s t  im F a l l e  d e s  g e z e i g t e n  B e i s p i e l s  n i c h t .

Es soll n o c h  e r w ä h n t  w e r d e n ,  d a ß  im F a l l e  d e s G r e n z ü b e r g a n ­
g e s  X 00 d i e  G l e i c h u n g  v o n (39 ) in e i n a n d e r  ü b e r g e h e n d :  d i e s  ist  
e i n e  l o g i s c h e  F o l g e  d e s s e n ,  d a ß  o b i g e r  G r e n z f a l l  g e r a d e  d i e  A u s ­
s c h a l t u n g  d e s  B e r e i c h s  2 b e d e u t e t .

V. Z U S A M M E N F A S S U N G ,  K O N K L U S I O N E N

O b i g e  B e r e c h n u n g e n  l i e f e r t e n  d e n  B e w e i s  f ü r  d i e  H y p o t h e s e ,  
d a ß  d i e  A u f t e i l u n g  d e s a n g e w a n d t e n  M o d e l l s  im F a l l e  ü b e r h a u p t  k e i ­
ne r,  o d e r  e i n e r  v o l l s t ä n d i g e r  M i s c h u n g  zu n i c h t  b e a c h t e n s w e r t  u n ­
t e r s c h i e d l i c h e n  Z a h l e n w e r t e n  f ü h r t .  A u f  d i e s e  W e i s e  k o n n t e n  w i r  
u n s e r  Z i e l ,  n ä m l i c h  d i e  B e s t i m m u n g  d e r  D i c h t e f u n k t i o n  d e r  V e r w e i l -  
z e i t v e r t e i l u n g  e i n e s  d u r c h  e i n e n  F l i e ß b e t t a p p a r a t  s t r ö m e n d e n ,  g e ­
t r i e b e n e n  S t o f f e s ,  s o w o h l  m i t  d e n  W a h r s c h e i n l i c h k e i t s d i c h t e n  v o n  
(26) a l s  a u c h  (34) - t r o t z  d e r e n  v o l l k o m m e n  v e r s c h i e d e n e n  m a t h e ­
m a t i s c h e n  F o r m e n  - a u f  g l e i c h e r w e i s e  z u f r i e d e n s t e l l e n d e  A r t  e r ­
r e i c h e n .  F ü r  d i e  V e r w e n d u n g  in d e r  P r a x i s  ist  n a t ü r l i c h  d e r  e i n f a ­
c h e r e  A u s d r u c k  (26) zu b e v o r z u g e n .

D i e  F o r m e l n  u n t e r  (39) b e s i t z e n  d e n  p r a k t i s c h e n  W e r t ,  d a ß  
m i t  i h r e r  H i l f e  im F a l l e  e i n e r  s i c h  in e i n e m  G a s - F e s t s t o f f - P h a s e n  
F l i e ß b e t t r e a k t o r  a b s p i e l e n d e n  R e a k t i o n  s c h e i n b a r  e r s t e n  G r a d e s  d e r  
d u r c h s c h n i t t l i c h e  r e a g i e r e n d e  A n t e i l  d e r  K ö r n e r  in A b h ä n g i g k e i t  
v o n  d e r  d u r c h s c h n i t t l i c h e n  V e r w e i l z e i t  d e r s e l b e n  b e s t i m m t  w e r d e n  
ka n n .  E i n e r  d e r  b e i d e n  P a r a m e t e r  b e s t i m m t  d a s M a ß  d e r  i n n e r e n  Re - 
z i r k u l a t i o n ,  w ä h r e n d  d e r  a n d e r e  m i t  d e m  V e r h ä l t n i s  d e r  t a t s ä c h l i ­
c h e n  V o l u m e n  d e r  e i n z e l n e n  F l i e ß b e t t b e r e i c h e  zu e i n a n d e r  z u s a m m e n ­
h ä n g t  .
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Wi r m ö c h t e n  n o c h  b e m e r k e n ,  d a ß  d i e  a n g e s t r e b t e  a l l g e m e i n e  
F o r m u l i e r u n g  d e r  D i c h t e f u n k t i o n e n  ( 2 6 )  u n d  (34) in d e m  Fa ll  n ü t z ­
l i c h  ist, w e n n  d i e  V e r w e i 1 z e i t v e r t e i 1 u n g  e i n e s  k o n k r e t e n  P r o b l e m s  
im Z u s a m m e n h a n g  m i t  F l i e ß b e t t a p p a r a t e n  g e s u c h t  w i r d .  In s o l c h e n  
F ä l l e n  sind d i e  f r e i e n  P a r a m e t e r  a u f  d i e  W e i s e  zu v e r ä n d e r n ,  w i e  
e s  d e r  Z w e c k m ä ß i g k e i t  am b e s t e n  e n t s p r i c h t .

Z E I C H E N E R K L Ä R U N G

c K o n z e n t r a t i o n  d e s  I n d i k a t o r s t o f f e s  b e i m  A u s t r i t t  ( m 3 - m ~ 3 )
c ^  E i n t r i t t s k o n z e n t r a t i o n s - F u n k t i o n  (m 3 •m ~ 3 )
c ̂  A u s t r i t t s k o n z e n t r a t i o n s - F u n k t i o n  im a l l g e m e i n e n  Fa ll  ( m 3 - m - 3
c 2 K o n z e n t r a t i o n  d e s  I n d i k a t o r s t o f f e s  am A n f a n g  d e s B e r e i c h e s  

2 b z w .  i m  B e r e i c h  2 ( m 3 * m ~ 3 )

Lapl a c e - T r a n s f о r m i e r t e  d e r  K o n z e n t r a t i o n s f u n k t i о nen  

L a u f e n d e  S u m m i e r u n g s i n d  ic es

m Höh e d e s F l i e ß b e t t a p p a r a t e s  (m)
p P a r a m e t e r  d e r  La p l a c e - T r a n s f o r m a t i on
p £ P o l s t e l l e n  d e r  L a p l a c e - T r a n s f o r m i e r t e n  f
2 r  D u r c h m e s s e r  d e s  F u t t e r r o h r e s  (m)
2 R  D u r c h m e s s e r  d e s  F l i e ß b e t t a p p a r a t e s  (m)
t Z e i t k o o r d i na t e  (s ec )
t d u r c h s c h n i t t l i c h e  V e r w e i l z e i t  ( s e c )
t i ,  t 2 , t 3 V e r w e i I z e i t e n in d e n  d r e i  B e r e i c h e n  (se c)
t ^  B r e i t e  d e s  E i n g a n g s i m p u l s e s  ( s e c )
u V o l u m g e s c h w i n d i g k e i t  de s g e t r i e b e n e n  S t o f f e s  ( m 3 s e c - 1 )
u 1 V o l u m g e s c h w i n d i g k e i t  d e s  t r e i b e n d e n  M e d i u m s  ( m 3 s e c - 1 )
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u-i, u 2 > u 3 V o l u m g e s c h w i n d i g k e i t e n  d e s g e t r i e b e n e n  S t o f f e s  in d e n  
d r e i  B e r e i c h e n  ( m 3 s e c - 1 )

u > u u V o l u m g e s c h w i n d i g k e i t e n  d e s  r e z i r k u l i e r e n d e n  g e t r i e b e n e n  a v b
S t o f f e s  ( m 3 s e c - 1 )

Vi , V 2 » V 3 V o l u m e n  d e r  dr ei  B e r e i c h e  ( m 3 )
X r e a g i e r e n d e r  A n t e i l  (l)
X d u r c h s c h n i t t l i c h e r  r e a g i e r e n d e r  A n t e i l  (l)
a I m p u l s ü b e r t r a g u n g s f u n k t i o n  
u R e a k t i o n s z e i t k o n s t a n te ( s e c - 1 ) 
ф 3 ,ф ь R e z i r k u l a t i o n s q u o t i e n t e n  (l)
p D i c h t e f u n k t i o n  d e r  V e r w e i l z e i t v e r t e i l u n g  ( s e c - 1 )
P e W a h r s c h e i n l i c h k e i t s d i c h t e  d e s  E i n k o r n s  ( s e c - 1 )
oj , o 2 V o l u m q u o t i e n t e n  d e s  g e t r i e b e n e n  S t o f f e s  im e n t s p r e c h e n d e n  

B é r é i  ch ( I )
Ф S t o f  f riickmi s c h u n g  s q u o t  i en t b e i m  A u s t r i t t  a u s  d e m  F l i e ß b e t t ­

a p p a r a t  ( I )
X E f f e k t i v e  V o l u m e n r a t e  d e r  B e r e i c h e  (l)
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РЕЗгОМЕ

В статье дается общее математическое описание гейэеровых 
процессов и аппаратов на основе рециркуляционной модели.

Нартину течения, возникающего в гейзеровом слое, моделирова­
ли при условиях нак нулевого,так и полного смешения в центральной, 
критической области.

Дается решение уравнений физичесной модели, относящихся к ко­
нечной концентрации пропущенного вещества, и использование резуль­
татов для определения распределения времени нахождения.

Сравнение двух моделей и выяснение роли центрально-област­
ного смешения проводилось с использованием моделей в одинаковых 
расчетах.
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E N E R G E T I S C H E  E I G E N S C H A F T E N  P L A S M A B I L D E N D E R  G A S E  
D E R  T I E F T E M P E R A T U R - P L A S M A T E C H N I K

W. F R A T Z S C H E R ,  D. H E B E C K E R  u n d  J. H O N S C H A

(Technische Hochschule für Chemie "Carl Schorlemmer" 
Leuna-Merseburg)

Eingegangen am 20. September 1979.

In der Arbeit sind ausgehend von den Eigenschaf­
ten des Plasmazustandes die Notwendigkeit der Ein­
schätzung der energetischen Eigenschaften plasmabil­
dender Gase aufgezeigt. Hierzu eignen sich kalorische 
Zustandsgrößen wie Entalpie und Exergie, wenn sie ins­
besondere als spezifische Energiedichten unter Verwen­
dung des Volumenvergrößerungskoeffizienten der Disso­
ziation dargestellt werden.

Im folgenden wird ein Verfahren zur Berechnung 
der Exergie plasmabildender Gase angegeben, das mit 
hoher Genauigkeit und rechentechnisch vorteilhaft ar­
beitet. Ausgangswerte sind Angaben aus bekannten Ta­
bellenwerken für die Einzelgase. Einige Berechnungser­
gebnisse werden in Form von Diagrammen wiedergegeben 
und diskutiert. Dabei lassen sich die energetischen 
Vorteile der Verwendung plasmabildender Gase im Disso- 
ziationsbereich verdeutlichen.

1. E I G E N S C H A F T E N  P L A S M A B I L D E N D E R  G A S E

D a s P l a s m a  w i r d  im z u n e h m e n d e n  M a ß e  in d e r  S t o f f w i r t s c h a f t  
s o w i e  d e r  E n e r g i e -  u n d  W e r k s t o f f t e c h n i к g e n u t z t .  D e r  S c h w e r p u n k t  
l i e g t  d a b e i  im T e m p e r a t u r b e r e i c h  bis  1 0 “ K e l v i n ,  e i n  B e r e i c h ,  d e r  
a l s  T i e f t e m p e r a t u r p l a s m a  b e z e i c h n e t  w i r d .  B e k a n n t l i c h  w i r d  a l s
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P l a s m a  e i n  G e m i s c h  a u s  M o l e k ü l e n ,  A t o m e n ,  E l e k t r o n e n  u n d  I o n e n  
e i n e s  S t o f f e s  b e z e i c h n e t .  Von  e i n e m  t h e r m i s c h e n  P l a s m a  s p r i c h t  m a n  
w e n n  s e i n e  B e s t a n d t e i l e  im v o l l s t ä n d i g e n  s t a t i s t i s c h e n  G l e i c h g e ­
w i c h t  v o r l i e g e n  u n d  d i e  P a r t i e i g e s c h w i n d i g k e i t e n  e i n e r  M a x w e l l v e r ­
t e i l u n g  f o l g e n .

F ü r  d i e  t e c h n i s c h e  A n w e n d u n g  d e s  P l a s m a s  s i n d  i n t e r e s s a n t
- d i e  h o h e  T e m p e r a t u r
- d e r  h o h e  s p e z i f i s c h e  E n e r g i e i n h a l t  u n d
- d a s  A u f t r e t e n  v o n  e l e k t r i s c h  g e l a d e n e n  T e i l c h e n  [1, 2, 3].

F ü r  s t o f f w i r t s c h a f t l i c h e  P r o z e s s e  s i n d  d i e  e r s t e n  b e i d e n  G e ­
s i c h t s p u n k t e  v o n  B e d e u t u n g .  S i e  k o m m e n  bei f o l g e n d e n  R e a k t i o n s t y ­
p e n  z u m T r a g e n :
1. R e a k t i o n e n ,  be i d e n e n  d u r c h  d i e  T e m p e r a t u r e r h ö h u n g  d a s  G l e i c h ­

g e w i c h t  a u f  d i e  S e i t e  des g e w ü n s c h t e n  P r o d u k t e s  v e r s c h o b e n  w i r d
2. R e a k t i o n e n ,  d i e  a u f g r u n d  i h r e r  K i n e t i k  e i n e  h o h e  T e m p e r a t u r  f ü r  

a u s r e i c h e n d e  R e a k t i o n s g e s c h w i n d i g k e i t e n  e r f o r d e r n .
3. R e a k t i o n e n ,  d i e  ü b e r  Z w i s c h e n s t u f e n  l a u f e n ,  d i e  bei n i e d r i g e n  

T e m p e r a t u r e n  n i c h t  e x i s t i e r e n .
4. R e a k t i o n e n ,  b e i d e n e n  d i e E i g e n s c h a f t e n  d e r  E n d p r o d u k t e  d u r c h  

h o h e  T e m p e r a t u r e n  v e r b e s s e r t  w e r d e n .
5. E n d o t h e r m  v e r l a u f e n d e  R e a k t i o n e n  m i t  g r o ß e n  R e a k t i o n s e n t h a l p i e n  

bei d e n e n  d u r c h  d e n  h o h e n  s p e z i f i s c h e n  E n e r g i e i n h a  1 1 d e s  P l a s ­
m a s  a l s  E n e r g i e t r ä g e r  ho he  R e a k t i o n s r a u m b e l a s t u n g e n  e r r e i c h t  
w e r d e n  k ö n n e n  [5 , 6 , 8 ].

Im f o l g e n d e n  s o l l e n  die p 1 a s m a b i 1 d e n d e n  G a s e  f ü r  d e n  z u l e t z t  
g e n a n n t e n  V e r w e n d u n g s z w e c k  u n t e r s u c h t  w e r d e n .  D e s h a l b  s t e h e n  f ü r  
d i e  A u s w a h l  u n d  B e w e r t u n g  d e r  p l a s m a b i l d e n d e n  G a s e  i h r e  e n e r g e t i ­
s c h e n  E i g e n s c h a f t e n  z u r  V e r f ü g u n g  [ 7 ] . A l s  e n e r g e t i s c h e  E i g e n s c h a f ­
t e n  l a s s e n  s i c h  a n s e h e n  die j e  T r ä g e r g a s e i n h e i t  t r a n s p o r t i e r t e  
E n e r g i e m e n g e ,  d i e  T e m p e r a t u r  bei d e r  d i e s e  E n e r g i e m e n g e  z u r  V e r f ü ­
g u n g  g e s t e l l t  w e r d e n  k a n n  und  d i e  Q u a l i t ä t  d i e s e r  E n e r g i e m e n g e  bei 
e i n e m  e n t s p r e c h e n d e n  Ü b e r t r a g u n g s p r o z e s s .  D i e s e  E i g e n s c h a f t e n  w e r ­
d e n  d u r c h  d e n  t h e r m o d y n a m i s c h e n  Z u s t a n d  d e s  P l a s m a s  b e s t i m m t .  D e r
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E i n f l u ß  w e i t e r e r  p h y s i k a l i s c h e r  P a r a m e t e r  w i e  W ä r m e l e i t f ä h i g k e i t ,  
Z ä h i g k e i t ,  e l e k t r i s c h e  L e i t f ä h i g k e i t ,  D i f f u s i o n s k o e f f i z i e n t  u s w .  
i n f o l g e  D i s s o z i a t i o n  w u r d e  in d i e s e r  A r b e i t  n i c h t  u n t e r s u c h t .

D e r  s p e z i f i s c h e  E n e r g i e i n h a l t  w i r d  d u r c h  d i e  E n e r g i e d i c h t e  
- d e f i n i e r t  a l s d i e  je V o l u m e n  o d e r  M o l e i n h e i t  im P l a s m a  g e b u n d e n e  
E n e r g i e  - e r f a ß t .  D i e  A n g a b e  v o n  E n t a l p i e w e r t e n  f ü r d a s P l a s m a  
ist d e m g e g e n ü b e r  p r o b l e m a t i s c h ,  da s i e v e r ä n d e r l i c h  und  s c h w e r  m e ß ­
b a r s i n d .  A u ß e r d e m  l ä ß t  s i c h  f ü r  d a s P l a s m a  n u r  e i n e  m i t t l e r e  M a s ­
s e n t e m p e r a t u r  e r r e c h n e n ,  d i e  n u r  b e g r e n z t  A u s s a g e n  zu d e n t a t s ä c h ­
l i c h e n  V e r h ä l t n i s s e n  im R e a k t o r  m a c h e n  k a n n .

D i e  Q u a l i t ä t  d e r  E n e r g i e  l ä ß t  s i c h  a l l g e m e i n  d u r c h  d i e  E x e r -  
gi e a u s d r ü c k e n .  Da d i e  E x e r g i e  d e r  b e l i e b i g  u m w a n d e l b a r e  T e i l  d e r  
E n e r g i e  ist , s t e l l t  d i e  A n g a b e  d e r  E x e r g i e  e i n e s  p l a s m a b i l d e n d e n  
G a s e s  e i n  M a ß  f ü r  d i e  m i n d e s t e n s  a u f z u w e n d e n d e  E l e k t r o e n e r g i e  z u r  
E r z e u g u n g  d e s P l a s m a s  d a r .  D e s h a l b  e i g n e t  s i c h  d i e  E x e r g i e  z u r  
K e n n z e i c h n u n g  w e s e n t l i c h e r  S e i t e n  d e r  e n e r g e t i s c h e n  E i g e n s c h a f t e n .

F ü r  d e n  f ü r  p l a s m a b i l d e n d e  G a s e  i n t e r e s s i e r e n d e n  T e m p e r a t u r ­
b e r e i c h  l a s s e n  s i c h  d i e  E x e r g i e n  n u r  m i t  g r o ß e n  F e h l e r n  a u s  v o r ­
h a n d e n e n  D i a g r a m m e n  e n t n e h m e n .  Im f o l g e n d e n  w i r d  d e s h a l b  e i n  V e r ­
f a h r e n  z u r  B e r e c h n u n g  d e r  D i s s o z i a t i o n s e x e r g i e  v o r g e s c h l a g e n ,  d a s  
a u s g e h e n d  von  b e k a n n t e n  T a b e l l e n w e r t e n  n u m e r i s c h  zu g e n a u e n  W e r t e n  
f ü hr t.

2. B E R E C H N U N G  D E R  E X E R G I E  V O N  P L A S M E N

Da z u r  B e w e r t u n g  d e r  p l a s m a b i l d e n d e n  G a s e  d i e  E n e r g i e d i c h t e  
h e r a n g e z o g e n  w e r d e n  s o l l ,  i s t es z w e c k m ä ß i g  d i e  I n t e n s i t ä t  d e r  
D i s s o z i a t i o n  d u r c h  d e n  V o l u m e n v e r g r ö ß e r u n g s k o e f f i z i e n t e n  zu k e n n ­
z e i c h n e n .  Es ist

В (1 )



118 W. Fratzscher, D. Hebecker und J. Honscha Vol. 3.

m i t
Rj - M o l a n t e i l  d e r  V e r b i n d u n g  j im A u s g a n g s g e m i s c h

- M o l a n t e i l  d e r  V e r b i n d u n g  к i m  G l e i c h g e w i c h t s g e m i s c h  
V. • ; v. . - s t ö c h i o m e t r i s c h e  K o e f f i z i e n t e n  z u r  K e n n z e i c h n u n g
1 Г J 1 ! K d e r  A n z a h l  d e r  A t o m e  d e s  E l e m e n t s  i in d e n  V e r ­

b i n d u n g e n  j b z w .  k.
D e r  V o l u m e n v e r g r ö ß e r u n g s k o e f f i z i e n t  ist  e i n  M a ß  f ü r  d i e  E n e r -  

g i e t r a n s p o r t l e i s t u n g .  Er ist a u c h  f ü r  d i e  K e n n z e i c h n u n g  v o n  M e h r ­
k o m p o n e n t e n s y s t e m e n  a n w e n d b a r .  F ü r  b i m o l e k u l a r e  G a s e  e r g i b t  si ch  
e i n  e i n f a c h e r  Z u s a m m e n h a n g  m i t d e m  D i s s o z i a t i o n s g r a d  a e n t s p r e c h e n d

В = 1 + а

Im B i l d  1 i s t  d e r  V e r l a u f  d e s  V o l u m e n v e r g r ö ß e r u n g s k o e f f i z i ­
e n t e n  f ü r  e i n i g e  b i m o l e k u l a r e  G a s e  a l s  F u n k t i o n  d e r  T e m p e r a t u r  a n ­
g e g e b e n  .

Bild 1. Abhängigkeit des Volumenvergrößerungskoeffizienten von der 
Temperatur bei der Dissoziation von Gasen
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Z u r  B e r e c h n u n g  d e r  E x e r g i e  g e h t  m a n  z w e c k m ä ß i g  v o n  d e r  D e f i ­
ni t i o n s g l e i c h u n g  a u s  [4, 9, 11]

E = (H - Нц) - T0 (S - Бц) (2)

A l s  U m g e b u n g s z u s t a n d  w i r d  d e r  S t a n d a r d z u s t a n i  ( 2 9 3  К, 1 a t m )  
d e r  j e w e i l s  s t a b i l s t e n  M o d i f i k a t i o n  v e r w e n d e t .  F ü r  d i e  in B i l d  1 
a u f g e f ü h r t e n  G a s e  ist d i e s  s t e t s  d i e  z w e i a t o m i g e  V e r b i n d u n g .  B e i m  
S c h w e f e l  i s t h i e r b e i  e i n e  A g g r e g a t s z u s t a n d s ä n d e r u n g  zu b e r ü c k s i c h ­
t i g e n .

W e r d e n  d i e  p l a s m a b i l d e n d e n  G a s e  a l s i d e a l e  G a s e  a n g e s e h e n ,  
so l ä ß t  s i c h  d i e  E n t h a l p i e  H in Gl. (2) n a c h  d e r  B e z i e h u n g

m
н = ß E r. h *(t ) (3)k=l K K

b e s t i m m e n .  D i e  E n t h a l p i e n  d e r  E i n z e l g a s e  H ^ * ( T )  k ö n n e n  e n t s p r e c h e n ­
d e n  T a b e l l e n w e r k e n  e n t n o m m e n  w e r d e n  [1 0] . D i e  M u l t i p l i k a t i o n  m i t  
d e m  V o l u m e n v e r g r ö ß e r u n g s k o e f f i z i e n t  e r g i b t  d i e  E n e r g i e d i c h t e .  F ü r  
d i e  E n t r o p i e  d e s  pl a s m a b i 1d e n d e n  G a s e s  g i l t

S = ST + ASM + ASp (4)

D a b e i  s t e l l t  Sy d i e  T e m p e r a t u r f u n k t i o n  d e r  E n t r o p i e ,  A S ^  d e n  M i ­
s c h u n g s a n t e i l  u n d  д Б  p d e n  D r u c k a n t e i l  dar . D i e  T e m p e r a t u r f un k t i on  
b e s t i m m t  s i c h  a u s  d e r  B e z i e h u n g

m
ST = В E r S.(T) (5)

k=l K K
D u r c h  d i e  M u l t i p l i k a t i o n  m i t  ß e r r e i c h t  m a n  d e n  g l e i c h e n  B e ­

z u g s p u n k t  w i e  f ü r  d i e  E n t h a l p i e .  D i e  E n t r o p i e n  d e r  E i n z e l g a s e  k ö n ­
n e n  e n t w e d e r  e n t s p r e c h e n d e n  T a b e l l e n w e r k e n  [ 1 0 ]  u n m i t t e l b a r  e n t n o m ­
m e n  w e r d e n  o d e r  U b e r  d i e  E n t h a l p i e ,  d i e  r e d u z i e r t e  f r e i e  E n t h a l p i e  
Ф u n d  d i e  G l e i c h g e w i c ht s k o n s t a n t e  Kp b e r e c h n e t  w e r d e n .  F ü r  d i e  A u s ­
w e r t u n g  d e r  B e z i e h u n g e n  a u f  R e c h e n a u t o m a t e n  ist  d e r  l e t z t e  W e g  v o r ­
t e i l h a f t e r ,  da h i e r z u  e i n  k l e i n e r e r  S p e i c h e r p l a t z b e d a r f  e r f o r d e r ­
l i c h  ist. F ü r  b i m o l e k u l a r e  G a s e  g e s t a l t e t  s i c h  d i e  R e c h n u n g  b e s o n ­
d e r s  e i n f a c h .  D i e  E n t r o p i e n  d e r  a t o m a r  v o r l i e g e n d e n  A n t e i l e  b e s t i m ­
m e n  s i c h  a u s  d e r  B e z i e h u n g
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s£(t )= фА (Т) +
(н*А (т) - h£a ) + (h£ - h£)

T
(6)

D a b e i  s t e l l t  (h *A (t ) - H*A ) d i e  G e s a m t e n t h a l p i e ä n d e r u n g  ( i n f o l g e
Ä n d e r u n g  d e s  t h e r m i s c h e n  u n d  d e s  c h e m i s c h e n  Z u s t a n d e s )  z w i s c h e n
d e r  l a u f e n d e n  T e m p e r a t u r  T u n d  d e r  S t a n d a r d t e m p e r a t u r , d i e  g l e i c hА Аd e r  U m g e b u n g s t e m p e r a t u r  g e s e t z t  i s t ,  da r.  D e r  T e r m  (Hy - H Q ) e n t ­
s p r i c h t  d e r  E n t h a l p i e  d e s  U m g e b u n g s z u s t a n d s  b e z o g e n  a u f  O.K .

A u s  d e m  A n s a t z

AG = ДН - TAS = - RT ln К ( 7 )P
l ä ß t  s i c h  u n t e r  B e n u t z u n g  v o n  Gl. ( 6 ) d i e  E n t r o p i e  d e r  m o l e k u l a r  
v o r l i e g e n d e n  A n t e i l e  d e s P l a s m a s  b e s t i m m e n .  F ü r  z w e i a t o m i g e  G a s e  
g i l t

H*M (T) + 2[фА (T)•T - H*A + (h£ - H*)]
s£(T) = R ln К + --------------------------------- —-------- *------2— (8)K P y

II
kWh

1,6 №n3

1,4
1,2

1,0

0,8 
0,6

0,4

0,2

Bild 2. Enthalpie dissoziierender Gase als Funktion der Temperatur
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3. Exergie dissoziierender Gase als Funktion der Temperatur
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G l e i c h g e w i c h t s k o n s t a n t e ,  r e d u z i e r t e  f r e i e  E n t h a l p i e ,  d i e  E n ­
t h a l p i e n  d e r  a t o m a r e n  un d m o l e k u l a r e n  G a s e  s o w i e  d i e  W e r t e  d e s  U m ­
g e b u n g s z u s t a n d e s  k ö n n e n  T a b e l l e n  [ 1 0 ]  e n t n o m m e n  w e r d e n ,  s o d a ß  a u c h  
d i e s e r  E n t r o p i e b e t r a g  l e i c h t  b e r e c h n e t  w e r d e n  ka n n .

F ü r  d e n  M i s c h u n g s a n t e i l  d e r  E n t r o p i e  g i l t  
m ,

ASM = 8R E r K Ш  —  ( 9 )
K—

u n d  f ü r  d e n  D r u c k a n t e i l

PrjAS = ßR ln — - (10)
P P

Mi t  d i e s e n  B e z i e h u n g e n  i s t  e i n e  v o l l s t ä n d i g e  B e r e c h n u n g  d e r  
k a l o r i s c h e n  Z u s t a n d s g r ö ß e n  d e r  p l a s m a b i l d e n d e n  G a s e  m ö g l i c h .  In 
B i l d  2 ist  d e r  V e r l a u f  d e r  E n t h a l p i e  u n d  in B i l d  3 d e r  d e r  E x e r g i e  
a l s  F u n k t i o n  d e r  T e m p e r a t u r  f ü r  d i e  s c h o n  in B i l d  1 e r f a ß t e n  z w e i ­
a t o m i g e n  G a s e  w i e d e r g e g e b e n .  D i e  B e r e c h n u n g e n  e r f o l g t e n  b i s zu v o l l ­
s t ä n d i g e n  D i s s o z i a t i o n .

3. E I N S C H Ä T Z U N G E N  D E R  E R G E B N I S S E

D i e  e n e r g e t i s c h e n  E i g e n s c h a f t e n  von  z w e i a t o m i g e n  G a s e n  in h ö ­
h e r e n  T e m p e r a t u r b e r e i c h e n  w e r d e n  m a ß g e b l i c h  d u r c h  d i e  D i s s o z i a t i o n  
- d i e  G r ö ß e  d e r  D i s s o z i a t i o n s e n e r g i e  u n d d e r  z u g e h ö r i g e  T e m p e r a t u r ­
b e r e i c h  - b e s t i m m t .  In T a b e l l e  1 s i n d  d i e  e n t s p r e c h e n d e n  W e r t e  
f ü r  d i e  u n t e r s u c h t e n  G a s e  a n g e g e b e n .  M i t  e i n e r  Z u n a h m e  d e r  D i s s o ­
z i a t i o n s e n e r g i e  v e r s c h i e b t  s i c h  d e r  z u g e h ö r i g e  T e m p e r a t u r b e r e i c h  
zu h ö h e r e n  T e m p e r a  t u r e n . D i e s e r  S a c h v e r h a l t  l ä ß t  s i c h  n a c h  G l . (7) 
d a r a u f  z u r ü c k  f ü h r e n ,  d a ß  bei s t a r k e r  E n d o t h e r m i e ,  d . h .  h o h e r  D i s ­
s o z i a t i o n s e n e r g i e  e r s t  bei h o h e n  T e m p e r a t u r e n  e i n e  G l e i c h g e w i c h t s ­
v e r s c h i e b u n g  z u g u n s t e n  d e r  D i s s o z i a t i o n s p r o d u k t e  e r f o l g t .  B i l d  1 
z e i g t ,  d a ß  d e r  A n s t i e g  d e r  K u r v e n  m i t  e i n e r  E r h ö h u n g  d e r  D i s s o z i a ­
t i o n s t e m p e r a t u r  f ä l l t  u n d  d a m i t  d e r  D i s s o z i a t i o n s b e r e i c h  e i n e  g r ö ­
ß e r e  T e m p e r a t u r s p a n n e  u m f a ß t .  E i n e  g e r i n g f ü g i g e  A b w e i c h u n g  h i e r v o n  
e r g i b t  s i c h  b e i m  V e r g l e i c h  v o n  W a s s e r s t o f f  u n d  S a u e r s t o f f .  Z u s a m -
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T a b e l l e  1. D i s s o z i a t i o n s e n e r g i e  u n d  T e m p e r a t u r b e r e i c h  f ü r  d i e  
D i s s o z i a t i o n  e i n i g e r  z w e i a t o m i g e r  G a s e  bei P = 1 a t m

Ga s D i s s o z i a t i o n s e n e r g i e T e m p e r a t u r b e r e i c h
bei T =a n c kcal

° ’ 5 Ш Т К
F l u o r 34 151 4 0 0  - 1 8 0 0
C h l o r 53 5 1 0 1 5 0 0  - 3 2 0 0
S c h w e f e l 94 0 5 2 2 6 0 0  - 4 9 0 0
W a s s e r s t o f f 95 9 8 8 2 8 0 0  - 5 2 0 0
S a u e r s t o f f 1 1 2 9 4 0 2 9 0 0  - 5 1 0 0
Sti  c k s t o f f 2 0 9 575 5 4 0 0  - 9 2 0 0

m e n f a s s e n d  zu d i e s e m  B i l d  k a n n  f e s t g e s t e l l t  w e r d e n ,  d a ß  d i e  B r e i t e  
d e s  D i s s o z i a t i o n s g e b i e t e s  e i n e  A u s w a h l  d e s g ü n s t i g s t e n  E n e r g i e t r ä ­
g e r s  e n t s p r e c h e n d  d e n  P r o z e s s e r f o r d e r n i s s e n  n a c h  e n e r g e t i s c h e n  G e ­
s i c h t s p u n k t e n  e r f o r d e r l i c h  m a c h t .

B i l d  2 l ä ß t  e r k e n n e n ,  d a ß  bei v o l l s t ä n d i g e r  D i s s o z i a t i o n  v o n  
S t i c k s t o f f  d i e  5 bi s 8 - f a c h e  M e n g e  im V e r g l e i c h  zu F l u o r  u n d  
C h l o r  u n d  d i e  d o p p e l t e  M e n g e  im V e r g l e i c h  zu W a s s e r s t o f f ,  S a u e r ­
s t o f f  o d e r  S c h w e f e l  e i n g e b r a c h t  w e r d e n  kan n. E i n e  g e w i s s e  S o n d e r ­
s t e l l u n g  n i m m t  S c h w e f e l  ein. E n t s p r e c h e n d  d e m  E i n s a t z  bei h o h e n  
T e m p e r a t u r e n  w e r d e n  d i e u n t e r  1 0 0 0 ° C  v o r h a n d e n e n  h ö h e r e n  S c h w e f e l ­
v e r b i n d u n g e n  u n d  a l l e  f l ü s s i g e n  u n d  f e s t e n  P h a s e n  bei d e r  G l e i c h ­
g e w i  c h t s b e r e c h n u n g  v e r n a c h l ä s s i g t .  A u f g r u n d  d e r  W a h l  d e s  U m g e b u n g s ­
z u s t a n d e s  i s t in d e r  E n t h a l p i e  d e s  S c h w e f e l s  d i e  B i l d u n g s e n t h a l p i e  
v o n  S 2 a u s  f e s t e m  S c h w e f e l  e n t h a l t e n .

D e r  K u r v e n v e r l a u f  in B i l d  3 g l e i c h t  d e m  von  B i l d  2, d . h .  d i e  
q u a l i t a t i v e n  E i n f l ü s s e  a u f  E n t h a l p i e  u n d E x e r g i e  s t i m m e n  ü b e r e i n .  
A u f g r u n d  d e r  H ö h e  d e r  T e m p e r a t u r  i s t  e i n e  s o l c h e  A u s s a g e  zu e r w a r ­
te n.  W ä h r e n d  d i e  E n t h a l p i e  d i e  Q u a l i t ä t  an E n e r g i e  k e n n z e i c h n e t ,  
d i e  je M e n g e n e i n h e i t  p l a s m a b i l d e n d e s  G a s  e i n g e s e t z t  w e r d e n  m u ß ,  
g i b t  d i e  E x e r g i e  d e n  M i n d e s t b e t r a g  an,  d e r  bei r e v e r s i b l e r  F ü h r u n g  
d e s  P r o z e s s e s  e r f o r d e r l i c h  ist. A n d e r e r s e i t s  k e n n z e i c h n e t  d i e  E x e r ­
g i e  d i e  m a x i m a l  w i e d e r g e w i n n b a r e  N u t z a r b e i t  bei r e v e r s i b l e r  F ü h r u n g  
d e s  A n w e n d u n g s p r o z e s s e s .
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T x10-3

Bild 4. Verhältnis von Exergie zu Enthalpie in Abhängigkeit von 
der Temperatur für verschiedene Gase

Das Verhältnis (Ц) s t e l l t  e i n  K r i t e r i u m  z u r  E i n s c h ä t z u n g  d e r  
energetischen E i g e n s c h a f t e n  p l a s m a b i l d e n d e r  G a s e  da r.  F ü r  d i e  u n ­
tersuchten Gase ist d i e s e s  V e r h ä l t n i s  in B i l d  4 d a r g e s t e l l t .  Im 
Vergleich dazu w e r d e n  d i e  W e r t e  d e r  C a r n o t f u n k t i o n  (T - T y / T ) u n ­
ter Benutzung a r i t h m e t i s c h e r  u n d  l o g a r i t h m i s c h e r  M i t t e l w e r t e  e i n ­
gezeichnet. Daraus l ä ß t  s i c h  e i n  e f f e k t i v e r  E i n s a t z  d e r  G a s e  im 
D issoziationsbereich a b l e s e n .  D i e  A b w e i c h u n g e n  v o n  d e r  C a r n o t f u n k ­
tion nehmen richtig m i t  z u n e h m e n d e r  T e m p e r a t u r  ab.  D i e g r ö ß t e n  A b ­
weichungen ergeben s i c h  bei d e n  e i n z e l n e n  G a s e n  bei e i n e m  D i s s o z i ­
ationsgrad von a = 0 , 8  o d e r  ß = 1, 8.  N a c h  A b s c h l u ß  d e r  D i s s o z i a t i ­
on verschlechert s i c h  d i e  e n e r g e t i s c h e  K e n n z a h l  u n d  e r r e i c h t  W e r t e ,  
die unter denen d e r  n i c h t d i s s o z i i e r t e n  G a s e  l i e g e n .
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РЕЗЮМЕ

Статья занимается энергетическими свойствами плазмообраэу­
ющих газов. Рассматривает калорийные определяющие состояния, эн­
тальпию и энергию как удельные энергетические плотности в зависи­
мости от коэффициента увеличения объема при диссоциации.

Автор предлагает способ расчета энергии плазмообраэующих га­
зов. Расчет сравнительно прост и точность его большая.

Необходимые при расчетах данные для некоторых газов привод­
ятся в таблицах. Несколько результатов расчета дается в форме ди­
аграмм. Нроме того рассматриваются энергетические преимущества ис­
пользования плазмообраэующих газов.
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The present paper deals with the controllability 
of a distributive model describing the process of 
flowthrough drying by means of linearization of the 
model. This problem is of especial significance in 
connection with the thermodynamical optimization of 
the process in connection with the selection of the 
allowed modes of control. The described method - which 
can advantageously be applied in the case of other si­
milar problems as well - is illustrated by a numeri­
cal example.

INTRODUCTION

Drying, that is to say, removal of the moisture content of 
various materials by caloric processes, is one of the most widely 
used operations in chemical industry.

Drying, in a similar way to any caloric process, is expensive, 
and consequently the determination of the amount of drying medium, 
heat requirement and overall dimensions of the apparatus are very 
important from an economic point of view.
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Accordingly, it is necessary that the drying operation be 
carried out in the most economical and, from a technological point 
of view, optimal manner. The aforesaid lead to the determination 
of the optimum conditions of the operation.

The most often used drying technique is flowthrough drying. 
In the case of the thermodynamical optimization of flowthrough 
drying, the function giving the changes in the ecergy of the sys­
tem [1] or its form expressed in terms of expenses have to be mi­
nimized :

T

K p = {  ÏÏ ( b g b  - b g k ) dT + B so ’ B sv d >

where the exergy of the solid material is the function of the tem­
perature and moisture content of the phase in question [2], that 
is

b g = bg [ x L( x ) , t L ( x ) ]  

BS = Bs [ X<T>> *па<т >]

(2 )

since the expenses of the process, as referred to dry material, 
are the following:

t
K p = (  <c gb - c gk>  d * + C so - C sv

If it is assumed that there is a linear relationship between the 
specific exergy of the drying air and the moist substance on the 
one hand, and the cg and С$ specific expense factors on the other, 
further that the proportionality factor is the same for both pha­
ses [1], i.e.

c g
C s + Cоs

where C° is the specific economic value of the solid material in 
equilibrium with the environment, we can write
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Kp = Kp/£ = / Ç  (ьr О дь b gk> dT + B so - B sv

where Kp is the exergy expense of the process.

z = Z

z=0

According to this the driving pa­
rameters of the system are the func­
tions xLt)(T) and tib(x); moreover the 
state of changes of the system are the 
characteristics of the drying medium, 
i.e. the functions Х.^(т) and t^(x) 
(see Fig. 1).

Ч ь (т)*хьь(т)

Fig . 1

The Mathematical Model

The model describing the changes of the state variables in 
time are the following [3]:

dX
dx

Эх. a x L
---  + p. e ---az L 9 t

d t.
Lc ni —nL dz

и 8 7Г <

ax.+ L (r + c ,r t. ) --  - N a„ (r + c' о p w G  L' p ' о p w G  Ь 1_ ‘

(3)

(4)

(5)



130 В. Paláncz Vol. 3.

'na , Zt H F = “ kv < 4  ' V )  " N < r o + c p w G t F ' c w t F^
a p d T

(6)

where
N = a (Xp - Xb) f,

in case of X > Х^г, f = 1 Xp = <p(tp),

(7)

if Xo < X < Xkr, 0 < f < 1 xF = XF " Fkr

where

if X = X e , than f = 0

f = aX + b 

1
a =

Xkr - xe
(8)

b =
Xkr - Xe

The conditions of unequivocalness are the following:

X ( Z , о ) = XQ 

X[_(°»T) = х[_ь ( T ) 

tL(°»T) = 4 b ( T) 
tpt2’0) = Vo

The aim of optimization is to determine the Xpb(t) ant̂  tpb(x) 
functions is such a manner that they should assume their minimum 
value at function (1), taking the restrictions defined by Equati­
ons (3) - (9) into consideration.

The optimization task is the determination of an optimum 
control and accordingly its first step is the above mathematical
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model, i.e. the study of the controllability of the system descri­
bed by Equations (3) - (9) on the set of controlling parameters:

4 |_ b ’ 4 b^ £  [xLb mi n , x L b  m a x ]® [4 b m i n * 4 b  m a x ] (1 0 )

Linearization of the Model

As it was seen, the mathematical model of flowthrough drying 
can be described by a set of partial differential equations of va­
rying coefficients. The controllability test of such systems is an 
extremely involved task, frequently it cannot be solved at all. 
Consequently, the following procedure was carried out in the pre­
sent studies: the model was linearized in the nodes of the network 
aligned to a two-dimension range and this linearized model was 
examined in the following as regards controllability.

Accordingly, the structure of the linear model in a given
4 b  6  C x Lb mi n ’ 4 b  m a x ] a n d  x Lb 6  [*|_Ь m i n >x Lb m a x ] P o i n t  is c o n _
sidered to be the following:

d x L к~ ~  = a 1 1 X L к 4  ) + a 1 2 4  к 4  ) +
ÜT

+ bl l xL b 4 )  + d1 2 4 b 4 ) >  ( 11)

d 4  к
— -  = a 2 1 4  к 4  ) + a 22 4  к 4  ) +dr

+ b21XL b 4 )  + b2 2 bL b 4 )  (12)

Coefficients â  . and b ĵ can be determined on the basis of 
the assumption that the values pertaining to the derivatives of 
state variables defined by Equations (11) and (12) further by the 
model (3) - (9) be minimal at the values of these coefficients, 
that is to say, integrals
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0
4  = /0

[a11xL(Z,x) + a12 bL ̂ ̂ ’T ̂ + bn XL(0,x) +

"*■ ^i2bL ^ ’T^
dx.

----- ( Z , X
dx

)]2 dx , (13)

0
h  = /0 Ca21xL ^ ’T  ̂ + a22^L(Z ,T) + b21xL(0,X ) +

+ t>22tL(0,x)
dt.

----- (Z.x
d X

)]2 dx (14)

assume a minimum value.
The values of x^(0,x), x^(Z,x), t^(0,x), t^(Z,x) and

dx^/dx(Z,x), dt^/dx(Z,x) are known from the numerical solution of 
the mathematical model (3) - (9) and accordingly the determination 
of the coefficients can be reduced to the solution of an inhomoge­
neous set of equations with four unknowns, since e.g. from 1

Э1-
:i5ida 11

we have

all  ̂ x l (Z’t) dx + ai2 f  tL ( Z , -г ) x̂  ( Z , X ) dx +

Ь ц  J xL(0,x)xL(Z,x)dx + b12 f tL(0,x)xL(Z ,x)dx
о о

9 dx.
= ; —  ( Z , X ) X. ( Z , X ) <*x 

о d X
(16)

where the integrals as constants are the coefficients of the set 
of equations.

Three similar equations are obtained from the conditions

a b  _ s l l .ОII ОII

9 1 2 b ll b 12
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The coefficients of Equation (12) can be determined in a similar 
manner.

The Examination of Controllability

In general, a system is called controllable if it can be 
brought from a given state to another within a finite period of 
time.

The set of Equations (11) and (12) can be written in the fol­
lowing form:

This linear system is controllable if, and only if, the order 
of the controllability matrix [4]

£ = [§, Ô §] (19)

of the system is 2, i.e.

P(I) = 2

If the above-mentioned network is chosen to be sufficiently 
fine, the question of controllability can be solved for the entire 
range of control parameters.

Numerical Example

The aforesaid is illustrated by numerical examples. The data 
of the latter are the following:
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II>

Ö 1C> kcal/m2hr°C
0  = 4C1 kg/m2- hr
a =  P 1,20C> m2/m3

pszt = 1,OOC1 kg / m3

cmL = 0.25 kcal/kg°C

c pwG~" 0.46 kcal/kg°C

cna - 1 kcal/kg°C
e = 0. 1 m3/m3
L 6 , OOC1 kg/m2hr

Xo =
0. 25 kg humid/kg

IIi-

X 0. 15 kg humid/kg

X
Л

)

II 0.05 kg humid/kg
t c = Fo 2 0 °C

ro = 577 kcal/kg

The point under examination,
out is

dry material 
dry material 
dry material

where linearization is carried

Fig. 2. 1: linearized model Fig. 3. 1: linearized model



1975 Controllability Tests on a Drying Process 135

= 50°C
= 0.06 kg humid/kg dry air

Figs. 2 and 3 show the curves furnished by the linearized 
model and the original model, respectively. In the determination 
of the coefficients, dimensionless variables

(20)

were used.
The numerical results are summarized in Tables 1 and 2. In 

the examination of controllability, on the basis of Table 1 we have

and

A =

В =

66.126 -48.821
124.561 -85.299

4.050 -16.000
-61.084 32.00

(2 1 )

Hereby, the controllability matrix is

К =
4.050 -16.000 3250 -2621

•61.084 32.00 5654 -4722

T a b l e  1

C o e f f i c i e n t s  o f  t h e  l i n e a r  m o d e l
“ 11
66.126

“ 12
-48.821

U11
4.050

12
-16.000

“ 21
124.561

’22 21
-85.299 -61.084

22
32.000
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Table 2

T 4 (Z,T) 4 k ( T ) XL(Z,t ) XL к(T )

0.,000 0.400 0. 400 0. 222 0. 222
0.,020 0.497 0. 515 0.308 0 .369
0.,040 0. 624 0. 681 0.466 0. 531
0.,060 0.753 0. 809 0. 650 0. 728
0.,080 0. 864 0.884 0.825 0. 886
0., 100 0. 946 0. 918 0.969 0. 973
0.,120 0.997 0. 930 1.070 1.007
0., 140 1.019 0. 934 1.127 1 .022
0.. 160 1.018 0. 935 1.145 1 .023
0., 180 1.002 0. 935 1.135 1 .023
0.. 200 0. 977 0. 935 1.106 1.023
0., 220 0. 950 0. 935 1.069 1 .023
0.. 240 0. 925 0. 935 1.031 1 .023
0..260 0. 906 0. 935 0. 999 1 .023
0.. 280 0.893 0. 935 0 .975 1.023
0,.300 0. 887 0 .935 0. 960 1 .023

By resolving g into diades we obtain

( - 0 . 2 5 3  1 - 2 0 3 . 0 1  1 6 3 . 9 )

( 1 0 - 2 2 8 . 5  1 8 8 . 4

and hence

P( K)  = 2

i.e. the system is controllable in the vicinity of the point de 
fined by the data = 50°C and = 0.06 kg humid./kg dry air.

К =
■16.000
32.000
0.000

-52.994
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SUMMARY

An approximate method for testing the controllability of a 
distributive system is presented. The method is based on the li­
nearization of the model at a given point. The coefficients of the 
linear model were determined numerically on the basis of the ori­
ginal mathematical model.

The concrete model was the mathematical model of a flow­
through-type drying process. The procedure was illustrated by a 
numerical example.

It is self-evident that the technique can be generalized to 
systems described by other partial differential equations as well.

Finally it is very important to note that in optimization 
tasks and in their solution, the restrictions pertaining to the 
controlling parameters play a very important role, and consequently 
the controllability tests are of basic consequence, since it is 
self-evident that the set of permissible controls cannot be wider 
than that set of controlling parameters with reference to which 
the system is controllable.

SYMBOLS USED

ap specific surface area, m2/m3
bg exergy of drying air referred to the mass of dry air, 

kcal/kg dry air
c specific heat, kcal/kg°C
cpwG specific heat of water vapour at a constant pressure, 

kcal/kg°C
l  economic value referred to unit exergy, Forints/kcal
i"0 latent heat, kcal/kg



138 В. Paláncz Vol. 3.

t temperature, °C
X humidity content of drying air, kg humidity/kg dry air
z length co-ordinate, m
Bs exergie of humidity, as referred to dry solid substance, 

kcal/kg dry substance
Cg economic value of humid material as referred to the mass of 

dry solid substance, Forints/kg dry material
G amount of solid substance, kg dry material
L amount of drying air, kg dry air/hr
Kp exergy expenses of the process, kcal/kg dry substance
Kp expenses of the process as referred to the mass of the dry 

solid substance, Forints/kg dry substance
N drying rate, kg humidity/m3hr
X humidity content of solid material, kg humidity/kg dry sub­

stance .

Greek characters

heat transfer coefficient, kcal/m2hr°C 
e porosity, m3/m3

density of air, kg/m3
Psz_l_ volume density of solid material, kg/m3 
t time, hr

evaporation coefficient, kg humidity/m2hra
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Indexes

b input
e equilibrium
к output
kr critical
na humid substance
nb humid air
L air
V final
w water
о initial
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РЕЗЮМЕ

Настоящая работа исследует управляемость дистрибутивной мо­
дели, описывающей процесс проточной сушки, с помощью приведения ее 
к линейному виду. Особое значение проблемы в выборе допустимых уп­
равлений при термодинамической оптимализации процесса. Приведенный 
способ, который может быть использован и в других подобных задани­
ях, иллюстрируется расчетным примером.
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A variant of the possibilities to increase the 
efficiency of single-phase, laminar-flow tubular reac­
tors is presented. The continuous flow space is de­
stroyed by baffle plates arranged in the reactor, 
whereby the latter becomes "cascade-like". In the pre­
sent paper, the flow-dynamic properties of reactor of 
1 metre in length, 5 cm. in diameter and containing 
baffle elements of different size and arrangement are 
discussed.

A requirement of paramount importance in the design of tubu­
lar reactors is to ensure adequate flow conditions, more particu­
larly, to bring about a "plug-like" flow pattern.

This means that the linear mean velocity of the medium 
flowing in the reactor has to be determined on the basis of the 
condition Re > 2500 (in the case of single-phase flow). If the 
length of the reactor is for some reason limited, recirculation 
has to be applied on account of the above mentioned condition in 
order to ensure a given residence time. If this is impossible, the 
reactor becomes a laminar-flow system, the disadvantages of which
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are generally known. (Due to the uncertain starting up section and 
the strong axial mixing, thç conversion becomes strongly stochas­
tic, its mean value is smaller than in the case of a "plug-like" 
flow.)

Relatively few papers dealing with mixing processes in lami­
nar-flow tubular reactors or with improving the efficiency of such 
reactors are found in literature [1-4]; nevertheless, it is known 
that "segmentation" of the flow space by application of a packing 
or baffle plates is an effective technique.

If the baffle plates are such as to produce a series of well 
mixed units by breaking up the flow, i.e. the originally conti­
nuous space is resolved into a cascade series (of which it is 
known that in the case of n^ > 10 it fairly approximates the effi­
ciency of the plug-like flow reactor), the solution can be regar­
ded as acceptable from every point of view. In the present work, 
the baffle-plate type tubular reactor was studied from point of 
view of operation. The aim was to study a reactor ensuring long 
residence times and accordingly the experiments were carried out 
in the 150 < Re < 750 range.

Four baffle-plate types 
were studied. These were dif­
ferent in the free flow cross- 
-section. For the sake of dis­
tinction, the different baffle 
plates were numbered. The baf­
fle plates as well as their 
arrangement is shown in Figure 
1.

The present paper deals 
with studies on the hydrodyna- 
mical characteristics of baf­
fle plate-type tubular reac­
tors. The study was based on 
results concerning the pressure drop beought about in the reactor 
and the residence time.

Fig.l. Baffle plate types and their 
arrangement
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Experimental Apparatus

The reactor was a vertical tube of 1 metre in length, 5 cm. 
in diameter and equipped with a thermostated jacket. A perforated 
plate was welded into the bottom of the reactor; the rod holding 
the baffle plates was supported by this plate. The support rod was 
of copper and of rectangular cross-section, the baffle plates were 
arranged on it. Its upper and lower ends were fastened by bolts so 
that the baffle plates could not move in a vertical direction.

The experimental set up is shown in Figure 2.
The reagents were forwarded from storage tank (1) into over­

flow tanks (3) by centrifugal pumps (2). The temperature of the 
reagents was approximately adjusted in the overflow tanks by tem­
perature controller (4). The temperature in the overflow tanks was 
monitored by thermometers (16). The temperature of the reagents 
leaving the overflow tanks was adjusted to the required value by 
ultra-thermostats (5). The amount of the reagents was controlled 
by valves (6) and rotameters (7). Having passed the rotameters, 
the reagents enteres flow-dynamical mixing unit (8) where they 
were mixed. The temperature of the liquid entering the reac­
tor was checked by thermometer (9). Injection was carried out at 
the nozzle connecting the flow-dynamical mixing unit with reactor 
(10). The pressure drop brought about in the reactor was measured 
by differential manometer (12). The upper part, the head of the 
reactor was made of plastic. A pair of electrodes for conductivity 
measurement and a bead-type thermistor was built into this plastic 
head. The conductance signal was measured by conductivity meter 
(13) and it was recorded by potentiometric recorder (14). The bead 
thermistor was connected to conductivity meter (15); the latter 
was calibrated. The bead thermistor ensured the measurement of the 
temperature at the end of the reactor.
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Fig. 2. Schematic diagram of the apparatus
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Measurement of Pressure Drop

In order to measure the pressure drop, two measuring nozzles 
were arranged at a distance of 2.5 cm. as measured from the top 
and the bottom of the reactor, respectively.The flow being laminar 
and the expected pressure drop a low value, carbon tetrachloride 
was used as manometer liquid in the differential manometer. No 
pressure drop could be observed with the use of baffle plate No.l 
and the empty tube.

Studies on Residence Time

The study on residence time was carried out on the basis of 
the residence time spectrum (density function) of the reactor. 
When recording the residence time spectrum, the flowing liquid was 
tap water. In accordance with the details stated in connection 
with the description of the experimental apparatus, the temperatu­
re of the input stream was adjusted to 25°C. A 10 % NaCl solution 
was applied as tracer. The latter (8 ml.) was introduced through a 
nozzle set up for this purpose by means of medical syringe. The 
tracer left in a rapid, turbulent stream at the exit end and it 
was measured and recorded by a conductometer. The tube cross sec­
tion at the point of injection and at the place of the conductomet­
ric electrode pair was identical.

RESULTS AND DISCUSSION 

Studies on Pressure Drop

The value of the pressure drop arising across the reactor 
was arbitrarily assigned to the distance between the measuring 
nozzles, since as a consequence of the application of the baffle
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plates, the flow of the fluid particles in the reactor was consi­
derably longer than in the empty tube. In the experiments, the 
Fanning tube friction coefficient was calculated from the pressure 
drop value on the basis of the force equilibrium:

лр • d

The results show that by decreasing the distance between the baf­
fle plates, the rapid change in the friction coefficient, charac­
teristic of laminar flow, gradually disappears. This is illustra­
ted in Figure 3, for the case of baffle plate No.4.

A similar result is observed when the free flow cross section 
is decreased. The results obtained with a baffle plate distance of 
5 cm. are shown, for the case of different baffle plates, in Figu­
re 4 .

The pressure drop brought about by the local resistance is 
composed of the axial flow loss, the tangential flow loss and the 
turbulence loss [5].

Evaluation of Residence Time Spectra

The residence time spectra were evaluated by a digital com­
puter type ODRA 1204. In the course of the evaluation, the moments 
of the residence time spectrum, the mean residence time and the 
variance were calculated and the dimensionless C-curve was con­
structed.

Depending on the type of the baffle plate and on the distance 
between the baffle plates, different types of reactors are ob­
tained. The latter were compared on the basis of the dimensionless 
residence time spectra (C-curves) and the equivalent cascade num­
ber - the latter being in close connection with axial mixing.
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Fig.3. Tube friction coefficient
plotted against Re-number 
Baffle plate No. I4 ;
-•- empty tube
0 - h = 2. 5 cm+ - h = 5 cm

- h = 10 cm
Л - h = 20 cm

Fig.l*. Tube friction coefficient
plotted against Re-number
h = 5 cm .

empty tube+ - baffle plate No . 2
- baffle plate No . 30 - baffle plat e No . It

The equivalent cascade number was determined by the formula 
proposed by LEVENSPIEL [6]:

,2 = a t2
n

1

e k v . ( Pe)2 (Pe - 1 + e ' P e ) (2)
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Fig.5* Comparison of experimental residence time spectra. Baffle 
plate No.2;Re 1^5; + empty tube (002), о - h= 20 cm (21(2)
Д - h = 10 cm (232), • - h = 5 cm (222), x - h = 2.5 cm (212)

Figures 5-8 illustrate the residence time spectra obtained 
for different types of reactors. In Figures 5. and 6. the residence 
time spectra obtained with reactors shaped by arranging baffle 
plate N0.2 at different distances can be seen in the case of values 
Re = 145 and Re = 660, respectively. As it is apparent, if the 
feed rate is low - except for a baffle plate distance of 20 cm - 
the application of baffle plates had an advantageous effect on the 
hydrodynamic behavious of the reactor. In the case of higher feed 
rates, as is apparent from Figure 6, it is only the plate distance 
of 2.5 cm. that brings about an improvement as compared to the 
case of the empty tube.

Figures 7 and 8 show the spectra obtained with various types 
of baffle plates for the case of the 2.5 and 5 cm. plate distance
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Fig.6. Comparison of experimental residence time spectra. Baffle 
plate No.2; Re 6 6 0 ;  + - empty tube ( 0 0 9 ) >  о - h = 2 0  cm 
( 2 U 9 ) , Д - h = 1 0  cm ( 2 3 9 ) ,  • - h = 5 cm ( 2 2 9 ) ,  x - h = 2 . 5  
cm (2 1 9 )
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Fig.7. Comparison of experimental residence time spactra. h = 2.5 
cm. Re 210, + - empty tube, Д - baffle plate No.l (113),
X - baffle plate No.2 (213), • - baffle plate No.3 (313),
о - baffi e plate No.l*

in the case of Re = 210. As it is apparent, at a distance of 2.5 
cm. the baffle plate ensuring the largest and the one ensuring the 
smallest flow cross section show the most unfavourable proper­
ties, whereas at a distance of 5 cm. plates No. 3 and 4 are the 
most unfavourable.
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Fig.8. Comparison of experimental residence time spectra, h = 5 cm 
Re 210; + - empty tube (303); Д - baffle plate No.1 ;
X - baffle plate No.2 (223); • - baffle plate No.3 (323); 
о - baffle plate No.lt (1*23)

100 500 Re[-]

Fig.9. Equivalent cascade number 
plotted against Re-number.
—  n = 36, -•- empty tube, 
о - baffle plate No.l; x - baf­
fle plate No.2; • - baffle plate 
No.3; + - baffle plate No.l*

Figures 9-12 show the equi­
valent cascade number, plotted 
against the Reynolds number. The 
number of space elements obtained 
by application of the baffle 
plates (the actual cascade number) 
is represented by a broken line, 
whereas the equivalent cascade 
number obtained by correlation of 
the parallel determined results 
obtained with the empty tube are 
shown by a dotted line.
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At a baffle-plate distance of 2.5 cm. (Figure 9) a very high 
equivalent cascade number could be observed. In the case of baffle 
plates No. 2 and 3 it was one and a half times higher than the 
actual cascade number. Baffle plates No. 1 and 4 possess more un­
favourable hydrodynamic properties, as compared with the other two 
plates, in the range studied. However, it,should be noted that all 
four plates resulted in a reactor fairly approximating the plug- 
-like flow pattern, because the equivalent cascade number was, 
even in the most unfavourable case, about 30.

nekv
L~io

----1-------1------- 1------- 1------- 1------- 1------- 1-------Г*""

100 500 Re[-]
Fig.10. Equivalent cascade num­

ber plotted against Re- 
-number. —  n = 19, 

empty tube; 
о - baffle plate No.l
X  - baffle plate No.2
• - baffle plate H o .3
+ - baffle plate No.U

Fig.11. Equivalent cascade num 
ber plotted against Re 
-number. —  n = 10, 
-•- empty tube; 
о - baffle plate No.l
X - baffle plate No .2
• - baffle plate No.3
+ - baffle plate No.l

Results obtained with a baffle plate distance of 5 cm. are 
summarized in Figure 10. It can be concluded that the hydrodynamic 
characteristics of the reactor are, up to a certain limit, advan­
tageously influenced by the decrease of the flow cross section 
(types 1-3), that is to say, the equivalent cascade number is in­
creased. A further decrease in the flow cross section brings about 
a decrease in the equivalent cascade number (baffle plate No.4). 
All the baffle plates studied, brought about an equivalent cascade 
number of ten, or higher than that, in the range studied. This is 
very favourable, because a cascade system of ten elements realizes 
in practice the plug-like flow tubular reactor to a good approxi­
mation.
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It was found at a baffle-plate distance of 10 cm (Figure 11) 
that up to about Re = 550 the baffle plate improves the hydrodyna­
mics of the reactor as compared to the empty tube, whereas at a 
plate distance of 20 cm. this is true only up to Re = 300 (Figure 
12).

Summarizing the results it 
can be stated that a tubular re­
actor equipped with baffle plates 
is - from the view point of dy­
namic flow - more similar to cas­
cade systems then to tubular reac­
tors because it can be approxima­
ted better by the cascade model 
than by the tubular model and the 
characteristic equivalent cascade 
number remains practically un­
changed with changing feed. In 
the case of higher Reynolds num­

bers, the application of baffle plates results in both cases in 
deteriorated dynamic-flow properties as compared to those of the 
empty tube. The present results indicate that the dynamic-flow 
properties of the reactor can be improved by the application of 
baffle plates and with the properly chosen arrangement of the lat­
ter it is possible to ensure a practically plug-like flow pattern, 
even in a laminar flow system.

As to the geometry of the system studied, i.e. the type of 
baffle plates and the preferable distance between them, the fol­
lowing design principles can be formulated :

1. It is preferable to choose the free flow cross section of 
the baffle plate (Q),as referred to the cross section of the empty 
tube, in accordance with the following formula:

0.2 < Q á 0.3

2. The following limit for the ratio distance between the 
baffle plates to the diameter of the empty tube is to be observed:

Fig.12. Equivalent cascade num­
ber plotted against Re-number.

n = 5, -•- empty tube,
о - baffle plate No.1 
X  - baffle plate No.2 
• - baffle plate No.3 
+ - baffle plate No.l 
h = 20 cm.
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к
--- < 1
d

Results in connection with the mathematical modelling of the 
baffle-plate type tubular reactor will be reported on in a sub­
sequent paper.

SYMBOLS USED

C(e) = C C-diagram, residence time spectrum (dimensionless)
d diameter of reactor (m)
f tube friction coefficient according to Fanning (dimen­

sionless )
h distance between baffle plates (m)
L distance between nozzles for the determination of the

pressure drop (m)
n |̂v equivalent cascade number (dimensionless)
rij. actual cascade number (dimensionless)
Др pressure drop (N*m-2)
Pe Peclet-number (dimensionless)
Q free flow area of baffle plate, as referred to the

cross sectional area of the empty tube (dimensionless)
Re Reynolds number (dimensionless)
tg mean residence time, as calculated from the volume of

the reactor and the volumetric flow rate (s)
V
0

P

linear flow rate (m*s'1)
dimensionless time
density of the fluid (kg*m-3)
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a2 variance (dimensionless)
cr̂ variance (s2)
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РЕЗЮМЕ

В статье авторы приводят один из вариантов повышения эффек­
тивности однофазового ламинарного реактора-трубы. Расположенные в 
реакторе направляющие пластинки нарушают беспрерывное поле тече­
ния, в следствии чего реактор превращается в подобие каснада. Дан­
ная работа исследует термодинамические свойства реактора длиной в 
1 м, диаметром в 5 см, с направляющими пластинками различного раз­
мера и расположения.
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The present paper deals with the mathematical 
modelling of baffle plate-type tubular reactors. The 
so-called cascade model employing internal recircula­
tion was applied to a model reaction system of the se­
cond order. By studying the adequacy of the experimen­
tal data and the data of the model, simplifying condi­
tions were proposed for the model and for the selec­
tion of the most efficient baffle plate-type.

In order to improve the efficiency of a laminar-flow tubular 
reactor, baffle plates were arranged in the latter. Studies on the 
flow dynamic properties of the baffle plate-type tubular reactor 
were described in a previous paper [1]. It was concluded that baf­
fle plate-type tubular reactors are from a point of view dynamic 
flow more similar to cascade reactors than to tubular ones. This 
is also in agreement with the physical picture, because by the ad­
dition of the baffle plates, the reactor is segmented into well- 
-defined space portions.

The present paper deals with the mathematical modelling of 
baffle plate-type tubular reactors. The cascade model with inter-
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nal recirculation has been elaborated for modelling rectifying 
columns [2, 3 et al.]. LELLI. [4] was the first to apply it for the 
modelling of chemical reactors.

The internal recirculation model is a two-parameter one. The 
classical cascade model is supplemented, in analogy to axial stir­
ring, with internal recirculation [4-7]. The flow diagram of the 
model is shown in Figure 1.

Fig. 1. The diagram of the model

The parameters of the model are the cascade number n and the in­
ternal recirculation ratio. The latter is defined by the following 
expression:

B  R

У  = — — ( 1 )В
As far as the model is concerned, the introduction of the internal 
recirculation ratio represents an additional variability. Hereby, 
mixing phenomena - as well as their effect upon conversion and 
efficiency of the reactor - can be described by an efficient and 
flexible model.

The model is formulated for the case of a given operational 
unit for reaction of the second order. The rate equation of the 
reaction is the following:

d c
---- = - к a c2 (2)d t

The balance equations are for the individual cascade elements as 
follows :
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For the first stage, the balance equation is:

Be - (B + B „ ) C i  + B p c 2 - V-,k2 C? = - V-, dci
dt

for the jth stage:
d c .

- ( » * 2  Br)Cj , BRcj + 1 - k,cВ ■ - Vj - i

and for the nt*1 stage :

+ В n )c , - (B + B n ) c „  - V k 2 c n = - V„ R ' n - 1  v R ' n n 2 n n
d^
dt

(3)

(4)

(S)

In a steady state, first-order non-linear differential equations 
(3), (4), (5) are simplified to non-linear equations. Let the set 
of equations be made dimensionless and the following substitutions 
be introduced :

c*J = fi
co

nV .

(6)

*B в
__J
В

(7)

Da
tg k2 co (8)

n
dimensionless set of nonlinear equations is as follows:

1 - (1 + y K - Da(cï)2 + Y C* = 0

(1 + y )cj-l ■ (1 + 2 у ) C j - Da(Cj) + YCj+1 = 0
(9)j = 2, 3, . ..» n-1

(1 + y )c *_! - (1 + Y)c* - D a ( c * )2 = 0

The set of Equations (9) is linearized in such a way that 
the nonlinear terms are evolved into a Taylor-series and the terms
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of higher order are neglected. The linearized set of equations can 
be solved by an iterative method. The linearized set of equations, 
in vector-matrix representation, is the following:

ai у c l , i + l " ' D a ( c l , i )*-l
1+Y b 2 Y c 2 , i +1 - D a i C g j )2

1+Y  Ь 3 у r*c 3 , i +1 = - D a ( c 3 , i )2

i n  ь „ _ ;  y Г*c n - l , i +1 ' D a ( c n - l , i )
1 + Y  a n r *,c n , i + 1 - D a ( c n , i >

where

a j = - (1 + у + 2 Da c*u -) j = 1 . n ( И )

b j = - (1 + 2y + 2 Da C j > i ) j = 2,3,... , n -1 ( 12 )
and i is the number of iterative steps.

The first parameter is the cascade number; the latter is, in 
the case of cascade systems and of tubular reactors divided into 
physically well-defined portions unequivocally determined by the 
number of stages. As to the selection of.the cascade number, in 
the case of axially stirred continuous systems, reference is made 
to literature [5]. The other parameter of the model is the у in­
ternal recirculation ratio whose determination is carried out, ac­
cording to literature, on the basis of the dynamic-flow-model [8]. 
The following connection between the variance and the parameters 
of the model was found to exist [8]:

2 n - Ф
{ Ф (1 - 4 n 2 ici - ('2 n + Ф-) ]} (13)

where
2 n

1 + 2y
(14)
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While discussing Equation (13), a complete analogy to 
LEVENSPIEL's dynamic-flow model [9] was found [8]. In the case 
у ■+ °°, i.e. at an increase of the internal recirculation over any 
limit, a2 tends to 1 and this case corresponds to a continuous mo­
del containing axial mixing. In the case у ■* 0, i.e. Ф ->• 2n, the 
variance tends to 1/n and this corresponds to the model of ideal 
mixing [9]. (This is the classical cascade model). Finally, if 
Ф , which, in the case of a finite у value, results in the in­
crease of the cascade number over all limits, the piston flow 
model is realized.

The classical cascade model does not possess the above-men­
tioned properties, since that model is based on the dynamic-flow 
model of ideal mixing.

In order to determine the internal recirculation ratio, Equa­
tion (13) has to be solved for y. The value of the internal recir­
culation ratio can numerically be determined by a computer.

An approximative solution was proposed in literature [5, 8] 
based on the fact that the internal recirculation ratio converges 
to the continuous model containing axial mixing. If n = 10, the 
approximation Ре = Ф yields a satisfactory accuracy for practical 
calculations [8].

The value of the internal recirculation ratio was calculated 
by the Newton-Raphson method; the internal recirculation cascade 
model was solved by an iteration procedure, using a digital 
computer type ODRA 1204. In the case of у = 0 the model 
represents the classical cascade model and accordingly the exit 
concentration was also calculated in every case with the classical 
cascade model. In the case of the internal recirculation model, 
the calculations have to be made backwards, starting from the nth 
cascade element, because the calculation starting from the first 
cascade element is, on account of the high parameter sensitivity, 
not convergent. A further disadvantage of the latter technique is 
that the value of у may not assume the value у = О, because a di­
vision is made by this figure in the programme. In backwards cal­
culation the value of у = 0 is also allowed. The iteration can be
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started from any optional initial value. In the present calcula­
tions, the initial value ci . = 0.5 j = 1,2 ... n was applied.J > 1
The calculation is, in accordance with the statements to this ef­
fect found in literature, very rapid [5]. The difference between 
the exit concentrations calculated in the third and fourth itera­
tion, respectively, is lower than 10_<*.

In order to determine the adequacy of the model, experiments 
were made with a model reaction. The saponification of ethyl ace­
tate with sodium hydroxide was chosen as such a model reaction. 
The reaction is, if the initial concentration of the reactants is 
equimolar, of the second order. The temperature-dependence of the 
rate constant of the reaction is known from literature [10].

The rate equation of the saponification of ethyl acetate can 
be written in the following form:

d c- - - -  = k 2 (c - c ) 2 (15)d t  0

where cq is the initial concentration of one of the components, 
preferably of the sodium hydroxide. By integrating Equation (15) 
from t = 0 to t and from c = О to c, we obtain

c

The experiments were carried out in a system thermostated to 
25°C [1]. The initial concentration of the reagents was chosen as 
0.1 M. The progress of the reaction was determined from samples 
taken from the material stream leaving the reactor. A known amount 
of hydrochloric acid of known concentration was added to the sam­
ple, which "froze" the reaction. The alkali content of the sample 
was determined by back-titration. The samples were taken after 
establishment of the steady state; the latter was monitored by the 
conductance of the material stream leaving the reactor being con­
stant .
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The arrangement of the baffle plates at different distances 
results in reactors of different flow-dynamic characteristics and 
accordingly the adequacy of the model was tested in a reactor

equipped with a baffle plate 
No. 2 [1] (the free flow cross 
section of the latter was, as 
compared to the empty tube, 
0.343). The dynamic-flow pro­
perties of the reactors thus 
obtained were compared on the 
basis of the equivalent cascade 
number, calculated from the se­ * 1 * 3
cond moment of the residence 
time spectrum. Changes in the 
equivalent cascade number, plot-

Fig.2. Equivalent cascade number, ted against the Reynolds number,
plotted against the Re- ... . , . . „ . _, ° ... . , „ are illustrated in Figure 2.-number. Baffle plate No.2. 3
1 - h=2.5 cm; 2 - h=5 cm, , . . I, The exit concentrations,3 - h=10 cm; b - h=20 cm

measured on the one hand and

ekv
-]
50

10

100 500 1000 
Re[ -]

calculated with the model, on 
the other, plotted against reactor volume and residence time, as 
measured from the instant of feeding in, are compared in Figures 
3-6. The classical cascade model is marked by KK whereas the inter­
nal recirculation cascade model is marked by RK in the Figures. It 
is apparent from the Figures that there are no large differences 
- not higher than 5 % - between the measured and calculated va­
lues, and consequently both models can be regarded as adequate in 
the range studied. The small difference between the two models is 
caused by the fact that a low у value was obtained (y < 0.3), the 
actual cascade number and the equivalent cascade number calculated 
from the dynamic-flow model was nearly identical (cf. Table).

As it is apparent from the Table that the internal recircu­
lation ratio may also be a negative value; this may be brought 
about if nfc < nekv (at a baffle plate distance of 2.5 cm). It can 
be concluded that the internal recirculation model possesses very
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Re[ - ]

Fig.3. Adequacy test of the 
models. Baffle plate No.2 
h = 2.5 cm, n = 36 
— RK-model; о KK-model;
+ measured values

ig.!+. Adequacy test of the 
model. Baffle plate No.2 
h = 5 cm, n = 19 
— RK-model; о KK-model;
+ measured values

Re[ - ]

Fig.5. Adequacy test of the 
models. Baffle plate No.2 
h = 10 cm; n = 10 
— RK-model; о KK-model;
+ measured values

Fig.6. Adequacy test of the 
models. Baffle plate No.2 
h = 20 cm; n^ = 5 
— RK-model; о KK-model;
+ measured values
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Table 1

h n £B Re Y *
CKK

*
CRK

cm - S - - - -

356.8 150 0.1398 0.35345 0.35513
267.6 200 0.0542 0.42119 0.42178

2.5 36 178.4 300 -0.1140 0.52010 0.51913
133.8 400 -0.1581 0.58986 0.58878
107.1 500 -0.1618 0.64319 0.64231

372.2 150 0.2282 0.35039 0.35514
279.2 200 0.1994 0.41622 0.4 2000

5 19 186.1 300 0.1534 0.51418 0.51673
139.1 400 0.1453 0.58318 0.58505
111.7 500 0.1361 0.63562 0.63705

283.6 200 -0.0634 0.42212 0.42007
189.1 300 0.0492 0.51769 0.51897

10 10
141.8 400 0.1239 0.58576 0.58832
113.4 500 0.1780 0.63668 0.63964

286.1 200 0.0094 0.44060 0.44106
190.8 300 -0.0600 0.53208 0.52966

20 5
143.1 400 -0.0827 0.59725 0.59477
114.5 500 -0.0976 0.64600 0.64355

attractive properties. By the application of the internal recircu­
lation ratio, the axial mixing can be taken into consideration,
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and accordingly the model is 
a rapid and simple one which 
also accounts for the dynamic 
flow characteristics of the 
reactor. Furthermore, at 
low values the model practi­
cally becomes identical to 
the classical cascade model; 
this could be experienced in 
the course of the experiments.

The previous paper of 
this series dealt with the 
dynamic flow properties of 
the baffle plate-type tubular 
reactor. An adequate mathema­
tical model, also taking the 
dynamic flow model into con­
sideration of the baffle 
plate-type tubular reactor 
was at our disposal, and con­
sequently a study was made on 
how the conversion attainable 
with a plug-like flow pattern 
can be approximated by the 
application of baffle-plates 
in a laminar-flow tubular re­
actor. The conversion attai­
nable in a perfectly mixed 
tank reactor and in a plug- 
-like flow system, as well as 
the conversion values calcu­
lated with the internal re­
circulation cascade model 
(broken line) plotted against 
the mean residence time cal­
culated from the reactor vő-

о. 2 1--------1-------- 1--------i------ “г—
О 200 400

tp[ s]

Fig.7- Calculated conversion plot­
ted against the mean resi­
dence time. 1 - ideal tubu­
lar reactor; 2 - h = 2.5 cm, 
baffle plate No.2; 3 - h =
= 5 cm, baffle plate No.2 ;
U - h = 10 cm, baffle plate 
No.2 ; 5 - h = 20 cm, baffle 
plate No.2 ; 6 - real reactor 
measured; 7 - perfectly stir­
red tank reactor
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lume and the feed are illustrated in Figure 7. It is apparent from 
the Figure that at a baffle plate distance of 2.5 or 5 cm the baf­
fle plate-type tubular reactor can practically be regarded as one 
conforming to the plug-type flow pattern. The efficiency-improving 
effect of the baffle plates is less pronounced if the residence 
time is decreased. This follows from the experimental results, 
since the difference in the conversion values attainable with per­
fectly stirred tank reactors and with plug-type flow reactors is 
small.

Despite the aforementioned it can be concluded that the plug- 
-like flow pattern and the conversion corresponding to it can also 
practically be attained in laminar-flow tubular reactors, provided 
that the geometrical Simplexes Cl] postulated by flow dynamic exa­
minations are observed.

SYMBOLS USED

В

B R
C
Co

Cj

4

C KK

c*RK

as defined by Equation (11), (dimensionless) 
as defined by Equations (12), (dimensionless) 
feed (£*h~1)
internal recirculation volume stream (£"h~1) 
concentration (mole^f-1 )
initial concentration of reagent (mole-£_1)
concentration of reagent in the cascade element

(mole*f_1)
relative concentration of reagent in the ĵ*"1 cascade 

element (dimensionless)
exit concentration, as calculated by the classical cascade 
model (dimensionless)

exit concentration, as calculated by the internal recircu­
lation cascade model (dimensionless)
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Da Damköhler number, as defined by Equation (8), (dimension­
less )

к distance between baffle plates (cm)
к2 rate constant (£-mole~1•s~1)
п cascade number (dimensionless)

ne kv equivalent cascade number (dimensionless)

nt actual cascade number (dimensionless)
Ре Peclet-number (dimensionless)
Re Reynolds-number (dimensionless)
t time (s)

mean residence time calculated from volume and feed (s)
V volume (£)

vj volume of the jtiri cascade element ( l )

X conversion (dimensionless)
Y internal recirculation ratio (dimensionless)
a2 dimensionless variance

4 variance (s2)
ф characteristic number between cascade number and internal 

recirculation ratio (dimensionless)

Indexes

i number of iterative steps
j index of cascades
о index referring to initial value
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РЕЗЮМЕ

Настоящая работа занимается математичесним моделированием 
реактора-трубы с направляющими пластинками. Авторы используют так 
называемую модель каскада с внутренней рециркуляцией, применяя ее 
для системы реакции-модели второго порядка.

Сравнивая опытные данные с данными модели, авторы предлага­
ют упрощающие модель условия и способ более эффективного выбора 
типа внладыша.
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PLATINUM CATALYST
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The dehydrogenation of n-hexane was carried out 
using a hatch microreactor and a four-component cata­
lyst within a temperature range of U0O--7OO °C. In ad­
dition to platinum, the catalyst contains lithium (as 
a promoter) and arsenic (as a catalyst attenuator) on 
an alumina carrier. The experimental results show that 
with the optimal composition of the above catalyst, at 
a yield of about 25 %, straight chained hexenes form 
with a selectivity of more than 90 %.

Introduction

The increased demand for long, straight-chained monoolefins 
is primarily attributed to their use in the manufacture of biolo­
gically decomposable detergents. Several possible methods exist 
for the manufacture of such olefins, among them the most practical 
and economical seems to be the dehydrogenation of the correspon­
ding normal paraffins.

Dehydrogenation of the longer chained hydrocarbons is exten­
sively hindered by the fact that C-H bonds are stronger than C-C 
bonds, so that the direct thermal effect primarily causes the 
breaking up of the latter, in other words cracking results. It is 
therefore evident that dehydrogenation occurs only if the C-H 
bonds are preliminarily loosened by means of a catalyst. Such type
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of catalysts have been known for decades, mainly for the manufac­
ture of different C3-C5 unsaturated hydrocarbons [1]. However, in 
the case of longer chained hydrocarbons, the use of both the metal 
oxide or the noble metal catalysts result in deleterious side re­
actions - primarily dehydrocyclization and cracking - which ex­
tensively decreases the yield of the objective reaction. This is 
the reason behind the failure to find a suitable catalyst composi­
tion - until the middle of the 1960s - for the economical dehyd­
rogenation of hydrocarbons containing more than five carbon atoms, 
although considerable effort was directed towards this. The best 
noble metal catalysts give a selectivity of less than 80 % at op­
timal conditions [2] or in the interest of achieving the best se­
lectivity, conversion had to be held at a value below 5— 10 % [3].

In recent years, a number of patents have dealt with diffe­
rent composition of dehydrogenation catalysts, the common point 
being that in addition to the noble metal on a carrier, there is 
also a catalyst "attenuator", or "modifier" which is actually a 
catalyst poison such as sulphur, selenium, tellurium [4, 5], arse­
nic, antimony, or bismuth for the purpose of increasing selecti­
vity [6]. Despite the data concerning the promosing operation of 
these catalysts, available literature supplies very limited infor­
mation about the details of research. The aim of the following ex­
periments was to acquire some knowledge in this field.

For the purpose of dehydrogenation experiments, four-compo­
nent catalysts were prepared in the laboratory. These contained 
platinum on alumina carrier, lithium as a promoter, and arsenic as 
a catalyst attenuator. The object of the experiments was to inves­
tigate the effect of the catalyst composition and reaction parame­
ters on reaction product composition. It was assumed that for a 
given temperature, residence time and hydrocarbon raw material, 
the concentration of each component of the catalyst would show an 
optimum in respect of the yield of linear olefins.

Dehydrogenation being an equilibrium reaction, it is very 
sensitive to changes in temperature and pressure. The reaction is 
endothermic and occurs with an increase in volume, therefore the 
formation of olefins would favour an increase in temperature and a
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decrease in pressure. However, taking into consideration the fact 
that an intensive increase in temperature leads to destructive re­
actions, it is evident that the reaction temperature also has an 
optimum for a given catalyst, residence time and raw material. In 
connection of each investigated catalyst composition, the effect 
of temperature on the operation was therefore thoroughly studied 
in the experiments discussed here.

n-Hexane was used as the starting reagent to simplify 
the experimental technique, with the aim of conducting experiments 
later with hydrocarbons of longer chains.

Experimental Technique

The examination of the catalysts was carried out using the 
method based on the pulse technique [7, 8]. This has some advanta­
ges when compared to other continuous tube or circulation reactors, 
in that it requires a small amount of catalyst and raw material, 
and the endproducts can be quickly analysed. Its disadvantages in­
clude the fact that in the case of kinetic measurements it does 
not provide reliable information and the equipment cannot be used 
for experiments requiring longer periods of operational time (e.g. 
life time tests). Figure 1 shows the diagram of the equipment used 
in our laboratory.

Hydrogen gas - which partly assured the gaseous atmosphere 
of the reaction and partly served as a carrier-gas for the chroma­
tographic process - was taken from a gas cylinder through a reduc- 
tor and a needle valve. The detector prepared in the laboratory 
was a glass catharometer cell, with two parallel connected, 25 ohm 
platinum wires. Its outer jacket was filled with water for thermo­
static purposes. The cell was supplied from a transistor stabili­
zed mains NB-107 (Gamma, Hungary) the heating current being 160 mA. 
An EZ-4 (Czechoslovakia) type compensograph was used for recording.

Chromatographic column data: 2.7 m long, 6 mm I.D. glass 
tube. The stationary phase was 10 % ß,ß'-oxy-dipropionitrile (ODP) 
on a diatomacecus earth type support “MH-3" (REANAL, Hungary).
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Fig. 1. Diagram of experimental equipment. 1 - Differential mano­
meter; 2 - Injector head; 3 - Catharometer cell; h - Co­
lumn; 5 - Catharometer cell bridge and polarity switch;
6 - Recorder;T - Temperature controller; 8 - Thermocouple; 
9 - Reactor; 10 - Furnace; 11 - Soap-film flowmeter; 12 - 
Chiller

The reactor which was made of acid-resistant steel, had a 
total volume of about 3 cc. Its connecting tubes were steel and 
gl*ss capillaries of 2 mm I.D.The reactor temperature was measured 
using an iron-constantan thermocouple and its control was provided 
by a bridle temperature controller.

In addition of obtaining the chromatogram of the products 
leaving the reactor, the arrangement illustrated on Figure 1 pro­
vided the possibility to obtain a peak of the starting hydrocarbon 
just after injection. A polarity switch enabled all the peaks to 
be obtained in the same direction.

The raw material used was 3-10 pit of "Chemically pure" normal 
hexane manufactured by "Reachim”. The hydrogen gas flow rate was 
50 ml/min and the weight of catalyst used was 0.1-0.5 gramme.
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The carrier of the catalysts was prepared by dropping alumi­
nium hydroxide gel into paraffin oil and treating the resulting 
granulate with heat. The resulting carrier was impregnated, using 
an appropriate mixture of HaPtCle, (NH^JaAsOi, and LiN03 solutions. 
The impregnated carrier was calcinated for a period of 2 hours at 
500 °C and was reduced just before use in a stream of hydrogen gas 
at 700 °C for 30 minutes.

Experimental Results and Discussion

Figure 2 shows the chromatogram of the reaction product ob­
tained with a four-component catalyst outlined earlier. It can be 
seen that apart from the unreacted n-hexane, straight-chained 
hexenes and some cracking products, which can be hardly defined, 
result as products. With the chromatographic column used it was 
not possible to obtain a total separation of the resulting hexanes, 
since the retention data for 1-hexene and trans-3-hexene on one 
hand and that of cis-3-hexene and trans-2-hexene on the other, 
coincide on the applied stationary phase [10]. Retention time for 
aromatic hydrocarbons was several hours, therefore, in certain 
cases analyses of aromatic hydrocarbons were carried out on an­
other chromatographic column (IO % Apieson L on MH-3 support), 
from chilled samples.

In testing the quality of the catalysts three data, conver­
sion, yield and selectivity were used. In the evaluation of the 
results the quantities of n-hexane, or hexene isomers were given 
relative to the quantity of n-hexane injected. In this way the 
probable presence of some side products which did not appear on 
the chromatogram will not induce an error in calculations. The 
distribution of the side products and hexene isomers was not stu­
died in detail.

To examine the contribution of each active component of the 
catalyst, three types of catalyst were prepared. The first con-
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taining only platinum as 
the active component, the 
second platinum and lithium, 
and the third containing all 
three components, platinum, li­
thium and arsenic on an alumina 
support. Table 1 shows the com­
position of these catalysts.

Figure 3 shows the result 
of the dehydrogenation experi­
ments with these catalysts at 
different temperatures. It can 
be seen on the diagram that K/l, 
which contains only platinum, 
is the most active, and the ad­
dition of lithium and arsenic 
decreases the conversion at 
equal temperatures. At the same 
time, it is evident from the 
yield diagrams that the additi­
on of lithium does not essenti­
ally influence the yield. With
the addition of arsenic, the
yield shows a sharp increase in 
the interval between 550 °C and 
650 °C although the yield of 
catalysts containing only pla­
tinum and lithium decreases to 
zero within this interval be­
cause of side reactions. The
diagram is very representative 
in connection with the contribution of arsenic. At low temperatu­
res, the catalyst attenuator decreases the yield by blocking active 
centres. However, with an increase in temperature, cracking is re­
legated to the background and the main reaction is favoured. On the 
diagrams shown the arsenic containing catalyst appears only relati-

Fig.2. Chromatogram of a product. 
Catalyst: K/3; ^reactor* 550 C; 
1 - Injected n-hexane; 2,3,^,5 - 
Cracking products; 6 - n-hexane;
7 - 1-hexene + trans-3-hexene;
8 - trans-2-hexene + cis-3-hexene
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T a b l e  1. C o m p o s i t i o n  o f  c a t a l y s t s

Symbol of Compos it ion
c at alyst Pt Li As/Pt

(wtí ) (wt? ) atomic ratio

K/l 0.75 - -
K/2 0.75 0.5 -
K/3 0.75 0.5 0.3

tively better than the others, the absolute value of the yield and 
selectivity are low, as the influence of component concentrations 
were not yet known in these experiments.

Fi g . 3. I n f l u e n c e  o f  c a t a l y s t  c o m p o n e n t s .  C a t a l y s t  w e i g h t :  0 . 5  g;
G a s  f l o w  r a t e ;  50 m l / m i n u t e ;  Q u a n t i t y  o f  n - h e x a n e :  5 p i
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After a clear evaluation had been obtained regarding the qua­
litative effect of each component of the catalyst, an attempt was 
made to determine the optimal proportions of the components and 
the favourable conditions for the dehydrogenation reaction.

The effect of the platinum content was examined using a num­
ber of four-component catalysts containing 0.5 per cent by weight 
of lithium, and a concentration of platinum varying from 0.05— 5 
wt%. The result of these experiments is shown in Figure 4. It can

Fig. h. Effect of quantity of platinum. Gas flow rate: 50 ml/minu- 
te; Quantity of n-hexane: 5 у £

be seen from the diagram that conversion increases sharply with 
the platinum charge in the reactor and there is a strong tempera­
ture dependence of activity. The yield curves show maximums, the 
interval of which determines the suitable platinum concentrations 
for the applied catalyst charges. The selectivity diagram expli­
citly shows that with an increase in temperature, the interval for 
the optimal amount of platinum becomes narrower.

Since the novelty of the catalyst used is its content of a 
catalyst attenuator particular attention was especially paid to 
the effect of the As/Pt ratio on the functioning of the active ca­
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talyst.In these experiments, catalysts with the As/Pt atomic ratio 
changing from 0.1-0.75 were tested. In the examination of these 
catalysts, the composition with 0.3 As/Pt atomic ratio produced 
conspicuous results at optimal operational conditions, both in con­
nection with olefin yield and selectivity (Figure 5).

Fig.5- Effect of As/Pt ratio. Temperature: 550°C; Catalyst weight:
0.5 g; Gas flow rate: 50 ml/minute; Quantity of n-hexane:
5 мЯ

In a few preliminary experiments, it was found that lithium
had no decisive effect on the properties of the catalyst. This is
why it was not considered important to extend the examination of
the composition to the effect of different lithium concentrations.
In the same way the influence of the properties of the catalyst 
carrier was not examined, although this presumably cannot be neg­
lected.

The best catalyst characteristics, namely conversion, yield 
and selectivity, for the given equipment, given hydrocarbon char­
ges and Ha/hydrocarbon ratio, are shown as a function of tempera­
ture in Figure 6.
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From the diagram it is 
clear that conversion increases 
exponentially with temperature, 
selectivity is constant up to a 
given value of temperature and 
then sharply decreases, while 
the yield goes through a maxi­
mum. The maximum of the yield 
curve or the break point of the 
selectivity curve unambiguously 
determine the optimal operatio­
nal temperature which in this 
case is around 550 °C. Here the 
catalyst functions with a yield 
of more than 25 % and selecti­
vity exceeding 90 %.

Working with this catalyst 
gives a minimum of byproducts 
which consist of hydrocarbons 
containing less than six carbon 
atoms and some benzene formed 
by dehydrocyclisation of hexane.

Fig.6. Examination of K5/2 cata­
lyst. Catalyst weight: 0.5 g; 
Composition: 0.1 % Pt , 0.5 % Li, 
0.3 As/Pt; Gas flow rate: 50 ml/ 
/minute; Quantity of n-hexane:
5 u*.

From the experiments discussed here, it is possible to con­
clude that with the catalyst and under the conditions elaborated 
by systematically changing the catalyst composition and reaction 
parameters, the conversion and selectivity results given for si­
milar catalyst composition in literature were reproduced in a 
batch microreactor. Naturally, the numerical results obtained are 
seriously valid only for the given equipment and method, however, 
the experienced tendencies can be extended to other systems with 
complete assurance.

The Assumed Working Mechanism of the Modified Platinum Catalyst

It is known that supported platinum is a very good catalyst 
for several hydrocarbon reactions. Some of these, such as cracking,
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are aided by acidic places on the support. The promotional action 
of lithium can obviously be explained by its alkaline character, 
which acts by shielding the acidic centres on the alumina surface.

Active centres in noble metal catalysts fostering dehydroge­
nation and dehydrocyclization differ from those which promote 
cracking and isomerization according to literature [11].

One possible explanation for the role of arsenic may be its 
influence on the concentration of electrons in the d-orbitals of 
the platinum,any change of which necesserily modifies the strength 
and character of the olefin-platinum interaction. It is suggested 
that arsenic exerts its influence by ensuring the rapid desorption 
of olefins, thus preventing any successive C-H bond splitting 
which would ultimately lead to aromatization.

The resulting monoolefins have their double bonds in the in­
ferior $, r or 6 positions, since, in addition to the statistical 
probability, these positions provide the most favourable energetic 
conditions as a result of inductive effect.
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РЕЗЮМЕ
Дегидрогенизация н-гексана была выполнена в микрореакторе 

периодического действия в присутствии четырехкомпонентного катали­
затора при температуре 400-700 °С. Платиновый катализатор содержит 
онись алюминия в качестве носителя, литий в качестве промотора и 
мышьян в качестве разбавителя. По экспериментальным данным было 
установлено, что наталиэатор оптимального состава обеспечивает вы­
ход 25%, а селективность образования гексенов прямой цепи превыша­
ет 90%.
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K I N E T I S C H - M A T H E M A T I S C H E S  M O D E L L  DER B E N Z I N P Y R O L Y S E  I 
Z E R S E T Z U N G S G E S C H W I N D I G K E I T S G L E I C H U N G ,  K I N E T I S C H E S  M O D E L L

V. I L L É S  und A. H O R V Á T H

(Ungarisches Erdöl- und Erdgasforschungsinstitut, Veszprém) 

Eingegangen am 10. Februar 1975

Die Pyrolyse von Raffinatfraktionen mit den Sie­
degrenzen zwischen 42,5 - 120,0 °C wurde in einem für 
die Simulierung von industriellen Rohröfen geeigneten, 
großlaboratoriumsmäßigen Rohrreaktor untersucht. Die 
Temperatur-, Druck- und Produktenverteilung längs des 
Reaktorrohrs wurden experimentell gemessen.

Auf Grund der unter nichtisothermen und nichtiso- 
baren Reaktionsbedingungen erhaltenen Pyrolyse-Versuchs­
ergebnissen wurde eine Methode zur Beschreibung der 
Brutto-Zersetzungsgeschwindigkeit für Raffinate (Ben­
zinfraktionen) unter Voraussetzung einer Reaktionskine­
tik n-ter Ordnung ausgearbeitet. Unter Verwendung der 
erhaltenen kinetischen Konstanten wurden ein kineti­
sches Modell und ein Rechenprogramm zur Berechnung des 
Zersetzungsgrads sowie der brutto-kinetischen Streng­
heitsfunktion zusammengestellt.

Einleitung

Ein  b e d e u t e n d e r  Teil d e r  p e t r o l c h e m i s c h e n  M o n o m e r e n  (z.B. 
12- 14 M i l l i o n e n  J a h r e s t o n n e n  Ä t h y l e n )  w i r d  d u r c h  P y r o l y s e  v o n B e n ­
z i n f r a k t i o n e n  h e r g e s t e l l t  [1]. E b e n f a l l s  b i l d e n  v e r s c h i e d e n e  B e n ­
z i n f r a k t i o n e n  de n R o h s t o f f  des  in U n g a r n  A n f a n g  1975 in B e t r i e b  
t r e t e n d e n  g r o ß e n  O l e f i n w e r k s .  Die A u s b e u t e n  u n d d i e  r e l a t i v e n  M e n ­
gen d e r  w ä h r e n d  d e r P y r o l y s e  g e b i l d e t e n  H a u p t p r o d u k t e  sin d in h o ­
hem M a ß e  von  den  E i g e n s c h a f t e n  der e i n g e s p e i s t e n  B e n z i n f r a k t i o n ,
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s o w i e  von den  B e d i n g u n g e n  d e r  P y r o l y s e  a b h ä n g i g .  A l s o  ist  d i e e i n ­
g e h e n d e  U n t e r s u c h u n g  d e r  P y r o l y s e  a u c h  von  t e c h n i s c h e m  S t a n d p u n k t  
v o n  e r h e b l i c h e r  B e d e u t u n g .  T r o t z d e m  - o d e r  g e r a d e  d e s h a l b  - f i n ­
d e t  m a n  in d e r F a c h l i t e r a t u r  ü b e r  d i e  B e s c h r e i b u n g  d e r  P y r o l y s e  
v o n  B e n z i n f r a k t i o n e n  n u r  a l l g e m e i n e  H i n w e i s e  [2- 5].

Z u r B e r e c h n u n g  d e r  Ä t h y l e n a u s b e u t e  bei d e r P y r o l y s e  v o n Ben- 
z i n f r a k t i o n e n  fa nd  f r ü h e r  d i e  von  L I N D E N  und M i t a r b e i t e r n  [2] e i n ­
g e f ü h r t e  S t r e n g h e i t s f u n k t i o n  b r e i t e r e  A n w e n d u n g ,  w e l c h e  d i e  A u s ­
b e u t e  des Z i e l p r o d u k t s  Ä t h y l e n  als d i e  F u n k t i o n  e i n e s  aus  d e r  T e m ­
p e r a t u r  am O f e n a u s t r i t t  u n d d e r 0 , 0 6 - t e n  P o t e n z  d e r  d u r c h s c h n i t t ­
l i c h e n  A u f e n t h a l t s z e i t  b e s t e h e n d e n  P r o d u k t s  als e i n e n  u n a b h ä n g i g e n  
V e r ä n d e r l i c h e n  b e s c h r e i b t .  N e u e r d i n g s  h a b e n  Z D O N I K  u n d  M i t a r b e i t e r
[ 4 ]  d i e  s o g e n a n n t e  k i n e t i s c h e  S t r e n g h e i t s f u n k t i o n  ( K i n e t i c  S e v e r i t y  
F u n k t i o n )  e i n g e f ü h r t ,  w e l c h e  zur  C h a r a k t e r i s i e r u n g  d e r  I n t e n s i t ä t  
d e r  S p a l t u n g ,  die  u n t e r  d e n  g e g e b e n e n  B e d i n g u n g e n  e r r e i c h t e  n-P en -  
t a n - K o n v e r s i o n  bzw. d e n  a u f  G r u n d  d e r e n  aus  e i n e r  k i n e t i s c h e n  F u n k ­
t i o n  e r s t e r  O r d n u n g  b e r e c h n e t e n  I n t e g r a l  / k . d t - W e r t  v e r w e n d e t .  
D i e s e  M e t h o d e  w u r d e  v o n  m e h r e r e n  a n d e r e n  A u t o r e n  e b e n f a l l s  a n g e ­
w a n d t  [5].

In u n s e r e r  A r b e i t  w i r d  ein  k i n e t i s c h - m a t h e m a t i s c h e s  Mod ell  
b e s c h r i e b e n ,  das z w e c k s  D a r s t e l l u n g  d e r  B r u t t o - Z e r s e t z u n g s g e s c h w i n -  
d i g k e i t  und B e r e c h n u n g  d e r  P r o d u k t a u s b e u t e  a u s g e a r b e i t e t  wur de.  
N e u a r t i g  und vom  S t a n d p u n k t  d e r  p r a k t i s c h e n  A n w e n d u n g  v o r t e i l h a f t  
i s t  bei d i e s e r  M e t h o d e , d a ß  d i e  B e s t i m m u n g  der  k i n e t i s c h e n  K o n s t a n ­
t e n  u n d d e r P r o d u k t a u s b e u t e k u r v e n  in e i n e m  zur S i m u l i e r u n g  der 
B e d i n g u n g e n  der  t e c h n i s c h e n  P y r o l y s e  g e e i g n e t e n ,  n i c h t i s o t h e r m e n ,  
n i c h t i s o b a r e n  R o h r e a k t o r ,  in g r o ß l a b o r a t o r i u m s m ä ß i g  d u r c h g e f ü h r t e n  
P y r o l y s e v e r s u c h e n  e r f o l g t e .

M i t  der  B e s t i m m u n g  d e r  B r u t t o - Z e r s e t z u n g s k i n e t i к v o n K o h l e n ­
w a s s e r s t o f f e n  aus n i c h t i s o t h e r m e n  M e s s d a t e n  b e f a s s t e n  s i c h  m e h r e r e  
A u t o r e n .  So u n t e r s u c h t e n  K E R S H E N B A U M  u n d  M A R T I N  [ 6 ] d i e  P y r o l y s e  
d e s  P r o p a n s ,  K U N Z R U  u n d  M i t a r b e i t e r  [7]  d i e  des n - N o n a n s ,  L E F T I N  
u n d  C O R T E S  [ 8 ] die  P y r o l y s e  d e s i - B u t e n s  im L a b o r a t o r i u m s - S t r ö ­
m u n g s r e a k t o r .  Die  V e r s u c h e  w u r d e n  bei g l e i c h e m  T e m p e r a t u r p r o f i l  
u n d  g l e i c h e r  E i n s p e i s e g e s c h w i n d i g k e i t  ( g l e i c h e m  D r u c k p r o f i 1) , u n ­
t e r  E i n s t e l l u n g  v e r s c h i e d e n e r  K o h l e n w a s s e r s t o f f p a r t i a l d r u c k e
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d u r c h g e f ü h r t .  P r o b e n  w u r d e n  n u r am A u s t r i t t s p u n k t  des R e a k t o r s  g e ­
no mm en . Die  M e t h o d e  der  k i n e t i s c h e n  D a r s t e l l u n g  w u r d e  a u f  d i e s e n  
Fall a n g e w a n d t .

E i n e  au f d e m  t a t s ä c h l i c h e n  S p a l t v o r g a n g  von  B e n z i n f r a k t i o n e n  
b e r u h e n d e  B e s c h r e i b u n g s m e t h o d e  w u r d e  bis j e t z t  - u n s e r e s  W i s s e n s  
nac h - n o c h  n i c h t  v e r ö f f e n t l i c h t .

V e r s u c h s m e t h o d e  und P.yrolysebedi n g u n g e n

F ü r  di e P y r o l y s e  von B e n z i n f r a k t i o n e n  w u r d e  ein  G r o ß l a b o r a t o -  
r i u m s r o h r e a k t o r  m i t  e i n e r  K a p a z i t ä t  von  2-4  kg /h  v e r w i r k l i c h t  [9, 
10]. Im R e a k t o r  w a r e n  s o m i t  d i e  T e m p e r a t u r ,  d e r D r u c k  u n d  d i e
K o n z e n t r a t i o n s v e r t e i l u n g  m e s s b a r

R e l a t i v e  R e a k t o r l ä n g e , z
Abb.l. Temperatur- und Druckver­
teilung als Funktion der relati­
ven Rohrlänge

Die  P y r o l y s e n v e r s u c h e  w u r ­
den  u n t e r  Z u f ü h r u n g  vo n 50 G e w . %  
W a s s e r d a m p f  im f ü r de n B e t r i e b  
de r n e u e n  und  m o d e r n e n  R o h r ­
ö f e n  ü b l i c h e n  D r u c k - ,  T e m p e r a t u r -  
bzw. A u f e n t h a l t s z e i t i n t e r v a 11 um 
d u r c h g e f ü h r t .  Die w i c h t i g s t e n  
P a r a m e t e r  d e r  V e r s u c h e  s i n d  in 
de r T a b e l l e  1 z u s a m m e n g e f a s s t .  
Die  im L a u f e  d e r V e r s u c h e  e i n g e ­
s t e l l t e n  T e m p e r a t u r -  u n d D r u c k ­
p r o f i l e  si nd  aus de r A b b i l d u n g  1 
e r s i c h t l i c h .  Die M e s s u n g e n  w u r ­
den  bei zwe i v e r s c h i e d e n e n  T e m ­
p e r a t u r p r o f i l e n  (I und  II) u n d 
u n t e r  E i n s t e l l u n g  v e r s c h i e d e n e r  
A u s t r i t t s t e m p e r a t u r e n  ( 8 2 0 ,  82 5,  
850 °C) d u r c h g e f ü h r t .

D i e A n a l y s e  d e r  im L a u f e  
d e r V e r s u c h e  e n t n o m m e n e n  g a s f ö r ­
m i g e n  und  f l ü s s i g e n  P r o b e n  e r ­
f o l g t e  n a c h  e i n e r  von  F r a u  S i m o n
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1 9 7 5  K i n e t i s c h - m a t h e m a t i s c h e s  M o d e l l d e r  B e n z i n p y r o l y s e  I 3 7 3

und vom H e r r n  S z e p e s y  a u s g e a r b e i t e t e n M e t h o d e  u n t e r  A n w e n d u n g  ei-
nés M Â F K I - G a s a n a l y s a t o r s , e ine s C a r lo  Erba F r a c t o v a p  A p p a r a t e s  (Mo 
dell PAID) und ein es C a r l o  Erba A p p a r a t e s  ( Mo del l С АТС) Eil» 12].

Zur  B e r e c h n u n g  der  V e r s u c h s d a t e n  und f ü r  w e i t e r e n  D a t e n v e r ­
a r b e i t u n g  w u r d e  ein e l e k t r o n i s c h e r  R e c h n e r  (Ty p R e c h e n z e n t r a l e
GIER), s o w i e  ein Mi n i - C o m p u t e r  Hewlett--Pa ckard  9 1 0 0  В v e r w e n d e t .

Tabelle 2. Wichtigere Kennzeichen und 
des Raffinats

GruppenZusammensetzung

Kennzeichen Wert

Dichte bei 20 °C, g/ml 0,6745
Durchschnittliches Molekulargewicht 
Fraktionsverteilung, °C

87 ,00

Siedebeginn 42,5
10 % destillieren bis 57,5
50 % destillieren bis 74,0
90 % destillieren bis 100,0
Siedeende

Gruppenzusammensetzung, Gew.%
120,0

n-Paraffine 26,6
i-Paraffine 62,1
Naphtene 3,6
Ungesättigte Kohlenwasserstoffe 1,8
Aromáten 5,9

Wasserstoffgehalt, Gew.% 15,65
Schwefelgehalt, Gew.% 0,012

In der  T a b e l l e  2 w u r d e n  die w i c h t i g s t e n  M e r k m a l e  s o w ie  die  
d u r c h  g a s c h r o m a t o g r a p h i s c h e  A n a l y s e  b e s t i m m t e n  D a t e n  der G r u p p e n -
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Z u s a m m e n s e t z u n g  des als P y r o l y s e r o h s t o f f  v e r w e n d e t e n  R a f f i n a t s  z u ­
s a m m e n g e f a s s t .  Das u n t e r s u c h t e  R a f f i n a t  e n t h i e l t  8 8 , 7  G e w . %  P a r a f ­
f i n k o h l e n  W a s s e r s t o f f e ,  w o v o n  d e r  g r ö ß t e  Teil (62 ,1 G e w . %) aus v e r ­
z w e i g t e n  K o h l e n w a s s e r s t o f f e n  b e s t a n d ,  was  i n s b e s o n d e r e  für die  B i l ­
d u n g  h ö h e r e r  O l e f i n e  ( P r o p y l e n  und  B u t y l e n )  v o r t e i l h a f t  ist. Es 
e n t h i e l t  f e r n e r  n oc h 3,6  G e w . %  n a p h t e n i s e h e ,  5,9 G e w . %  a r o m a t i s c h e  
und  1,8 G e w . %  o l e f i n i s c h e  K o h l e n w a s s e r s t o f f e .

B r u t t o - Z e r s e t z u n g s k i n e t i k  d er  B e n z i n f r a k t i o n e n

D e f i n i t i o n  d es  Z e r s e t z u n g s g r a d e s  und  d er  R e a k t i o n s g e s c h w i n d i g k e i t  
u n t e r  B e r ü c k s i c h t i g u n g  d e r  e f f e k t i v e n  E x p a n s i o n

Bei d e r  t h e r m i s c h e n  S p a l t u n g  von  e i n z e l n e n  K o h l e n w a s s e r s t o f ­
fen , Model 1g e m i s e h e n  und B e n z i n f r a k t i o n e n  in e i n e m  i s o t h e r m e n ,  iso- 
b a r e n  R o h r r e a k t o r  b e n u t z t e n  w i r  für  d ie  B e s c h r e i b u n g  d er  B r u t t o -  
Z e r s e t z u n g s g e s c h w i n d i g k e i t  e i n e  s o g e n n a n t e  i n t e g r a l e  u nd  d i f f e r e n ­
t i a l e  M e t h o d e  [ 1 3 - 2 0 ] .  Das W e s e n  d e r  I n t e g r a l m e t h o d e  b e s t e h t  d a ­
rin, d a ß  w i r  in den  i n t e g r i e r t e n  k i n e t i s c h e n  G l e i c h u n g e n  e r s t e r  
O r d n u n g  d i e  K o n s t a n t e  der  Z e r s e t z u n g s g e s c h w i n d i g k e i t  d u r c h  den  A u s ­
d r u c k  к = k° -ßX  e r s e t z t  h a b e n ,  wo  ß e i n e n  die  I n h i b i t o r w i r k u n g  
d e r  R e a k t i o n s p r o d u k t e  ( O l e f i n e )  b e r ü c k s i c h t i g e n d e n  F a k t o r  b e d e u t e t . 
Bei d er  D i f f e r e n t i a l m e t h o d e  r e c h n e t e n  w ir  mit  e i n e r  t e m p e r a t u r a b ­
h ä n g i g e n ,  von  d e r  E i n h e i t  a b w e i c h e n d e n  R e a k t i o n s o r d n u n g .  Für die  
B e s c h r e i b u n g  d e r  B r u t t o - Z e r s e t z u n g s g e s c h w i n d i g k e i t  von  G e m i s c h e n  
u nd  B e n z i n f r a k t i o n e n  v e r w e n d e t e n  w i r  d i e s e l b e n  k i n e t i s c h e n  G l e i ­
c h u n g e n  w i e  f ü r  e i n z e l n e  K o h l e n w a s s e r s t o f f e  m i t  d e m  U n t e r s c h i e d ,  
d a ß  d ie  K o n v e r s i o n  e i n z e l n e r  r e i n e r  S t o f f e  d u r c h  e i n e n  in f o l g e n ­
d e r  G l e i c h u n g  d e f i n i e r t e n  Z e r s e t z u n g s g r a d  e r s e t z t  w u r d e  [ 1 6 , 1 8 - 2 0 ] :

к
X = £  у ,  • X.  ( l )

j J J
wo у., d i a M o l b r ü c h e  der  z e r s e t z b a r e n  K o m p o n e n t e n  des  A u s g a n g s ­

b en z i ns, Und
Xj d i e  K o n v e r s i o n  der  z e r s e t z b a r e n  K o m p o n e n t e n  des  A u s g a n g s ­

b e n z i n s  b e d e u t e n .
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E r f a h r u n g s g e m ä ß  z e i g e n  d i e  aroma ti s e h e n  K o h l e n w a s s e r s t o f f e  
des A u s g a n g s b e n z i n s  in d e r  e r s t e n  Pha se d er  R e a k t i o n  k ein e S p a l ­
tun g (ih re M e n ge  n i m m t  p r a k t i s c h  n ich t ab) , a l s o  k ö n n e n  sie vom 
S t a n d p u n k t  der  R e a k t i o n  als i n e r t e  K o m p o n e n t e n  o e t r a c h t e t  w er den . 
In der  G l e i c h u n g  (1) h a b e n  d a h e r  ihre M o l b r ü c h e  d e n  W e r t  Null.

Der d u r ch  die  G l e i c h u n g  (1) d e f i n i e r t e  Z e r s e t z u n g s g r a d  n im mt 
bei der P y r o l y s e  von B e n z i n f r a k t i o n e n  W e r t e  z w i s c h e n  Q - 1 an, 
ä h n l i c h  wie  die K o n v e r s i o n  bei der T h e r m o s p a l t u n g  r e i n e r  Stoff e. 
Ob X u n t er  g e g e b e n e n  P y r o l y s e b e d i n g u n g e n  w e l c h e n  W e r t  a n n e h m e n  
w ir d, das h än gt vom  M o l e k u l a r g e w i c h t  und von  d e r  c h e m i s c h e n  K o n ­
s t i t u t i o n  der B e n z i n k o m p o n e n t e n ,  das h ei ßt  von i h r e r  Z e r s e t z u n g s ­
g e s c h w i n d i g k e i t  ( T h e r m o s t a b i 1 ität) ab. Bei der  P y r o l y s e  von Ben- 
z i n f r a k t i o n e n  v e r s c h i e d e n e r  Q u a l i t ä t  ( v e r s c h i e d e n e r  S i e d e g r e n z e n  
und c h e m i s c h e r  Z u s a m m e n s e t z u n g )  wird als o - s o n s t  u n t e r  g l e i c h e n  
P y r o l y s e b e d i n g u n g e n  - a u c h  die  Ä n d e r u n g  des Z e r s e t z u n g s g r a d e s  
v e r s c h i e d e n  a us f a l l e n .

Ein w e s e n t l i c h e r  n e u e r  Zug u n s e r e r  v o r l i e g e n d e r  A r b e i t  im 
V e r g l e i c h  zu den B i s h e r i g e n  b e s t e h t  dar in ,  d a ß  d i e  A u s a r b e i t u n g  
e i n e s  für die  B e s c h r e i b u n g  d e r  B r u t t o - Z e r s e t z u n g s g e s c h w i n d i g k e i t  
von B e n z i n f r a k t i o n e n  g e e i g n e t e n  k i n e t i s c h e n  M o d e l l s  auf  G ru nd  von 
in e i n em  n i c h t i s o t e r m e n ,  n i c h t i s o b a r e n  R o h r r e a k t o r  bei t u r b u l e n t e r  
S t r ö m u n g  a u s g e f ü h r t e n  P y r o l y s e v e r s u c h e n  e r f o l g t e .  Im V e r l a u f  der 
P y r o l y s e v e r s u c h e  e r h ö h t e  s ic h die  T e m p e r a t u r  des  R e a k t i o n s g e m i s c h e s  
- w i e  es im v o r a n g e h e n d e n  A b s c h n i t t  a u s f ü h r l i c h  b e s c h r i e b e n  ist - 
von den  am E i n g a n g s p u n k t  des R e a k t o r s  e i n g e s t e l l t e n  580 °C auf  
8 2 0 - 8 5 0  °C bei s e i n e m  D u r c h g a n g  d ur ch  den  R e a k t o r .  G l e i c h z e i t i g  
v e r m i n d e r t e  sich der D r u c k  von 3,4 - 4,2 a t m  a u f  1,8 - 2,0 atm. 
Die  e f f e k t i v e  A u f e n t h a l t s z e i t  des R e a k t i o n s g e m i s c h e s  im R e a k t o r  
s c h w a n k t e  z w i s c h e n  0 , 4  - 0,6  s. Ä h n l i c h e  P a r a m e t e r w e r t e  g e l t e n  
a uc h bei den m o d e r n e n  t e c h n i s c h e n  P y r o l y s e ö f e n .

T e m p e r a t u r  und D r u c k  ä n d e r t e n  sich al s o  a u c h  bei k o n s t a n t e m  
( s t a t i o n ä r e m )  B e t r i e b  des R e a k t o r s  von P u n k t  zu P u n k t  ent lag des 
R e a k t i o n r o h r é s .  Das b e d e u t e t ,  daß  für die  B e s c h r e i b u n g  der B ru t t o -  
- Z e r s e t z u n g s g e s c h w i n d i g k e i t  die  B e s t i m m u n g  der k i n e t i s c h e n  K o n s t a n ­
ten d u r c h  die  D i f f e r e n t i a l g l e i c h u n g  eines El e m e n t a r a b s c h n i  ttes des 
R e a k t o r s  ( G e s c h w i n d i g k e i t s g l e i c h u n g )  e r f o l g e n  k a n n  ( D i f f e r e n t i a l - 
m e t h o d e ).
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Die  D e f i n i t i o n s g l e i c h u n g  d er  R e a k t i o n s g e s c h w i n d i g k e i t  in e i ­
n em  D u r c h s t r ö m u n g s r e a k t o r  l a u t e t  [21, 22, 14]:

wo  n mol /s 

l / s  

mol /1

dn
d V n

dX
= C.

dV R

dX
du (2)

der m o l a r e  S t r o m  des r e a g i e r e n d e n  ( s i c h  z e r s e t z ­
t en de n )  S t o f f e s ,
V o l u m e n g e s c h w i n d i g k e i t  beim E i n t r i t t s p u n k t  in den 
R e a k t o r ,
K o n z e n t r a t i o n  des  A u s g a n g s s t o f f e s  ( h i e r  d e r  B e n ­
z i n f r a k t i o n )  am E i n t r i t t s p u n k t  d e s  R e a k t o r s ,
K o n v e r s i o n  d e s  A u s g a n g s s t o f f e s  ( h i e r  der  c h a r a k ­
t e r i s t i s c h e  Z e r s e t z u n g s g r a d  der  B e n z i n f r a k t i o n ) ,
Rea k t o r v o 1 u m e n ,

ш = -g—  s f i k t i v e  R e a k t i o n s z e i t .

A n d e r e r s e i t s ,  in K e n n t n i s  d e r  a k t u e l l e n  K o n z e n t r a t i o n  der 
z e r s e t z e n b a r e n  K o m p o n e n t e n  d e r  A u s g a n g s b e n z i n f r a k t i o n  kan n für 
d i e  G e s c h w i n d i g k e i t  der  t h e r m i s c h e n  S p a l t u n g ,  a u s g e d r ü c k t  durch 
d i e  Bru t t o - R e á  к ti on s g  1 ei c h u n g  А -<■ Ç  v^- R^, a l l g e m e i n  g e s c h r i e b e n  
w e r d e n  :

r = к • C n Г с о d - * ) ! (3)

wo  A S y m b o l  der m o l a r e n  M e n g e  d er  A u s g a n g s b e n z i n f r a k t i o n ,
R.j S y m b o l  der m o l a r e n  M e n g e  des  i-ten R e a k t i o n s p r o d u k t s ,
V. B r u t t o - S t ö c h i o m e t r i e f a k t o r  des i-ten R e a k t i o n s p r o d u k t s ,  
к ( m o l /1) " s Z e r s e t z u n g s g e s c h w i n d i g k e i t s k o n s t a n t e  
n B r u t t o - R e a k t i o n s o r d n u n g ,
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C V<*-X) mol ! L a k t u e l l e  K o n z e n t r a t i o n  der  z e r s e t z b a r e n  
K o m p o n e n t e n  der  A u s g a n g s b e n z i n f r a k t i o n ,

X = 2  y j * x j Z e r s e t z u n g s g r a d
E e d i e  zum  Z e r s e t z u n g s g r a d  X z u g e h ö r i g e  e f ­

f e k t i v e  E x p a n s i o n .
Die e f f e k t i v e  E x p a n s i o n  (E e ) d r ü c k t  die  g e m e i n s a m e  W i r k u n g  

der  von der  c h e m i s c h e n  R e a k t i o n  ( Z e r s e t z u n g )  v e r u r s a c h t e n  M o l z a h l ­
ä n d e r u n g  ( c h e m i s c h e  E x p a n s i o n ,  E R ) und der  von D r u c k  und T e m p e r a ­
tur v e r u r s a c h t e n  Ä n d e r u n g  ( p h y s i k a l i s c h e  E x p a n s i o n ,  E f ) aus:

E e = E f • E R
Hi e r  ist

(4)

T ( z ) • P E ( X ) + sE, = ----- -  und Ep = -------
f T 0 .P(z) 1 + s

wo T Q die  T e m p e r a t u r  (°K) b ei m E i n t r i t t s p u n k t  in den R e a k t o r ,  
P Q D r u c k  (atm) b e i m  E i n t r i t t s p u n k t  in den  Rea kt o r,
T(z) T e m p e r a t u r p r o f i l  im R e a k t o r ,
P(z) D r u c k p r o f i l  im R e a k t o r ,
s W a s s e r d a m p f m e n g e  b e z o g e n  auf  die  e i n g e s p e i s t e  B e n z i n ­

m e n g e  ( m o l / m o l ),
E ( X ) = 1 + (E v..-l)*X Kohl e n w a s s e r s t o f f e x p a n s i o n  ( ei ne e i n ­

d e u t i g e  F u n k t i o n  des Z e r s e t z u n g s g r a d s ) .
Die K o h l e n w a s s e r s t o f f e x p a n s i o n ,  d e f i n i e r t  d u r c h  den Q u o t i e n t e n  

d er  M o l z a h l e n  der aus d em  R e a k t o r  a u s t r e t e n d e n  und der in d e n  R e a k ­
tor e i n g e s p e i s t e n  K o h l e n w a s s e r s t o f f e ,  d r ü c k t  die w ä h r e n d  d er  
Z e r s e t z u n g  e i n t r e t e n d e  Mol z a h l e r h ö h u n g  aus [14]. Ihre Ä n d e r u n g  in 
A b h ä n g i g k e i t  v om  Z e r s e t z u n g s g r a d  (also die  E (X )- F u n k t i o n ) i st  f ür  
das  R a f f i n a t  in A b b i l d u n g  2 v e r a n s c h a u l i c h t .  A u f  G run d d er  A b b i l ­
d u n g  kann f e s t g e s t e l l t  w e r d e n ,  d a ß  u nt er  den a n g e w a n d t e n  S p a l t u n g s ­
b e d i n g u n g e n  die  K o h l e n w a s s e r s t o f f e x p a n s i o n  e in e e i n d e u t i g e  F u n k ­
ti o n  des Z e r s e t z u n g s g r a d e s  ist. Die  E ( X ) - K u r v e  w u r d e  d u r c h  e i n e  
e m p i r i s c h e  F u n k t i o n  g e n ä h e r t .
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1---- Г
0,6 0,8 1,0

Zersetzungsgrad, X

Abb. 2. Kohlenwasserstoff expansion in Abhängigkeit vom Zersetzungs­
grad

Die Kenntnis der effektiven Expansion ist auch bei der Be­
stimmung der effektiven Reaktionszeit (t) notwendig, was mit Hilfe 
der Gleichung:

z dz 
I —  
о E_

(5)

durch numerische Integrierung bestimmt wurde:
wo w q s die auf Grund der maßgeblichen Parameter am Eingangs­

punkt des Reaktors berechnete fiktive Reaktionszeit,
z * l/L relative Reaktorlänge bedeuten.
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Die Besti—  ung der Zersetzunqsgeschwindigkeitslcichunq 
sowie der kinetischen Konstanten

Durch Kombination der Gleichung (2) und (3) erhalten wir zur 
Bestimmung der Brutto-Zersetzungsgeschwindigkeit von Benzinfrak­
tion folgende Geschwindigkeitsgleichung:

(6)

welche durch die Einführung der relativen Reaktorlönge z > t/l und 
nach Substitutirung von du « «0 • dz folgende For« anniat:

(7)

Zwecks Bestimung der Konstanten (k und n) wurde die Glei­
chung (7) 1inearisiert:

ln («)

Zur Lösung der Gleichung (8) Müssen die Differentialquotien­
ten (dX/dz) der als Funktion der relativen Reaktorlönge (z) genes­
senen Zersetzungsgradkurven [X(z)l bei gegebenen Temperaturen be­
stirnt werden. Hierzu ist die Messung wenigstens von zwei solchen 
X(z)-Kurven nötig, deren Richtungstangenten bei gegebene« T ver­
schieden sind. Dies kann durch Änderung des Temperaturprofils oder 
der Einspeisegeschwindigkeit erreicht werden. Bei der Pyrolyse des 
Raffinats wurden 7 solche Kurven genessen. In der Abbildung 3 wur­
den als Beispiel die Temperatur- und des Zersetzungsgradverteilun­
gen als Funktion von z in den Versuchsreihen 37 und 40 darge­
stellt.

Die Richtungstangente der X(z)-Kurve in den zu gegebenen Tem- 
peraturen gehörenden Punkten kann durch graphische oder durch nu­
merische Differenzierung bestirnt werden. Da uns eine elektronische
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R e c h e n m a s c h i n e  z u r  V e r f ü g u n g  
sta nd,  w ä h l t e n  w i r  d i e  n u m e ­
r i s c h e  L ö s u n g .  D i e  V e r s u c h s ­
p u n k t e  w u r d e n  d u r c h  ei ne  
F u n k t i o n  v o m  T y p  d e s  T a n g e n s  
h y p e r b o l i c u s  a n g e n ä h e r t .  Die 
in A b b i l d u n g  3 k o n t i n u i e r ­
li ch  g e z e i c h n e t e n  K u r v e n  w u r ­
d e n auf G r u n d  d e r  N ä h e r u n g s ­
f u n k t i o n  b e r e c h n e t .  W i e  e r ­
s i c h t l i c h ,  b e s t e h t  g u t e  Ü b e r ­
e i n s t i m m u n g  z w i s c h e n  d e n g e ­
m e s s e n e n  und d e n  g e r e c h n e t e n  
W e rt en . A u f d i e  a u f  G r u n d  
d e s  k i n e t i s c h e n  M o d e l l s  b e ­
r e c h n e t e n  X - W e r t e  k o m m e n  wir 
s p ä t e r  zu rü ck .

In d e r A b b i l d u n g  4 ist 
d i e  nach (8 ) 1 i n e a r i s i e r t e
G e s c h w i n d i g k e i t s l e i c h u n g

0 0 , 2 0 , 4 0 , 6 0 , 8  1,0
R e l a t i v e  R e a k t o r l ä n g e ,  z

Abb. 3. Änderung der Temperatur und 
des Zersetzungsgrads in Abhängigkeit 
von der relativen Reaktorlänge

T j3 "4 >U
1 n[Co^ l -X) -j

e
Abb. 4. Darstellung der 1inearisierten Geschwindigkeitsgleichung 

für ein Raffinat
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de s R a f f i n a t s  w i e d e r g e g e b e n .  (Es w u r d e  der L o g a r i t h m u s  der  M o m e n ­
t a n g e s c h w i n d i g k e i t  in A b h ä n g i g k e i t  von L o g a r i t h m u s  d e r  a k t u e l l e n

K o n z e n t r a t i o n  a u f g e t r a g e n . ) 
Du rc h d i e  zu g e g e b e n e n  T e m ­
p e r a t u r e n  g e h ö r e n d e n  P u n k ­
ten k ö n n e n  m i t  g u t e r  N ä h e ­
rung G e r a d e n  g e l e g t  w e r d e n ,  
aus d e r e n  R i c h t u n g s t a n g e n ­
ten d i e B r u t t o - R e a k t i o n s -  
o r d n u n g  (n) und aus d e r e n  
A c h s e n s c h n i t t e  die  G e ­
s c h w i n d i g k e i t s k o n s t a n t e  d e r  
Z e r s e t z u n g  (ln k) b e ­
s t i m m t  w e r d e n  kö nn en . In 
A b b i l d u n g  5 w u r d e  die  Ä n ­
d e r u n g  der  a u f  d i e s e m  W e g e  
b e s t i m m t e n  ln к und n in 
A b h ä n g i g k e i t  von  d e r h e z i p -  
ro ke n T e m p e r a t u r  d a r g e ­
s t el lt . Die  T e m p e r a t u r f u n k ­
tion d e r Z e r s e t z u n g s g e ­
s c h w i n d i g k e i t  sk on s t a n t e  
kann - w i e  e r s i c h t l i c h  - 
d u r c h  e i n e  A r r h e n i u s - s c h e  
F u n k t i o n  b e s c h r i e b e n  w e r ­
den. Der  W e r t  der  B r u t t o -  
- R e a k t i o n s o r d n u n g  (n) ä n ­
d e r t  si ch  z w i s c h e n  1 und
1,5 und  n ä h e r t  s i c h  m i t  

E r h ö h u n g  de r T e m p e r a ­
tur an d i e E i n h e i t .  D i e Ä n ­
d e r u n g  d e r  B r u t t o - R e a k t i - 

o n s o r d n u n g  als F u n k t i o n  von 1/T  w u r d e  d u r c h  d i e e m p i r i s c h e  F u n k t i ­
on f o l g e n d e r  For m

Abb. Darstellung der linearisierten 
Geschwindigkeitskonstante und der  
der Reaktionsordnung mit der 
Temperatur

n = a + b I  +T Ф2 (9)
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beschrieben. Oie Funktion kann innerhalb des für Industrierohr­
öfen wichtigen Temperaturbereichs 0,85 < < 1,2 verwandt wer­
den.

Die beschriebene Methode kann exakt nur auf isotherme Reak­
tionsbedingungen angewandt werden. (Dann ist nämlich X eine ein­
deutige Funktion von z.) Da in unserem Falle dieser Umstand nicht 
gegeben war, können die erhaltenen Werte der Reaktionsordnung und 
der Aktivierungsenergie als scheinbare Werte angesehen werden, 
welche aber - wie später gezeigt wird - für praktische Rechnun­
gen (Nodellausarbeitung) sehr geeignet sind.

Kinetisches Modell zur Berechnung der Zersetzungsgeschwindigkeit

Zwecks Aufstellung des kinetischen Modells wurde die Ge­
schwindigkeitsgleichung (7) in folgender zweckmäßiger Form geschrie­
ben:

C n-1 „ «
dX - (-£) к (1 - X)" - dz

Ee Ee

Auf Grund der Gleichung (5) kann hier auch

(10)

u . d zо
Ee

dt

eingesetzt, und das Modell statt der Längenkoordinate als Funkti­
on der tatsächlichen Reaktionszeit geschrieben werden. Aus Zweck- 
mäßigkeitsgründen wurde obige Form beibehalten. In der Gleichung
(10) sind die Werte CQ und bei konstanter Einspeisegeschwindig­
keit und iw stationären Zustand konstant, dagegen ändern sich die 
effektive Expansion ÍEe), die Geschwindigkeitskonstante der Zer­
setzung (k) sowie die 8rutto-Reaktionsordnung (n) kontinuierlich 
nach der Länge des Reaktionsrohres. Diese Änderung wird durch das 
Temperatur- und Druckprofil beeinflußt
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Zur Lösung der Gleichung (10) ist also die Kenntnis folgen­
der Größen notwendig:

Gb kg/h, Einspeisegeschwindigkeit des Benzins,

Gv kg/h. Einspeisegeschwindigkeit des Wassers,

To °IC, Temperatur an der Stelle z = 0,

Po atm. Druck an der Stelle z = 0,

TU) Temperaturprofi 1,
P(z) Druckprofi 1,
к Temperaturabhängigkeit der Geschwindigkeitskon­

stante der Zersetzung,
n Temperaturabhängigkeit der brutto-kinetischen 

ReaktionsOrdnung,
E(X) KohlenwasserStoff-Expansion.
Zur Näherung der Kohlenwasserstoff-Expansion und des Tempe-

ratur- bzw. Druckprofils in Abhängigkeit von z wurden empirische 
Funktionen angewandt.

Die Lösung der Differentialgleichung (10) kann grundsätzlich 
über zwei Methoden erfolgen: über eine Umformung zu einer Diffe­
renzgleichung und Ausführung der Rechnung auf hintereinanderge­
schaltete isotherme und isobare Reaktorabschnitte (step-by-step- 
-Hethode), oder unter Beibehaltung der Differentialgleichung und 
Anwendung der in der Richtung der Tangente progressierenden sog. 
Runge— Kutte-schen Methode.

In der vorliegenden Arbeit wurde aus Zweckmäßigkeitsgründen 
die sog. step-by-step-Methode angewandt. Hierzu wurde das (insge­
samt 22,5 m lange) Reaktionsrohr in 50 gleiche Abschnitte aufge­
teilt und die Rechnung auf die so erhaltenen Az = 0,02 (AL = 0,45 
m) Abschnitte durchgeführt. Als maßgebende Temperatur und Druck 
eines bestimmten Reaktorabschnitts wurde der arithmetische Mittel­
wert (T-.P-) aus den an den Endpunkten des betreffenden Abschnitts 
gültigen Temperatur- und Oruckwerten angesehen.

Durch Umformung der Differentialgleichung (10) in eine Dif­
ferenzgleichung und das Aufschreiben für den Reaktorabschnitt i 
erhält man:



381* V. Illés und A. Horváth Vol. 3.

n(T!)-l
Д Х -i =

L Ee(zi)
(1 - X ij)

n(T;.) шок(т;.)
AZ ■ ( H )

WO d i e  r e l a t i v e  L ä n g e  d e s  i - t e n  R e a k t o r a b s c h n i t t s ,
d i e  E r h ö h u n g  des  Z e r s e t z u n g s g r a d e s  im i - t e n  R e a k t o r a b -  
s c h n i  t t s ,

k(T l) d e n  W e r t  d e r k i n e t i s c h e n  " K o n s t a n t e "  an d e r  S t e l l e  z! 
(in d e r  M i t t e  d e s i - t e n  R e a k t o r a b s c h n i t t s ) ,

n (T 1 ) d i e  R e a k t i o n s o r d n u n g  an d e r  S t e l l e  z î 
i-1 ДХ,X = £  X. + --  den W e r t  d e s  Z e r s e t z u n g s g r a d s  in d e r  Mi t t el 1 i 2 des i - t e n  R e a k t o r a b s c h n i t t s ,

E ^ z i )  d e n  W e r t  d e r p h y s i k a l i s c h e n  E x p a n s i o n  an d e r St el -

E p (X l)  d i e  zu m Z e r s e t z u n g s g r a d  XI g e h ö r e n d e  c h e m i s c h e  E x p a n ­
si o n ,

E ( z 1 e ' v E.p ( z ! ) • Ep( X 1 ) d i e  e f f e k t i v e  E x p a n s i o n  an d e r S t e l l e  
z 1 b e i m  Z e r s e t z u n g s g r a d  XI

d i e  K o n z e n t r a t i o n  d e s  R o h s t o f f s  an d e r  S t e l l e  z^ = 0
d i e  f i k t i v e  R e a k t i o n s z e i t  an der  S t e l l e  z^ = 0 b e d e u ­
ten  .

Das auf  d e r  s t e p - b y - s t e p  L ö s u n g  d e r  Ä n d e r u n g  d e s  Z e r s e t z u n g s ­
g r a d e s  als  e i n e  F u n k t i o n  d e r  r e l a t i v e n  R e a k t o r l ä n g e  b e s c h r e i b e n d e n  
G l e i c h u n g  (11) b e r u h e n d e  k i n e t i s c h e  M o d e l l  wi rd  als  P r o g r a m m - B l o c k -  
s c h e m a  in d e r  Ab b.  6 v e r a n s c h a u l i c h t .

A u f  E i n z e l h e i t e n  des P r o g r a m m s  k o m m e n  w i r n i c h t  a u s f ü h r l i c h  
z u m  S p r e c h e n ,  s o n d e r n  b e s c h r e i b e n  n u r  d i e p r i n z i p i e l l e n  G r u n d z ü g e  
d e r  in d e n  e i n z e l n e n  P r o g r a m m b l o c k s  d u r c h g e f ü h r t e n  B e r e c h n u n g e n .

Di e D r u c k v e r t e i l u n g  w u r d e  a u f  G r u n d  der  6 g e m e s s e n e n  W e r t ­
p a a r e  d u r c h  e i n e  l i n e a r i s i e r b a r e  e x p o n e n t i e l l e  R e g r e s s i o n s g l e i c h u n g  
m i t  drei V e r ä n d e r 1 ichen b e s c h r e i b e n .  Die T e m p e r a t u r p r o f i1e der  
n i c h t  i s o t h e r m e n  A b s c h n i t t e  w u r d e n  m i t  P o l y n o m e n  g e n ä h e r t .
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Abb. 6. Programm-Blockschema des kinetischen Modells des Pyrolyse­
reaktors. j = Zahl der Iterationen innerhalb des Reaktor­
abschnitts; N = Zahl der Reaktorelemente ; i = laufender In­
dex der Reaktorelement
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Die Berechnung des Zersetzungsgrades erfolgt durch Iteration, 
während dessen der Xlj-Wert durch wiederholte Korrektion der Expan­
sion und dadurch der tat­
sächlichen Reaktionszeit
immer genauer wird. Die Ä n ­
derung des gemessenen bzw. 
berechneten Zer setzungs­
grads (X) Uber die relative 
Reaktorlänge (z) wurde für 
ein Raffinat in Abb. 7 dar­
gestellt. Die auf Grund des 
Programms berechneten Werte 
sind auch aus der Abbildung 
3 ersichtlich.

Die Berechnung der 
tatsächlichen Aufen th al ts ­
zeit in dem Reaktor erfolgt 
durch Summierung der durch 
Iteration bestimmten maß ge ­
benden Teil-Aufenthaltszeiten:

Abb.7. Änderung des Zersetzungsgrads 
in Abhängigkeit von der rela 
tiven Reaktorlänge

T Ш
о

NEi = l
Azi

Ee (zi:
(12)

Brutto-kinetische Strengheitsfunktion

Die Differentialgleichung (7) bzw. (10) kann nach zweckmäßi­
ger Umformung und Bestimmung der Integrationsgrenzen auf folgende 
Form gebracht werden:

X
f
о

dX z C n-1
------Fi “ / (l2)(1 - X)n о be (13)

Beide Seiten dieser Gleichung sind dimensionslos. Das Integ­
ral der rechten Gleichungsseite drückt im Wesentlichen die Streng­
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hei t d e r  P y r o l y s e  d e r d u r c h  d i e  B r u t t o - G e s c h w i n d i g k e i t s k o n s t a n t e  к 
g e k e n n z e i c h n e t e n  B e n z i n f r a k t i o n ,  im R e a k t o r a b s c h n i t t  0 - z, bei 
v o r g e g e b e n e m  T e m p e r a t u r -  und D r u c k p r o f i l  und  b e s t i m m t e n  E i n s p e i s e ­
p a r a m e t e r s  ( C 0> w q ) aus. Zu d i e s e m  S t r e n g h e i t s g r a d  g e h ö r t  e i n e  
S p a l t u n g  b e s t i m m t e r  T i e f e ,  w a s d u r c h  das  I n t e g r a l  d e r  l i n k e n  S e i t e  
r e p r e s e n t i e r t  wird.

Da di e d u r c h  d a s In t e g r a l  der  r e c h t e n  S e i t e  der  G l e i c h u n g  
(13) d e f i n i e r t e  S t r e n g h e i t  d i e  B r u t t o - Z e r s e t z u n g s g e s c h w i n d i g kei ts- 
k o n s t a n t e  der  B e n z i n f r a k t i o n  e n t h ä l t ,  w u r d e  d i e s e r  Z u s a m m e n h a n g  
als b r u t t o - k i n e t i s c h e  S t r e n g h e i t s f u n k t i o n  g e n a n n t  und w e i t e r  m i t  
BKS F b e z e i c h n e t :

BKS F = z C n - 1  u dz ; {^ )  k -JL—  
о E e E e

(14 a)

oder, da:

e о Q- N

= d T ,
E e

wi rd
BK SF  = T C„ n-1 ; ( ^ )  к dz ( 14b)о e

D i e auf G r u n d  d e r  G l e i c h u n g e n  (13) und  (14) d e f i n i e r t e  b r u t ­
t o - k i n e t i s c h e  S t r e n g h e i t s f u n k t i o n  (BK SF ) ist so w o h l  f o r m e l l  w i e  
a u c h  n a c h  ih r e m  p h y s i k a l i s c h e n  In h a l t  d e r  vo n Z D O N I K  und M i t a r b e i ­
te rn  [41 d e f i n i e r t e n  k i n e t i s c h e n  S t r e n g h e i t s f u n k t i o n  (KSF) a n a l o g :

QKSF = / k 5 • dQ (15)
о

wo k 5 s ~ 1 d i e  R e a k t i o n s g e s c h w i n d i g k e i t s k o n s t a n t e  des  n - P e n -  
t a n s  u n t e r  V o r a u s s e t z u n g  e i n e r  Z e r s e t z u n g s k i n e t i к 
e r s t e r  O r d n u n g ,  und

Q s d i e  R e a k t i o n s z e i t  b e d e u t e n .
A u f  G r u n d  de r v o n  Z d o n i k  und M i t a r b e i t e r n  d e f i n i e r t e n  k i n e t i ­

sc h e n  S t r e n g h e i t s f u n k t i o n  ka nn  b e r e c h n e t  w e r d e n ,  d a ß  u n t e r  g e g e b e ­
nen B e d i n g u n g e n  d e r t h e r m i s c h e n  S p a l t u n g  (bei g e g e b e n e m  K S F - W e r t ) ,
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w e l c h e  K o n v e r s i o n  d e s  n - P e n t a n s  e i n t r e t e n  w ü r d e ,  v o r a u s g e s e t z t ,  daß  
d i e  S p a l t u n g  d u r c h  e i n e  k i n e t i s c h e  F u n k t i o n  e r s t e r  O r d n u n g  b e ­
s c h r i e b e n  w e r d e n  ka nn . Sie  ist in e r s t e r  L i n i e  zu r z a h l e n m ä ß i g e n  
C h a r a k t e r i s i e r u n g  d e r  S t r e n g h e i t  d e r  P y r o l y s e b e d i n g u n g e n  g e e i g n e t ,  
s t e h t  j e d o c h  n i c h t  in V e r b i n d u n g  m i t  d e n  t a t s ä c h l i c h e n  S p a l t v o r g ä n ­
g e n  im R o h r r e a k t o r .

Die  E i n f ü h r u n g  d e r  b r u t t o - k i n e t i s e h e n  S t r e n g h e i t s f u n k t i o n  
(BKSF) an S t e l l e  d e s Z e r s e t z u n g s g r a d e s  (X) bei d e r  P y r o l y s e  von 
B e n z i n f r a k t i o n e n  w i r d  d a d u r c h  b e g r ü n d e t ,  d a ß  im G e b i e t  X >  0,9 5 
d a s  für d i e U n t e r s u c h u n g  und B e s c h r e i b u n g  d e r  t e c h n i s c h e n  R e a k t o ­
r e n w i c h t i g  i s t  - i n f o l g e  V e r l ä n g e r u n g  d e r  S k a l a  - e i n e  g e n a u e r e  
B e s t i m m u n g  u n d  B e r e c h n u n g  d e r A u s b e u t e k u r v e n  e r m ö g l i c h t  w i r d  (s. 
d e n  z w e i t e n  T e i l  d i e s e r  A r b e i t ) .

Den z a h l e n m ä ß i g e n  Z u s a m ­
m e n h a n g  z w i s c h e n  d e m  Z e r s e t ­
z u n g s g r a d  (X) u n d  d e r  b r u t t o - 
- k i n e t i s c h e n  S t r e n g h e i t s f u n k ­
t i o n  (BKSF) v e r a n s c h a u l i c h t  
f ü r  die  P y r o l y s e  e i n e s  R a f f i ­
n a t s  die  A b b i l d u n g  8 . Auf
G r u n d  der  A b b i l d u n g  ist der 
Z u s a m m e n h a n g  z w i s c h e n  den  b e i ­
d e n  V e r ä n d e r l i c h e n  e i n d e u t i g ,  
u n d es g e h t  h e r v o r ,  d a ß  bei 
h o h e n  Z e r s e t z u n g s g r a d e n  die  
B K S F  sich in v i e l  h ö h e r e m  M a ­
ße ä n d e r t  als  X.

Die d u r c h  d i e  G l e i c h u n ­
g e n  (13) und  (1 4)  d e f i n i e r t e

Z e r s e t z u n g s g r a d ,  X

Abb.8. Zusammenhang zwischen der 
brutto-kinetischen Streng­
heit und dem Zersetzungsgrad 
bei der Pyrolyse des Raffi­
nats

b r u t t o - k i n e t i s c h e  S t r e n g h e i t s ­
f u n k t i o n  ( B K S F )  ist  d e r in 
G l e i c h u n g  (1) d e f i n i e r t e n  
Z e r s e t z u n g s g r a d  (X) ä h n l i c h  d i m e n s i o n s l o s ,  w o d u r c h  d i e u n m i t t e l ­
b a r e  Ü b e r t r a g u n g  d e r  A u s b e u t e k u r v e n  bzw. des  k i n e t i s c h e n  M o d e l l s  
a u f  g r ö ß e r e  R e a k t o r e n  ( R o h r ö f e n )  e r m ö g l i c h t  wir d.



1975 Kinetisch-mathematisches Modell der Benzilpyrolyses 389

Das P r o g r a m m  des k i n e t i s c h e n  M od e l l s  b e r e c h n e t  die  W e r t e  d e r  
b r u t t o - k i n e t i s e h e n  S t r e n g h e i t s f u n k t i o n  (BKSF) aus f o l g e n d e r  G l e i ­
chu ng :

B K S F N
£

i = l .Ee<zi>.

" ( T i )'1 к ( ф

E e < z ;>
A z . (16)
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K I N E T I S C H - M A T H E M A T I S C H E S  M O D E L L  D E R B E N Z I N P Y R O L Y S E  II 
P R O D U K T V E R T E I L U N G ,  A U S B E U T E K U R V E N ,  KI NET  I S C H - M A T H E M A T I S C H E S

M O D E L L

V. IL LÉ S und  A. H O R V A T H

(Ungarisches Erdöl- und Erdgasforschungsinstitut, Veszprém) 

Eingegangen am 10. Februar 1975

Im großlaboratoriumsmäßigen Rohrreaktor wurden 
die Änderung der Ausbeuten der Reaktionsprodukte in 
Abhängigkeit vom Zersetzungsgrad und von der Streng­
heit der Pyrolyse eines Raffinats untersucht. Es wurde 
gefunden, daß mit Ausnahme einiger Produkte (z.B. des 
Wasserstoffs, des Äthylens) die Ausbeute der Produkte, 
in Abhängigkeit von den angegebenen Variablen, und un­
abhängig von der Austrittstemperatur und vom Tempera­
turprofil, durch je eine einzige Kurve dargestellt 
werden kann. Die Ausbeutekurven wurden durch mathema­
tische Funktionen vier verschiedener Typen genähert.

Durch Verknüpfung der die Bruttozersetzungsge­
schwindigkeit beschreibenden kinetischen Funktionen 
mit den die Ausbeutekurven beschreibenden mathemati­
schen Gleichungen wurde ein zur Berechnung der Produkt­
verteilung geeignetes kinetisch-mathematisches Modell 
und Computerprogramm des Rohrreaktors für die Benzin­
pyrolyse ausgearbeitet.

In u n s e r e r  f r ü h e r e n  M i t t e i l u n g  [1] w u r d e n  zur  z a h l e n m ä ß i g e n  
K e n n z e i c h n u n g  de r S p a l t u n g  (der S t r e n g h e i t )  zwei g r u n d l e g e n d e  V a ­
r i a b l e n  d e f i n i e r t .

D i e s  w a re n:
a) der  Z e r s e t z u n g s g r a d  (X) und
b) d i e b r u t t o - M n e t i s c h e  S t r e n g h e i t s f u n k t i o n  (B KS F) .
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Z w i s c h e n  d i e s e n  b e i d e n  V a r i a b l e n  s t e l l t  d i e  b r u t t o - k i n e t i s e h e  
F u n k t i o n  e i n e  e i n d e u t i g e  V e r b i n d u n g  her, a u f G r u n d  d e r e n  in K e n n t ­
n i s e i n e r  d e r V a r i a b l e n  d i e  W e r t e  d e r a n d e r e n  b e r e c h n e t  w e r d e n  
kö n n e n .  Vom  S t a n d p u n k t  d e r B e s c h r e i b u n g  des  V o r g a n g s  si nd  a l s o  b e i ­
de V a r i a b l e n  g l e i c h w e r t i g .  A n d e r s  s t e h t  es m i t  d e r p r a k t i s c h e n  
V e r w e n d u n g .  D i e s  w i r d  w e i t e r  u n t e n  a u s f ü h r l i c h e r  d a r g e s t e l l t .

P r o d u k t v e r t e i l u n g

D i e  U n t e r s u c h u n g  u n d B e d e u t u n g  d e r P r o d u k t v e r t e i l u n g  in 
A b h ä n g i g k e i t  v o m  Z e r s e t z u n g s g r a d

In d e n A b b i l d u n g e n  1 - 6  w u r d e n  d i e  A u s b e u t e d a t e n  in G e w . %  
e i n i g e r  w i c h t i g e r e r  P r o d u k t e  d e r  P y r o l y s e  des  R a f f i n a t s  in A b h ä n -

Abb.l. Änderung der Wasserstoff­
ausbeute mit dem Zerset­
zungsgrad

Z e r s e t z u n g s g r a d ,  X
Abb . 2 . Änderung der Äthylenaus­

beute mit dem Zerset­
zungsgrad

g i g k e i t  vom  Z e r s e t z u n g s g r a d  (X) g e z e i g t .  In d i e  A b b i l d u n g e n  w u r d e  
d i e  am A u s t r i t t s e n d e  und an d e n  Z w i s c h e n s t e l l e n  de r P r o b e n a h m e  e r ­
h a l t e n e n  s ä m t l i c h e n  W e r t e  e i n g e t r a g e n .  (Z ur  K e n n z e i c h n u n g  d e r ein -
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Abb. 3. Änderung der Propylen­
ausbeute mit dem Zer­
setzungsgrad

. 4. Änderung der Butylenaus- 
beute mit dem Zerset­
zungsgrad

Z e r s e t z u n g s g r a d ,  X Z e r s e t z u n g s g r a d , X

Abb. 5. Änderung der Pentenaus- 
beute mit dem Zerset­
zungsgrad

6.Abb. Änderung der Benzolaus­
beute mit dem Zerset­
zungsgrad
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z e l n e n  M e ß s e r i e n  w u r d e n  a u c h  h i e r  d i e  B e z e i c h n u n g e n  d e r  T a b e l l e  1 
a u s  u n s e r e r  M i t t e i l u n g  I a n g e w a n d t . )  A u f  G r u n d  d e r  A b b i l d u n g e n  k ö n ­
n e n  m e h r e r e  w i c h t i g e  F e s t s t e l l u n g e n  g e t r o f f e n  w e r d e n .

Es k o n n t e  u n t e r  a n d e r e n  f e s t g e s t e l l t  w e r d e n ,  d a ß  pa ra l l e l 
z u r  E r h ö h u n g  d e s  Z e r s e t z u n g s g r a d e s  s e h r  b e d e u t e n d e  Ä n d e r u n g e n  in 
d e r  m e n g e n m ä ß i g e n  P r o d u k t v e r t e i l u n g  e i n t r e t e n ,  w e l c h e  in d e r A b ­
w e i c h u n g  der A u s b e u t e k u r v e n  von  i h r e n  T a n g e n t e n  im A n f a n g s a b s c h n i t t  
z u m  V o r s c h e i n  k o m m e n .

Es k o n n t e  w e i t e r  f e s t g e s t e l l t  w e r d e n ,  d a ß  u n t e r  d e n von uns 
e i n g e s t e l l t e n  B e d i n g u n g e n  d e r  t h e r m i s c h e n  S p a l t u n g  f a s t  a l l e  M e s s ­
p u n k t e  für j e d e s  P r o d u k t  n u r je e i n e  e i n z i g e  A u s b e u t e k u r v e  b e s t i m ­
m e n .  Das b e d e u t e t  p r a k t i s c h ,  d a ß  d i e  A u s b e u t e n  d i e s e r  P r o d u k t e  
u n e m p f i n d l i c h  g e g e n ü b e r  d e r  A u s t r i t t s t e m p e r a t u r ,  b e z i e h u n g s w e i s e  
d e r  F o r m  des T e m p e r a t u r p r o f i l s ,  d.h . e i n e  e i n d e u t i g e  F u n k t i o n  des 
Z e r s e t z u n g s g r a d s  b l e i b e n .  D i e  W e r t e  d e r  A u s b e u t e  f ü r  W a s s e r s t o f f  
u n d  Ä t h y l e n  (u nd  in g e r i n g e r e m  M a ß e  a u c h  f ü r Ä t h a n )  si nd  von der 
A u s t r i t t s t e m p e r a t u r  und  v o m T e m p e r a t u r p r o f i l  a b h ä n g i g .  D i e s  ge ht  
a u s  den als F u n k t i o n  d e s Z e r s e t z u n g s g r a d s  a u f g e z e i c h n e t e n  A b b i l d u n ­
g e n  ni c h t  i m m e r  h e r v o r ,  da d i e  E r s c h e i n u n g  im A l l g e m e i n e n  bei W e r ­
t e n  von  X > 0 , 9 5  d e s  Z e r s e t z u n g s g r a d s  a u f t r i t t  u n d in d i e s e m  G e ­
b i e t  die  L a g e  d e r  A u s b e u t e k u r v e n  n i c h t  e i n d e u t i g  f e s t s t e l l b a r  ist.

Die s p ä t e r  g e z e i g t e n  und als  F u n k t i o n  d e r  B K S F  a u f g e z e i c h n e -  
t e n  A b b i l d u n g e n  (7 u n d 8) v e r a n s c h a u l i c h e n ,  d a ß  bei E i n s t e l l u n g  e i ­
n e r  hö h e r e n  A u s t r i t t s t e m p e r a t u r  und  e i n e s  s t e i l e r e n  T e m p e r a t u r p r o ­
f i l s  h ö h e r e  W e r t e  f ü r  d i e  A u s b e u t e  an W a s s e r s t o f f  und an Ä t h y l e n  
e r r e i c h t  w e r d e n  k ö n n e n .

Die T e m p e r a t u r u n a b h ä n g i g k e i t d e r  al s F u n k t i o n  d e r  K o n v e r s i o n  
a u f g e z e i c h n e t e n  A u s b e u t e k u r v e n  h a b e n  w i r  z u e r s t  bei de r P y r o l y s e  
v o n  K o h l e n w a s s e r s t o f f g a s e n  in e i n e m  L a b o r a t o r i u m s - R o h r e a k t o r  f e s t ­
g e s t e l l t  [2-4]. D i e s e  E r s c h e i n u n g  w i r d  d a d u r c h  e r k l ä r t ,  d a ß  die  an 
d e r  B i l d u n g  de r P r o d u k t e  b e t e i l i g t e n  E l e m e n t a r - (Radi k a i - ) - R e a k t i o -  
n e n  in Be zu g a u f  i h r e  A k t i v i e r u n g s e n e r g i e n  si ch  n i c h t  w e s e n t l i c h  
v o n  e i n a n d e r  u n t e r s c h e i d e n ,  a l s o  ä n d e r n  s i c h  ih re  r e l a t i v e n  G e ­
s c h w i n d i g k e i t e n  bei e i n e r  T e m p e r a t u r e r h ö h u n g  n i c h t  o d e r  nur  seh r 
g e r i n g f ü g i g .  W e s e n t l i c h  ist j e d o c h  d e r  U n t e r s c h i e d  in de r A k t i v i e ­
r u n g s e n e r g i e  d e r  Z e r s e t z u n g s -  b e z i e h u n g s w e i s e  d e r W a s s e r s t o f f - A b -
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Tabelle 1. Ausbeute der gasförmigen und der wichtigeren flüssigen 
Produkte bei verschiedener Prozeßführung der Pyrolyse 
eines Raffinats

Produktausbeuten, Gew.%

Produkte Äthylenmaximum Olefin- 
maximum

Propylen- 
maximum

Butadien­
maximum

Butilen
maximum

BKSF =8,0 BKSF=7,0 BKSF = 2,7 BKSF=2,5 BKSF = 2,2 BKSF=1,7
Gasförmige 
Produkte :
Wasserstoff 1,49 1,42 0,90 0,88 0,83 0,70
Methan 25,05 24,50 15,86 15,20 14,10 11,90
Äthylen 27,00 25,70 19,75 19,10 17,90 15,70
Propylen 9,20 10,60 16,20 16,40 16,10 14,82
Äthan 4,10 4,30 4,60 4,60 4,50 4,10
Propan 0,35 0,42 0,69 0,64 0,62 0,56
Azetylen 0,30 0,27 0,07 0,06 0,04 0,02
Butan 0,13 0,14 0,30 0,33 0,35 0,43
Buty len 1,93 2,50 7,50 7,80 8,20 8,50
Butadien 2,20 2,66 4,60 4,75 4,83 4,90
Gasausbeute 
(C* und
niedriger) 71,75 72,51 70,47 69,76 67,47 61,62
Wichtigere 
flüssige 
Produkte :
Pentadien 0,70 0,80 1,70 1,77 1,73 1,58
c-Pentadien 1,50 1,55 0,90 0,85 0,77 0,63
Benzol 10,35 9,30 3,60 3,30 2,70 1,90
Toluol 8,00 8,10 7,40 7,40 7,25 7,10
Xylol 0,57 0,54 0,25 0,23 0,21 0,17
Äthylbenzol 0,32 0,39 0,48 0,43 0 ,41 0,38
Styrol 2,63 2,50 0,70 0,65 0,55 0,38
Inden 0,79 0,70 0,15 0,11 0 ,07 0 ,03
C 5-Frakt ion 2,54 2,7,1 8,13 8,86 9,94 12,14
Pyrobenzin

( c 5“C 9 ) 25,95 25,35 29,18 29,96 32,33 38,30
Schweres
Kondensat 2,30 2,14 0,35 0,29 0,20 0 ,08
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a» а-«

Abb. 7. Änderung der Wasserstoff­
und der Methanausbeute in 
Abhängigkeit von der brut­
to- к ine t i s ohen Strengheit

Abb. 8. Änderung der Xthylen-
und der Propylenausbeu­
te in Abhängigkeit von 
der brutto-kinetischen 
Strengheit

S p a l t r e a k t i o n  d e r  A t h y 1r a d i k a 1 e ( e r s t e r e  b e t r ä g t  40 k c a l / m o l ,  
l e t z t e r e  e t w a  7 k c a l / m o l ) .  D e s h a l b  n i m m t  die  G e s c h w i n d i g k e i t  der 
u n t e r  B i l d u n g  v o n  Ä t h y l e n  und W a s s e r s t o f f  v e r l a u f e n d e n  Z e r s e t z u n g s ­
r e a k t i o n  C 2 H 5 -  C 2 H 4 + H d e s Ä t h y 1 r a d i kals im V e r h ä l t n i s  zu d e r ­
j e n i g e n  d e r W a s s e r s t o f f - A b s p a l t r e a k t i o n  C 2 H 5 + M p -  C 2 H e + R 2 ,
w e l c h e  u n t e r  Ä t h a n b i l d u n g  v e r l ä u f t ,  bei E r h ö h u n g  d e r  T e m p e r a t u r ,  
zu. D a d u r c h  e r g i b t  si ch  bei e i n e m  g e g e b e n e n  b r u t t o  Z e r s e t z u n g s g r a d  
e i n e  e r h ö h t e  W a s s e r s t o f f -  und d e r  Ä t h y l e n m e n g e .

Die  A u s b e u t e k u r v e n  d e s W a s s e r s t o f f s  (Abb. 1) u n d  des M e t h a n s  
v e r l a u f e n  s t e t s  o b e r h a l b  d e r  T a n g e n t e n  zu ihr en A n f a n g s a b s c h n i t t e n ,  
d i e  r e l a t i v e  M e n g e  d i e s e r  P r o d u k t e  n i m m t  al so  m i t  d e r  E r h ö h u n g  des
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Z e r s e t z u n g s g r a d s  im g a n z e n  K o n v e r s i o n s b e r e i c h  zu. (Die r e l a t i v e  
Me n g e  b e d e u t e t  hie r d i e  bei d e r Z e r s e t z u n g  d e r E i n h e i t s m e n g e  des 
ß e n z i n d e s t i 1 lats g e b i l d e t e  M e n g e  des  P r o d u k t s . )

Es kann f e s t g e s t e l l t  w e r d e n ,  daß  die A u s b e u t e k u r v e n  der  O l e ­
fin- K o h l e n w a s s e r s t o f f e  im P r o d u k t  m i t A u s n a h m e  des Ä t h y l e n s  M a x i m a  
a u f w e i s e n .  (Aus den in F u n k t i o n  der BKS F g e z e i g t e n  A b b i l d u n g e n  
wir d es s p ä t e r  e r s i c h t l i c h ,  d a ß  auc h die A u s b e u t e k u r v e  des Ä t h y ­
lens ein  M a x i m u m  a u f w e i s t . )  A u s den  A b b i l d u n g e n  g e h t  auc h h e r v o r ,  
d a ß  m i t  z u n e h m e n d e m  M o l e k u l a r g e w i c h t  der  O l e f i n e  d i e Lag e d i e s e r  
M a x i m a  in den  B e r e i c h  g e r i n g e r e r  Z e r s e t z u n g s g r a d e  v e r s c h o b e n  w i r d .  
Die  A u s b e u t e k u r v e n  d e r Di o l e f i n e  w e i s e n  e b e n f a l l s  M a x i m a  auf, d i e 
La ge  d i e s e  M a x i m a  e r g i b t  si ch  im A l l g e m e i n e n  bei e t w a s  h ö h e r e n  X- 
- W e r t e n  als bei den O l e f i n e n  m i t g l e i c h e r  K o h l e n s t o f f a t o m z a h l .

Di e A u s b e u t e k u r v e n  des  Ä t h y l e n s ,  P r o p y l e n s  und  B u t y l e n s  l i e ­
gen o b e r h a l b  der  T a n g e n t e n  zu ih r e n  A n f a n g s a b s c h n i t t e n ,  d i e r e l a ­
tiv e M e n g e  d i e s e r  P r o d u k t e  n i m m t  als o mi t d e r  E r h ö h u n g  der K o n v e r ­
sion zu.

Die  A u s b e u t e k u r v e n  des  P e n t e n s ,  H e x e n s  und d e r  h ö h e r e n  O l e - 
f i n - K o h l e n w a s s e r s t o f f e  l i e g e n  d a g e g e n  u n t e r h a l b  d e r R i c h t u n g s t a n -  
g e n t e n  der  A n f a n g s a b s c h n i t t e  (s. z.B. di e Abb . 5), und die  r e l a t i ­
ve M e n g e  d i e s e r  P r o d u k t e  n i m m t  al so  mit  Z u n a h m e  des  Z e r s e t z u n g s ­
g r a d e s  ab.

Wie  b e r e i t s  f r ü h e r  an Ha nd  d e r P y r o l y s e  von  e i n z e l n e n  K o h l e n ­
w a s s e r s t o f f e n  und v o n Mod el 1g e m i s e h e n  g e z e i g t  w u r d e  [ 3 -6 ],  w i r d 
d i e s e  E r s c h e i n u n g  in e r s t e r  L i n i e  du r c h  V e r e i n i g u n g s r e a k t i o n e n  
z w i s c h e n  den h ö h e r m o l e k u l a r e n  o l e f i n i s c h e n  K o h l e n w a s s e r s t o f f e n  
[H ep t e n ,  Hex en,  P e n t e n ,  B u t y l e n ,  s y m b o l i s c h e  B e z e i c h n u n g :  (O l e - 
f i n ) i ]  und den  im R e a k t i o n s g e m i s c h  v o r h a n d e n e n  k e t t e n t r a g e n d e n  R a ­
d i k a l e n ,  in e r s t e r  L i n i e  den W a s s e r s t o f f a t o m e n  ( B e z e i c h n u n g  Ri) , 
so w i e  d a r a u f f o l g e n d e  Z e r s e t z u n g  der A l k y l r a d i k a l e  v e r u r s a c h t :

( O l ef i n) , + R, =*■*» A l k y l r a d i k a l  -  ( O l e f i n ) 2 + R} (1)
D u r c h  d i e s e  R e a k t i o n e n  w e r d e n  aus den p r i m ä r  g e b i l d e t e n  O l e f i n -  
- K o h l e n w a s s e r s t o f fen  0 1 e f i n - K o h l e n w a s s e r s t o f f e  mi t um e i n e  o d e r  
zwei E i n h e i t e n  g e r i n g e r e r  K o h l e n s t o f f a t o m z a h l  [ B e z e i c h n u n g :  (O ie -
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f i n ) 2 ] so wi e M e t h y l -  o d e r  A t h y 1 r á d i ka 1 e ( B e z e i c h n u n g  R ’ ) ge b i l d e t . 
D i e  G e s c h w i n d i g k e i t  d i e s e r  R e a k t i o n e n  w i r d  in e n t s c h e i d e n d e r  We is e  
d u r c h  die K o n z e n t r a t i o n  der  h ö h e r e n  0 1 e f i n - K o h l e n w a s s e r s t o f f e  b e ­
s t i m m t ,  w e l c h e  p r o p o r t i o n a l  zu r K o n v e r s i o n  z u n i m m t .  In d e r  V e r ­
s c h i e b u n g  der  R e a k t i o n  (1) in d i e  R i c h t u n g  d e r B i l d u n g  d e r ( O l e f i ­
n e ^  sp ie lt  a u c h  d i e  I s o m e r i s i e r u n g  d e r  w ä h r e n d  d e r  V e r e i n i g u n g s ­
r e a k t i o n e n  e n t s t a n d e n e n  A l k y 1 r á d i ka 1 e v e r m u t l i c h  e i n e  w i c h t i g e  
R o l l e .

Ober d a s  a n g e g e b e n e  R e a k t i o n s s c h e m a  e n t s t e h e n  z.B. aus dem 
1 - H e x en d u r c h  W a s s e r s t o f f a d d i t i o n  u n d  d a r a u f f o l g e n d e  Z e r s e t z u n g  
P r o p y l e n ,  Ä t h y l e n  u n d M e t h y l r a d i k a l e , aus  dem  1 - P e n t e n  P r o p y l e n  
u n d Äthyl r á d i ka 1 e u n d  aus  de m 1 - B u t y l e n  P r o p y l e n  und  M e t h y l  r a d i k a ­
le. Die  I s o m e r i s a t i o n  d e r  in de n V e r e i n i g u n g s r e a k t i o n e n  g e b i l d e t e n  
R a d i k a l e  ö f f n e t  n e u e  R e a k t i o n s w e g e  bei d e r  Z e r s e t z u n g  d e r  Ra d i k a l e .  
W i e  wir  sahen, l i e g e n  d i e A u s b e u t e k u r v e n  des P e n t e n s  und  He x e n s  
u n t e r h a l b  der  T a n g e n t e n  zu d e m A n f a n g s a b s c h n i t t e n  d e r  K u r v e n ,  bei 
e i n e r  E r h ö h u n g  d e s  Z e r s e t z u n g s g r a d e s  v e r m i n d e r t  s i c h  d a h e r  ihre 
r e l a t i v e  Me ng e,  w a s  m i t  den v o r s t e h e n d  G e s a g t e n  im E i n k l a n g  steht. 
D a s  du rc h die  Z e r s e t z u n g  des H e x e n s ,  d e s  P e n t e n s  (und B u t y l e n s ) 
e n t s t a n d e n e  P r o p y l e n  k o m m t  z u m in d e r  p r i m ä r e n  Z e r s e t z u n g s r e a k t i o n  
e n t s t a n d e n e n  P r o p y l e n  hi n z u ,  a l s o  n i m m t  d i e  r e l a t i v e  M e n g e  des  P r o ­
p y l e n s  bei de r E r h ö h u n g  der  K o n v e r s i o n  zu, o b w o h l  g l e i c h z e i t i g  
a u c h  die  Z e r s e t z u n g  d e s  P r o p y l e n s  s t a t t f i n d e t .  J e d o c h  ist d i e  Zer- 
S e t z u n g s g e s c h w i n d i g k e i t  des P r o p y l e n s  g e r i n g e r  als  d i e j e n i g e  des 
B u t y l e n s  [3-51.

Bei h ö h e r e r  K o n v e r s i o n  w i r d  d i e  P r o d u k t v e r t e i l u n g  e r h e b l i c h  
b e e i n f l u ß t  a u c h  d u r c h  di e R e a k t i o n e n  m i t  W a s s e r s t o f f a b s p a l t u n g  
z w i s c h e n  den 01 e f i n - K o h l e n w a s s e r s t o f f e n  u n d  den  R a d i k a l e n  d e r  K e t ­
t e n f o r t p f l a n z u n g .  In d i e s e n  R e a k t i o n e n  w e r d e n  V i n y l - ,  A l l y l -  und 
h ö h e r e  u n g e s ä t t i g t e  R a d i k a l e  g e b i l d e t .  D i e  R e a k t i o n  d i e s e r  R a d i ­
k a l e  u n t e r e i n a n d e r  u n d  m i t  den  0 1 e f i n - K o h l e n w a s s e r s t o f f e n  im R e a k ­
t i o n s g e m i s c h  f ü h r t  z u r  B i l d u n g  von  h ö h e r m o l e k u l a r e n  D i e n -  und  a r o ­
m a t i s c h e n  K o h l e n w a s s e r s t o f f e n .  Di e M e n g e  d e r  a r o m a t i s c h e n  K o h l e n ­
w a s s e r s t o f f e  n i m m t  im G e b i e t  X > 0 , 6  m i t  d e r  E r h ö h u n g  d e r  Z e r s e t ­
z u n g s g r a d s  r a s c h  zu (s. Abb. 6).
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Au f Gr u n d  d e r a n g e g e b e n e n  S e k u n d ä r r e a k t i o n e n  k ö n n e n  d i e  M a ­
x i m a  de r A u s b e u t e k u r v e n  d e r 0 1 e f i n - K o h i e n w a s s e r s t o f f e  g e d e u t e t  
w e r d e n .

Au f Gr u n d  d e r a n g e g e b e n e n  A b b i l d u n g e n  k ö n n e n  d i e  A u s b e u t e ­
k u r v e n  der  R e a k t i o n s p r o d u k t e  f o l g e n d e n  H a u p t t y p e n  z u g e o r d n e t  w e r ­
d e n :

a) vom N u l l p u n k t  a u s g e h e n d e ,  a l l m ä h l i c h  z u n e h m e n d e ,  k o n k a v e  
K u r v e n  ( A u s b e u t e k u r v e n  des W a s s e r s t o f f s ,  M e t h a n s  und Ä t h y l e n s ) ,

b) vom N u l l p u n k t  a u s g e h e n d e ,  a l l m ä h l i c h  z u n e h m e n d e ,  n a c h  d e m 
M a x i m u m  ra s c h  a b f a l l e n d e ,  g e g e n  Null k o n v e r g i e r e n d e  K u r v e n  ( A u s b e u ­
t e k u r v e n  de r O l e f i n e  und D i o l e f i n e ) ,

c) von e i n e m  b e s t i m m t e n  A n f a n g s w e r t  a u s g e h e n d e ,  a l l m ä h l i c h  
a b n e h m e n d e  (ge gen  Null k o n v e r g i e r e n d e )  K u r v e n  ('‘A u s b e u t e k u r v e n "  
d e r B e n z i n k o m p o n e n t e n  im R o h s t o f f ) ,

d) von e i n e m  b e s t i m m t e n  A n f a n g s w e r t  a u s g e h e n d e ,  e t w a  bis  X =
= 0 , 5  h o r i z o n t a l e ,  d a n n  r a s c h  z u n e h m e n d e  K u r v e n  ( A u s b e u t e k u r v e n  
d e s B e n z o l s ,  T o l u o l s ,  d e r X y l o l e  und a n d e r e r  A r o m a t e n ) .

Au f Gr u n d  d e r als F u n k t i o n  des Z e r s e t z u n g s g r a d s  a u f g e z e i c h ­
n e t e n  A u s b e u t e k u r v e n  kann d i e  Ä n d e r u n g  de r A u s b e u t e n  d e r  R e a k t i o n s ­
p r o d u k t e  im B e r e i c h  z w i s c h e n  0 < X < 0 , 9 5  des  Z e r s e t z u n g s g r a d s  e i n ­
d e u t i g  b e s c h r i e b e n  w e r d e n .  Bei der P y r o l y s e  von  K o h l e n w a s s e r s t o f f ­
g a s e n  in i n d u s t r i e l l e n  R o h r r e a k t o r e n  b l e i b t  die  K o n v e r s i o n  d e r 
A u s g a n g s k o h l e n w a s s e r s t o f f e  in al le n F ä l l e n  u n t e r h a l b  0, 9 5 .  In d i e ­
sen F ä l l e n  s i c h e r t  d i e D a r s t e l l u n g  d e r Ä n d e r u n g  der  P r o d u k t a u s b e u ­
ten  in A b h ä n g i g k e i t  von d e r  K o n v e r s i o n  e i n e  p r a k t i s c h  a n w e n d b a r e  
M ö g l i c h k e i t  zur A u s a r b e i t u n g  des k i n e t i s c h - m a t h e m a t i s c h e n  M o d e l l s  
d e s R o h r o f e n s ,  da d i e Ä n d e r u n g  der  K o n v e r s i o n  in A b h ä n g i g k e i t  von 
d e n P a r a m e t e r n  d e r R e a k t i o n  du r c h  b r u t t o - k i n e t i s c h e  Z u s a m m e n h ä n g e  
b e s c h r i e b e n  w e r d e n  kann [7].

Bei der P y r o l y s e  v o n B e n z i n f r a k t i o n e n  - i n s b e s o n d e r e  u n t e r  
d e n  s t r e n g e n  B e d i n g u n g e n  d e r  m o d e r n e n  R o h r ö f e n  - w e r d e n  d i e  K o m ­
p o n e n t e n  des A u s g a n g s b e n z i n s  v o l l s t ä n d i g  z e r s e t z t  (s. z.B. d i e  Abb. 
10), und so n i m m t  a l s o  d e r A u s d r u c k  (£ y ^ X j )  des Z e r s e t z u n g s g r a d s  
e i n e n  seh r nah e bei 1 l i e g e n d e n  W e r t  an. Wi e g e s e h e n ,  k a n n  u n t e r  
d i e s e n  B e d i n g u n g e n  d i e L a g e  der  A u s b e u t e k u r v e n  in A b h ä n g i g k e i t  vom
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Z e r s e t z u n g s g r a d  n i c h t  e i n d e u t i g  f e s t g e l e g t  w e r d e n .  D a r a u s  e n t s t a n d  
d i e  N o t w e n d i g k e i t  d e r  E i n f ü h r u n g  d e r  b r u t t o - k i n e t i s c h e n  S t ren g - 
h e i t s f u n k t i on ( B KS F)  z u r  D a r s t e l l u n g  un d B e s c h r e i b u n g  d e r P r o d u k t ­
a u s b e u t e n .

P r o d u k t v e r t e i 1un g in A b h ä n g i g k e i t  d e r b r u t t o - k i n e t i s c h e n  
S t r e n g h e i t s - F u n k t i o n  ( B KS F)

Im v o r i g e n  A b s c h n i t t  w u r d e  d a r g e l e g t ,  d a ß  bei d e r P y r o l y s e  
v o n  B e n z i n f r a k t i o n e n  d e r  Z e r s e t z u n g s g r a d  im B e r e i c h  X > 0 , 9 5  ei ne  
p r a k t i s c h  u n g e e i g n e t e  V a r i a b l e  zur K e n n z e i c h n u n g  d e r S t r e n g h e i t  
d e r  S p a l t u n g  und z u r  B e s c h r e i b u n g  d e r  P r o d u k t a u s b e u t e n  d a r s t e l l t .  
D e s h a l b  w u r d e n  d i e  d e t a i l l i e r t e  V e r a r b e i t u n g  des  V e r s u c h s m a t e r i a l s  
s o w i e  d i e A u s a r b e i t u n g  e i n e s  für  di e B e r e c h n u n g  des R o h r o f e n s  g e ­
e i g n e t e n  к i n e t i s c h - m a t h e m e t i s c h e n  M o d e l l s  u n t e r  V e r w e n d u n g  der  
B K S F  u n t e r n o m m e n .

In den A b b i l d u n g e n  7 - 11 s i n d 3 *1ф *d i e  A u s b e u t e k u r v e n  d e r  bei d e r Pyro--^ «J 
l y s e  des  R a f f i n a t s  e r h a l t e n e n  1 2 «Cw i c h t i g e r e n  P r o d u k t e  d a r g e s t e l 1t . D i e ^  
A u s b e u t e k u r v e n  w u r d e n  u n t e r  B e r ü c k - Í

ГЭs i c h t i g u n g  s ä m t l i c h e r  M e s s p u n k t e  m  
( e i n s c h l i e ß l i c h  d e r  Z w i s c h e n p u n k t e )  
in A b h ä n g i g k e i t  d e r  B K S F  k o n s t r u i e r t . j

-M 3-SDie e r s t e  w i c h t i g e  Fe s t s t e i  - ^  i
.а Шl u n g  auf  Gr u n d  d e r  A b b i l d u n g e n  i s t «

d i e  a b w e i c h e n d e  F o r m  d i e s e r  K u r v e n
0̂1v o n  d e n j e n i g e n  d e r  A u s b e u t e k u r v e n ^  

a l s  F u n k t i o n  d e s  Z e r s e t z u n g s g r a d s ” 
(X). D i e s e  D a r s t e l l u n g s a r t  z i e h t  d e n “  
f ü r  d e n  B e t r i e b  d e r  i n d u s t r i e l l e n  
R o h r ö f e n  w i c h t i g e n  B e r e i c h  X > 0, 95  
w e i t  a u s e i n a n d e r ,  d a d u r c h  kann die 
L a g e  de r A u s b e u t e k u r v e n  a u c h  in d i e ­
s e m  B e r e i c h  e i n d e u t i g  b e s t i m m t  w e r d e n

BKS FAbb.9. Änderung der Butylen- 
und der Butadienausbeute in 
Abhängigkeit von der brutto- 
-kinetischen Strengheit
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Abb. 10. Änderung der n-Pentan, 
der i-Pentan- und der Cyklopen- 
tanausbeute in Abhängigkeit von 
der brutto-kinetischen Streng­
heit

Abb. 11. Änderung der Benzol-,der 
Toluol- und der Xylolausbeute in 
Abhängigkeit von der brutto-kine­
tischen Strengheit

D i e a n d e r e  w i c h t i g e  B e o b a c h t u n g  b e s t e h t  d a r i n ,  daß m i t  H i l f e  
d i e s e r  D a r s t e l l u n g  d a s M a x i m u m  d e r  Ä t h y l e n a u s b e u t e  e b e n f a l l s  n a c h ­
g e w i e s e n  w e r d e n  und  d i e W e r t e  d e r m a x i m a l e n  Ä t h y l e n a u s b e u t e  bei 
v e r s c h i e d e n e r  P r o z e ß f ü h r u n g  b e s t i m m t  w e r d e n  ko nn t e n .

F e r n e r  kann f e s t g e s t e l l t  w e r d e n ,  d a ß  m i t  A u s n a h m e  d e s  Ä t h y ­
lens und d e s W a s s e r s t o f f s  d i e A u s b e u t e k u r v e n  d e r  R e a k t i o n s p r o d u k t e  
auc h in d i e s e r  D a r s t e l l u n g s w e i s e  g e g e n ü b e r  d e r  A u s t r i t t s t e m p e r a t u r  
b e z i e h u n g s w e i s e  d e m T e m p e r a t u r p r o f i 1 u n v e r ä n d e r l i c h  sind. Im F a l l e  
des W a s s e r s t o f f s  und des  Ä t h y l e n s  e r g i b t  e i n e  h ö h e r e  A u s t r i t t s t e m ­
pe r a t u r  b e z i e h u n g s w e i s e  ein  s t e i l e r e s  (II .) T e m p e r a t u r p r o f i 1 - bei 
u n v e r ä n d e r t e m  Z e r s e t z u n g s g r a d  - e i n e  h ö h e r e  A u s b e u t e .  D i e s  s t e h t
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in v o l l k o m m e n e r  Ü b e r e i n s t i m m u n g  m i t  d e n  ü b e r  den M e c h a n i s m u s  der 
S p a l t u n g  im v o r i g e n  A b s c h n i t t  G e s a g t e n .

Die  A u s b e u t e n  d e r  e i n z e l n e n  R e a k t i o n s p r o d u k t e  in A b h ä n g i g k e i t  
v o n  d e r  BKSF e r g e b e n  e b e n f a l l s  c h a r a k t e r i s t i s e h e  K u r v e n t y p e n ,  w o ­
d u r c h  d i e B e s c h r e i b u n g  d e r  A u s b e u t e k u r v e n  m i t  Hi l f e  m a t h e m a t i s c h e r  
F u n k t i o n e n  e r l e i c h t e r t  wir d.

a) Die E x p a n s i o n  s o w i e  d i e A u s b e u t e  an W a s s e r s t o f f  u n d M e t h a n  
e r g e b e n  st et ig  z u n e h m e n d e  k o n v e x e  K u r v e n ,

b) die A u s b e u t e k u r v e n  d e r O l e f i n e  u n d  der D i o l e f i n e  w e i s e n  
M a x i m a  auf, d i e  L a g e  d e s  M a x i m u m s  v e r s c h i e b t  sich m i t  z u n e h m e n d e m  
M o l e k u l a r g e w i c h t  g e g e n  k l e i n e r e  B K S F - W e r t e ,

c) die  A u s b e u t e k u r v e n  de r K o m p o n e n t e n  des A u s g a n g s b e n z i n s  b e ­
g i n n e n  bei b e s t i m m t e n  A n f a n g s w e r t e n ,  u n d w e i s e n  ei ne n e x p o n e n t i e l ­
len  A b fa ll  bis a u f  N u l l  auf,

d) die A u s b e u t e k u r v e n  der  A r o m a t e n  b e g i n n e n  bei b e s t i m m t e n  
A n f a n g s w e r t e n ,  u n d n e h m e n  s t e t i g  zu.

An den A u s b e u t e k u r v e n  des Ä t h y l e n s ,  P r o p y l e n s ,  B u t y l e n s  und 
B u t a d i e n s  w u r d e n  d i e  z u r  m a x i m a l e n  A u s b e u t e  g e h ö r e n d e n  B K S F - W e r t e  
a n g e g e b e n  und es w u r d e  d i e  M a t e r i  al bi 1 a n z  bei v e r s c h i e d e n e r  .Pro­
z e ß f ü h r u n g  b e s t i m m t .  D i e  A u s b e u t e e r g e b n i s s e  der  H a u p t p r o d u k r e  für 
d i e  P y r o l y s e  d e s R a f f i n a t s  sind in d e r  T a b e l l e  I e n t h a l t e n .

Wie  die  T a b e l l e  z e i g t ,  k ö n n e n  bei d e r  P y r o l y s e  des  R a f f i n a t s  
bei s t r e n g e r  Ä t h y l e n - P r o z e ß f ü h r u n g  (T = 850  °C, T e m p e r a t u r p r o -  
f il II) 27, 0 G e w . %  Ä t h y l e n ,  9,2 G e w . %  P r o p y l e n  und 1 0 , 3 5  G e w . %  B e n ­
zol e r h a l t e n  w e r d e n .  Bei e i n e r  Ä t h y l e n p r o z e ß f ü h r u n g  m i t t l e r e r  
S t r e n g h e i t  (T ,,, = 8 2 0 - 8 5 0  °C, T e m p e r a t u r p r o f i1 I) - u n s e r e s  Er- 
a c h t e n s  kann e i n e  ä h n l i c h e  R e g i m e  in d e n  m o d e r n e n  P y r o l y s e ö f e n  v e r ­
w i r k l i c h t  w e r d e n  - b e t r ä g t  die  Ä t h y l e n a u s b e u t e  25 ,7  G e w . % ,  die 
P r o p y l e n a u s b e u t e  1 0 , 6  G e w . %  und d i e B e n z o l a u s b e u t e  9,6 G e w . % .  Bei 
P r o p y l e n - P r o z e ß f ü h r u n g  b e t r a g e n  d i e  A u s b e u t e n  o b i g e r  P r o d u k t e  der 
Reihe nach: Ä t h y l e n  1 9 , 1  G e w . % ,  P r o p y l e n  16,4 G e w . % ,  B e n z o l  3,3 
G e w . % .  Dabei e r h ä l t  m a n  v e r h ä l t n i s m ä ß i g  h o h e  (7,8 G e w . % )  B u t y l e n -  
u n d  (4 ,7 5 Ge w . % )  B u t a d i e n a u s b e u t e n .  D i e  a n g e g e b e n e n  B e i s p i e l e  v e r ­
a n s c h a u l i c h e n  d e u t l i c h ,  in w e l c h  h o h e m  M a ß e  die P r o d u k t a u s b e u t e n
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d u r c h  Ä n d e r u n g  der  R e a k t i o n s b e d i n g u n g e n  b e e i n f l u ß t  w e r d e n  k ön ne n .
Z u r  w e i t e r e n  I l l u s t r a t i o n

=  sol 1 in der  A b b . 1 2  d i e  Ä n -
“  d e r u n g  der  A u s b e u t e n  der  ©^ g a s f ö r m i g e n  O l e f i n e  und 
u  des  B u t a d i e n s  in A b h ä n g i g ­

k e i t  von der BKS F g e z e i g t  
w e r d e n .  In die A b b i l d u n g  
w u r d e n  g l e i c h z e i t i g  a u c h  
d i e  G e s a m t a u s b e u t e  d e r  O l e ­
f in e,  die  G e s a m t a u s b e u t e  
an O l e f i n e n  + B u t a d i e n  s o ­
w i e  das  V e r h ä l t n i s  P r o p y -  
l e n / Ä t h y l e n  a u f g e t r a g e n .  
D e r  M a x i m a l w e r t  d er  O l e f i n ­
a u s b e u t e  e rg ab s i c h  bei 
B K S F  = 2,7, als o in d e r  N ä ­
he d e r  m a x i m a l e n  P r o p y l e n ­
a u s b e u t e  (BKSF = 2 , 4 5 ) .  Das 
M a x i m u m  der A u s b e u t e k u r v e  

des  Ä t h y l e n s  l i e g t  bei BKS F = 8 . Es g e h t  n o c h  hervo r,  d a ß  im G e ­
b ie t z w i s c h e n  d e r  m a x i m a l e n  P r o p y l e n a u s b e u t e  und der m a x i m a l e n  
Ä t h y l e n a u s b e u t e  (2, 45 < BKS F < 8,0) das V e r h ä l t n i s  P r o p y l e n / Ä t h y -  
len von 0 , 8 5  auf 0, 3 5  a b n i m m t ,  was als ein B e w e i s  der w e i t g e h e n d e n  
B e e i n f l u ß b a r k e i t  der  P r o d u k t a u s b e u t e n  d u r c h  die  Ä n d e r u n g  d er  R e a k ­
t i o n s b e d i n g u n g e n  a n z u s e h e n  ist.

1,0

0 ,6

-  0,2
0

BKSF
Abb. 12. Änderung der Ausbeute der Ole- 
fin-Kohlenwasserstoffen und des Propy- 
len/Äthylen-Verhältnisses in Abhängig­
keit von der brutto-kinetischen Streng­
heit bei der Pyrolyse eines Raffinats

K i n e t i s c h - m a t h e m a t i s c h e s  Modell des R o h r r e a k t o r s  
der  B e n z i n p y r o l y s e

In u n s e r e r  f r ü h e r e n  M i t t e i l u n g  [1] w u r d e  u ns er  zur B e s c h r e i ­
bung der  B r u t t o z e r s e t z u n g s g e s c h w i n d i g k e i t  von B e n z i n f r a k t i o n e n  
a u s g e a r b e i t e t e s  k i n e t i s c h e s  Modell d a r g e l e g t .  D a s e l b s t  w u r d e  ei n e 
neu e S t r e n g h e i t s f u n k t i o n  (BKSF) d e f i n i e r t ,  w e l c h e  die  V e r f o l g u n g  
der  P r o d u k t a u s b e u t e n  auc h in den für  d e n  B e t r i e b  von i n d u s t r i e l l e n
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R o h r ö f e n  w i c h t i g e n  B e r e i c h e n  s t r e n g e r  P y r o l y s e b e d i n g u n g e n  z u l ä ß t .  
Im v o r h e r g e h e n d e n  A b s c h n i t t  w u r d e  g e z e i g t ,  d a ß die  A u s b e u t e n  der  
M e h r z a h l  der  P r o d u k t e  in A b h ä n g i g k e i t  v o n  d e r BKS F d u r c h  e i n e  e i n ­
z i g e  Ku r v e  b e s c h r i e b e n  w e r d e n  k ö n n e n .  D i e  V e r k n ü p f u n g  d e r  z u r B e ­
s c h r e i b u n g  d e r  B r u t t o z e r s e t z u n g s g e s c h w i n d i g k e i t  d i e n e n d e n  k i n e t i ­
s c h e n  und d e r d i e  A u s b e u t e k u r v e n  b e s c h r e i b e n d e n  m a t h e m a t i s c h e n  Z u ­
s a m m e n h ä n g e  f ü h r t e  z u r  A u s a r b e i t u n g  e i n e s  für  die  B e r e c h n u n g  der  
P r o d u k t v e r t e i l u n g  g e e i g n e t e n  k i n e t i s c h - m a t h e m a t i s c h e n  M o d e l l s .

M a t h e m a t i s c h e  B e s c h r e i b u n g  d e r P r o d u k t a u s b e u t e k u r v e n  d e r  P y r o l y s e

Die m a t h e m a t i s c h e  B e s c h r e i b u n g  d e r  A u s b e u t e k u r v e n  w u r d e  - 
u n t e r  B e r ü c k s i c h t i g u n g  ihr es V e r l a u f s  - d u r c h  f o l g e n d e  v i e r  F u n k ­
t i o n s t y p e n  b e z i e h u n g s w e i s e  t y p i s c h e n  F u n k t i o n s g r u p p e n  d u r c h g e f ü h r t :

1. h i = a • (1 - e x p b B K S F )  (2)
wo h.. die  A u s b e u t e  des i- t e n  P r o d u k t e  in G e w .%, 

a, b e m p i r i s c h e  K o n s t a n t e n  b e d e u t e n .
Mit  H i l f e  d i e s e s  F u n k t i o n s t y p s  k ö n n e n  di e A u s b e u t e k u r v e n  d e r ­

j e n i g e n  P r o d u k t e  g e n ü g e n d  g e n a u  b e s c h r i e b e n  w e r d e n ,  d e r e n  A u s b e u t e  
d u r c h  E r h ö h u n g  d e r  S t r e n g h e i t  d é r P y r o l y s e  (BKSF) m o n o t o n  z u n i m m t ,  
u n d si ch  an e i n e n  G r e n z w e r t  n ä h e r t  (z. B. M e t h a n ,  W a s s e r s t o f f ) .

2. h i = a • (exp b B K S F  - e x p c BKSF) (3)
h i = (a + b B K S F ) ( e x p  c B K S F  - exp d BK SF ) (4)
h i = a -[(1 + b B K S F ) ( e x p  c BKS F - exp  d B K S F ) ]

(5)
wo a, b, c, d e m p i r i s c h e  K o n s t a n t e n  d a r s t e l l e n .

M i t H i l f e  d i e s e r  von d e r G l e i c h u n g  (3) a b g e l e i t e t e n  F u n k t i o ­
n e n w u r d e n  d i e  A u s b e u t e k u r v e n  d e r j e n i g e n  K o m p o n e n t e n  b e s c h r i e b e n ,  
w e l c h e  sog. Z w i s c h e n p r o d u k t e  d a r s t e l l e n ,  a l s o  d e r e n  A u s b e u t e k u r v e n  
in A b h ä n g i g k e i t  v o n  d e r  BKS F e i n e n  M a x i m a l w e r t  e r r e i c h t ,  und  d a n n  
a b n i m m t  (z.B. u a s  Ä t h y l e n ,  P r o p y l e n ,  B u t y l e n ,  B u t a d i e n ,  a l s o  die 
O l e f i n e  und d i e  D i o l e f i n e ) .
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3. h.j = a exp b B K S F  (6)
D u r c h  d i e s e  e m p i r i s c h e  Fo rm el  w u r d e n  di e " A u s b e u t e k u r v e n "  

d e r  z e r s e t z b a r e n  K o m p o n e n t e n  d e s R o h s t o f f s  b e s c h r i e b e n  (z.B. das 
n - P e n t a n ,  Hex an,  us w. ).

4. h i = a + b B K S F  (7)
Mit  Hi l f e  d i e s e s  l i n e a r e n  Z u s a m m e n h a n g s  i s t n u r ein e a n n ä h ­

r e n d e  B e s c h r e i b u n g  d e r A u s b e u t e k u r v e  des B e n z o l s  m ö g l i c h .
Die K o n s t a n t e n  d e r zur  B e s c h r e i b u n g  d e r  A u s b e u t e k u r v e n  d i e ­

n e n d e n  a n g e g e b e n e n  F u n k t i o n e n  w u r d e n  mit  H i l f e  e i n e s  auf  die  M e t h o ­
d e  der  k l e i n s t e n  Q u a d r a t e  g e g r ü n d e t e n  " R e g r e s s i o n s " - P r o g r a m m s , an 
e i n e m  H e w l e t t  P a c k a r d s c h e n  Mi n i - C o m p u t e r  b e s t i m m t .  Bei der  B e ­
s c h r e i b u n g  der  A u s b e u t e k u r v e n  d e r O l e f i n e  w u r d e  d i e  R e g r e s s i o n  an 
d e n in der  G r u p p e  2 a n g e g e b e n e n  F u n k t i o n s t y p e n  d u r c h g e f ü h r t ,  und 
d i e jen  ige F u n k t i o n  a u s g e w ä h l t ,  bei w e l c h e r  d a s M i n i m u m  des S t r e u ­
u n g s q u a d r a t s  am n i e d r i g s t e n  war.

K i n e t i s c h - m a t h e m a t i s c h e s  M o de ll

Au f G r u n d  der  in u n s e r e n  f r ü h e r e n  M i t t e i l u n g  d a r g e l e g t e n  
b r u t t o - k i n e t i s e h e n  G l e i c h u n g e n  so w i e  der im v o r i g e n  A b s c h n i t t  a n ­
g e g e b e n e n  m a t h e m a t i s c h e n  F u n k t i o n e n  w u r d e  e i n v e r e i n f a c h t e s  k i n e ­
t i s c h - m a t h e m a t i s c h e s  Mo de ll  a u s g e a r b e i t e t ,  m i t  d e s s e n  H i l f e ,  in 
K e n n t n i s  der  R e a k t i o n s b e d i n g u n g e n  die  B e r e c h n u n g  d e r  P r o d u k t -  und 
K o n z e n t r a t i o n s v e r t e i 1ung d e r  P r o d u k t k o m p o n e n t e n  d u r c h g e f ü h r t  w e r ­
den  kann. Das v e r e i n f a c h t e  M o d e l l  b e s t e h t  a l s o  im W e s e n t l i c h e n  aus 
e i n e r  zur B e r e c h n u n g  der  für  d i e  t h e r m i s c h e  S p a l t u n g  des R o h s t o f f s  
c h a r a k t e r i s t i s c h e n  BKS F g e e i g n e t e n  k i n e t i s c h e n  F u n k t i o n  und aus 
m a t h e m a t i s c h e n  B e z i e h u n g e n  z u r B e s c h r e i b u n g  d e r  A u s b e u t e k u r v e n  in 
A b h ä n g i g k e i t  von  d e r  BKSF:

BK SF  = f [ T ( z ) , P(z ), G b , G v ] (8)
h i = f (B K S F )
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Abb. 13. Programm-Blockschema des kinetisch-mathematischen Modells 
eines Pyrolysereaktors. j-Zahl der Iterat ionssehritte in­
nerhalb des Reaktorabschnitts; N-Zahl der Reaktorelemente 
i-lauf. Indexzahl der Reaktorelemente
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BKSF
T(z)
P(z)
G k

h i

b r u t t o - k i n e t i s c h e  S t r e n g h e i t s f u n k t i o n ,
T e m p e r a t u r p r o f i  1
D r u c k p r o f i l
B e n z i n e i n s p e i s e g e s c h w i n d i g k e it ( k g - h - 1 ) 
D a m p f e i n s p e i s e g e s c h w i n d i g k e i t  ( k g •h_1 ) 
A u s b e u t e n  der  P r o d u k t k o m p o n e n t e n  ( G e w . % ) .

D urc h E r g ä n z u n g  des in u n s e r e r  f r ü h e r e n  M i t t e i l u n g  b e s c h r i e ­
b en en  R e c h e n p r o g r a m m s  des " k i n e t i s c h e n  M o d e l l s "  d u r c h  ein P r o g r a m m ­
teil b e t r e f f e n d  die B e r e c h n u n g  der K o m p o n e n t a u s b e u t e n  e r h al t en  w i r  
das  P r o g r a m m  der  sog. k i n e t i s c h - m a t h e m a t i s c h e n  M o d e l l s ,  d e s s e n  
B l o c k s c h e m a  in d e r  A b b i l d u n g  13 e r s i c h t l i c h  ist.

In A b b i l d u n g  14 
w u r d e n  d i e  in der V e r ­
s u c h s r e i h e  37 g e m e s s e ­
nen Z e r s e t z u n g s g r a d e  
s o w i e  d i e  A u s b e u t e n  d er  
H a u p t k o m p o n e n t e n  auf  
G r u n d  d es  k i n e t i s c h - m a ­
t h e m a t i s c h e n  M o d e l l s  
m it  d e n  für  die g e g e b e ­
nen B e d i n g u n g e n  b e r e c h ­
n e t e n  Z e r s e t z u n g s g r a d e n  
und P r o d u k t v e r t e i 1u n g e n  
d e r  P y r o l y s e  des R a f f i ­
nat s v e r g l i c h e n .

A u f  Gru nd der A b ­
b i l d u n g e n  kann f e s t g e ­
s t e l l t  w e r d e n ,  daß d ie  
b e r e c h n e t e n  W er te so w oh l  
im B e z u g  auf die Z e r s e t ­
z u n g s g r a d e  wie auch a u f  
die  A u s b e u t e n  der R e a k -R e l a t i v e  R e a k t o r l ä n g e ,  Z, , . . t . t i o n s p r o d u k t e  mit  denAbb.l1*. Auf Grund des kinetisch-mathemati­

schen Modells berechnete und gemessene G e m e s s e n e n  gut ü b e r e i n -
Verteilung der wichtigeren Reaktionsproduk-stim(nen_ Qie fe s t g e s t e l l -  
te, Zersetzungsgrad und tatsächliche Auf­
enthaltszeit bei der Pyrolyse eines Raffi­
nats
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ten k l e i n e r e n  o d e r  g r ö ß e r e n  A b w e i c h u n g e n  können d u r c h  d i e  S t r e u u n g  
d e r  E r g e b n i s s e  e r k l ä r t  w er de n .

In die  A b b i l d u n g  w u r d e n  a u c h  d i e  K u r v e n  der Ä n d e r u n g  der  t a t ­
s ä c h l i c h e n  R e a k t i o n s z e i t  ( A u f e n t h a l t s z e i t ,  t ) e i n g e z e i c h n e t .  Es 
kan n f e s t g e s t e l l t  w e r d e n ,  d aß  bis  z u r  E r r e i c h u n g  d e r  m a x i m a l e n  
Ä t h y l e n a u s b e u t e  (bei w e l c h e r  der  V o r g a n g  z w e c k m ä ß i g e r w e i s e  u n t e r ­
b r o c h e n  w i r d ) ,  und in A b h ä n g i g k e i t  v o n  der S t r e n g h e i t  d e r  P y r o l y ­
s e b e d i n g u n g e n  (d e r  A u s t r i t t s t e m p e r a t u r ,  dem  T e m p e r a t u r p r o f i 1), das 
R e a k t i o n s g e m i s c h  0 , 4 6 - 0 , 5 1  S e k u n d e n  im R a d i a t i o n s a b s c h n i t t  des 
R o h r o f e n s  v e r b r i n g e n  muß.

Das b e s c h r i e b e n e  k i n e t i s c h - m a t h e m a t i s c h e  M o d e l l  kann auc h 
z ur  B e s t i m m u n g  d e r  P r o d u k t v e r t e i l u n g  bei g e g e b e n e m  B e n z i n r o h s t o f f  
und P y r o l y s e b e d i n g u n g e n  b e z i e h u n g s w e i s e  der zur S i c h e r u n g  d er  e r ­
w ü n s c h t e n  A u s b e u t e n  an Z i e l p r o d u k t e n  n o t w e n d i g e n  B e d i n g u n g e n  v e r ­
w a n d t  w e r d e n .  Da die  A n w e n d u n g  d es  M o d e l l s  d ur ch  d i e  K e n n t n i s  der 
K i n e t i k  und d e r  A u s b e u t e k u r v e n  d e s  g e g e b e n e n  B e n z i n s  b e d i n g t  ist, 
m ü s s e n  zu d e r e n  B e s t i m m u n g  M e s s u n g e n  im G r o ß l a b o r a t o r i u m - R o h r r e a k -  
tor  d u r c h g e f ü h r t  w er d e n .  D i e s e  M e s s u n g e n  sowie d i e  A u s a r b e i t u n g  
d es  k i n e t i s c h - m a t h e m a t i s c h e n  M o d e l l s  kan n - auf G r u n d  u n s e r e r  b i s ­
h e r i g e n  E r f a h r u n g e n  - in k u r z e r  Z e i t  e rf ol g en .

In u n s e r e n  w e i t e r e n  A r b e i t e n  w u r d e  die W e i t e r e n t w i c k l u n g  des 
k i n e t i s c h - ma t h e m a t i s c h e n  M o d e l l s  in zwe i R i c h t u n g e n  v o r g e s e h e n :

a) E r g ä n z u n g  des M o d e l l s  und  d e s  P r o g r a m m s  d u r c h  e n t s p r e c h e n ­
de  h y d r o d i n a m i s e h e  und W ä r m e ü b e r t r a g u n g s g l e i c h u n g e n  z u r  B e r e c h n u n g  
d es  D r u c k a b f a l l s  s o w ie  des W ä r m e s t r o m s .  L e t z t e r e  w i r d  die  A n w e n ­
d u n g  des P r o g r a m m s  auf G r u n d  der  V e r t e i l u n g  der W a n d t e m p e r a t u r  des 
P y r o l y s e r o h r e s  g e s t a t t e n ;

b) A n p a s s u n g  des  M o d e l l s  und  d e s  P r o g r a m m s  zur  B e r ü c k s i c h t i ­
g u n g  der  E i g e n a r t  des A u s g a n g s b e n z i n s .  Dies s c h e i n t  e in e sehr 
s c h w i e r i g e  A u f g a b e  zu sein, es b e s t e h t  j e d o c h  H o f f n u n g  auf ihre 
L ö s u n g  d u r c h  M e ß r e i h e n  an w e i t e r e n  B e n z i n f r a k t i o n e n .

1*08

Wir s p r e c h e n  u n s e r e n  D a n k  g e g e n ü b e r  Frau J. S i m o n  für  die 
L e i t u n g  der  a n a l y t i s c h e n  A r b e i t e n  s o w i e  Z. C s e r m e l y  f ü r  d i e  A u s a r ­
b e i t u n g  der  in u n s e r e r  A r b e i t  v e r w a n d t e n  R e g r e s s i o n s m e t h o d e n  aus.
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РЕЗЮМЕ
Авторами было изучено изменение выхода продунтов реакции в 

реакторе крупнолабораторного размера в зависимости от степени раз­
ложения и нинетичесной требовательности при пиролизе рафината. Бы­
ло установлено, что выход продуктов (иснлючая некоторые, напр., 
водород и этилен) в зависимости от переменных требовательности 
можно изображать одной кривой - независимо от выходной температуры 
и профиля температуры.

С использованием валовой нинетичесной функции требователь­
ности и математических выражений, описывающих кривые выхода, сос­
тавили кинетичесную математическую модель и вычислительную прог­
рамму для вычисления распределения продуктов.
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This paper presents the results of the systema­
tic study of the vapour phase vinylation of acetic 
acid using zinc acetate impregnated on charcoal as a 
catalyst. The determinations of the effective diffu- 
sivities of acetylene and hydrogen in the catalyst 
showed that the diffusion phenomenon is of the 
Knudsen type. The activation energy for chemisorption 
of acetylene on the catalyst was found to be 13.5 К 
cals, per g. mole. A rate equation was derived, and 
the energy of the activation was computed for the 
vinylation of acetic acid in a fixed bed of the cata­
lyst, and the data seem to suggest the possibility of 
a surface reaction as the rate controlling step.

I. INTRODUCTION

Most of the 
tylene to acetic

vinylacetate is prepared by the addition of ace- 
acid, the overall reaction being represented by:

CH 5 CH + СНзСООН = СНзСОО-СН = CH2.

+Paper presented at the 39th International Congress of Industrial 
Chemistry, held in Bucharest, September 1970.
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The addition may be carried out in the liquid phase [1], but such 
a process is obsolete. It is however more convenient to carry out 
the reaction in the vapour phase by passing a preheated mixture of 
acetylene and acetic acid vapours over a catalyst. Thermodynamic 
calculations [2] indicated that the reaction is highly feasible in 
the temperature range 175° - 245 °C.

Zinc acetate impregnated on charcoal was found to be a 
suitable catalyst [3], activity of the catalyst being a function 
of the ratio [4] of charcoal to zinc acetate. The catalyst was 
prepared [5] by allowing a known weight of charcoal to attain equi­
librium in a solution of zinc acetate of suitable concentration, 
so that the immersed charcoal adsorbed the desired amount of zinc 
acetate. Relevant adsorption isotherms and kinetic data for the 
zinc acetate charcoal-water system were obtained, so that for all 
the catalysts prepared, their conditions of preparation were 
exactly defined, since the method of the preparation of the cata­
lysts highly influence the reactions in which the catalysts are 
subsequently used. The results of these studies were reported 
earlier [6].

II. THE KINETICS OF CHEMISORPTION OF ACETYLENE ON THE CATALYST

Procedure for an Experimental Run

The main features of the apparatus used in the studies are 
shown in Figure 1. Runs were carried out by degasification of the 
catalyst for 4 hours at 270°C and at a pressure of less than 
1 mm Hg. The degasification was considered to be complete when the 
monometer reading remained for at least one hour. The temperature 
of the sand bed was lowered and maintained at the operating tempe­
rature. The adsorption tube was then connected to the burette fil­
led with acetylene and the volume by the acetylene introduced was 
found out. After the introduction of the gas, the adsorption unit 
was disconnected from the burette and changes in the reading of 
the manometer connected to the absorption unit were noted as a 
function of time from the instant of disconnecting the adsorption
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To vacuum pump

ГМ

Fi g . 1. A p p a r a t u s  f or  c h e m i s o r p t i o n  s t u d i e s

unit from the burette. Gas uptake was followed by changes in the 
manometer reading, the volume of the unit being kept constant.

Results and Discussion

Runs were carried out at four different temperatures (175°C, 
202°, 225° and 245°C) and at two catalyst compositions (zinc ace­
tate /charcoal ) 0.25:1 and 0.1:1. The initial pressure in all cases 
was approximately the same, i.e. between 25 to 27 mm Hg. Typical 
data showing the relationship between time and the pressure of the 
acetylene at a temperature of 202°C for a zinc acetate/charcoal 
ratio of 0.25:1 are shown in Figure 2. Similar trends were observed 
at other temperatures and other ratios of zinc acetate to char­
coal.
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Chemisorption data were 
found to be not amenable for 
correlation by the treatment 
of ASHMORE [7]. The alterna­
tive was to consider the pro­
cedure suggested by ELOVICH 
[8, 9].

The Elovich equation in 
its differential form is:

dq
dt

e-aq (1 )

Fig.2. Kinetics of chemisorption of 
acetylene by catalyst of composition 0.25:1 (zinc acetate charcoal) at 
202 °C. W: 0.27 gms

or in its integrated form:

q e. 3
о

log (t + t ) о
2 . 3
0

log tо (2 )

where:

tо
1

a a

Equation (2) can be written in the form:

(3)

9 2 . 3 log
a

t + tÛ____
tо

and for any two values of qi and q2 :

(U)

91
92

log

log
(5)

The validity of Equation (5) can be checked at random from mathe­
matical computations by assigning different values to tQ and the 
value of t which satisfies the largest number of sets of data 
points can be tested for its suitability through graphical repre­
sentation of the data by Equation (2). The present results were 
treated by this procedure and it was found that Equation (2) was
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valid over the entire range as shown in Figure 3 and 4. The satis­
factory value of tQ and corresponding values of "a" and "a" for 
various cases are given in Table 1.

Fig.3. Elovich plots for catalyst 
of composition 0.25:1 (zinc aceta­
te/charcoal) at various temperatu­
re: X - 175°C, о - 202°C, □ - 225 
°C, Д - 2lt5°C

Fig.i. Elovich plots for cata­
lyst composition of 0.1:1 (zinc 
acetate/charcoal) at various 
temperatures: x - 177°C, Q - 
200°C, Д - 225°C, о - 2lt5°C

Table 1. Constants of Elovich Equation

Composition of Catalyst
0.25:1 (Zinc acetate/Charcoal) 0.1:1 ( Zinc acetate /Charcoal )
Temp. t a Temp. 0 _ t a a°c О C О

175 27.5 0.071* 0.1*9 177 26.О 0.196 0.196
202 llt.O O.O8O 0.89 200 I5.O 0.211 0.316
225 7-5 О.О79 1.686 225 8.5 0.201 0.581*
2l»5 U.O 0.082 3.05 2U5 1*. 5 0.202 I .09

From this table it is obvious that "a" remains practically 
constant for a given composition of the catalyst, while the value 
of "a” continuously increases with temperature. In general, both



"a" and "a" are temperature functions. However, TAYLOR and THON 
[ÎO] while treating the data of EMMET and BRUNAUER [11] on chemi­
sorption of nitrogen on iron found that "o" remains practically 
constant.

However, one isothermal anomaly is found at a temperature of 
245°C. There is an abrupt change in the value of "a" from 0.082 to 
0.25 after a lapse of 15 minutes which then remains constant as 
shown in Figures 3 and 4. Such tendencies are not uncommon and are 
generally interpreted as a consequence of the change in the type 
of chemisorption under conditions at which the discontinuity 
appears in the plot. In the present case such behaviour is pos­
sible, since in addition to chemisorption at zinc-acetate-charcoal 
sites [12], further chemisorption at charcoal sites alone occurs 
above 240°C.

The energy of activation of the process can be determined by 
making use of the equation:

hl6 B. Singh, R.H. Kumar, G.И. Bhat Vol. 3.

rT, "e 1 1
rT2 • R  T1 T2_

Combining Equation ( 1 ) and ( 6 ), we get :

(6)

E
R

1

Ti
1

t2
In —  - q. ( a 1 02 ) (T)

Since for the present case "o" is independent of temperature, 
Equation (7) becomes:

E ‘ 1 1
R . T1 Ta.

Thus a plot of In a vs. 1/T should yield a straight line and is 
found to be so as shown in Figure 5. The two lines for different 
compositions are approximately parallel, thus indicating that the
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Fig.5- Calculation of activation energy 
of chemisorption by catalyst of diffe­
rent composition. Zinc acetate/charcoal 
о - 0.25:1, Д - 0.10:1

activation energy is not 
a function of composition 
This observation is in 
agreement with observa­
tions of previous workers 
[12]. The value of the 
activation energy compu­
ted from the slope of the 
lines is 13.5 Kcal per 
g. mole.

III. MEASUREMENT OF EFFECTIVE DIFFUSIVITIES

Experimental

Effective diffusivities inside catalyst pores were determined 
by making use of the pressure gradient of a single gas across the 
pellet with the assumption of quasi-stationary state.

Stop cock
vacuumpump

Fig.6. Apparatus for measurement of diffusivity

The apparatus used was similar to that used by VILLET and 
WILHELM [13] and is shown in Figure 6. The volume of tubes joining
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either side of the catalyst pellet was 100 ml. The pressure was 
kept constant only 1.2 cm Hg above the atmospheric pressure by 
providing a vent through the mercury trap.The pellets were tightly 
secured in undersize plastic tubes which were fixed to the capil­
laries, and the joints were made leak proof by applying Araldite 
adhesive. The gases were technical grade electrolytic hydrogen and 
purified acetylene.

Procedure

The equipment was thoroughly purged with the gas under test 
before each run. A vacuum was created downstream and incremental 
changes in the manometer M were read to 0.5 mm with the help of a 
travelling microscope. The net change in the pressure difference 
across the pellet was 1.5 cm. The pellet diameter and length were 
measured with the aid of a travelling microscope.

Since the changes in volume in the downstream section, be­
cause of the change in the mercury level of the manometer, were 
negligible compared with the total volume, the downstream volume 
was considered to be constant. Under these conditions, the diffu­
sion process can be represented by:

dp
dt

P)

Integration of this equation leads to:

(9)

P - P .
2.303 log — ---- - = (A D /LV)t (10)

P - P kо

Thus a plot of log (P - P^)/(PQ ~ p) vs. "t" should give a 
straight line of a slope equal to (AD^/LVjt and the diffusivity is 
calculated from:

Dк
2.3 (slope ) LV

A
(11)
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Results and Discussion

(i) Effect of Pressure

Figure 7 shows that the calculated points lie on the same
pressure. It is therefore 
obvious that the pressure 
has no effect on the dif- 
fusivity. Hence, the ob­
served diffusivity appears 
to be of the Knudsen type.

(ii) Effect of the Nature 
of Gas

The average values 
of diffusivities for acety­
lene and hydrogen and the 
ratio of these values ob­

tained are shown in Table 2. From these results it is obvious that

Table 2. Average Values of Diffusivities

line irrespective of the downstream

Fig. 7. log pressure function vs. time 
for pure charcoal

Composition 
Zinc Acetate/ 
/Charcoal

Acetylene Hydrogen Ratio

0:1 O.OO28 0.0098 3 >50

О H H 0.0025 0.0082 З.28
0.25:1 0.0015 0.0052 3.U7

the ratio of diffusivities of the two gases studied are less than 
3.64 which is theoretically expected on the basis of the molecular 
weights of hydrogen and acetylene. This implies the possibility of 
acetylene travelling faster than required by the laws of diffusion 
Thus the phenomena of surface diffusion in addition to the Knudsen 
flow may also to a certain extent determine the overall diffusio-
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nal characteristics of gases such as acetylene, which are known to 
be adsorbed on charcoal.

(iii) Effect of Composition

Diffusivities «f acetylene and hydrogen continuously decrease 
with an increase in the zinc acetate content and the average of 
these values obtained 
are plotted in Figure 
8 .

With increasing 
zinc acetate content 
on charcoal, the ef­
fective pore size may 
decrease linearly, if 
the deposition is 
uniform. This beha­
viour would result in 
a linear decrease dif- 
fusivity since Knudsen 
diffusivity is di­
rectly proportional 
to the pore size.
However, the present
observations are not in complete agreement with this condition 
the deviation noticed may be due to the binding of the pores.

IV. KINETICS OF VAPOUR PHASE SYNTHESIS OF VINYLACETATE 

Materials and Apparatus

Acetic acid used in all the experiments was of Analar quality 
and was more than 99.9 % pure. Zinc acetate impregnated on charcoal 
(-14 + 20 Tyler mesh), prepared by the method described earlier, 
was used as the catalyst. A flow diagram of the experimental set 
up is given in Figure 9.

Fig. 8. Gas: Л - acetylene, о - Hydrogen
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Experimental Procedure

Air from the constant pressure line was turned on, and the 
heating of the reactor and the preheater started with a continuous 
flow of acetylene set at the desired rate, the composition being 
controlled from the saturation temperature. A steady state was re­
ached within half an hour, after the saturation temperature was 
established. The sampling was carried out by bubbling through the 
sampling unit for a definite time.

Analytical Methods

Free Acetic acid: This was determined by 0.1 N caustic soda 
using phenolphtalein as an indicator. The titration was carried 
out in the presence of crushed Л е  to prevent the hydrolysis of 
esters.

Total ester: Total ester was determined by saponification 
with excess alkali and back-titrating the residual alkali against
0.1 N H2S0i». The difference between the saponification value and 
free acid value corresponds to the total ester.

Fig. 9. Flow diagram of the process of vinylation of acetic acid
1. Acetylene cylinder
2. Needle valve
3. Acetylene drier

!*. Water hath preheater
5. Thermometer
6. Preheater
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Unsaturation: This was determined by bromination. The proce­
dure adopted was that of LUCAS and PRESSMAN [14]. Under these con­
ditions both acetylene and vinyl acetate are completely brominated

ROBEY [15] reported that in an acetate buffer, only one mole 
of bromine per mole of acetylene is added, while olefinic linkage 
is completely brominated. From the difference of Robey's bromine 
value and Lucas et al. bromine, the amount of bromine for vinyl­
acetate was calculated. The difference between the bromine values 
in almost all cases agreed with the total ester value, thereby in­
dicating the formation of saturated ester to be negligible.

Results and Discussion

The variables studied were :
(i) Time factor W/F 20 to 120 (g. catalyst)(hour)/g. mole fed.
(ii) Molar ratio, M, 1:1 to 1:3.7 mole of acetylene/mole of acetic 

acid.
(iii) Temperature: 175 to 215°C.

The results are plotted in Figures 10 to 13.

Fig. 10. Effect of time factor 
on conversion of acetic acid at 
175 °C. СаНа/СНзСООН 
Д - 1.8:1, о - 2.1*2:1 
□ - 3.7:1

Fig. 11. Effect of time factor on 
conversion of acetic acid at 186 
°C. СаНа/СНзСООН 
Д - 1.51:1, о - 2.1+2:1 
О  - 3.50:1



Co
nv
er
si
on

1975 Synthesis of Vinylacetate U23

Fig. 12. Effect of time factor 
on conversion of acetic acid 
at 202°C. C2H2/CH3COOH 
A - 1.20:1, о - 2.10:1 
□  - 3 .12:1

Fig. 13. Effect of time factor 
on conversion of acetic acid 
at 215°C. C2H2/CH3C00H 
A - 1.70:1, о - 2.60:1 
□ - 3.15:1

Kinetic Analysis

The basic kinetic equation for a reaction in a flow system 
is given by:

(12 )

Assuming ideal gas behaviour, the concentration of various compo­
nents in the stream at any conversion level of acetic acid "x" are

Concentration of acetic acid =

Concentration of acetylene = 

Concentration of vinylacetate =

FAo (1 - X)

FBo - FAo X

F . x Ao

(13)

(1U)

(15)

where
+ FAo (16)V

P
(1 - x)
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From thermodynamic calculations, the reverse reaction is negli­
gible, and hence the concentration of vinylacetate has no effect 
on the rate of reactiox-.

From a survey of literature, there is no agreement about the 
order of the reaction. Since, in the present studies, the partial 
pressure of both reactants are comparable, the rate equation is 
assumed to be given by:

r = к CA CB (17)

Substitution of Equations (13), (14), (15) and (17) in Equation
(12) leads to the expression:

W R 2 T 2 X (M + 1  -  X ) 2

--- = ----- f  -------------- dx (l8)
FAo p2 k о ( l - x ) ( M - x )

where :
M

Integration of Equation (18) and defining the time factor on the 
basis of the total molal flow rate leads to the expression:

w
F

R 2 T 2
p2 к

(M2 /M -  1 )  I n  ( 1  -  x )  +

M - X
+ (l/M - 1) In ----- ( 1 9 )

И
where Y„ is the mole fraction of acetic acid in the feed.Ao

Equation (19) can be tested for its validity either by the 
constancy of "k" or by linear plots of the expression within the 
brackets against (W/F). The expression was found to hold good at 
all temperatures. The value of the reaction rate constant (k) was 
obtained from the slopes of the lines at various temperatures. The 
energy of the reaction and the frequency factor were found to be 
as follows:



19T5 Synthesis of Vinylacetate U25

Frequency factor = A = 1.68x10®

Energy of activation (E) = 16.4 K. cals./g.mole

Hence the final design equation for the synthesis of vinylacetate 
is :

W  R 2 T 2 Y.__ _ ____  _________Ao _____
F p 2 1 . 6 8 x 1 0 ®  e " l61t00/ R,r

M 2 1 M  - X
X - ------- I n  (l - x) + -------  I n  -------

M  - 1 M  - 1 M

This work is based on the thesis of Mr. Baldev Singh accep­
ted by the Indian Institute of Science, Bangalore, for the award 
of the degree of M.Sc. The authors are indebted to the late Pro­
fessor N.R. Kuloor who was the Professor and Head of the Depart­
ment of Chemical Engineering, Indian Institute of Science, Banga­
lore and the co-guide during this investigation.

SYMBOLS USED

A Area of cross section (cm2)
a Elovich Equation constant
Сд Concentration of acetic acid (mole/litre)

Concentration of acetylene (mole/litre)a
Effective diffusivity in gases (cm2/sec)

E Energy of activation (Cal./mole)
F Total feed rate (mole/hr.)
F, Feed rate of acetic acid at the inlet of the reactor,Ao

(mole/hr.)
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B o

M
P

P .l
P
q.

t
tc

T
R

V
W

Ao

. . . . mole product (litre)2Reaction rate constant (catalyst)(hr)(moles
of acetic acid)(moles 
of acetylene)

Molar ratio o f  acetylene to acetic acid 
Upstream pressure (cm.Hg.)
Instantaneous down stream pressure (cm.Hg.)
Initial down stream pressure (cm.Hg.)
Atmospheric pressure
Amount of acetylene adsorbed (ml. N.T.P./g)
Time (minutes)
Constant in integrated form of Elovich equation 
Temperature (к)
Gas constant [1.987 cal./(mole)(K)]
Rate of reaction [mole product/(catalyst)(hour)]
Rate of adsorption of acetylene at temperature T (K) 
Volume of the down stream container (ml.)
Weight of catalyst (g)
Conversion (mole converted/mole of reactant)
Mole fraction of acetic acid at the inlet of the reactor 
Elovich equation constant

REFERENCES

1. ANONYM, Chem. and Met. Eng., A2_, 596 (1935)
2. FRANKLIN, J.L., Ind. Eng. Chem., _41, 1070 (1949)
3. AKIO MITSUTANI and TSUGIO KOMINAMI, Nippon Kagaku Zasshi, 80,

886 (1959)



1975 Synthesis of Vinylacetate 1*27

4. NOBRU YAMADA, Kogyo Kagaku Zasshi, 6 2 , 1458 (1959);
Chem. Abstr., 57, 10563f (1962)

5. MAATMAN, R.W., PRATER, G.D., Ind. Eng. Chem., £9, 253 (1957)
6. SINGH, B., BHAT, G.N., KULOOR, N.R., Indian J. of Technology,

3, 119 (1965)
7. ASHMORE, P.G., "Catalysis and Inhibition of Chemical Reaction",

Butterworth Publication 1963.
8. ZELDOVICH, Ya., Acta Physicochim (USSR), 1 No. 3/4, 449 (1934)
9. LOW, M.J.D., Chem. Reviews, 6Q, 267 (1960)
10. THON, N., TAYLOR, H.A., J. Am. Chem. Soc. 7£, 4169 (1952)
11. EMMET, P.H., BRUNAUER, S., J. Am. Chem. Soc., 56, 35 (1934)
12. AKIO MITSUTANI, MASAKAZU MUTS0M0T0, Nippon Kagaku Zasshi, J2.

948 (1958)
13. WILLET, R.H., WILHELM, R.H., Ind. Eng. Chem., 52, 837 (1961)
14. LUCAS, H.J., PRESSMAN, P., Ind. Eng. Chem., Anal. Ed., 10/

140 (1938)
15. ROBEY, R.F., Analytical Chemistry, 2_4, 1080 (1952)



1*28 В. Singh, R.N. Kumar, G.N. Bhat Vol. 3.

РЕЗЮМЕ
В статье сообщаются результаты испытаний, относящиеся н ре­

акции винилирования уксусной кислоты на антивном углероде, промо­
ченном уксуснокислым цинком. По определению эффективного коэффици­
ента диффузии можно- сдела-ть вывод, что перед нами диффузия Ннудсе- 
нового типа. Энергия активации хемосорбции ацетилена на катализа­
торе равняется 13,5 ккал/гмоль. Выводится уравнение для описания 
снорости реакции. Была вычислена энергия активации винилирования 
унсусной кислоты на неподвижном слое катализатора. По данным было 
установлено, что вероятно реакция, происходящая на поверхности, 
является ограничителем снорости.
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The hydrogenizat ion process of a methanolic so­
lution of 2-ethyl-6-chloro isonicotinamide - the com­
pound chosen as the model of catalytic hydrogenation 
at atmospheric pressure - at a granular activated 
charcoal catalyst containing 0.5 per cent metallic 
palladium was compared in four experimental set-ups 
applied in parallel. The experiments were carried out 
in a shaking apparatus, a tank-type reactor equipped 
with a stirrer, a bubble- and a sieve plate column.

The theoretical connection was deduced for the 
determination of the constants characteristic of the 
reaction of hydrogenation. This enabled a comparison 
of the rates of the reactions occurring in the various 
types of reactors.

In the course of the evaluation of the experi­
ments it was concluded that in the case of the model 
reaction and apparatus types chosen, hydrogenation can 
be carried out under the most favourable circumstances 
in the sieve plate (or "foam") column.

In catalytic chemical reactions, one of the main purposes of 
the application of a catalyst is to increase the reaction rate. 
Accordingly, an important characteristic of contact catalytic pro­
cesses is the numerical value of the reaction rate or a mathemati­
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cal function describing the dependence of the reaction rate upon 
the individual parameters.

In heterogeneous reactions - such as e.g. in catalytic hyd­
rogenation - the components may be present in a phase in which 
the reaction in question does not occur. In such cases, the reac­
ting components have to be transferred from the various phases to 
that particular one where the reaction in question occurs. Further­
more, the products have to leave this phase; accordingly material 
transport of the components has to occur between the various pha­
ses simultaneously with the elementary chemical reaction.

From among the partial processes, it is possible to make 
conclusions concerning the rate of the sorption-type partial pro­
cesses. At the same time, on account of the involved and complica­
ted nature of such reactions, it is not possible even to estimate 
the rate of the surface reactions occurring at the surface of the 
catalyst. At present, elucidation of the partial surface reaction 
necessitates separate research for each individual reaction; today 
it can be stated in connection with very few reactions that the 
partial processes occurring at the catalyst surface are known. Ac­
cordingly, in the calculation of the reaction rate of contact ca­
talytic reactions it is necessary to apply simplifications and 
neglections even in the simpler cases; in more complicated cases, 
the calculation cannot be carried out at all.

The aim of the present work was to calculate the reaction 
rate and the constants characteristic of the latter for the case 
of heterogeneous catalytic hydrogenation at an atmospheric pres­
sure. This was necessary in order to be able to compare the reac­
tion rates of hydrogenation carried out in different types of ap­
paratus and to decide the most preferable procedure for carrying 
out a given operation.

The model substance for these experiments was 2-ethyl-6- 
-chloro iso-nicotinamide; 2-ethyl iso-nicotinamide was prepared 
from this compound by removing a chlorine atom and substituting it 
with a hydrogen atom.
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A catalyst containing 0.5 per cent metallic palladium on a 
granular activated charcoal support was applied to direct the re­
action in the desired reaction. This catalyst reduces neither aro­
matic carbon ring nor acid-amide groups; on the other hand, it 
hydrogenates the carbon-chlorine bond in the above mentioned mole­
cule at a suitable rate.

The experiments were carried out in four types of apparatus: 
a tank-type reactor equipped with a stirrer, a shaking apparatus, 
a bubble-column and a foam-reactor.

A schematic drawing 
of the bubble-column appa­
ratus is presented in Fi­
gure 1.

The central part of 
the apparatus is a bubble- 
-column (1) of 30 mm in­
ternal diameter, equipped 
with a jacket, a gas dis­
tributor plate and adequa­
te ground joints. Hydrogen 
and ammonia were conducted 
to the column from a hyd­
rogen cylinder (2) and an 
ammonia cylinder (3) 
through pressure reducer 
valves, rotameters (4) and 
a saturator vessel (5) fil­
led with methyl alcohol. 
The gases, having passed 
the reaction mixture, re­
ached the outlet through a 
bulb-type condenser (6).

Application of the condenser was necessary in order to condense 
methyl alcohol vapours carried away from the reaction mixture. 
Otherwise changes in the concentration of the reaction mixture on

Figure 1
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account of vapour carryaway would have interfered both with the 
hydrogenation process and the accuracy of the analysis based on 
conductivity measurement. Part of the reaction mixture was kept in 
forced circulation through the glass tube containing the electro­
des (7) by means of peristaltic pump (8). In this manner it was 
ensured that an electrolyte of a conductivity corresponding to the 
instantaneous state of the conversion was at all times in contact 
with the electrodes. In the interior of the reaction zone, conduc­
tivity determination was rendered impossible by gas bubbles and 
catalyst granules present. The electrodes were connected to a con­
ductivity meter (9), operated from a stabilizer (10) and the sig­
nal monitored by the conductivity meter was measured by a poten- 
tiometric recorder. Constant reactor temperature was maintained by 
warm water provided by a thermostat (12) and circulated in the 
heating jacket. The temperature of the reaction mixture was moni­
tored by a thermometer placed into the reaction zone.

In order to construct the foam-column type hydrogenation ap­
paratus, the column of the former apparatus had to be exchanged. 
With regard to dimensions and general layout, the new column was 
totally identical to the former one, with the difference that the 
gas distributor glass frit was replaced by a plate perforated with 
holes 1 mm in diameter, of a total free surface of 30 % and of 
considerably lower resistance.

The central unit of the shaking and stirring hydrogenation 
apparatus was a glass reactor of lOO ml capacity, equipped with a 
thermostating jacket, connected to the necessary ancillary units.

In order to determine the optimum reaction parameters for 
the case of the given model substance and catalyst, the temperatu­
re of the reaction mixture, the concentration of the starting ma­
terial (as referred to the solvent), the amount of the catalyst, 
the grain size of the catalyst and - in the case of two of the 
apparatuses - the gas flow rate were varied, whereas the other 
parameters were kept at a constant value. Furthermore, crumbling 
of the catalyst was studied in each apparatus and poisoning expe­
riments were carried out in the stirred tank reactor and in the
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stirred tank reactor and in the foam column by the addition of 
ethyl mercaptan and hydrogen sulphide at different concentration 
levels.

A conductometric determination procedure, applicable with all 
four types of reactors, was developed to enable the hydrogenation 
reaction to be followed and to evaluate the experiments.

The apparatus types described in the foregoing and the pro­
cedures realized in them were compared on the basis of the maximum 
reaction rate attainable. The evaluation was carried out on the 
basis of the following considerations:

The change in the composition of the reaction mixture during 
the reaction period can be expressed by the following Equation:

dx
a-i(x' - аях) = V -- + kcx (l)

dt
whereas with regard to the decrease of the amount of the substrate 
we can write:

dc
---- = kcx (2)

dt

the gas concentration in the gaseous phase (g/1) 
the gas concentration in the liquid phase (g/1) 
the concentration of the material in the liquid (g/1) 
the volume of the liquid (1)
the hydrogen absorption transfer coefficient (1/s) 
the Henry-constant 
the apparent rate constant 
time (s)

dxThe expression V ^  (the change in the amount of hydrogen in 
the liquid) in Equation (1) can be neglected and consequently we 
can write:

where
x' is
X is
c is
V is
a 1 is
a 2 is
к is
t is

a 1X 1
X = -----------

a-ia2 + kc
(1 .1 )

by substituting x into Equation (2) and rearranging, we have:
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ai•a2 + kc
----------- dc = - ka-ix'dt (2.1)

c
The definite integral of the latter between limits О and t, more­
over c and c is, о

c
aiaj In --- + k(c - c ) = - ka-ix'tс оо

(2 .2 )

1 a2 с
------ (c q  - с) - ----  ln ----  = t (2.3)
a 1X' kx ' c о

Let us introduce:

1 aa-----  = A[s/g] and --- = A2 [l2s/g2]a 1X ' kx'
By introduction of the above designation, and by contracting un­
knowns a-,, x', a2 and к into two constants, the equation thus ob­
tained is the following:

c
A i ( c  - c ) - A a  In ----  = t ( 2 . It)о c о

by derivating Equation (2.4) according to c, we obtain:

A2 dt

after rearrangement:

de 1
dt -A 1 - (^i)c

(2.5)

(2.6)

where
dc
dt

Accordingly :

w is the reaction rate.

( 2 . 7 )
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Ai and A or —i— and — are the two constants, characteristicA1 Ад
of the reaction rate, by whose determination the whole course of 
the hydrogenation reaction can be described.

In order to determine Ai and A2, A2 is expressed from Equa­
tion (2.7) :

A2 = - - - Л ю  (2.8)w
Considering that in our case the obtained signal is propor­

tional to the amount of the product produced (the ionic concentra­
tion of chlorine splitted is determined in the reaction mixture by 
conductometry), further that it is not concentration, but percen­
tage conversion values that can be read from the curve recorded 
from the potentiometric recorder, we can write:

where

с - с = by о
c = byо V

(3)

t u )

is the starting concentration of the substrate (g/1) 
is the actual concentration of the substrate (g/1)
is the recorder deflection pertaining to the actual con­

version (%)
is the recorder deflection corresponding to 100 % degree 

of conversion (%)
yv

furthermore :

dc cо
dy yv
dc dc dy
dt dy dt

w = . 1° —
Ут dt

(*t.l)

( ** • 2 )
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by substituting w into Equation (2.8)

c - —  yо у с
Аз = - ------ -̂- - Ai (с - —2-) ус dy о Уо V

■ yv dt

I -  .У
у

L - ái о у 'у dtV

(2.9)

(2 .10 )

Аз = - Ai со (1 - у )
о

dt
(2 .11)

dyQintroducing designation ——  = V  and rearranging we obtain:

- A1 c (2 .12)
l-у Vо

+ Ai c
V  1-y

(2.13)

further, let us introduce

. 1 _ _ J _

V  2 l - y o " U

and by introduction of the new designation we obtain:

z = A a u  + A i c ( 2 . 1 U )о
The values z, и and cq in Equation (2.14) can be calculated 

in any instant of the measurement. The z values, calculated from 
the curve of the measurement at adequate time intervals, t, when 
plotted in a cartesian co-ordinate system as a function of the per­
taining n values, results in a straight line (Figure 2). The inter­
section of the straight line thus obtained with the ordinate gives 
the value of the product A i , c q , whereas its slope gives the value
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of A2. Accordingly, 
the values I/A1 and 
l/Aa, characteristic 
of the rate of the 
catalytic reaction, 
can be determined.

All data ob­
tained in the course 
of the experiments, 
as well as the cons­
tants characteristic 
of them and determi­

ned as described in the foregoing, are summarized in Tables I-VII. 
A diagrammatic representation of the 1/A-i and 1/A2 values is given 
in the present paper only as an example, as a function of the most 
important parameters.

The temperature dependence of the values mentioned above is 
presented in Figures 3 and 4.

1 
A

[g/
6.

4.

2 .

30 35 40 45 50 [°C]

Fig. 2

Fig. 3. 1 - Stirred tank reactor; 2 - Shaker; 3 - Bubble column;
4 - Foam column
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Fig. 1*. 1- Stirred tank reactor; 2- Shaker; 3- Bubble column;
4 - Foam column

It can be concluded that the value of I/A1 shows a maximum 
at 40-50 °C in the temperature range of 30-50 °C studied in the 
case of all types of apparatus. Having passed the maximum, the 
value of I/A1 shows in the case of the stirrer- and the shaker- 
-type reactors an abrupt decrease, in the case of the bubble column 
a moderate and in the case of the foam column a barely perceptible 
decrease. The value of I/A1 depends on the hydrogen absorption 
transfer coefficient and consequently it can be assumed that the 
phenomenon mentioned in the foregoing is brought about by the de­
creasing solubility of hydrogen with increasing temperature. Fur­
thermore, it is also probable that especially in the foam column, 
but to a certain extent also in the bubble column, the decreased 
solubility is partially compensated by the better transfer circum­
stances .
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While studying the changes in the value of 1/A2 it can be 
concluded that whereas a maximum is incountered at 40 °C in the 
shaking and stirring-type reactors, a moderate increase is obser­
ved above 40 °C in the other two types of reactors. This effect 
can be ascribed to the maximum activity of the palladium catalyst, 
attained at the optimum temperature, in the present case at 40 °C. 
The prolongation of the maximum in the case of the bubble and foam- 
-columns can be explained in the following manner: the reaction 
proceeds at the surface and within the pores of the catalyst. As a 
consequence of the exothermic reaction, the temperature of the in­
terior of the catalyst is higher than the measured temperature of 
the solvent surrounding it and this causes a decrease in its acti­
vity. In the bubble and foam columns, where the heat transfer is 
better, heating of the catalyst is of a lower degree and conse­
quently the maximum activity of the catalyst attains a constant 
level within a certain temperature range.

inя"V

Fig.5- 1-Stirred tank reactor; 
2-Shaker; 3-Bubble column; 
4-Foam column

Fig.6. 1-Stirred tank reactor; 
2-Shaker; 3-Buhble column; 
4-Foam column
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The dependence of the values characteristic of the reaction 
rate on the grain size of the catalyst are presented in Figures 5 
and 6.

In this case, it can be concluded that the values of 1/Ai and 
1/A2 increase with decreasing grain size in the case of all of the 
four apparatus types. Decreasing the grain size brings about essen­
tially the same effect as increasing the amount of the catalyst. 
In both cases, the active catalyst surface is increased, which 
brings about in all four apparatus types an increase in the reac­
tion rate dependent on the transfer circumstances. The results ob­
tained with various grain sizes were in agreement with results ob­
tained and conclusions drawn in connection with experiments car­
ried out with various amounts of catalyst.

1

Fig. 7. o-Bubble column; 
•-Foam column

иn■V

It is apparent from Figures 7 and 8 that by increasing the 
linear gas flow rate up to a value of 14-75 cm/s, the value of 
1/A-i and, together with it, that of 1/A2 increases. Both in the 
bubble and the foam columns, increasing gas flow rate brings about 
a considerable increase in the rate of the absorption process, and 
since in the present case the rate of the overall hydrogenation 
process increases with absorption, in accordance with the previous 
chapter it can be concluded that in the hydrogenation of the sub-
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strate used as a model substance, the rate-determining partial 
process is the absorption of hydrogen in the solvent.

Considering the results of experiments mentioned in the 
foregoing - but not evaluated here in detail - (cf. Tables I--VII) 
it can also be stated as a conclusion that the theoretical connec­
tion developed for the determination of the constants characteris­
tic of the reaction rate can also be applied in practice; the re­
sults of experiments evaluated by its aid can be summarized as 
follows :
1. In the case of the model reaction in question, the rate deter­

mining partial process of hydrogenation is the absorption of 
hydrogen in methyl alcohol, used as the solvent of the compound 
to be hydrogenated.

2. With the reaction in question, from among the four experimental 
set-ups it is the foam column which enables the highest reac­
tion rate to be reached. Accordingly, in the above model reac­
tion as well as with other hydrogenation reactions where the 
rate-determining step is absorption, the reaction rate can be 
increased by carrying out the reaction in a foam-column.

3. Crumbling of the catalyst is, according to microscopic measure­
ments and sieve analyses carried out, of the smallest degree in 
the bubble column. Also in the foam column, catalyst crumbling 
does not reach the degree encountered in the stirred tank or 
shaker-type hydrogenation reactors.

4. Despite the addition of ethyl mercaptan and hydrogen sulphide 
catalyst poisons to the reaction mixture, the hydrogenation 
reaction processes to conclusion - at a considerably slower 
rate - in the foam column, as opposed to the shaker and the 
tank reactor.
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PE3UME
Авторы изучали каталитическую гидрогенизацию при атмосферном 

давлении. Моделью служил метаноловый раствор 2-этил-6-хлор-амида 
изонинотинной кислоты. Процесс, происходящий на гранулированном 
натализаторе с 0,5% металличесним палладием и активным углеродом, 
в качестве носителя был изучен на четырех экспериментальных уста­
новках: в встряхивателе, в реакторе банового типа, в пузырьковой 
колонне и в пенной колонне.

Была выработана теоретическая формула для определения конс­
тант, характерных для скорости реакции гидрогенизации. Эта формула 
позволила сопоставление скоростей реакции гидрогенизации, проис­
ходящей в разных установках.

По данным было установлено, что из выбранных установок пен­
ная колонна обеспечивает наилучшие результаты гидрогенизации для 
данной модельной реакции.
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[Co(C2 H«)(РРЬэ)3 ]2  catalyses the dimerization of 
ethylene at ambient conditions. The following rate 
equation fits the experimental data:

кчКгКэССоКСгН«]
Rate = --------------------------

[PPh3] + Ka + КэКзССгН«]
where [Со], [C2H4] and [РРЬз] are the concentrations 
of catalyst, ethylene and free phosphine.

INTRODUCTION

Homogeneous catalysts for the dimerization of ethylene and 
other mono-olefins [1] have aroused considerable interest in 
recent years. Several authors used first-row transition-metal com­
pounds combined with aluminium organyls to catalyse dimerization 
reactions [2, 3-9].Only in a few cases were single metal compounds 
reported to be active catalysts for ethylene dimerization [4] and 
practically no kinetic studies of ethylene dimerization were car­
ried out using such transition metal complexes.
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RESULTS

Initial rates were used to determine the rate law. This pro­
cedure avoids influences due to codimerization of ethylene with 
butenes, formed during the reaction, which was monitored by glc. 
Typical product composition can be seen in Table 1.

Table 1. Dimerization products (weight %) of ethylene catalysed by 
[Co(C2H4)(PPh3)3]2 2.U2X10-2 mol'f-1 in benzene at 20°; 
reaction time 30 minutes

trans-2-butene 63.0 
c is-2-butene 2U.5 
l-butene 1.5 
hexenes 10

Ethylene uptake was followed by volume (Fig. 1.). The reac­
tion rate was found to be fairly constant during the first few mi­
nutes, but hexenes appeared in the reaction mixture already rather 
early. Assuming ethylene and butene codimerization to have a lower 
reaction rate, this explains the diminishing rate of ethylene con­
sumption.

Tim* (min)

Fig. 1. Typical dimerization of 
ethylene using [Co(C2H « )(РРЬз)3 ] 2 
Solvent benzene; catalyst concn. 
2.1*2х10-2 mol. •£“1 ; temp. 20 °C; 
ethylene pressure 1 atm.

Fig. 2. Rate yo i  dimerization of 
ethylene as ä function of cobalt 
concentration. Solvent benzene; 
temp. 20 C; ethylene pressure 1 
atm. (The dotted line shows the 
concentration of Co ( C2H1, ) (РРЬз ) 2 
calculated from Equation (13) as 
a function of cobalt concentra- 
t ion )
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The experiments were reproducible to within ± 5 %, and the 
initial rates were obtained from the tangents of plots of the type 
shown in Figure 1.

The influence of catalyst concentration is shown in Figure 2. 
The parabolic curve obtained by plotting the reaction rates 
against the catalyst concentration indicates a lower order than 
one with respect to cobalt catalyst. If the reaction rate is plot­
ted against the square root of the catalyst concentration, a 
straight line results which does not go through the origin and has 
a negative intercept on the у-axis (Figure 3). This means, that no 
half order dependence on the catalyst exists, which could be ex­
pected by assuming a pre-equilibrium of the dissociation of the di- 
nuclear catalyst to the mononuclear form largely shifted to the 
side of dimeric species.

Fig.3. Rate of dimerization of 
ethylene as a function of the 
cohalt concentration. Solvent 
benzene; temp. 20 C; ethylene 
pressure 1 atm.

Fig.1*. Rate of dimerization of 
ethylene as a function of ethy­
lene pressure. Solvent benzene; 
cobalt concn. 2.86xl0-2 mol.f'1; 
temp. 20°C

Experiments at various ethylene pressures resulted in a li­
near plot of the rate against the pressure with zero intercept as 
shown in Figure 4. This demonstrates a linear dependence of the 
reaction rate on the ethylene concentration in the solution.
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An excess of triphenyl phosphine reduces the rate of dimeri­
zation. In Figure 5, the reciprocal of the rate is plotted against 
added phosphine at constant catalyst concentration. The linear 
trend with an intercept suggests a reciprocal first order in free 
triphenyl phosphine.

[PPh3](mol.r’b 10

Fig. 5. The reciprocal rate of 
ethylene dimerization as a func­
tion of excess phosphine con­
centrations. Solvent benzene; 
catalyst concn. 2.01xl0-2mol. í r  1 ; 
ethylene pressure 1 atm; temp. 
20°C .

4,0-

2,0 -

1,0
V  13 ЗА 15 16

-f (°К'1)хЮ3

Fig. 6. Arrhenius plot of In к ,
2  ODS

against — X 103

The effect of the temperature on the reaction rate is shown 
in Table 2. The values were calculated using the empirical ra­
te expression showing first order dependence with respect to the 
catalyst and ethylene concentrations. The constants give a linear 
Arrhenius plot, as shown in Figure 6. The activation parameters 
were calculated as ДЕа = 12.4 kcal.mol-1; ДНТ = 11.8 kcal.mol-1 and 
AST = 16 cal.mol-1.K-1.
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Table 2. The reaction rate constants at different temperatu­
res, equilibrium constant Кг and degree of dissocia­
tion at 20°C

Temperature
(°c)

кobs
(mol-1.i.min-1 )

K2X102 
(mol.£-1)

Degree of disso­
ciation 

( %)

10 6.59
20 12.9 1.17 h i *

30 2l*. 9

*at 2.01x10 2 mol.-f 1 catalyst concentration

DISCUSSION

According to YAMAMOTO and co-workers [10] the ethylene comp­
lex [Со(СгН<, ) (PPh3 ) a]г is diamagnetic and does not show any sig­
nals in the high field area of the NMR spectrum indicating the ab­
sence of a cobalt-hydrogen bond. No absorption in the IR spectrum 
attributable to v(Co-H) could be found either. These observations 
support the dimeric structure accepted for. this complex in the 
solid state.

The kinetic data reported in this paper may be interpreted 
in terms of scheme 1. Based on this scheme the reaction rate is 
described by the following equation:

y[Co(C2H4)(PPh3)3]2 Со(С2Н4)(РРЬз )з Co(C2H4XPPh3)2 +  PPh3

Scheme 1
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d[СаНц] d[C4H8]
Rate = - -------- = 2 -------  = кц [ Со ( C2H„ ) а ( PPh3 ) al ( 1 )

dt dt
Supposing Ki to be large the catalyst is present mainly in the mo­
nonuclear form and we can write:

[Co] = [Co(CaHi») (РРЬз)з] + [ Co ( CaHi, ) ( PPh3 ) 2 ] + [ Co ( СаНц ) a ( PPh3 ) 2 ] +

+ [Co(Ci»He) (PPh3 )a] (2)
where [Co] is the total catalyst concentration. If the initial 
rates are measured, the concentration of butenes can be regarded 
to be zero and the last term of Equation (2) can be omitted. The 
relative concentrations of the other mononuclear species are de­
termined by the following equations:

[Со(СаНч)(PPh3 )a][PPh3]
Ka = -------------------------- (3)

[Co(CaH4)(PPh3 )3]

[Co(CaH<,)a(PPh3 )a]
K 3 = -------------------------------- (Ц)

[Co(CaHi*)(PPh3)a][CaH<*]
Incorporating equilibria (3) and (4)
(5)

( [PPh3]
[Co] = [Co(CaHi»)a(PPh3 )a]<----------- +

1КаК3[СаНч]
Substituting (5) into (1) the following rate equation is obtained:

into Equation (2) we obtain

K3[CaHu]

кчКаК3[Со][СаНч]
Rate = --------------------------- (6)

[PPh3] + Ka + KaK3[CaH<*]

This rate equation is in agreement with the kinetic results 
if K2 and K3 are assumed to be small, which seems to be reasonable 
The rate order with respect to ethylene is zero if :

[ PPh3 ] + Ka «  K2K3[ С3Н1» ] (7)



1975 Kinetics of the i-zer ization of Ethylene 1*55

and becomes of first order if :

[PPh3] + K2 »  K2K3[C2Hu ] (8)

Assuming K3 to be small (K2 can be determined) the first order de­
pendence on ethylene is expected at small ethylene concentrations, 
which was actually found.

According to Equation (6) there is a first order dependence 
on cobalt, however, the experimental data (Figures 2 and 3), show 
a more complicated picture. This apparent contradiction is resol­
ved by considering the effect of phosphine ligands dissociated 
from the catalyst. The concentration of free phosphine is deter­
mined by Equation (9):

[PPh3] = [Co(C2H4 )(PPh3 )2] + [Co(C2Hi*)2 (PPh3)2] (9)

If K3 is small (as assumed earlier) Equation (9) simplified to
(10):

[PPh3] « [Co(C2H<,) (PPh3)23 (10)

and the total cobalt concentration can be expressed by Equation
(11):

[Co] = [Co(C2H<*) ( PPh3 ) 3 ] + ( PPh3 ) (11)

Substituting (10) and (11) into (3), Equations (12) and (13) are 
obtained :

[PPh3]2
К =   (12)

[Co] - [PPh3]
1

[PPh3] = (K2 {[Co] - [PPh3]})2 (13)

If [PPh3] is not large the concentration of free phosphine, ac­
cording to (12), is approximately proportional to the square root 
of the total cobalt concentration and thus [PPh3] in Equation (6) 
reduces the first order of dependence on the catalyst concentra­
tion, if no extra phosphine is added.
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Adding extra phosphine ([PPh3]add) to the reaction mixture, 
Equation (12) modifies to (14), where [PPhg] is the concentration 
of the phosphine, in this case originating from the catalyst by 
dissociation.

[PPhI] {[PPhI] + [PPh3]
K2 = ----------- -----------(HO

[Co] - [PPh£]

The ratio of the rates of the uninhibited (r) and inhibited (r..) 
reactions is proportional to the ratio of the corresponding 
[Co(C2H4)(PPh3)2] concentrations which are equal to [PPh3] and 
[PPhj]:

[PPh3]
= ------- (15)

i [PPH^]

From Equations (12), (14) and (15), [PPh3], [PPh'3 and the pre-
-equilibrium constant K2 could be calculated (Table 2).

The concentrations of [Co(C2H<*) (PPh3)2] calculated from 
Equations (10) and (13) were plotted against the catalyst concent­
ration (Figure 2,dotted line). It can be seen that in both curves, 
the reaction rate vs. the catalyst concentration, and the active 
species concentrations vs. the catalyst concentration are almost 
identical, which means that the dependence on the actual catalyst 
is of the first order and the bend off from a straight line, with 
respect to the overall cobalt concentration, is caused by the 
phosphine dissociation from the complex applied as the catalyst.

The scheme proposed above on the basis of kinetic data does 
not provide any details about the nature of the rate-determining 
step. PARSHALL [11] showed that the C-H bond in the ortho position 
of the phosphine phenyl groups undergoes oxidative addition on the 
cobalt atom in CoH(N2)(PPh3)3. This type of reaction was also ob­
served with other compounds having different metals and phosphines 
[12]. It was assumed that in the investigated ethylene dimeriza­
tion, a cobalt hydride formed through such an oxidative addition
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may play an essential role in the catalytic cycle. This possibi­
lity is outlined in detail in Scheme 2.

EXPERIMENTAL

[Со(C2H4)(РРПз)312 was prepared according to literature [10]. 
The benzene used as a solvent was distilled ove .i sodium-potassium 
alloy under dinitrogen. Commercial ethylene was purified by bubb­
ling through diethyl aluminium ethoxide after drying with silica 
gel and P205. Experiments were performed in a wacer thermostated 
100 ml reaction vessel connected to a thermostated gas burette.
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РЕЗЮМЕ
Разложение этилена при разных условиях катализируется соеди­

нением [Со(С2Н„)(РРИз)з]2. Экспериментальные данные подтверждают 
следующее уравнение скорости реакции:

■ К 2 . Кз[Со][С2Н:*]
Скорость = ---------------------

[РРН3]+К2+К2КЭ[С2Н„]

где [Со], [С2Н*] и [PPh3] 
свободного фосфина.

концентрации катализатора этилена и



Hungarian Journal 
of Industrial Chemistry 

Veszprém
Vol.3. pp. k 5 9 - b 6 6 (1975)

A RAPID METHOD FOR CHECKING THE VALIDITY 
DETERMINING THE PARAMETERS OF A PISTON- 

DISPERSED TUBULAR MODEL

AND FOR 
•FLOW

R. MOHILLA

(Department of Chemical Process Engineering, 
Veszprém University of Chemical Engineering)

Received: April l8, 1975-

The turbulent axial-dispersed plug-flow tubular 
model is often applied for the description of the dy­
namic behaviour of tubular operational units. If the 
residence time spectrum has been determined experimen­
tally, the points of the frequency response of the 
operational unit can be determined - for the purpose 
of process control - with the known numerical proce­
dure. The preparation of a standard set of curves 
is proposed, with the aid of which both the adequacy 
of the selected model and two parameters of the model? 
the Bodenstein Number and the mean residence time can 
be determined in a simple manner. The same set of 
curves enables - in design work - the construction 
of the Bode-diagram of an operational unit having 
known parameters.

The turbulent axial-diffusion (dispersed) plug-flow tubular 
model is very often applied for the description of the dynamic be­
haviour of tubular operational units.

When applying the model to a stream of components, the fol­
lowing differential equation is obtained:
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- D
d2c (z,t )

Э z 2
de(z,t )

âz
ôc(z ,t )
ât (1 )

where
c is the concentration of the component Ê g^ixture)^ 
z is the space co-ordinate, taken in axial direction (m) 
t is time (s)
V is the convective flow rate (m s_1)
Dax is the coefficient of turbulent axial diffusion (m2s_1) 

Let the following initial condition be chosen:

c(z,t) = c(z,o) = 0 when t < 0 (2 )

Furthermore, let us consider an operational unit that is finite in 
both directions and let the feed occur in the strating point of 
the co-ordinate system. Under such conditions, the boundary condi­
tions used by DANCKWERTS Cl] and PEARSON [2] can be applied to the 
disturbance in feed:

fЭс(z,t )
D ' -------ax < =* П 7.

co (t) = c (t ) = + 0

/ de(z , t)\
------- = 0  (U)

у 9z /z=H
where

c is the disturbance in feed (dimensionless) о '
H is the length of the operational unit (m)
The analytical solution of the differential equation in 

question, at the initial and boundary conditions described, is so 
far unknown. Naturally, this can be solved by numerical procedures 
between given margins of error. However, when used for process 
control, the solution is not Generally needed. In these cases it 
is generally sufficient to produce the transfer function or fre­
quency response or the logarit : amplitude-angular fr ue cy and 
phase-angular frequency functi- 3c'e-diagram).
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With reference to the takeoff point (z = H) of the tube, the 
frequency response is the following [3, 4]:

F ( ш ) г
с ( H, ш ) 
c (o,w)

( 1 + y ) 2  e
B° /, 1(1-y ) Во

(1-Y);
( 1 + Y )

( 5 )

where
‘twt .

Y 3 (1 + j ---)1/2
Во

(6 )

Bo = is the Bodenstein number (dimensionless)
ax

_ Ht = — is the mean residence time (s)
ш is the angular frequency (rad.s-1)
In the dynamic characterization, Equation (5) was regarded 

as the descriptive equation calculated from the mathematical model 
It is apparent that this function has two parameters: the "Bo" Bo­
denstein number and the t mean residence time. Knowing these, 
the points of the frequency response can be calculated numerically 
and this is thoroughly sufficient for application in process con­
trol .

The reverse of the statement is also true: the operational 
unit is perfectly characterized from a dynamical point of view by 
presenting the numerical value of the two parameters. However, 
this statement needs to be supplemented: it has to be seen whether 
the chosen model is adequate for the description of the operatio­
nal unit in question.

It is known that it is possible to determine the above men­
tioned two parameters experimentally. The method is generally ap­
plied. Its essence is that a tracer material is injected into the 
feed and the concentration-transient is studied at the takeoff 
point. The two parameters can be calculated from the first and se­
cond momentum according to time of this transient. However, this 
procedure involves a number of problems. It is known from experi­
mental experience that the calculation of the second moment is
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rather uncertain and the result considerably depends on how large 
a section of the asymptotically decreasing transient is taken into 
consideration. Furthermore, it is difficult to verify whether the 
model was adequate or not. For this purpose, the transient calcu­
lated from the model has to be produced after substitution of the 
calculated parameters with a numerical technique (i.e. the diffe­
rential equation has to be solved) and the result thus obtained 
has to be compared with the measured figure. However, another 
method leading to a faster result and furnishing more information 
can also be chosen.

As mentioned earlier, the numerical presentation of the 
points of the frequency response is necessary in many cases and is 
also adequate for our purposes. For this purpose, an algorithm is 
applied in the evaluation of the transient obtained which presents 
the numerical values of the frequency response (i.e. the points of 
the Bode-diagram) in a single step [5, 6].

Using the technique proposed in the present paper, both the 
adequacy of the model and the numerical value of the parameters 
can be determined with a minimum of computing work from the curve 
thus obtained, whose production is necessary anyway.

This is true within a limit of error that occurs in the ap­
plication of the numerical method and in making neglections while 
establishing the model.

It can be shown with the application of Shannon's sampling 
rule that the calculated values are reliable only up to a value

where At is the time interval between sampling operations. This, 
however, is only a theoretical upper limit. According to LEES and 
DOUGHERTY [7], the practical upper limit is lower by one order of 
magnitude.

Let us substitute various numerical values into Equation (5) 
in place of the Bo number. Further let us select to each of these
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a t mean residence time in such a manner that the condition Bo = 
= 4 ut is fulfilled. Hereupon, the values of и are run preferably 
from 0.1 to 100, for the case of all Bo.numbers and the numerical 
values of the frequency function are calculated. The result is 
presented in the usual form in a Bode-diagram in such a manner 
that log ai is measured on the abscisse, whereas on the ordinate 
twentyfold of the logarithm of the absolute value of the complex 
function respectively the areas thereof. A set of curves of norma­
lized angular frequency, whose parameter is the Bo number, is ob­
tained in this manner (Figures 1 and 2).

The same - but single - pair of curves is also obtained in 
the evaluation of the measured transient. If the set of calculated 
curves is drawn on a transparent paper and the drawing placed upon 
the curve obtained in the measurement, it can immediately be deci­
ded whether the chosen model was applicable. In this case, the 
curve calculated from one Bo number coincides with that obtained 
in the measurement.

Accordingly, the Bo number pertaining to the operational unit 
under test has also been determined.

Having aligned the curves it is determined which abscisse 
value of the diagram representing the result of the measurements 
is found under the point corresponding to rhe abscisse value w = 1 
of the set of curves. Let this angular frequency be of the numeri­
cal value of tuQ. The mean residence time of the operational unit 
under test can be calculated hereform with the formula

Bo
t ------ (7)

4 ыо
No further explanation is necessary if the second term on the right 
side of Equation (6) is considered.

Accordingly, a single computer algorithm is to be applied 
with the proposed technique. This directly presents the evaluation 
of the measurement in a form, adequate for process control applica­
tions .
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Accordingly, a single computer algorithm is to be applied 
with the proposed technique. This directly presents the evaluation 
of the measurement in a form adequate for process control applica­
tions .

By means of the previously prepared curve-set template, the 
application of the chosen model as well as the two characteristic 
parameters can be examined with a minimum of expenditure. It is be 
noted that by the inversion of Equation (7), i.e. by adequate 
shifting of the origo of the abscisse, the previously prepared set 
of curves also naturally enables the Bode diagram of an operatio­
nal unit characterized by a given Во-number and mean residence 
time to be constructed immediately.

As an example, three residence time spectra (weight functi­
ons) are presented in Figure 3. In this case, the parameters (also 
determined with a different method) were the following: t = lO sec 
Bo = 2, 6 and 20. The points of the Bode diagram were prepared 
from the 30 points shown by a numerical technique [6]. After 
shifting according^to (7), the curves corresponding to the numeri-
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cal values obtained were drawn into Figures 1 and 2 with a dotted 
line. The theoretical confidence limits, as calculated with the 
technique mentioned in connection with the estimation of the er­
rors, were found to be ш = 63; 21 and 6.3 (rad.s-1). This pre­
sents an approximative picture of the applicability and expectable 
accuracy of the approximative technique.

The author is indebted to Professor Dr.A. László for his va­
luable comments upon reading the manuscript and to Dr. B. Ferencz 
for checking the calculations.
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РЕЗЮМЕ
Для описания динамического поведения трубчатых процессовых 

единиц часто используется модель, пологающая турбулентную осевую 
диффузию и идеальное вытеснение. После экспериментального опреде­
ления спектра времени пребывания известным числовым способом можно 
определить точни кривой по частоте в целях технини регулирования. 
Автором предлагается приготовление семейства шаблонных кривых, 
с помощью которого можно проверить адекватность выбранной модели и 
просто определить два параметра модели: число Боденштейна и сред­
нее значение времени пребывания. Те же кривые используются для 
планирования при начертании диаграммы Бодэ процессовой единицы с 
известными параметрами.
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In connection with all stirred systems, the de­
termination of the degree of mixing is a problem of 
basic importance. The aim of the present paper is the 
presentation of a mathematical procedure that utilizes 
the probability calculus and enables the efficiency of 
mixing to be judged. The mathematical model proper is 
sufficiently general, involving the customary advanta­
ges and drawbacks of this fact. The practical example 
presented shows that even with very simple suppositi­
ons - in a given case - adequate results are fur­
nished by the model.

The stirring of suspensions is classified as a separate 
group of two-phase flow [1]. This classification is supported by 
the generally large difference in specific gravity and the fact 
that the solid particles cannot be united and cannot - in the ma­
jority of cases - be designated. This practically means that 
these particles can be regarded as discrete ones in the continuous 
medium. In order to sustain the suspended state, mechanical energy 
has to be continuously introduced into the system. In order to be 
able to discuss the phenomenon, it is inevitably necessary to know 
the degree of stirring; the next step is to establish a connection 
between the introduced energy and the degree of stifring.
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The problem can be approached from more than one angle; ample 
examples are found in literature.

The logical discussion starts from the examination of the 
space of flow of liquids. Of course, in such cases, the motion na­
ture of the momentum balances [2] is of primary importance. The 
difficulties which manifest themselves in connection with the ma­
thematical discussion of the space of flow of a stirred system are 
generally known. Accordingly, papers containing only experimental 
results are abundant [3, 4, 5, 6, 7, 8, 9].

Groups of the research workers do not deal separately with 
the motion of the supporting phase, but directly study the beha­
viour of the particles [10, 11]. Such theory is correct, but its 
field of validity becomes limited due to the many simplifications 
when calculations are carried out.

A different category of work, utilizing the similarity theory, 
calculates on the basis of experiments with a number of practically 
important data. These Equations contain generally 5-8 empirical 
constants [12, 13, 14, 15, 16]. Lacking an adequate theory, these 
are of major significance despite the fact that the Equations are 
valid only in a narrow range.

The empirical measures and mixing models used for the charac­
terisation of stirred systems also constitute a new group with 
regard to content. Their common feature is that they disregard the 
micro structure.

In establishing the models, formulas used for the description 
of totally different physical phenomena are frequently utilized in 
order to obtain a result similar to those encountered in practical 
systems. These include the well-known diffusion, cascade and recir­
culation models, as well as their combinations.

There are also experiments in which the authors do not deal 
with the mechanism of stirring, even to the extent usual in model­
ling. Usually the systems are ordered with regard to mixing on the 
basis of some arbitrarily selected criterion [16, 17].

A new way to judge the degree of mixing of practical systems 
is the application of the entropy of mixing [18]. The application
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of the concept of entropy in this respect is based upon its connec­
tion with information theory. The concentration distribution has 
to be known for the calculation.

The Probability Model of Mixing

Let us consider first what processes can be discussed within 
the framework of probability calculus and whether a stirred system 
fulfills these requirements in our case.

A number of occurrences can be described by the following 
scheme [19]. A certain totality of the prevailing circumstances is 
the experiment, as a result of which, one of the possible events 
occurs. Our instantaneous knowledge does not permit - theoretical­
ly or practically - the determination of this event. In such cases 
it can be stated that the occurrence of the event is "random". In 
the examination of events of this class, it is absolutely essen­
tial that the events, together with their results, can be repeated 
many times, since the relative frequency of the occurrence of the 
events has to be known in order to be able to draw conclusions on 
the probability of the occurrence of the event. All processes com­
plying with the above conditions can be discussed on the basis of 
the probability calculus.

Our system is limited by walls and it comprises a fluid me­
dium into which discrete particles having identical properties 
were introduced.

A possible approach is that all prevailing conditions are re­
garded as an experiment and the system is examined at certain given 
times and the probability of a given particle emerging from a given 
part of space is examined. Accordingly, the elementary event is 
that a given particle is in one of the space elements. What is now 
the condition to be able to state that the system in question is 
perfectly mixed. The condition is that the probability of finding 
the particle in question in any of the limited space elements is 
equal. If these probability values are not equal and some of the 
individual space elements are of exceptional importance compared 
to the others, a very large number of variations - identical with
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regard to the degree of mixing - can be produced, evidently de- 
pendling on the fineness of division. For example, if the particle 
contents of two space elements are exchanged, the two systems can 
be considered identical with regard to mixing, despite the fact 
that a new spatial distribution has been produced. Considering 
spatial distribution in this manner does not promise any results. 
The problem of the complicated space of streaming emerges here 
again.

There is another possible approach and this is the examina­
tion of the following question: from what particle density environ­
ment the given particle originates. In this case, the fact where 
the environment of the particle is found in the stirred system is 
disregarded and only one characteristic of the environment, impor­
tant for our reasoning, is taken into consideration. In the system 
under test, the elementary event is the concentration of the envi­
ronment of the given particle, i.e. the particle concentration is 
regarded as probability variable.

If the total volume of the space elements of the concentra­
tion Ci is V(ci),the probability that the optionally selected par­
ticle has come from an environment of the concentration Ci is

eiP V(ci )
M

where pg is the density of the solid and
M is the mass of the total solids weighed in.

Now,assuming that the concentration in the stirred system 
varies continuously between the minimum and maximum value found in 
the system, the probability density function

M

can be introduced. The corresponding distribution function is the 
following:
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c
Ф' (c) = J" Ф' (с) dc 

min

According to the experience, the value of maximum concentra­
tion can unequivocally be determined in such a system, and accord­
ingly the distribution and density functions are calculated star­
ting from the maximum concentration values with the following 
Equation :

c p V ( c  )
o) = ---5-----

M

In this way, all that was done was to assign the probability, per­
taining to a given a concentration, to the value (сшах - c).

Let us now consider that our stirred system is influenced by 
an independent interaction. All of the actions produce a random 
particle distribution and their totality represents the prevailing 
circumstances, the system having been exposed to the latter for a 
considerable period of time. In this manner, the resulting devia­
tion from the maximum concentracion is obtained as the sum of the 
individual actions:

(c) = ф (c

t = - c = Si + Kz + • •• + K- + ••• + Zmax l n

On the basis of the aforesaid, the resultant concentration diffe­
rence is brought about by action n. Since

n-1
t = E E. + £ 

i-1 1
as a consequence of the independence, the resultant density func­
tion can be calculated successively from the convolution of the 
individual distribution:

Фи «
Фп- 1 Ф1
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From now on, a theoretical model is at our disposal. Diffe­
rent assumptions can be introduced in connection with the indivi­
dual actions and accordingly different distribution types can be 
obtained, ranging from the simple to the most complicated. Accor­
dingly, the model incorporates both the good and the bad properties 
of the general one.

It is - at least theoretically - advantageous that a wide 
variety can be theoretically characterized by it, whereas it is a 
drawback that it cannot be applied directly in this form. An exam­
ple will be presented in the following which demonstrates that 
even in the case of very simple assumptions, a satisfactory result 
is obtained for the concentration distribution in a given case.

The aim of the present experiments was to study the concentra­
tion distribution in a stirred tank-type reactor. The measured 
data are evaluated with the mathematical procedure described in 
the foregoing. The characteristics of the suspension applied, the 
experimental setup and the measured data will be described first.

The Model Suspension and its Preparation

An anion exchange resin type VARION-AD— water system was used 
in the experiments. The data of the commercial VARION-AD resin are 
the following:

capacity: 3.5 mval/g 1.2 mval/ml
density: 1.23 g/cm3
grain size: 0.25 - 1.0 mm in dia.

The concentration of the model suspension was measured by AC 
conductivity. It is necessary in order to obtain reproducible re­
sults that the conductivity of the resin and the water do not 
change in time, consequently the system was brought to equilibrium 
and any water or resin brought into the apparatus subsequently was 
of the prepared materials. In this manner it was ensured that the 
conductivity was a function only of the amount or resin brought 
between the electrodes.
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Description of the Experimental Setup

The experimental setup comprises a SIMAX (Czechoslovakia) 
self-supporting glass tank reactor of the dimensions usual in the 
pharmaceutical industry. The volume of the reactor is 20 litres; 5 
litres of resin were placed into it and it was filled up with 
liquid so as to have a final total volume of 15 litres.

The stirrer motor - a VKM product - was placed above the 
reactor. The former was connected to the stirrer through a multi- 
-step gear. The adjustable speeds were the following: 50, 150, 250, 
350, 450, 550, 650, 750 and 850 r.p.m.

The measurements were carried out with two stirrer types, one 
being a closed turbine whereas the other was a disc-type stirrer 
(60 mm in dia.) (Figure 1).

Concentration of the Suspension

Prior to the description of the measurements, what should be 
understood by the concentration of the suspension, has to be 
stressed. It seems self-evident to express the concentration of 
the suspension as some sort of density. However, from the point of 
view of the measurements it is much simpler to use concentrations 
expressed in volume per cent. In the following, the concentration 
will be calculated with an intrinsic measure. A suspension is re­
garded as 100 % by vol. if when left alone to stand it does not 
become more compact upon the action of gravitational force. Natu­
rally, in addition to the previous concentration values, the mean 
density of the suspension of 100 % by vol. as well as the density 
of the solid and of the liquid have to be given. The mean density 
of the suspension of 100 % by vol. can be expressed by

psz = p + E (ps " p)
where

P
P

P
c

sz

s

is the mean density of the suspension 
is the density of the liquid 
is the density of the solid 
is the voidage.
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Fig. 1. Turbine-type (TU) and dJsc-type (TA) stirres
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In the present case, with substitution of numerical values 
and on the basis of [20, 21]

p = 1.128 g/cm3 s z

Measurements

Concentration charts were determined with the speeds adjus­
table with the two stirrer types mentioned above (disc and turbine). 
Compared to the dimensions of the electrode used, the measuring 
points were located at the highest density in horizontal and in 
vertical direction at a distance of 30 mm. The concentration, when 
plotted against time, did not show appreciable variations in a 
given measuring point and accordingly reading a mean value presen­

ted no difficulty. 
This empirical fin­
ding supports the 
view that the con­
centration charts 
are stable despite 
the swirling
i streaming.

Only half a 
plane was measured 
in all cases in 
vertical section. 
The location of 
the measuring
points and of the 
stirrers is shown 
in figure 2.Fig. 2

The concentration charts are presented in Figure 3. They were 
arranged in such a manner that those pertaining to the same stir­
rer speed are beside one another. There is a heading on each chart. 
The disc-type stirrer is marked TA and the turbine-type one TU in 
the heading. The figure before the letters is the serial number of
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the measurement, and that after the letters is the speed in r.p.m. 
There was no appreciable churning up under 350 r.p.m. with the 
disc and under 550 r.p.m. with the turbine stirrer.

For the purpose of qualitative examination, the iso-concen­
tration lines were drawn into the charts. In a qualitative manner 
it can be stated that the chart becomes more uniform with increas­
ing stirrer speed up to a speed of 650 r.p.m. in the case of the 
disc-type stirrer and above this value the concentration differen­
ces between the individual points start to rise again. The same 
can also be stated in connection with the turbine-type stirrer 
with the difference that in this case the "maximum of uniformity" 
is even more pronounced.

Evaluation of the Measured Data

The essence of the mathematical model described is that the 
following Equation holds for the probability variable t:

t = c  - c = C i + 5 a + - - - + 5 , + . . . + £  max 1 n
If the supposed density function of ç^(i = 1» 2 ... n) is 

f(t) = Xe"Xt; t > 0
it can be shown by total induction that a density function of the 
form

.n . (n—1) -it
?n(t) = -------------(n-1)!

is obtained as the resultant. The variable t follows the Г distri­
bution. The corresponding distribution function is obtained from 
the integral

t
în(t) = / <Pn(v) dv

о
At the same time, the Equation

c p V ( c ), , . s______

holds. On the basis of this discrete distribution functions can



1+78 G. Horváth Vol. 3.

be calculated from the measured data because the half section of 
the reactor was - in accordance with the measuring points - sub­
divided to cells. A ring corresponds to each cell in the reactor 
and on account of the symmetry, the concentration at any point in 
this ring is equal to the measured mean value (experimental find­
ing).

c (% by vol.)

Fig. 1+. Discrete distributions

A digital computer was used for processing the numerical 
data. As an example, a discrete distribution function is shown in 
Figure 4.Hence only one more step and the continuous distributions 
are reached. The concentration was considered to change continuous­
ly between the maximum and minimum values measured in the system, 
in such a manner that the middle points of the steps of the dis­
crete distributions correspond to the points of the continuous
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distribution. A continuous distribution function is shown in Figu­
re 5.

Accordingly, the numerically calculated distribution func­
tions are at our disposal from the experimental data. The value of
c is obtained from their intersection with the abscissa. Themax
theoretical distribution itself is of the two parameter type tn,A). 
The parameter are determined in the following manner. The expected 
value of the Г distribution is n/?i. Any positive integral number 
was chosen for n, the ordinate value pertaining to the expected 
value could be calculated from this. The expected value was deter­
mined by the help of the ordinate values of continuous distribution 
functions.

Fig. 5. Continuous distributions
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The ordinate values pertaining to the expected values can be 
determined from the corresponding density functions. E.g. in the 
case of n = 3, the integral —  substituting x = -At —  is the fol­
lowing :

3 / A
f A3 ta -At -- e

2 !
dt * о[—  (x2 - 2 x + 2)1° = 0.575

2
With a similar procedure

2/* At 1/X -At/ A 2t e dt = O.59I* or / e dt = 0.632
о о

The parameters of the calculated continuous distributions are con­
tained in the Table. A few diagrams are shown, as examples, in Fi­
gure 6 where the measured data and the calculated curves are pre­
sented. These prove that the general model describes the distribu­
tions even in the case of very simple suppositions to a fairly 
good approximation.

Fig. 6 a. Calculated distribution
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Fig. 6 b. Calculated distribution

The expected value and the variance, plotted against stirrer 
speed, are shown in Figure 7. Both the expected value and the va­
riance pass a pronounced minimum in the vicinity of 650 r.p.m.This 
suggests the conclusion that stirrer speed has an optimum value 
with respect to the mixing of the given system inasmuch as the dis­
tribution produced is the most uniform. On the basis of the vari­
ance it can be stated that the extreme value is not very "sharp", 
partically a range covering 150 r.p.m. and is such that further 
improvement of mixing is not possible.

These experiments prove that the disc-type stirrer is con- 
siderbly more flexible, it can be operated satisfactorily within a
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ed value vs. speed diagram
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Fig. 7. Variance vs. speed diagram
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wide range. With the turbine-type stirrer it was found that above 
a "threshold" speed value the system assumed a state of mixing and 
afterwards there were practically no changes.

The curves of the disc-type stirrer were always under those 
of the turbine stirrer. This means that at a given speed, the disc 
stirrer stirs more uniformly and the same state of mixing can be 
reached by the disc-type stirrer at a considerably lower speed.

Another in­
teresting and prac­
tically utilizable 
fact should be men­
tioned here. The
c_ values weremax
plotted against
speed in Figure 8.
These concentration 
values also show a 
pronounced minimum 
as a function of 
speed. This mini­
mum is within the 
practically accep­
table speed range, 
mentioned above.
Consequently, when 
examining a given 
similar system, it 
is unnecessary to 
calculate the dis­
tributions, and it is sufficient to find the minimum of the maxi­
mum concentration value in the vertical half-section of the reac­
tor as a function of stirrer speed; the stirrer is to be operated 
at that speed.

Fig. 8. -- measured curves; -- calculated
curves; о - ТА; • - TU
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SYMBOLS USED

e voidage (dimensionless)
Ф 1 ( c ) ; cpn ( c ) probability density function (dimensionless) 

probability variable (dimensionless) 
p density of the liquid (ML-3)
Ps density of the solid (ML-3)
Psz mean density of the suspension (ML-3)
A parameter (dimensionless)
Фn(t) probability density function (dimensionless)
Ф (t) distribution function (dimensionless) 
c concentration (% by vol.)
c value of maximum concentration (% by vol.)
f(t) probability density function (dimensionless) 
i current index (dimensionless)
M mass of total solid material weighed in (M)
n parameter (dimensionless)
t probability variable (dimensionless)
V(c) total volume of space elements of the concentration 

c (L3)
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РАЗЮМЕ
Правильное определение смешанности является основной задачей 

для смешанных систем. Целью этой работы является представление ма­
тематического способа. Этот способ использует математическую ста­
тистику и позволяет судить об эффективности смешения. Математичес­
кая модель является довольно общей, и имеет обычные преимущества и 
недостатки. По представленному примеру видно, что в данном случае 
модель приводит к удовлетворительным результатам при очень простых 
допущениях.



Hungarian Journal 
of Industrial Chemistry 

Veszprém
Vol. 3 . pp. 8 9—1+ 9 б (1975)

POWER REQUIREMENT OF THE INTENSIFICATION 
OF STIRRING

P. SZOLCSÂNYI and G. HORVÁTH

(Department of Chemical Process Engineering, 
Veszprém University of Chemical Engineering)

Received: April 18, 1975.

The intensity of stirring is a parameter of high 
importance with certain chemical industrial apparatus 
types. This intensity can, in certain respects, he vi­
sualized as an entropy representation of relative 
energy. Based on experimental data gained in examina­
tions on model suspensions, a procedure is presented 
for the illustration of the calculation of the inten­
sity. The calculated intensity values are compared 
with the theoretical limiting intensity and the inves­
ted power.

The intensification of stirring can be understood in a num­
ber of different manners. It can be regarded as a constructional 
assignment where the object is to design a stirrer which enables 
the production of a mixture of the highest degree of homogeneity. 
In this case, the power requirement is a question of secondary im­
portance. However, from another point of view, the power require­
ment that enables a certain degree of mixing to be attained with 
the application of a given stirring device is the primary question 
As a first approximation, it seems self-evident that more thorough 
stirring can be attained by investing a higher power. However 
this is only true most generally speaking. A more thorough inves-
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tigation has revealed that the connection between the degree of 
homogenization and invested power is not unequivocal.

The problem is made more complex by the fact that a distinc­
tion must be made between mixtures that are formed spontaneously 
and those formed only upon the action of some kind of force. Part 
of the latter group separates when the force ceases. Separation 
can be brought about as the results of a number of forces.

The present investigations were carried out on a system with 
forced mixing. Such systems are suspensions which tend to separate 
as a result of the normally always present difference in specific 
gravity upon the action of gravitational or centrifugal force. In­
tensification of the mixing of a suspension is understood to be 
homogenization carried out against the separating influences. The 
aim is, evidently, to produce a suspension as uniform as possible. 
In most cases attempts are made to reach this homogeneity by the 
application of rotary stirres.

The model tested during the present work is identical to 
that described in paper [1]. In this case, the solid particles 
were of a higher density and consequently they were sedimented 
upon the action of the forces or were transported in a radial di­
rection by the action of the rotary stirrer. It is self-evident 
that there exists an optimum method of stirring in which the ar­
rangement of the particles in the liquid is of the highest uni­
formity.

The aim of the present work was to determine how the homoge­
neity of the suspension varies as the function of invested energy. 
From this point of view, two things have to be distinguished: one 
is the preparation of the suspension within a period of time that 
can technically be realized, the other is sustaining the suspen­
sion already prepared.

The two actions in question were not studied separately and 
quantitatively from the point of view of the forces, instead a 
phenomenological description of mixing was aimed at.

The entropy was applied f^r the energetical characterization 
of mixing.
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TÖRÖS [3] established a connection between the classical 
mixing models through the entropy. The applicability of the con­
cept of entropy in this respect was theoretically supported.

It is a known fact that when increasing the volume of a 
given heap of particles from vq to v, an amount of entropy

V .
S. = H * M .  I n  — - (l)
1 1 V .01

is produced. In this case, the system executes, in an isothermal 
and reversible manner, a work

L = TS (2)

This is regarded as the formal energetical degree of mixing. Its 
relative value refers to the "thermal" energy and the connection 
thus obtained is a function only of the volume ratio:

L. V.
L = --—  = In --- (3)
ri RTM . V .1 01

The total mass of the particles is

M  = E m. C1*)
i

In our case, the following connection is valid:

(5)

since the concentration cQ in the case of the sedimented granular 
material, is regarded per definitionem 100 %. VQi is, on the 
other hand, the volume of the i-th fraction in this state.

By introducing continuous functions, the relative mixing 
work made on the system can be given by the following formula:

Ф ( cmax
c

c) In —  dc
c

(6)
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where ф(стах - c) is the probability density function as defined 
in [13:

q> ( c - c ' Y max
xn <c-max

/ , \ -Л(c -c )\ ( n-1 ) maxc ) e

(n - 1 ) ! (7 )

The product M*tp(c - c) gives exactly the mass of the heap of max
particles of the concentration c. According to the definition men­
tioned above, c “ 1. Now we express the specific value of the re­
lative mixing work, with the substitution of the function

c , n, max Л (c
, , > -X(c -c)\(n-1 ) maxc ; e

------------------ In - dc
(n - 1)! C

(8)

The equation can be interpreted in the following manner : there 
are entropy-increasing and entropy-decreasing effects active in 
the system. The irregular motion brought about by the stirrer is 
entropy-increasing, whereas the effects of the gravitational and 
centrifugal forces are entropy-decreasing. A stationary concentra­
tion distribution is brought about in the system as a dynamical 
equilibrium of these actions which can be described by the entropy 
of the system.

The equilibrium of the dynamic actions is determined by the 
amount of energy introduced into the system. Consequently, the 
specific value of the relative mixing work is studied as a func­
tion of the power requirement of the liquid mixing.

The power requirement of the mixing of the liquids can be 
calculated from the known formula [23:

Eu, = к • Re, Fr к к

The stirrer power N is expressed, considering that in the turbu­
lent range, аадО and b«iO.
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Hence we can write:

and
Eu, = к к

N = к u* 3 ds p

p represents the mean density of the suspension, 

p = 1.13X103 kg/m3 

d = 6 X 10-2 m

The value of к depends on the type of the stirrer.
The power values at the usual stirrer speeds were the fol­

lowing :

u (1/min) 350 U50 550 650 750 850

N (W) O.I68 0.357 О.665 I.08 1.7I* 2.62

If the specific value of the stirring work, chosen as the 
characteristic of the intensity of stirring is numerically calcu­
lated with the application of the data at our disposal in [1] on 
the basis of Equation (8), the following result is obtained.

ТА in the Table represents a disk-type, whereas TU a turbi­
ne type stirrer, n and X are the two parameters of the probability 
density function and Lr/M is the value, with reference to the unit 
mass of the solid substance, of the relative mixing work.

Considering that:

3 V = V о
the Lr/M value pertaining to perfect mixing is:

In = 1.098 
Vо

The Equation expresses that the 33 % solid granular material 
present in the system uniformly fills the entire volume of the re­
actor.
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Stirrer Serial Speed n Л L r /M
type (Jlo. ) Cr . p . m. ) (-) (-) (l/kg)

1 350 1 13.3 I.0U9
2 U50 3 62.5 1.070

TA 3 550 3 136.U I.O76
U 650 3 176.5 I.076
5 750 3 83.3 1.071*
6 850 3 75.0 1.073
7 550 3 68.2 1.071

TU 8 650 3 88.2 1.075
9 750 3 83.2 1.071*

10 85O 3 51.7 I.070

N ( w)

Fig. 1. о TA, • - TU
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By correlating the Lr/M values with the N invested power 
values it is found that the function is not monotonie, but it pas­
ses a maximum. In the latter point, the suspension is of the most 
uniform composition, the higher Lr/M values meaning a more uniform 
concentration distribution. This phenomenon can be explained only 
in the following manner: at lower input power values the action of 
the gravitational force causing the solid particles to sediment is 
not totally compensated, whereas at higher input powers the action 
of centrifugal force predominates causing the particles to be for­
ced outwards and thereby bringing about separation.

The resultant of the entropy-increasing and entropy-decreasing 
actions, as a stationary state, characterized by the entropy as a 
state parameter, can be correlated with the single parameter of 
the system under the given circumstances, i.e. with the input 
power.
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SYMBOLS USED

Л parameter (dimensionless)
p mean density of the suspension (ML-3)
Ф(°max ~c) probability density function (dimensionless) 
a constant (dimensionless)
Ъ constant (dimensionless)
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о concentration (dimensionless)
cmax maximum concentration in the system (dimensionless) 
d diameter of stirrer (L)
Euk Euler-number of mixing (dimensionless)
Fr Froude Number
к constant (dimensionless)
L work (ML2T-2)

relative work (dimensionless)
M mass (M)
N power (ML2T—3)
n parameter (dimensionless)
R gas constant (L2T~2 0_1)
Re Reynolds Number (dimensionless)
S entropy (ML2T—20—1)
u speed of rotation (T~1)
V volume (L3)

PE3hJME
Степень интенсивности смешения является очень важным данным 

оборудований химичесной промыленности. В некотором смысле интен­
сивность можно сопоставить с относительной репрезентацией энтро­
пии. По экспериментальным данным испытания модельной суспенсии 
представляется способ для вычисления интенсивности. Сравниваются 
вычисленные значения интенсивности, теоретическое предельное зна­
чение интенсивности и внесенная мощность.
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In the reaction taking place between sodium amal­
gam and ethyl alcohol, the sodium concentration of the 
amalgam and the water concentration and conductance of 
the ethylate solution have a definite influence on the 
reaction rate. The experimental technique used for the 
determination of the reaction rate is described. An 
empirical kinetic equation is given, based on the de­
termined data.

INTRODUCTION

Among the alkali alcoholates sodium ethylate is one of the 
most important compounds. It is widely used as the raw material or 
as catalyst for the preparation of pharmaceutics, cosmetics, 
paints and different products of the organic chemical industry [1]

For the production of sodium ethylate today, the use of the 
reaction between ethyl alcohol and sodium amalgam is stated to be 
an up-to-date method [2].

[HgdNa + C2H5OH = CaHsONa + 1/2 H2 + [Hg] (1)

Water free ethyl alcohol must be used for the reaction otherwise 
the formed sodium ethylate reacts with the water and an undesired 
product, sodium hydroxide is produced as the following equilibrium 
reaction shows:
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H20 + CaHsONa =■*=*- c2H5OH + NaOH (2)

During the Second World War, the Mathieson Chemical Corpora­
tion applied sodium amalgam and methyl alcohol for the production 
of solid sodium methylate [3] and elaborated the details of the 
technology. The same technology can be used for the production of 
sodium ethylate.

The reaction between aliphatic alcohols and sodium amalgam 
is very similar to that of amalgam and water. In both reactions 
the products are hydrogen and alkaline solutions. A striking dif­
ference occurs in the reaction rate, this is fairly high if amal­
gam reacts with water, but it lessens if the amalgam is in contact 
with alcohol. Moreover, the reaction rate decreases with the in­
creasing number of carbon atoms consisting of the alcohol molecule.

The sluggish reaction can be made vigorous, as CUNNINGHAM 
discovered [4], in the presence of an electrically conducting, but 
non-amalgamating electrode being in contact with the amalgam and 
alcohol. For this electrode - or catalyst - CUNNINGHAM recommen­
ded carbon and particularly graphite or alloys of iron, chromium 
and nickel.

The idea of CUNNINGHAM'S discovery is well known to caustic 
soda producers. In the amalgam denuders or decomposition towers 
graphite blocks or lumps are placed to enhance the reaction between 
amalgam and water.

The different type of reactors proposed for the production 
of alcoholate solution [5, 6, 7, 8] are equally suitable for the 
preparation of caustic soda, but in the latter case, as a matter 
of course, water must be reacted with amalgam.

Although the close relation between the amalgam— water and 
amalgam— alcohol reaction is evident, relatively little research 
work and observations were published in literature dealing with 
the latter reaction.

The aim of the present work was to investigate the decomposi­
tion of sodium amalgam in the presence of ethyl alcohol and based 
on the experimental data to derive an empirical rate equation.
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EXPERIMENTAL TECHNIQUE

It is easy to demonstrate that no reaction occurs if alcohol 
is poured over the layer of pure amalgam. The reaction i.e. the 
evolution of hydrogen starts at once if a metal sheet e.g. molyb­
denum - which completely fulfils the earlier mentioned require­
ments of CUNNINGHAM'S patent - is immersed into both the phases. 
Similarly, it was found in connection with the thoroughly investi­
gated amalgam— water reaction [9] that a short circuited galvanic 
cell comes into existence. In this cell the amalgam is the anode, 
the molybdenum sheet is the cathode and the alcohol plays the role

of hydrogen is due to an electro-

A small amalgam— molybdenum 
galvanic cell was elaborated, 
and pure ethyl alcohol was used 
as the electrolyte. The electro­
des were short circuited through 
a galvanometer and the current 
vs. time curve was registered.

It can be seen in Figure 1 
that the result was a curve 
having a definite maximum. As it 
is known the electromotive force, 
the external and internal resis­
tances determine the current in­
tensity of a cell. In the dis­

cussed case among these factors only the internal, resistance 
changed — decreased—  sharply. This was due to the newly formed 
ions produced in the electrode reactions and this caused the tem­
porary growth of the current intensity. Later, as the driving 
force of the cell decreased, the current intensity i.e. the decom­
position rate of the amalgam dropped. As a result of this experi­
ment it is evident that the conductance of the electrolyte plays

of the electrolyte. The evolution 
chemical reaction.

Fig. 1. The current intensity vs. 
time function of the amalgam [ 
ethyl alcohol | molybdenum galva­
nic cell
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an important role in the amalgam decomposition. It controls the 
reaction rate if the amalgam is in contact with pure alcohol or 
with very diluted alcoholate solution.

If the alcohol was diluted with traces of water, the current 
intensity increased. To examine this phenomenon a purpose-made 
galvanic cell was elaborated, this is illustrated in Figure 2.

Fig. 2. Galvanic cell for the investigation of the role of water 
1,2-glass tubes, 3-amalgam, ^-filter paper, 5-rubher rings, 6-mo­
lybdenum sheet, 7-rubber sheet, 8,9-support plates, 10-electric 
contact

As it can be seen in Figure 2 the amalgam and molybdenum 
electrodes are separated by a filter paper and the electrolyte 
which was poured between the glass tubes, trickled through the fil­
ter paper and left the cell. If the electrodes were whort cir­
cuited, the formed ions continuously left the system.
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Using ethyl alcohols with different water concentration, the 
current intensity of the galvanic cell (measured at the moment the 
electrodes were connected together) is characteristic of the ef­
fect of the electrolyte water concentration on the amalgam decom­
position grade. The result of this experiment is summarized in 
Table 1.

Table 1. The water concentration of alcohol and the current inten­
sity of the short circuited galvanic cell

Water concentration 
of ethyl alcohol*
(wt . per cent)

0.027 0.07 O.lU 0.20 0.28

Current intensity 
(mA )

0.83 1.10 2.70 U . U 9 1+.65

*The commercial grade alcohol used contained 0.1*2 wt. per cent 
water. It was dehydrated by the method described by ADICKES [10]. 
The water concentration was determined by Karl Fischer’s method.

Regarding the data collected in Table 1 it is obvious from 
the viewpoint of sodium ethylate production that in contrast to 
literature, the processing of absolutely water free ethyl alcohol 
is certainly uneconomic due to the low reaction rate. (The commer­
cially available pure ethyl alcohol usually contains about a tenth 
per cent of water.)

For the determination of the rate of the investigated reac­
tion the method based on the measurement of the evolved hydrogen 
gas was selected. A glass reactor was constructed, the reaction was 
catalyzed by molybdenum sheets (Figure 3).

The reactor was operated as follows: Through the funnel (8) 
of the charging tube (7) 50 millilitres of alcohol were poured into 
the reactor. Then operating the amalgam charger (9) 42 grammes of 
amalgam was fed. As the required temperature of the alcohol was
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reached - thermostated water 
was circulated through the 
heating jacket - the molyb­
denum sheet comb mounted at 
the end of a glass rod was 
pushed downwards so that it 
was immersed into the amalgam 
pool. At the moment the sheet 
comb touched the amalgam sur­
face, the reaction started 
and bubbles of hydrogen ap­
peared. The hydrogen gas left 
the reactor through a conden­
ser cooled with tap water. At 
the end of the reaction, when 
the hydrogen evolution stop­
ped, the molybdenum comb was 
lifted and the depleted amal­
gam was discharged. (.The dep­
leted amalgam contained 0.003 
to 0.006 weight per cent so­
dium.} From the alcoholic so­
lution a sample was taken 
and its sodium content was 
analyzed. (The sample was di­
luted with water and titrated 
with 0.1 N sulphuric acid.)

Fig. 3. The glass reactor. 1-inner 
glass tube, 2-heating Jacket, 3-mo­
lybdenum sheet, lt-thermometer, 5- 
amalgam, б-cook, 7-charging tube, 
8-funnel,9-amalgam charger,10-amal­
gam reservoir, 11-condenser.

The reactor was filled again with a known amount of amalgam and the 
procedure was repeated until the sodium concentration of the alco­
holic solution reached three— five weight per cent.

The volume of the evolved hydrogen was determined at constant 
pressure and temperature. To measure and record the hydrogen volume 
vs. time function, an automatic instrument was constructed based on 
SCHMIDT's article [113. The hydrogen volume meter and recorder is 
depicted in Figure 4.
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The basic idea of the operation is as follows : the hydrogen 
gas arriving from the reactor passes into the thermostated gas bu­
rette (1) and according to this the liquid level in the burette 
sinks. The increasing pressure causes a level difference in the U- 
-manometer (2) which is filled with diluted sodium hydroxide solu­
tion. The liquid level increases in the left leg of the U-tube and 
short circuits the platinum wire electrodes mounted in the manome­
ter. Due to the mentioned short circuit, an electric impulse is 
given to the electromagnetic switch which starts the electric mo­
tor (3). This rotates the shaft of the speed reducer (4) and the 
spindle (5) and due to this, the vessel (8) sinks. The motor runs 
until the liquid levels equalize in the vessel (8) and the burette. 
At the same time, this means the equality of the levels in the U- 
-tube and the break of the electric contact between the platinum 
wires, which at last stops the running of the motor (3). The axial 
position of the vessel (8) is transferred to a recorder (11).

The curve drawn by the recorder is in linear relation with 
the evolved hydrogen volume vs. time function.

EXPERIMENTS and RESULTS

Experiments were carried out for the determination of the 
amalgam decomposition rate at 30, 40, 50, 60 and 70 °C. Pure ethyl 
alcohol was used in the experiments. The water concentration of 
the ethyl alcohol was 0.19 weight per cent. (The experiments car­
ried out with alcohols of different initial water concentration 
are not discussed here.)

The sodium concentration of the amalgam was 0.338 weight per 
cent. The wetted perimeter of the molybdenum sheet comb was 207 
millimetres.

During the experiments the volume of the evolved hydrogen and 
the conductance of the ethylate solution was determined. At the 
end of each run a sample was taken from the alcoholate solution 
and its sodium concentration was titrated.
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It is easy to show that during the reaction the volume of 
the evolved hydrogen is inversely proportional to the amount of 
sodium being present in the amalgam. Knowing the amount and the 
initial and final sodium concentration of the amalgam, moreover 
the hydrogen volume vs. time function, the sodium content of the 
amalgam vs. time function could be calculated.

The sodium content and concentration of the amalgam were ex­
pressed in moles and molar fractions, respectively. If сд is the 
sodium concentration of the amalgam in weight per cent and тд is 
the same one in molar fractions, then

mA
200 C A

2,300 + 177 cA
C3)

The sodium concentration of the different alcoholate soluti­
ons was also expressed in molar fractions. If cE is the sodium 
concentration of the alcoholate solution in weight per cent and 
cw (wt.%) is the water concentration of the ethyl alcohol the mo­
lar fraction of sodium in the alcoholate solution is

mE
9

1*50 + 7 cw 1 0.22
23 °E

(U)

Equation (4) is valid if during the amalgam— alcohol reaction the 
losses of alcohol can be neglected. The latter can be assumed al­
though the hydrogen gas leaving the reactor is saturated with al­
cohol vapours.

From among the others, the experiment carried out at 70 °C 
was selected. In Figure 5 the sodium content of the amalgam vs. 
time functions of the different runs are shown. In Table 2 the 
sodium concentrations of the alcohol solution measured at the be­
ginning and end of each run are summarized.

The dotted lines in Figure 5 show the selected sodium con­
centrations of the amalgam. Knowing the slope of the full lines at 
the given amalgam concentrations, the reaction rate, i.e. the 
moles of sodium leaving the amalgam during the unit time period
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Fig. 5. The sodium content of the amalgam vs. time function. 
Temperature = JO °C

Table 2. The sodium concentration of the alcoholic solution at 
the beginning and at the end of the runs

Number
of the 1 2 3 5 6 8 10 11 12
run
mEo 0 .0090 .0178 .0361 .0V60 .0652 .081(9 .0955 .1085

mEf .0090 .0178 .0269 . 0l(60 .0562 .071(3 .0955 .IO85 .1221



can be calculated. The reaction rate data of the different runs, 
but at the same amalgam concentration, differ from each other due 
to the different sodium concentration of the alcoholate solution 
being in contact with the amalgam. Fortunately this sodium concen­
tration of the ethylate solution can be calculated because the con­
centrations at the beginning and at the end of the runs are known 
and it is assumed that during the runs the increase of the sodium 
concentration of the solution and the volume of the evolved hydro­
gen are in linear relationship.

1975 The Reaction between Sodium Amalgam and Ethyl Alcohol 50?

Fig.6. The dependence of the reaction 
tration of the amalgam and ethylate 
of sodium in the amalgamj a - 2.5x10" 
d - 1.0X10"2, e - 0.5X10"2

rate from the sodium concen-
solution. The molar 
2, Ъ - 2.0X10"2, c -

fractio 
1.5x10" K) S

3

Molar fraction of sodium in ethylate solution
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Earlier, it was found that a linear relation exists between 
the reaction rate and the wetted perimeter of the molybdenum cata­
lyst sheet. The reaction rate data presented in Figure 6 were cal­
culated for one metre wetted perimeter of the catalyst. The curves 
in Figure 6 have maximum values similarly as seen in Figure 1. The 
explanation of the existance of maximum values is the same as de­
scribed earlier. Investigating the effect of the temperatur on the 
reaction rate, similar experiments were carried out as discussed 
above.

Fig. 7. The alteration of the reaction rate with the temperature, 
a - 70 °C, Ъ - 60 °C, c - 50 °C, d - UO °C, e - 30 °C

Molar fraction of sodium in ethylate solution
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From among the reaction rate data these were selected and 
presented in Figure 7 which were determined with amalgams having 
2.5xl0-2 (molar fraction) sodium concentration and ethylate solu­
tions of different concentrations.

As mentioned earlier, during the experiments the conductance 
of the sodium ethylate solution was determined. To this platinized 
platinum electrodes and a conductivity meter (RADELKIS type OK 
102/1) was used. The results are shown in Figure 8. The curves in 
Figure 8 are similar to the known conductance vs. concentration 
functions of several electrolytes presented in literature [14].

Fig. 8. The conductance of sodium ethylate solution at different 
temperatures, a - 70 °C, b - 60 °C, c - 50 °C, d - 1*0 C, 
e - 30 °C

Molar fraction of sodium in the ethylate solution
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DISCUSSION

Regarding the sodium concentration of the amalgam, it was 
assumed that the reaction rate can be described as a power function

R = k' mAn (5)

Eq. (5) implies that both the temperature and the concentration of 
the alcoholate solution are constant.

Taking the contour plot in Figure 6 and drawing parallel li­
nes with the ordinate at given concentrations of the ethylate solu­
tion, the appropriate reaction rate data can be obtained. These 
are collected in Table 3.

Table 3. The relation between the sodium concentration of the 
amalgam and the reaction rate (103 R,moles of sodium/ 
/min.metre)

\ “e 

"A \

0.02 o.oU 0.06 0.08 0.10

0 .025 9.26 7.1+2 5.83 It. 57 3.60
0.020 8.36 6.6o 5.O8 3.93 3.15
0.015 7 • 27 5.66 It. 30 3.1+0 2.72
0.010 5-90 It.68 3.6I 2.78 2.15
0.005 It.22 3.U7 2.77 2.11 1.53
n 0. U89 0.1+72 0. U 5U 0.U70 0.529

Eq. (5) can be easily linearised by taking the logarithms of 
both sides, and the exponent n determined by the method of least 
squares. The values of n are presented in the last row of Table 3 
Taking the arithmetic mean of n:

n = 0.1+83 «à 1/2
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The same result was found by BRÖNSTED and KANE [12] who examined 
the decomposition of sodium amalgam in aqueous and non-aqueous 
media.

It was also assumed that instead of the concentration of the 
alcohol molecules being in the solution, the conductance and the 
existing water concentration can be used for the mathematical de­
scription of the reaction rate. But to do this and to be in accor­
dance with the determined rate data, both the conductance and the 
water concentration must be expressed with the sodium concentra­
tion of the ethylate solution.The above assumption is based either 
on the electrochemical character of the reaction or on the fact 
that the reaction rate can be increased by diluting the ethylate 
solution - or ethyl alcohol - with water.

Between the investigated limits the conductance of the ethy­
late solution can be described by the following empirical equation:

-BmEй - x = A n,, e (6)0 E
where

и is the conductance of ethylate solution (Ohm)-1
xq is the conductance of ethyl alcohol (Ohm)-1
mE is the sodium molar fraction in ethylate solution 
A and В are constants.
From the determined conductance data and from the slopes and 

ordinate intersections of the lines in Figure 9 the constants of 
Eq. (6) and their dependence on temperature could be calculated. 
These are as follows:

xq = 10-3 (0.008 t + 0.335) (7)

A = -2.l87xl0-“*t2 + 3.l6xl0-2 .t + It.101 (8)

В = l^Ultlxt-2 - 290.8 X t-1 + 12.579 (9)

The concentration of the water being present in the ethylate 
solution can be calculated with the help of the equilibrium reac-
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10araE

К-И
Fig.9» The -log ----  = f (m^) function at different temperatures

mE E
a - TO °C, Ъ - 60 °C, c - 50 °C, d - Uo °C, e - 3C °C

tion (Eq. 2) of sodium hydroxide and ethyl alcohol.

NaOH + C2H5OH ч *— CaHsONa + Н20 (.2)

This reaction is very fast and instantaneously reaches its equilib­
rium. Although attempts were made [13] the reaction - perhaps due 
to hard analytical problems - was not studied in detail and so 
the correct value of the equilibrium constant and its temperature 
dependence are unknown.

Assuming an ideal solution, the equilibrium constant of Eq.
(2) is:

[m ] •Cm..] e______W_
[mc] "[ma]

(1 0 )

where the symbols represent the molar fractions of the components:
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[m^] = sodium ethylate
[mtI] = waterw
[mc] = sodium hydroxide 
[m&] = ethyl alcohol 

being in the solution.
During the reaction the number of moles in the solution was 

constant, it equalled the number of moles being present in the al­
cohol used for the reaction:

and
m +ao Wo = 1

m + mIT + m_ + m e W C a

(11)

(12)

Moreover

where
cohol

m II В + в (13)ao a e

В sS о = m w + m c (1U )
ШЕ = m e + m c (15)

and m.T Wo are the molar fractions of C2H5OH and H20 of al-
at the beginning of the reaction.
Using Eg. (12), (13), (14) and (15):

ma = 1 - mE - mw (16)

m c и В К о 1 В < (17)
me = m„ - m., + m„ E Wo W (18)

The equilibrium constant of Eq. (10) can be expresses as:

К “Wo + mW>
(1 mE - mW)(mW0 - V

(19)

With regard to mw, Eq. (19) is of second order. Although it 
can be solved, its handling is still cumbersome. If the water con­
centration of the alcohol used for the reaction is small and if 
the sodium concentration of the alcoholic solution is relatively
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high, the -mWo + mw components in the brackets of the numerator 
and -mw in the first bracket of the denominator can be neglected. 
So

“E )(mW0 - BW>
and from Eq. (20) the water concentration is:

(2 0 )

Wo
K (1 - mE) 

K(l - mE ) + mE
(21)

It was assumed that the reaction rate is proportional to the pro­
duct of the water concentration and the conductance of the ethy­
late solution. If Eq. (5) is also taken into account, the reaction 
rate is:

R = к m 1/2 mA Wo
К (1 - mE) 

K(1 - mE) + mE

Rearranging Eq. (22)

г, . 1/2 , 1/2 .R km. mIT к m. mT, К 1 - m_A Wo A Wo E

1 1

a К a 1 - m.
, , 1 / 2where a = к m. m„A Wo

(22)

(23)

Using the appropriate reaction rate and conductance data pre­
sented in Figure 6 and 7, и/R was plotted against m„/(l-m_). ThisiL ill
is shown in Figure lO.

The straight lines obtained in Figure 9 seem to prove the va­
lidity of the assumptions made previously. The slope and ordinate 
intersection data of the lines in Figure 9 give the values of the
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Fig.10. The x/R vs. m_/(l-m_) plot, a - 70 °C, b - 60 °C, 0-50  °C,
Üj Üi

d - UO °C, e - 30 °C

Table 1». The temperature dependence of the reaction rate constant 
and equilibrium constant

Temperature
°C I/o l/а К 10“3 к 103 К

30 1.20 1U2.35 1.099 8.1*3
1*0 0.62 IO6.76 2.128 5.81
50 O.26 81.91 5.263 3.17
60 O.I6 63.20 8.333 2.53
70 0.09 50.15 14.658 1.79

reaction rate constant and equilibrium constant of reaction given 
in Eq. (2). These data are collected in Table 4.
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CONCLUSION

It was found that in addition to the sodium concentration of 
the amalgam also the water molecules being present in the alcohol 
play an important role in the amalgam— ethyl alcohol reaction. 
Based on the determined reaction rate data and the derived rate 
equation it is tempting to draw interference on the mechanism of 
the discussed reaction, but this cannot be done. The derivation of 
the rate equation [Eq. (22)] was far from the rigorous theoretical 
treatment of the problem, so e.g. the determined kinetic constant 
(k) and the equilibrium constant (к) are not the true, but apparent 
values.

Eq. (22) is an empirical equation and it is useful for the 
determination of the reaction rate or the rate constant being va­
lid for the investigated reactor.

Although the log к vs. 1/T plot is - more or less - a 
straight line and this is very useful from the viewpoint of the 
calculations, to determine the activation energy of the reaction 
is theoretically meaningless.

SYMBOLS USED

A constant (1/ohm)
В constant (dimensionless)
сд sodium concentration of amalgam (weight per cent)
Cj, sodium concentration of ethylate solution (weight per cent)
cw water concentration (weight per cent)
к apparent reaction rate constant (mole.ohm/min.metre)
К apparent equilibrium constant (dimensionless)
шд sodium molar fraction of amalgam (dimensionless)
ma molar fraction of sodium etiylate (dimensionless)
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mc molar fraction of sodium hydroxide (dimensionless) 
mE sodium molar fraction of ethylate solution (dimensionless) 

molar fraction of sodium ethylate (dimensionless) 
mw molar fraction of water (dimensionless)
R reaction rate (Na moles/min. metre) 
и conductance of ethylate solution (1/ohm)

Suffixes

о initial condition
f final condition
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PA3IÜME
Скорость реакции амальгамы натрия и этилового спирта зависит 

от концентрации натрия в амальгаме, от концентрации воды и от 
электропроводности раствора. В статье излагается метод определения 
скорости реакции. Пользуясь экспериментальными данными, автор сос­
тавил эмпиричесное кинетическое уравнение.
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A method is presented for the determination of 
the temperature profile existing in a gas-solid react­
ing fixed hed having constant wall temperature.

THE SYSTEM:

A gas flows through a tube of circular cross-section packed 
with granules of a solid containing a component that reacts exo­
thermically with the gas. The heat generated in this way is trans­
ported by various processes to the wall of the tube where it is 
removed by a coolant maintained at a constant temperature.

THE PROBLEM:

An expression for the radial temperature profile set up in 
the system described above is derived on the basis of the follow­
ing assumptions:
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ASSUMPTIONS:

1. The system may be treated as pseudo-homogeneous.
2. No changes in packing geometry occur due to reaction.
3. Due to operating conditions, the reaction is essentially first

order with respect to solids concentration.
4. The reaction rate is independent of temperature, over the radi­

al temperature variations existing in the bed.
5. Axial temperature gradients are negligible so that axial trans­

port may be neglected.
6. Radial heat transport is effected by an "effective radial con­

ductivity" assumed to be constant.
7. Heat transfer at the wall of the tube occurs via constant heat

transfer coefficient to a coolant at constant temperature.

SYMBOLS USED

ai , a2

Bi
C

Cо
Cpm
(-ДН)

jо
Ji
к
кe
К
Ре

arbitary constants obtained in the solution of Equation
(10)

Biot Number = h R/ker
concentration of reactive solid per unit volume of 

packed bed
initial value of C 
mean heat capacity of bed
heat liberated by the conversion of one mole of reactant

Bessel function of the first kind of order zero
Bessel function of the first kind of order one
reaction rate constant
effective radial thermal conductivity
к С (-ДН) R/(vp Cp ) о m *m
Peclét number = v R p Cp /кm m er
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<1
г
R
г *
s
t
t*
T
Te
T*

m
Ф ( a )

= heat generation rate per unit volume of bed 
= radial co-ordinate 
= radius of tube
= r/R
= Laplace transform operator 
= time
= vt /R
= temperature of bed 
= coolant temperature
= (T - T )/K

C

= 0 - l/(S2 + ß s )

= mean gas velocity based on empty cross-sectional area 
of the tube

= Bessel function of the second kind order zero 
= i -JPes r*
= ч/Ре ß 

= к R/v
= Laplace transform of T*, with respect to t*.
= nth eigenvalue obtained as the nth positive root of 

Equation (25)
= mean density of packed bed
= a • J 1 (a ) - Bi • J (a) о

DERIVATION:

Since reaction occurs in the solid which are stationary and 
since reaction does not depend on gas phase composition, the so­
lids concentration at any point in the bed is given by:
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dt
The solution to this D.E. with appropriate initial condition may 
be written:

C = Cq exp [- ßt*] (2)

and hence the heat generation rate may be found:

q = к Cq (-ДН ) exp [-et*] (3)

Turning now to the heat balance in the packed bed, and neg­
lecting terms dealing with axial transport, we may derive the 
P.D.E.:

3T
at*

К exp [-6t*] +     — -—  (r* aT )
Pe•r* ôr * Эг * (JO

Let 0(s) be the Laplace transform of the dimensionless tempe­
rature difference, T*, where T* is given by:

T* = (T - T )/K (5)C

then
e(s) = L{T*(t*)} (6)

= ; e st*T*(t*) dt* 
о

Hence, as T* = 0 for all r* at t* = 0, we have:

(7)

Let

then:

s • 0 =
Pe*r* dr*

d8 ' 
dr *

U = 0
i ( s + e )

d , „ dU > -----------(.r* ----)
Pe•s•r* dr* dr*

(8 )

(9)

U (1 0 )
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This ordinary D.E. may be solved in terms of Bessel functions 
of the first and second kind of order zero (1), if we rewrite Eq. 
(10) in terms of y, a redefined form of the independent variable.

Thus if
y = i \ l Pe • s r *  (ll)

where
i = v P T  (1 2)

we have :
U = ач Jо(У) + a2 Y0(y) (13)

The arbitrary constants ai and a2 in Eq. (13) must now be 
determined by means of boundary conditions before the inverse 
Laplace transform of this equation can be found to give the time- 
-dependent solution for T*.

B.C.l. At the centre of the tube the radial temperature gra­
dient is zero.

ЭТ*1. e. --- = 0 (HO
3r* r*=0

de = 0 (15 )
dy y = 0

B.2 = 0 (1 6 )

B.C.2. At the tube wall the heat flux due to thermal conduc­
tion within the bed equals the heat flux due to transport across 
the thermal resistance to the coolant.

i . e . - k e  I S  = h 
Г 3r

( T - T ) (17 )

ЭТ*  
3r * r *  = l

- B i  » T « I
|r *=l

(1 8 )

de - Bi (19 )
dy y=l\/Pes i P e s y=i\/Pes
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-a i  Ji ( is/Pes ) = — [------ -----  + a 1 J o  ( i\/?iT) ] (20)
i\JPes s ( s + $ )

ai [Bi J о ( i \ / P e s  ) -  i \ J P e  s Ji (i\/Pes ) ] = --------  (21)
s ( s + ß )

Having found ai and a2 one finds the expression for 0:

Bi  J o  ( i\lPes r*)9 = --- ]---  _ ---------------- --------- --- ----- ----—  (22)
s(s + ß) s ( s  + ß)[Bi J o  ( i\/Pes ) - i s / P e s  Ji ( i \ J P e s  ) ]

To invert this Laplace transform, we note that this may be 
done by use of the residue theorem [2]. The poles of the first 
fraction of Eq.(22) are:

s = 0, -ß  (23)

While for the second fraction they are

s = 0, -ß, n  = 1, 2, . . . » (21*)

Where the values of are found from the successive positive 
roots of

B i  J 0 (X ) - X J i ( X  ) = 0 (25)n n n

Proceeding by the method of residues, the following inverse 
Laplace transform is obtained for 0 :

-X 2 t * / P e
» 2 J i ( X )  Jo(X r*) e n - ß t *  Bi•J0 (ar*)

T* = Z ------- ------------------------ - ----- { 1 + --------- >
n = !  X n ( ß - X n 2 / P e ) [ J 0 2 ( X n ) + J i 2 ( X n )] ß Ф (a )

(26)

Where the newly introduced variables a and ф(а), signify the 
following :

а = ч/ßPlT (27)
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ф(а) = aJ-i(a) - Bi J0(«) (28)

Equation (26) is the desired solution.
Numerical evaluation of the infinite series must be preceded 

by solution of Equation (25) for as many eigenvalues Xn, as are 
required to give a desired numerical accuracy to the initial con­
ditions. Some of these eigenvalues are listed in CARSLAW and JAEGER 
[3] for a selection of Biot numbers.

Values of the Peclet number Pe tend to be independent of 
Reynolds number, for Re > 50. In the present derivation Pe is 
based on the tube radius R, but if instead it is based on the par­
ticle diameter its value lies in the range of 8.0 -*• 10.0 for velo­
cities giving a sufficiently high Re.

Hence к is evaluated and is then used to give Bi. er
Thé Reynolds number is also based on the particle diameter.
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РАЗЮМЕ
Авторами излагается метод расчета, используемый для опреде­

ления распределения температуры в реакторе с неподвижным слоем и с 
постоянной температурой стены.
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T H E O R E T I S C H E  U N T E R S U C H U N G  DES A U S W A S C H U N G S M E C H A N I S M U S  
VON  S A L Z H A L T I G E N  F I L T E R S C H L A M M S C H I C H T E N

J. F Ö L Ö P , E. M O N O S T O R I ,  G. N É M E T H  und  T. VA J D A

(Forschungsinstitut für Technische Chemie der Ungarischen 
Akademie der Wissenschaften, Budapest)

Eingegangen am 20. Mai 1975.

In unserer Arbeit beschreiben wir auf Grund ei­
nes physiko-mathematischen Modells den Prozeß der Gas- 
und Flüssigkeitsdiffusion bzw. der konvektiven Strö­
mungsverhältnisse in einem salzhaltigen Filterkuchen, 
>der von einer Seite mit Waschflüssigkeit berieselt, 
auf der anderen Seite einem Vakuum ausgesetzt wird. 
Die erzielten Resultate ermöglichen die Bestimmung der 
notwendigen Waschdauer bzw. der Waschflüssigkeitsmenge 
mit größerer Genauigkeit als es bisher möglich war.

I . E i n l e i t u n g .  Das p h y s i k o - m a t h e m a t i s c h e  M o d e l l

In d e r P r a x i s  g e s c h i e h t  das A u s w a s c h e n  e i n e s ,  i r g e n d e i n e  
l e i c h t l ö s l i c h e  V e r u n r e i n i g u n g  e n t h a l t e n d e n  F i l t e r k u c h e n s ,  bzw. die  
R ü c k g e w i n n u n g  ei n e s  im F i l t e r k u c h e n  z u r ü c k g e b l i e b e n e n  w e r t v o l l e n  
S t o f f e s  m i t  o b i g e r  E i g e n s c h a f t  z w e c k m ä ß i g e r w e i s e  d u r c h  K o n t a k t i e ­
run g des  Fi 1 t e r k u c h e n s  a u f d e r ei ne n S e i t e  m i t  e i n e r  e n t s p r e c h e n ­
den W a s c h f l ü s s i g k e i t ,  w ä h r e n d  er auf der  a n d e r e n  S e i t e  a n g e s a u g t  
wir d. F a l l s  d i e F l ü s s i g k e i t  a u f die  e i n f a c h s t e  W e i s e  d u r c h  B e r i e ­
s e l u n g  a u f d e r O b e r f l ä c h e  a u f g e b r a c h t  w i r d ,  so b e g i n n t  i n f o l g e  d e r  
V a k u u m w i r k u n g  auf  der  a n d e r e n  S e i t e  im p o r ö s e n  F i l t e r k u c h e n  e i n e
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g e m i s c h t e  Gas - und  F l ü s s i g k e i t s s t r ö m u n g ,  und  der  F i l t e r k u c h e n  w i r d  
d u r c h  d i e  F l ü s s i g k e i t s k o m p o n e n t e  a u s g e w a s c h e n  [1].

Bei d e m b e s c h r i e b e n e n  P r o z e ß  m u ß  zu r B e s t i m m u n g  d e r  W a s c h ­
d a u e r  bzw. de r M e n g e  d e r  W a s c h f l ü s s i g k e i t  d i e K o n z e n t r a t i o n  des 
g e s u c h t e n  S t o f f e s  in d e r  a u s t r e t e n d e n  W a s c h f l ü s s i g k e i t  a l s F u n k ­
t i o n  d e r  Z e i t  b e k a n n t  sei n. Um d i e  z e i t a b h ä n g i g e  a u s t r e t e n d e  K o n ­
z e n t r a t i o n  a u f s c h r e i b e n  zu k ö n n e n ,  m u ß  m a n  a b e r  den s i c h  a b s p i e ­
l e n d e n  t r a n s i e n t e n  P r o z e ß  m o d e l l i e r e n .  D i e H a u p t m e r k m a l e  d e s a u f ­
z u s t e l l e n d e n  p h y s i k a l i s c h e n  M o d e l l s  w e r d e n  d a h e r  d i e  f o l g e n d e n  
sein:
a) D i e  D i c k e  des  Fi 1 t e r k u c h e n s  ist  a u f  d e r  x - K o o r d i n a t e  a u f g e t r a ­

gen . D i e W a s c h f l ü s s i g k e i t  t r i t t  bei x = 0 an d i e O b e r f l ä c h e  und 
w i r d  an der  S t e l l e  x = L a b g e s a u g t .

b) Es w i r d  nur_ d e r  T r a n s p o r t p r o z e ß  d e r  W a s c h f l ü s s i g k e i t  bzw. des 
in d i e s e r  g e l ö s t e n  S t o f f e s  u n t e r s u c h t .  A l l e  ü b r i g e n  P r o z e s s e  
w e r d e n  als  d i e A r t  d i e s e s  T r a n s p o r t e s  b e e i n f l u s s e n d e n  E f f e k t e  
b e t r a c h t e t .

c) W i r  n e h m e n  an, d a ß  in e i n e m  F i l t e r k u c h e n  von d e r D i c k e  L - i n ­
f o l g e  des A n s a u g e n s  - e i n e  F l ü s s i g k e i t s s t r ö m u n g  e n t s c h e i d e n d  
v o n  k o n v e k t i v e m  C h a r a k t e r  a u f t r i t t .  A u f  d i e s e  W e i s e  ka n n ,  a u s ­
g e h e n d  von d e r V o l u m e n g e s c h w i n d i g k e i t  d e r  aus d e r  O b e r f l ä c h e n ­
e i n h e i t  a u s t r e t e n d e n  W a s c h f l ü s s i g k e i t ,  d i e  k o n v e k t i v e  S t o f f g e ­
s c h w i n d i g k e i t  V im F i l t e r k u c h e n  a b g e l e i t e t  w e rd en .

d) D i e  W i r k u n g  de s p a r a l l e l  m i t  d e r  F l ü s s i g k e i t  s t r ö m e n d e n  G a s e s ,  
s o w i e  der  - i n f o l g e  de r u n v o l l k o m m e n e n  S t r u k t u r  de s F i l t e r k u ­
c h e n s  - v o r h a n d e n e n  R i s s e  u n d d e s  in d e n Po r e n  des  F i l t e r k u ­
c h e n s  a n g e h ä u f t e n ,  a u s z u w a s c h e n d e n  S t o f f e s  auf  d i e  K o n z e n t r a ­
t i o n  c des  in d e r  W a s c h f l ü s s i g k e i t  s c h o n  g e l ö s t e n  S t o f f e s ,  wi rd  
im M o d e l l  d u r c h  e i n e  m i t  e i n e m  K o e f f i z i e n t e n  Д m u l t i p l i z i e r t e  
D e r i v i e r t e  z w e i t e n  G r a d e s  ( D i f f u s i o n s g l i e d )  b e r ü c k s i c h t i g t .  D i e ­
ses  G l i e d  b e r ü c k s i c h t i g t  d i e d i s p e r g i e r e n d e  W i r k u n g  de s p a r a l l e l  
s t r ö m e n d e n  G a s e s ,  d i e  k u r z s c h l i e ß e n d e  W i r k u n g  d e r R i s s e  so w i e  
d i e  T a t s a c h e ,  d a ß  d a s  A u s w a s c h e n  a l s E r g e b n i s  e i n e s  in d e r  Ze it 
v e r z ö g e r t e n  P r o z e s s e s  s t a t t f i n d e t .
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A u f  G r u n d  o b i g e r  A u s f ü h r u n g e n  w i r d  d e r  T r a n s p o r t  des  g e l ö s ­
ten S t o f f e s  im F i l t e r k u c h e n  von  f o l g e n d e r  G l e i c h u n g  b e s c h r i e b e n :

5c + Эс_ _ д 32c
3t Эх 3xa

(1 )

w e l c h e  in d e n  I n t e r v a l l e n  d e r u n a b h ä n g i g e n  V e r ä n d e r l i c h e n  0 < x <  
í L und 0 < t < +°> g ü l t i g  ist; t ist o f f e n b a r  d i e Z e i t k o o r d i n a t e .  
D i e zu G l e i c h u n g  (1) g e h ö r e n d e n  Ra n d -  und A n f a n g s b e d i n g u n g e n  si n d ,  
w i e  fol gt:

c ( x , 0 ) = c  (2a)о
vc ( О , t ) - Д (Is-) = О (2Ъ)Эх x=o

G e m ä ß  (2a) w u r d e  a l s o  d e r E i n f a c h h e i t  h a l b e r  a n g e n o m m e n ,  d a ß  
d e r  F i l t e r k u c h e n  im Z e i t p u n k t  t = 0 b e r e i t s  a u f e n t s p r e c h e n d e  W e i ­
se m i t  F l ü s s i g k e i t ,  w e l c h e  die  G e s a m t m e n g e  des a u s z u w a s c h e n d e n  
S t o f f e s  in d e r L ö s u n g  m i t  K o n z e n t r a t i o n  c Q e n t h ä l t ,  g e s ä t t i g t  ist. 
D i e G l e i c h u n g  (2b) k ö n n t e  aus  j e n e r  p h y s i k a l i s c h e n  B e d i n g u n g  a b g e ­
l e i t e t  w e r d e n ,  d a ß an der  S t e l l e  x = 0, a l s o  an der  S t e l l e ,  w o  d i e 
W a s c h f l ü s s i g k e i t  an d i e O b e r f l ä c h e  g e l a n g t ,  kei n g e l ö s t e r  Stoff 
de n F i l t e r k u c h e n  v e r l ä ß t ,  so d a ß d o r t  d i e g e s a m t e  S t r ö m u n g s d i c h t e  
d e s g e l ö s t e n  S t o f f e s  (die Su m m e  de r k o n v e k t i v e n  und d i f f u s i v e n  
St r ö m e )  g l e i c h  Null ist.

Wir  f ü h r e n  nun d i e  ne ue n,  d i m e n s i o n l o s e n  V e r ä n d e r l i c h e n  
ç = £  und  e = - p  ein, und e r h a l t e n  aus  den  Z u s a m m e n h ä n g e n  (1), 
(2a) und (2b) f o l g e n d e s  m a t h e m a t i s c h e  P r o b l e m :

Эе + öc _  ̂0 Э 2c 
öd ö£ dÇ2

(За)

о «m о и о
О

(3b)

с(о,а) = a2 (Ifodç ç=o ( З с  )

1 с ( Ç , 9 ) 1 < + » (3d)



530 J. Fülöp, E. Monostori, G. Németh und T. Vajda Vol. 3.

wo b e i  a 2 = д / v L  e i n n e u e r  P a r a m e t e r  ist. W i r b e m e r k e n ,  d a ß  - n a c h ­
d e m  an d e r S t e l l e  x = L von  p h y s i k a l i s c h e r  Ü b e r l e g u n g  a u s g e h e n d ,  
k e i n e r l e i  A n n a h m e  h i n s i c h t l i c h  d e r N a t u r  de r L ö s u n g s f u n k t i o n  c a b ­
g e l e i t e t  w e r d e n  k o n n t e  - die  B e g r e n z h e i t  v o n c w e g e n  m a t h e m a t i ­
s c h e r  Ü b e r l e g u n g e n  g e m ä ß  (3d) als  p h y s i k a l i s c h  p l a u s i b e l  a n g e n o m ­
m e n  w e r d e n  mu ß.

1 1 . L ö s u n g  d e s  m a t h e m a t i s c h e n  M o d e l l s

Wir  f ü h r e n  d i e  L a p l a c e - T r a n s f o r m i e r t e  von  c in f o l g e n d e r  W e i ­
se ein [41:

Z (€) =oC[c(Ç,e)] = ; c(e,e) e_P® dä ( k )
0

W e n n  m a n nun  (3a) n a c h  L a p l a c e  t r a n s f o r m i e r t ,  so e r h ä l t  m a n  d u r c h  
A n w e n d u n g  v o n (3b) un d (4) f o l g e n d e  G l e i c h u n g :

d2z dZ _a ----- ---  - pZ = - c ( 5 )
dÇ2 dÇ

d e r e n  L ö s u n g  i s t w i e  ü b l i c h  [2]:

Z( Ç ) = —2- + A exp 
p

1 •JÎ + 5 a2p 
2 a2

C (6)

wo b e i  A e i n e  K o n s t a n t e  ist. Bei de r A u f s t e l l u n g  von (6 ) w u r d e  die  
B e d i n g u n g  (3d) b e r ü c k s i c h t i g t ,  w e l c h e  v o r a u s s e t z t ,  d a ß j e n e  von 
d e n  L ö s u n g e n  (5) a u s g e w ä h l t  wi rd , d i e  b e g r e n z t  ist.

Die K o n s t a n t e  A ka nn  d u r c h  E i n s e t z e n  v o n ( 6 ) in d i e B e d i n g u n g  
(3c) b e s t i m m t  w e r d e n .  Ihr W e r t  b e t r ä g t :

A
2 c_________ о_________

p(1 + Л + 5 a2p ) (7)

W e n n  nun (7) in ( 6 ) r ü c k s u b s t i t u i e r t  w i r d ,  so e r h a l t e n  wir:
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ZU) = —  (1
p

- 1  + Г Т *
7p +

(8 )

Es wi rd  d a n n  (8 ) in die  F o r m  g e b r a c h t ,  w e l c h e  die  D u r c h f ü h r u n g  d e r 
i n v e r s e n  L a p l a c e - T r a n s f o r m a t i on e r l e i c h t e r t :

ZU)
cо
p p (p + 2 a'

(9)

U n s e r e  A u f g a b e  b e s t e h t  nun d a r i n ,  (9) e i n e r  i n v e r s e n  L a p l a c e -  
- T r a n s f o r m a t i o n  zu u n t e r z i e h e n .  Das  W i e d e r e i n s e t z e n  des e r s t e n  
G l i e d e s  v o n Z(ç ) ist t r i v i a l ,  fü r das  z w e i t e  G l i e d  w e r d e n  f o l g e n d e  
Z u s a m m e n h ä n g e  v e r w e n d e t :

.c 1 6(a) + — —
A a2

wo b e i  6 (») d i e  D i r a c - s c h e  D e l t a f u n k t i o n  d a r s t e l l t ,

(1 0 )

’ Т Т 1e
%__

ï a5" _ 1 -  f Æ  1e

(̂p + + F T 2 + F 7 }-
оC

•p(^  - F T -
(li)

= 2 a erfc (--^ a erfc ( —  - + — ---)
2 a Vb 2 a 2 av/5"

5 M(Ç,b)

H i e r  w u r d e  z u e r s t  der T r a n s l a t i o n s s a t z  a n g e w a n d t ,  s o d a n n  d i e F e h - 
-i er f u n k t i o n  e i n g e f ü h r t  [3]:
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Hit H i l f e  v o n  (10 ) und  (11) ka nn  - u n t e r  A n w e n d u n g  des  K o n v o l u t i ­
ons satzes - d i e  i n v e r s e  T r a n s f o r m i e r t e  von  (9) w i e  f o l g t  a u f g e ­
schrieben w e r d e n :

c(ç,a) = Cq _ -2- e2 a2 [6(a) X M(ç,a) 
a

wobei к den K o n v o l u t i o n s p r o z e ß  b e d e u t e t .
б(а) X M(ç,a) = M(ç,a)

erhalten w i r  d i e  g e s u c h t e  K o n z e n t r a t i o n  
Form:

C 2 9 c(e,a) = c - —  e [M(Ç,a) - — —  / M ( Ç , т ) dt]
° а А а2 о

oder w e n n  M a u s  ( 1 1 ) s u b s t i t u t i é r t  wi r d :

+ — —  X m (ç,a)] (12)
it a2

In A n b e t r a c h t  d e s s e n ,  da ß 

s c h l i e ß l i c h  in f o l g e n d e r

c(ç.a) =  c q [1 - 2 2 a2 T ä2"erfc (----- ) + 2 e erfc (—--  + ----- )Vä
2 ач/ ä 2 a 2 а\/в

__ T _ — 2 § г
1 _2 a2 Ï ä"2 erfc (----- ) dt + --  ea f  erfc (— —  + -----)dа

f  e‘ 
о 2 2 a 2 a\ f r

(13)

III. D i s k u s s i o n  d e r  R e s u l t a t e .  K o n k l u s i o n e n

Für  d i e  F e s t s t e l l u n g  des  A u s w a s c h u n g s g r a d e s  des  u n t e r s u c h t e n  
F i l t e r k u c h e n s  ist  o f f e n b a r  d i e  K e n n t n i s  d e r  K o n z e n t r a t i o n  (13) an 
d e r  S t e l l e  ç = 1, a l s o  an d e r  A b s a u g  s tel 1 e , n o t w e n d i g .  Es ist 
leicht e i n z u s e h e n ,  d a ß  u n s e r e m  M o d e l l  g e m ä ß  im u n t e r s u c h t e n  Inter-
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vall 0<ç^1 der  W e r t  der K o n z e n t r a t i o n  an d e r  S t e l l e  ç = 1 ein  M a x i ­
m u m  hat. W e n n  a l s o  d i e K o n z e n t r a t i o n  hie r g e n ü g e n d  n i e d r i g  ist, s o *  
k ö n n e n  wir  m i t  S i c h e r h e i t  a n n e h m e n ,  d a ß s i e ü b e r a l l  im u n t e r s u c h ­
ten  In t e r v a l l  nur  m e h r  e i n e n  g e r i n g e r e n  W e r t  als  d i e s e n  e r r e i c h e n  
kann. Die  K o n z e n t r a t i o n  c* ( 9 ) des  g e s u c h t e n  S t o f f e s  in der  a u s t r e ­
t e n d e n  W a s c h f l ü s s i g k e i t  ka nn  als F u n k t i o n  d e r  Z e i t  w i e  f o l g t  a u f ­
g e s c h r i e b e n  w e r d e n :

c*(9) = c(i,9) C o [1 2
2-9
h a 2e er f c

1
(— -— ) + 2 ea erfc 
2a v/?

+
2a 2ач/9

-) -

1 9
J
О

e h a 2 erfc

(lU)

(—   )dx + -—  ea / erfc (&. + —i— )dTÜ
2&\[т а 2 о 2a 2а>/т"

In A b b i l d u n g  1 s e h e n  w i r die  auf G r u n d  d e s Z u s a m m e n h a n g e s
(14), u n t e r  A n n a h m e  v e r s c h i e d e n e r  P a r a m e t e r w e r t e  a bzw. c Q - E i n -  
h e i t s w e r t e  b e o b a c h t e t e n  R e s u l t a t e .  Es k a n n  f e s t g e s t e l l t  w e r d e n ,  
d a ß  d i e K u r v e n s c h a r  ei ne  m o n o t o n  a b n e h m e n d e  T e n d e n z  ze ig t,  und  ein  
Tei l d e r s e l b e n  um die  Z e i t k o o r d i n a t e  9 = 1 e i n e n  I n f l e x i o n s p u n k t  
h a t (das sin d d i e Ku r v e n ,  d i e  den  r e l a t i v  g e r i n g e r e n  a - P a r a m e t e r -  
w e r t e n  e n t s p r e c h e n ) .  All d i e s  f o l g t  l o g i s c h  aus  der  T a t s a c h e ,  d a ß 
de r W e r t  9 = 1  g e r a d e  d e m  Z e i t p u n k t  t = L/v  e n t s p r i c h t ,  und  das 
ist d i e Z e i t d a u e r ,  w ä h r e n d  w e l c h e r ,  u n s e r e r  A n n a h m e  nach, ei n V o ­
l u m e n e l e m e n t  d e r  W a s c h f l ü s s i g k e i t  bei k o r k a r t i g e r  S t r ö m u n g  (a = 0) 
d e n  F i l t e r k u c h e n  d u r c h l ä u f t .

M i t H i l f e  o b i g e r  Ü b e r l e g u n g e n  kann e i n e  M e t h o d e  zur  B e s t i m m u n g  
d e r  P a r a m e t e r  a bzw. Д a n g e g e b e n  w e rd en . In K e n n t n i s  der  k o n v e k t i ­
ve n S t r ö m u n g s g e s c h w i n d i g k e i t ,  der  A n f a n g s k o n z e n t r a t i o n  und d e r  
S c h i c h t d i c k e  kan n n ä h m l i c h  zu e i n e m  g e g e b e n e n  Z e i t p u n k t  t* «  L/v  
d u r c h  d i e B e s t i m m u n g  der  a u s t r e t e n d e n  K o n z e n t r a t i o n  m i t  H i l f e  d e r 
al s N o m o g r a m m  b e n u t z t e n  A b b i l d u n g  1 e i n d e u t i g  f e s t g e s t e l l t  w e r d e n ,  
w e l c h e  Ku r v e  la ut  u n s e r e s  M o d e l l s  den u n t e r s u c h t e n  A u s w a s c h u n g s p r o ­
z e ß b e s c h r e i b t .  D a r a u s  e r g i b t  sic h da nn  d e r  W e r t  de r f r a g l i c h e n  P a ­
r a m e t e r  .
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U n t e r  V e r w e n d u n g  der  g e w o n n e n e n  R e s u l t a t e  ka nn  die  e r w ü n s c h t e  
W a s c h d a u e r  (bzw. d i e d a m i t  l i n e a r  p r o p o r t i o n e l l e ,  b e n ö t i g t e  W a s c h ­
f l ü s s i g k e i t s m e n g e )  au f t h e o r e t i s c h e m  We ge  w i e  f o l g t  g e s c h ä t z t  w e r ­
den. Der  F i l t e r k u c h e n  kan n den  g e g e b e n e n  A n s p r ü c h e n  g e m ä ß  o f f e n b a r  
in d e m  Fall als a u s g e w a s c h e n  a n g e s e h e n  w e r d e n ,  w e n n  sic h d i e  K o n ­
z e n t r a t i o n  des a u s z u w a s c h e n d e n  St o f f e s  in d e r  a u s t r e t e n d e n  W a s c h ­
f l ü s s i g k e i t  auf e i n e n  b e s t i m m t e n  Teil des  A n f a n g s k o n z e n t r a t i o n s -  
w e r t e s  v e r m i n d e r t  (aus u n s e r e n  v o r a u s g e h e n d e n  Ü b e r l e g u n g e n  
her ist es be ka n n t ,  d a ß  d a n n  üb er al l im F i l t e r k u c h e n  die K o n z e n t r a ­
t i o n e n  e i n e n  g e r i n g e r e n  W e r t  e r r e i c h e n ) .  J e t z t  w o l l e n  w i r a l s o  A b ­
b i l d u n g  1 w i e d e r  als  N o m o g r a m m  b e t r a c h t e n  - da uns b e r e i t s  b e ­
ka n n t  ist, zu w e l c h e m  P a r a m e t e r w e r t  a g e h ö r e n d e  Ku rv e d e n u n t e r ­
s u c h t e n  A u s w a s c h u n g s p r o z e ß  b e s c h r e i b t  - d a n n  ka nn  die  für  d i e  E r ­
z i e l u n g  der  g e w ä h l t e n  e n d g ü l t i g e n  K o n z e n t r a t i o n  n o t w e n d i g e  W a s c h ­
d a u e r  aus der A b b i l d u n g  a b g e l e s e n  we rd en .

S c h l i e ß l i c h  ist zu b e m e r k e n ,  d a ß es b e i m  V e r g l e i c h  m i t  der 
P r a x i s  z w e i f e l l o s  als  M a n g e l  des t h e o r e t i s c h e n  M o d e l l s  e r s c h e i n e n  
k ö nn te , daß  s ä m t l i c h e  de n T r a n s p o r t  d e s a u s z u w a s c h e n d e n  S t o f f e s  
b e e i n f 1u ß e n d e n  E f f e k t e  b l o ß  d u r c h  ein D i f f u s i o n s g l i e d  b e r ü c k s i c h ­
ti gt  w e r d e n ,  u m s o m e h r  als  d i e s e s  G l i e d . m a t h e m a t i s c h  g e s e h e n ,  e i n e n  
S t o f f s t r o m  des  T y p e s  g e n e r i e r t ,  der  in d e r  W i r k l i c h k e i t  n i c h t  au f-  
t r e t e n  kann. Die  M o d e l l i e r u n g  des u n t e r s u c h t e n  P r o z e s s e s  a u f  d i e s e  
W e i s e  kan n man  a b e r  a u f  ä h n l i c h e  We i s e  a k z e p t i e r e n ,  wie  es im a l l ­
g e m e i n e n  bei den  D i f f u s i o n s m o d e l l e n  ü b l i c h  ist.

Z E I C H E N E R K L Ä R U N G  

A I n t é g r â t ions k o n s t a n t e
a a d i m e n s i o n s l o s e r  K o e f f i z i e n t  des D e r i v a t i o n s g l i e d e s  z w e i t e n

G r a d e s  (1)
c K o n z e n t r a t i o n  des  a u s z u w a s c h e n d e n  S t o f f e s  im F i l t e r k u c h e n  

( k g / m 3 F l ü s s i g k e i t )
c q A n f a n g s k o n z e n t r a t i o n  ( k g / m 3 F l ü s s i g k e i t )
c* K o n z e n t r a t i o n  d e s a u s w a s c h e n d e n  S t o f f e s  in de r a u s t r e t e n d e n  

W a s c h f l ü s s i g k e i t  ( k g / m 3 F l ü s s i g k e i t )
L D i c k e  des F i l t e r k u c h e n s  (m)
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м F u n k t i o n s k o m p l e x
р P a r a m e t e r  de r L a p l a c e - T r a n s f o r m a t i o n
t Z e i t k o o r d i n a t e  ( S t u n d e )
t *  Z e i t p u n k t  d e r  B e s t i m m u n g  d e r  D e r i v i e r t e n  (S tu nd e)
V K o n v e k t i v e  G e s c h w i n d i g k e i t  d e r W a s c h f l ü s s i g k e i t  (m/h)
X O r t s k o o r d i n a t e  (m)
Z L a p l a c e - T r a n s f o r m i e r t e  der  K o n z e n t r a t i o n
д K o e f f i z i e n t  d e s  D e r i v a t i o n s g 1 ie d e s  z w e i t e n  G r a d e s  ( m 2 /h)
9 d i m e n s io n s 1 o s e  Z e i t k o o r d i n a t e  (1)
ç d i m e n s i o n s l o s e  O r t s k o o r d i n a t e  (1)
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РЕЗЮМЕ
В статье описывается отжатый осадок, содержащий соль. С од­

ной стороны отжатый осадок обрызгивается промывной жидкостью, а с 
другой стороны подвергается влиянию вакуума. На основе физико-ма­
тематической модели описали процессы газовой и жидкостной диффузии 
и конвективного потока. Полученные результаты позволяют определе­
ние - с точностью большей обычной - требуемого периода промывания 
и количества промывной жидкости.
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U N T E R S U C H U N G E N  O B E R  D I E  Z U S A M M E N H Ä N G E  D E S  D U R C H S C H N I T T S W E R T E S  
V O N  D E N  D I E  C H E M I S C H E N  T R A N S P O R T P R O Z E S S E  B E S C H R E I B E N D E N  

P O T E N T I A L F U N K T I O N E N

P. B 0 S C H Á N , J. F O L ' Ö P , K. S E I T Z  u n d  T. V A J D A

(Forschungsinstitut für Technische Chemie der Ungarischen 
Akademie der Wissenschaften, Budapest)

Eingegangen am 23. Juni 1975

In der Arbeit wird untersucht, welchen Typ einer 
Integralgleichung der räumliche Durchschnittswert der 
Potentialfunktion einer eindimensionellen Diffusions­
gleichung befriedigt, bzw. mit Hilfe welcher ad hoc 
Reihenentwicklung er erzeugt werden kann, ohne die ur­
sprüngliche Gleichung lösen zu müssen. Die erzielten 
Resultate ermöglichen einen tieferen Einblick in die 
mathematische Struktur der Transportgleichung.

I . E i n l e i t u n g

In d e r  c h e m i s c h e n  V e r f a h r e n s t e c h n i k  s i n d  d i e  d u r c h  g e l e i t e ­
t e n  W ä r m e -  u n d  S t o f f t r a n s p o r t  c h a r a k t e r i s i e r t e n  P r o z e s s e  v o n  g r o ­
ß e r  B e d e u t u n g .  In d i e s e n  F ä l l e n  k a n n  d i e  e n t s p r e c h e n d e  P o t e n t i a l ­
v e r t e i l u n g  - a l s o  d i e  T e m p e r a t u r -  bz w.  K o n z e n t r a t i o n s v e r t e i l u n g  - 
m i t  H i l f e  d e r  F o u r i e r -  bz w.  F i c k - s c h e n  G l e i c h u n g e n ;  s o w i e  d e r  z u  
d i e s e n  g e h ö r e n d e n  e n t s p r e c h e n d e n  A n f a n g s -  u n d  R a n d b e d i n g u n g e n  in 
ü b l i c h e r  A n n ä h e r u n g  b e s c h r i e b e n  w e r d e n .  O b i g e r  P r o b l  e m e n k r e i s  
i s t  z w a r  b e r e i t s  v o n  v i e l e n  S e i t e n  u n t e r s u c h t  w o r d e n ,  d o c h  i s t  j e ­
d e s  E r g e b n i s ,  w e l c h e s  d a s  V e r h a l t e n  d e r  g e n a n n t e n  P o t e n t i a l f u n k t i -
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o n e n  v o n  e i n e r  n e u e n  S e i t e  h e r  b e l e u c h t e t ,  v o n  B e d e u t u n g .  In d i e ­
s e r  T a t s a c h e  l i e g t  a u c h  d e r  S i n n  u n s e r e r  A r b e i t .

W i e  b e k a n n t ,  s i n d  bei  d e r  m a t h e m a t i s c h e n  B e h a n d l u n g  d e r  c h e ­
m i s c h e n  P r o z e s s e  d i e  R e s u l t a t e ,  d i e  a u s  e i n z e l n e n  M o d e l  1 k o n s t r u k -  
t i o n e n  a u f  a n a l y t i s c h e  W e i s e ,  a l s o  o h n e  K o m p u t e r  g e w o n n e n  w e r d e n  
k ö n n e n ,  v o n  g r o ß e r  B e d e u t u n g .  A n a l y t i s c h e  F o r m e l n  k ö n n e n  a b e r  h ä u ­
f i g  n u r  f ü r  d e n  r ä u m l i c h e n  o d e r  z e i t l i c h e n  D u r c h s c h n i t t s w e r t  d e r  
in d e n  G l e i c h u n g e n  f i g u r i e r e n d e n  P o t e n t i a l f u n k t i o n e n  a u f g e s t e l l t  
w e r d e n .  A u s  d i e s e m  G r u n d e  i s t  es w i c h t i g ,  d i e  Z u s a m m e n h ä n g e  b e z ü g ­
l i c h  d e r  D u r c h s c h n i t t s w e r t e  a u c h  v o n  r e i n  m a t h e m a t i s c h e m  G e s i c h t s ­
p u n k t  a u s  zu u n t e r s u c h e n .  D i e j e n i g e n  d e r  r ä u m l i c h e n  D u r c h s c h n i t t s ­
w e r t e  s p i e l e n  h i e r b e i  e i n e  v i e l  g r ö ß e r e  R o l l e .

Z i e l  g e g e n w ä r t i g e r  A r b e i t  i s t  e s ,  d i e  m a t h e m a t i s c h e n  E i g e n ­
s c h a f t e n  d e s  r ä u m l i c h e n  D u r c h s c h n i t t s w e r t e s  d e r  P o t e n t i a l f u n k t i o n  
im L a u f e  d e r  A u s g l e i c h u n g s p r o z e s s e  e i n e s ,  m i t  s e i n e r  U m g e b u n g  
d u r c h  d i e  N e w t o n - s c h e  R a n d b e d i n g u n g  b e s c h r e i b b a r  v e r b u n d e n e n ,  e i n -  
d i m e n s i o n e i l e n  S y s t e m s  zu u n t e r s u c h e n ,  in w e l c h e m  d i e  P o t e n t i a l ­
v e r t e i l u n g  u z u m  Z e i t p u n k t  t = 0 a l s  u Q b e k a n n t  i s t ,  u n d  w o  a u s -  
s c h l i ß l i c h  D i f f u s i o n s s t r ö m e  a u f t r e t e n .  A l s  A u s g a n g s p u n k t  i s t  a l s o  
f o l g e n d e s  m a t h e m a t i s c h e s  P r o b l e m  zu b e t r a c h t e n :

a 2 d 2 U _ (la )
ЭХ2 dt

u ( x , o )  = u 0 (x) (lb )

( I 7 ) = - h [ u *  - u ( - L , t ) ] (lc)
x = -L

(§7 ) = h [ u * ' u(L,t)]x = L
(Id)

A u s  d e n  G l e i c h u n g e n  ( l a )  ... (I d)  g e h t  h e r v o r ,  d a ß  a u c h  e i n e  i n h o ­
m o g e n e  A n . f a n g s v e r t e i  l u n g  im u n t e r s u c h t e n  S y s t e m  g e s t a t t e t ,  s o w i e  
d a ß  d a s  S y s t e m  a u f  d e n  O r i g ó  s y m m e t r i s c h  i s t  ( A u s b r e i t u n g  v o n  2 L), 
u n d  d a ß  s i c h  d i e  U m g e b u n g  d e s  S y s t e m s  h i n s i c h t l i c h  d e s  b e t r a c h t e ­
t e n  P o t e n t i a l s  a l s  R e s e r v o i r  v e r h ä l t  ( u *  = k o n s t a n t ) .
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W i r  m ö c h t e n  z w e i  F r a g e n  b e h a n d e l n :  z u e r s t  u n t e r s u c h e n  w i r ,  
zu w e l c h e m  T y p  e i n e s  I n t e g r a l z u s a m m e n h a n g e s  b e z ü g l i c h  d e s  r ä u m l i ­
c h e n  D u r c h s c h n i t t s  ü d e r  P o t e n t i a l f u n k t i o n  d i e  A u f g a b e  ( l a ) . . . ( l d )  
u m g e f o r m t  w e r d e n  k a n n ,  a u s  w e l c h e m  d e r  D u r c h s c h n i t t  p r i n z i p i e l l  
- o h n e  L ö s u n g  d e r  u r s p r ü n g l i c h e n  p a r t i e l l e n  D i f f e r e n t i a l g l e i c h u n g  - 
b e s t i m m b a r  ist . E i n  w e s e n t l i c h e s  M o m e n t  d e r  U m f o r m u n g  b e s t e h t  d a ­
r i n ,  d a ß  d e r  D u r c h s c h n i t t  a n  e i n e r  s o l c h e n  F o r m  d e r  P o t e n t i a l f u n k- 
t i o n  g e b i  1 det' w i r d , a u s  w e l c h e r  d i e  Z e i t v e r ä n d e r l i c h e  m i t  H i l f e  
d e r  L a p l a c e - T r a n s f o r m a t i o n  b e s e i t i g t  w o r d e n  i s t .

A l s  z w e i t e s  P r o b l e m  u n t e r s u c h e n  w i r ,  m i t  H i l f e  w e l c h e r  a d  
h o c  R e i h e n e n t w i c k l u n g  o b i g e r  D u r c h s c h n i t t ,  a u s g e h e n d  v o n  d e n  G l e i ­
c h u n g e n  (la ) ... (I d)  - e b e n f a l l s  o h n e  L ö s u n g  d e r  u r s p r ü n g l i c h e n  
p a r t i e l l e n  D i f f e r e n t i a l g l e i c h u n g  - e r z e u g t  w e r d e n  k a n n .  D i e  R e i ­
h e n e n t w i c k l u n g  w i r d  d u r c h  e i n e n  m a t h e m a t i s c h e n  G r i f f ,  d i e  F o u r i e r -  
- s c h e  E n t w i c k l u n g  d e r  E i n h e i t ,  s o w i e  d u r c h  F e s t s e t z u n g  d e s  V e r h a l ­
t e n s  d e r  F o u r i e r - K o m p o n e n t e n  m i t  H i l f e  d e r  G l e i c h u n g e n  ( l a ) . . . ( l d )  
e r h a l t e n .

D i e  B e d e u t u n g  d e r  e r z i e l t e n  R e s u l t a t e  b e s t e h t  v o r  a l l e m  d a ­
r i n ,  d a ß  es in d e n  b e i w e i t e m  n i c h t  t r i v i a l e n  P r o b l e m k r e i s  e i n e n  
E i n b l i c k  g e w ä h r t ,  w i e  s i c h  d i e  a b h ä n g i g e  V a r i a b l e  d e r  v o m  G e s i c h t s ­
p u n k t  d e r  P r a x i s  h e r  s e h r  w i c h t i g e n ,  u n t e r s u c h t e n  p a r t i e l l e n  D i f f e ­
r e n t i a l g l e i c h u n g  v e r h ä l t ,  w e n n  e i n e  d e r  u n a b h ä n g i g e n  V a r i a b l e n  a u s  
d i e s e r  b e s e i t i g t  w i r d .  D i e  g e w o n n e n e n  Z u s a m m e n h ä n g e  k ö n n e n  a l s  
A u s g a n g s p u n k t  f ü r  p r a k t i s c h  g u t  a n w e n d b a r e  N ä h e r u n g s b e r e c h n u n g e n  
d i e n e n .

1 1 . A n g a b e  d e s  D u r c h s c h n i t t s  m i t t e l s  e i n e r  I n t e g r a l g l e i c h u n g

B e t r a c h t e n  w i r  d e r  E i n f a c h h e i t  h a l b e r  in d e m  P r o b l e m  ( l a ) . . .  
. . . ( I d )  v o r  a l l e m  d i e  d e n  A n f a n g s w e r t  a n g e b e n d e  F u n k t i o n  u q ( x ) a l s  
k o n s t a n t ,  a l s o  u Q (x) = u Q . W i r  e r h a l t e n  d u r c h  E i n f ü h r u n g  d e r  
L a p l a c e - T r a n s f o r m i e r t e n  V ( x )  d e r  P o t e n t i a l f u n k t i o n  U ( x , t ) :

V (X ) = / u (X , t ) e " pt
0

d t (2)
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f ü r  d i e  T r a n s f o r m i e r t e  u n t e r  B e n ü t z u n g  
( l a ) — ( l b )  u n d  (2)  f o l g e n d e  G l e i c h u n g :

d e r  Z u s a m m e n h ä n g e

d 2 V
d x 2

pV - u, (3)

D i e  L ö s u n g  d e r  G l e i c h u n g  (3) k a n n  a u f  ü b l i c h e  W e i s e  u n t e r  B e r ü c k *  
s i c h t i g u n g  d e r  R a n d b e d i n g u n g e n  ( l c ) - ( l d )  g e w o n n e n  w e r d e n :

V(x) = ^  + (u* - u0)h j
4  s h  4  L + h e h  4  La a a

ch &  Xа (4)

Es k a n n  l e i c h t  e i n g è s e h e n  w e r d e n ,  d a ß  d i e  L a p l a c e - T r a n s f o r -  
m i e r t e  F ( p )  d e s  zu u n t e r s u c h e n d e n  r ä u m l i c h e n  D u r c h s c h n i t t s

ü ( t) = - - -  / u (x , t) d x
2 L - L (5)

j e t z t  m i t  H i l f e  d e r  T r a n s f o r m i e r t e n  (2) b z w .  (5) l a u t  f o l g e n d e m  
Z u s a m m e n h a n g

F(p) = / ü(t) e- p t d t  = - - -  / V ( x )  dx
2 L -L

(6 )

g e w o n n e n  w e r d e n  k a n n .  A u s  d e m  V e r g l e i c h  v o n  (4) u n d  ( 6 ) e r g i b t  
s i c h  d i e  F u n k t i o n s f o r m  d e r  T r a n s f o r m i e r t e n  d e s  D u r c h s c h n i t t s  w i e  
folgt:

F ( P ) = i r  + ?  <u * - u o>

sh 4  L____а
&  L а

^  s h  &  L + h c h  а а а&  L
(7)

N u n  w i r d  d e r  Z u s a m m e n h a n g  (7)  in e i n e  F o r m  g e b r a c h t ,  w e l c h e  
d i e  D u r c h f ü h r u n g  d e r  i n v e r s e n  L a p l a c e - T r a n s f o r m a t i o n  e r l e i c h t e r t :

I hi  c h  ^  L(pF(P) - u0)(-^ +a 2 a j p s h &  La
) =  ÏÏ - u o> (8)
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D a s  W i e d e r e i n s e t z e n  d e r  r e c h t e n  S e i t e  v o n  (8 ) i s t  t r i v i a l ,  w ä h r e n d  
d i e  e r s t e  K l a m m e r  d e r  l i n k e n  S e i t e  g e r a d e  d i e  T r a n s f o r m i e r t e  d e r  
z e i t l i c h e n  A b l e i t u n g  d e s  D u r c h s c h n i t t s  d a r s t e l l t .  D a s  z w e i t e  G l e i d  
d e r  z w e i t e n  K l a m m e r  i s t  h i n g e g e n  d i e  L a p l a c e - T r a n s f o r m i e r t e  d e r  
m i t  d e r  K o n s t a n t e n  h m u l t i p l i z i e r t e n ,  e l l i p t i s c h e n  T h e t a ( 3 ) - F u n k -  
t i o n ,  w o  d i e  e r s t e  V a r i a b l e  an d e r  N u l l s t e l l e  g e n o m m e n  w u r d e ,  u n d  
d e r e n  ü b l i c h e  A u f s c h r e i  b u n g  n a c h  [ 5 ]  w i e  f o l g t  is t:

, L
s h  Æ  L ■d

a 3 ( 0 , t ) =  E
n  =  - o o

- f±*n2t 
e (9)

D i e  i n v e r s e  T r a n s f o r m i e r t e  d e s  Z u s a m m e n h a n g e s  ( 8 ) e r g i b t  u n t e r  V e r ­
w e n d u n g  d e s  K o n v o l u t i o n s s a t z e s ,  s o w i e  u n t e r  B e r ü c k s i c h t i g u n g  v o n  
(9) u n d  o b i g e r  A u s f ü h r u n g e n ,  bz w.  d u r c h  U m g e s t a l t u n g  d e s  e r h a l t e ­
n e n  R e s u l t a t e s :

du
ïït + a 2 h * a 2/ «b (d.ps )

О
dû
ж t-s

ds u o> (1 0)

w o b e i  w i r  d a s  A r g u m e n t  d e r  h i n t e r  d e m  I n t e g r a l  s t e h e n d e n  D e r i v i e r -  
t e n  d e s  D u r c h s c h n i t t s  b e s o n d e r s  b e z e i c h n e n .

W i r  b e m e r k e n ,  d a ß  (1 0)  b e r e i t s  a l s  e i n e r  d e r  g e s u c h t e n  I n t e g ­
r a l z u s a m m e n h ä n g e  b e t r a c h t e t  w e r d e n  k a n n .  ( 1 0 ) i s t  n ä m l i c h  e i n e  l i ­
n e a r e ,  i n h o m o g e n e ,  Vol t e r r a - s c h e  I n t e g r a l f u n k t i o n  d e s  F a l t u n g s t y p s  
f ü r  d i e  z e i t l i c h e  A b l e i t u n g  d e s  D u r c h s c h n i t t s  m i t  e i n e r  K e r n f u n k ­
t i o n

® э ( 0 , -£-2 t)

E i n e n  w i c h t i g e r e n  Z u s a m m e n h a n g  e r h a l t e n  w i r  j e d o c h  a u s  e i n e r  
a n d e r e n  F o r m  v o n  ( 8 ):
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(И)

F ü h r e n  w i r  n u n  f o l g e n d e n  S i m p l e x  d e s  D u r c h s c h n i t t s  e i n :

R ( t )
u < t >  - u 0

(1 2 )u *  - u 0
s o  e r h a l t e n  w i r  d u r c h  d i e  i n v e r s e  T r a n s f o r m i e r u n g  v o n  (11 ) f o l g e n ­
d e ,  a u f  d i e  u n t e r  ( 1 2 )  d e f i n i e r t e  M e n g e  b e z o g e n e  I n t e g r a l g l e i c h u n g :

D i e  C h a r a k t e r i s t i k a  d e r  G l e i c h u n g  (1 3)  s i n d  i d e n t i s c h  m i t  j e n e m  
d e r  G l e i c h u n g  ( 1 0 ) .  S i e  u n t e r s c h e i d e n  s i c h  n u r  d a r i n ,  d a ß  d a s  i n ­
h o m o g e n e  G l i e d  h i e r  z e i t a b h ä n g i g  is t.  M i t  d e m  R e s u l t a t  v o n  (13 ) 
h a b e n  w i r  u n s e r  g e s e t z t e s  Z i e l ,  n ä m l i c h  d i e  F o r m u l i e r u n g  e i n e r  I n ­
t e g r a l z u s a m m e n h a n g e s  e r r e i c h t ,  a u s  d e m  d e r  D u r c h s c h n i t t  o h n e  B e ­
n ü t z u n g  d e r  u r s p r ü n g l i c h e n  G l e i c h u n g  b e s t i m m t  w e r d e n  kann.,

I I I .  B e s t i m m u n g  d e s  D u r c h s c h n i t t s  m i t t e l s  a d  h o c  R e i h e n e n t w i c k l u n g

Ä n d e r n  w i r  b e i  u n s e r e m  z w e i t e n  zu u n t e r s u c h e n d e n  P r o b l e m  d i e  
G l e i c h u n g  ( l a ) . . . ( l d )  i n s o f e r n ,  a l s  w i r  e i n e s t e i l s  d i e  d e n  A n f a n g s ­
w e r t  a n g e b e n d e  F u n k t i o n  u Q (x) a l s  s y m m e t r i s c h  b e t r a c h t e n :  
u ( - X ) = u Q (x), a n d e r n t e i l s  d i e  T r a n s f o r m i e r u n g  d e s  P o t e n t i a l s  
u ->■ u *  - u d u r c h f ü h r e n ,  w o d u r c h  - w i e  l e i c h t  e i n z u s e h e n  i s t  - n u r  
d i e  F o r m  d e r  R a n d b e d i n g u n g e n  ( 1 c )  - (l d)  v e r ä n d e r t  w i r d :

R ( t )  + ^  А э ( 0 ,  f |  s ) R( t - s  )ds  = (13 )
о

du hu ( - L , t ) ( 1 4 a )

x = L
h u ( L , t ) ( 1 4 b )
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N u n  w i r d  d i e  F ő ú r i e r - T r a n s f o r m i e r t e  d e r  P o t e n t i a l f u n k t i on U ( t )  a u f  
f o l g e n d e  W e i s e  e i n g e f ü h r t :

L
U(t ) = / u ( x , t )  c o s  q x  d x  ( 1 5 )

-L
U n s e r  Zi el  i s t  es n u n ,  m i t  H i l f e  d e r  G l e i c h u n g e n  ( l a ) . . . ( l d )  d i e  
Z e i t a b h ä n g i g k e i t  o b i g e r  T r a n s f o r m i e r t e n  f e s t z u s t e l l e n .

M i t  H i l f e  p a r t i e l l e r  I n t e g r a t i o n e n  k a n n  g e z e i g t  w e r d e n ,  d a ß  
d i e  F o u r i e r - T r a n s f o r m i  e r t e  d e r  D e r i v i e r t e n  z w e i t e n  G r a d e s  a u f  d e r  
l i n k e n  S e i t e  d e r  G l e i c h u n g  (la ) ( u n t e r  V e r w e n d u n g  v o n  ( 1 5 ) )  f o l ­
g e n d e  F o r m  a n n i m t :

Э 2 и I ,ÖU, , ,ÖU\ I/ ä T T  c o s  qx dx = ( ^ )  c o s  qL - (- ^)  c o s  qL +
-L x=L x=-L

( 1 6 )
+ q [ u ( L , t )  s i n  qL + u ( - L , t )  s i n  q L ]  - q 2 U ( t )

S o d a n n  s e t z e n  w i r  ( 1 4 a ) - ( 1 4 b )  in (16 ) ei n:  

i* а 2 и/ 0 Y 2 c o s  qx d x  = [h c o s  q L  + q s i n  q L ]  u ( L , t )  +
" L (1 7 )

+ [h c o s  qL + q s i n  q L ]  u ( - L , t )  - q 2 U ( t )

Im L a u f e  u n s e r e r  U n t e r s u c h u n g e n  w o l l e n  w i r  n u r  d i e  a u s  d e r  t r a n s ­
z e n d e n t e n  G l e i c h u n g  (18 ) b e s t i m m b a r e n  q W e r t e  ( E i g e n w e r t e )  b e r ü c k ­
s i c h t i g e n :  q = qi , q 2 , ••• , q n » • • •

h c o s  q L  + q s i n  qL = 0 ( 1 8 )

d a n n  n i m m t  ( 1 7 )  d i e  e n d g ü l t i g e  F o r m  an:

/ § 3pj- c o s  q x  d x  = - q 2 U ( t ) ( 1 9 )

D i e  T r a n s f o r m i e r t e  d e r  r e c h t e n  S e i t e  v o n  (l a)  i s t  e i n f a c h  
d i e  z e i t l i c h e  A b l e i t u n g  v o n  U ( t ) .  U n t e r  B e r ü c k s i c h t i g u n g  o b i g e r  
A u s f ü h r u n g  i s t  d i e  a u s  (l a)  a b g e l e i t e t e  G l e i c h u n g  b e z ü g l i c h  d e r
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u n t e r  ( 1 5 )  d e f i n i e r t e n  M e n g e  f o l g e n d e :

$  = - «aqaU (20)

D i e  zu d i e s e r  g e h ö r e n d e  A n f a n g s b e d i n g u n g  e r g i b t  s i c h  d u r c h  T r a n s ­
f o r m i e r u n g  v o n  ( l b ) :

Lu ( t = 0 ) = / u (x) c o s  q x  d x  = U ( 2 1 )
-L

S c h l i e ß l i c h  i s t  d i e  L ö s u n g  v o n  ( 2 0 )  u n t e r  B e r ü c k s i c h t i g u n g  v o n  (21 ) 
w i e  b e k a n n t :

U ( t )  = U Q e " a 2 q 2 t  (2 2)

D i e  F o u r i e r - T r a n s f o r m i e r t e  d e s  P o t e n t i a l s  i s t  b e i s p e z i e l l e n ,  v o n
( 1 8 )  b e s t i m m t e n  P a r a m e t e r w e r t e n  - l a u t  (22 ) - v o n  d e r  Z e i t  e x p o ­
n e n t i e l l  a b h ä n g i g .  A u s  ( 1 5 ) ,  ( 2 2 ) ,  s o w i e  a u s  o b i g e n  Ü b e r l e g u n g e n  
g i l t  d a h e r  f o l g e n d e s :

L -a2qn2t
; u (x , t ) c o s  q n x d x  = U Q ( q n ) e (23 )

rL
n=l, 2, ...

S c h r e i b e n  w i r  n u n  d e n  D u r c h s c h n i t t  in F o r m  e i n e r  R e i h e  au f.  
N ü t z e n  w i r  d a b e i  d i e  T a t s a c h e  a u s ,  d a ß  d a s  P o t e n t i a l  d e n  A n f a n g s ­
b e d i n g u n g e n  e n t s p r e c h e n d  e i n e  x - s y m m e t r i s e h e  F u n k t i o n  i s t , u n d  d a ß  
d i e  m i t  d e n  d u r c h  ( 1 8 )  b e s t i m m t e n  q p W e r t e n  g e b i l d e t e n  C o s i n u s -  
- F u n k t i o n e n  u n t e r  o b i g e n  s y m m e t r i s c h e n  F u n k t i o n e n  e i n  v o l l s t ä n d i ­
g e s ,  o r t o g o n a l e s  F u n k t i o n s s y s t e m  b i l d e n  [1 ].  D e m n a c h  g i l t  z u m  B e i ­
s p i e l  n a c h s t e h e n d e  R e i h e n e n t w i c k l u n g  d e r  E i n h e i t :

00
1 = E  c n c o s  q n x (24 )

n=l

w o b e i  d i e  F o u r i e r - K o e f f i z i e n t e n  f o l g e n d e  s i n d :
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2 s i n  q L
C n = - - - - - - - - - - - ^- - - - - - - - -  ( 2 5 )q n L + s i n  q n L c o s  q n L

A n  d e m  in (5) d e f i n i e r t e n  r ä u m l i c h e n  D u r c h s c h n i t t  d e r  P o t e n ­
t i a l f u n k t i o n  k a n n  m i t  H i l f e  v o n  (2 4)  e i n e  ä h n l i c h e  U m f o r m u n g  v o r ­
g e n o m m e n  w e r d e n ,  n ä m l i c h :

1 L 1 ku ( t )  = -<5— j- / u ( x , t )  d x  = 2— / 1 • u ( x , t )  dx =
— L — L

(2 6)
1 L “= y ~L / E  c n c o s  q x » u ( x , t )  d x  

-L n=l

o d e r ,  w e n n  m a n  in (26) d i e  R e i h e n f o l g e  d e s  I n t e g r a l s  u n d  d e r  S u m ­
m i e r u n g  a u s t a u s c h t :

1 “ Lü ( t )  = Y X  2  c n / u ( x , t )  co s q n x d x  (2 7)
n=l -L

W i r  m e r k e n  n u n ,  d a ß  d i e  e x p l i z i t e  F o r m  d e r  in ( 2 7 )  f i g u r i e r e n d e n  
I n t e g r a l e  g e r a d e  d u r c h  ( 2 3 )  a n g e g e b e n  w u r d e ,  so e r g i b t  s i c h  a l s o  
a l s  e n d g ü l t i g e  F o r m  f ü r  d e n  D u r c h s c h n i t t :

1 ”  - a 2 q n 2 tu ( t )  = у -j- E  c n U Q ( q n ) e ( 2 8 )
n = l

In d e r  e x p o n e n t i e l l e n  R e i h e  (28) k ö n n e n  d i e  h i n t e r  d e m  S u m ­
m i e r u n g s z e i c h e n  s t e h e n d e n  e i n z e l n e n  G r ö ß e n  m i t  H i l f e  v o n  ( 2 5 ) ,  (21 )  
u n d  (18 ) d e r  R e i h e  n a c h  s o f o r t  b e s t i m m t  w e r d e n .  M i t  d e m  R e s u l t a t  
u n t e r  (28 ) w u r d e  a u c h  u n s e r  z w e i t e s  Z i e l  v e r w i r k l i c h t :  d e r  A u s d r u c k  
d e s  D u r c h s c h n i t t s  k o n n t e  o h n e  L ö s u n g  d e r  u r s p r ü n g l i c h e n  G l e i c h u n g ,  
m i t  H i l f e  e i n e r  ad h o c R e i h e n e n t w i c k l u n g  a u f g e s c h r i e b e n  w e r d e n .

I V . Z u s a m m e n f a s s u n g ,  K o n k l u s i o n e n

W i r  b e f a s s t e n  u n s  in u n s e r e r  A r b e i t  m i t  z w e i  P r o b l e m e n :
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a) F ü r  d e n  r ä u m l i c h e n  D u r c h s c h n i t t  d e r  P o t e n t i a l f u n  k t i on d e s  
e i n d i m e n s i o n e l 1 e n  D i f f u s i o n s s y s t e m s , w e l c h e s  s i c h  d u r c h  d i e  N e w t o n -  
- s c h e n  R a n d b e d i n g u n g  a n  i h r e  U m g e b u n g  a n s c h l i e ß t ,  w u r d e  im L a u f e  
d e s  A u s g l e i c h s p r o z e s s e s  e i n e  I n t e g r a l g l e i c h u n g  b e k a n n t e n  T y p s  a u f ­
g e s t e l l t ,  d i e  r e l a t i v  l e i c h t  a n w e n d b a r  i s t ,  u n d  d e r e n  K e r n f u n k t i o n  
e i n e  e l l i p t i s c h e  F u n k t i o n  d a r  s t e l  1 1 .A u s  a n d e r e n  U n t e r s u c h u n g e n  [ 6 ] 
u n d  i m  a l l g e m e i n e n  a u s  d e r  T h e o r i e  d e r  p a r t i e l l e n  D i f f e r e n t i a l g l e i ­
c h u n g e n  h e r  i s t  e s  b e k a n n t ,  d a ß  d a s  V o r h a n d e n s e i n  e i n e s  s o l c h e n  
Z u s a m m e n h a n g e s ,  d e r  s i c h  a u f  o b i g e  G r ö ß e  - a u f  d a s  f ü r  e i n e  V a r i ­
a b l e  g e n o m m e n e  D u r c h s c h n i t t s p o t e n t i a l  - b e z i e h t ,  u n d  a u s  w e l c h e m  
Z u s a m m e n h a n g  d i e  b e t r e f f e n d e  G r ö ß e  " s i c h  s e l b s t  b e s t i m m t " ,  n i c h t  
t r i v i a l  ist . Es k a n n  z u m  B e i s p i e l  b e w i e s e n  w e r d e n ,  d a ß  es e i n e  d e r ­
a r t i g e  D i f f e r e n t i a l g l e i c h u n g  ü b e r h a u p t  n i c h t  g i b t ;

b) D i e s e l b e  G r ö ß e  w u r d e  m i t  H i l f e  d e r  F o u V i e r - s c h e n  R e i h e n ­
e n t w i c k l u n g  a u c h  a u f  i n d i r e k t e  W e i s e  e r z e u g t ,  w o b e i  d i e  u r s p r ü n g ­
l i c h e  p a r t i e l l e  D i f f e r e n t i a l g l e i c h u n g  n u r  z u r  F e s t s t e l l u n g  d e r  
Z e i t a b h ä n g i g k e i t  d e r  F o u r i e r - K o m p o n e n t e n  v e r w e n d e t  w u r d e .  D i e  V o l l ­
s t ä n d i g k e i t  d e r  E n t w i c k l u n g s m e t h o d e  w a r  d a r a u f  b e g r ü n d e t ,  d a ß  w i r  
a l s  A n f a n g s w e r t  d e s  u r s p r ü n g l i c h e n  P o t e n t i a l s  e i n e  s y m m e t r i s c h e  
F u n k t i o n  w ä h l t e n ,  s o  d a ß  d i e  bei  d e r  E n t w i c k l u n g  d e r  E i n h e i t  e i n ­
t r e t e n d e n  F u n k t i o n s k o m p o n e n t e n  t a t s ä c h l i c h  e i n e  k o m p l e t t e  B e s c h r e i ­
b u n g  d e s  P r o b l e m s  l i e f e r t e n .

B e i d e  A n n ä h e r u n g e n  d e s  u n t e r s u c h t e n  P r o b l e m e n k r e i s e s  k ö n n e n  
a l s  n e u a r t i g  b e z e i c h n e t  w e r d e n ,  u n d  s i e  b e d e u t e n  be i d e r  L ö s u n g  
v o n  f ü r  d i e  P r a x i s  w i c h t i g e n  A n n ä h e r u n g s -  bz w.  n u m e r i s c h e n  A u f g a ­
b e n  A u s g a n g s p u n k t e ,  d i e  b i s h e r  n i c h t  v e r w e n d e t  w o r d e n  sind..

Z E I C H E N L I S T E

a 2  L e i t u n g s k o e f f i z i e n t
c F o u r i e r - K o e f f i z i e n t e nn
F L a p l a c e - T r a n s f o r m i  e r  t e  d e s  D u r c h s c h n i t t s  d e r  P o t e n t i a l f u n k -

t i о n
h O b e r t r a g u n g s f a k t o r
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L A u s b r e i t u n g  d e s  S y s t e m s
n l a u f e n d e r  I n d e x
p P a r a m e t e r  d e r  L a p l a c e - T r a n s f o r m a t i o n
q P a r a m e t e r  d e r  F o u r i e r - T r a n s f o r m a t i o n
R S i m p l e x  d e s  D u r c h s c h n i t t s
s I n t e g r a t i o n s p a r a m e t e r
t Zei  t k o o r d  i n a t e
u P o t e n t i a l f u n k t i o n
ü r ä u m l i c h e r  D u r c h s c h n i t t  d e r  P o t e n t i a 1 f u n k t i on  
u Q A n f a n g s p o t e n t i a l  v e r t e i  l u n g
u *  P o t e n t i a l w e r t  in d e r  U m g e b u n g
U F o u r i e r - T r a n s f o r m i e r t e  d e r  P o t e n t i a 1 f u n k t i on  
U Q A n f a n g s w e r t  d e r  F o u r i e r - T r a n s f o r m i e r t e n  
V L a p l a c e - T r a n s f o r m i e r t e  d e r  P o t e n t i a l  f u n k t i o n
X L ä n g s k o o r d i n a t e
8 d i e  e l l i p t i s c h e  T h e t a - F u n k t i o n
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РЕЗЮМЕ

Данная статья изучает какому типу интегральных уравнений 
удовлетворяет объемное среднее значение потенциальной функции од­
номерного диффузионного уравнения и каким случайным методом разло­
жения в ряд оно получается без решения соответствующего уравнения. 
Полученные результаты позволяют более тщательное познание матема­
тической структуры транспортного уравнения.
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The paper presents a study on the thermal sta­
bility of polyalkyl methacrylate viscosity index im­
provers. It is demonstrated that the thermal stability 
of the polymer is considerably influenced by the che­
mical nature of the base oil. In ester oils and white 
oils, the thermal degradation of the polymer molecule 
is significant, however, in mineral lubricating oils, 
the breakdown is markedly reduced by the natural in­
hibitors of the mineral oil.

INTRODUCTION

One way to fulfil the more and more stringent requirements 
imposed on motor oils is based on the application of "partially- 
-synthetic" oils, produced by blending synthetic and mineral lub­
ricating oils. Ester oils are the most promising candidates for 
the synthetic components of such blends, not only because they 
offer an excellent balance of the essential lubricating properties 
(outstanding viscosity-temperature characteristics, low volatility, 
and low pour point, etc.), but also because they are widely 
employed in the lubrication systems of aircraft gas turbine engines 
and are thus commercially available in large quantities [1].
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When formulating such a partially-synthetic lubricating oil, 
careful attention should be focused on how the esters interfere 
- if at all - with the additives commonly used in motor oils.

The Thermal Stability of Ester Oils

The present paper reviews the thermal stability of polymeric 
viscosity index improvers in synthetic ester oils and partially- 
-synthetic base stocks. Curiously enough, this problem has been 
rather neglected in literature, although the thermal stability of 
pure esters has been dealt with in a large number of papers, more­
over, the classification of the ester oils used in the lubri­
cation systems of jet engines is based on their thermal stability.

The group of the Type I ester oils includes esters of ali­
phatic dicarboxylic acids. Their thermal decomposition occurs by 
means of a cyclic intermediate. Type II oils are sterically hinde­
red esters, each hydrogen atom on the 6-carbon atom of their alco­
hol moiety is replaced by alkyl groups. The decomposition of Type 
II esters proceeds by a free radical mechanism, and since free 
radicals require more energy of formation than the cyclic interme­
diate, Type II esters possess considerably greater thermal stabi­
lity than Type I oils.

In both cases, the thermal decomposition of ester oils re­
sults in an olefinic hydrocarbon and a carboxylic acid [2].

Experimental

The thermal stability of synthetic and partially synthetic 
oils containing polymeric viscosity index improver was investiga­
ted. Typical representatives of both types of ester oils: di-(2- 
-ethylhexyl) sebacate (DOS) and trimethylolpropane tripelargonate 
(TMPP) were chosen as synthetic components, while as the mineral 
base stock, a heavy oil raffinate - produced from Algyő crude oil 
by solvent extraction, dewaxing, and hydrofinishing - was used. A
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commercial polymethacrylate (Reonit M) was added to the base oils 
as the viscosity index improver. The compositions of the experi­
mental oils are listed in Table 1.

Table 1. The compositions of the experimental oils

Sample
Mineral

oil
raffinate 

wt. !
DOS 

wt . %

TMPP 

wt. %

Reonit M 
(1)
wt . 1

Viscosity 
at 98.9°C
c s(mm2/s)

1 100 - - - 9.1*6
2 88 - - 12 25.31
3 - 100 - - 3.31
1» - 88 - 12 1З.О6
5 - - 100 - 1* .78
6 - - 88 12 17.72
7 60 1*0 - - 5.66
8 1*8 1*0 - 12 19.I**
9 6o - • 1*0 - 6.7I*

10 1*8 - 1*0 12 21.91ц(2) - 99-5 - - 3.32
12(2) - 87.5 - 12 13.10

(1) : commercial product containing approximately 50 wt .% light
white mineral oil as diluent

(2) : containing 0.5 wt .% 2,6-di-tert-butyl-l*-methylphenol

The thermal stability was tested according to the following 
procedure s

40 ml of the test fluid was placed in a glass test tube. The 
test tube was submerged in a constant temperature bath to a point 
slightly above the level of the oil sample, and was held in the 
bath at 200 °C for 12 hours. At the end of the ageing period, the 
test tube was removed and allowed to cool to ambient temperature. 
The tests were carried out both in air and under a carbon dioxide
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atmosphere. In the first case, the test tube was stoppered with a 
cork with a 2 mm diameter bore in it. In the second case, the test 
tube was connected through a ground glass joint to a glass vessel 
in which a slight carbon dioxide pressure was maintained. (Carbon 
dioxide was continuously introduced into the vessel and bubbled 
out of it through a glass tube immersed into water to a depth of 
approximately 5 mm.) At the beginning of the test, the air was re­
moved from- the test tube by blowing carbon dioxide through it, and 
after the 12 hour period, the sample was allowed to cool under a 
carbon dioxide atmosphere.

The thermal stability of the compositions was evaluated on 
the basis of the changes in viscosity and acid number. The repro­
ducibility of the test is fairly good. The difference in the acid 
number increase of two determinations never exceeded the error lim­
it of the standardized acid number determination. The viscosities 
of two parallelly aged samples differed by not more than 1 per cent 
of the mean in the tests under carbon dioxide, and by not more 
than 4 per cent of the mean in the experiments carried out in air.

The thermal stability of the polymer was characterized by the 
thermal stability index which is defined by the following equation:

Vi  -  v 2
TSI = --------  • 100 { % )

V 1 - Vo

where TSI is the thermal stability index of the polymer
Vi and V2 are the kinematic viscosities of the polymer-con­

taining compositions, before and after ageing, respectively
V0 is the kinematic viscosity of the base oils (without po­

lymer) after ageing.
(Kinematic viscosities were measured at 98.9 °C, in cs.)

Since the change of the base oil viscosity during the ageing 
is negligible, the thermal stability index gives a good approxima­
tion of the thermal stability of the polymer.

The results of ageing are summarized in Table 2.
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Table 2. Characteristics of aged samples

Ageing in air Ageing in carbon dioxide
Sample Viscosity Acid. TSI Viscosity Acid TSI

at 98.9°C number at 98.9°C number
c s(mm2/s) increase 

mg KOH/g (?) c s(mm2/s) increase 
mg KOH/g (?)

1 9.51 0.13 - 9.1+1+ 0.00 -

2 2k.36 0.07 6.01 2I+.69 0.01 3.91
3 3.38 1.26 - 3.29 0.02 -
1* 6.82 0.67 61*.1+6 10.1+6 0.01+ 26.61
5 1*. 91 0.6!+ - 1+ . 85 0.06 -
6 10.78 0.1+1+ 51+. 18 1I+.I7 0.07 27.58
7 5.68 0.1*9 - 5.67 0.01 -
8 17.12 0.30 15.01 I8.5O 0.01 >+.75
9 6.72 О.36 - 6.7I+ 0.02 -

10 19.86 0.21 13.50 21.18 0.00 1+. 8l
11 З.З6 0.08 - 3.32 0.02 -
12 13.06 0.06 0.1+1 12.80 0.02 3.07

CONCLUSIONS

It is apparent from the results obtained that the Reonit M 
additive exhibits a fairly good thermal stability when heated in 
mineral oil. The viscosity of the additive-containing mineral oil 
does not significantly decrease during the ageing. The same poly­
mer, however, decomposes to a remarkable extent when dissolved in 
ester.

The acid number increase of the esters aged under carbon di­
oxide atmosphere exceeded the error limit of the acid number de­
termination. This fact suggests that in addition to the polymer 
degradation, the esters also decompose to a slight extent. In the 
tests carried out in the presence of air, the simultaneous oxida­
tive and thermal reactions result in an appreaciable deterioration
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of the ester which is apparent from the acid number increase of 
the samples aged in air.

According to our present knowledge it is known that the ther­
mal and oxidative breakdown of polymers proceeds by a free radi­
cal chain mechanism [3]. It is evident that during the ageing, re­
active radicals are formed which are capable of initiating the 
chain reaction of the polymer decomposition. As it might be expec­
ted, the formation of free radicals is expressed more in the pre­
sence of oxygen than under merely a thermal effect. This is con­
firmed by comparing the viscosity and acid number changes of the 
samples aged in air and carbon dioxide.

The free radical chain mechanism is in agreement with the 
observation that 2,6-di-tert-butyl-4-methylphenol - a typical 
chain-breaking inhibitor [4] - appreciably improved the thermal 
stability of the polymer dissolved in pure ester oil: the visco­
sity of the inhibitor-containing composition remained practically 
unchanged during the ageing (Sample 12).

The fact that the thermal stability of polymer solutions in 
partially-synthetic oils is considerably enhanced, compared to 
that of the solutions in pure esters, suggests that the thermal 
breakdown is inhibited in the partially-synthetic compositions.

It is a matter of common knowledge that mineral oils contain 
numerous substances - mainly sulphur compounds, and aromatic hyd­
rocarbons - which function as natural chain-breaking inhibitors 
in oxidative reactions [5, 6].

It can be assumed that the fairly good thermal stability ex­
hibited by the Reonit M additive in mineral and partially-synthe­
tic base stocks is the result of the inhibiting effect of the 
natural anti-oxidants rather than the inherent property of the ad­
ditive. From the above assumption it can be concluded that the de­
termination of the polymer in ester oils is mainly due to the 
absence of natural inhibitors. This conclusion is obviously con­
firmed by the data of Table 3. In Table 3, data concerning the 
thermal stability of a light white mineral oil containing 12 wt.% 
Reonit M additive are given.
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Table 3. Thermal stability of a light white mineral oil containing 
12 wt .% additive

Viscosity 
at 98.9°C 
c s(mm2/s)

Acid 
number 

mg KOH/g
TSI

(?)

Fresh sample 10.85 0.00 -
Sample aged in air 6.39 0.22 6О.1+З
Sample aged in CO2 9.З1 0.00 20.73

White oils contain no natural inhibitors. The thermal degra­
dation of the polymeric additive in white oil is noticeable, for 
the value of the thermal stability index is nearly the same as 
those obtained in pure esters. This experience substantiates the 
above assumption concerning the effect of natural inhibitors on 
the thermal stability.

SUMMARY

In the thermal decomposition of polymeric additives, the free 
radical chain reaction is initiated by reactive radicals. These 
radicals are formed mainly from the polymer itself. The thermal 
breakdown of the polymer is considerably influenced by the chemi­
cal composition of the base oil. The natural anti-oxidants of the 
mineral oils, acting as chain-breaking inhibitors, considerably 
reduce the polymer degradation.

*•*

The experiments were carried out at the Department of Hydro­
carbon and Coal Processing, Veszprém University of Chemical Engi­
neering .
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РЕЗЮМЕ

В статье излагается изучение термической устойчивости доба­
вок полиметакрилатного типа, повышающих индекс вязкости. Было по- 
цаэано, что термическая устойчивость полимера очевидно зависит от 
природы основного масла. В эфирных и белых маслах термическая дег­
радация полимерной молекулы является значительной, а в минеральных 
смазочных маслах пластикация прямо уменьшается природными ингиби­
торами минеральных масел.



Hungarian Journal 
of Industrial Chemistry 

Veszprém
Vol. 3. pp. 557-561+ (1975 )
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Die Blasensäulenreaktoren finden in der chemi­
schen Industrie immer verbreitende Anwendung, weil die 
Verfolgung der Stoffübergangsverhältnisse in diesen 
Apparaten sehr vorteilhaft ist. Trotz der breiten An­
wendung der obigen Apparaten sind die Einzelheiten der 
Stoffübergangsprozesse nur teilweise erforscht. In 
dieser Arbeit beschreiben die Verfasser eine schnelle 
und den technischen Anforderungen entsprechende Expe­
rimentalmethode, wodurch die Bestimmung der Stoffüber­
gangsparameter bei halbkontinuierlichen und kontinuier­
lichen Reaktortypen leicht durchzuführen ist.

In vielen Ver fahren der chemischen Industrie spielt der Stoff 
Übergang G as -F lü ss igkeit in Blasensäulen eine wesen tl ic he  Rolle. 
Zur Dim en si on ie ru ng  und Optimierung von Blasensäulen ist die Kennt 
nis der P ha se ng re nzfläche und des S t o f f ü b e r g a n g s k o e f f i z i e n t e n  für 
das betrachtete tec hnische Problem erforderlich. Dazu sind in den 
letzten Jahren eine Vielzahl von Unt er su ch un ge n  d u r c h ge fü hr t  und 
ent sp rech en de  Kor relationen erarbeitet wor den [1, 2, 5, 6, 7].

Es zeigt sich jedoch, daß sehr a b w ei ch en de  Ergebnisse bei der 
Berechnung von Sto ff Ub er ga ng sp ar am et er n  nach K o r r e l a t i o n s b e z i e h u n ­
gen Ver sc hi ed en er  Autoren erhalten werden. Aus diesem Grunde 
ist es in vielen Fällen, besonders auch bei Blasensäulen als R e a k ­
tio ns appa ra te  erforderlich, zum konkreten technischen Problem zu-
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s ät zl ic he  e x p e r i m e n t e l l e  U n t e r s u c h u n g e n  zum S to ff Üb er ga ng  G a s - F l ü s ­
sigke it  d u r ch zu fü hr en .  Im f o l g e nd en  wird eine Methode zur e x p e r i ­
m e n t e l l e n  E r m it tl un g  von S t o f f ü b e r g a n g s p a r a m e t e r n  v or geschlagen,  
die relat iv  schnell und ohne g rö ßeren t e c hn is ch en  Aufwand für eine 
Re ihe  von t ec hn i s c h e n  P ro blemen h i n re ic he nd  genaue E r g eb ni ss e  lie­
fert.

Hierbei w erden die E x p er im en te  in einer h al bk on ti n u i e r l i c h e n  
V e r s u c h s a n l a g e  d u r c h g e f ü h r t  und a n s c h li eß en d  die E rg e b n i s s e  auf 
die k o n t i n u i e r l i c h e  B l a se ns äu le  übertragen.

V e r s u c h s a n o r d n u n g

Die V e r s u c h s a n o r d n u n g  zur U n t e r s u c h u n g  des S to ff Üb e r g a n g s  ist 
auf Bild 1 s c h em at is ch  dar gestellt. In die Blasensäule, die aus

Bild 1. Versuchsanordnung. 1-Blasensäule, 2-Präzisionsseifenblasen- 
zähler, 3-Gastrockner, 4-U-Manometer , 5-Flüssigkeitsbehäl- 
ter, 6-Druckgasflasche, 7-Glasfritte , 8-Thermometer, 9-Ab-
sperr- bzw. Regelventil
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einem Glasrohr von 2 m Länge und 7 cm Durch me ss er  bestand, wurde 
die F lü ss ig ph as e mittels V a k u u m  aus dem V o r r a t s be hä lt er  (5) e i n g e ­
saugt. Dadurch konnte g l e i c hz ei ti g  das in der F lü ssigkeit gelöste 
Gas weite sgehend desorbiert werden. Das Gas wurde einer D r u c k g a s ­
flasche (6) ent nommen und durch eine G la sfritte (7) in die B l a s e n ­
säule geleitet und der D u r c h sa tz  vor und nach der Blase ns äu le  mit 
P r ä z i sions se if en bl as en zä hl er n  (2) gemessen. Die Differenz zwi schen 
dem Eingangs- und A us t r i t t s g a s s t r o m  ergab die in der F l ü ss ig ke it  
absorbi erte  Gasmenge. Die D u r ch sa tz me ss un ge n  mußten gleichz ei ti g  
und in m ög li ch st  geringen zeitl ic he n  A bs tänden d ur chgeführt werden

M eß erge bnis se  und Auswertung

Man erhält auf diese Weise den M ol e n s t r o m  des a bs or bi er te n  
Gases in A bh än gi gk ei t von der Zeit (s. Bild 2). Die Fläche unter 
dem n(t)- Ve rl au f ergibt die Gesamtmolenzahl des in der F l ü ss ig ke it  
absorbierten Gases.

Bild 2. Zeitverläufe der absorbierten Molzahl, der Gaskonzentrati­
on und des StoffÜberganges für Alkohol-Ha. 11,2 S,/m2s;
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Bei der A u s w e r t u n g  wird unter der v e r e i n f a c h e n d e n  Annahme 
e i n e r  homogenen G a s Ы a s e n v e r t e i 1u n g , von der Stoff üb er ga ng sg l  ei - 
c h u n g

n . J = k. F(Cj - Cj ) (1 )

a us g e g a n g e n .  Wegen der I n s t a t i o n ä r i t ä t  des Prozesses sind n i und c .J JF u n k t i o n e n  der Zeit.
C-j(t) wird n ac h  fol ge nd er  B e z i e hu ng  aus der M eß r e i h e  n.(t)J Jermi ttelt:

cJ / n.(t) dt 
о J

(2 )

D a m i t  kann das P r o d u k t  (k^ F) = к als Funktion der Zeit bestimmt 
w e r d e n  ( s . Bild 2).

к
- c.(t)

b z w . к (3)

D i e  nac h Gleichung (2) erh al te ne n  k ( t )- We rt e  stellen Mit telwerte 
für  Blasensäule dar.

Der z e i t l ic he  V e r l a u f  des S t o f f ü b e r g a n g s k o e f f i z i e n t e n  к auf 
B i l d  2 zeigt, wie zu e rw arten ist, z u n ä c h s t  einen nah ezu linearen 
und  steilen An stieg und nähert sich im Bereich hoher Gas sättigung 
a s y m p t o t i s c h  ein em  kon st an te n  Wert. D ieser k on stante Wert wurde 
f ü r  einige  K o h l e n w a s s e r s t o f f e  als F l ü s s i g p h a s e  und die Gase W a s s e r ­
s t o f f ,  Stickstoff und Luft bei V a r i a t i o n  des G a s d u r c h s a t z e s  b e ­
s t i m m t .  Die E r g e b n i s s e  sind auf Bild 3 dargestellt.

Es ist nahezu ü b e r  den g es amten u nt e r s u c h t e n  P ar am et er be re ic h  
e i n e  lineare A b h ä n g i g k e i t  vom G a s d u rc hs at z  f estzustellen. Diese 
A u s s a g e  stimmt mit a n d e r e n  L i t e r a t u r a n g a b e n  überein [1, 2, 3, 4].

Der S t o f f Ü b e r g a n g s p a r a m e t e r  к ä n d er t  sich e r w a r t u ng sg em äß  
in A bh än gi gk ei t  von der S äu lehöhe (s. Bild 4).

Bei der Ü b e r t r a g u n g  der in der h a l b k o n t i n u i e r l i c h e n  B l a s e n s ä u ­
le erh altenen S t o f f Ü b e r g a n g s p a r a m e t e r  auf den k on ti nu i e r l i c h e n  Pro-
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Bild 3. StoffÜbergangsparameter к in Abhängigkeit vom Gasdurchsatz
V
.8

•H - 1*5 ш * Dg = 7*5 cm, T = 
Alkohol - На, о Cyclohexan

25 °C 
- H2, • Benzol - На

▲ Alkohol - Na , Д Cyclohexan - Na А Benzol - Na
■ Alkohol-Luft, □  Cyclohexan - Luft ta Benzol-Luft

Bild 4. Stoffübergangsparameter к in 
Abhängigkeit von der Blasensäulenhöhe

z e ß  w i r d  d a v o n  a u s g e g a n g e n ,  
d a ß  s o w o h l  d e r  S t o f f U b e r ­
g a n g s k o e f f i z i e n t  a l s  a u c h  
d i e  P h a s e n g r e n z f l ä c h e  r e l a ­
t i v u n a b h ä n g i g  v o m  F l ü s s i g ­
k e i t s d u r c h s a t z  s i n d  [ 1 , 2 , 
3, 5, 6 ]. U n t e r  d i e s e r  V o r ­
a u s s e t z u n g  k a n n  m a n  u n a b ­
h ä n g i g  v o n  d e r  F l ü s s i g ­
k e i t s s t r ö m u n g  j e d e m  k - W e r t  
e i n e  G a s k o n z e n t r a t i o n  c ̂ 
e n t s p r e c h e n d  G l e i c h u n g  (3) 
z u o r d n e n .
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A u s  d e r  B i l a n z g l e i c h u n g  d e r  G a s a b s o r p t i o n  in d e r  B l a s e n s ä u l e  
m i t  s t r ö m e n d e r  F l ü s s i g p h a s e

dnj = - k <cj - cj) dV* (4)

e r h ä l t  m a n  n a c h  d e r  I n t e g r a t i o n  f o l g e n d e  B e z i e h u n g

C j
*

Cj ( C j - c j o >  e
- k t (5)

M i t  H i l f e  v o n  G l e i c h u n g  (5) u n d  d e r  n a c h  M e ß w e r t e n  d e r  h a l b k o n t i ­
n u i e r l i c h e n  A n l a g e  a u f  B i l d  2 d a r g e s t e l l t e n  k- u n d  C j - V e r l ä u f e n  
l a s s e n  s i c h  n a c h  d e m  A b l a u f s c h e m a  a u f  B i l d  5 d i e  k - W e r t e  f ü r  d i e  
k o n t i n u i e r l i c h e  B l a s e n s ä u l e  i t e r a t i v  f i n d e n .

Bild 5. Ablaufschema zur Ermittlung des StoffÜbergangsparameter к
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D e r  a u f  d i e s e  W e i s e  e r m i t t e l t e  S t o f f Ü b e r g a n g s p a r a m e t e r  к 
w e i s t  w e g e n  d e r  g e m a c h t e n  e i n s c h r ä n k e n d e n  V o r a u s s e t z u n g e n ,  d i e  im 
k o n k r e t e n  F a l l  n i c h t  v o l l  z u t r e f f e n  d ü r f t e n ,  k e i n e  s e h r  g r o ß e  G e ­
n a u i g k e i t  a u f .  M a n  k a n n  j e d o c h  n a c h  d e r  b e s c h r i e b e n e n  M e t h o d e  r e ­
l a t i v  s c h n e l l  u n d  u n t e r  B e r ü c k s i c h t i g u n g  k o n k r e t e r  B e d i n g u n g e n  d e s  
b e t r a c h t e t e n  P r o z e s s e s  u n d  d e s  S t o f f s y s t e m s  d i e  S t o f f ü b e r g a n g s p a ­
r a m e t e r  b e s t i m m e n .

S y m b o l  v e r z e i c h n i  s :

Cj K o n z e n t r a t i o n  d e r  K o m p o n e n t e  j ( m o l / £ )
C j Q E i n t r i t t s k o n z e n t r a t i o n  ( m o l / £ )
c j  G l e i c h g e w i c h t s k o n z e n t r a t i o n  ( m o l / £ )
D g  S a u  1 e n d u r c h m e s s e r  (c m)
F A u s t a u s c h f l ä c h e  ( £ / m)
H S ä u l e n h ö h e  (m)
kg S t o f f ü b e r g a n g s k o e f f i z i e n t  (m /s )
к = kg-F (г/s)
n. a b s o r b i e r t e  M o l z a h l  d e r  K o m p o n e n t e  j ( m o l / s )J
t Z e i t  ( m i n )
t m i t t l e r e  V e r w e i l z e i t  ( m i n )
Vg G a s d u r c h s a t z  ( £ / m 1 2 *s)
V ^  F l ü s s i g k e i t s v o l u m e n  (l)
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РЕЗЮМЕ

Реанторы продувного типа приобретают широное применение в 
химичесной промышленности, тан нак испытание условий массопередачи 
в этих аппаратах является очень выгодным. При широком применении 
этих аппаратов единицы процесса массопередачи до сих пор изучены 
только частично. В данной работе авторами опысывается быстрый экс­
периментальный метод, отвечающий техническим требованиям. Примене­
нием этого метода можно легко определить параметры массопередачи в 
случае полунепрерывных и непрерывных реакторов.
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B E S T I M M U N G  D E R  V E R F Ü G B A R K E I T  E I N E R  K A P A Z I T Ä T S G E T E I L T E N  
P A R A L L E L S C H A L T U N G  M I T  I N T E R N E R  K A P A Z I T Ä T S R E S E R V E

J. V O N D R A N  u n d  J. K A R D O S

(Ingenieurhochschule Köthen, Abteilung Mathematik und Sektion 
Verfahrenstechnik, Wissenschaftsbereich Systemverfahrenstechnik)

Eingegangen am 14. September 1975

Die bei der Berechnung der Zuverlässigkeit und 
Verfügbarkeit von Systemen bisher verwendete Duallogik 
- es funktioniert oder es funktioniert nicht - konn­
te für Systeme mit kapazitätsgeteilter Parallelschal­
tung und interner Kapazitätsreserve keine befriedigen­
den Ergebnisse liefern. Durch Einbeziehung des Teil­
lastverhaltens derartiger ausfallgestörter Systeme 
wurde eine Möglichkeit zur Erfassung objektiverer Ver- 
fügbarkeitsverhältnisse geschaffen. In diesem Beitrag 
wird eine Gleichung zur Berechnung der Durchsatzver­
fügbarkeit für eine kapazitätsgeteilte Parallelschal­
tung mit interner Kapazitätsreserve und statistischer 
Unabhängigkeit entwickelt.

D i e  ö k o n o m i s c h e  B e w e r t u n g  d e s  L a n g z e i t v e r h a l t e n s  v o n  C h e m i e ­
a n l a g e n  b e s i t z t  b e s o n d e r e  B e d e u t u n g  in d e n  e i n z e l n e n  E t a p p e n  d e r  
V e r f a h r e n s -  u n d  A n l a g e n e n t w i c k l u n g ,  i n s b e s o n d e r e  bei d e r  A u s w a h l  
t e c h n o l o g i s c h e r  S c h a l t u n g e n  in d e r  P r o j e k t i e r u n g s -  s o w i e  in d e r  
B e t r i  e b s p h a s e .

W ä h r e n d  bei d e r  V e r b e s s e r u n g  u n d  S i c h e r u n g  d e r  Z u v e r l ä s s i g ­
k e i t  v o n  B a u t e i l e n ,  B a u g r u p p e n ,  F u n k t i o n s g r u p p e n  u n d  G r u n d a u s r ü s ­
t u n g e n  q u a l i t a t i v e  Z u v e r l ä s s i g k e i t s v e r f a h r e n  d o m i n i e r e n ,  e r f o r d e r t  
d i e  G e s t a l t u n g  u n d  B e w e r t u n g  z u v e r l ä s s i g e r  A n l a g e n k o m p l e x e  e i n e n  
z u n e h m e n d e n  A n t e i l  an q u a n t i t a t i v e n  V e r f a h r e n .  In d i e s e m  B e i t r a g
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w i r d  e i n e  B e r e c h n u n g s g r u n d l a g e  z u r  a n a l y t i s c h e n  B e s t i m m u n g  d e r  
V e r f ü g b a r k e i t  v o n  k a p a z i t ä t s g e t e i l t e n  P a r a l l e l s c h a l t u n g e n  m i t  i n ­
t e r n e r  K a p a z i t ä t s r e s e r v e  m i t g e t e i l t .

C h a r a k t e r i s t i k  d e r  k a p a z i t ä t s g e t e i l t e n  P a r a l l e l s c h a l t u n g  
m i t  i n t e r n e r  K a p a z i t ä t s r e s e r v e

D i e  A n w e n d u n g  v o n  r e d u n d a n t e n  S c h a l t u n g e n  s t e l l t  e i n e  v o n  
v i e l e n  M ö g l i c h k e i t e n  d a r ,  d i e  Z u v e r l ä s s i g k e i t  u n d  V e r f ü g b a r k e i t  
v o n  C h e m i e a n l a g e n  u n t e r  b e s t i m m t e n  V o r a u s s e t z u n g e n  zu e r h ö h e n  u n d  
d a m i t  P r o d u k t i o n s a u s f ä l l e n  e n t g e g e n  z u  w i r k e n .

B i s h e r  i s t  d i e  Z u v e r l ä s s i g k e i t  u n d  V e r f ü g b a r k e i t  v o n  P a r a l ­
lel  s c h a l  t u n g e n  n u r  f ü r  d i e  " h e i ß e "  ( p a r a l l e l )  u n d  " k a l t e "  ( s t a n d ­
b y )  R e d u n d a n z  n a c h  d e n  B O L L E - s c h e n  u n d  M A R K O W - s c h e n  M o d e l l e n  u n ­
t e r s u c h t  w o r d e n  [ 1 - 3 ] .

Es s i n d  in d e r  c h e m i s c h e n  T e c h n o l o g i e  j e d o c h  h ä u f i g  s o l c h e  
P a r a l l e l s c h a l t u n g e n  a n z u t r e f f e n ,  b e i d e n e n  k e i n e  R e s e r v e e l e m e n t e  
i m  k l a s s i s c h e n  S i n n e  v o r h a n d e n  s i n d .  In s o l c h e n  F ä l l e n  w e r d e n  d i e  
e i n z e l n e n  E l e m e n t e  n i c h t  s e l t e n  ü b e r d i m e n s i o n i e r t ,  d a m i t  s i e  n a c h  
B e d a r f  g r ö ß e r e r  D u r c h s ä t z e  m ä c h t i g  s i n d .  E i n e  d e r a r t i g e  Ü b e r d i m e n ­
s i o n i e r u n g  e n t s p r i c h t  e i n e r  i n t e r n e n  K a p a z i t ä t s r e s e r v e  u n d  s t e l l t  
g l e i c h f a l l s  e i n e  " h e i ß e "  R e d u n d a n z  d a r .

F ü r  d e n  F a l l ,  d a ß  e i n  o d e r  m e h r e r e  E l e m e n t e  z u r  g l e i c h e n  Z e i t  
a u s f a l l e n  ( n i c h t  i n t a k t  s i n d )  o d e r  p l a n m ä ß i g  w e g e n  I n s t a n d h a l t u n g s ­
m a ß n a h m e n  s t i l l g e l e g t  w e r d e n ,  s o l l e n  d i e  ü b r i g e n  i n t a k t e n  E l e m e n t e  
d u r c h  E r h ö h u n g  i h r e r  K a p a z i t ä t  b z w .  i h r e s  D u r c h s a t z e s  d i e  F u n k t i o n  
d e r  a u s g e f a l l e n e n  E l e m e n t e  ü b e r n e h m e n .

D i e s e r  S a c h v e r h a l t  w i r d  n a c h  B i l d  1 n ä h e r  b e s c h r i e b e n .
D i e s e  P a r a l l e l s c h a l t u n g  i s t  d u r c h  f o l g e n d e  M e r k m a l e  u n d  V o r ­

a u s s e t z u n g e n  g e k e n n z e i c h n e t :
- Es s i n d  i n s g e s a m t  n E l e m e n t e  p a r a i  1 e l g e s c h a l t e t  n >  2
- D i e  G e s a m t k a p a z i t ä t  d a r f  in e i n e m  v o r g e g e b e n e n  I n t e r v a l l  s c h w a n ­

k e n

m a x (1)
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Bild 1. Schematische Darstellung einer kapazitätsgeteilten 
Parallelschaltung mit zusätzlicher interner Kapazi- 
tätsreserve

- J e d e s  e i n z e l n e  E l e m e n t  i = 1 , 2 , 3 .... n b e s i t z t  d i e  g l e i c h e  N e n n ­
k a p a z i t ä t  ( S o l l w e r t  C Q ) v o n

C o = —  (2)°i n

- A l l e  E l e m e n t e  b e s i t z e n  d i e  g l e i c h e  i n t e r n e  K a p a z i t ä t s r e s e r v e  
( Ü b e r d i m e n s i o n i e r u n g )

- Bei g l e i c h z e i t i g e m  A u s f a l l  v o n  к E l e m e n t e n  i s t  f o l g e n d e  T e i l l a s t  
zu e r w a r t e n

C n . ,
C k = ( n ' k) “  + ” 1 ) = ( n ' k ) C o (ïï + ф) (4)

- J e d e s  E l e m e n t  ist  d u r c h  d i e  g l e i c h e  I n t a k t w a h r s c h e i n l i c h k e i t  b z w .  
Z e i t v e r f ü g b a r k e i t  g e k e n n z e i c h n e t
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0i = P. = Pr

= V „  = V „  = . . .0 1 0 2 0 3 = V 0
(6)

- E s  w i r d  v o r a u s g e s e t z t ,  d a ß  A u s f ä l l e  n i c h t  d u r c h  s y s t e m f r e m d e  
b z w .  g e m e i n s a m e  A u s f a l l u r s a c h e n  ( R o h s t o f f m a n g e l ,  E n e r g i e a u s f a l l ,  
U n w e t t e r  u s w . ) h e r v o r g e r u f e n  w e r d e n .

- A l l e  p a r a i  I el g e s c h a l t e t e n  E l e m e n t e  m ü s s e n  u n a b h ä n g i g  v o n e i n a n d e r  
f u n k t i o n i e r e n  u n d  i n s t a n d s e t z b a r  s e i n ,  d a m i t  s t a t i s t i s c h e  U n a b  
h ä n g i g k e i t  g e g e b e n  is t.

- D i e  Z u v e r l ä s s i g k e i t  d e r  U m s c h a l t v o r r i c h t u n g e n  u n d  d i e  U m s c h a l t ­
z e i t d a u e r  w e r d e n  n i c h t  b e r ü c k s i c h t i g t .

W e c h s e l b e z i e h u n g e n  z w i s c h e n  Z e i t -  u n d  D u r c h s a t z v e r f ü g b a r k e i t

D i e  s t a t i o n ä r e  Z e i t v e r f ü g b a r k e i t  e i n e s  S y s t e m s / E l e m e n t e s  i s t  
w i e  f o l g t  d e f i n i e r t :

V (T)
T o + T S + T P V I

D a r i n  s i n d :

(7)

T k u m u l a t i v e  E r w a r t u n g s w e r t e  d e r  Z e i t ;
b e z o g e n  a u f  d i e  S t i l l s t a n d s z e i t  w e g e n  u n p l a n m ä ß i ­

g e r  b z w .  S t ö r r e p a r a t u r  ( e i n g e s c h l o s s e n  s i n d  A b ­
f a h r -  b z w .  A n f a h r z e i t e n ,  W a r t e z e i t e n  s o w i e  R e - 
p a r a t u r z e i  t e n )

T p v i b e z o g e n  a u f  d i e  S t i l l s t a n d s z e i t  w e g e n  p l a n m ä ß i g  
v o r b e u g e n d e r  I n s t a n d h a l t u n g

T Q b e z o g e n  a u f  d i e  G e s a m t s u m m e  d e r  s t ö r u n g s f r e i e n  B e ­
t r i e b s z e i t e n  ( a l l e  E l e m e n t e  i n t a k t )

Т д  b e z o g e n  a u f  d i e  g e s a m t e  K a l e n d e r z e i t  (B e t r a c h t u n g s  
z e i  t r ä u m )
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D u r c h  d i e  E r w e i t e r u n g  d e r  G l e i c h u n g  (7) u n t e r  B e r ü c k s i c h t i ­
g u n g  d e r  N e n n k a p a z i t ä t  C Q u n d  d e r  E i n b e z i e h u n g  d e r  T e i l k a p a z i t ä t e n

b e i m  g l e i c h z e i t i g e n  A u s f a l l  v o n  к = 1 , 2 , 3 . . . . n E l e m e n t e n
l ä ß t  s i c h  d i e  D u r c h s a t z v e r f ü g b a r k e i t V ( D )  w i e  f o l g t  f o r m u l i e r e n

V (D)
T 0 C0 + (T, ck + T C ) n n ' (8)

D a r a u s  w i r d  d e u t l i c h ,  d a ß  d e r  in K l a m m e r n  g e s e t z t e  A u s d r u c k  
d i e  d u r c h  d i e  S t r u k t u r  d e r  S c h a l t u n g  h e r v o r g e r u f e n e  V e r f ü g b a r k e i t s ­
e r h ö h u n g  q u a n t i t a t i v  e r f a ß t  u n d  d a m i t  d e n  r e a l e n  S a c h v e r h a l t  g e ­
g e n ü b e r  d e r  Z e i t v e r f ü g b a r k e i t  o b j e k t i v e r  w i e d e r g i b t .  D i e  b e i  d e r  
B e r e c h n u n g  d e r  Z u v e r l ä s s i g k e i t  u n d  V e r f ü g b a r k e i t  v o n  S y s t e m e n  b i s ­
h e r  v e r w e n d e t e  D u a l l o g i k  - es f u n k t i o n i e r t  o d e r  es f u n k t i o n i e r t  
n i c h t  - k o n n t e  f ü r  S y s t e m e  m i t  k a p a z i t ä t s g e t e i l t e r  P a r a l l e l s c h a l ­
t u n g  u n d  i n t e r n e r  K a p a z i t ä t s r e s e r v e  k e i n e  b e f r i e d i g e n d e n  E r g e b n i s ­
se l i e f e r n .

Z u r  V e r a n s c h a u l i c h u n g  d e s  T e i l l a s t z e i t v e r h a l t e n s  e i n e r  k a p a ­
z i t ä t s g e t e i l t e n  P a r a l l e l s c h a l t u n g  m i t  i n t e r n e r  K a p a z i t ä t s r e s e r v e  
s o l l  n o c h  B i l d  2 d i e n e n .

In d i e s e m  B i l d  s i n d  d i e  L a u f z e i t e n  ( d i c k  a u s g e z o g e n e  L i n i e n )  
e n t s p r e c h e n d  d e m  A u s f a l l -  u n d  I n s t a n d s e t z u n g s v e r h a l t e n  d e r  E l e m e n ­
t e  d a r g e s t e l l t .

D a r i n  h a b e n  d i e  I n d i c e s  f o l g e n d e  B e d e u t u n g :
e r s t e r  I n d e x  = A n z a h l  d e r  z u r  g l e i c h e n  Z e i t  a u s g e f a l l e ­

n e n  E l e m e n t e ,
z w e i t e r  I n d e x  = K e n n z e i c h n u n g  d e r  W i e d e r h o l u n g  d e r  z u r  

g l e i c h e n  Z e i t  a u s g e f a l l e n e n  A n z a h l  v o n  
E l e m e n t e n ,

s o  b e d e u t e n  z . В .:
T i 3 = L a u f z e i t p e r i o d e ,  in d e r  z u m  d r i t t e n  M a l e i n  E l e m e n t  a u s -  

g e f a l l e n  i s t ,
To** = L a u f z e i t p e r i o d e ,  in d e r  z u m  v i e r t e n  M a l k e i n  E l e m e n t  a u s -  

g e f a l l e n  ist . u s w . .
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V e r f ü g b a r e  E l e m e n t e

Bild 2 Symbolische Darstellung der Laufzeiten und Stillstands­
zeiten von n parallelgeschalteten Elementen

E i n e  q u a l i t ä t s -  u n d  q u a n t i  t á ' t s g e r e c h t e  P r o d u k t i o n  i s t  n u r  
m ö g l i c h  in d e r  Z e i t

T о
t
Zs — 1 OS (9a)

In d e n  Z e i t i n t e r v a l l e n ,  in d e n e n  e i n  o d e r  m e h r e r e  E l e m e n t e  
d e r  P a r a l l e l s c h a l t u n g  g l e i c h z e i t i g  a u s f a l l e n ,  i s t  n u r  e i n e  T e i l ­
p r o d u k t i o n  n a c h  G l e i c h u n g  (4) m ö g l i c h .  D i e  d a z u g e h ö r i g e n  Z e i t e n  
e r g e b e n  s i c h  e b e n f a l l s  d u r c h  S u m m a t i o n  a n a l o g  z u r  G l e i c h u n g  (9a ).

T 1
V
Eu = l

T lu (9b)

F ü r  d i e  D u r c h s a t z v e r f ü g b a r k e i t  e r g i b t  s i c h  u n t e r  E i n b e z i e h u n g
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V ( D ) (10)

Z u m  E r r e i c h e n  d e r  g e p l a n t e n  D u r c h s a t z m e n g e  C Q D e s t e h t  d i e  
M ö g l i c h k e i t  in d e n  Z e i t a b s c h n i t t e n ,  in d e n e n  A u s f ä l l e  - e i n e s  
o d e r  m e h r e r e r  E l e m e n t e  g l e i c h z e i t i g  - a u f t r e t e n ,  d u r c h  N u t z u n g  
d e r  v o r g e s e h e n e n  i n t e r n e n  K a p a z i t ä t s r e s e r v e  d i e  e i n t r e t e n d e n  V e r ­
l u s t e  e i n z u s c h r ä n k e n  bz w.  a u s z u g l e i c h e n .

S e t z t  m a n  G l e i c h u n g  (3) v o r a u s ,  d a n n  m u ß  f o l g e n d e  B e z i e h u n g  
g e l t e n  [4]

H i e r b e i  s t e l l t  к d i e  A n z a h l  d e r  g l e i c h z e i t i g  a u s g e f a l l e n e n  E l e ­
m e n t e  d a r ,  d e r e n  K a p a z i t ä t  v o n  d e r  Ü b e r d i m e n s i o n i e r u n g  d e r  ü b r i g e n  
E l e m e n t e  " m i t  ü b e r n o m m e n "  w e r d e n  m u ß .

D a s  in G l e i c h u n g  (10 ) v e r t r e t e n e  V e r h ä l t n i s  Т к/ Т д k a n n  n a c h  
W a h r s c h e i n l i c h k e i t s g e s i c h t s p u n k t e n  b e s t i m m t  w e r d e n .

W a hr sc h e i n l i c h k e i t s t h e o r e t i s e h e  A u f t e i l u n g  d e r  G e s a m t z e i t  Т д in 
T e i l  a u s f a l  1 zei  t e n

D a s  g l e i c h z e i t i g e  V e r s a g e n  e i n e s  o d e r  m e h r e r e r  E l e m e n t e  i s t  
e i n  z u f ä l l i g e s  E r e i g n i s .

U n t e r  V o r a u s s e t z u n g  d e r  U n a b h ä n g i g k e i t  d e r  E i n z e l  el e m e n t e  
h i n s i c h t l i c h  i h r e s  A u s f a l l -  u n d  I n s t a n d h a l t u n g s v e r h a l t e n s  k a n n  d e r  
M u l t i p l i k a t i o n s s a t z  f ü r  W a h r s c h e i n l i c h k e i t e n  a n g e w e n d e t  w e r d e n .

F ü r  d i e  W a h r s c h e i n l i c h k e i t  d e s  g l e i c h z e i t i g e n  
A u s f a 1 1 s v o n  n E l e m e n t e n ,  d . h .  s o w o h l  d a s  E r e i g n i s  Ei 
( A u s f a l l  e i n e s  z w e i t e n  E l e m e n t e s )  t r i t t  e i n  u s w . ,  g i l t  s o m i t

bz w.  f ü r  d a s  k o m p l e m e n t ä r e  E r e i g n i s ,  d a ß  n i c h t  g l e i c h -  
z e i t i g n E l e m e n t e  a u s f a l l e n

0  <  (p. á  --------
K n - к ( И )

P (E, П  E2 En) = (1 - vn)n = p(") (1 2 )

P (Г;- - - Ё 7 Г Г )  = 1 - (1 - v j n = P( n) (1 3)
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E n t s p r e c h e n d  d i e s e r  A u s f a  1 1 w a h r s c h e i n i i c h k e i t e n  n a c h  G l e i ­
c h u n g  ( 1 2 )  u n d  ( 1 3 )  e r f o l g t  d i e  A u f t e i l u n g  d e r  G e s a m t z e i t  Тд r e k u r ­
s i v  :

T „ ■ T A < ‘ - V "
T n - 1  * T A - V " ' 1 И  - (1 - * „ ) " ]

T k = T A ( 1 - у .. [ 1

T 2 = T A (1 - V )2 . . 
0 ' .. [ 1

Ti = T A ( 1 - V ) 1 . . 
0 7 .. [ 1

T o cII

(1 - V ) о . . 
0 J .. [ 1

H i e r a u s  f o l g t  d a s  g e s u c h t e

- (1 - V o ) n _ 1 ][ l - (1 - V o ) n ]

(1 - V0)n_1][l - (i -  V n:

(1 - Vo)n_1]Cl - (i -  V n:

(1 - Vo)n_1][l - (i -  V n]

V e r h ä l t n i  s

( 1 4 )

T M
T1  = (1 - V ) k T T  Ci - (1 'a  0 j = k + l V J] ( 15 )

A n  H a n d  e i n e r  t a b e l l a r i s c h e n  Ü b e r s i c h t  k a n n  d e r  E i n f l u ß  d e r  
d i s k r e t e n  Z u f a l l s v a r i a b l e n  к a u f g e z e i g t  w e r d e n .  In T a b e l l e  1 ist  
d i e  W a h r s c h e i n l i c h k e i t s v e r t e i l u n g  d e r  d i s k r e t e n  Z u f a l l s g r o ß e  к 
( g l e i c h z e i t i g e  A u s f ä l l e )  d a r g e s t e l l t .

Tabelle 1 Wahrscheinlichkeitsverteilung
der Zufallsgröße к hei n = 4-
und V = 0,9 о

к P С к )
0 0,8900199
1 0,0988911
2 0,0099891
3 0,0009999
4 0,0001000

1,0000000
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W i e  d i e s e  V e r t e i l u n g  z e i g t ,  i s t  d i e  W a h r s c h e i n l i c h k e i t  d e s  
g l e i c h z e i t i g e n  A u f t r e t e n s  v o n  z w e i  o d e r  m e h r e r e n  A u s f ä l l e n  s e h r  g e ­
r i n g ,  so d a ß  bei ü b e r s c h l ä g i g e n  B e r e c h n u n g e n  d i e s e r  A n t e i l  d u r c h ­
a u s  v e r n a c h l ä s s i g b a r  ist . U n t e r  d i e s e r  V o r a u s s e t z u n g  k a n n  f ü r  d i e  
Ü b e r d i m e n s i o n i e r u n g  n a c h  G l e i c h u n g  ( 1 0 )  n ä h e r u n g s w e i s e  f o l g e n d e r  
Z u s a m m e n h a n g  g e l t e n

1
0 < ф. á -----k n - 1

(1 6)

S c h l i e ß l i c h  so ll  n o c h  e i n e  K o n t r o l l e  d e s  Gl e i c h u n g s s y s t e m s  n(14 ) m i t  T. = Г  T. d u r c h g e f ü h r t  w e r d e n .  k = o K
D i e  S u m m a t i o n  d e r  T e i l l a s t z e i t e n  n a c h  G l e i c h u n g  ( 1 4 )  l i e f e r t

n n - l Г к n ■i 1 )
2  T k = T A ' (1 - V ) n + E (1 - V Г  n ti - (1 - V )J ] (17)

k = o L 0 k = o L 0 j = к + 1 U JJ
D e m n a c h m u ß  d e r  g e s a m t e K l a m m e r a u s d r u c k  " e i n s " e r g e b e n  :

(1 - V ) n + V { ( 1  - V ) k E  [1 - (1 - V )J ]} = 1 (18)
k = o  j = k + l

D e r  B e w e i s  k a n n  w i e  f o l g t  g e f ü h r t  w e r d e n :
M i t  ж = (1 - V ) w i r d  d i e  I n d u k t i o n s v o r a u s s e t z u n g  f o r m u l i e r t  

n - l . n .
x n + E  * П (1 - x J ) = 1 (19)

k = o j = k + l
D e r  S c h l u ß  v o n  n a u f  n + 1  l i e f e r t  d i e  I n d u k t i o n s b e h a u p t u n g

x n + 1  + E  x k п ( 1 - x J ) = 1 
k = o j = k + l

n + 1

D u r c h  M u l t i p l i k a t i o n  m i t  1 - x
n + 1

n + 1

x n (1 - x n + 1 ) + E  x
k = o  j = k + l

w i r d  G l e i c h u n g  (19 ) in
n + 1к n + 1 ik n ( 1 - x J ) 1 - x

(20)

(2 1 )

ü b e r f ü h r t  u n d  d u r c h  Z u s a m m e n f a s s u n g  e r g i b t  s i c h  
n . n + 1  ■ „, 1
Z  x k п (1 - x J ) = 1 - x n + 1  (22)

k = o j = k + l
w o r a u s  n a c h  U m s t e l l u n g  G l e i c h u n g  (20 ) e n t s t e h t .
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A n a l y t i s c h e  B e z i e h u n g  d e r  D u r c h s a t z v e r f  Ligbar kei t v o n  k a p a z i t ä t s ­
g e t e i l t e n  P a r a l l e l s c h a l t u n g e n  m i t  i n t e r n e r  K a p a z i t ä t s r e s e r v e

M i t  d e r  E i n f ü h r u n g  d e r  G l e i c h u n g  ( 1 5 )  f o l g t  s c h l i e ß l i c h  f ü r  
d i e  D u r c h s a t z v e r f ü g b a r k e i t  n a c h  G l e i c h u n g  ( 1 0 )

V(D) = (1 + Ф.) ( 1 - V )k Ï [1 - (1 - V l j]l (23)k = o [ n K 0 j = k + l  0 J
M i t  d e m  in G l e i c h u . n g  (2 3)  e n t w i c k e l t e n  M o d e l l  i s t  e i n e  M ö g ­

l i c h k e i t  z u r  B e r e c h n u n g  d e r  D u r c h s a t z v e r f ü g b a r k e i t  f ü r  s o l c h e  F ä l ­
l e  d a r g e s t e l l t ,  in d e n e n  d i e  V e r b e s s e r u n g  d e r  V e r f ü g b a r k e i t  d u r c h  
T e i l u n g  d e r  K a p a z i t ä t  u n d  E i n f ü h r u n g  e i n e r  t e c h n i s c h  r e a l i s i e r b a ­
r e n  Ü b e r d i m e n s i o n i e r u n g  ( F l e x i b i l i t ä t )  e r r e i c h t  w e r d e n  k a n n .

S e t z t  m a n  v o r a u s ,  d a ß  d i e  Ü b e r d i m e n s i o n i e r u n g  n u r  im F a l l e  
d e s  V e r s a g e n s  e i n e s  o d e r  m e h r e r e r  E l e m e n t e  g e n u t z t  w i r d ,  d a n n  l ä ß t  
s i c h  G l e i c h u n g  ( 2 3 )  w i e  f o l g t  s p e z i f i z i e r e n :

V ( D )  = Т Г П  - (1 - V )’] + "e Í—  (1 + Фк) X i = l 0 k = H  n K

X (1 - V ) k п [1 - (1 - V )J]1 (24)
0 J - k + 1  0 J

Vo

Bild 3 Einfluß der Parameter (n, auf die Durchsatz- bzw.
Kapazitätsverfügbarkeit
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Im B i l d  3 i s t  d i e  n u m e r i s c h e  A u s w e r t u n g  d e r  G l e i c h u n g  (24) 
f ü r  e i n i g e  s p e z i e l l e  F ä l l e  g r a f i s c h  d a r g e s t e l l t .

D i e  A n w e n d u n g  d e r  G l e i c h u n g  (24 ) e r f o l g t  im R a h m e n  e i n e r  k a i ­
kul a ti v e n  z u v e r l ä s s i g k e i t s ö k o n o m i s c h e n  B e w e r t u n g  u n d  O p t i m i e r u n g  
v o n  c h e m i s c h - t e c h n o l o g i s c h e n  S c h a l t u n g e n  [5, 6 ].

S Y M B O L E

C K a p a z i t ä t ,  z e i t b e z o g e n
C Q N e n n k a p a z i t ä t
E E r e i g n i s  ( A u s f a l l  e i n e s  E l e m e n t s )
к A n z a h l  d e r  g l e i c h z e i t i g  a u s g e f a l l e n e n  E l e m e n t e
n A n z a h l  d e r  E l e m e n t e  d e r  k a p a z i t ä t s g e t e i l t e n  P a r a l l e l s c h a l t u n g
P W a h r s c h e i n l i c h k e i t
p Q I n t a k t w a h r s c h e i n l i c h k e i t  d e s  E i n z e l e l e m e n t s  
T k u m u l a t i v e r  E r w a r t u n g s w e r t  d e r  Z e i t
V Q Z e i t v e r f ü g b a r k e i t  d e s  E i n z e l e l e m e n t s
V ( D )  D u r c h s a t z v e r f ü g b a r k e i t
<p i n t e r n e  K a p a z i t ä t s r e s e r v e  ( Ü b e r d i m e n s i o n i e r u n g )
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PE3ÜME

Дуальная логина, применяемая до сих пор при расчете надеж­
ности и применяемости системы, - действует или не действует,' - в 
случае параллельного соединения с деленной емностью и внутренним 
запасом емности не дает удовлетворительных результатов. С учетом 
доли нагрузки системы с выходным воздействием, воэнинали более 
объективные методы для определения условий применяемости. В данной 
статье составили уравнение для вычисления пропускной способности 
параллельного соединения с деленной емкостью, внутренним запасом 
емкости и статистической независимостью.
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Investigations were carried out in the production 
of furán from furfural over chromite catalysts. The 
temperature, furfural/vater molar ratio, and space ve­
locity were the experimental parameters. From the in­
vestigated catalysts,the promoted version of the zinc- 
-iron-chromite catalyst appeared to be the most advan­
tageous and a furán yield of more than 90 % was ob­
tained with it. However, an endurance test showed that 
the metal oxide catalysts lose their activities and 
hence they are unsuitable for industrial use.

In recent, years the importance of furán and its derivatives 
have considerably increased. They play an important role in the 
manufacture of many intermediates (polyamides, synthetic rubbers, 
drugs and many other organic compounds).

Reactions take place either in the side chains or in the 
heterocyclic ring, and many heterocyclic compounds can be produced: 
furán, tetrahydrofuran, methylfuran, furfural alcohol, thiophene, 
and pyrrol, etc.

The production of furán from furfural could be of growing im­
portance, since large quantities of the raw material are available.
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In this paper, decarbonylation over metal-oxide catalysts in 
the presence of steam is discussed. The results of experiments on 
the reductive decarbonylation in the presence of hydrogen over 
noble metal catalysts will be dealt with in following papers.

Furan Production Methods

In former papers [1, 2] processes - carried out under labo­
ratory circumstances that resulted in small amounts of furán - 
were discussed. The decarbonylation of pyromucic acid [3], the re­
action of acetylene with steam [4] and the production of furán 
from furfural over a nickel catalyst can be mentioned. WILSON [5] 
succeeded in converting the furfural to furán in vapour phase over 
a nickel catalyst in the presence of hydrogen (the conversion was 
about 50-60 %), in addition to the formation of carbon monoxide.

A number of patents and papers [5, 6, 7, 8, 9, 10, 11] have 
appeared since 1940 that give accounts of the decarbonylation of 
furfural in the presence of steam over the oxides of iron, zinc, 
manganese, chrome and their mixtures. The reaction was considered 
to be an oxidative decarbonylation:

HC - CH HC - CH
II II II + о о

HC C - CHO + HaO --*- HC CHV
The optimum temperature of the reaction is between 300 and 

500 °C depending upon the composition of the catalyst, while the 
yields are considerably affected - in addition to the tempera­
ture - by the furfural/water molar ratio.

Among the works on the mechanism of the oxidative decarbony­
lation that of VÁNDOR is of importance [12]. According to it the 
reaction is a second-order one and the reaction takes place in the 
following three steps, like a Canizarro reaction:

HC - CH HC - CH
Il II «  Il IIHC C - COOH HC C - CH20HV  V

HC - CH
HC C - CHO + H20V
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НС - CH НС - CHIl II —  Il IIНС C - COOH HC CH + COV  V
HC - CH HC - CH

II — II II +  H 2HC C - CH20H HC C - CHO

Soviet researchers dealt with the efficiency of chromite type 
catalysts pelletized without any supporter [13, 14, 15]. They stu­
died the influence of the reactive agent (steam, hydrogen,and nit­
rogen), the temperature, the furfural/water molar ratio, and the 
efficacy of the promotion of metal oxide catalysts. The effects of 
chrome - manganese - zinc on alumina were studied by KARMILCHIK 
[16, 17]. At 450°C he observed a furán yield of more than 90 %. 
The furfural formed a complex with the catalyst, which yielded a 
metal-carbonyl-complex and furán. The metal-carbonyl-complex re­
sults in formic acid, which decomposes to carbon dioxide and hyd­
rogen.

Hungarian researchers have also dealt with the vapour phase 
decarbonylation of furfural [18, 19]. Tungsten pentoxide on alumi­
na, lead oxide, lead melt and mercuric oxide were used as cata­
lysts .

HC - CHIl II ^ 0  + HgO
HC C - C ^V  ^

300-400°C Hn “ nH
HC C - C J + HgV  0H

HC - CH
Il 1HC c -V

t > 280°C H{? - CHГ* CO;
'OH

HC CHV
From the reported processes, only the oxidative decarbonylation 
has so far gained industrial application.
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Experimental

The decarbonylation of furfural was investigated to find a 
metal oxide catalyst that satisfies all the demands of industrial 
utilization.

The Experimental Apparatus

The decarbonylation experiments were carried out in a small 
(20 cc) tubular "integral" reactor. It had a cylindric form, on 
its external brim there were two borings for the preheating of the 
furfural and water. These were connected by a horizontal boring to 
the reactor tube made of stainless steel, placed in the axis of 
the cylinder, that had ah internal diameter of 10 mm. The reactor 
was electrically heated, and the temperature was controlled by a 
Pt-PtRh thermocouple. Furfural and water were fed into the reactor 
by a micropump. The product was led to a water-cooled condenser, 
where the excess of water and the unconverted furfural were con­
densed. The condensed products were separated in an funnel and the 
phases were analyzed by a chromatograph. The uncondensed product 
(furán) was absorbed in toluene.

A tube packed with active carbon was used to seize the furán 
traces.

Samples taken from both the condensed and the gaseous pro­
ducts were analyzed. The condensed products were analyzed with a 
Becker-Delft (Type 2040 C-2) chromatograph, equipped with a flame- 
-ionization detector using a 4 m  column (I.D. 4 mm) of 10 % Apie- 
son L on Chromosorb W. The rate of the carrier gas stream was 3 
litres an hour, and the temperature was maintained at 100 °C.

Several chromite type catalysts were made and evaluated: zinc- 
-chromite without promotion and promoted with К2С0з,zinc-manganese- 
-chromite and zinc-iron-chromite, where the zinc/manganese and 
zinc/iron molar ratios were varied.

These metal oxides are difficult to granulate, therefore mag­
nesium stearate binder was applied for the granulation. Its effects 
were also examined.
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The catalysts were made as follows: the measured substances 
( Z nC 12 , FeSO<* • 7 H2O, (NH4 )2Cr2 0 7; ZnS0i,-7 H20, MnS0„-4 H 2 0, 
(NHi*) 2СГ2О7 ) were dissolved in water. From the aqueous solution a 
precipitate was formed by reacting with ammonium hydroxide. It was 
washed and dried at 110 °C. The’ dried precipitate was soaked in a 
1 w.% potassium carbonate solution for the sake of promotion. 
After that the suspension was dried and incandesced at 400 °C for 
4 hours. The powder like product obtained was pressed into tablets 
of 3 mm.

With X-ray diffraction it was found that there was only a 
small amount of crystalline substance in the catalysts, the bulk 
of the catalysts was amorphous. In the case of the two catalyst 
types spinel structure was observed. In the spinel structure the 
iron was in magnetite Fe3 0 <, form, while the manganese was in МП 3 О».

DISCUSSION

For the first experiments, catalysts were produced free of 
iron and manganese respectively, both without promotion and promo­
ted with K2CO3 . In the following tables the average values of the 
results of parallel experiments are given. The temperature was va­
ried between 330 and 400 °C, the furfural/water molar ratio was 
1:10, while the space velocity was maintained at the same value 
(1500 h~1). The furfural conversion and the furán yield are shown 
in Table 1. Better results were obtained with the promoted cata­
lyst, although the furán yields did not attain 30 %. On the basis 
of the results, it can be concluded that none of the different ca­
talysts is suitable for the oxidative decarbonylation of the fur­
fural.

Further experiments were carried out with zinc-chromite type 
catalysts, where manganese oxide and iron oxide were incorporated 
in the structure of the catalysts.

The zinc/iron and manganese/iron molar ratios were 90:10. It 
was studied whether the addition of manganese oxide and iron oxide
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improves the efficiency of the zinc-chromite catalyst and the 
furán yield.

Table 1. Decarbonylation of furfural over zinc-chromite catalysts

Type of the 
catalyst

Tempera­
ture
[°C]

Furfural
water

molar ratio
Space 

veloc ity 
[ h~1]

Conver- 
s ion
Ш

Furan
yield
m

330 1 :10 1580 23.0 1.8
Zinc-chromite 350 1 :10 16OO 23.9 2.8
without promotion 375 1 :10 1500 51.7 12.6

Uoo 1:10 I5IO 60.0 I7.I
330 1:10 15^0 1*3 .6 8.9

Promoted 350 1:10 1500 I9.8 17.2
z inc-c hromit e 375 1:10 ll80 53.9 2 k . 9

l*00 1:10 1600 63.О 25.3

Table 2 shows the results of the experiments carried out over 
zinc-manganese-chromite and zinc-iron-chromite in the temperature 
range of 300-400°C at three different (1:6, 1:10, 1:15) furfural/ 
/water molar ratios.

Further conclusions can also be drawn from the results:
- the temperature has the bigger role in the furfural conversion 

to furán;
- 350°C, 1:10 furfural :water molar ratio and 1000-1200 h - 1 space

velocity were considered to be the optimum parameters.
The favourable effect of the promotion on the conversion and 

yield data is verified unambiguosly.
The incorporation of manganese oxide and iron oxide in the 

structure of the catalyst considerably improved the decarbonylating 
property of the catalyst.
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The effect of manganese oxide and iron oxide was also inves­
tigated. The results obtained with different manganese oxide and 
iron oxide contents (90:10, 80:20, 70:30) at constant furfural/wa­
ter molar ratio (1:10) in the 300-400 °C temperature range and the 
1200-1500 h~ 1 space velocity range are given in Table 3.

Table 3. Decarbonylation of Furfural in the function of the 
manganese oxide and iron oxide content respectively

Temper- Furfural Spac e Conver- Furan
Type of the catalyst atur e water veloc ity sion yield

[°C] molar
ratio Ch-1] m l%1

without 300 1:10 1190 28. 5 13.8
magnes ium 350 1 :10 1535 57.2 30.2<D

P st earat e 375 1:10 1396 81*.0 61.7
Во O

•H
ОгН Uoo 1:10 11+1*2 97.0 75.1+ß p •• 11+00 8.1*cd о with 300 1:10 5.0О b о\I<D ß magnesium 350 1:10 151*5 53.2 22.1*W<11

ß P

cd 
1—1 
O

stearate 375 1:10 1515 78.6 1*8.5
cd w bD >> а i*00 1:10 ll*8o 97.0 65.O
ß гЧ Q)

ll*6o 52.8cd cd Ю without 300 1:10 31.6B -P a/1 cd 
о  о

ßcd о
C\J magnesium 350 1 :10 ll*20 81.З 1*1*. 0

ß
•HCS3

bû
ß
cd

о
СО

st earat e 375 1 : 10 1580 82.1* 57.5
Td

а 1*00 1 : 10 1386 100.0 O
N 4=
-

O
CD о
-P
O

ß 300 1:10 1390 85.0 60.6
a
о

SI о00 with 350 1:10 3.1*15 73.5 1*0. l*
ß magnesium
Рн о

t— stearate 375 1 : 10 11* 90 65.2 1*0 .1*
1,00 1:10 13l*5 87 . 0 50.3

1
о

• н without 300 1:10 1195 52.0 27.0
ß -P р о
O  w 
P >>

cd
и

н magnesium 350 1 : 10 1U65 81*.0 62.5
• H  1—1 
1 aJ 

O  -P
и
cd

о
ON st earat e 375 1 : 10 ll*6o 99.0 7L.5

ß  cd 
• н  о

гН
О 1*00 1:10 1I+80 100.0 8 1 . 0

SJ а 1U80<D without 300 1 : 10 38.0 11.0
Td P ß
(U *Hp а о

и
о
см magnesium 350 1 : 10 ll*00 75.1* 55.5

O  O

я  Ь
O  r ß

•н

о
о
00

stearate 375 1 : 10 11*00 93.5 75-6
*4 O 

PL. \
ß

•н__ 1*00 1:10 11*38 100.0 91 . 0
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The effect of catalysts granulated xvith magnesium stearate 
was also examined. From the data shown in Table 3 it is clear that 
although the magnesium stearate makes the granulation of the cata­
lyst easier, its effect is disadvantageous on the conversion and 
yield data.The incorporation of the manganese oxide and iron oxide 
in the structure of the catalyst helps to decrease the temperature 
of the decarbonylation. By increasing the manganese content 2 or 3 
times, the same conversion and yield data can be reached at lower 
temperatures. In addition, it is the temperature that is the worst 
point in the oxidative decarbonylation of furfural over chromite 
type catalysts.

While in the case of manganese oxide the optimum temperature 
is 300-350°C, in the case of iron oxide it is 375-400°C. In a com­
parison of manganese and iron oxides, the latter is more efficient, 
although the required temperature is higher, it gives a furán 
yield of 80-90 %.

An additional aim was to establish the activity and active 
period of the zinc-iron-chromite catalyst, and its effeciency 
after regeneration. A catalyst with a 90:10=zinc: iron molar ratio 
was used for the endurance test. A solution of furfural and water, 
with a molar ratio of 1:10 was fed in the reactor packed with the 
catalyst. The space velocity was about 1500 h-1, the temperature 
of the reactor was 375°C.

The quantity of the formed furán was continually measured. 
The obtained data are shown in Figure 1. The activity of the cata­
lyst decreased after a few hours, thus after 4 hours the furán 
yield was about 50 %; after lO hours it was about 10 %.

The deposit on the catalyst was blazed off in an air stream. 
The catalyst was activated in hydrogen stream, and the furfural 
and water feed was started again. The catalyst almost entirely re­
covered its original activity, but after repeated regenerations it 
was lost.

On the basis of the result of the endurance test it can be 
concluded that the metal oxide catalysts that were investigated 
are unsuitable for the industrial application of oxidative decar-
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Fig. X. The change of the activity of the zinc-iron-chromite 
catalyst in the function of the time. 1 - the original 
promoted catalyst; 2 - after the first regeneration; 
3 - after the second regeneration; 4 - after the third 
regeneration

bonylation, because of their short active period and the need for 
frequent regenerations.
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РЕЗЮМЕ

С целью получения фурана из фурфурола были проведены опыты 
на разработанном нами катализаторе хромитового типа. Параметрами 
опытов были температура, молярное отношение фурфурола и воды и 
объемная скорость. Из испытанных наталиэаторов оказалась самой вы­
годной промотированная модификация цинно-железного хромита, с при­
менением которой достигаласо выход фурана, превышающий 90%. Но ис­
пытания на усталость показали, что натализаторы типа онисла метал­
ла быстро теряет свою активность и таким образом, применение их в 
промышленных целях не рекомендуется.
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A catalyst with different metal contents was 
investigated in the heterogeneous decarbonylation of 
furfural. It was found that for furán production, ca­
talysts containing palladium are most suitable. Endur­
ance test were carried out with catalysts containing
1.6 and 2.5 % metal palladium. Both catalysts are 
suitable for industrial ut ilization,but more reliable 
operation can be guaranteed with a catalyst contain­
ing 2.5 % Pd.

4

In the previous paper [1] the furán production from furfural 
over metal oxide in the presence of steam was dealt with. The re­
ductive decarbonylation of furfural is also of industrial impor­
tance. It is carried out over noble metal catalysts in the presence 
of hydrogen and the furán yields are good.

In this paper the reductive furfural decarbonylating experi­
ments and the selection of an appropriate catalyst are reviewed.
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The Catalytic Effect of Metals on the Decarbonylation of Furfural

Several attempts [2, 3, 4] were made regarding the decar­
bonylation of furfural over metal catalysts, but only small furán 
yields were obtained. The yields were affected by the reduction of 
the side chain and by the breaking of the furán ring. The active 
life of the applied catalysts was short.

Table 1. Catalytic effects of different metals and alloys

Furfural Furan Methylfuran
Catalyst c onver s ion yield yield

m m
Metal nickel cloth 66 53 8
Nickel on holystone T 5 1*2 16
Nickel chromite 30 33 10
Raney-alloy (Ni, Al) 77 33 8.5
Monel-metal (Ni, Cu) 69 65 2 .
Ferry-metal (Ni, Cu) 66 63 6
Copper-nickel alloy 
(80:20) Uo 1*8 2
Cobalt on holystone 1*2 21 18
Iron on holystone 21 0 18

The effect of some metals and alloys on the decarbonylation 
of furfural are summarized in Table 1 [4]. Methyl-furan formation 
was observed especially in the case of catalysts containing nickel, 
cobalt or iron. The metal copper is inactive, the copper-chromite 
results in methyl-furan. Nickel applied as a metal cloth appeared 
to be the most effective catalyst. The optimum temperature for the 
metal catalysts is 250-350°C. The yields are affected by the pres­
sure and by the furfural/hydrogen molar ratio, in addition to the 
temperature.
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Noble Metal Catalysts

ESCHXNAZI was the first to use metal palladium for the de- 
carbonylation of furfural. The experiments were carried out in 
liquid phase, the palladium was on a sodium carbonate supporter 
treated with barium sulphate [5].

American patents have reported results with metal palladium 
on alumina since 1953 [6, 7, 8]. The optimum temperature range is 
250-400°C. Yields are affected by the ratio of the liquid feed 
rate and the amount of the catalyst (cc furfural/cc catalyst*hour) 
in addition to the temperature. In the case of large liquid-loads 
the unconverted furfural disactivates the catalyst. The hydrogen 
considerably influences the yields despite the findings of KAR- 
MIL'CHIK [9].

From the noble metals, palladium has the lowest density and 
melting point, but has the highest magnetic susceptibility. Be­
cause of its favourable physical properties and high selectivity 
its application as a catalyst is increasingly important in several 
reactions: in dehydrogenation, dehydro-halogenation, aromatization, 
disproportionation, and decarbonylation, etc. It is resistant 
against chemical reagents, it can be regenerated many times, and 
the metal content can easily be obtained from the exhausted cata­
lyst .

A palladium-hydrogen system is formed in the presence of 
hydrogen. In this the electric resistance increases and the magne­
tic susceptibility decreases. According to many researchers the 
hydrogen behaves as a composition metal in the lattice structure 
of the palladium [10]. The palladium content of the applied cata­
lysts is lower than 10 w.%. Salts of alkali and earth-alkali me­
tals can be used as supporters, although the strong alkali metals 
step into reaction with the furfural, and increase its tendency 
for resin formation. Silica gel and alumina are preferred as sup­
porters which are washed with an alkaline solution before treat­
ment.

The decarbonylation in the presence of hydrogen was also in­
vestigated by WILSON [11] and LUKES [12]. According to WILSON the
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hydrogen molecule decomposes to active atoms on the surface of the 
catalyst, which reacting with the furfural results in furyl radi­
cal. However, this uniting with another hydrogen atom gives furán.

CH -  CH CH -  CH
Il II II II
CH c  - CHO + H -----<- CH C . + CO +

\ 0 /

CH - CH CH - CH
II II + H --- Il IICH c . CH CH
4 o7 N /

According to LUKES, the aldehyde absorbs on the surface of 
the catalyst at a higher temperature. At first furfuroyle radical 
is formed from the furfural, that yields furyl radical by the 
splitting off of carbon monoxide. The reaction of the furyl radi-

with hydrogen results in furán.

1. CH - CH CH - CH
--*■ l| l|CH C - CHO

V
CH C - CO . + H

2. CH - CH CH - CH
— - 00+

CH C - CO .
V

CH c . 
\ /

3. çh ■ SH CH - CH
II + H --- 1 IICH c 

\ /
CH CH
N /

Japanese researchers C13, 14, 15] also dealt with the decar- 
bony lation of aldehydes. Their experiments were carried out in a 
liquid phase, and olefin and saturated hydrocarbons were formed at 
higher temperatures than 180°C over palladium catalyst.

PdR-CH2-CH2-CHO 25555- R-CH = CH2 + R-CH2-CH3 + CO + H2
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It was suggested that the aldehyde and metal palladium form 
an acyl-palladium complex from which the alkyl-palladium complex 
derives with carbon monoxide emerging. Metal palladium, hydrogen 
and the corresponding ligandum derive from the palladium hydride.

Experimental

The experiments were carried out in the experimental appara­
tus described in the previous paper [1]. Furfural and hydrogen 
were separately fed into the reactor and arrived at the reactor 
preheated and well mixed.

The analysis was carried out as described earlier [1]. During 
the endurance test of the catalyst, the gases leaving the reactor 
were led directly to the gas chromatograph and the composition of 
the gas was determined injecting in instantaneous samples in every 
hour.

Several noble metal catalysts on an alumina supporter were 
studied to see which can justify an industrial application. Before 
the experiments the catalysts were pretreated and were activated 
at least for 24 hours in a hydrogen stream at 300°C.

Discussion

The decarbonylating experiments - taking into consideration 
the specific properties of the catalysts - were carried out in 
the 240-400°C temperature range. The furfural/hydrogen molar ratio 
was about 1:1 and the liquid-load was about 0.5 cc furfural/cc ca­
talyst-hour. Small amounts of methyl-furan and tetrahydrofuran

R-CHa-CHO + Pd + n L — e R-CHa-CO-Pd

--*- Pd + Ln + H2
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were formed beside the furán. The gas consisted of a small amount 
of carbon dioxide and course hydrogen and carbon monoxide.

The evaluation of the experiments was carried out on the 
basis of furfural conversion and furán yield. The experimental re­
sults are summarized in Table 2.

It was found that the Leuna catalysts containing nickel are 
less suitable for the furán production from furfural. In the case 
of a Leuna 6524 type catalyst the conversion was over 90 %, but 
the reaction did not go into the direction of furán formation. 
Other kinds of nickel catalysts are unsuitable for the decarbony- 
lation of furfural, because of the low furán yield.

A conversion of about 18 % was obtained with a palladium ca­
talyst on a alumina supporter at 280°C and 320°C. A comparison 
with metal nickel showed that the relative difference (side reac­
tions) between the conversion and yield values is smaller in the 
case of a palladium catalyst containing 0.65 % Pd, than in the 
case mentioned before. The 280-320°C temperature range was found 
to be the optimum.

Other palladium catalysts of higher palladium content (1.6,
2.5 and 5.0 %) were also studied. The conversion was 45.6 and the 
furán yield 44.6 % in the case of a palladium catalyst containing
1.6 % Pd, and a conversion of nearly 100 % and a furán yield of 
99 % were observed in the case of palladium catalysts containing 
2.5 % and 5 % Pd respectively.

Other types of metal catalysts were also investigated: cata­
lysts containing 5 % ruthenium or 5 % rhodium on active alumina. 
These catalysts yield low conversion and yield data.

These investigations showed that the palladium catalysts of 
higher palladium content (1.6, 2.5 and 5.0 %) are suitable for
furán production from furfural.

Hence these catalysts were studied from the point of view of 
industrial application.
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Catalysts containing 1.6 % and 2.5 % Pd were chosen and en­
durance tests were carried out with them. The reactor worked in 
continuous operation, samples were taken and analyzed hourly, and 
material balances were also calculated. The experimental results 
(furfural conversion, furán, methylfuran, and tetrahydrofuran 
yields) are illustrated in Figures 1 and 2. When a large decrease 
of the catalyst activity (conversion and yields respectively) was 
noticed, the experiments were stopped and the catalysts were rege­
nerated in a nitrogen stream containing 5 vol.% oxygen.The deposit 
that settled on the surface of the catalyst was burnt off, and the 
catalyst was activated in a hydrogen stream for 24 hours. After 
this the hydrogen and furfural feed was started and continued 
until an important decrease of the catalyst activity was observed 
again.

The results of the endurance test are summarized in Table 3.
The loadability of the catalyst was calculated as g furfural/ 

/g Pd, the productivity as g furan/g Pd. It was found that both 
catalysts are excellent in loadability and productivity under the 
given conditions. The catalysts were used for more than 100 hours 
without regeneration and for more than 200 hours with several re­
generations .

There are relatively major differences in loadibilities and 
productivities for the two palladium catalysts. The palladium ca­
talyst containing 1.6 % Pd seemed to be of higher loadability and 
productivity, especially in the first period. However, it needs 
daily regenerations because of the rapid decrease of the conver­
sion and yield after the first regeneration.

In the case of the palladium catalyst containing 2.5 w.% Pd 
the results seemed to be worse because of the palladium reference, 
although its use is more advantageous since it has a longer active 
period after regeneration.

The decrease of activity is a consequence of the decrease in 
the number of active sites.

The results obtained are better than those so far published.
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PE3IŰME

В целях гетерогенного каталитического денарбонилировани( 
фурфурола были изучены различные катализаторы, содержащие благо­
родный металл. Было установлено, что для производства фурана - npt 
условиях опытов - оказались самыми выгодными катализаторы, содер­
жащие палладий. Также проведены испытания на усталость с катализа­
торами, содержащими 1,6 и 2,5% металличесеого палладия. В резуль­
тате этих испытаний было установлено, что оба катализатора явля­
ются применимыми в промышленных целях, но с применением катализа­
тора, содержащего 2,5% палладия, можно обеспечить более надежны! 
режим работы.
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The polarization of various aluminium alloys 
(containing zinc, magnesium, iron and copper) were 
studied with reference to their use as sacrificial 
anodes in cathodic protection. An aluminium alloy 
containing 5 per cent zinc and one containing 2.5 per 
cent zinc and 3.5 per cent magnesium were found to be 
suitable materials for the use as galvanic anodes 
under appropriate conditions.

Cathodic protection - without an external power source - of 
underground structures is generally performed by sacrificial 
anodes made of magnesium or magnesium alloys. However, the current 
efficiency of these anodes is about 50 per cent of the theoretical 
one calculated according to Faraday's law, because of the high 
rate of corrosion of magnesium and its alloys [1]. There is an 
abundance of literature on the types of magnesium alloys that are 
suitable for use as galvanic anodes and on their utilization (cf. 
e.g. [1, 2]).

The substitution of magnesium alloys by other metals and/or 
alloys in cathodic protection has also been investigated. Litera­
ture data are at variance concerning the use of aluminium and 
aluminium alloys as sacrificial anodes. In fact, it has been 
pointed out that a passive film is formed on the surface of
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aluminium and aluminium alloys in the pH range from pH = 4 to 9 
which hinders the anodic dissolution of the metal and thus the 
current density generated by the anode is insufficient for effi­
cient cathodic protection [3].

Some decades ago an aluminium alloy containing 5 per cent 
zinc was proposed as a material for galvanic anodes, because it 
was found to be the best choice among many aluminium alloys 
investigated [4]. This alloy ensured efficient cathodic protec­
tion when immersed in a backfill of suitable composition, con­
taining salts such as calcium chloride, sodium chloride, calomel 
or magnesium oxychloride cement [4]. Other authors did not find 
convincing proof of the advantages of aluminium sacrificial anodes 
in their experiments carried out in sea-water with various alu­
minium based alloys and zinc [5].

Aluminium alloys containing mercury were recently found to 
yield good results when used as sacrificial anodes in sea-water 
[5]. The effect of some constituents (such as tin, cadmium, indium 
and zinc) on the aluminium-mercury alloys was also investigated 
and an aluminium alloy containing 0.1 per cent zinc, 0.2 per cent 
lead and 0.05 per cent mercury was found to exhibit the most 
uniform corrosion and the least tendency to pitting corrosion [6].

Since literature data are scanty and rather contradictory 
concerning the behaviour of aluminium alloys in the cathodic pro­
tection of underground structures, it was deemed worth while to 
further investigate the possibility of the use of aluminium alloys 
as galvanic anodes.

Efficient sacrifical anodes can be made of aluminium alloy 
having a corrosion potential which is sufficiently negative 
compared to that of the iron alloy to be protected. Thus the anode 
will generate an adequate amount of current for the underground 
structure to reach its protective potential at a suitable value 
of ground resistance.

Aluminium alloys are rather corrosion resistant on account 
of an uniform thin, oxide layer formed on their surface and thus
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they are generally ill-suited for use as sacrificial anodes 
Accordingly some alloys which are more easily corroded had to be 
choosen for polarization studies in various media in order to 
select for further investigation the alloy suitable for the use as 
a galvanic anode in cathodic protection.

It is well known that the presence of some alloying metals 
considerably hinders the corrosion resistance of aluminium alloys. 
In addition to the quality of the alloying components, the metal­
lurgical structure of the alloys also affects the corrosion 
resistance of the latter [73. Among the commonly used alloying 
metals of aluminium copper promotes the corrosion of aluminium 
alloys to the greatest extent. This effect is manifested even at
0.005 per cent concentration of copper. The rate of penetration in 
pitting corrosion decreases when the copper content is below 0.5 
per cent although the number of pits is increased [73. Similarly 
to copper, but to a lesser extent, zinc also decreases the corro­
sion resistance of the alloy especially in acidic media. The 
occurrence of pitting corrosion is increased by the iron content 
of the alloy. The corrosion of aluminium alloys is also promoted 
by the following rarely used alloying metals: boron, calcium, 
molybdenum, mercury, nickel, phosphorous, sulphur and tungsten

It is interesting to note that graphite in contact with an 
aluminium surface also accelerates the corrosion of the metal in 
the presence of humidity.

EXPERIMENTAL PART

Taking into account the above data, preliminary experiments 
were performed on the commercially available copper, zinc, iron 
and magnesium containing alloys listed in Table 1. The anodic 
polarization of these alloys was investigated by a potentiostatic 
method.

Previous experiments [83 proved that the pretreatment of the 
alloy had an important influence on the corrosion of the metal.
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Thus the casting used for the preparation of the electrodes was 
subjected to the following heat treatment [8]. First the casting 
was heated at 350 °C for two hours in a nitrogen atmosphere, then 
it was slowly cooled (for 4 to 5 hours) to room-temperature in a 
nitrogen atmosphere. The electrodes were etched at 90°C in ethylene 
glycol containing 1 per cent nitric acid.

T a b l e  1. C o m p o s i t i o n  o f  t h e  a l u m i n i u m  a l l o y s  u s e d  i n  t h e  p r e s e n t  
i n v e s t  i g a t i o n

S i g n . N u m b e r
M n M g C u Z n F e T i

T y p e
p e r c e n t

I . 9ln A l M g C u  0.1+ 0.6 1 . 3 -
II . 9k2 A l M g Z n 2 . 5 3 . 5 0 . 1 5
:n. 9l  3 A l M g Z n C u  0.1+ 2.2 1 . 5 6.0
IV. 9 1+1 A 1 F  e 2 - - ' 2 . 0 -
V. A l Z n - - 5 . 0 - -

Before the experiments, the surface of the electrode (0.1 to 
0.2 sq.cm) was abraded with an F 20 emery paper wetted with ethyl­
ene glycol containing 1 per cent nitric acid. Then the electrode 
was rinsed in distilled water to remove all traces of the abrasive 
material.

The anodic polarization curves of the electrodes were record­
ed by a linearly programmed potentiostat, whose potential and 
current outputs respectively were connected to an X-Y recorder 
The potentials referred to a 1 N standard calomel electrode.

RESULTS

The results of the experiments in 0.01 M calcium chloride are 
represented in Figure l.It is apparent on Figure 1 that the alloys 
containing copper and iron respectively (curves I, III, IV) are
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unsuitable for the use as sacrificial anodes because their respec­
tive corrosion potentials are not sufficiently negative compared 
to that of iron alloys and thus these aluminium alloys cannot be 
expected to polarise the latter to an extent required in cathodic 
protection. However, the corrosion potentials of Al-Mg-Zn and 
Al-Zn alloys are -1.0 V approximately (with reference to a 1 N 
standard calomel electrode) and the anodic polarization curves of 
these alloys (Figure 1 curves V and II respectively) are nearly

1 - Al-Mg-Cu
2 - Al-Mg-Zn
3 - Al-Mg-Zn-Cu 
1* - Al-Fe
5 - Al-Zn

Figure 1. Anodic polarization curves of various aluminium alloys

identical. Thus it was deemed worth while to study in detail the 
polarization of these alloys in various media. These studies pro­
vided useful information regarding the soil parameters (resistance, 
and pH, etc.) and the appropriate backfill composition by which 
the use of Al-Zn or Al-Mg-Zn alloys as sacrificial anodes would be 
advantageous. The solutions selected for the polarization studies 
contained the cations (e.g. sodium, magnesium) and anions (e.g. 
sulphate, chloride) which are most frequently present in soil and 
soil water.

The effect of oxygen dissolved in soil water was also studied 
and the interaction of various parameters was taken into consider­
ation.



6o8 T. Garai, D. Rónay and J. Dévay Vol. 3.

Chloride ions caused the largest corrosion effect among the 
anions which could be anticipated. The results of the measurements 
in chloride containing solutions were practically identical in the
case of both Al-Zn and Al-Mg-Zn alloys. The steepness of the anod­
ic polarization curves is increased with increasing chloride con­
centration.

Solutions deaerated 
with nitrogen gas
1 - 0.000331+ mole/Z MgCl2
2 - 0.001 mole/£ NaCl
3 - O.OO33I+ mole /1 MgCl2 
1+ - 0.01 mole / Z NaCl
5 - O.033I+ mole/£ MgCl2
6 - 0.1 mole! Z NaCl

Figure 2. Anodic polarization curves of Al-Zn alloy in deaerated 
solutions of various chloride concentrations

It is apparent in Figure 2 that the effect of the cation on 
the polarizability of the alloys is negligible compared to that of 
the anions in solutions deaerated with nitrogen gas. However, in 
solutions containing oxygen, the cation also affects the electro­
chemical behaviour of the alloy. The polarization curves shown in 
Figure 3 indicate that the corrosion potential of the alloy in 
magnesium containing solutions is more positive in the presence of 
oxygen than in the absence of the latter (cf. Figure 2). This phe­
nomenon was not observed in solutions containing sodium chloride, 
although the anodic polarization curves of the alloys were steeper
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in the presence of oxygen in both magnesium chloride or sodium 
chloride containing solutions. This fact points to the conclusion 
that the corrosion of the alloys is enhanced under the effect of 
oxygen in these solutions.

Solutions satured with 
oxygen
1 - 0.000334 mole / l  MgCl
2 - 0.001 mole/<£ KaCl
3 - 0.00334 mole/ Z MgCl2
4 - 0.01 mole/£ NaCl
5 - 0.0334 mole / l  MgCl2
6 - 0.1 mole/£ NaCl

cl

1.0

0.5

Figure 3. Anodic polarization curves of Al-Zn alloy in oxygen 
containing solutions of various chloride concentrations

The Al-Zn and Al-Mg-Zn alloys under investigation exhibited 
different polarization characteristics in sulphate containing so­
lutions than in chloride containing media. The polarizability is 
increased by increasing the sulphate concentration and it is 
larger in oxygen containing solutions than in deaerated ones at a 
constant sulphate content (Figure 4). These results support the 
view that an increase in sulphate concentration and the presence 
of oxygen promotes the formation of a passive layer on the surface 
of the alloys.

The pH dependence of the polarization of the Al-Zn and 
Al-Mg-Zn alloys under investigation is practically identical. The
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Figure ^. Anodic polarization curves of Al-Zn alloy in solutions 
of various sulphate concentrations

1 - pH =  ̂. 2
2 - pH = 5.2
3 - pH = 6.25
h - pH = 6.9
5 - pH = 7.65
6 - pH = 9.15
T - pH = 2
8 - pH = 11.3
9 - pH = 12.7

Figure 5. Anodic polarization curves of Al-Mg-Zn alloy in solutions 
at various nH
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polarization curves of the latter in solutions having various pH 
are shown in Figure 5 as an example. Since in addition to the hyd­
rogen ion activity of the buffer solutions, other components also 
affect the polarization of the alloys, the measurements were per­
formed in hydrochloric acid — calcium chloride and calcium 
hydroxide - calcium chloride mixtures respectively at various pH. 
It is apparent in Figure 5 that the anodic polarization of the 
alloy was slightly affected by the hydrogen ion activity in the 
pH = 4 to 9 range. However, the corrosion potential of the alloy 
was considerably shifted in the cathodic direction in strong acidic 
(pH < 3) and strong alkaline (pH > 10) solutions. Above pH > 11 
the corrosion potential of aluminium alloys approached that of the 
magnesium alloys.

DISCUSSION

The polarization studies of Al-Zn and Al-Mg-Zn alloys led to 
the conclusion that the latter is also suitable for use as a sac- 
rifical anode in addition to the former alloy investigated previ­
ously [1, 4]. These alloys can ensure the negative potential shift 
required for effective cathodic protection of underground structu­
res, provided that a suitable backfill containing chloride and 
having an alkaline pH (pH = 10) is used.

Various heavy metal salts (e.g. calomel) were suggested in 
literature [4, 6] as additives to the backfill material in order 
to improve the performance of galvanic anodes made of Al-Zn alloy 
Our experiments did not furnish evidence to confirm these state­
ments, since neither the zero-current potential nor the polariza­
tion of Al-Zn or Al-Mg-Zn alloys could be measured reproducibly in 
lead hydroxide and calomel suspensions respectively, because the 
heavy metal was spontaneously reduced on the electrode. These data 
indicate that heavy metal salts do not improve, but instead tend 
to make the performance of galvanic anodes unstable.

The polarization studied permitted some conclusions to be 
drawn concerning the suitable conditions that are required to
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obtain effective cathodic protection when sacrificial anodes made 
of Al-Zn and Al-Mg-Zn are used.

Figure 6. Cathodic and anodic polarization curves of C-20 type 
iron and Al-Zn respectively in various solutions

The anodic polarization curve of the Al-Zn alloy and the 
cathodic polarization curve of C-20 type iron in sulphate and chlo­
ride containing solutions respectively are shown in Figure 6 as an 
example, assuming F = 1:1 and F = 1:10 as the ratio of the surface 
areas of the anode and cathode respectively. As pointed out 
earlier, aluminium alloys are to a large extent polarizable in 
sulphate containing solutions. Consequently the potential of iron 
in an iron-aluminium alloy galvanic cell is only slightly shifted 
to cathodic potentials, even when the electrodes are short circui­
ted which is apparent on the Figure. Thus aluminium alloys cannot 
provide effective cathodic protection in such media. However, in 
chloride containing systems, especially with a large chloride con­
centration, the aluminium alloys investigated are much less pola­
rizable than in sulphate containing solutions, and the potential 
of iron can attain the value required for effective cathodic pro-
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tection if the ratio of the surface of the aluminium alloy anode 
to the cathode and the soil resistance have suitable values. This 
fact is shown in Figure 7. The figure shows the cell current of a 
galvanic cell consisting of iron and Al-Zn alloy as plotted vs. 
the cell voltage for a F = 1:1 and F = 1:10 anode:cathode surface 
area ratio respectively.

F i g u r e  7- C e l l  c u r r e n t  v s .  c e l l  v o l t a g e  c u r v e s  o f  C - 2 0  t y p e  i r o n  
a n d  A l - Z n  c e l l  a t  v a r i o u s  r a t i o s  o f  t h e  s u r f a c e  a r e a s  
o f  t h e  a n o d e  a n d  t h e  c a t h o d e

The straight lines on the Figure represent the current vs. 
cell voltage relation at the various inner resistance of the cell. 
The inner resistance of the cell, i.e. the soil resistance should 
be sufficiently small to permit a shift of the iron potential to a 
more cathodic value by at least 200 mV. Hence, the cell voltage 
must be approximately 200 mV less than the value observed at zero- 
-current (400 mV approx.) in order to fulfil this requirement. It 
is apparent on the figure that the soil resistance should be below
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10 KOhm at a suitable anode:cathode area ratio. At lower resist­
ances than this, the cell current is increased and the potential 
of iron is increasingly shifted to negative potentials and effec­
tive cathodic protection can be attained, while at larger soil re­
sistance, the iron cannot be sufficiently polarized by the alumi­
nium alloy. It is noteworthy that the potential of iron is not 
shifted to a cathodic direction to such an extent as to produce 
hydrogen evolution, even in the case of zero soil resistance when 
aluminium alloys are used as sacrificial anodes, while in the case 
of anodes made of magnesium alloys such effects were also reported

It is worth while comparing some of the results of the stu­
dies of the use of Al-Zn and Mg-Al-Zn alloys as sacrificial anodes 
[2]. The Mg-Al-Zn alloy can provide effective cathodic protection 
at lower ratios of surface areas. The economical use of the anode 
can be ensured by reducing the corrosion of the alloy by employing 
a backfill of appropriate composition. However, the dissolution of 
the anode is considerable in any case.

Sacrificial anodes made of aluminium alloys can provide ef­
ficient cathodic protection at a larger ratio of the anode:cathode 
surface area only and the backfill must contain components which 
hinder the oxide formation on the surface of the alloy. The use of 
aluminium alloys can be economic even in such circumstances, if 
the difference in the price of the two alloys xs taken into con­
sideration. These considerations justify the necessity of further 
investigations into the possibility of using aluminium alloys as 
galvanic anodes. These investigations will be especially directed 
to the selection of suitable backfill materials and the control of 
the results in the field.
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РЕЗКИЕ

Авторами были изучены поляризационные свойства различных 
алюминиевых сплавов, содержащих цинк, магний, железо и медь с точ­
ки зрения их применяемости в начестве автономного гальваническо­
го анода. Было установлено, что с применением алюминиевых сплавов, 
содержащих 5% цинка, а также 2,5% цинка и 3,5% магния, при опреде­
ленных условиях можно обеспечить защитный потенциал, удовлетворя­
ющий требованиям катодной защиты от норрозии.
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OF THE FLOTATION TECHNIQUE

J. FILKA, Z. ORMÓS and B. CSUKÁS

( R e s e a r c h  I n s t i t u t e  f o r  T e c h n i c a l  C h e m i s t r y  o f  t h e  
H u n g a r i a n  A c a d e m y  o f  S c i e n c e s ,  V e s z p r é m )

R e c e i v e d :  J u l y  2, 1 9 7 5 -

O n e  p o s s i b l e  m e a n s  t o  b r i n g  a b o u t  c o n t a c t  b e t v e e n  
g r a n u l e s  a n d  a g a s  i n  c o u n t e r - c u r r e n t  i s  t h e  f l o t a t i o n  
t e c h n i q u e .  A  n u m b e r  o f  o p e r a t i o n s  ( e . g .  d r y i n g ,  a n d  
g r a d i n g )  c a n  s a t i s f a c t o r i l y  b e  c a r r i e d  o u t  i n  t h i s  
m a n n e r .  A f t e r  a b r i e f  s u m m a r y  o f  t h e  l i t e r a t u r e  o n  t h e  
q u e s t i o n ,  a n  . e x p e r i m e n t a l  t e c h n i q u e  a n d  a p p a r a t u s  
- d e v e l o p e d  i n  t h e  l a s t  f e w  y e a r s  i n  o r d e r  t o  s t u d y  
t h e  f l o w  d y n a m i c  c h a r a c t e r i s t i c s  o f  t h e  t e c h n i q u e  - 
a r e  d e s c r i b e d .  C h a n g e s  i n  t h e  m o s t  i m p o r t a n t  f l o w  
d y n a m i c  c h a r a c t e r i s t i c s  ( g r a i n  v o l u m e  f r a c t i o n ,  r e s i ­
d e n c e  t i m e ,  a n d  t h e  f r a c t i o n  r a t i o  o f  g r a n u l e s  f a l l i n g  
d o w n w a r d s )  a r e  p r e s e n t e d  i n  F i g u r e s ,  p l o t t e d  a g a i n s t  
v a r i o u s  p a r a m e t e r s  a p p l i e d  i n  t h e  t e c h n i q u e  ( g a s  f l o w  
r a t e ,  m a s s  f l o w  r a t e  o f  s o l i d  m a t e r i a l s ,  a n d  g r a i n  
s i z e ,  e t c . ) .  T h e  e x p e r i m e n t a l  r e s u l t s  a r e  e v a l u a t e d  
a n d  f o r m u l a e  - e n a b l i n g  t h e  c a l c u l a t i o n  o f  t h e  a v e r ­
a g e  r e s i d e n c e  t i m e ,  t h e  f r a c t i o n  r a t i o  o f  g r a n u l e s  
f a l l i n g  d o w n w a r d s  a n d  t h e  g r a i n  v o l u m e  f r a c t i o n  - a r e  
p r  e s e n t  e d .

The technique according to which a granular solid is added 
into a fluid streaming upwards (hereinafter, a gas) whereby the 
dynamic lifting force acting upon the granules is smaller than or 
equal to the weight of the granules and the latter are allowed to 
escape the system, is termed a flotation technique.
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Phenomena occurring in systems consisting of granules and 
gas were studied by ZENZ [1], who summarized the various forms c 
streaming in a consistent state diagram. The latter enables one t 
follow the limiting cases of fluidized state from a stationary be 
through fluidization and flotation to pneumatic material transpor 
in the function of the flow rate, as related to the whole cros 
section. If the flow rate of the gas is gradually increased, 
moving (fluidized) layer is formed. Over a given gas flow rate, 
"slugging" form of motion is characteristic, and the system is un 
stable. At art adequately high gas flow rate, the system become 
stabilized again, and at the same time the concentration of th 
solid material shows an abrupt change. This is the region of th 
dilute phase. Upon a further increase in the gas flow rate, th 
concentration of the solid in the layer is rapidly decreased. Th 
void fraction value approaches unity. The granules present in th 
system are in a floating state, if the flow rate of the fluid i 
equal to the "falling" rate of the granules. Upon a further in 
crease in the gas flow rate, the granule travels in an upward di 
rection, i.e. pneumatic material transport is brought about [2].

In the practical realization of the flotation technique, par 
of the solid granular material added to the upwards-flowing gas i 
generally carried away by the latter. In spite of this fact, thi 
counter-current contact between the gas and the granules fallin< 
downwards upon the action of gravitation is characteristic of thi: 
technique. In the case of materials of approximately homodispersi 
particle size distribution it is possible to find a gas flow rati 
at which all of the solid material added is in the zone of countei 
-current contact. It follows from the aforesaid that flotation cai 
be realized only in a given gas flow rate range. If the flow rat« 
is higher than the falling rate of the granules, the latter wil] 
be carried away by the gas, that is to say, pneumatic transporta­
tion will be brought about. Accordingly, the most important cha­
racteristic of the flotation technique is the falling (flotation] 
rate of the granules.

As far as the point of view of the flotation technique is 
concerned, the concept of the falling rate does not mean the
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avelling velocity of the solid granules, but that particular li- 
iar gas flow rate at which the pulse flux transferred by the gas 
I the granule exactly counteracts the gravitational force acting 
ion the same; theoretically, in this case the granule is in a 
ationary state, it is floating. The equilibrium of forces is es- 
intially identical to the equilibrium state of a granule sedi- 
inting in a stationary medium when, after the establishment of 
te equilibrium of the gravitational forces and those of the re- 
stance of the medium, the granule moves at the sedimentation li- 
ting rate. In this case, the falling rate actually means the 
[uilibrium propagation rate of the granule. However, with regard 
I pulse transfer, it is essentially irrelevant, whether the force 
r resistance of the medium, acting upon a granule falling in a 
:ationary medium is considered, or the dynamic lifting force of 
1e flowing gas acting upon the granule in a gravitational (or 
:her) force field.

It follows from the aforesaid that the techniques applicable 
>r the calculation of the flotation rate are essentially identi- 
il tó the determination techniques of the sedimentation limiting 
ite: in both cases, the essence of the problem is the formulation 
: the pulse transfer coefficient pertaining to the body surrounded 
• the streaming medium. The pulse flux (force of resistance of 
1e medium, dynamic lifting force) acting upon the body surrounded 
’ the streaming medium can be described in terms of the following 
ill-known Equation:

d2ir y u 2__ ____ . e /, .

1 equilibrium state is established, if the pulse flux (force of 
■sistance of the medium) is equal to the gravitational force act- 
ig upon the granule:

P =
d3ir 
6  ̂Ysz -  У  ) (2)

le following Equation can be deduced for the calculation of the 
illing rate (ua) from the equilibrium of forces:
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ue
- y)g*d
yc

(3)

The dimensionless quantity c in the Equation is the pulse trans­
fer (resistance of the medium) coefficient, depending on the para­
meters of streaming and the shape characteristics of the granule. 
In different Re-number ranges, the coefficient of the resistance 
of the medium can be described by different formulae, whereby dif­
ferent Equations are obtained for the calculation of ug [1, 3, 4, 
51.

Experiments were carried out to determine the falling rate 
by measurement. In this studies carried out in connection with the 
flotation technique, HITES [6] applied water as the fluid. In his 
experiments, the flow rate of water was chosen in the case of the 
individual fractions in such a manner that the carryaway should 
not be larger than 20 per cent of the granules added even at the 
highest fluid flow rate. Consequently, the fluid flow rate applied 
in the case of the individual granule fractions practically inclu­
ded the flotation rate interval characteristic of the fraction. 
Accordingly, the arithmetic mean of the flow rate interval applied 
was accepted as the flotation rate.

0RMÖS [7] determined the falling rate as the upper limiting 
rate of fluidization. The experiments were carried out in the fol­
lowing manner: the dependence of the grain volume fraction on the 
flow rate of the fluid was determined and the fluid flow rate was 
graphically extrapolated to a void fraction value E' = 1 in a 
lg-lg co-ordinate system.

Recently OSTROVSKIJ and ISAKOV [8] published date for the 
determination of the falling rate. In many cases, nomographs [9] 
are applied for the determination of the falling rate.

Over the past few years, an experimental setup was designed 
and constructed by the authors, and experimental and calculation 
methods were elaborated in order to determine the dependence of 
the flow dynamic characteristics on various parameters.
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The experimental setup (cf. Figure 
1) is a glass apparatus of 2 m  length 
and 38, 52 or 92 mm in internal diameter 
The length of the measuring section, en­
closed by two butterfly valves (2), is 
1 m. Air enters the apparatus via the 
rotameter (4) and leaves through the 
cyclone (3). The granular material is 
introduced by a worm-type feeder (6). 
The feeding rate of the granular materi­
al was adjusted to the desired value by 
controlling the speed of the driving mo­
tor. The pressure drop of the streaming 
air across the experimental section was 
determined by oblique-tube type pressure 
gauges (8) connected above and under the 
butterfly valves.

The mass flux of the solid material 
leaving the apparatus and the amount of 
solid material present in a chosen 1-m 
section of the apparatus were determined 
during the experiments.

The experiments were carried out with two model substances: 
sand and an ion-exchange resin. The following grain fractions were 
used in the experiments made with quartz sand:

0.1 to 0.2 mm;
0.2 to 0.315 mm;
0.315 to 0.4 mm;
0.4 to 0.5 mm.

The following 3 fractions of the ion-exchange resin model 
substance were applied in the experiments:

0.4 to 0.5 mm;
0.315 to 0.4 mm;
0.2 to 0.315 mm.

3
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In the flow dynamic studies of the flotation technique, the 
following independent and dependent variables were studied:

Independent variables:
u flow rate of air, m/s
w feeding rate of solid material, kg/m2s 
p density of solid granules, kg/m3

Dependent variables:
e granule volume fraction, %
L fraction of granules falling downwards, % 
T residence time, s

In the determination of the 
granule volume fraction, first the 
air flow and thereupon the feeding 
rate of the granules was adjusted. 
As soon as the pressure drop of 
the gas became stationary, the 
measuring section of 1 m  length 
was closed by the two butterfly 
valves, and simultaneously the air 
flow and granule feeding were 
stopped. Knowing the mass of the 
solid material present in the 
measuring section, the granule vo­
lume fraction was calculated by 
the following Equation: 100

e% F • Y* p
100 (4)

F i g . 2. 1  - d = 0 . U - 0 . 5  m m
2 - d  = 0 . 3 1 5 - 0  . It m m
3 - d = 0 . 2 - 0 . 3 1 5  m m  
U - d = 0 . 1 - 0 . 2  m m
D  = 5 2  m m  
W  =  1 k g / m 2 s

The curve of the granule volume fraction determined in the above 
manner, when plotted against flow rate, passes a maximum (Figure 2).

The average residence time was determined on the basis of the 
amount of solid material present in the system and the feeding 
rate. Of course, when determining the residence times, it had to 
be taken into consideration that only a certain fraction (L %) of
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the solid material fed in gets into the zone of counter-current 
contact, and accordingly we can write:

W'L* Y

It was concluded that the mean residence time increases with 
increasing gas flow rate in the range studied (Figure 3), it is 
dependent on the feeding rate of the granules only to a moderate 
degree and it decreases with increasing granule size.

5 2  m m ;  W  = 1 k g / m 2 s F i g  . 1*. D = 5 2 m m  ; W  = 1 k g  /]
d = 0 . It- 0 . 5  m m 1 - d = 0 . It— 0 . 5  m m
d  = 0 . 3 1 5 - 0 . 1 »  m m 2 - d = 0 . 3 1 5 - 0 . It m m
d  = 0 . 2 - 0 . 3 1 5  m m 3 - d = 0 . 2 - 0 . 3 1 5  m m
d = 0 . 1 - 0 . 2  m m It - d = 0 . 1 - 0 . 2  m m

Part of the granules introduced into the system (L %) falls 
downwards where it comes into counter-current contact with the gas 
(in the present case, air) streaming upwards, whereas another part 
is carried away pneumatically. In addition to the physical charac­
teristics of the heap of grains the ratio of grains falling down­
wards naturally depends on the flow rate of the gas streaming up­
wards. Changes in L plotted against the flow rate for a solid ma­
terial feeding rate of w = 1 kg/m2s are presented in Figure 4 (the 
model substance in these experiments was quartz sand). It clearly 
appears from the Figure that at a certain gas flow rate, 50 per 
cent of the solid material fed in falls down and 50 per cent of it
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comes into the domain of pneumatic conveyance. This gas flow rate 
value is characteristic of the given granule fraction and conse­
quently the mean flotation rate of the fraction can be characteri­
zed by the linear gas flow rate pertaining to the value L = 50 %.

In the evaluation of the experimental results it was conclu­
ded that the frain volume fraction, when plotted against the gas 
flow rate, passes a maximum in all cases (cf. Figure 2), that is 
to say, there exists a certain gas flow rate at which the amount 
of the granules travelling downwards in ,the system is the highest. 
The maximum of this function may be interpreted as the flotation 
rate. In the case of narrow fractions, there is a negligible dif­
ference between the flotation rates as determined on the basis of 
conditions L = 50 % and e: = max!, respectively. A few examples 
are presented in Table 1.

Table 1. Flotation rate

o n  t h e  b a s i s  o f  L  =  5 0  % o n  t h e  b a s i s  o f  em a x D i f f e r e n c e ,  %

2.85 2.75 - 3 . 5b
2.25 2.20 -2. 2 3
I .70 1 . 60 - 5.90
1 . 2 8 1.25 - 2 . 3 5

The starting point of the explanation for the deviation is 
the grain size distribution within the fraction. ®Jo matter how 
narrow a grain fraction may be, there is a characteristic grain 
size distribution and generally a relative abundance of smaller 
granules is characteristic. Accordingly, the distribution function 
is asymmetric, the modus being smaller than the median. Flotation 
rates determined on the basis of L = 50 % is characteristic of the 
grain size of the median, whereas that derived from the condition 
e: max! of that of the maximum. Of course, the déviation is negli­
gible only in the case of narrow fractions; in cases where the in­
terval of the particle size distribution is large, the deviation 
may be considerable. In such cases the question as to which is the 
falling rate characteristic of the average may arise. This problem 
can be solved knowing the definition of the flotation process ac­
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cording to which the latter is characterized by counter-current 
contact between the falling granules and the gas. The quantity of 
material present in the zone of counter-current contact is maximum 
and consequently the falling rate value determined on the basis of 
the condition e: = max! (i.e. of the modus) is more characteristic 
of the heterodisperse system. Accordingly, the flotation rate thus 
defined is characteristic of the technique and the flotation rate 
determined according to the aforesaid can be applied as the reduc­
ing factor of the linear gas flow rate.

d mm
Figure 5. 1 - e ; 2 - L;
3 - O R M O S  [ 5 ]  l+m - X S Z O L C S Á N Y I  С 3 3 
5 - A L L E N  [U]; 6 - F R Ö S S L I N G  [ l ]

Experimentally determined 
values of the flotation rate 
were compared to those calcula­
ted on the basis of correlations 
found in literature. In the cal­
culation formulae, the arithme­
tic mean of the fraction size 
limits was applied as granule 
size. The values obtained for 
flow rate, as plotted against 
grain size, are presented in 
Figure 5. It is apparent that 
the calculation formulae per- 
can be applied to calculate thetaining to the individual granules 

flotation rate only with reservations.
In the course of the evaluation of the experimental results, 

empirical correlations for calculation of the fraction of the gra­
nules falling downwards, the average residence time and the grain 
volume fraction were sought. In order to calculate the fraction of 
the granules falling downwards, the flotation rate value, as de­
termined on the basis of considerations described in the foregoing, 
was applied as the reducing factor of the linear gas flow rate. 
When plotting the experimentally determined value of the fraction 
of the granules falling downwards against the reduced gas flow 
rate, the values obtained fall, independently of the mean dimensi­
ons of the heap of grains and of ♦■he shape of the granules, with a 
good approximation into a characteristic band {cf. Figure 6). By
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determination of the function approximately defining this band, 
the following Equation was obtained for the calculation of the
fraction of the granules fal­
ling downwards:

L = 100 - 50 (-jj-)4 (6)
e

In calculating the aver­
age residence time, a procedu­
re similar to the determina­
tion of L % was adopted: the 
average residence time was 
plotted against the gas flow 
rate reduced by the falling 
rate, as determined on the ba­
sis of the condition e: = maxi 
and dimensions of the granules 
apparatus, it was found that 
the average residence time 
values fall within a narrow 
band (cf. Figure 7). The rela­
tionship :

Independently of the average size 
fed in and of the diameter of the

^  20 -  E
и
^  18 - 

16 -

T = 10 (-^-)3 (7)
e

was found, on the basis of 
correlation calculus, to pre­
sent an average approximation 
of the above mentioned band.

Due to the large diffe­
rence between the measured 
residence time values, on the 
one hand, and those calcula­
ted by Equation (7), on the 
other, the dependence of the 
average residence time on two 
parameters was taken into

14 - 

12 - 

10 - 

8 -

6 - 

4 -

2 -

T I г

0.4 0.8

taken Figure 7
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consideration with a correction term. It was found that the depen­
dence on granule size, as an additive term, can be accounted for 
by the formula :

Ki = 4.5 - 12.5 d (8)

whereas changes in feeding rate by multiplication factor:

K2 = 1.2 - 0.2 w (9)

and, accordingly. Equation (7) can be written as:

T = [ 10(  — ) 3 + ( 4 . 5  -  1 2 . 5  d)  ] ( 1 . 2  -  0 . 2  w) ( 10)s Z ' u e
From among the flow dynamic characteristics, the knowledge 

of the ratio of the two phases is of high importance; the latter 
can be described by the grain volume fraction. In order to calcu­
late the latter, the starting point was:

where :

G _ _££_ 
Y•Wi-F wL

W1
Ls zw  ----
100

(1 1 )

(1 2 )

Considering this, on the basis of the grain volume fraction and 
the volume of the floating layer, the mass (G) of the floating 
layer is expressed by

G = F • Y* —S— • p 
100

Considering Equations (12) and (13), 
written in the following form:

(13)

Equation (11) can also be

F-Y- s z 
100 e p sz

00 F • Y w L
(1 4 )
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Expressing the grain volume fraction from Equation (14) we obtain:

(15)

and by substituting the empirical Equations determined for the cal­
culation of the average residence time and the fraction of the 
granules falling downwards, the following Equation is obtained:

e = [100 - 50 (— (“iHOt — )3 + (4.5 - 12.5 d)]-(l-2 - 0.2 w)s z p VI VIe e
(16)

For the case of sand as a 
model substance (at an appara­
tus diameter of D = 5 2  mm), 
the differences of the measured 
and calculated grain colume 
fraction values, plotted 
against the measured grain vo­
lume fraction, is presented in 
Figure 8. The agreement is sa­
tisfactory, the relative devi­
ation is lower than + 30 %.

Figure 8. D = 52 mmOn the basis of the expe­
rimental results, one of the
technique can be grading of granules according to dimensions or 
weight, as well as the realization of operations carried out with 
solid-gas counter-current containing, e.g. drying.

SYMBOLS USED

d granule diameter, mm
D diameter of apparatus, mm
F Cross section of apparatus, m 2
G mass of floating granules, kg



L fraction of granules falling downwards, %
u linear gas flow rate, m/s
ug floating rate of the granules, m/s
w feeding rate of the solid, kg/m2s
Y length of the measuring section of the apparatus, m
e grain volume fraction, %
T average residence time, s/m
p density of the granules, kg/m3
y specific gravity of the fluid, kp/m3
Уs z specific gravity of the granules, kp/m2
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РЕЗЮМЕ

Одним из методов противоточного соприкосновения гранулы и 
газа является способ взвешивания, с применением которого можно 
выгодно совершать ряд процессов (напр. сушна, сортировка).После 
короткого обзора касающейся литературы авторами излагается метод и 
аппарат опытов, выработанный ими в последние годы для изучения 
аэродинамических условий способа взвешивания,. На рисунках показано 
изменение важнейших аэродинамических параметров (объемная доля 
гранулы, время пребывания, доля падающих вниз гранул) в зависимос­
ти от разных параметров способа (скорость газа, массовый поток 
твердого вещества, размер гранулы и.т.д.). Опытные результаты ана­
лизируются и предлагаются уравнения для вычисления среднего значе­
ния времени пребывания, доли падающих вниз гранул и объемной доли 
гранул.
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The study of the granulation in mechanically 
agitated fluidized bed is justified hy two practical 
requirements: the extension of the field of applica­
tion of the process on one hand, and the need for the 
control of the physical properties of the produced 
granulates within wider ranges, on the other. The nu­
merical agitation of the fluidized bed prevents the 
development of anomalies in the fluidized bed, thus it 
renders the granulation of raw materials of bad flui­
dization characteristics possible, and the granulation 
can be carried out with increased bed moisture content 
Due to the mechanical energy input, the conditions of 
the particle formation change, so the physical charac­
teristics of the granulates can be efficiently influ­
enced, varying the parameters of the auxiliary proces­
ses.

In the previous papers [1, 2, 3, 4] the main relationship 
found during the study of the fluidized bed granulation process in 
batch form were presented. In this paper experiences connected to 
the application of mechanical agitation - a very useful auxiliary 
process to the fluidized bed granulation - are summarized.

The application of auxiliary processes in the development of 
intensive processes is of ever increasing importance [5]. The
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auxiliary processes used most often in solid-gas operations (e.g. 
fluidization) are mechanical agitation, vibration and special ways 
to introduce the gas phase (e.g. tangentially or through a nozzle).

Research on the auxiliary processes for fluidization began 
throughout the world with works aimed eliminating the anomalies of 
the fluidization process [6]. Two of these anomalies, the varia­
tion of the void fraction along the height of the bed and the for­
mation of bubbles, are unavoidable with gas fluidization, and 
these two anomalies cannot be omitted even by auxiliary processes. 
However, three further anomalies (formation of stagnant layers, 
chennelling and formation of gas plugs) can be eliminated by 
suitable auxiliary processes.

Formation of a stagnant layer takes place in fluidized beds 
of heterodisperse granulates or in beds that are too high relative 
to their diameters. Because of this anomaly, a stagnant layer de­
velops above the underplate, consisting of the granulates of lar­
ger size and higher densities.

Channelling is characteristic of the fluidization of sticky 
materials (e.g. materials of small particle size or wet materials). 
When channelling occurs, the gas flows through vertical channels 
of high void fraction, while the major part of the bed remains 
stagnant.

Formation of gas plugs takes place in the fluidized beds of 
sticky materials at an increased bed height to bed diameter ratios. 
In such cases a part of the solid material in the bed is lifted up 
like a plug by the gasflow.

In fluidized bed granulation the preconditions for all of 
these anomalies are often present. In many cases, the raw material 
to be granulated is a heterogeneous, heterodisperse mixture, the 
particle size is small, and the particles are of irregular shape 
and their surface is uneven. Adhesion is also fostered because a 
certain moisture content is maintained within the bed. The larger 
particles formed during the agglomeration phase often establish a 
stagnant layer at the bottom of the bed. Thus fluidization anoma­
lies can prevent the realization of the process or deteriorate the 
qualities of the granulates produced.
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THE CHARACTERISTICS OF MECHANICALLY AGITATED FLUIDIZED BEDS

It was generally found [7, 8] that mechanical agitation de­
creases the minimum fluidization velocity and the pressure drop on 
the bed, and it makes the expansion of the fluidized bed more even 
In mechanically agitated beds the probability of the development 
of fluidization anomalies diminishes, so the process can be used 
for materials that otherwise cannot be fluidized. Because of the 
change in the flow conditions, the mixing is better and there is 
an increase in the rates of the mass and heat transfer [9]. Agita­
tion is most efficient at the bottom of the bed and the optimum 
speed of rotation is relatively low.

By increasing the speed of rotation up to a given limit the 
minimum fluidization velocity and the pressure drop decrease, and 
the uniformity of the fluidization improves. A further increase in 
the speed of rotation impairs the fluidization properties and ed­
dies are formed in the bed. Optimum speed of rotation values found 
by various authors are summarized in Table 1 and the diameters of 
the apparatus used are also shown.

Table 1

Mat er ial 
stud i ed

Diameter of the 
apparatus 

(m )
R . p . m . ,
( 1/min)

Referenc e

Fine powders
(ZnO, PbO, BaSOn) 0.03-0.3 20-60 [77
Glass beads 0.225 loo [83
Silica gel 0.1 6o [10]
Catalyst 0.05 57 [113
Fluor 0.15 25 [123

It was universally found that agitation is most efficient if 
the stirrer is mounted just above the underplate. This suggests 
that agitation is needed, not so much to keep the fluidized bed in 
motion, but rather to ensure the uniformity of the gas distribu­
tion.
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There are numerous references on the types of stirrers, some 
of them are contradictory. It was found [8] that rod stirrers have 
some advantages over blade stirrers, since in the case of a rod 
stirrer particles more easily get behind the stirrer. According to 
other authors [11] blade stirrers are also suitable, provided the 
wings of the stirrer are bent forward into the direction of the 
rotation, thus avoiding the compacting effect of the centrifugal 
force along the periphery. Several authors describe cage stirrers, 
underlining the advantages of the agitation along the full height 
of the fluidized bed [9].

After the development of the fluidized state, the power re­
quirement of the mechanical agitation of the loosened bed is inde­
pendent of the gas velocity. The power demand is given by the fol­
lowing expression [7]:

Euk = c 1 Rek_C2 (1)

and since c2 ^ 1 , in the case of a given material system:

N = c3 n2 D3 (2)

To describe the relationship between the linear gas velocity 
and the average void fraction of mechanically agitated fluidized 
beds, the following expression was suggested [10]:

u" = c4 eCs (3)

where ci* and Cs depend on the parameters of the agitation.
Fluidization in mechanically agitated fluidized beds was used 

to realize several processes (e.g. mixing [7], drying [14], hete­
rogeneous chemical reaction [13], heterogeneous catalytic chemical 
reaction [11]). However, no reference was found to granulation 
processes carried out in mechanically agitated fluidized beds.
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EXPERIMENTAL APPARATUS AND METHOD [16]

The laboratory granulation experiments were carried out in 
the apparatus shown in Figure 1. In the 1-fluidization apparatus

(diameter: 0.1 m, height:
0.4 m) the 3-fluidized bed 
is above the 2-underplate. 
Air is introduced into the 
space below the air-dis­
tributing underplate via 
the 4-flowmeter and 5-elec­
tric preheater. The air 
having passed through the 
bed, leaves through the
6- sieve cylinder located 
at the top of the appara­
tus. The temperature of 
the air is measured at the 
inlet and outlet by the
7- thermometers.

The granulating liquid 
containing the binder is 
fed into the 9-atomizer by 
the 8-pump. The amount of 
atomizing air needed for 

the operation of the two-fluid atomizer is measured by the lO-ro- 
tameter. The 11-stirrer above the underplate is driven by the 12- 
-variable speed electromotor.

Three different types of stirrers were used throughout the 
experiments (Figure 2):
A: blade stirrer bent in the direction of the rotation (this gives 

a centripetal impulse to the particles offsetting the compact­
ing effect of the centrifugal force along the periphery);

Figure 1

B: rod stirrer;
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anchor stirrer with vertical rods efficient in the full height 
of the dense layer.
a 2:1 mixture of lactose and 
starch (this is a model sub­
stance of bad fluidization 
properties, it is marked 
further on as M1); 0D

- and a quartz sand fraction 
of 0.1-0.2 mm (that is a mo­
del substance with good flu­
idization characteristics, 
it will be marked further on 
as М2 ) .

The granulating liquid was 
an aqueous gelatine solution 
(concentration: 60 g/1).

Having preheated the raw 
material to be granulated, the 
solution containing the binder 
was fed in at a given rate.
During the atomization, the mi­
nimum height of the fluidized 
bed was measured at certain in­
tervals, and the velocity of the 
fluidizing air was adjusted so 
that the bed extension (that is 
the ratio of the bed height to
the minimum bed height) should always be 1.6. Having finished the 
introduction of the liquid, the granulates produced were dried, 
maintaining the fluidized state for a while. Finally, the particle 
size distribution, porosity, bulk density, rollingness and the 
wear-strength of the granulates were determined. The physical pro­
perties of the granulates were determined according to the methods 
described in the previous papers [1, 15].

Throughout the experiments presented here, the inlet air tem­
perature was 70 °C, the minimum bed height of the raw material was

Fig.2. L 2, 0 D = 100, 0 
15, h = 60

d = 5,
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0.007 m, the distance between the underplate and the atomizer was 
0.19 m. The volumetric flow rate of the atomizing air was adjusted 
to an optimum value corresponding to the liquid feed rate.

EXPERIMENTAL RESULTS [16]

The most important operational parameter of fluidized bed 
granulation is the relative quantity of the granulating liquid, 
which can be characterized by the volume of the liquid used for a 
unit volume of the particles to be granulated. At a given liquid 
feed rate, the relative amount of the binder-containing solution 
determines the time of the granulation process and the amount of 
the solid binder ensuring the agglomeration, i.e. the binder con­
tent of the granulates. On the other hand, the amount of the sol­
vent in the granulating liquid determines the heat demand of both 
the granulation and the drying process.

An experimental series will be presented in the following 
section as an example. It was carried out using the "A" blade 
stirrer (100 r.p.m.) and the effect of the relative amount of the 
liquid on the granulation process was studied. The feed rate of 
the granulating liquid was constant (w' = 6.8xlO-s kg/s).

It is clear from Figure 3 that because of the disintegrating 
effect of the agitation, the slope of the approximately linear 
average particle size vs. relative amount of liquid curves de­
creases errespective of the quality of the model substance studied. 
This means that to obtain a given average particle size, more 
binder has to be introduced into the fluidized bed. At the same 
time, it was found that with mechanical agitation the relative 
amount of the liquid could be increased (without agitation, a re­
lative wetting value as high as 50 per cent cannot be realized).

In Figure 4 the size deviation of the particle size distri­
bution is shown as the function of the relative amount of the 
liquid. The deviation was calculated by the following expression
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Fig.3. 1-Ml.with 3-MI, without Fig.it. 1-Ml.with 3-MI.without 
stirrer 1-M2 stirrer 2-M2^stirrer lt-M2 stirrer

a (4)

substituting the parameters of the lognormal distribution function

W' (x) =
be

§ Ь2
exp

•J 2 it

(In x - In a);
2 b;

(5)

approximating rather correctly the particle size distribution of 
the granulates.

It can be seen from Figure 4 that without mixing (especially 
with the model substance Ml) the deviation increases with increas­
ing V ' /V, while with mechanical agitation the deviation is invari­
ant with regard to changes in the relative amount of the liquid.

The cause of the invariance of the deviation becomes clear 
if one inspects the changes of the amount of the ungranulated par­
ticles smaller than 0.2 mm, and that of the "overgranulated" par­
ticles of more than 2.0 mm.It is shown in Figure 5 that the amount 
of the ungranulated particles as a function of the duration of the 
atomization approaches a minimum and this change is not influenced 
by the mechanical agitation. However, in Figure 6 it can be seen
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that the amount of the particles larger than 2 mm is considerably 
decreased by the agitation. Without agitation the amount of the 
overgranulated fraction increases in function of V'/V, but in a' 
mechanically agitated fluidized bed there is no significant change. 
The stirrer rotating at the bottom of the bed disintegrates the 
larger particles, and restricts the upper limit of the particle 
size distribution, thereby decreasing the size deviation.

Fig.5- 1-Ml,with 3-MI.without 
2-M2 stirrer U-M2 stirrer

Fig.6. 1-Ml,with 3-MI. without 
2-M2 stirrer 1-M2 stirrer

Fig.7. 1-Ml.with 3-MI.without 
2-M2 stirrer I+-M2 stirrer

Fig.8. 1-Ml.with 3-MI. without 
2-M2* stirrer b - U 2istirrer

It can be seen in Figure 7 that the mechanical agitation de­
creases the porosity of the characteristic product fraction (the 
particle size range of the latter is 0.63-1.0 mm), while it some-



what improves its wear-strength (Figure 8). Agitation breaks up 
the weaker bonds, decreases the average particle size and the po­
rosity of the particles, and increases the wear-strength of the 
granulates.

In another experimental series the effects of mechanical agi­
tation (stirrer: "A"; 100 r.p.m.) were studied at a constant rela­
tive liquid amount of V'/V = 40 per cent, changing the feed rate 
of the granulating liquid.

61*0 Z. Ormós, B. Csukás and IC. Pataki Vol. 3.

Fig.9* 1-Ml,with 3-MI,without Fig.10. 1-Ml.with 3-MI.without
2-M2^ stirrer lt-M2̂  stirrer 2-M2 stirrer ll-M2J stirrer

Without agitation, the average particle size approaches a 
maximum in function of the feed rate, while in mechanically agita­
ted fluidized beds the average particle size was invariant in res­
pect to the liquid feed rate, at least in the region suitable foj 
technological application (Figure 9). Similar conclusions hold foi 
the relationship between the deviation and feed rate (Figure 10) 
Thus in an apparatus constructed for fluidized bed granulation 
the use of mechanical agitation significantly increases th 
achievable rate of atomization, this means that the duration о 
the operation can be reduced. This very advantageous effect of th 
agitation is achieved because the mechanical energy input permit 
the fluidized state to be maintained at a higher bed moisture con 
tent, and at the same time the mixing element disintegrates th 
larger loose particles almost at the very instant of their forma
tion.
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The effects of this type of stirrer and its speed of rotation 
upon the physical properties of the granulates produced were also 
studied,granulating the model substance Ml at a V'/V = 50 per cent 
relative liquid amount and w' = 10.2xl0~5 kg/s feed rate (under 
conditions where the granulation of the model substance Ml, which 
is difficult to fluidize, would be impossible without agitation).

Fig.11. Stirrer type Fig.12. Stirrer type
l-II, 2-III, 3-IV 1-A, 2-B, 3-C

It can be seen in Figures 11 and 12 that by increasing the 
speed of rotation, both the average particle size and the size de­
viation decrease. The rod stirrer marked "B" is less efficient; 
the use of the bent blade stirrer marked "A" seems to be best, be­
cause a bigger decrease of the deviation is achieved.

40-
p.U) 30-

20-

10-

0_~
0

Fig.13.

50 100 150 200
n [rpm]
JStirrer type 

1-A, 2-B, 3-C 1-A, 2-B, 3-C
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The porosity of the product fraction decreases when the speed 
of rotation of the stirrer is increased (Figure 13); in this res­
pect the influence of the anchor stirrer marked "C", which is ef­
ficient through the full height of the dense layer, is the most 
significant. A considerable improvement in the strength could be 
observed only with the bent blade stirrer marked A.(cf. Figure 14) 
upon increasing the rotation speed.

On the basis of the experimental results presented (and 
others not given here) it was concluded that the most suitable 
stirrer from the types studied here is the blade stirrer bent in 
the direction of the rotation, and the optimum rotation speed in a 
fluidized bed of a diameter of 0.1 m is 50 ъ 100 r.p.m.

In view of these experimental results, attention can be tur­
ned to a more detailed discussion of the effect of the agitation 
on the particle size distribution and how the amount of the 
product fraction of given size limits ( 6-i , 62) is effected by the 
mechanical agitation. Using the distribution function (1), the

(ln X - In a )2 
2 b2

dx : max ! (6)

extreme value of Equation (6) is sought to determine the most 
abundant product fraction.

In a previous paper [4] the conditional equations of the ex­
treme value of Equation (6) were described:

and
ae3b2 = J s 7

t - In (-f-̂) : = max!D 0 1

(7)

(8)
On the basis of the example given in 
Figure 15 it can be seen that mecha­
nical agitation decreases the values 
of both the distribution parameters 
"a" and "b", if the speed of rota­
tion is increased. According to a
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trivial interpretation of Equation 8 , the amount of a fraction 
of any size limits (6i,62) can be increased by the application of 
mechanical agitation.

CONCLUSIONS

The main conclusions drawn from the experimental results are
as follows:
1. In fluidized beds of model substances suitable for developing 

fluidization anomalies, channelling can be stopped by mechani­
cal agitation.

2. Particles of larger size, formed in the fluidized bed and 
gathered in the bottom, are kept in motion by the mechanical 
stirrer.

3. Because of the agitation, the relative amount and feed rate of 
the granulating liquid can be increased, for the fluidized 
state can be maintained even at higher bed moisture contents.

4. The stirrer disintegrates the larger particles gathered at the 
bottom of the fluidized bed, and cuts back the upper limit of 
the particle size distribution.

5. The deviation of the particle size distribution is decreased by 
the mechanical agitation and the amount of the "product frac­
tion" of given size limits is increased.

6. The weaker bonds are broken up by the agitation, therefore the 
wear-strength of the granulates produced improves.

7. The porosity of the granulates is decreased by mechanical agita­
tion.

8. The relative deviation of the size distribution of the granula­
tes is decreased by the agitation, therefore the value of the 
rollingness-coefficient increases.

9. Among the stirrer types studied, the blade stirrer bent into 
the direction of the rotation is more efficient than either the 
rod stirrer or the anchor stirrer.
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ÍO. The optimum speed of rotation in an apparatus of 0.1 m diameter 
was found to be 70 ■u 100 r.p.m.

SYMBOLS USED 
6

a parameter of the lognormal distribution (mm)
b parameter of the lognormal distribution (dimensionless)

C 1-C5 constants (dimensionless) 
d diameter of the stirrer rod (mm)
d average particle size (mm)
D diameter of the stirrer (mm)
EUĵ  mixing Euler's Number (dimensionless) 
h height of the stirrer rod (mm)
Kj wear-strength of the granulates (per cent)
L width of the stirrer blade (mm)
m height of the stirrer blade (mm)
N power demand of the agitation (watt)
Re^ mixing Reynolds' Number (dimensionless) 
u" gas velocity (m/s )
V volume of the particles of the solid material to be granu

lated (cm3)
V' volume of the granulating liquid (cm3) 
w' feed rate of the granulating liquid (kg/s)
W'(x) density function of the lognormal distribution based on the 

particle volume (dimensionless)

x particle size (mm)
61,62 size limits (mm)
ë average void fraction (dimensionless)
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Epj porosity of the characteristic fraction (per cent) 
a deviation of the W'(x) distribution (mm)
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РЕЗЮМЕ

Изучение грануляции в механически смешанном псевдоожиженном 
слое является важным по двум практическим требованиям: с одной 
стороны по расширении применения способа, а с другой стороны по 
требованию регулирования в расширенных пределах физических свойств 
полученных гранул. Механическое перемешивание псевдоожиженного 
слоя исключает возможность сложения ненормальностей флуидиэации. 
Таким образом станет возможной грануляция исходных материалов с 
невыгодными свойствами с точки зрения флуидиэации, а также гранул­
яция сможет осуществляться и при повышенном содержании влаги слоя. 
Вследствие механической подводни энергии изменяются условия обра­
зования гранул и таким образом, изменением параметров подсобного 
процесса можно эффективно влиять на физические свойства гранул.
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GENERALIZATION AND CLASSIFICATION OF THE 
COEFFICIENTS OF TRANSPORT PROCESSES
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(Department of Chemical Process Engineering, 
Veszprém University of Chemical Engineering)

R e c e i v e d :  S e p t e m b e r  3 0 ,  1 9 7 5 -

It is demonstrated that the three transport terms 
supplementing the continuity equation can be written 
ln two forms: with reference to the potential and den­
sity. It is shown that the coefficients on the terms 
written with reference to the density can be arranged 
into a consistent system: their dimension according to 
length is L2T_1, that according to surface area is 
LT-1 and that according to the volume is L°T~1. The 
advantages of classification and generalization are 
presented for the case of dimensionless numbers, which 
are extremely important in engineering practice. Fi­
nally, an example is given for the application.

1. Introduction

It is generally known that the fundamental Equation of all 
flow systems is the continuity law:

div [j] = div [Г v] = - |-£ (1)

In a three-dimensional space, this Equation can have three 
supplementary terms, according to whether the possible process oc­
cur along the l e n g t h ,  the s u r f a c e  or in s p a c e .
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Generally these processes are termed: A
1. along the length: transport
2. on the surface: transfer
3. in space: transformation

processes. An example for the first point is diffusion, for the 
second one, a transfer process occurs at the boundary of two 
phases (e.g. heat transfer), for the third one a chemical reaction 
taking place in space.

The first step of generalization is the following: an e x- 
t e n s i v e  quality characteristic of the streaming fluid can 
always be found and generally the symbol f is used for it. The in­
tensive quantity pertaining to f is the well-known potential Ф. 
The connection between these two quantities is, at a first appro­
ximation, a linear one:

Ÿ = С Ф (2)

The proportionality factor is the capacity for which the symbol C 
is used (at the same time, the above Equation is the definition of 
capacity). Similarly, at a first approximation, there is a linear 
connection between current (or current intensity) and potential:

J = К Ф (3)

It is important from the point of view of the order that a 
further characteristic intensive quantity exists: the generalized 
density, which can be derived from Equation (2) in such a manner 
that both sides of the Equation refer to unit volume:

1V r

where Г is the generalized density and

(4)

where c is the specific capacity which maintains a connection 
between the two intensive quantities:

Г с Ф (6)
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On the basis of Equation (6) there are two possible ways of 
discussion of the currents, the two being equivalent to each other. 
The currents can be deducted as the results of the ЛФ potential 
differences arising in the potential space Ф (x»y*z*t), or as the 
results of the ЛГ density differences in the r(x,y,z,t) density 
space.

In the case of the longitudinal transport laws - mentioned 
in the introduction - this generalization has been performed in 
the course of historic evolution and as a result of practice. It 
has gained a broad field, although in many cases it is not used 
consciously. Consequently it was included in summarizing Table 1 
for the sake of comparison as well as that of completeness.

The physical base and the justification of the generalization 
is that the densities are in every case unequivocal functions of 
the potentials. The reason for the generalization and the basis of 
the systematization is the recognition that if this is required in 
practice in the case of the diffusion-type, i.e. longitudinal cur­
rents, the same necessarily has to be carried out in the case of 
transfer processes occurring on a surface and for transformation 
processes occurring in space. It will be seen that in addition to 
the systematization, this leads to new recognitions.

2. Transfer Current-Densities or Fluxes

According to Equation (6), the transfer current densities 
can be written in two manners into Equation (1):

current-density = (transfer coefficient) potential 
transfer coefficientcurrent-density = densityspecific capacity 

Accordingly, the following Equations can be written:

for a component: j = 6Дс± j = ß'Ac. (7)

for heat: j = a AT j = a'A(pCpT) (8)

for momentum: j = yAV j = y 'a (p v ) (9)

generally: j = e ДФ j = e'ДГ (10)
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The first result is that the coefficients of the transfer 
current-densities: 8 ' »  a '  and y ’ are of the same dimension: LT~1 
and consequently they are termed generalized rates. The connection 
between the transfer coefficients used in practice and the genera­
lized rates defined by Equations (7), (8), (9) and (10) can be ex­
pressed by the following Equations:

8' 8 (ID
a (12)

P C P
Y (13)
P

e (14)c

in analogy to thermal diffusivity, a = * andn  Г!pc.
kinematic viscosity v = — , a heat transfer rate and a momentump
transfer rate can be defined on the basis of Equations (12) and
(13). It should be remarked that Equations (7), (8), (9) and (10) 
are in close relation to the generalized Ohm's law, as has been 
pointed out in a number of papers [1]. 3

3. Transformations in Space

Generalization is more difficult in this case as in the two 
previous ones. The fact is that along a length or a surface it is 
a p r i o r i  current densities (j) that are defined and ac­
cordingly, these quantities can be written into Equation (1) with­
out any difficulty.

In the case of volume fluxes, the following transformations 
are carried out, starting from the definition:

J _ К
V V к Ф к' (15)

where the following connections prevail between the coefficients:
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Ч г  = к and = "Т" = к' <16)

Any form presented in Equation (15) can now be written into Equa­
tion (1) since their dimension is identical to that of the terms 
of the Equation.

However, the generalization of the coefficients is a more 
difficult assignment. There is no problem in the case of a compo­
nent stream and if the chemical transformation is of the first 
order, since

к' = к (17)

and their dimension is T_1. If the order of the transformation 
studied is other order than one, either of two ways can be fol­
lowed. First, the concentrations in the rate equation are expres­
sed in the form of mole fractions (mathematically speaking, they 
are normalized to one) whereby Equation (17) is rendered valid to 
chemical transformations of any order. The second possibility is 
that according to classical reaction kinetics, concentrations are 
raised to some power and in this case the logarithm of the volume 
currents is applied. Equation (17) is also valid in this case, 
only both sides of it are taken into consideration with the same 
multiplication factor.

In the case of heat, when convective or conductive heat cur­
rents are studied, the heat source or heat absorber is in all 
cases proportional to the temperature [2]. The generalization is 
successful even in this case, since - in a manner similar to Equa­
tion (12) - we can write:

V  = —  [T-1] (18)pcP
Radiant heat was disregarded in this case. In the case of 

heat radiation, the heat quantity liberated (or absorbed) is pro­
portional to some power of the temperature T. For example, in the 
case of the well-known Stefan-Boltzmann law it is the fourth power 
of temperature: T4.
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In the case of momentum the connection corresponding to Equa­
tion (1) is the Navier-Stokes law, known for the longest time. 
However, in this case the volumetric current i.e. the momentum 
source or absorber was so far written as the gradient of the pres­
sure £ by the authors, and the other terms as the function of the 
rate. This problem is also solved by the uniform description and 
point of view.

It can be written for the momentum source or absorber in the 
direction x:

d m V. d dm d v
-----—  = ----------- - (19)
dt d V dt d V d V

differentiation with respect to time can be written as an operator 
= n' and, accordingly, considering all the three directions of 

space, we obtain:

n'A(pv) = nhv grad p

and, in analogy to Equation (13) we can write:

(20 )

(21)

where the dimension of n' is also T-1 and n [ML 3T1] is the momen­
tum liberated or absorbed in unit volume during unit time.

4. Applications

As the results of generalization and classification, the 
coefficients are summarized in Tables 2 and 3 first in generalized 
form, and thereupon for the case of the component, heat and momen­
tum. The coefficients expressed with potentials and already known 
were included in Table 2 in order to enable comparison with the 
generalized coefficients presented in Table 3.

It is apparent from Table 2 that the dimensions of the coef­
ficients are different in all three cases (line 2) and so are 
their units (lines 3, 4 and 5).
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It is readily apparent from Table 3 that „the dimension of the 
longitudinal coefficients is always [L2T_1], that of the coeffici­
ents pertaining to the surface is [L•T_1 J , that is to say, the ge­
neralized rate; in the case of the volume it is [L°T_1] which can 
be called the volumetric rate, or, with a well-established indus­
trial term, volumetric flow rate.

An important field of application is the generalization clas­
sification and reduction to a simpler form of dimensionless num­
bers. If the right side of Equation (1) is regarded as zero, i.e. 
a stationary state is considered, the Equation contains four terms: 
the original convective term and the three fluxes discussed in the 
foregoing for all quantities, i.e. separately for component, heat 
and momentum. These possibilities are presented in Table 4. It can 
be seen that when reflected across the diagonal, the reciprocal 
values of the numbers appear on the other side. Due to historical 
reasons, from among the numbers under the diagonal it is only 
ĉonduction) that became generally used. It is to be noted that 

the dimensionless quantities presented in Table 4 are not all in­
dependent of one another; however, this problem is outside of the 
scope of the present paper.

It is shown in Table 5 to what extent the generalized coef­
ficients simplify the dimensionless numbers. (For the sake of com­
parison, the old expressions were also included.) The classifica­
tion also has a theoretical significance in addition to generali­
zation. Actually, if the dimensionless numbers thus expressed are

COmheat Y PairS' 1П CaSeS ( heat >' (comPHHiHt) and(--- ----- r) dimensionless numbers of the character of efficiency'component'
are obtained, very much like the Prandtl, Schmidt and Lewis numbers 
in the case of diffusion. Accordingly, we obtain:

corresponds to the Pr number (22)

corresponds to the Sc number (23)

Y 1 
~

i L
ß’

and
aj_

6’
corresponds to the Lewis number ( 2 4 )
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These numbers are very important and very useful if the ef­
ficiency of component, heat or pulse transfer between two phases 
in contact with each other is to be calculated.

In a manner similar to Equations (22), (23) and (24), the 
following dimensionless numbers of the character of efficiency are 
obtained for the rates in a volume:

We n 1
- иIII

We HiDa k’

DaIII _ l '
DaI k'

(25)

(26)

(27)

For example, the practical significance and application of 
the last Equation (27) can easily be demonstrated. For the sake of 
simplicity let us consider a chemical reaction of the first order 
whose rate is expressed by the well-known equation:

v±r = k ' ^  (28)

As it is known, according to the aforesaid, the heat source cor­
responding to this is:

v±rAH = L 1PCpT (29)

From Equations (28) and (29) we obtain:

k'c.AH = Г  pc T (30)
1 P

which can be also written in the following form:

V  c.AH 
IT = J T r (31)

This latter is an explicit form of Equation (27) and represents a
ciAH

direct connection between theorv and the quantity ( - ф), wellpc 1
known in reactor techniques.
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SYMBOLS USED

a thermal diffusivity (m2s~1)
C capacity (Farad)

c^ concentration of the ith component (mole-m-3)

c specific heat at a constant pressure (kcal kg_1degree_1)ír
c specific capacity (Farad*mole~3)

diffusion coefficient of the î *1 component (m2s_1) 
j current-density or flux (density-m1s_1)
J current intensity (extensive quantity•s~1)
AH reaction heat (kcal*mole~1)
к rate constant of first-order reaction (s-1)
k' — = (conductivity*m-3)

К conductivity (ohm-1)
Z  coefficient of heat source (kcal m _3s-1degree_1)

ZZ  pC = coefficient of heat source, as expressed with density
P (s_ 1 )

m mass kg

molecular weight of the i ^  component (kg*mole_1)
ISL mass of the it'1 component (mole) 
n coefficient of momentum source (kg m 3s-1)l
n ‘ coefficient of momentum source, as expressed with density 

(s-1 )

Q heat quantity (kcal) = 4.186xl03 Joule
T temperature (degree)
t time (s)
v flow rate (m s_1)
V volume (m3)
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о heat transfer coefficient (kcal m_2s_1degree~1)
a ' heat transfer coefficient, as expressed with density (m s~1)
S* mass transfer coefficient (kg s_1)
ß component transfer coefficient (mole s~1)
Y momentum transfer coefficient (kg m~2s~1)
Y 1 momentum transfer coefficient (m s-1)
e generalized transfer coefficient (fm-1s-1Ф-1)

e' generalized transfer coefficient, as expressed with density 
(m s~1)

n dynamic viscosity (kg m~1s-1)
к generalized diffusion coefficient (f m-1s-1Ф-1)
к1 generalized diffusion coefficient, as expressed with density

(m2s_1)
X heat conductivity coefficient (kcal m~1s~1degree-1)
V kinematic viscosity (m2s_1)
vi stoichiometric coefficient of the it'1 component (-) 
p density (kg m-3)

Г generalized density
Ÿ generalized extensive quantity
Ф generalized potential
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РЕЗЮМЕ

Автором показывается, что три транспортных члена, дополня­
ющих уравнение неразрывности можно представить двояним образом: 
при помощи потенциала и при помощи плотности. Автором выявляется, 
что коэффициенты членов, представленных при помощи плотности, мож­
но включить в единую систему: размерность их по длине L2T_1, по 
поверхности LT“1, по объему L°T-1. Преимущества систематизации и 
обобщения показываются в случае безразмерных чисел, важных в инже­
нерной прантике. Также излагается пример применения метода.
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One of the several possibilities to intensify a 
process unit is to carry out the selective completion 
of complex processes in the very same uni_t. Extraction 
is widely used in the organic synthesis industry to 
separate some products from other products or bypro­
ducts. If the valuable reaction product is to be ex­
tracted immediately, before its decomposition starts, 
the appropriate sequence of a consecutive process se­
ries has to be planned. A selective solvent has to be 
chosen and the solvent flow scheme has to be matched 
with the given conditions of the technical reaction 
kinetics. For a continuously operated reactor cascade 
the problem occurs of establishing an optimum transfer 
flow allocation. As an example, the algorithm of an 
optimum allocation is shown in the case of a conti­
nuous, extraction-coupled reactor cascade, operated in 
а с гоssed-strearns mode.

INTRODUCTION

A number of technologies are known in the practice of orga­
nic synthesis industry, more specifically in pharmaceutical indus­
try, where the valuable product of a liquid (or solid-liquid) 
phase reaction is separated from the reaction mixture by a diffu­
sion separation process (stripping out, rectification, and extrac­
tion etc.). Practically all those technological steps belong to



66k Gy. Marton Vol. 3.

that group which employs the extraction of a.product, e.g. a hyd­
rolysis product, from the aquaeous phase into the organic phase. 
This process series can be represented by the following scheme:

F“ Í U  R* Ë 0 (1)
where :

F is the phase state of the original (liquid) phase
R is the phase state of the raffinate state representing

the product of a reaction characterized by the к .j 
rate constant

E is the phase state of the extract phase obtained in the 
extraction step, characterized by the kD effective 
rate constant

a, g are the phase characteristics.
However, in the given particular form the problem is not suf­

ficiently typical, for the reaction is generally much faster than 
the separation, therefore the problem is reduced to a simple ex­
tractor design without any particular consequence.

However, a totally new situation arises of the R^ valuable 
product in the phase R decomposes in a consecutive reaction (gene­
rally speaking, a penalty function is introduced):

F“
к . k_

Ra — 5-
^akr2M

(2)

Thus, in the diffusion process, the extraction can be - or 
rather as the aim of the optimation - should be made a competitor 
of the decomposition reaction. Obviously, the extraction solvent 
and the reaction mixture must be immiscible, the solvent must be 
nonreactive towards all the components involved and the yield must 
be sufficiently high.

The complex process outlined above is only an optimum control 
problem if the operation is discontinuous or an optimum allocation 
problem, if the process is carried out in a continuous, crossed- 
-streara cascade system.



197 5 Optimum Operation Mode of Reactor Cascade 665

1. FORMULATION OF THE OPTIMUM ALLOCATION PROBLEM IN THE CASE OF AN 
OBJECT CONSISTING OF DISCRETE ELEMENTS

The state of an object is generally characterized by к phase
co-ordinates at each discrete t, i.e. it is characterized by an 

1 кx(x , . .., X ) point of an Euclidian space [1]. Thus any x(t)
phase state can be described as:

x(t) = [x1(t), xk (t)] (3)

If the number of the control parameters is r, the u(t) control 
vector at any t discrete point is given as:

u(t) = [u1(t), ur(t)] (4)

Control is therefore considered as a series of the u(l),
1 ru(2), . .., u(N) points defined within the range of the u u

variables, while the object passes through the x(0), x(l), ...,x(N) 
phase states, thereby producing the motion trajectory of the ob­
ject the t = 0, 1,..., N point [1-4].

The behaviour of the object is thereby given by the:

x(t) = ffc[x(t-l),u(t)] (5)

formula. The t index in the ffc symbol implies that it is not neces­
sary that the very same f(x,u) function should be considered at 
each of the t = 1,... N points. However, in practice this genera­
lization is not employed to a full extent and the reduced:

x(t) = f[x(t-l), u(t)] (6)

formula is applied.
Let us apply the above equation to the cascade reactor and 

the phase states described in Equation (2). The system should con­
sist of perfectly mixed tanks of the same volume and the system 
should be isotherm. It is conceivable that according to Figure 1 
the u(t) control modifies the state of the extract in the succes­
sive stages or the allocation of it, respectively.



666 Gy. Marton Vol. 3.

Figure 1. Schematics of the optimum control of the cascade

The optimation problem outlined above can only be applied to 
the crossed-stream phase contact, within the conditions given [5].

2. OPTIMATION BASED ON THE PRINCIPLE OF THE DISCRETE MAXIMUM

In most cases, the PONTRJAGIN maximum principle and dynamic 
programming readily lend themselves performing optimised control 
on such continuous processes that can be described by simple dif­
ferential equations [3, 6]. A version of the former principle al­
lowing for the handling of discrete systems, can be very efficient­
ly algorithmised to optimise discrete objects, even within the 
most diverse limitations.

Let Equation (6) be the motion equation of the object, and 
let V be the real control area belonging to the former, the result 
of the optimation should be given by the following objective-func­
tion functional:

N
J = E f° [x(t-l), u(t)] (7)

t=o
Let us select the basic problem of optimation, when the problem 
can be described by the x(o) = initial condition formula and
the optimity is observed at the maximum point of the functional 
(7).

To solve the problem the V , ÿ ^,...,4'n aid variables are in­
troduced and the optimation aid function (the HAMILTONIAN) is con­
structed [3]: ,к .

И(1, X/ u) = £ <F. f (x,u)
i=o

(8)



197 5 Optimum Operation Mode of Reactor Cascade 667

where f° is the function found in the definition of functional 
1 к(7), f ,...,f are the components of the vactor function on the 

right hand side of Equation (6) (independent variables). Then 
Equation (9) is applied to the aid variables:

ЭH ['F(t) , x(t-l) , u(t) ]
Ÿ (t-1) = ------------------------  (9)
J Эх.1

where : j = 1, ...,к
t = 1, 2,...,N

Boundaries :

Yo = 1
Yi(N) = faiN) = ... = fk(N) s 0 

If the u(t) control is optimised then the following equation:

Ht  V( t ) , x ( t - l ) , u ( t ) ] = max H [ f ( t ) ,x( t - 1 ) , u ( t ) ]

H £ v
(10)

holds at each of the t = 1, 2,..., N points, and consequently:

J ^opt Jmax (ID
If the same optimum is sought as a minimum value, the form 

of functional (7) remains unchanged but there is a boundary 
Ÿ• : -1 to be recognized!

3. THE MODEL OF THE CROSSED STREAM UNIT AND THE SPECIFIC 
OPTIMATION PROBLEM

Based on Equation (2) assuming an unidimensional case, the1-
balance equations of the i element of the cascade read as fol­
lows. In the a phase:

Fi-1 " Fi klFifci

Ч -l Ri klFifci + k2Rifci + kDi^KRi “ Е1^1

i-1 ■k2Riti

(12)

(13)

(14)
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In the g phase:

(15)

where
(16)

q is the volumetric flow rate
Let us introduce.a new variable, as follows:

E .X (17)u .X i
which is the product of the dimensionless driving force defined 
according to the two-film theory and of the effective component- 
-transfer rate. In other words, this quantity is the transfer flow 
rate per mass unit. For kQi is always a positive quantity, ui can 
assume any real value (i.e. positive, negative and zero values 
alike).

If the objective-function relating to a certain objective is 
given in the following form:

then, due to the absence of limitations, the real value of u^ 
makes the construction of the optimizing algorithm fairly easy.

This, in fact, gives the optimum distribution of the transfer 
flow in each of the elements of the cascade.

3.1 The Optimizing Algorithm

Rearranging Equations (12), (13), (14) and (15), the follow­
ing expressions are obtained:

N
J = E u . t . = min ! ■ j, X Xi=l

(18)

(12a)
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R.1 (13a)

(14a)

(15a)

The end state of the system should be determined by the unwanted 
product, M (i.e. the minimum value of ir t^ corresponding to a 
given MN value is sought or conversely: the minimum value of MN 
corresponding to a given u^t^ value is sought). This indeed can be 
done for the M^, for it can be described by the following expres­
sion :

For a cascade consisting of elements of the same volume, t. = 
= ti+i = tN = t, thereby substituting Equation (20) into the func­
tional (18), the later becomes:

as independent variables, are f'L and Z^. In the following M; and Z; 
read as:

Thus, the general form of the model corresponding to Equation
(6) reads as:

(19)

Let us introduce the Z aid variable as follows:

1 t • • • tN (20)

J = czN max ! (21)

where C = -1 t (for minimalization is carried out!).
Therefore the components of the x state vector, considered

and
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X1i = f1i [X1(i-1)' (22)

and

X2i f2i [x2(i-1)' -i] (23)

In the case of n = 2, based on Equation (8), the H function 
reads as:

H. = £ T. . f, . x . . , u .î *C1 ki —i (24)

According to Equation (9):

ш = ш =4' = — 120 ~ 2i " 2N " (25)

According to Equation (ÎO)

ЭН 3f Гх , u ]
— -  = O = 4 .  .  —  i— !--- ----1
Эи. 1 Э u.—1 —1

(26)

and
3Hi+1

3̂ i+1
=  0 =  4'1(i+1)

3f1(i+l)[̂ i' Hi+13
3!±i+1

-  1 (27)

respectively.
For, according to Equation (9):

3Hi+1
*1i " “  Ÿ1(i+D

3x1i
3f T ( i+1 ) [-i,-i+1 3

3x1 i
(28)

it follows from Equations (26), (27) and (28) that:

1(i+1)(— i i + 1 )/3—i+1 = 3 f11  ̂—i—1' —
> f 1 ( i + 1 ) ( ï i ' H i + 1 ) / 9 x 1 i  Э и .

i) (29)

In our case, considering Equation (14a), the above expression 
becomes more simple:

3fi(i+t(gi^i+i > = s 1 (30)
3 x1i ЭМ. l
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Be ГК* the sensitivity of the control and be:

П . 1 =X
э£и (х±.г и.)

Э u .—l
(31)

then the critérium of the optimation according to Equations (29), 
(30) and (31), respectively, reads as:

П1 ' = = (constant)1

i = 1,..., N-1

Let the value of the optimizing parameter be: 

ni'--- = П = constant (32)
t

Based on Equations (13a), (14a), (31) and (32):

П =
k2Rit

1 + k_t + u .t 2 1
and

Ui+1fc
k2t(Ri + k1Fi+1t) - (1 + k2t)

(33)

(34)

respectively.
It follows from Equation (33), the critérium of the optima­

tion is that a linear relationship should exist between u^ and .

3.2 A Numerical Example to Demonstrate the Optimum Allocation

In the previous part it was shown that for a given П value 
the optimizing algorithm deduces the value of the Hi+1 control, 
based on the x^ state (cf. Equation (34)) then it proceeds to com­
pute the state, etc. This means that in this case the series
of values of F, R and Z are found by a simple calculation, while 
based on these computed values, according to Fquation (14a), the
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value of , according to Equations (15), (16) and (17) the values
of KDi, E^ and can be calculated, respectively.

Table 1 . The effect of the П control parameter on the u.t controls 
of a cascade consisting of N = 5 elements with1k t = к t=
= 1 .0 ; F = 1.0 and R = M = 0.0 1 2 о о о

i u ̂ t [ -] F. [-] 1 R. [-] 1 M. [-] 1
1 -1.0000 0.5000 0.5000 0.5000
2 -0.7753 0.2500 0 .6l2lt 1 .112lt

0.5000 3 -0.7856 0.1250 0.6072 I.7196
!+ -0 .8!t27 0.0625 0.5786 2.2982
5 -0.8956 0.0313 0.5522 2.8 50lt
1 0.0000 0.5000 0.2500 0.2500
2 0.0000 0.2500 0.2500 0.5000

0.1250 3 -O.2679 0.1250 0.2165 0.7165
h -0.5060 0.0625 0.1868 0.9033
5 - 0 .679 k 0.0313 0.1651 1 .О68З
1 1.0000 0.5000 0.1666 O.I666
2 0.7386 0.2500 0.1521 0.3188

0.0555 3 0.2335 0.1250 0 .12ltl 0 . Itlt29
It -0 .167^ 0.0625 0.1018 0 .5!+1*7
5 -0 . it 52it 0.0313 0.0860 0.6307
1 2.0000 0.5000 0.1250 O.1250
2 1 .U 6Ul 0.2500 0.1083 0.2333

0.0312 3 0.7321 0.1250 0.085^ 0.3186
It 0.1753 0.0625 0.0680 О.3866
5 -0.2181 0.0313 0.0557 0 . it U23
1 3.0000 0.5000 0.1000 0.1000
2 2.18ЗЗ 0.2500 О.О837 O.I837

0.0200 3 1.2301 0.1250 0.06U 6 0.2U83
It 0.5209 0.0625 0.0 50U 0.2987
5 0.0207 0.0313 O.OltOlt 0.3391

As an example, be k^t = = 1.000 [-], Fq =
R = M = 0.000. о о

1.000 [-], and
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The П optimising parameter is given by assigning the u-̂ t 
initial value for a cascade consisting of N = 5 elements.A limited 
number of the possible solutions are summarized in Table 1.

The u^t vs. i series of points are plotted on Figure 2. It 
can be seen that an increase in the value of i results in a level­
ling off of all the coupled series of points.
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Fig.2. Changes of the u.t controls throughout the elements of the 
cascade with different initial values
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It follows from Equations (33) and (34) that:

ui + 1 =
f(R± + kiFi+1t)(i + k2t + u±t)

- (1 + k2t) (35)

For, ifi-»-“ then F . ■+ F . , . • О1 1+1

lim (u±+1t) = \ j 1 + k2t + u±t - (1 + k2t) (36)

Fi+1 - °
and

lim (1 + k2t + u±+1t) = ^1 + k2t + u±t (37)

Fi+1 - О

respectively.

As this is certainly a limiting value, u^t — u^+^t and it 
holds only if both the left and the right hand sides of Equation 
(37) approach unity. Thus:

lim (uit) = lim (u±+1t) = -k2t (38)

Fi+1 i+1
and

lim R . = lim R .,.l 1+1

Fi+l"° Fi+r°
k2t

(39)

Due to technical reasons, the negative set of the u^ values 
is irrelevant, therefore, in a realistic case, in addition to 
fixing the number of the elements of the cascade, it is adviseable 
to set the actual value of uN = 0. In this example, assuming that 
uNt = Uj-t = 0.02, only the П < 0.02 solution bears practical sig­
nificance. The value of П considered as the maximum value thereby 
determines the technically acceptable minimum sum of u^t i.e. this 
makes the problem unambiguous.
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SYMBOLS USED

E phase state of the extract
Ç ‘concentration of the aim product in the extract phase 
F phase state of the initial phase
F concentration of the initial component in the raffinate 

phase
H Hamiltonian defined by Equation (8)
J symbole of the objective-function defined by Equation (7)
к ,, к T reaction rate constants r 1 r2
kf, k2 reaction rate constants, first order kinetics (h_1) 
kß compounded component transfer coefficient (h-1)
К equilibrium distribution coefficient (-)

M concentration of the byproduct (-)
N number of the elements to the cascade (-)
R phase state of the raffinate phase
R concentration of the valuable product in the raffinate phase

1 кX state vector (its components are x ,...,x )
1 Гu control vector (its components are u ,...,u ) 

t discrete time (h)
a raffinate phase
ß extract phase
f aid variable, defined in Equation (8)
П optimizing parameter, defined in Equation (33)

Indexes

it • • • tN serial number of the elements of the cascade
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РЕЗЮМЕ

Одной из возможностей интенсификации процессовой единицы яв­
ляется избирательное осуществление сложных процессов в одной уста­
новке. В органической химической промышленности в ряде случаев 
продунты реакции разделяются от других реагентов и от продуктов 
побочных реакций при помощи экстракции. Вытягивая тотчас целевой 
продунт - после его образования и до разложения - мы должны плани­
ровать целесообразное осуществление ряда консекутивных процессов. 
Кроме выбора избирательного растворителя надо согласовать трафик 
растворителя с данными цсловиями технической реакционной кинетики. 
В случае реактора-каскада непрерывного действия речь идет об опти­
мальном разделении потоков передачи. В качестве примера представл­
яется альгорифм оптимального разделения в случае режима попереч­
ного потока для реактора-каскада непрерывного действия, комбиниро­
ванного с экстранцией.
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DETERMINATION OF THE QUASI-OPTIMUM OPERATION MODE 
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The extracting phase of a continuously operated
cascade consisting of N elements can at maximum he di­
vided into (allocated to) U partial feed and discharge 
streams, according to a given objective-function. Thus 
an optimized, crossed stream system is generated. Be­
cause the implementation of optimized control (stream 
allocation) generally involves significant additional 
capital cost, the technically more simple (therefore 
cheaper) co-current, counter-current or mixed stream 
system are implemented, respectively.

This paper presents the results of a study com­
paring the mentioned operation modes to the optimized 
one and based on those results a rational means is 
presented to select one of the above mentioned modes 
as a quasi-optimum mode. For the numerical calculation 
the elements of the cascade are assumed to be per­
fectly mixed tanks of equal- volume.

INTRODUCTION

In an earlier paper [1], the basic problem of optimum solvent 
(or transfer flow) flow rate allocation of an extraction-compled 
reactor cascade was introduced, the optimizing algorithm of a 
scheme consisting of consecutive reactions and a competetive dif-
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fusion process was given. The schematics of the optimized crossed 
stream system is shown on Fig. 1.

Fig.l. Schematics of the control of a crossed stream cascade system 
carried out through the extract phase

The following expressions hold for the a and ß phase, respec
tively.

For the a phase:

F .l
Fi-1 
1 + k^t

R .1
R i - 1  * k l F i t 
1 +  к £ t + u i t

u i kD (K " IT?)

M . 1 M i - 1  + k 2 R i t
For the ß phase: 

a) in case of crossed streams

(1)

(2)

(3)

(4)

E .l 0 1 u i R i t ( 5 a )

Let us now consider those cases, where the extract and raf­
finate phases flow co-currently or counter-currently instead of
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being allocated to N partial substreams and the volumetric flow 
rates are the same.

It is conceivable that for counter-current or co-current flow 
the only formal change occurs in the balance equation of the ß 
phase, while only the numerical parameter values of the a phase

Оare or can be modified e.g. the value of qp is by all means modi­
fied, thereby driving forces are modified through Ei as well; kD 
the value is also changed).

Thus for the 6 phase in case of 
b) co-current flow:

E .1 u . R . t1 1

c) counter-current flow:

u .R .t 1 l

(5 b)

(5 c)

1. CALCULATION OF THE COMPOUNDED MASS TRANSFER COEFFICIENT

To aid further (numerical) calculations, the compounded mass 
transfer rate, kD has to be discussed. kQ is the product of the 
mass transfer coefficient and the specific transfer area. Both of 
these values are strongly dependent on the given geometrical, hyd- 
rodynamical and phase conditions. Nevertheless, the

V.
H T U  « i  c o n s t a n t  = -j—  (m)

K D
relationship is widely accepted to hold for extractions carried 
out in aqueous solutions in rather different apparatuses, assuming 
that the dispersed phase appears as discrete, separate drops. (The 
numerical value of the constant considerably varies according to 
the conditions of the measurements, the types of the systems stu­
died and the authors, i.e. 0.2 < HTU < 2.5 [2].) In the following.
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for there is nothing better available, the expression

k D = a q Ç  (6)

is used. This expression indicates that the resistance against the 
mass transfer is realized in the extract phase, i.e. there is a 
much greater concentration gradient in the film of the organic 
phase than there is of the aqueous phase. Accordingly, the chemi­
cal reaction can exersize no effect at all. This assumption is 
fulfilled if the volumetric flowrate of the organic phase is suf­
ficiently large, for a considerable difference can occur between 
the actual concentration and the E^ saturation concentration of 
the extract phase. Considering the same thing from another point 
of view, assuming that the rate controlling factor is the state of 
the dispersed organic phase, the transfer rate in a certain drop 
size range can be considered constant [3] while the drop size, and 
consequently the specific surface area is proportional to the 
0.75-1.25t*1 power of the phase flowrate (or in a mixed space of 
the speed of the relation). The 1.00 value can certainly be con­
sidered as a good average value.

To ensure a uniform calculation mechanism, let us introduce 
the variable E', that is equal to the E .j value for crossed 
streams, to the E.j_^ value for co-current streams and to the E ^ + ]i 
value for counter-current streams, respectively. Based on Equa­
tions (2) to (6), R.j reads:

(R. , + к , F . t ) ( 1 + a q “ t ) + a q ®  E'R - 1 1 1 1___________________!_____   ̂7 'j
1 ( 1 +  a q “ t ) ( 1 +  k 2 t + a q ? K )  - a 2 q a q ? K t

Based on given process parameters and initial conditions, any of 
the operation states can be calculated from Equations (1), (5) and
( 7 ) .

2. DETERMINATION OF THE QUASI-OPTIMUM OPERATION STATE

Let us once more consider the numerical example discussed in 
the previous paper [1]. The optimum allocation problem was solved 
there for a cascade consisting of N = 5 elements when k^t = k2t =



1975 Quasi-Optimum Operation of Extraction-Coupled Reactor 68l

= 1 [-]> F = 1 [-] and R = M = 0. Be u,t = 3 and Enl = E,, = ... о o o  1 0 1 1 2
••• = EQg =  0. It follows from Equations (3), (5a) and (6) that

If the following values are chosen: a = 1 [m- 3 ]; q = 1 [m3 h ~ 1]; 
t = 1 [h ] and К = 2 [-] then the

ui 5 «4
R i = E i

equivalences are obtained, therefore the numerical values of u ■ 
become equal to the feed values allocated to q^.

Table 1. The optimized characteristics of the system (k^t = k^t = l)

i q? [m3h~1] 1 R. C-] 1 M. [-]1
0 - 0.0000 0.0000
l 3.0000 0.1000 0.1000
2 2.1833 0.0837 0.1837
3 1.2301 0.061*6 0.21*83
1* 0.5209 0.050!* 0.2987
5 0.0207 o.oi+oU 0.3391

From the data summarized in Table 1, it is evident that in 
that case the amount of souvent utilized is:

5 5 8 E u. = E q- = 6.955 m3/hi = l 1 i =1 1
Assuming a uniform allocation pattern (i.e. an average feed rate 
of 6.955/5 = 1.391 m3/h) it can easily be calculated that the 
value of Mg becomes 0.3965 (which is 17 % greater than the value 
in the optimum case). For the allocation of the extract phase is 
uniform in the case of co-current and counter-current systems, it 
is obvious that the optimity has to be ensured by the appropriately 
selected driving-force values. (in this example, for crossed 
streams E./R^ = 1 and К = 2, therefore the dimensionless driving-

t
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-force in each of the subsequent units is 2 - 1 = 1 !) In this case 
the decreasing trend of the u^ values is indicated by the continu- 
.ously decreasing driving7force values. It is known that such dif­
fusion processes can be implemented either as co-current or as 
counter-current systems [4]. Assuming that the solvent consumption 
is expectedly lower, let us first choose the co-current version.

Table 2. Characteristics of the co-current system (k^t = k^t = l)

i u . [h 1]l R. [-] 1 M. [-]1 E. [-]1
0 - 0.0000 0.0000 0.0000
l h .3500 0.0787 0.0787 0.0787
2 2.1750 0.0787 0.1575 0.1181
3 0.8087 0.0725 0.2300 0.1316
h 0.0355 0.0663 0.296!+ 0.1321
5 -0.3901* 0.0606 0.35TO 0.1267

The figures of Table 2 were obtained with the simplex sear­
ching method for a pure solvent feedrate value of 4.350 m 3/h. The 
value of Mj- is hardly 5 % higher than the optimum value although 
the corresponding R^ values differ as much as 25-30 %.

Similarly - by on essentialy random or regular search - the 
counter-current version of the problem outlined can also be found. 
Furthermore, applying some combinatorial methods the problem of 
mixed stream systems can also be tackled.

However, the search processes can be considerably simplified 
applying Equations (3) and (6), if the optimum values of u^ and
are known. Having set the value of the solvent flowrate available

ß h(q = 6.955, in the above case), the values can be calculated
irrespective of the operation mode:

Ei R i ( K  - ui
aq

(9)

These E-̂ 1 values are hypothetic values which are independent fromI
the operation mode, but constructing usual vs. R^ diagram, the
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series of points clearly indicate that operation mode which is the 
best approximation of the optimum state. Furthermore, in this way 
the limiting values of the concentrations are also set, so the cal­
culation process is actually only a more exact determination of 
the already known values.

Fig.2. The operation diagram of a counter-current, quasi-optimum 
operation mode

It is clear from Figure 2 that for this problem the counter- 
-current operation mode combined with some reflux of the extract 
phase is the best solution, for the input concentration of the ß 
phase is required to be equal to 0.0800.

The best approximation is shown in Table 3. The sixth column 
of Table 3 (6.j) presents the relative deviation of from the op­
timum value.
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Table 3. Characteristics of the 
(kxt = k2t = 1)

counter- current operát ion mode

i E.h [-] 1 E. [-] 1 R°pt [-] 1 r R. [-] 1 i%l M. [-] 1 u. [t“1] 1
0 - - 0.0000 0.0000 0.0000 -

1 0.1570 0.1740 0 .1000 0.1075 + 7-5 0.1075 2.655
2 0.1420 0.1330 0.0831 0.0806 -4 0 .1881 2.435
3 0.1190 0.1048 0.0646 0.0587 -11 ' 0.2468 1.500
4 0.0960 0.0921 0.0504 0.0497 -1.5 0.2947 0.532
5 0.080 0.0885 0 .o4o4 0.0447 +11 0.3394 0.165
6 - 0.0899 - - - -

5
E u. = 6.957 
i = l

That approximation is evidently good for the deviation of 
from the optimum value is less than 0.1 per cent. The quantity of 
the fresh solvent utilized is:

q® = 6.957 0 Л74..~. °.-.°.899 = 3.374 m3/h 
0 0.174

while the ratio of the reflux is:

= 6-957 = 2 , 
q® 3.374

Thus this operation mode is considered as the quasi-optimum opera­
tion mode.

If the k2t and u^t values in this example are modified and 
k2t = 0.1 and u^t = 0.01, the results of the optimation problem 
applied for Nmax = 4 are shown in Table 4.

The corresponding figures of and in Table 4 are
plotted on Figure 3, the input order of the extract phase to be 
planned is shown by arrows. According to that the mixed stream 
flow-schematic shown on Figure 4 was obtained. The quasi-optimum 
figures of Table 4 and the less than 1 % deviation of the 
values indicate that the system is inteed rather good.
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Table 1+. Characteristics of the optimized mixed stream system 
(kxt = 1; k2t = 0.1)

i opt u .1
kvU .1 R.°pt1 R.kV1 E . h 1 E . 1 M.°pt1 M.kV1

0 - - 0 0 - 0.1*00 - -
l 0.010 0.009 0.1*50 0.1*76 0.892 0.9̂ 3 0.01+5 0.0l*8
2 0.211* 0.301 0.533 0.518 0.835 0.718 0.098 0.099
3 0.171* 0.11*0 0.516 0.515 0.851 0.871* 0.150 0.151
1+ 0.095 0.0l*9 , 0.1+85 0.1*98 0.876 0.931+ 0.199 0.201

Fig. 3. The operation diagram of a mixed stream quasi-optimum 
operation mode

Fig. k .  The schematics of the quasi-optimum mixed stream system
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In summary, it was shown that the optimum transfer conditions 
of the extraction-coupled reactor cascades can be calculated by a 
fairly simple procedure [1]. This paper presents the method used 
to select that operation mode. Although the discussion presented 
is related to an actual cascade system, the principles outlined 
seem to be general enough for the tubular systems can be fairly 
well described by the cascade model.

SYMBOLS USED

a constant proportional to HTU, cf. Equation (6), m 3 

E concentration of the valuable product in the extract phase, -
F concentration of the initial component in the raffinate phase
К equilibrium distribution coefficient, - 

kj, kg reaction rate constants, h-1 
kg compounded mass transfer coefficient, h-1 
M concentration of the byproduct, -

q volumetric flow rate, m3h_1
R concentration of the valuable product in the raffinate phase,
t discrete time (residence time of the raffinate phase in one

tank), h
u control variable (transfer flow per unit component), h~1 
a raffinate phase
ß extract phase

Indexes

i,...,N-l,N serial number of the cascade element 
h hypothetic value
kv quasi-optimum value 
opt optimum value
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РЕЗЮМЕ

Энстранционную фазу ряда каскадав непрерывного действия, 
состоящего из элементов числа IM, можно разделить максимально на N 
частичных подач и отбираний по отношениям, соответствующим данной 
целевой функции. Таким образом получается оптимизированная система 
поперечного потока. Имея в виду, что осуществление оптимального 
управления (разделения) требует значительных инвестиционных рас­
ходов, вместо него строим одну из технически более простых (т.е. 
дешевых) систем: прямоточную, противоточную или смешанную систему.

В статье обсуждается применяемость отдельных режимов для 
осуществления оптимального состояния, а также планирование квази- 
оптимального режима в некоторых случаях. При числовых расчетах бы­
ло предположено, что элементы каскада имеют одинаковый объем и 
считают их полностью смешанными.
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The new agitators are built up of elements which 
are different from the conventional ones and can be 
regarded as point-like, zero dimensional, or line- 
-like, one-dimensional ones. Their important characte­
ristic is that their geometric dimensions approach the 
dimension range of disperse systems.

The elements of which the agitators consist are 
made of a solid (metallic or non-metallic ) material of 
construction, which is resilient and indifferent 
towards the fluid. Their most important parameters are 
the following: the mean diameter q (10-5000 pm), the 
length of the element 1_ (^ > 50.q) —  and the number, s z _  
of the elements representing the agitator.

The application of these new-type agitators for 
the purpose of dispersion is demonstrated by emulsifi­
cation experiments with the system oil/water. A compa­
rison of the turbine stirrer with the rotation-type 
line agitator revealed that with the application of 
the new elements the time necessary for effective 
stirring is decreased to half its original value and 
at the same time, the time necessary for the complete 
separation of the emulsion is increased to a tenfold 
value.

The rotation-type line agitators can advanta­
geously be applied for dispersing liquid-liquid, solid- 
-liquid and gas-liquid heterogeneous systems.

In their application, the improved efficiency 
can be explained on the basis of the surface area of 
the elements, as referred to unit volume (F/Q) or the 
shearing edge length, as referred to unit volume 
(El/Vs u m ); these values are considerably higher than 
those encountered with conventional stirrer types.
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INTRODUCTION

The intensification of chemical reactions carried out in a 
heterogeneous phase in a batchwise manner and, in connection with 
it, going over to continuous operation is an assignment whose so­
lution has been in the centre of research work on unit operations 
for a number of years now. Even theoretically, there exist a large 
number of possible solutions and although innumerable embodiments 
were designed, the multifariousness and specific nature of these 
tasks is an innexhaustable source of new solutions.

It is a common characteristic of reactions occurring in a ho­
mogeneous liquid or vapour phase that the distribution of the com­
ponents is practically uniform along any direction of space and in 
any small unit of it. This might also be defined in the following 
manner; the components are present in the reaction space in a mo- 
lecularly dispersed state and this ensures the short operation 
time (which can be regarded as practically identical to the reac­
tion time) and continuous execution of the operation.

As opposed to the aforasaid, neither uniform spatial distri­
bution of the components, nor identity of the time of operation 
and that of the reaction can be considered in the case of hetero­
geneous reactions. Consequently, such reactions cannot be realized 
as a continuous operation without active external interaction or 
intensification.

At the same time, an up-to-date heavy chemical industry is 
impossible without continuous processes, because these offer - as 
opposed to batchwise processes - advantages such as

- high productivity and, connected with it, decreased operating 
costs and manpower requirements

- decreasing specific investment costs,
- uniform, high-quality product.

The solution of the problem of the continuous process, of 
the continuous operational unit can be approached from two direc­
tions :
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1. one of the possibilities could be described in the fol­
lowing manner : the heterogeneous system of two or more components 
is brought into a "quasi-molecular" state, i.e. it is to approxi­
mate the homogeneous systems;

2. the second possibility is that the rate of the transport 
processes occurring in the heterogeneous phase (pulse, component 
and heat transport) is increased by their intensification [1].

Basically, from whichever angle the problem is approached, 
the aim to be reached is the same and the methods of approach are 
analogous to each other. Both in order to increase the degree of 
dispersion (i.e. to approach the granule size and dispersion to 
the molecular size range, i.e. to reach "quasi-molecular dispersi­
on") and to increase the rate of the transport processes, to in­
tensify them, the energy brought into the system from the outside 
has to be increased. This energy introduced into the system has to 
be spent as irreversible energy, as power becoming valueless in 
the operational unit [1].

In order to have the largest possible portion of the energy 
introduced from the outside spent in an irreversible manner, to 
have the largest possible portion of the power introduced become 
valueless, it is necessary that

- as much introduced energy as possible be transferred, to
- as little a unit volume as possible, within
- as short a time as possible.

The common characteristics of the operational units so far 
developed at the Institute are exactly those mentioned above, be­
cause

- in pneumatic pulverization, the gases streaming out along the 
narrow edge of the slit-type pulverizer at a small cross sec­
tion with a high velocity, transfer a high momentum to a 
small volume of the liquid, within a very short period of 
time [2, 3, 4, 5, 6];

- in the electromagnetic metal pulverization technique, in the 
course of spark discharge, a high electrical energy pulse
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(which is transformed to heat) appears in a very short time 
in a very small, point-like volume (ym3) [7].
Of course, these techniques using a high energy density with 

respect to time and space for intensification can be utilized only 
in certain, and not in all cases of heterogeneous-phase chemical 
reactions, since these differ from one another in a number of 
their parameters, i.e. they are specific. Accordingly, it is neces­
sary to seek for and continually develop new solutions; however, 
the theoretical principles of the possibilities of the solution 
are the same as described in the foregoing.

The development of new methods for the intensification by 
high energy density with respect to space and time was the subject 
of cooperation between the Institute and the Nothern Hungarian 
Chemical Works on the development of unit operations. The result 
of this cooperation was the development of the agitators built up 
of new-type elements; these are the subject of the present paper 
C8, 9].

DESCRIPTION OF THE NEW-TYPE AGITATOR ELEMENTS

What is characteristic of these agitators built up of new 
elements? First of all their difference, the fact that they are 
built up of elements which are basically different from those of 
the known, conventional ones. It is a common characteristic of 
known agitator and stirrer elements (blade, turbine blade, propel­
ler, disc or the combination thereof) that they possess a size of 
three (or at least two) dimensions which is comparable to those of 
the stirred volume, whereas the elements developed in the course 
of the present work are, as compared to the stirred volume:

- practically dimensionless, point-like and consequently they 
can be regarded as zero-dimeiißional bodies;

- or they possess practically a single dimension (length), they 
are linear and consequently they can be regarded as one-dimen­
sional bodies.
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These elements are illustrated symbolically (drawing to scale 
being necessarily impossible) in Figures la and lb, respectively.

/тпг'ггттпг'

Fig.l. Point-like (a) and linear (t>) elements

Accordingly, the geometric dimensions of these elements are 
considerably different from those of the conventional elements and 
the difference is in decreasing direction, in the direction of 
microscopic dimensions. The dimensions essentially approximate the 
dimension range of dispersions, of course to such an extent as is 
enabled by the material properties (deformability, strength, and 
elasticity, etc.) of the structural materials that can be used to 
produce the elements.

The geometric characteristics of the zero and one-dimensional 
elements are the following: thickness or mean diameter "q" and the 
length of the element "1". q may be of the order of 10-5000 um, 
whereas 1 is generally (in .the case of one-dimensional elements) 
50-5,000 times the value of q: 1 = 50 q - 5,000 q. Another impor­
tant characteristic is the number of the elements "sz", present in 
the dispersing space.

There are two possibilities to bring about dispersion with 
the point-like and linear elements: they can be applied either as 
passive or active agitators. The essential difference between 
these two dispersion techniques is that in the one case the ele­
ments take part in the introduction of the energy necessary for 
dispersion, whereas in the other case they do not.
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In those cases where they do not take part in the introduc­
tion of the external energy and the latter is supplied by some 
other known agitator (e.g. a conventional stirrer), they act as 
passive agitators. In such cases, the elements freely moving, ro­
tating and vibrating in the fluid alter the velocity gradients of 
the streaming brought about by the conventional agitator in small 
volume elements, they bring about a multitude of microturbulences 
and thereby they act as intensifiers. This method of passive agi­
tation is illustrated in Figures 2a and 2b. The zero-dimensional

Fig.2. Passive agitation with point-like (a) and linear (b) elements

or one-dimensional elements used for passive agitation are made of 
a structural material that is solid, resilient and indifferent in 
relation to the fluid; their geometric dimensions are nearer to 
the lower limit of the already defined dimension range. In such 
cases, the number of the elements is preferably expressed as the 
fraction of the volume of the fluid and it is at least 0.1 %. The 
upper limit is variable and it is determined mainly by the visco­
sity of the fluid; the number of the elements can be increased as 
long as the system behaves as a fluid (generally max.40 % by vol.). 
In the case of both types of elements it is advantageous if their 
shape is anisodimensional (q^ ^ f  ... ^ q ^  and if their 
size distribution is heterogeneous (1  ̂ f 12 4 I3 ••• f h )  •

If the introduction of external energy necessary for disper­
sion is carried out by these new elements, i.e. they take part in 
the introduction of energy, they function as active agitators. In

(a) (b)
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this case, the geometric dimensions of the elements correspond to 
the upper limit of the already defined dimension range (e.g. 
q = 10 - 5,000 m, 1 = min. 50 q) and the upper limit of the num­
ber (sz) of elements to be applied is defined by their length (1), 
the elasticity of the structural material applied (p) and the vis­
cosity of the liquid (n). The active agitators comprising linear- 
-shaped elements differ in a further important characteristic from 
conventional agitators. In the case of the latter, the suspension 
of the elements (e.g. turbine blades) is rigid and while rotating 
they behave as rigid bodies, whereas the linear elements are 
rigidly suspended only at one (or, at least, at a few) of their 
points, e.g. at the shaft end of the agitator and their other 
parts resiliently deflect or vibrate (cf. Figure 3).

wave-like, and spiral, etc. Their lengths may be identical or dif­
ferent. Their material of construction is generally a solid, resi­
lient - metallic or non-metallic - material indifferent towards 
the fluid. In certain cases, active linear elements can be made of 
a gas or liquid (possibly, 1  ̂= -  I3 ••• = 1 ,̂ but, it is also
possible that Ip ^ I2 ^ I3 ••• ^ 1 »̂ in general, q^ = q2 = q^

It is apparent from the aforesaid that the new agitator ele­
ments produced as the result of the present research offer a wide 
field of various possibilities, the parameters can be varied within 
wide limits and accordingly they enable the solution of a multi­
tude of tasks in a new manner and at a higher technical level.

Fig. 3. One active element (in two projections)

The shape of these linear elements may be varied: straight
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In the following, the limit of the variation of the parame­
ters as well as the explanation of the efficiency of dispersion 
operations carried out with the new elements will be demonstrated 
by means of a concrete agitator system, the rotation-type linear 
agitator. The study of these experiments and of their results 
enables generalizations concerning the operation of the new ele­
ments to be arrived at.

The rotation-type linear agitator as a new rotary stirrer type

The rotary stirrer built up of linear elements, i.e. the ac­
tive rotation-type linear agitator is the most evident form of re­
alization of the agitators made of new elements, which are the sub­
jects of th& described invention. In the examinations carried out 
with them, comparisons between their characteristics and those of 
the known, conventional agitators, i.e. rotary stirrers can easily 
be made. Undoubtedly the experience gained in this manner covers 
only part of the advantages that can be gained by the application 
of these new elements (just as the rotation-type linear agitators 
are only one of their possible forms of realization); nevertheless, 
they are applicable for their demonstration and to draw conclu­
sions. The rotation-type linear agitator is a rotary stirrer whose 
dispersing elements are linear elements and they are coupled at 
one point (or a few points) to the rotary axis and the element of 
q thickness can freely be deflected along its length 1. The degree 
of this deflexion depends on the p elasticity of the structural 
material of the element, the n viscosity of the fluid and the n 
number of revolutions per minute. An agitator is built up of linear 
elements whose number is sz and the latter is also of decisive im­
portance with regard to the efficiency of the agitator.

Accordingly, the parameters effecting the number of the pos­
sible variations in the case of rotation-type linear agitators are 
the dollowing: q, 1, sz, p and n.

A simple inspection of the above proves that by the appro­
priate choice of these parameters there is a wide possibility for 
the solution of intensification tasks of the most varied nature.
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However, the differences between conventional stirrers and 
rotation-type linear agitators are not only those described in the 
foregoing, but there also exist further differences which conside­
rably influence their mode of application.

Conventional stirrer elements, as a consequence of their 
three-dimensional structure possess a considerable mass (especial­
ly if it is calculated as a specific value, with reference to the 
unit surface area of the stirrer) whereas in the case of linear 
agitators the mass with reference to the unit surface area of the 
elements is as little as one third to one fifth as that of those. 
This fact and the non-rigid suspension of the elements, i.e. the 
"free deflection" of the elements results in the fact that in­
creasing the peripheral speed (and,together with it the Re number) 
is by far not limited as much by the <a  ̂ critical angular speed, 
influencing the design, as in the case of conventional stirrers.

It was found in the course of the experiments that in the 
case of linear agitators, no imbalance of the rotating mass is en­
countered. This can be explained by the fact that the resiliently 
deflecting elements "adjust themselves" to the shape corresponding 
to the resistance of the medium.

The differences and the advantages can realistically be 
estimated if a conventional stirrer and a rotation-type linear 
agitator is examined under identical experimental conditions; for 
this purpose, experiments were carried out for the production of 
oil-in-water type emulsion with both stirrer types, under totally 
identical experimental conditions.

The volume of the oil and water applied (у0ц  = 1°° ra-*-' 
Vwater = ml' ^tota1 = l'-*-00 ml ) was identical in the case of 
the two stirrer types: turbine stirrer and rotation-type linear 
agitator, and similarly the diameter of the vessel used for emul­
sification was also the same (D = 130 mm) as well as the diameter 
of the two agitators (d = 43 mm), the driving motor was the same 
and consequently so was its idling speed (n = 4,200 r.p.m.). The 
number of the turbine blades was varied in the experiments (sẑ . = 
=2, 3, 4) and so was the number of linear elements (szv =8, 16, 
24, 40).
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The evaluation of the emulsification tests (the comparison 
of the degree of dispersion) was carried out by the measurement of 
the time necessary for efficient mixing and of the stability of 
the emulsion (the time necessary for total separation). The time 
necessary for efficient mixing was measured on the basis of light 
transmitted (this was recorded by means of a photo-electric cell). 
The period, measured from starting of the mixing, until there was 
no longer a change in the intensity of transmitted light was regar­
ded as the time necessary for efficient mixing. It was measured in 
seconds and the symbol т was used for it. The other parameter of 
evaluation was the stability of the emulsion; it was examined in 
such a manner that the emulsion was poured into a graduated cylin­
der and the time t necessary for total separation of the phases 
was measured (minutes) . The results of these experiments are sum­
marized in the following Table.

The measurement results (n.̂ , T an<3 t) are presented in the 
Table and they are supplemented with the calculated values with 
reference to the surface area of the agitator elements (F mm2), 
their volume (Q mm3) the total length of the elements (or the 
total length of the shearing edges: E 1, mm) and their length with 
reference to the unit of the stirred volume (E l/Vtotal'

What can be seen from the results, and what connections are 
revealed by the Table?

It is apparent at a first glance that in the case of emulsi­
fication with linear elements, the time necessary for efficient 
mixing is as low as half of that required in the case of the tur­
bine-type stirrer.

Similarly it is readly apparent that at the same time, the 
stability of the emulsion (more particularly, the efficiency of 
dispersion) is practically of fenfold value when carrying out the 
emulsification with the linear agitator, as when whit the turbine 
stirrer, since the time necessary for the separation of the phases 
was increased to tenfold value.

The results of these experiments convincingly prove that the 
dispersion operation can be carried out by means of the linear
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agitators at a multiple efficiency as compared to turbine stirrers 
What is the cause and the explanation of this increase in effici­
ency? By studying the calculated data present in the Table and the 
diagrams, prepared on the basis of the latter, shown in Figure 4, 
the following most essential conclusions can de drawn:

Fig.l*. Turbine stirrer ---  ; linear a g i t a t o r ---

1. The stirring surface, with reference to the unit volume of the 
stirrer elements (F/Q) is larger in the case of the linear agi­
tators by a factor of three to five.

2. The total element length (streaming edge length: £l/Vtota^), 
with reference to unit volume, is in the case of the linear 
agitators larger by a factor of fifty to a hundred.

3. The difference and its nature is even more apparent in the gra­
phical representation,where the "longitudinal density" is shown 
plotted against changes in the surface area of the stirrer ele­
ments .
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On the basis of these considerations it becomes understan­
dable and explainable why the rotation-type linear agitator is 
more efficient in dispersing; a considerable contribution to this 
efficiency is represented by the vibration of the linear elements 
during their motion, which, however, could not be included numeri­
cally into the Table.

In the course of the experiments, the ratio D:d was not only 
studied at custorary design values (D/d = 3), but also in experi­
ments No. 8 and 9 at the more unaccustomed value of 1.62. Surpri­
singly it was found that т showed a further decrease and, at the 
same time, the time t necessary for separation showed a further 
increase.

In these experiments, the stirrers were placed at a height 
corresponding to the stationary phase boundary (boundary water- 
-oil). In the following, experiments were carried out in which

- V .. = V = 500 ml was maintained andoil water
- the stirrers were located at a height corresponding to the 
middle of the upper stationary oil phase.

It was experienced that - whereas in the case of the turbine-stir­
rer there was no emulsification at all - the linear agitator 
enabled the preparation of an emulsion stable for nearly the same 
time.

The significance of the experimental results showing the ad­
vantages of the linear agitators is further enhanged when it is 
considered that in the experiments:

- no use was made of the possibilities of the "rotatability" of 
the linear agitators (a relatively low speed was applied)

- variation of the number of the elements was restricted to a 
narrow range.
Summarizing the aforesaid it can be concluded that the effi­

ciency of the rotation-type linear agitator (as an embodiment of 
the new agitator elements developed) can, at a first approximation, 
be explained by the following:



702 L. Mészáros, M. Szabó, J. Grega and L. Tasi Vol. 3.

- on account of the decreased geometric dimension of the ele­
ments, considerable velocity fradients arise in small volumes 
of the fluid (consider, for example, the difference in the 
flow rate- of two fluid layers moved by two elements of q =
= 0.5 mm and the "non-moved" layer between them);

- velocity vectors considerably different with regard to magni­
tude and direction are formed along the 1 length of the ele­
ments "adjusting themselves" in the direction of the resis­
tance of the medium;

- the vibration of the end portions of the resilient linear ele­
ments is, in addition to the aforementioned, the source of 
further microturbulences.
An additional feature is that less restrictions are valid in 

connection with increasing the speed of stirring and the diameter 
of the stirrer, as opposed to conventional stirrers, and accor­
dingly higher Re number ranges can be reached.

Accordingly, it can unequivocally be stated that the increase
in efficiency is connected with changes in the longitudinal density, 

П  / Fi.e. in v '-- which is, of course, also influenced by the values
total

of q, 1, sz and p.
On account of space restrictions, only one type of the new 

agitator elements was described in the foregoing, moreover, only 
part of the experiments could be reported.

The results of further experiments together with a few che­
mical applications will be described in a further paper.
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РЕЗЮМЕ

Мешални нового типа построены из новых, отличающихся от 
обычных, элементов, считающихся нульмерными, точечными или одно­
мерными, линейными. Характерное для них свойство, что их геометри­
ческие размеры приближаются к размерам дисперсных систем. Состав­
ные части мешалки изготовлены из твердого (металлического или не­
металлического), упругого, инертного для флюида материала. Важней­
шие характерные свойства: средний диаметр £ (10-5000 дм), длина 
элемента (_l>50.q) и число составных частей мешалки.

Применяемость мешалки нового типа для.диспергирования была 
доказана на опытах с целью эмульгации водно-масляной системы. Со­
поставление смесителей с турбинной мешалкой и ротационной линейной 
мешалной доказало, что с применением новых элементов время, требу­
емое для эффективного перемешивания, уменьшается наполовину, а 
время, нужное для полного разделения эмульсии, увеличивается в 
десять раз.

Ротационные линейные мешалки полезно применимы при дисперги­
ровании гетерогенных систем: жидкоеть-жидкость, твердое тело-жид­
кость и газ-жидкость.

Повышение эффективности при их применении характеризуется 
величиной F/Q, (поверхность элемента/объем элемента), также вели­
чиной 21/У0[Зщ (длина сдвигающей кромки/смешанный объем). Эти вели­
чины значительно превышают соответствующие величины мешалок клас­
сического типа.
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