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EXAMINATION OF THE COMPOSITION OF BARIUM
ALKYLTHIOPHOSPHONATE LUBRICATING OIL ADDITIVE

8. Borzsonyi*, B. Mark6-Monostory*, . J. Abed**,
and K. Berafy-Réthy*

(*Hungarian Oil and Gas Research Institute, Veszprém and
»4Egyptian Petroleum Research Unstitute, Nasr City)

Received: February 16, 1981

In order to gain information about the composition of alkylthio-
phosphonic acids formed in the reaction of polyisobutylene and P4S1o
extraction of gasoline, solutions of thiophosphonic acids prepared at
different conditions were made with methanol. The obtained fractions
as well as their barium salts were investigated by elemental analysis,
dialysis and infrared spectrometry. Barium alkylthiophosphonate was
further fractionated in an ultracentrifuge. Characteristics of the acids
prepared by the conventional process and the presence of P4O10
respectively and that of their barium salts are discussed

An important group of lubricating oil additives are detergent-dispersant addi-
tives, having a hindering effect on the deposit formation from oils during the
operation of the motor. Thiophosphonates are employed throughout the world
for this purpose and are also produced in Hungary.

Procedures for preparing oil-soluble thiophosphonates, starting from hydro-
carbons of high molecular mass (700-3000), reacting them at temperatures of
200-250 °C with tetraphosphorus decasulphide (P4S10), hydrolysing the pro-
duct with steam and neutralising the formed acids with alkali earth metal
oxides or hydroxides, have been published since the 1940s [1—#]. Nevertheless
very little information is to be found in literature concerning the exact com-
position and structure of the products.

Based on the structure of the product identified by Fay and Lastkelma [8]
in the reaction of ciklohexene and P4S10the reaction product of higher olefins
like polyisobutylene (PIB) and P4S10are fomulated as thioanhydrides of alky-
lene trithiophosphoric acids [9]:

R—CH2—C—CH2—¥ Y S4\P—CH2—C—C H2—R

K 1w 1 A,

R being a polyisobutyl group.
According to Lacoste et al. [10] the additive is the salt of acids having the
composition RPS(OH)2 Abott and Stewart [11] found that the bulk of the
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additive consists of thiopyrophosphates [(RP022(S)Ba] sometimes being
accompanied by a 10-25 mol percentage of thiophosphonates and phosphonates.

In a process developed by MAFKI [12], polyisobutylene having an average
molecular mass of 1000-1300 is reacted with tetraphosphorus decasulphide
at 160 °C in the presence of tetraphosphorus decaoxide (P4010. The acidic
product formed is neutralized with crystalline barium hydroxide [Ba(OH)2X
8H20]. The advantage of this procedure is that a lower reaction temperature
can be employed in the first reaction step and that the other treating operations
preceding the salt forming can be omitted.

We also tried earlier to explain the role of P4010in the reaction and to obtain
data about the composition of the compounds formed. It was shown [13] that
PIB also reacts in this procedure only with P4S10, P4010 having an accelerating
effect on the conversion. According to IR, 41- and 13C—NMR spectral data the
olefinic double bond can be involved in the reaction [14, 15].

The composition of the reaction product formed in the reaction of olefins and
P4S10depends to a large extent on the starting molar ratios [13, 14]. In addition,
PIB is a mixture of homologous and isomeric hydrocarbons. So the reaction
product is a complicated system of related compound groups that also differ in
their molecular masses.

Separation of the products obtained in the reaction of PIB and P4S10, as well
as that of the former and P4010by liquid chromatography (LC) [16] gave main
fractions [24-44%] containing no oxygen and having a phosphorus to hydrocar-
bon molar ratio of 1.5-2, the S/P atomic ratio being between 2 and 3. The
presence of metaphosphoric acid polymers was further rendered probable in
the reaction product formed in the presence of P4010

The aim of the experiments discussed here was to gain information about the
role of the different component groups present in the alkyl thiophosphonic
acids on the composition of the additive.

Separation of Alkyl Thiophosphonic Acids by Extraction

The acidic products of the reaction of PIB and P4S10as well as that of the
latter compounds and P4010were aimed to separate by liquid-liquid extraction
in order to gain fractions of different composition to be used as starting mate-
rials in barium salt formation. Extraction was chosen for this purpose, instead
of LC, the amount of sample which can be separated being restricted in the
latter method by the dimensions of the column applied.

On the basis of the experiences obtained with LC—where the PIB is not
converted and the compounds containing no oxygen were eluable with hydro-
carbons and the oxygen-containing ones with more polar eluents—to solvents
of significantly different polarity: gasoline (b.p. 58-98 °C) and methanol were
used in the extractions. The samples of alkyl thiophosphonic acids were dissol-
ved in two volumes of gasoline and extracted with four volumes of methanol.

a) Examination of the Reaction Products Formed in the Reaction of Polyisobutylene
and Tetraphosphorus Decasulphide

Alkyl thiophosphonic acids were prepared at temperatures between 160 and
240 °C, with the same starting molar ratio (0.48 mol of P4S10 per mol of PIB
having an average molecular mass of 1070), with a reaction time of 5 hours.
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After four extraction steps carried out at room temperature, the methanol
extracts were combined and both phases were freed from solvents by distillation
in vacuum. The amounts of the obtained fractions and their composition are
summarized in Table 1.

Table 1.

Composition of alkyl thiophosphonic acids obtained in the reaction of polyisobutylene
and P4Swo and that of their fractions

Thiophosphonic

acid Acid Sapo- op Acig/p Sapon-
Sample  tempe- M Po 2% M nunT;)er Cg{if(')_n at/at ecﬂjlat ifiable
rature  amoynt KOH/g number equ/at
of pre- %
paration
°C
Starting 6 160 100 — 12 28 15 103 187 2.3 0.43  0.86
alkyl 7 180 100 — 29 50 20 211 51.4 17 040 098
thio- 8 200 100 — 30 65 25 222 496 21 041 0091
phosphonic 9 220 100 — 36 71 27 242 594 19 037 0091
acid 10 240 100 — 44 78 32 350 859 1.7 0.44 11
Gasoline 6/1 160 878 1620 08 25 00 55 16.8 3.0 038 12
fraction 7/1 180 850 1600 1.7 44 00 9.4 221 25 030 0.72
8/1 200 828 1560 21 53 04 120 240 24 031 0.63
9/1 220 793 1520 22 58 03 132 270 26 033 0.68
10/1 240 795 1560 26 53 07 166 323 20 035 0.69
Methanol 6/2 160 12.2 32 59 _ 285 387 1.8 049 067
fraction 7/2 180 150 1040 58 102 45 817 122 1.7 078 12
8/2 200 172 x 68 121 — 812 126 17 066 10
9/2 220 207 — 77 107 — 126 159 13 090 11
10/2 240 205 — 105 132 — 146 180 12 077 10
M  =average molecular mass (by vapour pressure osmometry)

at. =gram-atom
equ. =gram-equivalent

Sulphur and phosphorus content of the starting alkyl thiophosphonic acids
increased with the temperature of their preparation. The concentration of the
mentioned elements and that of the functional groups generally decreased in
the gasoline and increased in the methanol fractions. The compounds containing
oxygen formed by hydrolysis with the water content of air during the opera-
tions were concentrated in the methanol fraction. The S/P atomic ratios in
the gasoline fractions—like in the main fraction obtained by LC—were between
2 and 3, those of the methanol fractions—in accordance with their oxygen
content—below 2.

The IR spectra support the tendencies outlined before. Fig. 1 represents the
spectrum of an alkyl thiophosphonic acid and the spectra of its fractions.
The intensities of the absorptions originating from the valence vibration of
P =S and P—O bonds, decrease in the gasoline and increase in the methanol
fraction relative to the same intensities in the starting acid, the absorption due
to P—O bonds being more significant in the methanol fraction.
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Fig. 1
a) IR spectrum of alkylthiophosphonic acid prepared at 220 °C without P4O10 and the
spectra of its fractions:
b) gasoline fraction c) methanol fraction

The polar and nonpolar fractions also differ in respect of their molecular mass,
the average molacular mass of the gasoline fractions being higher. Regarding

the unreacted PIB (M= 1070) content of these fractions, the difference in mo-
lecular mass of the reaction products between the two type of fractions is
certainly larger than measured.

b) Examination of the Product Formed in the Reaction of Polyisobutylene
and Phosphorus Decasulphide Prepared in the Presence of Phosphorus
Decaoxide

The alkyl thiophosphonic acid to be extracted was prepared at a temperature
of 160 °C, in 5 hours of reaction time, with a starting molar ratio of 0.36 P4S10:
0.38 P4010:1.00 PIB. Five-step extraction was made here, expecting a larger
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wave number cm'l

Fig. 2
a) IR spectrum of an alkylthiophosphonic acid pepared in the presence of P 4010 and the
spectra of its fractions:
b) gasoline fraction c) methanol fraction

content of polar compounds and the product obtained in the third step was
treated with steam. The amount and composition of the fractions obtained up
to the 3rdand 5thextraction steps respectively are represented in Table 2.

The tendency of distribution of sulphur and phosphorus content as well as
that of the “acidic” functional groups between the fractions is the same as
discussed in the former section; the différencies observed in the numeric data
are due to the presence of inorganic phosphoric acids in methanol fractions.

In accordance with the differences in elemental and functional group com-
position, the IR spectra show the same tendency as established from the
spectra of the samples prepared without P4010 the presence of the bands origi-
nating from P -0 bonds in the methanol fraction being here much more expli-
cit. A supplementary band characteristic to P =0 valence vibration in the
spectrum of the latter fraction was observed.
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Table 2.

Composition of alkyl thiophosphonic acid obtained in the reaction of polybutylene

and P4Sio in the presence of P4O10 and that of its fractions

Sample
Starting
alkyl-
thio- 0
phospho-
nic acid
Gasoline 3/1
fraction 5/1
Methanol 1- 3/2
fraction 4- 5/2
at. =gram-atom

equ. = gram-equivalent

Amount
%

100

7
6

4.8
8.9

p
%

3.7

c) Conversion of Polyisobutylene

S
%

5.2

L
>o©

117

0
%

6.6

Acid num-
ber
mg KOH/g

57.7

133
8.0

205
150

. =

S I
€ 50 sp
ScE at/at

285z

SHEE

88.2 1.5
133 1.9
8.0 1.4
279 1.0
150 0.6

Acid/P
equ/at

0.86

Saponi-
fiable
equ/at

1.3

0.50
0.45

13
13

In order to determine the unreacted PIB present in gasoline fractions, they
were converted to their barium salt, the hydrocarbon content of which can be
separated by dialysis [17]. The PIB content of the fractions shown in Table 3
were calculated on the basis of the assumption that the gasoline fractions con-
tain practically all the nonreacted PIB content of the alkyl thiophosphonic

acids.

According to the data shown, the nonreacted PIB content of the samples
increases with the temperature of preparation, the amount of the polar com-

Table 3.

Amount and composition of the extraction fractions considering the content of
polybutylene not converted

Preparation of alkyl
thiophosphonic acid

Sample

P4010

© 00 N O
|

10

at. =gram-atom

160
180
200
220
240
160

temperature
°C

PIB not con-

verted

%

57.3
31.0
30.1
20.0
20.3
25.0

reaction product
%

30.5
54.0
52.7
59.3
59.2
44.0

Gasoline fraction

P/P1B

0.9
1.0
1.3
1.1
1.4
0.6

in

reaction product
at/mol

Methanol
fraction

%

12.2
15.0
17.2
20.7
20.5
31.0
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pounds also increasing in the same order. The addition of P4010to the reaction
mixture increases the conversion of PIB at the same temperature. The simul-
taneous increase of the amount of the polar fraction is due to the presence of
some inorganic hydrolysis products of P4010concentrating in this fraction.

There is an important difference between the gasoline fractions in respect of
the atoms of phosphorus per mol of reacted PIB. This ratio is the lowest in the
fraction of the acid prepared in the presence of P4010 increasing otherwise
with the reaction temperature of the synthesis. On the basis of the différencies
in P/PIB ratios measured in the gasoline fractions (1.0 + 0.4) and the ratio
calculated in the methanol fraction 7/2 (P/mol = 2.0) the concentration of com-
pounds having a lower molecular mass and containing more functional groups
in the “polar” fractions may be regarded as a general tendency.

Preparation of Barium Salts from the Fractions Obtained by Extraction

Barium salts were prepared from alkyl thiophosphonic acids and from some
chosen fractions obtained by extraction in order to gain information, about
their solubility. This property is important, because only the oil-soluble thi-
ophosphonates are suitable as lubricant additives.

Composition of the starting alkylthiophosphonic acids and their barium
salt, as well as the part of the acidic fractions forming oil-soluble salt is summa-
rized in Table 4. The fraction marked 1/2 is the first methanol extract of an
alkyl-thiophosphonic acid synthetised in the presence of P4010, consisting in
the bulk of inorganic phosphoric acids.

According to the data, only a small part of this fraction formed salts soluble
in oil. The other methanol fraction, at the same time, converted almost quan-
titatively to an oil-soluble barium salt. According to the composition of the

Table 4.
Composition of barium salts prepared from alkyl thiophosphonic acids and from
their fractions
Alkyl thiophosphonic acid Barium salt
PsQwat .
aponi- conver-
Type of ATA Prepara- fication ted to TBN Ba/P
ATA sample  pog number oil-so- sample Ba%  P% mg at/at
mg luble KOH/g
KOH/g salt %
Without _ 9 36 594 _ 9/Ba 9.5 35 8l6- 061
extraction + 0 37 8822 — 0/Ba 120 24 807 113
Gasoline _  8910/1 23 27.8 824 8910/IBa 40 13 319 0.69
fraction + 11/1 18 265 830 11/IBa 5.2 15 457 0.78
Methanol _ 8910/2 84 161 93.0 8910/2Ba 189 59 132 0.72
fraction + 1/2 26.4 650 4.7 1/12Ba 12 23 81 0.12

ATA alkyl thiophosphonic acid
TBN =total basic number
at. =gram-atom
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starting acid, this salt has a higher barium and phosphorus content than the
salts obtained from the gasoline fractions.

The difference between the barium content and Ba/P ratios of the salts
prepared without preliminary extraction of the acids shows that inorganic
phosphates can also be present (sample O/Ba) in spite of the fact that inorganic
phosphate itself does not dissolve in oil.

In the IR spectra of the barium salts prepared without preliminary extrac-
tion of the acids (Fig. 3), the relative intensities of the bands due P-O-(Ba)

1500 1300 1100 900 700 700 600 500 /100
wave number, cm’

Fig. 3
IR spectra of barium salts obtained from alkylthiophosphonic acids
a) salt of alkylthiophosphonic acid prepared without P 4010
b) salt of alkylthiophosphonic acid prepared in the presence of P 40w

bonds are approximately the same. The differences appearing in the region of
the valence vibration of the P = S bonds and in the absorption due to the defor-
mation vibration of POxSygroups, support the presence of inorganic phosphates
in the salt of the thiophosphonic acid prepared in the presence of P4010 The
spectra shown in Fig. 4 demonstrate the differences between the salts of gaso-
line and methanol fractions discussed earlier.



1981 Lubricating Oil Additive 9

IR spectra of barium salts obtained fi'om the fractions of an alkylthiophosphonic acid
prepared without P4O10:
a) salt from the gasoline fraction
b) salt from the methanol fraction

Separation of Barium Salts by the Application of an Ultracentrifuge

The conclusions concerning the composition of barium salts outlined in the
previous section are in agreement with earlier results obtained in our laborato-
ry. From the data of investigations carried out with alkyl thiophosphonic acids
prepared in the presence of P4A0I0containing a phosphorus isotope of 3P [13] it
was established that alkyl thiophosphonic acids and their barium salts form
rather stable colloid systems with the derivatives of P4010 It was not possible
to separate these inorganic compounds by centrifuging (r.p.m.= 6,000) the
gasoline solutions of alkylthiophosphonic acids and those of their barium
salts for several hours.

These experiences prompted us to try the separation of inorganic barium salts
from organic thiophosphonates under more vigorous conditions. The maximum
r.p.m. of the centrifuge rotor applied was 50,000 (i?max= 187.265 g).
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The sample was dissolved in 20 volume of gasoline and centrifuged during
4 hours. Four phases formed as result, which were separated and dialysed in or-
der to gain fractions containing no hydrocarbon (PIB). The composition of the
fractions obtained and their amounts are given in Table 5.

Table 5.

Composition of fractions obtained by separation of a barium alkyl thiophosphonate
additive in an ultracentrifuge

TBN Ba p S 0
Sample Vol.% %/ao S p Y 5 O*

Kgﬁlg % % % % % atoms per mol of PIB
Starting additive  _ 5.0 506 11 0.8 — — — — — —
Upper phase 9 13.6 864 32 33 669 117 16 17 17 17 17

Middle phase 1 44 14.9 946 33 32 641 108 37 19 17 17 40
Middle phase 2 44 178 1128 39 35 605 106 37 24 20 20 40
Lower phase 3 29.3 1857 35 62 473 82 55 50 45 25 80

sestimated from the sum of the other elements

According the data, nearly 90 per cent of the starting material concentrated
in the two middle layers. Their composition was about the same and could
be characterized with the formula ii!(PS02Ba)2, R being an alkyl group corres-
ponding to the average molecular mass of the starting polybutylene. The reason
for the separation of these two middle phases may be the different association
degree of the individual molecules included. The upper phase differed from the
middle phases in the oxygen content.

Regarding its amount, the lowest not very important phase according to the
IR spectrum contained asignificant amount of inorganic phosphates. Formulat-
ing these latter as BaH P04 and supposing otherwise organic compounds simi-
lar to that found in the middle phases, 25-30% of inorganic phosphates can be
present accordint to the elemental composition. This amount indicates less than
1% of inorganic compounds separated from the starting additive.

The ability of barium alkylthiophosphonates to disperse inorganic phospha-
tes was further confirmed by an experiment in which phosphoric acid was added

Table 6.

Effect of phosphoric acid on the composition of the
barium alkyl thiophosphonate additive

Composition of the product

i Addition of
Experiment % H3PO4 Ba TBN
% mg KOH/g
12 _ 4.4 46.2

13 10% 10.1 92.3
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to the alkyl thiophosphonic acid and barium salt was prepared from the mix-
ture. The same organic acid was parallel converted to its barium salt without
any addition of phosphoric acid. On the basis of the difference measured in
barium content of the samples purified by centrifugation (Table 6) barium alkyl
thiophosphonate was able to disperse about 8-10% of barium phosphates.

Conclusions

Applying liquid — liquid extraction, mixtures of compounds containing
0.6-2 phosphorus atoms per mol of the starting PIB were separated from alkyl
thiophosphonic acids. The number of functional group per hydrocarbon chain
increases with the temperature used in the synthesis of the acids. The “polar”
fraction separated from the alkyl thiophosphonic acids and which contains
more than one functional group per mol could also be converted almost quan-
titatively to an oil-soluble barium salt.

The conversion of PIB increased if the alkyl thiophosphonic acid was prepa-
red in the presence of P4010.

A main fraction with the composition of i?(PS02a)2 was separated by
ultracentrifuging and dialysis from the barium alkyl thiophosphonate additive
prepared with MAFKI technology. This product contains twice as many
functional groups per mol of hydrocarbon as the product described in literature.

It could be shown that barium alkyl thiophosphonate disperses, a signifi-
cant part of the salts formed from the hydrolysis products of P4010 in the
form of a stable colloidal system. This is in accordance with our recent 3P
tracer experiments.
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PE3IOME

MpoBOAMAM 3KCTPaKLMIO MPU PasNYHbIX YCNOBUSAX Fa30/IMHOBOr0 pacTBopa TUOOCHOPHbIX KMC-
10T C Le/bio OnpefeneHns cocTaBa ankunaTnodocopHbIX KUCMOT NyTeM peakuum P4Sio ¢ nonmmso-
6yTuneHoM. MonyyeHHble (PpPaKLMM 1N UX GapueBble COMN U3yvann 3NeMEHTAPHbIM aHaIM30M, Ana-
JIN30M Y NH(PaKpacHo cneKTpoMeTpuei. ANKunTnodgoctoHaT 6apus pasaensnm Ha pakumm ¢ no-
MOLLbIO yNbTpaueHTpudyru. B pgaHHOM cTaTM npuBedeHbl pe3ynbTaTbl aHaM3a XaTaKTepHbIX
CBOWCTB KMC/OT MU 6apueBbIX COMeli NPOU3BEAEHHbIX TPaAMLMOHHLIM CMOCO60M 1 B MPUCYCTBUN

P 401o0.
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Die Stickstoffoxyde gelten auch heute fir schadlichste Komponenten
der Luftverschmutzung. lhre Emissionsraten liegen in meisten Be-
trieben mindestens um eine GroRenordnung héher als der Sollwert. Zur
Verminderung der Emission ist in vielen Fallen der einzige Weg der
Einbau bzw. die Neugestalltung der Abgasreinigungsanlagen. In
diesem Bericht wird ein Uberlick Gber verschiedene Reinigungsme-
thoden gegeben. Darliber hinaus werden die Versuchsergebnisse der
Herstellung und Anwendung zeolithhaltiger Adsorbentien einheimischer
Herhunft erortert.

Die Stickstoffindustrie ist eine gut bekannte Quelle von Luftsehmutzung in der
chemischen Industrie. Die in den Abgasen der Salpetersdure-Herstellung
vorhandenen Stickstoff-Oxyde (NO und NO02) gehdren zu den schédlichsten
Luftverunreinigungskomponenten. Diese verursachen schon im ppm-Kon-
zentrationsbereich chronische Erkrankungen der Atmungsorganen und im
Konzentrationsbereich von 100-1000 ppm kann die Einatmung der Stickstoff-
Oxyde, zu Unféllen mit tédlicher Auswirkung fihren [1, 2].

Die Stickstoff-Oxyd-Konzentration der Abgase von Salpetersdure-Betrieben
betrdgt auch heute in einigen Fallen 0,3—0,4 Vol.%. In Ungarn erreicht die
Menge des emittierten Stickstoff-Monoxyds dieser Betriebe ungefédhr 20 000
t/Jahr. Das bedeutet nicht nur eine schéadliche lokale Verunreinigungsquelle
sondern auch einen betrachtlichen Verlust fiir die Betriebe.

Wegen der schadlichen Wirkung der Stickstoff-Oxyde wird die Emission der
Salpetersdure-Betriebe in vielen Landern geregelt [3, 4, 5]. Die Konzentration
der Stickstoff-Oxyde im Abgas mufl heute in einem modernen Betrieb unter
2000 ppm liegen. Um diese Forderung einhalten zu kdnnen, muR man die Be-
triebe mit Umsicht planen und bauen mit besonderer Rucksicht auf die Abgas-
reiniegung.

Die einfachste Lésung fir wirksame Abgasreinigung vére die effektive
Stickstoff-Oxyd-Absorption. Es ist aber nicht einfach durch Absorption eine
Stickstoff-Oxyd-Konzentration im Abgas unter 200 ppm zu erreichen. Bisher
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war es nur dann mdéglich, wenn der Absorptionsdruck bedeutend erhoht
wurde. Im allgemeinen ist ein Betriebsdruck von 6,5—15 bar ndtig, um den
vorher genannten Grenzwert zu erreichen [5, 6]. Solche Druckwerte waren aber
friher in Salpeter-S4ure-Betrieben nicht typisch. Deshalb mufl man in unseren
Betrieben fir die Abgasreinigung einen anderen Weg einschlagen.

Abgasreinigungsmethoden

Zur absorptiven Abgasreinigung wurden friiher verschiedene wésserige L&s-
ungen von NaOH, Na2C03, Ca(OH)2 Mg(OH)2, NH3, dann Schwefelséure,
verdunnte oder konzentrierte Salpetersdure usw. verwendet. Hier sind vor allem
zwei Probleme zu bemerken. Die Absorption ist in meisten Féllen nicht wirksam
genug, und in den verwendeten alkalischen Lsungen entstehen unter anderen
auch Nitrite, die explosiv, korrosiv und giftig sind. Die nitrat- und nitrit-
haltigen Losungen finden meistens keine Verwendungsgebiete. Die Schwefel-
sdure kann man wegen Wassergehaltes des Abgases nicht vorteilhaft werwen-
den. Die Literatur der Abgasreinigund durch Absorption wurde von H. Vo-
gel und W. Teske [7, 8] zusammengefalit.

In Japan verwendet man neuestens auch alkalische MKn04Ldsungen fir
Stickstoff-Oxyd-Absorption [9]. Die verschiedenen Verfahren wurden von allem
fur die Reinigung von Rauchgasen ausgearbeitet. Als Nebenprodukt bekommt
man in diesen Prozessen K2504 und KNO3, die als Dingemittel verwendet
werden kénnen. Das aus dem KM n04entstehende Mn02muR bei diesen Reini-
gunsprozessen regeneriert werden.

In den Salpeterséure-Betrieben hat sich meistens die katalytische Reduktion
fur die Reinigung der Abgase durchgesetzt. Man unterscheidet selektive und
nicht selektive Reduktion. Bei selektiver Reduktion wird NH3als Reduktions-
mittel benitzt. Ammoniak reagiert im Abgas nur mit den Sickstoff-Oxyden im
Gegensatz zu der hdufiger benutzten nicht selektiven Reduktion, wo man
Erdgas und wasserstoffhaltige Gase als Reduktionsmittel verwendet. Erdgas
und wasserstoffhaltige Gase reagieren zuerst mit dem freien Sauerstoff und mit
dem Stickstoff-Dioxyd, und die Reduktion des Stickstoff-Monoxyds kann nur
mit GasiberschuR und bei einer verhdltnismalig hohen Temperatur erreichet
werden.

Die katalytische Stickstoff-Oxyd-Reduktion wurde zuerst in den Vereinigten
Staaten in der Mitte der 60-er Jahren an die Reduktion des Stickstoff-Monoxyds
angepalt, obgleich diese Reduktion als katalytische NachVerbrennung schon
fruher fir zuséatzliche Energiegewinnung verbreitet angewandt wurde [10].
Die Stickstoff-Monoxyd-Reduktion fihrt in einigen Féllen, vor allem wenn die
Sauerstoff-Konzentration im Abgas zu hoch ist, zu einer so hochen Abgas-
Temperatur, die den Katalysator und die Konstruktionsbaustoffe beschédigt.
In diesen Fallen ist vorteilhaft zweistufige katalytische Reduktion oder eine
Abgas-Rezirkulation einzusetzen. So kann man die zur Reduktion erforderliche
Temperatur mit weniger Fremdenergie erreichen und auch die Abgastemperatur
herabsetzen.

Im Bild 1 wird das katalytische Reduktionssystem der Firma Engelhard
Minerals and Chemicals Corp. gezeigt. Das System ist vollautomatisiert und
enth&lt auch einen adsorptiven Entschwefelungsapparat [3].
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Luft

Bild 1
Katalytische Abgasreinigungsanlage fur Salpetersaure-Betriebe der Firma Engelhard
1. Abgasvorheizer; 2. Molekularsieb-Entsehwefelungsapparat fir Erdgas; 3. Gasmischer;
4. Reaktor fiir die Reduktion der Stickstoff-Oxyde; & Dampfkessel; 6. Energie-Riickge-
winnung; 7. Methananalysator; 8. Sauerstoffanalysator; 9. CH4/O2 Verhaltnisregler;
10. Umleitung, gedffnet wenn der Or-Gehalt im Abgas zu hoch ist; 11. Mdoglichkeit zum
Eingriff, wenn die Reaktortemperatur zu hoch ist; 12. Mdglichkeit zur Stillegung der
Methaneinfihrung, wenn eine Stérung im Salpetersaure-Betrieb auftritt; FR: Stro-
mungsmeBung und -Registrierung; TR: Temperatur-MeRBung und -Registrierung; TRC:
Temparatur-MeBung, -Registrierung und -Regelung; TC: Temperatur-Regelung

Die Problemanalyse der katalytischen Abgasreinigung zeigt, dieses Verfah-
ren kann nur in den Hochdruckbetrieben Anwendung finden. Die Absorption
ist in diesen Betrieben wirksamer, und man kann die bei der reduktion entste-
hende Energie nicht nur zur Dampfherstellung, sondern auch zur Gewinnung
elektrischer Energie anwenden. Der Energiehaushalt kann also in diesen
Betrieben wirksamer gestaltet werden. Diese Situation ist bei uns in Ungarn
bei Pétflird6 gegeben, wo der modernste Salpeter-Saure-Betrieb mit 8 bar
Betriebsdruck zu finden ist. Dem Betrieb gehdrt auch eine katalytische Ab-
gasreinigungsanlage.

Die selektive katalytische Reduktion wurde vor allem in Japan zur Reduk-
tion der Stickstoff-Oxyde von Rauchgasen entwickelt unter Anwendung ver-
schiedener Katalysatoren [9].
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Fir selektive Reduktion der Stickstoff-Oxyde in Abgasen der Salpeter-
saure-Betriebe hat die Firma Mitsubishi Chemical Industries ein Verfahren
entwickelt. Das Bild 2 zeigt das Prinzipschema einer zum gegebenen Sal-
petersédure-Betrieb gekoppelten Abgasreiningunsanlage [4].

Mitsubishi Salpetersdaure-Betrieb mit katalytischem Abgasreiniger (Reduktionsmittel:
Ammoniak)

I. Ammoniakverdampfer; 2. Separator; 3. Vorheizer; 4. Ammoniakfilter; 5. Ammoniak-

brenner; 6. Warmeaustauscher; 7. Dampfkessel; 8. Pt-Filter; 9. Kihler; 10. Absorber;

Il. Reaktor fir die Reduktion der Stickstoff-Oxyde; 12. Energie-Rickgewinnung

Das Verfahren wurde in einem unter 8 bar Druck arbeitenden Salpeter-
saure-Betrieb mit einer Kapazitdt von 120 t/Tag realisiert. Der Ammoniak-
Verbrauch der Reduktion betrdgt 2—3% bezogen auf den Ammoniakbedarf des
Salpetersdure-Betriebes.

Unserer Meinung nach kann man obiges Verfahren auch nicht in den ub-
lichen, unter niedrigem Druck arbeitenden Salpetersdure-Betrieben anwenden.
Der Ammoniakverbrauch mifRte hier noch bedeutend hdher liegen und deshalb
véren die Kosten der Abgasreinigung nicht vertraglich.

Zur Reinigung des Abgases der Salpetersidure-Betriebe versuchte man schon
seit langer Zeit auch Adsorbentien zu beniitzen. Mit Hilfe der Adsorption kann
man einen Rezirkulationsprozef? entwickeln. Durch die Rezirkulation der
Stickstoff-Oxyde steigert sich die Sdure-Produktion in Salpetersdure-Betrieben
engefdhr um 2—3%. Die friher bekannten Adsorbentien, das Silikagel, Alumi-
nium-Oxyd und die Aktivkohle waren aber nicht wirksam genug fur die Ad-
sorption der Stickstoff-Oxyde. Diese Lage hat sich nur in den letzten Zeiten
mit der Anwendung der Zeolith-Adsorbentien verédndert. Mit diesen Adsorben-
tien kdnnen wir um eine GréfRenordnung hohere spezifische Adsorptionskapa-
zitét als fruher mit dem Silikagel erreichen. Bei der Adsorption entstehen keine



1981 Abgasreinigung mit Zeolith-Adsorbentien 17

schédlichen Nebenprodukte. Diese Verfahren sind aber von groBerem Ener-
gieaufwand.

Zur Zeit kennen wir zwei Adsorptionverfahren fur die Reinigung von Ab-
gasen der Salpetersdure-Betriebe. Diese sind: das PuraSiv-A-Verfahren der
Firma UNION CARBIDE [11, 12], und das NORTON-Verfahren [13]. Diese
Rezirkulations-Verfahren verfligen tber zwei Adsorptionskolonnen und ver-
wenden zur Regenerierung einen Teil des gereinigten Abgases.

Bei dem PuraSiv-A-ProzeR beniitz man zwei verschiedene Adsorbentien in
jeder Kolonne. Am Abgaseintritt funktionieren die Kolonnen als Trockner.
Die Stickstoff-Oxyd-Adsorption findet in weiterem Sektor der Kolonnen statt.
Die Leistung der Adsorptionseinheiten &ndert sich von 6 000—25 000 Nm 3/h
Abgas.

Das Bild 3 zeigt das Schema des NORTON-Verfahrens.

Bild 3
Norton Molekularsieb-Adsorptionsbaterien flir Abgasreinigung in Salpetersaure-Betrieben
1. Adsorber; 2. Rohrofen; 3. Kompressor dir Regenerierungsgas-Zirkulation; 4. Re-
generierungsgasbehandlung

Die Zeolith-Adsorptionsanlagen kdnnen auch nicht leicht in die gegenwaérti-
gen Salpetersdure-Betriebe eingebaut werden. Die Abgasreinigung durch
Adsorption fihrt zu einem Rezirkulations-Gasstrom von 20—25% bezogen auf
den Abgasstrom. Dieses Gasstrom sollte man zur Absorption zuriuckfihren,
aber in den ungarischen Betrieben bedeutet eben die Absorption einen EngpaRB.

Die Reinigung mit Adsorption erfordert also auch eine Rekonstruktion der
Absorptionsanlage.

Einheimische Zeolith-Adsorbentien zur Abgasreinigung
Wenn man gegen die schédliche Stickstoff-Oxyd-Emission in Ungarn etwas
tun will, muB man eine andere Ldésung finden. Am Lehrstuhl fur Chemische

Technologie der Technischen Universitdt Budapest haben wir mit Forschungs-

2
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arbeiten fur die Aufklarung des Stickstoff-Oxyd-Adsorptionvermdégens ein-
heimischer Zeolitgesteine vulkanisches Ursprungs begonnen. Diese Rhiolit-
Tuffe enthalten zwei Zeolithsorten : Klinoptilolith und Mordenit. Das Mordenit
ist ein bekanntes Stickstoff-Oxyd-Adsorbens. Die Adsorptionseigenschaften
des Klinoptiloliths fur Stickstoff-Oxyde waren aber zu dieser Zeit unbekannt.

In unseren Laborversuchen wurde festgestellt, daR sowohl klinoptilolith-
als auch mordenithaltige Tuffe die Stickstoff-Oxyde adsorbieren. Im gereinig-
ten Gas kdnnen wir eine Stickstoff-Oxyd-Konzertration unter 10ppm erreichen.
Da sich das spezifische Stickstoff-Oxyd-Adsorptionsvermégen der Tuffe in
natirlichem Zustand nicht hoch genug erwies, bereiteten wir auch verschiedene
Modifikationen durch lonenaustausch und AufschlieBung mit S&duren. Wir stell-
ten fest, daR der lonenaustausch flur das spezifische Stickstoff-Oxyd-Adsorp-
tionsvermdgen dann vorteilhaft gestalltet wird, wenn damit gleichzeitig eine
PorenmaReerweiterung erreicht werden kann. Weil die sdure Aufschliefung das
Porenmall immer erweitert, war die Wirkung der AufschlieRung bezogen auf
die spezifische Stickstoff-Oxyd-Adsorption fast immer giinstig. Durch geeignete
chemische Behandlungen ist es gelungen die spezifische Stickstoff-Oxyd-Ad-
sorptionsvermdgen zu Anfang dieser Adsorbentien ums Mehrfache zu erhdhen.

Die optimalen dynamischen Bedingungen der Stickstoff-Oxyd-Adsorption
wurden auch unter Anwendung dieser Adsorbentien in gefiillten Adsorberkolon-
nen untersucht.

Unsere besten Stickstoff-Oxyd-Adsorbentien wurden auch in einem Sal-
petersaure-Betrieb in Leninvaros in einem Versuchsapparat, der zwei Adsorber
von je 30 | Rauminhalt hat, geprift. Im Bild 4 wird das Schaltschema des

Apparates gezeigt.

Bild 4
Adsorptionsversuchsapparat fir Abgasreinigung in Salpetersaure-Betrieben
1. Abgaskihler; 2. Tropfenabscheider; 3. Adsorber; 4. Regenerierungsgaserhitzer;
5. Regenerierungsgaskihler

Unseren Erfahrungen nach kénnen wir mit diesen Adsorbentien auch aus
einem echten Abgas, das einen Druck von 2 bar und einen Taupunkt von 272 K
hat, die Stickstoff-Oxyde bei 313—333 K adsorbieren. Zur Regenerierung kon-
nen wir das von der Ammoniak-Oxydation stammende warme Gas mit einem
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Stickstof-Oxyd-Gehalt von 7% benitzen. Wir haben nach einer Regenerierung
bei 603 K im allgemeinen eine Durchbruchkapazitdt von 3 Gew. %bezogen auf
das Stickstoff-Dioxyd in Adsorberbetten erreicht. Optimale Ergebnisse haben
wir mit mordenithaltigen Adsorbentien gefunden. Die Kapazitdt der Adsor-
bentien hatte wdahrend der von uns durchgefiuhrten ungefédhr 40 Adsorptions-
zyklen keine unglinstige Verdnderung gezeigt.

Unserer Meinung nach ist es technisch maglich, die Abgase der Salpetersdure-
Betriebe unter Anwendung dieser Adsorbentien zu reinigen. Der Konstenfrage
muR noch nachgegangen werden, die bedeutend davon abhdngen wie groB die
spezifische Adsorptionskapazitdt vom Adsorbens ist. Der Mordenitgehalt
unserer Adsorbentien war bisher nicht gréBer als 50%. Wir hoffen, daR die
Mineralforschung in Ungarn in néchster Zukunft auch konzentriertere zeolith-
haltige Tuffe zur Adsorbensherstellung bereitstellen kann. Damit kdnnen die
Dimensionen des Adsorbers und die Kosten der Reinigung viel gunstiger
gestaltet werden.
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SUMMARY

The nitrogen oxides are the most harmful air polluting compounds. In most cases the NOXx
emission of nitric acid plants are well above the allowed limits. For the reduction of the
emission generally the onliest solution is the removal or destruction of nitrogen oxides.
The authors deal with the various methods used for the cleaning of nitric acid stack gases.
Data are presented on experiments carried out with natural zeolite adsorbents of Hungarian
origin.

PE3FOME

OKUCK a30Ta ABNSAIOTCA OfHMMMN U3 CaMbIX BPeAHbIX, 3arpASHAIOLLMX BO3AyX coeauHeHuii. CTeneHb
3arpsisHeHust y 60/bLUMHCTBA 3aBOJ0B NPOU3BOAALLMX a30THYIO KUC/OTY NPEeBbILLAET A0MNYCTUMOE
npegenbHoe 3HadeHvie. C LENblo YMEHbLLIEHWSI SMUCCUN B 6O/bLUMHCTBE C/lyUaeB CTPOAT U 9KCMy-
aTVpyloT 060pYA0BaHMS ANS Fa3004UCTKMU.

B CO06LLEHMM OnKMCaHbl PasnUHble METOAbI OYMCTKM Fasa, KpoMe 3TOro npuBedeHbl OCHOBHbIE
pe3ynbTaTbl 3KCMEPUMEHTOB NPOBEAEHHBLIX aACOPGEHTAMU M3rOTOB/IEHHbIX U3 MUHEpPaNibHbIX Lieo-
NUTOB A06bIBaeMbIX B BeHrpum.
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The ion-exchange characteristics of synthetic F-zeolites were investi-
gated. The ion-exchanged forms of Y -zeolites have been characterized
by various analytical methods. Y -zeolites were converted to NHaY,
MgY and LaY ; while in further experiments the NHa4Y zeolites were
converted to NHaMgY, NH4LaY and NH4MgLaY forms. Analytical
measurements showed that conversion rates obtained for the ammoni-
um, magnesium and lanthanum forms were 94%, 69% and 72%, respecti-
vely.

The heat-induced acidity of ion-exchanged zeolite catalysts was
examined by IR spectroscopy along with their catalytic activity
shown in the 1-butene alkylating reaction of r-butane. Magnesium
and lanthane were found to display strong stabilizing effects, while
NHalLaY and NHaMgY prepared from NHaY were found to display
high heat stability and favourable catalytic activity.

Generally, the term *“zeolite” refers to a group of naturally occurring hydra-
ted metal aluminosilicates. Many of them can be prepared artificially. The
F-type zeolite is a synthetic crystalline zeolite, which is similar to the faujasite
occurring in nature. The principal building unit of the F-type zeolite is the
truncated octahedra (sodalite cage), which consists of a 3-dimensioned frame-
work of Si04 and AIQj" tetrahedra [1, 2].

The tetrahedra are cross-linked by the sharing of oxygen atoms, so that the
ratio of oxygen atoms to the total of the aluminium and silicon atoms is equal to
two. The sodalite units are connected along two six-membered rings, resulting
in a hexagonal prism. In this way, the polyhedra enclose a supercage with an
internal diameter of 1.25 nm and is accessible through twelve-membered rings
of oxygen atoms with a free aperture of 0.75 nm.

The negative electrovalance of tetrahedra containing aluminium is balanced
by the inclusion of cations. Different cation sites can be distinguished depending
on the position of the cation. The occupation of the cation sites is determined by
the type of the cation and by the silicon-aluminium ratio. The type of the
cation and its position are the principal factors, which determine the catalytic
activity. In the case of the F-type zeolite, the composition of the unit cell
calculated on dehydrated basis can be given as follows:

Nas7(A102)57(Sio 2)135.
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One of the consequences of the higher silicon-aluminium ratio of the Y -type
zeolite compared to the F-type zeolite is that less cation site is available.
However, the advantage of the Y-type zeolite having a higher silicon-dioxide
content appears in stability and activity, consequently the Y zeolite is widely
used in catalytic cracking, isomerization and alkylation as the catalyst.

Hydrogen Y zeolites can be prepared by ammonium ion-exchange followed
by a calcination step. During the calcination, ammonia is removed and a proton
remains attached to the lattice oxygen [3].
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O O O O O o) o |1 0 0 O O
VLN LN LN LN
Si Al- Si  si o Al- V"SI" AN+ 2NH,.
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The calcination can be carried out in vacuum, or in a dry gas stream in the
temperature-range of 300-500 °C. On the basis of Ward’s experimental work,
it can be stated that the Bronsted acidity remains constant, if the catalyst is
activated in the given temperature range. In the case of activations carried out
at higher temperatures than 500 °C, the Bronsted acid sites gradually cease to
exist and during water removal, Lewis acid sites are formed [4].

o o 0o O O

\ LN N LN /
Si Al- Si Si+ Al

According to the above scheme, two Bronsted sites are converted into one
Lewis acid site. The application of IR spectroscopy is the best method to
ensure the identification and characterization of the active sites in zeolite.
The results of the IR absorption studies demonstrated three types of hydroxyl
groups. The band occurring at a wave number of 3745 cm-1 can be assigned to
hydroxyl (silanol) groups at the edge of crystallites or present in amorphous
material. The 3745 cm-1 band does not correlate with catalyst activity.

The 3640 cm-1 band is an indicator of Bronsted acidity [5]. In the pyri-
dine absorption investigations, the decrease in the intensity of the 3640 cm-1
band, and the appearance of a new band at 1545 cm-1 as a consequence of the
formation of pyridinium ion were observed. The intensity of the 3640 cm-1 band
can be brought into connection with catalytic activity. The 3540 cm-1 hyd-
roxyl band can react only with the stronger base piperidine forming a carbo-
nium ion [3, 5 6]. The maximum intensity of the 3640 cm-1 band can be
attained at 375 °C, and it remains constant until 500 °C. The effect of calcina-
tion temperature on the acidic character of the F-type zeolite was studied
with chemisorbed pyridine.

The band at 1545 cm-1 can be used to indicate proton acidity (Bronsted),
while the 1455 cm-1 band shows Lewis acidity. It can be stated that Bronsted
acidity increases with the calcination temperature up to about 325 °C, and
remains constant to 500 °C, and above 500 °C it begins to decrease. Lewis
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acidity appears at 450 °C, and above 550 °C it increases rapidly, while the
extent of Bronsted acidity decreases.

The cracking of toluene was investigated on HY-zeolite. It can be stated
that the change in the activity of the catalyst follows the intensity of the
3640 cm-1 band, so Brunsted acid sites can be considered to be active sites.
On the basis of the experimental results, it can be stated that hydroxyl groups
appearing at a wave number of 3540 cm-1 are located in relatively inaccessible
regions of the zeolite, while the hydroxyl groups appearing at 3640 cm-1 are in
accessible regions.

Furthermore, the zeolites ion-exchanged with multivalent cations can be
stated to be more active compared to zeolites containing univalent cations
[5, 7, 8]. The activity of the zeolites increased with the silicon-to-aluminium
ratio, and in the case of alkaline earth zeolites the activity increased with
decreasing ionic radius (increasing field strength). It is assumed that the struc-
tural hydroxyl groups are formed by the solvation of the multivalent cation:

H
O 0 o O O O O O 0 O o)
M2+H20 ovag\V AT VAI"
o'V w 0O 0 O 00 00 00 00 o

M(OH)+

Lewis acid sites are formed when zeolites containing multivalent ions are
heat treated at temperatures above 500 °C. The hydroxyl bands appear near
those frequencies observed on Il F-zeolite. The hydroxyl groups associated
with the cations have no acidic character. It was concluded that in the case of
alkaline earth cations, the catalytic activity can be brought into connection
with the concentration of the Bronsted acid sites. Brunsted acidity changed
linearly with the electrostatic field and potential [5]. The rare earth ion-exchan-
ged Y-type zeolites show similar characteristics, except that their activities
and stabilities are more favourable compared to those of zeolites containing
bivalent cations.

This probability can be explained by the higher electrostatic field potential
and field strength of the rare earth cations [9, 10].

RE(OH)2

According to W ard’s investigation, the concentration of the Bronsted acid
sites of the REY zeolite is between the values of HY and MgY measured beside
the same condition. Ward stated that for every six exchange sites in HY 6,
in REY 4 and in MgY 3 Bronsted acid sites are formed [9].
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Experimental

The aim of the experimental work was to prepare alkylating catalysts from
Y -type zeolite by ion-exchange and to study the effects of the composition
and calcination on the catalytic activity.

Synthetic Y-type zeolite produced by the Union Carbide Corporation was
used as starting material. The composition of the Y-type zeolite on anhydrous
base can be given as follows:

Al203 22.2 W%
SI02_ 64.5 W
Naz2U 12.7 wo%

The Si02ZAI20 3molar ratio of the starting material was 4.51. On the basis of
thermogravimetric analysis, the water content of the zeolite sample was 24.4 w%
beside air-dry condition. The X-ray diffraction measurements showed the samp-
les to be highly crystalline. Its surface area was 902 m2/g.

The ion-exchange of Y zeolite

NH4Y, MgY, LaY forms were prepared by the exchange process of the
Y -type zeolite and NH4MgY, NH4LaY and NH4MgLaY types were formed by
the further ion-exchange of the NH4Y form according to the procedures given
in literature [3, 4, 5]. During the laboratory experiments, the quantity of
NH f, Mg2+and La3+ cations was sufficient to provide 3-5 equivalents of the
cation per equivalent of total base-exchange capacity.

The scheme of the ion-exchange is given in Fig. 1.

LaY

NH4MgLaY NH4LaY

Fig. 1
The scheme of the ion-exchange

(the numbering given on the arrows shows the number of the ion-exchanges).
The zeolite samples were dissolved for the quantitative determination of the
components constituting the zeolite.

This was carried out in two different ways.

Digestion with hydrogen-fluoride: 400 mg of powdered zeolite sample was
placed into a beaker. Concentrated hydrogen-chloride and hydrogen-fluoride
helped to digest the zeolite, and the solution obtained was evaporated in a wa-
ter bath. Then it was dissolved again in HC1 and the solution was poured into a
normal flask. Another digesting method was also applied in the experiments.
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Digestion with hydrogen-fluoride in the presence of sulphuric acid: 100 mg
of zeolite sample was placed in a platinium crucible and after adding 1 cc of
H2504it was dissolved in hydrogen-fluoride. The forming SiF4 and the residual
H2F2 were evaporated. The sample was repeatedly dissolved in hydrogen-
fluoride and evaporated. The material digested was washed into a flask with
distilled water.

The water content of the zeolites was determined by derivatograph. The deri-
vatographic studies were carried out in static air atmosphere. The total water
content ofthe basis zeolite was removed until 350 °C. The main part of the water
content of the zeolite samples ion-exchanged with Mg2+ and L a3+ respectively
was removed until 200 °C. In both cases, the TG curves showed well perceptible
changes, so the water removal lasts until 650 °C. Studying the NH4Y form
it can be stated that the removal of the ammonia and water takes place in more
steps. The water content of the ion-exchanged zeolites calculated on the basis
of the TG curves was as follows:

NaY 24.4 W%
NH4 241 Wb

MgY 262 W%
LaY 234 wo%

Having digested the zeolite samples and determined the water content by deri-
vatographic analysis, the ammonium, magnesium, and lanthanum-contents of
the zeolites were determined. The experimental results are summarized in
Table 1.

Table 1.

The results of the determinations of ammonia

Number The extent
Sample of the co’r:‘tgnst o thhe
ITHT ion- ion-exchange
ochanges V¥ %
NH4Y 1 | 3.2 64
NH4Y 2 2 4.0 79
NH4Y 3 3 44 88
NH4Y 4 4 4.6 93
NH4Y 5 5 4.7 94
NH4MgY 3 16 32

The magnesium content was determined by the atom absorption method.
The disturbing effect of Al3+ ions was eliminated by the application of 5 w%
La3+ solution. The La3+content of the rare-earth ion-exchanged zeolites was
determined by spectrophotometric analysis with the use of arsenase colou-
ring agent.

The results of the ion-exchanges carried out with Mg2+ and La3+ are given
in Table 2.

On the basis of the experimental results, it can be stated that the extent of
the exchanges approach the data given in technical literature. The NH4MgY,
NH4LaY and NH4MgLaY zeolites formed by the further exchanges of NH4Y
were analysed and the results are summarized in Table 3.
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Table 2.
The rate of the ion-exchanges
Number lon-exchange carried out with
f th
0ion—e Mg+ La3+
exchanges The extent of the ion-exchange, %
1 MgY 1 4838 LayY 1 60.9
2 Mgy 2 593 LaY 2 67.1
3 MgY 3 66.7 Lay 3 720
Table 3.

The results of the ion-exchanges carried out with dif-
ferent types of cations

The extent of the ion-exchange, %

the zeolite X114 M2+ La3+
NH4MgY 32.0 57.7 —
NH4MgLaY 18.7 35.6 38.1
NH4LaY 45.1 — 49.2

On the basis of the analytical determinations it can be concluded that in the
cases of NH4MgLaY, NH4LaY and NH4MgY the extent of the ion-exchanges
were 92.4%, 94.3% and 89.7% respectively.

Infrared spectroscopic studies

The spectroscopic studies were carried out in the Central Chemical Research
Institute of the Hungarian Academy of Sciences. Before the spectroscopic stu-
dies, the zeolite samples were ground and pelletized. The thickness of the wafers
was about 7 mg/cm2 The spectral resolution was about 3 cm-1. The windows
of the infrared cell were made of CaF2 and the furnace section of the cell
was prepared from quartz. The infrared cell was attached to a conventional
vacuum system. During the activation, the sample wafers were placed in the
furnace section of the cell and the system was evacuated. The temperature was
raised slowly to 110 °C and held until a vacuum of 0.0133 Pa was maintained.
After this the temperature of the furnace was increased to the calcination tem-
perature, and the sample was evacuated for 2 hours. The sample was cooled to
room temperature and the spectrum was recorded. This procedure was repeated
for each calcinaton temperature. The peak heights of the absorption bands due
to water, ammonium ion and structural hydroxyl groups were measured.
The intensities expressed by the peak heights related to sample mass were
plotted in the function of the activation temperature. During the infrared
spectroscopic studies, the changes of the 3630, 3530 cm-1 hydroxyl bands, the
1640 cm-1 water band and 1440 cm-1 ammonium band were followed in the
function of calcination temperature. Prom these only the intensity of the
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3630 cm-1 absorption band is given, since the hydroxyl band occurring at
3630 cm-1 can be brought into connection with the Brunsteo acidity.

Pyridine adsorption studies were not carried out to determine the formation
of the Bronsted and Lewis acid sites. For the formation of the Lewis acid
sites, conclusions were drawn from the literature given.

Activity studies

The catalytic activity of the ion-exchanged F-type zeolites was studied in
the alkylating reaction of isobutane with 2-butene. The alkylating reaction was
carried out in liquid phase at a temperature of 343 K, alongside a molar ratio
of 5:1, a pressure of 20 bar and a reaction time of 2 hours. The experimental
technique was given in detail in previous publications [11, 12]. The zeolite
catalysts investigated (NH4Y, MgY, LaY, NH4MgY, NH4LaY, NH4MgLaY)
were prepared by the method mentioned in the previous part.

A freshly activated catalyst was used in every experiment. The zeolite
catalysts were activated in flowing helium, applying &step-like temperature
increase until 200 °C, and were held at this temperature for 2 hours. After
having activated the zeolits in helium gas stream, they were activated in va-
cuum at the desired calcination temperature. The activating temperatures
were as follows : 350, 400, 450, 500, 550, 600 °C. Experiments were carried out
with the zeolites activated at different temperatures and the effects of the
ion-exchange and the activation temperature on the alkylating reaction were
studied.

The examination of the NHtY

The activation of the NH4Y type zeolite catalyst was carried out in the
temperature-range of 300-600 °C, and the activity values were calculated.
The activity means that the percentage value which was calculated on the basis
of the amount of the heavier hydrocarbons (C.t) formed in the alkylating reac-
tion of isobutane with 2-butene and related to the charged olefin. The infrared
spectroscopic studies were carried out after the calcinations effectuated at
200, 300, 430 and 600 °C in vacuum. The spectrum was recorder in the wave
number ranges of 1200-1800 cm-1 and 2600-4000 cm-1. The absorbed water
present on the zeolites is expected to absorb at about 1640 cm-1. The decrease
of the intensity of the 1640 cm-1 band can be observed with the increase of the
activation temperature due to the desorption of the water absorbed. The
intensity of the 1640 cm-1 band is in good connection with the amount of
water absorbed on the zeolite. On the basis of the experimental results, it can
be seen that most of the absorbed water is removed by 300 °C. The ammonium
ion has a characteristic band intensity of about 1480 cm-1. The amount of
ammonium ions significantly decreases in the case of activation carried out at
higher temperatures than 200 °C. Most of the ammonium is decomposed until
400 °C.

The hydroxyl groups absorb at 3540, 3640 and 3740 cm-1. The changes of
the hydroxyl groups occurring at 3540 and 3640 cm-1 were followed (Fig. 2).
It can be stated that these hydroxyl groups are located at different crystallog-
raphic sites. On the basis of chemisorption studies carried out with pyridine it
was concluded that the hydroxyl groups located in the supercage can be con-
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Fig. 2
Infrai’ed spectra of NHa4Y after calcination at various temperatures

sidered to be Bronsted acid sites. The 3540 cm-1 band be attributed to hyd-
roxyl groups located in the sodalite unit. The absorption bands of the hydroxyl
groups show maximum intensity at a temperature of 350 °C, and above 500 °C
it begins to decrease. The intensity of the 3640 cm-1 absorption band in the
function of the calcination temperature and the catalytic activity measured in
the alkylating reaction of isobutane and 1-butene are plotted in Fig. 3. On the
basis of the Fig. 3 it can be concluded that the activity of the NH4Y type
zeolite increases with the calcination temperature, but it begins to decrease
above 500 °C. The plot of the activity in the function of the calcination tempe-
rature follows the change of the Bronsted acid sites, and with the decrease of
B ronsted acidity and with the increase of Lewis acidity it begins to decline.
According to the data published in literature, it is well known that in the
case of activation carried out at higher temperatures than 500 °C, Lewis acid
sites are formed by dehydroxylation and above 550 °C it increases rapidly as
Bronsted acidity decreases.

The examination of the MgY

The magnesium was chosen for the exchange procedure among the bivalent
cations, since according to the data in literature the electrostatic potential
and field strength of the bivalent cations has an important effect on the cataly-
tic activity. The smaller the radius ofthe bivalent cation, the higher the electro-
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Fig. 3
The variation of the activity of NH4Y with the calcination temperature

static field of the cation and so the activity of the ion-exchanged zeolites
increases. The experimental results showed (Fig. 4) that the adsorbed water
was removed until 300-350 °C. The intensity of the 3640 cm-1 hydroxyl band
reaches a maximum at 300 °C and it begins to decline (Fig. 4). Studying the
alkylation of isobutane with /-butene it was inferred that the highest yield
value (5%) was attained at 300 °C. Activating the MgY at higher temperatures
than 300 °C, the activity of the ion-exchanged zeolite decreased and, at a tem-
perature of 600 °C it showed one tenth of its maximum absorption band inten-
sity.

Activating the zeolites at this temperature, the formation of Lewis acid
sites come into prominence. The gas-chromatographic analyses showed that
C8olefin hydrocarbons were present to a significant extent, which can be ex-
plained by the polymerization of 2-butene taking place simultaneously with
the alkylation of isobutane.
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Fig. 4
The variation of the activity of MgY with the calcination temperature

The examination of the LaY

The results of the alkylating reaction of isobutane with 2-butene carried out
in the presence of LaY zeolite catalyst are summarized in Fig. 5. The intensity
of the 3640 cm-1 hydroxyl band was near constant in the temperature range
of 300-500 °C, and above this temperature it decreases. The activity of the LaY
is highest at 550 °C and with the conversion of B ronsted acid sites into Lewis
acid sites it diminishes. The incorporation of the lanthanum has a stabilizing
effect, the intensity of the 3640 cm-1absorption band was constant in a rela-
tively wide temperature range. It should be noted that the alkylation is ac-
companied by the polymerization of 2-butene.

The examination of the NHiMgY

The infrared spectroscopic absorption bands of the NH4AMgY zeolite were
investigated in the temperature-range of 300—600 °C. The absorbed water on
the zeolites was expected to absorb at 1640 cm-1, while the ammonium ion oc-
curred at 1460 cm-1. The hydroxyl groups were absorbed from 3750 to 3400 cm-1
The experimental results show that most of the absorbed water removed until
300 °C. The alternation of the intensity of the ammonium band as a function of
calcination temperature shows that the removal of the ammonia takes place
between 200-300 °C. Similar results were found in the case of NH4Y type
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Fig. 5
The variation of the activity of LaY with the calcination temperature
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Fig. 6
The variation of the activity of NH4MgY with the calcination temperature
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zeolite. The absorption bands due to structural hydroxyl groups were observed
at 3540 and 3640 cm-1. The intensity of the 3640 cm-1 hydroxyl band increases
as the calcination temperature is raised, the intensity reaches its maximum at
temperatures in excess of 400 °C, it remains constant and above 550 °C the
intensity declines (Fig. 6). The intensity of the 3640 cm-1 band at 600 °C is
about one fifth of its maximum intensity. The intensity of the hydroxyl band
occurring at 3540 cm-1 is highest at 300 °C, it decreases as the calcination tem-
perature is raised. It should be emphasizedthat coincidently with the data giv-
en in literature, the magnesium has a stabilizing effect on the structure and on
the formation of Bronsted acid sites, and the magnesium ammonium Y type
zeolite is stable up to 550 °C compared to the NH4V which were stable up to
500 °C. On the basis of the activity values it can be concluded that zeolite
pretreated at a temperature of 550 °C has the highest activity ; this temperature
coincides with the maximum concentration of the Bronsted acid sites. Activa-
ting the catalyst at higher temperatures than 550 °C, the activity values dimi-
nish, similarly to the decrease of the concentration of the Bronsted acid sites,
which can be brought into connection with the formation of the Lewis acid
sites.

The examination of the N1liLayY

The change of the infrared spectra of the NH4LaY zeolite was studied after
pretreatments carried out at 200, 300, 420, and 600 °C in vacuum. The activity

Temperature, °C

Infrared spectra of NEULaY after The variation of thegz;ctivity of NHiLaY
calcination at various temperatures with the calcination temperature
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investigations were effectuated in the temperature range of 300-600 °C. The ex-
perimental results are givenin Fig. 7,8. The change ofinfrared spectraofNH4LaY
after calcination at various temperatures is illustrated in Fig. 7. The change
of the intensity of the absorption band measured at 3640 cm-1 and the variation
of the activity are plotted in Fig. 8. It can be stated that the 3640 cm-1 band
shows a constant intensity in the temperature range of 400-600 °C, which can
be brought into connection with the Bronsted acidity. After pretreating, the
catalyst at temperatures from 450 to 550 °C the catalyst showed good activity,
and the Cf-yield was about 11%.

The investigation of the NH MgLaY

The investigation of the NH4MgLaY was carried out in the temperature ran-
ge given in the previous part. On the basis of the intensity of the 3640 cm-1
band it can be deduced that maximum hydroxyl content can be attained bet-

Fig. 9
The variation of the activity of NHjMgLaY with the calcination tem perature

ween 400-500 °C. Considering the alkylating reaction of isobutane with 7-bu-
tene it should be noted that catalysts pretreated at temperatures from 400 to
450 °C presented the highest activities. In this case, the C«t-yield is about
8.5%. Applying higher activation temperatures, the reduction of the intensity
of the 3640 cm-1 band and simultaneously the loss of activity can be observed.
The decrease of activity shows that the Lewis acid sites formed at tempera-
tures from 600 °C are unfavourable for the alkylation.

Conclusions

Different types of ion-exchanged zeolites were studied in the alkylation
reaction of the isobutane with 7-butene at 70 °C, alongside an isobutane-7-bu-
tene molar ratio of 5:1, and a pressure of 20 bar applying a reaction time of

3
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2 hours. During our experimental work, the effects of the activation tempera-
ture ofthe ion-exchanged zeolitesonthe infrared spectra, onthe Bronsted acidity
and on the activity shown in alkylating reaction were studied. The features of
the NH4Y, MgY, LaY, NH4MgY, NH4LaY and NH4MgLaY types were inves-
tigated. It can be stated that the intensity of the 3640 cm-1 band increases as
the activation temperature is raised. The maximum band intensity is constant
in a temperature-range depending on the stabilizing effect of the cations.
Activating the zeolites at higher temperatures than 500 °C, the catalysts show
a decrease in the intensity of the 3640 cm-1 band, which can be explained by the
formation of the Lewis acid sites. The incorporations of the magnesium in
lanthanum cations have a favourable effect on the thermal stability. The plots
of the activity with the temperature have maximum values which coincide
with the sections of the highest intensity of the 3640 cm-1 absorption band.
Above these temperatures, the Bronsted acid sites are formed into Lewis
acid sites and the activity decreases. This makes it probable that the alkylation
reaction of isobutane with /-butene takes place in the Bronsted acid sites.
The NH4Y, NH4VgY, NH4LaY, and NH4MgLaY are important considering
the activity values. From these, the XH4LaY and XH4MgLaY have to be
emphasized, because they are stable in a wider temperature range, and the
XH4LaY shows higher activity in the alkylating reaction.
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PE3IOME

B Xxofe 3KCMepuMeHTOB aBTOPbl U3yYan MOHHOOBMEHHYIO CMOCO6HOCTb CUHTETUYECKNMX LIEONNTOB
Tna Y v Takoke cocTaB 06pasLioB LEeo/IMTOB 3ar0/IHEHHbIX C APYTMMU MOHAMW.

Lleonutbl TMNa Y npeo6pasoBasiv B hopmy NH4Y, MgY u LaY n ncnonb3sys ueonut NH4Y npo-
nssogmunm tunel NHsalLaY, NLLMgY.

MyTemM aHaIMTUYECKMX UCCef0BaHWIA YCTaHOBWIN, YTO YPOBHb 06MeHa C MOHOM aMMOHMS focC-
Turaet 4% a MoHaMN MarHesmsi 1 NaHTaHa 69 1 72% KuUCNOTHbIA XapakKTep LeoIMTOB BO3HMKaAO-
LA B pe3ynibTaTe TEPMUYECKON 06paboTKN U3yyanin NHPaKPacHOM cCNeKTPohoTOMETPMEN MONYTHO
OLeHMBa/IN KaTa/IMTUYECKME CBOMCTBA M aKTMBHOCTb LIEOIMTOB peakLumein ankuamnsaumm nsobyTtaHa
n | 6yTeHa. ABTOpaMu YCTaHOB/IEHO, YTO /TaHTaH U MarHe3unii yBenmumBaeT ycTonumnsocTb, a NH4LaY
1 NHAMQY HeumBCTBUTE/IbHbI Ha NOBbILLIEHWE TeEMMNEPaTypPbl (TEPMOCTONKIE), B TO Xe BPeMS UMeT
[OCTaTOUHYI0 aKTUBHOCTb /19 KaTa/M3aumn peakuym ankanmsaumm.
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MATEMATUYECKOE MOAENNPOBAHWE MPOLECCA
CUHTE3A 3®U1NPOB a, "-HEHACbBILLEHHbBIX
KNCNOT KAPEOHWTMPOBAHWEM ALETWU/TIEHA I1.

KATAJINTUYECKAA CUCTEMA PdI2 - Nal - HCI - H-BYTAHON

A. H. lapuymaH, I'. M. Lynakosckuid*, A. EpmakoBa, H. M. PaccagH1KoOBa,
O. H. TeMKnH**

(MHcTuTyT Katanusa CO AH CCCP, HoBocubupck, 630 090, CCCP)
MocTtynuna B pefakumio 20 okT. 1980

B pa6oTe paccMOTpeHbl pasnyHbIe CNOCO6bI OCYLLECTB/IEHUST NMPOLIECca CUH-

Te3a OYTWIOBbIX 3(IMPOB aKPWIOBOW, MPOMMOHOBOW, MasleMHOBOM, (hymapo-

BOIA U IHTApHOM KMCNOT KapOoHWIMPOBaHUEM aLeTeHa. PaccMoTpeHWe nNpo-

BefleHO Ha OCHOBaHWM MaTeMaTU4ecKOh MoAenw, NpeasiodKeHHON B npeablay-
Lem coobuieHnn [1].

B npegpiaywem cooblieHnmn [1] npeanoxxeHa MatemaTmyeckas MOAeNb U Ha ee OCHOBe
paccMOTPEHbI pa3nyHble CNOCo6bl OCYLLECTBIEHUA NPOLECcca CUHTe3a 2-3TUreKCu-
NOBbIX 3(MPOB HEHACHILLEHHbIX KapOOHOBbIX MOHO- W AUKMCIOT KapboHUAMPOBAHU-
eM aleTuneHa B Katanutuyeckoi cucteme PdBr2— HBr — P(C6HH3 — gumeTnn-
thopMamujg — 2-3TUIreKcaHos.

[JanbHelilwne wnccnefoBaHns npouecca Kapb6oHWNMPOBaHWA MO3BOIMAM YCTaHO-
BUTb, YTO aKTUBHOCTb KaTanutuyeckoii cuctemsl Pd12— Nal — HCI — H-6yTaHon
Npu cUHTe3e GYTUIOBbLIX 3PMPOB MOHO- U AUKMCIOT B 1,5—2 pasa Bbllle aKTUBHOCTU
YNOMSHYTOM CUCTEMbl Ha OCHOBE OPOMUAHbLIX KOMMMEKCOB nannagus. Peakuus
Kap60oHUIMPOBaHNA B 3TOI CMCTEME MPOTEKaeT C CYMMapHO CpefHeil CKOPOCTbiO
0,005—0,007 mons NpoAYyKTOB Ha MOJb nannagus B cekyHay. MNpegnonaraercs, 4to
B JAHHOW KaTaNUTWYeCKOW cUCTeMe OAHOBPEMEHHO peanunsyloTcs rMAPUAHBIA u an-
KOFONATHbIM MexaHu3Mbl [2], NpuBOAALLME K MPOTEKAHWMIO COMPSHKEHHBIX OKUCAU-
Te/lbHO-BOCCTAHOBUTE/IbHbIX PeakLmii, MPOAYyKTaMun KOTOPbIX ABASKOTCS 6YTUNOBbIE
3(hMpbl aKpWIOBOW, NPOMNWOHOBOW, Ma/IEMHOBOMN, (DyMapoBOi M AHTApPHON KWUCNOT.
3TN peakuun ONUCLIBAKOTCA CneaytoLein 6pyTTo-CXeMOIA:

CO+C2H2+ ROH - CH2—CH=COOR
2CO+C2H2+2 ROH+/1/b - (—CH—COOR)a+ HPdI+ HJ
CO+C2H2+ROH + HPdJ+HJ - CH3sCH2COOR+AII:2 @

* — CapatoBckuii tmnann HUWMonnmepos uM. akagemuka B. A. KapruHa, r. Capatos.

* — MOCKOBCKWUIA MHCTUTYT TOHKOW XUMWUYECKOW TexHonormm um. M. B. JlTomoHocoBa, r. MockBa.
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Llenb HacToALeii paboTbl COCTOANA B UCCNEA0BAHUMN KMHETUYECKMX 3aKOHOMEp-
HOCTei NpoTekaHWs npoLecca B YKa3aHHON KaTaNMTUYeCKOR cMCTeMe, CO3faHWMN ero
MaTemaTU4ecKoil mMogenun, Bbibope W pacyeTe ONTUMAaNbLHOIO peakTopa [f1f OCy-
L eCTBNEHMNA NpoLecca.

KuHeTuKy npouecca uccrefosann B MPOTOYHOM MO rasy TEPMOCTATUPOBAHHOM
peakTope, yCTaHOB/IEHHOM Ha 6GbICTPOXOAHOW Kayanke. Yncno kavyaHwii B CeKyHAy
66110 paBHO 9—11 Mpu Takoil CKOPOCTW MepeMeLlnBaHnA AOCTUranach KMHeTude-
ckasa obnacTb npoTekaHusa mnpouecca. MccnegosaHus nposogunmch npu  CPRdi2=
= 0,022—0,080 Kmonb/m3, CHc,= 0,16-0,44 Kmonb/m3 T=322,15—364,15 K u
B MHTepBase cooTHoweHnii CO : C2H2=1:325 — 3,25: 1

Mpy 06paboTKe pe3ynbTaToB KMHETMYECKOrO 3KCMepUMeHTa Mo MeTogy, OnmMcaH-
Homy B paboTax [3, 4], 6bina Bbi6paHa cnefytoLas KUHETUYECKas MOJesb rpoLiecca,
afileKBaTHO OMMCbIBAlOLLAA CKOPOCTU 00pa3oBaHus GYTW0BLIX 3PUPOB aKpWUIOBON
(BA), nponuoHoBoii (BIM) KnucnotT n cymmbl 3thMpoB ankucnot (43):

MEA~~1 PBoOH )
len=*.<4on @
ria=*3 Croh 0)

3Ha4YeHNs KOHCTAaHT CKOPOCTeil napannenbHbix peakuuii Ky, K2 n K3 npn CPdi2=
= 0,044 Kmonb/m3 CH1= 0,441 Kmonb/m3;, T=2343,15 K n CO:C,H2=1:1 oka-
3a/1UCb PaBHbI:

Ali= (2,84 % 0,36) *10-6 M3/(KM0/b CeK)

k2= (1,02+£0,42)-10-e MI(Kmonb ceK)
A3= (6,14+0,48)- 10 B M3/(KMonb ceK)

B obuem cnyyae 3TM KOHCTaHTbl ABASKOTCA HEKOTOPbIMM (DYHKLUMAMU coCTaBa
KaTanMTUYecKoli CUCTEMbI U ra3oBO CMecW, OfHAKO, B CWU/Yy CMOXHOCTU W HeaocTa-
TOYHOW WM3YyYEHHOCTW UCTMHHOIO MexaHW3Ma npouecca onpefeinTb BUA 3TUX (YHK-
UMl B HacTosLLee BpeMs He yaaeTcs. MOCKONbKY KOHLEHTpaLuym KOMMOHEHTOB KaTa-
NNTUYECKON CUCTEMbl B XOfe NpoLlecca He W3MEHSAIOTCH, PaBHO KakK He U3MeHseTcs
M cocTaB rasoBoi cmecu (BCMeACTBME TOrO, YTO Mpy MCX0AHOM cocTaBe CO : C2H2=
= 1:1 ra3sbl noraowakwTcs B COOTHOWeHUn 1:1), 6pyTTO-ypaBHeHus (1)—(3) ¢ yka-
3aHHbLIMMW 3HAYEHUSAMW KOHCTAHT CKOPOCTEN peakuuii ONMCbIBAIOT KUHETUKY paccMaT-
prvBaemMoro npouecca c 4OCTAaTOYHOM ANA NPaKTUYECKMX Lief1eil TOUHOCTbI0. B HacTos-
Lee Bpems MPOBOAATCA WHTEHCUBHbIE WCCNefOBaHWA, LeNb KOTOPbIX — BbISBUTH
MCTUHHBIA MexaHn3M npoLecca.

Mpwn ocyuiecTBneHUM npoLecca Kap6OHMANPOBaHWSA aueTUneHa B YKa3aHHOI KaTa-
NIMTUYECKON cuCTEME criedyeT COBMOCTU pPsAg TEXHOMNOTMYECKNX TPeBOBaHUI K HEMY.
Bo-nepBbiX, HEO6X0AMMO 06eCneynTb BbICOKYIO CTeneHb MPeBpaLleHNs KOMMOHEH-
TOB rasoBoi asbl (Aco=0,9 unm AcA2=0,9). Bo-BTOpbIX, AN 06ecneyeHns BO3-
MOXHOCTW oTfeneHus BA oT 6auskokunsawero BN B coctaBe azeoTpona ¢ 6yTaHo-
NnoMm LenecoobpasHo MPoOBOAUTHL NPOLECC A0 KOHBepcuu H-6yTaHona Vroh”0,3.
Mpw 3TOM KoOHLUeHTpaumsa BA B BbIXOAALLEM U3 peakTopa pacTBOpe COCTaBUT OKOJIO
10% MONbHBbIX.

B npegblgywem coobuieHun [1] oTMeyanocb, YTO NPOLECChl XUAKODA3HOro Kap-
60HMINPOBAHNA aueTUNeHa OCYLLECTBAAKOTCA NPU BbICOKMX ra3oCcoAepXKaHusx, no-
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CKO/IbKY OTHOLUEHUe BefMKO (B HacTosiem cnydyae oHo pasHo [10), Bcnesn-
CTBME Yero 06bEM peakTopa WMCMONb3yeTca HepaumoHanbHo. W3 o6cyxaaBLunxcs
B 3TOM COOOLLEHNN CcrnocoboB yBennyeHns 3h(heKTMBHOCTM WUCMONb30BaHWUA peak-
LMOHHOIO 06beMaA 1A [AHHOTO npolecca NpUeMEMbIM SBNSETCA pacnpefeneHune
MoJaBaeMOoro B peakTop rasa rno A/ivHe peaktopa (nognuTka). Peanu3sauums e nony-
MeproAMNYECcKON CXeMbI C LMPKYNALMeR KaTann3aTtopHOro pacTesopa B CUCTeMe ABMSA-
eTCA 3aTPYAHUTENbHO, MOCKO/bKY KMHETUYeCcKas MOAeNb npoLecca COCTOMT U3 Tpex
napannesbHbIX peakuuii BTOPOro nopsfka no KOHLeHTpauun H-byTtaHona. W3-3a
3TOro Heo6X04MMO YBENUUMBATL BPEMS KaXAOro MOCAefYIOLLero uukna npyu gukcu-
poBaHHbIX <241 Bco * [0 3TON ke NpuyrHe ONTMMAasbHbIM PEXUMOM paboTbl peak-

TOpa Ana npoesefeHma paccMatpmBaemMoro Hamm npoudecca 6y,qu peXxum naeanb-
HOIo BbITECHEHUA.

B HacTosLieii paboTe KpOMe pacyeToB peakTopa UAeanbHOro BbITECHEHUS U peak-
TOpa UAeIbHOTO BbITECHEHUS C MOAMMUTKOIN NPOBEAEH pacyeT ONTUMaNbHOTO Kackaza
PEaKTOPOB UAEaNbHOTO CMELUEHWS M CPaBHEHWE ero C fBYMS BbllLEYMOMAHYTbIMM
peakTopamu.

MaTemaTuuyeckas MOJenb NpoLecca B peakTope WAEaNbHOro BbITECHEHUS, MOf4-
po6HO 06cyxaaBLuasica B [1], 3anncbiBaeTCsA B CNEAYHOLEM BUIE:

dXI 6XRT ("

, , , (O]
dr PaQl [ dr dr
dXco  <2kPT i o dXson _dCco
Ceoh-----m-mm- e (5)
dr' PcoQco 1 dr' dr’
i/f'ron 2 dXroh 1 dCroh
—— —= —(Ki-TK2+ /C3)Croh(1 —<); (6)
dr dr' Croh dr’
dCSA 2
dr ]
dchu = .
ar rohO —q) )
dCu3 a
dgp—= AT3Cron(l — )
dCf 6Da lgPa 2
— " <pR\--—C f - (Ky+ Kr+ A3)Ceon(l =P (t0)
dr dl \H a )
i/Cco 6Deo i Pco
<K ¢ c£0 )-(M + A2+ 2"3Croh(1- 9 (n)
(F«r
C Ha4da/ibHbIMW YCN1OBUAMN
r'=0- *A&=*g0=C*=C* = Cba= CBlM= Cgs =0; (12)

Eeon= ClQoh
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Mogenb, KpoOMe TOro, 40NOMHAETCA COOTHOLUEHUAMM, C MOMOLL IO KOTOPbIX YUUTbI-
BaeTCA M3MEHeHWe B XOfe NpoLiecca ra3ocojepXxaHuns, AMaMeTpoB rasoBbiX My3blpei
1 6e3pa3MepHOro KoaguumeHTa Mmacconepefaym:

Oa=0a0-V a); 06co=060(I-Vao) (13)
BA+ Rco
%=0,833
BA+ RBco+ BK (14)

(dbopmyna ApmaHpa—HescTpyeBoii [5])

K=K?® (15)

6(RA + Rco) (16)

Cuctema ypaBHeHuii (4)—(12) ¢ [ONONHWUTENbHbIMU COOTHOWEHUAMK (13)—(16)
6blna peLleHa YMcneHHo Ha OBM ¢ noMoLbio MONyHesBHOro metoga MuxenbceHa
[6, 7. C uenbto BbiGOpa ONTUMANbHbLIX HayanbHbIX 3HAYEHWIA gnameTpa My3bipel
rasa dn n 6espasmepHoro kKoagphuumeHta macconepesaum KO 6biin npoBefeHsbl cne-
UManbHble pacyeTbl, B KOTOPbIX MX 3HAYEHUSA, a Takke 3HayeHus BapbupoBanu
B cnegyrouwunx npegenax: d*= 103- 10-2 m; K0—102- 105; (Pk= 5,56- 1C1'6—5,56-
*10-4 m3cek. OcTanbHble MapameTpbl MOJENN NPUHUMANMN Takue 3HadeHus: T=
= 34315 K; PA=PC0=49 KlMa; Oa—0co=3,06°10-4 wm3cek; # A=4,9-102
(KMa m3/kmonb; #co= 8,09-10'1 (KMa m3/kmonb; D =D Q=0,36-10-9 m2cek.
B npouecce pelleHns ypaBHEHWU A MOLENN ONpeaensnncb KOHUEHTPauum KOMMOHEH-
TOB B XWAKOW (hase M BpPemsi KOHTaKTa, He06X0aumoe ANs JOCTMXKEHUS 3afaHHOM
cTeneHn npespalleHna VRCH= 0,3.

[aHHble 0 3aBMCMMOCTU (PUKTUBHOTO BpPeMEHW KOHTaKTa X' (CBA3b MCTUHHOIO U
(DMKTUBHOrO BPEMEHW KOHTakTa faHa ypaBHeHueM (16) paboTsl [1]) oT napameTpoB
d,, n K° npeactaBneHbl B Tabnuue 1. U3 aTux faHHbIX cnegyet, uto npu KOrr 104 un
i/f=s 5-10-3 M npoLecc NpoTeKaeT B KNHETUYECKOI 061aCT — BpeMsa KOHTaKTa npak-
TUYECKW HE 3aBUCUT OT 3HayeHni K° n d% 3ameTum, 4yto 3HauyeHue K°, npu KOTOPOM

Tabnuua 1

3aBMCUMOCTb (DUKTUBHOTO BPeMeHN MpebiBaHmns
0T napameTpoB

d° n KOnpu B A= 5,56-10-6 m3Jcek

‘o r'.HO4, ek
a,,=t0-am a°=5.10-»M a°=10-3m
10® 1,314 1,314 1,314
5-104 1,314 1,314 1,314
104 1,318 1,327 1,389
103 1,328 1,496 1,625
5-102 1,382 1,598 1,640

102 1,401 1,620 1,730
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[OCTUraeTcs KuWHeTMYeckas o6nacTb, A/ AaHHOTO Mpouecca Ha MopsiAoK BbILE,
ueMm A/ Mpolecca, NMPoTeKarLero B 6poMuaHoii cucteme [1]. B KMHETUYECKOW 06-
NacTy MOAe/b NMPOLECcCa 3HAYNUTE/BHO YMPOLLAETCS U COCTOUT U3 ypaBHeHUid (6)—(9)
C COOTBETCTBYHLLMMU HaYa/IbHbIMU YCIOBUSIMU.

Pe3yﬂbTaTbI pacyeTa peakTopa naeaibHOro BbITECHEHMA N pEaKTOpa MAeasbHOIo
BbITECHEHUA C I'IO,EI.I'II/ITKOVI npuBeneHbI B Ta6ﬂVILI.e 2. 3ameTumMm, 4TO npn ocyuiecTtene-

Tabmmua 2

CpaBHeHVe PasfnUHbIX CMOCOGOB OCYLLECTBEHNUsI MpoLecca Kap6oHW-
JPOBAHMSA aLleTUNEHa B Peak TOPe MIeabHOTO BbITECHEHUS NpK

6A=Rco=3,06-10~4 m3cek; Op=0,2 M; * BOH=0,3; K°= 104;
i/“=5-10-3M; Cea= 0,59 Kmons/m3; Cén=0,17 Kmonb/mM3;
Cps= 1,14 Kmonb/m3

LlI/IC}'IO

Cnocob f e
OCYLLECTB/IEHNS Cx. >>/)K- - TmlO-K4, IR/I Touek
npovecca m3cek  m/ceK nr|I/|OTF|"<y|
PeaKTop nfeasnbHOro
BbITECHEHNA 556X 19X 080 1314 2,37 —
Xt0-« X10-4

PeaKkTop naeasbHOro
BbITECHEHUS C NOf-
NMUTKOM 278X 95X 043 0461 4380 34
X10 -4 x10 -3

HUW npoLecca No BTOPOMY M3 YNOMSAHYTbIX CNOCO60B TOUKWM NOAMWUTKM N0 AfIMHE
peakTopa 6yLyT pacrnofioXKeHbl HEPaBHOMEPHO B CUY MPUHATOW KMHETUYECKOW MO-
fenv (BTopoi nopsgok no CROH).

MaTemaTunyeckas Mofesb paccMaTpMBaemMoro npowecca, OCYLLecTBAEMOro B pe-
aKTOpe MAealbHOT0 CMELLEHUS, COCTOUT K13 ypaBHeHuin (6)—(9).

3afauy pacyeta ONTUMAaNbHOTO Kackafja PeakTOpOB MAeanbHOT0 CMELLUEHUS MOXHO
chopMynupoBaTh CreAylolmM 06pa3oM: HalTUM Takoe pacrnpefeneHue BPEMeHU
KOHTaKTa Mo peakTopam Kackafa, Mpy KOTOPOM 3afjaHHasi CTeneHb MPeBpalleHus
H-ByTaHoMa LOCTUraeTcs Npu MUHUMATbHOM CYMMAapHOM BPEMEHW KOHTaKTa, TO
eCTb KpUTEPUIA ONTUMALHOCTU B JAHHOM C/lyyae UMeeT BUf;

i/=min2 Ti an

i-1
npwn BbINO/IHEHUW YyCNOBUA
Xa-X=0 (18)

[ns peweHus 3TOl 3afaunM WCMOMb30OBAICH METO[ HEOMNPeAeNeHHbIX MHOXMUTENel
Narpaxxa [8]. BMECTO HE3aBMCHMBbIX MEPEMEHHbIX T, BBEEM HOBbIE MEPEMEHHbIE

0i=1—Aroh, (19)
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C NMOMOLL LK KOTOPLIX MOXHO paccuMTaTh A0J/10 HEMPOpPEearnpoBaBLLIEro H-6ytaHona
Ha BbIXOZe M3 NOCNeAHero peakTopa Kackaja

N
@n= lNaei (20)
1-1
MoacTaBnsAa B ypaBHeHUs (6)—(9) BbipaxeHus T, yepes nonyuum [9):

01
+]1=
o 2-01 (21

C 1Cnonb30BaHWEM BbIpaXeHUs (21) GbIIM paccuMTaHbl 3HAYEHNS I )1 KacKafos,
COCTOSAMX W3 Pa3/IMYHOTO YMCNa PEAKTOPOB MAEasbHOrO CMeLleHUs. Pesy/bTathl
pacueTa npuBefeHbl B Tabnnue 3, rae OHW CPABHUBAKTCS C pe3y/bTaTamu, NoayyeH-

Tabnmuya 3

PacnpegeneHvie BpeMeH KOHTaKTa U CTeneHun npespatlieHnst Vroh B Kackafjax peak TOPoB WeanbHoro
CMeLLIeHS

(2x=5,56- ) 6 m3Icek; On= (ico= 3,06 -K)-4m3Icek; Coa= 0,59 Kmons/m3;
C6n=0,17 Kmons/m3; Cas=1,14 Kmons/m3.

CymmapHoe PacnpegeneHue cTeneHn nNpespalleHns (NepBoe YMC/0) U UCTUHHOTO BPEMEHU
Yueno UCTUHHOE KOHTaKTa T-10-3, cek (BTOpOe uucno) Mo peakTopam Kackaaa
Bpems
peakTopos KOHTaKTa
B KacKage B Kackaje
TX 10-3, cek 1 2 3 4 5 6 7
1 3,793 0,30 — — — — — —
2 3,172 0,169 0,157 — _ _ — —
1,520 1,652 — — — — —
3 2,990 0,118 0,112 0,106 — — — —
0,941 0,997 1,052 — — — —
4 2,903 0,091 0,087 0,083 0,080 — — —
0,679 0,710 0,742 0,772 — — —
5 2,852 0,074 0,071 0,069 0,066 0,065 — —
0,531 0,551 0,570 0,590 0,610 — —
6 2,818 0,062 0,060 0,058 0,057 0,055 0,054 —
0,436 0,450 0,463 0,476 0,490 0,503 —
7 2,793 0,053 0,052 0,051 0,050 0,048 0,047 0,046

0,369 0,379 0,389 0,399 0,409 0,419 0,429

PeakTop
naeanbHOro 2,560 0,300
BbITECHEHWSI

HBIMU A1 peakTopa WAeanbHOro BbITeCHEHWS. Kak crefyeT n3 aToil Tabnuupl, yxe
Kackag, 13 YeTblpex peakToOpOB MAea/IbHOr0 CMELLEHUs AOCTaTOYHO XOPOLIO Npubu-
)aeT YCNOBUS OCYLLECTB/IEHMS MPOLEcCa B PeaKTOPe WAEANbHOTO BbITECHEHMS.
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CpaBHvBas BCe paCCMOTPEHHbIe CNOCoObl OCYLLECTBEHNSA npouecca KapboHUIMpo-
BaHMA auleTuneHa B Kataautmyeckoit cucteme Pdl2— Nal — HCI — H-6yTaHon,
OTMETUM, YTO B Kackafie U3 YeTbIpex PeakTOpOB MAeaslbHOr0 CMeLleHUs CyMMapHoe
NCTUHHOE BPEMSA KOHTaKTa NnwWb Ha 343 ceKyHAbl 60/ble, YeM B peakTope uieasb-
HOrO BbITECHEHMUS.

Kak yXe oTMevasocb Bbille, HeJOCTAaTKOM peakTopa WAeasbHOro BbITECHEHUS
ABNAETCA HEpaLOHaNbHOE MCMOMb30BaHWE ero 06beMa BCeACTBME BbICOKOrO raso-
cogepXaHus. HefocTaTKOM peakTopa WAeanbHOro BbITECHEHMA C MOAMUTKOW ABNSA-
eTca 60/bLI0e YMCN0 TOYEK NOANUTKK (34 Toukn). Kpome TOro, B 3TMX TOYKax He-
06xoaMMo obecneunTb paBHOMEPHOE pacnpefefieHne rasoBoi (asbl N0 CEYEHUIO
annapara v nysblpeii rasa no pasmepam.

B pesynbTaTe MateMaTM4eCKOro MoLenMpoBaHua npouecca Afs ero npomblLLIeH-
HOW peann3aunn peKOMeHAYeTCs Kackaf M3 YeTbIpex peakTOpOoB MAeanbHOro cMmelle-
HUS, CyMMapHOe WCTUHHOE BpeMsd KOHTaKTa B KOTOpOM cocTtasngetr 2,903 m103
CeKyHJ,

OBO3HAYEHNA
C — KOHueHTpauus, Kmonb/m3;
dn — gmameTp rasoBoro nysbips, M;
D — KoahmumeHT MoneKynspHoi anddysunm, m2/cek;
Dp — guameTp peakTopa, M;
H — kKoHcTaHTa MeHpun (KMa m3)/Kmonb;
K — 6e3pasmepHblit KOAhMLUMEHT Macconepegayn;
Ki, Kr, K3, — KOHCTaHTbl CKOpPOCTel napasifiefibHbIX peakumin BToporo nopsigka, M3(Kmonb cek);
Lp — fanvHa peaktopa, M;
N — umcno rasoBbIx My3bIpeil, MOCTYNAIOLLMX B PEAKTOP B eANHULLY BPEMEHW; YMC/IO PeaKTOpPOB
B Kackaje;
P — naBneHue, Kla;
Q — ob6bemHbIi pacxod, MIcek;
I — CKopocTb peakumun, KmonbAm3 cek);
R — yHuBepcanbHas rasoas noctosiHHas (KMa m3/(rpag Kmons);
T — Temnepatypa, K;

— JIHeNHasA CKOPOCTb YKUAKOCTU B annapaTte, M/cex;
X = (Q°—Q)/Q° — cTeneHb NpeBpaLLeHNs KOMMOHEHTOB B PeaKTope MAealbHOr0 BbITECHEHUS;
A=(C°—C1)/C° — T0 e B KacKafle peaKTopoB Nea/lbHOro CMeLLEHWS;

T, T' — BpeMsi KOHTaKTa, CeK;

P — rasocogep>xaHue;
— CpejHee 3HaYeHVie ra3ocoAepXkaHns Mno AINHe peakTopa;
W — KpuTepuin oNTUManbHOCTU, onpeaensieMblii ypaBHeHnem (17);
0 — nepemeHHasi, onpegensiemas ypasHeHuem (19).
MHpekcebl
A — aueTuseH;
CO — oKucb yrnepoga;
BA  — 6yTWnnoBbIN 3P aKPUIOBOIA KUCNOTbI;
BN — 6yTnnoBbIii 3Mp NPONMUOHOBON KUCMOTbI;

0O = OyTnnoBble 3Mpbl MasIeMHOBOW, (PyMapoBOi U SSHTAPHOM KUCNOT;
ROH — H-6yTaHon;
— rasoBasl (hasa;
— Xnakas asa;
HaYa/lbHOe 3HaYeHUE;
— 3HayeHVie Ha BbIXOfE U3 PeaKTopa;
— WH[EKC i-TOro peakTopa Kackaja peakTopoB MAeanlbHOro CMeLLeHNSI.

- ox N
|
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SUMMARY

The paper deals with the different synthesis methods of acrylic, propionic, maleinic,
fumarolic and resinic acid butylesters, to the synthesis of the previous compounds car-
bonylized acetylene was used. The applied mathematical model is described in the pre-
vious paper [1].

OnygnnkoBaHHble B >KypHane HJIC 1980, 8 (4) 407—416 o6Hapy>KeHbl CrnegyLitome onedaTKu:

CTpaHuua CTpoka HaneuaTaHo E;neﬁoai%qg
407 5 cBepxy 2-ETUNTEKCAHO/N 2-OTUNTEKCAHON
408 10 cBepxy (2-ErC) (2-3rC)
408 4 cHu3y *31 *N3
409 1 cHuzy 2 dl
410 1 cBepxy <2 dl
410 3 cBepxy A2-ETA C2-3rA
410 12 cBepxy (*-*co) (J-*00)
410 11 cHu3y xom B o 4 Jf0=102_104
410 7 CHK3y AM®-2-2IC-HB* OM®-2-3I"C-HBr
411 9 cBepxy K»>800 KO0= 800
412 Puc. 3,
ocb abeumce T,K KO
412 12 cHu3y ot napameTtpa T (K) npu  oT napameTpa K° npu
412 6 cHu3y KaXxb6oro Kaxkoro
412 1 cHu3y *1=0,9 < a9
413 7 cBepxy ] P



HUNGARIAN JOURNAL
OF INDUSTRIAL CHEMISTRY
VESZPREM

Vol. 9. pp. 45-54 (1981)

PARTICLE FORMATION FROM SOLUTIONS IN GAS FLUIDISED
BEDS. V.

THE MATHEMATICAL MODEL OF THE STEADY-STATE PROCESS IN THE CASE
OF PARTICLE ADDITION

B. Dencs and T. Beicwiee

(Research Institute for Technical Chemistry
of the Hungarian Academy of Sciences, Veszprém, Hungary)

Received: February 1, 1981.

In the case of particle formation from solutions in gas fluidised beds,
steady state conditions are often brought about by the addition of
particulate material. The mathematical model of this process has
been developed in the form of balance equations using the dispersion
characteristics (numerousness, size, surface area and volume of the
particles). The balance equations contain input and output convective
flows and source terms. The solution method of the model is shown.
The major characteristics calculated from the model (e.g. average
particle size, and specific surface area) are compared with measured
values. The accuracy of the model is sufficient for industrial purposes.
The model can be used to estimate the major physical characteristics
of the material leaving the apparatus.

Introduction

As it is well known, fluidisation can be used for the continuous production of
particulate material from liquid phases (solution, suspension, slurry, and melt).
There is an ever growing interest in this aspect of fluidisation demonstrated by
the large number of types of continuous, industrial fluidisation apparatus and
technologies developed in the past few years (e.g. 1-10, etc.). The major reason
for this upsurge of activity is that the economic indicators of this operation are
often more favourable than those of the multistage technologies (e.g. crystalli-
zation-filtration-drying, and evaporation-spray-drying, etc.) [8-10].

The essence of particle formation from solution in a gas fluidised bed (or in
brief: direct particle formation) was detailed earlier [11]. Briefly, it means that
a particulate mass, the composition of which is identical with that of the mate-
rial dissolved or suspended in the solution, is fluidised by hot gas (generally air)
in a suitable fluidised bed. The solution is sprayed onto the surface (or the in-
terior) of the fluidised layer. The matted, fluidised particles dry while they are
in constant motion. The fluidising air carries away the solvent vapours, while



46 B. Dencs and T. Blickle Vol. 9.

the solid material content of the solution sprayed into the bed remains on the
particles. Particulate material is continuously discharge from the layer at a
rate equivalent to the solid material feed-in rate.

Size-changes of the particles taking place in the fluidised bed profoundly
influence the establishment of steady-state operation conditions, and primarily
that of a steady-state particle size distribution.

The size of the fluidised particles increases, due to the addition of the solu-
tion or suspension, either via surface layering or agglomeration [12]. A particle-
size diminution also takes place in the fluidised bed, caused either by mechani-
cal wear in the fluidised layer [11] or the temperature fluctuation at the sur-
face of the particles [13, 14].

Product discharge and agglomeration decrease the number of particles pre-
sent in the fluidised layer. In order to establish a steady-state particle size
distribution, the number of particles in the layer has to be kept at a constant
value [15] and certain conditions relating to the heat and mass flows have to be
fulfilled. In most cases, particle-size-diminution processes are negligible.
Steady-state particle size distribution can be ensured either by increasing the
extent of size-diminution [13, 14, 15], or by introducing additional particulate
material into the fluidised layer (e.g. by recirculating the “undersize” fraction
of the product) [1-3, 17], or by both.

Several papers deal with the mathematical description of this process (e.g.
[12, 15, 18-20], etc.). One of the major research areas of the Research Institute
for Technical Chemistry is the investigation of chemical operations in which
dispersed phases are involved, and more specifically, in which the aim of the
given operation is the alteration of the characteristics of the dispersed phase
(number, size, surface area, and volume, etc., of the particles). The latter include
grinding, granulation, crystallization, dissolution, direct particle formation
operations and so on. These and similar operations can be mathematically
described by combining the conventional balance equations and the charac-
teristics of the dispersed particles.

Development of the Mathematical Model

The principle of the studied process is shown in Fig. 1. Steady-state condi-
tions can be brought about by adding additional particulate material.
The granules (as dispersed particles) present in the fluidised layer (as dis-

cw

Particle formation from solutions in gas-fluidised beds
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persion) can be characterised by the following extensive and intensive quan-
tities :
- number of particles (N), and the number of particles in unit dispersion
volume (N),
— overall size of the particles (D), and the overall size of the particles in
unit dispersion volume (D),
— overall surface area of the particles (F), and the overall surface area of
the particles in unit dispersion volume (F),
— overall volume of the particles (Y), and the overall volume of particles in
unit dispersion volume (F).

The following simplifying assumptions were used for the development of the
model :

1. The particles are at least approximately spherical.
2. Neither size diminution, nor agglomeration take place in the fluidised bed.
3. The fluidised layer is perfectly mixed.

The volume-increase-rate of a particle can be given as:

03n

6 o021
———————— 0 T ————\W C
dt p (1)

The left-hand side of Eq. 1 can be rewritten as:

n dé63 d6 n db

2
6 do dt 2 dt )

This expression can be substituted into Eq. 1yielding, after rearrangement,
an expression for the linear-size-growth-rate of the particle :

do 2w'c’
dt p )

Particle growth occurring during the average residence time can be obtained
from Eq. 3:

a=06—00=2wc' J 4

Making use of the particle size growth expression, the extensive characteris-
tics of the dispersion can be defined as:

N =J n(6o)don )
o]

(i=j (a+o0)n(0)doo—alV+Do 0
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H n (a+ 60)2n(60)déo —Tia2N + 2naDo + Fo )

0
4 — (a+ ONE0<<HD——a3N +—a2Do+ —aPo+ To (8)

0

where :
Do = 60N 9)
Fo = 7i6@N (10)
~ Lb Aq...

FO= 6—ooN (11)

The Source Terms

The source terms of the extensive characteristics of the particles present in
the fluidised bed can be formulated as:

— Source term for the number:
This expression is derived from the 2nd simplifying assumption as:

dN
dt

'In- = o (12

— Source term for the size:

dD _dD da a3
dD=—¢ = dz 3"

“D” and “a” can be expressed from Eq. 6 and Eq. 4, respectively. After diffe-
rentiation we obtain:
_q_I?_: _d(_?_,:l_ + Jm) =N (14)
da da
da 2w’

15
dt ft (15)

The source term for size then becomes, from Eq. 13-15:
tH=— - (16)

The source terms of surface area and volume can also be derived in this man-
ner.

— The source term of surface area:
AnDw’c’
Cf = —ommm f oeee (17)
F
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— The source term of volume:
gv=w'c’ (18)

It is more advantageous to use the intensive dispersion characteristics, i.e.
those which refer to unit dispersion volume. In the case of the size and surface
area source terms, this requires only a formal operation. Since according to the
simplifying assumptions the fluidised layer is perfectly mixed, the intensive
dispersion characteristics of the material in the fluidised bed and in the di-
scharge stream are identical. Therefore, the “out” subscript can be added to
these quantities. The source terms expressed with the intensive dispersion
characteristics are as follows:

© +mO (19)
D E ot (20)
L e
qv=w'e (22)

Balance Equations in Steady-State Conditions

In steady-state conditions, the balance equations constructed with intensive
dispersion characteristics and certain convective and source terms (i.e. the
time-dependent changes of the intensive dispersion characteristics) are zero
(cf. Fig. I):

WinNin—WoutNa (23)
WinDin+ ZNEWC o oo (24)
Faut
\nDoatWC
Win-"int+ WouTlaut (25)
Fout
WinVi,, +c'w' =mw Fout (26)

The void volume fraction of the input and output solid-gas dispersions are
identical with that of the fluidised bed. Correspondingly :

Fm=rFout= 1- € 27)

It should be noted here that either the mass or the volume related intensive
dispersion characteristics can be used for the development of the model without
limiting the scope and application field of the model. In this case Vin—Fout= 1,
and the quantities winand wmt represent the volume and mass flows of the dis-
persed particles, while c'w’is the volume or mass of the solid material introduced
with the feed-liquid.

The intensive characteristics defining and uniquely characterizing the dis-
persion (Nout, Jymi, Fout) can be calculated from balance equations Eq. 23-26
as follows. The volume flow rate of the dispersion entering the fluidised bed is

4
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wm, its characteristics are JVin, Dinand Fin, the void volume fraction is e, the
concentration of the solution (suspension) is ¢' and spraying rate is w'. These
characteristics are known parameters either given, or freely selectable aimed
at the achievment of a given technological goal. wout can be calculated from
Eq. 26, and with it Noutfrom Eq. 23. Substituting these values of iVou and wait
into Eq. 24 and 25, a two variable equation set is obtained for Daut and Eout.
Either of them can be obtained as the root of a third-order equation. The major
physical characteristics of the particulate material leaving the fluidised bed
— average particle size, dout; average particle surface area, /out and the so-called
specific surface area, F*ut can be calculated with the intensive dispersion cha-
racteristics determined from the model:

«out bout (28)
N out
-2t
29
fout y (29)
* F
Fat= o (30)
1—e

Application of the Model

Experiments were carried out with urea as model material in a laboratory-
scale cylindrical fluidisation apparatus (inner diameter: 0.106 m). Steady-state
operation conditions were brought about by adding extra particulate material
[17, 21]. The particulate product discharged in steady-state conditions was sub-
jected to sieve-analysis. The intensive dispersion characteristics were calculated
from the experimental data and the sieve analysis results. The average particle
size, average particle surface area and specific surface area values were calcu-
lated from Eq. 28, 29 and 30.

Erom the technological parameters used for the experiments and Eq. 23-26
the intensive dispersion characteristics, the average particle size, average par-
ticle surface area and specific surface area values were calculated. These data

Fig. 2
Deviation of calculated and measured average particle size as a function of the calculated
value
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Fig. 3
Deviation of calculated and measured average particle surface area as a function of the
calculated value

Fig. 4
Deviation of calculated and measured specific
surface area as a function of the calculated value

were compared with those calculated from the sieve analysis of the steady-
state product (Fig. 2-4).

It can be seen from the comparisons that the average particle size calculated
from the model and determined from sieve analysis agree within a —25% error.
The deviation of the average particle surface area is less than 30% in at least
80% of the cases, while the largest deviation observed is 44%. (cf. Fig. 3).
The specific surface area values deviate less than 30% in about 90% of the cases
(cf. Fig. 4).

Summary

From the examination of the mathematical model of direct particle formation
from solutions in a gas-fluidised bed, and the comparison of the data calculated
from the model and measured in separate experiments, it can be concluded that
the accuracy of the model developed is sufficient for most industrial purposes.
The accuracy can be improved by accounting for the slight porosity of the par-
ticles and the deviation of the particles from the assumed spherical shape.

4*
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It has to be noted that the average particle size calculated from the model
(and average particle size in general) does not in itself characterize the particu-
late material unambiguously, for widely different distribution curves can be-
long to the very same average particle size. Both the experimental results [21]
and literature references confirm that the particle size distributions of various
products are very similar, independently from their chemical identity, provided
particle growth takes place via surface layering and there is no, or only very
slight, agglomeration. The major part of the product mass is also within narrow
particle size limits. The lower limit of this size range primarily depends on the
conditions of fluidisation (gas velocity), while the upper limit is controlled by
the size of the added particles and their growth rate. Taking into account this
auxiliary information, one can predict whether the solid material to be pro-
duced really meets the requirements.

The model developed for direct particle formation using external particle
addition can be used directly (without measurements or experimental data)
for the calculation/prediction of the major physical characteristics of the par-
ticulate material discharged from the fluidised bed in steady-state conditions.
The model can also be used for the estimation of the technological parameters
necessary for the formation of products with predetermined characteristics
(for the calculation of added external particle size, its mass or volume flow-
rate, and solvent feed rate, etc.).

SYMBOLS
a particle growth occurring during the average residence time, m
c' concentration of the solution (suspension), m3m3

d average particle size, m

D overall size of the particles in unit volume dispersion, m-m-3

D overall size of the particles in the dispersion, m

/ average particle surface area, m2

overall surface area of the particle in unit volume dispersion, m2m3
F overall surface area of the particles in the dispersion, m2m 3

F* overall surface area of the particles in unit particle volume, so-called specific sur-
face area, m2m3

s(<B0) size-distribution density function according to particle number at t=0, m-1
N number of particles in unit volume dispersion, m-3
N number of particles in dispersion, —

number source in the fluidised bed, s-1
Qe size source in the fluidised bed, m-s-1
gF  surface area source in the fluidised bed, m2 1
qv volume source in the fluidised bed, m3_1
t time, s
\% overall volume of particles in unit volume dispersion, m3m 3
Y overall volume of the particles in the dispersion, m3
w volumetric flow-rate of the dispersion, m3s_1
w
$
B
r

T

spraying rate (volumetric rate) of the solution (suspension), m3s_1
particle size, m

void volume fraction of the fluidised bed, —

average residence time, s
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Subscripts
o initial value
< limiting value
out output value
in input value
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PE3IOME

C Le/bio NPOM3BEAEHNISt YaCTUL, M3 PACTBOPOB B NCEBA00KIKEHHOM C/10€ /151 NOyYeHNs YCTaHOBMB-
LLerocsl MpoLecca B anmnapaTt YacTo 3arpyXatoT ChiMyumnii MaTepuan. Ha ocHOBe ypaBHEHWIA paBHO-
BECUSA COZIEPXKALLIMX XapaKTepHble CBOMCTBA HYacTuL, (panpeaeneHe, pasMep, YAenbHas NoBEPXHOCTb
M yaenbHbIli 06beM) aBTOPbI COCTABWU/IM MaTeMaTMUeCKY0 MOfEe/b MpoLecca. YpaBHEHUS PaBHO-
BECUSI COfIEPXKAT KOHBEKTVBHbIE MOTOKM U UCTOUHMKU. B cTaT 06CYXaeTca MeTOAMKa PeLleHus
MofeNIn. PacueTHble 3HAYeHWs] XapaKTepHbIX CBOMCTB (CpeaHWiA pa3mep U yaenbHasi NoBEpPXHOCTb)
COMOCTaBNSAOT IKCNEPUMEHTA/IbHLIMIA AaHHBbIMK. TOUYHOCTL MOAENU YOB/ETBOPSIET TPe6OBAHUAM
NPOMbILLMIEHHOV NPaKTUKW. TPUMeHEHNEM MOJENN CTAHOBUTCS BO3MOXHbIM OLIEHKA OCHOBHbIX
(hM3nYECKYIX CBOVCTB MOMYYeHHOro B anmnaparte MpodyKTa.
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EIN VERALLGEMEINERTES HOLDUP-MODELL FUR DIE
VERTIKALE ZWEIPHASEN-RING-TROPFEN-STROMUNG*

M. Reitz
(Ingenieurhochschule Kothen, 4370 Kéthen, DDR)

Eingegangen am 5. November 1980

Mit Hilfe des Pitotrohr-MeRverfahrens wurden in einem quadratischen
Kanal mit der Seitenldange 72 mm im aufwartsgerichteten Zweiphasen-
Gleichstrom Flissigkeits-Holdup-Profile ermittelt. Mit den {ber den
Querschnitt gemittelten Holdup-Werten konnten Holdup-Profile
Uber die Kanallange aufgestellt werden, die ein Minimum bei etwa

j3 aufweisen und bei 15 einen Gleichgewichts- bzw. Grenz-
wert annehmen. Dieser Sachverhalt wird analysiert und modelliert.
Dazu ist eine fiktive Aufteilung des Gesamt-Holdup in einen Beschleu-
nigungsanteil und einen Koaleszenzanteil notwendig. Das erhaltene
Gesamtmodell stellt eine Superposition der Teilprozesse dar. Es be-
schreibt die MeRBwerte adaquat, d.h. mit einem Fehlerbereich von
+ 10% bzw. —20%.

Einleitung

Gegenstand dieser Betrachtung ist die aufwdartsgerichtete Zweiphasen-Ring-
Tropfen-Strémung. Solche Stromungsformen treten beispielsweise bei Verdamp-
fungs-, Absorptions- und Chemosorptionsprozessen in Gas-Flussigkeits-Rohr-
reaktoren auf. Trotz gleicher Stromungsform unterscheiden sich diese Prozesse
wessentlich durch die Erzeugung des Strémungszustandes bzw. die Art der
Dispergierung der Flussigphase. Bei Verdampfungsprozessen bildet sich der
Tropfenstromanteil hauptsdchlich als Entrainment aus dem Flissigkeitsfilm
[1, 2] im Gegensatz zu Absorptions- oder Chemosorptionsprozessen, speziell
Hochgeschwindigkeitskontaktierung (HGK) [3, 4], wo ein groBer Tropfenstrom-
anteil durch Verspruheinrichtungen erzeugt wird und der Wandfilm sich mit
zunehmender Kanalldnge bildet. Oberhalb einer charakteristischen Kanalldnge
[4] geht im letztgenannten Fall die Phasenverteilung sowohl bei vertikaler als
auch bei horizontaler Stromung in einen Gleichgewichtszustand tber, d. h. die
Anderung des Tropfenmassenstromes mit der Kanallange ist gleich Null

am;T

* Erweiterte Fassung eines auf dem 4. Internationalem Symposium
»Thermische Stofftrennung* vom 26/27. August 1980 in Magdeburg gehaltenen Vortrages.



56 M. R eitz Vol. 9.

Erst unter dieser Bedingung sind die Stromungszustédnde bei adiabater Dampf-
Flussigkeits-Stromung und Prozessen mit mechanischer Flussigkeitsdispergie-
rung identisch.

Nach Angaben von Geundke, u. a. [5] erfolgt etwa 50% des Stoffaustausches
bei der Absorption infolge der groRRen Relativgeschwindigkeit zwischen den
Phasen schon nach kurzen Kanallange, etwa 2. Der Gleichgewichtsbe-
reich in der Phasenverteilung beginnt etwa bei einem Verhéltnis 1/d” 15 [4].
Wegen der Unsicherheit der GrofRe der Phasengrenzfldche bei Ring-Tropfen-
Strémungen, besonders in dem Nichtgleichgewichtsbereich bei I/d< 15, wird
die IntensitatsgroRe B bei der Modellierung der Stoffibertragung haufig auf das
Flussigkeits-Holdup bezogen. Diese GroRRe ist aber in dem betrachteten Bereich
bei konstanten Gas-Flissigkeits-Belastungsverhdltnissen langenabhéngig. Das
Flussigkeits-Holdup wird als bezogene GroBe verwendet und [&Bt sich bei
konstantem Rohr- oder Kanalquerschnitt zu einem Querschnittsverhdltnis
reduzieren

Damit ist der Zusammenhang zwischen Flissigkeits-Holdup und mittlerer
Flissigphasengeschwindigkeit durch die Kontinuitdtsgleichung gegeben.

Unmittelbar aus dem Holdup kann die mittlere Verweilzeit der flissigen
Phase ermittelt werden

- (1-e).FK

Fi @

die beispielsweise bei Anwendung der Penetrationstheorie hé&ufig als Néhe-
rung benutzt wird. Da aber das Holdup, wie es in Gl. (2) definiert ist, eine von
der Kanalldnge abhéngige GroRe ist, muB fir ein bestimmtes Kontaktzonen-
bzw. Rohrvolumen FK in Gl. (3) ein dquivalenter gemittelter Holdup-Wert
eingesetzt werden. Die Mittelwertbildung kann nach Gl. (4) erfolgen

1
GVAzyJd(l-e)(i)dk ° 4
0

Gleichfalls von Bedeutung ist das Holdup fir die Ermittlung hydrostatischer
Druckdifferenzen, da hierbei dei Gravitationsdichte [6] zu verwenden ist

Npew = gQzAH = g(eoG+ (1- e)pj)AH. 5)

Im Folgenden wird versucht, qualitative und quantitative Aussagen Uber das
Holdup im Nichtgleichgewichtsbereich sowie dessen Modellierung zu treffen.

Literatur

Es kann davon ausgegangen werden, dal} der hier betrachtete Anfangsbereich
der Zweiphasenstromung mit mechanischer Flissigkeitsdispergierung in der
Literatur bisher kaum bzw. nicht behandelt wurde. In den meisten Fallen
erstrecken sich die Untersuchungen der Literatur auf statische oder quasista-
tische Verhdltnisse in der PhasenVerteilung entlang des Strdmungsweges. Aus
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eingangs genannten Grinden stellen sich erst ab einer bestimmten Kanalldnge
diese Gleichgewichtsverhdltnisse ein.

Fir diesen Gleichgewichtsfall existieren eine Vielzahl von Berechnungsme-
thoden fiir Flussigkeits- oder Gas-Holdup. Am bekanntesten ist das Verfahren
von Lockhart und Martinelli [7]. Der sogennante Lockhart/Martinelli-

Parameter,

der die Gas-Flussigkeits-Belastungsverhaltnisse sowie die stoffspezifischen Ver-
haltnisse beriicksichtigt, wurde von D avis [8] fiir eine vertikale Zweiphasenstrd-
mung unter den Bedingungen leL> 8000 bzw RelL< 8000 und Fr> 100 mittels
einer mittleren Froude-Zahl korrigiert
X tt= X D. (1-%21°» (TL feaVYISfw* ]°wWw @
*19l— J feJ fei fei

Nach Sarma, u.a. (9) gilt dann fir das Flissigkeits-Holdup unter der Bedin-
gung der Ring-Tropfen-Strémung, also bei (1—e)«;l

(1—6) A3AB. (8)

Fir eine horizontale Zweiphasenstrémung hat W ar1is [10] eine Abhéngigkeit
des Gas-Holdup vom Parameter Xtt gefunden,

e=(1+X»t8-0i 9)

aus welcher sofort das Flissigkeits-Holdup folgt.

Weitere wesentliche Modelle sollen kurz vorgestellt werden. Das Verfahren
von Chawla [11]ist firhorizontale und vertikale Zweiphasenstromung abgelei-
tet, wobei die Stoffwertverhdltnisse und Belastungsverhdltnisse in weiten
Bereichen variiert wurden. Es wird ein sogenannte. Zweiphasen-Austauschpara-
meter gebildet in Anlehnung an den Lockhart/Martinelli-Parameter

ec=9,1 i£2.j09.i " j 05 (el Ay /. (10,

Die Holdup-Bestimmung kann zweckmafig auch grafisch erfolgen. Die Kenn-
zahlen ReL und Frh beziehen sich auf die Flussigphase und die Geschwindigkeit
ist auf den gesamten Rohrquerschnitt bezogen

WL-d'QL wl
Rer= VlQ Frh:g_OI (11
Das Verfahrenvon H ugiimark [12] ist ebenfalls fiir waagerechte und senkrech-
te Luft-Wasser-Stromungen gultig. Der Nachteil dieses Verfahrens besteht in
der iterativen Berechnung des Gas-Holdup. Es ist ein Anfangswert flr das
Gas-Holdup entsprechend der zu erwartenden Stromungsform vorzugeben.
Mit den Uber beide Phasen gemittelten Kennzahlen

m’-d und Fr= - (EFD)2

e= (12
(1 - e)r)b+e-r)a Fd Al-g-d
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werden die Hilfsfunktionen

Y = RelV6-Frus-(1- e)-V4 (13)
und
K = 0,75545 + 0,00368 -0,1436-10-4-I'2; [ =>10 [13] (14)

gebildet, woraus das Gas-Holdup bestimmt wird

e= K (+15)

Die Anwendung hat gezeigt, dal schon beim 2. Iterationsschritt die Ab-
weichung gegeniber dem Grenzwert kleiner als 1% ist. Bei dem Verfahren von
Rotthani [14] werden zwei Modelle unterschieden, wobei nach [4] fir den
betrachteten Anwendungsfall nur das Modell | befriedigende Werte liefert.
Nach [13] sind folgende drei Gleichungen heranzuziehen

C=1+0,12(1 -x), (16)

/108 \
= j (“cT(eb-ec))0X, (a7

W
C(xag* (L-£)Qb+ -T7)

Von Bedeutung sind noch die Berechnungsgleichungen fiir das Flissigkeits-
Holdup von Jagota,u.a. [15] und L edinegg [16]. Jagota, u. a. gehen von einem
physikalisch begriindeten Ansatz aus im Gegensatz zu den anderen empirischen
bzw. halbempirischen Modellen. GemaR GIl. (2) wird das Querschnittsverhaltnis
angesetzt

e iz 1—
"ty )J
(1-o Ai (19)
Voraussetzung fur die Anwendung dieser Gleichung ist die Kenntnis von
Tropfenstromanteil z, mittlerer Tropfengeschwindigkeit wT und mittlerer

Filmgeschwindigkeit wP. Fiir die durchgefiihrte Vergleichsrechnung wurden
diese Werte aus (4) entnommen. Ledinegg [16] gibt ein Modell an, welches sich

unter der Bedingung groBer Massenstromdichten 100m$und bei konstan-

tem Druck vereinfacht wie folgt darstellt,
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1—x

wobei es gerechtfertigt ist bei dem vorliegenden relativ groRen Kanalquerschnitt
infolge dsmdR und BmR* den entsprechenden Wurzelausdruck in GIl. (20)
gleich Eins zu setzen.

Elr die gezeigten Modelle wurden Parameterkombinationen ausgewahlt, die
den Arbeitsbereich der untersuchten Hochgeschwindigkeitsabsorptionsstufe
[4] etwa (berdecken, um einen Vergleich der Modelle durchzufiihren (Gas-

geschwindigkeiten wQvon 14 < 18 5 22 e bei Flussigkeitsdurchsatzen VL

von 1,0 m3/h und 2,0 m3/h). Das Resultat ist iber dem Gasmassenstromanteil
in Bild 1aufgetragen. Dabei zeigt sich ebenso wie in [4] und [13], daB das Modell
von Hughmark [12] bei groBen Gas-Holdup-Werten und damit kleinenFlus-
sigkeits-Holdup starke Ungenauigkeiten aufweist. Natlrlich ist es auch, daf
die Berechnungsergebnisse fiir die horizontale Zweiphasenstrémung am nied-
rigsten liegen, da kein Schwerkrafteinflul vorliegt. Die Holdup-Ergebnisse fir
die vertikale Zweiphasenstromung der Gbrigen Autoren liegen im Bereich der
ausgepragten Ring-Tropfen-Strémung verhdltnismalig eng beieinander. Die
vom Autor ermittelten Gleichgewichts-Holdup-Werte (1—e)* (vgl. Bild 4)
ordnen sich in diesem Bereich ebenfalls gut ein. Mit sinkendem Gasmassenstr-
omanteil wird die Strémungsform instabil und schwallartig, d. h. von Rezirku-
lationen in der Flissigphase lberlagert [4]. Der aufwértsgeriohtete Gleichstrom
verhdlt sich Belastungsverdnderungen gegeniiber bedeutend empfindliche, als
der abwartsgerichtete Gleichstrom. Der Verlauf der MelRpuntke (x) in Bild 1
zeigt dies deutlich. AuBerdem beschreiben die Berechnungsmodelle das Flus-
sigkeits-Holdup bei schwallartiger Ring-Tropfen-Strémung in der N&he des
Inversionspunktes nicht exakt, da zwar dei Belastungsverhéltnisse eingehen
aber die Erhéhung der Flissigkeitsbelastung durch Rezirkulation nicht er-

X

Bild 1
Modellergebnisse fur das Flussigkeits-Holdup bei konstanter Phasenverteilung im Ver-
gleich zu MelRwerten X — MeRBwerte Autor; O, U —nach [7.,8]; O —nach[12]; O —
nach [14]; Vv —nach [15]; O — nach [16]
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fallt ist. Besonders im Bereich des Inversionspunktes (Umschlag von Gleich-
in Gegenstrom) kommt es zur Ausbildung tUberhdhter Reibungsdruckverluste
und eines Uberh6hten Holdup. Fur die Ermittlung des Fliissigkeits-Holdup bei
Gleichgewicht in der Phasenverteilung kénnen bei »-Werten oberhalb 0,3 die
Modelle von Lockhakt und Maktinelli [7], Rotthani [14], Jagota, u.a. [15]
und Ledinegg [16] verwendet werden. Bei aufwaértsgerichtetem Gleichstrom
sollte jedoch bei W ertenc 0,3 auf Messungen zurickgegriffen werden, da die-
ser Bereich der schwallartigen Ringstrdmung noch zu starke Abweichungen
zwischen MelRwert und Modellwert aufweist.

MeRmethodik

Fir die Ermittlung der Phasenverteilung uber den Querschnitt (6rtliches
Holdup) und des daraus folgenden mittleren Holdup wurde die Pitotrohr-
Methode herangezogen [17, 18].

Der Vorteil dieses Verfahrens besteht in dem geringen apparativen Aufwand
und in der Mdglichkeit Holdup-Profile Uber den Querschnitt zu erhalten.
Nachteilig ist die abnehmende Melgenauigkeit im Bereich der schwallartigen
Ringstrémung bzw. in der Ndhe des Wandfilmes.

Das MeRprinzip ist in Bild 2 dargestellt. Es wurde bei sieben verschiedenen
Kanalldngen das Flussigkeits-Holdup bestimmt. Bei einer Kanalbreite (quad-

Bild 2
MeRBprinzip zum Pitotrohr-Verfahren

ratischer Querschnitt) von 72 mm ergaben sich die //(/-Verhéltnisse* 1,73;
2,9; 4,3; 6,2; 8,3; 10,5; 12,6. Die verwendete Sonde hatte einen Innendurch-
messer von 3 mm. Kleiner sollte dieser Durchmesser nicht gewéhlt werden,
da sonst das MeRergebnis von Kapillarkraften beeinfluBt wird. Der Flussig-

keitsvolumenstrom wurde bei FL= 1,0 m3/h konstant gehalten und die Gas-

* Da diese Untersuchungen Teil eines umfangreicheren Versuchsprogrammes auch mit veranderten Kanal-
breiten sind, wurde das .Z/tf-Verhaltnis eingefuhrt, obwohl bei dieser Betrachtung die Kanalbreite konstant
bleibt.
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geschwingidkeit zwischen 14? und 24 s—variiert. Somit ergaben sich F/G-

Verhéltnisse (Flussigkeits-Gas-MassenstromVerhdltnisse) zwischen 1,8 und
3,2. NaturgemaR sind bei diesem MeRverfahren dei MelRfehler hei der Stau-
druckmessung am grdf3ten. Sie lagen je nach Mef3ort (Rand oder Kernstrdmung)
zwischen 8% und 35%. Bei der Messung der Gas- bzw. Flissigkeitsvolumenstro-
me liegen die MeRfehler niedriger im Bereich zwischen 5% und 20%. Weitere
Angaben zum MeRverfahren sind in der oben angegebenen Literatur sowie bei
Banerjee [19] zu finden.

MeRergebrisse

Die Gesamtheit der MeRergebnisse ist in Bild 3 gezeigt. In diesem Bild sind die
Holdup-Profile fir die Reihenfolge der Ijd-Verhdltnisse mit der Gasgeschwin-
digkeit als Parameter aufgetragen. Dabei gilt sowohl fur Bild 3 wie auch fir

Bild 3
Holdup-Profile Gber den Kanalquerschnitt mit der Gasgeschwindigkeit und derKanallange
als Parameter
wo Werte: x — 14m/sec; 5 —16m/sec; o — 18 m/sec: O — 20 m/sec; V —22 m/sec;
L — 24 m/sec.
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Bild 3. (Fortsetzung)

Bild 4 folgende Symbolik fiir die Geschwindigkeitsabstufung: x 14 m/s;
N 16 m/s; 018 m/s; 020 m/s; V22 m/s; W24 m/s. In Bild 3 erkennt man im
Kerngebiet der Strémung ein Maximum der Holdup-Werte, welches auf einen
durch den EinfluR der Verspriheinrichtung erzeugten hohen Ellssigkeitsanteil
zuriickzufiihren ist. Die erhaltene Asymétrie ist eine Spezifik der Verspriih-
einrichtung [4] und im Zusammenhang mit dieser Betrachtung von unter-
geordnetem Interesse. Mit steigendem Z/d-Verhdltnis wird das Maximum der
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Bild 4
Holdup-Langeprofile mit der Gasgeschwindigkeit als Parameter
wg Werte: X — 14 m/sec; A — 16 m/sec; O — 18 m/sec;
0O — 20 m/sec; v — 22 m/sec; L — 24 m/sec.

Holdup-Profile abgebaut unter gleichzeitiger Zunahme der Randgéngigkeit,
d. h. Ausbildung eines Wandfilmes unter Tropfenaufnahme.

Bei sehr groRen Kanalldngen in der Ndhe des Gleichgewichtes in der Phasen-
verteilung erhdlt man in Randnéhe sehr groe Holdup-Werte die bei niedrigen
Gasgeschwindigkeiten =-0,2 sind und hauptsdchlich auf Flussigkeitsrezirku-
lation zuruckzufiihren sind. Fir die weitere Bearbeitung sind die mittleren
Holdup-Werte im Querschnitt erforderlich. Ein Vergleich zwischen einer in-
tegralen Mittelwertbildung unter Verwendung von Polynomanpassungen fur
die Profile nach Gl. (22)

BK

(I-e):a(df (1 —€) (b Kyai>k (22)

und einer arithmetischen Mittelwertbildung ergab nur Unterschiede von maxi-
mal 5% bezogen auf den Holdup-Wert.

T =
—-fl—
PV
R
Lt
x ~ ) .
= Gleicheerteilung
I
0 4 8 2 (168 20

d -

Bild 5
Abhéangigkeit des Filmvolumenstromanteiles vom I/d — Verhaltnis
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Die erhaltenen Holdup-Werte (Holdup-Langenprofile) sind wiederum mit der
Gasgeschwindigkeit als Parameter Uber dem Z/d-Verhdltnis aufgetragen (Bild
4). Es zeigt sich, dall das Flussigkeits-Holdup mit zunehmendem //d-Ver-
h&ltnis einem Grenzwert zustrebt, der etwa bei 2/d% 15 erreicht ist. Der Beginn
von konstantem Ellssigkeits-Holdup sowie des Gleichgewichtes in der Phasen-
verteilung wird durch Messungen des Filmvolumentsromanteiles (1—z) (4)
ebenfalls bei I/dra15 bestdtigt, wie Bild 5 zeigt. Die Holdup-L&ngenprofile
werden im Folgenden ausfihrlicher diskutiert und modelliert.

Modellierung

Die erhaltenen Ergebnisse in Bild 4 weisen neben dem Anstreben eines
Gleichgewichtswertes des Flussigkeits-Holdup (1—e)* auch auf ein je nach
Belastungsverhdltnissen mehr oder minder ausgepragtes Minimum hin. Diese
eigenartige Tatsache ist das Resultat zweier gleichzeitig auftretender physika-
lischer Vorgange. Die Elussigkeitseinfiihrung erfolgt in allgemeinen tber eine
Vorrichtung, die einen konstanten Querschnitt besitzt. Setzt man voraus, dal
dieser Querschnitt von der zuzufuhrenden Flissigkeit vollstdndig ausgefullt
wird, so ergibt sich die Austrittsgeschwindigkeit entsprechend dem Flussig-
keitsdurchsatz und den hydrodynamischen Bedingungen. Somit erh&lt man den
Anfangswert des Holdup (1—e)0Obelastungsunabhéngig als Verhéltnis von Zu-
fuhrungsquerschnitt bzw. Summe der Zuflhrungsquerschnitte und Kanal-
querschnitt.

Schubspannungen zwischen Gas- und Flissigphase fiihren zu einer Zer-
stdubung der Flussigkeit, wobei sich der charakteristische Tropfendurchmesser
des erzeugten Spektrums nach Nxjkijama und Tanaswa (20) berechnen 14Rt

FIV5i TL |0®
Val  (fO(76)
Die parallel ablaufenden Vorgange sind die Tropfenbeschleunigung und die
uberlagerte Tropfenkoaleszenz. Die Tropfenbeschleunigung fuhrt zu einer sehr
starken Holdup-Abnahme schon nach kurzer Kanalldnge (1). Die Koaleszenz,

die eine Folge des Tropfen- bzw. Geschwindigkeitsspektrums ist, bewirkt
dagegen eine TropfenvergroBerung mitgleichzeitiger Reduzierung der Beschleu-

dT0= 0,686 (23)

RBt6
Modellvorstellung zum Holdup-Langeprofil
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nigung und der Tropfengeschwindigkeit. Dies hat eine Holdup-Zunahme (2)
zur Folge. Qualitativ sind beide Vorgénge in Bild 6 dargestellt. Durch Super-
position beider Prozesse ergibt sich zwischen dem Holdup-Anfangswert und
dem Gleichgewichtswert ein Minimum. Die MelRergebnisse des Bildes 4 zeigen,
daR die Holdup-Schwankung sehr erheblich ist.

Koaleszenzeinflu

Betrachtet man den ansteigenden Teil der Kurven in Bild 4, so lassen sich
zundchst SchlulRfolgerungen bezuglich des Tropfendurchmessers treffen. Geht
man davon aus, dall die Holdup-Zunahme gleichermaBen im Wandfilm wie im
Tropfenkern stattfindet, so 14t sich schreiben

bzw. ALT~ (24)

Unter der Annahme, daR die Tropfenanzahl im Kanalquerschnitt konstant
bleibt, fuhrt die Verringerung der Tropfengeschwindigkeit [4] zwangslaufig zur
TropfenvergrofRerung (Koaleszenz). Fir Gl. (24) kann man schreiben

(25)

mit N als Tropfenanzahl.

Wie die Analyse der Tropfenbewegung und Phasenverteilung im Kanal-
querschnitt in [4] zeigt, ist es gerechtfertigt, nicht nur von einer konstanten
Tropfenanzahl im Querschnitt, sondern sogar von einer Verringerung zu spre-
chen. Damit ergibt sich die Ungleichung

3
[T (Z/c0<15

N
dT dw | d N~ANo

(26)

Die Konstanz des Holdup bei Z/d< 15 bzw. das Gleichgewicht in der Phasen-
verteilung wird durch ein Gleichgewicht zwischen Koalészenz und Tropfen-
zerfall sowie zwischen Tropfenaufnahme in den Wandfilm und Tropfenabgabe
bewirkt.

Eine Abschétzung der Widerstandsbeiwerte fiir die Tropfenbewegung wird
moglich unter Verwendung der kritischen Weberzahl, der aus MelRwerten er-
mittelten Relativgeschwindigkeiten [4] und GI. (26)

Nach der Gleichung

@7)

ergeben sich £-Werten 1,5, d. h. der ProzeRverlauf liegt im Ubergangsbereich
bzw. nahe dem Newton’schen Bereich. Die Gleichung (27) ist fiir die Berechnung
des Beschleunigungsvorganges von Bedeutung.
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Fur den Holdup-Verlaufinfolge Koaleszenz, kurz Koaleszenzanteil* genannt,
wurde in [4] aus einer phdnomenalogischen Uberlegung ein Ansatz gebildet, der
keine empirische Korrektur erforderte und das Holdup auch unter den Ver-
héltnissen einer Drallstrémung relativ genau wiedergibt (£x20%).

Die Gleichung lautet

1F I
(1—e) —1—exp d'g Fr) < 12. (28)
Der Nachteil dieses Ansatzes besteht in der begrenzten Gultigkeit nur fir den
Koaleszenzanteil. Er beschreibt auch nicht den Ubergang zum Holdup-Grenz-
wert.
Die Gl. (28) kann allgemeingltiger formuliert werden, wobei der Hol-
dup-Grenzwert und eine empirische Korrektur des Einflusses des l/d-Ver
haltnisses erforderlich ist. Man erhalt dann die Form

(29)

Gl. (29) enthdlt die wesentlichen EinfluRgréfen in physikalisch sinnvoller
Weise. Die Fr-Zahl wird dabei mit der Gasgeschwindigkeit gebildet. Auf die
Ermittlung des Holdup-Grenzwertes wurde unter Punkt 2 eingegangen.

Beschleunigungseinfluf}

Bei der Behandlung des Beschleunigungsprozesses mufl zundchst auf den
Modellcharakter hingewiesen werden. Die Komplexitidt der beim Tropfenflug
auftretenden Wechselwirkungen kann durch eine Bewegungsgleichung nicht
vollstdndig erfallt werden, zumal eine relative hohe Tropfenkonzentration
vorliegt.

Eine wesentliche Annahme besteht darin, dall fiir die Berechnung Einzel-
tropfen angenommen werden, deren Durchmesser dem mittleren Tropfendruch-
messer des Tropfenspektrums entsprechen. Uberschlagsrechnungen haben
weiterhin gezeigt, daB die Anderung der Relativgeschwindigkeit mit der
Kanallange etwa durch die Anderung des Tropfendurchmessers nach Gl. (26)
kompensiert wird, sodal die Re-Zahl anndhernd konstant bleibt. Damit kann
von einem ndherungsweise konstanten Widerstandsbeiwert ausgegangen wer-
den.

Der Ansatz flr die Berechnung der Tropfenbeschleunigung lautet dann

dw-t 71 2 (30)
tot—ét—— P (wa- wT)2+ TnT-4.
Da eine eindimensionale Aufwdrtsbewegung betrachtet wird, ist eine spezielle
Indizierung nicht erforderlich.

Mit der Vereinfachung

WT 4+ (1)

* Die Aufteilung des ,,Gesamt-Holdup“ in einen ,,Beschleunigungsanteil* und ,,Koaleszenzanteil*“ tragt fikti-
ven Charakter zum Zwecke der Modellierung.
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14Rt sich GI. (30) umformen zu
(wt

-W )2+
Wg-W )2+

-=C‘Cdt (32)

wobei eine geschlossene Ldsung dieser Differentialgleichung maglich ist, die zu
Gl. (33) fuhrt

We= Wg ~ (33)

Gl. (33) gilt fur das Geschwindigkeitsverhéltnis wiilwT> 1. Der Nachteil der
Ldsung besteht darin, dal es in der N&he des stationdren Zustandes, also bei

wt
------- »0  bzw. we -*(wg—ws)ws.. .Sinkgeschwindigkeit,

zu einer Inversion des Geschwindigkeitsverhdltnisses kommt, was auf die tan-
Operation zurtckzufithren ist (vgl. Watzel [21]). Da der Bereich groRer
Flugzeiten (Z> 0,1 s) nicht von Interesse ist, kann dieser Nachteil unberiicksich-
tigt bleiben.
Durch eine abschnittsweise Berechnung [4] kann zur Tropfengeschwindigkeit
die entsprechende Kanallange, ausgedrickt im Z/d-Verhéltnis, bestimmt werden.
Somit kann die Holdup-Anderung durch Beschleunigung nach

(1—ep= ' 34)
Wt'A K
berechnet werden. Dabei beinhaltet GI. (34), dal der gesamte Flissigkeits-
volumenstrom in Tropfen dispergiert vorliegt. Der Wandfilm bt bei Z/d< 2 nur
einen unwesentlichen EinfluB auf das Holdup aus. Seine Zunahme mit der
Kanalldnge wird durch den Koaleszenzanteil miterfaRt.

Dieser Ldsungsweg ist jedoch sehr aufwendig und von zahlreichen verein-
fachenden Annahmen gekennzeichnet. Aus diesem Grund soll eine direkte
Abhéngigkeit des Holdup-Beschleunigungsanteils (1—e)B vom Z/d-Verhdltnis
vorgeschlagen werden.

Zweckmadlig erscheint ein Exponentialansatz, analog zur Berechnung des
Koaleszenzanteils, einzufuhren. Der Verlauf des Beschleunigungsanteils (1) in
Bild 6 14kt folgende Beschreibung zu

A0 =88 _ eu1—e)s, (35)

woraus sofort folgt
(1—e)B=(L- e)o-exp (36)

Die GroBe k wurde empirisch aus den Holdup-MeRBergebnissen unter Abzug
des Koalcszenzanteiles bestimmt. Entsprechend den Abhéngigkeiten

(1—e)~-1— und (1—e)~Tb (37)
Ta

5*
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konnte der Koeffizient k mit dem Flissigkeits-Gas-MassenstromVerhéltnis,
welches die Belastungsverdnderung der beiden Phasen ausdrickt, korreliert

werden
p\-0,87
e @

Es ergibt sich somit als Resultat fir den Beschleunigungsanteil der Ausdruck
(1- e)B=(1- e)o-exp| - 2,19 fr]j e (39)

Der Anfangswert (1—e)0ist, wie oben erwdhnt, konstruktionsbedingt.

Ein Vergleich der Berechnungsmodelle fir den Beschleunigungsanteil des
Holdup nach Gl (34) und Gl. (39) ist in Bild 7 dargestellt. Die den Bereich der

Bild. 7
Holdup-Verlaufin der Beschleunigungsphase

Ergebnismenge eingrenzenden Kurven (1) zeigen einen starkeren Holdup-
Abfall bei kleinen Kanalldngen (I/d<]l) als der Bereich (2), der auf der Aus-
wertung der MeBergebnisse basiert. Hier zeigt sich deutlich die Auswirkung der
idealisierenden Bedingungen unter denen GI. (33) nur angewendet werden kann
(Einzeltropfen, konstanter Widerstandsbeiwert, Vernachldssigung von Wech-
selwirkungen zwischen den Tropfen und den Phasen). Real liegt jedoch eine
geringere Anfangsbeschleunigung der Tropfenphase vor. Erst im Bereich
I/d> 1,5 beginnt eine gute Ubereinstimmung beider Berechnungsansatze.
Insgesamt bewertet, zeigt sich zwischen beiden Ansétzen eine tendenziell gu-

te Ubereinstimmung, wobei der auf den MeRwerten basierende Ansatz nach Gl.
(39) eine groRere Adaquatheit beziiglich des Realverhaltene aufweist.
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Holdup-Modell

Nachdem die Anteile am Gesamt-Holdup diskutiert werden und in den GI.
(29) und (39) mathematisch formuliert sind, kann ein Gesamtmodell durch
Superposition bzw. Addition der Anteile geméaR

(1—e)= (I —e)B+ (1 —e)K (40)

gebildet werden.
Explizit erh&lt man die Form

(1-«) = (1 - @), exp |—2,1gg) °'87(i)j+(|- Q* (I-exp ('g)ﬁ)

Die wesentlichen EinfluRgroBen auf das Holdup, ndmlich Gasgeschwindig-
keit, Elussigkeitsbelastung uni Kanallédnge, sind in den GI. (29), (39) und (41)in
dimensionsloser Form enthalten. Ebenso ist das Dichteverhéltnis beider Phasen
als stoffspezifische GroRe mit im F/B-Verhéltnis erfal’t. Beziglich des Viskosi-
tatsinflusses kdonnen noch keine quantitativen Aussagen getroffen werden.
Die Verwendung des (/*-Verhéltnisses ist zweckmaflig im Hinblick auf den
Ubergang zu verianderten Kanalquerschnitten, da sich mit dem Rohrdurch-
messer bzw. der Kanalbreite auch die Kanalldnge fir die Erreichung des
Gleichgewichtes in der Phasenverteilung andert. Dabei mull bezlglich der
Anwendung von Gl. (41) auf die Notwendigkeit eines Mindestrohrdurchmessers
bzw. einer Mindestkanalbreite bei eckigen Querschnitten hingewiesen werden,
der etwa mit dmin=30 mm angegeben wird. Dies ist erforderlich, da eine Un-
terschreitung des Minimalwertes Stromungsformen des Zweiphasengemisches
erzeugt, die starke Wechselwirkungen zwischen Tropfen und Film hervorrufen,
die nicht mehr den Voraussetzungen fir das Holdup-Modell entsprechen [22].
Beispielsweise existiert bei kleinen Kanalquerschnitten schon unmittelbar
hinter der Flussigkeitseinfuhrung ein starker, schwallartiger Wandfilm, der die
Ausbildung eines Holdup-Minimums verhindert. Ein Vergleich der Bilder 4 und
7 hinsichtlich des Einflusses der Gasgeschwindigkeit zeigt, dall der Koaleszenz-
anteil bedeutend starker von Anderungen der Gasgeschwindigkeit abhangt als
der Beschleunigungsanteil. Aus diesem Grund geht die Gasgeschwindigkeit im
Koaleszenzanteil nicht nur im F/G-Verhaltnis ein, sondern zusatzlich durch die
Fr-Zahl.

Die Ergebnisse einer Nachrechnung der MelRwerte von Bild 4 sind in Bild 8
enthalten. Die Adé&quatheit des Modells, die sich in den Fehlergrenzen +10%
bzw. —20% ausdrickt, ist positiv zu bewerten. Die etwas gréfere negative
Fehlergrenze ist durch das asymptotische Annéhern des Modells an den Grenz-
wert (1—e)* begrindet, wahrend dieser in einigen Féllen durch die MeRwerte
schon bei I/d= 8... 12 erreicht ist.

Der Giultigkeitsbereich fir das Holdup-Modell umfaRt das Gebiet der stabi-
len, aufwadrtsgerichteten Zweiphesan-Ring-Tropfen-Strémung, wobei die ge-
nannten Einschrdnkungen beziglich der Viskositdtsverhdltnisse und der
Kanalabmessung zu beriicksichtigen sind.

(41)
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Bild 8
Zusammenhang zwischen gemessenen und berechneten Holdup-Werten

NOMENKLATUR
A Querschnitt, Flache m2
bk Kanalbreite m
d Rohrdurchmesser bzw. gleichwertiger Durchmesser m
'; :I)_ Flassigkeits-Gas-Massenstromverhaltnis kg-kg-
Fr Froude-Zahl
g Erdbeschleunigung m s~2
AH Hohendifferenz m
1 Kanallange, Rohrlange m
m Massenstrom kg s-1
m Massenstromdichte kg m-!
-dpstat statische Druchkdifferenz Pa
Re Reynolds-Zahl
t mittlere Verweilzeit s
\Y Volumen m8
\% Volumenstrom m8s_1
w Geschwindigkeit ms_1
X Gasmassenstromanteil
z Tropfenstromanteil
11—e), e Flussigkeits-Holdup, Gas-Holdup
C Widerstandsbeiwert

m Viskositat kg m_:
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e Dichte kg m~3
a Oberflachenspannung N m-i

Indices

Austausch
Beschleunigung
Film

Gas

Koaleszenz
Kanal, Kontaktzone
Flussigkeit
Tropfen

relativ
Anfangswert
Gleichgewicht

SHrFXXEOTom>

*

Langner, H. und Mayinger, F.: Chemie-Ing.-Techn., 1978, 60 (7) 654

Huhn, J.: Dissertation A, TU Dresden, 1971.

Zahn, A.: Dissertation A, AdW der DDR, ZIPC, 1978.

Reitz, M. : Dissertation A, IHS Kothen, 1980.

Grundke, E., Schneider, J. und Nett, J.: Chem. Techn., in Vorbereitung
Heckle, M.: Chemie-Ing.-Techn., 1970, 42 (5) 304—310.

. Lockhart, R. W. and Martinelli, R. C.: Chem. Engng. Progr. 1949, 45 (1) 39—48.
. Davis, W. J.: Brit. Chem. Engng. 1963, 8 (7) 462 —466.

. Sarma, P. V. S. C,, Sarma, P. K. and Voukata Apparao, K.: Indian. J. Technoi
1973, 11 (5) 199-201.

10. Wallis, G. B.: One-dimensional two-phase flow, New York, Mc Graw Hill, 196
11. Chawla, J. M.: Chemie-Ing.-Techn., 1969, 41, 328—330.

12. Hughmark, G. A.: Chem. Eng. Progr. 1962, 58 (4) 62-65.

13. Friedet, L.: Chemie-Ing.-Techn. 1978, 60 (3) 167- 180.

14. Rouhani, Z. : AE-RTV-841, 1969

16. Jagota, A. K., Rhodes, E. and Scott, D. S.: Canad. J. Chem. Engng. 1973, 61,
393-399.

16. Ledinegg: Brennstoff-Varme-Kraft, 1978, 30 (10) 400 —406.

17. Cravarolo, L. and Massed, A. : CISE-Report, Nr. 98, Milano, 1963.

18. Barthels, H.: Chemie-Ing.-Techn., 1968, 40, 530 —637.

19. Banerjee, S. and Nguyen, D. M.: AIChE J. 1977, 23 (3) 385-387.

20. Nukijama, S. U. and Tanasawa, Y.: Trans. Soc. Mech. Eng. Japan, 1938, 5, 63.
21. Watzel, G. V. P.: VDI-Forschungsheft 541, Dusseldorf, 1970, S. 13.

22. Siegel, R. and Kruschke, D.: Diplomarbeit, IHS Kodthen, 1978

© 0N WwDN R

SUMMARY

Wi ith the help of the Pitot tube measuring method liquid holdup profiles were found out in
a quadratic channel length of side 72 mm —in the upwards directed two-phase contin-
uous current. Through the holdup values found out with the help of the cross section
holdup profiles of the length of channel showing a minimum at about I/d 3 and reaching
an equilibrium or limiting value at I/d = 15 could be made out. This state is analysed and
modelled. For this a fictive division of the total holdup into a velocity part and a coagu-
lation part is necessary. The obtained general model represents a superposition of the
subprocesses. It describes the measured values adequately, i.e. with an error zone of
+ 10% and —20%.
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PE3FOME

C nomouyblo cnocoba nmamepeHns Tpyokn MUTo B KBagpaTHOM KaHasle C 60KOBOW [A/IMHON 72 MM
B HaBepx Harnpae/ieHHOM ByX(ha3HOM MPSIMOM TeUYeHUW ObIN YCTaHOB/EHbI NPOUAN 60711 06beMa
XUAKOCTU. CpefHVMM MO MOMEPeYHOMY CEYEHWMIO 3HAYeHUsMM 60U 06bema XMAKOCTU CMOr/10
6bIN10 YCTaHOBUTL Mpoduan 6011 o6beMa XUAKOCTU Haj A/IMHON KaHana, NMoKasblBatoLme MUHK-
MYM npu NpumMepHo 1/dcx3 1 npyHMMatoLmne paBHOBECHOE WM MpefesibHoe 3HadveHne npu /lc/ra 15.
3TOT (hakT aHaM3MpyeTcst U MogenunpyeTcs. [ns 3TOro Heo6XxoAMMO (PMKTUBHOE pasfesieHue 06-
wero 6011 06beMa XMAKOCTU Ha A0/ YCKOPeHUst U Koarynsuun. MonyyeHHast o6Liasi Mogenb
npejCcTaBsieT Cynepro3vumio YacTUUHOro npouecca. OHa ONUCLIBAET 3HAYEHWUS M3MEPEeHUs afieK-
BaTHO, T. €. C 061aCTb0 OWMNG0K +10% nm —20%.
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Transport processes taking place in gas separation processes based on
pressure swing adsorption PSA have been examined experimentally.
Energy transfer has been found negligible in the case of permanent
gases. The unsteady state hydrodynamics of compressible fluids
flowing in packed tubes has been studied. The adsorption kinetics
have been determined from pressure change data using a constant
volume apparatus. The authors conclude that transport rates primarily
depend on the pore structure of the adsorbent particles. The basic
unit of PSA operation, and gas separation achieved by pressure swing
were studied. The authors conclude that the kinetic characteristics
of the adsorbent and the hydrodynamic features of the adsorber have
to be matched. The validity of the conclusions relating to the sub-
processes are substantiated by separation measurements.

Introduction

The so-called pressure-swing adsorption (PSA) processes are used to an ever
growing extent for the adsorption-based separation of the components of
permanent gas mixtures. A number of patent applications have been filed
disclosing various industrial applications [1-6].

A common feature of these processes is the filling of the evacuated column
packed with an adsorbent by pressurized gas mixture. During the filling-up
step, the adsorbent and the gases interact. In agreement with the principles of
closed-space chromatography [7-9], a concentration distribution develops along
the tube in both the gas and adsorbent phase. The components that are not
retained by the adsorbent accumulate at the end of the column opposite to the
feeding-point. When part of the gas mixture is vented from the column its
composition changes with time.

In order to simplify the analysis of adsorbent-gas interaction, some authors
prefer equilibrium treatment [10-12]. Others, however, point out that transport
processes should [13-16] be ignored during the calculations.

This paper deals with the transfer phenomena occurring in the basic unit of
PSA, i.e. in packed tubes.

Kadlec et al. [17, 18] studied the separation abilities of an adsorbent column,
equipped with a flow restriction manifold at its end opposite to the feeding-
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point, using periodically changing pressure. The optimum period-length with
respect to product discharge was determined experimentally. An equilibrium
model was used to model this short-period (3 second) process. The existence
of an optimum period-length unequivocally supports the importance of the
transfer processes. Thus, the experimental results presented in this paper can
be generalized in this respect, and also applied for the PSA operations.

Experimental

Mass transfer processes occurring in packed tubes essentially consist of
three dominant parts :

— convective filling of an evacuated column, closed at its end opposite to
the filling-point, by a compressible medium

— mass transfer between the gas and the solid phase,

— local changes in the gas and solid phase.

Axial diffusion in the gas phase should also be examined since it can adverse-
ly influence the concentration profile developed in the separation process.

The same sub-processes also influence the momentum transfer. Heat transfer
during separation is neglected since it is our experience that heat changes and
corresponding temperature changes are negligable in the course of PSA sepa-
ration of permanent gases. This is the reason why PSA is called heatless ad-
sorption [7].

Filling-up Experiments with Inactive Packing

Hydrodynamics plays an important role in mass transfer processes. In order
to achieve sufficient separation, the rates of convective component transfer
and mass transfer into the solid phase have to be commensurable.

Fig. 1
Steady state pressure distributions in a tube packed with an inert packing of various gas
loadings
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Fig. 2
Non-steady-state filling of a tube packed with an inert packing

Flow processes occurring in a 2 m long, 50 mm I.D. tube packed with sand of
0.35 mm average particle diameter were studied under steady-state and non-
steady-state conditions. Filling-up was initiated by turning a 15 mm bore
spherical valve connecting to a constant-pressure vessel.

The pressure profile along the column is shown Fig. 1 at different gas (air)
loadings. The major conclusion of the experiments is that contrary to assent-
ations by Morrison [19],the Darcy equation cannot be used for the description
of momentum transfer in the flow of compressible media. Due to its expansion,
the density and linear velocity slightly even the temperature of the medium
change along the column. The velocities shown in Fig. 1 are considerably
smaller than those observed during the filling of evacuated tubes (i.e. the
sound-velocity). A nonsteady-state filling of the sand-packed column is shown
in Fig. 2. It can be seen that the filling process is practically complete in 10
seconds. A considerable pressure drop takes place at the beginning of the fil-
ling process.

Calculations show that the gas velocity in the smallest flow cross-sections is
in the range of the sound velocity during the first stage of the filling procedure.
This finding is of considerable importance for the definition of the boundary
conditions used for the mathematical description of the problem.

The length of the filling period is almost an order of magnitude smaller when
coarser packing is used. Due to experimental problems, this time cannot be
readily measured. The filling velocity is considerably smaller when the tube
is packed with an active adsorbent. The time required to achieve a 90% filling
is almost three times as long with 0.4 mm average particle diameter NUXIT Al
than with sand. This shows, on the one hand, that a larger amount of gas is
required to fill up the adsorbent system, and it requires additional time, and on
the other hand, the gas components carry their momentum, i.e. sorption
effects the friction coefficient in the packed bed.

The major finding of the experiments discussed so-far is that the filling time
of conventional columns (1...2 m long columns packed with 1...3 mm diameter
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particles) is in the range of a couple of seconds, provided the flow cross sections
are sufficiently wide to transer the amount of gas required. If a restriction is
used in the inlet line, the packed tube itself becomes practically free of pressure
gradients [15].

When an evacuated tube packed with an adsorbent is filled up with a gas
mixture, the fresh mixture flowing into the tube progressively displaces the gas
phase already present in the tube. This assumption can be justified experimen-
tally as shown in Fig. 3. Nitrogen, then oxygen was introduced into the above

Fig. 3
Examination of the mixing processes in a tube packed with an inert packing caused by
the non-steady-state filling and discharge steps

mentioned tube packed with sand until pressure p and 2p was achieved, re-
spectively. Whenthe gas volume enclosed in the tube was released in several
portions, the concentration distribution shown in the Fig. 3 was obtained.
The distribution changed only slightly with the feed rate and the diameter
of the packing. Therefore the longitudinal concentration distribution could not
be used for the detection of the mixing effects taking place in the tube, because
separation filling was always followed by gas discharge and the latter always
caused mixing in the gas phase.

The mixing tests indicated that for a firstapproximation, flow could be con-
sidered free of mixing, though for a more accurate description turbulent dif-
fusion characterized by a velocity-dependent diffusion coefficient might also
be considered.

Characteristics of the Adsorbents

This project deals with the adsorption transfer processes connected with the
components of air. Correspondingly, natural and synthetic zeolites, as well as a
5A molecular sieve activated charcoal was used for the experiments. Due to
its specific pore structure, a Hungarian made activated charcoal NUXIT Al
was also studied.
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The major characteristics of the adsorbents studied are summarized in Table 1
Their mercury porosimetry curves are shown in Fig. 4.

RImml

Fig. 4
Mercury porosimetric data of the adsorbents

UNION CARBIDE 10X is a cylindrical Type X synthetic zeolite of 0.8 mm
diameter and 3 mm length ; MOLFILIT KX50 isaHungarian-made cylindrical
Type 5A synthetic zeolite of 2.5 mm diameter and 8-15 mm length. The granu-
les are composed of regular cubic zeolite crystallites of 3-6 pm size. K 79/1 is a
natural rhiolite tuff mined at Tokaj, Hungary, which contains 40% clinopti-
lolite. It is ground to an average particle size of 1-3 mm [20]. The size of the
clinoptilolite crystallites in this tuff is 0.1 pm, the diameter of the pores sepa-
rating the crystallites is also about 0.1 pm, so the tuff is a hard-to-permeate,
solid structure not readily suited for adsorption purposes.

The Type 5A molecular sieve activated charcoal was developed by Kadlec
[21] of the Heyrowsky Institute, Prague, Czechoslovakia. The micropores in
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Table 1

Adsorbent Density

fe/lcm*]

UNION
CARBIDE
10X 2.586
MOLFILIT
KX 50 2.457
K 79/1 2.440
MSC 1.878
NUXIT Al 2.406

L. KoTSis and J. Argyelan

The major characteristics of the adsorbents tested

Specific
surface area

BLTO-
GRAF)
[m2/g]

148.9

20.0
41.2

820*
1047.0

* private communication [21]

Specific  packing

Porosity surface density
upto7.5nm area of in the
[cm3/g] po;ess g%ove clczlt;mn
[m2/g] [kg/m3]

0.4102 8.956 615
0.3629 3.428 670
0.1889  19.412 899
0.3764 1.17 612
0.2781 6.552 521

Void
volume
fraction
[m3/m3]

0.510

0.484
0.514

0.326

Separa-
tion
factor
for
02- n2
at 3
bars

[-]

1.603

1.692
1.394

0.337

Vol. 9.

Active ingre-
dient

90% (m/m)
X zeolit

80% (m/m)
A zeolit

40% (m/m)
clinoptilolit

this charcoal, which act as a molecular sieve, are difficult to approach, corre-
spondingly the internal mass transfer is severly limited kinetically. The pore-
size distribution of the Hungarian-made NUXIT Al activated charcoal is
broad, and varies widely. Its high specific surface area can he approached by
diffusion over a distance of a couple of manometers.

Fig. 5

Oxygen and nitrogen equilibrium isotherms of MOLFILIT KX 60 and K 79/1
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Fig. 6
Oxygen and nitrogen equilibrium isotherms of MSC and UNION CARBIDE iOX

The oxygen and nitrogen binding capacities of the adsorbents listed above
are shown in Fig. 5 and 6. The isotherms were obtained at 293 K. Since the
specific adsorption capacity values are low, equilibrium had to be detected on
the basis of pressure measurements in a constant volume system. The densi-
tivies of the adsorbents were determined in a He picnometer. At any given
pressure, the zeolites could adsorb almost twice as much nitrogen than oxygen.
The separation factors a, at a pressure of 3 bars (as defined by Wolf anf K 6nig
[22]) are listed in Table 1. At any given pressure, the molecular sieve charcoal
adsorbs oxygen more readily than nitrogen. This characteristic of the adsor-
bent is of special value for the production of nitrogen rich gases, because in this
case low amounts of oxygen have to be removed from the gas mixture. The
separation factors do not vary widely, i.e. from an equilibrium point of view,
the adsorbents listed (except NUXIT Al) are suitable for separation of the
components of air.

Kinetic Tests

Due to technical problems, these tests were restricted to the adsorption
period. However, it has to be noted that in our experience the desorption rates
are of the same order of magnitude as adsorption rates though somewhat lower.
The high rates preclude the use of mass measurements for the monitoring of the
progress of the process, so the method advocated by Winfierd [23] had to be
applied. Essentially the evacuated adsorbent (10-20 mbar) was brought sudden-
ly into contact with the pressurized gas mixture in a constant volume vessel.
Evacuation to some 10 mbars was sufficient, since the separations presently in
operation use this pressure in the regenerating cycle.

The experimental apparatus is shown schematically in Fig. 7. The system
was tested using inert packing [9] and its transfer capability was found to be
100 Hz. This means that pressure changes taking longer than 0.01 s could be
detected reliably.
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Schematics of the constant volume pressure changes detecting apparatus used for the

kinetical experiments. 1 — constant Volume vessel, 2 — sample storage vessel, 3 — rubber

gasket; 4 — glass plate, 5 — adsorbent; 6 — removable cover, 7 — breaking device;

8 — electric manometer; 9 — needle valve; 10 — control manometer; 11 — needle valve,
12 — vacuum, 13 — gas feed

The dimensionless transient curves obtained in kinetical measurements with
pure gases and various adsorbents are shown in Figs. 8, 9 and 10. In this
Figures p stands for the actual pressure, pOfor the system pressure at the mo-
ment of contact, and p,, for the so-called equilibrium pressure detected after
a sufficiently long contact time. The major finding of the adsorption experi-
ments is that the separation rates observed at the moment of contact between
the pressurized gas and evacuated adsorbents can differ with orders of mag-
nitude for different adsorbents [9].

Fig. 8
Dimensionless transient curves of N2 adsorption on various adsorbents
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Fig. 9
Dimensionless transient curves of oxygen adsorption on various adsorbents

Fig. 10
Adsorption transients of a few selected gas — adsorbent pairs

In the case of NUXIT Al with its loose pore-structure, a quasi-equilibrium is
attained in a couple of tenths of a second. On the other hand, in the case of
molecular sieves, composed of crystallites and characterized by a bi-disperse
pore distribution, the equilibrium time ranges from a few seconds to ten to
fifty seconds. The equilibration time of MSC, which is extremely solid, is
longer than an hour.

It is worth mentioning that the transport rate for any given adsorbent de-
pends only slightly on the type of gas examined, i.e. the major rate controlling
factor is the pore structure of the adsorbent. The Type 10X synthetic zeolite
produced by Union Carbide is almost an order of magnitude faster than
MOLFILIT KX50 A zeolite, which is composed of identical crystallites. The

6
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rate difference is obviously due to the different crystalline structure of zeolite
A and X.

The pore-structure-dependent kinetics indicates that viscous flow, gas dif-
fusion, Knudsen diffusion and vacancy transfers are all present and are inter-
related in a complex manner in the pores of the sorbent [24-26].

For any given gas-solid system the transients measured at different initial
pressures do not differ significantly. However, it should be noted that initial
pressures were always beyond the critical values as defined by flow through the
throttle.

The adsorption transport rate of oxygen was larger for each adsorbent than
that of nitrogen. The equilibration time for nitrogen was almost twice as long
as for oxygen. This work has not dealt with the internal characteristics of
adsorption kinetics. The major conclusion of the kinetical examinations con-
cerning the separation process proper is that in the majority of cases the ad-
sorption rate is comparable with the time required for the filling of the tube, so
both phenomena have to be taken into consideration for the description of the
separation process. The assumptions drawn from the equilibrium model are
valid only in those cases when the rate of mass transfer is several orders of
magnitudes higher than that of the conventive mass transport.

Investigations on the Effects of the Tube

The two sub-processes discussed in the previous paragraphs occur simulta-
neously in a tube packed with an adsorbent, in the basic unit of PSA gas
separation.

Experiments were carried out in a 1000 mm long, 25 mm [.D. tube, closed at
both ends by stopcocks. Gas pressure in the tube was monitored at the end of the
tube opposite the gas-inlet point. A filling pressure of 3 bars [27], the common
value for air separation, was used throughout the experiments. This pressure
ensures a sufficiently high amount of gas, while the separation factor, a does
not yet decrease significantly due to the curvature of the isotherms. Gas was
discharged fourtimes at the end of the tube opposite the inlet point at pressures
above the ambient. The concentration and amount of oxygen in these samples
were determined. Since the amount of air introduced was known, the com-
position at the fifth point could be obtained from the mass balance equation.
The results of the experiments are shown in Fig. 11 and 12. The concentration
distributions corresponding to the filling-up time (generally less than 1 s)
determined by the internal resistance of the bed are shown in Fig. 11. Practi-
cally, there is no separation in the case of the slow MSC adsorbent, i.e. the
composition of the gasphase after a sufficiently long time approaches the equi-
librium composition corresponding to the given pressure. The role of the inter-
nal hydrodynamical resistance is shown in Fig. 11 by the curves obtained with
two different size fractions of UNION CARBIDE 10X. With increasing resist-
ance (decreasing particle size) the extent of separation improves.

The effects of external flow resistance are shown in Fig. 12. It can be seen
that a practically pressure gradient free filling operation with a filling time of
160 s results in considerable separation for MSC (MSC prefers oxygen). Similar
results were obtained with MOLFILIT KX 50A as well.

The results of tube effect investigations agree with those of the hydrody-
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Fig. 11
Examination of the tube-effect with air for filling conditions controlled by the internal
resistance of the bed

Fig. 12
Examination of the tube-effect with air for filling conditions controlled by an external
flow resistance

namical and kinetical measurements. It should be noted that the selection of
filling-up and discharge times are of considerable importance for design of
successful PSA separators. The patent literature generally neglects this question
or emphasizes that cycle time is determined by the length of the evacuation
period. Based on the above experimental evidence it can be concluded that
selection and design of paper equilibration time during filling up is of consider-
able importance. The selection of this time becomes a complex optimation
problem including all aspects of equilibrium, hydrodynamics and Kinetics.
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Air Separation Experiments

Based on the findings of the hydrodynamical and kinetical experiments, the
description given in Hungarian patent, No. 172.738 [6] separation experiments
were carried out in a dual column apparatus using pressure equilibration.
(Patent owners are the Department of Chemical Process Engineering, Univer-
sity of Chemical Engineering, and the Design Institute for Chemical Plants
— Vegyterv, Budapest). The schematics of the apparatus is shown in Fig. 13.

Schemetics of a dual-column PSA gas separator with pressure equalization as disclosed by
Hungarian Patent No. 172.738

The operation parameters of the system are as follows:

— packing: cylindrical MOLFILIT KX50, 1.4 kg/column
— filling pressure: 3 bar

— evacuation pressure: 26 mbar

— oxygen-rich product discharge [Ap) 0.5 and 1 bar.

The results of the filling experiments are shown in Table 2. In the first ex-
periment, the internal resistance of the packed bed determined the time requ-
ired to achieve a filling pressure of 3 bar. In the second, third and fourth expe-
riments, external flow resistances were used to obtain increasing filling times.

It is apparent from the data in Table 2 that at identical product discharge
levels the oxygen concentration, i.e. the oxygen yield increases with the fil-
ling-time. In the third and fourth experiments, the longest step isthe filling-up
step, and not the evacuation step, as before. Correspondingly, the product ob-
tained met the standards of high quality gas purification. This also means that
the 80% oxygen concentration, commonly accepted as economically achievable
in PSA oxygen separation could be met at higher product discharge and lower
air consumption levels, i.e. with higher yields.

Another important feature of the fourth experiment is that 55% of all ni-
trogen introduced into the system can be recovered with a purity of 98.3%.
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Table 2

Results of the separation experiments

Characteristics 1 2. 3. 4.

Filling time of the evacuated column, s 5 30 100 100
Full cycle time, s 180 180 210 210
p, bar 0.5 0.5 0.5 1.0
Air feed rate, 1/h 330 345 310.5 312.5
Oxygen enriched Volumetric flow
product rate 1/h 45 47 40.5 62

Oxygen cone.

% Vviv 71 90.6 99.1 86.7
End gas Volumetric flow

rate 1/h 153 152 136 110

Oxygen cone.

% Vviv 16 14.3 13 8.7
Gases removed Volumetric flow
by vacuum rate 1/h 132 146 134 138.5

Oxygen cone.

% VIV 10 5.6 5.4 17
Oxygen production yield
% viv 46.1 58.8 61.6 81.9

Conclusion of the Experiments

It can be concluded from the experimental results discussed in the previous
sections that the mass transfer processes occurring in a tube packed with an
adsorbent have two major components, the non-steady-state hydrodynamics of
thhe compressible medium and the mass transfer between the gas and solid
phases.

In our opinion it is not advantageous to increase the hydrodynamical resist-
ance of the columns by decreasing the particle size of the packing, because
above a certain level resistance unfavourably influences the product dischange
and evacuation processes. The use of an external flow resistance matched to the
kinetical properties of the adsorbent seems more desirable. In this case, the
flow in the packed column is free of pressure gradients.

The PSA process requires better adsorbents. For a given adsorbent and gas
mixture, favourable equilibrium behaviour is not sufficient, the kinetical
characteristics also have to be suitable. This means, in the case of zeolites, that
small crystallites of 1-3 pm size and pores of similar magnitude have to be
secured. This work does not deal with the design of the crystallite size of zeoli-
tes, however, it should be mentioned that the size of the crystallites cannot be
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decreased infinitely, rather only to a certain value, because below a critical
value the resistance of the transport process becomes the rate determining
the factor.
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PE3IOME

ABTOpPbI M3yYa/Iv TPAHCMOPTHbIE NPoLecchbl aAcop6LMOoHHOM cenapauyn rasa (PSA) npu KoneGaHum
[aBfeHMs Ha 6a3e SKCNePUMEHTA/IbHBIX faHHbIX. YCTaHOBUAU, UTO B C/ly4ae HEKOHAEHCUPYHOLLIMXCS
rasoB 3HepProTPaHCrMopTOM B MPOLECCAX MOXHO MpeHebpedb. M3yyanm HecTauMOHapHY rapo-
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[AVHAMUKY 3aM0/THEHHbIX TPY6 NMPY TEUEHWUM B HUX CKMMAtOLLMXCS cped. B annapate nocTOsHHOMO
o6bema paboTaloLero Ha NPUHLMME M3MEPEHUSI JAaBNEHNS M3ydann KUHETVKY afcopbummn v ycTa-
HOBW/IN, UTO CKOPOCTb TPAHCMOPTHbIX MPOLIECCOB OMpeaessieTcs CTPYKTYPOii Mop YacTuLl, afcop6eH-
Ta. V3yyann oCHOBHOI a/1eMeHT MeToaa PSA, T. e. 3ano/fiHeHHY0 aficop6eHToM Tpy6y 1 rasoByto
cenapauuio npuv 3anosiHeHUM rasoBoii CMecblo TPyGy. YKasain Ha Heo6XoaMMOCTb COT/acoBaHMUs
KUHETMYECKVX CBOMCTB YacTul, aacopGeHTa M rmapoAMHaMMUecKux CBOWCTB TpyGbl. Ha ocHoBe
cernapaLyoHHbIX M3MepeHuii JoKasann NPaBuIbHOCTb BbIBOAOB YCTAHOB/EHHbIX NPU U3yUeHUN afe-
MeHTapHbIX MNPOLIECCOB. Ha 0CHOBE 3KCMEpPUMEHTa/IbHBIX JaHHbIX aBTOPbI Npea/iaraloT CoCTaBNATh
MaTemMaTMUecKoe OMnmcaHve MeTofa.
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The properties of gas-solid fluidised beds are strongly dependent on
bubble behaviour. It is important to measure the bubble sizes, their
velocity, and the visible flow, etc. For large scale installations, the
use of punctual probes seems to be the most convenient way to
completely characterize the local properties of the bubbles. However,
the interpretation of the signals obtained by the probes is difficult
and is based on a cascade of hypotheses, which even appear at times
to be implicit.

The present work is a tentative aim to present the different ap-
proaches published on probe signal interpretation as a coherent “hypot-
hesis tree”. It also contains some suggestions for further tests of some
of the more crucial hypotheses.

Introduction

Recent mathematical models for gas solid fluid beds explicitly use the local va-
lues of properties, such as bubble size, velocities, flow and volume fraction occu-
pied by bubbles.

This fact has induced a considerable experimental effort to measure these
properties.

Several experimental techniques have been used: two dimensional beds
[10, 12, 28, 29], high speed cinematography of bubbles following the wall, or
of eruption diameters at the top of the bed [6, 16], external probes [2, 13, 33],
internal probes [1, 3, 5, 8, 11, 14, 15, 17, 18, 19, 20, 30] or radiocinematography
[25, 26, 27].

Radiocinematography is actually limited to layers having a diameter less
than 30 cm, due to radiation absorption by the fluidised solid.

Extrapolation from 2D measurements to 3D beds is far from evident [9].

The only method permitting a complete description of the local bubble
phenomenon thus remains the use of internal quasi punctual probes.

Several physical principles have been used for this purpose : pressure probes
[15], capacitive [1, 14, 30], resistive [3, 20] or inductive probes [5], hot wires
[19] and light probes [17, 33].
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Some immediate criticism may be advanced against some of these techni-
ques. The signal generated by a pressure probe is a rather complicated one
[22] and has a time duration longer than the actual travel time of the bubble at
the tip of the probe.

Impedance probes always present an electrical field and are thus progres-
sively sensitive to the approach of a bubble. The detection volume is not well
defined and the punctuality of the probe is questionable.

The slopes of the pulses obtained are generally not very sharp and the am-
plitude of the signal depends on the size of the detected bubbles.

Time interval measurements on such pulses are thus sensitive to the voltage
level at which the measurement is made.

Several authors have investigated the interpretation of probe signals. The
present work is a tentative aim to present in a coherent way these approaches
and to put forward the associated explicit and often implicit hypotheses. The
discussion is synthetized under the form of Table 1.

The common point to the different investigators is that they admit the
stochastic nature of the bubble phenomenon and that they use, as a consequen-
ce, a statistical analysis approach.

Signal—Noise Separation

In the present case, a noise is any contribution to the signal which is not
directly due to a bubble. If the fluctuations due to bubbles are larger than the
parasitical ones, an amplitude probability analysis may be used [30].

Park et al. [20] chose, without more justification, their detection level at
1/2 of the maximum peak amplitude, ijowever, they checked that slightly
changing the measurement level did not induce an appreciable difference in
the results.

Description of the Local Values of the Bubble Population

To be significative the measurements of bubble properties must be indepen-
dent on the initial instant of measurement and on the duration of the measure-
ments. This point may be checked using classical time series analysis methods.

Secondly, the characteristics of successive bubbles must be independent
on their respective properties or on the time interval separating their passage
at the probe. Werther [32] has shown that for a short sojourn time at the tip of
the probe, and for the random arrival of bubbles, the time interval distribution
between successive bubbles must be exponential. In fact it appears that bub-
bles have a tendency to move in chains of 4 or 5 bubbles.

The third step consists in admitting that the bubbles shape may be defined
by only one shape factor.

If we then call nifthe number of bubbles per unit volume having a diameter
between Di and Di+AD, a velocity between f7] and Uj+ AU and a shape
factor between ¢ and o+ Arp, the (nin) matrix completely describes, the
bubble phenomenon.

At this stage of development, it is interesting to know to which extent the
probe support affects the bubble properties (check 1).
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Excentricity

The bubble volume is quite large, and all the detected bubbles are not obli-
gatory centred on the tip of the probe. Only a chord may be intercepted.

Experimentally, we thus have to handle a 4 dimensional (xijd) matrix.

Each element of this matrix describes the number of bubbles detected per
time unit, under a chord of which the length is between hkand hk+ Ah, having
a diameter between Di an Di+AD, a velocity between Zj and W+ AU and
a shape factor between wxand gx-f A<p.

One then needs to assess the spatial distribution of the bubble centres
around the tip of the probe.

The simplest possible hypothesis is to assume that this repartition is locally
homogeneous, at the scale of a bubble diameter. It is noticable that this often
means exactly at the scale of the vessel for laboratory installations.

Some published results reveal the existence of radial non-uniformities in
bubble profiles [12, 30]: bubbles preferentially follow the wall in the bottom of
the bed and then progressively concentrate in the axis of the vessel for small
scale installations (.30 cm in diameter).

The probe support itself may exercise an attractive or a repulsive effect on
the bubble trajectories. X ray cinematography would be an ceasy way to assess
this point (check 2).

On the other hand, the presence of the wall inhibits a uniform bubble spatial
distribution around a measurement point in the vicinity of the wall. PARK et
al. [21] assimilated the bubbles to rigid spheres. The bubble centres must then
be at more than one bubble radius from the wall. This hypothesis leads to the
conclusion that the bubbles must appear as points when observed through the
transparent side wall of a 3D bed.

In fact, as visual observation reveals, the bubbles are more or less deformed
near the wall, following a law which has not yet been specified.

The radiocinematographical technique can be used to assess eventual com-
bined wall and probe effects on bubbles moving near the wall (check 3).

Distribution of Horizontal Bubble Chords

This point may be investigated using a probe with a variable horizontal gap
as suggested by Put et al. [22].

If one then specifies the shape of the bubble size distribution, the mean bub-
ble diameter and its variance may be defined.
Relationship between Spatial and Detected Bubble Properties

The relationship between the number of bubbles per unit volume n\] and
the number of bubbles detected by the probe per time unit gijk is given by :

~ = ~ Pi(Di, U)xP*(DIt hk) "

where 2 2 (2)
i j 1
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P DV Uj) is the probability to detect a bubble having a diameter D{and a
velocity Cj; while P 2(Di, hk) is the probability to detect following a chord hk
a bubble having a diameter D{.

P 1(2)i, f7j) is proportional to the volume covered by the bubble per time

unit :
Pi(Du Uj)=¥1Din (3)

Equation (1) may be rewritten as:
= ny\ ~DiUSP2(Di, hk) ()

An analytical expression may be deduced for P2(P(>\) 'n the unrestrained
3D case, after the acceptance of the local homogeneity hypothesis (Fig. 1).

Eccentricity probability function in unrestrained 3D bedsfor a vertically moving bubble

For a given size and shape factor of the bubble, there is a strict relationship
between the bubble eccentricity z and the length of the intercepted chord hk.
The detection probability is proportional to the horizontal area in which the
centre of the bubble having a diameter Di must be detected under a chord hk:

; 2nz dz
PADw® hu) = --------- (5)
7z

i D'
Considered globally, the problem remains very large. Different simplificati-
ons have been advanced.

1- Btjegessand Calderbank [3]using a 5legs probe and an on line computer
developed a centring procedure. They selected the bubbles having a ver-
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tical trajectory, being centred on the probe and undergoing no coalescence.
The results are presented as distributions of size, velocity and shape
factor.

This approach indicates that the selected bubbles are representative of
the total population, which remains to be proven (check 5).

2° All the other approaches are based on the hypothesis that the shape factor
remains constant at the measurement point.

This assumption is certainly an oversimplification of the reality ;the shape
of the bubbles is strongly affected by coalescence or splitting of the
bubbles, eventually by the bubbles size (check 4) or even by the presence
of the probe support.

However, the distribution of the shape factors does not seem to have a
strong effect on fluid bed performances. It may thus appear legitimate to
neglect the fluctuations of the shape factor. We then have to handle
(@ijk) and (nf) matrices each having a dimension less than the respective
initial matrices.

The Method of Characteristic Times

The technique consists in recording the signals obtained by two vertically
alignated probes, separated by a distance A.

The time duration of a pulse txand the time shift between the two signals t2
are of especial interest: they permit the bubble velocity to be defined:

Ux=A/h (6)
and intercepted chord
hk=UiXh —Ati/t2 @)

The bubble roof or bottom velocity would be defined, then following this we
measure the time shift on the ascending or descending slopes of the pulses, as
far as the trajectory remains vertical.

In a same way, hk may eventually be the measure of an oblique chord when
the bubble trajectory is not vertical.

The measurements may be synthetized as a (t/j, hk) frequency matrix of
which each element xjkis defined by :

Xjk= £ Xuk (8)
1:k
Two remarks must be advanced concerning the relationship (8). The upper
limit of the sum is the maximum bubble size at the measurement level, which
must be defined. The lower limit starts at a value of = hk; indeed a bubble
may not be detected under a chord hkgreater than its diameter D{.
Equations (4) and (8) define a system of equations of which the nri, appear as
the unknowns.

The Uj values must be non negative and an a priori estimation of the bubble
shape is necessary to define P 2(Z>j, K) >n Equation (4).
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Non Vertical Bubble Trajectories

This accident is responsible for non biunivocal correspondence between the
pulses detected on the 2 channels of a double probe.

The measurement of t2 may thus be in error: instead of recording the true
value of t2 one may detect t2+ 13, where tsis the time interval between successive
bubbles.

Coalescence of bubbles between the measurement levels leads to the same
effect. To minimize this kind of mistake, Park et al. [20] proposed to cut the
upper part of the fahistogram. If this histogram is bimodal, at the valley be-
tween the 2 modes: otherwise, at a maximum value of t, corresponding to a re-
alistic minimum value of the bubble velocity (u>10 cm/s).

It is finally noticeable that for bubbles having only a slight obliquity, the
bubbles may cut the 2 measurement levels different oblique chords which
leads to errors in the estimation of the bubble size and velocity. This effect has
not yet been taken in consideration in literature.

Further Simplifications

Three different approaches are reported in literature.
1° In some of the earliest work on the subject [18, 19] the mean value
of txand # are measured independently ;

The average bubble chord is defined by: h=AtlR2
and the average bubble velocity by u=Ajt2

This determination of h postulates that the trand the i2distributions are
statisticaly independent; otherwise, second order corrections must be
added.

2° Park et al. [20] performed coupled measurements of txand t2and synthe-
tized this result in a (k) matrix. They defined the marginal distributions
N

. . . T
of/tkand Ujand calculated their mean values. Postulating then — =0.516,

they calculated the mean bubble diameter. According to the relationship
(2) this approach is not completely correct whenthe bubble diameters and
velocities are distributed, due to the preferential detection of large bubbles,
as underlined by Werther [31].

3° The third approach [31] assumes that the bubble velocity is independent
of their size in a freely fluidized bed.
One may then write :

hb=uxti (11

Following this relationship the hk and the tx distributions differ only by a
scale factor n (check 6).

Then assuming a log-normal distribution for the bubble diameter, a mean
bubble size may be defined.

Finally, assimilating the bubbles to ellipsoids in geometrical similitude,
a shape factor may be defined by cross correlation of the signals coming from
two probes in the same horizontal plane.
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Bubbles Volume Fraction ¢f and Visible Bubble Flow '

The 3 characteristic times also permit the bubble volume fraction to be cal-
culated :
B3=tl/t3 (12)

and the visible bubble flow
g'B=eRXu= Ah/fa Xt3 (13)

Choice of the Mean Values of the Characteristic Times

Each of the three times is largely distributed and considerable differences
exist between the estimations of their “central tendency”.

Table 1l summarizes the choices made in literature. These choices seem to
be linked more to experimental facility considerations than to theoretical
support.

Table 2.
Author tl ta h
YaSUl—oHanson [33] arithm arithm harmonic
(frequency)
Morooka et al [19] arithm arithm arithm
Park et al [20] arithm harmonic arithm
Werther—Molertts [30] median cross correlation mode harmonic

(=median if symmet-
rical histogram)

In fact, as shown by Masson and Jottrand [17], the choice of the correct
mean value depends on the nature of the bubble velocity-size relation and on
the physical quantity to be defined.

Most of the checks suggested in Table 1 were performed with the X ray fa-
cility of the University College of London and are presented as a separate pu -
blication [34].
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PE3IOME

CBoiicTBa ABYX(asHbIX (ras-TBepaoe BeLleCTBO) KMMSALWWMX C/0EB BO MHOFOM 3aBMCAT OT CBOVWCTB
rasoBbix My3sblpeii. BaHO 3HaTb pasMep, CKOPOCTb W BHELUHWIA BW[ TeuyeHus Mysblpeil. B cnyuae
annapatoB 60/bLUMX Pa3MepoB [/ 0XapaKTepy3oBaHUSA IOKaSbHbIX CBOMCTB Ny3blpeli Lienecoo6-
pa3Ho NPUMEHSITb METO[, TOUEUHbIX M3MEPEHWIA, T. e. 30HAMPYIOLLMI MeToZ,. B To Xe Bpemst paclumd-
pOBKa CUrHa/I0B MPefoCTaB/IeHHbIX 30HAaMMN 4OBOIbHO C/IOXKHA W YCTaHOB/IEHHbIE HA OCHOBE 3TUX
[JaHHbIX FMMOTe3bl HOCAT MHCTUHKTHBIN XapaKTep.

Llenbto aaHHol paboTbl ABNseTCs 0606LLeHMe 0My6IMKOBaHHbIX METOAO0B YCTAHOB/EHWS TAMOTE3

Ha OCHOBE 30HAMPYIOLLMX U3MEPEHNIA. ABTOPOM MPEAIoXKeHbl HEKOTOPbIe HOBbIE NYTY A5 yCTaHOB
neHns 6o/1ee 060CHOBAHHBIX FUMOTES.
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NCCJIEJOBAHNE JTOKAJIBHOIO MACCOINEPEHOCA
OT HACTUUbBI K XKNAKOCTW. |

SKCNepUMeHTa/IbHas! MPOBEPKA MaTeMaTUYecKol MOAEeN, OCHOBaHHOM Ha MOyaMIMPUYECKO Teopun
Typ6yneHTHOCTN

EpmakoBa A., Ky3sbMmuH B. A., CkomopoxoB B. B., Ym6eToB A. C.
(MHcTuTyT Katanmza CO AH CCCP r. HoBocnbupck)

MocTynuna B pegakumto: 23 aekabpb 1980 r.

C 1cnosb30BaHNEM U3BECTHBIX B IUTEPATYpe NOAX0A0B, OCHOBAHHbIX Ha MOYy-
SMMNMPUYECKOA Teopun TypbYNeHTHOCTW, BbIBEAEHO YpaBHeHWe MaTeMaTu-
YeCKOW MOfie/N, OMNMCbIBAIOLLIE MaccomnepeHoC MeXy pearupyoLLei TBepaoi
YacTULEN 1 XUAKOCTbIO. MpeanonaraeTcsi, YTO MOrpaHWUYHbINA COM B OKPeCT-
HOCTW TBEPLON YacTuLbl NOABePraeTcs MepuroAMYECKMM BO3MYLLEHUSIM, Bbl-
3BaHHbIM 6apb0TaXOM rasoBbIX My3blpeil Yepe3 MCEBAOOXKMKEHHbIA COW
CyCMEH3NMN.

C Uenbio MOATBEPXKAEHUSI TEOPETUUECKMX 3aBUCMMOCTER uncna Sh oT Kpu-

Tepues Pe 1 Pe', 0Tpaxalolnx COOTBETCTBEHHO BK/aJ OCHOBHOMO W My/bCca-
LIMOHHOIO COCTAB/ISIIOLLIETO B OTHOCUTE/IbHYIO CKOPOCTb ABWXEHWS TBepMoi
YacTULbl, MPOBOAW/IOCHL IKCMEPUMEHTANIbHOE WCCeAoBaHMe MaccornepeHoca
K uacTuLg (4aTumKy) CoBepLLAtoLLEi KoneGaTeNlbHOe ABMKEHME B >KWIKOCTMW.
M3mepeHune And(py3MOHHOr0 TOKa MPOBOAM/IOCH 3/1IEKTPOXUMUUECKUM METO-
Aom. [laHO cOMoCTaB/ieHMe 3KCMEPUMEHTAbHBLIX U TeOPETUUYECKMX 3aBUCH-
MOCTEMN.

MocTaHoBKa 3aaum UCC/e0BaHUS

MepeHOC peareHTOB K BHELUHE MOBEPXHOCTW KaTanu3atopa ABASETCH OAHWM U3
OCHOBHbIX (DM3UYECKNX MPOLECCOB, BAMAIOLWMX Ha CKOPOCTb U M36MpaTenbHOCTb
MPOTEKaHMS CMIOXHbIX peakuuii B TpexdasHOM nceBAooXuxeHHOM cnoe (TIIC).
CnepoBaTenbHO NpU MaTtemMaTMyeckoM MOENMPOBaHWM peakTopa 3aKOHOMEPHOCTM
NpoTeKaHWs MaccoO6MeHHbIX MPOLECCOB B MacluTabe O4HOr0O 3epHa KatanmsaTopa
LO/MKHbI 6bITh OTPaXKEHbl B MOAENN KaK MOXHO 60/1ee TOYHO.

VccnefoBaHye macconepeHoca 0T YacTuLbl K XXMAKOCTU — B TEOPETUMYECKOM Mna-
HE — MyTEM aHa/IMTUYECKNX, KAYECTBEHHbIX U YMCNEHHbIX PELUEHUIA YpaBHEHWIA Tng-
poAMHAMUYECKOro M Ant(Y3MOHHOTO NOrPaHWYHOrO Cf0s, BLINOJHEHO B pAge pa-
60T [1—12]. K mepBoii rpynne MccnefoBaHnini MOXHO OTHECTU paboTbl, OCHOBAHHbIE
Ha aHann3e NaMWHAPHOIO MOrPaHUYHOro cnos [1—7]. B gpyrux TeopeTMuecknx pa-
60oTax [8—12] pelwaetca 3afadva TypOYneHTHOro MacconepeHoca B MOrpaHUYHOM
Cfioe, COBEPLUAOLLEM BbICOKOYACTOTHOE KONebaTenbHOe ABVXKEeHWE C Manol amniu-
TY4OW. 3Tu cneuntmnyeckme yCnoBms NO3BOASIOT CUbHO YNPOLLAaTh UCXOAHbIE YpaB-
HEHMA HeCTaLMOHApHON TMAPOAMHAMUKM U MAcCOMepeHoca, U B pe3ynbTate nony-

7*
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UNTb aHAIMTUYECKME PELUEHWS 3afaun. B npuHumne mgen 3Tux paboT Ham npeg-
CTaBNATCA WHTEPECHBIMMW, U MOC/TE COOTBETCTBYIOWMX MOAWUGMUKALMIA NOCTAHOBKM
— ¢ y4eToM ocobeHHocTeld TMC — MOryT 6biTb MCMO/Mb30BaHbI MPW COCTAB/IEHUM
MaTeMaTUUeCKOW MoJenu.

JKcnepyMeHTaNbHbIE UCCNEA0BAHUA MacCOMepeHoca Mexay XUAKOCTbIO U TBep-
[0 vacTuuel BbINONHEHbl B OCHOBHOM B ABYX(a3HbIX MCEBAOOXWKEHHbIX CrosiX,
N B Tpex(asHbIX CUCTEMAX C HeMoOABWXHbLIM cnoem Katanusatopa [13—30]. MNony-
YeHHble aBTOpaMu 3MNUPUYECKMe KOoppenaumm MOryT 6biTb MONE3HbIMU LNS Hac
TO/bKO B MepBOM MPUOAMKEHUN, KOrha pexxum paboTtel TMC 61130K K OAHOMY U3
BbILLIEYNOMSAHYTbIX KPaiHUX Pe>KMMOB.

M3 nuTtepaTypbl n3BeCTHO [31], UTO XapakTep TedeHUs xuakoctm B TIC aBnsetcs
TYp6YyneHTHbIM, BCMeACTBME MEPUOLMYECKUX BO3MYLLEHWIA OCHOBHOrO CTauuoHap-
HOr0 TeYeHMs LEeNOYKOA MOAHMMAIOLMXCA ra3oBbiX My3blpeil. CrneayeT OTMETUTb
0Cc060 [ABe M3BeCTHble HaM PaboTbl, NMOCBALLEHHbIE 3KCMePUMEHTANIBHOMY UCCNef0Ba-
HUO TypbyneHTHoro macconepeHoca B TMNC [32, 33]. ABTopbl 3TUX paboT B He3a-
BMCUMbIX 3KCNepUMeHTax MccnefoBany Nynbcaluio OTHOCUTENIbHOW CKOPOCTU XWA-
KOCTW, W IOKaNbHbI MacconepeHoc NPy pacTBOPEHMUN TBEPAbIX YacTul,. MonyyeHHas
MeXAy 3TUMW BENNYMHAMW IMNUPUYECcKas Koppenaums aeaseTcs uanyeckn 060CHO-
BaHHOW, MHBapMaHTHON K MacwwTaby peakTopa. Mpogonkas nget asTopos [32, 33]
MOXeM OTMETUTb, YTO C/IEefYHOLMM MOMEHTOM B TEOPETUYECKOM W IKCMEepUMEHTAllb-
HOM UCCNef0BaHMM MacconepeHoca AO/MKHO ObITb M3yyeHWe 3aBUCUMOCTU NIOKasb-
HbIX TYpOYNEHTHbIX XapaKTepuCTUK OT MaKpPOCKOMUYECKUX XapaKTEPUCTUK Tpex-
(hasHoro cnog. locnegHune onpegenaoTCAd PacXxo4HbIMW COOTHOLUEHUAMU (a3, UX
(hM3NYEeCKMMU CBONCTBAMU, N TEOMETPUYECKMMMN OCOOEHHOCTAMK peakTopa.

B uTore npusefeHHOro Bbille KPaTKOro SIMTepaTypHOro o63opa MOXEM CKasarTb,
YTO B HaCTofllee Bpemsi OTCYTCTBYIHOT MaTeMaTU4YeCcKue MOLENM maccorepeHoca,
KOTOpPbIE B 4OCTAaTOYHON Mepe OTpaxakT ocobeHHocTn TIC, 1 B TO e Bpems nme-
I0T NPOCTOI BUfA, YAOOHbLIA 415 NPaKTUYECKOro MoJb30BaHus.

B cBA3M Cc 3TUM 006LLYI0 3a4ady MCCeA0BaHNA NOKabHOTO MacconepeHoca Mexay
yacTuuei nxugkocTtoto B TMC chopmynupyem cnegytowmm o6pasom:

1. BbIBOf 1 aHa/IM3 YPaBHEHUWI MaTEMAaTUYECKO MOAENN, YUUTLIBAKOLLEH BAUSHME
NOKaNbHOW TYp6YNEHTHOCTW MOTPAHUYHOTO C/IOS.

2. OKCnepuMeHTanbHOe UCccnefoBaHue MaccornepeHoca OT Of4HOM YacTulbl B CTaH-
OAapTHLIX YCNOBUAX, KOrfa XapakTepuCTUKW TypOYNeHTHOro MorpaHWYyHoro
cnos MoryT 6bITb 3aZaHbl 3apaHee Kak YCNoBUSA 3KCMEepUMEHTa.

3. NccnepgosaHme B3aMMOCBA3N NIOKAMbHBIX M MAKPOCKOMWUYECKUX TUAPOLMHAMM-
Yyeckux xapakrtepuctuk TI1C.

OCHOBHOE BHUMaHWe B [aHHON pab6oTe OGyAeT YAeNeHo pelleHuto 3agady 1w 2.

BbiBOg 1 aHa/IM3 MaTemaTUYeCcKoi Moaenn

MpeAnonoXuM, YTO NPOCKOK ra3oBoi (hasbl B BUAE My3blpeil Yepes C0MA XUAKOCTM
MPMBOAMUT K NEPUOAMYECKMM BO3MYLLEHMSIM CKOPOCTW TeYeHUs nocfefHei oTHocu-
TeNbHO TBEPAOW vacTuubl. Bo3MmylleHHOe [ABMXKEHUWE XapaKTepusyeTcs OnpeaeneH-
HbIM CMNEKTPOM aMMnUTYA W 4acTOT, KOTOPble HEMOCPeACTBEHHO CBSi3aHbl C KOHK-
PeTHOW rMapoAMHaMM4YecKoin o6cTtaHoBKOW B TMNC, a MMEHHO: pa3Mepom ny3bips,
CKOPOCTbI 1 YaCTOTO €ro NPOCKOKa B pacCMaTpMBAEMOi TOUKe NMPOCTPaHCTBa.
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MpuHYMas BO BHUMaHWE NEPUOAUYECKNI XapaKTep NOKanbHbIX BO3MYLLEHWA XNa-
KocTu, nobas nepeMeHHasa BennuuHa (Z(?)) npouecca maccornepeHoca MOXeT 6bITb
0XapaKTepn3oBaHa CPefHUM 3HayeHWeM (Z) U OTKIOHEHWEM OT CpPefHero Uau nynb-
cauwmein (Z'(t)):

Z(t)=Z+2Z"(t) 1)
rae

T*

z=— (J)[z(t)df, Z\t)=Z (1)-Z @

BenuunHa T* onpefenseTcs Kak XapakTepHbl nepuof Kone6aTenbHOro ABMKEHUS.

Kak n3BecTHO, B HacTosilLee BpeMsi Hanbonee yA06HBIM MHCTPYMEHTOM AN OMK-
CaHusA TypbyeHTHOr0 MacconepeHoca ABASETCA T. H. NOyaMMMpUYecKas Teopus Typ-
OYNeHTHOCTU, C MOMOLLbI KOTOPOI paccmMaTpvMBaemMylo 3afjavyy B TepMUHAaX cpef-
HUX BEMIMYMH Z MOXHO COPMYMpOBaTh MaTeMaTU4YecKu B BUAe 3aMKHYTON cucTe-
Mbl ypaBHeHuiA [34].

PaccMOTpUM OCECMMMETPUYHYHO 4YacTuLy KaTanusaTopa, Asvxylyytocs B TIC
B Typ6Y/NIEHTHOM NOTOKe XMAKOCTU. O603HaUeHMe KOOPAUHAT MOKa3aHO Ha PUCYHKE

Puc. 1.

Cxema 06TeKaHUs faTuMka NOTOKOM >XuaKocTu. 1 — paTumk (cepa, 0 0,4 cm); 2 — [OepkaBKa;
3 — uzonAuma

1 TlpefnonoXxumM, 4To Ha MOBEPXHOCTU YaCTWLbI MPOTEKAET GECKOHEYHO GbicTpas
XMMUYECKas peakuus. Hauvano KOOpAMHAT 3aKPenuM B LEHTPe TSXKECTM YacTuMubl.
Mcnonb3ys M3BeCTHbIl MeTod PeliHombaca [34], ypaBHeHMe MacconepeHoca Ans oc-
PEeAHEHHBIX BEIMUMH Z MOXEeT OblTb MPeACTaBNEHO B CrefytolleM, 6e3pasmepHoM
BUAE:

Pe (—ac acl 3 Pe'l3 3 1
~2 1 ax2 T [aXx<uC)+~ (M'CH @
rpaHn4YHubIE YCNOoBUA
y=1 ¢=0 4)
y=6y ¢=1 (5)
x=0 c=1 (6)

OGblYHO rpaHnyHoe ycnosue (5) 3afat0T Ha PACCTOSIHUN Y —«>, XOTS Ha CaMoM fie-
Ne OHO BbIMOMHSETCA YXKe Ha OnpefeseHHOM, KOHEYHOM PacCTOSiHUM ay, KOTOpoe
6y/[eM cuMTaTh HEWU3BECTHLIM NapamMeTPOM 3afauu.
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YpaBHeHue (3) JOMKHO ObITb LOMOSHEHO COOTBETCTBYIOWMMMU YPABHEHUAMM TUA-
POAMHAMMKN, OMUCLIBAKOLWNMY pacnpeaeneHus i(x, y), n v(x, y).

Bespa3MmepHble NepemeHHble ypaBHeHUs (3) NOMyYeHbl AeNeHUEM PasMEpPHbIX Mepe-
MEHHbIX Ha MacLTabbl:

Mx=My=R; Mc= CO; M-=M-=17; MuEMy =&
bespa3mepHble MapameTpbl onpejesneHsbl CneayoLlnm obpasom:

20R — , 20'R
L — =Re-So] Pé= - = Re”’Sc @)

Dm Dm

XapakTepHblii mMacliTab MynbCaLMOHHOW CKOPOCTU U OMpefensieM Kak KOpeHb
KBagpaT M3 CpPefHEKBAAPATMUHOIO 3HAYEHUs| CKOPOCTWU MysbCcauuii ,,BHELLIHero“
MOTOKA, T. €. Ha PacCTOSHUM y3=0Y

0 (0)2<*j ®)
0

X0Ts B CTAaTUCTUYECKOW Teopuu TypbyneHTHoCTU [34] faHo 6onee cTporoe onpe-
feneHve ,macwTaba“ u “MHTEHCUBHOCTU® TYpOYNEeHTHOCTU, Ha Hall B3rNfsj OHW
C Xopowum npubnvxeHvem, — 6e3 noTepu (U3MYECKOro CMmbiCiia — MOTYT 6bITb
3aMeHeHbl COOTBETCTBEHHO XapakTepHbIM /UHEHbIM pasMepoM 4YacTuubl: R, u
macwTabom ckopoctu: i'. B cooTBeTcTBUM C 3TMM MapameTp Pe'/2 npuobpetaeT
(hm3nyecknii cmbic 6e3pasmMepHOro KoaduumeHTa TypOyneHTHOW auddysmm Bo
BHELLHEM MOTOKe

— , rge DT=U'-R 9
> bu i ©)

Bo3Bpalasach K ypaBHeHUIO (3) OTMETUM, YTO OHO COLEPXMUT HeW3BeCTHble (DYHK-
um {n’c’) mu (v'c'j, npeactaensAouiMe €060 OcCpefHEHHble BO BPEMEHU KOH-
BEKTMBHbIe MOTOKM, BO3HMKAOLWME B pesysibTaTe My/fibcauuMnm CKOPOCTU. Mcnonb3ys
OCHOBHOe [onyLleHne NonyamMnupuyeckoin Teopum TypOyneHTHOCTM, yHKLua <Yc')
MOXeT ObITb 3aMeHeHa aMMUPUYECKON (hYHKLMEN, MetoLLeli CMbIC/ 6e3pa3sMepHOro
TYp6YNEeHTHOro MOTOKa MacChbl:

de

ShrO)= —<®c)= dy (10

Y[I0BMETBOPSIOLLE/i OCHOBHbIM TPEGOBAHMSAM Ha rpaHULaX:

T=1:>347(1)= 0; y=0y\Sh.T=\ (")
rae
— My)-R
Sft2(y)=
) e

Bknagom nynbcauuii KOHBEKTMBHOrO MOTOKA MO HAMpaB/leHUI0 X MpeHebperaem
(<hV >~0).

KoathduumneHT n, durypupytowmini B BoipaxeHun (10), xapakTepusyeT CKOpPOCTb
3aTyxaHusi TypOyneHTHbIX Nynbcaynii Mo Mepe NPUOIMKEHNS K MeX(a3HOA noBepx-
HOCTW. YMCNeHHOe 3HauYeHVe N MOXeT ObiTb OLEHEHO UCXO0AA U3 PasfMUHbIX TeopeTu-
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YECKMX NPennocbiloK [35], HO 4Yaule BCero OHO onpeaendeTca Kak amnupunyeckas
KOHCTaHTa.

PesynbTaToM pelleHns ypasHeHus (3) ¢ ydetom (10) aBnseTca BblpaXkeHWe AN1A
OCpefiHEHHOTO MO MOBEPXHOCTW 6e3pasmMepHOro AnQQy3MoHHOro NoToKa:
n
2RJ

Sh= CoOM (12

B o6uiem cnyyae 3Ta 3afaya He AOMYCKAaeT aHA/IMTUYECKOro pelleHus. OfHaKo,
60/bLIOV NPAKTUYECKWNIi MHTEpPeC NPeACTaBSeT aHaIN3 aCUMMNTOTUYECKMX PeLIEHN,
OrpaHuuMBalOWMX 0611aCTb U3MEHEHWS OBLLEr0 pelleHns. B yacTHOCTW, ecnu mpw-
PaBHATbL Pe' HyMto, TO Mbl NPUXOANM K K/TAaCCUYECKOI 3ajaye KOHBEKTUBHOIO Mac-
cornepeHoca B HEBO3MYLLEHHOM MOrpaHMYHoM croe. Bonee nofpo6HO 3Ta 3ajava
OyfieT paccMOTpeHa Npu 06CYXAEHUN pe3yNnbTaToB 3KCMEPUMEHTA.

PaccmMoTpuM ApYroi npefenbHblidi ciyyaid, PeT 0. OTOT peXum UMeeT BaXKHOe
npaKTUyeckoe 3HayeHve Ans peaktopos ¢ TMC. OH MOXeT UMeTb MeCTO, Hanpumep:

1. B peakTopax, paboTalLlux B pexume ,TpaHcnoprta“ Kartanusatopa, Korpa
CKOPOCTb XXWIKOCTN paBHa CKOPOCTM YHoca vactuy, [36],

2. B TpexasHbIX peakTopax ¢ MEXaHUYECKUM MepeMeLllnBaHneM CyCreH3uu,

3. B HENPOTOYHbIX NO XUAKON (ha3e TpexdasHbIX peakTopax, B KOTOPbIX MCEBLOO-
XWXKeHUe OCYLLEeCTBNSETCA C NOMOL b0 6apboTmMpyeMoro rasa.

B nepBbIX AByX cnyvasx ycnosve Pe”O BbINONHAGTCA BCMEACTBME MOJIHOMO 3ax-
BaTa 4acTuL, MOTOKOM XXMAKOCTU, & B TPETLEM C/lyYae — K3-3a OTCYTCTBMSA OCHOBHOIO
noToka. ['NaBHYIO POJib B MPOLECCE MAacCOMepeHoca Urpaet npu 3TOM Nynbcauus
CKOPOCT!.

Mopgenve 06e vacTun ypaBHeHus (3) Ha Pe'/2, n umes B BUAY ycnoBue:
e=Pe/Pe«1l

Mbl MPUXOAMM K 3aflaye ¢ ManblM napametTpom. OiHaKO — B CU/Ty TPAHUYHOrO YCo-
BuA (5) pewleHne NonHon mogenn (3) ObICTPO CXOLMTCS K PELLUEHUIO COOTBETCTBYIO-
LWein ofHOMEpPHOW Mogenun, Nofy4YeHHOW 13 ypaBHeHus (3) npu e= 0.

YpaBHeHMe TypOy/neHTHOro macconepeHoca npu Pe=0 And 4acTul, pasfinyHoii
reoOMeTPMYECKOR (hOPMbl MMEET CNefyLWwmnin BUA;

1 di r -1 In de
— — \\yl'l 2+ Pe'(L----] — 1) = (13)
y- dy L \oy-\) dyJ
rpaHuyHble yCnoBus
—1: c=0
y (14)

y=ov: ¢c¢=1

(a: 0, 1, 2 COOTBETCTBEHHO A4/14 MIOCKOM MNacTUHKM, unnmnHgpa n mapa).

BbipaxkeHve 4nsa uncna Sh B faHHOM Ciy4yae MOXHO MOAYYUTb Cpasy M3 aHanuTu-
YeCcKOoro pelleHuns ypasHeHus (13):

ds

o [ ] «T (15)
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MyTeM HecnoxHoro aHanusa uHterpana (15) MoXHO ybeauTbcs B TOM, 4TO Npu
Pe'~ 104 yncno Sh cTpeMuUTCA K NPOCTOMY MpPefenbHOMY BbIPOXKEHUIO:

Sh=2 " - Ip? (16)

rfe 4YMCnoBON KOI(MLMEHT Cn NpuBAIN3UTENBHO PaBEH WHTErpay:

0

cnefoBaTe/lbHO He 3aBUCUT OT reOMeTpuyeckoro cpakrtopa a v napameTpa ay. Ha-
npumep, npu n=2 Cnn; 2/n, a npu n=3 Cn« 2/(Tr/3).

OCHOBHYIO 3afiayy 3KCMEPUMEHTaNbHOI0 NCCMeA0BaHNA MacconepeHoca B faHHOM
paboTe cthopmynupyem crefytowmum obpasom:

1. MpoBepka cnpaBeasMBOCTM aCMMMNTOTUYECKMX 3aKOHOMEPHOCTEN Ans uncna
Sh npn Pe=0, Pe'*0 un npun Pe—0, Pe?+0.

2. WccneposaHne maccornepeHoca gna obuwero cnyvas Pe*O un Pe'” 0.

3. OnpefeneHne rpaHWYHbIX COOTHOWeHuI Pe'lPe, npn KoTopbixX 06was 3aBuCK-

MoCTb uucna Sh ot Pe n Pe npubnnxkaetcs K TOW wam Apyroi acMMNTOTMYECKON
3aBMCHMOCTMW.

9KCI'IepI/IMeHT8J'IbHaFI YacCTb

ViccnefoBaHusa maccornepeHoca 0T YacTWubl K XWAKOCTW MPOBOAWNU B YCNOBUSX,
KOrfa XapakTepuCTUKN TYpOYyneHTHOCTM (4acToTa U aMnanTyga nyfbcaumum OTHOCHU-
TeNbHOW CKOPOCTM) 3afaBajiuCb WCKYCCTBEHHO, MyTeM BbIHYXJEHHOro KonebaHus
YyacTuLbl B NMOTOKe >XXWUAKOCTU. 3MepeHne CKOPOCTU MaccornepeHoca NpoBOAMUIIOCH
ANEKTPOXUMMYECKUM MeToLOoM [28]. JaTumk, UMUTUPYIOLLMIA pearnpyroLLyo 4ac-
TULy, pa3MeLlancs B BEPTMKanbHOM KOMOHHe AuvamMeTpom 0,1 M, 4yepe3 KOTOPYH
C 3aflaHHbIM pacxojoM npoTekana paboyas XULKOCTb (LLENOUHbIA pacTBOP XeNToW
M KpPacHOW KpOBAHO conu). C MOMOLLbK CheumnanbHOro ycTpoictea (Mynbcatopa)
[aTuuK coBepLuan KonebarenbHOEe ABWXEHWE B BEPTUKAIbHOM HanpasneHnu. Amn-
NMTyfa 1 YacToTa KosiebaHuii n3aMepsnncb ¢ TouHocTbo go 0,01 cm m 0,05 ruy cooT-
BETCTBEHHO. [aTumkn ObIiM WU3rOTOBMIEHbI M3 HUKeNs B BUAE TOHKOrO UWAUHAPA
anameTpom 0,029 cm. gnnHoit 0,48 cv, n B BUge cgpepbl gnametpom 0,4 cm.

HenpepbiBHbLIA CUTHAN OT AATUYMKOB MOCAe YCWUEHUS MOCTYNan Ha BXO4 aHanoro-
BOI YacTu rubpmgHoin OBM IBC-100. Matematnyeckas o6paboTka curHana mpo-
BOAMNAch Ha LMgpoBoi yacT 3BM ¢ nomowbio nakeTa NpPoOrpamm, BKAKOYAOLWMii
B Ce6A NONMHYIO CTaTUCTUYeCKYt0 06paboTKy U (pypbe-aHanu3. B xode akcnepumMeHTa
BapbMpPOBaIN CKOPOCTb OCHOBHOIO MOTOKA XWAKOCTWU, aMNIUTYLy W 4acToTy Kone-
6aHU gaTumKa.

YcnoBus aKCNepUMeHTOB NpuBefeHbl B Tabauue 1.
PacyeT Koa(puLmeHTa MaccornepeHoca NMPoBOAUIN MO hOPMYyne:

- — 2KTH
KT= Vb(RaeXyF-Co+®g-1; Sh=— "’ (18)
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Tabnuua |
YcnoBusi 3KCNepuMeHTOB

XapakTepucTMKa pacTeopa:
I 9KB.
C0=2,56-10-6-— _ om=(5,82-6,02)-10-6 cm2cek;

v=(l,115-1,150)-10-2 cm2ceK.

OcpeaHeHHas
CpefHAs cKopocTh AMNANTYAA CMeLLeHNS YacToTa Kone6aHus I'IyﬂECaALI.VIOHHaﬂ
NoTOKa XMAKoCTH, faTumKa, faTymka,
cm/cek ™M 1/ceK. CKOPOCTb JaTunkKa
" A x )
cm/cek
0-r54 0u4-1,0 © 8 04-39

Pe3ynbTaTbl 3KCreprmMeHTa

CornacHo WCXOAHOM MOCTAHOBKe 3afiauy, BblBEfleHHble HaMX MaTeMaTUUYecKne Mo-
[eNN OMUCbIBAlOT 3aKOHOMEPHOCTM MacconepeHoca B TEPMUHAX CPeAHWX BeNUYMH.
B cBSi3n ¢ 3TUM B JaHHOM COOGLLEHNN Mbl He ByaeM 06CyAaTh Ty UHHOPMaLMUIO,
KOTOPYIO MOAyUMnn o ayKTyalun CUrHana Bo BPeMeHW, U NPUBOAMM TONbKO Kop-
pensuun Ans 0CPeaHEHHOro 3HadeHUs AMddY31OHHOIO NoToKa.

PaccMOTPMM CHavasna orbITbl, MPOBEfEeHHbIe C HEMOABMKHbLIM AaTunkom {Pe = 0).

JKcnepuMeHTanbHas 3aBucUMocTb ymucna Sh ot Pe npu Re< 20 npenctasfieHa
Ha pUCyHKe 2.

Puc. 2.

3aB1CMMOCTb YnC/ia Sh OT Pk MPU Re<20 N Re'=0. O «—wap, d= 0,4 cM; O — umnmHgp,
d= 0,03 cm
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M3 nuTepaTypbl U3BECTHO, YTO B 061acTu 1 o6TekaHWe YacTuLbl SBMSETCS

6e30TpbIBHbIM. ECcnvi npn aToM yncno Pe pgoctaTtoyHo Benuko (Pe =-103), To B npub-
NMKeHUU AN Y3MOHHOIO MNOrpaHUYHOro cfios Mogens (3) AONyCKaeT aHanuTuye-
CKOEe peLleHune B BuUfe:

51=0,99Pel3 ONA cipepsl [1]

_ (19)
Shzx0,71Pel/3 ANna TOHKOro uunuHgpa [12]

3 rpadmkoB pucyHka 2 cnegyeT, YTO B yKa3aHHOI 06nacTu 3HavyeHuin Pe n Re
3KCNepuMeHTasbHbIE JaHHble C TOYHOCTbIO A0 MOCTOAHHOIO KO3(duLMeHTa y40BNeT-
BOPAIOT ypaBHeHuto (19). HalifeHHble 13 3KCMEPUMEHTOB 3HAYeHMSA KOIDMLNEHTOB
nponopunoHanbHocTn pasBHbl 1,17 1 0,68 cOOTBETCTBEHHO ANA LWapa U LUAUHAPA.

B o6nactu 20 obTekaHue TBepAOi YacTulbl NPOUCXOAWUT C OTPbLIBOM MOr-
paHu4Horo cnof. [na 3Toro cnyyas TOUHbIX aHAUTUYECKUX PELLeHWn ypaBHEHWI
rMapoauHaMMKK U MacconepeHoca He umeeM. MprubnnxeHHbIe KaYeCTBEHHbIE OLEHKU

npescKasbliBaloT C/efyoLLyo 3aBMcUMOCTb ynucna Sh ot Re n Sc [37]:
Sh*-Re~-Scl3 (20)

CTpyKTypa 3TOI 3aBMCUMOCTW NOATBEPXKAAETCA MHOFOUMCNEHHbIMU NNTEpaTyp-
HbIMK JaHHbIMK [33, 37], KOTOpble, Kak npasufio, o6pabaTbiBatoTCA B BUAE 3aBUCU-
MOCTHU:

5A= 2 + BRe1/2+Scl/3 1)

3HaueHne KoaduumeHTa B — B 3aBUCMMOCTY OT YC/IOBWIA 3KCMEPUMEHTA — U3MEHS-
etcqa B npegenax 0,55 4-0,95.

Ha pucyHke 3 npefcTaBfieHa 3KCMepUMeEHTanbHas 3aBUCUMOCTb KOMM/eKca

Puc. 3.

3aBMCUMOCTb Ymcnia Sh 0T Re Npy Re =20, Re*= 0. O — wiap, d = 0,4 cm; O —eUMAMHAIP,
d= 0,03 cm.
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(Sh—2)/ScIB oT Re, nonyuyeHHas Hamu And UUAWHAPA W Llapa COOTBETCTBEHHO,
B 06nactu Re=20T-2000. /3 rpadmkoB cnefyeT, YTO 3KCNepUMeHTabHble JaHHbIe
YA0BNETBOPAOT ypaBHeHUO (21) npu B=0,4 1 0,6 COOTBETCTBEHHO AN UUAUHApPA U
Lapa.

BbiwenprBefeHHble pe3ynbTaTbl CBUAETENbCTBYOT O TOM, YTO WCMO/b3yeMas
HamMy METOAMKA M3MEPEeHUs CKOPOCTM MaccomnepeHoca C XOpOLUell TOYHOCTb BO-
CMPOU3BOANT M3BECTHbIE B INTEPATYPE KNacCUyecKue 3aKOHOMEPHOCTMU.

Mepexoanm K aHanusy Apyroro npefensHoro cnydas: Re=0, Re' 0. (Kone-
6aTenbHOE [ABMXKEHWE AaTynKa B HEMOABMXKHOM XXWMAKOCTW.)

Ecnu nepemelleHne patyMkKa OTHOCWUTE/IBHO TOYKM MOKOS OMUCLIBAEM CUHYCOM-
[anbHbIM 3aKOHOM:

x (t)=AKsin (cot) (22)

TOrfia MFHOBEHHAs CKOPOCTb (CM/CEK) NynbCaLyU BbIPAXAETCS B BUAE:

n'(0=AXo1-cos (cot) 2c rge oo=2nd (23)
COOTBETCTBEHHO, BbIpaXXeHne Ans i' u — cornacHo onpegeneHuam (7) n (8):
Puc. 4.

Re
3aBUCUMOCTb UKC/a Sh OT n npuRe= 0. O —wap, (7=0,4 cm; O — unamHgp, (7=0,03 cm.
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MpeAcTaB/eHa Ha pucyHKe 4. ITpadMK1 MOKasbIBaKOT, YTO IKCMEPUMEHTAbHbIE faH-
Hble ¢ 60/IbLLIOW TOYHOCTHLID OMUCHIBAOTCS YPABHEHUAMM:

Sh=0,14 \Pé&'
ANSA uMnuHgpa (25)
= 0,20 YPe'

4ans wapa

CpaBHuBas BblpaxeHue (25) ¢ TeopeTmyeckoin hopmysnoii (16) MOXHO OTMETUTL
crefylollee: BO-MepBblX, AEWCTBUTENbHO napameTp Pe' ABnAeTcA eLUHCTBEHHbIM
6e3pasmMepHbIM KpuTepueMm, OMpedensloWwmMM CpefHIol CKOpPOCTb MacconepeHoca
B paccmaTpuBaembIX YCN0BUAX. AMMOAMTYAa U 4acToTa KonebaHwii B OTAENbHOCTU
HE OKa3blBalT BAMSHWUA, & TO/IbKO WX MNPOM3BEAEHWE, ONpefensioLee YMCNEHHOe
3HaueHue Pe'. Bo-BTOpbIX, CTeneHb 3aTyxaHWs Mynbcauuii N okKasanacb paBHON 2.
3T0 3HaYeHMe XapaKTepHO 4N MOABVKHOM rpaHuLbl pasgena a3, Ha KOTOPOi KOM-
MOHEHTbI CKOPOCTW # U v He obpawatoTcs B Hynb. MpubAMXeHHbIE TEOPETUYECKME
OLeHKW, MpuBeAeHHble B nuTepatype [35], npeAckasbiBaloT, YTO0 N=b uam 4 ansa
TBEPAOW NMOBEPXHOCTY.

B uMTMpOBaHHOI Bbile 3KCMepMMEHTanbHOW paboTe [32] mpm wmccnegoBaHMm
pacTBOpMMOCTU GOpPHOIA KUCNOTLI B Boge B ycnosuax TIC, monydeHa cnegytollas
AMNUpUYEcKas 3aBUCUMOCTb:

B o6nactu Pe' «i 1044-105
5A= 2+ (1,07 T-1,16)Pe'1/3 (26)

Mpwn 3TOM cpefHekBagpaTUYHas CKOpPOCTb W', BXoaAwWwmiA B napameTp Pe', 6bina Haii-
feHa B peanbHbix ycnosusax TIMC, Kak GyHKLMA pacXofHoW ckopocTy rasa. Ouesna-
HO, B 06nactu 6onblumx Pe' ypaBHeHue (26) XOpoLIO cOrnacyeTcs ¢ TeopeTUUecKoi
3aBucumocTbio (16) npy n—h

MoBMAMMOMY, 3aBblLLUEHHOE 3HAYEHME N B HALUMX 3KCMEPUMEHTax ABMASETCHA cned-
CTBMEM WCKYCCTBEHHO CO3[aBaeMbiX BO3MYLLEHMWI BHELUHErOo MOTOKa, 3aTyXatolmnx
B MOrPaHNUYHOM C/I0€ Mef/IEHHEe, YEM 3TO MOXHO 6blN0 6bl 0XXNAATb B ECTECTBEHHbIX
ycnoBusax. 3Ta rmnotesa A0/MKHa ObiTb MPOBEpPEHa IKCNEPUMEHTANbHO.

CpaBHuBas uncnoBble KO3WULMEHTHI ypaBHEHUIA (25) n (26) ¢ pacUeTHbIMM 3Haue-
HUAMK No mogenu (16) npu N=2 1 3 COOTBETCTBEHHO, MOXEM BbIYUCANTL MapaMeTp
ay—\=(Ly—R)/R, unn cOOTBETCTBYIOLLYIO pPasMepHYI0 ,, TONLWUHY* NOrPaHNUYHOro
cnos. MNony4yeHsbl cnegytoLine 3HaYeHNs:

AN yMnuHapa Ly-R=1,03-R
ansa wapa Ly—R=0,72+R
ansa Tabnetkn [32] Ly—R=1401<R

ITV TPU 3HAYEHWS SBNSKOTCS BENMYMHAMU OfHOTO MOPSAKA M OHW CBUAETENb-
CTBYIOT O TOM, YTO XapakTepHas 06/1acTb 3aTyxaHus TYpPBYNeHTHbIX Mysbcaluii
B OKPECTHOCTM TBEPAOI YacTMLbl TOKASIM30BaHa Ha PacCTOSHUMW, COU3MEPUMOIi C pa-
AUYCOM YaCTULbI.

HakoHel, npeacTaBisieT MHTEPEC MPOAHANM3MPOBATL MPOMEXYTOUHbBIE PEXUMbI
mMaccornepeHoca, Korfja Ha KosjeGaTenbHOe ABWXKEHWE AAT4UMKa, OMUCHIBAEMOE Bbi-
paxkeHusaMun (22) u (23), HakNaAblBaeTCs OCHOBHOE CTALMOHAPHOE TEYEHME XMAKOCTY.

O606LeHHbIe 3aBUCMMOCTH Yucia Sh oT KpuTepmsa Re Npu pasninyHbIX 3HAYEHNSAX
Re', nonyyeHHble ong uMNnHApa v wapa, npeacTaBfieHbl Ha pycywax 51 6 cooTBeT-
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0606LeHHan 3aBucMMocTb ymcna Sh ot lly. Npy pasnnyHbIX 3HAYEHKAX Sa Lap. inHum 1n 2:

acUMMTOTUYECKVE KPUBbIE, OMUCLIBAIOLLMECS! YpaBHEHMSIMM (19) 1 (21) COOTBETCTBEHHO. YC0BUA

9KCMepuMeHTOB:
AX, CM 0,5 0,5 1 0,5 1 0,5 1 1
®, cex-1 0,6 18 14 38 2,86 8,4 53 88
ReRn 75 23,0 34,5 48,2 72 107 134 223
3HaK 0 9] A 0] @) A O

CTBEHHO. HwmxHue orV|6arou.|,|/|e KpUBble XapaKTepusytoT npeaesibHble 3aBUCMMOCTU

(19) n (21). MapannenbHble nUHUKM Ans Sh, nNpuHagnexaiime pasnMyHbIM 3Hauye-
HMAM Re' ynoBneTBOPAIOT APYroi npefenbHOW 3aBucumoctu (25).

WNHTepecHO OTMeTUTb, YTO Nepexos OAHOW acCMMNTOTUYECKOW 3aBUCUMOCTU Yncna
Sh B gpyryto nmpoucxoguT B O4eHb y3KOW o6nactu. Yxe npu Re'lRéti0,6, Bans-
HMeMm Re Ha uucno Sh MOXHO npeHebpeyb, M CKOPOCTb MacconepeHoca MOAYUHSA-

eTcAa 3aKoHomepHocTH (25). Mpu Re'/Rec 0,6 BCTynaet B cuny fpyrag acMMnToTu-
Yyeckas 3aKOHOMEpPHOCTb, BblpaXXeHHas ypaBHeHusmu (19) u (21). LLnpokas o6nactb
3HauveHUlii napameTpoB Pe u Pe', npy KOTOpbIX NPOLECC LEeNMKOM OMUCbiBaeTCA
C MOMOLLbIO MPOCTO Mogenu Tuna (16), No3BonseT NPUHATL 3TY MOLE/b B KauecTse
OCHOBHOW A5 onucaHus mpouecca macconepeHoca B TIC.

Kak yxe ObIN0 OTMEYEHO BbILLE, ana  peweHnad I'IpFIMOIz 3afia4yn  pacyeta
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umcna Sh ¢ momolblo BbipaxkeHus (25), crefdytolMm 3TanoM 3KCrepuMeHTa SBAS-
eTC HaxXOXAEHWe B3aMMOCBSA3M aMMUTYAHO-YaCTOTHbIX XapaKTepUCTUK MyJibca-
UMM CKOPOCTW C PacXOAHbIMW CKOPOCTAMMW (ha3 M APYTMMU MaKpOCKOMUUYECKUMU
CBOICTBAMM TPeX(a3HOro MCEBAOOXKMKEHHOT0 Cosi. PelleHWto 3Toi 3agadun 6yayT
MOCBALLEHbI CeayHoLLNe COOGLIEHNS.

CMMCOK OBO3HAYEHWI

AX — aMNAUTYAa CMELLEHUS faTumKa

C
Co

— KOHLEHTpaLMsl NMPUMECU B XKMUAKOCTM
— Ta e, Ha 6ECKOHEYHOI yaaneHHOCTU OT YacTuLbl

Du, Dt — Ko3(h(hMUMEHT MOMEKYIAPHON 1 TypOyneHTHON andidy3nm

o)

/g
F
J
Ky
Ly
R
Ra
t

— YacToTa KonebaHus garymka

— reoMeTpuyeckas NoBepxHOCTb AaTumKa

— uncno dPapages

— Andy3noHHbIM NOTOK Macchl

— KO3(DOMUMEHT ycuneHns curHana (Ky=83 gns uunuHgpa, Ky =383 ans wapa)
— paccTosiHMe NO paguycy HYacTuubl

pagnyc vactTuubl (UMINHAPa, Lwapa)

— conpoTumBeHne Harpyskn (Ra=500 om ana uunuHgpa, Ra= 100 om gns wapa)
— Bpems

1, V — KOMMOHEHTbI 0THOCKTE/IbHON CKOPOCTM 1 NO HanpaefeHNAM X Ny

U
Vb

— OTHOCUTENIbHasA CKOPOCTb XXNAKOCTWN BO BHELLIHEM NOTOKE
— OCpegHEHHOE BO BPEMEHWN 3Ha4YeHME Harnps>KeHUA 3/IEKTPUYECKOro CUrHasia

X,y — KOOPAMHATbI BAO/b NMOBEPXHOCTU TeNa 1 Mo paguycy
Oy=Ly/R — napameTp

V
f=

=
SCOPNOUA WNE

11
12.

— KnHemMaTun4eckas BA3KOCTb pacTBopa

y~1
----------- 6e3pa3M6pHaﬂ KoopanHaTa rno To/WmnHe norpaHM4Horo caos.
cry— 1
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SUMMARY

The liquid to particle turbulent mass transfer was theoretically investigated in the case of
a three-phase fluidised bed. Using approximations permitted by the semiempirical theory
of turbulency, a simple asymptotic dependences were obtained between the Sherwood
number and the averaged and pulsation parameters. These relations were proved experi-
mentally by measuring the diffusional current of a probe oscillated in the liquid (electro-
chemical method).
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All the logically possible relations of the material characteristics of

two variable homogeneous thermodynamic systems are algebraically

calculated. The second part of paper contains the verification by
which the equations were determined.

Introduction

The present paper shows which of the characteristics can be determined by
the other ones, and also given the algebraic functions.
It is known for instance that:

o
Xs = Y-T—

03

but it cannot be easily seen whether with the help of the characteristics
cp, cv, xT the values

asy Op, Bvt Bi

can also be determined and if so, which are the further characteristics of the
same quality [1], [2]. To illustrate these results, it can be assumed that cp
ev, xT are values by which the following quantities can be determined in the
following way, as can be seen later in the Table:

1/x7(Cp—cv)

“Pr oT-v as=ovl r(Cp—Cv)
- ft
n= pX t B Ra=¥ «*T(ep- Cv)

Not all groups of three functions chosen from the characteristics are of this
quality.
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Preliminary Remarks

The state of a homogeneous thermodynamic system is uniqually determined
by its pressure p and its volume v. The system can also be characterized by
another two variables depending on p and v: by the entropy S and the tem-
perature T. According to the basic principles of thermodynamics, any chosen
two of these variables determine the values of the remaining ones. From the
variables

P,v, T, S (1)

pairs can be chosen:
p.v; p,T; p,S; vT; v,8; TS (2

Each of the variables in (1) can be produced with the help of the remain-
ing variables according to the possible combinations (2) in three different
ways. Therefore, twelve different functions may exist, namely:

T(p,v); S(p,Vv); Vv(p,T); 8(p,T); v(p,8); T(p,S);
P(T,S); v(T,S); p(v,S); T(v,S); p(v, T); S(v,T).

In the second line the inversions of the pairs of functions with two variables
can be found.

If the functions in (3) have continuous second derivatives and the following
relationships are valid: if y1{x1, a2) and y2 (xv x2) are any chosen two functions
of the functions in (3) and

6(2L>yT) g
8(xi, x2)
then the inverse system exists:
xi(yi,yz);  xz(yi, yr) ()
and
i8xij ~ 1 r8yil
loyidy D 1oX]*1 10i2d, D I8x21X 6
(3@l _ 1 (8yzl (8221 _ 1 (M)
| 8yi)y2 D 1 8xijx2’ 1s22 lyi D 1 dxijxz
where the indices show the other variables and
fo2/11 (sy2
0(2/i, YH) 18Xi Jx2 ISXz,
(6)

8 (Xi, xz) {02121 i o211

1 0XK1 1X2 18X2,X,

is the Jacobian of the functions ylt y2.

For experimental reasons the following derivatives of the functions in (3)
are distinguished, because it is possible to directly measure them, and they
are frequently constants. These are called thermodynamic material charac-
teristics and are the following:
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The next study shows all the possible relationships between them.

Wi ith the assistance of those groups of three functions, the further five
characteristics (7) can be expressed, which will henceforth be called the basis.
To give an example a basis was shown in the first part. Many types of baiss
are possible and not every group of three functions is a basis. Tor example:

as Bs Xs

do not form a basis, and later it will be shown why not.

This paper contains every hasis and all those groups of functions which
do not form a basis. (7) is called the total system of material characteristics,
while the individual characteristics are called the members of the system.

In order to show the connections between the characteristics the following
facts have to he proved.

Thesis

=

. Every basis consists of three members.
. Every system of three members forms a basis, except:

N

CP, ap, Rs
Vv, as, RBv
ap, Bv, xT

as, Bs, Xxs

3. In each exception mentioned in 2. there exists an invertible relationship
of functions between the members of the group.

4. A compendium of formulas gives all the possible algebraic interconnections.
The order of succession of the characteristics is the following:

Cp, Cv, ap, as, Bv, Bs, XT, Xs

The basis of three members are shown in lexigraphic order:
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CpCyOCp

CpCyOCS

CpCyXT

CpCyXs

cpapas

CpOCpRv

CpUpRs
not hasis

CpOLpXT

CpOCpXs

CpOLsBv

cpas"p

CpOCsXs

G. Fay and R. Téros

Cy
as=ap-
Cp—_Cy
Cp—_Cy
ap=as -
Cp— Cy
Otp =
pvTRv
Cp
4P pvTRs
H xt(cp—P)
7 r vT
a ~Scp(cp —Cy)
Pof Ty
ap+ as

Cy=Cp—pvToipRv

apvT
Cy—Cp-—
XT
Cy — - T
Vv
1+ op
CpXs

cv=pvT-aslv
Cp

1+
pvT asBs

vToIsl as l/fas
= —+

VT as

Cp—Cy
BV~ ovToip
Cy
Ev= pvTas
Cy
as=
pvTRv
CpCy

pvTRs{cp- cy

XT
as=0) vT(cp— cy)

Giaas

as
= KVT(C p—cv)
pT!I (@p+ as)

2= 2P opTapn H

Cp= pvTctpRs

_ CpxT
~ ol
_ CpXi
as= VTiXp
ap
ap=
P pvTRs
aP= qj)@

vTas

Vol.



1981

pvTctp

1

pvTas gc‘! - |c))

Bs-~"— Rv

Cp—Cy

Bs =

Cp—Cy

Bv —RBs

BA-lienr-L

v'Txt

R 1 l/Cy(Cp Cy)
V At vTepXs
Cp

B » - WT(]:p

pvTap

ap
AV =
pxT
CpOCp

(OAVAS

PCPXS+ pvTiXp

Rv
pvTasBv
I

Cp

Cp+jwTasiSs

as I/fasl
-T+r bl

pXT

cpas

jwTas+pcpXs

CpXT

+ .
vT

Structures of the System

alvT

Cp—Cy

as(cp- cv)vT

XT =
Cy
Cp—Cy
XT =
P TRy
2
Cp
pATRI(cp-c V)
pPYYTXT'Cp—¢-)
1 CpCy
"' 5B 1 vTxs(Cp-Cv)
vT
xt~— «p(ap+ as)
a
XT-
Plv
Bs = vpTocp
Cp
pvTccp
p pB-
XI.:E:p+vaasr35
pATRE
Rs
Cp

A-T + W + 4a)

jws

OLpVT  <v
*g = - cp
xY=vTas
\CV  Cp)
Cp—Cy Cy
Xs =
p2A'TRI cp
CpCy
p2TRi(Cp-cv)
Xs= XT—
XT=Xs —
Cy
vT
Xxs = —-apas
Cp
Olp vToCp
D (N —
vIQp
as
XS =
pRs
«S =
vT as

CpXs \
xt = «S | 1H--—-—--—1

70l j

213

CpXT
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i—Bv Cp

CpRvBs Cy—Cp = ocp = p\/T&

VpRVXT @:cp—pZ/TGyKT AP =pRVXT

Cy=

PRAS N VT {Z_Bv HZ&V}Z V%yA)
202 TR\Xg 202 TR\XS)  p2TRIXs

QﬂSXT Cy—Cp— ocp =
PA/TRSXT VRS
Cy = cp
CpRgXs ap= VTRs
PATRIXS P
~ Xg Cp(xi —XS)
Cy= Cp - =
CpXTXs y p . ap VT
as+ ap
evapas Cp—Cy m -
P T s " pilocs
Cy
CyCCpRy Cp= Cy+ pVT OCpRy as= W‘I‘By
ap
as=
Cvu.pBs Cp=pvT(XpRs pVTapBS X
Cy
CyOCpXT VTa i
et VT
Cy
as=-
CyCCpXs CyXs F{ CwXS X2  Cv«S N 1Y VT
2Tdl ' {2pMap) pTai 2ap  20p)  cyxs
c,dsRv _
not basis ov=pvTdsly
Cy a as
Cp- = mmmmm——————————
CydsRs 1 P pi>Tocsis

G
pvTdgRa cy
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pATXs

19s1
Bs —RBv
as= R XT = q)
pvT  RsBv pATRS
cp Cp
as=" ; - p/W PATRVX T
pXs
1 t2 paTxs _1 1 1_‘12
2k 1 12v) iBv+fte |
as = P/3sxt— Rv-
mTRs pATRsXt
/>
Bv —*
as = pBsxs pATRSXsS
1+
cp Cp(xT —Xs)
as =xs =-1-
I r>T(*T—*s) >[Z))!T|'< vT
VTopas
Bs=- - 1 *t=-
( as + aa; t
Cy «p
RBs =Rv-
pVTap vBv
vT ap
Bv =Rs—
pvTocp pvTapBRs—cv
«p P Cv
PXT PETEX T pyTolp
Cv
pTT (: 2ap4
12 vT
(l ; CyXy,
vTal
B - ov
pvTas pvTasfs —ov

215
cp  RBs—Rv
XS = -
p-vT  BIBv
pYTR2XI
Xs = XT — -
XT = Xs et
2pATRExs J
2 Cp
i
UijFC/%SXSEl] p A TRSXS
Xs = XT —
pvTRI
xt —Xxs 1+ @
pATR2S
Bs 1T:?é§é(xt-x s)
vTclLS
Xs =
ey 1 .M
[ as aPj
ocpey
pcvRv+ p"vTaRv
_ “p
Xs =
p 2/Tcf.pRs
-pRs
Cy
Xs = - .
1 iTa,
s
ST G
«T =
CTXs 7 CvXs \2 CvVXs

' +
ANTf  \ATRP) VT,
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G@ke

Cyas«s

CyRvi3

CyByXT

CyRyXs

CyRsMT

OyKTKs

aBasRv

avasfs

apas?t?T

apas”s

CLpRwvRs

KpRvXT
not basis

CyyCr
Cp—cCy -
vT at

Cy
1— Q/*s-
«Tal

CyBs

8s—fv
Cp= Cy+ pNTRIy.i

Cy

pASryXs

cv

Cp =

Qv

Cy

pATRIXS

«T

*s
@ = pvTRy(Cip+ @)

Cp=pvTapRs

vT
cP=— ap(ap+ as)
¥CT

vT
Cp=— apas

*s
cv=pvTapBs

G. Fay and R. Toros

m4M (Tbs=)

CyKrt
Kp =
VT as
as
ap=
vTas
—1
Cy*S
Cy
ap=
prT(Rs-Ry)
aB=phuxT
CyRyX
ap= pLyByAs
Cy—p A TR\y.s
pcyRsxs
aP=
pATRtXs —cv
1 «T (xs
cY=pvTasRv
n apas
CV = pViFRs---mmmmmmemn
ap+ as
vT
Cy= - ocpots
vT apal!
o

ws ap+ as

cv*pvTav(Bs—Rv)

ap= pRyXi

Vol.
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Cy
Bv-
pvTolLs
Cy
Bv-
pvTecty
Cy
pvTRy
Cy
as =
pvTRy
as =
pvTRv
as =
Cy
as = psxs
Cy XTY-S
as
fVT Xt — Xs
Bs=R*\"+" )
«pfts
ap+ as
R —ap.
pPXT
XS apas
Pv= - e
P ap+ as

Cy

P2vT xt
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P$= — ——1—mms
pvTas pxT
as
PXs
Cy

T p2vTRy(Rs-By)

Cy
Rs =Ry-\-
Y onTRYXT
Cy
rSS__pZ\/Trvas
C
8-S vw
2 W 2) potxe
cv
p2/TRsxs
Y1 1)
vT s xT1)
Xe= P
pRy
_apra
pBs
ap+ as
Bs-
pXT
fo *S
S—— as
P
((p

Xt

pBy

Xs =
1 Cy
st T iTad
XT—
CyXx S
vTocs
Cy
"~ P20TRVBS
XT
Xs = -
pPATRIXT
1+
Cy
Xs
Xt =
1_meBMS
Cy
*Sz
Cy
XS
XT--
1— °
p VTBsXs
BS- 1 ll Cv *T*S
pXs nNr Xr—xs
apas
XS = -
pRy{as+ ap)
as
pRs
CtsXT
XS =-
ap+ as
ap-f-as
XT= Xs~
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xs @ M J
P iBv RBs
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pvTvIByY p 2vT CLpRVXS
CCpRyXs Cp - mmommmmmmeeneesteees Cy
Qp—pRyXs ap—pBRvXs
vT ap
apBsXT Cp=pvTapRBs Cy = —mmmmmmmmm (pRsxt —ap)
XT
pvTapRBs
Cy = =mmmmmmmmmmmeeeee
a-pRsxs Cp=pvTapBs “
1+ EJ
pRsXs
vTa.l vT fAp Xs
ApY.TXa cp cy
Xt —Xs Xt — Xs Xt
BsBv
OLsBvRs Cp pvTxs cv=pvTxsBy
Ps-Pv
txsBYXT CPp=pvTasBv+p2uTRIx I cy=p/l ﬂq)y
pvT usBv
asBvXs cv =jivTasBv
OS—pRyX S
asBsXT Cp=pvTRsipRsXT —as) Cv= I-TOC‘Slp]SS— j
asBsxs
. aS=pRsXs
not basis
vTal(xT-Xs) 2 KT —Xs
as«T«s = Cy=vT QS-—mmmmemmr
Xs XTXs
BVRSXT Cp=p2vTBVBSXT Cy=p2vTBy(Bs - By)XT
BvBsxs Cp- p%vTRsxs Cy=p2vTRsxs
Bs-Bv
2
2 rryn2 «S
BVXTXs cp=p VTBW--mmmmmmmmomes
xt — Xs
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SYMBOLS

p pressure, Pa

S entropy, Pam3K_1

v volume, m3

T temperature, K

ap volume coefficient at constant pressure, K-1
as coefficient of aliabatic expension, K-1

jSv coefficient of isochor thermal stress, K*“1

Bs coefficient of adiabatic thermal stress, K _1
@ specific heat at constant pressure, Pa m3K _1
cv specific heat at constant volume, Pa m3K _1
xs coefficient of adiabatic expansion, Pa-1

xt isothermal compressibility, Pa-1
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The first part of the present paper consisted of a theorem on the

possible interconnections between thermodynamic material charac-

teristics and all the formulas were also listed. This present (second)
part of the paper contains the detailed proofof the theorem.

Introduction

The first part of the present paper consisted of a theorem about the formulas
between thermodynamic characteristics. The state of a homogeneous thermo-
dynamic system is determined by two variables f.e. p (pressure) and v (volume),
or by the two functions 8(p, v), and T(p, V).

Each chosen pair from the four quantities:
p, vT, S

determines the state of the system and all the other quantities can be cal-
culated from the chosen two quantities. Twelve functions can be obtained
altogether:

T(p.v); S, Vv); v(p, T); S(p. T); v{p,S) T(p.9); i
p(T,S); w(T,S); p(v,S); T(v,S); pv,T); S, T),; "'

The twelve functions in (1) have twenty-four derivatives. Twelve of these
are, however, the reciprocals of the other twelve derivatives. Furthermore,
on the basis of the relations of Maxwel1:

@
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/dS\ I dv

Lap JT (a7
ISt fdv)
(W a~[&sJp

the examination of the further four derivatives seems unnecessary. Thus,
using from now-on new symbols, eight derivatives are sufficient according
to the full system of the characteristics. The proof suggests the symbols for
the derivatives themselves and not for the characteristics slightly different
from those. Let:

0S(p, T) 1 dT(p,S) 1
€= —————-=—Rs
dT dp p
9v(p, T) dp(v, 8)
= —vXt;
dp
dT(v,S) T 3)
ds ov
dp(v, S) 11
dv vV Xs Ve

A mathematical theorem has to be cited concerning the Jacobian deter-
minant (see: Paper 1.). Let us regard the following functions:

Zi(yi, 22) 22021, 212)
26i(*1, x2)  yjxi, XA (4)
21(all, X2)  Zi(XI, X2)

If all these functions have continuous derivatives we get:

9(zi, 22) _ 0(zi, z2) 0(Zi, 212)

0(*i,xz) 0(2/i, 212) 8(xi,x2)* )

The Jacobian matrix is called the object if it is constituted from the two
adequate functions in (1). A Jacobian matrix is a matrix with a Jacobian
determinant. It can be seen from (1) that there are six Jacobian matrices.
A Jacobian matrix can be denoted according to the two independent variables
defining it. These two variables are called the names of the object. The six
objects are being listed with the symbols of (3).

Object Name Occurring symbols
(11
e h
11 (e./, g, h) ©)
\ “7 9)
( ‘: f) (P.T) © d.f)
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(P, S) (b, c, 9

(v, S) (a, b, h)

(v, T) (a d, €) 6)
{T, S) {e,.f,g,h)

It is easy to see that any object can be transformed into any other one,
and that there exist as many transformations as pairs of objects, that is

- 15.

Not all of the transformations are independent, the basis of the theorem
is to show their relationships. Let us denote a transformation by symbol t.
Let A and B be two objects, their transformation can be written as:

A=t-B

Applying (5) it can be seen that if:
B=hA
G~ t%B
then:
G=hA —hhA

An object can be symbolized by the points of a graph, the transformation
by the directed edges connecting the points. Such a diagram is said to be
commutative as it does not matter whether C is gained directly from A, or
indirectly by B with a transformation.



224 G. FAy and R. Té&roS Vol. 9.

Let us regard the following diagram (Fig. 2) to survey the logical relations
of the transformations.

The orientation of the edges is neglected. The edges are called by those
guantities, which determine one object from the other at the endpoint of the
edge. The detailed method of the determination is, for the time being, not
important. It is, however, very important that:

8(P,v) _ WUT,S)_~

Ut s) o, v ®
following from the Maxwellian relations (2) or from equations (3). The formulas
(6) —(7) show moreover, | —(5) that the transformations of the objects do form
a group.

The graph-edges on Fig. 2 are easily determined. For instance, in the edge
belonging to the transformation of the pairs (p, v) and (p, T) we need:

S(P,v) idv)
d(p, T)~[dTjB

which depends only on h as can be seen in Fig. 2.
The not degenerated determinants are the following:

. -h
BSi= =ab+ h2
a

The Jacobian determinant of the inverse transformation is the reciprocal
of the original transformation, that is:
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This means that Dxis determined as a function of either a, b and h, or of ¢, d

and f:
Di(a, b, h) = Di(d, c,f) (8)

The determinant D2 is:

and similarly according to the foregoing, function:
D2(a d, ey D2b,c, Q) 9)

and also their inverses can be formed simply, e.g. a(D2 d, e) and b (D2, c, g).
Together with (8) the following functions are given:
Di = Di(a, b, h) = Di(c, d,f) = D\
D2=Ub, c,g)=D2a, d, €)= D2
a=a(D2,d, ey—a(Di, b, h)
b= b(D2,c,g) —b(D\, a, h)

c—c(D2,b, g)=c¢(Di, a, h) n
d=d(D2, a, e)=d(D\, c,f)

e=¢(D2, a, d)

/= =f(Di,c,d)

g=9(D2, b, ¢

h— = h(Di, a, b)

Now it is easy to make use of Fig. 2; if the edges x, y, z form a triangle
then each can be determined by the remaining two. When repeatedly applying
this rule, it can be decided from any set of edges if it determines all the other
edges or not. It can be seen that the quadrangle a, b, ¢, d (in the following
internal quadrangle) is of this type:

From Fig. 3 and from the last equation of (10) it can be seen that if a, b, c,
d and T)I are determined, 1)2 can be calculated, particularly two from a, b, c,
d, and DI or D2determine the values of e, /, g, h. It can, therefore, be written :

(o,b,c,dy* ~ Di,D2 (6,c,D2 &> g
(a,d, D2) ( *> e (a,b,Di) ——>=-h (4)

c d Di) -22+f
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Fig. 3.

The numbers above the lines show the way of the determined relationship.
Fig. 3 shows that any three sides of a, b, ¢, d also determine the fourth side,
e.g. in the case of a, b, c:
b Fig. 3.
(a, b d?2 (12)

(CY D-I') Fig. 3V d

Fig. 4.
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All three values of a, b, ¢, d form a base.

Let us see the double outer quadrangle formed by the edges ¢, f, g, h:
It can be seen that:

(«,/) - d

(.9 —==> ¢
: 13
o " b (13)

Fig. 3.

(h & —“Za a

Fig. 5 shows that the lower and upper angle points are connected with all
four edges e, /, g, h and that the adjacent pairs of edges:

(e.), (f.9). (g.h), (h.e) 14y

always determine an internal {a b, ¢, d) edge, while the other not-adjacent
pairs of edges determine the edges belonging to Jacobian determinants. Fig. 4
shows that in any three edges only two are adjacent. From the foregoing
it can also be seenthat if an internal edge is determined by nadjacent pair
of edges it cannot be determined by a not-adjacent pair ofedges.That is:
any three outer edges determine three internal edges, and by (12):

All three values of e, /, g, h form a basis. (15)"

Three edges are surely no basis if they form a triangle, because this would
mean that there also exists a basis of two elements which is impossible. Accord-
ing to Fig. 5 there are four triangles of edges:

(a, e h) (b,g,h) (c,f, ) d,e,f) (16)
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The question of the three internal edges has been discussed. The basic
character of the outer edges with the exception of (16) has also been shown.
In addition, further eases are also possible.

“Independent” means that the internal edge does not form a triangle with
the two outer edges.

The groups of three edges forming a triangle were listed in (16). The case
3/a on Table 1 can be separated into two parts:

adjacent
{ (17
not-adjacent

The X y adjacent edges are denoted by x, S, .

Table 1
1 internal edges its three edges are always a basis
a adjacent internal edges
2 2 internal, 1 outer
b not-adjacent internal edges
a one independent internal
3 1 internal, 2 outer b internal edges forming a triangle
(24)
4 outer edges with exception of (24) the three edges

always are a basis

The second line in Table 1 is also separated. The following pairs of edges

are not-adjacent:
a, b bc ©c¢,d d, a (18)"

From (10) it can be seen that a pair of adjacent internal edges determines
with D1or 1)2an outer edge. Fig. 5 shows which two internal edges define
the determinant. There are two cases:

I/Di
For the adjacent internal pair of edges is needed. {2/DI2 (19)
That is:
X,y =a, bcd xSy
. (20)
(x,y, Di) » z—e,f, g, h
or:
X,y —a,b,c,d xS
y y 21,

(x,y,D2) - z=e,f, g h

Equation (10) and Fig. 5 show that two adjacent edges always form a deter-
minant. Thus, if one determinant is needed the other one can be determined
in the case of:

X,y—a, b, c, —l XSy

(22)
Ok y, Di) -* z=¢,f, g h
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Whereas, in the case:
X,y — Di
X, y=a, b cd xSy
(x,y,D2) m:=¢,f,g,h
X,y “m Di

(28)

Let us denote the relationship of the determination with a symbol of function.
If z is determined by x, y, Dx let us write:

z-z(x, vy, Di) (24)
z=12(x,y, D2) (25)

A pair of two internal edges are called complements of the other pair of edges.
The complement of (x, y) is denoted:

or:

(X y) (26)
With the symbols of (24) and (25):
(<,y) - Dx (xy) - D2 27
thus:
Di—Di(x,y) lh =D2(x,y) (28)

The arrangement according to types depends on whether in the case of the
three edges (x, Yy, z) the pair of relationship:

. ] Di(x, vy) z=z(x,y, Di) (29)
is valid or not.
If (29) is valid then:
(29) z=1¢e, ¢
and:
(X,y, iy — V h
(X y, oi f

Thus, (e, g) (h, f) are given. There also exists a pair of outer edges. According
to (13) an internal edge was determined which is different from the given x, y.
e.g. let x—a; x=d; z=e; and the adjacent pair of edges (g, h).

(10)

(ad e ——-V Di

(a1 e) Fig. 2*_ h
(Diy €) LT tj
(@ h) -V 6

If it is not valid then similarily:
Di=D2(x,y) z=1z(x,y, Di)

Such groups of three edges also form a basis in this case.
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From the second line of Table 1 let us consider the case:
internal pair of nonadjacent edges, one outer edge. (30)

This case can be handled by producing Dv D2 in different ways. According
to (8) (9):

h b
a__nh_b_ £51=ab+ h2= (dc+P)~I
c b ,
d -a—£>2—a—d -€

However, on the basis of theorem (15) calculated from Fig. 2:

h=bg\ f—ed; h=ae; f=—g (32)
According to (31) and (32):

Dx = ab+ h2= ab+( —ae)2= aCiDi + a2

solved for Dx, D2:
Di =Di{a, c, €)

D2=D2(b, d,f)
From Fig. 2 one can see that:
e=¢e(a, h)

I=1(e, d)
Therefore :
Di=Di(a, ¢, e) = Di(a, ¢, h)

D2=D2(b, d,f) = Dz(b, d, €
On the other hand from (31) we get:
Di=D Ia,c,f) = Di(a,c,9)
Z2=D2b, d, &) = D2(b, d, h)
According to (33), (34) in the case of a not adjacent internal pair of edges and
any outer edge another internal diagonal line is also determined, and accord-

ing to Fig. 2 in each triangle every edge is determined, e.g. in the case of
a, ¢, h from (33):

(a, ¢, h) Di

(Di,¢) — b
and :

(Di,a) -* d

@h —e

(Di,h) - /

6,h ~ g

This means that the type of (30)' is always a basis. With this statement the
problem of the 2nd line of Table 1 is solved.
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Let us consider the case of adjacent edges in the 3rd line: In case of type a)
a further edge is added to the independent internal one, and thus the sub-
type of adjacent edges of type a), was reduced to the 2nd line of Table 1.
In the case of non-adjacent edges [the other case of (17)] always an internal
diagonal is obtained. In this case according to (14)' we gain an internal diagonal.
For instance, let be given:
{h.f, b)

(hf)y = Di
(Di,b)—c¢

then:

There exists an adjacent pair of internal edges b and c, so that this case has
been reduced to the 2nd line of Table 1.

With this case all the possibilities have been examined and our Theorem
concerning basis has been proved by way of separation of different cases.
The results of the calculations were shown in the Tables of the first part of this
paper.

SYMBOLS

, b, c d, e,f, g h symbols defined in Equation (10)

pressure, Pa

entropy, Pam3K_1

volume, m3

temperature, K

volume coefficient at constant pressure, K_1
coefficient of aliabatic expension, K-1
coefficient of isochor thermal stress, K-1
coefficient of adiabatic thermal stress, K_1
specific heat at constant pressure, Pa m3K-1
specific heat at constant volume, Pa m3K-1
coefficient of adiabatic expension, Pa-1
isothermal compressibility, Pa-1

= n"no o

X 5005288

PE3IOME

MepBas YacTb COOBLLEHNS CBSI3aHA W3MOXKEHWEM TEOPUM BO3MOXKHbLIX B3aMMOCBSI3el MeXay TepMo-
AVHAMUYECKVIMN  XapaKTepPUCTUKaMWU MaTepuasoB, M 3[ecb MepedncieHbl NpUHATbIE (OPMYIbI.
B HacTosLeli cTaTy NpuBedeHbl Pesy/bTaTbl YTBEPXKAaKoLLIMe TEOPETUUECKME NPEATNOCHINKM.
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In the production of paints, medicines and cosmetics, etc. production
scheduling problems lead to machine allocation problems with pro-
hibited intermetiate storage.
The problem is presented, simple known algorithms and couplings
of algorithms are discussed, and numerical results for examples (14
machines and up to 30 jobs) are given.

This paper begins with the requirement to solve a machine allocation problem
for a paint factory. This demand arose during the design of multiproduct
plants for low tonnage chemical products, where given devices had to be
weighted, and information about possible changes of these devices had to be
obtained.

Multiproduct plants are complex systems consisting of multipurpose devices,
auxiliary and secondary equipment, which can be connected simultaneously
or in sequence to form various configurations for manufacturing the scheduled
products.

In the following, the problem is treated generally for any multiproduct,
multicharge, and multimachine plant, with the constraint of prohibited
intermediate storage.

The prohibition of intermediate storage results from the technological
necessity of manufacturing low tonnage chemical products.

Practical examples are devices for the manufacture of paints or their inter-
mediate products, medicines, cosmetics, polymers, and primary products for
the film industry, etc.

The problem having been presented, heuristic algorithms for its solution
are reported, and an example with test calculations is discussed. The object

* Correspondence concerning this paper should be adressed to W. Janicke
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of this paper is to provide some information about the solution of non-trivial
machine allocation problems.

Rather than present new algorithms, the efficiency of simple heuristic
solution procedures is demonstrated for a special class of examples.

The problem

The given plant consists of process units and connections between these
process units.

This plantis represented by a directed graph G= (X, U), where X ={xI... xn}
are vertices, and U = {«, ... um}are arcs. Each arc uk—(xit Xj) is characterized
by its starting vertex x{and a final vertex xt. The existence of an arc uk means
that the process unit x1 can be supplied with a product, which previously
was in process unit Xj. Data concerning type, size, change-over time, and
allocated process unit, etc., are assigned to each vertex.

The plant is to manufacture several products Px ... Pp. For these products,
production specifications Hx .. . //,, exist, which describe the required type
of process units, their sequence and utilization time and further data. It is
to be noted that the time of transition from one process unit to the other is
specified ; consequently, no intermediate storage is allowed.

To manufacture these products, jobs Ax ... Agare given, which determine
the volume of production expressed in batch numbers, and several supple-
mentary conditions such as the release date and the due date.

For each single process unit, scheduling is sought, i.e. the calculation having
been completed, it will be known, for each machine and for each time, which
batch of which job will be processed on the machine considered. The optimi-
zation aims at minimizing the completion time Tmd of the total production
project.

A series of other tasks can be derived from this basic task ; such as:

— determination of the completion time of a given production volume (e.g.
as an aid in the design of a plant)
— determination of the processing sequence of the different batches.

For further information on scheduling see [4].

Concept of Solution

In most cases, scheduling problems of this kind with practically relevant
problem size cannot be exactly solved. Hence it is the object of the present
work to determine, by coupling heuristic algorithms, a permissible machine
allocation plan, the completion time Ted of which is as short as possible.
Experience with heuristic algorithms for solving other discrete optimization
problems shows that the efficiency of such algorithms depends on the respective
case.

Therefore, an attempt was made to develop strategies allowing the chemical
engineer to influence the computation, e.g. by coupling the algorithms, by
parameters and by job sequencing. These parameters and sequences can be
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improved by the computation of the variants. To support these calculations,
a programme system capable of extension was developed (cf. [1], [2]).

This system carries out basic operations occurring when machine scheduling
problems are dealt with. Moreover, it contains several heuristic algorithms
for solving scheduling problems with intermediate storage being prohibited.
This programme system requires EC 1040 data processing equipment.

Realized Algorithms

Thus far, the following algorithms have been realized:

1. BE: A machine allocation plan is established according to a chosen
batch sequence. The chemical engineer may use the BE as a partial
programme of other algorithms, or alone.

2. FI: F1 realizes the well-known heuristic principle of the “earliest
successor”. The batch which can begin at the earliest possible
time is selected from among all batches still to be processed. This
batch is inserted into the machine allocation plan, and the algo-
rithm is again applied to the remaining batches.

3. SN: In this variant, the machine being used longest (bottleneck ma-
chine) is determined first (estimate calculation) in order to utilize
the bottleneck machine as appropriately as possible. For this
purpose, a batch of the job requiring this bottleneck machine
is selected where appropriate as early as possible, i.e. a batch
starting with this machine. The last job requires this machine
as late as possible, i.e. the device is used until the batch is concluded,
or a little shorter. The remaining jobs are ordered in a similar
manner. All batches of a job are then fixed directly one after
the other according to this pre-ordering.

4. BK: By analogy with the “travelling salesman” problem, the per-
mutation algorithm used here might be termed *“algorithm of
successive inclusion of products” (cf. [3]). This aims at systemati-
cally generating some variants instead of the k\ possible permu-
tations (k is the total charge number). We start from two different
batches Gx and Cj and determine which sequence of processing
is more favourable, i.e. whether G{ should be processed before
or after C:. This decision remains valid. The third batch is exam-
ined with respect to whether it should be put before, between,
or after the two batches determined first. This is continued up to
the nth batch, for which there are n possibilities of inclusion.
However, this algorithm is too time-consuming to be utilized for
solving practically relevant problems and will therefore be used
only as a programme to be processed before other algorithms in
order to determine favourable sequences of a partial number of
jobs, which can then be combined to from the overall sequence.

5. BS: In this algorithm, the permutation algorithm is used in such a way
that first a favourable sequence for the case of a single processing
of all production specifications is found (i.e. use of the permutation
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algorithm under the condition that exactly one batch of each
product is required.)

In this way, a possibility of favourable arrangement of pro-
duction specifications is found. In order to economize change-over
time, all batches required to obtain one product are then processed
in direct succession, with the sequence found by the permutation
algorithm being maintained.

6. BNF: Letr be the smallest of all g occurring batch numbers. From each
job, the partial amount rth is picked out and considered to be
a representative of the total amount. In this way, the problem
has been divided into r similar partial problems, of which only
one is considered. Errors caused by this division are compensated
for in the course of the computation. (This approach is effective
especially for long-term scheduling problems in which a steady
output of products is required.)

The batch sequence of a partial amount is determined by the best
successor method. It is maintained for all r partial amounts of the
job.

7. BAB: Like BNF. Instead of the best successor method, however, the
permutation algorithm is used.

8. HS: HS orders the jobs according to priority parameters which can
be determined by the following factors: an importance parameter
chosen for each job according to subjective aspects, the latest
final date, the number of batches to be produced, and a value
of the extent to which bottleneck machines are used. These factors
are combined additively with chosen weighting parameters. The
priority parameters established in this way are used to order
the jobs. If required, the problem can be divided again into r
partial problems, otherwise, r=1.

According to the sequence previously determined by weighting
the single parameters, as many batches of the same job are now
fixed successively as are given by the determined partial number
of batches or the total batch number, respectively. The process is
executed r times.

Description of the Modifications of Example

The test calculations were carried out with the aid of a realistic example,
which was modified several times. The data available were those of a multi-
product device, which is at present being designed for the manufacture of low-
tonnage chemical products. The chemical plant was taken as a graph con-
taining 14 vertices (process units) and 24 arcs (connections between units)
(cf. Fig. 1). The production specifications of 4 products were available.
For simplification, the units used only pairwise are combined to form an
abstract unit. Units required only for one product, but not for the longest
step of its production specifications, were not included into the calculation.
This reduction of the problem does not result in any important information
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being lost. Examples of different dimensions were constructed simply by
choosing different batch numbers for the 4 products (cf. Table 1).

Table 1

. . Num- Batch number of job
Designation ber

of the of
example jobs 1 2 3 4
Bl 3 2 2 4
B2 4 2 2 4 1
B3 4 4 3 7 2
B4 4 14 7 8 1

The existing connections between these units are contained in the graph
of Fig. L

The production specifications of the 4 products are characterized in Table 3.

Here, A denotes the number of activities of the i-th production specifi-
cation, j = 1(1)A is the number of the activity, I\Jthe type of the unit required,
dV] the utilization time, and z{ is the relative starting time, i.e. how many
units of time after the first activity is to start.
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Data about the chemical plant

Change-over
time when batches
are changed, with
the same product

Change-over time
when production

is changed being further
processed
(in hDurs)
8 2
8 2
8 2
8 (o]
24 2
24 2
24 2
24 2
'8 2
8 2
8 2
8 2
24 2
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2 3 4 5 6
2 7 8 9 10
6 0 25 33 33
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5 225 240 25
12 17 17 148

~No w N

tank
tank
tank
tank
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reactor la

reactor 2
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filter

ML-receiver 16 m3
ML-receiver 20 m3
WL-receiver 10 m3

sediment vessel

reactor 3

7
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Results of the Tests

The algorithms described were used to carry out test calculations whose
results are contained in Table 4. This table gives the completion times for
our test problems. To solve the test problems the EC 1040 required from 0.25
to 10 minutes. For instance example B2 required 15.90 seconds by algo-
rithm FI.

Table 4
BE Fi S\ BRI BS BRF2 BAB2  HS3
BI 241 266 266 246 244 275 249 297
B2 276 269 271 257 275 269 275 322
B3 484. 430 434 - 456 420 451 438
B4 1041 792 782 — 773 792 773 753

(1) Examples B3 and B4 were not treated by algorithm BK since the com-
puting times were too long.

(2) In Examples B2 and B4, algorithm BNF corresponds to FI and BAB
to BS.

(3) The results contained in this column were obtained after repeated varia-

tions of the weighting parameters for the jobs. Consequently, they depend
on the experience and the skill of the chemical engineer.

Conclusions

The present algorithms provide a means for scheduling problems, which can be
combined and used by the chemical engineer in a dialogue with the computer.
General statements are not possible, since the quality of heuristic algorithms
strongly depends on the respective problem. It appears to be desirable that
a larger number of different strategies should be available, which can be
fitted to the respective example problem.

SYMBOLS

G=(X,U) graph
X ={xi, ..., xn} vertices
U= (mi, ..., M) ares
“end completion time
PI, ... pr products
HI, ... ffp production specifications
AiQ, ... >Aci jobs
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Synthetic ion exchangers — Varion KSM (cation exchanger) and
Varion ADAM (anion exchanger) — were used for the removal of
ammonium and nitrate ions from condensed water containing 2.6
g.dm~3 ammonium-nitrate. The useful capacity and regeneration
of the resins were studied. The cation exchanger was regenerated
by nitric acid and the anion exchanger with ammonium hydroxyde.

The NH4NO3 content could be decreased to below 10 mg.dm-3
using the VARION (NIKE, Balatonf(izf6) resins. The useful capacity
of the cation exchanger was 1.6 mol.dm-3, while that of anion ex-

changer was 1.2—1.3 mol.dm-3.

Introduction

A large amount of condensed water is formed in the course of nitrogen fer-
tilizer production, which contains only a few gram.dm-3 nitrogen compound.
Formerly this water was directly discharged into various receiving water
bodies. Nowadays, however, due to the advanced eutrophication of most
surface waters, this condensed water has to be purified prior to discharge.
There have been several attempts to develop a reasonable treatment tech-

nology for such condensed waters [L—7]. Most of them dealt specifically with
NH4NO3 removal.

Bingham et al. [1] investigated in detail the use of various technological
possibilities. The methods tested included:

— microbial nitrification,

— biological denitrification,

— ammonia stripping by air,

— ammonia precipitation as magnesium-ammonium phosphate,
— recovery of ammonia by reverse osmosis,

— recovery of ammonia by continuous ion-exchange.
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They found that only the ion-exchange technologies met the concentration
limits imposed by the water authorities and were also acceptable from an
economical point of view. This conclusion is due to the fact that the NH4ANO3
contentis recovered in the regeneration cycle of the exchanger and it is returned
to the evaporator as a solution containing more than 10% NH4N 03. 58% of the
purified water is used as boiler feed-water, while 42 %is used as cooling water.

The Farmers* Chemical Association, Inc. and the Chemical Separations Co.,
reported a continuous method [8] in which a Chem-Seps or Higgins contactor
was used. In this contactor, saturation-elution-washing takes place in com-
partments seprated by valves. The resin moves in a pulsating manner. The
resin is moved by the feed-water, which also decreases the friction losses.
Their pilot plant with a capacity of 9 m3.h_1 has been in operation since 1972.
The NH4NO03 concentration in the influent and effluent is 2500 mg.dm-3
and 5—50 mg.dm-3, respectively.

In the closed-loop ammonium nitrate recovery system, the influent to be
treated, first passes a hydrogen-form resin bed, where ammonium ions are
exchanged for hydrogen ions. This dilute nitric acid solution then goes to the
anion exchanger bed, which is in hydroxyde form. Nitrate ions are replaced
here by hydroxide ions, i.e. salt-free water leaves the system.

After solution, the action and anion exchanger beds are regenerated
by nitric acid and ammonium hydroxyde solutions, respectively. In both
cases, the effluent contains ammonium nitrate.

The overall ion-exchange cycle consists of the saturation (exhaustion) —
elution (regeneration) and washing (displacement of the regenerant) steps.

The saturation and regeneration steps were studied in the present experi-
mental series to obtain information usable for industrial purposes.

Experimental

Materials, Methods and Apparatus

Strong acid cation exchangers and weak basic reticular anion exchangers
can be used. Such resins are, e.g. the Dowex NC 2077, KU—2 (USSR), Amber-
lite 200, Wofatite KS 10 and Varion KSM cation exchangers and the Amberlite
IRA—93 and Varion ADAM (NIKE, Flizf6gyartelep) anion exchangers.

The Amberlite IRA —93 (Rohm and Haas, Pa, USA) and VARION (NIKE)
resins were used for the experiments, the former one as reference material.
The cation exchangers were obtained in sodium form, and the anion exchangers
in chloride form.

The solutions used for the experiments were prepared from reagent grade
NH4N 03 and distilled water.

The eluents were prepared from reagent grade nitric acid, ammonium
hydroxide and distilled water. The procedure was tested in a stationary-bed
column (cf. Fig. 1). Downward flow was used in each case. A peristaltic
pump ensured a constant flow rate. The concentration of the effluent was
continuously monitored by a recording conductometer. Specific conductivity
of the solution was also determined by discontinuous sampling and measure-
ment in a thermistatted cell. This served as a check on the reliability of the
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Fig. 1
Schematics of the ion exchanger
1 — cation exchanger column; 2 — anion exchanger column; 3 — pump; 4 — tank;
5 — electrode; 6 — meter conductivity; 7 — recorder; 8 — treated water;
: ;- liquid flow; —3 —electric conduit

recording system. At higher nitric acid concentrations, the acidity was also
determined by acid-base titration, followed by the analysis of the neutral
solution for NH4N03. This method was used for the determination of the
ammonium concentration of the effluents leaving the cation exchanger column.
The photometric Nesster method was used for the measurement of very
low NHy concentrations.

The pH of the purified water leaving the anion exchanger was monitored
by a combined glass electrode.

In most experiments, only a single cation and a single anion exchanger
column were used. Either the effluent of the cation exchanger was directly
introduced on top of the anion exchanger, or the latter was operated indepen-
dently, using a nitric acid solution equivalent to what one could expect,
assuming a complete ammonium exchange.

The NH4NOo concentration in the influent of the cation exchanger was
maintained at 2,500 g/1, while the HN 03 concentration of the influent of the
anion exchanger corresponded to that one of the effluent of the cation ex-
changer, or, if prepared sparately, it was 1,968 g/1.

The ion exchangers were activated before use. The cation exchanger was
activated by a 10 % nitric acid solution, while the anion exchanger was ac-
tivated either by a 4 % sodium hydroxide or 7 % ammonium hydroxide solu-
tion. The cation exchanger was activated with a 250 % stochiometric excess,
while the anion exchanger required only a 150 % excess.

After activation the exchangers were washed with water until the effluent

3*
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was neutral. The quality of the activating acid or base did not influence the
useful capacity of the resin.

The cation exchanger column was packed with 125 ml resin, while the
anion exchanger with 140 ml. The inner diameter of the columns was 20 mm,
and their lengths 400 and 450 mm, respectively. When the large internal dia-
meter columns (1.D.=30 mm) shown in Fig. 1 were used, the bed heights
were equal and the resin volumes 2.25 times larger then in the previous cases.

Results

The saturation and regeneration data are presented graphically. The data
shown were obtained with the smaller columns, but practically identical
results were obtained in the other experiments, for the height of the bed was
kept constant, irrespective of the type of the resin.

In the saturation (water purification) cycle, the relationships between the
useful capacity and loading flow rate was studied. The flow rate was changed
in the 1—12 mh_1 (2.5—30 cm3h_1cm~3) range. The flow rate was kept con-
stant for each experiment.

The isoplanes constructed from two experimental series are shown in Fig. 2
for both the cation and anion exchanger columns. The measured specific
conductivity values at ambient temperature are plotted on the ordinate. These
values can be easily expressed as If N()3 or NH4N 03 concentrations, because

Fig. 2
Specific conductivity of the effluent as a function of time
1; 2 cation exchanger
3; 4 anion exchanger
Specific loading (cm3 vvater-cm-3 resin-h-1): 1—14.4; 2—7.7; 3—14.6; 4—6.0.



1981 Purification of Ammonium nitrate Containing Water 245

there is a linear relationship between the specific conductance and concen-
tration values over the range tested. Both the useful and the overall capacities
can be determined from these plots.

Fig. 3
Dependence of the useful capacity of VARION KSM resin upon the specific loading
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Fig. 4
Dependence of the useful capacity of VARION ADAM resin upon the specific loading
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NH4NG3

Fig. 5
Ammonium nitrate concentration in the effluent of the cation exchanger column as a
function of the loading

Fig. 6
Regeneration of the cation exchanger column Specific loading of the regenerant (cm3
cm-3 resin h~i) 1-4.8; 2-5.76; 3-9.6; 4-26.9
Acid concentration: 1—22%; 2—3.4—15%
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Fig. 7
Regeneration of the anion exchanger colu?nn. Specific conductivity of the regenerant
leaving the column as a function of time specific loading: (cm3 water cm-3 resin h-1):
1-7.7; 2-9.9; 3-12
Acid concentration: 1.2—7%; 3—6%

The useful capacity could be calculated from the amount of ions retained
up to the breakthrough point. Up to the breakthrough point, the specific
conductance was constants. The useful capacities obtained this way are
plotted in Fig. 3 and 4 for the entire loading range studied. It can be seen
that in this range the capacity of VARION KSM is more sensitive to loading
than that of the VARION ADAM.

According to the experimental results, the useful capacity of the cation
exchanger is 1.6 mol.dm-3, while that of the anion exchanger is 1.28—1.30
mol.dm-3.

The ammonium nitrate concentrations in the effluent of the cation exchan-
ger are shown in Fig. 5. It is apparent that for the given bed height, the
NH4N 03 concentration increases practically linearity with the specific loading.

With increasing bed height, the extent of NH4NO3 removal increases.
Thus, if the effluent of the first column is introduced into the second column,
then the NH4N 03 concentration in the final effluent decreases to 5.10-3—
15.10-3 g.dm-3.

For regeneration (elution) 15 and 22 % nitric acid and 5—7 % ammonium
hydroxide solutions were used, respectively. The specific loading was also
changed. The results obtained are shown graphically in Fig. 6 and 7.

The measured specific conductivity and not the concentration values are
plotted in the figures obtained for the regeneration of the anion exchanger.
The concentration can be easily calculated from the »=1.12 c relationship
(» in ohm-1 cm-1).
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The data for the cation exchanger come from experiments No. 7, 14, 27
and 33, and for the anion exchanger from No. 18, 36 and 39. This is worth-
while mentioning, because one judges the in-service changes of the resin.

The amount of NH4N 03 leaving the column with the regenerant and the
mole number of ions removed from 1 cm3resin can also be calculated from
the curves. The value obtained for the cation exchangeris 1.95+ 0.12 mol.dm-3
and 1.52+0.07 mol.dm-3 for the anion exchanger.

This means that the regenerant concentrations used are practically identical
and each can be used with the same efficiency, and the capacity of the resins
has also not been altered during 39 cycles.

From a practical point of view, the use of more concentrated solutions
is more advantageous. Thus, for nitric acid 22 %, and for ammonium hyd-
roxide 7 % solutions should be used. In fact, for ammonium hydroxide the
solution containing 7 % NH3 also gave identical results (and capacity), so this
solution can also be used. Literature references [1, 2] substantiate this claim.
However, the use of more concentrated nitric acid solutions does not seem
advisable, because the resin may possibly deteriorate.

Technical-economical considerations

It can be concluded from the present experimental data that the required
purification of NH4N 03 containing condensed water is possible using the
Hungarian VARION KSM and VARION ADAM resins.

The useful capacity of the cation exchanger is 1.6 mol.dm-3, and that of the
anion exchanger is 1.28 mol.dm-3. It follows that with a 2.5 g.dm-3 NH4N03
influent 50 and 40 bed volumes of treated water can be obtained in a cycle
on the cation and anion resins, respectively.

The value of the resin used for the water treatment, i.e. the value deprecation
of the resin in the production of 1 m3water depended on the number of cycles
achievable with a given resin. At present no such experimental data are
available.

If the value given by the producer (NIKE) is taken, i.e. 1,200—1,500 cycles,
then with a large safety margin, 1,200 cycles, at 1980 prices, the resin cost
is 3.89 Ft.m-3 purified water.
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PE3IOME

MpoBefeHbI 3KCMEPVMEHTBI C Lie/bIO YAASIEHUA N3 KOHAEHCALMOHHbIX BOJ cofepXallmx mMakc. 2,5%
r/n HATpaTa aMMOHMSA MOHA aMMOHUS M MOHA HUTPATa Ha CUHTETUYECKNX KaTMOHOOOMEHHbIX NaHWo-
HOO6MeHHbIX cmonax Tvna VARION KSM n VARION ADAM. V3y4danun nose3Hyt MOLHOCTb 1
BOCCTaHOB/IMBAIOLLYIO CIOCOOHOCTb CMOSIel. BoccTaHOBEHME KaTMOHO06MEHHMKA OCYLLLECTBNAMOCH
a30THOWN KWUCMOTOW, & aHWOHOOOMEHHMKA MMAPOOKUCHI0 aMMOHWS.

ABTOpamMu YCTaHOB/IEHO, YTO COAepPXKaHWe HUTpaTa aMMOHMS C MOMOLLbK WOHHOOOMEHHUKOB
Tmna VARION (NIKE, F(izfégyartelep) MOXXHO yMeHblIAaTb A0 KOHLUEHTPaUWUA MeHbLUE Yem
10 mr/r. MonesHas MOWHOCTb KaTMOHOOOMeHHMKA 1,6 mMonb/amM3 a aHMOHOO6MeHHMKa 1,2—1,3
MOoNb/aM3.
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The aim of the work reported here was the determination of multi-
component phase-equilibria established on adsorption resins. There-
fore, the well-known Lanomtjib and B.E.T. equations were modified
and applied for the description of liquid-solid adsorption. The rela-
tionships derived fit well the adsorption isotherms obtained on
charcoal as determined by Okazaki-Kage and Toei [1]. The major
advantage of the model proposed, however, is that the adsorption
isotherms of benzene and methyl-isobutylketone (MIBUK) mixtures
dissolved in water and the elution isotherms of a mixture of benzene
and methyl-iso-butyl ketone obtained with methanol as eluent can
be described by expressions of similar structure. The difference
between adsorption isotherms measured on a macroreticular resin,
AMBERLITE XAD-4, and those calculated by the model proposed
is less than 2—15%.

Introduction

The recovery of the slightly soluble organics dissolved in waste waters and
fermentation broths (at 1—5 g/1 concentration levels) is a frequent task
in the chemical industry. The use of activated charcoal and polymer resin
adsorbents for this purpose has often been mentioned in literature of the past
two decades, especially for the solution of problems associated with the
pharmaceutical and organic synthesis industry [2, 3].

The advantages of the ever more popular, high-quality synthetic resin
adsorbents are often demonstrated by comparing the adsorption isotherms
or break-through curves of the resin in question and a high-quality activated
charcoal. Unfortunately, most comparisons include only single components
(e.g. benzene or phenol). Relatively little is known about the simultaneous
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adsorption of two or more compounds. Desorption equilibria, such as estab-
lished, for example, during elution with alcohols have not been investigated
in sufficient detail, either on activated charcoal, or on synthetic resins.

The Adsorption Isotherms In Solid-Liquid Systems

In the case of several solutes simultaneously adsorbed by a solid phase, the
state-equation of liquid-phase adsorption is given by the isotherm-equations:

?i=/i(ci; ¢c2; ... a, ... cn;T) @

best fitting the measured data. This task appears to be a simple one, because
the thermodynamic relationships of the adsorption isotherms can be readily
derived from the Gibbs—D uhem equation. The GiBBS-isotherm reads, in the
case of dilute aqueous solutions, as:

AdniHT = 2 (gila)dcA 2

Unfortunately, without the knowledge of the actual form of Eq.l, this
isotherm (Eqg. 2) cannot be integrated. Therefore, essentially, Eq. 2 does not
help in the solition of the original problem.

Some of the isotherms used in daily practice, nevertheless, have a theoretical
foundation. Such isotherms are the Langmuir isotherms, those derived by the
Toth and Redlich—Peterson theory [4, 5], or those derived recently, by
Okazaki-Kage-Toei [1]. The other group of isotherms is the Ereundlich-
isotherm, or other similar power-functions [6]. Though these equations are
essentially empirical, they are more accurate than the Langmuir isotherm,
especially in the case of several simultaneously adsorbed solutes. The poor
precision of the adsorption isotherms mentioned in literature is due to the
extremely heterogeneous adsorbent surface provided by activated charcoal,
the most frequently used adsorbent. So, even in the case of a single solute,
adsorption may follow 4 or 5 different isotherms [7]. By increasing the number
of model parameters this problem can be eliminated if only a single solute is
involved, but the empirical nature of the model becomes more dominant.
However, this approach is not feasible when several solutes are present.

The situation observed with synthetic resin adsorbents is different. The
active surface of the synthetic resin adsorbents is energetically more homo-
geneous than that of the activated charcoals. Therefore, as expected, the
UANGMUIR-type monomolecular adsorption concept applies better in dilute
solutions. In concentrated solutions, the multi-layer adsorption models, as
for exapmle, the B.E.T.-theory constructed from the LANGMUIiR-principle,
can be applied.

The essence of the work reported here can be summarized as the re-evalua-
tion an extension of the Langmuir and B.E.T. isotherms, and their application
for the description of simultaneous adsorption of several solutes.
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The Langmuir-type adsorption of several,
simultaneously adsorbed liquid components

Weber [8] extended the original Langmuir isotherm to describe the simul-
taneous, monomolecular adsorption of two compounds. His well-known ad-
sorption equation reads:

Y P —— &)

The equilibrium distribution of a component can be represented by the
electric network shown in Fig. 1. In this network the partial capacities play
an important role, as the limiting capacity is:

2 cf
Co= @
j_210fIQ|
and
01=Qibid, (5)
and the resultant capacity is:
G*=_21?1 6
Fig. 1.

Electric network-analogy of adsorption from liquid phase

According to Fig. 1 the reciprocal resultant capacity is:

1 1 |
G* n b )
2 cf @
i-1
From Eq. 6 and 7:
Q*2 cf
2 %= (8)
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and :

etet
Q2 cf

©

The effective limiting adsorption capacity of the resin for two solutes
can be obtained from Eq. 4 and 9:

O_Qibici+c;2&(2
T obld+ &

The isotherm equations for solutes 1 and 2 become:

Qibidd
- 9
%= 1 4 bici + 6212 (%)
and:
22 = Q-ZbZCZ (9b)
1+ bid + &2

Thus, in a multi-component system, the limiting adsorption capacity of the
adsorbent is weighted according to bftxand may never exceed the value
obtained for the pure components. Essentially, this approach neglects the
interaction of the components adsorbed, and considers them energetically
similar. Therefore, Eq. 3 yields the isotherm with sufficient precision only
when the components have approximately identical Q{ and bx values. Even
W eber [8] noted these limitations of Eq. 3 when he studied the simultaneous
adsorption of phenol and sodium dodecyl sulphonate on activated charcoal.
Ha found that the limiting adsorption capacity of the binary mixture con-
siderably exceeded the Q, values derived for the single components. He thought
that the phenomenon was due to the dissimilarity of the molecular structures
involved.

Extension of the Langmuir and B.E.T. theory for the description
of multi-component liquid-phase adsorption

According to the original Langmuir hypothesis the free area available for
component i at adsorption is:

Al=Tlaomy(s8l-4 4] (20)
Let us assume that the ratio of free and occupied area of the adsorbent is:
Si NnziOoiQi
2 si éi A'I]ZO’(jlq-éiD
where &'‘is the surface-area-excess accounting for the difference in size and

energy-state of the competing adsorbing components. By definition 8=0
for each i=j, while for i™j it may be a positive or negative number, or zero.
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By substituting Eq. 11 into Eqg. 10 we obtain:

Si n
S=TATW Q- o7 gy 12:i “NTjZj<70§(Qi-6i}) (12
-1
Let us introduce: L .
TiziooiN =bid. (13)

Let us make use of the statement of the B.E.T. theory, i.e. that at low
concentrations the adsorption surface area is linearily related to the concen-
tration of the adsorbed component:

(14)
By substituting Eq. 13 and 14 into Eq. 12 we obtain:
bidQi 1
v 1 ; 2n biCiiQi-0ii) { 2n ki : "
+7- 2 biCHQi-01i 1- IC
Qi ﬁ \
Let us introduce:
gji=" (i - <)
Q
For three components Eq. 15 becomes:
-_ biQici 1 (15)
(1+ 61C+ 621C2+ 631C3) (1 —kici —k3cr —k3c3)
D= 62C2C2 L (15b)
‘ (1+ 62C+ 612C1 + 632C8) (1 - fcici- k3c3 - k3c3)
<13= 23Q3C ' (16C)

(1+ 63C3+ bi3C\ 4-62302) (1 —Kic1—&C2—K3C3)

Experience tells us that the values of Kk expressed in m3mole is between
5X10-5 and 3X10-2, so the effective Langmuir constants, ¢, and b{ can be
obtained from the data of mono-component solutions assuming that their
concentration is below 1—2 mole/m3. (Obviously so, since the value of «krig
is practically zero.) Using the ot and bt values thus obtained, the most pro-
bable «xt value can be calculated from isotherms taken in more concentrated
solutions. Then, by using the mono-component data thus obtained, the by
value of multi-component systems can be obtained. Naturally, the more
components that are present the higher the error in &V The error is partly
an analytical error, and partly the error of the model.

Application of Eq. 15 for the Calculation of the Binary Adsorption
Isotherms on Activated Charcoal as Measured by Okazaki-Kage-Toei

Okazaki-Kage-Toei used [1] the CAL (Calgon Corp.)-type activated charcoal
for the determination of simultaneous adsorption isotherms of phenol-p-nitro-
phenol and p-cresole-p-nitrophenol dissolved in water. Using their data, the
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constants of Eq. 15a, 15b and 15c were determined for phenol (p) and p-nitro-
phenol (n).

Measured and calculated gx values (qf and g\, the latter obtained with
Eqg. 15) are compiled in Table 1 along with the F error percentage calculated as:

q1/2

N —
[2 {(«fi-2")/2" 3 In\ (16)

Table 1

Comparison of measured and calculated isotherms of phenol (p) and p-nitro-phenol (n)
on activated charcoal

O] Cc
mo(I})m3 mol/m3 moguﬂg mol/kg mol/m3 mol/m3 m&,kg m(g\li/ikg
0.1 0 1.03 1.03 0.1 0 1.56 1.55
0.2 0 1.42 1.41 0.2 0 1.80 1.83
0.4 0 1.70 1.72 0.4 0 1.96 2.01
0.6 0 1.82 1.86 0.6 0 2.04 2.09
0.8 0 1.92 1.94 0.8 0 2.10 2.14
1.0 0 1.99 1.99 10 0 2.16 2.17
2.0 0 2.11 2.13 2.0 0 2.31 2.29
4.0 0 2.27 2.24 4.0 0 2.50 2.46
6.0 0 2.35 2.32 6.0 0 2.60 2.64
19.545¢cp 52.490cp
. 8.930cp(l - 0.0124cp) em = 1+ 23.860cn(l - 0.029cn)
1.165 Fa=1.67%

It can be seen from Table 1 that the model is adequate for those mono-
component systems. In the case of binary systems the results do not agree
so well; though the error is within 20%, a practically acceptable value (cf.
Table 2).

Application of Eq. 15 for the Calculation of the Amount of Benzene
and MIBUK Adsorbed by Amberlite XAD-4 from the Aqueous
and Methanol Solution of their Mixture

Experiments were carried out with the macroreticular resin, Amberlite XAD-4,
and the aqueous solutions of a mixture of benzene and MIBUK. These experi-
ments were followed by elution experiments carried out with methanol.
Equilibrium measurements were carried out in a mixed tank of 1 1capacity.
The phase volume ratio of the adsorbent was kept at 5% in each experiment.
The apparatus was thermostatted to 20+0.2 °C. Concentration changes of
both components in the aqueous phase were determined by UV spectrophoto-
metry. The error of the measurement was less than 3%. No change could
be detected in the concentrations after an equilibration period of 2.5 hours,
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Table 2
Comparison of measured and calculated isotherms of phenol (p)
and p-nitro-phenol (n) on activated charcoal (simultaneous adsorption)

c €] qm . (63} c c
mol/mB  mol/m3 meﬁ)l mol/kg moi/kg molm3  mol/m3 mﬁ?\]ol mol/kg mol/kg

15 oo 11213 117 1.38 0.4 . 3.80 150 161
2 o 9653 141 157 0.6 X 355 172 1.79
3 o 7723 172 1.74 0.8 . 3.32 186 190
4 o 7168  1.88 1.88 ; X 2.93 1.97 1.98
5 0 3645 212 1.97 2 . 1.45 222 219
6 0 3189 220 205 4 1 3.42 241 2.42
: 05 8056 040  0.43 04 5 2.01 110 092
15 05 7756 057  0.60 0.6 5 2.20 130 116
2 05 7224 074 074 0.8 5 227 146 134
3 05 6807 100  0.96 o 5 2.25 160 148
4 05 6349 122 1.14 2 5 2.19 200  1.90
5 05  59.86 140 1.29 4 5 2.72 232 231
6 05 6130 151 1.41 6 5 5.21 242 260
; ; 8273 022 025 0.2 10 1.62 055  0.36
15 X 8178 032  0.35 0.4 10 1.95 081 063
2 . 7501 044 045 0.6 10 2.03 103 084
3 . 76.84 060  0.62 0.8 10 2.13 119 1.02
4 . 6801 081 0.77 , 10 2.73 132 117
: 5 4014 o011 0.06 2 10 2.34 178 167
2 5 4848 018 012 4 10 321 215 222
4 5 5520 031 0.24 6 10 4.83 230 260
19.545eD _ 52 490cn
' |+ 5.930cp+72.80en D=\ + 23.860c, + 2.81cp
1 1
*(1—0.0124cp —0.0288cp) (1—0.0288cn—0.0124cp)
Fp= 19.70% in =17.80%

so the conditions prevailing at 2.5 hours after the start of the experiment,
could be considered equilibrium ones. Eq. 15 was applied for each equilibrium
setting. The results of the measurements and calculations are summarized
in Tables 3.. .6.

It is apparent from Tables 3... 6 that in the system studied is about
10~5m3/mole for both benzene, MIBUK and methanol. This means that below
c.= 103 mole/m3 the isotherms are practically LANGUMIiR-type ones. (It is
at this concentration that the multiple kfi{ causes a correction amounting
to 1%.)

It can be seen that in the case of elution carried out with methanol, the
KE{ multiple plays an important role (CA~104).

It also follows that in the multi-component system studied, MIBUK, which
is bound to a lesser extent, acts upon benzene as a “salting out” agent. This
means that on Amberlite XAD-4 the two components can be separated almost
completely by using a frontal adsorption-elution process. Using two columns

4
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Table 3
Comparison of measured and calculated isotherms of benzene (B)
and MIBTJK (M) on Amberlite XAD—4 resin
(adsorption from 20 °C aqueous solutions)
o3 Gn Gn b
mol/m3 mol/m3 mol/kg mol/kg mol/m3 mol/m3 m(J@I];\f(g mgl\//lkg
0.462 0 0.487 0.453 0.10 0 0.091 0.036
0.756 0 0.750 0.765 0.21 0 0.073 0.070
1.051 0 0.979 0.932 0.35 0 0.128 0.118
1.282 0 1.147 1.096 1.05 0 0.307 0.300
1.308 0 1.160 1.114 1.20 0 0.347 0.335
1.923 0 1.540 1.494 1.50 0 0.395 0.395
2.167 0 1.670 1.594 4.20 0 0.709 0.729
2.691 0 1.870 1.884 6.20 0 0.821 0.860
3.641 0 2.227 2.271 12.70 0 1.068 1.066
3.782 0 2.301 2.371 15.37 0 1.178 1.108
1.071 o ¢ 0.3684cm
t 1+0.197CB M 1+ 0.267cm
FB. 2.56% Fm=9.71%
Table 4
Comparison of measured and calculated isotherms of benzene (B)
and MIBTJK (M) on Amberlite XAD —4 resin
(adsorption from 20 °C aqueous solutions).
The case of simultaneous adsorption
Cb C &MB s &BM
mol/m3 mol/m3 m3/mol mozf/kg mZ)Fi/kg m3mol mﬂonf/kg m:)hIA/kg
0.833 3.30 +0.014 0.736 0.809 0.801 0.477 0.528
2.179 12.80 +0.013 1.464 1.954 0.528 0.847 0.854
2.308 17.50 - 0.006 1.834 2.182 0.252 1.031 0.942
0.756 1.25 -0.041 0.738 0.719 0.722 0.245 0.268
1.795 1.50 -0.031 1.471 1.450 0.497 0.241 0.239
2.949 2.20 -0.061 2.183 2.050 0.662 0.229 0.263
4.077 2.65 -0.083 2.759 2.490 0.670 0.220 0.258
0.718 2.80 -0.278 0.739 0.706 0.522 0.486 0.488
2.077 4.05 +0.027 1.466 1.667 0.546 0.464 0.476
3.615 5.25 +0.012 2.182 2.396 0.511 0.455 0.456
5.256 6.10 - 0.034 3.083 2.997 0.502 0.427 0.424

c 1.071CB c 0.3684cml
2B = Tm =
1+ 0.197CB-0.0184cm 1+ 0.267cm+ 0.508CB
Fb=137% Fm—13.2%

of suitable size, connected in series, the first column would — expectedly —
retain only benzene, and the second column would hold only MIBUK. By
separate elution, the two compounds can be practically separated.
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Table 5
Comparison of measured and calculated isotherm of benzene (B)
and MIBUK (M). Elution from Amberlite XAD—4 at 20 °C,
with CA= 23750 mole/1 methanol eluent
»Mm
[e3) Gn cm [ P
mol/m3 mol/m3 mol/kg mol/kg mol/m3 mol/m3 mol/kg mol/kg
51.280 0 0.110 0.110 120 0 0.141 0.180
217.949 0 0.473 0.466 260 0 0.383 0.391
243.589 0 0.526 0.520 520 0 0.740 0.763
333.300 0 0.723 0.711 790 0 1.129 1.147
525.617 0 1.133 1.117 1000 0 1.433 1.432
589.701 0 1.272 1.252 1340 0 1.920 1.897
705.183 0 1.514 1.494 1600 0 2.310 2.248
1.071CB 0 0.3684cm
. oM = -
(1+ 0.97CB+0.506ca) (1+ 0.267cMr 0.245¢A)
1
"(1—4X 10_5ca) (1—4 X 10-5¢ca)
Fb—1.7% Fwm=3.3%
Table B )
Comparison of measured and calculated isotherms of benzene (B).
MIBUK (M) and methanol (A) on Amberlite XAD—4 resin, at 20 °C.
The case of simultaneous adsorption
cb Cm Ca 7B 7B c
mol/m3 mol/m3 mol/m3 mol/kg mol/kg mol/kg mol/kg
333.3 300 23,720 0.774 0.714 0.449 0.438
525.6 430 22,917 1.170 1.123 0.605 0.615
769.2 790 22,900 1.900 1.638 1.167 1.091
1079.9 920 23,100 1.920 2.182 1.208 1.234
117.9 520 23,483 0.249 0.253 0.817 0.766
282.0 530 23,617 0.644 0.605 0.775 0.770
371.8 460 23,727 0.919 0.796 0.690 0.665
237.2 1930 22,431 0.561 0.510 2.543 2.651
38.5 350 23,807 0.084 0.083 0.507 0.523

1.071CB 1
(1+ 0.197CB—0.0184CM+ 0.504cA) (1 -4 x 10-5ca)

0.3684cm 1

(L+ 0.267CM+ 0.508CB+ 0.245cA) (1- 4 x 10-5cA)
FB= 9.9%
Fm- 5.9%
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Conclusions

1. The isotherm proposed here (Eq. 15) can be used equally well for the
modelling of isotherms of both the heterogeneous activated charcoal, and the
more homogeneous synthetic resins.

2. The isotherm proposed here is at least as precise for mono-component
adsorption as any of the other equations proposed in literature [1, 4, 5], and
it is much more advantageous for multi-component adsorption than any
of those proposed in literature.

3. The main advantage of the isotherm given by Eq. 15 is that the same
model can be used for the description of both the adsorption and elution
equilibria.

SYMBOLS

A specific surface area of adsorbent, m2kg

6 adsorption energy coefficient, m2Zmol

e*  resultant capacity of adsorption system, mol/kg
C* partial capacity (def. by Eq. 4.), mol/kg

O*1 partial capacity (def. by Eqg. 5.), mol/kg)

Ci  concentration of i-th solute, mol/m3

ki BuT-constant, m2Zmol

N  Avogadro's number, 1/mol

qi amount of adsorbed component, mol/kg

Q ultimate uptake capacity, mol/kg

R universal gas coefficient, m2 bar/K mol

Si  surface covered by i-th solute, m2

T temperature, K

zi collision frequency factor of i-th solute

n spreading pressure, bar m

< actual area of one adsorbed molecule, m2

ti residence time on the surface of i-th solute, h

Subscripts

i, j ..., ..., ncomponent
c calculated
m measured
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PE3IOME

Llenbto aBTOPOB ABASNAaCh TOUHOE ONpefeneHne paBHoBecKs (a3 YCTaHOBUBLLIErOCH HA MHOTOKOM-
MOHEHTHbIX WCCKYCTBEHHbIX CMO/ax WCMONb30BaHHbIX B KayecTBe agcopbepes. [na LOCTMKeHUA
3TOM Lienn pasBuan U UCMoNb30Ba/IN B MOANDULMPOBAHHOM BUfE U3BECTHbIE M30TEPMUYECKUE YpaB-
HeHuA JlaHrmiovnpa 1 B. E. T. 3TN 3aBUCUMOCTI XOPOLLO ONWUCHLIBAIOT aACoPOLUMOHHBbIE N30TEPMbI
M3MepeHHble Ha aKTUBHOM Yrie OkasakuM-Kare n Tonnem (1). MnaBHbIM NpenMyLLEeCTBOM Npeasio-
YKEHHOWN MOJeNu ABMSETCA TO, YTO aACoPOLIMOHHbIE N30TEPMbI CMecn BGeH30M1a pacTBOPUMOL B BOAe
n MeTun-n3obytun-ketoHa (MUBYK) un cuctembl BeH3ona, MUBYK n meTaHona onucbiBatoTcs
0AMHAKOBbIMU CTPYKTYPHbIMK hopmynaMu. [aHHble M30TepM MoyYeHHble Ha UCKYCCTBEHHOW CMO-
ne Tuna AMBEPLITE-XAD—4 cornacyrTcs paccyMTaHHbIMU MO0 MOLENN AaHHbIMW B npejenax
owmbkn 2—15%.
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Organic solvents, used as extractants and only rarely soluble in
water, are quite common in waste waters in the fields of the chemical
industry. These solvents include, among others, benzene, toluene,
methyl-iso-butylketone (MIBUK), and ethylacetate, etc. Their con-
centration is generally less then a few grams per litre. In view of their
negative effects on the environment, their removal is imperative.
In the case of these compounds, adsorption on activated charcoal
or synthetic resins is undoubtedly, one of the most popular pollution
abatement method.

The separation of benzene and MIBUK, reclaimed from waste water
by a dual-column system packed with Amberlite XAD —4 synthetic
resin, has been studied in-depth. The kinetics of the process has been
measured and identified. Based on these results, a frontal adsorption
— elution model was developed.

Introduction

Liquid adsorption on 2—4 stationary-bed columns is frequently used for the
frontal separation of compounds. The adsorption, elution and aqueous washing
periods can easily be distinguished in this cyclic operation.

A common problem in adsorption-based pollution abatement processes is
that the compounds to be removed from the waste water stream are often
dissimilar in their adsorption characteristics. Recognition of this problem led
to the study of frontal adsorption/elution experiments carried out with both
bicomponent and multicomponent systems.
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Mathematical Model of Frontal Adsorption and Elution

The complete listing of all the models described in literature would be virtu-
ally impossible. Some of the most common models used for the description of
multicomponent adsorption are listed in Table 1.

Table 1

Mathematical models for frontal adsorption and elution

Denomination

General model

Equilibrium model

Solid film model [1]

General pore diffusion
model [2, 3]

Balance equations

V 9«j 92ci

T TRt AS
9ci

~ dt

A 971
91

v 9ci O<fi 9ci

€ dx 9i ~ O

4* =/(ci)

9ci 1— dqit
dh [ dt

Boundary conditions

Four types of condi-
tions are necessary

CI(&,I) =0; Oszxrs.t,
1=
q*(x,t) =0 0 rx ML
=0
ci(x, )y =0; X=0;

0
gi(x, t)=q (x)
ci(x, t) =0 Osiél,
ts O
ci(x, y =coi; e=0;
a=0

C|(|>)K):0, 0 "sx AL
isO

| . w
— coi(<)=—c;

[ [

9ci
—Du— i 1 =0;
¢ x XHO

x=10

(tox) -

=0; i=-0;
OT Ix-L

x =L

Note

nLl=o
4 @©
gn=/(Cl)

equilibrium

Re>=/(cl)

Bo) *f(C i)
Du *f(ci)
Dpi2 ~/(c1)
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In general, the pore diffusion model [2] best describes adsorption in the
case of multicomponent systems. It has the added advantage, compared to
the solid film model, that its parameters are independent of concentration.
This model, however, is very difficult to realize. In general, the solid film
models can be solved both numerically and analytically. Naturally, the rela-
tionship between the component transfer co-efficient and concentration has to
be known. Therefore, the kinetics of adsorption had to be investigated.

The Kinetics of Adsorption and Elution

The rate-determining intermediary diffusion processes in adsorption and elu-
tion are:

1. internal or solid phase diffusion (diffusion in the adsorbent),

2. pore diffusion, i.e. diffusion in the liquid phase filling the pores of the
particles, and

3. film diffusion, i.e. diffusion from the mobile phase into the outer surface
of the adsorbent.

The differential equations describing the intermediary diffusion processes
are summarized in Table 2.

Table 2
Descriptrion equations of the intermediary diffusion processes

Diffusion process Differential equation Boundary conditions

D s2 =(B(o)t{c-c*);
<jt |I’-R
P t>a0
Internal diffusion a2y 2 dorl der
pszC a AT '~ 3l bq .
=0; >0
dr r-0
g=0; 0>r>B; i=0

oc
Dp0— R =("cu)f(c-c*);

or r-
1» 9
Pore diffusion ;d;czr 2 :jefl ddqr 3
r r drJ t =0:  t»0
37 r-0

q:O; 0=r>12; t=0

Film diffusion = {Bo>)t(q-q*) g=q0; <=0
2.62LLF->)05

«Fn>*- n,
dpa
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Internal diffusion is described by a polynomial [4], and pore diffusion by a
trigonometric series [5]. For comparison purposes, Glueckauf [6] derived an
approximative expression for both solid phase and pore diffusion. In these
equations, the transfer coefficients are expressed in a manner very similar
to that used for the film diffusion process. Failure to take into consideration
the concentration dependence of the component-transfer coefficients causes
detrimental consequences. Vermeulen [4] solved this problem by proposing
the following rate equation for approximating solid-phase and pore diffusion:

dq IDszTiZq* —2q0+q
&~ apl— gm0 9 -

With respect to the others, this equation is an improvement, in that it takes
into consideration the variation of the component-transfer coefficient with the
concentration.

Kinetic Cascade Model

The basis of the kinetic cascade model is the solid-film model supplemented
by accounting for the variation of the component-transfer coefficient with
concentration. In this way, component-transfer has a finite rate, an idea which
is in direct opposition to the provisions of the equilibrium cascade model.

The balance equation of the pth element and the ith component of the
liquid phase reads as:

v Ci, —Cl,pas Ci,p,s—Ci,i
Bwiflx, p.s —g\, p,s) — (2)
£ Ax At

In the case of the solid phase we obtain :

qi, p, s—¢'i, p, s-i
jM2i,P,s —<3i, p.s): At ?3)

where :
¢i, p,S— H(C 1P, 8) *-*i Cn, p, s)Ci,P,;

The initial and boundary conditions for adsorption are:

ci, p,s= c(0)i; x = 0; <>0
ci,p,p=0]j Oc e -=1; i=0 (4)
9i, P, 5230 j 0<*<1y t=10

The kinetic cascade model also gives a reasonably accurate description of
the adsorption and elution processes. To a large degree the accuracy of the
model depends on the accuracy of the equilibrium description of the multi-
component adsorption process.

Adsorption and Elution Equilibria
Despite the fact that several authors dealt with the description of multi-

component adsorption equilibria, no sufficiently accurate equation has yet
been published. Literature on the elution equilibria is quite scarce. In Part 1
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of this series [8] an equilibrium relationship, equally suitable for both adsorp-
tion and elution, was described:
biGQ
ri= - ®)

1
1+7(le5? btCi(Qt-6ui) K fH
The above equation was derived from a variation of Weber’s improven-
ment on Langmuir’s multicomponent isotherm equation [7], and from an
improvenment on the B.E.T. multi-component adsorption equation.
In Part 1[8] the equations of benzene, MIBUK and methanol on Amberlite
XAD—4 were given as:

—_F

- Qoboh !
| 1+ 6bCb+ bMBCM + banca 1—k\C\
(6)
<vbBvOm 1

|+ oG+ GoMObs am e 1—kACH

The values of the constants at 20 °C are as follows :
Qb =6.437 mol/kg 6w =0.267 m3/mol 6as = 0.5069 m3/mol,
Qm= 138 mol/lkg 6mMb=0.508 m3/mol 6am = 0.249 m3/mol,
bb =0.197 m3/mol M= 0.0184 m3/mol 7Ca = 4-10-5 m3/mol.

The difference between the measured adsorption and elution data and those
calculated by Eqg. 6 is less than 15%. This equation was used for the solution
of the kinetic cascade model.

I-bed-11 cm}
). bed23(cm
Feed rate- 0.012(md/Q benzene -0 -
0.017(mol/T) MIBUK - x -
Fig. 1

Break-through curves of benzene and MIBUK
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The Adequacy of the Model

In order to investigate the adequacy of the model, benzene and MIBUK were
adsorbed on the Amberlite XAD 4—from their dilute aqueous solution. The
calculated and measured curves are shown in Figure 1 for two different ad-
sorbent layer thicknesses.

It can be seen in Fig. 1 that the agreement between the calculated and
experimental values is indeed very good. This might be attributed to the fact
that bot the solid-phase and pore diffusion coefficients were determined from
experimental values.

Benzene and MIBUK adsorbed on the resin could be separated by methanol
elution. Two adsorption columns of equal volume were connected in series and

Loolumm  B-2Vr(l/h)

Fig. 2
Elution curves of the first column
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loaded with benzene and MIBUK, respectively. Then the columns were eluted
with methanol both con-currently and eounter-currently.

The elution curves of the first and second colcmns are shown in Fig. 2 and
3, respectively. The experimentally determined values are shown along with

the calculated curves.
It is apparent in Fig. 2 that in the case of counter-current elution benzene,

which is more readily adsorbed, is eluted first followed by MIBUK. In the

Il column B-2 VI(I/h)

Fig. 3
Elution curves of the second column
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case of con-current elution dissolution of both components takes place simul-
taneously.

Fig. 3, on the other hand, indicates that during the regeneration of the
second column benzene and MIBTJK can be separated.

Conclusions

The kinetic cascade model and the new equilibrium relationships derived in
Part 1[8] allow for a good description of both the liquid-phase adsorption and
elution processes. With a judicial choice of the elution conditions, the compo-
nents adsorbed in the multi-column adsorbent system can be separated.
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SYMBOLS

b adsorption energy coefficient, m3mol

d concentration of solute “i” in fluid phase, mol/m3
Dpo pore diffusion coefficient of solute “i”, m3/h

Dsz solid-phase diffusion coefficient of solute “i”, m2h
dp, particle diameter, m

hi  BET-coefficient for component “i”, m3/mol

L length of column, m

11 radius of particle, m

Q ultimate uptake capacity, mol/kg

gi actual amount of adsorbed component “i”, mol/kg

g* equilibrium amount of adsorbed component “i”, mol/kg
i time, h

x axial distance in column, m

R film mass transfer coefficient, m/h

e void fraction in the bed, m3/m3

to specific surface area of the adsorbent, m2/m:

Subscripts

A methanol

b benzene

M MIBUK

i, ...,m, ..., n component

p-i; p; e P serial number of the cascade element
S

—1; s; ...; S serial number of time-sharing
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PE3FOME

CTO4YHblEe BOLbI XUMUYECKON MPOMbILLISIEHHOCTM HacTO COAePXaT Takue MasiopacTBOpMMbIe BeLLecTBa
KOTOpble HE06X0AMMO MCMO/Mb30BaTh B ONepaumax aKCTpakumn. B 60N1bLUMHCTBE Cly4vaeB TakUMK Be-
LLleCcTBaMKN ABNSOTCA cnegytowume: 6eH301, ToNyosn, MeTun-m3obytunketoH (MUBYK) atunosblii
aueTart W. T. [j; KOHLUEHTpaumsi KOTOPbIX B CTOYHbIX BOAaxX COCTABUT BCEr0 HECKO/IbKO FPaMMOB Ha
mTp. Tak Kak opraHMyecKue BELLECTBa 0TPaB/ISIOT NPUPOAHbIE BOAbI, YXUBOTHbLIE U PACCTEHME B HUX,
yfaneHve Takux BeLLECTB MMeeT NepBOCTEMNEHHOe 3HaveHve. Hanbonee pacnpocTpaHeHHbIM Cloco-
60M M3BNeYeHNs ABNSETCA aACOPOLNSA Ha aKTUBHOM YI/1e WM Ha UCCKYCTBEHHbIX CMOJ1ax.

ABTOPbI 13y4yann BO3MOXHOCTb OYUCTKM BOAbl cogepxkawlieli MUBYK ucnonb3oBaHMeM [BYX
afICOPOLIMOHHBIX KO/IOHH 3aro/IHEHHbIX WUCKYCCTBEHHOW cmonoi Tuna AMBERLITE-XAD-4. W3-
MEPSINN 1 YCTAaHOBUAN KMHETUKY afcopbummn. MocTponnn mMogens poHTanbHOR agcopbumm n cuc-
TeMbl 3NOLUN.
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In distillation modelling, the bubble point tridiagonal matrix method
(BP), due to its moderate storage requirement, easy realization and
good convergence characteristics over a relatively wide range of
separation tasks, is often preferred even now to the all equations
simultaneously solving approach. For the original BP-algorithm,
however, no product parameters can be prescribed instead of the
distillate rate. In order to extend the specification range of the
BP-method, the ©-convergence technique of the tray-to-tray calcula-
tion approach was attached to the tridiagonal matrix algorithm.

This combination makes it possible to solve some design-like
problems without introducing an extra iteration level. Some selected
examples illustrate, how efficiently the modified algorithm works.

Introduction

For operating distillation columns it is occasionally inevitable to readjust some
parameters to maintain the desired product quality if the feed conditions
undergo changes (control case) or to meet new product quality requirements
in accordance with the changing demand (design case). Using mathematical
modelling for the determination of the modified set of the parameters, the
above requirements mean that usually output variables such as light, or
heavy key concentration or the bubble point of the products must be specified
as input for the rigorous simulation algorithms.

The equations simultaneously solving methods (e.g. [1, 2]) are theoretically
suitable for treating any kinds of specifications. Nevertheless, they have the
disadvantage that many partial dérivates must be evaluated, which leads to
a large computer storage requirement and long computation time. Moreover,
the construction of such a programme is a rather hard work, in relation to the
less complicated approaches based on the decomposition of the model equa-
tions. Among the decomposition algorithms, the classical tray-to-tray calcula-
tion approach, perfected by Holtand and his co-workers [3], is also capable

5
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of handling bubble point or purity specifications, due to the incorporated
©-convergence method [4]. On the other hand, in the case of multiple feeds
they are not competitive with the other class of decomposition approach
represented by the tridiagonal matrix methods. The latter ones have a con-
siderable flexibility concerning the number of feeds and side-draws, they
exhibit a reliable convergence over a wide range of distillation problems and
are easy to realize as a programme. Among them, the full-decomposition
bubble point (BP) [3] method seems most popular especially for computers
of moderate size. Unfortunately, it is not suitable for treating design-like
or control-like specifications made on products. The standard set of the
specifications consists of the reflux ratio and distillate rate or reboiler heat
duty.

Some attempts so far have been made to extend this set of specifications
to design cases. Hirose et al [6], while preserving the original tridiagonal
structure, developed an effective iterative procedure, which permits the pre-
scription of the condenser or reboiler heat duty, instead of the reflux ratio.
The proposed method is easy to incorporate in existing programmes of any
complexity. Koretitz et al [7] formulated the design-like case as an optimiza-
tion problem, wherein the light and heavy key quantities are prescribed and
considered as constraints and the feed stage location and the reflux ratio must
be varied to maximize these quantities. The relatively simple optimization
scheme is superimposed on the bubble point algorithm.

The present modification discussed in the following makes it possible to
specify the bubble point of any of the products or the mole fraction of the
key component in the distillate or in the bottom, instead of the distillate rate.
All this can be performed without introducing an external iteration loop,
while the tridiagonal matrix structure also remains unchanged.

Modified Algorithm

O-method for Product Specifications

The experiences gained with the tray-to-tray calculation approach have con-
vinced us of the excellent convergence characteristics of the so-called ©-con-
vergence method. In addition, the definition of the ©-correction permits the
prescription of the bubble point or purity of one of the products, instead of
the distillate rate or reboiler heat duty. Moreover, all this can be performed
without any external iteration loop, which would necessitate several repeated
simulations for different values of the distillate rate being adjusted by the
appropriate numerical method.

Though the tray-to-tray-specific ©-correction seems to be alien to the tri-
diagonal matrix approach, nevertheless, we tried to couple the ©-method with
the bubble point algorithm in order to make use of the above-discussed design-
like advantages.

O-correction for different specifications

The detailed description of the ©-method is to be found in [3]. Nevertheless,
for good measure, the basic equations are summarized below:
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0-definition equation :
(6,/di)o = ©(bi/di)oa 1)
or
(di/bi)c = 0(di/6i)ca «

Corrected overall material balances:

(bi)e= 2 (Fi,,)/[! + 0(*/6i)ca] )

(di)c=2 i)/[1 + E>(6ilrfi)cal.
1-1

If associating the above formulation of the overall material balances with
various product specifications, different forms of nonlinear equations of the

same type can be derived:
0(0)=0. 3

These 0-equations can be easily solved by Newton’s method.

The special forms of the 0-equations derived for prescribed product tempera-
ture or purity are as follows:

Distillate bubble point (TD:

0@®)=2[1--"i(2W i(0). w
Bottom bubble point (TB):

00)=2 [i —u TslW s). ®
Distillate purity (mole fraction of the key component, yk):

0(0)=ife-*(0)/1 *(0). (6)
Bottom purity (mole fraction of the key component, xk):

0(0)-e*-fck(0)/3 61(0). @)

In the case of side products, the additional prescriptions naturally result in

additional 0-equations, so that instead of a single 0-equation, a nonlinear
equation set has to be solved simultaneously.

Insertion of the G-method into the BP-algorithm

Before coming to the point of the modification, let us summarize the main
steps of the original version of the BP-algorithm, using vector-notation for its
basic equations:

1. Input: n, nf, F, R, D; estimates of T, V
2. Calculation of the liquid mole fractions from the material balances:

X{=x*"T, V) i=1, 2. c
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3. Calculation of the temperatures of the equilibrium stages from the bubble
point relationships:

N=N\PE) j=1.2

4. Calculation of the vapour flow profile from the heat balances:
V=V (x,T)

5. Checking for convergence. If not converged, go to 2.
6. Output: x, T, V.

Since the 0-correction applies component flows, it can be inserted after the
material balancing. Of course this correction also leads, to a corrected distillate
rate:

(-D)e=2 di(@). ®

The new 0-value more or less corresponds to the modified values of the
design specifications (x or T). A full correspondence is only reached at the
solution point. Due to the decomposition of the equations according to their
types in the BP-algorithm, the effect of the O-correction is somewhat different
from that in the tray-to-tray approach. It means the propagation of the
correction over the intermediate trays might be perceived only with some
delay, in the following iteration cycles. Nevertheless, it was supposed that the
changes of the 0-values from iteration to iteration do not considerably inter-
fere with the convergence of the original algorithm.

The numerous distillation runs show that 2—3 iterations with fix (esti-
mated) O0-value are usually sufficient to stabilize the convergence for the design
case. Consequently, it is advisable to switch over to the product specifications
only after some iterations carried out with estimated 0 (say in the 4th cycle).

Thus, the modified algorithm appears as follows:

1 Input: n, nf, F, R, xk(yk, TD, T B); estimates of T, V and 0
2. Calculation of the liquid mole fractions from material balances:

Z=Z(T, V) i=12 ...¢

If the number of the iterations is less than 3, goto 5

0-correction; new 0-value

Calculation of the temperatures of the equilibrium stages from the bubble
point relationships:

akrw

Ti=TIxJ) j=1I>2.... n
6. Calculation of the vapour flow profile from the heat balances:

V=V(x,T)
7. Checking for convergence. If not converged, go to 2
8. Output:x, T, V.

If the mixture is strongly nonideal, then the step 2 has to be repeated 3—4
times as in [8], in order to take the concentration-dependency of the equilibrium
coefficients into consideration.
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Examples

The time-saving power of the ©-modification will be illustrated with 3 selected
examples taken from industrial practice. The aspects of the selection were to
have possibly different column configurations and different mixtures for their
nonideality. Hence, example 1 represents a conventional distillation problem
with slightly nonideal mixture, example 2 is a case of a special column without
a condenser, and example 3 demonstrates a strongly nonideal distillation task.
The input data are tabulated in the Appendix.

The convergence speed was measured by the average deviation of the sum
of the mole fractions:

®=Till(*J.i-1)2)/n 9)

and the critérium of the convergence was given as E < 0.0001.

With regard to the estimates of T and V, constant molar overflow and
linear temperature profile were assumed.

For comparison, the calculations were also carried out with ©-specification.
Table 1 contains the number of iterations obtained for the different, but corre-
sponding specifications.

Table 1
Examples with different specifications

Number of iterations
Ex-

ample
P Tb D
1 19 18 15
2 34 31 35
3 9 8 7

From the results, it can be concluded that the product specifications do not
considerably increase the iteration number related to that of the //-specifica-
tion case. In addition, for the special column (example 2) the convergence
speed was somewhat enhanced in the event of ~-specifications or x-specifica-
tions. Similar experiences were obtained for a number of distillation problems
which were so far investigated. Evidently, the iteration surplus due to the
delay of the ©-correction effect, seems to be much smaller than the number
of additional iterations required by any external Newton—RAPHSON-like
procedure.

Conclusions

The combination of the ©-method and the bubble point algorithm makes it
possible to solve some design-like problems of existing distillation columns,
without introducing any time-consuming extra iteration level. Experience
showed that the combined method exhibits good convergence characteristics
and its application yields a considerable saving of time as related to the
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Vol.

classical extra-iteration-loop calculation. Moreover, it is easy to insert the
relatively simple 0-method into existing programmes. A similar combination
with no full-decomposition matrix algorithms (e.g. [9, 10]) also proved to be
very useful. Of course, for those who possess a global, all equations simultane-
ously a solving programme, the whole procedure discussed in this paper, may

lose its attraction.

Input data of the examples

Appendix

Example 1 (propane-butane column)

Feed

Mass flow, kmol/h
Temperature, K
Components, kmol/kmol

ethane

propane

butane

pentane

hexane

heptane

octane

nonane

decane

Operation parameters

Pressure, Pa

Number of theoretical trays
Feed location

Reflux ratio

Reflux temperature, K
Condenser

Reboiler

Mole fraction of butane in bottom, kmol/kmol

(bubble point of bottom, K)
(distillate rate, kmol/h)
Equilibrium model

Enthalpy

Example 2 (reboiler absorber)

Feed

Mass flow, kmol/h

Temperature, K

Components
methane
ethane
propane
I-butane
n-butane
i-pentane
n-pentane

1

114.6
250.0

140.8
417.2

0.0005
0.0655
0.1111
0.1721
0.1714
0.1677
0.1279
0.0849
0.0989

8x 105
15

7

4.5
bubble
total
partial
0.0200
(439.5)
(23.86)

point

Grayson—Streed, Hildebrand,

Redlich —Kwong

polynomial

Mole fractions, kmol/kmol

0.1224
0.4642
0.0566
0.0001
0.0001
0.0003
0.0015

751.1
279.0

0.2638
0.1168
0.1282
0.0454
0.0466
0.0128
0.0120
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hexane 0.1207 0.1251
heptane 0.1271 0.1344
octane 0.0738 0.0791
nonane 0.0244 0.0263
decane 0.0088 0.0095

Operation parameters

Pressure, Pa 25 X 105
Number of theoretical trays 16
Location of feed 1 1
Location of feed 2 9
Reboiler partial
Mole fraction of ethane in bottom, kmol/kmol 0.0070
(bubble point of bottom, K) (442.7)
(distillate rate, kmol/h) (358.6)

Equilibrium model
Convergence pressure, Pa
Enthalpy

Example 3 (strongly nonideal mixture)

Feed

Mass flow, kmol/h
Temperature, K
Components, kmol/kmol
ethanol
water

Operation parameters

Pressure, Pa

Number of theoretical trays
Feed location

Reflux ratio

Reflux temperature
Condenser

Reboiler

Mole fraction of ethanol in bottom, kmol/kmol

(bubble point of bottom, K)
(distillate rate, kmol/h)
Equilibrium model
Enthalpy

number of components

distillate rate, kmol/h
mass flow of feed, kmol/h
component index

tray index

number of theoretical trays
f location of feed
reflux ratio

XS soxT-Mmoeeo

vapour-liquid equilibrium coefficient

SYMBOLS
component mass flow in bottom, kmol/h

component mass flow in distillate, kmol/h

polynomial based on GPSA-charts
150 X105

pseudo-component principle;
Redlich—Kwong eq. of state

100
352.3

0.4205
0.5795

1.01 XIO5
15
10

3

bubble point
total

partial

0.0890

(360.3)
(44.52)
Wilson
polynomial
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T temperature of equilibrium trays, K
TD bubble point of distillate, K
TB bubble point of bottom, K
V  vapour mass flow, kmol/h
z mole fractions in feed, kmol/kmol
X liquid mole fraction, kmol/kmol
y  vapour mole fraction, kmol/kmol
Xk mole fraction of key in bottom, kmol/kmol
2k mole fraction of key in distillate, kmol/kmol
© variable to be iterated in ©-equations
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PE3FOME

MpuY MOAENMPOBaHNN PEKTUDMKALMOHHBIX KO/IOHH M B HALLIW AHU MEeTO[ M3BECTHbIN Kak Tpuamaro-
Ha/bHbI MATPUYHbIA MOKOMMOHEHTHBIV NoAXoA (BP) NperMyLLECTBEHHO UCMO/b3YHOT BMECTO asiro-
PVUTMOB peLLaoLLIMX OAHOBPEMEHHO BCe YpaBHEHUS. ITpUUMHA 3TOr0 06BLSICHSAETCA C TeM, UTO B 3TOM
cnydae Tpe6yeTcst MeHbLLUe NaMATK, Sierde MOXHO COCTaBUTbL NPOrpaMMbl U B CPABHUTE/bHO LUNPO-
KOW 061acTV 3aa4 CXOAMMOCTb OKasbIBAeTCA ObICTpell. OpUrMHA/IbHBIA BapyaHT MOKOMMOHEHT-
HOro MeTo/a 0HaKO KPOMe KOMMYEeCTBa IECTU/IATA He PaspeLLiaeT YUnTbIBATb CNeLyasibHble Xapak-
TEPUCTMKM KadecTBa NpodyKTa. C Lefblo paclumMpeHnsi 06/1acTy crneupdmKaLyeli MoKOMNOHEHTHOro
mMeToda, T.H. 0 anropuTM CXOAMMOCTY MOTAPEe/IOYHOro pacyeTa COeAUHUIN TPUaMaroHalbHbIM
MaTpUUHbLIM METOZOM.

Takas KOMGMHALWsI MO3BOMMMA TPaKTOBaTb [AaHce Creuy(uKaLmMio HeKOTOpbIX MapaMeTpoB
NPoAyKTOB 6e3 BBEAEHVIS I0NO/bHUTENBHOTO NTEPALVOHHOIO YPOBHS. SPMEKTUBHOCTL MOANMULIN-
POBaHHOrO anropuUTMa UNMKCTPUPYETCS CreLpanbHbIMU NPUMEPaMU.
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Absorption of carbon dioxide by adsorbents impregnated with alkanol
amines was investigated in a laboratory-scale packed column. The
over all gas-phase mass transfer coefficients and the enhancement
factors were determined in these systems.

Based on the examination of the mechanism of the chemical reaction
taking place in the interfacial layer, a reaction model is proposed,
which can account for the effect of the chemical reaction upon the
absorption rate, better than any other model described in literature.

Introduction

For the design of absorption systems, a knowledge of the mass transfer coef-
ficients prevalent in the given system is of prime importance. Since the chemi-
sorption of carbon dioxide is a widely used operation, a large number of theo-
retical and practical papers dealt with the absorption of carbon dioxide in
alkanolamines, alkaline hydroxide and carbonate-containing absorbents.

Danckwerts published an excellent review [1] dealing with the methods
used for the estimation of the mass transfer coefficients and the absorption
rate. Apparently, the methods based on the film-model, Higbie’s and D anck-
werts’ mass transfer models can efficiently be used for the estimation of the
effects of the reaction rate upon the mass transfer coefficients and the absorp-
tion rates, even though the mathematical apparatus involved is fairly simple.

Nevertheless, large differences were observed between actual absorption
rate data determined in plant-scale columns and those calculated by the
methods mentioned above, when carbon dioxide was absorbed by monoethanol
and diethanol amine solutions [2].

Since the available experimental results were obtained, almost exclusively,
in laboratory-scale model systems (laminar and turbulent jet, agitated cell,
etc.), measurements were carried out with carbon dioxide-alkanolamine solu-
tions using a laboratory-scale packed column. The results obtained were
compared with both literature data and with values calculated by the models
proposed.
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Experimental

Apparatus

A laboratory-scale packed column was used throughout the experiments. Its
schematics are shown in Fig. 1. The column consisted of 8 glass elements,
with internal diameter, dk=0.08 m. The column was packed to a height of
0.9 m (h) with porcelain Raschig rings of nominal diameter, dp—0.009 m.

Fig. 1
Schematics of the experimental apparatus
1 — packed column, 2 — gas cylinders, 3 — pressure buffers, 4 — gas mixer, 5 — rota-
meters, 6 — P205 drying tube, 7 — gas interferometer, 8 — absorbent tanks, 9 — pump,
10 — thermostats, 11 — injection device, 12 — conductometers, 13 — recorders, 14 —
overflow device

Thus, the h/dk ratio corresponded to the value proposed by Uchida and
F rjita [12], and the dk/dp ratio was higher than the universally accepted
minimum value as proposed by Baker [13]. The column was packed by the
so-called wet method. The measured void volume fraction was e= 0.63, corre-
sponding to literature values obtained for packings of similar geometry [14].

The argon and carbon dioxide gas mixture was immediately introduced
under the packing support screen.

The absorbent was stored in a polypropylene tank of 0.1 m3capacity and
fed in at the top of the column by a pump. A perforated liquid distributor
was used at the top of the column. Visual inspection revealed that the distri-
bution of the absorbent liquid was sufficiently uniform. An overflow device
was used at the bottom of the column to maintain a constant liquid level.
The temperature of both the gas and liquid phases was controlled in such a
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manner that the nominal temperature could be measured at the centre of the
column.

The design of the apparatus allowed for the determination of liquid-phase
hold-up calculated from the measured residence time distribution functions.
Steigel’s method [15] was used for the residence-time distribution measure-
ments. The modified version of the liquid sampler of Arva and Szeifert [16]
was used for the determination of conductance in the column.

Measured Quantities and the Calculations

Measurements were carried out at atmospheric pressure and T= 293+0.5 K.
The nominal C02 concentration in the gas mixture entering the column was
18% vlv.

The volumetric flow rate of the thermostated gas and liquid flows was
determined by calibrated rotameters. Gas rotameters were calibrated as a
function of the carbon dioxide concentration in the input flow, while liquid
rotameters were calibrated against the density of the liquid phase.

Gas pressure was measured in front of the rotameter, pv at the exit of the
column, pv at the entrance of the analyser, p3. The atmospheric pressure and
the pressure drop along the column were also determined. The average gas
volumetric flow rate could be calculated from the pressure data, the calibra-
tion curve of the rotameter and the extent of absorption. The CO02Ar mixture
was considered an ideal one.

A thermostated Zeiss gas-interferometer was used for the determination
of the carbon dioxide content of the gas phase. Therefore, the gas mixture
entering the apparatus was not saturated with water vapour, rather it was
dried prior to analysis.

The general gas-side mass transfer coefficients were determined for carbon
dioxide in the course of experiments with ion-exchanged water, potassium
carbonate-hydrocarbonate buffer, aqueous solution of diethanolamine, and
potassium carbonate buffer solution of monoethanolamine and diethanol-
amine.

The Ar\C03—HZ£) System

In order to standardize the apparatus, the general gas-phase mass transfer
coefficients and liquid-phase hold-up were determined for the Ar/C02—H 20
system. The operation parameters were: G= 0.5—2m3hr1 L =50—150 dm3h_1.

Sater’s and Levenspiel’s method [17] was used for the determination of
the liquid-phase hold-up from the moments of the measured residence time
distribution curve. A linear regression was applied between the measured
values and liquid feed-rate. The correlation obtained was compared with that
of Gerbe [18]. As shown in Fig. 2 the correspondance is satisfactory.

The ideal output flow model of the apparatus was used for the determina-
tion of the general gas-phase mass transfer coefficient [16]. It was assumed
that the concentration of dissolved carbon dioxide in the distilled water enter-
ing the system was negligible:

Kca: ES)(--7.--]-- Y(h) )

h * "miio mvg
1= [1-Y(m)1
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The regression relationship obtained is compared in Fig. 3 with that of
Mathtjr and Wellek [19], obtained on a column of similar geometry operated
at 298 K in an identical hydrodynamic range.

H/m3 m3

Liquid hold-up — liquid loading correlation calculated from the residence time distri-
bution

HL=1.327x10-2 L°-m3m*“3

W "all/s!

Fig. 3
Generalised gas phase mass transfer coefficient as a function of the gas and liquid load

Kaa= 3.646 X 10'5L I-om GO-122/* -1
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The ArlIC02—K 2C03IKHCO3IH2 system

The usefulness of the physico-chemical quantities and the methods used for
their estimation were tested in the Ar/C02—K 2203/KHCO03system. The data
and the relationships used are summarized in Table 1. Since no literature data
were available, the density, viscosity and surface tension values of the absor-
bents used were measured.

The physico-chemical characteristics mentioned were determined at T =
=293+0.02 K. Viscosity was determined by an OsTWALD-type capillary-
viscosimeter, and surface tension by a stalagmometer. Surface tension was
calculated from measurements carried out with materials of known surface

Table l.a.
The physico-chemical quantities, hydrodynamical parameters
and relationships used for the calculations

Quantity Value Calculation method Ref.
D/mas_1
7 =298 K 1.88XI10-9 - [20]
CO2/H20
D/ma2s_1
7 =293 K 1.4 X10"9 Stokes—Einstein’s [22]
C0O2/H20 -K 2COs3 equation
Z>[mz2s-1
CO02/Ar 1.47x10-5 - [21]
=298 K
D/m2s-1
COalAr 143X 10-5 Fuller’s method [22]
7 =293 K
fiaTa s 2.09x10-5  Golubev’s method [22]
7 =293 K '
Op/m -1 522 ctp=4.7/dp [23]
fco/m s-1 7.512 X 10%3 x<7°-7 [24]

Onda et al’s correlation
1 relationship (23]
a/m-1 50.9 X i °>323 [25]
m
COa/HaO 1.07 [14]
m
C02/K2C03/H20 1.29 [26]
Ck2c03=0.8 moldm-1
m Van Krevelen’s and
HoFTIJ7.ER method w

, Value published by
tOH >k Am Danckwerts and Hikita [26, 30]
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Table I.b

The physico-chemical characteristics of the absorbents used for the experiments
=293+0.02 K

CAmkmol m-3 elkgm3 108X&Pas 102X0fNm-1
deal/h2
0 998.2 1.004 7.260
0.015 998.3 1.032 7.195
0.077 999.0 1.038 7.175
0.125 999.5 1.050 7.118
0.310 1001.2 1.113 7.042
0.325 1001.1 1.118 7.022
0.515 1001.5 1.190 6.977
MEA/CO3 /HCO03/H2

0 1069.1 1.183 7.272
0.008 1069.7 1.184 7.310
0.018 1070.5 1.191

0.042 1070.8 1.200 7.321
0.096 1071.8 1.201 7.310
0.300 7.305
0.372 1073.0 1.218

0.525 1073.4 1.325

DEA/CO3 /HCO03/H2

0.013 1069.3 1.197 7.318
0.028 1069.4 1.203 7.316
0.061 1069.8 7.308
0.086 1070.0 1.216 7.302
0.300 1072.2 1.255 7.269
0.500 1072.4 1.319 7.257

tension (propionic acid [28]). Double-distilled water was used as reference
material in the viscosity determinations. Density was determined by a DMA
20 C type instrument (Anton Paar, K.G., Graz, Austria). The results are
shown in Table I.b.

Liquid feed rate was identical with that of the previous run, while the gas
flow rate was kept at G=0.5—1.5 m3h-1. The nominal total carbonate con-
centration was always Q=0.7 mole dm-3, while the CO|_/HCOy ratio, P =
= 0.65—0.73.

The following model was used for the calculation of the mass transfer

coefficient.
Dissolved carbon dioxide reacts in a solution, which contains both carbonate
and bicarbonate ions, as follows :

C02+ COI-+ H2 * ; HCO3 2)
(Without catalysis the rate of the
C0:+H20 = HCO3 +H+

reaction is negligible compared with that of Eq. 2 in solutions of pH >10.)
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The reaction described by Eq. 2 takes place in two steps. The rate controll-
ing reaction :

H
CO2+ OH- -—-- HCOS% (3)
is preceded by the immediate reaction:
COi”"+H2 = HCOs + OH- (4)

Under given experimental conditions, assuming that reaction (3) is fast
enough to establish an equilibrium for the bulk phase, the concentration of
carbon dioxide dissolved in the bulk is sufficiently low. Thus, reaction (3) can
be considered irreversible, and the driving force of mass transfer becomes equal
with the carbon dioxide concentration in the gas phase. Also, assuming that
reaction (4) establishes an equilibrium in the diffusion layer between local
OH*, CO3 and HCO3 concentrations, hydroxyl ion concentration in the
diffusion film becomes practically constant and approaches the OH- concen-
tration in the bulk. Its mathematical condition [1]:

fc'oHDcoaIOH-]_
([con [neos] Kb

is fulfilled in our experimental conditions, and accordingly, reaction (3) can be
considered a pseudo-first order, irreversible reaction.

Assuming that the concentration of physically dissolved carbon dioxide is
zero in the liquid phase the general gas-phase mass transfer coefficient can be
calculated by the following relationship, which is based on the ideal out-flow
model of the system :

1« (6)

K=" 1 ©)
Yy out
According to the general additivity of the resistances:
gz m
J2 = ey W)
KG I

Liquid hold-up, used for the calculation of the general gas-phase mass
transfer coefficient, could be obtained by calculation from the values measured
with the Ar/C02—H 2 system, taking into consideration the density, viscosity
and surface tension of the carbonate solution, and using the relationships of
Hobler [27].

The pH of the solution at the entrance and exit of the column was also
measured. The logarithmic average (OH-) value could be calculated from
these data. Experimental values were accepted only when the mass balance
equation of the gas phase was satisfied within +10%. The results are shown
in Table 2.

Liquid-phase mass transfer coefficients can be estimated for absorption
accompanied by an irreversible, pseudo-first-order reaction with the following
equation [1]:

k\,, r=1/&1, o+ &ohDcoj[OH ] (8)
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It is noted that exact values could be obtained from the integral average
of the local values of the right-hand-side term, but since axial changes of the

Table 2
Generalised gas-phase mass transfer coefficients for the
Ar/Co 2- K2CO3/KHCO3/H20 system
T=293+0.5 K
p = (1.00 +0.01) XIO5 Pa

0 L y(0) y(h) [OH-]X104 ®0X102 {iToaXI03
m3hrl dm3h1 mol mol-1 mol mol-1 mol dm-3 ms-1 S-i

.508 50 0.184 96 0.158 18 1.60 5.19 9.02
1.045 0.186 27 0.174 13 1.05 10.67 8.00
1.053 0.178 75 0.166 82 1.28 10.75 8.25
1.588 0.182 43 0.174 70 0.91 16.21 7.79
1.515 96 0.184 23 0.150 88 1.94 5.61 12.45
1.050 0.179 96 0.163 28 1.44 11.50 12.43
1.081 0.178 45 0.163 32 112 11.77 11.60
1.579 0.187 52 0.177 35 1.02 17.19 10.65
0.509 145 0.176 50 0.138 33 1.42 5.86 15.87
1.053 0.180 40 0.160 16 161 12.13 16.04
1.045 0.180 00 0.161 65 1.10 12.03 14.37
1.581 0.182 75 0.169 30 1.25 18.21 15.47

T ~ 2 O*([OH])/mol dni
Fig. 4

Measured and estimated mass transfer coefficients for the CO2/AIl-H20/CO3 /HCOs
system. 6?=0.50—1.50 m3 h_1. Full line indicates the ki,a vs[OH _] relationship based on
Danokwbet’s model
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hydroxide concentration along the entire column were always within 20%,
use of Eq. 8 probably does not introduce any significant error.

Mass transfer coefficients calculated from the measured values and also
from the average hydroxyl ion concentration by Eq. 8 are compared in Fig. 4.
(K0a)2is plotted in the Figure, and not (kLa)2 because under the given condi-
tions the gas phase resistance to mass transfer can be neglected in Eq. 7.

The acceptable agreement of the measured and calculated values indicates
that the literature data used are indeed applicable for our system, and also
the accuracy of the methods used for the estimation of physico-chemical
characteristics and hydrodynamical parameters is acceptable.

The ArlCO02alkanolaminelHD and ArjC02alkanolaminelK2GO2JKHCO3jHD
Systems

Measurements with MEA and DEA were carried out in the same manner as
described above. Liquid feed rate was L= 100 and 150 dm3h_1, gas feed rate
was (7= 0.5 and 1.0 m3h-1. In the case of carbonate-containing systems the
overall carbonate content was Q=0.7 and the CO8~/HCO3 ratio was 0.72 in
the absorbent entering the system. Amine concentration in the absorbent was
set by accurate weighing.

A number of difficulties were met in the evaluation of the experimental
results, so these will be dealt with separately in the following chapter.

Evaluation

According to the earlier, universally accepted practice—as shown, e.g. by
Danckwerts [1]—the reaction taking place between carbon dioxide and MEA
or DEA was considered a second order one, i.e. a first order one for both
carbon dioxide and the amine. The overall reaction is:

2RiR2NH + COa 2= R1R2NCO2 + R1R2NH?2 9)
Table 3
Generalised gas phase mass transfer coefficients for the
Al1/CO2-MEA/K2CO3/KHCO3/H20 system

T=293+05 K

j»=(1.00£0.01) xIO5 Pa

E: 0.500 m3h-1

=100 dm3h-1
2=0.7 mol dm-3
P=0.72
6Am [OH-JX104 No WV @X10% KaaXis
mol dm-3 mol dm-3 mol mol-1 mol mol-1 ms-1 a1l

0.005 141 0.185 65 0.131 35 5.47 21.03
0.013 1.45 0.185 85 0.115 06 5.46 29.09
0.404 1.43 0.182 83 0.087 21 5.46 4491
0.890 1.46 0.183 30 0.071 24 5.47 57.44
0.186 152 0.186 06 0.052 79 5.47 76.56
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Table 4

mol dm-3

0.108
0.227
0.470
0.715
0.964

Table 5

mol dm-3

0.003
0.006
0.020
0.043
0.093

Table 6

<Am
mol dm-3

0.003
0.007
0.021
0.046
0.095

F. PiAtkovios és I. Horvath

Generalised gas phase mass transfer coefficients for the
Ar/COr—DEA/HroO system

T=293+£0.6 K

» = (1.00 + 0.01) X 106 Pa

G=0.500 m3h-i

£ =100 dm3h-1

No l@) L@QQ

mol mol-1 mol mol-1 ms-1
0.184 36 0.103 80 5.59
0.184 03 0.075 43 5.59
0.188 00 0.042 29 5.63
0.187 60 0.019 50 5.67
0.184 95 0.012 14 5.64

Generalised gas phase mass transfer coefficients for the
Ar/CO2—DEA/K2CO3/KHCO3/H20 system

[=293+0.5 K
p=(1.00+£0.01) xIO5 Pa
G=0.500 m3h-i
L= 100 dm3h-1
Q=0.7 mol dm-3
P =0.72
[OH-]X104 »(0) () ®aX10a
mol dm-3 mol mol-1 mol mol-1 ms-1
1.41 0.187 00 0.146 80 5.26
1.43 0.179 90 0.130 95 5.26
1.47 0.179 86 0.126 02 5.13
1.56 0.186 30 0.118 85 5.06
1.60 0.180 08 0.110 79 5.03

Generalised gas phase mass transfer coefficients for the
Ar/CO2- DEA/K2CO3/KHCO3/H20 system

r=203+05 K
» = (1.00£0.01) X105 Pa
G=1.00 m3h 1

L =145 dm3h_1
Q=0.7 mol dm-3

P =0.72
[OH-]X104 v(0) y(h) roX102
mol dm-3 mol mol-1 mol mol-1 ms-1
1.40 0.180 90 0.158 78 12.40
1.43 0.180 01 0.156 78 12.2
1.40 0.179 65 0.150 92 12.2
1.60 0.179 76 0.147 72 12.2
1.58 0.184 26 0.149 12 12.1

Vol.

wffodX103
S1

35.68
55.40
89.04
142.63
181.50

Koax 103
S¥1

14.15
18.56
20.28
25.27
27.15

Xgii X103
s"1

17.97
19.40
23.63
26.61
28.45
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which follows the following mechanism :
RiRzNH + COa ™ R1R2NHCO2 (10)
R1IR2NHOO2 + RiRaNH ~ R1R2NCO2 + R1R2NH2 (11)

If the proton-transfer reaction described by Eq. 11 can be considered
momentary compared with Eq. 10, then the rate determining reaction is
Eqg. 10. If the amount of carbon dioxide physically dissolved is negligible,
then the reaction between carbon dioxide and the amines is an irreversible,
second-order one. The rate determining step is the reaction described by
Eqg. 10, while the reaction rate is expressed by Eq. 12:

= &[Co 4 [Am] (12)

Under such conditions the differential balance equations constructed for
the boundary phase cannot be solved analytically. However, the growth coef-
ficient can be calculated by the equation derived from the numerical solution
of the equations of the film model. These equations were derived by van
Krevelen and Hoetijzer, and published by Danokwerts [1]:

1/ EUTE/ 1f Ei-E
EU MmEATTManb\m > 7 (E

Growth coefficients calculated by Eq. 13 and those calculated from the
measured values are compared in Fig. 5.

InE

Calculated (from measured data) and estimated growth coefficients
1 — DEA + carbonate, Lzlﬁ dm3h_| 0=050 m3h 1, 2 — DEA + carbonate, L=
= 150 dm3h-1, (?= 1.00 m3h-1, 3 — MEA + carbonate, C = 100 dm3h-1, 0 = 0.50 m3h-1,

- DEA, L=100 dm3h“* 0 =0.50 m3h“!, 5- MEA + carbonate [31], 6 — MEA [32]

6*
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It can be seen that though the difference between the measured and calcu-
lated values is within the limits acceptable for design purposes, the estimated
values have to be considered basically wrong, because there is a trend-like
increase in the deviation. This deviation is a monotonous function of the
growth coefficient, and as such, makes any extrapolation impermissible.

The fact, supported both by our experience, and a number of recent papers,
that the difference between measured and calculated values is a monotonous
function of the growth coefficient, prompted a more detailed investigation of
the reaction mechanism.

Based on the critical analysis of literature references, Danckwerts [3]
believed that the mechanism proposed by Cnprow could be applied for both
MEA and DEA. Accordingly, the reaction mechanism can be formulated as:

RiR:NH +CO: — RiR:N+HCOT' (14)
*11

RiR:N+HCOT+ —h RiR2NCOJ+ BH+ (15)

where B is a BRONSTED-base. In our systems B is either H2, OH- or the
amine.

Assuming that the concentration of the very labile [BAR*"N+HCOjr] is low
and the Bodenstein principle can be applied, the reaction rate based on the
elementary steps described by Eq. 14 and 15, can be given as:

k= &I[Co 2][Am] —&L[RIR N +H C02] = [RiR N +HC02] 2 * £ Ne ] (16)

If the concentration term of the intermediate is eliminated, the concentra-
tions of the probable bases are substituted into Eq. 16, and the co-current
reaction taking place between C02 and OH~ is considered (Eq. 3), then the
following expression is obtained:

rmoir. feio + 1b, Am[Am]+fe OH[OH ] \ KOH [OH~])
= [CO2[[Amjfci | ——--- — 7 (1<)
(Ei+fa, o+fe LAMIAmM] + fe, oh[OH ]/ ki [Am]j

However the application of Eq. 17 is limited, because the rate constants
are unknown, and also, its form does not allow for the usual, formal treat-
ment, i.e. the reaction rate is given as the power multiple of the reactant
concentrations.

Accordingly, a combination of the parameters in Eq. 17 was determined
using an ODRA—1204 digital computer, which best fitted Hikita’s measure-
ments [30]. Due to the large number of the parameters Eq. 17 was rearranged
in such a manner that the parameters:

&b o ioH k-1 )
i ‘ f "1
o kB, Am KB, Am KB, Am
occurred in it.
In order to further decrease the number of parameters it was assumed that
the Bronsted relationship could be applied for the rate constants of the

deprotonation reaction, Eq. 15.

(18)
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where

and
[B] [H+]

[HB+] B =const.

Kbh=

Thus, since KB is known for the given components, the number of para-
meters could be reduced to three. Two conditions were examined in the course
of the calculations simultaneously. The first requirement is the numerical
agreement of the reaction rate with that calculated from Hikita’s measure-
ments [30]. The other requirement is that for a given OH- concentration, and
amine concentration range the order of the reaction is constant and agrees
with those established by Hikita [30]. This means that the following condi-
tions set has to be satisfied:

------------------ = const (19)
[CO[Am]”

and n= 1if Am= MEA, 0.015< [Am] <0.177 and n=2if Am=1)EA, 0.174<
< [Am]<0.719 mole/dm3

Using the parameters obtained as described above, the reaction rate was
calculated with Eq.17 for a given OH- concentration as a function of the amine
concentration. The reaction-rate — amine concentration relationship indicates
that the order of reaction depends on the amine concentration. For any given
OH~ concentration it can be accurately approximated by a power function
of the amine concentration:

r—CO0Z"~Am]a (20)
where
a, Kx=f([Am]) (21)

Accordingly, the reaction rate can be given for the successive ranges as the
usual power-multiple. This makes the calculation of the growth coefficient
possible in a similar manner to Eq. 13.

According to Hikita and Asai [31] the growth coefficient of absorption,
accompanied by a chemical reaction in the boundary phase, characterized by
the rate equation:

r= KninbTbT (22)

can be calculated as follows:

The growth coefficients were calculated by Eq. 23 and the rate equations
determined by us. The values thus obtained were again compared with those
calculated from the measured data. The comparison is shown in Fig. 6.
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Fig. 6
Calculated (from measured data) and estimated (by the improved method) growth
coefficients
12—0.4<a<l; 3-0.7<a<1.3. 4-a =2, 6-a=1.

(Curve 5 cannot be evaluated, for pH>11, thus further reactions could take place)

It can be concluded that though some differences between the calculated
and measured values still exist, the curves obtained are approximately parallel

with the E = E line. This indicates that the differences are due to the uncer-
tainties of the physico-chemical quantities and the parameters, and that the
model is correct.

Regarding the mechanism of the amine-carbon dioxide reaction, it can be
concluded that the approximation offered by the mechanism formulated by
Eqg. 14 and 15 is better than formerly possible. Another advantage is that its
elements are in agreement with experimental data obtained by other methods.
The evaluation method described here allows for the estimation of growth
coefficients by proven and widespread methods.

Discussion

Even though the model developed here, which considers the complicated
mechanism of the reaction taking place between carbon dioxide and both
MEA and DEA, is a better approximation of the reality than the earlier
attempts, the estimated growth coefficients differ significantly from those
determined in actual plant-scale systems [2]. This difference might be due to
the inaccuracy of the physico-chemical data used for the calculation of the
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mass transfer coefficients. (For example, the published rate constants of MEA
and carbon dioxide at 298 K range from 5000 to 8500 dm3mole-1s-1 [4]).
Also, the effects of the chemical reaction upon the actual mass transfer surface
area are not fully known, and this effect can be estimated only qualitatively.

Finally, it has to be mentioned that the amines used act not only as reac-
tants, but also as surface active agents. During the absorption process convec-
tive flows are induced in the vincinity of the phase boundary layer [5, 6].
The hydrodynamical conditions thus created make the use of transfer models,
based on diffusion into a stagnant liquid phase, at best questionable. Though
there were several attempts to describe both physical absorption [8, 9] and
chemical reaction-accompanied absorption [10] on the basis of turbulence at
the phase boundary layer, only regression equations [11] can be used for the
acceptably accurate description of the phenomenon.

In our view, the accuracy of the description can be increased by improving
the physical model and studying the surface active effects of MEA and DEA.

SYMBOLS

=

liquid phase concentration of the component to beabsorbed, mole dm.s
liquid phase concentration of the reactingcomponent, moledm-s
flow rate of the gas phase, ms h-:
flow rate of the liquid phase, dms h~I
diffusion coefficient, mz s-1
generalized mass transfer coefficient, m s_:
overall carbonate content, mole dm-s
partial mass transfer coefficient, m s_:
reaction rate constant
linear flow velocity of the phase, m s-1
dimensionless concentration in the gas phase, y/y (0)
gas phase concentration of CO2, mole dm-3
(0, h) gas phase COz2 concentration at the entrance and exit points, mole dm-3

Henry coefficient, Cg/Cl, —
,ni, m exponents defined by Eq. 19 and 22
concentration, mole dm-s
buffer ratio, [CO3 ]/[HCO3]
reaction rate, mole dm-3, s_I
basicity constant, [H+B]/[B] [H+], dms mole-:
growth coefficient, —
limiting value of the growth coefficient for immediate reactions

F.HCO,/(Kb,OXLCC»z It{p -
the effective boundary, m 1

o
~

MMXT TV o553 << <x<<XXOXO0M®
o

<

a surface area o

a surface tension, Nm- 1

y dynamic viscosity, Pas
q density, kg m-3s

Hi liquid hold-up, ms m-s
d diameter, m

h height of the packing, m
e void volume coefficient, ms m-s
Subscripts

L liquid

G gas

component
R in the case of chemical reaction
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p
K
Am
(0]
B
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packing

column

amine (= MEA and DEA)
without reaction

Bronsted base

Superscripts

1
*

i p
A

e

©®o~N O

10.
11.

12.

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.

29.

phase boundary
equilibrium
boundary phase
estimated
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PE3IOME

ABTOPbI M3y4asin NPoLEeCC aacop6LMM YINEKUCNOro rasa aacopbeHTamMn CoaepXKalumMmn ankaHos-
aMVHbI B 3arMo/IHEHHOI KO/IOHHe 1abopaTopHoro pasMepa. Onpeaennam KoagduLmeHTbI Maccomnepe-
[aun 1 pocTa 415t YNoMSIHYTbIX cucTeM. [oCTPOMIN MOfe/lb MexaHu3Ma XUMWUYECKON peakLmm
npoTeKatoLLeli B MOrpaHUYHOM C/l0e YYUTLIBAIOLLYHO B/IMSIHVE PeakLy Ha CKOPOCTb afcopbuuu.
Mogenb AaeT fydllee NPUBVKEHVE MO CPABHEHMIO M3BECTHBLIX METOJ0B pacyeTa.






HUNGARIAN JOURNAL
OP INDUSTRIAL CHEMISTRY
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NCCNEQOBAHUE JTOKAJIbBHOIMO MACCOIMNEPEHOCA
OT HACTUUBI K XXNOKOCTW. L.

OBYX®A3HbIE CUCTEMbI: HEMNOABUXXHbLIA N MCEBAOOXXUXXEHHbIA C/10W

EpmakoBa A., Ky3sbMuH B. A. n ¥YméetoB A. C.

(MHcTuTyT Katasimza CO AH CCCP, HoBocrnbupck)

B pa6oTe npuBefeHbl pesy/bTaTbl 3KCMEPUMEHTAIbHOMO WCCNefoBaHUSA
JIOKaNIbHOro MacconepeHoca 0T XMAKOCTU K HacTuLle B ABYX(ha3HOM HENoaBuMXK-
HOM UM MCEBLOOXWMXEHHOM Cnoe. 3MepeHuss NPOBOAUIUCE 3MEKTPOXMMUYE-
CKUM MeTogoMm. [MosydeHa 3aBUCUMOCTb OCPEAHEHHOro W Ny/bCalMOHHOIO
3HaYeHUs Ko3h(hULIMEHTA MacconepeHoca 0T CKOPOCTM XXMUAKOCTU MPU U3MeHe-
HUKM noposHocTu cnos ot 0,38 4o 1. OTMeYeHo, YTO KpMBas 3aBUCUMOCTU AunC-
nepcumn KoaumumeHTa mMacconepeHoca 0T CKOPOCTM XXUAKOCTU MPOXOAUT Ye-
pe3 MakcMmyMm B 06/1aCTU Havana NceBLOOKMKEHUSA. DKCTPEMa/IbHbIN Xapak-
Tep 3TOW 3aBMCUMOCTU faeT BO3MOXHOCTb WCMO0/b30BaTh 31EKTPOXMMUYeE-
CKWIN MeTOog ANs onpefeneHns CKOPOCTY Hayasa NceBLOOKMKEHUS.

3KcrnepuMeHTa/IbHble faHHble 0600LLEHbI B BUe KPUTepUasibHOO ypaBHe-
HYA

Sh=F(E)Sh\é= 1

KOTOpOEe CMpPaBes/IMBO 11 HEMOABUXHOIO W MCEBAOOXKIMKEHHOrO Crosl, a
TaKke 41151 eIVHNYHONA YacTuubl. Bug (yHKUMM F(€) HaliieH 13 paccMOTPeHs!
reoMeTpUYeCcKoin Mofenn YNakoBKW 3epHUCTOrO Cost. [laHo cpaBHeHwWe
MoMyHeHHbIX Pe3y/bTATOB C INTEPATYPHLIMU AaHHLIMM.

MNMocTaHOBKa 3agaun

B npeablayuiem coobuieHny [1] — npu nccnefoBaHnM noKaibHOr0 MacconepeHoca
OT XUAKOCTU K eAVHWYHON YacTuLe, COBepLUAlOLLeli rapMOHMYecKne KonebaHus co
CKOpOCTbHO:

V(t)= (Uo—Av Q08 (Ogt) @

Oblna nonydyeHa cnefylowas MHBapMaHTHas CBA3b MeXAy OCpefHEeHHbIMU 3HayeHU-
AMU CKOPOCTU M KO3(h(ULMEHTA MacComnepeHoca:

M cMm
K=(0,739+£ 0,021) X PO3K1'2E-e-- @

K
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roe

V=A,, 1/1—x2+ x |l ----arccos jcjj ©)]

Av—Axu)0, x=UagqglAv

YpaBHeHVe (2) UMeeT 3HEPreTUUECKNA CMbIC/, TaK Kak OHO BbipaXkaeT TpaHchop-
MaLuMI0 MeXZy CPeAHUMMW COCTaBMSIOWMMN YaCTOTHbIX CMEKTPOB MOLLHOCTU OTHO-
CUTENbHOI CKOPOCTW U KO3(hULMEHTA MacConepeHoca.

Mex(,qy ancnepcuaMmmn 3Tux BENNYMH TaKXe CyWecTByeT OAHO3HayHadA CBA3b, KO-
TOopasd BblpaxKaeTcda B crefyrolem Buae:

Y <T1(X)=[H(M]Y 0l(x) e
rae
co0
[#(/)] — KoathhMuMeHT yeunenms; /= o 5)
CooTHoweHua (2) n (4) Ha3BaHbl MHBAPWUAHTHbLIMU, MOCKOJ/IbKY — KaK nokasaau
OMNbITbl — HE3aBUCUMO OT TOro, Kakum coveTaHuem napametpoB Ax, ocdd n UO 6biin

[LOCTUTHYTbI flaHHble 3HayYeHus V 1 al, ypaBHeHus cBasu (2) u (4) octaBanuch cnpa-
Bef/MBbIMW. Bbl0 NokasaHo [1], 4TO CTpPyKTypa 3TUX COOTHOLUEHUI 6asupyeTcs Ha
peLleHnsaX ypaBHeHWI mMacconepeHoca U rMApPOAMHAMUKM, OMUCHIBAKOLLMX MPOLEecc
Ha YPOBHE ,,3/IEMEHTApHOro akTa“, T. e. B MacluTabe NOrpaHNYHOro cnos.

B TepmuHax 6e3pasmepHbIX napameTpoB ypaBHeHWe (2) MOXeT OblTb 3anucaHo
B C/lefylollemM BuAe:
B 061acTu
tO< Nec 2000

Sh=(0,678+0,018)Re1,2ScV/3 ®)

Llenbto HacTosweil paboTbl ABASAETCA UCCNef0BaHWE /I0KaIbHOr0 MacconepeHo-
ca OT YacCTULbl KXXULKOCTU B ABYX(a3HbIX — HEMOABUXHOM U MCEBLO0KMUNKEHHOM —
CNosX.

Mmelolmecs B nuTepaType aHanornyHble uccnegosaHus [2, 4, 7—16] cornacy-
I0TCA MeXay co60i TeM, YTO OTMeyaloT CYLLECTBEHHYH 3aBMCMMOCTb 4mcna Sh
OT cpefHei nopo3HocTu cnos. B paboTe [7] aTa 3aBUCUMOCTb NOMAYYEHA U3 PeLLIEHNSs
mMoaenu ,,06HOBNeHUA nosepxHocTn* [daHkeepTca. B apyrux pabortax [8, 9, 12, 14]
MOPO3HOCTb C/105 YUMTbIBAETCA KaK IMNMpUYecKas nonpaska B KpUTepnanbHOM ypas-
HEHUW MacconepeHoca, NONYUYEHHOW 418 eAMHUYHON YacTuLbl:

Sh=eT(/IRé0/ZScL3) @)

YpaBHeHue (7) npy T ~ —1 ABAAeTCA LOCTATOYHO yAauHbIM 06006LieHMeM 3Kcne-
PUMEHTANbHbIX AaHHbIX.
B pa6oTax [11, 15] ucnonb3yeTcs Apyroi nogxopn K 06o6uweHunto yncna Sh. Ha-
npumep, asTopbl [15] NnpegnaratoT CNeAyOLWY0 SMIUPUYECKYIO 3aBUCUMOCTb:
B 06n1acTu
0,4<s"0,9

5A=0,267Ga°’335c°-3UM 87, 8

B 3TOM ypaBHEHUM MOPO3HOCTH C/I0S YUMTLIBAETCA MWL B HesBHOW dopme. Mo-cy-
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LLeCTBy OHa 3aBUCUT OT KpuTepues Ga, Mv, KOTopble B CBOKO OYepedb BAUAKOT Ha
CKOPOCTb Hayana MNCeBAOOXKMKEHUA, Cef0BaTeNbHO M Ha CTeneHb paclinmpeHuns
cnosi. IHTepecHo OTMeTWUTb, YTO B YpaBHEHUM (8) OTCYTCTBYET 3aBUCUMOCTb 4ucCna
Sh ot uucna ReO.

YuuTblBas UMEOLLKIACA B MTepaType AOCTAaTOYHO 60raThlil aKCNepuMeHTabHbI
maTepuan no MaccornepeHocy B [BYX(a3HbIX CMCTEMaxX W OTCYTCTBME efMHOro Mnoj-
Xo4a K ero 0606LeHNI0, BO3HMKAET BOMPOC: MOXHO M HaliTU XOPOLUYK WHBapu-
aHTHYH0 (hOpMY KpUTEpUanbHOro ypaBHeHUs, KoTopas 6bina 6bl cnipaBefnnBoi Ans
OnNucaHnWs CKOPOCTU MacconepeHoca MeXay 4acTuueli U XXMAKOCTbO, He3aBUCKHMO
OT COCTOAHMA cnos. Ha Haw B3rnag TakMMu 0606LWeHnsMU MOTYT CNYXWUTb 3aBU-
CUMOCTW, NOA06HbIE ypaBHeHMIO (6), BblpaKeHHble B TepMUHAX NOKa/bHO-OCpes-
HEHHbIX BennuuH. OCpefHEeHHble Mo BCEMY 06beMY MaKpOCKOMWYeCKue XapakTepuc-
TUKMW MpoLecca UAN COCTOAHWUA cnoa (Hanpumep, cpefHAd 06beMHas NOPO3HOCTL €)
[JO/MKHBI YUNTBLIBATLCA B 3TUX YpPaBHEHWAX B BUAE MapamMeTpoB, BAUAKOLWNX Ha No-
KasibHO OCpefiHEHHblE BeIMUMHBLL. ABTOpbI paboT [7, 8, 16] cnefytoT aHanorMyHoMy
nogxogy. B kauectBe mogenu ,,3NeMeHTapHOro akTa“ MCNnonb3oBaHa MoOAeNlb 06-
HoBneHns [laHkeepTca. ,J10KanbHbIM® MapaMeTpoM 3TOW Mofenu SBAseTcs uvac-
TOTa 06HOBNEHUA NOBEPXHOCTU: ,,5. B CBOIO o4epedb 5 BbipaXatoT B BUAE 3MMNUPU-
YECKMX 3aBMCMMOCTEN OT MaKpOCKOMWYeCKMX napaMeTpoB MNpoLecca, Hanpumep,

r= Du*2ReoSc2/3(dtm)- 2 9)
T=1 a=0,6

K coxaneHuio, mogenb [laHkBepTca cama no cebe ABASETCH NONYIMMIMPUYECKONA
W, BXOASALNI B Hee KOI((ULMEHT S CKOpee BCEro MOXHO paccMaTpmBath NULIb Kak
HEKOTOpPbI/i MOAFOHOYHbIV napameTp. MMOBUANMOMY, 3TUM OOBACHAETCA OrpaHNYeH-
Has 061acTb MPUMEHMMOCTM 3TOW MOZenn Ans 0606LeHNs 3KCMepUMEHTabHbIX
[aHHbIX [12].

B naHHOW paboTe — coxpaHss paboyyo rmnoTesy 06 MHBApMaHTHOCTM MOAeNel
Tuna (6), 3anMcaHHbIX B TEPMUHAX NOKaNbHO OCPEAHEHHbIX BENUYWH, NOMbiTaemcs
HaliTy HeKoTopoe, (m3myeckn 060CHOBaHHOe 0606LeHe Ans yucna Sh, KoTopoe
6yfeT cnpaBeA/iMBbIM HE3aBUCMMO OT TOr0, ABAAETCSH /X CNOM HEMNOABUXKHBLIM WAN
NCeBLOOKMKEHHBIM.

3Kcnepvuv|eHTaanaﬂ 4acTb

MeTogauka skcnepumeHTa

OKCNEepPVMEHT MPOBOAWAN B BEPTUKANbHON KOMOHHE, W3rOTOBMEHHON W3 OpraHu-
YecKOro cTekna, BHyTpeHHUM guametpom 0,1 M, BbicoTOi 1,5 M. 3epHWCTbIA cnoit
COCTOAN U3 CTEKNAHHLIX LWapukoB gnameTpom 0,3 n 0,5 cMm. BbicoTa HEMOABMXHOTO
cnoa 6bina paBHa 13 cMm. CHu3y cnoii NOAAEPXKMBANCS CETKOW, BbIMOAHEHHOW U3
HepXaBeloLLeil NPoBONOKW. HenocpeAcTBeHHO nepef cfioem Obln yCTaHOB/EH Che-
LMaNbHbIA y4acTOK rMApPOAMHAMUYECKON CcTabunusaumm, NO3BOASAKOLWMIA MONYYUTb
M0CKMIA NPOGKIb CKOPOCTU HAa BXOAE B PeakTop.

Vi3mMepeHue CKOPOCTU MAaccoBOro NOTOKa MPOBOAWAN 3/1EKTPOXUMUYECKMM METO-
foM. B KayecTBe aHOAa MCNONb30BA/IM HAKONUTENbHBIA 6aK U3 HEpXKaBerLw e cTanu,
eMmKocTbio 0,4 M3 [1aT4MKOM-KaTOLOM CAYXWAW MOJble HUKENeBble LWApUKU, UMe-
fOLLME TOT Xe pasmep W, NPUMePHO, TOT Xe BEC, KOTOPbIM 06/1a4ann YacTuLbl Cos.
Jatuuku 6611 NMB0o 3aKpensieHbl Ha KOHLIE HEPXKABEIOLLLEro Kanuanapa, ¢ NoMoLLbIo
KOTOpOro nepeMeLLanncb no paguycy KOMOHHbI, M60 OHWM 6blnn cBO60AHO MnofgBe-
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WeHbl Ha FMOKOA CABOEHHOW MefHOW MpoBonoke guametrpom 0,0025 cm, AANHOWA
25 cM. BusyanbHble HabnOAeHUS NOKa3aamn, 4To ciydaiHble 6ayXgaHus rmbko nog-
BELUEHHOro AaTyuMka No MCEBLOOXKMXKEHHOMY C/I0H0 Mano OTAMYaeTcs OT XaoTu-
YecKOro [BWXKeHUS MHEPTHLIX YacTul, Cros.

Mocne npenBapuTeNbHOIO YCUNEHWUS 3NEKTPUYECKUI TOK C AaTynKa Nojasancs Ha
aHanoroso-uMhpoBoil npecbpasosatens IBM MBC—100, ¢ nocnegytowum gypbe-
aHanM30M CurHana Ha uugpoBoi YacT 3BM. [AnnMTenbHOCTb O4HOro onbiTa 6bina
paBHa 41 cek, 4acToTa nNpeobpasoBaHus curHana: 100 repu, KaxgbliA OMNbIT MOBTOP-
ancsa 10 pas, a pe3ynbTaTbl NOBTOPHbIX ONbITOB YCPeAHANW. B pe3ynbTate 6blam Hali-
feHbl cpegHue u3 10-u peanu3aunii 3HaveHMs KoaduLmeHTa MacconepeHoca, Auc-
nepcus OT CPefHero, amnMTy4HO-4aCTOTHbIA CNeKTP MOLWHOCTW. [ucnpecus Boc-
NpOM3BOLMMOCTM MOBTOPHbIX OMbITOB COCTaBnAana 0kono 5% OT OCpeAHEHHbIX 3Ha-
YeHUIA.

Pe3yanaTb| JKCNnepumMmeHTa

MepBuYHbIE pe3ynbTaTbl U3MEPEHUIA, MepecUnTaHHble Ha KO3hUUNEHT Macconepe-
HOCa, MpefCTaBfieHbl Ha pUcyHKax 1 un 2.

Puc. 1.
3aBMCUMOCTb CPeAHEro 3Ha4YeHUs KoahdmLmeHTa maccornepeHoca 0T CpefHeli CKOpocTr
KNAKOCTN
1. 3epHuUCTbIA cnoii, </=0,4 cm; 2. 3epHUCTLIN cnoit, </=0,5 cm; 3. EguHMuHan Yactuua, </=0,4 cwm;
4. NopogHoCTbL B 3aBUCMMOCTU OT V
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Puc. 2.
3aBMCUMOCTb AMCrepcUMn KoadmupmeHTa MacconepeHoca 0T CPeAHeRn CKOPOCTM XXUAKOCTU B 3epHUC-
TOM C/oe

1. d=0,5 cm; 2—</=0.4 cm

paduk pucyHKa 1 nnacTpmpyeT 3aBUCMMOCTb CPEAHEro 3HauyeHus Koappuum-
eHTa MaccornepeHoca OT cpefHei ckopocTn U B 3epHMCTOM cnoe (Kpusble 1, 2), n B
cBo60oAHOM noToke (kpuBas 3). Ha 3TOM XXe pUCYyHKe NMpuBefeHa KpuBas CpegHei
MOPO3HOCTW. Ha pUCyHKe 2 nokasaHbl aHasoOrM4Hble 3aBUCUMOCTW NS Nyfbcalu-

OHHOI cocTasnsAowei (/6f) koagpduumeHTa MacconepeHoca.

M3 rpadmkoBs crnegyet, 4To B 06/1acTU HenoABMXHOro cnos (8=0,38) kak cpefiHee
3HaueHWe, TaK W My/bCaLlMOHHAA COCTaBnAlOLWAA KoaguuneHTa MacconepeHoca

Bo3pacTatloT ¢ poctoM U. KpuBble K B 3epHUCTOM C/IOE NleXaT Bbilie KPUBOM K,
M3MepeHHoN B cBOGOLHOM NOTOKE, M TONLKO MO Mepe pocTa € OHW NpubaMXKalTCs
APYyr K Apyry.

VHTepecHO OTMETUTb fABa MakcuMyma Ha KpuBoW /cT|. [epBblil MakCumMym —
MPaKTUYecKn CKaukoobpasHoe M3MeHeHMe — HabntogaeM B 06/1aCTU Havana nces-
LOOXMKEHMs,, npu nopo3HocTh cnosi 0,39 —0,42. (AHanornyHelii, HO MeHee ApKO

BbIP2KEHHbI MaKCUMyM UMEET MECTO M Ha KPMBOW K). B aTol 061acTh 3epHNCTLIN
cnoli npnobpeTaeT NOABWMXHOCTb, XOTA NMOPO3HOCTb COA €lle Maso OTAMYaeTcs oT
NMOPO3HOCTU HenoasuxkHoro cnos. (CornacHo HabnoaeHUAM aBTopoB [5] yacTuubl
06n1afalT MakCUManbHON KMHETUYECKON 3HEprveil UMeHHO B 06nactu, 6/M3KOMA K
Hauany nceBLOOXWKeHUA, Npu €%0,48). Takum o6pasom, UccnefoBaHme AUCNEPCUM
KOa(hpunumeHTa MacconepeHoca 3MEKTPOXUMUYECKMM METOAOM MNpU nepexofe OT
HEMoABWKHOr0 C/0A K MCEBAOOXKEHHOMY MOXeT faTb MPeKpacHy MH(popMaLunio
0 CKOPOCTW Hayana NnceBjooXKWKEHNS.
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Puc. 3.
3aBMCMMOCTb AMCMepcun KoapguumeHTa macconepeHoca M nynbcayuMm MOPO3HOCTW OT CpeaHei
CKOPOCTN XXNAKOCTWN B 3EPHUCTOM Cnoe

1 — HalW AaHHble, d = 0,5 cM; 2 — fgaHHble [16] d = 1 cMm; 3 — aaHHble [16] 4= 0,7 cM; 4 — faHHble
[6] d= 0,42 cm

BTopoi MakCMMyM Ha KpUBOW /0" MPUHAANEXMNT 3HAYEHMIO NOPO3HOCTM é70,7 —

—0,75. ObnacTb 3TOro MakcMMmyMa (3aBucumocTs / af OT e) npuBefeHa OTAENbHO
Ha pucyHke 3. Ha 3TOM e pUCYHKe MoKa3aHbl aHaNorUYHbIe Pe3ybTaTbl, NOMYyYeH-

Hble B paboTe [16], a Takke KpwBas (AyKTyauun noposHoctu (/fff), nsamepeHHas
aBTopamu pabotbl [6]. Kak u cnefoBano oxupaTb, abcumcca TOYeK 3KCTpeMyma
(ém) Ha KpuBbIx /0T n /Tff coBnagaet. OHa pasHa npumepHo 0,7. Mynbcayms Koagpgu-
LUMeHTa MacconepeHoca HeBenvKa, OHa He npeBbllaeT 4—5% OT CpeaHero 3Have-
HUA KO3 (uLUmeHTa macconepeHoca. IT0 CBUAETENbCTBYET 06 OAHOPOAHOCTM CTPYK-
TYpbl ABYX(ha3HOro MCeBAOOXKMKEHHOTO CMOS.

Ha pucyHke 4 npuBefeHbl YaCTOTHbIE CMEKTPbI MOLWHOCTH, NOMYYEHHbIe B Pe3y/b-
TaTe Pypbe-npeobpa3oBaHUA BbIXOAHOIO CUrHana fatumka. M3 rpadmkos cnegyer,
4yTto B 06nacTu, 6MM3KOA K Hayany MceBLOOXMXKEHUA (puc. 4a) MOXHO OTMETWUTb
OMpefeneHHY0 NepuoguYHOCTL npouecca. OCHOBHAs MOLLHOCTb CWUIHana CKOH-
LLeHTPUpOBaHa B JOCTATOYHO Y3KOW 06/11aCTW HWU3KMX 4acToT, B MHTepBane 0,4—0,6
repy. B o6nactum nceBLoOXvKeHHOro cnos (puc. 46) Mbl MMeem 60/ee pasmblTble
CNeKTPbl MOLLHOCTU. YacTOThl, HeCyLiMe OCHOBHYH MOLLHOCTb CUTHana, pacTaHYThbI
B uHTepBane 0,4—2 repy. CnepgosartefibHO, Mynbcauns MCCOMepeHoca B MCeBAo-
OXXMXXEHHOM C/10e HOCUT CKOpee CNyYaiHbIiA YeM NepuoguYecknini xapakrep. 3Tu Ha-
6110 JEeHUS XOPOLLO COrNacyTCs ¢ JaHHbIMK paboTbl [16]. ABTOpbI 37Ol paboTbl — B
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CneKTpbl MOLLIHOCTM CUrHana oT AaTumka
a) HenofBwXHbIN cnoli, & =0,38, kpmBas 1. (/o= 0,0448 micek kpmBas 2: Uo=0,00775 m/cek
6) nceBOOOXMKEHHBIV cnoii, kpmBast 1. C/0=0,105 m/cek, k=0,5; kpuBasa 2: i/o= 0,21 m/cek, &€ =0,76

pesy/nbTaTe WCCNEAOBaHMS (QAYKTyauun KoaphuLmMeHTa MacconepeHoca 3/1eKTPOXu-

MUYECKMM METOLOM — MO XapaKTEPHOMY BWAY aBTOKOPPENALMOHHBIX (YHKLUIA
MPWLLN K aHANIOTMYHOMY BbIBOAY.

O6cyKaeHVe pesynbTaToB
Bonee BbicOKMe 3HaYeHMs KOa(ULMEHTa MacconepeHoca, HabngaeMble B 3epHUC-

TOM Cnoe, No CPpaBHEHUKO C TEMU 3HAYEHUAMUN, KOTOPbIE XapaKTepHbl ANA CBO6OA-
HOro NnOTOKa, nosngnmMmomy, 06bSACHSETCS NIOKANIbHO Typ6yI'IEHTHOCTbPO, BO3HUKa-

7
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toLLel NpY NPOTEKAHMM MOTOKA XXMAKOCTU B KaHanax NMepeMeHHOr0 CeYeHUs Mexay
yacTuuamu. Kak Mbl y6eannvce B 3TOM B NpeablayLLeid YacTv paboTsl, (iyKTyaumum
MaccoBOro noToka (C/efoBaTe/lbHO, U CKOPOCTU) He3HauUTeNbHbI. [103TOMY, Tede-
HWE >XMAKOCTM B KaHanax MOXHO CuUMTaTb KBa3UCTauMOHapHbiM. OfHako, n3-3a
MEPEMEHHOr0 CeYeHUsi KaHana, KBasWCTALMOHAPHOE TEUYEHWe XapaKTepusyeTcs He
TONbKO GONMbLWVMU TPaAUEHTAMU CKOPOCTM HO U PE3KUMU M3MEHEHUSIMU TPafneHTa
BAO/Ib KaHana. 3T0 06CTOATENLCTBO NPUBOAUT K NPOCTPAHCTBEHHOMY BO3MYLLEHUIO
TEYEHWs B NOKa/N30BaHHOM 06beMe, pasMepbl KOTOPOrO COM3MEPUMBI C Pa3MEPOM
cB060gHOr0 06beMa MexXAy ABYMS uyacTuuamu. Menkue BUXpU — Kak CrefcTBue
BO3MYLLEHHOTO0 TEYEHUS — SBASIOTCSH LOMOJHWUTENbHLIMU MEPEHOCUHMKAMMU MacChl.
CornacHo Teopun KosmoropoBa [18] aHeprus 3Tux BUXpeli HeMOCPeACTBEHHO CBSi-
3aHa C Auccunauveil aHEpPrMn B NOKasbHOM 06beMe >uakocTu. CrefoBaTesnbHo,
MOXHO NOMbITATbCSA HAWTU KOJIMYECTBEHHYHO OLIEHKY MEXAY JIOKa/IbHO-0CPeSHEHHBIM
MOTOKOM 3HEPrvU, PacCeuBaroLLelics B paccMaTpuBaeMoM O06bEME, W JIOKa/bHO-
OCpefHEHHbIM 3HAYeHUEM KO3((MLMEHTA MacComNepeHoca.

Mpexae Bcero ypaBHeHue (7) npefctasum B 60nee o6LLeM BUJE:
Sh=F(Z)-ARel'SclR (10)

dyHkumo F(e) moka 6yfem cumTaTb HEW3BECTHOW, YAOBMETBOPANOLWEA ABYM rpa-
HUYHbIM YCNOBUAM: OHA MMEET MaKCMManbHOe 3HaYeHVe B HEMOABMXXHOM C/10€ U paB-
Ha efuHuue npu é= 1

[anee, paccMOTpMM 3neMeHTapHYH0 AYeliKy 3epHUCTOr0 C0s, KOH(Urypauus
KOTOPOI COOTBETCTBYET NMO0 rekcaroHanbHOW, NMB0 Ky6nyeckoi ynakoBke HacTul,
(cm. puc. 5). JTokanbHY CKOPOCTb XXMAKOCTW Ha BHELUHel rpaHuue norpaHu4yHoro

Puc. 5.
Mogenu anemMeHTapHOM AYeiikn 3ePHUCTOrO Cos
a) rexcaroHasibHas;
6) Kybuyeckas:;
B) Hanpas/fieHWe 0TCYeTa NepemMeHHOro yrna a

€105 ONpejenuM Kak OTHOLLeHWe GUKTUBHOI ckopocT UOK fosie CBOGOAHOTO ceve-

HUA KaHana:

_ Q@
Vl(a)—ga) ()
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CB060JHOE CeyeHWe XapakTepu3yeTcs YrnoBOl KOOPAWHATON a, OTCYET KOTOPOro
nokKasaH Ha pucyHKe 58. UepTa Haj nepeMeHHbIMU 03Ha4YaeT UX OCpefHeHHble BO Bpe-
MEHW 3HaYeHus.

C vcnonb3oBaHWeM ,,TEOPEMbI 3Hepruun™ A norpaHuyHoro cnos [19], v BbiBe-
[EHHbIX Ha €e OCHOBE M3BECTHbIX WHTErpasibHblX COOTHOLUEHMIA, 6Gbina nonyuyeHa
cnegytouias nponopunoHanbHOCTb:

(Je)~ (N 2(c))= Uq 2 (12)
T2

(13)
0

CBA3blBakoLWlaa NoKanbHO-0CpeaHEHHOE 3Ha4YeHWe guccunaynn aHeprnmn ¢ ocpeaHeH-
HbIM 3Ha4YeHNEM KBagpaTa NOKasnbHoIA CKOPOCTU BHE MOrpaHNU4YHOroO CNoA.

[na Toro 4To6bl 3aMeHNTL 3HAK NPOMOPLMOHANBHOCTM Ha 3HAaK paBEeHCTBa B YpaB-
(y, a)J , uH-

Terpan KoTopoii no y B npegenax ot 0 4o °° onpegenvn 6bl KO3((UUNEHT NponopLm-
OHaNbHOCTM. OCKO/bKY B CTECHEHHbIX YCNOBMAX 0O6TEKaHMA TBEPAOWA YacTuubl 3a-
faTb TOYHbIA BUA 3TOW (YHKLMM MPaKTUYECKM HEBO3MOXHO, Mbl OFpaHM4MBaeMcs
cooTHoweHneMm (12). KoaththmumeHT NponopLroHanbHOCT MOXHO HaiiTi cnomolllbto
3KCMEePUMEHTaNbHBIX JAHHbIX.

KopeHb KBagpaTHbI 13 NeBOI YacTu ypaBHeHus (12) 0603Ha4nm yepes W. 3Ty
BE/IMUMHY Mbl BNpaBe CYMTaTb TOW OMPEAensLei CKOPOCTbo, Ha 6ase KOTOpol
MOXHO CTPOUTb WHBAapUaHTHble, aHanorMyHble ypaBHeHUtO (6), 0606LieHns ans
yucna Sh:

Sh=ARe'J2Sc'™"" (15)

nnu, ¢ yyeTom paseHcTBa (12)
Sh=11/2A Re”2Sc1/3 (16)

CpasHuBas BblpaxeHus (16) n (10) HaxoanMm QyHkumnio F(é):
F(S)=Iin 17

[ns npefcTaBneHns 3aBucuUMocTy (17)B SBHOM BUAE, BEPHEMCS K NMPUBELEHHBIM Ha
PUCYHKe 5 reOMeTpUYECKUM MOLENsIM SUeKy 3epHUCTOro cnosi. CpefHiol 06beM-
HYH NMOPO3HOCTb YK OMNPeAeniIM Kak OTHOLLEHWe CBOBOAHOTO 06beMa K NMOSTHOMY.
s rekcaroHa/bHOM YNaKoBKY :

VO R2
en= 1= 1- 56429 — 18
\}a n2 (18)
415 KyBu4eckoli ynakoBKu:
VO R3
én=1--—-——-- =1-4,1887— 19
3 (19

B HenofBMXHOM Cfloe Mbl MMEEM Camyto MOTHYIO YMakKoBKY 3epeH. B aTom cny-
yae aA=3R, aa=2R. COOTBETCTBEHHO, 3Ha4eHVWs OO6BLEMHOW MOPO3HOCTW PaBHbI
0,3730 n 0,4764. lNepBoe 3HayeHWe XOPOLLO COrNacyetcsa C U3MEPEeHHbIM 3KCnepu-
MeHTa/IbHO 3HayeHuWeM, paBHbIM 0,38.

7*
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Puc. 6.
0606ueHHas 3aBncMMocTb Sh/F(e) oT Reo

— HenoaBWXHbI cnoii, (/=0,5 cwm;
— HenoaBWXHbIN cnoid, (/=0,4 cwm;
— NCEBAOOXKWKEHHBIN con, </=0,4 cwm;
— NCEeBLOOXKWKEHHbINM cnoi, (/=0,5 cwm;
— eMHWYHas Yactuya, (/=0,4 cm.

Mpadmkm dyHkumm L (). Kpusas 1: rekcaroHasibHast Mogens Kpueas 2: Kybuueckast Mogenb. Kprsas
3: amnupuyeckast yHKums /1

ﬂOKaJ'IbHyIO MOPO3HOCTb AYeliKn — cornacHo BblLWENPUBEAEHHOMY ONnpeaeseHno
— HaxoAunM KakK OTHOLUEHWNE CBOﬁO,qHOFO CeYEHUs AUenKu K MO/THOMY:

ea(*)=1- /I'I(:'Q:Q = 1—8,4644 ﬂ'zsinZa (20)

an

en(a)=1 I ofer) R2 (21)
Fa

MpeanonoXum, 4YTo B pacLUMPEHHOM MCEBAOOXKMKEHHOM Cl0e reoMeTpuyeckas
KOH(Mrypaums s4eiky cOXpaHsfeTcs, U TONbKO OTHOWeHus R/aA wnn R/aa 6yayTt
M3MEHATLCA B 3aBMCUMOCTU OT CpefHeli 06bEMHON MOPO3HOCTU CNos. 3Ty 3aBU-
CMMOCTb MOXHO Bblpa3uTb U3 cooTHoweHwui (18) n (19). B pesynbTate Mbl NOAYYUM
cneayloLme ypaBHeHNs CBA3N MeXAY NOKanbHOW U CpefHeli MOPO3HOCTbIO:

ea(a) = 1—1,499(1 —&) sin2a (22)
éa=1-1,209(1-1) 23sin2a (23)

MopcTaHoBKa BblpaxeHuid (22) unu (23) B ypaBHeHue (13) No3BOMAET BbIYUCINUTD
(DYHKLMIO nopo3HocTn F(&)

Pe3ynbTaTbl BbIYUCAEHWI MpPeAcTaBneHbl Ha puUcyHke (6). Ha 3ToOM >Xe pucyHke
n300paXKeH rpaduk aMnuMpuyeckoin dyHkuun 1/8. N3 rpaduka BULHO, YTO KpUBbIE,
MOCTPOEHHbIE 415 ABYX Pa3HbiX FEOMETPUYECKNX MOJeNei sueiikn, B 061acTu nces-
LOOXKMKEHHOT0O CNos Mano oTnmyaroTes gpyr ot gpyra. Kpmeaa /& no xapakTepy
afileKBaTHa MM, HO JI&XMWT HECKO/MbKO Bbiwe. [OCKOMbKY Kybuyeckas Mogesib UMeeT
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Puc. 7.

cMbICa TONbko npu T a 0,476, B AanbHeliem 6yemM Monb30BaThbCs FeKCaroHasbHOM
MOZESbHO.

MonbiTKka 0606LWEHNS 3KCMEPUMEHTANbHbLIX AaHHbIX B TepMmuHax Sh/F(€)—Re0
npusena K rpaduky, M306paXXeHHOMY Ha pUcyHke 7. Mpamas nvHuA B norapuipmm-
YECKMX KOOpPAMHATaX OMUCLIBAETCS YPaBHEHUEM:

— .. =(0,699+ 0,027)/?eJ/2Sc1/3 24
F6) (0, ,027)/7eJ/2S¢ (24)

nnn
Sh= (0,699 £0,027)/2ew/25'c1/3 (25)

(c 95%-Hoin) [OBEPWUTE/IbHON BEPOSTHOCTHHD, M MPU MOCTOSHHOM 3HayeHun Sc,
pasHom 1910).

TOUKM Ha rpadmke 03HAYatOT IKCMEePUMEHTANbHbIE AaHHbIE, MONYYEHHbIE KaK B He-
MOABMXHOM, TaK W B MCEBLOOXKMKEHHOM C/iOe, & Takxxe B CBO60AHOM noToke. Kak
W CNnefoBano OXuaatb, KO3IPPUUMUEHT NPOMOPLUOHANBHOCTU B ypaBHEHUAX (24)
n (25) B npefenax MOrpewwHoOCTH 3KCNepuMeHTa COBNajaeT ¢ KO3hMUUUEHTOM Npo-
NopLUMOHANBHOCTM YpaBHeHUs (6). YpaBHeHue (6) ABNSETCA MpefesibHbIM Cryvyaem
ypaBHeHus (25), Tak Kak npu é=1, ocpefHeHHas BO BPEMEHW OTHOCUTENIbHAsA CKO-
pocTb V He 3aBUCKT OT «. CnefoBaTesbHO,

1I/|IT7I:Y n /tev‘fl;.:Re (26)
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C Uenblo cpaBHEHUS HALLUUX Pe3ynbTaToB C AaHHbIMUW ApYruX aBTOPOB nuTepatyp-
Hble faHHble [2, 17] obpabaTbiBany no ypaBHeHuto (16). B nepsyto ovepefb Mbl 06-
paTUANCb K TEM NMTEPATYPHbIM MCTOYHMKAM, B KOTOPbIX OAHOM 1 TOR ke MeToau-
KO M3Mepsnn KoagguuMeHT MaccornepeHoca B HEMOABWXHOM, MCEBAOOXKMKEHHOM
cnoe, n B cBO6OAHOM NOTOKE. 3HayeHNs KO3 hurymeHTa A BbIYUCAUAN METOAOM Hau-
MeHbLUUX KBaApaToB. Pe3ynbTaThl pacyeta npeacTasneHsl B Tabnmue 1. N3 Tabnuusl

TabnuHna 1
CpaBHeHVe NMTepaTypHbIX AaHHbIX C HALLMMKW pe3y/bTaTaMu
C MOMOLLbI0 ypaBHeHWA: Sh= A-F(e)Reb “Scl/3
Yucno
Nd\o MeTog onbIT-  3HadeHue CCbInKM
n YcnoBus onbIToB uccnesoBaHms CocTosiHue cnost HbIX A Ha T,

To4ekK

1 d =0,637, 0,48, 0,32, pacTBOpeHUe HenoABWXXHbINA 36 0,7609 +

0,207, 0,125 cm HadTaIMHa 0,0281 [
Re0= 14,4--439 B BOfe
Sc =1189-1387
é =0,37-0,44
2 d =0,637, 0,32, pacTBopeHue NceBA00XM- 26 0,7580 +
0,207, 0,125 cm HahTasIMHa XXEHHbI cnoi 0,1008 n
Rec=6,8-666 B BOJe
Sc =1204-1286
é =0,52-0,95
3 d =0,637, 0,480, pacTBopeHue eAnNHUYHan 21 0,6685 +
0,319 c™m HagTanmHa yactumua 0,1133
Jleo=31,5-989 B BOJe [2]
Sc =1211-1416,
g =1
4 d =0,635 cm pacTBopeHue HENOABWXHbIN 54 1,183+
Reo=62-1342 HadTannHa N NCeBO0XKM- 0,027
Sc =1360-1440 B BOJle XXEHHbIN cnoi [17]
é =0,37-0,64
5 d =0,4cm 3NEKTPOXU- efVHN4YHaA 65 0,6709 +
J1eo=10—2000 MUYECKUIA yactuua ¢ 0,0185 [1
Sc =1910 MeTofg, KonebaTenbHbIM
&6 = [OBVKEHNEM
6 d =0,4cm 3NeKTPOXU- HenoaBuX- 58 0,6986+  paHHaA
Jleo=29—1320 XUMUYECKMIA HbIA 1 nceB- 0,0265 paboTta
Sc =1910 MeTof[, LOOXKVDKEHHbI
¢ =0,38-0,95 cnoi

BMAHO, UTO faHHble MC Cune n Wilhelm [2] Xopowo 0606Lwat0Tca B paMKax mMo-
genun (16). 3HaueHne A ONA eAMHWYHOM YacTuLbl COBMajaeT C HalMM 3HaYEHUEM,
L1151 3ePHUCTOrO C/I0S1 OHO HECKOJIbKO BbILLIE.

[aHHble Rowe U Claxton [17], W3MEPEHHblE B HEMOABMXHOM U MCEBLOOXM-
XEHHOM cfoe, Takxe 0606wa0Tca B BMAE OAHOrO KPUTEPUANbHOTO YPaBHEHWS,
0flHaKO KO3((ULMEHT NMPONOPLMUOHANLHOCTMN CYLLECTBEHHO BbILle HALLEro 3HaYeHus.
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MpuynHbI pacxoxaeHns MoryT 6biTb METOA0N0rMyeckumun. [oBuAMMOMY, 3NeK-
TPOXVMUYECKWIA METOZ NO3BONSET NONYyYnTb BONee TOUHbIE pe3yNbTaTbl. ATOT BOM-
poc TpebyeT fanbHELIero uccnefoBaHuns.

B 3aKkntoueHMn MOXeM OTMETWUTb, YTO HallW 3IKCNepUMEHTbI, a TakXke nuTepa-
TYPHblE JaHHbIE LOCTAaTOUYHO Y6eanTeIbHO NOATBEPKAAIOT UCXOAHYHO NMPEeAMnoChIIKY
06 MHBapUaHTHOCTM 0606LLEHWIA, NPeACTaBNEHHbIX B BUAe ypaBHeHus (15) K cocTos-
HUIO 3epHUCTOro cnos. Vcnonb3oBaHHas Npu BbiBOg4e ypaBHeHUs (15) reomeTpuue-
CKasa Mofenb W 3HepreTMyeckas MHTepnpeTauMs npoLecca maccornepeHoca No3BO-
NUAN HaNTK (PM3nYeckn 060CHOBaHHLIA BUA (YHKLMM NOPO3HOCTMW, CNpaBesnnBoOCTb
KOTOpOW/ NpoBepeHa 3KCMepuMMeHTanbHO B 006/1aCTU CpefHMX 3HayeHuin ymcna Rel
(10<i?e0<2000) u Npn U3MEHEHUW NOPO3HOCTU B MOMHOM AuanasoHe oT 0,38 go 1
B nuTepatype W3BECTHbl W Apyrue Noaxofbl K M3nyeckoii MHTepnpeTaLmm yHK-
umm noposHoctn [20], cnpaBegnueble gns obnactn manbix yucen Re0, (ReG< 10).
3Ta o6nacTb NpeacTaBnAeT TaKXKe NPaKTUYECKN BaXHbI MHTEPEC, U Takke TpebyeT
LONONHNUTENIBHOTO TEOPETUYECKOr0 M 3KCMEePUMEHTaNbHOI0 UCCe0BaHNUS.

CMNCOK OBO3HAYEHU

AX — aMnanTyga CMeLLeHNa TBepAol YacTuLpbl, CoOBepLUatoLLIE KonebaTenbHOe ABMXEHNE, L;
Av — amnauTyga ckopocTu KonebaHus, LT-1;

a — XapaKTepHbIi FeOMETPUYECKUIA pa3Mep 3/1eMEHTApPHON siUeKn 3epHUCTOro cnos, L\
d — [AnameTp TBepAon yactuupl, L;

Dia — KO3(h(hMUMEHT MONEKYNSpHOW andichysmmn, C2IM-1;

/(a) — nepeMeHHOe MOMepeYHoe CeYeHMe a1eMeHTa Ysielikn 3epHUCTOro cnos, L2

12 — WHTerpa, onpegensieMblii ypaBHeHvem (13);

K — JI0Ka/IbHO-0CpefHEHHOe 3HaYeHWe KoaghduLmeHTa macconepeHoca, LT-1;

R — pagmnyc chepryeckon Yactuupl, L;

S — yactoTa 06HOB/IEHWSA MOBEPXHOCTU, NapameTp mogenu JaHkeepTca, T-1;

t — Bpems, T\

i/o — (PMKTMBHAsA CKOPOCTb XXMAKOCTW, OTHECEHHAs K MOTHOMY CeYeHUIo peakTopa, LT-%

U — CKOpPOCTb »XWAKOCTW, onpefensieMas Kak /012, LT-1;

va — 06bem TBepaoi (hasbl B 3/IEMeHTe AYelikn 3epHUCTOro cnosi, L3;

va, Va — 00bEM 3/1leMeHTapHO AYelikn 3epHUCTOro cnos, L3;

V(t) — JI0Ka/1bHas CKOPOCTb OTHOCUTENIbHOMO ABWKEHWUSA TBEPLON YacTuLbl U XXMAKoCTH, LT-1;
\% — ocpefjHeHHast BO BpeMeHU iyHKUms Y(@), LT-1;

W — KOpeHb KBafpaT U3 cpegHeKBaApaTUUHOro 3HadeHust V(a), LT-1)

y — pagvanbHas KoopauHaTa, L.

V(y, a) — npofonbHas KOMMOHEHTa OCPeAHEHHON ckopocTn V

["peyeckre CUMBObI:

e(o) — JlI0KaJibHasi MOPO3HOCTb OnpefeneHHasn ypaBHeHusMM (15) n (16);
£ — CpefHsAn 06beMHasA NOPO3HOCTb 3ePHUCTONO COS;
\Y — KUHemaTunyeckasi BA3KocTb, Z2/ - 1;
M — AvHamMmn4yeckas BAsKocTb, M (L T)-1;
g — MNNI0OTHOCTb, ML~3;
dap — [ucnepcus NepemeHHoN ip, onpegensiemMas kak
ity 2y (Vi-9)2

00 — KpyroBasi 4yacToTa Kosie6aTe/lbHOro ABVXeHUs TBEPAOW YacTuLibl B XuaKocTu, M-1;
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SUMMARY

Experimental data are given on the local particle fluid mass transfer in two-phase fixed and fluidized

beds. Measurements were made by the electrochemical method. Dependence of the averaged and

pulse values of the mass transfer coefficient on fluid velocity with variation of porosity from 0.38

to 1 was established. The relevant curve was shown to pass through the maximum in the region

of the beginning of fluidization. An extreme character of this dependence enables the use of the

electrochemical method for the determination of the velocity at the beginning of fluidization.
The experimental data obtained were generalized as the criterion equation:

Sh=F(&)Sh\~

which is valid for the fixed, fluidized beds, and also for a single particle. The form of the function
F(e) was obtained from the geometric model of the packing of the grained bed. The results obtained
are compared with the data in literature.
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Taytor dispersion of solute with homogeneous and surface reaction
was considered in MHD combined free and forced convective laminar
flow in a channel. It was found that the effective dispersion co-effi-
cient decreases with the increase in the homogeneous reaction rate
parameter (a) and Hartmann number (M) for both heating (G >0)
and cooling (6r<0) of the plates, except for a small increase with
heating of the plates and large values of the reaction rate parameter
compared to the Hartmann Nnumber. Even for dispersion with homo-
geneous and surface reaction, similar behaviour is exhibited by the
effective dispersion co-efficient. The analysis confirms that a magnetic
field regulates the rate of dispersion of a solute in an electrically
conducting solvent.

Introduction

The dispersion of chemically reacting solute in a solvent is of interest in
chemical engineering as evidenced by the processes of hydrolysis, gas absorp-
tion in an agitated tank, ester experiments and so on as pointed out by Bird
et al. [1]. Recently combined free and forced convection has been shown to
be an important flow regime governing the conversion rates of acids used in
oil well treatments, discussed by Roberts and ¢ rin [2] and in reverse osmosis
studies, discussed by Derzansky and Ginr [3]. Surface reaction is one of the
causes which yields the combined forced and free convective regime as shown
by Chang, Gutn and Roberts [4]. Dispersion of solute in combined forced
and free convective flow has very recently been analysed by Mazumder [5]
without the effects of either homogeneous or surface reactions.

The effect of homogeneous and heterogeneous reactions on the dispersion
of solute in MHD channel flow was analysed by Narasimhamurthy and
Krishnamurthy [6]. MHD combined forced and free convective flow situa-
tions were analysed by Gupta [7] and Kant [8] among others.
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Very recently Reis, Ramakrishna and Lightfoot [9], Lee, Evans and
Cussley [10], Chang and Guin [11] and Kabadi, Doshi and Gitl [12] studied
chemical engineering situations where dispersion with combined free and
forced convection in conducting liquids was considered. The present paper
reports on a study of the relative influences of homogeneous and heterogeneous
reactions, buoyancy force and magnetic field on the dispersion of solute. The
study was carried out using Taylor’s analysis, which was also shown to be
valid for falling films by Prenosit [13]. The study is expected to have some
bearing on understanding magnetic field effects in regulating such processes
as the selective recovery of metal ions, electrochemical reactions, and desalina-
tion of water.

Formulation of the Problem and Solution

The laminar flow of a viscous conducting fluid between two parallel plates,
a distance 2d apart, is considered under the action of a uniform pressure
gradient dp/dx*. The walls are assumed non-conducting. Taking ‘&*-axis
along the mid-section of the channel, ‘y*’-axis perpendicular to the plates,
the uniform magnetic field is assumed to act along the y*-axis. Further,
assuming a uniform axial temperature variation and utilising the Bottssinesq
approximation, the velocity profile subject to the no-slip condition at the
walls, following Gtjpta [7] is:

1 Jcosh My sinh My

. -Gty+1J i
M2 1 coshM sinh M Gty+l )
in non-dimensional form, with:

gRd4N oBld,2

vP* 3% 2

being the Grashof and Hartmann numbers and n and Pxare as used by
Mazumder [5].

In terms of the average velocity W =" j udy this can be written as:
I

1 cosh My sinh My tanh M i

=U—U= o coshM sinhM Y M T )

Diffusion with a homogeneous first order reaction

Assuming that a solute diffuses and simultaneously undergoes a first order
irreversible chemical reaction in the conducting liquid, the equation, for the
concentration of the solute is:

oc 1 oc Dr 02c o2 | <\ ’
J— -M——= —_——_—— —— — C
0i dx* Ldx*2 by*2J “)
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where D is the molecular diffusion eo-efficient and K| is the first order reac-
tion rate. Assuming:
02C 02C

-« s
Sx*2  dy*2

in equation (4) we obtain:
1 0o ux oc D Sz
| 00 d Ox d2 dy2 ®)

Following the analysis of Taylor [14, 15, 16] we assume that a partial equi-
librium can be established in any cross-section of the channel, so that the
variation of ¢ with y is obtained as:

Kid2 Sx dux Sc

D dy2 D Sx ®

Substituting Equation (2) in Equation (6) and integrating twice, we get after
using the boundary conditions :

00

— =0 t =
dy a y= %1,

the concentration as:

sinhay I be (coshixy sinh ot,yjl 60?  e<
2a3[ cosh i sinha J 12a3[ sinha cosha 2a3[ eosh a sinh
b(1+M 2a2) fcosh My sinh My\

M 2«2 [ coshM sinhM J M
where :
a= — 1 +M 2/a2) coth 2M,
8
d 0Oc Kid2 ©
"D dx’ D

a, being the reaction rate parameter.

The dimensionless volumetric flow rate at which the solute is transported,
across the cross-section of the channel of unit breadth, is given by:

Q= jciixdy
Using Equations (2) and (8) gives:

_sinh (a+ M) on @ +sinh(a—M) ai 02
T @+M)M2 [foshM " sinhM ) M2ZAa—M) [eesh iff sinhXgq .
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2sinh a ai tanh XX . 2asG

(a cosh a—sinh a) —

a X2 M2
sinh 2)K b(M2+ a2 i 1 2 ]
2M XX4a4 (cosh2XX +sinh2M)
b 2tanh X 1(0K2+ a2) tanh X j
+ XK 2a2 X i a X2 1|+
2Gb j OK2+ a2) 6(K2+ a2
(1 —XK coth X) .
+ X 4a2 1 XK2a2 + YK 4adsinh2>K
26 Mmtanh >X 1 _i
+ B2,
XK2a21 X 3 J

iig. 1
Variation of “F” with G, a

(tanh2)XX —2) +

and M, when a>1.0

Vol. 9.

©
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where : ai _asmh a+ &Cr(smh a+cosh a)
a3sinh 2a

_acosh a+ 6(?(sinh a—cosh a)

- a3sinh 2a

(10)

az n)

comparing with Fick’s Law of diffusion, we find that the solute is dispersed,
relative to a plane moving with the mean speed of the flow, with an effective
dispersion coefficient D* given by:
D* = risf (AM G), (12)
where :
F(a,M, B)= —b-Q. (13)
ad

F (a, M, G) has been computed for different values of a, M and (1 and the
results are represented in Figure 1 and 2.

Fig. 2
Variation of “F” with G, a and M, when a< 1.0
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It can be observed that the effective dispersion coefficient F decreases with
an increase in the reaction rate parameter, at moderate values of the reaction
rate (a=sl) and also with an increase in the Hartmann number M for fixed
G*. This is in agreement with the result obtained earlier, without a tempera-
ture gradient, by Narasimhamurthy and Krishnamurthy [6]. It can also be
observed that for fixed a and M an increase in Grashof number G causes
a decrease in F, for moderate values of the reaction rate. However, when the
reaction rate is large compared to the magnetic field, F increases with M-
as seen for a=1.4 — and also with G, for G> 0, which shows that there are
critical values of the parameters a and M. When M is small compared to a
the variation of F with Gis similar to that obtained by Mazttmder [5] without
the magnetic field or reaction, with the values for heating (G> 0) being lower
then for cooling (G<0) of the plates. These results agree with the general
tendency of the magnetic field, which is to retard the onset of convection, as
was first shown by Chandrasekhar [4], in the absence of rotation.

Diffusion with combined homogeneous and surface reaction

Here we discuss the problem of diffusion in a channel with first order irrever-
sible chemical reaction occurring both in the bulk of the fluid and at the Awalils,
which are assumed catalytic to reaction and non-conducting to any electro-
magnetic effects.

Inthis case the diffusion Equation (4) subject to the boundary conditions:

Sc
——+/c=0 at y*=d
ay*

Sc
/lc=0 at y*= —d
is to be solved.
Again introducing the dimensionless quantities as mentioned earlier and
assuming limiting Taytor conditions, the diffusion equation is:

Aid2C 0aC  <i«x SC (15)
D _)""S_]']_Z._"I_j" 8x ’

with boundary conditions :

Sc
------ hyc=0 at y—1
by
------- yc=0 at v 1
9y

where y=1fd is the surface reaction rate parameter. The solution of Equation
(15) subject to the boundary conditions [16] is:

¢= a3 cosh ay —m sinh ay —as cosh (a+ ay) —as sinh (a+ ay) + ci7 cosh (a—ay) +

. b 26 sinh (M —My)
rassinh (@—ay) 5 =eY) 7y M 2sinh 2M an
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where :
a3:_26y(a cosh d=+Y sinh a) 260(1 + Y) (a sinh a+ Y cosh a)
o a9
biMu. s b|My _ &ia(y sinh 2itf+ a cosh 2M)
%30 © Zamer 2T 2a9
as= _biy(y sinh 2M + a cosh 2M) (18)
. 2 a209
with:

«9 = (a2+ y2 sinh 2a + 2ay cosh 2 a,

- 26 (1 +M2/a2
T a2 JTsinh 2)K

Again, the volumetric rate at which the solute is transported across a sec-
tion of the channel, of unit breadth, is:

Q&= Jauxay

which on utilising (2) and (17) and comparing with Fick’s law of diffusion,
gives the effective dispersion coefficient, D*, with which the solute is dispersed
relative to a plane moving with the mean velocity of the flow, as:

D
D= ke H@ ¥MG, (19)

where :

H(a, y, M, B)iinthZIM (62<ii - 263i/i2) + (bimi + 263or) +Zmu‘:nha 12 65r03-

Sm(z(_?_'%kf) (mi +Jitii)----§!-r](g-(:€-im) --- ) (Imi —Jm<i) —

2Jmz (a cosh a—sinh a)--—----sinh M(b\m: —H1m)-
MZ(M cosh M—sinh M) ga70: —65LLE), (20

with:

| ey (a3—s cosh a—ae sinh a+ o7 cosh a+ os sinh a),

J _a4 {oa + o5 Sinh a+ as cosh a+ o7 sinh a+ as cosh a),

1 1 G (21)

M= [ =
M2cosh M m2 M 2sinh M’ 1f2°
tanh M
M2

sa=a2 h—&2

Wis = 62= 2&1 sinh ikf, 63=2&1 cosh M,
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Fig. S
Variation of “H” with G, and M, when a=1.0

We have computed H(<x, y, M, G) for oc= 1 and different values of y, M and G.
The results are represented in Fig. 3 and 4.

In this case it can also be observed that the effective dispersion coefficient
decreases with an increase in the surface reaction rate parameter y and the
Hartmann number M, in conformity with the results obtained by Nara-
simhamurthy and K rishnamurthy [6], for moderate values of the parameters
y, M and G. When y and M exert comparable influences, it is found that
the variation of H with G is similar to that obtained by Maztjmder [5] with,
however, the values for heating of the plates (G> 0)*. The results again show
that there are critical values of the parameters, y and M.

In any case the magnetic field exerts a regulating influence on the disper-
sion.

Being again less than for cooling of the plates (6?<0).
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Fig. 4
Variation of “H” with G, fi and M when a=1.0

Conclusions

In this paper, the relative influence of homogeneous and surface reactions,
and a magnetic field on the dispersion of solute in combined forced and free
convective laminar flow in a channel have been considered. In the case of
diffusion with a homogeneous first order reaction alone, it was found that the
effective dispersion coefficient decreases with an increase in the reaction rate
parameter, together with an increase in the Hartmann number, with there
being a critical value of the Hartmann number for each value of the reac-
tion rate. The value of the dispersion coefficient is lesser for heating (G=»0)
of the plates than for cooling (6?<0) of the plates, when the other parameters
are held fixed, and the influence of the magnetic field is less than that of the
homogeneous reaction.

For diffusion with homogeneous and surface reaction, similar behaviour
is exhibited by the effective dispersion coefficient for variations in the rate
of first order surface reaction, Hartmann number and the Grashof number.
Once again a critical value of the Hartmann number exists for any given
value of the surface reaction rate when the homogeneous reaction rate is held
fixed. The above analysis suggests that a magnetic field can regulate the rate
of diffusion of a solute in an electrically conducting solvent, even in the
presence of a temperature or density gradient and chemical reactions.

8
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PE3FOME

ABTOpPOM U3y4eHO aucriepcust Teirnopa pacTBOPEHHOrO BELLECTBA MOYYEHHOrO MpY NOBEPXHOCT-
HO M OLHOPOLHOM peakummM B MarHeTo-rugpogvHammyeckom (MIM[) KaHane npy namvHapHbIM
CB0O60AHbIM U BbIHY)KAEHHbIM TeYEHNW. YCTaHOBMEHO, YTO 3PMEKTUBHBIN KOIPDULMEHT Aucrepcnmn
ybbIBaeT ecm ,,anba“ napameTp CKOPOCTU OAHOPOAHONM peakuun un uucno MaptmaHa ,,M* yBe-
NMumBaeTcs, B 06emx cnyyass ecnv nnacTuHbl HarpeatoTes (G >0) nnm oxnaxkaatotes (G =-0), ncknto-
YeHMeM SBMSIOTCA Te C/lydan KOrja yBe/nyeHvie HarpeBa naacTuH He3HauUTelbHOe UK NapaveTpbl
peakumM Mo cpaBHeHMIO yncnia TapTmaHa 6onblune. oBeaeHWe gucnepcun B cydae 04HOPOAHOW
1 MOBEPXHOCTHOM peakuyn 04UHAKOBO, YTO MOATBEPXKAAETCA U YNCTIEHHBIMU 3HAYEHNAMM 3HEKTUB-
HbIX KO3(p(hMLMEHTOB ancnepcun. MpoBefeHHbIM aHaIM30M MOATBEPXAEHO, UYTO MarHUTHOE Mnose
WMeeT onpefeneHHOe BAVSIHWE Ha CKOPOCTb AMCMEPCUN BeLLEeCTBa PacTBOPEHHOIO B 3/1EKTPOPOBOASA-
LeM pacTBopuTesie.
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REACTORS FOR MULTIPHASE SYSTEMS
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This paper deals with the classification of reactors used for gas-
liquid systems on the basis of the existing form of both phases in the
reactor. The relationships of fluid mechanics for two phase and mul-
tiphase reactors are given, and methods used for the determination of
the interfacial area existing in bubble type beds are discussed. A rela-
tionship was derived for the determination of the volumetric mass
transfer coefficient assuming the validity of the penetration theory.

In general, the reactors used for gas-liquid systems can be classified according
to the form the phases assumed in the reactor. This is essential for the modelling
of heterogeneous multiphase systems. The classification is given in Table 1.
The classification can be further expanded to individual types, taking the
actual geometric arrangement of the reactor elements and the character of
the flows inside the reactor (e.g. phase pulsation, etc.) into consideration [1].
These variants are discussed in patent literature and have commercial signi-
ficance.

So-called bubble-type reactor are discussed here. Bubble-type reactors con-
stitute an important group of multiphase reactors. In bubble-type reactors the
small bubbles formed spontaneously on the distributor plate are dispersed in
the bulk of the liquid phase.

Interfacial Area in Bubble-Type Reactors

The structure of the multiphase fluid system in a bubble-type reactor varies
with the type of electrolyte present. This was also confirmed by our measure-
ments. The quantitative relationships of air-to-liquid ratio (bed porosity)
and operation parameters are still unknown. Therefore, the absolute value
of the interfacial contact area, where actual contact takes place, cannot yet
be calculated.
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The air-liquid ratio is significantly different in certain electrolytes. For
example, even though the air-liquid ratio is as different in aqueous solutions
of NaZXr04 and NaC104 as 0.27 and 0.16 at 0.1 m/s reference velocity, both
values can be calculated with an average error of 6-10%. It seems likely that
emprical, “practice-oriented” relationships can be better used to relate the
basic flow parameters of the gas phase, and the interfacial contact area.
Since interfacial contact area determinations are very difficult to carry out
even today [2-4], the parameters used in the above correlation have to be—ad-
vantageously—easily obtainable. There is a correlation between the magnitude
of interfacial contact area and the air-liquid ratio of the multiphase system.
This relationship can be derived by the critical application of the “isotropic
turbulence theory”. Formerly Kolar [5], Calderbank [6] and Nagel [7]
attempted a similar approach. By expanding Nagel’s approach a relationhip
could be obtained for the expected average bubble diameter,

When turbulent sheer stress is expressed according to the theory of isotropic
turbulence and is substituted into the equation of the dissipation energy,
a relationship is obtained for the expected average bubble diameter:

dB -W ei/V 4 1)

Assuming that the mean and equivalent bubble diameters de are pro-
portional, the expression for the specific interfacial contact area reads, in the
case of spherical bubbles (a= 6e/dtB), as:

a~ (gij/la)need de 2)

where e is the average air-to-liquid ratio in the bed.

The total dissipated energy related to unit mass of liquid in the bed is
ea= -
Part of the total dissipated energy, dissipated only by the liquid, related to
the unit mass of liquid is:

OM=v(no/nb) (L —e)le. )

The specific interfacial contact surface area related to the volume of the
reaction mixture is:

a ~ (eb/<T)°-B(/<C/|nb)04-Y04(1 - e)nde°-e. (4)

In agreement with Reith [8]:
a* K\v/(2v+ 0.2)]. (5)
If Reith’s expressions for the air-to-liquid ratio e=v/(2v +c) is used then:
a-(v+c)-db (6)

In this case Eq. 4-6 agree well with the experimentally found behaviour
of the interfacial contact area [9, 10].

For small gas velocities the interfacial contact area is proportional to the
air-to-liquid ratio, a~ e. This conclusion is also in agreement with that physical
interpretation, which states that for small gas velocities the bubble diameter
is constant, even though the gas velocity increases. Since the number of bubbles
increases, both the air-to-liquid ratio and the magnitude of the interfacial
contact area increase. These conclusions agree with other authors’ findings,
and also with our results published earlier [11]. In the u=0.03 m/s range the
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magnitude of interfacial contact area can be estimated from the measured
air-to-liquid ratio and mean bubble diameter data.

Another method used for the estimation of the interfacial contact area
at u>0 02 m/s gas velocities is based on the calculation of the constant, K.
This, in turn, can be obtained from measured gas-to-liquid ratios. This value
is then substituted into Eq. 5. This procedure is suitable for those systems
which behave like on air-water system.

If both the momentum and force balance equations are applied to an infi-
nitesimal volume of the bed, then a general relationship can be derived giving
the magnitude of interfacial contact area in a bubble-type reactor. Practical
application of this relationship depends on our ability to determine the gas-
liquid friction coefficient, and also the spatial dependence of the gas-to-liquid
ratio in the bed. Using simplifying assumptions, the relationship :

a=Cv(1—e) Q)]

can be obtained, which agrees well with the results of measurements carried
out in electrolytes [10]. The value of coefficient C depends on the physico-
chemical parameters of the system and also, slightly, on the diameter of
the column.

Similarily to the estimation of the air-to-liquid ratio, K= 1,500 was chosen
for a first approximation and the interfacial contact area, a was calculated
from Eq. 5 In 0.2-1.0 M aqueous NaZzS03solutions K = 1,460 corresponds to
an equivalent bubble diameter of 4 mm.

Mass Transfer Coefficient

An expression could be derived for the mass transfer coefficient assuming that
the penetration theory applies:

(21 ) (ObbYPbloc/opc/ib +¢)]". (8)

The principle of isotropic turbulence was used to derive the constant time-
coefficient of the penetration theory. Dissipation energy was expressed by
Eq. 3

Eq. 8 could be obtained by substituting Reith’s expression for the air-to-
liquid ratio into the following general relationship:

kb~ (2/1'h) (Db/v1)il2[vg(ea/Qb)vG(1- e)le]V4. 9)

Eqg. 8 demonstrates that the mass transfer coefficient is practically inde-
pendent from the gas flow rate. This statement is in agreement with the experi-
mental observations. In order to create an equation of practical use an empi-
rical coefficient has to be introduced into the proportionality described by
Eq. 9. matching the simplified model and the actual system.

The volume mass transfer coefficient, kla can be determined more easily
than kL. Its knowledge is important for a number of applications of bubble-
type columns, e.g. for fermentors, etc. The term klLa can be derived by com-
bining Eq. 9 and 4:

k La '""'aﬁ'a}a"'ﬁa;@l\‘yz%?/zo(,l _ e)llyz) (10)
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If the air-to-liquid ratio is taken from Eq. 6 then Eq. 10 becomes:

gyirzriajmoQ a
leva- —memeemee ———[(U + Cp3/30°Or + C)] (11)

03/5 %OeJﬁZO [L
kLa follows the shape of the term (v+c¢)1320 v/(2v+c) in the 5<c<60
range. These c values are more reasonable than the “universal” c¢c= 20 value

generally used in Eq. 5 for various electrolytes. In the 0-0.2 m/s linear gas velo-
city range kla can be approximated by the following expression:

ki,a~tox (12)

where 0.7<x< 1.2. This calculated exponent x agrees surprisingly well with that
calculated from Deckwer’s experimental data [13].
If v is expressed from Eq. 6 and is substituted here, then:

Alia~ey (13)

The optimum theroretical value of y is 1.1. On the basis of experimental
data Akita and Yoshida [14] found that y= 1.16. The fit between experimen-
tal klLa values and Eq. 10 or 11 is very good over a wide range of conditions, and
in a number of various electrolytes.

A rough estimate for the absolute value of kL can be obtained from Cal-
derbank’s and Moo-Young’s relationships. It has to be stressed that diffe-
rent methods used for the measurement of kL and kla yield different results.
Generally, values of klLa derived by Danckwerts’ method from measurements
also involving a chemical reaction are larger than those obtained in the case
of physical absorption only. For an air—weak-aqueous-electrolyte system kla
can be estimated by Eq. 14 assuming that there is no inter-phase turbulence.

&aXH02= 288>"850.35(1_€)o5> -i. (14)

Gas Hold-Up in a Bubble-Type Bed

Gas and liquid hold-up are important parameters significantly influencing
the performance of bubble-type reactors.
In connection with the hold-up, our results can be summarized as follows:

— prediction with good accuracy of the air-to-liquid ratio in non-electrolyte-
filled bubble-type reactors is possible;

— prediction of the air-to-liquid ratio is problematic in electrolytes because
insufficiently known surface effects also come into play.

Assuming that the gas-phase pressure drop can be expressed by the rela-
tionship used in conduits with an equivalent diameter, de, an equation can be
formulated:

Ap/H = 1/2(1Pfeleo) (1/de) (67/€)2 (15)

where de=4e/a, ApjH=o0L-g, and the friction coefficient, WQ is a function
of the Re number:

Ao=kIRe”, Re,-vkdeXeelpa-
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The value of constants k and n can be determined from the experimentally-
determined air-to-liquid ratios (15):

e= BK V 15«4/6/(2u+ 0.2)7/15 (16)

where
B = 1/24/5 X 1/4V5(0G o LENMISfAI5[US e0)l/5 )

with the value K = 1.74X 10* considered universal. (SI units are usedthrough-
out Eq. 16 and 17). Quantity K is characteristic for a given system and bed
geometry.

In the case of non-electrolytes:

(18)

where fuL=cP, o=dyn/cm and (7=1,042 for a column of internal diameter
150 mm.

The validity of Eq. 19-21 was verified in the 780<glL< 1,200 (kg/m3),
1<,Mu<107 (10-3 Ns/m2), 22.3<0<77 (10-3 N/m) and 0.01<linear gas-
velocity <0.15 (m/s) range. The average accuracy was 18%.

Similar dependence could not be obtained for electrolyte solutions. Air-to-
liquid ratios calculated as the integral mean value along the bed significantly
differ for the different electrolyte solutions. For a bed of 150 mm internal dia-
meter, A = 800 for water and 680< A < 2,960 for 1 M electrolytes. (This means
that the air-to-liquid ratio can be lower in electrolytes than in water!). It is
stressed here that the e-v relationship shows a considerable hysteresis for the
majority of electrolytes, depending on the manner the bed was brought to
steady-state conditions.

Air-to-liquid ratios differ so considerably in various electrolytes and
their dependency on the column diameter is so varied that for engineering
purposes the effects of the changing diameter can be neglected at 1.D. > 90 mm,
though some effects were noted and correlated during the experiments.

The most reliable method to obtain a reliable air-to-liquid ratio is to measure
an e-v pair on model equipment. The K is calculated from Eq. 16-18 and the
e-v relationship is obtained.

For aqueous electrolytes of unknown concentration and composition
Ur= 1,500 can be taken for the purpose of first estimation.

Regarding the concentration dependence of the air-to-liquid ratio it can
be said that the ratio is approximately constant in the 0.2-2 M range, while
a linear relationship exists in the 0-0.2 M range. The fit between the experi-
mental data and the proposed correlation is satisfactory for linear gas velocities
in the i/>0.09 m/s range. In the 0.02<v< 0.09 m/s range measured and calcu-
lated values differ by 20-30%.

Thus, it can be concluded from the correlations of interfacial contact area
and mass transfer coefficient with ewd and e that the volume mass transfer
coefficient implicitly depends on the size of the reactor, as the air-to-liquid
ratio depends on the dimensions of the apparatus. However, the latter depend-
ency is often negligible.
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Pressure Drop on the Bubbling Plates

Piessure drop of the gas flow passing the holes of a plate can be calculated as:
Ap= %qdpa,+ hoi.g) (19

where Nis the height of liquid on a plate prior to the start of the gas flow.
For thin plates (P/d0< 2) the pressure drop of dry plates can be calculated

® AR 50N 50 HI-<rPeai (20)

where the value of K* is taken from the plot Fig. 1.

Fig. 1.
Function of the value K* versus T/da
a — Sieve-plate, b — Turbogrid tray

$ In the case of co-current operation mode, pressure drop across the plates
can become the limiting factor. The following plate-designs were examined:
plates with circular holes, thin plates (TjdQ<2), da= 10-25 mm, T= 2 mm,
@= 0-5% ; thick plates, d0=10-25 mm, = 0-14%, T =32-80 mm. In the
case of two-phase flow, pressure drop in orders of magnitude larger than in
the case of single-phase flows [17]. For thin plates, pressure drop is minimum,
and constant (392 Pa=40 mm H2) for 4%. Regarding the pressure drop,
the optimum value of free plate area is 11< y><14% for thick plates.

SYMBOLS
a specific interfacial contact area per unit volume of the reaction (@—1) mixture
c, G constants
da average bubble diameter
dea equivalent bubble diameter

de equivalent diameter
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diameter of the holes on the sieve plate
diffusion coefficient of the dissolved compound
air-to-liquid ratio
total dissipated energy per unit of liquid mass
fraction of total dissipated energy in liquid per unit of liquid mass
gravity constant
gas flow rate
bed height
constant
mass transfer coefficient in liquid
constant, characteristic for the given system
pressure drop
dry plate pressure drop
Reynolds number
plate thickness
v/<p linear gas velocity related to free plate area
linear gas velocity in reactor
gas viscosity
liquid viscosity
gas density
liquid density
kinematic viscosity of gas
kinematic viscosity of liquid
surface tension
relative free plate  area
friction coefficient
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An analytical solution of the differential equation set used to describe
the component transfer process from a limited-capacity fluid phase
into a limited-capacity solid phase was developed. A concentrated-
parameter differential equation was used for the description of the
fluid phase, while a distributed-parameter equation was used for the
solid phase. It was assumed that transfer in the solid phase was due
to diffusion only, and the initial concentration was not identically
zero in any of the phases. An error analysis was given to show the
relationship between the number of terms of the infinite series consi-
dered and the required precision of the solution.

If solid, spherical particles are suspended in a fluid phase and the concentrations
are to be described—assuming that component transport in the solid phase
is due to diffusion only—then the following differential equation set and bound-
ary conditions, well known in literature, are obtained:

dc _ i d_q o
Fo=-4fA2H S 1=k (1)
dor_ , dar @)
dt dr2
dB-9 r-0 0 @3)
dr
g=Kc r=R =0 (4)

The differential equation set, Eq. 1 to 4 is generally Laplace transformed
[1, 2] using the following initial conditions:

c—cCo t=0 (5)
q=o B>ra0 t=0 (6)
q=KGo r=R <=0 @)
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The solution of functions c(t) and q(r, t) are also known from literature :
Coa “ 6ae'#*1
Coa ~ 6ae °°°" B sin akr

=K — KCO0 Y —
9= Ty a O 9502 [WkR2A2 sin akR ©)

where a= 3F/4R3 and ok are the roots of Eq. 10:

« oukR
tg ckA = 10
g 3+ a(cok)2 5
This type of solution is also similar under the following initial conditions:
3=60 t=0 (11)
3=0 r=R (:0 (12)
c=0 t—0 (13)
The solution becomes:
Q@ i ~ faa+ta)r’*1 g
K(l+a) 1 *~1 9+ 9a+ (vkfa)2J

. Qo fi v 6a(l+a) R sin cukri 1K

a 1+a l Eh 9+ 9a+ (a>kRa)2 sin o*R r J

It is comparatively simple to produce both Eq. 8, 9 and Eq. 14, 15, because
the initial concentration in one of the phases is zero. The condition system
described by Eq. 5-7 and 11-13 can be derived from the more general condi-
tion system:

3=00 R~Ar~o t=o0 (16)
q=KGO r—R t—o (1)
c=o t=0 (18)

if the substitution c=c+QO0IK and g—qg-\-Q0 or c—c+ C0 and gq=q+KCO0
are carried out. However, due to the sign of KO0—QO, an alternative solution
is obtained, for the substitution makes c or q zero at time zero.

Using the “separation of the variables” method the more general equation
set, Eq. 1-4, 16-18 can also be solved. If cis eliminated from Eq. 1 using, as
boundary condition, Eq. 4, and the time-derivate of the results is derived by
Eq. 2, then following equation set is obtained:

dL =D — (19)
dt dr2
* _ 20
dr 0 (20
d d
Vs LT 0 (21)

dr2 dr
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q=Q 0 r< ] i=0 (22)
q—KGo r=R t=0 (23)

Let us seek the solution in the form of f(r)g(t). Then:

dg dtf
dt  dr2 24)
oo y
where y-, is a positive constant. Then:
ffi = e-rit (25)
fi =ai cos EI r + bi sin —r (26)

The boundary conditions become:

m

lim[— — j=o0 27
r-olr dr rzg (27)

v ok R (28)
— = 1 r=
dr2 (g

I 'r))

If function /j is substituted into the boundary conditions, the « =0 is

obtained, so /i= 6i-sin I\D/i r—bj sin cr=biyi. It follows from the boundary
conditions of Eq. 28 that:
g coiR= 4:R3nK (iR (29)

V (coiR)2+ &R K

The last equation yields cui and this results in the eigen-value y{= Dcof.
Then the gr function becomes:

- . _yit  WCo+WnQo
= VY foe "y IVi Hemormommmmeme oS 30
qr ‘t)i foe™y Vi H SETIRTK Kr (30)

Substituting the solution into initial conditions of Eq. 22, 23 we obtain,
after rearrangement:

Qo-KCo
————mmmm—ee- r r-<R
3V + 4RNK
2 %i= (31)
<-1
4R 2n K _KGo—Qo =R
3F + 4R*nK

The fact that function set y{is not orthogonal over interval 0—1I might
pose a problem in the determination of coefficients b{. This difficulty can be
bridged by defining the scalar multiple of the two functions as follows:

v, = J ' 32
v, J @ydr+ iy VRIWR) (32)
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W ith this scalar multiple function set y{becomes orthogonal, so the solution-
function n can be expressed as a series according to eigen-functions yx. Let
us now form the scalar multiple of u and functions yk (32) as follows:

<«, = <r/k, =bk { J yid r + ¥Y%8)}=-Bxok (33)
0

On the other hand:

Qo-KCo

-n, yk=- = 3F 3K+ 4RMK f rykdr+ R2V .Z\§E4RQnK X’ki(R)': Ak (34)

Akand Bkcan be expressed as:
Ak= - (COKQ0) G i (36)

inRK
Bk= __F_C_E)lg_f_f})_}fl{lﬁt_s_l_[]_?@ki() R + F einz(cok_R) (36)
2(Vak +4nRK) 4nRXK
Then the solution :
V(KCo —Qa)R(V(ok +4nRK) sin akR sin wkr 7Dw%[+

1, n=2 e
K-l 2K VR 3ncek + (AnB 4K 2+ Vzok +4nRKV) sin2akii)r
3VCoK+ 4R3nKQa

@37
+  3F+4R3K

Function c(t) describing the concentration in the fluid phase can be obtained
in two ways. One of them is that the q solution is substituted into boundary
condition 4, so:

c_17” F (KGo—Qo) (Fcok + 4nR K) ein2@kR) —Bertt~
K k-i 2KVR3nU)k + (SN2R&K 2+ V2ok £4nRKV) sinAakR)
3yg,+H»yb
3F + 4R*nK v

The other possibility is that the overall amount of material which entered
the solid phase is expressed and it is subtracted from the amount initially
present in the fluid phase:

R

c=Go-—J (g—Qo)4rn dr (39)

The functions expressed by Eq. 38 and 39 are identical, which proves that
q(r, 0) differens from QO only in a few points, at the most.

Substituting CO0=0 and Qo=0 into Eq. 37-39, they become Eq. 8, 9 and
14, 15, respectively.
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If only the fluid phase concentration is interesting, and only N terms of the
infinite series are considered, then the error, H is largest at t=0 and can be

expressed as:

1 - V(KCo-Qo)(Va>I1+inRK) sin2(cokfi)
K Kk-N+i 2KVR3cok + (sszfls~2 + yu>1 + 4 nNRKV) sinz(o>kfi)
1 A 2V (KCo0-Qo)
K knea Vol
ARINK + 3V +
4nRK

(40)

Here sin (mkR) was expressed by Eq. 29. When Eq. 29, relating to the eigen-
value is examined, then it can be shown that there is an wkR root in each
kn —(&+ Dmrinterval. If this rootis substituted with kn, then Eq. 40 becomes:

2V(KC0-Q 0)4R3 1 *  6a(jfTCo-Qo)

k-N+i ("Ra3NnK)3+ \2RH KV + RcVn)3 K * n+1 9+ 9a+ (ouck)2

6(KCo —Qo) I~ dk KGo-Q o ﬁ 2 1
c = - 1-—- arct — =
Kan J 91+4d) |p KITTA\ g )’I+CIJ
a2

(41)

It can be seen that by selecting an appropriate N value, error Il can become
as small as required. Thus, component transfer can be calculated in the case
of solid-phase controlled processes without alternative equations and trans-

formation of the variables.
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SYMBOLS

¢, ¢ concentration in the fluid phase, mmol/cm3

g, g concentration in the solid phase, mmol/cm3
volume of the fluid phase, cm3

radius of the solid particle, cm

diffusion coefficient, cm2's

time, s

radius, cm

initial concentration in the fluid phase, mmol/cm3
initial concentration in the solid phase, mmol/cm3
equilibrium coefficient

volume fraction, —

eigen-value, 1/s

eigen-value, 1/cm

absolute error, mmol/cm3
, 61, Ai, Bi coefficients, mmol/cm?2

I|m|t|ng value
i, K subscripts
g, f, n, V,w, y functions

TR ERS

Z Ig= o R
=
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PE3FOME

OnncbIBaeTCA aHA/IMTUYECKOE pPeLLeHUe CUCTeMbl AudhepeHLMaIbHbIX YPaBHEHWI Mepexofa KOoM-
MOHEHTOB M3 XXMAKOCTHOM (hasbl KOHEYHOWN eMKOCTUN B TBEPAYH (ha3y KOHeUHOW eMKocTh. XKuakocT-
Has (hasa OMMCbIBaeTCA cCUCTeMONM AnddepeHUMaIbHbIA YpaBHEHWI C XaTbIMKU napameTpamu, a
TBepAas (basa OMUCLIBAETCS YpaBHEHVEM C pa3sfesieHHbIMU MapameTpamu. [MpeanosnoraeTcs, 4To
TpaHCnopT B TBepAO (hase 06yCNOBMEHO NMLLb ANQQY3Men N B HaYa/TbHBIA MOMEHT KOHLEHTpauums
HV B OAHOI (ha3e He paBHSAETCA TOXAECTBEHHO Hysblo. MpoBefeH aHaM3 OLUMOKM HACUET Mopsiaka
TOYHOCTW MOMYYEHHOrO B pe3ysibTaTe peLleHnsi 6eCKOHEYHOro psja.
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A simple, isocratic liquid chromatographic separation method was
developed for the analysis of bovine and porcine insulins and their
desamido decomposition products. The dependence of insulin retention
upon the water concentration of the eluent and the chain-length of the
tetraalkyl ammonium ion pair reagents was investigated. The ap-
plicability of the system for routine production control purposes was
demonstrated by the analysis of crude insulin samples and a mono-
component insulin preparation.

Introduction

High perfomance liquid chromatography (HPLC) underwent spectacular
development over the past ten years. With the advent of reliable reversed
phase (RP) packings, and the introduction of ion pair reagents, HPLC entered
such new fields as protein and polypeptide analysis, which in the past had been
dominated by low performance gel chromatographic separation methods.

Insulins are large polypeptides with an approximate molecular mass of
6,000. The insulins of various species differ only slightly in their amino acid
sequence, generally in 2 or 3 amino acids at the most. Since crude insulin
batches may contain other biologically active components and decomposition
products, a simple and fast separation as a first screening method is essential
for insulin processing. So far most insulin separations were carried out by gel
chromatography, e.g. [1-4] or by reversed phase HPLC with gradient elution,
e.g. [5-9] requiring costly instrumentation. Only Dinner and Lorenz [10]
and Damgaard and Markussen [11] published simple, isocratic insulin sepa-
ration methods.

Some of the papers on gradient insulin separation [8, 12] indicate that tetra-
methyl ammonium cations have a favourable effect upon the peak shape of
insulins and related large polypeptides, because the tetramethyl ammonium

*To whom correspondence should be addressed.
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ions are believed to block the residual OH groups of the reversed phase packing,
and also, possibly, form ion pairs with the polypeptides. However, the reten-
tion volume of insulins were apparently identical with and without tetramethyl
ammonium ions.

Therefore, it seemed worthwhile to investigate the effects of tetraalkyl
ammonium ions upon the retention volume of insulins, and based on these
results, develop a simple, isocratic liquid chromatographic separation method
suitable for fast quality-control purposes.

Experimental

A Varian LC 5020 liquid chromatograph (Varian, USA) connected to an LC 55
variable wavelength detector (Perkin-Elmer, USA) was used in the experi-
ments. The thermosttated 250X4.0 mm I.D. s.s. column [13] was packed with
10 p,m RP-18 octadecyl silica (Merck, FRG). Tetramethyl, tetraethyl and
tetrabutyl ammonium hydroxide reagents were obtained from BDH (Britain),
while phosphoric acid and methanol were from Reanal (Hungary). In order
to check the hydrophobic eluting power of the eluent, nitroalkanes (Fluka,
Switzerland) were also separated along with the insulins. The retention
volumes of nitroalkanes were used as reference points, since their values
mainly depended on the methanol content of the eluent. Since former experi-
ments indicated [14] that the retention of insulins depended sensitively on the
methanol content and the preparation method of the eluent, the latter was
rigorously standardized. The calculated amount of methanol, ion pair reagent
and phosphoric acid was weighed into a 1000 ml volumetric flask, then the
flask —while kept at 25 °C—was brought almost to mark with double distilled
water leaving a free space of about 500 pl Then, the pH of the eluent was
measured with a combined glass electrode and precision pH meter (Radelkis,
Hungary), calibrated with pH 4 and 7 aqueous buffers. If necessary, final pH
adjustment was achieved by adding a few drops of concentrated phosphoric
acid. Then the flask was brought to the mark, the eluent was filtered, degas-
sed ultrasonically and used immediately.
Retention was characterized by the k' values determined as:

Vo

where FRis the retention volume of the component in question and Vnis the
dead volume of the column determined as described in [15].

Results

1. Effects of the Chain-Length of the Tetraalkyl Ammonium Cation

pH 3.2 eluents were prepared, which contained 45.8 g methanol in 100 ml
final volume, 0.1 mol/l phosphoric acid and also one of the following ion pair
reagents :

a) none
b) 0,05 mol/1 tetramethyl ammonium (TMA+) cations



1981 Chromatographic Separation of Insulins 341

c) 0.05 mol/1 tetraethyl ammonium (TEA+) cations
d) 0,05 mol/1 tetrabutyl ammonium (TBA+) cations.

The k! values of nitroalkanes, bovine and porcine insulins obtained with
these eluents are summarized in Table 1

Table 1.

Effects of the chain-length of tetraalkyl ammonium cation
upon the k' values of nitroalkanes, bovine and porcine
insulins. Eluent: 46.8 g/100 cm3 methanol, pH 3.2, tetraalkyl
ammonium cation concentration: 0.06 mol/1, 27=26 °C

k'l
Tetraalkyl ammonium

cation nitro- nitro- bovine porcine

butane pentane insulin insulin

none 1.22 2.50 8 —
tetramethyl 1.23 2.51 6.0 9.0
tetraethyl 1.23 2.61 5.1 9.0
tetrabutyl 1.22 2.50 0.6 11

It can be seen that in the range studied, the tetraalkyl ammonium cations
do not influence the retention of the neutral nitroalkanes. In the absence of
tetraalkyl ammonium ions the retention of the insulins is large, and the peaks
are distorted by severe tailing.

With the addition of TMA+ their retention decreases and the peak shapes
improve. TEA+ has a similar effect on the k' values of insulins and none upon
the k' of nitroalkanes.

The k' of insulins are almost identical with both TMA+and TEA+. However,
upon the addition of TBA+ the k' of insulins decreased dramatically, while
those of the nitroalkanes remained constant.

The concept of classical ion pair formation between the positively charged
tetraalkyl ammonium cations and the negative carboxylate groups of the
insulins—as suggested in literature—cannot be maintained, for it would re-
quire an increase in k! with an increase in the chain length of the ion pair reagent
and the opposite is true.

It is believed that the tetraalkyl ammonium cations are adsorbed on the
hydrophobic packing and create a positively charged environment. This posi-
tive charge exercises a repulsive effect upon the positive charges of the insu-
lins, which at this pH are in excess, compared to the negatively charged car-
boxylate groups. The more hydrophobic the tetraalkyl ammonium cation,
the more pronounced this repulsion is, and the smaller the k! values are.
Knox et al. postulated a similar retention mechanism for small peptide
zwitterions [16]. The identical k' values obtained with TMA+ and TEA+ are
not surprising, because as Hung et al. have shown [17] the adsorption isotherms
of TMA+ and TEA+ on octadecyl silicas are almost identical and run much
lower than that of TBA+.

2
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2. Effects of the Eluent Composition

The effects of the water concentration in the eluent upon the k! of insulins
was also investigated. Karli-Fischer titration with amperometric dead-stop
end-point indication was used for water determination. The k' values of insu-
lins as a function of the water concentration are shown in Tables 2 and 3. It can

Tale 2

K’ values of bovine and porcine insulins on LiChrosorb
RP-18 packing with pH 3.0, 0.05 mol/l tetraethyl ammonium
hydroxide/phosphoric acid/methang|_eluents containing

varying amounts of water (1 =24 °C)

K
W ater content
g/100 cm3 . .
(Karl- Fischer titration) ibnos\lllllri]s ?:Srﬁ:?ne
48.66 2.49 4.59
49.41 3.10 5.77
60.18 4.20 7.56
61.55 7.21 12.99
52.08 9.17 16.73

Tade 3

kf values of bovine and porcine insulins on LiChrosorb
RP-18 packing with pH 2.6, 0.005 mol/l tetrabutyl ammonium
hydroxide-phosphoric acid-methanol eluents containing
varying amounts of methanol

K
g MeOH
in 100 ml . . . . .
eluent nitro- nitro- nitro- bovine porcine
butane pentane hexane insulin insulin
45.93 125 2.53 5.24 0.5 10
44.02 1,43 3.02 6.33 13 2.3
41.53 178 3.83 8.24 41 71

be seen that a mere 3 g/100 g change in the water concentration causes a three-
fold change in k’, a behaviour entirely unknown with simple, neutral organic
molecules [14]. This meant that for meaningful, quality-control-oriented se-
parations, the methanol content of the eluent has to be kept absolutely con-
stant.

3. Isocratic Analysis of Insulin Samples

From the methanol-dependence of the k’ of insulins, and the effects of the ion
pair reagents upon the peak shapes, the analysis conditions yielding satis-
factory isocratic insulin separations could be determined. These are as follows:
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column: 250 mmX4.0 I.D., packed with 10 pm LiChrosorb RP-18

eluent:

composition: 456 g methanol,
46 ml 10 em3/100 cm3tetramethyl ammonium hydroxide,
0.9 ml 85% ortophosphoric acid, double distilled water to
make up for a final eluent volume of 1000 ml.

flow rate: 1,0 mI/min

temperature: 30 °C

The system allows for routine, fast monitoring/screening of incoming crude
insulin batches and insulin-containing products. As an example of the former,
the chromatograms of two crude insulin batches are shown in Fig. 1 and 2.
Both samples are mixtures of bovine and porcine insulins, but the amount of

Fig. 1.
Chromatogram of a crude insulin batch. For analysis conditions see text
Error in Fig. 1: The correct dimension of abscissa is (ml).
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Fig. 2.

Chromatogram of a partially decomposed crude insulin batch.
For analysis conditions see text

decomposition products (monodesamido insulins) is higher in the second
batch (Fig. 2). The chromatogram of a monocomponent insulin injection
(Monotard, NOVO, Denmark) is shown in Fig. 3.

Conclusions

It was shown that tetraalkyl ammonium ion pair reagents decrease the reten-
tion volume of insulins in pH 3.2 aqueous methanol eluents. However, the
effects of tetramethyl and tetraethyl ammonium ions are much weaker than
that of the tetrabutyl cation. The water concentration range in which insulin
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Chromatogram of a monocomponent insulin injection (Monotard, NOVO, Denmark).
For analysis conditions see text

separation is possible proved to be very narrow. An isocratic reversed phase
liquid chromatographic separation method was developed for the rapid screen-
ing analysis of insulin-containing samples.
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PE3IOME

ABTOpaMuK paspaboTaH KpoMaTorpafuueckuii MeTof, pasfenieHust MPOCTON XUAKOCTU C LEefbio
aHa/IM3a CKOTCKOr0 M CBMHOMO WMH3yNMHA U WX [Ae3aMUAMPOBAHHbIX Pa3NoXeHHbIX MPOAYKTOB.
[Janee uccnenoBaHa 3aBUCUMOCTb PETEHLMM MH3Y/IMHA OT BOAAHOM KOHLEHTPALWK, a Takke Bus-

HWe

[M/IMHbI LENY WOHHOM Mapbl TeTpaasikuia aMMOHUS Ha PeTeHuMo. Ha npumepe u3MepeHus

np06 CbIPOro MH3yMHa M OAHOKOMMOHEHTHbLIX nNpenapaTtoB WMH3Y/IMHa NOKa3aHbl BO3MOXXHOCTU
NnpMMeHeHNA MeTOo4a B KOHTPOJ1€ NPONU3BOACTBEHHOIO Mnpotecca.
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Kinetics of the vapour-phase dehydration of iso-propanol, n-hutanol,
iso-butanol, s-butanol and i-butanol has been studied over alumina,
silica-alumina and molecular sieve catalysts in a fixed bed flow reactor
under isothermal conditions in the temperature range 200-400 °C
at atmospheric pressure. All the catalysts were characterized with
respect to their physical properties. The reaction products essentially
consisted of unreacted alcohol, water, propylene and butylene with
traces of ether.

The dehydration reaction was found to be first order and the experi-
mental and calculated conversions based on the proposed rate equa-
tions were found to be in good agreement. Acidity of the catalyst was
found to significantly influence the catalyst dehydration activity.
In general, a direct dependence was observed between catalyst
acidity and dehydration rate. Rates of dehydration of the alcohols
were compared, based on linear free energy relationship and stability
of carbonium ions.

Catalytic vapour-phase dehydration of alcohols was studied over solid acids
by many investigators from the standpoint of elucidating the reaction kinetics
and mechanism [1-8]. Rate controlling mechanisms for alcohol dehydration
based on Langmttir-H inshelwood models for heterogeneous reactions were
also proposed [9-15]. Some attempts were also made to explain the dehydra-
tion-dehydrogenation of alcohols based on the electronic theory of catalysis
[16-18]. More often such studies were confined to the dehydration of ethyl
alcohol over alumina with a view to determining whether ethylene formation
takes place directly from alcohol or through the formation of ether as a true
intermediate.

Whitmore [19] was the first to propose a mechanistic model for explain-
ing the dehydration of alcohols based on carbonium ion mechanism. This
mechanism, which is similar to that proposed by Ross and Bennett [20],
and others [21] for liquid phase reactions in acid media, was subsequently

Present Address: Food and Nutrition Board, Sastri Bhawan, MADRAS 600 006, INDIA,
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extended by Bremner [22], Dowden [23], and Winsfield [24] for solid acid
catalysts. More recently it was proposed that the reaction takes place by
a converted mechanism, wherein both the acidic as well as basic sites present
on the surface of the catalyst take part in the reaction [25]. The role played
by acid sites on the catalyst surface in promoting reactions such as dehydration,
isomerization, alkylation, and cracking, etc., was demonstrated by several
investigators. Pines and Haag [26] were the first to demonstrate the quanti-
tative behaviour of catalyst acidity. However, very few comprehensive in-
vestigations were reported. This paper reports the results on the dehydration
of several alcohols over alumina, silica-alumina and molecular sieve catalysts.

Experimental
Apparatus

The experimental set up employed in the kinetic studies is given in Fig. 1
It consisted of alcohol feeding unit, preheater, reactor and product collection
unit. The reactor was made of 12 mm 1.D. Pyrex glass tubing and was exter-

Hg 1
Schematic Diagram oftge Experimental Set-Up.
1 — Alcohol storage; 2 — Calcium chlorid tube; 3 — Needle valve; 4 — Capillary flow
meter; 5 — Pre-heater; 6 — Thermometer; 7 & 8 — Gland and nut joint; 9 — Reactor;
10 — Thermocouple; 11 — Catalyst loading point; 12 — Catalyst; 13 — Glass heads;
14 — Double surface condenser; 15 — Liquid receiver; 16 — Dewar flask; 17 — Wet gas
meter
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nally wound with a heating tape. The reactant feed was controlled by a fine
adjustment valve and was measured by means of a rotameter. Temperature
in the reactor was measured by a calibrated thermocouple and was controlled
by means of a variable energy transformer. Reaction products were condensed
in a double walled glass condenser. Uncondensable product gas was metered
before it was vented.

Analysis

The liquid product mainly consisted of unreacted alcohol, water and ether
with traces of carbonyl compounds (aldehydes and ketones). Quantitative
estimation of the individual liquid products was done by vapour phase chro-
matography.

When iso-propyl ether and acetone were present together, these were esti-
mated by chemical analysis. Uncondensable product gas consisting of propy-
lene or butylene was estimated by Orsat gas analyser.

Catalyst Preparation and Characterization

Alumina was prepared from aluminium nitrate by precipitation technique.
Silica-alumina was prepared by mixing the gels in the required proportion.
Molecular sieve 10 x supplied by the Union Carbide Co, was used as such. AH
the catalysts were subjected to an activation treatment. Details of the method
of preparation, treatment and characterization of catalysts were reported
in an earlier communication [27]. Properties of the catalysts employed in the
present study are listed in Table 1.

Table 1.
Physical properties of the catalysts
Temp, of Surface Acidity Total Average
. Catalyst activation V(F)’I‘L'ne]e rerl)girfls
ron °0 m2/g. m.mol/g. m.moles/m2. c.clg. A
1 Alumina from
aluminium
nitrate 500 226.5 0.498 2.198x10-3 0.3956 34,9
1(a) — do — 630 160.6 0.427 2.659 X 10-3 — —
1(b) — do — 730 126.6 0.337 2.662 X 10-3 — —_
1(0) Alumina from
aluminium
isopropoxide 500 224.8 0.141 0.627x10-3 0.4525 40.2
2 10 X molecular
sieve (MS) 500 615.5 0.597 0.970 X 10-3 0.3318 10.8
3 Silica-alumina
(81:19) 500 243.4 0.623 2.560 X 10-3 0.3811 31.2

Mass Transfer Characteristics

Before undertaking detailed kinetic studies, the effect of the following variables
on the reaction rate was studied.

i) Effect of clock time,
ii) Effect of bulk and pore diffusion.
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The effect of clock time was studied at 310 °C by noting the conversion of
alcohol as a function of time for a period of 24 hours under otherwise identical
conditions. The conversion remained constant for a period of over 10 hours.
Consequently, all the kinetic runs were conducted in the period of constant
catalyst activity.

The effect of bulk diffusion was largely overcome by employing high enough
velocities of the reactant. Subsequent calculations of partial pressure drop
and temperature drop at the surface of the catalyst by the method of Y oshida,
E amaswamy and H ongén [28] have shown that under the operating conditions
employed in the present study, the effect of intraphase diffusion could be
considered to be negligible.

The effect of pore diffusion was assessed in an indirect manner by employing
different particle sizes of the catalyst in the 0.4-1.0 mm range. It was found
that the rate of dehydration remained essentially constant with particles of
size 0.5 mm dia and below, thereby indicating the absence of intraparticle
diffusion with this particle size. In the actual kinetic experiments catalyst
particles of 0.4 mm dia were used.

Subsequent calculations of effectiveness factor by the method of Mitter
and Kirk [29] have shown it to be near unity.

Kinetic Experiments

The range of variables employed in the present study is as follows:

Reaction temperature: 220-410 °C
Time factor (W/F): 0.5-3.0 g. cat. hr./g.mol.

Kinetic data on the dehydration of iso-propanol, u-butanol, iso-butanol,
s-butanol and i-butanol were collected over alumina, silica-alumina and 10 x
molecular sieve catalysts, by notting the conversion of alcohol as a function
of time factor and reaction temperature.

Dehydration of iso-propanol led to the formation of propylene and diiso-
propyl ether. Butylene was the main product with butanols exceptin the case
of n-butanol where small quantities of ether also formed at lower temperatures.
The dehydrogenation reaction leading to the formation of carbonyl compounds
(aldehydes and ketones) was found to proceed to a negligible extent (less
than lpercent). Even in the case of iso-propanol, ether formation never exceed-
ed 10 per cent and hence was not taken into account in the kinetic analysis
that follows.

Analysis of Kinetic Results

Dehydration of alcohol essentially resulted in olefin formation and was found
to increase as a function of time factor as well as reaction temperature. Rep-
resentative plots are given in Fig. 2-4.

Assuming alcohol dehydration to be first order with respect to the alcohol
concentration, the reaction velocity constants could be computed using the
following integrated rate expression:

KW F)A —— 12 In(1 —x) + x]. W
Pi
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Fig. 2.
Effect of Time Factor on Conversion. Alcohol: iso-propanol, temperature 250 °C

Fig. 3.
Effect of Time Factor on Conversion. Alcohol: iso-butanol, catalyst: Silica-Alumina



352 M. Ravindram and K. S. Murthy Vol.

W/F(gm catalyst)(hr)/(gm mol alcohol)
Fig. 4. Effect of Time Factor on Conversion. Alcohol: s-butanol, catalyst: IOxM.S.

¢

300U 0—0 250*C
280“C

Catalyst: 1(b)

Fig. 5. Plot for First Order Rate Constant. Alcohol: iso-propanol
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The validity of the above expression was checked by plotting (W/F) vs.
the r.h.s. expression in Eq. (1). Straight line plots passing through the origin
were obtained in all the cases. Representative plots are given in Fig. 5 and 6.
Individual values of the reaction velocity constant calculated by linear re-
gression analysis are reported in Tables 2 and 3. The correlation coefficient in all
the cases was found to lie between 0.98-1.00, thereby showing that the linear
relationship in Eq. (1) is statistically significant. The reaction velocity constants
were related for the temperature effect by means of Arrnhenius equation.
The corresponding activation energies and pre-exponential factors determined
by linear regression analysis are reported in Tables 4 and 5. The validity of
Eq. (1) was checked by substituting the pertinent values and back calculating
the values of x. Calculated and experimental values of conversion are found
to be in good agreement. Representative plots are presented in Fig. 7 and 8.

Fig. 6.
Plot for First Order Rate Constants. Alcohol: iso-butanol
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Table 3.

n-butanol
n-butanol
n-butanol

iso-butanol
iso-butanol
iso-butanol

s-butanol
s-butanol
s-butanol

i-butanol
i-butanol
i-butanol

M. Ravindram and K. S. Muethy Vol.
Table 2.

Values of reaction velocity constant (k) for isopropanol

k(litres/hr.g. catalyst)
Temperature °0

Catalyst
250 280 310 350
Catalyst 1 24.36 105.07 328.11 —
Catalyst 1(a) 17.24 63.93 243.41 —
Catalyst 1(b) 11.01 55.95 173.80 —
Catalyst 1(c) 11.79 78.77 267.16 —
Catalyst 2 8.65 32.30 69.02 179.26
Catalyst 3 8.52 31.55 73.91 166.54

Values of reaction velocity constants for butanols:

& (litr&s/hr.g-catalyst) Temperature, °0

220 250 280 310 30 330 410
1 — — — 149.01 376.66 — -
2 — — — 8.51 44.61 82.29 123.47
3 — — — 7.31 24.27 44.07 77.73
1 - 5.65 18.43 81.54 246.94 - -
2 — 2.61 6.82 20.43 74.83 - -
3 — 4.16 9.66 20.70 62.44 114.76 —
1 6.40 55.39 127.52 282.22 - - -
2 7.18 39.11 130.78 269.86 - - -
3 3.89 18.68 61.44 113.50 — — —
1 12.10 60.48 190.75 460.07 - - -
2 86.60 176.98 306.13 384.95 - - -
3 114.38 217.29 398.42 566.63 — — —

Table 4.

Values of activation energy (E) and frequency
factor (A) for iso-propanol

Catalyst J.(litres/g.cat.hr.) 2Akcal./gnol)
Caralyst 1 2.43 x 1012 26.30
Catalyst 1(a) 2.42 X 1012 26.71
Catalyst 1(b) 5.45 X 1012 27.94
Catalyst 1(c) 2.06 x10i4 31.61
Catalyst 2 1.39x1011 25.08

Catalyst 3 9.74 x 10s 19.13
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Table 5.
Values of activation energy (E) and Frequency factor (A) for butanols
E, K.cal./g.mole A, litres/hr.g.cat.
Alcohol
Cat. 1 Cat. 2 Cat. 3 Cat. 1 Cat. 2 Cat. 3

w-butanol 24.94 21.29 18.65 8.29x1010 9.84x10» 7.61 X10?
iso-butanol 25.12 21.91 17.53 1.74x104 3.42 X 10» 8.37 X107
5-butanol 24.22 23.18 21.70 4.01 X 1OH 1.58x1011 1.87 X 1010
i-butanol 23.08 9.65 10.34 2.31x1011 1.77X106 4.48 X 108

Fig. 7.

Plot of Experimental vs. Calculates Conversions. Alcohol : iso-propanol
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Fig. 8.
Plot of Experimental vs. Calculated Conversions. Alcohol: n-butanol

Discussion

In general, in investigations of this type involving a large number of reactants
and catalysts, the effect of catalyst texture on reaction rate could be assessed
by relating some kinetic parameter such as reaction velocity constant, reac-
tion rate or activation energy with some intrinsic property of the catalyst,
such as specific surface area, acidity or electrical conductivity. It is a common
practice to identify activation energy for the reaction as an index of catalyst
activity and a lower value as indicative of higher activity. However, a decrease
in the value of the activation energy does not necessarily result in an increase
in the value of the reaction velocity constant, since it is also frequently accom-
panied by a decrease in the value of the preexponential factor. Consequently,
while assessing the effect of catalyst texture, the reaction velocity constants
were taken as representativ of catalyst activity.
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Effect of Catalyst Acidity

In the present investigation, acidity of the catalysts was measured at a pk.d
values of +3.3. It was found that heat treatment reduces the specific surface
area as well as the acidity of the catalyst (See Table 1, catalysts 1, la, Ib).
The catalytic activity of the heat trated catalysts also followed a similar trend.
Acidity of these catalysts when plotted against the reaction velocity constants
in the case of iso-propanol (Fig. 9) showed a direct proportionality between
the two.

Fig. 9.
Effect of Acidity on Catalyst Activity for iso-Propanol Dehydration

Linear Free Energy Relationships (LFER)

A quatitative description of relationships between the structural parameters
of solid catalysts on the one hand, and reaction rates on the other, are important
in understanding the precise way in which catalysts function.

H ammett [30] found that the relative rate or equilibrium constants of meta-
and para- substituted benzene derivatives for aromatic reactions can be empi-
rically related by the following equation :

log ~relative= o v (2)

where g is a proportionality factor characterising the reaction and a is a con-
stant characterising a substituent in the meta or para position. Values of g
have been derived from dissociation constants of substituted benzoic acid
for which the value of gwas taken as unity. In the above equation, the reference
compound is an unsubstituted benzene derivative i.e. op=0.
Taft [31] proposed a similar equation for correlating the aliphatic reaction
rates as follows:
log ~relative= Q-0+ 3)

where g+ is a proportionality factor, and
a+ is a constant characterising a substitutent for aliphatic reactions.

In this equation the reference compound is a methylated derivative, i.e.

ffcn3—oO0.
8
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Correlations between the substrate structure and its reactivity are qualita-
tive or semiquantitative in the case of solid catalysts. In a recent review,
Kraus [32] reported some reactions for which the Hammett and Taft equations
were applicable. It was found that for the dehydration of ethanol, n-propanol,
n-butanol, amylalcohol and hexanol on alumina at 380 °C, the Taft equation
was valid and the value of g+to be —15.79. This value was on the higher side
according to the authors themselves. Negative value of indicates that the
reaction proceeds by a carbonium ion or a highly polar mechanism. A high
negative value of g+is observed by a more polar transition state with a posi-
tive charge on the carbon atom. Kibby and Harn [33] studied the structure
reactivity relationships for alcohol elimination reactions over two well charac-
terised hydroxy apatite catalysts and the rate constants for the dehydration
of 15 acylic alcohols were correlated with Taft equation for substitution at
alpha carbon atom. Kochioefl et al. [34] applied the Taft equation for the
dehydration of four secondary alcohols and the results were interpreted in
terms of reaction mechanism and surface acidity.

In the present investigation, rate data collected on the dehydration of alco-
hols over the various catalysts were tested for the validity of the Taft equation.
The equation can be written as:

log k/ko = g+a+. 4)

The reaction velocity constants are already reported in Tables 2 and 3. The
sum of Taft a+ values for the alkyl groups at the alpha carbon, relative to
cr+= 0.0, for the three methyl groups based on i-butanol as the reference com-
pound are evaluated. The relative rate constants are plotted against a+in
Fig. 10 and 11. Calculated values of p+along with a+and \og(IcjkO) are reported
in Table 6.

It was found that the Taft equation is valid for the dehydration of all the
alcohols over silica-alumina and IOXM.S. catalysts, except that in the later

*.

cr -

Fig. 10.
Variation of Alcohol Dehydration Rate with Taft a* Values. Catalyst: Silica-Alumina
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log(k/kO)

Fig. 11.
Variation of Alcohol Dehydration Rate with Taft a* Values. Catalyst: IOxM.S.

Table 6.
Effect of alpha-methyl substitution on dehydration of alcohols

log k-1H

Alcohol at
280 °C 310 °0

Catalyst: Silica alumina

n-butanol 0.86 — -1.89
iso-butanol 0.79 -1.62 - 1.44
iso-propanol 0.49 -1.10 -0.88
s-butanol 0.39 -0.81 -0.70
t-butanol 0.00 0.0 0.0
Q+ — -2.10 -1.97
Catalyst: 10xM.S.
n-butanol 0.86 - - 1.66
iso-butanol 0.79 - 165 - 1.28
iso-propanol 0.49 - 114 -0.75
s-butanol 0.39 -0.37 -0.15
i-butanol 0.00 0.0 0.0
o - -2.12 -1.74

case s-butanol falls away from the line. With an alumina catalyst no such
correlation could be established. Values of g+reported by various investigators
for the dehydration of alcohols along with those obtained in the present inves-
tigation are reported in Table 7.

3*
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Values of p+ reported in literature for the dehydration of alcohols

Table 7.
Kinetic
Reference Alcohol parameter used
for correlation
33 16 alcohols Rate constant
K
34 4 secondary Rate constant
K
32 6 primary Reaction rate
alcohols r
Present authors  mbutanol i Rate constant
iso-butanol K
iso-propanol
s-butanol
i-butanol

Stability of Carbonium lons

Catalyst

Stoichiometric

calcium hydroxy

apatite
Non-stoichio-

metric calcium
hydroxy apatite

Si02
Ti02
Alumina

Silica-alumina

IOXM.S.

Tega)o.

282

395

230
282
360

200
200

380
280
310

280
310

Vol.

'
N
w

]
oN whO N
1, 0o Uik o

- 15
-2.10
- 197

-2.11
-1.74

It is now accepted that during dehydration, the alcohol molecule reacts with
an acid centre (whether Lewis or B ronsted) on the surface of the catalyst
forming a carbonium ion. The stability of the carbonium ion is a measure of
the reaction rate, provided that the same mechanism is operating throughout
the catalyst. It was reported [35] that ionization potentials are a measure of
the stability of the carbonium ions. The ionization potential, I, is designated
as the energy required to remove an electron from a molecule or an atom as:

R=>R++e AH =1.

Effect of ionization potential on reaction rate

Table 8.

lonization

Alcohol potential

(k.cal./mol)
n-butanol 199.24
iso-butanol 192.55
iso-propanol 182.17
s-butanol 182.87
i-butanol 171 10

Slope of the plot on
In K vs ionisation
potential —

Silica-
alumina

2.27
3.45
4.12
5.99

-0.17

In fe(litres/hr.g.cat.)

280 °0

10XM.S.

1.92
3.10
4.87
5.72

-0.18

(6)

310 °0
Silica- 10x MIS.
alumina
1.99 2.14
3.30 3.02
4.30 5.23
4.73 5.60
6.34 5.95
-0.15 -0.13
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Alcohol 280 *C 310°C

lonization potential, I(kcal/mol)
Fig. 12. Plot of lonization Potencial vs. In. k. Catalyst: Silica-alumina

Fig. 13. Plot of lonization Potencial vs. In k. Catalyst: IOxM.S.
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The ionization potentials of various alkyl radicals by electron impact meth-
od have been reported by Lossing et al. [35] In the present investigation, the
ionization potentials are plotted against In k for the different alcohols in
Figs. 12 and 13 in the case of silica-alumina and IOXM.S. catalysts. The data
are presented in Table 8.

With silica-alumina as well as IOXM.S. the reaction velocity constants
are in good agreement with the ionization potentials, or, in other words,
with the stabilities of the carbonium ions of the respective alcohols. Thus the
higher the ionization potential, the lower the reactivity of the alcohol. These
findings were similar to those found in the case of linear free energy relation-
ships.

Summary and Conclusions

Dehydration of iso-propanol, Te-butanol, iso-butanol, s-butanol and /-butanol
over alumina, silica-alumina and molecular sieve catalysts suggests that acidity
of the catalyst per unit surface has significant influence over the reaction rate.
A direct proportionality between catalyst acidity and dehydration activity
was observed. Rates of dehydration of the various alcohols were compared by
linear free energy relationships and the stabilities of carbonium ions. The Taft
equation was found to be valid for the alcohols studied. The reaction velocity
constants were correlated with the stabilities of carbonium ions.

SYMBOLS

A frequency factor, litres/g. cat. hr.

G constant in Eqg. (2); litres/g. cat. hr.

E activation energy; k.cal./mole.

| ionisation potential, k.cal./mole.

K reaction velocity constant, litres/g. cat. hr.
Arelative dimensionless

m constant Eq. (2); g.moles/k. cal.
Ft total pressure, atm.
R gas constant, appropriate units,
T absolute temperature, K.
W/F  time factor, g. cat. hr./g.mole
B reaction parameter in Hammett equation for aromatic reactions
Gr reaction parameter for polar effects in Taft equation
a substitutent parameter in H ammett equation for aromatic reactions
a+ polar substituent parameter in Taft equation
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PE3IOME

ABTOpamMn n3y4eHo 06e3BOXKMBaHWe M30MponaHona, WwoyTaHona, nsobytaHona, i-bytaHona, 1-6y-
TaHona ¢ NOMOLUbK KaTa/M3aTopoB Ha OCHOBE T/IMHO3EMA, CU/IMKO-T/IMHO3eMa U MOMEKYSIPHbIX
(UNbTPOB 1 YCTAHOBU/N, YTO Y/e/lbHas Mo NMOBEPXHOCTU KMUCMNOTHOCTb KaTasM3aTopoB 3HAUMTEIbHO
B/IMSIET HA CKOPOCTb peakLmy. YCTaHOB/EHA NIMHeHAsi 3aBUCMOCTb MeX[Y aKTUBHOCTbLIO Aervapa-
LIMOHHOIO MpLecca M KUC/IOTHOCTBLI0 KaTanm3atopa. CKOpOCTb Aervapaummn nccnefoBaHHbIX anko-
rosieB COMOCTaBUN IMHEVHbIMU (DYHKUMSIMA CBOGOAHOM 3HEPrM MOHOB KapBoHWYMOB U UX CTa-
GUNbHOCTLIO. Haxofunu, 4To 1S UCC/e0BaHHbIX a/IKOrofeB AelicTBUTENbHA (yHKUMst TadTa.
YcTaHoB/MeHa KOppenauyoHast CBsi3b MEeXAy MOCTOSIHHbIMU CKOPOCTEN U CTabunbHOCTLIO MOHOB
Kap60oHNYMOB.
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Korrekte Qualitatsbestimmung ungarischer Rohbraunkohlen hochen
Wassergehaltes ist durch groRe Wasserabgabefahigkeit beeintrachtigt.
Es wird gezeigt, welche Fehlerquellen die automatische Probeent-
nahmevorrichtung aufweist und welche Verluste an Wasser wahrend
der Aufbereitung der Proben auftreten kénnen. Zur quantitativen
Beschreibung des Trocknungsprozesses der Rohbraunkohle wurde
unter Ausnutzung der Analogie zwischen der Diffusion und War-
meleitung eine mathematische Methode entwickelt, wodurch sich der
unvermeidliche Verlust an Wasser wahrend der Probeentnahme und
der Aufbereitung bestimmen laRt.

Das Kraftwerk J. Gagarin bei Gybdngydsvisonta (Ungarn) verwendet etwa
6-10®—8 106 Jahrestonnen Rohbraunkohle (Wassergehalt 40—50%, Asche-
gehalt 15—25%, unterer Heizwert 6 500—8 500 kJ/kg) fir Erzeugung elek-
trischer Energie mit einer Kapazitat von 800 MW. Die aus Oberpannon (Pliozen)
stammende und im Tagebau gewonnene Rohbraunkohle hat eine ziemlich
grolRe Wasserabgabefdigkeit so, daB ein meflbarer Verlust an Adhesionswas-
ser schon am Fdrderband zu verzeichnen ist.

In diesem Fall handelt es sieh um eine sehr grofRe Fordermenge, deshalb ist
die wasserverlustfreie Probenahme der Rohbraunkohle von grofRer Bedeutung.
Eine Unsicherheit der Wassergehaltsbestimmung entspricht einer Menge von
60 000—80 000 Jahrestonnen Rohbraunkohle oder einem entsprechenden
Verrechnungsfehler zwischen dem Berg- und Kraftwerk. Was die Wasserab-
gabeféhigkeit andererseits betrifft, wéare es sehr wiinschenswert die Rohbraun-
kohle vor Aufbereitung z. B. durch Zwischenlagerung austrocknen zu lassen
und dadurch dkonomisch giinstigere Betriebsfuhrung zu erzielen.

* Diese Forschungsarbeit wurde im Auftrag des Berg-und Kraftwerks Visonta erarbeitet mit besonderer Riok-
sicht auf die vasserverlustfreie Probenahme der Hohbraunkohle.
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Aufbereitung der Rohbraunkohle

Die Rohrbraunkohle gelangt aus dem 2—5 km fern liegenden Tagebau durch
Forderbander direkt ins Aufbereitungswerk (Bild 1). Die Rohbraunkohle wird
vermahlen, und dies bringt das 6ftere Festfahren der Schlagmihlen (SM-1, -2,
-3) mit sich, falls die Lagerstatte minderwertig oder zu nal ist. Wéahrend der
Behebung der Betriebsstérung wird der Abbau oder nur die Fdrderung unter-
brochen. Zur Minderung der Betriebsstérung sind zwei AufbereitungsstralRen
ausgebaut.

Die Menge der Rohbraunkohle wird durch Férderbdnderwaagen (FW-1,
FW-2) laufend registriert. Aus dem Mahlgut entnimmt die automatische Pro-
benahmevorrichtung (PNV) alle 3,5 Mimuten Proben, die in einer kleineren
Schlagmihle (SM-4) weiter zerkleinert werden. Um die fortlaufende Probenahme
auch beim Festfahren dieser Mihle sichern zu kénnen, sind die automatischen
Probenahmevorrichtungen mit Zwischenbehdltern (ZB) ausgestattet.

Ein Becherwerk (BW) — bestehend aus 10 Bechern — entnimmt aus dem
anfallendem Mahlgut mengenma@Rig proportional verminderte Durchschnitspro-
ben (D) (8 Becher) und Proben fur die Wassergehaltsbestimmung (W) (2
Becher). Bei diesem Ausbau sollte das Verhdltnis der Durschnitsprobe (D)
zu Wassergehaltsprobe (W) der Relation 4:1 entsprechen. Diesbezigliche

Aufbereitung und Probenahme der Rohbraunkohle
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Tabe .
fle 1 Betriebsdaten der autometischen Probenahmevorrichtung
Menge der Probe, kg Gesamtprobe  Probe
Dauer der fur I\Blsz:{licl?onrflﬁ Unterer Wasser- Asche- agfe z(ig(e)nt f.we
Probenahme  \wasser- Durch- - Heizwert gehalt gehalt Bohbraun-

Stunde gehalts- schnitts- 'iaoy menoe kealfkg % % kohle Probe
bestim-  probe kg %
inung

1 2 3 4 5 6 7 8 9 10
06— 10 8.4 63,3 71,7 1879 1948 49,30 18,74 3,82 11,7

10— 14 80 700 780 2 353 1s26 49,01 20,64 3,31 10,3

14—18 7.6 67,0 746 2160 1935 50,02 18,14 3,45 10,2

18—22 6,2 375 427 1100 1966 49,88 17,95 3,88 12,2

22—02 9,7 680 77,7 2 464 1867 49,74 19,13 3,15 11,5

02—06 68 523 59,1 3013 1873 49,53 19,40 1,96 11,5

14—18 — — — 2 711 1967 49,88 18,10 — —

18—22 10,7 53,6 64,3 2538 1922 49,74 18,68 2,53 16,6

22—02 3,9 255 294 1299 1879 49,00 19,87 2,26 13,3

02—06 6,5 32,4 389 2362 1834 48,72 20,89 1,64 16,7
06— 10 7.4 41,9 493 2 465 1857 49,21 20,07 2,00 15,0

10— 14 80 450 530 2 671 1791 47,92 22,54 1,98 15,1

14—18 7.2 40,0 472 2 696 1s10 48 42 21,99 1,75 15,2

18—22 5.6 29,6 351 3352 1845 48 42 20 73 1,05 15,7

22—02 9.4 54,4 63,8 3201 1833 48,50 21,19 1,99 14,7

02—06 9,0 550 64,0 3 140 1802 48,50 21,52 2,04 14,1

06— 10 7.0 32,5 395 2 545 1834 49,09 19,62 1,55 118

10— 14 — - - 1710 1967 49,08 18,48 — —

14—18 — - — 2 169 1910 47,51 20,97 — —

18—22 4.8 225 273 les1 1874 48,10 20,79 1,62 17,6

22—02 4,2 23,6 278 1834 1735 45,91 25,15 1,51 15,1

02—06 51 25,0 30,1 2 647 1834 47,52 22,02 1,14 16,9

06—10 86 402 488 2 416 1946 49,24 18,74 2,02 17,6

10— 14 4.8 190 238 1581 2023 48.71 18,03 1,50 20,2

14—18 88 495 583 1781 1876 48,13 29,87 3,27 15,1

18—22 3,7 175 21,2 2 980 1702 47,32 23,31 0,71 17,4

22—02 5,2 32,9 381 2523 1 855 49,22 20,31 1,51 13,6

02—06 3,9 253 29,3 1933 1742 47,56 23,55 1,51 13,3

MeRergebnisse sind in der Tabelle 1 zusammengestellt. Die Dauer der Probe-
nahme betrégt etwa 4 Stunden.

Die Spalten 9 und 10 der Tabelle 1 zeigen, dall die auf 100 t Rohbraunkohle
entfallende Menge der Gesamtprobe (D) sich von 0,71 bis 3,88 kg &andert,
wahrend die fur die Wasserbestimmung gesammelter Probe (W) 10,2—20,2%
der Gesamtprobe betragt.

Die Priufung der Ursachen dieser Streuung lieferte folgende Resultate.

Die in die Probenahmevorrichtung eingebaute Schlagmiihle (SM-4) ist
gegenuber den Schwankungen der Qualitat besonders den des Wassergehaltes
der Rohbraunkohle empfindlich. Ubersteigt der Wassergehalt der geférderten
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Rohbraunkohle einen kritischen Wert, so fahrt sich die Muhle fest. Wéhrend
der Reinigung der Mihle ist die Aufarbeitung der Probe unterbrochen, die
Probenahme wird aber fortgesetzt. Falls die Zwichsenbehélter (ZB) wéhrend
der Behebung der Betriebsstérung vollgefillt werden, so sollten im Prinzip
sowohl die Probenahme als auch die Forderung abgestellt werden. Dies bedeutet
Produktionsausfall, deshalb ist man gezwungen auch wahrend der Betriebs-
storung weiter zu fordern, und dies fihrt zur Verschiebung der obengenannten
Mengenverhéltnisse.

Diese Fehlermdglichkeit kénnte durch Einbau einer zweiten Schlagmihle
beseitigt werden. Das Problem konnte noch besser durch den Bau des zwischen
dem Tagebau und Aufbereitungswerk liegenden Zwischenlagerplatzes (Lager-
platz 1) gelést werden, wo die auch fur die Verstopfung der groflen Schlag-
mihlen verantwortliche Rohbraunkohle hochen Wassergehaltes durch Liegen-
lassan vorgetrocknet werden sollte.

Bild 2.
Anhafung der Rohbraunkohle in der ProbenahmeVorrichtung
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W eiterhin untersuchten wir die Materialanhdufung im Durchschnittsprobe-
behdlter (D), und machten die Beobachtung, daf zwischen Anh&aufungsge-
schwindigkeit und relativer Luftfeuchtigkeit enge Korrelation nachzuweisen
ist. Bei einer relativen Luftfeuchtigkeit von 60% im Aufbereitungswerk und
bei groRer Materialanhdufungsgeschwindigkeit steigt die Luftfeuchtigkeit im
Durchschnittsprobebehélter rasch bis auf 95% zu (Bild 2jA), nimmt bei Be-
triebsstérung steil ab, und steigt wieder nach der Behebung der Betriebsstérung.
Bei kleiner Anhdufungsgeschwindigkeit (Bild 2/B) ist der Fall &hnlich, nur
die Luftfeuchtigkeit im Behélter nimmt langsamer zu, nimmt aber ebenso
rasch bei Betriebsstérung ab, wie im ersten Fall.

Die obengeschilderten Beobachtungen sprechen dafiir, dafl in der Braunkoh-
leprobe ein schneller Trocknungsprozel3 stattfindet. Die Trocknung ist in
erster Linie in der obersten mit der Luft in Berliihrung stehenden Schicht des
Braunkohlehaufens betréchtlich. Das MaBR der Trocknung ist im Falle einer
Betriebsstérung das groRte, deshalb ist eine betriebsstérungsfreie Materialan-
haufung eine Vorbedingung fir die einwandfreie Probenahme.

Das stark feuchte Mikroklima wirkt entgegen der Trocknung, deshalb ist es
zweckmaRig, eine Materialanhdufungsgesschwindigkeit zu wéhlen, die im Pro-
bebehélter eine Luftfeuchtigkeit um 90% sichert.

Tabelle 2.
Vergleich der Wassergehaltsbestimmungen

Momentprobe 4 standige Durchsctmittsprobe

ittli Abweichung
Wassergehalt Du\';\(;gfscer}ggﬁgfp er Wassergehalt am Wasser-

Nr. gehalt
% %

48,34
49,41
61,40
[ 60,30 50,66 1 60,18 +0,38
61,51
61,94
62,62
48,98

61,46
2 52,13 62,03 2 61,38 + 0,66
62,62

62,76
3 50,47 61,61 3 48,81 + 1,80
61,44

49,16

4 50,62 49,84 4 49,04 + 0,80
60,41
49,19
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Zur Ermittlung des vermutbaren Wasserverlustes wéhrend der Probenahme
haben wir die Wassergehaltswerte von Momentproben und Durschnittsproben
far gleichen Zeitraum verglichen (Tabelle 2). Der durchschnittliche Wasser -
gehalt der Momsntproben liegt um 0,38—1,80% hoher als der der Durch-
schnittsproben.

Wasserverlust durch Lagerung

a) Im geschlossenen Zustand

Die Rohbraunkohle gibt auch in dichter Verpackung bei Lagerung Wasser ab,
das auf die Innenseite des Behalters oder der Plastiktiite ausscheidet. Zur
Bestimmung der durch Lagerung abgegebenen Wassermenge wurden 24

/!

Wassergehalt der Roh braunkohlenproben [*/]

Bild 3.
EinfluB der Lagerung auf den Wassergehalt der Rohbraunkohle
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/ /
A

io
4000 ;%\ .
Li * L sofoTrt bestimmt
4000 5000 6000 7000 8000
unterer Heizwert [kJ/kg ]

Differenz beider Heizwert-Bestimmungen [kJ/kg]

Bild 4.
EinfluR der Lagerung auf den unteren Heizwert der Rohbraunkohle

Momentproben gezogen und einmal sofort, dann nach 48 Stunden Lagerung
auf Wassergehalt und Heizwert untersucht (Bild 3—4).
Ohne Wasserverlust sollten die Wassergehaltswerte im Bild 3/A etwa simme-
trisch zu Gerade
y=ax+bh

a=1tg a, a= 45°, a—1, 6=0 (1)
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liegen. Die Punkte streuen aber auf die rechte Seite obiger Gerade, und die
stochastisch errechnete Gleichung lautet:

y=0,78x+13,44. )

Aus den Differenzen beider Wassergehaltsbestimmungen liegt der Wasserver-
lust wéhrend der gepriften Lagerungszeit mit groBter Wahrscheinlichkeit
héher als 1,5%.

Aufgrund der Heizwertsbestimmung gelangt man zu &hnlichem Bild, das
zeigt, durch Wasserabgabe nimmt der untere Heizwert scheinbar um etwa
330 kJ/kg (80 kcal/kg) zu (Bild 4).

b) Im offenen Zustand

Die Wasserabgabe eines Rohbraunkohlehaufens hédngt bei konstanten Um-
stdnden (Temperatur, Luftfeuchtigkeit und -Strémung) und bei gleichen Mate-
rialeigenschaften von der freien Oberflache bzw. von der Fldchenbedeckung ab.

Zur Prifung der Trocknungsbedingungen der Rohbraunkohle wurden auf
Schalen einer Flache von 1/16 m2 (625 cm?2) Probemengen aufgetragen, die
einer Flachenbedeckung 0,1—1,3 g/cm2 enstprechen. Die Ergebnisse zeigen
(Bild 5), die obere Schicht des Haufens wird ziemlich schnell bis zum Gleich-

Trocknungsverlauf der Rohbraunkohle in Abhangigkeit der Flachenbedeckung

gewichtswassergehalt austrocknen. Das ist der Fall im Probenamesammler, wo
sich die freie Oberflache stdndig erneuert. Die Trocknung dickerer Schichte
verlauft aber von einer Flachenbedeckung von etwa 0,8—1,0 g/cm2 an prak-
tisch linear.
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Quantitative Beschreibung des Wasserverlustes der Rohbraunkohle

Anhand der MeRergebnisse versuchten wir den Trocknungsprozefl der Roh-
braunkohleproben mit hinreichender Genauigkeit mathematisch zu beschreiben.
Dazu nutzten wir die zwischen der Diffusion und Wérmeleitung bestehende
Analogie aus (Bild6). Die auf den Probenahmeschalen ausgebreitete Rohbraun-
kohle gibt ihren Wassergehalt an die sie umgebende Luft ab.

b viv V-AxAs

Die Differentialgleichung der instationdren Diffusion lautet:

de kff
-div[.D d ¢]+co3dC = 3
iv[.D,, grad c] o h-m3 ®

Die Wasserabgabe eines Braunkohlehaufens ist als ein instationdrer Diffusions-
prozelR analog zur Wé&rmeabgabe einer sich abkihlenden Masse (Bild 7).

Ortlicher Konzentrationsverlauf als Analogon eines értlichen Temperaturverlaufes

Weil die Gesamtoberflache (A) der Kohlenkdrner unbekannt ist
A —V-c0= Ax-As-a> m2 4)

scheint es fir zweckmé&Rig zur Ersetzung der spezifischen Einwaage (E/AS)
und der Schichthéhe (Ax)

E
—= Ax-Qv= Ax* kg/m2 (5)
As

im Betracht der Dimensionsfreiheit der FICKschen Zahl vorldufig einen neuen

4



374 Z. ScmxLTHEisz, L. P1eva und L. Bartha Vol. 9.

Diffusionskoeffizienten einzufiihren :

D*=D,,-q% kg2Zm4h 6)
So laRt sich schreiben
D,-At D*-At

Fi = Ficksche Zahl @)
AXx2 Abc*2

und

sh= 2% YEAXT o ERWOODSChe Zah! ®)

Da flr uns die erste mit einem Wasserverlust von 1—2% verbundene Periode
der Trocknung malgebend war, und es uns mehr auf die Ausarbeitung einer fur
die Praxis brauchbare Berechnungsmethode, und nicht auf eine vollstdndige
Analyse ankam, haben wir die KorngrofReninhomogenitaten vernachléRigt.

Die Losung des Problems liefert die Ermittlung der Funktion

Y' = <Pi(sh, Fi) ©)

Die erwéahnte Analogie ermdglichte die Verwendung der fiir die Wérmeleitung
gultigen Gleichung
Y=<p{Bi,Fo) (10)

und die Benutzung des Diagrames 5 des VDI-Wé&rmeatlas’ (1956. Ed. 3).
Die Formelzeichnen des abgewandelten Diagrammes von Bild 8: sind in
der Verzeichnisliste zusammengefalt.

Reduzierte Feuchtigkeit als Funktion von Sh und Fi

Als Einheit wurde eine Einwaage von 62,5 g gewéhlt, das heift:

625
T 1/16

Ax*=1 1000 g/m2=1 kg/m2 (11
Um das Diagramm graphoanalytisch benutzen zu kénnen, konstruierten wir
dazu ein verschiebbares Hilfsdiagramm auf Transparentpapier und von gleicher
GroRe (Bild 9).
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Bild 9.
Verschiebbares Hilfsdiagramm zur Bestimmung von Sh» und Fi»

Aus den MeRergebnissen (Tabelle 3) 1&4Rt sich die Funktion

W' = ((Ax*, AT) (12)
ermitteln.
Parameter Bedingungen
P B
mSh *V'= <pi(Sh, Fi) (Bild 8)
i W = <pz(Ax*, Ar) (Bild 9)
i .
> AQis
r-SAb]2  Fi»
*Fib .
! ISM ~Fi?
mSh» F»- D, At
«Shb Sh» = Qs
Dt
«QWR falls Ax* =1
_ AXReQ/R
L 13 *Sh= D
*Ar *AOjit= {B(AT) (Aus MeRdaten der Tab. 3)
. DtAr
*AX* Fi=-
AX**
«AOAT Shb )
. = 10 (in unserem Fall
P’ Sh» ( )
P=12 B =11

DefinitionsgemédBR : F —P —B =\.

4*
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Um die Rechtigkeit der graphoanalytischen Methode zu beweisen, verwen-
deten wir den zwischen den Parametern P und Bedingungen B bestehenden

Zusammenhang, das heiflt, wir berechneten den Freiheitsgrad F.

Durch Festlegung der Zeit Ax wird die Aufgabe bestimmt, gv-B und 2w
kdnnen berechnet werden.

Tabelle 3.

Berechnung des Wertes fir ov-8 und des fir den Diffusionskoeffizienten
L>* der Rohbraunkohle (Durchschnittsprobe Nr. 131)

nam

AX*
AG4 Ax=4 h
AGs AT=8 h
AGu dr=24 h
AQie

4'[=A0JAGIs

Vt-AGtIAGNe
43=agjagdS

62,6

|
10,8
16,6
24,2
251

0,430

0,667
0,964

Die Erfullung der Bedingung (13)

125

2
10,2
17,6
39,4
49,8

0,208

0,358
0,805

Einwaage, {
250 375
4 6
11,2 10,2
18,7 17,6
39,5 35,0
69,6 57,1

0,160 0,178

0,268 0,308

0,568 0,613
tShb1 Fis
£A~)= Fib

Bild 10,

im xy=(fi (Sh, Fi) Feld dargestellt werden (Bild 10).

500

8
11,8
18,7
37,6
56,5

0,208

0,330
0,665

erfillt, so kann anhand der MeRergebnisse von Tabelle 3 fiir den
die Funktion

625

12,3
20,5
43,5
73,7

0,167

0,278
0,590

<13)
Fall Ax=4h

(14)
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Mit Hilfe einer vorgegebenen Zeit Ar und Ax* =1

. o
Dw= Fi& und (16)
Ar

QR —Sh&fDyt (16)
Unter Zuhilfenahme der MeRdaten von Tabelle 3:

= 1200
Fiai= 1200 D*1I= —— =300 kg2Zm4-h

. 1200
Fin= 1200 D\Ii\f__ 3 =160 kgVm4-h

Tabelle 4.

Die QvB-Werte von Rohbraunkohleproben bei Zugrundelegung einer
Trocknungszeit von 48 und 72 Stunden

Probe Probe

KorngroRe KorngroBRe

Nummer Trocknungszeit gemahlen stiickig Nummer Trocknungszeit

stickig

140 24/48 0,366 0,360 140 24/72 0,208
140 8/48 0,376 0,328 140 8/72 0,176
140 4/48 0,437 0,280 140 4/72 0,200
138 24/48 0,396 138 24]72 0,209
138 8/48 0,376 138 8/72 0,166
138 4/48 0,376 138 4172 0,207
132 24/48 0,388 132 24]72 0,182
132 8/48 0,403 132 8/72 0,219
132 4/48 0,330 132 4/72 0,276
131 24/48 0,469
131 8/48 0,406 Durchschnitt 0,203
131 4/48 0,420
141 24/48 0,364
141 8/48 0,460
141 4/48 0,376
142 24/48 0,416
142 8/48 0,438
142 4/48 0,438
143 24/48 0,469
143 8/48 0,400
143 4/48 0,376

Durchschnitt 0,393 0,392
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Fi&= 250 2)*3=— =10,4 kg2Zm4-h

Skai= 0,0014 gT.Bx=0,0014-300= 0,420 kg/m2-h
Sh&2=0,0027 QuBRz= 0,0027-160 = 0,405 kg/m2-h
Sh 8= 0,0045 gv. =0,0046-10,4= 0,469 kg/m2-h

Der Diffusionskoeffizient D* nimmt mit dem Fortschreiten der Trocknung
stark ab (Tabelle 5), wéhrend gv-B praktisch konstant bleibt (Tabelle 4).

Tabelle 5.

Berechnung des Wertes fir 1—P" und des fiir den Diffusionskoeffizienten Dw bei
Zugrundelegung einer Trocknungszeit von 48 Stunden, zwischen den Grenzen

Ax*=1 und Ax* =10

1V
Nummer der Probe - MoAr K
~ag Arx=1 Ax*=2 L= A*=10

24/48 0,036 0,195 0,432 0,410 10,4
St[‘]fl'(ig 8/48 0,343 0,642 0,732 0,722 150
4/48 0,570 0,792 0,840 0,833 300

132 24/48 0,098 0,282 0,382 0,409 31,2
stickig 8/48 0,427 0,640 0,705 0,705 175
4/48 0,655 0,804 0,854 0,835 250

138 24/48 0,044 0,307 0,298 0,447 20,8
stickig 8/48 0,396 0,636 0,672 0,719 125
4/48 0,648 0,806 0,823 0,850 250

140 24/48 0,185 0,403 0,362 0,426 83,5
tiekig 8/48 0,536 0,720 0,704 0781 219
4/48 0,716 0,846 0,831 0,888 350

140 24/48 0,201 0,248 0,381 0,380 41,6
gemahlen 8/48 0,417 0,619 0,696 0,706 188
T e 4/48 0,690 0,817 0,842 0,847 437

141 24/48 0,040 0,276 0,380 0,406 10,4
gemahlen 8/48 0,417 0,619 0,704 0710 225
4/48 0,651 0,790 0,824 0,837 300

142 24/48 0,048 0,265 0,373 0,385 20,8
gemanlen 8/48 0,400 0,620 0,710 0669 219
4/48 0,652 0,801 0,841 0,831 438

143 24/48 0,048 0,261 0,362 0,383 10,4
gemahlen 8/48 0,393 0,323 0,675 0698 125

4/48 0,663 0,806 0,826 0,837 375
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Mit Hilfe der MeRRwerte von Tabelle 5 wurde die Funktion
D= 41 —T7, Ax*) (17

in einem Parameterfeld dargestellt (Bild 11), in dem der Diffusionskoeffizient
zu Beginn der Trocknung D*0, wo also I - F s | ist, bestimmt werden konnte.

D*03*700 kg2m 4-h

nizh 700
I
4C'y #4
;4
(4 n OM
d, o
) + M
/I 3 VL
cC-ft( 1Y, X)) I'+ 4Z<u_4t
/ 4 4
/ /
bewp
/ -—
/ /
* 4 /
“ VX
\y
y 0 o]
/
// 4 + 4—.7
/ /
St 4 4r Hf+
L /
L /
o+ 4 40 /40P
006 01 02
1-Vv
Bild 11.

Bestimmung des Diffusionskoeffizienten D,,0 anhand der MeRBergebnisse einer Trock-
nungsversuchsperiode von 48 Stunden

Da unsere Uberlegungen nur auf einen Wasserverlust von 1—2% abgestellt
sind, kann dieser Wert mit hinreichender Sicherheit benutzt werden.
Die Werte um ¥ =0,01 kdénnen aus Bild 8 und 10 nur ungenau entnommen
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werden, deshalb ist es zweckmédRig, fur technische Berechnungen eine Né&he-
rungsformel anzugeben

Fi=konst IP'=P(Pr). ! (18)

(i) "S-

Die Darstellung dieser Funktion kann unter Zuhilfenahme von Bild 8 in
einem Parameterfeld erfolgen, wo die Parameter die Funktionen der Fickschen
Zahl sind (Bild 12).

Darstellung der Parameter der Formel (18) in Form von Pr-Funktionen

EinfluR des unbestandigen Betriebes und der Entleerungshaufigkeit
des Behalters {Bild 13jA)

re T

62d = 1 [G J TdT + G* J dr] (19)
O ™
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hieraus
0d=06g. (- 4/2) (20)
Betriebsparameter
Falls = 77= 1dann Gd= 6¢/2 (Bild 13\B) und falls r=r0dann 6 = 0.
Hiernach ist der Ersatzparameter fir die Schichthdhe :
od  dg.
daj*=-~ =-712.i7(1-4/2 21
¥ 4a” Ad ( ) (@)

(21) und (18) dienten zur Berechnung der reduzierten Feuchtigkeit fur
r?=1...0,4 (Bild 13/C).

Bild 13.
EinfluR der unbestandigen Betriebsfihrung und der Haufigkeit der Probenahme auf
die reduzierte Feuchtigkeit

Die Berechnungsanlage enthalt Tabelle 6.

Aus Bild 13fC ist zu ersehen, dal die Wahl einer Probenahmezeit von
Ar—75 Std statt dr=4,5 Std keine nennenswerte Anderung mit sich bringt.
Diese Anderung ist mit dem Wasserverlust vergleichbar, der durch die Be-
triebstérungen der Probenahmevorrichtung hervorgerufen wird.

So betrdgt z. B. die reduzierte Feuchtigkeit einer Rohbraunkohleprobe mit
W= 36% Wassergehalt und bei einem Betriebsparameter von 1j=0,7 flachen-
formig ausgebreitet 1,5, falls dr = 7,5 Std.
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Tabelle 6.
Hilfsparameter zum Bild 13/C
A=i,Sb; <?=516kp; A=0,25m*; Z),=700 kg*/m«h; /320,384 kg/m2.h

-
V= — 1 0,9 0,8 0,7 0,6 0,6 0,4

=
Ax* 103,2 102,17 88,07 93,91 86,69 774 66,06
Fi 0,230 0,236 0,250 0,278 0,326 0,409 0,661
Sh 0,0681 0,0576 0,0567 0,0628 0,0488 0,0436 0,0372
P(Fi) 0,670 0,676 0,686 0,610 0,660 0,720 0,810
k(Fi) 0,400 0,410 0,426 0,460 0,610 0,600 0,800
b(Fi) 1,020 1,022 1,028 1,033 1,046 1,058 1,078
W % 1,22 1,26 1,26 1,30 1,38 1,63 1,82

Diese Rohbraunkohle verliert hei der Probenahme
V
W= - N=0,015-36 = 0,64%
100

ihrer groben Feuchtigkeit.

Bei der kegelférmigen Anhdufung mufl mit dem drei- bis vierfachem dieses
Wertes gerechnet werden.

Das beschriebene Berechnungsverfahren mull noch verfeinert und weniger
zeitaufwendig gemacht werden, bis es zum Standardverfahren erklart werden
kann. Es stellte sich aber heraus, daB es fur die Aufklarung der Fehlerquellen
der derzeitigen Probenahmemethode und zur Erfassung deren Einfllisse geeig-
net ist.

BEZEICHNUNGEN

Einwaage, kg
Konzentration, kg/m3
Diffusionskoeffizient, m2h

eingefuhrter Diffusionskoeffizient, kg2m 4-h

Stoffiibergangszalil, m/h

spezifische Stoffaustauschflaehe, m2m3

Volumendichte der Rohbraunkohle, kg/m3

Zeit in Stunden, h

Ax = Tr—r Zeit zwischen den aufeinanderkommenden Entleerungen der Durschnittspro-
bebehalter, h

A Gesamtoberflaehe der Kohlekérner, m2

As Grundflache der Schale (1/16 m2), m2

Ad Grundflache der Durschnittsporbebehalter, m2

AX Schichthdhe, m

Ax*  Ersatzparameter fur die Schichthdhe "Ax*=-~-=qvAxj, kg/m2

“gg=goom

\Y Volumen der Kohleschichte, m3

Fi FICKsche Zahl

Sh SHERWOODsche Zahl

Bi B10Tsche Zahl

Fo FOURIERsche Zahl

\% reduzierte Feuchtigkeit

AG,n wahrend der Zeit Ar abgegebene Wassermenge, kg
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AQss Wasserabgabe innerhalb von 48 Stunden V al
<p, iz, 45, ¢ Funktionen

Q dG/d.T geschwindigkeit der Probenahme, kg/h
Gg Menge der Kohleprobe bei storungsfrelem Betrieb

Gg Menge der Kohleprobe bei unbestandigem Betrieb
To Anfang der Probenahme, h

Ti Ende der Probenahme, h

T Zeitdauer der Betriebsstérung, h

b, P, K Parameter der Gleichung (18)

r*—To Dauer der bestandigen Betriebsperiode, h

) Betriebsparameter
Indices
a, b gultig fur die Grenzkoordinaten im Bild 9
1, 2, 3 gultig fur gegebene Gewichtsanderung AG
4, 4, 24, 48 glltig fir Gewichtanderungen innerhalb bestimmter Zeit AGat
d durchschmittlich

PE3FOME

OnpefaeneHnio Ten0TBOPHOCTM JIMTHUTOB BbICOKOTO B/IAroCOfiep)KaH1s MCKonasieMblX B BeHrpum
NPensTCTBYET 6O/blUas UX CKAOHHOCTb K Aermapauun. ABTOpbl 06CY)KAAIOT BOMPOChI CBA3aHHbIE
PacKpbITUEM MCTOUHMKOB OLLMGOK annaparta aBTOMaTMYeCcKOro aHanmsa npo6 v BoNpocbl BO3HWKa-
foLLMe HACUeT NOTepU BAaru B CTaauu NPUroTOBEHM NPo6. 151 KOMMUYECTBEHHOTO OMUCAHNS KUHE-
TUKM CYLLKM CbIPOro NMMrHUTA aBTOpPbl Pa3paboTaivn MaTeMaTUHecKUili MeTof NPUroAHbIv Ans onpe-
[JeNeHns NoTepu BRarv Ha aHanorum npotecca Angdy3nm 1 TenaonpPoBoaHOCTY.
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Aufgrund der Versuchsergebnisse [1] wurde fir die Verfolgung des
Trocknungsprozesses der Kohlehaufen von verschiedenen Formen ein
allgemeingiltiges Rechenprogramm erarbeitet. Die mit Hilfe des
Rechenprogramms gewonnenen Werte fur Trocknungsverhalten
ungarischer Rohbraunkohlen stimmen gut mit den praktisch gefun-
denen Ergebnissen {berein.

Bei meisten Anhdufungen z. B. in Kegelform von verschiedenartigen Stoffen
ist problematisch, neben der periodischen Iteration des Auftragens, die mathe-
matische Beschreibung des Trocknungsprozesses in der Zeit.

Die firs mathematische Modell giiltige Differentialgleichung liefert die
Lésung, unter Anwendung der Differenzmethode, in Form von Algorithmus.
Es besteht die Mdglichkeit die Randbedingungen z. B. den Bdschungswinkel
zu verdndern, und das so aufgebaute Komputerprogramm ermaoglicht das
gegebene Problem allgemeingultig zu erfassen. Dieses Verfahren fihrt, paral-
lel mit den theoretischen Rechnungen und nach der Kontrolle von Spezial-
féllen, zur in breitem Anwendungskreis verwertbaren Ldsung.

Infolge der Analogie zwischen der Diffusion und Waéarmeleitung ist es
durchaus maglich die oben dargestellte Methode auch auf Systeme mit Wér-
mestromen zu erweitern.

Die Verfasser beschéftigten sich mit der Lésung des bei der Probenahme von
Rohbraunkohlen beobachteten Trocknungsproblems. Man st6fRt Gberall auf
&hnliche Féalle, wo es sich um die Trocknung und Waéarmeabgabe granulierter
Stoffe im Falle kontinuirlicher oder periodischer Anhaufung handelt.

Mathematisches Modell

Die Aufgabe ist die mathematische Beschreibung der instationdren Stoff-
ubergabe und Diffusion fur folgende Féalle:

a) symmetrische Planwand,
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b) unendlicher Zylinder und
c) kegelformige Korper.

Zur Losung des Problems wurde die Diefferenzmethode verwendet.

Allgemeine Bedingungen:

cfl Konstante (Konzentration des Fluidums)

ct Konzentration der Stoffzellen im Zeitpunkt t=0 (Anfangsbedingung)
Dw Diffusionskoeffizient

R Komponenteniubergangskoeffizient

n Anzahl der Zellen und ausgewdhlter Punkte (auch als Index verwendet)

ci—cn (Randbedingung), c2= cw

Symmetrische Planwand

(Nur auszugsweise wegen der Ubernahme der BiNDER-ScMiDTschen These)

(1)

X
Bild 1
Im Falle
(2)
Sh'Cn+ 3
Sh+1 (3)
D, A4 Ac
Ax2 Ar

Im Falle (4) lautet die Ldsung der Differenzgleichung:

AT *D\?
Ax2
beziehungsweise

©)
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Nach Umordnung der Gleichung (6) bekommt man

Sh+1 Ar-Dy, r Sh Ca b |

( ) ax2 Ls7ie) SRt gy, GalbGa—Lib @
Az-D, .

Sei (Sh+ 1) Ax2 = 1 (Bedingung der Ubertragung) (8)

dann laRt sich aus der Konzentrationsverteilung im Zeitpunkt ,,a* die Wand-
konzentration im Zeitpunkt ,,b* ermitteln.
ISU-Cfia+ Caa

b S+ ©)

Fir instationdre Diffusion ist nach obiger Analogie im Falle =1

. Ar Dy, 1
Fi= —(Bedingung der Diffusion) (10)

Um fiir den Fall der Ubertragung (8) die mathematische Differenzmethode
anwenden zu kdénnen, ist es notwendig, unter Beriicksichtigung der Bedingung
der Diffusion (10), daR

Sh=1, beziehungsweise Ax= oy, und <p=\ (n)
T

sein muB, um die Gleichungen Sh %21 auch in Originalform verwendbar zu
bleiben.

Werden die Bedingungen fur instationédre (3) und stationare Berechnungs-
methode (9) im Auge behalten, dann ist die Analogie bzw. die Ahnlichkeit kaum
zu versehen.

Unendlicher Zylinder

(Ausfiihrlich wegen der gegebenen Schwierigkeiten).
Instationdre Diffusion:
rI de dX1 de

------------ —: Neg1 12
Y7 dr ara as (12)

Ordnen vir die Differenzgleichung bezogen auf den Zylindermantel n= 4,
dann bekommt man

r 1 Ac AZi

(13)
AT'DwU .dr'dr+drJ + G -Clo
beziehungsweise
AT* Dwrea Cha (14)
Arz N« ,-\Ifl’ "bC3a+ Cfa 2c4aj+ Cla—Chb
2V +1 Az-Dy, r N-Co+ (N+ 1)-c3a 1 (15)
N Ar2 Y 21V+1 U Chb
. 22V+1 Az- D
Sei .

- 1 (Bedingung der Diffusion) (16)
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dann laRt sich aus der Konzentrationsverteilung im Zeitpunkt ,,a“

mV'Coa-f (N -f- 1)-C3a
(a7)
Céb= 2N +1

ermitteln.
Auf der Abszisse X ist im Punkt N =0 aus Simmetriegrinden z. B.

CBb= csa.

Aus der Prifung der Bedingung (16) ist es ersichtlich, im Palle N-* 0
bekommt man die fur die Planwand glltige Bedingung (10).
Bei instationdrer Diffusion und im Bereich N ~ 1 sind ausgehend aus Glei-

chung (16)
D,,-Ar N

Ar2  2nTI

und wenn Zwbekannt ist, zwei Losungswege einzuschlagen.
a) Sei Ar gegeben (Pall der Homochronitét)

Fi= (18)

_ (2N + 1) .
Ar(N) = N *Dyr*/1T (19)

wo die Einteilung von Ar von der dimensionsfreien Schichtzahl abh&ngig ist.

b) Sei Ar=konstant
Ar2 N

DvAN+I

wo bei der Berechnung nach (17) die Teilpunkte keine Gleichzeitigkeit bedeu-
ten. In den Teilpunkten ist der Zeitverlauf ndmlich verschieden: fir Teil-
punkte bzw. fur Kegelschnitte in der N&dhe der Achse ist der Zeitverlauf lang-
samer als der fir die ferner liegenden, wo Ar{N) ist.

Analog wie im Palle der Planwand betrachten wir auch hier die Schicht,
wo die Ubertragung stattfindet unter Angabe der SHERWOODschen Zahl als
Diffusions-Wandelement. Das Problem wird in Porm grad c an der Grenzober-
flache geldst.

Losen wir die Differentialgleichung (12) unter den bekannten Anfangsbedin-
gungen und schaffen wir Formel fur die Berechnung von cw.

Bilden wir den Differenzquotienten fir Kegelschicht n=2.

(20)

( Ac 1 Cfl  cw
—

(21)
\cp-Ar) —g 2|
A Cw cs3 29
EAF))Z-S cp-Ar (s
AT,FIfx) JA.) (23)

Ar2 Ar L(<pArdi_iz (Ar/2=3! Ar2l @ <9

Unter Bericksichtigung der Werte im Zeitpunkt ,,a“ und ,,b* bekommt man
nach der Analogie (13)

Ar-D-.. I 1 (Cfla G/\AJ (Cfia Cwa

N
L thalls (24)
IN-Ar A cpAr (BAT2] 6 5 - Gra—owo
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Im Bild 2 ist N =4.
Nach Zusammenziehen und unter Beriicksichtigung Sh =7folgt
N i (Sh'(N+ D)*Cfia+ Vo3a [Sh(N + 1)+ V]ove} 4 Gra= Grip (25)
Nach Ausklammern bekommt man
[Sh-(N+ 1)+ V] At-DW[ Sh-(N+ I)-ctia + Nc3a 1

............................. ova | Owa—Qy 26
N Art | Sh-(N+1)+N a\ a8 (26)
Sh-(N+I)+N AtD .
Sei ( N ) ; 2W= 1 (Bedingung der Ubertragung) (27)
r

dann 14kt sich aus der Konzentrationsverteilung im Zeitpunk ,,a“

Sis(iV1)efflat+ V-Csa (28)
Cwh= Sh-(N+I)+ N
ermitteln.

Dividiert man Nenner und Zahler durch N, dann ist es ersichtlich, daR
im Falle N-*m  die fir die Planwand glltiger Zusammenhang (9) vor uns
steht.

Beriicksictigen wir in der Bedingung der Ubertragung (27) die Bedingung der
Diffusion (16) und (18), dann 4Rt sich schreiben

A)_A_
Shm(N+") N 1 (29)
N 2N+1
Zur Vereinfachung soll auch hier Sh =1 sein.

Obige Bedingung scheint von Ortskoordinaten unabhdngig zu sein, weil die
Gleichungen Sh 1 auch hier in ihrer Originalform zu verwenden sind.

Bei den Berechnungen ist ez zweckmé&Rig die Bedingung der Homochronitat
zu berticksichtigen. Aus der Gleichung (19) laRst sich Ar(N) ermitteln, und
bei bekannten Werten von Dwund Ar bekommt man:

5
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wenn
N=1 dr=y2v2r.yii

N —¢ Ar—YD,,-Ar*]/2

Nach diesem Verfahren kénnen wir den Uberganskoeffizienten & bestim-
men, wozu die Substituirung von M max. gehdrend zur Zylinderschicht n=1
sowie die Anwendung Ar(N) und die Erflllung der Bedingung Sh = 1notwendig
sind.

Dw

= Ar(N)
Vorteilhaft ist im Interesse der Ermittlung der Konzentrationsmittelwerte
von Stoffzellen und wegen der Einstufung nach der Zeit die Homochronitat

im Auge zu behalten. Die Schwierigkeit besteht hier darin, daBR B[Ar(N)\
in Form einer Funktion vorliegt.

i (30)

Symmetrischer Kegel

In diesem Falle betrachten wir nur die Endlésungen, wenn die diffusive Massen-
strom m nach aufen zeigt. Die Differenzgleichung, wobei aus dem Bezugs-
intervall der Spitzenpunkt des Kegels n0und die Kreispunkte tn ausgenom-
men sind, lautet wie folgt

AX 1 Ac AZIl Ac

Dw
Ax2 r Ar Ar2d Ar’

N~ (31)

Die Loésung bezogen auf den Innenraum des Kegels, vorausgesetzt wenn

(2Nu>2+ 2N + 1) pv-Ar

\ N 1A =1 (Bedingung der Diffusion) (32)

14kt sich aus der Konzentrationsverteilung im Zeitpunkt ,,a*“ unter Anwen-
dung der Bezeichnungen des Bildes 3 ermitteln.

Bild. 3.
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o _IVrin(Cia+ Cs-a)+ (V-f-1)C2a+ -VBR4a (33)
2Nip2+ 21v+ 1
Die Gleichung (33) ist auch im Falle N =0 giltig.
Betrachten wir bei der Ubertragung bisherige Methode, so bekommen wir
nach obiger Abbildung

tpTAr = [-3-2>-Sih y (34)
)
Daraus folgt
- 1 B-Ar 1 (35)
siny D, tpr
e} "
Shr = Ar (36)
Bw

Bei gleichzeitiger Erfillung der Bedingung der Ubertragung

Sh 1D,,-Ar

(
V2 iyt T L) m

37
+slny (37)

[kt sich die Wandkonzentration cwbim Zeitpunkt ,,b“ aus der Konzentrations-
verteilung im Zeitpunkt ,,a* unter Anwendung der Bezeichungen des Bildes 3
ermitteln.

Shr

yi2-Cia+ C2a+ — «Cfla
siny

38
Go— Shr (38)

R
wobei der durch Einbeziehung der Bedingungen fiir Diffusion (35) und Uber-
tragung (37) gewonnene Zusammenhang

Shr= (yj2+ I)*sin y (39)

zu berucksichtigen ist. Z. B. sei y=90°, y2=— —=0 und Shr=1, so bekommt

man den fir den unendlichen Zylinder gUIt%eyn Wert. Nach Gleichung (39)
nimmt Shr bei abnehmendem Winkel y zu, wie es auch unsere Versuche be-
statigen, die wir fir Kegelhaufen von gleichem Volumen aber von verschiede-
nem Bdschungswinkel gewonnen haben [1].

Obige fur den Kegel giiltige Beschreibung beinhaltet den Fall der Homochro-
nitdt nicht, weil daraus weitere Komplikationen auftreten wirden.

Zuerst sollte die Einteilung fir Ar inhomogen sein. Die Werte in der N&he
der Achse wadren dadurch gréRer, andere dagegen kleiner.

Bei priodischem Stoffanfall, wobei die Oberfladche des Kegelhaufens immer
von neuen und den Anfangsbedingungen entsprechenden und gleichméRig
verteilten Schichten bedeckt wird, wirkt stérend auch das RadialWachstum
des Kegels in Richtung r. Es ist ndmlich einzusehen, bei konstanter Forder-
kapazitdt werden die entstehenden neuen Schichten immer diinner. Aus diesem
Grund beschrankten wir die Untersuchungen auf den Fall N—°°, wobei das
Problem in einem auf die Parallelwand transportierten System behandelt
werden konnte.
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Programmteil

Bild 4.

Die Bescreibung des mathematischen Modells und das Funktionsschema
des Rechenprogramms werden im Bild 4 dargestellt. Bei Gestaltung des
Modells wurde auf Vielseitigkeit geachtet, so ist das Programm fur Untersu-
chung von Kegelhaufen fiir Komponentenibertragung-Diffusion, Wérmeuber-
tragung-Warmediffusion mit

a) konstaten,
b) zunehmenden oder
c) abnehmenden Parametern geeignet.

Als allgemeingultige Bedingung wurde c(1= konstant gewéhlt. Zur Grundlage
der Funktion des Rechenprogramms dient eine Matrixoperation (MO) mit
einer Haufigkeit von Ar, derer FALKsche Verteilung bezogen auf die Sym-
metrieachse n=4, cl=ctl, ¢4 im Bild 5 dargestellt ist.
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n- A ca Ch

Cfc

1 0 o0 0 cib T-tf NT

- O

0o 0 1 0 Cuw

Bild 5.

Der Algorithmus tragt die Daten der mit Anfangsbedingungswerten beladenen
Schicht (z. B. Konzentration oder Temperatur) in einen Block r Uber, und
errechnet sowohl den mathematischen als auch den Integralmittelwert.

s=0
copy/n, i[l], r[1]
for i= 2 step 1 until (n—1) do begin

i[il1= (r[i—4+ r[i+ 1]1X0.6 MO
e=s+i[i] end
i[n]=r[n—1]

s=(s+i[n])/(n- 1)

Wenn eine zunehmende Schicht mit einer H&ufigkeit von Ar beschrieben
wird, dann bekommt man:

n=n+f
for i= 2 step —1 until (/+ 1) do
t[i]=tt VO +
for i=n step —1 until (/+ 2) do
-i[i]= «[?-1]

n=n-f

fori= 2 step —luntiln do VO-

i[il= i[i+ c]
Unter Beachtung, daB die Werte fur Fi und Sh mit einer Dichte Ax des
Mikrosystems gebildet worden sind, wozu im allgemeinen ein geometrisches
Makromall x= (n—2)-Ax zu bericksichtigen ist, so bekommt man fur

Planwand und fir Mikrosystem unter Beachtung der zu unserer Berechnungs-
methode erforderlichen Diffusions- (10) bzw. Ubergangsbedingungen (11)

g._owdr 1 (40)
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und
B-Ax(n —2)
Dw
wo (n—2) die Anzahl der Schichten bedeutet.

Mit Beriicksichtigung der Gleichungen (40) und (41) sowie (10) und (11)
ergibt sich fir ein Makrosytem

(41)

Fi-SNe = 0,6. ' (42)

Die Beschaffenheiten des Rechenprogramms sind in der Tabelle 1 zusam-
mengestellt.

Tabelle 1.
Beschaffenheiten des Rechnenprogramms

Anzahl der Schichten des Kegelhaufens

konstant abnehmend  zunehmend

Abkihlung oder tu<tt in -ett ifl m<tt

Trocknung D =0 D *0 D nho
M*1 M=1

Aufwarmung oder in>tt ifla-tt ifl =tt

Wasseraufnahme D =0 D *0 D *0
M* 1 M=1

Die mit Hilfe des Rechenprogramms gewonnen Werte fir Trocknungsver-
halten ungarischer Rohbraunkohlen stimmen gut mit den praktisch gefundenen
Ergebnissen uberein.

BEZEICHNUNGEN

i[i] Konzentration oder Temperatur im gegebenen Zeitpunkt

ri] Konzetration oder Temperatur im vorangehenden Zeitpunkt

en oder in: Anfangskonzentration oder Anfangstemperatur des Fluidums

tt Anfangstemperaturen oder Anfangskonzentrationen der Zellen

n Anzahl der aktuellen Schichten oder Zellen

/ zunehmende oder abnehmende Schichtenzahl innerhalb der Zeit von AT
8 Summe oder die Zelle der Integralmitte

cA Matrix

ca, & Konzentration oder Temperatur der Schichten in einem Zeitpunkt ,,a*“ oder ,,b*
T aktueller Zeitintervall

AT elementarer Zeitintervall zwischen Zeitpunkten ,,a“ und ,,b*

ATn vorgeschriebene Zeitdauer ohne Zu- oder Abnahme

ra aktuelle Zeitdauer ohne Zu- oder Abnahme

ATb Zeitdauer der vorgeschriebenen Zu- oder Abnahme der Schichte n
Tb Zeitdauer der aktuellen Zu- oder Abnahme der Schichte n

M O Matrixoperation

VO+ Schichtenoperation bei Zunahme

VO — Schichtenoperation bei Abnahme

Cfi Konzentration des Fluidums
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ct Anfangskonzentration einer Zelle im Zeitpunkt t=0
c(i) Zellenkonzentration
B Komponentenibergangskoeffizient
Dw Diffusionskoeffizient
P Umsetzungsfaktor
X, r Koordinaten
AX, Ar Schichthtéhe
X halbe Wanddichte (bei Planwand)
R Radius (beim symmetrischen Kegel)
N Schichtenlaufzahl in zylindrischem Raum
Sh SHERWOODsche Zahl
Fi FICKsche Zahl
a Warmelbergangskoeffizient
XW Warmeleitungskoeffizient der Wand bzw. des Haufens
A abgerundete Zahl im Zeitpunkt ohne Zu- oder Abnahme
B abgerundete Zahl im Zeitpunkt mit Zu- oder Abnahme
D, K, M Entscheidungsparameter des Programms
Bi BI1OTsche Zahl
Fo FOURIERsche Zahl
Fn Massenstrom
qr Faktor fir Warmeubergang in Richtung r
X Faktor fliir Warmeibergang in Richtung x
cr Konzentration der Ubergangsschichte in Richtung r
cX Konzentration der Ubergangsschichte in Richtung x
y Bdschungswinkel
V=lirg ¥y
Indices
0 vorgeschrieben
a, b Werte im Zeitpunkt ,,a“ und ,,b*
w bezogen an die Oberflache
r in Richtung r
X in Richtung x
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Ha ocHOBe pesy/bTaToB MpefblayLUMX UCC/ef0BaHMiA MPOLIECCa CYLLIKU ChiMy4rx Macc yria aBTopbl
paspaboTann BbIUMC/UTE bHBIV aNropuTM /11 pacueTa CKOPOCTM CyLLKU. PesynbTaTbl pacueta Xo-
pOLLO COrNacytoTcsi C U3MEPEHHBIMM AaHHBIMM.
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The advantages of previous simulation investigation were shown in
preparing the control of a perfectly stirred tank reactor. Simulation
investigations were carried out on two typical examples for deter-
mining the most suitable input variables and the amplitude of the
reactor output noise using the sensitivity method and for determining
the discrete linear regulator parameters of the reactor. Conventional
PID and discrete linear adaptive stochastic regulators were compared
from the viewpoint of regulation quality.

Introduction

The use of modern digital control algorithms is very important, but this is
a difficult task with regard to chemical plants, because they often have a non-
linear and/or nonstationary character from a control viewpoint even in the
case of perfectly stirred objects. This is the reason why the method, commonly
used during the implementation of a control algorithm is of the “black box”
type. However, a chemical engineer working in a chemical plant has plenty
of information about it. Unfortunately, this information is not in a suitable
form for control engineers, and this is the reason why they do not use it.
The simulation method seems to be suitable for overcoming this difficulty
i.e., to transfer information of a physico-chemical nature to a form suitable
for modern control theory. Here, it will be shown how the simulation method
can be used during the process of selecting the most suitable regulator for
stirred tank reactor control.
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Reactors studied

Two liquid phase, perfectly stirred chemical tank reactors with water cooling/
heating were chosen as illustrative examples in order to show the methods and
problems occurring in the case of a control object having stationary and non-
stationary characters, respectively.

The first reactor was a continuous stirred tank reactor (CSTR) in which
a single 2Q-+T type 2nd order reaction takes place with the reaction rate :

E

2i= —pe RT Xc2. Q)

In order to obtain simple mathematical equations, it was supposed that the
physico-chemical properties of the reaction mixture, of the inlet mixture and
of the reactor, as well as the parameters of the reaction are constant and the
change in the intensity of heating or cooling can be modelled by changing T H.
These are the same assumptions, as in references [4] and [5].

By these assumptions the model equations are the following [10]:

d v I b
2 cosgir L em "2 d )
k?R+ CpgF) X gr: —KtF(T—-Th) + 2ziXH XV + vbcbbQ(Tb—T) 3)
v=ve 4)

F& 5)

with the initial conditons :
c(<0)=c° T(to)=T<;  V(t0)= V«. (6)

The second reactor was a semi-continuous, perfectly stirred tank reactor
(SSTR) in which a methylization reaction occurred using dimethyl-sulphate
(DMS) and sodium hydroxide as reagents. This reaction was strongly exother-
mic and can be regarded as a reaction with infinite reaction rate constant,
i.e., the reaction rate was determined by the feed rate only. During the opera-
tion, DMS and NaOH solution was continuously added to the reaction mixture
containing the reagent to be methylized. The control task was to keep the
temperature at prescribed constant level (also applying water cooling). It
was assumed that the reaction is a single:

i
2 ViAi=0
<l
type (Vi>0 denoting reagent, 0 denoting the product) with infinite rate
constant, i.e., with reaction rate:
Vol

(1)

determined by the feed rate (vB) and the inlet concentration of the first com-
ponent (cB) only. (The inlet matter immediately reacts independently of the
temperature.) Further assumptions were the same as in the case of CSTR above.
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Thus the model equations are very similar to Equations (2-6)

with the initial conditons:

da_ w( I ) .
5= 2ty cueey B
%}./: % X@
F=2xv £ 22
r 3
ci(io)=c?; *=1, T(O=TG;

[Eq (3) is the same as Eq (3).]
The parameters of the models for the CSTR and for the SSTR are summarized

in Table 1.

Table I.

o -0

@)

(4)

6"

6

Comparison of the reactor model coefficients for the CSTR and SSTR

Parareter name

W \2 \a

Jo

ce

Tb

Unit

J/m2-s K
kg/m3
kg/m3
J/kg
J/kg

J/kg

1/m

m
J/kmol
J/kmol
m3/s*kmol
m3

K

m2/s
kmol/m3
kmol/m3
K

CSIR

[Ecs(1-6)]
- 5
— -1
779.0 1500.0
1.105 X 103 2.25 X103
1.105 X 103 1.39X103
3.836 X 103 5.8 X103
3.836 X103 5.0 X103
1.428 X105 1.4x103
3.07 —
— 0.6
—b5.732 X107 - 2.0 X103
8.0 X10’ —
1.174x101° -
2.0 0.6
323.15 288.2
2.75 X10-3 1.475 X10-4
11
21
293.15 288.2

SSTR
[Ecs (6]

0.0, 1.042, 11.36, 0.672, 0.0
6. 72, 6.08, 0.0, 0.0, 0.0

Analysis of Non-Controlled Reactor Behaviour from a Control Viewpoint

Some results are reported on here, which help to answer some questions in the
constructing the control of reactors:
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— how to choose the most suitable control variables?
— what are the properties of the reactor output noise?

In order to answer the above two questions, it is necessary to know what
is the influence of the reactor parameters or variables (those, what are poten-
tional inputs or potentional noise sources) on the chosen output. This influence
is characterized by the sensitivity functions of the output variable with re-
spect to the reactor parameters or variables. The definition and the method
of computation of the sensitivity functions are described in detail in reference
[4]. Here the application of these functions to the above control problem is
shown.

Tables 2 and 3 contain the values of the relative sensitivity functions of the
system variables ¢ and T, with respect to the most important reactor parame-
ters and variables starting from the stationary state of the CSTR as a function
of time. The values multiplied by the relative change of the parameter or vari-

Tahle 2.
Relative concentration sensitivity functions for the CSTR W™a. (kmol/m8)
t(s) a=E a-= ¢ a—iT a=pB a=H 2@
10.0 - 472x10-1 -1.67x10-2 -9.16x10-5 1.68 X10-2 - 7.66x10-4 2.89 X10-2
20.0 -9.11x10-1 - 3.02X10-2 -3.66x10-4 3.10x10-3 -3.01x10-3 5.80x10-2
30.0 -1.32 -4.38x10-2 —8.16 X10-4 4.55x10-2 -6.72x10-3 8.71 x 10-2
40.0 - 170 - 6.64x10-2 -1.44x10-8 6.96 x 10-2 -1.18x10-2 1.16x10-1
60.0 -2.05 -6.81x10-2 - 2.23 X10-3 7.30 X10-2 -1.83x10-2 1.46x10-1
60.0 -2.38 -7.90x10-2 -3.18x10-3 8.68 X10-2 -2.62x10-2 1.75 X 10-1
70.0 -2.69 -8.90x10-2 -4.29x10-3 9.81 X10-2 - 3.54 X10-2 2.05x 10-1
80.0 -2.97 -9.83x10-2 -5.56x10-3 1.10x10-1 -4.59x10-2 2.35x10-1
90.0 -3.23 -1.07x10-1 - 6.99 X10-3 1.21x10-1 -5.76x10-2 2.65 X10-1
100.0 -3.47 -1.16x10-1 - 8.56 X10-3 1.32x10-1 -7.06x10-2 2.95x10-1
Table 3.
Relative temperature sensitivity functions for the CSTR (K)
T(S) a=E a=p a=ifi %= vb a=5H a=cB
10.0 6.39 2.12x10-1 241 x 10-1 5.86 x 10-1 1.98 - 3.29X 10-3
20.0 12.57 4.17x10-1 4.75 X10-1 1.15 3.92 -1.31x10-2
30.0 18.55 6.15x10-1 7.02 x 10-1 1.70 5.79 -2.91x10-2
40.0 24.35 8.07 X10-1  9.23x10-1  2.24 7.61 - 5.14x10-2
50.0 29.96 9.93 x 10-1 1.14 2.75 9.38 -7.96x10-2
60.0 35.42 1.17 1.35 3.25 11.10 -1.14x10-1
70.0 40.73 1.35 1.55 3.74 12.78 -1.49x10-1
80.0 4591 1.52 1.75 421 14.40 -1.99x10-1
90.0 50.97 1.69 1.94 4.66 15.99 -2.50x10-1

100.0 55.92 1.85 2.13 5.10 17.53 - 3.06 X tO-i
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able [for example ATHITH gives the absolute possible change in the system
variables caused by the parameter variations after the time interval r. The
reactor parameters in Tables 2 and 3 are divided into two parts with a double
line.

Parameters E, p and KT, which cannot be influenced, are in the first group,
i.e., they are potential noise sources. Because of the simplifications in the model
construction, the variations caused by the imperfect stirring, and heteroge-
neity, etc., can be modelled only formally via variations of the reaction and
the heat transfer parameters (p, E and Kr). It can be seen from the values of
the sensitivity functions with respect to these parameters, that in the range
of their real change [the frequency of changing is greater than 0.1/s, the mean
amplitude of changing is in the magnitude of 10%/(0.1)] only the effect of the
change in the parameter E will be greater than the measurement error range
(~0.06 K or 1.10-3 kmol/m3, respectively). In this way it can be seen that in
the case of the CSTR, the reactor is to be regarded as a stochastic control ob-
ject only when stochastic change in the activation energy (i.e. change in a reac-
tion mechanism for example in the case of imperfectly stirred heterogeneous
systems) occurs.

The variables (vB, cB, TH) which can be influenced, are in the second group,
i.e., they are potential control (input) variables. It can be seen from the values
of the sensitivity functions that in the range of typical discretization time
(10-90 s) the most effective control (input) variable for the concentration con-
trol is the inlet concentration cB, which has negligible influence on the temper-
ature. On the other hand, for temperature control, the temperature of the
water (TH seems to be most suitable and the influence on the concentration
is negligible. Thus it can be seen that in the case of simultaneous concentration
and temperature control it is possible to implement two independent single
input-single output control circuits for the two tasks, respectively. It can also
be seen from the data in Tables 2 and 3 that the inlet volume rate (vB) is
also an effective input variable for both cases. For example, if it is not possible
to influence the inlet concentration (cB), the inlet volume rate can be chosen
as the input variable for concentration control. Then the effect caused by the
variation of vB on the temperature cannot be neglected, thus the two control
circuits will be coupled. In this case, a multiple (two) input multiple (two)
output regulator is needed.

It should be noted that in the case of the SSTR, the method is much more
complicated, because of the nonstationarity of the reactor. As the reactor has
no stationary state, the values of the sensitivity functions along all working
trajectories are needed. This means that the sensitivities become functions
with several independent variables. Thus the result of the choice of the suitable
input variable depends on the state of a reactor.

It may happen that the sensitivity functions have maximum or minimum
values. In that case, applying discrete regulators, the choice of the most suit-
able discretizetion time can be determined according to this maximum.

It should also be noted that in order to design stochastic regulators, much
more information is needed concerning the noise characteristics than merely
its amplitude. This problem needs further investigation, however, some simu-
lation results have already been reported [5].
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Tuning and Selecting Suitable Discrete Regulators

Discrete linear control algorithms are commonly used in industry, especially
since the characteristics (price, size, and computation time) of their micropro-
cessor implemented versions come into the range of conventional PID-con-
trollers. A self-tuning stochastic discrete linear controller seems to be suitable
for the control of chemical systems [3, 7] having a nonlinear and/or nonstation-
ary character. General theoretical investigation (convergence or stability)
of nonlinear and nonstationary systems (e.g. nonstationary stirred tank reac-
tors) is not yet available, so it is reasonable to carry out simulation investi-
gations on the model of a concrete system before the application, in order to
choose the suitable controller and its parameters, and estimate the behaviour
of the controlled system. Results of such a simulation investigation will be
shown here for the SSTR. The control task is to maintain the temperature of a
reactor on a constant T* =318.2 K level, while the reactor is perturbed with
7% noise in the cooling water temperature (TH). The reactor works at this
state until the component to be methylized is used up (until ¢3= 0). Fig. 1
shows the temperature of the reactor (T ) and the concentration of the compo-
nent to be methylized (c3) in time without control.

The temperature of the reactor (T) and the concentration of the component to be methy-
lized (c3) for the SSTR

First a sensitivity investigation was carried out according to the previous
paragraph. On the basis of these results, the inlet flow rate was chosen as
control variable and a noise caused by 20 K fluctuation in the cooling water
temperature was in the magnitude of 1 A in the reactor temperature. After
this, some preliminary identification investigations were carried out in order
to determine the suitable regulator parameters. The PID regulator parameters
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were determined from the unit step response functions according to Chien,
Hrones and Reswick [2]. It should be noted that this PID regulator tuning
mode is not optimal, but is widely used. As the state of the reactor is non-
stationary, several unit step response functions were computed using the tem-
perature of a “non-controlled reactor” as a reference value.

The coefficients of a time-varying, discrete, linear, stochastic ASTROM-type
[1] model were also indentified applying an adaptive version of the Second
Extended Matrix Method, which can be regarded as an approximate model
of the reactor. In this case, the adaptive character of the algorithms was used
in order to handle the nonlinearity and nonstationarity of the reactor. The
polynomial orders needed for the discrete linear stochastic control algorithms
were computed from the results of the model identifications. In some simpli-
fied special cases, the polynomial orders can be determined analytically from
the physico-chemical model as reported in reference [5].

It is also important to know that all these identification results are valid
only in the neighbourhood of the non-controlled reactor trajectory. Thus, as

Table 4.
Comparison of some discrete regulators acting on the SSTR (s=30 s; input bounded)

No. Algorithm Parameters Remarks
| Without control — 5.19
2 P regulator E =1.6x10-5 0.84
K =6.6x 10-4 Practically P1 regulator
3 PID regulator TilJi=54.0 0,67* +Switched on 50 steps
28/n= 047 later
- d=1,n=2, .+ =1 3 estimated regulator
4 LS-type self-tuning 9= 0.99 0.74 coefficients
6 Ls-type self-timing d=1:=1 1 - 081 1 estimated regulator
5=0.99 ' coefficient
. d=1n=1 m=1 2 estimated regulator
6 LS-type self-tuning 5=0.99 0.68 coefficients
d=1, na=1,
7 ELS-type self-tuning rib—0, nc= 0, 0.75 2 estimated coefficients
5=0.99
8 ELS-type self-tunin d-1 na=2, 0,58 3 estimated coefficients
yp 9 b= 0, nc- 0 '
d=1, na=2,
9 ELS-type self-tuning nb=1 nc=1, 0.70 5 estimated coefficents

q=0.99
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the controlled reactor will be led to another trajectory, these results have only
an informatory character for the controlled case.

In order to compare various discrete linear regulators, simulation investi-
gations were carried out using discrete P and P | regulators with constant para-
meters and discrete linear stochastic adaptive Least-squares (LS) [8] and
Extended-least-squares (ELS) type [9] regulators. In Table 4, the parameters
of the regulators applied and the empirical standard deviation of the output
(T-T*) beginning with the 50th sample (after t= 1,500 s) are summarized.
The discretization time (1) was equal to 30 sec and the input variable (inlet
flow rate) was bounded:

1.175X 10-4 m3sst'Bi; 1.775X 10~4 m3le.

As shown by the data of Table 4, the quality of control in almost all cases is
practically the same; i.e., the task performed by simple P or PI regulators is
well in the neighbourhood of the temperature T*.

It is important to note that the bounded input, the relative long initial tran-
sient period and a finite operating time disturbed the normal operation of the
discrete PID, as well as the adaptive stochastic regulators. Thus, in order to
overcome the transient response of the discrete PID regulator on the initial
period, it was necessary to switch on this regulator 50 steps later, when the
initial period has already ended.

Among the adaptive stochastic regulators the LS-type regulator seems to be
better than the ELS-type one for this task and this is the simplest one from
computational viewpoint. Their simplest versions (No. 5 or 6) have the advan-
tages of adaptivity and are also rather simple to implement on a micropro-
cessor. The storage needed by the LS-type self-tuning regulator is about
2-times grater than that of a discrete PID algorithm (both cases included
the floating point arithmetic routines), and the computation time of the LS
algorithm with 1 estimated coefficient (No. 5) is about 4-times, and with 2
estimated coefficients (No. 6) about 10-times greater than that of the PID
algorithm on the Z80 microprocessor [6].

Conclusion

The use of the simulation method was shown in several stages of the regulator
design process for a stirred tank reactor control.

The sensitivity method is able to provide information about the most effec-
tive input variables, the potentional noise sources and the most suitable discre-
tization time in the first stage of the regulator design.

In the last stage, when several regulators have been already selected, it is
very useful to make a simulation investigation with them on a detailed model
of the chemical reactor. This is extremely important in those cases when the
regulator design was performed under hard restriction (bounded input, tran-
sient and after near steady state behaviour, and finite operation time), as
indicated in the second part of this paper.

Both of the above investigations are rather simple, even in the case of more
complicated perfectly stirred chemical control objects and they are rather
efficient. But the advantages of this and similar investigations were increased
when these simulation possibilities were collected into a consistent simulation
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system containing both chemical and control theoretical elements, and this
system can be used by chemical and control engineers.

SYMBOLS

Ci(t) concentration of the i-th component (i= 1, 2, 3)
initial values for the concentration
CBi concentration of the i-th component in the inlet

cp specific heat of the reaction mixture

cpb  specific heat of the inlet mixture
time lag

E activation energy

F surface of heat exchange

Gr thermal capacity of those parts of the reactor which get warm

H reaction heat

K number of components

jil | constants

Ki parameter of heat conductance

coefficient for the proportional term in the P1D regulator
polynomial ordere

pre-exponential factor
exponential forgetting factor
radius of the reactor

%I' universal gas constant

=1« empirical variance of the temperature output (T —T%*)

TR

t time

T(t) temperature of the reaction mixture
to initial moment

T® initial value for the temperature

TB  temperature of the inlet

Th temperature of the heating or cooling medium

T\ 1 parameters of the PID regulator, coefficients for the integral and différentiel
Td J terms, resp.

T* reference value of the reactor temperature

V() volume of the reaction mixture

A initial value for the volume

vb  volumetric inlet rate

Vk  volumetric outlet rate

zi, 22 reaction rates

g density of the reaction mixture
(@)) density of the inlet mixture
n discretization time

IPi() sensitivity function of the variable x with respect to the parameter a

REFERENCES
1. ASTBOM, K. J.: Introduction to the Stochastic Control Theory. Academic Press,
New York, 1964.
2. Chien, K. L., Hrones, J. A., and Reswick, J. B.: A.S.M.E., 1952, 74, 176.
3. Clabke, D. W. and Gawtheof, J.: Proc. IEE, 1979, 126, 633-640.
4. Hangos, K. M.: Hung. J. Ind. Chem., 1980, 8, 25-34.
5. Hangos, K. : Investigation of Stirred Tank Reactor Control. Preprints of the CHEM-

PLANT ’80 Symposium, Héviz, Hungary 1980. pp. 1110-1121.



406

6.

Mes. K. 1. Hangos Vol. 9.

Hangos, K. M.: Investigation of the Peterka-Type Self-Tuning Regulators by
Simulation.

Preprints of the 6th IFAC/TFIP Conference on Digital Computer Application to
Process Control held in Disseldorf, FRG, 1980.

. Iserman, R.: Parameter Adaptive Control Algorithms — A Tutorial. Preprints

of the 6th IFAC/IFIP Conference on Digital Computer Application to Process Control
held in Dusseldorf, FRG, 1980.

Peterka, V.: Adaptive Digital Regulation of Noisy Systems, IFAC Symposium on
Identification, Prague, Czechoslovakia, 1970.

. Astrom, K. J., and Wittenmark, B.: Automatica, 1973, 9, 186-199.

Perimutter, D. D.: Stability of chemical reactors. Prentice Hall, Englewood Cliffs,
New Jersey, 1974.

PE3IOME

B co06LLEHNN NOKa3aHbl NPEUMYLLECTBA CUMY/ISILLMOHHOTO MCCeA0BaHNSA PerynnpoBaHusi cocyoB
nfeanbHOro cMeLleHUsi. Ha ABYX TMMOBbIX 3afjayax WAMOCTPUPYeTCs BbIGOp HaubGonee Noaxons-
Lero BXogHoro curHana (input variable), n amnanTygbl BbIXogHOro wyma (output noise). Ans aTo-

ron

PYMeEHEH MEeTOf, YyCTBUTENbHOCTYM (Sensitivity method) n ycTaHOB/EHbI AUCKPETHbIE JIMHENHbIE

napameTpbl perynupoBaHus (discrete linear regulator parameters). C TOYKM 3peHUsI KadecTsa
perynnBoBaHm1sl CpaBHeHbI 06bIKHOBEHHbIE ML 1 ANCKPeTHbIE NMHERHbIE afanTuBHbIe CTOXacTu-
yeckue perynsTopsbl (discrete linear stochastic regulators).



HUNGARIAN JOURNAL
OF INDUSTRIAL CHEMISTRY
VESZPREM
Vol. 9. pp. 407-416 (1981)

CALCULATION OF ENTHALPY AND ENTROPY OF GASES
BY MODIFIED REDLICH-KWONG EQUATION OF STATE

A. Mihajlov*, B. Djordjevié and A. Tasio

(Department of Chemical Engineering, Faculty of Technology
and Metallurgy, University of Belgrade, 1100 Belgrade,
Karnegieva 4, Yugoslavia and *Faculty of Technology,

University of Novi Sad, 21000 Novi Sad, Vlejka Vlahovica 2,

Yugoslavia)

Recived: November 16. 1981.

Enthalpy and entropy of pure nonpolar, slightly polar and polar gases
(carbon monoxide, propylene, hydrogen sulphide and ammonia)
were calculated by two different procedures. One of them is based
on the original Redlich-Kwong (RK) equation of state and the other
on the RK equation with optimal parameters (for each isotherm sepa-
rately — Bcoi, and as temperature dependent values — 3cor).

2063 P-v-T data points of 124 isotherms were used to compute en-
thalpy and entropy of four investigated substances, with respect to
the ideal gas reference state. Values of the properties, calculated by
twolprocedures, were compared with experimental and smoothed
results.

Introduction

Reliable thermodynamic properties of fluids are necessary for the appropriate
design and rational operation of chemical processes. Since these data are not
often readily available, especially for polar substances, considerable effort has
been expended to increase the accuracy of the methods used for their analyti-
cal prediction.

Values of enthalpy and entropy are used in making equilibrium calculations
and heat balances in reactors, separation equipment, heat exchangers, and
power cycles, etc. These thermodynamic properties are becoming of increasing
interest in geothermal, coal and other related technology. In this sense, the
development of predictive methods for the properties mentioned above is
of particular significance. The use of an equation of state, among which R ed-
lich-Kwong’s and their modifications represent a very popular two-para-
meter model, is one of the most suitable approaches.

In previous papers the capability of the Redlich-Kwong (RK) equation
of state for correlating and predicting the thermodynamic properties was
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demonstrated, such as compressibility factors [1, 2], heat capacities [3, 4]
and second virial coefficients [5] of various substances using optimal values of
the constants obtained for each available isotherm of P-v-T data. In this work
the study of evaluation of thermodynamic properties is continued and atten-
tion is focused on the calculation of enthalpy and entropy of some nonpolar,
slightly polar and polar gases.

Data reduction

The ability of the RK equation to predict volumetric, phase equilibrium and
other properties was considered [7-10].
The RK equation of state (6) is as follows:

v—b RTIb(v+b)
where the constants a and b are related to the critical proterties by:

a=RaAZle'dpo )
b=i2bRTdPe A3)

Redlich and Kwong recommended two universal dimensionless constants
for (@ and Qb which are valid for all temperatures and pressures. For the
conditions of critical point (dP/dv)Tc= (d2P /dv.)..=° they obtained Qa=
0.4275 and I3b= 0.08664. However, it is now generally accepted that these
parameters are temperature dependent and vary from substances to sub-
stances.

The method used in this study was proposed previously [1-3] as follows.
Parameters Qa and Qb of RK equation were determined from P-v-T data of
gases at each available isotherm separately (i2ca). For each temperature, the
optimal values of these dimensionless parameters were found. The Newton—
R aphson procedure [11] was used to minimize the objective function F defined

by:
F=2 (Eexp--Zcal)? ()
1

i-
where Zepstands for the values of factor compressibility obtained from P-v-T
data, and Zd stands for the right hand side of Eq. (1). As shown in the cited
articles, in all cases the proposed method was to be preferred to the results of
other applied modifications of RK equation.

Enthalpy and entropy of investigated gases were evaluated by two diffe-
rent procedures. One of them was based on the original RK equation with
constants which require the critical data of compounds (Egq. 2 and 3) and
the other one with optimal parameters for each available isotherm. Enthalpy
and entropy were estimated according to the original RK equation by:

1.6a \% 15a vo+b

= RIS [ + SO ——————
Hkk=#0 T3 Inv+b RTZ To-bln i RTZo (5)

v—b 0.5a . v(vo+h)
Srk=So+ RIn [ i (6)
vo—b TUb \Vov+b)
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Enthalpy and entropy obtained with optimal parameters were calculated by :

H=HrK+FH
_ ()
S=SnK+FS
where FH and FS are as follows:
FH= -KTUab/aT) e (da/dT) i V(V0+ D)
= -KTuyab/pTm) - — a
ABTA v—b vo—b b vo(v + b)

0+ 6) N b
+-p - (db/dT) (]__vl(g(v+b) vib V0+b) ©)

v(vo + b)
F5=. RTOWATI— ——T.1-J1 (Al in ¥

v—0 Vvo—b J vo(v+6)
dbidT l vivo+ 6) b\ 10
asyeE . e T v:a'"v;';“b') (10

In these expressions, HOand SOare given with respect to the ideal gas refer-
ence state. To calculate H and 8 by means of the modified method, the
parameters Qa and Qh were considered two way: as established values at
available isothermal conditions — for each isotherm separately (Bci), and
as temperature dependent parameters given by corresponding temperature
correlations (f2oa).

The functions Qax depend on Tu{Ta=TjTQ. For each gas individually,
in therms of two ranges of temperature (TR< 1and > 1), the following em-
pirical fitting of Qar applied on the Qaand Qb:*

n - GoTn. CiTr+C/Ti+ C3TR (11)

o = Co+ (CiITR)+ (g2t]|) + (C3/T|) (12)
Go Ci (2 G3

&=_ +—rH—3H—g (13)
T Tr Tr Tr

n ” CI c 2 GO (14)

1~Tr (1-Tr)* (1—Tr)3

o =Co+ Ci(l - Tr)+ C2(1- Tr)l3+ Cs(1- Tr)* (15)

(16)

(* + * + * + * ] (17)

ITr T2 T3 T8)

The coefficients C0, Cx, C2 and C3 were determined by means of the least
squares method. For tested gases: carbon monoxide, propylene, hydrogen
sulphide and ammonia their values are listed in Table 1. The P-v-T data are
collected from literature [12-15].

+In this consideration, the following correlations are included for comparison purposes: HA=co+ c\Tr +

+ CiTr+CsTkand A=Co(l-T r)+Ci(1 —Tr)2+Ca(l - T B)3+Cs(l —TR)e. However, in all cases these relations
did not give satisfactory results.
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Results and discussion

The Qal and fior were used to evaluate the enthalpy and entropy. The cal-
culated results were compared with the original RK equation, where constants
a and b were treated as universal values. The results for gases mentioned above
are summarized in Table 2. In addition to these treatments, the Simonét
and Benhar [16] and Chaudron, Asselineau and Renon [17] modifications
were also included in the analysis. All comparisons in this Table were realized
for the same arbitrarily selected isotherms of volumetric and enthalpy and
entropy data.

Table 2 indicates that all procedures give good agreement between the cal-
culated and observed values of enthalpy and entropy. Howeveer, as indicated
in the previous paper [1], factor compressibilities of some substances calculated
by the original RK, SB and ChAR equations were considerably worse than
those obtained by this method. Consequently these poor results were not reflect-
ed in the enthalpy and entropy calculations. Total mean absolute percentage
deviation between calulated and experimental results was 1.14 and 0.56 for
enthalpy and entropy respectively, when original RK parameters were used.
When the properties were calculated employing optimal RK parameters
(i'al), the corresponding deviations for enthalpy and entropy were 1.16 and
0.51. Deviations for enthalpy and entropy using Qarl were 1.07 and 0.51 re-
spectively. In the case of the SB and ChAR equations, the errors in H were

Fig. 1.
Enthalpy of Propylene. - denotes literature values [13]
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1.46% and 1.56% respectively. Deviations for 8 were 0.50% and 0.73%, re-
spectively.

In order to illustrate the validity of the proposed methods the predicted
values of enthalpy and entropy are graphically given in Fig. 1-3.

From the results obtained for enthalpy and entropy of nonpolar and slightly
polar gases, it could be concluded that this method does not improve its

Table 3.

Absolute deviation in enthalpy and entropy for isotherms in the vicinity
of the critical point up to Pr,»x

SH (%) 6S(% )

Substance**) Th RK RK
RK (Beal) RK (Real)
Carbon monoxide 1.002 5.794 6.212 1.206 0.537 0.967
Propylene 1.035 2.643 2.940 2.281 0.711 0.964
Ammonia 0.995 1.714 47.664 6.775 3.701 2.702

(a) Available pressure of Hydrogen sulphide is not sufficiently high.

Fig. 2.

Enthalpy of Ammonia. - denotes literature values [12]
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Fig. 3.

Entropy of Ammonia.-------------- denotes literature values [12]

capability over the original form of RK equation. The exception is ammonia
which is a polar compound.

Although the calculated results for enthalpy are not represented in detail,
from Table 3 it can be noticed that this procedure with calculated parameters
(Rc) is preferred to the results of the original RK equation at high pressures
and in the critical, very sensitive region. When the calculated entropy, obtained
on the basis of ibl values, were compared with those evaluated by the origi-
nal RK equation, the results were comparable and satisfactory.

On the other hand, when this procedure with correlated parameters (i2ax)
was applied to the temperature in the vicinity of the critical point, in some
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cases (for CO, TR=0.926 and 1.002 and for NH3, [TR=0.986) the results
obtained indicated that the derivatives of the dimensionless parameters with
respect to temperature were too sensitive for the evaluation of enthalpy and
entropy. For this reason, these isotherms were excluded from consideration.

Conclusions

The Redlich-Kwong equation of state is suitable for enthalpy and entropy
calculations of nonpolar, slightly polar and polar gases, regardless of whether
original or modified form with optimal temperature dependent parameters
are applied. However, for a highly polar compound, such as ammonia, better
results are obtained with the modified form.

The procedure used in this work for correlation equations of the dimension-
less parameter @n and Qhin function of TR produces only a small loss of
accuracy in the calculation of thermodynamic properties mentioned above.
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SYMBOLS

a, b parameters of Rbdlioh-K wong equation of state
Co, Ci, Ci, Cscoefficients of Equations (11) —(17)
F objective function

enthalpy

number of data points

pressure

universal gas constant

entropy

temperature

molar volume

compressibility factor

N—-H»nwxnUusS T

Greek symbols
Qe&, Qb — dimensionless parameters of the Redlich-Kwong equation

Subscripts

c critical property

0 property given with respect to the ideal gas reference state

R reduced property

RK proparty given with respect to the original Redlich-K wong equation of state
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PE3IOME

B coo6LLeHMN onucaHbl pasninyHble METOAbl pacyveTa SHTaIbMUM U 3HTPONUU YUCTO HEMONSAPHBIX
MeHee NMASAPHbIX U MONAPHbIX rasos/ABYOKWCb Yriepoja, MPOnuseH, CepeBOfOPOS U aMMOHUS).
MepBblii METOA OCHOBaH Ha OPUrMHaNIbHOM ypaBHeHUM cocTosiHua PEAJTIMXA—KBOHI-a (PK),
a BTOpPO MeToj Ha ypaBHeHUM PK ¢ onTuMasibHbIMK NapameTpamu/3HaveHus-Deal ansa Bcex m3o-
TepM, a 3Hadenns-fieor 3aBucsLLME OT TeMmnepaTypbl).

[ns pacyeTta sHTaILNUM U 3HTPOMUM YETbIPEX UCCNEA0BaHHbIX Fa3oB MCMoMb3oBaHbl 2063 p-V-T
[JaHHbIX 124 n3oTtepm.
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Six different substituted anilides from every dichlorobenzene sulpho-
nyl chloride isomer were prepared and their bactericidal and fungicidal
activities were screened. The relation between their toxicity and their
chemical structure was investigated.

Introduction

It was established that toxicity to bacteria and fungi can result from two aryl
groups linked by —S02—NH— bridge [1-3]. In the present investigation,
it was planned to synthesize a number of such compounds, to screen their

toxicity towards microorganisms and to study their variation with the chemi-
cal structure.

Experimental
Preparation of 2,3-dichlorobenzene sulphonyl chloride

2.3- Dichloronitrobenzene was prepared according to [4, 5]. It was reduced to
2.3- dichloroaniline [6] which was diazotized and its diazonium compound was
treated with a saturated solution of S02 in glacial acetic acid containing
CuClI2[7] to produce the title compound, b.p. 124 °C/15 mm Hg, rig 1.5919.
CeH30 XLI3S, Calculated: C 29.35; H 1.23; Cl 43.32; S 13.06

Found: C 30.05; H 1.11; ClI 43.71; S 13.12
IR absorption: (wave length im cm-1) 1,460 for 1,2,3-trisubstituted aromatic
nucleus, 840 for C—Cl, 1,185 and 1,360 for S02—Cl.



418 A. Maebi, XX XX A. Eb Stjkkary, F. |. EI Dib and O. H. EI Sayed Vol. 9.

Preparation of 3,4-,2,5 and 2,4-dichlorobenzene sulphonyl chlorides

These were prepared as in [8]. The starting materials (a), solvent (b), reaction
temp, and time (c & d) and the products (e) are:

(a) (b) (c) (d) (e)
1.2-dichlorobenzene CHCI13 180 °C 16 hrs 3,4-dichlorobenzene sulphonylchloride
1,4-dichlorobenzene  CHCIs I1SO °C 1 hrs 2,5-dichlorobenzene sulphonylchloride
1.3-dichlorobenzene CHCI3 18 °C 4 hrs 2,4-dichlorobenzene sulphonylchloride

Preparation of 2,6-dichlorobenzene sulphonylchloride

2,6-Dichloroaniline was prepared from sulphanilamide according to [9]. It
was then diazotized and converted into 2,6-dichlorobenzene sulphonyl chloride
as given in [7].

Preparation of 3,5-dichlorobenzene sulphonyl chloride

3,5-dichlorobenzene sulphonamide was prepared according to [7] and on
treating with C1S03H and S0C12 3,5-dichlorobenzene sulphonyl chloride was
obtained.

Preparation of N -substituted dichlorobenzene sulphonamides

Equimolecular amounts (0.05 mol.) of each dichlorobenzene sulphonyl chloride
isomer and the used amine (o, m, p-anisidenes, o, m, p-phenetedines) were mixed
and heated with vigorous stirring at 60-70 °C; NaOH solution (0.05 mol.,
0.7 N) was then added dropwise over a period of /2hour. Heating and stirring
were continued for a further 1j2 hour. On cooling, a solid product separated,
it was filtered, washed with dilute HCL and with water, dried and finally
crystallized from aqueous ethanol, Tables 1-6.

Antibacterial and antifungal activities of the prepared compounds

The cup-plate method (10) was adopted with some modification:

a) The spore suspension of the test organism was prepared in inoculating

flasks; each contained 50 ml of sporulating medium of the following
composition (g/1) : peptone, 3.0, meat extract, 3.0 and distilled water
1,000 ml.
The flasks were incubated for 6 days at 30 °C on a rotary shaker, then
pasteurized at 80 °C for 10 minutes, this can be used for any spore form-
ing bacteria, but in the case of nonsporulating bacteria, this technique
can also be allowed without pasteurization after the sixth day of incu-
bation.

b) A solid medium containing the following ingredients (g/1); peptone 6.0;
yeast extract 3.0; meat extract 1.5; glucose 1.0; and agar 15.0 was ste-
rilized and divided while hot (50-60 °C) in 15 ml portions among sterile
petri-dishes of 9 cm diameter.

c) One ml of the spore suspension was placed on the surface of the cold solid
medium in the petri-dishes and spread over the surface.
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Table 1.

No. of
comp.

Nomenclature

N -o0-anisyl-2,4-dichloro-
benzene sulphonamide

la Ar-m-anisyl-2,3-dichloro-
benzene sulphonamide
Is N-p-anisyl-2,3-dichloro-
benzene sulphonamide
14 Ar-0-phenetyl-2,3-dichloro-
benzene sulphonamide
Is JV-m-phenetyl-2,3-dichloro-
benzene sulphonamide
le Af-p-phenetyl-2,3-diohloro-
benzene sulphonamide
Table 3.
#
';‘g’mgf Nomenclature
tli .Ne-o-anisyl-2,5-dichloro-
benzene sulphonamide
1112 AFm-anisyl-2,5-dichloro-
benzene sulphonamide
1lls N-p-anisyl-2,5-dichloro-
benzene sulphonamide
1112 JV-o-phenetyl-2,5-dichloro-
benzne sulphonamide
1lls Arm-phenetyl-2,6-dichloro-
benzene sulphonamide
1lls ,W-p-phenetyl-2,5-dichloro-
benzene sulphonamide
Table 5.
comp. Nomenclature
Vi 2V-o-anisyl-2,6-dichloro-
benzene sulphonamide
v2  A7-m-anisyl-2,6-dichloro-
benzene sulphonamide
Vs  jV-p-anisyl-2,6-dichloro-
benzene sulphonamide
v4  N-o-phenetyl-2,6-dichloro-
benzene sulphonamide
v5  AT-m-phenetyl-2,6-dichloro-
benzene sulphonamide
Ve  JV-p-phenetyl-2,6-dichloro-

benzene sulphonamide

Table 2.
Nig Igloor.ng.f Momenclature
Hi  iV-o-anisyl-3,4-dichloro-
122-3 benzene sulphonamide
iis  N-m-anisyl-3,4-diehloro-
133-4 benzene sulphonamide
Ils  N-p-anisyl-3,4-dichloro-
146-6 benzene sulphonamide
M4  N-o-phenetyl-3,4-dichloro-
124-5 benzene sulhponamide
Ms N-m-phenetyl-3,4-dichloro-
120-1 benzene sulphonamide
He Arp-phenetyl-3,4-dichloro-
118-9 benzene sulphonamide
Table 4.
° comp. Nomenclature
IVi  jV-o-anisyl-2,4-dichloro-
111-2 benzene sulphonamide
iv2 .N-m-anisyl-2,4-dichloro-
110-1 benzene sulphonamide
ivs  jV-p-anisyl-2,4-dichloro-
96-7 benzene sulphonamide
IV4 "-o-phenetyl-2,4-dichloro-
136-7 benzene sulphonamide
IV5 N-m-phenetyl-2,4-dichloro-
128-9 benzene sulphonamide
IVe jV-p-phenetyl-2,4-dichloro-
109-10 benzene sulphonamide
Table 6.
NL'OP' t‘:rhg.f Nomenclature
VI1i N-o-anisyl-3,6-dichloro-
145-6 benzene sulphonamide
V12 “~-m-anisyl-3,6-dichloro-
118-9 benzene sulphonamide
Vis JV-p-anisyl-3,5-dichloro-
116-7 benzene sulphonamide
V14 1V-o0-phenetyl-3,6-dichloro-
97-8 benzene sulphonamide
VI8 Ar-m-phenetyl-3,5-diehloro-
134-5 benzene sulphonamide
Vie N-p-phenetyl-3,5-dichloro-
106-7 benzene sulphonamide

419

M.P.
°0

94-5

164-5

87-8

72-3

110-1

M.P.

112-3

111-2
98

137

129

110-11

77-8
121-2
78-9
102-3
117-8

149-50
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d) The test substances were dissolved in a few drops of acetone, then com-
pleted to the appropriate volume with distilled water to make colloidal
suspensions of different concentrations which were 50, 100, 200, 500,
1,000 and 2,000 [ig/ml.

e) In a petri-dish containing the culture of one of the chosen microorga-
nisms seven small pits were made in positions widely separated from
each other. These were marked on the bottom of the dish. One of these
pits was filled with acetone and water mixture as a blank test and the
other pits were filled with the solutions of the test substances with dif-
ferent concentrations. The petri-dishes were incubated at 5 °C for 1-2
hours to permit good diffusion and then trasferred to an incubator at
28 °C for 4-8 hours. Methylene blue was added to the medium before
solidification to give more definite and restricted zones. The inhibition
zone is transparent blue, in contrast to the background, which is opaque
due to the thin or thick growth of the organism. The zone of inhibition
was well defined and the margin between it and the bacterial growth
was sharp, allowing easy measuring of the diameter.

The activity of each of the prepared substances against four microorganisms
representing gram + ve and —ve bacteria, fungus and yeast (Bacillus subtilis,
Escherichia coli, Aspergillus niger and Candida albicans respectively) was
first investigated. The activity of the test substances at different concentrations
towards any test organism was expressed as follows:

+ + + at concentration of 60 irg/rnl
+ + at concentration of 100—600 ug/rnl
+ at concentration of 1,000—2,000 [ig/ml

If no activity was noticed with a solution of 2,000 pg/ml concentration, the
substance was considered inactive and this inactivity was expressed with —.
The substances with activity of the order + + + or + + towards any of
these four organisms (Tables 7—0) were then screened with the other six
species of bacteria and yeast in the same manner (Tables 11-16).

Discussion

The six isomers of dichlorobenzene sulphonyl chlorides were prepared. Each
sulphonyl chloride was converted to six anilides with the following structure:

c RGHNE ©i .

cl so 2 e SONH
li-e-V li-,

Ri=o0- or m- or p-OMe; o0- or m- or p-OEt

The chemical structure of the prepared new compounds was elucidated by
microanalysis and infrared light absorption measurement. The compounds
which have analogous structure, absorbed this light at nearly the same wave
lengths. The following results were obtained from some compounds which can
be considered as representatives of their classes in the present work.
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Table 16.

Toxicity to Saccharomyces cerevisiae

Position
of
CI2

Ri=

0-OMe wi-OMe 33-OMe 0-OEt j?-OEt />-OEt
1 2 3 4 5 6

2.3- |

3.4 n + + + + 4+ +
2.5- in
2.4- v

2.6- V + +
3.5- Vi + o+

Clz2 is active in the position 3,4-.

N-p-anisyl and N -p-phenetyl dichlorobenzene sulphonamides

These absorbed the infrared light at the following wave lengths in cm-1:
1,490 for 1,4-disubstituted, 1,2,3-, 1,2,4- and 1,3,5-trisubstituted aromatic
nucleus, 840 for C—CI aromatic, 1,356 and 1,180 for S02—N— group, and
3,310 for —N—H.

Antibacterial and antifungal activity of the prepared compounds

There is no single test which is suitable for general evaluation of the germici-
dal cemicals.

In the present work, the antibacterial and antifungal activity of the prepar-
ed compounds was measured as described in the experimental part. The re-
sults are shown in Tables 7—16. The activities of the compounds against a par-
ticular organism are compared in these Tables, in order to find out the effects
of the chlorine position in the molecule, the nature and position of the other
substituents R, and the nature of the bridge between the two aromatic nuc-
lei. Activity and inactivity towards the test organism were met with among
compounds with the same position of chlorine, but with different —NH—
substitution and compounds with the same—NH —substitution, but with
different position of chlorine. This indicated the interference of the influences
of chlorine position, the nature of the —NH— substituent and the position
of substitution in the latter on the toxicity of these compounds to the test or-
ganisms.
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Table 17.

Prepared compounds which have a biological effect
on the test organisms

Organism Compound
Bacillus subtilis 3,5, VI5
Bacillus cereus Mns.e> VI6
Micrococcus sp. N3, Vis
Salmonella sp. Ms5. VI2s
Sarcina sp. 3.B
Staphylococcus aureus 3,5
Saccharomyces oerevisiae 3,5
REFERENCES
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A number of N-substituted dichlorobenzene sul| honamide were
prepared and their biocidal activity towards bacteria and fungi was
screened.

Introduction

The structure —SO2NHCO— has proved to be of high biochemical significance
on bacteria and fungi [1, 2]. The present investigation involves the preparation
of some new ~-substituted dichlorobenzene sulphonamides and the correlation
of their biocidal activities with their structures.

Experimental

Preparation of 2,3-dichlorobenzene sulphonamide

This was prepared from 2,3-dichlorobenzene sulphonyl chloride and NH40OH
according to [3]; m.p. 224-225 °C, from aqueous ethanol;

CEHECIN 025, Calculated: C, 31.88; H, 2.23; N, 6.19; CI, 31.36; S, 14.18
Found: C, 32.00; H, 2.14; N, 6.51; CI, 31.67; S, 14.88

IR absorption at wavelengths 1,460 cm-1 for 1,2,3-trisubstituted aromatic
nucleus, 480 cm-1 for C—ClI, 1,180 and 1,360 for SO2—N— group and 3,310
for —N—H.
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Preparation of 3,4-, 3,5-, 2,4-, 2,5- and 2,6-dichlorobenzene sulphonamides

These were prepared from the corresponding dichlorobenzene sulphonyl chlori-
des with NH40H according to [3].

Preparation of N-Substituted dichlorobenzene sulphonamides

a) Each dichlorobenzene sulphonamide isomer (0.005 mol), the aliphatic
acid chloride (0.007 mol) and glacial acetic acid (5 ml) were mixed and
heated on boiling water-bath for /2hr under reflux condenser. The excess
acid chloride was then evaporated and the residue was poured on ice cold
water (100 ml). The solid product was filtered, dissolved in NaHCO03
solution (100 ml) and then filtered. The filtrate was acidified with glacial
acetic acid. The solid product which separated was filtered and crystallized
from ethanol.

Tables 1-6; Compounds 17.9, 117.9, LI 7.9, V7.9, V7 9and VI17.9.

b) Each dichlorohenzene sulphonamide isomer (0.005 mol) and the used aro-
matic acid chloride (0.005 mol) were mixed and heated at 180-190 °C
for 1 hr. The mixture was taken in ethanol (100 ml) and heated with
charcoal under reflux for 1/2 hr. After filteration, concentration of the
filterate and cooling the separated product was filtered and recrystallized
from ethanol.

Tables 1-6; Compounds 110 18, 1110 18, H110-i8. Ivio-is> vio-is and V110 18

Antibacterial and antifungal activities of the prepared compounds

This activity was measured in the same manner as described in Part I of this
investigation [4].

Discussion
0 0 O
The structures —%—N H— or —g—NH—!:— have proved to be of high bio-

| I
chemical significance on bacteria énd fungi [1,2] hence it was planned to pre-
pare a number of substituted and unsubstituted aromatic compounds having
such groupings, to screen their toxicity towards microorganisms and to study
the variation of the degree of toxicity with the nature and position of the sub-

stituent. Dichlorobenzene sulphonyl chlorides and sulphonamides were chosen
as starting materials in the present synthesis.

Dichlorobenzene sulphonamides

A scheme for the synthesis of the six isomers of dichlorobenzene sulphonyl
chlorides and dichlorobenzene sulphonamides, which form the mother sub-
stances of the prepared N-substituted dichlorobenzene sulphonamides is given
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SONH:

2,3-dichloro-
benzene
eulphonamide

Biocides from Halogenated Benzenes I1.

soZi ni- nh2

2,3-dichloro-
benzene
sulphonylchloride

3,4-dichlorobenzene 3,4-dichlorobenzene
sulphonylchloride eulphonamide

a a a

2,6-dichlorobenzene 2,5-dichlorobenzene

sulphonylchloride eulphonamide

2,4-dichlorobenzene  2,4-dichlorobenzene
sulphonylchloride eulphonamide

Fig. 1

no2
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NHi
sohh?2
jcia
QNH2
70% H2S04 hno?2
]
nh?2
Cl J”n
msro2
n Zi-
302NH2

3,5-dichlorobenzene
sulphonamide

CISOsH
S0C12
2,6-dichlorobenzene
sulphonyl chloride
| nhdoh
3021
sohh?2 3,5-dichlorobenzene
ck rClL sulphonyl chloride

2,6-dichlorobenzene
sulphonamide

Fig. 2

Vol.
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in the following charts. The preparations were carried out according to the refer-
ences [3-10].

Each sulphonamide was converted to twelve N-substituted dichlorobenzene
sulphonamides with the following stfuctures:

179179
R 2= Me; Et; Prop.
(tables 1—6)

lio-ie —V110-18

Rs—H; 0- or m- or p-Cl; o- or m-or p-OMe; m- or p-NCb
(tables 1—6)

The chemical structures of the prepared new compounds were elucidated
by microanalysis and infrared light absorption measurments. The compounds
which have analogous structure absorbed this light nearly at the same wave-
lengths. The following results were obtained from some compounds which
can be considered as representatives of their classes in the present work.

N-acetyl, N -benzoyl, N -p-chlorobenzoyl, N-p-methoxybenzoyl and
N-p- nitrobenzoyl-2,5-dichlorobenzene sulphonamides

These absorbed infrared light at the following wavelengths in cm-1: 1,460-1,475
for 1,4-disubstituted and 1,2,4-trisubstituted aromatic nucleus, 840 for C—Cl
aromatic, 1,350 and 1,180 for SO2—N-group, 3,310 for —N—H, 1,480-1,575
and 1,650-1,710 for —NH—CO—, 1,315 for C—N 02

Antibacterial and Antifungal Activity of the Prepared Compounds

In the following Tables a comparison is made between the compounds which
are active against a particular organism to find out the effects of chlorine
position in the molecules, of nature and position of the other substituents
R2 R3and of the nature of the bridge between the two aromatic nuclei. The
activity and inactivity towards the test organism were met with among com-
pounds with the same position of chlorine, but with different —NH— substi-
tution and compounds with the same —NH— substitution, but different
position of chlorine. This indicates the interference of the influences of chlorine
position, of the nature of the —NH— substituent and also of the position of
substitution in the latter on the toxicity of these compounds to the test orga-
nisms.
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Position ¢ X s 0 INHCORa
ch
Ra=
Me Et Prop.
7 8 9
23- 2 - - R

34- 1+ + + o+ + o+ o+ o+

26-1" B N B

2,4- iv - + -
26- V4 N .
36- Vi - + o+ + +

A. Masuw, X. X. A. El Sukkary, F.

I.E1 Dib and O. H. El Sayed

Activity of the test compounds against Bacillus subtilis

A '® M S0aNH C 0 /0 'K3
R3=

H o-Cl m-Cl pd  oOMe mOMe p-OMe m-NOj
10 1 12 13 14 15 16 17

+ + o+ - - + + + + + + + + + + o+ -
+ + o+ - - + + — + 4+ + - + + +

- + + - + 4+ + + + + + + + + +
+ + + - + + 4+ - + + — + 4+ + + 4+ +

+ + + o+ + + o+ o+ o+ + + + + + + o+ o+ o+ -

+E+ o+ o+ o+ + -

1 — A2 s active in the positions: 2,3-, 3,4- and 3,6 (Cpds: 17-9 Vv7-9)
2 - pCl pOMVE Edes: 11113, 1llie)

p-ONVe pCl
- and t-OVe 0-OlVe
NC2 P-NO2

3 —

g: and nt-Al p-Cl
4 — -SO2NHCO- SO2NH-

Position
Tif “ B U o aNHCOR2
Cla
K*=
Me Et Prop.
7 8 9
2,3- 1 -

2,6- hi - -

2.,4. iv + o+

2,6- VvV + o+ o+
3,6- Vi

1 — Qa is active in the positions 2,6-,
Q2 is active in the positions 2,3-,

1113, liiez)

IHM Iliié)

2 — p-Cla-p-NOa
p-OMe =p-Cl

&%

Cpds: V13, Vie)

: Vu, V12,
. Via, Vli»)

FEE

Activity of the test compounds against Escherichia coli.

«:6 - s o aNH C O -© 'B3
B3=
H o-Cl -Ccl p-Cl 0-OMe m-OMe p-OMe m-NOa
10 11 12 13 14 15 16 17
+ o+ -
- — + o+ o+
+ o+ + o+ o+
+ o+ + o+ + o+
+ + + + 4

e G qugaf:_l\iﬂo-?i's?{/no-is)

Vol.

p-NOa

+

18

p-NOa
18
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Activity of the test compounds against Aspergillus niger

Positi in P
o SH 5 4 oakHcoRj “:© -S O aNHCO/il~R*
Cu
R .= R ,=
Me Et Prop. H o-Cl m-Cl Vv Cl 0-OMe m-OMe y-OMe m-NOa  p-NO*
7 8 9 10 11 12 13 14 15 16 17 18
2,3- 1 — — + o+ + - - + + + o+ + + o+ o+ 4+ + o+ - +
3,4- 1 - - + o+ 4+ - - - - - - + -
2,6- »1 - - - - - - + o+ o+ - - - .- -
2,4- iv - - - + o+ o+ - - - - - - - -
2,6- V - - + + - - - + o+ o+ - - - - -
3,5- Vi - - - - - - - - - + o+ o+ - -t-

1 — CU is active in position 3,4- only (Cpds: 17-9—V17-9)
ClI2 is inactive in position 3,4- (Cpds: l10-18 —Vlio-is)

2 — p-Cl=»p-OMe (Cpds: 113, lie)

3 — o0- and m-OMe =»p-OMe (Cpds: 114, 115, lie)

Activity of the test compounds against Candida elbicans

Position
of ANMASO.NHCOR, 'N-SO,NHCO-""r
Cl,
R,= R,=
Me Et Prop. H o-Cl m-Cl v Cl 0-OMe m-OMe j>-OMe m-NOa i>NOa
7 8 9 10 1 12 13 14 15 16 17 18
2,3- 1 + o+ o+
3,4- » + + +
25-11 - ' - - - - - + - - - - +
24-iv - - - - ; - - . - + - —
2,6- V - - - - - - + - - - - - -
3,5- vi . . . . . .- _ . - . n . _

Only lie & Hie were found to be toxic to this organism. Both of them contain 75-NO2 and the CI
atoms are in the position 2,3- and 3,4.
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ActiTity of the test compounds against Bacillus cereus
N A*q A-Bj
Posit
“of " Q4" V SoNHCOB,
Cl.
B ,= R ,=
Me St Prop. H o-Cl m-Cl p-Cl 0-OMe m-OMe p-OMe m-NOa p-ISTOa
7 9 10 11 12 13 14 15 16 17 18
2|3'| + + + + o+ + 4+ + + + + + + o+ + + + o+
3y4'V|+++++ + o+ o+ o+ o+ o+ + o+ + o+ o+ + o+ + o+ o+
2,5'“' + o+ + o+ + o+ o+ 4+ o+ o+ o+ o+ o+ o+
2,4-iV + o+ o+ + o+ o+ + o+ + o+ o+ + 4+ + o+ o+ o+
2,6- V +F O+ o+ o+ o+ + o+ + o+ + + +m + o+ o+ o+ o+ o+
3y5'Vi + o+ + o+ + o+ o+ 4+ + o+
1 — CIr is active in positions 2,4-, 2,6- and 3,4- (Cpds: 17-9—VI17-9)
No change in the activity with variation of CI2 position (Cpds: 110-18—Vlio-ie)
2 — p-OMe =»p-Cl and p-NOa (Cpds: Its, lie and lu)
P-NO2>-p-Cl (Cpds: 1113 and His)
0-OMe =-0-Cl (Cpds: LI u and I11114)
m-NE2»m-Cl (Cpds: 1V12 and IV 17)
m-OMe =-m-CIl (Cpds: V12 and V15)
p-OMe~p-NOe (Cpds:,Vlie and Vlie)
3 — P-NO2=-m-No2 (Cpds: Il17 and 1118
p-Cl=0-Cl (Dpds: Hin and 11113)
p-Cl=Cl (Cpds: Vu, V12 and V13)
4 — S02CO-=--SOsNH- (Cpds: VI2 and VI15
Activity of the test compounds against Micrococcus sp.
c A
Position
of « AANZOaNHCOR, « 'C X bo.nhcol/ C ~ 11’
Cla
E .= R>=
Me Pit Prop. H o-Cl m-ClI p-Cl 0-OMe m-OMe  p-OMe m-NOa p-NOa
7 8 9 10 11 12 13 . 14 15 16 17 18
2,3- 1 + o+ o+ o+ o+ o+ + + + o+ + o+ + o+ o+ + o+ o+
3,4 I+ + + + + + H-1Db + + + + o+ o+ + o+ o+ + o+ o+ o+ o+ o+
2,5-in + o+ + o+ + -F + o+ 4+
2,4- iv + o+ 4+ + o+ o+ + o+ + 4+ + 4+ + o+
2,6- V + o+ o+ o+ o+ o+ + o+ + o+ o+ o+ o+ o+ + o+ o+ o+ 4+
3,5- Vi + o+ o+ + o+ o+ o+ o+ o+ + o+ 4+

1 — Q2 s inactive in the position 2,5- (Cpds: 17-9—V17-9) o
Variation of toxicity with Q2 position cannot be traced (Cpds: 110-18—Vlio-ie)
2 — p-OVe>p-Cl (Cpds: 113, 1i6 and 11113, IHie)
-NO2>p-Cl (Cpds: 113, lie)
p-OVe=m & 0-OMe (Cpds: 114, 115, lie and 11114, 11115, lllie)
p- and m-Cl=o0-Cl (Cpds: Vu, V12, Vis).

3 —
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Activity of the test compounds against Salmonella sp.

. cn
Position @1 4C < A\ SO ZNHCOR2
R,=
Me Et Prop. H oCl m-Cl p-ci 0-OMe m-OMe
7 8 9 10 11 12 13 14 15
2,3- 1 FoE o+ o+ o+ o+ + o+ + o+ o+
34- M + 4+ + 4+ + 4+ 4+ + + o+ o+ o+ o+
2,6- "1 o+ o - + o+
2,4- iv R R R o+ o+
2,6- V + 4+ + 4+ + + + + + + + + +
3,6- Vi + o+ o+ + o+ 4+

1 — Cb is inactive in the position 2,6- (Cpds: 17-9—V17-9)

p-OMe
16

mNOi
17

No change of toxicity with variation of CI2 position (Cpds: lio-ie—Vlio-ie)

2 — p-OMe and P-NO2 =-p-Cl (Cpds: 113, lie, lie)
m-OMe =m-N02 (Cpds: 1115, 1117)
m-OMe =m-Cl (Cpds: V12, Vis)
p-OMe »p-Cl (Cpds: V13, Vie)

3 — p-OMe>0-OMe (Cpds: 114, lie)
p-OMe =-m-OMe (Cpds: lis, lie and 11115, IHie)
P-NO2 =-m-N02 (Cpds: 1117, His)

Activity of the test compounds against Sarcina sp.

Position

of C"C<~B80,NHCORa
Oli
Rj=
Me Et Prop: H o-Cl m-Cl p-Cl 0-OMe  m-OMe
7 8 9 10 11 12 13 14 15
2,3- 1 - + o+ o+ - + o+ o+ o+ o+
34- » 4+ 4+ 4+ + 4+ 4+ + o+ PR
2,6-“1 - e
2,4- iv + + + o+ o+ - + o+ o+
2,6- V - - - o+ 4+ + o+ +
3,6' Vi + + + -

1 — Clz is active in the position 3,4- and 3,6- (Cpds: 17-9 —V17-9)
No variation of toxicity with Cl2 position (Cpds: lio-is —Vlio-is)
2 — p-OMe:»p-XK>2 =~p-Cl (inactive) (Cpds: 113, lie, lie)
p-N02=»p-Cl (Cpds: 113, llia)
m-OMe > m-Cl (Cpds: V12, Vis)
Propyl and ethyla-methyl (Cpds: 117, He, 119
3 — p- and m-OMe»0-OMe (Cpds: li4, l1s, lie)
p-Cls-m-Cl (Cpds: V12, Vis)

p-OMe
16

+ o+ o+

m-NOa
17

437

p-NO*
18

p-NOa
18
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Activity of the test compounds against Staphylococcus aureus

Position .
of ul™” 4i~\S 02NHCOR?2

B2= K3=

Me Et Prop. H o-Cl n-Cl p-Cl 0-OMe m-OMe p-OMe 7NO2 P-NO2

7 8 9 10 11 12 13 14 15 16 17 18
2,3- 1 + + + + + o+ + o+ 4+ o+ o+ o+ o+ o+ o+ + + o+
3.4- 7+ 4+ + 4+ o+ + o+ 4+ + o+ o+ + o+ o+ + + o+ o+ o+
2,6-1Mm + + + + + o+ o+ + 4+ + o+ o+ +
3,4-iv + o+ o+ + o+ o+ - + o+ e
2,6- Vv T I T I FoE o+ 4+
3,5- Vi + o+ o+ o+ o+ o+ o+ + o+ o+

1 — Ola is inactive in position 2,6- (Cpds: 17-9—V17-9)

No change in toxicity with CI2 position (Cpds: Ito-ie —V lio-ie)
2 — Propyl»ethyl and methyl (Cpds: 117—IIxe)
3 — p-NCV»nr-NO-j (Cpds: 1117—Ilig)

p-Cl» 0-Cl (Cpds: 111u-111js)

p-OMe »6-OMe (Cpds: 11114, 1liié and 1vi4, lvie)

p-OMe »0-OMe (Cpds: VI15 and VI16)

Activity of the test compounds againts Saccharomyces cerevisiae

Position
of 0lr ~ \ SO2NHCOR2 CINtiE'\SO2NHCOA"V<i'J
oil Bj= Ko
Me Et Prop. H o-Cl m-Cl p-Cl 0-OMe m-OMe p-OMe m-N02 pSTCa
7 8 9 10 11 12 13 14 15 16 17 18
2,3- 1 + 4+ + 4+ + o+ ++ o+ + + o+ o+ o+ o+ o+ + +
34- 11 + + + + + + + + + + + + + o+ o+ + o+ o+ + o+ + o+ o+ o+
2,6-in - + o+ FoE O+ F o+ o+ o+ o+
2,4- iv + o4+ + o+ o+ + o+ + o+ + oF o+ o+ o+
26- V + 4+ 4+ + + + H—1h + + + + + +, + o+ o+ o+ o+
35- Vi + o+ o+ o4+ o+ o+ o+ o+ + o+

1 — CI2 is inactive in the position 2,6- and active in the position 3,6- (Cpds: 17.9—VI7_9)
No variation of toxicity with CI2 position (Cpds: l1i0-18—Vlio-u)
2 — p-OMe»p-Cl (Cpds: 113, lie and H13, Illie)
p-OMe»p-N0O2 (Cpds: 1i6, 1i8 and VI16, Vlie)
m-N02 » m-Cl (Cpds: V12, IV17)
3 — p-OMe» ?ra-OMe (Cpds: 11115, Illie and V15, Vie)
p-OMe» 0-OMe (Cpds: 111i4, Illie)
4 — -SO2NHCO- » -SO2NH- in (compounds VI2 and VI15)
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Prepared compounds which have a biological effect on the test organisms

Organism Compound

Bacillus subtilis 19,10,13,15,16,18 > 117,9,10,15,17; H 1i3,i5; 1V 10,12,16»17!
Vio, 11,12,15,16; Ve, 15,16,18

Escherichia coli lie; H7,8,9,13; IHie; V9

Aspergillus niger 1i3,i4,i5; Ho; IH13; IVio; V13, Ve
Candida albicans lie; IBs

Bacillus cereus lio, 14,15,16!  117,8,9,10,15,18; H 113,14,15,161J

1Ve,10,14,16,17; V9,10,13,15,16; V115,16

MiCt‘OCOCCUSSp. 19 ,io0,ie,i8; 117,8,9,10,13,15,17,18; Hli*; IVs.io;
V9,10,12,13,15,16; Vie, 15,16,18

Salmonella sp. 19,10,16,18! 117,8,9,10,13,15,18;  11111,13, ie;
1Ve,10,12,14,16,17; V 9,10,15,16 ! Vie, 15,16,18

Sarcina sp. 110,15 ie; 118,9,15,18! 11114,is; 1Vio,14,17;
V13,is, 16, vie, 16

Staphylococcus aureus 19,10,13,14,15,16,18; 119,10,13,15.18; W 13,15,16!
1V e,10,16,17; Vo9,10,11,12,13,15,16! V 18,16,18
Saccharomyces cerevisiae 18,10,14,15,16! 117,8,10,13,15,17,18; H1i5,i6;

IVe, 10,14,16,17; V9,10,11,12,13.16; V18.15.16
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