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Abstract:  Vehicle components made of rubber or rubber like polymers usually
exhibit large deformations. Cyclic deformations may induce increasing
in temperature in elastic materials. In this paper after the summary of
the basic physical laws and the description of basement of
continuummechanics, taking into account the Neo-Hooke material law,
an example will be presented which allows to calculate strain- and
temperature changes.
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1. Introduction

Generally, the most frequently used structural materials are metals which have
high strength and stiffness. However, there are many cases, when other important
properties come to the fore as well as high deformation by elastic behavior, high
viscosity namely good damping effect. The metals do not have these above
mentioned properties, but the rubber does. The rubber- thanks to its elastic behavior
is able to establish an elastic connection between hard and brittle structural elements,
however, has high load carrying capacity.

Rubber can be classified as a so-called hyperelastic polymer which has a typical
geometrical and material non-linear behavior. It means that the relationship between
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displacements and internal forces can be described by functions whose order is
higher than linear. The geometrical nonlinearity is easy to handle mathematically,
however the material nonlinearity is only described approximately [1] [2].
Independent of the experimental investigations which deal with the material
behavior of rubber, a number of theoretical works treated rubber as an ideally non-
linear elastic, in particular hyperelastic material. One of the properties of the
constitutive equations of hyperelastic material is that stresses are derived from stored
elastic energy function. Hyperelasticity is a particularly convenient constitutive
equation given its simplicity and it constitutes the basis for more complex material
models such as elastoplasticity, viscoplasticity, and viscoelasticity [1].

Ogden [3] [4] was able to obtain very good correlation with the experiments of
Treloar. Above that, his strain energy function fulfills all necessary mathematical
and physical requirements. Furthermore, a number of material laws for rubber can
be found in literature [5] [6] for example the Neo-Hooke-, the Mooney-Rivlin, the
Yeoh-, and the Arruda-Boyce material models. Their applicapability largely depends
on the stress.

Thus, description of the behaviour of rubber and rubberlike materials it is quite
difficult from several aspects. The nonlinear behaviour and the fact that the strain
can be comparable to the original measure of the parts shows that the models used
for small strains cannot be applied even besides compromise.

Furthermore, the task becomes more complicated because of some features of
rubber parts. The temperature of rubber increases significantly. Therefore, the
temperature- and displacement fields are coupled, and it means that special solving
algorithms are required [7]. So the equations of mechanics and thermodynamics are
coupled.

As described above, the goals of this paper are the following:

It is necessary to summarize the applied equations and the basic physical laws
which are responsible for the theoretical background [8]. Clarification of these
relationships is essential because the material laws of rubber cannot violate those
basic physical laws. It is necessary to extend these relationships like equilibrium of
linear momentum and equilibrium of angular momentum, the first and second law
of thermodynamics to high deformation of rubber and rubberlike polymers. After it,
it will follow the numerical solution and computer simulation of the
thermomechanical problem by using of the Neo-Hooke material law.
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Table 1. Notation

Mechanics:

7 Force per unit surface/traction, acting on the material body
f Force per unit volume, acting on the material body

o Cauchy-stress tensor

v Velocity of the material body

P Mass density

Continuum mechanics

F Deformation gradient tensor

P Position vector

J Volume ratio

Thermodynamics

& Energy supply density

q Heat flow vector

h Heat source

n Entropy density

® Free energy

®, Free energy at the reference temperature

>

Specific heat

Vector calculus

b Scalar product (dot product) of two vectors
ixb Vector product (cross product) of two vectors
\Y Nabla, Hamiltonian differential operator
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3. Basics of continnuum mechanics

Consider a fixed reference configuration of a body corresponding to a fixed
reference time f,. The position of a typical point may be identified by the position
vector R . The reference configuration is assumed to be stress-free and possesses a
homogeneous reference temperature value 7;(>0) .

Furthermore the quantities of the 7, moment will indicated by capital letters and

the quantities of an optional ¢ moment will indicated by small letters. Thus, the
position vector of material particle is 7 at time ¢ . The position of the body is called
current configuration at time ¢ where each quantity depends on time. During the
reference configuration the quantities do not depend on time, because of the fixed
time moment. A map of the reference configuration to a current configuration is

characterized by the macroscopic motion 7(f)= Z(ﬁ,t) [8].

x(R)

Reference /\ Current configuration
configuration
x,(P)
- / ~ % (P)
A /
Iy,

\

8

Figure 1. Connection between the reference and current configuration

Fig. 1 shows the connection between the reference and current configuration, i.e.

movement and deformation of the body is determined by the F(t) = ;?(R, t) maping,

so the P point which was originally determined by the R position vector moves to
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the place determined by the 7 position vector. As a measure of the thermoelastic

. . . o ox(R)
deformation we use the deformation gradient F = grady = = ;((R)oVO,

where the zero index of the differential operator V,means that the derivation has to

be done in the reference configuration. Deformation gradient is the base variable of
the continuum mechanical task and by using it the other quantities of the problem
can be derived.

4. Governing equations

4.1. Equlibrium of linear momentum

Let us consider a hyperelastic continuum body in the current configuration. Its
volume is indicated by v, and its surface is indicated by « . The integral formulation
of equlibrium of linear momentum in the current configuration is:

d ¢ ~ -

—vadv:jtda-i-jfdv €]
dt’ :
(v) (a) (v)

where v is the velocity of one point of the continuum body, o is the mass density

of the material of the body, 7 force per unit surface/traction, f force per unit

volume.

During the solution of the problem we need to know the differential formulation of
the equlibrium of linear momentum, which can be generated by the Gauss’s theorem:

pr=g-V+f @)
where v is the velocity of one point of the continuum body, p is the mass density
of the material of the body, # force per unit surface, f force per unit volume, o

Cauchy-stress tensor, namely the 7 traction can be expressed by the Cauchy-stress

as follows: 7 =o-7i.
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4.2. Equilibrium of angular momentum

Let us consider a hyperelastic continuum body in the current configuration, its
volume is indicated by v, and its surface is indicated by a . The integral formulation
of equilibrium of angular momentum in the current configuration is:

d ¢. _ oL o =

—Ir><vpdv=fr><tda+frxfdv 3)
d (@ )

Hereafter, we use the differential form of the equilibrium of angular momentum in

the current configuration:

?x(pf/—g-V—f):;xgﬂV @)

The differential form of the balance of moments can be expressed by the following
equality o= gT . The consequence of this formula is that the stress tensor is

symmetric.

4.3. The first law of thermodynamics

Cyclic finite deformations cause exoterm process in hyperelastic materials. The
classical thermodynamical characterization of the continuum body is presented by
Holzapfel and Simo [8], where the laws of thermodynamics, the Helmholtz free
energy and the heat conduction play a significant role.

The form of the first law of thermodynamics in the current configuration is:

d ;. .o Lo - 7
Ejgpdv=—jq-nda +Ihdv+ Iv-tda+ Iv-fdv
() (a) Q) (a) )
| —
Performance of forces on surface Performance of forces on volume
)

where ¢ is the energy density (energy per unit mass), ¢ is the heat flux, /s is the

heat source.

Using Gauss’s theorem the differential form of the Eq. (5) is:
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ép=[-V-G+h]+[ g1+ pv-7] (©)
where v V—i ﬁ 4 g—ﬁ =[-V-G+h]+o-1,l=V0V is the velocit
al2) a7 2) T Y

2
gradient, [=F-F ' Introducing the internal energy per unit mass e = & —% the

first law of thermodynamics in the current configuration has the following form:

ép:[—Vﬁ+h]+g~£ (7

4.4. The second law of thermodynamics

The behaviour of viscoelastic materials is described by the second law of
thermodynamics. If the material is viscous and does stress-relaxing which is caused
by stress, it can happen only in one direction. The stress decreases or increases. The
status of an isolated system is proceeding to the thermal equilibrium.

The second law of thermodynamics can be expressed by the following inequality:

G-da | hdv

T T ®

d
) dv>—
dt J) e <£> )

where 77 is the entropy density, T is the absolute temperature.

Using Gauss’s theorem and the V- [%J = % -4 be identity the differential form
of Eq. (8) is:
iTp>—v.q+ IV ) )

It will be expedient to change the variable of the exercise from entropy to
temperature by applying the Legendre-transformation and by using the Helmholtz
free energy

v=e—nl (10)
Substituting Eq. (10) into Eq. (7) and subtract Eq. (7) from Eq. (10) the following
expression is generated:



V. Sziile and B. Pere — Acta Technica Jaurinensis, Vol. 11, No. 1, pp. 1-16, 2018

q-VT

(g4 prad-TY 50, (n

this is the Clausius-Duhem inequality [6].

5. Constitutive model

5.1. Stress state of elastic element

The property of an elastic element is that the total mechanical energy is
reversible. The free energy of the body is the function of the strain and temperature.
Dissipation comes only from heat conduction.

5.2. Structure of free energy function

In order to make the further calculations easier it is necessary to split the Eq. (10)
to temperature-dependent and temperature-independent parts [12]. Based on known

functions ¥, (C ) and e, (C ) for the free energy and the internal energy at a given

reference temperature 7; and the given heat capacity C at a reference temperature,

one obtains the following general structure for the thermoelastic free energy from
the Eq. (10):

v(cT)=y(cT) :%1//0(C)+(1—%)e0(J)+.T[6(g,f)(l—§)df ,(12)
0 0 Ty

where C is the right Cauchy-Green strain tensor [12].

5.3. Neo-Hooke material law

In the following section we are going to investigate the isotrop materials and we
are going to apply the Neo-Hookean material law. It means that y/, which is used in
free energy depends on the scalar invariant of the right Cauchy-Green strain tensor.
The internal energy is zero applying the entropic theory and the ¢ heat capacity is
constant with good approximation. In the case of Neo-Hooke material the free
energy is:

=T T Tl TY =
1,/((;,T)=y/(c,r):?0a,z/0 (£)+(1—?0)e0(J)+;[c(g,T)(l—?)dT,(13)

where
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M is the shear modulus,

C, 1is the first scalar invariant of the right Cauchy-Green strain tensor, C, =C--I

(2].

5.4. Equation of heat conduction

Starting from the first law of thermodynamics and introducing the internal energy
and changing the variable from entropy to temperature, the equation will have the
next form:

cT=|S-p,— |"=C+ -CT'—q,V,+h,, 14

Po [= Po ag] )= Po aToC = qoVo Thy (14)
oy | 1. . .

where | S - p, 3¢ 2 C is the non-recoverable part of the mechanical power,

which is zero in the case of a pure elastic element [1], [2]. In this case the reological
model is regarded to be a pure elastic element. So the free energy of the body is
characterized by the deformation and temperature:

_ oy | 1. _ oy
‘/’—‘/’(Q»T)Or(i—pog)gg—o,lgyg—po% (15)

Furthermore, we are assuming that there are not heat sources in the rubber and the
temperature field shows homogeneous distribution. 4, =0,g, =0

Thus, the equation of the heat conduction is the following:

2
F=12Y ¢ (16)
oroc =

6. Example

Let us consider the mechanical model of a silent block, thus the A, B, C
axisymmetric bodies (see Fig.2). The A and C bodies are rigid bodies, and B is a
deformable one. Regarding the structure of the silent block it consists of two metal
elements whose are connected by the rubber which is vulcanized between them. The

9



V. Sziile and B. Pere — Acta Technica Jaurinensis, Vol. 11, No. 1, pp. 1-16, 2018

inside rubber part provides a non-linear elastic connection between the two metal
elements in the following way: it transfers loads however filters out the harmful
vibrations, i.e. it has damping effect. All three bodies are axysymmetric and their
symmetry axes are the same.

Figure 2. Mechanical modell of a silent block

The external body (A) is fixed and the internal one is imposed by a given rotation.
Further assumptions:
Planes perpendicular to the symmetric axis will be planes after the deformation.

The magnitude of the displacement is linear function of the measured distance
from the axes of symmetry.
Furthermore, we are assuming that there aren’t heat sources in the rubber and the

temperature field shows homogeneous distribution, 4, =0,g, =0 .

N Ni
We used the next material properties: & =4,225-10° — b ¢c=1580 2

m kgK
Rotating the body C by angle 4, we have assigned the displacement of a point in
body B on an optional radius, Fig. 3 and we have determined the relationship

10
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between the reference and current configuration. Function ¥ (R,t) describing strain

and characterizing the connection between the reference and current configuration
has the following form on an optional radius:

x=(cosp)X +(singp)Y,

y=(=sing) X +(cosp)Y, 7 (1) = Z(R.t), (17)

z=Z

R, —R
where @ = §—2 , R={x"+y".
2 T Y
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Figure 3. Plan view of the mechanical model of the silent block

The deformation gradient is obtained by the derivation of the function ;Z(K’,t).

Using this formula the problem of continuummechanics is regarded to be solved.
Using of the deformation gradient we can derive the other quantities. We are

assuming that the volume is constant so the deformation gradient can be expressed
by the following way:

=

= 7(R)ov,, (18)
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Applying the Eq. (20) the Cauchy stress tensor is:

W

ul

g

1
(2_§b1£J+p£, (19)
where u is the shear modulus, b= F-F "is the left Cauchy-Green strain tensor, b,

is the first scalar invariant of the left Cauchy-Green strain tensor, J = det( £ ) =1,

I is the identity tensor, p is the pressure, which is the consequence of the constant

volume, it can be determined by the boundary conditions, in this case by the
condition o, =0.
After the substitution of the pressure p the Cauchy-stress tensor is obtained in the

next formulation:

@
a=|tx 0, 0], (20)
0 0 O

The calculation of the stress values is determined by program wxMaxima, and using
of Eq. (20).
The stress o, is presented as the function of radius Fig. 4 and is compared with the

simulation of the Ansys Finite Element Program. Results of both methods are in
agreement with regard to their magnitude. One curve illustrates the changing of the
values of stresses on the different radius of intermediate body B.

sigma_r [MPa]

®
PO P
=5
N
o
=
s
adoal
3

R [mm]

Figure 4. Representation of stress o, as the function of radius

12
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The results of Fig. 4 illustrates very well the non-linear characterization of rubber’s
behaviour. Namely, decreasing or increasing of stress derives from the non-linear
characterization.

Fig. 5 shows the result of the calculation by Ansys Finite Element Program.

‘Type. al
Unit: MPa
Henger KR

Time: 1
2013.11.04.11:41

4,5367 Max
37775
3,0183
2,2591
1,4999
0,74071
-0,018483
-0,77768
-1,5369
-2,2961 Min

X
0,00 20,00 (mm) s/
[ )

10,00

Figure 5. Representation of stress o, as the function of radius

tau_fi_r [MPa]

Figure 6. Representation of stress 7, as the function of radius

The same values were calculated by in the cases of the stresses o, and 7, , like the
same manner by using wxMaxima program and Scilab. The stress o, is presented as

the function of radius Fig. 7. One curve illustrates the changing of the values of
stresses on the different radius of intermediate body B.

13
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The Fig.7 shows the results of calculation by Scilab. Hence, this figure illustrates
Fig.8 presents the temperature change by the effect of vibration frequency 1 Hertz.

torsion of the internal body C from angle O to angle 10.

the changing of the stress o,

Figure 8. Temperature change as the function of time
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The calculation of temperature changes which is caused by the effect of vibration
o’y

frequency 1 Hertz is obtained by the using of Eq.(16), ie. cT :TaTacng.

o . . R,—R
Substitution of the next relation to the Eq.(16), ¢ =3sin(awr) R2 2
2~ MY
temperature changes can be calculated. Generation of calculations and the
representation of the temperature changes as the function of time were determined
by the SCILAB program.

the

Summary

We represented an algorythm which allows to calculate strain changes and
temperature changes of the rubber part of the silent block under certain conditions.
In the future we would like to develop a solving computer program in order to apply
it as a thermodinamically consistent description.
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Because of the rigorous regulations in the 21st century it has become a
serious task for designers to find more effective ways for thermal
insulation. One of these options is the application of nanotechnology-
based materials. Among nano-scale structured materials the most
uncertainties are found about the thermal insulating quality of thermal
insulation coatings consisted of vacuum-hollow nano-ceramic
microspheres. Complete agreement had not been already found about
the mechanism of their insulating effect. In order to explore and
describe the thermodynamic process inside nano-ceramic coatings
(NCCO) 6 series of heat transfer resistance experiments were performed
in 2014-2017. Several building structure configurations with 12
different orders of layers were tested with a standard heat flow meter.
On basis of these results it could be concluded that in case of nano-
structured materials convective heat transfer coefficient might be taken
account in different way than in case of traditional macro-structured
thermal insulation materials.

nanotechnology, thermal insulation coating, nano-ceramic

1. Introduction

Nowadays
aspects. Rati

, our society is facing major problems of energy and environmental
onalizing our energy consumption and promoting the use of materials

with low environmental impact are measures to be taken to slow the degradation of
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our environment as well as early exhaustion of available energy resources. The
building sector has over 40% of global energy consumption and 56.7% in carbon
dioxide emissions, which is considerable [1] [2]. Because of these reasons
regulations relating to thermal insulation performance of buildings are getting more
and more rigorous in the 21st century. It has become a serious task for designers to
find more effective ways for thermal insulation of buildings

The appearance of nanotechnology-based materials in architecture and civil
engineering opened several possibilities in the 1990s to use them in building
industry. Tensile, shear and bending strength of concrete structures can be
strengthened by nanotubes or nanofibers. Nano-silica additives can increase
durability and compressive strength of cement-based materials. They can be used to
increase fluidity or water permeability of concrete [3] [4]. Wood-based composite
materials with nanotube or nanofiber addition could have twice higher stability and
mechanical strength as steel [3]. Coatings containing nanoparticle form of titanium
dioxide (TiO») is used to build up self-cleaning surfaces [3] [4]. Nanoparticle-based
coatings can also provide better adhesion, transparency, corrosion and fire protection

(3] [4].

There are also several types of nanotechnology-based thermal insulation materials
(e.g.; vacuum insulation panels, aerogel insulations and thermal insulation coatings
consisted of vacuum-hollow nano-ceramic microspheres). Such variety of insulating
products allows many possibilities to use them effectively in housing. These thermal
insulation materials are generally considered to have better thermal insulation
quality than traditional materials (e.g.; mineral wool products, plastic foams, etc.).
Their nanostructure can hamper one or more ways of heat transport; therefore they
can decrease the heat transfer coefficient of building structures [5] [6] [7] [8].

The research conducted at Széchenyi Istvan University between 2014-2017 was
intended to study the thermal insulation quality of nano-ceramic thermal insulation
coatings in order to give adequate description the thermodynamic process inside its
nanostructure. Chapter 2 contains a brief description about history, production and
materials characteristics of nano-ceramic coatings. In the first part of Chapter 3 the
paper reviews theoretical and experimental results of other authors and researchers.
For better understanding, Chapter 3.1 summarizes the former experiments conducted
at Széchenyi Istvan University in 2014-2016 and then, Chapter 3.2 presents the new
experiments and results. In the end, Chapter 4 contains the conclusions.

2. Thermal Insulation Coatings Consisted of Hollow Nano-Ceramic
Microspheres

Among nanotechnology-based thermal insulation materials thermodynamic
performance of thermal insulation coatings consisted of hollow nano-ceramic

18
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microspheres generally generates intensive arguments in academic circles because
of contradictory technical data that could be found in special literature and in
producers’ handouts. Complete agreement had not been already found about the
mechanism of their insulating effect. Producers state that their excellent thermal
insulating quality is due to their extremely low thermal conductivity [9] [10] [11].
Other researchers claim that thermal insulation coatings can highly increase heat
transfer resistance of the insulated surface by reducing convective heat transfer
coefficient [12]. Experiments have shown that they are able to improve the heat
transfer coefficient of solid brick masonry [8].

In the early 1980s, Sridhar Komarneni and Rustum Roy [13] developed the first
method of synthetizing nano-ceramics. This process called ‘sol-gel’ and enabled
researchers to test the properties of nano-ceramics [13]. To produce nano-ceramics
at a more efficient way this process was later replaced by microwave sintering [14].

The most common paint-on insulation products in Hungary contain microscopic
vacuum-hollow ceramic microspheres with a diameter of 20-120 um and with a
cellular wall thickness of 50-200 nm. They were made of melted glass or ceramic on
high gas-pressure and high temperature (1500 °C). After they cool down, the
pressure ends, leaving a vacuum inside the microspheres. Their binding material is
a mixture of synthetic rubber and other polymers. The main components are styrene
(20%) and acryl latex (80%). Styrene guarantees the mechanical strength. Acryl
latex makes this material resistant against weather conditions and provides
flexibility. Other additives (e.g., biocides, anti-fouling and antifungal materials)
make the final product durable and mold-proofed [9] [14] [15].

These coatings are typically used for exterior and interior wall insulation, but they
are also suitable for pipe insulation and protection against fire and corrosion. They
can be easily transmitted to hard-to-reach places [9] [15].

After mixing the ceramic microspheres with binding material, additives and water,
a brush, roller or spray can be used to apply on the surface to be insulated. To assure
adequate and uniform coverage, spray and roll techniques are recommended. All
surfaces must be clean and free from any contamination before painting. Generally
two insulating layers are required, the first of which acts as a primer layer. The
drying time of a layer depends on the temperature (at 20 °C, it takes 4-5 hours). The
complete solidification takes 72 hours [9] [15].

3. Heat Transfer Experiments

Special literature provides different data about thermal insulation quality of nano-
ceramic coatings. Moreover, thermodynamic details are extraordinarily
contradictory [16] [17]. Some sources provide that their thermal conductivity is
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around 0.001-0.003 W/mK based on measurements of university laboratories in
Latvia, Russia (Volgograd) and Hungary (Debrecen) [9] [10] [11]. Other sources
publish much higher values (from 0.014 W/mK to 0.140 W/mK) [6] [7] [8] and more
correctly talk about their effective thermal conductivity [8] [12] which contains the
internal convective heat transfer coefficient (h;) and external convective heat transfer
coefficient (h.) of the enclosed nanoscale pores inside the nanostructure. These
details are often not confirmed by documented laboratory tests or refer to
insufficiently introduced experiments [9] [10] [11]. Others calculate thermal
conductivity of nano-ceramic coating from heat transfer coefficient (U-value) of a
global building structure [8]. Each method has the same problem that it tries to
determine thermal conductivity by an indirect way using conventional data and
calculation and it does not take in account that physical and chemical processes
inside structures in range from 1 to 100 nanometers can occur differently than in
traditional macro sizes.

In order to test thermal performance of nano-ceramic coatings energy balance was
investigated in periods of heating and also in the summer at external building
surfaces using dynamic outdoor testing. Measurements demonstrated that coating
consisting of hollow ceramic microspheres has the same thermodynamic properties
as a standard facing coating [18] [19]. Spectral emissivity properties and reflective
ability of nano-ceramic thermal insulation coatings were also measured with
standard infrared spectroscopy and handheld reflection intensity measurement
device. Measured data demonstrated that coatings have the same radiant properties
as standard building coatings [20] [21]. Based on GOST 23630.2-79 (Russian
standard) using an IT-A-400 instrument thermal conductivity of nano-ceramic
coatings consisted of hollow inorganic microspheres measured to be 0.10-0.18
W/mK and the effective thickness of the thin-film heat-insulation coating was
determined at least 5 mm (that requires application of 4 layers of material at each
layer thickness of 1-1.5 mm) [22].

3.1. Former experiments (Experiment 1, 2, 3 and 4)

Before describing the new experiments it is necessary to summarize the former
results of heat transfer resistance experiments that were performed in the Laboratory
of Building Materials and Building Physics at Széchenyi Istvan University (Gy®r,
Hungary) in 2014-2016.

After studying the special literature 4 heat transfer resistance experiments were
made to explore and describe the thermodynamic process inside nano-ceramic
coatings. Several building structures with different order of layers were tested with
a standard heat flow meter. Results of Experiment 1, Experiment 2, Experiment 3
and Experiment 4 were published in 2015-2017 [22] [23] [24].
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In Experiment 1 five types (Type 1-5) of samples were made from different kind
of traditional thermal insulation materials: Expanded PolyStyrene (EPS), eXtruded
PolyStyrene (XPS) and Oriented Strand Board (OSB). Sample Type 1 was uncoated
and homogeneous, other samples were sprayed with nano-ceramic coating. Thermal
conductivity of homogeneous samples and the effective thermal conductivity (Aesr)
of inhomogeneous samples (Type 2-5) were compared and results seemed to show
a minor negative effect of nano-ceramic coating to thermal insulation quality. Only
XPS samples showed a small positive effect with an insignificant decreasing value
[23] [24].

During Experiment 2 thermal conductivity of the pure nano-ceramic coating was
measured directly with a standard heat flow meter on samples with a thickness of 20
mm. The average thermal conductivity in air-dry condition was 0.0690 W/mK.
However; this material is practically not used with such thickness, because they are
applied as a thin membrane. Therefore it could not be clearly declared that thermal
conductivity of this material has the same thermal conductivity if it is used as a very
thin membrane [23].

Based on the previous two experiments it was concluded that insulating effect of
nano-ceramic thermal insulation coatings is probably not caused by their extremely
low thermal conductivity. As it was formerly mentioned, some sources claim that
insulating effect of these materials is generated by not their extremely low thermal
conductivity (this value is estimated to be 0.014 W/mK) but their high surface heat
transfer resistance.

Considering it as a basic concept Experiment 3 and 4 were conducted in 2015-
2016. For these experiments 12 different orders of layers were constructed from
300x300 mm samples of thermal insulation materials with different thickness. There
were coated and uncoated samples; moreover, 100x100 mm air gap with a thickness
of 20 and 30 mm included into the construction in Experiment 3 and 200x200 mm
air gap with a thickness of 20 and 30 mm in Experiments 4. From these experiments
it was expected that there should be significant differences between uncoated and
coated samples and larger air gap should cause higher changes in effective thermal
conductivity. Results were correspondent for expectations, and it seemed to be
proven that insulating effect comes from a relatively high surface heat transfer
resistance. However; insulating effect was much lower than previously expected
[25].

3.2. Experiment 5 and Experiment 6

Previous experiments did not provide adequate description about thermodynamic
processes inside nano-cermaic coatings. Only a relatively low thermal insulation
effect was detectable. Analysing measurement data of Experiments 1-4 it was
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concluded that probably the size of built-in air gaps were too small. Supposing that
in a larger air gap air particles should have more possibility for bulk movements;
thereby surface heat transfer resistance can prevail much better and higher
differences may arise between coated and uncoated samples new experiments were
conducted in 2016-2017 that were called Experiment 5 and Experiment 6.

For Experiment 5 and 6 the same order of layers were constructed from 300x300
mm samples of Thermal Insulation Materials (TIM) with 200x200 mm Air Gap
(AG) with a thickness of 50 mm in Experiment 5 and with a thickness of 80 mm in
Experiment 6. Because of the measuring limits (120 mm maximum sample
thickness) there were only 4 Types (Types 1-4) of configurations in Experiment 6.
There were configurations (Table 1), which contained Nano-Ceramic Coated (NCC)
and uncoated samples as well (Type 1-6).

Table 1: Sample types for Experiment 5 and 6

Type 1 AG +TIM

Type 2 AG+NCC +TIM

Type 3 TIM + AG + TIM

Type 4 TIM + NCC + AG + TIM

Type 5 AG+TIM + AG

Type 6 AG + NCC + TIM + NCC + AG

Samples were prepared by the manufacturing company that provided only
approximate data about the raw material. The composition is patented and
manufacturers generally do not give completely accurate details about the product.
It could be definitely stated that the examined coating was outside fagade insulation.
Wide limits (20-50 m/m %) were given about the ratio of the binder material, but
certainly it neared the lower limit because coating was sprayed on the surface of
samples and low ratio of binder material is ideal for spray technology.

According to EN 12667:2001 standard Taurus TCA 300 heat flow meter was used
for measurements. Because of the inhomogeneous, multi-layer structure heat flow
meter was able to determine effective thermal conductivity (Aefr). Effective thermal
conductivity of 3-3 pieces from each type of configurations was measured using 3
different kinds of thermal insulation materials: EPS, XPS and OSB plates. Each
sample was measured 3 times. Moreover; sample Types 1-4 were measured in two
ways; firstly NCC was on the warm side; secondly NCC was on the cold side.
Eventually 270 different measurements were conducted in Experiment 5 and 144 in
Experiment 6. Together it means a total number of 414 measurements.

Experiments 5 and 6 were to provide information about thermal insulation ability
of NCC. Therefore; the main focus of experiments was the difference in effective
thermal conductivity between coated and uncoated samples. Compared to
Experiment 3 and 4 the only difference in configurations was the multiple increased
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air gaps. Therefore; measurements of Experiments 5 and 6 were also comparable
with the results of Experiment 3 and 4. Because of the increased air gap larger
changes were expected in effective thermal conductivity of coated and uncoated
samples.

The above assumption has been slightly proved because differences in effective
thermal conductivity between coated and uncoated samples were really higher than
in Experiment 3. It is well-known that the accuracy of Taurus TCA heat flow meter
is up to 5% and these results might be fluctuations in measurement limits. However,
in fact, in 92% there were no deviation between 3 test results of an individual sample,
and in 8% the difference was only + 0.0002 W/mK which means really 0.1-0.3%
accuracy.

Table 2: Results of Experiment 3, 4, 5 and 6 with EPS samples

Air Sym Unit Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
Gap | bol
Aetico | W/mK | 0.06713 | 0.0630 | 0.0547 | 0.0521 - -
d 0 0 4
g Ader, % —-6.16 - 4.69 -
cold
§ Aetiwa | W/mK | 0.06691 0.0632 | 0.0546 | 0.0520 - -
S m 3 7 5
= A, % -5.50 -4.80 -
o warm
- = Keit W/mK | 0.06702 | 0.0631 0.0546 | 0.0520 | 0,0858 | 0,0784
S 2 9 9 3 0
‘g Adege % -5.83 —4.75 —8.660
N heted | W/mK | 008231 | 0.0776 | 0.0621 | 0.0590 N -
=y ¢ 1 0 2
= g [ A % —571 ~4.96 -
cold
@ Aefiwa | W/mK | 0.08312 | 0.0783 0.0621 0.0590 - -
<
8 m 0 2 5
~ Ader, % -5.79 -4.94 -
o warm
= Aefi W/mK | 0.08272 | 0.0779 | 0.0621 0.0590 | 0.1092 | 0.1002
6 1 3 3 8
Ales % -5.75 —4.95 -8.19
- Aeticol | W/mK | 0.06475 | 0.0603 0.0559 | 0.0532 - -
g ; g [ 2 7 6
2 I g | Aher, % - 6.84 —-4.85 -
5 g g cold
5‘ & Aetiwa | W/mK | 0.06094 | 0.0570 | 0.0559 | 0.0533 - -
m 4 4 7
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Adetr, % - 6.40 -459 -
Netr W/mK | 0.06284 | 0.0586 | 0.0559 | 0.0533 | 0.0775 | 0.0698
8 5 1 9 6
Aot % - 6.62 —4.72 -9.96
hetreol | W/mK | 0.08046 | 0.0752 | 0.0661 | 0.0627 - -
d 3 2 3
g Adetr, % -6.50 -5.14 -
CE> cold
S| Aeiiwa | W/mK | 007791 | 00736 | 0.0661 | 0.0628 - -
8 m 1 3 9
S| M, % -5.52 —-4.90 -
o warm
& | A W/mK | 0.07919 | 00744 | 0.0661 | 0.0628 | 0.1083 | 0.0952
2 3 1 0 6
Adest % - 6.01 -5.02 —12.04
hetico | W/mK | 0.01074 | 0.0977 | 0.0836 | 0.0787 - -
a 0 5 9 0
g Aderr, % - 8.99 -5.97 -
cold
"o; hettwa | W/mK | 0.10633 | 0.0982 | 0.0838 | 0.0796 - -
8 m 3 1 2
2 Ahetr, % —7.88 -5.00 -
o warm
3 & | e W/mK | 0.10702 | 0.0979 | 0.0837 | 0.0791 | 0.1581 | 0.1378
- 9 5 6 0 0
H Ahesi % - 8.43 —5.48 - 12.84
§ hetteol | W/mK | 0,14923 | 0,1273 | 0,1128 | 0,1035 - -
2 d 0 3 3
= g Aderr, % - 14,70 -84 -
cold
% hettwa | W/mK | 0,16383 | 0,1461 | 0,1129 | 0,1055 - -
S |m 7 0 7
S| A % —-10,78 - 6,50 -
o warm
& | er W/mK | 0,15653 | 0,1367 | 0,1128 | 0,1045 - -
3 7 5
Aot % — 12,74 —-17,37 -

Effective thermal conductivity changes caused by nano-cermaic coating were the
most apparent in EPS samples (Table 2). In Experiment 5 the most significant
difference in effective thermal conductivity (12.84%) was found between
configuration Type 5 and configuration Type 6 due to the two-sided nano-ceramic
coating. As it was formerly expected, higher changes were registered than in
Experiment 3 and 4. In case of Types 1-2 change level was also higher (8.99% on
cold side and 7.88% on warm side in Experiment 5 and 14.70% on cold side and
10.78% on warm side in Experiment 6) than Experiment 3 and 4. Effective thermal
conductivity changes were also the lowest in case of Types 3-4 (5.97% on cold side
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and 5.00% on warm side in Experiment 5 and 8.24% on cold side and 6.50% on
warm side in Experiment 6) but despite of Experiment 3 and 4 these values were
more significant. This phenomenon can be explained that if an air gap is closed
inside two layers of thermal insulation air particles are less able to move and the
effect of surface heat transfer resistance becomes smaller. It can be also concluded
that the application of NCC in this way could be the least efficient. In Experiment 6
remarkably higher changes were registered that was probably caused by the much
thicker (80 mm) air gap. Contrary to the past experiments there were evincible
differences between measurement results depending on the location of the coating
(warm or cold side). In former experiments with smaller air gaps (20 and 30 mm)
effective thermal conductivity was measured the same regardless whether the
coating was on the cold or warm side. New results showed that nano-ceramic coating
has stronger effect on the cold side.

In case of XPS samples smaller changes can be observed (Table 3) similarly to
Experiment 3 and 4. This could be explained by the results of Experiment 1 where
nano-ceramic coating itself had resulted reduction of thermal conductivity. This is
why surface heat transfer resistance seems to have minor effect on thermal insulation
quality. Change of thermal conductivity was the most significant in configuration
Types 1-2 (6.17% on the cold side and 4.00% on the warm side in Experiment 5 and
8.91% on the cold side and 8.90% on the warm side in Experiment 6). Configuration
Types 5-6 showed also higher changes than in Experiment 3 and 4 but the increase
was not as significant as in case of EPS samples (4.53%). Just like EPS samples, a
little bit lower changes were measured in case of Types 3-4 (3.73% and 2.38% in
Experiment 5, and 5.02% and 3.49% in Experiment 6). There were also similar
detectable differences to EPS samples between measurement results depending on
the location of the coating (warm or cold side).

Table 3: Results of Experiment 3, 4, 5 and 6 with XPS samples

Air | Symb Unit Type 1 Type 2 Type 3 Type 4 Type 5 Type 6
Gap | ol
Aett.cold W/m 0.0514 | 0.0496 | 0.0453 | 0.0436 - -
K 8 4 4 9
g Aketrcol % —-3.57 —-3.64 -
d
2 % Aettwarm | W/m | 0.0513 | 0.0496 | 0.0457 | 0.0442 - -
S| o K 9 8 8 5
S| = [Mawm | % ~333 —334 -
S <
% 8 rm
e - et W/m 0.0514 | 0.0496 | 0.0455 | 0.0439 | 0.0645 | 0.0627
K 4 6 6 7 6 6
Aderr % —3.45 -3.49 -2.79
— o d leircold W/m | 0.0623 | 0.0602 | 0.0505 | 0.0487 - -
K 3 1 3 4
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Alettcol % -3.40 -3.53 -
d
hettwarm | W/m | 0.0620 | 0.0603 | 0.0513 | 0.0496 - -
K 8 4 1 8
Aettwa % —2.80 -3.16 -
it Wim | 00622 | 00602 | 0.0509 | 0.0492 | 0.0825 | 0.0803
K 0 7 2 1 9 3
Aes % -3.10 -3.35 —-2.74
Mo | W/m | 0.0485 | 0.0459 | 0.0459 | 0.0443 - -
K 6 2 4 0
E Ahegrcol % —-5.44 - 3.56 -
d
§ hettwarm | W/m | 0.0466 | 0.0443 | 0.0472 | 0.0458 - -
S K 6 5 5 5
(: Akeﬂlwa % - 495 - 297 -
o m
< & | Aerr W/m | 00476 | 0.0451 | 0.0466 | 0.0450 | 0.0564 | 0.0543
N K 1 3 0 8 1 1
2 Ahesr % -5.19 -3.27 -371
5 heterd | W/m | 0.0597 | 0.0567 | 0.0526 | 0.0504 - R
£ K 2 0 2 4
= E Alettcol % —5.06 —4.14 -
d
§ hetwarm | W/m | 0.0585 | 0.0556 | 0.0552 | 0.0536 _ -
S K 0 8 1 3
S| Abetia % —4.82 287 -
(=) m
S W/m | 00591 | 00561 | 0.0539 | 0.0520 | 0.0768 | 0.0731
K 1 9 1 3 9 0
Adert % —4.94 —3.51 —4.92
heticod | W/m | 0.0762 | 0.0715 | 0.0632 | 0.0611 _ -
K 3 3 3 0
é Akeﬂlcol % - 617 - 373 -
d
"°>3 hettwarm | W/m | 0.0776 | 0.0745 | 0.0715 | 0.0698 - R
e | = K 7 6 7 7
| | A | P —4.00 238 -
2 & |a
§ S | e W/m | 00769 | 0.0730 | 0.0674 | 0.0658 | 0.1036 | 0.0989
£ K 5 5 0 2 7 7
S Aderr % —5.08 —2.87 453
K Meticod | W/m | 0.0919 | 0.0837 | 0.0653 | 0.0620 _ -
= K 2 3 3 5
SE [P | % -891 -5.02 -
23 |
=< Metiwarm | W/m | 0.1138 | 0.1037 | 0.0757 | 0.0730 - -
K 3 0 1 7
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Adettwa % -8.90 —-3.49 -

Aetr W/m 0.1028 | 0.0937 | 0.0705 0.0675 - -
K 8 2 2 6

Aderr % -8.91 -4.26 -3.10

In case of OSB boards insulating effect of nano-ceramic coating was undetectable
(Table 4). Except sample Types 5-6, all measurements showed that coating has a
negative effect on thermal insulation quality. It can be observed that this negative
effect decreases by increasing the thickness of the air gap. Analyzing the results of
Types 3-4 it can be observed that in case of 20 mm air gap NCC increased effective
thermal conductivity with 2.82% in Experiment 3, and 3.08% in Experiment 4. With
30 mm air gap this value was 2.83% in Experiment 3 (it is nearly the same) but
2.68% in Experiment 4. In Experiment 5 this value decreased to 1.88% and in
Experiment 6 to 1.05%. Measurement results of Types 5-6 show that with two-sided
20 mm air gap NCC increased effective thermal conductivity with 2.29% in
Experiment 3 and 2.16% in Experiment 4. With 30 mm air gap this value decreased
to 1.21% in Experiment 3 and to -0.02% (i.e.; nearly zero) in Experiment 4. Using
50 mm air gap a very small decreasing of effective thermal conductivity was detected
(-1.04%).

On basis of these results it could be concluded that NCC requires a much larger
air gap in order to have beneficent thermal insulation effect on OSB plates. It can be
also admitted that thermal insulation effect of NCC could be very different on
different types of surfaces.

Table 4: Results of Experiment 3, 4, 5 and 6 with OSB samples

Air Symb Unit Type 1 Type 2 Type3 | Type4 | Type5 Type 6
Gap | ol
Aeficod | W/m | 0.10517 | 0.10910 | 0.0667 | 0.0684 - -
K 4 5
g Aletrc % +3.74 +2.57 -
old
‘3 Aefiwar | W/m | 0.10743 | 0.11033 | 0.0694 | 0.0716 - -
=] m K 6 0
T - Ahetw % +2.70 +3.08 -
= ]
N (=) arm
§ = et W/m | 0.10630 | 0.10972 | 0.0681 | 0.0700 | 0.1180 | 0.01207
2 K 0 3 0 0
g At % +3.22 +2.82 +2.29
Aeficod | W/m | 0.12597 | 0.12827 | 0.0734 | 0.0757 - -
S - K 7 1
S 8 | Ahere % +1.83 +3.04 -
g K o
=] Aetiwar | W/m | 0.01272 | 0.13093 | 0.0775 | 0.0796 - -
m K 3 6 0
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Aetw | % +291 +2.63
et W/m | 0.12660 | 0.12960 | 0.0755 | 0.0776 | 0.1509 | 0.15280
K 2 5 7
Adese % +2.37 +2.83 +1.21
heteord | W/m | 0.09991 | 0.10463 | 0.0704 | 0.0721 - -
K 1 4
é Ak % +4.72 +2.45
old
% Aetiwar | W/m | 0.10997 | 0.11330 | 0.0728 | 0.0755 - R
=] m K 7 7
S [ M | % +3.03 +371
O arm
| & [ W/m | 0.10494 | 0.10897 | 0.0716 | 0.0738 | 0.1064 | 0.10873
5 K 4 5 3
S Aherr % +3.88 +3.08 +2.16
5 ettcod | W/m | 0.12090 | 0.01245 | 0.0820 | 0.0841 - 5
£ K 0 9 1
= E Ak % +2.098 +2.46
old
% Aetiwar | W/m | 0.01284 | 0.13427 | 0.0854 | 0.0879 - R
s |u K 7 9 8
S [ A | % +451 +291
o arm
& | A W/m | 0.12468 | 0.12938 | 0.0837 | 0.0860 | 0.1414 | 0.14137
K 9 5 0
Aherr % +3.75 +2.68 2002
Mticod | W/m | 0.01610 | 0.01666 | 0.1040 | 0.1057 - -
K 0 7 0 0
E Al % +3.52 +1.63
o old
B [Derwar | W/m | 0.17167 | 0.18000 | 0.1100 | 0.1123 _ -
<
S | K 0 3
S [ | % +4.85 +2.12
o arm
; SENE W/m | 0.16633 | 0.17333 | 0.1070 | 0.1090 | 0.1926 | 0.19067
“ K 0 2 7
g Aot % +4.19 +1.88 —1.04
5 Meticod | W/m | 023667 | 0.24153 | 0.1482 | 0.1496 - -
§ K 7 7
& E Ahetre % +2.06 +0.94
old
% Aefiwar | W/m | 0.22987 | 0.23550 | 0.1526 | 0.1544 - -
8 m K 7 3
S| M | % 245 +1.16
(e} arm
S W/m | 023327 | 0.23851 | 0.1504 | 0.1520 - -
K 7 5
At % +2.25 +1.05
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4. Discussion

Nano-ceramic coatings cause plenty of scientific discussion between architects
because there is no accepted consensus about their thermal insulating quality. In
addition, a wide variety of manufacturers and distributors provide contradictory
material properties in their product brochures. Manufactureres generally do not
explain how material properties are measured and they often do not refer
scientifically accepted special literature. They also do not give satisfying
information about material composition; therefore it is often difficult to decide
exactly which type of material is involved [9] [10] [11].

Numerous theoretical and experimental researches have been conducted in the past
few years and results have raised several questions. Researchers did not reveal any
difference between thermal insulation quality of conventional paints and nano-
ceramic coatings with energy balance calculations, spectral emissivity and reflective
ability measurements of nano-ceramic thermal insulation coatings [18] [19] [20]
[21]. Thermal conductivity was indirectly calculated from measurements of heat
transfer coefficient but obtained values were quite different (0.00177 W/mK and
0.10-0.18 W/mK) [9] [11] [22].

Some theoretical papers explain thermal insulating ability of nano-ceramic
coatings not with its low thermal conductivity, but with its high surface heat transfer
resistance. These papers claim that as a result of the nanostructure, heat transfer
process on the inside and outside surface of nano-ceramic coating becomes different
from traditional macrostructured materials and internal and external surface heat
transfer coefficient recommended by the standards (h; = 8 W/m?K and h. =
24W/m?K) have to be changed [6] [7] [12] [17].

Former laboratory tests (Experiment 1 and Experiment 2) conducted in 2014-2015
in the Laboratory of Building Materials and Building Physics at Széchenyi Istvan
University showed that nano-ceramic thermal insulation coatings probably do not
have an extremely low thermal conductivity that was described by the available
documents of producers and distributors. Their thermal conductivity is likely to be
higher than that of traditional thermal insulation materials like mineral wool products
or plastic foams (e.g. EPS, XPS and polyurethane foam) [23].

Former thermodynamic experiments (Experiment 3 and Experiment 4) in 2014-
2016 were partially seemed to prove the hypothesis of some special literature sources
that insulating effect of nano-ceramic coatings comes from a relatively high surface
heat transfer resistance because in some sample configurations, where an air gap was
inserted, effective thermal conductivity of coated samples was lower than the
uncoated samples. These results based the following series of measurements that
were conducted in 2016-2017[24] [25].
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5. Conclusions

New series of thermodynamic experiments (Experiment 5 and Experiment 6) in
the Laboratory of Building Physics and Building Materials at Széchenyi Istvan
University (Gy6r, Hungary) were conducted to prove or disprove the hypothesis of
high surface heat transfer resistance. However; it can be seen that the difference of
effective thermal conductivity between coated and uncoated samples were getting
more significant when the size of the air gap is increasing.

It can be observed that in the case of a surface from low-density material (e.g.;
EPS), 50-80 mm air gap might have a significant effect (8.99-14.70%). When NCC
is applied on a surface with medium density (e.g.; XPS) thicker air gap is needed.
Applying it on a high-density surface (e.g.; OSB plate) NCC has positive effect on
effective thermal conductivity only with two-sided 80 mm air gap material.
Presumably with an infinite air gap (e.g.; on the outside surface of masonry structure)
insulating effect of NCC would be much more intensive.

Experiments 5 and 6 confirmed the former assumption based by Experiment 4 that
higher heat transfer resistance of coated samples caused by the lower surface
convective heat transfer coefficient. It can be declared that in case of nano-structured
materials convective heat transfer coefficient might be taken account in different
way than in case of traditional macro-structured thermal insulation materials.

Test results also showed that thermal insulating ability of this material prevails
otherwise on different kind of surfaces. Insulation effect depends not only on the
thickness of the air gap but also on the material of the insulated surface. Presumably
the same material quality, composition and application technology may not be
suitable for insulating different kind of surfaces. Every time we need to find correct
solution and definitely the same material is not suitable for all surfaces.

Further studies are needed to have quantified data about the insulation effect of
NCC. It would be important to make in-situ heat transfer experiments (Experiment
7) with NCC for better understanding the thermal insulation behavior of it. In order
to achieve this goal heat transfer coefficient of several sample buildings should be
measured without any thermal insulation. These basic data should be compared with
the heat transfer coefficient of structures with NCC insulation. Based on previous
(Experiments 1-6) and future tests (Experiment 7) a specific value of external and
internal convective heat transfer coefficient (he and hi) should be calculated.
Experiments and analysis are still running. Results will be reported in a subsequent
study.
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The use of corrugated board packaging is very popular in most industry
sectors, but the food industry is one of the main consumers. Special
requirements are placed on corrugated board in the food industry since
the level of humidity necessary may be as high as 85-90% RH and this
can greatly influence on the performance of the packaging. This
influencing circumstance is taken into account in this paper when
estimating a safety factor aimed at reducing risk. Knowing the safety
factor can save transport and material costs, and can also prevent
serious damage during the distribution of goods. The aim of this study
is to determine the influence of humidity, pre-compression and load
carriers on the stability of corrugated board mango fruit crates and thus
to determine the safety factor. The results show that it is possible to
calculate the safety factor by measuring realistic static stresses. Further
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researches into determining the dynamic stresses are required so as
completing the calculation of the safety factor.

Keywords: safety factor, corrugated board, mango fruit crate

1. Introduction

Corrugated board packaging is the most popular packaging material in the
distribution of industrial food products [1]. In addition to low weight and high
stability, the corrugated board is environmentally friendly and very versatile in its
function and use [2]. It will continue to be used in a number of industries in the future

[1].

Packaging, which is made of corrugated board protects the food during transport
and also has a product presentation function in the food industry [3]. A damaged
package can decrease the sales value even if the product itself is free from defects
[4]. Exposure to transport, handling and storing (THS) loads expose the packaging
to stresses on a daily basis [5]. These stresses lead to deformation [6], compression
and cracking of the packaging material, or to damages of product. To choose an
appropriate packaging material requires knowledge of the conditions under which
the food is transported. There is a particularly critical correlation between the quality
of the corrugated board and the humidity of the environment or high-moisture foods
[7][8]. Corrugated board loses its stability and structure, including detachment of the
individual layers of paper, if the humidity level of the environment is too high or if
the material comes into direct contact with water.

The investigation of single package under normal climatic conditions (23 °C and
50% RH) and any assessments derived from them with regard to the stability of
similar corrugated boards under other climatic conditions may be inadequate. It is
necessary to consider using a safety factor to reduce the risk of damage [8].

In the literature, there is a paper of Chonhenchob, in 2004, which dealt with the
testing of various distribution packaging of mangos such as plastic crate, bamboo
basket and corrugated box. The aim of that study was to compare the protection
method of different types and to present an economic comparison of various
packaging system [9]. Another paper of Chonhenchob evaluated the differences
between corrugated boxes and plastic container. The results of that study indicated
that proper shipping container and cushioning methods how to reduce bruising in
mangoes [10]. Other papers analysed the effect of physical environment in
distribution to mangoes such as transport vibration [11]. But the authors of this paper
could not find any research on the compression strength of paperboard crates for
mangoes with applicable safety factor with the aspect of refrigerated conditions.
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This study is concerned with determining safety factor for corrugated board mango
fruit crates. Static stress conditions will be imitated by short-term BCT measurement
of single crates and load units with high humidity under refrigerated conditions.
Dynamic stresses are not considered in this investigation. The measurements are
based on the climatic requirements of mango fruits (11°C and 87% RH).

2. Methods

2.1. Materials

The samples were corrugated board mango fruit crates (FEFCO 0422-V, DIN
55468-1:2015 2.50 BC flute) equipped with stacking noses. These were cut off the
upper crates of a unit load for BCT measurements. The internal dimensions of the
fruit crates were: 452 x 383 x 215 [mm] (length x width x height).

2.2. Loading units

The same euro-pallets (800 x 1200 mm) were used for all measurements, can be
seen in Figure 1. Considering the outer dimensions of the crates (490 x 390 x 220
mm) and potentially bulges (10 mm), 4 crates were packed at each layer. There was
a remaining area of 200 x 800 mm, which meets an 83% rate of use. The crates were
not modular. The loading unit was limited to a height of 1500 mm, this way 6 crates
were stacked. In total, there were 24 crates packed centrally on each pallet.

2.3. Packaged goods

The crates were filled with 12.5 kg cider apples to simulate a realistic punctual
weight strain by mango fruits.

2.4. Experiment setup

The mechanical properties of the corrugated board used for the fruit crates were
analysed by measuring BCT, ECT, bursting strength and puncture resistance.
Furthermore, the paper quality and water resistance were tested to check wet-
strength gluing.

The determination of short-term BCT values was conducted as described in DIN
55440-1:1991-11. The BCT values for investigating the mechanical properties of
corrugated fibreboard were determined using single crates. This measurement was
performed in 23/50 climate pairs only. Unit loads of fruit crates were measured in
23/50 and 11/87 climate pairs. The upper crates of unit loads with a pallet top and
bottom were secured with a tension belt.
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The short-term BCT values for three different unit loads of fruit crates were
determined in a 23/50 (Method A) and 11/87 (Method B) climate conditions. Taking
the outer dimensions of the crates (490 x 390 x 220 mm) and any potential bulges
(10 mm) into consideration, 24 crates were packed centrally on each pallet (Euro
pallets 800x1200 mm). The crates were filled with 12.5 kg cider apples to simulate
a realistic concentrated point load exerted by mango fruits. The 11/87 climate pairs
were within the range of an optimum climate for mango fruits [12]. Both climates
were compared, allowing for the influence of weight and load carriers on the crates.
The unit loads were stressed using packed goods. The method was repeated without
packed goods in a 23/50 climate pairs (Method C). The list and Figure 1 below
illustrates the overall conditions described above.

(1) Load unit without carrier (Method A, B and C)

(2) Load unit with carrier on the bottom (Method A, B and C)

(3) Load unit with carrier on the bottom and top (Method A, B and C)
Method A: 23/50, Method B: 11/87, Method C: 23/50 without packed goods

Figure 1. Test setup for fruit crates

The results of the mechanical properties of the fruit crates were averaged and are
shown in Table 1. The TAPPI test was performed on the packaging material since
the single layers of paper did not detach after 24 hours of water influence.

Table 1. Averaged values for the mechanical properties of the fruit crates (FEFCO

0422-V)
Bursting Puncturing ECT
strength (kPa) | Energy (J) (kN/m) BCT (N)
Avg. 1433 9.2 11.0 7 389
S 58.4 0.3 0.3 629.7
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v 4.5 | 26 24 8.5

Table 2 and 3 contains the results of BCT measurements for each unit load type
and climate. All the unit loads that were air-conditioned in 11/87 climates and
stressed with packed goods (1-3b) showed the lowest BCT values, while the unit
loads without packed goods in 23/50 climates (1-3c) displayed the highest. The other
unit loads in the 23/50 climates, which were stressed with packed goods (1-3a) show
lower results than ‘c’ but higher than ‘b’. At any rate, the results for ‘a’ and ‘c’ are
similar considering the standard deviation but ‘c’ has higher displacement values
than ‘a’. The standard deviation for (lc) is very high compared to all the other
standard deviations.

Table 2. BCT values of unit loads without pallet (1); with pallet on the bottom (2);
with pallet on the bottom and top (3)

Method A (23/50 — with packed goods)
| Eiax (N) | Displacement (mm) | Ave. N) | S(N) | V(%)
(1) 19151 67 18 997 810.7 4
20527 70
19 523 72
(2) 18674 70 19 734 711.8 3
19919 67
18 397 66
(3) 20299 71 20 249 417.8 2
19 808 68
20 639 70
Method B (11/87 — with packed goods)
| Fiax (N) | Displacement(mm) | Ave. N) | S(N) | V(%)
(1) 10705 69 10 634 367.1 4
10 237 65
10 961 71
() 11642 69 11522 192.5 2
11624 66
11 300 67
(3) 11074 81 11 038 180.7 2
11 198 75
10 842 75
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Table 3. BCT values of unit loads without pallet (1); with pallet on the bottom (2);
with pallet on the bottom and top (3)

Method C (23/50 — without packed goods)
| Fuax (N) | Displacement (mm) | Ave. ) [ S(ON) | V(%)
(1) 19317 95 19 701 1834.9 9
18 089 90
21 698 90
(2) 20841 88 20 645 291.3 1
20 783 88
20310 90
(3) 21019 104 21035 206.9 1
20 836 90
21249 88

3. Discussion

3.1. Effect of climate and load carrier

Figure 3 shows the results of the BCT measurements for fruit crate unit loads in
23/50 (with and without packed goods) and 11/87 (with packed goods) climate
overall.

There are small differences (3.9%) between the results of unit loads that were
measured in 23/50 climate pairs with and without packed goods. Crates that were
stressed with packed goods (a) displayed a lower compression path (69 mm)
compared to those without packed goods (c) (91 mm). This is caused by the pre-
compression of the crates due to the packed goods.

The climate had a significant influence on the crush resistance of the crates that
were air-conditioned in 11/87 climate pairs (b). The values of these crates were up
to 45.5% lower than their counterparts (a) as a result of high humidity and pre-
compression. It was estimated that the load carriers would exert additional stress on
the units due to the alternately missing linear boards of the Euro pallet at the bottom
(2) or due to additional weight on the top of the load unit (3). At any rate, there was
a very small difference between experimental setup (2) and (3) in 23/50 climate
pairs.
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25000
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#23/50 18997 19734 20249
11/85 10634 11522 11038

Figure 3. Summary for examined BCT force [N] of fruit crates units (Type FEFCO
0422-V)

The upper pallet was placed precisely over the corners of the crates, which were
the strongest part of the packaging. This protected the weaker parts of the crates
against compression hazards. Without a pallet the force was distributed
simultaneously over the corners as well as the sidewalls, which led to lower results
among the stacking systems without a pallet (1).

Unexpectedly, the highest BCT values for unit loads that were air-conditioned in
11/87 climate pairs (Method B) were measured for a unit load with a carrier at the
bottom (2). An additional carrier at the top stressed the unit (3). The humidity
softened the material so that the compression force affected it more than crates that
were air-conditioned in 23/50 climate pairs.

3.2. Safety factor

A safety factor of 3-5 was estimated in advance for the mango fruit crates in a
standard climate. The safety factor based on this study takes account of static stresses
on unit loads. Dynamic stresses were not considered. A value of 7389 N was
determined by measuring the BCT of single fruit crates. Four fruit crates were
packed on each layer. Thus, ultimately, a BCT of 7389 N x 4 layer = 29556 N should
have been measured for a unit load. The highest BCT value was 21035 N, which
means a loss of 29% due to stacking the crates in a unit load. This shows that this
calculation and estimating the safety factor based on experience is inadequate.
Stacking of the individual crates also influences the BCT values and cannot be
estimated.

To calculate a safety factor that takes account of realistic stresses on the packages,
it is necessary to describe the THS stresses in as much detail as possible. Thus the
safety factor must be calculated individually for each packaging and transport
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situation. The safety factor is usually estimated using a formula as provided by the
VDA (German Association of the Automotive Industry) [13]:

__loadability (BCT,23/50) 1
- acceptable extra load ( )

Based on the VDA formula, a more detailed calculation is possible. A calculation
for the safety factor can be formulated by considering the dynamic and static
stresses:

S Z Sstatic T Saynamic 2)

In this study, the static stress of corrugated board fruit crates was realistically
imitated by measuring the BCT values of unit loads using apples as the packed goods
in the optimum climate for mangoes. Taking these circumstances into account, the
static safety factor can be defined as:

s __ loadability (BCT,23/50)-packaging on each layer
Sedai loadability (BCTy,individual climate) 3

Unit load 3b is the most realistic stacking system in this study since it simulates
the climate (11/87), weight and the stacking of a further unit load on top of it. The
following calculation is an example of applying the formula defined above (Eq. 3)
in relation to unit load 3b. The result of the calculation is as follows:

7389N-4
Sstat = T 1oagy = =7 “)

Table 4. Calculated static safety factors for unit loads: (1) without pallet, (2) with
pallet on the bottom, (3) with pallet on the bottom and top.

Method A | Method B Method C
23/50 11/87 23/50 (empty)
(D 1.6 2.8 1.5
2) 1.5 2.6 1.4
3) 1.5 2.7 1.4

A higher risk is expressed by a higher static safety factor as shown in the results
above. The high humidity affects the packaging and therefore increases the values
of the static safety factors for crates that were air-conditioned in 11/87 climate pairs.
It is also necessary to determine the dynamic safety factor to complete the calculation
and to properly define the safety factor.
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4. Conclusion

The results of the tested corrugated board mango fruit crates conclude the
following general statements. Estimating the safety factor by measuring the BCT of
single crates can be easily inadequate. It is necessary to determine the BCT under
realistic conditions as shown in this study. The relative humidity, weight and
stacking system have a significant influence on the performance of a packaging
material. It is necessary to measure these effects individually for each packaging and
stacking system. The static safety factor can be calculated based on static stress
values. Further research is required to determine the dynamic stresses and thus to
complete the presented calculation.
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