
58

1. INTRODUCTION

Polymeric foams have many advantages in 
comparison to other thermally insulating materi-
als such as fibrous boards [1], vacuum panels [2] 
and etc. They are functional materials for engi-
neering applications. Low thermal conductivity, 
low cost, easy production and maintenance, and 
high strength to weight ratio are some advantages 
of polymeric foams. The low thermal conductiv-
ity of polymeric foams has many reasons such as 
the low void fraction of the solid polymer, low 
cell size which restricts the convection, the low 
thermal conductivity of trapped gas within the 
cells and etc. [3-5]. Four different mechanisms 
should be considered for the investigation of the 
thermal insulating properties of polymeric foams 
including conduction through the solid phase, 
conduction through the gaseous phase, convec-
tion within the cells, and radiation through the 
whole medium. It is well known that the convec-

 

 

 

tion term is negligible when the cell size is below 
3 mm [6] due to the small cell size which prevents 
the movement of gas. Also, the investigation of 
conductions through the solid and gaseous phase 
is not very complicated and many experimental 
and theoretical studies have been performed so 
far. But more in-depth studies are required for in-
vestigation of radiation thermal conductivity.

Notario et al. [7] experimentally showed that 
reducing the cell size of polymeric foams bellow 
the micron decreased the gaseous thermal con-
ductivity. They expressed that decreasing the cell 
size to the nanometer range significantly reduced 
the gaseous thermal conductivity due to the well-
known Knudsen effect. Lu et al. [8] illuminated 
that the high expansion ratio causes higher over-
all thermal conductivity probably due to the more 
radiation contribution. Different studies showed 
that the conductions through gaseous and solid 
phases are in a relationship with the structural 
properties which can be measured experimental-
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decreases to 1.0908 mW/mK.
ditions according to the prediction tool of the Taguchi approach, the radiation thermal conduction significantly 
contribution are the most effective parameters on the radiation thermal conduction, respectively. At optimum con- 
parameters.  The  analysis  of  variance  results  illuminate  that  foam  density  and  cell  diameter  with  58  and  32% 
optimization of radiation thermal conduction with respect to foam density, cell, and strut diameters as variable 
increasing  foam  density  and  strut  diameter. An  L25  orthogonal  array  of  the  Taguchi  approach  is  used  for  the 
diameters.  The  results  demonstrate  that  the  radiation  thermal  conduction  decreases  by  reducing  cell  size  and 
thermal conduction depends on the morphological properties including foam and solid densities, cell, and strut 
in comparison with the experimental data. Extinction coefficient which plays an effective role in the radiation 
this study, this coefficient is theoretically estimated using the Glicksman model for polyolefin foams and is verified
thermal conduction depends on the extinction coefficient which its determination is experimentally complex. In
conductivity by 40% in a high porosity. Therefore, the investigation of that term seems to be necessary. Radiation 
cells as well as radiation through the whole medium. Radiation thermal conduction affects the overall thermal 
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ly. Therefore, the investigation of the aforemen-
tioned terms is not very challenging especially in 
the cell sizes above the nanometer range. But the 
radiation term is still facing challenges.

Placido et al. [9] studied theoretically the 
thermal properties of expanded and extrud-
ed polystyrene (EPS and XPS, respectively) 
foams. They developed morphological and pre-
diction models for studying radiation thermal 
conduction. Campo-Arnaiz et al. [2] experi-
mentally investigated the extinction coefficient 
of polyolefin foams. They used the Glicksman 
model [10] which presented for polyurethane 
(PU) foams. Kaemmerlen et al. [11] studied the 
radiation properties of XPS foams. They used 
the morphological model presented by Placido 
et al. and Glicksman’s theoretical approach for 
the prediction of radiation thermal conduction. 
Their results showed that there was an accept-
able difference between experimental and the-
oretical results.

The cells and struts are considered as pentago-
nal dodecahedron and cylindrical in the cell wall 
junctions, respectively. The schematic of morpho-
logical parameters is shown in Fig. 1.

Fig. 1. The schematic of morphological parameters

The aims of this study are the investigation and 
optimization of the radiation behavior of polyolefin 
foams. Hybrid models of morphological properties 
and extinction coefficient presented by Placido et al. 
[9] and Glicksman [10] are utilized. The effects of 
different parameters including foam density (ρf), cell 
diameter (φc), and strut diameter (φs) are investigated 
on the radiation thermal conductivity. Also, the opti-

mization of radiation behavior of polyolefin foams is 
performed using the Taguchi approach of the design 
of experiments (DOE). The optimum levels of effec-
tive parameters and the optimum response are carried 
out using the signal to noise ratio (S/N) analysis. The 
contributions of different parameters on the response 
variable i.e. radiation thermal conduction are ob-
tained using analysis of variance (ANOVA).

2. RADIATION THERMAL CONDUCTION

Polymeric foams have a thickness larger than 
several millimeters in engineering applications. 
Therefore, they can be considered as optically 
thick materials. Hence, Rosseland equation can be 
applied for measuring the radiation thermal con-
duction (λr) as follows [12]:

	  (1)

where n is the effective index of refraction 
and is close to one for polymeric foams [12]. σ is 
Stefan-Boltzmann constant (5.67×10-8 W.m-2.K-4) 
and T is the mean temperature of polymeric foam. 
KR is the Rosseland extinction coefficient which 
is a fundamental parameter in the determination 
of radiation conduction. This equation is reliable 
when the foam absorbs and scatters isotropically. 
Shuetz and Glicksman [13] showed that the poly-
meric foams can be considered as the isotropic 
material with a low error of about 10-15% in the 
radiation heat transfer calculation.

KR is an average of spectral extinction coeffi-
cient (Kλ) based on Planck distribution of infrared 
radiation as follows [14]:

	  (2)

where eb,λ is the spectral black body emissive 
power, λ is the wavelength and eb=σT4. ∂eb,λ /  ∂eb 
is calculated as follows [18]:

	  
(3)
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where C1=5.96×10-8 W.μm4/m2 and C2=1.44×10-8 
μm.K and are constant.

Kλ is be obtained from Beer’s law as follows [15]:

                                                
	  

(4)

where x is the direction of heat transfer, L is the 
foam thickness, and τn,λ is the transmittance.

Transmittance can be measured for different 
thicknesses of polymeric foams using an infrared 
spectrometer and Kλ can be obtained by linear re-
gression of ln of (τn,λ) versus L as follows:

	 (5)

Polyurethane (PU) foams showed approxi-
mately gray behavior at the wavelength between 
5-30 microns [13]. In such cases, the average val-
ue of transmittance can be taken as  τn,λ. Shuetz 
and Gicksman [13] expressed that if the polymer-
ic foam shows a dependent transmission to wave-
length, spectrum should be break into a number 
of bands over which the transmissions are near 
constant and determine τn,λ. Kλ and consequently 
KR can be measured using equations (3) and (2), 
respectively after experimentally determination 
of (τn,λ).

Glicksman et al. [16] represented a theoretical 
equation in order to predict the extinction coeffi-
cient (Glicksman extinction coefficient (KR,G)) of 
closed-cell PU foams as equation (6). They con-
sidered the cells as pentagonal dodecahedral.

K(R,G)= Kstruts + Kwalls KS	�  (6)

where Kstruts and Kwalls are the extinction coefficient 
due to the struts and walls, respectively. KS is the 
extinction coefficient of the solid polymer and for 
instance, Campo-Arnaiz et al. [2] measured this 
value for polyolefin equal to 140±20 cm-1. Kstruts 
and Kwalls can be obtained as follows [11]:

where ρf and ρs are the densities of foam and 
polymer, respectively. φc is the cell diameter and 
fs is the volumetric fraction of struts and can be 
obtained as follows:

where Vstruts and Vwalls are the volumes occu-
pied by cell struts and cell walls and can be ob-
tained as follows, respectively [9, 12]:

where φs is the struts diameter. In deriving these 
formulas, struts and wall thicknesses are neglect-
ed with respect to cell diameter.

The wall thickness (dw) can be obtained using 
the following equation [9]:

3. RESULTS AND DISCUSSION

Campo-arnaiz et al. [2] experimentally mea-
sured structural properties and the extinction 
coefficient for different polyolefin foams. Their 
results are illustrated in Table 1. Also, the pre-
dicted extinction coefficient (KR,G) using equa-
tion (6) and the difference between experimen-
tal and theoretical results are indicated in Table 
1. Table 1 shows that the theoretical error is in 
the range of 5-50%. Campo-araniz et al. [2] ex-
pressed that the theoretical value of the extinc-
tion coefficient  (KR,G)  predicts KR with an ac-
ceptable difference for polyolefin foams. Fig. 2 
shows the difference between experimental and 
theoretical prediction values of extinction coeffi-
cient versus the cell diameter. The results illumi-
nate that the difference between KR and K(R,G) is 
more acceptable in the cell diameter greater than 
400 μm. Therefore, in this theoretical study, the 
investigated cell diameter versus radiation ther-
mal conductivity is above 400 μm that is in the 
aforementioned range.
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Among the morphological parameters, mea-
suring the cell diameter (φc) is easier. Also, the 
foam and solid densities (ρf and ρs, respectively) 
can be measured experimentally for instance by 
Archimedes principle. The expressed morpholog-
ical equations in the previous section can be used 
for measuring other morphological parameters 
that cannot be obtained experimentally including 
cell wall thickness (dw) and the volumetric frac-
tion of struts (fs). 

 
Fig. 2. The difference between experimental and theoretical 

extinction coefficient versus cell diameter
 
 
Fig. 3 shows the variation of dw and fs ver-

sus strut diameter (φs) at different cell diame-
ters (φc). The results show that by increasing 
the strut diameter, the cell wall thickness and 
strut fraction is decreased and increased, re-
spectively. Also, at a constant strut diameter, 
the cell wall thickness and strut fraction are 
decreased and increased, respectively by de-
creasing the cell diameter.

Fig. 3. The variation of a) dw and 
b) fs vs. φs at ρf=42.6 kg.m-3 and ρs=926 kg.m-3

Table 1. The experimental of polyolefin foams performed by Campo-arnaiz et al. 2] and theoretical results

Polyolefin foam  (kg.m-3)  (kg.m-3)  (μm)  (cm-1)  (cm-1) Error (%)
1 0.24 42.6 926 674 10.5 11.3 -7.5
2 0.43 74.0 926 893 11.6 14.9 -28.3
3 0.14 34.2 920 470 15.8 10.8 31.8
4 0.23 61.6 920 616 14.6 15.5 -6.0
5 0.11 24.0 920 786 7.5 6.0 19.4
6 0.22 16.7 910 313 19.8 10.3 47.8
7 0.16 24.6 910 312 20.2 11.8 41.5
8 0.24 30.8 910 528 17.0 10.6 37.6
9 0.28 32.0 910 424 15.3 13.1 14.1

10 0.33 61.0 910 162 32.8 43.9 -33.9
11 0.31 25.5 910 255 23.8 17.7 25.7
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In the following, the effect of different struc-
tural properties on the radiation thermal con-
duction (λr) is studied. Fig. 4 shows the effect of 
cell size on λr at various strut diameters for two 
different foam densities. The results demonstrate 
that λr is decreased by reducing the cell size. By 
reducing the cell size, the number of cells and 
consequently the cell walls increased and more 
radiation is absorbed and therefore, the radiation 
conduction is decreased.

Fig. 4. The effect of cell size on radiation thermal 
conduction at a) ρf=24 kg.m-3 and b) ρf=61.6 kg.m-3

The effect of foam density on λr is shown in 
Fig. 5. By reducing the foam density, λr is in-
creased. In low densities, the fraction of solid is 
low, and therefore, lower radiation is absorbed. 
The results demonstrate that the strut diameter 

does not have a significant effect on the radiation 
thermal conduction in high density.

Fig. 6 indicates the influence of strut diameter 
on the radiation thermal conduction at various cell 
sizes. The results illuminate that by increasing the 
strut diameter, λr is decreased due to the more 
absorption by struts in higher strut diameter. Ac-
cording to the results, the effect of strut diameter 
on λr is more significant in the low cell size.

 

Fig. 5. The effect of foam density on radiation thermal 
conduction at a) φc=400 μm and b) φc=1000 μm

Fig. 7 shows the effect of variation of strut 
fraction on the radiation conduction. According to 
the results, increasing the strut fraction reduces λr 
at all different cell sizes.

In the following section, the optimization of 
radiation thermal conduction is performed using 
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The Taguchi approach. For this purpose, thermal 
radiation conduction is considered as the response 
variable and morphological parameters including 
foam density, strut diameter, and cell diameter are 
taken as variable parameters. Considered parame-
ters and their levels (all at five levels) are indicat-
ed in Table 2.

Fig. 6. The effect of strut diameter on radiation thermal 
conduction at a) ρf=32 kg.m-3 and b) ρf=61 kg.m-3

 

Fig. 7. The effect of strut fraction on the radiation thermal 
conduction

Table 2. Variable parameters and their levels

According to the Taguchi approach, for three 
parameters and five levels, the design of experi-
ments is selected based on an L25 orthogonal ar-
ray as shown in Table 3. Also, radiation thermal 
conduction (λr) results were obtained for different 
trials as the right column of Table 3.

Table 3. L25 orthogonal array of Taguchi approach 
and the results

Parameter
Level

1 2 3 4 5

Foam density (kg/m3) 15 30 45 60 75

Strut diameter (μm) 1 2 3 4 5

Cell diameter (μm) 400 550 700 850 1000
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1 15 1 400 9.2133

2 15 2 550 9.6110

3 15 3 700 11.1085

4 15 4 850 13.0700

5 15 5 1000 15.3883

6 30 1 550 10.1004

7 30 2 700 9.6775

8 30 3 850 10.1601

9 30 4 1000 10.9418

10 30 5 400 3.4972

11 45 1 700 9.0072

12 45 2 850 8.5805

13 45 3 1000 8.6904

14 45 4 400 3.3074

15 45 5 550 4.8507

16 60 1 850 7.6425

17 60 2 1000 7.3529

18 60 3 400 3.3120

19 60 4 550 4.3819

20 60 5 700 5.3195

21 75 1 1000 6.4861

22 75 2 400 3.5150

23 75 3 550 4.1441

24 75 4 700 4.7072

25 75 5 850 5.2045
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Minitab software is used for different 
analysis which presented in the following. 
The analysis of variance (ANOVA) is used 
for estimating the contribution of considered 
parameters on the response variable (λr). It 
is noteworthy that the normal distribution is 
the precondition to be able to apply ANOVA. 
Fig. 8 shows the normal probability of data in 
the vicinity of the diagonal line. The P-value 
greater than 0.05 (which is the default con-
sidered statistical error by Minitab software) 
delineates that the outputs follow the normal 
distribution.

 
Fig. 8. The normal probability of outputs

The ANOVA results are represented in Table 
4. A P-value less than 0.05 illuminate a strong 
overall influence on the output. The results 
demonstrate that all the corresponding P-values 
possess a value less than 0.05 except the one 
affiliated to the strut diameter. In other word, 
foam density and cell diameter with the contri-
bution of 58 and 32%, respectively are the most 
significant factors on the radiation thermal con-
duction.

Table 4. The ANOVA results

The optimum level of each parameter is ob-
tained using the signal to noise (S/N) ratio analy-
sis. These results are illuminated in Fig. 9.

Fig. 9. The S/N ratio analysis

 The level with the highest S/N ratio value is 
the optimum level. According to the results, the 
optimum levels are foam density of 75 kg.m-3, 
strut diameter of 5 μm, and cell diameter of 400 
μm. Using the prediction tool of Minitab soft-
ware, the radiation thermal conduction is obtained 
as λr=1.0908 mW/mK at optimum conditions. At 
the optimum conditions, λr=2.6974 mW/mK us-
ing theoretical equations presented in the previous 
section.

Fig. 10 shows the interaction effect of foam 
density and cell diameter as the most effective 
parameters on the thermal radiation conduction 
using Minitab software.

 

Fig. 10. Interaction of foam density and cell diameter

Fig. 10 shows that the samples with foam 
density of 15 kg.m-3 have larger λr in compari-
son to other densities almost at all cell diame-
ters. Also, at low cell diameter, the difference 
between λr for different foam densities is neg-
ligible but this difference at high cell diameters 
is significant. Also, the results demonstrate that 
the variation of cell diameter has not effective 
influence on the radiation thermal conduction in 
high foam densities.
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