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Abstract—Measurements of the thermal conductivity of polyimide foams have been performed in the
temperature range 173-323K for different gas pressures and different gas types (CO, and Ar). The extinction
of thermal radiation has been determined by hemispherical transmission and reflection measurements in
the infrared. With these data, a quantitative model has been established which predicts the thermal
conductivity of polyimide foams as a function of density, gas pressure and temperature. In addition the
influence of low emissivity foils integrated into low density polyimide foams on the thermal conductivity
has been calculated using a three-flux model of combined radiation and solid/gas conduction. Copyright
© 1996 Elsevier Science Ltd.

1. INTRODUCTION

The installation of a network of measurement stations
on the surface of Mars is presently investigated jointly
by NASA and ESA. The Mars environment is char-
acterized by large daily and seasonal temperature
fluctuations in a low density atmosphere with carbon
dioxide asits main constituent. Typical environmental
conditions range between 200 and 600 Pa for the ambi-
ent pressure and between 138 and 303K for the ambi-
ent temperature {1].

The measurement stations are foreseen to be pow-
ered by solar arrays of limited size. Hence rational
energy usage is a requirement ; especially efficient ther-
mal insulations are needed under these low power/low
temperature conditions. In addition, accurate math-
ematical models are requested, in order to design the
thermal insulations reliably.

Open polyimide foams have been selected from
various porous candidates. The thermal conductivity
in foams is determined by the gaseous conduction
within the pores, the conduction via the solid structure
of the foam and by radiative transfer [2]. It is well
known that the total conductivity of gas-filled foams
generally shows a minimum upon variation of foam
density [3]. Thisis due to the effect that with increasing
density the radiative component of the total con-
ductivity is reduced and the solid conduction is
enhanced.

The radiative extinction properties of disperse ther-
mal insulation materials can be determined either
directly by ir. optical measurements [4-6] or
indirectly, by fitting temperature-dependent measure-
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ments of the thermal conductivity to heat transfer
models [7]. Once the radiative properties are known
for evacuated open foam insulations the solid con-
ductivity can be determined by subtracting the radi-
ative contribution from the measured total conduc-
tivity.

If the thermal conductivity of a foam with given
density is known as a function of gas pressure, a pat-
ameter p,, can be extracted which depends pre-
dominantly on pore size and temperature [8]. p,,, can
also be adapted to foams of other densities.

With such a model for the heat transfer in foams at
hand few experimental data suffice to predict the total
conductivity in a wide range of temperature, gas pres-
sure and foam density. Even the influence of Al-foils
implemented in the foam can be modeled accordingly.

2, THERMAL CONDUCTIVITY MEASUREMENTS
OF POLYIMIDE FOAMS

2.1. Sample description

For the thermal conductivity measurements two
identical polyimide foam samples with a nominal den-
sity of 50 kg m~* were used. The foams have com-
pletely open cells. They have been manufactured by
the company Ilibruck/Switzerland by unidirectional
compression of low density polyimide foams
(p=8...10 kg m™*) to the nominal density. The
diameter of the samples was 200 mm and the mean
mass per area m” 1.04 kg m~2 The thickness, d, was
20.2 mm at 0.1 bar external load and the cor-
responding density 51.34+0.3 kg m™>.
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Tw arithmetic mean temperature
T. radiative mean temperature.

NOMENCLATURE

A heater area Greek symbols

a specific absorption coefficient p coefficient depending on gas properties

d insulation thickness AT  temperature difference

D distance between foils € emissivity

E effective extinction coefficient g* effective emissivity

e* effective specific extinction Aevac  conductivity of the evacuated
coefficient specimen

Jr(AT) Rosseland weight function Ags  gaseous conductivity

k. radiative heat transfer coeflicient A% thermal conductivity of free gas

{ mean free path A radiative conductivity

m"”  mass per area A solid conductivity

n effective index of refraction of A2 conductivity of nonporous material
foam A,  combined solid and gaseous

Pus 84S pressure conductivity

P characteristic gas pressure A wavelength

P, heater power p insulation density

s* effective specific scattering coefficient 2o density of solid material

T temperature a Stefan—Boltzmann constant

T,, T, boundary temperatures Ty optical thickness

Wy effective albedo
(%] pore size.

2.2. Test procedure

The thermal conductivity measurements have been
performed in our evacuable, externally load-con-
trolled, guarded hot plate apparatus LOLA 3 [9],
that can be operated at mean temperatures between
80 and 1100K, internal gas pressures between 1073
and 10° Pa and external loads from 1 to 4 bar for
circular shaped samples with a diameter of 200 mm
and thicknesses from 1 to 28 mm. Different emiss-
ivities of the boundaries may be established.

The thermal conductivity of the polyimide samples
was measured as function of internal gas pressure p,,,
and mean temperature 7 in the temperature range
173-328K. Liquid nitrogen was used as cooling fluid
for cold side temperature below 253K. As carbon
dioxide could not be employed as a pore gas at lower
temperatures due to condensation, argon was used for
gas pressure dependent conductivity measurements
for temperatures 7 = 243 and 173K. Surface emiss-
ivity of the adjacent plates € has been 0.78.

The temperature difference between hot and cold
plates was AT = 40K. In order to obtain a higher
accuracy and to eliminate small but unknown thermal
losses between the central hot plate and the guard
rings, additional measurements were performed with
a temperature difference AT = 20K. Using a simple
correction procedure [9] from both AT measurements
a more accurate thermal conductivity value can be
derived. The obtained corrections are in the same
range or smaller than the size of the symbols depicted
in the figures. Overall uncertainties and measurement
errors are 7% at most.

Temperature measurements in the apparatus are

performed with Pt-100 resistors, which have been indi-
vidually calibrated. Measurements of gas pressure are
done with capacitance manometers (MKS Baratron
Typ 220, 0-1000 Pa and 0-10° Pa) which are inde-
pendent of the kind of gas in the apparatus. The error
in gas pressure measurement in the range between 200
and 600 Pa is below 10 Pa.

The thermal conductivity is calculated from the
heater power P, fed into the central part with area 4
of the heater plate, the mean sample thickness d and
the temperature difference AT between heater and
cold plates:

Pel * d
A= 2-4-AT M
(the factor of 2 is for the symmetric arrangement of
the two samples).

2.3. Results

2.3.1. Thermal conductivity of the evacuated and
argon filled sample as function of temperature. In order
to separate the solid and radiative conductivity of the
polyimide foams, the thermal conductivity A.,,. of the
evacuated samples was measured between mean tem-
peratures of 150 and 300K (Fig. 1). From inde-
pendently measured extinction data of the polyimide
foam (see Section 3), the radiative conductivity was
calculated and then subtracted from A.,,.. The result-
ing solid conductivity is also shown in Fig. 1. At room
temperature the total conductivity of the evacuated
sampleis 3.6 x 107> W(mK) ~'. Here radiative transfer
with about 2.6 x 107 W(mK) ™' is the main heat
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Fig. 1. Thermal conductivity 4 of evacuated polyimide foam (p = 50 kg m~?) as function of mean
temperature 7" and derived solid conduction A,.
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Fig. 2. Thermat conductivity 1 of argon-filled polyimide foam (p = 50 kg m ) as a function of temperature
T in comparison with evacuated sample.

transport mechanism, whereas solid conductivity
amounts to about 1 x 107> W(mK) ~'. At 150K mean
temperature the radiative conductivity is reduced to
about 0.4x10~> W(mK)~', while the solid con-
ductivity is still in the order of 1 x 107> W(mK)™'.
The thermal conductivity has also been measured
at relatively high gas pressures of argon (above 40 000
Pa) where the gaseous conductivity is fully developed.
In Fig. 2 the thermal conductivity of the argon-filled

sample and the evacuated sample are compared. The
fully developed gas conductivity is about a factor of
five higher than the conductivity A, of the evacuated
foam.

2.3.2. Thermal conductivity as function of gas pres-
sure. The foam will be exposed to a CO, gas pressure
between 200 and 600 Pa if used as an insulation
material for the Mars lander. The onset and variation
of the gaseous conductivity as a function of gas pres-
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Fig. 3. Thermal conductivity 4 of polyimide foam (p = 50 kg m~?) as a function of CO, gas pressure.

sure, depends on the pore size of the foam. Figure 3
shows the measured thermal conductivity in a CO,
atmosphere at a temperature of 263K. As can be seen,
the onset of gaseous conductivity occurs at CO, pres-
sures of 5 Pa. Between 50 and 1000 Pa the total con-
ductivity varies in a wide range between 6x107°
W(mK)~' and 16 x 10™* W(mK)~'. At the nominal
gas pressures of 200 and 600 Pa, the gaseous con-
ductivity has reached already more than 50% of the
fully developed gas conductivity il,..

At temperatures of 7T = 283 and 328K additional
conductivity measurements were performed with CO,
gas pressures of 200 Pa, 600 Pa and above 10000 Pa.
The results are depicted in Fig. 4. For lower tem-
peratures argon has to be used. As can be seen in
Fig. 4 at 7= 173K the thermal conductivity varies
between 8 x 107 and 11 x107* W(mK)~! in argon
atmosphere with gas pressures between 200 and
600 Pa.

3. INFRARED-OPTICAL MEASUREMENTS OF
SPECIFIC THERMAL RADIATION EXTINCTION

The radiative conductivity depends on the mass
specific effective extinction coefficient ¢*. Besides
absorption the extinction coefficient e* takes into
account forward scattering by using a proper scaling
procedure [4]. It can be obtained experimentally by
hemispherical transmission and reflection measure-
ments in the infrared.

3.1. Procedure

A gold-coated integrating sphere with 100 mm
diameter was used in combination with an i.r.-Four-
ier-spectrometer (Bruker IFS 66v) [4]. Spectral

measurements of hemispherical transmission and
reflection were performed in the wavelength range 2—
20 um.

Via a three flux model for the radiative transfer in
disperse media the spectral transmission and reflection
data allow to determine the effective albedo w,, the
ratio of scattering to total extinction and the effective
specific extinction e* as function of wavelength A [4].

For wavelengths above 20 ym usually scattering is
negligible and the extinction coefficient is obtained
without the integrating sphere by measuring the trans-
mission of the direct beam. Such direct extinction
measurements have been performed for wavelengths
up to 200 ym. Samples of 13 mm diameter are cut
from the foam with a punch. The sample thickness
varies between 1 and 3 mm. Several samples of differ-
ent thicknesses were measured and a mean value of
extinction was derived. The accuracy of the i.r.-
measurements is in the range of +10%-+20%
depending on the wavelength.

3.2. Results

Samples of density 30, 50 and 80 kg m > have been
measured. In Fig. 5 the obtained effective spectral
specific extinction e*(A) of the 30 and 80 kg m~*
samples are compared. If the microstructural proper-
ties do not vary with density (e.g. in fiber materials)
it is expected that the specific extinction e* is inde-
pendent of density p. Especially at wavelengths below
3.5 um, however, a significant enhancement of the
spectral extinction efficiency of the 30 kg m~* sample
in comparison to the 80 kg m™~* sample can be noticed.
This clearly demonstrates the differences in micro-
structural properties between both foam densities.

The samples of different densities are produced by
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compressing a low density polyimide foam with an
initial density of 8 kg m—3. Due to the uniaxial com-
pression the specific extinction e*(A) may also vary
with the direction of measurement (parallel and per-
pendicular to the compression direction).

In Fig. 6 the results of spectral extinction measure-
ments of the 50 kg m~? sample in both directions are
compared. A remarkable decrease of the extinction by
about 30% for the perpendicular direction can be seen
for wavelengths below S yum. From the albedo w,, as
depicted in Fig. 7, the specific scattering coefficient

s* =wy e* (Fig. 8) and absorption coefficient
a = (1-—w,) - e* were also obtained. As expected, the
absorption (Fig. 9) does not vary with the measure-
ment direction. From these absorption and scattering
features it can be concluded that the uniaxial com-
pression influences the scattering properties per-
pendicular and parallel to the compression as well as
the geometry of the foam cells in a different way. The
higher extinction occurs parallel to the heat flux in the
conductivity measurements.

The wavelength dependent data are averaged using
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the Rosseland mean function [10] resulting in a tem-
perature dependent extinction coefficient. The mean
specific extinction e* of the 50 kg m~* sample varies
between 45 and 65 m* kg~' at temperatures between
100 and 300K (Fig. 10). The specific extinction mea-
sured perpendicular to the direction of compression is
about 10% lower.

4. DATA ANALYSIS AND QUANTITATIVE
DESCRIPTION OF HEAT TRANSFER IN POLYIMIDE
FOAMS

Let us first consider optically thick foams where in
a good approximation the three heat transfer modes—
solid, gaseous and radiative conduction—add linearly
to the total heat transfer.
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Fig. 10. Temperature dependent Rosseland mean of specific extinction e*(7T) of polyimide foam (p = 50
kg m3).

4.1. Gaseous thermal conductivity of the gas in the
pores
In general the ratio of the mean free path of the gas
molecules / and the pore size @ determines the gaseous
conductivity 4, according to:
0
g = 2 @

UT, p,,
1428 (T, Paas)

Z(p)

with 1%, : conductivity of free gas; B: coeflicient
depending on gas properties and gas/wall interaction ;
J(p) : pore diameter (function of foam density).

Literature data of free gaseous conductivity A%, of
argon and CO, were taken from Touloukian [11].
For temperatures between 170 and 350K the gaseous
conductivity was approximated by the following lin-
ear fits:

M0, (T)/(W(mK)~') = —0.0044+69.4
x107¢ - T/(K),
A%(TH/(W(mK)~') = 0.0017+53.7
X107 T/(K).  (3)

The mean free path [ of a free gas is inversely pro-
portional to the gas pressure pg. For a fixed tem-
perature T thus the gaseous conductivity as a function
of gas pressure can be described by :

Agas(pgas’ T) = Agas(T) '(1 -+ IL(T))_ . (4)

gas

For pg.s = p1,; half of the gaseous conductivity of the

frec gas has developed. The constant p,, is fitted to
the experimental data. According to Fig. 3 p,,,~200
Pa is obtained for CO, as filling gas and a temperature
of 263K.

The characteristic pressures p,,, of CO, and argon
have been derived from the experimental data as a
function of temperature T (see Fig. 11). The tem-
perature dependent characteristic pressure is com-
pared to data for the mean free path / of CO,
(lcn/p+ T~°%), which have been calculated using
literature data of the viscosity » [12].

Assuming that p, , is proportional to the mean free
path / as depicted, one obtains the following func-
tional dependences of p,; as a function of temperature
T:

P12(CO,)/Pa =148 (T/(K)—94.6) for CO,,
P12 (Ar)/Pa = 1.54+(T(K)—33) forargon. %)

In the case of CO, for temperatures below 250K no
experimental data exist; thus there may be a con-
siderable deviation from this relation below 250K.

4.2. Radiative conductivity
The radiative conductivity A, in optically thick
media (optical thickness 7, > 1) according to diffusion
theory [10] is:
16 T 16 I

i S b B S
A= 3 on B3 on ) p (6)

with E*(T): effective extinction coefficient = e**p;
n: effective index of refraction of the foam (n*~1.05);
o : Stefan—Boltzmann constant.
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Fig. 11. Measured characteristic gas pressure p;;; of Ar and CO, in polyimide foam as a function of
temperature T and calculated temperature dependent mean free path / for CO,.

In non-gray media the mass specific extinction
coefficient e*(T) is obtained by integrating the spectral
extinction with the Rosseland weight function

Jr(AT):

dA.

= . 0]
€A

| _ [T
e*(T)

For the calculation of the radiative conductivity of the
50 kg m~* sample according to Fig. 10 the following
temperature dependence is used :

e*(T)/(m*kg™") = 17.4+0.229 T(K)—2.27

x 1074+ T*K?). (8)

In the case of highly emitting boundaries (¢ > 0.5)
and optically thin foams the following equation may
also be used as a good approximation :

16 T?
3 s
- *
3D+E

(e > 0.5), ©)

with D: distance between boundaries (foils). The
optical thickness 7, = E* x D here may vary between
0 and infinity.

4.3. Solid conductivity of foam
In a simple model the foam solid conductivity 4,
may be derived by :

PRI

L (10)

where 4 is the thermal conductivity of the nonporous
polyimide material, p, its density and p the density of

the foam (with p « py). If we subtract the radiative
conductivity 4, according to equation (6) from the
measured conductivity A, of the evacuated 50 kg
m > foam, we obtain the solid conductivity with about
0.001 W(mK)~" as shown in Fig. 1.

4.4. Total conductivity of polyimide foam
The total conductivity of the polyimide foam now
can be calculated as the sum of 4, 4, and 4,:

AP, T, Pgas) (W(mK) ™)

p/(kgm™?)
50

Agas(T)/(W(mK) ™ ")
P
pgas(T)

N 16 oT?/K3
3 eX(T)/(m*kg™") - p/(kgm™?)

with e*(T) according to equation (7), A%.(7) and
P12(T) according to equations (2) and (4).

Due to nonlinear interactions between solid and
gaseous conduction the second term has been cor-
rected by the factor 1.15 extracted from the exper-
imental data. This interaction generally is far stronger
especially in powder insulations, where, for gas pres-
sures beyond 1000 Pa a linear superposition of the
three heat transfer modes is not valid any longer [13].

The relative contributions of solid, gaseous and
radiative conductivities to the total conductivity of
the polyimide foam with density p = 50 kg m~* are

=0.001

+1.15

1+

; (11)
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Table 1. Thermal conductivity 4 [107° W(mK)~'] of a 8 kg
m™ polyimide foam with Al-foils (¢=0.1) separated by a
distance of 5 mm in a CO, atmosphere; effective emissivity

e*~0.5...0.6
T[K]

Pess [Pa] 173 243 283 328

0 1.1 22 3.1 43

200 13.1 17.9 21.2 25.7

600 138 19.3 229 27.6

depicted in Table 2 for temperatures 7 = 173 and
283 K and pressures pg,, = 200 and 600 Pa, for a
CO, atmosphere. In all cases the gaseous conduc-
tivity within the foam dominates the total conductivity
with percentages ranging from 70 to 82%.

4.5. Influence of low emissivity separation foils within
polyimide foam

Low emittance aluminized plastic foils are used as
radiation barriers in highly efficient vacuum insu-
lations. In low density polyimide foams (p =8 kg
m™~?) radiation may constitute a major part of the heat
transfer. In the following we thus examine the heat
transfer for a combination of foils and low density
foam.

The radiative heat transfer coefficient &k, between
two surfaces with the emissivity ¢ is:

B 4T3

k=7
&

12)
-1

If a nonabsorbing material of optical thickness 7, is
introduced between the foils, the different heat trans-
fer modes (gaseous and solid conduction and radi-
ation) add up linearly to the total heat transfer
coefficient k. For a stack of foils with separation dis-
tance D one gets:

16 eT?

34/2 ’
§ ;'—1 +T0

with 4 : combined solid and gaseous conduction. This
equation, however, is only valid for a nonabsorbing,
scattering medium between the foils!

If an absorbing material (albedo w, < 1) separates
the foils, the total heat transfer increases. This is attri-

k=2 (@ =1 (13)

R. CAPS et al.

buted to enhanced conduction close to the boundaries
due to a large temperature gradient and successive
emission and reabsorption of radiative flux by the
medium.

It has been shown that a three flux solution of the
equation of transfer can describe the total heat trans-
fer for arbitrary values of albedo w, and optical thick-
ness 7, with high accuracy [7] :

(gt A)
- D

k

1+ ; ,

(14)

with :

and

16 , T°D
A =—n0 .

3 T

An ‘effective emissivity’ ¢* can be defined, if it is
chosen in such a way that A,44(¢*) = Aeqau(€), With
Jaga = k*D according to equation (13) and A«
according to equation (14). The effective emissivity ¢*
is larger than ¢ for absorbing media and only in the
case w, = 1 one gets ¢* = ¢. In non-gray media 7, and
m, are dependent on wavelength A. Equation (14)
then has to be integrated with the Rosseland function
Jr(AT) as weight:

k= | fo(AT)  k(ton, 05.4) dA. 1s)

The above equations now can be used to determine
the total heat transfer in a system made up of foils of
emissivity ¢ and polyimide foam layers. As input for
the combined solid and gaseous conductivity 4,, we
used the first and second expressions of equation (11).
For the optical thickness 7, = e*(A) * p* D and albedo
wy(A) we used the values of the i.r.-optical measure-

Table 2. Contribution of different heat transfer modes to total conductivity of polyimide foam (p =50 kg m~) for T=173,
283K and CO, gas pressure p,,, =200, 600 Pa

Relative contributions

Total conductivity

Solid conductivity Gas conductivity Radiation [10~* W(mK) ]
T=173K, p=200 Pa 13.9% 77.3% 8.8% 7.2
T=173K, p=600 Pa 11.1% 81.8% 7.0% 9.0
T=283K, p=200Pa 9.6% 69.9% 20.5% 10.5
T=283K, p=600 Pa 6.6% 79.2% 14.2% 15.1




Thermal conductivity of polyimide foams

279

Table 3. Contribution of different heat transfer modes to total conductivity of polyimide foam (p =8 kg m~*) with aluminized
foils (D=5 mm, ¢=0.1); gas: CO,

Relative contributions

Total conductivity

Solid conductivity Gas conductivity Radiation [1073 W(mK)™
T=173K, p=200 Pa 1.7% 83.5% 14.8% 9.6
T=173K, p=600 Pa 1.6% 84.3% 14.1% 10.1
T=283K, p=200Pa 0.8% 72.0% 27.2% 19.9
T=283K, p=600 Pa 0.7% 74.4% 24.9% 220

Table 4. Contribution of different heat transfer modes to total conductivity of polyimide foam (p=8 kg m~*) without foils;

gas:

CO,

Relative contributions

Total conductivity

Solid conductivity Gas conductivity Radiation [107* W(mK) "]
T=173K, p=200 Pa 1.3% 66.5% 32.2% 12.1
T=173K, p=600 Pa 1.3% 67.8% 30.9% 12.5
T=283K, p=200 Pa 0.6% 51.8% 47.6% 27.8
T=283K, p=600 Pa 0.5% 54.9% 44.6% 29.8

ments as depicted in Figs. 6 and 7, correlated to ‘par-
allel to direction of compression’.

Calculations with the wavelength dependent values
e*(A) and wy(A) have been performed with foam den-
sity 8 kg m~* and foils of emissivity ¢ = 0.1. Table 1
shows the results for a foil distance of 5 mm and
temperatures between 173 and 328K.

The relative contributions of solid, gaseous and
enhanced radiative modes to the total heat transfer
for the low density foam with (D = 5 mm) and ‘with-
out foils’ (D = 100 mm) are depicted in Tables 3 and
4 for temperatures 7 = 173 and 283K and CO, gas

pressures p,,, = 200 and 600 Pa. The pressure depen-
dence in CO, atmosphere is shown in more detail in
Fig. 12 (T = 283K) and Fig. 13 (T = 173K). In the
case of a low density pure polyimide foam one notes,
according to Fig. 12 for T'= 283K and p,,; > 200 Pa,
that the radiative heat transfer is about one half of
the total. After introduction of aluminized foils
(D = S5mm, ¢ = 0.1) this radiative flux is reduced only
by a factor of two. The overall reduction of the ther-
mal transport however, is even less, i.e. about 25%.
For low temperatures T'= 173K and p,,, = 200 Pa
the aluminized foils reduce the thermal transport by

30 —= pure foam
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S //
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Fig. 12. Calculated gas pressure dependent thermal conductivity for p = 8 kg m~* polyimide foam
at T = 283K without and with integrated aluminized foils (¢ = 0.1) and of p = 50 kg m~? foam for
comparison.
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Fig. 13. Calculated gas pressure dependent thermal conductivity for p = 8 kg m~* polyimide foam
at T = 173K without and with integrated aluminized foils (¢ = 0.1) and of p = 50 kg m~* foam for
comparison.

some 15% compared to the pure foam (see Fig. 13).
In this case foils become even less effective.

In the case of the high density foam (p = 50 kg
m~?) the influence of gas pressure on thermal con-
ductivity in the range between 200 and 600 Pa is domi-
nant while the radiative conductivity gives a relatively
small contribution as also depicted above in Table 2.

5. CONCLUSIONS

The parameters describing the heat transfer of
polyimide foam samples have been determined exper-
imentally. With these data and an appropriate heat
transfer model, the thermal transport can be cal-
culated for arbitrary temperatures, gas pressures and
foam density. It is even possible to model the influence
of low emissivity foils on the heat transfer. Thus the
thermal performance of different designs (variations
of density, integration of foils) can be evaluated even
without performing additional time consuming exper-
iments.
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