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Abstract—This paper describes an experimental method to separate the two heat transfer mechanisms in

evacuated fibre insulations. The method uses measured local thermal conductivities which are determined

from the total heat flow through the insulation and the temperature profile. A regression analysis demonstrates

alinear relationship with temperature of the solid conduction part of the total thermal conductivity and of the
total extinction coefficient, to be a reasonable approximation.

INTRODUCTION

ONLY advanced high-temperature batteries provide
sufficiently high energy and power densities for electric
vehicle propulsion to be an economic alternative to
gasoline powered cars. By means of thermal
management the battery is maintained within a
specified temperature range. The battery requires
improved insulation to prevent excessive heat loss
during long idle periods, a heating system to raise the
battery cells to their operating temperature and a
cooling system to prevent overheating during high-rate
discharge (Fischer et al. [1]). Thermal model
calculations for a 50-k Wh passenger car battery lead to
specific heat losses of less than 60 W m ™2 at 320°C or
effective thermal conductivities lower than 2.5x
107> W m~! K~ !, The need for a high-performance
and lightweight vacuum insulation is obvious. A
lightweight vacuum insulation requires a thin, leak-
tight metal vacuum casing and an insulation material
with very low degassing rates and withstanding
atmospheric pressure load.

Recent experimental results of load-bearing vacuum
insulation development indicate that, for powder
insulations, the solid conduction seems to be too high to
meet the above given design value (Reiss [2]) if the
powder density cannot be reduced to about 0.2 gcm ™3,
Nowobilski [3] measured thermal conductivities for
the best continuous load-bearing fibre-board system of
32x107* W m~! K™! between 300 and 325°C. A
quantitative knowledge of the relative amounts of
combined radiative/solid conduction heat transfer
rates in fibre-board insulations significantly facilitates
further improvements of lower conductivity materials.

The present paper describes an experimental method
to separate the two heat transfer mechanisms in
evacuated fibre-board insulations leading to
temperature-dependent extinction coefficients and
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solid conductivities. Adoption of this method to plain
glass fibre insulations clearly shows that increasing the
extinction, by using higher density boards, cannot
sufficiently reduce radiative heat transfer for the above
high temperature application.

EXPERIMENTAL PROCEDURE

Thermal conductivity measurement

Measurement of thermal conductivities is performed
in a guarded hot plate calorimeter with two cold
reference plates (Fig. 1). Testing was performed under
varying residual gas pressure from less than 1072 to
10°* N m~2, compressive load from less than 0.01 to
0.3 M N m~ 2 and hot plate temperatures from 120 to
475°C (Ziegenbein [4]). The fact that the lateral heat
flow in compressed multilayer insulation may be a
factor 102-10° greater than that perpendicular to the
layer surface requires a uniform lateral temperature, i.e.
very precise measurement of test section plate (11 cm
diameter) and guard ring temperatures. An auxiliary
heater attached to the outer guard ring minimizes
additional heat losses through temperature sensor and
resistance heater wires. The typical dimensions of
insulation samples to be tested are 25x25x1 cm.
Depending on the type of insulation it generally took
about 12 h to reach steady-state conditions.

Plain and opacified fibrous system insulations were
made from binderless borosilicate glass fibre materials
(0.69-1.1 um diameter) (Johns Manville; 475-
Tempstran; Code 108 A). For the Al,O; insulation
sample a 999 Al, O, ceramic fibre (5 um diameter) Las
been used (Didier GmbH, Wiesbaden, F.R.G.).

Figure 2 shows effective thermal conductivities for
three different insulation samples. The temperature
dependency for mean temperatures between 90 and
210°Ccould be fitted within the experimental error by a
linear curve.
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NOMENCLATURE
A area of insulation sample [m?] X; position within insulation [m]
Gy, by, by,cy,¢5,¢5  constants Y Young’s modulus of elasticity [N m~%].
d thickness of insulation layer [m]
d, total thickness of insulation [m] Greek symbols
d fibre diameter [um] o ratio of circumference of scattering
E total extinction coefficient [m 1] particle to wavelength: o = nd/Z
Ez  Rosseland mean of total extinction K surface density of thin insulation layer
coefficient [m 1] [gem 2]
I3,  hemispherical spectral emissive power of A total thermal conductivity [W m ! K]
black body [Wm™2 um™'] dge effective total thermal conductivity
m porosity measured over total insulation thickness
n real part of complex index of refraction [Wm 'K ']
p mechanical pressure on insulation Agc  solid conduction part of A[Wm™' K™]
sample [N m™2] Ar thermal conductivity of solid material
0 total heat flow [W] from which the fibres are made
Q. cefficiency factor for total extinction [(Wm™tK™1]
T temperature [°C or K] i wavelength [um]
T,, T, temperature of hot and cold sides of u Poisson number
insulation, respectively [°C or K] p density of fibre insulation [g cm ™3]
T,  temperature of insulation sample at Po density of solid material from which the
position x;, (0 < x; < dg) [FCor K] fibres are made [g cm ™3]
T*3, Tt} or T¥},, radiation temperature ¢ Stefan-Boltzmann constant
calculated with T, T, or T, T, , [K*] T, optical thickness.
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FIG. 1. Schematic diagram of a guarded hot plate calorimeter.



An experimental method to determine temperature-dependent extinction coefficients 461
7 (0
0 100 200 300 400
T T T -1 T
L =27T Minileit -powder
T o}
X
E AL,05-tibre
ES o —
L X X =
lC) X —
\.; | x/
50 - U a—
_._'/' Borosilicate - fibre
| 1 | | |
o i 2 3 4 5
7200°% K*)

F1G. 2. Measured effective total thermal conductivities vs radiation temperature of evacuated powder and fibre
insulations.

Temperature profile measurements

Reduction of solid conductivities and increase of
extinction coefficients controlled by temperature
profiles in the insulation, requires highly accurate
temperature measurements. Up to 10 calibrated Pt 100
sensors were inserted at different positions in the upper
insulation sample (Fig. 1). The exact position with
respect to the distance from the cold plate of each sensor
is given by the layer number. Uniform horizontal
temperature distribution was controlled by inserting
up to three sensors in the same layer. A disturbance of
the temperature profile by the sensors could be

neglected by increasing the sample thickness to 35 mm,
and using 0.1 mm diameter wires for special small size
Pt 100 sensors (Heraeus GmbH, Hanau, F.R.G., Type
FKG 1030, 6).

The shapes of the measured temperature profiles in
Fig. 3 clearly indicate the different solid
conduction/radiation heat transfer ratios. For the low
density insulation, high radiation transfer leads to a
strongly curved temperature distribution, where
approx. £ of the insulation thickness is required to
decrease the local temperature to 50%; of the hot side
value. A nearly linear slope for the lowest curve results
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F1G. 3. Measured temperature profiles T(x,) in fibre insulations vs dimensionless position. The labels to the
curves indicate : type of insulation, residual gas pressure and density, respectively.
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from prevailing gas conduction (residual pressure
10® N m~2) and high radiation extinction.

METHOD OF ANALYSIS

Based on the standard diffusion model, the following
solution for the total thermal conductivity, 4, of a
fibrous insulation operating in vacuum and bounded
by opaque surfaces can be derived :

A=A +4/36n°THY/E 1)

with T¥3 = (T?+ T3) x (T, + T,) where T, and T, are
the hot and cold boundary temperatures, ¢ the Stefan—
Boltzmann constant, n the real part of the effective
index of refraction and E the extinction coefficient. For
high optical thickness insulations studied here, the
above additive approximation is valid. Thus from
(4, T¥3)-plots in Fig. 2, A, and E can be extracted
from the intercept and slope for different insulation
materials in the comparatively small temperature
range 108 K? < T¥3 < 5x 108 K>

In contrast to the above frequently used procedure,
the method described here allows calculation of
temperature-dependent solid conductivities and ex-
tinction coefficients by combining experimental
calorimetric A-data with measured temperature
profiles in the insulation. For one set of boundary
temperatures T, and T, the specific total heat flow in
the insulation, Q/A, is constant (4, area of test section
plate). Local thermal conductivities A(x;) are derived
from

Mx) = —Q/A X (x;— x4 N —T,,, )
where T, are the temperatures at the insulation layer

positions x;.
A plot of local conductivities, A(x;), vs T*3 =

Xii+1
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(T4 T2, )x(T,+T,,,) in Fig. 4 shows for high
density evacuated fibre insulations, there is no longer a
linear relationship within the whole range of T*3.
This observation can be interpreted as A,, and E, in
reality, not to be constant with respect to the
temperature in the insulation. Furthermore, it should
be noted that the T**-values in Fig. 4 extend to
considerably higher values than T*3 = (T1 + T3) x(T,
+ T,) in Fig. 2.
Temperature variation of extinction and solid
conductivity

Assuming temperature-dependent A, (T) and E(T),
differentiation of equation (1) yields

di  di (T) | 4on’
dT*3 ~ d7*3 3

LT dED] |,
“\ &y " EaE < e | @

Obviously, 4 should be linear in T*3 (index 1, 2
omitted) if both A, and E are constant or linear in T*3,
A linearity of A has been observed only in low-density
fibre insulations (Fig. 4) with relatively small solid
conductivities and extinction coefficients. For high-
density or opacified samples, the nonlinearity of A must
be explained by a temperature dependency of E and/or
Age-

A possible temperature variation of E was
investigated by calculating for a given temperature
distribution, the Rosseland mean Eg(T) (Siegel and
Howell [5]), using measured spectral attenuation data
of low optical thickness samples in the wavelength
region 1 < 7 < 50 um. Except for the low temperature
region, E¢x(T)in Fig. 5 can be quite well approximated
by Eg(T) = a, x T.
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F1G. 4. Measured local total thermal conductivities vs radiation temperature.
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F1G. 5. Calculated Rosseland mean of total extinction

coefficient, Ey, and solid conduction part, g, of total

thermal conductivity of a borosilicate fibre board vs temperature.

A temperature dependency for A, is derived in a
formula given by Kaganer [6]:

16(1 —m)?
7[2

At

Asc(T) = 1 1

1864p'7 | d(i—m)

Here m denotes the porosity of the fibres, A; the
thermal conductivity of the solid material the fibres are
made from, and p the mechanical pressure on the
sample. The factor A is used to calculate the contact
radius between two fibres according to Hertz’ formula,

where Y is the Young’s modulus of elasticity and g the
Poisson coefficient. It is shown by Espe {7] that Y is
proportional to the dynamic viscosity which in turn
decreases exponentially with temperature. Therefore, it
is not at all obvious that frequently made assumptions,
like 4,.(T) = constant, are justifiable. Using Y-, - and
Ar-data for borosilicate glasses, the Kaganer formula
yields an almost linear relationship of 4,. and T in the
interval 400 < T < 600 K as shown in Fig. §:

A(T) = bo+by x T.

2 1/3 N .
A= 1—p ! where by, b, are constanis. Inserting the approxima-
Y(1—-m?) ~ tions for Eg(T) and A, (T) tentatively in equation (1),
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FiG. 6. Experimental total extinction coefficients, E, and solid thermal conductivities, Ase, of plain and
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the thermal conductivity is given by:
A =by+b,T+2n*6cT?/a,.

The radiation temperature T* has been substituted
by the local temperature T = (T*3/4)!/3 in the interval
T, < T < T,,, The temperature coefficient, a,, of the
extinction was calculated from the slope of the
(dA/dT, T)-plot. Subtraction of the radiative com-
ponent from the measured total conductivity according
to equation 3 gives the solid thermal conductivity
A(T). Figure 6 contains experimental extinction
coefficients and solid conductivities for several plain
and opacified fibre insulations. It should be noted that
the nonlinear (4, T*3)-curves in Fig. 2 are quite well
explained by temperature-dependent extinction coef-
ficients and solid conductivities, but that a linear
relationship, as shown in Fig. 6, is only one possible
assumption which might be justified by the theoretical
consideration according to Fig. 5.

RESULTS

Measured temperature profiles of various plain and
opacified borosilicate fibre insulations have been
analysed by fitting their thermal conductivities by the
following four assumptions for a possible temperature
dependency:

A=A (T) + 13“- T*3/E(T)

with
(a) A, (T) = constant and E(T) = constant
(b) A (T) = by+b,T and E(T) = constant
(©) 4(T)=by+b,T and E(T) =a,T
(d) A(T) = bo+b,T and E(T) = a,T?.
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Systematically, temperature dependencies of A, and
E according to (b) and (c) yielded far better fits to
experimental data than (a) or (d). It must be concluded,
that the solid conductivity of fibrous insulations has
definitely to be taken increasing with temperature and
that a temperature variation of the extinction
coefficient seems to be probable because of the
theoretical Ex(7)in Fig. 5. Inserting into equation (2),
we have d4/dT*? ¢, /x*3® or /4 = ¢,x'3+c;, where x
= T*3 and c,, ¢, and c, are constants. This result
explains the (4, T*3)-curves of the high density
insulations in Fig. 4. A decision between (c)and (d) from
calorimetric A-data, however, can be made only after a
further experiment when the total experimental error is
reduced below 5%.

DISCUSSION

The measured calorimetric E(T) in Fig. 6 can be
attributed to absorption and/or scattering mechan-
isms. Pure or dominating scattering would lead to a
more or less linear temperature profile if A, (T)
= constant. Since Fig. 6 shows that A,.(7T) is definitely
temperature dependent, calorimetric measurements
cannot reveal whether scattering or absorption is
dominating. However, evaluation of measured specific
extinction coefficients E/p = 1,/x show scattering as
the prevailing extinction mechanism at short wave-
lengths, i.e. in the high.temperature regions of the
insulation samples (t, = E x d, optical thickness; «,
specific surface density in g cm™2).

Figure 7 shows a comparison of measured and
calculated t,/k-values for glass fibre samples with mean
fibre diameter, d = 1 um and solid glass density, p,
= 2.61 gecm 3. Micrographs of the fibre-board in Fig. 8
confirm that individual fibres in the compressed board
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FiG. 7. Measured and calculated specific optical thickness, 7,/k, of a plain glass fibre insulation vs wavelength,

3

Z. The black body hemispherical spectral emissive power, I5,(1, T), is given for orientation (normalized to
unity).
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FiG. 8. Micrographs (scanning) of a plain borosilicate fibre-
board.

are randomized in planes perpendicular to heat flow.
Measured t,/x are taken from Caps et al. [8].
Theoretical values have been calculated using a
constant index of refraction n=15 and an
appropriate expression for the extinction cross-section
for perpendicular incidence of unpolarized radiation
on very longcylinders. Van de Hulst [9] has shown that
the efficiency factor for extinction, Q.,,, for a real
refractive index near to 1 approaches for small # the
value Q.,(n) = 21 for both orientations of the electric
vector with respect to the fibre axis, where nis given by
=2(n—1aand o = wxd/1.
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This expression for Q.,(n) and the following
equation for the specific extinction coefficient E/p =
4/pg X Qoxif(a 7) yield the theoretical (dashed) curve in
Fig. 7. Multiple scattering is considered to be negligible
in the transmission measurement since the optical
thickness of this sample was very low. No account has
been made for the distribution of the real fibres with
respect to their diameter and orientation to the incident
beam. The relatively good approximation of measured
by calculated extinctions leads to the conclusion that at
least for T > 200°C (anisotropic) scattering is the
predominant extinction mechanism. This is in
accordance with measurements of the spectral albedo
for fibre insulations from Cabannes et al. [10] and
extended calculations of Caps et al. [8].
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UNE METHODE EXPERIMENTALE POUR DETERMINER LES COEFFICIENTS
D’EXTINCTION ET LES CONDUCTIVITIES THERMIQUES DES ISOLANTS EN FIBRES
DE VERRE, PAR DES MESURES CALORIMETRIQUES

Résumé—On décrit une méthode expérimentale pour séparer les deux mécanismes de transfert thermique

dans les isolants fibreux. La méthode utilise les conductivités thermiques locales mesurées qui sont

déterminées a partir du flux thermique total et du profil de température. Une analyse de régression montre

qu’une relation linéaire avec la température de la conductivité du solide et du coefficient total d’extinction est
une approximation raisonnable.
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EIN EXPERIMENTELLES VERFAHREN ZUR BESTIMMUNG DER
TEMPERATURABHANGIGEN EXTINKTIONSKOEFFIZIENTEN UND
WARMELEITFAHIGKEITEN VON GLASFIBER-ISOLIERMATERIALIEN DURCH
KALORIMETRISCHE MESSUNGEN

Zusammenfassung— Diese Arbeit beschreibt ein experimentelles Verfahren, um die beiden Wirmetransport-

Mechanismen, die in evakuierten Glasfiber-Isoliermaterialien auftreten, zu trennen. Das Verfahren verwendet

MeBwerte der Ortlichen Wirmeleitfahigkeit, welche aus dem Gesamt-Wirmestrom und dem

Temperaturprofil ermittelt worden sind. Mit Hilfe der Regressionsanalyse wird gezeigt, daB die lineare

Abhiingigkeit des Festkorperanteils der Gesamt-Warmeleitfahigkeit und des Gesamt-Extinktion-
skoeffizienten von der Temperatur eine annehmbare Nédherung darstellt.

SKCIMEPUMEHTAJIGHbIH METOJA OINPEINEJEHUA 3ABUCSAWUX OT TEMIIEPATYPbI
KO3OOPHUUUEHTOB 3ATYXAHUSA U TEMNJOMNPOBOAHOCTH TBEPAOH ®A3bI
CTEKJIOBOJIOKHUCTBIX H30JALMOHHbIX MATEPHUAJIOB TTPH
KAJTOPUMETPUUECKHUX U3MEPEHHUSAX

Annotamms—OIHCHIBAETCA IKCIEPUMEHTAILHBIA METO/L, NO3BOJIAIOLIMA Pa3rPaHHUYHTL B MEXaHH3MA

TENJIONEPeHOCa B BAKYYMHPOBAHHBIX BOJIOKHHMCTbIX M30JALMOHHBIX MaTepHanax. MeTon OCHOBaH Ha

ONpeIEICHUH JIOKAJIbHbIX 3HAYEHHHA TENJIONPOBOJHOCTH [0 CyMMa PHOMY NOTOKY TEMJ1a 4epe3 H30/IAHOH-

HBlil MaTepuan M No TemneparypHomy npoduao. C NOMOLIBIO PerpeCCHOHHOTO aHAa/H3a MOKa3aHo,

YTO XOpOLUEH annpoOKCHMALMER ABJISETCHA JIMHEeHHas 3aBHCHMOCTh OT TEMMEPATYPHI CYMMapHOTO

K0>pPHLHEHTA 3aTYXaHHUs M TOH 4aCTH NOJIKOro Ko3(hHUMEHTa TENIONPOBOJHOCTH, KOTOpas CBA3aHa
C MEPEHOCOM 4epe3 TBepble BOJIOKHA H30IALMH.



