Available online at www.sciencedirect.com

sclznce@nmsc-m

International Journal of Heat and Mass Transfer 47 (2004) 1297-1304

International Journal of

I"EAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Control of insulating properties using flexible soft seals
A.-R.A. Khaled *, K. Vafai **

* Department of Mechanical Engineering, The Ohio State University, Columbus, OH 43210, USA
® Department of Mechanical Engineering University of California at Riverside UCR, Riverside, CA 92521 0425, USA

Received 29 May 2003; received in revised form 20 October 2003

Abstract

This work analyzes and discusses analytically a method of controling the insulating properties of an assembly. It
establishes the feasibility of utilizing gas layers within the insulating assembly separated by flexible soft seals. The
volumetric thermal expansion of the main gas layers within the insulating assembly are determined taking into con-
sideration the variation in the gas pressure due to the elastic behavior of the supporting flexible soft seals. It was found
that the volumetric thermal expansion of the main gas approaches its isobaric condition value as the main gas layer
thickness decreases. Also, it is found that insulating properties are enhanced when the main gas has a minimum thermal
conductivity and when relatively high temperatures are experienced. However, insulating properties deteriorate at large
temperatures when the main gas has a relatively large thermal conductivity. Finally, advanced insulating assemblies

with maximized insulating properties are proposed.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Insulating materials are used in most industrial ap-
plications in order to conserve the thermal energy. For
example, they are widely used as one of the layers within
slab walls of the residential buildings in order to mini-
mize thermal loads of the air conditioning systems [1].
Furnaces are usually surrounded by thick insulating
materials to reduce thermal losses [2]. At severe thermal
conditions, bulky insulating material is required to re-
duce thermal losses. However, these additional insulat-
ing material are not usually required when thermal
conditions are normal leading to over designed and ex-
pensive thermal systems.

Light weight fiber materials are widely used in insu-
lating materials for high temperature applications like
thermal insulations in ovens or heat exchangers [3].
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When gases with lower thermal conductivities are filling
the volume between the fiber material, the insulating
properties of the insulator is enhanced [3]. Another
method which can be utilized to enhance the insulating
properties of thermal insulators is to take benefit of the
volumetric thermal expansion property of gases. This
will reveal construction of compact insulating assemblies
that enhances insulating properties especially at large
operating temperatures.

In this work, the thermal characteristics of an insu-
lating assembly composed of substrates separated by gas
layers are analyzed. The gas layers are supported by
flexible soft seals in order to allow for volumetric ther-
mal expansion of the main gas layer while the secondary
one is vented to the atmosphere such that the secondary
gas pressure remains constant. The volumetric thermal
expansion of the main gas layer is determined analyti-
cally and correlated to the increase in the equivalent
thermal resistance of the gas layers. Accordingly, en-
hancements in the insulating properties are found and
determined for certain gases while deteriorations in the
insulating properties are determined for a different
family of gases.

0017-9310/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jjheatmasstransfer.2003.08.025


mail to: vafai@engr.ucr.edu

1298 A.-R.A. Khaled, K. Vafai | International Journal of Heat and Mass Transfer 47 (2004) 1297-1304

Nomenclature
As surface area of the intermediate insulating R thermal resistance of the gas layers

substrate Rino reference thermal resistance of the gas layers
Cr volumetric thermal expansion efficiency T average temperature of the main layer
he convective heat transfer coefficient at the T temperature at the lower surface of the main

upper surface layer
ho reference thickness of the main layer IS reference main gas temperature
K* stiffness of the supporting seal T. temperature of the upper surface facing of
Kins thermal conductivity of insulating substrates the surroundings
k th 1 ductivity of th i

| ermal conductivity of the main gas Greek symbols
ks thermal conductivity of the secondary gas . .
. Ahy expansion of the main gas layer
mj mass of the main gas . . . g .
. R dimensionless increase in the resistance of
Patm pressure of the surrounding
the gas layers
q heat flux
R, main layer gas constant
2. Theory sustain high temperature. As such, the performance of

Generally, thermal losses increase at large working
temperatures. The goal here is to establish a new ma-
terial assembly that will have desirable insulative attri-
butes even at high working temperatures. This assembly
shown in Fig. 1 is composed of the following from
bottom to top: (1) a heated substrate, (2) a layer of gas
that has a very low thermal conductivity such as Xenon
(the main gas layer), (3) a thin layer of an insulating
substrate, (4) a secondary layer of another gas that has a
lower thermal conductivity like air (needs to be larger
than that of the first layer and is open to the outside
environment) and (5) a top insulating substrate. The
two gas layers along with the intermediate insulating
substrate are connected together by flexible soft seals.
Both the heated substrate and the upper insulating
substrate are fixed while the intermediate insulating
substrate is free to move as it is supported by flexible
soft seals. In order to avoid melting of the seals at high
temperatures, ordinary homogeneous soft seals can be
replaced with closed-cell foams composed of mainly
small air voids separated by sealed partitions that can

SRRRREERRNNY insulating substrate

T

4 Low Temperature (T..)

the assembly can be improved to sustain high temper-
atures.

2.1. Operational principle

When the operating temperature (high temperature
source) increases, the average gas temperature of the
main layer increases. Accordingly, the volume of the
main layer expands accompanied by a shrinkage in
the secondary layer. As such, an increase in the equiv-
alent thermal resistance of the insulating assembly can
be attained as long as the thermal conductivity of the
main layer is smaller than that for the secondary gas
layer. It is worth noting that the heated substrate should
have a relatively small thickness and a relatively large
thermal conductivity so that the thermal expansion of
the main layer is maximized.

2.2. Volumetric expansion in the main layer

Forces on elastic materials such as seals are usually
proportional to the elongation of this material [4].

Fixed insulating substrate

Secondary gas layer

SRRRRER SRR

Flexible seal

< Vent

= SRR =

R =

Main gas layer

High Temperature

T, ‘Fixed heated substrate

Fig. 1. An enhanced insulating assembly.
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Accordingly, a force balance on the intermediate insu-
lating substrate results

mlRlT K*

L Y
As(ho + Ahy) P = g 20

(1)
where T, K* and A, are the average temperature of the
main gas layer, the stiffness of the supporting seals and
the surface area of the intermediate insulating substrate,
respectively. The quantities /4, and Ak, are the reference
thickness of the main layer and the corresponding ex-
pansion in the main layer thickness, respectively. The
first term on the left-hand side of Eq. (1) represents the
pressure inside the main gas layer. The reference thick-
ness /, corresponds to the thickness of the main layer
when the main gas pressure is equal to the atmospheric
pressure. The parameters m; and R, are the mass of the
main gas and the main gas constant, respectively. Eq. (1)
can be solved for A4, and the expansion is found to be

2-o(§-)
where

¢, = () (K°he) 1 5
Ca = (MR T)/(K'H2) = (pands) /(K" o) @

In order to maximize the expansion in the main layer
which in turn results in better insulative properties, the
parameter C, needs to be maximized. This can be ac-
complished by considering minimum values of K*/,
while the following relationship is preferred to be satis-
fied.

mlRlT

> 1
pathSho

(5)
The following parameters are considered for studying
the sealing assembly: K* = 48000 N/m, 45 = 0.0036 m?
and p,m = 0.1 MPa. The parameter m R, is evaluated at
the reference condition when the main gas pressure is
equal to the atmospheric pressure. This condition which
causes the expansion to be zero in Eq. (1) is assumed to
be at T =T, =283 K and 4, = 0.004 m. This leads to
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Fig. 2. Main layer expansion versus its temperature.

mR, = 5.088 x 1073 J/K. Accordingly, the relation be-
tween the volumetric thermal expansion of the main
layer and its average temperature is illustrated in Fig. 2.

Eq. (2) reduces to the following linearized model for
relatively low volumetric thermal expansion levels

(2 <o)

Ay G w T—T, ,

. NO‘Sa+O(Ah1)707KZ O(AR) (6)
mpKy

where 7, is the average temperature of the main gas
layer at the reference condition. Note that the thermal
expansion is zero when the main layer is kept at 7,. At
this condition, the main layer thickness is 4,. The rela-
tive volumetric thermal expansion, Ah;/h,, approxi-
mated by Eq. (6) is similar to that for isobaric expansion
with the average mam gas temperature being increased
by the parameter “ ThlS parameter will be denoted as
AT,.

The error associated with Eq. (6) is further reduced if
% > 1. The latter inequality means that the insulating
system exhibits relatively large volumetric thermal ex-
pansion by having a small increase in the main gas
pressure due to the elastic behavior of the seal. Fig. 3
illustrates the difference between the relative volumetric
expansion expressed by Eq. (6) and that when the ex-
pansion is at a constant pressure. Fig. 3 shows that
isobaric conditions provide favorable volumetric ther-
mal expansion when compared to volumetric thermal
expansion under linearly varying pressure as when seals
are present.

The efficiency of the volumetric thermal expansion Cg
of the main layer is defined as the ratio of the expansion

0.6
0.5
- 0.4 . .
<03 —— Isobaric expansion
<02 Expansion with seals
01 AT,=150.88
0 . . . . . . T,=283
285 305 325 345 365 385 405 425
T (K)

Fig. 3. Percentage volumetric thermal expansion for the conditions of isobaric expansion and expansion using a linearized model

under linearly varying pressure.
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Table 1
Volumetric thermal expansion efficiency Cr of the main layer
versus AT,

AT, (K) Cr (T, =283 K)
10 0.966
50 0.850
100 0.739
150.88 0.652

in the main layer when the seal is present to that when
the expansion is under constant pressure. That is, it is
expressed mathematically as

Ahy
(Ahy)

Isobaric

Cp= (7)
where (Ah)paric/ o = (T — T,)/T,. For the linearized
model shown in Eq. (6), the efficiency Cg will be

T.
Cp—

AT, ®

According to Eq. (8), the values of Cr which approaches

) *p2 .
unity as AT, = i] z‘l‘ decreases are tabulated in Table 1 for
various AT,.

2.3. Equivalent thermal resistance of gas layers

The equivalent thermal resistance of the gas layers
during volumetric thermal expansion is given by

ho  ho 1
Rthfk—l‘f‘k—z“‘Ahl(__—) (9)

where k; and k, are the thermal conductivity of the main
and the secondary gases, respectively. It is assumed that
both gas layers have a similar thickness prior to thermal
expansion equal to 4,. Based on Egs. (1) and (3), the
increase in the equivalent thermal resistance ARy, the
third part on the right of Eq. (9), is correlated to
the relative expansion in the main layer according to the
following relation:

_ ARth _ Ahl (k2 — k])
- tho ho (kl +k2)

g (10)

where Ry, is the equivalent thermal resistance of both
layers prior to thermal expansion. The parameter Ry, is

the sum of the first two terms on the right of Eq. (9).
When the parameter #y is positive, the thermal resis-
tance of the insulating assembly increases while it de-
creases as it becomes negative. Therefore, it represents
the dimensionless increase in the thermal resistance.
Table 2 shows various properties of different gases.
According to Table 2, Xenon can be used to enhance the
insulating properties while Helium is preferable to de-
teriorate the insulating properties especially at large
operating temperatures as can be noticed from the last
column in Table 2.

Fig. 4 shows the dimensionless increase in the gas
layers equivalent thermal resistance when the main layer
is charged with Xenon or Helium while the secondary
layer is open to the atmosphere. Charging the main layer
with Xenon can provide about 20 percent increase in the
effective thermal resistance of the gas layers with an in-
crease of the main layer temperature by 165 K. How-
ever, Helium can produce a deterioration in the
insulating properties by about 25 percent with 165 K
increase in the main layer temperature.

2.4. Heat transfer analysis

In the following analysis, it is assumed that the
temperature at the lower side of the main gas layer is
kept under 7} (Fig. 1). The insulating substrates are
assumed to have equal thicknesses and thermal con-
ductivities which are equal to the reference thickness for
the main layer 4, and ks, respectively. Accordingly, the
thermal energy balance on the insulating assembly
shown in Fig. 1 reveals the following relation for the
temperature at the surface of the lower temperature side
T. and the heat transfer ¢, respectively:

T\ —Ty)/he
le="5 Zh( =T AR\ T ()
—+ 2 R [ 1+ o
hc kins Rtho
_ (Tl B TOO)
T L 2k g (14 AR 1
hc kins the Rtho

where A, and T, are the convective heat transfer coef-
ficient at the lower temperature side and the temperature
of environment facing the lower temperature side,

Table 2
Various properties of proposed different gases at 7 = 373 and p = 1 atm
Main gas k (WmK) p (kg/m?) R (J/kgK) (kair — k) / (kair + k)
Xenon 0.0068 43 64.05 0.609
Krypton 0.011 2.75 99.78 0.4359
Helium 0.181 0.13 2077 —-0.732
Neon 0.0556 0.66 412.1 -0.33
Argon 0.0212 1.3 209 0.138
Air 0.028 1.2 287 0
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Fig. 4. Dimensionless change in the equivalent resistance of the gas layers for two different gases.

respectively. The surface area of the insulating assembly
that faces the seal portion is relatively small. Therefore,
the heat transfer through the seal portion is neglected in
Egs. (11) and (12).

For the previous example along with 4. = 5 W/m? K,
T, =275 K and ks = 0.04 W/m K, the temperature T,
as a function of 7; is illustrated in Figs. 5 and 6, re-
spectively. These figures also compare the temperature
T. for the case when the thermal expansion is encoun-
tered due to the presence of seals with the case where
thermal expansion is not present (both gas layer thick-
nesses are equal to &, for all values of 7). Fig. 5 shows
that insulating properties are enhanced when Xenon and
soft seals are used and that 7, for this case is departing
away down from the values corresponding to the case
where the thermal expansion is not present. Also, this
figure shows that the departure rates increase as the
temperature levels increase.

Fig. 6 shows that insulating properties are deterio-
rated when Helium and soft seals are used. It is found in
Fig. 6 that the departure of T, for this case from the results
corresponding to the case with no thermal expansion is in
the direction of an increase in 7. Thus, insulating prop-
erties are deteriorated at larger rates when Helium and

310

flexible seals are used especially at large operating tem-
peratures. It should be noted that the thermal expansion
of the main layer was computed at its average tempera-
ture. As such, an iterative procedure was implemented
in generating Figs. 5 and 6 so that the found tempera-
tures produce the employed thermal expansion of the
main layer. Also, the volumetric thermal expansion that
are used to develop Figs. 5 and 6 are evaluated from
Eq. (2).

Fig. 7 shows a comparison of heat flux of the insu-
lating assembly with Xenon as the main gas under two
conditions: (1) in the presence of flexible soft seals and
(2) when thermal expansion is not present and the
thickness of the gas layers is 4, at all working temper-
atures. This figure shows a reduction in the heat flux
when seals are introduced. It also shows that the re-
duction rate increases as the working temperatures in-
crease indicating better insulating characteristics are
achieved when soft seals are used to support the main
gas layer while the secondary gas layer is vented. On the
other hand, an increase in the heat flux is attained when
soft seals are used to support the gas layer if it contains a
gas with relatively large thermal conductivity such as
Helium as shown in Fig. 8.

305

—— Xenon (seals)

300

Te (K)

Xenon (no expansion)

295 —
290

T4 (K)

385 395 405 415 425

435 445

Fig. 5. Enhanced insulating properties using xenon and flexible insulating assembly.
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T4 (K)
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Fig. 6. Deteriorated insulating properties using helium and flexible insulating assembly.
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Fig. 7. Reduction of thermal losses at large operating temperatures using xenon and flexible insulating assembly.
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Fig. 8. Deterioration of thermal losses at large operating temperatures using helium and flexible insulating assembly.

2.5. Simplified correlation

For the insulating assembly shown in Fig. 1, heat
transfer can be expressed by the following relation:

(h - T.)

erative scheme. Eq. (13a) is based on the assumption
that the heat transfer through the flexible soft seals is
negligible when compared to the total heat transferred
through the insulating assembly.

q =
2 (hins)- (hol hoz) ( (k2 - kl) (Ahl
L+ ——+— ({1 4+——
(2 (Kins); ky ke (k2 + horki /hot) \ ot

where Ah, /ho can be shown to be equal to the following:

Ahy (T, + AT, 4(T; — T,)AT,
hot  \ 2AT,

(T, + AT,)*
The quantities /o1, Koz, (Pins);» (kins); are the reference
main layer thickness, reference secondary layer thick-
ness, thickness of the ith insulating substrate and the
thermal conductivity of the ith insulating substrate, re-
spectively and that T is the main layer temperature that
causes the main gas pressure to be equal to the atmo-
spheric pressure. The parameter 7] represents the aver-
age main layer temperature which can be measured
experimentally or determined theoretically using an it-

+1—1} (13b)

)

(13a)

The solution of Egs. (13a) and (13b) can be used to
produce pertinent engineering correlations. For exam-
ple, percentage difference between the heat flux including
thermal expansion effects and the heat flux at reference
condition, g.f, where thermal expansion is ignored is
correlated to Ty, T, Ty, k; and AT,. The obtained family
of correlations has the following functional form:

(ql‘ef - q) x 100%
Gref

= la - b(T) — ¢(ATy) — d(ky) + e(T.ToAToky)]

< -1 (55 ) (14)

Table 3
Coeflicients of correlation 14 for different 4,
hoy (m) Coefficients R?
0.004 a=0.559,b=1.08x1073 c=514x 10", d =11.572, 0.980
e=274x10"", m = 0.850, n = 0.1.789
0.006 a=0.591,b=1.17x1073,c =526 x 107 d = 11.399, 0.983
e=271x10"7, m=0.847, n = 1.880
0.008 a=0.610,p=123x1073,¢c=532x10"* d = 11.295, 0.984

e=2.69x 1077, m=0.845n = 1934
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where a, b, ¢, d, e, m, n and the correlation coefficient R?
are listed in Table 3 for different values of %,;. This
correlation is obtained over the following range of
parameter variations: 310 < T} < 400 K, 270 < T, < 290
K, 50 < AT, < 150 K, 270 < T, < 300 K, 0.001 < k; <
0.017 WimK, hoy = hor, >opy 429 =02 m? K/W, and
ky = 0.028 W/mK. o

3. Suggested insulating assemblies with maximum en-
hanced insulating properties

Fig. 9(a) shows a more advanced insulating assem-
bly. It contains an array of main and secondary gas
layers supported by flexible soft seals. The secondary
gas layers are vented to the atmosphere in order to
provide maximum volumetric thermal expansion of
main gas layers. Accordingly, the insulating properties
are enhanced for the assembly provided that the main

BN Fixed insulating substrate
7= Movable insulating substrate

I:I Flexible soft seals

1303

gas possesses relatively lower thermal conductivity than
the secondary gas which is the air. The insulating as-
sembly of Fig. 9(a) provides an additional enhancement
for the insulating properties which relies on the fact
that the frame of the insulating assembly is supported
by a flexible soft seal. This allows for an additional
volumetric thermal expansion for the main gases.
Moreover, insulating properties can also be enhanced
efficiently by utilizing soft elastic balloons having
minimized stiffness and containing gases with mini-
mized thermal conductivities within the secondary gas
layer. These balloons need to be placed in a vented
layer as shown in Fig. 9(b, c¢). It should be mentioned
that in this arrangement the main gas layer is elimi-
nated. This assembly is suited for lower heat flux ap-
plications. Finally, it is worth noting that the degree of
enhancements in the insulating properties is governed
by the temperature levels that the soft seals can sustain
before they melt.
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Fig. 9. Advanced assemblies with enhanced insulating properties.
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4. Conclusion

A thermal insulator comprising of insulating sub-
strates and two separated gas layers was analyzed dy-
namically, thermodynamically and thermally in order to
investigate the enhancement in its insulating properties
with respect to a temperature increase. A certain family
of gases should be used to this end as other gases result
in a deterioration of insulative properties at higher
temperatures. Accordingly, better control in the insu-
lating properties of thermal insulators is established by
utilizing the principle of volumetric thermal expansion
of gases. Moreover, more advanced insulating assem-
blies with maximized insulating properties are proposed.
The ordinary homogeneous soft seals of these assemblies
can be replaced with closed-cell foams composed of
mainly small air voids separated by sealed partitions
that can sustain high temperature. Accordingly, the
performance of these assemblies can be improved to
sustain high temperatures.
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