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HEAT TRANSPORT BY RESIDUAL GASES IN MULTILAYER VACUUM INSULATION
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The results of an experimental investigation of residual gas heat-transfer
in multilayer vacuum insulation are peported. The "thermal paradox"
observed when the cold-wall temperature changes from 77 to 20.4° K
is explained. Graphs of the variation of the residual gas pressure in the
insulation layers are given and the components of the total heat flux—
radiative and residual gas—are determined.

In studying the thermal conductivity of multilayer
vacuum insulation on the calorimetric apparatus de-
scribed in [1] we observed a decrease in heat flow by
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Fig. 1. Variation of total spe-
cific heat flux and its compo-
nents over the thickness of the
specimen: 1 and 2) total spe-
cific heat flux; 3 and 4) radia-
tive specific heat flux (boundary
temperatures 300—-77°K for 1
and 3; 300—20.4° K for 2and4).

15-20% when the temperature of the cold wall changed
from 77 to 20.4° K at constant hot wall temperature.
The decrease in heat flow for 10—15 liter vessels was
30—85% under the same conditions. This "thermal par-
adox" has also been observed by other authors [2—5]
in various types of insulation.

In multilayer insulation heat transfer depends on
radiation, conduction through the solid material, and
on the thermal conductivity of the residual gas. Most
authors disregard the residual gas, i.e., assume that
A = f(T). Then the specific heat flux through an insu-
lation package of thickness & with boundary temper-
atures T3 and Ty can be written as

T
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When the cold wall temperature falls from T, to T3,
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It follows from (2) that the observed decrease in heat
flux with fall in the cold wall temperature cannot be
attributed to a decrease in the emissivity of the sur-
faces and an increase in the thermal resistance of the
contacts with decreasing temperature, as assumed in
[2].

Consequently, there must be a factor that affects
the heat transmission through the insulation but does
not depend on the temperature. This factor may be
the residual gas pressure in the layers of insulation.
A similar suggestion was made in [5].

Our object was to study the effect of the residual
gas pressure on the heat transfer in multilayer vac-
cum insulation.

From the kinetic theory of gases, for the low-
pressure region, when the condition Kn = L/d > 1 is
satisfied, the molecular heat-transfer due to the re-
sidual gas enclosed between two parallel surfaces at
temperatures T; and T, is given by [6]

v+l Ti—T
y—1 " VM

where T is the temperature of the medium surrounding
the manometer.

The freely stacked insulation package investigated
consisted of reflecting sheets (screens) separated by
fine fibrous packing of porosity m = 0.9. The distance
between sheets was 0.36 mm. For nitrogen the mini-
mum L/d ratio is 3.1 at an interval pressure of 5.3
N/m? and a temperature of 246° K and for hydrogen it
is 16 at 1.86 N/m? and 210° K. Assuming that the gas
molecules move freely through the packing without
colliding with the individual fibers, we can use Eq. (3)
to study the residual gas heat transfer in the pressure
range 1.33-1.33 107 N/m?% To find the pressure in
the layers of insulation we developed a method which
reduced to the experimental determination of q, Ty,
Ty, and a . The other quantities were taken from pub-
lished sources.

Experimental method. We used the flat calorimeter
described in [1] with a specimen of annealed aluminum

gg= 182 10° P uW/cm? (3)
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sheets 14 u thick separated by SBR-M glass paper

40 p thick with elementary fibers 5—7 y in diameter.
The specimen was 20 mm thick, and the stacking den—
sity was 28 sheets/cm. Edge effects were eliminated
with a plastic foam protector ring, with a temperature
distribution similar to that in the specimens. The tem-
perature in the specimen and at the protector i'ing was '
measured with precalibrated copper-constantan ther-
mocouples. We used a R-306 potentiometer and an
M17/2 galvanometer. The maximum error in the tem-
perature did not exceed £0.2°, Before being inserted
in the specimen each thermocouple was bonded to the
protector ring over 250 mm at a level with a temper-
ature close to that in the specimen. This almostelim-
inated the parasitic heat flow along the thermocouples
Six thermocouples were used: two on sheets 1 and 56,
the rest between sheets 14 and 15, 28 and 29, 42 and
43, and 49 and 50. The temperatures of these sheets
were determined graphically.

The pressure in the calorimeter cavity was mea-
sured in the range 1.33+107°-1.33 107! N/m? with
two LM-2 ionization gauges and in the range 1.33-
+1071~13.8 N/m? with two LT-2 thermocouple gauges
in combination with VIT-1A vacuum gauges. The
rated total pressure measuring error is not greater
than +15% for the LM-2 gauges and 230% for the
LT-2 gauges. However, since the experimental
gauge readings did not differ by more than 5% in the
former case and 10% in the latter, the total pressure
measuring error can be considered better than the
instrument ratings.

The heat flow was assumed to be steady when the
gas flow rate and the temperature of the aluminum
sheets became constant. The total error in measuring
the heat flux was less than £5%.

Experimental results. To determine the residual
gas pressure in the layers of insulation we used Eq.
(3) in the form

- _4\7;1 VW 98
P=55.10 YE1 T Ty a (4)

In analyzing the experimental data we made the fol-
lowing assumptions:

a) the pressure between the cold wall of the calo-
rimeter and the adjacent aluminum sheet was taken
equal to the pressure in the calorimeter; this assump-
tion is based on the fact that for screen and separation-
layer temperatures below 125° K, their gas separation
is very small, while the gas remaining between them
is evaluated by the cold wall.

b) the heat transfer by solid conduction is less than
10% [7, 8] and can be neglected. Accordingly, strictly
speaking, the data obtained below (Figs. 1, 3, and 4)
are not absolute, but make it possible to estimate the
nature of the relations and typical values of the com-
ponents of the specific heat flux and of thegaspressure
in the layers of insulation.

With these assumptions we write

quqt _'qr ’ (5)

where q¢ was determined experimentally at variable
pressure in the calorimeter cavity and gy stems from
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Gy = €640 (Tn— Thr), (6)

where gped is the reduced emissivity as a function of
temperature of two aluminum sheets gseparated by a
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Fig. 2. Accommodation factor of

hydrogen as a function of temper-

ature: 1) experimental datacom-

puted from Eqs. (5) and (6);
2) computed from Eq. (8).

layer of glass paper. The value of e,.oq was deter-
mined from other experiments and on the temperature
interval 300—77° K varied linearly from 0.02 to 0.031.
It should be noticed that the reduced emissivity of the
aluminum sheets without glass insulation had approxi-
mately the same values. This means that in first
approximation the glass-fiber material is largely
transparent to infrared radiation in the region 10—54 .

The variation of g, over the thickness of the speci~
men is shown in Fig. 1 for the boundary temperatures
300—77 and 300—20° K and a vacuum of 4 +107° N/m?
in the calorimeter (in Figs. 1, 3, and 4 the abscissas
are reckoned from the hot wall).

The quantity a, in Eq. (4) given in terms of the
accommodation factor is

o a
2—a

) (7
Preliminary calculations on the experimental data
showed that the accommodation factor for gaseous
nitregen at the cold wall of the calorimeter lies in the
range 0.89—0.92 on the pressure interval 6.5« 10~%-1.33
N/m?. Our accommodation factors for nitrogen are in
good agreement with the data of [9] for surfaces cov~
ered with unknown adsorbed gases. Consequently, in
constructing the curves in Fig. 38.the variation of the
accommodation factors with temperature for nitrogen
as well as for air were taken from the data of [9]. When
the pressure in the calorimeter cavity varied from
2.66-107° to 2.66-10" ! N/m?, the accommodation fac-
tor for gaseous hydrogen at the cold wall varied from
0.588 to 0.82. The accommodation factor defined as a
measure of the completeness of energy transfer in a
collision, is by definition independent of the pressure.
Its increase is apparently attributable to the fall in the
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Fig. 3. Pressure in the layers of insulation
as a function of the pressure in the calorim-
eter cavity for the boundary temperatures
300-77° K (filler gas nitrogen): 1) at calo-
rimeter pressure of 1.33 N/m?% 2)1.33-107%;
3) 1.33-107% 4) 1.33-107%; 5) 6.6-107%;
6) 4.2°107% 7) 4-107° for the boundary
temperatures 300—20.4° K.

INZHENERNO-FIZICHESKII ZHURNAL

135P

)

LA

110

-4
71
Y 5 5 0 5 d

Fig. 4. Pressure in the layers of insulation

as a function of thepressure in the calorim-

eter cavity for the boundary temperatures

300—-20.4° K (1-4—~filler gas hydrogen; 5-—

air): 1) at a calorimeter pressure of 1.33+

107! N/m? 2) 1.38-107% 3) 2.83-107%;
4) 1.33-107% 5) 1.33-107%
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Thermal Conductivities and Specific Heat Fluxes Obtained on a
Flat Calorimeter and on a Dewar-Type Calorimeter

Apparatus s,mm| T,°K T,,°K #W/:\;ff-"x Q.uW/em? Peator,N/m’
. 77 0.778 86.9 4.4.10-%
Flat calorimeter 20 300 29‘4 0.472 714 35, ]0_:
7 0.89 134.1 9.3.10—
D -t .
e:‘::::;riftll’:ter - 12 29 20.4 0.43 80.5 4.2.10-%

temperature of the aluminum sheet from 124 to 32° K,
which corresponds to the data of [10], and a possible
increase in the contamination of the cold surface of
the calorimeter with adsorbed gases as the pressure
rises.

To determine the pressure in the specimen for hy-
drogen on the temperature interval 120-230° K (Fig.
4y we used the experimental data on the accommoda-
tion factors given by Rowley and Evans in [11], and
presented as a straight line of In(1/a — 1) versus1/T.
To facilitate the extrapolation of the temperature de-
pendence of the accommodation factor the broad tem-
perature range 300—30° K, we reduced the data of
Rowley and Evans to ¢ and T coordinates (Fig. 2),
where the dashed line gives the extrapolated values
of the accommodation factor. In the temperature in-
terval 120—30° K extrapolationwas carried out accord-
ing to the character of the reduced curve. As seen
from Fig. 2, the extrapolated values of the accom-
modation facters agree closely with our experimental
‘values. The extrapolated values of the accommodation
factors on the temperature interval 230-300° K were
plotted based on the Yuskin-Bertram equation

In (_1_ —1 ) = %EL +- const, (8)

a

which closely reproduces the experimental value

the accommodation factor obtained by Rowley and
Evans on the temperature inverval 120—230° K [11].
To find the extrapolated values of the accommodation
factor we reduce Eq. (8) to the form

1 Q—E
——1=C+C——=, 9
- + RT (9)

where C = const.

In the expansion of the exponential in Eq. (8) we
retain only first-degree terms. The difference Q — E,
and the coefficient C for the temperature interval
220—-300° K in Eq. (9) were taken equal to their values
on the temperature interval 200—220° K, since on the
interval in question the effect of the third term of the
series is not important and the change in Q and E,is
only slight.

Figures 3 and 4 represent the pressure distribution
in the layers of insulation as afunctionof thepressure
in the calorimeter cavity for the boundary temperatures
300~77 and 300-20.4° K.

Curve 5 in Fig. 4 was constructed using the accom-
modation factor for air [9] at a calorimeter pressure
of 1.33-107* N/m". The actual pressure in the layers
will lie between curves 4 and 5, since at this pressure

it may be assumed that there is a mixture of hydrogen
and residual gas between the layers.

From an examination of Figs. 1, 3, and 4 we may
draw the following conlusions:

a) residual gas heat-transfer plays an important
part in the total heat flow through multilayer vacuum
insulation even at a vacuum of better than 1+107% N/m?
in the insulation cavity.

b) the residual pressure in the layers of insulation
(Fig. 3, curve 6) at a calorimeter cold-wall temper-
ature of 77° K exceeds the residual pressure (curve 7)
in the case of a cold-wall temperature at 20.4° K for
the same pressure in the calorimeter cavity, namely
4+107% N/m% Thus, the reduced pressure in the sec-
ond case offers a good explanation of the "thermal
paradox."

¢) the nonuniform pressure distribution over the
thickness of the specimen, minimal in the layers ad-
jacent to the walls of the calorimeter and maximal in
the central zone, is explained not only by the reduction
in vapor pressure with decrease in the temperature of
the layers but also by the more favorable evacuation
conditions when the temperature of the cold wall is
reduced from 77 to 20.4° K.

In order to illustrate the "thermal paradox" we have
tabulated the effective thermal conductivities and spe-
cific heat fluxes obtained on a flat calorimeter [1] and
a ten-liter Dewar-type calorimeter for the given type
of insulation.

NOTATION

a isthe accommodation coefficient; g isthe specific
heat flux; qi, gr, gg are the specific heat fluxes: total,
radiative, and gas; A is the thermal conductivity; T
is the temperature, °K; Tp is the temperature of the
n-th sheet; 8 is the thickness of the specimen, mm;

L is the molecular mean free path, mm; b is the dis-

tance between sheets, mm; Kn is the Knudsen number;
P is the gas pressure, N/m?; ¢ = 577102 W.cm™?
+deg™* is the radiation constant; v = cp/cy is the ratio
of specific heats; M is the molecular weight; Q is the
heat of adsorption; E, is the activation energy; and

R is the universal gas constant.
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