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Heat Transport of Powder as the Subject of
Cryogenic Insulation*

(2nd Report, Heat Conduction under Vacuum)

by Eisyun TAKEGOSHI**, Yoshio HIRASAWA***

and Sadahisa IMURA***%

In the present work, an investigation was made on the heat transport
through insulation powder evacuated under high vacuum, in which an aluminium
powder was added for radiation shield. Experiments on heat flux in the powder
were carried out from room temperature down to liquefied helium temperature,
which enabled us to examine the relation between the heat flux and temperature.

Furthermore, the general solution for total heat transfer for combined
radiation and conduction proposed by Wang and Tien was applied to the powder,
and was compared with the experimental results. We then quantitatively deter-
mined the roles of the contribution from both radiation and conduction and the
effect of added aluminium powder, and investigated the basic heat transfer
mechanisms in the powder at low temperatures such as extinction coefficient for
radiation and contact conduction between particles.
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Thermal Radiation,

transfer for combined radiation and con-
duction proposed by Wang and Tien[2] is
applied to these powders and the result is
compared with the experiments. Thus the
fundamental characteristics of the heat
transport in the powder at low tempera-
tures such as radiation, contact conduc-
tion and the effect of added aluminium

1. Introduction

In the previous report[1l], a theoret-
ical equation for the thermal conductivity
of perlite and glass bubbles as a cryogen-
ic insulation powder was derived and it
agreed well with the experiments at any

temperature and any gas pressure. In the powder are investigated.
present report, exclusively the heat
transport in case that the insulation 2. Experimental Specimens

powder is evacuated at high vacuum is

investigated. The characteristics of employed pow-

Since the heat conduction by gas ders are shown in Table 1. As the per-
becomes very small at high vacuum, the lite and glass bubbles, two kinds of
heat transfer in the powder consists of powders with different densities and

namely the different particle sizes were prepared.

contact For the silica, a kind of powder was

the following two mechanisms,
solid conduction due to the

between particles and the thermal radia-
tion through the void space in the powder.
In this study, many experiments on the
relation between heat flux through the
powder and absolute temperature are

carried out from room temperature down to
liquefied helium temperature. Powder
specimens used 1in these experiments are

_perlite and glass bubbles employed in the

previous
Experiments
added to these powders as a radiation
shield material are also carried out.

The general solution for total heat

study and silica employed anew.

* Received 23rd April, 1984,

#% Associate  Professor, Faculty of
Engineering, Toyama University.
Gofuku 3190, Toyama.

*¥¥% Agsistant, Faculty of
Toyama University

*¥#%¢ Professor, Faculty of
Toyama University

Engineering,

Engineering,

. . . . ey,
in which aluminium powder are

- CO
froliecbtaintn

prepared. The description of the perlite
and glass bubbles is omitted because it
has been given in the previous report.
The silica is made from anhydrous silicic
acid with high purity and its particle
size 'is much smaller than the other two
powders. A moisture is hardly contained
in the powder. The powder density p in
Table 1 is a measured value under the
ndition that the specimens are packed in

Table 1 Characteristics of experimental

specimens

Size of
particle

Average dia. Density Average
of particle|of powder|porosity
Specimen mm Dp mm ? kg/m? €

Perlite F 1.2 -0.15 0.50 61 - 64 0.977
7 Cz2/1.4 - 1.0 1.4 143 - 148 0.946

Glass bubbles
4 Bl5 [0.13-0.02
# B37 4

0.056 About 80
0.036 7 210

0.969
0.919

Silica - 0.007 7 64

0.971
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the apparatus. The porosity € is calcu-
lated from the average value of p, where

the true densities of perlite, glass bub--

bles and silica are assumed to be 2700,
2600 and 2200 kg/m®, respectively. In
addition, experiments in which an alumin-
ium powder was added to the powders of
Table 1 were also done. The average sizes
of the aluminium powder are 0.1 and 0.06
mm. The former is added to the perlite
and the latter is added to the glass bub-
bles and silica. The added rates of the
aluminium powder are 5, 20 and 50 Z by
weight.,

3. Experimental Equipment

In this study, in addition to the
devices (a) and (b) employed in the pre~
vious study[l], the device (c) in which
the measurement down to liquefied helium
temperature is possible is employed. The
explanation of the devices (a) and (b) is
omitted since it has been given in the
previous report. As shown in Fig. 1, the
measuring principle of the device (c¢) is
the cylindrical absolute method with a

steady heat flow such as in both the de-

vices (a) and (b). In the device (c), the
insulation with a double Dewar vessel is
employed in order to use liquefied helium.
The size of the outer Dewar vessel d@ is
120 mm inside diameter and 800 mm length.
The size of the inner Dewar vessel is
100 mm outside diameter, 80 mm inside
diameter and 850 mm length. The specimen
vessel , which is the main body of the
device, 1is made of = brass pipe of 36 mm
inside diameter and 190 mm length and
designed smaller than the ones of the
devices (a) and (b). The main heater éi)
is made of brass pipe of 14 mm outside
diameter and 160 mm length. The cap of
the specimen vessel is soldered with the
stainless pipe (15 mm inside diameter
and 0.5 mm thickness) and the upside of
the pipe is connected to the vacuum
flange. ' The evacuation of the specimen
vessel is carried out through the pipe and

@® Vacuum gauge head

® Thermocouple output
and heater input

@ To vacuum
¥
—0

@ Liquefied helium inlet

® Helium gas outlet

® Radiation shield plate

@ Inner Dewar vessel

® Liquefied nitrogen

© Liquefied helium ==
. © Outer Dewar vessel

O stainless pipe

@ Specimen vessel

® Main heater

@ Thermocouple

® specimen

[A11
k|

®

Fig. 1 Outline of experimental device at
very low temperatures
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the lead wires for measuring are taken out
through the pipe. In this device, sub-
heaters at both ends of the main heater
are not set and a correction[3] is made
for the effect of the end. The tem—
perature of the main heater was measured
by a cryogenic thermocouple(Au+0.07At.%ZFe—
Chromel) soldered to the heater.

The experimental procedure is as
follows. A .powder specimen is put into
the specimen vessel and the cap is sol-
dered with Wood metal., Thereafter, the
specimen vessel is evacuated to attain a
gas pressure of about 0.1 Pa at room tem-—
perature for many hours. Next, it is
precooled with liquefied nitrogen and
after it is put into the inner Dewar ves-
sel, a liquefied helium is poured into the
inner Dewar vessel. In a pre-experiment,
since the evaporation volume of the lique-
fied helium has been about 50 cm® per
hour, it is possible to continue the
experiment for about 50 hours. 1In the
experiment, after the electric current was
supplied to the main heater to maintain a
given temperature and the device was al-
lowed to attain a steady state, then
measurements of the electromotive force
in the thermocouple and of the electric
power to the main heater were done three
times every 30 minutes and their average
values were used for calculation. The
measurements were started from the lowest
temperature and continued up to about
200 X at every 10-30 K. The time taken to
attain the steady state was 2-3 hours.

In these experiments the thermal
conductivity is very small since the
powder is evacuated to high vacuum.
Accordingly, the  heat inflow through the
lead wires of the main heater and thermo~
couple causes an important error in the
measurements at low temperature unlike
in usual measurements. In all the devices
(a), (b) and (c), the wires with as small
diameter and low conductivity as possible
were employed to reduce the heat inflow.
Further the error in the conductivity due
to the heat inflow was determined by a
preliminary experiment to within about 10
%. This correction, therefore, was not
done for the calculation of thermal con-
ductivity. Further, when powders trans-
parent  to radiation are used in experi-
ments it is known that the emissivity of
the wall of the specimen vessel and main
heater affects the experimental value
[refer to Eq. (7)]. However, since the
powders in this experiment were not sup-
posed to be so transparent, the emissivity
was not considered. We consider that the
experimental  error in these devices is

within about 10 % at room temperature but

is somewhat larger than this at low tem~
perature because of the heat inflow
described above and so on.

4. Result and Consideration

4.1 Effect of temperature on thermal
conductivity under vacuum

In the previous report[1l], the effec-
tive thermal conductivity Ae for the pow-
der containing a gas'was represented by
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the following equation:
=& (Ap+arDy)
+_1—_€’—5’_____+5’A‘
___..1___.__..',..1..—_‘75.
Av/¢+a:Ds Ap
The explanation of the symbol is
since it has been done in the previous
report. Equation (1) agreed well with the
measurements for the powder of perlite and
glass bubbles at atmospheric and low pres-
sures. If Eq. (1) is applied under vacuum,
it is approximated to the following equa-

omitted

tion in case of l/arDp>>(1-9)/Ap (it is
valid in this experiment) because the
thermal conductivity of the gas becomes
zero: =(1=8")arDpt 8 Ap s+rerrerasreaaenannunnns (2)
where A& is the effective thermal conduc-
tivity of the powder under vacuum, Ap is
the effective thermal conductivity of a

particle constituting the powder, §' is
the effective contact area rate for solid
conduction, ar is the heat transfer co-
efficient for thermal radiation and Dp is
particle diameter., The first term of the
right side in Eq. (2) is concerned with
radiation and the second term is concerned
with the conduction due to the contact
between particles. Thus Eq. (1) can be
divided into the radiation and conduction
terms under vacuum.. For simplification,
we assume §'Ap=0As using the effective
contact area rate § based on the thermal
conductivity Ag of solid. Then Eq. (2)
becomes the following equation as §'<<l is
considered:
J.«erp“'&/‘: .................................... (3)

where Gr is represented by the following

equation for the function of absolute
temperature T:
a’.-'-'=4d¢rT:'l
=0.226¢,(7/100)° [W/ (m*-K)] e (4)

and 0 is Stefan-Boltzmann constant and ¢r
is known as the radiation exchange factor

1 1] ¥ 1B ‘ T
L Mg =AT®+BT2/3 i
Q Glass bubbles B37
s r A=0.30x10710
£ B=0.24x10"
3 ® Glass bubbles B15
- A=0.55x%x10"1° .
B=0.11x10*
= - QO Perlite C,
107~ A=2. 2><10 10 -
- B 0.13x 10" -
- P<0.1 Pa A
s O Perlite
10 "~ A=1.51x1071% —
» B=0.08x10""% +
L il L bl
10 20 40 100 200 400
T K

Fig. 2 Relation between effective thermal
conductivity and temperature

_ sity

function of the form and
arrangement of particles and emissivity
€r. In the previous study, it was defined
as ¢r=1/(2/€r-1) based on & parallel plate
model. ¢r-is ordinarily smaller than
unity. Here, we assume that the thermal
conductivity As of solid is approximately
proportional to 2/3th power of T. For
example, if the thermal conductivity of
glass is employed for the solid of the
perlite and glass bubbles and is repre~
sented by the following equation based on
the conductivity at room temperature:
As=0.024 4 T [W/(m-K)] -wreoeeeveeees (5)
it agrees with the reference[4] within a
deviation of about 10Z in the range of 10-
300 K. Therefore, Eq. (3) can be approxi-
mated as follows:
A8=0.226¢-(T/100)° D,+0.024 4 T**5
............ 6

Figure 2 shows the relation beéwgen
A2 and T for the perlite and glass bub-
bles. Here, the temperature T is an ar-
ithmetic average when the temperature
difference between inner and outer sur-
faces of the powder is set at about 10 °C.
The marks © in the figure denote the ex-
perimental values, but some of them are
estimated values with no pressure depen—
dence which is extrapolated from the expe-
riment for the relation between the
thermal conductivity and pressure, because
the pressure dependence of Ae in some
specimens holds at about 0.1 Pa which is
the lower limit of pressure in this ex-
periment. The curves in Fig. 2 approxi-
mate experimental values by assuming that
Eq. (6) can be applied. The coefficients
A and B of T are also shown in this
figure. Ad gradually increases with an
increasing T at low temperatures and
rapidly increases at high temperatures.
This is because the contact conduction
between particles is effective at low
temperatures but the thermal radiation
relatively increases with an increasing
temperature. As the perlite F and C, are
compared, A& of C, is larger than that of
F at all temperatures. This means that
both the contact conduction and radiation
of C, are larger than those of F because
both the density and particle size are
larger than those of F. In the glass
bubbles, AL of B37 is larger than that of
Bl5 at low temperature under the effect of
contact conduction due to the larger den-
of B37 than B15, but AL of BIS5
becomes larger at high temperature on
account of the contribution of radiation
due to the larger size of Bl15 than B37.
Next, comparing the perlite and glass bub-

which 1is a

==bles, both A% do not differ so much at low

temperature in the case of similar densi-
ties such as the perlite F and glass bub-
bles B15, but A2 of the perlite F becomes
clearly larger with an increasing tempera-
ture. This can be understood from the fact
that the diameter Dp of the perlite F is
far larger than that of the glass bubbles
B37 (over ten times).

Table 2 shows the values of ¢r and &
which are obtained by comparing Eq. (6)
with the coefficients A and B in Fig. 2.
The values of ¢r are closer to. unity for
the perlite but are considerably larger
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Table 2 Experimental values of ¢r and &

Specimen dr 5
Perlite F 1.33 ] 3.28x107™*

v C: 0.70 | 5.32x10°"
Glass bubbles Bl5| 4.35 | 4.50x10™"

Ve B37 | 3.68 | 9.84x107~"

than unity for the glass bubbles. The
reason is thought as follows. Equation
(6) is derived from a cell model in which
the particle diameter Dp is employed as a
unit path for radiation. Therefore, if
the particle is an opaque material for
radiation, ¢r shall become closer to uni-
ty. However, since a long radiation path
through the particle exists if it is some~
what transparent, Dp already may not be
fit as the wunit path of the model for
radiation. Accordingly, it seems that ¢r
larger than unity for the glass bubbles is
caused by the above mentioned fact.
Thus the glass bubbles may be a 1little
transparent. On the other hand, the val-
ues of § in Table 2 are about 10°%-107%,
which are considerably small values. For
example, they are smaller by about one
order than §=6.3x10"3, which has been ob-
tained by authors[5] for a packed bed of
s0lid glass spheres at room temperature.
Thus it is understood that the effect of
the contact conduction becomes smaller
because the particle itself of the powder
in this experiment is porous.

4.2 Application of quasi-homogeneous
theory for heat flow in powder

In the section 4.1 it was shown that
the radiation exchange factor ¢r deter—
mined from the cell model agreed qualita-
tively with the experimental value, but
quantitatively did not agree with the
experiment 1in the case of glass bubbles
due to the long radiation path. In this
section, we examine the practical case of
a large temperature difference between
the inside and outside of powder, which is
often encountered in a cryogenic insula-
tion. Many experiments on the heat flux
in powder are compared with a heat trans-
fer theory in which the powder is regarded
as a semitransparent quasi-homogeneous
material. Wang and Tien[2] proposed a
general solution for a total heat flux gq
for the plate type medium of thickness L
under the condition of combined conduction
and radiation. Namely,

_ (3/0)AB( T — Ta)+v2a( T~ T4)
"‘_3_t+[ G/8)+(1-£,)/3 ] [ G/8)+ (=€, )/3—
4 (AdB 40T3)+2¢,,/3 (A8l 40T2)+2¢1,/3

where T; and T, are the temperatures
of two walls which sandwich the medium,
€r; and €r, are the emissivities of
the walls, 0 is Stefan-Boltzmann constant;
and Ad, v, B and 7 are the thermal con-
ductivity, the refractive index, the ex-
tinction coefficient and the optical
thickness of the medium, respectively,
Here, holds the relation of 7 =gL. In

=—bles B15 in Fig. 4, q,
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Eq. (7), if 7 is sufficiently large, q is
given by the following equation since the
first and second terms in the denominator
are ignored: .
420(Ti—TF) | AT\~ T3) (8)
38L i L

It is found that Eq. (8) is divided into
the radiation and conduction terms.

As q in Eq. (8) is the solution for
the case of plate type medium, rin(r,/r;)
must be employed instead of the thickness
L of the powder when this equation is
applied to the walls of a double cylinder
such as used in this device. Then, Eq.
(8) becomes

2 420(TN-T) Al Ti—T3) (9)

' 387111’1(71/7‘:) ' r;ln(n/n)

where gq; 1is the heat flux-at the inside
wall and r, and r, are the radii of the
inside and outside walls, respectively.
Ad in Eq. (9) has temperature dependence
because it is proportional to the contact
conduction between particles. Therefore,
we simply assume Ad as the following
equation:

A4=0.024 4T3

(Perlite, Glass bubbles) ++(10)

4¢=0.03087%5 (Silica)

which 1is proportional to the two-thirds
power of the temperature such as shown in
Eq. (5). However, in this case the aver-
age temperature Tm[=(T;+T,)/2} is employed
because of a large temperature difference
between the inside and outside walls. 2Ag
for silica in Eq. (10) is determined from
the thermal conductivity of fused quartz
at room temperature.

Figures 3-5 show the relation between
the heat flux q, at inner wall and the
temperature difference AT(=T;-T,), in
which the device (b) is employed and = the
temperature T, of the outer wall is kept
at that(77K) of liquefied N, and the
temperature T, of inner wall is changed
up to room temperature. In these figures,
the experiments in which aluminium powder
is added or not added are compared in
order to examine the effect of aluminium.
The added rates of aluminium are 5, 20 and
50 wtZ. The curves in these figures
approximate the experimental values to the
form of Eq. (9). The coefficients A' and
B' for the approximated curves are shown
in each figure. In the case of the per-
lite F in Fig. 3, q does not change so
much with the added rate of aluminium.
This means that the insulation performance
is not improved so much by the added alu-
minium because the perlite is considerably
opaque to radiation. For the glass bub-
clearly changes
with the added rate of aluminium. At
AT=223 K, q,; 1is greatest for AL O % and
is smallest for AR 20 wt%, whose ratio is
about twice. Namely, it seems that the
effect of the added aluminium appears
clearly. As for the coefficients A' and
B', A' decreases with an increasing added
rate of aluminium up to A2 20 wtZ but
becomes nearly equal at AL 20 and 50 wtZ,
Therefore, it is likely that the effect of
radiation shield increases up to A% 20
wtZ. This corresponds with -the fact that

NI | -El ectronic Library Service



The Japan Soci et

y of Mechanical Engineers

2356

the powder of the glass bubbles is some-
what transparent to radiation as mentioned
concerning ¢r in section 4.1. On the
other hand, B' decreases slightly up to AL
20 wt7% but increases at 50 wtZ, ' because
the contact conduction increases as the
added rate of aluminium exceeds a certain
limit. TFigure 5 shows the case of the
silica. It seems that the effect of the
added aluminium is similar to the case of
the glass bubbles.

Next, when A" of the perlite, glass
bubbles and silica in the non-added case
of aluminium are compared, A' of the sili-
ca is largest though the particle size of

I T T T L ' T
91 =A'o(T}-T2) +B*TR"3(T,-T2)
" Perlite F

O AL 0%
A'=4.5x10"2

10 B'=1.5x10"
& AL 5wt?

r A'=4.1x10"2

B'=1.7x10"*

w/m?

T,=77 K 1
P<0.1 Pa

q

® AL 20wt%
A'=4.1x10"2
B'=1.5x10" ~
O AL 50wt% ]
A'=3,0x10"% -
B'=2,1x10"?

1t L
[[e} 20 40 106 200 400
AT K ’

Fig. 3 Relation between heat flux at
inner surface and temperature
difference

T T N B M

Glass bubbles B15

O AL 0%
A:=5.6x]0'§
10 - B —-'I.]x"|0
- © AL 5Swt%
A'=4,7%x10"2
B'=1.0x10"°

w/m?
T

&

® A2 20wt

B'=0.8x1073
Q AL 50wt?

A'=2.6x107%2

‘B'=2.0x107?

1 L ,

L
10 20 40 100 200 400
AT K

Relation between heat flux at
inner surface and temperature
difference

A'=2.7x102 { "=

the silica is much smaller than others.
This suggests that the silica is most
transparent to radiation among these three
kinds of powders. However, the effect of
the added aluminium on the silica is not
so large as shown in Fig. 5, because the
average size of the added aluminium is. 60
um which 1is very large as compared with
that(7 pgm) of the silica and therefore the
effect of radiation shield is  small.
Hunter et al.[6] have reported that the
effect of radiation shield generally
increases with a = decrease in the parti-
cle size of added metal.

Figure 6 shows the relation between
q and AT measured with the device (c),
in which the temperature T,  of the outer
wall is kept at liquefied helium tempera-
ture(4 K) and the temperature T;  of the
inner wall is changed arbitrarily up to
about 200 K. The curves in this figure
approximate the experimental values assum-
ing that Eq. (9) is equally applicable.
As the temperature T, is 4 K in this case,
the contribution of radiation is consider-
ably small at small AT(explain in Table
3).  Accordingly, it may be understood
that the difference of q, for each speci-
men at small AT is mainly caused by con-
tact conduction rather than by radiation.

4,3 Effect of radiation and contact
conduction on heat transfer in
powder )

Table 3 shows the rate of the heat
flux due to the radiation contribution to
the total heat flux q,, which is calcu-
lated from the coefficients A' and B' in
Figs. 3-6. For example in the case of
Tp=77 K for the perlite F, the radiation
contribution is 65 Z at AT=223 K(T,=300
K) but it is 17 Z at AT=10 K, while in

T T T
,=A"0(T4-T%) +8'Tp/*(T,-T2)

. Silica 4
O A 0%
A'=10x10"2
o~ B'=0.85x10"? _
~ - @ AL 20wt% 4
E | A'=65x107 i
3 B'=0.8x10"2
o

Tz =77 K
P<0.1 Pa
e I ’ ]
L I I | L
10 20 40 100 200 400
: ’ AT K
Fig. 5 Relation between heat flux at

inner surface and temperature
difference
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the case of Tz=4 K, it is considerably
smaller. As a whole, it is found that the
radiation contribution in the powder is
above 50 7 at T; of about room temperature
but it decreases rapidly with a decrease~
in AT. When the cases of 20 wt% added and
non-added aluminium to the glass bubbles
are compared, ‘the radiation contribution
does not much differ ‘at each T,  for both
cases of T,=77 and 4 K. However, the heat
flux q; for the specimen of A% 20 wt% is
clearly small as shown in Figs. 4 and 6.
This means that a proper aluminium is
effective to reduce both the radiation and
contact conduction.

" Table 4 shows the extinction co-
efficient f for radiation for each speci-
men, which is determined by comparing the
coefficient A' in Figs. 3-6 with the first
term in right side of Eq. (9). Here, the

refractive index v is assumed to be 1.1,
and r; and r, are 11 and 25 mm in the
experiment of T,=77 K and 7 and 18 mm in

the experiment of T,=4 K, respectively.
It is found in thls table that 8 for the
silica is smallest when the specimens of
A% 0 Z are compared. The silica therefore
seems to be most transparent to .radiation
among these three powders. On the other
hand, when the change in f is observed
with the added aluminium it increases = on
the ‘whole with an increase of aluminium
and the effect of radiation shield ap-

pears. Furthermore comparing the cases of
T,=77 and 4 K, the difference is not so
large. Cunnington  and Tien{[7] - have

obtained $=48 cm~! for the glass bubbles
with no aluminium from the experiments at
T2=77 K and T;=270-350 K and it is equiva=-
lent to this experiment. They have also
done an experiment on the glass bubbles
coated with aluminium and have obtained
the values of $=260-350 cm~!. 1In general,
it is known that § is about 5-500 cm~!

for the insulation ~powder with = low
A
qi=A'(Ti-TH) +8' TR (T, = T,;)

’0:“ @ Perlite F N
t A'=6.8x107 ]
~ - t=2, = -1
3 B'=2.1x10

F © Silica 1
A'=10x10'{3
s L B'=3.0x10 |
[ ol —
- T,=4 K 4
R P<0.1 Pa 4
O Glass bubbles Bls—ﬂ;
A'=8.6x10"2
B'=1.8x10"? ]
C) Glass bubbles B15
0.l + A% 20wt% —
A'=5,7x10"2 1
B'=1.2x10"73 e
sy 1
10 20 40 100 200
AT K

Fig. 6 Relation between heat flux at
inner surface and temperature
difference’
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density[8].

Table 5 shows the values of the con-
tact area rate § which are calculated by
comparing the - coefficient B' with the
second term in right side of Eq. (9) and
by employing Eq.” (10). The values of §
are in the range of 107*-10"3% for all the
specimens. These roughly correspond to &
shown in Table 2. In the case of glass:
bubbles, it is found that §  becomes
smallest at AR 20 wt%, namely contact
conduction -is smallest. Comparing the
cases of T,=77 and 4 K, there is no sig-
nificant difference between them.

4.4 Mean effective thermal -
conductivity of powder

Figures 7-10 show the mean effective
thermal conductivity Adp between tempera-—
tures T, and T, calculated from heat flux

q;. The calculation of Aem was carried
out using the following:
Aen=qindn(z2/ 7))/ (Ti— T3) woeeeeveraeens (11

In Figs. 7-10, Adm: generally do not . so
much increase at small AT since contact
conduction is dominant, but  increase
rapidly with an increasing AT because the
heat flux due to radiation is proportional
to T". As explalned already for the heat

Table 3 Rate of radlatlon contrlbutlon to
" total heat flux

AT K Radiation contribution %
Specimen

T2 K 10 73 150 223 -

77 17 32 51 65

Perlice ¥ 4 0.16 | 7.0 | 27| 48
Glass bubbles | 77 25 44 64 76
B15 4 0.24 | 9.9 36 58

Glass bubbles | 77 18 34 54 68
B15 + A20we? 4 . 0.24 9.9 35 57

. 77 | 4|65 | 80| 88
Silica 4 0.17 | 7.2 | 28| 49

Table 4 Extinction coefficient

for
radiation
- i Temp. | Extinction coefficient § cm™
Specimen
T K | AL 02 5 weZ | 20 weZ | 50 weZ
Perlite F 77 40 | 44 44 60
o 4 36 - - -
" Glass bubbles| 77 32 38 66 68
B15 4 28 - 43 -
Silica’ 7 18 - 27
4 24 - -
Table 5 Effective area rate for contact
' conduction
i Temp. Contact area rate §
Specimen
T, K| A 0% 5 weZ | 20 weZ | S5O wtZ
%107 *10~* x10"* x10~*
Peclite F | 77 |5-6 6.3 " . |s.6 ° |7.8
4 |5.7 - - -
" Glass bub-| 77 |4.1 3.7 3.0 7.4
bles 815 4 4.9 - 3.3 -
17 2.5 - 2.7 -
Silica 4 6.4 - - -
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flux in Figs. 3-6, Adm for the glass bub-
bles and silica decrease with an addition
of aluminium,

Table 6 shows Adm of each specimen in
two cases that the boundary temperature T,
equals 300 K(room temperature) and T,

equals 77 K(liquefied N,) and that T,
equals 77 K and T, equals 4 K(liquefied
He), which are usually encountered in the

cryogenic insulation. From the table, it
is found that Aém are roughly the order of
about 107° W/(m-K) between 300 and 77 K
and about 10™* W/(m+K) between 77 and 4 K.
As these values are compared with that of
a multilayer insulation{9], they are
larger than that by about 1 or 2 power.
However, the powder insulation has often
an advantage because it is thermally iso-
tropic, simpler to install, less expensive
and practically reliable.

5. Conclusions

The heat transport in  insulation
powder evacuated under high vacuum was
investigated experimentally at low temper-
atures and the following results were
obtained.

(1) The heat flux q in the powder
under vacuum can be divided into the terms
of radiation and conduction as shown theo-

retically by Wang and Tien and can be
indicated in  the form of Eq. (8).
(2) When aluminium is added to the
— 0.00|5 l 1 T T 1 I T
’-E‘ - Perlite F
§ O AL 0%
0.00i0 ® AL 5wt? —
£ Q@ AL 20wt%
ov
~ & AL 50wt?
0.0005{ . -
T,=77 K
P<0.1 Pa
o ! L ! [ L
10 20 40 100 200
AT K

Fig. 7 Relation between mean effective
thermal conductivity and tempera-
ture difference

- 0.0015 T T T ——— T
¥E Glass bubbles B15
s O AL 0%
.00CI0O- @ AL 5wty 7]
o§ @ AL 20wt
® AL 50wt
0.0005 -
T,=77 K
P<0.1 Pa
o 1 1] 1 L l L
10 20 40 106 200
AT K

Fig. 8 Relation between mean effective
thermal conductivity and tempera-
ture difference

e

powder, the heat flux in the powder for
the glass bubbles and silica can be de-
creased though that for the perlite can
not be decreased. The effect of the added
aluminium is largest at 20 wt% with the
glass bubbles. }

(3) The radiation contribution to
total heat flux is over about 50 Z at the
hot boundary of room temperature, but is
below several percent at the hot boundary
of very 1low temperatures under 77 K.
Namely, the heat flux in the powder at low
temperatures is caused by contact conduc-
tion rather than by radiation.

(4) The extinction coefficient f for
radiation is about 18-68 cm-! for the
powders employed in the present work. It

Table 6 Mean effective thermal conduc-
tivity of several specimens for
cryogenic insulation

. B d € 430
Specimen o,'f: ;ty T:mz Aem W/(mK) | AL powder
300 77 0.00132 Null
Perlite F 300 77 0.00130 20 we2
77 4 0.00015 Null
300 77 0.00142 Null
Glass bubbles| 300 | 77 | 0.00077 | 20 wez
77 4 0.00017 Null
300 77 0.00193 Null
Silica 300 77 0.00144 20 weZ
77 4 0.00026 Null
_ 000IS T T
%
E Silica
<
= o O AL 0%
00lo} .
07 o as 200tz
E
=11
~<
0.0005 -
Tz =77 K
) P<0.1 Pa
0 1 L L Loa 1 i
10 20 40 100 200
AT K

Fig. 9 Relation between mean effective
thermal conductivity and tempera-
ture difference

0.0006 ‘ 4 ] 1 T ‘
@ Perlite F

O Glass bubbles B15
| Glass bubbles
B15+A% 20wt2

w/(mK)'

00004
& Silica

00002

T2=4K
lP<0.1 Pa
1 L L

40 100 200
AT K

Fig. 10 Relation between mean effective
thermal conductivity and tempera-
ture difference -
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is smallest for the silica and is largest
for the perlite and also increases with an
increasing added aluminium.

(5) The coefficient § to show the

area rate for the contact conduction
between particles is about 107%-10"3 for
all the specimens.
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