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FOREWORD
A number of theoretical calculations of hydrogen thermal con-
ductivity at high temperatures have been published, many of which
are in disagreement, especially in the region of dissociation. Until
this investigation, no experimental data existed for equilibrium
dissociated hydrogen. The experimental data used to determine
these properties are recorded in NASA CR-54429, This work was
completed under the technical management of Maynard F. Taylor,

Lewis Research Center, Cleveland, Ohio.
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1. SUMMARY

The thermal conductivity of hydro'gen was determined indirectly from measured
effective thermal conductivities of porous tungsten specimens in a pressurized
hydrogen atmosphere. Measurements were made at pressures of 150, 100, 50,
and 15 psia and at temperatures to 4700°F. A truncated-sphere model was used
to relate the gas and solid heat transfer contributions in the porous structure,
From the model, a relationship is derived which permits determination of the
hydrogen thermal conductivity from the measured effective conductivity of the
hydrogen-filled porous tungsten specimens when the particle contact area is
specified. The particle contact area for each specimen was determined from

its measured effective conductivity in vacuum.,

The effective thermal conductivity of the hydrogen-filled porous tungsten struc-
ture was determined from temperature measurements on the upper circular
surface of the right circular cylindrical specimens heated by radio-frequency
(r-f) induction currents. A numerical analysis of this boundary value problem
was used to relate the measured surface temperature distribution to the axial
temperature gradient at the center of the top surface. This axial temperature
gradient was used to calculate the effective conductivity of the specimen by
equating the heat flux at the center of the top surface to the radiation and natural

convection losses at the same point.



The thermal éonductivity of hydrogen, determined by the above method, compares
- reasonably well .with previous experimental measurements which extend only to
~3600°F. At low temperatures (below 3500°F) the thermal conductivity is inde-
pendent of pressure over the range of pressures examined. At high temperatures
there is a significant variation in the values of thermal conductivity at different
pressures because of dissociation effects, Generally, more dissociation occurs
at lower pressures, therefore the thermal conductivities are higher. This trend
is in agreement with the theoretical predictions. However, the measured thermal

conductivities are higher than those predicted by the theory at temperatures from
3000 to 4700° F. These higher values may be the result of a catalytic action from
tungsten on the dissociation of hydrogen in this temperature range. The magnitude
of any such effect, however, is not known at this time.



2. INTRODUCTION

2.1 BACKGROUND AND PURPOSE OF INVESTIGATION

Considerable work has been done recently on designing nuclear rockets and other
devices which use hydrogen as a coolant or propulsive fluid at high temperatures.
This work has led to a need for reliable data on the transport properties, including
the thermal conductivity, of hydrogen gas at temperatures in the vicinity of 5000°F,
Previously available experimental data on the thermal conductivity extend up to
3000°F. Theoretical calculations! based on intermolecular properties indicate

that at higher temperatures the thermal conductivity of hydrogen rises steeply
with temperature, and is strongly dependent on pressure, even at pressures above

one atmosphere,

The purpose of the present investigation was to measure the thermal conductivity

of hydrogen at temperatures up to 5000°F and pressures up to 150 psia. These

' measurements p'r.ovide independent data for the value of hydrogen thermal con-

ductivity in the range 2000 to 5000°F, and provide a.comparison with the predicted

strong increase at temperatures above 3000°F.

2.2 PROBLEMS IN MEASURING THERMAL CONDUCTIVITIES OF GASES AT
HIGH TEMPERATURES

The usual method of measuring the thermal conductivity of a gas is to measure
the temperature drop through a plane or annular layer of the gas with a known

heat flux through the layer. In this method, two principal sources of error exist:



1. Radiation from solid surface to solid surface across the gas layer

2, Convection of the gas within the layer.

Both of these effects increase the heat flux through a layer with a given tempera-

" ture drop. At low temperature levels, the radiative heat flux is usually small in
comparison with th_e conductive heat flux, so that an approximate correction for
radiation allows good accuracy in determining the conductive heat flux. The effect
of convection also may be minimized by keeping the temperature difference small

and by employing baffles.

At high temperatures, radiation becomes dominant, and small errors in correcting
for this effect may cause large relative errors in determining the conductive heat
flux, Also, it is more difficult to maintain small temperature differences at high
temperature levels, leading to increased errors due to convection. In addition to
these effects, problems involving thermal expansion and mechanical strength of

the enclosing structure become important,

Therefore, reliable measurement of the thermal conductivity of a gas at temper-

atures above 3000°F requires the use of a new experimental method.

2,3 APPROACH TAKEN IN PRESENT PROGRAM

The approach taken in this program is to determine the thermal conductivity of
hydrogen gas indirectly from the measured effective or apparent thermal conduc- -
tivity of a porous tungsten body filled with hydrogen at the desired temperature
and pressure. An analytical model of the structure of the porous body and the
various modes of internal heat transfer, in conjunction with the measured effec-
tive conductivity of the porous body in vacuum, is used to determine the thermal

conductivity of the hydrogen from the measurements on the gas-filled body.

The small scale of the porous structure (initial particle size 0,006 to 0,010 in.)

serves to minimize both radiation and convection within the gas-filled body,



while still being large compared with the mean free path in the gas at an oper-

ating pressure of 150 psia.

Structural problems at high temperatures are eliminated by.freely supporting the
cylindrical test specimen and heating it with r-f induction currents., No direct
contact with the specimen by heating or temperature measuring apparatus is

required,

In this method, developed by Hoch? for measuring the thermal conductivity of a
solid at high temperatures, the specimen is allowed to radiate freely from its

end surfaces. Temperature observations on only one surface by means of an
optical pyrometer, together with appropriate mathematical analysis, are required

to determine the effective conductivity of the specimen.

The determination of the thermal conductivity of hydrogen from the effective con-
ductivity of the gas-filled specimen is based on the analysis of the modes of heat
transfer in a gas-filled porous body, and the use of an analytical model of the

particle shape and arrangement.

The analysis of heat transfer in the porous body, the method of measuring thermal
conductivities, and the experimental apparatus are described in Section 3. The

analysis of the data and the results are presented and discussed in Section 4.




3. TECHNICAL APPROACH

3.1 GENERAL DISCUSSION

The experimental procedure of the present program yields values for the appar-
ent or effective thermal conductivity of the porous tungsten-hydrogen combination.
In order to determine the thermal conductivity of the gas, an analysis is required
to relate the effective conductivity of the solid-gas combination to the individual

conductivities of the solid and gas components.

The development of such an analysis requires an understanding of the various
characteristics of a porous structure and their effects on the different mecha-
nisms of heat transfer within the gas-filled porous body. Once this understanding
has been achieved, it is then possible to develop a simplified physical model of
the porous structure, which will include the important heat-transfer mechanisms

in their proper relationship and will be amenable to simple mathematical analysis.

3.2 HEAT-TRANSFER CHARACTERISTICS OF GAS-FILLED POROUS BODIES

The various heat-transfer mechanisms in gas-filled porous bodies have been
identified and discussed by Yagi and Kunii® and by Kunii and Smith,* who developed
a simplified equivalent physical structure, and a corresponding algebraic expres-
sion for the apparent conductivity in terms of porous-structure parameters and
the conductivities of the solid and gas phases. The following heat-transfer mech-
anisms, shown schematically in Fig. 1, exist in a porous body filled with a stag-

nant gas:
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1,2,3 — Conduction
4,5 — Radiation

Fig. 1 — Heat Transfer Mechanisms in a Gas-Filled Porous
Body



1. Direct solid conduction through areas of actual particle-to-particle con-
tact

2. Direct gas conduction through areas of pore-to-pore communication

3. Series conduction through solid and gas

4, Particle~to-particle radiation across a gas layer

5

. Pore-to-pore radiation bypassing the particles.

Of these mechanisms, 1, 2, 3, and 5 may be considered to be in parallel, and 4 to
be in parallel with the gas part of .3. Once these heat-transfer mechanisms have
been identified and their relationships noted, it is possible to formulate a simpli-
fied physical model of a gas-filled porous body and its resulting heat-transfer
properties. In this model, the three-dimensional heat transfer within the porous
body is reduced to a number of one-dimensional paths, as shown schematically
in Fig. 2, Although the model and the resulting general heat-transfer equation
are one-dimensional, the three-dimensional geometry of the solid particles is
accounted for in determining the relative widths a, 6, and 1-a-6 of the parallel

paths and the relative thicknesses (g and (g of the layers in series.
The equation for the effective conductivity of this simplified model is

1-a-56
ke = Okg + akg + 5 = + afhy,
S

+
,ka £-lfg'l' fhrs
g

in which the radiation effects have been expressed in terms of equivalent heat-
transfer coefficients hpg for surface-to-surface radiation and hyp for pore-to-

pore radiation.

In the above equation, the first term represents the solid conduction, the second
term the gas conduction, the third term the combined effects of series conduction

and particle-to-particle radiation, and the fourth term the pore-to-pore radiation.
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It is convenient to write the equation in dimensionless form and to define Vg = !Zg/ [

to yield
%=6+a£§+ 1—a—61 +aﬂlilrp
(- g) + T S
1 kg fhrg
P ks ks

(1)

This equation helps in understanding the combined heat-transfer properties of a

gas-filled porous body in several ways:

1. It shows the direct effect of solid contact area 6, which is expected to be

significant for highly sintered metallic particles

2, It shows the relation of the two radiation terms to the actual conduction

terms, in particular, the coupling of the particle-to-particle radiation

to conduction through the gas layer

3. By examining the form taken by the equation in vacuum (kg = 0)

.k_3.=5+ 1-a-2b6 +afhrp
kS (1_¢)+ kS kS
& " ¢h
rs

it can be seen that a measurement of the effective conductivity in vacuum

at one particular temperature does not distinguish between solid contact

and internal radiation. Since the equivalent heat-transfer coefficients

for radiation, hrs and hrp, are proportional to the cube of the tempera-

ture level, a series of measurements at different temperature levels

should determine the importance of the radiation terms.

However, the above general equation does not yield explicit information on the in-

fluence of particle shape. The entire effect of conduction in series through solid

and gas layers is included in the unknown parameter Vg which in general is a

10



function of the conductivity ratio kg/ kg; it is a constant only for special particle

shapes.

Therefore, the above simplified physical model and the resulting equation are not
sufficient to determine the heat-transfer characteristics of a gas-filled porous
solid, Additional information is needed, either in the form of a calibration with a
gas of known conductivity, or in the form of knowledge of the actual particle shape.
Of course, a complete description of particle shapes in a real porous solid is not
practicable. However, a reasonable approximation to an average particle shape
should be sufficient to predict the over-all heat-transfer characteristics of the
body.

3.3 PREVIOUSLY USED MODELS OF POROUS STRUCTURES

Several investigators have successfully used simplified models of particle shapes
to predict the effective conductivity of gas-filled porous solids. Deissler and

Eian® considered two specific geometries:

1, Spheres in cubic array (porosity 0.475)

2. Right circular cylinders in square array (porosity 0.215),

The effective conductivities of these two geometries were calculated by means of
simple integrations, based on the assumption that the local heat flux is every-
where parallel to the direction of the over-all temperature gradient (zero lateral
conductivity). These results, and those for the two limiting cases of all solid and
all gas, were then cross-plotted and interpolated to yield predicted effective con-
ductivities for the entire range of porosity (0 to 1), without reference to a specific

geometrical structure at intermediate values of porosity.

The predicted values of effective conductivity were then compared with measured
values for a compacted powder filled with various gases. The agreement between

theory and experiment was reasonably good. Because the material had a porosity

i



of 0.42, the agreement appears to be principally a justification of the spherical

model (porosity 0.475) rather than of the entire analysis.

Gorring and Churchill® performed a similar analysis in which a variable param-
eter in the description of the particle shape allowed adjustment of the porosity.
The particle shape assumed was a body of revolution bounded by a cubic curve.
The variable parameter allowed finite contact, point contact, or a gap in the lateral
direction, but, in the direction of heat transfer, point contact was always assumed.
The results of this analysis were also tested against experiments with a variety

of gas-filled porous materials. Agreement was generally good except for sintered

metallic materials,

Previous work shows that simplified geometrical models of particle shapes have
been successful in predicting the conduction heat transfer properties of gas-filled
porous materials. However, the analyses described do not treat either solid-con-

tact or radiation effects, which must be considered separately.

3.4 TRUNCATED-SPHERE MODEL

Photomicrographs were obtained of the particle structure of a typical porous
specimen., The specimen was vacuum filled with copper to maintain specimen
integrity during polishing. The copper was melted out of the pores prior to the
taking of pictures of the polished and etched surface. A representative picture is
shown in Fig, 3. Examination of the pictures shows that the structure is composed
of randomly distributed particles and pores. These pictures do not provide a pos-
itive basis for establishing a physical model to represent the porous structure.
However, previous investigations have shown that simplified, idealized models of
particle shapes used to predict the effective thermal conductivity of gas-filled
powders result in calculated values which agree reasonably well with measured

values.

12
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Fig. 3 — Photomicrograph of Porous Structure
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A truncated-sphere model was chosen to represent the particle structure of the
porous specimens because of the established success of the spherical-particle
model in handling the effect of gas conductivity on the important series-conduc-
tion mode of heat transfer in gas-filled porous materials. In this model, the local
heat flux is assumed to be everywhere parallel, in a direction normal to the parti-
cle contact area. Measurements of thermal conductivity of porous tungsten in
vacuum show that the results depend on the degree of sintering of adjacent parti-
cles, Since the relative size of the contact area is the only adjustable parameter
in the model, it is chosen to agree with the measured thermal conductivity of the
porous specimen in vacuum. The photomicrographs indicate that a truncated
sphere is a reasonable approximation of the particle structure in the contact re-
gion. The porosity is not considered directly in the model and any error intro-
duced by not accounting for all of the gas volume is small because of the relative-
ly small contribution of the pore-to-pore gas conduction (mode 2) in the over-all

conductivity of the specimen,

The analysis of the effective conductivity of the array of truncated spheres is
given in Appendix I (Section 7). As discussed in Reference 7, the data for the
porous specimens in vacuum do not show any recognizable effect of radiation with
increasing temperatures; therefore, the analysis used includes only the true con-
duction effects (modes 1, 2, and 3 of Section 3.2). The resulting expression for

the effective conductivity is

o batplnd- o] (55

where g is the conductivity ratio kg/ ky. As discussed in the appendix, this ex-
pression involves a slight approximation to the geometry of the porous structure.

The effect of this approximation is shown to be negligible over the entire range of

conductivity ratio S.

14



When 8 = 0 (porous solid in vacuum), Eq. 2 reduces to

This result agrees with the results of experiments in vacuum; i.e., the effective
conductivity of each specimen is a constant fraction of the conductivity of solid
tungsten, and no effect of internal radiation is observed. Therefore, for any par-
ticular porous specimen, the value of the contact parameter 6 can be determined
by means of tests in vacuum. Eq. 2 is then an explicit relation between the con-
ductivity ratios ke/ kg and kg/ kg for all tests with that specimen in any gas at-

mosphere.

The derivation of Eq. 2 is equivalent to determining the parameters a and Vg in
Eq. 1, for the special case of no radiation. The values of these parameters for
the truncated-sphere model may be obtained, from comparison of Eqs. 1 and 2,

as

a,:l—z—-ﬁ
oo 20-p) _ b
& ln-;i— (1-p) 1-8

Eq. 2 is plotted in Fig. 4 for values of specimen contact area 6 covering the en-
tire possible range from 0 to 1. This figure shows the strong effect of contact
area on the effective conductivity of the gas-filled porous solid, and confirms the

necessity of using a model which accounts for the contact area.

15



/NN

0.01

B = ky/k
TNy
SRR
S

6=0] /0.02/0.05 0.1/ O.ZI 0.5

yad

L

0.01 0.1
ko/kg

Fig. 4 — Effective Conductivity for Truncated-Sphere Model

16



—

3.5 DETERMINATION OF THE EFFECTIVE CONDUCTIVITY OF THE
HYDROGEN-FILLED POROUS TUNGSTEN SPECIMENS
The effective conductivity of the hydrogen-filled porous tungsten specimens is de-
termined from the measured temperature distribution on the upper circular sui'-
face of'the cylindrical specimens that are heated by r-f induction currents. A
cross-sectional view of the arrangement is shown in Fig. 5. Since the heat gener-
ation is confined to the outer edge of the specimen, and radiation and natural con-
vection heat losses occur over the entire surface area, a two-dimensional axisym-
metric temperature distribution is established in the specimen. A numerical so-
lution to this boundary value problem is used to relate the radial temperature dif-
ference on the top surface to the axial temperature gradient at the center of the

top surface, as

- (aT _ S
The proportionality factor, S,, is a function of the specimen geometry. A discus-
sion of this analysis is given in Reference 7 which is the report of a concurrent

program to determine tungsten thermal conductivity.

Using the above relationship for the axial temperature gradient, the effective ther-
mal conductivity is determined by equating the heat flux at the center of the top

surface to the radiation and natural convection heat losses at that point, as
SO 4 4
ke g (TR-To) = € 0T} + Qne . (4)

The total hemispherical emittance, €T, and the natural convection heat flux, Q.,
used in this equation are determined experimentally. The proportionality factor,
Sy, is obtained from the analysis in Reference 7. Therefore, the effective conduc-
tivity can be determined at different temperature levels from the temperature

measurements on the top circular surface of the specimen.

17
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Fig, 5 — Specimen Arrangement



3.6 EXPERIMENTAL APPARATUS

The experimental facility used in the effective conductivity measurements consists
of an r-f power unit, a test chamber, atmosphere control, and associated instru-
mentation. The test chamber is a stainless steel bell jar designed to operate in
vacuum or pressurized gas up to 150 psia. The specimen is supported inside the
bell jar by a tripod fabricated from tungsten rods. The specimen is centered in

a single turn, induction heating load coil. A qgartz window, located at the top of

the bell jar, permits viewing the upper circular surface of the specimen.

Temperatures are measured with an optical pyrometer using a front surfaced
mirror attached to the upper window. The pyrometer is mounted on a circular
milling table to permit measurements along perpendicular radii as shown in

Fig. 6. The porous specimen has a mottled appearance when viewed through the
pyrometer because of the difference in effective emittance between the pores and
grains. In all measurements on porous tungsten, the filament in the pyrometer

was matched to the pore brightness,

Commercially available bottled hydrogen was used in these experiments, An oxy-
gen removal unit and a gas drier in the flow circuit further purify the gas before
it enters the test chamber. The test chamber is vented to the atmosphere through
a flame arrester. A Bourdon tube-type pressure gauge is used to measure the

test chamber pressure.

A more detailed description of the apparatus is available in Reference 7.

19
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Test specimen
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Fig. 6 — Location of Temperature Measurements on Test Specimen



4, HYDROGEN THERMAL CONDUCTIVITY MEASUREMENTS

Hydrogen thermal conductivity measurements were made at temperatures from

2000 to 4700°F and at pressures of 150, 100, 50, and 15 psia. The porous tung-

sten specimens used in these experiments were fabricated from 0,006 to 0.01-in,

particles by gravity sintering at temperatures above 4000°F for a sufficiently
long time to insure mechanical stability of the structure. The specimens, listed

in Table 1, had porosities of approximately 0.45 except for the sample, trial

TABLE 1 — POROUS TUNGSTEN
TEST SPECIMENS

pP1
p2
P3
P4
P5

specimen P1, which had a porosity of approximately 0.55. The particle size

Diameter, in.

Height, in,

1.52
1.45
0.975
1.03
0.80

0.538
0.507
0.379
0.302
0.25

used in the specimens represents a compromise between the following conflicting

requirements:

1. The pore size should not be small in comparison with the mean free

path of the gas molecules at the operating temperatures and pressures,

2



2. The dimensions of the structure should be small to reduce temperature
differences between adjacent particles and thereby minimize internal

radiation,

According to an analysis presented by Deissler and Eian,® the first requirement
is satisfied at an operating pressure of 150 psia. The thermal conductivity
measurements of the porous specimens in vacuum’ show that the second require-

ment is satisfied.

In performing the experiments, the system was first evacuated to 10 microns Hg
and the specimen was heated to 2300°F to drive off any residual gases. The sys-
tem was then pressurized and evacuated three times to minimize impurities in
the gas atmosphere., Measurements were made at the highest pressure first. The

bell jar was then vented to obtain data at the lower pressures.

Specimens were heated at constant power for 20 to 30 minutes to achieve steady-
state conditions before making temperature measurements. Two temperature
measurements were made at several locations along each of the three radii on
the upper surface of the specimen as shown in Fig., 6. A typical set of data is

shown in Fig, 7.

A numerical solution to the boundary value problem represented by the induction
heated specimen was obtained with the digital computer code discussed in Refer-
ence 7. This analysis accounted for the experimentally observed finite depth of
heating (0.2 in.) at the outer surface of the porous specimen, and accounted for
radiation and natural convection heat losses from the surface. The results
showed a peak temperature on the top surface at about 0,1-in, from the outer
edge of the specimen. This corresponds to the experimental results. In addition,
the computed temperature distribution on the top surface was found to be para-
bolic in the no heat generation region. This agrees with the data shown in Fig, 7.
These results are similar to these obtained for heating a porous specimen in

vacuum.,7

22



Temperature, °F

Fig. T — Temperature Distribution for 1Y,-in. Porous Tungsten

3200

3100

3000

2900

2800

2700

o] Righi; hand radius

0O Left hand radius [E o

A Perpendicular radius 9’
; O
74 A

?
,A
/
"\Parabolic
distribution
/
L
4
y A
/
/
ef 1
-8 |
i
Edge of ___:
specimen :
| H
0.2 0.4 0.6
Radius, in.

Specimen in Hydrogen (150 psia)

0.8

23



The expression used to calculate the effective thermal conductivity of the gas-solid
specimens is

ke _ €TOT3 + an . (5)

S
_Rl (TR - To)

The temperatures used in the above equation were obtained from a least squares
parabolic curve fitted to the temperature data. The proportionality factors, S,
and the total hemispherical emittances for porous tungsten were those determined
ir Reference 7. The natural convection heat flux was determined experimentally

as discussed in Section 5.

The calculated effective thermal conductivities for one of the specimens in hydro-
gen is shown in Fig. 8. The data show a pronounced increase in effective thermal
conductivity values compared to those obtained with the specimen in a vacuum.
All specimens showed this effect which demonstrates the heat transfer contribu-
tion of the hydrogen to the effective thermal conductivity of the porous structure,
The pressure level also significantly affects the effective thermal conductivities
of the specimens. The higher pressures result in lower effective thermal conduc-

tivity values.

The experimental data and calculated effective thermal conductivities for all speci-
mens are included in Reference 8. These calculated effective thermal conductivi-
ties of the gas-filled porous specimens were used to determine the hydrogen ther-
mal conductivity, The analysis of the truncated sphere model, presented in Sec-
tion 3, results in Eq. 2, relating the gas thermal conductivity to the effective ther-
mal conductivity. For convenience the expression is repeated below, with kg/ks

substituted for 3.
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In the above expression, 0 is the fractional particle contact area which is deter-
mined by the ratio of the specimen’s thermal conductivity in vacuum to solid tung-
sten thermal conductivity., These values and the values of solid tungsten thermal
conductivity are included in Reference 7. The gas thermal conductivity could not
be calculated explicitly from Eq. 2. Consequently, a graphical method using

curves similar to those shown in Fig, 4 was used to obtain final values.

Hydrogen thermal conductivities at pressures of 150, 100, 50, and 15 psia are
shown in Figs. 9, 10, 11, and 12, respectively. The scatter in the data at the
higher pressures resulted from natural convection currents at the specimen
surface which introduced some optical distortions during temperature measure-
ments., These distortions are greatly reduced at the lower gas pressures and
result in considerably less scatter in the data. There is no demonstrable effect
of specimen geometry on the calculated values of hydrogen thermal conductivity;
however, the specimens did not produce the same degree of reproducibility of the
data at 100 psia that was achieved at the other pressures. No logical explanation

of this result has been developed.

Best-fit curves of the data at each pressure are presented in Fig. 13 to show the
effect of pressure on the hydrogen thermal conductivity. It is evident-that the
conductivity is strongly dependent on temperature and pressure above approxi-
mately 3500°F, There is a distinct trend of increasing conductivity with decreasing
pressure.These trends are in agreement with theoretical predictions of hydrogen
thermal conductivity! which account for the dissociation of the hydrogen molecule

at these temperatures and pressures.
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The measured thermal conductivities shown in Fig. 13 are in reasonably good
agreement with previous experimental and theoretical results at 3000°F, At
higher temperatures, the measured values are higher than the theoretical pre-
dictions at 15 and 150 psia. There are no other experimental data available at
these temperatures. The largest uncertainty in the calculated values results
from uncertainties in experimentally determined natural convection heat fluxes.
There is a 50% uncertainty in these measurements. However, the natural convec-
tion represents only a portion of the heat loss from the specimen. A 50% uncer-
tainty in its value produces only a 20% uncertainty in the calculated thermal con-
ductivity at 5000°F, a 27% uncertainty at 4000°F, and a 60% uncertainty at 3000°F,

Even with these uncertainties taken into account, the measured conductivities are
still higher than the theoretical predictions at the higher temperatures. These
higher values may be the result of a catalytic action from tungsten on the dissoci-
ation of hydrogen in this temperature range. The magnitude of any such effect,
however, is not known at this time.
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5. HYDROGEN NATURAL CONVECTION MEASUREMENTS

Natural convection heat fluxes applicable to the porous specimens were deter-
mined from conductivity measurements of similar solid tungsten specimens in
vacuum and pressurized hydrogen atmosphere. The thermal conductivity of
solid tungsten, which was determined in a vacuum, is not affected by the pres-
ence of hydrogen. However, the hydrogen does contribute to the heat loss from
the specimen. The expression for determining the thermal conductivity of solid
tungsten in hydrogen is the same as that given for the porous tungsten specimen
in Section 3, except that in this case the thermal conductivity is known. Conse-
quently, the hydrogen natural convection heat flux can be determined from the

following expression,
Q.=k -S-Q(TR-To)—e oT}
nc S R T

where kg is the thermal conductivity of solid tungsten reported in Reference 7.

The four solid specimens used in these experiments are listed in Table 2. The
experimental procedure and apparatus are the same as described for the porous
tungsten in the preceding sections, Measurements were made at center temper-

atures between 2000 and 4700°F and at pressures of 150, 100, 50, and 15 psia.

The results of these tests are shown in Fig. 14 for all specimens and pressures.

The experimental scatter is such that no separation of the data can be made ac-
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TABLE 2 — SOLID TUNGSTEN
TEST SPECIMENS

Diameter, in, Height, in,
S1 1.52 0.502
S2 1.006 0.504
S3 1.0066 0.356
S4 0.804 0.284

cording to specimen size or pressure level. As a result, the best-fit line shown
in Fig. 14 was used for the calculation of all the porous tungsten conductivities at

different pressure levels.

These results do not agree with natural convection heat fluxes calculated from
the usual empirical correlations using property values at mean temperatures be-
tween the bulk and surface. The empirical correlations predict a significant dif-
ference in heat fluxes for the different pressure levels, and to a lesser extent,
they predict some difference caused by variation in specimen size. Because of
the large temperature difference between specimen surface and bulk temperature,
the empirical correlation may not be valid (especially fqr hydrogen, which disso-
ciates at these high temperatures and thus has strongly temperature dependent

physical properties),

35



6. FEASIBILITY OF EXTENDING METHOD TO OTHER GASES

6.1 GENERAL DISCUSSION

Eq. 2, which relates the gas thermal conductivity to the effective thermal con-
ductivity of the test specimen, is a general expression that, theoretically, can
be applied to any gas-filled porous solid when there is no significant amount of
internal radiation within the porous structure. Experimentally, however, the
gas thermal conductivity is required to be sufficiently large to result in meas-
urable increases in the effective thermal conductivity of the gas-filled porous
structure compared to the effective thermal conductivity of porous spetimens in
vacuum. Fig. 8 shows that this requirement is satisfied for the hydrogen-tung-
sten system used in this investigation. The feasibility of extending this method
of thermal conductivity measurement to other gases, therefore, depends in part
on selecting appropriate gas-solid material combinations. The materialsg, of
course, must be compatible with the gas atmosphere at the temperatures and

pressures of interest.

For gases such as nitrogen and argon, selection of a suitable porous material is
limited because of their low thermal conductivities. The thermal conductivity of
these gases is approximately an order of magnitude lower than that of hydrogen.
Consequently, the porous material must have a proportionately lower effective
thermal conductivity to permit measurements of the contribution which the gas

makes to the effective thermal conductivity of the porous structure in the gas
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atmosphere. Lower effective thermal conductivities of the porous structure can

be achieved by two methods:

1. Increase the porosity of the porous structure for a material such as

tungsten.

2. Select a lower thermal conductivity solid material from which the porous
structure is to be fabricated. In the temperature range of interest
(2000 to 5000°F) ceramics are the only suitable materials which have

sufficiently low values of thermal conductivities,

Both of these methods introduce significant amounts of internal radiation heat
transfer within the porous material at the temperatures of interest. For highly
porous tungsten materials this internal radiation is primarily due to scattering
and pore-to-pore radiation within the porous structure. For the ceramic mate-
rials, some of which become optically transparent at these high temperatures,

the internal radiation heat transfer can be by absorption and transmittance through
the structure, as well as by scattering. These effects are described more fully in

Appendix II.

These radiation heat fluxes and their interaction with the tonduction heat fluxes
must be considered when calculating the temperature distributions within the
specimen, and when relating the gas thermal conductivity to the effective thermal
conductivity of the porous specimen. A basic requirement for extending this
method to other gases, therefore, is the developmeut of analytical models which

adequately account for the internal radiation heat fluxes.

6.2 EXPLORATORY EXPERIMENTS WITH A HIGHLY POROUS TUNGSTEN
SPECIMEN

To provide preliminary evaluations of internal radiation within highly porous ma-~
terials having lower effective thermal conductivities, thermal conductivity meas-

urements were made using a tungsten specimen having a porosity of approximately
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95%, with a pore size on the order of 0.02 to 0.03 in. The highly porous nature of
this ‘“foamed tungsten’’ material is shown in Fig, 15. Specimen dimensions were
1-in, diameter X 0.3-in. high. Measurements were made in vacuum and in hydro-
gen and argon atmospheres at 100 psia. Measured effective thermal conductivities
under these conditions are shown in Fig. 16. The following qualitative conclusions

can be drawn from these data.

1. Effective thermal conductivity values in vacuum show a significant in-
crease with temperature. Values increase by a factor of two over the
temperature range of the measurements. Since the thermal conductivity
of solid tungsten is not a strong function of temperature in this range,
such an increase in the effective thermal conductivity of the specimen

can result only from internal radiation heat fluxes.

2. In argon at 100 psia, no measurable contribution to the effective thermal
conductivity of the specimen results below 3000°F, and only minor con-
tributions result above this temperature. This indicates a requirement
that the test specimen effective thermal conductivity in vacuum must be
lower yet for measurements of the thermal conductivities of gases such

as argon and nitrogen.

3. Hydrogen at 100 psia contributes substantially to the effective thermal
conductivity of the specimen. The internal radiation heat fluxes, how-
ever, do not permit the determination of meaningful values of gas ther-
mal conductivity from the present analytical models (which include con-

duction heat fluxes only).

6.3 EXPLORATORY EXPERIMENTS WITH A CERAMIC TEST SPECIMEN

Consideration of ceramic test specimens introduces the requirement of properly
heating a nonconducting material with r-f induction heating equipment. An experi-

ment was conducted to evaluate a variation in the method used to heat the porous
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Fig. 15 — Photomicrographs of Foamed Tungsten
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and solid tungsten specimens. The variation consisted of heating the vertical sur-
face ofa cylindrical solid ceramic specimen with a radiating susceptor. The ar- -

rangement for heating the specimen is shown in Fig. 17.

Cylindrical test
O specimen O
P
o l o
Tungsten r-f )
radiating induction
susceptor coil

Fig. 17 — Test Setup for Ceramic Specimen

Measurements were made in vacuum at 2300°F. A 1Y%,-in. diameter tungsten cyl-
inder, 0.5 in. long, having a wall thickness approximately 0.040 in., was used as
the susceptor. This cylinder was on hand from a previous experiment and did not

provide optimal view factors between the susceptor and specimen surfaces.

The test specimen was a high density (5.7 g/cc) zirconia cylinder, 0,75-in. diam-
eter X 0,375-in, high, The specimen was obtained from the Zirconium Corpora-
tion of America and is identified by the trade name Zircoa 1027. Representative

thermal properties for this material are:*

1. Total emittance e (at 2760°R): 0.27 (extrapolated — no data above 2000°R)
2. Thermal conductivity = 1.6 Btu/hr-ft-°F (corrected for a density of

5.7 g/cc)
3. Spectral emittance €) = 0.4,

*Taken from WADC-TR-58-476.
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The measurement resulted in a value of 1,74 Btu/hr-ft-°F for the thermal conduc-
tivity of the specimen, which is in reasonable agreement with the value listed
above. Following the measurements, a very thin grayish deposit was observed on
the surface of the specimen. What effect this may have had on the emittances of
the specimen is difficult to estimate, but it may account for the somewhat higher

thermal conductivity value obtained.

6.4 HELIUM THERMAL CONDUCTIVITY MEASUREMENTS

Previous measurements of the thermal conductivity of helium (reported in Refer -
ence 9) indicate that at temperatures in the vicinity of 3000°F the values are suf-
ficiently high to permit measurements by the same method used for the hydrogen
thermal conductivity determinations. Measurements of helium thermal conduc-
tivity were made at 100 and 150 psia, from 2000 to 4500°F, following the same
procedures used in the hydrogen experiments. The results of these measure-
ments are shown in Fig. 18. At temperatures up to about 3000°F the results are
in fair agreement with those reported in Reference 9. Above this temperature,
however, the values are higher than those that might be expected from an extrapo-
lation of the existing data. There are no published experimental data with which

to compare these values at temperatures above 3000°F,

6.5 CONCLUSIONS

From the exploratory experiments previously described and the preliminary
evaluations of simultaneous conduction and radiation heat transfer discussed in
Appendix II, the following conclusions have been drawn concerning the feasibility

of extending this- method of thermal conductivity measurement to other gases:

1. New analytical models which relate gas and effective thermal conductiv-
ities and which give the temperature distribution within the specimen
must be developed. These new models must consider both conduction

and radiation heat fluxes, and must be for a cylindrical geometry,
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2.

The optical and thermal properties of ceramic materials must be deter-~
mined in the temperature range of interest. A limited amount of infor-
mation on these properties exists for a few materials, but no data exist

at the temperature range 3000 to 5000°F.

A radiating susceptor provides the desired heating at the cylindrical

surface of a nonconducting ceramic test specimen.

The analytical models and porous tungsten test specimens used in deter-
mining hydrogen thermal conductivities result in reasonable thermal con-
ductivity measurements for a gas such as helium whose value of thermal

conductivity is of the same order as that of hydrogen.
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7. APPENDIXES

7.1 APPENDIX I - ANALYSIS OF TRUNCATED-SPHERE MODEL*

7.1.1 Derivation of Effective Conductivity Equation

Because of symmetry and the absence of a particle-size effect, the effective con-
ductivity of a cubic array of truncated spheres may be calculated by considering
1/8 of a particle within a unit cube. Applying unit temperature difference makes
the effective conductivity equal to the total rate of heat transfer through the cube,
This volume is divided into three regions (I — Solid Conduction, Il — Series Conduc-
tion, and I — Gas Conduction) as shown in two views in Fig. 19. This figure also
shows the differential element of volume used in the integration for the series-

conduction region (II).

From the figure it is clear that the radius of contact r is related to the relative

contact area 6 by

(o]
i
INE]

and that the radius of the sphere R is

R=vV1ir?

*Taken from UNC-5082.
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Region I — Solid Conduction

™

ql=41‘2ks=5ks

Region II — Series Conduction

r<x<1:qu=%kg X dx
1- (1-pWRZ-%7
m -1 xdx
1<x<R:dqy= E—Ztan Vxi-1 kg
1- (1-8) VRZ-x?

. ”kg x dx . R(%—Ztan'1\/x5-1)xdx
o==
2 | 1--p VRR . 1- (1-8) VRE= R

(6)

This term can be evaluated with only a slight error by neglecting the quantity

2 tan~! Vx?-1, i.e., by extending the integration through the shaded region outside
the unit cube as though the sphere were not truncated at the side contacts. Be-
cause of the three-dimensional geometry, the excess volume included is very
small; furthermore, the thickness of the gas layer is greatest in this region, so
that the error incurred is very small except for a gas with extremely high con-

ductivity, The heat flux in Region II is then given by the integral

R

T xdx

an =3 f (7)
z ' r 1-(1-p) VRI-%Z

which can be evaluated by making the substitution u = VR2- x? to yield the form

T udu T 1 1 1
qn=§kgf0 5 lnﬁ‘m] ®
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It is interesting to note that this result is exac_tly the same as that obtained by
Deissler and Eian® for the series-conduction region of untruncated spheres.
Mathematically, the definite integral (Eq. 7) is independent of the value lof R, al-~
though it appears in both the integrand and the limits of integration. Physically,
this result means that the combined effects of gas-layer thickness and circum-
ference are the same in moving from the contact point to the outer limit for the
two cases. Thus, both models show basically the same effect of increasing gas

conductivity on the effective conductivity.

Region I — Gas Conduction

V2
- T -1 [x2_
daypy = kg A (2+2tan X 1) xdx
This term is small, except when the gas conductivity is extremely high. Rather
than evaluate the integral, an approximation is used which compensates exactly
for the error incurred in Region II at the limiting condition where kg/kS =1, and
partially compensates for it at intermediate values of kg/ kg. This approximation

is
i
g = <1‘:1"‘6) ko

which is equivalent to subtracting the contact area, 6, from the gas area, 1 - 7/4,

of the case where 6 = 0,

Total Effective Conductivity

Adding the heat fluxes through the three regions, and nondimensionalizing, yields

the expression for the effective conductivity of a cubic array of truncated spheres

ke T B 1 T
E?“':z‘n—-m‘z[l“ﬁ‘“"*’]* (1-3-9)¢ )
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7.1.2 Estimation of Error inﬁCalculation of Series-Conduction Term

The series-conduction term giveh in Eq. 9 is too large by the amount

2 fR (tan-! vX2-1) xdx
1 1- (1-B)VRZ-%?

Making the substitution u = VR?~ x* and the small-angle approximation
tan™! Vx2-1 = vx2-1 yields the form

9 r Vri-u? udu
A 1-(1-pu

0
The maximum value of r for the porous specimens considered is approximately
0.4. Therefore, the range of values of the denominator of the integrand is 0.6 to
1.0 for g8 = 0, and less for 8 > 0. The magnitude of the error term, which is al-
ways small, can be estimated with sufficient accuracy by setting the variable, u,
in the denominator equal to its average value, r/2, allowing the integral to be

evaluated:

r 2
_Br3
28 3
—— mudu=————-—;
1- -3 J, 1-(1-p) 3

Evaluation for r = 0.4, g8 = 0,01

% (0.01)(0.4)3

- 0.90)(0.4) - 0.000532

2

Correction term
1

Uncorrected value 0,05785

0.000532

o.05785 < 1P

Relative error
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Evaluation for r = 0.4, g = 0.1

2
§) (0.1)(0.4)3

(0.9)(0.4)
-

Correction term = 0,00521

1

Uncorrected value 0,2722

0.00521

Relative error 02793

< 2%.

At higher values of B, the correction term increases, but it is partly compen-

sated for by the term for Region III; the total error decreases to zeroat g = 1,

7.2 APPENDIX I - HEAT TRANSFER BY SIMULTANEQUS CONDUCTION AND
RADIATION

7.2.1 Introduction

Some knowledge of heat transfer by simultaneous conduction and radiation is
necessary in evaluating the feasibility of extending to other gases the method of
measuring thermal conductivity used in this program. The use of highly porous
refractory metal and ceramic test specimens introduces significant radiation heat
fluxes within the specimen. These radiation heat fluxes must be considered in re-
lation to the conduction heat fluxes to define accurately temperature distributions
within the specimen and to relate gas thermal conductivity to the effective ther-

mal conductivity of the test specimen,

The development of analytical models in the proper geometries which accurately
describe these simultaneous heat fluxes is beyond the scope of the present pro-
gram, However, a study has been conducted to provide information for qualitative

evaluations.
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7.2.2 Background

Recent developments in advanced designs for gas-cooled nuclear reactors for
space propulsion, solid-fueled, high power intensity nuclear reactors, hypersonic
flight, etc. have aroused interest in heat transfer phenomena at very high temper-
atures. This new temperature regime brings to the fore considerations of heat
transfer by radiation, Heretofore, the relative magnitudes of the heat transfer
modes allo_wed neglect of radiation in the presence of transfer by conduction and
convection. In furnaces and combustion chambers where that approach was not
possible the solutions have been empirical. The solutions were made with mini-
mal phenomenological theory and, in turn, with neglect of conduction and convec-
tion. In those cases where the heat transfer mechanisms were considered simul-
taneously, they were usually simply added. This is a gross approximation proce-

dure that takes no account of the interactions and nonlinearities of the phenomena.

The equations of conduction and convection are differential equations, usually
linearized by assumption of relative constancy of transport properties, boundary
layer theories, etc. Radiation problems are usually formulated with integral
equations and involve essential nonlinearities due to power functions of the tem-
perature. Simultaneous conduction and radiation processes involve nonlinear

integro-differential equations that have been solved for only a few particular cases.

The general approaches to these problems, as discussed by Oppenheim,!® are the
accounting, network, and calculus methods. The first two give net heat fluxes but
do not give temperature distributions. Temperature distributions are needed to
examine the influence of transport properties and the relative importance of the
simultaneous radiative and conductive heat fluxes. A qualitative description of the
temperature distributions resulting from combined radiation and conduction heat

fluxes within porous materials is given in the following sections.
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7.2.3 Simultaneous Radiation and Conduction in an AbSOrbing Medium

This case is applicable to a high temperature solid through which heat is being
transmitted. Even though the absorptivity for radiation may be high, and the
thicknesses of solid may be appreciable, the radiation fluxes grow with the fourth
power of the absolute temperature and may become even greater than the conduc-
tion fluxes. In atomic power fuel elements involving ceramic materials at tem-
peratures near their melting points, radiation fluxes and their interaction with

conduction must be considered in calculating temperature distributions,

The results of an analysis by Viskanta and Grosh!! demonstrate these interac-
tions. The analysis assumed an isotropic, homogeneous medium at rest, which
absorbed and emitted thermal radiﬁtion. The thermal conductivity and absorption
coefficient were assumed to be constant. A one-dimensional geometry, such as
the space between two parallel infinite planes, was assumed, and the system was

considered to be at a steady state.

Using the above assumptions, the following expression was derived for the heat
transfer through a slab of thickness, x.
@ = X (- Tp) + 2{pO)|-eEyry) 4 L Eylr)- o+
x~ 1o T/ 280/ + T BalTo) = 32

1 1 1 €']:‘ 4
+ p(’To)[‘- ;; E4(To)— 5 + 37_0] + T O'Tx +
To
+ 0 f n’[(1- eq) By (14-7)] +
0

+ -;13 [E; (1o~ 7') - Fg(7)] T* d 'r'} (10)

A rigorous solution of this relatively simple energy equation is seen to be ex-

tremely difficult. It is evident from an inspection of the expression, however,
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that the presence of thermal radiation changes the temperature distribution by
the introduction of fourth-power temperature terms. It is also evident that the
heat flux due to conduction is augmented by these radiation terms. The optical
and thermal properties of the material determine the amount of radiation heat
flux added and the degree to which the temperature distribution is affected. Klein!?
presents qualitative descriptions of how the effective thermal conductivity of a

porous material is affected by these internal radiation heat fluxes.

Using a model of many parallel infinite layers for the porous material, he de-
scribes the two cases shown in Fig. 20, The illustrations show typical tempera-
ture distributions and the points of origin and absorption of the radiation rays for
a large optical thickness material and for an intermediate optical thickness mate-

rial,

The large optical thickness material is characterized by negligible surface effects,
i.e., radiation does not penetrate the surface of the solid material. Since these
surface effects are negligible, the temperature drop across the solid is a function
of the amount of solid, and increasing the number of spaces by making the layers
thinner (while keeping the same porosity) will not change the total temperature
drop across the solid. However, it will increase the nuniber of spaces. Since
these spaces are thermal resistances, increasing the number of pores will de-
crease the effective thermal conductivity, The effect is analogous to that of using
radiation shields in a given distance to decrease radiant heat losses. If enough
shields are included, radiation losses are essentially eliminated. This was ob-
served to be the case for the porous tungsten specimens used in the hydrogen

measurements.

Intermediate optical thickness materials represent the most important case in
evaluating the feasibility of extending this method of gas thermal conductivity

measurement to other gases. Most ceramic materials fall in this intermediate

53



54

___ [
J N 3
¢ N3 3

Radiation paths

<— Temperature

~—————— Targe optical thickness

==

N 3 i

? N RILR!
RENNER

<— Temperature Radiation paths

- Intermediate optical thickness

Fig. 20 — Heat Transfer Through Layers



optical range. The effective thermal conductivities of these porous ceramic ma-
terials still depend on the thickness of the layers and number of spaces. However,
surface effects are no longer negligible and significant amounts of radiation pene-
trate the surfaces and are absorbed within the solid ceramic material, resulting
in nonlinear temperature distributions within the material. This condition is of
importance in establishing the desired value for the effective thermal conductivity
of a porous ceramic specimen. As particle size decreases, expected decreases

in the effective thermal conductivity are offset by the decreased optical thickness

which allows radiation to pass through the structure.

7.2.4 Simultaneous Radiation and Conduction in an Absorbing and Scattering Me-
dium

In addition to the radiation and conduction heat transfer mechanisms in an absorb-
ing material, gray, porous materials infroduce a scattering mechanism for trans-
ferring the radiant energy. An analysis by Viskanta!® resulted in the following
expression for the temperature distribution in a flat slab, gray body, porous ra-
diating material

2
SN -w)[o) - o 0] (1)

If radiation is absent, N = 0. If the media does not absorb, but only scatters,

wy = 1.0, the temperature varies linearly from one surface to the other. For
these conditions the conduction heat transfer is independent of radiation and the
total heat transfer is additive for the two modes. However, porous ceramic ma-
terials may be expected to absorb and to scatter radiation energy, and a nonlinear

distribution will result.

7.2.5 Conclusions

The above discussions indicate that an accurate understanding of the relation be-

tween simultaneous radiation and conduction heat transfer requires a knowledge
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of the optical and thermal properties of the materials at the temperatures of inter-
est. Chen and Churchill* have made measurements of the scattering and absorp-
tion coefficients of isothermal beds of spheres of glass, aluminum oxide, steel,

and silicon carbide at temperatures from 800 to 2000°F. Klein'? has measured
absorption and scattering coefficients for powdered zirconia at temperatures up

to 3000°F. The results of these measurements indicate that scattering is a major
mechanism for the attenuation of radiation, and that the value of the scattering co-
efficient is a strong function of particle size. For example, Chen and Churchill
report a scattering coefficient of 350 ft™! for polished carbon steel spheres, 1/8-in.
to 3/10-in. in diameter. Klein reports values 10 times greater for the scattering

coefficients of powdered zirconia of particle sizes 0.003 to 0.020 mils in diameter.

No known measurements of the optical properties of any material above 3000°F

exist.
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8. NOMENCLATURE

Fractional cross section of gas phase

Equivalent heat-transfer coefficient, pore-to-pore radiation
Equivalent heat-transfer coefficient, surface-to-surface radiation
Thermal conductivity

Length of conduction path

Half-length of porous specimen

Heat flux to convection

Radial coordinate

Radius to inner edge of heated layer

Proportionality factor

Absolute temperature

Axial coordinate

Ratio of gas thermal conductivity to solid thermal conductivity
Fractional contact area of solid phase

Total hemispherical emittance

Spectral emittance

Stefan-Boltzmann radiation constant

Relative length of conduction path

Heat transfer per unit area

Radiosity, radiant energy leaving a surface

Net radiative emission per unit volume
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T Optical thickness

n Refractive index

g Dimensionless temperature

N Ratio of conductive to radiétive heat fluxes
Wy Albedo for single scattering

(1) Dimensionless incident radiation

Subscripts

e Effective

g Gas phase
0 Center

s Solid phase
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