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ABSTRACT

The techniques of powder metallurgy have produced porous
variations of the metals copper, steel and nickel. The pro-
posed application of these porous metals in the sweat-cooling
of jet propulsion engines demands an exact knowledge of their
thermal as well a8 their physical properties.

This thesis presents an experimental determination of the
thermal conductivity of copper as a function of porosity, and
an insight into the way this conductivity depends on tempera-
ture.

The experiments were performed on a simplified version
of the apparatus used by the Bureau of Standards for solid
metals. Four copper specimens varying in porosity from 33
to 42 per cent were measured. The results obtained are con-
sistent with those predicted by other investigators from en-
tirely different considerations.

The results are summarized in two graphs. The first
shows temperature versus thermal conductivity. The second
gives thermal conductivity versus porosity. It is shown
that porosity largely determines thermal conductivity while
temperature is distinotly 2 second-order influence. An ana-
lytical expression for the variation of thermal conductivity
with pofosity ig introduced, and general agreement with)fhe

experimental results is noted.
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PART I
INTRODUCTION AND SUMMARY

The thermal conductivity of porous metals is of consi-
derable practical interest in the technique of sweat cooling.
For this reason an experimental determination of the thermal
conductivity of several porous metals was begun at Jet Pro-
pulsion Laboratory. Because of limitations of the edquipment,
only porous copper has been tested up to this time.

This study was performed on an apparatus of the type
used by Van Dusen (Cf. Ref. 1) for measuring the same property
in so0lid metals. The method was to compare two specimens,
one of known conductivity, through which heat flows in series.‘
The specimens were placed in an apparatus hereafter called the
¥gonductometer."

Axial temperature gradients in two cylindrical rods placed
firmly end to end were measured under conditions approaching
thermal equilibrium. When a steady state had been attained,
the heat flux, assuming no radial losses, was the same in both
bars. The conductivity at any point in either bar was inversely
proportional to the temperature gradient at that point. If the
absolute value of the conductivity of the metal of one bar was
known at some temperature within the experimental range, the
thermal conductivity of the other bar could be calculated for
all points at which the temperature gradient had been deter-

mined.



The experiment involved testing four copper specimens
of 232, 28, 39, and 43 per cent porosities, and in addition,
one wrought copper specimen, for the purpose of calibrating

heat losses in the conductometer.



PART II
DESCRIPTION OF THE EQUIPMENT

Elaborate refinement of the apparatus to obtain great pre-
cigion was not attempted. Figure 18 illustrates the conducto-
meter disassembled, while Figure 19 shows the conductometer en-
closed by a transite tube, or shield. This tube serves to con-
tain powdered asbestos lagging. Referring to Figure 18, it is
seen that heat from a controlled source passes through a six-
inch copper specimen, then through a three-inch pure iron sitan-
dard of identical cross section. A diameter of one-half inch
was chosen for both standard and specimen. No attempt was made
to solder the two rods since solder would flow into the spaces
in the matrix of the porous copper. The lower end of the copper
specimen rested on an iron cylinder with a truncated conical top.
This cylinder served to guide the heat into the specimen (Cf.Fig.
20).

The pure iron standard is an integral part of the heat sink,
in which cooling channels were machined. However, the use of
circulating water was abandoned after it was observed that ade-
quate temperature gradients were being obtained with no coolant
flow. 8ix number 28 chromel-alumel thermocouples were fastened
to the copper specimen, and five to the standard, in the follow-
ing manner: the thermocouple wires were first welded together,
then the bead was in;erted in & shallow .040 inch diameter hole,
ind peened to insure good contact. The thermocouples were an

jnch apart on the specimens, and half an inch apart on the stan-

dard. The twenty-two thermocouple leads were passed to a Jones
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strip which was in turn connectéd to an eleven-position rotary
selector switch. Temperatures were read directly on a model
8370 Leeds and Northrup potentiometer which was positioned on
the table to the left of the rotary switch.

A short comparison between the present conductometer and
that used by Van Dusen at the Bureau of Standards might well
be made. The Van Dusen equipment differed chiefly in the num-
ber of refinements.

(1) 1In place of the transite tube there was used a tube
which was stainless steel where it paralleled the specimen
and nickel where it paralleled the standard. The temperature
gradients along this metal fube could be matched to the tem-
perature gradients in the specimen and standard, thus prevent-
ing heat transfer from the specimens to the outside air.

(2) A heat sink using water at constant temperature was
provided.

(3) Although the Van Dusen equipment was rapidly brought
‘up to temperature on alternating current, thermal equilibrium
was maintained on a constant direct current source of electri-
city. The present conductometer used only the laboratory power
source, which fluctuates because of the demands of other pro-

jects at the laboratory.



-

PART III
METHOD OF ANALYSIS

The method of analysis, briefly outlined, was as follows:

(1) The first step was to calibrate the conductometer for
radial heat losses using a wrought copper specimen of known con-
ductivity. The purpose of this calibration is to correct the
slopes of the curves in Figure 3. The curves to be corrected
are labeled Tobs’ observed temperature. Absolute temperature,
in the computation of thermal conductivity, is not significant;
temperature gradient, op per inch, is the important factor.

The lines labeled Tcal in Figure 3 have the correct slope
for the particular value of junction temperature used as a
reference point. The reader should not attempt to wrrelate the
new velues of absolute temperature at each thermocouple with
the observed values. These new values are arbitrary and depend
on which thermocouple is used as a point of reference. The a-
mount of heat loss at each thermocouple on the standard was as-
sumed negligible, since those thermocouples are relatively cool.

Two sets of temperature gradients resulted from this meth-
od, one determined from the potentiometer readings, and the
second computed from the known thermal conductivity of the
wrought copper. By comparing the first group of readings with
the second group, Table I and Figure 3 were consiructed. The
corrections gleaned from Table I and Figure 3 were then consoli-
dated on the conductometer calibration chart, Figure 4. The

calibration chart gives a corrected curve for each run in Fig-

ures 5, 6, 7, and 8. Of each pair of lines, these lines are



to the left and are labeled Ty, -

(2) Another set of graphs, Figures9 through 14, was drawn
giving temperature gradient versus temperature. This resulted
in one curve for each specimen.

(3) The final computations, Tables 8 and 9, involved the

use of Figures 1 and 23, and Figures 9 through 14 to solve the

basic equation Xg [-2—.}'-]0 = Kg [-—H} s for the thermal con-

N
ductivity of porous copper Kg = Kg Zfé%J],.
[5H,
In this equation,
Kg is the thermal conductivity of the iron standard.

Thermal conductivity is defined as the time rate
of transfer of heat by conduction, through unit
thickness, across unit area for unit difference

of temperature. In this experiment, the units are:
BTU sec~1 %gg ol or BTU sec™l in~1 OF L.

These values are conveniently plotted in Figure 1.

is the temperature gradient of the iron standard,

E{b
3
lu |

and is obtained from Figure 9

>
€

[ ] is the temperature gradient of the porous copper

i

spécimen, and is obtained from Figures 11 through
14.



PART IV
EXPERIMENTAL PROCEDURE

The experimental procedure for both the wrought copper cal-
ibration rod and for the porous copper specimens (Cf. Ref. 2)
was identical. The specimen was placed in the conductometer
(Cf. Figure 18) between the heating coil and the standard, in-
suring the best possible contact at all points. The middle sec-
tion of the transite tube was replaced (Cf. Figure 19), powkred
asbestos was poured in, and the top section of the tube was po-
sitioned. The 110 volt power-line was connected through a
micromax to the heating coil. The rheostat on the micromax
was convenient for controlling the power input to the heating
coil. The micromax indicated the temperature of the hottest
thermocouple at all times, but the temperature controlling fa-
cilities of the micromax were not used after it was found that
the switching on and off of the powexr prevented the conducto-
meter from reaching thermal equilibrium.

Four hours were allowed for the system to reach thermal
equilibrium. Actual thermal equilibrium was never attained
because the source of power was under the influence of a vari-
able line voltage caused by the demands of other projects at
the laboratory. At the end of four hours two sets of readings
were taken about fifteen minutes apart, or until the tempera-
ture drift became less than 5°F over the fifteen minute period.
At this time, the thermocouples were read from number one

through number eleven and back again. The average temperature

for each thermocouple was recorded.
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In practice, runs were controlled from the hottest
thermocouple, and, during one installation, six runs starting
at 400, 550, 700, 850, 1000 and 1150°F would be made.

In Figures 3, 5, 6, 7, and 8 there will be noticed a dis-
continuity at the interface or Junction between the specimen
and the standard. This is merely due to high thermal resist-
ance between the two rods, since they are not soldered. How-
ever, each temperature curve above the junction corresponds
to one below. |
| The wrought copper test rod was fabricated from electro-
lytic copper, the purest commercially available, and the value
of thermal conductivity for this type of copper was taken from

Reference 1.



PART V
RESULTS OF EXPERIMENTS

The results of the experiments may be conveniently divided
into two parts; the calibration tests, and the tests on the
porous specimens.

The results of the calibration tests, Table I, conducted
on a wrought copper specimen were transferred to the graph,
Figure 3. The lines labeled T,,g, observed temperature, re-
sulted from the potentiometer readings whereas the lines
labeled Tcal’ calibrated temperature, were calibrated from
the known thermal conductivity of wrought copper, as in Table
I. The necessary corrections are sumnarized in Pigure 4, the
conductometer calibration chart.

The second part of the experiment involved calibrating
the observed readings made on the porous copper specimens.
Both the observed and calibrated temperatures are plotted in

Figures 5, 8, 7, and 8.
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PART VI
ANALYSIS OF RESULTS

The basic law governing heat flow in the steady state 1is

q = KA—%gL' where

is the quantity of heat in BTU
X ig & proportionality constant called the thermal
éonductivity, and is a characteristic property of
the solid through which the heat is flowing, in
BTU sec~l in~1 %p-1,
A is the area through which the heat is flowing, in
square inches.
—%%— is the temperature gradient at a given point in
the body under consideration.
If the area is taken as unity, the law becomes, g= Kg% .
Two features of this law are worthy of special note. First,
the thermal conductivity is, by definition, merely a propor-
tionality constant valid for a particular body under a parti-
cular set of conditions. Secondly, the basic relation in-
volves only the temperature gradient, and not temperature di-

rectly.

The basic law may also be written
Ky (&) = %2 (dT)

Within experimental limits, the temperature gradient varies
so slowly with distance abng the specimen that no appreciable

error is introduced by taking finite lengths as large as one
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inch. Hence the basic law can be written in the following man-

ner, which was the form used for computation

Kl['%lT‘:I R [.ﬁ{_] .
Using this form the computation of the thermal conductivity of
porous copper was made as follows.

Since temperature gradients as a function of temperature
could not be read directly from Figures 3, 5, 6, 7, and 8, sep-
arate graphs of these two functions were drawn. They are pre-
sented in Figures 9 through 14, where the temperature gradients
are given as functions of the junction temperature, TJ. There
is significant scatter in Figure 13, for a specimen of 39 per
cent porosity, but Figure 14, for a specimen of 42 per cent
porosity exhibits more consistency.

To obtain the thermal conductivity of porocus copper for
any porosity tested, it was necessary to solve the basic equa-

tion for Ke:

(2]
Ko = Kg o - B where
AT
[5]
K¢ is the thermal conductivity of the porous copper
specimen, BTU sect in~t °F°l.
Kg is the same property for the iron standard and was

obtained from Figure 1.

4
-3

g

is the temperature gradient for the iron standard

P
o

and was obtained from Figure 9.

is the temperature gradient for the porous copper

| D ]
>
i3
m—— |
o
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specimen and was obtained from one of the Figures
11,12, 13, or 14.

Figure 10 is a presentation, in graphical form of tempera-
ture gradient versus Jjunction temperature for the wrought cop-
per specimen. Here the temperature gradients were first calcu~-
lated from the known conductivity of wrought copper, then read
directly from the graph, Figure 3. The agreement is good.

The results of the above computations were plotted in twe
graphs. Figure 15 presents temperature versus thermal conduc-
tivity with porosity as the parameter. Figure 16 presents
thermal conductivity versus porosity with temperature as the
parameter. The temperature influence was so slight, however,
that no attempt was made to draw a separate line for each tem-
perature. This concluded the experiment.

There are errors of unknown magnitude in this experimental
determination. The reproducibility of these results is believed
better than the absolute accuracy, so that the results obtained
on these specimens, all tested by the same method, are accurate
to about 10 per cent.

A listing of possible sources of error should include the
following:

(1) There was appreciable radial heat loss from both
gpecimen and standard.

(2) The system could not be maintained at thermal equili-
brium bécause of flqctuating power supply.

(3) At higher temperatures it has been shown that the

thermocouples became loosened because of unequal expansion of



the thermocouple metal and the copper. This caused observed
temperatures to be lower than their true values. The serious-
ness of this error can be appreciated by recalling that a tem-
perature gradient was determined as a small difference of two
large numbers. One investigation showed that a one per qent
error in the temperature reading caused a 15 per cent error in
the temperature gradient.

(4) The type of direct reading potentiometer used could
not be read in less than 5OF increments. A potentiometer ac-
curate to 1°F would have been better for the same reason as in
paragraph 3.

(5) The porous specimens of 39 and 43 per cent porosities
contained cracks and discontinuities which undoubtedly disturbed
the heat flow.

To sunm up,‘the precise determination of thermal conductiv-
ity ie very difficult, first because there is available no per-
fect thermal insulator to confine the thermal current to the
path desired, and second because precise measurements of high
temperatures are difficult to obtain.

The best theoretical analysis of the effect of porosity on
thermal conductivity is obtained from a comparison with elec-
trical conductivity. The fact that the ratio, for sclid metals
of thermal conductivity to electrical conductivity is approxi-
mately cpnstant at room temperature was first discovered in
1853 by Wiedemann and Franz (Cf. Ref. 3). However, this ratio
veries considerably with temperature. Years later, Lorentz

(Cf. Ref. 3) showed that by adding a temperature factor to this



ratic, the value should become an universal constant.

The proportionality between thermal conductivity and elec-~
tricel conductivity established long ago for solid metals ap-
pears to hold true for porous metals. Maxwell (Cf. Ref. 4) cal-
culated the electrical conductivity of a structure composed of
spheres of one metal dispersed in another and arrived at an e-

quation which may be written

K, = Koy (8Kp + Koy — Pa(Ka - Kou) where
Ag (%Ry + Koy - BPA(%A - Kou)

KAg is the conductivity of the aggregate, K., and K, are respec-
tively the conductivity of the matrix material and of the dis-
persed phase, and P, is the volume fraction of the dispersed
phase in the mixture. While this relation is exact only for
dispersed particles of spherical shape and for relatively small
values of Py, it gives a reasonable approximation to the experi-
mental results of this thesis.

If we take copper as the matrix and air as the dispersed

phase, the electrical conductivity of the aggregate is

K = X l-P)
Ag CIJ.%I.‘_Z%A)

where the conductivity of the air is essumed negligible. This
agrees generally with the experimental measurements of thermal
conductivity, Figure 17. By modifying this equation, an empir-
ical expression which fits the experimental results better can

be obtained, as in the equation

(1 - Pa)

These results are graphed in Figure 17.
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PART VII
CONCLUSIONS

The experimental study of the thermal conductivity of

porous copper has shown that:

1. The thermal conductivity is a decreasing function
of porosity, fslling off very rapidly for the first few per
cent of porosity, and then leveling off.

Be The influence of temperature on both wrought copper

and porous copper specimens is identical and almost negligible.
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