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Effective Thermal Conductivity of Sintered Heat Pipe Wicks

G. P. Peterson* and L. S. Fletcherf
Mechanical Engineering Department, Texas A & M University, College Station, Texas

The effective thermal conductivity of sintered metal materials similar to these used in heat pipe wicks has been
investigated. Experimental tests were conducted using both sintered Nickel 200 and sintered copper powders over a
temperature range of 25°C to 100°C. Data were obtained for samples with several porosities in both dry and
water-saturated conditions. The effective thermal conductivity of the sintered materials was found to be a function of
the thermal conductivity of the solid material from which the sintered metal was made, the porosity, the mean sample
temperature, and whether the material was dry or saturated. The results of the experimental investigation are
presented and compared with the experimental results and analytical solutions of other investigators.
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= thermal conductivity of the liquid
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Introduction

N a heat pipe, the effective capillary pore radius of the wick

structure determines the capillary pumping capability and
hence, the overall heat transport capacity. Reductions in the
capillary radius may increase the capillary pumping pressure,
but at the same time may also increase the axial pressure gradi-
ent due to a reduction in the wick permeability.

A number of different types of wicking structures have been
developed and tested over the past twenty years. Wick struc-
tures made of layers of wire screen or metal felt, axial and/or
circumferential grooves, and sintered wicks are all commonly
used in various types of heat pipes.! Sintered heat pipe wicks,
which are normally made from some type of sintered metal
fiber or powder, have an effective capillary pore radius signifi-
cantly smaller than either wrapped screen or axially grooved
heat pipes, and as a result have seen limited use due to the
increased axial pressure gradient.? The recent development of
several innovative heat pipe designs, which allow axial and
radial liquid flow to occur independently, have made the use of
sintered wicks increasingly attractive. Sintered wicks, when
combined with one of these new designs, offer a means by
which the capillary pumping capability can be increased with-
out increasing the axial pressure gradient.’?
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Of equal importance in heat pipe wicks is the temperature
drop occurring between the outside surface of the heat pipe
casing and the liquid meniscus formed at the liquid-vapor in-
terface.* In this area, sintered materials offer two significant
advantages over the other wick structures mentioned previ-
ously. First, the effective thermal conductivity of the sintered
material, which is normally defined as the ratio of the total heat
flux to the average temperature gradient, is much higher than
that occurring in other types of wicks. Second, since the mate-
rial comprising the wick is sintered directly to the interior of the
heat pipe casing, the thermal contact resistance is greatly re-
duced. This decreased contact resistance, along with the rela-
tively high thermal conductivity of the sintered materials,
results in a decrease in the temperature drop occurring between
the outside of the heat pipe case and the liquid-vapor interface.
Consequently, higher evaporator heat fluxes can be attained,
prior to the onset of nucleate boiling in the wick.’

Because of the increased utilization of sintered materials for
heat pipe wicks and the significance of the effective thermal
conductivity on heat pipe operation, a review of both the ex-
perimental and analytical work involving the effective thermal
conductivity of sintered materials was conducted. Based upon
this review, it was apparent that additional experimental data
are necessary, particularly in the area of sintered metal pow-
ders. Hence, an experimental investigation was undertaken to
obtain test data for use in evaluating the existing models.

Literature Review

Sintered metal materials may be divided into two major cat-
egories, sintered metal fibers and sintered metal powders.
Within these two categories, different material densities are
subdivided according to the porosity of the sintered material, ¢,
which is defined by the following relationship

e=1=(pu/py) (D

The simplest analytical configurations used to model the
effective thermal conductivity of these materials take into ac-
count the material porosity, but do not differentiate between
the sintered fiber and the sintered powder materials. In these
models, the solid and liquid phases are assumed to be either in
pure series or parallel in which cases the effective thermal con-
ductivity may be written as
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or
k.= ¢k, + (1 — &)k, 3

respectively.

These two equations provide an upper limit in the case of the
parallel approximation, and a lower limit in the case of the
series approximation.® However, neither solution. appears to
provide an accurate method for predicting the effective thermal
conductivity of saturated sintered materials. An excellent sum-
mary of other general analytical methods for determining the
thermal conductivity of sintered materials is presented by
Alexander.’

Sintered Metal Fiber Wicks

The effective therinal conductivity of sintered metal fiber
materials has been investigated by a number of individuals,
with a majority of the work having been concerned with the
conductivity along rather than across the fibers. The previous
analytical work, once assimilated and compared, can be con-
dénsed into a set of six separate solutions, three of which are
exact analytical solutions and three of which are empirical in
nature. .

At the turn of the century, Rayleigh® developed a series
solution for computing the effective thermal conductivity of a
square array of uniformly sized cylinders using potential
theory.

2¢
=1- 4
s 0.036e* 0.0134¢® 4)
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where f=(1-v)/(1 +v)and v =k, /k,. )

Maxwell® has presented an expression for a random distribu-
tion of cylinders far enough apart, that no interference occurs
between the cylinders. This expression,

ral ey
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is identical to Eq. (4) except that the &¢* and higher terms, which
compensate for the interrelational effects of the cylinders, have
been omitted. In addition to these two expressions, Deissler
developed an expression for the heterogeneous conductivity of
square and triangular arrays of cylinders in point contact using
a relaxation technique.!® More recently, experimental work
performed by Soliman et al.,!! Singh et al.,'*> and Alexander’
have produced empirical expressions for predicting the effec-
tive thermal conductivity of water-saturated sintered metal
fiber materials in the direction of the fibers.
These expressions are respectively,

k
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where b = 20./k, [k,
and
kg (1 -8
"= k(k‘) ®)

where the exponent « is 0.34 for fiber or felt metal wicks. All
three of these expressions are based upon limited amounts of
experimental data, with at most four data points available for
each one.
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Figures 1 and 2 illustrate the relationships that exist between
the parallel model and the empirical prediction correlations
developed by Soliman et al.,'! Sihgh et al.,’? and Alexander.”
Also shown are the experimental values obtained by each of
these investigators. -

As mentioned previously, the parallel approximation pro-
vides an upper bound for the effective thermal conductivity,
and greatly overestimates the experimental values obtaincd for
a given porosity. Maxwell’s method, Eq. (5), falls below the
values obtained using the parallel model, but still overestimates
the results of the existing experimental work.

As shown in Fig. 1, there is considerable variation in the
experiinental values obtained for the thermal conductivity, by
the different investigators, particularly at porosities slightly
higher than 80%. This variation has, in the case of the Singh
and Soliman data, been attributed to variations in the test
apparatus and the experimental procedures used.!? In compar-
ing the experimental results of Soliman et al.!! with the empir-
ical expression developed by Singh et al.'? for the Nickel 200
case, it can be seen that the data falls within 10%. No data is
presented by Soliman et al.!! for the case of sintered copper
fiber materials along the fibers. The correlation developed by
Alexander” is slightly higher than the experimental data for
Nickel 200, and low for the available copper data, but overall
it yields values within 20% of those measured.

In reviewing all of the experimental and empirical relation-
ships developed thus far for sintered metal fiber materials, it is
apparent that the correlation developed by Alexander’ consis-
tently yields the most accurate values.

Sintered Metal Powder Wici(s

The analytical techniques used to develop expressions for the
effective thermal conductivity of sintered metal powders are
similar to those used for sintered metal fiber materials. Rei-
mann'® derived an exact solution for a cubic array of truncated

spheres as
k R 1 2R\!
—e=<—++fn—> (9)
rom r

where R is the radius of the spherical powdered particles and »
is the contact radius. This expression assumes that the radius of
the points of contact are small and known. In situations where
the size of these contact points is not known, they can be
estimated from a material balance as

fer=gr -6 - ) o

The combination of Egs. (9) and (10) have been shown pre-
viously to average approximately 20% higher than experimen-
tal values for bronze, sandstone, and limestone.? As was the
case with sintered metal fiber materials, Maxwell® has devel-
oped an expression for a regular array of uniformly sized
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Fig. 1 Comparison of experimental and analytical results for water-
saturated, sintered Nickel 200 fiber wicks.
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spheres as,

E=2+v—26(1—v) an
ki 2+v+e(l—v)
More recently, Dul’nev'* developed an analytical solution to
determine the thermal conductivity of disperse systems having
interconnected pores and pure unidirectional conduction.

k, cé—{—v(l — )2+ 2ve(l —¢)

e 12
k, 1—c(1—v) (12)
where
oo XNO05 =) (13)
1+ (x/(0.5—x))
and x is found from
1—
43— 3x24— =0 (14)

4

which yields two positive real values, the larger of which should
be used. Although this solution was developed for disperse
systems, it has been used by both Soliman et al."' and Singh et
al.!? to predict the effective thermal conductivity of sintered
metal fiber materials and in some cases was reasonably accu-
rate. Finally, Alexander” used the same expression developed
for sintered fibrous materials, Eq. (8), for sintered powders,
but substituted a value of 0.53 for the exponent a.

Experimental Investigation

Experimental Test Facility

The experimental facilities used in this investigation, along
with the details of the facility construction, operation, and
accurdcy, have been reported previously by Miller and
Fletcher.!® The apparatus which is shown in Fig. 3, consisted of
a horizontal column composed of a heat source, the two metal
test fixtures, the sintered wick specimen, and a heat sink. The
test fixtures and wick specimen were arranged so that a cylinder
of the sintered material was “sandwiched” between the two
metal test fixtures and encased in a Teflon tube. The heat
source was a 300-W band heater attached to one of the test
fixtures. To eliminate axial heat losses in the test fixture, radia-
tion shield heaters were attached to both ends of the test
column. Radial heat losses were monitored by a thermocouple
on the surface of each of the test fixtures and losses from the
test fixtures and test specimen were minimized by placing radi-
ation shields, made of high emissivity, low absorptivity mate-
rial and asbestos, around the test column. In addition, a 200-W
radiation shield heater was placed around the high temperature
end of the test fixture, outside of the radiation shield.
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Fig. 2 Comparison of experimental and analytical results for water-
saturated, sintered copper fiber wicks.
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Fig. 3 Experimental test apparatus.
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To determine the thermal conductivity of the test specimen,
three chromel-alumel (AWG-30) thermocouples were located
along the centerline of each of the two test fixtures, 1.27 cm
apart. Three additional thermocouples were located along the
centerline of each of the test specimens, 0.635 cm apart. The
thermocouples were secured in the holes (No. 56 drill) with a
metal filled epoxy. Using the temperatures obtained from these
thermocouples and the known thermal conductivity of the test
fixtures, the heat flux through the test column could be deter-
mined as shown in Fig. 4. With the heat flux and the tempera-
ture distribution known, the effective thermal conductivity of
the test specimen could be determined. Because of the low
thermal conductivity and the small cross-sectional area, the
heat conducted through the Teflon sleeve was considered
negligible.

The thermal conductivity tests were conducted in a vacuum
environment to eliminate the conduction and convection losses
to the surrounding air and also to eliminate the effects of any
interstitial fluids on the thermal conductivity. A vacuum of
1.33 x 1073 N/m? was maintained using a General Scientific
model D500 roughing pump in series with an NRC VHJ-6 oil
diffusion pump. A 46 x 76 cm Pyrex bell jar was used to encase
the test facility. Four NRC model 531 thermocouple gauges, in
conjunction with two Bayard-Alpert ionization gauge tubes
and an ion gauge controller, were used to monitor the vacuuin
quality.

Experimental Procedure

Six test specimens, three each of Nickel 200 and Copper
C102 sintered powders were machined to the correct dimen-
sions on a lathe without the use of coolants or lubricants.
Because most conventional cutting operations result in some
degradation of the cut surface, usually in the form of a bur-
nished or densified region along the edge, each of the machined
surfaces were examined and photographed under a microscope
as shown in Fig. 5. After examining these photomicrographs, it
was apparent that the densified region was confined to a very
small area near the cut edge and therefore, the effects of the
machining process on the porosity measurements could be con-
sidered negligible.!®

After the samples had been prepared, the porosity was mea-
sured using the density method.!” Using the known density of
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Fig. 5 Photomicrograph of a sintered powder specimen.
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Fig. 6 Effect of temperature on the effective thermal conductivity of
sintered Nickel 200 powder wicks.

the sintered powder, and the measured bulk density, the poros-
ity could be determined from Eq. (1). Table 1 lists the results of
these porosity measurements along with the other important
parameters for each of the test specimens. With the exception
of the porosity, all of the data listed in Table 1 were provided
by the sintered material manufacturer.

Tests to determine the effective thermal conductivity of the
test specimens with no interstitial gases present were conducted
first, in order to eliminate the effects of any deposits which
might be left from the saturated tests. For thése dry tests, the
fixtures were cleaned with acetone and assembled. The air
present in the pores of the sintered material was allowed to
escape through a vent hole in the Teflon sleeve, once the sample
had been installed in the vacuum facility. In the saturated tests,
the wick was soaked in distilled water to ensure that it was fully
wetted and then the test fixtures were assembled with the excess
water flowing out of the sintered material through the vent hole
in the Teflon sleeve. After the test column was fully assembled,
the vent hole was sealed using an epoxy cement.

Once the test specimen and test fixtures had been instru-
mented and installed in the test facility, the radiation shields
were put in place and the system was pumped down to a vac-
uum of 1.33 x 1073 N/m?2. After outgassing, the test specimens
were raised to the desired temperature by adjusting the heater
controls. Data were taken over a temperature range of 25°C to
100°C, which is within the normal operating range for heat
pipes using water as the working fluid. To ensure that a steady-
state condition had been achieved, data were taken when the
temperature did not vary more than 0.5°C over a 45-min inter-
val. This steady-state procedure took approximately 12 h.

Results and Discussion

Tests were conducted with each of the test specimens to
determine what effect variations in the mean specimen temper-
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Table 1 Wick samples and their pmperties

Mesh Pore )
Wick range® Permeability? radius® Porosity?
Ni 200 60/80 1.2x1077cm?  0.0034 cm 69%
Ni 200 80/150 1.5x10~7cm?  0.0034 cm 43%
Ni 200 250/325 20x10~7cm?  0.0035cm 64%
CuC102 100/170 93 x 10~ ¥cm?  0.0036 cm 59%
CuCl102  170/200 5.5x10~%cm?  0.0037 cm 52%
CuCl102 325/ 1.2x107%cm?  0.0033 cm 32%

“Data provided by Thermacore Inc. ®“Measured values from this investigation.
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Fig. 7 Effect of tempeiature on the effective thermal conductivity of
sintered Copper C102 powder wicks.

ature would have on the effective thermal conductivity. Figures
6 and 7 illustrate the results of these tests for the sintered
Nickel 200 and the sintered Copper C102 samples, respectively.
The solid symibols represent the saturated data and the open
symbols represent the dry or vacuum data. As shown, the effec-
tive thermal conductivity for the sintered copper is significantly
higher than for the sintered Nickel 200 materials. This result is
not surprising since the bulk thermal conductivity of the
Copper C102 is almost six times higher than for Nickel 200.
It can also be seen that the effective thermal conductivity for
both types of material, increases slightly with a corresponding
increase in the average specimen temperature.

When tested in a water-saturated condition, both the Nickel
200 and the Copper C102 test specimens demonstrated a simi-
larly increasing trend with respect to temperature. In addition,
the effective thermal conductivity increased significantly due to
the presence of the water in the pores of the sintered material.
These two tendencies, a slight increase in the effective thermal
conductivity with respect to temperature, and a significant in-
crease in the effective thermal conductivity of the saturated
materials, were evident in all of the specimens tested.

Figures 8 and 9 compare the results of the experimental
investigation with several of the modeling techniques described
previously. As can be seen, the parallel model once again sig-
nificantly overestimates the measured values and is of little use
except in defining the upper limit. The expression déveloped by
Maxwell, Eq. (11), although somewhat better than the parallel
model, still overestimates the experimental results by as much
as 40%. In comparing the experimental results with the values
obtained using the prediction techniques developed by Dul’-
nev!* and Alexander,” it can be seen that the expression de-
veloped by Dul'nev'* is better than either the parallel
approximation or the Maxwell correlation, but still overesti-
mates the results obtained in the experimental investigation.
The expression developed by Alexander,” however, is extremely
close to the experimental data obtained for the Nickel 200
specimens and slightly low for the Copper C102 specimens.

In comparing the results of this experimental investigation,
Figs. 8 and 9, with the results of previous experimental investi-
gations performed on sintered fiber materials, Figs. 1 and 2, it
can be seen that the effective thermal conductivity of the sin-
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Fig. 8 Comparison of experimental results and analytical predictions
for sintered Nickel 200 powder wicks.
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Fig. 9 Comparison of experimental results and analytical predictions
for Copper C102 powder wicks.

Conclusions and Recommendations

The experimental program described here has used the
steady-state method to determine the effective thermal conduc-
tivity of both dry and water-saturated sintered powdered heat
pipe wick materials. It has been demonstrated that the effective
thermal conductivity is a function of the thermal conductivity
of the metal from which the sintered powder is made, the ther-
mal conductivity of the fluid filling the pores, if any is present,
the porosity, and the mean specimen temperature.

The results of the experimental program when compared
with the existing analytical solutions of other investigators,
indicates that although none of the methods give uniform
agreement, the method developed by Alexander’ very closely
approximates the experimental results obtained for sintered
Nickel 200 powders, but is somewhat low for the Copper C102
data. The relationship developed by Dul'nev'* for sintered
powders, while as accurate as the Alexander correlation
for Copper C102, somewhat overestimates the values for
Nickel 200.

Based upon the results of this work, it is apparent that addi-
tional investigations are required to improve the existing ex-
pressions for anisotropic materials, such as felt metals or
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multilayer screens. It is also recommended that additional ex-
perimental tests be conducted on both sintered metal fiber and
sintered metal powder samples over a wider range of porosities
and that other types of heat pipe wick materials be evaluated.
Once additional experimental data are available, comparisons
should be made with the existing correlations.

Notes

The authors would like to thank Thermacore Inc. for their
assistance in supplying the test materials. Work sponsored in
part by the Mechanical Engineering Division of the Texas
Engineering Experiment Station.
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