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Fig. 6 Heat pipe fin efficiency as a function of M and N.

The other important parameter is n. In examining Eq. (5), n
is very similar to m, defined in Eq. (4). The only difference
between the two parameters is the convection coefficient and
perimeter values. Looking at the ratio of the two terms

h P 1/2
n il
m <h0P0> (20)

Dunn and Reay* discuss the relative magnitudes of convection
thermal resistance in heat pipes. They show that the resistance
to convection on the outside of the heat pipe can range from
10 to 10°°C/W, whereas the resistance through the heat pipe
wick is on the order of 10°C/W. Thus, n will range in mag-
nitude from m to 10m. From Eq. (6), it can be seen that n will
be large for heat pipe fins with large aspect ratios (L*/A) or
low thermal conductivity.

The variables a, n, and m were selected for convenience in
comparing the standard fin with the heat pipe fin. A more con-
venient set of variables that apply only to the heat pipe fin are

M = am, N =an (2}

Figure 6 shows how heat pipe fin efficiency varies with M
and N. Figure 6 can be used as a design tool. For a particular
heat pipe fin, the parameters N and M can be calculated. Then,
using Fig. 6, the thermal efficiency of the fin can be found.
As defined earlier in Eq. (14), the thermal efficiency is the
fraction of the maximum heat transfer from the fin. The max-
imum heat transfer assumes the entire fin is at the fin base
temperature. Unfortunately, N and M cannot be used to com-
pare the heat pipe fin directly with a geometrically similar
standard fin. The parameters a, n, and m are required for that
comparison.

Conclusions

This paper has dealt with the comparison between a heat
pipe fin and a standard fin. An analytical expression for the
heat pipe fin temperature distribution and efficiency were ob-
tained. The results show that heat pipe fins may not always be
more efficient than standard fins; however, they usually are.
The heat pipe fins are beneficial if weight is important, if the
fins must be made from low thermal conductivity materials, or
if high aspect ratio fins are needed.
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Comparison of Effective Thermal
Conductivity and Contact
Conductance of Fibrous Composites
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Introduction

IBER-REINFORCED plastics are increasingly used in

structural and thermal applications, necessitating an un-
derstanding of the thermophysical and mechanical properties.
The strength and fatigue properties of these materials are rea-
sonably well characterized and documented; however, limited
information is available on the thermal properties, such as ef-
fective thermal conductivity. A review of published literature'
indicates that the type of fiber and matrix, fiber volume frac-
tion, and fiber orientation play critical roles in the effective
thermal conductivity of the composite.

The objective of this experimental investigation is to present
a comparison of the effective thermal conductivity and contact
conductance for several different cured fibrous nonmetallic
composites. Furthermore, this Note also discusses several pre-
viously conducted experimental studies and makes a compar-
ison of these data with the results obtained in the present study.

The most prominent factors that affect the thermal conduc-
tivity of the composite materials are the thermal conductivity
of the matrix and the fiber, and the fiber volume fraction.?
There are a variety of polymers that are used as matrix ma-
terials for fiber-reinforced composites, including unsaturated
polyesters, epoxies, polyethylene, and polycarbonates. Another
critical factor to be considered for carbon fiber materials is the
structure and type of carbon fiber; those based on a pitch pre-
cursor and those based on a polyacrylonitrile (PAN) precursor.
These different precursors exhibit different thermal conductiv-
ity values. Further, graphite fibers, unlike carbon and glass
fibers, exhibit a microstructural feature or texture that causes
the transverse and longitudinal thermal conductivity to be an-
isotropic.

Other factors to be considered are the spatial characteristics
and the interfacial thermal resistance between the fiber and the
surrounding material. The spatial characteristics include the
size, shape, and spacing of the fibers. Invariably, each fiber is
in contact with the matrix, another fiber, a pore, or some com-
bination thereof. Each of these boundaries will exhibit a resis-
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tance to the heat flow through the material. The use of an
effective wetting or sizing agent between the fiber and the
surrounding matrix material lowers the interfacial resistance.
The effect of porosity of the matrix material is similar to the
effect of the spatial characteristics of the fibers. Pores act as
barriers to heat flow, and therefore, lower the effective thermal
conductivity of the material. It is thus obvious that the predic-
tion of thermal conductivity by analytical models is rather
complicated.

Experimental Program

Experimental Procedure

Experimental investigations were conducted to provide ad-
ditional information on the effective thermal conductivity and
contact conductance of selected fiber-reinforced composite ma-
terials. The materials selected, the experimental facility, and
the experimental procedure adopted are described in this sec-
tion.

Several commercially available fiber-reinforced organic ma-
terials commonly used in composite technology were selected
for this study. Tables 1 and 2 list the resin and fiber type,
weave type, and the fiber orientation of the composites. The
matrices utilized were amine-cured epoxy (resin 1), epoxy
(resin 2), and cyanate ester (resin 3), whereas the type of wet-
ting/sizing agent used depended on the fiber type. The glass
fibers were coated with amino—silane, the carbon fibers used
in the fabrics were wetted with compatible epoxy finishes,
whereas no wetting agent was employed on the carbon fibers
used in the unicarbon laminates and the graphite fibers em-
bedded in the cyanate ester matrix. Furthermore, the uncer-
tainty in the fiber volume fraction for the samples tested was
within £2%. These composite materials were machined in the
form of 2.54-cm (1.00-in.) diam laminate test specimens, 0.64
cm (0.25 in.) in thickness.

The test facility used in this experimental investigation in-
cluded a vertical column consisting of a frame with sliding
plates for the support of two combination heat source/sink
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specimen holder assemblies, the test samples, a load cell, and
pneumatic bellows, as described by Mirmira et al.’> A band
heater was fitted around the upper flux-meter holder to provide
the heat flux. Coolant (ethylene glycol) was circulated by
means of flexible neoprene hoses connected to the lower flux-
meter holder. The experimental facility was housed in a vac-
uum environment at a pressure of 1 X 107° torr that was main-
tained by an oil diffusion pump.

The vertical test column consisted of two electrolytic iron
(certified by the National Institute of Standards and Technol-
ogy) upper and lower flux meters and a central test specimen.
The diameter of the flux meters and test samples was 2.54 cm
(1.00 in.), and the length was 10.16 cm (4.0 in.) and 3.81 cm
(1.5 in.), respectively. The composite sample was placed at the
interface between the two electrolytic iron flux meters.

To ensure repeatability of the results, for each type of com-
posite three different samples were tested. Thermal grease was
applied between the specimen surfaces and the upper and
lower flux meters for the thermal conductivity measurements.
The electrolytic iron heat flux meters were instrumented with
five 30-gauge, Teflon®/Teflon sheath, special limit of error type
K chrome/alumel thermocouples, to enable the calculation of
the temperature gradient, the temperature difference across the
junction, and the heat flux normal to the interface. These ther-
mocouples were located at 0.00635 m (0.250 in.) intervals.

Uncertainty Analysis

The Kline and McClintock* method was employed to deter-
mine the overall relative uncertainty in the effective thermal
conductivity and thermal contact conductance of the compos-
ites. The overall uncertainty in the reported values of effective
thermal conductivity and contact conductance of the composite
materials are composed of various parameters. These param-
eters include, uncertainty in thermal conductivity of the base
material (electrolytic iron), the heat flux, the temperature gra-
dients within the iron flux meters, location tolerances for the
thermocouples, the temperature readings, and the temperature
difference across the interface. The average overall uncertainty

Table 1 Characteristics of cured fiber-reinforced composites”

Sample number, resin Fiber Weave Orientation Fiber volume, %
Resin 1 (Amine-cured epoxy) None None Neat resin 0
Resin 2 (Epoxy) None None Neat resin 0
1, resin 1 M7 Plain weave [0] 51.3
2, resin 1 E-glass Style 7781 [(0/90)] 50.5
3, resin 1 AS4 Plain weave [0] 58.0
4, resin 1 Carbon Uniweave [0] 50.7
5, resin 1 AS4 5 harness satin [0] 51.1
6, resin 1 E-glass Style 7781 [(0/90)] 49.7
7, resin 1 AS4 5 harness satin [(0/90)] 48.5
8, resin 2 E-glass Style 7781 [(0/90)] 50.5
9, resin 2 S-glass Uniweave [0] 47.3
10, resin 2 M7 Uniweave [0] 52.1
11, resin 2 AS4 Uniweave [0] 57.1
12, resin 2 M7 Uniweave [0] 62.1
13, resin 2 AS4 Plain weave [(0/90)] 52.3
14, resin 2 E-glass Uniweave [(0/90)] 47.0

“Carbon and glass fibers.

Table 2 Characteristics of cured fiber-reinforced composites®

Manufacturer Thermal conductivity
Sample number, resin Fiber of fiber (parallel to axis), W/mK Fiber volume, %
Resin 3 (cyanate ester) None —_ e 0
15, resin 3 DKAX Amoco 900 55
16, resin 3 DKAX e —_— 65
17, resin 3 DKEX — 617 55
18, resin 3 DKEX —_ R 65
19, resin 3 K22XX Mitsubishi 600 55
20, resin 3 K22XX —_— — 65

“Pitch graphite fibers.
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of the effective thermal conductivity of each sample was ap-
proximately *4.1%.

The average overall uncertainty in the thermal contact con-
ductance for each sample was the accumulation of the uncer-
tainties mentioned for the effective thermal conductivity case,
with the addition of uncertainties caused by the temperature
difference across the junction and the dimensional tolerance
for the cross-sectional area of the sample, and this uncertainty
has been determined as =5.0%.

Results and Discussion

Figure 1 indicates the effective transverse thermal conduc-
tivity of the three pure resin matrices, the 14 composite sam-
ples consisting of either glass or carbon fibers embedded in an
epoxy, and six samples consisting of graphite fibers in a cya-
nate ester matrix, all as a function of temperature. These com-
posites were manufactured by utilizing AS4 and IM7 PAN-
based carbon fibers, pitch-based graphite fibers (DKA X, DKE
X, and K22XX), and S-Glass and E-Glass fibers. The diame-
ters of the fibers were ~10 w and the fiber volume fraction
varied from 47 to 65%. As indicated, the effective thermal
conductivity of the pure resin materials was the lowest (~0.22
and 0.3 W/mK) and was rather independent of temperature.
With the addition of fibers to the pure resin, the transverse
thermal conductivity increased and this value for a majority of

the carbon and glass fiber composites was in the range of
0.4-0.8 W/mK, and were rather independent of temperature.
The exception being sample 7 (resin 1, AS4 fibers, V; =
48.5%), which had a relatively higher effective thermal con-
ductivity value, as well as a slight increase in thermal con-
ductivity with increasing temperature.

The transverse effective thermal conductivity of graphite fi-
ber composites is also shown in Fig. 1. Because of the inherent
high thermal conductivity of the pitch graphite fibers, the ef-
fective thermal conductivity of these composites are approxi-
mately one order of magnitude higher than composites con-
sisting of carbon and glass fibers. Between the two fiber
volume fractions indicated (55 and 65%), the 65% fiber vol-
ume fraction sample possessed a slightly higher thermal con-
ductivity. This is to be expected considering that the thermal
conductivity of the fiber is significantly higher than the matrix
material.

In general, it appears that the composites consisting of car-
bon fibers [AS4 and IM7 (open symbols in Fig. 1)] possess a
greater effective thermal conductivity than the polymers con-
taining glass fibers [E and S glass (closed symbols in Fig. 1)].
Further, a comparison of composites that are similar in all as-
pects (samples 2 and 4 and 11 and 14), except for the type of
fiber, indicates that the composites consisting of AS4 carbon
fibers possess a higher effective thermal conductivity than
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Fig. 2 Thermal contact conductance of composite materials as a function of apparent interface pressure.

those with IM7 carbon fibers. This may be attributed to the
fact that the AS4 fibers possess a higher transverse thermal
conductivity (1.8 W/mK) than IM7 fibers (1.19 W/mK). A
comparison of two samples (6 and 8) that have the same
weave, orientation, fiber type, approximately equal fiber vol-
ume fraction, but different resin material, indicates that resin
1 (amine-cured epoxy) is capable of dissipating a greater
amount of energy than resin 2 (amine-cured epoxy). This con-
forms to the results obtained for pure resin samples.

Figure 1 also shows experimental data along with those ob-
tained by Scott and Beck® for fibrous composite materials con-
sisting of surface-treated AS4 fibers in a BADGE-mPDA ep-
oxy matrix over a temperature range of 298-398 K (also see
Ref. 6). Their results are ~0.8 W/mK and are comparable to
the results obtained for the composite consisting of 57.1% vol-
ume fraction AS4 carbon fibers embedded in resin 2 (sample
11).

Figure 2 shows the thermal contact conductance for the ep-
oxy fiber-reinforced composites as a function of apparent in-
terface pressure. The values range from approximately 75—
1050 W/m’K. The thermal contact conductance of a material
is strongly influenced by a combination of the thermal con-
ductivity of the matrix and fiber and the thickness. On one
hand, the thermal contact conductance values for the compos-
ites of resins 1 and 2 are invariant with pressure. This is be-
cause the thickness of the samples does not change with pres-

sure. On the other hand, the thermal contact conductance of
pitch graphite fibers embedded in a cyanate ester increased
with an increase in pressure. A possible explanation for this is
that with the application of pressure, the interfacial thermal
resistance between the fiber and matrix is reduced, thus facil-
itating easier transport of energy through the material. This
effect may be more pronounced in the case of graphite fibers
in the cyanate ester matrix because of the lack of a wetting
agent. Furthermore, the cyanate ester material tended to de-
form with the application of pressure and was more susceptible
to a reduction in sample thickness. It is apparent that the neat
resins, which have the lowest thermal conductivity (Fig. 1),
possess the lowest thermal contact conductance values.

Conclusions and Recommendations

This Note presents a comparison of the effective thermal
conductivity and contact conductance of a wide range of car-
bon, pitch graphite, and glass fiber-reinforced plastic materials
of different weave types. These data would prove to be very
useful to engineers involved in the design of aerospace and
electronic systems’ heat sinks. It appears that the pitch graphite
fiber composites possess the highest effective thermal conduc-
tivity and contact conductance. Furthermore, it is evident that
the thermal properties of these materials are dependent on var-
ious parameters, the influence of which should be investigated.
Presently, there does not exist a comprehensive model that
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accounts for all of the parameters that influence the thermal
conductivity of these materials. The major obstacles are deter-
mining the interfacial resistance between the various compo-
nents of the composite, developing an accurate method to
model the transverse anisotropic nature of the carbon fibers,
and accounting for the randomly distributed and oriented
pores.
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