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Abstract—An experimental study is conducted to determine the nucleate pool boiling heat transfer per-
formance of a copper-graphite (Cu—Gr) composite surface in Freon 113. The composite medium consists
of ultra-high thermal conductivity graphite fibers of 0.0008-0.010 mm diameter being consolidated in a
copper matrix (50% area fraction). It has high thermal conductivity along the fiber directions, several
times those in the other two directions. The heating surface is constructed with a Gr—Cu composite plate
of 25 mm diameter and 10 mm thick. The boiling heat flux in the nucleate regime is compared to isotropic
pure copper used as the heating surface. It is disclosed that the boiling heat transfer coefficients on the
composite surface are higher than those on the copper surface by a factor of over 6 to 3, respectively at
lower and higher values of superheating. Hence, the composite surface may serve as a high heat flux boiling
surface with the merits of no extra pressure drop, no fouling and low cost.

1. INTRODUCTION

THE DEVELOPMENT of high performance heat transfer
surfaces is an important mission of heat transfer
research. The immediate advantages of high per-
formance surfaces are numerous : for example, more
energy extraction or utilization from an energy source
(especially low energy-density sources), more energy
recovery from waste heat, efficient cooling of elec-
tronic components, compact and light weight which
are important in vehicular applications, etc. It is well
known that the practical use of the Sterling engine in
automobiles is hinged on the size of heat exchangers
and that the feasibility of an OTEC (ocean thermal
energy conversion) plant for power generation is ham-
pered by the size of its boiler and condenser.

The application for highly effective high heat flux
surfaces for electronic chips (very large-scale inte-
gration, VLSI) cooling is required to keep pace with
the evolving chip technology. Higher computer speeds
require more circuit power packaged in smaller vol-
umes. This will require improved heat transfer sur-
faces to deal with the higher heat flux requirements.
Figure 1 [1] shows the trend of the heat flux at the
module level in several computer systems. The success
of nucleate boiling in these applications will be depen-
dent on (1) how to initiate boiling, and (2) how to
extend the burnout points. Bergles and Chyu [2] con-
ducted research to assess boiling enhancement using
various surfaces. Other researchers evaluated direct

applications of electronic chip cooling by attaching
the high heat flux surface to the structure of the chip.
For example, Nakayama er al. [3] investigated the
boiling performance of heat sink studs with enhanced
surfaces and Oktay et al. [4] reported high heat flux
capability using a tunnel heat sink.

Rapid advances were made in the development of
special nucleate boiling geometries since the early
1960s {5, 6]. Many potential measures have been sug-
gested [7]. Today, six nucleate boiling geometries are
commercially available [S]. Two basic approaches are
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F1G. 1. The trend in heat flux at the module level [1].
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A heat transfer area {m-}

h,  boiling heat transfer coefficient
[Wm—K" 1

k  thermal conductivity of Gr—Cu

Wm 'K

distance between thermocouples [m]

rate of heat transfer [W]

temperature [°C}: T, of liquid ; 7., of heat-

ing surface : T, saturate temperature

SR

NOMENCLATURE

AT temperature difference [*C}: AT, between
two locations at a distance of L: AT,

T& - T\m -

Subscripts
f  Hquid
s heating surface
sat  saturate liquid
x local.

employed to form a high area density of nucleation
sites: porous boiling surfaces (PBS) and integral
‘roughness’ surface {IRS). PBS consists of a sintered,
porous, metallic matrix bonded to a base surface. The
sintered porous coating is approximately 0.25 mm
thick, with a 50-65% void fraction. The average pore
radius ranges from 0.01 to 0.1 mm which functions as
sites for generation of vapor bubbles. Union Carbide,
Linde Division has developed such a PBS, called UC
high flux surface [8]. In the case of integral roughness,
the metal is cold worked to form re-entrant nucleation
sites which are interconnected below the surface. The
groove opening at the surface is a critical dimension,
0.0038-0.0089 mm for Refrigerant 11 [9]. The per-
formance is sharply diminished for a gap width out-
side of this range. The preferred gap spacing is
expected to be higher for high surface tension fluids.
Thermoexel developed by Hitachi [10] is a surface
formed from an integral-fin tube, which has small
spaced contours at the fin tips. These ‘saw tooth’ fins
are bent to a horizontal position to form tunnels with
spaced pores at their top. The liquid in the tunnels is
heated rapidly and changes to vapor which leaves
through openings as bubbles. Part of the vapor always
remains in the tunnels and thus, boiling occurs con-
tinuously. Another nucleate boiling roughness
geometry by Weiland Werke A.G. is formed from
standard 7.5 fins cm ' integral-fin-tubing [11]. How-
ever, the special surface geometries employed for
enhancement of nucleate pool boiling generally can-
not be applied to forced convection vaporization
inside tubes, with the exception of the Linde PBS.
Similar to PBS, porous condensing surfaces (PCS)
formed by attached metal particles have been
developed for condensation of vertical tubes [12] and
forced condensation inside tubes [13]. An array of
small metal particles, 0.25-1.0 mm high, covers 20~
60% of the surface [12]. In the case of condensation
on vertical tubes, condensation occurs on the particle
array (i.e. convex surfaces of the particles) and drains
along the smooth base surface. In the case of forced
condensation inside tubes, the spaced metal particles
provide an extended surface at high vapor qualities
and turbulence of the film at lower vapor qualities.
The use of PBS {(and PCS in condensation) and IRS

suffers from the pressure drop (although relatively
small}, the loss of enhancement efficiency due to foul-
ing (to plug up pores and re-entrant cavities) and,
most important of all, the cost of fabrication and
maintenance.

Several investigations have been conducted to
evaluate the effect of isotropic surface thermal prop-
erties on boiling and condensation [14-18]. Recently.
Wright and Gebhart [19] performed pool boiling
cxperiments on vertical, smooth and regularly micro-
configured etched silicon surfaces in saturated water
at 1 atm. All specimens were 1.27 cm square and
approximately 300 um thick. In the nucleate boiling
regime, the hexagonally dimpled and trenched speci-
mens had a heat transfer increase of a factor of 4.2 and
3.1, respectively, over that of the smooth specimens.
However, the localized effect of an isotropic high ther-
mal conductivity perpendicular to the surface has not
been evaluated. The aim of this paper is to exper-
imentally investigate nucleate pool boiling per-
formance of advanced copper—graphite (Cu—Gr) com-
posite surfaces. The boiling heat flux in the nucleate
boiling regime is compared to isotropic pure copper
used as the heating surface. In comparison with the
conventional high heat flux boiling surfaces, the Cu—
Gr surface causes no extra pressure drop, is free from
fouling and benefits from low primary and main-
tenance costs.

2. FEATURE OF COPPER-GRAPHITE
COMPOSITE

The graphite fiber reinforced copper {Gr—Cu) pro-
duced by SPARTA consists of graphite fiber of 0.008-
0.010 mm diameter imbedded uniaxially within a cop-
per matrix (50% area fraction). Figure 2 illustrates
the photomicrographs of the surface. The higher fiber
thermal conductivity is three times larger than the
adjacent matrix conductivity. The fibers act ds highly
efficient pin fins that penetrate into the heat transfer
surface. The effect of the local high conductivity fibers
may be to enhance the conduction path into or-away
from the surface fluid and increase the surface
nucleation site activity. The effect would be a thermal
enhancement that is provided by tailored thermal
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F1G. 2. Photomicrographs of the surface on a graphite fiber reinforced copper composite produced by SPARTA.

properties internal to the heat transfer surface. Key
properties in the Gr—-Cu composites include (i) high
thermal conductivity in the fiber direction of up to
1200 W m~! K ! for the advanced pitch based graph-
ite fiber, as compared with 401 W m~' K~ for pure
copper at 300 K; (i) low density at 6.14 g ecm™>,
lighter than pure copper with 8.93 g cm™. Other
unique aspects of this material are a modulus near 140
Msi and a negative coefficient of thermal expansion.
By controlling both the directional layup and the vol-
ume fraction of the fiber, the directional conductivity,
coefficient of thermal expansion, strength and stiffness

can be tailored to optimize the thermal/structural per-
formance of the cooling concept.

The hypothesis is that the high thermal conductivity
fiber (perpendicular to the boiling surface) may pro-
vide an intrinsic enhancement of heat transfer, bubble
formation and departure frequency. The fiber diam-
eter of 0.008 mm is comparable to the critical size
for the bubble nucleation sites in boiling water. It is
smaller than those of pores on pool boiling surfaces
and re-entrant cavities on integral ‘roughness’
surfaces. Hence, each fiber tip on the surface may act
as a site activator for bubble nucleation. The local
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high thermal conductivity provides a more efficient
conduction path to or from the surface nucleate site.

3. POOL BOILING APPARATUS AND TEST
PROCEDURE

Figure 3 depicts a pool boiling experimental appar-
atus. The heating surface was constructed with a Gr-
Cu composite plate 25 mm in diameter and 10 mm
thick. Being polished with a 1 um diamond abrasive,
it was attached to a heating copper block of 25 mm
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FiG. 3(a). A schematic of the pool boiling apparatus.
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diameter and 41 mm long. The lower end of the copper
block was in contact with an electrically heated hot
plate. Three 30-gage copper—constantan thermo-
couples (Nos. 1, 2 and 3) were installed in the
copper block at a 3.2 mm interval on the centerline,
with one at the composite—copper interface. Two simi-
lar thermocouples (Nos. 4 and 5) were placed in the
composite plate also at a 3.2 mm interval from its
interface with the copper block. Their temperature
measurements were used to determine the boiling sur-
face temperature T through a linear extrapolation of
T, and T.. The heat flux through the composite into
the liquid was calculated using the temperatures from
thermocouple readings and the distance between the
thermocouples. Two 30-gage copper-constantan ther-
mocouples (Nos. 6 and 7) measured saturated liquid
temperatures (7, ). A recorder/datalogger manu-
factured by Wahl Instruments, Inc., Culver City, Cali-
forma, was employed for temperature recordings.

Both the Gr—Cu composite and copper blocks were
insulated around the surfaces in a glass container of
circular cross section. The edge of the upper end of
the composite block was undercut with a bevel and
an undersize thin stainless-steel mating piecc was
attached by a shrink fit to provide a continuous sur-
face to keep heat loss by conduction at a minimum.
Power input (heat flux) was varied to cover the
nucleate boiling regime. Frecon 113 with a boiling
point of 47.1°C was selected as the boiling liquid.

A condenser mounted on the top of the test-vessel
cover served to condense the vapor formed. At the
lower heat-flux rates, it was possible to control the
temperature of the test refrigerant by varying the cool-
ing-water flow rate and thus obtained limited data for
boiling of a subcooled liquid.

Another experiment was conducted with the Gr-
Cu composite replaced with a pure copper surface
(isotropic properties) in order to provide a baseline
for the experimental study. The only difference
between the two surfaces was the internal thermal
conductivity.

4. EXPERIMENTAL RESULTS

To the knowledge of the authors, this is the first
experimental study of boiling on fiber reinforced com-
posite surface. Two Gr--Cu surfaces and one pure
copper surface were used to boil Freon 113. After
filling the test vessel with Freon 113, power was turned
on and the liquid was boiled rigorously for a period
of time. The liquid depth at filling in all cases was 11
c¢cm. The variation in T, resulted solely from the
change in hydrostatic pressure with depth when the
cooling-water rate was maintained constant. The
liquid bulk temperature 7, or T, could be controlled
by varying the cooling-water flow rate. The difference
between T, and T, is the degree of subcooling. In
temperature recordings, which are not shown here,
the temperature Tise is nearly linear, begins to level off
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at about 15 min and reaches a steady state at 20 min.
Hence, at every change in the power input, the steady
temperatures were read after a duration of 20 min.

In every test series, power input was raised from a
low value to a maximum and lowered to the original
value at the same power interval. Figure 4 reveals that
the boiling heat transfer coefficient 4, underwent the
phenomenon of hysteresis with A, taking higher values
for increasing AT than that for decreasing A7,. Here,
h, is defined as

9
A KAT,
T AT, LAT,

where AT, is the difference between the surface tem-
perature T, and the saturated liquid temperature 7,
which was measured by thermocouple 7. k£ denotes
the thermal conductivity of Gr—Cu which is 1000 W
m~! K~' and the thermal conductivity of copper
which is 401 W m~' K~'. AT, is the temperature
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difference between two locations (thermocouples 4
and 5) at a distance of L (3.2 mm). Sometimes, the
hysteresis loop is crossed over, as illustrated in Fig.
4(b).

Figure 5 shows the variation of AT, with power
input, which is a straight line for power exceeding 20
V. The variation is a concave curve at low power
inputs, 0-20 V. The variation of A, with power input
is shown in Fig. 6. It is a straight line through the
origin. The data scattering is approximately +100%
which can be partially attributed to gradual oxidation
of the heater surface. Other factors which contribute
to data scattering include subcooling, liquid depth
and cooling-water rate.

The nucleate boiling heat transfer performance is
depicted in Fig. 7, hollow squares for the Gr—Cu sur-
face (k = 1000 W m~' K~") and solid square for the
pure copper surface (k = 400 W m~' K~'). The value
of h, for Gr—Cu is higher than that for pure copper
by a factor of over 6 to 3, respectively at lower and
higher values of superheating, AT,.
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FiG. 4. Plots of A, vs T, — T, for test cycles for a composite surface.



Wl YanNG et al.

2756
30
O
i=4
3
el
&
i
i
i
i
W £ ¥ L] € i1
¢ 2¢ 40 80 86 168 120
POWER {v}
Fi1G. 5. Plots of T,~ Ty, vs power for a composite surface.
30
M 204
NE naturat
3\ {convection
5
= 104
&
0 } r . . .
o 20 40 60 80 100 120
POWER [v}
Fii. 6. Plots of &, vs power for a composite surface.
100
3’4 »  Comp w?
* (:cw.f
?\g 10 iy v
:é; &
L
. *,
1
1 10 100
O
Ts-Tsat, C

Fie. 7. Plots of &, vs T,— T, for both compostte and copper surfaces.

5. CONCLUSION AND REMARK

The reproductivity of test data for nucleate pool
boiling of Freon 113 on the Cu—Gr composite surface
is good, with large scattering. Like boiling of Freon
113 on a pure copper surface, oxidation occurs on the
composite surface. It is revealed from this study that
the nucleate boiling heat transfer coefficients on the

composite surface are higher than those on the pure
copper surface by a factor of over 6 to 3, respectively
at lower and higher values of superheating. The dis-
closure warrants more studies on the nucleate boiling
heat transfer of other liquids on the composite surface:
An attempt was made during the study to inves-
tigate the hypothesis that each tip of the high thermal
conductivity fiber on the surface may act as a site
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activator for bubble nucleation. However, the
nucleation of too many bubbles on the surface made
it impossible to match nucleation sites with fiber tips.
A future study is planned to prove the hypothesis
using a surface with only a few fibers. Upon the vali-
dation of the hypothesis, the nucleation site cavity
can be enhanced by selective tailoring of the internal
characteristics of the boiling surface.
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EBULLITION ACCRUE SUR UNE SURFACE COMPOSITE CUIVRE-GRAPHITE

Résumé—Une étude expérimentale est conduite pour déterminer les performances de transfert thermique
par ébullition nucléée d’une surface composite cuivre-graphite (Cu-Gr) dans du Freon 113. Le milieu
composite en fibres de graphite 4 trés haute conductivité thermique de 0,0008-0,010 mm de diamétre, dans
une matrice de cuivre (50% de fraction d’aire). La conductivité thermique dans les directions des fibres est
plusieurs fois celles dans les deux autres directions. La surface de chauffage est construite avec une plaque
composite Cu-Gr de 25 mm de diamétre et de 10 mm d’épaisseur. Le flux thermique dans le régime nucléé
est comparé au cas du chauffoir en cuivre pur. Les coefficients de transfert sur la surface composite sont
plus grands d’un facteur entre 6 et 3 par rapport au cuivre pur, respectivement pour la plus faible et la plus
forte valeur de surchauffe. La surface composite peut servir comme surface a haut flux a Pébullition avec
les avantages d’aucune perte de pression supplémentaire, d’aucun encrassement et d’un codt faible.

INTENSIVIERTES SIEDEN AN EINER GRAPHITDOTIERTEN KUPFEROBERFLACHE

Zusammenfassung——Der Wirmeiibergang beim Behiltersieden an einer graphitdotierten Kupferoberfliche
{Gr—Cu) wird mit R113 experimentell untersucht. Dieses Material besteht aus Graphitfasern von extrem
hoher Wirmeleitfihigkeit und Durchmessern im Bereich 0,0008-0,010 mm, die in eine Kupfermatrix
eingelagert sind (50% Flichenanteil). Die Warmeleitfahigkeit in Léngsrichtung der Faser ist mehrfach
groBer als in die beiden anderen Richtungen. Die Heizfliche besteht aus einer Gr—Cu Platte mit 25 mm
Durchmesser und 10 mm Dicke. Die Wirmestromdichte bei den Blasensiedeversuchen ist von gleicher
GréBenordnung wie diejenige bei einer isotropen reinen Kupferplatte. Es zeigt sich, daB die
Wiirmeibergangskoeffizienten an der neuen Platte um einen Faktor 3-6 gréBer sind als diejenigen an der
Kupferoberfliche, was einer geringeren bzw. gréBeren Uberhitzung entspricht. Die neue Oberfliche kann
deshalb als Hochleistungssiedefldche dienen mit folgenden Vorteilen: kein zusitzlicher Druckverlust,
keine Verschmutzung und niedrige Kosten.
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WUHTEHCUBHOE KUIIEHME HA MOBEPXHOCTU KOMITIO3UTA MEAbL-TPA®UT

Annotaums—IIpoBOAUTCS IKCHEPUMEHTAIBLHOE MCC/ISNOBAHUE C LENBIO ONPENENCHHS XapaKTepPHCTHK
TEMUIONEPEHOCA NPH IY3bIPBKOBOM KHNEHHM B OoJbLioM 0ObeMe, BBHI3BAHHOM KOMIO3WTOM MeEIdb—
rpaduT, nomMeriedubM B xnagareut 113. KomnosuTHas cpesa cocToMT u3 06J1afarolMx cBEPXBLICOKO#H
TEIAONPOBOAHOCTHIIO TpadHTOBHIX BoJoKoH AuaMeTpoM 0,0008-0,010 MM, OTBepaeBalOINX B MeJHON
MaTpHIe (1008 ux mIomaan cocrasmieT 50%). MaTprua uMeeT BLICOKYIO TEIIONPOBOAHOCTE B HANPAB-
JICHHH BOJIOKOH, KOTOPas B HECKOJIbKO pa3 Donblile. YeMm B JIBYX ApYr#x HanpasincHusx. [ToeepxHocTh
HATrpeBa mpeJcTaBiseT coOol MIACTHHY H3 KOMIIO3HTA auaMeTpoM 25 MM u TomumHoi 10 mm. Teruto-
BOH MOTOK IIPH KMUNEHHH B IIy3bIPbKOBOM DEXHME CPABHUBAETCH CO CITy4aeM H3OTPOIHOW YMCTOH Menn,
UCTIONB3YEMOR B Ka4ecTse NOBEPXHOCTH Harpesa. [TokasaHo, 410 ko3hPHUHEHTHI TEMIONEPEHOCA NPH
KHMEHAM Ha KOMIIO3MTHOH MOBEPXHOCTH MPEBBILLIAIOT MOJyYEHHBIC JUIS MEIHOM NOBepXHOCTH Bonee,
4yeM B 6 u 3 pasa COOTBETCTBEHHO NPH HU3KMX M BBICOKMX 3HA4YCHUAX TeperpeBa. ClesoBaTeIbHO, KOM-
NO3UTHAS MIOBEPXHOCTb MOXKET CITYXKHTh MOBEPXHOCTBIO KHICHHS NPH 60JIbIIOM TEMIOBOM 1oToxe Gia-
rogaps TakdM MPENUMYILECTBAM, KaK OTCYTCTBHE M3OBITOMHOTO mepenaja AaBleHHS M HOTPEIHOCTEH
H3MEpPeHH NPHOOPOB, a TaKkKe HU3KME 3aTPATHI.



