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Ahstraet--ln many cooling situations, permanent attachment of fins to heat dissipating devices is unde- 
sirable yet htrge mechanical loads, important in reduction of thermal contact resistance, are not permitted. 
This work considers the interface between a low-force pressed-on fin and a heat source in boiling heat 
transfer; the thermal contact resistance and how the interface region may be used to promote early 
nucleation and gradual boiling spread. Tests were run in saturated FC-72 and FC-87 in atmospheric 
pressure at a range of contact pressures much lower than conventional studies and on the order of those 
allowable ir electronic cooling. Results showed that the effect of contact pressure on contact resistance, at 
such low pressures, is small and that significant boiling enhancement is possible using pressed-on fins with 
small loads. Dissipation of up to 85 W cm -2 of heater surface using a non-optimized cylindrical fin at low 
force is demonstrated. This heat flux represents about a four-fold increase in critical heat flux (CHF) over 
that for a bare surface. The pressed contact fin offers the advantage of a small crevice at the fin base. 
Highly-wetting fluids are able to penetrate this region, superheat and nucleate earlier than with a soldered- 
on fin. A means of numerically modeling the boiling heat transfer from a fin is also presented. Experiments 
show that tile nucleate boiling heat transfer coefficient is independent of the surface orientation with respect 

to gravity. © 1997 Elsevier Science Ltd: All right reserved. 

1. INTRODUCTION 

Performance of many devices, including electric 
motors, x-ray equipment and solid state electronics is 
set by the material temperature limits and the ability 
to handle the increasingly large heat fluxes generated. 
In electronic cooling, trends toward faster, more com- 
pact electronic devices and components have made 
traditional air cooling obsolete on large computers 
and foreshadowed future needs for more rigorous cool- 
ing schemes in even personal computers. Effective 
electronic cooling means dissipating very high heat 
fluxes while maintaining low, component reliability- 
limited, temperatures. Other aspects include ensuring 
the cooling device performs in a repeatable manner 
and minimizes temperature fluctuations. 

Early liquid cooling ideas used water to cool ther- 
mally conductive devices which were attached to, or 
held in contact with, the heat-generating silicon 
components. Performance limits for such "indirect" 
schemes are usually set by the thermal resistance 
between the component and the heat sink. Directly 
immersing components in a coolant offers the advan- 
tage of eliminating the conduction resistances between 
the heat source and the coolant. Because of the inti- 
mate contact with electronic devices, however, can- 
didate fluids for direct immersion cooling must be 
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highly dielectric and inert, not reacting with the com- 
ponent materials. 

Elaborate schemes including forced convection, 
spray and jet impingement cooling have been dem- 
onstrated easily capable of meeting the most stringent 
of predicted cooling demands. In recent years, 
however, much attention has been given to pool boil- 
ing heat transfer as a simpler alternative. The appeal 
of pool boiling in electronic cooling comes from its 
passivity and the high heat transfer rates resulting 
from the vigorous, buoyancy-driven fluid flow. With- 
out requiring the pumps and coolant lines typical of 
other liquid cooling schemes, pool boiling permits 
dissipation of a very wide range of heat fluxes with 
very small associated changes in temperature. 

1.1. Dielectric refriyerant liquids 
A family of dielectric, highly-wetting fluorocarbon 

compounds, with saturation temperatures at atmo- 
spheric pressure ranging from -2.25°C (L13259) to 
253°C (FC-71) has been developed by 3M Company. 
Collectively known as "Fluorinerts", these inert fluids 
have a wide range of applications including liquid 
chromatography, precision reflow soldering, leak and 
thermal shock testing for electronic components, cool- 
ing of high power devices and, because of the high 
solubility of oxygen and other gases in them, chemical 
reaction media. As a result, research involving these 
fluids may find use in many areas not specific to the 
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B~ empirical constant  
Cp specific heat 
D cylinder diameter 
g gravitational acceleration 
h convection coefficient 

average convection coefficient 
hf~ latent heat of vaporization 
k thermal conductivity 
m~ empirical constant  
Nuo average Nusselt number  based on 

cylinder diameter 
P ambient pressure 
PN normal contact pressure 
Pr Prandtl  number  
q"ax critical heat flux (CHF) 
q~ax,F critical heat flux for horizontal flat 

plate 
q~' heat flux across heater surface 
r radial distance from fin centerline 
R' dimensionless cylinder radius 
RaD average Rayleigh number  based on 

cylinder diameter 
R~' thermal resistance of interface region, 

including thermal contact resistance 
R~' overall thermal resistance between 

heater and bulk fluid 

NOMENCLATURE 

T 
Tcrit 

temperature 
temperature corresponding to critical 
point 
axial distance along fin measured from 
base. 

Greek symbols 
thermal diffusivity 

fl coefficient of thermal expansion 
A dimensionless vapor blanket thickness 
v kinematic viscosity 
p density 
o surface tension. 

Subscripts 
b bulk liquid 
c copper 
cor result given by published correlation 
exp result found experimentally 
f liquid 
g vapor 
i interface region 
s heater surface 
sat saturation. 

Table 1. Saturation thermophysical properties for Fluorinerts* (P = 1.013 bars) 

Properties FC-72 FC-87 

Molecular weight 
Critical temperature, Tent 
Saturation temperature, T, at 
Density of liquid, pf 
Density of vapor, p~ 
Heat of vaporization, hrg 
Thermal conductivity of liquid, kf 
Specific heat of liquid, cp.r 
Thermal diffusivity of liquid, c~ r 
Kinematic viscosity of liquid, vr 
Prandtl number of liquid, Prf 
Coefficient of thermal expansion of liquid, flf 
Surface tension of liquid, af 

338 kg kgrnol -j 288 kg kgmol -I 
178°C 151°C 
56.6°C 29.1 °C 
1600kgm 3 1571kgm -3 
13.39 kg m -3 12.37 kg m -3 
94,790 J kg -1 99,670 J kg -1 
0.0538 W m  -I K -1 0.0521Wm -1K 1 
1102 J kg -t 1059 J kg -I 
3.064x10 8m2s-~ 3.073x10 8m2s 
2.729x10 7m2s-I 2.620x10 7mZs i 
8.900 8.534 
-0.001639 K -L -0.001599 K 
0.008348 N m -t 0.01483 N m ) 

*Using tabulated data from 3M Company [1]. 

intended application. For  two-phase electronic 
cooling, the most promising of the Fluorinerts are 
FC-87 and FC-72 which, at standard pressure, have 
saturation temperatures of 29.1 and 56.6°C, respec- 
tively. These temperatures are low enough to keep the 
device temperature down but  high enough to permit 
discharge of the heat to an ambient air stream. Table 
1 lists thermophysical properties of the two com- 
pounds at one atmosphere. Both are also known to 
be very inert, having no reaction at all with most 
substances. 

Problems associated with using the Fluorinerts stem 
from their highly-wetting and relatively poor heat 
transfer characteristics. Thermodynamic and mech- 
anical equilibrium on a concave vapor-liquid interface 
requires a certain superheat (excess temperature above 
the liquid saturation temperature), inversely pro- 
portional to the radius of curvature of the interface, to 
maintain a given curvature. The min imum superheat 
required for a bubble to grow from a given cavity is 
inversely proport ional  to the smallest radius the vapor 
embryo has during the stages of bubble growth. Initial 
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Fig. 1. Incipience e~cursion for a particle-blasted copper 

surface. 

embryo size is relal:ed to both the liquid-surface con- 
tact angle and the cavity angle. For  less-wetting fluids, 
which trap large embryos, the smallest radius is the 
cavity mouth radius. However, both FC-87 and FC- 
72 make extremely low contact angles of less than one 
degree with most raaterials. This means large surface 
cavities that woul6 serve as embryo entrapment sites 
for less-wetting fluids are flooded and vapor embryos 
are only trapped in microcavities within the visible 
surface cavities. Because the size and geometry of 
these microcavities are unknown, prediction of incipi- 
ence, which is often delayed to very high superheats, 
is difficult with the Fluorinerts. Reeber and Frieser [2] 
reported no nucleation even with the heater tem- 
perature 46°C higher than the fluid saturation tem- 
perature for FC-72 on a polished silicon heater 
surface. 

When boiling finally begins, bubble growth from 
one cavity can extend into neighbouring ones, causing 
activation of those cavities. The frequent result of this 
is that boiling spreads rapidly over the entire surface, 
increasing the convection coefficient and extracting 
enough heat to decrease the surface temperature dra- 
matically as shown qualitatively in Fig. 1. This 
decrease in temperature, known as the "incipience 
excursion" or "h~steresis" because the effect is only 
observed as heat flux is increased, constitutes a ther- 
mal shock to the electronic device which can seriously 
limit its life. 

1.2. Surface extension and nucleation enhancement 
Because both FC-87 and FC-72 have low thermal 

conductivities and heat capacities, the maximum pool 
boiling heat flux is only around 22 W cm -2. This falls 
far below predicted future heat flux requirements for 
many devices and makes increased surface area 
necessary. Nakayama et al. [3] compared smooth, 
microfeatured, porous surfaced and multilayered 
porous plate fins of various lengths and reported 
maximum heat fluxes of up to 127 W cm -2 with the 
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Fig. 2. Restricted regions created by interface of curved and 
fiat surfaces (adapted from Chyu and Mghamis [6]). 

multilayered porous plate fin in saturated FC-72. 
Anderson and Mudawar [4] examined a wide variety 
of fin attachments, with various surface features of 
different magnitudes, for both saturated and sub- 
cooled pool boiling. They reported fins capable of 
dissipating over 100 W for every square centimeter of 
base heater area for nucleate boiling in saturated 
liquid and up to 160 W cm -2 for subcooled bulk 
liquid. In neither investigation was the effect of con- 
tact resistance between a non-permanent attachment 
and the heat dissipation device considered. Further- 
more, neither study considered the effect of orien- 
tation (of the boiling surface with respect to gravity) 
on the boiling behavior in the numerical modeling. 

Permanent attachment of a fin to a heater is unde- 
sirable from assembly, maintenance and component 
longevity standpoints. Additionally, differences in 
thermal expansion coefficients of the fin and the elec- 
tronic component materials can result in failure of 
the connection with repeated cycling, eliminating the 
advantage offered by the fin. 

Many ideas for controlling and promoting boiling 
incipience at low superheats involve creation of arti- 
ficial nucleation sites by surface featuring or coating 
with porous materials. Webb [5] summarized a variety 
of methods proposed for use with less-wetting fluids 
on heat exchanger tubes. Chyu and Mghamis [6] dem- 
onstrated that a cylinder, or any curved surface, held 
in contact with another surface creates a continuous 
array of cavities as shown in Fig. 2. Notice that, 
regardless of the diameter of the cylinder, the cavity 
angle approaches zero degrees at the point of contact 
and a vapor embryo will always be trapped, even with 
highly wetting liquids like the Fluorinerts. They found 
that, while all sizes of cylinders yielded lower wall 
superheats at incipience than that required for 
nucleation on a bare surface, better performance, 
translated as greater reduction in wall superheat, 



2382 S.J. REED and I. MUDAWAR 

resulting from the use of larger diameter cylinders. 
The effect of the cylinder, as Fig. 2 shows, is to create 
a "restricted region" where the natural convection- 
driven fluid flow in impeded. The fluid in this region 
is allowed to overheat, altering the temperature profile 
in the liquid and leading to earlier nucleation accord- 
ing to the Hsu and Graham [7] model for boiling 
incipience. Larger diameter cylinders create larger 
restricted regions, allowing more of the liquid to 
become superheated. 

1.3. S t u d y  object ives 
The highly-wetting Fluorinerts are capable of pen- 

etrating extremely small regions and require micro- 
cavities for embryo entrapment. A goal of this work 
is to determine whether the minute crevice at the per- 
imeter of the interface of a heat source and a pressed- 
on attachment may serve as such a cavity, promoting 
early incipience and gradual boiling spread, eli- 
minating the temperature overshoot associated with 
rapid boiling spread. Because there exist commercial 
products which make use of non-permanent, pressed- 
on attachments, extension of the concept to include 
boiling would be a simple matter. Unlike pure con- 
duction devices, such as IBM's Thermal Conduction 
Module (TCM) described by Goth et al. [8] and shown 
in Fig. 3, manufacturing tolerances on a boiling fin 
could be significantly relaxed because only the flatness 
and uniformity of pressure between the contacting 
surfaces would affect the performance. 

Because boiling is a complex combination of fluid 
flow and heat transfer processes, there is no simple 
solution uniformly applicable to all cooling needs. 
Understanding the peculiarities in the boiling 
behavior of the highly-wetting fluids for different cav- 
ity and surface geometries for the range of heat fluxes 
encountered in electronic components is critical. It is 
conceivable that optimal heat removal would include 
boiling on some interfacial geometry in addition to 

Cold plate with water channels 
/ 

conical spring Path of heat flow 

Silicon ehip~ 'i" Piston 

Ceramic substrate 

Fig. 3. Single piston section of IBM Thermal Conduction 
Module (adapted from Goth et aL [8]). 

surface extension. An example of a geometry opti- 
mized for heat dissipation at much greater tempera- 
tures, such as those encountered in nuclear reactor 
cooling, is the turnip shaped fin proposed by Cash et  
al. [9]. While the device itself is so hot that film boiling 
occurs on the surface, the constriction at the base of 
the turnip provides a temperature drop which keeps 
the fin in the higher heat transfer, nucleate boiling 
region. 

For evaluation of various geometries, the thermal 
resistance provided by a surface attachment or fin 
with a boiling boundary condition must be known. 
Because the boiling heat transfer rate is highly tem- 
perature dependent, a simple analytical solution, as in 
the case of a constant convection coefficient, is not 
available. Applying boiling convection correlations 
developed for infinite, isothermal cylinders to other 
geometries or fins leads to considerable error. What is 
needed is a simple method for computing the thermal 
resistance of a particular fin geometry throughout 
natural convection and nucleate boiling in any fluid. 
Previous studies, including those by Anderson and 
Mudawar [4] and Cash et  al. [9], have involved 
numerical simulation of fins using boiling boundary 
conditions. However, as mentioned earlier, no 
account was made for circumferential variation in the 
boiling behavior or the effect of contact resistance 
between the heat source and a non-permanent attach- 
ment. In this paper, a simple means of approximating 
the convection coefficient for use in finite difference 
analysis is presented. 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

All experiments for this study were performed in 
the pool boiling test chamber shown with the heater 
module in Fig. 4(a). The chamber consisted o fa  G-10 
fibreglass plastic frame, top, and bottom with Lexan 
polycarbonate view windows on the front, back, and 
one side. A smaller port on the fourth side was used 
for adjusting the test apparatus while fluid was in the 
chamber. The chamber was vented to release non- 
condensible gases and maintain atmospheric pressure 
for the experiments. However, the condensing coil, 
with cold tap water circulated through it, recondensed 
nearly all the vapor, making the chamber effectively a 
closed system. All of the experiments were run with 
the same head of fluid above the submerged test 
heater. The 6.35 cm head corresponds to approxi- 
mately 0.3°C change in, and was neglected in cal- 
culation of, the fluid saturation temperature. 

Three cartridge heaters, positioned at the back of 
the chamber to prevent the bubbly flow from inter- 
fering with the test heater, and a cold tap water cooling 
coil submerged in the liquid (not shown in Fig, 4(a)), 
were used to maintain the bulk fluid temperature. 
Experiments were run with the bulk fluid subcooled 
1.5°C because of the vigorous boiling-induced flow 
and vapor entrainment that occurred, even with a 
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Fig. 4. (a) Test chamber; and (b) heater module. 

baffle installed, when the liquid was saturated. Ther- 
mocouples mounted on an X-Y translation stage were 
positioned to me~tsure bulk fluid temperatures in the 
vicinity of the test heater. Prior to each set of tests, 
the fluid in the chamber was vigorously boiled and 
recondensed for a period of thirty minutes to remove 
noncondensible gases. 

The heater module with the test heater is shown in 
Fig. 4(b). The O-ring sealed module contained the 
heater power and thermocouple leads and could pos- 
ition the heater surface at any angle with respect to 
gravity. The test heater, detailed in Fig. 5, was made 
of oxygen-free copper (kc = 398 W m ~ K -  1 at 20°C) 
with a 90 ~ thick-film resistor soldered to the back. 
Electrical power provided to the resistor, measured 
with a power transducer and heater temperature, mea- 
sured with a thermocouple 0.81 mm beneath the 
surface, were used to determine the surface heat flux 
and extrapolate the surface temperature. The heater 
was insulated on its perimeter and back, as shown, 

(a) G-7 fiberglass insulation 

~ Alumina-silica fiber insulation 
Oxygen-free copper block 

Thermocouple 

Th i~'iilb~r r lSiSatils u latio n 

(b) 12.7 m m ~  

- - ~ ~  Thermocouple wires 

~ick-film resistor 

• Jwer leads 

Fig. 5. (a) Heater assembly and (b) detail of test heater. 

to decrease heat loss. Finite element analysis of this 
configuration revealed less than 2% variation in heat 
flux across the surface, justifying the assumptions of 
one-dimensional conduction through the heater and 
uniform heat flux across the heater surface. The heater 
surface temperature measurement had a maximum 
error at the highest heat fluxes, due to uncertainty in 
thermocouple position and heat flux measurement, of 
5%. Although a linear calibration curve provided an 
excellent fit for the power transducer data, the fit had 
around 0.31 W offset at zero power. Inherent in very 
low power measurement, then, is considerable error. 
As a result, heat fluxes around 1 W cm -2 and lower 
are regarded with caution and those below 0.4 W cm -2 
are excluded. 

Figure 6 shows the attachment for holding fins in 
contact with the heater surface. The fin used in this 
study was an oxygen-free copper cylinder of 1.27 cm 
diameter and 1.6 cm length. In all tests, the fin was 
made adiabatic at the tip using a G-10 cylinder 
attached with RTV silicone sealant. A steel ball bear- 
ing at the end of the G-10 allowed the fin to self-align 
with the heater surface and maintained uniformity of 
contact pressure. A tank of compressed nitrogen was 
connected, through a pressure regulator, to a pneu- 
matic actuator to provide the contact force holding 
the fin to the heater. The regulator was positioned 
outside the chamber, allowing for remote adjustment 
of the contact force. The force was measured using a 
small, 53 N load cell connected in series with the 
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Fig. 6. (a) Heater module with surface attachment and (b) detail of extended surface attachment. 

actuator. This maximum measurable force cor- 
responded to a maximum contact pressure, for a flat- 
ended fin of the diameter given, of 434 kPa. This range 
of forces was chosen to correspond to the range of 
contact pressures (27-500 kPa) used by Eid and 
Antonetti [10] in a study of thermal contact resistances 
applicable to electronic components. These contact 
pressures are an order of magnitude smaller than those 
encountered in conventional contact resistance work. 

Test were run with both polished and particle- 
blasted mating surfaces, to determine how the rough- 
ness of the contacting surfaces affected the boiling and 
contact resistance behavior. In both cases, the con- 
tacting surfaces were first machined flat on a lathe and 
then lapped on polishing wheels using successively 
finer grit (to 0.05 /~m) to eliminate both large and 
small scale roughness. In the experiments where the 
surfaces were to be roughened, the contacting surfaces 
were then particle-blasted. A range of contact forces 
was applied and the results compared to the boiling 
behavior for the case of the fin soldered directly to the 
heater. Error in the applied force due to inaccuracy in 
the force transducer output and regulator adjustment 
varied from around 2% at the highest to nearly 20% 
at the lowest forces, around 2.2 N, measured. 

2.1. Test procedure 
Prolonged boiling and submersion in liquid has 

been shown to effect changes in boiling surfaces, 
resulting in changes in the boiling behavior. Col- 
lectively termed "surface aging", these changes were 
first observed by Jakob [11] and are attributed to 
surface oxidation, surface contamination, and con- 
tinued release of gases adsorbed by the surface. To 
ensure uniform and repeatable boiling surface proper- 
ties, the fin's boiling surface was blasted with a silica 
particle-water slurry (particle sizes ranged from 1 to 
7 Fm) prior to each set of tests. Because surface aging 
occurs most rapidly initially, the fin surface was boiled 
vigorously for 30 min at one-fourth of the critical heat 
flux (CHF) prior to each set of tests and in conjunction 
with the bulk fluid deaeration, to achieve quasi-steady 
boiling behavior. 

Power provided to the resistance heater was con- 
trolled using solid state power relays, operated by a 
Keithley data acquisition system (DAS), in con- 
junction with a resistance ladder. The data-taking was 
automated; the DAS monitored the heater surface 
and bulk fluid temperatures, heater power, and con- 
tact force, and recorded the values when the system 
reached steady-state. Steady-state was determined to 
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occur when the standard deviation of the heater tem- 
perature measurements fell below a preset limit. The 
system then opened or closed the power relays to 
increment the power. This process continued with the 
power relays being opened and closed, in binary-coun- 
ting fashion, until critical heat flux was reached. Criti- 
cal heat flux was determined to be the point when the 
heater temperature either did not achieve a steady 
value or reached 130°C, a limit set to prevent burning 
of the resistive heater. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Because electronic components are flat, a logical 
location choice for a heat-dissipating device is the fiat 
backside. It is useful, then, to evaluate the effectiveness 
of devices in terms of the amount of heat they can 
dissipate per unit heater area and the corresponding 
temperature of the device surface. Boiling results are 
presented in terms of q~', the heat flux across the cir- 
cular test heater surface, and Ts -  Tb, the difference in 
temperature betwee, n the heater surface and the bulk 
fluid. For  the heater-fin system, the overall thermal 
resistance is definedk as : 

Ts- Tb 
R~' - - -  ( ] )  q~' 

This resistance includes conduction through the fin, 
convection on the perimeter of the fin and interface 
region, as well as the thermal conduction contact 
resistance between the pressed-on fin and the heater 
surface. The case of the soldered-on fin is considered a 
limiting condition, the contact resistance is negligibly 
small, and the resistance made up of only conduction 
through the fin and convection at the surface of the 
fin. 

3.1. Effect o f  mechanical pressure on contact resistance 
Figure 7 summarizes results for the described cop- 

per fin held to the c!Lrcular heater surface for a range of 
contacting forces. Tests were run using both polished, 
Fig. 7(a), and particle blasted, Fig. 7(b), contacting 
surfaces. Notice that, while the pressed-on fin 
behavior deviates significantly from the soldered-on, 
variation due to changing the contact pressure is 
small. Thermal contact resistance is, in general, not 
independent of contact pressure. When the tem- 
perature difference between mating parts is small, 
radiation is negligible and the heat transfer is com- 
posed of conduction through the points of true, metal- 
to-metal contact and conduction through the fluid 
that fills in the resulting gaps. The effective thickness 
of this fluid layer :may be thought of as a mean sep- 
aration distance between the parts. Even on highly 
polished surfaces, microscopic surface features, or 
asperities, cause tile true area of contact to be much 
less than the nominal area of contact. Increased con- 
tact pressure deforms the asperities, increasing the 
area of true contact, and reducing the thermal contact 

resistance. A decrease in the mean separation distance 
also accompanies the deformation, reducing the thick- 
ness of the fluid layer and its contribution to the con- 
duction resistance. However, over the range of loads 
allowed on electronic components, the amount of 
deformation is small, making the effect of contact 
pressure on the contact resistance also small. Figure 
7(c) compares the average polished and particle- 
blasted boiling behavior with boiling from a bare sur- 
face and the soldered-on fin. As expected, the rougher, 
particle-blasted contact shows slightly higher contact 
resistance, seen as a rightward shift in the boiling 
curve, than the polished contact. 

3.2. Thermal resistance o f  interface 
Figure 8 compares the fin resistance, determined 

from the soldered-on case, and the overall fin-gap 
resistance, using the pressed-contact with 90 kPa con- 
tact pressure. If  none of the heat is lost at the interface, 
all of it goes through the fin and the difference between 
the two resistance curves, Fig. 9, gives the effective 
interface resistance. At low temperature differences, 
the natural convection heat transfer coefficient is 
strongly dependent on the difference in temperature. 
As the difference between the heater and bulk fluid 
temperatures approaches zero, the natural convection 
coefficient also goes to zero and the resistance becomes 
very large. Notice, from Fig. 8, that both the soldered- 
on and pressed-on fin resistance curves follow the 
expected trend for natural convection from a hori- 
zontal, isothermal cylinder given in Churchill and Chu 
[12] and shown qualitatively in Fig. 10(a). 

Unexpectedly, the interface resistance is not 
constant, beginning high and dropping to a steady 
value of around 0.45°C W -1 cm 2. This is because some 
heat is actually lost due to fluid circulating in the small 
cavities at the interface of the pressed-on fin and the 
heater surface. Heat removal at the interface means 
less of the applied heat is going through the fin, leaving 
the fin colder and in a region of much higher resistance 
at low heat fluxes. The interface resistance trend shows 
the value dropping below the steady resistance value 
(becoming negative, in some cases) between the onset 
of boiling and the point where boiling is occurring 
over the entire surface. This is because boiling began 
earlier, creating a greater convection coefficient, with 
the pressed-on fin than the soldered-on and because 
the pattern of boiling spread varied somewhat for 
successive tests. Figure 10(b) shows the dominant 
paths for heat flow for different heat fluxes. At low 
heat flux, convection at the interface, although poor, 
is better than the nearly infinite convection resistance 
offered by the cold fin. As the heat flux is increased 
and boiling begins, convection on the fin surface 
increases and dominates the interface convection, 
making the fin behave like the soldered-on fin and 
differing only, at high fluxes, by the (nearly constant) 
thermal contact resistance. 

Boiling spread at various heat fluxes is shown for 
both the soldered-on and pressed-on cases in Fig. 11. 
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Fig. 7. Effect of contact pressure on boiling performance using pressed-on fin with :(a) polished and (b) 
particle-blasted contacting surfaces ; (c) pressed-on fins and bare heater compared. 

At 1.80 W cm -2, just after incipience on both fins, 
boiling on the soldered-on fin occurs at only a few 
nucleation sites at the fin base. As the heat flux is 
increased, the departing bubbles from these sites 
become larger but  the number  of nucleation sites 
remains small. With the pressed-on fin, however, the 
boiling is not  restricted but spreads to multiple sites 
around the perimeter of the interface quickly as the 
power is increased. The increased area of boiling 
coverage with the pressed-on fin at low heat fluxes 
translates to better convection, measured as lower 
heater temperatures. At higher heat fluxes, as shown 
in the figure, boiling on both fins occurs over nearly 
the same fraction of the fin area and there is little 

difference between the soldered-on and pressed-on 
cases. The constant  value of the interface resistance, 
shown in Fig. 9, as the heat flux is increased beyond 
7 W cm -2, also suggests that little is changing at the 
fin-heater contact and that boiling on the perimeter of 
the fin dominates any heat transfer from the interface 
region. Thus, while the interface does serve to promote 
earlier boiling incipience, at higher fluxes it behaves 
purely as a thermal contact resistance. However, in 
spite of this additional conduction resistance, as Fig. 
7(c) shows, the boiling behavior with the fin is con- 
siderably improved over boiling from a bare surface, 
seen as a three-fold increase in the critical heat flux. 

Average roughness data for similarly prepared, pol- 
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Fig. 9. Effective interface resistances for several tests. 

ished surfaces are .given in Bernardin and Mudawar 
[13] and are on the order of 0.1/~m. Comparison with 
the thermal contact resistance model of Antonetti and 
Whittle [14], which was developed from published 
contact resistance data for a variety of surface 
materials with roughness on the same order as this 
study, shows good agreement with a thermal contact 
resistance value of around 0.475°C W ] cm 2. 
However, this is only useful for approximating the 
contact resistance as large scale roughness, resulting 
from the machining process, and conduction through 
the interstitial fluid were not considered in the cal- 
culations. 

Several tests were run to determine the amount 
of hysteresis in the interface resistance and boiling 
incipience behavior. In these tests, once boiling had 
occurred over the entire surface, the power was 
decreased manually to zero heat flux. This was done 
gradually, allowing the system to reach steady-state 
at each step. Figure 12 shows results from one of the 
runs. Because the interface does serve to promote early 
nucleation, hysteresis in the boiling behavior and 

,C  

Temperature difference (°C) 

(i) (ii) 

2387 

"Is Tfin base Fin E,.'%.\\\\\\~ 
Heater " / ~  S 

~" Insulation" 

Preferred path for heat transfer at: 
(i) Low flux 

(ii) High flux 
Fig. 10. (a) Natural convection on a horizontal cylinder and 

(b) paths of heat transfer for pressed-on fin. 

interface resistance is small, as shown by the similarity 
in the increasing heat flux and decreasing heat flux 
curves. 

3.3. Fluorinert penetration 
Over the course of several test runs, small amounts 

of a nonvolatile substance built up in the interface 
between the pressed-on fin and heater surface. This 
substance was identified, through spectroanalysis, as 
a plasticizer known as diisooctyl phthalate, which has 
a saturation temperature on the order of 200°C. This 
substance is found in both TYGON and polyethylene 
tubing and was likely leached, by the Fluorinert liquid, 
out of the submerged polyethylene cooling coil. The 
amount of the plasticizer in the liquid is small enough 
that the boiling characteristics are not significantly 
affected and  tests run with clean and contaminated 
liquid yielded similar results. The test chamber was 
filled with fluid after the surface extension was 
assembled and drained before disassembly. The build 
up of the substance in the very small interface region, 
then, suggests that the low contact angle Fluorinert 
liquid actually penetrated the region and boiled off, 
leaving the plasticizer. 

4. MODELING OF CONVECTION COEFFICIENT 
FOR FINITE LENGTH CYLINDRICAL FIN 

As the interface resistances show, the pressed-on fin 
offers an advantage over the soldered-on. The inter- 
face promotes earlier nucleation and boiling spread, 
as well as additional convection from fluid circulation. 
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Fig. 12. Lack of hysteresis in interface resistance. 

Optimization, then, of a boiling heat sink may involve 
some non-cylindrical fin, to maximize fin effectiveness, 
as well as some interface or contact geometry designed 
to repeatedly enha]ace nucleation and boiling spread. 
A basis for numerically modeling the heat conduction 
and surface convection from the fin in boiling is 
important for determining the interface contact resist- 
ance and heater temperatures for any interface or fin 
geometry. Because boiling convection coefficients are 
highly temperature dependent, there is no simple ana- 
lytical solution for boiling on a fin as there is with a 
constant convection coefficient. Additionally, the fin 
is of finite length and is heated from one end. As a 
result, the fin temperature is not uniform, precluding 
the use of correlations for boiling on an infinitely long, 
isothermal cylinder. 

To calculate the boiling behavior for the finite 
length fin, the heat diffusion equation was solved, 
using a finite difference code, for a range of uniform 
heat fluxes applied at the base of the fin. The fin tip 
was prescribed as adiabatic and a circumferentially 
averaged boiling carve, assuming an isothermal per- 
imeter for each discrete cross-section, was used for 
the convection on the perimeter, simplifying the heat 
diffusion equation in cylindrical coordinates to : 

1 it (rC~_T~+ c32T= 0 (2) 

for steady, axisymmetric conduction. This averaging 
involved measurement of the boiling behavior for a 
bare heater at a range of positions, Fig. 13, with 
respect to gravity. The test heater used for the orien- 
tation data was a 12.7 mm square heater, rather than 
the 12.7 mm diameter circular one used in the other 
tests. The temperature data from the various orien- 
tations, every 15 ° from 0 ° (horizontal, upward facing) 
to 165 °, were simply averaged to obtain a boiling curve 
representative of the entire perimeter and fit with a 
continuous arctangent function, given in Table 2. The 
data from the 180 ~ degree surface (horizontal, down- 
ward-facing) were neglected because produced vapor 
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Fig. 13. Bare surface boiling curves for various angles and 

average boiling curves for : (a) FC-72 ; and (b) FC-87. 

could not escape and nucleate boiling incipience was 
closely followed by critical heat flux. The boiling data 
for various heater orientations show, as has been sug- 
gested before, that nucleate boiling behavior is inde- 
pendent of the surface orientation with respect to 
gravity. 

Figure 14 shows the heat flux versus fin base tem- 
perature and compares the numerical solution with 
the experimental results and the case of an isothermal 
fin. The single phase region was solved using the Chur- 
chill and Chu [12] and Morgan [15] correlations for 
horizontal cylinders as the convection boundary con- 
dition. The single phase region was terminated at the 
point where the natural convection correlations inter- 
sected the average nucleate boiling curve. The results 
show good approximation for heat transfer from the 
horizontal cylinder up to heat fluxes near CHF. The 
heater used for the orientation boiling behavior 
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Table 2. Convection boundary conditions used in numerical fin solution 

Natural convection on long, isothermal, horizontal cylinder (Morgan [15] and Churchill and Chu [12]) 

Morgan : 

where : 

£D 
NuD = ~ = B1 (RaD) m, 

Rao Bi ml 

10 lo 10-2 0.675 0.058 

10 2-102 1.02 0.148 

102-104 0.850 0.188 

104-107 0.480 0.250 

107-1012 0.125 0.333 

Churchill and Chu : 

NuD = {0.60+ 0"387RaD~6 ~z 
[1 + (0.559/Prr) 9/16] 8/2 7 J 

10 5 < R a o <  10 ~2 

Fit of average nucleate boiling curve data (present study) 

FC-72 

kT= ~ { t a n  ' [  -Ts-Tb-  1 0 " 8 0 ] ~  J +  1.01} 

FC-87 

16.54 {tan t [Ts-Tb-9 .95-]  ) 
h-= ~ 4.36 J+0"201 

Pool boiling CHF on long, isothermal, horizontal cylinder (Sun and Lienhard [16]) 

qmax 6 (R'+A) 3/2 
R '+A ~< 4.28 

q~aax,F ~2N/3 R" 

q"ax 3 3/4 (R'+A) 
R'+A > 4.28 

q~ax.v n R" 

where : 

A = [2.54R' + 6.48R' e (- 3.44./~)] 2/3 _ R' 

A = 0.233R' R' > 3.47 

R ' =  R ~  

R' < 3.47 

q~ax,F = O.149p~/2hfg~/ga(Pr-Pg) Lienhardetal. [17] 

measurements was on the order of the size of the 
cylinder, thereby accounting, to some extent, for the 
interaction between bubble production sites at higher 
fluxes. However, numerical solution using the aver- 
aged curve still deviates significantly at fluxes near 
critical, suggesting that the interaction is, in fact, more 
significant. The Lienhard et al. [16] relation for the 
critical heat flux, using the fin base temperature and 

shown in Fig. 14 as CHFeor ' agrees well with the exper- 
imental data. Table 2 summarizes the relations used 
for surface convection in the numerical fin solution. 

5. CONCLUSIONS 

The goals of this study were to examine per- 
formance enhancement for boiling heat dissipation in 
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highly wetting fluids. Because possible applications 
include electronic component  cooling, enhancement 
involving an extended surface held to the heat source 
with low forces in a non-permanent  manner  was con- 
sidered. The important  results follow : 

(1) At the low mechanical contact pressures 
allowed on electronic components,  the thermal con- 
tact resistance shews small dependence on constant  
pressure. However, even with contact pressures as low 
as 17.5 kPa with the non-optimized cylindrical fin, the 
maximum boiling heat dissipation is increased by a 
factor of three over boiling from a bare surface while 
maintaining low heater surface temperatures. This 
demonstrates the potential of  non-permanent ,  low- 

force fins combined with boiling for high performance 
cooling. 

(2) The highly-wetting Fluorinert  liquids used in 
these tests are capable of penetrating extremely small 
regions. Such regions, including the tiny crevice at the 
interface of the heater and the cylindrical fin, serves 
to restrict the fluid motion and cause it to superheat 
and nucleate earlier. The pressed-on fin demonstrates 
the advantage over the soldered-on fin that boiling 
begins slightly earlier, spreads more evenly, and shows 
little hysteresis or, deviation upon decreasing the heat 
flux. 

(3) Nucleate boiling convection is independent of 
the orientation of the surface with respect to gravity. 
A method of approximating boiling convection for 
use in numerical solution of arbitrary extended surface 
geometry in nucleate boiling is presented. The results, 
combined with existing correlations for natural  con- 
vection heat transfer and the critical heat flux value, 
closely match the actual, soldered-on fin behavior. 
Once the fin boiling resistance or, relationship between 
the heat flux and base temperature for a particular 
geometry, is known, it may be used to compute the 
actual heat flow into the fin for other areas and geo- 
metries of contact based on knowledge of the interface 
geometry and heat transfer behavior. 
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