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Abstract

Experiments are conducted which investigated enhancements in nucleate boiling of FC-72 dielectric liquid on porous

graphite and compared results with those on a smooth copper surface of the same dimensions (10 · 10 mm). Also inves-

tigated is surface temperature excursion at boiling incipience and the obtained values of CHF are compared with those

of other investigators on copper, silicon, and micro-finned silicon surfaces and micro-porous coatings. Results showed

no temperature excursion at boiling incipience on porous graphite but as much as 14.0 K in saturation and 9.0–13.3 K

in subcooled boiling on copper. The nucleate boiling heat transfer coefficients on porous graphite are significantly

higher than on copper and the values of CHF (27.3, 39.6, 49.0, and 57.1 W/cm2 in saturation and at DTsub = 10, 20,

and 30 K, respectively) are 63–94% higher than on copper (16.9, 21.9, 26.9, and 29.5 W/cm2, respectively). The surface

superheats at CHF on porous graphite (11.0 K in saturation and 17.2–19.5 K in subcooled boiling) are lower than on

copper (21.3 K and 22.9–24.9 K, respectively). The nucleate boiling heat transfer coefficient increase with subcooling

and CHF increased linearly with DTsub. The subcooling coefficient of CHF on porous graphite (0.041) is slightly smaller

than those on micro-porous coatings (0.044 and 0.049) but much higher than those on micro-finned silicon surfaces

(0.022, 0.036), and on Cu, Si, and enhanced SiO2 (0.018) surfaces.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The continuing increases in clock speed of CPU chips

and microprocessors increase the dissipated thermal

power and develop hot spots on the surface of the chips.

The hot spot dissipation heat flux could be two to three
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times the surface average heat flux, currently ranges

from 40 to 60 W/cm2. According to the 2002 Interna-

tional Roadmap for Semiconductors, the dissipated

power by a high performance CPU chip is projected to

exceed 160 W in the near future and 250 W by 2010–

2013 [1]. Also, the local dissipation heat flux from the

IBM power-4 chip is currently near 100 W/cm2 [1,2].

The high dissipation heat fluxes and non-uniform sur-

face temperature induce mechanical stresses that could

damage the chip or shorten its service lifetime. There-

fore, it is important to remove the dissipated power
ed.
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Nomenclature

C coefficient (Eqs. (2) and (3))

CHF critical heat flux (W/cm2)

NHTC nucleate boiling heat transfer coefficient

g acceleration of gravity (m/s2)

hfg latent heat of vaporization (W/kg)

q surface heat flux (W/cm2)

T temperature (K)

Subscripts

b liquid pool

ex excursion

Cu Copper

CHF at critical heat flux

NC natural convection

i boiling incipience

l liquid

NB nucleate boiling

PG porous graphite

sat saturation

Si silicon

sub subcooling

w boiling surface

v vapor

Greek symbols

DTsat surface superheat, (Tw � Tsat) (K)

DTsub liquid subcooling, (Tsat � Tb) (K)

q density (kg/m3)

r surface tension (N/m)
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while minimizing the temperature gradient across

the surface of the chip. Because of the ever-increasing

dissipation power by CPU chips future cooling is likely

to transition from being air-based to being liquid-based,

including forced convection, micro-channels; spray and

impinging jets; capillary pumped loops; and immersion

cooling [3–8]. In the latter, the CPU or circuit board is

fully submerged in a stagnant or a flowing dielectric

liquid, such as FC-86, FC-72, and HFE-7100.

Dielectric liquids have poor thermo-physical proper-

ties and are highly wetting compared with non-dielectric

liquids such as water, but they are environmentally

friendly and chemically inert. When used in conjunction

with structured, porous or micro-porous surfaces the re-

moved power by nucleate boiling of these liquids could

be high enough for cooling high power CPU chips and

microprocessors. For this application, promising dielec-

tric liquids are those with saturation temperatures

<80 �C in order to keep the junction temperature <85–

100 �C. However, since liquids, such as the Fluorinert

FC-72, are highly wetting (surface tension of 0.008 N/m

at room temperature compared to 0.072 N/m for water)

air for promoting bubble nucleation is entrapped only

in the tiny pores and cavities on the surface. As a

result, boiling incipience is delayed until after reaching

high surface superheats that could exceed 35 K [3,6,9–

11], referred to as temperature excursion. Because such

excursions occur at relatively low heat fluxes that CPUs

chips are likely to operate at in actual devices for

extended periods of time, they could reduce the life-

time and increase the failure frequency of these devices

[12].

Enhancements in nucleate boiling are realized

through an increase in the density of active nucleation

sites on the surface and/or in the detaching frequency
of the bubbles. Decreasing the bubbles departure dia-

meter increases this frequency and increasing the nu-

cleation sites density decreases surface superheat and

increases nucleate boiling heat flux [13,14]. The very

low surface tension of dielectric liquids decreases the

detaching diameter of bubbles and increases their depar-

ture frequency [10,15]. Recently, Ramaswamy et al. [15]

measured an average detachment diameter of FC-72

bubbles from a structured porous surface of �0.5–

0.7 mm at frequencies of 150–200 s�1, depending on

the wall superheat. In pool boiling of HFE-7100 on

smooth copper the reported average diameter of detach-

ing bubbles is �0.55 mm at a frequency of 100 s�1

[10,11]. Increasing the active nucleation sites density

has been attempted using roughened surfaces [16], sur-

faces with re-entrant cavities [17,18], structured surfaces

[15], porous metallic coatings, with average size particles

from a few to tens of microns [19], micro-porous coat-

ings, with an average particle sizes of 1–20 lm [3,20–

23], and micro-finned silicon surfaces [24,25]. Generally,

these surfaces increased nucleate boiling heat transfer

coefficient and critical heat flux (CHF), decreased sur-

face superheat, and reduced, and in some cases elimi-

nated, temperature excursion at boiling incipience. As

indicated later the porous graphite used in the present

experiments has tiny pores and relatively large re-

entrant cavities, thus reviewing the reported work on

pool boiling of FC-72 on porous and micro-porous

surfaces and those with re-entrant cavities is relevant.

Baldwin et al. [17] investigated saturation boiling of

FC-72 on surfaces with bulb- and pyramidal-shaped

re-entrant cavities with center-to-center spacing of 0.5,

1.0, and 1.5 mm and average round mouths of 45 lm2.

The reported CHF of �40 W/cm2 on the surface with

pyramidal-shaped re-entrant cavities is 15% higher and
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the corresponding surface superheat of �35 K is 40%

lower than those measured on the surface with bulb-

shaped cavities. This CHF is also much higher than

those reported on smooth surfaces (�13–16 W/cm2)

[20,22,26,27]. Kubo et al. [18] investigated nucleate boil-

ing of 3 and 25 K subcooled FC-72 on smooth silicon

and on silicon with re-entrant cavities. These cavities

with average mouth diameters of 1.6 and 3.1 lm were

spaced by 1.0 and 0.1 mm and had number densities of

81 and 9.3 · 103 cm�2, respectively. Both the nucleate

boiling heat transfer coefficient and CHF increased with

the best results are those of the surface with the large

mouth and high number density cavities. Saturation

nucleate boiling ensued at a surface superheat of

�4.8 K, compared to �15 K on smooth silicon. At

25 K subcooling the reported CHF was �37% higher

and the corresponding surface superheat was �47%

lower than on smooth silicon.

Arbelaez et al. [28] investigated saturated boiling of

FC-72 on aluminum foam measuring 2.54 · 6.35 ·
6.35 cm and that has porosities of 90–98% and 5–40

pores per linear inch. The surface superheats at boiling

incipience were 8–10 K with no temperature excursion,

except in two cases it was �2 K. The nucleate boiling

heat flux was �5 times higher and CHF (28.8 W/cm2)

was �50% higher than those measured on a machined

aluminum block measuring 1.0 · 2.5 · 2.5 cm, however,

the surface superheat at CHF on the foam was �40 K

higher. Honda et al. [24] investigated saturation and

subcooled (3, 25, and 45 K) boiling of FC-72 on smooth

silicon and on silicon sputtered with SiO2 and chemically

etched to a RMS roughness of 25–32 nm. The tempera-

ture excursions at boiling incipience on smooth silicon

was as much as 37 K, but only �10 K on the roughened

surface, which may be attributed to the trapped air in

the surface features. In addition to the enhancement in

nucleate boiling heat transfer coefficient, CHF was

�40% higher than that on smooth Si. Rainey and You

[3] have reported similar enhancements for FC-72 on a

machine roughened copper surface. The temperature

excursions at boiling incipience were lower and CHF

(18.8 W/cm2) was �40% higher than that on polished

Cu (13.2 W/cm2). In saturation boiling of FC-72 on

commercially available structured surfaces (Union Car-

bide�s High Flux, Hitachi�s Thermoexel-E, and Wie-

land�s Gewa-T) Marto and Lepere [29] have reported

2–5 times higher nucleate boiling heat flux and lower

temperatures at boiling incipience than on plain copper,

but little or no enhancement in CHF. In the same inves-

tigation but with a Turbo-B surface a 91% increase in

CHF was reported.

Many saturation and subcooled boiling experiments

of FC-72 on micro-porous coatings have shown very

promising results, which are attributed to the tiny pores

in the micro-porous coatings that could range in size

from 0.1 to 1 lm [3,21]. These coatings made with 1–
20 lm particles bonded with epoxy have low effective

thermal conductivity of only �0.95 W/m K, which could

increase the surface temperature. With thin layers of

these coatings (�50 lm) applied to flat surfaces and

wires, significant enhancements in the nucleate boiling

heat transfer coefficient of FC-72 and decreases in tem-

perature excursions at incipient boiling have been re-

ported [3,20–22]. These results are attributed to the

increase in nucleation sites and to the ability to entrap

air in the micro-pores of the coatings. In saturation boil-

ing of FC-72 on a micro-porous paint, O�Connor et al.
[23] reported �330% increase in nucleate boiling heat

flux and�100% increase in CHF, compared to untreated

copper surfaces. Increases of �33% in the nucleate boil-

ing heat flux and �100% increase in CHF of FC-72 on

micro-porous coatings, compared to untreated copper,

have also been reported [22].

Honda and coworkers [24,25] have investigated pool

boiling of FC-72 on micro-finned silicon, indicating

large enhancements in both the nucleate boiling heat

transfer coefficient and CHF. Surface superheat at

CHF was smaller than reported by other investigators

on structured and porous surfaces and on micro-porous

coatings. In an attempt to reduce or eliminate tempera-

ture excursions at boiling incipience, several investiga-

tors saturated the FC-72 liquid with dissolved air prior

to conducting boiling experiments [21,25,30,31]. The

presence of dissolved air in the nucleating bubbles has

the effect of reducing the vapor pressure and hence,

the surface temperature at boiling incipience. With

pre-gassed liquid, measurable decreases in temperature

excursions at boiling incipience and increases in the

low surface superheat nucleate boiling heat flux have

been reported. At higher surface superheats, however,

the increase in nucleate boiling heat flux gradually

diminished before reaching CHF. These results were

generally true for both smooth and enhanced surfaces

[21,25,31] and have shown that the combination of

pre-gassed liquid and structured, porous or micro-por-

ous surfaces could eliminate temperature excursions at

boiling incipience.

El-Genk and Parker [6,32] have reported large in-

creases in the nucleate boiling heat transfer coefficient

and CHF of HFE-7100 dielectric liquid on porous

graphite and no temperature excursion at boiling incip-

ience. However, because of the difference in properties

between HFE-7100 and FC-72, the magnitudes of the

enhancements and effect of liquid subcooling could be

different, which are the focus of this paper. The reported

results on CHF of dielectric liquids such as FC-72 and

HFE-7100 have shown a linear increase with increased

subcooling, however, the value of the rate constant (or

subcooling coefficient) depends on the surface character-

istics and properties of boiling liquid [6,11,21,23,25,27].

Generally, porous graphite, micro-porous coatings and

surfaces with micro-fins resulted in much higher rate
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constants than smooth copper and silicon, and roughed

SiO2 surface; more on that later.

This work investigated saturation and subcooled

boiling of FC-72 on a porous graphite surface measuring

10 mm · 10 mm and on a smooth copper of the same

dimensions for comparison. Digital photographs of

boiling on both surfaces at similar heat fluxes are re-

corded to help explain and interpret the experimental

measurements. The CHF values reported by other inves-

tigators for FC-72 on Cu, Si, etched SiO2, and micro-

finned silicon surfaces and on micro-porous coatings

are compared with present values on both smooth cop-

per and porous graphite. The porous graphite [6,32]

is commercially available, structurally strong, and has

high thermal conductivity (245 W/m K out of plane

and 70 W/m K in plane) and high volume porosity of

60% with 95% of the contained pores and re-entrant

type cavities, which are interconnected. In addition to

very tiny pores (<1 lm), the re-entrant cavities at the

porous graphite surface have mouth sizes that range

from a few to hundreds of microns (Fig. 1), increasing

the active nucleation sites density and the effective

surface area.
2. Test section and experimental procedures

Detailed descriptions of the experimental facility

(Fig. 2) and construction and assembly of the test sec-

tion (Fig. 3) are available elsewhere [6,10,11,32]. As

shown in Fig. 2, the test vessel, partially filled with the

FC-72 liquid, is placed inside a heated water bath tank.

The immersed electric heater at the bottom of the

tank helps maintain constant bath temperature, and

together with the submerged water cooled coils in the

FC-72 liquid, keeps the pool temperature at the desired

values in subcooled boiling experiments, to within

±0.5 K. The magnetic stirrer at the bottom of the

FC-72 pool speeds the liquid out-gassing and ensures

uniform pool temperature prior to conducting the experi-

ments. Owing to the high solubility of air in FC-72, it

typically takes a few hours of boiling to outgas the

FC-72 liquid in the test vessel prior to conducting the

experiments. However, air apparently remains trapped

in the tiny pores and surface re-entrant cavities of the

porous graphite. Because of the very low surface tension

of FC-72, the test vessel is tightly sealed to prevent

liquid leakage. The water-cooled reflux condenser coil

on the inside of the cover plate of the vessel (Fig. 2)

effectively condenses the generated vapor, thus main-

taining constant liquid pool height in the experiments.

The FC-72 pool temperature is monitored using four

submerged K-type thermocouples and taken as the aver-

age of those indicated by the two thermocouples placed

a few millimeters from the porous graphite or copper

surface.
2.1. Test section

The porous graphite used in this work has highly

porous structure with randomly sized interconnected

pores and cavities that vary in sizes from <1 lm to tens

and hundreds in microns. Re-entrant cavities at the sur-

face have non-circular openings and ragged non-smooth

interior and could be several hundred microns deep (Fig.

1). The high volume porosity of the graphite entraps air,

even after the degassing the liquid pool, for a long time

in many subsequent experiments conducted without

opening the test vessel. The graphite block measures

10 · 10 mm in surface area and is 3.0 mm thick (Fig.

3a) and the test section consists of a Teflon block with

a square cavity at the center of top surface for placing

the heating element below the porous graphite or

smooth copper block; the latter has the same surface

area (10 · 10 mm) and is 1.6 mm thick. The porous

graphite and the smooth copper blocks are mounted

onto the heating element using a thin layer of epoxy

(�0.1 mm) that has high thermal conductivity and high

electrical resistivity (Fig. 3a and b). Two copper leads

�0.5 mm in diameter are soldered to the ends of the

Nichrome wire of the heating element to reduce electri-

cal losses. Two K-type thermocouples are inserted in

two 0.6 mm diameter horizontal holes on one side,

�0.8 mm from the surface and half way into the graph-

ite or the copper block for monitoring the surface

temperature in the experiments (Fig. 3a and b). The

average reading of these thermocouples is taken as the

surface temperature for the purpose of constructing

the pool boiling curves. The estimated temperature drop

in the experiments between the surface and the embed-

ded thermocouples in the porous graphite and copper

blocks is 61.0 and 0.5 K, respectively.

The test section is encased in a Lexan frame with a

closed bottom (Fig. 3) and the shallow cavity on top

is filled with translucent two-part epoxy adhesive that

also seals the sides of the porous graphite and copper

blocks (Fig. 3) to prevent the formation of any tiny

grooves that could act as active nucleation sites for

vapor bubbles in the experiments, thus skewing the pool

boiling curves. Prior to conducting the experiments with

copper, its surface is prepared using consistent proce-

dures. It is sanded with emery paper #400 in even

strokes to remove scratches and dents, then polished

with a metal polishing liquid and cleansed with water

and alcohol, and finally finished using fine emery paper

(#1500).

2.2. Experimental procedures

The fully assembled and instrumented test section

(Fig. 3) is immersed in the FC-72 liquid pool in the test

vessel with the surface of the porous graphite or smooth

copper is �8 cm below the free surface of the liquid



Fig. 1. Scanning electron microscope (SEM) images of the porous graphite surface. (a) Porous graphite surface at different

magnification and (b) re-entrant surface cavities.
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pool. Out-gassing the liquid pool is accomplished by

boiling it for several hours while maintaining the tem-

perature of the surrounding water bath (Fig. 2) a few de-

grees above the saturation temperature of FC-72 and

turning the magnetic stirrer at the bottom of the pool

on (Fig. 2). The released gas is intermittently vented

out of the test vessel using the valve in the cover plate

of the vessel (Fig. 2). In subcooled boiling, the tempera-
ture of the water bath is kept close to the desired pool

temperature and the immersed water-cooled coils in

the pool kept the temperature of the FC-72 liquid con-

stant to within <1.0 K throughout the entire experi-

ments. In these experiments, no air is allowed to enter

the test vessel prior to or during the test procedures, thus

the effective vapor pressure is that corresponding to the

liquid subcooling in the pool.



Fig. 2. Line diagram of the pool boiling test facility.
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After the out-gassing of the liquid pool is complete,

experiments began by turning off the magnetic stirrer

at the bottom of the test vessel and incrementally

increasing the electrical power to the heating element

in the test section, via increasing the applied voltage in

increments of 60.2 V. The measured voltage drop across

and current through the heating element determine the

dissipating heat flux from the boiling surface (Fig. 2).

The side heat losses from the assembled test section

are found to be negligibly small [10,11], based of a ther-

mal analysis of the section using ANSYS commercial

finite element software [10,11]. Following each incre-

mental increase in the dissipated power by the heating

element, the surface heat flux and temperature are re-

corded after reaching steady state condition; when two

successive measurements of the surface temperature

are within ±0.2 K. Each of these measurements is the

average of 30 subsequent readings by the two thermo-

couples embedded in the graphite or copper block

(Fig. 3). It took typically �45–60 seconds after incre-
mentally increasing the heater�s power to reach steady

state. When either thermocouples in the graphite or cop-

per block (Fig. 3) measured an rapid increase in temper-

ature of >30 K above the last steady state measurement,

it is considered an indication of reaching the critical heat

flux (CHF) and the experiment was terminated. The esti-

mated experimental uncertainties are ±0.7 K in temper-

ature and ±2% in surface heat flux measurements.
3. Results and discussion

The obtained curves for saturation and 10, 20, and

30 K subcooled boiling FC-72 liquid on porous graphite

in two sequential tests conducted at the same conditions

are shown in Fig. 4a–d, respectively; the solid square

symbols indicate CHF. In addition to the excellent

reproducibility, these figures show higher nucleate boil-

ing heat fluxes and CHF for FC-72 on porous graphite

than on copper.



Fig. 3. Cross-sectional views and photographs of assembled test sections. (a) Porous graphite test section and (b) smooth copper test

section.

3742 J.L. Parker, M.S. El-Genk / International Journal of Heat and Mass Transfer 48 (2005) 3736–3752
3.1. Comparison of boiling curves on porous graphite

and smooth copper

The obtained boiling curves for FC-72 on porous

graphite and smooth copper are compared in Fig. 5a–

d. These figures show no temperature excursions at boil-

ing incipience on porous graphite on which nucleate

boiling ensues when surface temperature is <1.0 K

above saturation temperature of FC-72 (because of high

elevation of Albuquerque, NM, ambient pressure is

�0.086 MPa and saturation temperature is �52 �C).
Conversely, the temperature excursions prior to boiling

incipience on copper varied from 9.0 to 14 K, depending

on the liquid subcooling (Fig. 5a–d). The absence of

temperature excursions prior to boiling incipience on

porous graphite is attributed to the air entrapped in

the tiny and interconnected pores and re-entrant cavities

at the surface. Because of the low surface tension of FC-

72, pores with mouth sizes <12.8 lm would not be read-

ily wetted, thus entrapping air (Fig. 1a). The larger pores

and re-entrant cavities, however, are likely filled with

liquid, but some of the interconnecting pores to these

cavities could be too small to be wetted, thus entrap

air (Fig. 1b).
Tiny bubbles that likely contain some of the air en-

trapped in the tiny pores and re-entrant cavities in the

porous graphite are seen released from the surface in

subcooled boiling experiments when the measured sur-

face temperature is higher than that of the liquid pool

but well below the saturation temperature of FC-72.

Conversely, no such bubbles are released from the cop-

per surface in the natural convection regime prior to

boiling incipience because only a meager amount of air

is entrapped in the crevices of the copper surface owing

to the low surface tension of FC-72.

Noteworthy are the significant increases in the nucle-

ate boiling heat transfer coefficient (high nucleate boiling

heat flux and low surface superheat) and CHF of FC-72

on porous graphite compared to those on copper (Fig.

5a–d). Also, boiling incipience on porous graphite oc-

curred at very low surface superheats (DTsat < 1.0 K),

while at boiling incipience on copper DTsat varied from

5.5 to 8.8 K. The measured saturation CHF on porous

graphite (27.3 W/cm2) is �60% higher than that on Cu

(16.9 W/cm2) and occurs at DTsat = 12 K versus 21 K

on copper. Similar enhancements at DTsub = 10, 20,

and 30 K are obtained and shown in Fig. 5b–d, respec-

tively. The measured CHF values of 39.6, 49.0, and
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57.1 W/cm2 at 10, 20, and 30 subcooling, respectively,

represent increases of �81%, 82%, and 94%, respec-

tively, over those on smooth copper. The surface super-

heat at CHF, DTsat,CHF, on porous graphite is 11.8 K in

saturation boiling and increases with increased liquid

subcooling to 19.5 K when DTsub = 30 K. On copper,

DTsat,CHF is much higher; 21.3 K in saturation boiling

and 24.9 K when DTsub = 30 K (Fig. 5b–d).

3.2. Nucleate boiling regimes

Fig. 6a–c present the saturation and subcooled boil-

ing curves of FC-72 on porous graphite, while Fig.

6d–f present the obtained boiling curves on smooth cop-

per. The horizontal arrows labeled ‘‘NC’’ indicate the

extent of the natural convection region, prior to boiling

incipience. Fig. 6a–c indicate the absence of temperature

excursion prior to boiling incipience on porous graphite,

while Fig. 6d–f show these excursions on copper to de-

crease from 14 K in saturation boiling to 13.5, 10, and

9 K at DTsub = 10, 20, and 30 K, respectively. Reported

results by other investigators for dielectric liquids have

indicated much higher temperature excursions prior to

boiling incipience than those measured in this work on

Cu [6,9–11,22,23].
In addition to the natural convection region the boil-

ing curves of FC-72 on porous graphite and copper have

three distinct nucleate boiling Regions I, II, and III. On

porous graphite natural convection only exists in sub-

cooled boiling (Fig. 6a–c), but on copper it exists in sat-

uration as well as subcooled boiling (Fig. 6d–f). The

obtained data in the natural convection region are pre-

sented and discussed in the next section. Region I is that

of low-superheat nucleate boiling. On porous graphite it

begins when the surface temperature is only slightly

higher than saturation (DTsat < 1.0 K) and experiences

a significant increase in the number of discrete bubbles

departing from the surface and an increase in the nucle-

ate boiling heat transfer coefficient with increasing DTsat

(Fig. 6b and c). In Region II, the slopes of the pool boil-

ing curves and the number of discrete bubbles departing

from the surface are much higher than in Region I,

increasing the rate of increasing the nucleate boiling heat

transfer coefficient (or heat flux) with increased DTsat.

Such an increase is indicative of the increase in the active

nucleation sites density on the surface and hence, the

number of departing bubbles with increasing surface

temperature or superheat.

As the number of departing bubbles increases, bub-

bles begin to coalesce forming vapor globules near the
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boiling surface, marking the nucleate boiling transitions

to Region III. In this region, although the density of ac-

tive nucleation sites and the number of departing bub-

bles continue to increase with increased surface heat

flux, the coalescence of these bubbles into vapor globules

results in a large increase in surface temperature with

increasing heat flux or a decrease in the heat transfer

coefficient with increased surface superheat. Conse-

quently, the increase in the nucleate boiling heat flux

in Region III with increasing surface superheat is signif-

icantly lower than in Regions II and I. Region III ends

when reaching CHF, marked by a solid square symbol

in Fig. 6a–f. These figures show CHF and corresponding

surface superheat, DTsat,CHF, increase with increased

liquid subcooling; more details on that are presented

in a later section.

3.3. Natural convection region

Natural convection of FC-72 on porous graphite

only occurs in subcooled boiling, when the surface tem-

perature is higher than that of the bulk liquid but below

its saturation temperature (Tb 6 Tw 6 Tsat) and the nat-

ural convention region extents to boiling incipience,
when the surface temperature is <1.0 K above saturation

(Fig. 6b–d). On copper, natural convection occurs both

in saturation and subcooled boiling and extends to the

end of the temperature excursion prior to boiling incip-

ience (Fig. 6e and f). In the experiments, since the por-

ous graphite and the copper surfaces are uniformly

heated the dissipated heat flux in the natural convection

region is proportional to (Tw � Tb)
1.2 (Fig. 7a and b).

The present natural convection heat transfer data for

FC-72, earlier data for HFE-7100 [32] on porous graph-

ite and copper, and the reported data by other investiga-

tors for FC-72 on micro-porous coatings and on

surfaces with micro-fines and micro-reentrant cavities

[18,20,21] are shown and correlated in Fig. 7a and b as

qNC ¼ 0.0353ðT w � T bÞ1.2;
on porous and structured surfaces ðFig. 7aÞ; and

qNC ¼ 0.0314ðT w � T bÞ1.2;
on smooth surfaces ðFig. 7bÞ:

ð1Þ

These correlations fit the data in Fig. 7a and b to within

±10% and ±7%, respectively, indicating that the natural

convection heat transfer coefficient for the dielectric

liquids FC-72 and HFE-7100 on porous and structured
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surfaces is �12.4% higher than on smooth copper. The

enhancement in natural convention of FC-72 on porous

graphite (�19%) compared to that on copper [32], is

attributed to the induced mixing in the thermal bound-
ary layer by the released tiny bubbles of vapor and dis-

solved air from the surface, when its temperature was

below the saturation temperature of the liquid. This

may also explain the consistency of the present natural
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convection data on porous graphite with that reported

on micro-porous and structured surfaces from which

bubbles of vapor and dissolved air could have also been

released prior to boiling incipience. On the other hand,

no such bubbles are released from the copper surface

in the natural convection region and prior to boiling

incipience (Fig. 7b).

3.4. Nucleate boiling heat transfer

Fig. 5a–d clearly show that the nucleate boiling heat

transfer coefficients on porous graphite are significantly
Table 1

Comparison of boiling data for FC-72 on porous graphite and smoo

Parameter Porous graphite

Sat.,

DTsub = 0 K

10 K 20 K 30 K

DTsat,ex (K) None None None None

DTsat,i (K) 60.5 60.5 60.5 60.5

CHF (W/cm2) 27.3 39.6 49.0 57.1

DTsat,CHF (K) 11.8 17.2 19.2 19.5

qNB (W/cm2) [HTC (W/cm2 K)]

at DTsat = 11 K 27.10 [2.46] 35.10 [3.19] 36.80 [3.3] 40.00

at DTsat = 14 K N/A 38.00 [2.71] 45.90 [3.28] 52.70

at DTsat = 17 K N/A 39.50 [2.32] 48.10 [2.83] 56.00
higher than on Cu. At DTsat = 10 K the saturation nucle-

ate heat flux on porous graphite is 26.2 W/cm2, com-

pared to only 3.3 W/cm2 on copper. Also, at the same

nucleate boiling heat fluxes of 5 and 15 W/cm2 the corre-

sponding surface superheats are 2.2 and 5.7 K on the

porous graphite compared to 10.5 and 17.3 K on copper

(Fig. 5a). Similar enhancements occurred in subcooled

nucleate boiling of FC-72 on porous graphite (Figs. 5

and 6). Table 1 lists CHF and DTsat,CHF and some satu-

ration and subcooled nucleate boiling heat fluxes and the

corresponding surface superheats and heat transfer coef-

ficients for FC-72 on porous graphite and on copper.
th copper

Smooth copper

Sat.,

DTsub = 0 K

10 K 20 K 30 K

14.0 13.5 10.0 9.0

68.8 68.2 66.9 65.5

16.9 21.9 26.9 29.5

21.3 22.9 23.5 24.9

[3.64] 6.30 [0.57] 5.20 [0.47] 8.30 [0.75] 9.90 [0.90]

[3.76] 11.90 [0.85] 13.00 [0.93] 15.30 [1.09] 17.00 [1.21]

[3.29] 14.80 [0.87] 17.50 [1.03] 21.40 [1.26] 23.10 [1.36]
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The high heat transfer coefficients and low surface

superheats in nucleate boiling of FC-72 liquid on porous

graphite translate into high dissipation power and low

junction temperatures and, hence, long operation life

and low frequency of thermally induced failures of high

power computer chips [12]. In addition, the absence of

temperature excursions at boiling incipience on porous

graphite is an attractive feature for cooling CPU chips

at low heat fluxes (<5 W/cm2) they are expected to oper-

ate the longest time.

To quantify the enhancements in nucleate boiling on

porous graphite, the ratios of nucleate boiling heat trans-

fer coefficient (NHTC) of FC-72 on porous graphite and

copper are plotted in Fig. 8 versus DTsat. The data in this

figure are obtained from the pool boiling curves in Fig.

5a–d. Fig. 8 shows that at DTsat ’ 9 K, saturation NHTC

of FC-72 on porous graphite is�30 times that on copper,

but this ratio decreases exponentially with increased sur-

face superheat approaching an asymptote of �1.8. This

ratio is approximately 13% higher that the saturation crit-

ical heat flux ratio (CHFPG/CHFCu � 1.61). When

DTsub = 10 K, the NHTC ratio is constant and equal to

17.0 up to DTsat = 9.0 K, and for DTsub = 20 K this ratio

=8.8 up to DTsat = 8.5 K, and =6.4 up to DTsat = 6.5 K

when DTsub = 30 K. Beyond these surface superheats,

these ratios ofNHTCdecrease exponentiallywith increas-

ing surface superheat, approaching the same asymptote as

the saturation nucleate boiling ratio (�1.8) (Fig. 8).

3.5. Critical heat flux

To quantify the increases in CHF for FC-72 with

increased liquid subcooling, the CHF ratios (CHFPG/
CHFCu) and those of the corresponding surface super-

heats (DTsat,PG/DTsat,Cu) on porous graphite and copper

are plotted versus DTsub in Fig. 9a and b, respectively.

As indicated earlier and delineated in Fig. 5a–d, CHF

values for FC-72 on porous graphite are higher and

the corresponding surface superheats are lower than

on copper (Table 1). (CHFPG/CHFCu) increases with in-

creased liquid subcooling from �1.6 ± 5% in saturation

boiling (DTsub = 0 K) to 2.1 ± 5% at DTsub = 30 K (Fig.

9a), while (DTsat,PG/DTsat,Cu) increases with increased

liquid subcooling from 0.47 ± 15% in saturation boiling

to 0.68 ± 15% when DTsub = 15 K, then increases very

little to 0.7 ± 15% when DTsub = 30 K (Fig. 9b).

Saturation CHF values of FC-72 on porous graphite

and on copper are correlated using the form suggested

by Kutateladze [33] as

CHFsat ¼ CCHF;satq
0.5
v hfg½rgðql � qvÞ�

0.25
. ð2Þ

In Fig. 10, the values of the coefficient CCHF,sat for

FC-72 on porous graphite and on copper are based on

measurements of CHF in 9 and 19 sequential tests,

respectively. The best least square fit value of CCHF,sat

for FC-72 on Cu is 0.166, which agrees to within +6%

and �10% with the values obtained from reported

CHF data by other investigators on copper and silicon

[3,21,24, 26,34,35]. Similarly, the best fit of the present

values of CCHF,sat for FC-72 on porous graphite is

0.263 (Fig. 10). This value is 58.4% higher than that

on smooth surfaces (0.166) and within +5% and �7%

of the values obtained from the reported CHF data by

other investigators for FC-72 on micro-porous coatings

[3,21,22,34] and micro-finned silicon surfaces [25]. The

data in Fig. 10 indicates that on smooth surfaces, DTsat
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at CHF varies from 12 to 35 K while on porous and

micro-porous surfaces it is as little as 8 K to as much

as 63 K. The present values of DTsat at CHF for FC-72

on copper varied from 21 to 28 K and from 8 to 13 K

on porous graphite. The highest surface superheats at

CHF are those of O�Connor [34] on micro-porous coat-

ings (39–61 K), which may be attributed to a potential

contamination of the FC-72 liquid in the experiments
with plasticizers, which have the effect of producing a

‘‘tail effect’’ near CHF.

3.6. Effect of subcooling on CHF

The present values of CHFsub for FC-72 on porous

graphite are correlated in terms of CHFsat (Eq. (2))

and DTsub using the linear relationship suggested by Ivey
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and Morris [36] and used successfully by many investiga-

tors [6,11,21,27,32,35] as

CHFsub ¼ CHFsatð1þ CCHF;subDT subÞ. ð3Þ

The value of the CHF subcooling coefficient, CCHF,sub,

determined from the least squares fit of the CHFsub val-

ues at various liquid subcoolings, depends on the char-

acteristics of the surface as well as on the properties of

the boiling liquid [6,10,32,36]. For FC-72 on porous

graphite, CCHF,sub = 0.041 which make Eq. (3) fit the

data to within +5% and �4% (Fig. 11a).

The values of (CHFsub/CHFsat) obtained from the re-

ported data by a number of investigators for boiling of

both gassed and degassed FC-72 liquid on smooth sili-

con, Cu, and etched SiO2 surfaces [23–27]; micro-porous

coatings [21,23] and micro-finned silicon [24,25] are pre-

sented versus DTsub in Fig. 11b–d, respectively. For FC-

72 on smooth surfaces, including the present data on Cu,

CCHF,sub = 0.018, which is within ±6% of the data (Fig.

11b). On micro-porous coatings the values of CCHF,sub

for gassed (0.044) and degassed (0.049) FC-72 liquids

are close [21], while that for gassed liquid on micro-
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porous coating used in [23] is much smaller (0.032)

(Fig. 11c). Rainey et al. [21] used micro-porous coatings

of aluminum particles, 1–20 lm in size, mixed with

epoxy and a solvent, while O�Connor et al. [23] used a

micro-porous coating of diamond particles, ranging in

size from 8 to 12 lm. Fig. 11d for micro-finned silicon

surfaces shows almost no difference in the values of

CCHF,sub for gassed and degassed FC-72 liquids, but

rather a strong dependence on surface characteristics.

For PF 50–60 surface with 50 lm square and 60 lm high

fins [24,25] CCHF,sub = 0.022, but for all other surfaces

with different micro-fins dimensions [25] CCHF,sub

(0.036) is �64% higher.

Fig. 12a compares Eq. (3) for the present data and

that reported by various investigators on the effect of li-

quid subcooling on CHF of FC-72 on smooth, porous,

and micro-porous surfaces. As delineated in this figure,

the largest increases in CHF with increased subcooling

are those measured on micro-porous coatings (4.4%/K

and 4.9%/K), followed closely with that measured in

the present work on porous graphite (4.1%/K), then

micro-fined surfaces (3.6%/K). The smallest increases
0 5 10 15 20 25 30 35 40 45

Degassed, Etched SiO2 [24]
Degassed, Silicon [24]
Degassed, Silicon [27]
Degassed, Copper [26]
Degassed, Present Work, Copper
Gassed, Copper [23]
Gassed, Silicon [25]

(b) Smooth Cu and Si and etched SiO2 flat surfaces

- 6%

+ 6%

CHFsub/CHFsat = 1 + 0.018 ∆Tsub

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 5 10 15 20 25 30 35 40 45

Degassed, EPF 50-60 [24]
Wei and Honda [25]

Degassed, PF 50-60
Gassed, PF 50-60
Degassed, PF 50-200
Gassed, PF 50-200
Degassed, PF 50-270
Gassed, PF 50-270
Degassed, PF 30-60
Gassed, PF 30-60
Degassed, PF 30-120
Gassed, PF 30-120
Degassed, PF 30-200
Gassed, PF 30-200

- 3%

- 5%

+ 5%

+ 5%

CHFsub/CHFsat = 1 + 0.036 ∆Tsub

PF 50-60 surfaces:
CHFsub/CHFsat = 1 + 0.022 ∆Tsub

(d) Micro-finned Si

∆Tsub (K)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

urfaces, micro-porous coatings, and micro-finned surfaces.



1.5

1.8

2.1

2.4

2.7

0 5 10 15 20 25 30 35 40 45

(b)

Gassed and Degassed 
Liquid [24, 25]

Micro-Porous Coating
Gassed Liquid [23]

PF 50-200, PF 50-270, PF 30-h
Gassed and Degassed Liquid [25]

Present Work
Porous Graphite
Degassed Liquid

Micro-Porous Coating
Gassed Liquid [21]

Micro-Porous Coating
Degassed Liquid [21]

∆Tsub (K)

C
H

F 
/ C

H
F Sm

oo
th

1.0

1.5

2.0

2.5

3.0

0 5 10 15 20 25 30 35 40 45

(a)

CCHF,sub = 0.018
Smooth and Etched Srufaces
Gassed and Degassed Liquid (Fig. 11b)

CCHF,sub = 0.036
PF 50-200, PF 50-270, PF 30-h
Gassed and Degassed Liquid [25]

CCHF,sub = 0.022
Gassed and Degassed 
Liquid [24, 25]

CCHF,sub = 0.041
Present Work
Porous Graphite
Degassed Liquid

CCHF,sub = 0.044
Micro-Porous Coating
Gassed Liquid [21]

CCHF,sub= 0.032
Micro-Porous Coating
Gassed Liquid [23]

CCHF,sub = 0.049
Micro-Porous Coating
Degassed Liquid [21]

C
H

F su
b/C

H
F sa

t

Fig. 12. Summary of subcooling effect and surface enhancement on CHF of FC-72.

3750 J.L. Parker, M.S. El-Genk / International Journal of Heat and Mass Transfer 48 (2005) 3736–3752
are those measured on smooth and etched surfaces

(1.8%/K). Fig. 12b compares the enhancement in CHF

of FC-72 on porous graphite, micro-porous coatings,

and micro-finned surfaces relative to that measured in

the present experiments on smooth copper. This fig-

ure shows that the largest enhancements in subcooled

boiling CHF are those reported for gassed and degassed

FC-72 on micro-porous coatings [21], followed by

the present values on porous graphite, then those for

gassed and degassed liquid on micro-finned surfaces

[24,25].

The nucleate boiling photographs presented in

Fig. 13 demonstrate higher density of detaching bubbles

from the porous graphite surface compared to Cu at al-

most the same heat fluxes, which is consistent with the

measured enhancements in the nucleate boiling heat

transfer coefficient and CHF of FC-72 on porous graph-

ite (Fig. 5a–d).
4. Summary and conclusions

Saturation and subcooled boiling of FC-72 liquid on

copper and porous graphite surfaces (10 · 10 mm) are

investigated. Porous graphite has a volume porosity of

60%, of which 95% are open and interconnected pores

varying in sizes from <1.0 to hundreds of microns. No
temperature excursion occurs at boiling incipience

on porous graphite, compared to 9.0–14 K on copper.

On porous graphite nucleate boiling ensues when

DTsat < 1.0 K, while on copper boiling incipience occurs

at DTsat of 5–9 K. Nucleate boiling heat transfer coeffi-

cient andCHFon porous graphite are significantly higher

and the surface superheats are much lower than on

copper. CHF on both Cu and porous graphite increases

linearly with increased liquid subcooling, however, the

rate of increase (or CCHF,sub) on porous graphite is

�125% higher than that on copper, �20% higher than

that on micro-finned silicon surfaces, but slightly lower

than that on micro-porous coatings. CHF for FC-72

on porous graphite of 27.3, 39.6, 49.0, and 57.1 W/cm2

at saturation and at DTsub = 10, 20, and 30 K are much

higher that those on copper (16.9, 21.9, 26.9, and

29.5 W/cm2, respectively). The saturation CHF on por-

ous graphite is 1.6 times that on copper and the ratio in-

creases with subcooling to 2.3 at DTsub = 30 K. The

surface superheat at CHF on porous graphite of 11.8,

17.2, 19.2, and 19.5 K at saturation and 10, 20, and

30 K liquid subcooling are much lower than those on

copper (21.3, 22.9, 23.5, and 24.9 K, respectively). The

absence of temperature excursions at boiling incipience,

the very low surface temperature to ensue boiling, and

the high nucleate boiling heat transfer coefficient

and CHF of FC-72 on porous graphite demonstrate its



Fig. 13. Photographs of saturation and subcooled nucleate boiling of FC-72 on porous graphite and copper. (a) Saturation boiling,

(b) 10 K subcooled boiling and (c) 20 K subcooled boiling.
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excellent potential for immersion cooling of CPU chips

with average dissipation heat fluxes P55 W/cm2. The

enhancements in nucleate boiling and CHF on porous

graphite are attributed to a high nucleation site density

and the entrapped air in multitude of small pores and

re-entrant cavities of various sizes at the surface. The lat-

ter are responsible for the absence of temperature excur-

sion at boiling incipience at heat fluxes ofP2 W/cm2. At

such heat fluxes, CPU chips are likely to operate for ex-

tended periods of time, which translates into long oper-

ation life and low failure frequency.
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