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Abstract

Experiments are performed, which investigated the effect of inclination angle, h, on saturation pool boiling of HFE-
7100 dielectric liquid from a smooth, 10� 10 mm copper surface, simulating a microelectronic chip. For h6 90� and
surface superheats, DTsat > 20 K, nucleate boiling heat flux decreases with increased h, but increases with h for

DTsat < 20 K. Similarly, at higher inclinations and DTsat > 13 K, nucleate boiling heat flux decreases with increased

inclination, but at lower surface superheats the trend is inconclusive. The developed nucleate boiling correlation is

within �10% of the data and the developed correlations for critical heat flux (CHF) and the surface superheat at CHF

are within �3% and �8% of the data, respectively. Results show that CHF decreases slowly from 24.45 W/cm2 at 0� to
21 W/cm2 at 90�, then decreases fast with increased h to 4.30 W/cm2 at 180�. The surface superheat at CHF also de-

creases with h, from 31.7 K at 0� to 19.9 K at 180�. Still photographs are recorded of pool boiling at different heat fluxes
and h ¼ 0�, 30�, 60�, 90, 120�, 150� and 180�. The measured average departure bubble diameter from the photographs

taken at the lowest nucleate boiling heat flux of �0.5 W/cm2 and h ¼ 0� is 0:55� 0:07 mm and the calculated departure

frequency is �100 Hz.
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1. Introduction

During the last decade, the phenomenal increases in

clock speed and transistors density in microelectronic

chips, while decreasing the size and surface area, have

significantly increased the heat dissipation and the dis-

sipation heat flux from the CPU. Not only the cooling

requirements for the chips have to be met, but also their

junction temperature need to be maintained within an

acceptable range, typically 85–100 �C, or even lower,

depending on the type of the chip and the application.

Excessive temperatures induce stresses and could melt

the solder joints as well as cause laminate out-gassing,

oxidation, and materials migration, shortening the use-

ful lifetime and increasing the failure frequency of the

chips [1]. The frequency of ‘‘thermally-induced’’ failures

increases exponentially with the chip temperature above

recommended values, typically 70–85 �C; a 10–15 �C
increase above such temperatures could halve the oper-

ation lifetime of the chip [2]. Therefore, adequate cool-

ing is a key to maintaining the microelectronic devices

working properly and, hence, achieving high perfor-

mance reliability.

The cooling of computer and microprocessor chips is

further constrained by the temperature difference be-

tween the chip and the ultimate heat sink (e.g., ambient

air), which depends on the cooling method used. For

dissipation heat fluxes 6 0.3 W/cm2, forced convection

air cooling is adequate, and for fluxes up to 10–15 W/cm2
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advanced forced convection liquid cooling and cooling

with air or liquid jets could be adequate. For higher

dissipation heat fluxes, cooling with nucleate boiling is

promising, as it removes dissipated heat within a wide

range of fluxes and at relatively small surface tempera-

ture superheats. For cooling with nucleate pool boiling,

however, most candidate liquids are electrically con-

ductor (non-dielectric), needing to be electrically insu-

lated from the chip, which increases the heat transfer

resistance and raises the junctions� temperature. In ad-

dition, these liquids could be chemically corrosive to be

maintained in confined ducts. An alternative is immer-

sion cooling by nucleate boiling of dielectric liquids,

which offer a wide range of saturation temperatures (40–

85 �C) for diverse cooling applications. In immersion

cooling, the boiling liquid contacts both the chips and

the circuit board on which they are mounted. Recent

studies have indicated that the dissipated heat from an

immersed chip with a smooth copper surface can be

removed by nucleate boiling of FC-72 dielectric liquid at

surface fluxes P 15 W/cm2 [3–6]. Currently, the dissi-

pation heat flux from high performance computer may

exceed 50 W/cm2, and could reach 100 W/cm2 in a few

years. Nucleate boiling of dielectric liquids could meet

the current and projected near term cooling require-

ments for high performance computer chips.

The cooling with nucleate boiling of dielectric liquids

offers several advantages, namely: (a) low saturation

temperatures (<100 �C at 0.1 MPa, e.g., see Table 1) and

small temperature variation across the surface, hence

eliminating hot spots; (b) adequate cooling in ‘‘tight’’

spaces; (c) excellent corrosion properties and chemical

compatibility with the chip surface; and (d) safe han-

dling and low boiling temperatures, making it possible

to use plastic containers. In addition, dielectric liquids

are environmentally friendly with zero Ozone depletion

potential and low global warming potential (Table 1).

However, owing to their high wetting property (or very

low surface tension), dielectric liquids fill surface cre-

vices, delaying incipient nucleation to a relatively high

surface superheat, which needs to be determined and

accounted for in electronics cooling applications. In

addition, dielectric liquids need to be used in tightly

sealed containers to prevent leakage. The Fluorinert

C6F14, or FC-72, dielectric liquid, and to some extent

FC-86 and FC-87, is being used in electronics cooling

and its cooing potential has been investigated in a

number of pool boiling experiments, e.g. [3–7]. Little

work, however, has been reported, on Novec liquids,

recently introduced by 3M Company, such as HFE-7100

(C4F9OCH3) and FC-7200 (C4F9OC2H5). In addition to

having much lower global warming potential than Flu-

orinert liquids, Novec liquids have larger latent heats of

vaporization (Table 1) and, hence, the potential to

achieve higher nucleate boiling and critical heat flux

(CHF). Table 1 compares the physical properties of

Table 1

A comparison of physical properties of the HFE-7100 and FC-72 dielectric liquids

Saturation physical properties HFE-7100 (0.1 MPa)

(C4F9OCH3)

HFE-7100 (0.085 MPaa) FC-72 (0.1 MPa) (C6F14)

Boiling point (�C) 61 54 56

Freeze point (�C) )135 )135 )90
Ave. molecular weight (g/mole) 250 250 338

Liquid density (kg/m3) 1370.2 1388.7 1602.2

Vapor density (kg/m3) 9.87 8.00 13.21

Liquid viscosity (kg/m s) 3:70� 10�4 3:89� 10�4 4:33� 10�4

Liquid specific heat (J/kgK) 1255 1241 1101

Latent heat of vaporization (kJ/kg) 111.6 111.6 88

Liquid thermal conductivity (W/mK) 0.062 0.063 0.054

Liquid surface tension (N/m) 1:019� 10�2 1:084� 10�2 7:93� 10�3

Environmental properties HFE-7100 FC-72

Ozone depletion potentialb––ODP 0.00 0.00

Global warming potentialc––GWP 320 7400

Atmospheric lifetime-ALT (yrs) 4.1 3200

Electrical properties @25 �C HFE-7100 FC-72

Dielectric strength (kV 0.100 gap) 28 38

Dielectric constant 7.39 (100 Hz–10 MHz) 1.75 (1 KHz)

Volume resistivity (X cm) 3:3� 109 1:0� 1015

aAtmospheric pressure in Albuquerque, NM.
bCFC-11 ¼ 1.0.
cGWP-100 year integration time horizon (ITH).
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HFE-7100 at 0.1 and at 0.085 MPa (the atmospheric

pressure in Albuquerque, NM), and of FC-72 at 0.1

MPa.

Chang and You [4] have investigated the effect of h
on saturation boiling of FC-72 from 10� 10 mm,

smooth copper surface. They reported that at high sur-

face superheats, the nucleate boiling heat flux increased

as h increased from 0� (upward-facing) to 90� (vertical).
However, for h > 90�, they reported a noticeable de-

crease in the nucleate boiling heat flux as h was in-

creased. For a 20� 20 mm surface, Chang and You [5]

have reported an increase in the nucleate boiling heat

flux with increased h from 0� to 45�, but a decrease with
h > 45�. Recently, Rainey [6] has reported for saturation
boiling of FC-72 from a 50� 50 mm smooth copper

surface that at low surface superheats nucleate boiling

heat flux increased slightly with increased h from 0� to
45�, then decreased with increased h beyond 45�.

The HFE-7100 dielectric liquid, which is the subject

of this investigation, shares many of the excellent ther-

mal and physical properties of FC-72, but offers a higher

cooling potential by nucleate boiling [8]. Additional

work is needed to quantify this cooling potential at

saturation condition and develop useful correlations for

future design use and implementation. Additional work

is also needed to better quantify the effect of surface

inclination on nucleate boiling, CHF, the overshoot in

surface temperature at incipient boiling, and the surface

superheat at CHF. The latter two are important to the

determination of the maximum junctions temperature

of the chips cooled by nucleate boiling of HFE-7100

dielectric liquid. The results would help quantifying the

effect of orientation on cooling the CPU by nucle-

ate boiling of HFE-7100 in various packing arrange-

ments.

A series of saturation pool boiling experiments of

HFE-7100 liquid from 1 cm2, smooth copper surface,

simulating a high performance computer chip, is per-

formed to investigate the effect of surface inclination on

both nucleate boiling and CHF. In the experiments,

h ¼ 0�, 30�, 60�, 90�, 120�, 150�, 170�, and 180�, and the

values of the surface temperature superheat at CHF and

surface temperature overshoot at incipient boiling are

measured. The data for the nucleate boiling heat flux,

q00NB, CHF, and the surface superheat at CHF are cor-

related as functions of h. In addition, still photographs

of the boiling surface are taken using high quality digital

camera at different nucleate boiling heat fluxes, surface

superheats, DTsat, and h ¼ 0�, 30�, 90�, 120�, 150� and
180�. The photographs taken when h ¼ 0� at the lowest
nucleate boiling heat flux (�0.5 W/cm2), where the sur-

face is covered with a fewer bubbles, are used to deter-

mine the average departure bubble diameter, after the

images are electronically enhanced and magnified. Based

on the measured average departure diameter, the bubble

departure frequency is calculated.

2. Experimental setup and conduct

The pool boiling experimental facility used in the

present investigation (Fig. 1), is comprised of the fol-

lowing major components: (a) a heated water bath in an

acrylic tank (318� 318� 514 mm), (b) an acrylic test

vessel (Fig. 2a), measuring 149� 130� 343 mm, (c) the

test section mounted onto a rotation assembly (Fig. 2b),

(d) a control unit of the water bath temperature, (e) a

DC power supply for the Nichrome wire heating element

in test section, (f) a computer controlled data acquisition

unit, (g) an electrical power control circuit with a shunt

resistor for measuring the electric current to the Ni-

chrome heating element, (d) a control unit (Variac) of

the electric power to the 1500 W, AC heater of the water

bath, and (h) a cooling water loop for the submerged

and reflux condensers in test vessel (Figs. 1 and 2c). The

electrical heater of the water bath is immersed at the

bottom of the tank to maximize mixing by natural

convection and maintain a uniform bath temperature at

or slightly above saturation temperature of the HFE-

7100 liquid (�54 �C, see Table 1). The temperature of

the water bath is measured using a K-type thermocouple

connected to the control unit of the immersion heater to

maintain the bath temperature to with �0.5 K of the

desired value. To speed out-gassing of the HEF-7100

liquid pool and ensure uniform pool temperature prior

to conducting the experiments, a magnetic stirrer is

placed at the bottom of the test vessel and spun using an

external power unit (Fig. 2a). Owning to the high air

solubility, it took about 2 h to fully outgas the HFE-

7100 pool.

The HFE-7100 test vessel is tightly sealed to prevent

leakage and loss of the test liquid in the experiments.

The cover plate is fitted with a rubber O-ring and fas-

tened to the vessel wall using eight, stainless steel bolts

and nuts (Fig. 2c). The water-cooled reflux condenser on

the inside of the cover plate of the test vessel effectively

condenses the vapor produced in the experiments, hence

maintaining a constant liquid level in the pool (Fig. 2c).

A small, water-cooled copper coil is immersed into the

HFE-7100 pool for fine adjustment of its temperature in

subcooled boiling experiments, which will be presented

in a separate report. The HFE-7100 temperature is taken

as the average reading of the two, K-type thermocouples

immersed in the pool, on opposite sides of the test sec-

tion (Fig. 2a).

The acrylic used to manufacture the tank for the

water bath and the test vessel is lightweight, has high

impact resistance and excellent chemical compatibility

and machinability, and is more than 90% transparent

and optically clear. The latter is important for taking

high quality, still photographs of the boiling surface

from outside the water bath tank. The submerged test

section in the HFE-7100 pool is mounted to a rotation

assembly (Fig. 2b). All parts of the rotation assembly,
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except the two-roll bearings mounted on the inside of

the test vessel wall, are acrylic. The rotation assembly

changes the inclination angle of the mounted test section

(Fig. 2b) from 0� inclination to 180� in small increments,
without obstructing the boiling surface. This is accom-

plished using a special slider-crank mechanism com-

posed of five connected arms, which are manipulated

through the top plate of the test vessel (Fig. 2c). The

acrylic protractor, mounted onto the outside of one of

the sidewalls of the test vessel (Fig. 2b), is used to

measure the inclination angle of test section in the ex-

periments.

Fig. 2. The test vessel for pool boiling experiments and rotation mechanism of the test section.
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Fig. 1. The present facility used to conduct the pool boiling experiments for HFE-7100 liquid.
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2.1. Test section

The test section consists of a Teflon block,

30� 30� 12:7 mm (Fig. 3), that has a square cavity,

10:1� 10:1� 1:0 mm, in the center of the top surface for
installing the heating element and the overlying copper

block, 10� 10� 1:63 mm (Fig. 3). The heating element

made of a wound, 0.125 mm diameter Nichrome wire,

has a total resistance of 14 X. The thin layer of high

thermally conductivity and high electrical resistivity

epoxy that covers the wound wire is cured under an

infrared lamp at �100 �C for 2 h. After the assembled

test section is fully cured, two copper leads, �0.5 mm in

diameter, are soldered to the ends of the Nichrome wire

to reduce electrical and heat losses outside the heating

element (Fig. 3b). In addition, two, K-type thermocou-

ples are inserted in two small horizontal holes drilled on

one side in the copper block, �0.8 from the top surface,

half way into the block. The measuring tips of the Teflon

insulated thermocouples are securely attached to the

copper block at the bottom of the 0.5 diameter holes

using silver solder. The average reading of these two

thermocouples is taken as the copper surface tempera-

ture for constructing the pool boiling curves in the ex-

periments.

The test section encased in a Lexan frame with a

closed bottom (Fig. 3a and b) is mounted onto the ac-

rylic block in the rotation assembly (Fig. 2b). After the

test section is mounted inside the Lexan frame, the

shallow cavity at the top of the Teflon block is filled with

translucent two part epoxy adhesive, to slightly (<0.1
mm) below the exposed surface of the copper block,

preventing any tiny grooves from forming at the edges

of the copper surface. Such grooves, if present, would

stimulate bubble nucleation before the copper surface

becoming hot enough to initiate boiling, skewing the

pool boiling curves. Thus, extreme care is taken in ap-

plying the translucent epoxy adhesive and ensuring good

wetting with the sides of the copper block and the inside

surface of the Lexan frame (Fig. 3b). Prior to conducting

the experiments, the copper surface is prepared using

consistent methodology. 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. Finally, the surface is prepared using

fine emery paper (#1500) by applying 12 consecutive

strokes (five times from left to right, five times from right

to left, two times from top to bottom, and two times

from bottom to top).

The electric power to the Nichrome heating wire in

the test section is supplied by a DC power supply (Fig.

1), which is controlled and operated by a PC. A shunt

resistor (�99.462 mX) in the control circuit is used to

determine the electrical current from the measured

voltage drop across it, while the voltage across the Ni-

chrome wire leads is measured directly (Figs. 1 and 2a).

The dissipation heat flux from the copper surface is

calculated from the measured current and the voltage

across the wire of the heating element.

2.2. Thermal analysis of test section

To size the dimensions of the Teflon block in the test

section prior to fabrication, a 3-D, steady state thermal

analysis (Fig. 3a) is performed using ‘‘Algor’’, finite el-

ements thermal analysis commercial software, to ensure

minimal heat losses from the heating wire through the

bottom and the side surfaces of the assembled test sec-

tion. This analysis is performed at different surface heat

fluxes, assuming a uniform nucleate boiling heat transfer

coefficient at the copper surface and constant liquid pool

temperature of 56 �C. The results for a surface heat flux
of 25 W/cm2 (Fig. 4), show that heat losses are negligible

and the temperature of the copper surface is uniform

and <0.2 K below that midway in the copper block (Fig.

3a). This confirms that the surface temperature in the

experiments could be taken as the average reading of the

two thermocouples placed in the copper block (Fig. 3a).

2.3. Experiments conduct

In the experiments, the test section is immersed in the

HFE-7100 liquid pool such that the copper surface in

the upward-facing position (0�) is at least 10 cm below
Fig. 3. Cutaway view and photograph of the assembled test

section. (a) Cross sectional view and (b) assembled test section.
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the free surface of the pool (Fig. 2a). Because of the high

elevation in Albuquerque, NM (�1500 m above sea

level), the saturation temperature of HFE-7100 in the

experiments is only 54 �C. The experiments begin by

turning off the magnetic stirrer at the bottom of the test

vessel and incrementally increasing the electrical power

input to the heating element, via increasing the applied

voltage to the heating element in increments of 6 0.3 V.

Following each voltage increase, the surface heat flux

and temperature are recorded after reaching steady

state. Although steady state is reached �60 s following

an incremental increase in the electric power to the

heating element, data are stored after 80 s to ensure

steady state condition. To avoid burning the heating

wire at CHF, when the difference in the measured steady

state surface temperatures, following two successive in-

creases in the electrical power to the heating element,

exceeds 10 �C, it is taken as an indication for reaching

CHF, and the experiment is terminated. The LabView

program developed to conduct the test procedures is

capable of terminating the experiments within 40 ms

upon sensing CHF, hence protecting the heating element

in the test section. The estimated experimental uncer-

tainty in the temperature measurements is �0.7 K,

�3.7% in surface heat flux, and �0.5� in the inclination

angle h.

3. Results and discussion

Fig. 5a presents two boiling curves measured at 90�;
one is obtained while incrementally increasing the heat

flux and the other is obtained while incrementally de-

creasing the heat flux. Except for the surface tempera-

ture overshoot at incipient boiling, the two pool boiling

curves are almost identical. Similar results are obtained

at other inclinations (Fig. 6), indicating a little or no

effect of the method of changing the heat flux in the

experiments on the measured pool boiling curves, which

is consistent with earlier results by Rini et al. [9] for FC

liquids. Other investigators, however, have reported

large hysteresis between the saturation pool boiling

curves of FC-72 obtained by increasing and by de-

creasing the heat flux [4,5]. Fig. 5b presents two satu-

ration-boiling curves obtained in two separate tests at

the same conditions and 120�, indicating excellent re-

producibility of the data.

Fig. 5a and b show that the nucleate boiling curves

can be divided into three distinct regions of low (I), in-

termediate (II) and high (III) surface superheat, in which

the heat flux increases linearly, but at a different rate,

Fig. 4. The calculated temperature field in the assembled test

section at surface heat flux of 25 W/cm2 and pool temperature

of 56 �C.

Fig. 5. The obtained nucleate boiling curves for HFE-7100 at 90� and 120�.
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with surface superheat. This characteristic is consistent

for all inclination angles, except for h > 170�, only the

lower and intermediate superheat regions exist (Figs. 9

and 10). In the low surface superheat region I, the slope

of the boiling curve is lowest due to the fewer active

nucleation sites on the copper surface. As the number of

active nucleation sites increase with increasing surface

superheat, the slope of the boiling curves in this region

increases. In the intermediate nucleate boiling region II,

the number of nucleation sites is highest, resulting in the

steepest slope of the boiling curve, where a small in-

crease in the surface superheat results in a large increase

in the nucleate boiling heat flux. Near the end of region

II, the accumulation and coalescence of departing vapor

bubbles near the surface begins to hinder the heat

transfer rate, causing the slope of the boiling curve to

decrease with increasing the surface superheat until

reaching CHF. The still photographs presented later in

this paper support the experimental data in Figs. 5–10.

In these Figures, the upper most data points in the

boiling curves indicate CHF.

Figs. 5 and 6 show that at incipient boiling, the

surface superheat varies from 20 to 22 K, versus only 8–

10 K in nucleate boiling at almost the same heat flux.

The data do not show a clear dependence of the surface

superheat at incipient boiling, averaging �22� 4 K, on

h (Fig. 7a). This surface superheat corresponds to an

average temperature overshoot of 11:6� 4 K (Fig. 7b)

and an average surface temperature of 349� 4 K (or

76� 4 �C). Such surface temperature is well below the

85–100 �C temperature limit recommended for most

computer chips. Previously reported surface superheats

at incipient boiling of FC-72 from a 10� 10 mm and a

40� 40 mm copper surface [4,5] varied from 25 to 40 K

and from 20 to 35 K, respectively, which are much

higher than in the present experiments. Rainey [6],

however, has reported surface superheats at incipient

boiling of only 16–17 K in saturation pool boiling

experiments of FC-72 from a 50� 50 mm copper

surface.
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Fig. 7c presents the obtained saturation nucleate

boiling curves at eight inclination angles, while Figs. 8a

and b present the pool boiling curves for 0�6 h6 90�
and 90�6 h6 180�, respectively. As shown in Fig. 8a, at

higher surface superheats (>20 K), the nucleate boiling

heat flux is highest at 0� and decreases as h increases to

90� (Fig. 8a), due to the increased accumulation of the

vapor bubbles near the surface, in agreement with earlier

data for non-dielectric liquids [10,11] and FC-72 [4].

Conversely, at lower superheats, the nucleate boiling

heat flux increases with decreasing h, due to increased

mixing in the boundary layer by the departing vapor

bubbles from the surface, also consistent with earlier

results for non-dielectric liquids [8,9]. The residence time

of the sliding bubbles in the boundary layer, before

reaching the upper edge of the surface, increases as h
increases, increasing mixing near the surface and, hence,

the nucleate boiling heat flux. At higher inclinations,

90�6 h6 180�, and high surface superheats (>13 K), the
nucleate boiling heat fluxes are highest at 90� and de-

Fig. 9. Nucleate boiling curves and correlation for HFE-7100 at 0�, 30�, 60� and 90� inclinations.

Fig. 8. Saturation pool boiling curves for HFE-7100 liquid at the different inclination angles.
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crease as h increases to 180� (Figs. 7 and 8b), again due

to the accumulation of the vapor bubbles near the sur-

face, in agreement with earlier data for FC-72 [4–6]. At

lower surface superheats, however, the dependence of

the nucleate boiling heat flux on h is inconclusive (Fig.

8b).

Figs. 9 and 10 once again show that for h < 170�,
there are three nucleate boiling regions. The low surface

superheat region I, starting at DTsat as low as 8.5 K (Fig.

10a), in it the nucleate heat flux increases with DTsat
relatively slow, but at an increasing rate. In the inter-

mediate surface superheat region II (DTsat J 16 K), the

nucleate boiling heat flux increases fastest, at an almost

constant rate with increasing DTsat. In the high surface

superheat region III (DTsat J 26 K), the nucleate boiling

heat flux increases at a declining rate with increasing

DTsat to CHF. The range of the nucleate boiling heat flux
for each region decreases as h increases. For h ¼ 170�
and 180�, however, region III disappears and the ranges

of the other two nucleate boiling heat flux regions are

much smaller than at higher inclinations (Fig. 10c

and d).

3.1. Nucleate boiling heat flux correlation

The present saturation nucleate boiling heat flux,

q00NB, curves in Figs. 9 and 10 are correlated individually

in each of the nucleate boiling regions using linear least

square fits. The obtained relations are then combined for

each h using and a power law, yielding the following

general relation:

q00NB ¼ aDT n
sat

� ��M
h

þ bDT m
sat

� ��M
ið1=MÞ

: ð1Þ

The obtained coefficients and exponents in this correla-

tion as functions of h are listed in Table 2.

The first term on the right hand side of Eq. (1) is

obtained from correlating the nucleate boiling data in

the low and intermediate surface superheat regions I and

II, while the second term is obtained from correlating

the nucleate boiling data in the high surface superheat

region III (Figs. 9 and 10). Eq. (1) for all inclinations is

in good agreement with the present saturation nucleate

boiling data of HFE-7100 to within �10% (Fig. 11).

Fig. 10. The obtained nucleate boiling curves for HFE-7100 and correlation at inclinations of 120�, 150�, 170� and 180�.

Table 2

Coefficients and exponents in nucleate boiling correlation (Eq. (1))

h (�)

0 30 60 90 120 150 170 180

a� 104 0.31 0.46 0.93 0.25 4.40 7.53 2.49 78.4

b 3.60 3.80 7.30 1.90 0.94 0.34 0.0295 0.0

n 4.25 4.09 3.85 3.53 3.35 3.10 3.42 2.13

m 0.56 0.54 0.33 0.71 0.90 1.11 1.81 2.13

M 5 5 5 8 10 10 10 10
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3.2. Critical heat flux data and correlation

Fig. 12a shows that CHF decreases slowly with in-

creasing inclination for h < 90�, but much faster at

higher h, consistent with earlier data for FC-72 [4] and

for non-dielectric liquids [10,11]. CHF decreases from

�24.5 W/cm2 at 0� to only �4.3 W/cm2 at 180� (Figs.
7c,8,9a and c). The present CHF data are correlated

using the form suggested by Kutatelatze [12], and which

has been used successfully to correlate the saturation

CHF data for water, liquid helium and liquid nitrogen

[11] as functions of h. The developed correlation for the

present saturation CHF data of the HFE-7100 liquid is:

CHFsat ¼ CCHF;satðhÞq0:5
v hfg rgðq‘½ � qvÞ�

0:25
; ð2Þ

where

CCHF;satðhÞ ¼ 0:229
�h

� 4:27� 10�4h
��6

þ 0:577
�

� 2:98� 10�3h
��6ið�1=6Þ

: ð3Þ

In Eq. (2), qv, q‘, hfg, and r are the liquid density, vapor

density, latent heat of vaporization, and surface tension

of HFE-7100 at saturation temperature (Table 1), re-

spectively, and g is the acceleration of gravity. As shown
in Fig. 12a, Eq. (3) agrees with the present CHF data to

within �3%. The lowest and the highest values of the

coefficient CCHF;sat are 0.041 and 0.229 at 180� and 0�,
respectively. These values are higher than those reported

for non-dielectric liquids at the same inclinations [10,11].

El-Genk and Guo [11] have shown that CCHF;sat varies

not only with h, but also with the properties of the

boiling liquid. For example, at 0� they reported a value

of 0.145 for saturation boiling of water, and 0.1485 and

0.1385 for saturation boiling of liquid helium and liquid

nitrogen, respectively.

The present CHF values for HFE-7100 are normal-

ized to that at 0� and plotted in Fig. 12b, together with

the normalized values of the reported CHF by Chang

and You [4,5] and Rainey [6] for FC-72. Chang and You

have reported CHF values of 15.6 W/cm2 and 2.1 W/cm2

for FC-72 at 0� and 180�, respectively, which are �63%
and 48% of the present values for HFE-7100 at the same

inclinations, respectively. Despite the large difference in

Fig. 11. A comparison of nucleate boiling heat flux measure-

ments with predictions (Eq. (1)).

Fig. 12. The data and correlations showing the effect of h on CHF and CHFR for both HF-7100 and FC-72 dielectric liquids.
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the actual CHF values, the normalized values (or

CHFR) for HFE-7100 and FC-72 are very close and

decrease with increased inclination to their lowest values

at 180� (Fig. 12b). For these two liquids, CHFR de-

creases linearly, at a small slope, with increased incli-

nation for h < 90�, but much faster for h > 90�. The
CHFR data for both HFE-7100 and FC-72 [4–6] are

correlated as a function of h (Fig. 12b) as:

CHFRðhÞ ¼ 1ð
h

� 0:00127hÞ�4

þ 3:03ð � 0:016hÞ�4
ið�0:25Þ

: ð4Þ

The same CHFR data are also correlated using the

general form proposed by Chang and You [4] for cor-

relating the CHF data for FC-72, (Fig. 12b), which

yields:

CHFRðhÞ ¼ 1:0� 0:00123h tanð0:414hÞð
� 0:080 sinð0:318hÞÞ: ð5Þ

Eqs. (4) and (5) agree with the data in Fig. 12b to within

�8%, except those for the 170� and 180� inclinations are
within �20–40% of the data, because of the sensitivity of

the CHF measurements to the uncertainty in adjucting h
close to the downward-facing position (180�). Fig. 12b
demonstates that CHFR values for HFE-7100 and FC-

72 are not only very close, but also independent of the

size of the copper surface used in the experiments.

Fig. 13a and b show that both the surface superheat

and the surface temperature at CHF decrease as h in-

creases, with their highest values of 31.7 and 85.7 �C,
respectively, occurring at 0�. At 180�, however, the

surface superheat and surface temperature at CHF of

19.9 K and 73.9 �C, respectively, are the lowest. The

decreases in the surface superheat and surface temper-

ature at CHF with increasing inclination are small for

hP 60�, but quite step at higher h. The values of the

surface superaheat at CHF for HFE-7100 are correlated

as a function of h as (Fig. 13a):

DTsatðKÞ ¼ 31:7þ 2:6� 10�3h � 2:1� 10�6h3: ð6Þ

The corresponding surface temperature is given as,

Tsur ¼ Tsatð54 �CÞ þ DTsat (Fig. 13b). The results indicate
that the measured surface temperatures at CHF in the

present experiments (6 85.7 �C) are below the limit for

the junction temperature for most high performance

computer chips (�100 �C). Eq. (6) is plotted versus Eq.

(2) in Fig. 14. The predictions based on these two

equations are indicated in the figure by the solid line,

while the dashed line is a spline fit of the present data.

Fig. 14 shows that the CHF values at 0� and 30� are very
close, while the surface superheat for the latter is slightly

higher. For high inclinations, however, both CHF and

the corresponding surface superheat decrease mono-

tonically with increasing h, reaching their lowest values

at 180� (downward-facing).

Fig. 13. The measured surface superheat and surface temperature at CHF for HFE-7100.

Fig. 14. Saturation CHF versus surface superheat at CHF.
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3.3. Photographs of boiling surface

Fig. 15a–f show some of the recorded still photo-

graphs of saturation nucleate boiling of HFE-7100 in the

present experiments at h ¼ 0�, 30�, 90�, 120�, 150�, and
180�, respectively, and at low, intermediate, and high

nucleate boiling heat fluxes. These figures indicate that

the increased accumulation of the vapor bubbles and

void fraction near the surface with increased inclination

cause both the nucleate boiling heat flux and CHF to

decrease (Figs. 7c,8,9 and 10). At almost the same sur-

face superheat, the nucleate boiling heat flux decreases

with increasing inclination. For example, for h ¼ 0� and
90�, when DTsat ¼ 26:3 and 26 K, respectively, the nu-

cleate boiling heat flux is 22 and 26 W/cm2, respectively

(Figs. 12a and c). Similarly, for h ¼ 120� and 150�, when
DTsat ¼ 25:1 and 24.6 K, respectively, the nucleate boil-

ing heat flux is 19.5 and 17.2 W/cm2, respectively (Figs.

15c and f). In the downward-facing position, the heat

removal from the copper surface by nucleate boiling is

severely impaired due to the presence of large vapor

masses near the surface (Fig. 15f). For almost the same

surface superheat of �18 K, the nucleate boiling heat

flux for h ¼ 180� (Fig. 15f) is only 52% of that in the

vertical position (90�) (Fig. 15c).

3.4. Departure bubble diameter

The departure bubble diameter in the present exper-

iments is determined from the still photographs taken of

nucleate boiling in the upward-facing position (h ¼ 0�)
at the lowest nucleate boiling heat flux, near that cor-

responding to incipient boiling (�0.5 W/cm2). At this

heat flux, the surface is not crowed with many growing

bubbles. Several images of the boiling surface at this

heat flux are recorded using high quality digital camera

at a 3� magnification. The recorded images are then

enhanced electronically and magnified by an additional

10� to 20�. It was then possible to identify a number of
departing bubbles near the surface and measure their

diameter. These processes are repeated for all other re-

corded images. The obtained values of the departing

bubble diameters are consistent within an uncertainty of

�0.07 mm. The average departure bubble diameter

measured from the photographs is 0:55� 0:07 mm.

Measuring the departure bubble diameter in nucleate

Fig. 15. Photographs of saturation nucleate pool boiling of HFE-7100 at different surface inclinations.
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boiling has been the subject of numerous investigations

for more than 60 years and recently for FC-72 [9],

however, this is the first time a value is reported for

HFE-7100. The departure bubble diameter, Dd, can be

expressed in term of the Bond Number, Bo, as:

Dd ¼
Bor

gðq‘ � qvÞ

� �0:5

; ð7Þ

where Bo is given as [13]:

Bo ¼ ð0:04JaÞ2; ð8Þ

and

Ja ¼ q‘Cp‘DTsat
qvhfg

� �
: ð9Þ

In these equations, the liquid and vapor properties are

evaluated at the saturation temperature in the experi-

ments (at 0.085 MPa in Albuquerque, NM, see Table 1).

At a surface superheat of 10.5 K the measured average

nucleate boiling heat flux at incipient boiling of HFE-

7100 at 0� is 0.5 W/cm2 (Fig. 12a). For the same pressure

and surface superheat, the calculated departure bubble

diameters for saturated water and HFE-7100 using Eqs.

(7) and (8) are 2.5 and 0.62 mm, respectively. The latter

is about a fourth of that for water and only 13% larger

than the measured value in the present experiments. The

surface tension of HFE-7100 is about 18% of that of

saturated water at 0.085 MPa, which explains the

smaller departure bubble diameter for HFE-7100,

compared to that for water.

Using the measured average departure bubble dia-

meter for saturation boiling of HFE-7100 liquid (0.55

mm), the bubble departure frequency is calculated using

the following relation [14]:

fDd ¼ 0:59
rgðq‘ � qvÞ

q2
‘

� �0:25
: ð10Þ

The calculated departure frequency is 100 s�1, compared

to only �37 s�1 for saturated water at same surface

superheat of 10.5 K and pressure of 0.085 MPa. This

frequency corresponds to an average period of 10 ms

between successive bubble departures from the surface

in the present experiments.

4. Summary and conclusions

Experiments are performed, which investigated the

effects of inclination angle on saturation pool boiling of

HFE-7100 dielectric liquid from 1 cm2 smooth, copper

surface, simulating a high performance computer chip.

The thermal analyses of the test section showed negli-

gible heat losses from the side and the bottom of the test

section and that the temperature of the copper surface is

uniform and less than 0.2 K below that midway in the

1.63 mm thick copper block. Therefore, the average

reading of the two thermocouples placed midway in the

copper block is used as the surface temperature in the

pool boiling curves.

The nucleate boiling heat flux and CHF decrease with

increased h from 0� to 180�. At 0� (upward-facing), CHF
for HFE-7100 is 24.45 W/cm2 and decreases slowly, al-

most linearly with increased h to 90�, then rapidly to 4.30
W/cm2 at 180�. For h6 90� and DTsat > 20 K, nucleate

boiling heat flux decreases with increased h, due to the

increase in vapor accumulation near the surface, but in-

creases with increased h at low surface superheats, due to

the increase in mixing by rising bubbles in the boundary

layer, whose residence time increases with increased in-

clination. These results are consistent with earlier data

for dielectric and non-dielectric liquids. At higher incli-

nations (h > 90�) and DTsat > 13 K, the nucleate boiling

heat flux decreases with increased h, due to the increase in
the accumulation of vapor bubbles near the surface. At

lower surface superheats, however, the dependence of the

nucleate boiling heat flux on inclination is inconclusive.

The surface superheat at CHF also decreases with in-

creasing h. The developed correlations for saturation

nucleate boiling heat flux and CHF as functions of h
agree with the present data for HFE-7100 to within �10
and �3%, respectively.

Despite the large difference between the CHF values

for the FC-72 and HFE-7100 dielectric liquids, the

normalized CHF values to that in the upward-facing

position (0�) are almost identical and correlated as a

function of h with a maximum deviation of �10% for

h < 170�. For higher inclinations, this correlation is

within �20%–40% of the data for both HFE-7100 and

FC-72, due to the sensitivity of the CHF measurement

to the slightest adjustment in inclination near the

downward facing position (180�). Results demonstrated
that up to 24.5 W/cm2 could be removed from a com-

puter chip with smooth copper surface by saturation

nucleate boiling of HFE-7100 at 0.085 MPa, which is

�57% higher than that reported earlier for the FC-72 at

a slightly higher pressure (0.1 MPa).

The recorded still photographs of the nucleate boil-

ing of HFE-7100 at different heat fluxes and h ¼ 0�, 30�,
60�, 90, 120�, 150� and 180�, helped explain the mea-

sured dependency of the nucleate boiling heat flux and

CHF on h. The average departure bubble diameter of

0:55� 0:07 mm, determined from the photographs at

h ¼ 0�, is �13% lower than calculated. The calculated

bubble departure frequency based the measured average

bubble diameter in the experiments is 100 s�1.
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