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Abstract

Pool boiling characteristics of pyramidal shaped re-entrant cavities (characteristic size 40 lm) etched in silicon were evaluated in this
study. A test surface was fabricated to totally eliminate back heat loss and minimize spreading in the substrate. The effect of inter-cavity
spacing and convection plumes from a heat source located below the test surface on nucleate boiling parameters is documented. High
speed photography was used to record and quantify the bubble departure frequency, the departure diameter, the active site density and to
observe the effect of interaction between neighboring nucleation sites. Experiments were conducted in saturated FC 72 at atmospheric
pressure.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Increases in the number of transistors on microproces-
sor chips cause an attendant increase in the heat generated
in the device. The resulting high heat flux has to be dissi-
pated by increasingly aggressive and innovative methods.
Both single-phase and phase-change methods using dielec-
tric liquids are suitable candidates. It is widely recognized
that enhancements in surface characteristics can augment
phase-change cooling performance. This has led to several
recent studies that attempt to provide an understanding of
nucleate boiling from enhanced surfaces. The goal is to
eventually develop models to accurately predict the various
parameters in nucleate boiling so as to design reliable and
predictable cooling systems. Research on enhanced sur-
faces is focused on elimination of overshoot, maximizing
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critical heat flux (CHF) and on improving the slope of
the boiling curve.

Overshoot, for a heat flux controlled experiment, is the
sudden drop in the superheat at a constant heat flux caused
by the lack of vapor nuclei on the surface, exposing the sur-
face to high superheats. The critical heat flux (CHF), as the
name indicates its importance, is the maximum heat flux in
the nucleate boiling regime and after which any increase in
the heat flux shifts the operating point to the film boiling
regime for a heat flux controlled experiment. Increasing
the CHF will primarily increase the nucleate boiling regime
resulting in efficient thermal management. Lastly the focus
is on improving the slope of the boiling curve. A high slope
indicates a high heat transfer coefficient.
2. Background

A naturally pitted surface on which nucleation is being
observed has random nucleating sites. The study of the
existence of interactions between nucleating sites and their
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Nomenclature

dd departure diameter
f bubble departure frequency
q00 heat flux
S/dd ratio of the inter-cavity spacing and the depar-

ture diameter
DT wall superheat

Greek symbol

m shape parameter (defined by Chekanov [1])
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nature, was initiated by Chekanov [1]. In a study of motion
pictures of inter-site interactions Calka and Judd [2] found
attractive and repulsive reactions between nucleating sites
and these were compared with a dimensionless separation
distance S/dd (spacing between nucleation sites/departure
diameter). Recently, Golobič and Gjerkeš [3] developed a
technique for activating nucleation sites using laser beams
to facilitate direct measurements of interaction between
active nucleating sites. They concluded that the interac-
tions resulted in the net decrease in activity of the two sites
or the decrease in one with the increase in the other or in
the worst case, deactivation of one of the sites.

Research has shown that heat transfer augmentation
can be achieved by using structured surfaces or surface
enhancements. Micro-pyramidal re-entrant cavities, a type
of surface enhancement, arranged in the form of square
cavity arrays etched in silicon were used by Bhavnani
et al. [4] to simulate a multichip module. Experiments were
conducted in FC 72 and the effect of neighboring micro-
electronic devices was studied. A CHF of 39.4 W/cm2

was reported for the structured surface. Baldwin et al. [5]
conducted a study using bulb shaped re-entrant cavities
etched in silicon. Effect of cavity spacings with a center
to center distance of 0.5, 1.0 and 1.5 mm and active/
inactive neighbors at a power level of 50% of that of the
incipient heat flux of the test heater was documented.
The simulation of the multichip module was a roman cross,
similar to the one used by Bhavnani et al. [4] and experi-
mentation revealed that the increase in the cavity densities
resulted in a decrease of the wall superheat. A maximum
CHF of 44.3 W/cm2 was reached for the 1.5 mm spaced
surface. You et al. [6] conducted experiments in FC 72 at
35 �C and 1 atmosphere to document the effect of an active
and a powered heater below the test heater. When the
lower heater was in the boiling stage it showed a strong
effect on the boiling incipience of the test heater. Boiling
was initiated at a much cooler temperature (less than
15.0 �C). This may have been due to the cavity seeding,
on the test heater, caused by the rising bubbles. Baldwin
et al. [5] concluded that the bulb shaped re-entrant cavity
underperformed where temperature overshoot was con-
cerned in comparison with the pyramidal re-entrant cavity.
In a study involving jet impingement of FC 72 on a square
thermal chip Chrysler et al. [7] reported that for pool boil-
ing, a maximum heat flux of 45.0 W/cm2 was obtained at a
chip temperature of 85.0 �C corresponding to a 19.0 W
chip with out reaching CHF. The researchers attributed
this to additional heat dissipation due to natural convec-
tion from the substrate surface and by nucleate boiling in
the immediate vicinity of the chip. Chang and You [8] doc-
umented the boiling heat transfer phenomenon from
micro-porous and porous surfaces in saturated FC 72 using
five different sized diamond particles. An significant finding
was that the CHF varied with the coatings, suggesting that
CHF was not only a function of the liquid but also
depended on surface properties. The CHF ranged from
approximately 15.0 W/cm2 for the plain surface to a max-
imum of approximately 28.0 W/cm2. Kubo et al. [9] studied
boiling heat transfer for four surfaces with re-entrant cav-
ities having mouth diameters of 1.6 lm and 3.1. The test
section was prepared by bonding a 10 mm · 10 mm silicon
chip to a glass substrate. Experimentation was done in FC
72 at two levels of subcooling of 3.0 K and 25.0 K. In the
nucleate boiling region the chips with 0.1 mm spacing
showed the best heat transfer performance. It was conjec-
tured that the optimal size of cavity was larger than the
two sizes studied and CHF values from 15.7 W/cm2 to
16.2 W/cm2 were reported. Moghaddam et al. [10] con-
ducted a pool boiling study using copper and graphite
foams in FC 72. Experimentation revealed a CHF of
approximately 11.0 W/cm2 for the 30 ppi (pores per inch)
copper foam and approximately 12.0 W/cm2 for the 80
ppi copper foam. The plain surface had a CHF of approx-
imately 10.2 W/cm2. El-Genk and Parker [11] investigated
pool boiling of saturated and subcooled FC-72 on a
smooth copper surface and porous graphite. The surface
under investigation was placed in a Teflon block filled with
translucent epoxy. The heating element was a 0.1 mm
diameter Nichrome wire. A CHF of 16.9 W/cm2 was
reported for the smooth copper surface.

2.1. Bubble departure diameters and departure frequency

The vehicle of heat removal in two phase analysis is the
bubble and hence the departure diameter and the frequency
of departure affect the rate of heat transfer. Bubble nucle-
ation growth and the subsequent mixing within the bound-
ary layer directly impact the bubble departure diameter
and frequency.

Various researchers have documented different trends for
the effect of heat flux on bubble departure diameters and
frequency. The relation between frequency and departure
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diameter as documented by McFadden and Grassmann
[12], and Ivey [13] showed that with the increase in the
departure diameter the bubble emission frequency
decreased. In their experimentation on pool boiling in
dichloromethane on a horizontal glass substrate coated
with stannic oxide, Judd and Hwang [14] visually observed
the surface and found that as the heat flux increased the
departure radius decreased. The departure frequency
showed an increasing trend with heat flux. Nakayama
et al. [15] conducted experiments in water, R-11, and liquid
nitrogen on a tunneled surface. They documented an
increase in departure frequency and a decrease in the depar-
ture diameter with the increase in heat flux. Fournelle et al.
[16] performed an optical study for enhanced heat transfer
from a heat sink for microelectronic cooling applications.
The bubble departure diameter increased from 0.225 mm
to 0.34 mm with the increase in heat flux. The frequency
of departure showed a reducing trend with the increase in
the heat flux. In a further development from this research,
Bhavnani et al. [17] found that the contribution of latent
heat as a heat dissipation mechanism was less than 16%
and that boundary layer mixing had a greater impact on
the bubble departure diameters.

In a visualization study Pascual et al. [18] found that the
average frequency increased and then decreased with the
increase in heat flux. A negligible effect of increasing heat
flux on bubble diameter was documented by Rini et al.
[19] for experimentation in FC 72 on synthetic diamond
plate with Ni–Cr serpentine heaters. Ramaswamy et al.
[20] documented an increase in bubble departure diameter
with the increase in wall superheat for pool boiling in FC
72 from micro-channels. The bubble departure frequency
initially increased and then decreased with the increase in
wall superheat. It was hypothesized that this behavior of
frequency was due to the small pool size and that frequency
would show an increasing trend with the increase in wall
superheat for a larger pool size. Recently, Zhang and Shoji
[21] conducted experiments in distilled water to study bub-
ble interactions between two cylindrical cavities etched in
silicon and the spacing between them was varied. An inter-
esting find was that for a S/dd ratio of 1.5 bubble departure
diameter and frequency showed an increasing trend with
increase in heat flux. Between a S/dd ratio of 1.5 and 2.0
the frequency increased and then dropped to a S/dd of
3.0 where the frequency was the same as on an isolated site.

It is obvious that nucleate boiling from structured sur-
faces is a very complex phenomenon. Primary factors
affecting heat transport appear to be cavity geometry, spac-
ing, substrate thermal conductivity and fluid properties.
Matters are further complicated when surface structures
are not homogeneous.

3. Experimental setup

The present study was aimed at collecting pool boiling
data with minimal losses (back heat loss and heat spreading
in the substrate also known as substrate spreading) for a
vertically oriented test surface with pyramidal micro-
re-entrant cavities etched in silicon. Spreading was mini-
mized by using glass, a low conductivity substrate. The heat
source, a serpentine aluminum heater (6900 lm wide), was
sandwiched between two glass wafers to eliminate the back
heat loss as seen in Fig. 1a. Identical and equally spaced
micro-pyramidal cavities with a 240 lm square base and a
40 lm square mouth, as seen in Fig. 1b, were fabricated
in h10 0i silicon using anisotropic etching. The cavity spac-
ings with center-to-center spacing of 0.5 mm (225 cavities),
0.75 mm (100 cavities) and 1.0 mm (64 cavities) were fabri-
cated in addition to a plain surface and these surfaces will be
referred to throughout the paper as surface 1, surface 2, sur-
face 3, and the plain surface, respectively. To study the effect
of convective plumes from a neighboring heat source
located below the test heater, two different heater spacings
were used. A spacing equal to the width of a single heater
and the other equal to twice that were fabricated. The fab-
ricated cavity arrays were anodically bonded to glass to
eliminate spreading effects. Fabrication details can be found
in Nimkar et al. [22]. A crude FEA analysis was done using
ANSYS and the numerical results showed only 4.0% heat
loss from the unbonded glass surface at CHF.

Experimentation was done in FC 72 at atmospheric pres-
sure. The experimental setup, as seen in Fig. 2, consisted of
an outer deionized water tank and an inner FC 72 tank. The
inner tank housed the test surface on a copper support. FC
72 was indirectly heated to its saturation temperature by
heating the deionized water in the outer tank using a circu-
lation resistance heater. The hot FC 72 vapor was cooled in
a water cooled helical condenser coils, with one end open to
atmosphere. A calibrated k-type thermocouple monitored
the fluid temperature. Heater/temperature sensors were cal-
ibrated using a thermistor. The calibration was done by
immersing the specimen along with the thermistor in a con-
stant temperature bath and the effect of temperature on the
heater/temperature sensors was plot and used for wall tem-
perature calculations. Additional details on calibration are
outlined in Nimkar [23] sandwiching the heater in between
two glass wafers resulted in one dimensional heat transfer
data. This enabled the use of simple one dimension
resistance network analogy to compute the surface
temperature.

Repeatability in data collection was ascertained before
starting data collection. Data from six consecutive runs
showed great repeatability where data from a run matched
that from an earlier run.

Prior to the start of a run FC 72 was completely
degassed and the gas content was monitored using a Sea-
ton–Wilson Aire-ometer. The first run, designated as the
‘‘No Previous Nucleation History’’ (NPNH) run and was
started after overnight cooling of the fluids. The heat flux
in W/cm2 was obtained by dividing the product of the volt-
age drop across the heater and current, supplied using a
DC power supply, by the array area (silicon area). Array
area was selected due to minimal spreading achieved by
the use of a very low conductivity substrate. The superheat



Fig. 1. (a) Symmetric arrangement on a glass substrate (not to scale); (b) surface 1 and surface 1 details showing cavity characteristics, and inter-cavity
spacing; (c) surface 2—0.75 mm inter-cavity spacing with a 2D schematic of the pyramidal cavity; (d) surface 3—1.0 mm inter-cavity spacing.

Fig. 2. Schematic of the experimental setup.
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was calculated by a simple one dimensional conduction
analysis through the glass and silicon. Current was
increased till the superheat dramatically increased which
indicated CHF. Current was then lowered in small steps
to zero current. ‘‘The previous nucleation history’’ (PNH)
run was initiated after the NPNH run following the same
procedure as above. The same procedure was followed on
the next day to ascertain repeatability of the data, but this
time the big jump in the superheat did not occur, validat-
ing the vapor-trapping ability of the re-entrant cavity
shape. The uncertainty in heat flux was calculated to be
±0.8%. Data from all experiments showed excellent
repeatability.

A Kodak Motioncorder� was used to capture motion at
400 frames per second (fps) on nucleation. The illumina-
tion was done using two halogen lamps place on the front
side of the quartz glass. The bubble departure diameter was
measured on the screen at three different locations at the
same heat flux. The average of the measurements was then
converted using a magnification factor found using a length
scale. Similarly, the bubble departure frequency was mea-
sured at the same heat flux at three different sites for 100
frames. The average frequency was then multiplied by four
(400 fps/100 frames = 4 per second) to yield the actual
bubble departure frequency). The bubble departure diame-
ter and the bubble departure frequency were measured with
an uncertainty of 3.8% and 2 Hz, respectively. The uncer-
tainty for surface temperature measurement was ±10%.
All the uncertainties in the present work were calculated
using the procedure outlined by Kline and McKlintock
[24].

4. Results and discussion

The present paper examines the effect of inter-cavity
spacing and convective plumes from a heat source located
below the test heater on the nucleate boiling performance,
bubble nucleation parameters, active site density, and CHF
for a vertically oriented test surface with micro-pyramidal
cavities immersed in saturated FC 72.
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4.1. Effect of cavity spacing

Nucleate boiling performance and bubble nucleation
parameters were studied for three different cavity spacings
in addition to a plain surface. An important finding during
analysis was that the temperature of the sandwiched ser-
pentine heater was not equal to the surface temperature
much contrary to research in high conductivity silicon sub-
strate by Bhavnani et al. [4], Baldwin et al. [5] and Fourn-
elle et al. [16]. This temperature difference between the
heater and surface temperatures, due to the high thermal
resistance of glass, was a function of heat flux.

Though the specimen was designed for symmetry, both
the surfaces did not nucleate at the same time for all the
test surfaces except surface 1. Detailed analysis showed
that the lack of symmetry was due to small differences in
the thickness of the glass wafers due to manufacturing tol-
erance. Once nucleation was initiated on one surface then
most of the heat dissipated through that surface, drastically
reducing the heater temperature. This prevented the other
surface from nucleating at the same time and kept it in
the natural convection region. The surface in natural con-
vection would nucleate later at a higher wall superheat
after which symmetric conditions would be restored till
CHF and for the decreasing part of the NPNH run. For
the PNH run, the cavities that were active on both sides
before the end of the NPNH run nucleated when power
was supplied, ensuring symmetric conditions for the PNH
run. The logic, that perfect symmetry is not achieved
because of the difference in the thickness of the glass
wafers, was confirmed when for all the test sections the
nucleating surface for the NPNH run always nucleated first
for every NPNH run for that test surface. In light of this all
the data analysis was performed on decreasing heat flux
part of the cycle.

For the NPNH runs at incipience all the sites on all the
structured surfaces nucleated simultaneously, indicating
that the spreading was minimized. This pattern was not
observed by Bhavnani et al. [4] and Baldwin et al. [5]
who used a high conductivity silicon as a substrate.
Fig. 3 is a still image showing 100% nucleation at onset
of nucleate boiling for surface 1 (0.5 mm spacing).
Fig. 3. Still image showing 100% nucleation at ONB for surface 1.
During experimentation the heat flux was increased till
CHF and then reduced to zero power for both NPNH and
PNH runs. As mentioned earlier at the onset of nucleate
boiling for the NPNH run, the entire surface was active
and stayed active till CHF. The pool boiling curves for
the decreasing part of the heat flux and for the NPNH
runs are shown in Fig. 4. The nucleate boiling performance
was evaluated by comparing the pool boiling curves for
the structured surfaces with the pool boiling curve for
the plain surface. Fig. 4 shows the comparison. An
enhancement is achieved when a surface can dissipate
more heat at the same surface temperature or can reduce
the surface temperature at the same heat flux. The con-
stant heat flux analysis line in Fig. 4 was used to evaluate
the wall superheat performance of the surfaces. A heat flux
of 7.8 W/cm2, a value mid way in the nucleate boiling
region, was selected for the analysis. At a heat flux of
7.8 W/cm2, the plain surface had a wall superheat of
31 �C where as surface 2 (0.75 mm spacing) was the coolest
with a wall superheat of 24 �C. While surface 3 (1.0 mm
spacing) achieved a wall superheat of 26 �C, the most den-
sely packed surface 1 (0.5 mm spacing) underperformed,
compared to the plain surface, with a wall superheat of
33 �C. For the constant wall superheat analysis a wall
superheat of 24 �C was selected since this yielded a surface
temperature of 80 �C which is relevant to microelectronics
cooling. Analyzing a constant wall superheat line in Fig. 4,
surface 2 and surface 3 had a heat flux dissipation of
7.8 W/cm2 and 6.6 W/cm2, respectively when the plain sur-
face was dissipating 4.7 W/cm2 and surface 1 (0.5 mm
spacing) was dissipating the least heat flux of 2.2 W/cm2

at that wall superheat.
A PNH run immediately followed the NPNH run. The

reason for conducting a PNH run was to check the vapor
trapping ability of the re-entrant pyramidal cavities. At
the last data points before power switch off, for the NPNH
runs, the cavities which were active went into a sporadic
nucleation mode, i.e., cavities were randomly nucleating
at different frequencies from different locations. At the start
of the PNH run, the cavities which were in the sporadic
nucleation mode became active unlike that seen for the
NPNH runs. With the increase in the heat flux the size of
the departing bubbles increased (the effect of heat flux on
departure diameters is mentioned later in this section).
With the further increase in heat flux more sites on the sur-
face activated and this continued until the entire surface
was nucleating. This point was approximately achieved at
a heat flux approximately equal to 40% of CHF. From this
point on there is no difference between the PNH and
NPNH runs.

Owing to the early nucleation, i.e., nucleation at very
low heat fluxes, there were minimal overshoots (maximum
overshoot of 1.5 �C) compared to the NPNH run. Except
for the above mentioned difference the PNH runs for the
isolated surfaces were similar to the NPNH runs for the
isolated surfaces. Similar behavior in overshoots was
reported by Bhavnani et al. [4] and Baldwin et al. [5].
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The comparison of the performance of the surfaces for
the PNH runs was done similar to comparison technique
used to analyze performance for the NPNH runs. For the
PNH runs, surface 2 showed the best performance by
dissipating 7.3 W/cm2 for the constant wall superheat anal-
ysis (at 24 �C) and for the constant heat flux analysis
(at 7.8 W/cm2) had a wall superheat of 25 �C. Surface 1
underperformed by dissipating only 3.6 W/cm2 for the con-
stant wall superheat analysis (at 24 �C) and for the con-
stant heat flux analysis (at 7.8 W/cm2) had a wall
superheat of 33 �C. Surface 3 and the plain surface had
similar performances as seen earlier. The reason for the
underperformance of surface 1 (0.5 mm spacing), com-
pared to the plain surface, is addressed below.

A high active site density was expected for the three sur-
faces since nearly all the heat generated was being dissi-
pated via nucleate boiling. On examining the high speed
photography clips for the different surfaces it was found
that the active site density (ASD) was greatly affected by
the cavity spacing (refer to Fig. 5). The active site density
presented in Fig. 5 represents the percent of number of
sites active to the total number of cavities in the array.
Using the high speed recordings at a particular heat flux,
the number of active sites on a structured surface were
measured three times and the mean is documented as the
ASD. ASD was measured for the decreasing part of
the NPNH and LHP–NPNH runs only since the PNH
and NPNH runs were similar for that part as discussed
earlier.

Fig. 5 plots the ASD as a function of heat flux. It is a
well established fact that the ASD decreases with the
decrease in heat flux and the same is observed here. Surface
2 (0.75 mm inter-cavity spacing) had the highest ASD. For
a NPNH run surface 2 was nearly 100% active where as
under the influence of a convective plume (will be explained
in the next section) was 89% active for the NPNH run. Sur-
face 1 had the least ASD of all these surfaces for the
NPNH runs. A snap-shot view of the nucleation activity
for the different surfaces and runs is shown in Fig. 6. The
pictures represent the pictorial representation of the ASD
for different surfaces and for different runs. The aim is to
compare the active site density at low (approximately
0.8 W/cm2) and a moderate heat flux (approximately
4.0 W/cm2). These values of heat fluxes were chosen to
highlight the ASD performance of the surfaces and runs.
It is evident from Fig. 6(a), (c), and (e) that surface 2 was
the most active at a very low heat flux. At the moderate
heat flux much of surface 1 is inactive where as surface 2
and surface 3 have similar performances. Comparison of
Fig. 6(d) and (f) shows that there is no difference between
a PHN and NPNH run when the two are compared at



Fig. 6. Surface nucleation snap-shots for different surfaces and runs showing variation in ASD: (a) surface 1—NPNH—0.87 W/cm2; (b) surface 1—
NPNH—4.43 W/cm2; (c) surface 2—LHP NPNH—0.72 W/cm2; (d) surface 2—LHP NPNH—4.31 W/cm2; (e) surface 3— PNH—0.89 W/cm2; (f) surface
3—PNH—3.89 W/cm2.
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the decreasing part of the heat flux. All the data reported
for the present work was collected for the decreasing part
of the heat flux.

Preliminary visual observations showed that with the
increase in heat flux both the departure diameter and fre-
quency increased. The departure diameter data was col-
lected on NPNH runs only. Diameters were measured on
the decreasing heat flux part of the experiment to ensure
measurements in a symmetric condition and also because
the boiling was intense during the increase in heat flux
which made measurement difficult. Fig. 7 shows the effect
of heat flux on bubble departure diameter. The departure
diameter increased with heat flux for all surfaces. Cavity
spacing had little effect on departure diameters. Similar
trends in departure diameter were observed by Fournelle
et al. [16] for experiments in FC 72. Pascual et al. [18]
reported an increase and then a decrease in the departure
diameters from experimentation in R-123. Recently,
Ramaswamy et al. [20] documented an increase in depar-
ture diameter for data collected on micro-porous structures
in FC 72. This trend is supported by the data documented
by Zhang and Shoji [21] up to a S/dd ratio of 1.5 and
between 2.5 and 3.0. The bubble size was found to be inde-
pendent of the pore pitch. A contradictory trend, i.e., a
decrease in the bubble departure diameter with increase
in heat flux was reported by Golobič and Gjerkeš [3] and
by Nakayama et al. [15] for experimentation on tunneled
surfaces.

In an attempt to understand the reason for the under-
performance of surface 1, S/dd values were calculated
examined in light of the findings of Chekanov [1] and
Calka and Judd [2] (refer to Fig. 8). For surface 1, surface
2 and surface 3 the S/dd values ranged from 1.05 to 1.88,
1.70 to 2.50 and 2.17 to 4.22, respectively. Chekanov [1]
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found repulsive interaction for S/dd values less than 3
(where the y-axis variable m was greater than 1) whereas
Calka and Judd [2] reported similar interaction for 1 <
S/dd < 3 and 0 < m < 1. For the present study the S/dd

values for surface 1 lie deep in the repulsive interaction
zone compared to the S/dd values for surface 2 and surface
3. This implied that there were strong repulsive interactions
between nucleating sites on surface 1 than the interactions
between nucleating sites on surface 2 and surface 3 result-
ing in poor performance. Bhavnani et al. [17] reported that
latent heat contribution to heat transfer was less than 16%
of the total heat dissipated. This indicates that though the
cavity density on the densely packed surface 1 was the
highest it need not be the coolest surface. Their research
showed that boundary layer mixing would greatly affect
heat transfer. In the case of surface 1 (0.5 mm spacing)
the high nucleation density would have inhibited the
boundary layer mixing where the closely packed bubbles
would have obstructed the flow of cooler fluid to the sur-
face resulting in elevated temperatures at any given heat
flux.
In addition to this surface 2 had the highest ASD for the
both the runs. The existence of this indicates that there
were favorable interactions between nucleating sites on
that surface. The present data collected is not sufficient
enough to strongly prove the assertion, but it definitely sug-
gests that there is an optimum inter-cavity spacing, in the
neighborhood of 0.75 mm, which will yield the best results
for immersion cooled electronics using an enhanced surface
similar to that used in this study.

Similar to the effect of heat flux on bubble departure
diameters, frequency increased with the increase in heat
flux as seen in Fig. 9a for all cases studied. Under the effect
of a convective plume from a lower heater the frequency
increased compared to the frequency on isolated surface
runs. This increase could be due to the sweeping action
of the superheated liquid layer moving on the surface of
the test heater. A similar trend for the frequency was
reported by Ramaswamy et al. [20] (frequency was com-
pared with the wall superheat which can be converted to
heat flux using the pool boiling curves). But, at intermedi-
ate wall superheats the frequency reduced, this reduction in
frequency was attributed to the small pool size (refer to
Fig. 9b. It was hypothesized that the frequency would show
an increasing trend for a larger pool. Nakayama et al. [15]
from experiments in R-11, reported an increase in fre-
quency with the increase in heat flux. Fournelle et al. [16]
reported a decreasing trend for the frequency for experi-
mentation in FC 72 but those tests were conducted on a
high conductivity substrate unlike the present study.

Another pool boiling parameter focused on was the
CHF. CHF is an important parameter since it puts limita-
tions on the application of immersion cooling as a success-
ful thermal management solution because if CHF is
reached during cooling it could result in device burn outs.
In the present study the average critical heat flux was
12.7 W/cm2, a number lower than the CHF of approxi-
mately 15.0 W/cm2 predicted by the Zuber correlation
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and much less than the CHF for small flat heaters of
approximately 21.0 W/cm2. The Zuber correlation was
based on the hydrodynamic instability model for fluids
such as water. Analysis showed that the most critical
Raleigh–Taylor wavelength for water was 12.2 times higher
than that for FC 72. Various researchers have predicted the
CHF values to be greater than 21.0 W/cm2 since high con-
ductivity substrates such as silicon, used by Bhavnani et al.
[4] and Baldwin et al. [5], had high substrate spreading
effects. Moghaddam et al. [10] reported a CHF of approx-
imately 12.0 W/cm2 for pool boiling on copper foam struc-
tures in FC 72. El-Genk and Parker [11] reported a CHF of
16.9 W/cm2, a value lower than that predicted by the Zuber
correlation. Though not documented in their work, the
epoxy used to fill the square cavity in the Teflon block
would have reduced heat losses due to spreading and the
back heat loss. Kubo et al. [9] reported a heat flux of
15.7 W/cm2 for experimentation in FC 72 with 3 �C sub-
cooling. The test surface used was designed similar to that
used in this study but had a different enhanced surface. In
the current work by minimizing spreading effects and elim-
inating the back heat loss, the CHF reported is less than
the values predicted by the traditionally used CHF correla-
tions. In light of the current findings it clear that further
research aimed towards the formulation of new CHF cor-
relations for highly wetting fluids would aid the electronics
cooling community.

4.2. Effect of convective plumes on nucleate boiling

In the present paper the effect of the lower heater pow-
ered to 50% of the incipient heat flux is also documented.
These runs were known as ‘‘lower heater powered’’ runs
and will be referred to as the LHP runs. The effect of the
lower powered heater was seen for two different heater
spacings. Heater spacing one corresponded to a spacing
equal to the width of the serpentine heater and spacing
two corresponded to twice the width of the heater. Instead
of showing individual plots for the LHP–NPNH runs, a
plot for a LHP run for a particular surface is compared
with a plot for an isolated run for the same surface. Refer
to Fig. 5 to see the effect of heat flux on ASD for the LHP
runs.

Fig. 10 compares the NPNH–LHP single heater spacing
run for surface 1 with a NPNH for an isolated surface 1
experiment. The LHP run was similar to the isolated sur-
face run except that the surface was hotter at the start of
the experiment by 5 �C. Similar observations were made
by Baldwin et al. [5] who reported negligible effect of con-
vective plumes on the nucleate boiling region of the test
heater but found that the superheats were higher in the nat-
ural convection region compared to those for the isolated
surface runs. A similar curve was achieved for the LHP–
NPNH single heater spacing run for surface 2 and hence
is not shown. For the plain surface the effect of convective
plumes was studied for both the heater spacings. Compar-
ison of the curves shows no effect of heater spacing on the
pool boiling curves in the nucleate boiling region. As
expected, it does affect the natural convection region com-
pared to the pool boiling curves for isolated plain surface
runs. As seen in Fig. 10 the pool boiling curves has the clas-
sic ‘S’ shaped appearance due to minimal spreading and
elimination of back heat loss. In a similar study LHP–
PNH runs were performed and compared with the runs
for isolated surfaces (Fig. 11). The LHP runs had similar
behavior as the isolated surface PNH runs. A characteristic
of the PNH runs was that for all surfaces the runs had
nearly no overshoots. A maximum overshoot of 1.5 �C
was recorded for the PNH runs. The nucleate boiling per-
formance for the LHP runs was compared using the same
technique used to compare the performance of isolated sur-
face. The comparison had results similar to those for the
isolated surface runs where surface 2 (0.75 mm spacing)
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was the best performing surface and surface 1 (0.5 mm
spacing) underperformed compared to the plain surface.

For all runs the pool boiling parameters lacked specific
trends except that the structured surfaces had higher over-
shoots than the plain surface for the NPNH runs. For the
PNH runs minimal overshoots were observed. This pattern
in overshoots was documented by Baldwin et al. [5] for
experimentation in FC 72 on bulb shaped cavities.

The bubble departure diameters and bubble departure
frequency increased under the influence of the convective
plumes relative to the values at the same heat flux for iso-
lated surface runs (refer to Figs. 5 and 7). The increase
could have been caused due to the improved boundary
layer mixing caused by the convective plumes and was
found to be a function of cavity spacing. The increase in
departure diameters for LHP runs, relative to the departure
diameters for isolated surfaces, was more for surface 2
(0.75 mm spacing) than surface 1 (0.5 mm spacing) since
for surface 2 more room was available for bubble growth.

5. Conclusions

One dimensional heat transfer data was collected for a
vertically oriented test surface with micro-pyramidal re-
entrant cavities. Minimal heat losses ensured that all the
applied heat was dissipated via phase-change immersion
cooling. The use of a low conductivity substrate minimized
spreading and led to simultaneous nucleation from all the
equally spaced and identically sized cavities on the
enhanced heat sink for the NPNH run.

The boiling curves for the structured surfaces were com-
pared with the boiling curve for the plain surface using two
types of analyses for all runs. The comparison showed that
surface 1 (0.5 mm spacing) with the highest nucleation den-
sity underperformed, compared to the plain surface, due to
repulsive interactions between nucleating cavities and also
due to hindered boundary layer mixing. Surface 2
(0.75 mm spacing) showed the highest heat transfer aug-
mentation. Bubble departure diameter and frequency
increased with the increase in heat flux. No effect of cavity
spacing was seen on departure diameter and frequency.

The active site density decreased with the decrease in
heat flux and was strongly affected by the cavity spacing.
Surface 2 had the highest ASD compared to the other sur-
faces whereas the most densely packed surface, surface 1,
had the least ASD. The present data collected definitely
suggests that there is an optimum inter-cavity spacing, in
the neighborhood of 0.75 mm for which most of the surface
remains active for a wide range of heat fluxes. Enhanced
surfaces with similar geometric characteristics will yield
the best results for immersion cooled electronics.

A multichip module was simulated to study the effect of
convection plumes off a neighboring heat source, powered
at 50% of its nucleation heat flux, located below the test
heater. Pool boiling analysis for two different heater spac-
ings revealed that the lower powered heater only affected
the natural convection region when compared to an iso-
lated run for the same surface. The superheated liquid on
the test heater due to a powered lower heater influenced
the departure diameter and frequency by increasing them
compared to the values for isolated surfaces. The increase
in departure diameters under the effect of a convective
plume was found to be a function of cavity spacing which
governed the space available for growth and this could
have been due to increased boundary layer mixing.

An important finding was that the average CHF
achieved (12.7 W/cm2) was a lower than that predicted
by Zuber correlation (15.0 W/cm2) and a correction for
small heaters which estimated it to be 21.0 W/cm2. It is also
important to note that the proposed CHF correlations
were developed for water, a highly non wetting liquid com-
pared to FC 72 a highly wetting fluid. Calculations showed
that the most dangerous instability wavelength for water
was 12.2 times greater than that for FC 72.
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