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Immersion Cooling of a Simulated Electronic Chip
Protruding into a Flow Channel
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and
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Nucleate boiling and critical heat � ux from the top and side surfaces of a simulated electronic chip
protruding into a rectangular channel has been studied. To ascertain the contributions of heat transfer
from the sides and top of the simulated electronic chip, boiling from the sides was virtually eliminated
by the use of a thin (0.025 mm) foil heater on top of a block of insulating material. It was found that
single-phase heat transfer and critical heat � ux are markedly greater for a surface protrusion height of
0.71 mm as compared to a � ush surface. This increase was seen for � ow velocities greater than 1 m/s
and a subcooling of 208C. The results are compared to that for a copper block heated from below under
similar � uid and geometry constraints. These comparisons show that the vapor emanating from the
upstream side of the copper block plays an important role in either decreasing or increasing the critical
heat � ux. Additional results were obtained for the copper block where heat transfer from the upstream
side was obstructed. These results indicate that under some conditions of subcooling and � ow rate an
optimal amount of upstream side vapor production exists.

Nomenclature
c = speci� c heat of a solid
cp = speci� c heat at constant pressure
Dh = hydraulic diameter based on wetted perimeter
h = channel height
hfg = latent heat of vaporization
hp = heater protrusion height
Ja = Jakob number, cpDTsub/hfg

k = thermal conductivity
L = simulated chip surface heated length
QM = maximum power dissipation
q = heat � ux
qM = critical heat � ux
q**M = dimensionless critical heat � ux
Ra = International Organization for Standardization

standard (ISO R468) for surface roughness
Re = Reynolds number, UDh/n
Tb = bulk � uid inlet temperature
Tn = surface temperature at location n
Tsat = saturation temperature based on measured static

pressure
Tw = heated surface wall temperature
t = heater thickness
U = bulk mean velocity based on channel cross section
We = Weber number, rfU

2L /s
w = channel width
DTsub = subcooling, Tsat 2 Tb

DTw = wall superheat, Tw 2 Tsat

n = kinematic viscosity
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r = density
s = surface tension

Subscripts
Flush = � ush heater surface
f = liquid
g = vapor

Introduction

P OWER electronics capable of handling hundreds of kilo-
watts are currently being developed for military and com-

mercial applications.1 As the heat-dissipation rates of these de-
vices exceed the practical limits of air and single-phase liquid
cooling, more aggressive approaches such as direct immersion
two-phase cooling become attractive. The study of direct im-
mersion nucleate boiling and critical heat � ux (CHF) associ-
ated with electronic chips has been the focus of numerous
studies.2– 5 CHF is the term given to the point at which a tran-
sition from nucleate boiling to � lm boiling occurs. This tran-
sition is marked by a large and rapid temperature excursion
that is generally accompanied by burnout of the heating ele-
ment. Myriad � ow geometries and a large range of � uid con-
ditions were included in these studies. For the rectangular � ow
channel substantial studies have been performed,6– 8 and were
concerned with heat transfer from heat sources that are � ush
with the � ow channel wall. Gu et al.,9 however, discovered
that CHF decreases markedly if the heated surface is not main-
tained � ush with the � ow channel wall. This degradation oc-
curred for surface recess and protrusion heights less than 0.1
mm. Because it is dif� cult to maintain � ushness after repeated
thermal cycling under closely controlled laboratory conditions,
the same problem will exist for actual electronic chip cooling
applications.

Leland and Chow10 and Leland11 studied the effect of heated
surface protrusion height (20.127 to 0.635 mm) on forced
convective boiling and CHF for � ow velocities of 1– 4 m/s
and subcoolings of 20 and 357C. Heated surface refers to the
top surface of the protruding block. In their experiments, a
copper block heated from below was used to simulate an elec-
tronic chip protruding into a rectangular � ow channel. Boiling



LELAND AND CHOW 399

Fig. 3 Foil heater thermocouple locations.

Fig. 2 Thin foil heater assembly.

Fig. 1 Flow channel cross section with test heater.

occurred predominantly on the front face (the upstream face
normal to the direction of � ow), top, and rear (downstream)
face of the block. They found that for a given protrusion
height, as compared to the case where the block was � ush, the
CHF (based on exposed area) was 1) reduced at low velocities,
2) equal at some intermediate velocity, and 3) increased at
higher velocities. As the protrusion height was increased, the
velocity at which the protruded surface CHF equaled the � ush
surface CHF decreased. Also, CHF increased with increasing
protrusion height for velocities greater than the break-even ve-
locity. The net increase in CHF was unexpected and it was
suspected to be, in part, a result of the strong interaction be-
tween vapor emanating from the front face and that from the
top of the block. Furthermore, a � ow instability phenomenon
occurred for heater heights of 0.457 and 0.635 mm. In both
cases, the instability occurred at a velocity and subcooling of
2 m/s and 207C, respectively.

McGillis et al.12 also investigated the effect of heated surface
protrusion height (0.8– 2.4 mm), for velocities of 9.6– 103.9
cm/s and subcoolings of 20– 407C. They found a reduction in
CHF (based on exposed area), for all combinations of velocity,
subcooling, and surface height. Because their results were ob-
tained for � ow velocities of about 1 m/s or less, their results
qualitatively agree with those of Leland and Chow10 and Le-
land.11 Nonetheless, their data were obtained for 10 heat
sources in-line and, thus, little insight into the controlling
mechanisms of CHF was obtained. The combined effects of
protrusion height and channel height were studied by Gersey
and Mudawar13 for a series of nine in-line heat sources. They
obtained results for a protrusion height of 1 mm, channel
heights of 2 and 5 mm, � ow velocities of 13– 400 cm/s, and
subcoolings of 3– 367C. Their results also qualitatively agree
with those of Leland and Chow10 and Leland11 as summarized
earlier. Gersey and Mudawar13 also report that nucleation of
the most upstream heat source was inhibited for � ow velocities
of about 1 m/s. This phenomenon is believed to be related to
the instability phenomenon described by Leland and Chow10

and Leland.11 Because their results were obtained for a single
protrusion height and a series of heat sources, there is still a
need for greater understanding of the controlling mechanisms
of CHF for protruded surfaces.

Thus, the present effort was undertaken to separate the con-
tribution of heat transfer from the sides of the protruding block
from that of the top of the protruding block and understand
how each relates to the CHF. Experiments were also conducted
to determine if the � ow/boiling heat transfer instability could
be prevented without diminishing the enhanced heat transfer
characteristics of the protruded chip con� guration.

Experimental Apparatus
The experimental apparatus consists of four basic compo-

nents: 1) The � ow loop, 2) the � ow channel, 3) the test heater
enclosure, and 4) the heater section. A dielectric � uorocarbon,
FC-72 (3M Industrial Chemical Products Division) was used
as the heat transfer � uid. Details of the � ow loop, � ow chan-
nel, and heater enclosure have been described previously by
Leland and Chow10 and Leland.11 The heater enclosure is
shown installed in the � ow channel in Fig. 1. Two different
heater assemblies were used: 1) A resistively heated thin foil
and 2) a copper block heated from below. Details of the latter
design have been previously described.10,11 The thin foil heater
was designed such that boiling would occur only from the top
of the protrusion. This heater was made of 0.025-mm-thick
Monel 400 mounted on top of a low thermal conductivity (0.29
W/m-K) G-7, (a laminated � berglass cloth material), block as
shown in Fig. 2. The Monel foil was soldered to 0.25-mm-
thick copper strips that were slit lengthwise to provide voltage
sensing taps at the heater. The resistance of the copper leads
was negligible compared to the foil. Heat conduction through
the leads was suppressed by bending the copper leads inward
so that they would be insulated by additional pieces of G-10

(a more dense, more conductive, easier to machine version of
G-7).

Five 0.076-mm-diam wire, type T thermocouples were used
to monitor the temperature of the foil. Four of these are im-
bedded in grooves on the top of the G-7 block. Figure 3 shows
that three of the four are used to measure the streamwise tem-
perature variation, whereas two were used to measure the span-
wise variation. The grooves were carefully contoured to ensure
that the thermocouple beads were as close as possible to the
backside of the foil. The foil was epoxied to the G-7 block
using Omegabond 200 epoxy (Omega Engineering, Inc.), thus
ensuring good thermal contact between the thermocouples and
foil. A cure time of 8 h at 1207C was found to be optimal. It
is estimated that the thermocouple beads were separated by a
thin layer of epoxy no more than 0.04 mm thick. The � fth
thermocouple was located 0.25 mm below the center of the
surface and was used to estimate heat loss through the G-7.

The copper block test section is the same as described by
Leland and Chow10 and Leland,11 with the exception of a small
block of insulating material added to the front face of the cop-



400 LELAND AND CHOW

Fig. 4 Front-face insulator details.

per block. The insulating material covered either half or all of
the front face of the block and eliminated boiling from the
covered portion. Figure 4 shows the exact dimensions and lo-
cation of these alternate pieces of insulating material. The sur-
face of the Monel foil was prepared in the same way as de-
scribed by Leland and Chow,10 and had a surface roughness
Ra of only 4 nm as measured with a Taylor– Hobson surface
pro� lometer. Eight measurements at various surface locations
showed that the surface roughness was uniform to within 61
nm.

Uncertainty Analysis
A Hewlett Packard 3852A data acquisition system was used

to make all voltage and temperature measurements. This de-
vice has a resolution of 0.027C and rated accuracies of 0.5 and
0.657C for thermocouple types K and T, respectively. The data
acquisition unit and type T thermocouples were compared to
a precision digital resistance temperature detector (RTD)
(0.037C rated accuracy) over the range of interest, and the
system accuracy was found to actually be within 0.37C. Thus,
no further corrections were made. The uncertainties associated
with the � ow channel and the tests with the copper block/thick
� lm resistor test section have been previously described by
Leland and Chow.10 For convenience, the uncertainties in CHF
for the copper block test section were reported as 13.4, 7.8,
and 6.9% for heat � uxes of 34, 85, and 132 W/cm2, respec-
tively. The uncertainties associated with the thin foil heater test
section are described next.

For all tests with the foil heater, CHF was calculated from
the electrical power measurement. The standard Kline and
McClintock14 approach to random uncertainty calculation
yields an uncertainty of 0.27%. A one-dimensional heat con-
duction assumption was made to estimate the heat loss from
the back of the foil through the G-7 substrate. This method
predicted less than 1% heat loss for heat � uxes greater than
15 W/cm2. Because of assuming one-dimensional heat con-
duction, this method may underestimate the heat loss but, the
error would still be small. Thus, no correction was made to
the foil heater results.

The surface thermocouples � uctuated by as much as 17C
during testing, depending on the location of the nucleation
sites. The thermocouples would vary most when near the edge
of a patch of advancing nucleation sites. Nucleation occurs � rst
at the most downstream portion of the heater surface.As power
to the heater is increased this small patch of nucleation sites
expands toward the upstream edge of the heater surface. The
upstream border of the patch of nucleation sites is not stable
and, therefore, temperature � uctuations are greatest at this lo-
cation. Thermocouples well within the zone of nucleation were
the most steady, � uctuating only 0.37C. Kenning15 has shown
that large errors may occur in the surface temperature mea-
surement of thin foil heaters. These errors are caused by the
large variation in heat � ux below a single bubble at a nucle-
ation site. The average heat � ux at a given nucleation site also
varies greatly from that between nucleation sites. Kenning
measured a spatial temperature variation (over one nucleation

site domain of in� uence), of 267C for water boiling at 10 W/
cm2 on a stainless-steel foil 0.13 mm thick. It must be noted
that in Kenning’s experiments, most of the nucleation sites
were separated by a distance of more than three bubble di-
ameters.

Using a conduction model, Kenning was able to predict the
temperature variation. Using Kenning’s model and character-
istic bubble size and spacing information from the current ex-
periments, a maximum spatial temperature variation of 6.07C
is obtained. This value is overpredicted because the foil heater
of the present study is in good thermal contact with the G-7
substrate. Although the substrate is of low thermal conductiv-
ity, it will still act in reducing site-to-site thermal gradients.
Furthermore, the present results are much lower than those
reported15 because the high bubble density under high � ux con-
ditions creates a more uniform heat � ux pattern on the surface.
Also, maximum bubble sizes are much smaller under sub-
cooled, forced � ow conditions, further damping thermal gra-
dients. Thus, the measured � uctuation of 17C is considered
reasonable. More details of the analysis are give by Leland.11

Leland and Chow10 and Leland11 performed the same anal-
ysis for the copper block heater and found that spatial tem-
perature variations are completely damped at about one bubble
diameter below the surface. This translates into a distance of
no more than 0.2 mm. Thus, there is no impact on the mea-
surements obtained for the copper block test section.

Experimental Results
Results have been obtained for two heater con� gurations: 1)

A thin foil heater and 2) a copper block heated from below.
The effects of large-scale (0.12-mm amplitude ripples) surface
roughness and protrusion height were studied for the thin foil
heater con� guration. The effects of protrusion height and in-
sulation of the front face were studied for the copper block
heated from below. Data were obtained for velocities of 1– 5
m/s and subcoolings of 20– 357C, respectively. However, foil
heater data were not obtained for a subcooling 357C because
of the short lifetimes of the foils.

Foil Heater Test Section

Because of the complexity of the thin foil heater con� gu-
ration, many failures were experienced before an optimal as-
sembly procedure was found. As a result, there are few quan-
titative results for the smooth foil and some of the results for
the rippled foil were derived from single sample measure-
ments. The qualitative results were signi� cant, however, and
are reported herein.

Incipient temperature overshoot was generally much higher
for the thin foil con� guration then previously noted10,11 for the
copper block con� guration. A maximum incipient overshoot of
207C was measured for the smooth foil, 207C subcooling, and
a velocity of 1 m/s. Temperature overshoot was negligible for
the majority of tests conducted with the copper block test sec-
tion and was less than 17C for most other cases. The most
likely explanation is that the very thin foil did not distribute
the heat through itself nearly as well as the thicker copper
block test section. For the copper block the surface temperature
distribution varied by only 2.27C. Thus, similar conditions ex-
isted over the surface and incipience occurred at the rear-most
edge of the heater where the thermal boundary layer was � rst
suf� cient for nucleation. For the foil heater, large thermal gra-
dients could exist because of the poor lateral conduction of
heat (Fig. 5). Thus, incipience could occur more randomly over
the surface at certain hot spots. Even if incipience occurred at
a single point, substantial increases in heat could be necessary
before more signi� cant nucleation of the surface occurred. In-
cipient overshoot generally decreased with velocity, which is
in agreement with the trend noted for the copper block test
section.10

Figure 5 shows how the surface temperature progresses with
heat � ux for a typical case. The temperatures are plotted in



LELAND AND CHOW 401

Fig. 6 Comparison of CHF with heater height and velocity for
thin and thick heaters.

Fig. 5 Variation of thin foil heater surface temperatures relative
to T1 with heat � ux.

reference to the upstream thermocouple T1 (see Fig. 3 for the
key to thermocouple numbers). It may be seen that at the low-
est heat � ux the downstream thermocouple T3 is the hottest
with the center thermocouple T2, slightly cooler and the span-
wise thermocouple T4, the coolest. This trend is obviously
expected with the possible exception of the spanwise temper-
ature. As heat � ux increases, nucleation occurs at the down-
stream thermocouple and a sharp drop in temperature ensues.
With further increases in heat � ux, nucleation occurs at the
center and side locations and T3 drops further because of more
complete nucleation. Throughout the nucleate boiling regime,
15– 25 W/cm2, the streamwise variation in temperature is very
small, <17C. As the CHF is approached, the downstream lo-
cation begins to rise dramatically with temperature as dryout
occurs and localized � lm boiling ensues. The center location
also rises in temperature as CHF is approached, but less dra-
matically. The fact that dryout occurs at the most downstream
location � rst, supports the dryout model proposed by Hara-
mura and Katto16 and adapted to the present geometry by Mu-
dawar and Maddox.6

Figure 5 also shows that the side thermocouple remains
about 27C cooler throughout the single-phase and boiling re-
gimes. Because the streamwise variation in temperature is less
than 17C, the relatively larger spanwise variation indicates that
there is signi� cant in� ow of liquid from the sides of the heated
surface. This was witnessed to some degree by the departing
vapor bubbles being swept toward the streamwise centerline
of the heater surface, particularly toward the downstream por-
tion of the heater surface.

The CHF for the foil heater was generally 25% lower than
that of the copper block heater for the same � ow velocity and
subcooling. This is in agreement with pool boiling studies that
have shown that below a critical heater thickness, pool boiling
CHF begins to decrease with decreasing thickness. Sharp17

made an exhaustive study of pool boiling from various mate-
rials of small thickness and found that boiling heat transfer
coef� cient was proportional to the material’s thermal effusivity

and thickness. Sharp’s � ndings have been con� rmed byrckÏ
many other investigators for pool boiling but � ow boiling data
are sparse. A comprehensive literature survey and discussion
on the effects of heater thickness is given by Leland.11

The quantity governs the ability of the heater to mit-t rckÏ
igate a sudden hot spot. As decreases below the criticalt rckÏ
value, the heat below an intermittently created dry spot is not
as effectively distributed to other parts of the surface where
effective boiling heat transfer continues. As a result the heater
below the dry spot gets even hotter and eventually reaches the

Leidenfrost temperature where wetting cannot occur. For the
present experiments CHF was found to be very sensitive to
small imperfections in the foil surface. These imperfections
created premature dryout and CHF could occur even at the
leading edge of the heater. Dry out propagated so slowly that
complete dryout of the surface took more than 5 s as opposed
to the copper surface where complete dryout occurred in a
fraction of a second. This implies that the nonuniform nature
of heat generation within electronic chips could have a signif-
icant impact on CHF. This problem may not exist for power
electronics where cooling is accomplished through a copper
base typically 2.5 mm in thickness.

An example of more substantial surface imperfections is rip-
pling of the foil caused during assembly. Results for the rip-
pled surface in the � ush condition are substantially lower than
those obtained for a smooth surface. Reductions in CHF of 18
and 24% over the smooth foil were measured for � ow veloc-
ities of 1 and 2 m/s, respectively. The ripples had an amplitude
of no greater than 0.12 mm and a nonuniform distribution and
frequency. Stating that the rippled surface is � ush with the � ow
channel wall is, of course, questionable. However, most of the
roughness elements were less than 0.02 mm in amplitude and,
thus, were of the same order as the protrusion height mea-
surement accuracy.

Results were also obtained for a protrusion height of 0.71
mm for the rippled surface only. Leland and Chow10 and Le-
land11 previously found that for the copper block test heater
and a given protrusion height, CHF would be lower than that
for the � ush condition at low � ow velocity. As � ow velocity
was increased, CHF for the protruded condition would be
equal to and then greater than the value of CHF for the � ush
condition. As hp increased, the increase in CHF over the � ush
condition also increased. It is important to note that CHF was
based on the exposed area of the protruding copper block.
Thus, any increase was actually an enhancement of the boiling
mechanism and not merely an area augmentation. Figure 6
compares the current foil heater data (hp = 0.71 mm), to pre-
viously obtained copper block heater data.10

The trend for the foil heater is somewhat different than that
for the copper block. The reduction in CHF at low velocity
for the foil heater is much less than the same reduction for the
copper block. However, the gain in CHF at higher velocities
for the foil heater is less than the gain for the copper block.
This latter effect may be because of the rippled surface. Fi-
nally, Leland and Chow10 and Leland11 reported a � ow insta-
bility for the protruded copper block, 207C subcooling, and a
� ow velocity of 2 m/s. The disappearance and reappearance
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Fig. 8 Insulated and noninsulated protruding heater CHF com-
pared with � ush heater CHF.

Fig. 7 Behavior of boiling curve with and without insulators.

of a sheet of vapor emanating from the front face of the pro-
truding copper block was evidence of this instability. The sur-
face temperature of the copper block also � uctuated with the
sheet of vapor and at an amplitude of more than 17C. The
instability phenomenon was completely absent during tests of
the protruded foil heater.

The preceding observations are explained by the lack of any
boiling from the front face of the protruding foil heater block.
A smooth, uniform bubble layer evolved on the top surface of
the foil in a fashion similar to that described by Leland and
Chow10 for the � ush copper block surface. For the protruding
foil heater block the bubble layer was thinner than that of the
� ush condition for a given velocity. This is because higher
velocity liquid near the top surface for the protruded case
pushes the vapor bubbles downstream at a greater rate. The
higher velocity liquid is a result of a redeveloping boundary
layer. This higher-velocity liquid also improves the liquid sup-
ply mechanism for nucleate boiling and inhibits the onset of
CHF. Mudawar and Maddox6 used � ow visualization results
to describe two liquid-supply mechanisms for the � ush con-
dition: 1) A low-speed (<2 m/s) and 2) a high-speed (>2 m/s)
mechanism. For U < 2 m/s, the liquid is fed tangential to the
surface from the upstream edge to the downstream edge. As a
result liquid supply to the most downstream sites is impeded
and CHF is initiated at the most downstream portion of the
heated surface. The vapor blanket increases in thickness with
L for this case. For U > 2 m/s, the vapor blanket is uniform
in thickness and liquid feeds from above.

The same mechanisms likely exist for the protruded heater.
Therefore, at low bulk � ow velocities the previously men-
tioned vapor sheet for the copper block heater impeded the
� ow of the higher velocity � uid and, thus, diminished any
gains in CHF. At higher bulk � ow velocities the vapor sheet
created a � ow pattern that caused vapor above the surface to
be swept up and toward the streamwise centerline. This mech-
anism helped to improve the liquid supply to the copper block
heater surface for U > 2 m/s. For the foil heater, there is no
vapor sheet to create favorable � ow� elds and, thus, the en-
hancement is caused only by a redeveloping velocity layer. The
absence of any � ow instability is also owed to the lack of any
boiling from the front face of the foil heater block.

Copper Block Test Section

For an actual computer chip, heat is generated from within
and distributed somewhat evenly over its exposed faces.
Therefore, the copper block test heater more closely models
the actual situation. It was surmised that if boiling from the
front edge could be eliminated, the full enhancement of a re-
developing velocity layer would be realized. The loss of heat
transfer area would amount to only 5% for the maximum pro-
trusion height investigated. The area advantage of the remain-
ing three sides would still be enjoyed.

Elimination of boiling from the front face was accomplished
by the installation of a small block of G-7 laminated plastic
(Fig. 4). The effects of the G-7 block were studied for a pro-
trusion height of 0.635 mm. This included two cases, 100 and
48% coverage of the front face. Figure 7 shows that both sizes
of the G-7 plastic insulator did indeed stabilize the boiling heat
transfer at the 207C subcooling, 2-m/s � ow velocity condition.
For example, the cases with insulators show no discontinuity in
the boiling curve. The instability phenomenon has been de-
scribed in depth by Leland and Chow10 and Leland.11 The afore-
mentioned � ow and heat transfer instability was completely ab-
sent. It was previously shown10 that the instability did not occur
for protrusion heights less than 0.457 mm. Therefore, an even
thinner piece of insulating material may suf� ce in stabilizing
heat transfer for this condition. Figure 8 shows the effect of the
front-face insulators on CHF. The reduction in CHF at 1 m/s
was sharply reduced. Besides elimination of the instability con-
dition, further heat transfer enhancement was not realized for
velocities greater than 1 m/s. Full coverage of the front face

yields essentially zero net heat � ux gain over the � ush condition
for a subcooling of 207C. It should be remembered that in-
creased power dissipation is still realized. For 357C subcooling,
heat � ux is actually decreased. For 48% coverage the � ow in-
stability remained absent and better heat transfer results were
obtained, particularly for 207C subcooling. The opposing effects
of the insulators for U = 1 m/s and U > 1 m/s can be explained
by the existence of the two different liquid supply mechanisms
previously described. Remember that for U > 2 m/s, the vapor
blanket is uniform in thickness and liquid feeds from above. For
this regime, CHF is much less sensitive to the heated length L.

Because boiling from the front face creates a vapor blanket
that obstructs the � ow tangential to the top surface, it is easy
to understand how CHF is enhanced by installation of the in-
sulator. For U > 2 m/s, the � ow mechanics created by the
front-face boiling must make a signi� cant contribution to heat
transfer as evidenced by the degradation of CHF with instal-
lation of the insulators. For example, a reduction of 26 W
occurred by the total elimination of boiling from the front face
for the case of DTsub = 207C and U = 4 m/s. With an area loss
of only 6.0 mm2, this translates into a heat � ux of 430 W/cm2

if heat transfer from the other surfaces is assumed to remain
constant. Such a high heat � ux is certainly impossible for this
con� guration. Therefore, the liquid supply mechanism for the
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Fig. 9 Power dissipation vs velocity for heaters with and without
insulators.

Fig. 10 Comparison of new straight channel data with correla-
tions.

other surfaces must be enhanced in some way by the vapor
sheet emanating from the front face. One possibility may be
that condensing bubbles above the surface draw cool liquid in
from the sides to feed the nucleation sites. The blunt face of
the protruding block causes the vapor generated on this face
to be projected up. This vapor is outside of the thermal bound-
ary layer and in the presence of cooler liquid where it is more
likely to condense.

For 357C subcooling, similar trends are noticed, but the re-
sults relative to the � ush condition (Fig. 8), generally fall be-
low the results for 207C subcooling and U > 2 m/s. The reverse
is true for U < 2 m/s. This can be explained by � rst noting
that as velocity increases, the contribution of single-phase heat
transfer becomes a smaller percentage of the total heat transfer
near CHF. At 357C subcooling the single-phase contribution is
greater than at 207C subcooling. Furthermore, unlike water,
FC-72 has a low latent to sensible heat ratio, 3.8 and 2.2 for
DTsub = 20 and 357C, respectively. Thus, the results for 357C
subcooling are heavily biased toward single-phase heat transfer
and augmentation or degradation of boiling heat transfer will
have a lesser effect. For the case of no insulator this is easily
seen. The effect of the insulator is to reduce or eliminate the
vapor sheet emanating from the front face. As a consequence,
the single-phase and overall heat transfer is reduced, although
the boiling heat transfer may be augmented.

For U = 4 m/s and DTsub = 207C, increases of 21, 39, and
64% over QM,Flush were obtained for the 0.635-mm insulator,
0.305-mm insulator, and no insulator cases, respectively. These
percentages are much higher than the heat � ux-based percent-
ages. However, as mentioned before, power dissipation is the
real goal of electronics cooling. Power dissipation is simply
the product of heat � ux and area. If CHF increases with heater
height, this product increases at a greater rate because an ex-
posed area also increases. Figure 9 illustrates how dramatically
power dissipation increases with velocity.

Correlation of CHF Results
Correlations of the � ush and protruded surface cases have

been obtained for the copper block test section data. Data for
the copper block test section with front face insulation are not
considered.

Flush Surface
Leland and Chow18 obtained a correlation for a � ush surface

straight channel � ow that � t the data with a mean absolute
error of only 5.7%. The resulting equations were

2 0.481q** = 0.101We (1)M

where

q /r h UM g fg
q** = (2)M 0.167 0.310 0.336 1.392(r /r ) (L /D ) Re [1 1 4.561Ja ]f g h

This correlation is valid for w = 27.0 mm, h = 3.18– 6.35 mm,
U = 1– 7 m/s, DTsub = 5– 357C, and rf /rg = 77.7– 123.3. Figure
10 shows the data of the present test section (diamonds), and
the previous straight channel data18 plotted against the preced-
ing correlation. The correlation � ts the sum of the previous
data and the current � ush chip data with a mean absolute error
of 8.5%. The present test section is within the range of validity
of the preceding correlation except for the channel width that
is 50.8 mm. Because the previous channel width, 27.0 mm,
was signi� cantly greater than the heater width, channel width
is not considered to be a governing factor in the reduced qual-
ity of � t. Bias errors are not considered to be any different
than for the previous test sections because the construction is
very similar and measured heat losses are similar. Because a
� t of the data to a mean absolute error of 8.5% is still consid-
ered good, no attempt was made to � t new exponents to the
preceding correlation.

For comparison the data are also plotted against the theo-
retically obtained correlation of Mudawar and Maddox.6 It is
interesting to note that the Mudawar and Maddox correlation
� ts the data for the current geometry very well within the best-
� t range, i.e., 102 4 < We21 < 1022, of that correlation. This may
be because the current test section geometry is closer in di-
mension to that of Mudawar and Maddox, where h = 12.7 mm
and w = 38.1 mm.

Correlation of Protruded Surface CHF Results

Correlation of the CHF results was attempted for the pro-
truded surface results only because these are considered to be
the only quanti� ed results of interest to cooling system de-
signers. Furthermore, the complex nature of CHF vs protrusion
height makes correlation of these results dif� cult enough. For
the same reasons, correlation of the insulated face cases was
not attempted. Figure 11 shows how the data for 20.127 mm
# hp # 0.635 mm compare to Eqs. (1) and (2). As may be
seen, a general trend with velocity or subcooling is absent.

Experimental data for the single-phase heat transfer coef� -
cient of similar geometries have been correlated as a function
of several variables. Roeller and Webb19 used the � ow channel
dimensions h and w, and the heated protrusion dimensions,
protrusion width wp, protrusion length lp, and the protrusion
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Fig. 11 Comparison of protruded surface data with Eqs. (1) and
(2).

Fig. 12 Comparison of protruded surface data with Eqs. (1), (2),
and (4).

height hp for their correlation. Based on extensive experimental
data, Roeller and Webb derived the following correlation:

0.632 20.455 20.727Nu = 0.150Re (1 2 w h /wh) (h /l ) (3)p p p

For the present geometry, wp and lp are equivalent to the heated
length L. This form proved to be very unsuccessful in corre-
lating the data. Through much trial and error, the following
correction was found to correlate the data with reasonable suc-
cess:

0.428 3.048 0.794« = 1 1 (h /D ) [(h /D ) Re 2 1.570] (4)p p h p h

This correction to Eqs. (1) and (2) � t the protruded surface
data with a mean absolute error of 11.4%. Figure 12 shows
the results of the preceding effort. While the relative difference
of a � ush and non� ush surface CHF is dependent on sub-
cooling, any attempt to add subcooling to the preceding cor-
rection was met with failure. However, Fig. 12 indicates that
there is some slight dependence on subcooling. The reason for
this dif� culty is that the combination of the last term in the
denominator of Eq. (2) and the density ratio generally account
for subcooling in boiling correlations. This term is derived by
assuming that an active layer of � uid near the surface is re-
sponsible for the accumulation of sensible and latent heat with
a constant ratio between the portion of � uid evaporated and
the portion that is only sensibly heated. Because of the com-

plex � ow pattern about the protruded surface and the different
conditions existing on the different faces, this ratio additionally
becomes a function of the protrusion height and Reynolds
number.

Conclusions
1) CHF decreases with heater wall thickness and effusivity.

In light of this, nonuniform heat generation for low thermal
effusivity chip substrates should be considered in a chip-cool-
ing design that employs boiling heat transfer.

2) Large-scale roughness has an effect similar to small pro-
trusion height and causes a marked reduction of CHF.

3) For the thin foil heater, CHF is improved at velocities
greater than 1 m/s for hp = 0.71 mm. A redeveloping velocity
boundary layer yields higher velocity � uid tangential to the
top surface and, thus, more effective liquid supply to the sur-
face. This indicates that front-face boiling for the copper block
impedes liquid supply and, consequently, reduces CHF.

4) Thin foil heater results display evidence that the instability
condition at DTsub = 207C and U = 2 m/s for the copper block
is caused by the interaction of vapor emanating from the front
face and boiling on the top surface. Full or partial elimination
of boiling from the front face of the copper block prohibits the
boiling instability at DTsub = 207C and U = 2 m/s.

5) Full or partial elimination of boiling from the front face
of the copper block increases CHF for U = 1 m/s but reduces
CHF for U $ 2 m/s. Results for the 0.305-mm-thick insulator
show that the negative effects of the 0.635-mm-thick insulator
for U $ 2 m/s may be reduced by making the insulator thinner
while still preventing occurrence of the instability. Results for
hp < 0.635 mm indicate that an insulator thickness less than
0.305 mm may be optimal. An optimal shape and spanwise
coverage may also exist.

6) The interaction of vapor emanating from the front face
and boiling from the top surface has a strong impact on in-
creasing CHF for the case of no insulator and U > 2 m/s.
Condensing vapor above the surface may induce � ow from the
sides to yield improved liquid supply to the downstream area
of the top surface.

7) As compared to the � ush condition and U > 2 m/s, the
relative change in CHF is less for higher subcooling. This may
be because of the higher contribution of single-phase heat
transfer and consequent reduction in vapor interaction.

8) For all cases of the 0.635-mm protruded copper block,
power dissipation is equal or improved over the � ush condi-
tion. Thus, the concern for maintaining chips � ush with the
� ow channel wall is unnecessary under certain conditions. The
implications are simpler integration of direct immersion cool-
ing with increased power dissipation. An insulator may be de-
sired if the design speci� es U # 2 m/s.

9) A correction for protrusion height was obtained for the
� ush surface correlation. This correction, Eq. (4), � t the data
with moderate success, the mean absolute error being 11.4%.
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