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For the purpose of cooling electronic components with high heat flux efficiently, some experiments were
conducted to study the flow boiling heat transfer performance of FC-72 on silicon chips. Micro-pin-fins
were fabricated on the chip surface using a dry etching technique to enhance boiling heat transfer. Three
different fluid velocities (0.5, 1 and 2 m/s) and three different liquid subcoolings (15, 25 and 35 K) were
performed, respectively. A smooth chip (chip S) and four micro-pin-finned chips with the same fin thick-
ness of 30 um and different fin heights of 60 pm (chip PF30-60) and 120 pum (chip PF30-120), respec-
tively, were tested. All the micro-pin-finned surfaces show a considerable heat transfer enhancement
compared to the smooth one, and the critical heat flux increases in the order of chip S, PF30-60 and
High heat flux PF30-120. For a lower ratio of fin height to fin pitch and/or higher fluid velocity, the fluid velocity has
Micro-pin-fin a positive effect on the nucleate boiling curves for the micro-pin-finned surfaces. At the velocities lower
FC-72 than 1 m/s, the micro-pin-finned surfaces show a sharp increase in heat flux with increasing wall super-
heat, and the wall temperature at the critical heat flux (CHF) is less than the upper limit, 85 °C, for the
reliable operation of LSI chips. The CHF values for all surfaces increase with fluid velocity and subcooling.
The maximum CHF can reach nearly 150 W/cm? for chip PF30-120 at the fluid velocity of 2 m/s and the
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liquid subcooling of 35 K.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

With increasing development of the IC (integrated circuits)
technology, the size of electronic circuit is being significantly re-
duced, and the integrated circuit densities in chips are substantially
increasing, resulting in a rapid increasing of power dissipation rate
at the chip, module and system levels. Sophisticated electronic
cooling technology is needed to maintain a relatively constant
component temperature below the junction temperature, approxi-
mately 85 °C for most mainframe memory and logic chips.

Direct liquid cooling with phase change using dielectric fluids
such as FC-72 is a prospective scheme for high-powered electronic
devices. But the drawbacks of dielectric fluids are the high wetting
behavior and the poor thermal transfer properties compared to the
common fluids such as water, which causes unusually high incip-
ient boiling superheat and relatively small value of the critical heat
flux (CHF). Fabrication of microstructures on the chip surfaces can
effectively enhance boiling heat transfer. Since 1970s, a number of
studies have dealt with the enhancement of boiling heat transfer
from electronic components by use of treated surfaces. These in-
clude a sand-blasted and KOH-treated surface [1], a dendritic heat
sink (a brush-like structure) [1,2], laser-drilled holes (3-15 pm in
mouth diameter) [3], re-entrant cavities (0.23-0.5 um in mouth
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diameter) [4], spraying and painting of alumina particle (0.3-
5pum in diameter) or diamond particle (1-12 pm in diameter)
[5], heat sink studs with drilled holes, micro-fins with and without
microporous coating, micro-channels and pores, etc. (0.2-12 mm
in feature size) [6], micro-re-entrant cavities (1-3 um in mouth
diameter) [7]. All the above treated surfaces show the drawback
of severe deterioration in boiling heat transfer in the high heat flux
region, and the wall temperature at CHF is higher than the upper
limit, 85 °C, for the reliable operation of LSI chips. Mudawar’s
group [8] studied the nucleate pool boiling enhancement by using
carbon nanotube (CNT) arrays and found CNTs were quite effective
in reducing incipient superheat and enhancing the boiling heat
transfer coefficient. However, it is still a challenge to increase
CHF by a large margin concerning this treated surface for the appli-
cation of cooling on the high-heat-flux chip.

Honda and Wei [9-12] made noticeable progress in nucleate
boiling enhancement by using micro-pin-fins (10-50 pm in thick-
ness and 60-200 pm in height) fabricated by dry etching. From the
boiling incipience to the critical heat flux, the temperature of the
micro-pin-finned surfaces almost did not increase with the heat
flux. The increase of CHF could reach more than twice that of a
smooth chip, and the wall temperature at the CHF point was lower
than 85 °C. The micro-pin-finned surface appeared to be one prom-
ising enhanced surface for cooling schemes of electronic compo-
nents. However, the micro-pin-finned surface was only tested in
a pool of FC-72, and its enhancement ability under flow boiling
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Nomenclature

A projected surface area of chip (cm?)

A total surface area of micro-pin-finned chip (cm?)

h fin height (um)

p fin pitch (um)

q heat flux based on projected surface area (W/cm?)

qc single-phase, forced convection heat flux (W/cm?)

qeHF critical heat flux (W/cm?)

Qcs single-phase, forced convection heat flux of smooth sur-
face (W/cm?)

Ty temperature of bulk liquid (°C)
Tsat saturation temperature (°C)

Tw wall temperature (°C)

t fin thickness (p1m)

Vv fluid velocity (m/s)

ATy wall superheat = T,, — T}, (K)
wall superheat = T, — T, (K)
liquid subcooling = T, — T}, (K)

was not yet revealed. Some researchers, such as Mudawar and
Maddox [13], Kutateladze and Burakov [14], Samant and Simon
[15] and Rainey and You [16], have found that both fluid velocity
and subcooling had significant positive effects on the nucleate boil-
ing curve and the critical heat flux of their thin film heater. There-
fore, the objective of this paper is to study the combined effects of
fluid velocity and subcooling on the flow boiling heat transfer of
FC-72 over micro-pin-finned surfaces for further enhancement of
boiling heat transfer to cool high-heat-flux devices. Two micro-
pin-finned chips with the same fin thickness of 30 um and differ-
ent fin heights of 60 pum (chip PF30-60) and 120 pm (chip PF30-
120), respectively, were tested. A smooth one was also tested for
comparison.

2. Experimental apparatus and procedures

The flow boiling test facility used for the present study is shown
schematically in Fig. 1. It is a closed-loop circuit consisting of a
tank, a scroll pump, a test section, two heat exchangers and a tur-
bine flowmeter. The tank serves as a fluid reservoir and pressure
regulator during testing. The condenser before the pump is used
to cool the fluid and prevent cavitation in the pump. The pre-hea-
ter before the test section is used to control the inlet temperature
of test section. The pump is combined with a converter to control

@Test Section

the mass flow rate. To ensure proper inlet pressure control, a pres-
sure transducer is installed at the inlet of the test section. The pres-
sure drop across the test section is also measured by a pressure-
difference transducer. The flowmeter and the sensors for pressure
and pressure difference have the function of outputting 4-20 mA
current signals and are measured directly by a data acquisition
system.

The test chip is a P-doped N-type square silicon chip with the
side length of 10 mm and the thickness of 0.5 mm. The chip is
bonded to a substrate made of polycarbonate using epoxy adhesive
and fixed in the horizontal, upward facing orientation on the bot-
tom surface of a 5 mm high and 30 mm wide horizontal channel
as shown in Fig. 2(a). The chip is located 300 mm (60 hydraulic
diameter) from the inlet of the test section so that the fluid flow
on it is estimated to be fully developed turbulent flow within the
range of present fluid velocity. The side surfaces of the chip are
covered with adhesive to minimize heat loss. Therefore, only the
upper surface of the chip is effective for heat transfer. The chip is
Joule heated by using a DC power supply. The details of the heater
assembly are shown in Fig. 2(b). Two 0.25 mm diameter copper
wires for the power supply and voltage drop measurement are sol-
dered by a low temperature solder (the melting point of 180 °C) to
the side surfaces at the opposite end. In order to secure the Ohmic
contact between the test chip and the copper wires, a special solder
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Fig. 1. Flow boiling test loop.
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Fig. 2. Schematic diagram of test section and heater assembly. (a) Test section. (b) Details of heater assembly.

with the melting point of 300 °C is applied to the chip with ultra-
sonic bonding method before soldering the copper wires. The
power supply is connected to a standard resistor (1 Q) and the test
chip. The standard resistor is used to measure the current in the
circuit. To measure chip temperature, two 0.12 mm diameter T-
type thermocouples for measuring the local wall temperature are
adhered under the test chip at the center and at about 1.5 mm from
the downstream end. A data acquisition unit is connected to a per-
sonal computer that automatically converts the output voltages of
thermocouples into temperatures. Then the voltage drops of the
test chip and the standard resistor are read and recorded for eight
times, and average values of these measurements are adopted as
experimental data.

The test channel, where the test chip is fixed at the bottom, is
made of Pyrex glass for visualizing flow boiling phenomena using
a high speed video. To prevent the liquid from leaking out, the
upper and nether covers are fastened by bolts and sealed with an
O-ring. The local temperature of test liquid at the chip level is mea-
sured by a T-type thermocouple, whose hot junction is located in a
vertical line 25 mm away from the edge of test chip. The measured
temperature is used as the bulk temperature of test fluid, Tj.

FC-72 is used as the working fluid. A pressurized air is bubbled
into the test liquid for about 12 h, and then the test liquid is ex-
posed to ambient air for 12 h. The mole fraction of dissolved air
is measured by a gas chromatograph, and the measured value is
about 3 x 1073, which is almost unchanged before and after a ser-
ies of experiments. The experiments are performed at three fluid
velocities (0.5, 1 and 2 m/s) and for three liquid subcoolings (15,
25 and 35 K). The fluid in the test channel is kept at one atmo-
spheric pressure. For the enhancement of boiling heat transfer, mi-
cro-pin-fins with square cross-sections are fabricated on the
surface of silicon chip using the dry etching technique. To study

the effects of the height of micro-pin-fin, tests are carried out on
the micro-pin-finned chips with the same fin thickness of
t =30 um and different fin heights of h = 60, 120 pm, respectively.
The fin pitch p is twice the fin thickness. The scanning-electron-
microscope (SEM) images of chips PF30-60 and PF30-120 are
shown in Fig. 3(a) and (b), respectively. A smooth chip is also
tested for comparison.

After FC-72 is infused, a frequency converter is adjusted to
make the pump work at a required fixed mass flow rate. Then a
cooling unit is run to control the liquid temperature in the chan-
nels. When the loop reaches steady state, the power supply is ini-
tiated to heat the test chip. A short delay is imposed before
initiation of data acquisition to make sure that the steady-state
condition is attained. Power input to the test chip is increased in
small steps up to the high heat flux region of nucleate boiling.
The heat flux g is obtained from the voltage drop of the test chip
and the current. An overheating protection system is incorporated
in the power circuit. If the wall temperature sharply increases by
more than 20 K in a short time, the data acquisition algorithm will
assume the occurrence of CHF condition, and the power supply will
be immediately shut down. The CHF value is computed as the stea-
dy-state heat flux value just prior to the shutdown of power
supply.

Experimental uncertainties are estimated using the method of
Kline and McClintock [17]. The uncertainties in the chip and bulk
liquid temperature measurements by the thermocouples are esti-
mated to be less than 0.3 K. Wall temperature uncertainty can be
attributed to the errors caused by thermocouple calibration by a
platinum resistance thermometer (0.03 K), temperature correction
for obtaining surface temperature from the measured value at the
bottom of the chip (0.2 K), the temperature unsteadiness (0.1 K)
and the thermocouple resolution (less than 0.1 K). The uncertainty
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(a) Chip PF30-60

(b) Chip PF30-120

Fig. 3. SEM images of micro-pin-fins.

of the bulk temperature is due to errors caused by thermocouple
calibration by a platinum resistance thermometer (0.03 K), the
temperature unsteadiness (0.2 K) and the thermocouple resolution
(less than 0.1 K). Heat flux uncertainty includes the error of electric
power supplied to the chip (0.11%), which is calculated from the
errors of the current (0.014%) and voltage (0.1%) across the chip
and heat loss by substrate heat conduction. The heat loss is esti-
mated by solving three-dimensional conduction problems through
substrate using a commercial software FLUENT with the measured
wall temperature as a given condition, which is less than 16% and
6% for the forced convection and the nucleate boiling regions,
respectively. It should be mentioned that g includes the heat trans-
ferred to the bulk liquid by conduction through the polycarbonate
substrate.

3. Results and discussion

Fig. 4 shows the flow boiling curves of the smooth surface chip
S. The locations of the onset of nucleate boiling (ONB) and the CHF
are indicated by arrows in the figure. The single-phase, forced con-
vection data clearly shows the effects of fluid velocity. For compar-
ison, the correlation of single-phase forced convection heat
transfer proposed by Gersey and Mudawar [18] at V=0.5 m/s is
also shown in Fig. 4. The measured heat flux in the non-boiling re-
gion is about 20% higher than the correlation mainly due to the
heat loss caused by conduction through the copper lead wires
and the glass substrate and some uncertainties of the correlation
itself. For a given fluid subcooling, the nucleate boiling curves al-
most collapse to one line, indicating that the heat transfer perfor-
mance is dominated by the nucleate boiling heat transfer, and the
critical heat flux increase as the fluid velocity is increased. By plot-
ting the boiling curves with AT, the effect of fluid subcooling on
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Fig. 4. Flow boiling curves of chip S.

the nucleate boiling heat transfer appears to be directly related
to subcooling level. The critical heat flux also increases with
increasing fluid subcooling at a given fluid velocity. The pool boil-
ing curve for chip S at AT, = 25 K is also shown in Fig. 4 for com-
parison. It can be seen that the boiling curve of smooth surface is
significantly shifted to the right compared to the flow boiling curve
at AT,y = 25 K. This suggests that the fluid velocity has a signifi-
cant effect on the boiling heat transfer performance in the low
velocity range of 0-0.5 m/s. This phenomenon was also observed
by Rainey et al. [16]. Using a highly polished thin gold film heater
in R-113, Kirk et al. [19] found that increasing fluid velocity from
0.041 to 0.325 m/s significantly shifted the entire nucleate boiling
curve to the left by about 5 K.

The flow boiling curves of chip PF30-60 are shown in Fig. 5. The
single-phase, forced convection curves of the micro-pin-finned
surface show much higher heat flux than those of the smooth sur-
face as shown in Fig. 4, indicating that the side walls of micro-pin-
fins are exposed to the fluid flow and are active for the forced con-
vection heat transfer. This is different from the natural convection
heat transfer in the pool boiling data of Wei and Honda [10], where
the natural convection curves are not impacted by the micro-pin-
fins since they are completely submerged in the thermal boundary
layer of superheated liquid. In the nucleate boiling region, we can
see that the boiling curves are greatly affected by fluid velocity,
and the wall superheat decreases with increasing fluid velocity at
the same heat flux. This indicates that the forced convection also
play a very important role in the total heat transfer not only the
nucleate boiling heat transfer. The slope of the boiling curve de-
creases with increasing fluid velocity, indicating that the propor-
tion of forced convection increases with fluid velocity. Especially
at the fluid velocity of 2 m/s, the slope of the nucleate boiling
curves is only slightly larger than that of the forced convection heat
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Fig. 5. Flow boiling curves of chip PF30-60.
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transfer ones, showing that the forced convection dominates the
heat transfer performance. The nucleate boiling curves for the fluid
velocities of 0.5 and 1 m/s can be correlated with the following
equation:

q = aAT} (1)

The values of coefficient a and exponent n are shown in Table 1.

For the micro-pin-finned surface, the ratio of fin height to fin
pitch, h/p, and the fluid velocity are key parameters for determin-
ing the boiling heat transfer. When h/p is very small and/or the
fluid velocity is very large, the bubble nucleation on the bottom
and side wall surfaces of the micro-pin-fin is easily impacted by
the forced flow over the chip surface, which prevents the burst of
nucleate bubbles and thus reduces the proportion of nucleate boil-
ing heat transfer. Fig. 6 shows flow boiling phenomena of chip
PF30-60 at q =38 W/cm? and V=1 m/s. We can clearly see that
the bubbles are not occupied fully on the chip surface, and the pro-
portion of bubble area decreases with increasing fluid subcooling.
This shows that there exists a certain proportion of heat transfer
area for single-phase, forced convection heat transfer, and thus
the boiling heat transfer is greatly affected by fluid velocity. In pool
boiling, we also find that for the lowest h/p=0.6 (t=50 um,
h =60 pum), the bubble nucleation is affected by the local fluid flow
and heat transfer on the chip surface, and the slope of the boiling
curve in the fully developed nucleate boiling region is smaller than
those of the other micro-pin-finned chips [10]. The pool boiling
curve of chip PF30-60 at AT, =25 K is also shown in Fig. 5 for
comparison. The large effect of fluid velocity leads to a large devi-
ation of the pool boiling curve from the flow boiling curves at
ATgyp = 25 K. Different from the smooth surface as shown in
Fig. 4, the slope of the pool boiling curve for chip PF30-60 is much
larger than that of the flow boiling curve. As explained by Wei et al.
[12], the micro-convection and the thin liquid layer evaporation
due to the bubbles generated in the gap between micro-pin-fins
are the reason for the significant enhancement of pool boiling heat
transfer. For the micro-pin-finned surface with a lower h/p, the
bubble nucleation is largely affected by the fluid flow, reducing
the boiling heat transfer enhancement. It can be seen in Fig. 5 that
the CHF at 0.5 m/s and 25 K of the flow boiling is even lower than
that of the pool boiling.

Fig. 7 shows the flow boiling curves of the micro-pin-finned sur-
face with a larger fin height of 120 pm, chip PF30-120. The single-

Table 1
The values of a and n in Eq. (1) for chip PF30-60.

ATsup = 15K ATsup = 25K ATgyp =35 K

a n a n a n
V=05m/s 118x10° 500 556x107 492 214x107 493
V=1.0m/s 599x10* 326 255x10% 3.33 156 x 1074 3.32

&
(2
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Fig. 7. Flow boiling curves of chip PF30-120.

phase convective heat transfer is better than that of chip PF30-60
due to the larger heat transfer surface area. The value of h/p is 2
and 1 for chips PF30-120 and PF30-60, respectively. Therefore,
the effect of fluid velocity on boiling curves of chip PF30-120 is
smaller than that on chip PF30-60. We can see that at the fluid
velocity less than 2 m/s, the nucleate boiling curves almost follow
one line for a given liquid subcooling, showing a certain insensitiv-
ity of the nucleate boiling heat transfer to fluid velocity. The lines
indicated in Fig. 7 for representing the nucleate boiling curves
approximately can be expressed as:

q=kAT, + (2)

The slope k has the same value of 13.5 for the three liquid subcoo-
lings, and the value of the intercept c is —341.0, —431.0 and —551.0
for the liquid subcoolings of 15, 25 and 35 K, respectively.

It is supposed that in case of lower fluid velocity and larger h/p,
the bubble nucleation is not affected by the fluid flow on the chip
surface remarkably, and hence the nucleate boiling dominates the
whole heat transfer performance. At the larger fluid velocity of
2 m/s, the fluid flow and heat transfer shows great effects on bub-
ble nucleation on the bottom and side wall surfaces, suppressing
the bubble generation, reducing the stay time of bubbles and blow-
ing them away immediately to the downstream edge after their
emission, thus creating a domination of forced convection heat
transfer. We can see that the slope of boiling curve is almost the
same as that of the forced convection curve, showing that the
forced convection heat transfer takes a very large proportion.
Observation on the boiling phenomena of chips PF30-60 and
PF30-120 at 2 m/s shows that the entire heated surface is not fully
covered with bubbles. The bubbles from the upstream part of the
heated surface are washed away by fluid flow and then combine
with those from the downstream part of the heated surface to form
secondary bubbles. Therefore, a large percent of bubbles assemble
in the downstream part of the surface. This flow boiling phenome-

(c) ATy=35K, T, =71 T

Fig. 6. Flow boiling phenomena on chip PF30-60 for different fluid subcoolings with V=1 m/s, q = 38 W/cm?.
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non indicates that the effect of single-phase convective heat trans-
fer still exists, and here the deterioration of heat transfer is due to
local dryout of the downstream part of the test surface. The pool
boiling curve of chip PF30-120 at AT, =25K is also shown in
Fig. 7 for comparison. The large deviation of the pool boiling curve
from the flow boiling curves at AT, =25 K suggests the fluid
velocity has an obvious effect in the range of 0-0.5 m/s. Different
from chip PF30-60 as shown in Fig. 5, the slope of the flow boiling
curve is only a little smaller than that of the pool boiling curve,
showing a small fluid velocity effect on chip PF30-120 compared
to chip PF30-60.

To investigate the effectiveness of micro-pin-fin on the forced
convection heat transfer, the dimensionless quantity, (qc/qcs)/(A¢/
A), in the single-phase, forced convection region for chips PF30-
60 and PF30-120 is plotted as a function of V in Fig. 8. The value
of (q¢/qcs)/(AA) is obtained at the same AT, of 10 K. If all parts
of the micro-pin-finned surface are equally effective for the con-
vective heat transfer, the value of (q./qcs)/(A:/A) should be equal
to unity irrespective of V. It can be clearly seen that (q./qcs)/(A:/A)
increases with increasing fluid velocity and is higher for chip
PF30-60 with smaller h/p of 1. This agrees with the aforemen-
tioned explanation that when h/p is very small and/or the fluid
velocity is very large, the heat transfer of the micro-pin-fin is easily
affected by the forced flow on the chip surface.

Fig. 9 shows the comparison between the boiling curves for all
surfaces at ATy, =25 K. It can be seen that the slopes of boiling
curves and the critical heat fluxes increase in the order of chip S,
PF30-60 and PF30-120 at the same velocity, showing that all the

—o— Chip PF30-60, hip=1
—e— Chip PF30-120, hip =2

(qclges) 1A /A)

V(m/s)

Fig. 8. Variation of (q./qcs)/(A{/A) with V.
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Fig. 9. Comparison of boiling curves for all chips at ATgy, =25 K.

micro-pin-finned surfaces have considerable heat transfer
enhancement compared to a smooth one. The enhancement of heat
transfer is considered as surface area increase of the micro-pin-
finned chip over a smooth surface, and the surface area of micro-
pin-finned chip is further enhanced by changing the height of mi-
cro-pin-fins. The growth and movement of the bubbles in the con-
fined gaps between fins can bring about micro-convection and
form thin liquid layer for evaporation, which makes the profile of
fins become effective heat transfer area, creating heat transfer
enhancement. Observation on boiling phenomena on the micro-
pin-finned chip reveals that this surface can create more active
nucleation sites and make the bubbles rest on the surface for a
longer time to evaporate, thus increasing the heat transfer perfor-
mance. The wall superheats decrease in the order of chip S, PF30-
60 and PF30-120, and the wall temperature at the CHF point is less
than the upper limit, 85 °C, for the reliable operation of LSI chips,
showing that the heat transfer can be further enhanced by increas-
ing fin height again. For comparison, Rainey et al.’s boiling curve
with the liquid subcooling of 20K for the smooth surface at
0.5 m/s and the microporous surface at 2 m/s [16] are also shown
in Fig. 9. The boiling curve of the smooth surface of Rainey et al.
agrees well with the present data except for a lower CHF value
due to the lower liquid subcooling. The single-phase, forced con-
vection curve of the microporous surface is worse than that of
the smooth surface, chip S, at the same velocity of 2 m/s, mainly
due to the lower effective thermal conductivity of the microporous
coating layer as explained by Rainey et al. [16]. Although with an
earlier boiling incipience, the microporous surface shows a larger
wall superheat than the micro-pin-finned surfaces in the nucleate
boiling region, and the heat flux at 85 °C is less than half the CHF of
chip PF30-120. Comparison of the boiling curves with those of Rai-
ney et al. [16] also shows that there is no obvious overshoot at boil-
ing incipience. The reason is that we used gas dissolved FC-72
while Rainey et al. [16] used degassed FC-72. Our previous exper-
iments showed that gas contents only affect the boiling curves near
the boiling incipience, and the overshoot decreased or diminished
for gas dissolved case [9-12].

From Figs. 5, 7 and 9, we can see that the CHF increases with
both fluid velocity and subcooling. To reveal this relationship, we
plot the CHF versus fluid velocity for chip S, PF30-60 and PF30-
120 with fluid subcooling as a parameter in Fig. 10. The fluid veloc-
ity has a great effect on CHF. For the low fluid subcooling of 15 K
and the velocity larger than 1 m/s, the rate of CHF enhancement
is increased remarkably, which was also supported by many
researchers such as Mudawar and Maddox [13], Rainey et al.
[16], etc., who had noted that the transition from low to high veloc-
ities was characterized by an increase in the rate of CHF enhance-
ment with velocity. However, for the large liquid subcoolings of 25
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Fig. 10. Effect of fluid velocities and subcoolings on CHF.
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and 35 K, there is no such obvious transition. For a low fluid subco-
oling, as explained by Mudawar and Maddox [13], the low velocity
CHF is caused by dryout of the liquid sublayer beneath a large con-
tinuous vapor blanket near to the downstream edge of the heater;
however, in the high velocity CHF regime, the thin vapor layer cov-
ering the surface is broken into continuous vapor blankets much
smaller than the heater surface, decreasing the resistance of fluid
flow to rewet the liquid sublayer and thus providing an additional
enhancement to CHF and subsequent increase in slope. For a large
fluid subcooling, the bubble size becomes small, and the heater
surface is not fully occupied with the vapor layer within the range
of fluid velocity in this study. Therefore, there is no obvious slope
change as seen in Fig. 10. Moreover, from the slopes of boiling
curves, we can see that the effect of the fluid velocity on micro-
pin-finned surfaces is more noticeably compared to a smooth
one, and the enhancement of CHF sharply increases with fluid
velocity. For chip PF30-120, the CHF reaches nearly 150 W/cm?
at 2 m/s and 35 K.

4. Conclusions

The flow boiling heat transfer performance of FC-72 on simu-
lated silicon chips with micro-pin-finned surface was studied by
investigating the effects of fluid velocity, subcooling and fin height.
A smooth surface was also tested for comparison. The main conclu-
sions can be summarized as follows:

(1) All micro-pin-finned surfaces have considerable heat trans-
fer enhancement compared to a smooth one, and the slopes
of boiling curves and the critical heat fluxes increase in the
order of chip S, PF30-60 and PF30-120 for the same fluid
velocity and subcooling, indicating that the heat transfer
can be further enhanced by increasing fin height.

(2) The CHF values for all surfaces increase with fluid velocity
and subcooling, and the effect of fluid velocity is more nota-
ble, especially for the fluid velocity larger than 1 m/s. The
CHF of the micro-pin-finned surfaces is more sensitive to
the fluid velocity and liquid subcooling than that of the
smooth chip, and the maximum CHF can reach nearly
150 W/cm? for chip PF30-120 at the fluid velocity of 2 m/s
and the liquid subcooling of 35 K. The wall temperature for
the micro-pin-finned surfaces is lower than the upper tem-
perature limit, 85 °C, for the normal operation of LSI chip.

(3) For a lower ratio of fin height to fin pitch and/or higher fluid
velocity, the forced flow and heat transfer on the chip have a
great effect on the bubble nucleation, and the entire micro-
pin-finned surface is not completely covered with bubbles,
creating a dominant convective heat transfer effect in the
nucleate boiling region.
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