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Experiments were conducted to study the subcooled flow boiling heat transfer performance of FC-72 over
silicon chips. For boiling heat transfer enhancement, two kinds of micro-pin-fins having fin thickness of
50 ym and fin heights of 60 and 120 um, respectively, were fabricated on the silicon chip surface with
the dry etching technique. The fin pitch was twice the fin thickness. The experiments were conducted
at the fluid velocities of 0.5, 1 and 2 m/s and the liquid subcoolings of 15, 25 and 35 K. The micro-
pin-finned surfaces showed a sharp increase in heat flux with increasing wall superheat and a large heat
transfer enhancement compared to a smooth surface. The nucleate flow boiling curves for the two micro-
pin-finned surfaces collapsed to one line showing insensitivity to fluid velocity and subcooling, while the
critical heat flux values increased with fluid velocity and subcooling. The micro-pin-finned surface with
a larger fin height of 120 pm provided a better flow boiling heat transfer performance and a maximum
critical heat flux of 145 W/cm?. The wall temperature at the critical heat flux for the micro-pin-finned
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surfaces was less than 85 °C for the reliable operation of LSI chips.
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1. Introduction

Sophisticated cooling technology is required for the high-heat-
emission electronic components to maintain relatively constant
component temperature below the junction temperature, approxi-
mately 85°C for most mainframe memory and logic chips. Direct
liquid cooling, involving boiling heat transfer, by use of dielec-
tric fluids has been considered as one of the promising cooling
schemes. Primary issues related to the direct liquid cooling of mi-
croelectronic components are mitigation of the incipience temper-
ature overshoot, enhancement of established nucleate boiling and
elevation of critical heat flux (CHF).

Treated surfaces have been found to have great potential in
enhancing boiling heat transfer from electronics, significantly re-
ducing chip surface temperature and increasing CHF. Enhancement
studies have commonly considered randomly roughened surfaces
[1,2], surfaces with regularly spaced artificial nucleation sites (cavi-
ties and low-profiles) [2-5] and porous surfaces [6,7]. The nucleate
boiling curves of most of these treated surfaces experienced two
distinct regions. In the lower nucleate boiling region, isolate bub-
ble grew and departed from the heater surface and boiling curves
had a larger slope, whereas in the higher boiling region, the dis-
crete bubbles began to coalesce and bubble coalescence increased
with increasing heat flux to finally form large vapor mushrooms
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hovering above the heated surface, which made the access of fresh
bulk liquid into the heat surface difficult, resulting in a noticeably
decreased slope in boiling curves. The enhancement of CHF often
leads to a high chip surface temperature greater than 85°C, the
junction temperature of electronic elements.

Recently, Honda and Wei [8-11] made a noticeable progress in
nucleate boiling enhancement by use of micro-pin-fins (10-50 pm
in thickness and 60-200 pym in height) which were fabricated by
the dry etching technique. From the boiling incipience to the crit-
ical 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. Therefore, the
micro-pin-fined surface with the fin thickness of 10-50 um ap-
pears to be one promising enhanced surface for efficient electronic
components cooling schemes. However, the micro-pin-finned sur-
face was only tested in a pool of FC-72, and its enhancement
ability under flow boiling is not yet revealed. Lie et al. [12] studied
the saturated flow boiling heat transfer of FC-72 on a heated pin-
finned silicon chip with large fin thicknesses of 100 and 200 pm.
They only investigated the boiling heat transfer at a low heat flux
region (q < 10 W/cm?). For cooling high-heat-flux chips, the boil-
ing heat transfer performance at a high heat flux region up to
CHF should be clarified. In addition, Honda and Wei [8-11] showed
that the pool boiling heat transfer performance for their micro-pin-
finned surfaces is much better than the pin-finned surface with the
fin thickness of about 300 pm used by Anderson and Mudawar [2].
Therefore, it is expected that the micro-pin-finned chips with the


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/ijts
mailto:jjwei@mail.xjtu.edu.cn
http://dx.doi.org/10.1016/j.ijthermalsci.2008.11.018

M. Yuan et al. / International Journal of Thermal Sciences 48 (2009) 1416-1422 1417
Nomenclature

A surface area of chip..............oooiiiiiiil cm? Tw wall temperature..........coveeviiieeennerennnnannns °C
h fin hgight ------------------------------------------- Hm t fin thicKNessS.....ooovvviiiiiie e nm
p En lt)lft]Ch """"""""""""""""""""" W/ Hm 1% fluid VeloCItY. . ...ovvere et m/s
q eat fluxX.......ooiiiiini cm o

qCHF critical heat fluX ......ooveeeeeee i, W/cm? ATp wall superheat =Ty =T ...ooovvriirninnn K
Tp temperature of bulk liquid.......................... oc ATt v.vall. superheaF FTw = Taateeeeviiiiii K
Tat Saturation temperature..............oceueeeeneenn... °C ATgyp  liquid subcooling = Tsat — Tp oevvvennniiinnniinnnn.. K

@Test Section @

()ka

@ Condenser

@ Pump

@Flowmeter
@Prefheater
@Cooling unit
Te st chip

@Standard resistor

irect current

gooda

O
@

T3 =

-

h—»

Fig. 1. Flow boiling test loop.

fin thickness of 10-50 um should differ from those of Lie et al. [12],
and their flow boiling heat transfer performance up to the CHF is
worthy of studying. Some researchers such as Mudawar and Mad-
dox [13], Kutateladze and Burakov [14], Samant and Simon [15],
and Rainey and You [16], have found that both of fluid velocity and
subcooling had significant positive effects on the nucleate boiling
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-fined surfaces for further enhancement of
boiling heat transfer to cool high-heat-flux electronic devices. Two
micro-pin-finned chips having the same fin thickness of 50 pm and
different fin heights of 60 (chip PF50-60) and 120 pm (chip PF50-
120), respectively, were tested. A smooth chip was also tested for
comparison. The flow boiling data were also compared with the
previous published pool boiling data for the same micro-pin-finned
surfaces.

2. Experimental apparatus and procedure

The flow boiling test facility used for the present study is
shown schematically in Fig. 1. It is a closed-loop circuit consist-
ing of a tank, a scroll pump, a test section, two heat exchangers
and a turbine flowmeter. The tank serves as a fluid reservoir and
pressure regulator during testing. The condenser prior to the pump
is used to cool the fluid and prevent cavitation in the pump. The
pre-heater prior to the test section is used to control the test sec-

tion inlet temperature. The pump combined with a converter to
control the mass flow rate. To ensure proper inlet pressure control,
a pressure transducer was installed at the inlet of the test section.
The pressure drop across the test section was 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 were measured directly by a data ac-
quisition system.

The test chip is a P-doped N-type square silicon chip with a
side length of 10 mm and a thickness of 0.5 mm. The chip was
provided from Yamanaka Semiconductor Corporation, Japan. P was
doped by using high temperature diffusion method with a temper-
ature range of 800-1400°C. The doping depth is in the range of
0.2-10 pm. The electrical resistance of the 1 cm? square smooth
silicon chip is about 50 Ohm. The chip is bonded on a substrate
made of polycarbonate using epoxy adhesive, and fixed in the hori-
zontal, upward facing orientation on the bottom surface of a 5 mm
high and 30 mm wide horizontal channel as shown in Fig. 2. The
chip was located 300 mm (60 hydraulic dia.) from the test section
inlet so that the fluid flow at it is estimated to be fully devel-
oped turbulent flow for the present fluid velocity range. The side
surfaces of the chip were covered with adhesive to minimize heat
loss. Therefore, only the upper surface of the chip was effective for
heat transfer. The chip was Joule heated by using a d.c. power sup-
ply. The power supply was connected to a standard resistor (1 )
and the test chip. The standard resistor was used to measure the
electric current in the circuit. Two 0.25 mm diameter copper wires
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Fig. 2. Schematic diagrams of test section and heater assembly. (a) Test section. (b) Details of heater assembly.

for power supply and voltage drop measurement were soldered
with a low temperature solder (the melting point of 180°C) to the
side surfaces at the opposite ends. In order to secure the Ohmic
contact between the test chip and the copper wire, a special sol-
der with the melting point of 300 °C was applied to the chip with
ultrasonic bonding method before soldering the copper wires. The
lead wires were coated with a layer of adiabatic adhesion for min-
imizing heat loss. For measuring chip temperature, two 0.12 mm
dia. T-type thermal couples for the local wall temperature mea-
surement were adhered under the test chip at the center and at
about 1.5 mm from the downstream end. The purpose of putting
the 2nd thermocouple located at ~1.5 mm from the downstream
end is to see the nonuniformity of wall temperature distribution.
Generally, the measured wall temperature at the center of the chip
was higher than that near the edge. The difference increased with
increasing heat flux, reaching 8.5 K at the highest heat flux of
about 145 W/cm?. The heater temperature was obtained from the
measured temperature at the center of chip on the bottom sur-
face making a small correction (less than 1 K) for wall conduction.
A uniform heat generation in the chip and adiabatic condition at
the bottom surface was assumed in the calculation. A data acquisi-
tion unit was connected to a personal computer that automatically
converted the thermocouples’ output voltages into temperatures.

Then the voltage drops of the test chip and the standard resis-
tor were read and recorded eight times, and the average values of
these measurements were adopted as experimental data.

The test channel on the bottom of which the test chip was fixed
was made by Pyrex glass for visualizing flow boiling phenomena
by use of a high speed video. To prevent the liquid from leaking
out, the upper and nether covers were fastened by bolts and were
seal with an O-ring. The local temperature of the test liquid at
the chip level was measured by a T-type thermocouple the hot
junction of which was located on a vertical line 25 mm apart from
the edge of the test chip. The measured temperature was used as
the bulk temperature of test fluid, Tp.

FC-72 was used as the working fluid with saturation temper-
ature of 56°C at atmospheric pressure. Experiments were per-
formed for three fluid velocities (0.5, 1 and 2 m/s) and three
liquid subcoolings (15, 25 and 35 K). The pressure at the inlet
of the channel was kept at 1 atm. For the enhancement of boil-
ing heat transfer, micro-pin-fins with square cross-sections were
fabricated on the surface of silicon chip by use of the dry etch-
ing technique. To study the effects of height of micro-pin-fin, the
micro-pin-finned chips having the same fin thickness of t =50 pm
and different fin heights of h = 60 (chip PF50-60), 120 pum (chip
PF50-120) respectively, were tested. The fin pitch p was twice the
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Fig. 3. SEM images of micro-pin-fins.

Table 1
Experimental conditions.

Test surfaces Liquid Fluid velocities Inlet pressure
subcoolings (K) (m/s) (atm)

Chip PF50-120;

Chip PF50-60; 15,25,35 0.5,1.0,2.0 1.0

Chip S

fin thickness. The experimental conditions were listed in Table 1.
The scanning-electron-micrograph (SEM) images of chips PF50-60
and PF50-120 are shown in Fig. 3(a) and (b), respectively. A smooth
chip was also tested for comparison.

After FC-72 was infused, a frequency converter was adjusted to
make the pump work at a required fixed mass flow rate. Then a
cooling unit was run to control the liquid temperature in channels.
When the loop reached steady state, the power supply was initi-
ated to heat the test chip. A short-lived delay was imposed before
initiating data acquisition to make sure that the steady-state con-
ditions was attained. Power input to the test chip was increased in
small steps up to the high heat flux region of nucleate boiling. The
heat flux q¢ was obtained from the voltage drop of the test chip
and the electric current. An overheating protection system was in-
corporated in the power circuit. If the wall temperature sharply
increases by more than 20 K in a short time, the data acquisition
algorithm assumed the occurrence of CHF condition and the power
supply was immediately shut down. The CHF value was computed
as the steady state heat flux value just prior to the shutdown of
the power supply.

A single sample was used for the micro-pin-finned chip, and
two samples were used for the smooth surface. The experiment
was repeated three times for each heater surface. The time inter-
val between the subsequent runs was greater than 1 h. The boiling
curves showed a good repeatability for all cases except for the
boiling incipience point. Thus only the results for the third runs
were presented in the paper. For characterizing surface-to-surface
repeatability, we also tested two test chips of chip PF50-60. The
boiling curves showed a good repeatability with a small heat flux
deviation of less than 3% in the nucleate boiling region, which is
in the range of uncertainty of 6% for the heat flux in the nucleate
boiling region.

The uncertainties in the chip and bulk liquid temperature mea-
surements by the thermocouples are estimated to be less than
0.3 K. Wall temperature uncertainty can be attributed to the er-
rors caused by thermocouple calibration by a platinum resistance
thermometer (0.03 K), temperature correction for obtaining sur-
face temperature from the measured value at the bottom of the
chip (0.2 K), the temperature unsteadiness (0.1 K) and the ther-
mocouple resolution (less than 0.1 K). The uncertainty of the bulk

temperature was 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 included the error of electric power
supplied to the chip (0.11%), which was 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 was estimated by
solving three-dimensional conduction problems through substrate
using a commercial software FLUENT with the measured wall tem-
perature as a given condition, which was less than 16 and 6%
for the forced convection and the nucleate boiling regions, respec-
tively. It should be mentioned that q includes the heat transferred
to the bulk liquid by conduction through the polycarbonate sub-
strate.

3. Results and discussion

Fig. 4 shows the flow boiling curves of the smooth surface
chip S. The single-phase, forced convection data clearly show the
effects of fluid velocity. For comparison, the correlation of single-
phase forced convection heat transfer proposed by Gersey and
Mudawar [17] at V = 0.5 m/s is also shown in Fig. 4. The mea-
sured heat flux in the non-boiling region 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 almost collapse to one line, indicating
that the heat transfer performance is dominated by the nucleate
boiling heat transfer. The critical heat flux increase as fluid veloc-
ity is increased. By plotting the boiling curves with ATp, the effect
of fluid subcooling on nucleate boiling heat transfer appears to be
directly related to subcooling level. The critical heat flux also in-
creases with increasing fluid subcooling at a given fluid velocity.
The pool boiling curve obtained from our previous work [9] for
chip S at ATgyp, =25 K is also shown in Fig. 4 for comparison.
It can be seen that the smooth surface boiling curve is signifi-
cantly shifted to the right compared to the flow boiling curve at
ATgyp = 25 K. This suggests that the boiling heat transfer per-
formance is significantly affected by the fluid velocity in the low
velocity range of 0 to 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. [18] 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 chips PF50-60 and PF50-120 are
shown in Figs. 5 and 6, respectively. The single-phase, forced con-
vection curves for the micro-pin-finned surfaces show much higher
heat flux than those for the smooth surface as shown in Fig. 4, in-
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dicating that the side walls of the micro-pin-fins are exposed to
the fluid flow and are active for the forced convection heat trans-
fer. This differs from the natural convection heat transfer in the
pool boiling data of Wei and Honda [10], where the natural con-
vection curves are not affected by the micro-pin-fins since they
are completely submerged in the thermal boundary layer of super-

heated liquid. The single-phase convective heat transfer for chip
PF50-120 is better than that of chip PF50-60 due to the larger
heat transfer surface area. For a flow boiling case, the heat trans-
fer process is dominated by the forced convection heat transfer
and/or the nucleate boiling heat transfer. In the nucleate boiling re-
gion, we can see that all the flow boiling curves almost follow one
line for a given liquid subcooling as indicated by the dashed line,
showing insensitivity of the nucleate boiling heat transfer to fluid
velocity. However, for the largest fluid velocity of 2 m/s and liquid
subcooling of 35 K, the slope of the boiling curve becomes smaller,
showing some effects of the forced convection heat transfer. For
this case, the bubble size becomes much smaller through conden-
sation, and is swept away immediately after its emission, leaving a
large heater surface for single-phase, forced convection heat trans-
fer. In addition, for the micro-pin-finned surface, when the fluid
velocity is very large, the bubble nucleation on the bottom and
side wall surfaces of the micro-pin-fin is easily affected by the
forced flow over the chip surface, which prevents the burst of nu-
cleate bubbles and thus reduces the proportion of nucleate boiling
heat transfer. Since the heat transfer coefficient of a single-phase
flow is smaller than that of a phase-change process, the large pro-
portion of forced convection heat transfer makes the slope of the
boiling curve become smaller. For comparison, the pool boiling
curves of chips PF50-60 and PF50-120 at AT, = 25 K obtained
from our previous work [9] are also shown in Figs. 5 and 6, re-
spectively. The large deviation of the pool boiling curve from the
flow boiling curves at ATy, =25 K suggests the fluid velocity has
an obvious effect in the range of 0 to 0.5 m/s. This is probably
due to the effect of bulk flow on the nucleation of the fin side
wall and bubble motion in the fin gap. This phenomenon is dif-
ferent from the Rainey’s porous surface [16], the fully developed
boiling curves of which match together for the flow and pool boil-
ing processes. Comparison of the CHF value of flow boiling and
pool boiling, we found that the CHF value for chips PF50-60 and
PF50-120 in pool boiling condition are greater than those in flow
boiling condition at the fluid velocity of 0.5 m/s under the same
liquid subcooling of 25 K. For low fluid velocities, the bubbles gen-
erated on the chip surface cannot be quickly swept away by the
fluid flow, and the bubbles are easy to merge to form large ones.
Since the channel height is only 5 mm, the large mushroom can-
not detached from the surface easily due to the restriction of the
upper channel wall, and the fresh bulk liquid cannot access the
surface under the mushroom and thus it is easy to get an ear-
lier burn out at high heat flux than the pool boiling for which
the boiling space is large enough. This is not applicable to the
smooth surface since the heat flux is not so high with smaller bub-
ble size.

Figs. 7-9 show the comparison of boiling curves for all surfaces
with ATy, = 15, 25 and 35 K, respectively. It can be seen that the
slope of boiling curves increase in the order of chip S, PF50-60,
PF50-120 for the same velocity, which shows that all micro-pin-
fined surfaces have considerable heat transfer enhancement com-
pared to a smooth surface. The enhancement of the heat transfer
is considered as the surface area increase of the micro-pin-finned
chip over a smooth surface, and the surface area enhancement of
micro-pin-finned chip is further increased by changing the height
of micro-pin-fins. The growth and movement of the bubbles within
the confined gaps between fins can cause the micro-convection
and form thin liquid layer for evaporation, which makes the pro-
file of fins become effective heat transfer area, resulting in heat
transfer enhancement. Observation of boiling phenomena on the
micro-pin-finned chip revealed that this surface can cause more
active nucleation sites, and makes the bubbles rest on surface for
a longer time for evaporation, and thus increases the heat transfer
performance. The wall superheats decrease in the order of chips S,
PF50-60, PF50-120, and the wall temperature at the CHF point is
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less than the upper limit for the reliable operation of LSI chips,
85 °C, showing that the heat transfer can be further enhanced by
increasing fin height again. For comparison, Lie et al.’s saturated
boiling curves for two pin-finned surfaces [12] is shown in Fig. 7
and Rainey et al.’s boiling curve with the liquid subcooling of 20 K
for the smooth surface at 0.5 m/s and the microporous surface at
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Fig. 10. Effect of fluid velocities and subcoolings on CHF.

2 m/s [16] is shown in Fig. 8. The boiling curve of the smooth sur-
face of Rainey et al. agrees well with the present data except for
a lower CHF value mainly due to the lower liquid subcooling. The
single-phase, forced convection curve of the microporous surface
is worse than the smooth surface, chip S, for 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 having an earlier boiling incipience, the microporous sur-
face shows a larger wall superheat than the micro-pin-finned sur-
faces in the nucleate boiling region, and the heat flux at 85°C is
less than half the CHF of chip PF50-120. The boiling curves of Lie
et al’s pin-finned surface with the larger fin thicknesses of 100
and 200 pm [12] show a much smaller slope and a larger wall
superheat compared to that of the present micro-pin-finned sur-
faces. The wall superheat decreases in the order of 200, 100 and
50-pm micro-pin-fins. In the previous pool boiling study, we have
found that the boiling heat transfer performance for the micro-pin-
finned surface with the fin thickness of 10-50 pm is much better
than the pin-finned surface with the larger fin thickness of about
300 pm used by Anderson and Mudawar [2], and the fin thickness
of 30-50 um is a suitable range for effectively enhancing boiling
heat transfer. The optimum fin size is considered to be determined
by the balance of the capillary force for driving the micro-flow in
the gap of micro-pin-fins and the flow resistance. The present flow
boiling study again shows the larger fin thickness above 100 pm
is not so remarkably effective compared to the fin thickness of
50 pm. Careful comparison of flow boiling curves for different liq-
uid subcoolings of 15, 25 and 35 shows that the boiling curves
in the nucleate region are almost not affected by liquid subcool-
ing, again indicating that the nucleate boiling dominates the heat
transfer process.

Fig. 10 shows the CHF versus fluid velocity for chips S, PF50-
60 and PF50-120 with fluid subcooling as a parameter. The fluid
velocity has a very large effect on CHFE. For the low fluid sub-
cooling of 15 K and the velocity larger than 1 m/s, the rate of
CHF enhancement is increased remarkably, which was also sup-
ported by many researchers such as Mudawar and Maddox [13],
Rainey and You [16], etc., who had noted that the transition from
low to high velocity was characterized by an increase in the rate
of CHF enhancement with velocity. However, for the large liquid
subcoolings of 25 and 35 K, there is no such obvious transition.
For a low fluid subcooling, as explained by Mudawar and Mad-
dox [13], the low velocity CHF was caused by dryout of the liq-
uid sublayer beneath a large continuous vapor blanket near the
downstream edge of the heater; however in the high velocity
CHF regime, the thin vapor layer covering the surface was bro-
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ken into continuous vapor blankets much smaller than the heater
surface, decreasing the resistance of fluid flow to rewet the lig-
uid sublayer and thus providing an additional enhancement to
CHF and subsequent increase in slope. For a large fluid subcool-
ing, the bubble size becomes small and the heater surface was
not fully occupied with vapor layer for the fluid velocity range
in this study. In addition, for the micro-pin-finned surface, when
the fluid velocity is very large, the bubble nucleation on the bot-
tom and side wall surfaces of the micro-pin-fin is easily affected
by the forced flow over the chip surface. Therefore, the forced
convection heat transfer takes a large proportion, and the slope
becomes smaller after 1 m/s as seen in Fig. 10. The enhancement
of CHF by the fluid velocity and subcooling for micro-pin-fined
surfaces is more noticeable compared to a smooth surface. For
chip PF50-120, the CHF reaches nearly 145 W/cm? at 2 m/s and
35 K

4. Conclusions

The present study investigates the effects of fluid velocity, sub-
cooling and fin height on the flow boiling heat transfer perfor-
mance of FC-72 from simulated silicon chips. The data are also
compared with the smooth surface and the previous published
pool boiling data. The main conclusions can be summarized as fol-
lows:

1. The flow boiling curves for the micro-pin-finned surfaces in
the nucleate boiling region are almost not affected by the fluid
velocity and subcooling in the present investigated range, but
shift towards a smaller wall temperature compared to that of
the pool boiling case, showing some effects of fluid velocity in
the range of 0-0.5 m/s.

2. All micro-pin-fined surfaces have considerable heat transfer
enhancement compared to a smooth surface, and the slope of
boiling curves increases in the order of chips S, PF50-60 and
PF50-120 for the same fluid velocity and subcooling.

3. The CHF values for all surfaces increase with fluid velocity and
subcooling, and the enhancement of CHF for the micro-pin-
finned surfaces is more noticeable than smooth chip.

4. For a lower liquid subcooling of 15 K, the rate of CHF en-
hancement is increased remarkably above the fluid velocity
of 1 m/s; however for a larger liquid subcooling of 35 K, the
rate of CHF enhancement is decreased above 1 m/s. This is
due to the increased effect of single-phase forced convection
heat transfer with increasing liquid subcooling and fluid ve-
locity.

5. The maximum CHF of 145 W/cm? is obtained by chip PF50-
120 at 2 m/s and 35 K, and the wall temperature for the
micro-pin-finned surfaces is less than the upper temperature
limit for the normal operation of LSI chip, 85 °C.
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