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Abstract

The present research is an experimental study of the effects of pressure, subcooling, and non-condensable gas (air) on
the pool nucleate boiling heat transfer performance of microporous enhanced finned surfaces. The test surfaces, solid
copper blocks with 1-cm? bases and 5 x 5 square pin-fin arrays of 2, 4 and 8 mm fin lengths, were immersed in FC-72.
The test conditions included an absolute pressure range of 30-150 kPa and a subcooling range of 0 (saturation) to 50 K.
Effects of these parameters on nucleate boiling and critical heat flux (CHF) were investigated. In addition, differences
between pure subcooled and gas-saturated conditions as well as horizontal and vertical base orientations were also
investigated. Results showed that, in general, the effects of pressure and subcooling on both nucleate boiling and CHF
were consistent with previously tested flat surface results, however, subcooling was found to significantly affect the high
heat flux region of the microporous finned surfaces nucleate boiling curves. The relative enhancement of CHF from
increased subcooling was greater for the microporous surface than the plain surface but less than a microporous flat
surface. The horizontal orientation (horizontal base/vertical fins) was found to be slightly better than the vertical
orientation (vertical base/horizontal fins). Correlations for both nucleate boiling and CHF for the microporous surfaces
were also developed.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction hancement (microporous coating). In order to develop

reliable electronic cooling schemes utilizing boiling heat

Recently, Rainey and You [1] showed that saturated
nucleate boiling performance in FC-72 could be en-
hanced by employing a unique ‘“double enhancement”
technique: combining a large-scale area enhancement
(square pin-fin array) and a small-scale surface en-
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transfer and double enhancement, the effects of pressure,
subcooling, and dissolved gas on the nucleate boiling
heat transfer performance must be known.

The effects of pressure and liquid subcooling on the
nucleate boiling performance of flat surfaces have been
well studied in the literature. Increased pressure has been
found to improve the nucleate boiling performance.
Nishikawa et al. [2] attributed this behavior to an in-
creased range of cavity radius that may be activated at a
given wall superheat with increased pressure (increased
active nucleation site density). As shown by Cichelli and
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Nomenclature

a, b, ¢, d e constants

¢y specific heat capacity (J/kg K)

g gravitational acceleration (m/s?)

Iy latent heat of vaporization (J/kg)

L fin length (m)

q heat flux (W/m?)

Ja volumetric Jacob number, Ja = (p,c, ATywp)/
(p vhlV)

Pe effective Péclet number, Pe = /4 /(0pl/? x
&p —p )"

P absolute pressure (kPa)

T temperature (K)

AT, base surface superheat; T, — Ty (Pys) (K)
AT;ub hqlnd subcooling; Tsat (Psys) - Tbulk (K)
o thermal diffusivity (m?/s)

p density (kg/m?)

o surface tension (N/m)
Subscripts

b base surface (area)

bulk bulk liquid

CHF critical heat flux
non-condensable gas (air)

1 saturated liquid

sat saturated conditions

subcooled conditions

system or total

total surface area

saturated vapor

CHF prediction of Zuber [12]

N< g g
@ o

Bonilla [3] and others, the critical heat flux (CHF) will
increase up to about one-third of the critical pressure
and then decrease with increasing pressure. Subcooling
has been found to have little or no effect on the fully
developed nucleate boiling performance [4], however,
CHF increases with increased subcooling showing a
strong dependence [5,6]. Since the highly wetting fluids
used in electronics cooling research can typically absorb
large amounts of non-condensable gases (e.g. 48% by
volume of air for FC-72 at standard conditions), the
effects of dissolved gases on the boiling performance are
also important to know. McAdams et al. [7] reported a
strong enhancement of dissolved gas on the boiling
curve at low heat fluxes (partially developed nucleate
boiling) but only a weak effect at high heat fluxes (fully
developed nucleate boiling). Watwe and Bar-Cohen [8]
observed no effect of dissolved gas on CHF while Hong
et al. [6] observed a dependence of CHF on dissolved gas
only for small heaters when length-scale effects are sig-
nificant.

The effect of pressure on the nucleate boiling and
CHF performance of finned heaters appears to be con-
sistent with flat heater observations [9-11]. In addition,
Abuaf et al. [9] observed that the CHF for their flat and
finned surfaces did not follow Zuber’s [12] CHF corre-
lation at very low pressures but leveled off with de-
creasing pressure instead. Mudawar and Anderson [13]
studied the effects of subcooling on various cylindrical
fin arrays in FC-72 at 1 atm. Except near CHF, their
results showed insensitivity of the nucleate boiling curve
to subcooling and found that they could dissipate up to
160 W/cm? with a subcooling of 35 K. To the author’s
knowledge, no studies have addressed the effects of
dissolved gas on finned surfaces, however, Rainey and
You’s [1] observations of a dramatic change in the nu-

cleate boiling curve slope of finned surfaces at high heat
fluxes indicate that subcooling and/or dissolved gas may
significantly affect the boiling performance in the high
heat flux region.

The objective of the present work is to investigate the
effects of pressure, subcooling, and dissolved gas (air) on
the pool boiling heat transfer performance of micro-
porous enhanced, pin-finned (double enhanced) surfaces
and develop correlations for nucleate boiling and CHF.
The surfaces are machined from solid copper, have a
base surface area of 1 cm?, and have a 5 x 5 square pin-
fin array with fin lengths of 2, 4 and 8 mm. Testing is
performed in FC-72 at 30, 60, 100 and 150 kPa absolute
pressures and liquid subcoolings of 0 (saturated), 10, 30
and 50 K. In addition, comparisons are made between
pure subcooled and gas-saturated conditions, horizontal
and vertical orientations at 100 kPa, and plain and mi-
croporous coated finned surfaces. The microporous flat
surface results from a companion study [14] are also
included. The results of this study are intended to aid in
the design of future electronic cooling schemes involving
boiling heat transfer.

2. Experimental apparatus and procedure
2.1. Test facility

The pool boiling test facility used for the present
work is the same as that used by Rainey and You [1],
and is shown in Fig. 1. The main test chamber is a
stainless steel pressure vessel with an internal water-
cooled condenser, three band heaters located on the
sides and bottom of the chamber, and an external tem-
perature controller for bulk fluid temperature control. A
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Fig. 1. Schematic of test apparatus.

cartridge heater was located in the bottom of the test
chamber to provide additional heating/stirring during
the degassing process. The auxiliary tank above the test
vessel was used only for the pure subcooled testing to
prevent regassing of the test liquid after degassing. An
external condenser was used during degassing and at-
mospheric testing to prevent loss of test liquid. A pres-

sure transducer located in the auxiliary tank was used to
measure the internal gas pressure.

A computer controlled DC power supply was used to
supply power to the test heaters. The heat flux supplied to
the test heaters was determined from the measured volt-
age across the test heater and the current determined
from the measured voltage across a shunt resistor. All
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temperature, pressure, and voltage measurements were
taken with a computer controlled data acquisition system.

2.2. Test heaters

The test heater design is identical to that of Rainey
and You [1] and is shown in Fig. 2. The heating element
is a two-layer thin metal film of tantalum and titanium
nitride that has been sputtered onto a 0.5 mm thick
silicon oxide coated silicon substrate along with copper
for solder connections. The heating element was sol-
dered to the copper block and copper tape power leads
and had a total electrical resistance of about 20 Q. The
copper blocks were machined from solid pieces of cop-
per using a high-speed steel slitting saw blade with a
10 x 10 x 2 mm?® base surface and 2, 4 and 8 mm fin
lengths. The fins are square pin fins with a fin thick-
ness of 1 mm and fin spacing of 1 mm in a 5 X 5 array
as shown in Fig. 2. The copper block contained two
thermocouple (type-T) wells centered in the base surface
and spaced 5 mm apart and 5 mm deep. The copper/
heater assembly was attached to a Teflon substrate using
epoxy. The completed test heater was then mounted in
a Lexan frame and surrounded by epoxy to generate a
flush-mounted heating surface.

For the microporous coated test heater, the coating
used is the ABM coating [15]. The microporous coating
is a surface treatment technique used to increase vapor/
gas entrapment volume and active nucleation site den-

copper finned block
base: 10 mm x 10 mm x2 mm

fins:t=1mm,b=1mm,L=0-8 mm

L

epoxy filler --...\{:

L

sity by forming a porous structure of about 0.1-1 um
size cavities [15-18]. The ABM coating was named from
the initial letters of its three components: 1-20 pm alu-
minum particles/devcon brushable ceramic epoxy/
methyl-ethyl-ketone (MEK). The mixture of the three
components was spray-coated over the finned surfaces
using an airbrush. After the carrier (MEK) evaporates,
the resulting layer consists of a microporous structure of
aluminum particles and epoxy having a thickness of ~50
pum. The microporous coating provides no significant
increase of the heat transfer surface area.

2.3. Test procedure

The test fluid, FC-72, is a highly wetting dielectric
perfluorocarbon produced by the 3M Industrial Chemi-
cal Products Division. FC-72 has been determined to be
a good candidate fluid for immersion cooling applica-
tions because it is chemically stable/inert, dielectric,
and has a relatively low boiling point (7 = 56 °C at
atmospheric pressure). Prior to all testing, the test
chamber was heated to the test liquid’s saturation
temperature using the three band heaters and the car-
tridge heater. Once at saturation temperature, the test
liquid was boiled vigorously for at least 2 h to remove
dissolved gases. Unless otherwise noted, test surfaces
were tested in the horizontal, upward facing orienta-
tion. The test matrix consisted of studies on different
subcooling and pressure conditions (Table 1).

older

opper
antalum

ilicon wafer
antalum
itanium nitride
antalum

heating element

opper
older
—copper tape

power lead

Teflon Substrate

Fig. 2. Finned test heater design.
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Table 1
Test matrix

Pressure,  Liquid subcooling, ATy, (K)

Pys (kPa) ¢ (sat.) 10 30 50
30 X2 X2 - -
60 X? X2 X2 .
100 Xb X° XP -
150 Xél XII,C X'd.C Xu.C

#Gas-saturated only.
®Both pure subcooled and gas-saturated.
¢ Microporous surface only.

2.4. Saturated cases

The fluid level for the saturation cases was main-
tained in the test chamber at about 15 cm above the test
surface. After degassing, the external condenser was
turned off. With the system still open to ambient, some
of the test liquid was allowed to escape in order to push
out any trapped air at the top of the condenser. After
about 15 min, the valve at the top of the external con-
denser was closed. A vacuum pump was temporarily
connected to the top of the external condenser to further
make sure that all trapped air at the top of the condenser
was removed. The measured temperature and pressure
readings within the test chamber were checked against
the FC-72 saturation curve to ensure that all non-con-
densables had been removed. The desired system pres-
sure was then established by controlling the bulk fluid
temperature using the internal condenser and three band
heaters. After the desired pressure was obtained and
stabilized, testing began. For the saturated tests at at-
mospheric pressure, a simpler procedure was used. In-
stead of the closed system approach above, the external
condenser was left on and open to ambient (same pro-
cedure used by [1]).

2.5. Gas-saturated cases

The fluid level for the gas-saturated cases was
maintained in the test chamber at about 15 cm above the
test surface. After degassing, the external condenser was
turned off and the valve at the top of the condenser was
closed. The desired bulk fluid temperature was then es-
tablished using the internal condenser and three band
heaters. Once the desired temperature was obtained and
stabilized, the valve at the top of the condenser was re-
peatedly cracked opened until the system stabilized at
the desired pressure (the valve was then left closed
during testing). This procedure produces a gas-saturated
initial condition [19]. Although the gas content was not
measured, it could be estimated from the relation P, =
Py, — P,, where Py, is measured and P, = Py (Toux)-
Testing then commenced. For the gas-saturated cases at

atmospheric pressure, the external condenser was left on
and open to ambient conditions.

2.6. Pure subcooled cases

In the present study, the pure subcooled testing was
only performed at atmospheric pressure. The fluid level
for the pure subcooled cases was maintained in the
auxiliary tank at about 75 cm above the test surface.
After degassing, the fluid in the auxiliary tank was
maintained at saturation conditions for all of the pure
subcooled testing to prevent regassing the subcooled
fluid in the test chamber. With the system still open to
ambient conditions, the desired bulk fluid temperature
in the test chamber was then established using the in-
ternal condenser and three band heaters. Once the de-
sired temperature was obtained and stabilized, testing
began.

2.7. Boiling curves

After the proper fluid conditions were obtained and
stabilized, two consecutive boiling curves were generated
for each test surface. Identical boiling curves for each
surface assured the consistency and repeatability of the
data. There was a 2-h delay between runs to allow the
heater and test section to return to steady state. Heat
flux was controlled by voltage input. After each voltage
change (heat flux increment), a 15-s delay was imposed
before initiating data acquisition. After the delay, the
computer repeatedly collected and averaged 125 base
surface temperature measurements over 15 s until the
temperature difference between two consecutive aver-
aged temperature measurements for all thermocouples
was <0.2 K. The test heater at this point was assumed to
be at steady state. After reaching steady state, the heater
surface and bulk fluid temperatures were measured and
the heat flux was calculated. For heat flux values greater
than ~80% of CHF, instantaneous surface temperature
was monitored for 45 s after each increment to prevent
heater burnout. Each instantaneous surface temperature
measurement was compared with the previous steady-
state surface temperature measurement. If a temperature
difference larger than 20 K was detected, CHF was as-
sumed and the power shut off. The CHF value was
computed as the steady-state heat flux value just prior to
power supply shutdown plus half of the increment.

2.8. Experimental uncertainty

Uncertainties for the heat flux and temperature
measurements were estimated based on the method of
Kline and McClintock [20]. Substrate conduction losses
were estimated based on the values reported by
O’Connor and You [16], whose heater had a similar
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construction as the present one. Taking into account
both measurement and substrate conduction errors, the
uncertainty in heat flux (¢) was estimated as approxi-
mately 16% at 0.5 W/cm? and approximately 6% at 16,
80 and 120 W/cm?. In addition, temperature measure-
ment uncertainty was estimated considering thermo-
couple calibration error, temperature correction for the
embedded thermocouples, and thermocouple resolution
error. The uncertainty for temperature measurement
was +0.4 K.

3. Results and discussion

The effects of pressure, subcooling, and dissolved gas
(air) on the boiling heat transfer performance of mi-
croporous enhanced finned surfaces were investigated.
The test surfaces were made from solid copper with
1-cm? (10 x 10 mm?) base surfaces and fin lengths of 2, 4
and 8 mm and coated with the microporous coating. All
testing was performed in FC-72 and under increasing
heat flux conditions. For comparison, the microporous
flat surface results from a companion study [14] are also
included. Unless otherwise noted, all testing was per-
formed with the test heaters in the horizontal, upward
facing orientation (vertical fins). The fluid condition test
matrix is listed in Table 1. The gas-saturated plain sur-
face data at 150 kPa was not included in the present
analysis due to excessive oxidation during testing which
is discussed later.

3.1. Reference boiling curves

Fig. 3 illustrates the saturated nucleate boiling curves
of the present plain and microporous finned surfaces at
100 kPa. For reference, the heat fluxes in Fig. 3 are
based on the base area only and the wall superheats are
calculated at the base of the fins. In addition, the single-
phase portion of the boiling curves has been removed for
clarity. The boiling curves of the 8 mm finned surfaces
were stopped prior to CHF, so CHF values were not
obtained for those cases. From Fig. 3, the effect of fin
length on the plain surface boiling curves is clearly seen.
As the fin length (area) increases, the boiling perfor-
mance increases. Although not depicted, the present
plain surface boiling curves were comparable to Rainey
and You’s [1] identically constructed plain surfaces.
Rainey and You observed that the boiling performance
of their plain finned surfaces increased proportionally
with area up to fin lengths of 4 mm. Above this length,
the performance degraded and was attributed to non-
boiling fin tip conditions.

Also shown in Fig. 3 is the present microporous
finned surface saturated boiling curves. As can be seen,
the surface superheats of the microporous finned sur-
faces are significantly better than the plain surfaces. This

120000 T T T T Vi
: : e
-O— flat[14] : Eq. (2) R
—— L=2mm \’¢:'
1000000F | ~O— L=4mm .. bR .
=~ L=8 mm : : :
CHF

L. .. Eq.(1 ,,,,,, oy :
80000or - Ea- (V- ; W 7.41x10°

< \ 7.13x10°
£ 3 ; 1 ;
= 600000 [ e b i
> : 5.05x10°
[on
— = 4 60x10°
400000F - g At PRI SURS ]
2.67x10° :
200000 - ASLL 1.60x10% - o R i

closed symbols: plain
open symbols: microporous
1 1 1

0 10 20 30 40 50

Fig. 3. Reference saturated boiling curves at 100 kPa.

shows the superior nucleate boiling performance of the
microporous coated surfaces over plain surfaces, which
has already been discussed in detail [15-17]. As previ-
ously reported by Rainey and You [1], the most striking
feature of the microporous surface results is how the
boiling curves collapse regardless of fin length unlike the
plain surfaces in Fig. 3. Rainey and You attributed this
to the increased availability of nucleation sites from the
microporous coating. In addition, the lower wall su-
perheats and decreased overall fin efficiencies [1] of the
microporous finned surfaces may prevent the utilization
of any additional surface area for a given base heat flux,
y-

Another interesting feature of the microporous sur-
face results in Fig. 3 is the change in slope at about
500,000 W/m?. Rainey and You [1] attributed this be-
havior to a temporal dry-out situation near the base of
the fins caused by increased resistance on the re-wetting
fluid from the fin geometry (increased blockage from the
fins and bubble crowding). The present microporous
finned surface boiling curves were also quite comparable
to Rainey and You’s results. Rainey and You’s simple
two line power-law curve fit given by:

gy = 1600ATZ* for g < 5x 10° W/m? 1)
gy = 1.08 x 10°ATY®  for gy >5x 10° W/m*  (2)

is also shown in Fig. 3 for comparison. It can be seen
from Fig. 3 that, although the nucleate boiling perfor-
mance of the microporous surfaces is significantly in-
creased over the plain surfaces, the CHF values are
similar up to 4 mm fin lengths. Rainey and You attrib-
uted this lack of dependence of CHF on surface mi-
crostructure to the increased fluid re-wetting resistance
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caused by the fin geometry. However, the CHF of the
microporous 8 mm finned surface was much higher than
the plain surface, which Rainey and You attributed to
the microporous coating’s better nucleation character-
istics.

3.2. Effect of pressure

Fig. 4 illustrates the effect of system pressure on the
saturated nucleate boiling curves of the microporous
finned surfaces. The effect of pressure on the nucleate
boiling performance is consistent with the prevailing
trend in the literature of increased heat transfer coeffi-
cient with increased pressure [2,9-11] and appears to
affect the entire boiling curve in the same manner. In
general, the boiling curve slope appears to remain un-
changed with increasing pressure. In addition, it is ob-
served that pressure at saturated conditions does not
affect the independence of the nucleate boiling curves to
fin length. The CHF values (not shown in Fig. 4) show a
significant increasing trend with increased pressure
(discussed later), which is also consistent with the trends
in the literature [3,9].

3.3. Effect of liquid subcooling

The subcooling level for the present work is defined
as ATywp = Tiat(Pys) — Toux, Where Py equals the fluid
vapor pressure, P,, only for pure subcooled cases and the
sum of fluid vapor and non-condensable gas partial
pressures for gas-saturated cases or Py, = P, + P, [19].
Figs. 5-8 illustrate the effects of subcooling at all four
tested system pressures for the microporous finned sur-
faces along with the flat microporous surface results

120000 T T T T T
-O— flat[14] |: : : :
—— |=2mm |: : 100 kPa 60 kPa
|| <— L=4mm|:150kPa: SV Y i
1000000 — L=8mm |’ : W
800000 rrrrrrr R e i
-«
£
= 600000 i JOE G ]
o
T
400000F - WA Bt ]
200000 i
o L8 s
0 10 20 30 40 50 60

AT, (K)

Fig. 4. Pressure effect for microporous saturated boiling curves.

180000 —— . ——T
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—— L=4 mm
=~ L=8mm
1400000 | o Eq.(4) [
Eq. (6)

1200000

1000000]

q"y (W/m?)

800000
600000
400000f oot pf e

200000 <=7 ; o open symbol: 0 K (sat.)]
: : : grey symbol: 10 K
1 1 1 1

20 10 O 10 20 30 40 50 60 70 80
AT, (K)

Fig. 5. Gas-saturated boiling curves of microporous surfaces at
30 kPa.

from Rainey [14] for comparison. The single-phase
convection data has been removed for clarity. In addi-
tion, the high heat flux portions of many of the boiling
curves (especially in Fig. 8) are missing because the
boiling curve tests were stopped when the base temper-
ature reached or exceeded 100 °C. As discussed earlier,
this was done to avoid decomposition of FC-72 onto the
heater surfaces. In addition, for electronics cooling ap-
plications, maximum allowable case temperatures are
usually below 100 °C, therefore, heat transfer per-
formance information in the temperature range above

180000 T T T

-O— flat[14]
—— L=2mm
—— L=4mm
-

1600000

1400000

1200000 7 e ;

1000000+~ ie b e

800000+

q"b (W/mZ)

600000 -1

4000001

open symbol: 0 K (sat.)
“grey symbol: 10 K
black symbol: 30 K

200000f -

i
20 10 O 10 20 30 40 50 60 70 80
AT, (K)

Fig. 6. Gas-saturated boiling curves of microporous surfaces at
60 kPa.
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180000 T T T
flat [14]
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Fig. 7. Gas-saturated boiling curves of microporous surfaces at
100 kPa.

100 °C would not be very useful. The effects of subcoo-
ling on the microporous finned surfaces can be clearly
seen in Figs. 5-8. In the low heat flux region, the nu-
cleate boiling curves collapse to one line regardless of
subcooling or fin length. The effect of the dissolved gas
can be seen as an enhancement of the low heat flux
boiling performance just after incipience, which is dis-
cussed later. Although the low heat flux region is unaf-
fected, increasing the subcooling appears to shift the
point at which the boiling curve slope changes which
results in a dependency of the high heat flux region of
the nucleate boiling curve on subcooling. The increased

180000 T ‘ T
flat [14]

subcooling most likely decreases bubble crowding be-
tween the fins through bubble condensation and thus
decreases the resistance to the re-wetting fluid which
would delay the formation of localized temporal dry-out
near the base of the fins and ultimately shift the high
heat flux portion of the boiling curve upward.

3.4. Gas-saturated vs. pure subcooling

Before discussing the dissolved gas effect, some ter-
minology needs to be clarified. The term “‘gas-saturated”
is used in the present work to describe the initial con-
dition of the fluid as being saturated with non-con-
densable gas (air). The term “gassy subcooled” is used in
the present work to describe the fluid condition near the
heater surface during boiling, which contains an inde-
terminable amount of dissolved gas; in other words, a
condition that is somewhere between gas-saturated and
pure subcooled. The term “pure subcooled” naturally
refers to a completely degassed, subcooled fluid condi-
tion. In order to distinguish between subcooling and
dissolved gas effects, Fig. 9 compares the pure subcooled
and gas-saturated nucleate boiling curves of the 4 mm
microporous finned surface at 100 kPa. The single-phase
convection data has been removed for clarity. From Fig.
9, it can be seen that at low heat fluxes just after incip-
ience, the dissolved air significantly enhances heat
transfer but the effect diminishes with increasing heat
flux similar to that observed for the flat surfaces from
Rainey [14]. The initial boiling enhancement is attrib-
uted to a larger number of active nucleation sites from
the gas partial pressure within the embryonic bubbles,
faster bubble growth, and increased bubble wake con-

1800000 T T T T T T T T
Closed symbols are corresponding

1600000[

1400000

1200000

1000000

q"b (W/mZ)

800000

600000

400000

200000

L=2 mm

grey symbol: 10 K
black symbol: 30 K

grey open symbol: 50 K
1 1 1 1 1

20 -10 O 10 20 30 40 50 60 70

Fig. 8. Gas-saturated boiling curves of microporous surfaces at

150 kPa.

AT, (K)

80

1600000 |- 9as-saturated cases fromFig. 7
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1200000 [~
&
£1000000 [~
- 800000 [~
(<
600000 [

400000 [~

200000 [~~~

ATy, (K)

Fig. 9. Comparison of pure subcooled and gas-saturated boil-
ing curves of the 4 mm finned microporous surface at 100 kPa.
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vection [21] while the decrease in boiling enhancement
with increased heat flux is attributed to depletion of the
dissolved air near the heater surface creating a gassy
subcooled condition [19]. This gas depletion also pro-
duces CHF values that are almost the same as the pure
subcooled values as shown in Fig. 9. From Figs. 5-8, it
can be seen that the boiling enhancement from the dis-
solved air increases with increasing pressure and sub-
cooling. This is due to the increased dissolved air
content as observed by You et al. [21] (the dissolved air
content increases with increasing pressure and subcool-

ing).
3.5. Effect of orientation

In addition to dissolved gas effects, the effect of
heater orientation was also investigated. Fig. 10 com-
pares the gas-saturated boiling curves of the 4 mm mi-
croporous finned surface at 0° (base is upward facing;
fins are vertical) and 90° (base is vertical; fins are hori-
zontal) inclinations. From Fig. 10 it is observed that the
90° boiling curves are slightly worse than 0° boiling
curves. Although not shown, the 4 mm plain finned
surface also showed this behavior. This may be due to
decreased boiling effectiveness from the downward fac-
ing fin surfaces in the 90° orientation. Rainey and You
[22] as well as many others have already shown that
downward facing surfaces exhibit much worse boiling
performance than vertical or horizontal surfaces. In
contrast to the present results, both Kumagai et al. [23]
and Guglielmini et al. [10] observed that heat transfer
coefficients were generally better at the 90° orientations
for their plain finned surfaces. The differences between

180000 — T T T T T T T
-0 AT, =OK(sat)| : : =

1600000 | =— AT, =10K

—— AT, =30K

14000001 -

1200000

1000000]

"y (W/m?)

- 800000
600000
400000

200000

0
-20

AT, (K)

Fig. 10. Orientation effect on 4 mm finned microporous surface
at 100 kPa (gas-saturated).

the present results and those of Kumagai et al. and
Guglielmini et al. may be due to differences in fin geo-
metry. Both Kumagai et al. and Guglielmini et al. used
smaller fin spacings than the present study, which could
significantly affect the vapor removal behavior.

3.6. Correlation of nucleate boiling curves

From Rainey and You [1], the boiling curves of mi-
croporous finned surfaces were found to consist of a low
and high heat flux region that required two separate
correlations (Fig. 3). From the present results shown
thus far, it is concluded that, for a given fluid within the
present range of conditions, the low heat flux region of
the microporous finned surfaces is essentially a function
of pressure only while the high heat flux region is a
function of pressure and subcooling. The authors found
that the present low heat flux data are better correlated
with a linear fit than Rohsenow’s [24] power-law corre-
lation. The reason for the failure of Rohsenow’s corre-
lation to adequately describe the present data may be
due to length-scale/heater size effects; however, more
study is needed before any conclusions can be made.

It was decided to correlate the present low heat flux
region data in Figs. 5-8 with a linear equation in the
following form:
4y = aAT, — bP, 3)
The constants @, b and ¢ were determined by fitting the
linear portions of the nucleate boiling data from Figs.
5-8. The heat flux data that was affected by the dissolved
air were removed prior to fitting the data. The slope, a,
in Eq. (3) was found by averaging the slopes of each
individual boiling curve at all pressures except 150 kPa
(the data at 150 kPa had too much scatter from dis-
solved gas effects). Once the slope was fixed, the y-
intercepts were found for each pressure and correlated
using a power-law fit. From this procedure, the present
microporous surface saturated and gas-saturated low
heat flux data are well correlated by the following
equation:

g = 5.49 x 10*AT;, — 8.68 x 1061"5;3'814 (4)
Eq. (4) is plotted as a thick solid line in Figs. 5-8.

For the high heat flux region of the microporous
surfaces, Rainey and You [1] used a power-law corre-
lation:

gy = dATy ()

The present microporous high heat flux data also fit this
type of correlation, however, d in Eq. (5) is now a
function of pressure and liquid subcooling. Prior to fit-
ting the high heat flux region, the bending portion of
the data near CHF was removed. After fitting each
pressure and subcooling separately with Eq. (5) and then
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combining the results, it was found that the data were
well correlated with the following modified equation:

gl = (284P,,, + 1670 AT,y + 84200) AT (6)

Eq. (6) is also plotted in Figs. 5-8 as thick dashed lines.
As can be seen in Figs. 5-8, Egs. (4) and (6) describe the
effect of pressure and subcooling for the microporous
surfaces in the present range of test conditions in FC-72
quite well.

3.7. Critical heat flux

The four parameters that were found to affect CHF
in the present data are: pressure, subcooling, fin length,
and surface microstructure (plain or microporous). With
regard to the effects of pressure, Zuber’s [12] correlation
given by:

Gerrz = (x/24)hpl lg (o = p)] ™)

has been found to predict the effects of pressure for flat
surfaces in the present range of test conditions reason-
ably well [25,26]. For the analysis of CHF behavior, the
present microporous surface CHF values (based on total
surface area) were normalized by Eq. (7). Fig. 11 illus-
trates the microporous surface CHF behavior of the
saturated cases for all fin lengths and pressures. The flat
surface data of Rainey [14] and the 0.5 mm finned mi-
croporous surface saturated data of Rainey and You [1]
have been added as well. From Fig. 11, it can be seen
that the normalized CHF values decrease linearly with
increasing fin length. Rainey and You’s [1] microporous
finned surface data also show this trend, although to a

1 T
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Fig. 11. Effect of pressure and fin length on saturated CHF for
microporous surfaces.

lesser degree. This is most likely caused by decreasing fin
tip heat transfer effectiveness from reduced fin tip tem-
peratures with increasing fin length. Between 0 (flat) and
2 mm fin lengths, the CHF performance drops signifi-
cantly. Rainey and You [1] also observed this loss of
enhancement from the microporous coating and attrib-
uted it to increased liquid re-wetting resistance from
bubble crowding and fin blockage, which effectively re-
moved the dependency of CHF on surface microstruc-
ture (for fin lengths of 4 mm and less). With regard to
pressure, the 60-150 kPa results are comparable which
suggests that Zuber’s correlation predicts the effects of
pressure in this range quite well, however, the 30 kPa
results are significantly different. This indicates that
Zuber’s correlation does not predict the effects of pres-
sure very well at low pressures, which has already been
observed by Gorodov et al. [27] and Abuaf et al. [9]. As
can be seen from Fig. 11, the CHF values of the mi-
croporous finned surfaces appear to be roughly linear
with fin length in the range tested, therefore, for esti-
mation purposes only, the 60-150 kPa finned surface
CHF data in Fig. 13 were best fit as:

q;/‘CHF,sat/q/C/HF‘Z =1.23-51L (8)
where
9 cnrsat = 9b.chrsar/ (1000L + 1) (9)

With regard to the effects of subcooling on CHF, the
authors found that Inoue et al.’s [28] correlation given
by:

ql(,IHF.sub = qI(/ZHF,szlt 1 + 0'84(pV/p1)1/4Ja/Pel/4] (10)

fit the present data at all tested pressures quite well. The
exponents on the density ratio and Pe in Eq. (10) for the
microporous finned surfaces were found to match those
of the flat surfaces from Rainey [14]. The constant of
0.84 in Eq. (10) was found to be independent of fin
length for the range tested, however, it is reduced from
the microporous flat surface value of 1.20 [14]. Fig. 12
illustrates the effects of subcooling on CHF for the mi-
croporous surfaces at all tested pressures. The denomi-
nator of the y-axis, ¢¢yp . 1s the individual saturated
CHF value for each surface at the same system pressure.
The flat surface results from Rainey [14] are included as
well. As can be seen in Fig. 12, Eq. (10) correlates the
present finned data quite well. The finned surfaces show
less sensitivity to increased subcooling than the flat
surfaces. As subcooling is increased, the resistance on
the re-wetting fluid to the surface is expected to decrease
because of decreased bubble crowding from increased
bubble condensation. The finned surfaces may not ex-
perience as much enhancement from subcooling as the
flat surface because of the additional blockage effects
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Fig. 12. Effect of subcooling on CHF for microporous surfaces
(gas-saturated).

from fin geometry, which is unaffected by subcooling
(smaller relative change in apparent flow area for the re-
wetting fluid).

3.8. Plain surface results

Testing was also performed on plain finned surfaces.
Fig. 3 shows the saturated boiling curves for all fin
lengths at 100 kPa while Fig. 13 compares the effects of
subcooling/dissolved gas at 100 kPa for the 4 mm plain
and microporous finned surfaces. The single-phase
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Fig. 13. Comparison of gas-saturated plain and microporous
4 mm finned surfaces at 100 kPa.

convection data has been removed for clarity. In gen-
eral, the plain surfaces showed similar behavior to
pressure and subcooling with the microporous surfaces,
however, there are a few notable differences. Unlike the
microporous finned surfaces, most of the plain finned
surfaces’ nucleate boiling curves were affected by in-
creased subcooling as can be seen in Fig. 13. Excessive
oxidation of the plain copper surfaces occurred at the
150 kPa gas-saturated conditions (high dissolved gas
content), which caused severe degradation in boiling
performance. These factors coupled with the dependence
of the plain finned surfaces’ nucleate boiling curves on
fin length (based on base area; see Fig. 3) prevented the
development of an accurate set of nucleate boiling cor-
relations as was possible for the microporous finned
surfaces. In addition, the plain surfaces also exhibited
less enhancement of CHF from increased subcooling
than the microporous surfaces as can be seen by com-
paring the CHF values in Fig. 13. From these observa-
tions/comparisons, it is concluded that the microporous
coating provides better and more consistent pool boiling
heat transfer performance for finned surfaces.

4. Conclusions

The effects of pressure, subcooling, and dissolved gas
on the pool boiling heat transfer performance of mi-
croporous finned (double enhanced) surfaces were in-
vestigated along with plain (machine roughened)
surfaces for comparison. The copper finned surfaces had
base areas of 1-cm? (1 cm x 1 cm) and a 5 x 5 square
pin-fin array with fin lengths of 2, 4 and 8§ mm. The test
matrix included an absolute pressure range of 30-150
kPa and liquid subcooling levels up to 50 K in FC-72.
Following are the major conclusions of this study:

e In general, the effects of pressure and subcooling on
the microporous finned surfaces were consistent with
the flat surface results of Rainey [14] and the prevail-
ing trends in the literature (nucleate boiling perfor-
mance increased with increased pressure; negligible
subcooling effect), however, increased subcooling ap-
pears to delay the formation of the temporal dry-out
situation near the base of the fins and shifts the entire
upper portion of the boiling curve upward.

o A linear-type correlation, Eq. (4), was found to better
fit the present low heat flux region microporous nu-
cleate boiling data than the well-known Rohsenow
[24] correlation and was found to correctly predict
the effects of pressure for the present range of test
conditions. A power-type correlation similar to the
one originally proposed by Rainey and You [1] was
found to fit the high heat flux region of the present
microporous finned surface data. The new correla-
tion, Eq. (6), appears to correctly predict the effects
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of both pressure and subcooling on the high heat flux
region of the microporous boiling curve.

e The nucleate boiling and CHF performance of the 0°
(horizontal base/vertical fins) orientation was found
to be slightly better than the 90° (vertical base/hori-
zontal fins) orientation for the present finned heater
geometry and may be due to the 90° orientation hav-
ing a significant portion of the finned surface area
facing downward.

e The effect of pressure and subcooling on the micro-
porous finned surface CHF values was also found
to be consistent with the flat surface results of Rainey
[14] (increased CHF with increased pressure/subcool-
ing). In addition, the saturated microporous CHF
values decreased linearly with increasing fin length,
which is attributed to decreased fin tip heat transfer
effectiveness from reduced fin tip temperatures. The
microporous CHF values are well correlated/estimat-
ed for pressure, subcooling, and fin length with Egs.
(7)—(10).

e The effects of pressure and subcooling on the plain
finned surface nucleate boiling and CHF results were
similar to the microporous finned surface results,
however, the plain surfaces generally exhibited worse
boiling heat transfer performance and less enhance-
ment from increased subcooling than the micropor-
ous surfaces and experienced significant degradation
in performance from oxidation at high levels of dis-
solved gas content. Therefore, it was concluded that
for pool nucleate boiling applications, the micropor-
ous coating significantly improves the boiling heat
transfer performance of square, pin-finned surfaces
in the range of fluid conditions tested.
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