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Abstract

Experiments were performed on air and evaporative spray cooling of plain and microporous coated surfaces on flat
and cylindrical heaters. Micron-size aluminum particles were used to build the microporous structures on the heated
surfaces. To analyze the evaporative cooling, heat transfer curves were obtained in the form of the wall temperature
difference versus heat flux. The heat transfer coefficients were also determined as a function of heat flux. Three water
flow rates (1.25, 1.75 and 2.40 ml/min) were tested for the flat heater and one rate (3.0 ml/min) for the cylindrical heater,
maintaining the air pressure of 7 psig (48 kPa) at the inlet of the nozzle. The effect of different particle sizes in the
coating was also tested to optimize the microporous coating technique. Spraying water droplets on the microporous
coating surface enhanced the heat removal due to the capillary pumping phenomenon through the microporous cavities
connecting each other. The evaporative spray cooling increased the heat transfer coefficient by up to 400% relative to
that of the uncoated surface cooled by dry air, and this enhancement was maintained at high heat fluxes by using

microporous surfaces.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Evaporative spray cooling obtained by two-phase
fluid flow is an effective and economical method to cool
heated objects requiring comparatively high heat flux
dissipation (= up to 40 kW/m?) for numerous industrial
applications. Since spray cooling involves liquid-vapor
phase change, the increase of heat transfer is significant
compared to single-phase forced convection of air. The
heat of vaporization augments heat transfer when
the tiny water droplets encounter and evaporate from
the heated surface.

* Corresponding author. Tel.: +1-630-252-6439; fax: +1-630-
252-5568.
E-mail address: choi@anl.gov (S.U.S. Choi).

Recently, various studies have reported on the effec-
tiveness of spray cooling, and numerical analyses have
been conducted to understand the behavior of evapo-
rative cooling. Zhou and Yao [1] developed a group
model employing the Lagrangian approach and found
important information about droplet diameter effects,
droplet trajectories, impact velocities, and the impact
angles of spray dynamics with significantly fewer droplet
group numbers, resulting in a significant reduction in
computational time. Chigier [2] developed a systematic
characterization method using laser diffraction to mea-
sure particle size, velocity and number density, as well as
flux of sprays. Choi and Yao [3] investigated funda-
mental heat transfer mechanisms of horizontal and
vertical impacting sprays. They found that a vertical
impacting spray has a higher heat transfer coefficient
than a horizontal impacting spray due to the secondary
contacts of splattered droplets in the film boiling region.
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Nomenclature

h heat transfer coeflicient [W/m?-K]
k thermal conductivity [W/m-K]

q’ heat flux [kW/m?]

AT temperature difference between wall and
ambient [K]

Bernardin and Mudawar [4] developed experimental
correlations for the film heat transfer efficiency of water
droplets, and they found that surface temperature and
droplet diameter/velocity are major parameters in the
correlations. Stewart and Hagers [5], using a stainless
steel specimen cooled from high to ambient temperature,
investigated the heat transfer coefficient from various
types of spray. They found that the heat transfer coef-
ficient varied with impact density and surface tempera-
ture. They also proposed several factors affecting heat
removal by spray cooling, including water temperature,
surface condition, and impact orientation. Horacek et al
[6] conducted spray cooling experiments to investigate
the effects of noncondensable gas and subcooling. They
achieved comparatively high heat transfer coefficients.

Spray cooling is similar to boiling heat transfer in
that both utilize liquid-to-vapor phase change. Both
have been extensively studied for cooling the heated
objects that generate high heat flux. Different surface
microstructures have been previously developed for the
heat transfer involved in liquid-vapor phase change [7].
One of the earliest methods used to improve the surface
microstructure is to roughen the surface by using sand-
paper or some other abrasives. Surface roughening has
been proven to significantly enhance the nucleate boiling
heat transfer in water and refrigerants [8—11]. Kurihara
and Myers [8] showed that the nucleate boiling
enhancement was the result of increased active nucle-
ation-site density.

A relatively new method for surface enhancement is
the microporous coating developed by O’Connor and
You [12] and further refined by Chang and You [13,14].
The coating technique increases vapor/gas entrapment
volume and active nucleation-site density by forming
openly connected porous structures with cavities of
different sizes. The micro-scale porous surface structures
can significantly affect the nucleate boiling heat transfer
because of the numerous embryonic bubbles in the un-
ique microporous structures. Chang and You [13] re-
ported that the optimum thickness of the microporous
coating is about 50 pm.

The main objective of our study is to experimentally
measure the effects of water evaporation and micropo-
rous coating on cooling with flat and cylindrical heaters.
Furthermore, the effects of water flow rate, coating
particle sizes, and coating thickness on cooling perfor-
mance were investigated. The capillary pumping caused
by surface tension within the microporous channels is

believed to help the microporous surface retain more
water to vaporize than a plain surface; thus, the heat
transfer from liquid-to-vapor phase change is used at
high heat fluxes. Based upon this fundamental concept,
experiments were conducted to study evaporative cool-
ing with plain and coated surfaces for flat and cylindrical
heaters.

2. Experimental apparatus and procedure
2.1. Test facility

The experimental apparatus is shown in Fig. 1. The
apparatus includes a test heater that connects the volt-
age probe and the power supply. The DC power supply
was connected to the heater in series with a precision
resistor, which was used to measure the electrical current
and obtain the heat flux. An HP 3852A Data Acquisi-
tion/Control Unit with HP power supply system rated
for 0-50 A and 0-60 V was used for obtaining experi-
mental data. This equipment was interfaced via IEEE-
488 cables and was connected to a personal computer.
T-type thermocouples that had been calibrated with a
precision thermometer measured the surface tempera-
ture of the heater.

The test heater was attached on the inside wall of a
Pyrex glass vessel, as shown in Fig. 1. In this vessel, a
nozzle (airbrush by IWATA) was firmly held by a metal
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Fig. 1. Schematic view of test section.
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stand and was connected to a compressed air source.
The spray cone angle was measured as about 20°. For
better control of the spray flow rate, a pressure regulator
and air filter were used. The water flow rate was main-
tained at a given value, and the air pressure at the nozzle
inlet was set at 7 psig. The 7-psig air pressure was
maintained the same throughout all the experiments.
The water flow rate was measured by dividing the total
volume of water injected through the airbrush by
the spray time. The water was at room temperature
(=22 °C).

2.2. Test heaters

The flat surface heater (5 cmx 5 cm) used a nichrome
wire as a heating element, as shown in Fig. 2 (top).
Serpentine windings of the thin nichrome wire (0.144
mm in diameter) are attached to the Teflon substrate
(11-mm thick) using Omegabond 200 high-temperature
epoxy (k = 1.4 W/m-K). A block of copper is bonded on
top of the heating element, also using Omegabond 200
epoxy. Two layers of epoxy assure electrical insulation
between the copper and the nichrome. To minimize the
thickness, the epoxy is cured within an oven maintained
at 150 °C while the weight rests on top of the copper

Copper block (50 mm x 50 mm x 3.2 mm)
with two thermocouple holes of
1-mm diameter and 12.5-mm depth

Copper strip
for junctions

Teflon substrate

3M 1838-L B/A
epoxy filler

Nichrome wire insulated with
Omegabond 200 epoxy

Flat Heater

Teflon heater
supporter|

Thermocouple
holes

Thermo- @
couples 7l Q
: A B
Epory  TEMON - =

plug cap Test tube

/Cartridge heater

SECTION - AA SECTION - BB
Cylindrical Heater

Fig. 2. Schematic view of test heaters (flat and cylindrical).

block. Electrical leads are soldered to each end of the
nichrome wire. The heating element is set in a Lexan
frame and surrounded by a two-part, 3M epoxy (1832L-
B/A, k=~ 0.067 W/m-K) to generate a flush-mounted
heating surface. The copper block has two holes (1-mm-
diameter and 5-mm-depth) drilled into its center from
one edge. Two copper-constantan thermocouples (30
gage, 0.255-mm-diameter) are inserted and soldered in
the holes to provide surface temperature measurements.
Fig. 2 (bottom) shows a cross section of the large
cylindrical test heater. The copper test tube (7.8-cm-
long, 1.6-cm-diameter) has three thermocouple holes on
each end spaced 90° apart. These 1-mm-diameter holes
are 25 mm in length and are drilled axially along the
tube. The copper tube is fitted to a commercial cartridge
heater (Watlow, Model G3J22, 120 V-500 W), which is
0.95 cm in diameter and 8.9 cm in length (heated length
is ~7.8 cm). The surface of the cartridge heater is elec-
trochemically plated with a thin copper layer to increase
the wettability with molten solder. By heating the copper
tube with the cartridge heater, the gap between the
components is filled with lead-free silver solder (melting
point ~250 °C). The cartridge heater has a 6-mm-long
inactive heating zone at each end. The copper tubes are
machined to have the same length as the heated zone of
the cartridge heater. The unheated end sections of the
cartridge heater are insulated with Teflon blocks and
thermally nonconducting epoxy to minimize heat loss.

2.3. Uncertainty analysis

Uncertainty for the heat-flux measurement was esti-
mated based upon the values of Chang and You [15],
whose heater had the same design but smaller surface
size as the present heater. Using the methods of Kline
and McClintock [16], heat-flux measurement uncertainty
for the present heater was estimated to be smaller than
5%.. In addition, temperature measurement uncertainty
was estimated by considering the thermocouple cali-
bration error, temperature correction for the embedded
thermocouples, and thermocouple resolution error. The
uncertainty for the temperature measurement was
+0.4 K.

2.4. Microporous coating technique

The coating material used for the test heater is the
ABM introduced by Chang and You [13,14]. The ABM
coating was named from the initial letters of its three
components: aluminum particles/Devcon brushable
ceramic epoxy/methyl-ethyl-ketone (MEK). O’Connor
and You [12] developed the microporous coating tech-
nique, further refined by Chang and You [13,14] and
patented by You and O’Connor [17]. The microporous
coating is shown as a scanning electron microscope
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Fig. 3. SEM image of ABM coating.

(SEM) image in Fig. 3. The surface treatment technique
increases vapor/gas entrapment volume and active
nucleation-site density by forming a porous structure of
about 0.1-1 pum size cavities. The ABM mixture was
sprayed onto the heater surface using an Iwata HP-C
airbrush. After the carrier (MEK) evaporated, the
resulting layer consisted of microporous structures with
aluminum particles and a binder (Devcon brushable
ceramic). The microporous coating provided no signifi-
cant increase of the heat transfer surface area. The test
results of a microporous surface pool boiling in FC-72
revealed significant heat transfer enhancement: (1)
boiling incipience occurred five times faster, (2) the
nucleate boiling heat transfer coefficient increased by up
to 330%, and (3) the critical heat flux increased by 100%.

3. Results and discussion

The focus of the present study is to determine the
effect of evaporative spray cooling on flat and cylindrical
heaters and to extend the evaporative cooling process by
application of a microporous coating. Furthermore, we
investigated the effects of water flow rate, particle sizes
of the coating, and coating thickness on evaporative
heat transfer performance. The evaporation curves were
in the form of the heat flux versus wall temperature, and
the heat transfer coefficient values were compared at the
same heat flux to define heat transfer enhancement be-
fore “dryout.” The dryout is defined as the state where
the liquid—solid contact is very instant so that surface
temperature jumps quickly at given heat flux and is
similar to the critical heat flux (CHF) in boiling heat
transfer. If the wall temperature increases more rapidly
(over 30 °C increase for the nominal heat flux increment
of 1 kW/m?) than the previous average wall temperature,
it is assumed that dryout has occurred, and power is cut
off automatically.

3.1. Dry air-jet cooling-reference case

The dry air-jet cooling tests were performed for plain
and microporous surfaces at the same nozzle inlet
pressure of 7 psig. For checking of the data, each
experiment was performed twice. The microporous
structure shown in Fig. 3 enhanced the two-phase heat
transfer performance significantly; however, negligible
differences between the plain and coated surfaces oc-
curred when an air jet was used to cool the surfaces (Fig.
4). This finding indicates that the increase of area due to
the microporous surface structures is negligible for heat
transfer by single-phase air convection. The linear cor-
relation for the flat heater is given by

q" =0.099 - AT (1)
The correlation for the cylindrical heater is given by
q" =0.057 - AT (2)

where ¢" is the heat flux in kW/m?, and AT is the tem-
perature difference between the heated wall and ambient
air in °C. The cooling performance of the cylindrical
heater was inferior to that of the flat heater due to the
inefficient cooling at the back half of the heater surface.
The results from dry air-jet cooling were regarded as a
reference case to assess the heat transfer enhancement by
evaporative cooling on plain and microporous surfaces.

3.2. Spray cooling results on plain and microporous
surfaces

Fig. 5 shows ¢” versus AT for the evaporative spray
cooling tests with plain and microporous surfaces; the
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ABM (cylindrical-2nd)
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Fig. 4. Heat transfer performance for dry air-jet cooling with
flat and cylindrical heaters.
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Fig. 5. Heat transfer performance for spray cooling with plain
and coated flat heater.

results for dry air-jet cooling are included for compari-
son. The water flow rate was 1.75 ml/min for both plain
and ABM coated surfaces of the flat heater (5 cmx
5 cm). The 8-12 um size particles were applied to a
thickness of ~50 um for the ABM coating. As seen in
the figure, spraying water droplets on the heated plain
surface instead of pure air enhanced the heat transfer
rate significantly. For all heat flux values, the improved
cooling from having liquid drops in the air jet was
obvious. Above 10 kW/m? heat flux, however, the
enhancement was weaker, showing a parallel increase
with the dry air curve. This improved heat transfer oc-
curred mainly because the water droplets evaporate and
remove larger amounts of heat from the heater surface.
However, above 10 kW/m?, a portion of the heater area
was dry during the test (“localized dryout”), and this
condition resulted in the similar slope with the dry air
curve. At about 15 kW/m?, the dryout was observed
visually, and the wall temperature was rising instanta-
neously.

As shown in Fig. 5, spray cooling heat transfer was
further increased when the microporous coating surface
was used instead of the plain surface. In the porous
coating, micron-size particles are interconnected, and
the connected passages seem to play an important role in
the heat transfer performance with evaporative spray
cooling. The sprayed water droplets are soaked into the
microscale porous structures and spread out to the lar-
ger heater area. This behavior is believed to further en-
hance the heat removal over the plain surface due to the
capillary action, by which larger amounts of water are
retained for the heated surfaces. Especially at higher
heat fluxes (>10 kW/m?), the evaporative cooling per-

formance was much better with the ABM coating than
the plain surface. The localized dryout point was de-
layed to higher heat flux (=18 kW/m?), and the cooling
performance in the dryout region was also much better.
While the dryout occurred at AT = 70 °C for the plain
surface and ABM coating, the microporous coating ex-
tended the dryout heat flux significantly (to =21
kW/m?).

Fig. 6 compares the heat transfer coefficient versus
heat flux for the different surfaces, as well as spray
cooling and dry air. When heat flux is less than 10 kW/
m?, the coated and plain surface show significant in-
crease compared to the dry air case (reference). At this
heat flux range, the microporous coating does not pro-
vide much additional enhancement over the plain sur-
face. However, at higher heat flux, the coating does
provide additional heat transfer. The heat transfer
coefficient of the evaporative cooling with the micro-
porous surface was approximately 500 W/m?K up to a
heat flux of almost 20 kW/m?, which is about a 400%
increase compared to the reference case. This excellent
performance is probably due to the delay of partial
dryout.

The cylindrical heater (diameter of 1.6 cm and length
of 7.7 cm) was used to investigate the effects of heater
surface geometry. The microporous coating had the
same size of particles and thickness as the flat heater.
The water flow rate of cross-flow spray for the cylin-
drical heater was approximately 3.0 ml/min, as deter-
mined by the ratio of the surface areas of the heaters.
Fig. 7 shows the improvement from spray cooling and
the microporous coating. The increase was less for the
cylindrical heater (=50% less) than the flat heater due to
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—/~ ABM (1.75 ml/min) - 2nd
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0 H I
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Fig. 6. Heat transfer coefficient versus heat flux for plain and
microporous surfaces with flat heater.
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Fig. 7. Heat transfer performance for spray cooling of plain
and microporous surfaces with cylindrical heater.
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Fig. 8. Heat transfer coefficient versus heat flux for plain and
microporous surfaces with cylindrical heater.

the nonwetting surface area in the back surface to the
spray. A similar phenomenon occurred in dry air-jet
cooling (Fig. 4). Therefore, the heater geometry shows
reasonable differences in effects on evaporative heat
transfer. If the whole surface is wetted by sprayed water
droplets, both flat and cylinder heaters will provide a
similar enhancement. The heat transfer coefficient versus
heat flux for the cylindrical heater is plotted in Fig. 8.
The plain surface showed about 300% increased per-

formance for sprayed water compared to dry air, and
additional improvement was found with the micro-
porous surface over the plain surface.

3.3. Effects of sprayed water flow rate

Water flow rates of 1.25, 1.75, and 2.4 ml/min were
tested to investigate the trends of evaporative spray heat
transfer on plain and microporous surfaces of the flat
heater. The results are plotted in Fig. 9. Air flow through
the nozzle was controlled consistently by maintaining air
pressure at the nozzle inlet (7 psig). When heat flux was
less than ~10 kW/m?, the flow rates had no effect on the
spray cooling curves. However, for higher heat fluxes
with spray cooling, the heat transfer increased as the
water flow rate increased for both plain and micropo-
rous surfaces. This improvement resulted because the
available amount of water, fed from the sprayed drop-
lets to be vaporized, increases as the water flow rate
increases. For all three flow rates at a given AT, the
microporous structure consistently generated =50%
enhancement in heat transfer compared to that of the
plain surface. For both plain and microporous coated
surfaces, the dryout heat flux also increased by about the
same amount as the water flow rate was increased.

3.4. Microporous coating optimization

We attempted to optimize the microporous structures
for evaporative spray heat transfer. The particle sizes
and coating thicknesses were investigated as experi-
mental variables. The water flow rate was 1.75 ml/min.

40
plain (1.25 ml/min)

——
—{"}—plain (1.75 ml/min)
—O—plain (2.4 ml/min)
——
——
——

Dryout

ABM (1.25 mi/min)
3011 ABM (1.75 mi/min)
ABM (2.4 mimin)

Reference

q" (kW/m?)
S

10

0 20 40 60 80
AT(°C)

Fig. 9. Effect of water flow rate on heat transfer performance
for flat heater.
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8-12 um

100-300 um

Fig. 10. SEM images of different sizes of coating particles.

Three ranges of particle size, 812 pm, 30-60 pm, and
100-300 pm, were employed to form microporous
structures on the flat heater. The SEM images of the
different particle sizes are shown in Fig. 10 with the same
magnification for better visual comparison. The coating
thicknesses were measured to be ~50 pm for §-12 um
particles, ~150 pm for 30-60 um particles, and ~500 pm
for 100-300 um particles. The results shown in Fig. 11
reveal that the tested particle sizes produced similar heat
transfer curves. The capillary pumping phenomenon
should be stronger as the coating particle size decreases.
On the other hand, fluid flow resistance for the soaked
water within the microporous passageways increases as
the particle size decreases. Also, the wall temperature
increases due to the additional thermal resistance of
conduction as the layer thickness increases for a given
heat flux. Therefore, the possible enhancement from less
fluid flow resistance due to larger cavity size is believed
to be counterbalanced by degradation due to additional
thermal resistance from conduction and less capillary
pumping power.

The smallest particle size (8—12 um) was selected to
investigate the optimum coating thickness. The 8-12 pm
particles are the most convenient for the coating meth-
od. Fig. 12 shows the heat transfer performance with
coating thicknesses of 50, 100, 150, and 200 um on the
flat heater during tests with spray cooling and a water
flow rate of 1.75 ml/min. Microporous coatings with 150
and 200 pum thicknesses showed smaller enhancement in
spray heat transfer than coatings with 50 and 100 pm

30

—O— ABM (8-12 micron)
—{— ABM (30-60 micron)
—/— ABM (100-300 micron),
- Reference (dry)

q" (kW/m?)

AT (°C)

Fig. 11. Effect of microporous coating particle sizes on heat
transfer performance of flat heater (water flow rate: 1.75 ml/
min).

thicknesses. The 100 pm coating thickness attained the
highest heat transfer coefficient among the tested thick-
nesses. This thickness produced up to ~50% increase in
evaporative heat transfer coefficient over the 200 pm
thickness. The thicker microporous coating retains more
water droplets as the coating thickness increases due to
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Fig. 12. Effect of microporous coating thickness on heat
transfer performance of flat heater (water flow rate: 1.75 ml/
min).

the larger number of microporous cavities. However, the
evaporative heat transfer coefficient degrades extensively
due to the additional thermal resistance to conduction as
the thickness exceeds 100 pum.

4. Conclusions

Evaporative spray cooling from plain and micropo-
rous coated surfaces was investigated to understand the
heat transfer performance compared to that of dry air-
jet cooling. The current study investigated the effect of
heater geometry (flat and cylindrical heaters) and water
flow rates on spray evaporative cooling. The effects of
particle sizes and coating thicknesses were also investi-
gated.

Important findings from this study are:

(1) Evaporative cooling with spraying water dramati-
cally enhances the heat transfer coefficient over dry
air-jet cooling due to the added heat transfer by
evaporation (heat of vaporization).

(2) The microporous coating further increases the heat
transfer coefficient of evaporative spray cooling over
the plain surface due to capillary pumping action.
However, the heat transfer coefficient for dry air-
jet cooling is unaffected by the surface microstruc-
ture.

(3) The combination of evaporative cooling and coated
microporous surface enhances the heat transfer coef-
ficient by up to 400% relative to the reference case
(dry air cooling with uncoated, plain surface).

(4) The microporous coating extended the dryout heat
flux significantly (=21 kW/m?) over the plain surface
(15 kW/m?).

(5) Similar heat transfer improvements were observed
for both flat and cylindrical heaters. The increase
was less for the cylindrical than the flat heater due
to the nonwetting of the surface opposite to the
spray.

(6) When heat flux is less than ~10 kW/m?, water spray
amounts (1.25-2.4 ml/min) have no effect on evapo-
rative cooling for microporous coating. However,
for higher heat fluxes, the heat transfer increased
with the water flow rate for both plain and micropo-
rous surfaces.

(7) The size of coating particles has a negligible effect on
heat transfer performance. A nanoporous surface is
recommended for further study of particle size effect.

(8) The 100-pm coating thickness gave the maximum
heat transfer performance.
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