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Effect of Surface Material Properties and Surface
Characteristics in Evaporative Spray Cooling
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In the spray coeoling of a heated surface, variations in the surface contact angle cause a change in nucleation
characteristics and, thereby, influence the heat transfer process; a higher contact angle shows an enhanced heat
transfer due to the ease in nucleation caused by the lowered free energy associated with bubble formation.
Results are presented for different surface coatings and spray configurations. The surface rotighness variation
influences the flowfield, altering the maximum liquid film thickness, the bubble diaméter, vapor entrapiment,
bubble departure characteristics, and, thereby, the ability of the surface to transfer heat. The effect of surface

roughness on spray cooling is also studied.

Nomenclature
A = surface area
D = apparent diameter of a drop
d = diameter of a drop
F = free energy
f = surface profile function
K = thermal conductivity
p = pressure
g = heat flux
r = radius
T = temperature
I' = latent heat of vaporization
6 = contact angle
A = roughness spacing
v = specific volume
o = surface tension
¢ = angle of contact on vapor side
Subscripts
Cu = copper
Co = constantan
lg = liquid/gas interface
m = minimum
s = saturation
w = wall
Superscript

"

= vapor phase

Introductlon

URRENT heat transfer enhancément research has been

directed toward phase change processes. Such processes
take advantage of the fact that a pure substance will absorb
or release heat at a fixed temperature. The exchange of this
latent heat is feasible at low degrees of superheat, and, de-
pending on the surface, the magnitude can be far greater than
the corresponding sensible heat exchange for the same tem-
perature difference.
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Spray cooling!-3 in particular has proved to be far more
efficient than the conventional pool-boiling method of heat
removal.*-7 This is partially because the hydrodynamic in-
stabilities inherent in pool boiling in the region of the critical
heat flux (CHF) are precluded by the deposition of a thin film
of liquid®® on the surface in spray cooling. The objective of
this work is to study the effect of the surface material contact
angle and the surface roughness on heat transfer phenomena
involved in spray cooling. .

The phenomenon of wettability plays an important part in
nucleation and boiling. 10-13 The effect of contact angle is most
pronounced at CHF in pool boiling, a lower contact angle
provides better wetting and, thus, a higher transition heat
flux."1-12 The effect of contact angle on spray cooling has not
been studied earlier and this is one of the purposes of this
study.

Referring to Fig. 1, the free energy of formation AF of a
vapor nucleus of radlus rys for a contact angle § = 7 — ¢,
and surface tension oy, can be written as'

AF = %3 g,mri(1 — cos ¢ — 1 cos ¢ sin? ¢) 1)

Hence, for ¢ — 0 the value of the free enérgy change AF -
0, and for ¢ = aw, AF = AF_;... A deduction of the above
analy51s indicates that, because

p=m—190 @)

the contact angle must be = (i.e., ¢ = 0) for maximizing
vapor nucleus generation. However this would create a vapor
film on the surface that would. drastically reduce the heat
transfer. Also, the liquid would not spread on the surface,
thus creating hot spot regions leading to dryout. If the contact
angle 8 — 0; i.e., the liquid wets the surface completely, then
¢ — r; this ‘demands the maximum change in free energy for
nucleation. In wetting the whole surface, the liquid provides
maximum contact between the coolant and the heat dissipat-
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)
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Fig. 1 Critical nucleus at liquid/solid.
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ing surface, but at the same time, suppresses nucleation. If
evaporation from the free surface of the liquid is the domi-
nating heat transfer mechanism, then the suppression of nu-
cleation will be advantageous, because no resistance to heat
transfer will arise due to the formation of a vapor barrier
between the liquid and the hot surface. However, if the con-
duction resistance from the hot surface through the liquid to
the free surface is large, then the nucleation phenomenon will
play the controlling role. In such a case, a perfectly wetting
liquid provides maximum liquid/solid contact but is not con-
ducive to nucleation. On the other hand, a nonwetting liquid,
although optimum for nucleation, does not provide sufficient
liquid/solid contact, thus leading to dryout. For rough sur-
faces, entrapment of gas/vapor within the cavity is determined
by 8 > included angle formed by the cavity walls.'> All this
implies that a perfectly wetting liquid is not advantageous for
the nucleation process, although it may be better near the
dryout region.

By selecting different liquid/solid combinations variations
in contact angle, 6 can be obtained, and by spraying the liquid
using a gas atomizing nozzle, the following can be achieved:

1) The liquid is forcefully spread over the surface by the
secondary stagnation flow of the gas as a flat film, although
6 > 0, maximizing liquid/solid contact for heat transfer. =~

2) The flat film with the reduced vapor pressure at the free
surface (due to the secondary stagnation flowfield of the gas
that clears away the vapor produced) provide optimum con-
ditions for evaporation at the liquid/ambient interface.

Figure 2 illustrates the physics of evaporation/boiling taking
place within a thin film of liquid deposited on a hot surface
by droplet impingement assisted by an external gas stagnation
flowfield. If the film is ultrathin (of the order of a few microns
in the case of water), then the heat can be conducted through
the liquid to the surface, where the liquid will evaporate di-
rectly into the ambient. An air/droplet 1mpmgement field on
the surface due to an air atomizing nozzle is shown in Fig. 2.
Upon impinging the surface, the air jet forms a stagnation
point flowfield. The drops do not follow the air streamlines
close to the surface due to their relatively higher inertia. These
drops impinge on the hot surface to form flat disks, whose
thickness is much lower than the diameter of the drop.!¢ Si-
multaneously, the stagnation flowfield spreads the droplets/
disks further, through shear forces, to form a thin film on the
surface. The vapor emanating due to evaporation is swept
away by the stagnation air flowfield. Hence, the effect of the
stagnation flowfield enhances evaporation further, by clearing
away the vapor, thereby, reducing the vapor pressure in the
vicinity of the free liquid surface. Thus, the possibility of phase
change at or below 100°C; i.e., with negative superheats,
exists for water at 1-atm ambient pressure. Also enhanced is
wettability, (i.e., liquid/solid contact) for liquid/solid combi-
nations that do not have contact angles near zero.

Concurrently, if the superheat is sufficient, nucleation will
occur at the liquid-solid interface, the radius above which the
bubble will survive and grow being given by

. 20T
T, - T) ®

In the case of nucleate boiling, roughness plays a governing
role in the enhancement of heat transfer. Rough surfaces have
been shown to exhibit a lower superheat for boiling because
of the increase in vapor entrapment by the large cavities of
a rough surface, which then act as nucleation sites.'>” Fur-
thermore, the heat transfer also improves due to the increase
in surface area subtended by the roughness elements.

The heat transfer and the nucleation site density depends
upon the distribution of the roughness elements, i.e., pri-
marily on A, the spacing between the roughness elements.”-18:17
Consider nucleation on a rough wall. As the density of the
nucleation sites increases, at first the heat flux will increase,
as would be expected. However, as the nucleation sites get
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closer, the growth of the bubbles created by adjacent sites
will cause the bubbles to combine and form a vapor barrier,

leading to dryout.?®-? Hence, there may exist a configuration
that produoes the maximum heat flux at the lowest superheat,

the spacing in this configuration, being far more than that for
a densely packed surface.?

In spray cooling, the thermal boundary layer is limited by
the thickness of the liquid film. The bubble, on emerging from
the cavity and growing above the liquid ﬁlm, will be exposed
to temperature gradients and the forces of the external flow-
field (see Fig. 2). The bubble temperature being higher, will
induce its walls to evaporate into the ambient. Second, the
temperature gradients in the vicinity will make the bubble
unstable.?*? Third, the external droplet/ambient flowfield also
physically assists in the early departure/breakup of the bubble.
Thus, the bubble breaks up much sooner than it would in
pool boiling or even in most cases of flow boiling. Thus, the
formation of the vapor blanket on the surface is delayed
permitting a higher heat flux to be sustained.

A surface profilometer was used to obtain the surface pro-
files of the different surfaces used in this study. In all, two
surface roughnesses were studied. The first surface was pol-
ished with 14-um grit emery paper and the second surface
was lapped with 0.3-um lapping compound. To study the
effect of contact angle, the surface polished using the 14-pm
grit emery paper was successively plated with an extremely
thin layer of nickel and gold, respectively. Next the surface
coordinates for all of these surfaces were obtained using a
diamond tip profilometer with a resolution of 0.1 u. Profi-
lometer measurements of the plated surfaces (presented under
“Results and Discussion’) indicate that the roughness value
does not change appreciably with the addition of the plating.
Second, because the thermal conductivity of the nickel and
gold is high and the thickness of the plating is small, its resist-
ance to heat transfer is considered negligible.

Experiments were performed on the surfaces described above
for 1) different coolant flow rates; 2) atomizing air flow rates,
which allow variation in both droplet size and droplet velocity;
and 3) coolant temperature or degree of subcooling. Thus,
this study provides information on the influence of s_urface
conditions under various regimes of spray-cooling heat trans-
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Surface Preparation

In all, three surface materials were tested. The first was an
oxygen-free copper surface (the block material). The surface
was polished in one direction only using 14-um grit emery
paper such that it had a definite “lay.”2° The second surface
was prepared by electroplating the copper surface with nickel.
The thickness of the coating being minimal, the temperature
drop across it can be neglected, and it is assumed that the
surface temperature is the same as that predicted for the bare
copper surface. The third surface was similarly prepared by
electroplating 24-carat gold over the nickel surface, again the
thickness of gold coating was negligible (roughness values for
the three surfaces are comparable, indicating similar rough-
ness conditions; data are provided in “Results and Discus-
sion”). For the surface roughness part of the experiments,
two surfaces polished successively with 14-um grit emery pa-
per and 0.3-pm lapping compound, were tested.

Experimental Description

Because large thermal gradients are required to drive large
heat fluxes through any surface (>1500 W/cm?), care must
be taken in the design of the apparatus in order to arrive at
temperatures within the body that maintain the physical and
chemical integrity of the system.

With reference to Fig. 3, high-power tungsten-in-quartz
heat lamps are inserted into the lower cylindrical copper heater
block of 33-mm diam X 25-mm high. This system; i.e., the
tungsten filament, which can be viewed as a line element
radiative heat source, (temperature = 2200°C, 0.5 =A =<4.5
um), enclosed within a cylinder closed at its ends, constitutes
a black body. Thus, all the radiative energy is absorbed into
the copper block. This heat is then conducted through the
pyramidal construction to the surface to be cooled. The design
is such as to arrive at a uniform temperature on the surface
to be cooled. These radiation lamps have a fast thermal re-
sponse (99% rated power within 3 s), can withstand high
temperatures by virtue of their sealed quartz envelope, and
provide a high radiative heat flux. Depending on the heat
flux required, a multiple number of these lamps can be used
in this setup.

The temperature controller, shown in Fig. 3, monitors the
temperature of the cooled surface, maintaining it at some
preset value by sending a control signal to the phase-angle
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Fig. 3 Temperature measurement and control setup.

SCR power supply, which in turn regulates the power to the
quartz lamps by varying the phase angle on each ac cycle
proportional to the control signal. In the event of an overshoot
in the temperature of the surface, an alarm disconnects the
power to the heaters via relays. The power to the lamps along
with the temperatures are continuously indicated by the panel
meters and recorded by the data acquisition system. All pro-
cess parameters are displayed and stored on the PC.

The heat source consists of two parts; namely, the lower
cylindrical copper body with inserted radiation lamps; and the
9-mm X 9-mm-square crown (8 mm high) or cooled surface
(shown in Fig. 3) from which heat removal is desired. The
whole assembly (excluding the surface exposed to the spray)
is insulated in high-temperature insulation to keep heat losses
to a minimum. By measuring the temperature difference across
a known distance in a section of the crown where the isotherms
have flat profiles, the heat flux can be determined using Four-
ier’s law of heat conduction.

At a desired heat flux of 1000 W/cm? in a copper body of
uniform cross section, the temperature gradient is 25.4°C/mm.
This requires that the size of the thermocouple be of the order
of 40 um for a temperature measurement resolution to be
within 1°C. Temperature measurement using such fine ther-
mocouples is not recommended at such high temperatures,
being more susceptible to standard wire errors, corrosion, and
failure. Second, an uncertainty analysis

2 2
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implies that the prediction of the heat flux is also dependent
upon accurate measurement of the distance between the two
thermocouples Ax. Ideally, this is a parameter in the heat flux
equation, which should be minimized for maximum temper-
ature reduction within the system.

An alternative method of temperature measurement” would
be to use a thin film of constantan (127 wm thick, in this case,
selected because with copper it composes a thermocouple),
interleaved between the copper surface on the top, (which
constitutes the cooled surface shown in Fig. 3), and the heated
copper block at the bottom, located in a region of the crown
3 mm above the lower copper block, where flat isotherms are
predicted. Constantan has a low thermal conductivity, (21.12
W/mK), thus, the thinner the film, the lower the temperature
rise across it. Second, the film thickness measurement Ax
when accurately determined (127 = 12 um), further reduces
the uncertainty in the heat flux prediction.

The thermocouple junction cannot be assumed to be iso-
thermal because a heat flux exists across the solder layer (50—
70 wm thick). Hence, a simple copper-constantan thermo-
couple calibration is invalidated. Therefore, copper-silver and
silver-constantan calibrations were obtained and the corrected
temperatures used in the calculation of the heat flux. Knowl-
edge of the heat flux allows evaluation of surface temperature
by extrapolation

Tsurf = TCn - q(AxCu/KCuA) (5)

Spray System

An air-atomizing nozzle was used to generate homogeneous
droplet sprays over small areas (approximately 15-mm di-
ameter). A thin (<0.5 mm) annular liquid stream of distilled,
deionized water is aspirated or injected into the path of an
accelerating jet of air (minimum jet diameter = 0.7 mm).
Through surface shear forces, the air jet atomizes the liquid
into small droplets (ranging in size from 7 to 25 um, depending
on liquid and air flow rates), and imparts momentum to them
(6-61 m/s, see Table 1). The compressed air to drive the
nozzle is supplied at 584 kPa with a relative humidity of nearly
100%. A regulating value is used to reduce the pressure of
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the moist air; as a result, the exit relative humidity of air is
found from calculations to be less than 30%.

Droplet Size and Velocity Measurement
Using a single-component phase-Doppler particle analyzer,
droplet size and velocity distributions were obtained over the
surface for a fixed set of air and water flow rates. Table 1
provides the flowfield parameters for ten different cases used
in the experiments presented later.

Results and Discussion

Using the air-atomizing nozzie spray system, water was
sprayed onto the surface at varying air and water flow rates.
Table 1 provides the parameters of the flowfield for ten dif-
ferent cases of liquid and gas flow rates. A number of ex-
periments were performed to check for repeatability, occur-
rence, and value of the critical heat flux (CHF). The experiments
are repeatable in heat flux within =50 W/cm? and =2°C in
surface temperature. At the lower coolant flow rates, the
control of the flow was within 0.3 /h. Experiments were
begun at room temperature and ramped up continuously until
Leidenfrost conditions were reached. The heaters were then
switched off and the recorded data analyzed. The power was
ramped up slowly enough to ensure that the measurements
were quasisteady. Heating up and cooling cycles were per-
formed up to and prior to the CHF region. The hysteresis
noted was minimal, indicating a negligible effect of any ex-
isting transient conditions. The block was gradually heated to
higher temperatures by increasing the set-point temperature
of the controller. The surface temperature was, thus, in-
creased to about 210°C in most cases; the dryout occurred in
the range of 200-215°C for all the cases.

Figure 4 shows the effect of varying the water flow rate at
a constant air flow rate for a copper surface polished with 14-
pum emery paper. It can be seen that increasing the water

Table 1 Experimental flowfield parameters

Average Air pressure/
Water flow Drop size velocity, flow rate,
rate, V’h range, gm m/s psig, I/s
4.0 15-20 10-55 60/0.32
4.0 16-20 8-46 40/0.25
4.0 17-25 6-42 20/0.16
2.0 9-16 27-61 60/0.32
2.0 10-16 19-50 40/0.25
2.0 14-20 13-32 20/0.16
1.0 7-14 9-47 75/0.38
1.0 8-14 9-44 60/0.32
1.0 9-15 10-38 40/0.25
1.0 11-15 7--28 20/0.16
.
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Fig. 4 Effect of water flow rate.
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flow increases the heat flux at any given temperature. At
lower temperatures, the instantaneous local heat transfer
coefficient in the region of droplet impact increases with the
increasing flow rate, thereby arising in an increase in the
overall heat transfer over the whole surface. It was seen that
there occurred a saturation of heat flux, (i.e., there was no
increase in heat transport for further temperature rise of the
surface > 180°C) in the case of water flow rate of 1 I/h. This
was due to the fact that, for this flow rate, almost all the water
falling on the surface evaporates, thus, an increase in tem-
perature beyond a certain point leads to little change in heat
flux until the dryout temperature is reached.

Figure 5 shows the effect of varying the air flow rate on the
heat flux for a copper surface polished with 14-um emery
paper. As the air flow rate is increased, for the same liquid
flow rate of 1 I/h, a thinner liquid film is expected on the
surface. This is true because, first, the droplets are smaller
in diameter and have higher velocities, which upon impinging
the surface will flatten to thinner disks. Second, the stagnation
flowfield due to the air has increasing ability not only to
squeeze the film thinner, but also to sweep away the evap-
orating vapor, creating a lower partial vapor pressure on the
surface of the liquid. Below 100°C, subcooled liquid forced
convection and evaporation play an important part. The drop-
lets impact with higher velocities as the air flow rate increases
(see Table 1). Hence, the instantaneous local heat transfer
coefficient in the region of impact is higher, leading to an
overall higher heat transfer rate as evidenced from Fig. 5.

Comparing the effect of air flow rate and water flow rate,
it can be seen that air flow rate has a more pronounced effect
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Fig. 5 Effect of air flow rate.
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in the temperature range of 100°C to about 160°C. An increase
in water flow rate tends to have very little effect on the heat
flux vs temperature curve in this temperature range because
a higher water flow rate results in a thicker liquid film that
decreases the evaporation from the free surface, thus can-
celing out the effect of increased convection. On the other
hand, an increase in air flow rate leads to a thinner film,
increased convection, and reduced partial vapor pressure. At
higher temperatures (>160°C) the amount of water falling on
the surface becomes more important because of increased
phase change at these elevated temperatures.

The effect of coolant temperature at a flow rate of 1 I’h on
a copper surface polished with 14-um emery paper is shown
in Fig. 6. As seen the heat flux for the higher temperature
coolant is lower at first, this is because in the initial stages
the heat transfer is mainly sensible heating of the coolant and
this will be lower for the coolant at higher temperature. At
around 100°C the slope of the curve for the hotter coolant
changes dramatically as compared to the room temperature
coolant. This is because the hotter coolant requires lesser
sensible heating before phase change, hence, more of it va-
porizes as compared to the cooler fluid. As the temperature
of the surface increases the higher temperature coolant spray
reaches the saturation heat flux (region of little slope before
CHEF) earlier than the cooler fluid spray. The saturation heat
flux is lower as it lacks the sensible heating part (which makes
up about 10-15% of the total heat flux) of the heat transfer
process as compared to the cooler fluid spray.

Contact Angle Effects

As mentioned earlier (see “Surface Preparation’) three
different surface materials were used for studies concerning
the effects of wettability on spray cooling. It is well known
that gold has a very high contact angle (all contact angles are
with reference to water) as compared to copper and nickel.
In fact, nickel has almost the same contact angle as copper.!’
Contact angle measurements were done using a contact angle
viewer that provides a magnification of x40. In order to
measure the contact angles of the surfaces used in the ex-
periments a thin strip of copper (about 75-mm-long) was coated
with nickel for one-third of its length, the next one-third was
left bare, and the last section was coated with gold. The proc-
ess used for the coatings was exactly the same as that used in
the experiments. The surface was then cleaned with methanol
and a drop of water was put on each of the three sections.
The instrument was then used to view a magnified profile of
the drop and measure the static contact angle by aligning a
protractor tangential to the drop at the liquid/solid interface.
Thus, all the three surfaces were given identical treatment
and, hence, the relative values of the contact angles are a true
representation of the actual differences in the contact angles.
The results of the contact angle measurements are presented
in Table 2. Four sets of measurements are presented here. It
can be seen that gold has a much higher contact angle as
compared to copper and nickel. It should be noted that dy-

Table 2 Contact angle

Contact angle

Material 8, deg
Copper 47 £ 3
Nickel 48 + 4
Gold 63 + 4

Table 3 Roughness

Roughness
Material R,, pm R,, um
Copper 0.08 0.20
Nickel 0.08 0.20
Gold 0.11 0.20

namic contact angle is usually much higher than the static
contact angle, therefore these measurements are not really
representative of the actual situation. However, for the pur-
pose of this study, it is sufficient to note the relative magni-
tudes of the contact angles.

Table 3 provides the roughness values R,,, R, of the copper,
nickel, and gold surfaces prepared with 14-um emery paper.
It is noted that the values of the surface roughnesses is com-
parable. Here, R, is the geometric average roughness defined
as the rms of the roughness heights about a mean line. R, is
the maximum height of the profile above the mean line within
the assessment length.

Figure 7 shows the effect of the contact angle on heat trans-
fer characteristics for a water flow rate of 4 liters’h and an
air flow rate of 0.16 l/s. As can be seen, there is a definite
increase in slope for gold at around 100°C as compared to
copper, and thereafter the gold surface gives a higher heat
flux until at around dryout where all the curves begin to
merge. The nickel surface curve lies between gold and copper
as would be expected. This leads us to believe that the higher
contact angle of gold enhances nucleation further than for the

-copper or nickel surfaces.

Figures 8 and 9 show the effect of the surface material at
a flow rate of 1 I/h and 2 V/h of water, respectively, and at an
air flow rate of 0.16 I/s. Fourteen-micrometer emery paper
was used for polishing. Again the trends are as those men-
tioned for the case of Fig. 7. It is observed that at the lower
water flow rate the effect was less pronounced than for the
higher water flow rate. Three mechanisms come into play in
such a comparison.
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1) The higher contact angle provides a better possibility for
nucleation and, hence, enhanced heat removal.

2) The higher contact angle provides a more stable and
surface adhering bubble. Because the nucleating bubbles are
not swept away instantly by the faster flow and are able to
reach some optimum size before ejection, thus providing a
higher contribution to phase change heat transfer.

3) The high subcooling at the higher flow rates delays the
onset of nucleation (100°C for 1 I/h and 110°C for 2 Vh).
Increasing the air flow rate tends to thin out the film and
increases the convection, thus initially nucleation is more or
less suppressed at higher air flow rates. Experiments to study
the effect of increased air flow rates (>0.25 1/s) for different
surface materials, indicate that the heat transfer capability of
all three surfaces are very close, though the gold surface still
shows a little higher heat flux between 100°C and the satu-
ration region. The saturation heat flux under such conditions
is same for all the materials.

Surface Roughness Effects

Two different surface roughnesses were studied. These were
the 14-pm grit polish and the 0.3-um grit polish on a copper
surface. The surface profiles for these two surfaces were mea-
sured (the surface profiles for the gold and nickel surfaces
were also measured) using a diamond tip profilometer. The
profiles are shown in Figs. 10a and 10b, respectively. The
experiments were then performed on the smoother surface
and the results compared with the results obtained earlier
using the rougher surface.

As shown in Fig. 11, something startling happens at around
80°C for the smoother surface. The heat flux just shoots up
at near constant temperature and later an increase in tem-
perature shows an increase in heat flux (the surface temper-
ature was not increased into the dryout regime for the fear
of oxidizing this highly polished surface). As can be seen the
increase is almost 40-50% in heat flux at any temperature
above 80°C. This steep increase in heat flux is because a very
smooth surface provides 1) a liquid film thin enough to evap-
orate, by conduction through the liquid film, from the free
surface; and 2) a decrease in vapor pressure at the free surface
caused by the air flowfield. This secondary flow of air causes
the liquid to evaporate at a temperature much lower than its
saturation temperature at atmospheric pressure. A detailed
description of this effect is provided in Ref. 19.

This phenomenon of a steep rise in heat flux without change
in surface temperature provides 1) a very efficient means of
heat removal at a very low surface temperature; and 2) the
heat dissipation can increase by a large amount without al-
tering the surface temperature. This can be of great advantage
in applications where varying heat fluxes have to be dissipated
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but, the temperature has to be maintained within narrow
limits.

The effect of surface roughness for rougher surfaces (i.e.,
rougher than the 14-pm grit polished surface) was also stud-
ied. It was found that any surface rougher than the threshold
of a 0.3-um surface polish had no noticeable enhancing heat
transfer effect.
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Uncertainty Analysis

The heat flux is calculated by using Fourier’s law of heat
conduction across the constantan film to give

q = kCo (ATCO/AXCO) (6)

Here, g is a function of AT and Ax. Then the uncertainty
(elemental propagation of errors being taken into account)
in the value of g obtained using measurements of AT and Ax

is given by
2 2
‘ K KAT
w, = =* J(E WT) + (sz wx) )

where w; and w, are the uncertainties in the measurement of
the temperature across and the thickness of the constantan
film and w, is the uncertainty in the heat flux. When the
uncertainty is represented as a ratio of

w! = 100 w,/q (8)

and an uncertainty analysis performed using Egs. (7) and (8)
over the presented data it is observed that w; < 10%. The
uncertainty in the surface temperature is wy s < 1.6%.

Conclusions

The ability of three different surfaces of copper, nickel, and
gold to dissipate heat under conditions of spray cooling using
air atomized nozzles was studied. Heat flux rates were ob-
tained for two different rough surfaces for liquid flow rates
of 1-4 V/h and air flow rates of 0.1-0.4 I/s.

In conclusion, the following points may be noted:

1) A higher water flow rate results in an increase in heat
flux partially due to the increased convection resuiting from
the increased local heat transfer coefficients in the region of
droplet impact.

2) A higher air flow rate results in an increase in heat flux
due to a) an increase in air flow rate increases the momentum
of water drops and thus increases local convection; b) in-
creasing the air flow rate results in a decrease in the liquid
film thickness, this enhances the evaporation from the free
liquid surface; and c) removal of vapor evolving from the
liquid film improves by increasing the air flow rate, this results
in reduced partial pressure of water vapor near the free sur-
face of the film, which in turn reduces the phase change tem-
perature in that region. Air flow rate was shown to have
greater effect as compared to water flow rate for moderate
temperatures (100-160°C).

3) A higher coolant temperature gives a lower heat flux
below the boiling point temperature, but later the heat flux
vs temperature curve shows a higher slope than the cooler
spray case. The maximum heat flux obtained is lower for the
hotter spray because of the reduction in sensible heating of
water.

4) A higher contact angle promotes nucleation and, hence,
shows a higher heat flux between 100°C and CHF. This effect
(though not as pronounced as that due to an increase in air
or water flow rate), leads to the conclusion that nucleation
does play a major role in spray cooling.

5) A very smooth surface (better than 0.3-um polish) shows
a dramatic increase in heat flux due to the thinner liquid film
which causes the liquid to evaporate from the free surface
through direct conduction.

This study has shown that nucleation does in fact influence
the heat transfer process in spray cooling. Also, that a very
smooth surface can dissipate a very high heat flux at low
temperatures. The contribution of various heat transfer phe-
nomena such as conduction, convection, and nucleation re-
mains uncertain because of the very complex nature of the

spray cooling process and the difficulty in measuring the liquid
film thickness. Attempts are being made to measure the liquid
film thickness. Numerical modeling and experimental work
is also under way to determine the effect of parameters such
as droplet size, velocity, and distribution in order to arrive at
a means of predicting the heat transfer through correlations.
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