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Operation of power electronics at liquid nitrogen (LN2) temperature is a very attractive possibility. However,
a high heat flux (over 100 W/cm2) cooling technique like spray cooling will have to be used to realize all the
advantages of low-temperature operation. This study provides empirical correlations for LN2 spray cooling. A
general semiempirical correlation (based on macrolayer dryout model) for spray cooling critical heat flux (CHF)
is obtained. This correlation is shown to be very accurate for predicting spray cooling CHF for different liquids
and spray conditions. An empirical correlation for heat flux is also presented. This study also shows the
importance of surface roughness for spray cooling with liquid nitrogen. The rougher surfaces were shown to
have significantly higher heat transfer rates and similar CHFs occurring at lower temperatures.

Nomenclature
C, = liquid specific heat at constant pressure, J/kg-K
D = hydraulic diameter of heater surface, m
d = diameter of a droplet in a spray sample, m
d(l — diameter of the liquid disc formed by an impinging

drop, m
d2() = surface mean diameter of spray, (2 d2A/V,)1/2, m
dM) = volume mean diameter of spray, (S d3A/V,)1/3, m
d^2 — Sauter mean diameter of spray, (S <aP/S d2), m
G = mass flow rate per unit surface area, kg/m2-s
hft, = latent heat of vaporization, J/kg
k = thermal conductivity of heater block, W/m-K
kt = liquid thermal conductivity, W/m-K
/ = distance between two thermocouples in the heater

block, m
ml = liquid mass flow rate, kg/s
N = rate of droplets impinging per unit area,

6W(W3
( )),/m2-s

N, = total number of droplets in the spray in a sample
time

q" = heat flux, W/m2

q" = critical heat flux, W/m2

Ref) = Reynolds number, p,vDI^L,
rsat = saturation temperature, K
Tw = surface temperature, K
uh = velocity of growing bubble surface, m/s
V = volume flow rate per unit area of heater, rrvYmr-s
v = average spray droplet velocity, m/s
j8 = spreading ratio, ddld2{}
AP, = pressure drop across nozzle exit, Pa
AT = superheat, Tw - Tsat, K
8 = initial macrolayer thickness, m
IUL, = dynamic viscosity of liquid, N-s/m2

p, = liquid density, kg/m3
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pv = vapor density, kg/m3

cr = surface tension, N/m

Introduction

T HE advantages of operating electronics at low temper-
atures have been enumerated in numerous studies.1"4

However, even at low temperatures, high heat flux removal
techniques will be needed for some superconducting circuits
and high-voltage power conversion applications.

This has led to interest being focused on spray cooling as
the high heat flux removal technique. Spray cooling with liq-
uid nitrogen (LN2) has been used in the food storage industry
to rapidly and efficiently freeze the perishable goods. Spray
cooling with water has found use in cooling steel forgings and
in continuous casting process. All of these uses, however,
have involved surfaces with much higher temperature as com-
pared to the fluid used for spray cooling (high superheats).
At these temperatures the fluid does not wet the surface and
the heat transfer is by the process of conduction through the
thin film of vapor that exists between an impinging droplet
and the hot surface. The phenomena involved in this form of
spray cooling has been widely studied.5-6 This form of spray
cooling has a low heat transfer coefficient h, and thus, is not
very useful for applications that involve high heat fluxes.
However, the same spray is capable of providing extremely
high heat transfer coefficients at low superheats.7'9 If we com-
pare spray cooling to the other cooling methods we find that
the heat transfer coefficients are significantly higher. For in-
stance, pool boiling with water has h ~ 5 x 104 W/m2-K,
while, for spray cooling using water, h over 5 x 105 W/m2 • K
has been observed.8 Another major advantage of spray cool-
ing is that much higher heat fluxes can be achieved at relatively
low surface temperatures (i.e., high critical heat flux). Spray
cooling with water has been shown to be capable of removing
close to 10 MW/m2 at temperatures lower than 140°C under
normal surface conditions.7"9 For very smooth surfaces heat
fluxes higher than 10 MW/m2 have been achieved at surface
temperature lower than 105°C, using water as the coolant.8

Most of the earlier spray cooling research involved low heat
fluxes and low fluid flow rates.10-11 In the past few years a
significant amount of work has been done in high heat flux
spray cooling research.7"9-12"14 The complexity of the phe-
nomena involved have, however, frustrated attempts to suc-
cessfully model the process. A comprehensive predictive cor-
relation/model for spray cooling has not been available. A
number of studies have attempted to correlate the spray cool-
ing characteristics with the spray parameters.15-16 However,
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none of these correlations are very useful unless the same
fluid and nozzle used in the study are being used. This is due
to the fact that none of these studies compared different liq-
uids and nozzles, and therefore, provided only simplistic cor-
relations.

Hence, the main objective of this study is to obtain cor-
relations for the heat transfer characteristics of spray cooling
with liquid nitrogen. This is done by experimentally obtaining
heat transfer data for LN2 spray cooling under different spray
conditions. The results of these experiments have been re-
ported in a previous study.1 However, the spray parameters
were unavailable at the time of that study. The spray param-
eters were measured as part of this study and are used in
correlating the data reported earlier. The following sections
describe the experimental setup and procedure, results, and
correlations.

Experimental Setup and Procedure
The schematic diagram of the experimental setup is shown

in Fig. 1. The experimental chamber contains the heater,
nozzle, and view ports. The high-pressure LN2 dewar is used
to supply liquid nitrogen to the nozzle. A heat exchanger
between the dewar and the nozzle is used to subcool the high-
pressure liquid down to about 78 K. Since the chamber is
always maintained at atmospheric pressure, the liquid spray-
ing out of the nozzle is always close to saturation if the up-
stream temperature is maintained at about 78 K (assuming
isentropic expansion). All the lines were insulated with poly-
urethane foam to minimize heat gain. During preliminary
experiments, it was found that, at low flow rates, it was very
difficult to maintain a single phase fluid supply into the nozzle
inlet, this resulted in violent pressure fluctuations and even-
tual disruption of flow. This happened because the heat gain
into the line was sufficient to vaporize a part of the liquid
flow at low flow rates. In order to overcome this problem, a
bleed port was provided just prior to the nozzle. Thus, the
total flow through the line could be maintained high enough
to prevent vaporization. The bleed flow was vaporized by
passing it through a long heat exchanger tube coil placed in
a hot water bath. The bleed flow was continuously monitored
by a mass flow meter measuring the flow rate of gaseous
nitrogen exiting the heat exchanger.

The heater block is made out of oxygen-free copper. An
electric cartridge heater inserted inside the copper block pro-
vides the heat. The heat transfer surface is a 1-cm2 circle on
the top of the block. The detailed design of the heater block
is given in the previous study.1 Two thermocouples in the
copper block below the heat transfer surface measure the
temperature gradient below the surface. The thermocouple
distance was sufficient to enable extrapolation of average sur-
face temperature even if a moderate lateral temperature gra-
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Fig. 1 Experimental setup.

dient existed on the surface (a 5 K lateral gradient was used
to obtain the design values). The heat flux and the average
surface temperature is estimated from these thermocouple
measurements. All surfaces of the heater block except the
top are insulated using polyurethane foam (thermal conduc-
tivity: 0.035 W/m • K) to prevent heat loss. The heat loss from
the block was estimated to be less than 2% with this insulation
(based on calculations assuming that the outer surface of the
insulation is at LN2 temperature). The heat input from the
cartridge heater was determined by measuring the power in-
put to the heater using a power transducer. This measurement
was used to confirm the heat flux calculated from the tem-
perature gradient and validate those calculations.

In addition to those in the copper block, thermocouples
were also placed on the insulation surface, inside the chamber,
on the nozzle body, in-stream near nozzle inlet, in the sub-
cooling heat exchanger, and on the chamber surface. The
liquid flow rate to the nozzle is calculated by subtracting the
bleed flow rate from the flow rate measured by an orifice-
flow-meter. All of the thermocouples and the power trans-
ducer output were read by a Fluke Helios Plus data acquisition
system connected to a personal computer.

An experimental run involved spraying the LN2 at a certain
pressure and 78 K through the nozzle onto the heater surface.
The roughness of the heater surface was measured before the
heater was installed in the chamber, and also at the conclusion
of the whole set of experiments. The average roughness Ra
was measured by a surface profilometer (Surtronics 3P, Rank
Taylor-Hobson, Ltd.), and was in the range of 0.05-0.15
ju,m, both before and after the experiments. The surface was
cleaned with a very dilute solution of hydrochloric acid and
then rinsed with deionized distilled water and propanol prior
to each set of experiments. Before beginning the experiment,
the chamber is flushed with nitrogen to expel any air or water
vapor. The subcooling heat exchanger shell is filled with LN2
and the fluid is allowed to flow from the dewar to the nozzle.
The bleed port is kept fully open until the line cools down to
LN2 temperature. This is evidenced by the temperature of
the nozzle reaching 78 K. The pressure of the dewar is then
set at the desired value by venting the dewar or pressurizing
it from a N2 gas cylinder. The bleed valve is adjusted until
the bleed flow is as low as possible while still sufficient to
maintain the nozzle temperature at 78 K. The nozzle height
and alignment are adjusted to ensure that the spray covers
the whole heat transfer surface and all the spray impinges the
surface.

The power to the heater cartridge is then increased grad-
ually until dryout of the surface occurs. After each step in-
crease in power, sufficient time is allowed for all the tem-
peratures to reach steady state. The power to the heater is
cut off immediately following the dryout. Dryout is evidenced
by the rapid increase in temperature readings of the two ther-
mocouples inside the copper block. Upon dryout, the tem-
perature of the surface usually reaches about 200 K because
of the thermal inertia of the heater block. The data recording
is continued until the surface temperature falls back to about
80 K under the same spray conditions. Although these cool-
down readings are not at steady state, the correct heat flux
and surface temperature can be estimated by correcting for
the temperature transients. The cooldown readings provide
the heat transfer characteristics for LN2 spray cooling in the
Leidenfrost point region.

In general, a set of runs were taken consecutively until the
LN2 in the dewar ran out, or, the nozzle had to be changed.
The set of results presented here involved four nozzles: 1)
TG0.3 (0.76 mm), 2) TG0.5 (0.61 mm), 3) TG0.7 (0.51 mm),
and 4) FL#13 (0.38 mm) (the figures in parentheses indicate
the nozzle orifice diameter for each nozzle). The TG series
nozzles are full-cone pressure atomizing nozzles commercially
available from Spraying Systems Co., Wheaton, IL. These
nozzles have a flow swirler before the orifice that creates
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turbulent flow for effective atomization. The FL#13 is a flat
disc-shaped nozzle with radial grooves leading to the orifice
(for creating turbulence).

The experiments were carried out for five to six different
pressures for each nozzle (207, 276, 414, 552, 690, and 828
kPa). The nozzle inlet pressure was continuously monitored
by a Bourdon gauge connected to the low-pressure side of
the orifice-flow-meter. The spray cone for the FL#13 nozzle
(about 40 deg) was much narrower than that for the TG series
nozzles (about 60 deg). The nozzle height above the surface
was varied to keep the surface covered with spray, all the
experiments with TG series nozzles had approximately the
same nozzle height: 1 cm; the height for the FL#13 nozzle
was 1.6 cm. The nozzle height was adjusted such that the
spray cone hit the whole surface and did not extend beyond
it. All the nozzles used in this study had no nonuniformities
in the angular direction (i.e., the spray cones always had a
circular cross section). The spray parameters: droplet size
distribution and velocity distribution were measured by a phase
Doppler particle analyzer (PDFA). These parameters could
be measured using the PDPA system through the windows
provided on the experimental chamber.

The spray parameters of importance are the droplet size
and velocity distribution at the heat transfer surface. These
parameters were measured at appropriate distance from the
nozzle exit (1 cm for TG nozzles and 1.6 cm for FL#13 nozzle).
Thus, the droplet velocity and size distributions at various
radial positions in the plane perpendicular to the nozzle axis
were measured for each nozzle at the same flow conditions
used in the heat transfer experiments.

Uncertainty Analysis
The heat flux is measured by using the temperature gradient

readings provided by the two thermocouples in the copper
block (using Fouriers's law: q" = &A77/). Hence, the uncer-
tainty in heat flux measurement is related to the uncertainty
in the measurement of temperature difference between the
two thermocouples in the copper block. The manufacturer
specified uncertainty in the temperature measured by E-type
thermocouples is 1.7 K. However, at a heat flux of 0 W/m2

(at 78 K), the two thermocouples always read within ±0.25
K. Thus, this is a better measure of the error in AT (note that
this AT is not the superheat). The relative uncertainty in
thermal conductivity of copper (A/c/A;) is 0.02. The two ther-
mocouples are located in holes that have a diameter of 0.5
mm each and are 16.5 mm apart (center-to-center distance).
The relative uncertainty in distance between the thermocou-
ples (A///) is, therefore, 0.06. Hence, the maximum relative
uncertainty in heat flux measurement comes to 0.08 + 0.25/
AT. This uncertainty decreases with increase in AT. Near
critical heat flux, the AT is usually on the order of 50 K. Thus,
the uncertainty in CHF is close to ±8%.

The surface temperature is calculated by extrapolation from
the two thermocouple readings. The maximum uncertainty in
surface temperature was found by calculations to be 3.0 K at
a heat flux of 1500 kW/m2. The nozzle pressure is measured
by a gauge having a least count of 13.8 kPa (2 psig). Since
the mass flow rate is estimated by using an orifice-meter, the
uncertainty is composed of the error in pressure drop mea-
surement and the error in discharge coefficient Cd. The dif-
ferential pressure transducer has an uncertainty of 2%, and
the uncertainty in Cd is about 3%. Thus, the uncertainty in
mass flow rate is less than 5%.

Results and Discussion
Since most of the LN2 spray cooling heat transfer data used

in this study was reported in a previous study,1 the results of
spray parameters measurements are presented first. The mea-
surements were carried out by an Aerometrics PDPA system
having the ability to measure the droplet size distribution and
the velocity along a single flow direction. The velocity dis-

tribution data obtained during the experiments was very re-
peatable and easy to obtain. The same was not true for the
droplet size distribution. Since the sprays produced during
these experiments were very dense and consisted of very fine
droplets, the PDPA system had a great difficulty in providing
consistent data. Also, the very nature of optical measurements
biases the instrument in favor of the larger droplets.

The dense nature of the spray prevented the droplet di-
ameter data collection for high-pressure cases for all the noz-
zles. The reliability of the data is related to the validations/
samples ratio. The PDPA system uses three in-line detectors
to collect the phase shift data that is used to calculate the
droplet size. Thus, it takes two readings of the phase shift of
the Doppler signal, between the first and second, and, the
second and third detector. If the readings do not match, more
than one droplet was probably present in the probe volume
and that sample is therefore rejected. Thus, the system pro-
vides a validations/samples ratio that is a measure of the re-
liability of the spray distribution characteristics measured.
The validations/samples ratio for droplet diameter measure-
ments was too low to be reliable in most cases. Even for the
low-pressure sprays this ratio was as low as 0.6, i.e., almost
half the data samples were rejected.

Since reliable data on the Sauter mean diameter d32 could
not be obtained for the majority of cases, a correlation for
d->2 had to be used. Lefebvre17 suggested a general correlation
for dv for pressure-atomizing-swirl nozzles based on extensive
data and literature survey. This correlation, shown here as
Eq. (1), underpredicts the d32 values measured experimentally
in this study (but the trend of the data was correct). However,
the reliability of those measurements was questionable, and
therefore, the deviation showed by the correlation is not un-
reasonable. Table 1 shows the d32 values predicted by the
correlation and the measured values (in parentheses) for some
cases. The values of d32 calculated from the correlation were
used for data reduction purposes:

d32 = 2.25a-0-25/ty-25w?-25AP/-°-5Pv"0-25 (1)

The velocity distribution from the measurements was rea-
sonably repeatable and could be considered reliable. The av-
erage velocities for the test cases, at the center of the spray,
are shown in Table 1. The velocity distribution for any lo-
cation was always Gaussian with a standard deviation of 2—
4 m/s. The spray velocity as a function of the radial position
in the spray was also obtained. In all cases, the velocity dis-

Table 1 LN2 spray parameters

Nozzle
FL#13

TG0.3

TG0.5

TG0.7

Pressure,
kPa
276
414
552
690
828
276
414
552
690
828
207
276
414
552
690
828
276
414
552
690
828

G,
kg/m2s

16.9
20.3
23.3
25.6
27.8
20.6
24.9
28.4
31.3
34.1
37.3
42.8
51.4
58.9
65.0
70.6
55.4
66.7
75.8
82.8
88.9

d32, measured
value, /urn

21 (30-33)
18 (23-27)
16
15
14
22 (33-38)
19
17
15
14
29 (40-48)
26
22
20
18
17
28
24
21
19
18

Velocity,
m/s

16.0
18.5
20.3
22.6
24.2
14.0
15.1
18.3
19.7
21.0
15.4
17.9
21.8
25.4
28.5
30.7
19.0
21.6
23.1
24.8
27.1
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tribution was fairly constant for most of the spray, however,
the velocity falls off very sharply close to the spray edge. This
is probably due to the fact that the outermost droplets suffer
significantly more drag compared to those inside the spray
cone. The average velocity variation with the radial position
was similar for all the nozzles used in this study. Hence, the
mean velocity at the center can be considered as the repre-
sentative velocity for a spray condition.

Before moving on to the heat transfer data, a brief discus-
sion of spray cooling theory is presented to provide a better
insight into the results. Figure 2 shows the probable mecha-
nisms involved in spray cooling heat transfer. Convection heat
transfer, evaporation from the film surface, nucleate boiling
at the heater surface, and secondary nucleation are all thought
to be involved in spray cooling. The intense convection caused
by impinging droplets enhances the heat transfer between the
heater surface and the free surface of liquid film and the heat
transferred to the film surface goes towards evaporation of
the fluid.

Nucleate boiling at the heater surface with premature bub-
ble removal also helps in increasing the heat transfer coeffi-
cient. Since a spray with high-speed droplets is subjected on
the liquid film surface, the bubbles growing in the liquid film
cannot survive as long as those in a pool of liquid. Thus, the
bubbles can break up at a very small size, even before the
microlayer1Kjy is completely evaporated. This bypasses the
much longer and less efficient growth period in pool boiling
where the bubble has to grow slowly after microlayer evap-
oration in order to attain enough volume for the buoyancy
forces to overcome the surface tension forces holding the
bubble to the surface. The overall effect of this premature
bubble break-up is to increase the total time the microlayer
evaporation exists on a surface and thereby increase the heat
transfer coefficient.

Finally, secondary nucleation,20'21 which results from the
entrapment of vapor bubbles by impinging liquid droplets,
also plays an important role in spray cooling. The term sec-
ondary nucleation was coined to describe the nuclei from the
vapor entrained by the re-entering droplets created by bubbles
bursting out of the liquid film. Due to the lack of a better
term and the fact that the phenomenon is similar whether the
droplets originate from the liquid film, or from an external
source (spray in this case), we refer to nucleation due to vapor
entrained by the spray as secondary nucleation. Also, due to
the very high number density of spray droplets impinging on
the liquid film, the dominant source of this secondary nu-
cleation is likely to be the spray itself. The heat transfer due
to secondary nucleation would be less efficient as compared
to microlayer evaporation since the thickness of liquid layer
between a secondary nucleus and the heat transfer surface is
larger than the microlayer thickness. Although it is conceiv-
able that a bubble due to a secondary nucleus can get close

enough to the heat transfer surface to permit microlayer evap-
oration, the time for this type of microlayer evaporation is
unlikely to approach that experienced by a bubble originating
from a surface cavity. Hence, it is safe to assume that bubbles
originating from surface cavities remove heat more efficiently
as compared to bubbles originating away from the surface.

The detailed results from the heat transfer experiments
have been reported in a previous study.1 For the purpose of
discussion, a set of results from that study are provided here.
Figure 3 shows the heat transfer characteristics of spray cool-
ing with three different nozzles at the same inlet pressure (414
kPa) and similar surface roughnesses (R(l in the range: 0.05-
0.15/un).

As seen from Fig. 3, the heat transfer curves are made up
of three distinct regions. The first is the low superheat region.
Here, the heat transfer is probably dominated by forced con-
vection with evaporation from the film surface and secondary
nucleation. Nucleate boiling from the surface is relatively in-
significant in the first region because surface nucleation re-
quires a higher superheat under forced convection situations
and would be noticeable by a distinct change in slope.22 On
the other hand, boiling due to secondary nucleation can exist
from a very low superheat and would be undeterminable from
the heat transfer curve in this case. As the superheat is in-
creased, the slope of one of the curves shows a small jump
at about 10 K superheat. This is probably due to a sudden
increase in nucleate boiling from cavities on the heater surface
(i.e., a substantial number of surface cavities are activated
around this superheat). As mentioned earlier, nucleation from
the surface cavities allows microlayer evaporation, and hence,
higher heat transfer coefficient as compared to nuclei origi-
nating in the liquid film. Hence, this shift in slope could be
attributed to the boiling from nucleation sites on the surface.
Once the nucleate boiling from the heater surface increases,
the same curve shows a definite shift upwards, this second
region can be said to have a significant contribution by surface
nucleation. However, since this did not occur for all the cases,
it was felt that the change in slope for some of the cases could
have been caused by undetectable changes in the heat transfer
surface (presence of oxide layer). The final region is a flat-
tening of the curve leading to the CHF, this is similar to the
behavior seen in flow boiling situations. In order to investigate
the effects of surface conditions, which seemed to play a role
in the previous experiments, some experiments were con-
ducted as part of the present study.

The roughness of the heat transfer surface was varied to
investigate the effect of surface conditions. Three different
surface roughnesses were tested. The average roughness Ra
values of the test surfaces were: 0.05, 0.3, and 0.6 jum (mea-
sured with a Rank-Taylor 3P profilometer). Figure 4 shows
the difference in heat transfer characteristics for the three
surfaces. It is clear from the figure that the surface roughness

Intense convection
caused by
impinging droplets

Secondary nuclei
entrapped by droplet

Evaporation from film
surface

Nucleation at
heater surface

Heat transfer surface
Fig. 2 Spray cooling.
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Fig. 3 Spray cooling heat transfer characteristics.
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Fig. 4 Effect of surface roughness.

makes a significant difference in the heat transfer phenomena.
Clearly, the smoothest surface shows no abrupt change in
slope, whereas the two rougher surfaces show a significant
shift in slope as superheat increases. The temperature at which
this shift in slope occurs, decreases with increase in surface
roughness. This is a clear indication of change in surface nu-
cleation characteristics. As reported by numerous research-
ers, the temperature for onset of nucleate boiling decreases
as the surface roughness increases. In the present case, this
clearly points to the fact that the rougher surfaces show a
significant contribution of surface nucleation while the
smoothest surface does not. Since surface nucleation is much
more efficient as compared to secondary nucleation and sur-
face evaporation, the presence of surface nucleation causes a
significant increase in the heat transfer rate for the rough
surfaces. The smoothest surface continues to have the same
heat transfer coefficient with increase in superheat. This in-
dicates that the contribution of surface nucleation is small
compared to that of secondary nucleation.

These results prove the speculation from the previous study
that the shift in slope for some cases (as in Fig. 3) was due
to small differences in surface conditions. This effect is es-
pecially significant for a highly wetting liquid like LN2. The
surface nucleation cavities for the smooth surfaces are easily
deactivated by flooding, and hence, the surface nucleation
contribution is not significant for smooth surfaces.

As seen from Fig. 4, the critical heat flux (CHF) for the
different surfaces is within a spread of 5%. Since the CHF is
very sensitive to experimental conditions, this deviation is not
so significant. Some other experiments conducted at other
flow rates showed a slight increase in CHF for rougher sur-
faces. Hence, it was felt that the differences in CHF due to
surface roughness did not show any significant trend. This
leads us to the conclusion that the CHF is not significantly
effected by the surface condition.

The trend for the effect of surface roughness is quite dif-
ferent from that reported by Pais et al.8 for air-atomized water
spray cooling. As reported in that study, the effect of rough-
ness in spray cooling with air-atomized water is not significant
until the surface is very smooth. For very smooth surfaces,
the heat transfer coefficients and the CHFs were found to be
much higher. The difference in trends is probably due to the
method of spray application because Tilton7 (pressure-at-
omized water spray) reported roughness effects similar to
those in the present study. The difference for air-atomized
spray probably arises due to the presence of the secondary
gas (air) flow. The stagnation flowfield created by the airflow
causes the thickness of the liquid film to decrease when the
surface is very smooth; this reduces the thermal resistance
from the heater surface to the film surface. This does not
seem to happen in pressure atomized spray cooling due to
the absence of the secondary gas flow. The secondary gas flow

does two things. First, it thins and flattens the liquid film,
and second, it reduces the partial vapor pressure on the film
surface. These effects are absent in pressure-atomized spray
cooling; hence, the liquid film is not expected to be very thin,
and, therefore, the surface evaporation is less significant. This
is probably the reason for the differences in the effect of
surface roughness for these modes of spray application.

Since less than 30% of the liquid evaporates at the maxi-
mum heat flux for the case shown in Fig. 4, the CHF is not
caused by a lack of liquid supply. There are two conditions
under which the CHF mechanism can be similar regardless
of surface condition. First, if the vapor generation at the
surface is significant, the vapor flow can entrain the incoming
droplets and prevent liquid replenishment on the surface.
Second, if secondary nucleation is significant, the total bubble
generation in the liquid film on the smoothest surface could
approach the bubble generation due to surface nucleation on
the rough surfaces. Thus, a vapor layer can form on the heater
surface and the dryout may be controlled by the thin liquid
layer (macrolayer) initially present below this vapor layer.
This follows the macrolayer dryout model suggested by Har-
amura and Katto.23

The first condition is not very likely. If we assume that the
vapor generated from the surface flows only upwards, the
vapor velocity at CHF would be about 1.3 m/s. This is much
lower than the average droplet velocities, hence, it is unlikely
that the droplets can be entrained by the vapor flow. Thus,
it is very likely that the bubble generation in the liquid film
gives rise to CHF conditions. The exact CHF mechanism is
not clear since the visualization in the liquid film formed by
the spray is all but impossible. However, it is quite likely that
the CHF occurs due to the dryout of the macrolayer. This
hypothesis, the reasoning behind it, and the resulting CHF
correlation, are explained in the following section.

Data Reduction and Correlation Development
One of the major difficulties in analyzing spray cooling lies

in isolating the various spray parameters. The droplet veloc-
ity, diameter, and the volume flow rate are directly related
to the nozzle pressure for a particular nozzle. This was the
reason for selecting different nozzles for the study. The range
of parameters for the LN2 study were, d32 = 14-29 /mi, the
velocity = 14-31 m/s, and the mass flow rate = 16.9-88.9
kg/m2s.

Critical Heat Flux
The maximum effectiveness of the spray cooling (defined

as q"clhfgG) for the LN2 spray cooling study was never above
0.35, hence, the CHF was not caused by a lack of liquid (as
is the case for low flow rate mist cooling situations). The CHF
is caused by the inability of the liquid to reach the surface at
a sufficient rate. The hypothesis for the dryout condition is
presented in Fig. 5. As shown in the figure, the dryout con-
dition occurs in the following sequence:

1) Increasing the rate of bubbles production in the liquid
film gives rise to a larger vapor bubble (which may last for
only a few microseconds due to the high rate of bombardment
by spray droplets).

2) This vapor bubble is broken due to an impinging droplet
(or due to the excessive internal pressure) and the liquid
forming the upper layer of this bubble is blown away by the
vapor flow.

3) The incoming droplets continue to wet the rapidly drying-
out surface. The dryout will occur if the incoming droplets
cannot wet the whole surface before the macrolayer dries.

The dryout condition can be written in mathematical form
as Eq. (2). Here 8 stands for the initial macrolayer thickness,
dd represents the average diameter of the disc formed by an
impinging droplet (dd = fid2(}, where ft is the spreading ratio),
and N is the number of droplets hitting a unit area per unit
time. Thus, Eq. (2) represents a balancing of the time required
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to wet a unit area and the time required to evaporate the
macrolayer of thickness d initially present on that area:

(2)

The experimental support for the previous hypothesis comes
from two key observations. One, the second step in the model
described is supported by an observation by Tilton,7 where
he reported that a large amount of droplets was expelled from
the surface when the heat flux was close to the CHF. Second,
the third statement is supported by experimental evidence
shown in Fig. 6, which indicates the CHF dependence on the
surface area impacted per second by the droplets. The data
shown in the figure indicate that the CHF is a direct function
of M/2o (proportional to the area wetted per second). Here,
it should be noted that Nd\Q is equal to 6V/7rd32. Hence, it
is not necessary to determine d3Q and d20 individually.

Based on Fig. 6 and the data reported by Tilton, there is
sufficient evidence supporting the macrolayer dryout model.

A correlation for CHF in liquid nitrogen spray cooling can
be easily obtained from Fig. 6 alone. In order to obtain a
general correlation, we considered data obtained by Tilton7

(water spray on a horizontal surface), and Cho and Wu16 (R-
113 spray on a vertical surface). It should also be mentioned
that for the purpose of this study, the d32 (and consequently
M/io) values for both of these studies were calculated using
Eq. (1).

The difficulty in the application of the macrolayer dryout
model lies in the estimation of the initial thickness of the
macrolayer. Haramura and Katto23 obtained the macrolayer
thickness based on the Helmholtz instability criterion for the
vapor stems existing in the macrolayer. However, this situ-
ation does not seem very likely for very high heat flux cases.
This is because the Helmholtz instability criterion indicates a
very thin macrolayer (less than a micrometer thick if the Har-
amura and Katto model23 is used) for the heat fluxes en-
countered in spray cooling. Vapor stems (and instability in
those short stems, if they exist) in such a thin macrolayer
seem unlikely. Another model for initial macrolayer thickness
was proposed by Kumada and Sakashita.24 Their model is
based on the lateral coalescence of the vapor bubbles on a
heated surface. They obtained the initial thickness of the mac-
rolayer based on a number of dimensionless parameters.
However, their model resulted in a very involved expression
(containing a number of empirically determined indices) for
macrolayer thickness. An attempt to use their model for ob-
taining a general correlation for spray cooling CHF was not
successful. In this study we use dimensional analysis to obtain
the initial macrolayer thickness.

The macrolayer is formed by the lateral coalescence of small
bubbles that go on to form a bigger vapor layer that may exist
for a very short time. Following the dimensional analysis of
Kumada and Sakashita,24 and considering only the significant
dimensionless parameters, the initial macrolayer thickness can
be written in nondimensional form as Eq. (3). The initial
macrolayer thickness is related to the thickness of the liquid
layer present below each individual bubble, which finally make
up the vapor layer. The first term on the right-hand side
(RHS) represents the ratio of the surface tension forces (which
tend to keep the bubbles spherical), to the inertial forces
(which act due to the rapid growth of the bubble and tend to
keep the bubble in semispherical shape). The second term
represents the density ratio, or the ratio of the mass of

(3)

liquid displaced by an equal volume of vapor. The terms ub
(the velocity of the bubble surface), and Rb (average radius
of the bubbles that coalesce to form the larger bubble below
which the macrolayer exists) are unknown. Regarding Rb, it
should be noted that 8 should not be dependent on Rb. This
is because the CHF for different surface conditions was found
to be almost the same at very different superheats. This means
that the macrolayer thickness was similar, although the nu-
cleation conditions (and thereby, the number of bubbles) were
quite different. Thus, 8 should be independent of Rb. As most
of the surface area is covered by bubbles prior to CHF, the
velocity of bubble surface can be considered to be propor-
tional to the rate of vapor production per unit area; i.e., we
can write: uh = Ci-q"dpvhfg. Substituting this value of ub in
Eq. (3) and recognizing that 8 should be independent of Rb,
we can obtain Eq. (4), which has only two unknown quan-
tities, / and C2.

(4)

Substituting 8 from Eq. (4) into Eq. (2), we obtain the
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general form of the CHF correlation, Eq. (5). The unknowns
($ and C2 are absorbed in C3. This equation requires data

(5)

for only two different liquids (i.e., two values of the density
ratio) for obtaining k and C3. Here, the data for LN2 and
water were used. Both of these data sets involved horizontal
heaters of 1 cm2, the heater surface for the water study was
square in shape, while that for the LN2 study was circular.
The data from the R113 study was not used in developing the
correlation since that study was performed on a vertically
oriented surface.16 It has been reported by Choi and Yao25

that the CHF in spray cooling is dependent on the surface
orientation. They found that the vertically oriented surface
exhibited higher CHFs. There is very little data available for
vertical surfaces, therefore, we limit this correlation to hor-
izontal surfaces only. The probable reasons for higher CHFs
from vertical surfaces are discussed later. The final correlation
for CHF, obtained using LN2 and water data, is shown in
Eq. (6). The comparison of the correlation to various data is
shown in Fig. 7:

-Ndi
Pi

(6)

where

It should be noted that the spreading ratio /3 was assumed
to be constant. This proved to be suitable for the range of
data considered here, but, it may not hold for very low droplet
Weber numbers (all cases considered in this study had droplet
Weber numbers exceeding 100). In the range of data consid-
ered in this study, no correlation between j8 and the droplet
Weber number could be found. Another point that can be
noted is that the form of this correlation corresponds almost
exactly to that obtained if Haramura and Katto's model for
initial macrolayer thickness is used.

Although the R113 data was not used in obtaining the cor-
relation, the data is only higher than the correlation by about
30%. This agrees with the fact that for a vertically oriented
surface, the CHF is higher.25 The other data points are quite
well-compressed within a ±20% band. The reason for a ver-
tical surface having higher CHFs is difficult to determine. It
could be due to a number of reasons, among them: a vertical

10 -
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o Water data of Tilton
v LN2 data
D R113 data of Cho and Wu
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Fig. 7 Comparison of data to CHF correlation.

surface may have a thicker macrolayer; or, the liquid feed
due to gravity may influence the CHF; or, some of the liquid
blown away by exploding vapor bubbles may be re-entrained
in the spray due to the horizontal orientation of the spray.

Cho and Wu16 had successfully correlated their CHF data
to the spray velocity. In fact, regarding all the data considered
here, it is worth noting that the spray velocity v correlates
the individual liquid data for LN2 and R113 reasonably well
(water data shows only a weak dependence on v). However,
the degree of dependence on velocity is different for each
liquid, and thus, no general correlation involving the spray
velocity was as successful as Eq. (6). Furthermore, no theo-
retical basis for correlating spray cooling CHF with the spray
velocity could be found; whereas, the CHF model presented
before is quite reasonable.

Heat Flux
Due to the lack of understanding of the fundamental pro-

cesses involved in spray cooling, it is difficult to carry out the
data reduction for heat flux. The difficulty lies in selecting
the proper nondimensional variables to describe the spray
process. Previous researchers have mostly used the droplet
Weber number to correlate the heat transfer characteristics.
The heat transfer rate due to the impact of single droplets
has been shown to be a strong function of the droplet Weber
number. However, the droplet Weber number alone cannot
describe the spray cooling phenomena due to the presence of
multiple droplets.

To begin, the nondimensional heat flux parameter is de-
fined as q"C,Dlhfgk,. This is essentially the Nusselt number
multiplied by nondimensional temperature difference repre-
sented by C^T/hfg. As explained earlier, the heat transfer
rate dependence on the temperature difference is a very strong
function of the surface roughness. The correlation of heat
transfer rate with surface roughness is beyond the scope of
this study. Hence, the heat transfer correlation for the smoothest
surface only is attempted here. This is adequate because most
electronic surfaces can be classified as smooth (Ra < 0.1 ju,m).
Since a departure from the heat transfer curve for the smooth
case was observed for some cases of the data set, the whole
data set cannot be used in the correlation. Thus, only the
surface roughness independent section of the curves were used
in the correlation for heat transfer rate, this involved super-
heats lower than 8 K for all cases.

The first step was to correlate the temperature dependence
of the heat transfer rate. The nondimensional parameter C/A77
hfg was used to correlate the temperature dependence of the
heat flux, the best-fit exponent was 1.12. The other parameter
that is important in heat transfer is the Reynolds number.
The velocity in the liquid film is unknown, hence, the Reyn-
olds number is not obvious. However, the velocity in the
liquid film has to be closely related to the velocity of the spray
droplets. Thus, we write the Reynolds number as p/vD/ju,/.

Another parameter that should have an effect on spray
cooling heat transfer is the liquid film thickness. A thinner
liquid film allows higher evaporation from the liquid surface
and also permits the secondary nuclei to get closer to the
heater surface. However, the liquid film thickness cannot be
easily estimated. Hence, we define nondimensional velocity
ratio VIv and droplet diameter ratio d32/D. The velocity ratio
is one of the factors that controls the liquid film thickness.
As the spray droplet velocity v increases for the same overall
flow rate per unit area V, the liquid film should be thinner
due to the higher momentum of the incoming liquid. On the
other hand, if the amount of incoming liquid V is increased
keeping the droplet velocity the same, we should expect a
thicker liquid film. The droplet diameter to surface diameter
ratio dy,ID also influences film thickness. As the spray droplet
size decreases, one would expect a thinner liquid film.

Using the nondimensional parameters defined above, the
correlation for the spray cooling heat flux can thus be written
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as Eq. (7). The exponents ra, n, and p along with the coef-
ficient C4 were determined from a best fit of the data. Hence,
we finally get the correlation for heat flux as Eq. (8).

The comparison of the correlation to the experimental data
is shown on Fig. 8. As seen from the figure, the agreement
with the LN2 data is quite good. This suggests that the

(7)D \

(8)

nondimensional numbers selected for the correlation are suf-
ficient for the range of spray conditions in the LN2 study.
The Reynolds number has the maximum influence on the heat
flux. The D/d32 ratio and v/V ratio also have significant influ-
ence, thus, showing the importance of the liquid film thickness
in spray cooling.

Again, it should be noted that this correlation applies only
to liquid nitrogen spray cooling on smooth surfaces (Ra < 0.1
jLtm). A general correlation for heat flux was not attempted
due to the lack of available data for liquids other than water
in similar geometric configuration. Water is not a very good
wetting liquid, hence, surface nucleation could exist from low
superheats. Also, the water data was obtained at varying sub-
cooling that was not reported. The data for other liquids were
obtained for different geometries (R113 study16) or the spray
parameters were not available.15 Also, a better grasp of the
factors influencing the liquid film thickness is needed. Hence,
a general correlation for heat flux was not attempted. How-
ever, for the purpose of comparison, the heat flux data for
water and R113 are also included in Fig. 8. As seen from the
figure, these data are also quite well-compressed by the cor-
relation. However, the Y value levels off with a decrease in
X value. This may suggest that the heat transfer coefficient
is more or less a property of the liquid at low X values.
However, the data are not sufficient to make any conclusions.
More data is required before a general correlation can be
attempted.

Conclusions
Spray cooling is not a well-understood process. The purpose

of this study was to obtain design correlations for the heat
flux and the CHF for LN2 spray cooling. This study used the
experimental heat transfer data from a recent study by the

same authors and spray parameter data obtained during this
study to obtain correlations for LN2 spray cooling process.

As part of this study, experiments were conducted to ob-
serve the effect of surface roughness. The rougher surfaces
provided significantly higher heat transfer rates. This was at-
tributed to the significant contribution of surface nucleate
boiling for rougher surfaces. The smoothest surface had neg-
ligible surface nucleation and the main contribution to heat
transfer was probably from secondary nucleation.

The CHF was deemed to be caused by the dryout of the
macrolayer that is formed below the coalesced vapor bubbles
in the liquid film. A general empirical correlation was ob-
tained for CHF. This correlation showed very good agreement
to previous data for water and R113 (although the data for
R113 was not used in obtaining the correlation). The rate of
surface wetted by the spray (i.e., the product of the rate of
droplets impinging the surface and the area of the droplets)
was found to be the main parameter influencing the CHF. A
correlation was also developed for the heat flux in LN2 spray
cooling. This correlation showed a dependence of the heat
flux on the spray velocity and the droplet diameter.
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