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A Systematic Approach to
Predicting Critical Heat Flux for
Inclined Sprays

This study provides a new systematic approach to predicting the effects of spray inclina-
tion on critical heat flux (CHF). Experiments were performed with three pressure spray
nozzles over a broad range of inclination angles at five flow rates and subcoolings of
15°C and 25°C. These experiments also included high-speed video analysis of spray
formation, impact, and recoil for a 1.0X 1.0 cm? test surface. Inclined sprays produced
elliptical impact areas, distorted by lateral liquid flow that provided partial resistance to
dryout along the downstream edge of the impact ellipse. These observations are used to
determine the locations of CHF commencement along the test surface. A new theoretical
model shows that increasing inclination angle away from normal decreases both the
spray impact area and the volumetric flux. These trends explain the observed trend of
decreasing CHF with increasing inclination angle. Combining the new model with a
previous point-based CHF correlation shows great success in predicting the effects of

spray inclination on CHF. [DOI: 10.1115/1.2804095]

Introduction

For many decades, spray cooling has been used in a variety of
applications demanding rapid cooling of metal parts from elevated
temperatures [ 1-5]. One such application is quenching, where the
temperature of an alloy is dropped quickly from slightly below the
melting point to room temperature to preserve microstructure dur-
ing heat treatment. In fact, much of the spray cooling literature
concerns high surface temperatures corresponding mostly to the
film boiling regime, and efforts have been focused on expediting
the onset of the Leidenfrost point to take advantage of the higher
heat transfer coefficients (i.e., achieve faster cooling) during the
ensuing transition boiling regime [6]. Two types of sprays have
been utilized in these applications, pressure sprays and air-assist
sprays. Pressure sprays utilize high-pressure drop across the spray
nozzle, as well as swirl features inside the nozzle itself, to over-
come surface tension forces, breaking the liquid to a large number
of droplets. Air-assist sprays, on the other hand, rely on a second-
ary high-pressure air stream that is supplied in a swirl pattern to
achieve the breakup. The goal with both types of sprays is to
ensure liquid breakup into small droplets having high surface-
area-to-volume ratio, as well as to increase the momentum of
droplet impact with the hot surface.

The past two decades have witnessed significant interest in the
implementation of spray cooling for heat removal from high per-
formance electronic devices [7-11]. This application is categori-
cally different from quenching in terms of both surface tempera-
ture range and spray type. Unlike metal alloy parts, the
temperature of an electronic device must be kept safely below a
limit dictated by the device materials and reliability. This implies
that spray cooling must maintain device temperatures within the
single-phase and nucleate boiling regimes, safely below the criti-
cal heat flux (CHF) limit. Furthermore, air-assist sprays are unde-
sirable in electronic cooling because of the difficulty in separating
air from the primary coolant, let alone the drastically negative
impact of air on condenser performance in a closed two-phase
loop.

lCorresponding author.

Contributed by the Electrical and Electronic Packaging Division of ASME for
publication of the JOURNAL OF ELECTRONIC PACKAGING. Manuscript received October
16, 2006; final manuscript received March 26, 2007. Review conducted by Andrew
Y.-H. Hung.

452 / Vol. 129, DECEMBER 2007

Copyright © 2007 by ASME

Spray cooling of electronics is an aggressive cooling scheme
involving high momentum droplet impact with the device surface.
As such, it is a direct competitor to jet-impingement cooling. A
spray is often preferred to a single jet impinging the center of a
device because of the spray’s ability to provide better surface
temperature uniformity. However, the sharp concentration of cool-
ing in the impingement zone of a jet can be lessened with slot jets
or multiple circular jets. The relative merits of a spray versus a
slot jet or multiple circular jets remain elusive. However, the re-
luctance to use sprays for electronics cooling has less to do with
temperature uniformity than with practical nozzle-related con-
cerns. A comprehensive assessment of common spray nozzles by
Hall and Mudawar [4,5] showed that seemingly identical commer-
cial nozzles sometimes produce drastically different spray patterns
because of minute manufacturing imperfections of the intricate
swirl passages inside the nozzle itself. They also demonstrated
experimentally that the same spray nozzle might display appre-
ciable changes in cooling behavior over time because of corrosion
and/or erosion effects. They recommended several practical guide-
lines to help alleviate these problems. Nonetheless, those same
problems will become far more serious with a new class of mi-
crospray nozzles that are being proposed for electronics cooling.

Another drawback of sprays is the minimum orifice-to-surface
distance required to ensure a fully developed spray pattern. This
distance allows for initial breakup of the liquid into liquid sheets,
followed by tubular ligaments, and ultimately individual droplets
[12]. Stringent packaging constraints of electronic assemblies of-
ten preclude the space required to ensure spray breakup. Two
techniques that are used to cope with the space constraints are
tilting the spray from normal orientation relative to the device
surface and using microsprays that require shorter breakup dis-
tances.

However, perhaps the most difficult aspect of implementing
spray cooling is poor understanding of many of the underlying
mechanisms of droplet breakup, impact, and boiling. Understand-
ing these mechanisms is complicated by the large number of pa-
rameters that influence spray behavior, such as droplet size, drop-
let velocity, droplet number density, nozzle type and size, spray
angle, orifice-to-surface distance, and inclination angle [7,8]. De-
spite much dedicated research effort, the large number of spray
parameters has made it quite difficult to ensure adequate coverage
of relevant parametric ranges. This is especially the case with the
effects of geometrical parameters on nucleate boiling and CHF.
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Failure to adhere to strict geometrical constraints can greatly
compromise the usefulness of any spray cooling study. Situating
the nozzle in close proximity to the device surface tends to con-
centrate all the droplet impact in a small central portion of the
device surface. On the other hand, moving the nozzle far from the
device surface causes a significant fraction of the droplets to fall
wastefully outside the device surface. Estes and Mudawar [7,8]
developed a theoretical model to aid in optimizing the orifice-to-
surface distance for a pressure spray impacting a square heated
surface. Optimum (highest) CHF was measured when the orifice-
to-surface distance was such that the spray impact area just in-
scribes the device surface, and orifice-to-surface distances that
were either smaller or larger than optimum yielded smaller CHF.

Another important geometrical parameter for spray cooling is
the angle of inclination a from the normal to the device surface.
Intuitively, one might assume that CHF is highest when the spray
is normal to the surface (=0 deg). This orientation ensures that
droplets utilize their full near-vertical momentum upon impact.
However, as mentioned earlier, electronics applications sometimes
preclude the use of a normal spray orientation because of packag-
ing constraints. In such applications, it is necessary to tilt the
spray relative to the normal. A key challenge in those situations is
to determine the effect of spray inclination on CHF. This is a key
objective of the present study.

Very few published studies address the effects of spray inclina-
tion on two-phase cooling performance. Silk et al. [13] sprayed
flat and enhanced copper surfaces with PF-5060 at spray inclina-
tions of a=0 deg, 30 deg, and 45 deg with the normal to the
surface while maintaining a constant orifice-to-surface distance.
For both types of surfaces, CHF was maximum for =30 deg, a
phenomenon they attributed to the sweeping motion of the spray
droplet’s horizontal velocity component while maintaining a
dominant vertical velocity component. In a study by Li et al. [14],
spray inclination angle was increased from O deg to 60 deg in
20 deg increments while maintaining a constant orifice-to-surface
distance. CHF increased when « was increased from
0 deg to 40 deg and decreased sharply above 40 deg. The sharp
decrease was attributed to an appreciable fraction of liquid miss-
ing the test surface and to low spray momentum flux at large
inclination angles. The studies by Silk et al. and Li et al. point to
the great importance of understanding the effects of spray incli-
nation on electronics cooling.

The present study will explore the variation of CHF with spray
inclination for different nozzles, flow rates, and subcoolings.
Building on a recent study by the authors [15], spray inclination
was varied from O deg (spray axis normal to surface) to 55 deg.
Unlike the studies by Silk et al. and Li et al., where the orifice-
to-surface distance was kept constant, this distance was changed
in the present study for each nozzle and inclination angle such that
the spray impact area just inscribes a square test surface. This
ensured that CHF is maximum for each configuration [8]. A recent
model by the authors [15], which predicts volumetric flux distri-
bution for different spray inclinations, is combined with a previ-
ous point-based CHF correlation by Estes and Mudawar [7] to
recommend a new systematic method in predicting CHF for in-
clined sprays.

Experimental Methods

Spray experiments were performed inside a rectangular test
chamber using PF-5052 as working fluid. Relevant properties of
saturated PF-5052 at 1 atm (7, =50°C) are as follows: p,
=1643 kg/m?, pg=12.0 kg/m?, 0=0.013 N/m, hsg
=104,700 J/kg, Cpf= 1092 J/kg K, ,uf:517 X 107° N s/m?, and
ky=0.058 W/m K. The chamber was fabricated mostly from G-10
fiberglass plastic and fitted with front and side windows made
from transparent polycarbonate plastic. The test heater was
mounted a short distance above the base of the test chamber. The
nozzle inclination angle and orifice-to-surface distance were ad-
justed with the aid of a nozzle positioning system illustrated in
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Fig. 1 Nozzle positioning system inside the spray chamber

Fig. 1. This system featured vertical, horizontal, and angular po-
sitioning stages. Vertical translation was achieved with an alumi-
num block that was mounted on two aluminum rods that ran ver-
tically through the test chamber. A micrometer translation stage
was attached externally to guide vertical translation of the nozzle
assembly. A horizontal stage was slid through a rectangular
groove in the vertical stage. The nozzle assembly was positioned
manually in the horizontal direction, guided by a small scale.
Mounted to the horizontal stage was a third rotation stage that was
notched with a series of holes spanning 0—90 deg angles in 5 deg
increments. The spray nozzle was held on a bracket that was at-
tached to the rotation stage at both the center of rotation and one
of the holes. The nozzle inclination angle was set by positioning a
pin through the nozzle bracket and into the desired hole.

The 1.0X 1.0 cm? test surface formed the end of the extended
square neck of a large oxygen-free copper block. The enlarged
underside of the copper block was bored to accept nine 220 W
cartridge heaters that supplied heat to the test surface. The test
surface was insulated with high-temperature G-7 fiberglass plastic
to both reduce heat loss and ensure 1D conduction through the
neck leading to the test surface. Embedded 1.27 mm beneath the
test surface, a type-K (Chromel-Alumel) thermocouple was used
to measure the surface temperature. Further details of the con-
struction of the test heater can be found elsewhere [16].

Fluid supply and conditioning were achieved with a two-phase
flow loop illustrated schematically in Fig. 2. After impinging the
test surface, some of the coolant was converted to vapor that rose
to the top region of the test chamber while unevaporated liquid
drained through the bottom of the test chamber. Both the vapor
and liquid were routed to the loop’s reservoir. The liquid pro-
ceeded to drain to a deaeration chamber situated beneath the res-
ervoir while the vapor was condensed to liquid inside an air-
cooled condenser then dripped back to the reservoir. Two
magnetically coupled centrifugal pumps were connected in paral-
lel to provide the required flow rate. The pumped liquid flowed
through a filter followed by one of two rotameters connected in
parallel. The fluid then entered a finned-tube heat exchanger that
was cooled by two high-capacity fans. This heat exchanger served
as a precooler to achieve the required subcooling as the coolant
entered the test chamber.

The experiments were performed using three Unijet full-cone
nozzles made by Spraying Systems Company. Table 1 shows the
key hydrodynamic properties of the sprays. Before initiating an
experiment, calculations were made to determine the horizontal
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Fig. 2 Two-phase spray cooling loop

and vertical positions of the nozzle from the test surface such that
the spray impact area just inscribes the heater surface. The test
chamber was then sealed and the reservoir charged with coolant.
The coolant was carefully deaerated throughout the flow loop to
expel any noncondensable gases to the ambient. This was
achieved by first boiling the fluid vigorously for about 30 min in
the deaeration chamber with the aid of an immersion heater.
Mixed with noncondensable gases, the vapor produced flowed to
the upper region of the reservoir followed by the condenser above.
The vapor condensed and was recovered while any noncondens-
able gases were expelled to the ambient through a vent. The pump
was then turned on to circulate the coolant through the loop, and
the deaeration process continued for about an additional 15 min.
The condenser vent was then closed to seal the loop from the
ambient. The pump controllers were adjusted to the desired flow
rate and the precooler fans turned on to achieve the desired cool-
ant temperature at the nozzle inlet. Atmospheric pressure was
maintained inside the chamber at all times.

Once the required operating conditions were achieved, electri-
cal power was supplied to the cartridge heaters by a variable volt-
age transformer. The power input was measured with a 0.5% ac-
curacy Yokogawa digital wattmeter. Thermal analysis showed that
less than 2% of the power input was lost to the ambient [16].
Thus, the total errors in heat flux measurement were +0.5% and
—2.51%. Boiling curves were generated by increasing voltage sup-
ply to the heaters in small increments. Boiling data were recorded
following each increment after the test heater reached steady state.
Small voltage increments ensured accurate CHF detection and
measurement. CHF was detected by an unsteady increase in the
heater surface temperature, prompting the operator to manually
cut off the electrical power input to the heater.

Pressure and temperature sensors were placed inside the test
chamber as well as the test chamber’s inlet and outlets. Uncertain-
ties in the pressure, flow rate, and temperature measurements were
less than 0.5%, 1.0%, and +0.2°C, respectively.

Table 1 Characteristics of spray nozzles utilized in the present
study

Orifice Spray Sauter mean Volumetric
diameter angle diameter flow rate
d() 0 d32 Q
Nozzle (mm) (deg) (10° m) (10° m3s71)
1 0.762 55.8 111-123 3.50-3.86
2 1.19 46.4 160-179 4.97-13.4
3 1.70 48.5 189-249 17.02
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Flow Visualization

High-speed video motion analysis played a vital role in captur-
ing droplet breakup and impact, as well as the ensuing liquid flow
for different inclination angles. Video segments were recorded
using a FASTCAM-Ultima APX FM camera capable of recording
speeds of 2000 frames/s at full resolution (1024 X 1024) and up
to 120,000 frames/s at reduced resolution. Optimum spray image
quality was achieved at 6000 frames/s with a resolution of 512
X 512 using a shutter speed of 1/6000 s.

Figure 3 shows still images of the spray that were extracted
from the high-speed video records of spray Nozzle 1 for a rela-
tively high flow rate of 3 X 107 m3/s, which is within the recom-
mended operating range for this nozzle. Shown side by side are
representative images for adiabatic conditions (zero heat flux) and
at 90-95% of CHF. Several important features are readily appar-
ent from these images. Recall that the orifice-to-surface distance
was adjusted for each inclination angle such that the spray just
inscribes the test surface (i.e., major axis of spray impact ellipse is
equal to width of test surface). Figure 3 shows adherence to this
criterion while increasing inclination angle brings the spray nozzle
closer to the test surface. The orifice-to-surface distance is largest
for normal impact, «=0 deg, and smallest for «=55 deg. Increas-
ing the inclination angle beyond 55 deg was not possible as this
would require the edge of the spray nozzle to fall below the plane
of the test surface.

Figure 3 shows near-perfect symmetry in droplet distribution
with respect the spray axis for a=0 deg. The spray impact area
for this normal orientation is a circle whose diameter is equal to
the width of the test surface. For adiabatic impact, the spray drop-
lets impinge the test surface, spread, and break up into smaller
droplets that are ejected at different angles relative to the test
surface. At pre-CHF conditions, intense evaporation and boiling
causes violent breakup and recoil of the impinging droplets (a
more detailed discussion on this topic is given in Ref. [17]). Rela-
tively large droplets are shown recoiling at an angle to the test
surface. Increasing the inclination even by a small angle of 10 deg
caused appreciable lateral flow of liquid parallel to the test sur-
face. The liquid flow consists of both a thin liquid film flowing
along the surface and ejected droplets moving in close vicinity to
the surface. The pre-CHF condition shows larger droplets bounc-
ing off the surface. The lateral liquid flow becomes more appre-
ciable at high inclination angles.

Figure 4 shows both adiabatic and pre-CHF images of Nozzle 1
sprays at a relatively low flow rate of 4.5X 107 m?3/s. This flow
rate was purposely selected below the normal operating range for
this nozzle to investigate the effects of low flow rate on spray
behavior. Like the higher flow rate sprays depicted in Fig. 3, in-
creasing inclination angle causes lateral liquid flow along the sur-
face. However, given the small spray flow rate, a large fraction of
the impinging liquid is evaporated compared to the sprays de-
picted in Fig. 3. Figure 4 shows incomplete breakup of the spray
liquid caused by the very low flow rate tested. The breakup is
further compromised at large inclination angles because of the
short distance available for droplet breakup at these orientations.
By comparison, Fig. 3 shows fully developed breakup for all in-
clination angles at the higher flow rate.

One of the key objectives of the high-speed video analysis is to
explore the influences of the spray’s geometrical parameters on
CHF. A previous study by Estes and Mudawar [8] showed that
CHF for normal sprays is influenced by two spray parameters,
Sauter mean diameter d3, and volumetric flux. While d3, is fairly
constant everywhere in a fully developed spray, volumetric flux
varies with both orifice-to-surface distance and distance from the
nozzle axis. For a normal spray, volumetric flux is smallest along
the outer perimeter of the impact circle; CHF therefore com-
mences at the perimeter and its magnitude should be based on the
value of volumetric flux along the perimeter. The center of the
impact circle for a normal spray (a=0 deg) coincides with the
center of the test surface. However, as the inclination angle in-
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Near CHF

Fig. 3 Images of Nozzle 1 sprays at relatively high flow rate of
3X10-% m3/s for adiabatic and pre-CHF conditions

creases, the impact area becomes an ellipse whose center is
shifted away from the center and toward the upstream edge of the
test surface. This behavior is clearly manifested in Figs. 3 and 4.
This shift is the result of the aforementioned constraint requiring
the impact area to just inscribe the test surface. For >0 deg, this
implies that the major axis of the spray equals the width of the test
surface. Based on geometrical considerations alone, the volumet-
ric flux for an inclined spray should be lowest at the outermost
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Near CHF

Fig. 4 Images of Nozzle 1 sprays at relatively low flow rate of
4.5X10"7 m®/s for adiabatic and pre-CHF conditions

point of the major axis. This is the location farthest from the
nozzle orifice. Intuitively, one might conclude that CHF for an
inclined spray commences at this location.

However, Figs. 3 and 4 show that tilting the spray away from
normal causes lateral liquid flow along the heater surface in addi-
tion to the direct impingement of spray droplets. The lateral flow
is believed to resist dryout at the aforementioned location of the
weakest volumetric flux. It can therefore be concluded that CHF
will occur at points along the perimeter of the impact ellipse that
(1) are farthest from the spray orifice and (2) do not benefit from
the lateral liquid flow. Figure 5 shows that these conditions corre-
spond to the two end points of the minor axis of the impact el-
lipse. CHF prediction therefore requires accurate determination of
volumetric flux at these end points.

CHF Results

Boiling curves were measured at 1 atm for three spray nozzles
using PF-5052 as working fluid at flow rates of 3.5
X 107° m3/s to 1.7X 10 m3/s and subcoolings of 15°C and
25°C. Experiments were repeated for inclination angles of «
=0 deg, 10 deg, 25 deg, 40 deg, and 55 deg. Visaria and
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Fig. 5 Locations of CHF commencement

Mudawar [15] showed that inclination angle does not have a pro-
nounced effect on the single-phase or nucleate boiling regions.
However, their boiling curves showed substantial variation in
CHF with a. Increased subcooling and/or spray flow rate delayed
both the onset of subcooling and CHF.

Figures 6(a) and 6(b) show CHF variations with inclination
angle for different flow rates corresponding to subcoolings of
15°C and 25°C, respectively. CHF in these two figures is the
measured electrical power input divided by the total area (L?) of
the test surface. Both figures show a general trend of decreasing
CHF with increasing «. With a few exceptions, CHF was greatest
for each nozzle for normal impact («=0 deg) and lowest for the
largest inclination angle tested, 55 deg. Figures 6(a) and 6(b)
show a fairly monotonic trend of increasing CHF for a given
nozzle and inclination angle with increasing flow rate and increas-
ing subcooling. There are a few exceptions. Some of the Nozzle 2
flow rates appear to produce a CHF maximum closer to «
=10 deg rather than to a=0 deg. However, CHF difference be-
tween the two locations is too small to constitute a systematic
trend for this particular nozzle.

Geometrical Considerations

In a recent article by the authors of the present study [15], an
earlier model of volumetric flux distribution for a normal spray by
Estes and Mudawar [7,8] was extended to inclined sprays. Like
the original model, the spray orifice was assumed to represent a
uniform point source for the sprayed fluid. This implied volumet-
ric flux is constant across any spherical surface centered at the
nozzle orifice and bounded by the spray cone angle 6. However,
volumetric flux varies across any surface perpendicular to the
spray axis (as in normal sprays) and these variations increase with
increasing inclination angle. This behavior is illustrated in Fig. 7.
Here, volumetric flux is constant everywhere along spherical area
A’ located a distance H from the orifice but is projected nonuni-
formly on imaginary surface A” perpendicular to the spray axis.
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Fig. 6 Variation of CHF with inclination angle for three nozzles
at (a) AT,,,=15°C and (b) AT,,=25°C

The volumetric flux decreases radially outward along A” away
from the spray axis. Figure 7 shows the projection of the spray
liquid onto test surface A for an inclined spray. The volumetric
flux for an infinitesimal area dA of the test surface is smaller than
for dA' of the spherical surface because of the farther location of
dA from the orifice compared to dA’. Volumetric flux shows ap-
preciable variation along surface A because of the large variations
in distance from the orifice along this surface. Increasing inclina-
tion angle « accentuates the variations of volumetric flux across
A. The following is a brief outline of the key equations of the
volumetric flux model for an inclined spray. The readers should
refer to Ref. [15] for further details concerning this model.

The volumetric flux across spherical surface A’ in Fig. 7 is
given by

v [0
Qo= 27H[1 - cos(6/2)] )

and across the test surface,

I " dA,

Q"= SPE (2)
In the present study, the area ratio dA’/dA is computed numeri-
cally for the locations of CHF commencements (end points of
minor axis of impact ellipse) from the relevant geometrical pa-
rameters. Figure 8 shows the variation of dA’/dA with inclination
angle « for each of the three nozzles tested in the present study.
Notice the rapid decrease in area ratio with increasing inclination
angle. Since Q;'p in Eq. (2) is constant, Eq. (2) shows that Q"
decreases sharply with increasing inclination angle. For «
=55 deg (largest angle tested in the present study), Fig. 8 shows
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Spray cone angle

Inclination angle of test surface from normal
Distance from orifice to test surface
Distance from orifice to projected surface
Radius of projected surface
Length of test surface

dA’ (Spherical surface)
dA” (Projected surface)
dA (Test surface)

Fig. 7 Nomenclature for inclined spray model

that the spray flux along the impact surface is only about 20% of

O
s}i"he relation between height H and length of the heater, L, is
given by

H 1
1= E[COS a cot(#/2) — sin «] (3)
and because of the constraint of having the impact ellipse inscribe
the test surface, the major axis of the ellipse, 2a, is given by
2a=L 4)
The minor axis 2b of the impact ellipse is given by
2b =L cos a1 — tan® a tan>(6/2) (5)

Equation (5) shows that the minor axis of the impact ellipse de-
creases with increasing inclination angle. Knowing both the minor
and the major axis, the following equation is derived for the area
of the impact ellipse:

T —
Allipse = ZLZ cos a1 — tan? a tan?(6/2) (6)

Differential Area ratio, dA'/dA

0.1

Nozzie3 | —-—-—-

0.0 I I 1 I I
0 10 20 30 40 50 60

Inclination Angle, o [°]

Fig. 8 Variation of differential area ratio corresponding to end
points of the minor axis of impact ellipse with inclination angle
for three nozzles
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Figure 9 shows the variation of impact area with inclination
angle for each of the nozzles tested. The substantial decrease of
Actiipse With @ appears to correlate well with the variation of CHF
with « discussed earlier in relation to Figs. 6(a) and 6(b). How-
ever, this is only one aspect of the impact of @ on CHF, given both
the strong variations of volumetric flux across the test surface and
the localized commencement of CHF along the end points of the
minor axis of the impact ellipse. These complex effects will be
reconciled in the next section in the development of a comprehen-
sive model for spray CHF.

CHF Model

Using data for water, FC-72, and FC-87, Estes and Mudawar
[7] developed a correlation for predicting local (point-based) CHF,
q;:w, corresponding to locations of the impact area of a normal
spray corresponding to the weakest volumetric flux:

" 0.3 "2 —-0.35

d AT,

A =2.3<ff> (—L Q 32) (1 +0.00192LL2 s b)
Pl Q Pg a Pl

™)

where Q" is the local volumetric flux along the outer perimeter of

the impact circle of a normal spray. This correlation was also

&
E
)
-
»
<
i
E
o4 [Nezte2 [-------
’ Nozze3 | — — —- i
0.0 1 1 1 1 1
() 10 20 30 40 50 60

Inclination Angle, o [°]

Fig. 9 Variation of spray impact area with inclination angle for
three nozzles
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Fig. 10 Correlation of CHF data for PF-5052 for different orientations and nozzles based on

average volumetric flux

validated by Rybicki and Mudawar [16] for upward facing PF-
5052 sprays.

Recently, Visaria and Mudawar [15] validated this point-based
CHEF correlation for inclined sprays by identifying the locations of
the impact ellipse corresponding to the weakest volumetric flux.
On a geometrical basis alone, this point corresponds to the most
downstream point of the major axis of the impact ellipse. How-
ever, dryout at this location as well as the entire downstream
perimeter of the impact ellipse is delayed by the aforementioned
lateral liquid flow. On the other hand, the two end points of the
minor axis are the farthest points from the orifice that do not take
advantage of the lateral liquid flow; CHF is therefore postulated to
commence at these two end points. This means that Q" in Eq. (7)
should be determined at these two locations.

Of greater importance to electronics cooling is CHF based on
total test surface area, i.e., device power divided by L?. Unlike the
point-based correlation approach presented by Visaria and
Mudawar [15], a new approach is developed in the present study
for calculating CHF values based on L? and volumetric flux aver-
aged over the spray impact area. To accomplish this goal, Eq. (7)
is rewritten as

" \0.3 _HZd =035 AT
q—m=2.3<&> (L’M 1+0_0019M

pghfgé’ ' Pg o Pyl
30
X <f%) (8)
where
fi= g_: ©)
and
fo= e : (10

" T cos av1 —tan® « tanz(ﬁ/Z)J
G 4

Q" in Eq. (9) was calculated numerically using Egs. (1) and (2),
with the differential area ratio dA'/dA corresponding to the end
points of the minor axis of the impact ellipse. Figure 10 shows
excellent agreement between the CHF model predictions and ex-
perimental data for the three nozzles for different subcoolings,
flow rates, and inclination angles. Virtually all the data fall within
+25% of the predictions with a mean absolute error of 9.56%.
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Conclusions

This study provided a systematic method in predicting the ef-
fects of spray inclination on CHF from a 1.0 1.0 cm? test sur-
face using PF-5052 as working fluid. This method includes an
extension of a previous point-source spray model that was modi-
fied to incorporate the effects of nozzle inclination on volumetric
flux distribution. Aided by extensive flow visualization studies, a
method is devised to determine the location of CHF commence-
ment on the test surface. This criterion is combined with a previ-
ous point-based CHF correlation to predict CHF for inclined
sprays. Key findings from the study are as follows:

(1) An inclined spray produces an elliptical impact area. To
achieve the highest possible CHF, the spray should be con-
figured such that the impact ellipse just inscribes the test
surface. Volumetric flux due to direct droplet impact greatly
decreases with increasing contact angle, especially for the
most downstream edge of the impact ellipse. However, this
same region benefits from lateral liquid flow that is caused
by the spray inclination. Two points that are both farthest
from the nozzle orifice and do not benefit from the lateral
liquid flow are the end points of the minor axis of the
impact ellipse. CHF therefore commences at these two lo-
cations.

(2) CHF decreases monotonically with increasing spray incli-
nation angle away from normal. This decrease is consistent
with the trend of decreasing impact area and volumetric
flux predicted by the volumetric flux model.

(3) Combining the results of the volumetric distribution model
and flow visualization experiments with a previous point-
based CHF correlation by Estes and Mudawar [7] and
Visaria and Mudawar [15] provides a systematic and accu-
rate means for predicting the effects of inclination angle on

CHF.
Nomenclature
A = area of test surface
a = half-length of major axis of elliptical impact
area
A’ = area of spherical surface
A" = area of projected surface
Aqjipse = area of impact ellipse
b = half-length of minor axis of elliptical impact
area
c, = specific heat
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d, = diameter of nozzle orifice
d3, = Sauter mean diameter (SMD)
f1 = ratio of local to average volumetric flux
f>» = ratio of point-based CHF to critical CHF based
on total area (L?) of test surface
H = radius of spherical surface
Hy = distance from orifice to test surface
hs, = latent heat of vaporization
= length (and width) of square test surface
Q = total volumetric flow rate of spray
Q" = local volumetric flux across test surface
Q" = average volumetric flux across Aipsc
¢, = CHF based on total area (L?) of test surface
g, , = point-based CHF
Q' = local volumetric flux across spherical surface
ﬁ = radius of projected surface
T; = liquid temperature at nozzle inlet
Ty, = saturation temperature based on test chamber
pressure
AT, = difference between saturation temperature and
inlet temperature, T, — T

Greek Symbols
a = inclination angle between spray axis and nor-
mal to test surface
= angle used in uniform point-source model
spray cone angle
= density
= surface tension
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Subscripts

= liquid

= vapor

= maximum (CHF)
point based

= saturation

= subcooled
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