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This study is the first part of a two-part review of spray cooling, which addresses the relatively high-flux,
low-temperature mechanisms and predictive tools associated with the single-phase liquid cooling and
nucleate boiling regimes, as well as critical heat flux (CHF). The second part will be focused on the rela-
tively high-temperature transition boiling and film boiling regimes, and the Leidenfrost point, which are
encountered in quenching of metal alloy parts. In this part, key spray hydrodynamic parameters influenc-
ing heat transfer performance are identified, including volumetric flux, mean droplet diameter, and mean
droplet velocity. This is followed by detailed identification of dominant mechanisms, data trends, corre-
lations, and predictive models recommended by different research teams. Also discussed are spray cool-
ing enhancement schemes, including micro and macro modifications to the surface itself, additives to the
liquid, and use of nanofluids. Overall, contradictory findings point to a need for future experimental work
that must be conducted systematically using many fluids with vastly different thermophysical properties,
and broad ranges of operating conditions. There is also a need for further research to investigate param-
eters that influence CHF, including dissolved gas, spray inclination angle, and interaction between neigh-
boring sprays when using multi-nozzle arrays to cool large surfaces.
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Nomenclature

A area defined along heated surface
a system acceleration
A0 area defined along spherical surface centered at nozzle

orifice
Ae area of impact ellipse
Bo⁄ boiling number
C empirical coefficient
Cq discharge coefficient
cp specific heat at constant pressure
D surface diameter
d droplet diameter
do nozzle orifice diameter
d0.5 mass or volume median diameter
d32 Sauter mean diameter
f impact frequency
fo function in spray overlap relation
f1, f2 spray inclination functions
G mass flux
g gravitational acceleration
H nozzle-to-surface distance
h heat transfer coefficient
hfg latent heat of vaporization
k thermal conductivity
L surface length; characteristic length
M radial momentum
_m mass flow rate of spray
_me mass flow rate of liquid expelled from surface
N total number of droplets of all sizes in sample
N+ droplet number density
Nu Nusselt number
ni number of droplets with diameter di in sample
P pressure
DP pressure drop across nozzle
Pr Prandtl number
Ps stagnation point pressure
Q volumetric flow rate
Q00 local volumetric flux
Q 00 mean volumetric flux on surface
q00 surface heat flux
Q00

sp volumetric flux along spherical surface centered at noz-
zle orifice

q00⁄CHF dimensionless CHF
R spray cross-sectional radius
r radius; radial coordinate
Ra surface roughness
Re Reynolds number

rd bubble departure radius
T temperature
DTc critical state temperature difference
DTf Tw � Tf
DTmax maximum temperature variation across surface at CHF
DTsat surface superheat, Tw � Tsat
Tþ
sat superheat temperature limit
DTsub liquid subcooling, Tsat � Tf
u droplet velocity; characteristic velocity
u1 liquid velocity upstream of nozzle
um mean droplet velocity
We Weber number
X number of droplets crossing unit transverse surface area

per unit time
x x coordinate
xi number of droplets with diameter di
y y coordinate
z distance from nozzle

Greek symbols
a spray inclination angle
b angle in spray inclination model
c angle in spray inclination model
c 0 angle in spray inclination model
d liquid film thickness
e expulsion rate
g evaporation efficiency
h spray angle
l viscosity
q density
r surface tension

Subscripts
a ambient
atm atmospheric
CHF critical heat flux
f liquid
g vapor; gas
MIN minimum heat flux
NB nucleate boiling
o nozzle orifice; spray overlap
p point based
s spray
sat saturation
sub subcooling
w surface
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1. Introduction

1.1. High heat flux cooling solutions

1.1.1. Background and applications
During the past three decades, aggressive micro-

miniaturization of electronic components has created an urgent
need for innovative cooling schemes to maintain electronic device
temperatures safely below limits that are dictated by material and
reliability constraints. By the early 1980s, this trend led to rapid
escalation in heat dissipation rate, causing a shift from reliance
on fan-cooled heat sink attachments to cooling schemes utilizing
dielectric liquid coolants using a variety of single-phase cooling
schemes, relying entirely on the coolant’s sensible heat rise to
remove the heat. However, by the mid-1980s, heat dissipation
from supercomputer chips approached 100W/cm2, exceeding the
capabilities of most single-phase liquid cooling schemes [1]. After-
wards, cooling system developers focused their attention on two-
phase cooling schemes, to capitalize on the coolant’s both sensible
and latent heat to reject far greater amounts of heat than that with
single-phase schemes, while maintaining lower device tempera-
tures. But heat dissipation concerns were not limited to computer
devices. Since the early 1990s, similar heat dissipation challenges
were encountered in numerous other applications. As shown in
Fig. 1, they include, in addition to computers and data centers, X-
ray medical devices, hybrid vehicle power electronics, heat
exchangers for hydrogen storage, fusion reactor blankets and par-
ticle accelerator targets, magnetohydrodynamic (MHD) electrode
walls, rocket nozzles, satellite and spacecraft electronics, laser
and microwave directed energy weapons, advanced radars, and
air-fuel heat exchangers in high-Mach aircraft engines [2]. These
applications can be collectively categorized as low-temperature,
meaning surface temperatures are maintained safely below the
critical heat flux (CHF) limit. On the other, there are other high-
temperature applications, which are associated mostly with
quenching of metal alloy parts from very high temperatures in
order to achieve optimum alloy microstructure and superior
mechanical properties.

1.1.2. Merits and limitations of two-phase cooling schemes
Several two-phase liquid cooling schemes have been recom-

mended for removal of high heat fluxes from devices used in the
above applications. They include pool boiling thermosyphons,
channel flow boiling, mini/micro-channel heat sinks, jet-
impingement, and spray cooling [3]. Of these schemes, the latter
three provide the highest cooling effectiveness and have therefore
received the most attention in recent years. Proponents of spray
cooling point to several advantages: high flux heat dissipation,
low and fairly uniform surface temperature, and ability to cool a
relatively large surface area using a single nozzle. For example,
studies have shown that spray cooling can dissipate 150–200W/
cm2 using the dielectric coolant HFE-7100 while maintaining
device temperatures below 125 �C [4]. And cooling performance
can be enhanced further with micro-structured surfaces, reaching
330–350W/cm2 below 125 �C using antifreeze coolant [5,6]. While
mini/micro-channel heat sinks and jet-impingement lend them-
selves better to theoretical and/or semi-empirical modeling,
because of its inherent complexity, spray cooling has lagged signif-
icantly behind in cooling system implementation.

With single-phase mini/micro-channel cooling, small coolant
flow rates produce laminar flow, which, in the absence of phase
change, results in a heat transfer coefficient inversely proportional
to hydraulic diameter. But achieving very high single-phase heat
transfer coefficients with very small diameters can lead to very
high pressure drops. Single-phase cooling also compensates for
high heat fluxes by large stream-wise increases in both coolant
and device temperatures, which can be very detrimental to
temperature-sensitive devices such as computer chips [3]. Two-
phase mini/micro-channel cooling, on the other hand, permits par-
tial or total consumption of the liquid by evaporation, thus requir-
ing minimal coolant flow rates, and latent heat exchange helps
maintain stream-wise temperature uniformity to levels dictated
mostly by the coolant’s saturation temperature. Yet, the major
drawback of two-phase mini/micro-channel cooling is the large
pressure drop associated with two-phase friction and acceleration
along the channel [7,8].

Jet-impingement cooling involves large concentration of heat
removal within the impingement zone, which can produce large
surface temperature gradients that are detrimental to
temperature-sensitive devices. While surface gradients can be
reduced with multiple jets, interference between neighboring jets
tends to complicate the flow of expelled coolant and induce flow
instabilities in the cooling module. Two-phase jet impingement
can be especially problematic because of a tendency of the wall
jet emanating from the impingement zone to separate from the
surface due to vapor momentum perpendicular to the surface. In
fact, CHF in jets is often encountered even with an abundance of
liquid in the wall jet [9].

Sprays utilize the momentum of liquid issued from the spray
nozzle to induce breakup into fine droplets that impinge individu-
ally upon the heated surface. Not only does the breakup increase
the surface area to volume ratio of the liquid, but it also helps pro-
duce a more uniform spatial distribution of heat removal. Also,
vapor can be easily removed from the heated surface, allowing
more effective contact of the liquid droplets with the surface.
Another important attribute of spray cooling is its ability to greatly
reduce or even prevent the wall temperature excursion and subse-
quent temperature drop associated with incipient boiling. This
anomaly is commonplace with most two-phase cooling schemes
involving dielectric coolants, and is known to cause thermal shock
to electronic devices [10]. Another key attribute of spray cooling is
resisting liquid separation from the surface during vigorous boil-
ing. By bombarding the entire surface with droplets, the momen-
tum of individual droplets is better able to resist the opposing
vapor momentum perpendicular to the surface than a wall jet.
The momentum of droplets allows liquid to penetrate through
the vapor barrier created by nucleating bubbles and more effec-
tively replenish the surface; both are highly beneficial to high-
flux cooling [11].

However, spray cooling is not without shortcomings. Foremost
among those is the high pressure drop sometimes required to
break the liquid flow into fine droplets. Another practical drawback
is the small size of flow passages within the spray nozzle increas-
ing the likelihood of clogging, which can lead to eventual surface
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burnout. Furthermore, even minute variations in the fabrication of
seemingly identical nozzles can produce profound differences in
the spray’s impact pattern; careful pre-testing of nozzles is there-
fore essential to ensuring predictable and repeatable cooling per-
formance [12]. Despite these disadvantages, spray cooling
remains quite popular in both low-temperature and high-
temperature applications. Noteworthy among low-temperature
applications is incorporating spray cooling into refrigeration sys-
tems, where a spray chamber serves as refrigeration loop evapora-
tor [13,14].

1.2. Nozzle type and orientation relative to sprayed surface

1.2.1. Nozzle type
Not all types of nozzles are recommended for spray cooling. In

general, two types of sprays are commonly used in industry: air-
assist (or air-driven) sprays, which are produced by atomizer noz-
zles, and pressure sprays, which are produced by pressure nozzles
[15].
Atomizers are spray nozzles that utilize a secondary gas stream
to aid the droplet breakup and produce small droplets. However,
for systems used to cool electronic devices, mixing a non-
condensable gas into the liquid coolant greatly complicates coolant
flow loop operation because of the need to separate the gas from
the spent coolant, let alone the detrimental effects of the non-
condensable gas on the performance of the flow loop’s condenser.
Besides, atomizers come in a large variety of designs, making pre-
diction of their cooling performance quite illusive.

Pressure spray nozzles are preferred for spray cooling because
of their reliance on momentum of the liquid alone to achieve the
droplet breakup. Pressure spray nozzles are classified according
to the manner in which they distribute droplets across the surface.
Shown in Fig. 2 are three types of pressure nozzles popular in many
industries: full cone, hollow cone, and flat. Full cone spray nozzles
distribute liquid droplets across the entire impact circle, and are
therefore preferred for many spray cooling applications. Hollow
cone spray nozzles concentrate most of the droplets near the
periphery of the impact circle. On the other hand, flat spray nozzles
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produce a narrow oval impact area. With the exception of a few
specialized nozzles (e.g., spiral-shaped and acoustically controlled),
pressure spray nozzles are generally available in a simple basic
design. The present study is focused primarily on pressure sprays.

1.2.2. Nozzle orientation
Aside from normal downward-facing sprays, which are com-

monplace in many cooling applications, there are other nozzle ori-
entations that are dictated mostly by packaging constraints.
Overall, full cone spray orientations/configurations include
downward-facing, Fig. 3(a), downward-facing with a small heated
surface, Fig. 3(b), upward-facing, Fig. 3(c), horizontal, Fig. 3(d), and
inclined, Fig. 3(e). Shown in Fig. 3(a) are key parameters that influ-
ence spray cooling. Definitions of these and other parameters will
be provided later in Section 2.

For pressure spray nozzles, a minimum nozzle-to-surface dis-
tance is required to produce a fully developed spray. This distance
allows hydrodynamic instabilities to induce initial breakup of liq-
uid emerging from the nozzle into liquid sheets, followed by tubu-
lar ligaments, and ultimately individual droplets. However,
stringent volumetric constraints, especially in electronic packages,
often preclude the space required to ensure spray breakup. Two
techniques that are used to cope with space constraints are (a) tilt-
ing the spray from normal orientation relative to the surface, and
(b) using micro-sprays that require much shorter breakup dis-
tances [16]. Comparing upward-facing and downward-facing
sprays over broad ranges of operating conditions and thermophys-
ical properties, Rybicki and Mudawar [17] proved that, because of
high droplet velocities, gravity (i.e., orientation) has virtually no
effect on spray cooling performance, a conclusion also shared by
Qiao and Chandra [18]. On the other hand, Hsieh and Yao [19], Choi
and Yao [20], Yoshida et al. [21], and Lin et al. [22] suggested that
spray orientation does influence cooling performance.

In cases involving a large heat dissipating surface area or mul-
tiple heat dissipating areas, an array of spray nozzles is often used,
which can lead to overlap between neighboring sprays. This
increases coolant volumetric flux in the overlap regions, but com-
plicates spray behavior and cooling performance.

1.2.3. Practical concerns
There are additional practical concerns in implementing spray

cooling, such as corrosion and erosion of the intricate interior of
the spray nozzle, single-point failure as a result of nozzle clogging,
Full Cone

Heated wall

Hollow C

Pressure N

Fig. 2. Droplet impact patterns of pressure n
and lack of repeatability of droplet hydrodynamics and heat trans-
fer performance among seemingly identical nozzles. Estes and
Mudawar [23] recommended that only spray nozzles that are
made from stainless steel or other corrosion and erosion resistant
materials be used. It is also important that an effective filtering sys-
tem be employed in the cooling loop to prevent clogging.

1.3. Spray boiling curve and quench curve

Heat transfer response of a surface to spray cooling can be
quantified with the aid of the boiling curve and/or quench curve
[24]. Shown in Fig. 4(a), the boiling curve depicts the variation of
heat flux from the surface to the spray with wall superheat (wall
temperature minus liquid saturation temperature). The boiling
curve is highly effective for identifying the different heat transfer
regimes encountered at different levels of wall superheat. They
are comprised of (a) the single-phase liquid cooling regime corre-
sponding to low superheats, (b) the nucleate boiling (NB) regime
consisting of bubble nucleation within the liquid film formed by
the impacting droplets and associated with the highest heat trans-
fer coefficients, (c) the transition boiling (TB) regime associated with
portions of the surface encountering bubble nucleation within the
liquid film and other portions blanketed with vapor, and (d) the
film boiling (FB) regime corresponding to high wall superheats that
cause vapor blanketing over the entire surface and resulting in very
small heat transfer coefficients. These four regimes are demarcated
by three important transition points: (a) onset of boiling (ONB) (or
incipient boiling) corresponding to first bubble formation on the
surface, (b) critical heat flux (CHF), where bubble nucleation is
replaced by localized vapor blankets merging together across the
surface, and (c) minimum heat flux (MIN) (or Leidenfrost point),
below which partial breakup of the continuous vapor blanket asso-
ciated with film boiling begins to take effect. These three transition
points clearly have profound influences on cooling effectiveness.
For low-temperature applications, optimum cooling is achieved
by maintaining conditions above ONB, but safely below CHF. On
the other hand, in high-temperature applications, where the sur-
face is gradually cooled (quenched) from a high initial temperature
corresponding to the film boiling regime, MIN marks the transition
from very slow film boiling to the much faster transition boiling.

Shown in Fig. 4(b), the quench curve provides a better represen-
tation of the variations in cooling rate encountered when the sur-
face is cooled from an initial high temperature corresponding to
one Flat

ozzle

ozzles: full cone, hollow cone, and flat.



Fig. 3. Schematic representations of (a) downward-facing spray with key nomenclature, (b) downward-facing spray with small surface, (c) upward-facing spray, (d)
horizontal spray, and (d) inclined spray with orientation nomenclature.
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film boiling down to a low temperature. Unlike the boiling curve,
which is a measure of only surface effects, the quench curve also
accounts for thermal mass of the quenched part. The large varia-
tions in heat transfer coefficient corresponding to the afore-
mentioned regimes of the boiling curve are associated with signif-
icant variations in cooling rate along the quench curve. Fig. 4(b)
shows the variations in cooling rate reflected by appreciable slope
changes between successive regimes. Quenching is initiated with
slow cooling in the film boiling regime down to the Leidenfrost
point, below which cooling rate increases in the transition boiling
regime, and even more appreciably in the nucleate boiling regime,
before subsiding in the single-phase liquid cooling regime. The
quench curve emphasizes the importance of the Leidenfrost point,
whereupon large changes in cooling rate can have profound influ-
ences on the microstructure and mechanical properties of a
quenched metal alloy part.

Overall, quantifying spray cooling behavior in both low-
temperature and high-temperature applications requires reliable
predictive tools for all four boiling regimes as well as the transi-
tion points in between. These tools must be presented in terms of
measurable spray parameters, which will be discussed in
Section 2.
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1.4. Prior spray cooling reviews

Several review articles have been published in the past, which
either address spray cooling along with other cooling schemes, or
are dedicated entirely to spray cooling. Examples of the first cate-
gory of reviews include an article by Bar-Cohen et al. [25] address-
ing pool boiling, spray/jet impingement, gas-assisted evaporation,
and synthetic jet impingement with dielectric liquids. Ebadian
and Lin [26] reviewed high heat flux removal schemes including
micro-channel, jet impingement, and spray, as well as wettability
effects and piezoelectrically driven droplets. Kandlikar and Bapat
[27] reviewed micro-channel, spray, and jet impingement
schemes. More recently, Smakulski and Pietrowicz [28] examined
porous media, micro-channel, and spray cooling, and concluded
that spray cooling is the most promising of all the schemes
reviewed.

Examples of reviews dedicated entirely to spray cooling include
those by Kim et al. [29], who summarized studies on single-phase
and nucleate boiling prior to 2006, and Cheng et al. [30], who
focused on spray CHF. Tseng et al. [31] reviewed film boiling heat
transfer for high mass flux sprays. Silk et al. [32] reviewed studies
on spray cooling in microgravity.

1.5. Objectives of present review

Depending on the spray’s volumetric flux (volumetric flow rate
per unit area), sprays can be described as dilute, intermediate, or
dense. Shown in Fig. 5(a) is a schematic of a dilute spray, where
low volumetric flux results in virtually no liquid buildup or inter-
action among droplets impinging on the surface, along with a
depiction of single droplet impact. Fig. 5(b) shows a schematic of
an intermediate spray, where interference among impacting dro-
plets can be appreciable but not sufficient to form a continuous liq-
uid film on the surface. On the other hand, Fig. 5(c) depicts a dense
spray, where a thin film is formed by accumulation of frequent and
successive droplet impacts. Clearly, droplet impact plays a crucial
role in all types of spray cooling, but the ensuing heat transfer is
also highly sensitive to the spray’s volumetric flux. This demon-
(a) (b)
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Fig. 5. Schematics of sprays corresponding to different volumetric fluxes, and associated
dilute spray, (b) intermediate spray, and (c) dense spray. Droplet images are adapted fr
strates the need to relate, where possible, single droplet impact
phenomena (on both dry and wet surfaces) to spray cooling. In fact,
this relationship is the key reason behind a series of reviews by the
present authors addressing the fluid mechanics of liquid drop
impact on a liquid film [33] and on a heated wall [34], culminating
in the present two-part spray cooling review.

Unlike prior reviews of spray cooling, the present review will
provide a comprehensive assessment of all aspects of spray cooling
important to both fundamental understanding of underlying
mechanisms and cooling system design, including available mod-
els and correlations, as well as recommendations for future
research. The review will be presented in two parts. The present
part will address determination of dominant hydrodynamic
parameters that are used to characterize spray behavior, followed
by a detailed review of the low-temperature cooling regimes, namely
single-phase liquid cooling and nucleate boiling, as well as the CHF
limit. The second part [35] will focus on the high-temperature
transition and film boiling regimes as well as the Leidenfrost point.
Also included in the second part is the use of spray cooling models
and/or correlations to predict transient response of metal alloy
parts when cooled from high initial temperature. It will also be
shown how this response can be combined with metallurgical
transformation kinetics to predict detailed spatial distributions of
mechanical properties within the cooled part.

2. Hydrodynamic parameters of sprays

2.1. Overall parametric influences

Predicting the cooling performance of sprays is complicated by
its dependence on a rather large number of parameters. They
include:

(a) Liquid type: water, dielectric fluids (e.g., FC-72, FC-77, FC-87,
PF-5060, PF-5052, and HFE-7100), refrigerants (e.g., R-22, R-
113, R-600a, R-134a, and ammonia), cryogens (e.g., those
used in laser treatment [39,40]), and saline water (used in
cooling towers [41]).
(c)

Liquid Film

Dense Spray

L

te Spray

images capturing interactions between droplets and solid surface or liquid film: (a)
om Liang et al. [36], Cossali et al. [37], and Cossali et al. [38].
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(b) Liquid saturation temperature, Tsat, liquid subcooling, DTsub,
and thermophysical properties of liquid: density, qf, viscos-
ity, lf, thermal conductivity, kf, specific heat, cp,f, surface ten-
sion, r, and latent heat of vaporization, hfg.

(c) Ambient pressure, Pa, and thermophysical properties of sur-
rounding vapor/gas: density, qg, viscosity, lg, thermal con-
ductivity, kg, and specific heat, cp,g.

(d) Surface parameters: surface temperature, Tw, surface super-
heat, DTsat, heat flux, q00, and thermal conductivity, kw.

(e) Flow parameters: flow rate, Q, and pressure drop across the
nozzle, DP.

(f) Geometrical parameters of spray nozzle: orifice diameter, do,
spray cone angle, h, nozzle orientation angle, a, and nozzle-
to-surface distance, H.

The influence of the majority of the above parameters is
reflected in three spray parameters that play a crucial role in spray
cooling: droplet size, d, droplet velocity, u, and volumetric flux, Q00.
Also important to cooling performance are the spatial distributions
of these three parameters across the sprayed surface.

When multiple droplets impact the surface at a large rate, a
continuous liquid film is formed on the surface, the thickness of
which can have a significant influence on spray cooling [42]. Sur-
face roughness is another important parameter that can influence
droplet impact, liquid film thickness, vapor/gas entrapment, bub-
ble departure pattern and size, and therefore overall heat transfer
effectiveness [43]. Thermal conductivity of the surface is yet
another parameter that can influence spray cooling [44].

2.2. Mean droplet diameter

As liquid emerges from the nozzle, liquid breakup begins to take
effect. Prior to impacting the surface, droplets are formed with dif-
ferent diameters, velocities, and trajectories. When characterizing
a spray, it is more convenient to work with a mean droplet diam-
eter instead of the complete distribution of diameters. Use of a
mean diameter implies that the actual spray is represented by a
spray whose droplets possess the same diameter, while retaining
other relevant characteristics of the actual spray [45]. The concept
of mean diameter was introduced and its notations were standard-
ized by Mugele and Evans [46]. One of the most popular mean
diameters is Sauter mean diameter, d32, defined as the diameter
of a droplet whose volume-to-surface area ratio is the same as that
for the entire spray sample,

d32 ¼
P

inid
3
iP

inid
2
i

; ð1Þ

where ni is the number of droplets with diameter di. Another diam-
eter commonly used in commercial spray nozzle catalogs is the
mass median diameter, d0.5, also referred to as volume median
diameter, which is the droplet diameter such that 50% of the total
liquid volume is in droplets with smaller diameter.

For full cone sprays, Estes and Mudawar [47] correlated d32 for
FC-72 and water, liquids with vastly different surface tension val-
ues, according to

d32

do
¼ 3:67ðWe1=2o ReoÞ

�0:259
; ð2Þ

where do is the nozzle’s orifice diameter, having a range of 0.762–
1.7 mm, and Weo and Reo are, respectively, the Weber and Reynolds
numbers based on orifice conditions and defined as

Weo ¼
qgð2DP=qf Þdo

r
ð3aÞ

and
Reo ¼
qf ð2DP=qf Þ1=2do

lf
: ð3bÞ

In Eqs. (3a) and (3b), DP represents pressure drop across the nozzle,
and (2DP/qf)1/2 the characteristic liquid velocity. Equation (2) pro-
vides a relatively simple and convenient method to determining
d32 without having to conduct expensive and laborious droplet siz-
ing measurements for individual nozzles.

Ghodbane and Holman [48] suggested the following correlation
for d0.5 by Bonacina et al. [49], which provides the best agreement
with nozzle manufacturers’ specifications:

d0:5

do
¼ 9:5

½DP0:37 sinðh=2Þ� ; ð4Þ

where h is the spray’s cone angle. Using four full cone pressure
spray nozzles, Nasr et al. [50] found that d0.5, mean droplet velocity,
and mass flux for water decrease with increasing axial distance z
downstream from the orifice, and recommended the following cor-
relation for d0.5:

d0:5

do
¼ 0:523We�0:659

o Re0:203o ðz=doÞ�0:361
; ð5Þ

which is valid for do = 0.61–1.7 mm and volume flow rates of
Q = 0.53–5.89 l/min.

Also using full cone pressure spray nozzles, Cheng et al. [51]
found that droplet diameter for water changes away from the ori-
fice according to

d32

do
¼ 13:62We�0:12

o Re�0:26
o ðH=DÞ0:36ðR=DÞ0:39 expð�1:07R=DÞ; ð6Þ

where H, R, and D are nozzle-to-surface distance, spray cross-
sectional radius at a certain spray height, and surface diameter,
respectively. The Weber and Reynolds numbers in Eq. (6) are based
on the formulations of Ghodbane and Holman [48].

Xie et al. [52] measured droplet size and velocity distributions
for water using pressure spray nozzles. They showed that axial dis-
tance from the orifice significantly influences droplet size and
velocity, and observed two local peaks and one valley of droplet
flux within the spray’s cross-section. They also identified a critical
axial distance below which the spray cone is hollow and droplet
diameter decreases with increasing axial distance, and above
which the spray cone is fully developed and droplet diameter
begins to increase due to coalescence. Droplet velocity was shown
to decrease monotonically with the axial distance because of ambi-
ent air drag. In another study, Xie et al. [53] examined thermal
effects on spray behavior. They observed the spray cone to expand
with increasing surface temperature, resulting in dilute volumetric
flux in the spray’s central region, which influenced the heat trans-
fer coefficient and increased surface temperature non-uniformity.
Increasing surface temperature also increased droplet diameter
but decreased droplet velocity near the surface.

2.3. Spray volumetric flux

Spray volumetric flux is arguably the most important parameter
in spray cooling, evidenced by its dominant influence on heat
transfer performance compared to the other hydrodynamic param-
eters [45]. Two different definitions of volumetric flux are com-
monly used in the heat transfer literature. The first is local spray
volumetric flux, Q00, defined as the volumetric flow rate of liquid
impacting an infinitesimal portion of the surface divided by the
area of the same portion. The other is mean volumetric flux, Q 00,
which can be readily determined by dividing the total volume flow
rate of the spray by the portion of the surface directly impacted by
the spray - the spray’s impact area. Another less accurate definition
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of Q 00 used in a few studies is total volume flow rate divided by the
total area of the sprayed surface.

Mudawar and Deiters [54] measured the spatial distribution of
volumetric flux for water shown in Fig. 6(a), which features peak
value at the center of the impact area and gradual decay away from
the center. They also observed that, while mean droplet velocity
(discussed in the following section) is virtually constant for the
entire spray impact area, the heat transfer coefficient peaks at
the center and follows essentially the distribution of volumetric
flux as shown in Fig. 6(b).

Mudawar and Estes [55] constructed a theoretical model for Q00

based on the geometrical depiction in Fig. 7(a), where volumetric
flux Q00

sp along any spherical surface centered at the orifice and
confined by the spray angle was assumed uniform,

Q 00 ¼ Q 00
sp
dA0

dA

¼ 1
2

Q

p½H tanðh=2Þ�2
( )

tan2ðh=2Þ
1� cosðh=2Þ
� �

1þ r
H

� �2� ��3=2

; ð7Þ

where r is the radial coordinate. The accuracy of this model was val-
idated using a spray sampler with different sized sampling inserts
as shown in Fig. 7(b). For each insert, the volumetric flux distribu-
tion given by Eq. (7) was integrated over the sampler’s inlet area,
and results compared favorably with the flow rate captured in the
graduated cylinder of the sampler.

2.4. Mean droplet velocity

Mean droplet velocity, um, is commonly used to represent the
velocity of spray droplets. Bolle and Moureau [56] suggested a
method for calculating um for a spray with known droplet size dis-
tribution. First, they determined the total number of droplets X
crossing a unit transverse surface area per unit time. If the volu-
metric flux, Q00, for the same unit area is known, then
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Fig. 6. Variations of (a) volumetric flux, and (b) heat transfer coefficient across the
sprayed surface. Adapted from Mudawar and Deiters [24].
Q 00 ¼
X
i

xiðpd3
i =6Þ; ð8Þ

where xi is the total number of droplets with diameter di crossing
the unit area per unit time, which is proportional to the sample
population ni of droplets with diameter di, determined over an ade-
quate measurement period during which the total number of dro-
plets of all sizes is N. Then,

xi
X
¼ ni

N
; ð9Þ

where the ratio ni /N is measured with the aid of a particle analyzer.
Therefore, the local mean droplet velocity um can be defined as

um ¼
P

ixiqf ui
pd3i
6

� �
P

ixiqf
pd3i
6

� � ¼
P

iuiðni=NÞ pd3i
6

� �
P

iðni=NÞ pd3i
6

� � : ð10Þ

In general, um can be approximated as droplet velocity exiting
the nozzle orifice using an energy balance proposed by Ghodbane
and Holman [48], and later modified by Qiao and Chandra [18] to
include gravity effects,

um ¼ u2
1 þ

2DP
qf

� 12r
qf d0:5

� 2gH

 !1=2

; ð11Þ

where u1 is the flow velocity upstream of the nozzle, and (2DP/qf) is
the most dominant term. Notice that droplet diameter in the above
equation is represented by d0.5 instead of d32, and velocity varia-
tions along the axial direction and any droplet-air or droplet-
droplet interactions are neglected. In other words, um given by Eq.
(11) is mean droplet velocity at the exit from the nozzle’s orifice.
Using full cone pressure nozzles, Ciofalo et al. [57] measured the
mean velocity of water droplets close to the spray axis and
5–10 cm away from the orifice, and showed that the measured val-
ues are slightly overpredicted by Eq. (11). Later, Ciofalo et al. [58]
suggested that um can be approximated as

um ¼ Cq
2DP
qf

 !1=2

; ð12Þ

where Cq is the discharge coefficient (Cq < 1), whose value depends
on the nozzle’s internal structure. In another study involving full
cone pressure nozzles, Nasr et al. [50] related um for water to axial
distance, z, from the orifice,

um

ðDP=qf Þ�1=2 ¼ 0:244We0:126o Re0:165o ðz=doÞ�0:293
: ð13Þ

On the other hand, Cheng et al. [51] related um at distance H for full
cone pressure nozzles to the spray’s radius,

um

u2
o;1 þ 2DP

qf
� 12r

qf d32

� �1=2 ¼ 17:58We�0:14
o Re�0:27

o
H
D

� �0:13 R
D

� �0:36

� exp
�2:13R

D

� �
: ð14Þ

Hsieh and Tien [59] used Laser Doppler Velocimetry to measure
local um for full cone pressure nozzles and its distribution in both
the axial and radial directions for R-134a. They showed that radial
velocity is highest at the outer edges of the spray and decreases
towards the central axis, where axial velocity is maximum.
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3. Single-phase heat transfer

3.1. Heat transfer models and correlations

The single-phase heat transfer regime has received less atten-
tion in the heat transfer literature compared to the other spray
cooling regimes. This can be attributed to this regime’s relatively
poor cooling performance, especially when compared to nucleate
boiling.

Investigators sought to optimize the spray’s nozzle-to-surface
distance for square surfaces in order to maximize the single-
phase heat transfer coefficient, which is reminiscent of the geomet-
rical approach recommended by Estes and Mudawar [47] to opti-
mize CHF. Guo et al. [60] observed a thin, high velocity film
(termed the impellent film) close to but outside the spray impact
area, which they deemed important to spray heat transfer. For a
square surface, optimum single-phase cooling was achieved when
the outer edge of the impellent film just inscribed the square
impact surface. However, Zhu et al. [61] reported that the optimal
nozzle-to-surface distance for single-phase heat transfer is identi-
cal to that recommended by Estes and Mudawar to optimize CHF,
i.e., corresponding to a spray impact area just inscribing the square
surface, not the surrounding film.

Based on the characteristic length used to correlate single-
phase heat transfer data, heat transfer correlations are available
in three different forms: (a) Nusselt number correlations based
on droplet diameter, (b) Nusselt number correlations based on sur-
face size, and (c) direct heat transfer coefficient correlations.

3.1.1. Nusselt number correlations based on droplet diameter
Mudawar and Valentine [45] correlated the single-phase heat

transfer coefficient for full cone pressure nozzles using the conven-
tional Nusselt number, Nu, formulation based on spray Reynolds
number, Res, and liquid Prandtl number, Prf,

Nu ¼ 2:512Re0:76s Pr0:56f ; ð15Þ
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where mean volumetric flux and Sauter mean diameter are used as
velocity and length scales, respectively. The three dimensionless
parameters in Eq. (15) are defined as

Nu ¼ hd32

kf
; ð16aÞ

Res ¼
qf Q

00d32

lf
; ð16bÞ

and

Prf ¼
cp;flf

kf
; ð16cÞ

where h is the heat transfer coefficient, and all liquid properties are
evaluated at the mean of surface and liquid temperatures,
(Tw + Tf)/2.

Mudawar and Valentine also proposed the alternative
correlation

Nu ¼ 2:569Re0:78s Pr0:56f ; ð17Þ
where the length scale used in both Nu and Res is d0.5 instead of d32.
Equations (15) and (17) are valid for Q 00 = 0.6�10�3–10�2 m3 s�1/m2

and Prf = 2.06–6.33.
More recently, Rybicki and Mudawar [17] combined their

upward-facing PF-5052 spray data along with Mudawar and
Valentine’s [45] downward-facing water spray data to derive the
correlation

Nu ¼ 4:70Re0:61s Pr0:32f ; ð18Þ
which is valid for Q 00 = 0.6�10�3–0.186 m3 s�1/m2 and d32 = 0.109–
0.806 mm, as shown in Fig. 8. They also indicated that, because of
high droplet velocities, gravity effects are negligible and spray cool-
ing is very weakly dependent on spray orientation.

Cho and Ponzel [62] reported that spray cooling is more effec-
tive above saturation temperature during evaporation of the thin
liquid film. Although most of their data showed a negligible effect
of liquid flow rate on single-phase heat transfer, data for a specific
nozzle (do = 0.51 mm) did show heat transfer improvement with
increasing flow rate. They correlated data for water sprays with
Q = 3.7–8.7 ml/s according to

Nu ¼ 2:531Re0:667s Pr0:309f : ð19Þ
3.1.2. Nusselt number correlations based on surface size
Several studies have culminated in Nusselt number correlations

for the single-phase regime based on surface size instead of droplet
diameter,

Nu ¼ hL
kf

; ð20Þ

where L is the length for square surfaces, which is also replaced by
diameter D for circular surfaces.

Using R-134a as working fluid, Hsieh and Tien [59] obtained the
following correlation for single-phase heat transfer,

Nu ¼ 933
qf u

2
md32

r

 !0:36
d32

do

� �0:25 DTsub

Tw

� �0:027

; ð21Þ

which shows dependence onWeber number based on mean droplet
velocity, um, measured very close to the surface, and defined as

Wed ¼
qf u

2
md32

r
: ð22Þ

Eq. (21) is valid for Wed = 70–85 and d32 = 28–50 lm. Notice that
the definition of Weber number in Eq. (22) is different from the
more popular definition based on mean volumetric flux, Q 00,
Wes ¼
qf Q

002d32

r
: ð23Þ

Tao et al. [63] investigated water sprays produced by two par-
allel nozzles impacting a 2-cm2 surface. They reported significant
improvement in cooling performance resulting from increased liq-
uid flow rate or decreased liquid inlet temperature. Heat transfer
data For Q = 2.22–6.67 ml/s were correlated according to

Nu ¼ 0:6751Re0:77s Pr0:84f ; ð24Þ
where the characteristic velocity in Res is volume flow rate divided
by surface area rather than impact area. Tao et al. reported that the
heat transfer coefficient reaches maximum value at a nozzle-to-
surface distance of 1.451 cm. They also observed improvement in
the heat transfer coefficient when surfactant was added into the
water, and the level of improvement was a function of surfactant
concentration.

Jiang and Dhir [64] correlated their water data according to

Nu ¼ 9:75Re0:7s Pr1=3f ; ð25Þ
where Res = 1000–2000, Prf = 1.76–6.7, and the definitions of Res and
Nu are identical to those used by Tao et al. They also achieved much
lower heat transfer coefficient values for high concentrations of
non-condensable gas in the water.

Karwa et al. [65] correlated data for pressure water spray cool-
ing of a 20-mm diameter surface according to

Nu ¼ 20:344Re0:659s ; ð26Þ
which is valid for G = 2.6–9.9 kg�s�1/m2 and Res = 65–285. They
reported that the heat transfer coefficient increases with increasing
mass velocity, and, because film thickness increases with increasing
mass velocity, the largest fraction of the heat is transferred by
single-phase convection rather than by evaporation. Adopting the
same correlation form, Oliphant et al. [66] derived the following
relation for air-assist atomizer water data:

Nu ¼ 32:5Re0:51s ; ð27Þ
which is valid for Res = 100–1000, where the length scales in Nu and
Res are the square root of surface area and surface size, respectively.

Cheng et al. [51] correlated water data for full cone pressure
nozzles with droplet Weber number and Reynolds number accord-
ing to

Nu ¼ 0:036Re1:04d We0:28d Pr0:51f 3:02þ Tw � Tf

Tsat

� �1:53
" #

; ð28Þ



Table 1
Coefficient C for PF-5060 in Eq. (34) [73].

Spray nozzle C P [kPa]

Hollow cone 830 0–5
Full cone 850 0–5
Flat 810 0–5
Flat 710 0–20
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where Prf = 2.1–6.8 and Red is defined in terms of mean droplet
velocity and Sauter mean diameter,

Red ¼
qf umd32

lf
: ð29Þ

Eq. (28) indicates that heat transfer in the single-phase regime is
influenced by surface temperature. Xie et al. [52] arrived at the
same conclusion for pressure nozzles and a circular surface, and
pointed out the complex influence of orifice-to-surface distance
on heat transfer resulting from the spray cone producing different
patterns (hollow or full) for different distances. They correlated
water data according to

Nu ¼ 8:705Re0:323o
Tw

DTsub

� �0:8526

e�0:4268H=D; ð30Þ

where 12,600 � Reo � 20,250 and 0.2 � H/D � 1.0, with Reo based
on the nozzle’s orifice conditions.

Using a pressure nozzle, Wang et al. [67] found experimentally
for water that optimum nozzle-to-surface distance for maximum
heat flux is achieved when end points of the major axis of the ellip-
tical spray impact area just inscribe the perimeter of a square sur-
face, and film evaporation plays an important heat transfer role.
They noted that strong rotational flow at the impact center creates
a recirculating zone that accumulates an unsteady liquid pool at
the center, and the extent of the recirculating zone decreases with
increasing spray inclination angle. They recommended the follow-
ing correlation for the single-phase regime:

Nu ¼ 7:144Re0:438s
Tw

Tsat � Ta

� �0:9016

ð31Þ

for both normal and inclined sprays and G = 15.7–24.9 kg�s�1/m2,
where Ta is the ambient temperature and the length scale in Res is
surface size. They also indicated that heat transfer performance
and liquid utilization efficiency are enhanced with increasing spray
inclination angle, a conclusion contradicting that of Visaria and
Mudawar [68], who reported that inclination angle has little influ-
ence on single-phase heat transfer performance. Follow-up work
by Wang et al. [69] yielded another correlation for water sprays
with relatively high mass fluxes in the range of G = 44–53 kg�s�1/
m2,

Nu ¼ 0:1275Re0:9322s
Tw

Tsat � Ta

� �2:2485

: ð32Þ

Overall, use of surface size as characteristic length in defining
Nu is very questionable since different thermal performances are
expected depending on whether the test surface is fully or partially
impacted by the spray droplets. And even with full surface impact,
different impact area coverages of the surface, resulting from dif-
ferent nozzle-to-surface distances, are expected to yield different
cooling performances.

3.1.3. Other heat transfer coefficient correlations
Several investigators have opted for direct correlations of heat

transfer coefficient, h, rather than ones based on the Nusselt num-
ber. Using the assumption that the wall liquid film consists of a
turbulent liquid layer flowing over a thin viscous sublayer, Shedd
and co-workers [70,71] proposed the following correlation for
the single-phase heat transfer coefficient:

h ¼ Cqf cp;f Q
00Pr�1=2

f ; ð33Þ

which was verified for FC-72, FC-74, FC-40, HFE-7000, and HFE-
7100. The magnitude of constant C in Eq. (33), which has the unit
of m1/2 s�1/2, is dictated by nozzle configuration: C = 0.149 for a sin-
gle nozzle and C = 0.129 for a four-nozzle array.
Some et al. [72] reported that the local heat transfer coefficient
is related to local pressure, P, in the impinging region. In a related
study, Abbasi et al. [73] reported that spray heat transfer depends
primarily on kinetic energy of the incoming droplets rather than
only the flow rate of liquid through the nozzle. By testing full cone,
hollow cone, and flat PF-5060 sprays, they showed that the single-
phase heat transfer coefficient has a strong dependence on the
local pressure,

h ¼ CP1=2; ð34Þ

where C / q1=2
f cp;fPr

n
f , and the corresponding values for C are pro-

vided in Table 1. They also recommended that this correlation is
validated for other fluids, as well as inclined and multiple, overlap-
ping sprays. A follow-up study by Abbasi and Kim [74] involving
three different fluids, PF-5060, PAO-2, and PSF-3, culminated in
the more general correlation

h ¼ 0:042q1=2
f cp;f Pr

�0:33
f P1=2; ð35Þ

which is valid for Prf = 12–76 and P < 20 kPa.
Ciofalo et al. [57] measured the single-phase heat transfer coef-

ficient for full cone water sprays corresponding to relatively high
mass fluxes in the range of 8–80 kg�s�1/m2 and a fixed nozzle-to-
surface distance of 50 mm. They concluded that the heat transfer
coefficient is fairly insensitive to droplet diameter in the range of
0.4–2.2 mm, and correlated their data to mass flux and mean dro-
plet velocity,

h ¼ 206ðGumÞ0:84; ð36Þ
for um = 13–28 m/s. A follow-up study by Ciofalo et al. [58] tested
broader ranges of operating conditions and nozzle-to-surface dis-
tances from 0.1 to 0.4 m. They found that the heat transfer coeffi-
cient in the low mass flux range of G = 0.33–32.7 kg�s�1/m2 is a
function of mass flux alone,

h ¼ 2925G0:687: ð37Þ
In many experimental spray studies, the surface constitutes the

upper end of a metallic bar that is fitted behind with a cartridge
heater, and the surface temperature is extrapolated from an array
of thermocouples situated along the axis of the metal bar assuming
one-dimensional heat conduction. Therefore, the measured heat
transfer coefficient, h, is based on a single surface temperature,
which precludes the capture of spatial variations of h across the
surface. In reality, h acquires maximum value at the spray axis
and decays gradually away from the axis [75]. This points to the
need to investigate spatial variations of the heat transfer coeffi-
cient more thoroughly, using such techniques as high-resolution
thermal infrared imaging or a 3-dimensional matrix of fast-
response thermocouples.

3.2. Film thickness measurement

As discussed earlier, spray cooling at high volumetric fluxes
produces a very thin liquid film along the surface. The importance
of this film to spray cooling has spurred efforts by several investi-
gators to measure its thickness using a variety of techniques.
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Tilton [76] measured the film thickness for water sprays using a
needle mounted on a traversing measuring scope. They measured
thicknesses in the range of 120–350 lm, assuming uniform film
thickness. Using an air-assist nozzle to generate a water spray,
Yang et al. [77] measured the time-averaged maximum film thick-
ness by adopting the Fresnel diffraction principle and an interfer-
ence holographic technique to capture the film’s surface
topography. For constant air-assist pressure, they reported that
film thickness increases with increasing water flow rate. With
thickness variations smaller than 1 lm for average thicknesses in
the range of 85–235 lm, they concluded that the film is quite flat.
Using a non-intrusive optical technique, Mathews et al. [78] mea-
sured the instantaneous thickness of a liquid film deposited by an
iso-octane atomized spray. The film thickness varied from 20 to
50 lm for droplet size and droplet velocity ranges of 110–
350 lm and 10–21 m/s, respectively. It is important to emphasize
that all these film thickness measurements were conducted under
adiabatic conditions.

Using a non-intrusive total internal reflection technique,
Pautsch and Shedd [79] measured the liquid film thickness for
FC-72 created both at low flow rates from a single nozzle and high
flow rates from a four-nozzle array. They found that film thickness
in the spray impact region is virtually identical for adiabatic and
diabatic conditions. For example, using a single nozzle with a flow
rate of 0.863 ml/s, they measured a film thickness of 18.29 lm
under adiabatic conditions, compared to 18.41 lm with a surface
heat flux of 15 W/cm2. Hsieh et al. [80] used an optical method
to measured film thicknesses in the range of 1.75–2.75 and 0.02–
0.14 mm for water and FC-72 sprays, respectively. Unlike Pautsch
and Shedd, they detected a strong dependence of film thickness
on heat flux.

Using a high-speed visualization system equipped with a micro-
scope, Martínez-Galván et al. [81,82] found that liquid film thick-
ness for R-134a is weakly dependent on volumetric flow rate or
surface roughness within individual boiling curve regimes, but its
value is regime dependent. A follow-up study by Martínez-
Galván et al. [83] showed that decreasing spray cone angle delays
the onset of nucleated boiling, and increases the film thicknesses
within the nucleate boiling regime.

Xie et al. [84] constructed a theoretical model for liquid film
flow along the surface, which resulted in the following relation
for film thickness:

dðrÞ ¼ _mðrÞ qfpr
3lf

dMðrÞ
dr

� dp
dr

� �" #,( )1=3

; ð38Þ

where dðrÞ, _mðrÞ and MðrÞ denote, respectively, local film thickness,
mass flow rate, and radial momentum, all defined at a radius r from
the spray axis. This model showed good agreement with needle
conductive measurements by Chen et al. [85]. Based on this model,
Xie et al. also developed a model for heat transfer in the single-
phase regime. Jia et al. [86] constructed a different model for film
thickness by solving continuity, momentum, and energy equations
using velocity slip and temperature jump boundary conditions.
Their model revealed that the film is thickest under the nozzle ori-
fice and thins out in the radial direction.

Using thermal ink jet atomizers, Sharma et al. [87], Fabris et al.
[88], and Escobar-Vargas et al. [89–91] investigated the liquid film
produced by monodispersed water sprays with uniform 33-lm
droplets. The film thickness was measured using a combination
of strobe, microscope, and CCD camera. By calibrating the flow rate
to generate a very thin (�5 lm) film, they showed that heat trans-
fer is dominated by conduction across the film, resulting in a very
high heat flux of 4000W/cm2 and evaporation efficiencies as high
as 90%. The film thickness maintained a value of about 8 lm for
surface superheats above 2 �C. Additionally, CHF was found to be
a function of liquid mass flow rate but weakly dependent on wet-
ted area.

Overall, studies centered on film thickness measurement are
quite sparse, and most were conducted under adiabatic conditions;
the effects of spray parameters and heat flux under diabatic condi-
tions remain quite illusive. Additionally, there is significant uncer-
tainty concerning the topography, and motion and heat transfer
characteristics of the film. These characteristics are complicated
by several factors, such as successive impingement of spray dro-
plets, vapor and/or gas entrainment, bubble nucleation, droplet
splashing, and coalescence and interference among droplets from
neighborhood sprays. Clearly, film thickness warrants further,
more in-depth study. Also, employing the relatively new technique
of Total Internal Reflection (TIR) in conjunction with high speed
imaging, which have both been adopted in drop impact studies,
might be capable of capturing detailed behavior of the sprayed
film.

3.3. Comparison with jet cooling

As discussed earlier, jet impingement and spray cooling are
often deemed as competitors for high heat flux cooling applica-
tions. Pereira et al. [92] compared heat transfer performances of
square arrays of water sprays and submerged jets. Their results
indicated that sprays provide area-averaged heat transfer coeffi-
cients comparable to those with jets, but require a smaller coolant
flow rate, albeit at the expense of higher pumping power. Sleiti and
Kapat [93] arrived at similar conclusions. Karwa et al. [65] and Oli-
phant et al. [66] also achieved similar results when comparing data
for single spray and jet nozzles, but did not address power con-
sumption. They suggested that sprays offer superior cooling perfor-
mance primarily because of the unsteady boundary layer produced
by droplet impact, and secondarily because of evaporative cooling.
In contrast to micro-jets, Fabbri et al. [94] found that sprays require
a higher ratio of pumping power to heat removal rate. However,
sprays provided superior cooling performance compared to
micro-jets for a relatively low volumetric flux of 2.87 ll�s�1/mm2,
but performances were comparable for a higher volumetric flux
of 4.63 ll�s�1/mm2.

Several studies also compared cooling performances of sprays
and jets in higher temperature regimes. Using R-113 as working
fluid, Cho and Wu [95] found that, near CHF, a large fraction of
the surface dries out with jet cooling but not spray cooling. And,
while CHF values were comparable for both, Cho and Wu con-
cluded that sprays provide superior performance by preventing
the large spatial temperature gradients and high surface tempera-
tures resulting from appreciable dryout in jets. They also devel-
oped CHF correlations for both cooling schemes, which do not
account for droplet size or jet diameter as suggested by the major-
ity of earlier studies.

Estes and Mudawar [23] compared cooling performances of
sprays and jets, and showed that increases in liquid flow rate
and/or subcooling increase CHF of both schemes. At high subcool-
ing, the two schemes yielded comparable CHF values for equal flow
rates. But, at low subcooling, CHF for sprays was much higher than
for jets. They attributed this difference to hydrodynamic structure
of the liquid film deposited upon the surface. In jet cooling,
anchored to the surface only in the central impingement zone,
the film (or wall jet) tends to separate from the outer portions of
the surface during vigorous boiling due to vapor momentum nor-
mal to the surface. While, in spray cooling, individual droplets
are quite effective at securing liquid film contact with the surface
at low subcoolings, which, for the same flow rate, enhances CHF
relative to jet cooling. Labergue et al. [96] compared jet cooling
with spray cooling in the film boiling regime and showed that
sprays provide superior spatial cooling uniformity. Sprays also
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yielded superior cooling efficiency and lower liquid consumption
than jets.
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Fig. 9. Heat flux and expulsion rate for water spray cooling with G = 0.847 kg�s�1/
m2. Adapted from Jia and Qiu [105].
4. Nucleate boiling

4.1. Mechanisms

Aside from homogeneous nucleation from the surface, two other
mechanisms have been proposed for spray phase-change heat
transfer [97]. The first is thin film evaporation and convection [43],
where the spray produces a thin liquid film on the surface through
which the heat is conducted. Because saturation temperature is
maintained atop the film, a thinner film results in a higher heat
transfer rate, which is further enhanced by the droplet impact.
The second mechanism is secondary nucleation [42,98], where dro-
plets entrain vapor and/or gas into the liquid film, promoting bub-
ble nucleation and vigorous boiling within the film. Additionally,
droplets can puncture the rapidly growing bubbles, increasing
the bubble nucleation frequency. The bursting bubbles also pro-
duce smaller droplets, some of which are re-deposited onto the
film and entrain bubbles, producing a chain reaction of secondary
nucleation [99]. Visualization experiments have demonstrated that
droplet impact can decrease both the life cycle and breakup equiv-
alent diameter of nucleating bubbles [100].

Using air-atomized nozzles rather than pressure nozzles, Pais
et al. [43] reported that for surface roughness greater than 1 lm,
homogeneous nucleation plays a major heat transfer role. But for
a film thickness on the order of 0.1 lm, heat is mostly conducted
through the film and evaporated along the interface, yielding very
high heat fluxes on the order of 1200 W/cm2 for water correspond-
ing to low surface superheats. However, Mesler [99] argued that
the high heat fluxes reported by Pais et al. are mainly the result
of secondary nucleation associated with microlayer evaporation.
Rini et al. [98] examined secondary nucleate sites using a high-
speed video system fitted with a microscopic lens. They showed
that increasing droplet/spray mass flux for a given heat flux
increases the number of nucleate sites, which shortens bubble life-
time. However, the fractional contribution of nucleate boiling to
the total heat flux remains constant, about 50%, in spite of the
increased bubble removal rate. They also suggested that increasing
the droplet/spray mass flux can enhance heat transfer by convec-
tion and direct evaporation because of enhanced turbulent mixing.

Using the total internal reflection technique, Horacek et al.
[97,101] showed that spray heat transfer is primarily dictated by
the three-phase contact length rather than the wetted area frac-
tion, implying that it is possible to improve heat transfer by
enhancing and/or controlling contact line length on the surface.

Using both heat transfer data and flow visualization techniques,
Shedd and Pautsch [102] suggested that spray heat transfer is
dominated by three components: a single-phase component in
and around the droplet impact region, a two-phase liquid film boil-
ing component away from the impact region, and a single-phase
drainage flow component for the case of multi-nozzle sprays. They
concluded that phase change is a minor contributor to overall heat
transfer rate.

Grissom and Wierum [103] identified three distinct operational
modes for spray cooling. The first, which corresponds to conditions
yielding total vaporization of impinging droplets, the so-called
‘dry-wall’ state, was described as spray evaporative cooling. They
suggested that this mode is highly effective in utilizing the liquid
and leads to high heat flux removal from the surface corresponding
to small surface superheats [104]; alas this mode is difficult to
maintain and control [70]. The second mode, where spray droplets
accumulate a thin liquid film on the surface, which serves as a
resistance to heat removal, referred to as ‘flooded’ state, was
described as spray film cooling. The third, which is produced by
high surface temperatures outside the nucleate boiling range,
referred to as the ‘Leidenfrost’ state, was described by impinging
droplets being deflected from the surface by a thin vapor film. Gris-
som and Wierum also developed a conduction-controlled analyti-
cal model for droplet evaporation, which showed fairly good
agreement with measurements at atmospheric pressure. They
reported that, at atmospheric pressure, the spray film cooling
mode resembles pool boiling, but, under vacuum conditions, the
heat is removed by conduction across the liquid film without
nucleation.

Using experimental data, Jia and Qiu [105] suggested that spray
heat transfer can be divided into four regions, Fig. 9, using a param-
eter e called expulsion rate, which is defined as the ratio of local liq-
uid mass flow rate of outgoing liquid, _me, to that of incoming
liquid, _m,

e ¼ _me

_m
: ð39Þ

In region I, droplets are expelled mainly from splashing between the
spray and liquid film. Region II is initiated when surface tempera-
ture reaches a few degrees higher than the saturation temperature,
and is terminated when the expulsion rate reaches peak value.
Expelled droplets in region II are caused by explosion of micro-
bubbles and splashing, causing the liquid film to break into several
relatively large portions and its thickness to decrease, and resulting
in sharp increases in both heat flux and expulsion rate. Region III is
initiated by a subsequent decrease in expulsion rate, where the heat
transfer mechanism changes from nucleate boiling within the con-
tinuous thin liquid film to droplet evaporative cooling. As heat flux
is increased in region III, the liquid film becomes even thinner until
it is completely broken into many small droplets and/or disks,
which decreases fluid expulsion by micro-bubble explosion and
splashing. Region III is terminated at CHF, where expulsion rate
reaches a local minimum. In region IV, a vapor layer is generated
beneath the droplets, causing them to rebound from the surface
and the expulsion rate to increase again. Jia and Qiu characterized
these spray heat transfer mechanisms as convective cooling for
region I, boiling in the thin liquid film for region II, droplet impact
cooling for region III, and film boiling for region IV. They proposed
the following simple relation between heat flux and expulsion rate:

q00 ¼ Gð1� eÞðhfg þ cp;fDTsubÞ: ð40Þ

They also identified two advantages of adding surfactant to the
spray liquid: lower superheat and wider, more stable CHF temper-
ature range. They concluded that surfactant addition can provide
added safety against burnout for temperature sensitive devices.



Fig. 10. Nucleate boiling correlation for upward-oriented PF-5052 sprays and
downward-oriented water sprays. Adapted from Rybicki and Mudawar [17].
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Webb et al. [106] investigated spray nucleate boiling at low
mass fluxes. They suggested that the transition from the single-
phase regime to nucleate boiling is related to average concentra-
tion of the spray, defined as the ratio of spray mass flux to average
droplet velocity. Interestingly, for both pressure nozzles and air-
assist nozzles, no clear transition was observed above a critical
concentration value of about 0.20 kg/m3.

Although several nucleate boiling mechanisms have been pro-
posed and verified through experimental measurements and/or
flow visualization techniques, modeling work based on these
mechanisms is quite sparse. Given that nucleate boiling is the
dominant regime for most low temperature spray cooling applica-
tions, this regime warrants significant attention in future studies.

4.2. Models and correlations

Mudawar and Valentine [45] found that heat flux in the nucle-
ate boiling regime is insensitive to the spray’s hydrodynamic
parameters and depends only on surface temperature. They corre-
lated their water data for pressure spray nozzles according to:

q00
NB ¼ 1:87� 10�5DT5:55

f ; ð41Þ
where q00

NB is in W/m2 and DTf (=Tw � Tf) in �C; this correlation is
valid for fluid temperatures of 22.5–23.5 �C. Mudawar and Valen-
tine showed that incipient boiling can be correlated with either
d32 or d0.5 using the respective correlations

DTf ¼ 13:43Re0:167s Pr0:123f
kf
d32

� �0:220

ð42aÞ

and

DTf ¼ 13:50Re0:172s Pr0:123f
kf
d0:5

� �0:220

: ð42bÞ

For water sprays with 100-ppm surfactant concentration and
G = 2.8 kg�s�1/m2, Qiao and Chandra [18] derived a correlation for
nucleate boiling of water sprays similar in form to that of Mudawar
and Valentine,

q00
NB ¼ 0:56� 10�5DT6

f : ð43Þ
Dou et al. [107] also adopted a similar form to correlate their water
data for flow rates in the range of 30–50 l/min according to

q00
NB ¼ 1:837� 104DT0:69

f : ð44Þ
However, Yoshida et al. [21] suggested that heat flux in the nucleate
boiling region should be correlated with wall superheat, DTsat (=Tw -
� Tsat) instead ofDTf. Using this dependence, Pereira et al. [108] cor-
related their water data for four and five nozzle arrays and
DTsub = 30–75 �C according to

q00
NB ¼ 2067DT1:57

sat : ð45Þ
In an effort to cover a broad range of fluid properties and sub-

coolings, Rybicki and Mudawar [17] combined their upward-
facing PF-5052 data and downward-facing water data of Mudawar
and Valentine [45] to construct the following correlation for the
nucleate boiling region, Fig. 10,

q00
NBd32

lf hfg
¼ 4:79� 10�3 qf

qg

 !2:5
qf Q

002d32

r

 !0:35
cp;fDTf

hfg

� �5:75

: ð46Þ

Visaria and Mudawar [109] reported that increasing the liquid sub-
cooling not only delays incipient boiling, but also decreases the
slope of the nucleate boiling region of the boiling curve.

When the impact areas of two adjacent sprays overlap, there is
an increase in the mean volumetric flux for both impact areas,
which can have a significant influence on nucleate boiling heat
transfer. Visaria and Mudawar [15] developed a theoretical model
for mean volumetric flux of a spray with flow rate Q1 overlapping
with a neighboring spray with flow rate Q2,

Q 00
1 ¼ Q1

pD2

4

� � 1� Q1

p½1� cosðh=2Þ� f oð4� Q2=Q1Þ
� 	

; ð47Þ

where fo is an integral function. To assess the influence of spray
overlap on nucleate boiling, the mean volumetric flux in Eq. (46)
must be replaced by the mean flux obtained from Eq. (47).

Using R-113 as working fluid, Ghodbane and Holman [48] con-
ducted experiments involving a vertically oriented surface cooled
by a horizontal spray. They pointed out that heat flux is indepen-
dent of surface size when the surface is located in the core of a uni-
form spray. Increasing the volumetric flux or subcooling delayed
both the onset of nucleate boiling and CHF. They also suggested
that, because nucleate boiling is highly sensitive to subcooling,
the temperature influence on heat flux should be scaled by DTf
and not DTsat, as reflected in their nucleate boiling correlation

q00
NBH
lf hfg

¼ 10:55
qf u

2
md0:5

r

 !0:6
cp;fDTf

hfg

� �1:46

; ð48Þ

which is valid for um = 5.4–28.5 m/s and d0.5 = 0.21–0.98 mm. Later,
Holman and Kendall [110] extended these experiments to smaller
droplet diameters, and revised their correlation to the form

q00
NBH
lf hfg

¼ 9:5
qf u

2
md0:5

r

 !0:6
cp;fDTf

hfg

� �1:5

; ð49Þ

which is valid for um = 5.4–28.5 m/s and d0.5 = 0.096–0.98 mm.
Hsieh et al. [111] correlated nucleate boiling data for water and

R-134a, respectively, according to

q00
NBH
lf hfg

¼ 15:6
qf u

2
md32

r

 !0:59
cp;fDTf

hfg

� �1:68

ð50aÞ

and

q00
NBH
lf hfg

¼ 2:1
qf u

2
md32

r

 !0:66
cp;fDTf

hfg

� �1:51

; ð50bÞ
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where differences in thermophysical properties between the two
fluids are reflected mostly by right-hand-side multipliers. The cor-
relations are valid for Wed = 80–231 and DTsub = 55–60 �C for water,
and Wed = 50–152, and DTsub = 2–4 �C for R-134a. More recently,
Hsieh et al. [80] employed a non-intrusive optical technique com-
bining micro-particle image velocimetry and micro-laser-induced
fluorescence to investigate water spray cooling with DTsub = 77 �C,
and correlated their new data according to

q00
NBH
lf hfg

¼ 12:3
qf u

2
md32

r

 !0:525
cp;fDTf

hfg

� �1:854 H
L

� �0:924

: ð51Þ

Sehmbey et al. [112,113] investigated liquid nitrogen spray
cooling for G = 16.9–88.9 kg�s�1/m2, d32 = 14–29 lm, um = 14–
30.7 m/s, and heat fluxes as high as 165W/cm2. They correlated
their nucleate boiling data according to
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where D is hydraulic diameter of the surface.
Ortiz and Gonzalez [114] mathematically correlated data for

water sprays with inclination angles in the range of a = 0–90�
impacting smooth and rough surfaces, respectively, according to
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and
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where q00
NB is in W/cm2, and Q in l/h. These correlations are valid for

Q � 1.5 l/h for the smooth surface and 1.5 < Q < 3 l/h for the rough
surface. The smooth surface was achieved by rubbing the surface
with 3.0-lm aluminum oxide suspension, followed by 1-lm and
0.25-lm polycrystalline diamond suspensions. The rough surface
was achieved by rubbing the surface with silicon carbide abrasive
paper with increasing roughness levels of 320, 400, and 600 grit.

Tan et al. [115] investigated spray cooling performance of a six-
nozzle array using R-134a as working fluid. They classified their
data into two regions: low flux region, 35–120W/cm2, where the
heat transfer coefficient increases with increasing flow rate, and
high flux region, 120–165W/cm2, corresponding to deterioration
in the heat transfer coefficient. They correlated nucleate boiling
data for the low flux region according to
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which is valid for d32 = 145–182 lm and um = 18.6–19.6 m/s.
Cabrera and Gonzalez [116] fitted their monodispersed water

spray data according to
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where Pa, Patm, and Ra denote ambient pressure, atmospheric pres-
sure, and surface roughness, respectively. This correlation is appli-
cable to mass fluxes of 340–750 kg�s�1/m2, subcoolings of 25–
78 �C, and ambient pressures of 1–1.8 bar, and is fairly effective at
predicting data for commercial nozzles by Ortiz and Gonzalez [114].

Liu et al. [117] studied R-134a spray cooling on a copper surface
for pressures ranging from 0.2 to 0.4 MPa, and found that both
spray efficiency and CHF improve with increasing pressure. They
proposed the following nucleate boiling correlation:
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for flow rates in the range of 0.211–0.356 l/min, where rd is bubble
departure radius.

Chen et al. [118] conducted experiments in which um, Q00, and
d32 were varied independently. For dense water sprays, they
showed that excess liquid flows over the surface without being
vaporized or significantly heated. Additionally, droplets may be
prevented from contacting the surface by the uprising vapor [76].
These findings point to poor performance of dense sprays in terms
efficiency of liquid usage, compared to superior efficiency for dilute
sprays. Their data showed efficiency varying with Q00�2/3, d32�14/5,
and um

1/4, which implies better efficiency can be realized by
increasing droplet velocity and/or decreasing droplet size and
number. Chen et al. [119] later compared spray cooling perfor-
mances for R-134a and R-22. Despite lower CHF for R-134a, mostly
because of inferior latent heat of vaporization, R-134a showed
superiority to R-22 in the nucleate boiling region below 80W/cm2.

Using pressure nozzles, Cheng et al. [120] found that the heat
transfer coefficient for water is highest when the surface is not
fully impacted by the spray. They also found that the influence of
inclination angle on heat transfer depends on both spray angle
and nozzle-to-surface distance. Additionally, surface temperature
showed appreciable non-uniformity, reaching highest value at
the surface center, and lowest value in a nearby location where
the liquid film emerges. Their work was continued by Zhao et al.
[121], who constructed a model for heat and mass transfer in spray
cooling, taking into account droplet-film impact, film formation
and flow behavior, bubble formation due to wall nucleation and
secondary nucleation, droplet-bubble interaction, bulk air convec-
tion, and radiation. They showed that droplet-film impact and film
convection play major roles in spray cooling when the surface is
not superheated, while bubble nucleation becomes very important
for superheated conditions. They also used the same model to
explore surface temperature non-uniformity. Cheng et al. [122]
investigated this problem further and reported that temperature
non-uniformity can be greatly reduced by using a small spray
angle, low system pressure, small nozzle-to-surface distance,
and/or high nozzle inlet pressure. For vapor-assist nozzles, Yan
et al. [123] reported that surface temperature uniformity can be
improved by increasing spray flow rate and/or nozzle inlet pres-
sure. Cheng et al. [124] theoretically examined surface tempera-
ture non-uniformity in terms of the influences of droplet
velocity, Sauter mean diameter (d32), droplet number, and heat
input on thickness and velocity of the liquid film. They suggested
that using a uniform spray promotes better uniformity in film
thickness, which in turn enhances surface temperature uniformity.
Overall, surface temperature uniformity was influenced mostly by
droplet number, followed by droplet velocity, while d32 had only a
minor influence.

To simulate spray cooling, Xie et al. [125] recently constructed a
numerical model incorporating two sub-models. The first is a spray
characteristics sub-model, based on a Monte Carlo algorithm by
Kreitzer and Kuhlman [126], which was used to predict droplet
diameter, droplet velocity, and spatial distribution of droplet flux.
The second is a heat transfer sub-model, which describes spray
cooling in terms of liquid film flow boiling with droplet impinge-
ment, forced convection, and thin film bubble boiling. However,
their model did not account for secondary droplets formed by
splashing due to droplet-film interaction, or vapor uprising from
the film. Other numerical models of spray cooling include two-
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dimensional simulations by Selvam et al. [127,128], and three
dimensional simulations by Sarkar and Selvam [129]. These simu-
lations examined growth of micro vapor bubbles due to nucleation
in a 40–150 lm liquid film in the presence of droplet impact, using
the level set method to capture the interface. The simulations
accounted for surface tension, gravity, phase change, and liquid
viscosity. They showed that collapse of vapor bubbles, either by
liquid droplet impact or merging with vapor atop the thin liquid
film, has a significant influence on spray cooling. The simulations
identified several mechanisms contributing to spray cooling,
including the complicated interactions of thermal conduction from
the surface to liquid, liquid convection during droplet impact,
vapor bubble breakup, and vapor bubble generation due to nucle-
ation. This numerical approach was later extended to microgravity
conditions [130]. Issa and Yao [131,132] simulated single droplet
stream impact as well as full cone spray impact from nucleate to
film boiling for different ambient pressures. Chen et al. [133] pre-
sented numerical simulation results for FC-72 spray cooling,
including investigation of the effects of flow rate and nucleation
site density on both single-phase and two-phase heat transfer.
Their simulations showed that secondary nuclei entrained by the
droplets outnumber the surface nuclei. Recently, Hou et al. [134]
investigated multi-nozzle spray cooling using a CFD method based
on fundamentals of air flow and droplet collision dynamics. Lan-
dero and Watkins [135] combined several empirical correlations
and models of both spray hydrodynamics and heat transfer to pre-
dict spray cooling performance through mathematical and numer-
ical analysis.

Several studies have been dedicated to nucleate boiling heat
transfer using air-assist nozzles. For example, using water as work-
ing fluid, Yang et al. [42] and Sehmbey et al. [136,137] showed that
heat transfer is enhanced by increasing the air flow rate because of
a number of factors, including thinning of the liquid film, increas-
ing momentum of water droplets (and therefore local convection),
and improving ability to remove the vapor evolving from the liquid
film. The latter also reduces partial pressure of vapor near the
film’s free interface, which in turn reduces phase-change tempera-
ture in that region. Yang et al. recommended the following correla-
tion for heat transfer coefficient in the nucleate boiling region [42],
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which is based on film thickness, d, and is valid for droplet diame-
ters and droplet velocities in the ranges of 10–18 lm and 25–58 m/
s, respectively. Sehmbey et al. reported that higher contact angles
promote nucleation and, hence, improve heat transfer. And despite
the benefits of surface roughness to nucleation, a very smooth sur-
face (better than 0.3 lm polish) showed a dramatic increase in cool-
ing performance because of a much thinner liquid film, which
promoted liquid evaporation through direct conduction across the
film. Yang et al. [77] experimentally determined that the film thick-
ness is fairly uniform. Based on this observation and the assumption
of constant volumetric flux, Yang et al. [138] derived the following
analytical relation between mean volumetric flux and film thick-
ness for air-assist sprays:
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where C is an empirical constant.
Despite the large number of published articles addressing the

nucleate boiling regime, including experimental data, correlations,
and theoretical models, most address single coolants or very lim-
ited ranges of operating conditions. Robust and accurate modeling
of the nucleate boiling regime, however, remains illusive, and bet-
ter models are needed that can effectively describe and account for
the complex mechanisms associated with spray cooling, including
direct thermal conduction, evaporation, convection, surface nucle-
ation, and secondary nucleation.

4.3. Heat transfer in microgravity

As space missions increase in both scope and complexity, there
is a commensurate increase in the amounts of heat that need to be
rejected from both avionics and astronauts. This has led to a surge
in thermal control system concept development for space vehicles
that rely on phase change, including spray cooling. Unfortunately,
much of the spray cooling knowhow comes from experiments per-
formed in Earth gravity, and whose results may not be equally
valid for microgravity.

In general, initial droplet breakup in pressure sprays is only
weakly dependent on gravity, but the flow of residual unevapo-
rated liquid can be highly gravity dependent. In microgravity, the
liquid acquires strange shapes and flow patterns, such as multiple
spherical liquid globs that cannot be easily removed from the sur-
face [139]. This obviously will have a strong bearing on both cool-
ing performance and reliability of the entire thermal control
system.

Michalak et al. [140] found that, for accelerations in the range of
0.15 g < a < 1.80 g and flow rates of 6.18–8.94 ml/s, wall superheat
in FC-72 sprays increases with increasing acceleration. This study
was conducted in a partially confined spray chamber designed by
Baysinger et al. [141] for parabolic flight aboard NASA’s KC-135 air-
craft. Baysinger et al. also developed a transient analytical model to
predict surface temperature and spray heat transfer coefficient.
Also adopting a partially confined spray chamber, Yerkes et al.
[142] investigated the effects of variable gravity on spray cooling
of FC-72 in the single-phase regime. They found that Nu is a func-
tion of both the Froude and Galileo numbers. Gambaryan-Roisman
et al. [143] investigated a water spray impacting a liquid film
under normal and microgravity conditions. They concluded that
both the liquid–gas interface and film thickness are influenced by
the spray parameters, and cooling performance declines apprecia-
bly in microgravity, especially at high flow rates.

Using FC-72 as working fluid, Elston et al. [144,145] investi-
gated the cooling performance of a 16-nozzle array on NASA’s C-
9 aircraft for flow rates ranging from 13.1 to 21.3 g/s and acceler-
ations of 0.02–2.02g. They found that microgravity can provide
better cooling performance compared to terrestrial or elevated
gravities, evidenced by lower surface superheats. However, a sud-
den degradation in performance was encountered at relatively
high flow rates of 17.5–21 g/s because of liquid buildup in the
spray overlap areas, where liquid film thickness was much greater
than that directly under the spray. Also using FC-72, Conrad et al.
[146] tested a linear nozzle array in both microgravity and
enhanced gravity (�1.8g) aboard NASA’s DC-9B aircraft. They
reported that coolant flow rate is the main determinant of the heat
transfer coefficient, while gravity bears only a weak influence.

Two major drawbacks of the parabolic flight experiments are
high cost and difficulty conducting experiments. To alleviate these
problems, Hunnell et al. [147] used a controlled electric field to
generate body force, in order to either enhance or balance earth
gravity, thereby simulating the effects of variable gravity on spray
cooling. They also performed initial tests in terrestrial gravity. To
eliminate the influence of gravity perpendicular to the surface,
they performed experiments with horizontal sprays, and showed
that cooling performance at 9.8�10�6 m3/s with a horizontal spray
is better than with a vertical spray. On the other hand, heat transfer
was insensitive to orientation for low flow rates. Continuing the
work of Hunnell et al., Kreitzer et al. [148] and Kuhlman et al.
[149] examined the effects of electrical field on cooling
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performance, reporting a 5–15% improvement resulting from the
Coulomb force electrode. Further efforts to improve cooling perfor-
mance were carried out by Kreitzer et al. [150] and Kreitzer and
Kuhlman [151] by applying relatively high voltage directly to the
nozzle. They observed profound changes in spray pattern, with
droplets becoming smaller due to electrostatic atomization when
the voltage exceeded 15 kV. Yet, they did not detect any apprecia-
ble change in heat transfer performance.

In addition to the above reduced gravity studies, Yoshida et al.
[21], Kato et al. [152], and Sone et al. [153] performed experiments
to explore the influence of microgravity on CHF. Findings from
these studies will be discussed in a later section.

4.4. Heat transfer enhancement

4.4.1. Surface treatment
Pais et al. [43] examined the influence of surface roughness on

air-atomized water spray cooling of copper surfaces prepared with
polishing pastes having grit sizes in the range of 0.3–22 lm. They
found that smoother surfaces (<1 lm), where the heat transfer is
dominated by film conduction/evaporation, provide superior cool-
ing performance. Kang and Choi [154] arrived at similar findings
for air-assist water sprays and surface roughness values from
0.45 to 4.47 lm. Sehmbey et al. [112,113] investigated the effects
of surface roughness with values ranging from 0.05 to 0.15 lm
on cooling performance for liquid nitrogen pressure nozzles.
Unlike Pais et al. and Kang and Choi, they noted that increasing
roughness greatly enhanced heat transfer performance, a conclu-
sion that may be related to differences in thermophysical proper-
ties and wetting characteristics between water and liquid
nitrogen. Ortiz and Gonzalez [114] also reported that cooling per-
formance for water pressure nozzles is enhanced with increasing
surface roughness, but did not provide values for the surface
roughness. The same conclusion was shared by Zhang et al. [155]
for deionized water pressure sprays impacting a wire-cut grooved
surface. Martínez-Galván et al. [156] found that CHF for R-134a
increases with increasing flow rate for a surface with Ra =
0.56 lm, but is weakly dependent on flow rate for a smoother sur-
face with Ra = 0.04 lm. The rougher surface was also found to pro-
mote earlier onset of nucleate boiling and delay CHF. Fukuda et al.
[157] reported that increasing surface roughness improves water
spray cooling in the film boiling regime.

Hsieh and Yao [19] investigated evaporative spray cooling of sil-
icon surfaces textured with square micro-studs using very low
water mass fluxes. The evaporative mechanism examined in their
study was dominated entirely by conduction across the thin liquid
film, which is different from that proposed by Grissom and
Wierum [103]. Hsieh and Yao suggested four distinct heat transfer
regimes: flooded, thin film, partial dryout, and dryout. They con-
cluded that surface micro-texture has a negligible influence on
heat transfer in both the flooded regime, where the surface is com-
pletely covered with liquid, and the dryout regime, where the sur-
face is covered with vapor. However, the micro-textured surface
yielded better heat transfer than a plain surface in the thin film
and partial dryout regimes. They suggested that capillary forces
between micro-studs not only help retain more water for sustain-
ing the cooling process, but also more effectively spread the liquid
into a thinner film, thereby enhancing the evaporative heat trans-
fer. Furthermore, they reported heat transfer dependence on sur-
face material, with aluminum yielding better results than silicon
because of better wettability.

Kim et al. [158] compared water spray cooling performances of
plain and micro-porous coated flat and cylindrical surfaces. The
enhanced surfaces were formed by applying a coating containing
micron-sized aluminum particles, which increased both vapor/gas
entrapment volume and active nucleation-site density. These
increases were attributed to formation of openly connected porous
structures with different-sized cavities. Overall, capillary pumping
action within the porous coating was observed to enhance evapo-
rative cooling and increase CHF appreciably compared to a plain
surface. At low heat fluxes, cooling performance of the coated sur-
face was insensitive to flow rate in the range of 1.25–2.4 ml/min,
but, at high heat fluxes, the performance was enhanced with
increasing flow rate, and best results were realized with a 100-
lm coating. Additionally, the enhancement was better with the
micro-porous coating applied to the flat surface than to the cylin-
drical surface because of inferior wettability and inability to access
the portion of the surface opposite to the spray for the latter. Thi-
agarajan et al. [159] investigated spray cooling of HFE-7100 on a
conductive micro-porous copper surface and reported a 300–
600% enhancement in the heat transfer coefficient, which is supe-
rior to the enhancement achieved with a nano-wire-grown surface
[160].

Silk [161] found that a copper surface drilled uniformly with
1.0-mm holes achieves CHF values for PF-5060 as high as 141W/
cm2, a 75% enhancement compared to a plain surface. Silk et al.
[162,163] also compared PF-5060 spray cooling performances for
different structured surface geometries: cubic pin fins, pyramids,
and straight fins, in addition to a plain surface for both normal
and inclined sprays. It should be emphasized that, unlike micro
coatings, the characteristic dimensions of these structures are
much larger than the liquid film thickness. The sprays were gener-
ated by a 2�2 nozzle array at a volumetric flux of 0.016 m3 s�1/m2.
For normal sprays, they achieved CHF values for the four surfaces
of 114, 105, 126, and 80 W/cm2, respectively, and corresponding
evaporation efficiencies of 41%, 38%, 46%, and 29%. They also mea-
sured CHF for inclination angles in the range of 0–45� with a con-
stant nozzle-to-surface distance, and the highest CHF value of
140W/cm2 was achieved with the straight fin surface and a =
30�. Follow-up work by Coursey et al. [164] extended these find-
ings to surfaces with straight fins with much finer fin width, pitch,
and length, to substantially increase the heat transfer area. While
long fins showed better cooling performance in the single-phase
regime, nucleate boiling showed best performance with 1–3-mm
long fins. Hou et al. [165] used an array of eight water spray noz-
zles to cool micro-structured surfaces, and superior cooling perfor-
mance in the single-phase and nucleate boiling regimes was
achieved with straight fins and cubic pin fins, respectively. The
superior single-phase cooling performance of straight fins was also
confirmed by Liu et al. [166]. Xie et al. [167] emphasized that,
rather than total wetted surface area, fin arrangement on the sur-
face plays a decisive role in heat transfer enhancement, and an
improper fin arrangement may offset the benefits of increased wet-
ted area. They also noted that, by providing an abundance of nucle-
ation sites and stronger capillary effects, micro-structured surfaces
ensure superior nucleate boiling performance for R-134a. On the
other hand, higher CHF was achieved with macro-structured sur-
faces. Li et al. [168] investigated heat transfer enhancement for
R-134a with cubic pin fins, and found that highest heat transfer
coefficient is achieved at a flow rate of 1.6 l/min, and maximum
CHF of 326W/cm2 at 2.15 l/min. Chien et al. [169] showed that,
for heat fluxes exceeding 20 W/cm2, a pin–fin surface yields 10–
40% heat transfer enhancement with FC-72 compared to a smooth
surface. Similarly, Aamir et al. [170] showed that water sprays
impacting an enhanced surface modified with pyramid pins at high
temperatures provide better cooling performance compared to a
smooth surface. Wang et al. [171] investigated water spray cooling
on smooth, drilled, and straight fin surfaces, as well as surfaces
with both drilled holes and fins. The drilled surface yielded the
highest heat transfer coefficient, while the combined enhancement
surface produced the highest cooling efficiency. Zhang and Wang
[172] studied water spray cooling on straight-grooved surfaces at
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two volumetric fluxes. For the lower volumetric flux of 1.6�10�3 -
m3 s�1/m2, the surface with a groove depth of 0.5 mm and width of
0.4 mm produced the greatest heat flux enhancement in the single-
phase regime. On the other hand, a groove depth of 0.5 mm and
width of 0.2 mm showed superior performance at the higher volu-
metric flux of 12.7�10�3 m3 s�1/m2.

Sodtke and Stephan [173] used high-speed infrared imaging to
investigate water spray cooling of both smooth and micro-
structured surfaces, the latter featuring micro pyramids with dif-
ferent heights. They varied volumetric flux by changing the
nozzle-to-surface distance. Overall, their experiments showed
great improvement in cooling performance with the micro struc-
tured surfaces compared to the smooth surface. The infrared
imaging revealed that this enhancement is the result of increasing
length of the three-phase contact line, which promotes very effi-
cient thin film evaporation. They also detected high surface tem-
perature gradients commensurate with the rupture of the thin
film. Using anhydrous ammonia as working fluid, Bostanci et al.
[174,175] examined vapor-assist spray cooling of micro-
structured surfaces featuring both indentations and protrusions.
For heat fluxes up to 500 W/cm2, they observed 49% and 112%
improvements in the heat transfer coefficient for the micro-
indentation and micro-protrusion surfaces, respectively. They
attributed these improvements to increases in both number of
surface nucleation sites and length of three-phase contact line.
Interestingly, they encountered thermal hysteresis with these sur-
faces, evidenced by lower surface superheats for a given heat flux
during surface cool-down compared to heat-up. Follow-up work
by Bostanci et al. [176] showed that a multi-scale structured sur-
face, combining the benefits of both micro- and macro-structures,
provides a 161% improvement in the heat transfer coefficient
compared to a smooth surface. Meanwhile, Bostanci et al. [177]
found that enhanced surfaces increase CHF value appreciably
through the tendency of capillary forces within the surface struc-
tures to better retain liquid and spread the liquid film efficiently,
which delays the formation of dry patches. Hsieh et al. [178]
studied heat transfer enhancement with a sputtered 50-lm SiC
coating, as well as deposited 50-lm diamond and 10-lm carbon
nanotube coatings on a copper surface. The most superior
enhancement was achieved with the 50-lm diamond coating,
which yielded heat fluxes as high as 610 W/cm2. Zhang et al.
[179] suggested that heat transfer enhancement with deionized
water spray cooling of micro-structured surfaces with feature
sizes in the range of 25–200 lm is minimal in the flooded region
but greatly improved in the thin film and partial dryout regions.
Follow-up work by Zhang et al. [180,181] with water spray cool-
ing of smooth, micro-structured, nano-structured, and hybrid
micro/nano-structured silicon surfaces showed that the nano-
structured surface, having the smallest contact angle of the differ-
ent surfaces tested, produces the highest heat transfer enhance-
ment. Heat transfer enhancement due to impingement of
multiple water droplets on a nano-structured surface was also
examined by Alvarado and Lin [182].

Yang et al. [183] studied ammonia spray cooling of three differ-
ent micro-cavity surfaces. Dominated by thermal convection
effects, single-phase heat transfer showed no improvement with
the micro-cavity surfaces compared to a plain surface. On the other
hand, the micro-cavity surfaces produced higher heat transfer
coefficients and better surface temperature uniformity in the
nucleate boiling regime.

Aside from the above-discussed surface treatments, Souza and
Barbosa [184,185] investigated R-134a spray cooling of a surface
coated with copper foam, and reported enhancement in the heat
transfer coefficient but not CHF. Silk and Bracken [186] and Wang
et al. [187] studied performance enhancement with POCO HTC
foam and porous copper foam, respectively.
4.4.2. Additives to liquid
Another approach to enhancing heat transfer performance is to

use different additives to alter the spray liquid’s surface tension,
contact angle, and thermal conductivity. Qiao and Chandra [18]
reported a 300% enhancement in nucleate boiling resulting from
dissolving 100 ppm by weight surfactant in water. They also
reported a reduction in surface temperature corresponding to
incipient boiling from 118 to 103 �C with the surfactant. They
attributed these enhancement effects to promotion of homoge-
neous bubble nucleation and surfactant foaming.

Cui et al. [188] investigated the effects of NaCl, Na2SO4, and
MgSO4 soluble salts on the boiling performance of water sprays.
All three salts enhanced nucleate boiling heat transfer because of
foaming in the liquid film. MgSO4 produced the largest heat trans-
fer enhancement, followed in order by Na2SO4 and NaCl. And, with
MgSO4, there was an enhancement in cooling performance with
increasing concentration up to 0.2 mol/l, above which no further
enhancement was achieved. Cheng et al. [189,190] tested two
types of additives in water, high-alcohol surfactant (HAS), includ-
ing 1-octanol and 2-ethyl-hexanol, and dissolved salt additive
(DSA), including NaCl and Na2SO4. These additives produced oppo-
site effects on surface tension, which decreased with HAS and
increased with DSA; the latter was more effective in promoting
bubble nucleation. They reported that the heat transfer enhance-
ment depends mainly on the additive concentration, increasing
at first with increasing concentration then decreasing for higher
concentrations. Wang et al. [171] found that spray heat transfer
can be enhanced by adding potassium chloride into water up to
a certain concentration, beyond which heat transfer was severely
compromised. They also showed that heat transfer performance
decreases when adding ethylene glycol in water, regardless of
the concentration used.

Recently, spray cooling research was extended to the use of
nanofluids, defined as fluids containing solid high thermal conduc-
tivity particles with characteristic size below about 100 nm to
enhance thermal properties of the liquids. Duursma et al. [191]
adopted a needle-type nozzle to investigate spray cooling perfor-
mances of ethanol and dimethyl sulfoxide (DMSO) based alu-
minum nanofluids. They detected deterioration in heat transfer
with the ethanol-based solutions but slight enhancement with
the DMSO nanofluids compared to their respective base-fluid
counterparts. Hsieh et al. [192] tested sprays of water-based
nanofluids with silver and multi-walled carbon nanotubes
(MCNTs) with 0.0025–0.0075% volume fractions. They showed
CHF enhancement with the nanofluids by up to 2.4 times that of
pure water. As shown in Fig. 11, nucleate boiling heat transfer with
silver nanofluids is superior to that for MCNT nanofluids, which
was attributed to the tendency of silver particles to disperse more
evenly and resist agglomeration. Bansal and Pyrtle [193] reported
that the heat transfer performance of water-based alumina
nanofluids depends on the range of surface-to-fluid temperature
difference. For DTf < 45 �C, they reported enhancement in the cool-
ing performance that was insensitive to mass fraction of the
nanoparticle suspension over the range of 0.25–0.5%. But for 45 <
DTf < 140 �C, the performance of nanofluids deteriorated, and cul-
minated in CHF values below those for pure water. Bellerová et al.
[194,195] studied the cooling performance of water-based alumina
nanofluids using different types of jet and spray nozzles. The heat
transfer coefficient decreased by 45% for jet nozzles and 20% for
full-cone spray nozzles as the volume fraction of nanoparticle sus-
pension was increased from 0 to 16.45%. Bellerová et al. [196] also
reported that the heat transfer coefficient for water-based titania
nanofluids is inferior to that for pure water. Chang et al. [197] fur-
ther investigated the effects of water-based alumina nanofluids by
examining surface composition after the spray cooling with the aid
of a scanning electron microscope. They found that a low
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nanoparticle volume fraction of 0.001% can yield significant heat
transfer enhancement, which they attributed to a mass of nanopar-
ticles bouncing off the surface or being swept away by subsequent
droplets. On the other hand, relatively high volume fractions of
0.025–0.05% tend to deposit a thin nanoparticle layer on the sur-
face, which both reduced the number of nucleation sites and hin-
dered convective heat transfer, compromising overall cooling
performance. Wu et al. [198] investigated water spray cooling with
polymer-encapsulated paraffin nanoparticles, and demonstrated
up to 70% enhancement in the heat transfer coefficient. Tseng
et al. [199] studied spray cooling of titania nanofluids with mass
concentrations ranging from 1 to 40%, and showed that the heat
transfer coefficient decreases with increasing nanoparticle concen-
tration. On the other hand, Zhu et al. [61] reported that the heat
transfer performance is significantly improved using titania
nanofluids with low mass concentrations in the range of 0.1 to
1%. They attributed this enhancement to the nanoparticles destroy-
ing the spray boundary layer and intensifying turbulence.

Clearly, the influence of nanofluids on spray cooling is quite
complicated, and the findings from different studies are often con-
tradictory. Nanofluids also pose a host of practical problems, espe-
cially clogging of the spray nozzle as well as the pump and valves
throughout the two-phase cooling loop. Gradual buildup of
nanoparticle coatings in these components causes substantial vari-
ations in the spray nozzle’s pressure drop and flow rate, let alone
long-term damage to the same components [200].

4.4.3. Other approaches
Aside from surface modifications and the use of additives to

enhance spray cooling performance, investigators have employed
other enhancement techniques, such as active flow control using
synthetic jet actuators to alter the spray’s hydrodynamic structure
[201], and pulsed or intermittent sprays [202–214] as proposed by
Panão and Moreira [215]. The latter has received significant atten-
tion in recent years because of its potential to reduce pumping
power consumption and increase efficiency of coolant usage.

Another method consists of mounting an ejector unit upstream
of the pump supplying liquid to the spray nozzle [216]. The ejector
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Fig. 11. Comparison of boiling curves for water and nanofluids. Adapted from Hsieh
et al. [192].
serves to prevent uncondensed vapor from entering the pump,
which enhances pump performance and stabilizes flow circulation
in the two-phase flow loop. Using FC-72 and water as coolants, the
ejector showed an improvement in nozzle pressure drop by no less
than 0.56 bar and resulted in 16% enhancement in CHF. Using flat,
straight fin and porous tunnel surfaces, Zhang et al. [217,218]
reported that heat transfer can be improved under surface acceler-
ation conditions, but this enhancement is limited. Another
enhancement technique is electrospray cooling [219,220], which
improves cooling efficiency by preventing droplet rebound on the
surface and repelling droplets from each other to generate a fine
spray. This is another technique that has attracted appreciable
attention because of its ability to reduce overall system weight
and energy consumption.
5. Critical heat flux

5.1. Influencing parameters

Several parameters have been used to correlate CHF data for
full-cone sprays. They include thermophysical properties of the
working fluid, nozzle flow parameters (flow rate and pressure
drop), geometrical parameters (orifice diameter, cone angle,
nozzle-to-surface distance, surface size, and spray inclination
angle), and spray’s hydrodynamic parameters (mean droplet diam-
eter, d32, mean droplet velocity, um, local volumetric flux, Q00, and
mean volumetric flux, Q 00).

Tilton [76] and Chen et al. [221] reported that volumetric flow
rate, Q, has only a minor influence on CHF, while Pais et al. [43],
Estes and Mudawar [47], Moreno et al. [222], Chow et al. [223],
Hou et al. [224], Toda and Uchida [225] all suggested that CHF
increases with increasing flow rate.

Toda [226] reported that CHF for water can be increased by
about 50% by increasing droplet diameter from 88 to 120 lm,
but Pais et al. [43] and Estes and Mudawar [47] found that CHF
benefits from decreasing droplet diameter. On the other hand,
Chen et al. [221] showed that CHF is insensitive to droplet
diameter.

Toda and Uchida [225–227] showed that CHF for water sprays
with 30–60 �C subcooling can reach 250W/cm2, and reported that
CHF is insensitive to droplet velocity over the range of 2.0–7.0 m/s,
contradicting the findings of Monde [228]. Chen et al. [221] found
that CHF increases with increasing mean droplet velocity, which is
controlled by regulating nozzle inlet pressure. Hou et al. [229]
reported that CHF for R-22 sprays first increases then decreases
slightly as the nozzle’s inlet pressure is increased from 0.6 to
1.0 MPa, and the highest CHF value of 276W/cm2 is achieved at
an inlet pressure of 0.8 MPa.

Pais et al. [43], Estes and Mudawar [47], Monde [228], Chen
et al. [221], and Lin and Ponnappan [230] all demonstrated that
CHF increases with increasing volumetric flux. Also, by varying vol-
umetric flux, mean droplet diameter, and mean droplet velocity
independently, Chen et al. [221] found that mean droplet velocity
has the most dominant influence on water spray heat transfer coef-
ficient and CHF, followed by volumetric flux. They added that, for a
given volumetric flux, higher CHF can be achieved by using a dilute
spray with higher droplet velocity. In a follow-up study, Chen et al.
[118] found that CHF varies with um

1/4 and Q 001=6, and is indepen-
dent of d32, and concluded that CHF can be maximized by using
nozzles that produce smaller but high velocity droplets. Vorster
et al. [231] reported that the spatial distribution of CHF for water
sprays is determined by the spatial variations of volumetric flux.

It is important to recognize that spray cooling is a cumulative
effect of many droplets impacting the heated surface. Liquid
arrives at the surface with a volumetric flux that represents the
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volume flow rate striking an infinitesimal portion of the impact
area divided by the area of the same portion. And, with units of
m3 s�1/m2, volumetric flux, Q00, has essentially the same units of
m/s as the mean droplet velocity, um, but different sprays can pos-
sess equal values of um but drastically different values of Q00. Failure
to account for the cumulative effect of multi-droplet impact is why
droplet velocity is generally not recommended for correlating
spray CHF data [47] or film boiling heat transfer efficiency data
[232].

Kato et al. [152] and Sone et al. [153] found that CHF for water,
FC-72, and CFC-113 sprays bears a strong dependence on gravity. A
decrement in gravity was shown to decrease CHF for FC-72 and
CFC-113 but increase it for water, which they ascribed to differ-
ences in liquid film behavior on the surface for different fluids in
reduced gravity. In a follow-up study, Yoshida et al. [21], reported
the existence of a critical value for volumetric flux. Below this
value, they found that droplets impinging on the surface com-
pletely vaporize, hardly interacting with one another, and a CHF
independent of gravity or surface orientation. But for volumetric
fluxes higher than the critical value, they reported the formation
of a liquid film on the surface, and a CHF strongly dependent on
gravity and orientation. Yoshida et al. reported critical volumetric
flux values for water and FC-72 of 7�10�4 m3 s�1/m2 and 4�10�4 -
m3 s�1/m2, respectively.

5.2. Models and correlations

5.2.1. Normal sprays
Katto [233] suggested that the critical heat flux, q00

CHF,sat, for a
generic saturated boiling system can be correlated according to

q00
CHF;sat

qghfgu
¼ f

qf

qg
;

r
qf u2L

 !
; ð59Þ

where u and L are, respectively, the characteristic velocity and char-
acteristic length associated with the boiling system. To account for
subcooling, Ivey and Morris [234] employed a linear relation of the
form

q00
CHF
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qghfg

 !
; ð60Þ

where qf cp;fDTsub=qghfg is the Jacob number, which represents the
ratio of sensible heat of a volume of liquid to the latent heat of an
equal volume of vapor.

Combining the above two correlation techniques, Mudawar and
Valentine [45] correlated their water spray CHF data for Tf = 22.5–
80.5 �C according to
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Notably, their CHF data were measured by a circular test surface
whose area was much smaller than the spray impact area, as shown
in Fig. 3(b), implying the local volumetric flux, Q00, in Eqs. (61a) and
(61b) is equal to the mean volumetric flux, Q 00.

Later, using FC-72 and FC-87, Estes and Mudawar [47] tested
full-cone sprays with surface areas larger than the spray impact
area. They found that surface dryout at CHF commences at the
outer edge of the impact area, where volumetric flux is weakest,
since this local dryout reduces the fraction of surface area available
for cooling and increases heat flux within the shrinking impact
area, which causes the dryout to propagate radially inwards in
an unstable manner. Therefore, CHF at the edge of the impact area
should govern CHF for the entire surface. This hypothesis was con-
firmed with the aid of visualization techniques by Hsieh et al. [111]
for water and R-134a sprays. Pautsch and Shedd [235] reported
that CHF commences at the outer edge of the heated surface.

Estes and Mudawar also proved that, to maximize CHF, the
nozzle-to-surface distance for a square surface of length L must
be configured such that the spray impact area just inscribes the
surface, Fig. 12, i.e., when

H tanðh=2Þ ¼ L=2 ð62aÞ
and

Q 00 ¼ Q

pL2=4
: ð62bÞ

A nozzle-to-surface distance that is shorter than required by this
criterion was shown to concentrate coolant in a small central
portion of the surface, while a larger distance caused a portion
of the coolant’s flow rate to be wasted outside the surface. For
the optimum condition, where the spray impact area just
inscribes the surface, CHF at the surface edge can be determined
by assuming that all of the heat is transferred through the impact
area,

q00
CHF;p ¼

q00
CHFL

2

ðp=4ÞL2 ¼ 4
p
q00
CHF : ð63Þ

Volumetric flux at the outer edge of the impact area can be deter-
mined from a spray flux distribution model developed by Estes
[236],

Q 00 ¼ 2Q
pL2

½1þ cosðh=2Þ� cosðh=2Þ: ð64Þ

They developed a new CHF correlation that accurately predicts
full-cone spray data for FC-72, FC-87, and water,
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which shows CHF dependence on both Q00 and d32 for Q00 =
0.6�10�3–0.216 m3 s�1/m2 and d32 = 0.11–1.35 mm. This correla-
tion was equally successful at predicting CHF data for upward-
facing PF-5052 sprays by Rybicki and Mudawar [17]. Mudawar
and Estes [55] combined Eqs. (62b) and (64) to derive a more con-
venient form of the CHF correlation relating q00

CHF to Q 00,
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The form of CHF correlation in Eq. (64) has been widely used by
other researchers. Jiang and Dhir [64] adopted the same correlation
form, but, to better fit their own water data for Q 00 = 2.9�10�3–
5.1�10�3 m3 s�1/m2, they modified the correlation exponents,

q00
CHF

qghfgQ 00 ¼ 2:3
qf

qg

 !0:5
qf Q

002do

r

 !�0:2

1þ 0:0019
qf cp;fDTsub

qghfg

 !" #
;

ð67Þ



0 1 2 3 4
0.00

0.25

0.50

0.75

1.00

1.25

0.00

0.25

0.50

0.75

1.00

1.25

H tan (θ/2) / (L/2)

q”
C

H
F

/ M
AX

 q
” C

H
F

Q
w

/ Q

Qw / Q
q”CHF / MAX q”CHF

L 

H tan (θ/2)

Fig. 12. Optimization of nozzle-to-surface distance for maximum CHF. Adapted
from Mudawar and Estes [55].
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and used do instead of d32. A similar correlation form was also used
by Thiagarajan et al. [159], who found that Eq. (64) overestimates
their data for HFE-7100 sprays impacting a copper surface, and
modified the original correlation into
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:

ð68Þ
They also verified their correlation using databases by Lin and Pon-
nappan [237] for FC-87, FC-72, and methanol, Rini et al. [98] for FC-
72, Silk [238] for PF-5060, Coursey et al. [239] for PF-5060, Chen
et al. [221] for water, and Puterbaugh et al. [240] for FC-72. Thia-
garajan et al. also derived the following correlation for micro-
porous copper surfaces:
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which is also effective at predicting CHF data by Coursey et al. [239]
for PF-5060 on copper surfaces with open micro-channels, and by
Silk et al. [162] for PF-5060 on surfaces enhanced with cubic pin
fins, pyramids, and straight fins. Dou et al. [107] modified the Estes
and Mudawar [47] correlation slightly to correlate their water CHF
data according to
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which is valid for low rates in the range of 30–50 l/min and a fixed
nozzle-to-surface distance of 250 mm.

Visaria and Mudawar [109] examined the influences of subcool-
ing on spray performance and CHF. They were able to achieve high
levels of subcooling by using FC-77, which has a relatively high sat-
uration temperature of 97 �C at atmospheric pressure. CHF was
enhanced by about 100% when the subcooling was increased from
22 to 70 �C, reaching values as high as 349W/cm2. Their experi-
ments also revealed that CHF enhancement is relatively mild at
low subcoolings and more appreciable at high subcoolings in
excess of 40 �C. On the other hand, Thiagarajan et al. [159] reported
that, excepting low flow rates, the heat transfer coefficient and CHF
for HFE-7100 acquire higher values for near-saturated than sub-
cooled conditions.

Visaria and Mudawar also combined their CHF data for FC-77
with prior spray CHF data obtained at the Purdue University Boil-
ing and Two-Phase Flow Laboratory (PU-BTPFL) into a broad-based
CHF database encompassing different nozzles, fluids, flow rates,
spray orientations, and subcoolings. The database they amassed
includes (a) normal downward-facing FC-72 sprays by Estes and
Mudawar [23,47], (b) normal downward-facing FC-77 sprays by
Visaria and Mudawar, (c) normal upward-facing PF-5052 sprays
by Rybicki and Mudawar [17], (d) inclined downward-facing PF-
5052 sprays by Visaria and Mudawar [16,68], and (e) normal
downward-facing water sprays by Mudawar and Valentine [45].
Relying on their new broad subcooling range, Visaria and Mudawar
[109] modified the magnitude of the multiplier in the subcooling
term of the original Estes and Mudawar [47] correlation developed
for relatively low subcoolings, resulting in the following revised
‘universal’ CHF correlation:
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as shown in Fig. 13a.
An important spray performance parameter that is related to

CHF is evaporation efficiency, g. Estes and Mudawar [47] defined
g as the percentage of the total heat rate that can be removed by
the spray, sensible and latent, that is actually removed at CHF,

g ¼ q00
CHF

qf Q 00ðhfg þ cp;fDTsubÞ
� 100%: ð72Þ

They reported that boiling curves for sprays with high volumetric
flux – dense sprays – exhibit an unusually small increase in slope
upon transition between the single-phase and nucleate boiling
regions because of a suppression of nucleation and reduced evapo-
ration efficiency. Conversely, sprays with low volumetric flux –
dilute sprays – display a more pronounced slope increase in the
nucleate boiling regime; these sprays feature high evaporation effi-
ciency. Fig. 13b shows that the evaporation efficiency for different
fluids decreases monotonically with increasing spray Weber num-
ber, Wes, i.e., with increasing mean volumetric flux, Q 00, or droplet
diameter, d32, or with decreasing surface tension. However, liquid
subcooling does not appear to influence evaporative efficiency.

Sehmbey et al. [112,113] adopted a different approach to corre-
late CHF data for liquid nitrogen using the theory of macro-layer
dryout. Their correlation
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is valid for G = 16.9–88.9 kg�s�1/m2, d32 = 14–29 lm, and um = 14–
30.7 m/s. They also reported that both the heat transfer coefficient
and CHF increase with decreasing diameter of the nozzle’s orifice
because of an increase in both number and velocity of droplets.
Using the same theory, Chow et al. [241] formulated a general cor-
relation for CHF using data for saturated and slightly subcooled liq-
uids from multiple sources [43,76,95,112,136,226,242],
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where Ps and Pa are the air flow stagnation pressure and ambient
pressure, respectively. They also indicated that this correlation is
applicable to both air-assist and pressure nozzles.
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Fig. 13. (a) Correlation of CHF data for different nozzles, fluids, flow rates, subcoolings and orientations. (b) Evaporation efficiency versus Wes based on mean volumetric flux
for PF-5052, FC-72, FC-77, and water. Adapted from Visaria and Mudawar [109].
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Using forced convection analysis, Silk et al. [243] derived the
following CHF correlation using data for PF-5060, FC-72, FC-87,
methanol, and water from earlier sources [97,98,221,237,238,244],
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ð75Þ
which is applicable to both gassy and degassed conditions, where
N+ is the droplet number density.

Ciofalo et al. [57] employed full-cone pressure nozzles to pro-
duce horizontal water sprays for a fixed nozzle-to-surface distance
of 50 mm and relatively high mass fluxes of 8–80 kg�s�1/m2. Their
data revealed that CHF depends on mass flux and mean droplet
velocity, but is insensitive to droplet diameter,

q00
CHF ¼ 0:869� 106ðGu2

mÞ
0:245

; ð76Þ
where um ranges from 13 to 28 m/s. Follow-up work by Ciofalo et al.
[58] extended the water mass flux to a lower range of 0.33–
32.7 kg�s�1/m2 and included variations in nozzle-to-surface dis-
tance from 0.1 to 0.4 m. They correlated CHF data for G > 0.5 kg�s�1/
m2 according to
q00
CHF ¼ 1:759� 106G0:567: ð77Þ
Abbasi and Kim [245] determined experimentally that CHF is

primarily dependent on local impingement pressure, P, and liquid
subcooling. Using both full-cone and hollow cone nozzles, they
correlated PF-5060 data according to

q00
CHF ¼ 9:15� 104P0:4 1þ 2:42

cp;fDTsub

hfg
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; ð78Þ

where DTsub = 11–31 �C.
Cabrera and Gonzalez [116] examined monodispersed water

sprays (i.e., consisting of droplets with identical droplet velocities
and diameters), accounting for surface roughness effects, and cor-
related their CHF data as
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which is applicable for G = 340–750 kg�s�1/m2 and Ra = 5–79 lm.
Sawyer et al. [246] examined a single stream of monodispersed
water droplets, and recommended a CHF correlation that accounts
for impact frequency, f,
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where f = 12–42 Hz, ud = 2.4–4.6 m/s, dd = 1.5–2.7 mm, and DTsub =
75 �C. Healy et al. [247] correlated CHF data formonodispersedwater
sprays by Halvorson et al. [248] for low Weber numbers, Wed = 55–
109, accounting for effects of subcooling and ambient pressure,
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where f = 1–15 Hz, ud = 1.3 m/s, dd = 2.3–4.0 mm, Pa = 0.2–2.0 bar,
and DTsub = 40–101 �C.

5.2.2. Inclined sprays
Visaria and Mudawar [68] used the nozzle positioning system

depicted in Fig. 14(a) to accurately set both the nozzle-to-surface
distance and inclination angle, a, between the spray axis and nor-
mal to the test surface. Using high speed video analysis, they
showed that inclined sprays produce an elliptical impact area,
where a lateral liquid film flows towards the farthest downstream
region of the test surface, Fig. 14(b), providing partial resistance to
dryout despite weak volumetric spray flux in the downstream
region. Fig. 14(c) shows a schematic of an inclined spray whose
nozzle-to-surface distance is adjusted such that the major axis of
the impact area just inscribes a square surface in order to maxi-
mize CHF. The lowest volumetric flux is encountered along the far-
thest downstream point of the impact area, but CHF commences
along the end points of the minor axis of the impact ellipse rather
than the major axis. These are the farthest points from the orifice
that do not benefit from the lateral film flow. Results by Visaria
and Mudawar showed that a has little influence on heat transfer
in both the single-phase and nucleate boiling regimes, but increas-
ing a greatly decreases CHF. They proved that this CHF decrease is
the result of a sharp reduction in the fraction of the test surface
area that is directly impacted by the spray as shown in Fig. 14
(d). Using a theoretical model for the spray’s impact area, the pre-
vious point-based CHF correlation by Estes and Mudawar [47] for
normal sprays was shown to accurately predict the effect of orien-
tation angle on CHF for different nozzles and operating conditions,
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Visaria and Mudawar [16] also proposed a new CHF correlation for
inclined PF-5052 sprays based on total surface area and on volu-
metric flux averaged over the spray impact area,
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They validated this methodology for Q = 3.5�10�6–1.702�10�5 m3/
s and a = 0–55�.

Guo et al. [249] proposed that CHF can be maximized by adjust-
ing the nozzle such that four borderlines of the square test surface
are tangent to the elliptical spray impact area, rather than only the
major axis as proposed by Visaria and Mudawar [68]. This means
that the impact area proposed by Guo et al. is larger than by Visaria
and Mudawar. Using this modified impact area depiction, Guo et al.
modified the CHF model of Visaria and Mudawar [16,68] and found
that CHF increases slightly with increasing inclination angle. In a
recent theoretical analysis, Zhang and Ruan [250] derived an rela-
tion for spray impact area as a function of inclination angle.

Silk et al. [162,251] examined the effects of PF-5060 spray incli-
nation on both plain and enhanced copper surfaces. They tested
sprays with a = 0, 30, and 45� while maintaining a constant
nozzle-to-surface distance of 17 mm, and their heat flux was based
on projected area of the test surface. For both the plain and
enhanced surfaces, CHF was highest for a = 30�. Since this maxi-
mum was achieved despite the volumetric flux decreasing with
increasing a, they suggested that the CHF enhancement is probably
the outcome of altered film drainage from the surface due to the
nozzle inclination. Ravikumar et al. [252] investigated the influ-
ence of inclination angle on CHF for air-assist water nozzles for a
constant nozzle-to-surface distance of 60 mm, and found that
CHF is highest at a = 30�, while, for water with surfactant, CHF
decreases monotonically with increasing a. Yan et al. [253] attrib-
uted superior heat transfer performance for inclined sprays to the
better liquid drainage on the surface resulting from increased
radial droplet momentum. They pointed out, however, that
inclined sprays contribute greater surface temperature non-
uniformity compared to normal sprays.

Schwarzkopf et al. [254] and Li et al. [255] studied the effects of
inclination angle on PF-5060 spray cooling using an upward-facing
pressure nozzle. They tested inclination angles in the range of 0–
60� while maintaining a fixed nozzle-to-surface distance of
14 mm, and showed that cooling performance is rapidly compro-
mised for a > 40�. Cheng et al. [256] found that CHF for horizontal
HFE-7100 and PF-5060 sprays is highest for an inclination angle of
75�, followed by 60� and 45�, and lowest for 90�. Zhang et al. [155]
noted that normal water sprays offer the best heat transfer perfor-
mance. Aguilar et al. [257] used a tubular nozzle to examine the
influence of inclination angle on cryogen spray cooling, and found
that angles as high as 75� have no appreciable influence on surface
temperature, heat flux, or overall heat extraction. Using air-assist
water nozzles, Fu et al. [258] found that heat flux increases when
a is increased from 0 to 30�, then decreases as a is further
increased from 30 to 60�. Using a distilled water pressure spray,
Guo et al. [60] obtained a similar trend for inclination angles in
the range of 0 to 50� and an optimal angle around 30�.

Although numerous articles have recently been published that
address the influence of spray inclination angle on CHF, there are
many contradictions concerning mechanisms, data trends, and
optimal inclination angle. Additionally, there is overwhelming reli-
ance on empiricism rather than on theoretical modeling. Clearly,
more careful experimental work must be conducted in the future
using multiple liquids and small increments in inclination angle
to more accurately capture CHF.

5.2.3. Multi-nozzle arrays
For relatively large surfaces, a single spray may not provide suf-

ficient surface coverage. Here, multi-nozzle arrays are commonly
used and between which spray overlap is quite common. Com-
pared to single spray studies, those addressing multi-nozzle arrays
are quite sparse. Table 2 provides a summary of prior multi-nozzle
studies. Notice that all these studies employed pressure nozzles
excepting Yan et al. [123,253], who used air-assist nozzles.



Fig. 14. (a) Nozzle inclination system. (b) Images of spray impact patterns for different inclination angles. (c) Model of inclined spray impacting a square surface. (d) Predicted
variations of spray impact area with inclination angle. Adapted from Visaria and Mudawar [68].
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Using an array of 8 miniature nozzles in a multi-nozzle plate,
Lin and Ponnappan [237] studied spray cooling of a 1�2-cm2 sur-
face using FC-87, FC-72, and methanol. Their heat transfer trends
were similar to those for a single nozzle, andmulti-nozzle CHF data
were correlated according to [259]

q00
CHF

qghfgQ 00 ¼ 0:386
qf

qg

 !0:549
qf Q

002d32

r

 !�1=3

; ð86Þ

which is valid for Q 00 = 0.0144–0.0363 m3 s�1/m2, d32 = 36–80 lm,
and subcoolings below 12 �C. In a follow-up study, Lin et al. [22]
used 48 miniature nozzles to cool a larger 2.54�7.60 cm2 surface.
Compared with earlier results for the 1�2-cm2 surface, the maxi-
mum heat transfer coefficient and CHF for the large surface were
lower by approximately 30% and 34%, respectively. These reduc-
tions were attributed to differences in the interaction between
spray droplets and the counter-current vapor flow as illustrated in
Fig. 15(a) and (b). This counter-current vapor flow was likened to
that of a buoyant jet as described by Gonzalez and Black [262].
Lin et al. hypothesized that interaction in the central region of the
surface is much weaker for a smaller than a larger surface.

Visaria and Mudawar [15] reported that, with proper layout of
multi-nozzle arrays, overlap between adjacent spray impact areas
may not affect CHF since CHF is dictated by the location and mag-
nitude of the weakest volumetric flux. Pautsch and Shedd [235]
found that the geometrical layout of nozzle arrays has little influ-
ence on overall heat transfer performance. And Horacek et al.
[101] determined experimentally that the average heat flux within
the spray impact region is about the same for a single nozzle and
two nozzles with the same nozzle-to-surface distance. However,
overlap between the two sprays is minimal because of the dilute
nature of the sprays used.

Other studies indicated that, unlike single sprays, where CHF
commences along the outer edge of the surface, CHF for multi-
ple sprays often occurs in the central region of the surface
because of flow interactions and blockage between neighboring
sprays [47,235]. Additionally, multi-nozzle arrays were found to
achieve higher CHF than single nozzles, but do so with lower
fluid usage efficiency. Using their three-component heat transfer
hypothesis, and assuming homogeneous nucleation within the
thin liquid film, Shedd and Pautsch [102] proposed the follow-
ing CHF relation for nitrogen-saturated single nozzle and four-
nozzle sprays:

q00
CHF ¼ h ðTsat þ DTcÞ � Tf þ DTmax

2

� �� �
; ð87Þ

where h is the heat transfer coefficient, which, for a single spray
with Q = 0.38–1.13 ml/s, and four sprays with Q = 2.13–4.83 ml/s,
is given, respectively, by

h ¼ 0:4627qf cp;f Q
00 þ 0:01612Q 00DTsat ð87aÞ

and

h ¼ 0:2284þ 0:2141qf cp;f Q
00 þ 0:003812Q 00DTsat: ð87bÞ

Parameters DTmax and DTc in the above equations signify the max-
imum temperature variation across the surface at CHF, and the crit-
ical state temperature difference, respectively; the latter is
calculated from [263],



Table 2
Summary of prior multi-nozzle spray cooling studies.

Authors Nozzle array Test fluid(s) Surface material Surface size

Lin and Ponnappan [237,259] 2 � 4 FC-87, FC-72, methanol,
water

Copper 1 � 2 cm2

Lin et al. [22,216] 4 � 12 FC-72 Copper 2.54 � 7.60 cm2

Pautsch and Shedd [75,102,235] Designed by Parker Hannifin
Co.

FC-72 Multi-chip module built by IBM Co. 7 � 7 cm2

Pereira et al. [92,108,260] Four or five nozzles Water Copper 10 � 10 cm2

Horacek et al. [101] 1 � 2 FC-72 Platinum sputtered onto titanium 0.7 � 0.7 cm2

Yan et al. [123,253] 2 � 2 R-134a Copper 15.1 � 13.5 cm2

Tan et al. [115] and Xie et al. [167] 2 � 3 R-134a Copper 1 � 2 cm2

Xie et al. [261] 9 � 6 R-134a Copper 23.3 � 16 cm2

Tao et al. [63] 1 � 2 Water Copper 2 cm2

Hou et al. [165] 2 � 4 Water Copper 3.2 � 1.6 cm2

Some et al. [72] 1 � 2 and 2 � 2 PF-5060 Platinum sputtered onto titanium 0.7 � 0.7 cm2

Bostanci et al. [5,6] 1 � 2 Antifreeze Copper 1 � 2 cm2

Hou et al. [134] 1 � 3 Water (Simulation) 2 � 4 cm2

Elston et al. [144,145] 4 � 4 FC-72 Glass 2.54 � 2.54 cm2

Silk et al. [162] 2 � 2 PF-5060 Copper 2 cm2

Wang et al. [187] 1 � 2 Water Copper 1 � 2 cm2

Escobar-Vargas et al. [90] 2 � 24 Water Copper 3 � 5 mm2, 1.3 � 2 mm2
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DTc ¼ 0:83ðTþ
sat � TsatÞ; ð88Þ
where Tþ
sat is the superheat temperature limit.

A potential problem with multi-nozzle spray cooling is liquid
accumulation or flooding, which results in a thick and uneven liq-
uid film on the surface. Such accumulation not only reduces cool-
ant usage efficiency, but also compromises both surface
temperature uniformity and cooling performance. In extreme
cases, heat transfer, especially in the central region of the surface,
may shift from spray cooling to highly ineffective pool boiling. To
prevent the liquid accumulation, excess liquid may be removed
by gravity using inclined, horizontal or upward-facing spray orien-
tations [22,190,253]. Glassman et al. [264] devised a different
method to resolve the liquid accumulation problem, by using an
Heated wall

g

(a)

(b)

Fig. 15. Schematic of interaction between spray droplets and vapor upflow: (a)
small area spray cooling and (b) large area spray cooling. Adapted from Lin et al.
[22].
array of suction tubes to drain liquid from the flooding zones,
which resulted in remarkable improvement in cooling perfor-
mance. Xie et al. [261] recommended yet another method to man-
age the liquid accumulation, which consisted of employing
horizontal and vertical bridges between neighboring sprays to
drain excess liquid by gravity.
5.3. Gas effects

Tilton et al. [265] noted that non-condensable gases in the spray
liquid increase surface temperature and degrade the performance
of the condenser in the two-phase cooling loop. Lin and Ponnappan
[237] measured spray CHF values with FC-72 and FC-87 as high as
90W/cm2, compared to up to 490W/cm2 for methanol and 500W/
cm2 for water. They reported that the presence of air not only
increases surface temperature, by increasing the saturation tem-
perature, but also increases overall thermal resistance of the cool-
ing loop. They determined that a cooling system without air
provides better performance for q00 < 70 W/cm2, while, for q00 >
70W/cm2, dissolved air provides better performance because of
secondary nucleation created by the air bubbles. Experiments by
Milke and Tinker [266] showed that spray cooling performance
of non-degassed water is superior to that of degassed water.

Later, Horacek et al. [97,267] investigated spray heat transfer
mechanisms with variable amounts of dissolved gas, which were
carefully controlled and measured. They identified two types of
subcooling: thermally subcooled, associated with decreasing liquid
temperature alone, and gas subcooled, resulting from increased
saturation temperature because of the dissolved gas. They reported
that the presence of gas increases effective subcooling of the liquid,
shifting the spray boiling curve to higher surface temperatures, but
increases CHF, a trend observed in prior studies. Aside from
increasing the subcooling, they suggested that the gas may cause
bubbles to nucleate within the droplets or the surface liquid film,
spreading liquid over a larger heated area and increasing the liq-
uid–solid contact area, which improves cooling performance. Inter-
estingly, they also reported that their CHF data with dissolved gas
were well predicted by the correlation of Mudawar and Estes [55],
Eq. (65). Using air-assist spray nozzles, Yang et al. [11] reported the
existence of an optimum liquid flow rate to achieve maximum CHF
for a given air flow rate.

Puterbaugh et al. [240] studied spray cooling performance of
FC-72 with dissolved air volume concentrations in the range of
5–18%, and with spray chamber pressures ranging from 69 to
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82.7 kPa. Unlike findings by other investigators, they reported that
heat transfer is insensitive to the air dissolved in the spray system,
and hypothesized that the influence of dissolved gas on CHF
reported by others is the result of varying saturation pressure in
response to variations in the system pressure. Jiang and Dhir [64]
also reported that spray heat flux is not affected by partial pressure
of non-condensable gas, but depends on total system pressure.
Using a 16-nozzle array, Elston et al. [144] found that dissolved
air volume concentrations of 10.1–16.8% in FC-72 do not signifi-
cantly influence cooling performance.

In should be emphasized that non-condensable gases are preva-
lent mostly in spray cooling systems utilizing air-assist nozzles.
Despite the reported benefits of non-condensable gases to spray
cooling, mostly due to secondary nucleation effects, use of air-
assist nozzles for cooling purposes is quite limited compared to
pressure nozzles. Not only are pressure nozzles easier to character-
ize, but, unlike air-assist nozzles, they also have minimal influence
on the performance of a closed cooling loop.

6. Concluding remarks

This study is the first part of a two-part review of spray cooling,
focusing mainly on the relatively low-temperature single-phase
liquid cooling and nucleate boiling regimes, as well as critical heat
flux (CHF). These phenomena are important to many applications
involving high-heat-flux removal from temperature sensitive
devices. This review provides detailed identification of dominant
mechanisms, data trends, correlations, and predictive models.
Key observations from this review can be summarized as follows.

(1) Pressure spray nozzles are favored over air-assist nozzles
because of better predictability and minimal impact on cool-
ing loop. However, even for pressure nozzles, future work
must take into consideration several practical concerns,
including corrosion and erosion within the spray nozzle,
nozzle clogging, and lack of repeatability for poorly fabri-
cated nozzles.

(2) For both the single-phase liquid cooling and nucleate boiling
regimes, different spray parameters have been identified as
having dominant influences on heat transfer performance.
They include mostly volumetric flux, mean droplet diameter,
andmean droplet velocity. But contradictory findings among
investigators, caused by incorrect use of characteristic
length in defining the Nusselt number, and the lack of
assessment of surface temperature spatial gradients and
complex mechanisms of spray impact, all point to a need
for future experiments that must be conducted very care-
fully and systematically, especially in regards to nozzle-to-
surface distance, using many fluids with vastly different
thermophysical properties, and broad ranges of operating
conditions.

(3) Many investigations have pointed to the behavior of the liq-
uid film deposited upon the sprayed surface as influencing
all aspects of spray cooling in both the single-phase liquid
and nucleate boiling regimes. This behavior is complicated
by several phenomena, including vapor entrapment, bubble
nucleation, and droplet impact and splashing. Further exper-
imental work and theoretical modeling are needed to better
quantify film thickness as well as its temporal and spatial
variations.

(4) Despite the sizable body of literature addressing the domi-
nant heat transfer mechanisms in nucleate boiling, including
thin film evaporation, convection, surface homogenous
nucleation, and secondary nucleation, these mechanisms
have been mostly postulated rather than experimentally
verified. Also lacking in most spray nucleate boiling
literature are the non-uniformities in surface temperature,
heat transfer coefficient, and heat flux. This is especially
the case for large surfaces that are cooled by multiple noz-
zles. Here, more rigorous testing methods must be adopted
to ensure that multi-nozzle arrays are configured to reduce
the surface temperature gradients.

(5) Critical heat flux (CHF) has been the focus of many recent
studies that showed that this important heat flux limit is
dictated mostly by volumetric flux and mean droplet diam-
eter, but not droplet velocity. A CHF correlation form by
Estes and Mudawar has been widely validated by several
investigators in fitting their own data for different fluids
and other operating conditions. CHF issues that warrant fur-
ther study include the effects of dissolved gas, spray inclina-
tion angle, and interaction between neighboring sprays
when using multi-nozzle arrays to cool large surfaces.

(6) More recently, attention in spray cooling research has
shifted to heat transfer enhancement methods. They include
micro and macro modifications to the surface itself, addi-
tives to the liquid, and use of nanofluids. Unfortunately, find-
ings from these studies often contradict one another, and, for
those involvingmodification to the liquid itself, lack rigorous
assessment of several potentially important practical prob-
lems, such as erosion, corrosion, and eventual clogging of
the spray nozzle as well as several other flow loop
components.
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