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Spray Cooling on Enhanced
Surfaces: A Review of the
Progress and Mechanisms
The rapid development of high-power electronic, energy, and propulsion systems has led
us to the point where the performances of these systems are limited by their cooling
capacities. Current electronics can generate heat fluxes up to 10–100W/cm2, and heat
flux over 1000W/cm2 needs to be dissipated with a minimum coolant flow rate in next-
generation power electronics. The multiple efficient heat transfer mechanisms have made
spray cooling a high heat flux, uniform and efficient cooling technique proven effective in
various applications. However, the cooling capacity and efficiency of spray cooling need
to be further improved to meet the demands of next-generation ultrahigh-power applica-
tions. Engineering of surface properties and structures, which is enabled by state-of-the-
art manufacturing techniques, can fundamentally affect the liquid–wall interactions in
spray cooling, thus becoming the most promising way to enhance spray cooling. How-
ever, the mechanisms of surface-enhanced spray cooling are diverse and ambiguous,
causing a lack of clear guiding principles for engineered surface design. Here, the pro-
gress in surface engineering-enhanced spray cooling is reviewed for surface structures of
millimeter, micrometer, and nanometer scales and hierarchical structured surfaces, and
the performances from the reviewed literature are evaluated and compared. The reviewed
data show that spray cooling can achieve a critical heat flux (CHF) above 945.7W/cm2

and a heat transfer coefficient (HTC) up to 57W/cm2K on structured surfaces without
the assistance of secondary gas flow and a CHF and an HTC up to 1250.1W/cm2 and
250W/cm2K, respectively, on a smooth surface with the assistance of secondary gas flow.
A CHF enhancement up to 110% was achieved on a hybrid micro- and nanostructured
surface. A clear map of enhancement mechanisms related to the scales of surface struc-
tures is proposed, which can help the design of engineered surfaces in spray cooling.
Some future concerns are proposed as well. This work helps the understanding and
design of engineered surfaces in spray cooling and provides insights for interdisciplinary
applications of heat transfer and advanced engineering materials.
[DOI: 10.1115/1.4050046]

1 Introduction

The rapid development of high-power electronic, energy, and
propulsion devices [2–4] has led us to the point where the per-
formances of these devices are limited by their heat dissipation
capacities [5,6]. Today, the typical heat flux generated by an
electronic chip can reach 10–102 W/cm2 [7,8], and in designing
next-generation power electronics, it can exceed 1000W/cm2 on
average at the chip level [9,10] and 1500–5000W/cm2 at the hot-
spots [3,11], which, if not fully dissipated, results in a temperature
rise and a large temperature gradient, causing performance deteri-
oration or even failure of the whole system. Stable and reliable
operation of high-power systems requires the cooling system to
achieve precise and uniform temperature control, a timely
response to a wide range of thermal loads, and reliable startup and
long-term stability [3,6,12]. In addition, economic considerations
should be taken into account, along with the requirements of high
efficiency, miniaturization, and lightweight for the cooling sys-
tem. Traditional cooling technologies are based on single-phase
liquid or air convection, which is limited in heat flux. The thermal
loads of current and future electronics are so severe that tradi-
tional single-phase convection cooling reaches its limit. Under
this circumstance, phase-change cooling, which can utilize the
latent heat of evaporation, must be applied [13], as shown in

Fig. 1. Among various phase-change cooling methods, namely,
pool boiling, microchannel flow boiling, heat pipe cooling, jet
impingement cooling, spray cooling, etc., spray cooling has a
prominent combination of good cooling capacity, uniformity, fluid
utilization efficiency, and system flexibility [2,6,12,14–16]. Along

Fig. 1 Comparison of different heat transfer methods
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with prominent startup performance and stability, these advan-
tages have brought spray cooling to a wide range of applications,
including cooling of supercomputers, space shuttles, drones,
hybrid vehicles, lithium-ion batteries, and quenching, as well as
next-generation high-power electronic chips, LEDs, lasers and
radars [6,10,12,17–21].

In spray cooling systems, a spray of droplets produced by either
pressure-atomized or gas-atomized nozzles is forced to impinge
onto the targeted heating surface, cooling it efficiently with a
phase change of the coolant, as illustrated in Fig. 2. The physical
process of spray cooling has multiple advantages that can lead to
high cooling performance. The spray droplets can form a uniform
and thin liquid film on the hot surface, which evaporates effi-
ciently at the top of the film due to the low thermal resistance
through the liquid film [12,22]. The thin liquid film, with a charac-
teristic thickness from tens to hundreds of micrometers to approxi-
mately 1mm [23–27], also enables early and high-frequency
breakup of bubbles [28] since bubbles can quickly grow on the
film top and rupture. In spray cooling, bubbles can nucleate from
either surface nucleation sites due to imperfections, cavities, or
secondary nucleation sites created by the impacting droplets via
gas entrapment. The spray droplet entrapment, not only benefits
nucleate boiling heat transfer but also brings forward the onset of
nucleate boiling [29,30]. The momentum brought by the droplets
can also accelerate convection in the liquid film [31–33] and the
break-up of bubbles [29,34]. In addition, the vapor produced by
evaporation can be easily removed through diffusion in a large
space or forced convection of the spray stream [35–37], which
reduces the vapor partial pressure and enhances evaporation.
When the heat flux is approaching the critical heat flux (CHF) in
the heating-up direction, the continuous liquid film may degrade
to isolated microdroplets that evaporate quickly and efficiently,
and heat flux as high as 1000W/cm2 and a heat transfer coefficient
(HTC) as high as 60W/cm2K can be achieved [38]. When surface
superheats are so high that the vigorous evaporation beneath the
droplets creates a vapor cushion, which is known as the Leiden-
frost effect, the high-speed droplets can penetrate through the
vapor film and delay film boiling and the occurrence of the CHF.

The spray cooling mechanisms ensure that spray cooling has a
uniform, efficient, and high cooling performance. On the other
hand, to meet the heat dissipation requirements of next-generation
power electronics and devices, further development of advanced
spray cooling is urgently needed. There are multiple ways to
improve the spray cooling performance, including selection and
alteration of the working fluid [39–57], optimization of spray
parameters [58–62] or systems [17,63–76], and surface engineer-
ing. The first two methods are based on the fluid side, which is
limited in affecting liquid–wall interactions. Meanwhile, surface
engineering of surface chemical compositions, structures, or geo-
metries can significantly influence the surface properties, fluid
flow, and heat and mass transfer process at precisely controlled
length scales, which enables more possibilities for spray cooling
heat transfer enhancement. When a spray droplet is impacting
onto a hot, dry surface or a liquid film, it may undergo rebound,

deposition, splash, evaporation, nucleate boiling, foaming, transi-
tion boiling and film boiling, detailed fluid mechanics of spray
droplets can be found in Refs. [77–79]. Nevertheless, all these
droplet behaviors are the combined outcomes of different droplet
parameters and liquid–wall interactions and can be altered by
changing the surface characteristics. Specifically, the characteris-
tic physical lengths in the spray cooling process cover the milli-
meter, micrometer, and nanometer scales, from nanoscale
absorbed liquid film thicknesses of 10–20 nm [80] to microscale
triple contact line region thicknesses of 1–3 lm [80], microscale
thermal boundary layer thicknesses [81–83], droplet diameters
[58,84,85], and bubble diameters [29,86] of tens to hundreds of
micrometers, liquid film thicknesses of tens of micrometers to
approximately 1mm [23–27], and millimeter-scale spray areas.
The dominant mechanisms may vary for different length scales;
thus, changes in the spray cooling process and its heat transfer
performance can be achieved by surface engineering across differ-
ent length scales. In addition, the advancement of micro- and
nano-engineering has paved new pathways for the very compli-
cated design and manufacture of enhanced surfaces [87]. The
effectiveness of introducing structured surfaces into spray cooling
enhancement has been extensively studied and widely accepted
[2]. However, the mechanisms of spray cooling enhancement by
surface engineering are very diverse and ambiguous, which may
cause confuse surface design.

There are two types of application of spray cooling: the first is
steady-state cooling of relatively low-temperature targets where
surface temperatures are maintained below the critical heat flux
limit, and the second type is quenching of a target with a high ini-
tial temperature where the target is cooled down gradually. In the
case of quenching spray cooling, the cooling starts from the film
boiling regime, where spray droplets cannot contact with the sub-
strate due to strong uprising vapor flow. In this review, we mainly
focus on steady-state spray cooling, as spray cooling of electron-
ics generally works in low-temperature range and does not involve
the film boiling regime or quenching process.

This paper aims to review the progress in surface engineering-
enhanced steady-state spray cooling and provide a clear map of
mechanisms that can help the design of engineered surfaces in
spray cooling. The progress in surface engineering at different
length scales is reviewed in detail. The performances, which are
critical heat flux, heat transfer coefficient, and cooling efficiency,
of the reviewed spray cooling systems are evaluated and com-
pared. The enhancement mechanisms of various structure scales
are then discussed and summarized. Some future concerns are
proposed as well.

2 Effects of the Characteristic Length Scale of
Engineered Structures

As discussed previously, the physical characteristic lengths in
the spray cooling process range from the nanometer scale to the
millimeter scale and the dominant forces and transport mecha-
nisms may vary on surfaces with different structure length scales.
As a result, the spray cooling process and its heat transfer per-
formance can be altered and improved with engineered surfaces,

Fig. 3 Millimeter-sized structures. Left: cubic pin fins; middle:
pyramids; and right: straight fins (Reproduced with permission
from Ref. [88]. Copyright 2006 by IEEE.)Fig. 2 Schematic of spray cooling mechanisms
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which have been extensively studied. However, for different char-
acteristic length scales, the manufacturing methods are different,
and the enhancement mechanisms are diverse and unclear. In this
section, recent progress in spray cooling on millimeter-,
micrometer-, and nanometer-scale engineered surfaces, and hier-
archically structured surfaces is reviewed.

2.1 Millimeter-Scale Structures. Millimeter structures, due
to the relatively simple fabrication using traditional machining
techniques, were applied in spray cooling heat transfer enhance-
ment in early studies. Typical structures include fins, pin-fins,
dimples, etc. that have characteristic lengths of �1mm. As
described in Sec. 1, the length scales of the thermal boundary
layer thickness, droplet diameter, and bubble nucleation are tens
to hundreds of micrometers, and the liquid film is on the micro- to
millimeter scale, which is within two orders of magnitude differ-
ence with the structure scale. As a result, millimeter-scale struc-
tures can affect the heat transfer area, liquid flow, and bubble
dynamics. In addition to the better simplicity and lower cost of
fabrication, millimeter-scale structures can withstand higher tem-
peratures and are more stable than smaller structures because the
geometry is less influenced by thermal expansion.

Silk et al. [88] studied PF-5060 spray cooling using a 2� 2 noz-
zle array on three different millimeter-scale-enhanced surfaces
directly machined on a heater block, namely, cubic pin fin, pyra-
mid, and straight fin surfaces, as shown in Fig. 3. They found that
the straight fin surface enhanced the CHF of perpendicular spray
cooling by 58% relative to the flat surface, followed by the cubic
pin fin and pyramid surfaces. The enhancement was observed in
both the single-phase and multiphase regimes, and the multiphase
efficiency was greatly improved from 29% on the flat surface to
46% on the straight fin surface. They suggested that the enhance-
ment resulted from an increased surface area, more nucleation
sites, and a longer residence time. They also found that the
enhancement did not scale with wetted surface area and suggested
that there were other factors, i.e., liquid management on the sur-
face and the utilization efficiency of the wetted area. They also
tested more millimeter-sized structures in degassed and gassy con-
ditions [89]. In addition to the structures mentioned above,
straight fins with cubic fins on top, dimples, straight fins with dim-
ples, radial fins, and porous tunnels were also studied. The thin
straight fin and porous tunnel surfaces showed the highest CHF
among the surfaces under both degassed (142W/cm2) and gassy
(175W/cm2) conditions, which were approximately 77% and 62%
higher relative to the flat surface under degassed and gassy condi-
tions, respectively. In their subsequent research [90], the geometry
of the porous tunnel surface was optimized. Similar structures
were also investigated by Wang et al. [91]. Aamir et al. [92,93]
also studied air–water quenching spray cooling on the machined
straight fin, cubic fin, and pyramid fin surfaces and attributed the
observed heat transfer enhancement of structured surfaces to
affected bubble dynamics, capillary pumping, and additional liq-
uid circulation. The surface with the sparse pillar array showed a
114.3% higher cooling rate relative to the smooth surface for a
starting temperature of 900 �C as a result of the larger nucleation
distance and corresponding less intense horizontal coalescence of
bubbles, which may trigger the formation of a vapor blanket that
could prevent droplet from contacting with the surface. The shape
of the pillar could also change the vapor profile.

Xie et al. [94] compared the effect of the fin direction of
machined straight fin surfaces in closed-loop R134a spray cooling
under 480 kPa. The spray was perpendicular to gravity in a verti-
cally oriented spray chamber, and liquid and vapor were drained
from the bottom and top outlets, respectively. Straight fin arrays
with a 1mm width and a 1mm spacing were manufactured in hor-
izontal and vertical arrangements on the test surfaces. Although
the wetted area was enlarged on both surfaces, the vertically
arranged surface showed 36% enhanced heat transfer due to the
easier drainage of liquid and vapor, whereas the horizontal surface

had negative effects on drainage and resulted in a thicker liquid
film as well as a higher vapor pressure. Their results showed that
the fluid management ability of millimeter-sized structures plays
an important role in spray cooling heat transfer.

Under acceleration conditions, the optimum structure may dif-
fer from that under normal gravity conditions. Zhang et al. [95]
studied water spray cooling under acceleration conditions with
machined macrostructured surfaces and found that the surface
with drilled holes and a tunnel beneath reduced the surface tem-
perature by up to approximately 40 �C relative to the straight fin
surface and a flat surface at the same heat flux. In some condi-
tions, the straight fin surface even had worse heat transfer than the
flat surface, again evidencing the importance of the fluid manage-
ment effect of surface structures.

2.2 Micrometer-Scale Structures. Providing the benefits of
millimeter structures, microstructured surfaces are expected to
have a stronger influence on spray cooling due to the much denser
structures that bring about a larger surface area enhancement. In
addition to the strengthening due to the increased number of struc-
tures per unit area, reducing the characteristic scale itself increases
the importance of the capillary effect and triple contact line evap-
oration for microstructured surfaces. The most accessible micro-
structured surfaces are rough (randomly structured) surfaces and
porous media-coated surfaces since they widely exist in nature
and are easy to manufacture. Meanwhile, the manufacturing of
microstructures with precisely controlled geometries is enabled by
the advancement of micro-electromechanical systems (MEMS)
techniques and has become one of the main methods to enhance
phase-change heat transfer. In this section, the progress in apply-
ing microstructured surfaces in spray cooling enhancement is
reviewed for four types of surface fabrication methods.

2.2.1 Microroughness Surfaces. Flat surfaces with random
rough structures can be machined by simple polishing or chemical
etching methods. Although not as superior in performance as
more complex structures, they are easy, inexpensive, and scalable,
thus being promising in large-scale applications. The influence of
surface roughness on spray cooling is reviewed in this section.

For pressure-atomized spray cooling, positive effects of
increasing surface roughness are widely evidenced by rough
surfaces manufactured by polishing with grinding paper
[84,96,97], electrical discharge machining (EDM) wire cutting
[94], and corrosion or acid cleaning [98,99]. As shown in Fig. 4,
Zhang et al. [84] compared pressure-atomized water spray cooling
on sand paper-polished surfaces with roughnesses of

Fig. 4 Effect of surface roughness on spray cooling. Surfaces
S4–S7 are flat rough surfaces, S3 is a micropin fin surface, and
S8 is S3 polished by sandpaper (Reproduced with permission
from Ref. [84]. Copyright 2003 by Elsevier.)
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142–2258 nm and found that the heat transfer increased with
increasing surface roughness. However, the spray cooling per-
formance on rough surfaces is not as good as that on microstruc-
tured surfaces, which will be discussed later. Mart�ınez-Galv�an
et al. [97] clearly summarized that a rough surface could move the
onset of nucleate boiling to a lower superheat and extend it along
with a wider superheat range. Lee [99] showed that quenching
spray cooling heat transfer was better on rough surfaces. It was
considered that the surface structure may penetrate through the
thermal boundary layer, which is usually approximately 10lm,
enhancing heat transfer. However, a larger surface roughness does
not always mean a higher heat transfer. Hsieh et al. [100] com-
pared thin films with roughnesses of 200 nm, 1600 nm, and 50lm,
and it was shown that water spray cooling had the highest CHF on
the medium roughness chemical vapor-deposited diamond thin
film, followed by the 200 nm roughness sputtered carbon nanotube
film and roughest sputtered SiC film coating.

For gas-atomized spray cooling, the trend may be different.
Pais et al. [28] studied the influence of surface roughness and its
mechanisms on air-atomized spray cooling. A heat flux as high as
1200W/cm2 was achieved on the smoothest surfaces with a
0.3 lm roughness. They found that for surfaces with roughness
below 1 lm, the dominant heat transfer mechanism was heat con-
duction through an ultrathin liquid film and evaporation at the
liquid–gas interface, which was extremely efficient; however, for
rougher surfaces, nucleation heat transfer dominated, and the heat
transfer was not as efficient. Their results were in accord with
those of Sehmbey et al. [101].

The influence of surface roughness on spray cooling heat trans-
fer differs depending on the spray type and spray cooling regime.
For gas-atomized spray cooling, the thin liquid film formed under
the force of the gas stream evaporates efficiently and dissipates a
high heat flux. In this thin-film evaporation regime, the film thick-
ness and number of nucleation sites would be increased by
increasing the surface roughness, which would raise the heat
transfer resistance, making the gas-atomized spray cooling per-
form better on smooth surfaces than on rough ones. However, for
pressure-atomized spray cooling, without the assistance of a sec-
ondary gas stream, liquid spreading on the surfaces could be
enhanced by increasing the surface roughness since the rough sur-
face could reduce the contact angle and provide the additional
capillary driving force. Better spreading in spray cooling leads to
a thinner liquid film and faster rewetting of dry spots. In addition,
without unsaturated gas removing vapor, the thin film evaporation
mechanism for pressure-atomized spray cooling is not as domi-
nant as for gas-atomized spray cooling, making the additional
nucleation sites brought about by rough surface structures benefi-
cial for heat transfer.

2.2.2 Coated Microporous Structures. Porous media are
another type of scalable structure that has random structures cov-
ering multiple scales, from millimeter-scale pores to nanopores.
The diversity of porous structures enables multiple pathways for
spray cooling enhancement, as well as superior fluid management
ability. On the other hand, it may introduce extra thermal resist-
ance at the interface between porous media and the base surface.
There are two types of microporous structures: one involves the
direct coating of a porous layer onto a substrate, and the other
involves bonding a premade porous chip onto a substrate. The for-
mer has a lower thermal resistance and is reviewed in this section,
and the latter is reviewed in Sec. 2.2.3.

One method to coat a microporous layer on a surface is by
depositing, evaporating, and sintering a fluid containing micropar-
ticles and some carrier or binder substance. Thiagarajan et al.
[102] studied HFE-7100 spray cooling on a 100lm thick micro-
porous copper-coated surface with numerous cavities, as shown in
Fig. 5(a). The microporous coating was manufactured by screen
printing a mixture of silver-coated sub-20lm copper powder (3M
L-20227) and Dow Corning 704 Diffusion Pump Fluid and subse-
quent firing in a vacuum furnace. Enhancements of the HTC and

CHF relative to plain surfaces as high as 360% and 52%, respec-
tively, were achieved and considered to result from the increased
triple contact line density in the porous structure. The onset of
boiling was greatly advanced, and the proportion of nucleate boil-
ing was much higher than that on plain surfaces. Kim et al. [103]
investigated the effect of a porous coating on air-atomized spray
cooling. The microporous coating shown in Fig. 5(b) was fabri-
cated by first spraying an mixture of aluminum particles, Devcon
brushable ceramic epoxy and methyl-ethyl-ketone (MEK) (ABM
mixture) onto a substrate using an Iwata airbrush, followed by
evaporating the carrier MEK and leaving a porous layer
containing the aluminum particles and binder (Devcon brushable
ceramic). The CHF was increased from 1.5W/cm2 on the plain
surface to 2.1W/cm2 at a surface temperature of �90 �C, and the
HTC at 1.5W/cm2 was increased by 150% relative to the plain
surface. They attributed the heat transfer enhancement to the
capillary pumping mechanism, which helped spread and retain the
liquid. The study suggested an optimal coating thickness of
100 lm, as a thicker film-induced greater thermal resistance. The
particle size, including 8–12lm, 30–60lm, and 100–300lm, had
no significant influence on the enhancement. When the particle
size decreases, the capillary driving force increases, but this may
be offset by the increased flow resistance. Kim et al. [104] studied
air-atomized spray cooling on copper surfaces coated uniformly
with diamond powder particles with sizes of 6, 13, and 25lm by
the dropping method with a mixture of diamond particle, Omega-
bond 101 and MEK (DOM mixture). The HTC on microporous
surfaces was found to be increased by up to 130% relative to the
plain surface. They divided spray cooling on a microporous
coated surface into three regimes, namely, complete wetting,
evaporative and dryout. In the complete wetting regime, the water
supplied was more than that evaporated, and the surface was
flooded. In the evaporative regime, the amount of water covering
the surface decreased as a result of balance, and the maximum
HTC increase occurred in this regime. In the dryout regime, the
surface was dry because all the water supplied to the surface was
evaporated immediately. They found that a balanced fluid height
was a critical heat transfer factor and that variations in the flow
rate, particle size, and coating thickness only showed their effects
in the evaporative regime by influencing the balanced liquid
height. The increase in the HTC on porous structured surfaces due
to increased active nucleation sites has also been studied in other
works [105–107]. The electroplated microporous coating is also
applied in spray cooling. Bostanci et al. [108] studied pressure-
atomized R134a and HFO-1234yf spray cooling using the electro-
plated microporous copper surface shown in Fig. 5(d) and found
that the HTC and CHF were increased by approximately 25% and
35%, respectively, relative to the plain surface. The enhancement
was considered to result from increased nucleate boiling, liquid
retention, and spreading caused by the porous structures.

2.2.3 Attached Microporous Structures. The coated micropo-
rous structures are not as controllable as premade ones. Silk and
Bracken [109] tested the spray cooling heat transfer performance
on the commercial metalized porous foam (POCO HTC foam,
Entegris, Inc., Billerica, MA) attached to the substrate using two
different bonding methods. The foam had an average pore diame-
ter of 350lm, a total porosity of 61%, a planar conductivity of
70W/mK, and an out-of-plane conductivity of 245W/mK. Com-
pared to flat surfaces, the heat transfer on foam-attached surfaces
was higher at every flow rate tested, and the CHF was increased
by up to 64.6% relative to the flat surface. However, the porous
foam created a large thermal resistance along the heat flow path
and at the porous foam/base interface, which extensively raised
the interface superheat. This negative effect could be partially
mitigated through the proper bonding method. Wang et al. [67]
studied spray cooling on a surface with superhydrophilic porous
copper foam with an average pore diameter of 160lm attached.
They suggested that one of the special advantages of porous sur-
face spray cooling is its application in space environments. The
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low gravity condition raises the problem of liquid–vapor separa-
tion, which could be solved via the capillary separation of these
two phases using a porous coating. However, in their subsequent
research [7], the porous surface shown in Fig. 6 was proven to
have worse spray cooling heat transfer performance than the flat
surface due to the large thermal resistance of 5.02Km2/W and
weakened droplet impingement on the porous surface. Fortu-
nately, they resolved the problem by covering only half of the flat
area with porous foam, simultaneously achieving heat transfer
enhancement and liquid–vapor separation.

2.2.4 MEMS-Based Microstructures and Others. Since irreg-
ular microstructures can enhance spray cooling heat transfer, it is
worth investigating whether precisely designed regular structures
can bring about further improvements. Advances in MEMS tech-
niques have enabled spray cooling enhancement through carefully
designed surface structures of various scales and geometries.

Hsieh and Yao [110] studied water spray cooling on micropillar
arrayed surfaces (with a characteristic size of 120-480lm, as
shown in Fig. 7(a)) manufactured by an inductively coupled plasma
deep reactive ion etching (DRIE) system. They divided the spray
cooling on microstructured surfaces into four different regimes,
namely, the flooded, thin-film, partial dryout, and dryout regimes,
as illustrated in Fig. 7(b). The effect of the micropillars was mainly
an increase in the heat transfer in the thin film and partial dryout
regimes, and a maximum 17% increase in heat flux in these regimes
relative to the plain surface was recorded on the surface with a
groove width of 120lm and a stud size of 160lm. As evidenced
by single droplet impact experiments, the addition of micropillars
increased the capillary force, which could reduce the apparent con-
tact angle and enlarge the wetting area, postponing the occurrence
of dryout spots and maintaining the high-efficiency thin-film evapo-
ration regime in spray cooling. They also tested these surfaces in a
MEMS-based package-level spray cooling system, which was then
applied in a personal computer cooling prototype [64]. Spray cool-
ing on micropin fin surfaces was also studied by Chien et al. [111].

Zhang et al. [84,112] also proved the effectiveness of introduc-
ing MEMS-based microstructures (with a characteristic size of
25–200lm) onto spray cooling surfaces and performed massive
structure size comparisons, as shown in Fig. 8. They found that the
optimal size of microstructures for spray cooling differs for differ-
ent spray parameters. They also divided spray cooling into four
regimes, as illustrated in Fig. 7(b), and cooling enhancement was
found in the thin film and partial dryout regimes on microstruc-
tured surfaces as a result of the increased surface area, capillary
wetting ability, and contact line length. The smaller the character-
istic size of the microstructures is, the larger the heat transfer area
and the better the heat transfer will be; however, if the pillar gap is
too narrow or too deep, then the utilization efficiency of the surface
area decreases. They measured the mean diameter of the spray
droplets and found that the optimal microstructures were those
with proper gap width and depth that allowed easy penetration of
the spray droplets to the base surface. Chen et al. [87] studied spray

Fig. 5 Images of porous coatings used in spray cooling: (a) copper powder coating
(Reproduced with permission from Ref. [102]. Copyright 2004 by Elsevier.), (b) aluminum
particle coating (Reproduced with permission from Ref. [103]. Copyright 2009 by
Springer.), (c) sintered copper powder coating (Reproduced with permission from
Ref. [107]. Copyright 2018 by Elsevier.), and (d) electroplated microporous copper (Repro-
duced with permission from Ref. [108]. Copyright 2010 by American Institute of Aeronau-
tics and Astronautics.)

Fig. 6 Superhydrophilic porous copper foam (Reproduced
with permission from Ref. [7]. Copyright 2016 by Elsevier.)
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cooling on microstructured surfaces using the structures shown in
Fig. 9(a). As shown by the heat transfer curves in Fig. 9(b), the
single-phase heat transfer is not enhanced by these structures,
although the surface area is enhanced, suggesting that the main
enhancement mechanism of these microstructured surfaces is con-
tact line length elongation rather than surface area increase.

Xu et al. [113] studied closed-loop refrigerant R134a spray
cooling with DRIE-fabricated smooth, rough, microstructured,
and hybrid structured surfaces similar to those studied by Chen
et al. [87]. As shown in Fig. 10, the heat transfer was enhanced on
microstructured surfaces, and the optimum structure size fit the
mean spray droplet diameter, which was 163lm, suggesting that
spray cooling heat transfer could be enhanced the most when the
droplet could fit in the gaps between microfins.

Sodtke and Stephan [114] attributed the enhancement of spray
cooling on microstructured surfaces (with a characteristic size of
75–450 lm, as shown in Fig. 11(a)) to the increased three-phase
contact line length on these surfaces. However, the structure fabri-
cation method was not described. The CHF was enhanced from
30W/cm2 to 97W/cm2 on microstructured surfaces. Through
observations with an infrared camera, they found that the contact
line length per surface area, as well as, heat flux was enlarged on
microstructured surfaces. The temperature gradients near the con-
tact line on a smooth surface were examined using thermochromic
liquid crystals and were proven to be larger than those in other
areas, making the hypothesis reasonable. Their results validated
and extended the triple contact line length enhancement

mechanism proposed by Horacek et al. [115,116]. In their follow-
ing research, it was found that the substrate temperature and heat
flux distributions had a local minimum and a local maximum
beneath the three-phase contact line, respectively, which is
resulted from strong local evaporation.

Coursey et al. [117] studied PF-5060 spray cooling on EDM
wire-machined open microchannel surfaces with a channel width
of 360 lm, a fin width of 500 lm, and fin lengths of 0.25–5.0mm.

A CHF increase of 36.3%–56.5% was achieved on 3mm long fin
surfaces for various nozzle pressures. The long fins suited the

single-phase regime better, while an optimal fin length of 1–3mm
suited the phase-change regime as a result of balance among the

increased surface area, varied flow rates, flow channeling effect,

and additional thermal conduction resistance. The surfaces were
found to advance the onset of phase-change cooling and improve

the heat flux and evaporation efficiency through a larger heat
transfer area and a longer flow residence time. Hou et al. [118]

found that straight fins led to higher heat transfer coefficients than
cubic pin fins in the single-phase regime, while in the two-phase

regime, the opposite held true, which was reasonable since the

stronger confinement effect of straight fins than of cubic pin fins
may accelerate fluid in single-phase convection while it may

increase the heat transfer resistance in the two-phase regime.
Yang et al. [119] investigated ammonia spray cooling on three

microcavity surfaces, as shown in Fig. 11(b), and found that the
heat transfer enhancement mainly occurred in the high superheat
region where nucleate boiling occurred rather than in the low

Fig. 7 Spray cooling on microtextured surfaces: (a) images of micropin fins and (b) schematic
of the four heat transfer regimes on the microtextured surfaces (Reproduced with permission
from Ref. [110]. Copyright 2011 by Begell House, Inc.)
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superheat region, which was dominated by single-phase
convection. The fabrication method of the structure was not
mentioned. The surface with the lowest Bond number

(Bo ¼ R=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c= ql � qvð Þg
q

) rather than with the largest area

enhancement showed the highest heat transfer enhancement,
which was a 30% higher HTC at 388W/cm2, suggesting that the
capillary effect played an important role.

Bostanci et al. [120] performed vapor-atomized ammonia spray
cooling on the two types of commercial irregular microstructured
surfaces (Rini Technologies, Inc., Oviedo, FL) and found that the
HTC at 500W/cm2 increased by 112.5% and 50% on the surface
with protrusions and roughness of 15–16lm and on the surface
with indentations and roughness of 2–2.5lm, respectively, rela-
tive to that of the smooth surface. The better performance of the
first surface was due to the higher surface area and reentrant cav-
ities. HTC hysteresis was observed, that is, a higher HTC was
observed in the decreasing heat flux mode than in the increasing
heat flux mode, especially on microstructured surfaces, which was
due to microcavities retaining vapor and three-phase contact lines.

2.3 Nanometer-Scale Structures. Although nano-engineered
surfaces have been extensively studied and proven effective in
pool boiling [121–123], the investigations of nano-engineered
surfaces for spray cooling enhancement are far from adequate
compared to those of millimeter or microstructured surfaces.
Nanostructures are much more difficult to fabricate and control

than larger structures, which brings about difficulties in the sys-
tematic investigation of spray cooling on nano-engineered surfa-
ces. Recent progress [87,124,125] has proven the effectiveness of
nano-engineered surfaces. The influence of nanostructures on
spray cooling mainly lies in the strengthening of capillary wetting
and wicking. Basically, three types of nanomanufacturing techni-
ques are applied in spray cooling research, namely, coated, self-
organized, and printed nanostructure fabrication. Moreover, typi-
cally, nanostructured layers are very thin, and the extra thermal
resistance they introduce into the system can be neglected.

2.3.1 Coated Nanostructures. Zhang et al. [124] studied water
spray cooling on surfaces with coatings of one and four layers of
carbon nanotubes protected by a plasma-enhanced chemical vapor
deposition-deposited 50 nm SiO2 as shown in Fig. 12. The CHF
was increased by 12.6% and 11.6% relative to the smooth surface
on the one- and four-layer nanotube-coated surfaces due to the
reduced contact angle. Lay et al. [17] applied graphene nanopo-
rous coating to piezo-electric transducer spray cooling of LEDs.
The nanoporous coating was manufactured by evaporation and
250 �C curing after a fixed volume of graphene nanoplatelets
(GNPs) dispersed in an n-butyl acetate solution was applied onto
a copper substrate. The nanoporous coating was composed of
many hydrophobic graphene layers between which water mole-
cules could move freely without friction, with the oxygenated
functional groups in the nanopores providing the driving force,
thus making the liquid fully evaporate. Zhou et al. [125] studied

Fig. 8 Effect of micropillar arrayed surfaces on spray cooling (G, S, and D represent the groove width, square stud size, and
groove depth, respectively), comparison of different (a) 1:1 stud and groove sizes, (b) and (c) non-1:1 stud and groove sizes,
and (d) groove depths (Reproduced with permission from Ref. [112]. Copyright 2020 by Elsevier.)
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R410a spray cooling on nanoporous surfaces with different pore
sizes, which were fabricated by depositing nanosilica particles on
flat copper substrates by spin coating or electrophoresis using a
monodisperse silica solution. An SEM image of a nanoporous sur-
face is shown in Fig. 13(a). As shown in Fig. 13(b), an HTC as
high as 56.92W/cm2K was achieved on the 30 nm porous surface
at a CHF of 222W/cm2, which corresponded to a 48% increase in
the CHF relative to the smooth surface. The CHFs first decrease
and then increase with increasing pore size, which was explained
by the existence of “evaporation controlled” and “viscosity con-
trolled” regimes and competition between capillarity and evapora-
tion as spreading driving factors.

Srikar et al. [126] investigated the effect of nanofiber coatings
on droplet impingement cooling. It was found that the water-
permeable coatings could eliminate droplet receding and bouncing
and facilitate full evaporation of droplets. The nanofiber mats
could also help retain a thin water film on the surface, accelerating
evaporation. As a result, for a substrate at 60 �C, direct impinge-
ment of a single water drop could reduce the temperature to 41 �C
and 33 �C for the bare substrate and polyacrylonitrile (PAN)-
coated substrate, respectively. They tested four types of coatings
and found that PAN and poly(methylmethacrylate) nanofiber mats
had better thermal stability. In their following research [127,128],
they found that the addition of a layer of PAN nanofiber mat coat-
ing could enhance the overall heat transfer rate by �60% and the
length of the high heat flux area by �8% and that it could elimi-
nate the Leidenfrost effect of an ethanol droplet at the substrate
temperature of 300 �C and effectively cool it down to 190 �C.

2.3.2 Self-Organized Nanostructures. Chen et al. [18,87] first
systematically explored the effect of nanowire arrayed surfaces on
spray cooling enhancement and investigated its mechanism exper-
imentally. Regular and irregular ZnO nanowires with various
heights were hydrothermally grown on silicon wafers that were
predeposited with a zinc seed layer using magnetron sputtering.
SEM images of the nanowire arrays are shown in Fig. 14(a). The
surfaces were superhydrophilic with contact angles as low as
3 deg. They found dramatic increases in the CHF and HTC on
nanowire arrayed surfaces. Visualization images showed that the
spray droplets formed a continuous film on the nanowire arrayed

Fig. 9 (a) SEM images of MEMS-fabricated micropin fins and
(b) heat transfer curves of spray cooling on microstructured
surfaces (Reproduced with permission from Ref. [87]. Copy-
right 2006 by Elsevier.)

Fig. 10 Heat transfer curves of closed-loop R134a spray cool-
ing on microstructured surfaces (Reproduced with permission
from Ref. [113]. Copyright 2007 by Elsevier.)

Fig. 11 Images of microstructured surfaces: (a) micropyramids (Reproduced with permission from Ref. [114]. Copyright
2005 by Elsevier.) and (b) microcylindrical cavities Ref. [119]

Fig. 12 Images of one (left) and four (right) layers of carbon
nanotubes (Reproduced with permission from Ref. [124]. Copy-
right 2019 by Elsevier.)
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surfaces while remaining isolated on smooth surfaces, as shown in
Figs. 14(b) and 14(c). Film rupture did not occur until the super-
heat was large, after which the heat flux exhibited a steep rise until
the majority of the surface area dried out and the CHF occurred.
The effects of regular and irregular nanowire arrayed surfaces
with various nanowire heights on heat transfer are presented in
Figs. 14(d) and 14(e), respectively. The irregular nanowire arrays
outperformed the regular nanowire arrays, and the optimum nano-
wire height in their study was 9 lm. The CHF was enhanced by
83% to �220W/cm2 on the irregular 9 lm nanowire arrayed sur-
face relative to the smooth surface. Single droplet spreading
experiments on nanowire arrayed surfaces were presented in the
above paper and discussed in detail in another work [129]. They
found that unlike on smooth surfaces where droplets had clear
boundaries only at the contact line, droplet spreading on nanowire
arrayed surfaces could be divided into the bulk droplet region and
wicking-among-nanowires region, as shown in Fig. 14(f). The liq-
uid film among the nanowires spread beyond the contact line
around the bulk droplet due to the strong capillary effect in the
nanostructures, facilitating droplet spreading and evaporation.
Considering that the near-zero contact angles on superhydrophilic
surfaces are no longer effective for wettability evaluation, they
used the dynamic spreading speed to evaluate the wettability of
superhydrophilic surfaces. The surfaces with higher spreading
speeds showed larger CHF values, as shown in Fig. 14(g). They
concluded that the superior heat transfer of nanowire arrayed
surfaces was the consequence of enhanced spreading of liquid and
faster rewetting of dry spots.

2.3.3 Printed Nanostructures. Alvarado and Lin [130] con-
ducted FC-72 single droplet stream cooling on nanostructured
surfaces. Surfaces with nanopillars 100 nm high and 200 nm wide
were fabricated by the step and flash imprint lithography tech-
nique. Infrared thermal images evidenced a more uniform temper-
ature on these surfaces and temperature reductions up to
approximately 20 �C relative to flat surfaces under similar heat
fluxes. They found that the nanostructured surfaces could lower
the film thickness and contact angle by 30% or more, which could
benefit heat transfer.

2.4 Hierarchical Structures. Since each structure of differ-
ent length scales can solely improve spray cooling from different
perspectives, it is natural to expect a superior performance by
combining different sized structures. It is crucial to construct hier-
archical surfaces that combine the advantages of different scales.
Basically, hierarchical structures are based on millimeter-scale
structures or microstructures, and structures with smaller sizes are
added onto these structures.

Millimeter-scale structure-based hierarchical structures are eas-
ier to fabricate. Xie et al. [94] studied spray cooling on surfaces
with machined millimeter-sized fins with an EDM wire-cut rough-
ness of 3 lm. They found that the performance was better than
that of the mere fin surface and mere rough surface, and the maxi-
mum heat flux was enhanced by 65% on multiscale surfaces rela-
tive to flat surfaces at the same wall superheat. The surfaces
combined the merits of a millimeter and microsized structures,
namely, surface enlargement, fluid management, and nucleation
enhancement. Zhou et al. [125] also studied similar rough
millimeter-structured surfaces in an R410a closed-loop spray
cooling system and achieved a CHF of 330W/cm2, which was
65% higher than that of the smooth surface. Bostanci et al.
[131,132] found that multiscale surfaces that had millimeter-sized
arrays with roughness below 20lm achieved a CHF as high as
approximately 1,100W/cm2 or an HTC as high as 77.2W/cm2K
at 500W/cm2 in a vapor-atomized ammonia spray cooling system,
which were 19.6% and 161% higher than those of the reference
flat surfaces, respectively. The enlarged area and improved fluid
confinement played an important role in both cases, while the
high CHF was specifically due to the ability of the enhanced
surfaces to retain and spread the liquid and thus delay the occur-
rence of dry spots, and the high HTC was a result of extremely
enhanced nucleate boiling. As shown in Fig. 15(a), Wang et al.
[107] combined macrochannels with a microporous coating in
spray cooling, and the HTC on these surfaces was increased by
�166% relative to the flat surface to 16W/cm2K. The enhance-
ment was considered a result of an enlarged area and an increased
nucleation density.

In recent years, hierarchical hybrid micro- and nanostructures
have been introduced into spray cooling. Zhang et al. [84] con-
structed hybrid microstructures by simply polishing a micropin fin
surface (characteristic length scale of 150–200lm) with S36 sand
paper, which introduced a roughness of 2.3 lm to the micropin
fins. The spray cooling CHF on this hybrid surface was slightly
higher than that on the microstructured surface and �54% higher
than that on a surface with a roughness of 142 nm. The HTC at an
�0 �C superheat on the hybrid surface was �30% higher than that
on the microstructured surface and 117% higher than that on the
flat surface with a roughness of 142 nm. In their follow-up work
[124], microstructures with several layers of carbon nanotubes
covering the stud top facilitated a 75.3% increase in the CHF
compared to the smooth surface. As shown in Fig. 15(b), Chen
et al. [87] constructed hierarchical structured surfaces by growing
ZnO nanowire arrays on micropin-fin silicon surfaces. As shown
in Fig. 16(a), the highest CHF on these surfaces was 110% higher
than that on the smooth surface, reaching 243W/cm2 under a low

Fig. 13 (a) SEM image of nanoporous silica and (b) heat transfer curves of closed-loop R410a spray cooling on
nanoporous surfaces (Reproduced with permission from Ref. [125]. Copyright 2009 by Elsevier.)
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Fig. 14 (a) SEM images of regular and irregular ZnO nanowire arrayed surfaces. Liquid distribution in spray
cooling on (b) a smooth surface and (c) a nanowire arrayed surface under a 31.3W/cm2 heat flux. Heat transfer
curves of (d) regular and (e) irregular nanowire arrayed surfaces with different nanowire heights. (f) Different
droplet spreading behaviors on smooth and nanowire arrayed surfaces. (g) CHF was proportional to the spread-
ing speed on surfaces (Reproduced with permission from Ref. [18]. Copyright 2009 by IEEE; Reproduced with
permission from Ref. [87]. Copyright 2006 by Elsevier.)
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coolant mass flux. The hybrid surfaces outperformed the nano-
structured surfaces, and it was found that the 25lm microstruc-
ture outperformed the others. After spray cooling and droplet
spreading comparison experiments on these surfaces, they con-
cluded that the hybrid surface combined the channeling effect of
the microstructures and wettability enhancement of the nanostruc-
tures. Xu et al. [113] studied hybrid micro- and nanostructured
surfaces similar to those in Fig. 16(b) in a closed-loop refrigerant
R134a spray cooling system. As shown in Fig. 16(b), compared to
the smooth surface, the CHF and HTC were enhanced by 59% to
180W/cm2 and 42% to 3W/cm2K, respectively, and the cooling
efficiency was 29.4%. Romashevskiy and Ovchinnicov [133]
tested droplet evaporation on direct femtosecond laser processed
surfaces that had hierarchical micronanostructures of micropat-
terns covered with flake-like nanostructures. These superhydro-
philic surfaces could significantly accelerate droplet evaporation
and increase the Leidenfrost temperature by 30 �C. These surfaces
have the potential to be applied in spray cooling.

3 Heat Transfer Performance Comparison

When targeting ultrahigh heat flux cooling, the most crucial
evaluation criteria of spray cooling are the CHF, HTC, and cool-
ing efficiency. The critical heat flux (CHF) describes the heat flux
limit of spray cooling in the nucleate boiling regime, beyond
which the cooling capacity cannot meet the heating rate, causing a

rapid increase in surface temperature. At CHF, due to either lim-
ited coolant flow rate or the violent bursting bubbles and uprising
vapor stream, the coolant reaching the substrate to undergo
contact-boiling is peaked. When the flow rate is over-sufficient, at
CHF, the surface is flooded with a liquid film accompanied by
violent boiling from nucleation [134]. However, when the flow
rate is not over-sufficient, droplets may contact the substrate and
evaporate separately [87]. The HTC is the heat transfer rate per
unit area per Kelvin of wall superheat, which depicts the ability to
remove heat flux without much temperature rise of the surface.
Imagine a cooling system with a high CHF but a low HTC;
although high heat flux can be removed, the surface temperature
may rise beyond the operation temperature range. The cooling
efficiency, g, of a spray cooling system, as defined in Eq. (1), rep-
resents the ratio of the heat flux to the overall sensible and latent
heat of the inlet coolant, which describes the ratio of the cooling
ability of the supplied coolant that is actually utilized to cool the
surface.

g ¼ q

_m00 hv Twð Þ � hl Tinð Þ
� � (1)

where _m00 is the coolant mass flux, hv Twð Þ is the enthalpy of the
coolant vapor when it is heated to the wall temperature, and
hl Tinð Þ is the inlet coolant liquid enthalpy.

Fig. 15 Hierarchically structured surfaces: (a) porous layer-coated millimeter straight fin (Reproduced with permission
from Ref. [107]. Copyright 2018 by Elsevier.) and (b) SEM images of micro- and nano-structured surfaces fabricated by
DRIE and hydrothermal growth of nanowires (Reproduced with permission from Ref. [87]. Copyright 2006 by Elsevier.)

Fig. 16 Spray cooling performance of structures in Fig. 15(b) in (a) open-loop (Reproduced with permission from Ref.
[87]. Copyright 2006 by Elsevier.) and (b) closed-loop (Reproduced with permission from Ref. [113]. Copyright 2007 by
Elsevier.) systems

Journal of Electronic Packaging MARCH 2022, Vol. 144 / 010802-11

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/e

le
c
tro

n
ic

p
a
c
k
a
g
in

g
/a

rtic
le

-p
d
f/1

4
4
/1

/0
1
0
8
0
2
/6

7
3
7
6
7
6
/e

p
_
1
4
4
_
0
1
_
0
1
0
8
0
2
.p

d
f b

y
 g

u
e
s
t o

n
 0

9
 A

u
g

u
s
t 2

0
2

2



Spray cooling data of the reviewed literature are summarized in
Table 1, and some data are not exactly precise because they are
extracted from figures.

Figure 17 shows the HTC versus CHF data of the reviewed
literature. The HTCs of spray cooling lie in the range of
10–100W/cm2K, which means that for a heat flux of 10W/cm2,
the surface superheat can be controlled to below 10–0.1K. The
CHFs of spray cooling can easily reach the range of 102–103 W/
cm2, which are well beyond current electronic cooling demands
and are very likely to meet the next-generation power electronics

cooling requirement of over 1,000W/cm2 with further develop-
ment. The highest HTC and CHF are approximately 250W=cm2K
and 1250.1W/cm2, respectively, which were achieved by Pais
et al. [28] via gas-atomized water spray cooling. However, gas-
atomized spray cooling requires extra energy to introduce a sec-
ondary gas flow, which can facilitate the removal of vapor and the
spreading and thinning of the liquid film. The highest HTC for
pressure-atomized spray cooling reviewed is 57W=cm2K, which
was achieved by Zhou et al. [125] with a CHF of 222W/cm2 and
a wall superheat of 3.9K in a closed-loop R410a spray

Table 1 Spray cooling data of the reviewed literature

Author, year
Surface
typea

Working
fluid

Spray
typeb

Surface
area (cm2)

Mass flux
(kg/m2s)

CHF
(W/cm2)

HTC
(W/cm2K)

Cooling
efficiency g

Ortiz and Gonzalez [96] Smooth Water P 1.23 3.21 155.0 5.96 18.37%
Smooth Water P 1.23 4.10 175.0 6.73 16.24%
Smooth Water P 1.23 6.31 309.0 6.31 18.31%
Micro Water P 1.23 3.21 258.0 6.79 30.30%
Micro Water P 1.23 4.10 322.0 7.16 29.46%
Micro Water P 1.23 6.31 375.0 5.60 21.93%

Chen et al. [59] Micro Water P 1.00 25.60 945.7 25.02 13.95%
Amon et al. [64] Micro HFE-7200 P — 5.53 45.0 1.59 21.93%
Hsieh and Yao [110] Smooth Water P 6.35 0.74 47.5 1.01 23.98%

Micro Water P 6.35 0.74 50.0 0.89 25.08%
Silk et al. [88] Milli PF-5060 P 2.00 26.98 140.0 3.54 38.52%
Sodtke and Stephan [114] Smooth water P 3.14 14.15 25.0 4.55 0.71%

Micro water P 3.14 14.15 65.0 10.66 1.85%
Coursey et al. [117] Micro PF-5060 P 2.00 14.00 124.0 6.89 70.00%

Micro PF-5060 P 2.00 7.98 97.0 2.37 82.00%
Silk [90] Milli PF-5060 P 5.14 26.98 141.0 3.53 38.66%
Silk and Bracken [109] Smooth PF-5060 P 2.00 28.11 80.0 2.00 19.39%

Micro PF-5060 P 2.00 28.11 133.0 1.50 25.91%
Chien et al. [111] Micro FC-72 P 1.44 19.27 89.0 3.00 37.60%
de-Souza and Barbosa [105] Micro R134a P 4.91 2.83 40.0 3.88 69.71%
Yang et al. [119] Smooth Ammonia P 3.00 15.00 388.0 10.78 20.77%

Micro Ammonia P 3.00 15.00 451.0 14.84 24.39%
Zhang et al. [84] Smooth Water P 1.13 97.92 675.0 5.87 2.44%

Micro Water P 1.13 97.92 808.0 8.78 2.97%
Xie et al. [94] Smooth R134a P 2.00 41.00 123.0 3.62 13.41%

Hierarchical R134a P 2.00 41.00 270.7 5.88 28.11%
Martinez-Galvan et al. [97] Micro R134a P 1.61 63.25 190.0 8.44 14.73%
de-Souza and Barbosa [106] Smooth R134a P 4.91 1.70 28.0 1.27 77.11%

Micro R134a P 4.91 1.70 29.0 3.22 84.76%
Thiagarajan et al [102] Smooth HFE-7100 P 1.00 224.04 105.0 3.00 3.01%

Micro HFE-7100 P 1.00 224.04 189.0 10.50 6.27%
Zhang et al. [112] Smooth Water P 0.55 0.78 100.4 2.94 48.30%

Micro Water P 0.55 0.78 145.0 7.25 70.50%
Wang et al. [67] Micro Water P 2.00 22.50 245.0 5.57 4.06%
Zhang et al. [124] Smooth Water P 0.55 1.24 123.7 4.40 37.63%

Hierarchical Water P 0.55 1.24 216.9 12.19 66.51%
Zhang et al. [95] Smooth water P 1.96 2.57 150.0 3.33 22.07%

Milli water P 1.96 2.57 150.0 15.00 22.67%
Wang et al. [107] Smooth ammonia P 3.00 10.56 313.0 6.66 22.73%

Hierarchical ammonia P 3.00 10.56 350.0 16.67 26.57%
Bostanci et al. [108] Smooth R134a P 1.00 42.63 240.0 4.53 24.23%

Micro R134a P 1.00 54.81 370.0 5.95 27.96%
Wang et al. [7] Smooth water P 2.00 25.20 400.0 16.00 6.01%

Hierarchical water P 2.00 25.20 470.9 21.40 7.09%
Chen et al. [87] Smooth water P 1.44 1.24 119.0 3.66 36.08%

Hierarchical water P 1.44 1.24 243.0 9.72 74.10%
Zhou et al. [125] Smooth R410a P 1.77 37.91 200.0 5.33 24.81%

nano R410a P 1.77 37.91 222.0 56.92 32.33%
Hierarchical R410a P 1.77 37.91 330.0 18.64 44.77%

Pais et al. [28] Smooth water G 1.00 13.58 1250.1 250.02 35.91%
Sehmbey et al. [101] Smooth water G 0.81 6.57 750.0 8.33 41.29%
Bostanci et al. [131] Smooth ammonia G 2.00 10.05 780.0 18.14 57.65%

Hierarchical ammonia G 2.00 13.20 1090.0 20.19 60.20%
Hierarchical ammonia G 2.00 10.05 910.0 19.78 66.90%

Bostanci et al. [132] Smooth ammonia G 2.00 10.05 500.0 29.41 38.82%
Hierarchical ammonia G 2.00 10.05 500.0 80.65 39.70%

aSurface type: “milli” stands for millimeter scale structured surfaces.
bSpray type: p-pressure-atomized spray and g-gas-atomized spray.
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cooling system with an enhanced surface. The highest CHF for
pressure-atomized spray cooling reviewed is 945.7W/cm2, with
which the HTC was as high as 25W=cm2K [59]. As highlighted in
Fig. 17 by the pink background, most pressure-atomized spray cool-
ing results with HTCs above 10W=cm2K are based on structured
surfaces, showing the effectiveness of surface structures.

Generally, the CHF increases with coolant mass flux since
more cool fluid can be heated and vaporized. In Fig. 18, the cool-
ing efficiency versus mass flux data is presented. When the cool-
ant mass flux is very small, the cooling efficiency is usually close
to 100% because once a coolant droplet is sprayed onto a hot sur-
face, it can be immediately vaporized. However, when the coolant
mass flux is increased, the cooling efficiency decreases. This
downward trend results from the increased thermal resistance and
reduced liquid residence time at a large flow rate and causes waste
of coolant at high CHFs. Therefore, to overcome this drawback,
one of the objectives of improving the spray cooling performance
is to increase the CHF and cooling efficiency at the same time.

Figure 19 summarizes the CHF and corresponding cooling effi-
ciency results of the literature reviewed in this paper. As shown in
Fig. 19, the performance frontier of pressure-atomized spray cool-
ing on flat surfaces is extended by structured surfaces, which dem-
onstrates the significant effects of surface engineering as a spray
cooling enhancement method. In addition, due to the secondary
gas flow, with moderate coolant mass fluxes, the cooling effi-
ciency and CHF of gas-atomized spray cooling are better than

those of pressure-atomized spray cooling, as shown in Figs. 18
and 19. Moreover, as shown in Figs. 18 and 19, nonwater fluids
have higher cooling efficiencies than water at the same flow rate,
but their CHFs are not significantly higher than that of water
because their latent heats of vaporization are much smaller than
that of water.

4 Enhancement Mechanisms of Surface Engineering

As described in Sec. 2, there are multiple pathways through
which surface structures can affect the spray cooling process.
First, the contact angle can affect spray cooling heat transfer
regardless of the surface structure. Second, the structures can
affect heat transfer by influencing the heat transfer area, nucleate
boiling behavior, triple contact line length, confinement of fluid,
and wickability. The relative importance of different pathways
varies with the structure scale since the relevant mechanisms are
sensitive to the characteristic length scales and number density of
structures. In this section, the scale effects of different mecha-
nisms are analyzed.

4.1 Effects of Contact Angle Variation. The contact angle is
a critical factor for spray cooling since it can affect both liquid
spreading and bubble formation. Surfaces with different chemical
compositions have different contact angles even if they are identi-
cal in geometry because the chemical composition can directly

Fig. 17 CHF and corresponding HTC results of the reviewed
literature

Fig. 18 Downward trend of cooling efficiency g with increasing
_m

00
based on literature data

Fig. 19 CHF and corresponding cooling efficiency results of
the reviewed literature

Fig. 20 Effect of contact angle on spray cooling heat transfer
(contact angles (CAs): Si-54deg, SiO2-32deg, parylene-115
deg) (Reproduced with permission from Ref. [18]. Copyright
2009 by IEEE.)
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affect the liquid-wall adhesion force. Additionally, the effects of
contact angle are diverse for different spray types.

In pressure-atomized spray cooling, a low contact angle assists
the spreading of liquid film and rewetting of dry spots, which can
increase the spray cooling heat transfer. Chen et al. [18] compared
spray cooling on chemically altered smooth silicon surfaces (Ra
roughness< 2 nm) with contact angles of 32 deg (SiO2 coated),
54 deg (bare silicon), and 115 deg (parylene coated). The CHF
and HTC increased with decreasing contact angle, as shown in
Fig. 20. Visualization measurements showed that a large area of
the liquid film was formed on the hydrophilic surfaces, while iso-
lated droplet islands existed on the hydrophobic surface, as shown
in Fig. 21. The delayed occurrence of the CHF on the hydrophilic
surfaces may be attributed to the elevated Leidenfrost temperature
due to the better hydrophilicity [135].

In gas-atomized spray cooling, a thin film that can wet the
whole surface is easily formed by the shear strength of the gas
flow. Sehmbey et al. [101] studied air-atomized spray cooling on
smooth copper, nickel, and gold surfaces with contact angles of
47 deg, 48 deg, and 63 deg and found that surfaces with larger con-
tact angles showed higher HTCs because they can enhance nucle-
ation and help provide stable surface-adhering bubbles that can
grow to an optimum size, thus enhancing boiling heat transfer.

4.2 Heat Transfer Area Enlargement. One of the determi-
nants of total heat transfer is the effective heat transfer area, which

can be increased by surface structures. Intuitively, the denser and
smaller the structures are, the larger the total surface area is and
the better the heat transfer is. While this may be true, the thickness
of the thermal boundary layer should also be considered. As illus-
trated in Fig. 22(a), heat is transferred mainly through conduction
in the thermal boundary layer with thickness dT [136]; thus, the
heat flow Q across the surface can be estimated by

Q ¼ kl Tw � T1ð ÞATBL

dT
(2)

where kl is the thermal conductivity of the liquid and ATBL is the
area of the thermal boundary layer. When the surface structures
are not immersed by the liquid film, as shown in Fig. 22(b), only a
proper structure gap that fits the diameter of the droplets can
enhance the contact area between the droplet and microstructures
and increase the heat transfer area [112]. In most cases, a liquid
film exists on the surface. When the structure sizes are larger than
the thermal boundary layer thickness, the structure enlarges the
area of the thermal boundary layer ATBL, as illustrated in
Fig. 22(c). When the sizes of the structures are much smaller than
the thermal boundary layer thickness, the shape and area of the
thermal boundary layer are not significantly changed by these
structures, as illustrated in Fig. 22(d). For nucleate boiling, the
thermal boundary can be estimated as 3:22kl=h [81], where h
is the heat transfer coefficient. For water at 150 �C and an h of

Fig. 21 Images of liquid distribution in spray cooling on a (a) SiO2-coated surface, CA5 32deg, (b) silicon sur-
face, CA5 54deg, and (c) parylene-coated surface, CA5 115deg (Reproduced with permission from Ref. [18].
Copyright 2009 by IEEE.)

Fig. 22 Illustration of (a) thermal boundary layer, (b) surface area enhancement of dropwise evaporation on
structured surfaces; surface area enhancement effect for (c) large structures, and (d) small structures
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5W/cm2K, the thermal boundary layer thickness is �44lm.
Sometimes the thermal boundary layer thickness can be as high as
hundreds of micrometers [82]. Thus, surface area enhancement is
one of the main enhancement mechanisms for millimeter-scale
structures. For microstructured surfaces, the increase in surface
area is not as important when the structures are immersed by the
thermal boundary layer in the liquid film.

4.3 Nucleate Boiling Enhancement. Although nucleate boil-
ing is the dominant heat transfer mechanism in pool boiling, it
only occurs in spray cooling when the liquid film thickness sur-
passes a critical value [137]. When the liquid film is thin enough
for the thermal boundary layer to reach the film top, evaporation
at the film top is a more efficient and preferred phase-change pro-
cess than nucleate boiling because of the lower vapor diffusion
resistance and absence of bubble growth resistance. However,
when nucleate boiling does occur in spray cooling, it can also
enhance heat transfer through not only a phase change but also
disturbance of the liquid film and creation of a triple contact line
by rupturing the film. It is worth mention that the growth of a bub-
ble inside a droplet can also lead to a second spreading of the
droplet, causing an enlarged heat transfer area and increased evap-
oration rate [138]. Nucleate boiling can be enhanced by increasing
the nucleation site density through surface engineering. As illus-
trated in Fig. 23, vapor bubbles can nucleate at surface cavities
with a proper mouth radius.

According to heterogeneous nucleation theory [86], the range
of active nucleation cavity sizes is controlled by the thermal
boundary layer thickness and the combination of the
Clausius–Clapeyron and Young–Laplace equations. For cavity
sizes that are too small, the bubble embryo requires higher equi-
librium heat than supplied, while for oversized cavities, the top of
the bubble is beyond the thermal boundary layer, causing conden-
sation and hindering further growth. The range of active cavity
sizes can be predicted by the following equation:

rc;max

rc;min

� �

¼ dT

4
1� hsat

hw

þ
�

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� hsat

hw

� �2

� 12:8rTsat Plð Þ
qvhfgdthw

s

2

4

3

5

(3)

where rc;max and rc;min are the upper and lower bounds of the
active cavity size, respectively, dT is the thermal boundary layer
thickness, Tsat Plð Þ is the saturation temperature of the liquid at a
pressure of Pl, qv is the vapor density, hsat ¼ Tsat Plð Þ � T1 and
hw ¼ Tw � T1, where T1 is the ambient temperature and Tw is
the wall temperature.

According to Eq. (3), for saturated water at atmospheric pres-
sure, the ranges of active cavity sizes for dT ¼ 10, 100, and
1000 lm are plotted in Fig. 24. Cavities with mouth sizes of
1–10 lm are most likely to be activated, and those of tens to hun-
dreds of micrometers are likely to be activated with thicker ther-
mal boundary layers. Therefore, for a surface with microcavities,

nucleate boiling can be significantly enhanced in spray cooling,
while millimeter-sized structures only enhance nucleation in cer-
tain circumstances due to the lower active nucleation site density.
It is worth mentioning that in addition to the bubbles nucleated
from surface cavities, the secondary bubbles entrapped by impact-
ing droplets can also facilitate nucleate boiling [29,139–142],
which is one of the unique mechanisms of spray cooling.

4.4 Triple Contact Line Elongation. One of the most impor-
tant spray cooling mechanisms lies in the three-phase contact line
region. The contact line region, defined as the transition region
between the dry surface or ultrathin absorbed film and the bulk
droplet, as shown in Fig. 25, has been extensively studied and
widely accepted as a preferred region for evaporation to occur
[143]. This region has a varying thickness of only 1–3lm and a
width of 0.5 to 10–20lm [80]. This region experiences low ther-
mal conduction resistance between the liquid–vapor and
liquid–solid interfaces, which provides adequate heat supply, suf-
ficient liquid supply from the bulk droplet, and low vapor diffu-
sion resistance above the region. Furthermore, molecules are
constrained near the wall by short-range van-der-Waals forces in
the ultrathin absorbed film region while the forces have no signifi-
cant influence on evaporation at the liquid–vapor interface in the
contact line and bulk region [138,144]. As a consequence, vigor-
ous evaporation continuously occurs in the contact line region,
creating a heat flux up to an order of magnitude higher than the
average flux across the droplet [80]. Ibrahem et al. [145] found
that the substrate temperature and heat flux distributions had a
local minimum and a local maximum beneath the three-phase
contact line, respectively, which is resulted from strong local
evaporation. They found that the heat flux at the contact line is
5.4–6.5 times higher than the average heat flux across the heating
region. Specifically, the most vigorous evaporation lies in the

Fig. 23 Illustration of heterogeneous nucleation at surface
cavities

Fig. 24 Range of active cavity sizes for various thermal bound-
ary layer thicknesses and varying wall superheat

Fig. 25 Illustration of the triple contact line elongation effect
and contact line structure and physics
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submicrometer-thick transition region between the absorbed layer
and the bulk meniscus, where the disjoining pressure and capillary
pressure are equally important [146]. Putnam et al. [38] studied
microdroplet evaporation and found that the contact line length
per unit surface area was the most critical factor to maximize the
heat flux and heat transfer coefficient in spray cooling, which can
be achieved by simply spraying microdroplets onto microstruc-
tured surfaces. Based on their study, spray cooling in the dropwise
evaporation regime can yield a heat flux of over 1000W/cm2 and
an HTC of over 60W/cm2K. On a smooth surface, the triple con-
tact line region only exists when the film is ruptured, which limits
the spray cooling heat transfer, whereas on macro- or microstruc-
tured surfaces, the thin liquid film shape and heat transfer are sig-
nificantly different from those on a smooth surface due to
puncture of the liquid film caused by the structures, and the triple
contact line length is greatly enlarged, which was visually meas-
ured by Sodtke and Stephan [114]. This enables the earlier domi-
nance of the ultrafast triple contact line evaporation mechanism
under a lower wall superheat. Since the thicknesses of the liquid
film (tens to hundreds of micrometers) and contact line region
(1–3 lm) and the width of the contact line region (0.5 to
10–20lm) are all within the microscale, both macro- and micro-
structures can extend the triple contact line length. In particular,
with denser structures, more triple contact lines can be created on
microstructured surfaces than on macrostructured surfaces, mak-
ing the extension of the triple contact line one of the dominant
mechanisms for microstructured surfaces.

4.5 Flow Confinement. In addition to the mechanisms sum-
marized above, surface structures may also enhance spray cooling
by flow confinement and redistribution, as illustrated in Fig. 26.
The liquid film, with a thickness of approximately 10–1000lm,
flows across the surface with confinement by the micro- or macro-
structures, which benefits heat transfer in multiple ways. First,
with space being occupied by the structures, the liquid must
spread to a larger area, creating a larger heat transfer area. Second,
due to the conservation of mass flux, the fluid may speed up in the
narrow structure gaps, accelerating droplet spreading. Third, the
confinement effect forces the liquid to spread over the dry region
inaccessible on a smooth surface, increasing the uniformity and
preventing dryout. This works on both micro- and macrostruc-
tured surfaces. However, on microstructured surfaces, the liquid
film thickness is more comparable to the structure sizes, where
this phenomenon may present a more obvious effect. For instance,
Chen et al. [87] found that both the spreading speed and wetting
area of droplets on hybrid micro/nanostructured surfaces are
higher than those on nanowire arrayed surfaces as a result of the
“channeling effect.” Accordingly, the hybrid surfaces showed a
higher CHF than the nanowire arrayed surfaces.

4.6 Wickability Enhancement. Another critical influence of
surface structures is the capillary pressure induced by the menis-
cus built-up in the gaps within the structured layer. The capillary
pressure DPcap is proportional to r=rcur, where r is the surface ten-
sion and rcur is the radius of curvature of the meniscus, which is in
the same order as the gap width. Therefore, the narrower the struc-
ture gaps are, the stronger the capillary pressure is, which can
induce a stronger capillary force that accelerates the spreading of
liquid in the structured layer. This force becomes dominant when
the capillary pressure in the structured layer dominates over the
capillary pressure in the upper droplet. For instance, their ratio
reaches the order of 1 and 100 for structure gaps of tens of micro-
meters and hundreds of nanometers, respectively, for a typical
spray droplet diameter of 50lm. Thus, the capillary force exerts a
mild influence on microstructured surfaces and becomes dominant
on nanostructured surfaces.

Another way to evaluated the relative dominance of the capil-
lary effect is by energy analysis, which can be achieved by com-
paring the surface energy of the structured layer with the upper
droplet gravitational potential energy (altered Bond number Bo�),
kinetic energy (altered Weber number We�), and surface energy
of the droplet (Z�) [147]

Bo� ¼ qlgr
2
d

bDPcap

; We� ¼ rdqlu
2
d

bDPcap

; Z� ¼ r

bDPcap

(4)

where ql is the density of the droplet, g is the gravitational accel-
eration, rd is the initial droplet radius, b is the thickness of the
structured layer, DPcap is the capillary pressure, ud is the initial
droplet velocity and r is the surface tension. For a nanostructured
surface, capillarity is a dominant factor [147], and these dimen-
sionless numbers are all much less than 1, meaning that the gravi-
tational, kinetic and bulk surface energies can be neglected
compared to the surface energy of the structured layer. The strong
capillary pressure in the structured layer provides the driving force
for liquid advancement against viscous resistance, creating a so-
called hemispreading or capillary wicking region beyond the
upper droplet contact line [87,129,138,147–149], as shown in Fig.
14(f). This driving force can increase the spreading velocity of the
upper droplet region, which is characterized as the wickability of
the surface [147], which can describe the wettability of superhy-
drophilic nanostructured surfaces whose contact angles are very
close to zero [87].

The wickability x� is theoretically related to system parameters
as shown in the following equation:

x� ¼
ffiffiffi

2
p

jDPcap

bell
(5)

where j is the permeability of the structured layer, e is the poros-
ity of the structured layer and ll is the dynamic viscosity of the
liquid. Compared with microstructures, a nanostructured layer has
a higher DPcap and a lower b, which leads to a better wickability
of 200–300mm/s [129,149]. As shown in Fig. 27, the enhance-
ment of the wickability on nanostructures enables rapid wetting

Fig. 26 Schematic of the flow confinement effect of micro-
structured surfaces

Fig. 27 Schematic of the enhancement mechanisms of nano-
structured surfaces (Reproduced with permission from Ref.
[87]. Copyright 2006 by Elsevier.)
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and rewetting of dry spots on hot surfaces, helping to create a uni-
form temperature distribution and prevent the dryout-induced
CHF. The hemispreading region not only enlarges the wetted area
but also enables high heat flux in these areas since the thin liquid
film in the structured layer evaporates significantly due to the
ultralow heat and mass transfer resistance. Chen et al. [138] found
that the evaporation rate of a microscale droplet could be greatly
enhanced with the presence of precursor film on a nanoporous sur-
face. In summary, the superior wickability is the unique merit of
nanostructured surfaces in spray cooling, whereas capillarity has
limited effects on microstructured surfaces.

4.7 Summary of Enhancement Mechanisms. The mecha-
nisms summarized above as well as the length scales of physical
processes in spray cooling are presented in Fig. 28 to give a clear
map of spray cooling enhancement mechanisms for engineered
surfaces with different characteristic structure sizes. In summary,
the dominant spray cooling enhancement mechanisms are
improved wickability for nanostructured surfaces; increased triple
contact line length, active nucleation sites, and flow confinement
for microstructured surfaces; and enlarged surface area, flow con-
finement, and triple contact line length for macrostructured surfa-
ces. Fortunately, these merits can be integrated into one
hierarchical structured surface, as reviewed in Sec. 2.3. However,
the investigations of hierarchical structures are far from adequate,
leaving much room for further research and development. It
should be noted that given these enhancement mechanisms, one
could not only design advanced surface structures to enhance
spray cooling performance but also select proper spray character-
istics that are suitable for specific surfaces to strengthen specific
heat transfer mechanisms.

5 Conclusion and Future Concerns

With the increasing demands for ultrahigh heat flux cooling,
surface engineering-enhanced spray cooling has become a promis-
ing cooling technique for next-generation high-power devices. In
this paper, the progress in and mechanisms of spray cooling
enhancement via surface engineering are reviewed, analyzed, and
clarified.

The physical characteristic lengths in the spray cooling process
range from the nanometer scale to the millimeter scale and the
dominant forces and transport mechanisms may vary on surfaces

with different structure length scales. The influences of engi-
neered surfaces are reviewed for millimeter-, micrometer- and
nanometer-scale structured surfaces and hierarchical structured
surfaces with respect to different manufacturing methods. Various
engineered surfaces can enhance the spray cooling CHF, HTC,
and cooling efficiency. Based on the collected data, the CHF and
HTC of spray cooling are of the order of 100-1000W/cm2 and
1–100W/cm2K, respectively, which can meet the current elec-
tronic cooling demands and are very promising for meeting next-
generation power electronic cooling demands with further devel-
opment. The cooling efficiency decreases with increasing coolant
mass flux or CHF. Fortunately, the frontier of the CHF-g plot can
be extended by introducing surface structures. The effects of spray
type and working fluid are also analyzed. The reviewed data show
that spray cooling can achieve a CHF above 945.7W/cm2 and an
HTC up to 57W/cm2K on structured surfaces without the assis-
tance of secondary gas flow and a CHF and an HTC up to
1250.1W/cm2 and 250W=cm2K, respectively, on a smooth sur-
face with the assistance of secondary gas flow. A CHF enhance-
ment up to 110% was achieved on a hybrid micro- and
nanostructured surface.

Multiple enhancement mechanisms are discussed and clarified
based on analysis and comparison of dimensions between charac-
teristic physical lengths in the spray cooling process and structure
sizes. Low contact angles are preferred in pressure-atomized spray
cases, while for gas-atomized spray, they may cause a decrease in
nucleate boiling heat transfer. The dominant spray cooling
enhancement mechanisms are improved wickability for nanostruc-
tured surfaces; increased triple contact line length, active nuclea-
tion sites, and flow confinement for microstructured surfaces; and
enlarged surface area, flow confinement and triple contact line
length for macrostructured surfaces. A clear map of mechanisms
related to the scales of surface structures is provided in Fig. 28.

This work reviews the progress in surface engineering-
enhanced spray cooling, which has been validated to be efficient
in multiple cooling applications, especially at high heat fluxes
with limited coolant flow rates. With detailed discussions, the pro-
gress in and mechanisms of spray cooling on engineered surfaces
are presented with a clear structure, which helps the understanding
and design of engineered surfaces and selection of proper spray
characteristics for a given surface in spray cooling and provides
insights for interdisciplinary applications of heat transfer and
advanced engineering materials. It should be noted that this

Fig. 28 Spray cooling enhancement mechanism map of engineered surfaces with different
characteristic structure sizes and related physical length scales
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review focus on experimental efforts and theoretical efforts on the
fluid mechanics of spray cooling or droplet impact process is not
the main focus of the review. However, spray cooling phenomena
are analyzed from fluid mechanics and heat transfer point-of-view
to illustrate the diverse spray cooling mechanisms.

For the further development of high heat flux spray cooling and
application of this technique in advanced industrial and defense-
related domains such as high-performance chip, radar, and laser
unit, spray cooling needs to be further investigated and improved
in multiple aspects. First, surface engineering investigations
should be continued with an emphasis on hierarchical structures
that can combine enhancement mechanisms at different length
scales while considering scalability, durability, and smart and
rapid responses to transient environmental conditions. Next, for
the integration of spray cooling modules with high-power devices,
spray cooling systems need to be simplified and downsized, and
the system loop and spray generation parts need to be recreated to
meet this goal. Last, with the transient and severe thermal loads
applied on the spray cooling module, a self-adaption capability, as
well as, smart and rapid control strategies are of vital importance
for a spray system to be capable and efficient, which requires fur-
ther development. Fortunately, the abovementioned aspects have
drawn increasing attention. Scalable heat transfer-enhancing
surfaces with high performance have been invented for pool boil-
ing [150], condensation heat transfer [151], and solar steam gener-
ation [152], which inspire the design of spray cooling surfaces
with similar merits. Piezo-electric spraying [17,71,153] and elec-
trospraying [73,74] are proposed as two promising ways to
achieve efficient and small-sized spray cooling. Jiang et al. [20]
designed a novel spray cooling plate that can be integrated on
active phased array radar, and the radar was controlled below
43 �C while a heat flux of 323.3W/cm2 was dissipated. Huddle
et al. [10] designed and simulated pressure-atomized ammonia
spray cooling of a laser array that generates a heat flux over
1700W/cm2 on each laser emitter, proving the feasibility of cool-
ing high power laser array using a spray chamber. Besides, recent
advances in single phase microchannel cooling integrated with
electronic design [154] have also shed light on the codesigning of
electronics with phase-change cooling, which is a promising path-
way for electronic cooling using spray cooling. Intermittent spray
cooling has been studied as a straightforward spray control and
coolant-saving strategy [61,62,155]. Recently, Tsang and Sun
[156] proposed and studied intermittent spray cooling using a
self-rewetting inverse-Marangoni fluid and found that with a self-
rewetting fluid, a larger surface area could be cooled without an
increase in the number of nozzles, and surface temperatures were
controlled to be lower, more uniform and more stable. Despite
the progress in intermittent spray cooling, the control of the spray
system according to external environment variations needs to
be further developed, either by applying an advanced algorithm
to realize initiative control or by designing the system based on
the physical nature to realize self-adaptive cooling, which can
be inspired by capillary-induced self-pumping transpiration
cooling [157].
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Nomenclature

ATBL ¼ the area of the thermal boundary layer (mm2)
b ¼ thickness of the structured layer (lm)

Bo* ¼ altered Bond number, Bo*¼ qlgr
2
d

bDPcap

g ¼ gravitational acceleration (m/s2)
h ¼ heat transfer coefficient (W/cm2K)

hfg ¼ latent heat of vaporization (kJ/kg)
hl Tinð Þ ¼ inlet coolant liquid enthalpy
hv Twð Þ ¼ enthalpy of the coolant vapor when it is heated to the

wall temperature
_m 00 ¼ coolant mass flux (kg/m2s)
Pl ¼ liquid pressure (Pa)
q ¼ heat flux (W/cm2)
Q ¼ heat flow (W)

rc;max ¼ upper bound of the active cavity size (lm)
rc;min ¼ lower bound of the active cavity size (lm)
rcur ¼ radius of curvature of the meniscus (lm)
rd ¼ initial droplet radius (mm)

Tin ¼ inlet temperature (K)
Tsat Plð Þ ¼ saturation temperature of the liquid at a pressure of Pl

(K)
Tw ¼ wall temperature (K)
T1 ¼ ambient temperature (K)
ud ¼ initial droplet velocity (m/s)

We* ¼ altered Weber number, We� ¼ rdqlu
2
d

bDPcap

Z* ¼ dimensionless number representing ratios of surface
energy of the structured layer over surface energy of
the droplet, Z� ¼ r

bDPcap

DPcap ¼ capillary pressure (Pa)

Greek Symbols

dT ¼ thermal boundary layer thickness (lm)
e ¼ porosity of the structured layer (%)
g ¼ cooling efficiency (%)
j ¼ permeability of the structured layer (D)
kl ¼ thermal conductivity of the liquid (W/mK)
ll ¼ dynamic viscosity of the liquid (Pa�s)
ql ¼ liquid density (kg/m3)
qv ¼ vapor density (kg/m3)
r ¼ surface tension (N/m) hsat ¼ hsat ¼ Tsat Plð Þ � T1
hw ¼ hw ¼ Tw � T1
x� ¼ wickability, x� ¼

ffiffi

2
p

jDPcap

bell

Abbreviations

CA ¼ contact angle (deg)
CHF ¼ critical Heat flux (W/cm2)
DRIE ¼ deep reactive ion etching
EDM ¼ electrical discharge machining
GNPs ¼ graphene nanoplatelets
HTC ¼ heat transfer coefficient (W/cm2K)

MEMS ¼ microelectromechanical systems
PAN ¼ polyacrylonitrile
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