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A B S T R A C T   

Spray cooling is a promising thermal management solution for high heat flux applications. Surface orientation is 
a key parameter of spray cooling performance while vertical surface orientation has been proved to have 
excellent heat transfer performance. However, key spray parameters regarding the vertical surface spray cooling 
system have not been comprehensively studied. In this work, a vertical surface spray cooling system is designed 
and established. The effects of spray volumetric flux, nozzle-to-surface distance, and coolant inlet temperature on 
the heat transfer characteristics of spray cooling are experimentally investigated. The system shows a magnifi-
cent heat dissipation capability as high as a critical heat flux of 596 W/cm2 at a low spray volumetric flux (0.83 
× 10-2 m3⋅s− 1⋅m− 2). Nozzle-to-surface distance, which has no obvious effect on the two-phase regime, is observed 
to play a significant role in the single-phase regime. Interestingly, the heat transfer coefficient can be enhanced 
by increasing the coolant inlet temperature while it will not necessarily lower the surface temperature. Furtherly, 
an experimental dimensionless correlation of Nusselt number for the single-phase regime is proposed, demon-
strating a higher contribution of coolant flow properties to the spray cooling system performance with vertical 
surface orientation. This work reveals the underlying mechanism of how the key spray parameters impact the 
performance of the spray cooling system with vertical surface orientation and is expected to facilitate high-heat- 
flux heat dissipation and provide guidance for the research on spray cooling.   

1. Introduction 

With the rapid development of electronic devices toward high per-
formance and miniaturization, heat dissipation has increasingly become 
the prime obstacle to the development of electronic devices due to the 
high heat flux [1–5]. For instance, the heat flux of insulated gate bipolar 
transistor (IGBT) modules can be up to 500 W/cm2 [6], while the heat 
dissipation technologies such as microchannel, heat pipe, and jet 
impingement can only remove heat flux up to 312 W/cm2 [7]. Due to its 
stronger heat dissipation capability, spray cooling is regarded as a 
promising candidate for the thermal management of high heat flux 
electronic devices [8–12]. Surface orientation, which can significantly 
influence the flow of vapor–liquid mixture and the heat and mass 
transfer processes, is a key feature to spray cooling system [13,14]. 
Vertical surface orientation has been proved to lead to better heat 
dissipation capability compared to the other two typical orientations, 
upward surface orientation and downward surface orientation [15–20]. 

Spray cooling system with vertical surface orientation thus has 
drawn tremendous research interest. The reported studies mainly focus 

on two types of topics. The first type is investigating the effect of surface 
orientation on the performance of spray cooling system. For instance, 
Chen et al. performed spray cooling heat flux measurements with three 
surface orientations where the highest thermal performance at low 
temperatures was observed in vertical surface orientation [21]. Zhao 
et al. observed that in medium-spray volumetric fluxes of 2 × 10-3 to 
7.61 × 10-3 m3⋅s− 1⋅m− 2, the critical heat flux (CHF) of the vertical 
surface orientation is higher than that of the upward and downward 
surface orientations [14]. The second type of topic is performance 
enhancement by exploring the impact of the feature parameters of the 
vertical surface spray cooling system, such as surface properties, coolant 
properties, and spray properties. Liu et al. employed the surfaces con-
taining micro-roughness to enhance the heat transfer by 136 % and 288 
%, respectively. It was also discovered that heat transfer performance of 
vertical surface spray cooling increases as the surface roughness in-
creases [22]. Singh et al. studied the effect of different surface types 
including micro-finned, micro-/nano-coated, and hybrid surface on 
vertical surface spray cooling, of which the results show that hybrid 
surface owns at least 360 % enhancement in heat transfer coefficient (h) 
and 72.9 % in CHF in contrast to the plain surface [23]. Liu et al. 
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compared the enhancement of spray cooling heat transfer using deion-
ized water with a conventional surfactant (Tween 20) and two bio-
surfactants (Rhamnolipid and Sophorolipid). They achieved the h as 
high as 29654 W/m2⋅K [24]. These previous studies may provide 
guidance to the performance enhancement to some extent [25]. How-
ever, most of them focus on surface properties and coolant properties, 
rarely involving spray volumetric flux (Q′′), nozzle-to-surface distance 
(H), and coolant inlet temperature (Tin) [26], which can hardly show 
comprehensive guidance for the practical application. Besides, a quan-
titative evaluation framework is still lacking to gauge the performance 
of a spray cooling system with vertical surface orientation [27,28]. 
Therefore, the effects ofQ′′, H, and Tin and a feasible evaluation method 
are in urgent need of exploration. 

In this work, a spray cooling system based on vertical surface 
orientation is designed, fabricated, and tested with a proposed high heat 
flux replaceable heat source. In addition, the effect of spray properties 
such asQ′′, H and Tin on the heat transfer performance of vertical surface 
spray cooling have been revealed. A quantitative evaluation of these 
effects and a general correlation of Nusselt number (Nu) for single-phase 
regime has been proposed with deionized water as coolant. Hence, this 
work reveals the underlying mechanism of how the key spray parame-
ters impact the performance of the spray cooling system with vertical 
surface orientation and is expected to provide guidance for the perfor-
mance enhancement of spray cooling system and to facilitate the high- 
heat-flux heat dissipation in electronic devices. 

Nomenclature 

cp specific heat at constant pressure 
D surface diameter 
d32 Sauter mean diameter 
H nozzle-to-surface distance 
h heat transfer coefficient 
hfg latent heat of vaporization 
k thermal conductivity 
Nu Nusselt number 
ΔP pressure drop across nozzle 
Pr Prandtl number 
Q′′ spray volumetric flux 
q heat flux 
q′′

CHF critical heat flux 
Re Reynolds number 
T temperature 
Tin inlet coolant temperature 
Tsat saturation temperature 
We Weber number 

y y coordinate 

Greek symbols 
η evaporation efficiency 
σ surface tension 
μ dynamic viscosity 
ρ density 

Subscripts 
f liquid 
g vapor; gas 
in inlet 
s spray 
sat saturation 
w surface 

Abbreviations 
CHF Critical heat flux 
RHS Replaceable heat source 
SMD Sauter mean diameter  

Fig. 1. (a) Schematic of the spray cooling system, (b) Photo of the experimental system.  
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2. Methods 

2.1. Spray cooling system 

Fig. 1 shows the schematic diagram and photographic view of the 
experimental system which consists of five subsystems, including the 
spray system, the spray chamber, the electrical heating system, the 
active-based cooling system, and the data acquisition system. The 
deionized water is stored in a water bath (DC-2010, temperature control 
range: − 20-100℃, accuracy: ±0.1 %, Zhulan) as the working fluid, of 
which the related parameters can be found in Table S1. And the working 
fluid is driven into the spray system by a gear pump (NP400 24 V-400 W, 
Suofu Co., ltd) after passing through a filter (TPP-15, filtration accuracy: 
15 μm, Atenjoy). There is a three-way valve at the outlet of the gear 
pump, and the flow rate of the working fluid is controlled by adjusting 
the valve opening and the speed of the gear pump. A solid cone pressure 
nozzle (B1/4TT-SS + TG-SS0.3, Spraying Systems Company) is used for 
the formation of spray which is made of 303 stainless steel. The heat 
source module is put in the spray chamber which is made of the trans-
parent acrylic board for observation. After the experiment, the cooling 
working fluid collected in the spray chamber is driven back to the water 
bath by the diaphragm pump. 

2.2. Replaceable heat source 

Fixed heat source would bring difficulties to the maintenance of the 
heat source in the experiment, which is also far from the application 
scenario. It is very important to design a heat source which can reflect 
the operating conditions of the electronic equipment with high power, 
high heat flux, and small size. In this paper, the replaceable heat source 
(RHS) is proposed which can be operated independently. The finite 
element analysis method is used to design the heat source by which three 
main targets are achieved. Firstly, the size of the heat source is as small 
as possible. Secondly, the temperature of each part of the heat source 
does not exceed the affordable temperature of the materials. Last but not 
least, most of the heat is dissipated from the surface in direct contact 
with coolant. 

The thermal conductivities of the materials used in the numerical 
simulation are shown in Table 1. The list of boundary conditions and 
assumptions used in the numerical simulation are as follows:  

(1) In spray cooling, the target surface temperature is uniform after 
cooling. So a constant convective heat transfer coefficient can be 
applied to the target surface as a boundary condition in the nu-
merical simulation. Here the convective heat transfer coefficient 
is the average heat transfer coefficient of the target surface.  

(2) Heat dissipation of thermal radiation is ignored, and the heat is 
mainly lost through the surface in direct contact with coolant in 
the way of convection heat transfer.  

(3) The thermal properties (thermal conductivity, heat capacity, and 
density) of all materials are assumed to be uniform, isotropic, and 
independent of temperature.  

(4) The material contact through the interface is considered perfect 
(no air gap and surface roughness). 

Fig. 2 shows the schematic of RHS, and the framework of RHS is 
processed by PEEK (Polyether-ether-ketone) (Thermal conductivity: 

0.29 W/m⋅K and operating temperature up to 300℃). The copper block 
which is made of oxygen-free copper (Thermal conductivity: 398 W/ 
m⋅K). The framework is fixed by screws and the insulation cotton 
(Thermal conductivity: 0.03 W/m⋅K) fills the space between the 
framework and the copper block. The underside of the copper block is 
bored to accept six cartridge heaters (220 V 300 W, Xianggui) which 
provide stable input electrical power by a programmable DC power 
supply (FTP032-300–16, Faith). 

The copper block is a three-layer round table structure with the di-
ameters of 90 mm, 80 mm, and 16 mm from bottom to top. The heating 
rod is a cylinder with the diameter of 10 mm and the length of 50 mm. In 
order to measure the temperature of the copper block, six K-type ther-
mocouples (TT-K-36, ETA) are embedded in RHS, as shown in Fig. 2. 
Before each experiment, the surface of the copper block is polished by 
600 mesh sandpapers and rinsed with deionized water to remove the 
oxidation layer. 

2.3. Measurements and data acquisition system 

TheQ′′, pressure drop across nozzle (ΔP), and Sauter mean diameter 
(SMD, d32) are three generally used parameters to assess the perfor-
mance of spray cooling systems. In our setup, the Q′′ and ΔP are 
measured by the flow meter (CX-P2-F, measuring range: 0.025–2.499 ×
10-2 m3⋅s− 1⋅m− 2, accuracy: ±0.5 %, Gnflowmeter) and pressure gauge 
(SIN-Y190, measuring range: 0–5 MPa, accuracy: ±1%, Sinomeasure) 
respectively. The SMD is measured by using Sympatec’s Laser Diffrac-
tion Analyzer. In the measurement of droplet diameter, a R6 camera lens 
is used (measuring range: 0.5–1750 μm). The whole test system consists 
of laser transmitter, receiver, and data analysis workstation. The laser 
transmitter emits a laser stroke to analyze the cross-section. When the 
droplet passes through the cross-section, the droplet cuts the laser light. 
The scattering angle and light intensity formed by droplets of different 
sizes are different. The laser receiver receives and analyzes the scat-
tering angle and light intensity of the laser after being cut by the droplet, 
and finally obtains the particle size distribution of the droplet through 
analysis. The performance of the nozzle has been shown in Fig. 3, 
including the relationship between SMD andQ′′, SMD and H, and ΔP 
andQ′′. 

In addition, K-type thermocouples are embedded in the water bath, 
spray chamber, and inside the copper block to measure the coolant 
temperature at the nozzle outlet and ambient temperature, and to pre-
vent the RHS from thermal destruction. A data acquisition instrument 
(Keithley 2700) is used to collect and record the signals of all thermo-
couples and displays them in real time on the computer. 

2.4. Data analysis method and uncertainty analysis 

In this work, the heat flux (q) is determined from the uniform tem-
perature gradient between a series of thermocouples in the copper block 
which can be proved by Fig. S1 and Fig. S2, and the one-dimensional 
Fourier’s law of heat conduction can be applied as: 

q = − k
ΔT(y)

Δy
(1) 

Moreover, the temperature of target surface Tw and h can be calcu-
lated as: 

Tw = T3 + y3
ΔT(y)

Δy
(2)  

h =
q

(Tw − Tin)
(3) 

As shown in Fig. 2, T3 is the furthest thermocouple from the surface 
impacted by the spray which is more stable and accurate. Therefore, T3 
is chosen as the base point temperature to obtain the Tw in Eq. (2). 

Table 1 
Thermal conductivity of materials used in the numerical study.  

Material Materials Thermal conductivity (W/m⋅K) 

Copper block Copper 398 
Heating rods Al2O3 30 
Thermal insulation cotton Cotton 0.03 
PEEK PEEK 0.29  
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In the process of applying one-dimensional Fourier’s law, the direct 
measurement error and the instrumental error are taken into consider-
ation and converted into indirect variable uncertainties. The un-
certainties of the K-type thermocouple, fitted slope of three 
thermocouples, and distance between thermocouples are about ± 0.8℃, 
±0.01, and ± 0.1 mm. 

Based on error transfer functions on this experimental bench, the 
uncertainties of surface temperature, heat flux, and heat transfer coef-
ficient can be calculated by [29]: 

σy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(

∂f
∂xi

)
2σ2

xi

√

(4) 

The results showed that the average uncertainties of surface tem-
perature, heat flux, and heat transfer coefficient are ± 4.1, ±6.7, and ±
4 %, respectively. 

3. Results and discussion 

In order to study the influence of spray volumetric flux (Q′′), nozzle- 
to-surface distance (H), and coolant inlet temperature (Tin) on the per-
formance of our spray cooling system, a series of experiments are con-
ducted with the heat flux (q) increases from 0 W/cm2 to CHF. 

3.1. Boiling curve of spray cooling 

The cooling boiling curve is shown in Fig. 4, which has three stages, 
namely, the single-phase regime, the transition regime, and the two- 
phase regime. In the single-phase regime, the increase of h is rela-
tively slow and dissipation of heat in this stage is mainly dependent on 

the sensible heat of the coolant. In the transition regime, due to the 
temperature of the heating surface being close to the saturation tem-
perature of the coolant, the phase change of a small part of the coolant 
happened and the curve is oscillating. In the two-phase regime, with the 
increase of q, the h increases sharply due to the phase change of most of 
the coolant. 

Fig. 2. Sectional diagram of the heat source, (a) The view perpendicular to the heating rods, (b) The view parallel to the heating rods.  

Fig. 3. Performance of nozzle, (a) Sauter mean diameter SMD versus spray volumetric fluxQ′′, (b) Sauter mean diameter SMD versus nozzle-to-surface distance H, (c) 
Pressure drop across nozzle ΔP versus spray volumetric fluxQ′′. 

Fig. 4. Cooling boiling curve of spray cooling with the Q′′ of 0.83 × 10- 

2 m3⋅s− 1⋅m− 2. 
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3.2. Effects of spray volumetric flux 

Three different Q′′ of 0.83 × 10-2 m3⋅s− 1⋅m− 2, 1.04 × 10-2 

m3⋅s− 1⋅m− 2 and 1.25 × 10-2 m3⋅s− 1⋅m− 2 are chosen and tested based on 
the same H (10 mm) and Tin (25℃). The relationship between h and q at 
different Q′′ and the relationship between q and temperature difference 
at different Q′′ are displayed in Fig. 5. 

It can be found that the h increases with the Q′′ in Fig. 5a. Here, with 
Q′′ goes from 0.83 × 10-2 to 1.04 × 10-2 and to 1.25 × 10-2 m3⋅s− 1⋅m− 2, it 
can be seen that the highest h increases from 43159 W/m2⋅K to 46348 
W/m2⋅K and then to 47156 W/m2⋅K. Moreover, when the Tw approaches 
the saturation temperature of the coolant, there is no transition from the 
single-phase regime to the two-phase regime when Q′′ are 1.04 × 10-2 

and 1.25 × 10-2 m3⋅s− 1⋅m− 2. As the result, the h of 0.83 × 10-2 

m3⋅s− 1⋅m− 2 exceeds the h of 1.04 × 10-2 m3⋅s− 1⋅m− 2 when q varies from 
408 to 469 W/cm2. This is because that although the increase in Q′′ leads 
to a more effective forced convection heat transfer due to the faster 
speed of liquid film, the liquid film gets thicker at largerQ′′. The thicker 
liquid film will significantly inhibit the evaporation of the liquid film. 
Because of the greater magnitude of the latent heat (in evaporation) as 
compared to the sensible heat (in forced convection), the heat transfer 
increases steeply. 

Fig. 5b exhibits the q versus temperature difference Tw-Tin at differ-
entQ′′. Tw-Tin varies from ~ 10 to ~ 120℃ with the q ranging from ~ 20 
to ~ 570 W/cm2. The trends of the curves imply that higher h results in 
lower surface temperature under the same heat flux. Specifically, with a 
very high heat flux of 300 W/cm2, the temperature difference Tw-Tin is 
lower than 95℃ which means Tw can be controlled below 120℃, a safe 
working temperature of electronic equipment, since the inlet coolant 
temperature is 25℃. 

The SMD of droplets at different Q′′ is analyzed by LDA. As shown in 
Fig. 3a, the results show that with the increase ofQ′′, the SMD becomes 
smaller when droplets reach the surface. When Q′′ increases from 0.83 ×
10-2 to 1.25 × 10-2 m3⋅s− 1⋅m− 2, the SMD reduces from 264 to 188 μm, a 
30 % reduction. The smaller SMD facilitates heat transfer on high- 
temperature surfaces, thereby improving the effectiveness of spray 
cooling. 

As a result, the single-phase heat transfer coefficients at Q′′ of 1.04 ×
10-2 and 1.25 × 10-2 m3⋅s− 1⋅m− 2 exceed the two-phase heat transfer 
coefficient at Q′′ of 0.83 × 10-2 m3⋅s− 1⋅m− 2 when the q is the same. It can 
be seen that Q′′ is critical for spray cooling for more coolant and smaller 
droplet size. 

3.3. Effects of nozzle-to-surface distance 

Fig. 6a compares the effect of H on the heat transfer performance of 
spray cooling in the single-phase and the two-phase regimes based on 
the same Q′′ (0.83 × 10-2 m3⋅s− 1⋅m− 2) and Tin (25℃). Fig. 6b shows the q 
versus the temperature difference between surface temperature and 
coolant inlet temperature at different H. 

It can be seen from Fig. 6a that in the single-phase regime, the larger 
the H, the lower the h. When H increases from 10 mm to 30 mm in the 
single-phase regime, the highest h decreases from 43159 W/m2⋅K to 
35040 W/m2⋅K. Moreover, with the increase of q, h at three different H 
are similar in the two-phase regime, and the slopes are also very close. At 
the same time, it can be seen that H can make up for the low h of the 
single-phase regime compared with the two-phase regime due to the 
different heat transfer mechanism. For example, as the heat flux of 200 
W/cm2, the h is 28213 W/m2⋅K in the single-phase regime when H is 10 
mm while h are 22274 W/m2⋅K and 20517 W/m2⋅K when H are 20 mm 
and 30 mm, which had entered the two-phase regime, and the 
enhancement ratios are 27 % and 38 %, respectively. 

Fig. 6b shows that in the single-phase regime, under the same q, the 
larger the H, the higher the surface temperature. As mentioned before, 
forced convection heat transfer and evaporation heat transfer are the 
main mechanisms of single-phase regime. As the distance decreases, the 
perturbation of the liquid film by the droplet is stronger and more 
frequent, enhancing the convection heat transfer. At the same time, 
faster flow velocity of the liquid film, thinner liquid film, and higher 
temperature of the liquid film will intensify the evaporation heat 
transfer. Therefore, the heat transfer at low H is stronger. 

The SMD of droplets at different H are shown in Fig. 3b. The results 
show that the SMD does not change with H obviously, which means it is 
not the main factor influencing the performance of the spray cooling in 
this situation. 

3.4. Effects of coolant inlet temperature 

Fig. 7a compares the effect of Tin on the performance of spray cooling 
in the single-phase and two-phase regimes. Under the same input elec-
trical power, Q′′ (0.83 × 10-2 m3⋅s− 1⋅m− 2) and H (10 mm), the higher the 
Tin, the greater the h. The highest h reaches 44356 W/m2⋅K as Tin is 35℃, 
43159 W/m2⋅K as Tin is 25℃ and 39588 W/m2⋅K as Tin is 15℃. The h at 
Tin of 35 ◦C increased by 12 % compared with that at Tin of 15 ◦C. On the 
one hand, the higher the Tin, the higher the evaporation rate near the 
nozzle outlet, which increases the disturbance of the space near the 
heating surface and strengthens the heat transfer. On the other hand, the 
higher Tin will promote the evaporation of liquid film on the heating 

Fig. 5. (a) Heat transfer coefficient h versus heat flux q at different spray volumetric fluxQ′′, (b) Heat flux q versus temperature difference Tw-Tin at different spray 
volumetric fluxQ′′. 
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surface, which tends to the release of latent heat of coolant. 
However, the results also show that the increase of Tin is not suffi-

cient to enhance the heat transfer in essence, i.e., the high h does not 
result in a low surface temperature, as shown in Fig. 7b. It can be seen 
that the surface temperature increases with Tin under the same q in the 
single-phase regime, while there is no obvious difference of surface 
temperature under different Tin in the two-phase regime. On the other 
hand, the temperature difference between Tw and Tin decreases when Tin 
increases, as shown in Fig. 7c. The results explain why the surface 

temperature increases when the h increases, and it also proves that the 
performance of spray cooling is affected by many parameters. 

3.5. Critical heat flux and evaporation efficiency 

CHF is an important parameter which has been widely used to 
evaluate the performance of spray cooling. Fig. 8a illustrates CHF versus 
We which is defined as. 

Fig. 6. (a) Heat transfer coefficient h versus heat flux at different nozzle-to-surface distance H, (b) Heat flux versus temperature difference Tw-Tin at different nozzle- 
to-surface distance H. 

Fig. 7. (a) Heat transfer coefficient h versus heat flux q at different coolant inlet temperature Tin, (b) Heat flux q versus surface temperature Tw at different coolant 
inlet temperature Tin, (c) Heat flux q versus temperature difference Tw-Tin at different coolant inlet temperature Tin. 

Fig. 8. (a) Critical heat flux CHF versus We, (b) Evaporation efficiency versus We.  
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We =
ρf d32Q′′

2

σ (5) 

As shown in Fig. 8b, another crucial parameter of spray cooling that 
is related to CHF is evaporation efficiency, η, which is defined as the 
percentage of the total heat rate that can be removed by the spray, 
sensible heat and latent heat, to that is removed at CHF [30], 

η =
q′′

CHF

ρf Q′′[hfg + cp,f (Tsat − Tin)]
× 100% (6) 

The result shows that the larger theQ′′, the higher the CHF. And there 
is no noticeable difference between the CHF of 1.04 × 10-2 and 1.25 ×
10-2 m3⋅s− 1⋅m− 2. It can also be found that the larger the H, the lower the 
CHF. And the CHF is similar at the H of 20 and 30 mm. The CHF de-
creases slightly with the increase of Tin. CHF reaches as high as 596 W/ 
cm2 when Q′′ is 0.83 × 10-2 m3⋅s− 1⋅m− 2, H is 10 mm, and Tin is 35℃, 
which has exceeded the highest reported value, 539 W/cm2, among the 
systems with same surface orientation and coolant [14]. As Fig. 8b 
shows, the evaporation efficiency is around 20 % under different 
working conditions, and it reaches the highest value of 24 % when Q′′ is 
0.83 × 10-2 m3⋅s− 1⋅m− 2, H is 10 mm, and Tin is 35℃. 

4. Heat transfer model and prediction for vertical surface 
orientation 

Due to the complexity of spray cooling process, empirical models 
have been developed to guide the design of spray cooling systems and 
applications. There are three different forms of single-phase heat 
transfer correlations: (a) Nusselt number correlations based on droplet 
diameter, (b) Nusselt number correlations based on surface size, and (c) 
direct heat transfer coefficient correlations [9]. In this work, the first 
form is chosen based on the heat transfer experimental data and spray 
parameter measurement. 

Moreover, it was proved that the liquid film plays an important role 
in the heat transfer performance of spray cooling systems according to 
the visualization work of Shedd et al. [31] and Horacek et al [32]. The 
velocity boundary layer, temperature boundary layer, and the flow 
regime (laminar or turbulent) are very important to characterizing the 
heat transfer. Therefore, Reynolds number (Re), which reflects the flow 
regime, and Prandtl number (Pr), which reflects the relation of velocity 
and temperature boundary layers, are often used to fit the Nusselt 
number (Nu) [33]. 

Under different working conditions, the data for the single-phase 
regime are fitted by [9]. 

Nu = 1.2Re0.96
s Pr0.5

f (7) 

The three dimensionless parameters in Eq. (7) are defined as. 

Nu =
hd32

kf
(8)  

Res =
ρf Q′′d32

μf
(9)  

Prf =
cp.f μf

kf
(10) 

where spray volumetric flux and Sauter mean diameter are used as 
velocity and length scales, respectively. All liquid properties are evalu-
ated under the average of surface and liquid temperatures,(Tw + Tf )/2. 

Fig. 9 shows the fitting formula and experimental results, where the 
maximum deviation is 25 %. More specifically, the exponent of 0.96 in 
the fitting formula is distinctly higher than 0.78, the up-to-date highest 
reported value, which means Re has a more important effect on heat 
transfer performance of vertical surface spray cooling system compared 
to other correlations with upward surface orientation and downward 

surface orientation [34,35]. On the other hand, coolant flow properties 
such as the spray volumetric flux and the size of the droplet are signif-
icant to spray cooling with vertical surface orientation. 

5. Conclusion 

Experiments have been performed to improve the understanding of 
the effects of different spray parameters on spray cooling with vertical 
surface orientation. The results show that spray volumetric flux, nozzle- 
to-surface distance, and inlet coolant temperature have different effects 
on the performance of spray cooling. Higher spray volumetric flux re-
sults in better heat transfer performance in both the single-phase regime 
and the two-phase regime. It is observed that the nozzle-to-surface dis-
tance mainly influences the performance in the single-phase regime. 
Significant improvement in heat transfer coefficient has been observed 
by increasing the inlet coolant temperature while it will not result in a 
low surface temperature. The performance of our system has furtherly 
been examined. The maximum critical heat flux obtained at Q′′ of 0.83 
× 10-2 m3⋅s− 1⋅m− 2, H of 10 mm, and Tin of 35℃ is 596 W/cm2, the up-to- 
date highest reported value for vertical surface orientation with the 
coolant of deionized water. Evaporation efficiency ranges from 19 % to 
24 %. Simultaneously, a general correlation is proposed, which proves 
that coolant flow properties play a more important role in the vertical 
surface orientation than in other orientations. 
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