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Abstract
The heat transfer characteristics of air-atomized water spray cooling on the hot metallic surface are presented and discussed 
in this paper. The controlling parameters mainly investigated are air pressure and spray height. The effects of these param-
eters on the important thermal characteristics such as interfacial heat transfer coefficient, cooling rate, and wetting layer 
evolution attained by experiment and inverse heat conduction method. The value of interfacial heat transfer coefficient is 
proportional to the air pressure and inversely proportional to the spray height. As the air pressure is 0.2 MPa, and the spray 
height is 40 mm, the maximum cooling rate is 85.08 ℃/s. There is no film boiling stage under this condition. At the spray 
height is 80 mm, and air pressure is 0.3 MPa, the maximum cooling rate is 62.6 ℃/s. In addition, transition boiling and 
nucleate boiling always exist, but their retention time is different under different conditions. The temperature-dependent 
interfacial heat transfer mechanism of air-atomized water spray cooling is explored according to the thermal characteristics 
and photographs taken by the high-speed camera. The results show that air pressure and spray height both have an influence 
on the interfacial heat transfer.

List of symbols
T	� Temperature (℃)
ρ	� Density (kg/m3)
cρ	� Specific heat capacity (J/(kg °C))
λ	� Thermal conductivity (W/(m°C))
t	� Time (s)

z	� The coordinate along the axial direction of the sample

q	� Surface heat flux (W/m2)
H	� Interfacial heat transfer coefficient (W/(m2·℃))
Tf	� The temperature of air-atomized water spraying 

(°C)

Nomenclature
IHTC	� Interfacial heat transfer coefficient
HTC	� Heat transfer coefficient
IHCM	� Inverse heat conduction method
IHTC	� Temperature-dependent interfacial heat transfer 

coefficient
LFP	� Leidenfrost Point
CHF	� Critical heat flux

1  Introduction

Many experimental and theoretical work on the water jet and 
spray cooling of hot metallic surface have been carried out 
by different researchers [1–6]. However, the conventional 
cooling methodologies used in the metallurgical industries 
are not appropriate for the production of some specific 
materials because of the requirement of high cooling rate at 
elevated temperatures [7].

The cooling methods in the hot working process of 
metal materials include natural convection cooling, forced 
convection cooling, boiling heat transfer cooling, etc. The 
interfacial heat transfer coefficient (IHTC) is usually used 
to characterize the heat transfer performance and cooling 
efficiency of different cooling methods. The IHTC of water 
spray cooling is the highest [8], the heat transfer capacity is 
the strongest, and the cooling speed of the parts is the fast-
est. It has been observed that the air-atomized water spray 
cooling is the most effective cooling method compared to the 
other methods [9–11]. Future challenges for the advanced 
cooling technology in industry require a better understand-
ing of the spray cooling phenomenon[12].

In order to understand the heat transfer principles during 
the spray cooling, it has been shown by many authors that 
local behavior of spraying droplets contacting with the target 
surface needs to be analyzed. Das et al. [3] investigated the 
effect of dextrose added high mass flux spray cooling on 
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heat transfer rate by using a full cone high mass flux spray 
nozzle. Captured the whole experiment using a high-speed 
camera, and the thermal analysis was performed by using 
an inverse heat conduction algorithm for the prediction of 
surface heat flux and temperature. S.K. Nayak [10] reported 
results of experimental investigation on thermal character-
istics of spray cooling of hot steel plate under controlled 
parametric conditions. The heat transfer coefficient (HTC) 
and heat transfer rates were determined for different water 
flow rates, nozzle heights, and plate thicknesses. Zhao et al. 
[13] conducted experiments with the different levels of sub-
cooling, heat flux input, inlet pressure and nozzle-to-surface 
distance, and video image of the surface spray performance 
were recorded by a high speed camera. Chakraborty et al. 
[14] performed extensive spray cooling experiments on a 
6 mm thick hot stainless steel plate (> 900 ℃). High speed 
photography was used at a lower temperature to visual-
ize a single droplet impact and to understand the effect of 
surface tension and underlying physics on the heat transfer 
phenomenon.

During the spray cooling process, it is essential to 
remove heat efficiently and uniformly without cracking or 
distorting the slab. It is challenging to obtain an accurate 
HTC on the surface of the slab and employ the obtained 
HTC as the boundary condition of the solidification calcula-
tion [15]. R. Dou [16] carried out experiments for full cone 
water spray cooling on a metal plate with high temperature 
at different water pressure levels. The heat flux is obtained 
by solving a 1D inverse heat conduction problem and the 
accuracy of the heat flux is verified by 3D heat conduction 
analysis. Zhang et al. [17] performed transient experiments 
to analyze the spray cooling of high-temperature stainless 
steel (SUS304) using a commercial flat pattern air-atomized 
spray nozzle and the surface heat flux was calculated by 
the inverse heat conduction problem. Chabicovsky et al. [6] 
studied the spray cooling starting at surface temperatures of 
about 1200 ℃ and finishing at the Leidenfrost temperature, 

and used one-dimensional sequential Beck’s approach [18, 
19] to calculate the heat fluxes, the surface temperatures and 
IHTC. Hadała et al. [20] investigated the water–air assisted 
spray cooling of vertical plates, and a model of local HTC 
as function of pressure, surface temperature and distance 
from stagnation point based on a large set of HTC has been 
developed.

Overviewing the previous literature, it can be summa-
rized in Table 1 from the perspectives of spray pressure, 
spray height, wetting front propagation and calculation of 
IHTC by inverse heat conduction method (IHCM). Few 
studies have reported the thermal characteristics of air-
atomized water spray cooling of hot metallic surface in 
conjunction with the IHTC attained by the IHCM and the 
wetting front propagation. It is difficult to understand the 
heat removal phenomena.

In this paper, transient experiments were performed to 
analyze spray cooling of stainless steel at elevated tem-
perature under different conditions using an air-assisted 
atomizer. The controlling parameters mainly investigated 
in this paper were the air pressure (0.1—0.3 MPa), spray 
height (40—120 mm) from the target surface. The effects 
of these parameters on the important thermal characteris-
tics such as HTC, cooling rates, and wetting front move-
ment were measured and examined. IHCM was used to 
calculate the surface temperature, IHTC. The LFP is 
determined according to the wetting layer evolution and 
surface temperature, IHTC, and heat flux. The temper-
ature-dependent interfacial heat transfer mechanism of 
air-atomized water spray cooling is explored according 
to the wetting front propagation taken by a high-speed 
camera and the transient heat transfer parameters. It has 
been proved that spray cooling has excellent heat transfer 
performance due to the rapid evaporation of droplets and 
liquid film. The surface temperature and the IHTC calcu-
lated by the IHCM can provide theoretical guidance for 
the heat treatment process.

Table 1   Previous investigations on spray cooling

Reference Spray pressure Spray height
(mm)

Wetting front 
propagation

Calculation of IHTC by IHCM

Chabicovsky et al. 
[6]

Water: 11 L/min, 6 L/min;
Air pressure: 0.5 bar, 1.5 bar, 3.0 bar

250 No Yes (Beck’s approach)

Nayak and Mishra 
[10]

Water and air:
0.0 bar to 4.0 bar

120, 180, 240 Yes No

Dou [16] Water: 0.2 MPa, 0.3 MPa, 0.5 MPa, 0.7 MPa 250 No Yes(Levenberg–Marquardt)
Zhang et al. [17] Water: 0.2–2 MPa

Air: constant pressure
170 No Yes

Hadała et al. [20] Water pressure:
0.1 MPa, 0.25 MPa, 0.4 MPa

120 No Yes (FEM)

Chakraborty et al. 
[14]

Coolant pressure:
4 bar

40, 50, 60, 70, 80 No Yes
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2 � Experimental procedures

2.1 � Spray cooling system

The experimental system of spray cooling is schematically 
shown in Fig. 1. It mainly includes coolant supply system, 
heating system and data acquisition system.

The coolant supply system consists of water reservoir, 
check valve, flow meter, air compressor and pressure 
gauge. Air and purified water are chosen as the coolant 
in the experiment. An air-assisted internally mixed atom-
izer is used to generate the air-atomized water spray. The 
atomizer is shown in Fig. 2. Compressed air is supplied 
by an air compressor, and the pressure used in the experi-
ment is in the range of 0.1—0.3 MPa. The temperature of 
purified water is approximately 25 ℃. The water flow can 
be controlled by regulating the air pressure or the control 
valve of atomizer.

The heating system consists of an insulated gate bipo-
lar transistor (IGBT) induction heating power supply, 
inductor and sample. IGBT induction heating power sup-
ply adopts advanced temperature control technology to 
realize rapid temperature rise and uniform heating. The 
sample used in the experiments is 304 stainless steel 
cylinders with the diameter of 20 mm and the length of 

30 mm. The stainless-steel cylinders have a density of 
7920 kg/m3. The diameter of the temperature measuring 
hole is 1.5 mm. The center line of the temperature meas-
uring hole is 2 mm away from the cooling surface of the 
sample, as shown in Fig. 3. Current frequency used in the 
experiment is about 6680 Hz, the IGBT induction heating 

Fig. 1   Schematic of spray cooling setup: 1—water storage tank, 2—
water pump, 3—one-way throttle valve, 4—thermometer, 5—flow 
meter, 6—air compressor, 7—pressure gauge, 8—flow meter, 9—

slideway, 10—atomizer, 11—high-speed camera, 12—LED video 
light, 13—IGBT induction heater, 14—sample, 15—thermocouple, 
16—TC-08, 17—computer, 18—inductor

Fig. 2   Schematic of the atomizer
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device and inductor can uniformly heat the sample within 
100 s. The oxide layer on the cooling surface is less due 
to the short heating time, and the effect of oxide layer on 
the interfacial heat transfer is ignored.

The data acquisition system includes temperature 
acquisition device and wetting front propagation acqui-
sition device. The temperature acquisition device consists 
of K-type armored thermocouple, temperature recorder 
TC-08 and PicoLog data acquisition software. The real 
time voltage signal due to temperature variation from the 
thermocouple is acquired by USB TC-08 data acquisition 
device and the temperature values are shown and stored 
in the computer with the PicoLog application software. 
During the experiment, a Chronos 1.4 high-speed camera 
is used to record the wetting front propagation on the 
cooling surface, and two Godox SL-100 W LED video 
lights are used to provide enough light. The light intensity 
of LED video light can be adjustable, and it is completely 
flicker free from 33 to 100% output.

In order to study temperature-dependent interfacial 
heat transfer coefficient (T-IHTC) and the mechanism of 
heat transfer in the cooling process, the following experi-
ments are carried out. When the temperature of the moni-
toring point reaches to 100 ℃, stop spray cooling. The 
experimental conditions of spray cooling are shown in 
Table 2. Cases 1–5 are used to investigate the effect of 
spray height on spray cooling. Case 3 and Cases 6–10 are 
used to study the effect of air pressure on spray cooling.

2.2 � Uncertainty analysis

In the current study, an effort has been made to minimize the 
uncertainties in the experimental and computational results 

to maximize the accuracy of the research outcome. The 
dimensions of the specimens are determined by round steel 
lathe which has an accuracy of ± 0.01 mm according to the 
manufacturer. The main uncertainties in the results are the 
‘K’ type thermocouples which are used to measure the real 
time temperature data during experimentation. The K-type 
thermocouples have the uncertainty of ± 0.4% full scale. The 
accuracy of temperature measurement is approximately ± 1.5 
℃ for K-type thermocouples. USB TC-08 data acquisi-
tion device has high resolution (20 bit) and high precision 
(± 0.2% reading and ± 0.5 ℃). Air pressure is obtained with 
an error of ± 0.01 MPa by pressure controller. And water 
temperature has an uncertainty of ± 0.05 ℃. Main uncertain-
ties in this experiment are listed in Table 3.

3 � Results and discussion

3.1 � Inverse heat transfer analysis

The thermal analysis about predicting the surface tem-
perature, IHTC and heat flux is an inverse heat conduc-
tion problem. Given the temperature field, solving the 
unknown parameters varying with time or temperature in 
the heat transfer process is the inverse heat conduction 
problem. The unknown parameters can be calculated by 

Fig. 3   Schematic diagram of the sample

Table 2   Operating conditions of spray cooling experiment

Case Spray height (mm) Air pressure (MPa) Initial tem-
perature 
(℃)

1 40 0.2 800
2 60 0.2 800
3 80 0.2 800
4 100 0.2 800
5 120 0.2 800
6 80 0.1 800
7 80 0.15 800
9 80 0.25 800
10 80 0.3 800

Table 3   Summary of uncertainties

Parameters Uncertainty

Dimensions of specimens  ± 0.01 mm
‘K’ thermocouple  ± 0.4%
Temperature measurement  ± 1.5 ℃
USB TC-08  ± 0.5 ℃
Air pressure  ± 0.01 MPa
Water temperature  ± 0.05 ℃
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Finite Element Method or other algorithms based on the 
temperature field. When solving the specific heat conduc-
tion process, it is necessary to know the geometric con-
ditions, thermophysical parameters, boundary conditions 
and initial conditions.

Cylindrical surface and bottom of the sample are insu-
lated with thermal insulation material (aluminum silicate 
ceramic fiber paper) [17], as shown in Fig. 3. According to 
the definition of HTC and thermal conductivity, the HTC of 
thermal insulation material with the certain thickness can 
be approximately calculated. The HTC between sample and 
atmosphere is approximately equal to the ratio of thermal 
conductivity to thickness of the material. The thermal con-
ductivity of thermal insulation material is 0.037–0.055 W/
(m·℃) [21]. The thickness of thermal insulation material is 
approximately 15 mm. Then the HTC between sample and 
atmosphere is approximately 2.47–3.67 W/(m2·℃). Very 
slow cooling rate of insulation as compare to the top surface 
(impinging surface) make that heat transfer approximately 
one dimensional and minimize the heat losses in the radial 
direction of the sample. Therefore, the spray cooling process 
is assumed to be a one-dimensional heat conduction prob-
lem when calculating surface temperature, IHTC and surface 
heat flux, and the validity of the one-dimensional assump-
tion has been verified [2]. For boundary conditions, except 
for the top surface (impinging surface), cylindrical surface 
and bottom of the sample are assumed to be adiabatic.

So the heat conduction equation, initial condition and 
boundary conditions can be described as Eqs. (1), (2), (3) 
and (4), respectively.

where, T represents temperature, ℃; ρ is density, kg/m3; cp 
is specific heat capacity, J/(kg·℃); λ is thermal conductiv-
ity, W/(m °C). t is time, s. z is the coordinate along the axial 
direction of the sample.

where, q denotes surface heat flux, W/m2, which is a func-
tion of time t. H is the interfacial heat transfer coefficient, 
W/(m2·℃), which is a function of temperature. Tf is the tem-
perature of air-atomized water spraying, ℃.

Compared with the forward heat conduction problem, 
the inverse heat conduction problem uses an optimization 

(1)�cp
�T

�t
=

�

�z
(�
�T

�z
)

(2)T|t=0 = f (z)

(3)−�
�T

�z
|z=0 = q(t) = H(T − Tf ) at the cooling surface

(4)
�T

�z
|z = 0 at other surfaces

algorithm to assume the value of the parameters required 
to be solved, and then substitutes the assumed value into 
the forward heat conduction problem. By establishing the 
objective function, it can judge whether the value at this time 
meets the requirements. If it does not meet the requirements, 
the optimization algorithm is needed for the next optimiza-
tion. If it meets the requirements, Then the value at this time 
is the optimal value of the parameter requiring the solution. 
According to the temperature curve measured in the experi-
ment, the surface temperature, IHTC and surface heat flux 
are solved by inverse heat conduction program based on the 
improved advance and retreat method and the golden section 
method [21, 22]. The flow chart of inverse heat conduction 
program is shown in Fig. 4. The Fortran program of the 
improved advance and retreat method and golden section 
method are shown in reference [23]. The calculation effi-
ciency, solution accuracy and convergence of the inverse 
heat conduction program have been verified in references 
[21, 24].

3.2 � Effects of spray height and air pressure on IHTC

3.2.1 � Effects of spray height on IHTC

Spray height is the distance between the atomizer and the 
target surface. The atomizer-to-surface has essential influ-
ence on the IHTC during the air-atomized water spray cool-
ing [25]. The temperatures of P1 point under the different 
spray height recorded by USB TC-08 are shown in Fig. 5, 
while the surface temperature and IHTC curves which  
calculated by the IHCM [21, 22] are shown in Figs. 6 and  
7, respectively. It can be seen from Fig. 6 that when the 
air pressure remains constant (0.2 MPa), the cooling rate 
increases with the decreases of spray height.

It can be seen from Fig. 7 that when the air pressure is 
constant, as the spray height decreases, the IHTC increases. 
When the spray height is between 80—120 mm, the sur-
face temperature decreases from 800 ℃ to 700 ℃ during 
the spray cooling process, the IHTC gradually increases, 
reaching about 2000 W/(m2·℃). During the spray cooling 
process where the surface temperature drops from 700 ℃ to 
400 ℃, the slope of IHTC curve is basically 0, and the IHTC 
remains almost unchanged. When the surface temperature is 
below 400 ℃, the IHTC increases continuously during spray 
cooling. When the spray height is 120 mm, 100 mm, 80 mm, 
the maximum IHTC is about 10,000 W/(m2·℃), 11,000 W/
(m2·℃), 12,500 W/(m2·℃), respectively. When the spray 
height is 60 mm, the surface temperature is reduced from 
800 ℃ to about 425 ℃, the IHTC gradually increases, can 
reach about 3000 W/(m2·℃). During the spray cooling of the 
surface temperature below 425 ℃, the slope of the IHTC is 
increased, and the IHTC is increased. The maximum IHTC 
can reach about 13,000 W/(m2·℃). When the spray height 
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is 40 mm, the surface temperature is reduced from 800 ℃ 
to about 500 ℃, the IHTC gradually increases. During the 
spray cooling of the surface temperature below 500 ℃, the 

IHTC has increased. The maximum IHTC can reach approx-
imately 14,500 W/(m2·℃). In conclusion, when the spray 
height goes up, the droplets impact energy decreases, which 

Fig. 4   Flow chart of the inverse 
heat conduction program

Fig. 5   Temperature curves at the monitoring point P1 for the samples 
with the different spray heights (Measured by the thermocouple in the 
experiment)

Fig. 6   Temperature curves on the cooling surface for the samples 
with the different spray heights (Calculated by the IHCM)
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disables the positive effect of the increased impinged cooling 
area and accordingly decreases the IHTC [10].

3.2.2 � Effects of air pressure on IHTC

Air pressure is also one of the most important factors to 
affect the IHTC. The air pressure was 0.1 MPa, 0.15 MPa, 
0.2 MPa, 0.25 MPa and 0.3 MPa, respectively. The tem-
perature curves at the monitoring point P1 recorded by USB 
TC-08 are shown in Fig. 8. The surface temperature and 
IHTC calculated by the IHCM [21, 22] are shown in Figs. 9 
and 10, respectively. When the spray height and initial 
temperature are constant, the time required for the cooling  
surface to cool to a certain temperature decreases as the air 

pressure increases. When the spray pressure is 0.3 MPa, 
0.25 MPa, 0.2 MPa, 0.15 MPa, 0.1 MPa, the cooling time to 
100 ℃ is about 57 s, 65 s, 70 s, 82 s, 90 s, respectively. The 
greater the air pressure, the faster the cooling rate.

(Calculated by the IHCM).
As can be seen from Fig. 10, when the air pressure is 

between 0.1—0.3 MPa, the surface temperature is reduced 
from 800 ℃ to about 700 ℃, the IHTC gradually increases, 
reaches about 1000 W/(m2·℃). When the air pressure is 
0.1 MPa, the surface temperature is reduced from 700 ℃ to 
about 330 ℃, the slope of the IHTC curve is small, and the 
IHTC increases slowly. As the surface temperature is about 
330 ℃, the IHTC reaches about 2000 W/(m2·℃). During 
the spray cooling process below about 330 ℃, the IHTC 

Fig. 7   IHTC on the cooling surface of sample for the different spray 
height

Fig. 8   Temperature curves of monitoring point P1 for the samples 
with the different air pressure (Measured by the thermocouple)

Fig. 9   Temperature curves on the cooling surface for the samples 
with the different air pressure

Fig. 10   IHTC on the cooling surface of samples at different air pres-
sures
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has increased, the maximum value of the IHTC is about 
10,000 W/(m2·℃). When the air pressure is 0.3 MPa, the sur-
face temperature is reduced from 700 ℃ to about 450 ℃. The 
slope of the IHTC is small, and the IHTC increases slowly. 
When the surface temperature is about 450 ℃, the IHTC 
reaches about 3000 W/(m2·℃). During the spray cooling 
process of less than about 450 ℃, the IHTC has increased, 
the maximum value of the IHTC is about 14,000 W/(m2·℃). 
When the spray height is constant, increase the air pressure, 
the number of droplets that is atomized is increased, and the 
droplet kinetic energy is increased, the impact of the cooling 
surface is large, the heat transfer efficiency is improved, and 
the IHTC is increased.

3.3 � Effects of spray height and air pressure 
on cooling rate

3.3.1 � Effects of spray height on cooling rate

When studying the effect of the spray height on the cooling 
rate, the air pressure is set to be 0.2 MPa. The tangent slope 
of temperature curve shown in Fig. 6 is the cooling rate on 
the cooling surface. The parameter ΔT/Δt characterizes a 
rate of the temperature change during the time interval cor-
responding to the sample rate of the thermocouple inside 
the hole. The maximum cooling rate is the maximum value 
of the parameter ΔT/Δt during the spray cooling process 
where the surface temperature is cooled from 800 ℃ to 100 
℃. The average cooling rate is the mean of the parameter  
ΔT/Δt during the spray cooling process where the surface 
temperature is cooled from 800 ℃ to 100 ℃. As the spray 
height is 40 mm, the maximum cooling rate is approximately 
85.1 ℃/s, and the average cooling rate is approximately 33.3 
℃/s. As the spray height is 120 mm, the maximum cooling 

rate is approximately 31.1 ℃/s, and the average cooling rate 
is approximately 12.0 ℃/s, as shown in Fig. 11.

According to the experiment of air-atomized water spray 
cooling process, the spray cone angle is smaller. When the 
atomizer is closer to the target surface, the cooling surface 
is not completely covered inside the spray cone, the actual 
spray area is reduced, and the cooling effect is declined. 
However, the loss of droplet kinetic energy is small. The 
droplet has a large momentum and has a strong impact on the 
cooling surface, the surface liquid film is quickly destroyed 
and the cooling rate is faster. While the spray height is high, 
part of the sprayed atomized droplets will fall outside the 
target surface, the number of splashed droplets will increase, 
the effective flow rate actually sprayed to the surface will 
be reduced, and the impact of the droplets will be smaller. 
Therefore, the cooling rate is slower.

3.3.2 � Effects of air pressure on cooling rate

When studying the effect of the air pressure on the cooling 
rate, the spray height is constant (80 mm). As the air pres-
sure is 0.1 MPa, the maximum cooling rate is approximately 
32.8 ℃/s, the average cooling rate is approximately 11.1 ℃/s. 
As the air pressure is 0.3 MPa, the maximum cooling rate 
is approximately 62.6 ℃/s, and the average cooling rate is 
approximately 26.6 ℃/s, as shown in Fig. 12.

As the air pressure increases, the initial velocity of the 
droplets and the number or density of the droplets increase, 
while the size of droplets decreases, which is conductive to 
penetrating the liquid film and enhancing the disturbance to 
the liquid film. The radial velocity component of the liquid 
droplet on the heat exchange wall becomes larger, which 
makes the elimination speed of the liquid film on the heating 
surface faster, that is, the erosion effect of the liquid film on 

Fig. 11   Cooling rate at the different spray heights

Fig. 12   Cooling rate at different air pressures
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Fig. 13   Wetting front propaga-
tion on the hot metallic surface 
of samples for the different 
spray heights (40 mm, 60 mm, 
80 mm, 100 mm and 120 mm)
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the wall surface is enhanced, and the heat transfer effect is 
improved.

3.4 � Effects of spray height and air pressure 
on wetting front propagation

3.4.1 � Effects of spray height on wetting front propagation

The Chronos 1.4 high-speed camera is used to record the 
wetting front propagation on the target surface of sample in 
the cooling process. The wetting front propagation on the 
hot metallic surface for the different spray heights is shown 
in Fig. 13.

It can be clearly seen from Fig. 13 that there are three 
surface states on the target surface during the air-atomized 
water spray cooling. One is heat transfer with a dry surface 
layer, the other is heat transfer with a wetting surface layer, 
and another is heat transfer with the transition state, which 
is the state between the dry surface layer and the wetting 
surface layer. At the beginning of the transition state stage, 
the liquid film may begin to appear on any position of the 
hot metallic surface, and gradually expands.

until it covers the whole surface. According to the wetting 
front propagation taken by the high-speed camera and the 
surface temperature calculated by the IHCM, the retention 
time of the three states can be determined.

The retention time of the dry surface layer is different 
for the different spray heights during the air-atomized water 
spray cooling. When the spray heights are 40 mm, 60 mm, 
80 mm, 100 mm and 120 mm, the retention time of the dry 
surface layer are approximately 3.6 s, 9.2 s, 16.4 s, 20.8 s 
and 31.6  s, respectively, as depicted in Fig. 14(a). The 
corresponding surface temperatures at the end of the dry 
surface layer are about 617.4 ℃, 484.6 ℃, 417.3 ℃, 411.7 
℃ and 390.5 ℃, respectively. This temperature is the low-
est temperature to maintain the stability of the vapor film, 
called Leidenfrost Point (LFP), as shown in Fig. 14(b). The 
LFP temperature decreases with the increasing of the spray 
height.

Some tiny water droplets are quickly vaporized when they 
encounter the hot metallic surface. A lot of steam bubbles 
are formed on the hot metallic surface. The heat exchange 
between the hot metallic surface and air-atomized water 
spray cooling is mainly by the evaporation of water droplets, 
this process is evaporation. As more and more water droplets 
dropped on the hot metallic surface, the steam bubble bursts 
and form a vapor film, as shown in Fig. 15. The vapor film 
leads to the poor heat transfer effectiveness between the high 
metallic surface and the air-atomized water spray [26]. The 
droplets float on the vapor film and evaporates very slowly. 
This process is called as film boiling, which the surface 
temperature is above the Leidenfrost temperature [6]. Film 
boiling is dominated by formation of a vapor layer along 

the entire hot metallic surface. Because of the low thermal 
conductivity of vapor, cooling rate in film boiling is quite  
slow [27]. It is worth pointing out that there is no film boiling  
when the spray height is 40 mm. This is because when the 
spray height goes down, the perpendicular velocity of drop-
lets increases. High kinetic energy droplet and fast flow can 
easily blow away the vapor layer on the hot metallic surface, 
leading to the decrease of the percentage of film boiling, and 
the film boiling stage can easily be replaced by the evapora-
tion and convection between the air-atomized water spray 
and the hot metallic surface [28], as shown in Fig. 15.

After the LFP temperature, the surface state changes to 
the transition state [29, 30], and the heat transfer efficiency is  
enhanced. The retention time of transition state is approxi-
mately 3.2 s, 4 s, 4.8 s, 6.8 s and 11.2 s, respectively, as  

Fig. 14   The maintenance time of dry surface layer and Leidenfrost 
Point. (a) The retention time of dry surface layer at different spray 
heights, (b) Leidenfrost Point (LFP) under different spray heights
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shown in Fig. 16. At this stage, the surface temperature 
ranges are 617.4—402.6 ℃, 484.6—305.3 ℃, 417.3—277.0 
℃, 411.7—244.0 ℃ and 390.5—214.4 ℃, respectively. The 
retention time of the transition state increases with the 
increasing of the spray height.

At this stage, the vapor film becomes more and more 
unstable until the critical heat flux (CHF) is reached [29]. 

The vapor film begins to crack from an uncertain position 
on the hot metallic surface, some discontinuous bubbles 
are formed on the surface. The discontinuous bubbles can 
make some tiny droplets contact the hot metallic surface. 
As lots of droplets impinge on the surface, some drop-
lets rebound from the hot metallic surface, some droplets 
deposit on the hot metallic surface, and parts of droplets 
splash when others depositing on the hot metallic surface. 
The droplets deposited on the hot metallic surface form the 
wetting surface layer. The vapor bubbles are washed away 
by the droplets splashed, and a lot of heat energy is taken 
away, as shown in Fig. 17. The IHTC increases, as shown 
in Fig. 7. This process is called as the transition boiling. 
At the lower temperature boundary of the transition boiling 
regime, where the entire surface becomes available for wet-
ting and heat transfer rate reaches a maximum (so called 
CHF) [31].

After the transition boiling, it is nucleate boiling until 
the surface temperature drops to the boiling temperature of 
water (100 ℃). At this process, the whole surface was cov-
ered by water droplets, and a complete liquid film is formed. 
The nucleate boiling regime is marked by abundance of 
vapor bubbles nucleating, growing, and departing from the 
surface at high frequency [27], as shown in Fig. 18. Evapora-
tion of the liquid film on the liquid–vapor layer interface was 
induced by convective and radiative heat transfer through  
the vapor layer [12].

Fig. 15   Evaporation and film 
boiling process of water drop-
lets sprayed on the hot metallic 
surface

Fig. 16   The retention time of transition state for the different spray 
heights

1257Heat and Mass Transfer (2022) 58:1247–1262



1 3

3.4.2 � Effects of air pressure on wetting front propagation

The wetting front propagation under the different pressure taken 
by the Chronos 1.4 high-speed camera is shown in Fig. 19. It 
can be clearly seen from Fig. 19 that there are also three sur-
face states (dry surface layer, transition state, wetting surface 
layer) on the target surface during the air-atomized water spray 
cooling. According to the wetting front propagation taken by 
the high-speed camera and the surface temperature calculated 
by the IHCM, the retention time of different states is analyzed.

(0.1 MPa, 0.15 MPa, 0.2 MPa, 0.25 MPa and 0.3 MPa).
The maintenance time and temperature range of the dif-

ferent states are shown in Fig. 20. As the air pressures are 
0.1 MPa, 0.15 MPa, 0.2 MPa, 0.25 MPa and 0.3 MPa, the 
retention time of the dry surface layer are approximately 
40.0 s, 29.6 s, 20.0 s, 13.6 s and 8.4 s, respectively, as 
depicted in Fig. 20. When the temperature drops to about 
349.4 ℃, 350.1 ℃, 391.0 ℃, 408.2 ℃ and 474.3 ℃, respec-
tively, the surface state changes to transition state. This 
temperature is the LFP temperature. The LFP temperature 

Fig. 17   Transition boiling

Fig. 18   Nucleate boiling
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Fig. 19   Wetting layer evolution 
of sample surface for the differ-
ent air pressure
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under the different air pressures is shown in Fig. 21. The 
LFP temperature increases with the increase of the air pres-
sure. When the air pressure increases by 0.1 MPa, the LFP 
temperature changes approximately 50 ℃. After the LFP 
temperature, the surface state is the transition state. During 
the transition state, the retention time under the different 
air pressures is 7.2 s, 6.0 s, 5.2 s, 4.4 s and 3.6 s, respec-
tively. The surface temperature ranges of the transition 
state are 349.4—215.3 ℃, 350.1—222.0 ℃, 391.0—253.9 
℃, 408.2—260.3 ℃ and 474.3—316.1 ℃, respectively, as 
shown in Fig. 22.

Just like the air-atomized water spray cooling under the 
different spray heights, the working fluid is atomized into 

a large number of smaller and colder droplets, and then 
impinged on the hot metallic surface, which removes a lot 
of heat through the ways of convection and evaporation. 
Obviously, the steam layer can be seen through the pic-
tures taken by the Chronos 1.4 high-speed camera. When 
the air pressure is relatively low, the effect of air assist is 
not obvious. The number of droplets which are atomized is 
small. After the vapor film is formed, it is hard to be broken. 
Therefore, the time of dry surface layer remains longer at 
low air pressure. However, when the air pressure increases, 
the droplets produced by the air-assisted atomizer become 
more and more. The vapor film on the hot metallic surface 
is washed away by droplets. Nevertheless, when the air pres-
sure becomes larger, the film boiling stage and transitional 
boiling time become shorter. Maybe, when the air pressure 
becomes larger and larger, the film boiling regime does not 
exist.

4 � Conclusion

In this paper, the results of experimental investigation on 
thermal characteristics of spray cooling of hot surface under 
controlled parameters have been reported. The cooling rate 
and heat transfer coefficient were discussed for different 
spray height and air pressure. The conclusions are as follows:

1.	 The spray height and air pressure all have significant 
influence on IHTC in air-atomized water spray cooling. 
These factors affect the boiling state on the hot metal-
lic surface by influence the condition of the flow field 
during the air-atomized water spray cooling. When the 

Fig. 20   The retention time and the temperature range of the dry sur-
face layer at different air pressures

Fig. 21   LFP temperature under different air pressures

Fig. 22   The retention time and the temperature range of the transition 
state at different air pressures
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spray height is 40 mm, there is no film boiling on the 
target surface.

2.	 During the air-atomized water spray cooling, the liquid–
solid IHTC between the hot metallic surface and spray 
medium changes with air pressure and spray height. 
IHTC is positive proportional to the air pressure and 
inversely proportional to the spray height.

3.	 It has also been noticed that cooling rate is affected by 
air pressure and spray height. The cooling rate shows an 
increasing trend with an increasing air pressure because 
of the formation of a large number of atomized drop-
lets. In addition, it is also observed that the cooling rate 
decreases with increasing spray height.

4.	 The retention time of the dry surface layer and the transi-
tion state is proportional to spray height and inversely 
proportional to air pressure. The LFP point decreases 
with the increasing of the spray height and increases 
with the increasing of the air pressure. Moreover, spray 
height has a greater effect on the LFP point than air pres-
sure.
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