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Abstract
Spray impingement cooling is the major method currently used to cool steel after the hot-rolling process. In this study, dual
nozzles are used to investigate the cooling character of the flat plate using for the spray impingement cooling process. Based on
an experimental temperature measurement, a three-dimensional numerical model is set up to calculate the transient heat transfer
coefficient of the cooling plate by solving the inverse heat conduction problem with the conjugate gradient method. Both the
experimental and numerical results indicated that an interference region appeared between the two jet spray impingement regions.
The interference pitch varied with the flow rates, the height from the plane to the jet outlet, and the distance between the two jets.
As water spread over the plate, the heat dissipation region gradually stretched from the impingement region to the interference
and flow regions. A peak in the heat flux curve was observed when the water arrived at the wet front of the flow. Meanwhile, the
peak in the heat flux decreased as the distance from the impingement region increased. A maximum local heat transfer coefficient
23,000 W/(m2K) was observed in this experiment. The global average heat transfer coefficient increased with increases in the
water flow rate, but it decreased with increases in the pitch.

Nomenclature
Cp specific heat, J/(kgK)
H the height of the nozzles relative to the flat plate, mm
h heat transfer coefficient, W/(m2K)
Jobj objective function
k thermal conductivity, W/(m2K)
L the length of the flat plate, mm
P the pitch of the nozzles, mm
Q the flow rate, L/min
q” heat flux, MW/m2

T temperature, °C
t the thickness of the flat plate, mm
W the width of the flat plate, mm

Greek symbols
β size of search step
γ conjugate-gradient coefficient
ξ search directions
ρ density, kg/m3

Subscripts
ave average
es estimate
ex experiment
∞ environmental condition
m search steps in the CGM
n the number of variables
s surface of the flat plate

1 Introduction

Spray impingement cooling is the main cooling process used
after the hot-rolling process for steel to retain a fine crystal
structure and to obtain better mechanical properties. The spray
impingement cooling process utilizes the latent heat from
evaporation to remove a large amount of heat from the plate
when it leaves the hot rolling machine. A large temperature
difference between the plate and the spray water results in a
pool boiling heat transfer, which lead to a much higher heat
transfer rate than can be achieved using a forced convection
process. Many studies on the impingement cooling process
have been conducted. For the study of a single nozzle, Chiu
and Lin [1] investigated the dynamic behavior of a liquid-
liquid compound drop impinging on a hot surface above the
Leidenfrost temperature. The experimental results show that
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an increasing core-to-shell mass ratio raises the momentum
loss, reduces the number of secondary drops, and promotes
core-drop escaping. Leocadio et al. [2] conducted a study on
the heat transfer behavior of a high-temperature steel plate
cooled using a subcooled impingement circular water jet
based on both experimental and numerical analyses. The re-
sults showed that the water jet can touch the hot strip surface
without the formation of a vapor film. Karwa et al. [3] per-
formed an experimental study of the heat transfer occurring
during quenching of a cylindrical stainless steel test specimen
and obtained the boiling curve and the heat transfer distribu-
tions for impingement velocities of 2.85 and 6.5 m/s. Gradeck
et al. [4] studied the heat transfer from a hot moving cylinder
impinged using a planar subcooled water jet and obtained the
time-dependent surface temperature and extracted heat flux.

Wang et al. [5] investigated the heat transfer phenomena
associated with a stationary hot steel plate during a water jet
impingement cooling process. The local surface convection
heat transfer coefficients and corresponding temperatures
were calculated using a 2D finite difference program. The
results revealed that the heat transfer coefficients were nonlin-
ear functions of the surface temperature and that the cooling
flow rate had no effect on the heat transfer coefficient and the
surface temperature of the stagnation point. Dou et al. [6]
deduced the surface heat flux by using an inverse heat con-
duction analysis based on an experimental study. Their results
showed that heat transfer can be improved by increasing the
surface roughness of the steel plate. Fu et al. [7] investigated
ultra-fast cooling of a steel plate under spray cooling condi-
tions. The results indicated that the spray inclination angle
affects the cooling range of the plate by changing the spray
injection zone area, flow density, and flow velocity, etc. Wang
et al. [8] investigated the effect of the initial surface tempera-
ture, water temperature, and jet velocity on the heat transfer
characteristics of a circular jet nozzle. It was found that the
maximum heat flux was influenced by the initial surface tem-
perature, water temperature, and jet velocity. Kahani et al. [9]
presented the results of an experimental investigation of
nanofluid droplets impacting on nanostructured surfaces.
The results show that the increase in nanofluid concentration
leads to a decrease in the maximum spreading and the height
of droplets after impingement, and the use of nanofluids in-
creases the temperature difference at the center of the droplet
impact region.

For the study of multiple nozzles, Hall et al. [10] firstly
successfully attempted to systematically predict the tempera-
ture response of a quenched part from knowledge of only the
part geometry and spray nozzle configuration. Horacek et al.
[11] studied time-varied and space-resolved heat transfer on a
nominally isothermal surface cooled using two spray nozzles
and an array of individually controlled microheaters. The re-
sults showed that the interaction between the two sprays was
insignificant under their testing conditions and that the heat

flux of a single nozzle was comparable to that of two nozzles.
In addition, the heat transfer increased significantly with de-
creases in the nozzle-to-heater spacing. Horsky et al. [12]
presented an experimental method for measurement of heat
transfer parameters for commonly used mist nozzles, where
the pressure setting, casting speed, and behavior in the over-
lapping areas could all be tested. They also described the
distribution of the heat transfer coefficient on the cooled steel
surface.

Shtevi et al. [13] tested a number of differently constructed
nozzles in order to verify whether these nozzles are appropri-
ate to use in arrays for water spray quenching. The results
showed that the optimal nozzle-to-nozzle distance was differ-
ent from that predicted by ignoring the effect of droplet inter-
action, which resulted in uneven distribution of the mass flux
density. Stark et al. [14] suggested that heat transfer rates vary
with the applied flow parameters and their influence on the
cooling conditions. Their results were examined with an ex-
perimental analysis of impinging multiphase jets and sprays.
Horsky et al. [15] improved the efficiency of the nozzle
cooling system by changing the type of nozzle, geometrical
configuration (nozzles pitch, distance from the roll, orienta-
tion, number of manifolds), coolant pressure, and temperature
in a roll cooling process. Pohanka and Votavova [16] studied
multiple spray water nozzle impingement on a steel surface to
remove unwanted scales during the production process.
Interference zones were formed between the nozzles, because
the nozzles were arranged in-line. The heat transfer coefficient
and surface temperature of the interference zone was com-
pared with the undisturbed areas, and the results showed the
interference zone to be grossly overcooled.

These previous studies indicated that many parameters
affect the heat transfer coefficients of a flat plate under
spray cooling conditions. In addition, the heat transfer
coefficient significantly changes the heat dissipation rate
of the hot plate, thus affecting the temperature distribu-
tion. In order to obtain the heat transfer coefficient profile
of a flat plate during the impingement cooling process, an
inverse calculation method is typically adopted to solve
the profile, using the temperature obtained from the com-
mercial CFD code ANSYS FLUENT. The solver com-
bined with the conjugate-gradient method (CGM) that
has been successfully applied to other applications
[17–21].

The nozzle arrays are widely used in the plate cooling, both
the pitch of nozzles and the water flow rate are important
parameters that significantly affect the heat transfer coefficient
distribution for a flat plate during the spray impingement
cooling process. However, there has been little study or anal-
ysis of the transient heat transfer coefficient distribution on the
interference effect of dual spray impingement nozzles with
different pitches and water flow rates. This gap in the literature
has motivated the present investigation, and this study aims to
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discuss the influence of nozzle pitch and nozzle flow rate for
the heat transfer rate.

2 Mathematical analysis

In this work, the controlled cooling process for a flat pate
from the China Steel Corporation (CSC), Taiwan is
discussed. A three-dimensional numerical model is used
to simulate the transient heat transfer cooling process after
the rolling process. The physical model and computational
grid system of the flat plate are shown in Fig. 1(a) and (b).
The flat plate used in this study was stainless steel with

dimensions of 300 mm × 300 mm × 40 mm. Based on the
cooling and the geometrical characteristics of the flat plate,
a 1/4 symmetry physical model was adopted in the com-
putational domain. The symmetry lines are along the x-axis
and z-axis individually, so the 1/4 symmetry physical mod-
el was divided into 18 parts corresponding to the heat
transfer coefficients h1, h2, h3,…etc., and h18 based on
the thermocouple positions and the flow track with differ-
ent nozzle pitch, as shown in Fig. 1(c), which was divided
into 6 segments along the x-direction uniformly and divid-
ed into 3 segments along the z-direction. In this research,
the heat transfer coefficients were determined by solving
the inverse heat conduction problem with a conjugate

(a) physical model

(b) computational grid system (1/4 model)     (c) the heat transfer coefficients distribution
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Fig. 1 Physical model, computational grid system, and the heat transfer coefficient distribution
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gradient method (CGM) search based on the local temper-
ature distribution in the experiment.

2.1 Governing equations

The following transient conduction equation governs the tem-
perature field of a flat plate

∂
∂x j

k
∂T
∂x j

� �
¼ ρ⋅Cp

∂T
∂t

; ð1Þ

where ρ, Cp, and k are the density, heat capacity, and thermal
conductivity of the flat plate, respectively. The density ρ is a
constant equal to 7750 kg/m3, and correlation of the heat ca-
pacity and the thermal conductivity are varied with the tem-
perature as follows [22].

Cp ¼ 337:6747þ 0:8735T−0:001469T2 þ 1� 10−6T3; T ≤700 K; ð2Þ

k ¼ 17:9148−0:0249T þ 7:5396� 10−5T2−5:0021

� 10−8T 3; T ≤700 K: ð3Þ

Fig. 2 A flowchart of the inverse calculation process
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2.2 Initial and boundary conditions

The initial temperature of the plate is at 400 °C. For the bound-
ary conditions, the convective heat transfer between the flat
plate surface and the surroundings is evaluated by using the
following equation

q′′ ¼ −k
∂T
∂n

jsur face ¼ h Ts−T∞ð Þ; ð4Þ

where h is the convective heat transfer coefficient for the sur-
face of the flat plate and varies with the different parts of the
flat plate, the convective heat transfer coefficient for the side
and bottom of the plate are varied from 50 through 200 W/
(m2K) in order to examine the sensibility of the inverse heat
conduction calculation; Ts is the surface temperature of the flat
plate, and T∞ is the environmental temperature of 22 °C in the
cooling process.

The averaged of heat transfer coefficient is defined as follows

h tð Þ ¼ ∬h x; z; tð Þdxdz
LxLz

: ð5Þ

3 Numerical method

3.1 Numerical algorithm

In this study, Fluent commercial software was adopted to solve
the governing equations, and the finite volume numerical

method was used to simulate the temperature field analysis.
The computation process was transient, so the first order im-
plicit method was adopted to maintain the numerical stability of
every time step. The time step was 0.1 s for the CGM, which is
sufficient to describe the globe temperature change for the
cooling plate and the computational accuracy requirements. A
structured grid system is typically adopted in the computational
domain. However, a careful check of the grid independence of
the numerical solutions was made to ensure the accuracy and
validity of the numerical results. For this purpose, three grid
systems (59,536; 83,349; and 115,351) were tested. It was
found that the relative errors in the local temperature between
the solutions obtained with 83,349 and 115,351 grids were less
than 0.5%. The discretized systemwas solved iteratively until it
satisfied the following residual convergence criterion

max
jTn

i; j−T
n−1
i; j j

Tn
i; j

 !
≤10−6: ð6Þ

where Tn−1
i; j is the previous temperature value of Tn

i; j at the same

time level.
The simulations were performed as a parallel calculation

for the three-dimensional models on a sixteen core CPUs with
128G RAMworking station computer. The computer compu-
tation times were approximately 20 min for each search step.

3.2 Inverse heat conduction method

In this study, based on the local temperature distribution used
in the experiment, the conjugate-gradient method (CGM) was

Fig. 3 Schematic of the experimental setup
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combined with a finite volume method (FVM) code as a tool
to search for the heat transfer coefficients. The objective func-
tion Jobj(h1, h2, h3,…, h17, h18) was defined as the temperature
difference between the simulation temperature and the mea-
surement temperature as a minimum (min{abs|T1, ex − T1, es|,
abs|T2, ex − T2, es|,…, abs|T10, ex − T10, es|}.

Above all, the CGM method evaluates the gradient of the
objective function, and then it sets up a new conjugate direc-
tion for the updated design variables with the help of a direct
numerical sensitivity y analysis. The initial guess for the value
of each search variable was made, and in the successive steps,
the conjugate-gradient coefficients and the search directions
were evaluated to estimate the new search variables. The so-
lutions obtained from the finite volume method were then
used to calculate the value of the objective function, which
was further transmitted back to the optimizer for the purpose
of calculating the consecutive directions. The procedure for
applying this method is described as follows:

(1) Generate an initial guess for eighteen design variables
(x1, x2, x3,…, x17, x18) – the heat transfer coefficients
(h1, h2, h3,…, h17, h18).

(2) Adopt the finite difference method to predict the temper-
ature fields (T(x, z))associated with the last (h1, h2, h3,
…, h17, h18), and then calculate the objective function
Jobj(h1, h2, h3,…, h17, h18).

(3) When the value of Jobj(h1, h2, h3,…, h17, h18) reaches the
minimum, the inverse search process is terminated.
Otherwise, proceed to step (4).

(4) Determine the gradient functions, (∂Jobj/∂xi)(m) (i = 1, 2,
3, …, 17, 18), by applying a small perturbation
(Δx1,Δx2,Δx3,…,Δx17,Δx18) to each value of (x1,
x2, x3,…, x17, x18), and calculate the corresponding
change in objective functionJobj(h1, h2, h3,…, h17, h18).
Then, the gradient functions with respect to each value
of the design variables (x1, x2, x3,…, x17, x18) can be cal-
culated by the direct numerical differentiation as

Fig. 4 Thermocouple positions
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∂Job j
∂x1

¼ ΔJob j
Δx1

;
∂Job j
∂x2

¼ ΔJob j
Δx2

;…;
∂Job j
∂x17

¼ ΔJob j
Δx17

;
∂Job j
∂x18

¼ ΔJob j
Δx18

ð7Þ

(5) Calculate the conjugate-gradient coefficients, γ(m), and

the search directions, ξ mþ1ð Þ
1 ; ξ mþ1ð Þ

2 ; ξ mþ1ð Þ
3 ;…; ξ mþ1ð Þ

17 ;

ξ mþ1ð Þ
18 , for the search variables. For the first step with
k = 1, γ(1) = 0.

γ mð Þ ¼ ∑
2

n

∂J mð Þ
ob j

∂xn
=∑

2

n

∂J m−1ð Þ
ob j

∂xn

" #2
; n ¼ 1; 2; 3;…; 17; 18 ð8Þ

ξ mþ1ð Þ
1 ¼ ∂J mð Þ

ob j

∂x1
þ γ mð Þξ mð Þ

1 ; ξ mþ1ð Þ
2

¼ ∂J mð Þ
ob j

∂x2
þ γ mð Þξ mð Þ

2 ;…; ξ mþ1ð Þ
18

¼ ∂J mð Þ
ob j

∂x18
þ γ mð Þξ mð Þ

18 ð9Þ

(6) Assign values to the coefficients in a descending direc-
tion (β1, β2, β3,…β17, β18) for all values of the design
variables (x1, x2, x3,…, x17, x18). Specifically, these
values are chosen using a trial and error process. In gen-
eral, the coefficients in the descending direction
(β1, β2, β3,…, β17, β18) range from 1 to 50 based on trial
and error.

(7) Update the design variables with

x mþ1ð Þ
1 ¼ x mð Þ

1 þ β1 ξ
mð Þ
1 ; x mþ1ð Þ

2

¼ x mð Þ
2 þ β2 ξ

mð Þ
2 ;…x mþ1ð Þ

18 ¼ x mð Þ
18 þ β18 ξ

mð Þ
18 ð10Þ

A flowchart of the inverse calculation process by using
CGM is plotted as Fig. 2.

(a) Q = 2.5 L/min

(b) Q = 4 L/min

(c) Q = 5.2 L/min
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Fig. 5 Observation of the flow track under different flow rates
(H= 200 mm, P = 150 mm)

Fig. 6 The relationship of the interference pitch with different heights and
flow rates
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4 Experimental facilities and method

4.1 Experimental equipment and procedure

The experimental setup is illustrated schematically in Fig. 3. It
consists of four parts: (1) the furnace, (2) the test section, (3)

the water supply system, and (4) data acquisition system. The
furnace is used to heat the test piece to the desired temperature.
The test section comprises the test piece, thermocouples, noz-
zles, and a water tank. The test piece is a flat plate, which is
composed of the impingement region, the interference region

Fig. 8 Measured cooling curves with different flow rate (P = 150 mm)
Fig. 7 Measured cooling curves with different flow rate (P = 100 mm)
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and the flow region, as shown in Fig. 4. Total 10 thermocou-
ples (type-K) are inserted into the hot plate at 10, 11 or 14 mm
distance below the cooling surface to measure the time varia-
tion of the plate temperatures.

The water supply system includes a pump, thermometers,
control valves, and flowmeters. The water flow rate of the

multiple spray water nozzles was controlled by the control
valves and monitored by the flowmeters. Two VVP8080 noz-
zles (manufactured by Ikeuchi Taiwan Co., Ltd.) were used in
all experiments, for which the angle is 80o, and the maximum
of the water flow rate is 8 L/min under a pressure of 0.3 MPa
with droplet size 290 ~ 550 μm. The impingement region is in
the shape of an ellipse, as shown in Fig. 4.

The experimental procedure was done as follows: (1) The
test piece was first heated uniformly in the furnace 400 °C
(±5 °C) and then was moved to the test section for spray
cooling. (2)The nozzles were adjusted to a specific pitch and
height. (3) The water flow rate was controlled by the control
valves and monitored by the flowmeters to maintain a stable
flow. Three different water flow rates (2.5 L/min, 4.0 L/min,
and 5.2 L/min) were conducted in this study. (4) The local
temperature of the flat plate and the water was monitored
and recorded using the data acquisition system. (5) The flat
plate was placed in the test table and impinged by the spray
water nozzles for 20 s.

4.2 Experimental error analysis

Measurement errors can be divided into two components: ran-
dom error and systematic errors. The thermocouples (type K)
had an error of approximately ±1 °C. The accuracy of the data
acquisition system for temperature (GRAPHTEC-GL840)
was about ±0.1 °C. The water temperature of the nozzles
was controlled within ±0.5 °C. The relative errors for the
water flow rate and the thermocouples arrangement were ap-
proximately ±2% and ± 1%, respectively. The deviation is
about ±1% for the boundary condition of the plate (the heat
transfer coefficient of the side and bottom). In addition, to
minimize the measurement precision uncertainty, three iden-
tical measurements were taken under the same circumstances,
and then the average was taken. Using the method proposed
by Kline and McClintock [23], the total uncertainty in the
spray cooling curves obtained by combining the uncertainty
in repeatability with the measurement inaccuracies was esti-
mated to be 3.5%.

5 Results and discussion

In this study, the transient heat transfer analysis for dual spray
water nozzle impingement on a flat plate was studied to obtain
the local temperature distribution of the flat plate by consid-
ering the different water flow rates (Q = 2.5, 4, and 5.2 L/min),
and different nozzle pitches (P = 100, 150, and 200 mm),
which used to examine the influence of the nozzle parameters
for the heat transfer rate. Based on the local temperature dis-
tribution of the flat plate, the inverse heat conduction problem
with a three-dimensional numerical model was utilized to

Fig. 9 Measured cooling curves with different flow rate (P = 200 mm)
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obtain the heat transfer coefficients using a conjugate gradient
method (CGM) search.

Figure 5 shows that the flow track under the different water
flow rates (Q = 2.5, 4, and 5.2 L/min) with a height of 200 mm
and a pitch of 150 mm between the two nozzles. A black
acrylic plate with marked scale was installed on the impinge-
ment surface to display the flow of the injected water. It is
obvious that the flow track was divided into three parts: the
impingement region, the interference region, and the flow
region. The impingement region appeared as an ellipse and
was located below the nozzles. It can be observed that the
range of the impingement region increased with increases in
the water flow rate. The interference region was located in the
center of the impingement regions along the short-axis, and
the interference effect was obviously enhanced with increases
in the water flow rate. The flow region was located around the
interference and impingement regions. Note that, while the
cooling water jet initially hit the hot plate (about 400 °C),

the impingement region rapidly spread outward, and this phe-
nomenon did not occur when the water jet hit the acrylic plate
at room temperature without heating. This phenomenon has
been verified by some researchers [2, 5, 8].

Figure 6 indicates the relationship of the interference pitch
of nozzles at different heights and with different water flow
rates, as obtained by observing the flow field. Based on the
observation of the flow field, it was found that as the water
flow rate and the height increased, the interference pitch also
increased due to enhancement of the range of the impinge-
ment region. In order to investigate the influence of the inter-
ference effect on the heat transfer coefficient, different nozzle
pitches and water flow rates were used as parameters for the
experiment in this study. The height between the jet outlet and
the impingement surface was set at 200 mm for all the cases
referenced below.

Figures 7, 8, and 9 show the cooling curves at various
locations of the hot plate with different water flow rates

Fig. 10 The heat transfer
coefficient distribution with flow
rate of t = 1 s (P = 150 mm)
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(Q = 2.5, 4, and 5.2 L/min) and different pitches (P = 100,
150, and 200 mm), respectively. Because the range of the
impingement region, interference region, and flow region var-
ied with the pitch and the water flow rate of the nozzle, the
cooling curves for specific points exhibited different trends
with the different water flow rates and different pitches.
From the Figs, it can be seen that before the nozzles were
turned on, the temperature of the hot plate was uniform for
all experiments. When the water impinged the hot plate, the
temperature of the impingement region dropped immediately
and significantly and then decreased relatively slowly, as
shown in the cooling curves at points 7, 3, and 8, individually.
Figures 7, 8, and 9 denote nozzles pitches of 100, 150, and
200 mm, respectively. At the interference region (point 6) and
the flow region (point 1), the temperature initially changed
moderately, and then a sharp drop occurred from the center
to the edge sequentially. At a pitch of 100mm, the temperature
at point 6 (located at the interference region) exhibited a sharp

drop at 7 s, which means the interference effect was generated
at this moment. The temperature of point 1 exhibited a sharp
drop at 10 ~ 12 s for the different flow rates, which means the
vapor film gradually disappeared with the high-velocity flow.
For the pitches of 150 mm and 200 mm (shown as Figs. 8 and
9), the cooling curves at various regions had the same trend.

Figures 10, 11, 12, 13, and 14 show the heat transfer coef-
ficient distribution with different water flow rates (Q = 2.5, 4,
and 5.2 L/min) at different times (t = 1 s, 5 s, 10 s, 15 s, and
20 s) at a pitch of 150 mm. The heat transfer coefficient can be
seen as a nonlinear function of time and locations. At time
t = 1 s, an obvious difference in the heat transfer coefficient
distribution can be seen with different water flow rates, as
shown in Fig. 10, where the high heat transfer region is con-
centrated in the impingement region. Over time, the high heat
transfer region gradually spread to the interference region and
the flow region owing to the water flow, which resulted in the
interference effect. In addition, it is obvious that the

(a) Q = 2.5 L/min

(b) Q = 4.0 L/min

(c) Q = 5.2 L/min

h (W/m2 K)

x (mm)
z (mm)

h
(W

/m
2
 K

)

x (mm)
z (mm)

h
(W

/m
2
 K

)

x (mm)
z (mm)

h
(W

/m
2
 K

)

Fig. 11 The heat transfer
coefficient distribution with flow
rate of t = 5 s (P = 150 mm)
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interference effect increased over time, as shown in Figs. 12 to
14, where the maximum heat transfer coefficient in the inter-
ference region was about 14,000 W/(m2K) during the cooling
process. Meanwhile, the heat transfer coefficient was larger
than other regions, and a maximum heat transfer coefficient of
23,000 W/(m2K) was achieved for the impingement region.
As expected, the heat transfer coefficient in the flow region
was the smallest.

Figure 15 shows the cooling curve and the corresponding
time-varying heat transfer coefficient during the cooling pro-
cess with a pitch of 150 mm and a water flow rate of 5.2 L/min
for the three different regions, respectively. It was found that
the temperature cooling curve and the heat transfer coefficient
distribution were highly nonlinear with the time. In order to
analyze the characteristic of the cooling curve and the heat
transfer coefficient in the different regions, points 8, 1, and 6
were used to be representative of the impingement region, the
flow region, and the interference region, respectively.

Figure 15(a) shows that the temperature of the impingement
region (point 8) decreased slowly within 4 s and then de-
creased rapidly. The corresponding heat transfer coefficient
increased slightly and then decreased during the cooling pro-
cess. Figure 15(b) shows that the temperature of the flow
region (point 1) decreased very slowly within 6 s due to the
vapor film on the surface of the hot plate, and then the tem-
perature decreased rapidly during a cooling time of 20 s be-
cause of the high-velocity flow of the water over the hot plate,
thus eliminating the vapor film. The corresponding heat trans-
fer coefficient curve remained at a lower value until the vapor
filmwas eliminated. It then increased sharply from 6 s through
13 s, after which it decreased until 20 s. In addition, Fig. 15(c)
shows the characteristics of the interference region (point 6) as
the impingement region rapidly spread outward after the
cooling water jet first hit the hot plate. Meanwhile, the inter-
ference effect appeared gradually in the interference region,
and the heat transfer coefficient curve showed a trend similar

(a) Q = 2.5 L/min

(b) Q = 4.0 L/min

(c) Q = 5.2 L/min
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Fig. 12 The heat transfer
coefficient distribution with flow
rate of t = 10 s (P = 150 mm)
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to that of the flow region. In addition, it could be observed that
the heat transfer coefficient in the interference region was
obviously larger than that for the flow region when the inter-
ference effect occurred.

Figure 16 indicates shows the heat flux curves during the
cooling process at a pitch of 150 mm and a water flow rate of
5.2 L/min for the different regions at an initial temperature of
400 °C. As shown in Fig. 15, points 8, 1, and 6 were used to
analyze the characteristics of the heat flux distribution for the
impingement region, flow region, and the interference region,
respectively. For point 8 (in the impingement region), the peak
of the heat flux curve occurred about at t = 1 s, and the peak in
this region appeared before the other regions. In addition, the
peaks of the heat flux curves can be seen due to the arrival of
the wet front. The heat flux peaks are shown to decrease as
they move away from the impingement region.

Figure 17 shows the effect of water flow rate on the average
heat transfer coefficient for the flat plate with a pitch of
150 mm. It can be observed that the average heat transfer

coefficient of the plate increased obviously with increases in
the water flow rate because the range of the impingement
region and the interference effect increased with increases in
the water flow rate. The appeared time of maximum average
heat transfer coefficient varied with flow rate. Meanwhile,
Fig. 17 shows that the differences among the average heat
transfer coefficient curves decreased with increases in the
cooling time. The range of the average heat transfer coefficient
was about 1200 ~ 4021W/(m2K), 2355 ~ 4820W/(m2K), and
4016 ~ 5610W/(m2K), corresponding with the water flow rate
Q = 2.5, 4.0, and 5.2 L/min, respectively.

Figure 18 shows the effect of the pitch of nozzles on the
average heat transfer coefficient for the flat plate with w water
flow rate of 5.2 L/min. It can be seen that the peak of the
average heat transfer coefficient occurs simultaneously re-
gardless of the nozzle pitch. However, the peak value of the
average heat transfer coefficient curves increases with de-
creases in the pitch. That was attributed to the interference
effect since a pitch of 100 mm is obviously stronger than
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Fig. 13 The heat transfer
coefficient distribution with flow
rate of t = 15 s (P = 150 mm)
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pitches of 150 mm and 200 mm. The average heat transfer
coefficients with pitches of 150 mm and 200 mm were very
close (within 4 s), and the difference in the average heat
transfer coefficients between pitches of 150 mm and
200 mm increased due to the increase in the interference
effect from 4 s to 20 s. In addition, the maximum of the
average heat transfer coefficient for a pitch of 100 mm
under a water flow rate of 5.2 L/min was about 6900 W/
(m2K).

6 Conclusion

Based on the results of the experiment, a three-dimensional
model of a flat plate was built to calculate the transient heat
transfer coefficient by solving the inverse heat conduction
problem using a conjugate gradient method (CGM) search.
In this study, dual nozzles were used to study the interference
effect for a flat plate during the spray impingement cooling

process. The pitch of the nozzles and the water flow rates were
considered to be important factors to analyze the characteris-
tics of the cooling curve, the heat transfer coefficient distribu-
tion, and the heat transfer rate of the hot plate. According to
the experimental and numerical results, the conclusions can be
summarized as follows:

1. The flow track on a flat plate surface was divided into
three parts: an impingement region, an interference re-
gion, and a flow region. The impingement region ap-
peared as an ellipse located below the nozzles. The inter-
ference region was located in the center of the impinge-
ment regions along the short-axis, and the interference
effect was obviously enhanced with increases in the water
flow rate. The flow region was located around the inter-
ference and impingement regions.

2. The interference pitch increased with the water flow rate,
and the height increased due to enhancement in the range
of the impingement region.
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Fig. 14 The heat transfer
coefficient distribution with flow
rate of t = 20 s (P = 150 mm)
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3. When the water impinged on the hot plate, the tem-
perature of the impingement region dropped signifi-
cantly and immediately and then changed relatively
slowly. At the interference and flow regions, the tem-
perature initially changed moderately, and then a

sharp drop occurred from the center to the edge
sequentially.

4. As the heat transfer region spread from the impingement
region to the interference region, the flow region gradual-
ly grew with the water flow. The heat transfer coefficient
of the impingement region was larger than other regions,
and a maximum heat transfer coefficient of 23,000 W/
(m2K) is observed. Meanwhile, the maximum heat trans-
fer coefficient in the interference region was approximate-
ly 14,000 W/(m2K) during the cooling process.

5. The temperature of the impingement region (point 8) de-
creased slowly within 4 s and then decreased rapidly. The
corresponding heat transfer coefficient curve increased
slightly and then decreased during the cooling process.

(a) impingement region (point 8)

(b) flow region (point 1)

(c) interference region (point 6)
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Fig. 15 Cooling curve and heat transfer coefficient distribution by region

Fig. 17 The effect of water flow rate on the average heat transfer
coefficient (P = 150 mm)

Fig. 16 Heat flux curves with different regions (Q = 5.2 L/min, P =
150 mm)
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The heat transfer coefficient of the flow region remained
at a lower value until the vapor film was eliminated and
then increased rapidly from 6 s to 13 s, after which it
decreased. The trend of the heat transfer coefficient in
the interference region was similar to that in the flow
region, but was significantly larger than that in the flow
region if the interference effect was generated.

6. Both the water flow rate and the pitch of the nozzles
affected the interference effect, where the average heat
transfer coefficient increased with increases in the water
flow rate but decreased with increase in the pitch.
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