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1.	 Introduction

Heat treatment in the steel industry frequently involves 
water cooling of a moving steel material product owing to 
its continuous production in large quantities.1) During this 
water cooling, it is important to control the temperature 
of the entire large steel material uniformly and accurately. 
This is because the temperature histories of the regions 
where the steel material undergoes phase changes affect 
the metallic structure and mechanical properties of the final 
product.2) Water spray cooling, whose cooling capacity and 
cooling areas are relatively easy to adjust, is commonly 
used as a water-cooling method for controlling temperature 
histories. Therefore, research on prediction of the cooling 
characteristics of water spray cooling has been conducted 
over many years;3,4) however, it has not yet been possible 
to achieve high-accuracy prediction. One reason for this is 
the difficulty in gaining a detailed understanding of the heat 
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flow phenomenon of the coolant near the cooling surface in 
spray cooling, which is essential for predicting the cooling 
characteristics with a high degree of accuracy.

As shown in Fig. 1, spray cooling in the steel industry 
mainly involves collision of numerous droplets with a hot 
moving steel material at an oblique angle while mutually 
interfering with the material. The droplets collide at a ver-
tical angle immediately below the nozzle. The heat flow 
phenomenon of the spray is inherently complex owing to 
various parameters such as the particle size distribution, 
number density, flow velocity, and collision angle of the 
droplets comprising the spray. The complexity of the heat 
flow phenomenon also increases with the phase change of 
the coolant and the movement of the steel material. It is 
impossible to directly understand the complex heat flow 
phenomenon of such type of spray cooling using current 
measurement and multiphase flow analysis technologies.

Therefore, from an industrial perspective, instead of 
analyzing the entire physical phenomenon of the cooling 
process, which is spray cooling a hot moving solid, this 
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process is highly simplified. The physical phenomenon of 
individual droplets colliding with a hot solid, which are 
the basic elements of spray cooling, has frequently been 
experimentally studied. There are many research studies 
particularly on vertical and oblique collisions of single 
droplets on a stationary solid because of the ease of experi-
ment and possibility of fluid analysis,5–13) and numerous 
review papers are available.14–19) However, the interference 
between droplets and the effects of the movement of hot 
solids are not considered; therefore, these findings cannot 
be directly used for the prediction of the cooling character-
istics of spray cooling. Thus, studies on vertical collisions of 
multiple droplets on a static hot solid surface,20–22) oblique 
collisions,23–25) and vertical collisions on hot moving solid 
surfaces26–28) have been conducted. These have aimed at 
clarifying the interference between droplets and the effects 
of the movement of hot solids from the research results of 
static solids. However, there are few research examples 
on oblique collisions of multiple droplets on a hot moving 
solid surface, and the interactions in such cases have not 
been clarified. Therefore, we built experimental equipment 
for visual observation of the physical phenomena occurring 
when a water droplet train collides with a hot moving solid 
surface at an oblique angle. The objectives for this study 
were clarifying the effects of the interactions due to the 
temperature of the solid surface, movement and interference 
between the droplets, and collision angle. In this study, we 
clarified the interactions between a moving hot solid sur-
face and an oblique collision by observing the deformation 
behavior when a droplet train collides with a hot moving 
solid surface. These observations were at a temperature 
above that at which a stable vapor film is formed between 
a droplet and the solid surface and at an oblique angle at 
which there is no interference between the droplets. The 
results of the investigation of the differences from previous 
findings related to the dynamics of a droplet colliding with 
a static hot solid surface at a vertical angle are reported. 
The conditions under which there is interference between 
droplets were also examined in these investigations, and 
their results are discussed.

2.	 Experiment

2.1.	 Experimental Equipment
Figure 2 is a schematic of the experimental equipment. 

The equipment consisted of a droplet train generator, a hot 
moving solid, an optical sensor, and a radiation thermometer 
for initial surface temperature measurements.

The droplet train generator consisted of a metering 
pump with a small degree of pulsation, chemical tube, and 
syringe needle (inner diameter of 0.31 mm). A droplet train 
was created by ejecting purified water at room temperature 
(approximately 20°C) supplied by the metering pump from 
the syringe needle with a speaker coil. Vibrating the speaker 
coil at the signal cycle of the signal generator at this time 
produced a droplet train with an almost constant diameter, 
velocity, and interval.18,24) The oblique angle, θ [°], at which 
the droplet train collided with the solid surface is the angle 
formed by the extension line from the tip of the syringe 
needle and the normal line from the solid surface, as shown 
in Fig. 2. A droplet train ejected from the syringe was con-
firmed to have a flight path along the extension line, and no 
changes were caused in its trajectory by gravity. The flow 
rate, Q [m3/s], of the purified water was 1.67 ×  10 −7 m3/s.

The hot solid consisted of a heated metal body with an 
embedded cartridge heater and temperature controller. The 
shape of the heated metal body was a rectangular paral-
lelepiped with a length, width, and height of 76 mm, 15 
mm, and 30 mm, respectively; the material was SUS303. 
The flanged cartridge heater embedded in the heated metal 
body could be heated up to 800°C. The temperature of the 
heated metal body was controlled by a PID controller and a 
thermocouple (K-type thermocouple with an element wire 
diameter of 0.3 mm), and the power line and thermocouple 
of the heater were connected using a cable carrier. The 
surface temperature of the heated metal body was measured 
by a quantum radiation thermometer at the area where a 

Fig. 1.  Schematic of spray cooling. (Online version in color.)

Fig. 2.	 Schematic of experimental apparatus. (Online version in 
color.)
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blackbody paint (emissivity of 0.94) was applied (except for 
the section through which the drop collision point passed).

This heated metal body was installed on top of a linear 
actuator. In the initial state, it was stationary at the end of 
the actuator. Subsequently, with the experiment start signal, 
it accelerated from the stationary state and was held at a 
constant speed, passed through the test section (near the 
droplet collision point), decelerated, and finally stopped. 
The maximum speed of the experimental equipment was 
set as 1.5 m/s owing to the restrictions of the equipment 
specifications of the linear actuator.

2.2.	 Visualization Method
A digital camera (resolution of 4 752 ×  3 168 pixels) 

equipped with a macro lens as well as a backlight method 
using a xenon flash lamp was adopted to observe the col-
lision and deformation behavior of the produced droplet 
train against a hot moving solid surface in the test section. 
A photoelectric sensor detected the entry of the moving 
object into the test section and generated a signal to activate 
a flashlight. The flash time of the flashlight was 6 μs. Con-
ducting the experiments in a dark area and keeping the shut-
ter of the digital camera open in each experiment allowed 
the droplet train collisions and deformation behavior to 
be photographed only during the flashlight emission time. 
Therefore, only a single still image, as shown in Fig. 2(b), 
is captured in each experiment. At least 30 still images were 
photographed under the same conditions, and we studied the 
physical phenomena of a droplet train as well as confirmed 
the reproducibility of the collision phenomena.

2.3.	 Measurement Method of Physical Parameters 
before and after Droplet Collision

Figure 3 shows representative measurement results of 
droplets colliding with a moving solid surface at an oblique 
angle. A droplet collided with the hot moving solid from 
the right side of the image at a tilt angle of θ, changing 
its shape from spherical to a disk while sliding on the hot 
moving solid surface. The disk-shaped thinly spread droplet 
was subsequently repelled by the hot moving solid surface 
during a contraction process due to the surface tension and 
returned to the spherical shape, moving away toward the 
left side of the image. The shapes of the droplet before 

and after the collision were almost axisymmetric. From 
a series of droplet collisions and deformation behaviors, 
various parameters (pre-impact droplet train diameter Di, 
pre- and post-impact horizontal inter-droplet spacing LHi 
and L′Hi, respectively, spread diameter d of the droplet on 
the solid surface during deformation, and distance X from 
the droplet collision point) were directly measured from the 
still images.

The average values of pre-impact droplet train diameter 
Di as well as pre- and post-impact horizontal inter-droplet 
spacing LHi and L′Hi, respectively, were calculated to obtain 
multiple values from a single image:
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Above, k is the number of parameters that can be mea-
sured from a single still image. Furthermore, pre-impact 
horizontal inter-droplet spacing LH  was converted into 
inter-droplet spacing L  in the flight direction of a droplet 
as follows:

	 L = LH / sin .θ ............................... (4)

The inter-droplet spacing in the vertical direction was 
directly measured at the time of vertical collision, and the 
same processing as expressed in Eq. (2) was conducted. The 
standard deviation of the measurement results of over 30 
images is shown as an error bar.

Distance X from the collision point of the droplet being 
deformed on the solid surface was set as the distance from 
the origin (defined as the point horizontally upstream of the 
moving direction by D/2cosθ from the intersection of the 
straight line passing through the center of the droplet train 
and the solid surface) to the center of the deformed droplet 
on the solid surface on the downstream side.

The velocity, Vi, of an individual droplet cannot be 
directly measured from still images. Therefore, we devised 
a method to obtain it using the droplet diameter, D, and 
the inter-droplet spacing, L , which can be directly mea-
sured. Consider one droplet moving at velocity V  in 
inter-droplet spacing L ; therefore, the number of droplets 
passing through a given position per unit time is V / L , and 
the volumetric flow rate of the single droplet is as follows:
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Because this is equal to the measured water flow rate, Q, 
the average droplet velocity, V , is as follows:

	 V
QL

D
= 6

3π
. .................................. (6)

The values of the average nozzle outlet cross-sectional 
area velocity, VM [m/s], obtained by dividing the volumetric 
flow rate, Q [m3/s], of the water ejected from the syringe 

Fig. 3.	 Measurement method of several parameters (Di, dxi, LHi, 
L′Hi) and definition of collision point, X. (Online version in 
color.)
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nozzle by the nozzle cross-sectional area, A [m2], and the 
average droplet velocity, V , from Eq. (6) are VM =  2.2 m/s 
and V  =  2.3 m/s (standard deviation of 0.48 m/s). The 
obtained values are similar. Therefore, the average nozzle 
outlet cross-sectional area velocity, VM, was regarded as the 
average droplet velocity, V . This was because the inclusion 
of the fluctuations of the measured values in Eqs. (1) and 
(4).

2.4.	 Experimental Conditions
Table 1 lists the experimental conditions. In this study, 

in the experiments, tilt angle θ and moving velocity Vs 
were changed in the range from 500°C to 600°C, which is 
sufficiently higher than the temperature for a stable vapor 
film formation.

The reason for the choice of a temperature over 500°C 
is explained below. The superheating limit temperature of 
water at atmospheric pressure is approximately 300°C,29) 
and it is predicted that a vapor film will be formed if the 
solid–liquid boundary temperature is above 300°C. How-
ever, directly measuring this temperature is difficult. There-
fore, many studies on single droplets use the exact solution 
to the one-dimensional transient contact heat conduction 
problem of two semi-infinite solids30) as the estimated value 
of the boundary temperature at the time of collision. The 
boundary temperature when semi-infinite solids 1 and 2 with 
different temperatures and thermal characteristics are in con-
tact with each other at time t =  0 s is expressed as follows:
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Above, Tb is the boundary temperature [°C], Tinit is the 
pre-contact initial temperature [°C], ρ is the density [kg/
m3], c is the specific heat [J/kg/K], and λ is the thermal 
conductivity [W/m/K], with subscripts 1 and 2 represent-
ing the different semi-infinite solids. Equation (7) does not 
consider the flow phenomena of the coolant and heat trans-
port due to the phase changes; therefore, it is only used for 
determining an approximate estimate. However, it is useful 
for determining the formation of a vapor film from the mag-
nitude relationship between the boundary temperature and 
the superheat limit temperature of the liquid. In the case of a 
single droplet collision, the results of this prediction method 
agree well with experimental ones. Although it is not clear 

whether this can be applied to droplet train collisions, a 
similar concept was introduced in this study. For example, 
when water at 20°C instantaneously comes into contact with 
SUS303 at approximately 500°C, the boundary temperature 
obtained using Eq. (7) is approximately 420°C, which is 
sufficiently higher than the superheating limit temperature of 
water at atmospheric pressure (approximately 300°C). Thus, 
at this temperature, formation of a stable vapor film can be 
expected. Furthermore, in this study, multiple droplets may 
collide at the same position on the solid surface; therefore, 
a temperature of over 500°C, which is predicted to be a 
boundary temperature sufficiently higher than the superheat-
ing limit temperature of water, was considered appropriate.

3.	 Results and Discussion

3.1.	 Droplet Train Collision with Hot Moving Solid 
Surface at Vertical Angle (θ =  0°)

Flow visualization was performed for a droplet train colli-
sion with a hot moving solid surface at a vertical angle, and 
the results are shown in Fig. 4. The experimental conditions 
on the fluid side were (Q, D, V , L , θ) =  (1.67 ×  10 −7 
m3/s, 0.64 mm, 2.2 m/s, 1.91 mm, 0°). On the solid side, the 
surface temperature was altered between 500°C and 600°C, 
and the moving velocity was changed as 0.5 m/s, 1.0 m/s, 
and 1.5 m/s. The droplets coalesced and became enlarged at 
the collision point, regardless of the solid surface tempera-
ture and the moving velocity, forming large liquid masses, 
and these liquid masses moved downstream in the moving 
direction. The time interval between two consecutive drop-
lets in this experiment was L /V  =  0.86 ms. The distances, 
VsL /V , where the liquid mass completely adhered to the 

Table 1.  Experimental conditions.

Fluid

Test fluid Water (about 20°C)

Volumetric flow rate Q, m3/s 1.67×10 −7

Pre-impact diameter D, mm 0.64

Pre-inter-droplet spacing L , mm 1.91

Droplet impact velocity V , m/s 2.2

Tilt angle θ, ° 0–50

Solid

Initial solid temperature Ts, °C 500 550 600

Moving velocity Vs, m/s 0.5 1.0 1.5

Fig. 4.	 Experimental results for normal collision of droplet train 
(Q =  1.67×10 −7 m3/s, Ts =  500°C, 600°C, Vs =  0.5 to 1.5 
m/s, D =  0.64 mm, L  =  1.91 mm, V  =  2.2 m/s, θ =  0°). 
(Online version in color.)
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solid surface and moved during the time interval were 
0.43 mm, 0.86 mm, and 1.3 mm at 0.5, 1.0, and 1.5 m/s, 
respectively. It was considered that the droplets continued to 
coalesce and formed a large liquid mass at 0.5 m/s because 
the abovementioned distance was noticeably shorter than the 
pre-impact droplet diameter, D =  0.64 mm. Concurrently, 
the droplets coalesced at 1.0 and 1.5 m/s, regardless of the 
moving distance being longer than the pre-impact droplet 
diameter, D. However, the liquid mass sizes were smaller 
than that at 0.5 m/s, indicating that the movement of the 
solid surface was involved. This can be explained by the 
wall friction due to the viscosity acting on the fluid (e.g., 
air, vapor, water) that comes into contact with the solid 
surface. The viscous frictional stress, τ, on a wall surface in 
a Newtonian fluid is expressed as follows:

	 τ µ= ∂
∂




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




u

y
wall

. ............................... (8)

Above, μ, u, and y are the viscosity of the fluid, tangen-
tial velocity component of the solid surface, and coordinate 
component perpendicular to the solid surface, respectively. 
A vapor film is formed between the colliding droplet and 
the solid surface in this experiment; thus, the viscosity of 
the vapor at the saturation temperature (1.2 ×  10 −5 Pa·s) is 
significantly smaller than the viscosity of water at approxi-
mately 20°C at atmospheric pressure (1.0 ×  10 −3 Pa·s). 
Therefore, because the effect of the viscous wall friction is 
small, the droplets continue to remain at the collision point, 
causing them to enlarge. Concurrently, when the moving 
velocity of the solid surface is high, the velocity gradient 
in Eq. (8) becomes large, thereby increasing the frictional 
stress. Therefore, it is speculated that the droplets will be 
relatively more susceptible to being pulled in the down-
stream direction under conditions of high moving veloci-
ties, thereby suppressing the coalescence of the droplets 
and reducing the size of the liquid mass. In either case, in 
our study, when a droplet train collided at a vertical angle 
with the hot solid surface under conditions of vapor film 
formation, interference between the droplets was unavoid-
able within the scope of this experiment, even on moving 
the solid surface. Therefore, we conducted a trial-and-error 
experiment to search for the conditions under which the 
droplets did not coalesce, and found that this was possible 
at θ =  50°. Therefore, the visualization results under these 
conditions are shown in Section 3.2.

3.2.	 Droplet Train Collision with Hot Moving Solid 
Surface at Oblique Angle (θ =  50°)

Figure 5 shows the visualization results when a droplet 
train collides with a solid surface at an oblique angle. The 
experimental conditions on the fluid side were (Q, D, V , 
L , θ) =  (1.67 ×  10 −7 m3/s, 0.64 mm, 2.2 m/s, 1.91 mm, 
0°). On the solid side, the surface temperature was altered as 
500°C, 550°C, and 600°C, and the moving velocity was var-
ied as 0.5 m/s, 1.0 m/s, and 1.5 m/s. The droplets exhibited 
the collision and deformation behavior described in Section 
2.3, regardless of the solid surface temperature and moving 
velocity, within the scope of this experiment.

As described in the previous section, it is considered that 
there is some viscous friction between the colliding droplet 

and the solid surface. We measured the pre- and post-impact 
inter-droplet spacing at 1.5 m/s, when the moving velocity 
is high, and at 0.5 m/s, when the moving velocity is low, 
to investigate their effects. The obtained results are shown 
in Fig. 6. ′LH /LH  >  1 is attributed to the variation in the 
measurements due to the deformation of a droplet before 
and after the collision. When the moving velocity is 1.5 m/s, 
there was no significant change in the pre- and post-impact 
inter-droplet spacing. This signifies that the droplet move-
ment in the horizontal direction barely changed before and 
after the collision, and the viscous friction acting on a drop-
let is considered to be small. Concurrently, the post-collision 
horizontal inter-droplet spacing noticeably decreased at 
the moving velocity of 0.5 m/s. This was considered to be 
due to the horizontal velocity component of a droplet after 

Fig. 5.	 Experimental results for oblique collision of droplet train 
(Q =  1.67×10 −7 m3/s, Ts =  500°C to 600°C, Vs =  0.5 to 
1.5 m/s, D =  0.64 mm, L  =  1.91 mm, V  =  2.2 m/s, θ = 
50°). (Online version in color.)

Fig. 6.	 Horizontal inter-droplet spacing ratio before and after col-
lision for oblique collision of droplet train. (Online version 
in color.)
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collision becoming smaller than that before collision under 
the effect of the viscous friction. The viscous friction was 
considered to increase as the solid surface velocity increased 
in a vertical collision; however, the above result contradicts 
this. Therefore, the authors considered the relative veloc-
ity between a droplet and the solid surface to be probably 
important, which is expressed as

	 V V Vslip s= −sin .θ ............................ (9)

From Eq. (9), relative velocity Vslip =  0.2 m/s when the 
moving velocity is 1.5 m/s, and Vslip =  1.2 m/s when the 
moving velocity is 0.5 m/s. Therefore, in oblique collisions, 
the velocity gradient in the viscous frictional stress, as 
expressed in Eq. (8), can be explained when considered as 
relative velocity. Specifically, the force acting on the collid-
ing droplet in a direction opposite to the moving direction 
of the solid surface increases when the relative velocity is 
high; therefore, the momentum in the horizontal direction 
can be considered to be attenuated. Accordingly, it was 
found that a viscous frictional stress was due to the relative 
velocity between the colliding droplet and the solid surface 
when there was an oblique collision on the hot moving solid 
surface without interference between the droplets. However, 
its effects on droplet collision and repulsion dynamics are 
unknown. Therefore, we attempted to clarify the effects of 
the movement of a solid surface on the collision dynamics 
of droplets by quantitatively comparing with the results of 
experiments conducted in previous studies using a static 
solid surface; this comparison is discussed in Section 3.3.

3.3.	 Comparison with Dynamics of Single Droplet Col-
liding on Hot Static Solid Surface

As described in Section 1, there have been many experi-
mental studies relating to the collision of a single droplet on 
a hot static solid surface. Empirical formulae that estimate 
the maximum spread diameter of a droplet and the residence 
time from collision to jumping of a droplet using the We 
number under high-temperature conditions in which a vapor 
film is formed between the droplet and the solid surface 
have been reported.5–8) Table 2 lists these empirical for-
mulae. Fujimoto et al.24) reported that the velocity, Vcosθ, 
of the component vertical to the solid surface could be 
applied even for oblique collisions if used as the representa-
tive velocity. Therefore, it was considered that it could be 
applied to the oblique collisions in the present experiment.

Figure 7 shows the changes in the spread diameter of 
a colliding droplet under various conditions. The spread 
diameter of the droplet at X =  0 was similar to the pre-
impact droplet diameter. The spread diameter increased with 
increasing X, reaching a maximum value of approximately 
1.3 mm at X ≒1 mm, and subsequently decreased. Follow-
ing this, the droplet detached from the solid surface at X ≒ 
3 mm. Assuming that the droplet was sliding on the solid 
surface at a constant velocity of the pre-impact horizontal 
velocity component, V sinθ (≒1.7 m/s), the time until the 
droplet collides and separates (residence time), tr, is approxi-
mately 1.7 ms. Therefore, the dimensionless residence time, 
τr, can be obtained as follows:

	 τ
θ

r
r

=
( )t V

D
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. ........................... (10)

Table 3 compares the results of the maximum droplet 
spread diameter, dmax, and the dimensionless residence time, 
τr, obtained in this experiment with the estimated results 
using each empirical formula in Table 2. The We number 
in this experiment was approximately 18. The experimental 
results were in good agreement with the estimated results. 
Therefore, cases in which the solid surface temperature 
was high and there was no coalescence of the droplets were 
similar to the dynamics of a single droplet colliding with a 
hot static solid surface. Moreover, it could be stated that the 
movement of the solid surface only reduces the horizontal 
movement of the droplet under the viscous friction stress 
effect.

Table 2.	 Prediction formulae of maximum spreading diameter, 
dmax, of droplet and resident time of droplet, τr.
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Fig. 7.	 Spread diameter of the droplet on the solid surface after 
collision at the distance, X, from the collision point. 
(Online version in color.)
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3.4.	 Theoretical Conditions for Interference/noninter-
ference between Droplets

In this section, the conditions for interference occurrence 
between droplets theoretically obtained using the results 
discussed in Section 3.3 are presented. For simplicity, we 
considered conditions in which a stable vapor film was 
formed between the colliding droplet and the solid surface, 
the horizontal velocity component of the droplet was close 
to the moving velocity of the solid surface, and relative 
velocity effects were small. First, the time interval in which 
two consecutive droplets collide with a solid surface is 
L /V . A droplet moves with a constant velocity V sinθ 
in the coordinate system, X, while deforming on the solid 
surface; therefore, the distance the droplet moves during 
the time interval is L sinθ. Preventing interference between 
droplets at the collision point requires the establishment 
of the relationship of the sum of radius dmax/2 when the 
post-collision droplet expands to its maximum extent and 
pre-impact droplet radius D/2 with inter-droplet spacing L  
between the time intervals. It is expressed as

	 1

2

1

2
d sinmax + <D L θ . ....................... (11)

Since the empirical formula for the maximum spread 
diameter for a single droplet collision can be applied to 
dmax under conditions in which there is no interference 
between droplets, the formula by Ueda et al.6) in Table 3 is 
used because it agrees relatively well with the experimental 
results from Table 3. Equation (11) is expressed as

	 0 87
6

2 1
22
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.
ρ θ

σ
θV D L+ + <

D
.......... (12)

We conducted experiments in which the tilt angle was 
changed near the critical angle to verify the validity of 
the above theory. Specifically, the surface temperature 
was set as 600°C and the moving velocity as 1.5 m/s for 
the solid side; (Q, D, V , L ) =  (1.67 ×  10 −7 m3/s, 0.64 
mm, 2.2 m/s, 1.91 mm) for the fluid side, with density 

Table 3.	 Comparison of present results and formulae obtained by 
the experiments using single droplet collisions at static 
hot solid.

Maximum spreading diameter, dmax/D, at We =18

formulae

Hatta et al.5) 1.78

Ueda et al.6) 1.95

Akao et al.7) 1.89

Araki and Moriyama8) 1.98

results

Vs=1.5 m/s 1.94 (0.13)

Vs=1.0 m/s 2.01 (0.13)

Vs= 0.5 m/s 1.94 (0.13)

Residence time, τr, at We =18

formulae
Hatta et al.5) 3.64

Ueda et al.6) 3.30

results

Vs=1.5 m/s 3.71 (0.25)

Vs=1.0 m/s 3.69 (0.25)

Vs= 0.5 m/s 3.66 (0.24)

Values in parentheses indicate standard deviation

Fig. 8.	 Results of comparison with/without inter-droplet interfer-
ence. (Online version in color.)

ρ =  1.0 ×  103 kg/m3 and surface tension σ =  0.0728 N/m. 
Under these conditions, the critical angle was θc =  34°, and 
the tilt angles were set as 32° and 35°. Figure 8 shows the 
experimental results. Droplet interference occurred when the 
tilt angle was smaller than the critical angle, whereas there 
was no droplet interference when the tilt angle was larger 
than the critical angle. It is expected that applying the effects 
of relative velocity and solid surface temperature to this 
theoretical formula will allow the prediction of interference 
and noninterference between droplets under a wider range 
of experimental conditions.

4.	 Conclusions

In this study, we conducted visualization experiments in 
which a water droplet train collided at vertical and oblique 
angles with a hot moving solid surface with a temperature 
greater than that at which a stable vapor film form between 
the solid surface and a droplet. They were performed as a 
basic investigation for elucidating the heat transfer charac-
teristics of spray cooling to clarify the interactions when a 
droplet train collides with a hot moving solid surface at an 
oblique angle. The following results were obtained:

(1)  Interference (coalescence) between droplets when 
colliding at a vertical angle (θ =  0°) could not be avoided 
within the scope of this experiment. However, the size of the 
liquid mass formed by coalescence decreased as the moving 
velocity increased. This was speculated to have been due to 
the increase in the viscous wall friction between the solid 
surface and the vapor.

(2)  Interference between droplets did not occur when 
colliding at an oblique angle (θ =  50°), with individual 
droplets in the droplet train independently colliding with 
the solid surface and separating. The horizontal inter-droplet 
spacing before and after droplet collision decreased when 
the moving velocity was 0.5 m/s compared to that when 
the moving velocity was 1.5 m/s. Focusing on the relative 
velocity between a droplet and the solid surface with regards 
to this, we found that the relative velocity was greater when 
the moving velocity was 0.5 m/s than that when the moving 
velocity was 1.5 m/s. Moreover, this was considered to be 
due to the occurrence of horizontal momentum attenuation 
under the viscous wall friction.
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(3)  The maximum spread diameter and residence time 
on a solid surface were compared with the estimated results 
from empirical formulae proposed by other studies to clarify 
the differences from the dynamics of droplets colliding with 
a hot static solid surface. Our experimental results were 
in good agreement with the estimated results. It was also 
shown that the dynamics of a droplet colliding with a hot 
moving solid surface at an oblique angle could be consid-
ered identical to those of a single droplet colliding with a hot 
static solid surface at a vertical angle in cases where there 
is no interference between the droplets at the solid surface 
temperatures at which a vapor film is formed.

(4)  We used the result that the dynamics of an oblique 
collision are identical to those of a single droplet colliding 
with a hot static solid surface at a vertical angle when there 
is no interference between the droplets at temperatures 
at which a vapor film is formed. Thus, we constructed a 
theoretical conditional formula regarding the occurrence 
of interference between droplets that collide at an oblique 
angle, which could be applied when the relative velocity 
effects are small and the temperature conditions are such 
that a vapor film would be formed. The validity of the con-
ditional formula was shown by verifying it near the critical 
tilt angle range.
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