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a b s t r a c t

During transients or accidents, the reactor core is uncovered, and droplets entrained above the quench
front collides with the uncovered fuel rod surface. Droplet impact cooling can reduce the peak cladding
temperature. Besides zirconium-based cladding, versatile accidental tolerant fuel (ATF) claddings,
including FeCrAl, have been proposed to increase the accident coping time. In order to investigate the
effect of surface properties on droplet impact cooling of cladding surfaces, the droplet impact phe-
nomena are photographed on the FeCrAl and zircaloy-4 (Zr-4) surfaces under different conditions. On the
oxidized FeCrAl surface, the Leidenfrost phenomenon is not observed even when the surface tempera-
ture is as high as 550 �C with We > 30. Comparison of the impact behaviors observed on different
materials shows that nucleate and transition boiling is more intensive on surfaces with larger thermal
conductivity. The Leidenfrost point temperature (LPT) decreases with the solid thermal effusivity

(
ffiffiffiffiffiffiffiffiffiffiffi
krCp

q
). However, the CHF temperature is relatively insensitive to the surface oxidation and Weber

number. Droplet spreading diameter is analyzed quantitatively in the film boiling stage. Based on the
energy balance a correlation is proposed for droplet maximum spreading factor. A mechanistic model is
also developed for the LPT based on homogeneous nucleation theory.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During transients or accidents in pressurized water reactor
(PWR), such as loss of coolant accident (LOCA), the reactor core can
be uncovered from the coolant and therefore becomes overheated.
When the cladding temperature exceeds certain value, the oxida-
tion of zircaloy (Zr) cladding starts. Massive hydrogen can be
generated, which can lead to hydrogen explosion in the reactor
building. As one of the candidate ATF cladding materials, FeCrAl
exhibits strong oxidation resistance in the steam environment even
at high temperature, which can significantly increase the accident
coping time. In case of the postulated LOCA, emergency cooling
water is injected to quench the uncovered core. When the surface
temperature of fuel rods is cooled down to the Leidenfrost tem-
perature, or the minimum film boiling temperature, the fuel rod
surface can be rewetted. Downstream of the quench front, the
droplet entrained in the steam flow continuously collides with the
).

by Elsevier Korea LLC. This is an
overheated fuel rods [1]. When the surface temperature of fuel
cladding exceeds certain value, Leidenfrost phenomenon takes
place. The droplet impact on heated surface helps heat removal
from the uncovered part of reactor core and therefore reduce the
peak temperature of fuel cladding.

During the operation of nuclear reactors, the oxidation of fuel
cladding is inevitable. Besides the understanding of droplet impact
behavior on fresh cladding surface, the effect of oxidation on Lei-
denfrost phenomenon should also be investigated. Recently,
Wendelstorf el al [2]. experimentally investigated the effect of ox-
ide layer on spray water cooling heat transfer. Compared with the
fresh surface, the transition boiling heat transfer is observed to be
more intensive for the oxidized surface, and the effect of oxide layer
on the heat transfer coefficient decreases as the thickness of oxide
layer decreases. Additionally, the oxide layers usually do not affect
the mean heat transfer coefficient above the Leidenfrost point
temperature. Sinha et al. [3] studied the effect of surface oxidation
on the minimum film boiling temperature based on quenching
experiments at atmospheric pressure. The minimum film boiling
temperature is significantly increased in the casewith thicker oxide
layer. They attributed such increase to the augmentation of
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Nomenclature

Cp specific heat (J=ðkg ,�CÞ)
D diameter (m)
E energy (J )
e liquid film thickness (m)
g gravitational acceleration, ðm=s2Þ
h heat transfer coefficient (W=�C,m2 )
J nucleation rate per unit volume of liquid (m�3s�1)
K heat conductivity (W=ðm ,KÞ )
K splashing limit or K-number
kb Boltzmann constant (J=K)
M mass of a single molecule (kg )
Nf number of liquid molecules per unit volume (m�3 )
Nu Nusselt number, Nu ¼ hD=k
Oh Ohnesorge number, Oh ¼ m=

ffiffiffiffiffiffiffiffiffiffi
Dsr

p
P pressure (Pa)
PsatðTf Þ saturation pressure at reference temperature Tf (Pa)
R gas constant (J=ðmol $KÞ )
Ra average surface roughness (mm)
T time (s)
T temperature (�C )
TL Leidenfrost temperature (�C)
V velocity ðm=sÞ
x coordinate (m)
We dimensionless numberWe ¼ rv2D=s

Greek symbols
Р density (kg=m3)

В spreading factor, D/D0

М dynamic viscosity (Pa,s)
S surface tension (N=m)
D vapor layer thickness (m)
l wave length (m)
j dissipation energy (J)
F dissipation function (Pa=s)
Н parameter in nucleation rate equation Eq. (15)
y specific volume (m3=kg)
timp impingement time scale (s)
tth thermal time scale (s)
tm time of droplet reach maximum spreading diameter

(s)

Subscripts
0 initial
c contact
cr critical
f liquid
hn homogeneous nucleation
I interface
k kinetic
s surface tension
max maximum
sat saturate
surf surface
v vapor
w wall
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nucleation sites associated with the increased roughness, porosity,
and pitting in the oxide layer. Buongiorno et al. [4] claimed that
oxidation and CRUD can affect the fuel cladding surface charac-
teristics that are conducive to CHF enhancement and quenching
heat transfer acceleration.

The thermodynamic and hydrodynamic behavior of droplet
impact on high-temperature surface can be affected by many pa-
rameters, such as droplet size, impact Weber number, solid
thermo-physical properties and surface properties [5e10].
Recently, many studies have been performed to focus on the effects
of surface properties and thermal properties on the droplet Lei-
denfrost phenomenon. Baumeister et al. [11] experimentally
investigated the behavior of liquid droplets on aluminum, stainless
steel, and glass surfaces, and pointed out that the solid thermal
properties are important parameters to determine LPT. The solid
surfaces are classified into isothermal region, intermediate region
and non-isothermal region in terms of the thermal properties.
Nishio et al. [12] experimentally investigated the effect of solid
thermal properties on LPT, and suggested that solid thermal
properties are dominant parameter to account for the unsteady
heat conduction in solid during impinging process. They found that
the LPT decreases with increase of the parameter ðkrcpÞ, and
attributed this tendency to the sudden drop of surface temperature
during the liquid-solid contacting period. Wang et al. [8] investi-
gated the effect of thermal properties on droplet impacting on
chemical vapor deposited (CVD) SiC and stainless steel surfaces,
and reported that the LPT can also be significantly influenced by
solid thermal properties. For more details about droplet impact
behavior on heated surface, the comprehensive literature reviews
of Rein [13], Yarin [14] and Liang [15] can be referred to.

As above mentioned, the Leidenfrost phenomenon has been
widely investigated on fresh metallic surfaces. However, rare
literatures have reported the impact behavior of droplet on a su-
perheated ATF cladding surface, such as FeCrAl. Surface oxidation
can remarkably change the surface properties, which can affect the
heat transfer between droplet and high-temperature surface. This
work is dedicated to investigate the effects of surface oxidation and
thermal properties on droplet impact cooling on cladding surface.
The hydrodynamic phenomena of droplet impact on the high-
temperature surfaces of oxidized FeCrAl, fresh FeCrAl and Zr-4 are
photographed with a high-speed camera. The effects of surface
oxidation and solid thermal properties on droplet impact behavior
and Leidenfrost phenomenon are analyzed.

2. Experimental method

2.1. Experimental apparatus and condition

As shown in Fig.1, the experimental apparatus consists of heating
block, droplet generation system and high-speed camera. The
stainless-steel heating block is cylindrical in diameter of 100mmand
height of 105 mm. A cylindrical concave is machined on its top sur-
face to accommodate the test sample. The concave is 20 mm in
diameter and 3 mm in depth. The heating block is heated by 9 car-
tridge heaters. The allowable power of each cartridge heater is
105 W. The cylindrical heating block is located in an aluminum sili-
cate insulation cylinder in order to reduce the heat loss. The sample
surface temperature can be heated up to 600�C. The temperature of
test sample is measured with a K-type thermocouple embedded in
the heating block which is located 5 mm underneath the concave
bottom. In order to calibrate the difference in the sample surface
temperature and the reading of the thermocouple, the top surface
temperature of the test sample is measured with another mobile
thermocouple before the test. The uncertainty of temperature



Fig. 1. Schematic diagram of experimental set-up.

Fig. 2. SEM image of the fresh Zr-4 surface. Upper left inset denotes the contact angle
before test, and the right inset denotes the contact angle after test.

Fig. 3. SEM image of the fresh FeCrAl surface. Upper left inset denotes the contact
angle before test, and the right inset denotes the contact angle after test.
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measured by the thermocouple is within 2.2�C or 0.75%. The read-
ings of two thermocouples show good linear relation, and therefore,
the sample surface temperature is deduced from the reading of
embedded K-type thermocouple. The temperature used in the
following section refers to the sample surface temperature.

The water droplet is generated at the tip of a stainless-steel
needle with inner diameter of 0.51 mm. The droplet impact ve-
locity, i.e. Weber number, is adjusted by changing the height be-
tween the tip and sample surface. A high-speed camera, Phantom
VEO710L, is used to record the droplet impact phenomenon. The
frame rate of the high-speed camera is set as 20000 fps at the
resolution of 640 x 480 pixel2. The droplet diameter, impact ve-
locity and spreading diameter are calculated based on pixel anal-
ysis. The spatial resolution is about 22 mm/pixel for the high-speed
photograph in present experiments. The water droplet diameter is
determined as 3.0 ±0:25 mm based on the pixel analysis. The ex-
periments are conductedwith droplet impact velocity ranging from
0.4 to 1.6 m/s in present study. The correspondingWeber number is
between 10.0 and 120. The uncertainties of the droplet diameter,
velocity and Weber number are 1.5%, 1.5% and 4.5% respectively.

2.2. Sample surface characterization

In the present study, FeCrAl and Zr-4 are used as the test sam-
ples. In order to simulate the surface oxidation in pressurized water
reactor, 2#FeCrAl sample is corroded in a pressurized water loop
operating at 12 MPa and 288 �C. The loop flow rate is 8 L/h with
oxygen content of 2 ppm. Before the experiments, the surface
roughness, wettability and surface morphology of the test samples
are measured. Before the characterization or impact cooling test all
the test samples are cleaned in a ultrasonic-wave water bath to
remove the dust deposited on the surface. The surface roughness is
Table 1
Characteristics of the test samples.

Sample rg/cm3 CPJ/(kg$�C) kW/(m$�C)
ffiffiffi
rk

p

J$m

1#FeCrAl 7.25 504a 11.8a 656
2#FeCrAl (oxidized)
Zr-4 6.54 294a 13.8a 515
Sintered SiC 3.16 810a 96.7a 157

a The reference value at T ¼ 100 �C.
measured along 5 lines for each sample. The measured arithmetic
average roughness (Ra) is given in Table 1.

The scanning electron microscopy (SEM) images of fresh Zr-4,
FeCrAl and oxidized FeCrAl are depicted in Fig. 2, Fig. 3 and Fig. 4
respectively. The polishing scratches can be clearly seen on the
fresh Zr-4 and FeCrAl surfaces. After oxidation, the scratches
disappear on the oxidized FeCrAl surface and the surface becomes
granulated. The insets on SEM images represent the contact angle
of test samples before and after droplet impact experiments. The
static equilibrium contact angle is measured at 5 different locations
on each surface with a water droplet in the volume of 3.0 mL. The
average values of measured equilibrium contact angle are also
shown in Table 1. After droplet impact experiments, the contact
angles are decreased for all the test samples, which indicates that
the surface oxidation of the test samples occurs during droplet
impact on the heated surface.
ffiffiffiffiffiffiffi
Cp Roughness Ra (mm) Contact angle

�2$�C�1$s�0:5 Before test After test

6 0.3 ± 0.02 103.2�±2.3� 54.4�±4.9�

0.19 ± 0.02 115.8�±5.5� 65.7�±8.2�

1 0.34 ± 0.03 89.6�±4.3� 60.5�±6.5�

33 0.29 ± 0.03 66.3�±2.4� 17.5�±3.8�



Fig. 4. SEM image of the oxidized FeCrAl surface. Upper left inset denotes the contact
angle before test, and the right inset denotes the contact angle after test.
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3. Experimental results

3.1. Impact behavior

According to the previous study of Wang et al. [8], the droplet
impact behavior on a heated surface can be classified into five
impact regimes: i.e. deposition, rebound with secondary atomization,
breakupwith secondary atomization, rebound and breakup. The high-
speed photograph on the fresh FeCrAl exhibits the same impact
behavior, as shown in Fig. 5. When the solid surface temperature is
relatively low, droplet can deposit on the solid surface, as shown in
Fig. 5-a. In the deposition regime, the droplet is in good contact
with the solid surface. Bubble nucleation, growth and burst can be
observed. Hence, deposition regime is corresponding to nucleate
boiling. When the surface temperature is above the Leidenfrost
temperature, a vapor layer lifts the droplet and prevents the contact
between droplet and high-temperature solid surface. When the
droplet impact occurs at relatively small Weber number, the
droplet can rebound from the surface as a whole (see Fig. 5-f).
However, when theWeber number is large, the large kinetic energy
leads to the large spreading diameter and small liquid thickness. As
a consequence, the droplet breaks up into several smaller droplets
(see Fig. 5-g). Rebound and breakup regimes are related to film
boiling.When the solid surface temperature is not high enough, the
vapor layer becomes unstable and discontinuous and the droplet-
solid contact occurs, which is the transition boiling phenomenon.
When the Weber number is small, the droplet can rebound from
the heated surface, but accompanied with secondary atomization
(see Fig. 5-b). Such impact behavior is termed as rebound with
secondary atomization. The secondary atomization is mainly resul-
ted from bubble burst. Two droplet breakup modes are observed in
transition boiling, i.e. mechanical- and thermal-induced breakup.
The mechanical-induced breakup is observed at large Weber
numbers, and the breakup occurs usually at the end of spreading
period (see Fig. 5-e). The thermal-induced droplet breakup can
occur at relatively small Weber number. The thermal-induced
breakup is resulted from tearing of liquid film by the growing
bubbles, as can be seen in Fig. 5-c. When the surface temperature is
relatively high in breakup with secondary atomization regime as
Fig. 5-d shows, numerous tiny droplets are sprayed out at the rim of
droplet upon the droplet impact on the heating surface, and later an
upward vertical jet is ejected from the center region. These phe-
nomena in transition boiling are all categorized into the regime of
breakup with secondary atomization. The border of nucleate and
transition boiling is defined as temperature corresponding to CHF,
while the transition boundary between transition boiling and film
boiling is defined as the LPT.

3.1.1. Effect of surface oxidation
Fig. 6 compares the droplet impact behavior on fresh and

oxidized FeCrAl surface in nucleate boiling. A number of small
droplets are scattered on the oxidized surface which indicates
intensive heat transfer. As shown in Fig. 4, the micro-scale granu-
latedmorphology is observed on the oxidized FeCrAl surface which
significantly increases the bubble nucleation site density. Massive
growing bubbles burst at the liquid free surface and a cloud of tiny
droplets sprays out, as shown in Fig. 6-b.

Fig. 7 shows the phenomena of breakup with secondary atomi-
zation occurs on both fresh and oxidized FeCrAl at Wez 31. On the
oxidized surface the upward jet ejection is observed at relatively
high surface temperature. It can be attributed to the oxide layer on
the surface which can increase the surface porosity, and facilitate
ventilation of vapor through the gaps between oxide particles.
Hence, high temperature is required for oxidized surface to
generate adequate vapor to form a higher pressure. The transition
boiling on the oxidized FeCrAl is also more intensive than that on
the fresh FeCrAl, as a cloud of tiny droplets sprays out and the
upward vertical jet reaches a higher height. In film boiling, the
Leidenfrost phenomenon is not observed on oxidized FeCrAl for
temperature up to 550�C when We>30, as shown in Fig. 8. It is
noted that intensive secondary atomization occurs in the droplet
spreading stage on the oxidized FeCrAl at We ¼ 68:9; Tsurf ¼
558:9�C.

According to the droplet impact behavior, the impact regime
maps of droplet on fresh and oxidized FeCrAl are determined, as
shown in Fig. 9 and Fig. 10. The uncertainty of CHF temperature and
LPT is within 10�C. The CHF temperature seems to be independent
of Weber number, while the LPT increases with the Weber number,
which has also been confirmed by many studies [6,16,17].
Compared with the fresh FeCrAl, there is no obvious difference in
the CHF temperature for oxidized FeCrAl, while the LPT is signifi-
cantly increased. After droplet impact experiments, the surface
morphology of oxidized FeCrAl is measured as shown in Fig. 11. The
center regionwhere the droplet interacts becomes dark, apparently
different from the surrounding area where interaction does not
occur. It can be speculated that the oxidized FeCrAl surface expe-
riences further corrosion during the droplet impact experiments. In
order to analyze the surface oxidation, the energy dispersive
spectrometer (EDS) analysis are performed for oxidized FeCrAl.
Fig. 12(a), (b) and (c) respectively illustrate the distribution of
element O, Al and Cr on the oxidized FeCrAl surface, and the depth
of color indicates the amount of content. Based on the EDS analysis
results, it is found that the center dark region in Fig. 11 concentrates
oxygen element, while the surrounding light region concentrates
aluminum and chromium element. The surface of oxidized FeCrAl
becomes more non-uniform and the surface porosity is increased
by the oxide particles, which results in the increase of LPT.

3.1.2. Effect of solid thermal property
In order to investigate the effect of solid thermal property on the

droplet impact behavior, sintered SiC, which is referred to previous
study of Wang [8], is also chosen for comparison in present study.
The droplet impact behavior in nucleate boiling on heated Zr-4,
FeCrAl and sintered SiC is compared in Fig. 13. A cloud of tiny
droplets sprays out on the sintered SiC surface, which means
intensive heat transfer between droplet and heated surface. It can
be attributed to the larger thermal conductivity of sintered SiC
compared with Zr-4 and FeCrAl. In contrast, the secondary atomi-
zation is gentle on the Zr-4 and FeCrAl surface in the regime of
nucleate boiling.



Fig. 6. Effect of oxidation on droplet impact behavior on FeCrAl surface in nucleate boiling. a: fresh surface, We ¼ 31:3; Tsurf ¼ 181:8�C, b: oxidized surface, We ¼ 31:7; Tsurf ¼
183:1�C.

Fig. 5. Dynamic behaviors of droplet impacting on fresh FeCrAl surface. a: deposition, We ¼ 13:5; Tsurf ¼ 171:2�C; b: rebound with secondary atomization, We ¼ 13:5; Tsurf ¼
255:1�C; c: breakup with secondary atomization, We ¼ 31:3; Tsurf ¼ 238:5�C; d: breakup with secondary atomization, We ¼ 31:3; Tsurf ¼ 317:2�C; e: breakup with secondary
atomization, We ¼ 110:4; Tsurf ¼ 425:9�C; f: rebound, We ¼ 13:5; Tsurf ¼ 452:2�C; g: breakup, We ¼ 110:4; Tsurf ¼ 505:4�C.
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Fig. 7. Effect of oxidation on droplet impact behavior on FeCrAl surface in transition boiling. a: fresh surface; We ¼ 31:3; Tsurf ¼ 288:2�C; b: oxidized surface,We ¼ 31:7; Tsurf ¼
294:3�C; c: oxidized surface, We ¼ 31:7; Tsurf ¼ 311:7�C。

Fig. 8. Effect of oxidation on droplet impact behavior on FeCrAl surface. a: breakup on fresh surface, We ¼ 74:8; Tsurf ¼ 501:8�C, b:breakup with secondary atomization on
oxidized surface, We ¼ 68:9; Tsurf ¼ 558:9�C.

Fig. 9. The impact regime map of droplet on fresh FeCrAl surface. þ: deposition, :
rebound with secondary atomization, ,: breakup with secondary atomization, :
rebound, B: breakup. The red solid line denotes the LPT, and the dash line denotes the
critical heat flux (CHF) point temperature. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. The impact regime map of droplet on oxidized FeCrAl. þ: deposition, :
rebound with secondary atomization, ,: breakup with secondary atomization, :
rebound, B: breakup.
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In transition boiling, ejection of upward vertical jet is observed
in the breakup with secondary atomization regime on the Zr-4,
FeCrAl and sintered surface, as shown in Fig. 14. Although the
ejection of upward jet is initiated later on the sintered SiC surface,
the upward jet is ejected at relatively high speed and reaches
higher level, compared with Zr-4 and FeCrAl. The transition boiling
heat transfer is also more intensive between the droplet and heated
sintered SiC surface.

The impact regime map of droplet on fresh Zr-4 surface is given
in Fig. 15 in which the CHF and LPT lines are also plotted. The CHF
temperature is greatly affected by solid thermal properties. The CHF



Fig. 11. The SEM image of oxidized FeCrAl after experiments.
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temperature on sintered SiC is significantly lower than that on
FeCrAl and Zr-4, and there is no obvious difference in CHF tem-
perature for FeCrAl and Zr-4. As previously stated, the heat transfer
between liquid droplet and heated surface is more intensive on
sintered SiC than that on Zr-4 and FeCrAl due to the large thermal
conductivity. Hence, massive vapor can be generated at relative low
temperature for sintered SiC to lift away the droplet. The LPT is also
significantly influenced by the heated solid thermal property, as
shown in Fig. 15. The LPT on Zr-4 is larger than that on FeCrAl and
sintered SiC, and the LPT on FeCrAl is between that on Zr-4 and
sintered SiC. The effect of solid thermal property on LPT can be
explained by one-dimensional heat conduction in the solid. The
initial surface temperature of the test samples is assumed to be
equal to 450 �C. Based on the study of the fully developed laminar
Fig. 12. EDS result of oxidized FeCrAl after experiments, a, b and c respectively represent th
color indicates the amount of content.
duct flow by Shah [18], the convection heat transfer in the vapor
layer can be estimated to be Nuz 8. According to the study of Tran
et al. [19], the vapor layer thickness can be assumed to be dvz5mm
in film boiling. Hence, the heat transfer coefficient between the
droplet and heated surface is determined as hz8kv=dvz6�
104 W=ðm2 ,�CÞ. Then, the surface temperature evolution of the
Zr-4, FeCrAl and sintered SiC is shown in Fig. 16. As the thermal
effusivity ðkrCpÞ1=2w of solid material increases, the surface tem-
perature drop decreases. Thus, the LPT of Zr-4 is higher than that of
FeCrAl and sintered SiC.

According to the droplet impact regimeWe-Tsurf maps of the test
samples, the critical Weber number of Zr-4 and FeCrAl, beyond
which breakup regime occurs, is about 55 and 75 respectively.
Generally, the mechanism leading to droplet breakup is understood
in terms of inertial effects overcoming the surface tension, which
can be generally expressed in terms of a “splashing limit”, or K-
number. Mundo et al. [20] experimentally investigated the impact
behavior of water droplet on an unheated flat surface made of
stainless steel, and developed the following formula for K-number.

Kcr ¼We0:625,Oh�0:25 (1)

Mundo et al. proposed that a value of K exceeding 57.7 would
lead to the breakup of droplet. Taking into account of the effect of
surface roughness, Cossali et al. [21] proposed the empirical cor-
relation of droplet impact on dry solid surface:

Kcr ¼We ,Oh�0:4 ¼649þ 3:76
�
Ra

D0

��0:63

(2)

Considering the droplet properties at room temperature of
20 �C, the predicted critical Weber numbers by above two corre-
lations are 56.4 and 80.7 respectively. Not surprisingly, neither of
above two correlations agrees with the present experimental
e oxygen, aluminum and chromium content distribution on the surface. The depth of



Fig. 13. Droplet impact behavior on different heated surfaces in deposition regime. a: Zr-4, We ¼ 33:5; Tsurf ¼ 176:7�C; b: FeCrAl, We ¼ 31:3; Tsurf ¼ 181:8�C; c: sintered SiC,
We ¼ 32:9; Tsurf ¼ 146:6�C.

Fig. 14. Droplet breakup with ejection of upward jet in transition boiling. a: Zr-4, We ¼ 33:5; Tsurf ¼ 349:8�C; b: FeCrAl, We ¼ 31:3; Tsurf ¼ 317:2�C; c: sintered SiC, We ¼ 32:9;
Tsurf ¼ 228:3�C.

Fig. 15. The impact regime map of droplet on Zr-4 surface. þ: deposition, : rebound
with secondary atomization, ,: breakup with secondary atomization, : rebound, B:
breakup. Fig. 16. The surface temperature evolution of different test samples.

Z. Wang et al. / Nuclear Engineering and Technology 52 (2020) 508e519 515



Fig. 18. Droplet maximum spreading factor as a function of Weber number.
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results. Both of the correlations just consider the effect of liquid
properties and kinematic impact parameters, and the solid prop-
erties may also have a significant influence on the droplet breakup.

3.2. Droplet spreading

Upon impacting on the heated surface, the droplet spreads
radially under the inertial force, in the meanwhile the kinetic en-
ergy is transformed into surface energy. During film boiling a stable
vapor layer is developed underneath the droplet. The vapor layer
prevents the contact between the droplet and heated surface, and
makes the spreading and recovery of droplet easy. The droplet re-
cedes back under the surface tension force when the impact Weber
number is small. In the case of large Weber numbers, the inertial
force of droplet can overcome the effect of surface tension. As a
consequence, the droplet breaks down into several small ones. Due
to the small friction between liquid and vapor layer, the viscous
dissipation is negligible during the spreading and receding stage.
The spreading dynamics is relatively independent of surface tem-
perature in film boiling. The evolution of droplet spreading factor
b ¼ D=D0 is plotted in Fig. 17 for different Weber number on Zr-4.
As the Weber number increases, the spreading of droplet acceler-
ates. It is noticeable that the time required for droplet to reach the
maximum spreading diameter is insensitive to the Weber number
and keeps constant as about 4.5 ms.

The variation of droplet maximum spreading factor with Weber
number is described in Fig. 18. Compared with the prediction of
Chandra [22], Mao [23], Pasadideh [24] as well as Wang [8], it is
obvious that the predictions by Chandra, Mao and Pasadideh
overestimate the experimental value especially for small Weber
number, while it coincides well with the prediction of Wang. In the
present study, a correlation is developed for droplet maximum
spreading factor based on the energy balance.

Before impact, the kinetic and surface energy of droplet are
given by

Ek0 ¼
�
1
2
rV2

0

��p
6
D3
0

�
(3)

Es0 ¼pD2
0s (4)

When the droplet reaches maximum spreading diameter, the
kinetic energy approaches zero, while surface energy is given by

Esmax ¼p
2
D2
maxsþ pDmaxes (5)
Fig. 17. Evolution of droplet spreading factor for different Weber number.
Here, the spreading droplet is approximately assumed as a
cylinder. The cylinder diameter is Dmax, and the height is e.
Considering the volume conservation of droplet, the cylinder
height is given by

e¼ 2D3
0

3D2
max

(6)

The energy dissipation during the droplet spreading stage is
approximately given by

j¼
ðte

0

ð
fdVdtzfVte (7)

The dissipation function f , volume V and spreading period te
can be approximated by

f � m
�
V0

e

�2

; V � 1
4
pD2

maxe; te � D0

V0
;

1
2
rV2

0 � m
V0

e
(8)

Thus, the energy dissipation can be written as:

j¼C1 ,m
�
V0

e

�2
,
1
4
pD2

maxe ,
D0

V0
¼C,prV2

0D0D
2
max (9)

Considering the energy balance

p
12

rV2
0D

3
0 þspD2

0 ¼s
�p
2
D2
max þpDmaxe

�
þC,prV2

0D0D
2
max

(10)

Correlated with the experimental results, constant C is deter-
mined as C ¼ 0:002, and the maximum spreading factor can be
determined by the following equation:

ð1þ0:004WeÞ
�
Dmax

D0

�3

�
�
We
6

þ2
��

Dmax

D0

�
þ4
3
¼0 (11)

Compared with the experimental results, a good agreement is
obtained as shown in Fig. 18. The average errors of Wang's corre-
lation and Eq. (11) are about 4.8% and 4.2% respectively.

4. LPT model for non-oxidized surface

The LPT of droplet impact on heated surface is generally
expressed as a function of Weber number in the form of TL ¼ Aþ
BWen, where the values of A, B and n are determined for various
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experimental conditions. Yao et al. [25] investigated the dynamic
behavior of water droplet impact on heated brass surface, and an
empirical correlation for LPT is suggested as follows:

TL ¼Tsat þ 135:6 We0:09 (12)

Based on the investigation on water droplet impact on
aluminum surface, Bertola [26] proposed following equation for
LPT:

TL ¼164:72þ 29:97 We0:38 (13)

The predictions by above two empirical correlations are
compared with present experimental results in Fig. 19. Both of the
correlations underestimate the LPT on Zr-4, FeCrAl and sintered SiC
surfaces. It can be attributed to the fact that the thermal effusivity
of brass and aluminum are larger than that of Zr-4, FeCrAl and
sintered SiC, and both two correlations do not account for the effect
of the solid thermal properties as well as the surface properties.

The LPT is determined by hydrodynamic instability or thermo-
dynamicmechanism in the literature. Berenson [27] and Henry [28]
assumed that the bubble spacing and growth rate were determined
by Taylor instability near the Leidenfrost temperature. The domi-
nant Taylor instability wavelength is given by
lcr ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3s=ðrf � rvÞg

p
z27mm which is far beyond the droplet

diameter D0. Thus, the hydrodynamic mechanism is not applicable
for the present study.

Thermodynamic mechanism model assumes that the liquid can
never exist beyond a “maximum liquid temperature”. The
maximum liquid superheat can be predicted by two different ap-
proaches in the literature. The first is based on a mechanical sta-
bility condition for a closed systemwhich is not in thermodynamic
equilibrium. And the second is referred to as the spontaneous
nucleation theory. Spiegler [29] derived the maximum liquid su-
perheat based on van der Waals equation of state, but this concept
of a limiting liquid superheat does not illustrate how the vapor is
formed. Therefore, the homogeneous nucleation theory is
employed to determine the LPTof droplet impact on heated surface.

Using conventional bubble nucleation theory, homogeneous
nucleation rates per unit volume for a superheated liquid can be
calculated by

J¼Nf

�
3s
pm

�0:5
exp

8><
>:� 16ps3

3kbTf
h
hPsat

�
Tf
�
� Pf

i2
9>=
>; (14)

where
Fig. 19. Comparison of experimental results with LPT correlations.
h¼ exp

8<
:
yf
h
Pf � Psat

�
Tf
�i

RTf

9=
; (15)

Homogeneous nucleation rate is plotted as a function of water
temperature in Fig. 20. There exists a small temperature range over
which the homogeneous nucleation rate begins to increase in a
drastic manner. According to Blander [30], the temperature corre-
sponding to a threshold value of 1012 m�3s�1 at atmospheric
pressure is assumed to be homogeneous nucleation temperature.
Here, 306 �C is chosen to be the homogeneous nucleation tem-
perature for water.

The heated solid surface is rapidly cooled upon the droplet
impact. Then the LPT can be expressed as a summation of the ho-
mogeneous nucleation temperature and the transient surface
temperature drop. When the droplet impinges on the surface, the
transient heat conduction occurs in the solid. As the interaction
time period between droplet and heated surface is very short in the
order of ms, one-dimensional transient heat conduction is used to
analyze the surface temperature.

vTw
vt

¼
�

k
rCp

�
w

v2Tw
vx2

(16)

Boundary condition is

x¼0; kw
vTw
vx

¼h
h
Tsurf ðtÞ�Tf

i
(17)

As previously mentioned, the heat transfer coefficient h is
approximately equal to 6� 104 W=ðm2 ,�CÞ. The lower surface
temperature of the droplet is assumed saturation. The solid surface
temperature can be calculated by

Tsurf ðtÞ � Tf
Tsurf ;0 � Tf

¼ expðt = tthÞerfc
� ffiffiffiffiffiffiffiffiffiffiffi

t=tth
p �

(18)

Where the thermal time scale tth ¼ kwrwCpwh
�2. As previously

mentioned, the time required for the droplet to reach the
maximum spreading diameter is independent of surface tempera-
ture and Weber number and maintains about tm ¼ 4:5ms in pre-
sent study. Therefore the surface temperature is assumed equal to
homogeneous nucleation temperature after 4.5 ms cooling period
at the Leidenfrost point.
Fig. 20. Homogeneous nucleation rates as a function of temperature for water (Pl ¼
0:1MPa).
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Thn � Tf
TL � Tf

¼ expðtm = tthÞerfc
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tm=tth
p �

(19)

The LPT can be determined

TL ¼
Thn � Tf

expðtm=tthÞerfc
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tm=tth
p �þ Tf (20)

The range of application of Eq. (20) is 5000<
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðkrCPÞw

p
<16000,

and droplet is water. The prediction of LPT by Eq. (20) is ploted as a

function of thermal effucivity ðkrCpÞ0:5w in Fig. 21. Comparison with
present experimental results shows good agreement when We>
60, while the prediction is overestimated for small Weber number.
As for small Weber number, the thickness of vapor layer is
increased due to small impact energy, which leads to a small heat
transfer coefficient. Thus the surface temperature drop is
decreased, yielding lower Leidenfrost point temperature.
5. Conclusion

Experimental investigation on droplet impact on FeCrAl and Zr-
4 surfaces are conducted. Based on the visualization results, five
impact regimes are identified: deposition, rebound with secondary
atomization, breakup with secondary atomization, rebound and
breakup. The effects of surface oxidation and solid thermal prop-
erties on droplet impact behavior are analyzed. The heat transfer in
nucleate boiling becomes more vigorous on the oxidized surface, as
the oxide particles significantly increase the bubble nucleation site
density. The CHF temperature is less sensitive to surface oxidation.
However, the LPT is significantly increased on the oxidized FeCrAl,
as the Leidenfrost phenomenon is not observed up to 550 �C on
oxidized FeCrAl when Weber number is larger than 30.

The CHF temperature makes no obvious difference for FeCrAl
and Zr-4, as the difference of heat conduction between them can be
assumed negligible. The LPT is strongly influenced by the solid
thermal properties, and the LPT of FeCrAl is significantly lower than
that of Zr-4 due to the larger thermal effusivity ðkrCpÞ0:5w . As ther-
mal effusivity ðkrCpÞ1=2w increases, the surface temperature drop
decreases due to droplet cooling during impacting period.

The droplet spreads more rapidly and finally results in a larger
maximum spreading factor with the increase of Weber number.
Based on the energy balance, a correlation is developed for droplet
maximum spreading factor, which is in good agreement with the
experimental results.

Based on homogeneous nucleation theory, a mechanistic model
Fig. 21. Prediction of LPT by homogeneous nucleation theory.
of LPT is developed considering the surface cooling during the
droplet impact. It is found to be in good agreement with present
experimental results for We > 60.
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