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Film boiling is of great importance in nuclear safety as it directly inﬂuences the integrity of nuclear fuel in
case of accidents involving loss of coolant. Recently, nuclear power plant safety under earthquake conditions has received much attention. However, to the best of our knowledge, there are no existing studies
reporting ﬁlm boiling in an oscillating system. Most previous studies for ﬁlm boiling were performed on
stationary systems. In this study, numerical simulations were performed for saturated ﬁlm boiling of
water on a horizontal surface under low frequencies to investigate the effect of system oscillation on ﬁlm
boiling heat transfer. A coupled level-set and volume-of-ﬂuid method was used to track the interface
between the vapor and liquid phases. With a ﬁxed oscillation amplitude, overall, heat transfer decreases
with oscillation frequency. However, there is a frequency region in which heat transfer remains nearly
constant. This lock-on phenomenon occurs when the oscillation frequency is near the natural bubble
release frequency. With a ﬁxed oscillation frequency, heat transfer decreases with oscillation amplitude.
With a ﬁxed maximum amplitude of the additional gravity, heat transfer is affected little by the combination of oscillation amplitude and frequency.
© 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/).
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1. Introduction
Film boiling is characterized by a vapor ﬁlm layer between a
heater surface and a liquid layer accompanied by phase change
between the vapor and liquid phases. Film boiling occurs in many
natural phenomena and engineering applications. Therefore, many
efforts have been made to study ﬁlm boiling theoretically [1e3],
experimentally [4e6], and numerically [7e15]. Steady efforts are
still being made to understand ﬁlm boiling.
Film boiling is of great importance in nuclear safety. Film boiling
heat transfer directly inﬂuences the integrity of the nuclear fuel
cladding in case of accidents involving loss of coolants. Recently,
nuclear power plant safety under earthquake conditions has
received much attention. To the best of our knowledge, there are no
reported works regarding ﬁlm boiling in an oscillating system. Most
previous studies for ﬁlm boiling were performed on stationary
systems. This lack of available reference was the primary motivation for this work.
The natural frequency of the containment building of a nuclear
power facility is less than 10 Hz [16,17]. The bubble release

frequency for saturated ﬁlm boiling on a horizontal surface is also
generally known to be low. Since the bubble release frequency for
ﬁlm boiling is not far from the natural frequency of the containment building, it is anticipated that there will be interactions between ﬁlm boiling heat transfer and system oscillations.
This study aims to investigate the effect of system oscillations on
ﬁlm boiling heat transfer, specially under low frequencies. Numerical simulations were performed for saturated ﬁlm boiling of
water on a horizontal surface. The fuel rods are horizontally arranged for heavy water reactors. A coupled level-set and volumeof-ﬂuid (CLSVOF) method was used to track the interface between the vapor and liquid phases. This technique provides beneﬁts of mass conservation by volume-of-ﬂuid (VOF) method as well
as accurate interface tracking by level-set (LS) method. Sun's model
was used to consider the phase change at the interface [18]. The
effects of the oscillation frequency and amplitude on heat transfer
were thus investigated.
2. Numerical methods
2.1. Governing equations
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The horizontal oscillation of the system has little inﬂuence on
the bubble rising speed from the horizontal surface because the
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acceleration direction is perpendicular to gravity. However, the
horizontal oscillation leads to water agitation, promoting bubble
detachment. In addition, the agitated water decreases the vapor
ﬁlm thickness. As a result, the horizontal oscillation is expected to
simply increase the heat transfer. On the other hand, the vertical
oscillation affects the bubble rising speed. For low frequencies, the
interaction between buoyancy and oscillation plays an important
role in the heat transfer. For this reason, it is worth considering the
vertical oscillation.
Simulations are performed in the non-inertial frame of reference. Numerical simulations for incompressible vapor-liquid ﬂow
were performed based on the CLSVOF approach using the ANSYS
FLUENT solver [19]. The effects of the oscillation and mass transfer
were implemented with the help of the user-deﬁned function.
The continuity equation based on the single ﬂuid concept is

vr
þ V,ðruÞ ¼ 0;
vt

(1)

where r and u are the mixture density and velocity. With the
assumption of incompressibility, the volume fraction equation is
given by

va
m_
þ V,ðauÞ ¼ ;
vt
rv

(2)

where a is the volume fraction of the vapor phase and m_ is the
vapor generation rate. The subscripts v and l denote the vapor and
liquid phases, respectively. The momentum equation is given by

i
h 
v
€
ðruÞ þ V,ðruuÞ ¼ Vp þ V, m Vu þ VuT þ Fst þ rðg  RÞ;
vt
(3)
where p is the pressure, m is the viscosity, Fst is the volumetric
surface tension force vector, g is the gravitational acceleration
vector, and R€ is the system acceleration vector. The energy equation
has the following form:

v
_
ðrhÞ þ V,ðrhuÞ ¼ V,ðkVTÞ  mL;
vt

r ¼ arv þ ð1  aÞrl ;
m ¼ amv þ ð1  aÞml :
h¼

arv hv þ ð1  aÞrl hl
;
arv þ ð1  aÞrl

to vary with time as  A sinð2pftÞ, where A and f are the oscillation
amplitude and frequency, respectively. Accordingly, the system
acceleration vector in Eq. (3) is given by

€ ¼ Að2pf Þ2 sinð2pftÞj;
R€ ¼ Rj


i
€ ¼ ½g þ Að2pf Þ2 sin 2pft j;
g  R€ ¼ ðg þ RÞj

(6)
(7)

(12)

where g is 9.81 m/s2, R€ acts as additional gravity, and g þ R€ is called
the effective gravity in this study.
The level-set 4 is a distance function such that

8
< þd
4¼
0
:
d

in the vapor region
at the interface
in the liquid region

;

(13)

where d is the shortest distance from the interface. Accordingly, the
interface is the zero-level set. The level-set function is advected as
follows:

v4
þ u,V4 ¼ 0:
vt

(14)

At each time step, the level-set function is re-initialized based
on the piecewise linear interface construction geometrical
reconstruction.
The volumetric surface tension force is based on the continuum
surface force.

Fst ¼ skdn;

(15)

where s is the surface tension, k is the local mean curvature at the
interface, d is the smoothed delta function across the interface, and
n is the local normal vector at the interface.

(4)

(5)

(11)

where j signiﬁes the upward unit vector in the gravitational ﬁeld. In
this case, the term g  R€ in Eq. (3) can be expressed as

n¼ 

where h is the enthalpy, k is the thermal conductivity, and L is the
latent heat.
The material properties are computed based on the following
manner:
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V4
;
jV4j

(16)

k ¼ V,n;

d¼

8
>
<

(17)
0

1 þ cosðp4=aÞ
>
:
2

if j4j  a=2
if j4j < a=2

;

(18)

where a is the interface thickness and is twice the grid spacing size.
The vapor generation rate is computed by Sun's model [18]:

m_ ¼

2kv ðVa,VTÞ
:
L

(19)

The enthalpy of each phase is based on the speciﬁc heat cp of
that phase and the shared temperature T.

This model was implemented by the user-deﬁned function. This
model has no tuning coefﬁcients and is valid for the situation in
which one of the two phases is unsaturated while the other is
saturated. Sun et al. [18] validated the model through onedimensional Stephan problem.

hv ¼ hv;sat þ cp;v ðT  Tsat Þ;

(9)

2.2. Veriﬁcation

hl ¼ hl;sat þ cp;l ðT  Tsat Þ;

(10)

k ¼ akv þ ð1  aÞkl :

(8)

where hv;sat and hl;sat are the saturated vapor and liquid enthalpies,
respectively, at the saturation temperature Tsat .
In this study, the vertical position of the ﬂow system is assumed

Fig. 1 shows a schematic of the two-dimensional simulation
domain for ﬁlm boiling on a horizontal surface in a pool. The height
and width of the domain are ld and ld =2, respectively, where
ld ¼ 2p½3s=ðgDrÞ0:5 is the most unstable wavelength for the
RayleigheTaylor instability. A constant wall temperature condition
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Fig. 2. Comparison between the present study and Sun's result.

Fig. 1. Simulation domain (width ¼ ld =2, height ¼ ld ).

was used on the bottom wall. Symmetric conditions were imposed
on the left and right boundaries. A pressure outlet condition was
imposed on the top boundary. The interface temperature at both
the vapor side and the liquid side can be assumed to be equal to the
saturation temperature [13]. The liquid temperature equals the
saturation temperature everywhere.
To verify the present numerical method and phase change
model, a numerical simulation was made for the stationary system
(R€ ¼ 0j) with Sun's conditions [18]. The ﬂuid properties are listed in
Table 1. Because the liquid temperature is uniform everywhere, the
thermal conductivity of the liquid was assumed to be zero such that
heat conduction does not exist in the liquid. In this case, the speciﬁc
heat of the liquid does not inﬂuence the result. The wall superheat
was set to 5 K and the initial interface height was set to di ¼
ld ½4 þcosð2px =ld Þ=128. Fig. 2 shows the space-averaged Nusselt
number calculated at the wall (y ¼ 0) as follows:

CNuD ¼

1
ld =2

ldð=2
0

Hl
2l
dx ¼
kv
ld ðTsat  Tw Þ

ldð=2
0

vT
dx;
vy

(20)

where H ¼ kv ðvT =vyÞ=ðTw Tsat Þ is the heat transfer coefﬁcient
and l ¼ ½s=ðg DrÞ0:5 . The present result agrees well with Sun's result
[18], verifying the accuracy of the present model. Slight discrepancy
may be attributed to the different numerical methods and initial
conditions.
The material properties of water and vapor at a near-critical
pressure were given in Table 2. There are two reasons for the
near-critical pressure. The numerical method based on the oneﬂuid approach is generally limited to the two-phase ﬂow with
small density difference between the vapor and water. Moreover,

the numerical simulation result under a near critical pressure
agrees well with the heat transfer correlation developed at a low
pressure. The thermal conductivity of water was set to zero so that
the water temperature is uniform.
A grid test was also performed in the stationary system. The wall
superheat was set to 10 K and the initial vapor ﬁlm height was set to
di ¼ ld ½4 þcosð2px =ld Þ=64. Four grid resolutions were tested with
a ﬁxed time step of 5  106 s. Four result curves in Fig. 3 look
similar except slight phase shifts. For each mesh, the time-averaged
value of the space-averaged Nusselt number was calculated over
one periodic cycle such that

1
CNuD ¼
T

t0ð
þT

CNuDdt;

(21)

t0

where t0 is a certain time and T is the time period. The calculations
are CNuD ¼ 5:2672 (90  180 mesh), 5.3077 (120  240 mesh),
5.3229 (150  300 mesh), and 5.3583 (180  360 mesh). Because
the difference in CNuD between the 120  240 and 150  300
meshes is less than 0.3%, we adopted the 120  240 mesh for main
simulations. According to Berenson's correlation, the Nusselt
number is estimated as 5.27, which is in good agreement with the
simulation result with 120  240 mesh. In this mesh, the time interval between two high peaks in CNuD is 0.24 s, i.e., the natural
bubble release frequency is fb ¼ 4:17 Hz.
Fig. 4 shows the bubble shapes at different time instants for the
stationary case with 120  240 mesh. A bubble grows at the node,
necks, and detaches from the vapor ﬁlm layer. When the bubble
neck is formed, the vapor-liquid interface is close to the heating
wall, which in turn increases the heat transfer between the wall
and the vapor. After the bubble detachment at the node, the vapor
column is pulled back due to the surface tension force, the thin
vapor layer becomes thick (low heat transfer), and another bubble
starts to grow at the antinode. This cycle repeats periodically.

Table 1
Fluid material properties for veriﬁcation simulation.
Density (kg/m3)
Liquid
200
Vapor
5
L ¼ hv;sat  hl;sat ¼ 10 kJ=kg s ¼ 0:1 N=m,

Viscosity (kg=m,s)

Conductivity (W=m,K)

Speciﬁc heat (kJ=kg,K)

0.1
0.005

0
1

200
0.2

Y.S. An, B.J. Kim / Nuclear Engineering and Technology 52 (2020) 918e924

921

Table 2
Material properties of water at a near critical pressure of 21.9 MPa used in the grid test and main simulations.

Liquid
Vapor

Density (kg/m3)

Viscosity (kg=m,s)

Conductivity (W=m,K)

Speciﬁc heat (kJ=kg,K)

402.4
242.7

4.67  105
3.24  105

0.0
0.538

218
352

Tsat ¼ 646 K; psat ¼ 21:9 MPa; L ¼ 276:4 kJ=kg s ¼ 7  105 N=m;

Fig. 3. Grid test result for different grid resolutions.

3. Results and discussion
As described in Section 2.1, the vertical position of the ﬂow
system was assumed to vary as a function of time such that 
A sinð2pftÞ. Therefore, the additional gravity can be written as
R€ ¼ Að2pf Þ2 sinð2pftÞ. The effects of the oscillation amplitude (A)
and frequency (f ) on the heat transfer can be investigated in three
ways. First, the effect of f is investigated with a ﬁxed value of A; the
maximum amplitude of the additional gravity increases proportionate to f 2 . Second, the effect of A is examined with a ﬁxed value
of f ; the maximum amplitude of the additional gravity increases
proportionate to A. Third, the effect of both A and f is investigated
with a ﬁxed value of Að2pf Þ2 .
To investigate the effect of f on heat transfer, the value of A must
be determined and ﬁxed. In this study, we considered the condition
Að2pf Þ2 ¼ 0:3g, which is the maximum instantaneous earthquake
acceleration allowed for in the safety design of a pressurized water
nuclear reactor. If we choose f ¼ fb ¼ 4:17 Hz, A is calculated to be
about 4 mm.

Fig. 5. Effect of the oscillation frequency on the average heat transfer for.A ¼ 4 mm

Fig. 5 shows the effect of f on the average heat transfer when A is
4 mm. In the event that CNuD displayed a clear periodic pattern, CNuD
was calculated using Eq. (21). Otherwise, CNuD was computed over a
sufﬁciently long time. In Fig. 5, the dashed line corresponds to the
value for the stationary case; the results for low frequencies such as
1 Hz and 2 Hz are close to stationary. On the whole, the heat
transfer decreases as increasing frequency, however the heater
transfer is maintained low when f ¼ 3:57e5:55 Hz. Results for
higher frequencies are not plotted in Fig. 5 because bubbles do not
grow alternatively at the node and antinode, which is beyond the
single-mode simulation.
Fig. 6 displays the detailed result for f ¼ 1 Hz. The overall shape
of the curve is very similar to that of the stationary curve. The low
oscillation frequency leads to R€ having a small amplitude, which in
turn has little inﬂuence on the heat transfer. Fig. 7 shows the
detailed result for f ¼ 2:86 Hz. The amplitude of R€ increases
signiﬁcantly and the oscillation frequency approaches the natural
bubble release frequency. The heat transfer curve exhibits a semiperiodic pattern, but the bubble release process is not yet
strongly coupled with the system oscillation. Fig. 8 shows the result

Fig. 4. Evolution of vapor bubbles for the stationary case (A ¼ 0 mm).
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Fig. 9. Space-averaged Nusselt numbers for three different oscillation frequencies.
Fig. 6. Simulation result for A ¼ 4 mm and.f ¼ 1 Hz

Fig. 7. Simulation result for A ¼ 4 mm and.f ¼ 2:86 Hz

acting on the bubble is proportional to the effective gravity, which
is highest at the moment when the ﬂow system reaches the lowest
position and rises again. In contrast, CNuD is lowest when effective
gravity is low. This is because the vapor ﬁlm grows slowly when the
effective gravity is low.
To explain the ﬂat curve region (f ¼ 3:57e5:55 Hz) in Figs. 5 and
9 compares the results for three different oscillation frequencies.
For each curve, t=T is the normalized elapsed time from each high
peak, where T is the oscillation period based on each frequency f .
Overall, the three curves are similar despite different oscillation
frequencies. This is why the time-average of the space-averaged
Nusselt number changes little in the range of f ¼ 3:57e5:55 Hz.
This behavior is the so-called “lock-on” phenomenon. If the
external oscillation frequency is near the natural bubble frequency,
the ﬂow oscillation synchronizes with the external oscillation.
Fig. 10 shows bubble shapes at different time instants for
f ¼ 4:17 Hz. The heat transfer is the highest at t=T ¼ 0 and 1.0,
when the vapor bubbles are about to leave the wall. In contrast, the
heat transfer is the lowest at t=T ¼ 0:489, when a vapor bubble is
growing from the thick vapor ﬁlm.
An additional test was carried out to ascertain the synchronization of bubble generation. The oscillation phase F was set to vary
with time while the oscillation frequency was ﬁxed to f ¼ 4:17 Hz.

R€ ¼ Að2pf Þ2 sinð2pft þ FÞ;

F¼

Fig. 8. Simulation result for A ¼ 4 mm and.f ¼ 4:17 Hz

for f ¼ fb ¼ 4:17 Hz. One can see the strong coupling of the bubble
generation with the effective gravity. The local peak times of CNuD
coincide with those of the effective gravity (although not shown
here, the FFT result shows that the peak frequencies are multiples
of the oscillation frequency 4.17 Hz). There are two reasons for this:
one is that the heat transfer is high when the bubble is about to
detach from the wall, and the other is that the buoyancy force

8
<
:

0
2pðt  1:0Þ

p

if t < 1:0 s
if 1:0  t < 1:5 s :
if t  1:5 s

(22)

(23)

For 1:0  t  1:5 s, F increases linearly up to p. Fig. 11 shows the
result. The red lines in the ﬁgure correspond to the phase-shifted
case such as that described by Eq. (23). It is seen in the region 0:5 
t  1:0 s and t  1:5 s that the high peak times of CNuD are clearly
forced to coincide with those of the effective gravity. This graph
demonstrates a typical lock-on phenomenon.
According to Figs. 7 and 8, the oscillation raises high peaks and
diminishes low peaks on the heat transfer curve. When the effective gravity is high, the liquid tends to be pushed more toward the
wall, which in turn increases high peaks. In contrast, when the
effective gravity is low, the vapor layer is spread out for a relatively
long time. As a result, there is a reduction in the time- and spaceaveraged heat transfer.
We now turn to the effect of the oscillation amplitude A. To
examine this effect, the oscillation frequency was set to
f ¼ fb ¼ 4:17 Hz. Fig. 12 shows the heat transfer as a function of
oscillation amplitude. It is interesting that the heat transfer

Y.S. An, B.J. Kim / Nuclear Engineering and Technology 52 (2020) 918e924
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Fig. 10. Evolution of vapor bubbles during one cycle for f ¼ 4:17 Hz and.A ¼ 4 mm

Fig. 11. Synchronization of bubble detachment with gravity oscillation.

Fig. 12. Effect of oscillation amplitude on heat transfer when.f ¼ 4:17 Hz

decreases with increasing amplitude. At ﬁrst sight, this may seem
unrealistic because the oscillation intensity of the effective gravity
is proportional to the amplitude. Fig. 13 elucidates the decrease in
the heat transfer: as the oscillation amplitude increases, the high
peaks in the heat transfer curves increase and the low peaks
decrease. Since the heat transfer is low for a relatively long time,
there is a reduction in time- and space-averaged heat transfer
despite the oscillation.
Up to now, only the effect of the frequency/amplitude alone has
been investigated. We consider the special case in which Að2pf Þ2 ¼
0:3g ¼ 2:94 m=s2 . A and f were adjusted simultaneously while
maintaining Að2pf Þ2 ¼ 0:3g; the result is given in Fig. 14. Heat
transfer does not decrease monotonically with frequency; instead,
averaged heat transfer is shown to be relatively constant regardless
of the combination of A and f .
To be precise, the single bubble simulation is adequate for nearly

constant gravity because ld (related to the horizontal domain size)
depends on gravity. However, let us consider the condition of
Að2pf Þ2 ¼ 0:3g ¼ 2:94 m=s2 . The effective gravity varies with time
in the range of 6.87e12.8 m/s2, and ld changes in the range of
0:877ld;0 e1:195ld;0 , where ld;0 is the most unstable wavelength
corresponding to 9.81 m/s2. One thing that should be noted here is
that ld averages 1:018ld;0 during the oscillation cycle. Hence, it can
be said that the average bubble distance during the simulation time
is approximately ld;0. In this regard, the constant size of the horizontal dimension is acceptable under low frequencies.
4. Conclusions
Single-mode numerical simulations have been made of saturated ﬁlm boiling of water on a horizontal surface to investigate the
effects of system oscillation on ﬁlm boiling heat transfer. Low
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peaks were lowered. However, since the time interval during
which the heat transfer was low was relatively long, averaged
heat transfer reduced despite the oscillation.
 Simulations were performed for Að2pf Þ2 ¼ 0:3g ¼ 2:94 m=s2.
The averaged heat transfer was relatively constant regardless of
the combination of A and f .
The present results are valid for low frequencies.
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Fig. 13. Result comparisons for different amplitudes.
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