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a b s t r a c t

Experimental investigations were attempted to simultaneously observe the vapor behaviors and critical
heat flux under static and rolling conditions. From visualization results, vapor initiated, grew, and de-
tached individually in a vertical direction from the static heated surfaces (at 10, 20, and 30�). While under
rolling motion, initiated vapor grew, and interacted with each other, resulting in forming a wider dry spot
on the heated surface. Also, it was observed that the vapor drifted upward and stayed on the heated
surface longer compared to under static condition. The faster the platform rolls, the longer the vapor stay
on the heated surface, significantly decreasing the CHF. On the other hand, as the platform rolls slower
(at high rolling period), CHF increases. CHF was decreased with increasing maximum rolling amplitude
and inclination angle under both conditions (static and rolling). CHF under rolling conditions was noticed
to be lower than under static condition except at maximum rolling amplitude of 10�. The bubble de-
parture frequency at a maximum rolling amplitude of 10� was the highest among all of rolling ampli-
tudes, thereby enhancing the CHF. These results indicate that rolling motion significantly affects vapor
behaviors and CHF.
© 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

Ocean and land based reactors have a significant inequality
which affects the boiling phenomena. The difference between the
ocean and land based reactors could affect the boiling systems. As it
named, the ocean based reactor is operated in the ocean. Since
natural disasters; earthquake, and tsunami have attacked the
plants, moving the plants from land to ocean became one of the
best solutions to enhance the safety which captivated the attention
of researchers around the world. One of the most significant dif-
ferences with the land based reactor is the ship motions in the
ocean, which affected the thermal hydraulic of the ocean based
reactor. Fig. 1 illustrated the six degrees of freedom of the ship
motions. Two primary of ship motions are heave and roll. Thus, in
designing an ocean based reactor, it is crucial to evaluate the effect
of ship motions on thermal-hydraulics quantitatively. Also, pre-
dicting the critical heat flux (CHF) which known as the end of
nucleate boiling or maximum operation limit of the system is
essential to be determined.
by Elsevier Korea LLC. This is an
Numerous researchers have experimentally investigated effects
of heaving and rolling motions on CHF. Table 1 summarizes previ-
ous studies under heaving and rolling motions. In 1960s, Isshiki [1]
investigated the effect of heaving and listing upon thermo-
hydraulic performance and CHF of water-cooled marine reactors.
By setting the experiment at atmospheric pressure, he investigated
CHF in forced and natural circulations. The reduction of CHF
occurred as heaving acceleration increased. In addition, a correla-
tion of CHF under heaving motion was developed by using some
parameters; initial flow speed, resistance, and dimensions of the
channel. His prediction shows that the void fluctuation due to the
heaving motion is inversely proportional to the fourth power of the
inlet velocity.

Furthermore, after more than a decade, Otsuji and Kurosawa
[2,3] found that the reduction of CHF at high exit quality regionwas
associated with the diversity of inlet flow rate. To prove their
observation, they continued their investigation by conducting a
visualization study to analyze the effect of acceleration on CHF in
subcooled flow boiling [4]. They found that at low gravitational
acceleration, bubble generated and merged to occupy a broader
area on the heated surface. They also observed that the bubble stay
longer on the heated surface without detachment, which caused
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Nomenclature

A Maximum rolling amplitude
r Distance between rolling axis and heated surface
T Rolling period
t Time

Greek symbols
q Rolling amplitude, Inclination angle
u Angular velocity
b Angular acceleration
ata Tangential acceleration
ace Centrifugal acceleration
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the occurrence of early CHF.
Ishida et al. [5] developed a RETRAN-02 code and found that the

loop flow rate oscillated with rolling motion while the core flow
rate remained constant. He also modified COBRA-IV-I to compute
the temporal change of CHF in oscillating gravity acceleration field.
Fig. 1. Six degrees of freedom of ship motions.

Table 1
Summarize of previous studies under ocean motions.

NO. Researcher Flow Condition Par

Rol

1 Isshiki [1] Forced/Natural
2 Otsuji and Kurosawa [2] Forced
3 Otsuji and Kurosawa [4] Forced
4 Ishida et al. [5] Natural 22.5
5 Murata et al. [6] Natural 22.5
6 Murata et al. [7] Natural 7.5,
7 Chao et al. [18] Natural 10,
8 Hong et al. [8] Natural
9 Hwang et al. [9] Natural 15,
10 Yan et al. [19] Forced 5, 1
11 Yan [20] Forced 15
12 Zhu et al. [21] Natural 30
13 Chong et al. [22] Natural 10
14 Li et al. [23] Natural 10
15 Chen et al. [24] Forced 10
16 Yu et al. [10] Forced 10
17 Gong et al. [25] Natural 15
18 Yu et al. [26] Natural 5, 1
19 Tian et al. [27] Natural 5, 1
20 Ji et al. [28] Natural 10,
21 Zhu et al. [11] Natural 10,
The code was applied to Mutsu and found that the CHF ratio was
enhanced.

Murata et al. [6] investigated the natural circulation character-
istics of a marine reactor under stormy weather. They experi-
mented with a rolling motion. They found that the loop of flow rate
was changed in each leg due to the inertial force of the rolling
motion. They continue their research to observe the thermal-
hydraulic behavior under rolling motion [7]. It was stated that the
amplitude of flow rate oscillation in both legs become more
abundant with reducing the rolling period.

Recently, Hong et al. [8] acquired bubble departure size in forced
convective flow under static and heaving conditions. In this study,
they modified the model of bubble departure for heaving motion.
As for the bubble, departure model is to predict the departure di-
ameters under heaving motion by considering the additional
heaving acceleration and flow rate fluctuations.

Hwang et al. [9] investigated the characteristic of CHF for flow
boiling in the vertical tube under rolling condition. Based on the
results, they concluded that in DNB region, the combination of
tangential force and highmass flux contribute to CHF enhancement
due to the increase of the vapor layer agitation and bubble depar-
ture rate. On the other hand, in the dry out region, the rolling
motion promotes the reduction of film thickness due to minimum
inlet mass flow or droplet entertainment rate in liquid film to vapor
core. They also found out that the CHF enhancement is dependent
on the mass flux, pressure, and rolling amplitude.

Yu et al. [10] investigated the flow instability of forced circula-
tion in a mini-rectangular channel under rolling condition. The
experiment was conducted in both static and rolling conditions.
They observed typical pressure drop oscillation (PDO) under static
condition. On the other hand, experimental phenomena such as
single-phase flow fluctuation, trough-type flow oscillation, couple
flow oscillation, and two-phase flow fluctuation were observed
under rolling condition.

Zhu et al. [11] experimented natural circulation under a rolling
motion to investigate the flow resistance characteristics in a 3 x 3-
rod bundle channel. The flow regimes dominate the resistance
coefficients during the rolling process. The friction factors change
rapidly in a laminar regime while slowly in a transitional regime.
The steady correlation is applicative for the instantaneous friction
ameters

ling amplitude (Deg) Heaving (m) Rolling period (s)

4.4 3 and 6
2.7 5 and 6
3 6

5, 7.5, 10, 15, and 20
5, 7.5, 10, 15, and 20

15, and 22.5 5, 7.5, 10, 15, and 20
15, and 20 7.5, 10, and 12.5

0.2 1.64, 2, 2.5, 3.3, and 5
30, and 40 6, 8, and 12
0, 15, 20, and 25 5, 10, and 15
and 25 5 and 10
and 45 13 and 21
to 20 10 to 20
and 15 8, 12, and 16
and 20 10 and 20

19.2
and 22.5 8, 10, and 13
0, 15, and 20 6, 10, 14, and 20
0, 15, and 20 6, 10, 14, and 20
15, and 20 10, 15, and 20
15, and 20 5 to 40
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factors prediction in a laminar regime. However, the instantaneous
local resistance coefficients oscillate more drastically than the
constant values because the rolling motion strengthens the local
mixing.

Various studies have experimentally and numerically examined
the vapor behaviors and CHF at different inclination angles [12e17]
under static condition. The reduction of CHF was observed as the
inclination angle increased (from horizontal faced upward to
downwards). Also, Tanjung and Jo [13] characterized three signifi-
cant pool regions boiling based on the vapor behaviors.

The previous studies show that experimental and numerical
studies under rolling motion are still needed, and there are limited
researches which observed the CHF characteristics. These reviews
broadly summarize previous studies of the effect of heaving and
rolling motions on thermal-hydraulic systems, which are focused
on; pressure drop, flow instability, heat transfer, and CHF. However,
there is a lack of detailed understanding to the influence of rolling
Fig. 2. Schematic diagram o
motion on CHF. Therefore, this study conducted to elucidate the
effect of rolling motion on saturated pool boiling CHF. Moreover,
the vapor behaviors were also observed and comparedwith the one
under static condition.
2. Experimental conditions

A schematic diagram of the experimental facility is illustrated in
Fig. 2. The setup made up of a test section, a heating jacket, a rolling
platform system, a DC power supply, a power meter, a current-
sensor terminal, a pre-heater, thermocouples, an inclinometer
sensor signal, and data acquisition (DAQ) system. To ascertain the
exact power was supplied to the PCB, the DC power supply was
connected with the power meter by the current-sensor terminal, as
have been set in the previous studies [12e14]. The experimental
setup and parameters were summarized in Table 2.
f experimental facility.



Table 2
Experimental conditions.

Parameter Experimental Setup

Working fluid Deionized water
Bulk temperature Saturation (100 �C)
Heat flux 0.005e1.83 MW/m2

Surface roughness Approx. 0.1 mm
Surface wettability (contact angle) Approx. 82�

Inclination angle (under static condition) 10, 20, and 30�

Maximum rolling amplitude 10, 20, and 30�

Rolling period 10, 15, and 20 s

Fig. 4. The actual of rolling amplitude at various rolling periods (at A ¼ 20�).
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2.1. Rolling platform system

The rolling platform was designed to simulate the ship motion
in the ocean. The platform is 800 � 900 mm of a rectangular plane,
which could roll with the middle axis (OeO), as shown in Fig. 3(a).
The height between the rolling axis and the platformwas 700 mm.
The rolling platformwas driven by motor and gear from controller.
Thirteen autonic sensors were placed precisely to determine the
rolling amplitudes. The control procedure can adjust the rolling
period. An inclinometer was installed on the top of the rolling stand
to transfer the angle signal to the DAQ. The rolling motion repre-
sents a simple harmonic which can be simulated by the platform in
a sine wave as illustrated in Fig. 4. The rolling amplitude can be
expressed according to the study of Murata et al. [6]:

qðtÞ ¼ A sin
�
2p
T

t
�

(1)

where A, T, and t are the maximum amplitude, rolling period, and
time, respectively. Therefore, the angular velocity and acceleration
can be denoted as follow;
Fig. 3. Image of experimental apparatus; (a) rolling pla
uðtÞ ¼ A
�
2p
T

�
cos

�
2p
T

t
�

(2)

and

bðtÞ¼ � A
�
2p
T

�2
sin

�
2p
T

t
�

(3)

where u and b are the angular velocity and acceleration, respec-
tively. Based on Eqs. (2) and (3), the tangential and centrifugal ac-
celerations can be determined as follow;
tform system, (b) test section, and (c) PCB heater.



Fig. 5. Binarization technique using MATLAB.
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ata ¼ b
!
: r! (4)

ace ¼ u!� ðu!: r!Þ (5)

2.2. Test section

As described [12e14], the test section was made of aluminum
with 260� 160mm of dimension and 60mm of thickness shown in
Fig. 3(b). In this study, an additional condenser tank made of
aluminumwas installed on top of the test section to avoid thewater
spill off when the platform rolls. The test section was covered by a
heating jacket (250 W) made of a stainless-steel to preclude heat
loss. A rectangular flat copper heater 100 mm of length and 1.5 mm
of width was fabricated on a printed circuit board (PCB) as depicted
in Fig. 3(c). The PCB was seated on an acetal bed heater and placed
at the bottom part of the test section. A pre-heater (100 W) was
used to heat the water to saturation condition. Two K-type of
thermocouples were installed to monitor the temperature of the
fluid and heat supplied to the test section through the heating
jacket. The test section was highlighted from the back by an LED
illuminator to have a better image quality.

2.3. PCB heater treatment

Similar PCB treatments were done, as explained in previous
studies [12e14] to have a uniform surface condition. The polished
surface conditionwas checked by using an atomic force microscope
(AFM) and sessile drop technique for the surface roughness and
wettability, respectively. The surface condition was standardized at
approximately 0.1 mm and 82� of surface roughness and contact
angle, respectively.

2.4. Experimental procedure

The test section was filled with 1.5 L of deionized water. The
water thenwas heated up to saturation condition by a pre-heater. A
heating jacket which covered the test section was turned on to
maintain the bulk temperature at saturation condition. The rolling
system was switched on at the intended rolling amplitude and
period before the power applied to the PCB heater through the
power supply. The power applied to the heated surface was
increased gradually, and the boiling phenomena were recorded by
using a high-speed digital camera until the CHF occurred. In this
study, the CHF was referred to as a burnout on the heated surface.
The experimental data was monitored and stored to the personal
computer through a compact DAQ system.

2.5. Image analyses

Boiling phenomena were observed through 125 � 85 mm of
polycarbonate window using a high-speed camera. The camerawas
set to 800 � 600 pixels of resolution with 1000 fps of rate. Vapor
behaviors were recorded when the first bubble generated on the
heated surface until they reached CHF. More than 3000 images
were analyzed using MATLAB.

In this study, dried time and bubble departure frequency were
determined. Figs. 5 and 6 show the binarization technique in
MATLAB to determine the dried area on the heated surface and how
long that area was covered/dried. For example, a small box in Fig. 6
shows howMATLAB generates and determines the length and time
in pixels and millisecond, respectively. MATLAB assigned number
“0 or black” as dried, and “1 or white” as wetted. The small box was
13 � 9 pixels of resolutions) which represents in column “a” to “m”

on the x-axis, while the y-axis represents the time (9 ms) as
depicted in Fig. 6. Based on this technique, dried time was deter-
mined; column “m” was dried for 3 ms, while column “a and b”
were dried for 7 and 4 ms, respectively.

Dried time is defined as the period where the heated surface
was dried (covered with the bubble). As the camera set at 1000 fps
of rate, it represented 1 ms per image. Meanwhile, bubble depar-
ture frequency is defined as several bubbles generated per unit time
(total of growth and waiting time). These analyses explained the
CHF, whether increase or decrease.

3. Experimental results

The effect of rolling motion on CHF was experimentally inves-
tigated, and it is compared with the stationary condition. The
experiment was accomplished at various rolling amplitudes and
periods and performed three times to ensure the repeatability of
the data.

3.1. Vapor behaviors under stationary condition

The results were compared with the stationary condition to
validate the experiment under rolling motion. Under static condi-
tion, experiments were conducted at 10, 20, and 30� inclination
angles similar to the maximum amplitude under rolling motion.
Fig. 7 shows the sequence of vapor behaviors at three different
inclination angles with increasing heat flux. Vapor behaviors at
these angles (at 10 to 30�) were categorized in the first region
(upward facing 0� � q < 90�) as explained previously by Tanjung
and Jo [13]. When the heater placed horizontally faced upwards (at
10 to 30�), the vapor generated in flat shape and became roundish
as it grew. The vapor grew as it drifted the surface upward and
departed in the vertical direction of the heated surface due to
buoyancy. With increasing heat flux, the nucleation sites were
activated and generated more vapor, resulting in the reduction of
the length between vapors. The interaction between vapors
occurred actively. Because of the lateral interaction between va-
pors, several dry areas became wider due to the vapor coalesced
with each other. The massive vapor formed and covered a great
area of the heated surface as the heat flux increased. At a very high
heat flux, massive vapor grew and expanded the dry patch. As the
massive vapor departed from the heated surface, the fluid was able
to replenish the surface. This scenario continued until the residual



Fig. 6. Image analysis using MATLAB to determine dried time on the heated surface.

Fig. 7. Sequence image of vapor behaviors under static condition at various surface
orientation with increasing heat flux.

Fig. 8. Dried time on the heated surface at various inclination angle with increasing
heat flux.
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patch grew every time the massive vapor departed and hindered
the heated surface from having physical contact with the fluid.
Fig. 8 shows the dried time on the heated surface at various incli-
nation angles with increasing heat flux (started from 20% of CHF to
60% of CHF). The vapor stayed longer on the heated surface as the
inclination raised to 20 and 30�. Consequently, the heated surface
was dried for a longer time, as shown in Fig. 8. This behavior leads
to the occurrence of CHF. Also, it was observed that CHF decreased
with increasing inclination angle from 10 to 30�.

3.2. Vapor behaviors under rolling motion

Fig. 9 reveals the vapor behaviors under rolling motion with
increasing heat flux. Under rolling motion, the generated vapor slid



Fig. 9. Sequence image of vapor behaviors under rolling motion at various maximum
rolling amplitude with increasing heat flux (at T ¼ 15 s).

Fig. 11. Boiling phenomena at 20% of CHF under static and rolling conditions.
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and grew to a specific size before it departed from the heated
surface. Additional accelerations; tangential and centrifugal on the
rollingmotion leads the vapor tomove longer on the heated surface
without detachment. Fig. 10 illustrates the additional accelerations
acted on the platform as it rolls up and down. The combination of
these accelerations affected vapor behavior and CHF.

As the heat flux increased, it was discovered that the effect of
rollingmotion engendered the nucleation sites and coalesced vapor
were easily activated and achieved, respectively as shown in Fig. 11.
Generally, it displays that under rolling motion, bubble generated
Fig. 10. Additional accelerations on the rolling platform.
more on the heated surface compared at under static condition.
Number of active nucleation sites under both static and rolling
conditions were analyzed and summarized in Table 3. As seen,
under static condition (at 20% of CHF), some areas of the heated
surface were empty, lesser nucleation sites were activated. While
under rollingmotion (at the same condition, 20% of CHF), great area
of the heated surface was covered with bubbles, which shows that
more nucleation sites were activated. Bubbles were generatedmore
as the inclination and rolling amplitude increased from 10 to 30�.

Further increase of the heat flux, the vapor interacted with each
other aggressively and formed bigger dry patch on the heated
surface. As the platform rolls up, the vapor grew and drifted the
heated surface upward. As mentioned earlier, generated bubble
grew and detached individually under static condition. On the
other hand, under rollingmotion, coalescence bubbles were easy to
achieve due to more bubble generated on the heated surface,
thereby reduced the length between bubbles as depicted in Fig. 12.
Fig. 12 shows an example of coalesced bubbles and number of
generated bubble on the active nucleation sites at various inclina-
tion angles and maximum rolling amplitude of 20� with increasing
time and constant heat flux.

At high heat flux, significant part of the heated surface was
occupied with the sustained vapor film that initiated on the heated
Table 3
Nucleation sites density under static and rolling conditions.

Condition Number of active nucleation site (#/s)

Static q ¼ 10� 13.5
q ¼ 20� 18.9
q ¼ 30� 21.7

Rolling (T ¼ 15s) A ¼ 10� 18.1
A ¼ 20� 22.2
A ¼ 30� 25.4



Fig. 12. Boiling phenomena at ± 0.17 MW/m2 of heat flux under static and rolling
conditions.

Fig. 13. Dried time on the heated surface at various rolling amplitude with increasing
heat flux; (a) at T ¼ 10 s, and (b) at T ¼ 15 s.
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surface once a massive vapor departed. At a very high heat flux, the
vapor became exaggerated and shrank vigorously as the platform
rolls. The interaction of vapor lead the vapor to merge, formed
bigger dry patch, and stay longer on the heated surface as shown in
Fig. 13. As the rate of evaporation increased, great area of heated
surface was covered by bubbles, making it difficult for the fluid to
reach the heated surface and wet it. Consequently, it provoked the
occurrence of CHF.
3.3. Effect of rolling amplitude on CHF

Figs. 14 and 15 show the effect of the maximum rolling ampli-
tude on CHF and CHF ratio (CHFR). CHFR is the ratio of CHF under
rolling motion divided by CHF under static condition. As seen, CHF
and CHFR decreased with increasing the maximum rolling ampli-
tude. The generated vapor grew and drifted the heated surface
upward as the platform rolls. As the maximum rolling amplitude
increases, the platform rolls faster. The fast motion and combina-
tion of two additional accelerations that acted on the platform
leading the bubble to stay longer on the heated surface without
detachment, significantly increased the dried time as explained
earlier. Results show that the faster the platform rolls (at higher
maximum rolling amplitude), the lower the CHF. At this moment,
the heated surface was covered by bubbles for a longer time,
thereby precluded the fluid from replenishing the heated surface.
Consequently, triggered the occurrence of CHF. The result shows
good agreement with Hwang et al. [9] at intermediate pressure that
CHF and CHFR decreased at high rolling amplitude.
3.4. Effect of rolling period on CHF

The enhancement of CHF and CHFR observed with increasing
the rolling period as depicted in Figs. 12 and 13. As explained
previously, CHF and CHFR reduced as the platform rolls faster and
vice versa. The CHF and CHFR at 10� of maximum rolling amplitude
and 20 s of rolling period have the highest value of CHF and CHFR.
While at 30� of maximum rolling amplitude and 10 s of rolling
period have the lowest value of CHF and CHFR. Similar to this result,
Hwang et al. [9] observed the reduction of CHFR as the platform
rolls faster. As the rolling period increased, the platform rolls
slower, and the initiated vapor grew to a certain size before it de-
tached from the heated surface. As the vapor detached, the fluid
replenished the heated surface, resulting in the enhancement of
CHF and CHFR. While, when the rolling period decreased (the
platform rolls faster), the initiated vapor grew and drifted on the
heated surface without detachment. This behavior prevented the
fluid from having physical contact and replenishing the heated
surface, substantially decreasing the CHF and CHFR.

3.5. Effect of rolling motion on CHF and CHFR

As explained previously, CHF and CHFR decreased with
increasing maximum rolling amplitude. While increased with



Fig. 14. Effect of maximum rolling amplitude and periods on CHF.

Fig. 15. Effect of maximum rolling amplitude and periods on CHFR.

Fig. 16. Bubble departure frequency with increasing heat flux under static condition.
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increasing the rolling period. In this study, the actual angle of the
platform when CHF occurred was observed. Table 4 presents the
experimental rolling setup and the actual angle when CHF
occurred. It was observed that the actual angle when CHF occurred
was lower than the maximum rolling amplitude that has set at the
beginning of the experiment, as displayed in Table 4.

As shown in Fig.15, CHFR at amaximum rolling amplitude of 10�

were higher than 1. It is explained that CHFrolling (at A ¼ 10� where
the platform rolls slower) is higher than CHFstatic. This phenomenon
changed as the maximum rolling amplitude increased (CHFrolling
Table 4
Experimental condition and actual rolling amplitude at CHF.

Experimental Condition CHF (MW/m2) Actual rolling amplitude
on CHF (Deg)

Maximum rolling
amplitude (Deg)

Rolling
period (s)

10 10 1.65 7.21
20 1.44 18.17
30 1.33 27.77
10 15 1.71 7.13
20 1.48 15.82
30 1.41 25.64
10 20 1.82 7.08
20 1.54 15.18
30 1.43 24.11
became lower than CHFstatic). Figs. 16 and 17 show the bubble de-
parture frequency under static and rolling conditions at various
rolling periods with increasing heat flux. With increasing heat flux,
furthermore, bubble departure frequency increased and decreased
as the surface orientation and maximum rolling amplitude
increased. Under rolling motion (at A ¼ 10�), bubble departure
frequency enhanced approximately 55% compared with the one
under static condition and reduced as the maximum rolling
amplitude increased. As the bubble departed, it brought the heat
from the heated surface. In other words, heat removed by the
nucleating and growing tiny bubble on the heated surface. As the
bubble departed from the heated surface, it leaves a small pocket of
gas-vapor mixture behind. Also, when the bubble departed and
rose, cool liquid from the ambient surrounding rushes in re-
plenishes the displaced heated surface. These phenomena lead to
the enhancement of CHF. On the other hand, as explained earlier,
when the maximum rolling amplitude increased where the plat-
form rolls faster, the generated bubble, grew to a critical size during
the growth period without detachment. This phenomenon leads
the bubble to covers and stays longer on the heated surface, thereby
prevented the direct contact between the liquid and heated surface.
The replenishment process does not occur at all, consequently
triggered the occurrence of early CHF. The explanation above
Fig. 17. Bubble departure frequency with increasing heat flux at various maximum
rolling amplitudes and periods.
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elucidated the factor triggered the enhancement of CHF under
rolling motion (at A ¼ 10�) compared with the one under static
condition.

4. Conclusions

Vapor behaviors and CHF in saturated pool water under static
and rolling conditions were experimentally investigated. The ex-
periments were conducted at various inclination angles under
static conditions, and at various maximum rolling amplitudes and
periods under rolling conditions. Significant findings of this study
are summarized below;

� Under static conditions (at 10, 20, and 30�), the initiated vapor
grew and detached in the vertical direction of the heated sur-
face. The vapor mostly generated and detached individually
from the heated surface.

� Under rolling conditions, the initiated vapor grew as it drifted
upward before it detached from the heated surface. The vapor
coalesced with each other easily due to the motion of the
platform.

� The CHF and CHFR decreased as the platform rolls faster (at high
maximum rolling amplitude and low rolling period), and vice
versa.

� The enhancement of CHF under rolling motion (at A ¼ 10�) was
observed compared to under static condition due to the
increased of evaporation which induced the generation of
bubbles on the heated surface, thereby enhancing the bubble
departure frequency.

� The enhancement of bubble departure frequency was also
triggered the replenishment frequently occurred, where the
liquid has direct contact with the heated surface. Thereby
enhancing the CHF.
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