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a b s t r a c t

Two-phase flow instability of natural circulation under a rolling motion condition is experimentally stud-
ied. The experimental results show the rolling motion induces a fluid flow fluctuation. At the trough point
of the flow fluctuation, rolling motion can cause the early occurrence of natural circulation two-phase
flow instability, and this case is defined as trough-type flow oscillation. The system stability decreases
with increasing rolling amplitude and effect of rolling frequency is nonlinear. The complex overlap effect
of trough-type flow oscillation and density wave oscillation can enhance the system coolant fluctuation;
this case is defined as complex flow oscillation. Complex flow oscillation may be divided into two types:
regular and irregular complex flow oscillations. Irregular complex flow oscillation is a transition type
from trough-type flow oscillation to regular complex flow oscillation. Under the same thermal hydraulic
conditions, the marginal stability boundary (MSB) of regular complex flow oscillation is similar to that of
density wave oscillation without rolling motion, and the influences of rolling parameters on the MSB are
slight.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

As an important heat transfer process, natural circulation has
extensive application in nuclear power engineering and other
fields (Zvirin, 1981). In-depth study of natural circulation has been
carried out for the transfer of heat generated in a core during either
normal steady operation or an accident. A nuclear powered ship is
often rocked by ocean waves, and thus there are special ship mo-
tions. A schematic of ship motion is shown in Fig. 1. If the ship rolls
around the axis that is parallel to its cruise direction, the motion is
called rolling. The ship motion could introduce an additional accel-
eration to the ship reactor (Wang et al., 1980). The additional iner-
tia can cause the periodical fluctuation of primary coolant system
flow and this destroys system stability.

The study of natural circulation flow instability has been carried
out for decades and many achievements have been gotten (Boure
etal., 1973; Gonella et al., 2007), however, such study under rolling
motion is incomplete. In recent years, several research projects
have been conducted for natural circulation under ocean condi-
tions (e.g. Ozoe et al., 1974; Iyori et al., 1987; Murata et al., 1990,
2002; Ishida et al., 1990, 1994; Ishida and Yoritsune, 2002; Gao
et al., 1995, 1997, 1999; Su et al., 1996; Kim et al., 2001; Yang
ll rights reserved.

.
, ghsu@mail.xjtu.edu.cn (G.H.
et al., 2002a,b; Tan et al., 2005a,b, 2006, 2007; Tan and Gao,
2007). Ozoe et al. (1974), Iyori et al. (1987) and Kim et al. (2001)
experimentally studied single-phase natural circulation flow under
incline condition and analyzed the effect of incline angle. Murata
et al. (1990, 2002), Tan et al. (2005a,b, 2006, 2007) and Tan and
Gao (2007) experimentally studied single-phase natural circulation
flow and heat transfer under rolling condition and their results
showed that coolant mass flow rate changes periodically with
the rolling angle due to the inertial force caused by the rolling mo-
tion; heat transfer is enhanced because of the internal flow also
caused by rolling motion. The similar results were obtained by the-
oretical studies conducted by Gao et al. (1995, 1997, 1999), Su et al.
(1996) and Yang et al. (2002a,b). Ishida and Yoritsune (2002) the-
oretically studied natural circulation flow instability under a heav-
ing motion condition and the results indicate the overlapping of
flow oscillation caused by heaving motion and self-excited oscilla-
tion easily result in the system to be more unstable.

However, the research mainly focused on single-phase natural
circulation flow, and two-phase flow instability under rolling mo-
tion has been studied only by a few researchers. Furthermore, the
theoretical studies were mainly carried out by using numerical cal-
culation, and there is a lack of experimental research on two-phase
natural circulation flow. The results of single-phase natural circula-
tion flow under ocean conditions show the coolant flow always
fluctuates in ocean conditions. As the flow rate varies, characteris-
tics of thermal stability also change, such as the type of flow insta-
bility and the marginal stability boundary (MSB). Also two-phase
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Nomenclature

g gravitational acceleration (m/s2)
Nsub subcooling number
Npch phase change number
Nave

pch phase change number based on average mass flow rate
Nmi

pch phase change number based on mass flow rate at trough
point

P system pressure (MPa)
Q heating power (kW)
t time (s)
t0 rolling period (s)
Tin inlet temperature of test section (�C)

DTin inlet subcooling of test section (�C)
Wmi mass flow rate at the trough point (kg/s)

Greek letters
a relative angle between a certain differential element of

the loop and the relative horizontal axis (rad)
b angular acceleration (rad/s2)
h rolling angle (rad)
hm rolling amplitude (rad)
q density (kg/m3)
Dq density difference (kg/m3)

Fig. 1. Ship motions caused by ocean waves.
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flow parameters analytical models are obtained based on static
coordinate, two-phase flow under rolling motion is more compli-
cated than single-phase flow and it is extremely difficult to de-
scribe any characteristics without experimental data. Therefore,
experimental study is needed.

Compared with the effects of inclining and heaving motions,
that of a rolling motion is more complicated. An inclining motion
only result in a change in the effective height of the natural circu-
lation flow; and a heaving motion only introduces an additional
acceleration to gravitational acceleration. However, a rolling mo-
tion not only changes the effective height, but also introduces cen-
tripetal, tangential and Coriolis accelerations.

Therefore, advanced research of natural circulation flow insta-
bility under a rolling motion condition is needed. The present
study focuses on the two-phase flow instability of natural circula-
tion under a rolling motion condition based on experimental data.

2. Experimental apparatus

2.1. Experimental loop

The three-dimensional experimental apparatus is shown in Figs.
2 and 3. The experimental loop which is mainly symmetrical hor-
izontally is shown in Fig. 4. In simple terms, the experimental
apparatus is composed of the pressurizer, coolant pump, con-
denser, test section and preheater. The working fluid is distilled
water.
The fluid is heated in the preheater until its temperature
reaches the required inlet temperature of the test section, then it
flows into the test section and is further heated. The two-phase
mixture is generated in the test section and then flows into the
condenser to be cooled, thus the two-phase flow changes into sin-
gle-phase flow. Finally, the single-phase fluid returns to the
preheater.

The pressurizer is a cylindrical vessel with a float level sensor.
The system pressure is controlled by filling with nitrogen. Nine
electrical heating elements heat the working fluid in the preheater,
and the potential difference can be controlled from 0 to 380 V, with
a maximum electrical power of 45 kW. The condenser is a shell-
and-tube type heat exchanger. The total height of the loop is 3 m
and the length is 2.2 m.

The system flow rate is measured by electromagnetic flowmeter
and its uncertainty is 0.3%. The fluid temperature is measured by
platinum resistance thermometer with uncertainty of 0.5% and
the heated wall temperature is measured by thermocouple with
uncertainty of 0.5%. The system pressure is measured by pressure
sensor with uncertainty of 0.25%.

2.2. Rolling plate

The rolling plate is a 2 m � 2.5 m rectangular plane with a cen-
tral horizontal axis. The rolling axis is the O–O axis, as shown in
Figs. 3 and 5. The plate is horizontal, the test section is vertical
and the working fluid flows upward in the non-rolling case. The



Fig. 2. Experimental equipment.

Fig. 3. Side view of experimental equipment.
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Fig. 4. Schematic diagram of experimental loop.

Fig. 5. Schematic rolling facility.

Fig. 6. Crank and rocker mechanism.
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rolling plate is driven by a crank and rocker mechanism, as shown
in Fig. 6. Different rolling amplitudes can be obtained by changing
the length of the rocker and linkage. The period of the rolling plate
motion can be controlled by changing the frequency of the electro-
motor. The rolling motion is simulated by a sine wave. The rolling
angle is approximated by
h ¼ hm sinð2pt=t0Þ ð1Þ

where h is the rolling angle in radians; hm is the rolling amplitude in
radians; t0 is the rolling period in seconds; and t is time in seconds.

2.3. Test section

The position of the test section is shown in Figs. 3 and 5. The
test section is a stainless steel tube (£16 � 1 mm) that is directly
heated using a DC power supply, and the working fluid flows inside
the tube, as shown in Fig. 3. The length of the heated section is
1.2 m. There is a visual section at the outlet of heated section.

The ranges of experimental parameters are as follows: the inlet
subcooling is 0–40 �C, the amplitude of rolling is 10�, 15� and 20�,
the period of rolling is 5, 7.5, 10 and 12.5 s, and the system pres-
sure is 0.1–0.4 MPa.
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3. Experimental results

3.1. Density wave oscillation

To compare with the phenomenon in the rolling case, experi-
ments for the non-rolling case are carried out and a self-sustained
oscillation is observed, as shown in Fig. 7a. This oscillation is a typ-
ical density wave oscillation (DWO) which is dominated by the
gravitational pressure drop and is called type-I DWO (Fukuda
and Kobori, 1979; Su et al., 2002). The oscillation curve agrees with
that of such existing experimental results as Furuya et al. (2005)
and Watanabe et al. (2008) as shown in Fig. 7b. The frequency of
DWO in Fig. 7a is about 0.2 Hz. The frequency may reach at
0.3 Hz if the heating power is suitably increased. In this case, the
experimental results are very similar with those presented by
Krishnan and Gulshani (1987) and Delmastro et al. (1991). In the
case with low inlet subcooling of the test section, the DWO does
not occur, the flow is stable, the volumetric quality is high, and
the flow pattern is annular.

3.2. Flow instability caused by sudden rolling motion

The sudden start of the rolling motion results in a large-ampli-
tude flow fluctuation, such that the instability occurs in the low
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power case as shown in Fig. 8. In Fig. 8, the rolling motion begins
at a time of 16 s, thus there is a jump in the mass flow rate imme-
diately. The wall temperature increases obviously and a vapor bub-
ble can be observed. After the rolling motion has proceeded for
several periods, the system gradually becomes a regular single-
phase fluctuation and the vapor bubble cannot be observed. The
phenomenon is similar to that described by Murata et al. (1990).
Because the flow rate varies, the relevant parameters always vary.
The stable flow is destroyed by the sudden change in the accelera-
tion caused by the rolling motion. The phenomenon is only ob-
served in the case with short rolling period (5 s) and low inlet
subcooling of the test section. When the inlet subcooling of the test
section is high or the rolling period is long, this phenomenon can-
not be observed.

3.3. Single-phase flow fluctuation caused by rolling motion

The mass flow rate may fluctuate due to the rolling motion and
change in accordance with the sine wave as shown in Fig. 9. A va-
por bubble cannot be observed. Therefore, the fluctuation is purely
caused by the rolling motion, not by variations of thermal param-
eters. The wall temperature always changes; however, the outlet
pressure, outlet temperature and system pressure do not vary
obviously.
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Fig. 9. Single-phase flow fluctuation caused by rolling motion.
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3.4. Trough-type flow oscillation caused by rolling motion

As the heating power increases, vapor bubbles generate when
the mass flow rate is at its lowest. However, if the heating power
increases sufficiently, more and more vapor bubbles generate
immediately while the mass flow rate is at its lowest and liquid–
vapor two-phase flow is alternatively observed when the mixture
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flows through the visual section. The period of vapor bubble gener-
ation is the same as the rolling period. This stage can be defined as
the onset of flow instability (OFI). Because of the generation of the
vapor, the flow resistance increases and the wave for the mass flow
rate varies obviously, as shown in Fig. 10a. Flow oscillation caused
by the rolling motion only occurs at the trough point of the flow
fluctuation, thus it is defined as trough-type flow oscillation. If
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the rolling motion is stopped, the trough-type flow oscillation dis-
appears and the flow becomes single-phase flow. With increasing
the power continuously, vapor bubble will generate not only at
the trough point but also at other point of the fluctuation curve.
Thus there will be another oscillation in small scale during the
oscillation of mass flow rate as shown by the arrowheads in
Fig. 10b. That is to say, in the case with high power input, the sys-
tem is easier to become unstable than the case with low power in-
put. However, the mass flow rate at the point where the oscillation
in small scale occurs is larger than that at trough point as shown in
Fig. 10b, therefore, the effect of this oscillation in small scale is
slight.

If the period of rolling motion is short (for example, 5 s) and the
power is not sufficiently high, two-phase flow oscillation occurs
once every two rolling periods, as shown in Fig. 10c. In Fig. 10c,
the trough points marked by arrowheads are in two-phase flow,
others are in single-phase flow. That is to say, the single-phase flow
fluctuation and trough-type flow oscillation occur in turn when the
input power is not high enough. Otherwise, the period of trough-
type flow oscillation may be the same as rolling period.

3.5. Overlapping of trough-type flow oscillation and DWO

When the heating power increases sufficiently, the flow oscilla-
tion occurs at points of the fluctuation besides the trough point.
The onsets (generation positions) of vapor bubbles are not only
limited by the flow trough point. The flow oscillations are induced
by the overlap of the trough-type flow oscillation which is caused
by the rolling motion and the DWO; therefore, it is defined as com-
plex flow oscillation. Complex flow oscillation is only observed in
the case with high inlet subcooling of the test section. It can be di-
vided into two types: regular and irregular complex flow oscilla-
tions. The complex flow oscillation is irregular initially and then
becomes regular state with increasing heating power, as shown
in Fig. 11.

If the rolling motion is shut down during regular complex flow
oscillation, the flow becomes a DWO; in opposite, under the initial
condition of irregular complex flow oscillation, the flow becomes
stable two-phase flow; however, in the late case, DWO can be ob-
served with a small increment of heating power. It can be con-
cluded that regular complex flow oscillation cannot be observed
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under rolling motion without DWO in the non-rolling case with
same parameters such as pressure, heat power and inlet tempera-
ture; and the irregular complex flow oscillation is a transition pro-
cess from trough-type flow oscillation to regular complex flow
oscillation.

Because the periods of trough-type flow and density wave oscil-
lations are not the same, the period of the flow oscillation with the
overlapping effect is neither that of the trough-type flow oscilla-
tion nor that of the DWO. The period of the overlapping fluctuation
is the lowest common multiple of the periods of the two kinds of
oscillations. In Fig. 12a, the rolling period is 10 s, the period of
trough-type flow oscillation is 10 s, and that of DWO is 5 s, there-
fore, the superposition fluctuation period is 10 s. It should be noted
that the waveform of trough-type flow oscillation in one period
matches together with that of DWO in two periods. In Fig. 12b,
the rolling period is 7.5 s, the superposition fluctuation with period
of 15 s contains two oscillations: one with period of 5 s and an-
other with period of 10 s. However, the period of the DWO de-
creases with increasing the heating power. According to the
experimental observations, the period of DWO ranges from 3 to
5 s. The relationship between the periods of rolling motion and
DWO is listed in Table 1. When the rolling period is 5 s, the period
of DWO is also 5 s, the overlapping effect is obvious very much, and
the system becomes more unstable.

3.6. High volumetric quality flow with slight amplitude

In the natural circulation flow with low inlet subcooling of the
test section, as the heating power increases sufficiently, the over-
lapping effect weakens and the amplitude is slight, thus the system
flow can be considered as having a fluctuation with slight ampli-
tude and be considered stable compared with other cases (Figs.
7–12), as shown in Fig. 13. If the rolling motion is stopped, the flow
pattern becomes annular.

From Figs. 9–13, it can be seen that the overlapping effect is
influenced by the DWO. When the inlet subcooling is high and
heating power is insufficient, no DWO is observed in the non-roll-
ing case and no overlapping phenomenon (only the trough oscilla-
tion) can be observed for rolling motion. In addition, in the low
inlet subcooling case, the DWO does not occur and the amplitude
of the overlap fluctuation is small.
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4. Discussion

4.1. Effect of rolling motion

Rolling motion can cause centripetal, tangential and Coriolis
accelerations which may introduce additional pressure drop to
natural circulation system. However, the Coriolis acceleration is
perpendicular to the flow direction and thus it cannot cause any
additional pressure drop. Theoretically, due to the centrifugal
force, liquid column in the heated section is more easily pushed
upward than the vapor phase causing mass flow rate larger than
the case without the rolling motion. Unfortunately, the effects of



Table 1
Relationship between the periods of rolling motion and DWO.

DWO

Period of
rolling
motion (s)

Number of DWO
waveforms in one
period of rolling
motion

Period of
DWO (s)

Note

5 1 5 System is easy
to be unstable

7.5 1 5 Period of complex
flow oscillation is 15 s
(Fig. 12b)

2 About
3.75

Fig. 12c

10 2 for low
heating power

5 Fig. 12a

3 for high
heating power

About 3.4 Fig. 12d

12.5 3 About 4.2
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centripetal acceleration on different parts mostly counteract with
each other. The effects of tangential acceleration on different parts
can accumulate because the rolling axis is along the center line of
the symmetrical loop (Fig. 3). Therefore, angular acceleration is the
primary influence of rolling motion on the natural circulation with-
in our experimental system and that is why the flow fluctuation is
more like a sine wave.

The driven force of natural circulation is gravitational pressure
drop and can be calculated by Eq. (2). The additional pressure drop
caused by tangential acceleration can be calculated by Eq. (3):

Dpg ¼
X

Dqigh ð2Þ

Dpb ¼
X

qibri cos ahi ð3Þ

where b is angular acceleration, a and r are employed to express the
relative angle and distance between a certain differential element of
the loop and the relative horizontal axis (O–O axis in Fig. 3).

Although the gravitational acceleration is much greater than
tangential acceleration considering the density is always greater
than density difference, the additional pressure drop has a strong
influence on natural circulation flow and may induce additional
flow. However, for forced circulation, the driven head is always lar-
ger than additional pressure drop. Thus the influence of additional
pressure drop is not obvious and the amplitude of flow fluctuation
is very small for forced circulation. For natural circulation, the most
important influence of rolling motion is flow fluctuation which
may induce the natural circulation flow instability early occurring
and may affect characteristics of this instability.
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4.2. MSB of flow instability

The MSB of flow instability is determined by experimental phe-
nomenon and data. The MSB of the DWO without rolling motion
was reported by Su et al. (2002).

In the rolling motion case, vapor bubbles generate firstly at the
trough point of the flow fluctuation. This case has two effects: (a)
The fluid density difference increases, then the driven head in-
creases. Therefore, the mass flow rate at the trough point (denoted
as Wmi) increases. (b) The two-phase flow frictional resistance also
increases. However, if the heating power increases slightly, more
vapor bubbles generate, and the second effect is larger than the
first one. Thus, Wmi decreases, more and more vapor bubbles gen-
erate, and trough-type oscillation occurs.

The characteristic mass flow rates at the onset point of trough-
type oscillation are the average mass flow rate and Wmi of pre-
oscillation (just before oscillation occurs), and the characteristic
heating power is the heating power of post-oscillation (just after
oscillation occurs). Therefore, for a given fluctuation of mass flow
rate and a given heating power, one can distinguish whether or
not the trough-type oscillation occurs.

Based on the experimental data of OFI (Fig. 14) without rolling
motion, an empirical correlation of the MSB of the DWO may be
achieved:

Nsub ¼ 1:223Npch ð4Þ

where Nsub is the subcooling number, ¼ h�hin
hfg

� �
v fg

v f
and Npch is the

phase change number, ¼ Q
Whfg

v fg

v f
.The relative error is lower than

12.5%, as shown in Fig. 15.
An empirical correlation of the MSB of the trough-type oscilla-

tion under a rolling motion condition is also achieved. In the rolling
case, the trough-type oscillation occurs at the trough point of flow
fluctuation, the effect of the mass flow rate at trough point can not
be neglected, thus following correlation may be obtained:

Nsub ¼ 10:2327þ 1:3404Nave
pch � 0:0053Nmi

pch ð5Þ

where Nave
pch and Nmi

pch are the phase change numbers based on the
average flow rate and Wmi, respectively. The relatively error is lower
than 20%, as shown in Fig. 15. Considering the coefficients in Eq. (5),
the effect of the average flow rate is larger than that of Wmi.

It can be concluded from comparing Eq. (4) with Eq. (5) that the
rolling motion causes earlier occurrence of flow instability under
the same thermal parameters.

MSBs of flow instability under a rolling motion condition are
shown in Fig. 16. MSBs of flow instability in Fig. 16a are described
by heating power, and those in Fig. 16b are described by dimen-
sionless number Npch/Nsub, where Npch under rolling motion is
based on the average flow rate. The stable region under the rolling
motion condition is made up of two parts. The first stable region
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corresponds to single-phase flow or two-phase flow with low va-
por volumetric quality. When the rolling motion is stopped, the
flow becomes single-phase flow. The second stable region corre-
sponds to the high volumetric quality two-phase flow with slight
amplitude. When the rolling motion is stopped, the flow becomes
annular two-phase flow. The unstable region lies between these
two stable regions. It can be predicted that these two stable bound-
aries will meet if the inlet subcooling continues to decrease.

The unstable region can be divided into two parts: (a) when the
inlet subcooling of the test section is low, the complex flow oscil-
lation cannot be observed, and (b) when the inlet subcooling of the
test section is high, the complex flow oscillation can be observed.
In this case, the complex flow oscillation can also be divided into
two types: regular and irregular complex flow oscillations. Under
the same thermal hydraulic conditions, the MSB of regular com-
plex flow oscillation is similar to that of DWO without rolling
motion.

It is also seen that the fluctuation caused by rolling motion
exacerbates the system instability, and decreases the power of
the OFI by 30–45%.

4.3. Effect of rolling parameters on flow instability

Effects of rolling amplitude and period on trough-type flow
oscillation are shown in Fig. 17. The power at the OFI decreases
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with increasing rolling amplitude. This is because the amplitude of
the fluctuation increases with increasing rolling amplitude (Tan et
al., 2005). Additionally, the mass flow rate is lower at the trough
point; therefore, the trough-type flow oscillation occurs more eas-
ily. The effect of rolling period is nonlinear, the power at the OFI
decreases with increasing rolling frequency in many cases, how-
ever, the difference between the periods of 7.5 and 10 s is not obvi-
ous when rolling amplitude is large (20�) or system pressure is low
(0.22 MPa). Furthermore, the effect of the rolling period is more
obvious when the rolling amplitude is smaller.

The effect of system pressure on the power at the OFI is shown
in Fig. 18. The system stability increases with increasing pressure
because the saturated temperature increases and vapor bubbles
are difficult to occur. The effect of the rolling period is more obvi-
ous when the system pressure is higher.

Comparisons between OFI powers of DWO and those of regular
complex flow oscillation with different rolling parameters are
shown in Fig. 19. Considering the relative error, the OFI of DWO
can be considered the same as that of regular complex flow oscil-
lation. The influences of rolling amplitude and rolling period on the
MSB are slight.
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Fig. 18. Effects of system pressure on flow instability.
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5. Conclusions

An experimental study of two-phase flow instability of natural
circulation is conducted and the following conclusions are
obtained.

Rolling motion can cause the early OFI of natural circulation and
change the types of flow instability, for example, to trough-type
flow oscillation or complex flow oscillation. Rolling motion de-
creases the system stability of natural circulation, and the system
stability decreases with increasing rolling amplitude and effect of
rolling frequency is nonlinear. Complex flow oscillation is formed
by the overlap effect of the rolling motion (trough-type oscillation)
and DWO. The system becomes more instable because of the
occurrence of complex flow oscillation. Complex flow oscillation
only occurs in the case with high inlet subcooling, and can be di-
vided into two types: regular and irregular complex flow oscilla-
tions. Under the same thermal hydraulic conditions, the MSB of
regular complex flow oscillation is similar to that of DWO without
rolling motion. The influences of rolling amplitude and rolling per-
iod on the MSB are slight.
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