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a b s t r a c t

Previous research has shown that the inclined condition has an impact on the natural circulation (natural
circulation) mode operation of Floating Nuclear Power Plant (FNPP) mounted on the movable marine
platform. Due to its compact structure, small volume, strong maneuverability, the Integral Pressurized
Water Reactor (IPWR) is adopted as marine reactor in general. The OTSGs of IPWR are symmetrically
arranged in the annular region between the reactor vessel and core support barrel in this paper.
Therefore, many parallel natural circulation loops are built between the core and the OTSGs primary side
when the main pump is stopped. and the inclined condition would lead to discrepancies of the natural
circulation drive head among the OTSGs in different locations. In addition, the flow rate and temperature
nonuniform distribution of the core caused by inclined condition are coupled with the thermal hy-
draulics parameters maldistribution caused by OTSG group operating mode on low power operation. By
means of the RELAP5 codes were modified by adding module calculating the effect of inclined, heaving
and rolling condition, the simulation model of IPWR in inclined condition was built. Using the models
developed, the influences on natural circulation operation by inclined angle and OTSG position, the
transitions between forced circulation (forced circulation) and natural circulation and the effect on
natural circulation operation by different OTSG grouping situations in inclined condition were analyzed.
It was observed that a larger inclined angle results the temperature of the core outlet is too high and the
OTSG superheat steam is insufficient in natural circulation mode operation. In general, the inclined angle
is smaller unless the hull is destroyed seriously or the platform overturn in the ocean. In consequence,
the results indicated that the IPWR in the movable marine platform in natural circulation mode oper-
ation is safety. Selecting an appropriate average temperature setting value or operating the uplifted OTSG
group individually is able to reduce the influence on natural circulation flow of IPWR by inclined
condition.
© 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

In the recent several years, there is increasing interest in
Floating Nuclear Power Plant (FNPP) mounted on the movable
marine platform and would be deployed worldwide [1e3]. The key
driving forced of the FNPP development are fulfilling the need for
flexible power generation for electricity production, heating, steam
production or seawater desalination in remote areas without
centralized power supply [4]. There are a number of reactors of
FNPP under stage of design in some countries, such as: ACP100s(-
China), ACPR50s (China), OFNP-300/OFNP1100(USA), Flexblue

(France), KLT-40s (Russian), RITM-200(Russian), VBER-
300(Russian), ABV-6E (Russian) and SHELF(Russian) [5] and so on.

According to experience of marine-based water-cooled reactors,
the reactor designs incorporate the use of IPWR based on natural
circulation to meet safety and maneuverability requirements in
general [6]. For one thing, it can provide the driving forced on low
load operation which can reduce the vibration of the main coolant
pump. For another thing, it can remove the residual heat of core
under on accident conditions [7]. But one of the disadvantages of a
natural circulation system is the low driving head. The natural
circulation flow will be influenced by inclined condition when the
movablemarine platform is steering or one side of the platform hull
is damaged in the ocean [8].

A certain number of previous research on the natural circulation
in inclined condition have been carried out: J.K.Kim and T.W.Kim
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et al. [9,10] conducted numerical and experimental studies on
natural circulation in scaled test facilities of the System-integrated
Modular Advanced Reactor (SMART) based on RELAP5 and CFX in
inclined condition. I.Iyori et al. [11] performed a steady-state single-
phase natural circulation experimental investigation by used s test
facility with a configuration resembling an integrate-type marine
reactor in inclined condition. T.Ishida et al. [12]simulated the effect
of ship inclination on natural circulation behavior of reactor by
RETRAN-02/GRAV code, which verified by I.Iyori’s experimental
data. Natural circulation characteristics of an integrated natural
circulation test loop were investigated theoretically and experi-
mentally by Yang and Gong et al. [13]. Gao [14], Yu and Yan et al.
[15] established the natural circulation theoretical model machin-
ery in inclined condition. He and Wang et al. [16] analyzed the
natural circulation operation characteristics of IPWR under incli-
nation condition based on RELAP5 codes by adding additional
forced model of ocean condition and control volume coordinate
solver model. According to the relevant literature, the theoretical
model of natural circulation flow in inclined condition had been
established and the analysis of natural circulation loops flow in
inclined condition had been carried out. However, the result of
simulation and experiment were obtained from simplified natural
circulation test facilities or scaled test facilities of reactor. The
structure of coolant flow channel and control system in reactor are
more complex than those in test facilities. The effect of inclined
condition on natural circulation operating characteristics of reactor
with control system remains unclear.

This paper, based on the Wang’s studies, further carry out the
natural circulation simulation research for IPWR in inclined con-
dition by modified RELAP5 codes. The effect of inclined angle and
OTSG location on thermal hydraulics parameters of the core and
OTSG were analyzed. In addition, in order to achieve the detailed
studies on the thermal hydraulics characteristics of IPWR under
low load power operating in inclined condition, the transition be-
tween forced circulation mode and natural circulation mode and
the transient of OTSG group operation in inclined condition were
simulated performed.

2. Analysis

The research object of this paper is the IPWR with the compact
structure, small volume, strong maneuverability features. The
reactor core of IPWR adopts UO2 dispersion type fuel assemblies.
The plate type fuel assemblies be adopted in the core for improving
thermal hydraulic performances. The core thermal power is
220 MW (th) with totally 109 fuel assemblies in the core. The active
length of each fuel assembly is 1.54 m. The primary circuit of IPWR
with main coolant pumps and OTSGs is fully contained in the
reactor vessel for reducing the probability of LOCA. 4 main coolant
pumps are mounted into the core through short stub pipes. All of
the 12 double-tube OTSGs which used to transfer heat from the
primary to the secondary side are fitted in the annulus between the
reactor vessel and hold-down barrel, producing surperheated
steam at 3.0 MPa.

The thermal-hydraulic nodalization of the IPWR is given in
Fig. 1(a). The model contains the main components, such as the
OTSGs, core, pumps, pressurizer and flow passages. The core is
modeled as one hot channel, one average channel and one bypass
channel. The pressurizer component is divided by an upper
annular, 3 intermediate cavities and an end cavity. 12 OTSGs are
symmetrically arranged in the annular region between the reactor
vessel and core support barrel. The OTSGs are divided into 4 groups
to connect 4 reactor coolant pumps outlet separately. Owing to the
OTSGs are symmetry relative to the core, each inclined direction
has the same effect on the reactor operating. This paper assumes

the x-axis is set to the rotation axis, and the entire system revolved
round the core inlet and inclined to the 2#OTSG as shown in
Fig. 1(b).

The RELAP5 codes are based on a nonhomogeneous and
nonequilibrium model. And the hydrodynamic model is based on
the use of fluid control volumes and junctions to represent the
spatial character of the flow. The node pressure is calculated by the
nodal pressure solution. The field equations include mass-
conservation equations, energy-conservation equations and
momentum-conservation equations for vapormass and liquidmass
respectively. The safety analysis code RELAP5 [18] is modified by
Wang to calculate the natural circulation flow in rolling motion,
having motion and inclined condition. The spatial coordinate so-
lution model and motion model were added to obtain the location
information and gravitational pressure drop of each control volume
in inclined condition. The other conservation equations are not
modified. The modified gravity pressure drop option can bewritten
as:

P’g ¼ rgHcos q (1)

The P’g is the gravity pressure drop in inclined condition, the r is
the density of volume, the g is acceleration due to gravity, the H is
the length of volume, the q is the inclined angle. The modified code
was validated by simulating the low speed single-phase rolling
experiment. The simulating calculation predicted by the modified
RELAP5 codes are very close to Tan’s experimental result [19].

The following assumptions are made to simplify the mathe-
matical models:

1. The point kinetics is used to simulate neutronics.
2. Heat conduction in the plate fuel and OTSG tubing is one

dimension, the heat conduction in axial direction is neglected.
3. It assumes one-dimensional flows and no lateral mixing in core

because the IPWR adopts the plate type fuel.
4. The primary of OTSG is set as one straight flow channel, while

the secondary of the OTSG is simplified as one annular flow and
one straight flow channel. Ensuring the flow area and heat
transfer area stayed the same after the simplification.

5. The inclined condition is introduced in an instant, and the range
of inclined angle is 0�e60�.

The operating control strategy of IPWR adopts double-
invariance operation mode. And the value of the pressure of the
OTSG secondary steam and the average temperature of the core are
setting the constant to control the reactor operating under varying
operating conditions [17]. The reactor of FNPP almost operate in
forced circulation mode. Under low-load operation, the reactor
operation transition forced circulation mode to natural circulation
mode. To avoid the flow instability in OTSG secondary side pipe is
caused by the feedwater is too small, the OTSG group operating
strategy has been adopt in low-load operation [20,21].

3. Results and discussion

3.1. The steady state operation

The steady state natural circulation flow rate of the core at
different inclined angles are presented in Fig. 2. As it can be seen a
sustained downward trend of the flow rate of the core, and a
decreasing flow rate tend of the 1# loop (1#OTSG,2#OTS-
G,3#OTSG), the 2# loop (4#OTSG,5#OTSG,6#OTSG) and the 4#
loop (10#OTSGm,11#OTSG,12#OTSG)are observed with increasing
inclined angle, while the elevated 3# loop (7#OTSG,8#OTS-
G,9#OTSG) flow rate increased slightly as the inclined angle
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Fig. 1a. The RELAP5 nodalization of IPWR.
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Fig. 1b. The location of OTSGs and reactor coolant pumps.

Fig. 2. The normalized flow rate of the core at different inclined angles.
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increased and decreased above 30�inclined angle. The value of the
flow rate of the core and downward 1# loop decreased by 26% and
73% at 60�inclined angle.

The natural circulation flow rate depends on driving head. In
general, the potential difference between heat and cold sources and
the density distribution together influence the driving head. When
the reactor inclining, the change of density in the loop is slowly.
Therefore, the change of potential difference between heat and cold
sources caused by inclined is the major factor of the driving head
change in each OTSG loop.

Fig. 3 is the diagrammatic drawing of natural circulation loop in
IPWR inclined. The heat and cold sources are assumed to a point
respectively. Hi is the potential difference between heat and cold
sources in the i-th loop, Li is the relative horizontal displacement
(the right of the core is positive) in the i-th loop. According to
analysis in Fig. 4, the potential difference between heat and cold
sources in inclined is shown as follow:

Hi ¼Hcos qþ Li sin q (2)

Fig. 4 shows the change of potential difference between heat
and cold sources with inclined angle. The maximum value of po-
tential difference between heat and cold sources of the i-th loop is
Himax at qi1 inclined angle. And potential difference between heat
and cold sources of the i-th loop is zero when the inclined angle is
greater than qi2, and the natural circulation flow could not be
established in this loop.

Himax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 þ L2i

q
(3)

qi1 ¼ tan�1
�
Li
H

�
(4)

qi2 ¼ tan�1
�
H
Li

�
(5)

Fig. 5 shows the steady state driving head of different natural
circulation loops at different inclined angles. The driving head of

the loops whose OTSGs are elevated show a trend from rising to
decline with increasing inclined angle, and the variations are not
obvious. Nevertheless, the driving head of other loops decline
sharply with increasing inclined angle. Consequently, the flow rate
of elevated loops is greater than that of any other loops and the
natural circulation flow rate of the core is decreasing in inclined
condition in Fig. 2. The greater the inclined angle is, the greater the
variation of flow rate is. The results are similar to those in I. Iyori’s
experiments and Wang’s simulation.

The temperature of the core and OTSGs are shown in Fig. 6.
Owing to the decrease of natural circulation flow rate in inclined
condition, the temperature difference between the core inlet and
outlet tends to be large with the increasing inclined angle. The
vertical regime map is for volumes whose inclined angle scale is
from 0� to 45� in RELAP5. However, the horizontal regime map is
selected to calculate to heat transfer and flow resistance in OTSGs

Fig. 3. The diagrammatic drawing of natural circulation loop in IPWR inclined.

Fig. 4. The change of potential difference between heat and cold sources with inclined
angle.
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when the inclined angle is greater than or equal to 45� and the
length of bubbly flow regime model in the secondary side of OTSGs
is reduced, the length of mist flow regime model in that is
increased. The heat transfer ability is weaker in mist flow regime
model, Therefore, the steam temperature of OTSG declines sharply
when the inclined angle is greater than 45�. The degree of super-
heat is reached at 0 �C and the subcooling of the core outlet equals
to 14 �C at 60�inclined condition. For one thing, the low superheat
of OTSG directly influences the efficiency of the turbine signifi-
cantly, for another thing, the local boiling will be more likely to take
place with low subcooling of the core outlet. Consequently, the
reactor natural circulation operation in large angle inclined con-
dition should be avoided.

The effect of different position of OTSG on the OTSG primary
side normalized flow rate and temperature of OTSG at different

angle of inclination are shown in Fig. 7 and Fig. 8, respectively. The x
-axis is the distance vector from the central axis of the OTSG to the
rotation axis.

The calculation results exhibit the effect on the natural cir-
culation flow rate and the temperature of the OTSG primary side
is aggravated along with the increase of the distance from the
OTSG to the rotation axis under the same inclined angle condi-
tion. and the larger the inclined angle is, the more the flow rate
and temperature nonuniform distribution of the core are. As the
figure show, the flow rate of the 2#OTSG (the lowest OTSG)
primary side decreases by 95% and the maximum temperature
difference between each OTSG is 160 �C. Although the several
thermal parameters nonuniform distribution also takes place
below about 30�, it has little effect on the natural circulation
flow.

Fig. 5. The driving head of the twelve natural circulation loops at different angle of
inclination.

Fig. 6. The temperature of the core and steam at different inclined angles.

Fig. 7. The natural circulation normalized flow rate in primary side of the twelve
OTSGs at different angle of inclination.
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The exit quality of OTSG secondary side along the axial at
30�inclined condition, at 60�inclined condition are shown in
Fig. 9(a) and Fig. 9(b). The Xe is the exit quality value. The sub-
cooling region length in OTSGs secondary side remains in the range
from 0.175 m to 0.25 m at 30�inclined condition, while the super-
heat region length remains in the range from 0.52 m to 0.75 m. At
60�inclined condition, the subcooling region length in 2#OTSG
secondary side is reached at 1.38 m, and there are no superheated
steam generate in the 1#OTSG, 2#OTSG and 3#OTSG. The degree of
superheat in the 4#OTSG and 12#OTSG is very little. Therefore, it is
necessary to isolate the feed water of declined OTSGs to avoid the
saturated steam and undersaturated water inter into turbine at
large inclined angle.

3.2. The transient state operation

The list of imposed sequences of events during the transition
from forced circulation to natural circulation and natural circula-
tion to forced circulation in inclined condition can be drawn from
Table 1.

The major thermal-hydraulic parameter response of core during
the transient between forced circulation and natural circulation at
0�inclined condition, at 30�inclined condition, 45�inclined condi-
tion, 60�inclined condition are shown in Fig. 10, Fig. 11, Fig. 12.

Originally the reactor is operating under 25%FP (full power)
load. The inclination is imposed instantaneously at 0.0 s. The main
pumps are stopped and started in proper order every 5 s to ensure
stability of the transition after 100 s and 500 s respectively. The
flow rate of the core approximately decreases to 15% after four

Fig. 8. The outlet temperature in primary side of the twelve OTSGs at different angle of
inclination.

Fig. 9a. The exit quality of twelve OTSGs at 30� inclined condition.

Fig. 9b. The exit quality of twelve OTSGs at 60� inclined condition.

Table 1
Imposed sequence.

Time Event description

100.0s 1#pump shutdown
105.0s 2#pump shutdown
110.0s 3#pump shutdown
115.0s 4#pump shutdown
500.0s 1#pump startup
505.0s 2#pump startup
510.0s 3#pump startup
515.0s 4#pump startup
800.0s Transient end

Fig. 10. Variation of normalized flow rate of core between forced circulation and
natural circulation under different inclined condition.
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pumps are stopped. The stabilized natural circulation is established
after 150 s. The temperature difference between the core inlet and
outlet coolant changes from 8 �C to more than 50 �C with the
decreasing flow rate. Owing to the effect of the core control system,
the negative reactivity is inserted to limit the fluctuation of the core
power in a safety range. The variation of the flow rate curve is
smooth because of the pump inertia. As a result, the power changes
very little with the insertion of reactivity, and the tends towards
stable after the natural circulation is established.

It is seen that the flow rate of the core increases sharply with the
pumps are restarted in sequence due to the pump speed rises to
rated value rapidly at start up. A larger positive reactivity is inserted
to the core by “cold-water” in a short time.

The large amplitude variation of the coolant temperature of the

core is caused by sharp change of the flow rate in an instant. Owing
to the point kinetics is used to simulate neutronics, the reactivity
control model is relatively simple, the greatly fluctuations of reac-
tivity and core power are occurring during the transition from
natural circulation to forced circulation caused by the variation of
the temperature. A maximum value of coolant temperature of the
core outlet is achieved 614.3 �C at 60� inclined angle, And slight
local boiling exists on the surface of the fuel clad. Therefore, the
setting average temperature may play a significant role during this
transition. The local boiling phenomenon may exist in the core
outlet in large inclined angle condition conditions if the average
temperature is set to a high level. On the contrary, the degree of
superheat in the secondary of OTSG is too low to meet the re-
quirements of turbine at a low setting average temperature. It is
observed that natural circulation operation is very stable in less
than 45� inclined angle condition.

The operator needs to insert the negative reactivity during
transition from natural circulation to forced circulation and slow
down the transitional process to avoid reactor power increases too
fast in large inclined angle. Selecting an appropriate average tem-
perature setting value can control the temperature of core outlet
and the superheat degree of the OTSG secondary steam in the
reasonable range, and ensure the nuclear reactor safe operation.

3.3. OTSG group operating mode

There are several parallel channels within an OTSG. The drastic
facies change exists in the OTSG secondary side. Under low-load
operating mode, the feedwater flow is small, and the water
single-phase region in secondary pipe is short. Therefore, the flow
instability will occur in OTSG secondary side by slight flow or
pressure fluctuation. By adopting the OTSG group operating mode,
the stable operation range will be expanded. In Xia’s paper, the
OTSG group operating strategy has been confirmed by the research
of flow instability in the OTSG. To avoid control system become
more complex, the 12 OTSGs are divided into 4 groups, and the 3

Fig. 11. Variation of reactivity and core power between forced circulation and natural
circulation under different inclined condition.

Fig. 12. Variation of temperature of core between forced circulation and natural circulation under different inclined condition.
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adjacent OTSGs compose one group. Table 2 indicates the number
of operating OTSG group with different load. 12 OTSGs are sym-
metrically arranged in the annular region between the reactor
vessel and core support barrel. On one hand, when the reactor
coolant system operates in OTSG group operating mode under
natural circulation condition, the flow distribution will be
nonuniform in the core and OTSG primary side. On the other hand,
the distribution of thermal hydraulics parameters in the core will
be nonuniform in the inclined condition. As a result, the two im-
pacts will be coupled to produce superimposed effect.

The flow distribution of the core and OTSG primary side in
different locations on one OTSG group operating mode at vertical
and 45� inclined condition are plotted in Fig. 13 and Fig. 14
respectively. And Fig. 15 and Fig. 16 show the temperature of the
core outlet and OTSG secondary steam on one OTSG group oper-
ating mode at vertical and 45� inclined condition. The reactor is
operating in 12.5%FP, the steam pressure of OTSG secondary side
outlet is set at 3.0 MPa, the average temperature of the reactor
coolant set value is 585.75 �C.

The 1st group OTSG is operating as the 1st, the 2nd and the 3rd
OTSG feed water valves are opened and that other 9 OTSG feed
water valves are closed. The natural circulation circuits composed
of the core flow and the operating OTSG primary side channel have
a large temperature difference between the heat and cold sources,
therefore the natural circulation flow rate of these circuits is rela-
tively large. Conversely, the natural circulation ability of other

circuits is quite weak.
As previously mentioned the uplifted natural circulation circuit

flow rate increases, to the contrary, the descending natural circu-
lation circuit flow rate decreases. Furthermore, the coolant flow
rate of the descending OTSGs primary side decreased conspicu-
ously, and the coolant flow rate of the uplifted OTSGs primary side
was too small to increase obviously on OTSG group operatingmode.
As a result, the total natural circulation flow rate of the core
decreased with inclining. This phenomenon led to the temperature
of the core outlet increased in inclined condition. The impact of the
inclined direction on natural circulation flow under OTSG group
operating mode will be discussed on three cases.

In the first case, the reactor inclines toward the operating group
OTSGs. Fig. 14(A) indicates the coolant flow rate of OTSG primary
distribution is more uniform relatively. The heat of the core is
conducted out by the operating OTSGs, and the coolant flow rate of
the operating OTSGs primary is smaller in this case. The steam
temperature of the OTSGs secondary is the lowest in three cases
because of the feed water in the OTSGs secondary side obtains the
fewer heat energy from the core, as shown in Fig. 16(A).

In the second case, the reactor inclines toward the opposite side
of the operating group OTSGs. Fig. 14(C)shows as the operating
OTSGs lift, the coolant flow rate of these OTSGs primary side
increased, and the flow rate change of the other OTSGs was not
evident. The decrease of the total natural circulation reaches the
smallest value flow rate in the inclined condition in this case.
Furthermore, as shown in Fig. 16(C), the higher steam temperature
of the OTSGs secondary will be reached with the enhanced natural
circulation capacity.

In the third case, the reactor inclines toward the side beside the
operating group OTSGs. The natural circulation flow rate of the core
decreases slightly. As shown in Fig. 16(B) and (D), The steam tem-
perature of the uplifted operating OTSG secondary greater than that
of the descending operating OTSG secondary.

Table 2
OTSG group operating strategy.

Power The number of Group

100.0%FP-70.0%FP 4 Groups
70.0%FP-45.0%FP 3 Groups
45.0%FP-22.0%FP 2 Groups
22.0%FP-0.0%FP 1 Group

Fig. 13. The flow distribution of the core and OTSG secondary side in different locations at vertical condition.
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Fig. 14. The flow distribution of the core and OTSG secondary side in different locations at 45� inclined condition.

Fig. 15. The temperature of the core outlet and OTSG secondary side in different locations at vertical condition.
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The exit quality of 12 OTSGs secondary side along the axial on
one OTSG group operating mode at vertical and 45� inclined con-
dition are shown in Fig. 17, Fig. 18. The subcooling region length of
the OTSGs secondary side lengthen and the superheat region dis-
appeared when the feed valves of the descending OTSG group
opened and other feed valves closed at 45� inclined condition. The
feed water is heated into saturated steam in OTSGs secondary side.
Thus, the superheated steam needs in secondary circuit of the IPWR
can’t be fully satisfied.

To sum up, the differences of the temperature of the core outlet
coolant between the three cases are not obvious. The degree of
subcooling stays above 10 �C all the time. The operators should

operate the uplifted OTSG group as far as possible to enhance the
natural circulation ability and ensure the supply of superheated
steam is sufficient when the reactor inclined.

4. Conclusions

1. The flow rate distribution of the OTSG primary side is nonuni-
form in inclined condition. The natural circulation flow rate of
the circuit between the core and lower OTSG primary side de-
creases with increasing inclined angle, but the flow rate and the
driving force of the uplifted OTSG primary side increases first
and then decreases with increase of the inclined angle.

Fig. 16. The temperature of the core outlet and OTSG secondary side in different locations at 45� inclined condition.

Fig. 17. The exit quality of 12 OTSGs secondary side along the axial on one OTSG group
operating mode at vertical.

Fig. 18. The exit quality of 12 OTSGs secondary side along the axial on one OTSG group
operating mode at 45� inclined condition.
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2. The effects of the natural circulation flow rate and the OTSG
secondary steam exit quality on inclined condition become
stronger when the distance between the OTSG and axis of in-
clined rotation becomes longer.

3. During the transition from forced circulation to natural circu-
lation, the natural circulation flow is built within 150 s after the
main coolant pump been shut down. Meanwhile, the simulation
results exhibit the natural circulation decreases by 85% in in-
clined condition.

4. Operating the uplifted OTSG group individually is able to reduce
the impact of inclined condition on natural circulation, while
selecting the lower OTSG group to operate, the temperature of
the steam of OTSG will be dropped, and the superheat region
will be disappeared when the inclined angle is large. It is
possible that the superheated steam need in secondary circuit of
the IPWR cannot be meet as the inclined angle increases.

5. In order to prevent the steam of OTSGs is insufficient and the
heat transfer performances of the OTSG secondary is weaken,
the reactor should avoid operating in natural circulation mode
when the inclined angle is larger than 40�.
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