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Abstract Owing to its advantages of high heat transfer
efficiency and compactness, the helical coil once-through
steam generator (HCOTSG) can be used in floating nuclear
power plants and has been widely used in the design of
small modular reactors. The helical tubular geometric
structure of the HCOTSG allows heat transfer and local
flow changes to occur under complex ocean conditions. In
this study, theoretical models of ocean conditions are added
to the RELAP5/MOD3.3 code and verified. Using the
modified RELAPS code, the thermal-hydraulic character-
istics of the HCOTSG under ocean conditions are simu-
lated. The results show that under rolling conditions, the
flow oscillation amplitudes of the single liquid-phase, two-
phase flow, and single gas-phase regions are different. A
circular change in the horizontal position of the helical tube
causes the fluctuation of the parameters to change period-
ically. A phase difference of approximately 3.9 s at a flow
rate of 23 kg/s is observed in the flow fluctuation along the
axial direction. The driving force, period, and amplitude of
rolling significantly affect the flow fluctuation in the
HCOTSG. In natural circulation, the flow in the HCOTSG
is complex, and the primary-side flow fluctuation can
reduce the trough of the flow oscillation at the helical tube
by approximately 24.3%.
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1 Introduction

Floating nuclear power plants (FNPPs) have garnered
increasing attention as they can be used to provide con-
tinuous, reliable, and effective power to offshore oil
exploitation platforms and remote islands, as well as for
seawater desalination [1]. They offer the advantages of
mobility, clean environmental protection, sustainable
energy supply, and insignificant land uptake [2]. In 2020,
the Akademik Lomonosov offshore floating nuclear power
plant in Russia was constructed for power generation [3].
Higher requirements are demanded the design and size of
each reactor component owing to the limited internal space
of FNPPs and their inconvenient maintenance. The helical
structure and flow of high-temperature and high-pressure
primary coolant in the shell side can reduce the effect of
stress caused by thermal expansion on the steam generator
(SG), thus improving the reliability and safety of the SG
[4]. HCOTSGs feature a compact structure, a larger heat
transfer area, and higher heat transfer efficiency than the
U-tube and once-through SGs [5]. Therefore, HCOTSGs
are an appropriate candidate for FNPPs.

Owing to the effects of ocean conditions, such as waves
and winds, FNPPs can generate different types of ship
motions, thus resulting in complex changes in the thermal—
hydraulic characteristics of the reactor. Ship motion can be
summarized into three basic motion forms: linear motion,
inclining, and rotation [6]. Researchers have investigated
the effects of ocean conditions on thermal-hydraulic
characteristics under forced and natural circulations [7-11].
Ishida first developed a system code for the thermal-hy-
draulic analysis of a marine reactor based on the RETRAN-
02 code and performed natural circulation experiments
under moving conditions for code verification [12]. Kim
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developed the RETRAN-03/INT code by modifying
RETRAN-03 to simulate the natural circulation charac-
teristics of ship reactors under multidimensional motions
[13]. Yan and Yu improved the RELAP5/MOD?3.3 code
and added a new condensation heat transfer model and a
rolling motion calculation model to the code to analyze the
reactor thermal-hydraulic characteristics under rolling
motion [14]. Gong et al. developed a PNCMC code to
simulate the natural circulation of a marine reactor [15].
Cheng et al. developed a reactor simulation code under
motion conditions by adding a marine condition calculation
model in the RELAP5/SCDAPSIM/MOD3.4 code and
established a single-phase natural circulation experimental
loop for verification [16].

Cioncolini et al. established an HCOTSG equivalent
model of the IRIS reactor in steady-state operation using
the RELAPS5 code [17]. Xu et al. developed friction factor
and heat transfer coefficient models for HCOTSGs and
applied them to the RELAPS code [18]. Current investi-
gations pertaining to SGs in reactors under ocean condi-
tions are primarily based on once-through and U-tube SGs.
Li et al. investigated the backflow characteristics of a
U-tube SG under ocean conditions [19]. Yan et al. used the
IRIS reactor as a research object and analyzed the effects of
ocean conditions during a station blackout accident (SBO)
[20]; however, a detailed analysis of the SG has not been
conducted.

Researchers have extensively performed thermal-hy-
draulic transient analyses under ocean conditions; however,
the thermal-hydraulic characteristics of HCOTSGs under
ocean conditions have not been investigated. Owing to the
effect of rolling motion on the gravity drive head, the flow

reactor. The effect of rolling on the thermal-hydraulic
characteristics of the HCOTSG under different flow rates
and the effects of different motion parameters were
investigated. The flow characteristics of the HCOTSG in
natural circulation under rolling motion and the effects of
primary- and secondary-side coupling of the SG under
rolling motion were investigated.

2 Theoretical models of ocean condition

The effects of the three basic ship motions on the reactor
cooling system under ocean conditions were different.
Static inclining can change the relative spatial position of
the cooling system components. Meanwhile, rotational and
linear motions can be simplified to simple harmonic
motions. Linear motion does not change the relative spatial
position of the system components but can add linear
acceleration to the fluid. Rotational motion can change the
relative spatial position of the components and generate
additional acceleration, which affects the coolant flow.

2.1 Spatial position change

For static inclining and rotation motions, the unit vector
of the spatial position of the rotation axis is set as
7 = (ny,ny,n;), and the rotation angle is 0. Subsequently,
the new spatial position vector f{ = (x1,y1,21) of the
system component can be obtained by multiplying the
rotation matrix by the original spatial position vector

- .
Lo = (x0,Y0,20), as shown in Eq. (1).

X n2(1 —cosf) +cos®  nuny(1 —cosf) —nsin nmn (1 —cosf)+nysin [x,
yi | = | mny(l —cos0) +nsin@  ny(1—cosl) +cos0  nyn (1 —cosl) —nsin0 | |y, (1)
21 nen;(1 —cos0) —nysin@  nyn (1 —cos0) +ncsin0  nZ(1 — cos6) + cos 0 20

at the HCOTSG and U-tube SG changes periodically under
ocean conditions. However, because of the helical tubular
geometric structure of the HCOTSG, the secondary coolant
is affected by additional tangential acceleration, thus
resulting in more complex changes in the heat transfer and
local flow oscillation at the helical tube. In this study,
theoretical models of ocean conditions were added to the
RELAP5/MOD3.3 code. The modified code was verified
by comparing the code calculation results with Ishida’s
experimental data [12]. The calculation model of the
reactor HCOTSG under ocean conditions was established,
in which the research object was the SG of the IRIS
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The rotation angle of the static inclination is fixed,
whereas the rotation angle of the rotation motion changes
with time. In general, the rotational motion can be sim-
plified into simple harmonic motion. Therefore, the rota-
tion angle expressed in the form of simple harmonic
motion is as follows:

0 = 04 sin {2?71 (t— to)] , (2)

where T is the movement period, f is the starting time, and
0, is amplitude of rotation angle.
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2.2 Additional acceleration

For linear motion in the case of simple harmonic
. cer . —
motion, the additional acceleration aj = (ax,, dy1, ;1) can
be expressed as

. [2n |
a,1 = A, sin _7 (t— to)_ ,
o :
ay; = A, sin 7(t —1)|, (3)
o :
=A,sin|—(t—t
a) . sin T ( 0)_ ,

where A, Ay, and A, are the amplitudes in the x-, y-, and z-
directions, respectively.

Using the rotation angle of rotational motion represented
in Eq. (2), the angular velocity and angular acceleration of
the rotational motion are expressed as follows:

o(t) = ZHTOa cos [2?7[ (t— to)} , 4)
77:2 T
B = - Tsin - o). 5)

The additional acceleration caused by the rotational
motion includes centripetal, tangential, and Coriolis
accelerations. Because the direction of the Coriolis accel-
eration is always perpendicular to the flow direction of the
coolant and the RELAPS code is a one-dimensional system
code, the effects of the Coriolis acceleration on the coolant
flow are negligible in the modified RELAPS code.

The tangential acceleration aj is calculated as
ai =[x 7= pi x F. (6)

The centripetal acceleration a¢’ is calculated as

ac =@ x (& x F) = 0’ x (il x 7), (7)
—

where 7 is the unit vector of the rotation axis, and 7 is the
space vector of the system component relative to the
rotation axis, which can be obtained by multiplying the
rotation matrix and the initial space vector 7 of the system
component.

Therefore, the total additional acceleration due to ocean
conditions can be expressed as

d=aj+ai+ ac . (8)

3 Modification of ocean condition models
3.1 RELAPS code modification

The RELAPS5 code is a large-scale transient thermal—
hydraulic calculation program developed by the Idaho
National Engineering Laboratory. A one-dimensional,
transient, two-fluid, and six-equation hydrodynamic model
is employed in RELAP5/MOD3.3. The RELAPS code is
widely used in the transient simulation calculations and
safety analyses of reactor coolant system during accidents
[21].

The two-fluid six-equation hydrodynamic model of the
RELAPS5 code comprises a two-phase continuity equation,
two-phase energy conservation equation, and two-phase
momentum conservation equation. The effects of the spa-
tial position change and additional acceleration caused by
ocean motion are primarily exerted on the body force term
of the two-phase momentum conservation equation.

The momentum conservation equations of RELAPS are
calculated in the “vexplt” subroutine and can be expressed
as

@Vg 1 avé
“ngAE + Eocg,ogAa =
oP
—agA =+ agpeB.A — (agngh) FWG (vg) + T (vgr — ve)
0(vg — v o ov.
~ (#gpgA ) FIG(vg = vp) — CagappmA [% vt v a_xf] ,
)
| vg oP
appfA a_tf + EO(f[)fA a—; = —ogA o + ogppBiA
= (#ppA) FWF (vg) — TgA (vig — vg)
a(Vf - Vg) a\)f an
Ta e M)
(10)

— (appgA)FIF (v — vg) — CogogpmA

where o, and oy are the void fraction of vapor and liquid,
respectively; p,, py, and p,, are the density of vapor, lig-
uid, and mixture, respectively; vg,Vt, Ve, and vy are the
velocity of vapor, liquid, vapor interface and liquid inter-
face, respectively; FWG and FWF are the wall drag coef-
ficients of vapor and liquid, respectively; FIG and FIF are
the interphase drag coefficients of vapor and liquid,
respectively; I'y is the volumetric mass exchange rate of
vapor, C the virtual mass coefficient, A the cross-sectional
area, P the pressure, and B, the body force in x coordinate
direction.

The momentum conservation equation is calculated in
the RELAPS code in the form of sum and difference
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equations. The body force term is eliminated in the dif-
ference equation; therefore, only the body force term in the
sum momentum equation must be considered. The sum
momentum equation can be expressed as

Ovg ovp 1 aVzg 1 @v%
dgPg o T HPE S T %P TP
(11)

opP
= —a‘i’ mex — OCgngWGVg

— apppFWFvg — Tg(vg — vg),

where, p,, By is the body force term, p,, the mixture den-
sity, and B, the product of the gravitational acceleration
g and vertical height Z of the volume.

After incorporating the effects of the spatial position
change and additional acceleration caused by ocean con-
ditions, the modified body force term can be expressed as
follows:

= - e d
pmBx = pm (& —a) - Ly
= pm[—ax1 — a1 — (g +a)zp], (12)

where ay, a,,and a, are the additional accelerations in the
x-, y-, and z-directions, respectively; x;,y;,andz; are the
new spatial position coordinates of the volume.

An ocean condition parameter input card was used to
input the required ocean motion parameters into the
RELAPS code. For rotational motion, the unit vector of the
rotation axis, the coordinates of a volume relative to the
rotation axis, the volume number, and the period and
amplitude of the rotation angle are input. For linear motion
and static inclinations, the input parameters are relatively
simple.

RELAPS5 calculates the loop spatial position in the
“ielvtn” subroutine, in which the spatial position of each
loop volume relative to the rotation axis is calculated.
Using the coordinates of the input volume relative to the
rotation axis, the space vector 7 of all volumes relative to
the rotation axis can be calculated. Based on Egs. (6) and
(7), the effect of rotation motion on each volume can be
calculated in the “vexplt” subroutine.

The modified RELAP5 code can realize the input and
calculation of the three basic ocean movement forms to
simulate the parameter changes and system response of the
reactor system and components under ocean conditions.

3.2 Code validation

Ishida established a natural circulation experiment under
moving conditions to verify the modified RETRAN-02
code used to simulate a marine reactor [12]. In this study,
the modified RELAPS code was verified using the two-loop
natural-circulation experimental platform established by
Ishida. To verify the code, the calculation data of the
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modified RELAP5 code were compared with the experi-
mental data of Ishida [12] and the simulation results of
Cheng et al. [16].

The experimental platform comprised two coolers, a
heater, and a pressurizer, as shown in Fig. la. Using the
driving force provided by the density difference, a two-
loop natural circulation flow with bilateral symmetry was
formed. The operating pressure of the system was 0.1 MPa.
The total power of the heater was approximately 60 kW.

Figure 1b shows the natural circulation mass flow rate at
different inclination angles. The experimental setup was
inclined counterclockwise. As the inclination angle
increased, the height difference between the heater and
cooler of the left loop decreased, and the driving force of
the left loop decreased, resulting in a decrease in the left
flow. Meanwhile, the height difference between the heater
and cooler of the right loop increased, the driving force of
the right loop increased, resulting in an increase in flow on
the right side. Because the driving force of the overall
natural circulation decreased, the total flow decreased as
well. When the inclination angle reached 60°, the flow of
natural circulation on the left loop decreased to 0. The
average absolute error between the simulation results and
Ishida’s experimental data was 6.70%, which was within
the acceptable range, thus verifying the capacity of the
modified RELAPS code for simulating the inclining
condition.

Figures 1c, d show the average, maximum, and mini-
mum values of the total natural circulation flow under
different periods and amplitudes of the heaving motion. As
the period and amplitude increased, the fluctuation ampli-
tude of the flow increased gradually, whereas the average
flow rate remained unchanged. When the period of the
heaving motion was large, the growth rate of the oscillation
amplitude of the flow decreased. The simulation results
were consistent with the conclusions of Ishida [12] and
Cheng et al. [16].

Figure le shows the natural circulation flow under a
rotation motion of amplitude 10° and period 10 s. Con-
sidering the bottom volume as the origin of the rotation
axis, the direction of the rotation axis was along the posi-
tive direction of the Y-axis. Consistent with the conclusion
in the literature [22], the phase difference between the mass
flow fluctuations in the two cooling circuits was 180°,
which did not significantly change the total flow rate
through the heater.

3.3 Helical tube modeling and sensitivity analysis
The SG for the IRIS reactor was selected as the research

object. A calculation model for the IRIS reactor of the
HCOTSG was established in this study under ocean
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conditions. Yan et al. designed a small FNPP based on the
structure of the IRIS reactor to analyze the effects of ocean
motion on the FNPP during an SBO accident [20]; how-
ever, a U-tube SG was used in the design loop.

The nodalization diagram of the IRIS reactor is shown in
Fig. 2a. The IRIS comprised eight SGs, and only one of
them is shown in the nodalization diagram for simplicity.
The locations of the SGs and water storage tanks for the
emergency heat removal system are shown in Fig. 2b.
Pipes 414 and 514 are the primary and secondary sides of
the SG, respectively. Table 1 lists the detailed parameters
of the IRIS SG. When modeling the HCOTSG, an inclined
tube is used as a simplification of the helical tube. The

inclined and helical tubes have the same inclination angle,
equivalent flow area, hydraulic diameter, heat transfer area,
and vertical height. The heat transfer coefficient is multi-
plied by 1.1 to account for the heat transfer enhancement
due to the centrifugal force of the helical tube [17, 23].
Therefore, the heat-transfer enhancement ability of the
helical tube structure and swirling in the channel to the
entire SG can be simulated. The primary side is equivalent
to a vertical straight tube, as shown in Fig. 2c.

To simulate the effects of the helical tube structure on
the coolant flow under ocean conditions, the horizontal
direction of the helical tube was modeled as a periodic
helical structure, as shown in Fig. 2d. The geometric size
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Fig. 2 RELAPS nodalization diagram: (a) IRIS reactor. (b) Location of HCOTSGs and water storage tanks. (¢) HCOTSG of IRIS reactor.

(d) HCOTSG horizontal structure

Table 1 Detailed parameters of IRIS steam generator

Parameters Value
Inlet temperature at primary side (K) 601.55
Outlet temperature at primary side (K) 565.29
Pressure at primary side (MPa) 15.5
Mass flow rate at primary side (kg/s) 589
Inlet temperature at secondary side (K) 497.05
Outlet temperature at secondary side (K) 592.35
Pressure at secondary side (MPa) 5.8
Mass flow rate at secondary side (kg/s) 62.5
Height of steam generator (m) 8.2

and number of cycles of the helical structure were used as
the average values of those of an actual helical coil. In the
RELAPS5 code, the horizontal position of the pipe does not

@ Springer

affect the calculation results [21]; thus, horizontal helical
structure modeling does not affect the simulation calcula-
tion of the HCOTSG under normal conditions but can
reflect the effect of the helical tube structure on the flow
under ocean conditions.

Figure 3 shows the node number sensitivity analysis
performed on the HCOTSG. The number of nodes did not
significantly affect the pressure and temperature of the SG.
When the number of nodes was 80, the parameters of the
SG changed slightly. In other words, the calculation result
was independent of the number of nodes at that instant.
Therefore, the HCOTSG was modeled using 80 nodes in
the simulation.
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Fig. 3 (Color online) Parameters of HCOTSG
temperature. (¢) Wall temperature

4 Forced circulation characteristics under rolling
motion

During the forced circulation operation of the reactor,
the pump operated normally, and the driving force of the
coolant was primarily provided by the pump; thus, ocean
conditions did not significantly affect the primary and
secondary circuits. The HCOTSGs at symmetric positions
exhibited opposite fluctuations in the flow rate of the pri-
mary coolant and can reduce the effects of ocean condi-
tions on the primary circuit. Therefore, the flow oscillation
in the primary circuit during forced circulation did not
significantly affect the HCOTSG. As shown in Fig. 2c, the
boundary conditions at the primary side of the HCOTSG
can be specified using 412,416 time-dependent volumes
and 413 time-dependent junctions. Similar specifications
were used for the secondary side, and the boundary con-
ditions were determined by the time-dependent volumes
and junctions.

The rotation axis was set at 1 m directly below the SG,
and its direction was along the positive direction of the Y-
axis. The rolling motion period was 10 s, and the amplitude
was 15°.

4.1 Effect of flow rate

The heat transfer zones on the secondary side were
distributed along the axial direction, including the sub-
cooled liquid, gas-liquid mixing, liquid-deficient, and
superheated steam zones [4]. When the IRIS reactor was
operating at full power, the mass flow at the secondary side
of the HCOTSG was 62.5 kg/s. Amax and A min are used
to represent the fluctuation amplitude of the heat flux and
can be expressed as

dmax — gave

Amax = , (13)
dave

Amin — dave — qmin (14)
dave

T
15

Tube length (m)

(b)

with different number of nodes. (a) Secondary-side pressure drop. (b) Secondary-side

T T T T T T T T T
20 25 30 35 0 5 10 15 20 25 30 35
Tube length (m)

(o)

where q,,e, gmax, and g, are the average, maximum, and
minimum values of the heat flux under rolling motion,
respectively.

Figure 4a shows the axial distribution of the heat flux on
the secondary side of the SG at full power. The average
value of the heat flux under rolling motion was the same as
that in the steady state, and the fluctuation amplitude of the
heat flux in the superheated steam zone was greater than
that in the gas-liquid mixing zone.

Figure 4b shows the axial distribution of the heat flux on
the secondary side of the SG when the mass flow on the
secondary side of the SG was 23 kg/s. Because of the
decrease in the mass flow rate, the length of the liquid-
deficient zone in the SG decreased, and the superheated
steam zone appeared in advance. The length of the liquid-
deficient zone reduced from 6.8 to 2.4 m. In addition, the
maximum fluctuation amplitude of the heat flux in the
HCOTSG under rolling conditions increased from 0.96%
to 5.8%.

Next, Am is defined to represent the oscillation ampli-
tude of the mass flow and can be calculated as

; (15)

Am — Mmax — Mmin

2mave
where myye, Mmin, and my,x are the average, minimum, and
maximum values of the mass flow rate under rolling
motion, respectively.

Figure 4c shows the axial distribution of the flow
oscillation amplitude in the HCOTSG. As the mass flow
decreased, the flow oscillation amplitude increased.
Moreover, the smaller the mass flow, the greater the change
in the oscillation amplitude. Figure 4d shows that the lower
the flow rate, the higher the pressure drop at the SG.
Therefore, the smaller the driving force at the helical tube
side, the greater the fluctuation amplitude of the parameters
at the HCOTSG and the greater the effects of the rolling
conditions.
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Fig. 4 (Color online) Parameters of HCOTSG under forced circu-
lation. (a) Heat flux distribution (m = 62.5 kg/s). (b) Heat flux
distribution (m = 23 kg/s). (¢) Flow oscillation amplitude.

4.2 Effect of HCOTSG horizontal position

Based on the mass flow on the secondary side of the
HCOTSG (i.e., 23 kg/s), the effect of the horizontal posi-
tion was calculated and analyzed. Figure 4e shows the
axial mass flow of the helical tube. The momentum con-
servation equation indicates that the additional forces on
the gas and liquid phases are different; therefore, the
oscillation amplitude in the gas-liquid mixing zone is the
largest. Owing to the periodic horizontal structure of the
helical tube, the coolant in the pipe can be affected by
periodic additional tangential accelerations under rolling
conditions; thus, the flow oscillation along the horizontal
position changes periodically. Based on Eq. (6), the tan-
gential acceleration q; is directly proportional to the dis-
tance r from the volume to the rotation axis, and the
rotation axis is directly below the HCOTSG. Therefore, the
additional tangential force on the coolant increases along
the axis; consequently, a phase difference exists in the flow
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(d) Pressure drop. (e) Secondary-side axial mass flow rate. (f) Void
fraction at different times. (g) Effects of rolling angles. (h) Mass flow
rate (amplitude 30°, period 10 s). (i) Effects of rolling periods

oscillation along the axis. The time delay between the flow
oscillation in the subcooled liquid and superheated steam
zones was approximately 3.9 s.

Figure 4f shows the fluctuation difference in the void
fraction with the change in the horizontal position of the
helical tube. The void fraction at the central symmetry of
the horizontal position fluctuates inversely, such as at 9.8
and 11.4 m, whereas the void fraction fluctuated only
slightly at two symmetrical positions. At these two posi-
tions, the horizontal positions y =0 and x exhibit the
maximum and minimum values, and the effect of the
additional force on the void fraction was offset. The change
trend of coolant density was similar to that of void fraction.
As the horizontal position changed, the fluctuation in the
coolant density exhibited a periodic phase difference.
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4.3 Effects of rolling angle and period under forced
circulation

A change in the rolling motion parameters can affect the
operation of the HCOTSG. Considering the maximum
oscillation amplitude of the axial flow, Fig. 4g shows that
the flow oscillation amplitude increased with the rolling
angle. When the mass flow on the secondary side of the SG
was 23 kg/s and the rolling angle was 30°, local counter-
current occurred at the HCOTSG, as shown in Fig. 4h.
Therefore, during low mass flow forced circulation, a large
rolling angle can cause a local countercurrent in the gas—
liquid mixing zone of the HCOTSG.

As the rolling period increased, the flow oscillation
amplitude and the rate of change decreased, as shown in
Fig. 4i.

5 Natural circulation characteristics under rolling
motion

Figure 2a shows that when the secondary circuit oper-
ates in natural circulation, the rolling motion periodically
changes the height difference between the heater and
cooler, thereby affecting the natural circulation drive head.
The flow rates of the primary and secondary circuits
decrease owing to pump shutdown during natural circula-
tion. Therefore, rolling motion can exert a complex effect
on the flow of the HCOTSG during natural circulation. The
period of the rolling motion was 10 s, and the amplitude
was 15°.

5.1 Effect of primary- and secondary-side coupling

When the primary circuit is under natural circulation,
the rolling motion can affect the flow on the primary side of
the HCOTSG, thus affecting the flow on the helical tube
side. When an SBO accident occurs, the steam turbine is
shut down, the main feed water is lost, the main pump is
idle, the reactor is shut down, the passive emergency
residual heat removal system begins to operate, and the
primary and secondary circuits begin to operate in natural
circulation.

Each passive system was connected to an HCOTSG. An
SBO accident occurred at 100 s, and the rolling condition
was introduced for analysis at 3000 s. The rotation axis
was set at the bottom of the reactor core, and its direction
was along the positive direction of the Y-axis. The rolling
motion period was 10 s, and the amplitude was 15°.

The mass flow on the secondary side of the SG during
the accident is illustrated in Fig. 5a. Owing to the change in
the spatial position and the different effects of centripetal
acceleration on the hot ascending and cold descending

sections of the coolant, the average flow of the primary
circuit decreased, as shown in Fig. 5b.

The primary-side parameters of the HCOTSG at 3000 s
were input into the simplified model, and the natural cir-
culation rolling condition was analyzed only on the sec-
ondary side. The flow comparison results are presented in
Fig. 5c. Because of the decrease in the average flow in the
primary circuit, the trough of the flow oscillation in the
actual model reduced by approximately 24.3%. Moreover,
as shown in Fig. 5d, a small peak occurred in the inlet flow
fluctuation of the HCOTSG in the actual accident model,
which was induced by the reverse oscillation of the pri-
mary- and secondary-side flows in the actual model under
rolling conditions. Therefore, the flow oscillation in the
primary circuit can complicate the flow in the secondary
circuit and intensify the effect of rolling motion on the
helical tube.

5.2 Effects of rolling angle and period under natural
circulation

Because the rolling motion exerts a greater effect on the
HCOTSG during natural circulation than during forced
circulation, changing the rolling parameters can cause
greater changes in the flow of the HCOTSG. Figure Se
shows that the maximum flow oscillation amplitude
increases with the rolling angle. When the rolling angle
exceeds 20° a local countercurrent will occur at the
HCOTSG. The larger the rolling angle, the smaller the
average flow. Meanwhile, a smaller rolling period results in
a smaller average flow, as shown in Fig. 5f.

5.3 Effect of gravity drive head change

The average mass flow at the HCOTSG decreases
because the average driving force of natural circulation
decreases under rolling motion. Based on Fig. 6a, the mass
flow at steady state was 8.71 kg/s, and the average mass
flow under rolling motion was 8.62 kg/s. The average flow
decreased by approximately 1.0%. The maximum flow
oscillation amplitude during natural circulation was
approximately 50.8%. In contrast to forced circulation,
because of the change in the driving head of the natural
circulation, the flow oscillation amplitude in the subcooled
liquid zone at the inlet of the HCOTSG increased, and the
flow oscillation amplitude in the superheated steam zone at
the HCOTSG outlet remained small. The average pressure
at the HCOTSG increased because of the decrease in the
natural circulation average flow under rolling conditions, as
shown in Fig. 6b.

Figure 6¢ shows that owing to the low natural circula-
tion mass flow, the liquid in the helical tube transitioned
rapidly to saturated steam after the dry-out point. The
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mass flow rate. (b) Primary-side mass flow rate. (¢) Flow comparison angles. (f) Effects of rolling periods
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Fig. 6 (Color online) Parameters of HCOTSG under natural circulation: (a) Mass flow rate. (b) Pressure drop. (¢) Axial heat flux distribution.
(d) Heat flux at dry-out point. (e) Coolant density at dry-out point. (f) Void fraction at dry-out point

liquid-deficient zone disappeared almost completely. The  Therefore, the coolant density and void fraction changed
rolling motion can affect the position of the dry-out point. significantly at the dry-out point, and the average value
In the steady state, the dry-out point was at 25.4 m.  under rolling motion was different from that under the
However, the dry-out point changed to between 25.0 and  steady state, as shown in Fig. 6e, f.

25.8 m under rolling motion, as shown in Fig. 6d.
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6 Conclusion

In this study, the theoretical model of ocean conditions
was added to the RELAPS5 code and verified using Ishida’s
experimental data. A three-dimensional RELAPS model of
the IRIS reactor and its HCOTSG was established, and the
horizontal structure of the helical tube on the secondary
side of the HCOTSG was simulated. The thermal-hy-
draulic characteristics of the HCOTSG under ocean con-
ditions were calculated and analyzed using the modified
RELAPS code. The conclusions obtained are as follows:

(1)  When the reactor was operating at full power, the
flow oscillation amplitude at the HCOTSG was
0.27% under a rolling motion of amplitude 15° and
period 10 s. As the forced circulation flow rate and
rolling period decreased, and the rolling angle
increased, the flow oscillation amplitude on the
secondary side of the HCOTSG increased. In low
flow forced circulation at a mass flow rate of 23 kg/s,
a rolling motion with a rolling angle exceeding 30°
can result in a local countercurrent in the gas—liquid
mixing zone of the helical tube.

(2) During forced circulation, the effect of the rolling
motion on the helical tube was primarily reflected in
the additional tangential acceleration, which changed
with the horizontal position. Therefore, in the gas—
liquid mixing zone, the flow oscillation along the
horizontal position changed periodically. Moreover,
a phase difference of approximately 3.9 s at a flow
rate of 23 kg/s flow rate was observed along the
axial direction of the flow fluctuation. In single-
phase liquid and single-phase gas zones, the effect of
the rolling motion was insignificant.

(3) During the natural circulation on the secondary side
of the HCOTSG, because of the change in height
difference between the cooler and heater, the rolling
motion affected the driving head of the natural
circulation, resulting in a 1.0% decrease in the
average flow rate and an increase in flow oscillation
amplitude to approximately 50.8% under a rolling
motion of amplitude 15° and period 10 s. Addition-
ally, the relative flow oscillation amplitude in the
subcooled-liquid zone at the SG inlet increased. As
the flow rate decreased, the distribution of the heat
transfer zones in the HCOTSG changed. The length
of the liquid-deficient zone in the SG decreased, and
a superheated steam zone appeared in advance. The
position of the dry-out point changed as well.

(4)  When an SBO accident occurred, the primary and
secondary circuits began to operate in natural
circulation. Under rolling motion, the flow oscilla-
tion on the primary side affected the heat transfer of

the SG, thus rendering the flow oscillation on the
helical tube side more complex. The trough of the
flow oscillation reduced by approximately 24.3%
under a rolling motion of amplitude 15° and period
10 s. As the rolling amplitude increased and the
rolling period decreased, the average flow rate on the
secondary side of the HCOTSG decreased.
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