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Abstract: The natural circulation system is very important to the designs of the reactor systems with passive
safety features. When nuclear powered ship sails on the sea, the natural circulation system may be influenced
by the ocean conditions. The typical motions of a ship contain rolling, heaving, pitching, inclination, etc. under
the ocean condition. In this paper, the mathematical models of the natural circulation system under rolling
conditions are presented on the basis of some simplification. The natural circulation characteristics, along with
the sub cooled boiling in the heated section and the flashing in the adiabatic riser (the section with up flow
where there is no energy exchange with environment.) under rolling motion are studied by self-developed
in-house code. The results show tha: (1) The oscillating period of intermittent subcooled boiling and
flashing-induced flow instability decreases with heat flux increasing when the heated section remains vertical.
(2) Under rolling motion condition, the flashing and the sub cooled boiling has been enhanced. (3) The period
of the mass flow rate oscillation is about an integeral multiple of therolling motion period.
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1 Introduction

The first nuclear-power submarine launched
successfully in the United States in 1954, and then
the nuclear power were widely used in the ship and
submarine. Affected by the ocean wave, the ship will
suffer rolling, heaving and pitching motions.™™! The
effects of ship motions should be taken into account
when concerning the thermal-hydraulic performance
of reactor systems in the ship.™® The rolling motion
of the ship can change the position of the primary
coolant system nonlinearly and introduce the
additional inertial force.”* This means that different
amplitudes, periods and positions of the rolling
motion have different effects in different system
compositions. In particular, even for the single phase
flow, the experimental and numerical studies proved
that in terms of driving pressure head, the ocean
condition has more influence in natural circulation
system than in forced circulation system.!*?

Historically, the study of two-phase flow instabilities
started with the pioneering article of Ledinegg®®.
But until several decades later, around 1960s,
researchers just began to turn their attention into this
kind of phenomena occurring in two-phase flow
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systems for the development of industrial
high-power-density boilers and boiling water reactors
(BWR). It is not until late 1960s that the main
instability mechanisms were understood, especially
due to the development of analytical and
computational tools. ™ It was also proven that
numerical study is also an effective way to
understand mechanisms of some two-phase
instabilities. So far, the mechanisms of two-phase
instability has been well understood, especially in
nuclear industry, 34

However, the influence of rolling motion on flow
instability has not been studied in very detail. Tan',
Guo™® and Zhang™*! had done some work in this
aspect. Meanwhile, under rolling condition, the
transient characteristics is a relative universal
phenomenon for natural circulation system.**
Therefore, the study of the effects of rolling motion
on the flow instability in natural circulation system
have the practical significance.

2 Geometrical model

The scheme of the studied natural circulation system
is shown in Fig.1, which consists of a heater, a
condenser, a pressurizer and connecting pipes. The
secondary side of the condenser is operated in a
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forced circulation way. All of the components of the
primary natural circulation loop are fixed on the
rolling platform. Some of the system geometrical
parameters are listed in Table 1.

Segment 5

Condensator

downcomer

adiabatic Segment 6
section

Pressurizer

Rolling platform Segment 1

X
Rolling axis /

Fig. 1 Scheme of the closed natural circulation sy stem.

Table 1 Geometrical parameters of the natural circulation

loop
parameter value
Pressurizer initial pressure (MPa) 0.15
Length of condenser (m) 0.9

The coolant velocity in secondary side of

3.0
condenser (m/s)
The coolant temperature (inlet) in secondary
. . 30.0
side of condenser (C)
Heat transfer area of condenser (m?) 0.006283

Length of heater (m) 1.0
Height difference between the heat exchanger

and condenser (m) 2.0
Heat transfer area of heater segment (m?) 0.00212
Heat flux of heater(kW/m?) 50 or 60

Initial water temperature in primary loop (C) 30.0

Table 2 the position coordinates on the rolling platform

parameter From (m) To (m)

Segment 1 (0.0, 1.0, 0.0) (0.0,-1.0,0.0)
Segment 2 (0.0,-1.0,0.0) (0.0,-1.0,1.0)
Segment 3 (0.0,-1.0,1.0) (0.0, 0.0, 1.0)
Segment 4 (0.0,0.0,1.0) (0.0, 0.0, 3.0)
Segment 5 (0.0,0.0, 3.0 (0.0, 1.0, 3.0)
Segment 6 (0.0, 1.0, 3.0) (0.0, 1.0, 0.0)

Under rolling motion condition, the flow rate of
natural circulation is not only affected by the
geometric structure of primary loop but also the
location relative to rolling axis. In order to present
the relative arrangement of the components in detail,
Table 2 shows the position coordinates of the loop

components on the rolling platform. It is worthy to
note that the Cartesian coordinate system was built
on rolling plane as shown in Fig.1.

3 Numerical model
3.1 The basic assumptions
A one-dimensional computational code is developed
to investigate the operation behaviors of the natural
circulation loop under rolling condition based on the
non-equilibrium model for two-phase flow. Several
assumptions are made as follows:
1)  All the connecting pipes are adiabatic.
2) The saturation parameters, e.g. saturation
enthalpy, saturation density and saturation
temperature, are supposed to depend on the local
pressure along the channel. The other state
parameters are dependent on the local pressures
and temperatures.
3) The axial heat conduction along the heated
section is not going to be considered.
4) The steam always keeps in saturation state.

3.2 The rolling condition simulation

It is usually assumed that the rolling motion is in a
sinusoidal order.™® The rolling angular velocity and
angular acceleration could be expressed as:

-0 sin(2Z
6=0,_, sin( T t) (1)
2T 2r
=0, (TT) COS(TTt) (2)
So, there is
=0 (Zysin(2E
IH_ gm(-r) Sln(.rt) (3)

¢ denotes the angle between where the rolling
platform is and its balance position during rolling
motion. The positive direction of angle is indicated in
Fig. 1.
Gao et al.”! analyzed the forces acting on coolant
under rolling condition, proved the existence of
additional acceleration and gave its theoretical
expression.

Aol =—ZJX(ZJXF)—BXF+(ZZ)XG) (4)
So, with the assumptions of one-dimensional flow,
the additional acceleration can be derived through the
vector calculation.

apm = aroll 2 (5)
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Meanwhile, for the Cartesian coordinate system built
on the rolling platform, the acceleration of gravity
should take such forms through the vector calculation
as (6) and (7).

g=g[sind,coso] (6)

gproza'E (7)

3.3 The conservation equation & the constitutive
relation

The basic mathematic model consists of mass,

momentum and energy conservation equations:

w_, (8)
oz
opu ou op op op
? +pu E = _a - p(g partial + aroII ) - (E) fri (E)Iocal (9)
A(ap,iy +(L-a)pyiy) Lol _a P (10)
ot oz A ot
aapg + aaggug = Tap + Teon (11)
Z

Where W is the mass flow rate, kg/s; Ais the area of
the cross section for the fluid flow, m% i, is the
specific enthalpy of the mixture, kJ/kg; q, is the
linear power of source or sink, W/m. In the heat
exchanger, ¢ can be calculated by the transient heat
transfer equation. In the adiabatic section, q, is equal
to 0.

If the system operates under two-phase conditions,
the parameters in the conservative equations can be
defined as follows:

W :(apgug +(l_a)pfuf)A:poumA:GA (12)

Po :apg +(l_a)pf (13)
i =Xig +(1—x)i (14)
1—
u - apgly +’(0 a)pu (15)

The void fraction is calculated such by Bankoff
model as formulas (16) and (17).

a=Ky (16)

K =0.71+1.45x10° p (17)

The heat transfer process in heat exchanger is
composed of three separate processes, i.e., the heat
transfer between fluid in secondary loop and the
outer wall of the tubes, the conduction through the
tube, and the convection heat transfer between the
fluid and inner surface of the tubes:

Qout = Qsource In heater (18)
Q.. =h,. 7D,

'out out \ 'w,out

T, o) iNcondensator

Q =h,zD, (Tw,in _Tf,in) (19)
The thermal storage of the tubes’ wall should be
considered in the transient calculation, and every heat
structure has 5 intervals in radial direction in
calculation.

o ﬂzlﬁ(m ﬂj (20)
YPYat rorl Y oar

3.4 The calculation of heat transfer

If phase change does not occur inside the heat
transfer tube, the heat transfer coefficient inside the
tube is calculated by formula (21). In addition, the
subcooled boiling heat transfer coefficient is
predicted by the formula (22) developed by Rosenow,
and the saturation boiling heat transfer coefficient is
predicted by the formula developed by Chen™. The
condensation heat transfer coefficient is predicted by
the formula developed by Shah™®.

1) The heat transfer coefficient of single phase
Re <2000

Re > 2000 (21)

. 3.66
" 10.023Re%3pr0%

2) The subcooled boiling heat transfer coefficient

033 17
Cp,fATsat _ Cf Osup o [Cp,f/uf J (22)
I Hilyg g(Pf_Pg) Ky

3) The saturation boiling heat transfer coefficient

hre = N + M (23)
Where h... is the convection heat transfer
coefficient, namely, macroscopic heat transfer
coefficient; the hy. is the nuclear boil heat transfer
coefficient, namely, microscopic heat transfer

coefficient.
And thereis,
G(1-x)d]”
—X 4 K
a) h, =0023F G(A-x)d (Pr,) =5 (24)
Hy d
1.0 .
Fo 1 o73e X, <0.10 (25)
2.35[)(‘1 + O.213j X;'>0.10

TR

K_O.79CO.45r0.49
b) h mic=0-00122{—0.5f R o,ZA}ATsif’lApi;ZSS (27)

f fg g

[1+ 0.12(Re;, )““T Re, <32.5
. o8t .
S= [1+ 042(Re;, ) } 32.5<Re;, <70 (28)
0.1 Re,, > 70
Re&, _[G(l— X)D]Fus %107 (29)
Hy
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4) The condensation heat transfer coefficient

s 3.8x°7°(1-x)"*
hTP = hL (1_ X)OB + pg.ss):| (30)

where,
p p

Peritical B 22.046 (31)
For flow boiling, the prediction of the onset point in
boiling channel is considered through empirical
model or semi-empirical model. The ONB (Onset of
Nuclear Boiling), is predicted by the formula
developed by Thom. And the FDB (Fully Developed
Boiling) is predicted by the formula developed by

Saha & Zuber.

P, =

ONB (Thom)
AT,y = 22,650 exp(- ) (32)
FDB (Saha & Zuber)
when
Pe < 70000
gb,
AT, =00022== (33)
Pe > 70000
q
AT, =154
sub ch’f (34)
Where
Pe=Re-Pr

3.5 The calculation of resistance

The flow resistances along the channel consist of
frictional pressure drop, gravitational pressure drop,
acceleration pressure drop and local pressure drop.
Frictional pressure resistance of the single-phase flow
can be estimated by (35):

(ipj _A G (35)
oz )y D, 2p,
where, 4 is the frictional resistance coefficient,
64Re™ Re < 2000
A=40.3164Re*® 4000 < Re <3.0x10* (36)
0.184Re™? Re >3.0x10*

Frictional pressure resistance of the two-phase flow is
calculated by homogeneous equilibrium model.

(ipj _pAG (37)
az fri ° D 2pm
And the pnis the flow density,
1 1
Pn = v, X, +(1-X)v, (38)

Where, s is the two-phase frictional multiplier,

2 _ Pr_
Ho {H X[pg H (39)

Gravitational pressure drop:

(2] -pa (40)
az gra
Acceleration pressure resistance for two-phase flow:
[a_p) =G?2 % (41)
07 ). dz

For the closed loop, the integration of acceleration
pressure resistance along loop is zero.

Where
U’](@J dz=0 (42)
loop 62 acc

Local pressure resistance:
(G_Pj _: S8 (43)
82 loc me

The explicit numerical integration method is
employed in this study. It has been shown that the
explicit method of integration has always far less
numerical damping than the implicit Euler method
even for the same Courant number “”!. And the logic
diagram for simulation is shown in Fig.2.

Assignment of structure
parameters

Intialization of thermal
parameters

Assignment of net
parameters

Heat structure

The gravitational
pressure drop caclution

Heat transfer
calculation

The addition pressure drop
by rolling caclution

N N ’

The pressure

resistances caclution

Velocity
updated

Fig.2 The logic diagram for simulation.
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4 Results and discussions

4.1 Sub cooled boiling and flashing-induced flow
instability under vertical condition

Before the system is activated, the system is in
stationary state and all the pipes are filled with water
of 30°C. The temperature of the water in secondary
loop is 30 °C, and the velocity of the water is 3 m/s.
The initial heat flux of the heated section is zero.
With the time increases, the linear heat flux is
increasing and reaches to 50 (60 in case2) kW/m?.
The pump is used to drive the fluid flow in initial
stage to accelerate the response of system startup and
is shut down after the startup.

4.1.1 Result and discussion under case 1 condition

In case 1, the heat flux of the heated section is 50
kW/m?. And the evolutions of mass flow rate and the
axial temperature of inner wall of the heated section
are depicted in Fig.3. Figure 4 depicts the axial
distribution of void fraction verse advancement time.
In Fig.3, node 73 indicates the temperature node on
the inner wall of heat structure, the distance between
this node and the exit of the heated section is 0.10 m.
The distance for node 74 and 75 respectively are 0.06
m and 0.02 m.

Several stages with different types of characteristics
in per oscillation period can be observed after the
system flow instability has been fully developed:
subcooled boiling process (A), subcooled boiling and
flashing driven transition process (B), flashing driven
process (C) and single-phase driven process (D).

It can be easily found in the results shown in Fig.3
that the period of the oscillation is about 47.1 s.
Combining the dada of Fig.3 and Fig.4, the duration
of each stage in per oscillation period can be obtained,
respectively 29.0s, 2.0s, 11.3s,and 4.8 s.

In stage A of each period of the oscillation, because
the mass flow rate is relatively low, the fluid cannot
remove all the heat added into the heated section, the
inner wall temperature increase as Fig.3 shows. After
a short period of time, the FDB is first emerged at the
exit of the heated section, for example, in the zone
around node 75. Meanwhile, the extent of the FDB
starts to move toward the upstream. Due to the
boiling phenomenon, the mass flow rate starts to

oscillate. In stage B, the heated fluid with relative
high temperature moves to the adiabatic riser, the
flashing of the fluid may occur when the fluid
temperature is higher than the local saturated
temperature. From Fig.4, it also can be observed that
the onset of flashing first appears at the exit of the
riser, which is mainly due to the lower local pressure.
In stage C, the flashing process is relatively fully
developed and produces a high driven pressure head
for the natural circulation system, which makes the
mass flow rate rapidly increased. In the meantime,
the FDB in heated section is going to die away
gradually due to the improvement of the cooling
condition. In stage D, the flashing phenomenon
disappears and the system operates in single phase
mode. With the wearing off of the boiling process,
the fluid temperature gradually decreases to be lower
than the local saturated temperature at the exit of the
riser. Therefore, the flashing stops. During this
process, the mass flow rate of the system continues to
decrease due to the continuous decrease of the
driving force.

119.0

—— mass flow rate
0.4 4 node 73
—— node 74 1185 __
node 75 S
— =
£0.3 +118.0°s
> s
é —
2 2
[ L1175
EO.Z g s
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Eo1 ! 2
i + 116.5§
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Fig. 3 The mass flow rate and the temperature of partial heater
inner wall in flow instability phase.

axial length (m)
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Fig. 4 The axial distribution of void fraction variation with
time increase.
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4.1.2 Result and discussion under case 2 condition
Figure 5 and Figure 6 have depicted the variation of
the mass flow rate, the inner wall temperature and the
void fraction axial distribution versus time when the
heat flux is 60 kW/m®. Similar to case 1, it also
appears intermittent subcooled boiling and flashing in
per oscillation period. And there are also four similar
stages in per period, but their durations have changed.
In this case, they respectively direct 20.7 s, 1.9, 8.6
s and 3.1 s. It can be observed that the oscillation
period gets shorter with the increase of heat flux.
Comparing the duration of every stage in two cases,
it can be found that the duration time span of stage A
and stage D are obviously decreased. It can be
explained that the required storage time for flashing
decreases with the increase of heat flux.

4.2 Subcooled boiling and flashing-induced flow
instability under rolling condition

Under rolling condition, the system is suffering
additional inertia force which is caused by rolling
motion. It needs to be noted that the interaction
between the additional inertia force and the driving
force of the loop may influence the behavior of the
system. The additional inertia force is somehow
forced and can persistently exert an influence on the
driving force of the loop. Therefore, the period of the
flow instability will intend to be the integer times of
rolling motion period, while the times also have an
influence on the density wave oscillation period.

In the cases studied, the rolling period and amplitude
are 16 s and 10 “respectively. And at 1500.0 seconds,
the rolling motion starts up.

4.2.1 Result and discussion under case 3 condition
Figure 7 depicts the time series of mass flow rate
under the same condition as case 1 except for the
rolling motion. It can be found in the results that
there is an obvious period which complies with the
period of rolling motion. Although the period is about
47.1 s for the density wave oscillation without rolling,
the period of the flow instability under rolling
condition turns to 32.0 s. The period of the oscillation
has been forced to be twice of the period of rolling
motion.

Figure 8 presents the axial distribution of void fraction
under rolling condition. It can be observed that stage A
and stage D occur one by one. It also can be noticed
that stage C has been influenced, whose period has
been extended.

4.2.2 Result and discussion under case 4 condition
Figure 9 depicts the mass flow rate under rolling
motion under the same condition as case 2 but the
rolling motion condition. Similar results are derived as
case 3. For example, the maximum of the mass flow
rate has increased. It can be concluded that the
flashing has been enhanced by rolling condition, as
well as the subcooled boiling, as shown in Fig.10. But
in case 4, the period of mass flow rate has turned to
128.0 s, which is 8 times period of rolling motion. It is
different from case 3. But it also can conclude that an
integral number of rolling periods fit into the mass
flow rate period under rolling condition.
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Fig. 5 The mass flow rate and the temperature of partial heater
inner wall in flow instability phase.
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Fig. 6 The axial distribution of void fraction variation with
time increase.
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5 Conclusions

Anumerical model based on non-equilibrium model is
developed to simulate the transient flow behaviors of
subcooled boiling and flashing-induced flow
instability under both static and rolling conditions for
a natural circulation system. And the effects of rolling
motion on the flow characteristics are analyzed. The
conclusions are shown as follows:

1. Under the static condition, the oscillating period
of intermittent subcooled boiling and flashing-induced
flow instability decreases with the increase of the heat
flux.

Nomenclature

2. Under the rolling condition, the flashing and the
subcooled boiling could be enhanced.

3. The rolling motion may exert forced effects on
the period of the oscillation occurring in the system,
which makes the period of the oscillation to be an
integral multiple of rolling motion period.

In future, we plan to verify self-developed simulation
code with the experimental results. After that, more
studies will be carried out on effects of rolling motion
on other instabilities.

General symbols

W mass flow rate (kg/s)
mass flux (kg/m?)
specific volume (m*/kg)
velocity (m/s)
temperature (C)
rolling period
pressure (Pa)
mass quantity
time (s)

-~ X T 4 4 < @

specific enthalpy

heat transfer coefficient
area (m?)

heat flux (W/m?)
power (W)

hydraulic diameter (m)
acceleration (m?/s)

@ » go e »>» 5 —

gravitational acceleration (m?/s)

=z
c

Nusselt number

Pyl
1]

Reynolds number
Berkely number

o
@D

Prandtl number

o
-

(o)
°

specific heat at constant pressure (J/(kg K))

Superscripts

- \ector
Greek letters
o rolling angle (9

W angular velocity (rad/s)

B angular acceleration (rad/s?)

P density (kg/m®)

a void fraction

y dynamic viscous (Pa s)

A single-phase friction factor

lo} surface tension (N/m)

T liquid, vapor generation term (kg/s m®)

& local resistance coefficient

¥ volume void fraction
Subscripts

roll under rolling condition

pro product of vector

g gas phase

f fluid (liquid) phase

m Mixture

0 real density

fri friction

loc Local

acc acceleration

mic microsmic

mac macrosmic

TP two phase

sub subcooled

sat saturation

w wall

lo liquid phase flows only through the same pipe with

total mass flow rate
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