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On the Numerical Approach for Simulating
Thermal Hydraulics under Seismic Condition
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Abstract—The two-phase flow field and the motion of the free Although the reactor safety analyses code coulilyebs
surface in an oscillating channel are simulated etisally to assess modified to include the additional acceleratiomtevalidation
the meth_odc_;logy fc_>r_ simulating nuclgar reacotr ther hydraulics  of this methodology has not yet been discussetthigrstudy, the
under seismic conditions. Two numerical methodscarapared: one two-phase flow fields including bubbles or freefage in an

is to model the oscillating channel directly usthg@ moving grid of
the Arbitrary Lagrangian-Eulerian method, and ttreeois to simulate
the effect of channel motion using the oscillataggeleration acting
on the fluid in the stationary channel. The twoggh#low field in the
oscillating channel is simulated using the level method in both
cases. The calculated results using the oscillatiogeleration are

oscillating channel are simulated numerically gudgl sample
problems of the nuclear reactor thermal hydraulicgler
seismic condition, and the numerical approachasgusioving
grid and oscillating acceleration are studied. Tilst sample
problem is a bubbly flow, where the effect of dstibn on

found to coinside with those using the moving gaidd the theoretical L : .
back ground and the limitation of oscillating aeration are discussed. bubble motion is studied, and the second samplelgmois a

It is shown that the change in the interfacial dreaveen liquid and T€€-surface, where the effect of oscillation onrfae
gas phases under seismic conditions is importantdolear reactor deformation is studied. Large surface deformat#osiinulated

thermal hydraulics. in the second problem, though the oscillating sigfaroblem at
the resonant frequency is known as sloshing

Keywords—Two-phase flow, simulation, seismic condition, Incompressible Navier-Stokes equations are sohsiuiguthe
moving grid, oscillating acceleration, interfaciata level set method [7]. In the level set method, kineel set
function, which is the distance function from theotphase
interface, is calculated by solving the transpapiation using
HERMAL-HYDRAULIC phenomena with two-phase the flow velocities. The motion of the channel isduled by the
flows are seen widely in nuclear engineering fieldsd Arbitrary Lagrangian-Eulerian (ALE) method [8], wieethe
predictions of complicated interfacial phenomen& af computational grid points are moved with the velpdf the
practical importance. Characteristics of two-phiie®s have channel. Both the liquid-phase and the gas-phase fields
been intensively studied both experimentally anthenically  with the interfacial motion induced by the oscitiat channel
under wide variety of flow conditions concerninglwhuclear are thus obtained in this study. The simulatiorultesare
reactor safety. Two-phase flow phenomena undermiéeis compared with the case using the oscillating acatte, where
conditions are, however, not well known. Free swgfa the acceleration term is added to the Navier-Stekpstions,
behaviors of liquid sodium have been studied fet taeeder and the numerical approach using the oscillatingkecation is

|. INTRODUCTION

[5,6].

reactors (FBRs). Numerical simulations were pergxgimn
some studies to obtain the surface motion, whegertbtion of
reactor vessel was taken into account as the atedl
acceleration in fluid equations [1,2]. Stability adyses of
boiling water reactors (BWRs) under seismic coondgi have

discussed. The effect of oscillation on the inteebarea, which
is of importance for evaluating mass and energyhaxges
between gas and liquid phases, is discussed.

Il. NUMERICAL SIMULATION

been performed by modifying the safety analysis ecod

TRAC-BF1 to take into account the effect of seisogcillation
on thermal hydraulics [3]. The oscillating accetena was
added to the momentum equation of two-phase flavesthe
coupled effect of the thermal hydraulics and thecter point
kinetics was discussed. Three-dimensional effeatge theen
studied later by coupling TRAC-BF1 with a three-dimsional
kinetics code [4], and spatial distributions ofd/diaction and
core power were shown to be affected. In thesaestudeismic
effects on thermal hydraulics were modeled throubh
additional acceleration term in the fluid equatiomstead of
taking into account the oscillation of reactor caments.
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Japan  (phone: 81-29-282-5029; fax: 81-29-282-672&-mail:
watanabe.tadashi66@jaea.go.jp).

A.Governing Equations

Governing equations for the two-phase flow fiele &he
equation of continuity and the incompressible Natokes
equations:

Ou=0 (1)
and

Du
pD—t:—Dp+DE(2,uD)—FS+pg (2)

wherep, u, pandy, respectively, are the density, the velocity,

the pressure and the viscosityjs the viscous stress tensBbg,
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is a body force due to the surface tension, gné the
gravitational acceleration. The surface tensiondas given by

F, = oxd¢
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or

- |Ogh)—=2—
@

+q?

(10)

where r and a are an artificial time and a small constant,

whered; k, dand pare the surface tension, the curvature of thgeSPectively. The level set function becomes adis function

interface, the Dirac delta function and the leve finction,
respectively. The level set function is a distarfaaction
defined agp=0 at the free surfacex0 in the liquid region, and
@0 in the gas region. The curvature is expresseerind ofg

O
=0 EQITZI) 4)
The density and viscosity are given, respectivigjy,
p=p +(p, - p)H )
and
U=+ (g = p)H (6)

where the subscriptg and | denote gas and liquid phases
respectively, andH is the smeared Heaviside function define

by

0 (¢<-¢)

= 1[1+£+£sin(@)] (—esgp=<¢) (7)
2 E 7 £

1 (e<9

where ¢ is a small positive constant for whidig =1 for
|¢ |< €. The time evolution ofis given by

%:O

8)
Dt

in the steady-state solution of the above equaliba.following
equation is also solved to preserve the total rohfquid and
gas phases in tinj@]:

0¢ _

= (11)
or

(M, -M)-«)[0g|

where M denotes the mass corresponding to the level set
function andVl, denotes the mass for the initial condition.

The finite difference method is used to solve tbeegning
equations. The staggered mesh is used for sp&aktization
of velocities. The convection terms are discretizsihg the
second order upwind scheme and other terms by ehtrad
difference scheme. Time integration is performedhsysecond
order Adams-Bashforth method. The SMAC method élus

obtain pressure and velocities.

B.Simulation conditions
The simulation conditions are described here. Weeghase
élow field with bubbles or free surface in a chansesimulated
in the following. The flow channel is assumed tcalsmall part
of the reactor core of the BWR. The flow channdieen the
fuel rods is simulated as a two-dimensional nunagriest
section. The channel width corresponds to the minim
distance between two fuel rods in the BWR core. Tiel
properties are almost the same as those under YW& B
operating condition: the pressure is 7.1 MPa and th
temperature is the saturation temperature.

The flow channel is set in an oscillatory motion dne
horizontal direction. The oscillation of the chahlweation in
the horizontal direction is given by

x=Acos@27t/T) (12)

where A = 0.182 m and7 = 0.104 s are, respectively, the

In this study, the ALE method is applied, and th@mplitude and the period of the oscillation. These the

computational grid is moving with the same velodiy the
velocity of the oscillating channel. The substdndiarivative
terms in (2) and (8) are thus defined by

D :Q+(u—u)[m 9)
ot

Dt

whereU is the velocity of the computational grid.
In order to maintain the level set function as atatice
function, an additional equation is solved:

maximum values observed on May 26, 2003, at RikTakada
city in Japan. The velocity of the computationadds used in
the present moving grid method and is given agliffierential
of the channel location,

U

=-AQ@n/T)sin2/T) (13)
In this study, the case with the oscillating acalen is
compared with the moving grid method. The osciligti
acceleration is given as the differential of tharutel velocity,

f =—AQm/T)? cosRrt/T)
The above acceleration

(14)
is applied as the additional
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acceleration term in the momentum equation givei@2pyand
the channel is not moved akt-=0 in (9) for the case with the
oscillating acceleration.

I1l.  RESULTS ANDDISCUSSION

A.Behavior of two bubbles
The behavior of two bubbles in the oscillating ahelnis

simulated here as the first sample problem. Theulsition ..

model is shown in Fig. 1. The channel width is #uf and the
(a) 0.02 s

channel height is also 4.0 mm. Slip wall conditisapplied at
the left and right boundaries, while the periodicubdary
condition is applied at the top and bottom boureariTwo
bubbles are placed on the vertical center lindnews in Fig. 1.
The diameter of the bubble is 1.2 mm, and the iocatof the
bubble center are 1.0 mm and 3.0 mm from the botfDime
densities of liquid and vapor are 737.6 kijand 37.34 kg/fh
and the viscosities are 9.384 x*1Rg/nfs and 1.911 x 1D
kg/m2s, respectively. The surface tension is s@t@&735 N/m.
The gravitational acceleration is not considerethia case to
see the effect of oscillation clearly.
b) 0.04 s
Periodic
1.2 mm
<>
Slip
Wall 4 mm

c) 0.06 s

4 mm _

A
b

Fig. 1 Simulation model for two bubbles.

Two-dimensional simulation region shown in Fig. 4 i
divided into 80 x 80 equal-size calculation ce#lad thus the
mesh cell size is 0.05 mm x 0.05 mm. The time siepis 5.0

us. The maximum relative errors for the pressureutation (2), .

the reinitialization (10), and the mass correctidi) are,
(d) 0.08 s

respectively, set to 1.0 x $01.0 x 10%, and 1.0 x 18 during

iterations.The calculated two-phase flow fields inigirone

oscillation period are shown in Fig. 2, where thibliles are
indicated as the red region, while the liquid phasedicated as
the blue region. The flow velocities are shown lze black

velocity vectors. The results using the moving girie shown on
the left and those using the oscillating acceleratre on the
right. It is found that two flow fields are almasie same. The
bubbles are moving to the left side of the simolatiegion at
0.02 s, and then go back to the centre at 0.08 ifdicates the

liquid phase is moving to the right first at 0.02a8d then goes (€)0.10s
back in contrast to the bubbles. Fig. 2 Flow field with bubbles:left : moving gridright : oscillating
acceleration
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Large vortex flows are seen in these flow fieldstitg from
the front side of the bubbles and ending at the d&de. The
bubbles move to the right at 0.06 s, and then gk ba the
centre at 0.08 s, and slightly pass the centreedeft at 0.10 s.

B.Behavior of free surface

The behavior of free surface in the oscillating rofel is
simulated here as the second sample problem. Tingagion
model is shown in Fig. 3. The channel width is #uf and the
channel height is 20.0 mm. 80 x 400 equal-sizeutation cells
are used, and the mesh cell size and the timesstepare the
same as those for the first sample problem. Slipasadition is
applied at all the boundaries. In the real BWR fldwannel, the
liquid-phase water comes from the bottom and thEowgoes
through the top, since the phase change occurstaube
nuclear heating. This complicated flow is not cdeséd here,
and the effect of oscillation on the free surfacsiinply studied.
The initial level of the free surface is 8.0 mnshswn in Fig. 3.
The fluid properties such as densities, viscositied surface
tension are corresponding to the BWR operating itimmdand
the same as the first sample problem. The gramitati
acceleration is considered in this case to seeeffext of
oscillation on the free surface.

Slip Wall
slip 20 mm
Wall

EX

8 mm

h -

_—

4 mm

Fig. 3 Simulation model for free surface

The time evolution of the surface shape and the flelds
during two oscillation periods are shown in Fig.where the
results using the moving grid are shown in thepgag, and the
results using the oscillating acceleration are show the
bottom part. It is found that two flow fields arenast the same
as was the case in the first sample problem. Ldefermation
of the surface shape and complicated flow fields waell
simulated.

No:3, 2012

0.00 s 0.05s 1M0s 0.15s

0.20s
Fig. 4 Flow field with free surface :top : movingdy bottom :

oscillating acceleration

C.Relation between moving grid and oscillating acragien

The behaviors of bubbles and free surface are stmva the
same under the oscillating condition for the casigithe
moving grid and the case using the oscillating Ecaéon. The
relationship between the two methods is discussedhé
following. The momentum equation for the movingigs given
by (2) and (9) as

du

L+ (15)
ot

[(u-U)Mu=-L0p+L0meun)-LF, +g
PP p

whereU is the channel or the grid velocity given by (1Bhe
flow velocity is then assumed to be divided int® tparts: the
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grid velocityU and the induced velocity,
u=u+u (16)

The momentum equation then becomes

ou'
ot

+Uu'lu'= —iDp+1D [RuD’) —EFS +g _V )
P P P ot

about 0.08 s, and increases again along the rigfiit Whe

surface shape at 0.1 s is shown in Fig. 4. Theasearhape is
much deformed, and the interfacial area concentrdiecomes
large according to the deformation. The surfaceobes flat

again at about 0.14 s, and increases again alentgthwall.

The surface shape is complicated at 0.15 s angl@&2Xhown in
Fig. 4, and the interfacial area concentrationeis/arge. The
oscillation period is 0.104 s, and almost two peslesfound in
the interfacial area in one oscillation periodslfound that the
interfacial area concentration is much affectethigyoscillation,

whereD’ is the viscous stress tensor for the induced itgloc and the interfacial heat and mass transfer betiesliquid and

u'.lt is assumed in (17) that the grid velocity ist maried
spatially.

The last term in the right hand side of (17) is diseillating
acceleration given by (14), and (17) is the mommngguation
for the case using the oscillating acceleratiois thus obvious
that the momentum equation, (15), for the movingl ds
equivalent to the momentum equation, (17), fordkeillating
acceleration. The calculated two-phase flow fieking the
moving grid thus becomes the same as the resuig ukie
oscillating acceleration as shown in Figs. 2 andt4s also
found that the numerical simulations are correuélsformed for
both the methods.

It should be noted that the calculated velocitidfigsing the
moving grid includes the grid velocity, while thasing the
oscillating acceleration does not include the gatbcity. The
velocity field using the moving grid is, in otheowds, observed
on the fixed coordinate, while that using the datiig
acceleration is observed on the moving coordinéte tve grid
velocity [10]. The grid velocity is thus added teetcalculated
flow velocity for the case using the oscillatingcaleration
shown in Figs. 2 and 4 for comparison.

D.Interfacial area concentration

It is seen in the previous section that bubbles fpd
surfaces are much affected by the oscillatory motid the
channel. The effect of oscillation on the free acef shape is
significant as shown in Fig. 4. Variations of iriémial area are
thus discussed here, since the interfacial aréapsrtant to
evaluate the heat and mass exchange between thadjiquid
phases. Time evolutions of the interfacial areashoevn in Fig.
5, where the volume-averaged interfacial area sleda
interfacial area concentration is indicated. Therflacial area
concentration is defined here by the interfaciagta divided by
the channel area. For the two-dimensional casersihowig. 3,
the initial value of the interfacial area concetitra is thus
4/(4x80)=0.0025, as shown in Fig. 5. The interfeaiaa shown
in Fig. 5 is obtained by using the efficient evaioia method for
the volume fraction and the interfacial area [11].

The interfacial area increases about 80 % frominital
value at about 0.025 s. The interfacial area tleemehses to the
initial value, and then increases again. The sarfiavel
increases along the right wall initially until 092, and
becomes the flat shape at about 0.04 s. The sutéact
increases along the left wall until 0.07 s. Thefae shape at
0.05 s is shown in Fig. 4. The surface becomesafi@in at

gas phases would become very large. The effecsafiation
on the interfacial transfer terms has not beenudsed in
reactor safety analyses under seismic conditiod].[3The
interfacial transfer terms generally include enuaiti
correlations. The empirical or experimental cotielss are
obtained under the static conditions, and the effeascillation
is not considered. This point should be remindedtfe reactor
safety analyses under the seismic condition, sioeerall
two-phase flow phenomena including interfacial $fan might
be much affected by the oscillation.

0.1
0008
&
£ 0006 :
E K
5]
L{Tf. 0004 #
0002
—s— miowing ghd
—&—osdllating accelemtion
0 i i
8] 005 01 015 02

Time (s)
Fig. 5 Effect of oscillation on interfacial area

IV. CONCLUSION

The two-phase flow field and the motion of the feeeface
in an oscillating channel have been simulated nicaky to
assess the numerical approach for simulating nucksctor
thermal hydraulics under seismic conditions. Thevimg grid
method, where the oscillating channel was modeiestily
using the moving grid of the ALE method with thecilating
velocity, was compared with the oscillating accafien
method, where the effect of channel motion was kited
using an oscillating acceleration acting on thedflin a
stationary channel. The two-phase flow field in¢hannel was
simulated using the level set method in both césgas shown
that the calculated results using the oscillatiegeteration
coinsided with those using the moving grid, andrtieenentum
equation for the case with the oscillating acce¢lerawas
equivalent to that for the moving grid. The caltethvelocity
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field for the ocillating acceleration was, howewre induced
velocity field, which did not include the oscillagj velocity of
the channel. The effects of oscillation on the riiggal area
concentration were shown. The interfacial area eotration is
one of the most important parameters for the nuadleactor
safety, since the heat and mass exchange occugthrihe
interface between gas and liquid phases. It was/shbat the
interfacial area concentration was very much affedty the
oscillation of the channel. The variation of théenfiacial area
obtained using the oscillating acceleration coiadidagain
with that using the moving grid. In this study, teample
two-phase flow fields with two bubbles or free swd were
simulated numerically as the sample problems fertkiermal
hydraulics under seismic conditions, and the gdwnern
equations had no empirical correlations. For sitindga
engineering two-phase flow problems such as reabsyrmal
hydraulics, two-fluid model codes such as the @astafety
analysis code TRAC would be used generally. Sudbtysa
analysis codes include large number of empiricatetations,
which are obtained under the static conditions wibhstant
gravitational acceleration. Fluid equations or ghlton
conditions including the empirical correlations slibthus be
treated carefully not only for the oscillating aeration but
also for the moving grid.
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