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Abstract

Debris transport on the containment floor followilag loss-of-coolant accident (LOCA) of the
Advanced Power Reactor (APR) 1400 plant is caledlaThe plant does not have a switchover to
recirculation operation and, thus, requires a ftriysient analysis of debris transport. To cateulhe
flow field in a practical computational time andisenable accuracy, two-dimensional Shallow Water
Equations are solved using the Finite Volume Methid approximate Riemann solver, Harten-Lax-
van Leer (HLL) scheme is used to capture dry-to-iméerface. To calculate the debris particle
transport, a simple two-dimensional Lagrangian iplarttracking model including a drag force is
developed. Some efficient schemes are implemetdesearch a hosting cell, to determine the
intersection of a particle trajectory with a catles and to find the reflected position of particléne
hydraulic solver is validated with an open charft@l experiment. The present model is applied to
calculate the transport fraction to Hold-up Voluriank which is a unique flow path to the
containment sump of the APR1400.

1. INTRODUCTION

Debris generated by a loss-of-coolant accident (RD@ay run all over the containment floor, block
the sump screen (or strainer), increase the hyidraehd loss across the screen, and eventuallg, hav
an adverse effect on long term recirculation op@nain pressurized water reactor (PWR) (Rao et al.
2003). The screen area required to incorporatepthential debris loading has been determined in
terms of transport fraction (TF) defined by a raifeamount of the debris accumulated on the screen
to that generated by LOCA. For the most conventiod@P, the TF has been determined by the
successive analyses on the debris distribution @rmtamment floor before recirculation and the
transport of debris after recirculation, respedyivéhis led to an approach to determine the Thies

for blowdown phase, washdown phase, pool reciritiigithase, separately. Especially, the TF during
recirculation phase has been calculated by stetdg analysis using computational fluid dynamic
(CFD) codes, which was based on the assumptioritbdireak flow and recirculation safety injection
flow are balanced (USNRC, 2004). However, such asphseparation cannot be applied to the
Advanced Power Reactor 1400 (APR1400) having narcdation operation (KEPCO, 1997).
Transport of debris to sump in the APR1400 is @bétd from the early phase of a LOCA in fully
transient manner.

The present study is to describe a model to prélaéctiebris transport on the containment floohto t
sump in APR1400 in a practical computational tinmel aeasonable accuracy. For this purpose, a
hydraulic model to calculate the transient flowdiproposed by the present authors (Bang et aB200
was used. The hydraulic model for this kind of peof should be able to address the strong water jet
from the break, the impingements of water jet te structural walls, the water spreading over the
floor, and the reflective waves from the walls,. @ccapability to address the complex geometry of
the containment and an accurate numerical schercapinire the sharp interface between dry floor
and wet floor are also required. Practical compamatime is also one of the important factors.
Author's experience indicated that the use of concrak CFD code took a huge amount of
computational time (~ 2 months) to get a few-sesotrdnsient solution, as reported at the 2nd
Workshop on XCFD4NRS at Grenoble (Lee at al. 2008 present hydraulic solver is based on
two-dimensional Shallow Water Equations (SWE) (&wlit et al. 2004), the fully explicit numerical
scheme and the Finite Volume Method (FVM) (Valeztoal. 2003) for the purpose of the study. The
SWE solver has also been applied to the OPR1000ni2pd Power Reactor of 1000 MWe) which



have a switchover process from injection mode tircalation mode (Bang etal2010). Limitation
due to two-dimensionality of the SWE may have aftuénce on the accuracy of the solution,
especially, at the near-break region and the n#mpsregion where three-dimensional flow is
dominant. In the present method, those regionsreated as a specific boundary condition which was
formulated at an engineering textbook (Shames, 1988structured triangular mesh was used to
simulate the complex geometry of the containmeoorfl For the accuracy to capture dry-to-wet
interface, the Harten-Lax-van Leer (HLL) schemerfela at al. 1983) was adopted. An open channel
flow experiment (Gottardi et al. 2004) was usedvétidate the present hydraulic solver. For the
prediction of the debris particle transport, a iglttracking model to trace the debris particléhivi

the calculation domain were developed, in whichreagian equation of motion with a drag force was
solved using the pre-determined velocity field (§at af. 2010). An efficient scheme was used to
find the locations of particles on the containmiéoor, i.e., hosting cell determination (Martin &t
2009). To determine the intersection of particlertory with a cell side and the reflected posiio
from the solid wall, the scheme (Haselbacher eR@07) was also adopted. The model is applied to
calculate the transport fraction to Hold-up Voluim@nk (HVT) which is a unique flow path to the
containment sump in APR1400.

2. MODEL DESCRIPTION
2.1 Hydraulic Solver

The two-dimensional Shallow Water Equations (SWat) be derived by the depth averaging process
from the Navier Stokes equation and is as follows:
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whereh, u, v, z, n, B(t), andv denote the water level from the bed, the veloditynponents in th&
andy directions, the bed elevation, the Manning bedtitm coefficient (rit"%s), the water source term
into flow field and the dynamic viscosity, respgety. The source terms of the momentum equation
include the bed slope and the friction with bedtedgrating Eq. (1) over ared surrounded byC
results in

j—dA+j (Fn, +Gn,)dC = [ (R, +R,n,)dC+ ][ SdA 3)

where n,, n, mean thex- andy- components of the outward unit normal vector oa $urface.
AssumingW to be constant within a triangle having an akggrig.1), the following can be obtained.
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wherej, L;, ng, andny; denote the side number of the triangle, the lengtside], the components of
unit normal vector irx andy direction, respectively. In Eq. (4)V are calculated at the cell center and,
thus, the convective flux terms and the diffusiexfterms,F;, G;, Ry;, Ry;, should be defined at each
side. The new time value ®¥ can be obtained by explicit form. In order to resethe second order
numerical accuracy in time, the predictor-correct@thod (Begnudelli and Sanders, 2006) is used. In
the predictor step)V ™" are calculated by the central difference scheméhiwconvective flux term.



Fig. 1: Triangular cell and index notation
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The corrector step calculat¥g "™ by using an approximate Riemann solver, Hartentaax Leer
(HLL) scheme as follows:
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The basis for the HLL scheme is to avoid an unpaysoscillation and instability of the solution,
especially at the wet-dry interface and can beritest as follows:
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where subscripts andR represent the values at the cell right and at#fideft to the interface,
respectivelyss ands are the wave speeds at those cells, as definéallbying equation.
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where the velocity vecto¥/=ui+vj, and the averaged termg*( c*) are defined as follows:
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For the diffusive flux term, simple central diffae scheme is used in both the predictor stepland t
corrector step. The derivative term\&fat the side between two cells is calculated byibighted-
averaging of two derivative values determined freath cell to the common side. The turbulent
viscosity was not explicitly modeled because ositsll effect.

The source term of the mass equation is an additisemoval of water such as break flow or draining
flow in the calculation domain, thus, it can be aé®ed by the given data. The source terms in
momentum equation can be approximated by the detitierence scheme and averaging process.

In order to prevent the negative water, the tinep stize to solve Eq's (5) and (6) should be limited
level as followgWang and Liu, 2000):

ot < Min, {A, /(K ce Maxy th £ /g . )| (12)

whereKcg, is a coefficient similar to the Courant-Fredricewy (CFL) number and set to 1.3 in the
present study.



The boundary condition was specified as follows:

V., =0h, =h, for no- slip wall
. h.=h, for slipwall (13)
V; =V,,h; =h, for openboundary

where the subscriptandk denote the boundary side and the adjacent cellezaespectively; means
the unit tangential vector to the side. Since tMT Hk the vertically stepped down area, the boupdar
of it cannot be specified by two-dimensional apploaAs an approximation to the problem, a flow
rate through the boundary was specified as a fomati the water level of the upstream cell. The
following formula for the broad crested weir (Shan962) is used.

2
U= Qscw V= Qscw , Queyy = (5)3/29112h3/2 (14)

whereL,, L, represent the length of boundary side,ip direction,Qgcwis the flow rate, andl is
taken from the centre of the adjacent cell.

2.2 Particle Tracking Method

Debris particle following a LOCA may be transporteith colliding with other particles and settling-
down due to its velocity and the gravity. The préseodel did not consider those aspects in the
conservative viewpoint of debris transport. Thesifjon of a particlep at time n+1 in two-
dimensional Cartesian coordinates can be calcuésddllows:

X0 ="+ y, " = XD whAL, (15)

where the particle velocityw =ui+v,j, can be obtained from the equation of motion wité
fluid velocity (v = ui +vj ) which was already determined by the SWE solver.

dWP
mp
dt
Assuming the particle be in spherical shape withdlameterd, and the density,, and express the
time derivative term in explicit manner, then,
n Wn—l _§ pf Atp

P P 4 ppd

1
D, =-ACo P w, =V|w, -V) (16)

cr (Wit -V 17)

W;_l _V n-1

p

Drag coefficientCp can be expressed by Schiller and Neumann cowoeléirepper et al. 2008).

24/Re,, (Re, <0.1)

C, = Ma{é (L+ 015Re"), 044/, (0.1< Re, <1009 (18)
044, (1000< Re, <1.2x10°)

where the particle Reynolds number is defined Bsvis:
piwy -V (d, (19)

Re =
® Hi

To define the fluid velocity, the cell having tharficle, i.e., the hosting cell, should be ideetifi To

save the time required to search the hosting eellefficient scheme (Martin et al. 2009) was

introduced. If the particle is located within thalcthen the following conditions should be meig(F

2(a)).
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wherem;, m,, ms, andny, n,, n; denote the vectors to the centre and the unit alowectors of three
side of the triangle ang is a particle position vector, respectively. lbsge conditions are not met, the
adjacent cell sharing the sigaith the cellk and having the maximum & will be searched first.

An intersection of a particle trajectory with thidesof a cell can be determined (Fig.2) (Haselbaehe
al. 2007). Consider the particle moves from thdtjmwsp to the positiorg with intersecting with the
side at the position Assumingt is the unit vector fronp to g, C is a centre of the side, and veatgr
=at, then

(r(@)-C)In=0 (21)

From those equationg, can be determined as follows:

a:(c_p)[n (22)
(tth)

Let the distance from to g bed, a >d means the positiogis inside the cell. If the intersecting side is
a reflective boundary, i.e., solid wall, the reflen of the particle should be considered (Fig.3)
(Haselbacher et al. 2007). From the vector operatibe new positiory” can be determined as
follows:

a'=9g-2{(g-r)n}in (25)

i=3

i=1

@

Fig. 3: Treatment of reflected bound:
Fig. 2: Hosting cell criteria and intersection with

particle trajectory

3. MODEL VALIDATION

The present hydraulic model was validated with @apen channel experiment cited in the reference
(Gottardi et al. 2004). Fig. 4 shows a schemaficegentation of the experiment. The reservoir was
2.4x2.4m rectangular shape and was initially fieith water to a height of 0.2m. An L-shaped open
channel was connected to the reservoir and was dnyastate. A gate in front of the pool was
instantaneously ruptured and the water was diseldargo the channel. Water level was measured at
several locations as in Fig. 4. The experiment ewsidered to be similar to the flow behavior aun
the structural wall at the containment floor. Tlenputational mesh was prepared as shown in Fig. 4.
Total number of cell was 1238. At the exit of thenel, the open boundary condition was imposed
while no-slip condition at all wall boundaries. Toalculated water level at the point P3 is shown in
Fig. 5, compared with the experimental data. THeutated behavior was reasonably agreed to the
measured oneespecially the time of change from dry to wet & foint was well-predicted and the
surface wave reflected from the wall was also reaBly simulated. The uncertainty of the
measurement was not available from the referenaeviation after 10 seconds from the experiment
data was due to the difference in the measured paihthe calculated one and to the modeling of the
gate. The difference may be attributed to the latkurbulence model and the limitation of SW
equations. However, it is believed that the phygit@&nomena in the open channel can be reasonably
predicted within a practical accuracy. Also the ioyement of the modeling scheme may minimize
the difference.
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Fig. 4: Experiment setup and computational mesh
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Fig. 5: Comparison of water level

PLANT CALCULATION

A transient flow field on containment floor follomg a large break LOCA of APR1400 was calculated.
Fig. 6 shows a computational domain which has alas region between the containment inner wall
(CIW) and the secondary shield wall (SSW), two Rystd regions between the SSW and the primary
shield wall (PSW). Structures simulating the stegemerator (SG) pedestals and the reactor coolant
pump (RCP) pedestals were also included. In thbt-hgnd-side of the domain, the HVT was
surrounded by three pieces of structures suchfthatentrances to HVT are available. In the left-
hand-side, the structural walls of two compartmevdse the boundaries for the domain. Total number
of cells and nodes were 7228 and 4245, respectively

Double ended hot leg guillotine break LOCA of theRL400 was simulated and the time-dependent
break flow rate was adopted from the APR1400 Safetalysis Report (KEPCO 1997). The
calculation was conducted to 100 seconds. Fig.oivshthe calculated water levels and velocity
vectors over the domain at 5 seconds and 10 seadtefsLOCA, respectively. The region without
velocity vector denotes the region in a dry stktem the comparison between two figures, the water
spreading behavior and the related wave propagatdim inside and outside SSW can be observed.
The computational time was 11032 CPU seconds (Bdifs) in Pentium IV 3.4 GHz processor,
which clearly indicated that the calculation cardbee in a practical computational time.

The particle tracking calculation was conducted tfeg particle having a diameter of 0.02m and a
density and 900kg/f It was assumed that the particles were distribugamdomly within the circle
whose center and radius are (0, 6.5151m) and O&spectively (a region between the PSW and the
SG pedestal in upper region). Particles were iadetd the circle such that the number of particle
decreased linearly from 98 to 2 during 9.5 secomdisch resulted in 1000 particles in total. It was



based on that behavior of the debris generationsivaar to one of break flow. It was found that an
instantaneous insertion of all particles at zexmgd resulted in less number of particles entetieg
HVT. Due to the initially high fluid velocity, thearticles move far from the HVT entrance 1. The
calculation time step was 0.001~0.01 seconds whahselected for the given velocity field.
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Fig. 6: Calculation domain for APR1400 containment

Fig. 8 shows the calculated particle trajectorie$ @and 10 secondslTwo figures indicated a few
particles reached the HVT in 10 seconds. The re&mothe low transport until 10 seconds was the
high velocities of particles near the entrance &.titne progressed, the particles with relatively lo
velocities were entrained by fluid stream to HVTirance 1. Fig. 9 shows the number of particles

entering the HVT. It increased significantly aftéd seconds. For the case of density 900Rgi0
out of 1000 particles were transported until 10tbses.

To confirm the reliability on 1000 particles, addital calculations were conducted for the different
number of particles. Fig. 10 shows the result frdmse calculations, which implied that the
convergence can be guaranteed by increasing thlentatnber of particle and the TF calculated from
1000 particles can be credited within?l8vel (0.12 atL000 particles vs. 0.126 at 2000 particles).

To understand the effect of particle density ondpmrt, additional calculations were conductedtiier
particle densities ranging from 400 to 1300 kg/amd having the size of 0.02 m. Fig. 9 compares the
results of calculations for different densitiescdin be shown the lower particle density led theemo
particles to the HVT. The calculated TF was 0.1@4tlie case of 400 kg/cm

To evaluate the effect of particle size on transpadditional calculations were conducted for the
particle sizes 0.002, 0.01 and 0.05 m and the teas000 kg/cm. Fig. 11 shows the comparison of
the results for different sizes. The comparisonngha clear trend the smaller size the more pasticle

the HVT. The calculated TF was 0.213 for 0.002 secd he reason for that trend was a drag force to
particle with respect to the particle size.
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5. CONCLUSIONS

Debris transport on the containment floor followiad- OCA was calculated for the APR1400 plant
which does not have a switchover to recirculatigreration. Two-dimensional Shallow Water
Equations were solved to get a transient flow figldhin a practical computational time and
reasonable accuracy. The Finite Volume Method wsed uwith Harten-Lax-van Leer scheme to
capture dry-to-wet interface. For the debris phleticansport, a simple two-dimensional Lagrangian
particle tracking model including a drag force éveloped. Advanced schemes to search a hosting cell
to determine the intersection of particle trajegterth a cell side, and to find the reflected piasitof
particle were implemented. The hydraulic solver waldated with an open channel experiment,
which indicated that the transient flow field cold@ predicted within a reasonable accuracy. The
present model was applied to calculate the trab$pmtion to Hold-up Volume Tank. As a result, the
debris transport through the containment floor ¥THvas calculated within a practical computational
time and the predicted transport fraction until 3@@onds was 13~22 % for the particle density range
of 400~1300 kg/rhand for the particle diameter range of 0.002~0n05
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