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Abstract

The loss of coolant accident based on a double-ended cold leg break is analyzed with the dis-
charge coefficient (Ca) of 0,4. This analysis covers the whole transient period from the start of
depressurization to the complete refilling of the core by using RELAP4/MOD6-EM and RELAP4/
MOD6-HOT CHANNEL for the system thermal-hydraulics and the fuel performance during the
blowdown phase respectively, and RELAP4/MOD6-FLOOD and TOODEE?2 during the reflood phase.

A simple analytical method has been developed to account for the lower plenum filling by appr-
oximating steam-water countercurrent flows and superheated wall effects at the downcomer during
the refill period. Based on the informations.at the time of EOB (end-of-bypass), the refill duration
time and the initial reflooding temperature were estimated and compared with the results from the
RELAP4/MODS, resulting in a good agreement.

In addition, some parametric studies on the EOB were performed. The form loss coefficient
between upper head and upper downcomer was found to be sensitive to the occurrence of the spur-
ious EOB. Appropriate form loss coefficients should be taken into account to avoid the flow oscilla-
tions at the downcomer. The analyses with the six and three volume core nodalizations,respectively,
show much similiar trends in the system thermal-hydraulic performance, but the former case is

recommended to obtain good results.
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Nomenclature

: area (ft»)

: heat capacity (Btu/lbm/°F)

: hydraulic diameter (ft)

: gravitational acceleration (ft/hr?)
: heat transfer coefficient (Btu/hr/ft2/°F)
: head (ft), or enthalpy (btu/lbm)
: inertia (1/ft)

: junction

: friction factor

: legth (ft)

: pressure(psi)

: time (sec)

: temperature (°F)

: volume (ft%)

: velocity (ft/sec)

: flow rate(lbm/sec)

: height (ft)

: liquid film thickness(ft)

: angle

: viscosity (Ibm/ft-sec)

: dynamic viscosity (ft2/sec)

: density (lbm/{t3)

: Grasgof Number

: Nusselt Number

: Prandtl Number

: Reynold Number

Subscripts

: coolant

f :liquid

gas . nitrogen gas
g . gas or steam
in :inlet

o :initial state
LP ; lower plenum

out : outlet

p : pressure constant

RF : reflooding
S :steam
w : wall

ws : wall structure
1. Introduction

The hypothetical large break loss of coolant
accident (LOCA) is initiated due to an instanta-
neous guillotine break of the primary cold leg
piping. Because their consequences include the
potential for the release of significant amounts
of radicactive material, it is the most drastic
occurrence which must be against and thus re-
presents limiting design basis accident.

The reactor is assumed to have been operating
at a slight overpower condition(102%) with the
peak core power density at the maximum allow-
able value. At the initiation of accident,the loss
of off-site power is assumed to be triggered and
the reactor will be scramed; however, core voi-
ding provides sufficient negative reactivity for

shutdown decay heat power level. Also the
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steam generators are promptly isolated on the
secondary side by closing the turbine steam supply
valves and the feedwater valves.

The reactor during LOCA suffers from blow-
down, refill, and reflood phases in sequence. In
the generic model, the RELAP4-EM" blowdown
calculation is continued after end-of-bypass
(EOB), through the refill period, to the bottom
of core recovery (BOCREC).

RELAP4-EM is used to describe the thermal-
hydraulic behavior during the blowdown phase,
and thus the fluid conditions obtained from the
calculation are used as boundary conditions of
RELAP4- EM HOT CHANNEL?Y calculation.
The RELAP4-EM HOT CHANNEL model is
used to determine the first peak cladding tem-
perature that occurs during the blowdown phase,
and to establish the temperature profile and the
extent of the metal-water reaction. The thermal-
hydraulic calculation using RELAP4-FLOODYV
begins after refill. After RELAP4-FLOOD calc-
ulation, the time-dependent fluid boundary con-
dition in TOODEE2? are taken from the results,
and thus TOODEE? is used to determined both
the peak cladding temperature and the extent of
metal-water reaction during the reflood period.®
These concepts can be schematically depicted in
Figure 1.

The determination of end-of-bypass plays an
important role in the LOCA analysis since it
provides the time for core-water subtraction and

| BLOWOWN | REFILL |  REFLOOD |

HYDRAULIC -

Ri -
ANALYSIS FILLCPRESENT)

THERMAL RELAPA-HOT
ANALYSIS
’ <—adiabatic —

Fig. 1. LOCA Analysis Scheme

the application of adiabatic assumption for fuel
rod heat-up, both of which are used in the LOCA
analysis for the most conservertism. However, the
RELAP4-EM may produce, due to some inherent
numerical instability, spurious spikes in down-
comer flowrates causing earlier occurrence of EOB
which is phenomenologically inconsistent. In

- order to prevent the spurious flow spikes, special

considerations must be taken into account. In
this analysis, parametric studies by altering the
form loss coefficient and the core pressure drop
settings were carried out in order to obtain phe-
nomenologically consistent EOB time.

In the refill phase, the primary purpose of con-
tinuing the blowdown calculation is to determine
the accumulator injection flow rates, and to
initialize RELAP4-FLOOD. However, RELAP4-
EM needs a tremendous running time just for
calculations of the refill duration time and the
initial reflooding temperature. Furthermore, it is
quite suspect whether RELAP4-EM deals well
with the thermal-hydraulic phenomena occurred
during the refill period. Then, a simple analytical
approach is here considered to develop a computer
code for the refill-phase analysis. The model
accounts for the lower plenum filling by appro-
ximating steam-water countercurrent flows and
superheated wall effects at the downcomer,during
the refill period based on the informations at the
time of the EOB.

I1. Evaluation of end of Bypass

Here the spurious EOB is studied to figure out
what caused the phenomenon. In addition, some
sensitivity studies are performed and recommen-
dation values are presented to avoid the spurious
EOB. The important parameters taken into acc-
ount in this study are form loss coefficient and
core pressure drop settings.

2.1 Effect of Form Loss Coefficient

Some potential problems which could encoun-
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Fig. 2. Volume Nodalization of Vessel

tered in using RELAP4/MODS6 can be overwh-
elmed by judicious use of options and/or system
nodalization. Therefore, it is necessary to deter-
mine reasonable values.

For this purpose, the downcomer is separated
into two volumes, namely the upper and lower
downcomers. And vertical slip option is used at
the junction due to the separate noding. The
vessel nodalization is shown in Figure 2. The
Evaluation Model (EM) logic appears to function
properly. The calculation of ECC bypass requires
special attentions, when making an EM run,
since spurious flow spikes may prematurely signal
end-of-bypass. The value of the resistance in
junction between the upper downcomer and upper
head volumes is difficult to specify correctly.
Although the forward and reverse flow loss co-
efficients for the junction should be large due to
complex geometry (head cooling), the loss coeffi-
cients in the reverse direction was inadvertently
set to zero as a first approach. The problem was
later run again for the vertical slip with the
reasonable value of junction resistance. This
increased the flow resistance in junction between
the upper head and upper downcomer volumes
and, in turn, provided the core flows shown in
Figure 4. It shows that the increased flow resis-
tance in junction between upper head and upper
downcomer volumes increases an end-of-bypass
time through the direct interconnection between
flow resistance and flow rate. Thus this para-

meter is important and carefully chosen.

In case of zero resistance, the superheated
vapor flow into the upper downcomer from the
upper head can not be neglected. Thus a signifi
cant amount of superheated vapor in the upper
head flows through the junction into the down-
comer during the blowdown, and the cushion
effect of the superheated vapor in the core dimi-
nishes, and flow oscillations can occur in the
core inlet flow. The effects of the oscillations are
propagated through the system and spurious flow
spikes in the downcomer may prematurely signal
end of bypass.

2.2 Effect of Core Pressure Drop Setting

In the core modeling, the frictional pressure
drop of active core is 22. 8-4. 6 psi.¥ We should
provide the pressure at the center of volume 2
and 30(or 29) as shown in Figures 2~3. This
value corresponds to the frictional pressure drop
of the active core plus the gravitational pressure
drops between the volume 2 and volume 30. EOB
is very sensitive to the pressure drcp setting
between volume 2 and volume 30. In general,
pressure drop is directly related to the friction
factor. From the above core pressure, the unce-
rtainty of pressure drop is4-4.6 psi and this
corresponds to+3, 5 of friction factor. In addition,
the gravitational pressure drop in the volume 2
and volume 30 are 1.594 psi and 0.560 psi,
respectively, as shown in Table 1. These corres-
pond to about 1.5 and 0.5 of friction factor,
respectively. The pressure drop between volum
2 and volume 30 is 26.255 psi for the former
case, which does not include gravitational pres-

sure drop, and 28.38 psi for the latter case

10.85F% UPPER PLENUM 10.85ft
V2
3.2387f1 [:: 8.32f1 {::

Fig. 3. Gravitational Heads through Various
Volumes
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Tabla 1. Gravitational Pressure Drops of Each

Volume
Volume (Hl)) Ig’}:é?; \1/}011‘;13112 ?-Ifeitgh}ft g:::sﬁfet;l%l:&p
(ft) (psi)
2 42.3 10. 85 1.594
30 42.3 3.2389 0. 56
29 42.3 8.32 1. 366

Table 2. Summary of Results of the End-of-By-
pass Evaluation

Index in| K and I Pressure System EOB
Case Fig. 2 | of J54 Drop Pressure | (sec)
(psi)
1 A | K=1.223 26.25 145.0] 14.78
I1=10.
2 A | K=4.0 26.25 74.0, 17.16
1=50.0
3 A | K=4.0 28. 38 30.00  17.72
1=50.0
4 B K=1.2231 26.25 150.0f 14.56
=10.0
5 B | K=40 29. 25 15.2)  20.2
1=50.0
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which includes gravitational pressure drop.

As can be seen above, the uncertainty of core

pressure drop is considerably great, so that fric-

tion factor contains considerable uncertainty.
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Therefore, it is desired to establish reasonable
core pressure drop settings in order to avoid
spurious EOB. The effect of pressure settings on

the EOB is shown in Table 2 and Figure 4.

II1. Refill Methodology

In order to provide a more continuous ECCS
analyses, the capability to perform lower plenum
refilling subsequent to a LOCA blowdown has
been added to RELAP4-EM. In the generic
model, the RELAP4-EM blowdown calculation
is continued after end-of-bypass, through the
refill period, until BOCREC. The primary purpose
of continuing the blowdown calculation through
refill is to determine the variable accumulator
injection flow rates, and to initialize RELAP4-
FLOOD. But, because of the tremendous REL-
AP4-EM running time, the continuation of RE-
LAP4-EM for detailed calculation through refill
is doubtable to calculate just two outputs of refill
duration time and initial reflooding temperature.
The capability of RELAP4-EM to calculate ther-
mal-hydraulic variables during the refill period
is also questionable, since the flow situation is
quite complicated due to the presence of two-
phase flow throughout the whole system, and
the induced unreasonable oscillation may lead to
unexpected results. Thus, a simple analytical
method is developed to simulate the lower plenum
filling by approximating countercurrent flow and
superheated wall effects during the refill period.

3.1 Refill Duration Time

The refill calculation starts with known initial
conditions, such as, accumulator water available,
RCS back pressure

and volume of water

accumulator gas pressure,
(containment pressure)
needed to complete the filling of lower plenum,
which can be obtained from RELAP4-EM and
CONTEMPT-LT.® In addition,ithe accumulator
line flow resistance and area, total . accumulator
tank volume and SI flowrate should be specified.
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The accumulator and safety injection (SI) water
from the broken loop is assumed to completely
spill through the break for cold leg breaks. For
the remaining accumulator, the flowrate is cale-
ulated using a momentum equation across the
accumulator line. It is further assumed that all
of the accumulator water that does not spill to
the break flows into the downcomer. During
refill, the RCS back pressure is taken to be the
containment pressure, and is calculated continu-
cusly by CONTEMPT-LT. The accumulator
pressure is updated at each time step using isen-
tropic expansion considerations for the nitrogen
gas. The SI flow is assumed to be constant. The
total water flow from the accumulator and SI is
added to the lower plenum. The volume of water
injected into the lower plenum is integrated over
time and, when the injection water equals the
lower plenum volume, recovery is said to occur
and reflood calculations are initiated.

The refill period starts when the injection

water reaches the lower plenum. This time
delay is given as an input to the FILL code
which will be described later.

If the incompressible and irrotational state is
assumed, the governing and constitutive equations
will be given as;

Momentum equation:

L dw

a ”_dt——-Pout_Pin'i"p'g' Zowe—Z;y)
KW?2
+ 2pA?

Mass conservation for the nitrogen gas:

Ve 0 =Vaus t0) + [ W(2) /0t
State equation for the nitrogen gas:
Pgas () Vsas ® 1'4:Psas (o) Vigas (20 *+*
Total time delay
—Time delay due to hydrodynamic effect
+gravity falling time(1. 1 sec)
+delay time dut to thermal effect (2. 3sec)
The last two time delays chosen above are obta-
ined from CREARE experiments® and also the

sum is similar to that of EXXON analysis®,
3. 5.

3.2 Initial Reflooding Temperature

The initial reflooding temperature of the

average rod in the hot assembly for RELAP4-
FLOOD is calculated using TOODEEZ for the
hot assembly power of interest (adiabatic process).
And the initial temperatures of the RELAP4-
FLOOD heat conductors are conservatively taken
as their respective temperature at end-of-bypass.
In addition, two opticns are for determining the
subcooling of core inlet water. The first option
assumes that the inlet water temgerature is con-
stant at 150°F (RESAR”? & WREFLOOD).®
The second is a core inlet temperature which is
calculated by the energy balance equation. The
model consists of two reference elements which
represent lower plenum and the downcomer
annulus. For the purpose of this calculation, the
downcomer is assumed to suffer from annular
until the coolant temperature of the downcomer
outlet is less than the saturation temperature.
The duration time is calculated to ke 3. 2sec.
After that free convective heat transfer is assu-
med because the falling velocity is sufficiently low,
i.e. less than 1m/sec. And then the perfect
mixing is assumed in the lower plenum. The
total available metale metal sensible energy is the
sum of the heat from the reactor vessel shell
and the heat from the reactor vessel internal
structures. We assume the steady state heat
transfer during refill period. Then, the energy
balance equations are given;

Qw=nhA(Ty~T¢) for wall surface,

Qc=C, W (Tou—T;,) for coolant,

Qws=pC,, s V(Tw(t) — Tw(t,)) for wall struc-

ture,

where the heat transfer coefficient for the liquid
film is obtained from Dittus-Boelter correlation;

h=0. 023 *—fl; * [J’—‘i‘i] & Pros
u

and the hydraulic diameter for the annular flow
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is given?,
d=46
5/ (?,—’;izv )" =0. 375(-3';—"5—4)0‘562

For the free convective heat transfer,empirical
correlations can be obtained as follows. Over the
years, it has been found that average free con-
vective heat transfer coefficients can be represe-
nted in the following functional form for a
variety of circumstances:

Nu=C(Gr* Pr)»

C=0. 21 and m=2/5 is used for the vertical
surfaces. 1%

At last, the temperature rise in the tower
plenum, 4T p, due to vessel wall heating is
calculated by assuming perfect mixing and using
the free convective heat transfer coefficient men-
tioned above.

Averaged coolant temperature of lower plenum
at BOCREC time is obtained from weighting by
injection flowrate;

=it

Then, the initial reflooding temperature can be

obtained as follow;
Ter=T+4Tp
3.3. Development of FILL code

The refill analysis for KNU-1 and KNU-5 &
6 was performed with the FILL code which was
programmed with models mentioned above. The
FILL code is composed of a main program and
subprograms called ACCU, SAT and SUB.

In The FILL code, volume and pressure are
calculated for the nitrogen gas using the mass
conservation and the state equation. Mass flow
rate is also computed from momentum equation
by assuming the loop pressure during the refill
period. The subprogram ACCU, where the Euler-
Gauss predictor-corrector method is utilized as a
computational method, is used to solve the mo-
mentum equation in an acumulator.

If the injection water into the downcomer is

( START )
- ]
I mass = 0O 4]
—
¥
CALL ACCU

Calculate v (£}
gas

3

[ Calculate P (t)

gas

i

IR |

Calculate

| mass = mass + wi(t) *ht '

CALL SAT

= Saturation

c,out

Calculate h

CALL suB
Calculate h

I Calculate

| Calculate

[ Calculate Tc,out(i) ]

*, =
Zwi A ti MLP
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s
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Fig. 5. Flow Chart of Fill Code
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Fig. 6. Accumulator Flow for KNU-1

equal to lower plenum mass, BOCREC is assu-
med to occur.

Then, the temperature of the heat conductors
and coolant are computed using the result of
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Table 3. Results of Refill Calculation

Time(sec) Refill Duration Temperatuge Increase
EOB BOCREC (sec) C
FSAR 19.8 33.4 13.6 -
KNU 1 Model 17.75 £2.5 14.75 61
FSAR 29.8 43.1 13.3 -
KNU 5 & 6 RELAP 26.8 4.2 17. 4 72
Model 26.8 43.1 16. 3 65
. tion between the upper head and the wupper
» RELAP4 —
5_1 TIL e downcomer volumes, and to the core pressure
drop settings. By altering form loss coefficient
4 and core pressure drop settings, spurious end-of-
N bypass could be avoided.

FIOW RATE(1bm/sec)

Fig. 7. Accumulator Flow Rate for KNU-5 & 6

above calculation. The subprogram SAT and
SUB are used to calculate the
coefficients during the saturation and subcooled

heat transfer
phase, respectively. At first, wall surface and
solid temperatures are calculated, and then coo-
lant outlet temperature is computed from these
results. Figure 5 shows the flow chart of the Fill
code.

The results show good agreements with those
from RELAP/MODS, as shown in Figures 6~7
and Table 3.

IV. Conclusion

Some parametric studies on the end-of-bypass
‘were carried out in order to obtain phenomeno-
logically consistent EOB time, and then recom-
mendation values were presented. The occurrence
of the spurious end-of-bypass were found to be
sensitive to the form loss coefficient in the junc-

During the refill period, the FILL code for the
refill time and the initial reflooding temperature
has been developed for the sake of saving com-
putation time. It accounts for lower plenum
filling by approximating steam-water countercur-
rent flows and superheated wall effects at the
downcomer. The results were compared with
those from the RELAP4/MOD6 analysis, and
showed good agreements in refill duration time

and initial reflooding temperature.
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