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Abstract

The objective of the PKL Il A 4.4 experiment is to examine that the plant could be controlled by
manually operative actions “after Steam Generator Tube Rupture under Offsite Power Available wit-
hout Safety Injection”. In order to verify the limitation and ability of the system code NLOOP in the
expeiment simulation, the behaviors of the PKL Il facility obtained in the experiment are compared
with the results of NLOOP code. NLOOP code, which is originally developed to simulate the tran-
sients of the Westinghouse type PWRs by KAERI/SIEMENS, modified properly to simulate the PKL
1l facility. Particular attention is given to the RCS mass flow rate of the natural circulation in loops
and the termination behavior of the natural circulation in the isolated loop. The comparisons be-
tween the experimental and calculational results show the simulation ability and problems of the

code.
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1. Introduction

The objective of this study is to compare the beh-
aviors of the PKL (Primaer Kreislaeufe) I facility
(Figure 1-a) obtained in an experiment with the res-
ults of the NLOOP [1] to verify the code. The exper-
iment was performed in the PKL III facility [2] to in-
vestigate plant cooldown behavior and examine the
manual operating procedure at an event of “Steam
Generator Tube Rupture under Offsite Power Avail-
able without Safety Injection (Experiment Number :
PKL I A44)".

The Steam Generator (SG) U-tube rupture event
is initiated by a penetration of the barrier between
the primary coolant system and the secondary steam
generation system in the U-tube steam generator.
When it happens, it causes a depressurization of the
Reactor Coolant System (RCS). Because of the pres-
sure difference between primary and secondary side,
the coolant flows into the defected SG until the pres-
sures of the both sides are equalized. The operator is
expected to determine that a steam generator tube
rupture has occurred, and to identify and isolate the
faulty steam generator on time in order to minimize
contamination of the secondary system. When the
recovery procedure provided by this experiment is
carried out on a timely manner, the plant can be
cooled down without the safety injection. The RCS
natural circulation behavior of the affected SG is of a

particular interest during the stepwise cooldown phas-

e from the hot shutdown condition (RCS tempera-
ture of 244°C) to the cold shutdown condition (that
of 50°C) in manual mode to awoid the safety injec-
tion into the core.

The complete experimental sequences and details
of the initial and boundary conditions are described
in Reference 3. The important sequences and oper-
ator actions during experiment are listed in Table 1.

The following phenomena in the experiment are
particularly investigated :

o Natural circulation in the primary side,
o Pressure and water level change in the isolated
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SG, especially after the isolation of the affected
SG until the pressure of the primary side equal-
izes to that of the secondary side,

o Pressure drop in the primary side during and after
steam evaporation in the primary side SG U-tub-
es, and

o Secondary system conditions in the isolated SG
during the plant cooldown phase.

Table 1. Important Sequences of Events

Time {s) Sequences

0. Leakage opening in SG 10 (size:2 X 1.8 mm?)
KBA (volume control system) extraction off
60. Isolation of feedwater to SG 10

900. Isolation of steam flow from SG 10
2700. 1st stepdown depressurization of
pressure (2.5 bar) in SGs 20, 30, 40
3420. 2nd stepdown depressurization of
pressure (2.5 bar) in SGs 20, 30, 40
4680. KBA extraction on
5100. Pressurizer heaters on
5640. 3rd stepdown depressurization of
pressure (2.5 bar} in SGs 20, 30, 40
6900. LBA (steam line system) 10
pressure decreased by 2 bar
7500. Pressurizer water level control (manual)
8100. LBA 10 pressure decreased by 2 bar
8400. LBA 20, 30, 40 pressures decreased by 3 bar

10140. Cooldown by 50 K/hr

12180. KBA injection with a pump

16680.  JNA (PKL III specific heat removal system) on
19500. Isolation of steam flow from SG 10

21120. Isolation of steam flow from SGs 20, 30, 40
23700. End of experiment

2. Conversion from NLOOP to PKL IIl Specific

Version [4]

NLOOP is one of Non-LOCA safety analysis codes
in Korea for PWR design applicactions and used for
NSSS transient simulation of Westinghouse plants.
The code contains models for major components of
the primary and secondary side, for important auxilar-
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y systems and for the essential control, limitation,
protectional interlocking system. The fluid in the pri-
mary coolant system is treated as homogeneous.
Temperature non-equilibrium is allowed in the pres-
surizer, steam generators, feedwater tank and reactor
pressure vessel head. The one-dimensional conser-
vation equations of mass and energy are integrated
by an explicit numerical method. Node/flow path net-
works are used to model the flow rates in the pri-
mary coolant loops and the main steam and feedwat-
er systems. The one-dimensional, non-steady state
channel flow of the primary coolant circuit is approx-
imated by a serial distribution of the homogeneous

zones defined by input.

The Fig. 1-b shows by way of example, the nodaliz-

ation for two computation loops with 19 zones per
loop. The main steamn piping system consists of a
node model. The networks of the line systems could
be different from plant to plant. In NLdOP, main
stealine system is modelled for Westinghouse type
PWR, especially 2 loop and 3 loop plant. However,
PKL III facility has 4 loops and its configuration is
less complex than the real plants. Therefore, it is nec-
essary to model! the 4 loop geometry and accompan-
ving functions for the simulation of PKL IIl test (see
Fig. 1-a).

The NLOOP-PKL specific version is prepared by
extending from 3 loop to 4 loop geometry and by
simplifying the code due to the less complex config-
urations than the real nuclear plants. The geometric
and thermal-hydraulic data of the PKL III facility for
the PKL-Version are prepared in Reference 5. These
include primary side volume and elevation, pump
characteristics, steam generator geometry, and fuel
rod data. Most code modifications are needed to
take into account systern and size differences be-

tween the real plant and the PKL facility, such as vol-

umes and factors related to surfaces or volumes.
Most of the instrumentations and control routines of
NLOOQOP are in fact removed because the PKL test
facility operates with fundamentally different control
equipments. For the verification analysis, missing con-

trol variables are replaced by inputting measured var-
jables. Each time dependent action is properly con-
sidered in the NLOOP calculation. These changes
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bring in no significant loss on the verification pur-
pose, since the main objective is to identify
thermal-hydraulic  differences between calculation
model in the NLOOP and the facility due to the nat-
ural circulation.

In PKL IIl cylindrical rods, which include the heat-
ing coil inside, are used for energy generation in-
stead of the real fuel rods. Therefore, geometry and
the governing equations of the heat transfer are dif-
ferent from the heat transfer model using real fuel
rods. In subroutine BREST, cdlidrical heating rods
are modelled by the regional lumped parameter met-
hod, and the derivatives of temperature of each layer
are caiculated.

3. Steady State Calculation

The starting conditions of the experiment, namely,
conditions at the opening of the U-tube leakage in
SG 10, were set during the semi-equilibrium phase.
For verification of the transients with the NLOOP, it
is necessary to commence with steady-state initial con-

ditions at a pre-set core output of equal heat transfer-

s in all four steam generators with all reactor coolant
pumps running. Therefore, an initial constant power
output of 440 kW is assumed to obtain the facility
parameters at the beginning of the transient.
Recording of plots of the transients (PKL meas-
urements) begins 5874 seconds after the start of the
test. At this time the reactor is already tripped and
the plant is under natural circulation with SG press-
ure of about 26 bar and a uniform heat transfer in
all 4 SGs. In the NLOOP calculation, this condition
is also attained after the 5874 seconds. All sub-
sequent events are therefore proceeded by the initial
5874 seconds in the wverification calculation. Up to
this time, inlet and outlet temperatures attained in all
4 SG loops are almost identical. These are entered
into the NLOOP representing the initial transient con-
ditions. To achieve the same values of pressurizer lev-
el and pressure as those of PKL test, the pressurizer

level is controlled by the time dependent charging
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and letdown flow rates in the RCS of the NLOOP,
and the NLOOP pressurizer pressure is given by the
time dependent PKL III measurement value.

Due to the relatively large heat losses through the
wall structure of the PKL III test facility, the thermal
energy transferred to the secondary side is much
smaller than the core output despite compensatory
heating for the steam generator and reactor pressure
vessel through the backup heaters [5]. Since the
computer model NLOOP makes no allowance for
external heat losses through the wall structure, the
core output was set to the effective heat energy tran-
sferred to the SGs. To enable extraction of compar-
able results from the NLOOP calculation, the energy
loss involved is estimated from the existing primary
mass flow, the temperature drop between reactor
pressure vessel (RPV) and SG, and between SG and
RPV inlet. To allow for the energy loss, i.e. retain the
transfer load in SG from NLOOP, the core output is
reduced by a correspondind amount.

Piss =(m + {Hrevsc + Hserev)) + other
ation losses =37 kW
Ploss : energy loss

thermal radi-

m :primary mass flow
H :enthalpy

From this calculated output levels, the effective
thermal energy transferred by SG is found to be 403
kW. The verification calculation is performed for us-
ing this effective output of 403 kW.

A main steam and feedwater flow rate of 0.045
ka/s is necessary to remove the effective heat trans-
ferred to the steam generators. The heat on the heat-
er rod bundle chamber and the pressure in the pres-
surizer are held constant until the opening of the
U-tube leakage. The important initial and boundary
conditions shortly before the onset of the coolant
leakage into the SG 10 are listed in Table 2.

4. Transient Simulation and Results

The important plant parameters both in the
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Table 2. Important Initial and Boundary Conditions

Shortly Before U-Tube Leak
Primary Side
—Power output 440 kW
— effective core output 403 kW
— Primary system pressure 40 bar
— Core outlet temperature 244°C
—Core outlet subcooling 6°C
— Temperature difference in core 20°C
—Pressurizer water level 47 m
— Pressurizer temperature 250°C
— Reactor coolant pumps Not in operation
—Natural circulation in each loop 1.15 kg/s
Secondary Side
—Main steam pressure 26 bar
—Main steam temperature 226°C
— Steam generator level 112m
—Feedwater and steam flow rates 0.045 kg/s

NLOOP PKL-Version and their measurements taken
in the PKL III test fagility are compared in Figures 2
to 10. All measurement data are plotted synchronizin-
gly for comparison. The pressures both in the SGs
and RCS are given as time dependent inputs for the
NLOOP simulation, because the time dependent
pressures are controlled manually in the experiment
(see Table 1). The fraction of the pressure vessel
head bypass flow rate is changed in the NLOOP cal-
culation in order that the calculated pressure vessel
head temperature agrees with the measured value. In
order to awoid the numerical discontinuity, a small
flow change rate between the head and upper ple-
num is selected.

Figures 2 through 4 trace the SG pressures and

levels measured in the PKL Il experiment and calcul-

ated by the NLOOP, respectively. Due to the press-
ure difference between the primary and secondary
side, there is a flow of the coolant into the secondary
side of the SG 10. This leakage of the RCS flow
causes a water level increase from 11.4 m up to 11.7

m in the affected SG 10 at time of 900 seconds. Dur-

ing this period, the pressure of SG 10 is equal to
those of other SGs, because the SGs are connected
each other through the steam header. After the 900
seconds, the defected SG 10 is isolated both from
the feedwater system and steam line system, and the
decay power begins to decrease according to DIN
25463 (Deutsche Industrie-Norm, German Industrial
Standard). The water level increase in SG 10 contin-
ues due to the coolant leakage until the pressures of
both sides equalize. Since the defected SG is not cap-
able of removing the heat transferred from the pri-
mary side, the SG 10 is heated and its pressure
increases. Following isolation of the SG 10, the total
thermal energy generated in the core is transferred
mainly to the $Gs 20, 30 and 40 through the natu-
ral circulation mechanism. Because the coolant den-
sity differences within among the U-tubes, the SG
plenums and the RCS coolant piping connected with
loop 10 become smaller, the RCS mass flow rate
due to the natural circulation in loop 10 is also red-
uced.

The SG 10 outlet temperature will be higher than
those of the intact loops. As the water temperature
of the secondary side in SG 10 equals to the reactor
vessel outlet temperature, there is no more RCS
mass flow in loop 10, while the mass flow of about
1.15 ka/s is continued throughout in the other loops
with the cold leg and hot leg temperature difference
of 20°C due to the natural circulation. However, the
calculated mass flow in loop 10 was continued lon-
ger than measured flow because the pressure differ-
ence between primary side and secondary side in SG
10 is still large enough to promote the loop flow
under der existing of leak flow (at 4800 seconds in
the experiment and at 6800 seconds in the calcu-
lation for the loop flow termination in loop 10). This
result has no practical effect on the intact loops, be-
cause the decay heat generated in core is almost
completely removed by the existing natural circu-
lation in loops 20, 30 and 40 (Figures 5 through 9).

As the depressurization of the RCS continues, the
primary side of the SG 10 U-tubes approaches a sat-
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urated condition and it brings in steam formation.
Due to the evaporation process on the primary side
of SG 10, the water level in pressurizer increases fast
from 4. 7 m up to 9 m in the test, while it occurs at
a later time with smaller heights in the calculation.
Because the NLOOP model does not take into ac-
count for the local steam formation in the primary
side of the SG 10 U-tubes, this effect is considered
in the NLOOP calculation by the charging flow into
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RCS (Fig. 10).

After 6900 seconds, the pressure in the isolated
SG 10 was decreased by 2 bar by means of the
steamn blowdown through the actuation of the steam-
line system (LBA). The reverse heat flux transferred
from the secondary side to the primary side of SG
10 decreases. And the steam bubbles in the U-tubes
of SG 10 are condensed and the pressurizer level
drops again to 5.5 m. Eventually, the U-tubes in SG
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10 are refilled with the primary coolant (Figures 2
and 10). After 8000 seconds, the water level is con-
trolled manually both in the test and calculation. The
oscillation in the pressurizer level is caused by the re-
peated evaporation and condensation processes in
loop 10. During the entire transient, the pressurizer
level reaches the maximum values of 12 m {meas-
ured) and 11. 5 m (calculated). After 10140 sec-
onds, the cooldown process is performed by steam
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pressure drop with a cooldown gradient of 50 K/hr
through the steam system of the intact SGs, which is
well simulated by the code.

5. Conclusions

The PKL 1II test results show a successtul manual
handling of the plant against the SG U-tube rupture
event without the safety injection. The plant under

Simulation with NLOOP
Transient Ad.4

2800

U INNL OOP
A1 OUINLOOP
0 INPRL
® i ouTKg

23006 f-m-

&)
:“é' 200 |-
2
%
g
S
) |
N e ;-
|
!
1
i
; |
. i
1700 . !
no 25 LY 78 [org s
TIME xI0*!
Fig. 8. SG(10) Inlet/Outlet Temperature
Simulation with NLOOP
Transient A4.4
2500
‘ r o i con
! A | OUTINL OO
L o | VS
TN 1 ' ® | OUTAKL
BATY Y S s TN ‘\
| ! R\
o 1"~
g 200 |- - « :
Ed i
g : i ‘
2 ! :
£ i | \
e I ! | | R
f ! d
190.0 fr—— %~ - + -
i : i
I
! |
i :
. ."b
1700 !
0o 28 50 78 0o s

TIME  x10?}

Fig. 9. SG(20) Inlet/Outlet Temperature



490
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the hot shutdown condition could be cooled down
by the natural circulation mechanism until the heat
generated in core can be removed by the residual
heat removal system. In the NLOOP wverification, the
RCS mass flow rate caused by natural circulation in
the individual loop and the termination of the natu-
ral circulation in the isolated loop have to be calcul-
ated. In general, good agreements are found be-

tween the PKL Il experiment and the NLOOP. Ther-

e is a pronounced deviation in the RCS flow rate of
the affected loop and steam generator leak flow be-
cause the thermo-hydraulic model in NLOOP is un-
able to predict the bubble formation in the primary
side of the affected steam generator during the even-
t NLOOP models no phase separation within a
node into a separate steam region and a liquid or
two-phase region consisting of a continuous liquid
phase with dispersed bubbles. It is the limitation of
the NLOOP code in this experiment simulation. The
PKL I facility is scaled down 1:147 in volume, 1:
20 in heat loss surface and 1:75 in steel mass com-
pared with a real plant. Due to the large density at
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high pressure and thereby great mass of the RCS,
the steam generator pressure buildup at pressure of
75 bar in the real plant is quicker than at pressure of
26 bar in the PKL 11l facility. Since the termination of
leak flow from the primary side comes earlier in the
real plant, the condensation of steam against the
great RCS mass does not matter.

It is recommended for the real plants to reduce
the primary pressure by actuation of pressurizer spray-
s directly after isolation of the defected SG in order
to minimize the leak flow and to limit the water level
in the defected SG. Since the NLOOP simulation giv-
es good agreement with the experimental data, it
enables one to state that the systemn iransient code
NLOOP is applicable to simulate the experimental
behaviors of the PKL facility for the event of steam
generator U-tube rupture.
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