
.- _ _ . . . - - . . - _ _

-
.

- NU REG /l A-0047_s

r0% , International .

M/ Agreement Report
J

. ,

Assessment oiRELAP5/ MOD 2
Cyc.e 36.04, Against ':he
Loviisa-2 Stuc1-Oaen Turbine :

By-Pass Va ve Transient on
Septem 3er 1,1981
Prepared by
Vesa Yrjola,

Technical Research Centre of Fintat.d
Nuclear Engineering 1.aboratory

,

P.O. Box 169 -
SF-00181 Ileisinki, Finland

,

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC . 20555

March 1992 '

!h n { |I le m nt
,

Published by
U.S. Nuclear Regulatory Commission>

g 40 g 920331--

IA-0047 R. PDR
,

. . _ ._- _ _ . . __ _ , _ -_. _



_ _ - _ _ _ _ _ - ___

* -

,

.

| -

.

NOTICE

This report -was prepared under an international cooperative
agreement for the exchange of technical information. Neither
the United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party's ._

use, or the results of such use, of anyinformation, apparatus pro-
duct or process disclosed in this report, or represents that its use
by such third party would not infringe privately owned rights,

_.

t

_ _

Available from

Superintendent of Documents
U.S. Government Printing Office

P.O. Box 37082
Washington, D.C. 20013 7082

and

National Techn;cci information Service
Springfield, VA 22161

_.

- _ _ _ - - _ - _ _ _ _ _ _ _ _ _ _ .



- - - _ - -

(

NUREG/IA-4X)47
_

.

i International
Agreement Report

~

r

4-

Assessment of RER5/ MOD 2
Cycle 36.06, Against tae
Loviisa-2 Stuck-Oaen Tur aine
By-Pass Va_ve Transient on
Se ptember : , : 98

'esa ro

Technical Research Centre of Finland
e Eopneering Laboratory

SF-0018111elsinki. Finland

Office of Nuclear Regulatory Research
U S. Nuclear Regulatory Commission
Washington, DC 20555

March 1992

N$$'c Y"*- m maa r

Published by
U.S. Nuclear Regulatory Commission

..
.. -- - ______



i

I

NOTICE

This report documents work performed under the sponsorship of the Imatran Voima

Oy of finland. The information in this report has been provided to the USNRC
under the terms of an information exchange agreement between the United States-

and Finland. (Technical Exchange and Cooperation Arrangement Between the United

States Nuclear Regulatory Comission and the Imatran Voima Oy of Finland in the
field of reactor safety research and development, February 1985). Finland has

consented to the publication of this report as a USNRC document in order that
it may receive the widest possible circulation among the reactor safety
community. Neither the United States Government nor Finland or any agency
thereof, or any of their employees, makes any warranty, expressed or implied,
or assumes any legal liability of responsibility for any third party's_use, or
the results of such use, or any information, apparatus, product or process
disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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I EXECUTIVE SUMMARY

RELAP5/ MOD 2 simulations have been conducted for an overcooling
type transient 'that occurred at the LOVilSA Unit 2 on September 1,
1981. The objective of this study was to assess the applicabdity of the
RELAP5/ MOD 2 cycle 36.04 code for a real plant transient analyses.

The code assessment work presented in this report was based on the
available plant data that- were saved through the nonnal plant '

instnamentation into the memory of the plant computer, llecause of the
limited storage capability only plotted histories from the plant recorders
are availabic for the comparison of the later part of the transient.
Although -the recorded data are quite comprehensive it must be
emphasized that the instrumentation cannot explain all phenomena.
Analyses with different codes and the plant training simulator helped to
fm' d causes for events not readable from the instrumentation and gave

: better understanding of the different phenomena, Correct operator
involvement during the incident demonstrated their importance in
mitigating the consequences of the transient and to bring the plant into
stabilized safe conditions.

The- RELAP5 results matched well- the main measured parameters, in
particular if the general trends were examined. The biggest quantitative
differences were found between calculated and measured values of the

. primary; pressure and pressurizer water level. The reason for those
discrepincies was found in the imprecise nodalization model.

The . calculation clarified the behavior of the pressurizer and the
. pressurizer spray - that could not . be determined from the information
- available. The importance of the modelling of the pressurizer vessel wall
was demonstrated when condensation on the wall alone was able to stop
and turn down the pressure increase.

The wull heat transfer in that pressurizer volume, where both liquid and
vapor were present, experienced an anomalous behavior during the fast
in-surge period. The vapor in that volume was superheated faster than in
the volumes above. The capability to casily print out all terms of the
equations involved would greatly help the trace-hack of the causes.

.. . .. . .. . . . . .
.
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An oscillatory behavior of the servo valve model was detected. The real
causes for this trhavior could not le found, but the reduction of the
time step size removed the oscillations. Usually the minor edit and plot
time intervals are selected coarser than the time' steps in order to prevent E
an enormous size of the restart file. An unfavorable selection can hide
the oscillations of the parameter so that only an envelope is seen and the
real behavior is hard to discover.

The calculation with minor changes in initial values pointed out that the
calculation result was sensitive to the primary mean temperature. The
variation of other main parameter inside the range of measurement
uncertainty did not change the results remarkably.

The sensitivity study of the pump stop times stressed the importance of
the correctly simulated loop flows in a multi-loop reactor. llowever, it
was not found out whether the dissi.nilarities in the primary mean
temperattaes were due to the inability of the one- dimensional code to
calculate asymmetric behavior of the multidimensional plant or other
possible reasons.

The overall code performance was good, although the CPU- time
consumption versus transient time (~10) was rather high due to the one
reactor coolant pump running throughout the transient. Time step control
did not cause any time step reduction. The requested time step size was
slightly less than the minimum Courant limit.

-



. . . . . --

lii

II ABSTRACT

An overcooling type transient that took place in the LOVilSA Unit 2
has been analyzed using the RELAP5/ MOD 2 code. The code version
was cycle 36.(M.

The Loviisa Power Plant - consists of two Soviet VVER-440 type
pressurized water reactors having a net electric output of 445 MWe cach,
in VVER-440 reactors, the primary circuit comprises six parallel loops,
each with a horizontal steam generator, a snain circulation pump and
main loop isolation gate valves. The reactor has significant differences
compared to a typical western PWR, such as loop scals both in the hot
and cold leg and horizontal steam generators.-

The transient that occurred on September 1,1981 was initiated from full
power by a reactor trip. !ncorrect operation of the level gauges in four
steam generators caused the trip signal. An associated stuck-open failure

'

of one turbine by-pass valve caused a fast cool-down. The high pressure;

safety injection started to operate, but was quickly- turned off by the
operator. The downcomer temperature decreased from 265 *C to 215 C

L in fifteen minutes. The cooling down ceased when the operator closed
the shut-off valve of the open by-pass line.

L Although the plant data are not gathered as comprehensively as those
'

from the extensively instrumented test facilities, the real plant transients
-

are'important in order to verify:the scaling capability of the current one-
dimensional codes to large three-dimensional pom i plants. The transient
data together -with the- start-up commissioning tests also form a good
data base when the applicability- of the nodahzation model for accident
-analysis is tested.

L' This work was performed at the Technical Research Centre of Finland
~

(VTT) in co-operation with the utility Imatran Voima Oy (IVO), which
owns and operates these plants. Many people.in both organizations have
contributed to - the work and their support and assistance is
acknowledged.

|
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1. INTRODUCTION

The calculation presented in this report is a Finnish contribution to the
International Thennal liydraulic Code Assessment and Applications
Program (ICAP) that is conducted by several countnes under

'

coordination of the USNRC /l/. The goal of ICAP is to detennine
quantitatively the accuracy of the advanced LWR system codes TRAC
and RELAP5 and to validate them for accident analyses,

in this report the results of an assessment of me capability of
RELAP5/ MOD 2 to calculate an overcooling transient of a PWR with
horizontal steam generators are presented. The overcooling event that
occurred at the Loviisa Unit 2 on September 1,1981 was initiated by a
reactor trip followed by an associated stuck-open turbine by. pass vafve.
'Ib dcwncemer temperature decreased from 265 *C to 215 *C in fifteen
ruurc.s and the high pressure safety injection was actuated.
Version 36.04 of the code was used in the simulauon.

The code assessment work is based on the comparison of the calculated
results with the plant transient data that wete recorded through the
normal instrumentation into the memory of the plant computer.13ccause
the data storage capability at the time of the incident was very limited,

"

the comparison of the later part of the transient reliu only on the plotted
i i- histories of the main parameters. In addit on to these the progress report,

of the transient and the alannlist of the plant computer were available.

Although the plant transient data are quite comprehensive, it should be
remembered that the normal instrumentation cannot explain all details of
the transient. Therefore both the transient data and boundary conditions
of- the calculation include uncertainties that must be emphasized in the
assessment work.

Analyses of the transient with different codes and with the plant training
simulator helped to explain the events that could not directly be read
from the plant instruments. Simulation of the operator actian showed the
importance of the operators in reducing the consequences of the transient
and bringing the plant into stabilized safe conditions.

The transient data make also possible the verification of the plant
nodalization and detailed study of various components in the calculation
model.

,

The next two chapters describe briefly the Loviisa Unit 2 and the
overcooling incident. Chapter 4 presents the code input model including 1

selection of boundary conditions that can change remarkably the results
from the later part of the transient.

1
|
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The assessment study results are descriled in Chapter 5. following a
discussion of the results in Chapter 6. The sendtivity study calculations ;

are discussed in Chapter 7. Run statistics is listed in Chapter 8 and
'

conclusions are drawn in Chapter 9. Appen'' ices A through G include
,

recorded plant variables.
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2. LOVilSA UNIT 2 PLANT DESCRII'I'lON

The Loviisa nuclear plant /2/ consists of two VVliR-440 pressurized
water reactors having a net electric output of 445 MWe each. The plant
is owned and operated by the state-owned power utility Imatran Voima
Oy (IVO), Construction of the two units started in 1971 and 1972,
respectively, and the Orst unit was taken into commercial operation in |

1978 and the second in 1980.

'the primary circuits have six loops with a horizontal stemn generator,
primary coolant pump and two main gate valves in each loop. The safety
containment is quite large, 56 000 m', having a Westinghouse type ice
condenser. The secondary circuit comprises two turbines with auxiliary
equipment. Residual heat is removed through steam generators to die
secondary circuit.

2.1 Primary coolant system

The snain parts of the primary coolant system are shown in Figure 2.1.
The reactor circuit consists of six loops with horizontal steam generators
(SG) (Yllli, 52, 13, 54, 15, 56). The hot lea nozzles of the pressure
vessel are at a higher elevation than the cold feg nozzles, lloth hot and
cold legs have loop seals and in three loops (no. 2, 5 and 6) those me
connected with a by pass line having a ! solation valve, which is closed
in normal operation. Each hot and cold leg is also equipped with a main
gate valve, which make it possible to isolate a single loop from the rest:

of the primary system.

The Loviisa 2 reactor core consists of 313 fuel assemblies 37 of which
are moving follower assemblics of the control rods. There are also

I dummy assemblics that replace the 36 outermost fuel assemblics of the
| original core in order to decrease the neutron exposure on the reactor

pressure vessel. The fuel assembly has .126 fuel rods in a triangulari
i

Lattice surrounded by a hexagonal stainless steel housing. The nominal
''

core power is 1375 MW and the core outlet pressure is 122.4 bar. The
total primary system flow rate 40 000 mW is maintained by the six
reactor coolant pumps (RCPs) with a rated pump head of 4.4 bar.

2.2 Primary pressure control system

The pressurizer (YP10B01) with a total volume of 37,8 m' is connected, -
by two 209 mm diameter surge lines to the hot legs of loops no. 3 and
4. Two parallel pipelines are feeding water from the cold legs of loop
no. 3 and . 4 to the pressurizer spray valves. Pressurizer spray and
electrical heaters are used to maintain the primary pressure stable. The ,

spray capacity is dependent both on the pressure difference between hot

-- . - - - . - - - , ..
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and cold leg, i.e. the number of RCPs running, and of the number of
,

open spray valves. The maximum total spray capacity with all 8 valves
open is 50 kg/s. There is also an additional spray line from high .

pressure - safety injection system (HPIS) with a nominal capacity of
15 kg/s. The total power of the pressurizer electrical heaters is 1620 kW.
They are subdivided into 7 groups and controlled in proportionality to
the primary pressure, in the case of fast pressure increase the power
operated relief valve (PORV) of the pressurizer and two safety valves
protect the primary system from over pressure.

At the time when the incident happened the PORV line was closed due
the requirement of the licensing authorities after experience from TMI
accident.

2.3 Primary coolant decontamination system

The natural impurities of reactor water, corrosion products and gaseous
products ' f radiolysis and fuel fission are removed by circulatingo
primary water through the primary coolant decontamination system (TC).
The system consists of two parallel liries (TC10 and TC50) which
usually both'are operating. They work under full reactor pressure and the
pressure difference between the hot and cold leg is utilized for water
circulation in the ion-exchanger.

The six primary loops are connected to the reactor water purification
system through three TC-collectors, which are also used for make up
(TK) and high pressure safety (TJ) injections.

The connecting pipes are equipped with gate valves so that each loop
(an be isolated from otl er systems. The normal operational position of
the valves can be seen in Figure 2.1. Primary water flows from the i

discharge side of RCPs of loops YA 12,15 and 16 through TC-collector
201 to txrh-ion-exchange units TC10 and TC50. Purified water is

- retumed from unit TC10 via TC-collector ZO2 to the hot legs of loops ;

YA 11,13 and 14. Unit TC50 discharges through TC-collector ZO3 to |

the suction sik of RCPs YD 11,13 and 14.

| \

2.4 Pomary icak collection and make-up system-

The_ pdmary water invento y and boron control is carried out by the
1

letdown _ and make-up water system (TK) and by the allowable and j,

controlled leakage decon. amination system (TE). )
'

i

TK system removes non-condeasible gases from controlled leakages and
letdown water and feeds make-up water back to the primary circuit. The
make-up system is also used for boric acid control. The boric acid

:

.. . . , , . _ , . . , , , - , . ,n., . - , - - - - - - - ~ - - - ~ ~ ~ ~ , ~- - ' '''''''"" ~^''~ ^
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concentration in the reactor is raised by feeding concentrated botic acid
solution to the make up water deacrator.

The constant pressurizer level is maintained by three low capacity
(1,7 kg/s) piston type make-up pumps (TK51, TK52 and TK53), one of
which is operating all the time (adjustable 33 - 100 %). The other two
are started from the pressurizer level signals. Make up water is injected
via the cold side of either water purincation system TC10 or TC50 to
the primary loops.

The TK-system also includes two high capacity (18 kg/s at 132 bar)
pumps (TK11 and TK12)._which are normally used in fast boron control
operations and when all boric acid is removed from primary coolant at
the end of burn up period with the ion-exchanger of the TI!-system.

During this incident the operator manually turned on and later switched
off the pump TKil. After speeding-up the pump flow rate was regulated
by an mtegrating controller. Figure 2.2 s10ws the reconstructed total
make-up water Dow rate curve that includes Dows from all low capacity
make-up pumps and the high capacity make-up pump TK11.

The Tii-system collects all primary controlled leakages and letdown
water and purifies them. It has also separate ion-exchange Alter for boric
acid removal. The function of the T11-system is closely connected to the
action of the TK-system.

If the pressurizer liquid level exceeds by 100 nun the nonnal value,
which is a function of reactor power, the letdown valve in cold side of
either water purincation system TC10 (valve Till1S01) or TC50
OT+.51S01) is opened. An orifice through which water Dows to the
deacrator (back pressure 1,2 bar) controls the letdown flow rate. Under
normal conditions the operators are able to control the pressurizer water
level with the one operating make up pump such that the letdown line
opens only about once in a shift.

2.5 Emergency core cooling system (ECCS)

The Loviisa Unit 2 is equipped with a emergency core cooling system
(ECCS) consisting ~of 4 accumulators, 4 high
pumps and 4 low pressure injection (Til) pumps. pressure injection (TJ)

During the incident two high pressure injection' pumps TJ12 and TJ51
started injecting via the TC-collectors ZOI and ZO3 to the cold legs of
primary loops YAll,13 and 14 and to_ the suction side of RCPs YDil,
13 and 14. The TJ pumps take water from the Til-tank, where the
temperature 'is 50'C. The TJ pump characteristics is shown inFigure 2.3.

.. .. .
.

.
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2.6 Seconciary systems i

'

' Secondary feed water and steam flow diagrarns are given in Figures 2.4
and 2.5.

All main and emergency feed water pumps are electrical motor-driven.
The feed water flow is controlled according to the level measurement of
the steam - generators. The emergency feed water injection is stated
when mixture level in a steam generator is 140 mm below the nominal !

value, i

i

The main feed water stayed on throughout the incident.

- The six steam generators (SG) are Soviet horizontal type POV-4, with a
2heat transfer area of 2510 m . The 5536 tubes with an outer diameter of.

16 mm are located in a horizontal vessel of 3,21 m inside diameter. The
whole secondary side volume of an SG is 69 m'. Steam is generated
with a nominal capacity of 125 kg/s at a pressure of 44.8 bar. Water is
separated from steam by gravity when the two phase mixture leaves the
evaporation surface at low velocity. The chevron type separator at the
topz of SG secures drying of saturated steam to- the design moisture
content.

The Loviisa Unit 2 has two turbogenerators. Each SG has its own steam
line to the turbine valves. SGs YBil, YB15 and Ylll3 which are
connected to the primary loops no.1, 5 and- 3 are feeding the first ;

turbine and SGs YB54 -Yll52 and YB56-(similarly connected to loops
no. 4, 2 and 6) 'are feeding the second turbine. Each steam line is
equipped with an SG isolation valve and two SG safety valves (opening
pressures 56 and 58 bar). All six steam lines between SG isolation valve
and turbine valve are connected together via a steam-collector, which
reduces possible unbalance between different loops. The steam collector
also r,upplies steam to the two secondary atmospheric relief valves and

- four turbine by-pass valves in a transient situation. i

The - discharge capacity of- one secondary relief valve is 67 kg/s
(at 54 bar) and the valve operating range is from- 52 to 54 bar. The
turbine by-pass valves start to open at 47 bar and the capacity of one i

.

line in fully 'open position at 51 bar is 135 kg/s. Thus the total turbine
by-pass capacity is 70 % of the nominal steam generation.

|
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3. PLANT TRANSIENT

Infonnation presented here is based on the report of the incident for the
Finnish safety authorities, plant recordings, listings of the plant computet
and direct information of the personnel in the Loviisa plant and traming
simulator. Part of the material introduced in this chapter and Chapters 4,
7 and 8 has been presented before at the ANS meeting in Atlanta /3/.

The special report of the incident /4/ is in Finnish and its not apjended !

here but all significant events are listed in Table 3.1. Appendices A
through G include the parameters that were saved into the memory of
plant computer during the transient. Unfortunately at the time the
incident happened the recording capacity of the computer was fairly
small and none of the parameters have recorded value throughout the

,

- transient. Instead.of the missing part of recordings the data from plant
plotters, that are presented in Figures 3.1. through 3.8, can be used for
the main plan variables. The accuracy of the plots is worse than that of
the listings and some engineering judgement is needed to synchronize ;

the plots.

The course of the whole transient can easily be seen in Figure 3.9.
-where the mesi important variables are drawn. This Ogure was
constructed from the information of plant computer listings, plant
recorder plotA and operator actions by Mr. J. Backman, who was the
plant operator at the moment of the transient,

,

Figure 3.10 illustrates ue components and systems of the Loviisa 2
related to the transient.

3.1 Initial conditions

Before the incident the plant was operating at full power producmg
454 MW clectdcity /4/. The primary pressure was 123 bar and the hot
and cold leg temperatures were 291 C and 265 *C, respectively.

The water level in the pressurizer was -- 5.6 m from the bottom
- corresponding to the full power water volume of 24.5 m'. The level
gauge in the plant showed the value of 4.65 m, because the lower tap of
the impulse line is located 0.915 m above the pressurizer vessel bottom.
The primary water insentory was controlled by the now rate of the
make-up pump TK51. The letdown line was not open.

3.2-Transient initiation

The - Loviisa Unit 2 transient- initiated at 7.06.46 a.m. when a
malfunctioning thermal relay tripped the reactor coolant pump (RCP) in

~

,w.-.. ,, - - - --,,-,.-n...,,n,- n- n+...----,-n, , , , --.n... n. . + . . , . , ,_,,.-----n.,,_ -. .m~
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loop no. 4 (YD14). The whole incident sequence is shown in Table 3.1. !
The automatic reactor power control began to reduce power to the level '

corresponding to the number of operating RCPs. The trip of one RCP
does not actuate the reactor trip in the Loviisa plants,

llowever, the reactor trip was actuated twelve seconds later by a low
level signal in steam generators YIll1,13, 53 and 56. The signal
becomes true when the level in two out of the six steam generators is
less than 1800 mm. The varying secondary pressure resulted in incorrect
SO level readings, owing to some din in the flow restrictions of the
impulse pipes.

As the turbines were tripped following the reactor trip, the turbine
by-pass valves (TilV) were demanded to open. The full capacity of the
four TilVs is 70 % of the nominal steam flow rate. Three TilVs opened
to the position between 40 and 44 % as they normally do following the '

turbine trip. One of the TilVs (RC51S03), however, travelled to the fully
open position and stuck because of failure in the hydraulic controlling
system of the valve.

The incorrect low SG level indications also actuated further four RCP
trips (YDil, 12, 13, 16). The RCP in one loop is stopped if th'e steam

. generator level in that loop is less than 1600 mm.

3.3 Overcooling period

About 30 seconds after the reactor trip the three operating TilVs were
closed. One valve (RC51S03) failed to close and stayed fully open, but
this was not notified and the secondary pressure continued to decrease.
Thir, resulted in cooling of the primary circuit and lowering of the
pressurizer level continued. At the same time five RCPs were coasting
down and the operators were mainly concerned with the misleading very
low SO level indications.

Four minutes into the transient it was evident that the pressurizer (PRZ)
-level was decreasing too much. The operator switched on the high
capacity make-up pump (TK11D01) at 7.12.08 to compensate for the
pressurizer level decrease. The cooling down of the primary system was,
however, so rapid that the pressurizer level reached the high pressure
safety injection-(IIPSI) actuation limit 40 seconds later. Two out of the
four 11 PSI pumps received an actuation signal. The safety injection
system actuation logic is a two out of three logic Figure 3.11 helps to
explain why only avo trains started.

After the measuring cimanel< no. 3 and 4 recorded the low level, the
protection signal: channels no. 3 and 2 actuated llPSI pumps TJ12 and

__

TJ51, respectively. Two instantaneously starting pumps (TJ12D01. and
TJ51D01) were capable of compensating the pressurizer level and

- , . -.. - - .- - -. . . - . - . _ - - -. - - - - -
-
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channels no. I and 4 did not react any more. This behavior is possible
as the tolerance of the level measurernents is of the order of 50 mm. As
a consequence the repressurization was slower than it had been in the
case of four operating pumps.

After 40 seconds' injection time the olerator switched off the llPSI
aumps. The decision was based on the con 0dence that primary circuit
lad not experienced a loss of integrity, treause the pressurizer level
stopped lowering, and that thermal shock due to the unnecessary
injection of the cold llPSI water should be avoided.

i

The stuck open TilV was recognized after iiine minutes from the !
transient initiation. First, the operator tried to close the TilV (RC51S03).
As he could not do this, he closed the shut-off motor valve (RC51S01)
in the same line (closing time of ~ 142 s).

i

in one steam generator (YHil) the water level was increasing although
the control valve (RL31S02) and the protection valve (RI.,31S03) were
closed. Only after the shut-off valve (RL31S01) was closed and the
steam generator was coi:nected together with other one (YH52) via
periodically operating dralr, line the water level in steam generator Yllll
started decrease slowly <

The cooling down now ceased. The operator stopped later the high
capacity make up pump (TKilD01), lie started another RCP (YD13D01)
to make the pressurizer spray more effectively, which caused a rapid
drop of the primary pressure. After half an hour from the incident
initiation primary pressure and pressurizer level were Dnally stabilized.
The minimum pn, mary coolant temperature was 215 *C. The overcooling
was not severe from the pressure vessel integrity viewpoint. Since at
least one RCP was working throughout the transient, thennal
stratification of cold ilPSI water did not occur in the cold legs.

'three component failures were involved in the overcooling incident: a
malfunctioning thennal relay tripped a RCP, a common-cause failure in
the level indication of four SGs tripped the reactor and Gnally a
stuck-open TBV initiated overcooling.

The operators acted ef0ciently in reducing the consequences of the
transient. The relatively long time needed to identify the stuck-open
TBV was mainly due to misicading SG level information. This made the
operator check for the possibility of loss of feed water instead of steam -

leakage.

. u. , .
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Table 3.1 Transient sequence.

Time Transient Events
time

(seconds)

07.(4.46 0 RCP in loop no. 4 (YD14D01) trips. Autonutic reactor power
decrease starts.

(17.(M.58 12 Reactor trips. Turbines trip.

07.07.01- 15- TilVs op?m.c (RCI1 12.,51 52503). One T11V (RC51S03)
.03 17 travels to the fully open position. 4 RCPs trip (YDil ,12,13.

16D01) RCP in loop no. 5 (YD15D01) continues to operate.

07.07.04 18 All pressuriier electrical heaters on.

07.07.26- 40- 3 TilVs close. I TIIV remains open (RC51S03).
.32 46

07.10.20 214 1.ow pressuriter level alarnt

07.11.25 279 lew secondary pressure alarm. Operator staned to close
pressure reduction lines.

07.12.18 3P2 Operator switches on a high capacity make up pump
(TKilD01).

07.12.44 356 All pressurirer electrical heaters off,
l

07.12.48 363 2 lips 1 purnps on (TJ12,51D01).

07.13.00 37c All pressurher electrical heaters on.

07.13.12 386 IIPS! actuation signal no more valid.

07.13.29- t44 The operator stops the two !! PSI pumps (TJ51D01 and
.31 405 TJ12D01),

07.15.21 515 - Primary pressure reaches the nominal value.

| 07.16 - $50 The operator secognizes the stuck-open TIIV (RC52S03).
| The shut.off valve (RC51S01) in the TIIV line is closed with

tnvel tline of 142 s.

07.17 - 610 The operator notices the unusual high level in the steam
generator YBil. The shut off valve (RIJIS01) in the feed
water line is closed and the steam generator is connected with
the steam gencrutor YI152 via the drain line.

07.20 - 790 Secondary pressure ceases decreasing.

07.20 - 790 The minimum value of primary average temperature
(215 *C). -

- _ . _ _ _ - _ _ _ _ . _ _ _ - - . _ . , . __ .._ __
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i

| 07.20.26 820 Pressurizer spray valves open.
i
; 07.21.24 878 The operator opens shutdown pressu c control valves to !

l. the spray line. |
.

;
~

07.23.13 985 The high capacity make-up purnp (TK11D01) is switched
off. >

07.28.26 l300 RCP in loop no. 3 is switched on to get pressurizer spray
on.

,

07.35 1700 Primary pressure and pressurizer level are stabilized.
Primary mean temperature is increasing slowly ~8 *C/h.

i
07.35.31 1725 Stuck-open TlW (RC51S03) is closed when the hydraulic

. pumps are switched off.
F

08.20 4400 Primary temperature is stabilized at value of ~230 *C

09.30 - 8600 -Water Irvel in the steam generator YHil has reached the
normal value.

I

t

I

3.4 Plant measurement uncertainty

The plant transient data 3 resented in Appendices A through G and
in Figures 3.1 througi 3.9 is based on the nortnal plant
instrumentation.

3.4.1 Printed plant parameters
I

The alarm system of the Loviisa plant consists of different groups
'\ of plant parameters, which are stored by triggering event;in the

memory of the process computer. Those groups, which have
meaningful. variables in order to understand the propagation of the
transient, are shown in Appendices A through G.

The first line of each list identifies the group, the date and time *

when the listing was printed. The next two lines tell the alarm
signal- that. triggered storage and the time of the event, in the
following- lines the stored variables are identified in the same

- order as their values are listed below in vertical columns _ as a
! function of ' time. The last value in each identification line
,

presents how. often the transducer is recorded. If this column is
filled with two asterisks (**), it indicates that the variable is
computed from other variables and it is-read every tenth second.

- The scanning frequency should be kept in mind when reading the
-variables. The value of the plant variable printed at a certain time

. _ -_ - _. _ ._ __ _ _ _ _ _ _ _ _ . . _ . . _ . _
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has a time shift that depends on when the transducer was last
4

scanned.
1

- The printed groups of variables include also measurements that !
are not important for the evaluation of the transient. In this I

section only meaningful variables will be discussed. The number
in parentheses quotes the. ordinal number that specifies the
position of the variable in the listed group.

I

Appendix A Illustrates parameters of group 00

- (1): electric power of generator SP10; abbreviation SP10E002
- (2): electric power of gerverator SP50; abbreviation SP50!Il02
-(12): mean temperature of hot legs; abbreviation YAl(TF802
-(13): mean temperature of cold legs; abbreviation YAlUr803
-(14): differential pressum over reactor core; transducer YC10P001

The accuracy of the ekctric power'neasurements is I % 1he
uneenalnty of the calculated ternperature - value is- 0.5 E The -

accuracy of the differential'pressme measurement is 1 %

Appendix il includes parameters of group 01

- (1): percentage reactor neuvon power; abbrevision YX13X801
- (2): primary pressure; transducer YA10P801
- (3): maximum outlet temperatutt of group 1 ful bundles;

abbreviation YQ307Ti01
- (4); tnaximum outlet temperature of group 2 fuel bundles;

abbreviation YQ30T802
- (5): pressurizer level, transducer YP10 LOO 2
- (6); pressuriter pressure, transducer YF10P001
<(7): I,tearn generator YBil pressure; transducer RAlll961
- (8): steam generator Ylll3 pressure; transducer RA13P961
- (9): -steam generator YIll5 pressure; transducer RA15P961
-(10): steam generator Yll52 pressure; transducer RA52P961
-(11): steam generator YB54 pressure; transducer RA54P961
-(12): steam generator YB56 presr,ure; transducer RA56P961
-(13): mean loop temperature; abbreviation YA101902

1he accuracy of the reactor power measurement is 1.8 % 1he
uncenainty of- the primary pressure - measurement is 1%
pressurizer pressure 0,8 % and steam genen. tor pressures 1.4 %
lhe; accuracy of all temperature measurements is 0.5 % 1he
uneenalnty of pressure level gauge is 1.5 %

. Appendix C includes parameters of group 02
*

- (1): steam generator YBil water level; transducer YBill 005
,

- (2):. 1,tearn generator Ylll3 water level; transducer YIll3 LOOS
- (3); - steam generator YB15 water level; transducer YB15L005
- (4): steam generator YBS2 water level; transducer YD52 LOO 5

a (5): stearn generator YB54 water level; transducer YBS-iLOO5;

- (6): steam generator YB56 water level; transducer YB56L005'

e
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,

(13): secondary pressure in steam collector, transducer RA101402 I

-(14): seco.hlary pressure in stearn collector; transducer RA501402

l
"Ihe uncertainty band for the level pauges is 1 E 'lhe accuracy i
on the pressure neasurenients is evaluated 0.8 %

|
Appendix D includes parameters of group 03

- (6): mass flow rate of high capachy make.up pump TK11, transducer
TK11F001

- (9): rnus flow rate of letdown line TliS0; tramducer Tl!50lWI
-(11): back pressure in letdown line TliS0; transducer Tli30lW1 J

-(14): subcooling in the reactor inlet; abbreviation YA10T817
!

'ihe uncertainty of the mass flow rate transducers is 1.5 E The i

accuracy of pressure measurement is 0.8 % 'Ihe uncertainty of
the calculated subcooling temperature is 2 E |

Appendir E includes parameters of group 17

- (1): mean pressure in secondary steam collector;
abbreviatico RA00P901

- (2): mean primary loop temperature; abbreviation YA10T902
- (3): primary pressure; transducer YA10P801

The accuracy of secondary pressure is 0.8 % and primary
pressure 1 % 'Ihe uncertainty of the temperature measurement is
0.5 %

Appendix F Includes parameters of group 30

- (1); total vapor generation rate of steam generators Yllll,15 and 13; *

transducer RA10F801
- (2); total vapor generation rate of steam generators Yll54,52 and 56;

transducer RA50F801
- (3): opening rate of turbine by pass valve RCll; transducer

RCllS003
- (4): opening rate of turbine by-pass valve RCl2; transducer

RCl2S003
- (5): opening rate of turbine by-pass valve RC51; tramducer

RC51S003
- (6): opening rate of turbine by pass valve RC52; transducer ,

RC525003
,

|- 'lhe accuracy on the vapor generator rate is 2 % 'lhe uncertainty
| band for the valve posinon gauge is 1.5 W

L Appendix G includes parameters of group 32

- (5): secondary pressme in steam line from steam generator - Ylill;
transducer RA11P005 '

- (6): secondary pressure in stearn line from steam generator Ylll3;
i transducer RA13P005

- (7): secondary pressure in steam line form steam generator Ylil5;
transducer RA15P005

- (8): secondary pressure in steam line from steam generator YBS2;
transducer RA52P005

- (9); secondary pressure in steam line from steam generator Yll54;
transducer RA54P005

. _._ . _ _ . . . . . .- _ _ _ _ _ . - . _
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-(10); secondary pressure in steam line from steam generator YB56;
transducer RA561'005. <

'Ihe accuracy of the pr ssur measurements is 0.8 %e e

- 3.4.2 Plotted plant parameters

Figure 3.1 illustrates the recorded reactor neutron flux. It shows the results of
ithe neutron detectors of three levels; power range (YX13X05156), intennediate

.ange (YX12X05156) and source range (YX11X051-56).+ ,

*

i
1he estinuted accuracy including the recorder uncertainty is 2.2 % '

figure 3.2 siows the plotted prirnary pressure (YA10P901) and primary mean
loop temperatore (YA101901). '

,

The uneenalnty of pressure neasurement b 1.5 % and temperature h I %
.

,

Figure 3.3 111ustrates the recorded temperatures of primary loop hot legs
(YAllT003 throgh YA16T103), !

-

Figure 3.-l shows the recorded ternperatures of all primary kiop cold legs
(YAll'IDOS through YA161U05).-

_ 'Ihe accuracy of the temperature sensors is 1 %
,

Figure 3.5 shows the measured water levels in all steam generators (YBillD05
through Y11161J?05).

The uncertainty for the level gauges is 1.5 %

Figure 3.6 illustrate the recorded secondary pressures of two gauges (RA101991
and RA50P901) in steam collector.

The accuracy of the pressure meastuements is 1.5 %
- ;

Figure 3.7 shows the plotted pressurir.cr pressure (.YP10P001) and temperature
,

(YP10TD01).

The accuracy of the pressure measurtnent is 1.3 % and temperature
measurement is 1 %

Figure 3.8 illustrates the recorded pressuriixt water level (Yp10L001) and..

- differential pressure across reactor core (YC10P001).
-

'lhe uncertainty of the pioned level is 1.36 % 'lhe accuracy of the differential
pressure measurement is 1.3 %

- When the plotted' variables-in Figures 3.1 through 3.8 are utilind
- some tolerance should- be added as a reading error. Furthermore
the timing is not accurate _ and engineering judgement is needed for
comparison of the plotted and printed variables.

.
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Figure 3.4 Primary loop cold leg temperatures.
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Figur- 3.5 Water levels in steam generators.
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4.- CODE AND MODEL DESCRIPTIONS

The code used for the assessment calculation was RELAP5/ MOD 2 cycle
36.04 and it was implemented on a CDC computer Cyber 180-840.

A quite comprehensive description of the-RELAP5/ MOD 2 code may be
found in the code manuals /5/. The code - features important for the
Loviisa transient calculation are discussed in Chapter 4.1.

The Cyber 180 computer consists of the model 840 CPU with 16 MB
central memory (in NOS operating environment only 256 k word
(=2 MB) can be utilized) and eight model 855 disk units with
approximately 4.8 GB capacity. The speed of the model 180-840 CPU is
1 MFlops (6 MIPS). The operating system was NOS 2.5.2. level 678.

The nodalization model is the usual basic version utilized in accident
analysis and it compromises between the size of the model and the costs

>

of computer runs. Details of the input are discussed in Chapter 4.2.

4.1 Code Features
.

The medels and correlations of the RELAP5/ MOD 2 have been
extensively tested against western type pressurized water reactors (PWR)

| in developmental and independent assessment. Since the Loviisa plants
are Soviet type PWRs with certain unique features deviating from most
of the western PWR designs, one can ask, whether some important
phenomena are missing from the code in a VVER-440 -type reactor

L simulation,
i

L The most dominating factor of the transient was the cooling-down rate
,

i of' the secondary side. This was greatly influenced by the primary to
i secondary heat transfer. The simulation of the horizontal steam pnerator
'

and i:s gravitational water separation was fulfilled using the mechanistic,

separator model of the RELAP5 code. The fallback junction of water
required an artificial recirculation flow where the momentum flux was
diminished using cross-flow junctions.

L Further.on. it should be remembered that the capability of the models to
!_ describe exactly the real plimt behavior under multidimensional flow

conditions is limited. On the other hand the normal plant instrumentation
.

cannot explain all details needed for verification. of the calculational
|- results.

.
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4.2 Code Input Model

The nodalization used for the calculation included 191 thermal-hydraulic
control- volumes. The six-loop plant was simulated by a three-loop
model. The division was based on-the requirement of a typical accident
analysis. One single loop is usually needed for the simulation of the
broken loop. The double loop represents the two circuits which are
connected to the pressurizer, The triple loop consists of those three loops
where the hot and' cold leg loop seals are connected together via
by-pass lines. The IIPSI and make-up injections were modelled as
boundary conditions. All the contributing control and protection systems
were taken into account.

The nodalization scheme with the numbering logic is shown in
Figure 4.1.

:

The first attempts of code calculations showed that injections into the
primary. circuit had a significant effect on the calculation results if the

-

injections were assumed to operate according to the actuation signals,
small differences in such parameters as pressurizer level could change
remarkably the later behav;ar. In order to diminish the consequences of
calculational uncertainties injection rates and times have been given for
all calculations as a boundary condition taken from the plant data
according to Figure 2.2.

In the nodalization models the pressurizer included 15 stacked volumes.
The -actuation signals for the pressurizer spray were modelled in the
calculation as in the real plant. The spray flow rate is determined by the
pressure difference over the spray line being dependent _on the number of

- running -RCPs.

In the primary loop forced circulation conditions existed throughout the
transient. _The. temperature differences were quite small. The number of -

nodes was not very significant except for the short period behavior. The
main characteristics of the code nodalization is shown in Table 4.1,

The- secondary system consisted of the steam generator shell sides and
the main steam lines to the turbine throttle -valves. The turbine trip is
simulated by closing the throttle valves. The turbines and condensers are
not included. The feed water system model is replaced with boundary
conditions, i.e. time dependent junctions and volumes.,

In the horizontal steam generator the recirculation occms naturally within
a vessel having-a hirge liquid cross section. The feed water is injected
into the _ middle of the bundle through nozzles of a long distributor pipe.
The two phase mixture rises up through the bundle and steam is
separated above them. Water falls down, owing to-the comparatively low
velocity of the steam leaving the evaporating surface The c:verage void

|_

.. . . - - - - -- - - - -
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Table 4.1 Main characteristics of the nodalization scheme

Number of components

Volumes 191

Junctions 203
11 eat structures 131

E SG tube volumes / loop 5

SG heat structures - ~ 5

p Cold leg volumes / loop 13

It Downcomer volumes 12

|. Lower plenum volumes 3

L. Core volumes 5

|-
By-pass volumes 5

1 Upper plenum volumes 2

Upper head volumes 4

n llot leg volumes / loop 11

Pressurizer volumes 15'

Separate loops 3
g

fraction in the tube bundle is about 0.25. In the RELAP5 calculation the
circulation of water was artificially modelled and the water circulation
rate-was .10 700 kg/s as the steam flow leaving the steam separator was
124 kg/s.

During the transient the feed water flow rate was quite low and the flow
was defined in the _ calculation by a constant level control.

In the secondary side the main boundary condition is the steam flow rate
into the turbines and'TBVs. In RELAP5 analyses the valve flow area
was adjusted to match the real TBV data.

4.2.1 Primary Coolant Loops

The nodalization for the single loop simulating Loviisa loop YAi1'is
shown _in Figure 4.2. The make-up and emergency water injections are

.

connected-via the TC-_ collector 203 to the cold leg loop seal. Two high
-

pressure ; injection pumps _ TJll and 12 are feeding through the
TC-collector 203, too. Because the collector ZO3 is also connected to the
primary loops 'YA13 - 'and YA14 the injection rates ue modelled
according the number of loops and equal distribution between the loopsE
was assumed.

I One third of the flow rate of the pump TJ12 (started under the incident)
is__ injected.into the single loop through the junction no. 721. The high

- . .
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1

pressure injection watcr temperature is- 58 *C. The TJ- operation wasa

modelled acccrding the signals received from the transient data.

, Junction no. _741 is simulating - 1/3 of the injections of the make-up
pumps TK51, 52 and 53 , The total capacity of each pump is 1.7 kg/s
and injection rate is based on the plant data (Figure 2.2). The make up

- water temperature is 120 C.

Also the high capacity make up pump TKil feeds through TC-collector
7A3. Junction no. 761 represents 1/3 of this now which is modelled.

according the recorded injection- rates (Figure 2.2). The high capacity
make-up. water temperature is S0 C.

The nodalization -of the double loop (loops YA13 and 14) that is
connected to the pressurizer is presented in Figure 4.3. The model differs
from the single loop model only in that the pressurizer surge line
attaches to the hot leg and the pressurizer spray line is fed from the cold

. leg. The TC-collector ZO3 is connected to the cold legs of these loops, '

too Two thirds of the flow rate from the high pressure pump TJ12,
make-up pumps TK51, 52 and 53, and the high capacity make-up pump
TK11 are modelled as junctions no, 722,742 and 762, respectively.

.
,

AL fine nodalization is chosen for the pressurizer model in order to
simulate properly in-surges, spray and thermal non-equilibrium
phenomena, lleat . slabs are used in order to model the heat transfer
between fluid and pmssurizer wall. The pressurizer spray is fed from the
cold leg 'by- means of four time dependent junctions no. 381, 382, 383
and 384. They are operated according to the primary pressure control
program shown.in Table 1.2. The spray flow rates correspond, according
Table 4.3i to the pressure difference between hot and cold leg, which is-
dependent on the num'ocr of running primary coolant purnps. -

There is nc measured data of the pressurizer spray ~ Dows. In the plant
transient report it is stated that the operator opened at 07.21.24 the
control valve of the shutdown pressure control system to make spraying
more effective. Ilowever, based on -the documentation of the Loviisa

~ training simulator it is evident that this should not produce any spray
when :only one reactor coolant pump is running. In the model it was
assumed that only the normal- spray valves functioned according to
Tables 4.2 and 4.3.

The primary pressure control incorporates the pressurizer heaters that
were modelled as heat slabs bounding--to volumes 370-03 and 370-04.
The' actuation logic for the heaters is show;n in Table 4.4.

<

The nodalization of triple loop '(loops YAl2,.15 and 16) is shown in
Figure 4.4. The reactor coolant pump discharge side is connected to the
TC-collector 201, which is normally feeding the primary water to the
puridcation system. In case of emergency two high pressure safety

. _
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injection pumps TJ51 and 52 are injecting water into the primary loops
- through the TC collector 201. Junction no. 723 simulates the injection of
IIPSI pump TJ51 that came on during the transient. The on and off
signals for 11 PSI are taken from the plant computer data.

The primary model does not have any letdown flow. In nonnat operation
the plant letdown valve is opened very seldom because the operator is
maintaining the constant pressurizer level with the adjustable make-up
pump.

The reactor coolant pump model was based on the single-phase curves
measured by the manufacturer. The pump characteristics were verified -

against a measured pump stop test dunng stan-up commissioning.

The primary 'model includes- fonn losses that are chosen to obtain the
nominal loop pressure drops co Tesponding to the plant data.

Figures 4.2 through _4.4 shows the volumes where heat slabs are
connected in order to describe the heat exchange between coolant and
metal structures.

4.2.2 Reactor vessel and core

ne reactor vessel nodalization scheme is introduced in Figure 4.5. The
code is not forced to simulate the multi dimensional flow effects, but
both the downcomer and upper plenum are modeled as one-dimensional
channels. The cold leg connections to the vessel are cross flow junctions
that were recommended in the code assessment report /6/. The model

,

ignores the small by-pass flow from the downcomer to the upper plenum
through the labyrinth seal.-

The core region is nodalized as two parallel channels, one representing
that channel where the fuel elements are located. The other one includes
all by-pass routes including the dummy elements in the outer core. The
core is divided into five axial parts.

The' vessel upper head includes a large volume between the protective.

tubes and supporting plates of the control rods. In this volume the
Tecirculation of the fluid was assumed to be small-due the supporting
plates, and the by-pass flow from lower plenum through the guide tubes
of the control elements was also ignored. The three uppermost nodes of
the vessel simulates this volume, wherefrom the fluid interacts with the
upper plenum through small holes with a total area of 1,77 m ,2

The heat slabs shown in Figure 4.5 includes all major vessel and internal
structures.

|

|
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Table 4.2 Pressurizer spray actuation logic

Pressure in
the hot leg

MPs I st set 2 nd set 3 rd set 4 th set

h h h h
Above 12.95 Open

12.95 8 8 8 Opening
.. Below 12,95 h~ .

f,

8 8 8
,

.

Above 12.75 Open Bw
12.75 8 8 Opening Closing

Below 12.75 b I Closed |

8 8 1 U.

Above 12.65 Open . B<

12.65 E O r Closin U
3 @, gBelow 12.65 Cl

8 1 0.

Above 12.55 Open .B
M U12.55 0 ning

ClosingBelow 12.55 1;
Clgse

Above - 12.45 bB
12.45 Closin 0 0 0

Below 12.45 Cl

C C C C

A- When pressure is above opening set point valves are open

B Between op ning and closing pressure range the closed valve
is closed until the opening pressure is reached and the valve
once opened stays open as long as pressure is above closing
pressure

C When pressure is below closing set point valvo is closed

Each set contains 2 valves in which the flow rate is rnodelled
accordirg to the Table 4.3.

Table 4.3 Pressurizer spray mass flow rate depending on
: pressure dilTerence between hot and cold leg

Pressure . Capacity of spray injection
difference valve sets -

kPa 'l st set 2 nd set 3 rd set 4 sh set

80 0.0 0.0 0.0 0.0
98 3.56 3.54 3.12 2.45
155 7.35 6.90 6.34 5.06
215 9.91 9.30 8.67 6.82
270 14.28. 13.39 12.50 9.83

. Each set consists of two valves that are opened according the Table 4.2.

..
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Table 4.4 Pressurizer heater actuation logic l

!

Pressure in Pressurizer heater group j
-the hot leg

1 st 2 nd 3 rd 4 th 5th 6 th 7 th |
group group group group group group group

MPa 90 kW 90 kW 90 kW 90 kW IS0kW 360kW 720kW

h h-Above 12.40
12.40 of"

Below 12.40 B1
Above 12.38 0B 8

12.38 -on of'
Below 12.38 U Bl

| Above 12.35 0B
| 12.35 on
!- Below 12.35 U

Above 12.24 8
12.24 ofF,

Below 12.24 81
Above 12.15 8

12.15 of"
Below 12.15 B1

Above 12.14 UB B
12.14 .on of'

Below 12.14 U Bl

Above 12.12 UB 8
of[12.12

cd, B llBelow- 12.12

Above 12.10 0B -8
12.10 og of[

Below -12.10 b B li

Above 12.06 0B
12.06 on

Below 12.06 U
'

0BAbove 12.00
12.00 on

Below 12.00 0- U U U U U U-
C C C C C C C

A Above disconnection pressure heater group is off.

B Between disconnectior. and connection pressure values the connected
heater is on until the shut off pressure is reached. The heater once
disconnected stays off as long as pressure is above connection
pressure.

C Below connection pressure heater group is on.
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4.2.3 Secondary side

The secondary side nodalization scheme is shown in Figure 4.6.

The steam generator:shell side nodalizatic ' is similar in single, double-
and triple loops. Only the volunic of the av. 's is twice and three times
greater in the two later loops, respectively. The nodalization is based on
the usage of the mechanistic- separator -model of the RELAP5 code
although the~ water separation in the horizontal steam generator is due
the gravitational force.

The' steam generator shell side is divided into four volumes. One of
them represents the volume where all _ tubes are located. The heat is
transferred from five primary side pipe nodes via heat slabs to this boiler
node. The two-phase mixture flows to the separator node wherefrom the
liquid is returned via. two nodes representing the volume between tube
bundles and steam generator vessel to the tx)iler node. The cross-flow-

'

junctions are utilized in the model to decrease the momentum Oux of the
recirculation Dow.:lleat transfer between SG pressure vessel and mixture
of steam and water is also modeled.

The Loviisa plan, has a separate steam line from each steam generator to
the turbine throttlevalves. Steam lines are connected to a collector that
reduces the possib.: unbalance of the system. The turbine by pass lines
are -connected to the steam collector. -The properly operating- three
turbine by-pass valves and 'the stuck open valve are s'imulated by valve
junctions. The areas of the junctions-are adjusted to a value of nominal
capacity of each _ valve.

- The fehd water injection -is - modeled to ' keep the level constant, This
-discards'the-increase of. the secondary side water level in some of the
steam _ generators that was seen in the recorded data (Figure 3.5) due the
incorrect operation of the feed water controlbrs.

..

-
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5. BASE CASE RESULTS

-5.1 Steady state calculation

The calculation model presented in the previous chapter was the same as
supplied in several accident analyses of the Loviisa Units I and 2. Thus
no adjustment of the. loss coefficients to the plant data were needed. A
steady state search run was repeated to reproduce the measured initial
conditions that were slightly different from nominal steady state
quantities. Table 5.1 compares the measured plant data before initiation
of the transient with the calculated values of the steady state run.

The steady state initiation model included some additional components to
regulate the primary and secondary conditions. To keep the primary
pressure constant a. time dependent steam volume was connected to the
top of pressurizer. The water level in the pressurizer was kept constant
by mean of a time .depender.t junction which was connected to the
reactor vessel lower plenum and was regulated by the pressurizer level.

"_

Also the secondary _ side pressure was maintained by connecting an
auxiliary time dependent; volume to the steam collectors.

The ' initiation search run was performed using the RELAP5/ MOD 2
steady-state option. The code terminated the run after 60 seconds with

.

an announcement of the achievement of the steady state. The run was
restarted for 10 seconds in order to reduce still flows from boundary
junctions. After a check run without boundary volumes these steady state
results were accepted although non-7ero flows remained in the junctions
of regulating volumes.

The steady state calculation showed that the nodalization of the primary
side of steam generator tubes was too coarse. In order .to achieve the
correct-primary fluid- temperature the heat transfer rate from primary to,

. secondary had ~ to artificially be improved.This was achieved by.

. decreasing the hydraulic diameter on the primary side of steam generator |

,

l

~ tubes in -the heat transfer calculations. A proper method would be
L dividing the primary side into more nodes in which the temperature l!

difference approximation would follow closer the real temperature !
| excursion. This could not be donc due to the limitation of the computer 1
'

resources that established the limit on the number of volumes.
'

5.2 Transient calculation,

i
| The transient calculation was based on the initial conditions from the

above mentioned steady state calculation. The calculation was performed
as a restart problem with a transient calculation option. All the boundary

; conditions required to regulate the steady state initialization were '

|- deleted.
L

._.
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Table 5.1 Comparison of the steady state calculation results with the plant data

Plant Initial Calculated
nominal value steady-state
value value

Pressures:
Primary:
Pressurizer top 123 bar 123 bar-

Core outlet 122.4 bar - 124.3 bar
llot leg 121.8-123.4 bar' 123.3 bar-

DP across reactor
core 2.1 bar 2.69 bar 2.1 bar

Secondary:
Steam generator 44.8 bar 43.4-44.0 bar' 43.9-44.1 bar' !Steam collector 43.043.4 bar' 43.0 bar-

j

Temperatures:
Core outlet - 299 ' C = 572 K 570.2 K
110t leg - 291 't = 564 K 566.2 K
Cold leg 264 *C 262 *C = $35 K 534.9 K
Mean primary
loop - 273 'C = 549 K 550.5 K

Mass flow rate:
Downcomer 8500 kg/s) - 8502 kg/s
Core 7480 kg/s 7507 kg/s-

Core bypass 1020 kg/s' - 995 kg/s
Steam to turbines 750 kg/s 791 kg/s 754 kg/s

Pressurizer water level 4.59 + 0.915' = 4.7 + 0.915 = 5.565 m
5.505 m 5.615 m

Reactor power 1375 M W 1375 M W

' Variation between different measurements.

_
3 Variation tetween different steam generators.

) Variation between different steam generator.

- ' Variation tetween different measurements.

8

Based on the nominal volume flow rate of 39000 mh

' Total core bypass of 11 % plus 1 % of flow through dummy elements.
'

- Reference level of the plant measurement is 0.915 m from the pressurizer bottom.
,

l

|
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The transient calculation was done without any severe failures as can be
seen from the comparison of elapsed CPU-time versus calculated time in
Figure 8.1. The reactor coolant pump which was running throughout the
inmsient forced to use relative short time steps. iietween 15 and
50 seconds the user specified maximum time step was halved due the

-

anomalous behavior of the servo valve model (see Chapter 7.3).

5.3 Base case calculation results

The most important calculated parameters, for which also plant
comparison data have been recorded, are shown in Figures 5.1 through
5.5. The calculation matches measurements qualitatively well. The
quantitative agreement is also satisfactory.

Secondary circuit

The dominating factor of the transient was the cooling-down rate of the
secondary circuit. As 'can be seen in Figure 5.3 the calculated secondary
pressure ' agreed well _ with the measured pressure during the first
repressurization and' the following depressurization period (up to 700 s).

L This demonstrated that _ the operation of the turbine by-pass valves (as
the boundary conditions) were correctly modeled. The discrepancy .

between calculated and measured secondary pressure after closure of the
stuck open turbine by-pass valve was due to imprecise modeling rather
than code errors. When the input deck was prepared the data from
Figure 3.9- was supplied to simulate the operator intervention in
secondary pressure control. Figure 5.3 shows that this data overestimates
slightly the secondary pressure when compared to the plotter recording.
The exact timing of the stuck-open turbine by-pass line closure is not
known, it was _ also reconstructed 'using the secondary pressure data of
Figure 3.9. The timing deviated slightly from the plotter data shown in

- Figure 5.3. Even if the discrepancies between calculated and measured
pressure after 740 seconds are almost within uncertainty bands of plotter
records, it should be remembered that these discrepancies will affect the
primary side variables.

Primary circuit

The thermal hydraulic conditions on the primary side until 350 seconds-
were mainly controlled by heat transfer from the core and through steam
generator tubes to the secondary side. Figure 5.13 shows the calculated
heat transfer from the fuel rods to the primary coolant ' compared with
the heat transfer from the primary coolant to the secondary side. The
slow decrease-in both curves before reactor scram was due the pump
stop in the double loop. When the core flow decreased the increasing
water temperature caused the reactor kinetic model to decrease power.
The reactor power in the plant was also decreased, but for another

_
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reason. The power controller (ROM) was adjusting the reactor power to
the -level . corresponding for the number of running primary coolant
pumps. The calculated heat exchange through steam generators in

_

-

different loops 'is plotted in Figure 5.12. Even though the heat transfer in
other steam generators increased-the decrease of about 200 MW in the
double loop heat transfer rate due to the Dow changes (Figure 5.11) in
the primary loops was enough to change primary heat balance. This was
directly responded by th increase of the primary pressure, Figure 5.1
and 5.2, and the primary mean temperature, Figure 5.4.

Pressurizer behavior during the rapid cooldown

When the triple loop pump was stopped at 16 s the heat transfer rate in |
the triple loop steam generator also began to decrease. At the same time '

the reactor was scrammed which caused a rapid. cooling in the reactor
core, upper plenum and - hot -legs, Figure 5.6. As a consequence the
volume of - the primary coolant decreased and forced water from
pressurizer to _ flow to the hot leg of the double loop. Pressurizer
response during the rapid cooldown was very good. Both the calculated
pressures; Figures 5.1 and 5.2, and pressurizer water level, Figure 5.5,-

followed exactly the measured values.

Primary circuit temperatures

-The agreement between the calculated and the measured primary mean
temperatures from 12 s to 200 s was less' satisfactory, Figure 5.4. This
period was characterized by the reactor power decrease and the reversals
of Dows in the double and triple loops. Although the calculated average
temperature of the loops was in the beginning one or two degrees higher
indicating the ' difficulties of matching the steady state heat transfer
through steam generators, the calculated mean temperature decreased too
rapidly after reactor scram. Some of the difference might have been due
to a time shift in the sampling rate of the measurement. When the core
power had reached the decay level, Figme 5.13, the fast decrease of the
calculated mean temperature ceased. The calculated curve in Figure 5.4
even showed heat-up when the reversed Cow in double loop brought hot
water from the pressurizer to the reactor vessel side of the hot leg. The
measured values did not show any heat-up but a short plateau a little
-later than in the - calculation. The time difference will be further
' discussed in the sensitivity study. Later from 200 s on when the uiple
loop flow was also reversed and all temperatures had reached new levels
the calculated primary average temperature followed closely the
measurement. After closure of the turbine by-pass line at about 740 s the
difference is due the incorrect boundary values of the calculation model.

Effect of the selected nodalization on the pressurizer response

After reaching the reactor decay power level the calculated water level
in the pressurizer, Figure 5.5, indicated a considerable slower cooling of

, . - . . -.
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the primary circuit than the measured value. This was not consistent for
the primary loop mean temperature calculation which agreed nicely with
the measurement from 200 s on. At 250 s the calculated and measured
pressurizer water levels deviated by 0.47 m, which corresponded to a
volume of 2 m'. When the nodahzation model and the water
temperature in different volumes during calculation were examined.

more closely, it was noted that the temperatures in the upper head
volumes, Figure 5.14, were not changed. The total volume of volumes
no. 5, 6, 7-1 and 7-2, where the hot initial temperature remained is
21 m'. If it is assumed that the liquid in those volumes had also cooled
down from 570 K to 530 K as the core outlet volumes show in Figure
5.15 this would give a reduction in coolant volume of 2 m'. Based on
these indications the observed inconsistency in calculated water level of
the pressurizer must be regarded to result from the imprecise
nodalization model. Comparison of Figures 5.14, 5. * and 5.5 further
showed that up to 750 s the difference between tne calculated and

; measured water leveis gradually increased, similarly as the temperature
L difference tetween the upper head and upper plenum volumes. Tb

nodalization of the upper head was based on the assumption that tne
recirculation now through upper head is minimal. There is no measured
data from the plant as well as not information from the vendor about the
Dows in the upper head. This calculation indicates that the model should
be changed allowing some flow from the core through the guide tubes of
control rods via the upper head to the upper plenum.

Primary pressure

The primary pressure, Figure 5.2, followed during the first part of the
transient the cooling rate. Like the pressurizer water level the primary
pressure was Orst in a good agreement ' with the measurement. The
pressurizer pressure, Figure 5.1, -however, was during the initial
repressurization slightly overestimated. This caused even the spray valves
to open, Figure 5.8, which had not happened in the plant. Later, when
the water level in the pressurizer was not lowering fast enough it
prevented the steam from expanding and reaching the measured
depressurization.

In the calculation the heat released from the pressurizer vessel walls
delayed also the progress of the primary pressure decrease. Figures 5.16
through 5.21 illustrates Guid and wall temperatures at different elevations
of the pressurizer. In the top volumes, no. 370-11.. -14 and 371-01,
initially full of steam, the walls remained at . higher steady state
temperatures transferring heat to the steam. The inside wall temperatures
in ~ the middle volumes, no. - 370-7.. -10, were first following the
saturation temperature. When liquid disappeared, the recovering heat as
a : ult of conduction started to increase the inner wall temperature.

-A .ough the temperature difference between wall and steam and the
heat transfer coef0cient were low the increasing heat transfer area due
the lowering liquid level enlarged slowly heat release to the steam. From

_ _ _
-

_
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about 250 seconds on this tumed off the primary pressure decrease,
Figure ~ 5.1 and 5.2, regardless of the fact that _the primary side was
continuously cooling down and the pressurizer level was still decreasing.
At 250 seconds the difference between calculated and measured primary
pressure was 1.5 bar.

One hundred seconds-later the difference had been doubled. When the
operator first started the high capacity make-up pump TK11 and later the
two high = ' pressure _ safety injection pumps TJ12 and TJ51 were
automatically staned. The primary injection flow rate, Figure -5.9, began
to dominate the primary pressure evolution and pressurizer level. After
closure of the turbine by-pass line at 750 second ' the effect of-the
reduced cooling -through steam generators was clearly seen as a fast -
repressurization rate. The repressurization rate slowed down in the
calculation already before the stop of the high capacity make' up pump,-

which caused the measured pressure to decrease. The earlier turn in
pressure ' is based on the wall condensation, as can be seen from
Figures 5.22 and 5.23 where heat fluxes from heat structures are
presented. The primany pressure and pressurizer level agreed qualitatively
well with measured values. The main reason for the quantitative
disagreement may- be explained by the imprecise nodalization of- the

.

upper head, 'which was discussed earlier.

Temperature curves in Figures 5.16 and 5.17 show that after pressurizer
spray actuation at about 1350 seconds the pressurizer wall temperature in
the steam volumes remained higher than the steam temperature. The heat
release from the walls caused faster repressurization and faster periodic
operation of the spray than was measured, Figure 5.1 and 5.2.

The depressurization ~ during the spray injection was faster than at the
plant. Some of this may be explained by the larger spray Dow-rate. In-

; the calculation model it was not possible to restart only one recirculation
pump, as the operator did, in order to enforce the pressurizer spray. The
start-up of the double loop pump at 1300 seconds raised the-pressure
difference over loops and made the depressurization more effective.

,

L
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6. DISCUSSION OF THE IIASl! CASE IGSULTS

The base case calculation agreed well with the main parameters of the
available plant data, in particular if the general tendencies were
examined. Quantitatively the biggest differences were in the pressurizer
water level and the primary pressure. The trason for those discrepancies
originated from the imprecise nodalization model as described in the
previous chapter.

The calculation clarified the behavior of the pressuiizer and the
pressurizer spray line that cannot be determined completely from the -

available infonnation of the plant data. It has been sixculated if water
was injected into the pressurizer causing the stop of the repressurization
at about 1000 s. Although the spray line valves were open there should
not have tren any. spray as only one primary coolant pump was running.
On the other hand some water may have been left in the lines, leaking
out after opening manually the closed pressure control valve. This might
have disturbed the stratifed layer and caused stronger condensation in
the pressurizer. The calculation verified that the condensation at the
pressurizer walls was alone enough to cease the primary scpressurization
and no spray was needed. This expresses the importance of the
modelling of the pressurizer vessel wall as heat structures in order to
correctly simulate the pressurizer behavior.

A closer examination of the RELAPS simulation showed that the
temperature of vapor in that pressurizer volume, where both liquid and
vapor were present, experienced anomalous behavior. During the fast in-
surge the whole steam bubble was superheated and the steams

temperatures in all volumes containing steam stayed _ above saturation
tem]vrature until the spray was actuated. The vapor in the volume,
wheie water level was situated,- was superheated faster than in the

- volumes above it,-- as shown -- in Figure 6.1. Between 1000 - and -
1300 seconds steata temperature in the volume 370-08 was higher than
in the volume 370-12, even though the amount of heat extracted from
the steam phase of the volume 370-08 exceeded considerable that of the
volume 370-12, Figure 6.2.

Thus the higher supcibeating in the volume 370-08 cannot be understood
otherwise than whether the energy equation of the steam pb ise or the
interfacial heat transfer between phases was misinterpreted and heat was
transferred from a lower temperature to a higher temperature. Based on
the calculated velocity data it is evident that the volume should also
have been met the vertical stratification conditions. Ilowever, the plotted
values of the calculated volume flow regimes in Figure 6.3 do not show
any indication of stratified flow. The vertical stratification, when
experienced, should also have its effect on both the interfacial and wall
heat transfer coefficients. The calculated vapor void fractions of the

- volumes discussed are shown in Figure 6.4.
,

. . , - - .
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When the results of the comparison study are analyzed for qualitative
and quantitative assessment one should still remember that some of the
actuation control logic in the input inodel was replaced with actuation
signals measured during the incident at the Loviisa plant. This was based
on the judgement that the effect of the threshold phenomena, which
could change remarkably the later behavior, should be minimized.
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7, SENSITIVITY STUDY RESULTS

Although the base case calculation matched qualitatively well the
transient data a better prediction was desired. Ilefore the nodalization
de0ciency, which is believed to cause most of the differences as
reported in the chapter 5.3, was discovered some sensitivity studies were
perlonned. In this chapter two of them having a wider interest for code
assessment are discussed. Also a description of the incomplete function
of the servo valve model is included.

,

7.1 Sensitivity of initial conditions

The initial conditions of the plant are a source of uncertainty regarding
the calculation. Although the nuclear power plants are usually generating
the base load and they are operating in steady conditions these may vary
from the nominal conditions. Also the plant may initially be in a slight
transient. More assumptions have to be made m a real plant transient
calculation than in a calculation of plentiful instrumented test facilities.

When the incident started at the LOVilSA Unit 2 it was operating at
conditions slightly different from nominal ones which are usually
supplied for accident analysis. Thus a comparison run with nominal
values was done in order to determine the effect of differences in initial
conditions.

17igures 7.1.1 through 7.l A show the comparison of the calculated main
parameters with measurements. The overall course of all these hydraulic
quantities is very similar to the base case calculation.

-The calculated primary hot leg pressure, liigure 7.11, underrates the
measured value between 50 and 350 seconds, partly due to the too low
initial value of the primary pressure, llowever, during the rapid
cooldown period, after the reactor trip, pressure decreased a little faster
than in the base case calculation. The difference of pressure between the
sensitivity study and the base case calculation, which initially was
1.75 bar, increased to 3 bar. This is explained by the higher initial mean,

temperature of the primary system in the sensitivity study.

After the reactor trip the.mean primary temperature started to decrease
towards the secondary saturation temperature. The cooling rate was
controlled by the primary to secondary heat transfer, llecause one reactor
coolant pum a was running all the- time cooling was effective and new
temperature evels were achieved quickly, in spite of the different initial-
values the secondary pressure excursion was almost equal in both
calculations (l?igure 7.1.2).- Thus me primary mean temperature
approached the similar course of the secondary saturation temperature as

-in the- base calculation that can be seen in liigure 7.1.3. The deeper

_______ _ _ _ _ _ _ _ _
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cooldown until 50 seconds due to the higher initial mean temperature
decreased more the volume of the primary th uid, which was respondedi
by the pressurizer water level (Figure 7.1.4). Therefore the pressurizer
level gave better comparison with the measurement than the basic
calculation, but for the wrong reason,

t

7,2 Sensitivity of primary loop flow rates,

Similar differences between the measured and calculated primary Guid
mean temperature were seen both in the base case, Figure 5,4, and in thee

previous calculation, Figure 7.1.3. The calculated mean temperature
showed a clear heat up period after the initial cooldown due to the
reactor trip, but there was no sign of Icheating in the Incasured primary
mean temperature.-It experienced a short discontinuity between the initial
and later cooling periods, but somewhat later than the calculated heat up.
Because the benavior of the calculated mean temperature could not be
explained solely by the possible differences between the places where i
temperatures are measured and calculated the loop Dows were examined j
more closely. -

During the incident one primary coolant , ump was. tripped immediately
and four others 16 seconds later. The coc e nodalization model used did +

not allow the true simulation of the pump stops, in the base calculation +

the double loop pump was stopped in the xginning and triple loop -

pump 16 seconds later, in order to see the effect of _this difference ;

a comparison .run was done, where both the double and triple loop
~

pumps were stopped 16 seconds from. the beginning. The single loop :pump was running all the time as in the base case. The results are '

shown in Figures 7.2.1 through 7.2.4.

The comparison did not show a far better agreement than the base case
calculation.- The heat-up period of the calculated primary mean
temperature was moved forwards, but the spike still remained as shown
in Figure 7.2.3. The immediate cooling rate after the reactor scram was

;

also. too fast, as in the base case. Several reasons may .have been -

L-
involved. One was the -initially too high primay mean temperature,
which resulted from the _ difficulties in the steam generator modelling.
When the Dows in five loops were settled also the temperature
difference between primary and secondary diminished, As a result from

:the higher. initial mean temperature the decrease to the final value was
larger. A probably more ' obvious reason was too fast slowdoivn of the
primary coolant pumps. The. input- deck preparation - had included

,

a comparison run with the pump stop start up commissioning test, but in
this test all pumps were stopped at the same time. Also one source may
be the hot water that remained unmixed with the core outlet water in the
upper head volumes as discussed in the chapter 5.3. One should not
forget; that - the - three dimensional Dow conditions, which obviously
become more important when asymmetrical loop Dows are experienced'

cannot hardly be modelled with one dimensional codes.

|
_ _ , _ _ . _ . _ _ _ _ . _ ~ . , ~ . . _ _ . - - . _ . - . _ . _ . . ~ . . . _ . _ _ _ _ ~._,
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The overall course of pressures, Figures 7.2.1 and 7.2.2, and pressurizer
water level, Figure 7.2.4, were exactly the same as in the base case.
Only the short spikes due to the decrease of heat transfer in the double
loop, steam generator seen in the curves of the base calculation were
missmg.

7.3 Sensitivity of servo valve model on the time step size.

When the calculations were run an abnormal behavior of the servo valve
model and the attached control variable was discovered. The servo valve
was used to simulate the three turbine by-pass valves that operated
correctly during the transient.

In the standard set of plots the anomaly was first observed in
Figure 7.3.1 by a considerable higher mass now rate out from the
seccndary. llowever, the secondary pressure in Figure 7.3.2 seemed only
slightly exceed the opening pressure of the turbine by pass valves, which
should correspond to a net mass now rate of only somewhat more than
the capacity of the one stuck open valve. In order to save the file space
and to prevent the possible abortion of the computer run due the file
overnow all calculated points can usually not be saved. When the
calculation was remn with values of each time step stored it was found
out that the points plotted in Figures 7.3.1 and 7.3.2 were only
enveloiv:s of the real behavior. Figures 7.3.3 and 7.3.4 show the short
term plots of the servo valve mass How rate and the secondary pressure,
where sharp oscitMions can be seen.

No real explanation for the oscillations were found. Some runs were
done with changes in the geometry and the numbering of the nearby
secondary volumes, but without any change in valve model operation.
Only modification of the time step size was noticed to alter the behavior
of the servo valve model. The calculation shown in Figures 7.3.3 and
7.3.4 used a requested maximum time step of 0.1 second, in

Figures 7.3.5 and 7.3.6 the same variables from a run with the requested
time step halved are presented. The reduction of the time step size made
the oscillations to disappear. Ilowever, there were earlier runs only with
slight!" different initial values where the valve model seemed to function
properly when longer time steps were used throughout the transient. The
correct valve operation could not be assured, because not all calculated
points were recorded in the earlier runs.

The base case calculation described in chapter 5.3 was done with
reduced requested maximum time step (0.05 s) between 15 and 50
seconds in order to guarantee the correct function of the servo valve
model. The material Courant limit between this period was just over 0.1
second that wculd have allowed the use of maximum time step of
0.1 second.

_ _ _
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8. RUN STATISTICS

The transient calculation model used in the base case for the analysis of
the Loviisa 2 plant was modelled by 186 volumes,196 junctions and
131 heat structures (with 702 mesh points). The volumes included three
pump components with common dimensionless pump tables and 21 time
dependent volumes. There were 12 valve components and 17 time
dependent junctions.147 trips and 67 control variables were used in
order to descrite plant control and safety signals.

The computer running time statistics is shown _in Table 8.1. The
requested maximum time step size was set just below the minimum
Courant value, because from the experience this was known to be the
most effective time sige. Between 15 and 50 seconds of the transient
the requested time step was halved as explained in the previous chapter.
The1 minimum material Courant limit occuned whole time in volume
205 02.(single loop hot leg). Only in the beginning before double and

.

triple loop pumps were slowed the limitation varied telween downcomer ;
top (60-01) and triple loop hot leg (405-02) volume, i

The computer CPU time versus transient tim: was approximately 10
with the exclusion of the period between 15 and 50 second as shown in
Figure 8.1. The curv- was subjected to a discontinuity at 500 seconds
when the coue reseted the CPU. time counter due the changes in the
restatt input. The run ~was very stable and the checks for time step

'

control did not cause any time step reduction.
.

The code efficiency number as stated in /l/ is obtained from: ,

(CPU x 10 ') / (C x DT), vihere

number of volumes in the model- C =

DT = number of time steps-

CPU = computer CPU time
.

'

((5461.511.8+10740.8 6.7) x 10 ')
5,3 1............. .............................- =

(186 x 16360) r

,

The computer used for the calculation was CDC Cyber 180 840. The
speed of the machine according to the supplier is 6 MipS.

t

,

-

yr- fr- er w-w-ry-T---q-gs"v u* Mt-"''N+-'-Fv'-90'f''''~'''*4 "ri='f*T'Nf-TP*d '"*WN' -1-P''98-'v vhl-*''*7rsT*ev dry-*#''-7'- N-'-w-t'tT-v'**w'F-ia-*-r7'*W-1'iv' w'-Wr"*- ' - -t'-'P"*'- *'''W-W '"7Wt' r +TT'T-
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Table H.1 Computer run statistics table

Tran. Com. Re- Average Number Courant Mass
sient puter quested time of time - limit error
time CPU- time step steps ratio

time step
(s) (s) -(s) (s) (s)

0 11.8
_

l.0 33.8 0.1 0.1 20 0.1001 * 5.2*10'
15.0 170.8 0.1 0.1 160 0.108 * 3.0*10'
50.0 869.5 0.05 0.05 860 0.103 C 1.2*10'
100.0 1381.1 0.1 0.1 13(o 0.101 C 5.9*10*

300.0 3486.8 0.1 0.1 33(o 0.10 3.l'10'
500.0 5461.5 0.1 0.1 5360 0.101 C 2.2*10'
500.0 6.67

700.0 2034.9 0.1 0.1 7360 0.101 C 1.8*10'
900.0 3952.9 0.1 0.1 9360 0.102 C 4.4*10'
11(0.0 5918.6 0.1 0.1 11360 0.101 C 3.l*10'
1300.0 7901.7 0.1 0.1 13360 0.101 C 2.3*10'
1600.0 10740.6 0.1 0.1 16360 0.105 C -9. l * 10 '

* * Minimum Courant limit in volume 60-01
* Minimum Courant limit in volumes 6041,205-02 and 40502
* Minimum Courant limit in volunw 205 02

_ _ _ _ . _ _

|
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!

i

9. CONCLUSIONS !
i

i
!

The calculation of the LOVilSA Unit 2 transient was canied out with a !
nodalization model, which had been used in several safety analysis. Thus ;

a laborious job to develop and check the input deck was not required. '

The model had been verined against some start up commissioning tests. |
,

The main dif0culty with the actual plant transient calculation lies in !
modelling all control and safety signals. Some of these may play i

a significant r@ in the calculation by changing the _ timing of the !
phenomena or causing a threshold (= triggermg) effect. The high
pressure safety _ injection (IIPSI) signal, which was actuated by the '

pressurizer water level .is an example of such phenomena. If the '

calculated pressurizer water level had not decreased low enough, the
llPSI- pumps would not _ have started at all and both the primary ;

pressure and the pressurizer level behavior- would have been much -
t

different. The safety inicction was modelled as time dependent How '

according to the plant data in order to diminish the effect of threshold ;

phenomena. - This helps the quantitative comparison of the code
calculation, but one can question whether this is the appropriate method -

in code assessment. -

The base case calculation gave quite good results especially qualitatively.
The main quantitative -disagreement between measured data and
calculation was in the primary pressure and the pressurizer water level. ,

!!owever, this was traced to be an error in the nodalization model, not
a code deficiency. !

The cooling- of the primary circuit right after the reactor scram was
faster in the calculation than in the plant. Several possible reasons might

,. - be - suspected, but the limited number of measurements does not give
enough support for definite conclusions. This illustrates the_ problems .

when comparing the calculated results with data of a real plant equipped
'

with " limited" instrumentation for operation and protection of the plant.
1

In ~the pressurizer wall heat transfer an anomalous _ behavior _ was
,

discovered. The -inability to - easily print out or plot all calculated
.

variables (terms of equations involved) prohibited quick examination of '

the anomaly. A -larger selection of the expanded edit or plot . variables
would be helpful for error analyses.

An. oscillatory behavior of the servo valve was also detected The real
cause of the. malfunction was not found, but reduction of the time step
size removed the oscillations. This phenomenon showed that the minor
edit and plot frequency selected as an input rr ay efficiently hide the real

|detailed behavior of t_he calculated parameter. Some words of warning in
- the manual would be 'useful.

'1

. _ . - _ _ . _ _ _ _ . . . _ =
'I- -
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The calculation with slightly different initial conditions pointed out, that
only the primary incan temjerature had some ef fect on the calculated
results. The variation of other ruain parameters inside the range of
measurcinent uncertainties did not change the results notewoithily.

'lhe sensitivity study of the pump trip tirnes demonstrated the importance
of the concet loop flow rates in a multi loop reactor nulel.

-



m

10. REFEltENCES ;
.

/1/ D. 11. llessette, " Guidelines and Procedures for the
Inteniational Thermal llydraulic Code Assessment and
Applications Program". U.S. Nuclear Regulatory Commission,
April 1986.

/2/ " Nuclear power plant LOVilSA. Description of main systems",
'

imatJan voima Oy, (in Finnish)-
_

_

/3/ 11. Tuomisto et. al.," Computing Methods Assessment Analyses
of the Loviisa Unit 2 Overeocling Incident on September 1,-
1981", Proceedings of the ANS Topical Meeting on

-

Anticipated and Abnormal Transients in Nuclear Power Plants,
April 12-15,1987, Atlanta, Georgia.

/4/ A. Valli, '" Reactor scram due to disturbances in level
measurements of the steam generators and stuck opening of
one turbine by-pass valve", Special report 4/81, Imatran Voima
Oy, January 1982. (In Finnish)

/5/ V.11.. Ransom et. al., "RELAP5/ MOD 2 Code Manual", Vol. I
& 2, NUREG/CR-4312, EG&G Idaho, Inc.,1985.

/6/ P. D. Wheatley et. al., "RELAP5/ MOD 2 Code Assessment at
the Idaho National Engineering laboratory", NUREG/CR-
4454. EG&G Idaho, Inc., March 1986

8.

>

_ _ _ - - _ - _ _ _ - _ - - _ _ --



.
. .

,

81

LIST OF APPENDICES
,

APPENDlX A Parameters of clarm group 00 printed from the plant
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Appendix A illustrates parameters of group 00

(1): electric power of generator SP10; abbreviation .SP10E002-

F
(2): electric power of generator SP50; abbreviation SP50E002-

- -(12)! mean temperature of hot legs; abbreviation YA10T802

-(13): mean. temperature of cold legs; abbreviation YA10T803 -

-(14); differential pressure over reactor core; transducer YC10P001
_
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Appendix 11 includes parameters of group 01

-(1): percentage reactor neutron power; abbreviation YX13X801

-(2): primary pressure; transducer YA10P801

-(3): maximum outlet tempemture of group 1 fuel bundles;
abbreviation YQ30T801

- (4): maximum outlet temperature of group 2 fuel bundles;
abbreviation YQ30T802

- (5): pressurizer level, transducer YP10 LOO 2

- (6): pressurizer pressure, transducer YP10P001

- (7): steam generator YBil pressure; transducer RAllP961

- (8): steam generator YB13 pressure; transducer RA13P961

- (9); steam generator YB15 pressure; transducer RA15P961

-(10): steam generator YB52 pressure; transducer RA52P961

-(1 l): steam generator YB54 pressure; transducer RA54P961

-(12): steam generatcr YB56 pressure; transducer RA56P961

-(13): mean loop temperature; abbreviation YA10T902

_
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Appendix C includes parameters of group 02

-(1): steam generator YBil. water level; tmnsducer YBilL005

- (2): steam generator YB13 water level; transducer YB13 LOO 5
'

- (3): steam generator Yll15 water level; transducer YB15L005

- (4): steam generator YB52 water level; transducer YB52L005

-(5): steam generator YB54 water level; transducer YB54 LOO 5

- (6): s: cam generator YB56 water level; transducer Y1356L005

-(13); secondary pressure in steam collector; transducer RA10P002

-(14): secondary pressure in steam collector; transducer RA50P002
-.
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Appendix D includes parameters of group 03

(6): mass flow rate of high capacity make-up pump TK11,-

transducer TK11F001-

(9): mass flow rate of letdown line TE50; transducer TE50F001-

-(11): back pressure in letdown line TE50; transducer TE50P001

-(14): subcooling in the reactor inlet; abbreviation YA10T817
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Appendix E includes parameters of group 17

1

(1): mean pressure in secondary steam collector;
abbreviation RA00P901

- (2): mean primary loop temperantre; abbreviation YA10T902

- (3): primary pressure; transducer YA10P801

e

j.

i.
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Appendix F includes parameters of group 30

- (1): total vapor generation rate of steam generators YBil,15 and
13; transducer RA10F801

- (2): total vapor generation rate of steam generators YB54,52 and
56; transducer RA50F801

- (3): opening rate of turbine by-pass valve RCll;
- transducer RCI1S003

- (4): opening rate of turbine by-pass valve RCl2;
transducer RCl2S003

- (5): opening rate of turbine by-pass valve RC51;
transducer RC51S003

- (6): opening rate of turbine by-pass valve RC52;
transducer RC52S003
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Appendix G includes parameters of group 32

-(5): secondary pressure in steam line from steam generator YB11;
transducer RAllIW5

- (6): _ secondary pressure in steam line from steam generator YB13;
transducer RA131%5

-(7): secondary pressure in steam line fonn steam generator YB15;
transducer RA151%5

=--(8): secondary ~ pressure in steam line from steam generator YB52;
transducer RA52P005

-(9): secondary pressure in steam line from steam generator YB54;
transducer RA54P005

-(l_0): secondary' pressure in steam line from steam generator YB56;
transducer RA56P005.
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