May 16 183

Mr. Chris 4. Poincexter

Vice President, Ergineering and
Construction

Baltimore 3as and Electric Company

P. 0. Box 1475

Baltimore, Maryland 21203

Uear Mr. Poindexter:

This letter is in response to ycur proposal regarding Saltimore Gas and
Electric's (BGAE) participaticn in the activities related to Unresolved Safety
Issue A-47, "Safety Implications of Control Systems." A key part of the Task
Action Plan for this issue is the analysis of postulated plant transients
assuming various control system failures. The specific computer analyses to
be performzd would be determined from failure modes and effects analyses of
the control systers. The performance of these analyses reguires a considerable
amcunt of design detail that is not contained in plant FSARs. You have stated
that significant ranpower and rescurces, that are needed for other priority
issues, wculc be expended in cbtaining and providing this information to the
staff, and ir the necessary fcllowup to assure that it is correctly applied

in modeling Calvert Cliffs on a hybrid simulator, to be utilized by our
contracter (ORNL). At a meetinc betwsen NRC staff and your representatives
heid on April 13, 1983, and in your letter to me dated April 14, 1983, BG&E
propcsed an alterrate apprcach in which the computer analyses would be
performed on the Calvert C1iffs plant-specific simulator currently under
development by Combustion Engineering.

We believe that vour propcsel has merit, and accept *he suggestion in your
letter to discuss this matter further with BG&E and Combustion Engineering.
Oiscussicr ¢f the following matters would -improve our understanding of your
proposal.

(1) Discussion of the methods 2nd models incorporated by Combustion
Enginzering in the plant simulator. We wish to compare the capabilities
cf the models of the Calvert Cl1iffs plant simulator with those models
beirg developed by our centractor (ORNL), and more particularly, to
assess the capability of the Calvert Cliffs simulator to perform the
necessary analysis of the potential consequences of control system
malfunctions.

(2) Discussion of potenti
the check-out phase of
i il

1iffs sinulator.

€ staff involvement, on an audit basis, during
inal verification testing of the Calvert

(3) Discussion of how the staff and their contractor would participate in,
and witness, the actual running of the transient studies at the simulator
location. Wwe would expect that the NRC would specify the failure

’l‘]‘ scenarios of the control systems under various plant operating
;:konditicrs ard/or events that will be studied on the simulator. In
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order to accomplish this task, access tc plant-specific system design
information woulc bz needed by the staff.

(4) Discussion of the extent of Combustion Engineering's participation and
assistance in providing technical support tc this program.

(5) Discussion of the schedules for: (a) the completion of the simulator,
(b) the verification testing, and (c) the expected availebility for the
staff and their contractors to perform the studies.

Your proposal for a meeting during the week beginning May 23 is acceptable.
However, we request that this initial meetinc be held in Bethesda to enable
fuller participation by NRC management, the USI A-47 reviewers, and several
of our contractor staff who are actively invelved in the model development
activities. The contractor representatives would be prepared to present a
brief description of the methodology employed in the development of their
models, and will assist the staff in assessing the Combustion Engineering
simulator capability. In addition, the CE representatives should be prepsred
to describe the methodolcgy employed in the develcpment of their models and
their simulator capabiiity. We suggest that the reeting be held on
Hednesday, May 25, 1983 at 9:00 a.m. This mid-week date wculd facilitate
CE's and our contractor's travel schedules. !r. Andrew Szukiewicz
(302-402-4713), USI A-47 Task Manager, will contact yeur Mr. Rich Olson to
arrange the details of the meeting.

We appreciate your willingness to pursue a timely resolution on this
impcrtant program in a ménrer that would be rutually teneficial to brth our
organizations.

Sincerely,

DISTRIBUTION (Signed) William . Dircks
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JUNE 1, 1983

A-47 MEETING W/BG&E
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Agenda to June 1 Meeting with BG&E

Introduction

(1)
(2)

- .

Schedule for the Calvert Cliffs Review.

BG4E's and CE's Proposed participation in the A-47 program.

Discussion of the Calvert Cliffs Simulator

Yerification of Simulator

Discussion cf the NRC use-of the plant simulator to run

(a)
(b)
(1) Type of testing
(2) Schedule
transients
(1) Schedules
(2) Location

General Discussion

Attachment 4

NRC/GIB

Overview of the USI A-47 objectives and task activities.

BG&E
GE

Methods and models used - a description of the Neutronic
and thermal hydraulic codes used.

BG&E/CE
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ATTACHMENT 5

Handouts

A-47 Meeting with BG&E
June 1, 1983
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UNRESOLVED SAFETY ISSUE TASK A-U7

“SAFETY IMPLICATIONS OF CONTROL SYSTEMS”

* TASK APPROVED BY THE COMMISSION IN DECEMRER 1980

* TASK ACTION PLAN APPROVED BY NRC IN SEPTEMBER 1982

]




ASK_OBJECTIVES

PERFORM AN INDEPTH EVALUATION OF THE NON-SAFETY GRADI CONTROL

SYSTEMS THAT ARE TYPICALLY USED DURING PLANT OPY RATION,

* VERIFY THE ADEQUACY OF CURRENT LICENSING DESIGN Ri QUIREMENTS

* PROPOSE (IF NECESSARY) ADDITIONAL GUIDELINES AND CRITERIA TO
ASSURE THAT NUCLEAR POWER PLANTS DO NOT POSE UNACCEPTABLE RISK
DUE TO NON-SAFETY GRADE SYSTEM FAILURES




REVIEW 4 PLANT DESIGNS OF THE MANUAL
AND AUTOMATIC NON-SAFETY GRADE
CONTROL SYSTEMS, ONE FOR EACH

OF THE NSS SUPPLIERS

BaW - OCONEE (REVIEW BY ORNL THRU RES FUNDING)

CE - CALVERT CLIFFS (REVIEW BY ORNL THRU RES FUNDING)
GE - BROWNS FERRY (REVIEW BY INEL THRU NRR FUNDING)
W - ROBINSON (REVIEW BY INEL THRU NRR FUNDING)

BOP DESIGNS OF CONTROL SYSTEMS THAT INTERFACE WITH THE NSSS DESIGN OR DYNAMICALLY
INTERACT WITH THE PRIMARY REACTOR FLUID SYSTEMS AND/OR THE SECONDARY STEAM SYSTEM
WILL ALSO BE REVIEWED,
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Enclosure

SUMMARY DESCRIPTION

CALVERT CLIFFS

SIMULATOR




The industry standard governing training for licensed plant
operetors is ANSI/ANS 3.1-1978 (formerly N18.1-1371). The Plant
Simulator is designed to meet the reguirements for a "suitable
reacter simulator™ (ANSI/ANS-3.1-1978, Section 5.2.1) and for a
"simulator similar in design" (Appendix A). ANSI/ANS-3.5-1979
establishes the minimum requirements for nuclear power plant
simulators. The plant simulator proposed exceeds the reguirements
of thls standard.



CONTROL ROOM PANELS

The control panel physical arrangement, size and ccmponen®t
closely pa:a11e1 the reference plant. Plant inf;:ra:;on
displaved to the operator in the same form that 1s ava.
the reference plant; i.e., meters, teco:ders, etc. Cor
meters, alarms, recorders, switches, annunciators, cont
and other components that would function during normal
abnormal operations will be furnished in the simulator.
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INSTRUCTOR'S STATION

The instructor's station will be
simulator system knowledge reguir
Instructors can thus concentrate
students rather than on running a ¢
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The multi-processer svsten CCNE18ts of Pervin-=
Precessors. The {our processors execyte the 29
of primary svste-s mogeling, gecondary §r8te~s
I/0 processire, and cdiczplay processire, ~he va
the latest in the Perxin-Elmer Serles of Ji.2i=
i1s epecifically Fesiared for nigh-gcerisr=ance
anplicazions, Tre Mcdel 2244 attains high pe:?
through its kasic architectural cnaracterist ;=

Full 32-bit parallel architecture
Four-way interleaved memorcy '
Cache Memory

Instruction lookahead stacks
Direct addressing *o meagabytes
writaole control store (WCS)
Memory address translator (MAT)

Couble precision floating point hardware
Four-level interrupt system

Multiple register stacke

Powerful insscuction set

The customized executive system to control ans ¢
" ¥ T .o ™ .
UNISYSTEM*M, UNIsysTeEmTM was cevelcped by Power

program dgvelopment and maintenance is Kacown a

Technologies, Inc. (PTL). CNISYSTEM is rade <
UNIDATA, UNITEX and UNIFLOW.

Cual bus structure with fast direct memory 2
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mmne simulator will be designed to accurately represent a
~road rance of combinations of conditions, procedures,
malfunctions, and overrides. -This 1s achieved wh.le :
situltaneously providing the user the needed confidence that
the results of any simulated occurrence 2-e accurate.

The two criteria stated above are based on the presumption
that whatever can be done from tne conctrol room may well be
done at some =ime., 1If the simulatzor were to respond
incorcectly t2 any of these 1input conditions without
alertinc the user, the net result could very well te
Countarorocuctive training of operators or incorrect

conclusions drawn by other users.

The most impgortant elements in meeting tnose criterlia are:
-

.

1) the use of physical models based on first principles,
and,

2) the incccporaticn of flags which alert the user any time
any of %he mocdels are being usec in such a way that the
simulator outputs could be guestionable, An example is
the case tnat an iterative solution is used to predict a
specific parameter and the ccnvergence criterion is not
met. 1In =his case, the simulator sclution will continue
after agpropriately alerting the user.



In summary, the C-E Simulator model and malfunction design 1is
intended to avoid the shortcomings of past simulator modeling
and malfunctions. This will be accomplished through a balanced
approach of more accurate and more generalized mcdels, combined
with clear identification of any limits to simulation results.
Through this approach, C-E helieves that careful design rather
than major technological advancement can provide a firmer
foundation for the next generation of plant simulators.

Specific design models %o be used in the development and/or
verification of the simulator models :include (but are not
limicecd to):
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.3 an NSSS sirulation that has teen (and is contindiing
verifi.ed with respec: 0 actual 2lant measurements,
the dvnamic functions incliuded 1n this simulatiorn
reactor core, ceactor cooclant mass transport and
zation, reactor coolant svstem safety valve
gream cenerators and steam generator water lev
m bypass, arc secondary safety and turbine valv
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~=a COAST creogram calculates reactor ccolant flow for any
cembination of running, idle, and coasting reactor coolant
cumps, including forward or reverse flaw in any coolant
leg. The conservation of momentum ecuatinn 1S usec in each
flow path for transient one-dimensioral flow of an
incorpressidle fluid., Conservation of mass eguationrs are
written for aporopriate nodal points, and pressure losses
due to friction, elscows and snock losses are assumed

proportional to the flow velocity sguared.
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tribution in a nuclear reactor. hanges in core power
cribution due to control rod position and xenon

nsients are accurately calculated:; the effects of RC3

o

FL
di
di
.+
roron concentration, pressure and temperature are included.

S
S
3
4




ation of the p
process model]
Ficure V-2,

L v

-

2

} oo oy

r"" 0

o -

D O f
D v
-3 3
<

3

n s

2 Ll

.

D M

L ]

U -

S e |

"

e

a

L €

LR A4 ¢

2
T

iy i
O

D
2

LB Y

»

v o

o ¥

.-

O O

- =



0 on

eatran binetics

r

3.0 (O At WEAT MEMOVAL

Shutdoen Coultng
He-Pressure safety In)
to Veeasme Satety In)

s
U S

4.0 FEAT0R (COLANT SYSTEN

Furmp Mot

Yenen, ludine

“heri 3l

Cewdy, Y9t

Foc) "nteqrite

Myir - weneratiton
Gt o bt tary
".-u-'u-.. £y
PEEe——

ey

',u‘:‘ tevel

Ave (oding
Spres

Furqge

MWy red “heer
favity {ouling

Pressurires
Queren by
Hea® Trantter
flie Mining

»

Satety lujectiiom thJ

ki =g ] _-_r &= ierl
50 (MIMICAL & vOr (N]

Mabeup System
fetdonn System

Buron Loncantrstron
Bor v A g Vrocessing
Boi ortam e ter

- ——— —y - —

1

RADTAT [emte Py ] TORING
Area Monitors

Prociss tonttory
Fatled tue) Munltors

e ———— = = — —

FIGUSE v-?
PROCESS » DL $TAUCTUSE
K PRINCIf InTEarACES

70 STEAN GINIPATCRS

Flows

Blowdown Systen

& Tew eratures

Petwraters
FysiViany

S

FiEDEATER

——

feedater Flow
Povdwtler Meatuis o — o
Diawn Tamiy
Vuip Bergor,
Aye Tygvdagter

- —— ———

frcept 1 0

b —— i ——— ——

-
9.0 PATY STERY & PLVIAT

Ow=p & Fupass
Extractron Flows
Pristure Separator

R

-
ALY “octely

foe TORS |

Turthine flows
Tor gue/Speed

Punilrary Systems

Vitiration § [spanstion

Lorlery

4

[RESR O

She ) Pressures
Ar Fomowal System
Hoteo L) tewel

e

R

12.0 (00 Iut, wATLS

Crrculalyng Sater

Corg ment fonling

Leretie mater

Salt waten

Coore vt o l'h.onw'
Trace tor g “eeamy

Fhlant Iometitwant

13.0 GENEPATGHS
fxterna) Supply
Power

VAR

Current
fracrterivolt Pey.
Sencnrontging Sys.
Cwaling
Dresels/Fattery

i

ALY
Models

R TTRTTTC BT
[LI"N Nl!hp

Eus Fruge “agle

By Freerey

Cus Loeas

.

D

150 MISCHILEOUS SYSTE™S

reaC

Instra cnt Ay
Sevvice Ave
frie Protecting
Come umicat ton
Lighting




£ 3501-3D0K 2an|1Py I
nfEr dunyg
yto, an e

SItTSA% SO ISR O'SL

e —

b0y opsau g
STiralnisi0 WoIRlIIN 0N

[

]

i <> no—

by funy
hny aagep

CERE .....!:u L4

S

$ ) (racway SNy
) 12431 1ol

' AWM 6

B0y N3 7 PG PrO)
hoy (0nun) eI
§7) axary) Lidnieg
T2 -33.:-:« 1asa)
§ ) burjoo)

a 3 110 1735

pamr o

|

380 dunys Kavrpieny
29607 dajen Kirrjyeny

£20%1 8 200G duygan]
5y Nrraphynadag)

wiasng 0 0t

§° ) #3empaNy wny
by By

Y Eay ey

AL Gunyg adPepady
§ ) rempaay

CRISOUSREI

$ 3 1y

——

——

TR TR L IR L ]

%) a

WUP| WP AaTaNSy

$)

L ALLEEE PR AY

Tye) M
§ ) wiy B e wedy

g weais

uivd 06

boy duny
2boy angep

MOLYH I WY -w 0

boy duny
b0y anen
$) 2001unyg |y pajiey

_

WO Lt

ey

e

N Aany 4... LD Rl |
$? b

<) —tnu_

1) BEoA §

I

£
m

.
..“
|

SAG IND) AN 0f -

S 1w RIIR] YIZIning oy
4 ANRLS VIS4 S WniNG)
PELIR Ll ¥

Civiove 0°9
ythoy duny | —
.-u.i)
s anuaang '
e _
Nnhoy Ay i
s r st ey 21bhe g ey _
WHRW) 0§ ..._rx_a.“.o. o2
A : w.w. 1INNIe TN
— i . 5
1] ' .
L L FLadn Y o
ne*y PR ES R TR 2eCH
hoy dwny L L K
nhboy nep s TR B L R e
§°) $8dag TN e L Y
el bay s0)raN shy amy Aol
SAS PR HO) MM W B e
. gon o5 M ——
— A\ -
wist
WAGKI Ly B 0 0L




BGRE FULL SCALE SIMULATOR

[ DESCRIPTION

A. DESIGN OBJECTIVES
B. SOFTWARE/MODELS
C. HARDWARE

[T PERFORMANCE CHARACTERISTICS

A MALFUNCTIONS
B. OVERRIDES/REMODES
C. MANUFACTURING STATUS

SPEAKERS:

PART I: WILLIAM J. GILL
MANAGER, INSTRUMENTATION SYSTEMS
COMBUSTION ZNGINEERING, INC.

PART IT: J. K. MCNALLY
PROGRAM MANAGER; BGRE SIMULATOR
COMBUSTION ENGINEERING, INC.



BACKGROUND

C-E WAS AWARDED A CONTRACT FOR A FULL SCALE ADVANCED SIMULATOR FOR THE
BGSE CALVERT CLIFFS PLANT IN FEBRUARY OF 1981.

ADVANCED CORE, REACTOR COOLANT SYSTEM PRESSURIZER AND STEAM GEMERATOR
MODELS HAVE BEEN DEVELOPED IN SUPPORT OF THIS CONTRACT.

THE SIMULATOR IS IN THE LATER STAGES OF INTEGRATION AT THE C-E

FACILITIES IN NEW BRITAIN CONNECTICUT. ACCEPTANCE TESTING IS
SCHEDULED FOR LATE THIS YEAR.



L-E ADVANCED SIMULATOR CONCEPT

OPERATOR PERFORMANCE [S SIGNIFICANTLY ENHANCED BY TRAINING IN
“PROBLEM SOLVING" TCHNIQUES.

THIS REQUIRES THE SIMULATION OF A LARGE SPECTRUM OF ACCIDENTS AND
MULTIPLE FAILURES WHICH THE OPERATOR HAS NOT PREVIOUSLY SEEN.

SIMULATOR MODELS DEVELOPED FROM THE C-E DESIGM CODES ARE USED TO
AVOID “MODEL BREAKDOWM®" DURING THESE TYPES OF EVENTS.

THE C-E SIMULATOR IS <ASED ON THESE PRINCIPLES.



SIMULATOR MODEL DEVELOPMENT

C-E APPROACH TYPICAL APPROACH

C-E DESIGN MODELS

v
SIMPLIFY FOR REAL TIME

v

FINAL SIMULATOR MODEL

FINAL STMULATCR MODEL

INCREASE COMPLEXITY
TO OBTAIN FIDELITY

SIMPLIFIED MATH MODELS
DUE TO COMPUTER LIMITS

THE USE OF DESIGN MODELS RESULTS IN A WIDER SPECTRUM OF EVENTS WHICH
CAN BE MORE REALISTICALLY SIMULATED.

- - - o . i G e —— B - o ——



SIMULATION SOFTWARE
THE SIMULATOR SOFTW:RE IS COMPRISED OF:
1. PERKIN-ELMER OPERATING SYSTEM
2. UNISYSTEM
3. ALGORITHM BASED ON THE DESIGN CODES

APPROXIMATELY S87 OF THE SOFTWARE IS IN FIRTRAN



C-E MODEL EXPERIENCE

C-E HAS DEVELOPED POWER PLANT SIMULATION MODELS TO SUPPORT THE SAFETY
AND PERFORMANCE ANALYSES.

[t EXCESS OF 100 MAN-YEARS OF DEVELOPMENT HAVE BEEM INVESTED TO OBTAIN
ACCURATE FAST RUNNING CALCULATIONS.

THESE MODELS HAVE BEEN AND WILL CONTINUE TO BE COMPARED WITH FIELD AND
INDUSTRY TEST DATA. [IMPROVEMENTS HAVE BEEN MADE WHERE NECESSARY.

= - »
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DESIGN BASIS:

[MPLEMENTATION:

REACTOR CORE MODEL
PROVIDE ACCURATE REAL-TIME 3-D CORE POWER

DISTRIBUTION CALCULATION WITHOUT USING EXCESSIVE
COMPUTER TIME.

1. BASED ON C-E DESIGN CODE “FLAIR", MODIFIED
FOR SIMULATOR USE.
2. ONE-GROUP MULTI-NODE DIFFUSION MODEL.

5. INNOVATIVE IMPROVED QUASISTATIC METHOD (I1QsM)
WITH 132 (4 AXIAL, 33 RADIAL) NODES.

4. USES LESS THAN 250 MS./SEC.



CEFLASH
CEFLASH IS USED AS THE BASIS FOR THE SIMULATOR RCS LOOP AND VESSEL
MODEL
ORIGINALLY DESIGNED FOR USE IN SMALL LOCA ANALYSIS

USES THERMAL-HYDRAULIC MODE-FLOW PATH NETWORK FOR SOLVING MASS,
ENERGY, AND MOMENTUM EQUATIONS ’

SOLVES 2-PHASE NC''-EQUILIBRIUM CONDITIONS (TMI)

o VOID FORMATION, TRANSPORT AND COLLAPSE
o COUNTER-FLOW OF STEAM AND LIQUID

o REVERSE FLOW
o UNCOVERED CORE

3 - .k o . SR —
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STEAM GENERATOR MODEL

DEVELOPED FROM DESIGH MODEL USED IN "LTC* NSSS CODE

“LTC" CODE USED FOR DESIGN ANALYSIS OF LONG TERM STEAM LINE BREAK
TRANSIENTS, SYSTEM LOAD CHANGES, AND OTHER SYSTEM PERTURBATIONS

TEST RESULTS COMPARE FAVORABLY WITH PLANT DATA (ANC-2)
ACCURATE SHRINK AND SWELL CALCULATIONS

REALISTIC LEVEL SIMULATION ADVANTAGE FOR OPERATOR TRAINING IN
CONTROLLING LEVEL
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COLE DEVELOPMENT APPROACH

BEST

ESTIMATE ——
PARAMETERS

y

DESIGN CODE

PLANT TRANSIENT
COMPARE TESTS

TUNE

DESIGN CODE AS
NECESSARY FOR
ACCURACY

IMPROVE
EFFICIENCY FOR
REAL TIME
OPERATOR

N

CHECK FIDELITY
OF RESPONSE

v

INTEGRATE WITH
STMULATOR
SOFTWARE




SIMULATOR RCS MODEL

;; - “FLASH METHODOLOGY APPROACH
' |x 0.1 (DESIGN CODE ON CDC 7600)
3 G AR aE
(DESIGN CODE ON
| PE 3241)
X 2,1 (ON PE 3244 WITH OPTIMIZING COMPILER)
| X- 0.7 (REHOVAL OF UHUSED FODELS)
X 0.45 CIMPROVED TECHNIQUES)
X 0,225 (INCREASED TIME STEP SIZE)
| - &
“ X 0.250 (GOAL FOR RCS MODEL OHW PE 3244) .
f .’ : : § : ; i
(10 coAL 1 2 3 y 5 6

;)‘ | "CPU TIME/REAL TIME (sec/sec)
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VERIFICATION OF MODEL VALIDITY
(3-STEP APPROACH)

CALVERT CLIFFS
C-E DESIGN |, _(BENCHMARK) _ | GEMERIC PLANT | MILLSTONE
CODES N 7 AND INDUSTRY | ANG-2
TEST DATA ST. LUCIE
LOFT
COLUMBIA, ETC.
(CURRENT AND FUTURE) (CURRENT AND FUTURE)
(CURRENT)
C-E SIMULATOR b i (_I_B_ENC_HMAﬂ(_)__;. (CURRENT)
MODELS | AVAILABLE PLANT
TEST DATA
(UPDATES)
IMPROVED ./ (BENCHMARK) _ . (FUTURE)
SIMULATOR [~ /1 AVAILABLE PLANT

MODELS TEST DATA

. w———— - e — D B o W e e —



TURBIKE TRIP FROM 100% POWER (LONG TERM RESPO':ZE)

 Fev . - ; -
© TISTDATA
1Nw oy

o s W 1 % =
TIME WINUTES)

Fiq. 7. Steam Generator A Pressure
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Fig. 9. Steam Generator Level
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Fig. 8. Steam Generator B Pressure
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i , FIGURE V-1
PROCESS MODEL STRUCTURE
1 X PRINCIPAL_TRYERFALES
U
- 3.0 CORE AUX WEAT REMOVAL
Shutdown Cooling
Hi-Pressure Safety Inj.
Lo-Pressure Suel{ In}.
Safety Injection Vanks 1.0 GENERATORS
t — External Supply
1.0 CORE 4.0 REACTOR COOLANT SYSTEM | |7.0 STEAM GENERATORS 9.0 MAIN STEAM § RENEAY 10.0  TURBINE i
Neutron Kinetics Pung Kode) Flows & Tewperatures Dump & Bypass Turbine Flows “'-“':"" -
Xenon, lodine Pressurizer 4 ¥ Blowdown Syslem o ¥ Extraction Flows Torque/Speed +—e s“ ‘"’:’" ;’-
Thereal Quench Tank Molsture Separator Auxilisry Systems ynchronlzing Sys.
Decay leat Heat Transfer Reheaters Vibration & Expansion Conling
Fuel Integrity Flow Mixing Auxiliiary Bollers Diesels/Battery
Hydrogen ceneration —_— -
Neulron Detectors I 4 j
Thermocouples —1 .
5.0 CHEMICAL & YOL 8.0 FLEDWATER 11.0 CONDENSER 1.0 fLECIRICAL DISTRIOUTICH
Makeup System Feedwaler Flow Shell Pressures
Letdown System Feedwater Heaters |« Afr Removal System “"‘" Pus Voltage
Boron Concentration Drain Tanks Hotwell Level Node! Bus Phase Angle
Boric Acid Processing Punp Drivers s Bus Frequency
Doronvmeter Aux. Feedwater Bus Losas
2.0 CONTATIMENT 6.0 RADATION HONITORING 10,0 (00LING WATER 18.0 MISCELLANEOUS SYSTEMS
Sunp Level Area Monitors Circulating Water B
Alr Cooling Process Monitors i Component “”" Instrument Alr
Spray — Lo Falled Fuel Monitors Al Models Service Mater Service Alr
Purqe } !.‘Q” 1.0 Salt Water Flre Protection
112 Recogbliner = Condenser Cleaning Conmunication
Cavity fooling -« Traveling Screens Lighting
{ ; Pant Covironisst
il




Cong

Q00 Drive Cont. Sys.
CEA Pos. Indication
feactor Protection
dueclear Instrum.
(ore Protect. Calc.
(ore Opr. Limit
Supv. Sys.
ucr(lor l'rotecl

2.0

Svs.

»

FIGURE ¥-2
0LS MODEL STRUC
W 'mmmltmms

LSFAS

1.0 CORE 1EAT REMOVAL

——

———% To Other CNT Sys.

-

16.0 PLANT COMPUTER

4.~ REACTOR COOLANT SY$ (7.0 STENY GENERATOR 9.0 MAIN $ sunu RENLAT 0.0 TURBINE 13.0 GENERATORS
Reactor Reg. Sys. Valve loglc Steam Dump to Alm. C.S. Electrohydraulic C.S. Seal 01! C.S.
ol Pressurizer Press.C.S. L Pump lLoglc %_h Steam Byp. to Cont. C.S. Turbine Supervisory Cooling C.S.
Valve Loglc Reheater Draln Tank s Auxillary Valve Loglc Diesel Auxiifartes C.5.
Pump Loglc Level C.5. Auxiifary Pump Logic Battery Charger C.S.
Heater Drain Tank Generstor Cuntrol Loglc
_J Level C.5. Load Shed § PU Logic
CORTATHMENT S0 CHEMICAL & VOLUME CNT 8.0 FEEDWATER 11.0 CONDENSER 14.0 ELECTRICAL DISTRIBUTION
Valve Logic Pressurizer Level C.S, Feedwater C.5. Hotwel) ‘evel CS Bus Interlock Logic
Pump Loglc Letdown Pressure C.S. Feedwater Pump Trips Afr Removal C.S.
Makeup C.5. Valve Logic
Borononetes C.S. Pump Loglc
Valve Loglc Aux, Feedwater C.S.
Funp Luglc
6.0 RADIATION MONITORING 12.0 COOLING WATER 15.0 MISCELLANEOUS SYSTEMS
falled Fuel Monitor C.S. Yalve Loglc valve loglc
Valve L Pump Loglc Pump Loglc
Pump Loglc e Valve Fallure Mode-Loss Alr
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TARLE 1V-])
Typircal Simulation Vrogram Characteristics
Exec.
cry Tine
ogram Deve lopment Classit- Status Memory  sec/ Freguency v CPU  Ass,
ction System Hasin, icationt(l) __ (2) Language  Boegd(d) sec x/sectd)  Use  CFU
1.0 Core Flare Modat aed € 1922719413 bortran Journ .07 1,5,10/s¢ce 25% 1
2.0 Containment Contempt Mo fred . 1968/194) Fortian ookl 0.0l 2/sec 2\ 2
3.0 Cote Aux. HT aem. CIESIC Mo taed O 190/19¥ 1 Lot tran o n 0.0} $/%¢ce 1%% 2
1.0 leoactor Clnt. Sys. CLLEC//COALT Madat ., e 1970/190) Lot an JLok iy 0.62 $,10/ucc 14y 1
5.0 0 ST CESIC 2anda i < 1970,/198 3 Tortran SOk 0.4l 2/8vC 2N 2
v.0 Rauration Mon. Poew & Unctlow 1] 1914 Lartyan Tk n 0.0l 1/uce IR} 2
1.0 Steam Generator Zovibio Moditied o 190/194 ) Pttt ran PALITE 1) Nn.09 S/uee 15 1
.0 Comndensate & Pdwtr., 2aebo Modifaed < 19720/144) Lo tran s“urn 0.01 1,5,10/5¢c (A 2
9.0 Main Steam & RN Zambo Modr fred C 197071983 bortran “orn 0.01 1,5%/sce LR 2
10.0 Turlane Zanho Modified 1921 /1989 Fartran jaorn 0.02 S/sce 10% 2
i1.0 Condunser Zovho Maoditied 1 1921 /19H4 % Fortran whe 0.01 1/sec¢ 1 2
12.0 Coonling wWater tnar t low i 1928/198) lottran Lurn 0.0} 1/scce IR} 2
1.0 Generator Yoo w b 1983 Lo tian 190Kl 0 0l S/nee 5 2
14.0 blectrical Dast., Univalt < 19117194 % Fortian doten 0.015% 5/sec Uy 2
15.0 Ming., LysStems Hnat low ¢ 1978/ 191 ) Fortran 1GGEDR OG.u2 1,%/scc s 2
16.0 Plant Computer Prodac Programs ¢ 197271498 % Fortran UKW 0.2 1/sec 208 3
(1) Classifacation Key
A - Standard Exastang Saftwagn
i) = New atandard Saftware, to e deve loped
C - Standard Softwane Mohifred toe WAE
D = New Specrally Desagned Sottware for BGsL
(2) Farst date 1s initial uue ot C-H/cecond date as avarlability an a saimulator system
(1) There 1s no auxiliary 6 ooy sequired nor 13 there an auxitliary wemory transter taime
(4) 1/0 i3 Capable of scan/update ot 10 times per second -
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SUMMARY

. Improved thermal-hydraulic models for real time reactor simulation are
described. They are based on models used in reactor design codes. The primary
system mocel {8 formulated w~ith five one-dimensional continuity equations
conserving liquid and steam mass, liquid and steam energy and momentum. The
models incorporate two-phase, nonhomogeneous, nonequilibrium capabilities based
on first principle physics. Validation of the design codes by reactor test
data is described. The ability of the models to predict proper system behavior
: is demonstrated for a pump transient, an overcooling transient, and a small
break loss of coolant accident (LOCA).

The feasihbility of developing and integrating models for the primary and
secondary system which execute faster than real time on computers used in
simulators is shown. The resulting simulator thermal-hydraulic models can
directly calculate plant response for a wide range of normal and abnormal
conditions including LOCAs. Full provision for operator intervention or
multiple failure interactions is available. Reality of plant behavior is
maintained and the capability to perform calculations in support of design
studies and develcpment of operating procedures is provided.

INTRODUCTION

Presentations given at the conference on Simulation Methods for Nuclear
Power Systems held two years aqo highlight limitations of the power reactor
simulators in use at that time . The models are limited to a single-phase
fluid representation. Phase-separation and nonequilibrium effects are not
represented. As a consequence, the more severe transient responses are often
preprogrammed. Operator interaction with preprogrammed transients is not
possihle. Unrealistic responses are obtained in many cases with a possibility
of resultant inefficient training of the operator.




Since the Three Mile Island Unit 2 (TMI) accident in March 1979, new
capabilities have been defined for power reactor simulators. The ANS 3.5
Standard lists a number of the required capabilities including_normal plant
evolutions and abnormal conditions resulting from malfunctions“. The post-

TMI NRC Action Plan lists agditional requirements particularly in the Reactor
Coolant System (RCS) Models~. Among the currently required capabilities

are the following. Operator interaction with the transient is needed where
operator actions can influence the severity of the malfunction. The simulation
must continue until a stable, safe and controllable condition is attained which
can be continued to cold shutdown conditions. Observable control room
indications must be realistic to provide proper training of the operator.
Multiple failures or malfunctions must be modeled with appropriate
interactions. An additional desired feature is the ability to do engineering
calculations to support design studies and development of operating procedures.

Satisfaction of these requirewents demands additicn of new first-principle
physics models. Most {important is the addition of two-phate modeling
capability for saturation conditions which occur in natural circulation
cooldown as well as the rmore severe transients such as a small hreak LOCA.

The stuck open pilot operated relief valve (PORV) at TMI produced a small break
LOCA transient. Such a transient requires phase separation capability and
nonequilibrium models to proride realistic pressure transients when fluids of
very different temperatures interact. Real time simulation is required, so

very efficient algorithms are needed.

Existing thermal-hydraulic system design and accident analysis codes
provide the desired physical models. They are routinely used to analyze a full
range of thermal-hydraulic transients including a~cidents leading to two-phase
fluid conditions. However, these codes have been of limited use in training
simulators since the computers used in simulators cannot provide the reguired
computational speed to maintain real time simulation. The design codes also
lack the detailed representation of system hardware required to drive the
simulator control panel. The problem then is to combine the more complete
phvsical models of the design codes with the real time requirements of a
simulator.

COMBUSTION ENGINEERING SIMULATOR

Combustion Engineering is currently building a full scope control room
training simulator for a Pressurized Water Reactor (PWR). The simulator models
the complete PWR -- core, primary system, secondary system, turbo-generator,
balance of plant, control systems, control panel, plant computer and
instrumentation. It is capable of simulating plant behavior in real time
during normal and abnormal operaticn. It simulates the dynamic response of the
power plant to operator actions and system malfunctions activated by the
instructor. It is designed to he utilized as a training device, as a tool for
development and verification of new operating procedures, and as a tool for
plant improvement studies.
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Modeling of the Nuclear Steam Supply System (NSSS) is based on state-of -
the-art design codes used for design and analysis of the major NSSS components
and systems. The design codes have been verified with respect to PWR plant
response data, to integral test facilities such as the Loss of Fluid Test
(LOFT) facility or to separate effects tests. Additional models are provided
for balance of plant systems.

The simulator uses computer hardware with proven performance and
reliability., A Perkin-Elmer model 3244 computer in a four computer
multiprocessor, shared memory configuration is used. This supplies the
required computational capability with provision for support of related
computaticnal needs. Final code is in FORTRAN 77 compatitle with the ANSI
Standard. A unified software package manages the computer resources, includes
generalized solution packages for balance of plant systems, and provides
consistent software standards for coding of models.

The control panels closely parallel the panels of the reference plant.
They include the full range of control, indicating and annunciating devices
found in the power plant. An instructor's panel is slso included to run the

simulator and activate malfunctions during operator training. Over 200
malfunctions are provided for the instructor.

THERMAL-HYDRAULIC MODEL DESCRIPTION

The C~E Full Scope Simulator is designed to provide realistic thermal-
hydraulic responses and instrument indications for a full range of reactor
operating conditions. The models are based on those found in computer codes
used for PWR design. The primary system or Reactor Coolant System (RCS) models
are based on those used in a best estimate, design version of rhe CEFLASH=-4AS
computer code . This code provides realistic RCS responses for a full
range of system conditions including a loss of coolant accident. The gecondary
system models are taken from the Long Term Cooling (LTC) computer code’.

The code is used to evaluate the integrated plant response to operational and
accident conditions. Highlights of the more important models are given here.

Primary System Geometric Representation

The primary system thermal~hydraulic response is modeled by a node and
flowpath network. The nodes enclose control volumes which represent the fluid

mass and energy. Flowpaths connecting the nodes represent the fluid momentum
and have no volume. The separation of mass and energy into control volumes and

momentum into flowpaths i{s similar in concept to that used in the FLASH-4
2l
code .,

The simulator geometric representation for a typical C-E PWR (for all
conditions but a large break LOCA) is shown in Figure !. Nodes are provided
for the major components in the reactor primary system — {inner vessel, upper
head, control element assembly guidetubes, two hot legs (including the
associated steam gencrator inlet plenum), a pressurizer, two steam generators
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node, flashing in the node or transport from the adjacent nodes. Phase
separation is calculated in terms of bubble rise gelocities which are found
from experimentally based drift flux correlations’ . A more detaile? model
provides an axial bubble mass distribution in the inner vessel node 0.

Nodes with phase separation provide a discrete two-phase mixture level in the
node. Fluid level effects on heat transfer and the quality of fluid exiting
through flowpaths connected to the node are modeled.

Nonequilibrium States

The simulator provides a full range of thermodynamic fluid states for all
nodes. Nodes with homogeneous or fully mixed fluid are at equilibrium. States
for nonhomogencous or phase separated nodes with separate two-phase mixture and
steam regions are subcooled liquid-saturated steam, saturated liquid-
superheated steam, and subcooled liquid-superheated steam. The model
dynamically calculates the node thermodynamic state. It includes a detalled
flow regime dependent condensation model which considers condensation of
bubbles, vapor condensation on an injected subcooled liquid, condensation at
the surface of a 1liquid pool, and vaporization due to wall hear. In addition,
encrgy partitioning of wall heat transfer between the liquid (two=-phase) and
steam regions is calculated.

Reactor Core

Reactor power 1is calculat??, by a three-dimensional reactor core model
described in rhese proceedings” . An axial power distribution and radial
power tilt are taken from the reactor core model. Axially varying heat
transfer and core coolant data is provided to the core model to provide a full
range of temperature and moderator driven feedbacks.

The core heat transfer model covers the full range of fluid conditions in
the core. Provision is made for forced convection and quiescent pool boiling
conditions. The mode of heat transfer i: determined dynamically. Boiling
curves for both conditions include subcooled, nucleate boiling, transition
hoiling, film boiling, and steam heat transfer correlations. Fuel temperature,
cladding temperature, and the heat flux, hence, the heat transfer regime and
surface heat transfer coefficients, are calculated implicitly. Appropriate
radial noding detail is used in the fuel rods. The axial nodal detail is
varied depending on whether forced convection or pool boiling is occurring.

Other Primary System Models

The simulator models all primary system components. Some additional
models of interest are discussed here. Reactor coolant pump (RCP) performance
is found by conservation of angular momentum and homologous curves for single-
and two-phase conditions with two-phase head degradation. Wall heat transfer,
pressurizer heaters, and pump heat are modeled. Coolant inventory changes due
to systems such as charging pumps, the emergency core cooling system, the
chemical volume control system, and auxiliary pressurizer spray are calculated
using a general purpose, single-phase flow solution softws:e package. Critical
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flow out of the primary system, tth gh leaks or relief valves, is found from
standard critical flow correlations'“. Generation of non-condensible gases
and their collection in the upper head are modeled. Coolant thermodynamic
properties are found from a set of fast water property correlations specially
des.igmed to provide continuous property derivatives for a full range of fluid
conditions =-- subcooled, saturated, and superheated.

Steam Generator Heat Transfer

Models for forward and reverse heat transfer are incorporated in the gteam
generator heat transfer logic. The overall heat transfer i{s determined from
film resistence of the primary and secondary sides and the wall resistance.
The primary side film resistance for forward heat transfer is found from
correlations for subcooled forced convection and two-phase condensation. The
primary side reverse heat transfer is found from correl:tions for nucleate
boiling and heat transfer to steam. The secondary side film resistance is
calculated using pool boiling and heat transfer to steam correlations. Fluid
level is modeled on both the primary and secondary side of each steam
generator. The effect of fluid level ou h2at transfer area is modeled on hoth
sides.

Steam GCenerator Cecondary System Ceometric Modeling

For a plant with two steam generators, the steam generator secondary
system is represented by a seven node model, Figure 2. Three nodes are used
for the secondary side of each steam generator — a downcomer (saturated or
subcooled), an evaporator region (saturated or subcooled), and a steam drum
(saturated or superhested). One additional node represents the common steam
line header. This system representation allows accurate modeling of the
recirculation phenomena and the downcomer and evaporator water levels. In
addition, by collapsing nodes, the model can represent dry steam generators.
All major components are modeled, including the secondary safety valves,
atmospheric dump valves, and main steam isolation valves. All main steam flow
paths are considered.

Secondary System Conservation Equations

Mass and energy balances are made for each node. The flow between the
downcomer and the evaporator, and the main steam flows are calculated using
momentum balances. The recirculation flow from the evaporator to the steam
drum is calculated using a hubble rise model. The pressure and remaining
state properties are calculated from the mass and energy in each node.

REAL TIME CAPABILITIES OF THERMAL-HYDRAULIC MODELS

An important consideration in the selection of the thermal -hydraulic
models for the simulator was the ability to obtain a faster than real time
calculational speed. The design code thermal-hydraulic models selected 33 a
basis for the primary and secondary systems generally run much faster than
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real cime on a high speed computer such as the CDC 7600. However, the Perkin-
Flmer 3244 computer used in the C-F simulator would not provide the needed
calculational speed for the design code RCS models. Two classes of changes
were made to the primary system design code models to satisfy the real time
computational requirement -- model optimization and model changes allowing use
of long and constant time steps. Code optimization provided substantial time
savings. An example is the water property package. Use of high speed
polynomial fits, less frequent evaluation of properties which change slowly,
and linearization of properties reduced the computational time to one-tenth
that required formerly. Also, simplification of design :ode models reduced
computational time. Removal of options and detailed models particular to
design calculations, which are not required for the simulator, provided the
needed simplification.

Use of a constant time step length allows the simulator thermal-hydraulic
modeis to keep up with real time. It requires accommodation >f potential
discontinuous transitions which would produce abrupt changes observable by the
operator or even instability with constant time steps. An example is addition,
in a single time step, of more liquid to a node than the available steam volume
can hold. This overfilling, or node packing pheromenon, produces a severe

pressure spike. Use of an approximate solutinn technique provides smooth
pressure results until normal conditions are ohtained. A similar technique

aprlies to overdraining a node, removing more water in a time step than was
present. Linearization of other equations describing transitione also allows
elimination of discontinuous behavior. Use of more implicit mathematical
representations was also needed for some models. Fully implicit modeling of
the core heat trans’er, bubble release calculations, and pump speed
calculations allows use of much longer time step lengths. Use of larger nodes
also reduces calculational time by increasing the permissible time step
length. Some temporal detail is lost with little effect on the information
seen by the operator. The model performance is fully satisfactory.

Less geometric detail in the primary system noding and flowpaths is used
for the large break LOCA calculation. The RCS time step length is reduced. No
change is made in the secondary side model. This allows direct calculation of
a large break LOCA in real time.

The computational speed of the thermal-hydraulic models has been tested by
running a wide range of operational simulations from steady state through
accidents with two-phase fluid conditions. The computational speed results are
shown in Table 1. The combined time for the primary and secondary thermal-
hydraulic models is much faster than real time, providing the desired overall
real time capability for the simulator. The same constant time step is
used for borh the primary and secondary system models.
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Table 1|

Computational Time for Thermal-Hydraulic Models*

Primarz Secondarz
Perkin~-FElmer 3244 250 40
cne 7600 20 ——

*Computational time in milliseconds per second of real time.
MODEL VALIDATTON

Validation of the design codes upon which the simulator models are based
is obtained, in part, by comparison of analyses of experimental transients and
data from experiments. The best es~imate version of the CEFLASH-4AS code has

been extensively tested by such comparisons for both separate effects tests and
integra' tests on buth the Semiscale and LOFT facilities. Two integral system

test comparisons are shown for CEFLASH-4AS. The design code used as a basis
for the secondary system models has been tested with separate effect: data and
with power plant performance data. One power plant transient is shown for this
code.

LOFT test L3-1 simulated a 0.09 square foot single ended pump discharge
break, a small break LOCA, for a full size PWR. A comparison of the system
behavior calculated with the st estimate CEFLASH-4AS code and experimental
results is shown in Figure 3 °. The agreement between the data and the
prediction is excellent. The predicted time of accumulator actuation is almost
exact and the predicted behavior of the reactor vessel two-phase mixture height
before and after accumulator actuation is very similar to the data. Predicted
accumulator discharge does not result in a rapid depressurization and a high
accumulator flow rate as normally occurs with thermal equilibrium codes.

Confirmation of the ability of the CEFLASH-4AS code to represent reactor
behavior for a two-phase transient with c?s reactor coolant pumps (RCP)
running is provided by the LOFT L3-6 test . This test simulated a 0.l
square foot cold leg small break LOCA with the RCP powered throughout the
transient., Figures 4 and 5 compare best estimate CFFLASH-4AS calculations with
the test results. The analysis predicts the primary pressure, Figure &4, quite
accurately. Reasonable agreement is provided for the primary system inventory,
Figure 5. The homogeneous and nonhomogeneous or separated flow regimes agree
very well with gamma densitometer data from the test. These results and those
for the LOFT L3-1 test demonstrate the ability of the CEFLASH-4AS best
estimate code to accurately model reactor thermal-hydraulic behavior during
severc transients such as a small break LOCA. The next section demonstrates a
comparable calculational capability for the simulator,
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Comparisons ¢f nuclear plant calculations made by the code upon which the
secondary system models are based, with experimental results, are presented in
Reference 15. Power plant test data including step changes in power, plant
trips, and reactor coolant pump trips are discussed. A plant cooldown
transient under natural circulation conditions and an overcooling transient are
included. The design code is shown to be valid for a variety of events of
interest. A high degree of correlation between the analytical predictions and
the test data is shown to exist. Results for the overcooling transient, found
with the simulator model, are presented in the next section.

PERFORMANCF. OF STMULATOR THFRMAL-HYDRAULIC MODELS

The simulator thermal-hydraulic model performance has been evaluated for a
wide range of PWR operation from normal plant evolutions to severe accidents.
The accuracy of the steady state predictions is confirmed by their consistency,
comparison to plant data, and comparison to design code calculations. The
steady state calculations demonstrate correct implementation, proper
interfacing, and numerical stability of the models. Operational transients are
matched to plunt performance or design code calculations. These include power
changes and startup or shutdown of various devices including the RCPs,
pressurizer sprays or heaters, and inventcry control systems such as the ECCS
systems. Many of the abnormal or accident transients normally can only be
compared to design code analyses. Representative acc’dent transients are small
and large break LOCAs, steam-line breaks, loss of feedwater, and anticipated
transients without scram. Appropriate behavior for these transients is
necessary to provide optimal operator training.

Three examples of the testing program are shown here. The first is a
single-phase RCP transient including steady state conditions and a series of
abrupt changes in RCP operation. Next is an overcooling transient. Last, is a
small break LOCA including an extended period with two-phase conditions, core
uncovery, and initiation of core recovery. The test cases were run with the
simulator thermal-hydraulics software on the Perkin-Elmer 3244 computer. All
cases were run with real time computational speeds similar to those shown in
Table 1.

Single-Phase Reactor Coolant Pump Transient

The RCP transient is designed to show proper steady state operation and to
demonstrate the thermal-hydraulic model's response to abrupt change in single-
phase coolant flow. It begins at full power. Next the core is scrammed and
the RCPs and turhine are tripped. This is followed by restart of cach RCP
singly, and sbutdown of two pumps. The transient is summarized in Table 2.




Reactor Coolant

Time (Seconds) Event
steady state at full power
reactor, trip all RCPs, trip turbine.
Restart Pump |*
Restart Pump 2
Restart Pump 3
Restart Pump 4
Trip Pumps 2 and

End of transient

are shown on Figure 1.

Figures 6 and 7 show the pressurizer pressure and level. Figures 8-11
show the flow rate through reactor coolant pumps -4, as designated {n

1

Figure | The system maintains a constant steady state for the first 50
seconds. No drift or oscillation is observed. Reactor scram and pump trip at
50 seconds is followed by pump coastdown. Pressurizer level drops throughout
the transient due to inventory shrinkage by the coolant density rise. Charging
pumps are not actuated as the pressurizer level drops.

The effect of restarting one pump every 50 seconds is shown in Figures
. Coolant flow through each restarted pump rises abruptly When pump 1 is

arted, flow through the tripped pumps rapidly becomes negative. As each
itional pump is restarted, the flow through the previously operating pumps
tude of the nepative flow in the tripped pumps increases as

pumps 2 and 3 at 300 seconds rapidly produces the same flow
J, a negative flow, and in pumps | and 4, a positive flow.

ylant flow can be traced in detail by referring to Figure |

ugh the cold leg to the annulus. Part of the

rom pump | thro
coolant goes through the core, hot leg and steam generator back to pump l. The
remainder goes back through the adjacent cold leg in reverse flow through pump
? to the steam generator outlet plenum, and finally through pump | in forward
flow. The came process is repeated for the components on the other side of

the reactor vessel The ability of the models to represent both symmetric and

asymmetric flow distributions with both forward and reverse flow through the
RCPs {s demonstrated.

{
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Overcooling Transient

A steam generator secondary sysiem overcooling transient is used to
illustrate the ability of the simulator thermal-hydraulic models to match
measured PWR data. The pressurizer level and pressure, steam generator
secondary pressure and level, and the hot and cold lfg temperatures calculated
by the simulator are compared to measured plant data'”. The simulator
calculation is done for a plant with a lower power level than the reference
data plant. Some difference in plant behavior is expected due to differences
in the plants, but a meaningful comparison is expected because the parameters
controlling the transient were selected to produce the same key events and
similar trends in plant behavior. The overcooling transient is initiated by a
turbine trip from full power after which a steam bypass valve fails to close.
The initiating eveats are summarized in Tahle 3. This is the same PWR
transient discussed earlier in connection with validation of the steam
fenerator secondary design code.

Table__}

Overcooling Transient Initiating Event Sequence

Time Evqu

n Turbine trip (manual)

l Steam dump and bypass valves begin to open

6 Reactor trip (on low steam generator level)
18 Emergency feedwater to steam generators
21 One steam bypass valve fails to close
200 Reactor coolant pumps tripped (manual - on low

primary pressure)

240 Main steam isolation valves closed (on low
secondary pressure)

240 Main feedwater isolation valves closed
1200 Plant conditions stabilized

Following transient initiation by manual turbine trip the steam generator
secondary pressure, Figure 12, rose rapidly until scram. Primary pressure also
rose rapidly until scram, Figure 13. Steam generator level dropped after
scram, Figure !4*, Pressurizer level rose initially until scram after which it
fell, Figure 15. The simulation held one steam generator bypass valve open to

*Steam generator level is referenced to the level of the narrow range pressure
[’p.
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I represent the failure experienced in the PWR transient at 2] seconds. This
ll initiated an overcooling event on the steam generator secondary side which

caused the pressure and level to drop rapidly, Figures 12 and l4. The
overcooling also caused che pressurizer pressure and level to drop rapidly,
Figures 13 and 15. This portion of the transient provides a significant
challenge to the simulator model's ability to calculate the compression and
expansion experienced in the tests. The simulator reproduces the system
pehavior shown in the PWR test data.

Closure of the main steam isolation valves at 240 seconds ended the plant
cooldown. After this, addition of emergency feedwater caused the steam
4 generator secondary level and pressure to rise gradually. The rise in
secondary temperature produced an increase in pressurizer pressure and level.
Again the simulator reproduces the PWR transient during the pressure recovery.
The thermal-hydraulic models successfully predict the significant events of the
steam generator secondary pressure and water level dynamics. The
nonequilibrium models and detailed momentum solution provide an appropriate
prediction of the pressurizer pressure. 7The simulator successfully predicts
the pressurizer water level indicating an adequate prediction of the RCS
temperature history. Figure 16 shows this successful RCS temperature
prediction capability for the hot leg and cold ley temperatures. FEstablishment
of natural circulation and the resulting increase in core coolant temperature
rise, after the RCPs are tripped, is demonstrated.

Small Break Loss of Coolant Accident

. A small break LOCA transient is used to illustrate the simulator thermal-
hydraulic model's ability to handle a severe accident. This transient is
particularly challenging since the two-phase fluid conditions, core uncovery,
core recovery, and emergency core cooling system cold water injection test the
phase separation, nonhomogeneous and nonequilibrium models. The simulator
analysis results are compared to those from a best estimate CEFLASH-4AS
calculation. The significant initiating events for the transient are described

in Table 4,
Table 4
Small Break LOCA Initiating Event Sequence
Time (Seconds) Fvent
0 Open 0.12 ft2 break in one cold leg
11 Scram core, trip turbine, trip RCP
50 Initiate HPSI
2500 End of transient

- e e
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The small break LOCA is initiated by opening a 0.12 square foot break in
one cold leg of the primary system. The major events and trends of the
transient are summarized in Table 5. The best estimate and simulator primary
pressure predictions are shown in Figure 17. The pressure drops rapidly for 80
seconds, plateaus with a moderate rise until 270 seconds, and drops gradually
until 1500 seconds when it levels off. The inner vessel two-phase mixture
level prediction by the best estimate code and the simulator are shown in
Figure 18. The level drops rapidly until 70 seconds, pauses until 400 seconds,
and falls gradually due to coolant boil=-off until about 1200 seconds when core
recovery begins. Core uncovery occurs at about 700 seconds. The core exit
fluid temperature predicted by the simulator is shown in Figure 19 with the
saturation temperature. The temperature is subcooled initially, stays at
saturation until the core uncovers, rises to a peak and falls toward saturarion
shortly after core recovery hegins.

Table S

Small Break Transient History

Time (Seconds) NDiscussion
"
0 LOCA initiated by opening 0.12 ft“ cold leg

break, rapid drop of inner vessel pressure
and two-phase mixture level

20 Transition from subcooled to saturated
blowdown

40 Pressurizer drained

70 Pause in inner vessel level change. Upper

head and plenum drained, draining of steam
generators and hot legs begins

B0 Plateau in primary pressure just above
secondary heat sink pressure

270 Pressure drop resumes upon transition to
steam blowdown

400 Inner vessel level resumes gradual decline
after draining higher elevation components

700 Core uncovery begins, temperature of core
exit steam rises ahove saturation

1200 Minimum core level reached, refil] begins
1500 Pressure stabilizes at 250 psia
1550 Core exit steam temperature peaks and soon

begins a gradual decline
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The simulator reproduces the small break LOCA behavior predicted by the
best estimate design code CEFLASH-4AS. The trends and events of Table 5 which
would be observed by the reactor operator are reproduced with similar
timings. These include the intial abrupt pressurizer pressure and level drop,
the pressure plateau, the departure of core exit fluid temperature from
saturation to superheat conditions, the pressure stabilization, and the core
exit fluid temperature peak followed by a decline. Comparison of the predicted
primary pressures in Figure |7 shows good agreement in the details of the
pressure history. The inner vessel level predicted by the simulator lags
alightly behind that of the best estimate code, Figure 1R, but shows the same
overall behavior. The lax is due to simplifications in the simulator models.
The good agreement is the result of the two-prhase and nonequilibrium models
which give the simulator the ability to realistically predict reactor behavior
for severe accidents.

CONCLUSIONS

The C-E simulator thermal~hydraulic models are validated for a variety of
events which must be represented by a sirulacor. The ability of the models to
hold a steady state and handle symmetric and asymmetric single-phase pump
transients is shown. The capability to predict measured PWR performance data
for an overcooling trans.ent involving nonequilibrium and two-ptase conditions
is demonstrated. The capacity of the models to reproduce the reactor behavior
for severe transients, such as a small break LOCA, which is found with a bhest
estimate design code is shown. The feasibility of developing and integrating
models for the core, RCS ard stcam generator secondary systems which are based
on design codes and which execute in real time i{s proven. The canrahility of
the two-phase rnonhomogeneous, nonequilibrium models is shown.

Use of models based on first-principle physics has extended the capability
of the C-F simulator beyond that shown by earlier simulators. It can directly
calculate a wide range of events—steady state, operational transients, and
abnormal conditions such as total loss of feedwater, steam line break, steam
generator tube rupture, anticipated transient without steam, and small and
large break LOCAs. Full provision for operator intervention to change the
course of the transient is available. Multiple failures and their interactions
are permitted. The models are generic to a wide range of PWR plants with
geometric model changes including noding accomplished through input data.
Reality in the transient behavior is maintained to provide optimal operator ;
training, Fngineering calculations to support design studies and procedure
development are possibhle.
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FIGURE 1
PRIMARY SYSTEM GEOMETRIC MODEL
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FIGURE 2
STEAM GENERATOR SECONDARY SYSTEM GEOME IRIC MODEL
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FIGURE 4
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FIGURE 6
PRESSURIZER PRESSURE FOR PUMP TRANSIENT
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FIGURE 12
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A THREE-DIMENSIONAL IMPROVED QUASI-STATIC

CORE MODEL FOR
- NUCLEAR REACTOR CONTROL ROOM SIMULATORS

S. G, Wagner, A. T. Shesler

Nuclear Power Systems
Combustion Engineering, Inc.
Windsor, Connecticut

With the availability of powerful modern mini-computers, more sophisti-
cated and accurate modeling is now expected of nuclear reactor control
room simulators. Today, such simulators must model a wide range of opera-
tional and accident conditions which place great demands on computers and
models. The core model in Combustion Engineering Calvert Cliffs I full
scope control room simulator {llustrates this trend. It features a full
core, three-dimensional space-time neutroni and thermal-hydraulic model
and runs on one of the simulator's Perkin dlmer 3244 computers using a
small fraction of that machine's computing capability. The feasibility of
using 3-D kine:ics for real time simulation was demonstrated in Reference
Y5 Addition of thermal-hydraulics and a new approach to the improved
quasi-static method (IQSM) are described here. The resulting model has
successfully simulated operational and accident transients with a speed of
40 to 80 msec per reactor second. Thus, it fits easily into the real time
requirements of the integrated simulator.

Structure of the Core Model

The goals of the model are to achieve realistic real time performance
from an operator's viewpoint and demonstrate three-dimensional effects
seen in the instrumentation and plant response. To do this, it is neces-
sary to carry both core average and three-dimensional calculations for
both neutronics and thermal-hydraulics. Core average calculations
including point kinetics are perforrad several times per second to provide
smooth ar+«d stable modeling of core dynamic conditions and to update the
rapidly responding instruments. Three-dimensional calculations are per-
formed every few seconds to take into account spatial effects of control
rods, delayed neutrons and thermal-hydraulic asymmetries on instruments
and primary system variables, 1In addition, a single core average fuel pin
and flow channel with greater axial and radial detail is modeled with a
one second time step to determine heat transfer conditions over a wide
variety of zore heat transfer situations. This structure is illustrated
in Figure 1.

In the 3-D neutronics model, each assembly is divided into 4 axial nodes
for a total of 868 nodes. While there are probably more nodes than the
minimum needed to demonstrate the spatial effects seen by the operators,
the large number of nodes permits several simplifications in modeling
control rods and {instruments. For example, there is never more than one
control rod inserted in a node. Complex questions of nodal cross section
and coupling changes under various combinations of normal and abnormal rod

- — e
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insertion are avolded, Rod shadowing effects on instruments are calculated
automatically., Meanwhile, the xenon, decay heat, and thermal-hydraulic
models require only 132 nodes. Other simplifications further reduce the
computational and memory requirements of an 868 node core model. Hence,
the model has proven to be simpler to supply with data than a model with
fewer nodes, yet it is still fast running and efficient in {ts use of
memory.

Neutronics Model

The niftronlcs model s a new form of the improved Qquasi-static method
(IQSM)® applied to a one-group FLARE-like 3D nodal model-, In the
IQSM, the space and time-dependent power distribution P is factored into a
time-dependent amplitude T and a normalized time-dependent shape S. The
power in one of the 868 nodes L is expressed

PL(t) = T(t) S (¢) (1)
where

L S (t) = ||S|| = constant, (2)
L

The differential equations for PL and (ts associated six-group delayed
neutron source are

it ¥

AT = OBkey Wy Py =P e fCy 4 (3)

2SnL = Ay (By Kap & Wy Py = Cpp) 2

where
A = prompt neutron lifetime
kmL s node L infinite multiplication factor
VHL = probability that a neutron born in node M will be
absorbed in node L

CnL = delayed neutron source from precursor group n in node L

SE = background source including photoneutrons

BBy = total and group n delayed neutron fraction
and where power and fission rate are assumed to be proportional. From

these equations, point Kkinetics equations for T and Cn (the core average
delayed neutron sources) are derived:

. s ~—— . ———EE RSN
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A 3T s (p-8)Te ﬁcn.fsf
keff 3t (5)
—_—
eff :
ac
n_ 2\ (8 - (6)
3‘ = ﬂ( - k.rf “a - Cn)

where we define
L Kmp, (E) I Wy Sy
L m

(7

and

These are integrated implicitly over small timesteps from t to teit using
an exponential approximation for the prompt neutrons and backwards
differencing for the delayed neutrons:

T(test) = T(tlewst

e (1 = ¢

Cr (L) o A_ B T (teét) st
Cpltest) = n hn

s L (10)

where we have defined a prompt frequency, w, to be
[ p(test) = B8] Keff (test). (11)

w *
A

when the core is very near to prompt critical, . approaches zero and
€quation 3 degenerates to the following limiting form. This must be used
to prevent equation 9 from becoming indefinite:

T(test) = T(e) « 38 (2 C, (¢) « SB (rest)). (12)
i n

In most sub-prompt critical cases, the exponentials in equation 9 are
small enough to be taken as zero. In these cases equation 3 is equivalent
to the prompt jump apprcximation. An automatic time step selection proce-
dure {s used to prevent power from increasing too far before the effects
of Doppler feedback are included. This {s important in prompt critical
situations.

[f we assume the last 3-D calculation was performed at time t%t, it {s
necessary for point kinetics to estimate ke using the latest available
rod positions and core average thermal-hydrauffé conditions. This is done
as follows:

* ———
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+

L aprods v |
kopp(t) ® kopp(t®) o © Al ™ (T Wy, Sy(t®)/ 118D

(13)
« G2 ax)E Ly sye/ |[s])

where AX arcmsgangos in various core average thermal-hydraulic para-
meters an Ko is the local change in ke due to rod motion since t¥,
This calculation can be performed very quickly because rods move in a rela-
tively few nodes and because two of the sums can be precalculated. Any
errors in this approximation will be corrected when the next 3-D calcula-
tion is completed.

After several seconds, a new 3-D shape calculation is initiated, This
calculation is based on conditions in the core at time t'>t®, Due to the
number of operations and the need to allow time for other models to be
updated, the 3-D calculation is divided into segments and run over several
point kinetics timesteps. It is completed at time t", several point
kinetics steps later, This timing i{s {llustrated in Figure 2,

A single delayed neutron group is carried in 3-D by making the approxima-
tion that the six groups are in the same proportion everywhere, Implicit
equation for the 3-D shape and delayed neutron source CL can be derived.
The shape equation is

e e G ———— — o ———

s. (e [ ' + A T(e') =T(e'=6t): = Sp(e™)A

L LtTeer T¢ T(t)) - o=
« (1 -8+ £,/7(c' ' L ') - '

( 8 2/ (e')) Kany : “&L SM‘t ) SL(t ) (14) j
+ I CL (e*) 2 SE

where from the point kinetics
£, 25 C, (t9e Aa(t'=t9/ T ¢ (eo) (15)
n n

and e
$Ca(t?) = Cplt®)e “An(t'=t®)

£, =
e Kepe(t') T (E') (16)

In computing the above two factors, the following approximation must be
used to be consistent with the differencing method in equaticon 10:
=Ap(t'=t®) n 1

e z Yol ARG (1
1 1‘An5ti

where the St1 represent the point kinetics time steps in the interval t?*
to t'.
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A limited number of iterations of equation 14 are performed each 3-D time
step. when necessary to improve stability, the 3-D thermal-hydraulic
calculation may be iterated with the neutronics. When the iterations are
done, the 3-D delayed neutron source is updated:

CLlt') = £ CLle®) o £ T(L') kyy L Wy Sp(21). (18)

When the 3-D calculation 1is completed at time t", the reactivity calcu-
lated from 3-D may differ from tne estimated point kinetics reactivity and
the shape may no longer be normalized. We adjust k?'& as follows:

I

POINTKIN _  POINTKIN _ 3-D ' POINT'RIN
Then, if we find
18 |
L = _?___lL____ & ¥,
e il (20)

where the numerator represents the desired normalization, we perform the
following renormalizations of both 3-D and point kinetics:

T(t") « T(t")/a (21)

Sp(t)+ uS (t") (22)

3-0 ’ ' . . " ]
-An(t"-tl) + kegg (t7) [Cn(t ) = Calt*)e~Aq(t"=t )]_

POINT KIN (23)
1Keff (")

Cn(t")* Cn(t')e

Equation 23 can be viewed as the sum of a simply decaying term due to
precursors present at time t%* and an adjusted term due to precursors
created after t#®, The 3-D delayed neutron source C; does not require
ad justment since the adjustments to T and S would cancel in equation 18,

Fuel Temperature Model

Three parallel fuel temperature calculations are carried. These are 1) a
core average calculation carried with the point kinetics, 2) a 12-region
axial calculation carried as part of the detailed heat transfer, and 3) a
3-D calculation with 33 nodes in each of 4 axial levels for use in the 3-D
neutronics calculations, All three models are lumped parameter models of
the following form:

— — - — -— —
cFUEL .o FUEL] |, FC L FC JFUEL | [T oSENS
€
= - (2“)
CCLAD EI CLAD hFC (_hFC —hCM) TCLAD hCH THOD
- S B J L 4 L o
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where

CFUEL. CCLAD = fuel and clad heat capacities

hFc. hc'4 = effective fuel-clad and clad-moderator heat
transfer coefficients

TFUEL. TCLAD, T”oD = fuel, clad, moderator temperatures

PSENS = sensible power appearing in the node
(includes decay heat)

T 12-r Bl 1 calcugltion carries the most detail in determining
CPGEL. éﬂf&ﬂt :ﬁe and h%h. It is capable of representing a wide
range of subcooled, boiling and steam core heat transfer conditions. This
model is used to provide constants for the core average and 3-D models. In
the 3-D model, separate constants are computed for each of its four axial
levels,

Decay heat for the core average model is computed using eleven groups.
Effective decay constants for 3 larger groups are computed from this model
and these three groups are used in the 3-D model. Axial shapes for the
prompt and decay heat release are computed in the 3-D model and these are
synthesized and smoothed using data from the core average model tc provide
a 12-node axial power distribution for the detailed heat transfer calcula-
tion.

Coolant Model

As with the fuel temperature modcl there are also three calculations of
coolant conditions in the core. For use in point kinetics, the core
average moderator conditions are taken from a node of the reactor coolanB
system model. A sophisticated bubble rise model taken from CEFLASH-4A
and PARCH” is used for the 12 node detailed axial heat transfer model.
Finally, for feedback to the 3-D neutronics, a model with 33 closed
channels, four nodes high is used. To simulate crossflow mixing under low
flow conditions,the code assumes no crossflew mixing at full flow varying
gradually to complete mixing at low or reverse flow (i.e. uniform radial
enthalpy). By éhis approach important 3-D reactivity effects seen in
steamline break“and other transients can be approximated without the
added computations required for a true 3-D crossflow model. Details about
reactor coolant system and ohter process models in the simulator are given
in Reference 7,

The following equation shows how the outlet enthalpy hOUT for one of the
3-D nodes i{s calculated

nOUT ey & Rty nIN(E ) e(t-t®)y Q
1 ¢« R(t?)

ROUT(ery = (1-1B)

(25)
B ,OUT ,,
£° hage (L")

e

————
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where

hIN. hOUT = node inlet, outlet enthalpy

hOUT = average outlet enthalpy for nodes at this level when
taken from the 12-node detailed heat transfer model.

fB = mixing factor; 0 ¢ fa < 1.0

R 3 nodes traversed by coolant in one time step (t'-t®)

Q = local heat source in the coolant

v = coolant specific volume

It should be noted that rB is a function of the static head scross the
core and the total pressure drop across the coreB Under reverse flow
conditions where equation 25 would be unstable, f° is one and the first
term is not calculated. The detailed heat transfer calculation uses a
flow model which is stable under all flow conditions. Use of a radially
uniform enthalpy distribution is physically reasonable under many such
conditions and any errors introduced in 32-D core calculation would not be
important to the operator under these conditions.

Instrument Signals

The core model computes three kinds of signals: ex-core neutron detectors,
in-core neutron detectors and core exit thermocouples. Ex-core signals are
a weighted sum of nearby node powers and are corrected for density changes
in the water surrounding the core. The ex-core signals automatically
reflect rod movement because the current 3-D power distribution is used.
In-core detector signal: are taken directly from the 3-D power distribu-
tion and are again temperature compensated. Thermocouple readings are
computed using core outlet conditions from the 3-D coolant model. They
are corrected for bypass flow through the instrument guide tubes and the
possibility of reverse flow is taken into account.

Test Results

Several test results have been selected to illustrate the salient features
of the model. For all the results shown, the core model was isolated from
other simulator models. Parameters such as rod position, inlet conditions
and pressure which are normally computed by other models were input by
hand.

Figure 3 shows the core model response to conditions similar to those
after a loss of feedwater. In order to force the calculation 1into
saturated conditions, no scram was simulated. The irlet enthalpy, which
was input by hand, is also plotted. Because saturated conditions exist in
the core during much of the transient, a good test of the major components
of the core model is provided. Shown on the power plot is a comparable
calculation by the C-E design codes., Other tests not shown have brought
the core model to saturation while critical with various moderator
coefficients. No anomalous behavior such as feedback oscillations between
3~D neutronic and thermal-hydraulics has been observed.



2.08

Figures 4 and 5 show core power after a seram from hot full power., The
rods were inserted over a three second interval. On Figure 4 the effect
of the 3-D calculation is barely perceptible. To illustrate the timing of
the 3-D calculation once again and to quantify the effect of the renormali-
zation, Figure 5 shows a portion of the transient with expanded scale. The
Jump in power due to renormalization is not observable by the trainees on
the normal power level instrumentations. However, some care must be taken
in providing signals for the startup rate ( 310310 P/3t) meters. The
effect of the renormalization on this signal 1is spread out over the time
between 3-D calculations and the meters perform smoothly.

Two transients which demonstrate the desirability of having a 3-D nudal
model have been included. The first is an asymmetric rod drop at hot full
power. Figures 6 and 7, respectively, show the power shape in one horizon-
tal plane before and after the rod drop. The position of the dropped rod
is indicated on Figure 7. On Figure 8 two ex-core instrument signals and
core power are plotted versus time. The immediate reduction in core power
is seen. Then as shape changes and feedbacks bring total core power back
up somewhat, the two signals separate. (Because the core model is being
run with a constant inlet temperature in this test, the power does not
return to 1008 as it does with the fully integrated model). The effect of
distributed delayed neutrons on power shape can be seen in the gradual
approach of the instrument signals to their asymptotic signals. The sharp
change in slope and the fact that the three curves do not separate for the
first few seconds are numerical effects caused by the use of point
kinetics between 3-D calculations.

Spatial effects can also be seen under asymmetric thermal-hydrauliec
conditions. Figure 9 shows a power distribution with a 20°F temperature
difference across the inlet. Such a condition could arise in certain
secondary system transients or in part loop operation. The 3-D nodal
model calculates the power distribution and its impact on all instrument
signais. It also provides a difference in outlet temperature to the two
hot legs of the reactor coolant system.

At this point, a word about running time is appropriate. Under steady
state conditions one 3-D iteration per 3-D time step is sufficient and the
model runs in .040 central processor seconds per simulated second. Under
transient conditions involving rod motion or significant thermal-hydrauliec
changes more 3-D iterations may be required. Up to .080 central processor
seconds per simulated second are required. These running times are
averaged over thirty seconds.

Conclusion

The nodal 3-D core simulator model using a variant of the improved quasi-
static method has successfully modeled transient conditions encountered in
operator training. The trainee is provided an opportunity to observe,
understand and diagnose abnormal core conditions for a wide variety of
events which frequently involve spatial effects. The 40 to 80 msec/ sec
speed of the model makes it fit easily within the real time simulation
requirements of the integrated simulator.

.
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