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c o e f f i c i e n t a / i c h u r n - t u r b u l e n t s l i p c o r r e l a t i o n f a s implemented ir 

PFIAP4/KCD* )J t w o - p h a s e f r i c t i o n end form ICEf f a c t o r s ^ c o n t s i r m e n t 

p r e s s u r e / FCC sys tem t e m p e r a t u r e / t w o - p h a s e pump d e g r a d a t i o n apd 

accumula tor p r e s s u r e . 

e D p r o x i m a t e l y 200 PFIAF blowdown c a l c u l a t i o n s were rer fcrmed 

dur ing the s t u d y . The r e s p o n s e s u r f a c e s and PCT d i s t r i h u » I O P ? , 

however , were based or 134 r u n s , the o t h e r s h e i n g dropped p r i m a r i l y 

b e c a u s e t h e y emrloyed d i f f e r e n t aap c o n d u c t a n c e m o d e l s . Twelve 

d i f f e r e n t r e s p o n s e s u r f a c e s were produced based or d i f f e r e n t 

u n d e r l y i n g s t a t i s t i c a l assuirpt i o n s . S i n c e t h e s e assumpt ions are 

c o m p l e t e l y a r b i t r a r y , i t i s e n c o u r a a i n g and a r a l i f y i n g that t h e s e 

d i f f e r e n t s u r f a c e s y i e l d e d s i i r i l a r r e s u l t s . 

The s t u d y i n d i c a t e d t h a t 7 of the irput v a r i a b l e s doT irate .* 

the p r e d i c t i o n of peak c l a d t e m p e r a t u r e . The t h r e e frost important 

p a r a m e t e r s were gar wid':h, t o t a l peak ing f a c t o r and fuel (L'C,! 

therirel c o n d u c t i v i t y . The PCT s e n s i t i v i t i e s at nominal (or mid-

ranqe) were r c u a h l v ±fiO°, +60° and ± 4 0 ° F , r e s p e c t i v e l y , for a 

change of a p p r o x i m a t e l y ± l c {\/f o f the t o t a l r a n o e ) . Four 

a d d i t i o n a l v a r i a b l e s were a l s o found to have a p c r e c i a b l e i r f l u e n c e 

on PCT, a l t h o u g h l e s s than t h a t o f the f u e l p a r a m e t e r s . In o r d e r , 

t h e y a r e C o n j i e - E e n g s t o n f i l m b o i l i n g h e a t t r a n s f e r , two-phase 

f r i c t i o n , s l i p c o e f f i c i e n t and power l e v e l . C r i t i c a l heat f l u x 

and s u b c o o l e d d i s c h a r g e c o e f f i c i e n t d i d not s e e r as important a s 

t h e s e s e v e n . Evidence was p r o d u c e d , however , which impl i ed t h a t 

s u b c o o l e d c r i t i c a l f low was more important for low v a l u e s of PCT 

than for h i g h . S i n c e our sample was i n t e n t i o n a l l y b i a s e d toward 
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higher temperatures, the reduced s i a n i f i c a n c e of subcooled d i s c t a r a e 

might , in p a r t , be due to the smaller number of c a l c u l a t i o n s at 

low t e m p e r a t u r e s . 

The meta l -wa te r r e a c t i o n i s s i c r n i f i c a n r o n l y at t e r w r a t u r ^ r 

above aboi ' t 200P°F. Pecause o f t h i s and the s r ra l l number o f 

c a l c u l a t i o n s in which i t was v a r i e d , i t was not inc luded in tf-^ 

response s u r f a c e . 

The f a c t t h a t peakina f a c t o r (PF) was more impor tan t than 

power l e v e l i s p robab ly due to the rruch l a r g e r ranqe as r ianed t r 

PF. I t v a r i e d from 24* t o 132? above core averoge rower , wh 11 e 

a i 30 * range fo r power l e v e l war ±P«. F i r c e PF v a r i e d a r r rcy lira t el v 

+ 30» about i t s m id range , i t cou ld be expected to be ai-out 5 t imes 

as i i r p o r t a n t as power l e v e l . Th is assumpt ion was suppor ted by the 

d a t a . The s e n s ; - i v i t i e s o f the PCT d i s t r i b u t i o n s re chanoe? i r 

the means and sigmas o f the inpu t d i s t r i b u t i o n s we ie , i r oenera l , 

ou i te s m a l l . A l s o , chanaina siamas o f the input d i s t r i b u t i o n s • V F 

l i t t l e e f f e c t on t he mean o f the PCT d i s t r i b u t i o n and chano i ro thp 

means has l i t t l e e f f e c t on the sigma o f the PCT d i s t r i t . : i o n . 

Future work w i l l i n v o l v e the c a l c u l a t i o n o f the e n t i r e acc iden t 

sequence through the end o f r e f l o o d us ina the T 'AC c o d e . " In 

a d d i t i o n , the blowdown data w i l l be employed i n c o n t i n u i n g 

s t a t i s t i c a l i n v e s t i g a t i o n s o f su r faces o ther than PCT. 
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STATISTICAL LOCA 

GOAL - DETERMINE PCT PROBABILITY DISTRIBUTION AND ITS 
SENSITIVITY TO INPUT VARIABLES BASED ON STATISTICAL 
ANALYSES OF COMPUTER CALCULATIONS OF A LOCA. 

APPLICATIONS: 
1. QUANTIFY THE CONSERVATISM OF THE REQUIREMENTS 

OF 10 CFR 50 APPENDIX K. 

2. PROVIDE INFORMATION FOP. RESEARCH EVALUATION AND 
REQUIREMENTS, 



STATISTICAL LOCA 

THREE MAJOR PHASES 

I, THERMAL HYDRAULIC COMPUTER CALCULATIONS 

II, GENERATION OF RESPONSE SURFACE 

III. STATISTICAL ANALYSIS OF RESPONSE SURFACE 



1. THERMAL HYDRAULIC CALCULATIONS 
- THIS PHASE IS DETERMINISTIC 

A. DETERMINE INPUT VARIABLES AND DISTRIBUTIONS 

B. PRODUCE A BEST ESTIMATE MODEL OF THE REACTOR 

C. ADDRESS ACCURACY, APPLICABILITY, ADAPTABILITY 
AND LIMITATIONS OF PHYSICAL MODELS 

D. MODIFY CODE AS NECESSARY: E.G., DIALS, PRE­
PROCESSOR ROUTINES 

E. PERFORM A SUFFICIENT NUMBER OF COMPUTER CALCULATIONS, 
BASED ON SOME VARIABLE SELECTION SCHEME 



II. GENERATION OF RESPONSE SURFACE 
- THIS PHASE IS ESSENTIALLY NONSTOCHASTIC. 
- INPUT VARIABLE RANGES ARE REQUIRED, BUT NOT DISTRIBUTIONS. 

A. SELECT POINTS AT WHICH CALCULATIONS WJLL BE PERFORMED --
DEFINE SAMPLE SPACE. 

SELECTION SCHEMES - LATIN HYPERCUBE SAMPLING AND/OR 
- FRACTIONAL FACTORIAL SAMPLING 

B, DETERMINE BASIS FUNCTIONS AND ASSUMPTION - LINEAR, LUG, 
STANDARDIZED, ETC. 

C, DETERMINE FIT CRITERIA - WHEN TO STOP 

D. DETERMINE SENSITIVITIES OF PCT SURFACE TO VARIATION 
OF INPUTS ABOUT NOMINAL 

- NON-RANDOM 
- PARTIAL DERIVATIVES 



III. STATISTICAL ANALYSIS 
- THIS PHASE IS STOCHASTIC 
- INPUT VARIABLE DISTRIBUTIONS ARE REQUIRED 
- ASSUMPTION OF "GOOD" APPROXIMATING SURFACE 

PERFORM MONTE CARLO ANALYSES ON PCT SURFACES TO GET 
A. PCT PROBABILITY DISTRIBUTION - MEDIAN, VARIANCE, 

90TH AND 99TH PERCENTILES 

B. SENSITIVITIES OF PCT DISTRIBUTION TO CHANGES IN 
INPUT DISTRIBUTIONS 
- CHANGES IN MEAN AMD SIGMA OF PCT DISTRIBUTION 

FOR CHANGES IN 
1. MEAN OF INPUT VARIABLE FROM NOMINAL TO 

NOMINAL + 1/5 UPPER RANGE 

2. SIGMA OF INPUT VARIABLE FROM NOMINAL TO 
1/2 NOMINAL 



THIS STUDY ADDRESSED 

1. A SINGLE ACCIDENT (DBA) - BLOWDOWN PHASE OF t. DECLG 
BREAK IN THE ZION PWR 

2. THE SELECTION OF VARIABLES IMPORTANT TO BLOWDOWN 
BEHAVIOR DURING THIS DBA 

3. THE DETERMINATION OF UNCERTAINTY RANGES AND PROBABILITY 
DISTRIBUTIONS FOR THOSE VARIABLES, 

H. THE PRODUCTION OF A REASONABLE BEST ESTIMATE OF THE 
REACTOR 

5. THE GENERATION OF A RESPONSE SURFACE TO APPROXIMATE 
RELAP OVER THE RANGE OF INTEREST 

6. THE DETERMINATION OF THE RELATIVE IMPORTANCE OF 1HE 
VARIABLES PRESENT IN THE RESPONSE SURFACE 

7. THE DETERMINATION OF THE PCT PROBABILITY DISTRIBUTION 
AND ITS SENSITIVITY 



THIS STUDY DID NOT ADDRESS 

1. OTHER ACCIDENTS, REACTORS OR CODES 

2. THE ACCURACY OF P.ELAP OR ITS CONSTITUENT MODELS IN 
PREDICTING LOCA BEHAVIOR (GAP CONDUCTANCE MODELS 
WERE INVESTIGATED SERENDIPITOUSLY) 

3. THE RESOLUTION OF ARGUMENTS CONCERNING THE MERITS OF 
PARTICULAR STATISTICAL SAMPLING TECHNIQUES 



MAJOR CONCLUSIONS - RELAP PHASE 

• MOST IMPORTANT PARAMETERS ARE FUEL RELATED WITH 
APPROXIMATE RELATIVE IMPORTANCES OF 

± 80°/a FOR GAP WIDTH 
± 60°/a FOR TOTAL PEAKING FACTOR 
+ t[)°/o FOR FUEL THERMAL CONDUCTIVITY 

• OTHER IMPORTANT PARAMETERS ARE FILM BOILING HEAT TRANSFER, 
TWO-PHASE FRICTION, SLIP AND POWER LEVEL. 

• CRITICAL FLOW AND DNB WERE NOT AS IMPORTAN1 AS THE ABOVE 
PARAMETERS. 

• SENSITIVITY OF PCT DISTRIBUTION TO CHANGES IN MEANS Z 
SIGMAS OF INP'JT DISTRIBUTIONS VARY FROM ABOUT 0 TO 8°F PER 
1% CHANGE IN NOMINAL. 

• RESULTS ARE STRONGLY DEPENDENT ON SOME PHYSICAL MODELS 
IN RELAP. 
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•r«pf«c«ai3t .nput Faraa-etars - SiasHy 

B>ng» 
" . • » - 1 . 2 

2. DlttK • saturate* liacharflt 
COtfflCieM 

3. iHF * slip correlation dial 
4. fiirr • 2-ph««e for* lntc dial 

CLTtrM • 2-phase fanning 
friction lost dial 

These dial* are assumed to be 
•qu»], and • single variable 

5. DCHr • critical **at flus dial 
C. 04ICC - Conaie-mengsto. dial 

•BTCi - Dlttus-ioelter dial 
0HTC9 • liu and mros;!e/-Pomerani 

dial 
DLBLK - flow blockage ill. 

multiplier 

Cl-Cm > Inclement to be added 
tc containment praasure tetle 

CLKJWP • dial tar 2-pha»e pu=7 -I. - C. 
bead multiplier 

ECCTW • teepeiatur* of eccu&ulatc; 4C. - l4C*t »:*l 
and safety Infection systcc 
water 

DLACC - accumulator pressure 593.7 - *93-2 psia 4*3.1 ps.a 
TLF - tire In life" 0 - 4*: months 321 mentr.. 
FFVKC - peaking factor .14 - 1.16 l.c 

uncertainty 
multiplier**' 

DLECOK - UO, thermal conductivity* . 1 - 1 . 3 l.G 
multiplier 

DLGW - additive uncertainty** • 1.1 mil* 0. 
in racial 9ap *l*e 

MOB - 0 - itesh. fuel 
- 1 •» once burned fuel 

0 . 1 " 2.D l.C 

0.4 * 1 . ' l .C 

0.5 - 2.0 l.C 

0 .5 - 2.0 l .C 

0 .4 - l.fc l.C 

0.B5 - 1.11 l .C 

0 V» - 1.04 1 C 

- 5 . - 1C. p i l a c. 

DLDEC • decay he*t 
multiplier 

*Kot implemented because of coding error. 
•*This paraaet.ee affects only peaking factors, gap width*, and decay heat cttrs. 

Those effectc are otherwise accounted fc. antf TLF it not used xn gene:**in; 
the response surface [although it is still required for probaMlistic PCT 
calculations). 

r , ,This parameter multiplies the result of peaking factor modelling depending 
on TIF. The quantity used in the response surface madeliine was total peakino 
factor Imidrence 1.11; range 1.24 - 2.32). The sensitivity studies in Chapte: 
used • 14%. 

* The reciprocal of this quantity is used in the response surface. 
•• TMa quantity modifies the cold gap width retell In; froc TLF and KGB values. 

Fof response modeling, the fins) value of gap width is used, (nosir.al 
2.21 x 10"* ft; range 2.9 s l'J~b - *.*2 k 10"* ft(. The sensitivity studies ;-
Chapter 4 uaed * 1.5 mils. 
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SEVEN MOST IMPORTANT VARIABLES 

VARIABLE TYPE NOMINAL BASE CASE MIDRANGE RANGE STD. COEFF. 
K NAME A(K) B(K) 

3 SLIP A 0. 1.0* 1.0* .3-3.0* .00033 .66234 
4 FRIC­ M 1.0 1.0 1.0 .1-1.6 .98935 .41653 

TION 
6 CB-HT M 1.0 1.0 1.0 .5-2.0 1.04941 .41261 
12 POWER M 1.0 1.0 1.0 ' .94-1.06 1.00635 ,04159 
18 PF M F(T)' 1.575 1.782 1.24-2.32' 1.68059 ,26314 
19 1/K 11 1.0 1.0 1.0 .77-1.67 1.16475 .31304 
20 GAP A F(Tf 2.736 MILS 2.825 MILS .35-5,3" .25007 ,09994 

•RANGE AND BASE CASE FOR DV = 1 + D * SLIP FOR d< 0.8 

'PF; 1,43 < F ( T ) < 2 . 0 , +3 f f= ±16% 

"GAP: l .S5< F(T) < 3.8 M L S , ±5a= +1.5 MILS 



STATISTICAL TERMS 

• A "RESPONSE SURFACE" IS A FUNCTION (OFTEN A POLYNOMIAL) 
THAT APPROXIMATES THE CODE CALCULATIONS OVER A GIVEN REGION. 

• A "RESIDUAL" IS THE DIFFERENCE BETWEEN THE RESPONSE SURFACE 
EQUATION AND THE CODE CALCULATION AT A DATA POINT. 

• "STANDARDIZING" IS A TRANSFORMATION 2(K) = [X(K) - A(K)]/B(K), 
WHERE A's AND B's ARE MEANS AND SIGMAS OF THE VALUES 
OF THE INPUT VARIABLES USED IN THE MODELLING. 

• "R 2" IS THE PROPORTION OF THE TOTAL VARIATION IN THE 
DEPENDENT VARIABLE ACCOUNTED FOR BY THE MODEL. 



RMS RESIDUALS FOR THE MODELS USED IN THE SENSITIVITY STUDIES 

MODEL 
CODE 

NUMBER OF 
TERMS IN 

MODEL 

NUMBER OF BA5 
VARIABLES 11 

MODEL 

IC 

MOTiFI TYPF 

RMS 
RESIDUALS 

°F 
FE-9 9 11 NON LIN L' 70.4 
CY-9 9 13 NON LIN(C) L ' 71,3 

B3-9 9 9 NON LOG L' 66.0 
C2-9 9 13 NON LOG(C) L' 76.6 
B8-9 9 9 STD LIN L" 76.5 
B8-11 11 10 STD LIN L" 71,3 
B8-13 13 10 STD LIN L" 66.3 
CA-9 9 7 STD LOG L' 69.0 

CA-11 11 7 STD LOG L' 62.7 
CG-9 9 7 STD LOG L" 68.1 
CG-11 11 7 STD LOG L" 62.5 

CG-13 13 8 STD LOG L" 58.0 

"STD" DEMOTES STANDARDIZED 
"LIN" DENOTES LINEAR 

"NON" DENOTES NON-STANDARDIZED 
"LOG" DENOTES NATURAL LOGARITHM 



ROOT MEAN SOUARE PREDICTION ERRORS 
FOR VARIOUS PHILOSOPHIES OF MODEL CONSTRUCTION 

Model 
Code" 

Model 
Type 

R^ISPE Model 
Size 

FE NON LIN L' 42 12 
CY NONLIN(C) L' 44 12 
B3 NON LOG L' 46 11 
C2 NON LOG (C) L1 61 10 

B8 STDLIN L1 49 12 
CA STD LOG L' 46 6 
CF STD LIN L" 51 9, 10 

CG STD LOG L" 47 11, 12 

CV STD LOG (C) L' 4 6 , 45 6, 14 



RESPONSE SURFACE C6-11 

LOG (PCT) = 7.183 - .02311 • Z(3) + .03041 • Z(4) 
- .03324 • Z(6) + .02465 • Z(12) 
+ .08017 • Z(18) + .07163 • 7.(19) 
+ .09211 • Z(20) - .022^ • Z(18) 2 

- .02811 • Z(19J • Z(20) + .01691 * Z(18) 2 • 2(20) 
- ,01459 • Z(2D) 3 

STANDARDIZED, LOG, L" (LINEAR TERMS FIRST) 
R 2 = .9350, RMSR = 4.82 (62.5°F) 

Z(K) = [X(K> - A(K)]/B(K) 

"NOMINAL" = 1290°F 
MEDIAN OF PCT DISTRIBUTION = 1227 (1237) 
90TH PERCENTILE OF PCT DISTRIBUTION = 1376 (1376) 
99TH PERCENT = 1493 (1466) 

NUMBERS IN PARENTHESES ARE INTERCEPTS OF REGRESSION EQUATIONS 
(aQ) IN CH. 6. THEY MAY BE CONSIDERED AS ESTIMATES OF THE 
MEAN, 90TH AND 99TH PERCENTILES, 
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. S E N S I T I V I T Y STUDY 

600 2A0O 12QO vm per PF) 

MODEL CG-11 
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RELATIVE IMPORTANCE OF INPUT VARIABLES 
TO PCT SURFACE FOR CG-11 MODEL 

VARIABLE °F/a °F/1X °F/1% 
AT X" AT X + AT .99 N AT 1.01 N BASED ON A 

A" A* 
3 SLIP 15 -15 0.6* -0.2* 0.5* -0,2* 
it FRICTION -25 16 -0.9 0.9 -1.0 0.9 
6 CB-HT 22 -27 1.0 -1.0 1.1 -1.0 
12 POWER -16 15 -7.6- 7.7 -7,8 7.7 
18 PF -77 37 -5.5 5,2 -6,8 4.0 
19 1/K -26 59 -3.1 3.1 -3,1 3,2 
20 GAP -83 98 -3.3 3.3 -2.8 

(100) (119)+ 

A = STANDARDIZED CHANGE 
N s MIDRANGE 
*A + 1 a CHANGE OF SLIP YIELDS A 67% CHANGE IN DV 
A - 1 a CHANGE OF SLIP YIELDS A 33% CHANGE IN DV 

+ 0F/MIL 



"STAR POINT" SENSITIVITIES 

VARIABLE THl" TLO SENSITIVITY 
°F/<7* °F/Z" 

20 • - GAP WIDTH 1717-1618 71 (86) + 3.2 OR 1.5 
1618-1511 57 (69) + 1.6 OR 2.6 

18 • - TOTAL PEAKING FACTOR 1717-1578 18 1.1 OR 6.1 
1271-1183 63 5.5 OR 6.1 

19 • - RECIPROCAL U0 2 

THERMAL CONDUCTIVITY 
1389-1165 37 1.9 OR 1.2 

6 • - CONDIE-BENGSTON 
FILM BOILING 

1183-1258 -25 -.8 OR -1.5 

1 -• TWO-PHASE FRICTION 1225-1183 11 .7 OR 1.1 
3 • • SLIP CORRELATION 1127-1133 • -19 -.3 OR - . 8 + + 

12 • - POWER 1618-1563 18 9.2 OR 9.7 
5 -• CHF 1183-1223 -13 -.2 OR -.6 
14 -• TWO-PHASE PUMP 

HEAD MULTIPLIER 
1215-1183 11 9 

1 -• SUBCOOLED DISCHARGE 1196-1183 1 .1 OR .5 
COEFFICIENT 1183-1101 26 2.8 OR 3.6 

i -• SATURATED DISCHMKCE 1183-1181 -0.3 ,03 OR .01 + + 

COEFFICIENT 1195-1183 1 0 

"a = 1/6 * TOTAL RANGE 
+ 0F/MIL 

"% BASED ON HIGH AND LOW VALUES OF VARIABLE 
f + A CHANGE FROM 0. TO 1. ON THE SLIP DIAL IS A CHANGE FROM 1.0 TO 3.0 
ON THE SLIP MULTIPLIER. SIMILARLY SATURATED DISCHARGE GOES FROM 
.75 TO 1.0. 
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SENSITIVITIES OF PCT DISTRIBUTION TO CHANGES IN INPUT HEARS 
VARIABLE °F/0|, °f/% NOMINAL 

ot, = 1/3 UPPER 1/2 RANGE 
* p C T M 

APCT 9 0 APCTgg A p" H A p C T 9 0 APCTgg 
3 SLIP -15 -17 -17 -.2 -.3 -.3 
1 FRICTION. 15 17 19 0.9 1.0 1.1 
6 CB-HT -26 -28 -28 -1.0 -1.1 -1.1 
12 POWER 15 15 17 7.7 7,7 8.5 
18' PF 35 31 35 7.0 6.6 7,0 
19' K -26 -22 -22 -2.8 -2.1 -2.1 
20' GAP 18 47 38 . 2.7(96) * 2.6 2.2 

ALL BASED ON CG-11 MODEL 
•NUMBER IN PARENTHESIS IS °F/KIL 



PEAKING FACTOR (POWER) SENSITIVITIES - °F/1% 

MODEL C6-11 MODEL B8-9 

AT .99 N -5,5 (-7.6) -7,3 (-7.3) 
AT 1.01 N 5,2 (.7.7) 7.3 (7.3) 
AT A- -6,8 (-7.8) -7.3 (-7.5) 
AT A + 1.0 (7.7) 7.3 (7.0) 
FROM APCT 7.0 (7.7) 7.0 (6.8) 
FROM A90TH 6,6 (7.7) 7.3 (7.7) 
FROM A99TH 7,0 (8.5) 7.6 (7.7) 
STAR POINTS H.H TO 6.4 (9.2 TO 9.7) 



RADIAL GAP WIDTH - MILS 

GAP 

5 MILS GW (INEU = 3.75 |o.8-0.2 £ l ± 1.15 MILS 
VGW (SANDIA) = 3.8 |o.3 + 0.7 ^ 1 + 0.5 

L _ MILS 

TIME 11 MONTHS 

NOMINAL o 
INEL 2.45-3.00 ± 1.15 ± 1.16 
SANDIA 1.85-3.80 ± 0.5 

°FrF RANGE MIDRANGE 
1.16 0-6.45 3.225 

. 0.75 .35-5.3 2.825 



STATISTICAL LOCA 

TRAC PHASE IN PROGRESS 

ADVANTAGES: 
• PERMITS FULL ACCIDENT ANALYSIS FROM BLOWDOWN 

THROUGH END OF REFLOOD 

• MULTIDIMENSIONAL AND TWO-FLUID CORE ANALYSIS 

• IMPROVED MODELS 

DISADVANTAGES: 
• TRAC IN EARLY STAGE OF DEVELOPMENT AND ASSESSMENT 

IS INCOMPLETE 

• ADDITIONAL MODEL DEVELOPMENT MAY BE REQUIRED 


