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A 8 S TRACT

~ 
This stud y uttliiss

/ 
the RELAP4/MO D5 Conput~~r

Code to analy ze the effects of critical flow

m odeling on the thermal — hydraulic trans ient

response of a r,eneral Electric boi ling water

reactor to a major primary coolant l ine rupture.

Included tW~ the etudv~~ is a pre sent ation of the

equat ions , assumption s , and l im i ta t ion e of the

critical flow models availa b le for use in RF .1.AP 4.

• A d d it ion il ly , an evaluation of a temporary

solution to a RELAP4 coding error associated with

stagnation properties calculation is presented . ~

ihe re sult s of this ir~ve s t tgat t o n in d ic a t e

that; (1) A solution to the c t a g n a c i ô n  ~ro~~er tt ’s

ca l culat i on al error that exists in the R FLA P 4

.ode , when applied to the rv a l ua tir . n M ()4~~~

(~~ELAP4— EM) provides a cons e rv a tive ev al uatt i n ,

relative to the Standard Model (~~ET.AP 1~—S’4~~,

regardless of which of the five c r i t i c a l  flow

models available in the code is selected; (2) Of

the five critical flow models available for use in

RELAP 4 , the Moody model and the Henrv— Faus ’Ce model

are nearly equivalent in their relative degree s of -,
conservatism. ?ollovin~ these m odel s , in order of

relative degree of conservae is .’~, are the M Od i f t~~ ti

Momentum/Homogeneous Eq u ilihri un ,~od e l , the

Homogeneous Equili b rium m od el, a n d  t he ~o ntc
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model; (3) In order to best alleviate the

stagnation properti es coding error , the flow areas

for the volumes imm ediately up stream from the

recirculatton line rupture should he increased

such that the ar e a  ratio (break flow area /

upstream volume flow area) ii 0.7.

Acc e5s lon For
NTI S GRA&I
DX TAB
Unaxixiounccd
Ju3 t i f i c .t l o n___________

—

Di~ t r i~~ ’1~~ L ______—

flI~~~~~ ~~c a 1

I,

— 
-—

~~~~~~~~~~ - . • • ‘ - •  • .  -_ ~~~~~~~~—— ---

- -  - • • ~• — —- -—- ___________

- —--- ----- _ _ _ _ _ _ _ _  _ _ _ _ _



ipproved for pubito reIeas~~distribution ‘~n1imited.,

The Pennsylvania State University

The Graduate School

Department of Nuclear Engineering

I
A Sens itivity Study of the Critical Plow Models

Us ed in REL A P 4 / M O D 5  R iow down Ana l y s t s  o f a
General Electric flWR

A Masters of Engineering paper in

Nuclear Engineering

by

Mark Vearil Carla

• Subm itted in Partial Fulfillment
of the Requirements
for the flegree of

Masters of Engineering

November 1978

Date of A pproval:

7 L~~~W~~ /L ~q’~ ~~~~~~~ t ~~~~~~~~~~~~~~~~~~
Cordon E. Robinson , Associate
P r o f e s s o r  o f  Nucle ar E n g i n e e r i n g ,
Advisor

_ t, ‘Ti! ‘0 -~~~~~~~~~~~~~
- ~~~~ .

W a r r e n  F. W i t z i g ,  P r o f e s  o f
Nuclear Eng inee r i ng ,  Pead  o f  the
T’epartm ent of Nuclear Engineering

-) ~~~~~~‘ “- “77è- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

or t/J. Re mick , P r o f e s s o r of
lear Engineering, (~raduate Faculty

R e a d e r

_______  - - .  - - • - -

P —. —.~
. -

~~~~~~~~~~ —_-
~~~~~~~

—
•,‘• -_ —

~~~~~

--- - - 
~~~~~~
— —



-- .• •~~~~~— -- -•~~~ , . .-- - .-

ii

ABSTRACT

This study utilizes the RELAP4/M0D5 Computer

Code to analyze the effects of critical flow

modeling on the thermal—hydraulic transient

response of a General Electric boiling water

reactor to a major primary coolant line rupture.

Included in the stud y is a presentation of the

-
~~ equations , assumptions , and limitations of the

critical flow models available for use in RELAP4 .

Additionally, an evaluation of a temporary

solution to a RELAP4 coding error associated with

stagnation properties calculation is presented.

• 
The results of this investigation indicate

that; (1) A solution to the stagnation properties

calc ulationa l error that exists in the RF.LAP4

code , when applied to the Evaluati on Model ,

(RELAP4—EM) provides a conservative evaluation ,

relat ive to the Standard Model (RELAP4—SM ),

regardless of which of the five critical flow

models av ailable in the code is selected; (2) Of

the five critical flow models available for use in

4 R ELAP 4 , the Moody model and the Henry—Fauske model

are nearly equivalent in their relative degrees of
I

cons ervatism. Following these models , in order of

relative degree of conservatism , are the Modified

Momentum/Homogeneo us Equilibrium model , the

Homogeneous Equilibrium model , and the Sonic

• •
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model; (3) In order to best alleviate the

stagnation properties coding error , the flow areas

- for the volumes immediately upstream from the

recirculatjon line rupture should he increased
I

such that the area ratio (break f l ow area /

upstream volume flow area) is 0.7.
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a — sonic velocity

A a f low a r ea

— void fraction

B — coefficient of isobaric thermal expansion

C~, — specific heat capacity at constant p,r ess u re

C~ specific heat capacity at constant volume

AP — differential or change in pressure

— time step size

F — viscous forces

C — mass flow rate per unit area (mass flux)

g — g rav i t a t i ona l  c o n s t a n t

a ratio of specific heat capacities

Ii — ent ha lpy

I — junction inertia

J mechan ica l  equivalent  of  hea t

K — coefficient of isothermal compressibility

11 a lumped parameter accounting for friction

and momentum changes

N a nonequilibr ium p a r a m e t e r

n po l y t r op i c  p r o c e s s  exponen t

P p r e s s u r e

R critical p r e s s u r e/ s t a g n a t i o n  p r e s s u r e  ratio

a density

S — slip ratio

5 — entropy 
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a — surface tension

V — velocity

- V — s p e c i f i c  volurie

V — mass flow rate

- 

• X — qual i ty

z = distance in dire ction of fluid travel

SUB SC R I P T  N OTATI ON

b — downstream or back

C c r i t i ca l

f — liquid

g vapor

j  — j unc t i on

SAT — saturated conditions

T — t r a n s i t i o n  c oo p l e t i o n  po int

t — time at particular time step

S t+ .~t a time at following time step

.5 UP — upstream

0 — stagnation
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1. INTRODUCTION

1.1 GE N E R A L

The United States , in its fourth decade of nuclear

reactor research and operation , now has seventy—two civilian

power  r e a c t o r s  in o p e r a t i o n  and has g e n e r a t e d  over  a

trillion megawatt —hours of electricity . Since the inception

of the nuclear power i n d ust r y ,  safety has been the major

consideration in the design , construction , and operation of

nuclear power plants.

Modern experimenta l programs in water—reactor safety

a re d i r e c t e d  t o w a r d  improv ing the a b i l i ty  to  u n d e r s t a n d

s p e c i f i c  phenomena and the results of t e s t s , w i t h  the goal

of applying this understanding to the interpret a tion of

“similar ” phenomena that mig ht take place if a reactor

accident were to occur. Complex di g it al computer codes have

been d e v e l o p e d  to predict the thermal—hydraulic transient

r e s p o nse of  nuc lear  r e a c t o r  s y s t e m s  t o  h ypothesized

a c c i d e n t s .  V e r i f i c a t i o n  of  s p e c i f i c  p o r t i o n s  o f  t h e s e

computer codes is the goal of an ongoing experimental water —

reactor safety program.

V 
~~~~~~~~~~~ I V ’ ~~~~~~. ..~ •
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1.2 LOSS—OF—COOLANT ACCIDENT (LOCA)

A LOCA is generally defined as any accident which

c a u s e s  the c o o l a n t  to be lost  f r o m  the c o o l i n g  s y s t e m

serving the reactor core. The design—basis LOCA is that

primary system pipe rupture which results in m aximizing the

fuel—rod cladding temperatures attained during the accident.

For boiling water reactors (BWRs) the desi gn—basis LOCA

is a double—ended guillotine break of one of the two coolant

recircul ation lines. The coolant recircu lation lines are

the primary means of maintaining coolant flow throug h the

reactor core , and are the largest diameter p iping in the

primary system. Emergency core cooling systems ~ECCS) are

designed to provide cooling to the core in order to prevent

fuel element melt down in the event of a design—basis LOCA.

Future references to LOCA will imply design—basis LOCA

unless otherwise indicated.

Within the prese nt regulatory framework , the thermal —

hydraulics of a LOCA can be described as having three

distinct phases known as blowdown , refill , and reflood (2).

(1) Reactor Slowdown : During the reactor depressurizati on or

blowdown phase , reduction of core flow and increase in the

local quality result in departure from nucleate boiling

(DM5) and dry—out of the core. Following the establishment

of the condit ions causing DNB , the heat tran s ferred fror’ the

S 
fuel rods to the coolant decreases markedly, and the

-- —S • -. --- - - -~~~
_ -  —

• — _ —~~. ~~~~~~~~ i~~~~~~~~
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3

temperature of the fuel rods , and the fuel—rod cladding,

rises rap idly. Depressurization continues until primary

system and containment pressures are equalized and the break

flow is essentially zero.

(2) Refill and Reflood : At the end of the blowdown phase ,

the liquid coolant inventory in the system is small , and the

core may be completely immersed in steam. The system

p r e s s u r e  is low , on the o rde r  of  50 to 100 PSIA. As the

ECCS starts injecting emergency coolant , refilling of the

lower plenum beg ins. For conservative safety evaluations ,

heat transfer to the coolant is often totally ignored during

this refill phase. When the liquid level reaches the botto m

of the core , the reflooding phase begins. As the li qu t d

level rises in the core a tremendous amount of heat is

removed from the fuel rods due to  v a p o r i z a t i o n  of  t he

incoming liquid. Peak cladding temperatures will he

a t t a ine d  during this phase of the accident.

• For an excellent , detailed p h ysical description of a

BWR LOCA the Intere sted reader is referred to references (3)

and (4).

1.3 CODE DESCRIPTION

R E L A P 4  is a compute r program , written in Fortran IV ,

that was developed p rimari ly to describe the thermal —

hydraulic transien t behavior of water—cooled nuclear

k 
_ _ _ _  

_ _ _ _

_ _ _  

--
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reactors subjected to postulated accidents such as those

resulting from loss of coolant , pump failure or nuclear

power excursions . Fundamental assumptions inherent in the

thermal—hydraulic equations used in the code are that a two—

phase fluid is homogeneous and that the phases are in

thermal equilibrium. Models a r e  available to modify the

homogeneous assumption.

The program is currently available in its fourth major

revision , hence RELAP4. The edition of the program

installed at The Pennsylvania State University is

R ELAP4/MOD5—UPDAT !2 (henceforth referred to as RELAP4) .

- • There are four major options available in RELAP4 . The

• E valuation Model option , hereafter referred to as RELAP4—FM ,

is intended to provide conservative results which meet most

of the requirements fot licencing under A ppendix K to 10 CFR

Part 50. Another option available , called the Standard

Model (RELAP4—SM), is used to provide the best estimate of

the actual expected response during a LOCA. While RELAP4

was primarily designed to be a blovdown code , it is capable

of representing the LOCA transient throug h reflood in

pressurized water reactors (RELAP4—PLOOD option). Also

ava i lab l ,  is the containment option (RFLAP4—CONTAINM!NT),

which can be used to evaluate the effectiveness of Ice—

condenser containment systems . The two main option s that

will be used in this Study are RELAP4—EM and RELAP4—SM .

H 
__
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5

RELAP4 requires numerical Input data which completely

describes the initial conditions and the geometry of the

system being analyzed. Included in the input data are

phys ic al charac te r is ti cs such as fluid v o lume , geometry,

pump characteristics , power genera ti on , and material

composition. Transients can be initiated by the control

action inputs to the program. These controls can describe

breaks in fluid piping, core power level variations
1.5 -

including a SCRAM , valve actions , etc. For each tine

advancement the program computes fluid conditions such as

f l o w , pressure , quality, and mass inventory. Also computed

are thermal conditions within the solid materials such as

temperature profiles and power generated , and the fluid—

solid interface conditions such as heat flux and surface

temperature.

A complete theoretical development of the code , as well

as implementation procedures , is contained in the

R ELAP4/MOD5 Users Manual (5). An e x c e l l e n t  d e s c r i p t i o n  w i t h

specific reference to SWR LOCA analysis is also available in

a masters thesis by Laird (3).

The reactor system used for this study is the Rope

Cr eek Nuclear Powe r Ge ne r ati ng Station. This General

Electr ic BWR was modeled for RELAP4 by Idaho National

Engineering Laboratory (INEL) personnel , and was included as

a sample problem with the RELAP4 transmittal tape.

~ 

_ - -
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The thermal—hydraulic model of Rope Creek , depicted in

• Figure 1 , consists of twenty—three control volumes , t h i r t y —

three junctions , and twenty—five heat slabs. Table 1 , pages

8 and 9, presents a description of the twenty —three control

volumes used in this model. Junctions simply connect

control volumes , and heat slabs represent sections of the

p hys ica l  sys tem wh ich can  ab so rb , radiate , st ore , or

generate heat. RELAP4—EM and RELAP4—SM data input decks

used in this study are discussed in A ppendix A.

1.4 CRITICAL FLOW

5-

“When a fluid expands from a compressed state to

arb itrary ambient (or “receiver ”) conditions in passage

through an outlet , the flow rate is always less than a

certain maximum or “critical ” value. After this critical

condition has been reached , further reductions in receiver

pressure leave the flow rate unaltered , serving only to form

a steep pressure gradient at some location in the outlet

p a s s a g e  ( 6 ) . ” This condition is commonly ca l led c r i t i c a l,

or choked , flow.

At the instant of recircula tion line rupture the flow

ra te out of the break increases until critical flow

conditions are reached. There are five critical flow models

ava ilable in RELAP4 to predict this critical flow rate.

They are , (1) The Sonic model , (2)  The Moody m odel , (3) The

—---5 --- ~~~~~~~~~~~~~~~~~ —
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Table 1. Volume Descriptions in REIJtP4 Model

Volume No. Description

1 Upper Plenum and Steam Separators

2 Upper Downco mer (This volume extends from the feedwa ter
-~ entry point to the bottom of steam dryers.)

3 Steam Dome (This volume contains the high quality steam
located above the dryers.)

4 Lower Downcomer (This volume contains the subcooled water
which enters the downcomer from the feedwater entry
point . The lower downcomer describes the region of the

S downcomer between the feedwater entry point and the
• entry point of the feedwater into the lower plenum .)

5 Broken Loop Recirculation Suction Line (This volume
models the 26’ pipe which pulls the saturated water
from the lower downcomer into the jet pump of the
broken loop. Although the break occurs along this suc-
tion line , the actual break volume is modeled by

• volume 21.)

6 Broken Loop Recirculation Pump

7 Broken Loop Recirculation Discharge Line (This volume
models the 24” line which returns the water from the
recirculation pump to the ~et pump intake.)

8 Intact Loop Recirculation Suction Line

9 Intact Loop Recirculation Pump

10 Intact Loop Recirculation Discharge Line

11 Lower Plenum

12-16 Heated Core Sections (With the addition of volume 23 ,
these volumes model the core. To achieve relatively
equal thermodynamic characteristics , the heated core
sections vary in height from 2.85 feet to 1.00 feet.)

17 Guide Tube s (The control rod guide tubes in the lower
plenum and the unheated s egment of the core are modeled
as one control volume.) 

T~~:i TIi~~ •_~ ~~~• 
_ _
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Table L. ( cont.)

Volume No. Description

18 Core Bypass (This volume represents the region between
the fuel assemblies in the core.)

19 Intact Loop Jet Pump (This volume models ~~~ intact looi’
Jet pumps from the intake to the exhaust into the lower
downcomer . Each bank of ten jet pumps is modeled as
one volume.)

20 Broken Loop Jet Pump (This single volume models the
• bank of ten jet pumps in the broken loop.)

21 Break Volume (This volume is specified between the
broken loop recirculation discharge line and the lower
downcomer.)

22 Containment

23 Unheated Segment of the Core

• 
. 

- - -  - - - 5  5—
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Henry—Fauske model , (4) The Homogeneous Equilibrium model ,

and , (5) The Modified Momentum/Homogeneous Equilibrium

model. These models are discussed in detail in Chapter Two

of this study.

The simp le mom entum equation for inertial flow rate is

quite accurate at low flow rates but becomes greatly

exaggerated as the driving pressure differential increases

and critical conditions are approached. RELAP4 computes the

flow rate using the simple momentum equation and compares

this flow rate to that predicted by the selected critical

flow model. The minimum is then selected as depicted by the

solid line in Fi gure 2 (7).

r~~~
t1c0I Flow C ri t er ia

— — — 
.

~~

N /

Ti m. ANC A 77 34

F I G U R E 2
JUNCTION MA SS FLOW RATE SELECTION

—5 . - 5- —  — — --— ---- -
~~~

. 
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1.5 STAGNATION PROPERTIES

All of the critical flow models available in RF.LAP4,

with the exception of the Sonic model , require that

stagnation properties be calculated for the volume upst ream

• of the junction undergoing critical flow. These

calculations are performed by a subroutine called STAGP.

The stagnation pressure and entha lpy are calculated

from the static pressure and enthalpy using a calculated

fluid velocity. An isentropic path from the static to the

stagnation enthal py—pressure point is followed.

The stagnation enthalpy is calculated from the kinetic

energy  r e l a t i o n s h i p :

h — h 1 + V 2 /2 g J ( I )

where V is calculated from the following relationship:

V — W v / A  . (2)

The quantities h 1, W , and v are evaluated at the junction , A

is the upstream volume flow area.

In equation (1), V j g  not allowed to he greater than

the isentropic sonic velocity of the upstream volume.

Applying the first law of thermodynamics in

differential form for a fluid undergoing a flow change

provides , (Gibbs equation);

— - - 5 - - - ~~~~~~~L~~~~~~~~~~~~~~~~~~~~~~~~ _ - -
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Tda — dli — vdP . (3)

For an isentropic process , ds — 0. Then ,

dP — dh/v . (4)

Integr ating this for the change in enthalp y and

applying static and stagnation lim its provides :

p • p + 
~~~

° dh/v (5)
0 1

w h e re  V 1 t he s p e c i f i c  volume , is a f u n c t i o n  of P and h , and

P and P 1 a re  the s t a g n a t i o n  and s t a t i c  p r e s s u r e s ,

respectively.

Equation (5) is advanced from (h
1
,P 1
) to (~~~,P )  by a

f o u r t h — o r d e r  R u n g e — K u t t a  s u b r o u t i n e .

It had been reported that there existed a logic problem

in the stagnation properties subroutine , STACP , requiring

the elimination of this routine from the RELAP4 logic (8,

9). It has since been discovered , and disclosed at the INEL

Code Users Workshop conducted at INEL , Idaho Falls , Idaho

8/28/78 thru 9/1/78 , that the stagnat ion properties

calculation problem was not due to a logic error in the

STACP subroutine , hut rather was due to the fact that the

code was predicting velocities greater than the isent rop ic

sonic velocity for the volume immediately upstrea m of the

break junction.

- — _~~~~~~~ . - -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ - ~~ T~~~~~~~
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As pointed out earlier , the code does not  a l l o w  the

calculated velocity in equation (1) to exceed the isentrop ic

sonic velocity of the upstream volume. If the junction

conditions are such that equation (2) predicts a velocity

greater than sonic , erroneous values for the stagnation

pressure and enthalpy will result.

The “f ix ” suggested at the workshop was to artificially

increase the upstream volum e flow area (the denominator of

equation (2)) in order to prevent supersonic velocity

predictions from occurring. This flow area increase should

be carried out for all volumes where critical flow is likely

to occur.

1.6 PURPOSE

The pu rpose  of th is  s t u d y  is t h r e e f o l d ;

( 1)  Rev iew  the d e r i v a t i o n  o f  the equations for each of

the c r i t i ca l, f l o w  model  op t i ons  a v a i l a b l e  in R E L A P 4 .

(2) Determ ine by what amount the upstream volum e flow

area must be increased in order to alleviate the problem in

calculating stagnat ion properties that was reported in the

previous section.

(3) Present a sensitivity study on the critical flow

models ava ilable in RELAP4 and rate the mode ls as to their

relative degrees of conservatism.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - ~~ -- ~~~~~~~~~~~~~~~~~~~~~~ - -
~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _  
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2. CRITICAL FLOW MODELS

2.1 INTR ODUCTION

As previously reported , there are five critical flow

models available in RELAP4. They are:

- 
- (1) The Sonic model (10),

(2) The ~foody  model  ( 1 1) ,

(3) The i le n r y — F a us k e  model. (12),

(4) The Homogeneous Equi l ibr ium model  (13), and

( 5 )  The M o d i f i e d  Momen tum / Homogeneous  Equi l ibr ium mode l

( 1 4 ) .

For each  j u n c t i o n  in the s y s t e m  the user  must s p e c i f y

whether the code is to use one of these models or the sim ple

momentum ( i n e r t i a l  f l ow )  e q u a t i o n s  to  e s t i m a t e  the f l o w  r a t e

th rough c h a t  j u n c t i o n .  Itt a d d i t i o n  the  user  may s e l e c t  f r o m

ei gh teen  poss ib le  comb ina t ions  of  t h e s e  m o d e l s .  For e x a m p l e

the user may e l e c t  to use the Son ic  mode l  when  the f lu id  is

subco oled and the Moody model when the fluid is satu rated .

These combinations , as well as the selection methods , are

discussed in the RELAP4/M0D5 ~Jsers Manual (15).

The purpose of this chapter is to present each of the

c r i t i c a l  f l o w  models  l i s t e d  above , p r o v i d i n g  the  bas i c

assum pti ons and limitations of each. In addition , at the

end of this chapter a brief description of the log ic

involved in junction flow rate estimation is given .

_ _  

~.11
—-5— - - 
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2 . 2  THE SONIC MOD EL ( 10)

As the name imp lies , this model assumes that the

junction flow rate is that which will result in sonic

velocity at the junction.

The sonic velocity of the fluid is calculated from ,

a 2 — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(6)

+ ( 1 _ X ) ( C ~~ J + TP’v (P’ l( — 2 E ) ] )
f f f f

• w h e r e  P ’ s i g n i f i e s  the d e r i v a t i v e  of  the  p a r t i a l  p r e s s u r e

w i th respect to t e m p e r a t u r e .

It is I m p o r t a n t  to  no te  tha t  the independen t  v a r i a b l e s

In equation (6) are based upon the upstream volume

c o n d i t i o n s .  Tha t  is , the s t e a m  t a b l e s  a re  e n t e r e d  w i t h

u p s t r e a m  vo lume s p e c i f i c  i n t e rna l  e n e r g y  and s per• If I c  vo lume

as the independent variables. All other upstream volume

parameters , including pressure and sonic velocity, are

dependent on these two quantities . The result is that the

upstream volume critical. velocity is calculated and then

i m p r e s s e d  upon the loca l  d o w n s t r e a m  j u n c t i o n .

The critical mass flow rate throug h the junction is

c a l c u l a t e d  f r o m  the o n e — d i m e n s i o n a l  c o n t i n u i ty  equation ,

W — 0 A  a . (7)
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The density used in equation (7) is calculated from the

upstream volume den sity as follows . The upstream volume

density is first adjusted for the fri ctional loss and

kinetic energy changes to the junction. The fT uid is then

expanded isentrop ically from the Mach number just upstream

from the junction to that in the junction , which is Mach

one , when sonica lly choked. It should be noted that A~ is

the flow area at the junction.

The assumpt ions  implicit in the use of this model are:

(1) The critical flow rate is assumed to be that which

will result in sonic velocity at the junction ,

(2) The critical flow rate is given by the one—

d imens iona l  c o n t i n u i t y  e q u a t i o n ,

(3 )  The j u n c t i o n  c r i t i c a l  v e l o c i t y  is ba s e d  upon
— 

u p s t r e a m  vo lume f l u id  c o n d i t i o n s , and

( 4 )  In c a l c u l a t i n g  the d e n s i t y  used  in e c u a t i o n  ( 7 )

isentrop ic expansion Is assumed.

This model is also capable of pred icting critical flow

rates when the upstream volume contains air or a mixture of

air and saturated or superheated steam. This capability is

relevant only to the containment opt ion (RELAP4—CONT A INMFNT )

and will not he furth er discussed.

- - -  _~~~~~~~~~~_ •. - ~~~ ITT1T -

- _____
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2.3 THE MOODY MODEL (11)

The Moody model is applicable only in the saturated

region , and therefore is used pr imar i ly  in low p r e s s ur e

systems. It is the only critical flow model available in

RELAP4 which allows for slip between phases. In addition it

does not rely on empirical data for its derivation.

The derivation of the equation for critical mass flux

start s with the cont inuity and energy equations for two—

p hase , annular flow;

C — W / A  — ~~V /Xv — (1 — ~~)V 1(1 — X)v (P)
a g f f

Ii — X ( h  + V 2 /2 g J )  + (1 — X)(h + V 2 /2g  J) . ( Q )
0 g g c f f c

X and ~x are defined b y,

X • W / W  ; I — X — W
f /W (10)

• A
8
/A ; 1 — — A

f /A . ( 1 1 )

The ratio of average vapor velocity to average liquid

velocity is the slip ratio , S

S • V / V
f 

. ( 12 )

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - —~~~~ -5, ~~
i-_=~~~~~~~ 
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Rewriting equation (8) and substituting equation (12)

yields ,

V
g
/V f • (1 — Ct)XV

g /~~
(l — X ) v

f 
• S • ( 1 3 )

Solving for the void fraction in terms of the slip

ratio yields ,

— 1/ (1 + (Sv f
(I — X )/XV

g
J ) (14)

Assuming that the expansi cn is isentropi c (a — s ) ,  and

-
• from the definition of quality,

X — (a — a ) / s  ( 1 5 )
0 f fg

or

1 — X — (S
g 

— 

~~~~~~~~ 
. (16)

An e x p r e s s i o n  f o r  the mass flux C. is o b t a i n e d  by

combin ing  equa t ions  (8 )  throug h ( 1 6 )  as f o l l o w s ;

Rewriting equation (9) yields ,

2 g J ( h  — h — X (h — h )] — V 2 (X + V 2 (1—X)/V 2 ] (17)
c o f g f g f g

- . -- - - ~_
_

_ i~
_ _ _ _ _ _ _

~~ • _ ____ _ _ _ . • - - - - - -~~~~~ 
: i:i~ •~~~:.
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Substituting equation (12) into equation (17) and

noting that h
f 

— h~ — h~ yields ,

2~~~J (h 0 
- h

f 
- Xh

fg l - V
g
(X + ( 1  — X)/S 2 1 . ( 18 )

Rewriting equation (14) as ,

— XV
g
/ (XV

g 
+ Sv

f
(l — X ) ]  (19)

solving equation (8) for V , and substitut in g equation (14)

yields ,

— 
, 

V
8 

— C (Xv
8 

+ SV
f
(l — Xfl . (20)

Sub stitut in g equ ation (20) Into equatI on (18) and

solving for C yields ,

C 2 — 2 g J (h — h
f 

— Xh f g )/

(2 1

{ (Xv + Sv
f
(I — X ) J 2

(X  + (1  — X) 1S 2 J )

S i ’ost it ut i ng equation. (15) and (16) into equation (21)

y le l  is ,

_ _ _  L - 
- -  -~~~~~~

- t~~~~~ ~~~~~~~~~~~~~~~~ - —  -— -- -5
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C2 2
~~c~~~

’o 
— h

f 
— h

f8
(5
0 

—

( ( S v  (5 — a )/s + v ( — ~~ ~2 (22)f S 0 f g g o f fg

Us — A f )/ 1 f 8 
+ (a~ — sØ ) / S 2s

f$ J >

Note from equation (22) that if h and are known ,

then C. is a function of S and P (Ic. knowing the pressure

and the fact that saturation exists fixes all of the

quantities in equation (22) except h , a , and 5).

Therefore , if C has a maximum it must satisfy the

necessary conditions ,

(23)

and ,

• 0 (24)

assuming that S and P are independent .

Applying equation (23) to equation (22) and solving for

S yields ,

S • (v /v )1/3 . (25)
8

Thus for maximu m flow rate S depends only on P.

-
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
A
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When equations (25) and (22) are combined , a maximum C

must satisfy equation (24). Equations (22), (25), and the

state equation ,

h — h + h (a — s )/s (26)
0 f0 fg 0 o f0 fg0

were programmed for saturated steam/water properties (16)

and solved by di g ital computer for values of pressure which

satisfied equation (24) for input values of P and h .

Calculations showed that C has a single maximum value for

known P and h . The maximum mass flux was thereb y
0 0

determined.

- - The results of the above computations are available in

tabular form for use in RELAP4. The tables are entered with

upstream volume stagnation pressure and junction stagnation

enthal p y and a single mass flux is returned .

The Moody model Is based upon an annular , two—p hase ,

• one—dimensional model with unifor m axial velocity of each

p hase and therm odynamic equilibriu m between phases.

Additional assumption . are:

( 1)  So th  p hases experience the same local static

pressure ,

(2 )  The f l ow  is isen trop ic  from entrance to exit , hence

stagnation entha lpy is constant ,

(3) The liquid p hase is incompressible , and

_ _ _ _ _ _
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(4) The slip ratio and pressure are independent

variables.

The Moody model is strictly applicable only in the

saturated regime with stagnation pressure limits of 1 PSIA

to 3000 PSIA. If the Moody model is used in the suhcooled

regime the code will enter the critical flow tables at zero

quality.

2.4 THE HENRY— FAIISKE MODEL (12)

The Henry—Paus ke model was developed primarily to

accaumt for the nonequf librium nature of fluid flow under

critical conditions and is applicable for fluids in the

subcoo led as well as the saturated and superheated states .

The derivation starts with the steady -state , one—

dimensional continuity and mom entum equations for two—phase

f l ow ;

Liquid continuity,

— A
f
V
f (27)

Vapor c o n t i n u i t y ,

W v  • A V  (28)
g g  g g

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Momentum ,

AdP • d(W V + ¶J
f
V
f )/* 

+dFw • (2Q)

For hig h velocity flows the wall shear forces are

negligible compared to the momentum and pressure gradi ent

terms. Therefore , with the substi tution of the liquid and

vapor flow rate definitions , (W — X U and W
f 

— (1 —

equation (29) becomes ,

—d P • Cd (XV + ( 1  — X)V J / ~ . ( 3 0 )
g f c

It is assumed , for fixed upstream s t ai ’na tio n

c o n d i t i o n s , tha t  X , v , v1, V , and V
f 

are either con stant

or composite functions of P and z. Hence , ecuat ion (3 t ~ )

becomes ,

• —f~.p (XV + (1 — x ) v f l I 8 c ) j ( 3 1 )

where the subscr ipt j indic ates th a t the enclosed q u a n t i t i e s

are evaluated at the junction . At critical flow , the mass

flow rate exhib its a maximum w ith respect to junction

pressure;

dG
c
/dPl

j 
0 • (32) 
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Equation (32) can be applied to equation (31) to give

an expression for the critical flow rate;

- (~~~~( ( X S  + ( 1 - X )1  C (1_X )Sv
f + XV

8
] )/ S

~~
S)

j 
( 3 3 )

where , as before, S is defined by S — V / V
f
. B Y taking the

implied derivative , equation (33) can he expanded to

_c
~~
2 — {X(1+X (S— 1)]dv /dP + 5 ( 1  + X (S— 2 )— X 2 (S—lfl dV

f
/dP

+ v ( 1  + 2X(S— 1) + 2Sv~~(X_ t ) + S (1— 2X fldX/ dP (34)

+ X( 1—X )(v S — v /S]dS/dP) /g Sf g j c

• Equation (34) can be simp lified by usior t h e  f o 1 1 o w In~

assumptions and relationships:

(1) The vapor and liquid velocities are equ al (no

slip);

S — 1 (3~~)

(2) The liquid phase is incompressible;

dV
f
/dP — 0 ( 3 A )

i t

- -

~

-

~

-5 - - 5 -
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(3) The vapor behavior can be described by a polytro pic

process such that ,

dv /dP — V /nP (37)
g g

t—i

where n is the thermal equilibrium po lytropic exponent

derived by Tangren et al. (17) and given b y,

n — [ ( 1  — X)C
v /C v + fl/Ui — X)C

v /C ,~,, + X / ’  I (37a)
f 8

(4) NegligIble inter p hase mass transfer;

x — x  (38)
j 0

(5) The empirical result;

d S / d P !~ — 0 . ( 3 4 )

Equations (35) throug h (39) serve to reduce equation

( 3 4 )  to

C c - (X
0
v
8
/nP — (V

8 
- v f ) d X / d P h / 2

8 U2 ( 4~~)

Formulating the ac tual junction flu i-1 q u a l ity In ter m s

of the equilibrium quality at that location and m aking use

of empirical data as we ll as some mathematic a l mani p u l a t i o n ,

equation (40) become s

- - ~~~~~~~~~~~~~~~ 
- — .——

~~
-
- - - - 
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c — ~ 1/2 
< x v / m P +

C C 0~~~

(v — v )[{(1 — X )N/s Ha /dP — ( 4 1 )
fg~ 1 E

(X QCp /P3
f8

)(l/fl - 1/y)) > 
-1/2

The nonequi l ibrium parameter N is of primary import in

the low quality regime. Based on experimental data (18),

this parameter can be related to the equilibrium quality

(X~ ) as follows ,
j

X
E 

/0.14 , X <0.14

N(X F
) - 

~~~~~~~~~~ 
14 . 

( 4 2 )

The r e l a t i o n  fo r  c r i t i c a l  mass  f l u x , e q u a t i o n  ( 4 1 ) , is

coup led  w i t h  the  t w o — p hase  momentu m e q u a t i o n ;

(1—X )v P (1—R ) + ~ X P (v — Rv )/( y —  1)
o f

0
o 0 0

( 4 3 )

— C.2 ( X v  + V
f 

( 1 — X ) J 2 /2 8
j  0

Solving equations (41) throug h (43) sim u ltan eo *~slv

generates the Henry— Faus ke tables used in RFLAP4. The

tables are accessed with upstream volume stagnation pressure

and junction stagnati on entha lp y and the crit i c a l m ass flux

is returned.
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Assumptions implicit in the use of this model are:

(1) System flow is isentrop ic and one ’d Itn ena iona l ,

(2) The liquid phase is Incompre ssible ,

(3) The transfer of heat and mass between phases is

negligible ,

( 4 )  Slip b e t w e e n  phases  is neg l ig ible  and ,

(5) At a junction the vapor phase expansion can be

d e s c r i b e d  b y a po l y t rop i c  p r o c e s s .

The Henry—Fauske model is appl icable In the subcoole d ,

sat urated , and superhea t ed r eg ions with stagnation pressure

limits of I PSIA to 2400 PSIA .

. .5 THE HOMOGENEOUS EQUILIBRIUM MODEL (HEM~ (13)

Th is is essenti ally the sane as the Sonic m odel

d escribed in section 2.2 , page 15. It d i f f e r s  only in how

i t is utilized by the RELAP4 code. The HE’-~ crit ical

• velocity and the Sonic model critical velocity are

calc ulated using the same form u la , eq uation ( h ) .  The HE”

cri tical mass flux is then calculated from ,

C ( ~ a )~ ( 4 4 )

The difference between the two m odels lies in how the

d e n s i t y  is ca 1 ’~u la t e d .  In the Sonic  mode l  t h is  d e n s i t y  is

c o m p u t e d  f r o m  the u ps t r e a m  volume d e n s i t y  b y a d j u s t i ng  f o r



. 
— - •

~~-r~: —~s-r-, - n-.-. ~~~~~~~~~~ -5--~~ - - -—- II

28

fr ictional losses and kinetic energy changes to the junction

and b y i sen t rop ic expans ion  f r o m the Mach number j u s t

upstream of the junction to Mach one in the function. In

HEM the density is calculated by assuming that the upstream

volume density and the pressure and er ithalpy returned from

the steam tables are stagnation properties. The junction

dens ity used In equation (44) is obtained by an isentropic

exp ansion from the upstream volume assumed sta gnat ion

conditions to sonic velocity In the j u n c t i o ’ .

The assumptions inherent in the HEM are the same as fc~r

the Sonic model given on page 16 with the exceptions

mentioned in the previous paragrap h.

Th e HEM c r i t i c a l  mass flux is also tahu~~ated for use ~~n

RELAP4 for Input values of upstream volume s t a g n a t i o n

pressures and junction stagnation en t h a l p v •  The onogeneou s

E q u i l i b r i u m  model is a p p l i c a b l e  from 1 PSIA to 3fl (~fl PS IA.

2.6 THE MODIFIED MOMEN TUM/HOMOGENEOUS E QUILI B R IUM M ODEL (14)

The Mod ified Momentum/Homogeneous Eq u i l i b r i u n  model

(MM/HEM) is the same as the HEM model except when the

quali ty is less than a user specified transition q u a l i t y , X .

(the defaul t value for this q u a l i t y  is X,,. — ~~~~~~~

As mentioned In Cha pter One , the simple m om e n t u m  or

inertial flow sol ution Is quite a ccurate at lc~w j u n c t i o n

pressure ratios b ut tends to exag gerate the flow rate ~s

_ 
- 

- 

-
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c r i t i c a l  c o n d i t i o n s  are  a p p r o a c h e d .  in o rde r  to c o m p e n s a t e

for this exaggeration the modified momentum model uti li zes a

correction to the downstream pressure based upon the

retardation of vapor formation by the surface ten sion of the

flashing fluid.

This more realistic downstream , or hack pressure , Is

c a l c u l a t e d  f r o m  the emp i r i ca l  r e l a t i o n s h i p ,

— C (1 — X Up /X T ) P
S A T

wh ere,

C — 1 . O — O.284 0 P  /~~~~f~~~P . (46)SAT up S A T 200PSIA

I-i the subcoo led region X~~ is s e t  to  z e r o  and the

c r i t i c a l  flow rate is estimated from ~er n ou lli
’s eq u a t i o n

with the pressure drop based on the modif i e d  hack pressure ,

P
b

W - A ( 2 g 
~ 

— 

~~~~ 

1/ 2  (4’)

If , however, the mod ified back pressure is less than c’r

equal to the downs tream volume static pressure then the flow

estimate Is bas ed on Inertial considerations only. In th e

trans ition region (O.O
~~~

X
~
ZZX

T
) t he c r i t i c a l  flow e s t i m a t e  is

taken as the m inimum of the flow rate p r e d i c t e d  b y eq uation

(Z
~’) and the flow rate ca lcul a ted from ,

-- ~~~~~~- .~~

—-
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— G
HEM

A(X
T
/X

UP
) . (48)

The assumpt ions  and l i m i t a t i o n s  a re  the same as t h o s e

for the HEM with the additional empirical assumption of

equation (45).

2.7 JUNCTION FLOW RATE SOLUTION LOGIC

If one of the critical flow models is selected for a

p a r t i c u l a r  junction the flow rate solution process for that

junction is accomplished as follows.

An Inert ial junction flow rate est im at~ Is o b t a i ned

fro m the following linearized express - i o n derived from the

integrated form of the momentum equation;

W — ~J + g ( . ~Y — MIJ 2) ‘t / I  ( 44 )
t c t

where all of the parameters are evaluated at the j u n c t i o n .

This estimate is then compared w Ith that for the

par ticu l a r  c r i t i c a l  flow model selected and the m i n i m u m

ide n t i f i e d .  The fluid acceleration and junction f r i c t i o n

r equired to force the actual calculated flow rate to the

above identified minimum est imate is d e t e r m i n e d  and the

a p p r o p r i a t e  terms in the momentum equation are m o d i f i e d

before simultaneous solution with the c o n t i n u i t y  and ener~~v

eq uations.

~~~~~~~~~~~~~~~~~~~~~~~~
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It is important to note that regardless of which

critical flow model is selected , a comparison with inertial

flow is always effected , regardless of the conditions In the

junction and the upstream volume. Thus , if it is known

apriori that a particular junction will not attain critical

conditions , then selecting a critical flow m odel for that

junction serves only to increase computer pro cessing time.

A d d i t i o n a l ly If , f o r  example , the Moody c r i t i c a l  f l o w  mode l

is selected for one of the junctions connecting core

vo lumes , when the fluid in those core volumes becomes

s upe rhea t ed near  t he e n d of t he b low d o w n  ph a s e , the pr o b l e m

will abor t becaus e the Moody model is not app l i c a b l e  in the

superheated regime.
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3. OPTIMUM ARE A RATIO DETERMINATIO N

3.1 INTRODUCTION

As reported in Section 1.5 , the RELAP4 code in Its

present configuration , incorrectly computes stagnation

properties . In order to alleviate this problem , the

upstream volume flow area must be increased in order to

prevent supersonic velocities from occurring in the volume

imm ediately upstream from the break junction .

This chapter presents the results of a study done to

-
- determine the optimum area ratio (AR) (ie. break junction

flow area/ upstream volume flow area) for this problem. The

optimum area ratio was found to be 0.7 (ie. the flow area

f o r  vo lumes  VS and V 2 1 must  be i n c r e a s e d  f r o m  3 . 6 7  t o  5 . 2 4

s q u a r e  f e e t ) .  In the c h a p t e r s  t h a t  f o l l o w , j u n c t i o n s ,

volumes , and hea t slabs will he referred to b y the letters

J , V . and S , respec tively , f o l l o w e d  b y t he number o f  t ha t

j un c t i o n , volu me , or hea t slab as defined in Figure 1 page

7. For exa mple , J27 refers - to the break junction on the

vessel side of the break , V5 refers to the volu- ’e

imm ed iately upstream of break junction J27 , and V 2 1  r e f e r s

t o the vo lume immediately upstream of break junction J28.

- - - - -~~~~~~~~~~~~~ •- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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3.2 GENERAL

This study made use of the Hope Creek RWR system as

modeled for RELAP4 by EG&G Idaho , Inc . with Evaluation Model

controls applied (RELAP4—EM). The input deck for this

Evaluation Model is presented in Appendix A. The critical

flow model required for the Evaluation Model is the Henry —

Fauske model to the subcooled regime and the Moody model In

the saturated regime. The other Evaluation Model controls

are irrelevant to thi s- area ratio stud y a n d d i s c u s s i on o f

these controls will be delayed until Chapter Four .

In order to understand the system transient response to

i~e d escribed in the followin g section , the control action

inputs used fri the proble m mus t be explained .

The problem start s at time 0.001 seconds when the hreai’

occurs. At this time the break junctions J27 (vessel sid e)

and J28 (pump side) are opened. At time 0.002 s e c o n d s , .12S

(the pre—break recirculation flow junction) closes to

comple te the 200 break. Also at this time the feedw ater

valve , .130 , closes , the two recirculation pumps , modeled by

volumes V6 and V9 , are shut off and begin to coast down , and

a reactor SCRAM is initiated. At one second into the

t r a n s i e n t  the main s t e a m  s t o p  v a l v e , 131 , beg ins  to  c l o s e .

This is a slow closing valve and is not fully closed unti l

four seconds into the transient. The core spray system

(CSS), .132 , and the low pre ssure coolant injection syste m

_______  -5- -~~~~~~~-—---5~~~ - -~~~~~~~~~~
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(LPCIS), J33 , actuate 26.5 seconds after the mixture level

in the lower downeomer , V4 , reaches 21.5 feet. As a

reference , the bottom of the lower downcomer is 7.08 feet

below the bottom of the active core. Flow throug h these

systems does not beg in , however , until the volumes to which

they are discharging (Vi for the CSS and V iO for the LPCIS )

depressurize to 304 PSIA and 310 PSIA , the rated discharge

pressures of the CSS and LPCIS pumps , respectively. The

automatic depressurization system (ADS), 126 , is not

activated until 120 seconds after the m ixture level in the

lower downcom er reaches 21.38 feet and thus is no t a f~.ctor

in this study.

In order to determ ine the optimum area ratio , six

RELAP4 runs were completed with area ratios of 1.0 , 0.9 ,

0.8, 0.7 , 0.6 , and 0.5. Th e temporal response of seven key

parame ters , lis ted below , to the imposed LOCA t r a n s i e n t  was

studied;

1) Break flow rate , vessel side of b reak—J2 7 ,

2) Break flow rate , pump side of hre a k— J2 9 ,

3) Core inle t flow— 129 ,

4) Lower downcom er—V4 , mixture level ,

5) Lower plenu m— Vt !, pressure ,

6) Clad surface temperature in the hottest (center)

heat slab of the core—S23 , and

7)  Hea t  t r a n s f e r  c o e f f i c i e n t  of  the  f l u id  a d j a c e n t  t n

the hot slab of the core— S23 .

- -  ‘ : i~.
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In general , the temporal parametric responses were

bounded by the 1.0 and the 0.7 area ratio runs. For

purposes of clarity only these two cases will he compared

for all of the seven parameters considered. For break flow ,

327 , and core inlet flow , 129 , all six cases will be

compared for the time interval where the greatest (and most

important) differences occurred .

In all of the figures presented in this chapter , the

curves are identified by numbers (1.0 , 0.9 , 0.8, etc.) which

correspond to the area ratio used to produce the data for

that curve. The data used to produce the figures in this ,

and subsequent chapters , was extracted from the PELA P4

Plot/Restart tape rather than from the printed output. A

Fortran IV program written t o  extrac t this data from the

tape is presented in Appendix B.

3 . 3  ANAL !S IS  OF RESULTS

The most important parameter wi th respect to blowing

down of the reactor vessel is the rate at which fluid exits

the break. For a 200% break there are two break flows of

significance; the flow from the vessel side of the break

(J27) and the flow from the pump side of the break (128).

Figure 3 shows the flow rate out of the vessel side of

the break. When the bre ak opens , the flow rate increases

sharply, then decrea ses when the flow conditions become

— --5 _ -~~~~~~- - - -
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critical , or choked . As the escaping fluid increases in

steam quality, the flow rate decreases slightly until the

main steam line closes at four seconds. The flow rate then

increases momentarily. The flow rate remains relatively

constant until the lower dovncomer empties , allowing steam

to escape from the break. As can be seen from Figure 4, the

lower downcomer empties at about eleven seconds for the AR

0.7 case and at about 14.5 seconds for the AR • 1.0 case.

These times correspond to the sharp decrea8es in break flow

seen in Figure 3. Following the emptying of the lowe r

down comer , the flow rate decreases steadily due to the

gradual equilization of pressure between the containment and

the reactor vessel.

The inset to Figure 3 reveals that the AR — 1.0 case

initially peaks at a hig her flow rate than does the AR 0.7

case . As will be seen , similar results were obtained for

initial break flow on the pump side of the break (Figure 6 ,

page 42). A satisf actory explanation for thi s peculiar

result could not be found. While the difference in this

initial break flow is substantial , it occurs for such a

short time that it is- insignificant.

As can be seen , the major differences between the two

runs lie in the value of the choked flow rate attained

immedia tely following break initiation. ~or essentially the

same drivin g press ure differential the AR — 0 . 7  case yields

a break flow rate of about 23 ,000 LBM/SEC compared to only

- -  ~~~~~~ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~— -  - - -
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16 ,000 LBM/SEC for the AR — 1.0 case. This results in the

lower downcomer emptying faster for the AR — 0.7 case.

After the lower downcom er empties , the two flow rates remain

essentially the same , with the AR — 1.0 case being slig htly

greater due to the hig her junction pressure differenti a l

which in turn is due to a lower break flow rate in the

initial fourteen seconds of the blo w down .

Figure 5 shows the lower plenum pressure which is

essentially the driving pressure for the break flow . Th is

pressure decreases s-lowly during the first four seconds o f

the transient because the loss of water from the break and

the loss of steam out of the main steam line ar~ j u s t

slightl y greater than can he compensated for b y the

p r o d u c t i o n  of steam in the core. A f t e r  the main steam line

closes at four seconds the pressu re increases slowly u n t i l

empt y ing of the lower downcom er allows steam to escape fror ’

the break. From here on the pressure decreases slowly as

the reactor vessel and con tainment pressures equalize .

The differences between the two cases are due main ly to

the time it takes for the lower down com er to empt y . Thus

the AR — 1.0 case yields a hig her maximum pressure due to

the increased ttm e between main steam line shutoff - m d

emptying of the lower downco ner . Followin g the initiation

of steam flow out of the break the two cases show

dep ressu ri zation rates wh ich are essentia l ly the s-a re.
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The flow out of the pum p side of the break (127) is

shown in Figure 6. It should be noted that 128 is modeled

for a positive flow into the system. For convenience ,

Figure 6 is plotted showing positive flow out of the break.

The flow characteristi cs on the pump side of the break are

s i g n i f i c a n t l y  d i f f e r e n t  f rom t hose  on the v e s s e l  s ide  of  the

break due to the presence of the recirculation pump which

begins to s-hut down at 0.002 seconds. The break flow

initially increases a t the same rapid rate as did the vessel

side of the break and then decreases rapidly. This is

because the flow is bein g restricted b y the rec i rcu la tion

pump and the jet pum p drive nozzles. After about 1.5

seconds the break flow (J28) decreases slowly and is

o b l i v i o u s  to  o the r  cha nges  in the r e a c t o r  s y s t e m .

As can be seen , the differences between the two cases

shown in Fi gure 6 a r e  sligh t .  The inse t  in Figure  6 s h o w s

that the peak flow rate is about 20~ higher for the AR — 1 .0

case. As po inted out earlier , th is d i f f e r e n c e  is

ins ig n i f i c a n t  because it occur g for such a short period of

time.

In a ll , it is apparent that the area ratio change had

very litt le effect on the flow rate from the pump si d e of

the break. This is due to the lower break junction v e l o c i t y

caused by the flow re strictions of the r e c i r cu l a t i o n  pump

and jet pump drive noz zles - . 
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Fig u re 7 shows the core inlet flow (J29). Immediately

after the break , the core flow beg ins to decrease as the

recirculation pump on the side opposite the break coasts

down and , as fluid normally flowing vertically upward

throug h the core , is diverted to the break throug h the jet

pu mp on the break side . This steady decrease continues

u n t i l  the jet pump intakes are uncovered. The jet pump

inta kes are located at the tops of volum es V 1~ a n d  V 2 0 , a n d

uncover when the mixture level in the lower downcomer

reaches 15.7 feet. R eference to Figure ~~ , page 3~~, r e v e a l s

that the jet pum p intakes uncover at about eig ht seco nds for

the AR • 0.7 case and at about ten seconds f - o r the AR — 1. °

cas e. These times correspond to the sharp d e c r e as e s t n c o r e

flow seen In Figure 7. Uncovering the jet pu m p intakes

ca usos the remaining pressure d i f f e r e n t i a l  across the core

(due to the r e c i r c u l a t t o n  pump in the intact loop w hich is

st i l l  coasting down ) to diminish , a nd the core flow then

r everses. Ac the time of core flow reversa l , any l i q u i l

r emaining in the core is replaced b y ste am from the upper

plen um and the core dries out. The core flow remains

negative until the water in the lower pl e n u m  b egins to fla sh

to steam as the system pressure drops to below s a t u r a t i o n .

Flash ing of the water in the lower plenu ’r causes t h e

lower ple num pressure to decrease at a slower rate than does

t he upper p lenu m pressure, thus the core inlet flow reverses

again. The core flow then decreases as the l i n u i l  inventory

- - - - - -5 - - - -- - - - -- - - - -~~~~~~~
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~~~~
- - - - -—-------- - .



r -- -- -—-- - --

~~~~~

- - —-

~~~~~~~~

-

~~~

---

~~~~

- — 5-

44

C-t

- - C
C-,

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
H

04

— C
3 0

04 ~~ C

z
—

C I-

~~

O 0 0 C 0 0 0 C
0 0 0 0 0 0 C
O 0 0 0 0 0 C
O ~ ‘ 0 ~~ 0 .t~

C-, C-I — -.

X C F .~~~ ~~~~~~~~~~~~~~~~~~

-5.



- 
~~~~~~~~~~~~~~~~~~

4 5

in the reactor s y s t e m  d e c r e a s e s .  The f l o w  aga in  t u r n s

-

- 
negative and remains near zero for the remainder of the

transient.

The differences between the two cases can again he

attributed to the differences in the initial break flow

rates (‘iscussed earlier . The lowe r break flow rate for the

AR — 1.0 case causes the jet pump drive nozzles to uncover

la ter (ten seconds - versus eight seconds), a nd thus the first

cor e flow reversal occurs later. Love r plenum f l a s h i n g

starts when the system pressure drops below about 1000 PSIA ,

th e saturation pressure for about 545 -degrees F (the average

- - water temperature In the lower plenu m ). R e f e r r i n g  to Figure

5 , page 40 , the system pressure d rops he l ow 1000 PS IA at

about (1 .5 seconds for the AR — 0.7 case and at about

sixteen seconds for the AR — 1 .0 case. These times

correspond to the second core reversa ls seen in Figure 7.

The te mporal response of clad surface t e m p e r a t u r e  is

shown in Figure 8. The data for t h t s  grap h is obtai n ed by

tak ing the surface te m p e r a t u r e  of the hottest heat slab

(S23) , wh ich is in the center of the core. It should he

no ted that this - system is modeled with the core heat s l a b s

represent ing an average fue l assembly. Thus the surfac .’

t e cl p e r 3t u re of heat s - lab S23 represents the hotte st fuel

clad temperature of an ave rage fue l assembl y .

A more accurate core model , suc h as the model by

H endri x (9), divides the core into two re gions , one

- -_  —~~~~ - —-- - - ----5- -5-
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representing the average fuel assembl y, and the other

representing the hot fuel assembly. While this more

sop histicated model will more accurately predict core

temperatures , it will also Increase computer processing time

and would have added little to this analysis -, which is

concerned with relative , rather than absolute , parametric

r e s p o n s e s .

Figure  8 indicates - that i niti a lly the clad surface

temperature follows the fluid saturation temperature

(approximately 565 degrees 1’) closel y u n t i l  the steam

quality in the core becom es appreciable. At the time of

f i r s t  c o r e  f l o w  r e v e r s a l  the t e m p e r a t u r e  of  the  c l a d d i n g

surfa ce increases sharp ly as the core dries out and the heat

t r a n s f e r  c o e f f i c i e n t  o f  the  f lu id  a d j a c e n t  to  the h e a t  s l a b

decrea ses. Figure 9 shows the heat transfer coefficient

(HTC ) of the fluid adjacent to Sf l.  T he I I TC d e c r ea s e s

slowly un til the first core flow reversal where it drops to

near ly zero due to dryou t of the core. The tim e for th I s

s h a r p  decr ease in the HTC corres ponds to the time of first

core flow reversal (Figure 7) and to the sharp increase in

c l a d  s u r f a c e  t empera tu re (Fig u re Q). Re fe r i n g  hack to

Figure 8, the clad surface temperature continues its rapid

increase until the time of lowe r plenu m f l a s h i n g  and second

core flow reversal. There it levels out somewhat due to the

l iquid flow throu g h the core caused by lower n ie nu m

flash ing . Following the flow spike caused b y low er p lonu- ,

-
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flashing the surface temperature of the claddin g again

increases , levels out , and remains relatively constant unti l

the core spray system (CSS) becomes effective. (The CSS

does not become effective in the forty seconds of transient

time shown).

As shown by Lairo (19) and Bruch (20) if the transient

is allowed to progress beyond forty seconds , the clad

surface temperature will gradually decrease until about 1 2 S

seconds , when It will begin to increase. The peak cl a dd i n c’

te~-pe ra tures will not be reached until well into the ref lood

p hase of the accident. RELA P4— FLOOr ) is not available for

BWR s and therefore the peak cladding te m perat u re cannot he

p r e d i c t e d  us ing RELAP4 in i t s  p r e s e n t  c o n f ig u r a t i o n .

A g a I~i , the di fferen ce s between the AR — 0 .7  clad

s u r f a c e  t e m p e r a t u r e  c a s e  and the  AR — ~~~~ case lie In the

i n i t i a l  break flow d I fferences which d i r e c t l y  influence the

time of first core flow reversal (Finure 7 ) .  As pointed

out , the times of first core flow reversal correspond to

dry in g out of the core and to the resul t a n t  sharp increases

in cladd ing surface tem perature seen in Figure R . FollowIn g

f irst core flow reversal the clad surface temperature for

both cases follow nea rly the same trends with the AR — 1.0

cas e remaining below the AR — 0 . 7  case.

- ~~~~~~~ - - -5 ~~~~~~~~ --~~~~~---- - - - - ~~~~~~~~~~-- - - -~~~~~~~~~~~—- - .
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3.4 OPTIMUM AREA RATIO SELECTION

Figure 10 shows the break flow from the vessel side of

the break for each of the area ratio cases studied. In

order to accentuate the differences between the cases , the

transient response is only shown for the transient time from

one to ten seconds.

As can be seen from Figure 10 , increasing the upstream

volume flow area (ie. decreasing the area ratio) resu lts in

i n c r e a s i n g  the b reak  f l o w  r a t e , w i t h  the s l i g ht e x c e p t i o n  of

the t i me  p e r i o d  f r o m  f i v e  to ten s e c o n d s  f o r  the AR — (‘ . 5 ,

0.6 , and  0.7 cases. While these thr ee cases are different

for most uf the trans ient shown , t hey neve r  d i f f e r  b y m ore

than four percent , and f o r  a l l  p rac ti c a l  p u r p o s e s  can  he

c o n s i - i e re d  to be the same.

S imi l a r  results are obtained for core inlet flow shown

in Figure 11 for transien t tim es from two to eleven seconds.

The m ain poi n t of interest is the tim e of first core flow

reversal whj h occurs earlie r as the area ratio 1.s decreased

until the area ratio reaches 0.7. Further reductions in

area ratio produce no significant changes.

As pointed out in the introduction to this chapter , the

par imet ri c responses studied generall y fell between the AR

1.0 case and AR — 0 . 1  case. It was also noted that results

similar to those demonstrated by Figure s 10 and 11 were

observed for all of the parameters studied (ie. decreas ing

— -.---— -~~~ - - ~~~~~~~~~~~~~~~~ -- ---- - --
~~~~--~~~~~—- ----- —~~~~ — --~~~~--~~~ - ---~~~~~~~~~~~~~~~~~~~~~~~~
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5 3

the area ratio below 0 . 7  r e s u l t e d  in no s i g n i f i c a n t  c h a n g e

in the response of the parameter). For these reasons , an

area ratio of 0.7 was chosen as the opt imum value for this

proble m.

It is impor tant to note that using the RF.LAP4 code

w i t h o u t  c o r r e c t i n g  fo r  the stagnation properties c a l c u l a t i o n

e r r o r  ( le .  using AR — 1 .0 )  yields resul ts which are not

conserva tive. That is , low break flow rates and low clad

surface temperatures are predicted. 
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4.  C R I T I C A L  FLOW M O D E L  S E N S I T I V I T Y  ST~J D Y

4 . 1  I N T R O D U C T I O N

A se nsitivity stud y of the crit ical flow models

discussed in Chapter Two using the Standard ?fodel (best

es timate) configuration of the RELAP4 code (RELA P4— S ~4) was

made. A com parison was also made with the Evaluation ~‘ode l

(RELAP4—E ~1). It should be recalled that the c r i t i c a l  flow

mo d .~l f or the Evaluation ~odel is the flenrv —P au s ke model in

th e subcoo led regime and the Moody model in the saturated

reg ime. The input data decks used in t h i s  stud y are

discussed In A ppend ix A.

The resu it s of the area ratio stud y presented ~n the

c ’revious chapter were applied to the s e n s i t i v i t y  s t u d y  runs .

That is , the flow areas for volumes V S  and V 1  (the vo ’~um e s

im m e d i a t e l y  upstream from the break j u n c t i o n s , ~J 27 and J c ’,

r espectively) were increased from 3 .67 to 5 . 4  scu a re feet .

The Evaluat ion Model run presented in this c h a p t e r  Is t~~e -‘- u

— 0 . 7  case from Chapter Three.

4.2 A N A L Y S I S  OF RESULTS

Figure 12 shows the break flow rat e , for the f i r s t

t wenty seconds of the tran sient , from the vessel side cf th~

———— ~~~~ _ 
_ 

_
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break (J27) for the six cases studied . The transient

response for this parameter is uninteresting from twenty to

forty seconds and is similar to the response shown In Figure

3 , page 36. In Figure 12 , and in t he f igures  and d is c uss i on

tha t foliows , the different cases are identified by the

symbology presented in Table 2.

TARLE 2. CRITICAL FLOW MODEL SYMBOLOGY

CRITICAL FLOW MODEL SYTM BOL

SONIC S

HOMOGENEOUS EQUILI BRIUM ~~F~ 4

MODIFIED M OM EN TUW /HOM OGEN EOUS EQUILI SR IUM ~4M H EU

HENRY—FA U SKE HF

M O O D Y

E VA L UA T I O .’; MO DEL

Fi gure 12 reveals that the EM yields the hig h e s t

average break flow r a t e  for the initial period of t ’-’e

b lo w d o w n , and is f o l l o w e d  by the  Mo o d y ,  t he  He n r v - F a u s ~- e ,

the MM H FM , the HEM , and th e Sonic models.

W ith the e xecp t ion of the Moody model , the r e s u l t s

dep icted in Figure 12 are as would have been expected based
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on the d i s c u s s i o n  on b reak  f l o w  g i ven  in C h a p t e r  T h r e e .

That is , f o l low ing t he rap id decrease in break flow

char acteristic of all of the models at about eleven seconds ,

t he Mood y model exhibits a peculiar jump in break flow at

abo u- 11.5 seconds.

Analys is of the Moody data I n d i cates that the lower

down coner empties at 11 .2 seconds , allowing steam to escape

from th e break. At 11.6 seconds , the lower dow ncomer

ref ills to a level of about 1.2 feet , and the flow out of

the bre ak again becomes m os t l y  l i q u i d .  The lower dow ncom er

e m p t i e s  again a t  12.6 seconds , and remains empty for the

rem ainder of the transi ent. ThIs o s c i l l a t i o n  of lower

dow ncome r water level is caused b y in creased ste a ’~

g e n e r a t i o n  in the core s t a r t i n g  at abcu t 1 1 .4 seconds. The

increased steam c e n e r a t i o n  forces w a t e r  fr om t h e lower

plenu m , throug h the ~et pump in t i k e s , and in t o  the l - ~wer

downc om er. The Increase in core ste am g e n e r a t i o n  rat e ~s

cause d b y i r e t u r n  t o  nucleate b o i l i n g  fo1i ow ii ,~ first cor e

fl ow reversal -snd core d r y o u t .  The r e t u r n  to n u c l e a t e

b o i l i n g  w i l l  be o x p l a i n e d  in the d i s c u s s Io n  of r h~ 
C, e a t

tr ansfer c o e f f i c i e n t  whi ch follows .

Th e o s c i l l a t i o n  of lower do w nc ome r m i x t u r e  l e v e l ,

d e s c r i b e d  above for the Moody mo d e l ,  does not occur fo r t he

other five cases.

The break flow from the pu m p side of the hre a k (J2°)

showe d oni ’ sli g ht d i f f e r e n c e s  (less ~han two p e r c e n t~

— _ __ _ _ _ _ _~~~~~ ,~~~~~~~ ~~ i:-~--- 5’- —--—- -5 - —- .~---- -
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b e t w e e n  the six cases studied. A l l  s i x  c a s e s  w e r e  v e r y

s i m i l a r  to the response shown In Figure 6, p a g e  4 2 , and thus

are not presented .

Table 3 shows the times for uncovering the jet pump

drive nozzles and the times for e m p t y i n g  of the lower

down comer for the six cases s t u d i e d .  (Recall from C h ap t e r

Three that the jet pump drive nozzles uncover when the

m i x t u r e  level in the lower lown com er reaches 1 5 .7 feet ,

which c c r r e s p o n d s  to a m i x t u r e  level of about P.~ feet In

the a c t i v e  core). The times presented in Table 1 are a

d i r e c t  result of the i n I t i a l  break flow r o t e s  d e p i c t e d  In

Figure 12.

TAP L E  3. T I M E  TC) 1~NCOV E R J FT P”MP O R I V ~ ‘~O ZZLF S A N ~

TO EMPTY L(~WE R ~~ WN C QM FR

c R r T I C A L  F L O W  T I M F ( S E C ~ T O  t ’ N C f l V~~R T I” F ( S E C~ T f l  E M P T Y
M O D E L  J ET  P~~M P ~)R I VE NO Z LFS LOWER !~ O W ’ T f lM F R

EM 7.5 10 .0

‘4 7 . 6  1 1 . 2

HF 7 •7 1 1 . 4

MMHF’ 4 .1 l . ~

H E M  R . O

s q .s

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - — -5 - - — - .- - - 5 -  
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As d i s c us s e d  in C h a p t e r  T h r e e , t he r i m e  t h a t  t h e  j e t

pump d r i v e  n o z z l e s  uncove r  s h o u l d  c o r r e s p o n d  t o  the  time of

first core flow reversa l , and the time that the lower

downcomer empties should correspond to the time of second

core flow reversa l . Th is is indeed the case , a s c a n h e  s e en

In F i g u r e 13 , wh ich shows the core inlet flow (J29) for the

six cases studied from zero to twenty seconds into th e

transient. The remainder of the t r a n s i e n t  was s im i l a r  to

t he EM r e s p o n s e  sh own in F i g u r e 7 , p age 44. That Is , the

core flow remained near zero with s m a l l  o s c i l l a t i o n s  due to

varying core steam genera tion rat e s .

The trans ient respon ses seen in F1~~ure 13 are as woul d

have been expected from the d I s c u s s i o n  on core i n l e t  f l o w

g i v en In Chapter Three , ag ain w i t h  the e x c e p t I o n  of the

Mood y model. The r e l a t i v e l y  small flow spike it t ’e ti m e of

second core flow reversal for the ‘4 oodv ca se is due m a i n l y

t o  the r e t u r n  t o  nucleate b o I l i n g  d i s c u s s e d  e a r l i e r .  T~~~s

ret u r n  to n u c l e a t e  b o i l i n g  resul ts In in cre a sed a m o u n t s  of

steam b e Ing generated in the core wh i c h  c o u n t e r a c t s  the

e f f e c t s  of lower p lenum f l a s h i n g  on core d i f f e r e n t i a l

pressure. The end result is the smaller flow spike seen at

th e time of second core flow reversal in n ig ure 13.

Figu re 14 shows the heat t r a n s f e r  c o e f f i c i e n t  (uTC) .~~~t

the h o t t e s t  heat slab in the core for the si x cases s t u d i e d .

It should he noted t h a t ,  w h i le the HT°s d e p i c t e d  In ~ i~’t:re

are for the h o t t e q t  heat slab in the core , for the h E M ,

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ _ _ _ _
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Son ic , and Moody mode ls the h o t t e s t  hea t  slab turned out to

be heat slab S24 (the slab immediately above the center hea r

slab , S23) and for the other three models ~ 23 was t h e

hottest heat slab. This result is exp lained as follows .

One of the main differences between the E valuat i on

Model (RELAP4— FM) and the Stand ard Model (RELAP4 — SM ) is in

the he at t r a n s f e r  logic used in the two cases. For the case

of RELA P4-~FM. i~ is stated in A p p e n d i x  K to 1~) CER ~~~ ) that

“af ter critical heat flux Is first p r e d i c t e d  at an axial

fuel rod location du r i n g  b l owd own , the calc ulat Ion shall not

use nucleate boiling heat transfer corre lations at that

loca tion subsequentl y d uring the hiowdown even I~ the

c a l c u l a t e d  local fluid and surface c o n d i t i o n s  would

a pparentl y ju stif y the re—establ ishment of nucleate

b o I l i n g ” . RELAP 4—SM , on t he o t her han d , allows re-

establishment of nucleate boiling if the c o n d i t i o n s  w a r r a n t .

For the HEM , S o n i c , a n d Mo ody m o d e l  c a s e s , at the time of

f ir st core flow revers al, the c o n d i t i o n s  w ere such t h a t

nucleate boiling was r e— e s t a b l i s h e d  at Neat slab S23 , w h i l e

f i lm  boiling continued at heat slab S24. ~u c l e a t e  h o i l t o n

cond itions persisted for about ten seconds at heat sl ab S23

for both the HEM and Sonic models and for about three

seconds for the Moody m odel. This r esulte d in the

t e m p e r a t u r e  of beat slab 523 being lc’wer than that for heat

slab S2 4 in al l  three cases for the rem a i n d e r  of the

trans ient.
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Figure 15 shows the cladding surface temperature at the

hottest heat slab in the core for the six cases studied.

Again , for the HEM , Sonic , and Moody model cases , t h e

hottest heat slab was S24 , while for the other three cases

S 2 3  w a s  the  h o t t e s t .

Table 4 shows the peak cladding surface temperature

attained during the blowdown for each of the six cases

studied.

T A B L E  4. PEAK CLADD I NG S U R F A C E  ? E M P E R A T U R F

CRIT ICAL FLOW PF.Ag CLADDING S U R F A C r
MODEL T E M P E R A T U R E  (DEC F)

F M  1 3 4Q

HF 010

M 009

MMHF M

HEM ~ 50

S S4 6

A s  c a n  he s e e n  f r o m  Fi g u r e  15 t h e  s u r f a c e  t e m p e r a t u r e

d e c r e a s e s  r~~pid lv for the Moody model case at shout e l e v e n

seconds. This decrease corresponds to the re—e s t ab l i s h m e n t

. - -—--5- -A .
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o f  nuc l e a t e  bo i l ing  w h i c h , f o r  th is  mo d e l  o n l y ,  o c c u r s  in

h e a t  s l a b  S 2 4 , as w e l l  as in hea t  s lab  S 2 3 .  T h lq  r et u r n  t o

n ucleate boiling at heat slab S24 is ch a racterize d b y the

s l ig h t increase in the HTC seen at about eleven seconds in

Figure 14. With the exception of this one peculiarity for

the Moody model , the surface temperature transient responses

for all six cas es follow trends that are consistent wit h the

d iscussion of clad surface temperature in Chapter Three .

4.3 CONCLUS IONS

From the analysis of the previous s e c t t r ~n it i s

a p p a r e n t  that the Evaluation M odel , as exp ected , n r o d u c e 1

the most conservative results. As poin t e d  out , t h I s  is

p r i m a r i l y  due to the d i f f e r e n t  heat t r a n s f e r  loc!ic in t h ~e

RELAP 4—EM and RELAP 4—S M configurations .

R ased on In Itial break flow rate (Figure 12 , o a e e

it is clear that the M oody model is most c o n s e r v a t i v e ,

followed by Henr y—Fa u ske , ~~~HF.M , HEM , and ~on Ic . ~~~~~

how ev er , th at the M oody and Henrv—Fa uske ‘odels d i f f e r  b y

only about five percent.

B ased on peak c l a d d i n g  sur f ace t~~m per~~ture a t t a i n e d

(Table 4 , page 63) one would conclude t h at the u enry _ Fau s~~e

model is m or~ c o n s e r v a t i v e  than the ~ oodv m odel , followed ~v

the o ther m o d e l s  in the same r e l a t i v e  c-’r~~er as a ’ ov e. ‘~ote

again , that the d i f f e r e n c e  b etween th e “oc,dv an -i H e n r y—

Fa uske m od els t q  s1I~~ht (only about one p erc e n~~~.

- -- — -5.--— -- - ~~- - - -, ~~~~~~~~~~- ~~~~~~~— - 5 - - - ---. -
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For t h e s e  r e a s o n s , t he Moody  and H e n r y — F a u s k e  m o d e l s

are rated as equivalent based on conservative results ,

f o l l owed , in order of their relat ive degrees of

conservatism , b y the MMHEM , the HEM , and the Sonic critical

flow model.
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S . SC~~’ M A R Y

5 . 1  R E S U L T S

This s t u d y  u t i l i z e s  t h e  R F L A P 4 ! ’M 0 f l 5  Cc- r ’pu t er Co4~ to

a n a l y z e  the  e f f e c t s  o f  c r I t i c a l  flow — o d e l i n g  on t h e

t h e r m a l — h y d r a u l i c  t r a n s i e n t  r e s p o n s e  o f  a (
~e n e r a l F l e c t r i c

boiling water reactor to a m a j o r  p r I m a r y  co~~la nt l l r ~

r upture. Included in the st u d y is a p r e s e n t a t I o n  o ’ t he

equations , assumptions , and l i m i t a t i o n s  of the c : I t l c a l  flow

models available for use in R EL A P4. A d d i t i o n a l l y , an

evaluation of a tem porar y solution t o  a R E L A P 4  c~-d in c ’ e r r o r

associated with st a gnation p r o p e r t i e s  c a l c u l a t i o n  is

p r e sented.

The results of t h i s  i n v e s t i g a t i o n  I n d i c a t e  t h a t :

(1) A aolu t io n to the s t a n n a t i o n  p r o n e r t l e s

calc u l a t t o n a l  error that ex Ists in the RE LA P4 code , when

app l I e d  t o the Fvaluati n n Model , (RF LAP4— EM ) p r o v i d e s  a

conservative evaluation , relative to the S t a n d a r l  M o d e l

( RE L A P 4— S M ) , regardless of w h i c h  o f  t h e  f I v e  c r i t i c a l  l c e

models available in the code is selected;

(2) Of the five critical flow m ode l s a v a i l a b l e  for us”

i n RELA P 4, the M oody model and the H enr v—Pa u s ke m o d e l  are

nearly equivalent In t i e i r  r e l a t i v e  degrees of co nserv a ti s-’ .

Fo l l ow ing these models, In o r l e r  of r e l a t i v e  -~ egr e e ‘f

conservatism , are the odFied ~~~~~~~~~~~~~~~~~~~~~~~~~
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Equi l ibriu r. model , the Hom ogeneous Equilibrium model , and

the Sonic model;

( 3 )  In o r d e r  to  b e s t  a l l e v i a te  t h e  s t a p n a t i o n

p r o p e r t i e s  cod ing e r r or , t h e  f l o w  areas for the volumes

im m e d i a t e l y  upstream from the r e c i r c u l a t i o n  line r u p t u r e

shou ld be i n c r e a s e d  s u c h  that the area ratio (break flow

are~a / upstrea m volume flow area) is 0.7.

Al l  of the c r i t i c a l  flow models In R FLAP4 , with the

exception of the Sonic model , require the use of s t a g n a t i o n

p r o p e r t i e s  for e s t i m a t i o n  of flow ra te under c r i t i c a l  or

choked cond Iti ons. The RE LA P4 code , in its present form ,

i n c o r r e c t l y  comp t.t es s t a g n a t i o n  p r o p e r t i e s  when the flow

r i t e  is such that the code p r e d i c t s  supersonic v e l o c i t i e s  in

the volume i m m e d i a t e l y  upstream of the j u n c t i o n  w h ere

c r i t i c a l  flow c o n d i t i o n s  o x i s t .  The r e s u l t s  of t h I s

i n v e s t i g a t i o n  i n d I c a t e  t h a t  the r’~~t 1mu r s o l u t i o n  to t ” t s

p r o b l e m  is to a r h i t r a r t L y  in crease the Ip ;tre am v nlur e fl o w

a r e a  such tha t the area rat Ic is C. 7.

The Pope Creek b o i l i n g  water reac t o r , Incl uded ss a

sa mple problem in the R FLAP4 Users ~-4anu al , was used to

analyz e the effects of c r i t i c a l  flow modeling on the

p r e d i c ted ‘— lowdown response of this BW~ to a i o u b l o ~~en de d

g u I L l o t i n e  r u p t u r e  of the primary c o o l a n t  r e c i r c t t l a t i n n

l ine. A pp l ying the above mentioned s t a g n a t i o n  p r o r e r t i e c

c a l c u l a t i o n  p r o b l e m  “ f i x ” t o R E L A P ~~—E ’4 o r o v l d e s  a

c onservative e v a l u a t i o n  r e l a t i v e  to R FLA P4— ~~’, r e 9a r d l e s s  o f

- - - - 5 -- J— --- - --~~~~~--.---- - — -  --5 -- - ---- . - --~~- --— - - — ---- - — - ~~
- .- - - - 5 - - —
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w h ich  o f  t he  f i v e  c r i t ic a l  f l o w  m o d e l s  a v a i l a b l e  in t h e  c o d e

is s e l e c t e d .  A pp lying the “ f i x ” to  the  S t a n d a r d  M o d e l It

w a s  found th at the Moody and Henry—Fauske critical flow

m o d e l s  p r o v i d e  n e a r l y  e q u i v a l e n t  e v a l u a t i o n s  In ter m s o f

peak c l a d d i n g  temperatures a t t a i n e d  d u r i n g  the b lowdown .

Th e other three critica l flow models , in order of t h e i r

r elative degrees of conservatism , wer e found to he the

Mod ified Mom entum/Hom ogeneous Eq u I l i b r i u m  “odel , the

Homogeneous E q u i l i b r i u m  model , and the Sonic model.

5.2 RECOMMENDATIONS FOR FURTHER STUDY

Based on thi s  i n v e s t i g a t i o n  the f o l l o w in g  reco rr ’end a—

t ions for future research are p r e s e n t e d :

(1) W h Ile this  I n v e s t i g a t i o n  r ated the c r i t i c a l  f l o w

models by their relativ e degree of c o n s e r v a t i s— , com~~ar t s o n

of th e r e s u l t s  of RF LA P 4 an alysis wi t h  T.OFT , S~~1TS C AL~~, o r

oth er Large scale e x p e r i m e n t a l  dat a  would ~ ro vI de v a l j a b l ~

ins i~~hc as to which of the m odels most a c c u r a t e l y  p r e d I c t

fl ow rate under c r i t i c a l  or choked c o n d i t i o n s .

(2) The heat transfe r logic employed b y the P~~LA P ~ c o d e

app ears to have a very si g nificant e f f e c t  on the ove r~~ll

p e r f o r m a n c e  of the code. Analysis of the e f f e c t s  of

chang ing heat transfer and c r i t i c a l  heat f l u x  c n r r e i a t t ~~ns

wou~~ b e Invaluable to f u t u r e  users of the code.

--5----.- 
-

~~~~~~~~
‘

~~~~~ 
—— - - - — ---- - -- --- — _

~
-

~~~~~~~~~~~~~~~~~~~~ . - -



- ~~~~~~~~~~~~ — — ~~~~~~~

70

R E F E R E NC  ES

1) Acceptance Cri teria for Emergency Cor e Cooling Systems
for L igh t — W a t e r  Nuclear Power Reactors. 10 CFR
50 , Federal Register 39 , No. 3 , Jan uary 1Q 74.

2) Ibid. , A p p e n d i x  K , p . l64a .

3)  La i rd , R . E • An Investigation of the RFT .A P4/ ’A flfl 5
Computer Code and its A p p l i c a b i l i t y  to Gener a l
El ectric Boiling Water Re actors , An N .S. The sis in
Nuclear Engineering , The Penns ylvania Sta t e
Universit y , 1978.

4) Slifer , C. and J. E. Hert ch . L o s s— o f — C o o l a n t  A c c i d e n t  and
Em er genc y Core Cool ing ‘4odels for General F l e c t r i c
R o i l i n g  W~~cer React ors , N EDO— 1 °329 , p. 3 , .-~p r f l
1070.

5)  Br u ch , C. G. (ed.) PELAP 4/~40D5 : A Computer Code for
Tran sient Thermal —H y dra ulic A n a l y s i s  of Nuclear
R eactors and Related Sy stems , ‘sers ‘-‘ an ua l , Vol.
I—I ll . A N C R — N U R F G — 1 3 3 5 , S e p t e m b e r  1 °7E .

6 ) A r d o n , ~~~ . ~~~ . and R . A. Furnes s . ~ Study of the C r i t i c a l
Flow ‘-‘ode l s Used in Reactor Blowdown Anal y sis.
N uclear En gineering and ‘)esi~’n, 30 , ~ p.  2c ’ _ 2 A ~~,
1976 .

7)  Br u ch , 
~~~~~~~

. . , p . 1— 1 4 5 .

P)  Lai rd , ~~~ . c~~t. , p . 10g .

.) Pe n i r i x , C. !~~ Hope Creek 9UR E v a l u a t i o n  “~o d e l .
PC—R — 0 5— 7 7 ,  p . 2 , Februar y ~~~~~

10) Rr u c h , ~~~ . cit. , 7. 1—1 4 9.

11 ) “oody F. J. M axi mum Flow Rate of a Single—Component Two—
Phase M ix t u r e , Journal of ~‘eat Transfer, ~S’4 E , p~~,
p. 134 , F e b r u a r y  1965.

12 ) Henry R. ~~. and P. K. Fauske. The Two—Phase C r i t i c a l
Flow of One—Co m ponent M i x t u r e s  in ‘o~~zles ,
Or i f i c e s , a nd Thort Tubes , Journal of Pea t
Tra nsfer, AS M E, 91 , p . 1 79 , M ay  l °71. 

— ____

13) H u t ch e r s o n  U~~ N. C o n t r i b u t i o n  to the Theory of Two— 0hase
Bl owdown Phenomenon , A N L/ RAS 7S— 42 , n.
‘iovemb er 1975.

1 4 ) Br u ch , 
~~~ 

cIt. , ~~
. I— 1. R3.

T l I 1flT~~
T. 

~~~~~~~~~~~~~~~~~ 
- —— T. - -



- ~~~ ‘ ‘
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

71

1 5 )  Ibi d . , 7 .  1—147.

1 6 )  Keenan J. H . and F. C. Keys . Thermod ynamic Propertie s

of Steam , John W iley and Sons , Inc . , New Yor k ,

N.Y. , Firs t Edition , 1955.

17) Tan gren R. F. et al. Co m p r e s s i b I l i t y  Ff f e c t s in Two—

Ph ase Flow . Journal of ~ 2p 1f ed Phy sic s , Vol. 20 ,

p. 736 , 1949.

1~~) Starkm an E. S. et al . Expansion of a Very Lo w (‘u a l i t v

Two—Phase Fl uid Throug h a C o n v e r g e n t — D i v e r g e n t
Nozz le. Journal of Basic E n g i n e e r 1n ~~, Trans.

ASME, Ser ies D , V ol. S6 , No. 2 , p. 247 , June 1q 64.

IQ ) La ird , ~~~~~~~. cit. , p. 114.

2 0 )  Br u ch , ~~~~~~~. cit. , p. 1 1 1 — 1 3 6 .

2 1 ) Ph y s i c a l  Record Length and Fill B u f f e r  S u b r o u t i n e .  The

Pennsylvania State U n i v e r s i t y  C o m p u t a t i o n  C e n t e r ,

Revised February 1°76 .

-5 - -—  -5— -—  ~~~~— - - —- - -~~~- ~~---~~~~~~~~--- --~~~~~- - -“ -~~~~~ - -



--5-

7 2

A P P E N D I X  A

INPUT D A T A  D E C K S

This appendix provides a l i s t i n g  of the input d a t a

decks for the Eva luation Model (RELAP 4— FM ) and t~~e St a n d a r d

M odel (RELAP 4—S~1) used in this investigation. The data

consists of t i t l e  cards , data cards , and comment cards . The

comment cards are p r e f i x e d  with -an asterIsk (*).

Table 5 Is the input deck for RFL AP4 —F M that was use -i

in the area r a t i o  s t u d y  presented In C h a p t e r  Three. The

onl y two cards that were - .-~ang ed to p r o d u c e  the d i f f e r e n t

area r i t t o  runs were the v o l u m e  dat - i  c a r d s  050051 and

05021 !. C a rd fl5 0 051 is Is the data card for v o l u m e  US , m d

card 0 5 0 2 1 1  is the data car ! for v o l u m e  V 2 1 .  The u n d e r l i n e d

number c’n these car~~s is the v ol -inc flow area. Th is

q i a n t t t ~ was va ri e d from 3.~’ ’ s q u i r e  Fe ~~~~t for th e are~ r - a t i - ~

( A R )  — 1. case to 7.34 sr~uare feet f o r  the A R — ~‘ .5 cas e .

The example shown in Tab le S is the A R  0 .  ca se.

Table ~ i~ the inp u t  deck for RF T .AP~~~Sw t~sed In t~ e

s e n s i t i v i t y  s t u d ”  of C h a p t e r  Four. Note that the v o lum .~

flow ar e a s for V5 and V2 1  (cards fl 500 51 and ~ S~I~~1fl are

square feet , the o p t i m u m  val ue found In C h a p t e r  Three. T~’e

o n i  three cards c h a n g e d  in t h i s  deck to n ro -l uc e the

d I f f e r e n t  ~ r t t t c - i l flow m o d e l  runs w e r e the t i t l e  car -i ( t h e

f l r s L  c a r l  in Table ~~) ,  and the j u n c t i o n  d a t a  c a r d s  ~~~~~~

and ()~~02 P1 , for b reak j u n c t i o n s  .L’7 and .J2P , res ’-. e ct t v e v .

The u n d e r l In e d  q u a n t i t i e s  on these c a r d s  ar e th e c r I t t c ~i~

___________
—

~
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f low m o d e l  s e l e c t i o n  i n d i c es  ICHO KE a nd J C H Q K E .  J C H O K F  Is

the first underlined q u a n t i t y ,  ICHO KE is the second. The

va l u e s of  JCH OV F and I C K O K E  d e t e r m i n e  w h i c h  c r i t i c al  f l o w

model is to he used  f o r  t h a t  j u n c t i o n .  T a b l e  V , p a g e  1— 1 4 7

of the RELAP4 Users Manual is used to d e t e r m i n e  the values

of JCHOKE and ICHOKE for the desired c r i t i c a l  flow model.

In th e example shown , for j u n c t i o n s  J27 and J2~~, the v a i u e s

are JCHOK ~ — 2 , ICHOKE — I w h i c h  i n d i c a t e  that th e Sonic

c r i t i c a l  flow model is to be used for ju n c t i o n s  J2 7 and .J2~~.

Note that all other j u n c t i o n s  arc set up to use the i n e r t i a l

fl ow model (Ic . JCHOK E — — 1 , I C H O K E  1 ) .

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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T A B L E  5. E V A L U A T I O N  MODEL INPUT DATA DECK

— BWR EVA LUA TIOP! MODEL 200~ 8KFAK u S 1~~c 7 ‘ 7
2 3 4 5 6 7 3 9 0 t 2 3 4 5 6 7 8 5 0 1 2 3 4 5 6 ’ 8 9 0 1 2 3 . 5 ’ 7 8 Q 0 1 2 3 4 5 6 7 5 ’ ) 0

• 1 00 0 1  .n”  tnt ‘ITS T R P  VOL 8U B T O y  7tH P~~F C V V  SLK F)L ~L RV GO P~ ~A T ‘3OR
710001 — 2  9 5 10 2 3  4 0 33 2 4 2 4 25 10 5 5 0 1
0 1 0 0 0 2  3 3 8 8 .  1 . 0
011003 0 1 1 1
0 2 0 0 0 0  A P 11 20 13 2W 2 - 3  2W 2 9  2W 16 ‘~L 4 SR 2 3  C R  2 3  TO 2 7
030010 1 100 5 0 .001 .00001 .1 2 0 0 0 .
0300 2 0  5 3 3 0 .01 .00000! 1.
03003 0 20 10 2 0 .01 .000001 60.
0 3 0 0 4 0  l O  25 1 0 .01 .000001 130.
0 3 0 0 5 )  2 0  2 5  1 0 .01 .00001 2000.
030003 50
040010 1 1 0 0 60.0 0.
040020 1 —4 3 0 ‘.3.0 0.
14 0 0 3 0  2 1 7 0 0.0 0.
24)040 3 1 0 0 0.001 2.
0 4 0 0 5 0  4 1 ‘3 0 . 0 0 2  0.
040060 5 1 -3 0 1.0 0.
0 4 0 0 7 0  5 1 7 0 L . E 6  0.
-74 0080 7 — 5  0 :1.5 26.5
040090 S 1 0 0 .001 1 •~~~
3 . 0 1 ) 0  9 —5 4 0 2..38 120.
•5 X X ~ V0L~~1t DATA cAR D s
0 5 00 1 1 2 ‘3 11 39. — 1 .  .091632 1548. 22.25 2 2.25 0 2.. 7. 29.92 0
-3500 21 2 0 1 3 2 9 . 2 9  —1 . .00244 ~ ~ 703. 12 .25 5.2 7 0 • 7~~~. 0. 41 • 7 5  3
0 5 - 0 3 1  1 0 l - 324. Q8 — 1. .9~~9 3’77 . 21.2’ 21 . 2 5 3 •~~7 . 0. 51.25 -)
fl~~J 0 4 1  3 -‘3 1 0 3 1 . 9 3  5 3 2 . 3  —1. 3 1 7 7 . 32 .23 31 .23 0 L’,5. ‘3. 10.02 ‘3
05005 1 0 ‘3 1 - 3 2 4 .  532.3 -1 .  L 2 ’ .25 16. 16. 0 5 .24 0. —1 4 . 0
‘500~~ ‘3 3 1 1 1 6 . 1 7  5 3 3 . 15  — 1 .  ~ 3 .  3. 3. 0 • .~~ 0. — 1- . - ‘7
0500’ : 1 3 12 2 6.17 5 33. 25 — 1 .  7~~6. 40.53 ~“ .53 3 3.2 0. — 1 4 .
0500~~1 3 0 1)24. 5 1 2 . 3 3  —1. 136 . 2~~. 2s. -1 2. ’,” ‘ j .  — 1 4 . 0
-‘ 5 ’Jt)~~1 -) -~ 1 1 2 ” . 1 7  533. 2 5 —1 .  i3 .  3. 3. 0 ‘..-3 0. —1 4 . 0
35~2L ) 1  (3 3 1 2 2 6 . 1 7  5 33. 2 5 — 1 .  365. 40.53 40.53 0 3 .2 0. — 1-. . 7
350 1 1. 1 2 ) I 2s . 1 s 72 . 53 —1 . :131. 5 i 7 .20 17 .20 -) 12u . 0. -) . 13
- 15 0:2: 2 0 135..6’ 5.Q .33’ —1. 2 23. 2 .85 2 .85 0 81.291 .),73 . 7 .~~2 13
3 50 1 3 1 2 0 1 3 5 2  .9’ — I . .3)7 1 5’ 223. 2. ‘5 . ‘5 ‘3 81 .091 .04 ‘3 2 • 1.
05 .21.1 1 2) 1 l ” I .~~1 — 1 .  .050567 91.09 I. I. C 9 . ’ 3 Q j  1 4 7 3  2 3 . ~ 5
050 1 5 1 2 1 1 ‘ -.i . 5 7 — 1 . . 091)Q4 223. 2.~~5 2 . ”5 I 81.C~~l .0473 24..2
)50 1~~t 2 2 - )~~‘. , 5  — 1 .  . 13 a 8” s 2 23 . 2.75 2. 75 0 51.0~~i .2.73 2 7 . 1 7  1
7 5 - 1 1 ’ 1 2 ) : 7 5 - . . : ~~~532 .53 — .. 942. 4 7 1 ~~.1 & - ~.22 3 52. 3 C 1 ). ). 1~
3 5 - 31 ’! 2 0 I ‘-.5.~~6 5’2., ” — 1. 534 .53 1 2 . 3 5  1 2 . 2 5  - ) • 2 . 3 5  0 .  ‘ . ) I
752 :-a l 3 0  ~ 3 5 a .1 5 32.~~7 — 1 .  1 1 5. 1 5 . 7  :5.7 -) j-a •~~ a -7 . :3. -lI 0
‘35 - 22) : 0 0 1-35 ~~.2 532.5 ) — 1 . 1 1 5 . 15.~ :5.7 0 ~~~~ 0. 12 .02 0
C5~~2 1 :  -3 3 :330 .3 532.30 — 1 .  .2.75 2.2 2 .2 ‘3 ‘.2. 0 .  2 3 .  0
2 5  222: • 3 1 - . . ’ :30. -1.~ 3..3(6 2 5 - 2 . 3.0 0 ‘ . .2( - . — i i .  0
0 5 3 2 3 : 2 1 1 ’ 3 5 5 . .~~~~)2.53 — I .  20.5 1.25 1 . 2 5  0~~~1.-3° 0. l ’ ,.77 .2

•~~~3 Q :~ ~~~~~~~~~~~~ ~~~~~~~~~ 2 A L C 7 L A T ) - ~ CA R D
2~~f l 0 O 0  I I  23 12 13 14 15 15 1’ :~ ta  2-1 1
2”200 1 1.0 7.0 0.0 0.0 -1 .0
‘500)2 A L L I S  S L ’  S ) R R E L A 7 t 3 5  0A~~D
‘6 0 0 0 2  C l  ~A LcC Z

“ ‘( Xl  1138L ~ 147A 2A 9 ’S
~~~~~~~~~~~ 4:~P5 1833 3
2’.t3 O I I  1.) 0.3
050721 2 • -3 3 .3
U ’, il O 3 l  -3 .  3 . 0
0 6 0 0 6 1  3 .  1.~~5
“ , 0 - 2 0 :  s i:P - L , --r:ry CA RD
*4~~ V~ ? ) 1 C 7 .’~~ “ ~~ ~~~
3’U 7 1 1  1 2 2) -3 2~~5S ). i :.1 sz.v J .  3. (3.  1 3 3 1 1 . 0  0 .  1 1  ‘ 1. ’ 0
03002 1 2 3 0 .3’4.31) 5 ‘11. ‘2.25 0. -1 .  3 .  ‘7 3 7 2~~~7 7 . ~~ C’ 0.3 2’
380031 2 3 0 2 5.~~~ . 1 6 5 .  . 2 . 3  0 .  0. 0 .  1 ‘ 3 0 0.0 0. 11 ‘3 ‘1.) 0
O 0’) • 1 4 2 0  7) -) 1006  1 • 5 2 • 12 • 30 . . 2084 1 • 2 3 0 2 -) • 0 3 .  1 3 •

2 1 0 .7 • ‘S i .  3 . 6 7  1 1 . 3  0. 3. 0. 1 -3 3 ‘3 2 .3 3. 11 -5) 3 .
090061 s —1 .‘c0 .  3.~~~ — 1 3.  2 .  0 .  0 .  7 0 3 0 3 . 7  1. 1 :  -

. 3 .  0
5 • 1 3 . 7 5 0 .  3 . 2  — 1 3 .  3 .  -3. 0. -) 0 2 7 0.3 0. :1 . - ‘ . 0

)
~~00~~ 1 7 2 0  0 0 . ’0. . 5 3 8 2 5 . 4 7 . . 2 3 7 3 ~~~ .9 0 0 1 : ) . 7 . 1 3 ’1 0 . C

3 q 0 0 i  1 • ‘ 7 7 4 ‘ “ U .  3 . 6 ” II  • 0 0. 3. 0. 1 (3 3 0 3• 1 7 .  1 !  2’ 1. 0
— 2 ‘3 4 50. 3.~~7 — 1 3 .  3 .  -3. 0 .  ‘3 1 3 2’ 1.  0. II 1 3 .

0 ’ -) :  1 1  1-) 2 ‘3 6 7 5 0 .  3 . 2  — 1 3 .  3 .  0 .  3 . 1 0 3 - ) ‘1 . 3 .  1 1  I) “ . 0
0’012. 13 I~~ ~ 4 7 5 - 2 . .(33 2 ” 3 ~~~ 0 3 0 2  2. 0. 11 o
3’ - )1 3 : :~~~3 o 1 3 0 . 1 . 5 3 . 1 1 2 2’. 30. .13~~4 1 . i ’  1 1 2 7 . .

0~~~) 1 4 1  23 .2 0 (3 2 “6 3Q . ~ 1 . 0 3  1 . “2  ~~. 0.  0. ‘1 0 3 7 3 . . 1 - , I • :7 0

0~~~~ ’ 1 3 1  1 2  1 3  0 -) 2 5 6 3 ’ ) . ‘ 1. 0 ”  2 0 .5’ 2’ . 0 .  ‘3 .  ‘ 0 3 3 1 . - 3 .  L I I l  1 . 0  a
1~~ ) 6 1  13  1 4  0 0 5 5 3 9 . ‘ ) l . O O  13 . ~~2 0 .  0 .  0 .  3 1 3 0 3 .  ~~. 3 1  ‘3 1 . - S U

- - ---~~~~~~~~~~~~- --- -
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TABLE 5. (cont.)

0801 71 1* 13 3) (3 25639. 81.09 24.42 0. 0. 0. 0 0 3 0 -3. 2 . 1 1 0 1 . 0  0
080181 15 15 0 0 6 6 3 9 .  8 1 . 0 9  2 1. 1 7 0. 3. 0. 0 0 3 0 0 .  0.  11 0 1 .0  0
080191 1f 1 0 0 2 6 6 3 9 .  3 7 . 1 3  2 9 . 92 0.  0. 0.  0 0 3 0 0. 0. 11 1 1 . 0  0
090201 IL 1 7  Q 0 2 9 4 4 .  2 . 2 4 6  1 7 .0  0. 0. 1)~ I 3) 3 3) 3 . 0  0. I I  (3 0 . 3 )  0
08021 1 17 15 0 0 2944. 26.20 18.02 0. 0. 0. ‘7 0 3 ‘S 0. 0. 11 (3 0.’) 0
080221 13 1 (3 3 2 9 4 4 . 6 3 . 6 3 5  3 0 . 0 2  0.  0. 0 .  0 0 3 0 0.  0 .  11 0 1. ’3 0
080231 1’ 1 1  0 0 1 4 7 9 1 . 5  1 ’) .69 10 .12 0. 0. 0. 1 0 3 0 0. 0. 11 0 0 . 0  0
080241 20 1 1 3 (1 1479 1 .5 19.69 1 (3.12 0. 0. 0. 1 0 3 (3 0. 0. Il 0 0.0 0
— 7 80 2 51 21 5 0 1 3750. 3 . 6 7  1 1 .0 0. 3. 0. (7 0 3 0 3. ‘3.  11 (3 0 . 0  3)
080261 3 2 2  0 3 0. .484 55.0 I. 1. 1. () 0 0 0 0. 0. II 0 0.0 0
090271 21 22 0 4 (3. 3.67 11 . 0. 1. .5 0 0 2 0 0. . 9 11 0 0 . 0  0
090251 22 5 0 3 0. 3.67 11. 0. .5 1. 3 0 2 0 0. .9 ii 0 0.0 0
030291 11 23 0 0 26639 . 2 0.32 17 .0 0. 0. 0. 1 0 3 0 0. 0. 11 0 1.0 0
080 3 0 1 0 4 1 -) 4074 .3 1 3 5 4 .712 0. 0. 0. 0. 0 0 3 0 0. 0. 11 0 0.0 0

- 403 11 3 3 2 2 — ‘.074.3135 14.75 72. 0. 0. 0. 3 0 3 0 0. 0. 11 0 0.3 0
080321 3 1 3 0 0. 1. 0  30. 0. 0. 0. 0 0 3 0 0. 0. 11 0 0.0 (3
080331 0 1) 4 0 0. 1.00 25. 1. 0. 0. 0 0 0 0 0.  0.  11 0 0.0 0
0 8 2 0 0 0  1
‘)OXXY ? U ~~7 DE SCR IPTIOPI DATA CARDS
090011 3 .. 0 1 3 1668 . 1.0 44943. 71,7 .3 22200. 20000. .7. 17 0. 0
090021 3 • 3 1 0 1668. 1.0 44943. 710.) 22200. 20000. •‘.37 U.
091001 — I l  0. 0. .1 -2 . .15 .05 .2. .9 .3 .~~~b .. .~~ 8 . s  . Q 7
09 1002 .3 .‘~ .9 . ‘ .“o .5 1.0 0.
092-701 — 2 0. 0. 1. 0.
0Q 5011 0. 0. 0.
-1 95021 -3. 0. 0.
10. 000 0 3 16 3
1 ) 3 3 ) 1 1  1 1 5 0.0 1. 3 1 0.25 1 .25 0.-S 1 . 20 - ) . ‘‘ 1 .1 2  1.0 1.3
1030 2 1 I 2 5 3.0 •~7 .9 .25 — .“ .5 — .05 .75 . 4 1.0 1.0
3 3 3 0 3 1  1 3 5 — 1 .0 2 .1 — .75 1 . 7’S — 0.5 1 .5 4 — .25 1.~ 0. 1 . 3 1
10304 1 1 4 5 — 1 .0 2.1 — .75 1. ”O — 0.5 1.13 — .25 .92 0. .~~25
11 )051 1 ‘ 5 0. .. .25 .53 .5 .625 .75 .‘)C’ 1.0 1.-I
102 ) 6 1 1 S 5 0. .‘25 .25 .7’) .5 .‘15 .75 .90 1.0 1.0
10307 : 1 ‘ 5 — 1 .0 — 1 . 3  — .75 — 1. ~~. S — .4  — .25 .1 1 .4
10308 1 1 5 — 1 .0 —1. 9 — .75 — 1 . 7 1  — .5 —1 .5 . — .25 — 1 . 2 ’  0. — . Q

3030 91 2 1 5 0. .55 .25 .63 .5 • 7! .75 .~~6 1.1 1 .1
:1 3 1 0 1  : S 0. — .55 .2 — .175 . 4 .0 .75 .58 1.0 1.0
1 3 3 1 3 1  2 7 5 — 1 .0 1. ‘7 ~~~~~ 1 .23 — .5 . 9 )  — .25 .62 ‘ . .55
1 0 3 1 1 1  2 • ‘ —1 .0 1.7’ — .‘5 1.52 — .5 1.22 — .25 1.1) 1 .  1.0
1 ) 3 1 3 :  1 5 5 0. — .~~ 0.2 — .375 0.5 — .1 .75 .15 1.0 .-.3

2 s 5 -1 . 1.0 .25 .98 .5 .“5 .“5 .~~1 1 .3 ..J
3 3 1 5 1  2 7 5 — 1 .  — 3 ..S — .75 — 1. ’~ — .5 0 —2 .0 — .15 — 1 .3 ’S O. — .~~

L )3 1~~1 2 5 — 1 .  — 3 .-.5 — .75 —2.5 1 — .50 — l . 5 9 2 — .25 — 1 . 1 3  - .
• 1 1 X X X 0  V A L V E  2 ) A A  I A P O S
11 00 10 4 0. 0 0. -3. 0. 0.

• 1 :0023 5 2 0 0. 2). 0. 0.
1:0030 — ‘S 3 . 0 3. . 0. -3 .
:100-. ) .3 0. ‘3 3. -7. 0. 0.
•I1XXYY LEAK TA 3LC DA -1680 5
1 2 2 ) 1 ) 1  —1 ‘) 70. -) 1. 1300. 1.
112 2 0 1  s S 1 . . 7  3. 1. 2.2 5 1. 2 .5 .s67 2. 75 .L3 3. 0. 10000. : 1 .
• ) 3 X X Y V  F : : L  T A 3 L t  2)A T6 3~A R D S
* 1 ” Y f l () T 1 5 5 ’  EYPt POIY4T S C A L 2  ?.2TS PORT “ (IPX
130 1 3 0  2 1 4 1 L R S I S E C  105 ’ ) . 4 0 1 .  1 1 3 2 .
130 1-3 1 0. 564.66’S 1. ‘54.6676 4 .0 0 .  10000 .  ‘3.
13 0 2 0 0  2 1 4 3 L 9 S / S !C  5 4 9 .  .9 9 0
13 0 2 - l I 1. 0. ‘ S 6 0 .  0.  1025 . —2 76 .2245 3000. — 776.2246
13030’) 7 2 11 3 -2AL/~~!N 21 2 .  ‘3.0
I 30301 1. H150. 59 . 13200. 1 3 ’ . 1 2500. 179. 1155 0. 23’ . ‘4 ’” .
13 (3)01 25.9. ‘576 . 2.80. 5681 . 287. 3 ‘88. 1’)’. 1 “ 4 . 30.. 7. 117 00 • -7 .
1 304-) ) ‘ 2 ‘S 3 r.A L / ” t N  2 1 2 .  3).
1 30 .31 17.5 3355. 23. ’ 43 0’). 26. 1 42”l. .1. 2 .1 ‘5. .2.. • I
1 3 0 . 2 2  ‘) S .  3 7 ) 9 .  1 ) 2 .  3s72. 31 -1 . 2. 3000 .  0 .
‘1.000 ‘~~‘I~~T t ~~S COM SEA ’ITS
*1.000 ‘OR Y1 IJL ‘:~ R t ’  1 0 t F
1 . 2 0 0 0  3 1 1 1 6 .  0 .  1.
• 1 . 1- )0 1  ~ C P 6 3 1  T A M L E  IA TS 2A~~0S
.10 01 — 8 • 1.  0. ‘3 . ’S 2 .  1 . 0 7 5  — . 4  1 . 6  —~~~. 2 .7 — 1 ) .  5 .7 —2’ ... 8 .  — 3 0 .  12 ’  — 7 3 .
1-2301 3 E N S I T T  R E A : T I - .’ t T ~ ‘ A T . 5 CARPS

1.2001 — 1 0  .2 — 1 1 . 5 5  .3 . 8 . 93 0  . 4  — 6 . 5 9 0  . 5  — 5 . 7 1  . s  — ) . ~~,‘. . ‘ — 1 . S 1
1 .2302 .~~ — 1.5 5 .“ —0.73 1. -3 . 1 .1 0.
*1 ,3- 2 0 1 3OPPLtR TAPLt I S A T A  - : A R ’ 3 S
l. ’00 L — 6 3. 1 .83 120’). 0. 2000. — 1 . 7 1  3000. —3. • ) 0 .  — ‘ . . ‘ 5 ) 0 , ) . .5..)

— - -  ~~~~
‘ -

~~~~~~ 
-- - 5 -

~~~ — - - ----_ _ _ _ _ _ _



TABLE 5. (cont.)

• 1 3 ) ~~ X O R E C T I V L T Y  C 0 t F F 1C ! ! 1~T D A T A  CARDS
1.0010 . 1 6 8 2 8 9  .14828’ 0. 0.
140020 .3-. 1782 .341782 (3. 0.
1 40 0 3 0  . 0 19 8 5 8  . 0 19 8 5 8  0 .  0.
1.0 0 4 1  .3 . 1 7 8 2  . 3 6 1 7 8 2  0.  0.
140050  . 1 3 8 2 - 99 . 1 4 8 2 8 9  0. 0.
a 1 5 ~ XX M r A T  SLAB DATA
15 00 11 0 3 2 0 0 11 11 0.  681. 422. 0. 0. 0. 0. 0. 0.
1 50 0 1 2  0. 0.
1 50 0 2 1  0 2 2 (3 (3 11 1 1 0. 1368. 698. 0. 0. 0. 0. 0. 0.
1 5 0 0 2 2  0.  0.
1 5 0 0 3 1  1) 4 2 0 0 11 11 0. 1916 . 977. 0. 0. 0. 0. 0. 0.
1 5 0 0) 2  0. 0.
15 0 0 4 1  3 11 2 0 0 11 I I  0 .  6 8 7 .  3 8 5 .  0. ‘7. 0. 0. 0. 0.
15 0042 0. 0.
15 0 0 5 1  4 13 3 0 0 1 1 11 1355. 1355. 23°. 0. 0. 0. 0. 0. 0.
15 0 0 5 2  0. 0.
15 0 0 6 1  1 2 • 3 0 11 11 22’9. 2288. 288. 3. 0. 0. 0. 0. 0.
150062 3. I0. -.2
15007 1 11 23 5 -3 0 11 1 1 1 9 1 . 1’S’. 65. 0.  0. 0. 0. 3. 0.
1500’2 0. 0.
1500 81 Is 1 5 0 0 1 1 11 n’.. ~ 4 .  3 1 .  -3 . 0. 0. 0. 0. ) .

1 5 0 0 8 1  2 ’.  0.
150091 1 1 17 6 7 -) 1 1 11 6884. 688. . 9 5 .  0 .  0 .  7 .  0. 0 .  0.
1 5 0 0 9 2  3 .  1 7 . 1
1 5 0 1 3 1  0 1 1 7 0 0 .2 11 1. 736. 45. 0. -3 . 2. ‘7. 0. 0.
1 50 112  0. 0.
1 5 0 1 1 1  2 3 9 .7 .7 11 11 3~~0 .  4 3 8 0 .  1 8 4 .  - 3 .  0. 0 .  0. -1. 3 .
1 5 0 1 1 2  ‘7. 0.
1 5 0 1 2 1  -~1 5 ‘S 0 -i 11 1 1 -1 ~ 50. 25 . o. 0. 0. 0. 0. 1.
1 5 0 1 2 2  3. 0.
5 0 1 3 1  3 ‘ ~ 7 0 11 Il  1. 450. 36 . 0. :3 . 0. 0. 2’ . 7 .

15 ,1 1 32 2). ‘7.
15 0 1 4 1  0 7 ‘S 3 3 ~I .2 1. 5 3 8 .  6 7 .  0 .  0. 3. 1. ‘7 .  0.
1501 .2 0. 0.
1 5 0 1 5 1  -2 1’) -7 (‘ 0 11 1 1  3. 38. s7 . 0. 0. 3. 0. 0. ‘1.
1 5 - 1 1 5 2  ‘S. 2.
1 3 0 1 5 1  .2 1~ 1)  0 0 1 1  .2 0°5.S 13 ’ )6.3 25. 5 ’ 0. 0. 2. 0. 3 . 3 ’ S  1 . ] ~~1
1 50 I f , 2 0 .  2 . 7~
.20171 13 19 10 1 0 11 1! 1)96 .5 1)Q s. ’ 25.5’ 3. 2. 3. - 2 .  • . 1 1 5  . . 1 5
1 5 0 L ’  2 . 76 5 . . ’)
15 ) 1 ‘1 1’ 1’ 10 1 0 11 .2 398.34 398.84 2). ) ) .  1 .  3 .  :3. .3. “ .7 ~

,.7
1 5 0 1 8 2  5 . 5 1  5 . 4 9
:501 91 15 •~~ 13 1 ‘3 11 II 1)95. 8 1 1 ” b . 3  25. ” ’ 0. -7. 0. 0. ‘ . ~~‘S 7 .8’S
15 01 - 3 2 5 . 5 1  ‘S ...
15 . 20 1  1 4  13 1 3  1 .3 1 1  11 IC’6.8 1- 195 .5 25.s7 0. -3. 2. 3. : 3 . 6 2 5  : 3 . s 2 5
150202 9 .25 11.99
1 5 0 2 . 2  -1 12 1 — ) 0 1 1  1 1  3 .  1 5 1 7 5 . 5 2  1 ‘ 8 . 03 9  3. . 34 8  0 .  . )5 “8 1. 3’’ 1 . 3 ~S
1 5 0 2 1 2  0. 7.
1 5 0 2 2 1  (3 1 3  1 3 II  I L  3. 151 ‘5.52 1 ‘3.339 3. • -14 8 2 .  .0588 • . 1 2”  • . . 2 5
:50122 0. C.
1502). ‘3 14 1 1 -7 II .2 0. 5513.)’2 s..7s1 I .1.8 0. .2’588 5 .0 “ .7
150132 ~~ . 3.
1 5 3 2 4 1  ‘7 15 1 1 3 1! II  -1. 1 5 1 7 5 . 52 1 78 .020 0. .3’. 0. .0588 7. 8 5  .

1 5 0 2 . 2  2’ . - 1.  “ I

1 5 0 2 5 1  0 15 1 1 3 11 L I  0. 15 1 15.52 17 8 .’)’) ‘3 .  .04-9 0. .0588 1-1 • “2’ .2 •

i’0152 3. -3.
• 2) • 5 6 73 90 123  • 55 7 8  413 123 . 5 ~ ‘ 8 ‘~0 1:3 4  5 ‘, “‘3 .23 • 5 6 ‘8 “0 1 2 3’. 36 890
‘16000 C-)P.~ 5~~CT t 0 ’ I  ‘ A A
*~~~~~)3’ (3 5 L 3  SIODE CLA O ‘89AC
1 5 - ’ S 0 1 7  2 1 ‘ ‘S 15 0. .1 7 7 2 1

. “0013 22 ‘ 3 :5 3. •26°02
1s6030 2) 1~ 0. .1075,
1s0040 2. ‘ ‘S 15  ‘7 .  . 1 6 90 2
16005 (3 25 ‘ ‘S 15 0 .  . ‘‘11
1 sil O 15 .2 3 . I • 4 • S • ) ‘ - 5  • -‘ ‘  0 0 • 75 0 0 0 . 7 9 3 3 3  . 0 ’ I  4 .11 “‘8 0 0
15 0025 1 () 0.  .‘ .~~ • 9 5 5  . 1~~ 7 ‘7 . 0 5  0 -7 0 . 0 8 ) 2 3  2 .  . 3 1  ~ ‘‘ .7
1 s 0 03 5  7 (3 ( 3 .  . ‘. . A . -S s S  • 3 5  Q ‘7 .0’ 0 3 0 . : 8 3 3 3  3. . 0 1 ” 9 ~ .7 0
i004 5 3 3 3. . 4 . 5  . 9 . 5 5 . 95  1 ‘3 . 35  0 0 0 . 0 8 3 2 1  ‘3 .  .-3 L~~1’’. 0 3

~0 0 5 5  -) 0 . 1 2 ” ”  . ‘ . 5  .“sS .35 u I .35 .7 0 0 .- 183 ’ S 3 .0012~ .C :)9’ 3 -3
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TABLE 5. (cont.)

• I 1 X X Y Y  S L A 9  C~~0MP.T R Y  D A T A  C A R D S
- ‘3 170 1 01 1 3 1 s 0.0 .020011 1.0

I 0102 I 2 2 .00012 1 0.
1701 (3) 0 3 9 .00261 0.
17020 1 1 1 3 0 . 0  .4  0.
1 10202  0 5 1 .0208 0.
17 0 3 0 1  1 1 S 1 0. . 1 7  0.
1 7 u 4 0 1  1 1 5 1 ‘S.  . 1 2 5  0.
17 0 5 0 1  1 1 5 1 -3. .3 3  0.
1 7 0 6 0 1  1 1 5 1 0.  .0 1 3 8  0.
1 7 0 7 0 1  1 1 5 1 0.  .0 6 15  ‘7.
170 301 1 1 5 I 0. .042 0.
1 7 09 0 !  1 1 5 1 0 .  .08 0.
1 7 1 0 0 1  1 1 5 I 0. .0234 0.
1 80 1 0 0  — 2 0  500 .  3 . 3 4 1  6 5 0 .  2 . 9 7 1  800 .  2 . 6 7 7  9 5 0 .  2 . 4 3 9  1 10 0 .  2 . 2 4 2
) ‘ 0 I 0 1  12 5 0 .  2 . 0 1 8  1 4 0 0 .  1 . 9 4 0  15 5 0 .  1 . 9 2 3  17 0 0 .  1. 7 2 4  1 8 30 .  I . ” ) ”
1 30 10 2  2 00 0 .  1 . 5 6 8  2 1 5 0 .  1 . 5 0 7  2 3 0 0 .  2 . 4 5 7  2 4 5 0 .  1 . 4 1 5  2 50 0 .  1 . 3 82
3 8 0 1 0 3  3 1 . 7 0 .  1 . 3 2 3  36 0 0 .  1 . 3 3 3  4 1 0 0 .  1. 4 0 6  4 5 0 0 .  1 . 5 3 8  5 1 0 0 .  1 . 7 3 0
. 2 02 0 o  2 3 2 .  . 3 1 5 6 2  5 4 0 0 .  . . 1 5 6 2
13 0 3 0 0  18 3 2 .  7 . 8 1 2  2 1 2 .  7 . 7 9 2  3 9 2 .  8 . 2 0 8
18 0 ) 0 1  5 7 2 .  3 . 78 ’ .  7 5 2 .  .5 .0  9 3 2 .  11. 4 0 .
1 8 0 ) 0 2  1 1 1 2 .  1 1 . 2 6 8  1 2 9 2 .  1 2 . 4 0 2  1 6 7 2 .  1 3 . l l s
13 0 3 0 3  1 6 5 2 .  13 . 06 8  1 3 3 2 .  1 4 . 7 0 6  2 - 1 1 2 .  1” . t 2 ~
1 80304 2192 . 17.784 2172. 19 .656 2552. 11.7 8 0
180305 2732 . 24.048 3092. .908 3350. 33. 120

8 04 0 1  — 5  3 2 .  3 0 .  2 1 2 .  2 0 . 5  3 ° 2 .  2 8 . 3  5 7 2 .  2 6 . 6  ‘ 5 2 .  24.7
180501 — 2 200. 9 .33 1200 . 12.92
I’ )OLOO 34 32. 34.33 122. 38.35 2 1 2 . 40.25
1~~3 10 1  392. 4 3 . 5 5  7 5 2 .  4 6 . ’. 2 0 . 2 .  5 1 . 3 3
1 ‘)31 ‘2 2732. 52.s5 2092. “ 6 . 5 5  3 4 5 2 .  s 3 . 0 5
1 3 0 1 0 3  3812 . 72.8 4352. 59 .7 4532. 96 .25

4 7 1 2 .  99 .15 ‘.892. 100. 1 51... 10 1. 4
112 1 (35 8000. 101.4
113200 2 32. .100075 5.30. .300075
190300 5 3.-I 18.3Q
12 )1 301 1487 .3 3..475 1675 .0 55 . 175
l’ Sf) 3 32 I ’ 3 ’ . 5  3 3 . 4 7 6  3500 .0 34.475
. 2 .0 , — ‘ :30. 55. 3 3 5- I . 60. ’) .30. 5 2 . 3  5 3 0 .  4 5 . 2  ‘2 0 .  s ’ . 2  ~11. 70.2 ‘ : 7 .
L~~)50 —10 68. ‘2. ” 200. 56.7 .0 0 .  6 1 . 6  5 00 .  4 ..  ‘ .0 0 .  7 5 .  10 (30. . 6 ’
1 4 .502 12(30 . 53.. 1400. 71.3 1s00. 75.8 1900. SC. ”
2- 701-3 1 — 2 7. 2 . 7 1  ‘E . s  5 0 0 0 .  1 . 2 5 5 3 E — 5
223 01 —1 3. 3. 5 3.7-1 . 0.
2 0 0 3 0 1  — • 0. 3. )‘S4E—s 1s52. 4. 706E— 6 l~~53 . 

S . 71~~ E — f ’  5000. 5.35’ )E—s
2)0~~01 —2 0. 0. 5000. 0.
120 50 1 — 2 C.  2 .  5 0 0 0 .  0.
250001 1 1 3 1 .16 15
260001 1 2 3 • “ 6 s 1 1  1 7  1: -~ 0 3 0 0 0 0 0 1
2 7 ) 3 0 1  — : - .  2500 . 3. 2230. ~~~~ . 7 1s20. 17 7. 1730. 3’)’. 1s ”’ 7. ‘ - “ 2 .  1~~ 0 C .  1 3 •
27-3002 1540 . ‘)87. 14”0 . 1 1 3 6 .  1440. 1382 . 1.00. 15’9 . 1 2 ’ o .  17 71 . 13 35 . :~~~

‘,.
2 3 0 03  1 3 1 ) .  1 . 22 .  1 2 . 80 ,  2 ) 6 9 .

— ,  7- . . - 1 .  3 4 .  153 ) . 2 1 .  2 0 0 .  2 : .  1 0 0 0 .
2 ) 7 0 0 1  — 1 ’ .  2300 . - ‘ 3 .  2 2 0 0 .  9 8 . 7  1420. 19’ . 1730 . 3’)’. 1 5 6 3 .  5 0 2 .  sOO. ‘“2).
2 ” ’ - I ’  1 54 0 .  9 8 7 .  1. 8 0 .  1 1 ” ~~. 1.- .0.  1 3 8 2 . 1’ .00 . 1 5 7 9 . 1 3 7 0 .  1’’7. 1 7 ) 3 . 1” ’ ..
2 1 : 0 0 3  1 3 1 ) .  2 1 7 2 . 12 9 0 . 2 3 6 ’ ) .
3 0 0 0 0 1  — 1 4  1 3 1 . 0. 1)1. ‘ ) 8 . 7  6 2 .  19 7 .  .7 .  ‘3 ’ ) ’. s9. S92 . 95. ‘ 0 - 7 . 11 6 . 2 ) ’ . ’.
30 00 02  1 3 1 .  L I  84 . 1 3 7 .  .282. 13 1 . 1579 . 1 2 1 .  3 ‘‘ ‘ . . 2 0.  1°’.. . 2 1  ‘2 .
300003 59. 2360 .
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TABLE 6. STANDARD MODEL INPUT DATA DECK

— 8)18 REST ESTE’IA T1 200~~5RK CR ITICAL P3,078 — SOSCI C
*2345578 9012345578 901734 5678 901 2345678 9’3L 134557590
•10001 3,311 EDt NIS ~RP VOL 308 T O y  JUN P9P Cry N LK PLL SL SV C2)~ 11AT 008
010001 — Z ‘7 5 10 2 3  4 .7 33  2 3 2 4 23 10 5 5 0 0
010002 3 3 9 8 .  1 .0
010000 A P 11 371 27 JO 28 078 2 9  0 7-1 16 ‘- L  “ SR 2 3  C R  2 3  Tn  2 7
0 3 0 0 10  1 12)0 3 0 .001 .00001  .1 2 0 0 0 .
030023) 5 3 3 0 .0 1 .0003)01 1.
0 3 0 0 3 0  2 0  1-) 2 0 .01 .000001 60.
‘330040 20 25 1 0 .01 .00 (3001 1 3 0 .
030050 20 25 1 0 .01 .00001 2 0 0 0 .
0 3 0 0 0 3  50
040010 1 I 1) 0 60.0 0.
040020 1 — 4  3 0 4 0 . 0  0.
060(330 2 1 0 0 0 . 0  0.
040330 3 1 0 0 0.001 0.
3 , 0 3 6 0  4 1 0 0 .002 0.
:‘.oo’,o c 3 0 1 . 0  0.

s I 3 0 1.P” 0.
“ 4 0 ( 3 3 7 )  - — 5 * 0 2 1 . 5  26.5

-- . 0090 1 0 0 .001 L .ts
.24013 0 ‘S — 5  4 0 21.3 9 120.
~~~~~~ ‘/ULL~~E IATA CA8DS

~ ‘0 0. 2  1 ii 1 - 3 3 9  • — 1 .  .091632 15.5. 22.25 22 .15 C) 21.. ‘S. 21 .2)2 1
0 5 0 0 2 1  1 0 10~~3 . 2 ~ — 1 .  . 0 0 2 6 . 8  b ’03. 12.2 5 5.27 0 4 9 7 .  ‘3. 41 .75 0
- 3 5 0 2 3 :  I I 10 ..98 — 1 .  . “9 ’~ 3 7 7 7 .  2 1 .2 5 2 1 . 2 5  3 .17. 3. 51.2 5 0
33)0.1 3 0 1 0 3 ’. . 9 3  5 3 2 . 3  — 1 .  3 1 7 7 . 3 2 . 2 3  3 2 . 1 3  0 t~~S.  0. 10.02 0
0 5 ) 0 5 :  3 0 172 .. 5 3 2 . 3  — 1 .  125.2 5 Is. 26. (3 5.1. 3. — 1 4 . 7
05-77s1 3 0 1 1 2 s . 1 7  533. 15 —1 . 53. 3. 3. 3 4.1 0. — 14. 0
0 3 0 ~~1 ‘3 0 12 2s.I7 533.25 — 1 .  3 6 6 .  .0 . 5 3  6 0 . 5 3  0 3.2 - 7 .  — 1 . .  0
050081 -) 0 132 4 . 531 .30 —1 . 136. 25. 25. 3 3 .57 0. —1 .. 0
05 .293 -) 0 .22s.17 5)3 .25 — 1. 6). 3. 2. -) •.0 0. — . 2 .  0
O 5 H 3 1  ‘3 0 122s. 17 53 3.2 5 —1. 35o. 0 .53 •0.53 0 3.2 0. — 1 — . 0
0 5 3 . 2 1  2 1 1~~’ , 3 . 1 5  5 3 2 . 5 3  — 1 .  2 1 3 1 . 5  1 7 . 2 0  17 . 10  -) 120. 0. -3. 23

5 0 1 1  1 2 3) 1- 3 5 .  • s7 5 .9.33’ — t  . 2 2 3 .  2 . 8 5  2 . 5 5  0 31 . O ” I  .0 4  ‘3 1 7 . ‘2 3 3
‘ 7 5 0 1 3 1  2 0 1 0 5 2 . 9 7  — I . . C 3 7 1 5 7  2 2 3 .  2 .  7 5 2 .  75 0 9 1  .091 • 1473 20.57 1.
O~~C” 1 -. . 2 3 . 1 5 1 . S 2  — 1 .  . 3 5 0 5 5 7  9 1 . 0 9  1. 1. 0 81.0’)1 . 0 4 7 3  23.32 15
3 5 0 1 5 1  2 (7 1 - 7 . l . ’7  — 1 .  . 0 9 10 0 , 1:3. 2.75 2.7 5 0 81 .091 .0.’’3 2- ..42 ~
‘3 5 2 ) 1 6 :  2 0 3 1 4  7 .s 5  —1. .13”’ .’S 22 3. 2. 75 2.25 ‘) ‘1.2”l .14 7 2 ’ . .2
35017 : 2 -1 1-15. • 1’ 532.53 — I. 4 6 7 . -. 7 19 . II 1~ • ~~ 0 5 2 .  331  3. ‘3 .

( 3 5 3 1 9 3  2 -3 1 34 5 . 2 6  5 3 1 . s 7  — 1 .  53 ’ . 5 3  : 2 . 3 5  1 2 . 3 5 -) 4 3 . 6 ] ’  0 . .2 . 8 2  1
-3 501 71 ‘3 3 13 5 9 .2 53 2. 5 3 — 1 .  : 1 5 .  1 5 . 7  1 5 . 7  0 1” . 6 ’)  0 .  13.1 2 3
-7 5 ) 2 - )  1 ‘2 3 . 259 . 2  5 3 2  . 5 3  — 1 .  1 :5  • 1 5 .  7 1 5 .  • 0 1” . 5’ 0. Ii . - ‘32 -)
0 5 - 1 2 1 1  ‘ - 3 :030.2 532.30 — 1 .  11.75 2.2 2.2 3 5.1. 0. ~ ‘3 .  -‘7
7 5 0 2 2 1  • ‘S 1 - . . 7 1 3 0 .  - 7 . 5  3. 3 3 E 5  2 5 0 .  0. ) 1 1 2 0 , 3 .  1-3 1 .  — 1 - ’. ‘3
35023 1 7 ‘3 1155. -.8 5 32. ’) —1 . 20 .5 1.25 1.25 .7 “ :. -)“ 0. 16 .7 7 :2
“‘300 .2-’Ut’3 LEVEL O A L C ’ 1 L A T I , ) N  CA Rl ’ S

CSOC ’) 1 3  2 3  11 13 14 15 14 17 18 1-9 20 1
-)“ ‘0001 7. -I 0.) 0. ’) 0 . 3  0 . -I
“3 0  2 ‘ -‘A L L I S  S LI’  C I R R P L A TIfl,: CAP 7
“.2 2’ :  ~A LSCi ~~- A L S C 2
•“ : : xx l 1 C’3 L ~ 2 A 7 A  C A R D S
‘5’’U(1 ALP’! - ‘ 5 2 8

- 5 ’i011 1 .7 0.3
‘ J s O ’ J 2 1  3 .0  3 . -)
0~~003i 0.3 3. ’)
0s3 0.1 3. 1.16
“COOL SLIP VEL0C I~~Y CA RD
•‘.3~~X~ UI4 CTION DATA “ A R C
• 2 ) 4 5 67 8 9 0 1 2 ) 4 56 7 ’ 9 0 1 23 . 5 6 7 39 0 1 2 )4 5 6 7 5 9 0 1 2 3 4 3’ S 1 8 9 0 1 2 3 6 5 6’ S ’ 3 0 1 2 ’ 3 ’ .’ s ’ 9 9 , )I 2

2’.).71 1 3 2 0 ‘S 3583 . I’a l • • 2  • 17 ‘S .  3 ) .  0 .  1 — 1  ‘ 0 3. ’ 3. 1 -3 1. ’~ 3
1 3 0 0 4 0 ’ ’. 3 1 3 5  3 1 2 .  5 2 . 2 5  7 . 0 .  3 .  1 — 1 3 ). -‘S (3 .  1 -‘ (3.0 0

28003 1 2 • 0 ‘7 2 5 3 4 4 .  1 6 5 .  4 2 . 0  2 . -‘S . -3. 1 —I 3 ‘3 ‘3. -I 1. 1 -) 0.7 (7
2 3  0 0 .20-41.5 3 . 1 1 2  15. 30. .2094 1. 1 7  2 —1 “3 1 0.2 (~‘ . 1 0 0 .

- 787 0 51 • 2 1 3) 0 .25’). 3 .57 ~L .0 3. 0. 0. I —1 3 0 0.0 r’ . 1 1 0 . ’ 0
78 13051 5 s — I 3 ~ ‘5O. 3 , 5 ’ — 1 3 .  0 .  0. 0. 0 —1 ‘3 ‘3 0.0 0. 1 “ ‘S . ’3 0
080071 6 • 1 -3 • ‘‘3. 3.2 — 1 3 .  -1. 0. 0. ‘7 — I 3 7) 0 . 1 0. 1 1 “C . ” 0
C ’ . C 0 9 1  ‘S 2 ’ S 0 -) . 7 50 .  • 5 1~~ 2 5 .  4 7 .  . 2 3 ’ )  6 . 2  ‘3 —1 1 -7 . ‘7. I 2 3 .7 0
1’ . 0’SI • 0 1 . 75 0 .  3 . 5 7  11 .0 ‘S. (7 . 0 .  1 — 1 3 ‘S 3. ’ 2 .  1 3 0.’) ‘3
(-8 01)1 ’. ‘ )— 2 0 . 7 5 0 .  3 .67 — 1 1 .  (7.0. 0. 0 — 1 3 0 - 2 ) . ‘. 1 1 0.’”
0 3 0 1 1 1  1’) 1 1 •‘SO. 3. 2 — 1 3 .  0. ‘ 2 ) .  7 .  ‘3 ~1 7 - 3 2 .  0. 1 ‘S ‘3 . 2  2)
‘3 90 1 21 10 .2 0 0 .25(3. .538 25. . 7 . .2)’) 6 .~~ 3 —1 3 1 ‘3 . “S . 1 -) -‘S .O 0
‘3~~’ 2 1 3 L  • 3 ’ )  ‘3 (3 10 04 1. 5 7 .1.2 25. 30. .20~~4 . 2 1 7  2 —I (3 2 ‘S . 3 .  I “S 7 .

090.2: 23 ~2 1 0 6639. 91.09 1 7 .92 -‘S . 2’ . - 3 .  2’ —I 3 ‘3 3. ‘S . 1 - ‘ S . 3) “

1 80 1 5 1 .1 13 0 -) 2663 9 . 91 .09 27’.”7 0. ‘3. 0. -1 — 1  3 ‘S 1 .  7 .  1 1 . 2 7  0
0 9 0 1 6 1  1 3  : 4  0 ‘3 , 3 , 3 f l . 81.- ) ” 2 3 .— I - ) .  0 .  ‘1. 0 — 1 3 0 0. ‘1. 1 ‘S 1.0 0

- —  - •-
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TABLE 6. (conE .)

080 1 7 1  14 1 5 0 0  2 5 6 ) 9 .  9 1 . 0 9  I - . s 2 0.  7 .  ‘3 .  -3 — 1 3 0 ’). 0. 1 0 1.0 0
0 8 0 1 8 1  15 1~~ 0 (3 2453” . 81.09 2 7 . 1 7  0. 0. 3. 0 — 1 3 0 0. 0. 1 0 1.0 0
0 8 0 1 9 1  16 1 ‘1 0 2 6 6 3 9 .  3 7 . 1 3  1 9 . ’2 0. 0. 0 .  0 —1 3 0 0. -3. 1 0 1.0  0
0 9 0 2 0 1  11 17  0 0 2 9 4 4 .  2 . 2 4 6  17 . 0  0 .  0 .  0. 1 — 1  3 0 1.0 0. 1 0 0.0 0
0 8 0 2 1 1  17  18 0 0 2 9 4 4 .  2 6 . 2 0  18 . 0 2  0.  0. 0. 0 — t  3 0 0. 0. 1 0 0.-i ‘3
0 8 0 2 2 1  18 1 0 0 2 9 4 4 .  4 3 . 6 3 5  3 0 . 0 2  0. 7) .  3. 0 — 1  3 0 0.  0.  1 0 1 . 0  0
0 8 0 2 3 1  19 11 0 0 1 4 7 9 1 . 5  1 9. 6 9  10 . 1 2  0.  0. ‘3. 1 — 1  3 0 0 .  ‘3. 1 0 0. -) 3
0 8 0 2 . 1  20 11 0 0 1 , 7 9 1 . 5  19 . 6 9  10 . 1 2  0. 0 .  0 .  1 — 1  3 0 (3 . 0. 1 0 0 . 0  0
0 3 0 2 5 1  2 1  5 0 1 4 7 5 0 .  3 . 6 7  1 1 . 0  0.  0 .  0. 0 — 1  3 0 0. 0. 1 0 0.0 0
0 5 0 2 6 1  3 22 ‘3 3 0. .484  5 5 . 0  1. 1. 1. 0 — l  0 0 0.  0. 1 0 0 . 0  0
0 8 0 2 7 1  2 1  2 : 0 4 0.  3 . 6 7  11.  0.  1. . 5  0 2 2 0 0 .  

~~~~~ 
0 . 0  0

0 8 0 2 8 1  2 2  5 0 4 0. 3 . 6 7  1 1 .  0 .  .5  1. 0 T 2  0 0 .  . 9 t 0  0 . 0  0
0 8 0 2 9 1  11 2 3  0 0 2 6 6 ) 9 .  2 0 . 3 2  17 .0 0 .  3. 0. I — 1  3 0 0.  0. 1 0 1. 0  0
0 8 0 3 0 1  0 4 1 0 4 0 7 4 . 3 1 3 5  4 . 7 1 2  4 0 .  0. 0. 0.  0 — l  3 0 0.  ‘3. 1 0 0.0 0
0 8 0 3 1 1  0 3 2 2 — 4 0 7 4 . 3 1 3 5  1 4 . 7 5  7 2 .  0 .  0 .  0.  0 — 1  3 -1 0 .  ‘1. 1 7) 0.0 3)
0 3 0 ) 2  1 1 1 3 0 0. 1 . 0  30 .  0. 0. 0. 0 —1 3 0 0. 0. 1 0 0.’) 0
0 8 0 3 ) 1  0 10 4 0 0. 1.00 25. 1. 0. 0. 0 — 1 0 0 0. 0. 1 0 0.0 0
‘90~~3(Y ?U?4P OCSCRI?TI ()73 D A T A  CARDS
1 9 C O 1 1  3 4 0 1 0 1668. 1. -I 44943. 71 - 2. 3 22200. 20000. 47 .1’ 0. —1
‘7-10021 3 * ‘3 1 ‘3 1668 . 1. 7) 4 6 - 3 4 3 .  7 1 2 ’.) 222 (30. 20000. 4 7 .j’ 3 .  3
0Q 100I — 3 1  0. 0. .3 ~~. .15 . 0 5  . 2 6  .2 . 3  . “b .. . °R  .~~

09:002 .2 .2 .9 .2 .°‘ .5 1.0 0.
042-301 —2 (3. -3. 1. ‘3.
. 3 c C ) 1  0 .  0. 0.
0’)5021 ‘1. 0. ‘) .
100)00 0 0 16 C)

1 - 3 3 0 1 1  1 1 5 3 . 0  1 . 3 1  -3.2 5 1 .25 3.5 1 .20 0 .75 1 . 1 2  1 .0 1.0
10 10 2 1  1 2 5 3 . 0  — 0 . 9  .25 — .5 .5 — .35 .75 .~~~ 1. ’) 1.0
1 0 3 0 3 1  1 3 5 — 1 . 0  2 . 1  — . 7 5 3 . 7 ’ 5  — - 2 . 5  1 .5 . .  — . 2 5  1 . .  0. 1 . 2 1
l ’i 3 0 4 1  1 • 5 — 1.0 2 .3 — .‘‘ 1 . 5 0  — 0 . 5  1 . 1 3  — . 2 5  .“: 0. .225
1 0 3 0 5 1  1 5 5 0. .. .25 .53 .5 . 6 2 5  .75 . 40  1. ’) 1.0
1 0 3 u 6 1  1 5 0 .  . 9 2 5  . 15 . ‘9 .5 .“1 5 . 75 .90 1.0 1.0
1 0 3 0 7 1  1 ‘S 5 — 1 . 0  — 1 . 9  — .75 — 1 .  — .5 — . . — . 2 ’  .1 0. .4
5 0 3 0 - 8 1 1 5 — 1 . 3  — 1 . 5  — .75 — 1 . 7 2  — .5 — 1 .54 — .25 — 1 . 2 7  0. — . 2
1 0 3 3 0 1  2 1 5 0. .SS • 25 .~~~3 . . 21 . 7 5  .8 6  ) . 3  I . I
10 3 . 2 1  2 2 5 0 .  — .5 5  .2  — . 1 7 5  .4  .0  . 7 5  .55 1.0 1 .0
1 0 3 1 1 1  2 3 5 — 1 . 0  1 . 7 7  — .75 1 .23 — .5 .82 — .25 .52 ‘1. .55
1 3 3 1 1 ’ .  • ‘S — 1 .0 1.77 — . 75 1 . 5 2  — .5  1 . 3 2  — . 2 5  1 . 1 3  0. 1. 0
1 0 3 1 2 1  2 5 5 0 .  ~~~~~ — .3 75 3.5 — .1 • ‘5 . 1 5  1 .3  . 4 3
1 3 3 1 . 1  2 ~ 5 -1. 1. -) .25 .83 .5 .75 .75 .61 1.0 ..2
1 3 3 :5 1  2 7 5 — 1 .  —3 . .5 — . ‘5 — 2. 75 — .50 — 2 . 3  — .25 — 1 .  3’S -3 . — .9
. 2 3 1 — 3  7 -8 5 — I .  — 3 . 4 5  — .‘s — 2 .62 — .50 —:.5s3 — .25 — 1 . : 5  3. — .55
‘1 5XX ~~0 V A L ’ E  ‘ S A 7 7  CA R C S
.2 3 0 1 1  0 .  0 0 .  2 ) .  ‘7 . 0 .
11002t3 5 2 3 0. 0. 0. 0.
1 1 ’ J C ] J  — ‘~ 0~~ (3 ‘ . 3 •  7 .  0.
110040 — )  0. 0 0. 0~~ 0. ‘S .

‘12 (X ’” ~ E A Y  ‘ .‘ SLE “ A 7 ’  CARDS
—2 -~ 3 0 .  2) . 13 0 0 .  1.

12 1 2 ) 1  ~ 5 1..’ 1 . 1. 2 .25 1. 2.5 . 4 5 7 2 . 75 . 3 2 7  2 . ). 0 IC. I.
•1i ~lX VV 7:3,3, 7A ’ S L F  l A T A  7AR” S
• 3 x x 0 O  7 4 1 ’  T’~ P1 7 . 2 5 7 5  CA L C  “ N IT S  PORT ‘4O RX
13 0 : ’ 2 3  2 1 • 1 L4S ISEC 1150. — C l  • 1 1 3 2 ,
1 3010 1 -‘S . ‘ . 6  • .is  ‘6 3 • 8 6 4 .  ‘- ‘ 7 6 4 .0  ‘3 .  1 0 ( 3 7 3 - 3 . 1.
1)021 ’ S 2 2 • 3 L R S / S E C  5 4 8 .  .Q°~~
13020 1 -3 . 0. “40. 3 .  1 025. — 276 .224 6 3000. —2 7s .22 .~~
3 3 0 3 0 0  7 1 II 3 C A L/ M ’ N  212. 1 .0
13 0 3 0 1 1. I 5 3 5 0 . 5 7 . 1, 2 0 0 . 13 7 .  1 2 5 ’ O .  1 7 5 . 1 1 5 5 0 . 2 ’ ’ . 9~~’0.
1) 0 3 0 2  2 6 8 .  7 5 7 ~~. 280. 5 s 9 2 .  2 8 ’ S . 3 7 9 9 . 2 9 ’ . 1~~’ S 4 .  30 . . .  0. 1 0 0 0 0 .  ‘2.
13 0 . 3 0  2 3 CAL / ’ 1 ’( 212. ‘3.
1 2 7 . 1 1  17 .~ ‘355. 1’ S .7 4319 . 26 .1 429 1 . .1.2 — 1 75 . ‘.2 .. . ‘ . ‘ 6 .
3 3~~..2 - 7 9 ~ 3’’38 . 1 3 2. 35’:. 3 1 3 .  7 .  30-7 0. 0.
‘1 . 7 - 0  C I N E ’ 7 . 2 S  2 ) C I S T A S T~
‘1.000 PWR 3’PL RtL SIC 000T
,0u30 3 3 1~~6 .  0. 1.
1 1 1 - ’fl l S C 8 A N  OSS L E ‘ A T A  2 A ’ . C S

3 . 1 1 ( 7 1  —~~ • 3 .  3 .  ‘ . 2) 0 .  1.0 ’S .~~ . .s —~~~ . 2 . 7  — I C .  5 . ’ — . 2 . 1  ‘ . — . 2 .  2 .  ~~3 0 .
‘(.2-3 01 ‘7~~S ’ ?  ‘~~A :7!v:T! I A T A  U A R ’ 3 7
.2(301 — 1 0 .2 — 1 1 . 5 5  .3 — 9 .930 .~~ —~~~. 6 ” - )  . 5  — ‘.2 1 .~~ ~ 3. 6*  . 7 - . 5 1
.20)2 . ‘S — 1 .55 .9 — - ) .73 1. -

. 1 . 1
‘1  . 30 (3 1 2’ “ ‘ 1 , 0 9  7 ‘3 , 5  7 ) 4 - T A  - A 9 7 S
1.3 001 —~ ‘3. 1.25 :3(70. -‘ S . 20~~(3. ~ 1 . ’’. 303). — 3 . • 0 ’ 3 f l . — 4 . 1 ’  ‘0 0 0 .  — s . . 3

~~~~~~~~— - — . _-_—&---- --- - - _ 4 7 ’~~~~~~~~~~~~~~~~~~
_ 
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TABLE 6. (co nt.)

* 14 0 ~~X 0 R I A C T I V I T Y  C O I P F I C I P N T  7 ) 4 - T A  C A R D S
14 0 0 1 0  . 14 8 2 8 9  . 1 4 8 2 8 9  0. 0.
1 .0 0 2 0  . 3 4 1 7 8 2  . 3 4 1 7 8 2  0. 0.
14 0030 .019858 .019858 0. 0.
14 0040 .341782 .341792 0. 0.
140050 .148289 .148289 0. 0.
‘ISXXX HE AT SLA R DATA
15 0 0 1 1  0 3 2 (3 0 0 0 0 .  5 8 7 .  4 2 2 .  ‘3. 0.  0 .  0. (3. 0 .
15 0 0 12  0.  0.
15002 1 ‘3 2 2 0 0 0 0 0. 1368. 499 . 0. 0. 0. 0. 0. ‘3.
1 5 0 0 2 2  0. 0.
1 5 0 0 3 1  0 4 2 0 0 0 0 0. 1916. 977. 0. 0. 0. 0. 0. 0.
15 0 0 3 2  0. 0.
1500 3 1 3 11 2 0 0 0 0 0. 687. 385. 0. (7~~ 0. 0. 0. 0.
1 5 0 0 4 2  0. 0.
15 0 0 5 1  4 19 3 0 0 0 0 1 3 5 5 .  1) 5 5 .  2 3 9 .  0 .  0 .  0 .  0 .  0 .  0 .
150052 0. 0.
150061 1 2 * ‘3 0 0 0 2288. 2288. 2~~6. -1. 0. 0. 0. -3 . 0.
i 5 0 0 6 2  0. 1 0 . 4 2
350071 11 2 3 5 3 0 0 0 1 9 7 . 197. 65. 0. 0. 0. 0. 0. 0.
150072 0. 0.
150081 1~ 1 5 0 0 0 0 94. 94. 31. -‘2 . ‘3. 0. 0. ‘1. -7).
150082 0. 0.
15 00’ S l 1 1 17 o 0 0 0 0 6884. 5884 . “5. 0. 0. 0. 0. 0. 0.
15 0 0 9 2  0 .  17 . 1
1 5 0 1 0 1  2) 11 7 0 3 0 0 0. 736. 46. 0. 0. 0. 0. “S . 0.
.2010’  0. 0.
1 5 0 1 1 1  2 3 0 1) 0 0 4380. 3380. 1’-~~. 0. 0. 0. 0. 0. 0.
:5 0112 2. -3.
1 5 0 1 2 1  0 5 ‘7 3 0 0 0 0 450. 36. 0. 0. 0. 0. ‘2. 0.
15.22’_ 0. (7 .
.2012. -1 F 9 0 0 0 0 0. 350 . 36. 0. ‘3. 0. ‘5 . 0. 0.
15 0 1 3 2 ‘3. 0.
15 0 1 .1 -) 7 9 0 0 ‘3 0 0. 38 . 67. 0. 0. 0. “ S . 0. 0.

C 1501 .2 -1~ 1.
1 5 0 1 5 1 -3 I 0 ” 0 0 0 0 0 .  035 • 6 7 . 7)~~~~3)~ 0 . 0. 3, -1 ,

5 5 0 1 1 2  ‘2 .  ‘3.
150 161 12 18 10 0 0 -1 0 l3Q 6.8 1196 . 9 :5.57 0. -1. ‘2 .  0 .  1 . 3 7 5  1.3’ S S
15 0182 1’ . 2 . ’.
15 0 . 2 1  13  .2 1-3 1 3 0 0 13 86 .9 1096. 9 1 5 . 6 7  - 3 .  3. 2. 0. .. 1 2 5  , . 1 2 5
1 5 0 1 ’  2 . 76  5.*~
1 5 0 1 5 1  14 13 10 1 -1 0 0 398.84 398.94 9.33. 0. -3. -3. ‘2 .  s.0 5.0
1 5 0 1 8 2  5 . 5 1  6 . 4 9
1 5 0 1 91 15 .2 13 1 -1 3 0 1396 .9 1096.8 25.57 0. 3. 0. 0. 7 . 8 7 5 7 . 8 7 5

5 ( 7 3 ) 3  6 . 5 1  ~.2
1 5 ~~2 0 1  16 1’.  10 1 3 ‘3 0 l ’ I Q b . 9  1 - 19 5 . 9  2 5 . 5 7  0. 0. 0. 0. 10. 625 1 1 3 . 4 2 5
1 5 4 2 ) 2  ‘~ . 7 6  1 1 . 9 9
1 5 : 2 1 1  ‘3 1 2 3 0 0 -) 2’ 0. 1 5 1 7 5 .5 2  17 8 .0)’) -7. - -7. 3 0. .0598 .37S 1 .3 ’S
1 5 3 2 1 1  -3. -3 .
1 5 ) 2 3 1  ‘3 1 3  1 1 0 -3 -3 0 .  1 5 1 7 5 . 5 2  37 -3.039 0. .-)~~3 3. .05- ’8 ..125 3 .1.2
55 0222 ‘3 . 0.
15 0 2 3 1  0 1— 1 1 -, 0 0 3. 5 5 1 9 .372 64 .761 -3 .14 8 0. .05~~8 ‘a. ’ 6 . 0
1 5 3 232 0. ‘3.
1502 3 1 3 15 1 1 0 0 0 1. 15175. 52 178.039 0. .048 ( 7 .  . 0 5 8 9  7 . 8 7 5  ‘. 9 7 5
1 5 0 2 4 2  0 .  0.

‘ S ” 2 5 1  ‘3 15 1 1 0 0 0 ‘3. 151 75 .52 1 7 8 . 0 3 9  —3. .048 0 .  .2598 10 .525 1- 1 .525
1 502 52 0. 0.

34 557 012 34 56 ‘99012 34 789012 3456 ‘49012 34 So ‘‘.“012 3455
‘16000 COal SECIOO’ 1 DATA
‘1600(3 51, 7 “OD E CL A ’ 3  0 F RAC
. 2 ’7 0 I 0  21 7 ‘7 13 17 . . 1 7 ’ 2 1
160020 22 7 9 15 0. .26’S( 72
181030 23 ‘ 7 15  0. .1075 .
1~~,7J4-1 2~ 

‘ ‘7 15 0. .26302
16-20 50 25 ‘ ‘7 1 5 0. . 1 7 7 2 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~—
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TABLE 6. (cont .)

‘3 7~~XYY S L A B  05l”1f2T9Y OA TA CARI ’SS
1 7 0 1 3 1  2 3 1 5 0.’) .0200’Sl 1.0
170102 1 2 2 .00072 1 0.
1 7 0 1 0 3  0 3 9 . 0 0 2 6 7  0.
1 7 0 2 0 1  1 2 • 3 0.’) .3  0.
17 0 10 2  0 5 1 .0208 0.
170301 1 I 5 1 0. • 17 C).
170401 1 1 5 1 0.  . 1 2 5  0.
170501 1 1 5 1 0. .3) 0.
1 ’0 6 0 1  1 1 5 1 0. . 0 1 39  0 .
1 7 0 7 0 1  1 1 5 1 0. .062  5 0.
1 7 0 8 0 1  1 1 5 1 0. .042 0.
l’ u901 I 1 5 1 0. .09 0.
171 00 1 1 1 5 1 0. .0234 0.
190100 —1 0 500. 3.341 550. 2. 971 ‘~00. 2 .677 930. 2 .439 1100 . 2 .242
1 4 1 1 0 1  1150. 2 .0 7-’ 1400. 1. 940 1550. 1.823 1700. 1.72 4 1950. 1.63’)
190102 2000. 1.568 11 50. 1.507 2300. 1.457 2-4 50 . 1 . 4 1 5  .200. 1.382
18 01 0 3 3100. 1.32 3 3600. 1 .333 .100. 1.405 4600. 1.538 5100. 1. 7)0
1 8 0 2 0 0  3 32 . .41562 5400. .41562
130300 1 -~ 32 . 7.812 2 1 2  • 7.992 1 (32 . • 208
15 0301 572. 8 • 7 3 4  ‘52. 9.5 6- 1 932. 0.,34
180302 1 1 1 2 .  11 .2 53 11 92. 13..~~2 14 - 5 1 . 1 3 . 1 76
18030 3 1552. 13 .25-8 18 32. 14.7 ’7 6 20 12 . 16. 129
1903u . 2 7 8 2 .  17. 783 2372. 19.65~ 15 52. 21. ‘ $o
:90305 2732. 3. .334 3092. 39 .909 7360 . 33.1 2’ )
1 3 2 . 2 1  —5 32. 30. 112. 2°.5 3 92. 28.3 572. 2 7 .5  752. 24. 7
I~~0501 —2 200. 9.33 1200 . 12. 92
.20100 15 32. 33 .45 1 3 2 .  3 9 .35 21 2 .  30.95
1 ’ ) 0 l 0 1  3 9 2 .  31 .55 752. 46.2 23 12. 51.35
1 3 0 1 3 3  2 7 3 2 .  5 3 . - ,3  3 . 2 2. 5 5 . 5 5  3 . 5 2 .  6 3 , 0 5
I ~01 13 3 8 1 2 .  7 2 . ’ 4352. ‘.0~~~7 4571.
5 9 0 1 3 4  . 7 1 2 .  98.15 4892. 1 7 7 . 5  51 43 . 101.4
1 4 1 3 1 2 ) 5  ~(300.  13 1 . .
i ’ 7 -~3 0 0  2 32 . .0000’S 5600. .0 0 00 ’ ’
I ~033C ) 5 0.-) 2 1 .39 2

7 0 3 0 1  1 . 80 . 3  3 — .4 ’5 167’- .” 9~~.1’51 90 ) 0 2 1 ’ 3 7 .5  34 .~~ 7 5 35 00.0 33.,75
.20— 01 —

. 130 . 56. ’ 3 5- ) . 63.8 .50. 52.3 530. ~5.2 ‘3 1 .  6 ’.3 71 - 3 . ‘0.3 3 ,33. 7’ .5
I 3 .231 — 1 3  ~~8 . 52.9 200. 55 .7 330. 65 .5 600. s.. 900. —h. .2)0. - ‘- ‘

1 ’ ) - 5 3 2  1100. s 8 .  ~ 5 .2)0. 71 .9 3s12 0 . ‘5. 5 1300. 90.5
2 20 1 01 —3 0. 3. ‘.2E—O 5 30. 1 .2s5 3 1— 5
1 3 ( 3 2 - 3 1 — 0. -3 . 5000. 7).
‘3,17 0 1  ~ 3 3 .  3.)4.7~~5 1 6 5 2 .  3 .  7 ( 3 6 C — 6  1~~53 .  S . 2 8 9 E — 5  5Q00. ‘S . 3 9 ’ 7 E — ’
2 1 2 . 0 1  — 2 0 .  0 .  5 00 0 .  0 .
23u 501 —2 0. 0. 5000. 3.

~~~— - — — --~~~~~~- i’ - — ~~~ - ~~~~— — — ---- -- 
.-
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APPENDIX B

PLOT/RESTART DATA RET PIEVAL PROCRAM

T his a p p e n d i x  d e s c r i b e s  a F o r t r a n  IV p r o g r am  w r i t t en t o

e x t r a c t  d a t a  f r on  the  R FLA P 4 Plot/Rest art tape . !3urin ~s

RELAP4  pr oblem execution there are t w o  t y p e s  o f  i n f or m a t i n n

wr itt e n  to t h e  Plot /R es t a rt t a p e .  They  are called corl r,cn

bl o c k re c o r d s , and plot r ecords . (7or7roor~ block records

contain In formation required t o  r e s t a r t  the proble m . Plot

records contain data that may be useful for gr ap hic al

disp lay of the transient ra ram ete r s of i n t e r e s t .

A plot record is w r i t t e n  to the tape at tim e in t e r v a l s

s p e c i f i e d  by the user (Ic. each tim e a m i n o r  e d i t  is

p r i n t e d , a p l o t  r ecord is w r I t t e n  to the Plot /r est ar t t -~pe ).

T h e  L en gth of a pl ot re cord depends of t i e sy s t em S-et n ~~

m o d e l e d  and can he c a l c I l l 3 t e d  as f r L  lows ,

LEN — 2 1  + 20 ~ 24 (NV OL) + 1~~ (\’JUN ) -4 2fl (”1SL~~)

where ,

LEN — length of plot rec ord In cor ’p ut er words ,

NVO L — n u m b e r  of volum es f i  the PFLAP4 m o d e l,

NJUN — number of junctions in the ~~F . L A P &  m o d e l ,

NSL S — num ber  o f  h e a t  s l a b s  in t he  ~ F . L A P 4  m o d e l .

j
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For the problem used in this stud y (fe . uope C r e e k )

NVOL — 2 3 , NJUN — 33 , NSLB — 25 , and the the plot record

length ( L E N )  Is thus 1621 computer words. A computer word

is four byt es or 32 al p ha— numeric characters. Future

reference to word will imply c o m p u t e r  word , unless o t h e r w i s e

Ind icated.

The foll owing is an explanation of the reason for the

numbers used in the above e q u a t i o n ;  The first word of each

plot r ecord contains the letters ‘PLOT ’. The next twent y

words of the plot record contain the proble m t i t l e  and the

n u m b e r  of junct Ions and volumes in the system. The next

twent y words are twenty sy s t e m  p a r a m e t e r s , such as

nor m al i z e d  power , total e ner pv stored in the fuel , t r a n s i e n t

tUn e , etc. (These p a r a m e t e r s  are l i s t e d  on r ar e T T — 2P o f

the P E L A ? 4  Users ~an ua l ) . The next 24 X ‘.‘VO !. w o r d s  (to t h i s

c a s e  5~~2 ~~o r d s )  cont a in the 22 ) volume p a r a m e t e r s  lI s t~’d on

p age 1 1— 2 2 9  o f  the user s M a n u a l .  T h Is  1n f o r ~~a ti o n  is

w r i t t e n  tJ the tape as fo l l ow s .  word s 1— 2 3  are the av e rage

pressures in v o l u m e s  1—2 3 , w o r d s  2 4 — 4 6 are t h e  t o t a l  Tass in

volumes 1— 2 3 , e t c .  The n ext 1~ X NJI’N w ords (10 this case

52~ w o r d s )  c o r .t~~~~n the 16 junction p a r a m e t e r s  l i s t e d  ~ n rage

1 1 — 2 3 0  of th e “s~~r s  M a n u a l .  This in for ~~a t t n n  Is w r I t t e n  In

t he came o r d e r  is the volu m e in fo r ’n at ton (ie. ~
jords i — ’ 2 ’  ar~

t o e mass flow r-i t~’s for j u n c t i o n s  1 — 3 3 , etc) . The nex t 35~

NC L ~ w o r — I s (5O~ words in t h i s  case) contain th e ‘2v en t y h ell t

s l a b  p a r a m e t e r s  l i s t e d  on p a n e s  11—2 3 0 and 1 1— 2  31 of the 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~ - ~~~~~~~~~~ -—— - - - — - - - -5 - - - - -——— - 
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U s e r s  M anua l. T h e s e  p a r . i me t e r s  a r e  w r i t t e n  in the same

o r d e r  as t he  vo lume and j u n c t i o n  d a t a .

Table 7 is a li sting of the program w r i t t e n  to e x t r a c t

p l o t t i n g data from the Plot/Restart tape. The n u m b e r s  in

the left column are sequence numbers used In the ‘ollow inr

progra m descri pt ion. The program utilizes a Penn State

l ibrary s ubroutine called PRECL/F PI ’ F (21).

The na me of the Plot/Restart tsp e from which dat a  IS to

be e x t r a c t e d  m ust b e entered on lines 55 and 125 0 (In t~~e

e x am p le shown the tape name is EDIT2 ). The da t a  set na~~e

(~) S N )  o n  line 1250 m ust he the same as the as th e PS\’ use d

to write i n f o r m a t i o n  to the tape d u r i n c ~ p r o b l e m  e x e c u t i o n

(In th e exa m ple DSN—T POL ’T) .

The f i r s t  step of the p r o g r a m  (l fne 4~~c - )  Is the C1~

P R F - ~ L s t a t e m e n t .  This s t a t e m e n t  loads the e n t I r e  f I~~ s~

record fro m the P l o t / R e s t a r t  tape In t o  a I n c i c a l  ~r r a - -’

c a l l e d  REC . The length of the r e c o r d  Is al~~n r e t u ~~n c~

the v a r i ab l e  called L.FN . A DO loop is t h e n  ~‘n ~~. re d

450) where the f o l l o w i n g  steps are t a k e n .  ! to e

t he fir s t  four c h a r a c t e r s  of the a r r ay  ~~~

c ! t :acters are not the l e t t e r s  ‘PL (~T ’ t b t~~’ ~~~ ‘
,. .-

~~~

a plot record , and execution ski-’s o 1 1 ’e ‘

C A L L  F~~UF st at em en t . This st a te - ’e r ~ 
‘ ‘~~~~ -~~~~ 

-

of the tape into the array RFC a n~ .~~~
.

‘.50. This proc ess Is c o n t i n u e d  m l ’ ’

by l I n e  SO0.

----—-~~~-~~~~~~ -
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TABLE 7. P L O T / R E S T A R T  TAPE DATA R E T R I E V A L  P R O G R A M

00050 / * u sE R I D  M V C O I
00055 / *TAPE E D I T 2
00100 II E X E C  FGCG
00150 / / S Y S I N  DD *
00200 L OGI CAL * 1 CNE
00250 I N T E G E R *2  L EN
00300 L O C I C AL * 1  R E C ( 3 2 0 0 0 )
00350 NREC—1
00400 CALL P R E C L ( ’ IN  ‘, LEN N R E C , R E C )
00450 DO 1 1—1 ,99 99 999
00500 I F ( C N E ( R E C , PLO T ’ , 4 ) ) C O  TO 1
00550 K L E N — L E N / 4
00600 CALL O U T ( R E C , K L E N )
00650 1 CALL F B U P ( & 9 9 , & 8 8)
00700  99 STOP
00750 88 STOP
00800 END

• 00850 S U B R O U T I N E  O U T ( R E C , K L E N )
00900 R E A L  R E C ( K L E N )
00950 W R I T E ( 1 7 , 1 O ) R E C ( 3 9 ) , R E C ( 5 2 ) , R E C ( 6 2 0 ) , R E C ( 6 2 1 ) , R E C ( 6 2 2 ) ,
01000 S R E C ( 2 2 9 ) , R E C ( 1 1 6 9 ) , R E C ( 1 2 1 9 )

• 01005 W R I T E ( 6 , 1 O ) R E C ( 3 9 ) , R E C ( 5 2 ) , R E C ( 6 2 0 ) , R E C ( 6 2 1 ) , R E C ( 6 2 2 ) ,
01010 $ R E C ( 2 2 9 ) , R E C ( 1 1 6 9 ) , R E C ( 1 2 1 9 )
01050 10 F O R M A T ( P 8 . 3 , L P 7 E I O . 3 )
01100  R E T U R N
0 1 1 5 0  END
0 1 2 0 0  / / D A T A .F T I 7 F O O I  DD U N I T — B A T , F I L E S — $ D E M 6
0 1 2 5 0  / / D A T A . I N  DD U N I T — 2 4 0 0 , V O L — S E R — E D I T 2 , D S N — TP OtI T
01300

L. - 
- 

- —  — —
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tlheit a plot record is found program execution goes to

line 550 which divides the record length LEN by four ,

converting the record length from computer words to al pha—

numer ic words. The subroutine OUT is then called (line 600)

and execution skips to line P50. Line 900 changes the array

REC from a logical array to a real number array. Line n ~S0

and 1000 write the desired parameters (discussed below) to

Fortran Unit 17 , defined in line 1200 as a ~AT f i le  c a l l ed ,

in this case $DEM6 . Lines 1005 and 1010 write the same

parameters to Fortran Unit 6, a line printer. Following

printing of the desired parameters , program execut ion is

returned to the main program at line 650. The progr am

• continues to process records until an end—o f— file is

encountered , when execution is stopped.

To determine the word number of the des ired para m et er

to be printed , the following steps are ta ken;

For system parameters , the word numb er is simply 21

plus the number of the system parame ter. For example , the

transient time is parameter number IR (recall that pa rameter

numbers are taken from the RELAP4 Users ?4anual on the par’s

noted earlier). Thus the word number for transien t time is

21 + 18 — 39 and REC(39) contains this parameter.

For volume parameters , the word number is calculated as

f ol lows ,

WN — 41 + (VPN — 1)NVOL + V O LN

~~~~~~~~~~~~~~~ ~~~~~~
— -
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where the new symbols are ,

• VN — word number of desired parameter

VPN — volume parameter number
.

VOLN — volume number of desired parameter .

For examp le, if the desired parameter is mixture level

in volume 4, the word number is calculated as follows ; The

VPN for mixture level is 9. NVOL — 23 , and VOLN 4. Thus

— 229 , and REC(229) is the mixture level in volume 4.

For junction parameters the word number is calculated

from ,

WN — 41  + 2 4 ( N V O L )  + ( J P N  — 1) N J U N  + JU ’IN

where the new symbols are ,

JPN — function parameter number

JUNN • function number of de sired parameter.

For example , if the desired parameter is the flow rate

in junction 27 , the word number is calculated as follows ;

The JPN for flow rate i~ 1 , NVO L — 23 , N J U N  — 33 , and JUNP~ —

27. Thus WN • 620 and REC(620) is the flow rate at junct ton

27.

For heat slab parameters the word num ber is calculat e d

from ,

biN — 41 + 24(NVOL) +16(NJUN ) + ( SL B P N  — 1)N SL !  + ~L~ N

— •T:~•~~ _ _ _ _ _ _  _ _ _ _ _ _  •._ - —
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where ,

SLBPN — heat sla b parameter number

SLBN — heat slab number.

For example , if the desired parameter is surface

temperature , hea t slab S23 , the word number is calculated as

follows ; Th e SLBP N for surface tem pera tu re is 2, NVOL — 2 3 ,

NJUN • 33 , NSLB — 25 , and SLRN • 23. Thus WN — 1169 , and

REC(1169) is the surface temperature of heat stab 23.

The central proce ssing unit (CPU) time required for

execution of the program depends on the amount of data to be

processed. As a benchmark , processing of 400 records takes

about fifty CPU seconds.

~~~~~~~~~~~~ -~ 
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