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ABSTRACT 

A r e sea rch  and :.-development program t o  i n v e s t i g a t e  the  
f e a s i b i l i t y  of e l imina t ing  vapor c losure  f o r  the  Pa thf inder  
r e a c t o r  was conducted. The i n v e s t i g a t i o n  was undertaken a s  p a r t  
of . the  r e sea rch  and development program f o r  the  66-mwe Pathf inder  
Atomic Power P.lant, which w i l l  be owned and operated by Northern 
S t a t e s  Power Company of Minneapolis. The p l a n t  i s  being b u i l t  
near  Si.oux, ,Falls , ,  South Dakota and i s  scheduled f o r  i n i t i a l  
opera t$ .~n: ,  $ ~ . ~ ~ : : , J ~ . n e ,  1962. Contr ibut ing toward the  r e sea rch  and ' 

developme:riE!.pr@gram a r e  the Atomic'Energy Commission and Cen t ra l  
~tilities':.&$~;t:om$c' Power Associates ,  a  group of t e n  midwestern 
p u b l i c  u t i l i t y '  'companies. Allis-Chalmers Manufacturing Company 
i s  prime con t rac to r  f o r  des ign  and c o n s t r u c t i o n  of the p l an t .  

The m a j o r ' h q u i r Y  under the  f e a s i b i l i t y  s tudy  involved an 
a n a l y s i s  . of . the  "c"o$g,$ex t r a n s i e n t  condi t ions  occurr ing i n  the 
r e a c t o r  cav i ty ,  the:'pwnp rooms, and the  e n t i r e  r e a c t o r  bu i ld ing  
' fol lowing a  primary:.sg..stem rupture .  To solve the simultaneous 
non-l inear  s e t  of.;.e'qu+$$ions evolving ' from the  h e a t ,  mass, and 
fo rce  balances inL:!,:the, ,s'ystem, an 1.B.M . 704 d i g i t a l  computer 
program was devel'oped'.' '.The program has a  very gene ra l  i npu t  
and can t h e r e f o r e  be . ,used wi th  o ther  containment des igns .  Input  
parame t e r s  include : I n i  t i a  1 pressu res  i n  r e a c t o r  and throughout 
the  containment bu i ld ing ,  h e a t  c a p a c i t y  of v e s s e l ,  decay hea t ,  
feedwater flow. r a t e ,  en tha lpy  of feedwater,  and volume of 
primary coolan t  system. 
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1.0 INTRODUCTION 

The P~thfinder Nuclear Power 2lant( l) consists of a 
heterogeneous light water coolea sn8 moderated forced circulation 
direct cycle boiling water nuclear reactor and a light water 
moderated integral nuclear superheater. I 

An early reference design utilizes a cylindrical containment 
vessel aa depicted by Figures l.A and I.B. 

Early In the Pathfinder research, development, and design 
program the desirability of pressure suppression containment was 
recognized. Such containment ip designed so that in the unlikely 
event of primary system rupture the steam released would be 
condensed in quenching pools and on the walls of the reactor cavity 
and pump rooms. 

Previous explo a ory calculations by oneer Service and 
Bngineorlng Companyf~f and Allis ~halmers( indicated that 
compartmentalized building design combined with provisions for 
quenching steam with shield pool water might reduce to a nominal 
value the pressure in the reactor building resultin from a 
primary loop rupture. Under purchase order W~49128 fi -NSP Internuclear 
Company was retained to study further the feasibility of elimination 
of containment of a nuclear power plant and to develop adequate 
engineering calculations and concepts necessary to support such 
a study. 

A preliminary analysis of the transient conditions which might 
occur in the.reactor cavity, the pump rooms and th& entire reactor 
building during the first few minutes after rupture showed that 
simultaneous time dependent solutions of a number of partial 
differential equations would be required to adequately study the 
feasibility of reducing containment. 

Further investigation of the problem indicated that'the . 
mechanisms.by which steam from a primary loop rupture would be 
condensed. on compartment walls, bui,lding walls, and in the shield 
pool are not well understood nor is adequate empirical data as a 
function of turbulence, velocity degree of superheat, and pool 
depth.available. 

In order to accomplish an integrated and supported study 
it was deemed desirable to first develop the capability to. 
analyze several possible geometric configurations under several 
possible mechanisms of steam condensation.1n quenching pools 
and on building walls. The number of-possible permutations and 
combinations together with the desirability of observing the 
time dependence of the pressure in the various compartments and 
in the reactor building indicated the need for an electronic 
computer code. 



Development of such a  code' has progressed t o  the  po in t  t h a t  
i t s  f e a s i b i l i - t y  i s  unquestioned and i t s  usefulnes's has be.en es tab-  
l i s h e d .  . . 

. , 
, . 

The a n a l y t i c a l  t o o l a  a r e  now a v a i l a b l e  t o  p r e d i c t  t r a n s i e n t .  
,p ressures  i n  the  var ious  compartme.nts of any . r e a c t o r  bui!ding and 
i n  t h e  f r e e  volume of the  bu i ld ing  i t s e l f .  

I n  Sect ion  3.0 recommendations a r e  presented f o r  a.program. 
designed t o  e s t a b l i s h  beyond a doubt the  s a f e t y  and r e l i . a b i l i t y  
of  p ressu re  suppression containment. . . 

The consu l t ing  advice and a s s i s t a n c e  of B .  John Garrick of 
Holmes and Narver Company i s  g r a t e f u l l y  acknowledged, as i s  the  
a s s i s t a n c e  of Dale Mohr, K .  H. Gruenwald, and R .  W .  Klecker of 
A l l i s  Chalmers Mfg . Company. 





Figure l.B 

Plan View of Reactor Containment Building 
8 .  



2.0 SUMMARY AND RESULTS 

. .o 

Using methods developed by ~ e t c h u m ( ' ) ,  t he  l a r g e s t  h o l e  t h a t  
.. results.  from a duc . t i le  rupture  of the  primary system of the  

reference  d  s ign  has been shown to .  be 4 .1  inches i n  equiva lent  
diameter.(3f I n  such a  broach of t h e  primary system, t h e  s t o r e d  
energy of a rap id ly  ' re leased coolant  w i l l  l ead  t o  a pre.ssure r i s e  
peaking i n  a s h o r t  time and--then decaying through heat  t r a n s f e r  
t o  . the contained a i r  and s t r u c t u r e .  

' Thermodynamic t reatment  f o r  expansion i n t o  a containment 
a t r u c t u r e  f a  compressed l i q u i d  vapor system has been given by 
J. C. Heap ? 3 1 . Resul t s ,  r e l a t i n g  pressure  i n  the  containment 
e t r u c t u r e  t o  containment volume requi red  p e r  pound of s a t u r a t e d  
l i q u i d ,  a r e  shown by Figure 2.A. Applying these  r e su l t s .  t o  the  
reference  design Pathf inder  P lan t  the  maximum pressure  bui ldup 
due t o  coo a n t  expansion i s  ~ 8 0  p s i .  (containment f r e e  volume 
112,000 f t 4 ,  coolant  mass i n  v e s s e l  89,800 l b s . ) *  

I n  c a l c u l a t i o n  b  A l l i s  Chalmers and Pioneer s e r v i c e  and 
Bngineering CompanyY4 the  maximum pressure  r i s e  i s  shown t o  
be ab.out, 15 p s i  f o r  a  6 .inch rup tu re .  . ( ~ e s u l t s  a r e  shown i n  
Figure 2 . ~ ) ~  I n  these  c a l c u l a t i o n s  the  condensation on the  .walls 
i s  shown'to quench the  steam and thereby g r e a t l y  re&uc.e the  pressure  
bui ldup 'from t h e  approxiinately., 8 0  p s i  t h e o r e t i c a l  pressure  r i s e  
wi th  no :condensation. 

To cor robora te .  and extend . these r e s u l t s ,  and IBM-704 program, 
describ.ed.  i n  Appendices A1.0 and A2.0 wals2-writte.n t o  determ'ine the  
pressure  buildup, due t o  a break i n  the  primary loop,  I n  the  program 
the  method of a n a l y s i s  approximates the  a c t u a l  time :solut ion ' ,of  
t h e  p a r t i a l  d i f f e r e n t i a l  equat ions  by a  s e t  of f i n i t e  .d i f ference  
equat ions  whtch a r e  solved i n . a  s e r i e s  of ti'me s t e p s .  The .assump- 
t i o n  i s  made t h a t  the  time s t e p s  a r e  small  enough so  t h a t  the  
q u a n t i t . i e s  involved do not  change apprec iably  during the  time s t e p .  
~ h e s e  equat ions  a r e  solved e x p l i c i t l y  f o r  water  volumes . a t  each 
ttme increment and system pressures  a r e  determined i m p l i c i t l y  a s  
tLme dependent v a r i a b l e s .  ~hermodynamic 'eq.uilibrium i s  .assumed 
a t  any time a f t e r  the rup tu re .  This  i s e s s e n t i a l l y '  t r u e  f o r  a  
small rupture  causing extended. b3owdown.. 

The pressure  t r a n s i e n t ,  program was success fu l ly  run up . t o  a .  
time of 44 seconds fo'llowing rup tu re .  Resu l t s  a r e  shown p l o t t e d  
i n  F igures  2  ,D,  2  .E, and 2  .F. The .p ressu re  versus  ,time . i n  the  
r e a c t o r  and bu i ld ing  compartments a r e  shown by Figures  2.D and 2.E. 
The coolant  flow out of the  rupture  i n  the  primary system i s  
p l o t t e d  versus  time i n  Figure 2.0F. The p ressu res  i n  t h e  r e a c t o r  
bu i ld ing  compartments a f t e r  22 seconds when the  'dampers c lose  and 
a t  44 seconds a r e  a s  fol lows:  

* P r i v a t e  Communication, D,,Mohr, 3 Apr i l ,  1959. 



I Pressure. '  ~ u i l d u p .  i n  Reactor Bui ld ing  

I 22 seconds 44 seconds 

Re'actor. pressure  - v e s s e l  460.0 p s i a  42.7 p s i a  
. . 

1 " ' Reactor '  c a v i t y  , . 15.7 p s i a  29 p s i a  

Pump rooms* 

Steam chase 

15.4 p s i a  28 p s i a  

15.3 p s i a  28 p s i a  

I Main a r e a  15.3 p s i a  28 p s i a  

* The t h r e e  pump r o o m s a r e  t r e a t e d  i d e n t i c a l l y  
i n  t h e  program 'and comblned i n t o  'one equiva lent  
room. 

1 .  Afte r  22. seconds., t h e  core i n  the  r e a c t o r  i s  uncovered. 
Coneequently, i n  the  prggram, a s  i n  t h e  a c t u a l  bui ld ing ,  the  
dampeps i n  the  i n t a k e .  and exhaust duc t s  a r e  assumed t o  c l o s e .  
Also,  eteam flow t o :  t h e .  tu rb ine  .is. shu t .  O f f .  

I n  t h e  c a l c u l a t i o n  of t h e  above p ressu res ,  machine s t o p s  
occured a t  time of 22 and 44 seconds a f t e r  a  rup tu re"of  the  
primary system. These machine s t o p s  r e s u l t e d  from pressure  
e s t ima t ions  out  of t h e  range of the  steam t a b l e s  t h a t  a r e  an 
i n t e g r a l  p a r t . o f  the  program. Af te r  the  22 second machine s t o p  
i n s e r t i o n ,  of a small time. s t e p  and a  lower l i m i t  on the  pressure  
e s t ima t ion  r e s u l t e d  i n  s u c c e s s f u i , p r e s s ~ r e  c a l c u l a t i o n s  to .  a 
time of 44 seconds. A minor program cor rec t ion  of a  maximum 
l i m i t  of the  pressure  es t imat ion  w i l l  r e s u l t  i n  successful 
opera t ion  o f .  t he  code througho,ut ;the time per iod  of in te re : s t  . 
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Figure 2.B 

Blowdown Parameters for Reactor Vessel After Ductile Water Line 

8 10 1-2 

Time, minutes 
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Reactor Vessel Pressure versus Time After 4.1-inch 
Equivalent biame.ter Ductile Rupture 

20 30 
Time, seconds 
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Figure .2 .E , 

Compartment Pressures versus Time After Ducti'le Rupture : 

4, 

3n 30 
Time, seconds 



Figure 2.P 

Coolant Flow Rate Through 4.1 inch Zqutvalent Diameter 
Ductile Rupture in Pressure.Vesse1 - 

20 

Time, seconds 



It i s  est imated t h a t  s u b s t i t u t i o n  of pressure  suppression 
containment f o r  pressure  vesse l  containment can c r e a t e  a  cos t  

I saving of $500,000 on a l a r g e  nuc lea r  power p l a n t .  The ,removal 
of the  pressure  v e s s e l  can c r e a t e  a  s a f e t y  hazard i n  the  event 
of acc iden t s  with r e s u l t i n g  high pressure  and d i spe r s ion  of 
f i s s i o n  products .  Before any power p l a n t s  can be b u i l t  without 
a pressure  v e s s e l ,  t he  methods of pressure  suppression must be 
proven. Since the  c o s t  of proving pressure  suppression contain-  
ment should not  approach $500,000 such work should be pursued t o  
prove t h e  v a l i d i t y  of t h i s  method of reducing nuc lea r  power 
p l a n t  c o s t s .  

A s  p a r t  of the  work under purchase o rde r  WA491284-NSP an 
a n a l y t i c a l  t o o l  f o r  p r e d i c t i n g  p ressu res  i n s i d e  a containment 
bu i ld ing  have been developed. P a r a l l e l  experimental  work t o  firm 
up uncertain hea t  t r a n s f e r  mechanisms and t o  prove out  t h e  pre- 
d i c t i o n s  of the  a n a l y t i c a l  t o o l  i s  the  next  l o g i c a l  s t e p  i n  an 

,. experimental  and a n a l y t i c a l  program designed t o  prove the  v a l i d i t y  
of pressure  suppression containment. 

An o u t l i n e  of the  recommended a n a l y t i c a l  and experimental  
program i s  presented:  

1 )  a.  S e t  up experimental  program t o  determine e f f e c t i v e -  
ness  of pool quenching as a  funct ion  of nozzle depth,  
nozzle p ressu re ,  degree of superheat  i n  nozzle steam, 
and o t h e r  p e r t i n e n t  parameters.  

b .  Determine mechanisms of steam condensation i n  quenching 
pool and r e l a t e  these  mechanisms t o  the  parameters.  

c .  Se.t up a  similar experimental  program t o  determine the  
parameters important t o  r a t e  of steam condensation 
on the  compartment walls. Such parameters as wall 
temperature,  steam superheat ,  and steam v e l o c i t y  should 
be i n v e s t i g a t e d .  

2 )  Modify "Press" subrout ine of :pathfinder: code* t o  allow 
f o r  primary loop breaks i n  the  pump room as we l l  as i n  
the  r e a c t o r  c a v i t y ,  and t o  inc lude  e f f e c t s  of the  steam 
superheat ing as i t  expands. 

3)  Using the  information developed i n  l ) a ,  b ,  and -c,  use 
the  e l e c t r o n i c  computer code t o  p r e d i c t  p ressu res  i 
experiments such as those of KoLflat and Chittenden 9 
and Whelchel and Robbins.** 

7 1 
---------- 
* This  i s  the  name of the  code developed under purchase o rde r  

WA491284-NSP. 
** Presented a t  November 29,-December 4 ,  1959 Meeting of ASME i n  

A t l a n t i c  C i t y ,  New Je r sey .  



s 

4) Before any accurate pressure t r a n s i e n t s  can be ca lcula ted ,  
i t  w i l l  be necessary t o  determine experimentally the 
e f f l u x  r a t e s  of high pressure sa tu ra ted  water from a 
rupture.  This  da t a  would then be applied t o  determine 
accurate flow c o e f f i c i e n t s  f o r  use i n  the  computer program. 



4 .0  DISCUSSION 

A s  i s  mentioned i n  Sect ion  1.0,  if the  primary system of a .  
r e a c t o r  p l a n t  i s  breached, poss ib le  i n t e r n a l  pressure  and temp- 
e r a t u r e  loads  i n  the  containment s t r u c t u r e  must be determined 
i n  o rde r  t o  a r r i v e  a t  design f i g u r e s .  

Thermodynamic t reatment  f o r  time independent expansion i n t o  
a containment s t r u c t u r e  of a c mpressed l iquid-vapor  system has 
been repor ted  by J .  C .  Heap. ( 3  9 

The time independent t reatment  c o n s i s t s  of going from one 
s t a t e  po in t  t o  another ,  assuming the  i n i t i a l  s t a t e  p o i n t  i s  known 
and the  f i n a l  mixture i s  i n  a s t a t e  of s t a t i c  equi l ibr ium.  Changes 
i n  p o t e n t i a l  energy, non-mechanical forms of energy o r  s i n k s ,  such 
as chemical, e t c . ,  a r e  not  considered.  Also heat  sources  o r  
s i n k s  (except the  a i r  mass) which may be p resen t  a f t e r  the  
inc iden t  a r e  omit ted.  Heap's r e s u l t s  a r e  shown p l o t t e d ' i n  Figure 
2.A. Applying these  r e s u l t s  t o  t h e  reference  design Pa th f inder  
P lan t  r e s u l t s  i n  a maximum pressure  of d 8 0  p s i a  and i s  pbtained 
as fol lows:  

Containment s t r u c t u r e  f r e e  volume = 112000 f t 3  
v 1810 

Core coolant  mass a t  615 p s i a  = - = = 89,800 l b s .  
(water i n  primary system) N 0.02018 

Containment volume p e r  pound of s a t u r a t e d  water  = 

- 
Then from Figure 2.A, the  pressure  of the  mixture i n  the  contain-  
ment s h e l l  would be d 8 0  p s i a .  This  value of 80 p s i a  i s  however 
only an es t ima te  s ince  the  system conta ins  heat  sources  and s inks  
which, hovlreve.r, a r e  time dependent. 

I n  a time dependent a n a l y s i s ,  t he  complexity of the  problem ' 

a r i s e s  c h i e f l y  from the  f a c t  t h a t  flow i s  time dependent. 
So lu t ions  can be obtained only by numerical methods, implying 
a p p l i c a t i o n  t o  . spec i f i c  cases .  Furthermore, the  problem of time 
dependepce i s  somewhat more d i f f i c u l t  due t o  the  use of a compart- 
mentalized bu i ld ing  and the  p o s s i b i l i t y  of using the  s h i e l d  pool 
f o r  queqching. Therefore , i n  o rde r  t o  determine the  complex 
t r a n s i e n t  pressure  behavior i n  the  reference  design ,Pa th f inder  
P l a n t  a f t e r  a major l eak  occurs i n  the  primary coolant  system, an 
IBM-704 d i g i t a l  computer program was designed t o  solve the  
simultaneous non-l inear  s e t  of equat ions  evolving from the  hea t ,  
mass, and fo rce  balances i n  the  system, 



I n  .the program t h e  method of a n a l y s i s  approximates the  a c t u a l  
time solut i .on of t h e  p a r t i a l  d i f f e r e n t i a l  equat ions  by a s e t  of 
f i n i t e  d i f f e r e n c e  equat ions  which a r e  solved' i n .  a . s e r i e s  of time 
s teps. .  The assumption is made t h a t  t h e  time s t e p s . a r e  small enough 
t h a t  t h e  q u a n t i t i e s  involved do no t  change apprec iably  d u r i n g  the  
time s t e p .  

These. equat ions  a r e  solved e x p l i c i t l y  f o r  water  volumes a t  
each-  time increment and system pressur,es a r e  determined i m p l i c i t l y  
aa time dependent v a r i a b l e s .  Thermodynamic. ' equi l ibr ium is  assumed 
a t  any time . a f ' t e r  ' the rup tu re ,  which i s  e s s e n t i a l i y ' t r u e  f o r .  small 
rup tu re  s i z e s . c a u s i n g  extended blowdown. 

The geometry of the  reference  design Pa th f inder  P lan t  i s  , 
shown by Figure l . A  and 1.B. Since the  pump rooms a r e  e s s e n t i a l l y  
i d e n t i c a l  volumes and have I d e n t i c a l  i n l e t s  and o u t l e t s ,  they a r e  
combined i n t o  a s i n g l e  room with the  volume of the  t h r e e  separa te  
pump rooms. The steam chase and sump rooms a r e  combined i n  a 
similar manner, and the  plug and equipment rooms a r e  included i n  
t h e  volume of the  o e r a t i n g  room; t h e  r e s u l t i n g  a n a l y t i c a l  model 
18 shown i n  Figure .A. 

The heat  and mass balances  a r e  made f o r  each of the  f i v e  
volumes and the  fo rce  balance i s  suppl ied  by the  flow-pressure 
drop r e l a t i o n s h i p s  between t h e  volumes. The hea t  balance i n  
t h e  r e a c t o r  v e s s e l  i s  complicated by the  a d d i t i o n a l  heat  produced 
by f i s s i o n  product decay and by the  hea t  r e l eased  from the'mass 
of  metal  i n  t h e  r e a c t o r  core and pressure  v e s s e l .  Condensation 
occurs  i n  the remaining f o u r  volumes. The hea t  capac i ty  of the  
a i r  i n  t h e  opera t ing  room is  important and i s  accounted f o r  i n  the  
a n a l y t i c a l  model. The theory  and equat ions  used i n  the  program 
a r e  given i n  Appendix A 1 . O .  An o u t l i n e  and opera t ing  instructions 
f o r  t h e  program a r e  given i n  Appendix A2.0, and the  flow c o e f f i c i e n t s  - 
used i n  the  program f o r  the  reference  design Pa th f inder  P lan t  a r e  

f iven i n  Ap endix  ~ 3 . 0 .  The program has a very genera l  inpu t  
Appendix A ,  $ .O) and thereby can be used wi th  o t h e r  containment des igns .  

Inpu t  parameters inc lude:  

1 )  I n i t i a l  p ressu res  i n  r e a c t o r  and throughout tQo. bu i ld ing .  

2 )  ~ e a t : ' c a p a c i t ~  of ves . se l /o~ .  

3) Decay hea t .  

4 )  Feedwater flow r a t e .  

5 )  Enthalpy ( temperature)  of feedwater.  

6) Volume of primary coolant  system. 

, . 



I F i g u r e  4.A 
! ' ,  

Schematic Model of  Reac tor  p l a n t  f o r  T r a n s i e n t  
P re s su re  Program 
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7)  S ize  of  rupture . .  

8) ' ~ l . o & .  c o e f f i c i e n t s  through r e a c t o r  bu i ld ing .  

9) Time:. increment. 

1 0 ) '  ' s i z e  of annu l i  leading  from re ,ac tor  cavit .y.  . . 
- 

. . . .... . 

11)  Size .  of r e a c t o r  b u i l d i n g  compartments. 

Other s p e c l a l  f e a t u r e s  of t h e  program include:  

1 Provision f o r  blowdown t o  be steam o r  water .  

2 )  Provision f o r  increased  flow through d u c t s  dug t o  s p l i t t i n g  
of d u c t s  when AP . ( ac ross  d u c t s )  is  g r e a t e r  than predetermined 
amount . 

3) Provision f o r  s p l i t t i n g ' r u p t u r e  d i s c  a t  bottom of s h i e l d  
pool when pressure  i n  c a v i t y  reaches a predetermined value.  

. 4 )  Provis ion t o  c a l c u l a t e  t r a n s i e n t  p ressu res  with a )  ven- 
t x l a t i o n  dampers open; b )  v e n t i l a t i o n  d,&pers c losed ,  and 
c )  a f t e r  core i s  exposed, dampers and s,team l i n e  t o  tu rb ine  
c losed .  

The program, as w r i t t e n ,  was success fu l ly  r u n  up t o  a time 
' o f  44 seconds fol lowing rup tu re .  Resul t s  a r e  given i n  Table 2.A 
and a r e  " p l o t t e d  i n  F igures  2 .D, 2  .E, and 2  .F. From Figure 2.E i t  
is  seen t h a t  a f t e r  22 seconds the  pressure  bui ldup i s  acce le ra ted .  
A t  a  time of 22 seconds a f t e r  a  primary system. rup tu re ,  the  r e a c t o r  
co re  .is uncovered and, as d e s i r e d ,  the  dampers i n  t h e  in take  and 
exhaust  duc t s  c l o s e .  Also, t h e  steam l i n e  t o  t h e . . t u r b i n e  s h u t s  o f f .  

A s  mentioned i n  Sect ion  2.0,  a machine s t o p  occurred a f t e r  
22 and 44 seconds.. I n  the  program, i n  o rde r  t o  reduce the  IBM-704 
machine running time requ i red ,  the  time s t e p  i s  increased  a f t e r  
each success fu l  pressure  c a l c u l a t i o n .  It i s  b e l i e v e d . t h a t  t h e  long 
time s t e p s  r e s u l t e d  i n  the  machine s t o p s .  The long time s t e p  
a t  any po in t  .of i r r e g u l a r i t y  i n  the  p a r t i a l  d e r i v a t i v e s  cause 
a ppessure es t imat ion  out  of range of t h e  steam t a b l e  included i n  

. t h e  program. . . .Amachine s t o p  resul ts . .  

Af te r  the 22 second machine s t o p  a small time s t e p  was read 
i n t o  t.he"code and a lower l i m i t  was put  on the  pressure  e s t ima tes .  
These two c o r r e c t i o n s  r e s u l t e d  i n  a  success fu l  run up t o  44 seconds. 
It is bel ieved t h a t  a minor program cor rec t ion  of a . l i m i t  on the  
maximum pressure  es t imat ion  w i l l  r e s u l t  i n  f u r t h e r  success fu l  
opera t ion  of t h e  code.. 



One po in t  of i n t e r e s t  i n  the  program r e s u l t s  a r e  the  negat ive 
va lues  of the  water  1r~venl;ury i n  the  pump rooms and steam chase.  
 a able 4 a ) .  These negat ive va lues  r e s u l t  from the  f a c t  t h a t  when 

-. steam is expanded from the  r e a c t o r  c a v i t y  i n t o  these  rooms, i t  
w i l l  sdperheat .  However t h i s  i s  no t  accounted f o r  i n  the  opera t ing  
program and t o  maintain a n  enthalpy balance,  water  i s  evaporated 
i n  these  rooms thereby r e s u l t i n g  i n  negat ive i n v e n t o r i e s .  
Ordinar i ly ,  t h e r e  would be water  i n  these  rooms due t o  condensation, 
however, i n  the  sample problem run, the condensation was made zero .  
TheLwater  inventory i n  the  main a r e a  i s  g rea teb  than zero  due t o  
t h e  a i r '  cool ing  the  steam t o  s a t u r a t i o n  temperature.  
. , , . . .  . . In  genera l ,  except f o r  the  negat ive water  i n v e n t o r i e s ,  i t  i s  
b.&liev6d t h a t  the  t r a n s i e n t  presshre  program works a s  designed. 
&s.;nienti.oned previous ly ,  the  progP,am s t o p  t h a t '  occurred i n  the  
sample prob.lem i s  cor rec ted  by simply decreas ihg  the  time s t e p  
( r e q u i r i n g  0n.e card  change i n  t h e  program deck) and minor c o r r e c t i o n s  
1JrmitIng the  pressure  e s t ima t ions  to ,  t h e  r a n g e ' o f  . the steam tab led .  
  he '. c a ~ c u l a t i o n s  of negat ive water i n v e n t o r i e s ,  al though not  s e r i o u s ,  
'%an:be avoided by the  i n s e r t i o n  of one equat'iob i n  t h e ' h e a t  
balance. ca lcula t ionq.  This  w i l l  r equ i re  a recompilation of the  A 

subrbut ine . "press" . 
..  . . 

One :p rod~em t h a t  i s  not  resolved i s  the  quenching of steam by 
s h i e l d  poo l .wa te r .  Provis ions  are -made i n  the  program f o r  heat  . 
d i s s i p a t i o n  ( o r  steam flow i n t o  the  pool)  however a n  adequate and 
r e l i a b l e  model has  not been developed. Af ter  experimental  research  
y i e l d s  s u f f i c i e n t  d a t a  t o  suggest a r e l i a b l e  model, i t  can r e a d i l y  
be incorporated i n  the  computer code. 



, Table 4 .a,. 
. .  " ... . i 

Reference:.Deslgn power piant ,- ~ u p t u r e  Reactor Cavity 

Time After m t u r e  (seconds) - 
3. .210 . ' .  ,331 . .- .611 . - .  .772 

. . 

Compartment Pressures, psia 
Reactor 61k.208 613.423 612.508 611.485 610.351 609.096 
Reactor Cavity 15.419 15.662 15.768 .15.812' 15..837 ' 15.855 
Pump Rooms 14:762 14.813 14.878 14.q27 14.969 15.007 

14,768 '14,836 Steam Chase and sump' 14-.9ll 14.974 ' 1 -080 15.079 
Operating Room ' 14 722 14.753 14.784 .14.819 . I .  2 ;857 14.897 

Flow 
: w  
W 
W 
W 

. W 
W 
.W 
W 
W 
V 
bl 
w 
W 

Rates, lbs second 

volume of Water i n  each Compartment f t 3  
Reactor 1807.954 .. 100,g.731 
Reactor Cavity 1.073 . 2.259 
Pump Rooms -0.000 . .  0.011 
Steam Chase and Sump -0.002 . 0,003 
Operation Room 0.009 0.001 



Table 4. a (Continued) 
?. . 

Tfme-..Af.te.r. Rupture-. (seconds) 
9949 1.144 1.358 -1.594 . '1.853 2.138' 

Compartment Pressures ,  p s i a  
Rsactor  . 607.711 
Reactor Cavity 
Pump Rooms 15.0. l5 5 
Steam Chase and Sump 15.123 
Operating Room 14.938 

Flow Rates, l b s  p e r  second 

Volume of Water i n  each Compartment ft3 
Reactor 1790.761 1786.826 1782.508 1777.769 1772.571 1766.87~. 
Reactor Cavity 10.171 12.257 14.549 17.069 19.838 22.881 
Pump Rooms -1.62 -2 .Ogg -2.605 -3.165 -3 .'779 -4.446 
Steam Chase and Sump -0.035 -0.035 -0.033 -0.030 -0 .028 -0.025 
Operating Room 1.659 2.107 2 597 3.141 3.740 4.388 



Compartment Pressure,  p s i a  
Reactor 
Reactor Cavi ty 
Pump Rooms 
Steam Chase and Sump 
'Operating Room 

second 

Table . . 4.a . . (cont inued1 
.. . 

. ' Time A f t e r  Rupture (seconds)., ,,) ." 

2,452, 2.797. ' I .  3.595 4.. 034 4.5bO n-) 

Volume of Waterin e a c h  Compartment f t 3  
~ e a c t o ' r  1760.621 1753.776 1746.375 1738.231 '1729.277 1719.482 , .  
Reactor. Cavi ty . 26.225 29.898 33 .932 38 363 43.230 48.573 
.Pump Rooms -5 159 -5 .911 -6,. 685 -7.468 -8.232 -8.951 
Steam Chase and Sump -0.023 -0.023 -0.024 -0.025 -0.027 -0.028 
Operating Room 5.084 5.824 . 6.591 7 364 8.225 .8.844 



Ta-ble 4,a. (continued) 

Compartment Pressure, psia 
.Reactor . ' 

Reactor Cavi ty  
Pump Rooms 
~ tean i  Cha'se and Sump 
OperatZng Room . 

Flow. Rate, l b s  per second 

Volume of Water i n  each Compartment; f t 3  
Reactor 1708.774 1697.074 
Reactor' Cavity 54.440 60.898 
Pump, Rooms -9.594 -10.134 
Steam Chase .and Swnp -0.030 -0.032 
'Operating Room 9.492 . 10.044 



Compartment. Pressure * '  
' . .Reactor 

Reactor Cavity. 
. Pump Room 
Steam chase and, Simp 
'Operations Room 

FZow Rates, lbs per second 

. Table 4.a '(continued) . . 
.. . .. 

- I -.. 10 ' 
Time ~ f t e r  Rupture (seconds,) - t= .  

.9.635 -10.918 12 . 110 13.421 - 14.m3. . .1b..449 

Volume of Water i n  each.Compartment, f t j  
Reactor 1620.956 1601.508 1580.403 1557.517 1532 -807 1506.186 
Reactor Cavity 103.701 114.819 126.927 140.141 153.758 155.0~4 
.Pump Rooms -11.318 -14.790 -19.431 -24,425 -.29.83.5 -35.72 - 

Steam Chase and Sunip 
-O O a 9  

.-O ,046 -0,058 15.131 
Ope rating Room 10.8 8 14.257 18.857 23.831 29.22 35 131 



Table 4. a (continued) 
2 .  

Compartni'ent .Pressure 
Reactor 
R e a c t o ~  Cavity 
Pump Room 
Steams chase and Sump 
Operations Room 

Flow 
W 
W 
W 
W 
W 
W 
W 
' W  
W 
W 
W 
W 
W 

second 

Time After Rupture (seconds) 
18.194 .20 ..114' 22..225 24.078. . 25.402 . 27.341 

Volume of water  i n  Each Compartment, f t 3  
Reactor 1472.23; 1446.419 1413.221 1390.811 1375.161 1352.383 
Reactor Cavity 156. 158.023 159.651 - 142.044 143.256 1415.066 
Pump Rooms -42 ..I57 -49.200 -56.835 -54.082 -52.273 
Steam Chase. and Sump 30.852 '47.985 66.645 105.483 118.636 136.84 
Operating Room 

-48*s22 
41.564 48.658 56.390 53.175 51.348 48.67~ 



Table 4 .  a ' (continued) 
. . . . .  

Compartment Pressure. 
Reactor 
Reactor Cavity 
Pump Room 
Steam Chase and Sump 
Operating Room 

Flow Rate,: lbs  per second 

Volume of Water i n  Each Compartment, f t 3  
Reactor 1328.771 1297.619 1271 -580 1240.386 1203 -085 1158.609 
Reactor Cavity 146.944 149.485 151.542 154.163 157,072 160.425 
Pump Rooms -47.132 -44.364 -45 -049 -43.645 -44.361 , -41.776 I 

Steam Chase and sump 156.008 181 -878 203.219 231 -153 266.589 309.715 
Operating Room 47.841 45.541 47.449 45.142 43.488 37.841 
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APPENDIX A1 .O  

Program Theory and Equations 

The model chosen.' f o r  t h i s  program i s  t h a t  developed by ~ a r r i s ~  
and .is a. simple p r e s s u ~ e  v e s s e l  i n  which the  assumption of pressure  
uniformity may be supported.  

A .  1 Mass and .Heat. Balance Analysis 

For  a given volume, cons ider  a change i n  pressure  .from Po t o  
PI over a f i n i t e  time i n t e r v a l  ( h t  ) . Then 

i n  which H i s  the  t o t a l  hea t  content  of coolant ,  hfo i s  the  
enthalpy o? s a t u r a t e d  water,  i s  the  enthalpy of s a t u r a t e d  
steam, and M i s  the  mass of hgO f l u i d  i n  each phape, a l l  a t  Po. 
S i m i l a r l y  

H 1  = hf l M f l  + hglMgl (2) 

a l l  a t  PI. 

The fol lowing r e l a t i o n s h i p  between H1 and H2 can be w r i t t e n :  

AH = Ho - H1 + . C  A Q i  
i 

i n  which AH i s  the  energy l o s s  from t h e  primary loop through t h e  
ryp tu re ,  and AQi .  iB any o,ther heat  source o r  s ink .  

A mass balance can be taken over the  volume a t  any time such 
t h a t :  

Mo = M f o  + Mgo ( 4 )  

and 

i n  which M is  the  mass -of water  and steam i n  the  volume a t  P. 
The f l u l d  mass l o s t  i n  the  time i n t e r v a l  can be w r i t t e n  a s :  

, . 
AM = f(wi h t )  (6) 

where W i  i s  ..the ,mass f.low r a t e  ,and A t  i s  the  time .increment. 
The fol lowing r e l a t i o n s h . i p s . a r e  introduced a t  t h i s  po in t :  

i n  which p i s  d e n s i t y  and V i s  volume a t  pressure  P. 

Since : vT = vf + vg (8.) 





Decay hea t  generat iun i u  deucrilljed a s  fa l lows:  

r a t e  of decay hea t  generatfon wi.thin the  
core and a  v a r i a b l e  dependent upon hea t  t r a n s f e r  c a p a b i l i t y .  

decay hea t  i s  generated uniformly i n  the  aAial 
d i r e c t i o n  and k l  is  cons tant  f o r  small  i n t e r v a l s  depending only upon 
water  l e v e l  i n  the  core.  The l a t t e r  s ta tement .  i s  e s s e n t i a l l y  t r u e  
s ince  hea t  t r a n s f e r  from t h i n  f u e l  elements t,o b o i l i n g  water i s  
e x c e l l e n t .  Axial d i s t r i b u t i o n  of decay hea t  i s  not  uniform,: b u t  
l i t t l e  e r r o r  fol lows from t h i s  assumption. 

Thus 

i n  which Vfcave i s  average volume of water i n  the  core dur ing  the  
i n t e r v a l  and V . i s  the  t o t a l  f r e e  volume of the  core .  I f  
t h e  i n t e r v a l  i s  su f fEc ien t ly  small such t h a t  the  chan,ge i n  Vfc i s  
small a n d ' s l n c e  decay hea t  may be approximated by a  simple 
exponent ia l  func,t ion,  equat ion.  (18) may be approximated by (19) .  

in -which  qo i s  a  cons tant  based upon previous core power and 
opera t ing  h i s t o r y .  

I f  i t  i s  assumed t h a t . c o r e  metal  temperature fol lows f l u i d  
temperature by a cons tant  temperature increment, then AQc can be 
approximated by 

T r 

i n  which Mm is  core metal  mass, cm i s  s p e c i f i c  hea t  of core metal ,  
and TI .and T2 a r e  f l u i d  temperatures a t  P1 and Pg r e s p e c t i v e l y .  
A s i m i l a r . t e r m  has been added f o r  p l a n t  metal  hea t  capac i ty ;  

where. Vfo  i s  the  t o t a l  volume of water i n  t h e  primary system, VP 
i s  the  volume'outside the  pressure  v e s s e l ,  and VPV i s  the  volume 
of the  pressure  v e s s e l .  Mv i s  the  mass of t h e  pressure  vesse l  and 
Cv i s  t h e  s p e c i f i c  hea t  of the  pressure  vesse l .meta1 .  



Use of core  hea t  generat ion terms i s  predica ted  on the  assump- 
t i o n  t h a t  temperature i s  t r ansmi t t ed  uniformly through the  p l a n t .  
(coolant  temperature i s  expected t o  be h igher  i n  the  core region; 
turbulence dur ing  blowdown tends  t o  reduce any temperature 
d i f f e r e n c e ) .  T h i s  assumption enables  a  s o l u t i o n  t o  be obtained 
while in t roducing  n e g l i g i b l e  inaccuracy i n s o f a r  as the  o v e r a l l  
problem is concerned. 

Now, s u b s t i t u t i o n  of equat ion (14) i n t o  (.12) y i e l d s  

S , imi lar ly ,  s u b s t i t u t i o n  of equat ions  (16) ,  ( l g ) ,  (22) i n t o  . :  (11) 
y i e l d s  : 

. -. 
To dete 'mine  the  AM q u a n t i t i e s  i n  the  mass balance 

equat ions ,  the  .mass flow r a t e s  i n t o  and out of each 'volume ,must be 
accounted f o r .  Mass l eav ing  a p a r t t c u l a r  volume w i l l  be assigned 
a .nega t fve .  s ign  and mass e n t e r i n g  a  volume w i l l  be pos i t ive . '  

I n  volume 1, the  r e a c t o r  i t s e l f ,  t h e r e  a r e  the rupture  e f f l u x  
~ 1 )  the  steam flow t o  the  tu rb ine  (w5) and the  feedwater flow 

[ W f w j  i n t o  the  main pressure  vesse l .  

T ~ U S  MI = (-w1 - w5 + wfw)(bt )  (24) 

I n  volume 2, t h e  r e a c t o r  c a v i t y ,  t h e r e  i s  the  rupture  e f f l u x  
( w ~ )  e n t e r i n g ,  flow out  t o  volume 3 ( W  ) and t o  volume 4 (W ), the  
steam flow out through the  v e n t i l a t o r  fW6), and the  p o s s i b l ~  flow 
(W ) up i n t o  the pool i f  the  bottom diaphram of the  pool i s  
rugtured .  Therefore 

Volume 3 ha's flow from volume 2 ( ~ 2 )  coming i n ,  and flow out  t o  
volume 5 through manholes ( ~ 4 )  and through t h e  v e n t i l a t i o n  duc t s  
( ~ 1 2 )  r t hus  

AM3 = (W2 - W4 - wl2)(ht)  (26) 

Volume 4 only has flow i n  from volume 2 (W3) and out through the  
v e n t i l a t i o n  d u c t s  ( ~ 8 )  

AM4 = ( ~ 3  - ~ 8 ) ( h t )  (27 



Volume 5 has flow coming i n  from the  manholes ( w ~ )  a n d  from the  
v e n t i l a t i o n  duc t s  (w13 and ~ 1 0 ) .  

AM5 = ( ~ 4 .  ..+ ,Wlo + w13) ( h t  ) : (28) 

If flow #7 i s  non-zero, i t  ,Is assumed to. be absorbed i n  the  pool 
and does not  e f f e c t  .the mass and heat  balance f o r  volume 5. 

S1:nce t h e  walls. of the  var ious  rooms. are .  .expected t o ,  be. no 
h o t t e r  than 'IOOOF during!normal opera t ion ,  condens.ation would 
occur on:' t he  walls i f . . h i g h e r  temperature:  steam were i n  the  rooms. 
It i s  ,absumed t h a t  t h e  wall . temperatures  do no t  r i se ' , due  t o  the  
condensation, bubremain  a t ,  100oF. The c a l c u l a t i o n , o f  the  hea t  
r e l eased  by condensation i s  expressed by the  fol lowing equat ion:  

where p i s  the  per imeter  o f ,  t h e  .room L i s  t h e  he ight  of , t h e  walls 
o f  the  . r O Q m ,  and ,T i s  the  temperature of the  steam, k i s  t.he con- 
duc t iv i ty : .o f .  t h e  C i l m  formed by condensation, .p i s  the  densi ty .  of 
the  f i lm,  and LL i s  the.  v i s c o s i t y  of t h e  f i l m ,  hgf i s  the  la , ten t  
hea t  of condensation. The u n i t s  o f .  Q . a r e  ~ t u / s e c  and the  remaining 
u n i t s  a r e .  cons1,stent.  

The hea t  adde.d $0 o r  sub t rac ted  from a volume i s  .the summation 
of t h e  mass flow r a t e s  t imes enthalpy t imes the  ' d e l t a  t ime, . 'p lus  
any.o ther :  source o r  s i n k  such as t h e  r a d i a t i o n  decay and. heat  
capa.city sources and the  condensa$ion s i n k s .  

The fol lowing.  equat ions  .g ive  the  hea t  t r a n s f e r r e d  i n  each 
volume. 



. . 

. ..., Equations (22) through (34) can b e  combined and w r i t t e n  f o r  
each volume t o  produce the  hea t  and mass ba lance , ,equat ions  shown 
.below: 

A 1 . 3  .M,ass Balance Equat'ions. 

I = volume i d e n t ,  

j = .O . = , beginning of time s t e p  

j = 1 = end of time s t e p  



.. .. . : , :  I . . . - . > . ' :.. 
! .... , .... ..\.. ,, :: ,.. . , . . . . . . , .  .. AJ.;:~ Heat .Balance Equatf ons 

V h .. . h 4. h 
f41(Pf41hf41 - Pgl(l gbl) , +  v4( 'gbl g41 ' Pg40 g40) - 

v f40(Pf 40hf40 - p~40hhg40)  + [ - w ~  h 820 + Wa h g40 + Y4 h fg40p40] '-' 

. . 
(t, : t o )  = 0 

,/' 



36 
A 5 Force B~lar~ce .Equabions 

. . . .  . . . . . . . . .  . . . . .  . . . . .  . . . . . . . . . . .  . . " .* . .  

. "The Force '  ba lance  e q u a t i o n s '  are ob ta lned  from ' t h e  ' p r e s s u r e  a r o p  
arid'-mass ' f low . r e l a t i o n s h i p s .  .Seven ' o f  t h e  ' t h h r t e e n  'flow "'rates. can 
be" so lved  ' e x p l i c i t l y '  i n  t e r n s  of p re s su re s , '  b u t '  the ' femaining , s i x ,  . 
must '  be . so lved  s imul taneous ly  s i n c e  they  a r e  i n t e r connec ted .  

. . . .  . .  , . . . .  . . ". . 

The .. flow e q u a t i o n s  are listed he re .  

1. W, - A I C  4 p 1  - ' , ~ ~ ) P f l  f o r  wa te r  f low 

= AIYl ,/(pl - p2)Pgl ' f o r  steam f l o w ' ,  



A .  ~ e t h o d  0.f. .s.o.lution of Equations 
I 

Af ter  the  o r i g i n a l  cons idera t ion  of methods of s o l u t i o n  of 
the  equat ions  shown above, two methods were considered i n  d e t a i l ;  
One being an i t e r a t i v e  method of s o l u t i o n  and the  o t h e r  a  Newton-. 
Raphson procedure. It was decided t h a t  the  i t e r a t i v e  so lu t ion  had 
a h igher  p r o b a b i l i t y  of being programmed and coded within t h e '  
a l l o t e d  time and funds.  However, a f t e r  the  code was completed 
and ' running ,  i t  was,.found t o  be uns table  a f t e r  an e lapsed  r e a l  time 
of approximately one ,second. A t  t h i s  poin t  i t  was.decided t h a t . a n y  
modif ica t ions  t o  the  present.  fopnula t ion  would have t o ' b e  r a t h e r  
ex tens ive .  This  being t h e  case ,  the  program was modified t o  
include the  Newton-Bphson procedure t o  so lve  f o r  the  p ressu res  a t  ; 

each time s t e p .  The Newton-Raphson method r e q u i r e s  a  longer  time 
f o r  each i t e r a t i o n  but  has  a much h igher  probabi . l i ty  of producing 
a stab.1e s o l u t i o n .  



Program ,Outing and Running I n s t r u c t i o n s  
. . .  

- *  '*.The f lpw,  diagram f o r  t h e  program t o  c a l c u l a t e  t ranstent i  - .  

jiri38du~ bui ldup . f o l l ~ w i n g  a 'primary system rupture ,  i s  shown i n .  . . . . . .  . , the .:f.lgure, below : ," .. !. 
- .. 

. . 
Read inpu t  
Q u a n t i t i e s  and 
I n i t i a l i z e .  . . 

I 
Solve f o r c e '  Solve mass and ,.+ 

If real hea t  baxances balance equat ions  " 

f o r  r e s i d u a l s  +I f o r  mass flow r a t e s  
i 

I 
. . . . . . . . . .  

* MaaL a n d .  hea t  
balances '  do balance 
so' new pressures  
are a l l  r i g h t  

. . ,  

Obtain p a r t i a l  ''~olve f o r  mass flow 
de ' r iva t ives  wi th  r a t e s  
r e spec t  t o  
pressure  f o r  each 
mass-heat balance 

I 

P r i n t  output  and Solve matr ix  of p a r t i a l  d e r i v a t i v e s  
r e s t o r e  counters  t o  f i n d  c o r r e c t i o n s  t o  p ressu res  a t  

-~ - - - ~ 

Add ;time .'in.c remen t Correct  p ressu res  and c ,a lcula te  
and get .  t r ia l  res i ,duals  of mass and hea t  balances.  
preeeuree f o r  new 4 - 1 time s t e p  1. 

,? .The program c o n s i s t s  of. a main program and - 7 subrout ines  which a r e  .. , o u t l i n e d  as fol lows:  



A2 .1 ,, M i i ' l r ~ .  Prr6g~%un 

1. 'Read inpu t  ca rds .  

2 .  P o i n t ,  input  .on l i n e  (SS 6 down 

.. . 
Write input  on t a p e  2  (SS 5 .  up 

3." I n i t i a l i z e  NUM = 0 counter  f o r  on-line p r i n t i n g )  
' . S e t  ASTAR = 2.0 [ t o  bypass f i r s t  t e s t  of water l e v e l  i n  co re )  

4. S e t  .sense l i g h t s  1 and 2 on f o r  l a t e r  use i n  subrout ine RESIST 

5. Call steam t a b l e  q u a n t i t i e s  f o r  10  va.lues of PO(I) (use  Sub- 
rou t ine  STEAM) 

6 .  For i n i t , i a l  pressure  guess a t  end of time s t e p  ( P ~ . ( I ) ) ,  l e t  P l ( 1 )  
equal  PO(I). 
Also l e t  new d e n s l t y  of a i r  ( R H O A ~ )  = o ld  d e n s i t y  of ~ ~ ~ ( R H O A O )  

7. Call RESIST t o  see  i f  flow path  r e s i s t a n c e s  m u s t  be changed - 
i f  necessary - then they a r e  changed. 

8. '. 1ncre:ase time . 
9. , I f  temperature i n s i d e  r e a c t o r  i s . . , l e s s  than feedwater temperature,  

reduce the  feedwater enthalpy (HFW) . 
10. Change name of p ressu res  f o r  use In  matr ix  manipulations,  l e t  

x(1) = P l ( 1 ) .  

For economy i n  .wr i t ing ,  de f ine  F ~ ( P . L , P ~ , P ~ , P ~ , P ~ )  = r e s i d u a l  
o r  unbalance of hea t  and mass balance f o r  volume 1, and s i m i l a r l y  
f o r  F ~ ( P ) ,  F ~ ( P ) ,  F ~ ( P ) ,  and F ~ ( ' P ) .  Since each balance func.tZon . 
F i  i s  a funct ion  of the  p ressu res  i n  some o r  a l l  of the  , o t h e r ,  
volumes, the most probable way of f i n d i n g  the  new pressure.s a t  
the  end of a time s t e p  i s  t o  determine the  p a r t i a l  d e r i v a t i v e  
dFi  f o r  e a c h . F i  and e a c h - P j .  I f  t h e  r e s i d u a l s  ( R )  a re , .  found f o r  
dPj t h e  new pressure  guesses  a t  the  new time p o i n t ,  then a l l  

the  p a r t i a l '  d e r i v a t i v e s  a r e  determined a t  t h i s  new time 
p o i n t ,  and a mat r ix  s o l u t i o n  f o r  t h e  c o r r e c t i o n s  t o  each pressure  
can be obtained which. should :reduce the  r e s i d u a l s .  t o  a 
n e g l i g i b l e  value.  



The r e s i d u a l s  (R) a r e  determined by c a l l i n g  PFESS with the  new 
guesses  a t  A ~ ( I . ) ,  o r  X(I) . 
12.  Then one pressure  a t  a  time i s  changed a  small f r a c t i o n  and 

t h e  r e s i d u a l s  a r e  reevalua ted  and t h u s  knowing the  change i n  
the . . func t ions  f o r  a given change i n  pressure  P j , ' t h e  p a r t i a l  
d e r i v a t i v e s  can be approximated 6Fi Residual ,'. - Residual :-. . 

8Pj- P j - Pj. 

13. The new c o r r e c t i o n s  ( ~ ~ ( 1 ~ 6 ) ) .  t o  the  p ressu res  ( I )  a r e  found 
and added t o  t h e  p ressu res  P ~ ( I ) .  

14 .  I f  these  c o r r e c t i o n s  , a r e  a l l  l e s s  than a c e r t a i n  f r a c t i o n  of 
t h e i r  corresponding p r e s s u r e , .  t he  pressure  P ~ ( I )  a r e  c lose  
enough t o  the  c o r r e c t  va lues  and the  program w i l l  then p r i n t  
on l i n e  (SS. 6  down) o r  on t ape  2  (SS 6 up) t h e  p ressu res ,  

. flow r a t e s ,  water  volumes, and t ime. 

If any one of t h e  eor , rec t ions  i s  a  l a r g e r  f r a c t i o n  .of i t s  
corresponding pressure  than the  TESTP inpu t  q u a n t i t y ,  the  
program i t e r a t e s  through s t e p s  10-15 u n t i l  t he  des i red  degree 
of convergence i s  reached. 

A f t e r  convergence i s  reached i n  s t e p  1 4 , a n d  t h e  output  i s  
w r i t t e n ,  the  time s t e p  i s  increased  and t h e  new' va lues  
o'f water volumes, p ressu res ,  and a i r  d e n s i t y  a r e  renamed .to 
o ld  q u a n t i t i e s  f o r  the  .next time s t e p  and. the  .program t r a n s f e r s  
back t o  s t e p  5 and, repeat 's  5-16 f o r  t h e  next  time s t e p . '  

. . .  . . , A2.2 Subroutine PRESS 

1. I f  PRESS i s  being c a l l e d  t o  so1v.e f o r  the  r e s idues  of the  Mass 
and Heat balance equat ions  . i t  f i r s t ' " c a l 1 s  subrout ine STEAM.-f.or 
t h e  steam t a b l e  q u a n t i t i e s  f o r  t h e  new pressure  guesses P ~ ( I ) .  

' I1 

2. If SS 4  i s  down, . t h e  steam t a b l e  q u a n t i t i e s  a r e  w r i t t e n  on the  
output  t ape .  . . 



1 A .  I f  PRESS i s  being c a l l e d  t o  solve f o r  a p a r t i a l  d e r i v a t i v e ,  t h e  
previous' va lues  of pressure  and steam quanlYiti,es ,a re  " temporari ly  
s t o r e d ,  and the  new steam q u a n t i t i e s  a r e  .160kg.d ..up , f o r  the  P1 
that  i s  being va r i ed .  

, -. : 

2 A .  I f  SS 4 i s  down, the  steam q u a n t i t i e s  f o r  t h e .  newly va r i ed  P1 
. . $re w r i t t e n  on tape 2.. . . 

3 .  .dubrouti'ne FLO i s  c a l l e d  t o  c a l c u l a t e  the  mass flow r a t e s  
tkiroughout the  system f o r  the  new pressures .  

4.  The water volume i n  the  core (VFCO) i s  determined and the  l e v e l  
of t h e  water  i n  t h e  core (CLEVEL) wi th  r e spec t  t o  the  top  of 
the  core i s  determined. P o s i t i v e  va lues  a r e  above the  top  of 
the  core and negat ive values a r e  below the  top  of the  co re .  

5. ASTAR, the  f r a c t i o n a l  por t ion  of the  core covered by water  i s  
determined. 

6. The hea t  inpu t  from f i s s i o n ' p r o d u c t s  i s  determined (DECAY). 

7 .  The hea t  r e l eased  from the  pressure  v e s s e l  hea t  capac i ty  i s  
c a l c u l a t e d  (BHEAT). 

8'. The hea t  released'  from the  c o r e . h e a t  capac i ty  i s  c a l c u l a t e d  
(AHEAT). 

9. The mass t r a n s f e r  f o r  each volume i s  .determined. 

'lo. The condensakion f o r  volume's 2 through 5 i s '  determined. 

.11. The hea t  t r a n s f e r  i s  determined f o r  each volume. 

.12. I f  SS 4 ,is down - in termedia te  q u a n t i t i e s  a r e  w r i t t e n  on Tape 2 .  

13. Intermediate  q u a n t i t i e s  AMA, AMB, AMC, AMD, ,pE, and AMF a r e  
c a l c u l a t e d  f o r  each volume. 

14.  If SS 4 i s  down, the  q u a n t i t i e s  c a l c u l a t e d  i n  13 a r e  w r i t t e n  
on tape 2 .  

15. The mass a n d ' h e a t  balance equat ions  a r e  solved f o r  the  new 
mass of 'water  i n  each volume, using q u a n t i t i e s ,  f,rom 13 above. 

16. The r e s i d u a l  va lues  a r e  determined (RESDUE(I)) o r  

1 6 ~ .  The r e s i d u a l  va lues  f o r  the  p a r t i a l  d e r i v a t i v e s  a r e  c a l c u l a t e d  
(RESID(I ) ) . 

17. I f  SS 4 i s  down, w r i t e  in termedia te  d a t a  on tape 2 .  



18. I f  c a l c u l a t i n g  p a r t i a l  d e r i v a t i v e ,  r e s t o r e  pressure  t o s  o r i g i n a l  
value (see  s t e p  1 ~ ) .  

.19. .Se t  column vec to r  = ~ ~ ( 1 ~ 6 )  

.20. S e t  columns of mat r ix  = ,REsID(I) - .RESDUE(I) 
DA 

2 0 A .  I f  SS 3 i s  down , se t  off-diagonal  elements of mat r ix  t o  zero  
leaving  only main ,d iagonal .  I 

21. If ..SS 4 I s  down, w.rite in termedia te  d a t a  on tape 2.  . 
. . 

22. . Return t o ,  MAIM. 

&3&~1m F M  - ( so lves  f o r  mass flow r a t e s  f o r  a g i v e n  s e t ,  of 
. . pressures )  

1. 1.f . .  Maj,or (. = 1, rupture  i s  steam flow 
.= 2, rupture  , i s  -.water flow 

2,   or: each 'of f i r s t  seven flow r a t e s  do fol lowing:  
a; AP = Ptn - Pout pressure  drop 

b.  APP = ( p i n  - ~ o u t ) / ~ i n  f r a c t i o n  of i n l e t  pressure  

c .  Y = 1 .o. (AK)(APP) See CRANE .U.-.c..'~andbook 

. . d .  1 f . Y  Is l e s s  than c r i t i c a l  value,  meaning t h a t  flow v e l o c i t y  
i s  g r e a t e r  than sonic  v e 1 o c i . t ~  - s e t  Y = YSTAR, t h e . v a l u e  of 
Y a t  c r i t i c a l  v e l o c i t y  and s e t  AP = DSTAR*Pin the  l i m i t i n g  
pressure  drop. 

e .  Calcula te  W = AY 'APxP r 
3 .  C a l l  subrout ine RELAX t o  c a l c u l a t e  simultaneous flow r a t e s .  

4. If SS 2 i s  down, w r i t e  in termedia te  output  on tape 2.  

. - .  , ,. 
. .  . .  ' ~ 2 . 4  ~ubrout in 'e .  RELAX 

2 2 1. D e f i n e  new f l o w . c o e f f i c i e n t s  B = 1 / ~  Y P 

2 .  Solve SIX simultaneous equat ions  f o r  mass flow r a t e s  8 through 
13 :by i t e r a t i v e  procedure.  

3 .  T e s t f l o w  r a t e s  f o r  convergence i f  converged - go t o  RETURN. 



.- 
4. . I f  not  converged - c a l c u l a t e  new AP, APP, and Y and check f o r  

c r i t i c a l  flow v e l o c i t y  as i n  subrout ine FLO. The var ious  
pressure  drops w i l l  change as the  c u r r e n t s  change. so  they must 
be r e c a l c u l a t e d  . a t  each I t e r a t i o n .  

5* Call subr,outine STEAM f o r  .new gas denpi t ies . .  

6.. ,; 1f 'SS 4 i s  ,down, w r i t e  in termedia te  d a t a  o n .  tape 2 .  

7. "GO t o  s t e p  2 and repea t  2-6. 

8. Return t o  FLO. . , 

A2.5 
II_ 

. SUBROUTINE RESIST - Calcu la tes  ' t h e ' v a l u e s  of flow r e s i s t a n c e  f o r  the  
flow paths  from, the  r e a c t o r  c a v i t y  t o  the:pump,. 
rooms and the  steam chase and sump room a s  a 
funct ion  of water he ight  i n  the  r e a c t o r  c a v i t y .  

1. Height of water i n  r e a c t o r  c a v i t y  ( H )  = volume of water  (VF0(.2)) 
d iv ided  by room equiva lent  c r o s s  s e c t i o n a l  a r e a    AREA^). 

2. I f  H is  l e s s  than H Z ( ~ )  ( s e e  Figure A ~ . A ) ~ o  change i n  A2 o r  A3 
occurs  and program t r a n s f e r s  to . s t a t ement  777. 

3 I f  H i s  between HZ(I) and H Z ( ~ ) , , .  subr.outines ADMIT and BUICK . 

a r e  u3ed t o  c ,a lcula te  the  e f fec t i .ve .  cr0s.s-section. of the passage- 
w.ay and i t s  f r i c t i o n  f a c t o r -  and these  a r e  used t o  determine . the 
flow c o e f f i c i e n t .  

4 .  I f  H i s  between H Z ( ~ )  and H Z ( ~ ) ,  the  steam l i n e  c learance  i s  
c losed  o f f  and i f  the  p ressu res  i n  the  cav i ty .  and .steam chase 
a r e  unequal, water  w i l l  be t r a n s f e r r e d  u n t i l  a . s t a t i c  head of 
water  equa l i zes  the  press.ures . 

5 .  A S  t h e : w a t e r  l e v e . l ( ~ )  i n c r e a s e s  p a s t  H Z ( ~ )  through H Z ( ~ ) ,  the  
flow c o e f f i c i e n t s  around the  main coolant  p ipes  a r e  decreased 
u n t i l  . the  time when H exceeds H Z ( ~ ) ,  then ~ ( 3 )  and ~ ( 2 )  a r e  
s e t  equal  t o . z e r o ,  and c o n t r o l  passes  t o  statement 777. 

6 .  Statement 777 begins a s e r i e s  of t e s t s  f o r  pressure  break 
p o i n t s .  

7 .  I f  the  q a v i t y  pressure  exceeds the  inpu t  q u a n t i t y  (PPOOL), 
t h e  bottom of the  s h i e l d  pool i s  assumed t o  rupture  and ~ ( 7 )  

1 i s  s e t  equal  t o  the  input  q u a n t i t y  TESTWW. This  w i l l  then 
give a flow r a t e  f o r  the  steam, bubbling through the  pool .  



. . . . .  
Schematic of Pipe-~ines:  . . but of Reactor Cavity 

. . . . .  . - . .~ 
. . . . . . .  , ... ,.. - .. - 

... . . .. 4 ,  

I . . . . .  ~ e a c t o r  Cavity ' 1  
. . .  , . . . . . .  

Feedwater 

out. Hz (4)  
. 1 , -  .. 

* 1. .- .. 

flow coeff ic ient  ... A3 = steam' l i n e  + feedwater l ine, ,  
, . . . . .  

f i , o ~ . c o e f f i c i e n t  A2 '= 3(coolant i n l e t  + coo1,ant out le t )  
, . . . .  . . . . 



8. I f  the  pressure  d i f f e r e n t i a l  a c r o s s  the. w a l l s  o f . ' t he  a i r ' c o n -  
d i t i o n i n g  duct  i n  the  operat.ing room exceeds 5 p s i ,  t he  duct  
 burst.^, which in ,creases  ~ ( . 1 3 )  by -an . a r b i t r a r y  f a c t o r  of ,1000, 

. . 

9 A .  I f  the  inpu t  q u a n t i t y  ITEMl has the  value of 1, the  damper 
flow c o e f f i c i e n t s  ~ 6 -  and A 1 1  a r e  s e t , ' t o  zero  and I T E M l i s  s e t  
t o  ,2.. 

gB. , If ITEMl has the  value of 2 ,  t he  dampers a r e  open .and A 6  and 
A'la have mass f lows.  The water l e v e l  i n  t he  core i s  checked 
an i f  the  core becomes' uncovered, the  flow c o e f f i c i e n t s  A 6 ,  

and A 5  a r e  s e t  t o  zero ,  t h a t  i s ,  the  dampers a r e  closed 
and the  main steam valve i s  closed.  

l O A ,  I f  the  core i s  s t i l l  covered, the  pressure  a t  the  e x i t  damper 
i s  checked and i f  the  pressure  i n  the  r e a c t o r  c a v i t y  exceeds 
atmospheric by 6  p s i ,  the  duct  w i l l  rup ture  and the  flow 
c o e f f i c i e n t  i s  a r b i t r a r i l y  mul t ip l i ed  by the  f a c t o r  BRK, read 
i n  as an  input  q u a n t i t y .  ITEMl i s  s e t  t o  3. 

10B. I f  TTEMl i s  3, the  e x i t  duct  ( ~ 6 )  has ruptured and the  core 
water. l e v e l  i s  c'hecked t o  see  i f  the  core i s  covered, i f  n o t ,  
A 5  A 6  and .Al1 a r e  s e t  $0 zero .  

I n  summary, the  main program con ta ins  t h e  inpu t  and output  
r o u t i n e s  and the  rou t ine  which solve's the  p a r t i a l  d e r i v a t i v e  matr ix  
f o r  the  c o r r e c t i o n s  t o  the  p ressu res .  I t  *a lso  c o r r e c t s  - t h e  pressure4 
and c a l l s  subrout ine PRESS, t o  so lve  the  hea t  and mass. balances.  
Subroutine PRESS determines how - wel l  t h e .  heat, and mass balances f o r  
the  var ious  rooms a c t u a l l y  balance.  The volumes of wa$er i n  the  
var ious  rooms a r e  obtained e x p l i c s t l y  while the  p ressu res  ar'e ob- 
t a i n e d  i m p l i c i t l y .  Subroutine PRESS c a l l s  subrout ine FLO t o  
determine the  flow r a t e s  as needed, and FLO i n  tu rn  c a l l s  subrout ine 
RELAX t o ' s o l v e  the  s i x  cu r ren t  equat ions  which a re '  interconnected-and 
m u s t  be solved simultaneously.  Subroutine STEM. fur.n.ishes steam 
t a b l e  d a t a  when andwhere  i t  i s  needed. Subroutine RESIST checks 
the  water  l e v e l  i n  var ious  v.olumes and determines how and when a n y .  
of the  flow' coefficients m u s t ,  change, such as by covering. up a  
flow :path with water ,  o r  by breaking a  duct  by over p ressu res .  
Subroutine ADMIT c g l c u l a t e s  the  e f f e c t i v e  r e s i s t a n c e  of the  flow 
passages out of the  r e a c t o r  c a v i t y ,  and subrout ine BUICK determines 
t h e  f r i c t i o n  f a c t o r s  f o r  the  flow c o e f f i c i e n t s .  With a ,convergence.  
c r i t e r i a  of .001 f o r  the  p ressu res ,  i t  t akes  approximately 8 seconds 
p e r  time s t e p .  With a  convergence c r i t e r i a  of .01, the  machine time. 
f o r  each t ime.  s t e p  i s  about 3 seconds. 

Complete l i s t i n g s  0.f the  FORTRAN s ta tements  f o r  the  program a r e  
included i n  t h i s  r e p o r t .  



. .  i . . . . . .  . ,. 3 ,. ... . i. ";, i': ~ 2 . 6  ';. ;~ef.xnii t .  . . .  . .'..'.A .... c ....a. r .... - A - . . 
. . . . ., - . . .  I... .. . . . . . . . .  -. . . . . . .  . . . . . . . .  

( P S ~ Q )  PO(I'),' ~ b e s s u r e @  ., - . .- a t  . . beginning of time s t e p  . . . .  
. . . . . . . . . . . . . . .  

~ l ( 1 )  Pressures  ..... a t  end of t i m e  s t e p  ( ~ ~ 1 0 )  .. " . 
. . 

ZMCM Maes of c o r e  metal  t imes s p e c i f i c  hea t  
. . . . ( ~ t u / * ) '  . 

VERO Ori&inal  r a t e  of, hea t  production by r a d t o a c t i v e  . 
. - - .. 

decay 
, , . . ~ t u / s e c  

WPW Feedwater f lowrate 

. . HWW Enthalpy o f ,  feedwater B t u  332 - 
# .  

. . .  
?c Volume of primary coolant  ayetem below bottom 

of c o r e .  ' f t 3  
. . 

WC . Free volume of core f t 3  

MAJOR = 1, rup tu re  i s  steam .f low,  = 2 rupture  i s  water  
flow I .... 

TESTP' 

'BRK 
.. , 

'TESTW 

. TESTWW . . . . . .  
. . ?' 

, PPOOL 

PDUCT 

s t z e  of rup tu re  

Convergence c r i t e r i a  f o r  p.ressures 

Mul t ip les  f o r  A(6).when duct  breaks 

Convergence c r i t e r i a : . . f d r  flow r a t e s  i n  RELAX 

Value 'of ~ ( 7 )  a f t e r  rupture  i n  bottom of pool 

~ ( 2 )  p'ressure a t  which bottom of pool rup tu res  

Pressure d i f f e r e n c e  a c r o s s  duct  wall which w i l l  
cause duct  to .  rupture.  . . 

=, 1, v e n t i l a t i o n  dampers open, 
' =  2, v e n t i l q t i o n  dampers ,clofjed, 
= 3,  a f t e r  core iis...exposed, dampers c losed  

.AREA1 Free a r e a  i n  core  

AREA11; Free  a r e a  above core  

AFtEA2 Free  a r e a  i n  r e a c t o r  c a v i t y  
! !  



 AREA^ Free a r e a  i n  pump rooms . .  . . . .  
. . . . . . . . . . .  - . .  . . . . . . . . . . .  

 AREA^ Free a r e a  i n  steam chase and sump room 
. . . . . . . .  . . . .  ... . . . . . . . . . . .  . -  - + .- % ... . . 

BZERO Mass of pressure  . . . .  v e s s e l  t imes ; s p e c i f i c  hea t  
. . . .  . . . . . .  . . . . . . .  

- . 

TZERO . . 0 r i g i n a l  . . . . . . . .  temperature - .  . . . . . . . .  a t  times of ' rupture 
. , 

' V W '  Volume of p ressu re  v e s s e l  
. . . .  . . . . . .  . . . .  

VPIPES Volume o f  primary coo ian t  : pipes., 
. . 

C P. - , S p e c i f i c  hea t  of a i r  

RHOAO Density of a i r  i n  volume 5 a t ' b e g ~ n n i n g  of time 
, s t e p  
: I. 

RHOAl Denaity of a i r  In  volume 5 a t  end of .time s t e p  

TIME - Time a f t e r  rupture  

DELTAT ~ i m e  s t e p  . . 

D . ,.,. . .  Incremental .  f a c t o r  used t o  g e t  . s t a r t e d  i n  
Newton-Raphson i terat1o.n 

='(I) , 
Height . of . var ious  flow passages from r e a c t o r  

, . cavi- ty  , .  

RQ(I) Outside radii .  of flow passages i n  r e a c t o r  d a v i t y h  
... 

~ l ( 1 )  I n s i d e  r a d i i  of flow passages. i n  . r e a c t o r  c a v i t y  
. . . . . . .  

TALL(I) ' ~ e i ~ h t  of volumes 

PERIM(I) Perimeter  o f .  volumes 

~(1') Volume of each room 

.VFO(I) Volume of water  i n  each room..at beginning of 
time s t e p  . . 

V F ~ ( I )  Volume. of water i n  each room a t  end of time 
s t e p  

,A(I) Flow c o e f l i c i e n t s  

a ,  f t '  

BTU' 
F- 
4 8 9 ' ~  

seconds 

seconds 

AK(1) Flow c o e f f i c i e n t s  . , (expansion f a c t o r s )  



Y(I) Flow . . . -  coe f f i c i en t s  . . . .  , . -  (expansion f a c t o r s )  . . . . . . . . . . . . . . .  . ,. - . . . . . . . . .  . . . .  

DSTAR(I ) : ~ & a c  t , i p n k l m ~ i i l u e  bf in le t ; 'pressu& . . . . . .  . . drop a t  s o n i c  
velocitfy steam flow . . ..:.. '. . - . . . . . . . .  . . .  I. ..-.... - . . . . . . . . . . . . . . . . . . . . .  '.. " , .  

YSTAR(.I) ..,. Value ...... - - .  . . . . . . . . . .  o f  Y :, a t  s o n i c  ve loc i ty  s t e ' m .  flow . . . .  ,- . . . . .  

A S T A R  ~ r a ~ t l o n  ;of core covered;:by water 
. . . . . . . . . . . . . . .  

, TEMP . . (I ) Temperature 
. . . . . . . .  - . .  OF . '  

. . 

HL(I,) Enthalpy . _ ._.... . .  . - of water . . . .  
. . .  

.HP(I) Latent  . . heat 
.. - . . . : 

H U , ( I )  ~ n t h a l p ~  of sa tura ted steam. 
. . . . . . . . . . . . . . . . .  .. 8 1 B$.u/# I 

. . RnOL(1) Density of wa te r  .. - .  #&3 
. J 

RHOO(I) . . ~ e & i t ~  . . . . .  . . of steam . . #)I t3  
i 

COND'I) Conductivity of water sTir/hr°F-f t 
. . 

V I S C ( I ~ . V I ~ C : O ~ ~ ~ ~ ,  . .. of water 
. . 

#/f t - h r  

AB(I, J )  Elements of p a r t i a l  de r iva t ive  matrix 
. . .  . . 

. - 
F R A c T ~ , ~ ~ ~  1, Not used by program 

P , ~ ( I )  . . Not. used by pro.gram 

CLEVEL ~ e v e l - o f  *raker i n  pressure v e s s e l  wi th  respect '  
to ' . top  of core,  + - =  above core,  - =. below top o f ' .  
c o r e  

. . .  
f t  

H Height of water i n . . r eac to r  . . cav i ty :  
. . 

f t  
1 ' ABC 1 

ABc2 - 

ABC3 
ABC31 
WP1 
WP2 
WP3 
WP31 

.. DE 1 
DE 2 
DE3 
DE31 

C0mpone.n.t s used 
11 I r 

t o  ca lcu la te  flow 
I t  1 I I t  

I t  I I I I 

.11 11 I I 

I I I t  1' 
11 : 11 11 

I 1  I I I I 

11 11 1 I 

11 I1  I1  

I I . 11 11 

I I 11 . I1  

I I I1 11 

coe f f i c i en t s  
I I 

I t  

I1  

11 

I1  

I I 

I1 

I I 

. . 
11 

I 1  



. . . . . . .  . - . .  - . . . . .  - - - .. . . . . .  ........ 
PL 

" 

FACT1 Components used t o  c a l c u l a t e  flow c o e f f i c i e n t s  
FACT2 I I 11 11 11 I 1  ' I . .  ' 

RESDUE(I)   mount by which ' heat .  ,and ,mass balances do not  balance BTU 
. . . . . . . - . . . . .  ,- . . . -  . . . . . . . . . . .  . . . . . . .  

DELTAM(I) Mass t r a n s f e r  dur ing  t i h e  i n t e r v a l  . . . . . . . . . . . . .  
. . .  

~ ( 1 ) .  'Mass flow .... r a t e s  
- .  . . . . . . .  

QUEUE(I) Heat t ra f ia fer  dur ing  time i n t e r v a l  
- . . .  . . .  . . . . . .  . . .  . . .  . . . . .  

BTU 

F t E ~ ~ ~ ( ~ ) ' ~ x n o u n t ;  by which hea t  and mass .ba lanceado  not  balance 
when c a l c u l a t i n g  part ial  . d e r i v a t i v e s  . .  . . . . . . . .  

. . .  .- . . . . . . .  . . . . 
BTU - 

Components used. t o  c a l c u l a t e  mass and hea t  balanced 
11 11 11 I 1  . I 1  11 11 11 

I 1  11 11 . I 1  11 I t .  11. . ! I  , . . 
.... ' 11 11 I 1  11 I 1  11 11. 11 

I 1  I 1  I 1  11 I t  II II 11 

t i  11 11 11 I I 11 11 11 
. . 

. . 
DECAY Heat con t r ibu t ion  from f i s s i o n  product decay . . BTU/S~C 

. . 
AHEAT Heat con t r ibu t ion  from core hea t  capac i ty  BTU/S~C 

BHEAT Heat con t r ibu t ion  from pressure  v e s s e l  h e a t  capac i ty  

CONDEN(.I ) :Condensation i n  each room BTU \ - 
set 

DELTAP(I) Pressure drop f o r  each mass flow P s i  

DELTPP(I) F rac t ion  of i n l e t  pressure  used a c r o s s  flow path  

B ( I )  Flow c o e f f i c i e n t s  = ~ / A * Y ~ P ~  



. ..A2 :.7 ' .:Run . 

. . .  , . ning. 1ns.truc.tXons' and Sample Data . . .  
. . .  

.1. I'nput c o n s i s t s  of 18 separa te  cards ,  and a l l  data must be 
en te red  f o r  each problem. . . . . .  . . .  

2.  A l l  , d a t a  i s  en te red  i n  f i x e d  p o i n t .  Decimal p o i n t s  a r e  requi red  
'in a l l  numbers t o  be used as ,  d a t a ,  while numbers' such as'"MAJOR, 
and. ITEM1 'must 'NOT have decimals .' A l l  numbers, a r e  separa ted  by 
commas, and t h e  l a s t  number on the  card  would be fol lowed.by 
an a s t e r i s k  t o  i n d i c a t e  the  end of. . t h e  f i e l d .  . . 

. . . . 

2A.  . Date card 

3 .  CARD1 - 6 words wi th  decimal po in t s ,  1 word without decimal, 
3 words wi th  decimal, 
a .  . Core mase x s p e c i f i c  hea t  (#) (BTU)S(~*U) rn . .T 

A 

BTU ) b e  o r i g i n a l  s t r e n g t h  of f i s s i o n  product hea t  r a t e  (- 
se C 

c . Feedwater f 1,ow r a t e  (#/aec) 

d .  Enthalpy of feedwater  (BTU/#OF) 
3 e . Volume of primary system below core ( f t  ) 

f .  Free volume i n  pressure  v e s s e l  between top  and 
bottom of core ( f t 3 )  , . 

g o  1 = steam flow from rupture ,  2 = water  flow from 
rupture  

h .  Diameter of rup tu re  . . inches  

I .  Pressure convergence r a t i o  ( .01- .001) 

J .  M u l t i p l i e r  f o r  A~ when duct  breaks 

4. CARD2 - 4 words wi th  de,cimal 1 word without  
decimal 
a .  Convergence t e s t  f o r  mass flow r a t e s  ( .0001) 

b.  Value of flow c o e f f i c i e n t  A 7  when bottom of pool 
' is  ruptured ( 1 0 0 ~ .  ) 

c .  Pressure a t .  which, bottom of pool rup tu res  ( 5 0 ~ ~ 1 g )  

d .  Pressure .  d i f f e r e n c e  a t  which a i r c o n d i t i o n i n g  
duct  r u p t u r e s  , '  (,5 ~ s 3 g )  



. . . . , - . . - . . .. - . . . . , . . 
' _ .  

CARD3. .. , 

5- .w. . - ords"wi't.h"'d~cima1 ' p o i n t s  . . . . - . . . . - 

.;a. Free a r e a  I n  pressure  v e s s e l  a t  core,midplane 
. . . . . . , . . . ., 

b e  Free a r e a  i n  pressure  v e s s e l  above core 
. . . . 

c .  Area i n  r e a c t o r  cav i ty  
. . .  . . .  

. d.  Area i n  pump rooms 
.. . .  

e .  Area i n  sump and steam chase 

CARD4' - 6'words w i t h  decimals 
a: Mass O f  p ressure  v e s s e l  t imes s p e c i f i c  hea t  

b. Orig ina l  temperature of primary system 

c .  Volume of pressure  v e s s e l  

d .  Volume of p ipes  

' e .  S p e c i f i c  hea t  of a i r  

f. Orig ina l  d e n s i t y  of a i r  i n  opera t ing  room 

CARD5 - 3 words,, wi th  decimals 
a: Time a t  start  of problem 

b.  Or ig ina l  time increment 

c . M u l t i p l i e r  f o r  p ressu res  t o  g e t  , p a r t i a l  
d e r t v a t i v e s  

 CARD^ - 6 numbers wi th  decimals 
a .  Height of bottom of steam pipe tunne l  above 

f l o o r  of r e a c t o r  c a v i t y  . . '  

b.  Height of top. of steam pipe tunne l  above f l o o r  
of r e a c t o r  c a v i t y  

c .  He igh t  of bbttom of main coolant  o u t l e t  pipe 
. . tunnel  above f l o o r  of r e a c t o r -  . cavi tx  

. . I .  . .. 

d .   e eight of top  of main coolant  o u t l e t  p ipe  
tunnel  above f l o o r  of r e a c t o r  cavi. ty ' .  

e .  Height of bottom of main coolant  i n l e t - , p i p e  
. tunne l  above f l o o r  of r e a c t o r '  c a v i t y  

f. ~ e , l g h t  o f  t o p  of main coolant .  i n l e t  pipe 
tunnel  above f l o o r  bf r e a c t o r  - c a v i t y  

0 : . 

0.10 sec  



9. CARD7 - 3 numbers wi th  decimals 
a .  Radius of steam tunnel  

b .  Radius of feedwater tunnel  

c .  Radius of main coolant  tunnel  

10 .  CARD8 - 3 numbers wi th  decimals 
a .  Radius of (steam pipe + i n s u l a t i o n )  

b. Radius of (,feedwater pipe + i n s u l a t i o n )  

c .  Radius of (main coolant  pipe + i n s u l a t i o n )  

CARD9 - 5 numbers wi th  decimals 
a.  Wall he ight  of pressure  v e s s e l  

b. Wall. he ight  of r e a c t o r  c a v i t y  

c .  Wall he ight  of pump rooms 

d .  Wall he ight  of steam chase 

e .  Wall he ight  of opera t ing  room 

CARD10 - 5 numbers wi th  decimals 
a.  Circumference of pressure  vesse l  

b . Circumference of r e a c t o r  c a v i t y  

c .  Circumference of pump rooms 

d .  Circumference of steam chase 

e . Circumference of opera t ing  room ( f t )  

C A R D 1 1  - 10 numbers w i t h  decimals 
a .  Or ig ina l  pressure  i n  r e a c t o r  p s i a  615 

b .  Or ig ina l  pressure  i n  r e a c t o r  c a v i t y  14.7 

c .  Or ig ina l  pressure  i n  pump rooms 14.7 

d .  Or ig ina l  pressure  i n  steam chase 14.7 

e .  Or ig ina l  p ressu re  i n  opera t ing  room 14.7 

f . Origina l  pressure  i n  a i r  condi t ioning  duct  ( 6 )  14.7 

g .  Or ig ina l  pressure  i n  a i r  condi t ioning  duct  ( 7 )  14.7 



h.  , Osiglnal pressure i n  i n l e t  a l r d u c t  t o  
. ' .  containment - . . . . .  . . .  . . . . . . . . . . . . . . . .  . . . . . . . .  

14.7 
. . 

I .  Original pressu,$e i n  e x i t  a i r  duct 'to containmenty 14.7 . . . . .  . . .  : . . .  . . .  :. . . . . . .  '. . . . 

j . ~rig 'gnal  . . ... A pressure . . . i n  . ' turbine . . .  condenser 
- . . . .  '. 

CARD12 -"'5' numbers with decimals - . .  
a. .Volume .of primary system . . . . 

b. Volume of reactor  cavi ty  
. . 

c . '  Volume of pump rooms 

cl. Volume af steam chase f t3 

I e.  Volume of operating room 
. . 84000 f t 3  

15. CARD13 - 5 numbers w i t h  decimals 
' a *  Original volume, of water i n  primary syst,em 1810 ft3 

b.. or ig ina l  volume of water I n  r eac to r  cavity 0 
, j '  

6'.  0r.lginal volume of - water . i n  pump rooms 0 

d .  Original volume: of water i n  . . steam chase 0 " 
.... 

' I  . 

e;. 0r lg ina l  volume of water i r i .  operating room 0 .--, 

16. c~RDl4 - 13 numbers w i t h  decimals 
flow coe f f i c Ien t s . .A~  : f o r  mass. flow channels 1 - 13 

t !  - , . 
" , :  

IT'.. .. . C,ARDIS. - 13' numbers with decimals 
. coef f ic ien ts  'Mi f o r  flow 'channels 1 '-  13 

. . 

18. c ,~&l6  - 13 .numbers 'ith decimals 
qoefficient&YSTARi f o r  'flow channels 1 - 13 

19. CARD17 % - 13 .numbers with decimals . 
cce.f f ic ients  DSTARi f o r  .flow chadrje,ls':l I .  - 13. 



. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  

.. .- . The'flow conatants '  used i n  the  program a r e  ' i npu t '  and thereby 
cm be ' v a r i e d ' f o r  program v e r s a t i l i t y .  For  flow c o e f f i c i e n t s  Ag. 
and "A3, " : i n i t i a l  ' values  must bg" read i n  t o  . t h e  pr:ogram; :. However 
.after one ' . ' i terat ion these  values.  a r e  c a l c u l a t e d  by sub'routine 
RESIST'. ' The re,ason , f o r  t h i s  i s  t h a t  t h e  r e a c t o r  c@vity., pump' 
rooms 'and. the &team chase w i l l  be. f looded and thereby the  value8 
A2 and A 3  a r e  changed. 
. . . .  According t o  J; G.  urne ell,^ when s a t u r a t e d w a t e r  flows 
through a sharp-edged o r i f i c e  no f l a s h i n g  o,ccurs u n t i l  a f t e r  t h e  
itlater l a  throu,gh %:he o ~ i f  i c e  ,. and.,.. con t ra ry  . ' to t h e  theory based on 
a '  change of. s t a t e ,  no c r i t i c a l - p r e s . s u r e ~  condi t ion  i s  ev iden t .  The 
q u a n t i t y  O f  s a t u r a t g  water  t h a t  . w i l l  flow through a sharp-edged 
o r l f l c e ~ ' .  f o r  given preksure 'can b e ,  h a l c u l a t e d  wi th  s u f f i c i e n t .  
ac'curacy by the  f o h u l a  used t o l d e t e m i n e  t h e  f l o w  of c o l d  water .  
through an o r i f  i c e ,  and t h e  'dk'scharge ;coef f  ic ieni ts  found f o r  , 

aatura.ted,\water approximately'  t h e  same as those genera l ly  used 
. f o r  c o l d  water. '  . . . . 

. . ;. The  formula f o r  maximum f l o w  is : 

PI (#/set ) 
= 0 . 6 ~  ( ~ ~ S / A ( P ~  - ~ 2 )  n ( f t 2  of o r i f i c e )  : . . . 

where p = densi , ty  of s a t u r a t e d  water  a t  P1 

0.6 = c o e f f i c i e n t  of con t rac t ion  f o r  a sharp-edged o r i f i c e  
, .  . . .. c a l c u l a t i o n  of Flow Coef f i c i eh t  



Fbr- a l l 'o ther  flow'coefficient~8 (steam flow) Darcy'e equation6 f o r  , 

c'ompreesible - - . . . . . . . flow are used - .  

That 16: - - .,..... . . . . _ ._ . 1)  ~(#/hr) = 1891~d2 L K " F D  .m 
from equation 1 I - 1 8 9 1 ~ h ~ ~ ~  W - 

T d2g-  #/hr 
s x  %6 w1 

I * 

A2 - Water Reclrculating Line (2" clearance) 

From P A-24 Crane Handbook 

Since there are six holes  



. . .......... . . - ., . .  ,. .. . . . .  . .  .. ...- . . ,  . . . ,  I 
. A j  - Steam L i n e  + .Water Return. 2" Clearance . 

. . . . 

A4 - 30" Manhole 

Area - =  114 = 1/4 L O / ~  = 4.92 f e  
De a. 30" = 2-1/2' f = o.olll. 

A 4  = 387 x 3 = 1161 for 3' K = 1.54+.004 = 1.504 
manholea . . fi = 1.226 

Ac a Turbine Stem Line 

Max AP - = 0.593 
P 



: ,  . ': 4 " ~ h e ( d u c t  system i s  designed f o r  t h e  fol lowing a i r  flow r a t e s :  
1 )  .23,3OOcfm through pump chambers and plpe chase a n d . 2 )  3,000 cfm 
tw~qgh:i ;@epting I t,.k+.~.n!.:. . and v e n t i l a t i n g  system. . . .. .. . 

. ~ 
. . .  

L, Matn Area- 3000 cfm . , . . . . ... ' ,  . . 
1 .. . .  eater 1 . . 

. .  . . . .. .. ' " : .23,00.0 cfm a -  

\ . . 1 300! C, p m m p i m m m  
23,000 cfm . .,. . . . 

. 8 ' .  - . < a .  

I 

The a l r  v e l o c l t y  through t h e  duct  l a  assumed t o  be 2,000 ft/min 
t h i s  may tend t o  be noipy b'u't was agreed updn w i t h . . A l l i s  . ' . , -  

Chalmers . 
I 

Length . . of duct  through water  t reatment  b"flding 60 f t  
. - ! 

Length of Duct t o  Equipment F loor  - 149 . . 

+ 2 900 elbow a t  o p e r a t i n g :  f l o o r  
1;gOO elbow a t  equiPmenO f l o o r  

Length of Duct t o  Equipment Room - 8 f t  
! 

Length of Duct t o  Pump,Rooms -' 26 f t  
+ 2 elbows ', 

.--. . 

Length of Duct for  By-Pass A i r  - 561 
+ 4 elbow$, 

Length of Exhau8.t Dub t ' - 84 f t  -. 

+ 3 elbows (900) 
t i  

A 6  Exhaust . . Duct 

Aaswne square duct  ,'.+ ( l e n g t h  I '  of s i d e )  = 3.4 f t  

POF a Square Duct De = X 

For Ducts 'use F = .007 

L/D=; 8423.4 + 3(30). =lLl,5 



. . .  = 0 urjt i l  the dlaphram' a t  the' bottoin' of'the pool"rupture8' and . A7 
then th6 A ' ~ $ 1 1  'be  .arbltir)a.Pily': Increased t o .  the"vs1ue"rebd in. 
the','input - a arde .' There'- is  'no '.appl.lcabTe: e'mpirlcal "data': a v a l l -  
able""on~.'equlvalent . ree le tances  .of steam ,. . flow.' through. pools. ' . '  

. . . , of water.: . - . - . . 

'A8 - Duct fr0.m Steam Chaee 

% 5 Duct through Large. Room 
. 

. . Uaq L = ,601 and 1 elbow 
. . 



. . .  

Length of Duct = 60 f t  . ;. R l 0 ,  = , . . . . . , , . . -  

Assume 4 elbows 
... - . . . 

. . .  
Assume AP f.or Heater = 60 f t .  

. . . . 

L/D .= 1/1.225 ti23 + 120 =- 218 - f t  . 
. - 

Rl1 = Duot from Outslde t o  Equipment Room Use Resistance to:flow 
: . of FlJter .Equal t o  t o t a l  L/D of .St . .  Pipe' Use ;L/D = 30 '. 

f o r  each elbow '.' . 

;yb := 2/3.4 F60 + 14 + 3 +3 [303 

L/D =. 1/1. .7 [8d + 90 = 138 

A12 = Duot. f r q m  Pump, Room 

Each duct from eech pump room I? 1dent.icai arid 
equal t o  'duct f.rom. s-team chase. 

I 
:, \ .  '.._ 

**,A 187.8 " '  

However, there  a r e  three  ducts  



1 R13 
3 Length = 56 ., . ft . 4' elbows; L/b ,120 

. . 
... . . - . .  . 






