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ABSTRACT 

A de ta i l e d ,  n on l i ne ar , many l ump , mov i n g  bou ndary dyn ami c mode l for a 

h e l i ca l  co i l ed on ce- th ro ugh s team gen e rator w i th non un i form t ube c ros s 

s ect i on i s  deve l oped . S i x fl ow re g i me s a re emp l oyed  i n  the mode l ; each 

re g i me may co n s i s t  of  more than one sect i on . The res pon s e s  for two 

l ump i n g  ca ses  ( i . e . , two s e ts , e a ch wi th a d i ffere n t  n umbe r  of s e ct i ons  

i n  the mode l ) a re compare d  wi th the  s ame pertu rb ati ons . Ba ses  for 

s e l e ct i on of the n umber  of  sect i o n s  and  the c a l c u l at i on a l  t i me s tep a re 

s ugge s ted . 

The s teady s tate ca l c u l at i on  fo r ge nerat i n g  the s ta te var i ab l e  

di s t ri b u t i o n s  a l on g  the tube coordi n a te i s  de ve l oped .  I n format i on  

ob tai n e d  from  the s teady s tate d i s tri b ut i ons  i s  compared  wi th  trans i en t  

re sponse  a t  the fi n a l  ob s e rvat i on t i me .  The compari s on s  fo r a l l 

i n di v i dua l  s te am generator i np u t  perturbat i ons  a re s a t i s factory .  

Con fi den ce i n  the correctnes s o f  the s teady s tate ca l cu l at i on  i s  ob ta i ned  

from the comp a ri son  of the s teady s t a te res u l ts wi th a s e t  of  des i gn data . 

N on l i n e ari ty of  the s team gene rator res pon s e s  i s  s tud i ed . Comp a ri son  

of  the  t ran s i en t  res ponses  wi th  two othe r mode l s  i s  g i ven . The 

Fort S t .  Vra i n 3 30 MW ( e )  s te am generator  i s  used as the re ference des i gn 

for th i s s t udy . 

i i i 
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CHAPTER  1 

I NTRODUCT ION  

The dyn ami c behav i o r  i n  o n ce-throu gh s team  generators i s  i n h e ren t l y  

di s tri b u te d-pa rameter  a nd  n on 1 i nea r .  The re s e a rc h  pre s e n ted he re d e  a 1 s 

wi th the d e ve l opment  of a ve ry deta i l ed ,  many l ump , non l i n e ar  on ce­

th rough  s team gene rator mode l  fo r s t udyi n g  i ts n on l i n e a r  dyn ami c s . 

Because  of i ts compact  s i ze ,  h i gh therma l  e ffi c i e n cy an d fas t 

res pon s e  to l oads , the on ce-th rough s team gen e rator i s  b e i n g  uti l i ze d  

i n c rea s i n g l y  i n  the n u c l e a r  i n dus t ry .  Howe ve r a major d i s ad vantage o f  

th i s  type s team gen e rator i s  the comp l ex i ty o f  i ts dyn ami cs . Th i s  

p re sen ts con t ro l  and  des i gn p rob l ems . N on l i ne a ri t i e s , l a rge vari at i on s  

i n  p rope rti e s  a l on g  s p ati a l  coord i n ate s , comp l ex two p h a s e  phenomen a  a n d  

i ns tab i l i ty ( l  
•
2

•
3

•
4) of  the fl ow sys tem a re the maj or  facto rs th at  

con tri b ute to the  comp l ex i ty .  Dynami c s tudi es  a re q u i te n e ce s s ary for 

p rovi d i n g  i n format i on fo r des i gn i ng an d i mprovi n g  con t ro l  sys tems i n  the 

on ce - th ro ugh s te am gen e rator  system .  

Dyn ami c mode l i n g  i s  a mean s  of s t udyi ng sys tem dyn ami c and  c on t ro l . 

The res e a rch on dyn ami c mode l i n g a l s o  e xten ds to sys tem pa ramete r  

i dent i fi cat i on. (S,6) The mode l  can b e  b a sed on a th eore ti c a l  app roach  

or an empi ri ca l  app roach . The l atte r req u i res the ooerati n g  sys tem to 

b e  te s te d  wh i l e  the fo rme r can be  pe rformed b efore sys tem tes t i n g . 

B oth l i ne a r  a nd  n on l i n ea r mode l i n g  formu l ati o n s  a re u s ed  for dyn ami c 

s t udi es . The l i ne a r  mode l emp l oys l i n e ari zed  d i ffe ren ti a l  eq uati o n s , 

wh i ch mean s  the re s u l t i n g  s i mu l ati on i s  s u i tab l e on l y  fo r smal l 



2 

pertu rb at i ons abo u t  a p re s et  ope rati ng  l e ve l . The n on l i ne a r  mode l  u se s  

n on l i nea r d i ffe ren ti a l  e quat i on s , wh i ch des c ri bes  the n on l i n eari t i e s  of  

t he  sys tem  be h av i o r  an d does not  l i mi t  t he  s i mul ati on to  s ma l l 

pe rt u rb ati o n s . I n  th i s re search , the theoret i ca l  non l i n e ar  mode l i ng 

app roach  i s  adopted . 

P re v i ous  re s e arches on once- th ro ugh s team gene rato r mode l i ng we re 

re vi ewed by C .  W .  S a very e t  a l . (?) I n  the fo l l owi ng , recen t l y  p ub l i s h e d  

a rti c l e s  on n on l i ne ar  mode l i ng fo r on ce-th rough_s team gen e ra tors a re 

re vi ewed . 

Ray a nd  Bowman ( S ) de ve l ope d a n on l i n ear , l umped pa ramete r ,  mo vi ng 

boun da ry mode l for a on ce - th ro ugh s team ge nerator  u sed  i n  a gas c oo l e d  

p owe r p l an t .  The i r mode l con s i s ted of th ree s ect i on s : the e co nomi zer ,  

the e vapora to r  a nd  the s upe rhe ater . S i x di fferen ti a l  eq uat i on s  deri ved 

from the con s e rvati on eq u at i on s  we re emp l oyed  to de s c ri be t i me de ri vati ves 

of movi ng  boun dari e s , i n te rn a l  ene rgy and den s i ty i n  the s e condary fl u i d .  

The mas s fl ow rate s we re c a l cu l a ted  e i ther  th rough q u as i s tat i c momentum 

equat i o n s  wi thout  a ve l oc i ty head  te rm or  by us i ng a l geb ra i c re l a ti o n-

s h i p s . O th e r  vari ab l e s we re obta i ned  from thermodyn ami c p roperty 

equat i on s o r  a l geb rai c equat i ons . Fo r the p ri ma ry fl u i d ,  on ly  ene rgy 

equat i ons  we re des cri bed ; the mas s  and  momentum b a l an ces  were i gn o re d  

s i n ce s teady fl ow a n d  con s ta n t  p res s u re i n  the p ri ma ry coo l an t we re 

as s umed .  

Chen ( g ) de ve l oped a n on l i ne a r  on ce-th ro ugh s te am gen e rator  mode l for 

use i n  the p re s s u ri zed wate r reactor sys tem . I t  was a l umped parameter 

mode l wi th movi ng boundari e s , wh i ch con s i s ted  of  s ub coo l ed , s aturated 
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an d s upe rheated re gi ons . Each  re gi on was fu rthe r  di vi de d i n to two 

s ub re gi ons  exce p t  the s a t urated re gi on wh i ch was t reated w i th one se cti on . 

Fo u rteen s ta te vari ab l e s , i n c l udi n g  ten tempe ratures , two l e ve l s ,  a nd  

two p re s s u re s  we re se l e cted i n  h i s wo rk . Some i mp o rtan t t reatmen ts fo r 

h i s  model fo rmu l ati on in c l u de d  emp l oy i n g  comp re s s i b i l i ty-adjus te d i de a l  

gas s tate e q u a t i o n s  for s uperhe ated s te am , us i n g  the c ri ti c a l  fl ow 

re l at i ons h i p an d the ori fi ce fl ow eq uat i on fo r e va l uati n g  mas s  fl ow rate s , 

l i ne a r  vari ati on of  s team q ua l i ty a l on g  the axi a l  coo rdi n a te and  us i n g a 

ze ro ti me cons tan t formu l ati on fo r ca l c u l at i ng bo i l i n g  rate . The 

q u as i - s tati c momentum  eq uati on was a l s o  emol oyed .  

The on ce-th ro u gh s team gene rator model de ve l oped  by Kwatny an d 

Konopack i ( l O )  was a non l i ne a r  movi n g  boundary mode l . I t  was  u sed  to 

rep re sen t a p rototyp i ca l  1 1 60 MW ( e ) HTGR s te am gene rato r. The i r model  

h a d two s e ct i o n s  i n  the e con omi ze r ,  and  one s e ct i on  i n  the e vaporator 

an d s u pe rhe ate r e a ch . In  the s team/vJate r s i de ,  a l l fri cti on e ffects 

we re l umpe d at  the i n l e t to the re s pe ct i ve se cti o n s  and  q uas i - s tati c 

momen tum eq uati on s o r  eq u i va l e n t  o ri fi ce equat i on s  were u s e d  to ca l cu l ate 

mas s fl ow rate s . The e vaporator  was mo de l e d by two e l emen ts . The fi rs t 

rep resente d  a l umpe d fri ct i on a l  re s i s tance . The s e con d was a fri cti on l es s  

he ate d s e ct i on . The p res s u re drop acros s the he ate d  s e ct i on was as s ume d  

neg l i g i b l e  s o  t h a t  p res s u re , tempe rature and den s i t i e s of  l i q ui d a n d  vapor 

we re i n de pen de n t  of l e n g th a nd  depe n den t on  t i me on l y .  The refo re the i r 

mas s b a l an ce and  ene rgy b a l an ce equ ati ons  appeared s i mi l a r i n  form to 

those i n  the fi xe d boundary mode l . Furthermore , the l i qui d vel oc i ty at  

a characte ri s t i c  l en gth i n  the  e vaporator  was made i dent i c a l  to  the 
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eq uil ib ri um l iq uid ve l ocity at 0 . 5 s te am q u a l ity an d the mas s f l ow rate 

at the o u t l e t  of the e vaporator was made eq ua l  to th at  at a cha racte ris tic 

l en gth . T he se  two as s umption s  together  with an o rifi ce e q u ation we re 

used to de te rmine the mas s  fl ow rate s in the e vaporato r .  An o rifice 

equation was  a l s o  u s ed  to ca l c u l ate the s upe rheate r  l en g th . The p rimary 

fl uid fl ow was con sidered  to be q uasi- s tatic , which res u l ted  in ze ro 

time de rivative s in the mas s  b alan ce an d ene rgy b a l ance eq uation s  in 

their mode l . 

B ruen s  e t  a l .  ( l l ) de ve l ope d mode l s within one b asic mode l in g  concept 

for LMFB R ,  MSB R  an d PWR on ce - th rough  s team gene rators . A dis t rib u ted  

p a rame te r approach wa s  emp l oye d .  Comp re s sibil ity and  s p atia l  v ariations  

in  ve l ocity of the  sin g l e - p ha se  he atin g fl uids we re n e g l e c ted  and  on l y  

ene rgy con s e rvation was con side re d .  A h omogeneous  fl ow mode l w a s  as s ume d  

for the two phase  fl ow re gion . I n  the t reatment  of the momen tum e q u ation , 

a q uasi- s tatic  form with out the a cce l e ration te rm \vas use d .  For the tube  

wa l l ,  two firs t- o rder diffe ren tial  e q uation s  for  two s u rface tempe rat ure s  

we re use d .  E xcept fo r t h e  M S BR  s te am gene rator mode l , t h e  s pe cific 

en th ropy was us e d  in s te ad of the e n tha l py a s  one of  the s tate variab l es 

in their mode l . 

B l as t , ( l Z ) a digita l  comp ute r p ro g ram deve l oped by Hedrick and  

C l e ve l an d ,  simu l ated the high  temperature g as co o l e d  re actor  re heate r­

s team gen e rator mod u l e with a mu l ti mode , fixed bou ndary ,  h omogeneous  

f l ow mode l . This  mode l accepted as many as t1ven ty nodes  for s team/wate r ,  

tube an d he l ium re gion s  re s pective ly  to rep re s e n t  the re he ate r ,  

e conomize r ,  e vaporator and  s u pe rheate r se ction s  in the rehe ate r- s team 
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generator mod u l e .  The  fl ow regi mes i n c l uded the s u bcoo l e d  co n ve ct i on , 

n u c l e a te bo i l i ng ,  t ran s i ti on bo i l i ng ,  f i l m  bo i l i ng  and  the s uperheated 

con vect i o n  regi me s . The  d i fferen ti a l  eq uati on s  d eri ved from the 

con s e rvat i on of  e nergy , mas s an d momen tum we re de ve l oped for each  n o de 
. th . d l d . t . A . l · · t t h · ( l J  '14 ' 1 5 )  u s 1 ng e 1 r n o  a es cnp 1 on .  n 1 mp 1 c 1 ec  n 1 q ue was 

empl oyed to s o l ve the s e  d i ffe ren ti a l  eq uati on s . L i n e ar  i n te rpo l at i on 

an d i te rati on te chn i q ues  we re app l i e d  to cal c u l ate p re s s u re ,  tempe rat u re 

and othe r the rmodyn ami c p rope rti e s . 

From the above l i te rature re v i ew , the fo l l ow i ng  con c l us i on s  a re 

d rawn : 

I n c re a s i ng the n umbe r of  s e ct i ons  i n  dyn ami c mode l s i s  a tre n d  for 

s tudyi ng dyn ami c beh a v i o r  for on ce -thro ugh s team gen e rator .  Howe ve r i n  

the ca se  o f  many s ect i on mode l i ng ,  the comol ex i ty i n c rea s e s  and the  

comp uti n g  ti me becomes of great  con ce rn . An adeq uate t reatme n t  for 

s e cti on d i vi s i on i n  the mode l  has  not ye t been sugge s ted . 

As s umpti on s  an d s i mp l i fi cat i ons  are genera l l y  u sed  i n  the mode l  for 

c i rcumve n ti ng di ffi c u l ti e s en counte red  i n  n on l i ne a r  mode l i ng and 

obta i n i ng an effe cti ve mode l . B ut i n co n s i s tent as s umpti o n s  an d 

s i mp l i fi c ati o n s  are fo und i n  many mode l s . Th i s  may ari s e  because  o f  

d i ffe ren t  s team gene rator c h aracteri s t i c s  an d di ffe re n t  p u rposes  of the 

s i mu l at i on s tudi e s . I n  many mode l s ,  s ome fo rmu l at i on s  i n  the q u as i - s tat i c 

fo rm a re accepte d .  

I n  th i s  s t udy ,  a more gen e ra l i ze d  model i ng te chn i q ue fo r a many 

l ump , mo vi ng b oundary mode l  w i l l  be  pre sented . I t  i s  a non l i near  mode l 

wh i c h con s i s ts of  the s ubcoo l ed con vect i on regi on , s ub coo l e d  n u c l eate 
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b oi l i n g reg i on , s a t u rated n uc l e ate bo i l i n g  re g i on , f i l m  bo i l i n g  re g i on , 

and s upe rheater  I an d I I  reg i o n s . Each  reg i on may be d i v i ded  i n to 

mu l t i p l e  sect i o n s . An adeq uate treatme n t  for the s ect i on  di vi s i on i n  the 

model  w i l l  be s u g ge s ted . I n  add i ti on , a detai l ed me thod for dete rmi n i n g  

mov i n g  boun dari es a nd  a n ew me thod fo r e va l uat i n g  heat  tran s fer  

con d ucta n ces  and  tube s u rface tempe ratures  i s  des c ri be d .  Mos t  o f  the 

maj o r  d i ffi c u l t i e s  i n  the n o n l i n e ar  mode l i n g of  the once-thro u gh s team 

gene rato r a re s o l ved i n  de tai l .  

A Fort St . V ra i n 330 Mw ( e ) Hi gh Temre rat ure Gas  Coo l e d  React o r  

s te am gen e rator( l 6 )  i s  u s e d  i n  th i s  s t udy .  T h e  mode l i n g tech n i q ues  for 

the s pe c i a l  fea t u res  of t h i s s team gen e rator s uch  a s  non u n i formi ty i n  

tube d i ame ters , coexi s tence o f  the co unter fl ow a nd  the p a ra l l e l f l ow i n  

the s upe rheate r reg i on a nd  effects of the h e l i ca l  co i l  geometry a re 

i n c l uded . E ven  though the Fort  S t .  V ra i n sys tem s team gene rato r was  

u sed  to demon s t rate the me thod the comp ute r p rog ram i s  s u i tab l e  for 

a na lyz i n g  othe r s te am gen e rators of s i mi l a r des i gn .  



CHAPTER 2 

DESCR I PT ION  O F  THE FO RT ST . V RA I N  H I GH 

TEM P E RATU RE GAS COOLED  REACTOR  

3 30 MW ( e ) STEAM GEN E RATO R  

T h e  Fort S t .  V ra i n  330 MW (e ) s team generator modu l e i s  a he l i c a l  

co i l , once- th ro ugh type , wh i ch i s  des i gned to p rod uce s uoerhe ated s team 

at  2400  p s i g  an d 1 000°F at  the  ma i n  s team s top va l ves of  the h i g h p re s s u re 

turb i n e  and  to re heat  s team to l 000° F b efore i t  e n te rs the  i n termedi ate 

turb i ne s . 

Two i den ti c a l  s team gene rat i n g  un i ts  are emp l oyed  i n  two ori mary 

cool an t l oops . Each  un i t con ta i n s  s i x  i dent i ca l  modu l es . I n  each modu l e , 

the re he ater s e cti on i s  l oc ated at the top , then fo l l owed by the s team 

gene rato r conta i n i n g the s u pe rheater I I , s uperh eate r  I ,  e vaporator and  

e conomi z e r  s e c ti on s in  s ucces s i on .  The  hot  p ri ma ry cool a n t , h e l i um ,  

from the  rea ctor e n ters the top o f  the nDd u l e then fl ows downward i n  the 

s h e l l s i de an d l ea ves  the s team generato r  at the bottom of  the economi z er  

s e cti on . The  s econ da ry coolan t loops a re made of  heli cally co i led  tube s . 

I n  the e conomi ze r-e vaporator- s u pe rheate r I s e cti on , wate r  fl ows upward to 

p roduce s team i n  countercurrent  f l ow . I n  s upe rheate r I I , the s te am 

comi n g  from s u pe rh eate r I e nters  at  the top and  fl ows downwa rd to fo rm 

cocurren t  f l ow .  The  s te am from s upe rheate r I I  en te rs the h i gh p re s s u re 

turb i ne  and  the e xh a u s ted  s team en te rs the  re heate r a fte r dr i vi n g  the 

h e l i um c i rc u l ator turbines . I n  the re heate r s ect i on , s team f l ows u pward 

7 
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to p rod uce countercu rrent  f l ow then en ters an  i n termed i ate p res s u re 

turbi ne. 

The l en g ths  of he l i ca l l y  wound tube bun dl e s  a re des i gned to p roduce 

equa l  he a t  t ran s fe r  to each  tube . Therefo re the bund l e s a re ne i the r i n  

s taggered  or i n-l i ne a rrays . The tube d i men s i ons  and  mate ri a l  u sed  a re 

s h own i n  Tab l e  2 . 1 . I n  th i s  tab l e ,  othe r i mpo rtant phys i ca l  c h a racter­

i s ti c s  a re a l s o  s h own . The s ch emati c di ag ram o f  a Fo rt S t .  V ra i n 

330 MW ( e ) s team  generator modu l e  i s  s hown in Fi g ure 2 . 1 . The arrangemen t 

o f  the s team  gene rator i n  the Fo rt S t .  Vra i n n uc l e ar  powe r p l a nt  reactor  

i s  s h own i n  Fi g ure 2 . 2 .  A set  of des i gn con d i t i o n s  i s  g i ven i n  Tab l e  2 . 2 .  
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TABLE  2 . 1  

FO RT ST . VRA I N  330 MW ( e ) STEAM GEN E RATOR PHYS I CAL 
CHARACTER I ST I CS ( S I NGLE  MODULE  DATA ) (l 7 , 1 8 ) 

N umber  o f  tube 

E ffect i ve heat  tran sfer  a rea 
wi th out  l ea ds ( f t2 ) 

I n s ta l l ed 
I de a l  

Superfi c i a l  g a s  f l ow area ( ft2 ) 

Area  occup i ed  by : 

T u b i n g  
Support s t ruct ure 

E ffecti ve t ran s verse  tube  s pa c i n g  
( p i tch ) ( i n che s ) 

E ffect i ve l on g i t ud i n a l tube  s pa c i n g  
( p i tch ) ( i n ches )  

Tube o uts i de d i ameter  (i n che s ) 

T ube wa l l th i ckn e s s  ( i nches ) 

T ube mater i a l  

E ffect i ve t u be  l en gth (ft ) 

I n s ta l l ed 
I dea l 

Cros s - s ect i o n a l  free f l ow a re a  ( ft2 ) 

Coi l di ameterc ( ft )  

54  

2480 
2 1 20  

1 8 . 6 34 

1 1 . 6 57  
0 . 435  

1 . 42 

l .  47 

1 . 00 

. 1 38/ . 1 38/ . 2 25  

SA -2 1 3  
T2/T22/T22 

1 7 5 .  
1 49 .  99  

6 . 542 

3 . 88 

5 4  

850 
704  

1 5 . 569 

9 . 36 7  
0 . 420 

1 . 48 

l .  44 

1 . 00 

. 205  

S B - l 6 3 -GR2 
N I - FE - C R  

60 .  
49 . 8 1 

5 . 782  

3 . 88 
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TABLE  2 . 1 ( con t i n ued ) 

E E S  

Tube re l at i ve roughne s sd 

Fri ct i on fa ctor i n  s h e l l e 
5 . 6 X 1 0-3 

. 1 2  

aE E S  = Economi zer-E vaporato r-Superheater I . 
bSH2  = S u pe rheate r  2 . 
cAverage v a l u es es t i ma ted from data i n  reference  1 8 .  
dV a l u es obta i ned from reference 1 8 .  
eV a l ues  o b ta i ned by u s i ng F i gure 5 .  l .  

SH2  

. 4 1 X 1 0-3 

. 1 2  
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Reheate r 

S upe rhe ate r  I 

E vaporator 

Feedwa ter 

S upe rhea  

1 2  

He l i um 

S upe rheate r I I 

E con omi ze r 

JJJ���i+:__ __ Col d Reheat  
Reh e a t  

'<!J �----Hel i um 

STEAM GEN E RATO R  SCH EMAT I C  D I AGRAM 

Fi g ure 2 . 1  ( co nt i n ue d )  



KLLIUM 
PURIFICATION 

SYSTEM WlLL 

TDP RULECIOR­
THERMAL 

BARRIER 

CONTROL 

BOTTOM 

REFLECTOR 

PON LINER 

1 3  

�C()/'.ITRCX... ROO 

DRIVE 

TOP HEAD 
PENETRATIONS 

--ORIFICE 

VALVES 

/
STEAM GENERATOR 

MODULES (12) 

----CIRCULATOR 
DIFFUSERS (4) 

----HELIUM 

VALVE 

-CIRCULATORS (4) 

-LOWER FLOOR 

-FLEXIBLE COLUMNS 

BOTTOM HEAD 
PENETRATIONS 

Fi g ure 2 . 2 .  Fort S t . Vra i n 330 MW ( e ) H i gh Temperature Gas Coo l e d  
Re actor Arran gemen t .  
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TABLE  2 . 2  

FO RT ST . V RA I N  330 MW ( e )  N UCLEAR POWER P LANT STEAM 
GENE RATOR DES I GN CON D I T I ONS  ( S I NGLE  MODULE  

DATA FOR 1 00% STEAM FLOW )(l 9 ) 

Hel i um Fee dwate r/Ma i n S team 

F l ow ( l bm/h r )  284 1 70 1 92 1 1 0  

I n 1 e t p re s s u re ( ps i  a )  690 2980 

O ut l e t  p res s u re ( ps i a )  686 2 640 

I n l et temperatu re ( ° F ) 1 33 1  4 1 5 

Out l et  tempe rature ( ° F ) 74 1 1 030  



CHAPTE R  3 

DEVE LO PMENT O F  THE  DYNAM I C  MODEL 

I n  th i s ch apte r ,  the de ve l opment  of the n on l i near  mode l us i ng the 

l umped pa rameter approach i s  des c ri bed . 

3 . 1 F l ow Regi mes an d Thei r Boun d ary Con d i t i o n s  

The wate r i n  the once - t h rough  s team generator  i s  forced to c i rcu l ate 

th rough  the cont i n uou s  p i p i n g  sys tem ,  wh i c h e xpe ri en ce s  v ari ous fl ow 

pattern s . Each  fl ow patte rn i s  a s s oc i ated  w i th a hydrodyn ami c o r  heat  

t ran s fe r  theo ry .  Des pi te d i ffi c u l ti es i n  des i gn a ti n g  the f l ow patte rn 

for a s pec i fi ed l o ca l  fl ow cond i ti on , the fol l owi n g  re gi on s  a re con s i dered  

i n  th i s  mode l : 

1 .  

2 .  

3 .  

4 .  

s ubcoo l ed  c on vect i ve re g i on I 
J
), economi ze r 

s ubcoo l ed n u c l eate boi l i n g  re g i on 

s a t u rated n u c l eate boi l i n g  reg i on } 
e vaporator  

f i l m  bo i l i ng re g i on 

5 .  s u pe rheate d  reg i on } s uperheater I a nd  I I  

Each  reg i on i s  cha racter i zed by a heat t ran s fer  a n d  hydrodyn ami c 

corre l at i on , wh i ch i s  de s c ri bed i n  Chapte r 4 .  

The  c on d i t i on s for separat i n g  one reg i on from an othe r a re l i s ted  

bel ow : 

( l ) T s s  = Ts at ( P )  

whe re 

1 5  
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T s s  =tube wa l l  temperatu re 

Ts at ( P )  = s a turati o n  tempe rature at  pres s u re P 

Th i s con di ti on ( th a t  the tube wall tempe rature i s  eq ua l  to the 

s aturat i o n  temperature dete rmi ned by the loca l  p res s u re )  i s  u sed  to 

s eparate the p u re con vect i ve reg i on an d the n uc l e ate bo i l i n g re g i o n  i n  

the s ub coo l e d  re g i on . 

( 2 )  X = 0 

where X= steam q u a l i ty 

The  zero s te am q u a l i ty c on d i t i on  ( e val u ated  from the a ve raged  

entha l py )  dete rmi nes  the  bo undary between the  s ubcoo l ed an d the  s at u rated 

regi o n s . 

( 3 )  The  departu re of  the n uc l e ate boi l i n g  i s  dete rmi ned  

f t h  . . l t• ( 2 0 ) rom e emp 1 r 1 c a  eq ua 1 on : 

X DNB  = 1 . 56 5  x l 0 - 3 QO . ? l g G- 0 · 2 1 2 e xp ( l  . 724 x l 0- 4P )  

whe re Q i s  the heat fl ux  i n  Btu/ ( h r-ft2 ) ,  G i s  the mas s  fl u x  i n  

l bm/ ( ft2 - h r )  a nd  the pres s u re , P ,  i s  i n  p s i . 

( 4 )  X = l 

The  1 00% s team q u a l i ty poi n t  determi nes the boundary between the 

s aturated  re gi o n  an d the s u perheated reg i o n . 

I n  the Fort St . Vra i n s te am gene rator ,  heat tran s fers through both  

counterfl ow and paral l e l  fl ow i n  the  s u perheate r .  The fi fth con d i t i on 

i s  the l oc at i o n  whe re the f l ow type changes . I t  i s  the boun da ry fo r 

s u perheater I an d the s u pe rheate r I I .  
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( 5 )  � = 1 49 . 99 ft mea s u re d  a l on g  the co i l ed tube fro m  the 

e n tran ce of wate r i n to the s team  gen e rato r .  

I n corporat i on o f  the a bove con di ti o n s  i n to the dyn ami c mode l i n g i s  

s h own i n  Secti on  3 . 8  of th i s  chapte r .  

3 . 2  Two P ha se  Fl ow Mode l 

I n  a two pha s e  fl ow sys tem , two bas i c  mode l s a re d i s c u s s ed , the 

h omogeneo us mode l an d the sep arated fl ow model . Re gard l e s s  o f  the 

deta i l e d f l ow patte rn s , these two mode l s are genera l l y  used i n  e n g i neeri n g  

des i gn and app l i cat i on s . However the mos t va l i d  patterns fo r the 

h omogeneous  mode l are the b u b b l y  an d wi s py-a n n u l e r  fl ow pattern s  at h i gh 

l i n ear  ve l oc i ty and  p re s s u res  an d the separated mode l  i s  bes t for the 

a n nu l a r fl ow patte rn . The  homogeneous  model  a s s umes  eq ua l i ty of  the 

vapor and l i q u i d  l i near ve l o c i ty ( i . e .  s l i p  ra ti o eq u a l  to one ) , 

thermodyn ami c eq u i l i b ri um be tween two phases  and  a s u i tab l y defi ned  s i n g l e  

phase  fri ct i on fa ctor fo r the two phas e  f l ow .  I n  the sep arated fl ow 

mode l , thermodynami c eq u i l i b ri um be tv1een two p ha se s  i s  a l s o  a s s umed . 

Howeve r ,  the v apor and  the l i q u i d ve l oc i t i es a re not  neces s ar i l y  e q u a l  

and  the two p ha se  fri cti on fa ctor wh i ch i s  obta i n ed from emp i ri c a l  

co rre l ati on s o r  s i mp l i fi ed concepts  i s  i n  te rms of  fl ow v ari a b l e s  

re l ated to  the vo i d  fracti on . Depen di n g  on  the  p re s s ure , ma s s  fl ow 

rate , s te am q u a l i ty and  other  factors , the d i fferen ces of the co rre l at i on  

val ues , s u ch  as the  two phase  fri cti o n  mu l ti p l i e rs ,  res u l t i n g from these  

two mode l s  may be s i g n i fi cant , es peci a l l y  at  l ower pre s s u re . At  h i g h e r  

pre s s ure , the d i ffe rences are s ma l l e r .  On the mas s  fl ow rate effect , i t  

i s  s ug ge s ted ( 2l )  that  fo r sys tems wi th a l ow nas s  vel oc i ty ( G  < 1 . 002 x 



1 8  

1 06 l bm/ft2 - h r ) , the separated fl ow model u s i n g  the Marti n e l l i -N e l s on 

corre l at i on p ro vi des more accurate pre s s u re d rop e st i mate s . I n  the 

h i gh er  mas s  ve l oc i ty ran ges  (G > 1 . 4 7 5  x 1 06 l bm/ft2 - h r ) , the homogeneous  

model  g i ve s be tte r res u l ts . 

For the ope rat i n g  ran ge s of the Fort St .  Vrai n s team genera to r ,  the 

homoge neou s  mo de l i s  adopted , wh i ch i s  e s sen t i a l l y  based  on the 

eva l uat i o n s  i n  Tab l e  3 . 2 .  1 .  

TABLE  3 . 2 . 1 

S ECONDARY F LU I D  MASS VELO C I TY AT SEVERAL TUBE  
C ROSS SECT I ONS  IN  FO RT ST . V RA I N  

Des i gned  mas s  f l ow rate 
per tube ( l b/ h r ) 

T ube i n s i de d i ameter  ( ft )  

Mass  ve l oc i ty ,  G ( l b /ft2 - h r )  

STEAM GENERATOR 

0 . 06033 
6 1 . 2 439 X 1 0 

3 . 3  Compre s s i b i l i ty of the Work i n g  Fl u i ds 

0 . 04583 

2 . 1 56 1  X 1 06 

3557 . 59 

0 . 049 1 7 

1 .8724 X 1 06 

E v a l uati on  of  the compres s i b i l i ty of the work i n g  fl u i ds i s  he l pfu l 

i n  the deve l opmen t  of the dynami c model . An i mporta n t  mea s u re of the 

comp re s s i b i l i ty effects i s  the Mach n umber wh i ch i s  defi ned  as the rati o 

of the f l u i d  ve l oc i ty to the ve l o c i ty of sound . 

The f l ow re g i mes  ( de s i g nated accord i ng  to the Mach n umbe r )  a re a s  

fo l l ows : 
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M < < l i n comp re s s i b l e fl ow 

l / 2  < M < l ,  s ub son i c  fl ow 

M "' l , transon i c  f l ow 

M > l , s uperson i c f l ow 

I f  the fl u i d ve l oc i ty i s  much s ma l l e r than  the sound  ve l oci ty ,  

comp re s s i b i l i ty effects a re us ua l l y  s ma l l .  ( 2 2 ) For the Fort St . Vra i n 

s team gen e ra tor , the Mach n umbers fo r the pri mary f l ui d ,  he l i um a nd  the 

s econ da ry fl u i d ,  s team/wate r  a re s hown i n  Tab l e  3 . 3 . 1 .  

I t  i s  noted from the Mach n umbers i n di cated above that  the p rope rti e s 

of the work i ng fl u i ds of the Fort S t .  Vrai n s team gene rator a re c l os e to 

i ncomp re s s i b l e .  

I n  the app l i cat i on of  the con s ervation equat ion s  to the worki n g  

f l ui d ,  i t  mus t b e  noted that the n ature of the con serva t i on eq uat ion s for 

comp re s s i b l e  fl u i d f l ow con ta i n s the wa ve propagat i on phenomenum at son i c  

ve l oc i ty. ( 2 3 )  A very s hort t i me s tep ( l es s  than the acou s t i c p ropagat i on , 

e . g .  1 0- 4 s e c ) mus t be u sed  for ach i e v i ng  n ume ri c a l  s tab i l i ty i n  the 

d i rect  n umer i ca l  i n te gration . S u ch a s hort ti me s tep  p roce s s  i s  not 

p ract i c a l  i n  n uc l e ar  powe r p l a nt  sys tem dynami cs mode l i n g .  To obtai n the 

dyn ami c beh av i or wi th a l a rger  t i me s tep  ( e . g .  1 0-2 sec ) , the method used  

i n  th i s res e a rch  i s  to  e va l uate the  ma s s  fl ow rate vari at ion  from a 

comb i n at ion  of the fi rs t order momen tum and mas s  equat ion s . The  

res u l tan t equat ion ( 2 4 )  i s  

I 9, I �W ( £ , t )  = �w ( o , t - -5 > ) 
I v + vI e 

( 3- l ) 



TABL E  3 . 3 . l 

FLU I D  S P E E D , S P E E D  O F  SOUND  AND MACH NUMB E R  FO R THE WO R K I N G  FL U I DS 
I N  TH E FO RT ST . V RA I N  330 Mvl ( e ) STEAM GENE RATOR 

FT ui d Sl)e e d  of  
P res s u re Tempe rat u re Speed  S o u n d  

F l u i d ( Ps i  a ) ( 0 F ) ( Ft/Se c ) ( Ft/Sec ) 
He l i um 688 . 9  7 7 34 . 2 8 5 6 . 0 7 4980 . 83 

S upe rheate d  s team 2640 . 0  1 026 . 94 1 5 4 . 48 2 5 0 1 . 7 3 

S upe rhe ated s team 2869 . 7  709 . 1 6  6 7 . 7 3 1 9 68 . 79 

Satu rate d \date r 
( X = 1 . 0 ) 2922 . 1 5  691 . 37 3 1 . 86 6 60 . 90a 

S atu rated  wate r 
( X = 0 . 5 43 ) 2935 . 9 8  692 . 08 2 2 . 33 6 76 . 78 a 

a Homo ge neous  mode l . 

Mach 
N umbe r ,  M 

0 .  0 1 1 3  

0 . 06 1 7 

0 . 0 344 N 0 

0 . 0482 

0 . 0 330 
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> 
whe re ve = SOn l C ve l oc i ty i n  the fl u i d 

> 
v = fl u i d  ve l oc i ty 

6W ( £ , t ) = va ri at i on of the mas s f l ow rate a t  tube l en gth 

£ ,  and t i me t 

I n  the a bove eq uat i on , £ = 0 rep res ents  the  l ocat i on of the 

pertu rb at i on s o u rce . E q uat i on ( 3 - l ) can be wri tten as 

[2[ 6W ( 2 , t ) = 6W [O , t - �] 
e 

whe re ( l +M ) i s  fo r 2 > 0 an d ( l - �1 ) i s  for £ <  0 .  

( 3-2 ) 

U s i n g  the Mach n umbe r and  son i c ve l oci ty s h own above , i t  i s  foun d 

th a t , fo r he l i um and  s ubcoo l ed  water 

6W ( £ ,  t ) � 6W ( O , t ) ( 3- 3 )  

wh i ch l e ads to a s s umpti on ( 3 )  i n  Sec ti on 3 . 5 .  

E q uat i on ( 3- 2 )  and eq uat i on  ( 3- 3 )  are obta i ned  ba sed  on the f i rs t  

orde r v a ri a t i on s  i n  a combi n at i on of momen tum and  mas s  eq uat i on s . E ffects 

of h i ghe r o rder va ri ati o n s  ne g l e cte d i n  the deri va t i on of eq uat i on ( 3- 2 )  

a nd  eq uat i on  ( 3- 3 )  req u i re fu rther  i n ve s t i gat i on . 

3 . 4  F i xed N ode Boundary an d Movi ng N ode Boun dary r�ode l s  

Two mode l s  a re gen e ra l l y  us ed , the fi xed boundary mode l a nd  the  

movi n g  boundary mode l . I n  the fi xe d boundary model , the coordi n ate 

a l on g  the t ube l ength  i s  d i v i ded  to produce a s e l ected n umbe r  of fi xed-

l en gth sect i on s . Each sect i on may con tai n one or mo re than one fl ow 

re gi me .  The l en gth of a sect i on i n  the theoret i c a l  equat i on s  u sed  i s  
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therefore a p a rameter and  no t a va ri ab l e .  The fi xed boundary mode l ( wi th 

dyn ami c e q uat i on s  re l ati ve l y  s i mp l e  i n  the  s p at i a l  coord i n ate ) i s  

s u i tab l e  fo r re p re sent i n g  a comp l i cated geometry sys tem s uch  as the 

s team generator conta i n i n g nonun i form tube c ros s s ecti on s . Howe ver the 

n umbe r of s e cti o n s  req u i red for des c ri b i n g  the dyn ami cs may be l a rge . 

In the movi n g  bo un dary model , the theoret i ca l  eq uati on s  are app l i ed 

to des c ri be the dyn ami cs for each  re g i on wh i c h i s  re pre sented by a s i n g l e  

fl ow re g i me . S i nce  the bo undary between two re g i me s  i s  a fu nct i on of 

l oad and the rmodyn ami c p roperti es , the length  of  a reg i on i s  treated as 

a vari a b l e i n  the dynami c equati on s .  Because  of the s i n g l e  c hara cteri s t i c 

i n  a re gi on , the dyn ami c mode l i n g  i s  s i mp l i fi ed .  In a dd i ti on , the 

tran s i t i on from  one re g i me to an o the r ,  s uch  as the appea ran ce o r  

d i s appe aran ce of a re g i me can b e  expre s sed  more e as i ly  an d accu rate l y . ( 2 S ) 

For the  mode l i n g  of  the Fort S t . V ra i n  s team generator , the fi xed 

boundary mode l i s  emp l oyed  for the s uperheate r II reg i on because  of the 

s i n g l e  phase s te am and  the mov i n g  bo undary model i s  emp l oyed  fo r the 

e conomi zer-e vaporator-s uperheate r I reg i on . 

3 . 5  As s umpt i on s 

The  a s s umpt i ons used fo r the deve l opment of the Fort St . Vra i n s team  

gene rator  mode l cons i s t of : 

l .  The dyn ami c beh a v i o r  of  a l l of the tubes  i n  a mod u l e can be 

rep re s en ted  by a s i ng l e  c h aracte ri s ti c  tube . 

2 .  The dyn ami c be hav i or  i s  e s s e nt i a l l y  one d i men s i on a l i n  the 

d i re cti on of the mai n fl ow .  Effects o f  the s e condary fl ow i n  
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the radi a l  di re ct i on of  the co i l  a re con s i de re d  u s i n g  

correct i on fa ctors on heat  tran s fe r ,  and  p res s u re d rop . 

3 .  The mas s fl ow rate for the he l i um o r  s ub coo l e d  wate r 

re gi on i s  de te rmi n ed  by eq uati on ( 3- 3 )  an d th at  fo r the 

s at u rate d re gi on or s upe rheate d  re g i o n  i s  dete rmi ne d by 

eq uat i on ( 3-2 ) . 

4 .  The heat  trans fe r  a l on g  the axi a l  d i re cti on i s  ne g l e cted .  

5 .  A h omogeneous  mode l for two pha se  fl ow i s  us ed . 

6 .  Othe r as s umpt i on s  u sed  fo r de ve l op i n g  the dyn ami c equat i on s  

( see Se cti on 3 . 6 ) . 

3 . 6  Con s e rvati on Equati on s 

I n  gene ra l , the theoret i ca l  mode l i s  b as ed  on the fo l l ow i n g  

eq uati ons : 

con s ervat i o n  of mas s. 

Qe_ + piJ • v = 0 Dt 

con se rvati on of momen tum , 

> 
DV > PDf = p g + IJ • T 

an d c on s e rvati on of  ene rgy , 

D� > = > 
p - = - 1J • q + 1J • ( T • V ) Dt 

whe re 

( 3- 4 )  

( 3- 5 )  

( 3- 6 )  



D _ 3 > 
D t  - 8f + V 

• IJ 
-

T = - P I  + L 

> 
q = heat  fl ux  ve ctor 
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( 3- 7 )  

( 3-8) 

( 3- 9 ) 

Con s i de ri n g  a geometry as s hown i n  Fi g u re 3 . 6 . 1 , the abo ve 

d i ffe ren t i a l  eq uat i ons  are i n te g rate d  ove r a vo l ume Va ( t ) wi th a s u rface 

area  Aa ( t ) . Each re g i on w i th Va ( t ) i n  Fi g ure 3 . 6 . 1 is actua l ly  

a s s oc i ated wi th a fl ow re g i me des c ri bed i n  S e ct i o n  3 .  l .  The  genera l  

t ran s port theorem ,  

3 S  f 3 t  
v d V  = 

va ( t )  

where S v = s tate vari ab l e  
> 
w vel oc i ty of  the vo l ume s u rface 

> w . �dA ( 3- 1 0 )  

i s  app l i ed to  the i n tegra l  te rm con tai n i n g  the p art i a l  t i me deri vat i ve 

and the fo l l owi n g  s e t  of macros cop i c b a l ance eq uat i on s  fo r e ach reoi on 

i s  de ve l o pe d : 

mas s  b a l an ce eq uati on , 

d£  o d9o 
= W 0 - W - f) 0 A 0 dt

1 n + 9 A d t
o 

1 n  o 1 1n 1n f o o 

momen tum ba l an ce e q u at i on , 

( 3- l l  ) 



n 
/ 

T 
g 

f 
0 0 Cl t \� ,, h p - - - - - ,- - -- -

I T Va ( t) 1 l1 Ill r Ill 

-r n . 
-r( q l 
T go 

- �.· �( .:_ ),! - - - - r - _t 
\1J. h p. 1 n 1 n 1 :1 

i :1 

FiCJure 3.6.1. !\ niaoram for [it:vchninCl 11ct::roscopic lance lnlotioiJS. 
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d w� w2 d £ . d £ 
-dt ( W6£) = --::-A

1 n_ - _
A
o - W .  

dt
1 n + W 

dt
o + C2 ( P . A . - p A ) p . . P0 0 1 n  o 1 n  1 n  o o 1 n  1 n  

-2 6£ Lz + ( A - A . ) cz P l PA o 1 n s 

ene rgy ba l a nce equat i on , 

d d 2- .  
(-

A n ) ( "' 
"' ) Q ( W A ___2_Q_) h dt p uA ox, = - r • q r + i n  - P i n  i n  dt  i n  

whe re Ps l  i s  the p re s s u re at the l ocat i on where the change  o f  tube 

c ro s s  s e c t i o n  takes  p l ace . 

( 3- 1 2 )  

( 3- l 3 ) 

Ps l  an d the average fl ow a rea , A, fo r a reg i on conta i n i n g a c h an ge 

of tube c ros s s ecti on , a re approxi mated by eq uat i on ( 3- 1 4 )  an d equat i on 

( 3- 1 6 ) .  

£*- £ .  Q, - Q,* l Ps l  
= ( 1 n ) p + ( 0

69, ) p . . E 69, 0 1 n  p ( 3- 1 4 )  

where 

Q, - Q,* 2-* - Q, .  
E = l + E • Mi n ( 0

69, 
1 n ) p s 69, ( 3- 1 5 )  

Equat i on ( 3- 1 5 )  i s  a correct i on fac tor for the l i ne ar  e s t i ma t i on for 

pres s u re Ps l , i n  wh i c h Es i s  an empi ri ca l  c on s tan t .  

Q, - Q,* Q,* - Q, , 
A = ( o ) A + ( 1 n ) A 6£ o 6£ i n  ( 3- 1 6 )  
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I f  A > A . , t he  fl u i d fl ow experi ences a s ud den expan s i on i n  a o 1 n  
p i pe l i ne ;  i f  A < A .  , the  fl u i d fl ow s u ffe rs a s udden con t ract i on . I f  o 1 n  
A = A .  , the  f l u i d  fl ow i s  i n  a con s tan t c ro s s  sect i on p i pe .  o 1 n  

De ri vat i on  of the above b a l ance eq uati o n s  i s  ach i e ve d  wi th the 

fo l l ow i n g  further as s umpt i ons : 

The ene rgy f l u x  d ue to the d i s s i p at i ve te rm i n  the s tre s s  ten s o r ,  

i . e .  , 

i s  ne g l i g i b l e .  

The g ra vi tat i on a l  effect  on momen tum i s  n e g l i g i b l e  d ue to the  

sma l l a ng l e  of tube i n cl i n at i on o r  the s mal l h e l i um den s i ty .  

The  k i ne t i c ene rgy and the poten t i a l  ene rgy i n  the tota l  ene rgy per  

un i t mas s a re neg l i gi b l e .  

D i ffe rent i at i on of the l e ft - h an d  te rm o f  each ba l a nce eq uat i on l eads  

to  the fol l ow i n g  set  of t ran s i en t equati ons : 

_gQ - [ ( -) dt  - W1. n - W - p .  - p A . o 1 n  1 n  

I [ A0 ( £0 - £ * ) + A . ( 9., * - 9., • ) ] 1 n  1 n  

w .  2 
dW _ [ 1 n 
d t  - p .  A .  1 n  1 n  

d.Q, .  
__:!_!!_ + dt  

( 3 - 1 7 ) 

-2 
- c2 P0 A0 - -8

f nO · 6£ !i_2 + (A - A . ) c2 P 1 ] / ( £  - £ . ) ( 3- 1 8 )  
pA o 1 n  s o 1 n  
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I [p(A0 ( 9. - 9.* )  + A . ( 9.* - ,e. .  ) ) ] o 1 n  1 n  ( 3 - 1 9 )  

Equat i on ( 3- 1 7 )  through  equat i on ( 3- 1 9 )  a re the  dyn ami c equa t i o n s  

for dete rmi n i n g  a s ta te of  a re g i on at  e a c h  i n s tan t .  Howeve r ,  these  

equat i o n s  are not  re ady to  be s o l ve d s i n ce the  d i ffe ren t i a l  equat i o n s  

i n vo l ve t oo  many depen den t va ri ab l e s . Fi rs t , the n umbe r  of  s tate 

vari ab l es mus t be equa l  to  the n umbe r of eq u at i o n s . Secon d ,  the mov i n g  

boundary deri vat i ves mu s t  b e  de te rmi ned from thos e cond i t i o n s  des cr i b ed  

i n  Sect i on 3 . 1 . Th i rd ,  t h e  i n puts  an d outp u ts for a n  i so l a ted  s te am 

gen e rator  mus t be s peci fi ed . To ach i e ve the f i rs t p u rpos e , a mode l  

s tructure i s  proposed ; the res u l tant  mode l eq uat i on s  an d the  nece s s ary 

re l ati o n s h i p s  for t hermodynami c prope rt i e s  a re pre sented  i n  Sect i on 3 . 7 .  

In Secti on 3 . 8 ,  dete rmi nat i on of the mov i n g  boundari e s  i s  des cri b ed . 

The i np u ts an d o u tputs  of the s team gen e rator  s t ud i ed  a re g i ven be l ow .  

In p u t  vari a b l e s  are water i n l e t entha l py or  temperature , water 

i n l e t  mas s  fl ow rate , s te am out l e t  pres s u re , h e l i um i n l e t tempe rature , 

h e l i um i n l et mas s fl ow rate and  he l i um i n l e t p re s s u re .  

Ou tput va ri ab l e s i n c l ude wa te r i n l e t pres s u re ,  s team ou t l e t  

tempe rat u re , s team o ut l e t  mas s fl ow rate , he l i um out l e t  p re s s u re , h e l i um 

o utl e t  temperature , and  he l i um out l e t  mas s  fl ow rate . 
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3 . 7  A Mode l Struc t u re an d Model Equat i on s  

A mode l d i a gram for the Fo rt S t .  V ra i n  s team  generator  i s  s h o•••n i n  

Fi g u re 3 . 7 .  l .  In th i s  d i a gram , the re gi on repre s ent i n g  a s i n g l e fl ow 

reg i me i s  defi ned by two b o undary con di t i on s . Each  re g i on can be furthe r 

d i v i de d  as s hown i n  the di a gram . In o rder  to ob ta i n a gene ra l i zed  

formu l ati on fo r the many secti on dyn ami c model , the deta i  1 ed  d i  v i s i o n 

for a typi c a l re gi on i s  d rawn and  s h own i n  Fi g u re 3 . 7 . 2  an d Fi g ure 3 . 7 . 3 . 

F i g u re 3 . 7 . 2  and  F i g ure 3 . 7 . 3 are emp l oyed  to deve l op the model eq uat i on s . 

The d i ffe ren ce between Fi gu re 3 . 7 . 2  an d Fi g ure 3 . 7 . 3 i s  that  the l a s t  

s e cti on  i n  F i g u re 3 . 7 . 2  can be u sed  to re present  the o ut l et cond i t i on s  

wh i l e  i n  Fi g u re 3 . 7 . 3 ,  t he  beg i n n i ng  sect i on i s  u sed  to rep resen t the 

out l et con d i t i o n s . Therefore for the output  v ari a b l e s  of the s team 

gen e rator  g i ven i n  Secti on 3 . 6 ,  i t  i s  s e l ected to u s e  Fi g u re 3 . 7 . 2  for 

the s team/wate r fl ow and  Fi g u re 3 . 7 . 3  fo r the he l i um fl ow . In Fi gu re 

3 . 7 . 2 ,  a s ta te va ri ab l e  a s  a fun ct i on of tube coord i n ate i s  s hown for a 

reg i on . Al on g the t u be coord i nate , the re gi on i s  fu rther d i v i de d  i n to a 

n umber of s ub re g i o n s  of eq ua l tube l en gth . For each  typ i ca l  s u b reg i on i ,  

where bounda ri e s  are denoted by £i and  £i + l , the p roperti e s  o f  th i s 

s ub reg i on  ( two thermodynami c v ari a b l e s  and  one mas s fl ow rate ) a re taken 

as the s ame va l ues as the p roperti e s  at  £i +l ' F i gu re 3 . 7 . 3  i s  a p p l i ed 

to the p ri ma ry co o l an t .  In Fi gu re 3 . 7 . 3 ,  the p rope rti e s  of  a s u breg i on 

are taken as the s ame as the propert i es at  boun da ry i .  

If a change o f  tube c ro s s  sect i on  takes  pl a ce i n  a s ub reg i on  i ,  then 

the a ve rage c ro s s  s ect i o n a l  a rea of th at  s ub re g i on i s  ca l c u l ated  a s : 

A. = [A . ( £ . + 1 - £* ) + A . l ( £* - £ . ) ]/ ( £ . + 1 - £ . ) 1 1 1 1 - 1 1 1 ( 3-20 ) 
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The mode l  equa t i on s  deve l oped accord i n g  to Fi g ure 3 . 7 . 2  an d 

F i g u re 3 . 7 . 3  a re g i ven  be l ow : 

1 .  On the s te am/water s i de :  

Mas s b a l an ce eq uati on : 

d p . 
dt

1 
= [ Wi - Wi + l + ( - RAl • SXG3 + RA2 • SXG l  - RAl • SXG l  + RA3 

• SXG3 ) �t Lb + ( - RA l • SXG4 + RA2 • SXG2 - RAl • SXG2 + RA3 

( 3- 2 1 ) 

Ene rgy bal an ce equat i on : 

d u . 
dt

1 = [ Qs i  + Wi - l h i - l - Wi h i - u i ( W i - Wi + l ) + ( ( RAH2 - RAU2 ) 

• SXG l  - ( RAHl - RAU l ) • SXG3 + C PA l  • SXG 3  - CPA2 • SXG l ) � L b t 
+ ( ( RAH2 - RAU2 ) • SXG2 - ( RAHl - RAU l ) • SXG4 + CPAl • SXG4 

( 3- 2 2 ) 

Momentum b a l ance equat i on : 

dW . W . 2 1 w� f .  1 - [ , _  
Cit - p .  l A .  l 

, 
A + C2 ( p .  l A .  l - p . A . ) - C6 . _8, nO,. p .  . 1 - 1 - 1 1 1 1 - 1 -

w� 

1 1 

• 69v . 1 
1
-2 + C2 (A . - A .  l ) ( ( 9v* - 9v . ) P .  + ( 9v . + l - 9v* ) P .  l ) 1 1 - 1 1 1 1 -p . A .  1 1 

• E /69v . + ( -W . l S XG3  + W .  • SXGl + W . / N D I )  p 1 1 - 1 1 
d 

• SXG4 + Wi • SXG2 - W ; f ND I ) • dt  L f] /69v; ( 3 -23 ) 
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These  b a l ance equat i on s  a re app l i ed to each  s u b reg i on  except the  

re gi on at  the s te am out l e t .  

At the s te am o ut l et re g i on where the pres s u re i s  an i np u t  con di t i o n , 

the fol l ow i n g  mas s and  ene rgy equat i o n s  a re u s e d . 

and 

dp . d P . dP . d u . d P . 1 - ( 1 1 1 ) /  1 
crt - crt - du . • crt dp . 1 1 

i = s te am out l e t  sect i o n  i n dex 

2 .  On the g a s  s i de :  

M as s  b a l an ce eq uati on : 

( 3-24 ) 

( 3- 2 5 ) 

d p . __9l - [ dt - wg i + l  - W . + ( RAG2 • SXGl  - RAG l  • SXG3 + RAG l /ND I ) 9 1  
d 

• 
c3 • dt Lb + ( RAG2 • SXG2 - RAGl • SXG4 - RAG l /N D I )  • C3 
d · - L ]/ ( A  · d t  f 9 

Momen tum ba l an ce e q uat i on : 

dW  . 
__9l

d 
1 = [ cz A ( P . + 1 - P . ) + 

t 9 9 1  9 1  

• SXG l  - W . · SXG3 + W . / N D I ) 9 1  g1 

w . 1 w . 

( 3- 26 ) 

( g 1 + 91 ) + ( w . P ' + l  A9 p . A 9 1 + l  9 1  9 1  9 
d 

• 
C3 • dt L b + ( W9i + l  • 

SXG2 

- W . • 
SXG4 -9 1  

d W9 ; f N D I ) • c3 • dt L f + p 9 ; • g • A9 • 
C 3 • 69.; 

- c6g i  Ag feff • GN R  • (W . jA ) 2 / ( 2  • p . ) ]/ ( C 3 • 69. . ) ( 3- 2 7 ) 9 1  9 9 1  1 
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Ene rgy ba l an ce eq uati on : 

� -
dt 

- [ - Q  . + w . l h . l - w . h . - u . ( w . l - w . ) g l  g l +  g l +  9 1  91 9 1  g l +  9 1  

+ ( URAG2 • SXG l  - U RAG 1 2 • SXG l ) • c3 • �t Lb + ( U RAG2 • SXG2 

d U RAG 1 2 • SXG2 ) • C3 • df L f] / ( Ag • p9 i  • c3 • L'l£i ) ( 3 - 28 )  

3 .  For  t h e  tubes : 

The  ene rgy equati on i s  

I 
dT . d ml [ ( ) ( crt = Qg i  - Q5 i + RAUM3 - RAUMl • SXG3 • dt Lb + S XG4 

d 
• dt Lf ) ]/ ( Pmi • (AL'I£ ) mi • cmi ) ( 3 - 29 )  

I n  the a bove equati on s , Q9 i  and  Q5 i re p resent  the heat  t ran s fer  

from t he  p ri mary coo l an t  t o  t h e  tub e  and  from t he  t u be  to t h e  s e condary 

coo l a n t  re s pect i ve ly  for a sect i on wi th i ndex i .  Q9 i  an d Q5 i may be 

wri tten as 

Q9 i  
= c7 . . 

9 1  

Qs i  
= c7 i  

. 

whe re j = i 

j = i b 

E K9-+m ' i 

E K  . m-+S , l 

( T  . 9J 

( T  . ml 

- T . )  ml 

- T . ) 5 1 

i f  coun te r fl ow 

+ i £ - i i f  p a ral l e l 

( 3 - 30 )  

( 3 - 3 1 ) 

fl ow 

E K  . a nd  E K  . a re con du c tan ces for a di v i s i on i ,  wh i ch are 9-+m , 1 m-+s , 1 
i n  terms of p rope rti es of a s ub s ect i on . The e va l uat i o n  of  the 

con ductan ces  i s  g i ven i n  Chapte r  4 .  
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c7 g i  and  c7 i , the mode l  correct i on fa ctors for ene rgy , a re u sed  i n  

order to s at i s fy the ene rgy ba l ance s i n ce the d i s t ri b u ted  pa rameter 

p ropert i e s  of the s team gene rator  a re rep resented  by us i n g a fewe r 

n umbe r  of s e c ti on s  i n  the model . I n  a sect i on  wi th  an  i nf i n i tes i ma l  

tube  l e ng th , 

E Km+s . ' 1  
E K  . g->m ' 1 

( T  . m1 
(T . gJ 

Q gi  i s  e q u a l  to E K  . g411 ' 1 ( T  . -gJ 
T . ) . But  i n  a sect i on w i th S 1  

- T . )  an d E K  . m1 m-+s , 1 ( T  . m1 - T . ) S 1  

T . ) a n d  Q . m1 s 1 i s  equa l  

l a rge tube  l ength , 

to 

a re n ot  a cc urate en o ugh  to 

rep re sent  Qg i  an d Qs i · Therefore , c7 g i an d c7 i  mus t be used fo r 

c orre cti on s .  

Fo r the s ame rea son , c6 . and  c6 . i n  the momentum equat i ons  a re g 1  1 
the mode l corre ct i on fa ctors for the momen tum , w h i ch a re empl oyed  to 

s ati s fy the momen tur11 b a l a nce . 

Othe r notat ion  used i n  the ab ove equat i o n s  i s  gi ven be l ow :  

RAl = p .  A .  ( 3 - 32 - 1 )  1 1 
RA2 = pi + l  Ai + l ( 3-32 -2 )  

RA3 = p .  A .  1 ( 3- 32 - 3 )  1 1 -
RAU l = p . A .  u .  ( 3- 32 -4 )  1 1 1 
RAH l = p . l A . 1 h . l ( 3- 3 2 - 5 ) 1 - 1 - 1 -
RAU2 pi + l Ai + l  u .  1 ( 3-32 - 6 ) 

RAH2 = p . A . h .  ( 3-32 - 7 )  1 1 1 
CPAl = c l 

. PA 1 = c l p . 1 A . 1 ( 3- 32 -8 ) 1 - 1 -
CPA2 = c l 

. PA2 = c l P .  A .  ( 3- 32 - 9 )  1 1 
RAGl = pg i  A ( 3 - 32 - 1 0 )  g 
RAG2 = p gi  + 1 A ( 3 -32 - 1 1 )  g 
URAG 1 2 = Ag Pg i + l u ( 3- 32 - 1 2 ) g i  
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U RAG2 = Ag Pg i + l  ug i + l  
RAUMl  

RAUM3 

SXG l  

SXG2 

SXG3 

SXG4 

= Pmi - 1 Ami - 1 Cmi - 1 Tmi - 1 
= p . 1 A . 1 C . T .  m1 - m1 - m1 nn 

= l - I p /N D I  

= I p /N D I  

= l - ( I p - 1 ) /N D I  

= ( I p - l ) / N D I 

N D I  = n umber  o f  sect i on s i n  a re g i on 

I = re l at i ve i n dex fo r a s ect i on i n  a g i ven re g i o n  p 

3 . 8  Movi ng Bo undari e s  

( 3 - 32 - 1 3 ) 

( 3- 32 - 1 4 ) 

( 3 -32 - 1 5 ) 

( 3- 3 2 - 1 6 ) 

( 3- 3 2 - 1 7 ) 

( 3- 3 2 - 1 8 )  

( 3-32 - 1 9 )  

T h i s sect i on  dea l s  wi th the mathemat i ca l  formu l ati on fo r the t i me 

de ri vati ves o f  the  l ocati on s  at X = l ,  X = XDN B ' X = 0 and  at the on s et  

of  n uc l eate bo i l i n g .  

a .  T he ti me deri vati ves of  the l ocat i on s  fo r X = l ,  X = XDNB  and  

X = 0 .  

I n  the  two p ha se  re g i on , the fo l l ow i n g  e�uat i o n s  a re va l i d  fo r the 

h omogeneous  mode l : 

h = h f + X hfg ( 3- 3 3 )  

v = vf + X vfg ( 3- 34 ) 

p = l / v ( 3- 3 5 )  

u = h - c 1 P / p ( 3- 36 ) 

D i ffe ren t i at i n g  the a bove eq uati on s , one obta i n s  the fo l l owi n g  

eq uat i o n s : 



dh  
df = 

d v  
df = 

d p 
df = 

dh dh 
(-f + X_fg_) dp dp  

s!£ + dt 

d v  dv  
(-f + X__ig_) � + dp dp d t  

l d v  - 7 df 

dX h fg dt  

dX  vfg  df 

c p �  ib_ = � + _l s!£ + c dt  dt  p dt  l d t  

38 

( 3 -37 ) 

( 3- 3 8 )  

( 3- 39 )  

( 3-40 ) 

Eq u at i on s ( 3- 3 7 )  th ro ug h  equati on  ( 3-40 ) together  wi th  the ma s s  

b a l ance equat i o n  and  the ene rgy ba l ance equat i on  can be u sed  to s o l ve 

the boundary l en gth deri vati ve s . After e l i mi n ati n g  d h/ d t , d u/ dt , dp/dt , 

d v/dt , a nd  d pj dt ,  the fo l l mli n g  res u l t i s  obtai ned : 

whe re 

d +u i ( W ; - Wi + l ) + ( PRU l  • P; • P RMB - P RUB ) • dt Lb + 
dX . 

• 69,; • P RU2  
• dt 

1 ] / [ P RU F - P RU l  • P; • P RMF ]  

P RU l  = -i ( P HX - c 1 R ) / PVX 

PHX - c 1 R PVX • ( c 1 s - hf P RUZ = - ( PVX ) [  PHX - C 1 R + vfg ] 

P · • A. 1 1 

( 3 -4 1  ) 

( 3-42 - l ) 

( 3 -42 - 2 )  

P RMB  = SXGl  • ( pi + l  Ai + l - p i A; ) +  SXG3 • P ; · ( Ai - l - A; ) ( 3 -42 - 3 )  

PRMF = SXG2 • ( p i + l  • Ai + l - P ; A; ) +  SXG4 • P ; • ( Ai - l - A; ) 

( 3- 4 2 -4 )  

P RU B  = ( pi A; h ; - pi + l Ai + l  u i ) • S XG l  - ( p i - l Ai - l h i - 1 

- p . A .  u . )  • SXG3 + c 1 • ( PAl • SXG3 - PAZ • SXG l ) ( 3- 42 - 5 )  1 1 1 
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- p. A . u . ) • SXG4 + c 1 • ( PAl • SXG4 - PA2 • SXG2 ) ( 3-42 -6 )  1 1 1 

= v + P • PVX 

= p • v fg 

( 3-42- 7 ) 

( 3 -42-8 ) 

( 3-42 - 9 ) 

( 3- 4 2- 1 0 )  

Fo r the boundary o f  a re gi on , wh i ch i s  dete rmi n ed  by the con s ta nt  

s team q u a l i ty ( i . e . , X =  1 o r  X =  0 ) , eq uat i on ( 3- 4 1 ) i s  re duced t o  the 

fo 1 1  owi n g :  

whe re 

( P RU F  - P RU l  • p i  • P RMF )  ( 3 -4 3 )  

For the bo un da ry dete rmi ned  by X = XDNB ' dXDNB/dt  i s  fo und as 

dX DNB 
dt  

dT 
OX = 0 . 0025  • C 9 • XDNB - 0 . 7 1 9  • XDNB d P

5/ ( Tm - \ )  pc c 

( 3 -44 ) 

( 3- 4 5 - 1 ) 

( 3-45 -2 ) 

( 3- 4 5 - 3 )  
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D XLf = 0 . 7 1 9  • XDNB  ( DO l + l / ( L f - Lb ) )  + 0 . 2 1 2  • X DNB • DAl 

( 3-45 -4 ) 

DXLb  = 0 . 7 1 9  • X DNB • ( 0 02 - 1 / ( L f - Lb ) )  + 0 . 2 1 2  
• 

XDN B 
• DA2 

For a s ub reg i on con tai n i n g  non un i fo rm tube cros s s e c ti on , 

DO l  = 

002 = 

DAl = 

DA2 = 

I - W F  
( D I 02 - D I D  l ) ( o 

!:J t . N D I  ) /D. 1 1 

( D I D2 - D I D l ) /D. !:Jt . 1 1 
- DOl  

I - WF  
( XA2 - XA l ) ( � 

!:J t .  N D I  ) /A. 1 1 

( XA2 - XAl ) /A. !:Jt . 1 1 
- DA l 

and  for a con s tan t tube  c ros s -sect i on s ub reg i o n , 

DO l  = 0 ,  002 = 0 ,  DAl 0 ,  DA2 = 0 

( 3- 45 - 5 )  

( 3- 45 - 6 ) 

( 3 -45- 7 ) 

( 3- 4 5 - 8 )  

( 3 -45 - 9 )  

( 3 -45 - 1 0 )  

W F  i s  the  tube l en gth fract i on occup i ed  by the c ros s s ect i o n  XA2 ; 

the remai n de r ,  l - W F ,  i s  o c c up i ed by XAl . 

By emp l oyi n g  the tube energy eq u ati on , s te am/wat12 r  momen tum equat i on 

and the the rmodynami c p rope rty re l a ti on s h i p ,  

d P  c - DPU  � + DPR  • 
d p  

crt -
. dt  dt  ( 3- 46 ) 

thos e ti me deri vat i ves , dT / d t ,  dW/ d t ,  and  dP  / d t  can  be e l i m i n a ted  from m c 
eq uat i on ( 3-44 ) .  
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Equat ion  ( 3- 4 6 )  res u l ted from s o l v i n g  equat i on ( 3- 3 7 )  th rough  

equat i on ( 3- 40 )  w i th  

DPU  = v fg/ [ vfg ( PHX  - c 1 R )  + ( C 1 S - h fg ) · P VX ] 

D PR  = - [ ( C 1 S - h fg ) / P
2 ]/ [ vfg ( PH X  - c 1 R )  + ( C 1 S - h fg ) 

• PVX ] 

( 3-47 - l )  

( 3- 47 - 2 )  

Afte r s ub s t i tut i ng  the new fo rm of dX DNB/ dt i n to  equat i on ( 3-4 1 ) ,  

the fo l l ow i n g  re s u l t i s  obta i ne d :  

( 3 -48 ) 

whe re 

Yl = ( l - P RU2 · D Xpc  • DPU ) [  ( RAH2 - RAU2 ) · S XG2 - ( RAH l - RAU l ) 

· SXG4 + CPAl . S XG4 - C PA2 · S XG2 ] - P RU2  • pi . A. • fj9., . 1 1 

• DXTm ( RAUM3 - RAUMl ) · S XG4/ ( p  . nn (AD9v ) mi . c . ) -nl1 PRU2  

. p . . A. . DX ( - W . l · SXG4 + W .  · S X G2 - W; f N D I )  - ( PRU l  1 1 w 1 - 1 

. p .  + P RU2 . p . 1 1 • DX · D P R )  [ SXG2 · pc  ( RA2 - RAl ) + SXG4 

• ( RA3 - RAl ) ] - P RU2 · p . · A. · fj£ . • D XLf  1 1 1 ( 3 -49- l ) 

Y 2 = - ( l  - P RU2 · D Xpc · D PU ) [ ( RAH2 - RAU2 ) • SXG l  - ( RAH l - RAU l ) 

· SXG3  + CPAl · SXG3 - C PA2 · S XGl ] + P RU2  · p .  • A. · fj£ . 1 1 1 

• D XTm • ( RAUM3 - RAUMl ) · SXG3/ (p . • CM£ ) . · C . ) + P RU2  m1 m1 rm 

• P i · Ai · DXw ( - Wi - l  • SXG3  + Wi · S XG l  + W; fN D I ) + ( PR U l  

• p .  + P R U 2  · p .  · OX · DPR ) · [ SXG l  · ( RA2 - RAl ) + SXG3  1 1 pc 

• ( RA3 - RAl ) ]  + P RU2 • p .  · A. · fj£ . • DXL b  1 1 1 
( 3- 49 - 2 ) 
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y3 = - ( l - PRU2 • OX • OPU ) [ Q . + W1· l h .  l - W .  h . - u .  ( W .  pc s 1 - 1 - 1 1 1 1 

= 

= 

- W1. + 1 ) J  + P RU2  • p . A. • t:,� . O XT ( Q  . - Q . ) / ( p . (At:,�) . 1 1 1 m g 1 s 1 m1 m1 

• C . )  + P RU2 • p .  m1 1 • A. • 1 [ w . 2 
ox 1 - l 

w p .  l A .  l 1 - 1 -

w� 1 
p . A . 1 1 

+ ( PRU l  • P; + P RU2 • P; OXpc  • D P R )  ( W i - W i +  l ) 

- � . ) p .  1 1 
0 

cz ( A . -1 

. E It:,� . p 1 

A . l ) 1 - p . l 1 -

i f  A .  < A . l 1 1 -
i f  A . = A . l 1 1 -

i f  A .  > A . l 1 1 -

- 2 p .  A .  1 1 

. , ,2 l 
1-v . 1 

( 3 -49 -3 ) 

( 3-49-4 ) 

L et  L 1 , L 2 , L 3 , and L4 rep re se n t  the l oc a t i o n s  fo r the onset  of  

n uc l e ate bo i l i n g ,  X =  0 ,  X =  XDNB  a n d  X =  l ,  wh i c h a re the t ube l en g ths  

meas u red from the wate r en tran ce of the  s team gene rato r ,  then  fo r X = 0 ,  

i n  eq uat i on ( 3- 4 3 )  an d = i n dex for s ub regi on wi th  X = 0 ;  fo r X = X ONB ' 
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i n  equat i on  ( 3- 4 3 )  w i th = i ndex fo r s u breg i on wi th X = XD N B ; for X = l ,  

i n  equat i on ( 3-43 ) and  i = i n dex for a s ub reg i on wi th X =  1 .  

b .  The t i me deri vat i ve  of  the boundary a t  the on set  o f  n u c l eate 

bo i l i n g .  

The wate r i n  the reg i on o f  the on s e t  o f  n u c l e ate boi l i n g  i s  t reated  

as i n compres s i b l e  f l u i d .  Therefore the fo l l owi n g  two equat i ons  a re 

app l i c ab l e :  

d p . d p . d u . dp . dp . dp . d u . _1 = -1 _1 + -1 _1 _ _  1 _1 
dt  d u . dt  dp . dt - d u . dt 1 1 1 

( 3- 50 ) 

( 3- 5 1  ) 

The mas s  equat i on and  the energy eq uati on a re s o l ve d s i mu l taneou s l y  

wi th the above two e q uat i on s  for the l en gth  deri vat i ve . The res u l tant  

equati on i s :  

whe re 

[ Q . + W . . 1 h .  l - W .  h . ] / [ p . ( SXG2 · RA2 l + SXG4 • RA3 l ) /  S 1  1 - 1 - 1 1 1 

d p . 
(-1 ) - ( RAH2 - RAU2 ) • SXG2 + ( RAHl - RAU l ) • S XG4 - CPAl d u . 1 

• S XG4 + CPA2 • SXG2 ] 

RA2 l = RA2 RA l 

RA3 l = RA3 RA l 

( 3 - 52 ) 

( 3- 52 - l ) 

( 3- 5 2 - 2 ) 
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T h i s con d i t i on ,  Ts s  = Ts at ( P )  i s  i n corporate d  i n to the term , Qs i , 

= C 7 1. E K  . ( T  . - T . ) m+s , 1 m1 s 1 

T . = T . - [ E K  . I ( h · A ) ] • ( T  - T . ) s 1 s s 1 m+s s , 1 s s s m s s 1 

( 3 -53 ) 

( 3 -54 ) 

Eq u at i on ( 3- 54 ) i s  o b tai ned  from an  ene rgy b a l an ce re l at i on s h i p s uch  

as eq uat i o n  ( 4- 1 5 ) .  



CHAPTE R  4 

D ETERM I NAT I ON OF  THE EQU I VALENT CON DUCTANCES , 

TUBE AVERAGE TEMPERATURE AN D TUBE  

SURFACE TEMPERATU RES 

The non l i near  s team generator dyn ami c mode l req u i re s detai l ed 

e va l uat i on s o f  the conductances an d tube tempera t u res  for both  s teady 

s tate and  t ran s i en t  s tates . The con ductance ( defi ned  a s  the heat tran s fer  

per un i t  tempe rat u re di ffe rence between  two s ub reg i on s  p er  un i t  t i me )  i s  

a fun cti o n  of  the s tate vari ab l e s . The tube s u rface tempe rature s  a re 

nece s s a ry for determi nat i on  of  the on set  of n uc l eate bo i l i n g  a nd  the heat 

t ran s fer  coeffi c i en ts whi ch  a re con ta i ned  i n  the c on ductan ces . A method 

for determi n i ng the conductances , tube average tempe ra tures and  tube 

s u rface temperatu re s  i s  g i ven be l ow .  

For u n i fo rm p ropert i e s  a l on g  tube coo rd i n a te i n  a s ect i on , the heat 

t ran s fe r  from h e l i um to the tube and that from the t ube to the s te am/wate r  

c an be expre s s ed  a s  fo l l ows : 

Q = 
g 

= 

= 

Qs 
= 

= 

E K  ( T  -g-+m g Tm ) 

E K  gs-+m 

h A p s g  

( T  - T ) gs m 

( T  - T ) g gs 

E K  ( T  - T ) m-+s m s 

E Km+s s ( T m - T s s ) 

( 4- l ) 

( 4 - 2 ) 

( 4- 3 )  

( 4 - 4 ) 

( 4- 5 )  
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For re g i on s  e xcept the s ubcoo l ed n u c l e ate bo i l i n g , Qs can a l s o  be  

wri tten a s  

h A s s s  ( T  - T ) s s  s 

and  for the s ub coo l ed  n u c l e ate bo i l i n g  re gi o n , 

Q = h A ( T  - T ) + h A ( T  - T ) s N CB  s s  s s  s a t  c s s  s s  s 

The conductance eq uat i on s  for eq uati on ( 4- l ) t hrough  equat i o n  

( 4- 5 )  a re gi ven be l ow ( 26 ) : 

a nd  

2nr  l1£k h 0 p 

2nk l1£ E K = ---.,.---r----:---,--gs-+m l n ( r I r .  ) 

E Km-+s = 

o 1 n  0 .  5 + -----.,--2 
- ( r/ ri n ) 

2nr . t;£ k h 1 n  s 

2rr k  [';£  = 
""l n---r(-r

'-
. �/-r_,),-----­

__ _;_1 n_;__-=-o- _ 0 . 5 
(
ri n ) 2 _ 1 ro 

- D . 5 � 

( 4- 6 ) 

( 4 - 7 ) 

( 4-8 ) 

( 4 -9 ) 

( 4- 1 0 )  

( 4 - l l )  
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For s teady s ta te , the tube average tempera t u re i s  obta i ned by 

s ett i n g  Q g 
= Qs . 

From here , 

( 4 - 1 2 ) 

The  tube s u rface temperat ure on the pri mary f l u i d  s i de i s  obta i ned 

from the equat i o n  s hown be l ow :  

T ) = E K  ( T  - T ) g s  gs-+rn gs m 

i . e .  for s teady s tate , 

T = 
gs  

h A T + E K  T p sg  g gs�m m 
h A + E K  p s g  gs�m 

( 4 - 1 3 )  

( 4- 1 4 ) 

The  tube s urface temperatu re on the secon da ry fl u i d s i de i s  obta i ned 

by s o l vi n g e i ther 

h A (T  - T ) = E K  ( T  - T ) s s s  s s  s �s s m s s  

for re g i ons  e xcept t h e  s ubcoo l ed n u c l eate bo i l i n g  re gi on o r  

( 4- 1 5 )  

for the s b ucool ed  n uc l eate bo i l i n g  re g i on . The  res u l t i s  ( fo r  the s teady 

s tate ) : 

T = 
s s  

h s As s  T s s  + E Krn+ss  Tm 
h A + E K  s s s  �s s 

( 4- l 7 )  
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for re g i ons  except the s ubcoo l ed n uc l e ate boi l i ng re gi on or 

T = 
s s  

E Km7s s  Tm + h e As s  Ts + hN C B  • As s  • 
Ts a t  

h e As s  + hN C B  • 
As s  + E Km7S s 

for the  s ubcoo l ed  n u c l e ate bo i l i n g  re g i on . 

( 4- 1 8 ) 

For the  tran s i en t  s tate , the  tube temperat ure i s  c a l c u l a ted  from 

the energy eq uat i on . The tube s u rface tempe rature s  a re obta i ned us i ng 

s i mi l a r  procedu re s  as u s ed  i n  the s teady state s i n ce  s u rface tempera t u re s  

repre sen t t h e  tempera tures  o f  l ocat i ons  wi th  zero vo l ume . The  fo l l ow i n g  

i s  a p roof  to s h ow that  eq uati on  ( 4- 1 4 ) , ( 4 - 1 7 )  and  eq uat i on ( 4- 1 8 )  

emp l oyed i n  the  s te a dy s tate c an a l so  be used  i n  the  t rans i en t  s t a te . 

Cons i der  a tube sect i on con ta i n i n g  two s ub secti o n s  i n  the radi a l  

d i re cti on , n ame ly  s ubsect i on 1 a nd  s ubsect i on 2 ,  as s h own i n  Fi g u re 4 . 1 . 

Each  s ubsect i on  has  a wi dth , an average rad i us  an d tempe rat u re denoted 

by s 1 , r1 , <T> 1 , an d s2 , r
2 , <T>2 res pect i vel y .  Let  6£ be the  l ength  of 

the tube sect i on , then  the ene rgy eq uat i ons  for these two s ubsect i ons  

appear  as  ( for s i mp l i ci ty ,  a fi xed bo undary i s  emp l oyed )  

2Tir1 s 1 6£ c 
d<T> 1 E K  l ( T  g - <T> 1 ) Pm l  = 

m dt g? 

- E K1 72 ( <T> l - <T>2 ) ( 4 - 1 9 )  

2Tir2 s2 6£ em 
d<T >2 E K1 72 ( <T> l - <T>2 ) Pm2 = 
dt  

- E K2?S ( <T>2 - T s ) ( 4-20 ) 



S te a m/�� a te r  
T 

s 
T 2 

T u be 

4 9  

S u b s e c t i o n 
2 

\ 

---\ ' l I 
I 
I 
I ! , 

T .
l 

I I I I 

f ie  l i u : · :  

Fi q u re 4 . 1 . A T u be Se c t i on  Con t c\ i n i n o  h1o S u b s e c t i o n s  i n  t h e  R a d i a l  
D i re c t i o n  . 
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whe re Pm i s  tube dens i ty an d each  E K  i s  the conductance for hea t t ran s fe r  

between two reg i ons  denoted by s u b i nd i ces . 

I f  the  tube s urface i s  co n s i dered  as  a l i m i t i n g  case  of  a 

s ub secti o n  wi th  an i n fi n i tes i ma l  wi dth , then by tak i n g  the l i mi t ,  s1 + 0 ,  

the fo l l owi ng  equati on s a re ach i e ved : 

l i m <T>1 
= T 

s l +O gs 

l i m  <T>2 
= Tm s 1 +0 

l i m  E K  l 
= E Kg+g s 

= h A 
s +0 g+ p g s  
l 

l i m E K1+2 
= E K  

s 1+0 g s+m 

1 i m E K2+S 
= E K  

E: l+O m+s 

Equat i on s ( 4- 1 9 )  and ( 4 -20 ) become : 

h p Ags (T  g - T g s ) - E Kgs+m ( T  gs T m ) 0 

Pm Am 6£ Cm ::m = E Kgs+m ( T gs - Tm ) - E Km+s ( Tm - Ts ) 

From equat i on ( 4-26 ) ,  one can obta i n 

T = 

gs 
h A T + EK T p gs g gs+m m 

h A + E K  p gs gs+m 

wh i ch i s  equat i o n  ( 4- 1 4 ) . 

( 4 - 2 1  ) 

( 4-22 ) 

( 4-2 3 )  

( 4-24 ) 

( 4 - 2 5 )  

( 4 -26 ) 

( 4- 2 7 )  
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I t  mean s  that  equati on ( 4 - 1 4 )  i s  va l i d  i n  the  t ran s i ent  s tate . 

E q uati on ( 4 - 2 7 ) i s  a ene rgy ba l ance eq uat i on fo r the tube  me ta l . 

S i mi l a rl y �  by tak i n g the l i mi t �  E2 � 0 �  one can s h ow that e q ua ti o n s  

( 4- 1 7 )  an d ( 4- 1 8 )  are a l s o v a l i d  i n  the tran s i en t  s tate . 



CHAPTE R  5 

CORRE LAT IONS  AND P RO P E RT I ES O F  THE  WORKI N G  

FLU I DS AND TUB E METALS 

In th i s  ch apte r ,  the corre l ati ons , the p hys i ca l  and the rmodyn ami c 

p rope rti es  of  the work i n g  fl u i ds an d the phys i ca l  p roperti es  o f  the tube 

meta l s use d i n  the Fort S t . V ra i n s team ge ne rato r mode l a re p rese n ted . 

5 . 1  E ffe cts of the Coi l Geometry 

When fl u i d fl ows th rou gh a cu rved tube , the fl u i d p a rti c l e  w i th  

h i gh e r  ve l oc i ty expe ri en ce s  a h i gh e r  acce l e rati on force a l on g the co i l 

radi a l  d i re ct i on an d moves toward the outer wa l l i n  the tube . The 

cen tri fug a l  force w h i ch i s  oppos i te to the radi a l  acce l e rat i on force at 

the o uter wa l l i s  l a rger than  at the  i nner  wa l l . A s econ da ry fl ow i s  

formed , wh i ch i s  s upe ri mposed  on the  ma i n  fl ow .  The fri cti o n a l  ene rgy 

l os s  nea r the tube wa l l i s  l a rge r than fo r a corre spond i n g  f l ow i n  a 

s t ra i gh t  tube . Al s o , a g i ven amount  of heat can be tran s fe rred mo re 

ea s i l y  i n  a coi l ed tube th an i n  a s tra i ght  tube of the s ame l en gth . 

T h ere fo re the fri cti on facto r and  the heat  tran s fe r  coe ffi c i ent  fo r the  

coi l e d tube a re h i g her  th an for the  s trai ght  tube . Moreove r ,  coi l s  a l l ow 

more heat  t ran s fe r  a rea to be pack aged i n  a gi ve n s pace of the s h e l l t han 

fo r a s t ra i ght  tube . 

The  heat  t ran s fe r  an d fri ct i on coe ffi c i en ts for co i l ed geometry for 

l ami n a r  an d t urb u l ent  fl ow we re s ummari zed by Sr i n i vas an et a l . ( 2 ? ) I n  

t h i s  mode l , the rat i o of  the coi l t o  the s trai ght  tube fri cti ona l  factor 

i s  taken from I to ' s .  ( 28 )  

52  
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W i th  t u rb u l en t  f l ow ,  

( 5 - 1 ) 

Eq uati on ( 5 - l ) p red i cts the res u l ts for l a rge c o i l s .  

For heat  t ran s fe r ,  Seb an an d Mcl a u gh l i n ( zg ) recommend  that eq uat i on 

( 5 - l ) c an a l s o  be used  fo r the rati o of  the heat tran s fe r  coe ffi c i en t  for 

the co i l to that  for the s tra i ght  tube . 

The e ffects of the co i l on two p h ase  corre l ati on s a re reported on l y  

s parse l y .  Based o n  a s t udy by C ra i n ,  Bel l and  Owh ad i , ( JO , J l ) eq uat i on 

( 5 - l ) i s  adopted for two p ha se  forced con vecti on bo i l i n g  i n s i de a he l i ca l  

coi  1 .  

The  heat tran s fe r  and  p res s u re drop  fo r c ross  fl ow t h rough b a n k s  o f  

mu l t i s t a rt he l i ca l  tubes wi th  un i form i n c l i n ati ons  a n d  un i form 

l on g i tud i n a l  p i tches ha ve been deve l oped by G i l l i .  ( JZ ) Howe ve r ,  wi th  the 

de s i gn of  the  tube pa tte rn i n  the Fort S t .  Vra i n  s team gen e ra tor ,  ( i . e . , 

wi th e q u a l  l en gths of he l i c a l l y  wo und tubes ) i t  i s  c on s i de re d  to be more 

p ra cti c a l  to  use emp i ri ca l  corre l a t i o n s ( JJ ) whi c h  a re based  on a 

modi fi c at i on of G ri mi son ' s  re l at i on . 

5 . 2  S umma ry of the Corre l at i on s  

Un l es s  i n di cated oth e rw i se , t h e  fo l l owi ng  a re corre l at i on s  for 

s trai gh t tubes : 

1 .  Fo r the s i n g l e phase  fri ct i on factor fo r H20 ,  the  Co l e brook 

eq uati on ( 34 ) i s  emp l oyed . 



1 
= - 2 . 0 l og ( t: / D  + � 

l"f 3 .  7 Re l"f 

54 

2 .  The  two p h as e  fri ct i on fa ctor fo r H20 

f _ [ 2  l ( E/ 0 2 . 5 1 ) J - 2  
T . P .  - og 3 . 7  + 

ReT . p . 1fT .  p .  

where the  two p h a se  Reyno l ds n umber i s :  

� = Re f ( l + X lJ ) 
g 

( 5- 2 ) 

( 5 - 3 )  

( 5 - 4 )  

3 .  The  fri c t i on factor for he l i um f l ow t h ro u gh the t ube  bank  i n  

h e .l i ca l  coi l geometry i s  obta i ned u s i n g  the G ri mi s on fri ct i on a l  

factors ( 35 )  for i n - l i ne tube ban k d a t a  ( s ee Fi gu re 5 . 1 ) .  

4 .  For  the  s i n g l e  p ha se  s team heat  tran s fe r  c oe ffi c i en t , the  

D i t t us - Boe l te r  eq uat i on ( 36 )  i s  u sed  

h = 0 . 02 3  __ d
k Re0 · 8 P 0 · 4  

t . r 1 
( 5 .  5 )  

5 .  The he a t  t ransfe r  coe ffi c i ent  for two p ha se  water after dep a rture 

from the n uc l eate bo i l i n g  i s  obta i ned from the Z .  L .  Mi ropo l� k i y  

corre l at i on ( 3 7 ) : 

1 , o . s  
h t = 0 . 02 3  l §Q [ X  + ( �f ) ( l  - X ) ]  

J
� )Jg g 

k v 
• _g_ [ l  - 0 . 1  (_g_ - l ) 0 · 4 ( l  - x ) 0 · 4 ] o vf 

( 5 -6 ) 
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6 .  The heat tran s fe r  coeffi c i ents  i n  the two phase  n uc l e ate bo i l i n g  

an d s ub coo l ed bo i l i n g  re g i ons  are a s  fol l ows . T h e  fl ow- type heat t ran s fe r  

coeffi c i e n ts devel oped by Chen ( 3S )  a re used 

whe re 

k 0 . 79 c 0 . 45 0 . 49 
f pf pf = 0 . 00 1 22 

00 . 5 fJ 0 . 2 9 h 0 . 2 4 
f fg 

• LIT 0 . 24 Ll 0 . 75 S s at Ps a t R 

F = [ ReT .  p · ]  0 .  8 

= Ref 

S R = s uppre s s i on facto r = F2 ( ReT . P . ) 

For s atu rated bo i l i n g ,  the heat tran sferred i s  c a l c u l ated a s  

Fo r s ubcoo l ed  bo i l i n g , the heat  tran s ferred i s  expre s sed  a s  

( 5 - 8 )  

( 5 - 9 ) 

( 5 - 1 0 )  

( 5 - l l  ) 

( 5 - 1 2 )  

7 .  The heat t ran sfer coeffi c i en t  for s i n g l e  phase  water  fl ow i s  

obta i ned from the D i ttu s - Boe l ter co rre l ati on . 
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8 .  The  heat  tran s fe r  co rre l at i on for the  he l i um f l ow a c ros s the 

tube ban k i s  obta i ned  from the mod i f i ed G ri mi son i n - l i ne tube bank heat 

tran sfer  re l at i on .  ( 39 )  The  N u s s e l t n umber i s  expre s s ed  as 

( 5 - 1 3 ) 

where B an d n a re con s tan ts fo r a g i ven co i l ge ometry , wh i ch may be 

dete rmi ned  from Tab l e  5 . 1 . 

9 .  The  cond i t i on for depa rt u re from n uc l e ate bo i l i n g for wate r i n  

the he 1 i c a  1 coi  1 i s  ( 40 ) : 

whe re 

X DNB  -- 1 . 56 5  x 1 0 - 3  Q0 · 7 1 9  G- 0 · 2 1 2  ( 1  724  l 0- 4P ) e xp . x 

Q = heat  fl ux i n  BTU/ ( h r- ft2 ) 

G = mass  fl ux i n  l bm/ ( ft2 - h r )  

P = fl u i d p ress ure i n  p s i 

5 . 3  Phys i ca l  and Thermodynami c P rope rt i es of  the Work i ng  
Fl u i ds an d P hys i c a l  P ropert i es  of the Tube Me ta l s 

( 5 - 1 4 )  

I n  the fol l owi n g , s ome i mporta n t  propert i e s  of he l i um ,  s team/water 

and the tube meta l s used fo r the dynami c mode l i n g  of the Fo rt St . V ra i n  

s team gene rator a re s umma ri zed . 

1 .  The  i n format i on  on the he l i um prope rti es p resen ted  be l ow was 

s ummari zed by Sanders , ( 4 l ) wh i ch i s  based on a report , GA- 1 355 (42 ) : 

a .  v i s cos i ty of h e l i um 

W = 6 . 7  X 1 0- 4  ( Tg + 460 . 0 ) 0 · 68 



X c 
L 

l . O 

l .  2 5  

1 . 5  

2 . 0 

2 . 5  

3 . 0  

4 . 0  

6 . 0  

TAG L E  5 . 1  

G R H•1 I SON DATA FO R I N - L I N E  T U B E  BM� K HEAT T RA N S F E R  R E L AT I O I1 S a , b  

xTa = 1 . oo --XTJ = 1 .  2 5  X T �  . 5--- X-fcr;;- 2 .  0 xr�3 : o  XTd - 4 . 0  
8 n 8 n 8 n 13 n 8 n B n 

0 .  2 82 0 . 6 1 0  0 . 0868 0 . 700 0 . 0 3 3 5  0 . 7 8 4  0 . 0 2 5 0  0 . 80 0  0 . 0 2 8 8  0 .  7 7 5 0 . 0 3 8 6  0 . 7 4 2  

0 . 38 9  0 . 5 8 2  0 . 2 9 1  0 . 6 1 0  0 .  1 9 3 0 . 6 4 4  0 . 08 5 7  0 . 7 1 8  0 . 0 6 5 6  0 . 7 4 5  0 . 86 5  0 . 7 1 8  

0 . 4 7 2  0 . 5 6 0  0 . 344 0 . 588 0 . 2 7 5  0 . 6 0 8  0 . 1 32 0 . 68 1  0 . 0 8 9 6  0 .  7 2 0  0 .  1 1 7  0 . 6 9 4  

0 . 4 5 2  0 . 5 4 0  0 . 3 9 1  0 . 5 70 0 . 2 9 7  0 . 5 9 8  0 . 1 9 5 0 . 6 4 2  0 . 1 6 2 0 . 6 6 1  0 . 1 5 7 0 . 6 6 5  

0 . 3 5 1  0 . 5 6 5  0 . 3 5 7  0 . 5 7 6 0 . 3 3 2  0 . 5 6 7  0 . 2 8 4  0 . 6 0 4  0 . 2 1 9  0 . 6 30 0 . 1 8 3 0 . 6 5 0  

0 . 2 4 3  0 . 6 1 6  0 . 2 9 7  0 . 5 9 8  0 . 3 4 2  0 . 5 8 4  0 . 3 5 5  0 . 580 0 . 2 6 7  0 . 6 0 9  0 . 2 0 0  0 . 6 4 0  

0 . 1 32 0 . 6 8 0  0 . 2 3 7  0 . 6 2 1  0 .  3 2 2  0 . 5 8 9  0 . 3 5 5  0 . 5 8 0  0 . 2 3 9  0 . 6 0 1  0 . 2 1 2  0 . 6 3 3  

0 .  l 0 8  0 . 7 0 0  0 . 2 0 4  0 . 6 3 6  0 . 30 6  0 . 49 5  0 . 3 6 2  0 . 5 7 8  0 . 2 8 9  0 . 6 0 1  0 . 2 2 1  0 . 6 2 8  

a E x te n d e d  a n d  mod i f i e d  s l i gh t l y  t o  i n c l u de s u b s e a ue n t  i n ve s t i g a t i o n s . 

b
N u  = 8 ( Re )

n ( P r/0 . 6 9 ) 0 · 3 3 . 

c X L = l on g i t u d i n a l  p i t c h  s pa c i n g  ( i n c h ) .  

dXT = t ra n s ve rse p i t c h  s p a c i n g  ( i n c h ) .  

xTa - ::_ s�-J 
8 n 

0 . 0 5 1 3 0 . 7 1 0  

0 .  l 0 9  0 . 6 9 5  

0 .  1 2  7 0 . 6 8 5  

0 . 1 5 0 0 . 6 7 D  

0 .  1 6 2 0 . 6 6 2  U"1 co 
0 . 1 74 0 . 6 5 4  

0 . 1 9 8 0 . 6 t: O  

0 . 2 1 7  0 . 6 3 '] 
-_-_ _::;---:..==-.= 
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whe re � = v i s co s i ty ( l bm/ft - h r )  

T = h e l i um tempe rature ( ° F )  g 
atmospheri c p res s u re � P � 2000 p s i a 

b .  heat  capaci ty of h e l i um at con stan t  p res s u re 

C = 1 . 2 425 Btu/ l b - ° F p 

wh i ch i s  i ndependen t of both temperatu re and  pre s s u re .  

c .  the g a s  con s tant  i n  the  i dea l  gas re l at i on s h i p  

R = 1 0 . 73 ( ps i a- ft ) / ( l bm-mol e - 0 R )  

d .  t hermal con duct i v i ty of h e l i um 

k = 0 . 085 32 1 9 + 1 0 . 1 3 1 9  X l o -5  T g 

for P c l ose to 6 70 ps i a  

l . 1 7909 X 1 0 -S T 2 
g 

where k = thermal co nduct i v i ty [ Btu / h r- ft2 - ( ° F/ ft ) ]  

T = he l i um tempe rat u re ( ° F )  g 
2 .  The phys i ca l  an d the rmodyn ami c properti e s  ( i . e .  th erma l 

c on du ct i v i ty ,  vi s c os i ty ,  heat  capa c i ty an d the re l a t i on s h i ps among 

p res s u re , tempe rature , dens i ty ,  enth a l py ,  etc . ) of s te am/water a re based 

on the I n tern ati on a l  Formu l ati on Commi ttee ' s  equat i ons  from the 

I nte rn ati o na l  C onferen ce on P ropert i e s  of Water , Steam 1 96 7 ( 4 3 )  an d the 

corre l at i n g  formu l ae of Bruges an d G i b s on .  ( 44 )  

The  compute r  s ub ro uti nes  fo r the thermodynami c prope rty equat i ons  

are used , wh i c h re turn the  property val ue when  one s upp l i e s the  

appropri ate i n puts for  each  req u i red fun cti on . I n  these  s u b rout i nes , 
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s ome of the p rope rty fun cti on s  s uch as 3V9 / 3p ,  3Vf/ 3p ,  3h9 / 3p ,  3hf/ 3p 

for the  s te am/wate r  i n  s a turat i on and  T = T ( u ) , p = p ( T )  fo r the  

s ubcoo l ed wate r a re i n  po l ynomi a l  forms wh i ch a re obta i ned  from the 

l e a s t  s q ua re fi tted method . 

3 .  The  p hys i c a l  prope rti e s  o f  the tube meta l s ( 4S ) 

a .  the den s i ty o f  the tube meta l 

p = 50 1 . 1 2  l bm/ft3 for the uppe r c o i l ( s uperheater I I )  m 

p = 489 . 024  l bm/ft3 fo r the l ower co i l ( economi zer­m 
e vapora to r- s upe rhea te r )  

b .  thermal con duct i v i ty 

k = ( ( ( ( ( 3 . 4472 X l O - l 4 X T - 1 . 2983 X 1 0 - l O ) X T m m 
+ 1 . 7832 X 1 0 - 7 ) X T - l . 094 1  X 1 0 -4 ) X T + 9 . 1 764 m m 
X 1 0 -2 ) X T + 74 . 55 7 ) / 1 2  Btu/ hr-ft- ° F  ( 5 - 1 8 )  m 

for the  upper co i l 

T i s  i n  ° F .  m 
k = 1 6 . 9 1 6 7 Btu/ h r-ft- ° F  for the l owe r co i l 

c .  heat  capaci ty 

C = 0 . 1 2  Btu/ l b - ° F  fo r the upper co i l p 
cp = 0 .  l l  Btu/ l b - ° F  for the l owe r co i l 



CHAPTE R  6 

CALCULAT I ONAL METHODS 

I n  t h i s ch apte r ,  methods for s teady s tate and tran s i ent  ca l c u l at i ons  

us i ng a d i g i ta l  comp ute r  ( I BM 360 ) a re de s c ri bed . 

6 . 1  Ste a dy State 

The s teady s t ate di s tr i b uti on  prov i des the  fo l l owi n g  i n format i on  i n  

dyn ami c mode l i n g :  

l .  i n i t i a l  con d i t i on s  for t rans i en t  ca l c u l at i ons  

2 .  i n fo rma ti on to ve ri fy the a dequacy of the corre l a ti ons emp l oyed 

i n  the mode l i f  i t  i s  compa re d  wi th expe ri menta l  data or de s i gn data 

3 .  i n forma t i on fo r determi n i n g the n umbe r o f  l umps to be u sed  i n  a 

few l ump dynami c model . 

The  fi rs t s tep  i n  the  s tea dy s tate a n a l ys i s  i s  to d i v i de the  s team 

generator i n to a f i n i te n umber of s ect i ons  o f  equa l  l ength  a l ong  the 

tube . I n  each  sect i on , f l u i d  prope rti es  are a s s ume d  co n s tan t .  

I n  the  be g i n n i n g ,  the f l u i d  propert i es a t  one end  o f  the s team 

gene rator a re a s s ume d  as  known q uant i ti es . Then  f l u i d  prope rti es of the 

next sect i on a re ca l c u l ated accordi ng  to the fo l l owi n g  equa ti on s : 

fo r the s team/water s i de ,  

W = con s tan t 

h . + l  = h .  - Q . / W . 1 1 1 1 

6 1  

( 6 - l ) 

( 6 ·· 2 )  
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p i + l  
= p i + fi • 7T • 0i • ! G i I G i 

+ j G . j 2 (-1 _ _  l ) / C 1 pi pi + l 2 

pi + l = f l ( p i + l ' h i + l ) 

Ts i + l = f2 ( p i + l ' h i + l ) 

• 69. . I ( SA . p .  c2 ) 1 1 1 

for the h e l i um s i de ,  

w g 

h g i + l  

p g i + l  

pg i + l  

T g i + l  

a n d  

Q .  1 

= 

= 

= 

= 

= 

con s tan t 

h g i  Q . / W  1 g 

p . f effi 9 1  • 
GN R i  j G . j G . / ( 2 9 1  9 1  

+ I G . J 2 (-1- _ 
l ) / C  + 9 1  p9i pg i + l  2 

• 6.9. . / ( C2 • Aeff ) 1 

p . + 1 / [ R  9 1  u . ( T  . 91 

h . /C  + T g 1 + l  pg  g b  

+ 460 . 0 ) ]  

p9i 

= E K  g-+-s , i ( T . - T . ) 9 1  S 1  

• pg i  . c ) 2 

• g 
• 

Ae ff • C3 

I n  the  a bove eq uati ons , equat i on ( 6 - l ) a n d  ( 6 - 6 ) res u l t from 

c on s e rvati on of mas s ; equat i on ( 6 -2 )  and ( 6- 7 )  a re energy b a l ance 

equat i o n s ; e q u ati on ( 6 - 3 )  an d ( 6 -8 )  come from momentum ba l an ces . 

( 6 - 3 )  

( 6 - 4 )  

( 6 - 5 )  

( 6- 6 )  

( 6 - 7 )  

( 6 -8 )  

( 6 -9 )  

( 6 - 1 0 )  

( 6 - l l )  

E quat i on ( 6 - 4 ) , ( 6 - 5 ) , ( 6 - 9 )  a nd  ( 6 - 1 0 )  a re the rmodynami c re l ati on s h i ps 

and  Q .  i s  a heat  tran s fer term .  Detai l ed defi n i ti ons  o f  no tati on  are 1 
g i ven  i n  the  Nomen c l ature .  
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The  equ i va l en t  con du ctan ces fo r heat fl ow from h e l i um to s team/water 

together  wi th  the  tube average temperatu re and  tube s u rface temperat u re s  

o n  b o t h  the  he l i um a n d  t h e  s team/water s i des a re ob ta i ned  by ca l l i n g  

s u bprog rams wh i ch c a l c u l a te those q ua n t i t i es a s  a fun ct i on  o f  geomet ry 

and properti e s  o f  the fl u i ds and meta l . Equat i o n s  ( 4- 8 ) , ( 4 - 9 ) , ( 4- 1 0 )  

an d ( 4- l l )  a re fo r conductan ce ca l c u l a t i o n s . The temperatu re equat i ons  

for the tube meta l  a re g i ven i n  eq uat i on ( 4- 1 2 ) , ( 4 - 1 4 ) , ( 4- 1 7 ) and  

( 4- 1 8 ) . 

The  boundary be tween s upe rheater I and s u pe rheate r  I I  i s  the j o i n t  

of t h e  u p per  co i l t ube and  t h e  l owe r coi l tube . The  bounda ri es fo r 

defi n i n g  the s aturated reg i on an d the l oc ati on o f  depart u re from n u c l eate 

bo i l i n g  a re dete rmi ned by compar i n g  the c a l c u l ated s team q ua l i ty ,  X w i th  

X =  0 ,  X =  XDNB ' a nd  X =  l .  The  depart u re from n uc l eate bo i l i n g 

corre l a ti on XDNB  i s  gi ven i n  Chapte r  5 ,  eq uati on  ( 5 - 1 4 ) .  The  s team 

q ua l i ty i s  ca l c u l ated  from 

whe re 

= h - h g f 

( 6 - 1 2 )  

The l ocat i on of the onset of n uc l eate bo i l i n g  can be fo und by compari n g  

the s atura t i o n  tempe rature , Ts a t ( P ) , wi th  the l ocal  tube wal l tempe rature , 

T P i s  a l oca l  pre s s u re . s s  
Afte r the s ta te va ri ab l es a t  t h e  other e n d  of the s team generato r 

a re ca l c u l ate d , the s team generator i n l e t con d i t i on s  wh i ch are obta i ned 

a re comp ared wi th  the des i gn va l ues ( 46 )  ( or the  des i red ope ra t i o n a l  



64 

l e vel s i f  des i gn v a l ues a re no t a va i l ab l e ) , an d a new s et of s ta te 

v ari a b l e s  fo r the  beg i nn i n g sect i on i s  determi ned from a con ve rgen ce 

cri teri on for the next c a l c u l at i on  s tep . The i terat i ve procedure i s  

cont i nued  u nt i l the  comp a ri son between i n l et cond i ti ons  and  des i gn v a l ues 

( o r  the  de s i re d  operat i on a l  l e ve l s )  i s  s ati s fi e d . The s teady s tate 

c a l c u l at i on can be veri fi ed  by c ompa ri n g  the out l e t  cond i t i ons  obta i ned 

from ca l c u l at i on wi th the de s i gn data ( o r  the  res u l t ant  o u t l e t  l e ve l s 

obta i ned by sett i n g  i n l ets equa l  to the des i red ope rati o n a l  con d i t i on s ) .  

The f l owcha rt i n  Fi g u re 6 . 1  i l l u strates the p roced u re for the  s teady 

s tate ca l c u l a t i on . 

6 . 2  Tran s i en t  State 

The sys tem equat i on s  wh i ch con s i s t  of e q uat i on  ( 3- 20 ) th rough  

equat i on ( 3- 54 )  a n d  the  s t a te eq uat i o n s  for each  s u b reg i on  a re s o l ve d  

wi th  a ti me s tep  l es s  than o r  e q u a l  t o  1 0-2  sec . For the p u rpose o f  

effi c i ency wh i l e kee p i n g  good acc uracy , two sect i o n s  f o r  each  fl ow 

reg i on ,  i . e . , twe l ve sect i ons  i n  the p ri ma ry fl u i d ,  t ube meta l a n d  the 

secon d a ry fl u i d  s i de re s pect i ve l y  are se l ected for demo n s trat i n g  the  

mode l t ran s i en t  re s p onses . But the computer p rog ram deve l oped can h an d l e 

o ther l ump i n g  a s s umpt i o n s  ( s ee Se ct i o n  6 . 3 ) . 

T he s team/wate r enth a l py ,  the he l i um temperature a n d  pres s u re a re 

e va l u ated i n  the d i recti on of the  res pect i ve f l u i d  fl ow ;  the s team/wate r  

pre s s u re i s  e va l u ated i n  the d i rect i on oppos i te t o  the s te am/water fl ow . 

T h i s  i s  because  of the i n put co nd i t i on s  of the s team gen e rator .  The  

s team out l et  pre s s u re i s  prov i ded by the mode l  down s t ream from the s te am 

gene rator  out l et  on the secondary s i de wh i l e  the water i n l et enth a l py ,  



H e a t  T ra n s fe r  
a n d  C on d u c ta n ce 

C o e f f i c i en t  

6 5  

S t a rt 

En te r  N umbe r  
o f  Se c t i o n s  

E n te r  O n e  E n d  
S t a te V a r i ab l e s 

C onm u te 
E n e r gy G a l  a n c e , 

Mome n tum B a l a n c e , 
S t a te E q u a t i o n s  

F i n d  S t a te V a r i a b l e s  
o f  N e x t  S e c t i o n  

D e te rmi n e  Re g i o n  I n de x , 
Re g i o n  L e n o th , 
T u b e  D i a me te rs 

N o  

F r i c t i o n  
F a c to r 

F i g u re 6 . 1 .  A S i mp l i fi e d Fl owch a rt o f  t h e  S te a dy S t a te C a l c u l a t i o n . 
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Yes 

P ri n t  Res u l t s  

End  

De te rmi ne  S ta te 
N o  Vari ab l e s a t  

8eq i n n i n g  Se ct i on 
from Con verqence  

C ri teri on 

Fi g u re 6 . 1  ( cont i n ue d )  
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mas s fl ow ra te at the en t rance an d the h e l i um p re s s ure , temperature , and  

mas s fl ow rate a t  the  i n l et a re s u pp l i ed by the mode l s ups t ream from t he 

s team gene rator  i n l ets . 

To eva l u ate ti me deri vat i ves o f  s tate vari a b l es from d i fferent i a l  

equat i ons , the heat  t ran s fe r  terms a n d  fri cti on factors mus t  be 

p redete rm i ned . The heat tran sfer  i n vo l ve s  an eva l ua t i on of the heat  

condu ctan ce coeffi c i en � ,  wh i ch i s  des cr i bed i n  Chapte r 4 , pa ge 45 . 

T i me de ri vati ves of  s tate va ri ab l es s uc h  as he l i um temperat ure , t u be 

tempe ratu re , s team/water i n te rn a l  ene rgy and  fo ur  movi n g  boundari e s  

( bo undari es  for Ts at ( p )  = Twal l , X =  0 ,  X =  XDN B and  X =  l ) are then 

u sed  to determi ne  these s ta te vari a b l es  of  the  next  ti me s te p  fo r each  

sect i on by empl oyi n g  an  i n te g rat i on met hod , the  E u l e r  meth o d .  S i n ce 

on l y  a fi n i te n umber of d i g i ts i s  s i gn i f i can t i n  the  s tate vari ab l es , 

the t i me de ri vati ves of s tate va ri ab l e s a re set  to z ero when they a re 
- 2 s ma l l e r than  1 0  . Therefore a no i se s i gn a l  i nd uced  by the l i mi tat i on  

on i n s i g n i fi ca n t  d i g i ts i n  the s ta te va ri ab l es a t  the  i n i t i a l t i me c an 

be  avo i ded .  

The  he l i um p re s s ure and  the s team/water pre s s u re are determi ned  

from t he i r momen t um eq uati on s .  

T he  ma s s  f l ow rate a n d  i ts ti me deri va t i ve a re d i rec t l y  re l ated to 

the  mas s  fl ow rate perturbat i on by equat i on s ( 3- 2 ) and  ( 3- 3 ) , wh i ch i s  

based on the a n a l ys i s des cr i bed i n  Sect i on  3 . 3 ,  p age 1 8 . 

At e a ch t i me step , f l u i d  thermodynami c properti e s  i nc l ud i n g  pres s u re , 

s pec i fi c i n tern a l  ene rgy , s pe c i f i c en tha l py ,  dens i ty ( or  s pe c i fi c vo l ume ) , 

tempe ra t u re and  s team q u a l i ty mus t  be e va l uated s i nce  these  p rope rt i es  
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are req u i red i n  the  dynami c eq uat i ons  at each  t i me s te p .  I n  general , 

two thermodyn ami c p ropert i es  determi ned from the dyn ami c e q u at i o n s  

and/ or  t he  predefi ned  cond i ti ons  s uch  a s  reg i me boundary cond i ti on s  a re 

s u ff i c i en t  to dete rmi ne anoth e r  t hermodynami c p roperty . Howe ver ,  i n  the 

s ubcoo l ed  wate r reg i on , the  thermodynam i c prope rt i es req u i red are weak  

funct i o n s  of  p res s u re an d on l y  a s i ng l e  va ri ab l e  re l at i on s h i p  i s  u sed  

fo r approxi mati on . 

T hermodyn ami c ca l c u l ati on s fo r these  secondary s i de ( s team/wate r  

s i de ) sect i on s  w i th  thei r down s t ream boundari es  de fi ned  by reg i me 

bou n dary con d i ti ons  a re d i ffe ren t  from other sect i on  ca l cu l a t i o n s . 

These sect i o n s  for an exampl e ,  a re sect i on 3 ,  5 ,  7 a nd  s ect i on 9 on the 

s team/wate r s i de as s h own i n  Fi g u re 6 . 2 .  Sect i on 5 ,  7 and  sect i on 9 of 

the s aturated re g i on ha ve the i r s team q u a l i t i es determi ned from the i r 

bounda ry con d i ti on s an d p re s s u re from the i r momentum equat i o n s  

respecti ve l y .  Therefore o t h e r  p ropert i es  of t h e s e  three sect i o n s  a re 

e xp l i c i tl y  o r  i mp l i c i t ly  dete rmi ned  i n  te rms of  p re s s u re a n d  s team  

q ua l i ty .  The  energy eq uati ons  of these three sect i on s comb i ned wi th mas s  

equat i o n s  a re used  fo r boundary determi n a ti o n s  fo r s team q ua l i ti es  a t  

X =  0 ,  X =  XDN B and  X =  1 .  

For sect i on 3 of the s ub coo l e d  re gi on , water temperat u re i s  

ca l c u l ated from the heat tran s fe r  equat i on , i . e . , eq uat i on  ( 3 - 54 ) ,  i n  

wh i ch the  tube s u rface tempe ratu re , T . , i s  dete rmi ned by the bo undary S S l  

con d i t i o n , T . = T t ( P ) , where P i s  i ts pre s s u re dete rmi ned  by the s s 1  s a  
moment um eq uat i on . Other thermodynami c p rope rti es of  t h i s sect i on are a 

fun c t i o n  of tempe rature . The  ene rgy eq uat i on comb i ned wi th the mas s 



Hel i um I n l et { PG 1 4  TG 1 4  

P a ra l l e l  { Superheater 
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S u b coo l e d 
Reg i on 

{ PG 1 3 TG 1 3 
- - - - - - - -

PG 1 2 TG 1 2 { PG l l TG l l 
1- - - - - - - -

PG l O TG l O 

PG 9 TG 9 
- - - - - - - -

P G  8 TG 8 

P G  7 TG 7 
- - - - - - - -

P G  6 TG 6 

PG  5 TG 5 
- - - - - - -

PG 4 TG 4 

P G  3 TG 3 
- - - - - - -

P G  2 TG  2 
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TM1 2 
- - - -
TM1 3 

TMl l 
- - - -

TMl O 

TM 9 
- - - -
TM 8 

TM 7 
- - - -

TM 6 

TM 5 
- - - -

TM 4 

TM 3 
- - - -

TM 2 

P S 1 2 TS 1 2 
- - - - - - -

P S 1 3 T S 1 3 

P S l l T S l l 
- - - - - - - -

P S l O TS l O  

PS  9 TS 9 
- - - - - - - -

P S  8 TS 8 

PS  7 TS  7 
1- - - - - - - -

P S  6 T S  6 

P S  5 TS 5 
- - - - - - -

PS  4 T S  4 

P S  3 TS 3 
- - - - - - -

P S  2 T S  2 

L = L* 

X = 1 , S L4F  

X = XDNB , S L 3 F  

X = 0 ,  S L 2 F  

T s s  = Tsa t ( P ) , 
SL 1 F 

L = 0 
PS  1 TS  1 } wa ter I n l e t 

Tu be S team/Water 
Metal  S i de 

Fi g u re 6 . 2 .  A Mode l Di ag ram and I ts State Va ri ab l es for the L umpi n g  
Case w i t h  Two Secti ons  i n  E a ch F l ow Reg i o n . 
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PGi = he l i um p ress ure a t  sect i on  i 

TGi  = he l i um temperat u re at sect i on  

TM i  = tube tempe rature at  sect i on i 

P S i  = s team/wate r p re s s u re at sect i on i 

T S i  = s team/wate r temperature a t  s ect i on 

S L l F ,  S L2 F ,  S L3 F ,  SL4F  = boundary l e ngths  

L = tube l en g th 

L* = a fi xe d bo undary 

X = s team q ua l i ty 

XDNB = s team q ua l i ty at  wh i ch depa rture from nuc l eate bo i l i n g  occurs 

T = tube wal l temperature ss  
T sat  ( P )  = s atura te d  temperature at pre s s u re P 

F i g ure 6 . 2  ( con ti n ue d ) 
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equa ti on  i s  u sed  for determi n i n g  t h e  boundary l en gth o f  t h e  onset  o f  

n uc l e ate bo i l i n g .  

I n  other fl u i d sect i ons  ( ex c l ud i n g  the sec t i o n s  men ti o ned above ) , 

the  pre s s u re i s  a l s o  dete rmi ned from the momentum equ ati on  b u t  the  

temperat u re ( for  h e l i um ) or  the  i n te rn a l  energy (for s team/wate r ) i s  

eva l uated from the ene rgy eq uat i on combi ned wi th the  mas s eq uat i on . 

Other  p rope rti e s  a re therefore funct i o n s  of pre s s u re and  tempe rat u re or 

i n te rn a l  energy i n  e xp l i c i t  o r  i mp l i c i t  forms . 

The phys i c a l  p ropert i e s  of  the  fl u i ds , s u c h  a s  vi s cos i ty and therma l 

conduct i v i ty ,  wh i ch a re nece s s a ry fo r eva l uat i n g  the heat  tran sfer 

coe ffi c i ents  and  conductances a re a l s o  ca l c u l ated a s  funct i o n s  o f  

p res s u re a n d  temperature . 

For each  tube metal  sect i o n , the a verage temperatu re i s  determi ned  

from the ene rgy b a l a n ce equat i on  and  the s u rfa ce temperatures  are 

c a l cu l a ted  from equ ati on ( 4- 1 4 ) , ( 4 - 1 7 )  and eq uat i o n  ( 4- 1 8 ) . The t u be 

den s i ty i s  g i ven i n  Secti on 5 . 3 . 

Beca us e of the exi s te n ce of a l geb ra i c l oops  amo n g  eq uat i o n s  i n c l ud i n g  

the rmodyn ami c re l a t i on s h i ps , phys i c a l  p roperty equat i ons  a n d  conductance 

equat i o n s , i te ra t i ve procedure s  a rc a l ways neces s a ry .  

I n  s umma ry , the dyn ami c equati o n s  together wi th  the  mode l a s s umpti o n s  

a re u s ed  to s o l ve for a s e t  of s ta te va ri ab l e s wh i ch determi ne t he  s tate 

of a sect i on  at  each  ti me s tep . The set of s tate vari ab l es conta i n s  two 

thermodyn ami c properti es , one  ma s s  fl ow rate and the  s e cti on ' s  boundari e s . 

Other  s ta te va ri a b l e s  i n d uced by s tate re l at i on s  a re s up p l ementary for 

ca l c u l at i on s . 



72 

As s h own i n  Tab l e  2 . 1 , page 9 ,  th e Fort S t .  V ra i n s team genera to r  

cons i s ts of  s e vera l  di fferent  t u be materi a l s a n d  d i fferen t t u be wal l 

t h i ckne s s e s . I t  i s  n eces s a ry ( dependi n g  on  a s ecti on 1 S  boundar i es ) to 

fi n d  adeq uate tube prope rt i e s  and d i men s i on s  for each  secti o n  at e ach  

t i me s tep . T h i s can  be ach i e ved e as i l y by compa ri n g  the upper  boundary 

and the l owe r boundary of  a s ect i o n  wi th  the s pec i f i c l ocat i o n s  where 

tube c h aracte ri s ti cs  change . Howeve r ,  i f  a re gi on con ta i n s two tube 

c h ara cteri s t i cs , then the average va l ue for that  s ecti on  i s  used . An  

e xamp l e  of the f l u i d fl ow area i s  g i ven be l ow : 

The  ca l cu l at i o n a l  seq uence i n  the ti me doma i n i s  i l l u s t rated i n  

F i g ure 6 .  3 .  

The s team generator mode l i s  a pa rt of the n uc l ear  powe r p l an t  

sys tem dyn ami c mode l . Those  outputs  and  i np uts o f  the s team gen e rator 

to and  from sys tems i n  i ts v i c i n i ty a re s hown i n  F i g ure 6 . 4 .  

6 . 3  The C ompu te r  C odes 

The d i g i ta l  comp uter prog ram i n  FORTRAN I V  l an gu a ge was deve l oped 

for both the s teady s tate and the tran s i ent s tate . A n ame , KOLU ( S ) , was 

as s i g ned  to the  s teady s tate code and another n ame , KOL U ( T )  was g i ven to 

the tran s i en t  s ta te code for i dent i fi cat i on . Both the s teady s tate and 

the tran s i en t  s tate codes con s i s t  of a ma i n  p rogram and a common set of 

s ubprog rams . The  ma i n  prog ram i s  e s s en t i a l  fo r ca l c u l a t i n g  the  s tate 

vari ab l e s  from  the b a l ance eq uati o n s  and  rea d i n g  and defi n i n g  the  i n put  

i n formati on . T he  set  of  s ub programs provi des a n umber  of i n d i vi dua l  u n i t 
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E n ter N umbe r  of L umps , 
I n i t i a l S te ady State 

I n format i on  

E va l uate 
Mode l Fac tors 

E va l uate I n p ut  
Cond i t i on s  to 

Steam Ge nera tor 

E va l u ate T i me 
I n te gra ti on  o f  S tate 

Vari ab l e s for Each L umo 

Determi ne  Re g i o n  I n dex , 
Tube C ros s Sect i on fo r 

Each L ump 

Eva l u ate State 
Vari ab l e s fo r Each 
L ump U s i n g  S ta te 

Eq uat i o n s  

F i g u re 6 . 3 . A S i mp l i fi ed F l owchart of  the T ran s i en t  Ca l c u l a t i on . 



Heat  Tran s fe r  and 
Con ductance 

Coe ffi c i en t  fo r Each 
L ump 

74  

Fri c t i on 
Factor for 
Each L ump 

E va l uate Con serva t i on Eq uat i ons , Length  
E q u a t i ons for T i me De ri va t i ve s of State 

Va ri a b l es , Gounda ry Lengths  and  
P re s s  u re for Each  Lump 

P ri n t Res u l ts at 
Snec i f i e d T i me 

I n c rease  T i me 
by a S te p  

Yes 

Stop 

Fi g u re 6 . 3  ( con t i n ue d ) 

No 



Steam Enth a l py \�a te r E n th a l py 

P i pe Sys tem  Ste arn Mass  Wa te r �1as s 
to Con tro l  F l  Ovl Rate F l mv Rate P i pe Sys tern 
Va l ve , H i g h from Fee d\'Jate r 
P re s s u re Ste am Wate r Heate rs and  
T u rb i n e  P res s u re P re s s u re P umps 

.__ f--
I I 

Steam  
Gene rator 

He l i um Mo de l H e l i ur:1 
Temperature 1 1 Temoe ra ture 

� r----
Hel i um r�a s s  He l i u m t·1 as s 

He l i um Hot  Fl 0\·J Rate F l m'' Rate He l i um Co l d  
L e g  from  L e q  t o  

Re a ctor  He l i um He l i um Re actor  
Core P res s u re P re s s u re Core 

-

Fi g u re 6 . 4 . The Steam Gen e ra to r  Mode l an d O the r Mode l s  i n  I ts V i c i n i ty .  

'-J 
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s ub ro ut i ne s  or funct i o n s  for the phys i ca l  and  the thermodyn ami c propert i e s  

o f  s tea m/wate r ,  the corre l a t i on s  for fri cti on  factors and  heat  t ran s fe r  

fo r e ac h  o f  t h e  fl ow re g i mes . Th i s  type o f  prog ram s tructure ma ke s  i t  

e asy to rep l a ce t he p roperty funct i o n s  and  the  co rre l at i on s  w i th a l te rn ate 

formu l at i ons  i f  th i s i s  des i rab l e .  

Both the  s te ady s tate and  the tran s i en t  s tate codes can  han d l e the  

case of d i fferent n umbe r of  n odes by s i mp l y  rep l ac i n g  one s tateme n t  i n  

the  codes . T h i s prov i des a co n ven i en t  way to s e l ect  a s i mp l e o r  

mul t i  l ump mode l , depend i n g  o n  the  p u rpose o f  the  s tudy . 

However ,  s i n ce s i x  fl ow re g i on s  a re emp l oyed i n  the  mode l , the  

mi n i mum n umbe r  of  sect i o n s  u sed  o n  the secondary fl u i d s i de i s  l i mi ted 

to  s i x .  The  maxi mum n umber  of sect i ons  can be u sed  i n  bo th codes  i s  not  

l i mi ted , b u t  n o  case  wi th a ve ry l a rge n umbe r  of s e ct i on s h a s  been te s ted 

s o  fa r .  



CHAPTE R  7 

MODEL  TEST I N G  AN D D I SC USS I O N  

The model  wa s  u s ed  to pe rfo rm s i mu l at i on s  i n  o rder to ve ri fy t he  

mode l  fo rmu l ati on , t o  determi n e  the  req u i red n umber of s ect i o n s  u s ed  i n  

the t ran s i en t  mode l and  to check  the  n umeri c a l  methods and  s e l ected 

corre l at i on s . T he  fo l l owi n g  s teps  we re taken : 

1 .  T he  s teady s tate i s  c a l c u l ated u s i n g 300 s e cti ons to obtai n 

d i s t ri but i on s  of the  s e l ected s ta te va ri a b l e s  and  c h a racteri s t i c s  of 

i n teres t .  Compa ri s on of the  ou t l e t  res u l ts wi t h  re ported des i gn data i s  

made . 

2 .  Step changes  to the  i n p u t  cond i t i o n s  o f  the s team generato r 

( i . e .  to the wate r i n l e t e ntha l py ,  mas s f l ow rate , s team o u t l e t  p re s s u re , 

h e l i um i n l e t tempe ratu re , h e l i um i n l e t mas s fl ow rate and  pre s s u re ) are 

perfo rmed fo r tran s i en t  c a l cu l ati o n s . The t ran s i en t  outputs at  the  

fi n a l  o b s e rvat i on  t i me a re com::'ared wi th  the res u l ts obta i ned from 

s tea dy s t a te c a l c u l ati on s wi th  300 sect i ons u s i n g the s ame cond i t i ons  

t hat  ex i s t  a fte r the  s tep  c h a nges . 

3 .  Two l umpi n g  case s  a re s t udi ed fo r the t ran s i en t  c a l c u l ati o n s . 

Case l empl oys two s ecti o n s  for each fl ow reg i o n and  Ca se  2 emp l oys two 

sect i o n s  fo r the s ubcoo l ed con vecti ve reg i on a n d  one s ect i on  fo r the  

remai n i n g  f l ow reg i o n s . A compar i s on of the res u l ts fo r Case  1 a nd  

C as e  2 i s  g i ven . 

4 .  Ca l c u l ati o n s  wi t h  t i me s teps  of  1 0 - i  sec  and  1 0 - 3 sec  a re 

performed for the t ran s i en t  mode l i n  addi ti on to a t i me s te p  of 1 0 -
2 sec . 
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Nume ri c a l  compa ri s o n s  are p re s en ted for th ree s e l e c ted  pertu rb at i on 

cases . 

5 .  The  s team generator  re s pon ses to va ri a t i on of t he  feedwater 

mas s  fl ow rate and v ari a t i on of he l i um i n l e t tempe ra t u re a re s tud i ed by 

runn i n g the  s teady s tate code wi t h  300 sect i on s . These  re s u l ts a re used  

to  as s e s s  t he  i mportan ce of non l i near  effects . 

F i n a l l y , compa ri son of  the t ran s i en t  re s pon se s  fo r t h ree mode l s i s  

gi ven i n  Sec t i on 7 . 6 .  

7 .  l Compa ri son  o f  a Steady State 
C a l c u l at i on wi th Des i gn Data 

A set of typ i c a l  res u l ts from the s teady s ta te c a l c u l a t i on a re 

s h own i n  F i g ure 7 . 1 . I n  th i s  fi g u re ,  the tube l en gt h  i s  u sed  as one of  

t h e  coordi n a te s . For  the t u be l en gth greate r t h a n  1 49 . 99 ft , the 

secondary fl ow ch an ges d i rec t i on from upward to downwa rd . The  s ta te 

vari ab l e  d i s t ri b u t i ons s hm'm i n  Fi gu re 7 . 1  i n c l u de pr i mary f l u i d 

tempe rature a nd  p re s s u re , tube a verage and  s urfa ce temperat ures  and  

s econ dary f l u i d pre s s u re and  tempera t u re .  The  c ha racte ri s t i c s  of  the 

heat  t rans fe r  i n  d i fferen t reg i mes  are ref l ec ted i n  the  tube wal l 

temperat u re and a ve ra ge temperature d i s tri b u ti on s . For e xamp l e , the  

hea t t ran s fe r  coeffi c i en t  i n  the two phase  d ryou t  reg i on res u l ts i n  a 

h i gh tube tempera t u re i n  t hat  re g i on . Al s o , the effec ts of chan ge s  of  

t h e  t u be  wal l th i c knes s  o n  tempe rat ure and  p re s s ure d i s tri b u t i on s a re 

s h own . These  effects  ca u s e  rap i d  c hanges  i n  the s ta te v a ri ab l e 

d i s tr i b ut i on s  wh i ch c an be fo und a t  the l ocati o n s  wi th  tube  l e n g th eq ua l  

t o  1 2 5 . 70 ft  an d 1 49 . 99 ft . 
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As i n d i c ated i n  Chapte r 6 ,  page 6 1 , the s teady s tate prog ram matches 

one end con d i ti o n  wi th  des i gn data and  ca l c u l ate s  to the other en d .  I t  

i s  pos s i b l e  to comp a re these  c a l c u l ated re s u l ts w i th  des i gn va l ue s . 

F urthermore , the re s u l ta nt  sect i o n  l ength s , i . e .  t he  l en gt h s  of 

e conomi zer ,  evaporator an d  s u pe rheate rs obta i ned from s teady s ta te 

c a l c u l at i o n s  c an be u sed to compa re wi th the re ported des i g n val ues for 

the l en gth s  of each  sect i on . The des i gn i n format i on  i s  ob ta i ned from  

refere nce 1 6  and  reference 1 7 .  N umeri c a l  compari s o n  between t h e  s teady 

s tate c a l c u l at i on  and  des i gn da ta i s  gi ven i n  Tab l e  7 .  l .  l .  

N ume ri c a l  res u l ts heav i l y  re l y  on phys i ca l  pa rameters and  

co rre l ati o n s  u sed . Those  pa rameters are l i s ted i n  Tab l e  2 .  l ,  page 9 ,  

and  the  co rre l at i o n s  are g i ven i n  Chapter 5 .  I n  genera l , the compar i son  

of the  s teady s tate c a l c u l at i on wi th des i gn data a s  s hown i n  Tab l e  7 . 1 . l 

i s  goo d .  

7 . 2  Tran s i en t  Responses  

The t ran s i e nt  mode l i s  a few sect i on  model  wh i c h c on s i s t s  of t h e  s i x  

f l ow reg i o n s  des cri bed i n  Secti o n  3 . 1 , C apter 3 ,  page 1 5 .  I n  orde r to 

s tudy the a de q uacy of the n umber  of sect i ons s e l ected , two l ump i n g  c a se s  

a re a na l yzed for  the  tran s i en t  ca l cu l ati o n s . The  s tate var i ab l es of 

i n te res t a s s oc i ated wi th l ump i n g Case  l a re s hown i n  F i g u re 6 . 2 ,  page 69 . 

For l umpi n g Ca se  2 ,  the sect i on  n umbe rs co rre s po nd i n g  to t ho se  i n  Ca se  l 

a re s hown i n  F i g ure 7 . 2 .  

The  tran s i e nt  c a l c u l a ti on s  s ta rt wi th an  i n i t i a l s teady s tate wh i ch 

i s  g i ve n  i n  Tab l e  7 . 2 . 1 .  T h i s tab l e  i s  obta i ned by run n i n g  the s teady 

s tate code ca l c u l ati on wi th  300 sect i o n s  and tak i n g  data from the s teady 
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TABLE  7 .  1 . 1 

COMPAR I SON  B ETWEEN D ES I GN DATA AND STEADY STATE 
CALCU LAT ION  ( N UMB E R  OF  SECT I ONS  = 300 ) 

I tems for Compari s on 

Wate r  i n l et tempe rat ure ( F )  s team 

S team o u t l e t  p re s s u re ( ps i ) generator 

He l i um i n l et temperature ( F ) i np ut  

He l i um i n l et p re s s u re ( ps i ) cond i t i o n s  

Steam o u t l e t  tempe rature ( F )  

Wa te r i n l et p res s u re ( ps i ) 

S uperheater I I  s team i n l e t temperat ure ( F ) 

Superhea te r I I  s te am i n l e t pre s s u re ( ps i ) 

He l i um o u t l e t  tempe ratu re ( F ) 

He l i um out l e t  pre s s u re ( ps i ) 

S uperhe ater  I I  h e l i um out l e t temperatu re ( F ) 

Su perhea te r I l en g th ( ft )  

E va porato r  I l en gth ( ft )  

E vaporator  I I  l en g th ( ft )  

Economi ze r l en gth ( ft )  

aVa l ues obta i ned from referen ce 1 6 .  
b Va l ues o bta i ned  from re ference 1 7 .  

De s i gn 
Va l ues 

4 1 5 .  a 

2640 . a 

1 33 1 . a 

690 . a 

1 0 30 . a 

2980 . a 

750 . a 

2 790 . a 

74 1  . a 

6 86 . a 

1 1 92 .  a 

24 . 2 9 b 

2 5 . 5 l b 

2 3 . 38b 

76 . 8 l b 

Ca l c u l a ted 
Res u l t s  

4 1 5 .  

2640 . 

1 33 1  . 

690 . 

1 032 . 95 

2968 . 90 

758 . 53 

2 799 . 04 

742 . 89 

688 . 92 

1 1 99 . 1 6 

2 8 . 638 

l 7 .  982 

22 . 644 

8 1 . 2 52 



1 4  [ 9 ] 

1 3  
1- - - - - - -

1 2  [ 8 ]  

l l  
- - - - - - -

1 0  [ 7 ]  

9 
t- - - - - - -

8 [6  J 

7 
r- - - - - - -

6 [ 5 ]  

5 
- - - - - -

4 [ 4 ]  

3 [ 3 ]  
1- - - - - -

2 [ 2 ]  

82 

1 2  
- - - - - - 1- - - - - - - -

[8 ]  1 3 
L = L* 

[ 7 ]  l l  
- - - - - - - - - - - - - - -

1 0  
X = 

[6 ] 9 
f.- - - - - - - - - - - - -

8 

[ 5  J 7 
- - - - - - 1- - - - - - -

6 
X = 0 

[ 4 J 5 
1- - - - - - - - - - - - - -

4 
O N B  

[ 3 ]  3 
- - - - - - - - - - - - -

[ 2  J 2 
L = 0 � He l i um - - Tube 

[ 1 J l 

- Ste am/Water � 
[ ] :  A l umpi n g  case  wi th  two s ect i o n s  i n  the s ubcoo l ed  con vect i ve 

reg i o n  an d one sect i on  i n  each  o f  the rema i n i n g f l ow reg i o n s . 
O th en<�i se , a l umpi n g  case  wi th tvJO sect i o n s  i n  each  fl o•..: reg i on .  

F i g ure 7 . 2 .  The Corres pon den ce of the Sect i on  N umbe r between Two 
L umpi n g  Cases . 



TAB L E  7 . 2 .  1 

I N I T I AL STEADY STATE VALUES FO R TWO L UMP I N G  CAS E S a 

Boundary H 2 l i um T u be S team/�! ate r 
F l ow Re gi me Len gth P res s u re Tempe rat u re Tempe rat u re P re s s u re Tempe rat u re 
a n d  Sect i on ( Ft ) ( PS I )  ( F ) ( F ) ( PS I )  ( F ) 

He l i um i n l e t s e cti on 

1 4  [ 9  J 6 89 . 000 1 33 3 . 1 09 
[ 6 89 . 0 00 ] [ 1 333 . l 09  J 

S upe rhe ater I I 
co 

1 3  1 9 9 . 800 688 . 9 85 1 2 44 . 5 3 7  1 1 0 1 . 364  2 6 40 . 000 1 02 6 . 9 42 w 

( fi xe d ) [ 1 084 . 904 ]  [ 2 640 . 000 ] [ 1 02 6 . 942 ] 
[8 ]  

1 2  688 . 9 64  1 1 9 6 . 6 34 1 00 7 . 5 59  2 72 8 . 720 908 . 7 70 
[ 6 88 . 9 6 4 ]  [ 1 1 9 6 . 6 34 J 

S upe rhe ate r I 

l l  1 50 . 5 1 6  688 . 9 5 9  1 1 48 . 52 1  883 . 9 7 3 2 79 9 . 1 36 749 . 6 60  
( fi xe d )  

[ 7 ]  
[ 86 4 . 478]  [ 2 79 9 . 1 36 ]  [ 749 . 66 0 ]  

1 0  688 . 9 5 5  1 09 6 . 336  8 3 1 . 7 33  2869 . 6 88 709 . 1 60 
[ 6 88 . 9 5 5 ]  [ 1 09 6 . 3 3 7 ]  



TAB L E  7 .  2 .  1 ( con t i n ue d )  

Boundary--�- He l i um T ube S tearn[�J a te r  
F l ow Re g i me Len gth P res  s u re Tempe rat u re Tempe rat u re P re s s u re Tempe rat u re 
and  Sect i on ( Ft ) ( P S I ) ( F ) ( F ) ( PS I ) ( F ) 

E vaporator I I  

9 1 23 . 2 1 0  688 . 9 5 2  1 06 5 . 83 1  789 . 489 2922 . 1 49 6 9 1  . 366 
[ 1 2 3 . 2 1 0 ] [ 78 1 . 0 3 7 ]  [ 2922 . 1 49 ]  [ 6 9 1  . 366 ] 

[ 6  J 
8 688 . 9 49 1 0 34 . 586 7 84 . 2 2 1  2929 . 1 5 1 6 9 1 . 72 6  

[ 688 . 9 49 ] [ 1 0 34 . 586 ]  

E vaporator  I 
CD 

7 1 05 . 228 688 . 945  9 9 8 . 329 7 3 7 . 0 78  2935 . 984 6 9 2 . 0 7 7  .p. 

[ 1 0 5 . 228 ]  [ 732 . 0 84 ]  [ 2 9 3 5 . 9 84 ]  [ 6 92  . 0 7 7 ]  
[ 5 ]  

6 688 . 94 1  963 . 939  7 3 3 . 6 2 5  2 94 1 . 99 5  6 9 2 . 385 
[ 688 . 94 1 ] [ 9 6 3 . 9 39 ]  

E con omi ze r I I  

5 82 . 584 688 . 9 39 946 . 2 70 73 2 . 1 0 8 2946 . 83 7  692 . 6 32 
[ 82 . 584] [ 72 9 . 344 ] [ 2946 . 83 7 ]  [ 6 9 2 . 6 32 ] 

[ 4 ]  
4 688 . 9 3 7  9 2 7 . 443 726 . 726  2948 . 5 3 7  683 . 6 37  

[ 6 88 . 9 3 7 ]  [ 92 7 . 443] 



TAB L E  7 . 2 . 1  ( co n t i n ue d )  

Bounda ry Hen-um- Tube 
Fl ow Reg i me Len gth  P re s s u re Tempe ra t u re Temperature 
an d Sec t i on ( F t )  ( PS I ) ( F ) ( F ) 

E conomi z e r  I 

3 [ 3 ]  69 . 2 64  688 . 9 2 6  84 1 . 82 1  724 . 790  
[ 6 9 . 264 ] [ 6 88 . 92 6 ]  [84 1 . 82 1  J [ 72 4 .  79 0 ]  

2 [ 2 ]  6 88 . 9 1 9  740 . 2 7 7  600 . 950 
[ 688 . 9 1 9 ] [ 740 . 2 7 7 ]  [ 6 00 . 95 0 ]  

W a t e r  i n l e t s ect i on 

[ 1 ]  

Ste am/Wa te r  
P re s s u re 

( PS I ) 

2 9 50 . 4 1 8  
[ 2950 . 4 1 8 ] 

2 95 7 . 5 80 
[ 2 95 7 . 580 ]  

2 9 6 3 . 558 
[ 2 96 3 . 5 58 ]  

Tempe rat u re 
( F )  

669 . 80 7  
[ 6 6 9 . 80 7 ]  

5 6 7 . 381 
[ 56 7 . 387 ]  

40 3 . 000 
[ 403 . 00 0 ]  

a [ ] :  fo r l ump i ng ca s e  wi t h  two s ect i o n s  i n  t h e  s ub coo 1 e d  con vect i ve reg i on a n d  one 
s e ct i on i n  e ach  of the rema i n i n g f l ow reg i on s  ( l ump i n g Case  2 ) . Otherw i s e , for l umoi n g  c a se  
wi t h  two s e ct i on s  i n  ea ch of  t he  f l ow re g i o n s  ( l ump i n g  Ca s e  1 ) .  

co U1 
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s tate d i s tr i b ut i on s fo r the s tate vari a b l e s  i n  the mode l d i a gram a ccord i n g  

to t he mode l  s t ru ct ure des c ri bed i n  Sect i on 3 . 7 ,  Chapter  3 ,  page 29 . I n  

T ab l e  7 . 2 . 1 , the i n i t i a l s te a dy s ta tes  fo r two l ump i n g  c a se s  are g i ven . 

The i n pu t cond i t i on s  of  the s team  generator for generat i n g  the 

n umer i c a l  va l ues in Tab l e  7 . 2 . 1  and  the res u l tan t ou tp u t  s ta te v ari ab l es 

a re g i ven be l ow :  

I np ut  i nformat i on :  

h e l i um i n l et pre s s u re ( PG 1 4 ) : 689 . 0  ps i 

he l i um i n l et temperat u re ( TG 1 4 ) : 1 3 33 . 1  ° F  

h e l i um mas s  fl ow rate : 7 8 . 936 1 1 1  l bm/ sec/modu l e  

s te am out l e t  p res s u re ( PS 1 3 ) : 2640 . 0  p s i  

wate r i n l e t tempe rature ( T S l ) :  403 . 0  ° F  

wa te r mas s f l ow rate : 0 . 988220 l bm/s e cj tube 

O u tput  i n fo rmati on ( from the s teady s tate code ca l c u l at i o n ) : 

he l i um out l et p res s u re ( PG2 ) : 688 . 9  p s i  

he l i um out l et  tempe ra t u re (TG2 ) : 740 . 3  o F  

s te am out l e t  temperature ( T S 1 3 ) : 1 026 . 9  ° F  

wa te r i n l e t pres s u re ( PS l ) :  2963 . 6  p s i  

boundary l en gth a t  onse t of n u c l eate bo i l i n g  ( S L l F ) : 6 9 . 264 ft 

boun d a ry l en g th at  X =  0 ( SL2 F ) : 82 . 584 ft 

boundary l en g th at X =  XDNB  ( SL 3 F ) : 1 0 5 . 228 ft 

boundary l ength  at X = 1 ( SL 4 F ) : 1 2 3 . 2 1 0  ft 

I n  the  fol l owi n g  sect i on s ( i . e .  f rom Sect i on 7 . 2 . 1  to Secti on 7 . 2 . 6 ) , 

tran s i en t  re s pon ses  that re s u l te d  from Case  l are u sed  for i n terpretat i on  

of  the phys i ca l  phenomena fo r the s team generator sys tem . I t  i s  found 
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that the a symptot i c res u l ts i n  Case 1 a re fa i rl y  con s i s tent  wi th the 

va l ue s  from the s teady s ta te ca l c u l at i on . Those res pon s e s  i n  Cas e  2 

t ogethe r wi th e ffects  of reduc i n g  the n umbe r of  sec ti on s  i n  the tran s i en t  

mode l a re d i s c u s s ed i n  Sect i on 7 . 3 . 

Fo r the  con ven i en ce of  exp l a i n i n g  the ta b l e s  and  fi g u re s  gi ven be l ow ,  

the fo l l ow i n g  n otati o n s  a re u sed . 

Let  S V  be a s tate vari a b l e wh i ch may be the s team/wate r pres s u re , 

P S , the s team/wate r tempe rat u re , TS , the he l i um temperature , TG , the 

he l i um p re s s u re , PG  and  the tube  temperature , TM . Let  SV . be the s tate 1 n 
vari a b l e ,  SV , at  the fl u i d en trance of  the s team gene rator and l e t SV0 
be the s t ate vari a b l e SV  at  the fl u i d ex i t of the s team generato r .  From 

the above defi n i ti on , i t  i s  note d  th at , fo r the l ump i n g  Case  1 ,  

P S . = P S l  1 n  TS TS 1 3 0 

Fu rthe rmore , 1 e t  

P G0 = PG2 a n d  TG0 = TG2 

LSVk = change i n  SVk i n  the t ran s i en t  s tate a t  the fi n a l  obs e rva t i on 

t i me ,  whe re k = i n  or  o .  

A pos i t i ve 6SVk i n di c ates an i n c rease  i n  SVk . 

A l s o ,  l e t 

LeS V  = di ffe ren ce i n  SVk be tween the t ran s i en t  s tate a t  the fi n a l  
k 

obse rvat i on t i me and  the s teady s tate afte r pe rt urb at i on .  

A pos i t i ve 6e SV i mp l i e s that  the t ran s i en t  va l ue i s  greater than 
k 

the s te ady s ta te va l ue .  

Therefore , i n  the above notat i on , 6S Vk g i ves an i dea  ab out the 

changes  i n  re s pon se s  of the s team generator output con d i t i on s  and  Lesv k 
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re vea l s the dev i at i ons  of the tran s i en t  res pon s e s  at the fi n a l  o b serva t i on 

t i me from those  p red i cted by the s teady s tate code . 

Moreove r ,  l et 

E co nomi ze r I = s ub coo l ed  con vect i ve re gi o n s  

E conomi ze r I I  = s ub cool ed  n uc l e ate bo i l i ng re g i ons  

E vaporator  I = s aturated n u c l ea te bo i l i n g reg i on s  

E vaporator I I = departure from n u c l eate bo i l i n g  reg i on s  

Superheate r I = s upe rheated  re g i on s  w i th  tube l en gth < 1 49 . 99 f t  

S uperheate r I I  = s uperheated re g i on s  wi th  t u b e  l en gt h  > 1 49 . 99 ft 

7 . 2 . 1  Re spon s e s  to  a Step Change  i n  Water I n l e t E nth a l py 

T ran s i en t  res pon se s  for 9 ° F  s tep i nc rease i n  wate r i n l e t tempera t u re 

( or  2 . 5% s tep i n c rease  i n  water i n l et e n th a l py ) are s h own i n  Fi gu re 7 . 2 . 1 . 

As a res u l t of i n c reas i n g i n l e t wate r ene rgy , the tempe rat ure of each  

sect i o n  on the  s team/wate r s i de i n c reases , wh i ch i s  s h own i n  the c u rves 

of TS3 , TS5 , TS 7 , TS9 , T S l l an d TS 1 3 .  Due to the rma l expan s i on , the 

s team/wate r p re s s u re fo r e ach s e c ti on i s  i n crea s ed . T h i s i s  s hown i n  

P S l , PS3 , PS5 , P S 7 , PS9 and  PS l l .  P S 1 3 i s  one of  the i n p u t  co nd i t i on s . 

I t  i s  h e l d con s ta n t  for th i s  c as e . Beca use  the i n c rease  i n  the  tota l  

p re s s u re of e ach  sect i on i s  re l a t i ve l y  s ma l l ,  the  i n crea s ed  ene rgy ha s  a 

domi n ant  e ffec t  on p romoti n g  wa te r e vaporat i on . Therefore the l ocat i o n s  

of  t h e  re g i me boundar i e s , i . e .  t h e  on s e t  of  n u c l eate bo i l i n g ,  s a t u rated 

water wi th ze ro s team q ua l i ty ,  departure from n u c l ea te bo i l i n g  and  the 

s team wi t h  un i t  s team q ua l i ty mo ve downwa rd toward the wate r  en tran ce a s  

s h own i n  the  c u rves of S L l F ,  SL2 F ,  S L 3 F  an d SL4 F .  The i nc reased 

s team/water temperature c an pre vent  he a t  t ra n s fe r  from the t ube to the 
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CJ : l N ! T l fi L  S E F1 0 1  S T q T E  V R L J E  x : S T E R o r  s r q r E  V R L U E q F T E 9  c E 9 T U A a q T I O N 
� : T R A N S I E N T  V R L U E  R T  T ! M E � 5 0  S E C  

2 5 4 5 . 0 0 l 
I 

P 5 i 3  CJ = 2 5 3 9 . 9 9 8  
X = 2 5 3 9 . 9 9 8  

rn---------------------------------�® � = 2 6 3 9 . 9 9 8  2 6 3 9 . 0 0 J  
2 8 0 5 . 0 0 

p 5 1 1  CJ = 2 7 9 9 . 1 3 5 x = 2 a c:: o .  2 7 3  
l_ ________________________________ � 

� = 2 7 9 9 . 9 9 5  
2 7 9 9 . 0 0  '<'� 

2 9 2 3 . 0 0 

P 5 9  
CJ 2 9 2 2 . 1 4 8  ----------e.J X 29 2 5 . 5 3  1 
� = 2 9 2 5 . 2 2 3  

= 2 9 2 2 . 0 0  
� 2 9 4 1 . 0 0 1 
LJ 
a:: P 5 7  
::::J 
r.n 

['] = 2 9 3 5 . 9 8 3  
X =  2 9 4 0 . 2 1 3  
� = 2 9 4 0 . 1 9 1  

r.n z s 3 s . o o  
LJ � 2 9 5 2 . 0 0 1 

P S S  
2 9 4 6 . 0 0 .':f  
2 9 5 6 . 0 0 

P S 3  

2 9 5 0 . 0 0 
2 '3 6 9 . 0 0 

P S 1 

C'J = 2 9 4 G .  8 3 5  ----------------� X = 2 9  50 . 7 3 6  
� = 2 9 5 0 . 9 4 8  

CJ = 2 9 S CJ . 4 1 7 
X =  2 9 S 4 . 3 4 li  

� = 2 9 54 . 6 1 : 

L'J = 2 9 5 3 . 5 5 6  ---------------------ii'Q X = 2 S 5  7 • 4 4 4 
G = 2 9 5 7 . 4 7 6  

2 9 6 3 . 0 0 �-------,-------,--------r-------,-��--� 3 0 . 0 0  4 5 . 0 0 6 0 . 0 0  7 5 . 0 0  0 . 0 0 1 5 . 0 0 
T I M E ( S E C l  

Fi g u re 7 . 2 .  1 .  Tran s i en t  Res pon s e s  to 9 ° F  Step I n c re ase  i n  Feedwate r 
Tempe rature . 
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Ll : 1 N l T !  R L  S T E R O l  S H \ T E  V R L U E  
X : S T E R O Y  S T R T E  Y R L U E  R F I � A  P E A T U R B R T J O N 
c:l : f Ri=1 N S J E N T  V R L U E  R T  T I M E = 6 0  S E C  

1 0 3 5 . 0 0 

Ll = 1 0 2 6 . 9 4 1  
T S 1 3  X 1 0 3 1  . 3 2 9  

c:l = 1 0 3 1 . 8 0 1  

1 0 2 5 . 0 0 .:r  

7 5 9 . 0 0 

[::J = 7 4 9 . 6 6 0  
T 5 i 1 X = 7 S 3 . 8 3 2  

c:l = 7 5 4 . 4 7 0  

7 4 9 . 0 0 

7 0 1 .  0 0  

l T 5 9 [::J 5 9 1 . 3 6 5  
:::: 6 9 1 . 0 0 

X = 6 9 1 . 5 9 1  
J..t; C) 6 9 1 . 5 7 6  

7 0 2 . 0 0 I w 
cc 
:=! 
t- T 5 7  cr [::J 6 9 2 . 0 7 6  cc X = 6 9 2 . 2 9 3  
W 6 S 2 . 0 0 C) = 6 9 2 . 2 9 2  CL :L 7 0 2 . 0 0  l w 
t-

T S S  [::J 5 9 2 . 6 3 2  
X 6 9 2 . 8 3 1  

S S 2 . 0 C C) 6 9 2 . 8 4 1  
5 7 9 . 0 0 l T 5 3  Ll = 6 6 9 . 8 0 5  

I X 5 7 0 . ':3 5 4  
5 5 9 . 0 0 g:-- � C)  6 7 0 . 0 5 0  
4 1 2 . 0 0 -------® ['J 4 02 . 9 9 B  

X 4 1 1 . 9 9 B  
C) 4 1 1 . 9 9 6  

T 5 i 

4 0 2 . 0 0  � 

0 . 0 0 1 5 . 0 0 3 0 . 0 0  4 5 . 0 0 6 0 . 0 0 7 5 . 0 0 
T I M E l S E C J  

Fi gu re 7 .  2 .  l ( con t i n ue d )  
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2J : 1 N l R L S T E R O l  S T R T E  V i-'1 L U E  
X : S T lJ I  S T R T E  Y R L U E  R F ";" f ", P E � T u n C: Fi T l C �'< 
(':) : T 9 S l E N T  Y R L U E  R T  T l M E = C O  S E C  

1 2 4 . 0 0 

S L 4 F  Ll 1 2 3 . 2 \ 0  
X 1 2 1 . 8 7 8  

j:; C) = 1 2 1 . 9 7 4  

1 2 1 . 0 0  
1 0 6 . 0 0 -, 

I 

S L 3 F  Ll = \ 0 5 . 2 2 8  
r- X \ 0 3 . 8 9 6  LL 

C) 1 0 3 . 7 3 8 
I 1 0 3 . 0 0 :;s 4 . o o l ::z: 
w 
_j S L 2 F  

X [']  8 2 . 5 8 4  
X 8 \ . 9 1 3  

8 1 .  0 0  C) = 3 1 .  1 9 3 
7 0 . 0 0 

S L l F  X [']  6 9 . 2 6 4  
X = 5 8 . 5 9 8  
C) 5 7 . 5 3 7  

6 7 . 0 0  
0 . 0 0 1 5 . 0 0 3 0 . 0 0  i.l 5 . 0 0 5 0 . 0 0  7 5 . 0 0  

T I M E ( S E C l  

Fi g u re 7 . 2 .  l ( co n t i n ue d )  
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[2] :  I N J T J R L S T E P O I  S T r:n  
X : S T E R O l  S T R T E  V R L U E  C) :  T R R N S ! E N T  V R L U E R T  

: :: c::4 ] ______________________________ __ 

6 8 9 . 0 0 J� 
P C 1 2  

6 3 8 . 0 0 

u = 6 8 9 . 0 0 0  
X 6 8 9 . 0 0 0  

-� C) = G 8 9 . 0 0 0  

u = 5 8 2 . 9 6 4  
X = 6 8 8 . 9 6 3  
C) = 6 8 8 . 9 6 3  

6 8 9 . 0 0 �-----------------------------------® [2] = 6 3 8 . 9 5 3  

p c 1 1 I 
6 8 8 . 0 0 J 
5 8 9 . 0 0 

P C 9  

X G 8 8 . 9 5 8  
C) = 5 2 5 . 9 5 8  

5 2 8 . 9 5 1  
6 8 8 . 9 5 0  
6 o 8 . 9 5 CI  
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<H-----------------------------------� u = G 2 3 . 3 4 4  
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Q_ 
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C) = 5 8 8 . 9 2 4  

ffi------------------------------------�·- u = 6 8 8 . 9 1 8  
X =  6 0 8 . 9 1 8  
c:l = s a 8 . 3 J B  

0 . 0 0 ! S . O G 3 iJ . O O  '-! 5 . 0 0  

T I M E l S E C J  

Fi g u re 7 . 2 . 1  ( con t i n ue d )  
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Fi gure 7 . 2 . 1  ( cont i n ue d ) 
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Fi g u re 7 . 2 . 1  ( con ti n ue d )  
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s te am/wate r  an d from the  he l i um to  the tube meta l , s i n ce the  tempe rat u re 

d i ffe ren ce between two med i a i s  the  domi n an t  factor  fo r determi n i n g  heat  

fl ow .  Th i s  e ffec t  togethe r wi th t he  boundary mo veme n t  de te rmi nes  the 

t ube a ve ra ge tempe rature and the he l i um temperat ure i n  e ach sect i on . 

Fo r sect i on s  i n  the fi xe d bo undary re g i on , the i r tempera ture s  are c l os e l y  

re l ated t o  the heat  accumu l ated , hen ce TMl l a n d  TM 1 3 ri s e . B ut  TM3 , TM5 , 

TM7 and TM9 i n  the  movi n g  boundary reg i on s  depend a l s o  on bounda ry 

l ocati on s . Fo r a 9 ° F s tep  i n c rease  i n  feedwater temperat ure , cha nges  

i n  h e l i um tempe rat u res  may a l s o  depend  on  the  heat  t rans fe rred and  the  

bo un da ry mov i n g  a s  s hown i n  TG2  th rough TG1 2 i n  F i g u re 7 . 2 . 1 .  The  he l i um 

p re s s u res , P G2 th rough  PG 1 2 a re not  affected s i g n i fi can t l y  due to the  

re l a t i ve l y  s ma l l var i a t i on s i n  he l i um temperatures . 

A deta i l e d n ume ri ca l  compari s on be tween the t ran s i e nt  re s pon s e s  a t  

60 sec  and  t h e  s te ady s ta te va l ues afte r a 9 ° F s tep  i n c rease  i n  the  i n l e t  

wate r  temperature i s  s hown i n  Tab l e  7 . 2 . 2 .  I n  genera l , the compari son  i s  

i n  good a greemen t .  The c hanges  i n  the s team gen e rator t ran s i en t  outp uts 

and the i r devi at i on s  from  those  pred i cte d by the s teady s ta te code a re 

a l so s h own . I t  i s  seen that  the e s s en t i a l  res po n s es to a s tep  chan ge i n  

i n l e t wate r entha l py are i n  s team ou t l e t  tempe rature , wate r i n l et p res s u re 

and  then the h e l i um tempe rature . 

7 . 2 . 2  Re spon s e s  t o  a Step Change i n  
the Feedwate r Mas s F l ow Rate 

Res pon s e s  to a 0 . 05 l bm/ sec per t ube s te p  decrease i n  the feedwater 

mas s  fl ow ra te a re s h own i n  Fi gu re 7 . 2 . 2 .  One of  the effects o f  

decreas i n g  the secon da ry fl u i d mas s f l ow rate i s  the decrease  i n  heat  



TAB L E  7 . 2 . 2  

COMPAR I SON  O F  TRAN S I ENT  RESPONSES  AT 60 S E C  AND STEADY STATE  VALU E S  
AFTER  9 ° F  STE P  I N C REASE I N  F E E DWAT E R  T EMP ERATU RE a 

Boundary Hel i um Tube S te am/Wa te r  
F l ow Re g i me Length P re s s u re Tempe rature Temperatu re P re s s u re Temperature 
a n d  Sect i o n ( Ft )  ( PS I )  ( F ) ( F ) ( PS I )  ( F ) 

He l i um i n l e t s e ct i on 

689 . 000b 1 33 3 . l 09b 
1 4  [ 9  J 689 . 000 1 3 3 3 . 1 0 9  

[689 . 00 0 ]  [ 1 333 . 1 09 ]  

S upe rheater I I 
f, 

l 2 45 . 4 1 5 b l 1 04 . 5 29 b 2640 . 000b l 0 3 1 . 3 30b <..0 
688 . 985'"'  0> 

1 3  688 . 985  1 246 . 005  1 1 0 5 . 28 1  2640 . 000 1 0 3 1 . 80 1  
[ 2 6 40 . 00 0 ]  [ l 0 3 1 . 5 40 J 

[8 ]  
688 . 964b 1 1 98 .  206b l O l l  . 6 9 3b 2 7 29 . l 9 5b 9 1 4 . 25 6 b 

1 2  688 . 964  1 1 98 . 583 1 0 1 1 . 5 20  2 7 2 9 . 1 33 9 1 4 . 339 
[688 . 96 4 ]  [ 1 1 98 . 6 2 5 ] 

S upe rheate r I 

6 88 . 959 b 1 1 47 .  863b 886 . 6 74b 2800 . 2 74b 75 3 . 833b 
1 1  688 . 9 58 1 1 4 8 . 864  887 . 449 2 79 9 . 996  754 . 4 7 1  

[ 2 799 . 76 7 ]  [ 75 4 . 438] 
[ 7 ] 

688 . 9 54b l 094 . 26 5b 830 . 02 9 b 2875 . 09 7b 7 1 0 . 286 b 
1 0  6 88 . 9 5 4  1 094 . 1 5 3 8 30 . 7 56  28 74 . 9 1 1 7 1 1 . 0 78 

[ 688 . 9 54 ]  [ 1 094 . 3 64 ]  



TAB L E  7 . 2 . 2  ( co n t i n ue d )  

Boundary He l i um T u be s feamTWa te r 
F l ow Reg i me Len g th P re s s ure Tempe ra t u re Temperat ure P re s s u re Tempe ra tu re 
an d Sec t i on ( Ft )  ( PS I ) ( F ) ( F ) ( PS I ) ( F )  

E vaporator I I  

l 2 1 . 878b 688 . 9 5 l b 1 06 2 . 7 1 7b 788 . 7 7 1  b 2 926 . 5 32 b 6 9 1 . 592 b 
9 1 2 1 . 9 74 688 . 95 1  1 06 3 . 432  788 . 94 7  2926 . 224  6 9 1 . 5 76  

[ 1 2 1 . 780 ] [ 2924 . 6 50 ] [ 6 9 1  . 49 5 ]  
[ 6 ]  

688 . 948b 1 0 3 1  . 7 5 6 b 783 . 5 94b 2 9 3 3 . 456 b 6 9 1 . 947b 
1..0 

8 688 . 948 1 0 32 . 00 3  78 3 . 600 2 9 3 3 . 2 90  6 9 1 . 9 39 -....j 

[ 6 88 . 9 4 7 ]  [ 1 0 3 1 . 2 1 7 ]  

E vapo rato r  I 

1 03 . 896b 688 . 944b 996 . 894b 7 3 7 . 0 6 5 b 2 940 . 2 1 4b 692 . 2 9 4b 
7 1 0 3 . 738 688 . 944 9 96 . 1 9 1 736 . 943  2940 . 1 9 3 692 . 292  

[ 1 03 . 1 9 8]  [ 2 9 38 . 90 0 ]  [ 692 . 2 2 6 ]  
[ 5 ]  

688 . 94 1 b 962 . 6 55 b 7 3 3 . 5 9 1 b 2 9 45 . 99 9b 692 . 5 89 b 
6 688 . 940 962 . 204 7 3 3 . 5 36 2946 . 1 45  6 9 2 . 5 9 7  

[ 688 . 940 ] [ 9 62 . 472 ] 



TAB L E  7 . 2 . 2  ( con ti n u e d ) 

Bounda ry Rel i um Tube Steam7Wa te r 
F 1  OW Re g i me Len gth P re s s u re Tempe rature Tempera t u re P res s u re Tempe rat ure 
a n d  Sect i on  ( Ft )  ( P S I ) ( F )  ( F ) ( P S I ) ( F ) 

Econ omi zer  I I  

8 1 . 9 1 8b 688 . 9 39 b 945 . 99 1 b 732 . 209b 2 9 50 . 7 3 7b 692 . 83 l b 
5 8 1 . 1 9 3 688 . 9 38 9 44 . 3 1 4  7 3 1 . 96 6  2950 . 949 692 . 842 

[ 8 1 . 02 7 ]  [ 2949 . 4 1 6 ]  [ 6 9 2 . 764 ] 
[ 4 ]  

688 . 936b 9 2 7 . 226 b 7 2 7 . 060b 2952 . 450b 684 . 49 3b 
4 688 . 9 36 9 25 . 2 7 9  726 . 562  2 9 52 . 687  683 . 876  <..0 

[ 688 . 9 36 ]  [ 9 2 5 . 494 ]  co 

E con omi ze r I 

6 8 . 598b 688 . 92 5 b 843 . 1 1 2 b 72 3 .  6 84b 2954 . 345 b 6 7 0 . 9 5 4b 
3 [ 3 ]  6 7 . 58 7  688 . 92 5  84 1 . 838 724 . 9 58 2 9 54 . 6 1 1 6 70 . 06 0  

[ 6 7 . 40 7 ]  [ 688 . 92 5 ]  [ 842 . 089 ] [ 2 9 5 3 . 020 ]  [ 66 9 . 92 7 ]  

6 88 . 9 1 7b ' 
605 . 0 78b 2 9 6 1  . 482b 5 7 1  . 62 6b 743 . 832 b 

2 [ 2 ]  688 . 9 1 8  743 . 07 9  604 . 2 84 2 9 6 1 . 6 1 2  5 70 . 833  
[ 688 . 9 1 8 ] [ 743 . 380 ] [ 2960 . 0 56 ] [ 5 70 . 766 ] 



F l ow Reg i me 
an d Sect i on 

Wate r i n l e t s ect i on 

[ l J 

Bounaary 
Length 

( Ft )  

TAB L E  7 . 2 . 2  ( co nt i n ue d )  

Heri um  
P re s s u re Tempe rat ure 

( PS I )  ( F ) 

Tu-5e 
Tempe rature 

( F )  

S te am/Water 
P re s s u re Tempe ra t u re 

( PS I ) . ( F ) 

b 2 9 6 7 . 445b 2 96 7 . 47 7  
[ 2 96 5 . 90 5 ]  

b 4 1 1 .  998b 41 1 . 9 96  
[ 4 1 1 . 9 96  J 

a [ ] :  Tran s i en t  re s po n s e s  fo r the l ump i n g  c a se  wi th  two s e c t i o n s  i n  the  s ubcoo l e d  
con vect i ve re g i on an d o n e  sec t i on  i n  each  o f  the  rema i n i n g fl ow re g i o n s . 

b Va l ues  o b t a i n ed  from the s teady s ta te c a l c u l a ti o n s  u s i ng 300 s e c t i on s  wi th the  i n p u t  
con d i t i on s  a fter pe rturbat i on . V a l ues  w i t h o u t  any mark a re the  t r�n s i en t  re s po n s e s  for the 
l ump i n g case  wi th two sec t i on s  i n  each  of  the f l ow re g i o n s . 

L'lP G0 
= - 0 . 00 1  [ -0 . 00 1 ] L'le PG 

= 0 . 00 1  [ 0 . 00 1 ] 
0 

L'lTG = 2 . 802  [ 3 . 1 0 3 ]  L'leTG 
= -0 . 7 5 3  [ -0 . 452 ] 0 0 

L'lP S . = 
1 n  3 . 9 1 9  [ 2 . 34 7 ]  L'le PS . 

= 0 . 032  [ - 1  . 5 4 ]  
1 n  

L'lT S0 
= 4 . 859  [ 4 . 598]  L'leTS  

= 0 . 47 1  [ 0 . 2 1 ] 
0 

<.0 
<.0 
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remova l  per  un i t  t i me from the s team generato r .  Therefore the 

s team/wate r tempe ra t ure ri s e s  i n  e ach  sect i on , a s  s hown i n  TS5 , TS 7 , 

T S9 , T S l l an d TS l 3 . TS3 i s  a l mos t s tat i onary ,  wh i c h may be due to  the 

i mpo rtan ce of the boundary moveme n t  toward the co l der  e n t ran ce i n  th i s 

sect i on . The dec rease  i n  the heat  remova l  rate en h an ces water 

evaporat i o n , wh i ch causes the re gi me bo u n da ri e s , S L l F ,  SL2 F ,  SL3F and 

SL4F to  move towa rd the water en trance . Compa red wi th the i n tern a l  

energy i n c rease , the boun d a ry move h a s  re l at i ve l y  l i tt l e e ffect o n  each  

s e c ti on ' s  tempe rature . On the  other h an d , the dec rease  i n  the mas s f l ow 

rate dec re as e s  the p re s s u re d rop  a c ros s a sect i o n , therefo re the pres s u re 

i n  each  sect i on a t  the beg i n n i n g  of  the perturba t i on drops rap i d l y  an d 

then recovers s l ow ly  due to the thermal e xpan s i on i n  the s team/wa ter .  

Th i s i s  s h own i n  P S l  t hrough PS l l . ( PS 1 3 i s  an i n p u t  q uant i ty . ) The 

i n c rea se  i n  the s team/wate r tempe rature p reven ts heat  from be i n g 

t ran s fe rred from the tube meta l to  the secon dary fl u i d .  There fore the 

t ube tempe rat ure i n c reases  a s  s h own i n  TM3 thro u gh TM1 3 .  S i n ce the 

t ran s fe r  of heat i s  dec reased , the energy of the pri ma ry f l u i d i s  

accumu l ated . However the tempera t u re of a sect i on depends on the  i n te rn a l  

ene rgy , the moveme n t  of the bo undari es and  t h e  non l i ne ar  properti e s  i n  a 

sect i on . There fore some of the  he l i um secti on tempe rat ures ri se  ( s uch  

a s  TG2 , TG3 , TG5 , TGl l and  TG 1 2 )  a n d  some of the he l i um temperatures  

( TG 7  and  T G9 ) fa l l .  The ri se an d fa l l  o f  each  he l i um sect i on temperature 

i s  con s i s te n t  wi th the  s teady s tate c a l c u l a ti on . The he l i um pre s s u re h a s  

l i tt l e v a ri a t i on . Th i s  i n d i c a tes  th at  t he  the rmal expan s i on of  he l i um 

corres pond i n g  to  a 0 . 05 l bm/sec  pe r tube  s tep change  i n  the feedwate r 

mas s fl ow rate i s  i n s i gn i fi c an t .  
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A n ume ri ca l  compari s on between the trans i en t  re s pon s e s  at  60  s e c  

a n d  the s teady s tate va l ue s afte r a 0 . 05 l bm/s e c  pe r tube s tep  de cre ase  

i n  the fee dwate r mas s fl ow ra te i s  s h own i n  Tab l e  7 . 2 . 3 . Gene ra l l y  the 

de vi at i on s  of the t rans i en t  val ues from those of  the s teady s tate a re 

s l i gh t l y  h i gh e r  th an th ose i n  the cas e of  fee dwate r  i n l e t e n th a l py 

pert u rb ati on . Th i s  i mp l i e s that  the fl ow di s t ri b u t i on s  chan ge somewhat  

fo r the amoun t of  change i n  wate r  mas s  fl ow rate . The fl ow d i s tri b u ti on 

ch an ge can n o t  be  treate d  accurate ly  i n  a few sect i on mode l . Howe ve r ,  

i n  the output res pon ses  o f  the s te am gene rator ,  the cons i s ten cy between 

the tran s i en t  and the s teady s tate va l ues i s  good a s  s h own i n  Tab l e  7 . 2 . 3 . 

7 . 2 . 3  Re spon ses  to a Step Change 
i n  the Ste am Out l e t  P re s s u re 

A 58 ps i ( 4  ba rs ) s tep decrea s e  i n  the s team out l et pres s u re l ea d s  

to  the res pon se s h own i n  Fi g u re 7 . 2 . 3 .  The drop i n  the s te am out l e t  

p res s u re causes  the drop of the s te am/wate r p re s s ure i n  the tube , wh i ch 

i s  s h own i n  P S l  th rough P S l l .  Due to th e de crease  i n  p res s u re ,  the 

co rre s pon d i n g  tempe ratu re of each  se cti on de cre as e s , th i s  i s  s hown i n  

TS3  th rough  TS l l . The de v i ati on o f  the s team o ut l e t  tempe rature , TS l 3 ,  

o f  1 . 8° may be  due to the ch ange of the s tate va ri ab l e  di s tri b uti on s 

wh i ch a re not  accurate ly co unted i n  the tran s i e n t  mode l w i th a few 

s e ct i o n s . The va ri ati on of TS l l may be  i n te rp reted as the comb i ned  

e ffe ct of the boundary movement and the  p res s u re drop . I t  i n d i c ates th at  

the boun d a ry movement  i s  re l at i ve l y  i mportan t on  TS l l .  The  re s pon s e  of  

e a c h  re gi me bo un da ry depend s  on t h e  boun dary condi ti on an d t h e  l oc a l  

t hermodyn ami c p rope rti es . For e xamp l e , S L l F ,  the boun da ry of the on s et  



TAB L E  7 . 2 . 3  

COMPARI SON O F  T RAN S I ENT RE SPONSES  AT 6 0  S E C  AND STEADY STATE VALUES  
AFTER 0 . 05 L BM/SEC  P E R  TUB E  STE P  D EC§EAS E  I N  THE  

FEE DWATE R  MASS FLOW RATE 

F l  m·1 Re g i me 
and  Se ct i on 

He l i um i n l e t s e ct i o n  

1 4  [ 9  J 

Supe rheate r  I I 

1 3  

[ 8 ]  

1 2  

S uperheater  

1 1  

[ 7 ]  

1 0  

Boundary 
Len gth 

( Ft )  

Heli um 
P re s s u re Tempe rat u re 

( P S I ) ( F ) 

6 89 . 000b 1 33 3 . 1 09b 
689 . 000 1 3 33 . 1 09 

[ 689 . 000 ] [ 1 3 33 . 1 09 ]  

688 . 983b 1 2 5 5 . 045b 
688 . 9 82 1 2 6 2 . 700 

688 . 96 l b 1 2 1 5 . 486b 
688 . 960 1 2 1 6 . 88 1  

[688 . 96 0 ]  [ 1 2 1 6 . 30 0 ]  

688 . 954b 1 1 5 6 . 5 9 7b 
688 . 95 3  1 1 5 9 . 26 1  

688 . 948b 1 089 . 434b 
688 . 947  1 089 . 482 

[ 688 . 94 5 ]  [ 1 092 . 6 4 5 ]  

Tube S te am/Water 
Temperat ure P res s u re Tempe ratu re 

( F ) ( PS I ) ( F ) 

1 1 40 . 00 1  b 2 640 . 000b 1 0 79 . 520b 
1 1 49 . 6 30 2 640 . 000 1 0 79 . 5 1 0  

[ 2640 . 000 ]  [ 1 0 7 1 . 37 0 ]  

1 0 55 . 608b 2 72 5 . ooob 9 70 . 907b 
1 0 36 . 9 6 5  2 724 . 1 2 2 9 5 6 . 389 

9 1 9 . 62 9b 2 79 5 . 082b 7 95 . 896 b 
9 2 1  . 6 9 7  2 7 9 1 . 0 1 2  79 7 . 9 54 

[ 2 7 89 . 0 34 ] [ 79 2 . 6 6 2 ]  

8 33 . 85 1 b 2886 . 2 7 l b 7 2 3 . 1 47b 
834 . 454  2887 . 964  7 25 . 398 

--' 
0 co 



TAB L E  7 . 2 . 3  ( cont i n ued ) 

Boun da ry H e l i um Tube S team/W ate r 
F l ow Re g i me Length P re s s u re Temperature Tempe rat u re P res s u re Tempe rature 
an d Sect i on ( Ft )  ( P S I ) ( F ) ( F )  ( P S I ) ( F )  

E vaporator I I  

1 1 5 .  884b 688 . 945 b l 06 0 . 506 b 790 . 22 7b 2 9 30 . 70 3b 6 9 1 . 806 b 
9 1 1 4 . 3 1 1  688 . 944 1 06 0 . 926  790 . 30 3  2 9 2 9 . 6 86 6 9 1 . 75 4  

[ 1 1 2 . 9 7 7 ]  [ 29 20 . 5 92 ] [ 6 9 1  . 286 ] 
[ 6  J 

688 . 942 b l 0 30 . 982b 785 . 286b 6 92 . 1 1 4b 2 9 36 . 700 
8 688 . 94 1  1 0 3 1 . 5 46 785 . 30 7  2935 . 6 70  6 9 2 . 06 1  

[ 688 . 940 ] [ 1 0 3 3 . 5 32 ]  

E vaporator I 

9 8 . 568b 688 . 939b 9 9 7 . 30l b 737 . 39 3b 2 942 . 590 b 6 92 . 4 1 5 b 
0 
\.0 

7 9 7 . 1 1 3  688 . 9 38 9 9 7 . 1 85 7 3 7 . 309 2 9 4 1 . 543  6 92 . 362 
[ 95 . 592 ] [ 2 3 32 . 6 6 1 ] [ 6 9 1 . 90 7 ]  

[ 5 ]  
688 . 9 36b 9 64 . 89 3b 7 34 .  1 42 b 2947 . 644b 692 . 6 7 3b 

6 688 . 9 34 964 . 40 3  7 34 . 0 1 5  2 946 . 7 1 5  6 9 2 . 626  
[688 . 9 3 3 ]  [ 9 6 6 . 1 4 7 ]  

E con omi z e r  I I  

7 7 . 2 56 b 688 . 9 3 3b 948 . 1 1 2 b 7 32 . 580b 2 95 1 . 7 7 5 b 6 92 . 884b 
5 75 . 536 688 . 9 32 946 . 782 7 32 . 347 2 9 50 . 890 692 . 8 39 

[ 74 . 1 72 ]  [ 2 9 4 1 . 9 7 2 ]  [ 6 9 2 . 38 3 ]  
[ 4 J 

688 . 9 3 l b 9 30 . 02 3b 7 2 7 . 476b 2 9 5 3 . 2 28b 683 . 9 1 7b 
4 688 . 9 30 9 28 . 004 72 7 . 005  2 9 5 2 . 42 1  683 . 464 

[ 688 . 92 8 ]  [ 9 2 9 . 86 3 ]  



F l ow Re g i me 
a n d  Sect i on  

E con omi ze r I 

3 [ 3 ]  

2 [ 2  J 

Wate r i n l e t sect i on 

[ 1 J 

TABL E  7 . 2 . 3  ( con t i n ued ) 

Bo-unaa ry - - -�- -1feT1L1m �--- --- Tuoe 
Length P res s u re Tempe ratu re Tempe rature 

( Ft )  ( PS I ) ( F ) ( F ) 

64 . 602 b 688 . 92 l b 849 . 2 75 b 72 3 .  7 1 5b 
62 . 2 7 1  6 88 . 920  847 . 9 1 0  726 . 2 5 4  

[ 6 1 . 08 1 ] [ 688 . 9 1 9 ] [ 849 . 99 1 ] 

688 . 9 1 4b 75 1 . 99 l b  604 . 866b 
688 . 9 1 4  7 5 1 . 2 2 3  603 . 926  

[ 688 . 9 1 3 ] [ 75 3 . 6 30 ]  

S team/Wate r 
P res s u re Temperature 

( PS I )  ( F ) 

2 9 54 . 85 2b 
2 9 54 . 1 1 1  

[ 2 9 45 . 1 43] 

2960 . 880b 
2959 . 868 

[ 2 9 50 . 76 7 ] 

2965 . 92 l b 
2964 . 7 1 8  

[ 2 9 5 5 . 52 2 ] 

669 . 990 b 
668 . 0 1 2 

[ 66 7 .  1 30 ]  

568 . 6 3ob 
5 6 7 . 658  

[ 5 6 7 . 1 75 ]  

40 3 . 000b 
40 3 . 000 

[ 403 . 000 ] 

a [ ] :  Tran s i en t  re s pon s e s  fo r the  l ump i n g c a se  wi th  two s ect i on s i n  the  s u bcoo l e d 
con vect i ve re g i on and  one sect i on i n  e a ch of  the rema i n i n 9 fl ow re 9 i on s . 

b Va l ue obta i ned from the s teady s ta te ca l c u l ati on s  u s i n g 300 s ect i on s wi th the  i n p ut 
con d i t i on s a fte r pe rtu rbati on . Va l ues wi th out  any ma rk a re the t ran s i en t  res pon s e s  for the 
l ump i ng c a se  wi th two secti on s  i n  each of the fl ow re g i o n s . 

LP G  = - 0 . 005  [ - 0 . 006 ] Le PG  < 0 . 00 1  [ - 0 . 00 1 ] 0 -

0 
LT G0 = 1 0 . 946  [ 1 3 . 35 3 ]  LeTG = - 0 . 768 [ 1 . 6 39 J 

0 
LP S . 1 n  = l .  1 6  [ - 8 . 036 ] Le P S . 1 n  

= - 1 . 20 3  [ - 1 0 . 399 ] 

LT S  = 52 . 568 [ 44 . 428 ]  LeTS = - 0 . 0 1  [ - 8 . 1 5 ] 0 0 

0 
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of n u c l e ate b oi l i n g  dete rmi n e d  by T = T t ( P ) , drops rap i d ly  i n i ti a l l y  s s  s a  
due to the  p re s s u re l os s , t hen  recove rs s l i gh t ly  due to  the  s l i gh t  

i n c re ase  of  the p res s u re a t  that l o cat i on . The boundari e s  de fi n e d  for 

the s aturated re g i on ( S L2 F ,  S L 3 F  an d SL4 F )  vary acco rdi n g  to the 

p res s u re effect  on the l oca l  p rope rty chan ge s  ( s uch as the s team q ua l i ty 

and  the e n th a l py ) . The s te am q u a l i ty for the dep a rt u re from n u c l e ate 

b oi l i n g i s  a fun cti on of p re s s u re , he at fl ux and  mas s  fl u x .  The 

s aturate d  l i q u i d s pec i fi c e nth a l py ,  h f , decreases  a s  the p res s u re 

de c re ases  wh i l e  the s aturated vapor s pe c i fi c  e nth a l py ,  h g , i n c reases  as 

the p res s u re de c re ases . Th i s i s  true for p re s s u res greate r than 444 p s i . 

A s pe c i fi c  e n th a l py defi ned  by h = h f + X ( h g - h f ) i s  de fi ned  by the 

comb i ned  effects  of h f , h g and  X w i th re s pect to a p re s s ure chan ge . The 

vari ati ons  of  SL2 F ,  SL3F an d SL4F re fl e ct th at  the p rope rti es ment i one d  

above are i mportan t  fa ctors i n  determi n i n g the re s ponses  o f  the s at u rated 

boun da ri es .  The de crease i n  the s te am/water tempe rat ure res u l ts i n  the 

de crea se  i n  the tube tempe rat ure , s uch as TM3 th ro u gh TMl l because  of  

th e i n crea se  i n  he at tran s fe r .  TM1 3 i s  l es s  a ccurate i n  compari s o n  w i th 

s teady va l ue , wh i ch may be due to i n accuracy i n  TS 1 3 .  Howeve r the 

de vi at i on i s  wi th i n 2 . 3° F . Al though the heat tran s fe rred from the h e l i um 

to the tube i s  i n c reased , both the boun dary moveme n t  and the heat 

t ran s fe rred c an affect  the he l i um temperatu re i f  the amount  o f  heat  

t ran s fe rred i s  sma l l .  Therefore TG2 th rough TG7  de crease  wh i l e  T G9 and  

TG l l i n c re as e . TG 1 2  i s  a l mo s t  s t ati o n a ry s i n ce i t  i s  c l ose to the 

h e l i um i n p u t , TG 1 4 wh i ch i s  he l d  cons tan t fo r the case  s tu di e d  and  

i n s i gn i fi can t heat  i s  tran s fe rre d to th at sect i o n . He l i um o res s u re has  
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n o  s i gn i fi can t change for a 58 ps i s te p  decrease  i n  the s team out l e t  

p res s u re a s  s hown i n  PG2 th ro ugh PG 1 2 because  the  hel i um p re s s u re i s  

i n sen s i t i ve to a s ma l l c han ge i n  temperature . 

A n ume ri c a l compari s on between the t ran s i en t  s ta te a t  60 s ec  an d 

the s teady s ta te afte r the pe rturbat i on i s  s hown i n  Tab l e  7 . 2 . 4 . The 

de vi at i on s  of  the trans i en t  val ues from the s teady s t a te va l ues i n  

Tab l e  7 . 2 . 4  a re sma l l s i n ce the e s sen t i a l  res ponse  i n  the outputs  of  the 

s team gene rato r due to  a 58 p s i  ( 4 b a rs ) chan ge i n  the s te am out l e t  

p res s u re i s  i n  t h e  water  i n l e t p res s u re .  

7 . 2 . 4  Re spon s e s  to  a S tep Change i n  
the Hel i um I n l e t Tempe rature 

Re s pon se s  for l 0 ° F  s te p  i n crea se  i n  the he l i um i n l e t tempe rature a re 

s h own i n  Fi g u re 7 . 2 . 4 . S i n ce the p ri ma ry fl u i d ,  he l i um ,  c a rri es mo re 

heat  i n to the s team  gene rator , the temperatu re of e ach he l i um s ect i on 

i n c reas e s  as s h own i n  TG2 th rough  TG 1 2 .  TG1 4 i s  the  i n p u t  h e l i um 

tempe rat ure . The he l i um p res s u re , as s h own i n  PG2 t h rough  P G 1 2 c h a n ges 

on ly s l i gh t l y .  Movi n g  boundari e s  h ave re l at i ve l y  s ma l l effects on e ach 

he l i um tempe rat ure . The i n creased  tempe ratu re di fference s  between 

h e l i um an d tube meta l s ect i on s cau se  more heat  fl ow from the he l i um s i de 

to  the  tube s i de ,  wh i ch re s u l ts i n  the  i n crease  of each  t ube  meta l  

tempe rat u re as s h own i n  TM3 th rough  TM1 3 .  The heat  t ran s fe r  from t he  

t ube met a l  t o  the s team/wate r s i de i s  i n c reased becau se  of  the i n creased  

tempe rat u re d i fferen ce between the tube  meta l s ect i on and the  s te am/wate r 

s ec t i on . Evaporat i on of wate r i s  enhan ced and  i t  i s  re fl ected  i n  the  

b oun dari es movi n g  toward the  water entrance a s  i n di cated i n  SL l F ,  SL 2 F ,  



TABLE 7 . 2 . 4  

COMPAR I SON O F  T RANS I ENT RE S PONSES  AT 60 S E C  AN D STEADY STATE VAL U E S  
AFTER 58  P S I  S T E P  DECREASE I N  STEAM OUTLET  P RESSURE a 

F l  ovJ Re g i me 
an d Sect i on 

He l i um i n l e t s ec t i on 

1 4  [ 9  J 

S uperheate r  I I 

1 3  

[ 8 ]  

1 2  

S u pe rheater  I 

1 1  

[ 7 ]  

1 0  

Bounaa ry 
Length 

( Ft )  

He-1 1 um 
P re s s u re Tempe rat u re 

( PS I ) ( F ) 

689 . 000b 1 33 3 .  1 09b 
689 . 000 1 33 3 . 1 09 

[689 . 000 ] [ 1 33 3 . 1 09 ]  

6 88 . 985b 
688 . 985 

l 2 44 . 1 36 b 
1 245 . 206  

688 . 964b 1 1 96 .  l 4 1 b 
6 88 . 964  1 1 96 . 89 7  

[688 . 96 4 ]  [ 1 1 9 7 . 2 1 2 ]  

688 . 960b 
688 . 9 59 

l l 50 . 1 8 l b 
1 1 50 . 1 2 9 

688 . 955b l l 00 . 5 7 5b 
688 . 95 5  1 09 9 . 7 66  

[ 688 . 955 ] [ 1 099 . 66 0 ]  

Tuoe 
Tempe rat u re 

( F ) 

l l  00 . 858b 
1 1 0 3 . 1 4 3 

l 006 . 405b 
1 006 . 203  

882 . 290b 
883 . 549  

833 . 804b 
833 . 356  

S team/Wate r 
P re s s u re Temperature 

( PS I )  ( F ) 

2 58 1  . 92 0b l 026 . 283b 
2 58 1 . 92 0  1 02 8 . 0 56  

[ 2 58 1 . 92 0 ]  [ 1 028 . 1 87 ]  

2 672 . 804b 
26 7 3 . 045  

2 744 . 832 b 
2 74 5 . 1 5 1  

[ 2 745 . 30 7 ]  

28 1 3 . 595 b 
281 5 . 1 2 4 

907 . 098b 
90 7 . 94 3 

745 . 986b 
747 . 783  

[ 748 . 22 3 ]  

706 . 5 5 4b 
70 7 . 092  

___, 
--I 
1..0 



TABL E  7 . 2 . 4  ( con t i n u ed ) 

Bo undary He l i um Tube  -�- ---�-stearil/Water  
Fl ow Re g i me Len gth P re s s u re Temperat ure Tempe ra t u re P re s s u re Tempe rature 
an d Sect i on ( Ft )  ( PS I ) ( F )  ( F ) ( PS I )  ( F ) 

E vapo rato r  I I 

1 24 . 542b 688 . 9 52 b 1 06 7 . 2 1 2 b 788 . 306b 2868 . 948b 688 . 606 b 
9 1 2 4 . 1 79 688 . 9 52  1 066 . 864 788 . 282 287 1 . 02 1  688 . 7 1 4  

[ 1 24 .  1 48 J [ 2 87 1 . 99 8 ]  [ 688 . 765 ] 
[6  J 

688 . 949b 1 0 3 3 . 632 b 782 . 6 l l b 2876 . 856b 689 . 0 1 9 b 
8 688 . 948 1 0 33 . 390 782 . 604 2878 . 884 6 89 . 1 25 

[ 688 . 948]  [ 1 0 32 . 1 2 3 ]  

E va p o rato r  I 

1 05 . 2 28b 688 . 9 45b 9 95 . 088b 7 34 . 460b 2884 . 40 9b 689 . 4 1 3b 
N 0 

7 1 04 . 943  688 . 945  9 94 . 952  7 34 . 5 3 1  2886 . 4 70 689 . 520  
[ 1 0 4 . 452 ] [ 288 7 . 88 1 ] [ 689 . 5 9 3 ]  

[ 5  J 
688 . 94 1 b 9 58 . 789 b 7 30 . 848b 2890 . 9 1 8b 689 . 7 5 1 b 

6 688 . 94 1  958 . 780 730 . 9 3 7  289 3 . 03 1  6 89 . 86 1  
[ 688 . 94 1 ] [ 9 59 . 26 1 ] 

E con omi z er  I I  

8 1  . 252 b 688 . 9 39b 942 . 374b 729 . 6 34b 2896 . 0 1 3b 690 . 0 1 6 b 
5 80 . 849 688 . 9 39  942 . 296  729 . 7 1 2  2898 . 2 1 8  690 . 1 30 

[ 80 . 879 ] [289 9 . 3 54 ]  [ 690 . 1 89 ] 
[ 4 ]  

688 . 9 3 7b 924 . 504b 7 24 . 490b 289 7 . 586b 68 1 . 685b 
4 688 . 9 3 7  924 . 6 55  724 . 5 76  2899 . 7 79  68 1 . 7 1 3  

[ 688 . 9 3 7 ]  [ 92 4 . 834 ] 



TABL E  7 . 2 . 4 ( co n t i n u e d )  

B-ou�nda.ry-- BelTum --� -- --� 
- Tuoe� - - s teamTWa te r  

F l ow Reg i me 
an d Sec t i on 

�en gth P res s u re Temp e ra t u re Tempe rat ure P re s s u re Temperature 
( F t )  ( PS I )  ( F ) ( F )  ( PS I ) ( F )  

Economi z er  

68 . 598b 688 . 926b 839 . 920 b 
3 [ 3 ]  6 8 . 323  688 . 926  839 . 89 1  

[ 68 . 2 8 1 ] [ 688 . 926 ] [840 . 0 59]  

688 . 9 1 9b 739 . 5 03b 
2 [ 2  J 688 . 9 1 9  7 39 . 432 

[ 688 . 9 1 9 ]  [ 7 39 . 584]  

Wa ter  i n l e t s ect i on 

[ 1 J 

720 . 766 b 
722 . 397  

599 . 6 1 0b 
599 . 6 7 2  

2899 . 356b 
290 1 . 5 2 3  

[ 2902 . 666]  

2 906 . 408b 
2 908 . 49 3  

[ 2909 . 6 34 ] 

2 9 1 2 . 32 2b 
2 9 1 4 . 3 78  

[ 2 9 1 5 . 5 1 5 ] 

668 . 1 33b 
66 7 . 1 52 

[ 6 6 7 . 1 95]  

565 . 905b 
565 . 9 95  

[ 5 66 . 0 1 5 ]  

403 . 000b 
40 3 . 000 

[ 40 3 . 000 � 

a [ ] :  Tran s i en t  re s pon s e s  for the  l ump i n g  c a s e  wi th  two sect i on s  i n  t he  s ub coo l ed  
con vec t i ve re g i on an d one sec t i on  i n  e ac h  of  the  rema i n i ng f l ow re g i on s . 

b V a l ues  obta i ned from the  s teady s ta te ca l c u l a t i o n s  us i n g 300 s e c t i ons  wi th the  i n p ut 
c on d i t i o n s  afte r perturb at i on . Va l ues wi thout  any ma rk a re t he  tran s i en t  re s pon s e s  fo r the  
l ump i n g case  wi th  two secti o n s  i n  e a ch of  the  f l ow reg i on s . 

6P G0 � 1 0 - 3  [ l 0- 3 ] 6ePG  � 1 0 - 3  [ 1 0 - 3 ] 
0 

6TG = - 0 . 845 [ - 0 . 6 9 3 ]  6eTG  = - 0 . 0 7 1  [ 0 . 08 1 ] 0 0 
6PS . = - 49 . 1 8  [ -48 . 043 ]  6e P S  = 2 . 056  [ 3 . 1 9 3 ]  1 n . 1 n  
tTS = 1 . 1 1 4 [ 1 . 24 5 ]  6eTS  = 1 . 7 7 3  [ 1  . 904 ] 0 0 

N 



1 22 

LJ :  l N ! I ! R L s -:- E c; C Y  S l c; T E  V f; L U E 
X : S T E R O l  S T c; T E  V R L U E R F T E R  c E R T U R 2 R i l O N 
C) :  f R R N S I E N T  V R L U E  l=l T  T I M E = 6 0  S E C  

P 5 1 3  LJ ::: 2 5 3 g . 9 8  
X = 2 5 3 9 . 9 9  

2 s s o . o ol_ 
2 5 3 9 . 0 0 ----------------------------� C) =  2 5 3 9 .  9 8  
2 8 1 0 . 0 0

l 

p 5 1  1 
2 7 9 9 . 0 0 
2 9 3 3 . 0 0 

P 5 9  

CJ = 
-------------------------�� ; 

----------------�� � X 
C) = 

2 7 9 9 . 1 3 5 

2 8 0 2 . 7 1 3  
2 8 Cl l . 9 0 0  

2 9 2 2 .  1 4 8  
2 9 3 2 . 1 2 2 

2 9 3 ! . 5 6 0  

= 2 9 2 2 . 0 0  
([) 2 9 4 6 .  0 0  Q_ -----------·� :::'J 2 9  3 S .  S 8 3 
w X 2 9 '-J S .  3 5 6  
a:: P 5 7  ::::::l 

C) = 2 9 4 4 . 9 0 3  

([) 
([) 2 9 3 5 . 0 0 !:?  � 2 9 5 7 . 0 0 
Q_ 

P S 5 

2 9 4 5 . 0 0 9  
2 9

p

6 � 
_

'
0 1 

- J J I 
2 9 :::, 0 .  0 0 � 

------------�� CJ = 2 9 4 5 . 8 3 6  
X = 2 9 5 5 . 9 4 2  C) = 2 9 5 5 . 5 2 5  

----------------� CJ 2 9 5 0 . � 1 7  

X = 2 9 5 3 . 5 4 8  C) 2 9 5 9 . 2 2 8  

2 9 7 4 . 0 0 l 
------------------c� CJ = 2 g 6 3 . 5 s 5 

X =  2 9 7 2 . 5 8 1  
P S 1 o = 2 9 7 2 . 1 0 6 

2 9 5 3 . 0 0 �------�------�------�--------�, -------, 
0 . 0 0 1 s .  0 0  3 0 . 0 0  4 5 . 0 0 5 0 . 0 0  

T I M E l S E C J  
7 5 . 0 0  

Fi g ure 7 . 2 . 4 .  T ran s i ent  Res pon s e s  to  l 0° F  Step I n c rease  i n  Hel i um 
I n l e t Tempe rature . 



1 0 4 4 . 0 0  

T 5 1 3  

1 2 3 

LJ :  ! N I T I R L S T E R O l S O T E  V R L U E 

X : S T E R O l  S T R T E  V R L  E � F T E R  P E R T U R e R T I C � 
(') : r R R N S  I E N T  V f1 L LC E  T T !  M E = G O  S E C  

-----------------'� LJ 1 0 2 6 .  9 4 1 
X 1 0 4 3 . 6 8 5  
(') = 1 0 4 3 . 3 i 8  

1 0 2 6 . O O w  
7 6 7 . 0 0 1 

T 5 1  1 -------------------� LJ 7 4 9 . 6 6 0  
X 7 6 0 . 1 6 3  
C) 7 6 0 . 2 9 8  

7 4 9 . 0 0 
1 0 9 . 0 0 

T 5 9 
i.e_ 
� 6 9 1 . 0 0 

7 1 0 . 0 0 w 
a:: 
� 
r- T 5 7  
0:: 
a:: 
LJ 6 9 2 .  0 0  o_ 
:z 7 1 0 . 0 0 
w 
r-

T S S  

5 9 2 . 0 0 
6 8 7 . 0 0 

T S 3  

6 6 9 . 0 0 
4 2 0 . 0 0  

T S l 

4 0 2 . 0 0 

l I 
LJ 5 9 1 . 3 6 6  
X 6 9 1 . 6 7 9  I �------------------------------------� (') G 9 1 . 8 S l  

. 

I LJ 6 9 2 . 0 7 6  
X 6 9 2 . 5 5 6  I 

�-----------------------------------z (') = 6 9 2 . 5 3 3  

l 

['] = 6 9 2 .  6 3 2  
X 6 9 3 . 0 9 5  
(') = 6 9 3 . 0 1 8  

0 6 5 9 . 3 0 5  
X 5 7 0 . 4 5 3  

�------------------------------------�- (') 5 6 9 . 7 8 5  

l 
0 . 0 0 1 5 . 0 0 

I 
3 0 . 0 0  4 5 . 0 0 

T I M E ( S E C J  

Fi g ure 7 . 2 . 4 ( cont i n ued ) 

6 0 . 0 0 

4 0 2 . 9 9 8  
4 0 2 . 9 9 8  
li D? 9 9 8  I 

7 5 . 0 0 



1 2 4 . 0 0 l 
S L 4 F j'--' 

1 2 1 . 0 0  
1 0 6 . 0 0 .., 

S L 3 F  

:r 1 0 3 . 0 0 �8 4 . 0 0  
z 

_j S L 2 F 

8 1 .  0 0  
7 0 . 0 0  1 

S L  1 F 
I 

1 24 

� I L S T E � C T  S T � T  v L � F  
r � S T R T E  V R L U E  F T  � s E P T U R 2 R T ! C N 
9 N E N T  Y � L U E  R T  : �  = 6 0  S E C  

� 1 2 3 . 2 1 0  
X =  1 2 1 . 2 1 2  �--------� 0 = 1 2 1 . 0 4 5  

Ll = 1 0 5 . 2 2 3  �-------------� X 1 0 3 . 3 9 6  
C'J 1 0 3 . G l 7  

2J = -------------,TJX X = 0 = 

x u 

�-----------------� � 

a 2 . s a 4  
8 1 . 9 1 8  
8 i . 3 6 3  

6 ':1 . 2 6 4  
5 3 .  5 9 5  
6 7 . 3 6 7  

s 7 .  0 0  ! �--------r---------,---------,--------,-------� 0 . 0 0 i S . O O 3 0 . 0 0 '-1 5 . 0 0  

T I M E l S E C J  

Fi gu re 7 . 2 . 4  ( co n t i n ue d ) 

6 0 . 0 0  7 5 . 0 0 



l'] X 
L) 

6 9 0 . 0 0 

l P G 1 4  I 
6 8 9 . 0 0 I 
6 8 9 . 0 0 

I 
P G 1 2  J 5 8 8 . 0 0  

UJ 
Q_ 

5 8 9 . 0 0 

P G 1 1 

5 3 8 . 0 0 
5 8 9 . 0 0 

P G 9  

t_;__: f3 8 8 . CJ O  
CC r; ;:, g  0 0  � v v  • 

(0 
Ui 
LJ P G 7  cr: 
Q_ 

6 8 8 . 0 0 
6 8 9 . 0 0 

P G S  

6 8 8 . 0 0 
6 8 9 . 0 0 

P G 3  

6 8 8 . 0 0  
6 8 9 . 0 0 

P G 2  

6 8 8 . 0 0 

r 
I J 

'T 

J 

r I J 

I 
0 . 0 0 

: 1 N i !  H L  S T E  
: S T '1 0 1  5 1 '1 1  
: [ 9  N S I E N T  y 

i S .  C O  

F i g ure 

1 25 
0 1  s -:- y I_ U E  'I F- I_  F l  'l 0 E 9 T L_; A 2 � T  i c �� 
L U E  I M  � 6 0  S E C  

CJ ::; 6 8 9 . 0 0 0  
X = 6 8 9 . 0 0 0  

L) = 6 8 9 . 0 0 0  
CJ ::; 5 3 3 . 9 6 �  
X ::; 6 8 >3 . :1 6 3  

L) = 6 0 8 . 9 6 3  

u = 6 8 8 . 9 5 9  
X = 6 8 8 . 9 5 7  

L) = 6 8 8 . 9 5 7  

.-. CJ  = 5 3 8 . 9 5 1  
X = 6 3 8 . 9 5 0  
L) - 5 6 8 . 9 4 9  

l'J ::; 6 8 8 . 9 lt i.i  
X ::; 6 8 8 . 9 Lt i.i  
C) = 6 3 3 . 9 Lt i.;  

l'] ::: 5 8 3 . 9 3 8  
X 5 8 8 . 9 3 8  

C) ::: 6 8 8 . 9 3 8  

u = s a a . 9 2 5  
X = 6 8 8 . 9 2 5  
C) ::: 6 3 8 . 9 2 4  

C'J = 6 8 8 . 9 1 8 
X = 6 3 8 . 9 1 8  
C) = 6 0 8 . 9 1 8  

----. 
3 C! . C Cl  Y- 5 . 0 0  6 0 . 0 0  7 5 . 0 0  

T I M E  l S E C J  

7 . 2 . 4  ( con t i n ue d )  



1 3 4 6 . 8 0 

L'J 
X 
C) 

, . T ...,.. , '1 , I T E" �  
"', 'i N  

1 26 

�--------------------------------� L'J = 3 3 .  0 8  
4 3 .  1 G 

0 5  T G 1 4  

1 3 3 3 . 0 Q  
1 2 0 9 . 0 0 

T G 1 2  

1 1 9 6 . 0 0 
1 1 6 1 . 0 0 

T G 1 1 

1 1 4 8 . 0 0 i±J  
l 0 7 8 . 0 0 l  

X = 
C) = 

--------------� L'J = I � 9 S .  5 3  3 
X = 1 2 C 8 .  3 8 0  
C) =  1 2 0 8 . 7 2 8  

L_ i T G 9  
LJ = 1 0 5 5 . 8 3 0  
X 1 C 5 S . 4 2 9  

l..LC �----------------------------------w C) 1 0 5 9 . 6 3 8  
a= 
=:: 1 0 5 5 . 0 0 �  
� 1 0 1 1 .  o o l  
cr::: I '-'...: ['] 9 9 8 . 3 2 8  

� T G 7  r- :;{. X  1 0 0 3 . 3 2 9  
� ----------------------------o C) ! 0 0 2 . 8 4 4  
uJ 
f- 9 9 8 . 0 0 

9 5 9 . 0 0 � 
['] = 9 4 6 . 2 6 9  T G S  X =  9 5 1 . 3 3 3  

---------------------------� C) = 9 5 0 . 3 2 5  
9 4 6 . 0 0 
8 5 4 . 0 0 

T G 3  

8 4  1 .  0 0  
7 5 3 . 0 0 

T G 2  

7 4 0 . 0 0 

l C) = 2 4 1 .  3 2 0  
I 

X =  8 4 6 . C! S B  
}--------------------<26 C) = B 4  S . 3 2 5  

' 

C . O O 

['] 7 0 . 2 7 5  
X 7 4 . 1 5 9 

----------------------� C) = 7 3 . 7 5 9  

1 5 . 0 0 3 0 . C O '-! 5 . 0 0 
T I M E l S E C J  

Fi g ure 7 . 2 . 4  ( co nt i n ued ) 

6 0 . 0 0 7 5 . 0 0  



1 2 7 

:1J : l N l T !  R L  T E F1 C Y  S T R T E  v L U E 
X : S T E R C I  s R T E  V R L U E  R F I  :l 0 E :l T U A 2 R T ! C I'i 
C) : f A f1 N S I E N V R L U E  R T  T I M =o fj Q  S E C  

1 1 1 7 . 0 0 ['] 1 1  c 1 .  3 6 3  
X = 1 1 1 5 . 9 7 9  
C) = I l l  G .  9 0 1 

1 11 1 3  

1 1 0 L CJ O 
8 2 9 . 0 0 l 

c::: 8 8 3 . 9 7 2  
T M 1 1 X 8 9 3 . 9 2 4  

C) = 8 9 4 . 2 7 3  

8 3 3 . 0 0  8 0 5 . 0 0 
l !.L. I T M 9  I LJ 7 8 9 . :.J 8 9  , .  ' I 

cr:: X 7 9 0 . 7 4 8  
12) 7 9 0 . 7 8 1  ::J 7 8 9 . 8 0  .l.tJ � 7 5 3 . 0 0 

cr:: 
LLJ 
CL P1 7 2:: LJ 1 3 7 . 0 7 8  
LLJ X 7 3 8 . 1 7 8 1- 7 3 7 . 0 0 12) 7 3 8 . C 8 CJ  

7 4 8 . 0 0 l 

T M S  ['] 7 3 2 . 1 0 7  
X 7 3 3 . 1 7 9 7 3 2 . 0 0 (') 7 3 3 . 0 1 4  7 4 0 . 0 0 

l T M 3  ['] 7 2 4 . 7 2 9  
X = 7 2 5 . C 2 0  I 12) 7 2 5 . 9 0 4  7 2 4 . 0 0 ' ' --, 

0 . 0 0 1 5 . 0 0 3 0 . 0 0  Li S .  G O  6 0 . 0 0  7 5 . 0 0 
T I M E l S E C  J 

F i gu re 7 . 2 . 4  ( cont i n ued ) 



1 28 

S L 3 F  an d SL4 F .  I n  the fi xed boundary s ecti on , temperature ri se s  due to 

the i n creased  heat t ran s fe r  to  t hat  s e ct i on , s uch as the s team tempe rature 

TS l l an d TS 1 3 .  I n  the mov i n g  bo undary sect i on , the ch an ge o f  a s e c ti on ' s  

temperatu re depen ds not on ly  on the heat  i np u t  b u t  a l s o  on the s h i ft of 

a sect i on ' s  boun dari e s  s u ch as TS3 th ro ugh TS9 . The s team/wa ter  

p re s s u res , P S l  th rough  P S l l as s h own i n  Fi g u re 7 . 2 . 4  i n c rea se  due to  the 

t hermal expan s i on of s team/wate r i n  the t ube . 

T ab l e  7 . 2 . 5  p re s ents  a n umeri ca l  compari son  between the t ran s i en t  

res pon se s  a t  6 0  s ec  and  the s teady s ta te va l ue s  afte r perturbat i on . I t  

i s  seen  t h a t  the va l ues a re co n s i s tent . I n  the  output  res pon s e s  of  the 

s team generato r ,  the ch anges  i n  the h e l i um ou t l e t  temperature , wate r 

i n l e t p res s u re and  s te am out l e t  temperature a re s i gn i fi cant  and the 

devi a t i on s  f rom  the s teady s tate va l ues a fte r pe rtu rbati on a re re l at i ve l y  

s ma l l .  

7 . 2 . 5  Respon s e s  to  a Step Change 
i n  the He l i um Mas s  F l ow Rate 

Res pon ses  fo r a l bm/s ec/modu l e  ( or 1 . 2 7% ) s te p  i n crea se  i n  the 

he l i um i n l e t mas s  fl ow rate are s hown i n  Fi gu re 7 . 2 . 5 .  The i n c rea se  i n  

the h e l i um mas s fl ow ra te ca uses  an i n crease of the heat i np u t  rate to  

the s team genera to r .  Therefo re a l l the he l i um temperature res pon ses , 

T G2 t h rough TG 1 2 i n c rease  rap i dl y i n i t i a l l y  then con t i n ue to ch an ge 

depen d i n g  on the l oca l  cond i t i on s . At the fi n a l ob s e rvat i on ti me , a l l 

he l i um tempe rat ure res pon se s  except TG 9 a re i n crea sed . The s l i gh t  

dec re as e  i n  TG9 may b e  i n te rp reted  a s  the res u l t of  the i n c rea sed  heat 

t ran s fe r  coe ffi c i en t  in  compe ti ti on wi th  the  s l i g h t l y  i n crea sed  i n te rna l  



TABL E  7 . 2 . 5  

COMPA R I SON OF T RAN S I ENT RESPONSES  AT 60  SEC  AND STEADY STATE VAL U E S  
AFTER  l 0 ° F  STE P  I N C REASE I N  H E L I UM I N L ET TEMPERATUREa 

Boundary He l i um Tube  S team/ Wate r 
Fl ow Re g i me Len gth P res s u re Temperat ure Tempe rat u re P res s u re Temperat u re 
a n d  Se ct i on ( Ft )  ( PS I ) ( F )  ( F )  ( PS I ) ( F )  

H e l i um i n l e t s ect i on 

689 . 000b 1 343 . 1 0 7b 
1 4  [ 9 ]  689 . 000 1 343 . 1 0 7 

[689 . 00 0 ]  [ 1 34 3 .  1 0 7 J 

S upe rhea te r  I I  

688 . 985b 1 2 5 5 . 2 6 5b l l l 5 . 9 80b 2640 . 000 b l 043 . 686b N 
1..0 

1 3  688 . 984 1 2 56 . 506 1 1 1 6 . 89 5  2640 . 000 1 043 . 3 1 7  
[2640 . 000 ]  [ 1 042 . 0 5 0 ]  

[ 8 ]  
688 . 96 3b 1 208 . 380b l 022 . 84 l b 2 7 30 . 408b 925 . 9 2 5b 

1 2  688 . 96 3  1 208 . 729  1 020 . 6 36 2 7 30 . 1 79 9 2 3 . 9 6 1  
[ 688 . 96 3 ]  [ 1 208 . 6 7 1 ] 

S uperheater  I 

688 . 958b 1 1 56 .  228b 89 3 . 9 2 5b 2802 . 7 1 3b 760 . 1 64b 
1 1  688 . 9 58  1 1 5 7 . 0 4 1  894 . 2 7 3  2801  . 90 1  760 . 298  

[ 280 1  . 4 3 3 ]  [ 759 . 789 ] 

[ 7 ]  688 . 9 5 3b l 09 9 . 249b 832 . 6 36b 2880 . 6 74b 7 1 2 . 7 3 l b 
1 0  688 . 9 5 3  1 099 . 490 832 . 854 2880 . 68 1  7 1 3 . 1 7 3 

[ 688 . 9 5 3 ]  [ 1 1 00 . 08 5 ]  



TABL E  7 . 2 . 5  ( co n ti n ue d )  

Bound a ryn -- Re1 i um T u be S te am/Water  
F1  ow  Re g i me Len gth P re s s ure Tempe ra tu re Temperature P re s s u re Tempe ra t u re 
and  Sec t i on ( F t )  ( PS I ) ( F )  ( F )  ( P S I ) ( F ) 

E v a porator I I  

1 2 1 . 2 1 2 b 688 . 9 50b 1 069 . 430b 790 . 749 b 2 9 32 . 1 2 3b 6 9 1  . 8 79 b 
9 1 2 1 . 046 688 . 9 50  1 069 . 6 39 790 . 782 2 9 3 1 . 580 6 9 1 . 85 1  

[ 1 20 . 786 ] [ 2928 . 502 ] [ 6 9 1 . 6 9 3 ]  
[6 J 

688 . 94 7b 1 0 38 . 9 40b 785 . 666 b 2 9 38 . 788b 692 . 22 1 b 
8 688 . 947  1 0 38 . 9 7 7  785 . 64 1  2 9 38 . 304 692 . 1 96 

[ 688 . 94 7 ]  [ 1 0 38 . 394 ] 

E vaporator  
w 

1 0 3 . 896 b 688 . 944b 1 00 3 . 329b 7 38 . 1 78b 2945 . 3 5 7b 692 . 5 5 7b 0 

7 1 0 3 . 6 1 7 688 . 944 1 002 . 844 738 . 08 1  2944 . 90 3  692 . 5 33  
[ 1 0 3 . 0 1 3 ]  [ 2 942 . 094 ] [ 692 . 390 ] 

[ 5 ]  
688 . 94 1 b 968 . 6 76b 7 34 . 646b 2 9 5 1 . 1 88b 692 . 854b 

6 688 . 940 968 . 50 1  7 34 . 6 1 6  2 9 50 . 8 1 6  6 92 . 835  
[688 . 9 40 ] [ 968 . 7 5 1 ] 

E con omi ze r I I  

8 1  . 9 1 8b 688 . 9 38b 9 5 1  . 338b 7 3 3 . 1 80b 2955 . 9 43b 6 9 3 . 09 7b 
5 8 1 . 36 3  688 . 9 38 950 . 326 7 33 . 0 1 4  2955 . 586 6 9 3 . 0 7 8  

[ 8 1 . 07 1  J [ 2952 . 58 3 ]  [ 692 . 925 ] 
[ 4 J 

688 . 9 36b 9 32 . 1 7 3b 7 2 7 . 883b 2 9 5 7 . 65 7b 684 . 356 b 
4 688 . 9 36 9 30 . 982 7 2 7 . 5 59  2 9 5 7 . 31 6  683 . 9 5 5  

[ 688 . 9 35 ]  [ 9 3 1  . 248 ]  



F l ow Re g i me 
a n d  Se c t i on  

E co n omi ze r I 

3 [ 3 ]  

2 [ 2  J 

Wa te r i n l e t s e c t i on 

[ l J 

B-ounda ry 
Len gth 

( Ft )  

68 . 598b 
6 7 . 86 7  

[ 6 7 . 598 ] 

TABLE  7 . 2 . 5  ( co n t i n u e d )  

He l i um Tube  
P re s s u re Tempe rat ure Tempera t u re 

( PS I ) ( F )  ( F ) 

688 . 92 5b 846 . 098b 725 . 02 l b 
688 . 925  845 . 32 7  7 2 5 . 905  

[ 688 . 92 5 ]  [845 . 658]  

688 . 9 1 8b 744 . l 89b  602 . l 32b 
688 . 9 1 8  74 3 . 760 6 0 1 . 6 1 3  

[ 688 . 9 1 8 ] [ 744 . 1 80 ]  

S team/Wa te r 
P re s s u re Temperature 

( PS I ) ( F ) 

2 9 59 . 5 50b 6 70 . 453b 
2 9 59 . 229  669 . 786 

[ 2 9 56 . 2 1 7] [ 6 69 . 55 3 ]  

2966 . 658b 5 6 7 . 89 1 [:, 
2966 . 2 48 56 7 . 3 5 7  

[ 2 96 3 . 20 1 ] [ 56 7 . 2 3 7 ]  

2 9 7 2 . 583b 403 . 000b 
2 9 72 . 1 0 7 403 . 000 

[ 2969 . 036 ] [ 40 3 . 000 ] 

a [ ] :  Tran s i en t  re s pon s e s  fo r the l ump i n g  c a se  wi t h  two s e ct i o n s  i n  t he  s ub co o l e d 
con vect i ve re gi on and one sect i on  i n  each  of  the rema i n i n g  f l ow re g i o n s . 

b Va 1 u e obt a i ned  from the s te a dy s ta te c a l c u l a t i on s  u s i n g  300 s e c t i on s  w i th the i n p u t  
con d i t i o n s  a fter perturbat i on . V a l ues  w i t h o u t  a ny mark a re the t ran s i en t  re s p on s e s  for the 
l ump i n g case  w i th two sect i o n s  i n  e ac h  o f  the fl ow re g i o n s . 

6PG = - 0 . 00 1  [ -0 . 00 1 ] 6e PG < 1 0- 3  [ <  1 0 - 3 ] 0 0 
6TG = 3 . 483 [ 3 . 90 3 ]  6eTG  = - 0 . 429 [ - 0 . 00 9 ]  0 0 
6PS . 1 n  
6TS 0 

= 8 . 5 1 9  [ 5 . 448 ] 

= 1 6 . 37 5  [ 1 5 . 1 08 ]  

6e P S . 1 n  
- 0 . 476 [ - 3 . 5 4 7 ]  

6eT S  = - 0 . 369  [ - 1 . 6 38 ]  
0 

w 



1 32 

c::; : 1 �� T l P L S I E:: q 0 t S I 1 
X : S T R O t  S I R T E  V R L U  
(') :  T 9  N S J E N T  V R L U E  n 

V L L: E  F 1  � F E R 1 U RE R I ! C h 
! M  = 5 0  S E C  

2 6 4 8 . 0 0 l 
P 5 1 3  I ['] = 2 6 3 9 . 9 9 8  I X = 2 5 � 0 .  0 0 0  

�----------------------------------� (') = 2 5 3 9 . 9 9 8  2 6 3 9 . 0 0 � 2 8 0 8 . 0 0 1 
p 5 1  1 I 

2 7 9 9 . 2 0 �  
2 9 3 i . C; O _  

P 5 9 

['] 

------------� � 
2 7 99 . 1 3 5 

= 2 8 0 1 . 4 9 3  
2 8 00 . 6 9 9  

x C'J =  2 9 2 2 . 1 4 8  
�--------------.;::! X = 2 9 3 0 . 0 5 0  

(') = 2 9 2 9 . 0 9 9  

� 2 9 2 2 . 8 0 
fj) 2 9 Lj 4 . (j 0 Q_ C'J = 2 9 35 . 9 8 3  ---------------t:l X = 2 9 4 3 . 2 LJ  G 

(') = 2 9 4 2 . 6 5 1  w 
rr:: P 5 7  :=; rJ) 
U! 2 9 3 S . C O  .:t �2 9 5 5 . 00 
Q_ 

2 9 � 5 � 0 0 '  2 9 5 9 . 0 0 
P S 3  

2 9 S O . C: O 
2 9 7 2 . 0 0 _  

P S l 

['] ::: 2 9 lJ 5 .  8 3 6  
-----------� X =  2 9 5 3 . 8 2 5  

(') = 2 9 5 3 . 3 5 8  

['] = 2 9 5 0 . 4 1 7 
------------� X ::: 2 9 5  I .  4 3 2  

(') = 2 9 5 7 . 0 1 1 

Ll ::: 2 9 6 3 . 5 5 6  --------------(1) X = 2 9  7 0 .  4 7 3  

(') ::: 2 9 59 . 8 7 5  

2 9 5 3 . 0 0 ��------�,-------�------,---
Q·. o o  t 5 . o o 

·--------, 
3 0 . Q CJ 4 5 . 0 0 

T I M E ( S E C J  
5 0 . 0 0  7 5 . 0 0  

Fi gu re 7 . 2 . 5 . T ran s i en t  Res pon se s  t o  1 L bm/ Sec pe r Modu l e  S tep I n crease 
i n  He l i um I n l e t  Ma s s  F l ow Rate . 



1 0 3 7 . 0 8 

T S 1 3  

1 0 2 5 . 0 0  

7 5 0 . 0 0  

T S 1 1 

7 '! g .  0 0  
7 0 2 . 0 0 

T S 9  1 

1 33 

::rJ :  J N J T J f.1 L S I E R O I  S T O T ':  'I L '..: E  
X : S T E q o y  S T R T E  V R L � E  � F T  R P E R 1 U R 2 R T 1 C N 

� : T R R � S J E N T  V R L U E  R T  T J M = 6 0  S E C  
-------� [2] ::: 1 0 2 6 . 9 4 1  

X ::: 1 0 3 6 . 7 1 3  
� ::: 1 0 3 5 . 6 5 4  

----------� [2] ::: 7 LJ  9 .  5 6 0  
X ::: 7 5  7 .  7 7 5  
� = 7 5 7 . 9 1 9  

� 6 9 1 . 0 0 I I 

[2] ::: 5 9 1 . 3 6 5  
X =  6 9 1 . 7 7 2  iF------------------� 
� = 6 9 1  . 7 2 3 

7 0 3 . 0 0  
LL.: 
c: 
� 
r- T S 7  a: 
c: 

I [2] = 6 9 2 . 0 7 5  
X 6 9 2 . 4 4 8  

l.L.! 6 9 2 . 0 0  t.. -------------� � 6 9 2 . 4 1 8 Q_ 
::= 7 0 3 . 0 0 l LLJ 
r-

T S S  I I ['J = 6 9 2 . 6 3 2  
X 6 9 2 . 9 8 8  

h-------------------E � =  5 9 2 . 9 6 5  6 9 2 . 0 0 
6 8 0 . 0 0 l 

I T 5 3  I 
6 5 3 . 0 0 -�-------------------
4 1 3 . 0 0 

T S l 

4 0 2 . 0 0 

l I r1-
0 . 0 0 1 5 . 0 0 

I 
3 0 . 0 0  4 5 . 0 0  

T I M :. l S E C J  
F i g u re 7 . 2 . 5  ( con t i n ued ) 

[J = 6 6 9 . 8 0 5  

){. � � 6 7 0 . 5 7 5  
G w  6 6 9 . 7 ; 3  

[J = LJ 0 2 . 9 9 8  
X = 4 0 2 . 9 9 3  

u �  4 0 2 . 9 9 8  

5 0 . 0 0  7 5 . 0 0 



1 2 LJ . O O 
l 

5 ' Ll F I 
l_ • I 

1 2 1 . 0 0 J 
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L S T E � 2 Y  S T F � E  V L � E  S T � T E  V F L U E  R F 1  R � E R T U R 8 R 1 l C � 
E N T  V R L U E  R T  T ! M  = 5 0  S E C  

L'J = 1 2 3 . 2 1 0  
---------------------�� X =  1 2 1 . 2 1 2  

"' \:) =  1 2 1 . 3 5 4  

C 1 0: L:°F iJ -------------41 � = 1 0 5 . 2 2 3  
� I �  _ >< 1 0 3 . 8 9 5  

u ·0 = l 8 3 . 5 5 iJ  
I l 0 3 . 0 0 t;s 4 . o o 
:z: l 

I 
I i..LJ 

_j S L 2 � · 

8 1 . O Q  
7 0 . 0 0 

S L l F  

6 7 . 0 [1  

l 

0 . 0 0 

X :::':.: c 2 . S 5 4  
---------------------� X 8 1 . 9 1 5  

� cs  5 1 . 2 9 5  

X L'J 6 . 2 6 4  
----------------------- X 6 . 5 9 8  

----0 0 6 . 7 8 5  

1 5 . 0 0 3 0 . 0 0  LJ 5 . 0 0 
T I M E l S E C l  

Fi gu re 7 . 2 . 5  ( cont i n ue d )  

6 Q . O O  7 5 . 0 0 



(.{) 
c_ 

6 9 0 . CJ O l 
'Tl • � .  X 
C) 
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N 7 ] � L 5 7  R O Y  S T C T E  V L �  

P C Y  S T R  E V R L J E  C f T  P � � T � R� R T 1 � �� 
R N S l E N T  R L U E  h T  T J M  � 5  S E C  

P G l 4 1 
o = 6 2 9 . 0 0 0  

1 X = 6 8 9 . 0 0 0  5 8 9 . 0 0  C) = 6 3 9 . 0 0 0  

6 8 9 . 0 0 �----------------------------------® ['] = 5 8 8 . 9 6 4  
' 

X = 6 3 8 . 9 6 2  I C) = 6 8 8 . 9 6 2  

P C  1 2  I I 
i 

6 8 8 . 0 0 J 
5 8 9 . 0 0 

r c 1 1 

5 8 8 . 0 0 

5 8 9 . 0 0 

��L---------------------------------� ['] = 6 8 8 . 9 5 9  
I X = 6 2 8 . 9 5 6  

C) = 5 8 8 . 9 5 5  

T>:----------------------------� c::; = 5 a s .  95 i 
X = 5 � 3 .  9 4 8  
(') = 5 2 8 . 9 4 8  

� 6 5 9 . 0 0 fP.--------------------------� ['] = 5 8  8 .  94 4 (.fl 
lfl 
c::: P G 7  

I 
i 
l 

X =  5 3 8 . 9 4 1  

(') = 6 3 8 . 9 4 1  

o._ I 
6 8 3 . 0 0  J 
5 8 9 . 0 0  

P C S  

6 8 8 . C O 

ill----------------------------------�� 0 = 5 3 8 . 9 3 8  
X S c S . 9 3 5  
(') = 6 8 8 . 9 3 5  

5 8  9 · o 0 .,...;?,---------------------------------� o = s a  8 .  9 2 s 
X 6 8 3 . 9 2 2  

P C 3  C) =  6 8 8 . 9 2 1  

6 8 8 . 0 0 
6 8 9 . C O _ 

P C 2  

s a s . o u 

�----------------------------------"& l'J = 6 3 8 . 9 1 8 

X =  6 8 8 . 9 1 4  

' 
0 . 0 0 1 5 . 0 0 3 0 . D o 

T I M E 
4 5 . 0 0 

( S E C J  

F i g u re 7 . 2 . 5  ( conti n ue d )  

C) =  5 3 8 . 9 1 4 

' 
5 0 . 0 0  7 5 . 0 0  



1 3 3 9 . C O l 

I 
I G i 4 i 

�n :  \ \j' ! T l � L 5 "7"  
X : S E R C I  S l l'i  
C) : T R f1 N S ! E N I  
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:::'] ::: 1 3  3 .  1 0 8 
X ::: i 3 3 .  i 1 8  
C) = 1 3  3 .  i 0 8  1 3 3 3 . 0 0 �-----------------------------------& 

1 2 0 2 . 0 0  

T G 1 2  

w 
a:: 
� 1 0 6 4 . 0 0 
;::;:: ; o o 4 . CJ O

l ::r::: I w 
::L T G 7  l :L I 
w 

t- 9 9 3 . 0 0 
9 5 2 . 0 0 l 

T G S  

9 4 6 . 0 0 
8 4 7 . 0 0 l 

I 
I 

T G 3  

8 4 1 . 0 0 

['J = l 1 9 6 . 5 3 3  
X = 1 2 0 0 . 8 8 8  
C) ::: 1 2 0 1 . 1 0 5 

12] 1 0 6 5 . 8 3 0  
X ::: 1 0 6 4 . 7 5 3  

--------------------------------�8 C) ::: 1 0 6 5 . 4 1 0  
X 

12] 9 9 8 . 3 2 8  

X X 9 9 9 . 9 1 4  
--------------------------------� C) 9 9 9 . 2 4 5  

['] = 9 4 6 . 2 6 9  
X X = 9 4 8 . 8 2 2  ------------------------------------� C) 9 4 7 . 5 0 3  

X ['J  8 4 1 . 8 2 0  ---------------------------€) X 8 4 S . l 2 9 
(9 = 8 4 4 . 1 4 4  

7 4 6 . 0 0 

T G 2 

7 4 0 . 0 0 

---------�ij � � 
C) = 

7 L; G . 2 7 5  
7 4 4 . 2 0 1  
7 1.; 3 . 6 5 1  L== --------------�--------�-------, 

0 . 0 0 1 5 . 0 \J 3 D . CJ C  4 S . C C 
T I M E ( S E C J  

F i g u re 7 . 2 . 5  ( con t i n ue d )  

5 0 . 0 0 7 5 . 0 0 
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CJ : ;  N l T l Fi l  S T E R O l  S T >i T E  V R L U E 
X : 5 T E R D T  S T R T E  V R L U E  Fi F T E R  P E R T U R B R T J O N 

� : T R Fi N S l E N T  V R L U E  R T  T J H E = 5 0  S E C  

1 1 0 1 . 3 5 3  
1 1 8 8 . 8 8 1  
1 1 1 0 . 5 7 2  

l l l l . O O l 
T M 1 3  

l l CJ � . CJ C �  
8 9 3 . 0 0 l 

.�---------:4 C'J = 8 3 3 . 9 7 2 
X = 8 9 0 . 5 7 5  
c:J = 8 9 1 . C 5 l!  

['] = 7 8 9 . 4 8 9  
X 7 3 9 . 9 1 5  

rn-------------------------� C) =  7 9 0 . 0 5 9  

LJ = 7 :3 7 . 0 7 8  
X = 7 3 7 . 8 5 5  

3r-----------------------� C) =  1 3 7 . 7 2 4  

CJ = 7 3 2 . 1 0 7  
x = 7 3 2 . 9 4 5  

rh-----------------------� C) = 7 3 2 . 7 3 1  

['] = 7 2 4 . 7 8 9  X =  7 2 4 . 5 8 9  �---------------------------�8 C) =  7 2 5 . 7 3 2  

1 5 . 0 0 3 0 . 0 0 4 5 . 0 0  
T I M E ( 5 E C l  

F i gu re 7 . 2 . 5  ( co n t i n ued ) 

5 0 . 0 0  7 5 . 0 0  
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energy of he l i um .  Both the heat  t ran s fer  coeffi c i e nt  and  the  i n te rn a l  

ene rgy o f  he l i um a re i n crea sed  a s  i ts ma s s  fl ow rate i s  i n c rea se d . The  

forme r l e ads to a he l i um temperature d rop  an d the l at ter  l e a ds to  a ri se . 

The s l i gh t  dec rease  i n  T G9 i s  con s i s tent  wi th the  res u l t an t  va l ue from 

the s teady s ta te code . The i nc reased  mas s fl ow rate al s o  i n creas e s  the 

p re s s u re drop i n  e ach  sect i on wh i c h dec reases  the p res s u re at each s e ct i on 

s uch a s  P G2 t h rough  P G 1 2 ( PG 1 4 i s  an i n p u t  con d i t i on ) . The i n cre a sed  

heat  t ran s fe r  rate from the  he l i um to t he  t ube  meta l  s ect i ons  dri ve u p  

t h e  t u be  tempe rat u re as s h own i n  TM3  through TM 1 3 .  Add i ti ona l h e a t  f l ows 

i n to the secondary s i de an d c a u se s  the s team/wate r tempe rat u re i n c rea se s  

a s  i n d i c ated i n  TS3 through TS 1 3 .  The addi t i on a l  heat  can a l s o i n c rease  

the  e v aporat i on of  wate r ,  wh i ch l ea d s  to the  d rop of  e ac h  reg i me boundary 

as s h own i n  S L l F ,  S L2 F ,  S L3F  and  S L 4 F .  The s te am/wate r p res s u re s , P S l  

t h rough P S l l i n c rease  due t o  the effects  of th erma l expan s i on a n d  re g i me 

boun dari e s  movi n g  ( PS 1 3 i s  an i np u t  co nd i t i o n ) . 

N ume ri c a l  compari son between the tran s i en t  s ta te a t  60 sec  a n d  the 

s teady s ta te afte r pertu rb at i on i s  g i ven in Tab l e 7 . 2 . 6 .  The comp a ri s on 

s h own i n  Tab l e 7 . 2 . 6  s h ows  t hat  the devi at i on s of the t ran s i en t  s tate 

from the s tea dy s t a te after pe rturbat i on are s ma l l .  I n  the outputs  of 

the s team  generator , the  chan ges  i n  the he l i um ou t l e t  temperature , the 

wate r  i n l e t p res s u re and the  s team out l et  tempe rature a re s i gn i fi cant  

b ut wi th s ma l l de v i a ti on s  i n  6esv  . 
k 

7 . 2 . 6  Respon ses  to  a Step Change 
i n  the He l i um I n l e t P re s s ure 

N o  s i gn i fi cant  re s pon se s a re obse rved for a 29  p s i  ( or  2 bars ) s te p  

i n crea se  i n  t h e  he l i um i n l e t pres s u re except that  t h e  he l i um p re s s ure 



TAB L E  7 . 2 . 6  

COMPARI SON O F  T RAN S I ENT  R E S PON S E S  AT 60 S E C  AN D STEADY STATE VALUES  

F l ow Re g i me 
a n d  Se ct i on  

H e l i um i n l e t s ect i on 

1 4  [ 9  J 

S u pe rhe ate r I I 

1 3  

[ 8 ]  

1 2  

S u perheater  I 

1 1  

[ 7 ]  

1 0  

AFTER  l LBM/ S E C  P E R  MODU L E  STE P I N C REASE I N  H E L I UM 
I N L ET MASS FLOW RATE a 

- - ------------

Boundary He l i um Tube S te am/Wate r 
Len g th P re s s u re Tempe rat u re Tempe rat u re P res s u re Tempe rat ure 

( Ft )  ( PS I ) ( F )  ( F ) ( PS I ) ( F ) 

689 . 000b 1 3 33 . 1 09b 
689 . 000 1 3 33 . 1 09 

[ 689 . 000 ] [ 1 333 . 1 09 ]  

688 . 9 84b 1 24 7 . 040b l l 08 . 88 1 b 2640 . 000 b 1 036 . 7 1 3b 
688 . 984 1 2 48 . 339 1 1 1 0 . 5 7 3  2640 . 000 1 0 36 . 6 5 4  

[ 2640 . 000 ] [ 1 0 3 5 . 8 1 8 ] 

688 . 962 b 1 200 . 890 b l 0 1 6 . 83 1 b 2 729 . 749b 920 . l 26 b 
688 . 962  1 2 0 1 . 1 06 1 0 1 3 . 62 4  2 729 . 588 9 1 7 . 76 1  

[ 688 . 962 ] [ 1 20 1 . 1 1 2 ]  

6 88 . 95 7 b l l 49 . 78 1 b 890 . 576b 280 1  . 494b 7 5 7 . 7 76b 
688 . 956  1 1 50 . 9 1 8  8 9 1  . 05 4  2800 . 700 7 5 7 . 9 1 9  

[ 2 800 . 40 4 ]  [ 75 7 . 66 7 ]  

688 . 9 5 2b 1 095 . 0 1 5b 830 . 946b 2878 . 9 1 4 b 7 1 1 .  662b 
6 88 . 95 1  1 09 5 . 1 6 4  83 1  . 7 5 0  2878 . 09 7  7 1 2 . 37 1  

[ 6 88 . 95 1 ] [ 1 095 . 608 ]  

w 
\.0 



TABL E  7 . 2 . 6  ( co nt i n ue d )  

Bounaary�------- Hel i um T ube Ste am/Wate r 
F 1  ow Reg i me Len gth P re s s u re Tempe rat u re Temperature P re s s u re Tempera t u re 
an d S ect i on ( Ft )  ( PS I ) ( F )  ( F ) ( PS I ) ( F ) 

E vaporator  I I  

1 2 1 . 2 1 2b 688 . 949 b 1 064 . 7 55 b 7 89 . 9 1 7b 2 9 30 . 05 1 b 6 9 1 . 7 7 3b 
9 1 2 1 . 35 4  688 . 948 1 06 5 . 4 1 1 790 . 060 2929 . 1 00 6 9 1 . 724  

[ 1 2 1 . 1 1 6 ]  [ 2 926 . 6 34 ] [ 6 9 1  . 596 ] 
[6  J 

6 88 . 945 b 1 0 34 . 8 7 3b 784 . 975 b 2 9 36 . 6 94b 692 . l l 3b 
8 688 . 94 5  1 0 34 . 872  784 . 909 2 935 . 944 692 . 0 75 +:> 0 

[ 68 8 . 945 ] [ 1 0 3 4 . 24 1 ] 

E vaporator  I 

1 0 3 . 896 b 688 . 942 b 9 99 . 9 1 5 b 7 3 7 . 856 b 2943 . 2 47b 692 . 449 b 
7 1 0 3 . 6 50  688 . 942 999 . 246 7 3 7 . 724 2 942 . 6 52  692 . 4 1 8  

[ 1 0 3 . 08 3 ]  [ 2 940 . 446 ] [692 . 305 ] 
[ 5 ]  

688 . 938b 965 . 682 b 7 34 . 355 b 2 949 . 0 70b 692 . 746 b 
6 688 . 9 38 965 . 374  734 . 303 2 948 . 5 84 692 . 72 1  

[688 . 9 38 ] [ 9 65 . 6 1 0 ] 



TABLE  7 . 2 . 6  ( con t i n ue d )  

Bounda ry He l i um Tube  S team/ltJa te r 
F l ow Reg i me Length  P re s s u re Tempe ra tu re Temperature P re s s u re Temperat u re 
an d Se c t i on ( Ft )  ( PS I ) ( F ) ( F ) ( PS I ) ( F ) 

E conomi ze r I I  

8 1 . 9 1 8b 6 88 . 9 36b 948 . 822b 732 . 946b 2 9 5 3 . 82 6b 6 92 . 989b 
5 8 1  . 296  688 . 9 35 947 . 504  7 32 . 73 1  2 9 5 3 . 369 692 . 966  

[ 8 1 . 06 0 ]  [ 2950 . 9 58 ]  [ 6 92 . 842 ] 
[ 4 ]  

6 88 . 9 3 3b 929 . 9 70 b 72 7 . 72 3b 2955 . 539 b 684 . 405 b -+::> 

4 688 . 9 3 3  928 . 4 72  72 7 .  308 2 9 5 5 . 099  683 . 880 
[688 . 9 3 3 ]  [ 9 28 . 700 ] 

E c on omi zer  

6 8 . 598b 688 . 92 2 b 845 . l 2 9 b 724 . 590b 2 95 7 . 4 3 3b 6 7 0 . 5 7 6b 
3 [ 3 ]  6 7 . 786 688 . 922  844 . 1 45 7 2 5 . 7 33  2 9 5 7 . 0 1 2  66 9 . 7 1 3  

[ 6 7 . 56 3 ]  [688 . 922 ] [844 . 42 4 ]  [ 2 9 5 4 . 600 ]  [ 6 69 . 5 2 4 ]  

688 . 9 1 5b 7 44 . 20 2 b 602 . 683b 2964 . 546b 568 . 3 35b 
2 [ 2  J 6 88 . 9 1 5 7 4 3 . 6 5 1  602 . 02 6  2964 . 02 1  56 7 . 660  

[ 6 88 . 9 1 4 ]  [ 7 44 . 002 ] [ 2 9 6 1  . 5 7 5 ]  [ 56 7 . 5 6 1 ] 



Fl  ov1 Re g i me 
a n d  Sec t i on  

Water  i n l e t s e ct i on 

[ l J 

Bo-l.Jn Cfa ry 
Length 

( Ft )  

TABLE  7 . 2 . 6  ( c on ti n u e d ) 

Hell um 
P re s s u re Temperat ure 

( PS I ) ( F )  

Tuoe 
Tempe rat u re 

( F ) 

S team/Water  
P res s u re Tempe ratu re 

( P S I ) . ( F ) 

2 9 70 . 47 4b 
2969 . 875  

[ 2 967 . 40 0 ]  

40 3 . 000b 
40 3 . 000 

[ 40 3 . 000 ] 

a [ ] :  T ran s i en t  res pon s e s  fo r the  l ump i n g c a se  wi t h  two s e c t i on s  i n  the  s ubcoo l e d  
co n vect i ve re gi on an d one sect i on  i n  e ach  o f  t h e  rema i n i n g  f l ow reg i on s . 
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i ts e l f r i se s  i n  each  sect i on . S i n ce there i s  no s i gn i fi c an t  c hange i n  

the tempe rat ure d i f fe rences  between the he l i um a n d  the tube meta l  and  

between the tube  me ta l  an d the  s team/wate r ,  the secondary fl u i d  sys tem 

i s  not affected . Res pon s e s  are s hown i n  Fi g ure 7 . 2 . 6 .  

7 . 3 E ffects of Chan g i ng the  N umbe r 
of  Sec t i on s i n  the Dyn ami c Mode l 

Trans i en t  responses  for Case  2 wi th  the s ame perturba ti o n s  u s ed for 

Ca se  a re s tud i ed a n d  compa red wi th those  respons es  of  Ca se  l .  A s  noted 

i n  the beg i nn i ng  of  th i s  chapte r ,  pag e 7 7 , Case 2 h a s  one  sec t i o n  i n  each 

of the f l ow reg i me s  except  the s ub cool ed convect i ve reg i on ( two sect i on s ) 

wh i l e  Ca se 1 h as two sect i o n s  i n  each  of the f l ow reg i on s . Bec ause  of a 

d i ffe rent  n umbe r  of sect i on s  u sed i n  the  two cases , o n l y  the output  

re s pon s e  compa ri s o n s  are of i ntere s t .  Th i s  i s  s h own i n  Fi g u re 7 . 3 . 1  

t h rough  F i g u re 7 . 3 . 6 .  N umer i c a l  compari sons  of  the re s pon s e s  a t  the 

fi n a l  o b servat i on t i me be tween Case  2 and  Case l a re g i ven i n  Tab l e  7 . 2 . 2  

th ro u gh Tab l e  7 . 2 . 6 ,  page 96 t h rou gh page 1 42 .  From the ove ra l l po i n t  

of  v i ew ,  the c ase  w i th fewer l umps i s  l es s  a cc u rate i n  compa ri s on wi th  

the s teady s tate va l ues a fte r pe rturbat i on . However  the d i fferences  of 

the res pon se s  between the two l umpi n g  cases  a re s ma l l e xcept that  the  

s econdary pres s u re has a l a rge d i ffe ren ce . Th i s  can be seen  from  T ab l e  

Tab l e  7 . 2 . 2 through  Tab l e 7 . 2 . 6 a n d  F i g u re 7 . 3 . 1  t h ro ugh  Fi g u re 7 . 3 . 6  

for a l l pe rt urbati on s .  The l a rge d i fference i n  the s econdary pre s s ure 

between two l ump i n g  case s may a ri se  from the a p proxi mat i on of  the l oc a l  

p res s u re at  t h e  geometry change by u s i n g  equat i on ( 3- 1 4 ) . I n  a few 

sect i on mov i n g boundary mode l , the e s t i mat i on  of a pre s s u re from two 
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Fi g ure 7 . 2 . 6 .  T ran s i ent Res pon se s  to 29  P s i  S te p  I nc rease  i n  He l i um 
I n l e t P res s u re . 



1 0 2 7 . 0 0  

1 45 

LJ :  "J ! T ! ;:; L S T E S D i'  :J i q r;:: V C. U  
X : T E fi C i'  S T 'i i E  V 8 L U E  fi r T  " 
� R R N S J E N T  Y R L U E  R T  T l M  = 3  

D�L-----------------------------------� � � 1 C 2 5 . 9 4 1  I X ::: 1 0 2 6 . 9 ll l 
0 = 1 0 2 G . 9 4 1  T 5 1  3 I 

I 

1 0 2 6 . 0 0 J 
7 5 0 . 0 0 

I S  1 1 

7 4 3 . 0 0 
6 9 2 . 0 0 

T 5 9  

l �----------------------------------� c:J = 7 4 9 . 6 6 0  w 

I 
J 

l I I 

X = 7 4 9 . 5 6 0  
C') = 7 4 9 . 5 6 0  

;:::] = 6 9 1 . 3 5 6  
X 6 9 ! . 3 5 6  

�----------------------------------�3 C') = 6 9 ! . 3 5 5  � f �G9 1 . 0 0  J 
6 9 3 . 0 0 w 

cc 
=:J 
r- T 5 7  cr: 
cc 
W S 9 2 . 0 0  
0 := 6 s 3 .  o o  
w 
r-

T 5 5  

6 9 2 . 0 0 

5 7 0 . 0 0  

T 5 3  

5 6 9 . 1:! 0 
4 0 3 . 0 0  

T S l 

4 0 2 . 0 0 

l 
I LJ 5 9 2 . 0 7 5  

X 6 9 2 . C 7 5  1 !oF �----------------------------------� C') 6 9 2 . 0 7 6  

l c:J = 6 9 2 . 5 3 2  
ffi-----------------------------------�z x 6 9 2 . 6 3 2  

i C') = 6 9 2 . 6 3 2  

.J 

l �----------------------------------�� 8 = S S 9 . a c s  c.. 
I I 
I 
I J 

X 6 6 3 . i3 C 6  
C':l = s s s . a c; s  

�------------------------------------� u 4 0 2 . 9 9 8  

0 . 0 0 
' 

7 . 5 0 
' 

1 5 . 0 0 2 2 . 5 0  
T I r1 E l S E C  J 

Fi g ure 7 . 2 . 6 ( cont i n ue d ) 
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Fi g u re 7 . 2 . 6 ( conti n ued ) 
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Fi g u re 7 . 3 . 1 .  Compari son of T ran s i en t  Responses  to 9 ° F Step I n c rease  

i n  Feedwater Tempe rature for  Two L ump i n g  Cases . 
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F i g u re 7 . 3 . 2 .  Compa ri s on of Tran s i e nt  Res pon s e s  t o  0 . 0 5  L bm/ Sec p e r  
Tube Step Dec rea se  i n  Feedwate r Mas s  F l ow Ra te for Two 
Lump i n g  Cases . 
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6 = 7 4 4 . 1 7 9 

7 4 0 . 0 0 I I 
0 . 0 0 1 5 . 0 0 3 0 . 0 0 4 5 . 0 0  6 0 . 0 0 7 5 . 0 0 

T I M E l S E C J  

X =  2 9 7 2 . 5 3 1  

2 9 7 4 . O O  � 
� C'J = 2 9 6 3 .  S S G  

P S  - - - - - - - - - - - - - ..,!o. c = 2 9 7 2 . 1 0 6  
Q_ i 

- - - - -- - - - - - - -
6. = 2 9 5 9  . 0 3 s 

-

2 3 5 3 . 0 0 �, --------,---------,--------.--------,--------c 
O . CJ O l S . u O 3 0 . C: O 4 5 . 0 0 5 0 . 0 0 7 5 . 0 0  

T I M E l S E C J  

� : :::0:: k::=:=----,--------�� � � ! m m 
0 . � 0 1 5 . C O 3 0 . 0 0  4 5 . 0 0 

T I i'1 E ( S E C  l 
5 0 . 0 0  7 5 . 0 0 

Fi gu re 7 . 3 . 4 . Compar i son  of Tran s i en t  Res pon ses  to l 0 ° F  S tep I n crea se  
i n  He l i um I n l e t Tempera tu re fo r Two L ump i n g Cas es . 
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L U � P I N G C R S E W I T H � W O S E C T I O � S  I N  E R  H O F  T H E  F L O W  R E G I O N S  

L U M P i N G C A S E  W I T H T W O  S E C I : J N S  I H  T H  S U B C O O L E D  C O N V E C T I V E  

R E G I O N R N D  O N E  S E C T I O N I N  E R C H  O F  T H  R E M R ! N I N G F L O �  R E G I O N S  

Ll I N ! I ! R L S T E '1 D I  S PH E  J L U E  
X S � E R C T  S T R T E  V R L U E  R F T  R P E R T U R B R T I O N 

6 QJ T Fi R '< S ! E N T  V A L U E S  ii T  T J  E = 5 0 S E C  

7 4 5 . 0 0  

7 4 0 . 0 0  
0 . 0 0 1 5 . 0 0 3 0 . 0 0  

T I M E 

� - 7 4 0 . 2 7 6  
- - - - - - - - - - - -

�
X � 7 4 4 . 2 0 1  

4 5 . 0 0  

( s c:  c )  

C) = 7 4 3 . 6 5 1  
6 = 7 4 4 . 0 0 2  

6 0 . 0 0 7 5 . 0 0 

2 9 7 2 . 0 0 1 
:.: ['] = 2 9 6 3 . 5 S G  

----<cJ X = 2 9 7 0 . 4 7 3  
Ui c.; - 2 9 5 9 . 3 7 5  

� P S ;  � - - - - - - - - - - - - - - - - - - - - £>. 6 = 2 9 6 7 . 4 0 0  

u_ 2 9 6 3 . CJ OJL--- ------ , , 

0 . 0 0 1 5 . 0 0 3 0 . 0 0 4 5 . 0 0 6 0 . 0 0 7 5 . 0 0 

1 0 3 7 . 0 0 

T S"  

1 0 2 6 . 0 0 -�------�,--
0 . 0 0 1 5 . 0 0 

T I M E l S E C J  

__.,---� � �  t 8 �t � { 1  

' 
3 0 . 0 0  4 5 . 0 0 

T I M E l S E:. C J  

Q) = 1 0 3 5 . 5 5 4  
6 ::  1 0 3 5 . 8 2 2  

6 0 . 0 0 7 5 . 0 0  

Fi gu re 7 . 3 . 5 .  Compari son  o f  T ran s i en t  Res pon s e s  t o  l L bm/ Sec per Modu l e 
S te p  I n crease  i n  He l i um Mas s  F l ow Rate for Two Lump i n g 
Cases . 
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en 
A 

� 

1 5 5 

L U M P ! e< G C R S  '-1 l T 'i I ri C S E C i i J � S  N E R  H C! F  T H F L C ri  R E G ! C N S  
L L: � P J N G C f1 5  ri i T H i � C  S E C T : C r< S  H T H  S U B C O C  :=: o  C O �• 'J E C  T !  V E  
R E G I C N q N Q  r� t S E  T I C :'< I '<  :': R C H  F T H  R E � R i �· N G  F L O _, R E G i C �� S  

Ll J c; I T l R L c: �  � '  o r S T  T E  V P. L U E  
X S T E ::< O r  S r::l V R L U  R F  7 :=_ F, P E 9 T U P 5 h T ! O N 

6 C) T "' C: N S ! E N T  L
' I ;:' ::. T T ! '1 E = S J  S E C  

7 1 8 . 0 0 ,-------------------------------------� LJ = s c e . 9 J 8  
X =  7 1 7 . S 3 1  
C) = 7 J 7 . 9 3 1  
6 = 7 1 7 . 9 3 1  

6 8 8 . 0 0 

0 . 0 0 

7 4 1 .  0 0  l T G o 

7 4 0 . 0 0  

0 . 0 0 

2 '35 4 . 0 0  l 
P S ; Q;_ - -_, I 2 9 6 3 . 0 0 

0 . 0 0 

1 0: :
. 

D O  1 
•I 

1 0 2 6 . 0 0 
0 . 0 0 

7 . 5 0 

7 . 5 0 

7 . 5 0 

7 . 5 0 

1 5 . 0 0 

T I M E 

! 5 . 0 0 

T I M E 

! 5 . C O 

T I M E 

1 5 .  0 0  
T l M E 

2 2 . 5 0  

l S E  C l 

2 2 . 5 0  

l S E C J  

3 0 . 0 Q  

Ll = 

X := 

� C)  := 

6 

3 0 . 0 0 

0 = 

�����& x = 

C) = 

6 = 

2 2 . 5 0 3 0 . 0 0 

l S E  C l  

Ll = 
X = 

C) := 

6 = 

2 2 . 5 0 3 0 . 0 0 
l s ::: c J  

3 7  .. 5 0  

7 4 0 . 2 -:' S  
7 4 0 . 2 7 5  
7 4 0 . 2 7 5  
7 Li 0 . 2 2 5  

3 7 . 5 0 

2 9 :1 3 . 5 5 5  
2 9 5 3 . 5 5 5  
2 9 5 3 . 5 5 :3  
2 % 3 . S li D  

3 7 . 5 0 

1 0 2 G . S 4 1  

1 0 2 5 . 9 4 1  
1 0 2 5 . 9 4 1  

1 0 2 5 . 9 2 4  

3 7 . 5 0  

Fi g ure 7 . 3 . 6 .  Compari son  of Tran s i e nt  Res pon se s  to 2 9  P s i Step I n c re as e  
i n  He l i um I n l e t  P re s s u re for Two Lump i ng Ca ses . 
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other  p res s u res  a t  the  l ocat i o n s  far from ea ch  othe r i s  accompan i ed by 

an i n accu racy due to  the non l i nea ri t i e s  of  the  s team gene rator  sys tem 

p ropert i e s . 

7 . 4  E ffects  of Ch angi ng the Ca l c u l at i on a l  T i me S tep 

To s u rvey the app l i c ab l e ran ge a n d  the opt i ma l  o rder o f  mag n i tude 

of the  c a l c u l a t i on a l t i me s te p , the tran s i en t  code was run for two 

i nte rval s ,  1 0- l  s ec  and 1 0 - 3  s ec  res pec t i ve l y  i n  a dd i t i on to the 1 0 - 2  sec 

u sed  i n  prev i ous l y  d i s cu s s ed  res u l ts .  The  opt i mal  t i me s tep i s  based on 

the  con s i derat i on of  mi n i mum ca l c u l a ti on t i me b ut  good accura cy .  I t  i s  

found t h at  wi th 1 0 - l  sec , s ome n ume ri ca l  va l ues a re not  i n  the  doma i n  of 

s ome fun ct i on s  i n  the code . Wi t h  1 0- 3  s ec , the res u l ts a re i n  good  

ag reemen t  wi th those  u s i n g  1 0 -2  sec . Th i s  s u g ge s t s  t hat  a t i me s te p  of 

the o rde r of 1 0- 2  s e c  i s  the bes t for th i s  dyn ami c mode l i ng .  
2 - 3  N ume ri c a l  compar i son between re s u l t s  obta i ned wi th 1 0- and  1 0  sec  

i s  g i ve n i n  T ab l e  7 . 4 .  l through  Tab l e 7 . 4 . 3 .  The  compari son  s hows good 

agreemen t .  

7 . 5  Non l i nea ri ty of the Steam Gene rator  O utpu t s  

T h e  s team gene rator re s pon s e s  to the  va ri at i on s  of  the  i n puts  we re 

s tu di ed  i n  order  to get a bette r unders tand i n g  of the non l i ne ar  effects  

i n  t he  on ce- t h rou gh s team generator . T h i s was  done  by u s i ng the s teady 

s tate code s i n ce i t  p rov i ded s uffi c i en t  i n fo rmati on  for the s e l e c ti on 

between the l i ne ar  and  the n on l i ne ar  mode l . T h ree h un dred nodes a l ong  

the t ube coord i n ate we re u sed . The d i s t ri buted p aramet9r p roperty was 

t herefo re i n cl uded  i n  the c a l c u l a ti on s . T he o utput  vari a b l e s  i n c l u d i n g  



TABLE 7 . 4 .  l 

COMPARI SON O F  T RAN S I ENT RES PONSES  AT 3 S E C  A FTER  9 ° F  STEP  I N C REASE 
I N  FEEDWAT E R  TEMP E RATU RE B ETWEEN CASE S  O F  U S I N G 1 0- 2 S E C  

AN D 1 0 - 3 S E C  A S  CALCULAT I ONAL  T I ME STE P  

Boun-da ry R-e-T i um -�- Tube-- - - - --- - ----- )feanllWa te r  
F l ow Reg i me Len gth P re s s u re Tempe rat u re Temperature P re s s u re Temperat u re 
an d Sect i on ( Ft )  ( PS I ) ( F )  ( F ) ( PS I ) ( F ) 

He l i um i n l e t sect i on 

1 4  689 . 000 
689 . 000 a 1 33 3 . 1 09 

l 33 3 . l 09a 

S uperhe ate r  I I 

1 3  688 . 985 1 244 . 546  1 1 0 1 . 389 2640 . 000  1 0 2 7 . 1 1 3  
688 . 985 a l 2 44 . 546 a 1 1  O l . 389 a 2640 . 000 a 1 02 7 . l l 2 a 

1 2  688 . 964 1 1 96 . 6 59  1 00 7 . 6 49 2 728 . 7 3 1  909 . 1 50 
688 . 964a 1 1 96 .  6 5 9 a l 00 7 . 648a 2 728 . 7 3 1  a 909 . 1 49a 

S u pe rhea te r I 

1 1  688 . 959  1 1 48 . 41 8  883 . 95 5  2 7 9 9 . 1 6 9 750 . 20 7  
688 . 95 9 a l l 48 . 4 1 8a 883 . 95 5 a 2 79 9 . l 69a 7 50 . 206 a 

1 0  688 . 9 55  
688 . 955 a 1 096 . 086 

l 09 6 . 08 7a 8 3 1 . 6 5 3  
8 3 1 . 6 5 3a 2870 . 059  

2 8 70 . 05 7 a 709 . 5 35 
709 . 5 35a 

Ul 
-...! 



TABL E  7 . 4 . 1 ( co nt i n ue d ) 

Boun dary He l i um Tube  · - ---� - Steam/ Wate r 
F l ow Reg i me Len gth P re s s u re Tempe rat u re Tempe ratu re P re s s u re Temoe rat u re 
an d Se c t i on ( Ft )  ( P S I ) ( F ) ( F ) ( P S I ) ( F ) 

E vaporator  I I  

9 1 2 3 . 1 2 79  688 . 952  1 06 5 . 32 3  789 . 37 2  292 2 . 5 1 9  6 9 1 . 385 
1 2 3 . 1 284a 688 . 952 a 1 06 5 . 324a 789 . 3 72a 2922 . 5 1 8a 6 9 1 . 385a 

8 688 . 948 1 0 3 3 . 77 3  783 . 42 1  2 929 . 584 6 9 1 . 749 
688 . 9 48a 1 0 33 . 7 74a 783 . 420a 2929 . 582 a 6 9 1  . 749 a 

E va po ra to r  I U1 co 
7 1 04 . 96 7 5  688 . 945 99 7 . 742 7 37 . 0 1 4  2 9 36 . 482 6 92 . 1 02 

1 04 . 96 7 9 a 688 . 945 a 99 7 . 7 43a 7 3 7 . 0 1 4a 2 9 36 . 48 l a 692 . 1 02 a 

6 688 . 94 1  96 3 . 5 50  733 . 592  2 9 42 . 46 3  692 . 409  
688 . 94 l a 9 6 3 . 5 50a 7 3 3 . 5 92 a 2942 . 46 l a 692 . 409 a 

Econ omi zer  I I  

5 82 . 4 1 8 7  688 . 9 39 9 45 . 6 1 7 7 3 1 . 980 2947 . 283 692 . 6 5 5  
82 . 4 1 9 l a 688 . 9 39a 9 45 . 6 1 8a 7 3 1  . 980 a 2 94 7 . 282a 692 . 6 5 5 a 

4 6 88 . 9 3 7  926 . 5 3 7  726 . 62 2  2 9 49 . 0 1 2  683 . 7 4 1  
688 . 9 3 7a 9 2 6 . 5 39 a 726 . 622 a 2949 . 0 1 0 a 6 83 . 7 4 l a 



F l ow Re g i me 
an d Se ct i on  

E conomi zer I 

3 

2 

Wa te r i n l e t s e cti on 

TABLE  7 . 4 . 1 ( cont i n ue d ) 

Boundary 
Len gth 

( F t )  

He l i um 
P ress u re Tempe ra t u re 

( P S I ) ( F )  

68 . 8650 688 . 926  841 . 483  
84 1  . 483 a 6 8 . 8656a 688 . 926 a 

688 . 9 1 9  
688 . 9 1 9 a 740 . 994  

740 . 99 3a 

T u be 
Tempe rat u re 

( F ) 

724 . 562 
7 24 . 562 a 

602 . 364 
602 . 363a 

Ste a-m/W ate r 
P res s ure Tempe ra t u re 

( P S I ) , ( F )  

2950 . 92 6  
2950 . 92 5 a 

2958 . 056  
2958 . 054 a 

2964 . 0 1 5  
2964 . 0 1 4a 

6 70 . 0 1 8  
6 70 . 0 1 8a 

569 . 3 1 9  
569 . 3 1 8a 

4 1 2 . 000 
4 1 2 . 000a 

a l o- 3  s e c  c a l c u l at i o nal t i me s te p . O th e rvvi s e , 1 0 -2  s e c  ca l c u l at i o n a l  t i me s te p . 

Ul 
\.0 



TABL E 7 . 4 . 2  

COMPAR I SON O F  TRAN S I ENT  RES PONS ES  AT 3 S E C  A FT E R  0 . 05 LBM/SEC  P E R  TUBE  STE P  
D E CREAS�2 I N  F E EDWAT E�3

MASS FLOW RAT E  BETWEEN CAS E S  O F  US I N G  
1 0  S E C  AN D 1 0  S E C  AS CALCU LAT I ONAL T I ME STE P  

Bounda�- -- - -� HeTium Tube Sfeam/Wa te r 
F l ow Re g i me Len gth P res s u re Tempe ratu re Temperature P re s s u re Temperature 
and  Sec t i on ( Ft )  ( PS I )  ( F )  ( F )  ( PS I ) ( F ) 

He l i um i n l e t secti on 

1 4  689 . 000 1 33 3 . 1 0 9 
689 . 000a l 333 . 1 09a 

S u perheater I I  

1 3  688 . 985 1 245 . 94 7  1 1 0 5 . 1 45 2640 . 000 1 0 37 . 400 
688 . 985a 1 2 45 . 946a l l 05 . 1 42 a 2640 . 000a 1 0 3 7 . 39 1 a 

1 2  688 . 964 
688 . 964a 1 1 9 9 . 204 

l 1 99 . 20 1 a 1 0 1 4 . 984 
l 0 1 4 . 9 7 3a 2 720 . 6 70  

2 720 . 669 a 924 . 2 1 4 
924 . 1 9 7a 

S u p e rheater  

1 1  688 . 9 58 1 1 48 . 7 4 7  887 . 89 1  2 785 . 462 76 3 . 3 78a 688 . 9 58a 1 1 48 . 7 54a 887 . 882a 2 785 . 460a 7 6 3 . 36 1  

1 0  688 . 9 53  1 09 3 . 40 5  832 . 202  2856 . 585 7 1 5 . 392  
688 . 9 5 3a 1 09 3 . 42 5 a 832 . 20 6a 2856 . 56 2 a 7 1 5 . 388a 

CJ) 0 



TABL E  7 . 4 . 2  ( co nt i n ue d )  

Bo-undary Re 1i um Tube Ste am7�ate r 
F1 ow Re g i me Len gth P re s s ure Tempe rat u re Tempe rature P re s s u re Tempera t u re 
an d Sect i on ( Ft )  ( PS I ) ( F ) ( F )  ( PS I )  ( F ) 

E vaporator  I I  

9 1 2 1 . 49 2 3  
1 2 1  . 4998a 688 . 9 50  

688 . 9 50a 1 06 1  . 025  
1 06 1 . 044a 788 . 862  

788 . 86 7a 2905 . 042 
2905 . 024a 690 . 483 

690 . 483a 

8 688 . 94 7  1 02 7 . 6 5 3  7 7 9 . 45 1  2 9 1 1 . 9 1 7 690 . 8 38 
688 . 94 7a 1 02 7 . 66 9a 7 79 . 45 1 a 2 9 1 1 . 898a 6 90 . 838a 

E vaporator I 
0'1 
---" 

7 1 02 . 1 080 688 . 944 99 3 . 6 33 7 35 . 768 2 9 1 8 . 66 1  6 9 1 . 1 86 
1 02 . 1 1 5 3a 688 . 944a 9 9 3 . 646a 735 . 7 70 a 2 9 1 8 . 64 3a 6 9 1 . 1 86 a 

6 6 88 . 940  9 6 1 . 1 7 7 732 . 59 3  2 92 3 . 872 691  . 454 
688 . 940 a 9 6 1 . 1 88a 7 32 . 595 a 2 92 3 . 855 a 6 9 1  . 454 a 

E con omi ze r I I  

5 80 . 5 7 6 1  6 88 . 9 38 943 . 00 7  7 30 . 682 2928 . 0 79  6 9 1 . 6 7 1  
80 . 5826a 688 . 9 38a 943 . 0 1 0a 7 30 . 68 3a 2 92 8 . 062 a 6 9 1  . 6 70 a 

4 688 . 9 35 
688 . 9 35a 92 3 . 738 

92 3 . 7 34a 725 . 705 
7 2 5 . 704a 2929 . 645  

2929 . 628a 683 . 394 
683 . 39 7a 



F l ow Re g i me 
a n d  Sect i on 

Economi z er  I 

3 

2 

Wate r i n l e t s e ct i o n  

TABL E  7 . 4 . 2  ( con t i n ue d )  

Bo undary He 1 i um Tube 
Len gth P re s s u re Tempe rat u re Tempe rat u re 

( Ft )  ( PS I )  ( F )  ( F )  

66 . 7589 688 . 92 5  
66 . 7599a 688 . 92 5 a 

688 . 9 1 8  
688 . 9 1 8a 

840 . 758 
840 . 75 5a 

74 1 . 90 7  
74 1  . 904a 

7 2 3 . 1 2 9 
7 2 3 . 1 28a 

6 0 1 . 2 9 3  
6 0 1  . 290a 

Steam/Water  
P�e s s u re Temp e ra t u re 

( PS I ) ( F ) 

2 9 3 1  . 400 
293 1  . 384a 

2 93 7 . 5 7 3  
2 9 3 7 . 556 a 

2 942 . 76 1  
2942 . 744a 

688 . 30 1  
688 . 30 l a 

566 . 956  
566 . 9 5 4a 

40 3 . 000 
403 . 000a 

a l o - 3  s e c  c a l c u l ati o n a l  t i me s te p . O the rwi s e , 1 0 - 2  s e c  c al c u l a t i on a l t i me s te p .  

O'l N 



TABL E 7 . 4 . 3 

COMPAR I SON O F  TRANS I ENT  RE SPONS E S  AT 3 S E C  AFT E R  l 0 ° F  STE P I N C REAS E I N  H E L I UM 
I NLET  TEMPERATU RE B ETWEEN  CAS E S  O F  US I N G  1 0 - 2 S E C  AND 

1 0- 3 S E C  AS CALC U LAT I ONAL T I ME STE P  

Bo-uncray;y-- - He l i um 
- - - - - -TUJJe S team/Wate r  

F l ow Re g i me Len gth P res s u re Tempe ra t ure Tempe rat u re P re s s u re Tempe rat u re 
an d Sect i on ( Ft )  ( P S I ) ( F ) ( F )  ( PS I ) ( F ) 

He l i um i n l e t s ec t i on 

1 4  689 . 000 
689 . 000a 1 343 . 1 0 7  

1 343 . 1 0 7a 

S u pe rhea te r I I  

1 3  688 . 985 1 2 5 1 . 1 5 7 1 1 02 . 6 37  2640 . 000 1 02 9 . 2 43 
688 . 9 85 a 1 2 5 1 . 1 5 7a l l  02 . 6 3 7a 2640 . 000 a 1 02 9 . 24 1 a 

1 2  688 . 965  1 202 . 604a 1 0 1 1 . 1 7 9 2 728 . 895  9 1 2 . 388 
688 . 9 6 5 a 1 202 . 60 3  1 0 1 1 . 1 78a 2 7 28 . 895 a 9 1 2 . 386 a 

S upe rheater  I 

1 1  688 . 9 59  
688 . 959a 1 1 5 9 . 380 

1 1 5 3 . 38l a 885 . 1 9 1 
885 . 1 90 a 2 79 9 . 6 52  

2 7 99 . 6 52a 7 5 1 . 62 3  
7 5 1  . 62 0a 

1 0  6 88 . 9 5 5  
688 . 95 5a 1 1 00 . 06 2  

1 1 00 . 064a 832 . 5 34 
8 32 . 5 34 a 287 1 . 2 6 2  

2 8 7 1  . 2 59 a 7 1 0 . 268 
7 1 0 . 26 7a 

--' 
(J") 
w 



TABL E 7 . 4 . 3  ( c ont i n u ed ) 

Boun dary He l i um Tube  
--·-·---� 

Sfe-am7Wate r 
F1  ow Re g i me Len g th P re s s u re T2rnperat ure Tempe rat u re P re s s u re Temperat ure 
a n d  Sect i on ( F t )  ( PS I )  ( F ) ( F ) ( PS I ) ( F )  

E vaporator I I  

9 1 22 . 9 782 
1 2 2 . 9 789a 688 . 952  

688 . 952a 1 069 . 2 30 
1 06 9 . 2 3 1 a 790 . 1 9 3 2923 . 722  

790 . 1 9 3a 2923 . 7 1 9 a 6 9 1 . 447  
69 1  . 44 7a 

8 688 . 949 1 0 37 . 58 7  784 . 26 9  2 9 30 . 709 691  . 806  
688 . 949 a 1 0 37 . 588a 784 . 2 6 9a 2 9 30 . 706a 6 9 1  . 806 a 

E vaporator  I 
m 
+:> 

7 1 04 . 989 1  688 . 946 1 00 1 . 1 6 1 7 3 7 . 485 2 9 3 7 . 5 36 6 9 2 . 1 57 
1 04 . 9896a 688 . 946a 1 00 1 . 1 6 2 a 7 3 7 . 4 85a 2 9 37 . 55 3 a 6 92 . 1 57a 

6 688 . 942 966 . 5 92 7 34 . 0 1 9  2943 . 502 692 . 464 
688 . 942 a 966 . 59 3a 7 34 . 0 1 9 a 294 3 . 549 a 692 . 464a 

E con omi zer  I I  

5 82 . 4599 688 . 940 948 . 589 7 32 . 4 1 6  2948 . 378 692 . 7 1 1  
82 . 4603a 688 . 940a 948 . 589 a 732 . 4 1 6 a 2948 . 3 75a 6 92 . 7 l l a 

4 6 88 . 9 37  929 . 42 5  7 2 7 . 040 2950 . 094  683 . 724  
688 . 9 3 7a 929 . 42 6a 72 7 .  040a 2950 . 09 1 a 6 8 3 .  724a 



F l ovJ Re g i me 
an d Se ct i on 

Economi zer  I 

3 

2 

Water  i n l e t  sect i on 

Bounda ry 
Len gth 

( Ft )  

69 . 0 1 9 3 
6 9 . 0 1 9 7a 

TABL E 7 . 4 . 3  ( cont i n ue d )  

He 1 i um ··TUbe 
P re s s u re Tempe ratu re Temperatu re 

( PS I )  ( F ) ( F )  

6 88 . 926  
688 . 92 6a 

688 . 9 1 9  
6 88 . 9 1 9a 

843 . 2 1 5  
843 . 2 1 5a 

74 1 . 329  
74 1 . 32 9 a 

725 . 005  
725 . 005 a 

60 1  . 0 7 7  
60 1  . 0 7 7a 

Ste-am7Wate r 
P res s u re Tempe ratu re 

( PS I )  ( F ) 

2 9 5 1 . 994 
2 9 5 1 . 99 l a 

2 9 59 . 1 30 
2 9 59 . 1 2 8a 

2965 . 086 
2 965 . 084a 

669 . 79 1  
669 . 79 l a 

56 7 . 30 7 
5 6 7 . 307 a 

403 . 000 
40 3 . 000a 

a
l - 3  1 1 · 1 · 0 sec  c a  c u  at 1 ona  t 1 me s te p . O t her�tl i s e , 1 0 - 2  s e c  c a l c u l a t i o n a l t i me s tep . 

m 
Ul 
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the h e l i um out l e t  tempe rat ure , wate r  i n l e t pre s s u re an d the  s team o ut l e t  

temperatu re wi th res pect  to  the va ri at i o n s  i n  the feedwater mas s f l ow 

rate and  h e l i um i n l et tempe rature a re s h own i n  Fi gu re 7 . 5 . 1  and  

Fi gu re 7 . 5 . 2  re s pect i ve l y .  I n  Fi g u re 7 . 5 . 1 , the non l i ne ar  prope rty i s  

s h own i n  the wate r i n l e t p re s s u re , the h e l i um out l et  tempe rature a n d  i n  

the s team ou tl et  temperat u re for the feedwater mas s  fl ow rate rang i ng 

f rom  80% to 1 00% of the fu l l l oad  ( the  fu l l l oad  mas s  f l ow rate i s  

0 . 988220  l bm/sec/ tube ) .  The  devi ati on  o f  the h e l i um temperature a t  80% 

of the fu l l l oad  from the tangent l i ne  at the fu l l  ma s s  fl ow ra te i s  

approx i ma te l y  2 4° F .  The devi ati on  of the s team o u t l et  tempera ture a t  

80% o f  the fu l l  ma s s  fl ow rate from t h e  l i ne tan gen t  t o  the fu l l  l oa d  

po i n t  i s  approxi mate l y  l 8 . 5 ° F .  The water  i n l e t p re s s u re h as a pronounced 

n on l i n eari ty a l t hough the vari at i on i s  sma l l .  

Fo r the case  of va ry i n g  the h e l i um i n l et tempe rat u re a s  s hown i n  

F i g u re 7 . 5 . 2 , the n on l i nea ri ty i n  the water i n l e t p re s s u re i s  s i g n i fi c an t .  

AT 9 7 . 75% o f  the re fe ren ce he l i um i n l et tempe rature , ( th at  i s  Tg ref 
= l 333 . l ° F ) , the de v i ati on of the wate r i n l e t  pre s s ure from the l i ne  

tangent to the  po i n t  at  the  re ference he l i um i n l e t temperature i s  about  

8 p s i a .  Good l i n e ari ty i n  the he l i um ou t l e t  temperature a n d  the s te am 

out l et  tempe rature i s  obse rve d  for the he l i um i n l et temperat ure ran g i n g  

7 . 6  Compa ri son  o f  Trans i en t  Res pon s e s  for  Th ree Mode l s 

The  Fort St . Vra i n 330 MW ( e )  s te am gene rator  des i gn i n format i on was 

used w i th the mode l deve l oped i n  th i s  re search , KOL U ( T )  to  compute 

t ran s i en t  res ponses . These res pon ses  are compa re d wi th those  obtai ned  
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emp l oy i n g  two other mode l s ,  n ame l y  BLAST ( 4? )  and  UTSGRHM . ( 4B )  The 

comp a ri sons  a re s h own i n  Fi g ure 7 . 6 .  l ,  F i g ure 7 . 6 . 2  and  Fi g u re 7 . 6 . 3 . 

Al l o f  the th ree mode l s s h own are non l i n e ar .  

KOLU ( T ) i s  a ve ry detai l e d ,  mu l ti l ump , mov i n g  boundary mode l . The 

f l ow reg i mes  empl oyed i n c l ude s ub coo l ed  convecti on , s ub coo l ed  nuc l e a te 

b oi l i n g ,  sa tu rated  n uc l eate bo i l i n g ,  fi l m  bo i l i n g  and  s uperheat con vecti on 

( i n cl ud i n g  s uperheater  I and s u perheater I I ) .  The re s u l ts s h own were 

obta i ne d  by emp l oy i n g  two s ect i ons  i n  each f l ow reg i o n .  I n  KOLU ( T ) , the 

con s e rvat ion  of  ene rgy equa t i o n s  for the work i n g  f l u i ds and tube , and 

the d i fferen t i a l  equat i ons  fo r movi n g  bounda ri es  a re s o l ved u s i n g  the  

exp l i c i t  i n te g ra ti on  method . The mas s f l ow ra te vari a ti on i s  approxi mated 

by a comb i nat i on of the f i rs t  orde r v ari a ti on i n  mas s  and momen tum 

equat i ons , wh i ch l e ads to a de l ay funct i on i n  terms of  s on i c ve l oci ty ,  

Mach n umbe r  and  the  l en gth of  the fl ow path . The momen tum b a l ance 

equati on  i s  u s ed to  dete rmi ne p re s s u re . I n  the  KOLU  mode l a three 

h un dred node s te a dy s tate ca l c u l at i on , KOLU ( S ) , i s  i n c l uded and u sed  to 

veri fy the t ran s i en t  res pon se s  a t  the f i n a l  o b servat i on t i me .  

BLAST i s  a mu l ti node , fi xed bo undary model . T he fl ow re g i mes  

emp l oyed  con s i s t  o f  s ubcoo l e d forced convect i o n , s ub coo l ed  and  s a t u ra te d  

n uc l eate bo i l i ng ,  t rans i t i on bo i l i ng , fi l m  bo i l i n g a n d  s uperheat fo rced 

convect i on .  F i ve sect i ons  on the he l i um f l u i d s i de ,  one sect i on i n  the 

e vaporator I ,  two sect i ons  i n  the evaporator I I , two sect i ons i n  the 

s upe rheate r  I and one sect i on i n  the s uperheater  I I  we re u sed . T he  

co n servat i on of  mas s , momentum and  energy equat i o n s  for  s te am/water a n d  

h e l i um and  con s e rvat i on of energy equat i ons fo r t h e  t u be  ( i n  nodal  form ) 

a re s o l ved by emp l oyi ng the i mp l i c i t  i n teg rati on tech n i q ue .  



'"-

c_ 
z ::c 
- w 

1-
w 
L) 1-
z w 
� _j 
J: t-
U :::J 

0 

::c 
� 
w 
1-
(f) 

(f) 
CL 

z 
- (f) 

(f) 
w w 
o cr:  
Z CL  
� 
I CC  
u w 

r-
� 
:r 
0 
w 
w 
'"-

'"-

CL 
::c 

z w 
- 1-

i...L 1-
'-" u.J 
z _j 
cr: 1-
J: :::J 
u o  

::c 
:J 
_j 
w 
I 

X B L R S T  
0 

� L,'# � U T S G R H M  

�6 .. 
)<;<>., 

;.s: 
0 X 
0 6 

X 
0 
(T1 

I 

0 
0 

0 
w ' 

' o .  o o  1 5 . 0 0 

0 X B L R S T  en 
� U T S G ,� H �  

0 
(T1 

0 
1.[1 

X i 
/ "' . � I 

: I  I 
I ' 
0 . 0 0 l S . CJ O 

X B L R S T  
0 
0 6 U T S G A H '1 

0 I 
X 

X 
0 6 Cl 

r-

0 
0 
::;:)" 

' o '. o o  ' 
i S . O O 

1 70 

K C L U  C T l  

lJ K O L U  ( S J  

xl X 
6 !  

X X X 
6 "' 6 J. 

..,., 
I 

3 0 . 0 0 4 5 . Q O 5 0 . 0 0 
T I M E ( S E C . J  

K O L � ( T l  
lJ K Q L \J  ( 5  J 

I xi I X X X X .,. ,  6 
I "' "' ::±1 ! I 

3 0 . 0 0  4 S . C' :J 6 0 . 0 0 
T l i" E ( S E C . I  

K G L U  r T  I 

lJ K O L U  ( 5 1  

x l I X X X * "' I  l ·' "' I "' 
m 

I 
3 0 . 0 0 4 5 . 0 0 5 0 . 0 0  

I ! "' E ( S E C . I 

Fi g u re 7 . 6 . 1 . Compari son  of  Tra n s i ent  Res pon s e s  to 0 . 0 5  Lbm/Sec per  
T ube Step I n c re ase i n  Feedwate r Mas s  F l ow Ra te for 
T h ree Mode l s .  



0 
a 

0 
0 

x a u:, s r  
� U T S G R H M  

X B L R S I  

� U T S G R H M  

1 7 1 

I 

K O L U r T J  

c:J K O L U  f S J  

... A X 
X 

:: o . o o 4 5 . 0 0  

T ! M E l S E C . J  

K O L U  [ T J  
LJ K O L U  l S I  

1 

6 0 . 0 0  

0 �--------�---------,--------�---------, 

z 

<.n 
o.._ 

- <.n 
C'> 0 

w I...J...j 0 

A 
X 

6 
X 

0 � +--------r�--------�---------,--------� z o... en 
c::: x ·  
I CC  X I'  ... � 
u w X .� I ,_. .� 

a: X 6.6 

6 0 ,_..6. 
i...U 0 16 
w �--------�---------r--·------_,,--------� u... 9:J .  0 0  1 5 .  0 0  3 0 .  0 0  4 s .  0 0  5 0 . 0 0  

0 
u_ 0 

0 
_J 0 

X B L R <; T  
� U T S G R H M  

T i M E l S E C . I 

K O L U  l T J  

u K O L U  ( S J  

� 9:J�. o_o _______ l�S-.-o-o------3+0-.-c-o ______ 4TS-.-u-o----�60 . 00 
T I M E  l S E C . J  

Fi g ure 7 .  6 .  2 .  Compari son of T ran s i en t  Res pon se s  to l 0° F  S te p  I n crea se  
i n  He l i um I n l e t Tempera ture for Three Model s .  



:z: w 
a: _J 
I r  
U ::J  

0 

0 
0 

0 0 

X B L ri S T  
6 U T S G R H M  

X B L ri S T 
6 lJ T S G P. :m 

1 72 

- K O L U  l T I  
CJ K O L U  l S i  

T ! M E l S E C . J 
- K O L U  i i i  
CJ K O L U  C S I  

� � I 1 
- � o 1 * l �:_:_* -----+--� _ _____,f 
z 

w w 1,, G CC 
z 0... 
a: 
I CC  
u w 

� 0 � -� I 
o o � I w . _._  'I LL en ·. o o 1 s . u o 

' 
3 0 . 0 0 '.J S . C O 5 C . O O  

T l M E  C S E C . I 

0 
LL 0 

X B !... P S T  
6 U I S C: R f-1 M  

- 1'\ Q i_ U  ( I  I 
CJ K O L u  l S I  

= w I I 

I 1 ::;:: 
z w "­

X 
� r- � I  , � � � � � �----��- ���=--==�-========��========�:! 

::;:: 
::0 

0 
_J 0 
w 
I 9J .  D O  1 5 . 0 0 3 0 . 0 0 

T ! M E l S E C . I 

I 
4 5 . 0 0  5 0 . 0 0  

Fi gu re 7 . 6 . 3 .  Compar i son o f  Tran s i e n t  Res pon s e s  t o  l L bm/Sec o e r  Modu l e 
Step I n c rea se  i n  Hel i um Mass  F l ow Rate for Th ree Model s .  



1 7 3 

UTSGRHM i s  a mode l wi th fewer s ect i on s . I t  emp l oys one secti on  for 

the e conomi zer , two sect i o n s  fo r the e vaporator and one s e cti on for 

s upe rheate r I an d s uperheater I I  each . The fl ow re gi mes u sed  i n c l u de 

s u bcoo l e d  con vect i on , n u c l e ate boi l i n g ,  fi l m  bo i l i n g a n d  s u pe rheat 

con vecti on . 

On the s team/water s i de ,  UTSGRHM s o l ves the con s e rvat i o n  of ene rgy 

by u s i ng an exp l i c i t  i n tegrati on  method and  a s s umi n g  the q uas i s tati c 

form fo r the evaporator re g i on . The p re s s ure i s  cal c u l ated by emp l oy i n g  

the q u as i s tat i c form o f  the momentum equati on o r  the thermodyn ami c 

equat i on fo r the s atu rati on reg i on . The ma s s  fl ow rate i n  reg i on s  e xcept  

the  s ubcoo l e d con vect i on i s  ca l c u l a te d  by us i n g the  o ri fi ce  e q uat i on . 

On the he l i um s i de ,  a con s tant  p re s s u re and  a con s ta nt  mas s  fl ow 

rate a l o n g  the axi a l  d i rect i on  i s  a s s umed . 

Res pon se s  for th ree pertu rbat i on s  a re g i ven fo r compa ri son . 

l .  0 . 05 l bm/ sec  per tube s te p  i n cre ase  i n  the feedwater mas s fl ow 

rate 

As s h own i n  Fi g u re 7 . 6 . 1 , the compari son  i n d i cates th at  

KOLU ( T )  h a s  l a rge r re s pon ses  ( i n  the  s e n se  of  a b s o l ute va l ue ) 

i n  the s team out l et  temperature , he l i um ou t l et tempe rature an d 

the feedwate r p re s s u re tha n BLAST and  UTSGRHM h a ve . I n  the 

res ponse  of feedwate r p re s s ure , KOL U  d i s p l ays a fa s t  p re s s u re 

c h an ge wh i l e  both BLAST an d UTSGRHM s how s l owe r pre s s u re c h an ges . 

Howeve r ,  the s teady s tate p redi ct i on s of  the se  th ree s ta te 

va ri ab l e s  by KOLU ( S )  a re q u i te c l os e  to KOL U ( T ) . 
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2 .  l 0 ° F  s te p  i n crea s e  i n  the  he l i um i n l e t temperat u re 

I n  Fi g u re 7 . 6 . 2 ,  t he  chan ge s  i n  the  h e l i um out l e t  

tempe rat u re are q u i te con s i s tent  for a l l th ree mode l s . B ut  the 

changes i n  the s team out l e t  temre ra tu re and  feerlwa ter  pres s u re 

a re l a rger  i n  KOLU ( T )  t h an those  i n  BLAST a n d  UTSG RHM . T h i s 

d i fferen ce may be due to the  e ffects of us i n g d i ffe rent  

parameters , corre l at i on s  and  mode l  s t ructure s  i n  e a ch mode l , 

s i n ce the s teady s tate va l ues p red i c ted  by KOL U ( S )  a re c l ose  t o  

the  fi n a l  observed  re s pon se s  i n  KOLU ( T ) . 

3 .  l bm/ s e c  pe r mod u l e s tep  i n c rease  i n  the  h e l i um mas s  fl ow ra te 

I n  Fi gure 7 . 6 . 3 ,  the cha n ge i n  the s team out l e t  temperature 

obta i n ed  i n  KOLU ( T ) i s  l arge r  than  those  obta i ned  by BLAST and  

UTSGRHM . Bu t  the s teady s ta te va l ue  predi c ted  by KOLU ( S )  i s  i n  

g ood  a greement  wi th  the fi n a l  obs erved val ue  i n  KOLU ( T ) . I n  

the feedwate r pres s u re a n d  h e l i um out l e t  tempe rature res pon se s , 

the va l ue s  pred i c te d  by KOLU ( S )  are c l ose  to  those  obta i ned i n  

BLAST an d UTSGRHM . However the di ffe rences  i n  res ponses  among 

the th ree  mode l s are s ma l l .  

I t  i s  con c l uded from the compari sons  s h own i n  Fi gu re 7 . 6 .  l t h ro u gh 

Fi gu re 7 . 6 . 3 ,  that  the t ran s i en t  res pon s e s  obta i ned  wi th  KOL U  a re 

con s i s tent  wi th the re s pon se s  obta i ned  wi th BLAST and  UTSGRHM . 



CHAPT ER 8 

CONCLU S I ON S  AND RECOMMENDAT I ON S  

A deta i l e d ,  n o n l i nea r ,  many l ump on ce - th rough  s team gene rator  mode l 

was de ve l ope d .  I t  was run s uc ces s fu l l y a n d  gave p l au s i b l e  re s u l t s . 

I t  i s  con c l uded from the mode l  te s ti n g  and  d i s c us s i on s  that  the 

detai l ed ,  n o n l i ne ar  t ran s i e nt  model  wi th the l ump i ng case of two sect i on s  

i n  each  f l ow reg i me deve l oped i n  th i s researc h  i s  practi c a l  a n d  s u i tab l e 

for rep re s en t i n g  the d i s t ri b uted-pa rameter dyn ami c s  for the Fort 

S t .  V ra i n  once- t h ro u gh s team generato r .  The s teady s tate ca l c u l at i on 

p re sen te d  i n  t h i s re s earch  i s  re l i a b l e and  u sefu l  i n  s u pp l emen t i n g  the 

dynami c s t udy .  The mos t s u i tab l e  wo rk i n g  range of the mode l  i s  i n  h i gh 

mas s  vel oc i ty ( g reater t h an 1 . 0 x 1 06 l bm/ft2 - h r ) s i nce the homogeneous  

model  i n  the two phase  f l ow i s  a s s umed . 

To exte n d  the use  of  the mode l to l ow mas s  ve l oc i ty ,  i t  i s  neces s ary 

to i n c l u de the  s e p arated fl ow mode l  i n  t he two p ha se  fl ow sys tem s o  th at  

the s tate va ri ab l e s , the corre l at i ons u sed and  properti e s  are wi th i n  the  

range of i n te re s t .  

Fo r a comp l i cated geometry and a l a rge s pat i a l  v a ri a t i o n  of s ta te 

vari a b l es , i t  i s  i n adequate to u se  a sma l l n umbe r  of  sect i o n s  to s tudy 

s team gene rator dyn ami cs . Th i s i s  s hown i n  the  res u l ts for two l ump i n g 

cases . To  s e l e c t  the adeq uate n umber  of sec t i on s  for dyn ami c mode l i n g ,  

i t  i s  s u gge s ted  fi rs t to perfo rm the s teady s tate ca l c u l a t i o n s . Then 

f rom  the  re s u l tant  s teady s tate d i s tri b u ti on s , one determi nes  the numbe r 

of s ect i on s  to be use d . I n  general , fo r s i tua t i on s  wi th h i g h s l opes of  

1 7 5 
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s tate v ari ab l es an d/or wi t h  comp l i cated geometry , the mode l correct i on 

facto rs for moment um [ i . e .  c6 i  i n  equat i on ( 3- 2 3 )  and  c6 g i  i n  eq u at i on  

( 3- 2 7 ) ]  an d the mode l correcti on facto rs for  ene rgy [ i . e .  c 7 g i  i n  

e q ua ti on ( 3- 30 )  an d c7 i  i n  e q u a ti on ( 3- 3 1  ) ] w i l l  de v i a te s i gn i fi can t l y  

from un i ty i f  a s ma l l n umber  o f  sect i o n s  i s  emp l oyed i n  the mode l . I t  

i s  bes t  to s e l ec t  the n umber of s ecti ons  for each  f l ow reg i me s uc h  t h at  

both t he  correct i on fa ctors for  momentum and  the  mode l corre c ti on  factors 

fo r ene rgy a re c l o se  to  one for the  fl ow d i s tr i b u t i o n s  c hange duri n g  the 

t ran s i en t . The  ran ge of the co rrect i on fa ctors used i n  t h i s mode l  i s  

from 0 . 83 to 2 . 1 .  Mos t  of them are c l ose  to u n i ty .  

T he s tu dy of the n on l i n eari ty o f  the s team ge nerator  o u tp uts i n  

Secti on 7 . 5 , prov i des s ome i n fo rmati on about  the di ffe rence i n  the outputs 

between the l i ne a r  and the non l i near  mode l for the Fort St . V rai n 

on ce - th ro ugh s team generator .  As di s c u s s e d  i n  Sect i on 7 . 5 ,  the di ffe re n ce 

i n  the h e l i um o ut l e t tempe rat u re between the ca l c u l ated cu rve ( wh i ch i s  

n on l i n e a r )  and  the l i near  cu rve i s  24° F for a 20% ch ange i n  the fee dwate r 

mas s fl ow rate and  fo r the s ame amount  of ch an ge i n  the fee dwate r  mas s 

fl ow rate , the di ffe ren ce i n  the s team o ut l e t  tempe rat ure i s  found  as 

l 8 . 5 ° F . I n  bo th cases  of  a 20% reduct i on i n  fee dwate r mas s  fl ow rate 

an d a de c rease  of 30° F h e l i um i n l e t  tempe rat ure , the wate r i n l e t p re s s u re 

di s p l ays s i gn i fi cant  non l i n e a ri ty . Therefore , i t  i s  con c l u de d , t h at  fo r 

l a rge perturb at i ons  l i ke a 1 0% c hange i n  the fee dwate r mas s fl ow rate 

an d/or  30 ° F  ch an ge i n  the he l i um i n l e t tempe rat u re , on ly  the n on l i n e ar  

mode l i s  adeq uate . 

App l i cat i ons of the n on l i ne a r  mode l deve l oped h e re to ve ry l a rge 

t rans i en t  an a lys i s  an d s a fety an a lys i s  req u i re ve ri fi cati on of the 
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va l i d i ty of  p rope rty fun ct i ons  a n d  co rre l ati ons  fo r the s ta te var i ab l e  

vari at i on s en cou n te red . F urthe rmore , the non s ta t i o n ary sys tem 

corre l at i on s  s h o u l d be u s e d  i f  i t  i s  nece s s a ry .  
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