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ABSTRACT 

A n umber of 1 umped parameter dynamic models were develo ped for 

a ver t i cal U-tube reci rcu l ati on steam g enerator  ( UTS G )  of the type 

u s ed i n  most pre s s u rized water reactor  n ucl ear steam supply systems. 

. The  mode l s ranged i n  compl exity from a simplified model ( Model 

A) wi th onl y three l umps to re present the primary fl uid ( reactor 

coo l ant ) ,  t u be metal and the s econ dary f l uid to a detail ed  model 

( Model  D) with fou rteen l umps and a movin g boun dary between the 

subcool ed and boil i ng sections of the lleat exchange region. The mode ls 

are l in ear and are in the state variable fo rm which is con venient for 

usin g  standard general purpose  computer cod es for time or fre quency 

domain anal y sis. 

Th e adequacy of the mode l s was t ested in several ways. The 

cal cu l ated respon s e  from the models was studied fo r physical 

pl au s i bi lity. The adequacy of the anal ytical work was tested  by 

comparing res u l t s  from pro gre s sivel y more detail ed models. The 

detail ed model res pon s e  was compared with  the result s of other UTSG 

dynamic mod els (6,32) and with test  results obtained at the H .  B .  

Ro bin son (739 MWe PWR ) pl an t .  (3,4,S) 
Al l of the ch eck s  on model  validity demon strated the adequacy 

of the l umped parameter approach for the simul ation of the dynamic 

res pon s e  of a UTSG  for normal operatin g tran sients  in volvin g small 

deviation s from the steady state conditio n s. 

i i i 
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CHAPTER  I 

INT RO DUCT ION 

I . l  Genera l  Con s i de rat i on s  

Al t ho ugh  steam gene rators have been u sed  i n  powe r ge nerat i n g 

pl a nts  fo r a l on g  t i me ,  t he i ntere s t  i n  t he i r dyn ami c beha v i o r  

ha s g rown o n l y s i nce  n u c l ea r ene rgy became a feas i b l e  s ub s t i tute 

fo r fo ss i l  fuel s as a l oa d- fo l l ow i n g  heat s o u rce fo r steam s upp l y 

systems. F i gure 1 . 1 s hows a pressu r i zed water reactor  ( PWR ) coo l a n t  

l oo p .  I t  i s  c l e a r  t hat  the  s team generato r i n  t h i s  l oo p  acts a s  

a t h e rmal coupl i ng between  t he reacto r pr i ma ry coo l a nt  sys tem and  

the  s e conda ry s team cyc l e .  On  the  p ri ma ry s i de ,  the re i s  the  

n u c l e a r  powe r reacto r where e ffi c i en t  and s a fe heat  remo val from 

the reacto r core i s  o f  p ri ma ry con ce rn to the reactor  des i gn e r .  

On tl1e s econdary s i de ,  t he re i s  t h e  e l ect ri ca l  ene rgy cons ume r 

who s e  ma i n  i n te re s t  i s  the  re l i abi l i ty o f  se rvi ce . It i s  

because  of  t h i s s t rategi c pos i t i on o f  the steam gene rato r between 

the s e  two s i des  that i ts dyn ami c behavi o r  became of con s i de rabl e 

i nte re s t  for the s a fe des i gn and  re l i a bl e  o pe ra t i o n  o f  P\�R n uc l e a r  

powe r p l ants . 

T he wo r k  reported i n  t h i s d i s s ertat i o n was a pa rt o f  a l a rge r 

tas k for the dyn ami c ana l ys i s  o f  both s i n g l e a n d  dua l  p urpo s e  

( gen e rati ng e l ectri c i ty a n d  des a l i na t i on o f  s ea water ) , n uc l e a r  

powe r p l ants  t hat  w a s  c a r r i e d  o ut at  t h e  Nuc l e a r  E n g i nee r i ng Depa rtment  

1 
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F The Un i ver s i ty o f  Ten ne s see wi t h  the coope rat i on of  Oak  Ri dge 

1 t i o na l  Labo rato ry and the Powe r Sys tems D i vi s i on of  Combustion 

1 g i nee ri n g ,  I n c .  

2 Des c ri pt i o n  o f  the  P hys i ca l  Sys tem 

T he s team  gen e rator con s i dered i n  t h i s  wo rk i s  a ve rt i cal , 

t ube , rec i rcu l at i on type s team generator  ( h e reafte r abbre vi ated 

UTS GJ . I t  i s  the  type u sed  i n  mos t  o f  t he  c u rrent  PWR n uc l ea r 

earn s upp ly  sys tems ( NSSS ) . 

The deta i l s  o f  s uc h  a s team generator a re s hown in  F i g u re I . 2  

d a s chemat i c  i s  s hown i n  F i g ure I . 3 .  Th e  ho t reac to r cool a nt  

rry i n g  t he  heat  gene rated  i n  t he  co re enters at  the bottom of  

e s team gen e rator  t h rough  t he i n l et noz z l e to  an  in l et  p l e n um , 

Jws t h ro ug h  t he U-tubes , t ran s fe rri ng  h eat  to the  s econda ry fl u i�  

it flows outs i de t he t ubes  and  then  ent ers a n  outl et  p l en um 

fo re l ea v i n g  the steam gene rato r t hrough  the outl e t  nozzl e ( s ) . 

� seco n da ry feedwate r to t h e  s team gen e rator  enters  a t  a l e ve l 

;t  abo ve the  U-tubes t h rough  a feedwate r r i n g .  I t  mi xes  wi t h  

� reci rc u l ated  water a n d  t h e  s l i g ht ly  s u bcoo l ed mi xture pa sses  

tnward t h ro ug h  the  a nnu l a r  reg i on between the  tube wrappe r and  

! s he l l befo re ente r i n g  t he  U-tube re g i on . Heat  i s  t ran s fe rre d 

the seco n da ry fl u i d as i t  fl ows upwa rd o uts i de the U-t ubes , 

i a steam wate r mixt u re i s  fo rme d .  The steam water mi x t u re then 

ses t h rough  steam s epa rato rs and drye rs that  l imi t t he moisture 

ten t  of the steam l eav i n g  t h e  steam gene ra tor to l es s  than  0.25%}2) 
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The separa t e d  wat e r  returns  to  mi x w i t h  t he feedwate r  fo r another  

pas s  t h ro u g h  t he  t ube bund l e re g ion . 

Refe r r i n g  to F i gure 1 . 3 ,  o n e  can  summa r i z e  t h e  d i fferen t 

proces ses  e nco untere d  i n  the  fun ct i on i n g  o f  th i s  UTS G  as  fo l l ows: 

A .  P ri ma ry S i de 

1 .  E n trance o f  t he pr i ma ry wate r  from t h e  rea cto r hot 

l eg to t he  i n l et p l en um . 

2 .  Fl ow o f  t he  pri ma ry wate r t h ro u g h  the U-t u be b undl e 

a n d  heat  t ra n s fe r  a l o ng  i ts pat h to t he  s e conda ry 

fl u i d. Not i ce that  fl ow o f  t he pr i ma ry fl u i d  i s  

paral l e l to t he s e conda ry fl ow i n  t he  i n l et b ranch  

o f  the  U-tubes and  oppo s i te to i t  i n  t h e  e x i t branch  

o f  the  U-t u be s .  There fo re , the  U-tube  steam gen e rator  

ca n be  con s i dered as  compo sed  o f  a para l l e l fl ow 

s team gen e rator  a n d  a counte r fl ow s team gene rato r 

wi t h  a common secon da ry fl u i d .  

3 . Out l et  o f  t h e  pr i ma ry water t h ro u g h  t h e  o ut l et pl e n um .  

B .  T u be Meta l Wal l s  

1 .  The t u be meta l  separates t he p r i ma ry water a n d  the 

secondary fl u i d .  The t u be con d uctan ce togethe r wi t h  

t h e  fi l m  heat  t ra n s fer  coe ffi c i ents  determi ne  t he 

effect i ve heat tra n s fer co effi c i ents  re l a t i ng the bu l k 

mean  tempe rat u res  i n  t h e  p r i ma ry a n d  s e con dary s i des  

and  t h e  t u be meta l  temperat u re .  
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C .  Seconda ry S i de 

1 .  Fee dwate r enters t hrough  the feedwater  r i n g  i n to the  

a nnu l us  between t he U-tube wra p pe r  a n d  the  s hell , 

refe rre d  to a s  the  down come r s e ct i o n  i n  t h i s s t udy . 

2 .  Fee dwater  m i xes wi th satu rated  water  se pa rated  

from the  s team-water mi xture i n  the  s team separaters . 

3 . Seconda ry water  enters from t he downcomer  i nto the  

tube bundle re g i o n .  

4 .  Seco n da ry wa te r i s  heated a s  i t  fl ows upward a ro und  

the  U-tubes  and  the  tempe rat u re i s  ra i sed  to  t he bo i l i n g 

po i n t .  

5 .  B o il i n g  o ccurs i n  t he  fl ow i n g  s econdary fl u i d and  stea� 

i s  fo rmed as mo re heat  i s  t rans fe rred t h rough  the U-tubes 

from t he p r i ma ry f l ui d .  

6 .  T he s team-wa te r m i xtu re continues  to fl ow u pwa rd to the  

steam separators  where s team i s  s eparated a n d  co l l ected 

i n  the  upper pa rt o f  the steam ge ne rato r s he l l and 

s eparated water i s  mi xed wi t h  feedwater, t hen fl ows 

downwa rd i n  the downcomer . 

7 .  Steam ex i t s  from the u ppe r pa rt o f  the  s tea� gen e rato r  

at a rate dete rmi ned by the  t urb i ne sto p  va l ve 

o pen i n g .  
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S ta tement  o f  t he  P robl em 

The purpo s e  of  t he study and researc h  wo rk re po rted in this 

sert at io n  was  to inves t i gate the dynamic behavior  o f  a vert i ca l  

G u s i ng the s tate va ri a bl e, l umpe d  pa ramete r techni q ue .  The 

hemat i ca l  mode l s devel o ped  were req uired to be in a form s uita b l e 

us i ng ex i s t i ng state va riabl e  dig i tal  compu ter  codes to obta i n  

dynamic res ponse in the t ime and freq uen cy doma ins . Al so , 

y we re requ i red to be in a fo rm s u i tab l e for co upl i n g wi t h  

e l s fo r other subsys tems s o  t hat  t h e  dynami c re sponse o f  t he 

egrated  PWR  system can be obta ined us i n g  t he  same comput e r  code s .  

va l i dity o f  the mode l wa s to be checked a ga inst  a va i l ab l e 

eri menta l data  from dynami c tests  on t he  H .  B .  Rob i nson Nuc l eir 

e r  P l a nt . ( 3 , 4 ,5 ) 

Impo rtanc e  o f  the Study 

The need fo r e ffi c i ent and pract i ca l  techniques  fo r a s ses sment 

t he dynami c  beha v i o r  o f  n uc l ear  steam gene rators is g row i n g  with 

growth of  the  nuc l ear powe r  i ndust ry . The de sign o f  a s team 

era to r  wit hin a nuc l ea r powe r pl ant dema n ds a deta i led  knowl edge 

the t hermohydraul ic p rocesses a ffect i n g  its performance , not  on l y 

steady sta te , but a l so du r i ng t ran s i ents . Since a d i gita l computer  

1 be nece s s a ry to pred i ct the  dynami c re s ponse  of l a rge compl e x 

terns, an  effi c i ent mathemat i cal  model must  have the fo l l owin g  

racterist i cs. 

1 .  The number of equa t i ons shoul d be the min i mum t hat  

a deq uatel y si mul ates  t he  dynamic be havior  of  the  sys tem .  
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2 .  T h e  fo rm o f  t he model  sho u l d a l l ow the  u se  o f  s ta n d a rd 

genera l  p urpo s e  computer codes . 

3 .  It s ho u l d b e  easy to co up l e mo de l s fo r other  s u b systems . 

4 .  T he s ame model s ho u l d be u s ea bl e fo r trans i en t , frequency 

res pon s e  o r  s tab i l i ty a na l y s i s .  

T he l ac k  o f  dynam i c  mo del s w i th  t h e  a bo ve characte r i s t i c s  

for n u c l e a r  UTsG•s s t i mu l ated  t he n eed  fo r the work  re ported i n  t h i s 

d i s se rtat i o n . 

! .5 Sco pe  and  O rgan i zation of the Text 

Fol l ow i n g  th i s  i n t roductory chapt e r ,  a re v i ew of pert i nent  

l i tera t u re i s  p resented i n  Chapter  II . T he de velnpment o f  the  

mat hema t i c a l mo de l s i s  g i ven  i n  Cha pte r II I . In  Chapter I V, t he 

ca l cula t i o n  pro ced u re i s  des c r i bed a n d  the  a ppl i cat i on o f  these  

model s fo r dynami c res po n s e  s i mu l at i on  of  a n  i so l ated UTSG  i s  

demo n s trate d .  The res po n s e  o f  a co up l e d  PWR/ steam ge n e rator  system 

i s  exami ned i n  C hapter  V fo r t he p u rpose  o f  te s t i n g t h e  va l i d i ty 

of t he mo de l s .  I n  t h i s chapte r ,  the  co rrel at i on between the 

mathemat i ca l  mo del •s pred i c t i o n  and  the  resu l t s  obta i n ed from dyna� i c  

tes t s  o n  H .  B .  Ro b i nson  N uc l ea r Powe r P l a n t ( 3 ) i s  d i s c u s s ed . I n  

Chapte r VI , the d eta i l ed mod el respon s e  i s  compared wi th  t h e  resul t s  

o btained from a f i n i te d i ffer ence mode l . ( 32 ) Chapter VI a l so  

con ta i n s  t he compa r i son b etween the  d eta i l ed UTSG  mod e l  a nd  a 

dynami c  mod el fo r an Integral  Economi z er U-tube  Steam Generato r 

( I EUTSG ) w h i ch  wa s deve l oped u s i n g t he same mo de l i n g a pproa c h .  (6) 
In C ha pter V I I  a summary of the  mode l  eval u a t i o n i s  presen ted 

to gether wi t h  some con c l u d i ng rema r ks . 
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The Append i xe s  con ta i n  the  ba s i c  i n format i on and  deta i l ed 

:a l cu l at i o n s  t hat  wou l d otherwi s e  i n terfere wi t h  t he smooth  

:on t i n u i ty o f  the  d i scu s s i on i n  t he ma i n  text . 



CHAPTER I I  

RE V I EW O F  PERT I NENT L I TERATURE 

I I .  1 I ntroduct i on 

The pro b l em o f  d evel o p i n g  dynami c  mode l s to pred i ct the dynami c 

beha v i or of  n u c l ea r steam g en erators  ha s r ec e i ved  con s i derab l e 

atten t i o n  i n  the  p a st  d ecade . I n  th i s c ha pter , a n umber o f  pub l i ca­

t i o n s  wi l l  be rev i ewed fo r t he purpo s e  of pre s en t i n g  a sampl e of t he 

ava i l a bl e l i terature  pert i n en t  to the a rea o f  dynami c s i mul a t i on of  

two-pha s e  n a tu ra l  c i rcu l a t i on systems i n  g en eral  and  o f  U- tube  

rec i rcu l at i o n  type  s t eam gen erators in  pa rt i cu l a r .  The l i tera ture 

rev i ew i s  presen ted i n  t hree part s .  In S ec t i on 1 1 . 2 ,  a r ev i ew o f  

some dynam i c  mode l i n g  a p proac hes for h ea t  exc han gers  a nd  fo s s i l 

fuel ed bo i l e r s  a r e  d i s cu s sed .  I n  Sec t i on I I . 3 , some o f  t he dynam i c  

model s for bo i l i n g  water  reactor  ( BWR ) systems  a re d i scu s s ed wi th 

the empha s i s  o n  t he s i m i l a r i ty between BWR and UTSG system s . I n  

Sect i on I I . 4 ,  some o f  t h e  model i n g  techn i q u e s  fo r n uc l ea r  steam 

gen erator  system s  a r e  re v i ewed w i t h  the emp ha s i s on model i n g a pproa c hes  

and the  scarc i ty o f  pub l i s hed mode l des c ri pti ons  t hut s t i mu l ated 

the  n eed fo r the  study a nd  resea rch wo rk reported in  t h i s d i s s erta t i on .  

Gen era l remark s  a bo ut t he l i t erat ure re v i ew a re g i ven i n  Sect i on I I . S .  

1 1 .2 Dynami c Mod el s for Heat Exchanger s  a nd  Fo s s i l Fuel ed B o i l ers  

The intere st in the  dynamic be havio r of hea t  exchan gers  and 

fo ssil fueled boilers ha s grown in t he pa st two decades  and a n umber 

of publication s ha ve been r eported in t he o pen  l i t era ture . 

1 1  
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Cl a r k  et a l . (
? ) presen ted a n umber o f  pa pers where they der i ved 

ana l yt i ca l  so l ut i on s  fo r the  dynam i c  re s pon s e  of hea t exchangers  a s  

a func t i o n  o f  po s i t i on and t i me to three d i ffere n t  pert u rba t i on s  i n  

t he heat  gen era t i on rate  ( t he perturbat i on s  were a s te p ,  a n  a rb i t ra ry 

fun ct i on , a n d  a s i nu so i d ) . 

C h i en et a l . (S) presented the tran s i ent  a n a l ys i s  fo r a bo i l er 

wi th a n  i nt e rn a l  reci rcu l a t i n g  l oo p  and a s u perheater bank  i n  t he 

l oa d  l oo p .  The model  i ncl ude s a pre s s ure drop  equa t i on for the  s u per-

heater  an d r ec i rcu l at i n g  l oo p  toget her wi th a steam d rum wa ter  l evel  

ca l cu l a t i on . Ana l og  s o l ut i o n s o f  the  system were obta i n ed for o pe n  

l oo p  a nd  cl o s ed l oo p  tra n s i en t  responses  o f  t h e  d rum pre s s u r e  a n d  

wat er l ev el to  c hanges  i n  stea m  f l ow ,  fuel  s u p p l y  a n d  feedwa ter 

fl ow . 

Tha l -La rson ( g ) e xami n ed t he dynami c beha v i o r  o f  hea t exchan gers  

by der i v i n g  t ra n s fer funct i on s  fo r frequen cy respon s e  an a l ys i s  u s i n g  

s i mpl e mat hema t i ca l  mode l s .  Impo rtant  system t ime  co n s tant s were 

i d en t i f i ed fo r ea ch mode l  present ed .  

A deta i l ed st udy by Ma s ubuc h i ( l O ) trea t ed the  dynam i c  ana l ys i s 

o f  d i fferen t con f i gurat i on s  o f  heat  exchangers . Tran sfer fun ct i o n s  

o f  a compl ex mod el were deri ved for frequency re s pon s e  a na l ys i s .  H e  

a l so  presen ted a s i mpl i f i e d  model  for s i mu l a t i n g t he  tra n s i en t  

re s po n s e .  

Enn s ( l l ) cl a s s i f i ed the many theo ret i ca l  mode l s o f  heat 

excha n ger s i n t o  d i s tr i b uted pa rameter a nd l umped pa rameter mode l s .  

Tran sfe r  funct i on s  were der i ved wh i c h  s how t he adequacy o f  l um�ed 
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pa rameter mo del s fo r f l ow rate  or  heat fl u x  i n duced tran s i ents  wh i l e  

a d i s tr i but ed parameter mod el i s  recommended for temperat ure i nduced  

tra n s i en t s .  

( 1 2 )  D u s i n be rre a pproac hed t he  h eat  exc hanger dynam i c s  prob l em 

by pre s en t i n g  a n umer i ca l  t ec hn i que for cal c ul at i n g  tran s i en t  tempera-

ture s .  H e  i n d i cated that  n umer i ca l  methods  a re a n  excel l en t  way for 

gen era t i n g  a fami l y  o f  so l u t i on s  to a pa rt i c u l a r  prob l em .  H e  a l so 

h i n t ed t ha t  t here i s  o ft en a great sav i n g  of t i me and effo rt i n  

proc e s s i n g o n  a f i n i te d i fferen ce  ba s i s t hrou g hout  w hen a n  a na l yt i ca l  

sol u t i o n  i s  not o bta i na b l e a n d  when a d i g i ta l  computer i s  ava i l ab l e .  

Astrom( l 3 ) pres en t ed a s i mp l e non l i n ea r  model  for a drum bo i l er-

turb i n e  u n i t  where the d rum press ure i s  t h e  state  var i ab l e and  fue l  

fl ow , control  va l ve s et t i n g  and  feedwater  f l ow are the  con tro l 

var i a b l e s .  T he  model  wa s s hown to a gre e wel l w i t h  mea suremen t s  fo r 

an a ct ua l  bo i l er i n  the ran g e  hal f power to  fu l l power . T he mo del  

ca n be deri ved u s i n g  phy s i ca l  a rguments  and i s  t h u s  c haracter i zed by 

several  pa rameter s .  A der i vat i on of  t h e  s i mpl i f i e d  mo del  b a s ed o n  

p hy s i cal  con s i d era t i o n  wa s g i ven  toget h er wi t h  t he a s sumpt i on s  requi red 

to a rr i ve at the s i mp l i f i ed model . A crude met hod of  e st i ma t i n g t he 

mod el pa rameters wa s a l so g i ven . 

Be fore l ea v i n g  t h i s s ect i on , t h e  a u t ho r  wo u l d l i k e  to ca l l 

atten t ion  to a n umber o f  excel l ent  papers o n  t he  s ubj ect  o f  bo i l er 

mode l i n g  g i ven i n  Referen c e  1 4 .  
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1 . 3  Dynamic Models for Boiling Water Reactor (BWR ) Systems 

An extensive research effort has been undertaken in the past 

.wenty years in support of the boiling water reactor program with 

�mphasis on hydrodynamic stability of natural circulation boiling 

;ystems. 

The heat exchange process in a BWR core is somewhat similar 

:o that in the tube bundle region of a UTSG. In both cases, heat 

is added from a primary source of heat to a flowing secondary fluid 

Nhich enters the heat exchange region as subcooled water and leaves 

it as a two phase steam/water mixture. Some of the references 

dealing with the dynamic behavior of BWR systems are given below. 

Thie ( lS ) presented a theoretical analysis of the kinetic 

behavior of a number of operating boiling water reactors based on 

a simple model where steam void feedbacks dominate. It was concluded 

that it is possible within the framework of existing experimental 

and theoretical BWR dynamic technology to design these reactors with 

reduced instability limitations on the power. 

Akcasu ( l6 ) investigated the dynamic behavior of boiling water 

reactors in a systematic way. General expressions for the transfer 

functions associated with the individual feedback mechanisms were 

obtained for an arbitrary flux distribution, weighting function and 

steam velocity distribution. Specific forms of the transfer functions 

were obtained anJ simplified by single time constant transfer functions. 

The error involved in the lumped time constant approximation was 

examined and was shown to be as large as 4 db in amplitude. The 

theoretical results were compared with experimental power-void transfer 
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1ct i o n s  and  t h e  agreemen t i n  some ca ses  wa s proven to b e  b etter  

tn 5 d b  i n  amp 1  i tude  a nd 1 0  degrees  in  pha s e  i n  th e en t i re 

!qu ency ran g e  from 0 . 01 to 1 00 rad/ s ec .  

F l ec k ( l ? ) u sed  t he l aws  o f  co n s ervat i o n  o f  ma s s , energy , and  

1ent um i n  t he  i nt egral  fo rm to der i ve a s et  o f  ord i na ry d i fferen t i a l  

1at i on s  go vern i n g  t h e  hydrodyn ami c s  o f  natura l  c i rc ul a t i o n  bo i l i n g  

;terns . T h e  eq uat i o n s  c a n  be  so l ved for t h e  wa ter vel oc i t i e s  a t  

i n l e t  a n d  o u t l et o f  t h e  h eat ed s ect i o n , t h e  o ut l et vo i d  fract i o n  

the total  fl u i d  momentum .  These  equat i o n s  ca n be  added t o  the  

.cto r  k i n et i c s  equa t i on and  t h e  equat i o n s govern i n g the  tran sfer 

heat from rea ctor fuel  e l ement s to wat er and  the rel a t i on between 

tct i v i ty and t he a ve rage  vo i d  fra ct i on to obta i n  a mode l for the  

1am i c s  o f  a bo i l i n g  water  reacto r .  The  ca l c u l a t i o n s  u s i n g  t h i s  

lel i nd i cated that  under ce rta i n  con d i t i on s , bo i l i n g  \'late r re actors 

1 o pera te  sta b l y  even fo r very s u b stan t i a l  reac t i v i ty add i t i o n s . 

ana l ys i s  a l s o  revea l ed that  under  pro per  cond i t i on s ,  pure l y  hydro-

1am i c  i n sta b i l i ty can  occu r  i nde pendent l y o f  any co u pl i ng b etwee n 

id and  water . The o n set o f  th i s  u n stab l e b eha v i o r  woul d b e  

lependent o f  n uc l ea r a n d  t herma l parameters a l t ho ugh  t he dynam i c  

1a v i o r  o f  t h e  reactor wou l d depend o n  t hem .  

Mu sc etto l a ( l S) pre sented a t h eoret i ca l  fo rmul at i on fo r the  

1ami c s  o f  a bo i l i ng wa ter reactor of  t he  pres s u re tube  and  fo rc ed 

·cu l at i o n  type . The model treated t he n eutron  k i net i c s, fue l 

�men t h ea t  tra n sfe r  dynam ic s ,  t he  bo i l i n g c hannel , steam d rum , 

mcomer and rec i rc u l a t i n g  p ump . The  a ut ho r  empha s i zed the n eed fo r 

�ore t i c a l  mode l s to su ppo rt both  d e s i gn and  e x per i menta l  programs . 
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Mi da a n d  S uda ( l g ) pre s en t ed s i mpl i f i ed ve rs i on s  of  the  tra n s fe r  

funct ion  mode l s d er i ve d  b y  t h em i n  ano t he r  repo rt .  T he  s i mpl i f i ed 

mode l s were u sed to i n ve s t i gate  t he dynami c  c haracte r i st i c s o f  a BWR 

system from d e s i gn pa rameter s .  Th e dynami c  c haracter i st i c s o f  t he 

feedbac k tra n s fe r  funct i o n s  a n d  the system stab i l i ty were a l so 

i n ve s t i ga te d  a n d  some compa r i son  w i t h  other  s t ud i es were g i ven . 

And er son  et  a l . ( 20 ) exam i n ed the  tran s i ent  respon s e  a nd stab i l i ty 

o f  a two pha s e  nat ural  c i rc u l at i on system for a ppl i ca t i on to a bo i l i n g  

water  reacto r .  The treatment i s  ve ry s i m i l a r to  that  requ i red for 

a natura l  c i rc u l a t i on steam gen erato r .  The mode l  descr i bed the 

con s ervat i o n  of ma s s ,  en ergy , and momentum fo r a two - pha s e  l oo p .  

T h e  resu l t i ng equa t i o n s  were so l ved s i mu l taneo u s l y  w i t h  a n  a na l og  

:omputer .  The mod el u s es a s l i p  rat i o  co r rela t i on fo r det ermi n i n g 

the two pha s e  fl ow i n  t h e  bo i l i n g  port i on o f  t h e  l oo p .  

Nahava n d i  a n d  van llo l l en ( 2 l ) d i sc u s s ed t h e  u s e  o f  s pa c e-dependent 

jyn ami c a na l ys i s  to  study the dynami c behav i o r  and sta b i l i ty o f  

Ja i l i n g  water reactor  systems where d i sc rete  s pa ce node s a l ong  the  

1x i s o f  t he c o re were u s ed to determi n e  l oc a l  vo i d  fract i o n  a nd 

thermo hydra u l i c  feedback  effects . 

Nea l  a n d  Z i v i ( 22 ) pre s ented a compa ra t i ve study o f  a na l yt i ca l  

1o del s a n d  experi menta l  da ta for the hydrodynami c sta b i l i ty o f  

1a t ura l  c i rc u l a t i o n  bo i l i n g  systems . Th e a u t ho r s  exami n ed the  

;ta b i l i ty prob l em i n  natura l  c i rc ulation b o i l i n g  sys t ems and  i n d i cated 

:hat a l a rge n umber  of parameter s in  bot h  the bo i l i ng  and  non-bo i l i n g  

Jort i on s  o f  s uch  a system j o i nt l y de term i n e  i t s sta b i l i ty ,  hence  the  

:ompl ex i ty of  the  dynam i c  mode l s .  The s t udy o f  hyd rodynam i c stab i l i ty 
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prob l em wa s presented i n  t h re e  part s .  I n  t h e  fi r st  part , t h e  

mecha n i sms o f  i n sta b i l i ty con s i de red by a n umb er o f  a uthors  we re 

d i scu s s ed a n d  the expe r i menta l l y  observed effe c t s  of va r i o u s  system 

pa rameters  were s ummar i zed . I n  t he s econd  part , t he  bas i c  cons erva-

t i on equat i on s  were deri ved in general fo rm , and  each  mod el wa s 

desc r i bed r e l at i ve to the s e  equat i on s .  F i n a l l y ,  t he mode l  predi c t i o n s  

were compa red  w i th expe r i mental  data , and  t h e  rel at i ve p red i c t i n g  

power o f  e a c h  mode l  wa s presen ted . 

S p i gt ( 23 ) presen ted t h e  resu l t s  o f  a n  expe r i mental  and theo r e­

t i ca l  study o n  t h e  hydrau l i c  character i st i c s  o f  a s i n gl e c oo l ant 

c ha n n el of s i mpl e ann u l a r  g eometry i n  a bo i l i n g  water reactor w i t h  

ma i n  empha s i s  o n  t h e  sta bi l i ty characteri st i c s  of  t h e  fl ow process  

i n  s uch  a c ha n ne l . The  re po rt i n cl uded a des c r i pt i on of  the  

pre s s u r i z ed a n d  a tmo spheri c bo i l i ng l oops  wh i c h were  u s ed i n  the  

expe r i menta 1 part  o f  the  s t udy . I n  t h e  t h eoret i c a  1 pa rt of  t h e  

study , the  genera l equati ons  des c ri bi n g  t he  pe rfo rman ce characte ri s t i cs 

of  a bo i l i n g  system under steady sta te  and  non - st eady state were 

de r i ve d  w i t h  s pec i a l a tten t i o n  to  the formul a t i on of  bo unda ry con d i t i o n s  

a n d  the i nt roduct ion  o f  p re s s u re effects  i nto  t h e  equat ion s .  T he  

dynam i c  equa t i on s  were l i n ea r i z ed by a s s um i n g  sma l l d i st urbances  from 

steady state and then n umeri c a l l y  i ntegra t ed by mea n s  of a di g i ta l  

computer. 

Vassier (24 ) deve l ope d a n  ana l og  mode l  to s t udy t he  dynam i c  

be hav ior  of a bo i l i n g  l oo p  wi th natura l  c i rc u l a t i on . T he  mode l  was  

constructed for a l on ger test  l oop then tho s e  u s ed by Fl eck ( l ? ) a n d  

Z i v i (22 ) and  was k e p t  as s i mpl e a s  po ss i bl e by i so l ating t h e  mo st 
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i mpo rtant  factors  a n d  n egl ect i n g the other  factors . Th e mode l  s howed 

a rather  good a greeme n t  w i t h  t he  expe r i men t s  of S p i gt ( ZJ ) rega rd i ng  

the  pred i ct i on o f  the  on set  of  i n sta b i l i ty as  wel l as  the  power/ i n l et 

ve l oc i ty t ra n sfe r  funct i on .  T he  mo del ha s been expanded to i n c l ude 

the n eutro n  k i n et i c s  equat i on s ,  fuel el emen t a nd vo i d  fe edba ck  and  

the  contro l  system . T he  a u t ho r  ind i cated that  when deal i n g w i th some 

phenomena i n  certa i n  freq uency ranges , i t  i s  not nece s sa ry to co n s i de r  

other compo n ents  o f  t h e  pl a nt w h i c h  ha ve muc h l ower natura l  freq uen c i es . 

1 1 . 4 Dynami c Mode l s fo r Re c i rc u l at i on Type Nucl ear Steam Gen era tors 

The  probl em of  s i mu l at i n g  the  dynami c beha v i or of st eam 

gen erator components  of n uc l ea r power pl a n t s  h a s  recent l y  rec e i ved 

a con s i dera b l e a tten t i on bot h  from i n d u stry and ut i l i ty pa rt i e s . 

We stmore l a n d ( Z 5 ) deve l o ped  a natura l  c i rcu l a t i on steam 

generator mo de l w here he emph a s i zed r i s er l i qu i d- va por vo l ume fra c t i on s  

and c i rc u i t  pre s su re l o s s es i n  desc r i b i n g  a c l o s ed s eco ndary l oo p .  

Th i s  d i g i ta l  computer mode l  o f  a s hel l a nd  tube  type un i t  u s ed a n  

annu l a r  two pha s e  f l ow treatment  i n  comput i n g t h e  steady state and  

tran s i ent  s team fl ow , the  rec i rc u l a t i on rat i o  and  t he wa t er l e ve l . 

Mc Gwan and Bodo i a ( 26 ) have  performed expe r i mental  s t u d i es  o f  

t h e  sta b i l i ty of  a n at ura l  c i rc u l a t i o n  st eam g en erato r .  Exper i menta l  

da ta from the  test  l oo p  were compared to pred i ct i o n s  from a d i g i ta l  

computer mo del of  a s team gen erato r .  I t  wa s fo und  t h a t  i n crea sed 

power l eve l and ri ser  resi stance have adverse  effect s on  stabil ity 

whil e additional downcomer re sistance i mproved  stab ility . 

C l ark (2? ) pre sented a mathema tical  mo del fo r t he  steady state  

and tra n sien t ana l ys i s  of a natura l  circu l ation , s eparate d rum , 
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hor i zonta l  s team g enerator o f  t h e  type u s ed i n  the  S h i p p i n g po rt 

Nuc l ea r Power  P l a nt . Equa t i on s descri b i n g  t he con s ervat i o n of  ma s s ,  

energy , a n d  momentum were wr i t t en fo r a seconda ry s i de system to 

match a pr i ma ry s i de heat  ba l a n c e  a n d  secondary power de l i vered  to 

a turb i n e-generator l oa d .  Maj or  a s pects  of  t h e  model  i n c l ude 

s teady state  and tra n s i ent  rec i rcu l a t i on fl ow , s i n gl e pha s e  de n s i ty 

a n d  pre s s u re dro p  ca l c u l a t i o n  a n d  a utoma t i c  co ntro l  of  t h e  s team 

drum wate r  l evel . Both  st eady state con d i t i on s  a n d  t h e  tran s i en t  

re s po n se o f  t h e  s team gene rato r model  were obta i ned  by mean s of  a 

d i gita l  computer  program , u s i n g a f i n i t e  d i ffe ren c i n g  me t ho d .  The  

mode l  res po n se wa s compa re d  w i t h  exper i menta l  da ta from the  S h i pp i n g­

port  N uc l e a r  Power P l an t . 

Na havanJ i a nd Batenburg ( ZB )  presented a comb i n ed d i g i ta l -ana l o g 

mathemat i ca l  model fo r t h e  dyn ami c a n a l ys i s  o f  ve rt i c a l  U-tube  

natural c i rc ul a t i on s t eam genera tor .  I n  the  f i rst  pa rt , a s pace-

de pendent  d i g i ta l  program s i mu l a t i on wa s used  to  desc r i b e  t he  dyn am i c 

behav i o r  of the  s team gen erator  rec i rcu l a t i o n  l oo p .  I n  t h e  s econd 

part, an a na l og  s i mul ator  con s i s t i n g  of  f i ve d i st i nct  b l ock s  was 

used fo r feedwater  con t ro l l er pa rameter o pt i mi za t i on s t ud i e s .  T he  

fi ve b l ock s  of t h e  a na l og s i mu l a tor  were ( a )  feedwater  l i ne; ( b )  s team 

drum , (c) steam ma i n  to t u rb i n e; ( d )  water l e vel contro l l e r ,  a n d  

( e )  rec i rc u l at i on l oo p  mode l . I n  t h e  a na l og mode l , t h e  rec i rc u l a t i on 

loop was represented by six transfer funct i o n s  obta i n ed  by u s i n g  

analog/digital techniques and the time res pon s e  from t he d i g i tal 

program to specified inp�t perturbations. The other  fo ur  bloc k s  

were represented by analytical e xpre s s i on s  u s i n g lumpe d parameter 
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o de l s .  The  fundamenta l  e quat i o n s  and  method o f  so l ut i on fo r t h e  

ec i rcul a t i on l oo p  s pace- dependent  d i g i ta l  mo de l ·were a l s o  pre sented  

y the  author s . 

Ha rgro v ( 2 g ) pre s en ted a pro gram to ca l cul ate mul t i l oop  d eta i l ed 

ran s i en t  beh a v i o r  o f  a PWR system.  The  program s i mu l ated  two 

eactor cool a n t  l oo p  i nc l ud i n g  two steam gene rators and  a s soc i a ted 

ystems . I t  a l so s i mul ated reacto r ki n et i cs , reactor cont rol  a nd 

rotec t i on systems . The t hermal and  hyd raul i c  chara cte r i s t i c s  o f  

he  reactor  c o o l a n t  system were descr i bed by t i me a n d  s pa ce 

i fferen t i a l  equa t i on s ,  t hen  reduced to noda l forms, the  so l ut i on 

f wh i ch a re t racta bl e by mean s o f  fi n i te d i fferences . E ac h  st eam 

enerato r wa s re presen t ed by s i x  node s , an i n l et h eade r ,  a n  out l et 

eader  and four p r i ma ry/ s econda ry h eat  t ran s fer node s .  T h e  h eat  

ran s fe r  rate  from each fl ow sec t i on to t he s econdary s i de wa s ca l cu-

ated u s i n g  t h e  l oga ri t hmi c mean  t emperature di ffere n ce ( L tiTD )  s o  

h a t  t he  power  t ra n s ferre d  wa s comput ed co rrect l y even a t  very l ow 

l ow con d i t i on s .  The h ea t  t ra n s fer co effi c i ent  a nd  heat  t ran s fer  

rea we re t re ated a s  vari a b l e s  and  eva l uated a s  funct i ons  of  t he  

epre s enta t i ve pa rameters. Perturbat i on s  rel at ed to t he s team 

en erato r He re taken as pr i ma ry wate r i n l e t temre ra t u re ( reactor  hot  

eg  t empera ture ) , steam fl ow rat e, feedwater  fl ow rate anG feedwater 

ntha l py .  

Ten Wo l de ( 30 ) i nves t i gated  va r ious  a s pects  of  t h e  s i mul a t i on 

f the  non l i ne a r  t ra n s i e nt  t h erma l beha v i o r  o f  steam gene rato rs . Both  

he  e vapo ra to r  i n  a sod ium coo l ed  fa st  b reeder reacto r  power  pl a n t  
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( LMFB R )  and  t h e  steam generator i n  a p re s suri zed water reactor pl a nt 

( PW R )  a re c o n s i dered i n  the  i n ve st i gat i on . Both a hybr i d conti nuous 

s pace  d i sc rete t i me ( CSOT)  d i st r i buted pa rameter model and a l umped 

pa rameter model  were con s i dered i n  the  study. Th e resu l t s  from the se  

mode l s were compared w ith  experi menta l r esul ts  o bta i n ed from a 6 t·1W 

PWR steam g enerator .  

Bauer et a l . ( J l )  de s c r i bed a d i g ita l  model o f  th e dynami c 

performa n c e  o f  ga s and  pre s su r i z ed water reacto rs desi gned and  

deve l o pe d  by E l ectri c i te De France fo r its  equ i pment stud i es .  T h e  

mode l  equat i on s  were pa rt i a l  d i fferent i a l equat i o n s  and  were 

sol ved by t h e  f i n i te d i fference  tec h n i que. The pa pe r  s howed the  mode l  

equat i on s, the  method o f  s o l ut i o n , and  the  a ppl i cat i o n o f  the  model  

for two c a se s . 

a .  E x pl anat i o n  o f  the  pul sat i ng beha v i o r  o f  the  heat exchanger  

o r i g i na l l y  i nten ded fo r t h e  Bugey graph ite ga s  p l ant.  

b .  Ana l ys i s  o f  i n stab i l ity of water  l evel  in  t he Chooz PWR 

steam generator  under l ow out put . 

C h r i sten s en ( JZ ) deve l o pe d  a one  d i men s i ona l  model o f  a UTSG 

us i n g a m i xed d i str i buted a n d  l umped formu l at i o n . The gove rn i n g  

equat i o n s  for the  h eat tran sfe r  zon e a n d  t h e  downcomer were de scr i b ed 

by pa rt i a l  d i fferent i a l  equat i o n s  wh i l e  the  other  sect i o n s  of t h e  

steam generator were descr i bed by o rd i na ry d i fferent i a l  equat i o n s .  

The part i a l  diffe rent i a l  e quat i o n s  were so l ved by sampl i n g  i n  t i me 

and  d i v i s i on i nto subs ect i on s  i n  s pa ce , thus tra n s formi ng the  

e quat i o n s  i nto a l gebra i c  equat i ons . T he  equat i on s  can  be  so l ved by 

pure d i g ita l  o r  hybr i d t�c h n i que s .  The  model  ha s the advantage o f  
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ca l cu l at i n g  th e steady state re s ponse  as  wel l as  the  dynam i c  re s po n s e  

to s pec i fi ed perturbat i on s .  The work  re ported i n  th i s  d i ssertat i on 

wa s deve l o pe d  i ndependent l y  from the work  reported by C h r i sten s en . 

A compa r i son  between t he re s u l t s  pre sented i n  Re fe rence  32 and  the  

re s u l t s  o bta i ned from  the  deta i l ed l umped pa rameter model i s  g i ven 

i n  C ha pter  V I .  

Oe l en e ( 33 ) deve l o pe d  a d i g ital s i mu l ato r fo r dual  purpo s e  

desal i nat i on p l ants  i n  wh i c h  mul t i stage f l a sh ( MS F )  eva porators 

are cou p l e d  to a P re s s u r i z e d  Water Reacto r ( PWR ) n uc l ear power p l ant 

th rough  a b ack  press u re turb i n e .  Th i s  s i mu l ator i nc l uded a state 

va ri ab l e mode l  fo r a U-tube , drum type rec i rc ul at i n g bo i l er .  T h e  

pr i ma ry l i qu i d  wa s d i v i de d  i nto three sect i on s , each  descr i b ed by 

two o rd i n a ry d i ffe rent i a l  equat i o n s  w ith  o ut l et and  avera ge tempera-

ture s  of e a c h  s ect i on as the state va r i a bl e s. The s econdary s i de was  

repres ented by fou r  equat i on s ,  two for the  s u bcool ed ( non-bo i l i n g  

sect i o n ) , o ne  for the downcomer temperat u re , and  one  fo r the  steam  

ma s s .  The  a uthor  stated that 1 1 s everal  s i mp l i fy i n g  a s s umpt i o n s  a re 

made  i n  the  steam gen erator model w h i c h  may l i m it  the s i mu l ator•s 

ab i l ity to pred i ct the  re s u l t s  of  w i de rang i n g tran s i e n t s . 11 The  

model  wa s deve l o pe d  o n l y  for the purpo s e  o f  an  overa l l system 

repre sentat i o n  a n d  h a s  not been exp l i c it l y  t ested a ga i n st oth er 

models o r  test results .  

Murrel ( 34 )  presented a descri pt i on o f  t h e  components compri s i n g 

the s i mulat i on o f  PWR nuclea r power plant s . Th e reacto r wa s 

represented by a s i ngle avera ge channel def ined as a fuel el ement 

and the coolant a rea as soci ated with  it . Average den s ity i n  the  
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pr ima ry c i rcu i t  wa s ca l cul at ed a s  a funct i on  o f  a ve ra ge tempe rature 

a nd  pre s su re . The  f l ow from t h e  pri ma ry c i rcui t i nto t he  pre s sur i ze r  

wa s obta i n ed from t he rat e  of  change  o f  p r i ma ry c i rcu i t  den s i ty .  

The rec i rcu l a t i on fl ow i n  t h e  UTSG  was  c a l cu l ated  from a pre s su re 

ba l a n ce o f  s ta t i c  hea d d i fference  aga i ns t  fri ct i ona l  an d acce l era t i o n  

head l o s s es  w h i c h  were a s sumed pro po rt i on a l  to  t h e  s qua re o f  t h e  

fl ow . 

Fre i e t  a l . ( 3S ) pre sented  a de scr i pt i on o f  a computer model  fo r 

a 660 MWe nucl e a r  power pl a n t . The model  i nc l uded t h e  pre s sur i zed 

water  reacto r ,  s team generato r ,  pre s sur i z er , s econda ry s i de ( s team 

power pl a n t  s i de ) and cont ro l s .  The re sul t s  obta i ned  from t he 

dynami c mode l  were com pared aga i n st test  re sul t s  obta i n ed dur i n g  

t h e  commi s s i o n i n g  o f  t h e  pl ant . 

Ma tausek ( 36 ) deve l o pe d  a non l i near  l umped pa ramete r model  ( S I NOD ) 
for a n a l ys i s o f  two pha s e  f l ow i n  n a tural  c i rcul a t i on bo i l i n g water 

l oo ps . The  mod e l  con s i s t s  o f  t he equa t i o n s  for t he con s er va t i on o f  

ma s s ,  momentum , a nd  en ergy.  T he  resu l t i n g  e qua t i o n s  a re so l ved w i t h  

t i me a nd  l en gth  a l on g  t h e  l oo p  a s  t he on l y i n de pendent  va ri ab l es . 

T h e  s teady state ca l cu l a t i o n s  wa s pe rformed by so l v i n g t he  same s et 

of  equat i on s  w i th t h e  t i me de ri va t i ve terms s et equa l to z e ro .  T he  

i n put data  to t h e  mo de l  a re t he  pa ramet ers  s pec i fyin g  t h e  geome try 

of t he  system under  con s i de rat i on , phys i ca l  pro pe r t i e s  o f  t he fl u i d  

and pre ssure drop coeff i c i en t s  a l on g  the  l oo p .  Opti ona l  corre l a t i o n s 

a re prov i ded for t he ca l cu l a t i on of s l i p  ra t i o  a nd  two pha s e  fr i ct i o n  

mul t i pl i ers . The  mode l s have a thorough  i n vest i ga t i o n  o f  t he i nter­

ac t i o n  between ma s s  vel o c i ty and  vo i d  f ra ct i on w h i c h  i s  co n s i dered 
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the ba s i c  mechan i sm of hydrodyn ami c i n stab i l i ty .  When u s i n g t h e  mo de l , 

c are mu st  b e  taken to i n s u re that t h e  a s s umpt i o n s  b u i l t  i n to i t  a re 

rea sona bl e fo r the  phys i ca l  system under i n vest i ga t i on . 

1 1 . 5  Remarks  

From the  prev i o u s  d i scu s s i on ,  i t  can  be  s een  t hat t he prob l em 

o f  a na l yt i ca l  a n d  n umer i c a l  s i mul at i o n of  t h e  dynam i c behav i o r o f  

n uc l ea r steam genera tors  h a s  recen t l y rece i ve d  con s i derabl e atten t i o n  

a s  a tool  for des i gn a n d  t e st i n g o f  PW R nucl ear  power p l ant s . Three  

mode l i n g  a p proaches  a re n ow i n  compet i t i on .  

1. T ra n sfer  func t i o n  a p proach .  

2 .  Numer i ca l  ( fi n i te d i fference ) a p proac h .  

3 .  State va r i a bl e l umped pa rame te r a pproach . 

The  f i r st  a pproach  i s  ma i n l y  a n  a na l yti ca l  a pproa ch  s u i tab l e 

for t h e  so l ut i on o n  a na l og  compute rs . The system characte r i s t i c s  a re 

h i dden i n  t he  compl e x  expre s s i on s  o f  the  t ran s fer func t i o n s  wh i ch 

make the i nter preta t i o n  o f  re su l ts  rather d i ff i c u l t .  Th e s econ d 

a pproac h  i s  a n umer i ca l  a pproac h  wh ere the  sy stem of  d i ffe rent i a l  

equa t i o n s  des c r i b i n g  t h e  system a re d i s cre t i zed  i n  s pace and/or  

t i me to  o bta i n  l oca l  effects  o f  a g i ven perturbat i on to  t he system .  

The th i rd a pproac h comb i n es some of  the  advantage s of  t he 

anal yti cal  approach and t h e  numer i ca l  approach . A phy s i cal  i n s i g ht  

i n to the  system can  be  ac h i eved by exami n i ng the  dynami c beha v i o r  of  

the system state vari ab l es . The  wo rk re port ed i n  t h i s d i s se rtat i on 

i s  an i n de penden t  cont r i bu t i on in the  area of s i mu l at i ng  t he 

dynam i c  behav i o r  of PWR nuc l ear  power systems us i n g th e l umped 

paramete r  state v a r i a b l e a pproach . 



CHAPT E R  I I I  

DEVELOPMENT OF THE MATHOlA. T I  CAL r�ODELS  

I I I . l  I nt roducti on  

An e s s ent i a l  pa rt of  the dynami c a nal ys i s  o f  an  e ng i neer i n g  

sys tem i s  model i n g t h e  phys i ca l  proce s s  ta k i n g  pl ace w i th i n  th e 

syst em dur i n g  a t ra n s i en t .  The p urpose o f  the mode l i n g proce s s  

i s  t o  obta i n  a mat hemat i ca l  des c r i pt i on that  can pred i c t 

the res po n s e  o f  the phys i ca l  sys tem to a l l a n t i c i pated i n puts . 

Fo r a t h e rma l hyd rau l i c  system l i ke a n uc l e a r  steam gene rato r ,  

the ma thematica l mode l  con s i s t s  o f  the equat i ons  go vern i n g  the 

storage  and  t rans po rta t i o n  o f  ma s s , momen t um a n d  energy ( ma i n l y  

therma l ) wi t h i n  t h e  system dur i n g  a t rans i en t .  

I n  th i s cha pt e r ,  a n umbe r o f  mathemat i cal  mode l s fo r a UTS G 

are devel oped  us i n g the state var i ab l e l umped parameter a pproach . 

The mode l s ra nge  from a t h ree- l ump model  o f  a s i mpl i fi ed steam 

gen e rat i n g  system to a fo u rteen - l ump deta i l ed mode l of a UTSG 

sys t em.  

I I I . 2  Bas i c  Ass umpt i on s  

I n  t h e  proce s s  o f  deve l o p i n g  mathe�a t i cal  mo de l s fo r a comp l e x  

sys t em s u ch a s  a UTSG ,  s e ve ra l  a s s umpt i ons  have to b e  made . The 

Fol l ow i n g  l i s t  i n c l udes  the a s s umpt i o n s  used in  th i s  work : 

1 .  One d i men s i ona l  fl ow fo r both pr i ma ry and  s econdary flu i ds .  

This means  that ra d i al vari a tion s  o f  th erma l and  hyd ra u l i c  

propert i es of the  prima ry and  se condary fl u i d s are neg l ected . 

2 5  
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2 .  Fo r the  p re s sur i zed  pr i ma ry water a n d  the s ubcoo l ed 

s e conda ry fl ui d ,  co n s ta nt den s i ty and s pec i fi c  heat 

a re a s sume d . 

3 .  T h e rma l conduct i vi ty o f  the  tube bund l e metal  i s  

a s sumed to  be con stant. 

4 .  H e a t  t ra n s fe r  coe ff i c i ents  a re a dj usted  to f i t the  

heat  t ran s fe r  ra tes  a n d  tempe rat u re d i fferences  reported 

by t he s team gen erato r manufacturer. Heat tra n s fer  

coeff i c i en t s  a re a s s umed to be  co n stant  du r i n g  tra n s i en t s . 

5 .  T h e rmodyn ami c  p ropert i e s  o f  s a t urated wate r a nd  

s aturated  s team a re a s s umed to  be  l i n ea r funct i o n s  o f  

pre s sure o ver  a n arrow ran ge about  t h e  s teady state 

o pe rat i ng po i nt .  

6 .  T h e  entha l py a n d  ma s s  qua l i ty o f  t h e  s team wate r mi xt u re 

i n  t he secondary fl u i d  bo i l i n g reg i on a re taken a s  l i nea r 

funct i o n s  o f  pos i t i on a l on g  t he  h eat t ran s fe r  path . 

7 .  N o  heat t ra n s fe r  t a ke s  pl ace  between the t ube bund l e 

re g i on a nd  the  downcomer .  

I I I . 3  S t ructu re o f  t he Ma t hema t i ca l  Mode l s 

From t h e  d i s cus s i on i n  Chapter I ,  page 3 ,  i t  can  be seen  t hat  

the UTS G i s  coup l e d  to  t he rea ctor coo l ant  system t h rough  t he  

pri ma ry cool ant  fl ow rate a n d  tempe ra t u re .  T he se  p r i ma ry l oo p  

cond i t i o n s  determ i n e  t h e  rate a t  wh i c h t h e rmal ene rgy i s  i n put  

to the  s team gen e rator  system . I n  t he  deve l o pment that  fo l l ows , t h e  

pri ma ry cool ant  f l ow rate i s  a s s ume d  con s tan t . The  UTSG  i s  a l so 
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cou p l ed t o  the s team cyc l e t hrough  the  s team o ut l et  fl ow rate a n d  

t he  feedwat e r  i n put cond i t i on s .  The s te am out l et fl ow rate i s  

determi ned  by the steam demand  s i gna l  to t h e  turb i ne s to p  va l ve .  

The  feedwater  i n put  cond i t i on s , ma i n l y  feedwater fl ow rate a n d  

the  feedwater tempe ratu re , a re determi ned by fee dwater pump s pee d ,  

feedwate r  heate r s , and  feedwate r control  system .  S i nce the  ma i n  

empha s i s  i n  t h i s wo rk was  the  devel o pme n t  of UTS G mode l s ,  the  feed­

wate r contro l  system i s  not  i n cl uded i n  t he  mode l s and  t he  feedwater  

fl ow ra te w a s  ma de equa l  to  t he  steam fl ow ra te . T h u s , the  t u rb i ne 

va l ve coeffi c i ent and  t he  fee dwater tempe ra ture a re t h e  o n l y  

a l l owab l e  s e conda ry s i de fo rc i n g  funct i on s . 

The mode l i n g a pp roach u sed i n  the  deve l o pment of  the ma thema t i c a l  

mode l s do c umente d  i n  t h i s cha pte r i s  the  s tepwi s e  l umped pa rameter  

state  v ar i a b l e a pproa ch . The  model s range from a th ree l ump mode l fo r 

a s i mp l i fi e d steam genera t i n g  system ( t1ode l  A )  to a fo urteen l ump 

det a i l ed mode l  ( Model D) fo r a UTS G system w i th two mo de l s o f  i nter­

medi ate com p l ex i ty ( B a n d  C ) . P ro gre s s i ve devel opment o f  i n crea s i n g l y 

comp l ex mode l s a nd  compa r i son o f  re s u l t s  c reated  con fi dence i n  the  

va l i d i ty o f  the fo rmul a t i on of  the de ta i l e d mode l . The  l umped s t ructure 

of  t hese  mode l s a re de scr i bed bel ow . 

1 1 1 . 3 . 1  S i mp l i fi ed Steam Genera t i ng Sys tem Model  ( Mo del  A)  

Mode l A was  de ve l ope d  a s a fi rst  s te p  fo r the purpo s e  of  pro v i d i ng 

a 1 1 fee l 11 for the dyn ami c re s ponse  o f  the  UTSG deta i l e d mo del . I n  t h i s  

mo de l � the  steam gene rator i s  re pre sented  by the  s i mpl i f i ed steam 

gen e ra t i ng system shown i n  F i gure I I I . l o T h e  mo del  co n s i s t s  of  the  

fo l l ow i n g  t hree  l umps  a s  shown i n  F i gure I I I , 2 . 
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l .  P r i ma ry fl u i d  l um p  ( P RL ) .  

2 .  H eat  conduct i ng tube metal l ump ( MTL ) . 

3 .  S e conda ry fl u i d  l ump ( S FL ) . 

I 1 I . 3 . 2  F i r s t  I n te rme d i a te Model  ( Model  B ) _  

I n  Mod e l  B, t he  p r i ma ry fl u i d l ump a n d  the  con duct i n g tube meta l  

l ump  o f  Mo de l A a re eac h b roken  i nto two l umps  t o  s i mul ate  t h e  two 

branches  o f  t h e  U-tube bun dl e .  The secondary f l u i d i s  s t i l l  represented  

by  o n e  l ump . The mode l con s i s t s  o f  the  fo l l ow i n g f i ve l umps ( a l so 

seen  i n  F i gure I I I . 3 ) :  

1 .  P a ra l l e l fl ow b ranch  p r i ma ry fl u i d l ump ( PRLl ) 

2 .  Counte r fl ow b ra n ch pr ima ry fl u i d l ump  ( P RL2 ) 

3 .  P a ra l l e l fl ow b ranch conduct i ng tube meta l  l ump ( MTL l ) 

4 .  Counte r fl ow branch  conduc t i ng tube meta l  l ump ( MTL2 ) 

5 .  S e condary fl u i d  l ump  ( S FL ) . 

I I 1 . 3 . 3  Second  I nterme d i ate Mode l ( Model  C )  

I n  t h i s  mode l , t he  s econdary fl u i d l ump  i n  Mode l B i s  b roken  i nto  

t h re e  l umps as  s hown i n  Fi gure I I I . 4 .  The mode l t hu s  cons i st s  o f  the 

fo l l ow i n g  s even  l umps . 

1 .  P a ra l l e l fl ow b ra nc h  pr i ma ry fl u i d l ump  ( PRLl ) 

2 .  Counterfl ow b ra n ch pr i ma ry fl u i d l ump ( PRL2 ) 

3 .  Para l l e l fl ow branch  conduc t i ng tube  meta l l ump  ( tiT L l ) 

4 .  Counterfl ow b ra n ch conduct i n g  t u be meta l  l ump ( MTL2 ) 

5 .  E ffect i ve heat  e xcha n ge secon dary fl u i d  l ump ( S FE H E L )  

6 .  Drum equ i va l e n t  s econdary fl u i d  l ump ( S FDRL ) 

7 .  Downcomer secondary fl u i d  l ump ( S FDCL ) .  
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I I I . 3 . 4  The  Det a i l ed t·1odel ( Mode l  D )  

I n  the  deta i l e d mo del , the e ffe ct i ve heat exchange  re g i on ( tube 

bun d l e re g i on )  i s  d i v i ded  i nto a subcoo l e d  h eat  t ran s fe r  sect i on a n d  

a bo i l i n g  h e a t  t ra n s fe r  s ect i o n  w i t h  a dynami c boun da ry between t h e  

two sect i o n s .  A l s o , t he  e ffect o f  p r i ma ry coo l a nt  i n l et and  outl e t  

p l enums i s  exami ned  by add i n g  a l ump  for e a ch pl enum . 

T h e  deta i l ed mo del  s t ructure i s  s hown i n  F i gure I I I . 5  and  i s  

compo s e d  o f  t he  fol l owi n g  l umps . 

a . P r i ma ry s i de l umps  

1 .  pr i ma ry i n l e t p l e num ( P RI N )  

2 .  para l l e l fl ow b ra nc h  subcool e d heat t ra n s fe r  sect i o n 

p r i ma ry l ump ( P RLl ) 

3 . pa ra l l e l fl ow b ranch bo i l i ng heat t ra n s fe r  sect i o n  

p r i ma ry l um p  ( P RL2 ) 

4 .  counte r fl ow branch bo i l i n g  h eat transfe r  sec t i on  

pr i ma ry l ump  ( PRL 3 )  

5 .  counter  fl ow b ranch subcoo l e d heat t ra n s fe r  s ec t i o n  

p r i ma ry l ump  ( PRL4 )  

6 .  p r i ma ry out l et p l enum ( PROUT ) 

b .  Conduct i n g  tube metal l ump s .  

7 .  pa ra l l e l fl ow b ranch  subcool ed  h eat  t ra n s fer  s ect i on 

tube meta l l ump ( ttfT L l ) 

8 .  paral l e l fl ow b ranch  bo i l i n g  heat t ra n s fe r  sect ion 

tube meta l l ump ( MTL 2 )  

9 .  counter fl ow b ra nch  b o i l i n g  h eat t ra n s fe r  sect i on tube 

meta l  l ump  ( riTL 3 )  

1 0 .  counter  fl ow branch  subcoo l e d heat  t ra n s fe r  s ec t i o n 

tube meta l  l ump ( MTL4 ) 
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c .  Secondary s i de l umps 

1 1 . s ubcoo l e d  s econda ry fl u i d  l ump  ( S FSL ) 

1 2 . bo i l i n g s econdary fl u i d l ump  ( S FB L )  

1 3 . drum eq u i va l en t  secondary fl u i d  l ump ( S FDRL ) 

1 4 .  downcome r s econda ry fl u i d  l ump ( S FDCL ) . 

I I I . 4 Govern i ng Equat i on s  fo r Model A 

I I I  . 4 . 1 Pr i ma ry L ump ( P RL )  

An ene rgy bal a n ce o n  the  p r i ma ry wa te r l ump yi el d s  the  fol l ow i n g  

equat i on 

( I I I . 4 . 1 ) 

where , 

t1 mas s o f  pr i ma ry water p 
cp l  

= s pec i fi c heat  o f  pr i ma ry water 

T = b u l k mean  tempe rat u re of  t he  p ri ma ry water  l ump 
p 

w = ma s s  fl ow rate  o f  pri ma ry wate r 
p 

T = i n l et p r i ma ry water tempe ra t u re p i  

u = e ffect i ve heat  t ran sfe r  coe ffi c i ent  between p r i ma ry pm 

wa ter  a nd  t u be meta l l umps 

S = heat t ran s fe r  a re a  between  the  pr i ma ry wa t e r  a nd  t u be  pm  

meta l  l umps 

T = ave ra ge tempe ra ture of  t ube me ta l l ump . 
m 

S i nce t he den s i ty and  s pec i fi c heat  o f  t h e  p r i ma ry wate r a re 

a s sumed to be constan t , then  Equat i o n  ( I I I . 4 .  l )  can  be wri tten i n  

the  form 

( I I I . 4 . 2 ) 
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where , · - __£_ - res i dence t i me of the pri ma ry wat e r  i n  the heat i n g  
t P - wP -

sect i on . 

I n t roduc i n g  pe rturbat i on va r i abl es , one  obta i n s :  

( I I I . 4 . 3 ) 

whe re 6 mea n s  the devi a t i on of  the va ri abl e from i ts val ue at 

s teady stat e .  

I I I . 4 . 2  Tube Meta l L ump ( MTL ) 

An energy bal ance on  the tube metal  l ump y i e l ds the fo l l owi ng  

equat ion  

where , 

d 
dut 1 M  C T ) = U S ( T -T ) - U S ( T  - T  ) � m m m pm pm p m ms ms m s 

MM = mas s  of  tube metal 

C = s pec i fi c  hea t o f  t ube metal  m 

( I I I . 4 . 4 )  

U = e ffecti ve heat t ransfer coe ffi c i ent between the  tube ms 
meta l and  s econdary fl u i d l umps 

Sms = heat t ra n s fe r  a rea between the tube metal  and s econdary 

fl u i d  l umps 

T = bu l k mean tempe rature i n  the s econda ry l ump , s 
and other terms a re as  defi ned  be fore . 

For con s tant tube metal  den s i ty and s peci fi c heat , we have 

\ · ( I I I . 4 . 5 ) 
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Thus , the  pe rturba t i on form o f  the equat i on become s  

U S + U  S u s dcST  U S 
m _ ( pm pm ) OT  dt - M C  p ( pm pm ms ms ) eST  + M C m 

ms ms �T . ( I I I  4 6 )  M C u s . . 
m m m m m m 

I t  i s  a s sumed that  the  f l u i d i n  the s e condary l ump i s  a s team-wate r 

mi xtu re a t  the rmodyn ami c equ i  1 i br i  um . Therefo re , a pre s sure c h ange  

re sul ts  i n  a change  i n  s a tura t i on  tempe ratu re : 

whe re 

aT * 
T = ( s a t ) o P  6 s a P  

P = s team pres sure 

( I I I . 4 . 7 ) 

aT  
( s a t ) = s l o pe o f  the  s t ra i ght l i ne a p proxi ma t i on o f  t he curve a P  

o f  Ts at aga i n s t  P ( s ee Append i x A ) . 

T hus  Equa t i on ( I I I . 4 . 6 )  becomes 

d 6T  U S U S +U  S U S m _ ( pm pm ) o T  _ ( pm pm ms ms ) eST + ( ms ms ) ---eft - M C p M C m t1 C m m m m m m 

I I I . 4 . 3  Secon dary Fl u i d L ump ( S FL ) 

a T  sat  cS P  a P • 

( I I I . 4 . 8 )  

T he gove rn i n g  equat i on fo r the  s econdary fl u i d l ump i s  

obta i ned  by app ly i n g  ma s s  ba l ances  fo r t he wate r a n d  s te am 

componen ts , a vol ume ba l an c e ,  a n d  an  equat i o n  re l a t i n g  the  st eam 

ge ne rat i on rate W to the heat t ran s fe r  rate to the secondary s g  

fl u i d a n d  t he degree  o f  subcool  i n g  o f  t h e  feedwa te r en te r i n g  the  

sys tem ( heat  b a l ance ) . 

*Al thoug h  Ts at a n d  other  satu rat i on prope rt i e s a re con s i dere d  a s  
funct i on s o f  o n e  va n a b l e ( P ) , t h e  p a rt i a l de r i v at i ve symbo l  ( a/ ;:J P ) i s  
used for c l a r i ty o f  equat i on s . 
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a .  Mas s  ba l ance 

l .  Water phase  

where , 

r1 = mas s  o f  water i n  t he  secondary l ump sw 

W Fi 
= i n l et feedwater  fl ow ra te 

w = steam gen e rat i n g  ( e vapo rat i o n )  ra te s g  

2 .  Steam ph a s e  

where , 

Ms s  = mas s  o f  steam i n  t he secondary l ump 

Wso  = out l et  steam fl ow ra te 

b .  Vo l ume b a l a n ce 

w he re , 

VSW 

vs s  

d vsw 
-- + 

dt 

d v s s  
dt 

d vs t  = = 0 dt  

= vo l ume o f  wate r  i n  the 

= vo l ume of s team i n  t he  

seco n da ry l ump 

s econda ry l ump 

vs t  = tota l vol ume occup i ed by the  seconda ry 

S u bs t i t ut i n g v sw  = M . vf sw  

and  v s s  
= M . vg ' s s  

w he re , 

vf 
= s pec i fi c  vo l ume o f  s at u rated water 

v = s pec i fi c vol ume o f  s a t u rated s team g 

( I I I . 4 . 9 )  

( I I I . 4 . 1 0 )  

( I I I . 4 . l l )  

fl u i d .  
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we get 

d M d vf d M sw  + M + v s s  + Ms s  v f dt sw  (ft g dt 

Neg l e ct i n g  t he change i n  the  s pe c i fi c 

wat e r  d uri n g  a t ran s i en t , o n e  obta i ns :  

d M d M d v 

d v 

� =  

vol ume 

__ s-'-w + s s M __g_ = 0 vf dt v g dt + s s  dt 

d v � v  dP u s i n g  ____]_ = ( __g_) • -
dt dt ;l P 

d l . f dP an so v 1 n g  or dt ' we ge t 

l d M d M { sw + v s s } --a v v f dt g dt 
Ms s  � 

0 .  ( III . 4 . 1 2 )  

o f  s a t u rated 

( III . 4 . 1 3 ) 

( III . 4 . 1 4 ) 

and  s ub s t i tut i n g  from E q ua t i o n s  ( III . 4 . 9 )  and  ( III . 4 .  1 0 ) 

i n to Eq u at i on (III . 4 . 1 4 )  a n d  u s i n g  the a s s umpt i o n 

WF i  = 
Wso ' we have 

( III . 4 . 1 5 )  

whe re , 

vfg v
9 

- vf . 

Us i n g  t he c r i ti ca l  fl ow a s s umpt i o n  ( see Appen d i x B ) , we 

have 

w = c . p so L 
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whe re , 

CL = s team va l ve coe ffi c i ent . 

T herefo re , 

�� = - 1� { vfg ( Ws g - CL . P ) } .  
Ms s  3 P  

( I I I . 4 . 1 6 ) 

c .  Heat  ba l ance  

d ( M e + M e ) = dt SW f S S  g U S ( T - T ) + WF . cP2T F . - W h ms ms m s 1 1 s o  g 
( I I I . 4 . 1 7 ) 

where , 

e = 
f 

i n t e rn a  1 energy o f  s at u rated  water 

e g 
= i ntern a l  ene rgy o f  s a t u rated steam 

CP2 = s pec i fi c  heat  o f  feedwater 

T Fi  = i n l et temperat u re o f  feedwate r  

a n d  o t h e r  terms a re a s  defi ned  be fore . T he i ntern a l  

e nergy terms e f a n d  e 9 can b e  re p l aced  by t h e  e nt ha l py 

t e rms h f a n d  h 9 wi t hout  s i gn i fi ca n t  e rror (22 ) d ue to 

the sma l l va l u e  of the fl ow wo rk te rm ( j
v ) ( s ee  Appen di x 

C ) . S i n ce h f and  h g a re p res s u re de pendent , we h a ve 

3 h f d d M 3 h d M _E. + h sw + M __g_ • _E. + 
sw ap . dt  f dt s s 3 p dt  

d M + h g dt
s s  = U S ( T -T ) + W F . cP2T F . - W 0 h . ms ms m s 1 1 s g ( I I I . 4 . 1 8 ) 

Subs t i t ut i n g  from Equat i o n s  ( I I I . 4 . 9 )  and  ( I I I . 4 . 1 0 ) 

i nto Eq uat i on ( I I I . 4 .  1 8 )  and  us i n g  the  a s s umpt i o n 
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a hf dP + M � • � + ( W  = Msw  aP · dt  s s  a P dt s g - wso ) ( hg - h f) 

From E q uat i o n  ( I I I . 4 . 1 5 )  we have 

M a v dP 
( W - W ) = - � J · -

s g  s o  v fg a P dt 

T h u s , E q ua t i o n  ( I I I . 4 . 1 9 ) be come s 

a hf a h  h f a v  dP 
( r� - + r� _g_ - M ...J:.9.. • _ _g_) 

sw a P s s  a P s s  vfg a P dt 

where , 

hfg = h g 
- hf . 

And ,  the perturba t i o n  equat i on becomes 

a hf a h h f a v  d o P  _ ( M  - - + M _ _g_ - M ___!_9_ • _...9.) - -

sw a P s s  a P s s  vfg a P dt 

a h 
= U S s ( OT - oTs ) - W (-_g_ o P - Cp2 o T F 1. ) ms m m s o  a P  

- ( hg - CP 2TF i } �Wso · 

a h f a h h f a v  
Let K = ( M - - + M - _9_ - t1 ___I_9_ • _..9.) 

sw a P  s s  a P  s s  vfg a P  

and s u b s t i tute o Wso = CLo P + P o CL 

aT s at and oT5 = a P o P to  obta i n :  

( I I I . 4 . 1 9 )  

( I I I . 4 . 20 )  

( I I I . 4 . 2 1 )  
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I I I . 4 . 4  S u mma ry o f  t he  Mode l Equat i on s  

The  f i rs t s i mpl i fi ed mo del  c a n  be re prese nte d  i n  t h e  fo rm o f  

t h ree  fi rs t order d i ffe ren t i a l  equat i on s  t h a t  can  b e  wr i tte n i n  the  

mat ri x fo rm 

dx _ A 
-

+ B 
-

( I I I . 4 . 2 3 )  dt  - X u 

where 

oT
P rH P i  

1 
-

oT  
- OT Fi X u = 

m 

o P  lo cl J 
Each  o f  t he matr i ces, A a n d  � i s a 3 x 3 matr i x  g i v i n g the  coe ffi c i ents  

o f  the  s tate  vari ab l e ve cto r x and the  fo rc i ng  ve ctor  u .  

T he n onzero e l eme n t s  o f  A and B a re l i s te d  a s  fo l l ows : 

A ( l , l ) = 

A ( l , 2 ) = 

A ( 2 , l ) = 

A ( 2 , 2 )  

A ( 2 , 3 ) 

A ( 3 , 2 )  = 

A ( 3 , 3 )  = 

( -1 + 
T p 

u s 
2m �m 
MP CP l  

u s 
�m pm 
M C m m 

u s 
�m [2m ) MPC Pl  

u s + u s 
( �m pm ms ms ) M C m m aT sat  

u s ms  ms  
K 

l - - ( U  S K ms ms  

1 

3 P  

aT  s at  + w 3 P  

B ( l , l ) - -

T p 

a h  

so 
� + C L ( h g-C P2

T
F i ) )  



8 ( 3 , 2 )  

8 ( 3 , 3 )  

I I I . 5  Go verni ng Equati ons  fo r t1o del 8 

I I I . S .  1 P r i mary L ump ( P RL l ) 

Heat bal ance  

�t ( r�P l  CP l  T P l ) = WP CP l  T P i  - Upm( 5pm) 1 ( T Pl  - T ml ) - WPC P T Pl  
( I I I . 5 . 1 ) 

whe re , 

MP l  = mas s  o f  p ri ma ry water i n  P Rl 

TP l  = bu l k mean  tempe rature o f  P Rl 

( S
pm ) l = heat t ra n s fer  area  between PRl and MTLl  

Tm1 = ave rage tempe rature of  MTL 1 ,  

and other terms a re a s  defi ned before . Fo l l owi n g the s ame proce dure 

as i n  t he f i rst s i mpl i fi ed model , we have 

where 
M 

'P l  = w:l = res i den ce t i me  of the p ri ma ry fl u i d  i n  PRl . 

I I I . 5 . 2  Pri ma ry Lump { PRL2 )  

The eq uati on  fo r pr i ma ry l ump P RL 2 can be obta i n ed from Equa t i on 

( I I I . 5 . 2 )  by repl aci n g  Tp ;  by TP l , TP l  by TP2 and Tml by Tm2 as fol l ows : 

dOT P 2  1 -.,..:....=. = - or dt  'p2 P l  
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I I  I .  5 .  3 Tube Meta  1 L ump U1TL 1 )  

Hea t bal ance 

where , 

Mml  = mas s  o f  t ube metal  l ump t1TL 1 

Ts = bul k mean tempe rature of  t he secondary fl u i d l ump . 

As s umi n g  t hat Ts i s  equal  to Tsat ' t he satura t i o n  tempe rature , and 

us i n g  t he same p rocedure as  i n  the case of the fi rst s i mpl i fi ed 

model ( Mode l  A ) , we get : 

( I I I . 5 . 5 ) 

I I I . 5 . 4  Tu be Metal  L ump ( MTL 2 )  

T h e  equat ion  fo r t ube metal l ump t.frL 2 c a n  b e  obta i n ed ,  by 

s i mi l ari ty ,  from Eq uat i o n  ( I I I . 5 . 5 )  as fo l l ows : 

d 6Tm2 
dt 

aT s a t  a P  • 6 P • 

1 1 1 . 5 . 5  Secondary Fl u i d  Lump (SFL) 

( I I I . 5 . 6 )  

The only d i fference i n  the fo rmu l a t i on o f  the  s econdary l ump  

equat i o n  between thi s model  and  the  f i rs t  one is  that  the heat i s  
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tran s fe rred to t he s e conda ry l ump from both met a l  l umps M 1  and  M2 . 

Thus , t he  heat ba l a n ce e q ua t i on becomes . 

s!_ ( M h + M h ) - U ( S  ) ( T  T ) dt  sw f s s  g - ms ms 1 ml - s a t  

That  i s :  

M d hf d M dh  d M SW � S S  SW � + h f ---d�t- + MS S  dt + h g dt 

By us i n g  t he re l a t i on s  

and 

dh  a h dP 
-at = --a1- · dt 

dM dM 
and s u bs t i tut i n g  for d�w and d�

s from Equat i on ( I I I . 4 . 9 )  a n d  

Equa t i on ( I I I . 4 . 1 0 ) we get 

( M 
d h f + M �) d p = U ( S ) sw -aP s s  d P  dt  ms ms 1 ( T  1 +T 2-2T t ) 

m m sa 

+ W Fi CP2T Fi - h g ( Ws g-Wso ) 

- h f ( WFi -Ws g ) - wso hg . 

( I I I . 5 . 7 ) 

( I I I . 5 . 8 ) 

( I I I . 5 . 9 )  
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Us i n g  the  a s s umpt i on that  feedwate r i s  adj u ste d  to match  s team fl ow 

( W Fi  = Ws0 } ,  a n d  s ubs t i t ut i n g for ( Ws g - Ws0 } from Equati on  ( I I I . 4 . 1 5 } , 

we get 

dhf dh  hf d v  dP  _ 

( M  - + M _9. - M ..29. • _9.) - -

sw dP s s  dP ss  vfg dP dt 

I ntroduc i n g  per tu rba t i o n  var i abl es , we get : 

1 1 1 . 5 . 6  S ummary of t he Model  Equat i ons  

( I I I . S . l O }  

( I I I . 5 . l l }  

t�del  B c an be rep resented i n  the fo rm o f  fi ve , f i rst orde r 

d i ffe rent i a l  equ at i ons  that  can be wri tten i n  the matri x fo rm g i ven 

i n  Equati on ( ! ! 1 . 4 . 2 3 )  whe re 

OT P l 6T Pi 
-

6 TP2 u = 6 T F i  
-

X = oTml 
6 CL 

oTm2 

oP 

I n  th i s ca se ,  A i s  a 5x5  matr i x and B i s  a 5x3 ma tr i x  g i v i n g  

t he coe ffi c i ents  o f  the s tate vari ab l e ve cto r i a n d  the fo rc i n g 

vecto r u ,  respec t i vel y .  
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T h e  nonz e ro e l ements  of  A a n d  B are l i s ted  a s  fo l l ows : 

U ( S  ) 
A ( l , l ) = _ ( -1- + pm pm ) 

T P l  MP l cP , 

A ( l , 3 )  = 
u�m( 5�m) 1 
MP l CP l  

A ( 2 , 1 ) 1 - - - -
T P2 Tp l 

U ( S  ) 
A( 2 , 2 )  = _ ( -,- + pm �m 2 ) = A ( l , l )  

T P2 MP2 CP 1  

U ( S  ) 
A ( 2 , 4 )  = pm pm 2 = A ( l , 3 )  

MP2CP l  

U
pm( S

pm ) l + Ums ( 5ms ) l A ( 3 , 3 )  = - ( --'--�-:-:
M
-----,

C 
___ _ 

ml m 

A ( 3 , 5 )  

U ( S  ) + U ( S  ) 
A ( 4 , 4 )  - - ( pm pm

M
2 

C 
ms ms 2 ) = A( 3 , 3 ) 

m2 m 

A ( 4 , 5 ) = A ( 3 , 5 )  

A ( 5 , 3 )  

A ( 5 , 4 )  = A ( 5 , 3 )  



B ( l , l ) 

B ( 5 , 3 ) 

1 1 1 . 6  Govern i ng Equat i on s  for Model  C 

I I I . 6 . 1  General 

T he s t ructure of t h i s  secon d i ntermed i ate model  was des cri bed 

i n  Sect i on 1 1 1 . 3 ,  page 26 ,  and shown schema t i c a l l y  in F i gure I I I . 4 ,  pa ge 

32 . The d i ffe rence between th i s  model and  the fi rst  i nte rmed i ate mode l 

( Model B ) i s  that a more deta i l ed l ump s t ructure o f  the  secon dary 

s i de i s  u sed . The go vern i ng equat i ons  for the  p ri ma ry fl ui d and  

tube meta l l umps i n  Mode l C are s i mi l a r  to  those i n  Model  B a n d  are 

repeated i n  t h i s sect i on for conven i ence .  The govern i ng eq uat i ons 

fo r the  secondary fl u i d l umps a re deri ved i n  deta i l  s i n ce they wi l l  

be used  i n  the deve l o pmen t  o f  the deta i l e d  model ( Model D ) . 

1 1 1 . 6 . 2  Pr i ma ry Lump ( PRLl ) 
The equat i on  fo r t he pr i ma ry l ump  PRLl  i n  Mo de l  C i s  s i mi l a r 

to Equat i on  ( 1 1 1 . 5 . 2 ) . That i s :  

( I I I . 6 . 1 ) 
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I I I . 6 . 3  P r i ma ry L ump ( P RL2 ) 

The  e q u at i o n  fo r t he  p ri ma ry l ump  P RL2  i n  r1ode l C i s  s i m i l a r 

to Equat i on ( I I I . 5 . 3 ) .  T hat i s : 

I I I . 6 . 4  T u be Met a l  L ump ( MTL l ) 

T he  e q u at i on fo r the  t u be meta l  l ump MTL l  i n  Mo de l C i s  s i mi l a r  

to  Equat i on ( I I I . 5 . 5 )  e xcept t h a t  Ts i s  con s i de red a s tate vari ab l e 

( i n s t ead  o f  p re s s ure )  to  ac count for t he  chan ge i n  s econdary 

tempe rat u re between t h e  s ub cool ed and  bo i l i n g re g i ons  o f  t he  e f fect i ve 

heat  exc h a n ge secon d a ry fl u i d  l ump . That  i s :  

doTml 
�- = 

dt 

u s pm pml T M 1 c 0 P l  m m 

U S +U S U S 
( pm Mml

c 
ms ms l ) oT , + M

ms
c
ms l o T s . ( I I I . 6 . 3 )  

ml m m . ml m 

I I I . 6 . 5  Tube  Meta l  L ump ( MTL2 ) 

The equat i on for the  t u be meta l  l ump MTL2  i n  r�ode l C i s  s i m i l a r 

to Equat i o n ( 1 ! ! . 5 . 6 )  e xcept fo r t he  u s e  o f  Ts a s  a s tate var i ab l e  

( s ee  abo ve ) . That  i s :  

d0Tm2 
d t  

I I I . 6 . 6  E f fect i ve Heat Exchange Secondary F l u i d L ump ( S FEH EL ) 

T h i s l ump rep resents  the core o f  the  s team generator s e condary 

f l u i d  whe re the  ma i n  heat  exchange p roce s s  takes  p l ace as s hown i n  

F i gure I I I . 6 .  The secondary fl u i d  t hat  enters from the downcome r 
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sect i o n  rece i ves  heat  from both bran ches  o f  t h e  U-t u be bund l e and  

i s  con verted  from a s l i gh t l y  s ubcoo l e d  l i q u i d  i n to a two phase  

mi xtu re t hat r i s e s  to ente r the  drum e q u i val ent  s ect i on .  An  ene rgy 

ba l ance o n  t he  con t ro l  vol ume enc l os i n g t he effecti ve heat  excha n ge 

l ump y i e l d s  t he fol l owi n g  equat i on 

( I I I . 6 . 5 ) 

where , 

�\ = ma s s  o f  secondary fl u i d  

hs = a ve rage e n t ha l py o f  s econ da ry fl u i d 
. 

Q = heat t ran s fe r  rate from t h e  p a ra l l e l fl ow t u be meta l  ms l 

. 

branch  to  t h e  s econdary fl u i d  = U S ( T  1 -T s ) ms ms m 

Q - heat t ra n s fe r  rate from the  co unter  fl ow t u be metal ms 2 -

branch  to  t he s econda ry fl u i d = U S ( T  2 -Ts ) ms ms m 

w 1 = mas s  fl ow rate o f  s econda ry fl u i d  from the  down come r 

to the  ri s e r  

cp2 = s pec i fi c  heat  o f  the s ub coo l e d  l i q u i d l ea v i n g  the  

downcomer s e ct i o n  

Td = temperature o f  t h e  s ubcoo l e d  l i q u i d l ea v i n g  the 

down come r s e ct i on 

w2 = out l et  s econ da ry f l u i d  ma ss  fl ow rate 

hxe = entha l py of the out l et s econda ry fl u i d . 

S i nce  the  e ffe ct i ve heat exc hange l ump i s  bounded  a t  the  bottom 

by the  t u be s heet and at the top by a hypothet i cal  p l ane  j us t  a bo ve 
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t he tube b und l e ,  t he vo l ume o f  t h e  l ump i s  con stant  a n d  E q u at i o n 

( I I I . 6 . 5 )  become s  

U S ( T  l + T 2 - 2T )  + w 1 cPZTd - W2 h 
ms ms m m s e ( 1 1 1 . 6 . 6 )  

where , 

Vs 
= vo l ume o f  t h e  secondary fl u i d  i n  the  e ffe ct i ve heat  

exchan ge l ump  

p s 
= avera ge den s i ty o f  the  s econdary f l u i d i n  the  e ffect i ve 

heat  excha n ge l ump 

Ts 
= ave rage temperatu re o f  the secon dary fl u i d i n  the  

effect i ve heat  e xchange l ump . 

The  secondary f l u i d i n  t he e ffect i ve heat e xchan ge l ump  i s  compo s e d  

o f  two reg i on s , a s u bcoo l ed  re g i o n  whe re t he  b u l k mean  tempe rat u re 

o f  t he s u bcool ed  wa te r i s  ra i se d  from the down come r tempe rat u re to 

t h e  satu rat i o n  tempe rat u re and a bo i l i ng re g i o n  where part of  the  

s at u rated water  i s  conve rted i nto s team .  1 -- +- 1 b" t h e  l enoth  o f  L...C: l..o L.. s ub c ,J 

s u bcool e d  reg i o n  and  L bo i l  be  the  l en g th  o f  the  bo i l i n g  re g i o n . L s ub 

( the  l evel  at w h i ch t he  bo i l i n g  proce s s  s t a rt s ) can  be  dete rm i ned 

from a ca l c u l a t i on o f  the  s econdary tempe rat u re p rof i l e  i n  the  

e ffec t i ve heat exchange  l ump at  s tea dy s tate . 

i s  

be 

S i nce  the dynami c res pon se  o f  t he  s u bcoo l ed/bo i l i n g 

not cons i dere d  i n  t h i s 

constan t .  T he ave rage  

model , 
L b L b ( an d  hence  L

s u  ) s u bo i 1 i s  

the rmo dynami c p ro pe rt i e s o f  t he  

i nte rface 

a s s umed to 

s e co ndary 

fl u i d  i n  the e ffect i ve heat exchange l ump a re de ri ve d from the 

we i ghted a verage of t he  propert i e s  i n  t he  s ubcoo l ed  and  bo i l i n g 

re g i ons . Fi g u re I I I . ?  s hows the vari at i on o f  t h e  the rmodynami c 
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p ropert i es o f  the s econda ry fl u i d  i n  the s ubcoo l ed  a n d  bo i l i n g  

reg i on s  o f  the  effect i ve h e a t  exchange  l ump . From t h i s  f i g u re ,  

t he  fol l owi n g  eq uat i o n s  a re obta i ne d  fo r t he a ve rage  the rmo dynami c 

p ro pe rt i es o f  t h e  s econda ry fl u i d  i n  t he  effec t i v e  heat exc hange  l ump . 

T +T 
T = ( d s at ) s 2 

L 

L 
� + T  L s at 

s u b + ___ _ 

L 

T +T L X 
hs 

= C ( d s a t ) • s ub + ( h  + � h ) P2  2 L f 2 fg 

L X L � + � . bo i l  
L 2 L 

( I I I . 6 . 7 ) 

( I I I . 6 . 8 ) 

( I I I . 6 . 9 )  

( I I I . 6 . 1 0 )  

I n  the  a bo ve equat i o n s , t he s u b s cr i pt ( s )  i n d i cates  a ve rage 

p ro pe rt i es i n  the e ffect i ve heat  exchange re gi on  a n d  the  s ubs c ri pt 

( d )  i n d i cates downcome r exi t p ro pe rt i es . S ubst i tut i n g  from Eq uat i ons  

( I I I . 6 . 7 )  to  ( I I I . 6 . 1 0 ) i n to Equ a t i o n  ( I I I . 6 . 6 )  a n d  neg l ec ti n g  t he 

c hanges  i n  t he  s ubcool ed den s i ty d u r i n g  t he tran s i en t , o ne  obta i n s 

t h e  fo l l owi ng equa t i on : 
T +T 

M � [C ( d sa t ) s d t  P2 2 

L sub  + ( h  + 
xe h ) 

L bo i l ] f - . 

L 2 fg L 

d + Vs h s dt [---x-­
e 

vf + 2 vfg 

Lboi l ] L 

.
L s u b + T 

Lbo i l ) ] + l·' C T 
L s at 

. 
L � l P2  d -

( I I I . 6 . l l ) 
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Perfo rmi n g  the  d i ffe rent i at i o n  i n  E q uat i on ( I I I . 6 .  1 1 ) and  us i n g t h e  

a s s umpt i o n  o f  l i nea r c ha n ge o f  the  the rmodynami c p ro pe rt i e s o f  

s a t u rate d wate r and  s team wi t h  the  s team gen e rator  p re s s u re ( s ee 

Appen di x A ) o n e  can wr i te the eq ua t i o n  de scr i b i n g  t h e  h ea t  ba l a n c e  o f  

t he  effec t i v e  h ea t  exc ha n g e  l ump i n  t h e  form : 

L d cP  bo i l ] dt L 

( I I I . 6 . 1 2 )  

of  o P  a n d  o xe i n  t h e  de ri va t i ve 

o f  t he  a ve rage den s i ty i n  the  bo i l i n g  reg i o n ( s ee  Appen d i x  E ) . F rom 

Equa t i o n  ( I I I . 6 . 7 ) we h a ve 

T = 
L s ub aT + (

L s ub + L b o i l ) 
aT s at P 0 s 2 L  d 2 L L a P 0 . 

The  rel at i on  between the  fl ow rates w 1 and  w2 can  be obta i ne d  

from t h e  ma s s  ba l ance e q ua t i o n  a s  fo l l ows 

( I I I . 6 . 1 3 ) 

( I I I . 6 . 1 4 ) 
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Subst i tut i n g  for p from E quat i on ( I I I . 6 . 8 ) and i ntrod uci ng  the s 

perturba ti o n  var i abl es  

Lb . 1  d o  
V [ 0 1 ( C  ____.E. 

s L 1 b d t  

d o x  
+ c2b d t

e ) J  = ow, - oWz . ( I I I . 6 . 1 5 ) 

Equat i on s  ( I I I . 6 . 1 2 ) , ( I I I . 6 . 1 3 ) , and  ( I I I . 6 . 1 5 ) a re the  des c ri b i ng 

equat i on s  fo r the e ffect i ve heat exchange l ump . 

I I I . 6 . 7  Drum Equ i va l en t  Secondary Fl u i d L umr (S FDRL )  

T he d rum equ i va l en t  s econda ry fl u i d  l ump  i n  th i s  mo de l  i s  bounde d  

by t he hypothet i cal  pl ane abo ve the U-tube bundl e a n d  t h e  steam 

generator s he l l i nner  s u rface as s hown i n  F i gure I I I . S . T h i s l ump 

can be d i v i ded  i nto three parts 

1 .  Ri ser/ s eparato r vol ume 

2 .  Drum water vol ume 

3. Drum s team vo l ume .  

The ri ser/sepa rato r vo l ume rep resents  t he contro l  vo l ume bo unde d  

by t h e  hy pothet i ca l  pl ane at t h e  exi t o f  t h e  e ffecti ve heat exchange 

l ump . t he U-tube wrapper and the i nner  s u rface of  the s team s eparators . 

The d rum water vol ume re presents  the con t ro l  vol ume bounded by the 

hypot het i cal pl ane a t  t he exi t of  the effecti ve heat exchange l ump , 

the s team water i nte rfa ce , the hous i n g  o f  the steam separators and 

the s team generator s he l l i nner  s u rface ( s ee F i gure I I I . 8 ) . The d rum 

s team vol ume rep resents  the contro l  vol ume bounded by the steam water  

i nte rface , the s team separators and  the s team generator i nne r s u rface . 

I n  the  ri ser/separator vo l ume , the two pha s e  mi xture l eavi ng the 

effect i ve heat exchange r l ump i s  t rans po rte d to the steam separato rs 

whe re t he saturated steam part enters the d rum steam vol ume and  the  

saturated wate r part enters  the drum water  vol ume . In  the drum wate r 



Drum Steam --+----+­
Vo l ume 

Drumwater 
Vol ume 

5 7  

� i ser/ S e parator 
Vol ume 

-- - ----1----�-

S t eam O u t l et 
w , h  

so g 

F i xed 
- - - B o u n d a ry 

H·-+--- U-tube Wra p p er 

F i g u re I I I . 8 The Drum E q u i va l ent  Seconda ry Fl u i d L ump . 
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vol ume , t he s a t u rated  water  f rom t h e  s team s epa rators i s  mi xed wi t h  

t he fee dwater enter i n g  t h ro u g h  t h e  feedwate r  ri n g  and  t h e  s l i g h t l y  

s u bcoo l e d  l i qu i d  t h u s  fo rmed fl ows downwa rd t o  e nter  t h e  down come r 

l ump . T he drum s team vo l ume acts a s  a steam s tora ge and  del i ve ry 

s e ct i on where the  s team from the  s t eam s ep a rato rs enters a t  a rate 

p ro po rt i on a l  to the ex i t q ua l i ty of the e va po ra t o r  s ect i o n  and  l ea ve s  

at  a rate  p ro po rt i o na l  to  the  turb i ne  l oa d  dema n d . The  govern i n g 

e q uat i on s  for t he  a bo ve t h ree  vo l umes cons t i t ut i n g  t h e  d rum 

e q u i va l en t  l um p  a re devel o ped bel ow .  

I I I . 6 . 7 . 1  R i s e r/Separator  Vol ume 

Th i s vo l ume i s  ma i n l y  a t ran s port sect i o n  b e tween t he  e ffect i ve 

heat  exc han ge l ump  a n d  t h e  steam a n d  water  vol umes o f  t he d rum 

e q u i va l ent  l um p .  The t ra n s po rt t i me del ay a s s o c i ated w i th  t h i s 

vo l ume can  be a ccounte d  fo r by cons i de r i n g  a mas s  bal ance  on  the  

r i s e r/ separato r vo l ume a s  fo l l ows : 

( I I I . 6 . 1 6 )  

where , 

Vr 
= vo l ume o f  t h e  secondary fl u i d i n  t h e  ri s e r/ s e pa rato r vo l ume 

p = den s i ty o f  t he  se con da ry fl u i d  i n  t h e  r i s e r/ s e pa rato r vo l ume r 

wz 
= mas s  fl ow rate o f  t h e  secondary fl u i d e nter i n g  t h e  ri s e r/ 

separator  vo l ume 

w 3 = mas s  fl ow rate of s econdary fl u i d  l e av i ng  t he  r i s er/ 

separator  vo  1 ume . 
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The  den s i ty o f  t he  seconda ry fl u i d i n  t h e  ri s e r/ s eparato r vo l ume 

c a n  be ex p re s sed  by t he  fo l l owi n g  eq uat i o n : 

where 

xe = ma s s  q ua l i ty o f  the two p hase  mi xtu re l eav i n g  the 

e f fect i ve heat  e xchange l ump  

vf 
= s pe c i fi c vo l ume o f  satu rated l i q u i d 

v = s pe c i f i c vo l ume o f  s a t u rated  va po r .  g 

F rom E q uat i o n s  ( I I I . 6 . 1 9 ) and ( I I I . 6 . 20 ) , we h a ve 

( I I I . 6 . 1 7 ) 

( I I I . 6 . 1 8 ) 

S i n ce the  r i s e r/ s e pa rator  vol ume i s  bou n ded by t he  hypothet i c a l  

p l ane  a t  t he ex i t o f  the  e conomi z e r-evaporato r s ect i o n  and  t he  

U -t ube w rapper  t h en V i s  con stan t ,  and  E q ua t i on ( I I I . 6 . 1 8 ) becomes r 

( I I I . 6 . 1 9 )  

D i ffe ren t i at i n g  and i n trod uc i n g  t he  pertu rba t i on var i a b l e s , we get  

whe re 

a nd  

d6 x 
V ( c d6 P + C e ) 6W 6W r 1 r dt 2 r � = 2 - 3 

c2 r 
=

-

----­

( v f + xe v f g )
2 

[vfg ] ( s ee  Appen d i x  E ) .  

( I  I I .  6 .  2 0 ) 
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! ! ! . 6 . 7 . 2 D rum Water  Vo l ume 

The  d rum wate r vol ume i s  bounded at the  bottom by t he 

hypo t he t i ca l  p l a n e  sepa rat i n g t he  down come r sect i on from the 

d rum secti on  and  i s  bounded at  the  top by the  d rum s team/water  

i nt e rface .  Subcoo l ed water  from the  fee dwater  t ra i n  enters the  

d rum water  vo l ume and  mi xes wi th  the  saturated wate r rec i rcu l ated  

from t he s te am s e pa rato rs .  The s l i gh t l y  s ubcoo l ed wate r res u l t i n g 

from t he mi xi n g proces s l ea ves  t he drum wat e r  vol ume to the down -

come r secti on . The mas s  a n d  e nergy con s e rvat i o n  equa t i o n s  app l i e d  

t o  t h e  d rum wate r vol ume s  yi e l d :  

and  

d 
dt  ( MdwCP2  T dw ) = WF i CP 2  T F i  + WrCP2 \ a t  - Wdw C P2 Tdw 

whe re 

Mdw = 

T = dw 

W F i  
= 

ma s s  of  drum water 

d rum wate r tempe rature 

feedwater  fl ow rate 

T Fi 
= feedwa ter i n l et tempe rat u re 

w r 
= rec i rcul ated wa ter fl ow 

T = saturat i on tempe rat u re s a t  

rate 

Wdw = drum wate r vo l ume o ut l et  fl ow rat e  

( I I I . 6 . 2 1 ) 

( I  I I .  6 .  22 ) 

The reci rcul ated water  fl ow rate i s  dete rmi ned  by the  secondary 

fl u i d  ma s s  fl ow rate enteri n g the  s team separat i on  sect i on and  the 

evapora to r  exi t q ua l i ty thus  

( I I I . 6 . 2 3 )  
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where 

xe = e va po ra to r  exi t q ua l i ty 

a n d  w 3  = s e conda ry fl u i d ma ss  fl ow rate  ente r i n g  t h e  s t eam 

separat i o n  sect i on .  

S ubs t i t u ti n g  from Equat i on  ( I I I . 6 . 2 3 )  i n to Eq ua t i o ns  ( I I I . 6 . 2 1 ) and  

( I I I . 6 . 2 2 ) a n d  negl ecti n g  t he d i ffe rence  i n  s pec i f i c  heat  between 

s u bcoo l e d a n d  s a t u rated wa t e r ,  we get : 

( I I I . 6 . 24 )  

and  

S ubst i tut i ng  Mdw 
= Vdwp dw 

whe re 

Vdw 
= vol ume o f  d rum water  

P dw = den s i ty of  d rum wate r 

( I I I . 6 . 2 5 )  

a n d  neg l ect i n g  a ny cha n ge i n  p dw d u ri n g the  t ran s i ent s  con s i de red i n  

t h i s an a l ys i s ,  we get 

and  

As s umi n g  that  t h e  d rum wa te r vo l ume has  a n  e ffect i ve area , Adw 

and  the l eve l of t he d rum wat e r  i s  L dw ' then  

( I I I . 6 . 26 )  

( I I I . 6 . 2 8 )  
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S u b s t i t u t i n g  from E q u at i o n  ( I I I . 6 . 2 8 )  i n to E q ua t i ons  ( 1 1 1 . 6 . 2 6 )  a n d  

( I I I . 6 . 2 7 )  a n d  i ntroduc i n g  perturba t i on va r i a b l es , we get 

( I I I . 6 . 2 9 )  

a n d  

( II I .  6 .  30 )  

E q ua t i o n s  ( I I I . 6 . 29 )  and  ( I I I . 6 . 30 )  a re the  two go vern i n g  equat i on s  

fo r t he d rum water va l ume .  

I I I . 6 . 7 . 3  Drum Steam Vol ume 

The drum steam vo l ume i s  bounded  by the  s team generators ' s he l l 

i n s i de s u rface  and  t he s team/wate r i n t e rface i n  the d rum e q u i va l ent  

s e ct i on .  I t  acts  a s  a sto rage a n d  de l i ve ry s e ct i on w i t h  the  s team 

gen e rato r pre s s u re a s  the  domi nant  state va r i ab l e .  Steam l e av i n g  

t h e  s team s e p a ra to rs accumu l ates  i n  t he d rum steam  vo l ume wh i c h i n c l udes  

the s team d ryers  t hat l i mi t the  mo i s t u re content  of the  steam  l ea v i n g  

t h e  s team gen e rato r to l es s  than  0 . 25% . The  rate o f  steam l e av i n g  

the s team gene rato r from t he s team o ut l et n o z z l e  i s  a func t i o n  o f  the  

tu rb i ne s te am dema n d  a nd  i s  determi ned  by the  t u rb i ne val ve o pen i n g  

wh i c h i s  adj u s ted accord i n g t o  the e l ect ri ca l  l oa d  deman d .  

A ma s s  bal ance  o n  the  d rum s t eam vo l ume y i e l d s  

( I I I . 6 . 3 1 )  
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Md s ma s s  o f  d rum s team 

XeW3 
= ma s s  fl ow rate of steam from t he s team s e pa ra to rs 

Ws o  = mas s  f l ow rate o f  steam l e av i n g  the  s team genera to r .  

As s umi n g  that  t h e  s team i n  t he d rum s team vo l ume i s  d ry a n d  

s atura te d , t hen  

where 

p g = den s i ty o f  d ry s at u rated s team 

Vds  = vol ume of d rum s team.  

( I I I . 6 . 32 )  

The d rum s team vo l ume can  b e  re l ated t o  t he  d rum wa te r l e vel t h rough  

the  equat i on : 

where , 

Vd r  = vo l ume o f  the  equ i va l ent  d rum s e c t i o n  

Adw = effec t i ve a rea o f  drum water vol ume 

Ldw = d rum wate r l eve l . 

( I I I . 6 . 33 )  

S ub st i t ut i ng from Equat i ons  ( I I I . 6 . 32 )  and  ( I I I . 6 . 33 )  i n to Equa t i o n 

( I I I . 6 . 3 1 ) and  d i ffe ren t i a t i n g  we get 

d dp  
0g dt ( Vd r - AdJdw ) + V

s -Tt = xeW3 - Wso 
( I I I .  6 .  34 )  

E qua t i on ( I I I . 6 .  34) i s  the  govern i n g  e q uat i on fo r the  drum s team 

vol ume , howe ve r ,  befo re i t  can be co up l ed  to the  o t her  e q uat i on s  

o f  t h e  mode l , W50 may b e  e i ther  treated a s  a fo rc i � g e l eme n t  o r  

re l a ted t o  o t he r  system state vari a b l e s  a n d  fo rc i ng e l ement s .  I n  
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t h i s study , the c ri t i ca l  fl ow equat ion  i s  used  to re l ate Wso  to the 

s team gene rator p res s u re ( P )  and the t u rb i ne val ue coe ffi ci ent ( CL ) .  

Thus 

W = C • P .  
so  L ( I I I . 6 . 35 )  

Subs t i t ut i n g  from Equa t i on ( ! 1 ! . 6 . 35 )  i nto Equa t i on  ( 1 ! ! . 6 . 34 )  

and i n troduc i n g  pertu rbat ion  variabl es , we get 

( 1 1 1 . 6 . 36 )  

Equati on ( 1 1 1 . 6 . 36 )  i s  t he go vern i n g eq uat i on for the drum s team 

vol ume . 

I I I . 6 . 8  Oowncomer Secondary F l u i d L ump (S FDCL ) 

The down comer s e condary fl u i d l ump i n  t h i s mo de l  acts o n ly  as  

a t i me del ay sect i on between t he exi t o f  t he d rum wa ter vol ume to  

the  i n l et of  the effect i ve heat exchange l ump . S i nce the downcon� r 

s ect i on has a fi xed vol ume and the change i n  s ubcoo l e d  secon da ry 

water dens i ty i s  negl i g i bl e  t hen a mas s  bal ance on  the downcome r 

secondary fl u i d  l ump y i e l ds  

w , = wdw " ( I I I . 6 . 37 )  

A hea t  bal ance o n  t he downcome r secondary fl u i d l ump res ul ts  i n  

t he fol l owi n g : 

( I I I . 6 . 38 )  

where , 

Md 
= mas s  o f  the  secondary fl u i d i n  the  downcome r l ump 

cp2 = s peci fi c heat of t he secon dary fl u i d i n  the down come r l ump 
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Tdw = temperature o f  the  subcool ed  fl u i d ente ri ng  the downcomer 

l ump 

Td = tempe rat u re of the  s ubcoo l ed  fl u i d l e avi ng the  down come r  

l ump . 

S i n ce Md i s  constant , t hen 

dTd Md -at = wdwTdw - Wl Td . ( I I I . 6 . 39 )  

S ubs t i tuti ng  from Eq uati on ( I I I . 6 . 37 )  i nto  Equat i on ( I I I . 6 . 39 )  

an d i ntrod u c i ng perturba t i on vari abl es , we get 

( I I I . 6 . 40 )  

Equa t i o n  ( I I I . 6 . 40 )  i s  the  des c ri bi ng eq ua t i on for t h e  downcome r 

secondary fl u i d l ump .  

1 ! 1 . 6 . 9  T he Rec i rcul at i o n  Loop Equati on 

In  o rde r to so l ve t he equa t i ons for Model  C ,  the va ri ab l e w1 
( t he fl ow from t he down comer i n to the ri s e r ) has  to be re l ated to 

other  system state va ri ab l es . The d i rect  method fo r obta i n i ng t h i s  

re l at i ons h i p i s  t o  appl y t he momentum theo ry on  t h e  rec i rcul at i on 

secondary fl u i d l oo p  between the downcome r l ump and  the e ffe ct i ve 

heat exchange l ump .  S i nce the rec i rcul a t i on rat i o  i s  a s s ume d to 

be known from the steam generato r  des i gn data , t he momentum ba l ance 

can be repl aced by equat i ng t he dri vi ng pre s s ure due to t he s tat i c 

head d i ffe rence to the accel e rati on a nd fri cti on pressure d ro ps a l ong 

the l oo p .  S i nce the dynami c pressure d ro ps ( fri cti on and  acce l e rat ion ) 
a re p ro po rt i ona l  to t he square of the  fl ow , then the  momentum bal ance 

equat i on can be repl a ced by t he fol l ow i n g  eq uati on 
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�pd = dri v i n g  p re s s u re due  to  s t at i c head d i ffe rence  

C d = e ffect i ve dyn ami c pre s s u re coeffi c i ent  

w 1 = rec i rc u l at i on mas s  fl ow rate . 

From Eq ua t i o n  ( I I I . 6 .41 ) we have : 

= _1_ Let  c1 t hen , 
lfd 

W1 = _1_ /�P d • 

ICd 

T he d ri v i n g  s tat i c head p re s s ure �p d can  be ca l c u l ated a s  

fo l l ows : 

w he re , 

( I I I . 6 . 4 1 ) 

( I  I I .  6 .  42 ) 

( I I  I .  6 .  43 ) 

( I I I .  6 .  44 ) 

( �P ) OTW = p re s s u re head  of the re c i rcu l a t i on l oo p  o u t s i de 

T he 

t he t u be wrapper  

( �p ) I TW = pres s u re head of the rec i rc u l a t i on l oo D  i n s i de 

t he t u be wra p pe r .  

s e con dary fl u i d o u ts i de t he t ube wrappe r  cons i s ts  o f  

l .  the  s u bcoo 1 e d  l i q u i d i n  t he drum wa ter  vo l ume 

2 .  the s u bcool ed  l i q u i d i n  the  down come r  l ump . 

two part s  

There fo re ,  ( 6 P ) OTW c a n  be ca l cu l ated  from t he fo l l owi n g  e q uat i on 

( �P ) 1 = ( p dwldw + P dcldc ) • _g_ 
OTW . 1 44 g p s 1 c 

( I I I .  6 .  45 ) 
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p dw = den s i ty o f  t he secondary s ubcoo l ed  l i q u i d  i n  t he  drum 

water  vo l ume 

L dw = he i ght  o f  t he secondary s ubcoo l ed l i q u i d  i n  the  drum 

wat e r  vol ume above t he hypot he t i ca l  p l ane  a t  the  

e ffecti ve heat  excha n ge e x i t 

p d c  = dens i ty o f  the  s ubcoo l e d  s e condary l i q u i d  i n  the  

downcome r 1 ump  

Ld c  = he i g ht o f  t he down come r l ump mea s u red  from the  t u be 

s heet 

g = grav i tat i ona l  a c ce l e rat i o n ( 32 . 2  ft/ sec2 ) 

l b  ft/ s e c2
) gc = con ve rs i on fa cto r ( 32 . 2 m 

l b  . 
f 

S i nce  g a n d  g are n ume ri ca l l y  eq u a l  i n  t he  foot-po und- seco n d  ( fp s ) c 

un i t  system and  p dw and  p dc  a re e q u a l , t hen  E q uat i on ( I I I . 6 . 4 5 )  

reduces  to 

where 

and  

pa rts 

( I I  I .  6 .  46 ) 

The  s econda ry fl u i d  i n s i de t h e  t ube  w ra p pe r  cons i s ts  o f  two 

l .  the  s econdary fl ui d i n  the  e ffe cti ve heat e xchange l ump 

2 .  t he s econda ry f l u i d  i n  the  r i s e r/ s e pa rator  vo l ume . 
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The re fo re ,  ( �P ) I TW can  be cal cu l ated f rom t he fo l l owi n g  equat i o n : 

P L + p L s s r r 
1 44 

. _9_  ( I I I . 6 . 4 7 )  

whe re 

P s 
= a v e rage  den s i ty o f  s e co n da ry fl u i d  i n  t he  e ffe ct i ve 

heat  excha n ge l ump  

L s 
= 1 e ngth  o f  t h e  heat excha n ge l ump 

P r 
= den s i ty o f  t h e  s econdary fl u i d  i n  t he  ri s e r/ s e pa rato r  

vo l ume 

L r 
= he i ght  o f  t he  s econ dary fl u i d i n  t h e  ri s e r/ s e p a rator  

vol ume . 

S i n ce g a n d  g a re n ume ri ca l l y  e q ua l i n  t he  fps un i t  sys tem , c 

Equat i o n  ( I I I . 6 . 47 ) become s  

( � P ) nw \ . pS l 
p L + p L 

= s s r r 
1 44 ( I I I . 6 . 48 )  

S ubs t i t u t i n g  from E q uat i ons  ( I I I . 6 .46 ) a nd  ( I I I . 6 .48 ) i nt o  

Eq uati o n  ( I I I . 6 . 44 )  a n d  u s i n g t he re s u l ts i n  Eq ua t i on ( I I I . 6 . 43 ) , 

we get  

( I I I . 6 . 4 9 )  

T h e  va l ue  o f  t h e  re ci rcu l at i on fl ow coe ffi c i e n t  c 1 can b e  e s t i mated  

from t he steady s tate cond i t i o n s . T h e  de vi a t i o n  o f  w 1  from i t s 

steady s tate va l ue can be o bta i ne d  by tak i n g  t h e  deri vat i ve o f  

Equat i o n  ( I I I . 6 . 49 ) t h u s  

c 1 o ( p d
l d ) - o ( p  L + P L ) 

oW = _ s s r r 
1 1 2  

2 /p dld  - ( P L + P L ) s s r r 

( I I I . 6 . 5 0 )  
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W he n  s ubst i t ut i n g the expres s i on s  for p 5  and  P r from Equat i on s  

( I I I . 6 . 8 )  a n d  ( 1 1 1 . 6 . 1 7 )  a nd  a s s umi n g  t ha t  the change i n  vf and v
9 

wi t h  system pre s s u re i s  l i nea r ,  t hen Equat i on ( 1 1 1 . 6 . 50 )  can be reduced 

to t he fol l owi n g  equat i on whi c h  i s  s u i tab l e for coupl i ng w i t h  other 

model equ at i ons  

w here 

o ldw 
= devi at i on of  d rum water  l e ve l  from ste ady state 

oP = dev i at i o n  of  steam p re s s u re from steady s tate 

ox = devi at i on of mas s  qua l i ty at  the o utl et of the e 

e ffecti ve heat exchange l ump from steady state . 

( I I I . 6 . 5 l ) 

he express i ons fo r the  coeffi c i ents a 1 , a2 , a nd  a3 a re deri ve d 

1 Appen d i x D .  

1 . 6 . 1 0  S ummary o f  the r�odel Equa t i ons  

The  go ve rn i ng equat i on s  of  t�del C that were de ve l o ped  i n  the  

!ceed i n g  secti ons  can be rep resented by the  mat ri x equati on 

·e 

x = system vari abl e s  ( d i fferen t i al + al g ebra i c ) * vec to r  

1 d  A2 
= coeffi c i e nt mat ri ces 

t = forc i n g  vecto r .  

A l i st o f  t he system var i abl es  i s  g i ven i n  Tabl e I I I . l  a nd  t he 

·o e l ements o f  the matr i ces A1 and  A2 and  the fo rci n g  vector t 

ven bel ow .  

1he defi n i t i on o f  d i ffe rent i al  a n d  a l gebra i c vari ab l es wi l l  be 
ed i n  Chapter I V .  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



State V a r i ab l e 
N umbe r 

1 

2 

3 

4 

5 

6 

7 

8 
9 

* 1 0  

* 1 1  

* 1 2  

1 3  
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TABLE  I I I .  1 
SYSTEM VAR I ABLES  FOR MODEL  C 

Symbol 

p 

De s cri pt i on 

P a ra l l e l  fl ow b ra n c h  p ri ma ry wate r 
tempe rat u re 

Counte rfl ow bran c h  pr i ma ry wa ter  
temperat u re 

Pa ra l l e l fl ow b ranch  t ube meta l  
tempe ra t u re 

Co unte rfl ow b ra n ch t ube me tal  
tempe ra t u re 

Steam p re s s u re i n  t he drum s team 
vo l ume 

Ma s s  q ua l i ty at the  e x i t o f  the 
e ffe ct i ve h eat excha n ge l ump 

Water tempe rature i n  the drum wa te r 
vol ume 

D rum wate r l e vel  

Downcome r tempe rat u re 

Avera ge tempe ra t u re i n  t he  e ffect i ve 
heat  exchan ge l ump  

Ma s s  fl ow rate  at  t he  i n l et of  t h e  
e ffect i ve h e a t  exc h a n ge l ump  

Ma s s  fl ow rate a t  the  ex i t of  t he 
e ffe ct i ve heat  exc han ge l um p  

Mas s  fl ow ra te at the  e x i t o f  t he  
s e pa rato r/ r i s e r  vol ume 

*Al gebra i c  va r i ab l es . 
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T he A1 Matri x 

A1 ( 1 , 1 ) 

A 1 ( 2 , 2 )  

A 1 ( 3 , 3 ) 

A1 ( 4 , 4 )  

= 1 . 0 

= 1 . 0 

= 1 . 0 

= 1 . 0  
L C 3 T  

A1 ( 5 ,  5 )  = [M
5 

. � . R s at + M L 2 3 P  

A 1 ( 7 , 5 )  

A 1 ( 7 , 6 )  

A 1 ( 8 , 5 )  

A1 ( 8 , 6 )  

A 1 ( 9 , 8 ) 

A1 ( 1  0 ,  7 )  

A1 ( 1  0 ,8 )  

A1 ( 1 1 , 5 )  

A1 ( 1 1  , 8 )  

A1 ( 1 2 , 9 )  

+ C V h • 

Lbo i l  
1 b s s L 

= v • 

Lboi l 
L s 

= v • 

Lboi l 
L s 

= v . c , r r 

= v . c r 2 r  

= 0 dwAd 

= M dw 

= T A dw0 dw dw 

3 p 
= v � 

s 3 P 

= - P A g dw 

= M d 

• c , b 

• czb 

s 
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2 . T he A2 Mat ri x 

u s 
A2 ( 1 , 1 )  = (-1- + _ pm pml ) 

'P 1  r�P 1 CP 1  

u s 
A2 ( 1  , 3 )  = - pm pml 

MP l  CPl 

A2 ( 2 , 1 ) = - _1_ 
T Pl 

u s 
A2 { 3 , 1 ) = - pm pm1 

M 1 c m m 

u s + u s 
= pm pm 1 ms ms 1 

M 1 c m m 

u s ms ms 
M 1 c m m 

u s 
= _ pm pm2 

M 2c m m 

u s + u s 
= pm pm2 ms ms 2 

r� 2c m m 

u s 
A2 ( 4 , 1 0 ) = - ms ms2 

M 2 c m m 

A2 ( 5 , 3 ) = - U S 
ms ms 

A2 ( s , 4 ) = - u s ms ms 

3 h  <) h 
A2 ( 5 , 5 )  = W [� + x __f£] 2 ,l P e aP  
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A2 ( 5 , 6 )  = W2h fg 
A2 ( 5 , 9 ) = - w1 cp2 
A2 ( 5 , 1 0 ) = 2 U S ms ms 

A2 ( 5 , 1 2 )  = h f + xeh fg 

A2 ( 6 , 5 )  = (
L s u b  + 

Lbo i 1 ) 
aT

s a t 
2L L J P 

_ 
Ls u b  A2 ( 6 , 9 )  - 2L 

A2 ( 6 .  1 o )  = - 1 .  o 

A2 ( 7 , 1 1 ) = - 1 . 0 

A2 ( 7 ,  1 2 ) = 1 . 0 

A2 ( s ,  1 2 ) = - 1 . 0 

A2 ( 8 , 1 3 ) = 1 . 0 

A2 ( 9 , 6 )  = w3 = w1 
A2 ( g , 1 1  ) = 1 .  o 

A2 ( 9 , 1 3 ) = - ( 1  - xe ) 

JT 
A2 ( 1 0 , 5 )  = - ( 1  - xe ) w3 J

�a t  

A2 ( 1 0 , 6 )  = w3 T
s at 

A2 ( 1 0 , 7 )  = W = W dw 1 
A2 ( 1 o ,  1 1  ) = T dw 

A2 ( 1 0 ,  1 3 )  = ( 1 - xe ) \at  

A2 ( 1 1  , 5 ) = CL ( 0 . 0  i n  ca se  oWso  i s u sed  a s  fo rci n g )  
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A2 ( l l  , 6 )  = - w3 = - w1 

A2 ( l 1 ,  1 3 ) = - xe 

A2 ( 1 2 ,  7 )  

A2 ( 1 2 , 9 )  

A2 ( 1 3 , 5 )  

A3 ( 1 3 , 6 )  

= - w, 

= w, 

- -

- -

a2 

a 3 

A2 ( 1 3 , 8 )  = - a 1 

A2 ( 1 3 , l l ) = 1 . 0  

T h e  Forc i ng V ec tor 

f (  1 ) 
1 = - o T .  T p l  P l 

f ( 9 )  = oWF i  

f 

f (  1 1 )  P o CL ( - cS Wso  i n  c a s e  Wso  i s  l e ft a s  fo rc i n g ) . 

I I I . ? Go ve rn i ng Equat i on s  fo r Mode l  D 

I I I . ? . 1 P r i ma ry S i de Equat i o n s  

The p ri ma ry s i de eq uat i o n s  cons i s t  o f  two e q ua t i o n s  fo r the  

i n l et and  o u t l e t  p l en ums and  fo u r  eq uat i o n s  fo r the  p r i ma ry fl u i d  

l umps i n  the  t u be bund l e reg i on , I n  de ve l o p i ng the  eq uat i on s  fo r 

t he p ri mary l umps i n  the  heat t ra n s fe r  re g i o n , s pec i a l  con s i de ra t i o n 

i s  g i ven to the  dynami c bo unda ry between  the  pri ma ry l umps i n  the  



75  

s u bcoo l ed  r eg i o n  a n d  tho s e i n  the  bo i l i n g  r eg i on . Bot h con t i n u i ty 

( ma s s  ba l an c e )  and  en ergy ( hea t ba l an c e )  equat i o n s  a re con s i dered 

fo r desc r i b i n g  t h e  tran s i en t  beha v i or o f  eac h  l ump . The  fo rmu l at i on 

that  resu l t s i s  a so-ca l l ed mo v i n g  boundary mod el . I n  t h i s c a s e , t h e  

bo un dary i s  d etermi n ed by t he h ea t i n g l en g t h  req u i red t o  b r i n g  t he 

s u bcoo l ed wat er u p  to satu ra t i on t emperature . T h i s d i s t a n c e  a l so 

f i xes t he  l en g t h  of t he  meta l  and pr i mary l umps  t ha t  are adj ac e n t  to 

t he  s u bco o l ed s econdary sect i o n .  

I I I . 7 . 1 . 1  I n l et  P l enum ( PR I N )  

T he i n l et p l enum i s  con s i dered  a s  a wel l s t i rred tan k .  A heat 

ba l an ce y i el d s the fo l l owi n g  equa t i o n  

( I I I . 7 . 1 ) 

w he r e  

MP i  = ma s s  o f  p r i ma ry water  i n  t he  i n l et pl e n um 

TP i  
= bu l k  mea n t emperat ure  o f  t h e  i n l et pl en u m  

e .  = pr i ma ry water i n l et t empera ture  1 
a n d  o ther  terms a re a s  def i n ed befo r e  . .  

S i n c e  the  d en s i ty and  s p ec i f i c  h eat  o f  t he p r i mary water are a s s umed 

con s tant , then  

D i v i d i n g t hro u gh by MP i CP l we  get  

dT  p .  l 
-d t

l 
= - oTP . ( e .  - Tp ,. ) 

where 
T p i 1 1 

( I I I . 7 . 2 ) 

( I I I . 7 . 3 ) 

' P i  

Mp .  
= -W 1 = r e s i d en ce t i me o f  p r i ma ry wa ter  i n  t h e  i n l et  pl en um .  

P i 

And  t he pertu rba t i on form of  t h e  equa t i o n  fo r the  i n l et pl enum  become s 

( I I I . 7 . 4 )  
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- _l_ 6T . + _l_ o e . . 
' p ;  P 1 ' P i  1 

1 1 1 . 7 . 1  . 2  P r i ma ry Lump ( PRL l ) 

a .  Ma s s  ba l an c e  

where  

MP l = ma s s  of  p r i ma ry water i n  t h e  l um p  

WP i = ma s s  fl ow rate a t  t he entrance  of  

WP l = ma s s  fl ow rate  a t  

B u t , MP l  = p pA
pl s l  

where 

the e x i t  of  the 

p = d en s i ty of  pr i mary water  
p 

A = fl ow area o f  p r i ma ry water 
p 

L s l  = l en g t h  o f  the  l ump . 

( I I I . 7 . 4 )  

( I I I . 7 . 5 ) 

the  l ump 

1 ump . 

( I I I . 7 . 6 )  

S i n c e  t he fl ow area a n d  t h e  d en s i ty o f  t h e  p r i ma ry wa ter 

are con stan t s , t hen E quat i on ( I I I . 7 . 5 ) becomes 

dL l 
p P

A
P d� = Wp ; - WP l . 

b .  Heat  ba l an c e  

�t ( MP l CP l  TP l ) 
= 

1�P /P l  TP i - WP l C P l  TP l  - Qpml 

where 

TP l = bu l k mean t emperatu re of  t he l um p  

( I I I . 7 . 7 ) 

( I I I . 7 . 8 ) 

Qpml  = h eat tran sfer  ra te  be tween ( P RL l ) and ( MTL l ) l umps . 

S u b st i tu t i n g  from E q uat i on ( I I I . 7 . 6 )  i n to E q uat i on ( I I I . 7 . 8 )  

w e  g e t  

dT P l dl s l  
p pA

p
C P l  ( L s l  dt + TP l  ---eft) = WP i

C P l  TP i - �� P l C P l  TP l  - Q pml ' 

( I I I . 7 . 9 )  
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S u bs t i t ut i n g Q
pml = 

Upm
p

rl
l s l ( T P l - T

Ml ) 

whe re , 

Prl = heat  t ra n s fe r  a rea/ un i t  l en gth  be tween pri ma ry 

wat e r  l ump ( P RLl ) a nd t ube met a l  l ump  ( MTL l ) 

TMl  = a ve rage tempe rat u re o f  l ump ( MT L l ) 

a n d  u s i ng E q u at i on ( I I I . 7 . 7 ) i n to E q uat i on ( I I I . 7 . 9 ) , 

we get 

Rearran g i n g and  d i vi d i n g  t h ro u gh by MP l CP l , then  

E q uat i o n  ( 1 1 1 . 7 . 1 0 )  red u ce s  to  

whe re , 

I I I .  7 .  1 .  3 P r i ma ry L ump ( P RL 2 )  

a .  Mas s ba l a n ce 

( I I I .  7 . 1 0 ) 

( I I I . 7 . 1 1 )  

( I I I . 7 . 1 2 )  
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where , 

Mp2 = mas s o f  p ri ma ry wate r i n  t he l ump  

WP l , wp2 = i n l et and  o ut l e t  mas s  fl ow rate s . 

S u bs t i t ut i n g  

where , 

L s 2  = l en gt h  o f  t h e  l ump , t hen  

dl 2 
p P

A
P d� = WP l  - WP 2 .  

S i nce  L
5 1 + L 5 2 = con s t an t , then  

d l 2 dl s l  s -
crt - - -at 

and  E q uat i on ( I I I . ? . 1 4 )  reduces  to 

-
dl s l  WP2 - WP l + p P

A
P -ar- . 

B ut from E q uat i o n  ( I I I . 7 . 7 ) , we h a ve 

The re fo re , t he  ma s s  ba l ance  equa t i on  fo r t h e  pr i ma ry 

wate r l ump ( P RL2 ) becomes  

b .  Heat  ba l ance  

( I I I . 7 . 1 3 ) 

( I I I . 7 . 1 4 )  

( I I I . 7 . 1 5 ) 

( I I I . 7 . 1 6 )  

( I I I . 7 . 1 7 ) 

( I I I . 7 . 1 8 ) 

( I I I . 7 . 1 9 )  
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whe re , 

TP2 
= bu l k mea n  tempe rat u re of  the l ump  

QpmZ = heat t ran s fe r  rate between ( P RL 2 )  and ( MTL2 ) 

1 umps . 

S ubs t i tut i n g  for Mp2  from E q uat i on  ( 1 1 1 . 7 . 1 3 ) a n d  u s i n g  

Equat i o n s  ( 1 1 ! . 7 . 1 7 ) a n d  ( I I I . 7 . 1 8 ) , w e  get 

S ub st i t ut i ng QpmZ = U pm
p

r l L s 2 ( T PZ - TM2 ) 

where , 

TM2 
= ave ra ge tempe ratu re o f  l ump ( MTL2 ) 

a n d  d i v i d i n g  t h rough  by MPZCP l , we get 

( 1 I I . 7 . 20 )  

( I I I . 7 . 2 1 ) 

( I I I . 7 . 2 2 )  

whi ch  u po n  i ntroduct i on o f  p erturbat i on var i ab l es  becomes 

( I I I . 7 . 2 3 ) 
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where , 
MP2  

1 P2  -
Wp ; 

5pm2 = p 
rl 

• Ls 2
' 

P ri ma ry L ump ( P RL 3) 
Ma s s  ba l ance 

d 
dt ( MP 3 ) = WP2 - WP 3 ' 

S i n ce MPJ = Mp2 = p pApL s 2  

a n d  wp2 = WP i ' then  

d ( A L ) W W dt P p p s 2  = P i  - P 3  

( I  I I .  7 .  24 )  

( I I I . 7 . 2 5 ) 

us i n g  the  a s s umpt ion  o f  cons tant p ri ma ry wate r den s i ty 

a n d  so l v i ng fo r WPJ ' we  get 

dL 2 
WP 3  = Wp ; - p P

A
P d� . 

S ubs t i tut i n g  from E q ua t i on ( I I I . 7 . 1 5 )  we get 

dls l  
WP 3  = WP i + p P

A
P -ar-· 

b .  Heat  b a  1 a n ee 

( I I I . 7 . 2 6 )  

( I I I . 7 . 2 7 )  

( I I I . 7 . 28 )  

Us i n g Equat i o ns  ( 1 ! 1 . 7 . 1 8 )  a n d  ( I I I . 7 . 26 )  to s ub st i t ute 

fo r wp2 and WP J ' we get 

dL dT 
A C ( T __2_?_ + L _12) P p p P l P 3  dt s2 dt  

( I I I . 7 . 29 )  
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D i vi d i n g  t h rough  by Mp 3cP l  = p pA
p

Ls 2 cP l , we  get 

where 

TM3 = a verage tempe rat u re o f  l ump ( MT L 3 ) , 

a n d  i n troduc in g  perturba t i on va r i ab l e s , we get  

u s 
+ pm pm3 6T = MPlP l  M3 

where , 

I I I . 7 . 1 . 5  P ri ma ry Lump ( P RL4) 

a .  Mas s  ba l ance 

s u bs t i t u t i n g  MP4 = p pAp ls l , w e  get 

dl 1 pPAP d� = WP 3  - WP4 ' 

From Eq ua t i on ( I I I . 7 . 2 7 ) , we h a ve 

dL dL 
A s l  - ( W + A s l ) W Pp p ---at - P i  P p p --at - P4 

( I I I . 7 .  30 ) 

( I I I . 7 . 3 l )  

( I I I .  7 .  32 ) 

( I I I . 7 . 33 )  

( I  I I .  7 .  34 ) 

( I I I .  7 .  35 ) 
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from wh i c h  we have 

b. Heat bal a n ce 

S ub s t i t u t i n g  fo r Mp4 = p pApl s l  a n d  u s i n g Equat i ons  

( ! ! 1 . 7 . 2 7 )  a nd  ( I I I . 7 . 36 ) , we  get  

dls 1 dT P4 dl s l  
p p

Ap
CP l (T P4 -en:- + Ls l  �) = ( WP i  + p P

A
P �) C P l  TP3  

Di v i d i n g  t h rough  by MP4cP l  a n d  rea r ra n g i n g ,  we have  

( I I I .  7 .  36 ) 

( I I I . 3 . 3 7 )  

( I I I .  7 .  38 ) 

( I  I I .  7 .  39 ) 

S ubs t i t u t i n g  fo r Qpm4 = Upm
p 

rl ls l  
( T p4 -Tt�4 )  and  i ntrodu c i ng 

perturba t i on var i ab l e s , we get 

where , 

T P4 = TP l  

s
pm4 

= s
pml 

MP4
= MP 1 ' 
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1 1 1 . 7 . 1 . 6 Outl et P l enum ( PROUT) 

The equat i o n  for the outl et pl enum i s  obta i n ed i n  the same 

way a s  for the  i n l e t pl enum. The equa t i on i s  a s  fo l l ows : 

d o T  
-:-:-P_o = _1_ oT  _ _1_ 0 T dt  ' Po P4  ' Po Po ( I I I . 7 . 4 1 )  

where 

= 'P i  

= pr i ma ry wat er out l et temperature . 

1 1 1 . 7 . 2  Tu be Metal  Equa t i o n s  

As i n  the  ca se o f  t h e  pr i ma ry wa ter l umps i n  t he  tube bundl e 

reg i on , s pec i a l con s i dera t ion i s  neces sa ry for the trea tmen t of  t he 

dynami c  boundary between the subcool ed and bo i l i ng sect i on s .  

Howeve r ,  the t reatmen t of t he mov i ng  bounda ry i s  d i fferent  from the  

case  o f  the  p r i ma ry water l umps . Here ,  i t  wa s a s sumed that i f  the 

bo undary i s  mov i n g  at  a rate dl 1 /dt , i t  add s (or  s ubtract s )  a s dl 
quan t i ty of hea t  a t  a rate  pmAmC

m
im d�l to the meta l l ump under 

con s i derat i on 

where 

Pm = den s i ty of tube metal 

A = cro s s  sect iona l  area of tube metal  l ump  m 

C = spe c i fi c  heat of  tube metal m 

i = a verage tempera ture at  t he bo undary .  m 

Thi s a pproach  resu l ts i n  ma i nta i n i n g  a dynam i c  hea t bal ance 

for each l ump dur i n g  the  tran s i en t .  
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1 1 1 . 7 . 2 . 1  Tube Meta l Lump (MTLl ) 

Heat ba l ance 

d (M C T ) - q· ( �  ) + p A C f 1 dt ml m ml 
-

pml - 4ms l 1 m m m m 
T l + T 2 Subs t i tut i n g  Mml = pmAmls l  and  Tml = m 

2 
m 

pmAmCm ( Tml 
dls 1 
err-- + Ls l  

dTml 
crt) = Qpml 

T + T 2 dls l  

t hen 

- { Qms 1 ) l + pmAmCm ( ml 
2 

m ) crt . 

D i v i di n g  t h ro u gh by Mml cm and  col l ect i n g  terms , then 

- u 1 P 2L 1 ( T  1 -r 1 ) ] . ms r s m s 

( I I  I .  7 .  42 ) 

( I I  I .  7 .  43 ) 

( I I  I .  7 .  44 ) 

( I I I .  7 .  45 ) 

I n troduc i ng 1 pertu rba t i o n  var i a bl e s  a nd  re pl a c i n g  oT s l  by � oTd+oTsat ) , 
aT s at Where .q 

u sat = aP o P  then  t he  de scr i b i n g  equat ion  for t he f i rst tube 

meta l l ump ( MT Ll ) becomes 
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u s pm pml eST M l C Pl  m m 

U . S +U S _ ( pm pml ms l ms l ) cSTml M l C m m 

u s + ms l ms l aT sat  
a P cS P . 2 M l C m m 

1 1 1 . 7 . 2 . 2  Tube Metal  L ump ( MTL2 )  

Hea t ba l ance 

�t ( Mm2 CmTm2 ) = Qpm2 ( Qms 2 ) 2 

T +T dL 
( ml m2 ) s l  - 6mAmCm 2 -ar-

( I I I .  7 . 46 )  

( I I I . 7 . 4 7 ) 

Us i n g the  s ame p rocedure as  i n  l ump  MTL l re s u l ts i n  the  fo l l ow i ng 

eq uat i on 

u s pm pm2 
M C c5TP2 2 m m 

U S +U S _ ( pm pm2 ms 2 ms 2 ) c5Tm2 r� 2c m m 

( I I I . 7 . 48 )  
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I I I . 7 . 2 . 3  Tu be Meta l  L ump ( MTL3 )  

Heat  b a l ance 

Fo l l owi n g  the s ame procedure as i n  l ump MTL2 , we have 

d 0Tm3 
dt 

I I I . 7 . 2 . 4 Tube  Meta l Lump ( MTL4 ) 

u s 
= pm pm2 oT M C P3 m3 m 

U S +U S _ ( pm pm2 ms 2 ms 2 ) oT Mm3cm m3 

( I  I I .  7 . 49 )  

( I  I I .  7 . 5 0 )  

Appl y i ng t he h e a t  ba l ance a n d  us i n g t h e  same procedure , t he n  

the  govern i n g  equ at i on  for l ump MTL4 can  be  wri tten a s  

doT m4 
dt  

u s 
= pm pml o T r� c P4 m4 m 

U S +U S 
_ ( pm pm 1 ms l ms l ) nm4 M 4 c m m 

u s + ms l ms l o Td 2 Mm4 Cm 

U S :JT s at  + ( ms  1 ms  l ) ,� P . 2 M 4 C : J P m m 
( I I I . 7 . 5 1 ) 
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I I I . 7 . 3  Secondary S i de Equa t i on s  

I I I . 7 . 3 .  1 Genera l  Con s i dera t i o n s  

Heat  i s  t ra n s ferred from t he hot  p r i ma ry fl u i d  ( rea cto r coo l ant ) 

to the s econdary f l u i d  ma i n l y  i n  the  tube  b u ndl e regi o n  s omet i mes 

referred  to as the 1 1 Co re . 1 1( 3Z ) Part of  the hea t tran sferred i s  u s ed 

i n  remo v i n g  t h e  s ubcool i n g of  the  secondary water enteri n g  the tube 

regi on  from the  downcomer. The other part i s  u sed  i n  t h e  bo i l i ng  

proces s  and con ve rt i n g  part of the secondary wate r i nto s team . T he 

s team water m i x t u re t h u s  formed con t i n ues  to move u pwards to the 

s team separato rs w he re the s team i s  s epa rated and mo ves u pwa rds to 

the steam s to rage and del i very sect i on wh i l e  the s e pa rated  water 

moves downwards  to mi x wi t h  feedwater  i n  the downcomer .  The c i rc u l a t i o n  

between t he downcomer a n d  t he t u be reg i o n i s  a ch i e ved  th ro ugh  the 

natura l  con vect i on proces s  due to  the di fference i n  de n s i ty of  the 

seconda ry fl u i d  i n  these  two reg i on s . 

Be ca u se  o f  the  two d i ffe rent  heat  t rans fe r  mechan i sms between 

the t u be meta l and  the secondary fl u i d , t he a c t i ve heat  t ran s fer 

reg i on i s  d i v i ded i nto two sect i on s ; a s ub coo l ed  ( o r  prebo i l i n g )  

secti on a n d  a bo i l i n g sect i on ( e vapo rato r ) . I n  the  s ubcoo l ed  sect i on , 
t he tempe rat u re o f  the seconda ry fl u i d  ri s e s  from Td a t  the downcome r 

out l et to Tsat  at the start i n g  o f  t he  bo i l i n g sect i o n . I n  t he 

bo i l i n g  sect i on , t he  tempe rat u re stays a t  Tsat  wh i l e  t he ma s s  qua l i ty 

( x )  or  vo i d  fract i on ( a ) i n crea ses  a s  the  secondary fl u i d moves 

u pwards and mo re heat i s  t ran s fe rred to i t .  At the e nd  of the heat 

tran s fer  reg i o n , the  secondary f l u i d l ea ves  the bo i l i n g sect i o n w i t h  

an  ex i t  q ua l i ty ( xe ) .  



88 

The  l ength  of the  subcoo l e d  sect i on i s  determi ned by the  fracti on  

o f  the heat  t rans ferred  nece s s ary to ra i se the  s econdary fl u i d  

tempe ra t u re o f  the  seconda ry fl u i d from Td to Tsat · 
The  go vern i n g equat i on s  fo r the boi l i n g sect i o n  a re s i mpl i fi ed 

by a s s um i n g  that  t he mass q ua l i ty of  t he two p ha se  mi xt ure c hanges  

l i n ea rl y  w i t h  d i s t ance from the  s ubcoo l e d/ bo i l i n g bo unda ry .  

I I I . 7 . 3 . 2  Subcoo l ed Secondary F l u i d  Lump ( SFSL ) 
S l i gh t ly  s u bcool ed  wate r from the  downcome r enters  t he  U-tube 

reg i on at  a fl ow rate w1 and tempe rat u re Td . Heat is  t ra n sferred 

to t he seconda ry fl u i d  fl owi n g  u pwards ( by n at ura l  re ci rc u l at i on ) 
from bot h  bran ches  o f  t he U-tubes . As a res u l t of  t h i s ,  the  

tempe ratu re o f  t he secondary fl u i d ri ses  unt i l i t  reaches Ts at , wh i c h  

i s  a fun ct i on o f  t he  s eco ndary system pre s s u re ,  a n d  boi l i n g  takes 

p l ace . T he l eve l  at wh i ch boi l i n g  starts  i s  a fun ct i o n  of the 

fol l owi n g .  

1 .  Fl ow rate a nd  tempe rat u re o f  secondary fl u i d from the 

down comer 

2 .  Heat t ra n s fe r  rate from tube  meta l  to the  s econdary fl u i d  

3 .  Steam p re s s ure wh i c h  dete rmi nes  T t • s a  
S i nce  t he l en gt h  of  the  s ubcoo l e d  secondary l um p  i s  dete rmi ned 

by the start of t he  boi l i n g  l evel , bot h  ma s s  ba l a n ce a nd  heat bal ance 

equat i on s  a re req u i red to re present  the  dynami c s  o f  t he  su bcoo l ed l ump . 

a .  Ma s s  ba l a nce 

( I I I . 7 . 5 2 )  
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where , 
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d ( A L ) = dt Psl  fs s l  ( I I I . 7 . 5 3 )  

P s l  = den s i ty o f  water i n  the  s ub coo l ed  1 ump 

Afs 
= secondary fl u i d f l ow a rea 

Ls l  = l en g t h  o f  s ubcoo l ed l ump . 

Negl ect i n g  the  changes  of  s ubcool ed water den s i ty dur i n g  

t he t rans i en t ,  o n e  obta i n s  

wh i c h  y i e l d s  

do l s l  = 
dt 

b. Heat ba l an ce 

where , 

Ms l  = mas s  o f  wate r i n  the  s ubcool ed l ump 

CP2 = s pec i f i c heat o f  secondary water 

T s 1 = average tempe rat u re o f  water i n  t he  

( Qms 1 ) 1 = heat t rans fe r  rate between r�1 and  s 1 
= U ms l p r 2 L s 1 ( T m 1 - T ) s l  

( Qms l )4 = heat tra n s fe r  ra te between  M4 a n d  s 1 
= Ums 1 P r2L s l ( Tm4 - T s l ) . 

( I  I I .  7 .  54 ) 

( I I I . 7 . 5 5 )  

( I I I . 7 . 5 6 ) 

s ubcoo l ed 1 ump 

S i nce  t he d i ffe rence between  Td and T s at i s  us ua l l y  smal l ,  

t hen  we can a s s ume that 
Td + T t T = s a  

s l  2 ( I I I . 7 . 5 7 )  
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Subst i t ut i n g  from E q ua t i o n  ( I I I . 7 . 5 7 )  i nto  E q uat i on ( I I I . 7 . 56 ) 

we get 

d Td+Ts at 
df [Ms 1 CP2  ( 2 ) ]  = Ums 1 P r2L s l (Tml + Tm4 - Td - T s at ) 

S i nce Ms l  = Afsp s l l s l , then  

( I I I . 7 . 5 8 )  

d Td+Tsat  
dt  [Afs p s l l s l CP2 ( 2 ) ] = 

Ums l p r2Ls l (Tml + Tm4 - T d - Ts a t ) 

aT sat U s i n g  oT sat = a P  o P , w e  get 

rlT t s a  o P ] a P  

! 1 1 . 7 . 3 . 3 Bo i l i ng S econda ry F l u i d  L ump ( S FBL ) 

The seconda ry boi l i n g  s t a rts  when the temperat u re o f  the 

( ! ! ! . 7 . 5 9 )  

( ! ! ! . 7 . 60 ) 

secondary fl u i d rea ches  Ts at  a nd  ends  a t  the end  of  t he  act i ve heat 

tran s fe r  reg i o n  at a l e vel  j us t  above the t ube bund l e .  As the 

seco n da ry fl u i d moves u pwards , the q ua l i ty of  t h e  two - phase  mi xture 

formed by t he bo i l i n g  proce s s  i n creases  from 0 to a n  e x i t q ua l i ty xe . 
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As s umi n g  t he homo geneous fl ow mode l , we cons i de r  the secondary fl u i d 

i n  the b o i l i n g  sect i o n  as a homo geneou s s team wate r m i xture wi t h  an  

a ve rage q u a l i ty x ,  dens i ty p b and  entha l py hb where 

a n d  

-vf + x vf g 

( I I I . 7 . 6 l ) 

( I I I . 7 . 62 )  

( I I I .  7 . 6 3 )  

S i nce t he s i ze and the  den s i ty o f  t he bo i l i n g  l ump change  d u ri n g  

t he t ran s i en t  both mas s  ba l ance and heat ba l ance equat i o n s a re 

nece s s a ry for t he des cr i pt i on o f  t he  bo i l i n g  l ump . 

a .  Mas s  bal ance 

( I  I I .  7 . 64 )  

S i n ce the fl ow a rea o f  the  secondary f l i ud i s con stant , 

then  

( I I I . 7 . 6 5 )  

or ,  i n  terms of pertu rbat i on  va r i abl es 

( I  I I .  7 . 66 ) 

S i n ce Ls l + Ls2 = con s t an t , then us i n g t he  equa t i on fo r 

6 p b ( see Append i x E ) ,  we get 

d 6 Ls l d <S P  d6 xe A fs0 b  dt + Afsl s2 [ C l b  dT + C2b (ft"] = 61-12 - 6W3 .  ( I I I .  7 · 6 7 )  



b .  Heat  ba l ance 

where , 

( Qms 2 ) 2 = 

= 

( 0ms 2 ) 3 = 

= 

h = f 
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( A ) + ( A ) + W h - W h 4ms2 2 4ms2 3 2 f 3 e 

heat t ra n s fer  rate between M2 and s2 

U 2 Pr2L 2 ( T  2 - T t ) ms . s m s a  
heat tran s fer  rate between M3 and  s2 

Ums2P r2Ls 2 ( Tm2 - T sat ) 

ent ha l py o f  s at u rated wate r e nteri n g  

boi l i n g  1 ump 

( 1 1 1 . 7 . 6 8 )  

the  

hxe 
= enthal py of  secondary fl u i d  l ea v i n g  the  

where , 

bo i l i n g  l ump 

( h = hf + X hfg ) xe e 

hfg = l atent heat o f  vapori zat i on . 

S ubs t i t ut i n g  for hb ' ( Qms2 ) 2 a nd  ( Qms 2 ) 3 i n  Equat i on ( I I I . 7 . 6 8 ) , 

we get 

d X 

dt [ p bAfsls 2 ( h f + 2
e hfg ) ] = Ums2 Pr2Ls 2 (Tm2 Tsat ) 

( I I I . 7 . 69 ) 

wh i c h  u pon l i near i z at i on and  s ome a l gebra i c  man i pul at i on 

y i e l ds t he fol l owi n g  equat i on 



- Ums2 P r2 [Tm2 + Tm3 - 2 Ts at ] o ls l + h foW2 - hxe
0W3 

a hf a h 
+ w 2 -af o P - w3x e � o P - w3hfgox e . 

1 1 I . 7 . 3 . 4  Drum Equ i va l ent  Secon da ry Fl u i d  L ump ( S FDRL ) 

The d rum eq u i val ent  s econdary fl u i d l ump i n  t h i s mode l 

( I I  I .  7 .  70 ) 

has  t he s ame geometri ca l  bounda ri es  a s  i n  Model C .  I t  can a l so  

be  d i vi ded i nto the  fo l l owi n g  parts : 

1 .  Ri s e r/Separator vol ume 

2 . D rum water vol ume 

3 . Drum s team vol ume . 

T he equat i on s  des c ri b i n g  these  part s  a re devel oped us i n g the same 

procedure a s  i n  Model  C a re repeated i n  t h i s sect i o n fo r con ven i ence . 

1.  Ri se r/Sep a rator Vo l ume 

The descr i b i n g  eq uat i o n for the ri ser/ separator vol ume i s  

the s ame a s  Equati on  ( I I I . 6 . 20 )  de ri ved i n  Se ct i o n I I I . 6 . 7 . 1 ,  

page 58 , wi t h  aw3 and  oW4 repl a c i ng  oW2 and  a w3 
re spect i ve l y , thus  

do x 
V ( C  

do P + C e ) = r l r  dt 2 r Cl"t ( I  I I .  7 .  7 1  ) 



whe re c1 r = 

and  

2 .  Drum Water Vo l ume 
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1 

( see Append i x E ) . 

T he des c ri b i n g  equat i on s  for the  d rum water  vol ume a re 

obta i ned from a ma s s  ba l a nce equat i o n re l at i n g the fl ows 

i n , the  f l ows o u t , and  the  water l e ve l a n d  a heat bal ance 

eq uat i on des c ri b i n g  the  m i x i n g  between rec i rcu l ated wate r 

and  feedwater . T he  d rum wate r  l ump i s  coup l e d  to the  

seconda ry l umps i n  t he e ffect i ve heat exchan ge re g i on  

t hrough  t he  downcomer l ump and  the  rec i rcul at i on l oop 

equat i on s . 

Fo l l owi n g  t he s ame procedure as  i n  Sect i on I I I . 6 . 7 . 2 ,  

page 6 0 , we have the  fo l l ow i n g  equat i on s  

( I I I . 7 . 72 )  

( I I I . 7 . 7 3 )  

The a bove eq ua t i ons are s i mi l a r  to Eq ua t i on s  ( I I I . 6 . 2 9 )  

and ( 1 1 1 . 6 . 30 )  wi th  w 3 rep l a ced by w4 as  t h e  mas s  f l ow 

rate o f  the two phase  mi x t u re l ea v i ng  the  ri s e r/ s e pa rator 

vo l ume . 
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3 o  Drum Steam Vol ume 

The l i neari zed equa t i o n  fo r the drum ste am vol ume i s  

s i mi l a r to Equat i on ( 1 1 1 . 6 . 36 )  deve l o ped  i n  Sect i on 

1 1 1 . 6 . 7 . 3 , pa ge 62, wi t h  w4 repl aci ng  w3 a s  the mas s  

fl ow rate o f  t h e  two phase  mi xtu re l eavi ng  t h e  r i s e r/ 

separator vol ume , thus  

( 1 1 1 . 7 . 74 )  

1 1 1 . 7 . 3 . 5  Downcome r Secon dary Fl u i d  L ump ( S FDCL ) 
As i n  the case wi t h  Model C ,  the down come r s econ dary fl ui d 

l ump acts a s  a tran s po rt t i me del ay between the drum water vol ume 

and  the e ffect i ve heat exchange regi on . The equa t i o n  for 

the  downcomer l ump i s  t he  same as Equat ion  ( 1 1 1 . 6 . 4 0 )  and can 

be wri tten i n  the fo rm 

whe re 

dOT  d 1 
-- = - ( O T  - OT ) dt ' d dw d 

r�
d 

• = -- = res i dence t i me  o f  the secondary fl u i d  i n  the d w l 
downcome r 1 ump . 

1 1 1 . 7 . 4  The Reci rcu l at i on Loop Equa t i on 

( I  I I .  7 .  75 ) 

T he reci rcul a t i o n  l oop  equat i on i s  obta i ne d  by appl y i n g  the  

momentum theory to the  secondary fl u i d outs i de and  i ns i de the t ube 

wrapper .  Fo l l owi n g  the s ame p rocedure de s c ri bed fo r Model C i n  

Sect i on I I I . 6 . 9 ,  page 65 , we noti ce that o uts i de the  tube wrap pe r 

t he pres s ure head of  the reci rcul at ion  l oop  i s  i dent i c a l  fo r Mode l 

C and  D ,  howe ver , the s econ dary fl u i d i ns i de the t ube wrappe r i n  

Model D i s  composed  o f  t h ree pa rts . 
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1 .  S ubcoo l ed re g i on o f  l en gt h  L s l , where t h e  tempe rature o f  

t he s ubcoo l e d  fl u i d  i s  ra i se d  from Td a t  t h e  i n l e t to 

Ts at at t he outl et . T he den s i ty i s  a s s ume d  con s tant  i n  

t h i s reg i o n .  

2 .  N ucl eate bo i l i n g  re g i on o f  l ength  LB = L - Ls l , where 
·, 

bo i l i n g  o f  the  s at u rated water l ea vi n g the  s ubcool ed  re g i on 

takes p l ace  and  the  mas s  q ua l i ty o f  t h e  two phase  mi xture 

i s  a s s umed to c hange l i ne ar ly  from 0 at  t h e  i n l et to xe 
a t  t he o ut l e t .  

3 .  Ri se r/ separator reg i on o f  l en gt h  L R , where t h e  two phase  

mi xt u re l eav i n g  the  n u c l eate boi l i ng cont i n ues to move 

upwa rds i n  t he  ri s e r/ sepa rato r vol ume . 

Therefo re ( �P ) OTW can be ca l c u l ated i n  t he  same way as  i n  

Equat i on ( 1 1 1 . 6 . 46 ) , thu s  

( I I I . 7 . 76 )  

whe re ,  

pd 
= P dw = P dc = den s i ty o f  t he s econdary fl u i d o uts i de the 

t ube wrappe r 

Ld 
= Ldw + Ld c  = hei ght  o f t he  seconda ry fl u i d  i n  t h e  d rum 

water  vo l ume and  the  downcomer t ra n s port 

1 ump .  

Howeve r ,  ( �P ) I TW i s  now cal cul ated  fro m  the  fo l l owi n g  equat i on .  

p L + p L + p L 
( �P ) 

1 
= s s l  b B r r 

I TW p s i  1 44 ( 1 I I . 7 . 7 7 )  
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where , 

P s 
= den s i ty i n  t he subcoo l e d  reg i on 

Ls l  
= l en gt h  o f  the s ubcool ed re g i on 

P bs 
= a ve rage den s i ty i n  t he n ucl eate bo i l i n g  re g i on 

LB 
= l en gt h  o f  the  boi l i n g reg i o n  

p = r den s i ty i n  t he ri ser/ separator re g ion 

L = 
r 1 ength o f  t he ri ser/separator re gi on . 

Us i ng the  s ame met hod  a s  d i s cussed  on  page 68 , the equati on  fo r oW1 

can be re duced to t h e  fo rm 

( I I I . 7 . 78 )  

T he expre s s i on s  fo r t he coeffi ci ents  a1 , a2 , a 3 , a n d  a4 a re deri ved 

i n  Append i x D .  

I I I . 7 . 5  S ummary of  the t1odel Equa t i o n s  

The govern i ng equat i on s  of Mo d e l  0 t h a t  were deve l o ped i n  the 

p receedi ng  sect i ons  can be re presented by the ma t ri x  equat i o n  

whe re 

x = system var i abl es  ( di ffe rent i a l  + a l gebra i c ) * vector 

A1 and A2 = coeffi c i ent matri ces 

r = forc i ng  vecto r .  

A l i st o f  t he sys tem vari abl es i s  g i ven i n  Tabl e I I I . 2  a n d  the nonzero 

el ements of t he matr i ces A1 and  A2 and  the fo rc i ng ve cto r r a re g i ven 

be l ow .  

*T he de fi n i t i on o f  di fferent i a l and al gebra i c vari abl es wi l l  be 
di scussed i n  Chapter I V .  
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TABLE I I I . 2 

S YSTEM VAR IAB LES FOR THE DETA I LE D  MODEL ( MODEL D )  

l .  T P i  
2 . T P l 
3 . T P2 
4 . T P3  
5 . T P4  
6 .  T PO 
7 . T ml 

8 .  Tm2 
9 . Tm3 

1 0 . Trn4 

l l . Ldw 
1 2 . L s l 
1 3 .  p 

1 4 .  xe 
1 5 . T dw 
1 6 .  T d 

* 1  7 .  w 1 
* 1 8 . w2 
* 1 9 . w 3 
*20 .  w4 

p ri ma ry wate r i n l et p l enum tempe ra t u re 

f i rst pri mary water l ump tempe rat u re 

second pri ma ry wate r l ump tempe rat u re 

t h i rd pri mary wate r l ump tempe rat u re 

fo urth  pri ma ry water l ump tempe rat u re 

pr i ma ry water out l et pl e n um tempe rat u re 

fi rs t tube met a l  l ump tempe rature 

second tube met a l  l ump tempe rature 

t h i rd tube meta l l ump tempe ra t u re 

fou rt h  tube meta l  l ump tempe rat u re 

drum water l e ve l 

nonbo i l i n g  ( s u bcoo l ed ) l en gth 

s team pres s u re 

bo i l i n g  sect i on ex i t  q ua l i ty 

d rum water tempe rat u re 

downcome r out l e t  tempe rat u re 

fl ow rate to t he nonbo i l i n g  sect i on 

fl ow rate to t he  bo i l i n g  s ect i o n  

fl ow rate from t h e  bo i l i n g  sect i on 

fl ow rate from the r i se r/ se pa rato r vol ume 

*Al gebra i c v ari ab l es . 



1 .  The A, r1a t ri X 

A1 ( l , l )  = l .  0 

A 1 ( 2 , 2 ) = 1 .  0 

A 1 ( 3 , 3 ) = 1 . 0  
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TP 1 -TP2 A1 ( 3 , 1 2 ) = ( L ) 

A1 ( 4 , 4 ) = 1 . 0 

A1 ( 5 , 5 )  = 1 . 0 

s 2 

T -T 
A1 ( 5 , 1 2 ) = P4 P3 

Ls l 

A1 ( 6 ,  6 )  = 1 . 0 

A1 ( 7  , 7 )  = l .  0 

T -T 
Al ( 7 , 1 2 ) = ( ml m2 ) 2L s l 

/\1 ( 8 , 8 )  = 1 . 0 

T -T 
A 1 ( 8 , 1 2 ) = �� 

2L s 2  

A1 ( 9 , 9 )  = 1 . 0 

A 1 ( 1 0 , 1 0 ) = 1 . 0 

T -T 
A1 ( 1 0 , 1 2 ) = _ ( m3 m4 ) 2Ls l  

A1 ( 1 1  , 1 1  ) = 1 • 0 

M C T T 
A1 ( 1 2 , 1 2 ) = s l P3  ( dt s a t ) 2 Ls l 
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_ Ms 1  CP2 aT sa t  A1 ( 1 2 , 1 3 ) 2 a P  

A1 ( 1 2 , 1 6 ) = 
Ms 1 cP2 

2 
A 1 ( 1 3 , 1 2 ) = - Afs P b 
A 1 ( 1 3 , 1 3 ) = Afs ls2c1 b  

A 1 ( 1 3 , 1 4 ) = Afs ls2c2 b 

A 1 ( 1 4 , 1 2 ) = - Afs hbp b 
a hf xe ah f 

A 1 ( 1 4 • 1 3 ) = Afs p bl s2 (� + 2 af!l) + Afsls2 h bC1 b  

A 1 ( 1 4 ,  1 4 ) = Afs p bls 2 

A 1 ( 1 5 , 1 3 ) = v c r 1 r 

A 1 ( l 5 , 1 4 ) = v c r 2 r 

A 1 ( 1 6 , l l ) = 1 . 0 

A1 ( 1 7 , l l ) = Tdw 
A1 ( 1 7 , 1 5 )  = Ldw 
A1 ( 1 8 , 1 1  ) = 

- P A g dw 

Clp 
A 1 ( 1 8 , 1 3 ) = v _3 

s a P 

A 1 ( 1 9 , 1 6 ) = 1 .  0 .  

2 . The A2 Matri x 
1 wP . 

A2 ( 1 , 1 ) - - 1 -
T p ; 

-
Mp ; 

h f · � + Afsl s 2h bC2b 
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1 upmspm1 ) A2 ( 2 , 2 ) = (
T P 1 

+ MP1 CP 1  
_ upm5pm1 A2 ( 2 , 7 ) 
-

- MP 1 CP 1 

A ( 2 , 1 2 ) 2 
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u s 
_ _ pm pm4 

r1P4C P 1  

u p 
A2 ( 5 , 1 2 ) = pm r1 ( MP4CP 1 

TP4 - Tm4 ) 

u s 
A2 ( 7 , 2 ) = _ pm pm1 

M C ml m 

u s + u s 
= ( pm pm1 ms l ms 1 ) M C m1 m 

u s 
( ms 1 ms 1 ) 2M 1 c m m 

u s 
_ _ ms 1 ms 1  

2M 1 C m m 

u s 
_ _ pm pm2 

M 2c m m 

aT s at 
a P  

u s + u s 
= ( pm pm2 ms2 ms 2 

M 2 c m m 

u s 
( ms 2  ms 2 ) M 2c m m 

u s 
A2 ( 9 ,4 ) = _ pm pm2 �� 3c m m 

aT s at  
a P  
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u s + u s 
= ( pm pm2 ms 2 ms 2 ) r1 3c m m 

u s 
( ms 2 ms 2 ) r1 3c m m 

u s 
_ _ pm pm1 r� 4c m m 

dT s at  
a P  

u s + u s 
A2 ( 1 0 ,  1 0 )  = ( pm pm 1 ms 1 ms 1 ) M 4c 

A2 ( 1 0 , 1 3 ) 

A2 ( 1 0 , 1 6 )  

A2 ( 1 1  , 1 7 )  

A2 ( 1 1  , 1 8 )  

- -

- -

- -

= 

m m 

u s 
( ms 1 ms 1 )  
2 t1 4 c 

u 

m m 

s ms l r1s 1 
2M 4c m m 

1 
p sAfs 

l 

aT sat  
Cl P  

p sAfs 

u s ms 1 ms 1 

u s 
( ms�

s
�s l ) [Tml + Tm4 - Td - Tsat ]  

dT t = ( Ums 1 5ms l + W2 CP2 ) a�a 



A2 ( 1 3 , 1 8 ) 

A2 ( 1 3 , 1 9 ) 

A2 ( 1 4 , 8 )  

A2 ( 1 4 , 9 )  

- - 1 . 0 
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= 1 . 0 

- - u s ms 2 ms 2 
= - u s ms 2 ms 2 

u s 
A2 ( 1 4 , 1 2 ) = ms2 ms2 ( T  + T - 2 T ) L5 2 m2 m3 s at 

aT a h  
A2 ( 1 4 ,  1 3 ) = 2 ums 2sms2 a�

at + \·J 3xe � 
A2 ( 1 4 , 1 4 ) 

A2 ( 1 4 , 1 8 ) 

A2 ( 1 4 , 1 9 ) 

A2 ( 1 s ,  1 9 )  

A2 ( 1 s , z o ) 

A2 ( 1 6 ,  1 4 ) 

A2 ( 1 6 ,  1 7 ) 

A2 ( 1 6 , 2 0 ) 

A2 ( 1 7 , 1 3 ) 

A2 ( 1 7 , 1 4 ) 

A2 ( 1 7 , 1 6 )  

= W3hfg 
= - h f 
= hx = h + x h e f e fg 
= - 1 .  0 

= 1 . 0 

w4 
= 

PdwAdw 

1 = 
P dwAdw 

- -

- -

( 1 -xe ) 

P dwAdw 

( 1 - x ) . e 
P dwAdw 

aT sa t  
a P  

= 
w4 

. T 
Pdwf.\dw s at 

w1 
= 

P dwAdw 



A2 ( 1 7 , 1 7 )  

A2 ( 1 7 , 20 )  

A2 ( 1 8 , 1 3 ) 

A2 ( 1 8 , 1 4 ) 

A2 ( 1 8 , 2 0 ) 
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Td 
= 

P dwAdw 

- -

= c L 

( 1 - X ) e 
P dwAdw 

= - w4 

= X e 

· 
1s at 

1 w , Az ( 1 9 , 1 5 ) = - 'd = -
Md 

A ( 1 9 , 1 6 ) = -1 2 ' d 

A2 ( 2 o ,  1 1  ) = a 1 
A2 ( 2 0 , 1 2 ) = a 2 
A2 ( 20 , 1 3 ) = a 3 
A2 ( 20 ,  1 4 ) = a4 
A2 ( zo , 1 7 )  = - 1 . 0 .  

3 .  The Fo rc i n g  Vecto r f 

1 wp ; 
f ( l )  = - 6 8 . = u-- o e . 

' p ;  1 "'p ; 1 

f( 1 8 ) = - P o C L . 



CHAPTER IV  

CALCULATION  PROC EDURE AN D RESULTS 

I V  . 1  I n t roduc t i on 

As  wa s s een i n  Ch a pter I I I ,  pa ge 2 5 , t h e  l umped pa rameter s tate  

va r i abl e a p proach  re su l t s  i n  two d i fferent type s of mod el formul a t i on s :  

1 .  Pure  D i fferent i a l Fo rmul a t i o n . I n  t h i s c a s e , a l l of the  

model  equa t i on s  are  d i fferen t i a l . Mode l s A a n d  B bel ong  

to  t h i s g ro u p .  

2 .  M i x ed D i fferen t i a l  and  Al g ebra i c  Fo rmu l a t i o n . I n  t h i s ca s e ,  

some of t h e  model equa t i o n s  a r e  d i fferen t i a l a n d  some a re 

a l g ebra i c .  The  sys tem va r i a b l e s  con s i st of d i fferen t i a l 

( o r  s ta te ) var i abl es  a n d  a l g ebra i c  ( o r  i n termed i a te ) 
var i a b l es . A d i fferen t i a l  va r i ab l e i s  def i n ed ( 3 7) a s  a 

var i ab l e who s e  der i va t i ve a ppear s  at  l ea s t  once  i n  the  

system equa t i o n s  wh i l e  an a l g ebra i c  var i a b l e i s  def i n ed a s  

a va r i ab l e who se der i va t i ve does n o t  a ppear a nywhere i n  t he 

system equa t i o n s .  �1ode l  s C and D be l ong  to t h i s grou p .  As  

t he mode l  compl ex i ty i ncrea s e s , t he m i x ed d i fferen t i a l  and  

a l gebra i c  fo rmu l a t i on has  the  adva n tage  of red uc i n g t he 

amount  o f mat hema t i ca l  man i pu l a t i on requ i red by t he sys tem 

ana l yst a n d  accord i n g l y  r educ i ng t he po s s i b i l i ty of 

a l gebra i c  o r  numer i ca l  erro r s  i n  t he  proces s  of  dyn am i c 

system ana l ys i s .  T h e  ca l c u l a t i on procedure for obta i n i ng 

t he  system t i me respo n s e  and  frequency re spo n s e  for bo t h  

l 0 6  
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formu l a t i on gro u p s  a n d  t he  resu l t s  obta i ned from the  

mathema t i ca l  model s are  desc r i bed i n  t he  fo l l ow i n g  

s ect ion s .  

IV . 2  Ca l c u l a t i on Pro cedure fo r t h e  P u re D i fferen t i a l Formu l a t i on 

A sys tem of coup l ed f i rst  order d i fferen t i a l  equat i on s  can , i n  

gen eral , b e  wri tt en i n  the  fo rm 

( I V . l ) 

where 
-

x = s ta te var i ab l e s  v ec to r  

f = forc i ng v ector 

C ,  D and  E = coeff i c i en t  ma tr i xes . 

Pro v i ded tha t C i s a non s i n g u l a r  ma t r i x,( 3B) both  s i d e s  of E q u a t i o n  

( I V . l ) c a n  be  pre-mul t i p l i ed b y  C - l  ( i n ve rse  of C )  to g et t he 

fo l l o wi ng  equat i on  

w here  

- 1  A = C D = s ta t e  coeff i c i en t  ma t r i x  

and  B = C - l  E = forc i ng coeff i c i en t  ma tr i x .  

( I V .  2 )  

Equat i on ( I V . 2 )  i s  t he  " c l a s s i ca l ' ' form for the ma t hema t i ca l  represen ta-

t i o n  o f  a system of  f i rst  order  d i fferen t i a l  equa t i on s .  T h i s equa t i o n  

fo rms t he  ba s i s for the  computer codes  MATEX P ( 39) a n d  S FR-3 ( 40) 
t ha t  

are  u sed i n  t h i s s t udy t o  cal c u l ate  t h e  t i me respon s e  a nd freq uency 

respo n s e  res pect i vel y .  
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The  g en eral so l u t i on o f  Equat i on ( I V . 2 ) i n  t h e  ti me doma i n  i s  

by ( 4 1 ) g i ven 

x (  t )  

where 

A ( t- t  ) 
= e 0 x ( t ) + t

t eA ( t- r ) B f ( r ) d r 
0 0 

x ( to ) = i n i t i a l co nd i t i o n s  vector 

and  

L 
k =O 

"" {A(  t-t  ) }  0 
k !  

( I V . 3 ) 

( I V . 4 ) 

T h e  fo l l owi ng  con v en t i o n s  are  u s ed i n  the  ma t r i x  ex pon en t i a l  

i n  Equa t i o n  ( I V . 4 ) 

{ A ( t-t0 ) J 0 = I = i dent i ty mat r i x  

and 0 !  = l. 

From Equat i on ( IV . 3 ) ,  i t  ca n be  seen  t hat  g i ven the i n i t i a l cond i t i o n  

vecto r x ( t0 ) ,  t h e  co eff i c i en t  ma tr i c es A and  B a nd the  forc i ng vecto r 

f ( t ) , the  so l u t i on a t  a l a ter i ns ta n t  t can be fo u nd . The  d egree 

of accuracy of t he  so l u t i on d epend s on t he  number of terms  u sed i n  

the  ca l c u l a t i o n  o f  the matr i x  expon ent i a l  i n  E q ua t i on ( I V . 4 ) and  the 

me thod  of n umer i ca l  i ntegra t i on u s ed to  cal c u l a te  the  i n tegral  i n  

Equat i o n  ( I V . 3 ) . The  method for ha n d l i ng t h e  

t�TE XP computer program i s  t o  a s sume t ha t  the  

p i ecewi s e  con sta n t . 

f
t 
to 

eA ( t--r ) 

T h i s g i v es :  

B f (  T ) d-r = [ I 
A ( t-t  ) 

- e o ] 

i n teg ra l  term i n  the  

fo rc i ng funct i o n  i s  

A- l B f ( t0 ) .  ( I V . 5 ) 
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The  frequ ency response  can  be  obta i n ed by starti ng wi th  

Equat ion ( I V . 2 )  and  La p l ace  tran s formi ng ( 4 2 )  bot h s i des , t hu s  

S x ( S )  = A x ( S )  + B F ( S )  

where 

s = L a pl ace  tra n s format ion  var i ab l e 

x ( s ) = L a pl ace  tra n s form of x ( t ) 

F ( S )  = L a pl ace  tran s fo rm of  f ( t )  

A , B  = co effi c i en t  matr i c e s , a s s umed con s tant . 

Rearran g i ng E q uat i on ( I V . 5 ) and  so l v i ng for x ( S ) , we get  

x ( S )  = [ S I  - A f 1 B F ( S ) . 

For a s i n gl e fo rc i n g  e l ement f ( t )  i n  t he fo rc i ng ve ctor f ( t ) , m 
Equat ion  ( I V . 7 )  can be  wr i tten  a s  

where 

x ( S )  = [ S I  - A] - l  5 F ( S )  r1 m 

= L a pl a c e  tran sform of f ( t ) m 

b nm 

( I V . 6 )  

( I V . 7 ) 

( I V . S ) 

The  frequen cy respo n s e  vecto r  of t he system state var i ab l es wi th respect  

to the  forc i n g el ement f can  be obta i n ed from Equat i o n ( I V . S )  by m 

repl ac i ng S by j w ,  th u s  
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[jw r - Ar 1 5 m ( I V . 9 ) 

F rom E qua t i o n s  ( I V . 3 )  and  ( I V . 9 ) , t h e  cal cu l a t i on procedure 

fo r o bt a i n i ng the  dynami c  respo n s e  when the  mat hemat i ca l  model 

con s i s t s  of  a sys tem of  fi rst  order d i fferent i a l  equa t i o ns  ( Model s 

A and B )  can b e  summa r i zed a s  fo l l ows : 

l .  Cal cu l a te  the  geometr i cal  pa rameters n eeded to est i mate 

the  vo l umes  of  t he d i fferen t l umps i n  t he  mod el u s i n g 

a va i l ab l e d e s i gn data  and/or  en g i neer i n g  j udgement . 

2 .  Ca l cu l a t e  the  thermal and  hyd ra u l i c  pa rameters  re q u i red 

for the cal cul at i on of t he  co effi c i en t  ma t r i ces  and 

fo rc i n g  vectors . Th i s  ca l c ul at i on i n c l ud es  the  ca l cu l a t i on 

o f  t he  h ea t  tra n s fer coeffi c i en t s and steady state  

parameters . 

3 .  Fo r t i me respon se  an a l ys i s ,  i nput  the coeffi c i ent  ma tr ix  

and  forc i n g  func t i on  to t he  computer cod e r�ATEXP ( 39)  

together  w i t h  the  prog ram con tro l  card s d e s c r i b ed i n  

Referen c e  3 9 .  

4 .  For frequency respo n s e  a na l ys i s ,  i n put  t he  coeffi c i en t  

matr i x  and  t he  forc i n g funct i o n  t o  the  computer code 

SFR-3 ( 4 0) together w i t h  t h e  program control  cards  desc r i b ed 

i n  Referen c e  40 .  
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I V . 3  Ca l cu l a t i on P ro ced ure  for the Mi xed D i ffere n t i a l  a nd  Al gebra i c  

Fonnul  at  i on 

As the  dyn am i c  model  compl ex i ty i ncrea ses , t h e  mathemat i ca l  

man i pu l a t i o n  effo r t  c a n  b e  con s i d era bl y reduced whe n t he a l ge bra i c  

e q uat i o n s  re l a t i ng system i n termed i ate var i a bl e s  to system s tate  

var i ab l es  are  l eft  i n  t he  model . I n  t h i s ca s e ,  t he mat hemat i ca l  

model  o f  the  system con s i sts  o f  a set  of f i rst  o rder  equa t i on s  ha v i n g 

bot h  d i ffer en t i a l  and  a l gebra i c  var i ab l e s  that  can be wr i tten i n  

t h e  form:  

-

g u ( t )  ( I V . l O ) 

where 
-

z = vector o f  sys tem va r i ab l e s  ( d i fferen t i a l  + a l gebrai c )  
-

g = vector of con stant  mul t i pl i e rs of  t he t i me vary i ng  

fo rc i n g  fun c t i on 

u ( t )  = arb i trary funct i o n  of  t i me represent i n q  system i n put  

( fo rc i n g  fun ct i on ) 

A
1 

and  A2 = coeff i c i en t  ma tr i ce s . 

I f  the  system va ri a bl e s  are compo sed o f  n d i ffe rent i a l ( o r st ate )  

var i a bl es  a n d  r a l gebra i c  ( or  i nt ermed i a t e )  var i ab l e s , then ma tr i x  

Equat i on ( I V . l O ) ha s the  order m wh i c h  i s  equal  to ( n+r ) . 

· The met hod of  o bta i n i ng t h e  t i me respon se  and  t he frequ ency 

r e s po n s e  when the  system dynami c model  can  be  represented  by 

E quat i on ( I V . l O ) i s  descr i bed i n  Referen c e  37 and  i s  s umma r i zed  

be l ow fo r co n ven i en c e .  
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I V . 3 . 1 T i me Respon s e  C a l cu l a t i on 

T h e  set  of  equ at i on s  re presen ted by mat r i x  Equa t i on ( I V . l O ) 

i s  f i r s t  r eord ered i nto  m d i fferen t i a l  equa t i on s  fo l l owed by r 

a l g ebra i c  equa t i o n s  and  then  reduced to a system o f  n d i ffe re n t i a l  

equat i on s  u s i n g t he computer code PURE D I FF . ( J? ) T hen t he reduced 

set  of pure  d i fferen t i a l eq uat i o n s  i s  so l ved u s i n g t he co�p uter code 

I�TEX P . ( Jg ) The method of remo v i n g  the a l g ebra i c  var i a b l e s  from the 

equat i on s  i s  de scr i b ed be l ow .  

After reorder i n g Equa t i o n  ( I V . l O ) can  be wr i tten  i n  the 

pa rt i t i oned  ma tr i x fo rm 

wh ere 
-x d i fferen t i a l  var i a b l e v ector  
-y = a l g ebra i c  va r i a b l e vecto r .  

( I V . l l )  

Equa t i on ( I V . l l )  can  b e  ex panded to obta i n  t h e  fo l l ow i ng  equat i o n s  

R dx + T - T y- = ( t )  2 1  dt  2 1 x + 22 g2 u 
· 

( I V . l 2 )  

( I V . l 3 ) 

Th e  a l gebra i c  va r i ab l e vector  y i s  e l i mi n ated by pre-mu l t i p l y i n g  

bot h  s i d e s  o f  Equa t i o n  ( I V . l 2 ) by t h e  i n ve r s e  o f  T 1 2  a n d  

pre-mu l t i p l y i n g  bot h  s i de s  of  Equat i on ( I V . l 3 ) by  t h e  i n verse  of r22 
a n d  s u btract i n g  t h e  re s u l t i n g equa t i on s  to g et 
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- 1 - - 1 J [T1 2 g 1 - T2 2  g 2 u ( t ) 

pre -mul t i p l y i n g E quat i o n  ( I V . 1 4 )  by r1 2 we get 

- 1 - 1  J dx c - 1 _ ,  -
[ Rl l  = T l 2 T22 R2 1 dt + Tl 1  - Tl 2 T22 T2 1 ] x = 

- 1  - 1 J ( [ g l - Tl 2 T22  g2 u t ) . 

E qu at i on  ( I V .  1 4 )  can  b e  wri t t en i n  t he  conc i s e form 

B �� + C x = 5 u ( t )  

where 

B = [ R l l  
- 1 J - T 1 2 T 22 R 21 

[T l l  
- 1 c = - Tl 2 T22 T21 J 

6 = [g l - Tl 2 Tz1 g2 ] 

rlu l t i 1J l y i n g bo t h  s i d es  of  Equa t i on ( I V . l 6 )  by B -l g i ve s  

�� + B - 1 C x = B - 1 5 u ( t ) . 

( I V . 1 4 )  

( I V . 1 5 )  

( I V . l 6 ) 

( I V . l 7 ) 

Equa t i on ( I V . 1 7 ) i s  i n  t h e  11 C 1 a s s i ca l "  fo rm s u i ta b l e for u s i n g t he 

t i me re spo n s e  code MATE X P .  ( 39 ) 

An i mpor ta n t  feat u re of t he a bove  met hod i s  that  i t  i n vol ves  

mat r i x i n ver s i o n  wh i c h  may produce  error i n  t he re s u l t s  when  any of  

the ma tr i ce s  i n vo l ved a re i l l - cond i t i o ned . ( 4 3 ) T h i s  rro b l em �ay be  

avo i ded by c ha n g i n g t he  o rder i n g  of  t he sys tem equ at i o n s .  
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I V . 3 . 2  Frequ ency Respo n s e  Ca l c u l a t i o n  

The frequency re s pon se  vec tor fo r t h e  dynam i c  sys t em re presented 

by Equat i on ( I V . l O ) can be  obta i n ed by rep l ac i n g S by jw i n  the 

tra n sfer funct i on vector G ( S )  def i n ed a s  

G ( S )  = �f�� . ( I V . l S ) 

The tran s fer funct i on vector can b e  o bta i n ed by two met hods . 

1 . Fo l l owi n g  t he same proced u re a s  i n  t he t ime re s po n s e  

ca l c u l a t i o n , o n e  ca n red uce  t h e  system o f  comb i n ed 

d i fferent i a l  a n d  a l g ebra i c  e q ua t i o n s  to a set  o f  pure 

d i fferent i a l  eq uat i o n s  of  the  form 

d x - -
dt = A x + g u ( t ) . 

The computer code , S FR -3 , (40 ) c a n  t hen be  u s ed to 

obta i n  t he freq u en cy respo n s e  vector G ( j w )  u s i n g the  

fo l l ow i n g  rel a t i o n  

- - 1 -
G ( j w )  = [j w  I - A] g .  

( I V . l 9 ) 

( I V . 20 ) 

2 .  The sys tem equ a t i on s  can be  k ept i n  t he o r i g i na l  m i x ed 

mod e  ( d i fferen t i a l  + a l g ebra i c )  fo rmu l a t i on a n d  a 

mod i f i ed ver s i o n  of  the S FR - 3 co de d evel o ped i n  Reference 

3 7 can be  u sed to obta i n  the fre quency re s pon se vec tor 

G ( j w ) u s i n g  the  fo l l owi ng  rel at i on 

( I V . 2 1 )  
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From t h e  a bo v e  d i scu s s i on , i t  can be seen t ha t  t h e  ca l cu l a t i on 

proced ure fo r obta i n i n g  the  dynam i c  re s po n s e  when t h e  mat hema t i ca l  

model con s i s t s  o f  a m i xed set o f  d i fferen t i a l and a l geb ra i c  equat i on s  

( Model s C a n d  D )  can b e  s umma ri zed a s  fo l l ows . 

1 .  C a l cu l a t e  t he g eomet r i c  paramet ers  n eeded to est i mate  t he  

vo l ume s of  the  d i fferen t l umps i n  t h e  model  u s i ng a va i l ab l e 

d e s i gn data  a n d/or  en g i n eer i ng j udgemen t . 

2 .  C a l cu l ate  t he therma l and  hydra u l i c  paramet ers  requ i red for 

t he  ca l c u l a t i on of t h e  coeff i c i e n t  ma tr i ce s  and  forc i ng 

vecto r s . T h i s  ca l c u l at i o n  i n c l udes  t he ca l c u l a t i o n o f  t h e  

h ea t  t ran sfer  coeffi c i en t s  and  st eady sta t e  pa rameter s .  

3 .  For t he  t i me re s ponse  ana l ys i s , i n put  t h e  coeffi c i ent  ma t r i ce s  

A 1  and  A
2 

together  wi t h  t he  fo rc i ng func t i on t o  t he computer 

code PURE D I FF ( 3 ?) to reduce  the  system to p ure d i fferen t i a l  

form . Then u s e  t h e  computer  code 11ATE X P ( 3g) to  o bta i n  t he  

t i me res pon s e .  

4 .  For t h e  freq u en cy respo n s e  anal ys i s ,  e i t her u s e  t h e  mod i f i ed 

( 3 7 )  vers ion  of  t he  S FR - 3  code o r  u s e  t he reduced syst em 

mat r i x and  fo rc i n g vector obta i n ed from s tep  3 a s  i n put  

to t he computer  code SFR- 3 .  ( 40) 

V . 4  Geometr i ca l  Ca l c u l a t i on 

W hen  the d es i gn d eta i l s of t he  steam gen erator a re kn own to the 

1a l yst , t he ta s k  o f  ca l cu l a t i n g  the l en g t h s , areas  and  vol umes 

?ce s sa ry for the dynam i c  re s pon se  ca l cu l at i on reduces  to a s i mpl e 

t sk tha t  ha s to be repeated when t he  d i men s i on s  and/or  

'Ometr i cal  conf i gurat i o n  c han ge .  Howeve r ,  s i n c e  t he des i gn de ta i l s  
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of nucl ear s team g en erators  a re often con si d ered a s  propri eta ry 

i n fo rmat i o n , the method o f  ca l cu l a t i ng geometri cal i n put data for 

dynami c re s pon se  ca l cu l a t i on from t he d es i gn deta i l s i s  rul ed out  

when thi s i nforma t i o n  i s  not ava i l abl e .  I n  thi s study , the on l y  

i n forma t i o n  ava i l abl e to t he autho r  i s  th e seep i ng  de s i gn data 

usua l l y  l i s ted i n  t he sa fety ana l ys i s  re port  of  a n uc l ear power 

p l a n t . ( 2 )  T herefore , eng i neer i n g  j ud gemen t and pro port i onal i ty 

pr i n c i pl e s  are u sed to obta i n  t he geometri ca l  parameters  u sed as  

i n pu t  to t he dyn am i c  response  ca l cul a t i on a l gor i thms . I n  thi s 

sect i on , t he method o f  ca l cul a t i ng  t he geometr i ca l  parameters i s  

desc r i bed and  the n  a pp l i ed to the  H .  B .  Rob i n son Un i t  2 steam 

g en erator u s i ng t he steam gen erator des i gn data obta i ned from 

Refe ren ce 2 and s hown i n  Tabl e I V . l . 

I V . 4 . 1  Pr i mary S i de 

On t he pr i mary s i de , i t  i s  requ i red to determ i n e  the vol ume of 

the pri ma ry water in  t he i n l et  and outl et p l enums and  fl ow area i n  

t he effec t i ve heat exc hange reg i on ( U -tube reg i on ) . T h e  U-tu bes are 

repl a ced by two stra i g ht-tube branc hes and the average l ength  of 

ea c h  branch  i s  ca l cul ated as fo l l ows 

where 

S0 = total heat transfer surfa c e ,  ft 2 

D0 = U-tube d i ameter , i n . 

N = n umber of  U-tubes 

L = l ength  of stra i ght tube branch , ft . 

( I V . 2l )  
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TABLE  I V . l 

H .  B .  ROB I NSON STEAt1 GErl E RATOR 
DES I GN DATA* 

H umbe r o f  S team Gen e rators 3 

Des i gn P re s s u re ,  Reacto r Coo l ant/Steam , ps i g  2485 / 1 085 

Des i gn Tempera t u re , Rea ctor Coo l a nt/Steam , ° F  650/ 556  

Rea ctor  Coo l an t  F l ow ,  l b/ h r  33 . 9 3 X 1 06 

Total  Heat T ran s fe r  S urface  Area , ft2 44 , 430  

Steam Cond i t i on s  at  F u l l Load , O ut l et Nozz l e :  

Steam F l ow ,  l b/ h r  3 . 1 96 x 1 06 

Steam Temperature , ° F  5 1 6  

Steam P res s u re , ps i g  770 

Feedwate r Tempera t u re , ° F  4 35 

Overa l l H e i ght , ft- i n . 63  - l . 6  

S he l l OD , u pper/ l owe r ,  i n .  1 66/ 1 2 7 . 5  

S he l l T h i c knes s , u ppe r/ l owe r ,  i n .  3 . 5/ 2 . 6 3  

N umbe r  o f  U- t ube s  3260 

U-tu be D i ameter , i n .  0 . 875 

Tube Wa l l Th i c kn es s ,  ( a ve ra ge ) i n .  0 . 05 0  

2200 MWt Zero Powe r 

Reacto r Coo l ant  Wa te r Vo l ume , ft 3 928 

Secondary S i de Wate r Vo l ume , ft3 1 5 36 

Second a ry S i de Steam Vo l ume , ft3 3203 

*Ta b l e 4 . 1 -4 ,  Reference 2 .  

9 28  

3089 

1 64 0  
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The fl o w  a r ea o f  the  pri mary water i n  the  t u be reg i on i s  de termi ned 

by the fol l owi n g  equat i on 

w here 

A = 
p 

D .  = 
1 N = 

2 1T D .  
A = �,-,1-.--- • N p 4x1 44 

pri ma ry fl ow area , ft2 

U-tube i n s i d e  d i ameter , i n  

number o f  tubes . 

( I V . 2 3 )  

The tube i n s i d e  d i amet er i s  o bta i n ed from t he tube outs i d e  d i ameter 

and the. tu be  wa l l  t h i c kens .  The  i n l e t  and  o utl et pl enums are eac h 

a ssumed to ha ve the same vo l ume wh i c h  i s  g i ven by 

where 

VPL 
= vol ume of i n l et or o utl et pl enum , ft3 

v p = steam gen erator pr imary water vol ume , ft3 

Vt 
= vol ume o f  pr imary water i n s i d e  t he U-tubes , ft3 . 

IV . 4 . 2  Tube Meta l 

The cross  sect i on area o f  the  tube metal ( Am ) i s  g i ven by 

1T ( D2 - 0� )  0 1 A = -.--.r....---'-- • N .  m 4xl 44 

( I V . 24 )  

( I V . 25 )  

The surfac e area per un i t  l en g t h  i s  u sed i n  the ca l cu l a t i on i n  

the heat  tran sfer  area and can b e  d etermi ned a s  fol l ows 

1T D .  p 
r i  = -,i- · N ( I V .  26 ) 



I V . 4 . 3  S econdar,t S i d e  

The s econdary s i de 

1 .  S econdary fl u i d 

2 .  S econdary fl u i d  

3 .  Secondary fl u i d  

1 1 9 

n D 0 
= 12 . 

N .  

i s  d i v i ded i n to t hree pa rts . 

i n  t he  effec t i ve heat exchan g e  

i n  t he down comer reg i on .  

i n  t he d rum equ i va l en t  reg i on . 

( I V . 2 7 )  

reg i on .  

For t h e  effec t i ve heat exc ha nge  reg i on and t h e  down comer reg ion , 

i t  i s  po s s i bl e to d e term i ne t h e  fl ow area and  therefo re t h e  vol ume o f  

any secondary fl u i d  l ump  i n  t hese  reg i on s  from a knowl ed g e  o f  the  

l en g t h  o f  t he l um p .  However , for the d rum equ i va l ent reg ion , i t  i s  

on l y  po s s i bl e to e s t i mate  l um ped vol umes d u e  to t he compl ex 

g eometr i ca l  con f i gu ra t i on i n  t ha t  reg ion  s i n c e  i t  i n c l udes  t h e  feed ­

wat er r i n g  and  t h e  s t eam separa tors  and  dr i er s .  The  ca l c u l a t i on o f  

the  geome tr i ca l  parameters i n  t he above  reg i o n s  i s  desc r i bed be l ow .  

l .  E ffec t i ve H eat  Exchan g e  Reg i on .  The  effec t i ve hea t 

exchange  reg i on i s  bounded  by t he tube-wrapper , t he t u be  

p l a te  a n d  a f i xed pl an e  j u st a bove  t he U-tub e s . The  

s econdary fl u i d fl ow a rea in  t h i s  reg i on can be  e st i ma t ed 

from t h e  area i n s i d e t h e  tub e  wra p per  and  the  area  occu p i ed 

by t he U -t u b e s , t hu s , 

where 

A = A - A s w t 

2 As = s econdary f l u i d  fl ow a rea , ft 

( I V . 28 )  
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Aw = area  i n s i d e  the  tu be wra pper , ft2 

At 
= a rea occ u p i ed by t h e  U-tubes , ft2 • 

T he a rea i n s i d e  the tube wra pper can  b e  e s t i ma ted from t he  

t u bes  a rra n gement , n umbe r and  outs i de d i amete r .  The  l e n gt h  

o f  the e ffect i ve heat exc hange  reg i on i s  a s sumed to b e  

t h e  same a s  t he stra i g ht t u be b ran c h  l en gt h  cal c u l ated by 

E qu at i o n  ( I V . 22 ) . 

2 .  Oown comer Reg ion . The down comer reg i o n  i s  de f i n ed by t he 

a n nu l ar space  between t he s team gen erator l ower s hel l 

s ect i on and  t he tube wra p pe r .  The  down comer fl ow a rea i s  

d et erm i n ed by 

w here 
2 Ad = downcomer f l ow  a rea , ft 

ALS  = i n s i d e  a rea of  t he  l ower s he l l sect i on , ft2 

2 Aw = a rea of  the  tube  wra pper , ft 

( I V . 29 )  

The  l en g t h  o f  t he down comer s ect i on i s  a s s umed to b e  equa l  

to t he same a s  t he l en g t h  o f  t h e  effect i ve heat  exchange  

reg i on . 

3 .  Drum E q u i va l ent Reg i on . As  descr i bed i n  C ha pter I I I , pa ge  56 , 

t h e  d rum  equ i va l ent reg i o n  i s  compo s ed of th ree sect i on s .  

a .  R i s er/ sepa rator vol ume 

b. Drum wa ter vol u�e 

c .  Drum steam vol ume .  
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T he d i men s i o n s  fo r these  sect i o n s  were est i ma ted u s i ng 

eng i ne er i ng j udgement and proport i onal i ty pr i nc i p l es 

u s i n g  t he  steam gen erator d i men s i o n s  and the secondary 

s i d e  water  and steam vol ume s  g i ven i n  Tab l e I V . l . 

IV . 4 . 4  Resu l t s  for H .  B .  Robi n son S team Genera to r 

The  g eometr i ca l  data cal cul ated for the H .  B .  Rob i n son steam 

g en erator  can be summa r i zed a s  fol l ows . 

A .  Pr i ma ry S i de 

1 • Number of  tube s = 3260 

2 .  

3 .  

S tra i ght  tube branch l ength = 29 . 7 5 ft 

2 P r i ma ry fl ow a rea = 1 0 . 68 ft 

4 .  Pri mary i n l et p l enum vol ume = 1 46 . 2 7 ft 3 

5 .  Pr i mary outl et p l enum vol ume = 1 46 . 2 7 ft3 . 

B .  Tube Meta l  

1 .  Tube  metal c ro s s  s ect i o n = 2 . 934 ft2 

2 .  P r ima ry/meta l  h eat tran s fer a rea per  u n i t  

l ength = 661 . 436 ft 

3 .  Meta l / secondary heat tran sfer  a rea per 

un i t  l ength = 746 . 783 ft . 

C .  S econdary S i de 

1 .  Effec t i ve exchange reg i on 

Fl ow a rea (As ) = 5 2 . 9 3  ft2 

To tal l ength ( L t ) = 2 9 . 75  ft . 
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2 .  Down comer reg i on 

F l ow a r ea (Ad ) = 7 . 6 1 4  ft2 

Length  ( Ld ) = 29 . 7 5 

3 .  Drum e q u i val en t reg i on 

Drum wa ter vol ume ( Vdw ) = 9 73 . 88 ft3 

Drum water area ( Adw ) = 1 0 1 . 1 3  ft2 

Drum wa ter l ength  ( Ldw ) = 9 . 6 3 ft 

Drum st eam vo l ume ( V  ) - 2966 . 38 ft3 
s s  -

R i s er/ s eparator vol ume ( Vr ) = 408 . 5  ft3 

R i ser/separator area = 42 . 42 ft 2 

R i s er/ s e parator l ength = 9 . 6 3 ft . 

I V . 5  Ca l c u l at i on o f  Heat Tran sfer Coeff i c i en t s  

I n  t h e  effec t i ve heat excha n ge r eg i o n , heat  i s  t ra n s ferred 

from t he p r i mary s i de  to the s econdary s i d e  thro u g h  t he U- tube  

wa l l s . On the  pr i ma ry s i d e ,  p re s s u r i zed wa ter pa s s es i n s i d e the  

U-t u be s  and tran s fers  heat  to t h e  tube  meta l . Ac ro s s  t he  tube  

t h i c k n es s ,  heat i s  t ra n sferred by rad i a l  conduct i on .  On  t he 

secon da ry s i de , s l i g ht l y s u bcool ed wat er , the n two phase  steam/ 

water m i xture fl ows by natura l  c i rc u l at i on out s i d e  the  U-tu bes . 

Meta l -to - l i qu i d  heat tran sfer occ u r s  i n  t h e  s ubcool ed s eco ndary 

reg i o n  whi l e  n uc l eat e  bo i l i n g  i s  t h e  p r i ma ry heat tran s fer 

mecha n i sm i n  t he bo i l i n g  seconda ry reg i on . 
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I n  t h i s sec t i on , the met ho d  u sed i n  cal cul a t i ng  the  h eat  

tran sfer coeffi c i en ts i s  desc r i bed and the resu l t s  u s ed a s  i nput  

for the  d ynami c respon s e  cal c u l a t i o n s  are  reported . 

I V . 5 . 1  F i l m  H eat  Trans fer Co eff i c i ents  

The D i ttu s -Boel ter Correl a t i on is the mo st des i rab l e corre­

l at i on
( 2 ? ) 

for ca l c u l at i ng  f i l m  h eat  tra n sfer coeffi c i en t s  when 

con vec t i on i s  the pr i ma ry heat tran sfer mec han i sm .  T h i s correl a t i on 

can b e  wri tten i n  t he form 

where 

K G D 0 . 8  � C n 
= 0 . 023 (0) (--�--) (�) 

UFC = fi l m  hea t transfer coeff i c i en t ,  Btu/ hr ft2 ° F  

K = therma l conduct i v i ty ,  Btu/ hr f t  o F  

G = ma s s  v el oc i ty,  l bm/ h r  ft2 

0 = hyd ra u l i c  d i ameter , ft 

� = v i sco s i ty ,  l bm/ft hr 

C p = spec i f i c  heat at con s tant  press ure , B t u/ l bm ° F .  

( I V . 30 )  

T h e  val u e  o f  t h e  i nd ex n i s  ta ken a s  0 . 3  for ca l cu l a t i n g  t he 

hea t tran sfer coeffi c i ent b etween the pr imary wa ter and  the  i nner  

surfa ce of the tubes and a s  0 . 4 for cal cu l a t i ng the  heat tran sfer 

co effi c i en t  between t he ou t s i d e  surface of the tube s  a nd the 

s econdary fl u id i n  the su bcool ed reg i on . I n  the bo i l i ng reg ion of 

the secondary fl u i d ,  the hea t tra n s fer i s  en hanced by the  bo i l i n g  

mec ha n i sm .  I n  t h i s reg i on , the fi l m  heat transfer coeff i c i en t  

c a n  b e  cal cu l a t i ng u s i n g  a correl at i on  propo sed by C he n .  ( 44 )  
I n  
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th i s correl a ti on , the heat  tran sfer co effi c i en t  i n  the satu ra ted 

nucl eate bo i l i ng reg ion  i s  a s sumed to ha ve co ntri bu t i on from both  

nucl eate bo i l i ng and  convect i on ,  thu s 

where 

U
TP 

= heat tran sfer coeffi c i en t  i n  the bo i l i ng reg ion  

U
NCB 

= co ntr i but ion  due  to  nucl eat e bo i l i ng 

U
C 

= cont r i but ion  due to convect ion . 

( I V . 3 1 ) 

I t  wa s a s su med tha t the  convect i on compon en t ,  U
C

' coul d be 

represented by a mod i fi ed D i ttu s-Boel ter type equa t i on 

G ( l  x ) 0 . 8  � C 0 . 4  K f 
U = 0 .  023 [ 

- ] [.:.___Q_J (-) F 
C �f  K f D 

where F i s  a parameter def i n ed such  that 

F i s  a funct i on  of the Mart i nel l i  fa ctor Xtt defi ned a s  

where 

1 0 . 9 vf  0 . 5 , f  0 . 1  
= (2) ( ) ( ,.. ) X Vg ;g 

x = ma s s  qua 1 i ty 

vf  = s pec i f i c  vol ume o f  satura ted l i q u i d  

vg = s pec i fi c vol ume of  saturated steam 

� f  = v i  sea s i ty of  saturated l i qu i d  

�g  = v i sco s i ty of  saturated steam . 

( I V .  32 )  

( I V . 33 )  

( I V .  34 ) 
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by ( 44 ) The  n uc l eate bo i l i ng contr i but i on  hNCB i s  g i ven 

UNC B  = 0 . 1 7 2 
K 0 . 79 C 0 . 4 5  0 . 4 9  

[-
f
=--=_�

pf
=---=-

p f�--=o.....,. 2o:-r4 J 5 • � T o . 2 4 • t, 
P 

o . 7 5 
0 . 5 0 . 29 h 0 . 24 sat sat 

o �f fg P g ( I V . 35 )  

The  reader i s  referred to  Reference 44  for the  d eta i l s o f  ca l cul at i ng 

the  heai tran sfer co effi c i ent  i n  the  bo i l i ng reg i o n  u s i ng C hen ' s  

correl at ion . 

I V . 5 . 2  Tu be Metal Conductance 

S i nc e  the t h i c knes s  of  the tube wal l i s  very sma l l rel at i ve  to 

the tu be l engt h ,  the tu be metal conductanc e  can be est i ma ted u s i ng  

t he fol l ow i n g  equ a t ion ( 45 )  

where 

� = t hermal conduct i v i ty of tube meta l 

b = t h i ckness  o f  tube wal l ( i nches ) .  w 

( I V . 36 )  

Effec t i v e  area for hea t  conduc t i on t hrough  t he tube wal l i s  g i ven by 

A - A ·  
A = 0 1 

m A • 

l n ( A
o ) i 

I V . 5 . 3 Overal l H eat Transfer Coeff i c i en ts 

The overal l heat tran sfer res i stance  i s  the sum o f  the 

( I V . 37 )  

res i stances o f  the  pr imary s ide  fi l m ,  the tube wal l , fo u l i ng and  

the secondary s i d e  fi l m. Based on the  secondary s i de heat transfer 

area we have 

1 1 Ao 1 - = - - + - ·  
U U .  A . U 1 1 m 

A 
o + f + -1 

;a:; uo 
( I V . 38 )  
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U = overa l l h ea t  tra n sfer coeffi c i ent 

u .  = pr imary s i d e  f i l m heat transfer coeffi c i ent 1 
u = tu be  me tal condu ctance  m 

u o  = s econd a ry s i d e  f i l m  heat tran sfer coeff i c i en t  

f = foul i ng facto r  

A 1 . =  i n s i de t u b e  area 

A0 = o u t s i d e  tube area . 

The secondary s id e  f i l m  heat tran sfer coeff i c i ent depends on whether 

the secondary fl u id i s  subcoo l ed or  bo i l i ng .  

Fou l i ng fac tors  may b e  con s i d ered to repre sent sa fety fac tors 

t hat  i ncrea se the  des i gn area o f  the s team genera to r to compensate 

for po s s i bl e  scal e b u i l d  up  on t he tube meta l su rfaces .  S i nce the 

pr imary cool a n t  i s  ma i ntaj ned at  extremel y h i g h  pur i ty l evel , 

fou l i ng on  t he pr i mary s i d e  i s  o ften negl i g i bl e .  Secondary s i d e  

system pur i ty i s  l ower and some fo ul i ng a l l owance mu st  be  con s i dered 

i n  cal cu l at i ng t he overal l heat trans fer co effi c i en ts .  Fra a s  et  a l . ( 4S )  
stated that an a l l owance of  0 . 0003 ( ° F  ft2 

ht/ B tu ) i s  genera l l y  

con s i d ered rea sona bl e .  

I V . 5 . 4  Comb i ned F i l m  and Tube Meta l  Conductances 

When the  mean temperature of the  tube  metal l ump  i s  con s i dered 

a s  a s tate var i a bl e i n  the dynami c  model , i t  i s  nece ssary to comb i ne 

the fi l m  hea t tran s fer con ductance ( coeffi c i en t )  wi th the tu be meta l 

conductance to o b ta i n  an effect i ve heat transfer coeff i c i ent between 

the bu l k  mean temperatures of  the pr imary and s econdary fl u i d s  and 

the tu be mean tempera ture . The cal cul at i on  for thi s effecti ve  heat 
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tra n sfer co effi c i en t  can  b e  deri ved from t he  ana l ogy between t he  fl ow  

o f  h ea t  energy thro u g h  thermal res i s tance to  the  fl ow of  el ectr i c  

curren t i n  a n  e l ectr i ca l  re s i sto r ,  
( 46 ) t h u s  

a nd  

a nd 

where 

and 

H t T f R t Tempera ture  D i fference  ea ran s  er a e = . T herma l Re s 1 stance  

Refer r i ng to F i g u re I V . l  we have  

T - T 
Q = P m = U A . ( T -T ) pm A 1 pm 1 p m 

R . +R (�-) 1 m A .  1 

From these  equ at i on s  we have  

l 1 A . l 
- = - + ( -,-) • 

Upm U i Aml Urn 

A 
- - (-0-) • 

Urns  Am2 
A 

A -A . A i (A� - l ) 
m 1 1 = -'---;--- = ------A A 

1 n ( A� ) 1 n ( A� ) 
1 . 1 

A -A o m 
A 

l n ( A
o ) 
m 

A 
A ( 1  - �) o A0 = -�--A 

1 n ( A
o ) 
m 

( I V . 39 )  

( I V . 4 0 )  

( I V . 4 1 ) 

( I V . 4 2 )  

( I V . 4 3 )  

( I V . 44 )  
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where 

u
i 

= pri mary s i d e  f i l m  conduc tance  = 1 / R .  1 

u = tube meta l  conductance = 1 / Rm m 
u
o 

= secondary s i de f i l m  conductance = 1 / R0 

A .  = tube i n s i d e  surface area 1 
Am 

= tube mean surface  area 

Ao 
= tu be out s i de s urface  a rea . 

I V . 5 . 5 Resu l ts fo r H .  B .  Rob i n son Steam Gene rato r 

The  fo l l ow i n g  va l ues of  the heat t ran s fe r  coe ff i c i ents  a re used 

as  i n put  for t he refe rence case dynami c ca l cu l at i on . 

P r i ma ry fi l m  hea t  tran s fe r  coe ffi c i ent  = 4500 B t u/ h r  ft2° F  

Tube meta l  conductance = 21 60 Btu/hr  ft2° F  

Tube out s i de heat transfe r  a rea = 44430 ft2 

Tube metal / s ubcool ed seconda ry fi l m  heat tran s fe r  

coeffi c i ent = 1 9 72 Btu/ h r  ft2 ° F  

Tu be metal / bo i l i ng secondary fi l m  heat tran s fe r  

coeffi c i ent  = 6000 Btu/ h r  ft2 ° F  

I V . 6  S teady State Cal cul at i ons  

I V . 6 . 1  I n t roduct i on 

W hen t he mo v i n g  boundary a pp roach i s  used i n  the  deve l o pmen t  

of dynami c mode l s fo r a UTSG , the  cond i t i o n s  a t  stea dy state 

a re pre requ i s i tes  fo r t he dynam i c  cal cul at i on a l gori thm .  I n  th i s  

sect i on , i t  i s  a s s umed t hat  t he rec i rcu l at i on  rat i o  o f  the steam 

generator i s  known and  t he  pu rpo se  o f  the s teady s tate cal cul at i on  

i s  to  determi ne  the  tempe rat u re profi l e s a l on g  t he  pr i ma ry and  
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s u bcoo l e d  s econda ry fl ow path s  a nd  a l so t h e  ma s s  qua l i ty profi l e  a l o n g  

t h e  bo i l i ng secondary fl ow path  a fte r f i nd i n g  t h e  l e ve l at  wh i ch the 

bo i l i n g  proce s s  i n  t h e  secondary fl u i d  s ta rt s  ( Ls 1 ) .  F i g ure I V . 2 

s hows a s chemat i c  d i a gram of  the  e ffec t i ve heat exchange  re g i on  ( co re )  

o f  a UTS G .  P r i ma ry water from t h e  rea cto r h o t  l eg enters  t h e  h ea t  

exchange  reg i o n  from the  steam generator  i n l et p l e n um at  tempe ra t ure 

TP i  and  a ft e r  exc han g i ng heat to  the  secondary fl u i d  pa s s i n g  o ut s i de 

the  U-tubes , i t  l eaves  the  heat e xchan g e  reg i on to  t he  s team generator  

o ut l et  p l e n u m  at t empe rat u re TPo " The seconda ry fl u i d  enters  the heat  

exc hange reg i o n  from t he downcomer sect i on a t  a temperature  Td wh i c h i s  

l ower than  t he s a t u ra t i o n tempe rat u re co rre s pon d i n g  to t he  s team 

gen erato r p re s s u re .  As t he seconda ry fl u i d  fl ow s u pwards i n  the  core 

reg i on ( by natura l  c i rcu l at i on )  i ts tempe rat u re i n creases  u nt i l the  

sat u rat i o n  t empe rat u re Tsat  i s  reached a t  a l e ve l Ls l  wh i c h  i s  

con s i dere d  a s  t he  s ubcool ed/ bo i l i n g  boundary .  T h e  p r i ma ry t empe rat u re s  

a t  t h e  s ubcool ed/ bo i l i n g  boundary a re den oted by TP l  a nd  T P4 i n  t h e  

pa ra l l e l a n d  co unte r fl ow branches re s pe c t i ve l y .  Above LS l , t h e  hea t 

added to t h e  seconda ry fl u i d  i s  u s ed i n  i n c rea s i n g the ma s s  q ua l i ty 

o f  the  steam/wa t er m i xtu re from xso a t  t h e  on set o f  b u l k n uc l eate  

bo i l i n g  to  x = xe a t  the  end o f  t he  bo i l i n g  s ect i on of  the  h eat  

excha n g e  re g i o n . The pr i ma ry tempe rat u re s  a t  the e n d  o f  the  bo i l i ng 

sect i on a re denoted by TPZ and  T p3 i n  the  para l l e l and co unte rfl ow 

branches  res pect i ve l y .  S i n ce t he p r i ma ry tempe ratu re at  t h e  ex i t  o f  

the  para l l e l fl ow b ranch  must be e q u a l  to  t h e  i n l et tempe ra t u re to  

the  co unte rfl ow b ranch, TPZ a n d  T p3 s ho u l d be  equa l . S i n ce t he  
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s econdary i n l et tempe ra ture Td i s  dependent on  the  ma s s  qua l i ty at 

the exi t of t he bo i l i ng sect i on , an i te rat i on tech ni q ue i s  nece s sa ry 

to sat i s fy an overa l l heat ba l ance between the pr ima ry and  secondary 

s i des. o f  t h e  s team gene rator .  

I V . 6 . 2  Sol ut i on Us i ng the F i n i te Ui fferen ce Approach 

I n  t h i s  met hod , t he path  a l ong  the heat exchange reg i on  i s  

d i v i ded i nto a n umber o f  f i n i te s ect i ons . The  heat bal ance 

equat i on s  for each  s ec t i on a re so l ved for the  e x i t  con d i t i on s  us i n g 

the  i nl et  cond i t i on s and  the othe r known sys tem pa rame ters . The 

s econdary tempe ra ture at  t he ex i t  of the f i n i te sect i on i s  compa red 

wi t h  the saturat i on tempe ratur� There a re t hree pos s i bl e  condi ti on s : 

1 .  The seconda ry temperat u re i s  

2 .  The  s econdary tempera ture i s  

a bl e conve rgence a l l owance ) . 

l es s  than T sat · 

equal  to Tsat (wi th i n  

3 .  The seconda ry temperature i s  g reater than T t • sa 

a rea son-

I n  the  f i rst  case , t he he i ght a l ong  the  heat  exchange  path  i s  

i nc remented and t he ca l cu l a t ions  a re repeated fo r anothe r fi n i te 

sect i on u s i ng the  e x i t  cond i t i on s  o f  the  pre v i o u s  s ect ions  as  the 

n ew i n l et cond i t i on s . I n  the second case , the s ubcool ed/bo i l i ng 

boundary i s  reached and new heat ba l ance equat i o n s  a re so l ved where 

t he ma s s  qual i ty i s  the unknown va r i a b l e for the secon dary fl u i d .  

I n  t he th i rd case , t he  i ncremental  he i ght o f  the f i n i te sec t i on i s  

dec rea sed and the  ca l cul a t i on s  a re repeated un t i l  the secondary 

t emperature a t  the ex i t  o f  the ca l cu l a t i o n  s ect i on conve rges to the  

saturat i on temperature wi t h i n  a reasonab l e convergence a l l owance .  
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I n  the  bo i l i ng sect i on ,  the  fi n i te e l ement  ca l c u l a t i on cont i n ue s 

u n t i l  t h e  tota l  he i g ht  o f  t h e  U-tube  b ranch  i s  reach ed . At th i s  

po i nt ,  t h e  pri ma ry e x i t tempe ra t u re s , Tp2 and  Tp3 a re te s te d  fo r 

equa l i ty i n  c a s e  t hey a re u n eq ua l , the  p r i ma ry o u tl et  t empera ture  i s  

adj u sted and  the  ca l c u l at i on l o o p  i s  repeated . T h i s a p proach  ca u se s  

a s l i g ht  a dj u stmen t o f  the pr i ma ry averag e tempe rature  i n  o rder to 

a c h i ev e  ba l an ced con d i t i on s  i n  t he st eam g en erato r .  

T h e  hea t  ba l an ce equat i on s  fo r a f i n i te el emen t i n  t h e  s u bcoo l ed  

s ec t i on are  g i ven by ( s ee  F i g ure  I V . 2 , pa ge  1 31 ) 

W C 1 ( T  . -T . 1 ) u 1 A . . ( T  . -T . ) 
P P PPJ PPJ + l J ppmJ Sr.lJ 

W C 1 ( T  . 1 - P . ) = u 1 A . . ( T  mj -T . ) IJ p PCJ + pcJ l J pc SmJ w 
W C l { ( T . -T . 1 ) + ( T  . 1 -T . ) } = -2 c 2 ( T . 1 -T . ) 

p p PPJ p pJ + pCJ + pcJ xe p SJ + SJ 

whe r e ,  

a n d  

A . .  l J 

T p pmj 

T . pCfTIJ 

T . Sfllj 

= 

= 

= 

n00 N ( yj +l -yj ) 

T pej + T 
!2J2j+ 1 

2 

T 
ecj + T 

J2Cj + 1 
2 

T . + T . l SJ SJ + 
2 

( I V . 4 5 )  

( I V . 46 ) 

( I V . 4 7 )  

( I V . 48 )  

( I V . 49 ) 

( I V . 50 )  

( I V . 5 1 ) 

T h e  i n i t i a l cond i t i o n s  fo r t h e  s u bcool ed sect i on ca l c ul a t i on 

a re 

and  

= T . p l 
= T po 
= Td . 
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E q uat i o n s  ( I V . 45 )  t h rough  ( I V . 4 7 )  a re sol ved for t he ex i t  

cond i t i on s  ( at yj +l ) know i n g  t h e  i n l et cond i t i on s  ( a t yj ) .  

T h e  h eat  ba l an c e  e q ua t i o n s  fo r a f i n i te e l ement  i n  t he 

bo i l i n g  s ec t i o n  a re g i ven by ( s ee F i gure I V . 2 ) 

W C l ( T . -T . l ) = u2A . .  ( T . -T t ) p p PPJ ppJ+ 1 J p pmJ sa 

W C l ( T . l -T . ) = u2A . . ( T . -T t ) p p pcJ +  PCJ l J  pcmJ sa  

w 
w c 

1 n . -T  . 1 ) + ( T . 1 -T . ) } = -.2 ( X .  1 -x . ) p p PPJ ppJ + pCJ +  pCJ X J +  J e 

( I V . 52 )  

( I V . 5 3 )  

( I V . 54 )  

where  t h e  defi n i t i o n s  i n  E q ua t i o n s ( I V . 45 )  t hro ugh  ( I V . S l ) a pp l y  

wi t h  t h e  fo l l ow i n g  i n i t i a l cond i t i o n s  

Tp p l  = Tp l  

T pel 
= T p4 

x l = 0 . 0 .  

Equat i o n s  ( I V . 52 )  t hrough  ( I V . 54 )  a re so l ved fo r t h e  ex i t  cond i t i o n s  

( a t  yj +l ) know i n g  t h e  i n l et cond i t i on s  ( at yi ) u n t i l yj +l i s  equa l  

to  the  t ube  bra n c h  l en g t h  and  Tp 2 i s  equa l to Tp3 wi t h i n  a 

rea sona b l e con vergen c e  to l eran c e .  

Th e  a bove met hod wa s programmed on  t h e  I B t1/ 360 d i g i ta l  computer 

of  T he Un i vers i ty of  Ten ne s see  and i s  u s ed a s  a s u brout i n e  wh i c h 

pro v i de s  t he  stea dy sta te boundary cond i t i on s  needed for t h e  

dyn am i c  c a l c u l a t i o n  a l go r i t hm fo r Mode l s C and  D .  
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I V . 6 . 3  S o l u t i on U s i ng  Loga r i t hm i c  Mean Tempera t u re D i fference  (L rnD ) 

I n  t h i s met hod , t he effec t i ve h eat  excha n g e  reg i on i s  d i v i d ed 

i n to two sect i on s ,  a s u bcoo l ed s ec t i on a n d  a bo i l i n g  s ect i on a s  seen 

i n  F i gu re  I V . 2 .  E a ch sect i o n  h a s  a para l l e l fl ow b ranc h  and a 

counterfl ow  bra n c h  wi th  a common seconda ry fl u i d  pa s s i n g  o u t s i de the 

t u bes . 

by 

The heat ba l ance  equat i o n s  fo r the s ubcoo l ed s e ct i on a re g i ven 

Q• l = W C 1 ( T 4 -T ) = u 1 A 1 ( LMTD )  l c s  p p p po s c s  

Q• + � = w ( h  - h ) p s l  4c s l  s f s i  

( I V . 5 5 )  

( I V . 56 ) 

( I V . 5 7 )  

whe r e  t h e  l o ga r i thm i c  mean tempe ra ture d i �feren c e  i n  t h e  pa ral l el 

a n d  cou n t erfl ow branc he s  o f  the  s ubcool ed s ect i on are  g i ven  by( 4 S )  

a nd  

I n  t he 

( LMTD ) p s l  
= 

( LMTD ) 1 
= 

c s  

( T
ei -Td ) - ( T

�1 -T sa t ) 

T . -T 
1 n ( e, T 

d ) Tp 1 - sat  

( T -T ) - ( T  -T ) �4 sat  �o d 
T -T  

1 n (  e4 sat ) Tpo-Td 

bo i l  i n g  sect i on ,  t he heat ba 1 ance  equat i o n s  

Q
ps 2 

= w
P
c

P1 ( r
P 1 -Tpm ) = u 2A52 ( L MTD ) psZ 

( I V . 58 )  

( I V . 5 9 )  

a re g i ve n  by 

( I V . 6 0 )  
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Q• = W C ( T  -T ) = u2As2 ( LMTD ) c s2 c s 2  p p l  pm p4 
( I V . 6 l ) 

( I V . 6 2 )  

S i nce  t he  b u l k mean t emperature o f  t he  secondary fl u i d  i n  t he 

bo i l i n g  s ect i on i s  equa l to T t ' t he l oga r i t hm i c  mea n t empera tu re sa 

d i ffer en c e  i n  t he paral l el and co unterfl ow b ranc hes  of  the bo i l i n g  

sect i on a re g i ve n  by 

( LMTD ) ps2 

( uno ) cs2  

whe re T pm 
= Tp2 = T

P 3 . 

= 

= 

( T  - T ) �l �m 
T -T 

1 n (  �m /at ) Tpm- sat  

( T  -T  ) �m �4 
T -T 

1 n ( 
12m /at ) .  T p4 - sat  

( I V . 6 3 )  

( I V . 64 )  

Th e  a bove eq ua t i on s  we re p rogrammed o n  t h e  I B M/ 360  d i g i ta l  

com pute r o f  The  Un i ver s i ty o f  Tenn e s s ee . E i ther  the f i n i te d i ffer-

ence  of  t h e  l o g mean  tempera t u re d i fference method  can  b e  u sed  to  

ca l c u l a t e  t he  tempe rat ure a n d  ma s s  qua l i ty profi l e s i n  a UTS G .  Howeve r ,  

s i n ce t h e  f i n i te d i ffe rence method  can  be e as i l y  i mp l emen ted i n  t h e  

dynam i c  ca l c u l at i on a l gori th� ,  i t  wa s dec i de d  to u s e  i t  i n  obta i n i n g  

t he  re s u l t s  o f  t he  dynami c res pon s e  ca l c u l at i on s  reported i n  the  

fo l l owi n g  s ect i on . A compa r i son betwee n t he  two methods  i s  g i ven i n  

the  n ext sect i o n  wh e re t he  stea dy state re s u l t s  fo r H .  B .  Rob i n so n  

N u x l ear  Power P l ant  i s  presen ted . 
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I V . ?  Re s u l t s  for H .  B .  Rob i n son Steam Gen erator  

The  pr i ma ry a n d  s ubcoo l ed  seco ndary temperature v ar i a t i on 

a l ong t h e  heat t ran s fe r  pat h  a s  wel l a s  t h e  va r i a t i o n o f  t he  ma s s  

q ua l i ty o f  t he s ec onda ry fl u i d  i n  t h e  bo i l i n g  re g i on were cal cu l a ted  

u s i ng the  f i n i te e l ement  method and  the  re su l t s  are  s hown i n  

F i gure I V . 3 . The cond i t i o n s  d e s cr i b i n g  t h e  i n l et a n d  o ut l et  o f  t he  

s ubcoo l ed a n d  bo i l i n g  sect i on s  a re a s  fol l ows . 

A .  P r i  rna ry S i de 

B .  

Tp ; = 601 . 2  ° F  

TP l  59 7 . 2  ° F  

TPm = 566 . 9 O F 

TP4 
= 548 . 1  O F 

TPo 
= 546 . 2 O F 

Secondary S i de 

Td = 500 . 6  o F  

T sat  = 5 1 7 ° F  

x = 0 . 1 99 3  ( 0 . 2  sta rt i n g v a l u e )  e 

L s l  = 3 . 966  ft . 

W hen the LMTD met hod wa s u s ed to obta i n  t h e  s u bcoo l ed/bo i l i n g  l umps  

bounda ry cond i t i on s ,  t he  fo l l ow i n g  re s u l t s  were o bta i n ed . 

A .  P r i ma ry S i de 

Tp ;  
= 602 . 1  O F 

T P l  
= 597 . 33 O F 

T = 56 7 . 06 O F Pm 

TP4 = 548 . 2  O F 

TPo = 546 . 2  O F 
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B .  S econdary S i de 

Td 
= 500 . 6  ° F  

Tsat  
= 5 1 7 O F 

xe 
= 0 . 2  

L s l 
= 3 . 95  ft . 
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From the  a bove re s u l t s , we can  see  that  the resu l t s  obta i n ed  from 

the fi n i te e l ements  method or the LMT D  method  a re i n  a greement  

to wi t h i n 0 . 2% i n  t he  boundary temperat u re ca l c u l a t i on and  wi t h i n  

0 . 5% i n  e s t i ma t i n g  t he s u bcoo l ed l en gt h .  I t  i s  not i ced  that  t he 

u se o f  t he  fi n i te e l emen t met hod re s u l ted i n  a s l i g h t  mod i f i cat i on  

of  the  pr i ma ry water  a ve rage  tempe ratu r e .  

I V . 8  Genera l  Rema r k s  o n  Dynami c Respon s e  C a l cu l at i on s  

The  fo l l ow i n g  rema rks  a re needed befo re pre s en t i n g  t he re su l t s  

o f  t he dynam i c  res po n s e  ca l c u l a t i on s  obta i n ed from t he UTSG  mathe­

mat i ca l  mode l s deve l o ped  i n  C ha pter I I I ,  pa ge  2 5 . 

l .  When t he  c r i t i ca l  f l ow a s s umpt i on wa s u s ed to  furn i sh 

t he s team fl ow rat e  l eav i n g  t he steam generato r ,  t h e  

t erm oWso wa s ex pre s s ed by t he  fo l l ow i n g  equa t i on 

2 .  There a r e  two ways to h and l e t h e  feedwater  fl ow term ,  

o \4Fi . 

( I V . 6 5 ) 

a .  Uncontro l l ed ca s e . I n  t h i s c a s e  o \·JF i  i s  a fo rc i n g  

funct i on ( i f th e pertu rbat i on o f  i n tere s t  i s  a feed­

wat er fl ow perturbat i on ) , o r  oWF i  i s  z e ro ( n o c hange  

i n  feed water  fl ow ) . 
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b .  Perfe c t  control l er ca s e .  I n  t h i s c a se , t he feedwa ter  

fl ow ra te i s  cont i n uo u s l y  s et equa l to the  stea8 fl ow 

rate ( oWF . = oW  ) .  For the c a se  of t he cr i t i c al  fl ow l so  

a s s umpti o n , oW F i  = cW so = C L c P + P0 cC L . T h i s mean s 

that  t erms i n vo l v i n g c P now a p pea r i n  t h e  A ma tri x to 

repres en t  t hi s con trol a s s umpt i on bec a u s e  of  the  

CL c P t erm.  

3 .  I n  obta i n i n g t h e  dynami c re s po n s e  from Mode l  C ,  i t  wa s fo und  

n e ces sary to remove  t he a l gebra i c equat i o n  expres s i n g  cTs 

i n  t erms o f  cTd and  o P .  Al so , the  equat i o n s  a re reo rdered 

i n  order to a vo i d  t h e  i n ver s i on of i l l -con d i t i on ed ma tr i c e s  

w h i c h  may re s u l t i n  erron eo u s  resu l t s  from P URE D I F F .  ( 3? ) 
4 .  F rom t h e  experi en c e  ga i ned from Mod el C ,  i t  wa s found  that 

comb i n i ng t he d rum wat er vo l ume wi t h  t he down comer l ump and  

comb i n i n g  the  eva po rator/ r i ser  vol ume w i th t he bo i l i n g  

s econdary fl u i d  l ump  i n  Mode l  0 red uces  t h e  o r d e r  o f  t he 

system equat i on s  from 20  to 1 8  and  so l ve s  t h e  probl em of  

t he i nver s i o n  of  i l l -con d i t i o n ed mat r i ce s  i n  P URE D I FF . ( J? ) 
5 .  A compl ete s umma ry o f  the dynami c re s ponse re s u l t s a s  

obta i ne d  ft·om t he mat hema t i ca l  mode l s i s  g i ve n  i n  Appen d i x  

F .  I n  t he  fo l l owi ng  sect i on ,  the  step  res po n s e  re s u l t s  o f  

t he fo ur  mode l s ,  to a +1 0% change i n  steam val ve coeffi c i ent , 

a re presented  fo r t h e  p u rpos e  o f  check i ng t h e  phys i ca l  

p l a us i b i l i ty o f  t he mat hema t i ca l  de vel o pme nt  a n d  compa r i n g  

the  mode l ' s  capab i l i t i es .  
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I V . 9  Dyn am i c  Respon s e  Re su l t s  

I V . 9 . 1  R e s po n s e  o f  Model  A 

The n o n z ero el emen ts  o f  t h e  A ma t r i x  a nd B ma tr i x  fo r t1odel  A 

( u s i n g i n pu t  data fo r H .  B .  Ro b i n son  s team generator ) a re g i ven 

by : 

A ( l , l ) = - 0 . 9783 

A ( l , 2 )  = 0 . 6486 

A (  2 , 1 ) = 2 . 406 

A ( c , 2 )  = -5 . 400  

A ( 2 , 3 )  = 0 . 4342 

/\ ( 3 , 2 ) = 1 . 65 1 

A ( 3 , 3 )  = -0 . 2864 

B ( l , l ) = 0 . 3296 

8 ( 3 , 2 )  = 0 . 05 579  

8 ( 3 , 3 )  = -33 . 2 8 .  

The s t ep re s po n s e  of  Model  A to a +1 0% c ha n g e  i n  steam va l ve 

coeff i c i en t  i s  g i v en i n  F i gure  I V . 4 .  I t  s hows a stabl e re s po n s e  w i t h  

a t i me con stant of  a pprox i matel y 1 5  s econ d s .  I t  can  b e  seen  that  

the  s team pres s ure  s hows t he  ea rl i es t  res pon s e  to  the  perturbat i on . 

Th i s  i s  to b e  ex pect ed s i nc e  t h e  steam va l ve perturba t i on i s  a 

s econdary s i d e  pertu rbat i o n .  The  pr i mary o ut l et temperature  res pon s e  

s hows a s l i g ht de l ay of  a bout  l . 2 5  s econd s .  Then i t  starts  t o  fa l l  

down fol l owi n g  t h e  d ecrea s e  i n  t h e  seconda ry s i de temperature  c a u sed 

by the pres s ure  d ecay due to t he  st eam va l ve per turba t i o n . 
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Fi gure I V . 4  Step  Re s ponse  of  �·1odel  A to  +1 0% C hange i n  Steam 
Va l ve Coe ffi c i ent . 
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I V . 9 . 2  Re s pon s e  o f  Mod el 8 

The n o n z ero el emen t s  o f  t he coeff i c i en t  mat r i ce s  A a n d  B fo r 

Mod el B ( ca l cu l ated  u s i ng t h e  H .  B .  Ro b i n son  steam generato r data ) 
a r e  g i ven  by : 

A ( l , l ) = -1 . 3 08 

A ( l , 3 )  = 0 . 6486 

A( 2 ,  l ) 0 . 6 593  

A ( 2 , 2 )  = - 1 . 308  

A ( 2 ,4 )  = 0 . 6486 

A ( 3 , 1 ) = 2 . 406 

A ( 3 , 3 )  = - 5 . 400 

A ( 3 , 5 )  = 0 . 4342 

A ( 4 , 2 )  = 2 . 406 

A ( 4 ,4 )  = -5 . 400 

A ( 4 , 5 )  = 0 . 4 342 

A (  5 ,  3) = 0 . 8254 

A ( 5 ,4 )  .::: 0 . 3254 

A ( 5 , 5 )  = - 0 . 2364 

B ( l , l ) = 0 . 6 593  

B ( 5 , 2 )  = 0 . 0558  

8 ( 5 , 3 ) = - 33 . 28 

The respo n s e  o f  Mode l B to +1 0% s tep  c hange  i n  s team val ve coeffi c i en t 

i s  s hown i n  F i g u re I V . 5 .  The g en era l trend o f  t h e  re s po n s e  i s  

s i m i l a r to  Mod el A except  fo r t he more  de l ayed pr i ma ry o ut l et temrera ­

t u re ( a bo u t  2 second s ) a n d  the  s l i g h t  c hange  i n  t he n ew st eady state 

val ues . T h i s c ha n g e  i s  the re s u l t o f  u s i n g  two l umps  to re presen t  

t he pr i ma ry water a n d  t u be meta l  i n s tead o f  o ne  l ump a s  u s ed i n  Model  

A .  
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F i g ure I V . 5  Step  Res po n se  of  Model  B to +1 0% Cha n ge i n  
Stea� Va l ve Coe ffi c i e n t .  
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I V . 9 . 3  Res po n s e  of  Mod el C 

S i n c e  Model · c  wa s deve l oped  i n  t h e  m i x ed a l gebra i c  pl u s  

d i fferen t i a l  fo rmu l a t i on , t here a r e  two coeffi c i en t  ma t r i c es , 

A1 a n d  A 2 , t o  be  ca l c u l a t ed a s  i n p ut  to  PU RE D I FF .  ( 37 )  T h e  nonzero 

el emen ts o f  A1 a n d  A 2 are  g i ven i n  Tab l e I V . 2 .  Th e nonz ero e l emen ts  

of  t he  forc i n g vecto r for  t he  ca se of  +1 0% s tep c hange  i n  the  va l ve 

co effi c i en t a n d  a s sum i n g  that t h e  feedwa ter fl ow a l ways ma tches  t he 

s team fl ow a re g i ven bel ow 

f ( 6 ) = -89 . 06 

f ( 8 )  = 89 . 06 

4 f ( 9 )  = 7 .  96 7 X l 0 • 

Not e  that  t h e  o utput  from PURE D I F F  i s  a 9 x9 red uc ed ma tr i x  and  a 

9xl  fo rc i n g vector  that  i s  u s ed by r�TE XP to ca l c u l ate  t h e  t i me 

re s po n se .  T h i s step  i s  do n e  w i th i n  t h e  dynami c re s pon s e  ca l c u l a -

t i on a l gori thm w i t ho u t  externa l  i n terferenc e .  The  resu l t s  o f  the  

step  respon s e  cal cu l a t i o n s  a re s hown i n  F i g ure  I V . 6 . I t  i s  not i c ed 

tha t  t he re s po n s e  of  t h e  pr ima ry a n d  tube  meta l  l umps a r e  a l mo s t  

t he s a m e  a s  i n  Mod el B .  Th i s  i s  to b e  expected s i nc e  t h e  d i ffe re n c e  

between Mod e l s B and  C i s  o n l y  i n  t he treatment  of  t he  s econdary s i d e .  

For t h e  s econdary s i de l umps , i t  i s  n o t i ced that  t h e  dev i a t i on 

of t h e  steam pre s s ur e  i n  the  n ew st eady sta t e  i s  about  4 . 5  p s i  l es s  

than fo r Mo del  A a n d  2 . 4 p s i l es s  t h an Model  B .  Th i s  can  b e  ex pl a i n ed 

by t he  fact t ha t  i n  Mode l s A a n d  8 ,  t he s econda ry s i de tempera ture  

i s  a s s umed to  be  the s atura t i on tempera t u re . Wh i l e i n  Model C ,  i t  

i s  taken a s  a we i g hted a verage b etween the downcomer tempe ra t u re and  

t h e  saturat i on t emperature .  
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The i n c rea s ed e x i t  qua l i ty at  t h e  end o f  the effec t i ve h eat  

exc ha n ge l ump  can  be  expl a i ned by  t h e re d u c t i o n  o f  t h e  s a t u r a t i o n 
t empera t u re  due  t o  t he pre s s u re  decrea s e . T h i s ca u s e s  mo re heat  to  

be  a va i l a b l e fo r s team e va pora t i on . The i n crease  in  t he  downcome r  

l e vel  and t he  dec re a s e  i n  dawncome r tempe ra t u re a re due t o  t he i n c re a s e  

i n  feedwat e r  fl ow i n to t h e  steam generator  to ma tch  t he  i n c rea s e  o f  

s t eam fl ow r a t e  d u e  to  t he step  c h ange  i n  t h e  val ve o pen i n g .  T he  

downcomer temperat u r e  l a g s  beh i n d  t h e  drum water  t empera t ure by 

a bo u t  t hree  seco n d s  wh i c h  i s  t h e  t ra n s por t  t i me i n  t he downcomer 

1 ump .  

I V . 9 . 4  Re spon se of Mode l  0 
The n o n z ero el emen t s  of t he  coeff i c i en t  mat r i ce s ,  A 1 a n d  A2 , 

fo r Mode l  D a re g i v en i n  Tab l e I V . 3 .  The n o n zero el emen t s  of  t h e  

forc i ng vec tor  for a +1 0% s t e p  chan g e  i n  t he  s team va l v e  coeffi c i en t  

a r e  g i ven by 

f ( l l ) = 0 . 0667  

f ( l 2 ) = 59 . 6 7 

f ( 1 7 ) = -89 . 06 .  

The s te p res pon se  i s  s hown i n  F i g ure I V u 7 .  The  p r i ma ry i n l e t  p l en um 

ha s a z e ro re s pon s e  beca u s e  i t  a c t s  on l y  as a m i x i n g  l ump  

between the  rea ctor  hot l eg tempera t u re a nd  the  p r ima ry i n l et 

tempera t u r e .  The beha v i o r o f  t h e  pr i ma ry t empera ture  i n  t h e  f i r s t  

pr i ma ry l ump TP l  l oo k s  d i fferen t t han  t he o ther p r i ma ry l umps , 

T h i s i s  'd u e  to t he  mo v i n g  boun d a ry t h a t  d e t e rm i n e s  t h e  
l en g th  of  t he l um p .  A l oo k  at  t he  r e s pon se  o f  t h e  s u bcoo l ed l en gt h  
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s hows a s ha r p  dro p t hen a g radua l  i ncrease  un t i l  i t  settl es a t  a 

l ower l ev e l  a t  t he n ew steady s tate . The  down comer l evel  and  the  

downcomer tempera tu r e  b eha ve i n  a s i mi l a r  way a s  i n  Model  C . 

I V . 9 . 5  Compa r i s o n  o f  Mode l s Re s po n s e s  

S i n ce e a ch dyn am i c model  h a s  sta te var i ab l e s t o  rep resent  d i fferent  

sect i o n s  of  t he  system , a one- to-one corre s pon de n ce fo r co�ra r i ng  t h e  

re s ul t s  o b t a i ned from t h e  fou r  mode l s i s  not  pos s i b l e .  The  o n l y  two 

s tate  va r i a b l e s  that a re common to a l l fou r  mode l s a re the p r i �a ry 

o ut l et te�pe rat u re ( Tp0 ) and  the  s team p res s ure ( Ps ) . A com8a r i son  

of  the s e  two s tate va r i a b l e s  to  a + 1 0% change i n  the  s team val ve 

coeffi c i e n t  i s  s hown i n  F i gure I V . S .  I n  f1ode l  n ,  the p r i ma ry out l e t  

tempe rat u re i s  taken  a s  the tempe rat u re of  the l a st p r i mary l u�p  ( P4 ) 
s i n ce t h e  i n l et a n d  o u tl et p l e n um l umps  were not  con s i de re d  i n  the  

othe r mode l s .  

Re fe rr i n g  to F i gure I V . 8 ,  i t  can  b e  seen  that  t he  re s po n s e  of  

the  p r i ma ry o ut l et  tempe rat u re a n d  the  s team p re s s u re i s  cons i s tent  

fo r a l l fo u r  mode l s .  The ma x i mum de v i at i on i n  th e new  steady s tate fo r 

the pr i ma ry o ut l et temperature i s  l es s  than  0 . 5 ° F  a n d  fo r the  s tea� 

pre s s u re i s  l es s  than 8 p s i . Th i s  s hows the l umpe d nature of the  UTS G .  

Th e d i ffere n ce i n  res ponse  betwee n t1o de 1 s A a n d  B i s  d u e  to the u s e  o f  

the ba ckwa rd d i ffe ren c i ng w i th a s i ng l e  p r i ma ry l ump fo r Model  A a nd 

two p r i ma ry l umps  fo r Model B .  The  d i ffe rence i n  re s ponse  betwee n �1o de l s 

C and  0 i s  due to  t h e  a s s umpt i on o f  a fi xed bou nda ry between t h e  subcoo l e d  

a n d  t h e  bo i l i n g  sect i ons  of  t h e  e ffec t i ve heat exc h a n ge l ur1p i n  �1ode l C 

wh i l e  a mo v i n g  bounda ry i s  con s i dered fo r t1ode l  D .  
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CHAPTER V 

C OMPA R I SON OF  DETA I L E D  MODEL PRED I CT IONS 

W I TH EXPE R I MENTAL RESULTS 

V . I I n t rod u ct i o n  

A ma thema t i ca l  model  o f  a n  en g i n eer i n g system i s  a s  good a s  i t s 

capab i l i ty o f  pred i c t i n g  t he  dynam i c r es pon s e  o f  t h e  actua l  system . 

Therefore , the  compar i son betwee n t heoret i ca l  mode l  pred i c t i on s  a n d  

ex per i men ta l r e s u l t s  i s  t he  be st  method fo r test i n g t h e  adequacy o f  

t h e  dyn am i c  s i mu l a t i on mode l s  o f  an  en g i n e er i ng  system .  

I n  Cha pter  I V ,  pa ge 1 06 ,  t h e  ma thema t i ca l  mode l s devel o ped i n  

C ha pter  I I I , pa ge  25 , were a pp l i ed to s i mu l a te t he  step  r e s pon s e  

a n d  f requ ency r e s pon s e  o f  a UTSG w i th  a perfect  feedwa ter con trol l er .  

I n  th i s  c ha pter , t h e  end p roduct  UTSG mo del  ( r1o de l  D )  i s  cou p l ed w i th 

a mode l  for  a p re s s u r i zed wa ter r eac to r , ( 3 • 4 )  a n d  the  frequen cy 

r e s pon se o f  t h e  comb i ned  system i s  compa red wi t h  t h e  exper i men tal  

resu l ts o bta i ne d  f rom dyn am i c  t e s ts perfo rmed on  t he H .  B .  Rob i n son 

n u c l ea r power p l a n t .  ( 5 )  The  o bj ect i ve of the  compa r i son  i s  to c heck  

the adequacy of t he  UTSG mode l . 

V . 2 Desc r i pt i on o f  the  System 

The  Nuc l ea r  S team S u p pl y System ( NSSS ) o f  t h e  H .  B .  Ro b i n son 

Nu c l ea r Power P l a n t ( 2 )  i s  a t h re e- l oo p  2200  t·�.� t ( 7 39  t1\·le ) We s t i n g ho u s e  

PWR  system own ed and  o perated b y  Ca ro l i na Power a n d  L i g ht Company .  

E a c h  l oo p  i n c l udes  a vert i ca l  UTS G .  T he dynam i c  t e s t s  were performed 

dur i ng fu l l  power o pera t i on u s i n g  n o rma l pl a n t  eq u i pmen t to mea s u re 

1 60 
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system res po n s e s  a t  s evera l l oca t i o n s  o f  the  l oop a s  s hown i n  F i g ure 

V .  1 .  The  dynami c te st s  i n vol ved the  perturbat i on o f  reac t i v i ty and  

steam d eman d  u s i n g  mu l t i fre quency b i na ry s i gna l s ( 4 ) a n d  mon i to r i n g  

the sys tem o u tputs  a t  t h e  j unc t i on box whe re the s i gn a l s enter  the  

pl a n t  comput e r .  

V . 3  PWR Mod e l ( J ) 

The rea ctor power wa s mode l ed u s i n g  the  po i n t  k i n et i c s  equa t i on s  

wi th s i x  g ro u ps o f  d el ayed neutron s a n d  reac t i v i ty feedba c k s  d u e  to 

: ha n g e s  i n  fue l  tempera t u r e ,  cool a n t/mode rator temperature and p r i mary 

:oo l a n t  system pres s u r e .  Th e core  h eat tran s fer  mode l  u s ed a noda l 

i ppro x i ma t i on fo r fuel  a nd coo l a n t  tempera ture . Each  a x i a l  s ect i o n 

i nc l uded  a fu el  tempe rat u re node a nd  two coo l a n t  tempera t u re node s . 

ih i s  fo rmul a t i on wa s u sed  to obta i n  a goo d  a pprox i ma t i o n  to t h e  

tverage coo l a n t  tempera t u re . The  rea ctor  l ower and  u pper  p l en ums a nd  

: h e  p i p i ng between t h e  reactor a n d  s team generator were mo de l ed to  

ccount  fo r t he  t ran s po r t  t i me del ays between the  reactor  core a nd  

team generato r .  T h e  reactor mode l  u s ed for cou pl i n g  w i t h  the 

eta i l ed steam gen erator model  ( Mode l  D )  con s i s t s  of fo urteen  f i r st 

rde r d i fferen t i a l  equa t i on s  tha t can  b e  ex pres sed i n  the fo rm 

dx = Ax + f' ( t ) dt ( v .  1 ) 
1ere x and  r ( t ) a re t h e  state  va r i a b l es  a n d  fo rc i n g  vecto rs  respec-

i ve l y  a nd  A i s  the coeff i c i en t  ma tr i x .  The def i n i t i on s  o f  t he state  

i r i a b l es  u s ed i n  t h e  rea ctor mode l  a re g i ven i n  Tabl e V . l . The  

Jn zero e l ements  o f  the  A mat r i x  a n d  t he forc i n g  vec to r r as  obta i n ed 

·orn Re fe rence  3 a re g i ven i n  Ta b l e s  V . 2  and V . 3 ,  respec t i ve l y .  
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TABLE  V .  1 

DEF I N I T I ON OF THE  STATE VAR IABL ES  USED  I N  TH E REACTOR �10DE L .  

State V a r i a bl e 
Numbe r  ---�S'->/.ycc.:m.:...:cb..::..occ.:l _______ �f)-=-e..:__f..:...;i n..:__1:._

· t..:...:i-=o..:...:n..::..s _____ _ 

2 

3 

4 

5 

6 

7 

3 

9 

1 0  

1 1  

1 2 

1 3  

1 4 

o P/ P  0 

oC, f P  0 

oCziP 0 

6 C/ P 0 

o C4/ P0 
o C5/ P0 

o C6/ P0 
o Tf 
o TC l  
6TC2 
o TUP. 
6 \p 
o THL * 

oTcL
** 

o P  = dev i a t i on i n  reacto r  power 

P0 = s teady state reactor power 

o C .  = d ev i a t i on i n  precursor  concen -1 trat i on of g ro u p  i ,  i = l ,  2 ,  . • • , 6  

6Tf = d ev i a t i o� i n  fu el  temperature  

oTC l  = d ev i at i on i n  reactor  coo l a n t  
temperature  o f  the  f i r s t  cool a n t  
1 ump 

oTC 2 = dev i at i on i n  reactor  coo l an t 
tem pera ture o f  the  second reactor 
coo l a nt  l ump  

oTU P = dev i a t i on i n  r eactor  u pper pl enum 
temperature  

oTf ll = d ev i a t i on i n  reactor hot l eg 
temperatu re 

o TC L  = dev i a t i on i n  r ea ctor col d l eg 
t emperat ure  

oTL P  = de v i a t i on i n  reacto r  l owe r pl en um 
tempe rature 

*To be coup l ed  w i t h steam gen erator pr i ma ry i n l et pl en um . 

**To be  co u pl ed w i t h  st eam g en erator pri mary o u tl et pl enum .  
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TABLE V . 2  

NONZERO ELEMENTS O F  THE A MATR I X  FOR TH E REACTOR f 10 D EL  ( 3 ) 

Row Co l umn E l emen t 
Number Number Va l ue  

1 -400 . 0  

2 0 . 01 2 5 

3 0 . 0 3 05 

4 0 . 1 1 1 0  

5 0 . 30 1 0 

1 6 1 . 1 40 

7 3 . 0 1 

8 -0 . 809 5  

1 9 -6 . 2 2 7  

1 0  -6 . 2 2 7  

2 1 3 . 1 2 5 

2 2 - 0 . 01 2 5  

3 87 . 5 0 

3 3 -0 . 0 305 

4 7 8 . 1 30 

4 4 -0 . 1 1 1 0 

5 1 58 . 1 0  

5 5 -0 . 301 

6 1 46 . 2 5 

6 6 - 1 . 1 40 

7 1 1 6 . 88 
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TABLE  V . 2  ( Cont i n u ed )  

Row Co l umn E l emen t 
Number Nulilber Va l ue  

7 7 -1 . 0 1 

8 1 66 . 3 0 

8 8 - 0 . 1 64 7  

8 9 0 . 1 64 7  

9 8 0 . 05707  

9 9 -2 . 440 

9 1 2  2 . 383 

1 0  8 0 . 05707  

1 0  9 2 . 326 

1 0  1 0 -2 . 333 

1 1  1 0  0 . 3365 

1 1  1 1  -0 . 3 365  

1 2  1 2  -0 . 5 1 6  

1 2  1 4  0 . 5 1 6  

1 3  1 1  2 .  5 00 

1 3 1 3 - 2 . 500  

1 4  1 4 - 1 . 48 
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TABLE  V . 3  

NONZERO ELEME NTS O F  THE FORC I NG V E CTOR 
FOR THE REAC TOR MODEL 

f ( 1 )  = 4 00 . 0  
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V . 4  Coupl i n g o f  Rea ctor and S team Gen era tor Mode l s 

Fi g u r e  V . 2 s hows a sch ema t i c o f  t he reacto r and s team g en erator  

l umps  u s ed i n  the  dynami c mod el s .  I t  can b e  seen that  t h e  o u tput  

from the reactor  hot l eg l ump feed s i nto t he  steam gen�rato r p r i mary 

i n l et pl en um a n d  t he  output  from t h e  s t eam gen era to r pr i mary out l et 

pl enum feed s i n to the reacto r  co l d l eg l ump .  T h i s con s t i t u t e s  t h e  

cou pl i ng mec ha n i sm between t h e  r eacto r  model  a n d  t h e  s t eam gen era tor  

model . The st eam gen erator  mode l  u s ed fo r coupl i ng w i t h  the  reactor 

mode l  i s  t he reduced vers i on of  Mode l D .  I t  was  obta i n e d  a s  a n  

o u t pu t  from the  PURE D I FF ( J? ) computer program when t he  m i xed 

d i fferen t i a l  and a l gebra i c equat i o n s  desc r i b ed i n  Sect i on I I I . ? ,  pa ge  

74 , a re u s ed a s  i n put . The mi xed  a l gebra i c  and  d i fferen t i a l  form 

o f  t h e  mode l con s i st s  o f  e i ghteen d i fferen t i a l and a l gebra i c  e qua t i on s  

i nvo l v i n g  f i fteen  d i fferenti a l  var i ab l es  a n d  three a l gebra i c  v a r i a b l es  

as  s hown in  Tab l e V . 4 .  Afte r e l i mi n a t i n g  the  a l gebra i c var i ab l e s  i n  

PURE D I FF ,  t h e  mod e l  i s  reduced to  f i fteen f i rst  o rder  d i ffe r en t i a l  

equat i on s  i n vo l v i n g  t he f i rst  f i fteen var i ab l e s  i n  Tab l e V . 4 .  The 

sta t e  var i a bl e s  i n vo l ved i n  t he coupl i n g  w i t h  t he r eac to r  mode l  a re 

marked wi t h  t h e  s u persc r i pt 1 1 C 1 1 • The  comb i n ed reactor- stea m  

gen erator mo del  can  be  expre s s ed i n  t he  fo rm g i ven i n  E quat i on ( V . l ) ,  

pa g e  1 6 1 , when i n  t h i s  ca s e  x i s a ( 29x l ) state  vari ab l e v ec to r 

w here t he  f i rs t  1 4  el ement s a re t h e  reactor va r i ab l e s  de scr i b ed i n  

Tabl e V . l  and  t he n ext 1 5  e l emen t s  a re the s team generator d i fferen t i a l  

va r i ab l e s  g i ven i n  Ta b l e V . 4 .  
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TABLE  V . 4 

SYS TEM  VAR IABLES FOR THE STEAM GEN E RATO R  MODEL 

1 . 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

1 0 . 

1 1 .  

1 2 . 

1 3 . 

1 4 .  

1 5 . 

* 1 6 . 

* 1 7 .  

* 1 8 .  

c 
TP i  

TP l  

TP 2  

TP 3  

TP4 
c 

TPO 

Tml  

Tm2 

Tm3 

Tm4 

Ld 

L s 1 

P s 

pr ima ry water  i n l e t pl e n um tempera ture 

f i r s t  p r ima ry wat er  l ump temperature  

s econ d pr ima ry wa ter  l ump t empera tu re 

t h i rd pr ima ry water  l ump tempera t u re 

fo urth  pr i ma ry wa ter i ump temperat u re 

p r i ma ry wa ter  o ut l et pl enum tempera t u re 

fi rst  tube  meta l l ump t empera ture 

s econd  tube meta l  l ump t emperature 

t h i rd t ube  meta l l ump temperature 

fo u rt h  tube  meta l l ump t empe rat u re 

down come r 1 eve 1 

n o n bo i l i ng ( s ubcool e d )  l en gt h  

s t eam pre s s u re 

bo i l i n g  s ec t i o n  exi t q u a l i ty 

downcomer temperat u re 

fl ow rate to t h e  nonbo i l i n g  s ec t i o n  

f l ow rate to  t h e  bo i l i n g  sec t i o n  

fl ow rat e  from t h e  bo i l i n g  s ect i on 

*A l gebra i c  var i ab l e s . 
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V . 5 Res u l t s  

T h e  fre q uency re s ponse  of t he  comb i ned  rea cto r steam gen e ra t o r  

mod e l  wa s c a l c u l ated  fo r two pe rtu rbat i on s , a reactor s i de rea ct i v i ty 

perturba t i on a n d  a s team gen e rato r s i de steam fl ow pe rtu rb a t i o n , u s i n g  

the SFR-3 code . ( 40 )  T h e  forc i n g  vector fo r t h e  rea ct i v i ty pe rturba t i o n  

ha s on l y  o ne nonz e ro e l ement  a s  g i ven  i n  Tab l e  V . 3 . For t he  steam 

fl ow pe rt u rba t i on , t he forci n g  vector wa s obta i ne d  fro� the t i me 

re s po n se a n a l ys i s o f  t h e  s team gene rator model  a n d  t h e  n o nzero e l ements  

are g i ven i n  Tab l e V . 5 .  

F i g u re s  V . 3 a n d  V . 4  s how t h e  frequency re s po n s e  o f  rea ctor power 

a n d  steam genera to r  pre s s u re fo r t h e  reac t i v i ty pe rt u rbat i o n  and  

F i g ure s  V . 5 t h ro ug h  V . 7  s how t h e  frequency re s pon se  o f  rea ctor power , 

co l d l eg tempe rat ure a n d  steam pre s s ure  for t he  steam va l ve pert u rbat i on .  

For t he  react i v i ty pe rturba t i on ,  i t  wa s found  that  the  a greement  

between t h e  theoret i ca l  model  pred i ct i on s  a n d  t he  expe r i menta l  re s u l t s  

i n  the l ower f re q ue n cy ra n ge depen d s  o n  t h e  va l ue o f  t h e  mo de rator 

coeff i c i en t  of react i v i ty ( ac ) .  The t h eo ret i c a l  respo n se wa s cal c u l ated  

for two va l ue s  of  ac ' the  reference  val u e  ( ac r ) u s ed b y  Ke rl i n  e t  a l . ( S ) 

a n d  60% of t h i s  reference va l ue . I t  c an  b e  seen  from  F i gure  V . 3  

t ha t  t h e  agreement  betwee n  t he t h eo re t i ca l  mode l  respo n s e  a n d  the  

�xpe ri menta l  re su l t s i s  better  for  the  s ma l l er ac ' e s pec i a l l y  i n  th e 

ower frequency range . C l ear l y ,  o n e  wou l d need  a b ette r va l ue o f  ac 

han  wa s a va i l ab l e for t h i s  work t o  pe rm i t conc l u s i ve compa r i son s of  

heory and  e x pe r i ment a t  l ow freq uen c i es . The  fol l ow i n g commen t s  o n  

h e  compar i son  w i t h  t e s t  re s u l t s  a r e  i n  o rde r .  
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TABL E  V . 5  

FOR C I NG FUN CTI O ri FOR STEM1 VALVE  PERTURBAT I O N  
( +1 0% Chan ge i n  Steam F l ow Ra te )  

f ( l 7 ) = 2 . 69 7999E-Ol  

f ( l 9 ) = - 1 . 1 6 3999E-O l  

f ( 2 1 ) = 4 . 732 000E-Ol  

f ( 22 ) = 7 . 2 79 998E-02 

f ( 2 3 )  = - 1 . 628000E-02 

f ( 24 )  = - 1 . 058000E-O l  

f ( 2 5 )  = 1 . 68 1 000E-Ol  

f ( 2 6 )  = -2 . 298000E-O l  

f ( 2 7 )  = -6 . 072000E -O O  

f ( 28 )  = -5 . 488999E -03  

f ( 2 9 )  = -6 . 6 73998E-02 
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l .  A compl ete stat i s t i ca l  a na l ys i s o f  the  e x pe r i menta l  data 

f rom the H .  B .  Rob i n son dynami c t e s t s ( J ) h a s  not been ma de . 

Howe ve r ,  the  standa rd devi at i on  wa s ca l c u l ate d fo r some o f  

t h e  data  a n d  t h e  s e l ec ted res u l t s  are  s hown i n  F i g u re s  V . 3  

t h ro ug h  V . 7 .  

2 .  T h e  compa r i son  wi t h  te s t  re s u l t s  pre s ented i n  th i s  c ha pter  

can  o n l y s e rve the  purpo s e  o f  check i n g  for g ro s s  i n a de quac i e s 

i n  t he  steam gene rator model  b eca u s e  o f  t he  fo l l ow i n 9  

fac to r s . 

a .  L i mi ted  accura cy o f  t he  test  res u l t s  due  to exper i men tal  

no i se i n  some s i g na l s .  

b .  The e ffect s o f  t h e  control  systems were not i n c l uded i n  

t he  t h eo ret i ca l  mode l  re s u l t s , a nd  cont rol system i n pu t s  

h a ve a s i gn i f i ca n t  e ffect o n  steam generator re s ponse . 

c .  Mode l s fo r oth er components  o f  the  system s uc h  a s  the  

p re s s ur i zer , reactor  cool ants , pumps a nd  t u rb i n e  

generator  were not i n c l uded i n  the  t heoret i ca l  mode l 

re s u l t s .  

I t  can  b e  conc l uded  that n o  gro s s  d i ffe re nces  i n  q ua l i ta t i ve 

beha v i or we re ob served  that  wou l d i nd i cate  maj or  i nadequac i e s  i n  the  

deve l o pmen t o f  the  deta i l ed s team generator  mo del . 



CHAPTER V I  

COMPA R I SON  O F  DETA I LE D  MOD ELS W I TH OTH E R  UTSG MODE LS 

V I . l  I n t ro duct i o n  

I n  C ha pter V ,  p a ge  1 60 ,  the  frequen cy respo n s e  o f  t he  UTSG 

d eta i l ed mode l  ( Mode l  D ) , coup l ed wi t h  a PWR model  wa s compared 

w i t h  t h e  experi men ta l r e s u l t s  obta i n ed from dyn am i c  tests  pe r fo rmed 

on t h e  H .  B .  Rob i n so n  N uc l ea r Power P l a nt . ( 5 ) I n  th i s  c ha pter , 

a nother a pp roac h  fo r c heck i n g t h e  mat hema t i ca l  deve l o pmen t o f  the  

UTS G deta i l ed mode l  i s  con s i d ered . Th e st ep re s po n s e  of  Mod el  D 

i s  compared wi t h  t he s tep  re spon s e  obta i n ed w i t h  two ot her mod el s .  

1 .  A on e d i men s i on a l  fi n i t e  d i fference mode l  o f  a Wes t i n g hou s e  

des i gn UTS G d eve l o ped i nd ependen t l y  by C h r i s ten s en . ( JZ ) 

2 .  A state  var i ab l e l umped parameter mo de l  of  a new Combust i on 

E ng i n eer i n g  ( CE )  i ntegral  econom i zer  U-tube  st eam gen era to r 

( I EUTS G )  d evel o ped at  The  Un i ver s i ty o f  Tenn es see by 

Arwood . ( 6 )  

The compar i son wi t h  t h e  fi r s t  mode l  i s  to c heck t h e  l umped 

parameter , homogeneo u s  fl ow , sta te  va r i ab l e a pproac h aga i n st a 

f i n i te d i fference , s l i p  fl ow a pproac h .  The  compar i so n  w i t h  t h e  

s econd mod el i s  d o n e  for t he pu rpo s e  o f  compa r i n g  t h e  b e ha v i o r  o f  

t h e  convent i ona l  type ( UTSG )  wi t h  t ha t  of  t h e  new d es i gn ( I EUTSG ) . 

I n  each ca s e ,  a b r i e f  d e scr i pt i o n  of  t he  system and  the 

mat h emat i ca l  mode l  i s  i nt roduced  fo l l owed by t he compa r i son of  t he 

step  respon se  of se l ect ed state  va ri ab l e s .  
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V I . 2  Compar i son w ith  C hri sten s en ' s  UTSG Model 

V I .  2 .  1 System Oeser i pt i on 

The  UTSG system con s i dered by C hr i sten sen ( 3 2 )  i n  hi s model  

devel o pment i s  a West i n ghouse  UTSG( l ) s i mi l ar to  t hat  descr i b ed 

i n  Sec t i o n  1 . 2 ,  pag e 3 .  A s i mpl i fi ed d i agram of  t he phy s i cal  

system i s  g i ven i n  Reference 3 2  and i s  re produced as F i gure V I . l . 

V I . 2 . 2  Mod el Desc r i pt i on ( 3 2 )  

T h e  steam generator i s  d i v i d ed i nto e i ght sect i on s  a s  shown 

i n  F i g ure V I . l . The  central " co re and  the downcomer sect i on s  a re de­

scr i bed by pa rt i a l d i fferent i a l  e quat i on s , wh i l e  the other sect i on s  a re 

de scr i bed by ordi nary d i fferen t i a l  eq uat i on s .  The part i a l  d i fferen t i a l 

equa t i on s  a re sol ved by sampl i n g  i n  t i me and d i v i s i on i n to s ub sect i o n s  

( f i n i te d i fferen c i ng )  i n  s pac e ,  t h u s  t ransform i n g  the  d i fferen t i a l  

e quat i o n s  i nto a l ge bra i c  equat i on s .  

The  ma i n  appro x i mat ion s  u sed for the  formul at i on  o f  the  

equat i on s  are : 

1 .  Un i fo rm water and steam ve l oc i ty i n  the  pr i ma ry and t he 

seconda ry s i d e  and con stant steam to water vel oc i ty ra ti o 

( s l i p facto r )  are u s ed . 

2 .  No su bcoo l ed bo i l i n g  i s  i ncl uded . The wa ter i s  hea ted 

to saturat ion  and afterwa rd s a l l t he energy i s  u s ed 

for steam product i on . 

3 .  Therma l  equ i l i br i um at  t he satura t i on po i n t  i s  a s s umed i n  

the bo i l i n g  part of  the  " co re , "  the r i se r ,  the s team 

vo l ume , and the upper pa rt of the feedwa ter c hamber . 
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4 .  Ho heat conducti on a l ong t he tubes  ta kes  pl a c e .  The 

tubes a re d i v i ded i n  two shel l s ,  eac h wi t h  ha l f of t he 

heat ca pac i ty and a l l of  t he h eat  re s i stance a s s i gned 

to the  cou pl i ng between the  s hel l s . 

5 .  No bo i l i n g  i s  a l l owed i n  t he downcomer and no h eat  

tran smi s s i on from the  11 core 11 to the  downcomer takes  

pl ace .  Th i s assumpt i on l i mi t s  t he wor k i n g  ran ge of 

the pre s sure  deri vat i ve to val ues  l es s  t han  1 -2 bar/ s . 

6 .  Al l heat exchange  w i t h  t he wal l and the  steel con struc­

t ion s in  the  steam vol ume i s  neg l ected . 

The ba s i c  equat i o n s  a re der i v ed by a ppl y i n g  the ma s s , en ergy a nd/or 

momentum con serva t i on pri nc i pl es  to t h e  e i g ht sect ions  of the  

steam generator . The  equat ions  for the 1 1 core 11 and downcomer sect i on s  
I 

are  part i al d i fferen t i a l  equa t i on s  whi l e  t ho se  for t he  other sect ions  

are  ord i na ry d i fferen t i al equat i on s . The deta i l s  o f  the  model 

equat i on s  a re g i ven in Reference 3 2 . 

V I . 2 . 3  Compar i son of Model Formul a t i on 

The ma i n  d i fferen ces between Chr i stensen ' s  model  and Model D 

can be summar i zed a s  fo l l ows . 

1 .  Model D u ses  a homogenou s fl ow model where average den s i ty 

and  a verage enthal py i n  t he bo i l i n g reg i on are  expres sed 

i n  terms o f  ma s s  qual i ty ( x ) and t he s aturat ion  propert i es 

whi l e Chr i sten sen ' s  model  ut i l i ze s  a s l i p  fl ow model  w i th 

con stant s l i p  factor ( S ) .  I n  C h r i sten sen ' s  work , the  

average d en s i ty and  average en tha l py in  the  bo i l i ng reg ion 
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a re expressed  i n  ter111s o f  the  vo i d  ra t i o  ( n ) . Th e 

re l at i on between x ,  a ,  a n d  S can be der i ved from the 

ba s i c  defi n i t i o n s  of t h e s e  quant i t i es and i s  g i ven by 

( 1-a ) ( V I . l ) 
a 

2 . I n  Mode l  0 ,  the heat  tran s fe r  coeffi c i en t s  are a s s umed 

con s tant dur i n g  t he t ra n s i en t .  I n  C h r i s ten s en ' s  mo del , 

t h ey a re ca l cu l a t ed at  each  t i me step  u s i ng i n s tan-

taneo u s  va l ues  o f  t empera t u re and  pre s s u r e .  

3 .  The rec i rc u l a t i o n  fl ow i n  Model  D i s  c a l c u l ated from a 

q ua s i - s ta t i c  moment um ba l a nce  a s s um i n g  t hat  t h e  

d i ffer en t i a l  gra v i ty h ead  e q ua l s t he dynami c pre s s u re 

drops  i n  t h e  rec i rc u l a t i on l oo p .  I n  C h r i s t en sen ' s  model , 

t h e  dynam i c pre s s ure d ro ps a re treated e x pl i c i t l y  w i t h  

t he fl ow ve l oc i ty a s  a va r i a b l e wh i c h s hou l d equa l  t he 

tota l ma s s  f l ow d i v i d ed by t h e  fl ow a rea  a n d  den s i ty .  

4 .  T h e  met hod o f  so l ut i on  fo r Mode l D i s  de sc r i b ed i n  Sect i o n  

I V . 3 ,  page 1 1 1 . C hr i sten sen ' s  mode l  may b e  so l ved e i t h e r  

by a d i g i ta l  pro gram o r  b y  hyb r i d s i mu l a t i o n . Pa rt i a l 

d i ffe ren t i a l equat i on s  a re so l ved by d i v i s i on  o f  s pace  

i nto  s u b s ect i on s ,  2 0  " co re "  and  downcomer s ect i on s ,  a nd 

sampl i n g  i n  the t i me doma i n  w i t h  a sampl i n g  ra te  o f  1 0-20  

per  s econd . The  t i me de r i va t i ves  a re repl a ced by  f i rst  

order  d i ffe rences  i n  both  c a s es , wh i l e  the  s pa c e  der i va-

t i ve s  a re han dl ed i n  d i fferent  ways . Deta i l s o f  both d i g i ta l  

and  hyb r i d sol ut i on procedures  a re g i ven i n  Re ference  32 . 
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VI . 2 . 4  Compar i son of  Dynami c Re spon ses 

In Refe renc e  3 2 ,  Chri sten s en presented t he step  re s ponse  of a 

UTSG model  to c hanges  i n  the pr i ma ry i n l et temperature and  th e steam 

val ve coeffi c i ent . The steam va l ve pertu rba t i on re su l ts are u s ed 

for the  compa r i son of  the  dynami c model  a s  pred i cted by Model  D and 

Chr i sten sen ' s  mode l . I t  i s  not i ced that the  resu l t s  gi ven i n  

Referenc e  32 a re ba s ed on steam generator de s i gn data that i s  some­

what d i ffe rent from the H .  B. Rob i nson  data ( C h r i s ten sen ' s  system 

i s  l arger and o perates at  h i gher pre s s ure ) . Therefore , t he respon ses  

can  be  compared on ly  on a qual i ta t i ve ba s i s .  T he  system var i ab l es 

u s ed for t h e  compar i son a re pri mary o ut l et  temperature  ( Tp0 ) and 

steam pre s s ure ( Ps ) .  

The res u l t s  o f  the  compa r i son a re g i ven i n  F i gure V I . 2 .  I t  

c a n  b e  seen that t he resu l t s  obta i n ed from t h e  deta i l ed l umped parameter 

model ( Model  D) agree fa i rl y  wel l w i t h  t he resul t s  re ported by 

C hri sten sen u s i ng t h e  fi n i t e  di fference formul a t i on . 

V I . 3  Compar i son w i t h  Arwood ' s  I EUTSG Model  

Arwood ( fi ) deve l o ped a mathema t i ca l  model  for an I ntegral 

Economi z er U-Tu be  Steam  Gen erator ( I E UTSG )  u s i n g  the state var i abl e 

1 urnped parameter a pproach .  Arwood u s ed Model  D of  t h i s  s tudy a s  a 

start i ng po i nt a nd  made the  n eces sary changes to t he  l ump  structure 

to i nc l ude the i ntegra l econom i zer s ect i on and to s i mu l at e  the new 

steam generato r des i gn feature s . I n  th i s  sect ion , t he step  res pon se  

of  Model  D w i l l  b e  compa red wi th t he re su l t s  re ported by Arwood for 

the I EUTSG.  The ma i n  o bj ect i ve of  th i s  compari son i s  to h i ghl i g ht 

the  s imi l ar i t i e s  and d i fferences between the  two UTSG  des i gn s .  
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V I . 3 . 1  Des c r i pt i on o f  t h e  I EUTSG  Systen 

T h e  i n tegral  econom i z er s team gen era tor  i s  a n  advanced  UTS G  

de s i gn t ha t  wi l l  be  i n sta l l ed i n  fu t u re PWR sys tems . ( 4 ? ) T h e  I EUTSG i s  

i l l u st ra ted  i n  F i g ure V I . 3 . A steam gen e rator  w i t h  an  i n te gra l  

economi z e r  i s  s i mi l ar i n  mo st res pects  to the  standard U-t u b e  

re c i rc u l a t i n g  steam gen erator ( UTSG ) . T he  ba s i c  d i fference i s  t h a t  

i n stead  o f  i ntroduc i ng feedwat e r  o n l y  t h rough  a s pa rger r i n g  to 

m i x w i th  t h e  rec i rc u l a t i n g  wa ter  fl ow i n  t he downcomer c h a n n el , 

feedwater i s  a l so i nt roduc ed i nto a s eparate , but  i n tegral  s ec t i o n  

o f  t h e  s team genera to r .  A s emi - cyl i n d r i c a l  s ect i on o f  t h e  t u be 

bund l e a t  t he ex i t end  o f  t he  U-t u bes  i s  sepa rated from t he 

rema i nder o f  t h e  t u b e  bund l e by ve rt i ca l  d i v i der  pl a t es a n d  h o r i zontal  

baffl e p l a t e s . Feedwat e r  i s  i n t roduced  d i rect l y i n to t h i s sec t i o n  a n d  

preh ea ted b efore d i scharge  i nto t he e va po rator  sect i o n . T he  economi z er 

sect i on i s  d i v i ded  i nto two hal ve s ,  i n  t h e  u p pe r  o r  co unt erfl ow s ec t i on 

feedwater f l ow s  i n  t h re e  pat h s  a cros s  t he  tubes  a n d  genera l l y  co unter  

c ur rent  to t he  d i rec t i on of  pr i ma ry fl ow i n s i de the  tube s .  I n  t h e  

l ower or  pa ra l l e l fl ow s ect i on , feedwater a l so f l ows i n  th ree pa th s  

ac ro s s  t he  t ube s  a n d  g en eral l y  paral l e l to  t he pr i ma ry fl ow i n s i de 

the  tubes . T h i s s p l i t  feed arra n g ement preven t s  i n troduc t i o n  o f  

co l d feedwa ter o n  t he t u b e  s h eet  w i t h  t he  a s soci a t ed t herma l s tres s  

pro b l ems and  a t  t he  same t i me reta i n s  pa rt i a l l y  t he  a dvantage  o f  

h i g her  l og mean  tempera t u re d i ffe renc e a s soc i ated wi t h  t h e  c o u n te rfl ow 

a rran gement .  The rema i nder of t h e  steam generator  i s  l i t t l e 

d i fferen t  from the  UTSG  type exc ept t hat  t h e  l ower por t i o n  o f  the  
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F i g u re V I . 3  Sch ema t i c  D i a g ram o f  a n  I EUTSG . ( 4l ) 
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eva po ra to r  s ec t i on and  the downcome r c hanne l  occ u p i e s  on l y  one  h a l f 

of  t he s t eam gen erator c ro s s  sect i on . 

V I . 3 . 2  Compa r i son  of Dynami c Re s po n s e s  

F i g ure  V I . 4  s how t he compa ri son between t h e  I E UTSG a n d  UTSG  

mode l s s tep  r e s po n se to  +l 0 ° F c hange i n  pr i mary i n l et t empera ture . 

A pr i ma ry s i de p ert u rbat ion  wa s cho s en so that  both  steam g enerator 

mode l s c a n  be compa red on  s i m i l a r ba s i s .  The  state var i ab l es  c ho s en 

for compa r i son  purpo ses  are : 

1 .  P r i ma ry out l e t  t emperature  ( TPO ) . 

2 .  S team generator pre s s u re ( PS ) . 

3 .  Downcomer l evel ( L D ) . 

4 .  Downcomer tempera t u re ( TO ) . 

I t  can  be seen that  t he  re s po n se o f  t h e  pr i ma ry TPO and  PS 

are s i mi l a r i n  bot h  s team gen erator mode l s .  Th i s  i s  to be  expected 

s i n ce t h e  on l y  d i ffe rence  between t h e  I E UTSG a n d  t h e  UTSG i s  i n  

t he feedwat er pre h ea t i n g mec ha n i sm .  T h e  d i ffere n ce i n  t h e  f i n a l  

steady s t a t e  val u e s  i s  d u e  t o  t h e  d i fferen c e  i n  t h e  des i gn i n put  

parameter s  u s ed for the dynam i c  re s pon s e  c a l c u l a t i on . 

The  ba s i c  des i gn  di fference  between t he UTSG and  t he  I E UTSG 

can be s een from the  re s pon s e  o f  the downcomer l eve l and  downcomer 

temperat ure as seen i n  F i g u re V I . 4 .  S i nce  on l y a sma l l fra ct i on o f  

t h e  feedwate r  i s  i nt roduced i nto t h e  downcomer sect i on i n  the  I EUTSG ,  

i t  s hows a l arg e r  c hange i n  t h e  downcome r  l eve l d ue  t o  t he decrea s e  

o f  t he rec i rc u l ated water  due t o  t he i n c rease  i n  eva po ra t i on ra te 

bec a u s e  o f  t he i n c rease  i n  h ea t  i n p ut  rate . The down comer tempe ra t u re 
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i n  t he  I EU TS G  i s  l a rgel y determi ned by the  satura t i on tempera t u re 

and  t herefore i t  s hows a l a rger  i n crea s e  than  i n  t h e  ca s e  o f  t h e  

UTSG .  The  a bo ve compa r i son prov i de d  a second check  o n  t h e  

model i n g  a pp roach  u s ed for t h e  deta i l ed model  ( t�ode l  D )  deve l o pmen t .  



CHAPTE R V I I  

REt1ARKS AND  CmlCL US IONS  

V I I . l Eva l ua t i on  o f  t he De ve l o pment Procedure 

I n  the prev i o u s  c ha pte r s , an  a pproac h wa s de s c r i b ed that 

i n vo l ved stepw i se devel o pment of i nc r ea s i n g l y  deta i l ed mode l s for 

a UTSG .  T h i s a pproac h starts  w i t h  i dent i fyi ng  t h e  p hys i ca l  proce s s  

ta k i n g p l a c e  w i th i n t he sys tem dur i n g  an t i c i pated trans i en t .  "The 

a p proac h proc eed s by d i v i d i n g  t h e  system i n to t he mi n i mum n umber 

of l umps  that c a n  des cr i be the re s po n s e  to a nt i c i pated  i n p ut s .  

Aft er a na l yz i n g  t he re spon s e  o f  t he sys tem a s  obta i n ed from th i s  

fi rst  s t e p  ( s i mp l E' s t ) mo del , fu rther s u bd i v i s i on i n to mo re l u mps  

can  pro c e ed i n  order  to st udy s pa t i a l e ffects  a n d/or  add n ew sys tem 

va ri a bl e s  tha t a re n e eded fo r d e s i gn  purpo s es .  The  a bo ve a pproac h  

ha s t he fo l l ow i n g  advantages . 

l .  An i d ea o f  t h e  re s pon se c ha racter i s t i c s  can b e  o bta i n ed 

from a s i mp l e mode l . The s i mp l i c i ty ma k e s  i t  po s s i b l e 

to c heck  t h e  fo rmu l at i on i n  deta i l  to i n s u re t hat th ere 

are  no bl unders  i n  t he fo rmu l a t i o n  or t h e  a l gebra i c  

man i pu l at i on o f  t he equa t i on s .  A s  pro gre s s i ve l y  mo re 

deta i l ed mode l s a re deve l o ped , t hei r pe rfo rmance  can  be 

compa red w i t h  res u l t s from ear i l er ,  s i mp l er mode l s .  

Maj o r  d i ffe rences  i n  compa ra b l e o utpu t s  wo u l d i nd i ca t e  

pro bab l e errors i n  the  formul a t i o n  of  t he more de ta i l ed 

II IOde l . 
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2 .  Th i s  pro gres s i ve a pp roach  a l l ows a n  a s s e s smen t o f  mode l  

compl ex i ty vs . f i de l i ty .  Th i s  i n format i on can  a s s i st i n  

s el ect i n g  t he mode l wi t h  t he  a ppro pr i ate  deta i l  a nd  co st 

fo r a pa rt i c u l a r  a pp l i cat i on . 

V I I . 2  Po s s i b l e  U s e s  o f  t h e  C ur re n t  Work 

Po s s i b l e u se s  o f  the ma thema t i ca l  mode l s deve l o ped i n  t h i s 

d i s se rta t i on depend on  t he p urpo s e  o f  perfo rm i n g  t h e  dynami c a n a l ys i s .  

Mode l s A a n d  B a re t he  s i m pl est  UTSG model s .  T h ey can  b e  used  

for see p i n g  a n a l ys i s  and  when a s i mpl i fi ed mode l  fo r the  s team 

generato r  i s  n eeded to  s i mul ate  a n  o ve ra l l PWR sys tem . T h e  mode l s 

do not  i nc l ude  t h e  steam gen erator l evel  a s  a state  va r i ab l e ,  

therefo re , t hey ca n not  be u s ed for a na l ys i s  i n vo l v i n g  t h e  dynam i c  

response  o f  th i s  quan t i ty .  

Mode l  C comb i ne s t h e  s i mpl i c i ty o f  u s i n g  t h e  pr i ma ry a n d  tube  

meta l struc t u re o f  r�ode l B w i t h  the  t reatmen t of  wa t e r  l eve l  s i  nee  

t he s eco n da ry f l u i d  l ump  i s  b ro ken  i n to t hree l umps . 

a .  E ffec t i ve h eat  exc h a n g e  l um p .  

b .  D rum eq u i va l en t l ump . 

c .  Downcomer l um p .  

The  �ode l  i s  r epresented by 9 d i fferent i a l  equa t i on s  compared t o  1 5  

for t 1ode l D .  Therefo re , i t  can  be  u s ed fo r pa ramet r i c  steam gen erator 

contro l l er wo r k  w i t hout  i n t roduc i n g  t h e  compl exi t i es of t h e  s ubcool ed/ 

bo i l i n g  mo v i n g  boundary con s i dered i n  Mo de l  D .  

Mode l  D can  b e  con s i dered a s  t h e  en d product  o f  t h e  work  

reported in  t h i s d i s sertat ion . I t  i s  now p rogrammed s uc h  t ha t  i t  
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recei ve s s t eam gen era tor de s i gn data  a n d  produc e s  t h e  steady state 

t em perat u r e  and ma s s  q ua l i ty pro f i l e  a l ong  t he h eat  exc ha n g e  pa t h ,  

t he n  u s e s  t h e  s teady state output  for  t h e  t ran s i en t  re s po n s e  

ca l cu l a t i o n s .  T h e  model  re pres e n t s  a fa i rl y  deta i l ed l umped 

pa ra�eter  a pproac h  t h at can b e  u s ed for the dynam i c  ana l ys i s o f  UTSG 

a s soc i ated  w i t h  PWR n uc l ear power  p l a nt s .  

V I I . 3  Recommen da t ion s fo r Future  Work 

T he wor k  reported in  t h i s d i s s erta t i on can  b e  e xpanded i n  

s everal  d i rect i on s .  Po s s i bl e  future  work  may i nc l ude t h e  fol l owi n g :  

1 .  T h e  s teady state prof i l e  ca l c u l a t i on s  can  b e  mod i f i ed to 

i nc l ude  the momentum equa t i o n  and ca n be u s ed to e st i mate  

t h e  rec i rc u l a t i on rat i o  a t  d i fferent l oad  cond i t i o n s .  

2 .  The stea� f l ow rate can  b e  re l ated  to t he t u rb i n e  

e l ect ri c a l  l oad by mea n s  o f  a t u rb i n e  mode l a n d  t h u s  th e 

steam generator  nodel  ca n  b e  c o u pl ed to  t h e  r eactor  o n  

t he p r i ma ry s i de and  to  t he t u r b i n e  o n  t h e  s econ da ry s i d e  

to  s i mu l ate  l oa d  fo l l ow i n g  capab i l i t i e s  o f  PWR system .  

3 .  A feedwater  con t rol l er can  be  cou pl ed t o  t h e  s t eam  

g en erator mod el a n d  the  c l o s ed l oo p  re s po n s e  can  be  u s ed 

to d et ermi n e  and  o pt i mi z e  t h e  con tro l l er para�eters . 

4 .  The non l i ne a r  terms that  were e l im i na ted i n  t h i s work can  

be  i dent i fi e d  and  re - i nt roduced  i n to t he  mode l . 

5 .  The  e ffec t  o f  s ubcoo l e d  bo i l i n g a n d  t h e  e ffect s h r i n k  a n d  

swe l l c a n  be  added t o  the  mo d e l  by i nt rod uc i n g t he  vo i d  

fra ct i on ( a )  i n stead o f  t he  ma s s  qua l i ty ( x ) a s  a state 

va r i a b l e i n  the bo i l i n g  secondary fl u i d  l umps .  
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V I I . 4 Con c l u s i o n s  

A s e t  o f  l i n ea r ,  l umpe d  parameter , state  var i a b l e mo del s o f  

va ry i n g  compl ex i ty wa s devel o ped for s i mu l a t i o n  of  U- tube  steam 

generato r s . T h e  mode l s a ppear c a pab l e o f  p red i ct i n g  t h e  re s po n se 

o f  t h i s  type o f  sys t em .  The  s u i ta b i l i ty o f  t he se  model s wa s 

exami ned  by : 

- a s se s s i ng t h e  p hys i c a l  p l a u s i b i l i ty of  t he t ran s i en t  

r e s u l t s  

- compa r i son  wi th  i ndepen den t l y- devel o ped , more  d eta i l ed 

mode l  re s u l t s  

- compa r i son  wi t h  a va i l ab l e t es t  data . 

The  mode l s a re c a st  i n  t he  s tate  va r i a b l e fo rm , ma k i n g  i t  conven i en t  

t o  c o u pl e t hem  wi t h  oth er s ubsystem mo de l s for u se i n  study i n g  

o ve ra l l p l a n t  performa n c e .  
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APPEND I X  A 

NARROW RAtJGE L I N EAR APPROX I MAT I O N  OF S.IJ.TU RAT IO f'4 

WATER  AND STEAM PRO P E RTI ES 

One o f  t he p re requ i s i te s  for t he  so l ut i o n o f  the  dynami c  ana l ys i s 

mode l s fo r UTSG systems i s  the  e xpres s i on s  for t h e  eq uat i on  of  state fo r 

sa t u ra ted wa ter a n d  s t eam . The mo st  d i rect and accurate me thod for 

s a t i s fyi n g  t he  a bo ve requ i reme n t  i s  to i n put  the  t hermodynami c  

pro pe r t i e s  o f  s a t u rated  water a n d  st eam i n  tabu l a r  form i n to the  

d i g i ta l  comput er and  u s e  s ta ndard ta bl e l oo k u p  a l go ri thms to  obta i n  

the  va l u e  o f  a certa i n  p ro perty a t  a g i ve n  t h ermodynami c state . Th i s  

method i s  s u i ta b l e fo r n umeri ca l  so l ut i on o f  dyn ami c a na l ys i s 

mode l s .  

Anot her  met hod to  obta i n  t h e  t hermodynami c p ro pert i es i s  to u s e  

po l ynomi a l  fi tt i n g  o f  t h e  steam tab l es  data . Ob v i o u s l y ,  t h e  h i gher 

the  o rde r o f  the f i t t i n g  po l ynomi a l , the  more accurate the  sol u t i on ( a t 

t h e  e x pe n se o f  computat i o n  t i me ) . I n  t h i s study ,  i nt u i t i on and  

eng i neer i n g  j udgeme n t  were  u s ed to a rr i ve a t  t h e  l ea s t  expen s i ve 

met ho d  for o bta i n i n g t h e  satu ra t i o n  pro pe rt i e s  o f  wate r a nd s team i n  

t h e  range  o f  i ntere st  ( 600- 1 000 p s i  a ) . 

The method wa s a r r i ve d  a t  by fi r s t  st udyi n g  t h e  beh a v i o r  o f  t he 

sa t u ra t i on the rmodynami c propert i es a s  a fun c t i o n  o f  p re s s u re over a 

wi der  ran ge than  t he  ran ge  of  i nterest  fo r a pa rt i c ul a r  a pp l i cat i on . 

Aft e r  that  t he  w i de ran g e  wa s d i v i ded  i n to a n umbe r  o f  n a rrow ranges  

and  the  beha v i o r  o f  t h e  satura t i on pro pe rt i e s  wa s re exami ned over  these  
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n a r row ran ges  t o  determi n e  the  l ea st o rder pol yn om i a l  t h a t  can 

adequate l y  represent  the  rel a t i on b etween the  s atura t i on pro per t i e s  

a n d  the sys tem p re s s u re . The a bove  met hod was a ppl i ed to  obta i n  an  

a pprox i ma t i o n  fo r the  eq uat i on s  o f  state fo r s at urated wa ter  and  

s team over the  pre s su re range  600 - 1 000 p s i . Thi s ran g e  i s  s u i ta b l e 

fo r norma l  o pera t i on t ran s i en t s  o f  s team g enerator  systems where  t he  

st eady s tate pre s s u re i s  about 800  p s i . The  fo l l ow i n g  s at ura t i on 

pro pert i e s  were p l o tt ed a s  a fun c t i on o f  pre ss ure  u s i n g  t he ASME 

1 96 7  steam tab l es . 

l .  Ts a t  
= s at ura t i on tempe ra t u re ( 0 F )  

2 .  

3 .  

4 .  

vf 
= s pe c i f i c 

vg 
= s pe c i f i c  

v = v - v fg g f 

vol ume o f  sa t urated wate r 

vol ume o f  sa t u ra t ed steam 

( ft 3/ l brn)  

( ft3/ l bm )  

5 .  h f 
= en tha l py of  s at urated  wat er ( B tu/ l bm)  

6 .  h g = entha l py o f  s at ura t ed s t eam ( B tu/ l bm)  

7 .  h fg 
= hg - h f . 

Th e res u l t s  are  s hown i n  Fi gure s A . l t h rough  A . ? . From t h e s e  re s ul t s , 

i t  can  be  s een  that  t he  c ha n g e  o f  t h e  above  pro pert i e s , over  t h e  ra nge  

o f  i nt ere s t  i s  fa i r l y  l i n ea r .  The  fo l l owi n g  va l u es a re re pre s en ta t i ve 

o f  the  ra te o f  c ha n g e  o f  the  above satura t i o n pro pe rt i e s  w i t h re spect 

to pre s s u re fo r t he  H .  B .  Ro b i n so n  steam generator .  

l .  
aT�a t  = 0 . 1 4 5 ° F/ ps i a  a P 

2 .  a vf 3 . 6x l 0-6 ft 3 I 1 bm/ p s i  a aP -

*Al though  T sat  and  other  s at ura t i o n  pro pe rt i es a re co n s i dered a s  
funct i on s  o f  one va r i ab l e ( P ) , t h e  pa rt i a l d e r i vat i ve symbo1 ( a/ a P )  i s  
u s ed for c l a r i ty o f  eq ua t i on s . 
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3 .  

4 .  

5 .  

6 .  

7 .  

av -4 _g_ = - 7 . 65x 1 0 a P  

avf -4 _2_9. = -7 . 7 x 1 0 a P  

a hf 
_ 0 . 1 7 5 ----aP -

a h  _2 at = - 2 .  7 x l 0 

a hf 7 = -0 . 203  

2 1 5 

ft3 / 1  bm/ p s i a  

ft3 / 1  bm/ p s i  a 

Btu/ 1 bm/ ps i a  

B t u/ 1 bm/ ps i  a 

Btu/ 1 bm/ ps i a .  



APPE @ I X  B 

THE C R I T I CAL FLOW ASSUMPT I O n  

I n  t h e  a bs e n c e  o f  a t u rb i n e  model  t ha t  c a n  b e  u s ed to re l a t e  

t h e  steam f l ow ra t e  from the  s team g en erato r t o  t h e  t u rb i n e l oad , 

some a s s umpt i o n s  ha ve to be made  to  rel ate  t he  s t eam fl ow ra t e  to 

o t h e r  system va r i ab l e s  and/ o r  forc i n g  func t i on s .  

The s i mpl e s t  met hod  to a c h i eve t h i s rel at i on  i s  to l ea v e  t h e  

st eam f l ow rate i n  t h e  equat i o n s a s  a fo rc i n g  funct i on . Th i s  method 

i s  s u i ta b l e wh en u s i n g t h e  steam g en erator model  fo r feedwater  

contro l l er d e s i gn and  o pt im i za t i on .  Another  method i s  to  rel a t e  t h e  

s t eam fl ow rat e  t o  t he s team generato r pre s s ure a n d  t h e  tu rb i n e  f i r s t  

stage  pre s s ure  u s i n g  t h e  or i f i ce fl ow eq ua t i on 

( B .  l ) 

where 

w so 
= steam fl ow rate 

P s 
= steam gen era tor pre s s ure  

pt 
= turb i n e  f i r st  sta g e  pre s s u r e .  

When Equat i o n  ( B .  l ) i s  l i n ea r  i z ed , we get  

( B .  2 )  

wh er e C fl and  cf2 
a re con stant  coeff i c i ents  that ca n b e cal cu l a t ed 

from steady state  cond i t i on s .  From E q ua t i o n  ( 8 . 2 ) , i t  can  b e  s een 

that the steam f l ow rate term i n  t he  go vern i nq equat i on s  fo r t he  

steam gen era tor mod el i s  repl aced by  two term s .  The  fi rst  i n cl udes  

2 1 6 
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t he st eam gen erato r pres s ure wh i c h  i s  on e of  the  state  va r i ab l es  and 

the other  i n c l udes  the turb i n e  fi r st stage p re s s u r e  w h i c h  now serve s 

a s  a forc i ng  funct i on . 

T he  met hod u sed i n  t h e  mat hemat i ca l  deve l o pmen t s  i n  C ha pt er I I I , 

pag e 2 5 ,  i s  to a s s ume that  t he steam fl ow rate i s  determi n ed on l y by 

t he u p s tream ( steam g en era to r )  pr e s s ure  and  any d ro p  i n  t he down stream 

( tu rb i n e )  pre s s u re no  l onger resu l t s  i n  an i n c rea s e  i n  t h e  s t eam fl ow 

rate from t he s team g en erato r .  T h i s i s  u sua l l y  known a s  t h e  " c r i t i ca l  

f l ow" a s s umpt i o n . T h i s con d i t i on i s  r eac hed when t h e  rat i o  between 

t h e  turb i n e  pre s su r e  to  t he  s team gen erator  pre s s ure reaches  a c r i t i ca l  

v a l u e . ( 4S ) For saturated steam , t h i s c r i t i ca l  pre s s ure rat i o  i s  

a bo u t  0 . 54 5 .  ( 43 )  W hen the  cen tral  f l ow a s s umpt i on i s  u s ed , t he steam 

f l ow rat ed i s  con s i dered to be a fun c t i on  of the u p s tream ( steam 

generator )  pre s s ure  o n l y ,  t h u s  

Equat ion  ( B . 3 )  when l i n ear i z ed yi e l d s  t h e  fo l l owi n g  equa t i o n . 

oW  = CL o P  + P oCL so s s 

( 8 . 3 ) 

( B . 4 )  

T hu s ,  t h e  steam fl ow term i s  re p l aced  by a t erm i n c l u d i n g  t h e  

s t eam pressure  P and  another t erm i n vo l v i n g t he  fl ow ( o r  v a l v e )  s 

co effi c i ent CL wh i c h  i s  now taken  a s  t h e  forc i n g funct i o n . 



APPEND I X  C 

BAS I C  CONSERVAT I ON EQUATIONS  FOR TWO PHASE FLOW SYSTEMS 

The  ba s i c con s erva t i on equat i o n s  are the b u i l d i ng b l o c k s  i n  

t he d evel o pmen t o f  dyn ami c mod e l s for t he rma l hydra u l i c  systems . 

They expre s s  t he storage  and  t ra n s port  o f  ma s s ,  energy , a nd 

momen tum w h i c h  are  t he maj o r  factors  govern i ng t he  dynami c beha v i or 

o f  t he  system .  I n  t h i s a ppend i x ,  t h e  general  sta temen t o f  t he 

ba s i c  con se rva t i on equa t i on s  i s  g i ven and  a p pl i ed to d er i ve t he  

mat h ema t i ca l  expre s s i on s  fo r t h e  con s erva t i o n  equa t i o n s  i n  a o ne  

d i men s i on a l  two p ha s e  fl ow system .  

C . l  P r i n c i pl e o f  Con s erva t i o n  o f  Ma s s  ( Con t i n u i ty Equa t i o n )  

The p r i nc i pl e  o f  conserva t i on o f  ma s s  equ a t i on c a n  b e  stated 

a s  fol l ows 

( Ra te o f  i ncrease  o f  ma s s  storage )  = ( fl ow i n )  - ( fl ow o u t ) . ( C . l ) 

Con s i d er t he  con tro l vo l ume bou nd ed by the  ho r i zonta l  l eve l s 

( z ) a n d  ( z+ L )  i n  t he vert i ca l  f l ow system s hown i n  F i g ure C . l , 

a pp l i ca t i o n  of  Equa t i on ( C . l ) t o  t h i s contro l vo l ume y i e l d s  the  

fo l l ow i ng equat i o n  

where 

d e-d t  P AL ] = 

p = a vera g e  d en s i ty o f  t h� fl u i d  i n  the  co n tro l vol ume 

A = cro s s  s ect i o n  area 

2 1 8 
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[W ] z+L 

z+L 

o AL 

-+-------,�------� z 

[W ]  z 

F i g ure  C . l  Contro l Vo l ume for t he  App l i c a t i o n  o f  t he  Cont i nu i ty 
Equa t i on . 
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L = l ength  of t he control vo l ume 

W = fl ow i n  z 

Wz+L 
= fl ow out . 

For con stan t c ro s s  sect i on a rea , we can d i v i d e  both  s i d e s  of  

Equat i on ( C . 2 ) by  A to  get 

where 

G2 
= i n l et ma s s  vel oc i ty 

Gz+L 
= o utl et ma s s  vel oc i ty .  

For a homogeneou s fl ow mode l , we have 

where 

1 p = 
---­

vf
+x vfg 

v = 
f 

vg 
= 

vfg 
= 

-
X = 

u = 

X = 

s pec i fi c  vol ume o f  s a t ura ted 

s pec i f i c  vol ume of saturated 

( v
9 - vf ) 

a verage  ma s s  qual i ty 

fl ow ve l oc i ty 

1 oca 1 ma s s  qua l i ty. 

( c .  3 )  

( C . 4 )  

( C . S )  

( C . 6 )  

water  

s team 
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For  a s l i p  fl ow mod el , we ha ve 

Gz 
= 

Gz+L 
= 

where 

p = 

a = 

p f = 

p g 
= 

u f = 

u = 
g 

[p f u f ( 1 -a ) + p g u a] g z 

[ p f u f ( l -a ) + P g u g a] z+L 

a vera g e  d en s i ty 

a v erag e  vo i d  fr i c t i on 

d en s i ty of saturated water 

d ens i ty o f saturated s team 

vel o c i ty o f water pha se  

v el oc i ty of s team pha se .  

C . 2 Pr i n c i pl e o f Con servat i on of En ergy ( Energy Equa t i o n )  

The pr i nc i pl e  o f conservat i o n  o f energy can be stated a s  

fol l ows 

Ra te of Crea t i on of Energy = 0 

where the term crea t i on i s  defi n ed a s ( 4g ) 

C re a t i on = ( o u tfl ow )  - ( i n fl ow) + ( i n crea se of s torage ) . 

The appl i ca t i on o f Equat i on ( C . l O ) to the  con tro l vol ume s hown 

i n  F i gure  C . 2 ,  y i el d s the  fol l owi ng  equat i on 

( c .  7 )  

( C . 8 )  

( C . 9 )  

( C . 1 0 ) 

( C . l l )  

�t [ p AL • e ]  = [W • ( e  + p� ) ] 2 - [W • ( e  + p� ) ] z+L + Q ( C . l 2 ) 
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-+-----+-----J- z+L 

z 

[W · h ] z 

F i gure  C . 2  Control  Vol ume for th e App l i ca t i o n of  t he E n ergy Equa t i o n . 
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where 
-

e = a ve ra g e  i n tern a l  therma l en ergy 

e = l oca l  i n tern a l  therma l energy 

Q = hea t i n pu t  rat e  

EJ = fl ow wor k  ( i n t herma l energy u n i ts ) .  

The  c omb i n a t i on e + EJ i s  k nown a s  t h e  en tha l py and  i s  denot ed 

by h ,  t h u s , E qu a t i o n  ( C . l 2 ) can be wri tten i n  the  form 

d [- " df p AL • e ]  = [W • h ] 2 
- [14 • h ] z+L + ll ·  ( C . l 3 ) 

The  fl ow wor k  term can  b e  s hown to b e  neg l i g i b l e compa red to the  

en thal py t e rm i n  typ i ca l  UTSG o perat i on . Therefo re ,  t he  entha l py 

h can  be  u s ed i n  bo t h  s i d es o f  E q uat i o n  ( C . l 3 ) , t h u s  

d
d

t [ p AL • h ] = [W • h ]  - [W • h ]  + Q z z+ L • ( C . l 4 ) 

The  re l a t i ve i mpor tance  of  t he fl ow work  term fo r a ppl i c a t i on s  

i nvo l v i n g  l ow ma s s  q ua l i ty two p h a s e  m i xt u res c a n  b e  exami n ed from 

the fo l l ow i n g  exampl e .  

For P = 800 ps i a ,  we hav e ,  

h f 
= 509 . 7 B t u/ l bm 

h = 1 1 99 . 3  B t u/ l bm g 
vf = 0 . 02087 ft 3/ l bm 

v = 0 . 5691  ft3/ l bm g 

p vf 800 X 1 44 X 0 . 02087  t hen  --- = = 3 . 09 B tu / l bm J 7 78 . 1 6  
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� = 
BOO x 1 44 x 0. 569 1  

J 7 78 . 1 6  
= 84 . 26 B tu/ 1 bm 

and  

fo r a ma s s  qua l i ty X = 0 . 2 ,  t h e  we i ghted error i nvo l ved i n  u s i n g e 

en tha l py i ns tead o f  i n terna l  en ergy can be  e st i ma ted a s  fo l l ows 

E e = 0 . 8 ( 0 . 606 )  + 0 . 2 ( 7 . 026 )  = 1 . 89% 

and  fo r an a verage ma s s  qua l i ty x = 0 . 1 , we have 

� = 0 . 9 ( 0 . 606 ) + 0 . 1  ( 7  . 026 ) = 1 . 25% . 

From t he  a bo ve exampl e ,  i t  can  be s een  that  the erro r i n vo l ved i n  

u s i n g  t he  entha l py i n s tead o f  t he i n ternal  en ergy term fo r UTSG 

a pp l i c at i on s  i s  l es s  t han 2% . 

D i v i d i n g bo t h  s i d e s  o f  Equat i on ( C . l 4 ) by A ,  we get  

Q_ [ L  • p n ]  = [G h ]  - ( G  · h ] . d t  z z+L 

For the homogen eo u s  fl ow mod el , we have  

( C . l 5 ) 

( C . l 6 )  

( C . l 7 ) 

( C . l 8 ) 
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For  the s l i p  f l ow model 

( C . 1 9 )  

( C . 20 )  

( c .  2 1  ) 

C . 3  T h e  Momen tum P r i nc i pl e  ( Momen t u n  Equ a t i o n )  

T h e  momentum equa t i o n  can  genera l l y  be  stated a s  fol l ows . 

" Ra t e  o f  momentum accumu l a t i o n  i n  a control  vol ume i s  equ a l  

to  t he n e t  ra te  a t  wh i c h  momentum fl ows i nto t h e  contro l  vo l ume 

p l u s  the  sum o f  the s urface and body fo rces  acti ng  u po n  t he  

control  vo l ume . 11 

W hen  t h e  a bove  s ta temen t  i s  a p p l i ed to the contro l  vo l ume s hown 

i n  F i gu r e  C . 3 ,  we obta i n  the fo l l owi n g  mathema t i ca l  expres s i o n s  for 

t he  momen tum equa t i on 

where 
-

u = 

T = 
(l) 

p = 
yw 

g = 

a n d  other 

d [ 
- ­

A dt L p u ]  
2 2 

= A[p u + P ] 2 - A [p u + P ] z+L 

- T p L - g p AL w yw 

average  v el oc i ty o f  t h e  f l u i d  i n  

wa l l  s heer stress  

wa l l  wetted parameter  

acce l era t i on  due  to  grav i ty 

terms a re a s  def i ned befo r e .  

t he contro l  

( C . 22 )  

vol ume 
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z+L 

(p AL ) · u � J T T 
w w 

z 

[ P ] z 

[W · u ] 2 

F i gure  C . 3  Con trol Vol ume fo r the  App l i c a t i o n  o f  the  Momen tu� E�ua t i on . 
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I n  t h e  c u rrent a pp l i cat i o n , the  mome n t um eq ua t i o n  i s  u sed  i n  

i t s steady state  fo rm ( no t i me de ri va t i ve )  t o  ca l c u l ate t h e  s econda ry 

fl u i d  ma s s  fl ow rate  a t  the e n t rance  o f  the  t ube b und l e re g i on a s  

de sc ri bed  i n  Appe n d i x D .  



AP PE ND I X  D 

R E C I RCULATION  LOOP EQUAT I ON 

The  ma s s  fl ow rate of the  s econdary fl u i d  enter i ng t h e  tube  

bund l e reg i on from the  downcomer sec t i on ( W 1 ) i s  con s i d ered  as  an  

i n l et cond i t i o n  for the  so l u t i on of  t he  ma s s  and  energy ba l a nc e  

equa t i on s  i n  t he effe c t i ve heat exc han g e  re g i on .  T h e  re l a t i o n  

between w 1 a n d  o ther  state va r i a b l es  i n  the  UTSG model  i s  der i ved 

here u s i n g  t he  a s sumpt i on  that the n et pres sure  dro p a l on g t he  

rec i rcu l a t i o n  l oo p  i s  equal  t o  z ero du r i n g t he tran s i en t .  T h i s 

a s s umpt i o n  mea n s  t hat the  d r i v i n g sta t i c  head due to the  d i ffe rence 

i n  dens i ty between the  down comer sect i on and the tube  b u n d l e reg i o n  

i s  equal  t o  t h e  to ta l  dynami c head l o s s  a l o ng  t he re c i rc u l a t i o n  

l oo p .  Tha t i s  

wher e ,  

6Pd = s ta t i c  pres s ure d ro p  a l o ng  t he  l oo p  

6P f = fr i ct i ona l  press ure d ro p  a l ong  t he  l oo p  

6Pa = acce l erat i on pre s s ure  drop a l o ng  the l oo p . 

( D .  l ) 

S i nc e  the fr i c t i o n  a n d  a ccel era t i on pres sure  d ro p s  a re pro po r t i ona l  

to the  square  o f  t he  ma s s  fl ow rate , t hen Equat i o n  ( D . l ) can  b e  

wr i tten a s  

w here 

Cd = effect i v e dynam i c  h ead l o s s  coeffi c i en t .  

228 

( D .  2 )  
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Sol v i n g  E q u a t i o n  ( 0 . 2 )  fo r w
1

, we get  

w = _1_ ltJJ: . 1 ;c:- d 
d 

= _1_ L et c1 t hen 

v"cd 

w1 = c1 16 P  d • 

Referr i n g to F i g u re 0 . 1 , we have 

where 

pd = d en s i ty i n  t h e  downcomer s ec t i on 

Ldw = drum wa ter l evel 

Ld = down comer l en g t h  

( 0 .  3 )  

( 0 . 4 ) 

( 0 .  5 )  

P s l = d en s i ty o f  t h e  seco ndary fl u i d  i n  t he s u bcoo l ed r eg i on 

L51  = l ength  o f  t h e  s ubcoo l ed r eg i o n  

p b = d en s i ty i n  t h e  secondary fl u i d  i n  the  bo i l i n g  reg i o n  

Lb = l en g t h  o f  t he bo i l i n g reg i on 

L r = effec t i ve l ength  o f  t he r i s er/ s eparator vol ume 

p f = d en s i ty of the second a ry fl u i d  i n  t he r i ser/se parator  

vol ume . 

S i n c e  the d en s i ty o f  the s ubcoo l ed l i q u i d  i n  the  down c omer reg i o n  

i s  n ea r l y  equal  t o  t he den s i ty i n  t he  s ubcool ed reg i o n , t hen 

E qu a t i on ( 0 . 5 ) can be  wr i t ten a s  fo l l ows  

= 
pd ( Ldw+Ld-L S l ) - Lbpb - L rp r 

1 44 ( 0 . 6 )  
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Sub st i tut i n g  from E q u a t i o n  ( 0 . 6 )  i n to Equat i on ( 0 . 4 ) , we g et 

The dev i a t i o n  o f  w 1 from s teady s ta t e  can  b e  o bt a i ned from E quat i on 

( D .  7 )  a s  fo l l ows 

where  

c , 
oWl � 24 R 

{ pd ( oldw-oLS l ) - ( p bl b+Lb o p b ) - Lrop r } ( 0 . 8 ) 

The  d ev i a t i on i n  t he two - pha s e  den s i ty i n  t he bo i l i ng reg i o n a n d  i n  

the  r i ser/ separa to r  vo l ume can  b e  expressed  a s  ( see Append i x  E )  

a nd  

When  Equa t i o n s  ( 0 . 1 0 ) and  ( 0 . 1 1 )  a re s u b s t i tu ted i n to Equa t i o n  

( 0 . 8 ) , w e  g e t  

where 

a l 

a 2 

a3 

a4 

� 
c , p d 

- -

- -

- -

24R 

c , ( pd-p b ) 

24R 

c 1 ( c 1 bL b+c 1 rL r ) 

24R 

c , ( c 2blb+C2rlr ) 

24R 

( 0 . 1 0 ) 

( 0 . 1 1 )  



APPEND I X  E 

AVERAGE DENS ITY I N THE TWO-PHASE REG I ON 

A n  expres s i o n  for the d en s i ty i n  the two-phase  reg i o n ,  i n  terms 

of system pressure  and bubbl e popu l a ti on  i n  the two-pha se  m i xture , i s  

necessary for the so l ut i on of the descr i b i ng equat ions  i n  the two 

pha s e  s ec onda ry fl u i d  l umps . 

I n  the s l i p  fl ow model , t he  bubbl e popul at i on i s  represented 

by the vo i d  fract ion  a def i ned by the equa t i on 

where 

a = vo i d  fract ion  

A 
a = .....9. A 

A
9 

= area occupi ed by the vapor pha se  

A = tota l fl ow area . 

The den s i ty of  the  two -pha s e  mi xture i s  g i ven by< 44 ) 

where 

p = a Pg + ( 1 -a )  P f 

p = two-pha s e  mi xture den s i ty 

pf = dens i ty of  the l i qu i d  p hase  ( wa ter )  

Pg = dens i ty of the vapor p ha se ( s team) . 

( E .  1 ) 

( E . 2 ) 

A s s umi ng  that P f and Pg are l i near func t i o n s  of system pres s ure Ps 

( see  Append i x  A ,  page 206 ) d i fferen t i at i ng Equat i on  ( E . 2 ) and  

l i near i z i ng g i ves  

232 
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d op _ 
30 f d o P 30 f � P  d o 

dt - aP df - [a(--a-P - �) o P + ( p f-p g ) d� ] .  ( E . 3 ) 

Negl ec t i ng t h e  c ha ng e  i n  l i q u i d  p ha s e  d en s i ty w i t h  pre s s u re ,  we 

have 

( E .4 )  

T h e  per turba ti on  equa t i on fo r t he  two pha se  m i x t u r e  dens i ty 

can be w r i tten a s  

( E .  5 )  

Equa t i o n  ( E . 5 ) re l ates  the  perturba t i o n s  i n  P w i t h  t h e  pertu rba t i o n  

i n  P a nd a .  

where 

I n  t he homogeneo u s  fl ow mod el , we have ( 4g )  

p = d en s i ty o f  t he two p ha s e  m i xture  

vf = s p ec i f i c  vo l ume of  l i q u i d  p ha s e  

v
9 

= s pec i f i c  vol ume o f  vapor p h a se  

ma s s  fl ow note  o f  vapor pha s e  x = ma s s  q ua l i ty = 
tota l ma s s  fl ow rate 

D i fferen t i a t i ng E q u a t i o n  ( E . 6 )  g i ve s  

( E .  6 )  

( E .  7 )  
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where  

If  we neg l ect  t he  c ha n g e  in  vf wi t h  pre s s ure , the  pertu rba t i on 

equat i on for the two p ha s e  m i xture  d en s i ty c a n  b e  wri tten a s  

op = 

I n  t h e  bo i l i ng  s econda ry fl u i d  l ump , we have  x 

Equa t i on ( E . 8 )  becomes 

X - e = x = 2 a n d  

E qu a t i on ( E . 9 ) can  be  wr i tten i n  the  s i mpl e form 

where 
- 3 Vfg c l b  

= -X 
( vf+x vfg )

2 3 P  
\1 

a nd 

-v 
C zb 

= fg 
2 ( vf+x vf9

)
2 

s s 

I n  the  r i ser/ separa to r  1 ump x = xe and  E quat i o n  ( E . S ) become s 

( E .  B )  

( E . 9 )  

( E . l O ) 

( E a l l )  
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Equat i on ( E . l l )  can  b e  wr i t ten i n  the  s i mp l e fo rm 

o p = c 1 Y 
o P  + c 2r 

o x 
r e 

where  
-x  a vfg cl r 

= e 
2 a P ( v f+xe vfg ) s s  

a nd 
-v  

c 2r 
= fg 

2 ( vf+xe vfg ) s s  

Wh en u s i n g  t he a bove  expres s i o n s ,  i t  i s  u nderstood  that  the  

un perturbed parameters  a re ca l cu l a t ed a t  t he  steady state  cond i t i o n s  

corres pond i n g to  t he  system pres s ure , even  when the  s u b s c r i pt ( s s . )  

i s  n ot  shown i n  t h e  expre s s i o n  for t he se  parame ters . 



AP PE ND I X  F 

S UMMARY O F  DYNAMI C  RE SPONSE RESULTS 

I n  C ha pter I V ,  page  1 4 1 , t he  step  respo n s e  o f  t h e  fo u r  U TSG 

dyn am i c  mode l s to a steam va l ve perturba t i o n  wa s presen ted for 

mode l s compar i son . I n  t h i s a ppend i x ,  a s umma ry o f  t h e  dynami c 

re spo n s e  o f  the fou r  mode l s to a l l an t i c i pa ted pertu rba t i on s  i s  

pre sented for future  referen c e .  T h e  fou r  model s a re d e s i gnated a s  

fo l l ows : 

Mod e l  A :  S i mpl i fi ed mod e l  

Mod e l  B :  

Mod e l  C :  

Mod e l  D :  

F i r st  i n termed i a te  mo de l  

Second  i n termed i a te mode l  

Deta i l ed model . 

The  i n put  pertu rba t i o n s  a re 

l .  Pr i ma ry i n l e t  tempera ture pertu rba t i on 

2 ,  Feedwater temperature  pertu rba t i on  

3 .  Steam va l ve perturba t i o n . 

Tab l e F . l g i ve s  t h e  case  i dent i fi cat i on s  and  F i g u re s  F . l  t h ro ugh  F . l 2  

show the  res u l t s  o f  t he  dynami c re s po n s e  fo r these cases . 
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Ca s e  No . 

A- 1  

A-2 

A- 3 

B - 1  

B - 2  

B - 3  

C - 1  

C - 2  

C- 3 

D- 1 

0 - 2  

D-3 

2 3 7  

TABL E  F . I 

S UMMARY O F  DYNAM I C  RESPONSE RESULTS 

Model Perturba t i o n s  

A 1 

A 2 

A 3 

B 

B 2 

B 3 

c 

c 2 

c 3 

0 1 

0 2 

0 3 

F i gure  

F- 1 

F - 2 

F-3  

F-4 

F- 5 

F-6 

F- 7 

F-8 

F-9  

F- 1 0  

F-1 1 

F- 1 2  
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APPEND I X  G 

I NSTRUCT IONS  FOR US I NG TH E DETA I LED MODEL  DY NAM I C  

RES PONSE CQt.1PUTE R PROGRAt1 

W h en Mode l  A or B i s  u sed for t h e  dynami c re spo n s e  ca l c u l at ion  

fo r a U TS G ,  t he on l y  computer i n pu t s  n eeded are the  coeff i c i en t  

matr i c e s  and  forc i ng vec tors  o bta i n ed from steam gen erato r d e s i gn 

a n d  

ca n 

i n put data . O n c e  t h e  coeff i c i en t  matr i ces  a re ca l cu l a ted , they 

b e  u s ed to pro v i d e  the  i n p u t  to  the  computer codes  MATEXP ( 39 ) 
o r  S FR- 3 ( 4 0 ) to ca l cu l a t e  the  t i me o r  frequ en cy r e s po n s e  respec t i vel y .  

I n  c a s e  o f  Mode l s C and  D ,  t h e  ca l cu l a t i on procedure  i s  more 

comp l i ca ted d u e  to the  u s e  of  the m i x ed ( d i fferen t i a l + a l gebra i c ) 
formu l at i on , t he c omputer program t hat  wa s prepared to c a l cu l a te the  

t i me respo n s e  for Mode l  0 i s  o u t l i n ed and  the  i n s truct i on s  fo r u s i ng 

i t  are  g i ven i n  t h i s a p pend i x .  

The computer program i s  a FORTRAN I V  program prepared to be  

imp l emen t ed on t h e  I BM 360  Model  65 computer .  The  prog ram con s i st s  

o f  a ma i n  rou t i ne a n d  s evera l  s u bro u t i n e s , t h e  fun c t i o n s  o f  whi c h  

a r e  de s cr i bed bel ow .  

l .  The � � r�A I W  ro ut i ne s  read i n  i n pu t  data a nd ca l c u l a te the 

pa rameters n eeded fo r t h e  st eady state ca l cu l at i on . There 

are some bu i l t - i n data t ha t  can  be col l ec ted i n  data 

statemen t s  for i mpro v i n g  t he readab i l i ty o f  t he pro g ram .  

2 71 
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2 .  The  s ubrout i n e  " STlJYST"  i s  c a l l ed from " �1/\ I W  to ca l c u l a t e  

t h e  temperatures  and  ma s s  qua l i ty prof i l e s a l o n g  t he heat 

tran s fer  pat h in  the effec t i ve heat exc ha nge  re g i on ( core ) . 

The s ubcoo l ed l ength  a n d  boundary temperatures  a re pa s s ed 

from " S TDYST" to ' ' MA I N" so t ha t  i t  can be u s ed to ca l c u l ate 

the coeff i c i e nt mat r i c e s  AONE and  ATWO . 

3 .  After AO NE  and  ATWO a re ca l c u l a t ed ,  t h e  prograr.1 proc eeds 

by read i n g  i n  t he con t rol  i n put  data u s ed for s ubro ut i ne 

" PART" w h i c h  ha ndl e s  t h e  part i t i on i n g  o f  AO NE a n d  ATI-JO to 

red uc e  the system of a l gebra i c  pl u s  d i ffere n t i a l  equat i on s  

i n to a s et o f  pure d i fferent i a l equat i on s .  After t hat , 

the  fo rc i n g  vecto r  for " PURE D I FF "  i s  read i n .  

4 . Aft er t he pure  d i fferen t i a l system i s  obt a i n ed , s u b rou t i n e 

" MATEXP "  i s  c a l l ed to ca l c u l a t e  and  p l o t  t he t i me re s pon s e  

u s i n g  t h e  redu ced A mat r i x  a n d  fo rc i n g vecto r .  

5 .  The  same procedure can b e  u s ed t o  ca l c u l ate  the  f re q u ency 

r e s pon s e  by ca l l i n g  t he " S FR - 3 "  program  i n stead o f  

" 11ATE X P " . 

G .  1 I n put Data and Fo rma t 

The  fo l l ow i n g  a re t he i n p ut  data con ta i n ed i n  ea c h  data  card 

tog e ther wi t h  t h e  rea d i n g format u s ed .  
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Card : lo . l ( Geometri ca l  pa rameter ) 

Co l  ur,1 1 1  l -5 6 - 1 5  t 1 6 -251 26-351 36-451 46-55 \ 56 - 6 5 1 6 6 - 7 5  

Fo rmat I 5  7 ( E l 0 . 4 )  

I n put NT TO O I TMT I USHO l USHT I LSHO  l LSHT  I OUHT 

NT = n umber of U-tubes  

TOO = t u be o u t s i de d i ameter ( i n c h e s ) 

H1T = t u b e  meta l t h i ckness  ( i n c he s ) 

USHD = s team gen erator upper  s he l l d i ameter ( i n c he s ) 

USHT = s t eam gen erato r  u p p er s he l l t h i c k n e s s  ( i nc he s )  

LSHD = s team gen erator l ower s he l l d i amet er ( i nc h es ) 

LSHT = s team genera to r  l ower s he l l t h i c k n e s s  ( i n c he s )  

OVHT = s team generator o veral l h e i g ht* ( ft ) .  

C a rd No . 2 .  ( P r i ma ry s i de  pa ramet er s )  

Co l umn l - 1 0 / l l -2 0  l2 l - 30 l 3 l -40 1 4 l -50 , 5l -60 / G l - 7 0  1 7 1 -80 

Fo rma t B ( E l 0 . 4 )  

I n put  \iP I V P  I C P l  I TP I J TPO I pp I TO P  I PHC 

WP pr i ma ry wa ter ( reactor coo l a n t )  ma s s  fl ow ra t e  i n to t he 

s t eam gen era to r  ( l b/ h r )  

V P  steam gen erator pr i ma ry wat er vo l ume ( i nc l ud i n g i n l e t  
3 

and  o u t l e t  pl en ums )  ( ft ) 

C P l = s p ec i f i c  hea t at con sta n t  pre s sure  o f  t he pr i ma ry wa ter  

( l3 t u/ l b " F )  

* Th i s  i n pu t i s  redundan t .  I t  wa s read i n  beca u se i t  may be  
u sed i n  t he  fu t ure  to ca l c u l a t e  water  a nd  steam vol ur:1es . 



2 74 

TP I  = pr i mary wa ter  i n l et t emperature  ( ° F )  

TPO = pr i mary water  out l et t empera t u re ( ° F )  

P P  = p r i rna ry l oo p  a verage pre s su re ( ps i a )  

ROP = av erage  d en s i ty o f  pr i ma ry wat e r  ( l b/ft 3 ) 

PHC = pr i �a ry s i de h eat  con te n t* ( Btu ) . 

Card No . 3 ( Se co n da ry s i de parameter s )  

Col umn 1 - 1 0  

w50 
= s team fl ow  ra te ( l b/ hr )  

PSTG 
= steam gen erator pre s s u r e  ( ps i g )  

TSAT 
= satura t i on temperature  a t  PSTG ( ° F )  

TFW I 
= feedwater  i n l et temperature  ( ° F )  

VSW 
= vol ume o f  s econdary wa ter  ( ft 3 ) i n  t h e  s team gen era tor  

( i nc l ud i ng  downcomer ) 

3 v55 = vol ume of  s econdary s team i n  t he d rum steam vo l ume ( ft ) 

R05 1  = s u bcool ed s econdary wat er a v era ge  d en s i ty ( l b/ft3 ) 

C P 2 = s pec i f i c  heat o f  secondary s i de s ubcool ed water  ( Btu/ l b ° F )  

Card  No . 4 ( Heat  tran s fer coeffi c i en t s )  

Co l umn 1 -1 o 1 1 1 -201 2 1 -30 1 3 l -4o j 4 1 - 5o 

Format 5 ( El 0 . 4 )  

I n put  HTA I H P  1 u r� I Hs 1 I HS 2 

*T h i s i n pu t  i s  red undant . I t  c an  be  repl aced by 0 . 0  wi t hout 
affect i n g t he re s u l t s ;  it  wa s i nc l u ded for po s s i b l e f uture u s e .  
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HTA = overa l l heat tran sfer a rea o f  the  steam gen erator  U- tubes  ( ft2 ) 

H P = pr i ma ry s i de f i l m  hea t tra n s fer co eff i c i en t  ( B t u / hr  n2 o F )  

U M  = t u b e  meta l  con d u ctance  ( B tu/hr  ft2 ° F )  

llS 1 = s u b coo l ed s econ dary f i l m  h ea t  tran sfer coeffi c i en t  ( Btu/hr  ft2 ° F )  

H S 2 = bo i l i n g  secondary fi l m  h ea t  tran s fer coeffi c i e n t  ( B tu/ hr ft2 ° F ) . 

Ca rd No . 5 ( St ea dy state  thermodynam i c  pro pert i e s )  

C o l u mn 1 -1 0 1 1 1 -20 1 2 1 -30 1 31 -40  1 4 1 -50 1 5 1 -60  

Forma t 6 ( E l 0 . 4 )  

I n put  HF  I H FG / H G  ! v F I V FG I VG 

HF  = en thal py of s atura t ed water  ( Bt u/ l b )  

H FG = l a tent  hea t o f  v a por i zat i on ( Btu/ l bm) 

H G  = en thal py· o f  satura ted s team ( Bt u/ l b )  

V F  = s pec i f i c  heat o f  saturated wa ter ( ft 3/ l b )  

V FG = d i fferen c e  between s pec i f i c  vo l umes fo r satu ra ted steam  and 

water ( ft3/ l b )  

V G  = spec i fi c  heat o f  sa turated s team ( ft3/ l b )  

Card  No . 6 ( Thermodynami c pro pe rty g rad i en t s )  

Co l umn 1 - 1 0  1 1 1 -2 0 1 2 1 -30 1 31 -40 1 41 -50 1 5 1 -60 1 6 1 -70 1 7 1 -80 

Forma t 8 ( E 1 0 . 4 )  

I n pu t  DTSAT l oH F  l DHFT l DHG l DVF 
I 

DTSAT 
= aT sa t/ a P  ( ° F / ps i a ) 

D H F  = a hf/ a P ( Bt u/ l b/ ps i a )  

DHFG  = a hfg/ a P ( Btu/ l b/ p s i a )  

I DVFG I DVG 1 DROG 



DHG = a h
9

/ a P  ( Btu/ l b/ ps i a )  

DVF = a vf/ a P  ( ft 3/ l b/ ps i a )  

DVFG = a vfg/ a P  ( ft3/ l b/ ps i a )  

DVG = a v
9

/ a P  ( ft 3/ l b/ps i a )  

DROG = a p / a P ( l b/ ft3/ pS i a )  g 
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( p = d en s i ty o f  saturated  s team) . g 

Cards  7 through 1 1  ( 5 t i tl e card s )  

Format ( 1 8  A . 4 )  eac h .  

Card  No . 1 2  

Co l umn 1 - 5 6 - 1 0  

Format 1 5  1 5  

I n pu t  rmE D  NALG 

U se the fo l l ow i n g  i n pu t  va l u es : 

NRE D = 1 5  = order o f  reduced ( pure  d i fferen t i a l  sys t em )  

NALG = 3 = n umber o f  a l g ebra i c  v ar i a b l e s  i n  t he m i xed mod e  formul a t i on .  

C ard r�o . 1 3  

Col umn 1 -5 6 - 1 0 1 1 - 1 5 

Format I 5  I 5  I 5  

I n put  LALG ( l )  LJ.\LG ( 2 )  LALG ( 3 )  

LALG ( I ) ,  I =  1 ,  2 ,  • . .  , NAL G  i s  the  l i s t  o f  NALG  a l g ebra i c  var i a bl e s .  

The  al gebra i c var i a bl e s  i n  t h e  c u rr en t prog ram are  1 6 ,  1 7 , a n d  1 8 . 
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Card N o . 1 4  ( Nonzero forc i n g  fun c t i on el emen t s )  

Co l umn l -5 6 - 1 5 

Format  I 5  E l 0-4 Re peat 4 per  card 

I n pu t  I U ( J ) UX ( J )  

I U ( J )  = row n umber of  eac h  no nzero component  of  t he  forc i ng 

fun c t i on  vector 

UX ( J )  = v a l u e  of  eac h nonzero compo n en t  o f  the forc i n g  func t i o n  

vecto r . *  

Card No . 1 5  

B l a n k  ca rd to end the i n pu t  o f  t he non zero fo rc i ng fun ct i on 

el emen ts . 

Ca rd No . 1 6  ( MATE XP con trol pa rameter s )  

Co l umn 1 - 2 6 - 7  l l -20  2 1 - 30 3 1 -4 0  4 1 -50 51 -GO 

Format I 2  3 X  I 2  3X F l  0 . 0  F l O . O  Fl 0 . 0  Fl 0 . 0  F l O . O 

I n pu t  r iE LL p TZERO T TnAX 

t�TEXP con trol  parameters  ( con t i n ue d )  

Co l umn 6 3-64 65 -66  67 -69  70  7 1 - 72 73 - 74 

Fo r:-1i1 � I 2  I 2  I 3  I l  1 2  1 2  

I n pu t  I CSS J FLAG I H1AX LASTCC I l Z  r co rnR 

NE  = number of  equat i on s = 1 5  

L L  = co effi c i en t  matr i x  tag n umber, u se L L  = l 

P = prec i s i o n  o f  C and  HP - recommen d  1 0-6 
o r  l e s s  

TZE RO = z ero t i me ( u sual l y  0 . 0 )  

PL  T I NC 

7 5 -80  

F6 . 0  

VAR 

6 1 -6 2  

I 2  

MATYES 

*See Sec t i on I I I . 7 . 5 , pa g e  1 05 ,  fo r the ca l c u l a t i on of the 
forc i ng vecto r  el emen ts . 
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T = compu ta t i on � i me i n terval 

TMAX = ma x i mum t i me 

P LT I NC = p r i n t i n g  t i me i n terval 

MATY E S  = c o e ffi c i en t  ma tr i x  ( A ) con t ro l  fl a g  

= u se p rec i o u s  A and T 

2 = rea d. n ew coeff i c i e n t s  to a l t e r  A 

3 = read e n t i re new A ( n o n z e ro v a l u e s ) 

4 = D I STRB t o  cal cul a t e  e n t i re n ew A ,  

( U s e  MATYES = 3 for t h i s a p pl i cat i on ) 
I C S S  = i n i t i a l  condi t i on vecto r ( X I C ) fl a g  

= rea d  i n  a l l n ew n o n z ero v a l u e s  

2 = r ea d  n ew v a l u e s  to a l ter prev i o u s vecto r 

3 = u se prev i o u s  ve cto r 

4 = vec to r  = 0 

5 = u s e  l a st v a l ue o f  X vector from p r ev i o u s  run 

( Current pro gram u se s  I C S S  = 4 . ) 

J FLAG = forc i n g fun c t i on ( Z ) fl a g  

l thru 4 = same a s  fo r I CS S  for con s t a n t  Z 

5 = c a l l D I STRB a t  each t i me ste p fo r va r i a b l e 

( c urrent program u s e s  J FLAG = 3 . ) 

I H1AX = ma xi mum n umber of t e rm s  i n  s e ri e s  a p pro x i ma t i on o f  e x p  ( AT ) 
( r ecommend I TMAX = 1 0 )  

LAS TCC = n o n ze ro for l a s t  ca s e  

I l Z = row o f  Z i f  o n l y  o n e  n o n z ero , o t herw i s e = 0 
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I CONTR = for i nternal  contro l  o pt i o n s  

0 = read n ew contro l  card  f o r  n ext c a s e  

= go to 2 1 2 ca l l D I STRB fo r n ew A or T 

- 1 = go to 2 1 5 ca l l D I STRB for n ew i n i t i a l cond i t i on s  

( Curren t  pro gram u ses  I CONTR  = 0 . ) 

VAR = max i mum a l l owa b l e va l ue o f  l argest  coeffi c i en t  ��tr i x e l emen t 

*T ( Recommen d VAR = 1 . 0 ) . 

Card No . 1 7 

B l a n k  card  to end t he i n put  data . 
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