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ABSTRACT 

Dynamic tests were performed on  the Caro l i na Power and L i g ht 

Company1s H. B. Rob i nson Un i t  2 to determi ne the frequency respon se 

of the PWR s team supply system. Step i nputs and mu l ti - frequency 

bi nary s i gnal s of vari ous  sequence l engths a nd b i t durati ons  were 

used. The s i gnal s were i ntroduced manua l l y by the operator both  for 

reactivi ty perturbation  and s team f l ow perturbation  tests. The 

exper i mental  resu l ts were a na l yzed on an IBM 360/ 65 compu ter. T he 

test  resu l ts were compa red wi th theoret i ca l  resu l ts  pred icted by a 

ma thematical  mode l  of  the sys tem. 

A mathemat ica l  mode l  for the H .  B. Robi n son system was formu l ated. 

In mos t  ca ses, the experi mental resu l t s  were i n  good agreement w i t h  

the resul ts. An unexp l a i ned t ime del ay o f  about  n i ne to fourteen 

seconds wa s observed between the open i ng of the ma i n  s team val ve and 

reac tor coo l ant col d  l eg temperature . The t ime del ay i s  much l onger 

than the transport time. 

i i i  
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CHAPTER ' I  

I NTRODUCTION 

A good understand i n g  of the dynami c behav i o r  of a nucl ear system 

i s  of primary i nterest for i ts safe operati on . The des i g n  of  nucl ear 

pl ants i s  based on mathematical model s .  I t  i s  very important to 

determi ne the adequacy of these model s .  One way of determi n i ng the 

adequacy of the model s i s  to compare the frequency response pred i c ted 

by the model wi th the experi mental l y  determi ned frequency response. 

Bes i des  ver i fy i ng the model , the experimental data wi l l  prov ide 

i nformation  wh i c h  wi l l  hel p: ( l , 2 ) 
(1 ) To i mprove the coeff i c i ents u s ed i n  the model , optimize 

i ts sophi s ticati on , and reduce the uncertai nti es i n  the 

pred i c ted performance 

( 2 ) To eval uate system s tabi l i ty marg i ns and detect the i r  

trends  a s  the operati ng cond i ti ons change 

(3) To optimize control l er parameters . 

The mos t  stra i g htforward approac h for dynami c  tes ti ng i n  

nucl ear reactors i s  the osc i l l ator method whi c h  empl oys a s i n u so i dal  

reac ti v i ty i nput .  But econom i c  and operati onal con s i d erat i on s  

pro h i b i t t h e  u s e  o f  osc i l l ator tests  i n  commerc ial  power reac tors . 

The peri od i c ,  d i screte-l evel b i nary s i g nal s are more s uitabl e for 

frequency response  tes t i n g  i n  commerc ial  power reac tors . These signa l s 

offer advantages over the osci l l ator tests becau se of reduced exper i-

ment durat i on and equ i pment costs. Moreover , the tes ts can be  perfo rmed 

1 
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dur i ng norma l operat ion wi th the ex i st i ng p l ant  hardware . Another 

advantage of these s i gnal s i s  that a number of frequenc i es can be 

covered i n  a s i ng l e tes t .  

Several frequency respons e  tests have been performed on 

pres suri zed water reactors us i ng both o sc i l l a tor and bi nary i npu t 

s i gnal s .  
(l )  

Dynami c  tes ts on H .  B .  Ro b i n son Un i t  2 were performed 

by E. M. Ka tz and the group l ed by Dr . To W. Kerl i n .  The purpose 

of the wor k  reported herei n was to ana l yze and i n terpret the tes t  

resu l ts  and compare them wi th  theoreti cal  resu l ts  pred i c ted by the 

sys tem model s. The deta i l ed reactor mod el was ori g i nal l y  d evel oped 

by E. M. Katz for the Oconee sys tem;
(l l ) 

and major contri bu t ions  i n  

model i ng the U-tu be and s hel l type steam genera tor came from M .  R. 

Al i.
(?) 



CHAPTER I I  

SYSTEH DESCR IPTION AND MATHEt1AT ICAL FORf1ULAT I ON 

I. PHYS I CAL DESCR I PT I ON 

The H. B. Robi nson Un i t 2 i s  a 739 ��le (2200 MWt) pres su rized 

water reactor type nucl ear power p l ant. The nucl ear s team supply system 

(NSSS) cons i sts of th ree reactor cool ant l oops. The l oops  are connected 

in paral l el to the reactor  ves sel . Each l oop  conta i n s  a U-tube and shel l 

type s team generator and a c i rcu lat ing  pump. The system al so i ncl udes a 

pressurizer. The fl ow d i agram of one of the reactor  coo l ant l oops i s  

s hown i n  F i gure I I - 1 . * 

A. Reactor 

The H. B. Rob i n son pl ant contains  a Wes tinghou se pressur ized water 

reactor. The reactor core and vessel  i nternal s are s hown i n  Fi g ure I I-2 . 

Reactor cool ant enters the reactor ves sel ju s t  above the core a nd 

fl ows downward s ,  through the annu l ar space between the vessel  wal l and 

the co re barrel , i nto the l ower p l enum. The coo l ant enters the core at 

the bottom and fl ows upward s  throu gh the core. Al l the coo l ant comi n g  

from the d i fferent radial s ecti ons o f  the core i s  mi xed i n  the upper 

pl enum. The mi xed coo lant  then fl ows to the s team generators through 

three d i fferent hot l eg p i pes. 

Tabl e  I l i s ts some of the i mportant des i gn parameters of the 

reactor, parti c u l arly those  wh i ch affect the dynami c res ponse of  the 

system. The ranges shown i n  the k i net i c  coeffi c i ents , i n  Tab l e  I, do 

*Al l fi gures wi l l  be found in  Append i x  E. 

3 



TABLE  I 

REACTOR DESIGN DATA 

STRUCTURAL CHARACTER I STICS ( 4 ) * 

1.  Fuel We i g h t  (uo2), l bs .  

2. Cl add i ng Wei g ht ( Zi rca l oy ) , 

3. Core D i ameter , i nches 

4 .  Core Hei ght , inc hes 

5 .  H20/U Vol ume Rati o  ( co l d )  

6 .  Number of  Fuel  Assembl i es 

7 .  U02 Rod s per As s embl y  

1 bs. 

KINET I C  CHARACTER I ST ICS ( 4 ) * 

8. Doppl er Coeff i c i ent ( 6K/ K ) /°F 

9. Moderator Tempe ratu re , 

Coeffi c i ent  ( �K/ K ) / °F 

10. Modera tor Press u re coeffic i en t ,  

( �K/ K) / p s i  

11. P rompt Neu tron L i fet ime , sec 

12 . Del ayed Neutron  Fract i on , % 

176 , 200 

3 6 , 300 

119.7 

144 

4 . 18 

157 

2 04 

-1. 0 x 10-5  to 

-1. 6 X 10-5  

+ 3 • 0 x 10-5  to 

-3o5 X 10-4 

-3. 0 x 1 0-7 to 

3. 5 X 10-7 

1. 4 x 10- 5  to 

1. 8 X 10-5 

0. 52 to  0. 72  

4 
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TABLE I (conti nued) 

13. Del ayed Neu tron Constants
(5)** 

Hean Li fe Decay Constant Fracti on of 
sec >..;, sec 

-1  Total Neutrons  

80. 4 0.0124 0 . 0002 1  

32. 8  0.0305 0. 00140 

8. 98 o. 11 1 0. 00125 

3 .32 0 . 301  0 . 00253 

0 . 88 1 . 1 4  0 . 00074 

0.332 3 . 0 1  0 . 00027 

THERt·lAL AND HYDRAUL I C  CHARACTERI ST I CS 
( 4 )*** 

14. Total Pr i mary Heat Ou tput , MWt 

15 . Nomi nal Sys tem Pressure , ps i 

2200 (7 508 x 10
6 

Btu/ hr) 

2250 

16. Total Cool an t Fl ow Rate , l bs/hr 

17. Average Cool ant Vel oc i ty Al ong Fuel  

Rod s ,  ft/sec 

1 01 . 5  X 1 0
6 

1 4 . 3 

1 8 .  Total  Mas s  of Pr imary Cool ant , l bs 406 ,050 

19. Average Coo l ant Mas s  Vel oc i ty ,  

l b/hr-ft
2 

2 .32 x 10
6 

20. Nomi nal  Coo l an t  Inl et  Temperature , °F 546 . 2  

21 . Nomi nal Coo l ant  Outl et  Temperatu re , °F 602 . 1  

22. Ac tive  Heat  Transfer Surface Area , ft
2 

42 , 460 

23 . Average Heat  Fl ux , Btu/hr-ft2 
1 7 1 , 600 

24. Maximum Thermal Ou tput kw/ft 1 7 . 9  



TABLE I ( conti nued) 

25. Max i mum Average Cl ad Temperature, ° F  

26. Max i mum Fuel Central Temperature at  

100% Power, °F 

*Reference 4; Tabl e 3 . 2. 1-1. 

**Reference  5,  p. 21. 

***Reference 4, Tabl e 3. 2 . 2-1. 

6 

715 

4030  
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not represent uncertai nti es i n  the measurement or unava i l ab i l i ty of  the 

actual coeff i c i ents  but they vary depend i n g  upon the boron concentrat i on 

i n  the reactor coo l ant , power l evel , operati ng temperatures , a nd burnup. 

S i nce the reacti v i ty perturbat i ons  for the experimenta l tests  

reported here were i ntroduced by mov i ng a bank of control rods , a bri ef 

descri pti on  of  the contro l  systems wi l l  be g i ven . A more deta i l ed 

descri pti on of the reac tor and the control sys tem i s  g i ven i n  Reference 4. 

The reactor i s  controll ed by 53 rod c l us ter control ( RCC ) 
a ssembl i es of wh i ch 45 are ful l length and 8 a re part l ength rods . The 

ful l l ength rods are d i v i ded i nto three groups: a s hu tdown group  com­

pri s i ng two banks of 8 rods  each, a control g roup  con s i s t i ng of fou r  

banks conta i n i ng 8 ,  8, 8,  and 5 control rods , and a n  x-y Xenon Contro l  

group  cons i s ti ng of two banks of  4 rod cl us ters each. Each ma i n  bank 

has two subgro ups. S i lver- i nd i um-cadmi um al l oy i s  used a s  the a bsorber 

materi al  i n  the con trol rods .  

The schemat i c  of  the RCC magneti c jack dri ve mechani sm a s sembl y 

i s  shown i n  F i gure 11-3. I t  cons i sts of the opera t i ng coi l s tack , the 

dri ve shaft a s sembl y, the pressure hous i ng ,  and the pos i t i on i nd i ca tor 

coi l stack . Three magneti c coi l s  are turned off and on in  a f i xed 

sequence .  The sequenc i ng of t he  magnets produces step moti on over the 

144 i nches of normal control rod travel . Each sequence moves the rod 

by 5/8 i nch and each sequence can be repeated up to 72 s teps per m i n ute .  

B .  Steam Genera tor 

Each reactor cool ant  l oo p  contai n s  a verti cal shel l a nd U-tube 

type steam generator. The s team generator con s i sts of two i ntegral 
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sect i ons: an  evaporator ,  and a steam drum secti on . The evapora tor 

secti on con s i sts  of a U-tube heat exchanger where hea t from the primary 

s i de cool ant  i s  transferred throug h the tu be wal l s  to convert secondary 

s i de  feedwater to steam. The steam drum sect ion i s  l ocated above the 

U-tu be bund l e ,  and i t  conta i n s  mo i s ture separat ing equ i pmen t .  The 

arrangemen t of d i fferent parts i n  the s team genera tor i s  s hown i n  

Fi gure II-4 , and the fl ow pa tterns o f  the primary and secondary s i de  

fl u i d s  are exp l a i ned be l ow. 

In the pr imary l oop , reactor coo l ant enters the U-tube bund l e 

at the bottom of the s team generator  through an i nl et  p l enum and fl ows 

through  the U- tubes to an outl et pl enum and l eaves the s team generator . 

The U-tu bes extend through the subcool ed reg i on and i nto the bo i l i ng 

reg i o n  then they curve bac k and aga i n  pass  through the non- bo i l i ng 

reg i on .  

In the secondary s i de ,  feedwater from the feedwater hea ters 

enter s the s team generator just above the U-tu be bu nd l e throug h a 

feedwater ri ng and mi xes wi th the rec i rcul a t i n g  water .  The mi xed 

water then fl ows downward s through a downcomer and en ters the evapora -

tor secti on a t  the bottom . 

The s team-wa ter mi xture from the tu be bundl e pa sses  through  

the  s team swi rl vane assembl y wh i c h  imparts centri fugal  mot i on to 

the s team-water m ixture and removes mos t  of the water from the steam .  

The water rec i rcu l ates bac k  i nto the downcomer for another pass  

through the tu be bundl e and s team ri ses  through the add i ti onal  

separators to i ncreas e  the s team qual i ty to 99. 75 percen t .  
(4) 

The 

dri ed satura ted s team then fl ows to the tu rbi ne. 



The important s team genera tor parameters are tabulated i n  

Table I I .  More deta i led i nformat ion  on the s team generator may be 

fou nd i n  References 3, 4, a nd 7.  

C .  Pressuri zer 

9 

One of  the three coolant  loops  i s  connected to the pressuri zer . 

The ma i n  func t ion  of the pressuri zer i s  to prov i de a s u rg e  c han1ber 

and a wa ter reserve to accomod ate changes i n  the reactor cool ant  

vo lume due  to  temperatu re changes  i n  the pri ma ry s i d e .  I t  a l so 

ma i nta i ns the req u i red coolant  pres sure duri ng s teady s ta te operat ions  

and li mi t s  the pressure changes duri ng tran s i ents . Th i s i s  accompli s hed 

by ma i n ta i n i ng wa ter and s team i n  the pres suri zer at the satura t i o n  

temperatu re correspond i ng to the sys tem pressure .  Dur i ng load tra ns i ents , 

the followi ng sequence of events takes  place ( for a load decrea s e ) : 

1 .  P l ant  load decrea ses.  

2u Primary s i de temperature i ncreases . 

3. Rea c to r  cool ant  volume i nc reases a nd some o f  the coo l ant  

flows i n to the  pressur i zer. 

4 .  Pressur i zer pres sure i ncreases . 

5 .  T he spray system (wh i ch i s  fed from t he cold leg of t he 

coo l ant loop ) condenses  some of the steam i n  the pressur i zer 

to reduce the pre s s ure to normal . 

Duri ng an  i ncrea se i n  the pla n t  load, pri mary s i de temperature 

decrea ses and water outsurges from the pres suri zer . The p ressure i s  

ma i nta i ned , to prevent bo i li ng i n  the reac tor ,  by fla s h i ng wa ter to 

steam and by generati ng s team u s i ng the electri c hea ters . 



TABLE I I  

STEAM GEIJERATOR DATA* 
(For Each Unit) 

STEAM GENERATOR 

1 .  Design Pressure , Reactor Cool ant/ steam , psig 

2. Design Tempera ture , Reac tor Cool ant/steam , °F 

3. Overa l l Heig ht , ft-in 

4. Shel l OD, Upper/ l ower ,  in . 

5 .  Shel l Thic kness , Upper/ l ower , in  

6. Number of U-tubes 

7. U-tube Diameter, in  

8 .  Tube Wal l Thicknes s ,  (average) , in  

9. Ma s s  of U-tube meta l , l bs 

1 0. Total Hea t Transfer Area , ft
2 

STEAM COND ITIONS AT FULL LOAD 

1 1 .  Steam F l ow ,  l b/hr  

1 2. Steam Temperatu re,  °F  

1 3 .  Steam Pressure , psig 

2485/ 1 085 

650/556 

63- 1 .6  

1 66/ 1 27 . 5  

3 .5/2 .63 

3260 

0 . 375 

0 .050 

9 1 ,800 

44 ,430 

1 0  

3 . 1 69 X 1 0
6 

51 6 

770 



TABLE I I  (conti nued) 

PR IMARY S I DE COOLANT 

1 4 .  Reactor Cool ant F l ow ,  l bs/hr 

1 5. Reac tor Cool ant Wa ter Vol ume , ft3 

SECONDARY S I DE FLU I D  

33. 93 X 1 0
6 

928 

1 6. Feedwa ter Temperature , °F 425 

1 7 .  Recircul ation Ratio** 9 

1 8. Secondary Side Wa ter Vol ume , (Ful l Power) , 

ft3 1 526 

1 9 .  Secondary Side Steam Vol ume , ( Fu l l  Power) , 

ft
3 3203 

*Reference 4 ,  Tabl e 4. 1 -4. 

**Reference 7 .  

1 1  
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The pressur i zer cons i s ts of  the pressur i zer vessel , el ec tr i c 

heaters,  the spray sys tem , re l i ef and safety va l ves ,  and pressure 

sens i ng and control dev i ces . The genera l  arrangement of the pressur i zer 

i s  s hown i n  F i gure I I- 5  and des i gn a nd opera t i ng parameters are ta bu­

l a ted i n  Tabl e I I I .  More deta i l ed i nformati on  about the pressuri zer 

may be found i n  Referen ces 4 ,  8,  and 9. 

I I .  MATHEMAT I CAL FORMU LAT I ON OF THE SYSTEM 

T heoret i ca l  resu l ts for the H .  B .  Robi nson power pl an t were 

obta i ned u s i ng s i mpl i f i ed mod el s of NSSS components . A more deta i l ed 

mode l  of the s team genera to r i s  u nder devel opmen t { ? ) a nd i t  s houl d be 

abl e to pred i c t  some of the system parameters ,  part i c u l arl y ,  co l d l eg 

tempera ture , s team outl et  pres sure ,  s tea m fl ow rate , and feed\'.Ja ter 

fl ow ra te more accurately ,  than the s i mpl i fi ed model used i n  th i s  

anal y s i s ,  once i t  i s  fu l l y devel oped . 

The pressuri zed wa ter reactor dynami c behav i or i s  descr i bed 

by a twel ve s tate vari ab l e ,  l umped-parameter model . Of the twe l ve ,  

s even v ari a bl es are used to descr i be reactor k i neti cs . They i nc l ude 

reactor power and s i x  groups of del ayed -neutron precursors . T he 

po i nt k i net i c s  equa t ions wer � �sed . (l O ) 
The rea cto r power equat i on a l so i nc l udes reacti v i ty feedbacks 

due to c hange in the fuel temperature , coo l ant  tempera tu re , and 

cool ant pressure . 

A s i mpl i f i ed mod el , cons i s t i ng of f i ve s tate var i ab l es ,  i s  

used to descr i be heat transfer processes  i n  the reactor rather than 

a more deta i l ed model  (47 s tate  var i ab l es ) avai l abl e at The Un i ver s i ty 

of  Tennes see . ( l l ) The deta i l ed model  has f i fteen fuel l umps:  fi ve 

• 
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TABLE III 

PRESSURIZER DESIGN DATA* 

1 .  Des i gn/Operat i ng Pressure , p s i g  2485/2 235 

2. Des i gn/Opera t i n g  Tempera ture, OF 680/653 

3. Surge L i ne Max i mum F l ow Ra te , gpm 1 9 , 390 

4 .  �va ter Vo  1 ume , Full Power , ft3 780 

5. Steam Vo l ume , Fu l l Power , ft3 520 

6 . E l ectri c Hea ter Capac i ty :  kw ( to ta l ) 1 300 

7. Hea t  up  Rate of Pressuri zer , Hot Sta nd by 

Cond i t  i on , ° F  / hr '55 

8. Cont i nuou s Spray Rate , gpm 1 . 0 

9. De s i g n Spray Rate , for Val ves Fu l l  Open , gpm 840 

*Reference 4 ,  Tabl e 4 . 1 -3 .  
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i n  the axi a l  d i rect ion  and three i n  the rad i al d i rect i on a nd th i rty 

coo l ant l umps; two for eac h  fuel l ump. Th i s  model i s  very u seful i f  

one i s  i nterested i n  the deta i l ed fuel and cool ant  temperature d i s­

tri bution  i n  the core reg i on . 

The s impl i f i ed version of  the core heat transfer model i s  u sed 

here because i t  reduces computer costs and i t  g i ves resu l ts that 

compare favorab ly  w i t h  resul ts from a more deta i l ed model . Cal cul a­

t i ons both  i n  t he  t ime doma i n  and i n  the frequency doma i n  are muc h  

fas ter for the 12 x 12 matri x than for the 54 x 54 matri x. Al so , the 

si mpl i f i ed model pred i cts reactor power and the reactor  cool ant core 

out l et temperature fa i rl y  accurate ly  and i s  comparabl e wi th  the deta i l ed 

model . A compar ison o f  the resul ts obta i ned from both model s, for a 

step i n pu t  i n  reacti v i ty, shown i n  F i g ure II-6. Both model s a s sume 

cons tant  i n l et cool ant temperature ( no steam generator  representa ti on 

in  th i s  compari son of core mode ls ) . 
The f i v e  vari abl es , i n  the s i mpl i f i ed heat transfer model ,  i nc l ude 

average fuel temperature and four  nodes for cool ant  temperature; two i n  

the core reg i on , one i n  the upper pl enum, and one i n  the l ower p l enum. 

The heat transfer from the fuel to the coo l ant i s  d etermi ned by the 

temperature d i fference between the average fuel and t he average cool ant  

temperatures i n  the  core. The  heat transferred from the  fuel i s  evenl y  

d i v i ded between t h e  two cool ant l umps. The schema t i c  d rawi ng of the 

heat transfer from fuel to the coo l an t  is s hown in F i gure II-7. 
Two equati ons that descri be the l ower pl enum and the upper pl enum 

temperature use the wel l sti rred tank approach to determi ne the core 

i nl et and the reactor cool ant  out l et temperatures.  The d i fferenti a l  

equations  used in  the reactor model are  shown in  Appendi x A. 
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The simpl ified s team generator model . u sed in the ana lysis , has  

five differential equa tions to determin e  the steam generator dynamics . 

The basic approach is  described here and the detail ed model description 

is given in Appendix B. Two differential equation s describe primary 

side coolant  tempera tures in the inl et and the outl et  pl enums of the  

steam g en erator. The other three differential equations incl ude: 

primary side cool ant  temperature , U -tube metal temperatu re, and s team 

pressure. 

The equation for the primary side cool ant  tempera ture which 

describe s heat trans fer from the primary side cool ant  to the U-tube 

meta l is  derived from the energy bal ance in the primary side . The 

tube metal temperature i s  derived from the energy bal ance on the tube 

metal .  

The steam pressure equation i s  derived from three differential  

and two a l gebraic equa tions .  Three differential equations inc l ude: 

ma s s  bal ance of water in the s econdary side , mas s  ba l ance of s team , 

and energy bal �nce in the s econdary side . The two a l gebraic equa tions 

are: gas l aw (equation of s tate ) and vol ume bal ance of water a nd 

steam in the secondary side. The derivation of the s team pres s ure 

equation and other equations u sed in  the s team generator model are 

shown in Appendix B. 

The dynamic model  of the pre s su rizer is  simil ar to the model 

u sed for the shel l and U-tube type s team generator" The pressurizer 

pres s u re equa tion was derived from t he mas s , energy, and vol ume 

bal ances of water a nd s team in the  pressurizer. The derivation of 

the press ure  equation is very simi l ar  to tha t  of s team pressure equa tion 

in the s team g enerator model . The detail s are shown in Appendix C .  
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Trans i ents i n  the pressuri zer occur due to temperature changes 

in the primary s i de coo l ant . The pr imary s i de cool ant temperatures 

are coupl ed to the pressure equati on. One of the l im i tati ons  of the 

pressuri zer model used i n  the anal ys i s i s  i t  does not i ncl ude an  

automat ic  control system . The automati c control sys tem ma i nta i ns the 

pressure wi thi n the prescri bed l im i ts.  



CHAPTER I I I  

EXPER IMENTAL PROCEDURES AND DATA ANALYSIS 

The genera l procedure for a ny frequency response  te st  o n  a 

l a rge sy stem l i ke the NSSS can be d i v i ded i nto four pa rts:  ( 1 ) the 

patterns a nd ty pes of the i np u t  s igna l s are determi ned befo rehand 

(Th i s depends upon the frequency range of i n terest and the type o f  

the i n formation  t o  b e  o bta i ned from t h e  te sts .) , {2) the sel ec ted 

i nput  si gnal s mus t  be i mpo sed u pon  the sys tem , (3) the i npu t s i gna l s 

and the resu l t i ng ou tpu t s i gna l s are measured and recorded , and 

( 4 )  the recorded s i gnal s are anal yzed . 

There are a number of  way s i n  w h i c h  one can perform each of  

the  above steps . I n  thi s sec t i on , the method s used to obta i n  the 

freq uency response resul ts for the H .  B. Robi nson PWR wi l l  be 

presented . 

I .  TEST PATTERNS 

Before determ i n i ng the test patterns ,  one s hou l d  ta ke severa l  

th i ng s  i nto co ns i derati on . ( l , l 2) 

1 .  T he  tes t shou l d  ma ke maxi mum u se of  the p l a nt  hardware a nd 

i ns trumen tat i on to mi n i m i ze the cost  and trou bl e to the 

u ti l i ty company . 

2 .  La rge ampl i tudes for the i nput s i gnal s hel p to i ncrea se 

s i gnal - to no i s e ra t i o ,  bu t the ampl i tude s hou l d  be l im i ted 

so that normal sys tem opera ti on i s  not d i s trubed . 

1 7  
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3. Inc reasing the duration of  the tes t al so hel ps  to diminis h  

the effec t of noise o n  the signal s, bu t the duration of  

the  tes t  shoul d be  l imited so that po ssibl e d eparture from 

the normal control pol icies is as brief as possibl e. 

4 .  The noise  contamination in the signal s al so infl uences the 

s el ection of the test signa l s .  T his occurs because  the 

permissibl e signal amp l i tude and tes t  duration determine 

the  tota l signal energy avail abl e. Once these  are fixed, 

the on ly  way to increa se  the signal  to noise ratio at any 

frequency is  by adju s ting the al l oca tion of signal energy­

among the avail abl e frequencies .  If the noise contamination 

is  sma l l ,  the avail abl e energy can be a l l oca ted to a number 

of frequencies. If the noise is  l arge, the majority of the 

signal energy mu s t  be concentra ted in a few harmonic s. 

Ta king al l these as pec ts into consideration, tvm types of signa l s  

were used to obtain the resul ts. These were step inpu t and mu l ti­

frequency binary sequence U·1FBS) input. 

A .  Step Tes ts ( 1 )  

The s tep  tests a re u sefu l in obtaining estimates of the frequency 

response  if the ou tput settl es to a constant val ue after the s tep input. 

The u sefu l energy in a tes t is  l imited, and it is u sual l y  not po s sibl e 

to obtain very l arge signa l - to-nois e  ratio s .  However, the tests  a re 

easy to perform and are u sefu l for augmenting more accurate tests  such  

as those  u sing periodic input  signal s. 

The s tep tes ts were u sed bot h in the cas e  of reactivity pertu rba­

tion and the s team fl ow ra te pertu rbation tes ts . 



B .  t�FBS ( l '13) (r�ul t i - Frequency B i nary Sequence) 
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The ma i n  advanta ge o f  the MFBS over other per i od i c  test s i gnals 

i s  that. i ts spectru m  can be ta i lored by the u ser  to s u i t the test 

objec tives . The MFBS s i gnal can be concentrated in frequ enc ies  of  

i nterest  wi th the result that the energy was te i s  mi n imi zed .  Thi s 

a l l ows  the maxi mum s i gnal -to-no i se rati o  for a gi v en test du rat ion . 

The MFBS s i gna l  i s  generated by a random s earch opti mi zati on 

of the polari ti e s  of  the b i ts i n  the bi nary puls e  c ha i n  {each  pulse  

in  the cha i n  i s  called a b i t ) . The cri teri on func t i on to  be mi n i �i zed 

i s  the sum  of the s quared d i fference of the des i red s i gnal power and 

the actual s i gnal  power at the selected frequenc i es .  

N 2 J = E {P. - 2jC.j ) 
i = l  1 1 

where P. i s  the des i red power at the i th frequency and C. i s  the complex  1 1 

Four i e r  coeffi c i en t  o f  the b i nary s i gnal  at the i th frequency .  

A computer code i s  a va i la ble for genera ti ng  the MFBS s i gnals. 
{l3 ) 

Experi ence shows that the procedu re gi ves sequ ences whi ch  concentrate 

70 to 80 percent of the total s i gnal power i n  the selected ha rmo n i c s . 

For the MFBS s i gnal, li ke  any other peri od i c  s i g nal, the lowes t  

frequency conta i n i ng the i nformati on i s, o f  cou rse, the fundamenta l 

frequency, 2n w ::-
0 T 

where w0 i s  the fundamental  frequency i n  rad i ans/second , and T i s  the 

peri od i n  s econds .  The se l ec ted s i gnals*  w i th the i r  i mportant 

cha racteri s ti cs are gi ven below. 

*Most  o f  the s i gnal sel ec ti on work  wa s done by E .  M. Katz . 



1 .  256 b it MFBS 

B it durat ion (8t) = 3 sec 

Per iod (T ) = 768 sec 

Fundamental frequency= 8 . 1 8 1 x 1 0- 3  
rad/sec 

Humber of frequenc ies = 1 2  

20 

Selected harmon ics: 1 ,  3, 5 ,  7, 9 ,  1 3, 1 7 , 2 1 , 25 ,  29, 33 

and 37 

H ighest frequency = 0 . 3027 rad/sec 

Sampling rate = 4 samples/sec 

Number of per iods = 6 

2 .  1 28 bit MFBS 

B it duration = 1 sec 

Per iod = 1 28 sec 

Fundamental frequency = 0 . 0491 rad/sec 

Number of frequenc ies = 1 2  

Selected harmon ics: 1 ,  3, 5,  7 ,  9, 1 3, 1 7 , 2 1 , 25, 29, 33, 

and 37 

Highest frequency= 1 . 81 6 rad/sec 

Sampling rate = 1 0  samples/sec 

Number of periods = 1 7  

3. 64 b it MFBS 

B it durat ion = 20 sec 

Per iod = 1 280 sec 

Fundamental frequency = 4 . 91 x 1 0-3 
rad/sec 

Number of frequenc ies = 1 2  

Selected harmonics: 1 ,  3, 5,  7, 9, 1 1 ,  1 3, 1 5, 1 7 , 1 9, 2 1 , 

and 27 



Hi ghest  frequency= 0 . 1 32 5  rad/sec 

Number of  peri od s  = 3 

2 1  

Two hundred fi fty-s i x  b i t and  one  hundred twenty-ei ght bi t MFBS 

s i gnal s were used for the react i v i ty pe rturba t io n  te sts  and a 64 b i t  

MFBS wa s used for the steam fl ow perturbati on  te sts . 

Si nce the pu rpose of th i s report i s  to descr i be the i nterpreta­

t ion  of  the tests  rather then the test procedures , the experi menta l  

procedures wi l l  be  on ly  bri efl y outl i ned here . The MFBS s i gnal s were 

i ntroduced ma nual l y  by the operator for the reac t i v i ty perturbati on 

tes ts and fo r the �team val ve  pertu rbat i on tes ts . I n  each case , the 

des i red pattern wa s pre-recorded on a s trip c hart recorder. A paper 

s tri p was taped to the wi ndow of the recorder as s hown i n  Fi gure I I I -1 .  

The operator watched the s i g na l  o n  the chart and moved the i n put i n  the 

spec i fi ed d i rect i on when the move  i nd i cat ion  passed beneath the paper 

s tri p. Th i s me thod al l owed the operator to ant i c i pa te upcomi ng  acti on s .  

The opera tor u sed the rod con trol s t i c k  o n  the con trol panel i n  

the react i v i ty tests . He had no troubl e i n  o bta i n i ng e i ther one step  

or  two steps  as requested by varyi ng  the l ength of t i me he hel d the 

control  s t i c k  i n  the i n sert or  wi thdraw po s i tion.  The s team va l ve 

perturbat ion  test used the s team fl ow servo . The con trol pa nel 

i nc l uded a panel that had a steam fl ow demand set  po i nt adjuster . The 

operator coul d depress a button  to i ncrease or dec rease the steam fl ow 

demand . After thi s was set,  he cou l d  cau se the s team fl ow  change by 

depres s i ng another button t hat cau sed the contro l l er to seek the new 

poi n t .  The p rocedure wa s to adju s t  the set point between c hanges i n  

steam f l ow  and to depres s the "GO'' bu tton when the change was desi red . 
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The  s i g nal s for the  system responses were obta i ned at the ju nction 

box where s i gnal s entered the p l ant computer .  These were l ow pa s s  

fi l tered , ampl i fi ed ,  and fed to an  ANSCAN d i g i tal  data acqu i s i ti on 

system . The ANSCAN d i g i t i zed and recorded the si g na l s and wrote a 

d i ui ta l  tape record i ng .  

I I .  DATA ANALYS I S  METHODS 

The purpose of the dynami c te sts was to determi ne the frequency 

response of a l ar ge PWR type NSSS . The d i g i t i zed data from the ANSCAN 

tapes were analyzed to obta i n  frequency re sponse , co herence functi on , 

and s tandard dev i a t i on , on  the I BM-360/ 65 compu ter at  The Uni vers i ty of  

Tennes see . 

The freq uency response G ( jw) , at  frequency , w ,  i s  g i ven by the 

ra tio  of the Fouri er transform of  the output s i gnal  to the Fouri e r  

transform o f  the i nput s i g nal  

JT O ( t )  e- jwt d t  
G ( jw ) = �0..,._----.-�­

JT I ( t )  e- jwt d t  
. 

0 

Here we have assumed a peri od i c  i nput s i gnal  wi th per i od , T .  

From Equation  ( 1 ) , we obta i n :  

G ( jw )  = 

!6 O ( t ) coswt dt- j J� O ( t )  s i nwt dt  

!6 I ( t )  coswt dt  - j J� I ( t )  s i nwt dt  

( 1 ) 

( 2 )  

once , G ( jw)  is cal cu l ated us i ng Equat ion  C2 ) ,  ga i n  and phase may be 

obta i ned u s i ng the fol l owi ng rel a t i ons h i ps . 

GAI N= IG ( jw ) l =J [Re {G ( jw ) l]
2 + [Im {G ( jw) }]

2 
( 3 )  
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and 

PHASE = tan-l [ Im {G{jw) }/ Re {G{jw) }] ( 4 ) 

I n  the case of  experi mental res u l ts , the ga i n  and p hase  were 

obtai ned by avera g i n g  real and i magi nary val ues of the frequency 

response  over d i fferent bl ocks of  data . Each b l ock  conta i ned one 

peri od of MFBS s i gnal . 

Two computer codes , u s i ng d i fferent method s ,  were used to 

cal cu l ate the frequency response  resu l ts from the experi mental data . 

A. FOURCO ( l 4 ) 

FOURCO capi tal i zes on the s i mi l ar i ty between the Fou ri er 

transform i n tegra l  and  the convo l u t i on i n tegral  for cal cu l a t i ng 

Four i er transfo rms of  the i n pu t and the outpu t s i gnal s .  Thi s i s  

done by a d i g i tal  s i mul a t i on of  a s i ne-cos i n e  f i l ter .  The method 

i s  very eff i c i ent  and takes a bout  one-thi rd the ti me requ i red for 

the d i rect i ntegrati ons req u i red in c l ass i cal  Fou r i er ana lysis .  

The analys i s  o f  6 cycl es of  data of  256 b i t  MFBS wi th 3 sec bi t 

durat ion ( 38 , 864 i nput and output data sampl es ) requi red onl y 3 

m inutes and  48 secon ds for ca l cul ati ng  t he fre quency respon se for 

1 2  d i fferent frequ enci es on the I BM-360/ 65. 

B .  HFFT ( l 5) 

HFFT uses a s i mpl e recu rs i on rel at ionship whi c h g i ves a resu l t  

that i s  eas i l y trans formed i nto the des i red Four i er  i n tegral s .  HFFT 

ta kes a bout the same compu ti n g  t i me as FOURCO , but  much  l es s  core 

stora ge . The analys i s  of  three peri ods of the 256 MFBS with a 3 sec 
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bi t durati on ( 1 8 ,432 i nput and output data sampl es ) requ i red onl y 2 . 5  

mi nutes and 7 2 K  core for the ca l cu l a tion  of frequency response res u l ts 

for 1 2  d i fferent frequenc i es .  

S i nce the Fou ri er  transform of a s i gnal that does not  return to 

i ts i n i ti a l va l ue are not defi ned , methods u sed i n  HFFT or FOURCO need 

sl i g ht mod i fi cati ons to handl e s tep response tes ts . A smal l compu ter 

code was wri tten u s i ng the method suggested i n  Reference 1 to cal c u l a te 

the frequency response res u l ts from the step tests . The resu l ts were 

compared u s i ng another code , based on Samu l on•s method , ( l 6 ) wri tten at  

the Oak Ri dge Nati onal Labora tory ,  and were fou nd to agree. 

The coherence function  val ues d i scussed i n  Chapter IV are a 

mea sure o f  degree to wh i ch an  outpu t o f  the system i s  rel a ted to a 

sel ected i npu t .  Mathemati cal l y ,  the coherence func tion  between the 

i nput  I ( t ) and the o utput O ( t ) i s  a rea l val ued func tion  defi ned by ( l ) 

where 

(5) 

2 = coherence func ti on Yro 
�

I I  
= power-spec trum of  the  i nput  s i gnal 

�
00 

= power-spectrum of the output s i gnal 

¢Io 
= cross power s pec trum of the i nput to the output s i gna l  

The  coherence functi on i s  al ways between zero and  one. For 

the i deal case of constant parameter l i near sys tem wi th onl y one 

i nput and one output and wi th no uncorre l a ted system no i se ,  it i s  

al ways u n i ty.  I f  I ( t ) and O ( t ) are compl etel y u nrel ated , the coherence 
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funct ion  wi l l  be zero .  If  i t  i s  greate r  than  zero , but l es s  tha n  uni ty , 

o ne o r  more o f  the fo l lo wi ng s i tuati o ns exi sts. ( l , l ?) 

1. Extraneous noi se i s  p resent i n  the mea sure ments. 

2. The system rel ati n g  I ( t )  a nd O ( t )  i s  a nonl i near syste m. 

3. O ( t} i s  an  o utput due  to a n  i nput I ( t )  as wel l as other 

parame ters. 



CHAPTER I V  

EXPERIMENTAL RESULTS 

I n  th i s chapter , experi menta l  resu l ts obtai ned i n  the te sts wi l l  

be presented and d i scu s sed.  The res ul ts wi l l  be d i v i ded i nto two parts 

for d i scu s s i on and presentat i on purposes: reacti v i ty pertu rbation and 

steam fl ow perturbat ion tests.  

I .  REACTI V I TY PERTURBAT I ON TESTS 

The reacti v i ty perturbat i on tes ts were carri ed out by mov i ng 

a bank of  control rods. Two d i fferent s i gna l s were used to obta i n  

frequency response resul ts: 256 bi t, 2-step ( the control rod bank 

conta i n i ng fi ve rods was moved two s teps each t ime } MFBS wi t h  3 

second b i t durati on, and 128 b i t, 1- step ( the control rod bank was 

moved on ly  one s tep each t i me } MFBS wi th  1 second b i t durat i on .  

Duri ng both tes ts , the fol l ow i ng system var i a bl es were measured 

and recorded. 

1. Reactor power ( neutron  l evel ) 

2 .  Reactor coo l ant ( RC } core outl et temperature 

3. RC hot l eg temperature 

4. RC col d l eg temperature 

5. Steam pressu re 

6. Pressur i zer pre s sure 

7 .  Steam genera tor 1 evel 

8 .  Steam fl ow rate 
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9 . Steam generator feed wa ter f l o w  rate 

1 0 .  Contro l  rod pos i t ion  
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Resu l t� obta i ned for the �bove system vari abl es a l ong wi th the 

i n put s i gnal  are presented , i n  the t i me doma i n ,  for one peri od of data , 

i n  F i gures IV- 1  through I V- 6. I t  wa s noted that the rod pos i t i o n  

mea su red by the l i n ear vari ab l e d i fferenti a l  transformer ( LVDT ) had a 

bump i n  i t  every t ime the rods were i nserted . Furthermore , the bump 

was observed to occur after the neutron fl ux  s i gnal  had s tarted i ts 

response to a rod pos i ti on c hange . The bump i s  bel i eved to be due  to 

the i n terac t ion  between the magnet i c  f i el d from the CRDM a nd the LVDT . 

Si nce the rod s actual l y  move when the magneti c f l ux i s  genera ted a t  

the CRDM; the s i gnal  from the LVDT i s  mi s l ead i ng because i t  g i ves the 

impress i on tha t the rod s  o n l y  s tart to move after the bump . ( l 8 )  The 

ap parent rod pos i t i on s i gna l  was correc ted as fo l l ows : 

( 1 )  The rod pos i t i o n (mea sured by the LVDT ) and the neu tron 

fl ux s i g nal s were p l otted a nd the MFBS s i gnal  ( a s  spec i fi ed 

pri o r  to the tes t )  wa s superimposed o n  both rod pos i ti o n 

and fl ux  s i gna l s .  Th i s  i s  s ho wn i n  F i g ure IV-7 for the 

2- step tes t and i n  F i gure I V -8 for the 1 -s tep tes t. 

( 2) The next s tep i n  the data correcti on con s i sted of ho l d i ng 

the MFBS s i g nal  i n  a fi xed pos i ti on on  the t i me axi s and 

s h i fti ng the neutron  l eve l  s i gnal s back and fo rth ,  unt i l 

the s tarti ng po i nt of eac h tra n s i t ion  i nd i cated by the 

fl ux c hang e  agreed wi th  t he corrected MFBS tran s i t i o n  a s  

c l ose ly  a s  pos s i bl e . 



28 

3.  After th i s  s h i ft o f  the t i me ax i s ,  there were sti l l  smal l 

d i fferences between the  apparen t  trans i t i o n  ti mes observed 

i n  the neutron l evel and the MFBS s i gnal s .  To remove th i s 

d i screpancy , s l i g ht mod i f icat ions  i n  the number of poi nts 

i n  eac h  pul s e  of  the MFBS s i gnal  were made s o  that the MFBS 

s i gnal tran s i ti ons  woul d occ ur as  c l osel y as  pos s i b l e ,  at 

the same times as the s tart of the fl ux c hanges assoc i ated 

wi th  the rod movement . I n  s hort , the t·1FBS s i gnal  was 

adjusted us i ng the neutro n l evel s i gnal as a g u i de . The 

mod i fi ed MFBS wi th the fl ux and rod pos i ti on s i gnal s  are 

s hown i n  F i gures  I V-9A (2-s tep tes t )  and F i g ure IV-9B (1 -

s tep test ) . 

The appa ren t (measu red ) rod pos i t i on and the ac tual rod pos i t i on 

s i gnal were ana lyzed to obtai n a rod po s i t i on frequency re sponse 

correc tion facto r  (6 measured pos i t i on/� ac tua l  po s i t i on ) . The co rrec­

t ion  fac tors for the 2-s tep are s ho wn i n  Tabl e IV-1 and fo r the 1 - s tep 

are shown i n  Ta bl e I V-2. 

Sys tem frequency res ponses were obtai n ed u s i ng the measured rod 

po si t i on si gnal as the i nput  and were correc ted u s i ng the co rrec t i o n  

factor , at eac h  frequency. For exampl e ,  the reactor power to reacti v i ty 

frequency respons e (Fi gure I V-1 9 )  was o btai ned a s  fol l ows : 

(1 ) 6 neu tro n l evel / 6  rod pos i ti on (meas ured } was computed 

u s i ng FOURCO and HFFT compu ter cod es.  

(2) The corrected g ai n s  were o btai ned by mu l t i pl yi ng  the ga i n s  

obtai ned i n  (1 )  by the correc t i o n  fac tor ,  from Tabl e IV- 1  



29 

TABLE IV-1 

CORRECTION FACTORS  FOR 2-STEP TEST 

Harmo n i c  
Number Ga i n  Phase 

1 1 . 0552 1 o. 31 

3 1 .  2394 - 3. 54 

5 1 . 1 797 - 3. 37 

7 1 . 2 51 3 - 6 . 49 

9 1 . 1 81 0 -1 1 . 36 

1 3  1 . 1 474 -1 7 . 66 

1 7  1 . 1 883 -1 7 . 8 1 

2 1  1 . 2000 -23 .l 0 

2 5  1 . 1 488 -30. 1 4  

29  1 . 1 796 -32 . 62 

33 1 . 1 481 -36 . 01 

37 1 . 2066 -42. 04 
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TABL E I V -2 

CORRECT I ON FACTORS FOR 1 -STEP TEST 

Harmoni c  
t�umber Ga i n  Phase 

1 0 .805  17 . 4 1  

3 1 .  097 - 14 .88 

5 0 . 84 2  - 31. 26 

7 0. 994 - 50. 94 

9 0 . 942  - 6 1 . 6 1 

1 3  0. 963 - 83. 87 

1 7  0 .923 - 109 . 7 6  

21 0. 911 - 1 27 . 47 

25 0. 897 - 156. 7 8  

29 0 . 796  - 176 . 32  

33 0 . 634 - 204 . 03 

37 0 . 589 - 220 . 06 
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or I V-2 depend i ng upon whether the case was a 2-step or 

1-step tes t ,  and the correct phase was obtai ned by 

add i ng the correct ion  factor for the phas e ,  to the phase 

o bta i ned in  ( 1 ) �  from the appropri a te tabl e. 

The tes ts were run for s i x  per iods of 256 b i t, 2-step, MFBS and 

seventeen peri od s  of 128 b i t ,  1-s tep , MFBS. An error was made i n  

i lilpl ernent i ng the 2-s tep t1FBS duri ng the fou rth  peri od .  The operator 

failed to move the rods at the proper t i me .  Thi s period was omi tted 

for the data analys i s purposes . The res t  of the da ta were anal yzed 

to gi ve the frequency respons e ,  coherence functi on , and s tandard 

dev i a tion. 

FOURCO(l4 )  and HFFT ( l S ) compu ter codes were used to cal cul a te 

the frequency response resu l ts .  Both codes gave al mo st  i denti cal val ues.  

The sl ight  d i fferences are due to the d i fferent method s ,  u sed to 

calculate the Four i er  coeffi cients  i n  the codes . T hey are expla i ned 

briefl y i n  the Experimenta l  Procedures c hapter (Chapter I I I ) .  S i nce 

the a bsolute values of gain are not ava i la bl �,  the frequency response 

resul ts were normal i zed at the th i rd harmon i c .  The normal i zati on  fac tors 

are s hown in Table I V-3. 

The Bode pl ots for the reactor power ( neutron l evel ) to reac ti v i ty 

transfer functi on are shown i n  F i gu res  I V-10 . The experi mental ga i n  i s  

i n  excel l ent agreement w i th the theoreti cal  resu l ts .  The pl ots of 

the phas e have s i mi l ar s hapes, but the experimental  va l u es for the 2-s tep 

tes t  are 10° to 27° l es s  than the theoreti ca l val ues i n  the frequency 

range of 0 . 0245 rad/sec to 0 . 3 rad/sec. 
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TABLE  IV-3  

NORMAL I ZATI ON FACTORS FOR  REACTI V I TY TESTS 

Fi gure 
Number 2-SteE Tes t  1- SteE Tes t  

IV-10 80 . 0  217 . 5  

IV-11 80.0 216. 5 

IV-12A 4 . 45 22.2 

IV- 12B 4.4 5  22. 2 

IV-13 2. 37 7 .26 

IV-14 1 . 83 3 . 9  
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The pol ar pl ot  of the  reac to r  power to reacti v i ty frequency 

res ponse i s  s hown i n  Fi g ure I V- 11 .  The experimental and theoret ical 

resu l ts  are not as i ncons i s tent  as they seem to be . Here , the i mag i nary 

val ues of  the experi men tal resul ts  are smal l er and the real val u es are 

l arger than the theoret ical val u es at the corres pond i ng frequen c i es . 

Th i s i s  cons i s tent w ith  the ag reement i n  gai n (GAIN= (Re2 + Im2) 1/2) 

and the negat i ve phase  s h i ft (PHASE = tan- l  (Im/Re ) )  observed between 

the experimental and the theoreti cal resu l ts s hown i n  the Bode p l ots 

(F i gures IV- 10 ) .  

The coherence funct i on fo r the reac tor  power to reac ti v i ty 

transfer funct ion  i s  s hown i n  F i g ure IV-10 .  I t  was cal c u l ated u s i ng 

HFFT . As expec ted , the coherence funct ion i s  very cl ose to un i ty 

fo r the 2-s tep MFBS , and i t  i s  l ower (between 0 . 86 an d 0 . 96 at al l 

po i nts except one ) fo r the 1-s tep MF BS s i g nal . Here , the s i gnal -to­

noi se rat i o  i s  l ower than i n  the 2- step MFBS becau se the react i v i ty 

i n pu t  for the 2-step tes t  i s  abo u t  twi ce as l arge as i n  the 1- s tep 

test. 

Other frequency res pon s e  resu l ts and coherence func ti ons for 

some of the i mpor tant vari abl es are s hown i n  F i g ures IV-12 throug h  

IV-14.  Mos t  of  the res u l ts are i n  good agreement w ith  the  theoreti cal 

resu l ts .  

S i nce the t ime constants for the thermocoup l es used measuri ng 

temperatu res i n  the l oop  are l arge , the effec ts of thermocoupl e 

dynam ics  \.Yere taken i n to ac count i n  cal cu l at i ng co l d  l eg temperature 

to react i vi ty frequency res ponse .  The  correc ted resu l ts are s hown 

i n  F i gure IV-12B. Here , the  thermocoup l e ti me constant was taken to 
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be 3 seconds . ( l S) S i nce the harmo n i c  frequenci es are l ow (� 0 . 3025 

rad/sec ) the effects of thermocoupl e response on the experi menta l 

res ul ts i s  not very s i gn i fi cant .  

I n  t h e  case o f  the col d  l eg temperatu re ,  w e  observe a s l i ght  

di sagreemen t i n  pred ic ted and exper i mental resul ts . The break 

frequency pred i cted by the model i s  0 . 1  rad/sec , wh i l e  the experi men­

tal l y  observed break frequency i s  a bout  0. 05 rad/sec . Here , the 

break frequenci es were obtai ned by vi s ual i ns pecti on . The phase i s  

i n  good agreement wi th the experi menta l  res ul ts ,  except the phas e  

s h i ft o f  about_ 35° a t  h i gh frequenc i es.  Th i s  could b e  d u e  to transport  

l a gs not  con s i dered in  the model . ( l g) The  coherence funct ion  for the 

col d l eg temperature/reacti vi ty frequency response i s  a bove 0 .74 for 

the 2-step tes t wh i l e  i t  i s  too l ow for rel i abl e resul ts i n  the case 

of 1-s tep tes t .  Here, the i nput s i gnal i s  n o t  s trong enough  to 

overcome the effect of uncorrel ated system no i se .  

The model has been abl e to pred i ct both s team pressure a nd 

pressuri zer pres sure s i gnal s fa i rl y  accurate ly. 

F i gu res I V-15 through IV-18 conta i n  i nformat i on  on  the s tandard 

devi ati ons of neutron  l evel , RC col d l eg temperature , steam pressure , 

and pressuri zer press ure . Eac h  of f i ve peri ods of data was analyzed 

separatel y .  Resul ts from these  analyses were used to cal cul ate s tandard 

dev i a t i ons . The s tandard dev i a t i on was cal c u l ated u s i ng the fol l owi ng 

formul a ( 20)  

N 
( x i -

x)
2
/ ( N - 1)  0 = I (6) 

i =l 



where 

a = s tandard dev i at i on 

N = n umber of  data per iod s  

x. = val ue for eac h  per i od 1 

X = avera ge x1 
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The pl ots of  the  s tandard d ev i a t i ons  are s hown on a d i fferent 

scal e tha n  the  frequency response pl ots , s i nce the  frequency respons e  

res u l ts were normal i zed to a gree wi th the theoreti ca l  res u l ts at  a 

sel ected frequency. For mos t of the harmoni c s , the s tandard d ev i at i on 

for the reactor  power to rod pos i t i on transfer funct i on i s  wi th i n  10 
percent o f  the average va l ues  o f  the ga i n. The phase s hows mo re dev i -

ati ons  from the average va l ues . For the other s i gnal s ,  the s tandard 

d ev i at i on of the phase i s  around 10 percent wh i l e  the ga i n  s hows 

more dev i a ti ons .  

II. STEAM FLm� PERTURBATION TESTS 

The s team fl ow perturbati on tests were performed u s in g  the main 

s team val ve .  A 64-bi t MFBS s i gnal  wi th 20 second bi t durat ion and 

s team val ve  s tep tes ts were u s ed to obta i n  the frequency respon se  

res u l ts . The  same approach was u s ed i n  the  data ana l ys i s  as  in  the 

case  of  the reacti v i ty perturbati on tests except the f ir st  s ta ge turbi n e  

pre s s u re was u s ed a s  an  i nput  s i gnal . Si nce the fi rst  s ta ge turbi ne  

press u re i s  proport ional  to  the  s team fl ow rate and a l s o  to  the p l ant  

l oad , th i s wi l l  enabl e u s  to  study both the  s team generator dyna mi cs  

a nd the  l oad fol l owi ng capabi l i ty of  the  P I�R s team supp ly  system. 

The mai n  purpose of. the s team val ve  s tep  tes t  was to obta i n  

resu l ts  tha t emphas i ze the s team genera tor c haracter i s t i c s .  P l o ts o f  

t h e  s tep  tests are s hown i n  F i gu re s  IV-19, IV-20, a n d  IV-21. Mos t  
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of the resul ts except the s team pressure ,  steam fl ow rate , and the 

co l d  l eg temperature conta i n  too much  noi se to be of val ue .  

A ti me del ay of abou t 9 to  14  sec was observed between the 

open i ng of the steam throttl e va l ve and the response of RC col d  l eg 

temperature s i gnal . The t ime del ay i s  much l onger than the transport 

ti me wh i ch i s  about  2 to 3 seconds . The pressuri zer pres sure i s  shown 

i n  F i g ure IV-21 . The pres sure changes because of vol ume changes of 

the pri mary water in the steam generator that accompany water temper-

ature changes . Because the pres sure sensors are fas t ,  there i s  no 

concern wi th sensor dynami cs i n  the case of the pressure s i gnal . The 

pressure s i gna l i s  noi sy ,  but these resul ts suggest a ti me del ay i n  

the response , g i v i ng added confi dence i n  the del ay i nd i cated by the 

col d l eg temperature response . 

A s i mi l ar ti me del ay i n  the col d  l eg temperature was observed 

by G. Frei , et a l . ( 2 l ) i n  measurements on the Stade PWR i n  Germany . 

The s i mpl i f i ed steam generator model used i n  the ana lys i s or none of 

the other s team generator dynami c model s known expl a i n  the s l u gg i s h-

ness of the pri mary s i de cool ant temperature .  The steam generator 

model u sed i n  Reference 21  s i mu l ates the del ay u s i ng an  emperi cal 

pure t ime del ay . 

The del ay phenomenon req u i res further study ,  but severa l  poss i bl e  

factors i n  the process are :  

1 .  Reactor cool ant  transport t ime whi ch  i s  about 2 to 3 seconds . 

2 .  The tube and p i pi ng meta l s and the secondary water i n  the 

s team generator has fa i rl y  l a rge thermal capac i ty wh i c h  a l so 

contri butes to the del ay .  
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3 .  Pres sure changes accompany the l oad changes , caus i ng shri nk  

or swel l .  For examp l e ,  when the throttl e val ve i s  opened , 

the steam press ure decreases cau s i ng su bmerged bubbl es to 

expand . Thi s causes the boundary between the subcoo l ed 

l i q u i d  sect ion  and bo i l i ng sect ion  to ri se temporari l y  

before the i ncreased boi l i ng rate causes the l evel to drop . 

Thi s temporary ri se causes a larger fracti on of the heat  

transfer to be  metal -to- l i qu i d  rather than nucl eate bo i l i ng. 

Thi s may reduce the overal l meta l -to-secondary heat transfer 

coeffi ci ent unti l the swel l trans i ent  i s  compl eted . Thi s 

effect ha s an oppos i te i nfl uence on heat  transfer than the 

i ncreased temperature d i fference that accompani es a pressure 

decrease .  Thi s  compensat i on mi g h t  resul t i n  a reduced effect 

on the pri mary fl u i d  temperature unti l the l evel starts to 

dro p .  ( l 8 )  

Resu l ts obta i ned from the 64 b i t  steam va l ve  MFBS are s hown i n  

Fi gures IV-22 through I V-24.  The frequency response resul ts a nd the 

coherence functions  for some of the i mportant  system vari a bl es are s hown 

i n  Fi gures IV-25 through I V-28 . T he frequency response resul ts were 

normal i zed at a frequency of 0 . 0147 rad/sec. 

Most of the resu l ts are i n  g ood agreement wi th theoreti cal  

res ul ts . RC col d  l eg temperature s hows con s i derabl e s l ugg i shness 

whi ch can be observed both i n  the t i me doma i n  ( F i gure I V-23 ) and i n  

the frequency doma i n ( F i gu re I V-26 )  confi rmi ng  our  observat ion i n  the 

steam val ve step tests . F i g ure I V-26 a l so  s hows con s i dera bl e  phase  

s h i ft ,  about  60° at  0 . 0147 rad/sec to  about goo at 0 . 13 rad/sec. 
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Here , the pressuri zer model fai l s  to pred i ct t he resul ts at l ow 

freq uenci es ,  bel ow 0 . 02 rad /sec. The gai n fo r the experi mental resu l ts  

seems to  be  droppi n g  wh i l e  the model pred i cts  i t  to  be  con s tant. A 

pos s i bl e reason fo r such behav ior  coul d be the au tomat i c  control sys tem 

whi c h  i s  not i nc l uded i n  the model . The automati c  control sys tem p l ays 

an i mportant rol e  i n  contro l l i n g  the pressure at l ow f requenc i es .  Al so , 

exami nat i on o f  the t ime res ponse p l ots  (Fi gures I V -21 and IV-23 ) shows 

that the pressuri zer pres sure i n i t i al l y moves i n  the s ame d i rec t i on 

as the turbi ne fi rs t  s tage pressure , but afte r reac ti ng  i ts maxi mum 

val ue ,  i t  starts movi ng i n  the other d i recti on , even when the turbi ne  

pressure is  s ti l l  unc han ged. 

The pl ots of the standard dev i at ions  o f  the re sul ts for th ree 

per iods  of data are i nc l uded i n  F i gures IV-29  through IV-32 . The 

dev i at i ons i n  the gai n are w i t h i n 13 percen t  of the ave rage val ues 

except for the reactor powe r and col d  l eg temperatu re. 



CHAPTER V 

CONCLUSI ONS 

The purpose of thi s work was to analyze and i nterpret experi menta l 

measurements of the frequency response of a l arge PWR type steam suppl y 

system us i ng b i nary s i gnal s.  The experi menta l  frequency response and 

theoreti cal resul ts ( pred i cted wi th a prel i mi nary s i mpl e model ) are i n  

fai r  agreement  for mos t  cases . 

The coherence funct i ons  for the 1-step MFBS were very l ow except 

i n  the case of the neutron l evel s i gna l . Thi s i s  due to sma l l reacti v i ty 

i nput. The i nput s i gnal s wi th  l arger perturbati ons i nc rease the s i gnal ­

to-no i se rati o and i nc rease  the confi dence i n  the experi mental  resu l ts .  

The 2-step tes t  and the s team val ve tests gave good resu l ts except the 

prob l em of obta i n i ng absol ute val ues of the ga i n . The ga i n  was norma­

l i zed to agree wi th the theoreti cal predi ct i on s  at a sel ected frequency. 

Duri ng the s team fl ow perturba ti on tests , a cons i derabl e t ime 

del ay was observed between openi ng ( a nd cl o s � ng) of the s team val ve 

and the response of the RC col d l eg temperature. Further s tudy shou l d 

be made of thi s to determi ne the cause. A further effort al so needs 

to be made to study the l ow frequency pres suri zer pressure resu l ts a nd 

the phase  s hi fts i n  some of the s i gna l s. 

Dynami c test i ng provi des i nformat ion on  the adequacy of the 

model and i n  eval uati ng the performance of the nucl ear systems. T he 

experi ence ga i ned i n  thi s work sugges ts that the b i nary s i gnal s s houl d 
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p l ay an importan t  ro 1e i n  performi ng the dynami c tests on  the 

commerci a1 power reactors . 

4 0  
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APPEND ICES 



APPENDI X  A 

REACTOR MODEL 

The d i fferent ia l  equat i ons u sed i n  the reacto r  model are : 

Reactor  power ; 1, 

where , 

J ' 
6 a P 1 a . P  

��r 
r >. • 8 c .  + f 0 6T +', 0 o e 

i = l 1 1 A f A c l  

a P a P P c o e + p 0 0 + 2A 8 . c2 A 
o PP + � opext 

P = reactor power,  r�wt 

sT = tota l d el ayed neutron fract i on 

A = prompt neutron genera t ion  t i me ,  sec 

-1 >, . = de  1 ayed neu tron decay constant  for i th group , s ec 1 

C .  = i th g roup del ayed neutron precursor concentra t i on 
1 

af = Doppl er coeffi c i ent ,  { o p/°F ) 

P0 = s teady s ta te reactor power, Mwt 

Tf = fuel temperature , °F 

{A-1 )  

ac = moderator  temperature coeffi c i ent  o f  reacti v i ty ,  ( op/°F )  

ec = reac tor  cool ant  temperature , °F  

ap = moderato r  pressure coeffi c i ent ,  ( o p/ps i ) 

P = pres suri zer pressure , ps i a  
p 

6pext 
= external  reacti v i ty ,  due to control rod movement 

45 



Del ayed neutron precursors , 

doC . s .  1 1 
dt = !\ oP 

>- ; 
oCi i = l , 2 ,  • • •  , 6  

where s .  = del ayed neutron fracti on  for the i t h group 1 

Average fuel temperatu re , 

where 

Pf = fract i on of  power genera ted i n  the fuel  

t1 = ma s s  o f  fuel , 1 bm 

C
P 

= spec i f i c  heat ,  mw - sec / l bm°F 

4 6  

(A-2 ) 

( A-3 )  

h = overal l hea t transfe r  coeffi c i ent from fuel to cool ant , 

mw/ft2 °F  

A = hea t transfer area i n  the  core , ft2 

Reactor cool ant temperatures : 

Lower pl enum coo l ant  temperature , 

e = L p .  

w = 

M = L p . 

8 = 
C . L  

d o e L p. 
d t  = w 

M L p . 

reac tor coo l ant  tempera ture i n  the l ower 

reac to r  coo l ant  mas s  f l ow rate , l b/ sec 

ma s s  of coo l ant  i n  the l ower pl enum , l b  

reactor coo l a nt col d  l eg temperature , O F 

( A-4 ) 

pl enum, °F 
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Average coo l a nt temperature i n  the  core , {The sc hema ti c drawi ng of  heat 

tra nsfer from fuel  to cool ant i s  shown in F i gure I I -7 . ) 

P = fracti on of power genera ted i n  the coo l ant  
c 

M = mass  of coo l ant i n  the core , l b .  

Core outl et  coo l ant temperature , 

Upper pl enum cool ant tempera ture , 

d o e  
u . p .  

= 

W 

dt  M 
u . p .  

w 60c2 -
M u . p .  

6 8  
u . p .  

o = reactor coo l ant tempera tu re i n  the upper p l enum , °F  
u . p . 

M = ma ss  of cool ant i n  the upper pl enum, l b  
u . p .  

( A-5 ) 

(A- 6 ) 

(A-7 ) 

The reactor i s  coup l ed to the steam generator u s i ng the fo l l owi ng 

equa ti o n ,  

( A-8 ) 
T 

h . L .  



e = cool ant hot l eg temperature, ° F  
h . L .  

1 = coo l an t  res i dence t ime i n  the hot l eg, sec h . L .  

48 

The responses of the reactor for the s tep i nput  i n  reacti v i ty ,  

and reactor cool ant i n l et tempera ture are shown i n  F i gures A-1 and 

A-2 .  



APP ENDI X  B 

STEAM GENERATOR MODEL 

The equations  u sed i n  the steam generator model are : 

Pri mary s i de cool ant  temperature , 

doT W h A . W 
___£_ = � oe - pm pm ( oT - oT ) - � oT ( B-1 ) d t  Mp i . p. Mp Cp p m Mp p 

T = pri mary s i de cool ant  temperature ,  °F p 

W = pri mary cool an t fl ow rate , l b/sec p 

M
P 

= mas s  of the pri mary coo l ant i n  the s team generator ,  l b  

h = pri mary s i de to U -tu be metal heat transfer  coeffic i ent , pm 

A = 
pm 

Btu/s ec-ft2 °F 
primary s i de to U-tube metal heat transfer area , ft2 

T = U-tube metal temperature , °F  
m 

e . = reactor cool ant temperature i n  the i nl et pl enum,  °F  1 .  p .  
U-tube metal tempera ture , 

d 6T h A h A 3 T m _ pm pm ( OT _ OT ) _ ms ms * [aT _ ( sat ) oP ] ( B-2 ) crt - Mm 
C

pm p m Mm 
C

pm m 3 P s s 

M = mass  of U-tu be metal , l b  m 

h = metal to secondary s i de  heat . transfer coeffi c i ent ,  ms 

Btu/sec-ft2 ° F  
A
ms = metal to secondary s i de  hea t transfer area , ft

2 

. 3 T 
( 

· sat) = sl ope of satu rati on temperature to saturation  pressure 3 P s 
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P = s a tu rati on o r  s team pre s sure , ps i a  
s 

Der i v a t i o n  o f  s team pre s s ure equa t i on , ma s s  bal a nce : 

Ha ter : 

50 

( B-3 } 

Mw = ma s s  o f  the secondary s i de wa ter i n  the s team g enera tor , l b  

W .  = seco nda ry s i d e  wa ter fl ow ra te , l b/ sec 
1 

Ws = s t eam g enerati on  rate , l b/ s ec 

Steam : 

d o�1s 
-- = o W  - oW 

dt  s s , o 

M
s 

= ma s s  o f  steam i n  the steam g enera to r ,  l b  

W = s team f l ow rate to the t u r b i ne , l b/ s ec 
s , o 

As sumi ng , 

where , 

P
T 

= tu rb i n e  1 s t s tage pre s s ure ,  ps i a  

£ = o ri fi ce coeffi c i en t ,  l bm/ ( s ec ps i 1 1 2
} 

L i n ea r i z i ng 

where 

( B-4 } 

( B- 5 )  
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subst i tut i ng  ( B- 5 )  i nto ( B-4 )  

( B- 6 )  

Energy ba l ance : 

Assum ing  both secondary s id e  water and steam a re at  saturation  

temperature correspondi ng to the  s team pressure ,  

d
d
oE  = h A ( 6T - OT t ) + W .  C t ms ms m sa  1 p 

* ( oT .  - aT ) - h oW 1 s a t  s s , o  

E = secondary s i d e  hea t conten t ,  Btu 

Ti = s econda ry s i de water i n l et temperature , ° F  

hs = s pec i f i c  entha l py 

Equati on of state ( gas l aw )  

V = s team vol ume , ft3 
s 

R = gas  constant for s team , ( l bf - ft ) * z 
1 bm - ° F  

z = compress i bi l i ty facto r ,  ( PV/RT )  

Vol ume bal ance :  

o V  + o V  = o w s 

Vw = vol ume of secondary water , ft3 

From B-8 and B-9 

( B- 7 ) 

( B-8 ) 

( B-9 ) 

( B-1 0 )  



where 

· and 

Pw = d ens i ty of water , 1 b/ft3 

From B-1 0 

d 6 P  d 6M d 6M s _ 
A s + B w d"t - dt dt 

substi tut i ng for 6 Ps ( from B- 1 0  i nto B-6 )  

From 8-3 and B-1 2 

From B-1 1 and B- 1 3  

Ta k i ng 

E = C M T + u M and 
p w s s s 

di fferent iati ng 

d 6E _ aTs d 6 Ps d6Mw d 6Ms dt - Cp 
11

w , o  ( a P  s
) <ft + Cp \ dt + us <ft . 

5 2  

( B-1 1 ) 

( B- 1 2 )  

( B-1 3)  

( B- 1 4 )  

( B-1 5 )  



From B-15 and B-7 

dT d o P  d aM daM doE = C M ( s ) s c w s at p w ,o  d P  s Cit + p T s Cit + us Cit 

S i mpl i fyi ng B-16 

aT  h doP  h B 
{ C t1 (-

s ) + 2.} __ 
s + { C T - A

s 
} p w , o  d P  A dt  p s s 

d6�1 
* __ 

w 
= h A CiT - { ( h A + W .  C ) dt  ms ms m ms ms 1 p 

aT 
* (-p

s ) + h E ... } oP + w .  c or  . .  a s s s 1 p 1 

From Equations  B-14 and B-17 , we can o bta i n  a s impl e fi rst ord er 

equati on for the s team pres sure 

C M ( aT / a P ) + h A p w s s s { C T - h B/A p s s 

l d oPS 
A - B} Cit 

( h A + W C ) * ( aT / aP  ) + h c ... 
c ... 

= { ms ms 
C Y - h �/A 

s s 
(1 - B/A} } 

p s s 
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( B-1 6 )  

( B-17 ) 



h A ms ms * oPs + {C T - h B/A) p s s 

w . c 
1 p 

+ (C T - h B/A) p s s 

£ - ( 1 - 8/A) oPT . 

6T m 

Temperatures i n  the i n l et and outl et  pl enums of the steam 

generator  are model ed u s i ng the fol l owi ng d i fferentia l  equations . 

I n l et  p l enum : 

d oe . l . p. 
d t  

w 
= p 

r� . 1 .  p .  

w 
- p 6 8 h .  L .  f·L 1 .  p .  

6 8 . l . p .  

54 

( B-1 8 ) 

{ B- 1 9 ) 

8 .  1 • p .  = reactor cool ant temperatu re i n  the i n l et pl enum , ° F  

M .  = mass  of pri mary water i n  the i nl et p l enum, l bm 1 .  p .  

Outl et p l enum : 

d6 0 o . p . 
dt 

w 
= p 

M o . p . 
6T - """WP"--- 6 8  . p t1 o . p . o . p . 

( B-20 ) 

e = reactor cool ant  temperature i n  the outl et  pl enum , ° F  o . p .  
t� = mass of pri mary water i n  the outl e t  pl enum , l bm .  o . p .  

The response  of i so l ated s team generator for the step i nput i n  

the pri mary s i de temperature and 1 s t s tage turb i ne pres sure are s hown 

in F i g ures B-1 and B-2 . 

The s team generator i s  coupl ed to the reactor u s i ng the fol l owi ng 

equati o n .  

1 
- - --

TC . L 
( B-21 ) 



a = reactor cool ant  col d l eg temperatu re ,  °F c . t .  

T = cool ant  res i dence time i n  the col d l eg ,  sec c . t .  
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APPEND I X  C 

PRESSURIZER MODEL 

The pres suri zer press ure equat ion i s  deri ved from the ma s s ,  energy , 

and vol ume bal ance on the water and steam i n  the pres suri zer . The 

deri vation i s  shown bel ow. 

The fol l owi ng as sumpti ons were mad e i n  deri v i ng the pressuri zer 

pres sure equati on : 

1 .  Both water and steam i n  the pressuri zer are a l ways at  the 

saturati o n  temperatu re correspond i ng to the reac tor cool ant 

pressure . 

2 .  No heat l osses  throug h the pres suri zer wa l l  and pi p i ng s .  

3 .  The au tomat i c  contro l  sys tem i nc l ud i ng the rel i ef val ve 

and the safety val ves are omi tted to si mpl i fy the mod el . 

A sc hemati c of the pressuri zer i s  shown i n  Fi gure C- 1 . 

t1a s s  ba 1 ance : 

��ater : 

d ot�w _ 
-dt - oW . + oW - oH w , 1 sp s 

Mw 
= ma ss  of water i n  the pre s suri zer,  l b  

w = ma ss  fl ow rate to  or from the primary 1 oop , 1 b/ sec w, i 

�·J sp 
= spray fl ow rate , l b/ sec 

ws 
= steam generation  rate , or  cond ensation  rate , l b/ sec 

Steam : 

56 

(C - 1 ) 

(C-2) 



v 

Energy ba l a nce :  

dE  

d
w = q + W . h . + W h - Wshs + PV

w t w , 1  w , 1  sp  sp 

q = heat i npu t from the 

h = en thal py ,  btu/ 1 b 

p = pressure , p s i  a 

= vol ume of water , ft3 
w 

Vol ume bal ance : 

3 V = steam vol ume , ft s 

el ectr i c  heaters , btu/sec 

PV 
s 

57 

( C-3)  

( C-4 ) 

( C- 5 )  

Substi tuti ng the fol l owi ng equal i t i es i n  Equat i on C-3 and l i neari z i ng 

E = H - PV = U = Mu 

o u  = (a uj a P) o P  

c v  = ( a v  / a P  ) o P  w w w w 

= h - h s w 

o T  = ( aT  / a P  ) oP  w w w w 

3 v = spec i fi c  vo l ume of  water , ft / l b w 

hfg = heat of  vapori zati on , btu/ l b  

T = water temperatu re , °F . w 



Assumi ng 

T = s teaM temperature , ° F  s 
Ps = steam pressure , p s i a  

58 

Psat  = saturation  pressure correspondi ng  to the saturation tempera ture 

au av  doP  
{ Mw & o ( ap

w) + �, o P ( a P
w ) } Tt = oq 

, P w ,  p , o 
P 

+ ( h  . - h + P v ) oW . + ( h - h w , 1  w p w o w , 1  s p  w 

+ W C oT . + W C oT + [W { -C w , o  p w , 1  s p , o  p s p  w, o p 

* ( aTJ aP  ) + P ( a v l a P  ) + v 0} 
p p , o  � p w ,  

a v  
+ W o { -Cp ( aT / a P

P ) + pp o ( a P
w ) + vw ,o  s p ,  w , 
P 

Equation of  state (gas  l aw}  

Ps Vs = R Ms Ts 

R = Gas constant for the s team, l bf - ft/ l bm - ° F. 

( C-6 ) 

( C-7 ) 



From ( C-5 }  and (C-7 }  

where , 

From ( C-8) 

B = P 0/p  (V 0 - R M ( aT / a P  ) ) . s ,  w s '  s , o  s s 

d a P  d aM d aM s _ A s + B w dt - dt -at · 

From ( C-9 }  a nd ( C-2 )  

1 d a P  d aM 
oWs = - ___E_ - B/ A __ 

w 
A dt  dt  

substi tuti ng ( C-1 0 )  i n  ( C-1 ) 

or 

daM 1 d a P  
dt

w ( 1  - B/A ) + A T = oww , i + oWsp  

dot� ( oW . + oW ) 1 d oP  W _ W , l  SQ ( ) ___II. dt - (1  - B/A) - (A-B) dt • 

From ( C-7 ) , ( C- 1 0 ) , and ( C-1 1 ) 

au av ( hf + Pv ) 
{M (__!!_.) + M p (___!_) + g w o 

w ,o  aP
P 

w,o p ,o  a PP A 
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( C-8 ) 

( C- 9 )  

( C - 1  0 )  

( C-1 1 ) 



( hf + Pv ) 8 d oP  
+ g w ,o } ---1::!. = A(A-8)  dt 

av 
[ W  { -C ( aT l a P  ) + P (

� p
w) + v } 

w , o  p � p p �o o 
p 

w � o 

+ w s p , o  { -C ( aT / a PP ) 
p w 

- ws , o { P  
p , o  

+ o q  + { h  . -
w ,  1 

a v  ( aPW) 
p 

h w , o  

a v  
+ p p , o  

(
ClPW) 

p 

+ v } J 
w , o oP 

+ p v 
p ,o w , o  

p 

+ v } 
w , o  

+ 

B ( hf 
+ P v ) 

- h + p v + g p w 0 } 
w ,o p , o  w , o  A - 8 

* oW  + c w oT . + c w aT . s p  p w ,o w , 1 p s p , o  sp  

60 

( C-1 2 )  

oWw i n  Equati on ( C-1 2 )  represents i nsurg e  i nto the pres suri zer 

or outsurge from the pres sure d epend i ng upon the i ncrease or  d ecrea s e  

i n  the primary s i de coo l ant temperature , a n d  i t  i s  equ a l  to 

oW = w 

N 
L 

i = l  
v . a .  1 1 

o e  . 
c '  1 

d t  ( C-1 3)  
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The i ndex i repres ents the l ocati on of reactor cool ant nodes 

at var ious  po i nts i n  the l oop and 

s .  = s l ope of coo l ant dens i ty v s .  coo l ant temperature cu rve , 1 

l bm/ft3 , ° F  

V .  = steady state coo l ant vol ume correspond i n g  to the i th node . 1 

The response of  the pressuri zer for the step c ha nges i n  the 

surge ra te , oWw ' spray ra te , oWsp ' and heat i npu t rate , oq , are s hown 

i n  F i g ures C-2 through C-4 . 



APPEND I X  D 

OVE RALL SYSTE�1 MODEL 

The overa l l sys tem cons i sti ng of equati o n s  from the reac to r ,  

steam generato r ,  and pressur i zer model s can be represen ted , u s i ng 

the state var i abl e approac h ,  ( 2 2 ) a s  fol l ows : 

where 
r 

' oP 

oC 1 

oC  2 

I
. l1 C3 oc4 
l o cs 
I ! o C6 
I. 

x = J orf 

; OFJ C l  
I . n o  C2 
I 
i 6 H  I , l u .  p .l 1 o G . , I l . P 
I l OT I p 

6T  m 

oP s 

d X = A x + f d t  

( conti n ued on next  pag e }  
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aeo . p . / 
o eL . P . 
o eh . L . 
oec . L . 
aP p 

A = constant coeff i c i ent matr i x  

t = forc i ng vector 

63 

Nonzero el ements o f  the coeffi c i ent matri x are g i ven i n  Tabl e 

D-1. The nonzero el ements of  the forci ng vector mu st  a l so be spec i fi ed 

for eac h  type of  perturbati o n . The forc i ng vector i s  1 . 47 5  x 10-4 op 

i n  row 1 for a reacti v i ty perturbati on ,  -0. 17024 o PT i n  row 15 for a 

turbi ne pressure change , -0. 03076 oWF\J for a feedwater fl ow change , and 

0 . 05327 o O FW for a feedwater temperature perturbat i o n .  The system can 

-3 . 
al so  be perturbed by -7 . 989 x 10 oWSP 

1 n  row 20 for spray fl ow rate 

change and 2 . 1726 x 10-4 oq for el ectri c  heat i nput c hange i n  the 

pressuri zer.  

The response of the overal l system con s i s t i ng of  a reactor ,  a 

steam generator ,  and a pressuri zer u s i n g  the a bove A-matri x i s  shown 

i n  F i gures D-1 through D-6 ( pp . 118 - 123 ) . 
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TABLE D-1  

NONZERO ELEMENTS OF  K MATR I X  

Row Col umn Obta i ned From 
Number Number E l ements Equat i on 

1 1 -400 . 000 A-1 

1 2 0 . 01 25 A-1  

1 3 0 . 0305 · A- 1 

1 4 0 . 1 1 1 00 A- 1 

1 5 0 . 301 00 A-1  

1 6 1 . 1 40 A-1  

1 7 3 . 01 0  A-1  

1 8 - 1 781 . 000 A-1  

1 9 - 1 3700 . 000 A-1  

1 1 0  - 1 3700 . 000 A-1  

1 20 41 1 . 00 A-1  

2 1 1 3 . 1 250 A-2 

2 2 -0 . 01 25 A-2 

3 1 87 . 500 A-2 

3 3 -0 . 0305 A-2 

4 1 78 . 1 25 A-2 

4 4 -0 . 1 1 1 00 A-2 

5 1 1 58 . 1 2 5 A-2 

5 5 -3 . 01 0  A-2 

6 1 4 6 . 250  A-2  

6 6 - 1  • 1 40 A-2 
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TABLE  D-1  ( conti nued ) 

Row Col umn Obta i ned From 
Number Number E l ements Equat ion 

7 1 16 . 8750 A-2 

7 7 -3 . 010 A-2 

8 1 0 . 0756  A-3 

8 8 -0.16466 A-3 

8 () '?  0 . 16466 A-3 

9 1 0 . 00039 A-5 

9 8 0 . 057 07 A-5 

9 9 -2. 44 03 A-5 

9 17 2 .3832 A-5 

10 1 0 . 00039 A-6 

10 8 0.05707 A-6 

10 9 2 . 3262 A-6 

10 10 - 2 . 3832 A-6 

11 10 0 . 33645 A-7 

11 11 -0 . 33645 A-7 

12 12 -1. 4500 B-19 

12 18 1 . 4 500 B-19 

13 12 0 . 2238 B-1  

13 13 -0 . 7 6642 8-1 

13 14 o. 53019 8-1  

14 13 3.07017 8-2 

14 14 - 5 . 3657 B-2  

14 15 0 . 332720 B-2  
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TABLE  D- 1  ( conti nued )  

Row Col umn Obtai ned From 
Number Number E l ements Eguati on 

1 5  1 4  1 . 3500 B - 1 8  

1 5  1 5  - 0 . 4480 B- 1 8 

1 6  1 3  1 . 4500 B-20 

1 6  1 6  - 1 . 4500 B-20 

1 7  1 7  -0 . 5 1 60 A-4 

1 7  1 9  0 . 51 60 A-4 

1 8  1 1  2 . 500 A-8 

1 8  1 8  - 2 . 500 A-8 

1 9  1 6  1 . 4800 B-21  

1 9  1 9  - 1 . 4800 B-2 1  

20  8 0 . 0207 07 C- 1 2 and C-1 3 

20  9 -0 . 020707 C-1 2 and C- 1 3  

20  1 0  0 . 01 057 C- 1 2 and C- 1 3 

20 1 1  0 . 245 1 6 C- 1 2 and C-1 3 

20 1 2  -0 . 1 3296 C-1 2 a nd C-1 3 

2 0  1 3  -0 . 51 964 C- 1 2  and C- 1 2 

20  1 4  0 . 64821 C- 1 2 and C- 1 3  

20 1 6  -0 . 1 1 8330 C-1 2 and C- 1 3  

20 1 7  +0 . 1 2321  C- 1 2 a nd C- 1 3 

20  1 8  -0 . 28554 C - 1 2 and C- 1 3 

20 1 9  0 . 02401 C- 1 2 and C-1 3 

20 20 - 1 . 91 30 * 1 0- 6  C-12 
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