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ORCULT-I: A Loop Dynamics Simulator Program 
f o r  t h e  Core Flow T e s t  Loop 

S. J .  B a l l  
Oak Ridge Nat ional  Laboratory 
Oak Ridge, Tennessee 37830 

HIGHLIGHTS 

A d i g i t a l  s imulat ion program, ORCULT-I, w a s  developed t o  p red ic t  both 

t h e  s teady-state  and t r a n s i e n t  behavior of t h e  co re  flow test loop (CFTL). 

ORCULT has  been used t o  answer design quest ions concerning loop config- 

u ra t ions ,  operat ing modes, bundle tests, and pos tu la ted  loop-accident 

condi t ions.  The CFTL i s  a thermal-hydraulic and s t r u c t u r a l  test veh ic l e  

f o r  performance eva lua t ions  of Gas-Cooled Fast-Breeder Reactor (GCFR) 

fuel-rod bundle designs.  

Rod bundle behavior i s  approximated i n  ORCULT by a model of a s i n g l e  

average rod and flow channel. 

d iv id ing  the  rod i n t o  s i x  axial  sec t ions .  

t i o n s  wi th in  t h e  rod may be ca l cu la t ed  as a n  opt ion,  bu t  r a d i a l  flow and 

temperature v a r i a t i o n s  wi th in  the  bundle are no t  accounted f o r .  

s t r u c t u r e  models represent  t h e  loop hea t  exchangers and piping,  and t h e  

performance maps f o r  t h e  helium c i r c u l a t o r s  are included. 

helium inventory i s  changed, such as when a simulated depressur iza t ion  

acc ident  is  s tudied ,  m a s s  and i n t e r n a l  energy balance equat ions are used 

i n  a two-node approximation. 

S p a t i a l  v a r i a t i o n s  are accounted f o r  by 

Radial  temperature d i s t r i b u -  

Fine- 

When t h e  loop 

The loop c o n t r o l  systems are a l s o  simulated.  

The s t a t u s ,  c a p a b i l i t i e s ,  and l i m i t a t i o n s  of ORCULT are descr ibed,  

and several sample t r a n s i e n t s  are shown which demonstrate c h a r a c t e r i s t i c s  

of CFTL behavior. The appendix of t he  r e p o r t  includes de r iva t ions  of t h e  

model equat ions used i n  ORCULT. Cer ta in  s imulat ion techniques descr ibed 

may be genera l ly  use fu l .  

l a t i o n  language. 

loop con t ro l  and s a f e t y  systems and i n  loop test  planning and evaluat ions.  

The code i s  w r i t t e n  i n  CSMP-111, an IBM simu- 

The ORCULT code w i l l  assist i n  f ine- tuning t h e  proposed 

November 1979 
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1. INTRODUCTION 

The purpose of t h i s  r epor t  is  t o  descr ibe  t h e  s t a t u s ,  c a p a b i l i t i e s ,  

and l i m i t a t i o n s  of t h e  ORCULT (Oak - -  Ridge - CFTL - Underrated - Loop - Transient)  

code. Also, t h i s  r e p o r t  descr ibes  var ious  s imulat ion techniques which 

may be genera l ly  u s e f u l  and some sample t r a n s i e n t s  which demonstrate 

c e r t a i n  c h a r a c t e r i s t i c s  of t h e  CFTL dynamic behavior. 

The ORCULT code u t i l i z e s  t h e  IBM s imulat ion language CSMP-I11 , which 

enables  e f f i c i e n t  conversion from t h e  nonl inear  d i f f e r e n t i a l  equations 

t h a t  descr ibe  the  system t o  an operat ing program. 

ORCULT appears i n  several vers ions ,  each designed t o  m e e t  a par t icu-  

lar p ro jec t  need. Because of t h e  s t r u c t u r e  of t he  CSMP language, i t  is  

usua l ly  more e f f i c i e n t  t o  generate  a new vers ion  of t h e  program t h a t  is  

designed f o r  a s p e c i f i c  t a s k  than it  is  t o  t r y  t o  modify a s i n g l e  pro- 

gram's input  da ta .  Hence, t h e r e  are d i f f e r e n t  ORCULT programs f o r  

studying design b a s i s  depressur iza t ion  acc idents  (DBDAs), blower coast-  

downs, loop con t ro l  problems, and s teady s ta te  operat ion and c o n t r o l  

problems. 

The author thanks W .  A. Hartman, M. Hatta (IHI-Japan), and 

A. D.  McNutt f o r  t h e i r  a s s i s t a n c e  and advice on many of t he  model devel- 

opment problems . 

2. DESCRIPTION OF LOOP AND COMPONENT SIMULATIONS 

2.1 Loop Descr ipt ion 

The CFTL is a thermal-hydraulic and s t r u c t u r a l  test veh ic l e  f o r  

eva lua t ing  the  performance of Gas-Cooled Fas t  Breeder Reactor (GCFR) 

co re  designs.  A f low diagram is  shown i n  Fig.  1. H e l i u m  gas a t  

pressures  up t o  9 MPa (1300 p s i )  and a t  mass flows up t o  3.18 kg/s  

( 7  l b  / s )  i s  dr iven by t h r e e  hermetic c i r c u l a t o r s  connected i n  series 

t o  maximize t h e  head. The gas  passes  through a test sec t ion  containing 

up t o  91 e l e c t r i c a l l y  heated f u e l  rod s imula tors  (FRSs). 

value  of the  test. s e c t i o n  i n l e t  temperature i s  35OOC (662'F) , and a t  a 

r a t e d  power of 28 kW/rod, t h e  rod bundle o u t l e t  temperature i s  %566OC 

m 

The nominal 
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. 

(1051'F) before  a t temperat ion.  The loop accommodates s teady-s ta te  bundle 

powers of up t o  45 kW/rod a t  2.8 kg/s  (6.14 lbm/s)  and s imulates  postulated 

GCFR acc ident  condi t ions  f o r  powers of up t o  38 kW/rod. 

bundle is  upflow t o  correspond t o  a r ecen t  change i n  GCFR core  design. 

Mixing of t he  bundle o u t l e t  and at temperator  flows occurs i n  t h e  upper 

( o u t l e t )  plenum of t h e  test sec t ion  and i n  a s h o r t ,  heavy-duty sec t ion  of 

Flow i n  t h e  test 

downstream piping equipped with a mixer. 

of a 4-MW a i r - b l a s t  hea t  exchanger (HX-l), a f i l t e r ,  and then t h e  circu-  

l a t o r s .  For Stage 2 operat ion,  t he re  w i l l  be a bypass l i n e  with a second 

hea t  exchanger (HX-2, 0.4 M W )  t o  help absorb t h e  higher  power and flow 

t r a n s i e n t s .  I n  an e a r l y  s t age  (Stage l ) ,  t he  smaller heat  exchanger is  

omitted. The r e t u r n  l i n e  t o  t h e  test sec t ion  w i l l  have a branch t o  

conta in  t h e  exhaust valve used f o r  DBDA simulat ion.  

The helium e n t e r s  t h e  tube s i d e  

2.2 T e s t  Sect ion Simulation 

A drawing of t he  test sec t ion  (Fig.  2) shows t h e  i n l e t  plenum flow 

d i s t r i b u t o r ,  (unheated) i n l e t  blanket  region,  heated f u e l  s ec t ion ,  o u t l e t  

blanket ,  and the  o u t l e t  mixing region.  The t r a n s i e n t  thermal behavior 

of t h e  rod bundle is  represented i n  ORCULT by a s i n g l e  average rod and 

flow channel. S p a t i a l  v a r i a t i o n s  are normally modeled by d iv id ing  t h e  

rod i n t o  s i x  a x i a l  s ec t ions ,  one each f o r  t h e  b lankets  and four  f o r  the  

active f u e l ,  wi th  a s i n g l e  ( r a d i a l )  node f o r  each sec t ion .  A f ive-  

radial-node-per-section model i s  a l t e r n a t i v e l y  used f o r  cases i n  which 

g rea t e r  FRS d e t a i l  i s  des i r ed ,  bu t  tests have shown t h a t  t h e  predicted 

e x t e r n a l  loop performance is  independent of t h e  assumed co re  node s t ruc -  

t u re .  

The test s e c t i o n  s imulat ion makes use of a CSMP "MACRO" ( s imi l a r  t o  

a subrout ine)  developed f o r  a one-radial-node rod sec t ion .  The MACRO 

takes ,  as inpu t s ,  t he  i n i t i a l  mean s o l i d  temperature, e lec t r ica l  power 

input ,  i n l e t  gas  temperature,  solid-to-clad hea t  t r a n s f e r  c o e f f i c i e n t ,  

gas-to-solid t i m e  cons tan t ,  and dimensionless c o e f f i c i e n t  which i s  a 

measure of t h e  t o t a l  hea t  t r a n s f e r  rate between t h e  s o l i d  and gas  f o r  

a given gas flow. 

c l ad  temperature, and gas o u t l e t  temperature. 

The MACRO outputs  are the average s o l i d  temperature, 
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Because of the  d i f f e rence  i n  thermal p rope r t i e s  between a GCFR f u e l  

rod and an  FRS, t h e  at-power heat  s torage  i n  the  FRS is considerably less. 

(Since UO 

the  f u e l  rod i s  much g rea t e r  than t h a t  of t he  FRS.) 

of t he  CFTL is t o  s imulate  the  GCFR rod-cladding behavior during t ran-  

s i e n t s ,  d i f f e rences  i n  hea t  s to rage  w i l l  be accounted f o r  by appropr ia te  

modif icat ion of t h e  t r a n s i e n t  power inputs  t o  the  FRS.2 Thus, i n  ORCULT 

runs t h a t  s imulate  t r a n s i e n t s  such as a DBDA o r  scram, a GCFR f u e l  rod 

s imulat ion is used with t h e  prescr ibed r eac to r  power input  and the  

i m p l i c i t  assumption t h a t  the  e l e c t r i c a l  power t o  the  FRS has been 

properly modified. For CFTL s tud ie s  of loop-related t r a n s i e n t s  such as 

l o s s  of bundle power, t h e  FRS model is used. 

is a r e l a t i v e l y  poor conductor, t he  i n t e r n a l  temperature of 2 
Since an objec t ive  

Derivat ions of the  FRS and f u e l  rod equations are given i n  Appendix 

6.1. 

2.3 Heat Exchanger Simulation 

Details of the  4-MW main hea t  exchanger are shown i n  Fig. 3. The 

design of the  0.4-MW bypass l i n e  hea t  exchanger is  very similar.  

heat  exchangers are of the  crossflow/counterflow, tube-and-shell type, 

and are designed t o  operate  over wide ranges of power and helium ( tube 

s ide)  and a i r  ( s h e l l  s ide)  flows. Spec ia l  vers ions  of the  ORCULT code 

were used t o  estimate the  t r a n s i e n t  thermal stresses i n  the  HX-1 and t o  

provide information f o r  t he  design of t h e  helium i n l e t  header. 

The 

ORCULT modeling of the  heat  exchangers w a s  based on techniques 

developed previously f o r  gas-cooled hea t  exchanger dynamics. 

provis ions were required t o  accommodate the  wide ranges of helium and 

air flows, and, as a r e s u l t ,  HX-1 w a s  modeled by a 12-node and HX-2 by 

a 7-node approximation. The usua l  ORCULT loop dynamics programs assume 

t h a t  t h e  cooling a i r  flow is  a cont ro l led  input ;  however, a s p e c i a l  

vers ion  w a s  c rea ted  t o  c a l c u l a t e  HX-1 cooling v i a  n a t u r a l  convection 

a i r  flow. 

S p e c i a l  

Details of the  heat  exchanger model and equation development are 

given i n  Appendix 6.2. 
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2.4  Circu la to r s  and Flow Equations 

. Details of an  ind iv idua l  CFTL c i r c u l a t o r  are shown i n  Fig. 4 ,  and 

a composite th ree-c i rcu la tor  performance map as suppl ied by the  vendor 

i s  shown i n  Fig. 5. Recasting t h e  performance parameters i n  terms of a 

normalized AP/pN 

map i n t 0 . a  single-valued func t ion  which is r e a d i l y  approximated by a 

quadra t ic  equat ion (Fig.  6 ) . *  Further  assumption of square-law flow vs 

pressure  drops i n  t h e  loop would allow an  e x p l i c i t  ca l cu la t ion  of t o t a l  

c i r c u l a t o r  flow by so lv ing  a s i n g l e  quadra t ic  equation. 

of the  loop components do not  have a AP = KW /p r e l a t ionsh ip ,  by contin- 

uous appropr ia te  v a r i a t i o n s  of t he  r e s i s t a n c e  parameter K, t h e  quadra t ic  

s o l u t i o n  can s t i l l  be used ( and i t  i s  i n  ORCULT). 

2 v s  a normalized W/pN permits transforming the  e n t i r e  

Although several 
2 

CFTL simulat ions f o r  which t h e  helium mass i n  the  loop i s  unchanged 

use an  a lgeb ra i c  ( instantaneous)  so lu t ion  t o  f i n d  the  flows throughout 

the  e n t i r e  loop. For o the r  cases, such as t h e  DBDA, a two-node mass 

balance approximation is  used. More r ecen t ly ,  the  i n t e r n a l  energy 

equat ions were included i n  order  t o  approximate the  e f f e c t s  of expansion 

cooling during DBDAs . 

2.5 Piping and F i l t e r  Simulation 

The thermal i n e r t i a  of t h e  interconnect ing piping and t h e  f i l t e r  i s  

use fu l  i n  mi t iga t ing  t h e  e f f e c t s  of l a r g e  temperature t r a n s i e n t s ,  espe- 

c i a l l y  f o r  cases i n  which t h e  t o t a l  loop mass f low i s  reduced s i g n i f i -  

can t ly .  The de r iva t ion  of t h e  method used t o  s imula te  piping l ags  i s  

given i n  Appendix 6.4.  The equat ions f o r  t h e  f ine - s t ruc tu re  thermal 

grad ien t  a n a l y s i s  (used t o  determine t r a n s i e n t  thermal stresses) are 

a l s o  given. 

2.6 Control Systems Simulation 

One use of t he  ORCULT code i s  t h a t  i t  can a i d  the  design of con t ro l  

systems by t e s t i n g  proposed designs.  The main objec t ives  of the  con t ro l  

system are t o  supply the  test bundle with power and helium a t  t h e  pressure ,  

*See Appendix 6 . 3  f o r  d e f i n i t i o n s  and more d e t a i l s .  
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temperature, and flow condi t ions prescr ibed by the  test  program, and, a t  

the  same t i m e ,  t o  minimize the  shock imposed on a l l  the  components i n  

the  e x t e r n a l  loop. Spec i f i ca l ly ,  high-temperature cycl ing a t  the  HX-1 

helium i n l e t  and e leva ted  and rap id  temperature changes a t  t h e  c i r c u l a t o r s  

are t o  be minimized. 

changes of the  attemperator flow. The c i r c u l a t o r s  are protected by a c t i o n  

of t he  HX-1 con t ro l  system, which maintains a f ixed  helium o u t l e t  temper- 

a t u r e  by varying t h e  cooling a i r  flow. 

helium i n l e t  temperature and flow are a l s o  used t o  vary the  cooling a i r  

flow. I n  the  s imulator ,  a CSMP MACRO is  used f o r  a standard proport ional-  

in tegra l -der iva t ive  (PID) c o n t r o l l e r ,  and a de r iva t ion  of t h e  PID MACRO 

is i n  Appendix 6.5. 

HX-1 i n l e t  t r a n s i e n t s  are cont ro l led  by programmed 

Ant ic ipa t ion  s i g n a l s  from t h e  

3 .  DESCRIPTION OF ORCULT VERSIONS AND CAPABILITIES 

Because of the  s t r u c t u r e  of the  CSMP-I11 s imulat ion language, i t  i s  

o f t en  more convenient and e f f i c i e n t  t o  c r e a t e  several vers ions  of a 

s imulat ion than t o  run d i f f e r e n t  loop conf igura t ions  and types of tran- 

s i e n t s  by changing t h e  input da t a .  Consequently, the  ORCULT code exists 

i n  seve ra l  vers ions,  each of which is updated as design changes are made 

on t h e  loop. These vers ions  are summarized i n  Table 1. 

Table 1. Versions of t he  ORCULT code 

Version Comments 

1. Depressurizat ion (dynamic) HX-2 model is  excluded 

2. Constant helium inventory 

HX-2 included 

HX-2 excluded 

(dynamic) 
Mass and i n t e r n a l  energy 
balance equations excluded 

Reference design loop (s tage 2) 

For s t age  1 design s t u d i e s  

3.  Steady s ta te  Dynamic equations omitted 

The dynamic vers ion  which accommodates depressur iza t ion  t r a n s i e n t s  

includes a two-node approximation f o r  both t h e  mass and i n t e r n a l  energy 

balances. The HX-2 model i s  omitted because i t  is planned t o  cu t  off  
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i ts  

f o r  

f o r  

helium flow during depressur iza t ion  tests. To study t h e  loop dynamics 

constant  helium inventory,  one vers ion  without t h e  HX-2 model is used 

s t age  1 design s tud ie s ;  the  o the r  ve r s ion  has the  f u l l  complement of 

equipment f o r  s tudying the re ference  design. For a l l  dynamics vers ions ,  

e i t h e r  t he  FRS o r  the  f u e l  rod model is  used, depending on the  purpose of 

the  run. Input da t a  changes are a l s o  used t o  convert  t o  d i f f e ren t - s i ze  

bundles . 
The s teady-state  vers ion  of ORCULT i s  used mainly f o r  s i z i n g  valves ,  

not ing the  operat ing ranges f o r  valve c o e f f i c i e n t s  ( c  ), blower speeds, 

and hea t  exchanger coolant  condi t ions  and the  need f o r  p ipe  l i n e  hea te r s .  

Eventually,  i t  may be use fu l  (converted t o  a DAS on-line program) t o  

help opera tors  set up test condi t ions and t o  d e t e c t  loop component 

anomalies. 

v .  

To da te ,  the  model f o r  n a t u r a l  convection of coolant  a i r  i n  the  
1 HX-1 has been run  a s , a  separa te  ca l cu la t ion ,  but  the  model w i l l  be 

combined with the  total- loop ORCULTS when d e t a i l e d  con t ro l  system tuning 

s t u d i e s  are done. 

4 .  EXAMPLE TRANSIENTS 

Two examples are presented t o  show some of t he  c a p a b i l i t i e s  and 

output f e a t u r e s  of t he  ORCULT code, as w e l l  as t o  i n d i c a t e  some of t he  

bas i c  dynamic c h a r a c t e r i s t i c s  of t h e  CFTL. 

The f i r s t  example is a DBDA t r a n s i e n t  f o r  t h e  case  of a 91-rod 

bundle with an i n i t i a l  power l e v e l  of 28 kW/rod and an assumed b l o w d m  

sequence corresponding t o  a 0.048 m (75 in .  ) h o l e  i n  a GCFR. Conser- 

v a t i v e  assumptions of decay hea t ,  bundle flow, and loop pressure  vs t i m e  

were taken from r e f .  4 .  Steam-driven c i r c u l a t o r  coastdown c h a r a c t e r i s t i c s  

were used i n  t h e  re ference  ca l cu la t ion .  

e l ec t r i c -d r iven  c i r c u l a t o r  c h a r a c t e r i s t i c s  w i l l  be  s u b s t i t u t e d  when they 

become ava i l ab le . )  A s  mentioned previously,  the  test bundle s imulat ion 

makes use of the  f u e l  rod (vs FRS) model along with t h e  estimated r eac to r  

decay hea t  curve. This assumes t h a t  i n  the  CFTL test a modified power 

curve has been input  i n t o  the  FRSs t o  compensate f o r  t he  lower FRS heat  

s torage .  

2 2 

(Updated inputs  represent ing  

. 

. 



1 3  

The r e s u l t s  of the s imulat ion are shown i n  Figs. 7 and 8. One 

concern i n  the  design of t h e  valve con t ro l  system is  whether the  test 

bundle c o n t r o l  valve (FCV1) and the  at temperator  l i n e  c o n t r o l  valve (FCV2) 

w i l l  be regulated i n  such a way t h a t  t h e  prescr ibed test s e c t i o n  flow 

t r a n s i e n t  w i l l  be obtained and, a t  the  same t i m e ,  t h a t  t he  c i r c u l a t o r s '  

nominal flow and AP operat ing range w i l l  no t  be exceeded. I n  t h i s  case 

(Fig. 7), the  values  of c f o r  F C V l  vs  t i m e  were ca lcu la ted  as those 

required t o  g ive  t h e  prescr ibed flow, while FCV2 w a s  manipulated t o  keep 

the  c i r c u l a t o r s  near the  midpoint of t h e i r  des i red  operat ing range. The 

valve manipulations required a wide c range. 

85 s i n t o  t h e  t r a n s i e n t  ( t  = Q97) w a s  due t o  the  s imulat ion of t he  shutoff  

of t he  main GCFR c i r c u l a t o r s ,  with a subsequent s t a r t u p  of t he  core  

a u x i l i a r y  cooling system (CACS). To maintain the  des i red  c i r c u l a t o r  

operat ing poin t ,  FCV2 opened quickly t o  its maximum c value (Q110). The 

ca l cu la t ion  ind ica t e s  t h a t  t h e  c i r c u l a t o r s  were kept w e l l  wi th in  a normal 

and des i r ab le  operat ing range. 

V 

The d i scon t inu i ty  a t  about 
V 

V 

For the  same DBDA t r a n s i e n t ,  Fig. 8 shows how e f f e c t i v e l y  the mixer 
and o the r  piping between t h e  test s e c t i o n  and t h e  HX-1 absorbed the  high- 

temperature t r a n s i e n t ,  thus spar ing  the  HX-1 much of the  thermal stress 

i t  would have experienced otherwise. Other cases i n  which d e t a i l e d  

temperature g rad ien t s  i n  the  HX-1 i n l e t  header and tubing w e r e  obtained 

showed t h a t  t he  HX-1 could withstand DBDA t r a n s i e n t s  without exceeding 

allowable stress limits. 

The purpose of the  second example t r a n s i e n t  w a s  t o  study a pos tu la ted  

loop accident ,  t h a t  i s ,  t o  determine how f a s t  the  c i r c u l a t o r  i n l e t  temper- 

a t u r e  would rise i f  a l l  t h e  cooling a i r  t o  t h e  HX-1 w e r e  c u t  o f f  and i f  

both the c i r c u l a t o r  speed and the  t e s t - sec t ion  power were l e f t  on f u l l  

(Fig. 9 ) .  

c i r c u l a t o r  power and t h e  test bundle power on high HX-1 helium o u t l e t  

temperature appeared t o  be required.  The r e s u l t s  i nd ica t e  t h a t  a t r i p  

s i g n a l  f o r  an HX-1 o u t l e t  temperature l l ° C  (20'F) above normal should 

be s u f f i c i e n t  as a backup f o r  a normal t r i p  s i g n a l  from an inadvertent  

l o s s  of HX-1 cooling. However, s ince  HX-1 cooling is e s s e n t i a l l y  "off" 

f o r  many prescr ibed operat ing condi t ions,  i t  may be advisable  t o  have a 

The r e s u l t s  show t h a t  an i n t e r l o c k  which would t r i p  both the  
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high temperature t r i p  i n  the  helium o u t l e t  l i n e  as t h e  only s i g n a l  f o r  

p ro tec t ing  aga ins t  l o s s  of HX-1 cooling. 

5. CONCLUSIONS 

The ORCULT code has been used i n  a l l  phases of the  CFTL loop design, 

and it w i l l  be used t o  answer new quest ions about loop operat ion and 

t o  assist loop operat ions by making p r e t e s t  p red ic t ions  of loop perfor- 

mance f o r  s p e c i f i c  t r a n s i e n t  tests. I n  t h i s  lat ter usage, it w i l l  be 

important t o  use loop performance d a t a  t o  v e r i f y  and upgrade the  models 

used i n  ORCULT. Because t h e  CFTL bundle design is s t i l l  evolving, 

e spec ia l ly  a f t e r  recent  changes i n  FRS design and loop flow d i r ec t ion ,  

ORCULT w i l l  r equ i r e  more modification and development. 

Planned model improvements include upgraded c o r r e l a t i o n s  used f o r  

bundle hea t  t r a n s f e r  and pressure drop as r e s u l t s  from more extensive 

bundle analyses  become ava i lab le .  Also needing more s tudy is  the  

accuracy of approximating the  i n t e r n a l  energy r e d i s t r i b u t i o n  i n  the  loop 

during DBDAs with a given number of nodes. Then, too, should a need 

arise f o r  f u r t h e r  s t u d i e s  of low-flow condi t ions,  appl ica t ions  of t he  

present  c o r r e l a t i o n  values  t o  laminar regimes and incorporat ion of t h e  

bouyancy terms i n  the  primary loop flow equat ions would be required.  

The major, near-future use seen f o r  t h e  ORCULT code i s  t h a t  i t  w i l l  

a i d  i n  t h e  fine-tuning of t h e  proposed con t ro l  and s a f e t y  systems f o r  

t h e  bundle and t h e  loop. 
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6 .  APPENDIX: DERIVATION OF ORCULT MODELS 

6.1 T e s t  Sect ion 

A s  noted i n  Sect.  2 .2 ,  t h e  ORCULT s imula t ion  of a test  bundle uses  

e i t h e r  an FRS model o r  a f u e l  rod model, depending on t h e  purpose of t h e  

s imulat ion.  I n  a l l  cases, a s i n g l e  average rod and coolant  pa th  model 

is  used t o  cha rac t e r i ze  t h e  bundle. The model uses  one axial sec t ion ,  

each, f o r  t h e  i n l e t  and o u t l e t  blanket  reg ions  and d iv ides  t h e  heated 

region i n t o  four  a x i a l  s ec t ions .  While some simulat ion runs have u t i l i z e d  

an FRS model with f i v e  r a d i a l  nodes pe r  s e c t i o n ,  most have used a model 

with a s i n g l e  average r a d i a l  node s i n c e  t h e  d i f f e rence  has  l i t t l e  e f f e c t  

on t h e  r e s u l t s  f o r  t h e  ex te rna l  loop. 

6.1.1 FRS conduction model 

Since t h e  FRS i n t e r n a l s  c o n s i s t  of a v a r i e t y  of components (Fig. lo), 
t h e  approach used t o  genera te  a one-node model i s  t o  c a l c u l a t e  an  average 

heat-capacity-weighted temperature r ise f o r  a given input  power. The 

equivalent  one-node model equat ion is  

where 

(MCp)~ = composite hea t  capac i ty ,  Btu/OF, 
- 

= rod (FRS) average temperature,  O F ,  

= 

= rod su r face  temperature,  OF, 

TF 

TS 

average hea t  conductance wi th in  t h e  FRS, Btu s - l0~-l ,  (E) 
Q = rod hea t  i npu t ,  Btu/s.  

. 

From t h e  s teady-s ta te  s o l u t i o n  of Eq. ( l ) ,  t h e  equiva len t  conductance 

term can be der ived.  

are shown i n  Table 2. 

The key parameters used i n  der iv ing  t h e  FRS model 
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T a b l e  2. FRS conduction model parameters 

Mater ia l  

I D ,  i n .  

Inner Heating Outer 
Return rod Insu la t ion  Element Insu la  t i o n  Sheath 

Nickel Boron N i t r i d e  Kanthal Boron N i t r i d e  316 SS 

- 0.102 0.1675 0.1875 0.275 

OD, i n .  0.102 

0.369 Density,  l b / i n .  

Spec i f i c  hea t ,  0.071 

3 

-lOF-1 

-1 -lOF-1 

Btu l b  L 

C ond uc t i v  i t y , 
Btu h r  f t  

s e c t i o n ) ,  Btu/OF 

58 

Heat capac i ty  (heated 0.0101 

Full-power average 1.36 
temperature drop 
across  element, OF* 

referenced t o  sheath 
ou te r  su r f ace  
temperature,  OF* 

Mean temperature rise 327.82 

0.1675 0.1875 0.275 0.315 

0.0722 0.774 0.0722 0.288 

0.418 0.037 0.418 0.15 

/ 

13.5 40 13.5 14.5 

0.0198 0.00528 0.04531 0.03783 

5.78 10.58 262.16 48.62 

324.25 317.76 179.70 24.31 

*For a 38 kW/rod, with 3% of the  t o t a l  power generated i n  the  c e n t r a l  r e t u r n  rod and 1% i n  the  
upper b lanket ,  and 12001mn heated sec t ion .  

N 
0 
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c 

To determine t h e  r a d i a l  temperature p r o f i l e s  i n  t h e  FRS elements 

(Fig. ll), t h e  following equat ions were used: 

1. Sol id  cy l inder  (n i cke l  r e t u r n  rod)  

a. Center l ine  temperature: 

L 

O(0) = E , 
where 

OXO) = c e n t e r l i n e  temperature referenced t o  su r face  temperature, 

q = heat  generat ion rate pe r  u n i t  volume, Btu s i n .  , 
r = cyl inder  r ad ius ,  i n . ,  

k = conduct ivi ty ,  Btu s i n .  

OF, 

-1 -3 

-1 -lOF-1 

b. Mean temperature: 

where 
- 
0 = mean cyl inder  temperature referenced t o  su r face  temperature, 

OF. 

2. Hollow cyl inder  with ex te rna l  hea t  source* ( inner  and ou te r  
i n s u l a t i o n ,  heat ing element, and cladding) 

a. Temperature drop: 

Q Wdo/d i )  
" = 2rkL Y 

where 

AO = r a d i a l  temperature drop ac ross  cy l inder ,  OF, 

Q = hea t  flow through cy l inger ,  Btu/s ,  

do,di = outer  and inner  diameters of cy l inde r s ,  i n . ,  

L = l ength  of cy l inder ,  i n .  

*external means generated wi th in  the  "hollow space". 
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b. Mean temperature: 

- 
0 = AO/2 , 

where 
- 
0 = mean hollow cyl inder  temperature rise referenced t o  outer  

su r f ace  temperature, OF. 

3. Slab with i n t e r n a l  hea t  generat ion (heat ing element approximated 
by s l a b  geometry) 

a. Temperature drop (with one s i d e  "insulated"):  

2 

2k ' O(0)  = 

where 

O(0) = "insulated,"  o r  inner  sur face ,  temperature referenced 

r = ribbon thickness ,  i n .  

t o  o ther  sur face  temperature, OF, 

b. Mean temperature: 

2 
3 

- 
0 = - O(0)  , 

where 
- 
0 = mean s l a b  temperature rise referenced t o  outer  su r f ace  

temperature, OF. 

Based on t h e  da t a  i n  Table 2 ,  t h e  t y p i c a l  heated s e c t i o n  of an 

FRS with  a 38-kW inpu t  has  a mean temperature rise (referenced t o  t h e  

outs ide  su r face  temperature) of 173OF and s t o r e s  20.5 Btu; w i th  no 

cool ing,  i ts  mean temperature would increase  a t  a rate of 301°F/s. 

Because t h e  f u e l  rod a x i a l  power d i s t r i b u t i o n  is a chopped cosine,  

t h e  heated-length sec t ions  have d i f f e r e n t  power inputs :  

Normalized 5 = cos 1.049y.dy = 1.653 . i 
-1 
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With t h e  heated length  divided i n t o  fou r  s ec t ions ,  t h e  two middle 

s e c t i o n s  are each 

0.5 

?& = f cos 1 . 0 4 9 ~  dy = 0.4774 , 
0 

and t h e  end s e c t i o n s  are each 

1 
- 
Q, =/.cos 1 . 0 4 9 ~  dy = 0.3490 . 

0.5 

The f r a c t i o n s  of t o t a l  power i n  each middle s e c t i o n  are 

0.4774/1.653 = 0.289, and i n  each end s e c t i o n  are 0.349/1.653 = 0.211. 

6.1.2 FRS-to-coolant hea t  t r a n s f e r  model 

The preceding s e c t i o n  analyzed t h e  mean FRS temperature relative t o  

i ts  su r face  temperature. To relate these  two temperatures t o  t h e  helium 

coolant  temperatures,  w e  de f ine  two parameters: t h e  “ sec t ion  length ,”  n; 

and t h e  f u e l  (o r  FRS) time cons tan t  based on sur face  temperature being 

-5 : t he  d r iv ing  func t ion ,  

and 

where 
- h - 

hA n =  
(“p’gas ’ 

gas-to-surface hea t  t r a n s f e r  c o e f f i c i e n t ,  

Btu s-1in-2 OF-’, 

ou t s ide  su r face  area of rod i n  a x i a l  s ec t ion ,  i n .  , 
mass flow rate of gas (per  rod ) ,  l b / s ,  t i m e s  s p e c i f i c  

hea t  of helium gas (1.242), Btu 1b-loF 

rod t i m e  constant  referenced t o  shea th ,  s, 

hea t  capac i ty  of rod a x i a l  s ec t ion ,  Btu/’F. 

2 

-1 , 

. 

, 
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A factor which accounts for the varying ratio between the temperature 
drop from mean fuel-to-sheath and sheath-to-mean gas is 

then 

where 

TF - - TS 

TS - TG 
TAUF E 

Since at steady state 

- - 
TG 
Q =  
F B -  

- 
Q = hA (Ts - TG) = FB (MC ) (TF - Ts) , P F  

1 
‘I * F B ’  TAUF = 
s 

mean gas temperature in axial section, OF, 

total heat generated in rod in axial section, Btu/s, - 
KA -1 (z)I(MCp)F, S [see E q *  (1) I 

Since the gas holdup times are small compared to the thermal time 
constants, an instantaneous (algebraic) energy balance relationship is 

valid : 

or 

where 

= axial section inlet and outlet gas temperatures, OF. TGi’ TGo 

The FRS model is divided into small-enough sections so that an 
arithmetic-mean temperature difference approximation gives accurate 

results : 

- 
T = 0.5 (TGi + TGo) G 

Combining E q s .  (16) and (17) gives 

- TGi + n TS/2 
T~ 1.0 + n/2 - - 
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Solving f o r  r 
Eqs. (13) and (18) g ives  

i n  terms of t h e  s ta te  v a r i a b l e  r by combining G F 

n/2 - 

1 
T G i  + 1 + TAUF TF - - - 

T~ 1.0 + n/2 (1 + ,P) 
The FRS model MACRO i n  ORCULT so lves  the  d i f f e r e n t i a l  equat ion f o r  

t h e  mean rod temperature,  Eq. (1 ) ;  t h e  equat ion f o r  t h e  mean gas  temper- 

a t u r e ,  Eq. (19);  f o r  gas  o u t l e t  temperature,  from Eq. (17);  and f o r  t he  

su r face  temperature,  from Eq. (18).  

c o e f f i c i e n t s  are ( a t  r a t e d  flow) h =: 1800 Btu h r  -1 f t  -20F-1 f o r  t h e  

roughened s e c t i o n s  and h s 1000 Btu h r  

with h varying as t h e  0.8 power of flow i n  both cases. 

f o r  t h e  var ious  bundles are def ined as 

The la tes t  p r o j e c t  estimates' of t h e  o v e r a l l  bundle hea t  t r a n s f e r  

-1 -20F-1 f t  f o r  t h e  smooth sec t ions ,  

"Rated flows" 

37-rod f u e l  - 860 g / s  (1.896 l b / s ) ,  

91-rod f u e l  - 2115 g / s  (4.663 l b / s )  , 
61-rod b lanket  - 1600 g/s (3.53 l b / s )  . 

Values of t h e  model parameters n and T were ca l cu la t ed  f o r  each of S 
t h e  bundles and are tabula ted  as func t ions  of bundle mass f low i n  Table 3. 

Table 3. FRS-to-coolant hea t  t r a n s f e r  model parameters 

37-rod 
FRS (Fuel) 

a Rod t i m e  cons tan t  'I s 
-0.8 

-0.8 

S' 
heated sec t ion 1.216 W 

blanket  s e c t i o n  2.189 W 

Rod s e c t i o n  length  n 

1/4 heated s e c t i o n  

i n l e t  b lanket  s e c t i o n  1.26 W 

o u t l e t  b lanket  s e c t i o n  0.9654 W 

0.7 246 W-O 
-0.2 

-0.2 

9 1-r od 6l-rod 
FRS (Fuel) FRS (Blanket) 

-0.8 2.499 W - O o 8  3.595 w 
3.595 w-Oo8 -0.8 4.498 W 

0.8671 W - O o 2  0.4041 W-Oo2  

1.511 W 

1.158 W 

-0.2 1.266 W -0.2 

-0.2 0.97 W -0.2 

~~~ ~~ ~ ~~ 

a W i s  t h e  t o t a l  bundle mass flow, l b / s .  
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6.1.3 Fuel rod model , 

The approach used t o  generate  a one-radial-node f u e l  rod model is 

similar t o  t h a t  used f o r  t h e  FRS, and, as a r e s u l t ,  some i n t e r e s t i n g  

comparisons can be made between the  pred ic t ions  of dynamic behavior. 

The same model equation is used [Eq. (l)], and, f o r  consis tency,  1% of 

the  re ference  power input  (38 kW) is assumed t o  be generated outs ide  the  

heated sec t ion .  

summarized i n  Table 4. 

The pe r t inen t  model parameters f o r  t h e  f u e l  rod are 

One important assumption i n  der iv ing  an e f f e c t i v e  conductance term 

f o r  the  f u e l  rod is  the  fuel-to-sheath gap AT. 

value of 500°F w a s  obtained from the  GCFR preliminary s a f e t y  information 

document. Both because of the  l a r g e  gap r e s i s t a n c e  and t h e  r e l a t i v e l y  

low conduct ivi ty  of t h e  U02 f u e l ,  the  mean temperature rise (1039OF) and 

heat  s torage  (131 Btu) a t  re ference  power condi t ions are much l a r g e r  i n  

t h e  f u e l  rod than i n  t h e  FRS. The r a t i o  of t he  two s tored  hea t  terms 

f o r  these  models is  6.4, which means t h a t  a FRS power con t ro l  program 

w i l l  have t o  add s i g n i f i c a n t l y  more heat  t o  t h e  FRS during a t r a n s i e n t  

t o  make the  FRS sheath temperatures respond l i k e  f u e l  rod sheath temper- 

a t u r e s .  

A pess imis t i ca l ly  high 

6.2 H e a t  Exchangers 

6.2.1 Dynamics 

Modeling of t he  dynamics of gas-to-gas hea t  exchangers follows the  

development noted i n  r e f .  3. A t y p i c a l  s ec t ion  of a heat  exchanger 

model is  shown i n  Fig. 11. 

The energy equat ion f o r  t h e  tube m e t a l  r i s  m 

where r 
t i m e  constant  [= (MC ) /(hA),], s; and T is  t h e  cold-side tube time 

constant  [= (MC ) /(hA)c], s. Constants T and T are independent of 

length but  vary as h changes with flow rate. 

i s  the  hot  f l u i d  mean temperature, O R ;  T H H is t h e  hot-side tube 

P m  C 

P m  C H 
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Table 4. Fuel rod model parameters 

Fue 1 

Material 

OD, i n .  

Density,  l b / i n .  

Spec i f ic  hea t ,  Btu lb-loF-l' 

Conductivity,  Btu h r  f t  

Heat capac i ty  of heated sec t ion ,  Btu/OF 

Full-p ower aver  age temperature rise , 

Mean temperature rise referenced t o  

3 

-1 -lOF-1 

sur face  t o  c e n t e r l i n e ,  OF 

shea th  ou te r  su r f ace  temperature,  OF 

Gap 

Full-power AT, OF 

Sheath 

Rod Time Constant -rs, s 

37-rod heated s e c t i o n  

blanket  s ec t ion  

91-rod heated s e c t i o n  

b lanket  sect ion  

61-rod both sec t ions  

Rod s e c t i o n  length  n 

u02 
0.275 

0.361 

0.078 

1.4 

0.0882 

1854 

1476 

5 00 

(same as FRS, 
Table 2) 

0 .8a 1.2952 W- 
2.3316 W 

2.6618 W 

4.7911 W 

3.8293 W 

-0.8 

-0.8 

-0.8 

' -0.8 

(same as FRS, 
Table 3) 

% is  t h e  t o t a l  bundle mass flow, l b / s .  

. 

. 
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A s  noted i n  t h e  FRS coolant  model descr ip t ion ,  an instantaneous 

(a lgebra ic )  energy balance r e l a t ionsh ip  is  appropr ia te  f o r  t he  gas s ide :  

where % is  r e fe r r ed  t o  as t h e  "sect ion length" f o r  t he  hot-side gas 

= ( I - I A ) ~ / ( W C ~ ) ~  , dimensionless. Likewise, 

where n = (hA)c/(WCp)c . 
The tube lengths  i n  each node are spec i f i ed  t o  be s h o r t  enough so  

t h a t  arithmetic-mean temperature d i f f e rences  are s u f f i c i e n t l y  ,accurate  

t o  p red ic t  t he  heat  t r a n s f e r  rates; hence, f o r  t he  coolant s i d e  

C 

- 
T C = 0.5 (Tci + T o )  . (24) 

A similar equation a p p l i e s  t o  t h e  hot  s ide .  

A s  t he  length  of t h e  sec t ion  increases ,  n increases  as w e l l ,  and 

the  accuracy of t he  a r i thmet ic  mean approximation worsens. Further ,  

f o r  n > 2,  t he  i n i t i a l  response of T t o  a s t e p  change i n  T w i l l  be 

opposi te  i n  s ign  t o  the  input  change. 
heat  exchanger models are s p l i t  up i n t o  enough sec t ions  so t h a t  a t  

minimum expected flow rates, both % and n 

h is dependent on W ,  e.g., i f  h a W o D 8 ,  then n a W 

Ho H i  
Since t h i s  is  nonphysical, the  

< 2.0. 
C 

The value of n usua l ly  increases  with decreasing flow rate because 
0.8 1.0 -0.2 

/W = W 

I n  the  MACRO model f o r  a t y p i c a l  gas-to-gas heat  exchanger sec t ion ,  

t he  mean cool-side gas temperature i s  determined by combining E q s .  (23) 

and (24): 

. 
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A similar equation is  used f o r  t he  hot-side gas by s u b s t i t u t i n g  

subsc r ip t  H f o r  c. 

6.2.2 I n i t i a l  condi t ion ca l cu la t ions  

I n  a t y p i c a l  s imulat ion run, t he  i n i t i a l  values  of helium i n l e t  and 

o u t l e t  temperatures and flow are spec i f i ed ,  along with t h e  ambient a i r  

coolant  i n l e t  temperature. This r equ i r e s  an 

i t e r a t i v e  s o l u t i o n  f o r  cooling a i r  flow, and 

the  CSMP-I11 i m p l i c i t  (IMFL) f e a t u r e  and the  

e f fec t iveness .  The cooling e f f ec t iveness  E 
C 

i n i t i a l  ( s teady-s ta te )  

t he  procedure makes use  of 

concept of hea t  exchanger 

is defined as 

where i f  T 
device would be 100% e f f e c t i v e  ( E  = 1.0) .  For a counterflow hea t  

exchanger, 

were equal  t o  the  cooling gas i n l e t  temperature, Tci, t h e  Ho 

C 

1 - exp [-(1-N1)N2] 

1 - N1 exp [-(1-N1)N2] 
E =  c 

I n  terms of t h e  q u a n t i t i e s  def ined previously,  

N1 = n T /%-rH c c  

The reason f o r  t h e  number 1 2  i n  Eq. (29) i s  t h a t  the  model f o r  t h e  

HX-1 uses a 12-section approximation. 

values  of Wc (accounting f o r  t h e  f a c t  t h a t  t h e  crossf low hea t  t r a n s f e r  

c o e f f i c i e n t  h Q: Wco'6) u n t i l  t he  above equat ions and a hot- and cold- 

s i d e  hea t  balance, i .e.,  

The i t e r a t i v e  s o l u t i o n  a d j u s t s  

C 

AT = W  C 'c 'pc c H pH ATH ' 

are s a t i s f i e d  t o  wi th in  a prescr ibed accuracy. 
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6.2.3 Natural  convection model 

An a i r - s ide  n a t u r a l  convection flow model f o r  the  main hea t  exchang- 

er HX-1 w a s  developed i n  order  t o  p red ic t  low-flow, low-power loop tran- 

s i e n t s .  

same d i r e c t i o n  as forced convection flow so  the re  w i l l  be an order ly  

t r a n s i t i o n  between t h e  two during t r ans i en t s .  

HX-1 is designed such t h a t  n a t u r a l  convection flow is i n  t h e  

The bas ic  equation used t o  relate flow and pressure drop is a 

v a r i a t i o n  of one derived i n  r e f .  6 

where 

AP = 

W 
R 

- - 
- - 

2 t o t a l  p ressure  drop, l b f / f t  , 
f low rate, l b  /sec, m gas  constant  f o r  a i r ,  53.3 f t  lbfoR -1 l b  -1 , 

P acce le ra t ion  due t o  grav i ty ,  32.2 f t / s  , 
conversion f a c t o r ,  32.2 f t  l b  s lbf  , 
minimum flow area, f t  , 
average pressure,  l b f / f t  , 
lumped r e s i s t a n c e  c o e f f i c i e n t s  f o r  i n l e t  and o u t l e t  
o r i f i c e s  and o ther  r e s t r i c t i o n s ,  

i n l e t ,  o u t l e t  temperatures, OR, 

number of rows of tubes (= 12) ,  

Fanning f r i c t i o n  f a c t o r ,  

tube r o w  height ,  f t ,  

height  of o u t l e t  column, f t ,  

height  of i n l e t  column, f t ,  

mean hydraul ic  diameter,  f t ,  

average a i r  temperature, OR, 

average temperature, row j, OR. 

-2 -1 
m 2 

2 

The temperature d i f f e rence  terms (To - T ) account f o r  t he  lo s ses  i 
due t o  acce le ra t ion ,  and the  term on t h e  right-hand s i d e  is t h e  buoyancy, 

or  s ta t ic  head t e r m .  
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The f r i c t i o n  f a c t o r  ca l cu la t ion  f o r  t h e  tube bundle ( a i r  s ide )  w a s  

derived from r e f .  7 ,  which uses  an experimentally derived f a c t o r  X: 

where 

P =  

G =  

3 dens i ty ,  l b  / f t  , 
s u p e r f i c i a l  mass ve loc i ty  through minimum space between tubes,  

2 lbm/s  f t  , 
number of rows of tubes,  where i n  t h i s  ca se  a "row" is  a l i n e  
of tubes normal t o  t h e  flow (= 24). 

m 

The curve f o r  X i n  r e f .  7 is  approximated by 

-0.29 , X zz 0.08(W/W0) 9 (33) 

a t  f u l l  flow, W = W and the  Reynolds number is  %25,000. The f a c t o r  X 
i s  u t i l i z e d  i n  t h e  bas i c  flow-pressure drop equation [Eq. (31)]  by 

equating t h e  f r i c t i o n  term fL/D t o  AN . 
0' 

r 

6 . 3  Circu la to r  and Loop Flow Equations 

6.3.1 Ci rcu la tor  flow 

The normalized performance map (Fig. 6)  w a s  derived from t h e  c i rcu-  

l a t o r  vendor 's  map showing head v s  flow for var ious  speeds (N/N 

75, 50, and 25%). The r e s u l t i n g  curve f i t  g ives  approximate va lues  of Y,  

where 

= 100, 0 

(34) 
2 + a X + a X  , 1 2 Y z a. 

f o r  
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and 

4 

The r m s  e r r o r  of t h e  f i t  was 0.052 ( i n  u n i t s  of y ) .  Pe r t inen t  

parameters are: 

APo = 79.47 p s i ,  

NO = 1.0 = normalized speed, 

Wo = 7.0 l b / s ,  

a 

a 

a 

3 
= 0.4323 l b / f t  , 

= 0.9624, 

= 0.70927, 

= 0.720385. 

0 

1 

2 

I n  Fig.  6 ,  a t  X = l ,  t h e  curve f i t  g ives  a va lue  of less than 1 

(0.9513) f o r  Y.  To a d j u s t  f o r  t h e  proper r a t e d  condi t ions ,  t h e  curve 

w a s  a r b i t r a r i l y  biased (new a = 1.0111) t o  f o r c e  i t  t o  pass  through 

(1.0,l.O). Also, t h e  surge and ful l - f low l i m i t s  correspond t o  X va lues  

of 'Q.5 and 1.25, r e spec t ive ly ,  and i n d i c a t e  t h e  recommended method of 

monitoring these  l i m i t s  dur ing operat ion;  i .e . ,  f o r  given (measured) 

va lues  of N and p, one should ensure t h a t  

0 

0.5 < W/pN < 1.25 . (37) 

Subs t i t u t ion  of Eqs. (35) and (36) i n t o  Eq. (34) g ives  the  circu-  

l a t o r  AP as a quadra t ic  func t ion  of W: 

A s  was noted, ORCULT approximates t h e  loop flow r e s i s t a n c e s  by 

ApL = K  L ("W2 p , (39) 



34 

or  

APL 3 I$ W 2 , 

where 
- -  
T ,  P = e f f e c t i v e  abso lu te  temperature and pressure  of loop, 

= a loop r e s i s t a n c e  parameter t h a t  accounts f o r  temperature 
and pressure  v a r i a t i o n s .  

The c a l c u l a t i o n  of 5 depends on t h e  p a r t i c u l a r  loop conf igura t ion  

and usua l ly  involves f ind ing  e f f e c t i v e  flow r e s i s t a n c e s  f o r  s e v e r a l  

series and p a r a l l e l  paths:  

1. For series paths:  

APs = AP1 + AP 2 ’  

2 
AP = K; W , 1 

and 

2 
AP2 = K; W ; 

thus 

2 2 
= (K’ + K;)W = Ki W . ApS 1 

2. For p a r a l l e l  paths:  

2 2 
Ap = AP1 = AP2 = K’ W = K’ W P 1 1  2 2 ’  

and 

w = w 1 + w 2 ;  

. 
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thus 

2 W2 = K’ W . 1 AP = 
P 

2 For cases  i n  which a loop component AP does not  vary as W , 
the  va lue  of K’ f o r  t h a t  component is  ad jus ted  appropr ia te ly ,  as shown 

i n  the  next sec t ion .  

For cases  not  involving a loop depressur iza t ion ,  the  so lu t ion  f o r  

c i r c u l a t o r  flow is found by s e t t i n g  

= AP, c i r c  AP 

and solving Eqs. (38) and (40) as a quadra t ic  func t ion  of W. 

The temperature rise of t h e  gas across  the  c i r c u l a t o r  is  found from 

AP 
C 

ATc = kcT ’ 
C P  

where 

AT = c i r c u l a t o r  helium flow temperature rise, OF, 

kcT = conversion constant ,  ( i n . 2 / f t  ) / ( f t  lbf /Btu)  = 0.186, 

AP = c i r c u l a t o r  AP, p s i ,  

E = c i r c u l a t o r  e f f i c i ency  = 0.8, dimensionless, 

C = gas s p e c i f i c  hea t ,  Btu l b  9 

p = gas dens i ty ,  l b / f t  . 

2 C 

C 

C -lOF-1 

3 P 

(43) 

The ca l cu la t ed  temperature rise a t  r a t ed  flow condi t ions is  %34OF, which 

agrees  wi th  da t a  obtained from tests of t h e  prototype. 

A model i s  not  ava i l ab le  f o r  ca l cu la t ing  c i r c u l a t o r  coastdown, and 

u n t i l  one is acquired or developed, ORCULT w i l l  use  a r b i t r a r y  funct ion 

f i t s  of manufacturer-supplied curves (Fig.  12) .  A t  given loop condi t ions,  

such as those spec i f i ed  i n  Fig. 12 ,  i .e. . three c i r c u l a t o r s  on a t  f u l l  

speed and a loop pressure  of 1300 ps i a ,  s imulat ion runs can be made wi th  

o ther  i n i t i a l  speeds by s t a r t i n g  a t  t h e  appropr ia te  t i m e  va lue  on the  

graph. 
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6 . 3 . 2  Loop component flow equations 

Loop and component flow re s i s t ances  a r e  charac te r ized  i n  ORCULT by 

equat ions of t he  form 

T x  
P 

A P = S = W  . 

When the  flow exponent x is  not  equal t o  2.0, t he  value of % i s  
2 modified continuously such t h a t  AP is a func t ion  of W , i .e.,  

K ' W  2 = % W x ;  t 

L 

thus 

( 4 4 )  

The r e s i s t ances  are lumped together  i n  sec t ions  as shown i n  Fig.  13. 

When HX-2 is  de le ted ,  r e s i s t ances  KRCF and KRPl are lumped toge ther ,  

and KRH2 is  omitted. Although the  r e s i s t a n c e  values  designated do not  

include valve r e s i s t a n c e s ,  they do include the  nonrecoverable lo s ses  

from the  flow meters. 

m e t e r  i n  t he  l i n e  t o  the  test sec t ion ,  and vor tex  meters i n  the  attemper- 

a t o r ,  c i r c u l a t o r ,  and HX-2 l i n e s .  

The present  re ference  design includes a ven tu r i  

I n  the  present  s imulat ion,  only the  turbulen t  flow regime is  modeled, 

and the  s t a t i c  head o r  buoyant fo rces  i n  t h e  loop are neglected.  

Expressions f o r  t h e  flow-pressure-drop r e l a t i o n s  f o r  t he  var ious  

loop components w e r e  derived by p ro jec t  personnel and are presented 

below. Typical ly  they are used i n  ORCULT i n  a "lumped" form. 

example, t he  r e s i s t a n c e  KRJ.-Il (Fig.  13) includes piping,  a mixer, and 

HX-1, a l l  of which have var ious forms o r  exponents i n  t h e i r  r e spec t ive  

flow equations.  To lump a composite equation of t he  form 

For 

- 
AP = = T (a,$ 1 + a2$ 2 + . . . I  , 

P 

We f i r s t  compute AP f o r  two va lues  of W t h a t  span t h e  range of i n t e r e s t .  



38 

LL 
0

 
rx Y

 
A

 

I 
N

 
I 

I
 

a: Y
 

T
 

a
 

Y
 

'a: 

l- a: Y
 



39 

A "lumped" exponent va lue  x i s  ca l cu la t ed  from L 
X- L 

(!L) 5, (47) 

and t h e  lumped c o e f f i c i e n t  a can be found once i s  known, where t h e  

lumped ve r s ion  of t h e  equation i s  
L 

Checks of t h e  approximate equation a t  o ther  va lues  of W are made, and 

t y p i c a l l y  show good agreement. 

Expressions der ived f o r  t h e  test sec t ion ,  including t h e  i n l e t  and 

o u t l e t  nozzles ,  lead-in piping,  and flow meters are 

"TS = KRT (g) W2 , (49) 

where KRT = 1.48 f o r  a 91-rod bundle, and 7.97 f o r  a 37-rod bundle. 

Since the  ca lcu la ted  pressure  drop i n  t h e  bundle due t o  acce le ra t ion  

lo s ses  (from hea t ing  the  gas) can be a s i g n i f i c a n t  p a r t  of t h e  t o t a l  

drop, i t  i s  included i n  ORCULT. 

The equat ion used is  similar t o  t h a t  used f o r  t h e  HX-1 n a t u r a l  

convection: 

where 

accel AP 

W 

R 

gC 
A 

P 

BT 

2 
pressure  drop due t o  acce le ra t ion ,  l b f / f t  , 
bundle mass flow, lbm/s,  

gas  cons tan t  f o r  helium, 
-1 

386 f t  lbf  OR-' lbm 9 

-2 -1 
conversion f a c t o r ,  32.2 f t  l b  s l b f  , 

0 m 
bundle flow area, f t L ,  

average pressure ,  l b f / f  t , 
temperature rise across  bundle, O R .  

2 
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2 
With a va lue  of 0.03397 f t  f o r  A f o r  t h e  new 37-rod bundle, p s i  

f o r  p s f ,  and t h e  bundle flow area sca led  l i n e a r l y  with t h e  number of 

Eq. (50) becomes 

( p s i )  
W'AT 

= 685.9 
P (NRODS) "accel 

Information derived from manufacturer ' s  d a t a  on t h e  four-element, 

6-in.-ID Turbu mixer downstream of t h e  test s e c t i o n  g ives  

"mixer = 0.085 @) W2 , 

which r e s u l t s  i n  a p res su re  drop of 'L4.5 p s i  a t  r a t e d  condi t ions  and a 

design flow of 7 lbm/s .  

combination of o r i f  ice l o s s e s  p ropor t iona l  t o  W2 and f r i c t i o n  l o s s e s  

propor t iona l  t o  W 10793. 

t h e  helium are s m a l l ,  and are approximated by f a c t o r i n g  a negat ive  l o s s  

term i n t o  the  overall expression. The equation used is  

The expression f o r  t h e  helium-side p re s su re  drop i n  HX-l8 is  a 

The (negative) a c c e l e r a t i o n  l o s s e s  from cooling 

For des ign  condi t ions  and a loop flow of 7 lbm/s ,  

The approximate expression f o r  t h e  HX-2 l e g  p re s su re  drop is 

is %5 p s i .  

= 1.038h)  T 1.83 . 
ApHx-2 (54) 

The expression used f o r  t h e  maximum pres su re  drop of t h e  f i l t e r  is9 

This g ives  a t o t a l  p ressure  drop of Q2.4 p s i  a t  r a t ed  condi t ions  and 

a design flow of 7 lbm/s .  \ 
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4 

Q 

The va lve  c o e f f i c i e n t s  c f o r  t h e  c o n t r o l  va lves  are r e l a t ed  t o  gas 
V 

mass flow, AP, and dens i ty  by” 

W = 0.0176 c ; 
V 

where 
3 p = gas dens i ty  downstream of t h e  valve,  l b / f t  , 

AP = pressure drop across  valve,  p s i ,  

W = flow through valve,  l b / s .  

The va lve  c o n t r o l  programs are set up t o  l i m i t  t h e  c values  t o  
V 

t he  maximum obtainable .  

used, i .e . ,  f o r  a constant  AP ac ross  the  va lve  

Equal-percentage va lve  t r i m  c h a r a c t e r i s t i c s  are 

where a and b are cons tan ts ,  and y i s  t h e  normalized va lve  stem pos i t ion .  

A t y p i c a l  equal-percentage va lve  trim would g ive  4% change i n  (non- 

sonic)  flow ( r e l a t i v e  t o  t h e  cur ren t  operat ing poin t  value)  f o r  a 1% 

change i n  s t roke  (stem pos i t i on ) ,  assuming t h a t  AP remained constant  ( i n  

t h i s  case,  a = 0.02 and b = 3.912). Because va lve  pos i t i on  changes i n  

the  CFTL r e s u l t  i n  AP changes as w e l l ,  t h e  va lve  equations are fac tored  

i n  t o  the  o v e r a l l  loop f low-resis tance equations.  

I n i t i a l l y ,  the  va lve  flow and AP are given o r  derived inputs ;  so  

t h e  i n i t i a l  va lue  of cv is  obtained from Eq. (56).  

maximum c given, t he  i n i t i a l  normalized va lve  pos i t i on  y i s  found from 

For a va lve  with a 

V 

then 

C 

yo = A In (0.02 ::w) ’ 

and y is l imi ted  i n  the  program t o  values  between 0 and 1. 

(58) 
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The pressure lo s ses  i n  t h e  piping and f i t t i n g s  are ca lcu la ted  f o r  a 

given pipe sec t ion  from 

1.83 
AP = 6.0412 x 10 (59) 

where 
2 A = pipe flow area, f t  , 

~~ 

= equivalent  L/D% of pipe i n  t h e  sec t ion .  

Values of e f f e c t i v e  flow r e s i s t a n c e  c o e f f i c i e n t s  

k .0412 X 

piping. 

($)eq/A2] a r e  shown i n  Table 5 f o r  var ious sec t ions  of loop 

Table 5 .  Flow re s i s t ance  values  f o r  
s ec t ions  of loop piping 

Sect ion 6.0412 X 10-b(L/D)e /AZ 

Mixer - f i l t e r  0.063 

F i l t e r  - bypass l i n e  0.043 

Bypass l i n e  - junc t ion  of 
a t temperator  and test  sec t ion  
Pipe 

0.023.  

0.031 T e s t  s ec t ion  i n l e t  l i n e  

Attemperator i n l e t  l i n e  0.417 

0.692 HX-2 - bypass l i n e  

Composite values  of loop, lumped-section flow r e s i s t a n c e s  and 

exponents (not including t h e  c o n t r o l  valves)  are shown i n  Table 6. 

J. 

'r; 
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Table 6. Composite flow r e s i s t a n c e  parameters 

Flow Resis tance Lumped Exponent 
Sect iona Coef f .  KR Value 

KRT - 91-rods 1.48 2.0 

KRT - 37-rods 7.97 2.0 

KRT - 61-rods -- 2.0 

KRA 0.500 1.87 

KRHl  0.278 1.9 

KRH2 1.038 1.83 

KRPl 0.017 2.0 

KRCF 0.144 1.85 

a See Fig. 13. 

6.3.3 Loop pressure  and i n t e r n a l  energy ca l cu la t ions  

For cases not  involving loop depressur iza t ion ,  loop flows are 

ca lcu la ted  as a lgeb ra i c  ( instantaneous)  equation so lu t ions .  A t  t h e  

same t i m e ,  t h e  nominal loop absolu te  pressure  v a r i a t i o n s  with constant  

loop inventory and varying loop temperatures are ca lcu la ted  by a two- 

poin t  approximat ion ,  where 

and 

Solving f o r  from Eqs. (60) and (61) g ives  

- RMT P =  
v1 v2 
r+r  
T1 T2 
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The node po in t s  f o r  yl and were a r b i t r a r i l y  chosen t o  be a t  t h e  2 
c i r c u l a t o r  o u t l e t  and t h e  mixed o u t l e t  of t h e  test sec t ion .  

involving changes i n  loop inventory,  t h e  same two po in t s  are used as 

nodes i n  m a s s  balance equations: 

For cases 

wc - WL - WD 9 
dM1 - =  
d t  

and 

WL - wc 9 
dM2 - =  
d t  

where W WL, and W are t h e  c i r c u l a t o r ,  loop and depres su r i za t ion  flows, C Y  D 
r e spec t ive ly .  

To account f o r  expansion cooling a t  t h e  node p o i n t s  during DBDAs, 

t h e  equations f o r  conservat ion of t o t a l  i n t e r n a l  energy and mass are 

used : 

and 

where 

U 

u 

h 

M 

W 

V 
C 

C 
P 

- -w , dM 
d t  
_ -  

= uM = t o t a l  i n t e r n a l  energy i n  node, Btu, 

= C T = s p e c i f i c  i n t e r n a l  energy, Btu/lbm, 

E C T = enthalpy, Btu/lbm, 

= m a s s  of helium i n  node, lb,, 

= mass flow out  of node, lbm/s ,  

= s p e c i f i c  h e a t  a t  cons tan t  volume, Btu/lbm OF, 

= s p e c i f i c  hea t  a t  cons tan t  pressure ,  Btu/lbm OF. 

- 
V 

P 
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Expanding Eqs. (65) and (66) t o  so lve  f o r  t he  node temperatures f o r  ne t  

flows i n  and out  (Win, Wout ) gives  

where y : C /C = 1.67 f o r  helium. 
' P V  

For the  depressur iza t ion  t r a n s i e n t s ,  t h e  c o e f f i c i e n t s  i n  the  equa- 

t i o n s  f o r  W 

spec i f ied  t i m e .  For t h e  i n i t i a l  (sonic  flow) per iod,  w e  can write 

are chosen t o  g ive  near-complete depressur iza t ion  i n  a D 

-kt P = P o e  , 

where P i s  the  loop pressure ;  Po, i n i t i a l  pressure;  and t ,  t i m e .  

For an approximate depressur iza t ion  t i m e  T t o  a f i n a l  (ambient) d 
pressure P the  c o e f f i c i e n t  k i s  found from f '  

e 

Hence, t he  i n i t i a l  values  of 

Because of t he  

ca l cu la t ion  i s  

T' mass M 

For sonic  

dP/d t and dMT/d t are 

and 

c l o s e  coupling between t h e  two pressure  nodes, t h i s  

done on t h e  bas i s  of t o t a l  average loop pressure  P and 

flow 

WD = ks P , (72) 

where k i s  determined from t h e  i n i t i a l  values  of W and P. After  t he  
S D 
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pressure  reache's t h e  c r i t i ca l  pressure  r a t i o  (CPR), where 

(73) 

then 

2 
W = k i P 2  - Pf D n  

I n  Eq. (741, t h e  nonsonic c o e f f i c i e n t  k is n 

(74) 

approximated by equat ing t h e  

va lues  of W a t  t h e  poin t  where P = Pf/0.487. D 

6.4 Pipe Models 

6.4.1 Piping Lag Approximations 

The r ep resen ta t ion  of t h e  thermal l a g s  due t o  hea t  t r a n s f e r  between 

a flowing f l u i d  and piping i s  both important ( t o  CFTL dynamics) and 

p o t e n t i a l l y  complex (due t o  t h e  d i s t r i b u t e d  c h a r a c t e r i s t i c s  of long-pipe, 

low-flow systems).  A s impl i f ied  approximation €or i n su la t ed  long-pipe, 

var iable-f  low thermal l a g s  w a s  der ived ', ' which accounts f o r  t h e  mixed 

high- and low-frequency response na tu re  of t h e  response t o  a s t e p  change 

i n  gas  temperature i n t o  a pipe.  The o u t l e t  temperature response con- 

sists of an immediate output  f r a c t i o n  of t h e  inpu t ,  "THRU," where 

THRU = exp (-n) , 

and t h e  balance of t h e  response is lagged by a t i m e  cons tan t  T: 

T z T exp (0.48 n)  , 
P 

(75) 

where n = hA/WC , and T 

time cons tan t  q u a n t i t i e s  l i k e  those  der ived f o r  t h e  hea t  exchanger 

models. 

= MC /hA ( s )  are t h e  s e c t i o n  length  and p ipe  
P P P 

Thus, t h e  two equat ions requi red  t o  approximate t h e  p ip ing  thermal 

l a g  are 
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i 

W' 

'7 

i 

T = T THRU + (1.0 - THRU) T 
go g i  P 

and 

dT 

P=l d t  T (Tgi  - TP) Y 

(77) 

where T and T are t h e  gas i n l e t  and o u t l e t  temperatures,  r e spec t ive ly ,  

and T i s  t h e  nominal p ipe  temperature. The i n i t i a l  va lue  of T is  set 

equal  t o  t h e  i n i t i a l  T 

g i  go 

P P 

The insu la ted  p ipe  model is  implemented i n  a MACRO c a l l e d  "PIP." 
g i  

A 

v a r i a t i o n  of t h i s  model, c a l l e d  "PIPL," w a s  developed t o  s imulate  piping 

with s i g n i f i c a n t  hea t  l o s ses .  A d e t a i l e d  ca l cu la t ion  of hea t  l o s ses  from 

t h e  piping may inc lude  T 

e f f e c t s ,  and would normally r e s u l t  i n  a nominal heat- loss  value f o r  

operat ing temperatures. 

simple l i n e a r  r e l a t i o n  t o  the  i n i t i a l  d i f f e rence  between p ipe  and ambient 

temperatures. 

4 r a d i a t i o n  and nonl inear  n a t u r a l  convection 

PIPL approximates changes i n  hea t  l o s s  by a 

I n  t h e  case of a "lossy" pipe,  t h e  i n i t i a l  nominal p ipe  temperature 

can be ca l cu la t ed  from 
Tpo 

T - AT = T THRU + (1.0 - THRU)Tp , 
g i  LO g i  0 

where 

ATLO = Q /(WCp) 9 

LO 0 

The p ipe  l o s s  t i m e  constant  T can a l s o  b e  found from a steady- L 
s ta te  s o l u t i o n  t o  the  lossy  p ipe  equation 

1 - T ) + -  (T - TP) , dTP 1 - -  - -  
d t  T (Tgi  P T a 

where T i s  t h e  ambient temperature. a 

(79) 
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The p ipe  s i z e s ,  lengths ,  and model parameters are shown i n  Table 7. 

Table 7. CFTL pipe  models 

No. 

0 

1 

2 

3 

4 

5 

6 

- 

7 

Pipe  S ize  
Location ( in .  , sched.) 

T e s t  s e c t i o n  mixer 10, 160 

HX-1 i n l e t  6, 160 

HX-1 o u t l e t  6, 80 

HX-2 i n l e t  and o u t l e t  6, 80 

T e s t  s e c t i o n  i n l e t  6, 80 

Attemperator i n l e t  6, 80 

C i rcu la to r  i n l e t  6, 80 
(with f i l t e r )  

C i rcu la to r  o u t l e t  6, 80 

Length 
( f t )  

4.0 

30.0 

30.0 

24.75 

27 

42 

6.8 

39.5 

a n 

0.0804 

0.543 

0.494 

0.408 

0.445 

0.692 

0.112 

- 

0.651 

a 
P T 

- (SI 

55.6 

50.1 

34.7 

34.7 

34.7 

34.7 

34.7 

34.7 

a 
Values shown are f o r  a nominal fu l l - f low va lue  of W ( W  = 6.14 l b / s ) .  

I 

6.4.2 Pipe thermal g rad ien t s  

The r e s u l t s  of c a l c u l a t i o n s  of pipe and vessel r a d i a l  thermal gradi-  

e n t s  were used as inpu t s  t o  c a l c u l a t i o n s  (by o the r s )  of thermal stresses 

a t  va r ious  po in t s  i n  the  loop. Those po in t s  included t h e  HX-1 i n l e t  

header and f i r s t  row (hot  end) piping,  t he  mixer a t  t h e  o u t l e t  of t h e  test 

s e c t i o n  and t h e  p ipe  j u s t  downstream of the  mixer, and t h e  l i n e r  and 

pressure  w a l l  i n  t h e  o u t l e t  end of t h e  test  sec t ion .  Thermal g rad ien t  

c a l c u l a t i o n s  f o r  each po in t  were made both f o r  a worst-case DBDA and f o r  

a sudden l o s s  of bundle power wi th  f u l l  cool ing  flow maintained. 

The f ine - s t ruc tu re  p ipe  models were approximated by s l a b  geometry 

hea t  d i f f u s i o n  equat ions ( (F ig .  14) .  For a h e a t  t r a n s f e r  area A i n  the  

Y-Z plane,  NE t o t a l  nodes with uniform node spacing A X ,  and cons tan t  

p rope r t i e s  k, p,  and C t h e  equat ion f o r  t h e  last node (NE) is 

I 

P’ 

2kA - T  ) + -  AX (TS - TNE) 
d T ~ ~  k~ pC AAX - = - P d t  AX (TNE-l NE 



49 

ORNL-DWG 79-17065 ETD 

' I D  f - SOLID -  SURFACE 
Fig. 14. Slab  geometry heat diffusion model. 



50 

The su r face  temperature T 

of the  ( forc ing  func t ion)  f l u i d  temperature Tp and TNE: 

can be expressed as an  instantaneous func t ion  S 

TS = TF + (TNE - TF)(AX/2:/: l / h )  

Noting t h a t  t h e  Bio t  number NBi and d i f f u s i v i t y  a are 

and 

We can w r i t e  t h e  expression f o r  t h e  right-hand node TNE ( f o r  use i n  

matr ix  form) as 

The expression f o r  each c e n t r a l  node TI i s  

where Q’ i s  an op t iona l  heat  generat ion input  term (with u n i t s  of degrees 

p e r  u n i t  t ime).  

I f  t h e  l e f t  s i d e  of t h e  s l a b  is  insu la t ed ,  t h e  expression i s  

T +Q’. T +- c1 c1 - -  - - -  dT1 

d t  ( A x ) 2  (Ax)2 

Otherwise, with convection heat  t r a n s f e r  on t h e  l e f t  s i d e ,  t h e  equation 

f o r  T1 would be l i k e  Eq. (83) with NBimodified appropr ia te ly .  

p ii 
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- xO 

'i 

6.5 Cont ro l le r  Model 

TDS + 1 

0.lTDS + 1 ' 
- - 

? 

I 
d 

The MACRO f o r  a propor t iona l - in tegra l -der iva t ive  (PID), three-mode 

c o n t r o l l e r  has provis ions  f o r  v a r i a b l e  ga in  and time-constant s e t t i n g s ,  

and b u i l t - i n  ga in  l i m i t s  on t h e  i n t e g r a l  and d e r i v a t i v e  s t ages  of 100 

and 10, respec t ive ly .  These l i m i t s  correspond t o  nominal va lues  found 

i n  t y p i c a l  i n d u s t r i a l  c o n t r o l l e r s .  The se t -poin t  input  i s  designed t o  

e n t e r  t h e  c a l c u l a t i o n  downstream of t h e  d e r i v a t i v e  s tage .  By changing 

the  s ign  of t he  input  ga in  term G ,  t h e  user  can choose t o  have e i t h e r  

an increas ing  or  decreasing output s i g n a l  with an increas ing  e r r o r  

s igna l .  Addition of output  l i m i t s  and feedforward s igna l s  is  l e f t  as a 

use r  opt ion e x t e r n a l  t o  the  MACRO. 

The frequency domain equation f o r  t h e  i n t e g r a l  s t a g e  i s  t h a t  of a 

low-pass f i l t e r  wi th  a maximum (low-frequency) ga in  of 100 and a minimum 

(high-frequency) ga in  of 1.0. The t i m e  cons tan t  'I of t h e  high-frequency 

break point  i s  a l s o  known as t h e  "reset t i m e , "  and l / ~  is  t h e  "reset 
I 

I 
ra t  err. 

0 
X 
- 
'i 

where S i s  t h e  Laplace 

100 (TIS + 1 )  

10OTIS + 1 , (86) - - 

i n t e g r a l  

argument. 

The equation f o r  t h e  d e r i v a t i v e  s t a g e  i s  t h a t  of a high-pass f i l t e r  

with a maximum (high-frequency) ga in  of 10 and a low-frequency ga in  of 

1.0. The t i m e  constant  of t h e  low-frequency break poin t ,  T is t h e  

'Id eriva t i v e  t i m e  . D' 

The propor t iona l  s tage ,  with ga in  = G,  simply m u l t i p l i e s  t he  e r r o r  

by G,  and t h e  t o t a l  c o n t r o l l e r  output  is  t h e  product of a l l  t h r e e  s t ages  

t i m e s  t h e  e r r o r  s igna l .  
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