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As a p a r t  of the  Super System Code (SSC) development p r o j e c t  f o r  

s imu la t i ng  thermohydraul ic t r a n s i e n t s  i n  LMFBRs, t h e  SSC-L code was 

developed a t  Brookhaven. This  code i s  intended t o  s imu la te  t r a n s i e n t s  i n .  

loop- type LMFBR designs. This  t o p i c a l  r e p o r t  describes d l 1  modeling and 

coding e f f o r t s  f o r  t he  SSC-L code. A users '  manual i s  under p repara t ion  

and i t  w i l l  be issued as a separate repo r t .  

This  work, covered under the  budget a c t i v i t y  No. 60-19-20-01-1, was 

performed f o r  t he  Off ice o f  the  Ass i s tan t  D i r e c t o r  f o r  Advanced Reactor 
. . 

Sa fe ty  Research, D i v i s i o n  of Reactor Safety Research, Uni ted States 

Nuclear Regulatory Commission. 
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cri t ical  pressure rat io 

pipe roughness 

emi s-s-i v i ty 

dynamic viscosity 

angle made by control volume with horizontal 

heat of vaporization 

normalized pump discharge (Q/QR) 

density 

Bol tzman constant 

shear stress 

torque 

two-phase friction mu1 tip1 ie r  

pump rotational speed 

Unit - 
m 

m 

m 

m 

--- 
Ns/m2 

rad 

J/kg 

- - - 
kg/m3 

W/m2 K4 

N/m2 



NOMENCLATURE (Cont) 

Subscript 

B P 

BPE 

BPM 

o or o u t  

Descri pt i  on 

bypass flow 

e x i t  of bypass flow 

average value of bypass flow 

core flow or cladding or  contraction 

columnar grain growth 

inside surface of cladding 

outside surface of cladding 

coolant to  wall 

expansion 

equiaxed grain growth 

fuel 

.inside suryace of fuel 

outside surface of fuel 

cover gas in upper plenum 

i n l e t  

inner 

node index 

1 iquid sodium 

metal in upper out le t  plenum 

sodi urn 

ou t le t  

outer 

primary; f iss ion gas plenum 



NOMENCLATURE ( Cont ) 

Subscript 

ref 

res 

Descrf ption 

primary to shell wall 

primary to tubewall 

primary bypass 

rated value 

reference 

reservoir 

secondary 

she1 1 

secondary to tube wall 

tube 

unrestructured grain growth 

water or wall 

lower liquid slug and bubble interface 

upper liquid slug and bubble interface 
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1. ABSTRACT 

Physical models for various processes that are encountered in 

preaccident and transient simulation of thermohydraul ic transients in 

the entire liquid metal fast breeder reactor (LMFBR) plant are described 

in this report. A computer code, SSC-L, was written as a part of the 

Super System Code (SSC) development project for the ' 1 oop ' -type designs 

of LMFBRs. This code has the self-starting capability, i .e., pre- 

accident or steady-state calculations are performed internally. These 

results then serve as the starting point for the transient simulation. 

A users' manual is being prepared as a separate document. 
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2. INTRODUCTION 

2.1 BACKGROUND 

The simulation of a 1 iquid metal cooled f a s t  breeder reactor (LMFBR) 

plant for a variety of off-normal or accident conditions ( 'Anticipated, ' 

'Unl i kely, ' and 'Extremely Unl i kely ' ) i s  an important part of the averall 

safety evaluation. Examples of different  off-normal or accident conditions 

include (a )  the withdrawal of control rod, (b) pump seizure in one of the 

loops, ( c )  after-heat removal i n  the absence of any forced pumping power, and 

(d)  a major pipe break in the primary heat transport system (PHTS). In a l l  

of these events, the plant protection system (PPS) i s  assumed operative per 

design. The safety implication here is to  .assure that  in any of these events 

the plant coolabili ty i s  not endangered. 

In some of the off-normal conditions, a proper design of PPS prevents 

any loss of fuel pin integrity.  In f ac t ,  PPS i s  perhaps designed with th i s  

requirement in mind. For some other conditions, such as a massive pipe 

rupture in the primary heat transport system, one needs t o  assure tha t  the 

coolable geometry i s  maintained. In th is  case, PPS i s  expected t o  i n i t i a t e  

reactor scram,and, i f  .possible, the affected loop i s  isolated. The decay 

heat will then have t o  be removed, for  both short-term and long-term, in an 

acceptable manner th rough  the remaining unaffected loops or via al ternate  

emergency heat removal paths. Depending upon the nature and 1ocati:on of pipe 

rupture and the s t a t e  of the plant prior t o  the rupture, coolant flow 

reversal or coolant stagnation could occur i n  the reactor core. Even i f  th is  

condition were to pers is t  for only a few seconds, a s ignif icant  fraction of 

the total  fuel pins could f a i l  and release f iss ion gases e i ther  prior to  or 

subsequent to  sodium boiling. Any system analysis code, therefore, must 
, 

provide a capability t o  analyze such an accident. 
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Another important  area f o r  t he  system response eva lua t i on  i s  t he  p l a n t ' s  

c a p a b i l i t y  t o  d i s s i p a t e  a f te r -hea t  from an i n t a c t  system i n  the  absence o f  any 

fo rced  pumping power. The n a t u r a l  convect ion t h a t  may be es tab l ished i n  t h e  

p l a n t  needs t o  be evaluated from the  p o i n t  o f  view o f  assur ing t h e  long-term 

c o o l i n g  c a p a b i l i t y  o f  t he  p lan t .  The e n t i r e  p lan t ,  w i t h  a l l  o f  t he  essen t i a l  

components, needs t o  be modeled i n  s u f f i c i e n t  d e t a i l  t o  p r e d i c t ,  i n  p a r t i c u l a r ,  

t he  thermohydraul ic behavior o f  t h e  r e a c t o r  core. 

For some o f  t he  problems, t he  p l a n t  s imu la t i on  may be requ i red  o n l y  f o r  

several  tens o f  seconds. On the  o the r  hand, the  long-term a f te r -hea t  d i s s i -  

p a t i o n  c a p a b i l i t y  may r e q u i r e  s imu la t i on  f o r  up t o  an hour o f  t r a n s i e n t  t ime. 

The computational t ime should, there fore ,  n o t  be excessive, i n  order  t o  permi t  

execut ion o f  a  s u f f i c i e n t  number o f  parametr ic  s tud ies .  

Res t r i c ted  a n a l y t i c a l  models and associated computer codes such as 

IANUS,(~'~)  DEMO,'^'^) and NATRANS ( 2 ' 3 )  have been developed by o ther  o rgan i -  

za t i ons  t o  s imulate the  o v e r a l l  response o f  a  f a s t  reac to r  p lan t .  The f i r s t  

two codes were s p e c i f i c a l l y  designed f o r  t he  Fast F lux  Test F a c i l i t y  (FFTF) 

and the  C l inch  R iver  Breeder Reactor P l a n t  (CRBRP). The IANUS code models 

PHTS, the  in te rmed ia te  heat t r a n s p o r t  system (IHTS), and t h e  dump heat ex- 

changer. The DEMO code i s  f o r  CRBRP, w i t h  the  except ion t h a t  t he  dump heat 

exchanger i s  replaced by a  steam generator and o ther  components o f  t h e  t e r -  

t i a r y  water loop. 

Another code, c a l l  ed NALAP, (2.4) f o r  t h e  t r a n s i e n t  s imu la t i on  o f  an 

LMFBR system i s  a l s o  ava i l ab le .  This  code was obta ined by adopt ing the  

RELAP 3B ( 2 ' 5 )  (BNL vers ion  o f  RELAP 3 )  by s u b s t i t u t i n g  sodium p rope r t i es  i n  

p lace  o f  those o f  water. Although t h i s  code i s  capable o f  p rov id ing  a  rud-  

imentary f l o w  decay f o r  a  p ipe  r u p t u r e  acc ident ,  a  number o f  modeling as 

w e l l  as opera t ing  l i m i t a t i o n s  e x i s t .  
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A number o f  s i m p l i f y i n g  assumptions and approximations are  made i n  

these codes, which may be acceptable from the  design p o i n t  o f  view, b u t  a re  

unacceptable f o r  t he  sa fe ty  analyses. For example, the  model i n g  o f  t he  

e n t i r e  r e a c t o r  core by a s i n g l e  average channel i s  h i g h l y  quest ionable. 

The thermohydraul i c  o r  neut ron i  c  coup1 i ngs between ' hot,  ' ' peak, ' ' average, ' 

and ' c o l d '  channels must be inc luded t o  account f o r  the  f a c t  t h a t  up t o  

20 t o  25 percent  o f  t he  r e a c t o r  core could be opera t ing  a t  peak channel 

cond i t ions .  An adequate representa t ion  f o r  mix ing  of coo lan t  coming o u t  o f  

d i f f e r e n t  channels ( o r  assembl i e s )  having d i f f e r e n t  temperatures i n  t he  o u t l e t  

plenum i s  c r i t i c a l  i n  determin ing sodium cond i t i ons  a t  t h e  vessel o u t l e t .  

The cool  a n t  temperature here in f luences the  na tu ra l  convect ion capabi 1 i ty i n  

the  p lan t .  

There a re  processes t h a t  may be p e c u l i a r  t o  t he  sa fe ty  analyses. For 

example, t he  sodium b o i l i n g  and the  f i s s i o n  gas re lease are two impor tan t  

phenomena t h a t  cou ld  be encountered i n  bo th  o f  the  safety problems discussed 

e a r l i e r .  I t  should, however, be noted t h a t  these phenomena may n o t  occur i n  

a l l  o f  the  channels b u t  on l y  i n  p a r t  o f  t he  core. 

OBJECTIVES 

To. p rov ide  f o r  a general system code, a work p lan  was w r i t t e n  

i n  f i s c a l  year  1976 t o  develop Super. System Code (SSC) . The prime 

o b j e c t i v e  o f  t h i s  program i s  t o  develop an advanced system t r a n s i e n t  code f o r  

LMFBRs which w i l ' l  be. capable o f  p r e d i c t i n g  the  p l a n t  response when subjected 

t o  var ious  of f -normal  and accident  cond i t ions .  Two major acc idents t h a t  

t h i s  code w i l l  be designed t o  s imu la te  are:  (1) p ipe  breaks up t o  and 

i n c l u d i n g  a double-ended rup tu re  i n  t he  PHTS, and ( 2 )  the  long-term a f te r -hea t  

removal i n  t he  absence o f  any fo rced pumping power. I n  both of these events, 



the plant protection system (PPS) will be assumed to be functioning. In 

addition, the SSC will be able to simulate many of the 'level-2' transients 

such as withdrawal of a control rod followed by reactor scram through PPS 

action. 

Another key objective of the code is to provide a capability within the 

code for doing steady-state or preaccident initial ization. The initial ized 

conditions will be calculated from the user-specified design parameters and 

operating conditions. A restart capability will be provided so that a series 

of transient analyses can be made from a single steady-state computation. A 

restart option during transient analyses will a1 so be available. 

The first in the series of codes i,n the SSC program is designed to 

simulate thermohydraul ic transients in 1 oop-type LMFBRs. Subsequent versions 

will include a similar capability for the 'pool1- or 'pot1-type designs of 

LMFBRs . 

2.3 SUMMARY 

The SSC Program consists of developing system transient codes for both 

loop- and pool-type designs of LMFBRs. These series of codes are labeled 

SSC-L and SSC-P, respectively. The work reported here is on the SSC-L code. 

The essential components and their arrangements in a loop system, such as 

the Clinch River Breeder Reactor Plant (CRBRP), (2*6j are schematically shown 

in Figure 2-1. Under normal operation, liquid sodium flows in both primary 

and intermediate heat transport systems. The steam generating loop or tertiary 

loop is also shown in this figure. 

A comprehensive description of all of the models that were either 

developed or adapted to simulate processes of interest is given in Chapter 3. 

In this chapter, descriptions of models for the steady-state plant charac- 

terization, prior to the initiation of transients, are noted before going 
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i n t o  t h e i r  t r a n s i e n t  counterpar ts .  

Numerical methodology, t h a t  was developed f o r  the  SSC-L code, i s  

discussed i n  Chapter 4. As a s t a r t i n g  p o i n t  f o r  any t r a n s i e n t  c a l c u l a t i o n ,  

a s t a b l e  and unique steady-state o r  p r e t r a n s i e n t  s o l u t i o n  f o r  the  e n t i r e  

p l a n t  i s  obtained. I n  doing so, t he  t ime-independent form f o r  c o n t i n u i t y ,  

energy, and momentum conservat ion equations are reduced t o  a s e t  o f  non l inear  

a lgeb ra i c  equations. These equat ions are  solved i n  two steps:  f i r s t ,  t he  

g loba l  parameters are  obtained; then,  more d e t a i  1 ed c h a r a c t e r i z a t i o n  i s  done 

by us ing  the  g loba l  cond i t ions ,  obta ined i n  t he  f i r s t  step, as boundary 

cond i t ions .  

The energy and momentum conservat ion equat ions which descr ibe water/  

steam f l o w  i n  t h e  t e r t i a r y  loop a re  coupled s ince the  c o n s i t u t i v e  laws depend 

e x p l i c i t l y  on f l u i d  pressure. These equations are  represented i n  the  form 

o f  a s e t  o f  a lgeb ra i c  equat ions f o r  each c o n t r o l  volume. These equat ions 

a r e  then solved i t e r a t i v e l y  f o r  t h e  steam generat ing system. 

For sodium loops, t he  energy and momentum conservat ion equat ions a re  

decoupled when t h e  e f f e c t  o f  pressure on subcooled l i q u i d  sodium p rope r t i es  

i s  neglected. Th is  i s  a v a l i d  assumption. Therefore, t he  energy equat ions 

f o r  both pr imary and in te rmed ia te  heat  t ranspor t  systems a re  solved i n  

con junc t i on  w i t h  the  d e t a i l e d  s o l u t i o n  f o r  t he  steam generator.  The head 

requirement f o r  sodium pumps i s  then determined by computing the  e n t i r e  

pressure drop i n  the  loop. The ac tua l  pressure a t  any l o c a t i o n  i n  e i t h e r  

p r imary  o r  secondary systems i s  then r e l a t e d  d i r e c t l y  t o  the  cover gas pressure. 

The numerical i n t e g r a t i o n  o f  the  t r a n s i e n t  form o f  t he  governing equat ions 

i s  done by the use o f  a m u l t i - s t e p  scheme (MSS) o f  i n t e g r a t i o n .  I n  t h i s  

method, d i f f e r e n t  processes a re  i n t e g r a t e d  by us ing  d i f f e r e n t  t imestep 



sizes. This is achieved by dividing the entire syst.em into a number of 

subsystems. Each of these subsystems uses a different timestep in time 

advancement. In order to keep the logic required for integrating the 

different subsystems manageable, a total of five different timestep sizes 

are used. These are for (1) hydraulic response of both the primary and 

intermediate heat transport systems, (2) thermal response of both the primary 

and intermediate heat transport systems, (3) fuel rod heat conduction and 

power generation computations, (4) coolant dynamics in the reactor core, 

and (5) the computations in the steam generating system. 

Individual processes are solved by the numerical algorithm that is most 

suitable for the process under consideration. For example, the heat con- 

duction equations for a .fuel rod are solved by a first-order extrapolated 

Crank-Nicol son differencing scheme. The fission heating computations, on 

the other hand, are done either under a prompt-jump approximation (for reac- 

tivity insertions of up to +50$) or by a modified Kaganove method which 

uses a polynomial method. The overall interfacing of a1 1 processes is . . 
achieved by matching boundary conditions at the interface. The overall 

timestep is controlled by requiring solutions to be numerically stable as 

well as by the user-specified accuracy criteria. A feature that is built 

into the code allows the timestep sizes to be automatically reduced or in- 

creased. 

A large number of options for modeling are built into the code. 

These are discussed in detail in Chapter 3. A user can select options 

through various flags or switches that are required as a part of the input. 

A number of constitutive relations and correlations are required. 

These can be input either in a tabular form or in an analytic form. For 

the sake of computing efficiency, analytic fo.rms are preferred and, hence, 



used in the SSC-L code. Chapter 5 gives a list of all constitutive relations 

and correlations that are needed by the code. A set of appropriate values 

for coefficients in these analytic equations is also noted, although no claim 

for their suitability for any analysis is made (i .e., whether they are best 

values , conservative values , or desirable values) . These coefficients are 

made available, as default, in the code. They can be overridden through in- 

put cards. 

The SSC-L code is deliberately structured in a modular fashion.. The 

data transfer between various modules is accomplished by COMMON blocks. 

The entire code is written in a variably dimensioned format, which allows 

for most effective usage of computer core space. Standard coding practices 

were followed so that portability of the code to other institutions can be 

achieved. Chapter 6 discusses various guide1 ines that were used in develop- 

ment of the SSC-L code. A naming convention for all global variables, as 

well as subprograms, was developed and utilized in the code. This consider- 

ably simplifies debugging of the code. A simplified flow chart, with brief 

descriptions of all major subprograms, is also given in Chapter 6. 

A word on the units is in order. The SSC-L code is written in a con- 

sistent set of SI units. (2 .7)  

A companion report will give detailed instructions on how to use this 

code. Included in this report will be a detailed data dictionary, sample 

input deck, and output of the code. 

2.4 APPLICATIONS 

The SSC-L code is developed as an advanced thermohydraulic transient code 

for loop-type designs of LMFBRs. Although the emphasis has been on the safety 

analysis of transients, this code can be utilized for a variety of other 



objectives, including (a) scoping analysis for design of a plant and (b) 

specification of various components. 
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3. COMPONENT MODELING 

3.1 IN-VESSEL 

3.1.1 Descript ion 

The in-vessel p a r t  o f  the p lan t  i s  responsible f o r  the generation of 

heat through nuclear f i s s i o n  o f  both f i s s i l e  and f e r t i l e  materials. I n  

addi t ion,  a por t ion  o f  heat i s  a lso produced by decay o f  the rad ioact ive 

nuclides. A schematic o f  the in-vessel p a r t  o f  a loop-type breeder reactor 

p l an t  i s  shown i n  Figure 3-1. Although t h i s  drawing represents the in-vessel 

pa r t  o f  the Clinch River Breeder Reactor P lant  (CRBRP), (3*1) i t  i s  used 

here t o  i l l u s t r a t e  some o f  the important components t h a t  need t o  be con- 

sidered i n  model i ng  f o r  the SSC-L code. From the po in t  o f  view o f  thermo- 

hydraul i c s  model i n g  , essent ia l  in-vessel components include lower and upper 

plena, heat generating por t ion  ( fue l ,  blanket, and cont ro l  assemblies), and 

the bypass coolant flow. 

Figure 3-2 shows the core midplant de ta i  1s f o r  the CRBRP. Once again, 

these de ta i l s  f o r  a p l an t  under s imulat ion may d i f f e r  from those i n  the CRBR. 

The core in te rna l  s are represented by f u e l  , blanket, and cont ro l  assembl i es  . 
These assemblies are usual ly made up o f  c lose ly  packed ind iv idua l  rods sep- 

arated by a s p i r a l  spacer wire. For the purpose o f  the SSC-L code, these 

d i f f e r e n t  types o f  assemblies are represented as a se t  o f  one-dimensional, 

para l le l ,  equivalent channels which can be coupled w i t h  each other through 

(1) hydraul ic coup1 i n g  i n  lower and upper plena and (2) neutronic coupling. 

I n  a l l ,  there can be N5RTYP number o f  types o f  rods, each one o f  which can 

have one o r  more channels such t h a t  the t o t a l  number o f  channels i s  N6CHAN 

3 (N6CHAN - > N5RTYP). A channel represents N6RODS number o f  rods. The number 
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of rods i n  a channel can be different from that of other channels. Also, 

there i s  an additional bypass channel. 

In this section, models for both the steady state and transient behavior 

of all processes of interest for the in-vessel par t  of the plant are presented. 

The computational procedures used i n  the SSC-L code are also discussed. 

3.1.2 Cool ant  Dynamics - 

The internals of the reactor vessel are modeled by four regions (see 

Figure 3-3) : 

a Lower (inlet) plenum 

a Upper (out1 et)  plenum 

"Extended" core 

a Bypass channel 

The five elevations (a,b,c,d,e) indicated in Figure 3-3 are the elevations 

of sodium level, outlet nozzle, inlet nozzle,and top  and bottom of the 

extended core. These elevations are basic references for pressure calculation 

i n  the vessel and also serve the purpose of defining various regions. 

Under normal conditions, the flow is  assumed to be in the upward direc- 

t i o n  through the vessel. However, under accident or off-normal conditions, 

flow reversal i n  the core, as we1 1 as i n  the bypass channel, is  permitted by 

the model. The mass flow rate, fluid pressure,and fluid temperature a t  the 

inlet and outlet nozzles interconnect the flow dynamics between the vessel and 

the primary loops. 

3.1.2.1 Lower (Inlet) Plenum 

A t  steady-state, the fluid and the metal in the lower plenum are assumed 

to be i n  thermal equilibrium. The temperatures are then equal t o  the fluid 
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Figure 3-3. Identification of regions in the 
reactor vessel. 



temperature a t  the i n l e t  nozzle, i .e., 

- - - - 
Tcoolant T m t a l  T i n l e t  nozzle (3-1) 

The cool ant enthal py during transients i s  computed by assuming complete 

mixing o f  various flows entering the region. The governing energy equations 

are 

d 
(pVE) = C (WE) - C (WE) + UA(Tm - Tf) , 

i n  out 

where 

Using the semi-implicit  scheme, the energy equations are given i n  the fol low- 

i ng  form: 

where 

all = P 
~t UA 

out 



c 1 = (PE) +  WE)^+' +   WE)^ -   WE)^ 
111 o u t  

Equations (3-4) and (3-5) a re  so lved s imul taneously  f o r  t h e  t r a n s i e n t  coo l -  

a n t  en tha lpy  and metal temperature. The coo lan t  d e n s i t y  p and heat capac i t y  

C a re  obta ined f rom t h e  c o n s t i t u t i v e  r e l a t i o n s h i p s  f o r  sodium. 
P 

3.1.2.2 Upper ( O u t l e t )  Plenum 

I n  t h e  upper ( o u t l e t )  plenum, t h e  coo lan t  f rom t h e  core  e x i t  and the  

bypass channel mixes . w i t h  t he  coo lan t  s to red  i n  t h e  reg ion .  Along w i t h  t h i s  

m ix ing  process, t h e  heat  t r a n s f e r  between sodium and var ious  s t r u c t u r a l  

meta ls  and between sodium and t h e  cover gas a l s o  takes p lace.  An accurate 

t reatment  f o r  t h i s  m ix ing  process, coupled w i t h  t h e  heat t r a n s f e r ,  i s  r e - .  

qu i red  so t h a t  t he  sodium temperature a t  t h e  o u t l e t  nozz le o f  t he  r e a c t o r  

vesse l  may be p rope r l y  p red ic ted .  A d e t a i l e d  three-dimensional ( i n  space) 

thermohydraul ic  t reatment  would be expensive f o r  a system code. Therefore, a 

s i m p l i f i e d  t reatment  was developed. 

A schematic o f  t he  contents o f  t h e  o u t l e t  plenum i s  shown i n  F igure  3-4. 

The upper plenum conta ins  a l a r g e  volume o f  sodium, an annular  bypass channel, 

a smal l  r eg ion  occupied by the  cover gas, and th ree  sec t ions  o f  meta l .  F l u i d  

l e a v i n g  t h e  r e a c t o r  core en ters  t h e  plenum f rom - the  bottom sec t ion ,  w h i l e  a 

small percentage o f  c o l d  bypass f l o w  en ters  t he  plenum through t h e  annular  

space formed by the  t h i n  thermal 1 i n e r  and the  vessel w a l l  . The vessel ou t -  

l e t  f l o w  i s  represented by an e x i t  nozzle. The suppor t  columns, chimney o f  t he  
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Figure 3-4. A schematic of the outlet plenum of 
a reactor vessel. 



out1 et module, control rod drive mechanism, vertex suppressor plate, control 

assembly, cellular flow collector, baffle, and a1 1 other structures are lumped 

together and represented by a section of mass (ml) immersed in fluids. The 

cylindrical thermal 1 iner is indicated as another mass (m2). The vessel 

closure head and other metals above the cover gas region are considered as 

mass m3. The cover gas region is connected to a large reservoir which 
'. 
,a . \ 

s51 A&-).. 

represents a1 1 its connections, such as the overflow tank, equal ization 1 i ne 
-. \ / _  . .. . . :.,- .'\*i 

. . .. . - ,  header, and gas region of the 1 oop pumps. 
:- . . -*.'.. . , *. 
7- , '."?" ' 

',., . .' 
' . .I ' ?  

;-, ..<9fiT7 ::,.- M.5 , >.., 
The outlet plenum, as described above, is represented by two, one- 

.i ' g:> 
/ . - 

C '  
dimensional (in the direction along the reactor vessel) zones. The maximum 

1 

r ,. J 
penetration of the average core exit flow is used as the criterion for dividing 

.- ' 0 
) L the sodium region with two zones. The upper mixing zone is denoted as zone A 

and the lower zone as zone B. The basic assumptions are 

1) Core flows from different channels into the upper plenum are 

represented by a single equivalent flow, This. flow is associated 

with the mass-average enthalpy of the different channel flows. 

2) The maximum penetration distance, which is related to the initial 

Froude number, divides the upper plenum into two mixing zones. 

Full penetration is assumed for flow with positive buoyancy. 

3) The mixing process in both zones is described by the lumped-param- 

eter approach, i.e., complete mixing in each zone is assumed. 

4) The cover gas obeys perfect gas law, and it is initially in equil- 

ibrium with the gas in the reservoir. 

At steady state, the core exit flow is at a temperature higher than the 

mixed-mean sodium temperature of the outlet plenum. In other words, in 

accordance with our assumption (2) above, the core exit flow is assumed to 



penetrate the e n t i r e  he ight  o f  the o u t l e t  plenum. In t h i s  case, we have on ly  

one zone, as opposed . t o  up t o  two zones dur ing t rans ients .  The governing 

energy equations f o r  t h i s  complete mix ing a t  steady-state are  w r i t t e n  f o r  

each mater ia l  as 

sodium: 

Wc(Ec - EL) + WBp(EBpE - E,) + U 9 4  A (T g - T,) 

. - 
...: d % .  (T  - T,) + U,A,~(T,, - T,) = 0 ; (3-6) i : .i 

+ U ~ A e m i  m i  ,;... . 
is.. ! 

cover gas : 

i n te rna l  s t ruc tu re  (ml) : . . 

UaAami (T, - m i  + UgAgmi (T, - T = o ; (3-8) 

thermal 1 i ne r  (m2) : 

'aA2m2 ( T ~  - Tm2) + 'gAgrn2 ( T g  - Tm2) + (UA)Bp (TBpM - T m 2  = 0 ; (3-9) 

Vessel c losure head (m3) : 

Tm 3 
- TBpE = 0 ; 

bypass f low: 

The above seven equations (3-6) through (3-12) .are solved simultaneously 
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t o  y i e l d  a complete so lu t ion  o f  coolant mix ing i n  the upper plenum. 

During t rans ients ,  we d i v i de  the o u t l e t  plenum by up t o  two zones. As 

mentioned e a r l i e r ,  t h i s  p a r t i t i o n  i s  based on the penetrat ion height  o f  the 

average core e x i t  f low. The governing equations which determine the instan- 

taneous sodi urn 1 evel and various temperatures are  expressed f o r  each mater i  a1 

as 

sodi urn 1 evel : 

sodium i n  the upper mix ing zone A: 

sodium i n  the lower mixing zone B: 

cover gas : 

d T 

.t. = & ["ga (TA - Tg) + Agml (Tml Tg) + Agm2 (Tmn 
- Tg) + A T m 3  - Tg)l ; 

(3-16) 
metal m l  ( i n t e rna l  s t ruc tu re )  : 



metal. m2 (thermal 1 iner): 

metal m3 (vessel closure .head) : 

. 
The auxiliary equations required by the above governing equations are 

and the liquid sodium densities, pA and pB, are obtained from the constitu- 

tive relationships for sodium. The contact areas between the cover gas and r 

liquid or metals (Aga, Agml, Agm2, Agm3 ) and between 1 iquid and metals (Aaml, 

Aam2 ) are obtained by assuming that the cross-sectional areas in a direction 

perpendicular to the jet are constant during transients. 

In the above equations, there are two control indices, 8, and 8,, which 



take values o f  e i t h e r  0 o r  1 depending upon the  r e l a t i v e  l o c a t i o n  o f  t he  out-  

l e t  nozzle and t h e  maximum j e t  penet ra t ion  height ,  z The i r  values are  
j ' 

= 0 and 8, = 1 1 
1 

f o r  z . > (zex + D) , 
J - 

and 

8, = 0 and 8, = 0 1 1 f o r  (zex - D) < z < (zex + T D) , 
j 

fil = 1 and 8, = 0 f o r  z .  < (zex 1 - 7 D )  
J - 

The maximum penet ra t ion  he ight  i s  taken from a c o r r e l a t i o n  developed e a r l i e r .  (3.2) 

It i s  g iven as 

z = (1.0484 Fro 
j 

0*785) ro + zCh , (3-25) 

where Fro i s  the  l o c a l  Froude number and i s  de f ined as 

For t h e  case o f  f u l l  penetrat ion,  i .e. ,  f o r  z . ( t )  = H ( t ) ,  f becomes zero. 
J 

Equations (3-14)' and (3-15) are then replaced by the  f o l l o w i n g  equations: 

The cover gas mass i s  determined by assuming t h a t  t he  temperature of 

t he  gas i n  t h e  r e s e r v o i r  remains constant  and i t s  pressure equals t h a t  o f  t h e  

cover gas i n  the  vessel a t  any i n s t a n t .  The cover gas mass i s  then g iven by 

Mt Vg( t )  Tres 
Mg(t) ' T ( t )  + V ( t )  Tres ' 

'res g 9 



where 

These equations, when coupled w i t h  the  boundary cond i t i ons  [ ~ ~ ( t ) ,  

WBp(t), EC( t ) ,  TBpI(t) and Wex(t)], p rov ide  f o r  a complete s o l u t i o n  t o  t h e  

problem. The t r a n s i e n t  d i f f e r e n t i a l  equat ions a re  solved by us ing  the  sub- 

r o u t i n e  DVOGER o f  IMSL. (3.3) The subrout ine i n t e g r a t e s  a system o f  f i r s t -  

o rder  o rd ina ry  d i f f e r e n t i a l  equat ions according t o  Gear's method. Some o f  

t h e  r e s u l t s  t h a t  were obta ined i n  a parametr ic  s tudy a re  g iven elsewhere. (3.4) 

It should be noted t h a t  a user can use e i t h e r  a two-zone mix ing  model, 

o r ,  through appropr ia te  o p t i o n  f l a g s ,  a single-zone p e r f e c t  mix ing  model. 

3.1.2.3 Sinale-Phase Coolant Dvnamics i n  t h e  Core 

The core reg ion  i s  subdiv ided i n t o  NGCHAN p a r a l l e l  channels. These 

channels represent  e i t h e r  f u e l ,  b lanket ,  o r  c o n t r o l  rods. I n  add i t i on ,  an 

a d d i t i o n a l  bypass channel i s  a l s o  included. A t  steady-state, t he re  a re  two 

op t i ons  t h a t  may be used t o  o b t a i n  the  f r a c t i o n  o f  t h e  t o t a l  f l o w  through 

these channels. The f i r s t  o p t i o n  requ i res  t h a t  t he  f l o w  f r a c t i o n  be s p e c i f i e d  

by t h e  user through t h e  parameters F k a n d  F B p  These a re  g iven by the  f o l l o w -  

i n g  equat ions: 

and 

F = 'BP . 
BP' ' to ta l  

I n  t h e  second opt ion ,  these f l o w  f r a c t i o n s  a re  c a l c u l a t e d  by assuming the  

same t o t a l  pressure drop f o r  each channel. Knowing the  t o t a l  pressure 



drop and using an iterative procedure, the fraction of the total flow in each 

channel can be computed from the momentum equations. In either case, it is 

required that 

Each of the flow channels is divided into a user-controlled number of axial 

slices. For the case of the single-phase sodium, the flow is assumed to be 

one-dimensional and incompressible. The axial distributions of coolant enthalpy 

and pressure in any of the channels are determined, respectively, by the 

following energy and momentum equations: 

where Lk is the fuel length based on which the normalized axial power distri- 

bution is constructed., Details of the power generation (Po and F terms) 
pk 

and the normal ization of power distribution, FZk(Z), are discussed in Section 

3.1.4. The sodium properties, p(T) and T(E), and the correlation for friction 

coefficient (f) are given i.n Chapter 5. Rewriting the above equations in 

finite-difference form, the enthalpy and pressure at any axial slice are computed 

by 



I n  the case where a core i n l e t  module i s  attached a t  the bottom o f  the 

a c t i v e  core (see Figure 3-3). the  coolant  f l ow  i s  assumed t o  be isothermal ; 

hence no energy equation i s  solved f o r  t h i s  region. The momentum equation 

contains three add i t i ona l  l oss  coef f ic ients  as shown i n  Equation (3-37) : 

where 

K1 = l oss  c o e f f i c i e n t  due t o  area expansion, 

K, = loss  c o e f f i c i e n t  due t o  area contract ion,  

K, = l oss  c o e f f i c i e n t  o f  i n l e t  o r i f i c e .  

The loss  c o e f f i c i e n t s  are i npu t  values provided by the user. The ALk and 

Dhk are  the length  and hydrau l ic  diameter o f  t h i s  section. On the top of the 

core, an add i t i ona l  l oss  c o e f f i c i e n t  k, i s  imposed i n  the core o u t l e t  module 

such t h a t  the computed pressure drop i n  each channel s a t i s f i e s  the overa l l  

f o rce  balance 

- k4 G I G  I - AL, gp . Pd - ' l as t  s l i c e  - T k k 

By ad jus t ing the value o f  k, o r  Gk according t o  the opt ions discussed before. 

the ca lcu la ted Pd can b e  made t o  agree w i t h  t h a t  determined from the upper 

plenum, since the pressure a t  d (see Figure 3-3) i s  given by 

This add i t i ona l  l oss  f a c t o r  k, w i l l  be re ta ined i n  the computation o f  the 



t r a n s i e n t  s ta te .  

The f r a c t i o n  o f  t o t a l  coo lant  f l o w  en te r ing  a  channel, p r i o r  t o  the  

i n i t i a t i o n  o f  t rans ien ts ,  i s  es tab l ished by the  design o f  o r i f i c e  pat tern.  

During t rans ients ,  t h i s  f r a c t i o n a l  f l o w  i n  a  channel w i l l  be a l t e r e d  by t h e  

buoyancy e f fec t .  A model, there fore ,  f o r  computation o f  t h e  f l o w  p a t t e r n  

i n s i d e  the  r e a c t o r  core i s  developed i n  here. This ' f low r e d i s t r i b u t i o n  i s  

then used t o  compute t h e  enthal  py change and the  pressure drop i n  each o f  t he  

f l o w  channels. 

Ca lcu la t ions  o f  f l o w  r e d i s t r i b u t i o n  i n  the  reac to r  vessel a re  based on 

t h e  f o l l o w i n g  momentum equation f o r  one-dimensional and incompressible f low:  

I n  d e r i v i n g  t h e  above equation, i t  was assumed t h a t  t he  c o n t r o l  volume i n  the  

f l o w  c i r c u i t  s a t i s f i e s  

where W i s  t h e  coo lant  f low r a t e  (kg/s), v ' i s  t h e  v e l o c i t y  (m/s), p i s  the  

pressure ( ~ / m ~ ) ,  A i s  t he  f l o w  area (m2), Dh i s  t he  hyd rau l i c  diameter (m), z 

i s  t h e  v e r t i c a l  coordinate (m), and p i ?  t he  f l u i d  dens i t y  (kg/m3). 

The Moody f r i c t i o n  c o e f f i c i e n t  f i s  expressed i n  the  form 

where cl and c2  are  constants determined by the  f l o w  regime. 

The d i f f e r e n t i a l  form o f  t h e  momentumequation  qu qua ti on 3-40)] can be 

app l ied  f o r  any o f  t he  para1 l e l  channels from the  e leva t ion  e  (bottom o f  the  

core) t o  t h e  e leva t ion  d  ( top  of t h e  core)  i n  F igure 3-3 by i n t e g r a t i n g  
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through different  axial regions. We obtain 

dWj 2 

(pe - pd ) J . = (k)  J . + ( )  J ( - 1) e j 

where j denotes the j - t h  channel, and 

+ dz I 1 core + (A'~~'4p)out16tl 3 (3-45) in l e t  AC5tIC4 

and 

c 3 = 1 - c e ,  

c 4 = 1 + c 2 ,  

c 5 = 1 + c 3 ,  

In order t o  obtain a solution fo r  a f i n i t e  timestep ~ t ,  the above equation 

i s  approximated by u s i n g  the average values of time-dependent terms. Thus. 

- 
where indicates quantit ies evaluated a t  the average values of the 

density and viscosity as given by 



Since the density and viscosity of the liquid sodium do not change rap- 

idly with temperature, the values of p ( t  + a t )  and ~ ( t  + a t )  can be obtained by 

1 inear extrapol ation of the coolant temperature from the previous timestep8, 

The mass flow terms are approximated by using the first-order Taylor series. 
\ 

For a time-dependent function F(W) , one has 

and 

Hence, 

and 

The final form of the integral equation which describes the pressure drop 

through the j t h  channel becomes 

where 



Similar equations can be obtained for the bypass flow channel. 

The flow redistribution in various channels in the vessel is calculated 

from the pressure-drop equation by using two more assumptions: 

1) No radial pressure variation in the lower and upper plena, i.e., 

for j = 1,2, ... N6CHAN , 

2) At any instant 

- - 
Where 'vessel W~oop exi ty the subscripts BP, ap, and up denote bypass flow 

channel, lower and upper plena, respectively. Equations (3-58) and (3-60) 

form a set of (N+l) equations with (N+1) unknowns ( A W ~ ~ ,  AW , j=l ... N). 
j 

These equations can be solved to obtain incremental flow rates. Knowing 

these flow increments, the new flow rate at t + ~ t  is given by 

Knowing the.transient flow redis'tribution in core, the enthalpy rise and 

pressure drop in each channel can be compfjted by using the one-dimensional, 



incompressible flow equations. The energy equation i s  
. . 

where 

- T~~ - 
qc - q T 3  " 

= transient heat generation per unit volume, 

Re = equivalent thermal resistance in structure, 

At* L; half-thickness o f  clad. 

In finite-difference form, the coolant enthalpy a t  the (J+l)th node and the 

( K + l ) t h  timestep i s  

where 

The pressure drop i s  computed from the momentum equation, 

or, a t  the ( K + l ) t h  timestep, 



where 

cos (g  ,w) = -1 for upward flow, 

= 1 for downward flow. 

3.1.2.4 Fission Gas Bubble and Sodium Boiling in the Core 

Fission gas release and sodium boiling have been treated by Chawla e t  

a1 . ( 3 * 5 )  and Cronenberg e t  a1 . , (3*6) respectively, and similar model s have 

been employed in accident analysis codes such as SAS2A. (3*71 The model of 

Chawla e t  a1 . for fission gas release i s  considered t o  be quite adequate for 

present use. In a review ar t ic le  on sodium boiling written for SSC-L, Tanaka (3.8) 

recommends the SAS2A slug-annular flow model for present use, except that ,  

under the conditions of reactor scram,a single-bubble (rather than multi- 

bubble) treatment i s  considered t o  be adequate. 

Since the temperature in the reactor core can get quite high under acci- 

dent conditions, bo th  fission gas release and sodium boiling can occur simul- 

taneously. Therefore, a unified model for a bubble containing both fission 

gas and sodium vapor i s  dev.eloped. For fission gas re1 ease alone, the 

model reduces t o  one similar to that of Chawla e t  a1 . (3*5)  For boiling 

alone, the model reduces t o  one similar t o  that in SAS2A (3*7) ;  the major 

difference i s  that the pressure in the bubble i s  taken t o  be uniform in the 

present work. 

The configuration for fission gas release and sodium boiling i s  i l lus-  

trated in Figure 3-5. Sodium boiling occurs in the channel forming sodium 

vapor. Fission gas flows from the gas plenum, through the gap impedance and 

the rupture, and into the channel. Thus, the bubble may contain sodium vapor 

and fission gas. Some condensed droplets may also be formed as the vapor i s  



BLANKET 

FUEL 

Figure 3-5. A configuration for fission gas release 
and sodium boiling model. 



mixed w i t h  the  coo le r  gas. A pr imary sa fe ty  concern i s  t h a t  i f  t h e  l i q u i d  

f i l m  l e f t  on t h e  c ladding sur face i s  completely vaporized, t h e  c ladding tem- 

pera ture  may become so h igh  t h a t  me1 t i n g  o f  t h e  c ladd ing might  occur. 

The f i s s i o n  gas bubble i s  considered t o  be i n i t i a t e d  when c ladd ing 

ruptures.  Cladding i s  assumed t o  r u p t u r e  when t h e  gas plenum pressure 

exceeds the  c ladd ing hoop st rength.  The sodium vapor bubble i s  considered 

t o  be i n i t i a t e d  when t h e  temperature o f  t he  l i q u i d  sodium exceeds the  satu- 

r a t i o n  temperature by a s p e c i f i e d  degree o f  superheat. 

The f o l  1 owing assumptions are  made : 

(1) The bubble f i l l s  t h e  e n t i r e  cross sec t i on  o f  t h e  channel except f o r  

the  l i q u i d  f i l m s  l e f t  on t h e  w a l l s  o f  t h e  c ladd ing and s t ruc tu re .  

(2) The pressure and temperature are  uni form i n  a bubble. 

(3 )  I n  a gas bubble, vapor iza t ion  o f  t h e  1 i q u i d  f i l m  i s  i n i t i a t e d  when 

the  b o i l i n g  p o i n t  corresponding t o  the  bubble i s  reached. 

( 4 )  I n  a vapor bubble, t h e  vapor remains sa tura ted when gas i s  i n t r o -  

duced. 

(5) The satura ted vapor undergoes dropwise condensation upon mix ing 

w i t h  a coo le r  gas. 

(6) The gas, vapor,and d r o p l e t  i n  t h e  bubble are  i n  thermal equ i l i b r i um.  

(7 )  The f l o w  o f  f i s s i o n  gas through t h e  gap impedance i s  quasi-steady 

and isothermal  . 
(8) The l i q u i d  f i l m  i s  s t a t i c  and i t s  i n i t i a l  th ickness i s  spec i f i ed .  

Although the  bubble i s  considered t o  have un i fo rm proper t ies ,  t he  l i q u i d  

f i l m  th ickness i s  considered t o  vary l o c a l l y .  The l o c a l  vapor iza t ion  o r  con- 

densation o f  t h e  f i l m  depends on t h e  l o c a l  heat t r a n s f e r  from c ladd ing and 

s t ruc tu re .  The motion o f  each l i q u i d  s lug  (below and above t h e  bubble) i s  

descr ibed by t h e  s ing1 e-mass v e l o c i t y  approximation. (3.9) 
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The conservation equations for the bubble are 

2 I 
z5 

1 - B for subcri tical flow, (3-69a) 
9 P 

for critical flow, (3-69b) 

where M My, and Md refer to the mass of fission gas, vapor, and droplet, 
g ' 

respectively, in the bubble; E Ev, and Ed are the corresponding enthal- 
g ' 

pies; H is the enthalpy addition rate and Ue is the entrainment rate. All 

enthalpies are functions of temperature T, and EV - Ed = A where A is the heat 

of vaporization. The Vb and pb denote volume and pressure of the bubble, 

respectively, and t denotes time. 

In Equations (3-69a) and (3-69b), which describe the quasi-steady iso- 

thermal flow of fission gas through the gap impedance, Ai denotes the cross- 

sectional area of the impedance, R is the gas plenum, respectively. The 
9 

pressure ratio B, critical pressure B*, and resistance factor K are defined by 

B = pb/pp, B*2 (2K - 2an~* + 1) = 1, and K = 2fiLi/Di, respectively, where 

fi, Li, and Di are the friction factor, length, and hydraulic diameter, respec- 

tively, of the impedance. Subcritical flow occurs when B>B* and critical 



flow occurs when B g * .  

In Equation (3-70), the mass of vapor a t  saturation is Mvs = pvsVb. 

where the subscript s denotes saturation and p v  i s  vapor density. If  the 

vapor is not saturated, i t  is taken tha t  the vaporization r a t e  is given by 

the net ra te  Q divided by the heat of vaporization. 

In Equation (3-71), the droplet condensation r a t e  i s  related to  the heat 

extraction from a saturated vapor by a cooler f iss ion gas, w i t h  E denoting 
SP 

plenum gas enthalpy, and i t  i s  not considered for  an unsaturated vapor. An 

empirical term, D,, which i s  presently unavailable, may be applied t o  account 

fo r  droplet entrainment. 

In Equation (3-72), the n e t . r a t e  Q and enthalpy addition r a t e  H are 

given by 

where the subscripts c ,  s ,  1,and 2 appearing in the heat ra tes  refer  to  

cladding, s t ructure,  lower 1 i q u i d  s l u g ,  and upper 1 i q u i d  slug, respectively 

(see Figure 3-5). The mass of 1 i q u i d  vaporizing or being entrained into the 

bubble, Mvi  , has enthalpy E E i ,  and the mass of 1 i q u i d  condensing on the 

surface, M v o ,  has enthalpy Ego. 

The heat ra tes  a re  taken as 



where d, Ry x,  k, A, and 6 refer to perimeter, resistance, distance from 

bubble initiation point, conductivity, cross-sectional area, and effective 

thermal bou'n.dary layer thickness between bubble surface and liquid slug, 

respectively. The subscripts a and b refer to liquid slug and bubble, res- 

pectively. The cross-sectional area of the bubble is approximated by the 

liquid or channel cross-sectional area A,. 

The resistance on the cladding side is given by 

where Arc is the cladding thickness (Tc is evaluated at midpoint of cladding), 

kc is cladding conductivity, and hc is an effective convection coefficient. 

It is taken that hc = kaC/wfc, where wf is the film thickness. The resistance 

in the bubble, Rb, depends on whether the surface is vaporizing or condensing. 

If the cladding surface is assumed to have the same temperature as the bubble 

(zero vapor resistance), then Rbc = 0. The resistance on the structure side 

is given by an equation similar to Equation (3-79), except the subscript c 

is replaced by s; In the simple approximation of Q, and Q2, as presently 

employed and given by Equations (3-77) and (3-78), the thermal boundary layer 

thickness is represented by 6, = (at), where a denotes a thermal diffusivity. 



The pressures and bubble volume a re  g iven by 

where M r e f e r s  t o  t h e  i n i t i a l  mass o f  gas i n  t h e  gas plenum, V i s  plenum 
SIP0 P 

volume, and x2 - x1 i s  the  l eng th  o f  t he  bubble. 

For the  l i q u i d  s lug  above t h e  bubble, t he  governing equations a re  

where Q~ i s  t h e  l i q u i d  dens i t y  a t  1  iquid-bubble in ter face,  the  subsc r ip t  t 

denotes the  top  of t h e  l i q u i d  slug, and L2 i s  the  l eng th  o f  t he  slug. The 

channel res is tance kL2 i s  g iven by 

where pet i s  t h e  l i q u i d  dens i t y  a t  t he  top  o f  t he  l i q u i d  s lug,  g i s  t he  g rav i -  

t a t i o n a l  constant,  x i s  d is tance along t h e  channel, f denotes f r i c t i o n  fac to r ,  



Dh is the channel hydraulic diameter, and bpend accounts for expansion or 

contraction pressure drop at the end of the channel. 

In using Equation (3-84), the effect of mass transfer on the interface 

velocity has been neglected. Equation (3-86) governs the local 1 iquid temper- 

ature and is used in Lagrangian coordinate. The Qh and Q denote convective and 
9 

direct heating, respectively. The p, is considered to be a function of E, 

(or T,) only. 

The governing equations for the liquid slug below the bubble are similar 

to Equations (3-84) to (3-87), except that subscript 2 is replaced by subscript 

1; pb - pt in Equation (3-85) is replaced by pm - pb,where subscript m denotes 
the bottom of liquid slug; and p - ) in Equation (3-87) is replaced by 

p - p;k),where pQm is the liquid density at the bottom of the slug. 

For the liquid films on the cladding and structure walls, the local 

thickness, wf, is given by 

where q denotes the local heat flux. 

The Lagrangian calculations for 1 iquid temperatures at fixed axial 

mesh points are then 

where z is the axial distance from inlet of channel, and AZ is the distance 

traveled by a liquid particle during ~t and is given by 

1 AZ = - [G, (t + At) + 6, (t) J At 
25, 



The d, hl, h 2  and cp are given by 

- - surface area of cladding 
'c volume of coolant 

- - surface area of structure 
's surface area of cladding 

For the interface: 

Ti nterf (t) (1 - ahl) + a4 (t + ~ t )  = Tinterf + ah,] 
9 

where 



3.1.2.5 Bypass Flow Channel 

A bypass channel t o  represent  coo lan t  f l o w  between t h e  b a r r e l  and 

r e a c t o r  vessel w a l l  i s  inc luded.  The bypass channel i s  d i v i d e d  i n t o  two 

a x i a l  sec t ions  as shown i n  F igure  3-6. The lower sec t i on  i s  adjacent  t o  

t h e  a c t i v e  core reg ion ,  and t h e  upper sec t i on  i s  separated from t h e  o u t l e t  

plenum by t h e  thermal l i n e r .  The lower sec t i on  i s  a l lowed t o  have heat  

generat ion due t o  gamma heat ing.  

The momentum and energy equat ions o f  t h e  bypass f l o w  a r e  t r e a t e d  i n  a 

manner s i m i l a r  t o  t h a t  o f  t he  core f low.  Two l o s s  coe f f i c i en ts  (K, and K,) 

L 
are  incorpora ted  i n  t h e  momentum equat ion such t h a t  t h e  o v e r a l l  pressure 

, 
drop through the  channel can be balanced. A t  s teady-state,  t he  t o t a l  pressure 

drop i s  g iven  by 
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Figure 3-6. Modeling of the bypass flow. 



In Equation (3-103), the subscripts 1 and 2 denote the lower and upper section, 

respectively. The loss coefficient kl is an input parameter,and k2 is the com- 

puted value to establish the force balance at steady-state. 

During transients the total pressure drop in the bypass channel is 

determined by the one-dimensional momentum equation: 

Fluid enthalpy at the exit of the lower sections is computed from the 

fol lowing equation : 

where A, L, FpBp are the cross-sectional area, height, and fraction of power 

generation (at steady-state) of the lower section, respectively. In finite 

difference form, this equation becomes 



where 

- At and p = 
(pin + p!Ut) . A3 - 7G 

kt 1 The computed Eout is the inlet enthalpy for computing the enthalpy rise in 

the upper section of the bypass channel. In the upper section, no internal 

heat generation is assumed, but heat transfer through the thermal liner 

is considered as discussed in Section 3.1.2.2. Calculation of enthalpy 

rise in the upper section is part of the upper plenum mixing model. 

Computational Procedure 

At steady-state, the coolant dynamics and the fuel heat transfer are 

uncoupled. The coolant temperature and the convective heat transfer coefficient 

are determined first. These are then used as boundary conditions for the 

fuel heat transfer calculations. The computational procedure is shown in 

Figure 3-7. 

The coolant temperature and the heat transfer calculations during tran- 

sients are coupled. In the SSC-L code, these calculations were decoupled 

either by extrapolating or interpolating boundary conditions. This 

decoupling was done for the sake of computing efficiency. The actual time- 

step sizes used by the fuel heat transfer and the coolant dynamics modules 

are, in general, different as discussed in Chapter 4. 

Figure 3-8 shows the procedure of transient cool ant computatton. There 

are four. major regions in the vessel : 1 ower plenum, core, bypass channel , 

and upper plenum. Since the core is the most important region of the vessel, 

its lower and upper boundary conditions are not extrapolated from previous 
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times. The boundary conditions are provided by the lower and upper plena, 

which are computed in advance, as illustrated in this figure. 

3.1.3 Heat Transfer in Fuel Rod and Structure 

A general form of fuel rod and its assoc.iated coolant and structure 

are shown in Figure 3-9. The rod is composed of up to five axial regions: 

lower plenum, lower blanket, actfve fuel, upper blanket, upper plenum. One 

or more of these regions may be omitted at the user's request, but the se- 

quence will be maintained. Both fuel and blanket are divided into slices in 

the axial direction and into concentric rings in the radial direction. The 

analysis of a blanket is similar to that of a fuel. The geometry, physical 

properties, and steady-state operating conditions are substituted accordingly. 

3.1.3.1 Thermal Expansion, Restructuring and Gap Conductance 

The radial nodes are shown in Figure 3-10, in which NF is the number-of 

radial nodes in fuel and is user's input. Only three radial nodes are allowed 

in the cladding. The radial nodes are determined at the. initial reference 

temperature by either the equal radial increment or the equal area method. 

The dimensions of the radial nodes are modified by considering thermal ex- 

pansion at steady-state. Knowing the fuel and cladding size at a reference 

temperature (usually, the as-fabricated dimensions at room temperature), the 

inside radius of each radial ring is 

- Rl - RFi (3-107) 

and 
Ri+l = Ri + AR F for 2 - < i - < (NF-I), (3-109) 

- 1 
Rci+i + - AR c i  2 c (3-110) 



Figure  3-9. A x i a l  noding i n  a  g e n e r a l i z e d  f u e l  rod .  



where, for equal radial increment: 

and 

If the nodes are divided on the basis of equal area, then the radial incre- 

ments are 

- hRf - PFiF -- 
and 

- dRC - 

The jnsjde radius of each radial ring becomes 

R~+! = [ R ~ ~  + ~ ~ ~ 1 %  for 2 - < i - < (NF-1) , 

and 

Correction due to thermal expansion for any radial node is 

The restructuring of the fuel is calculated for each axial slice for 

the steady-state condition only. The fuel density is considered to be 

initially uniform throughout the pellet and is equal to the as-fabricated 

value. Grain growth is assumed to divide the fuel into three regions. The 



iharacterization of these regions i s  indicated in Table 3-1. The reference 

temperatures TEG and TCG are  specified by the user. The final radius of the 

central void i s  determined by taking the mass balance of fuel in each s l i ce :  

where RFi i s  the i n i t i a l  radius of central void of fuel as-fabricated, REG 

i s  the f i r s t  node in Region I1  (equiaxed region), and R U N  i s  the f i r s t  node 

i n  Region I (unrestructured region). 

The gap between fuel and cladding i s  calculated expl ici t ly:  

A R  gap = 'ci ,ref [l + ac b c i  - 'ref) - R ~ o , r e f  . (3-123) 

I t  i s  a lso required tha t  AR = 0 i f  Equation (3-123) indicated that  A R  
gap gap 

i s  negative. 

The radial gap i s  used to  calculate the gap conductance which i s  an im- 

portant parameter for  fuel temperature calculation. The gap conductance i s  

computed for  two cases: f i n i t e  gap s ize  and the closed gap. When the gap i s  

closed, a d i rec t  i n p u t  of the contact conductance to  the code i s  required. 

For the case of f i n i t e  gap, heat i s  transported across the gap by 

1) conduction through a mixture of f i l l  gas and f iss ion 

gases (xenon and krypton), 

2 )  thermal radiation between the outside surface of fuel 

and the inside surface of cladding, 

3) f ree  convection of the gases in the gap. 

Heat transfer via f ree  convection in the gap i s  negligible and hence will not 



Table  3-1 

C h a r a c t e r i z a t i o n  of Fuel  Regions i n  a  Fuel  Rod 

Region 

I. Unres t ruc tu red  

11. Equiaxed Gra in  
Growth 

111. Columnar Gra in  
Growth 

Temperature 

< T~~ 

T E G I T < T C G  

T L TCG 

Thermal 
Conduc t i v i t y  

k = k(p,,T) 

k = k(p2,T) 

k = k(p,,T) 

Dens i ty  

(as  fabr ica ted)  P1 

2 

( 0 2  > P ~ )  

3 
(p3 > p2)  

Power 
Generat ion 

pe r  u n i t  
vo l  ume 

4, = Qo 

- P2 
Q 1 l  - q Qo 

3 
QIII = , Qo 



be considered i n  the  model. 

The heat f l u x  per  u n i t  l e n g t h  a t  t h e  ou ts ide  sur face o f  f u e l  i s  

Equation (3-124) can be r e w r i t t e n  as 

where the  gap conductance, hcond, i s  g iven by 

and the  r a d i a t i v e  heat  t r a n s f e r  c o e f f i c i e n t  i s  w r i t t e n  as 

where 

The above r a d i a t i o n  heat t r a n s f e r  c o e f f i c i e n t  i s  de f ined t o  e l i m i n a t e  t h e  

n o n - l i n e a r i t y  o f  t h e  equat ion. I t  i s  considered as a  temperature-dependent 

p rope r t y  and i s  c a l c u l a t e d  e x p l i c i t l y .  There a re  several c o r r e l a t i o n s  t o  

c a l c u l a t e  t h e  thermal c o n d u c t i v i t y  o f  a  m ix tu re  o f  monatomic gased. A simple 

emp i r i ca l  equat ion was g iven by Brokaw: (3.10) 



The mole f r a c t i o n s  o f  t he  gases, (Xi) a re  determined from models o f  f i s s i o n  

gas re lease and are suppl ied as i n p u t  by the  user. 

3.1.3.2 Fuel Rod Radial Temperature Ca lcu la t i on  

The r a d i a l  heat t r a n s f e r  i n  f u e l  and b lanket  a t  t he  j - t h  a x i a l  node 

a t  s teady-state (see Figure 3-10) i s  given by 

node' 1 : 

node i : 

-k ( i - i )  IR, 
dT 

2Ri + ( i  i )  F I R ~ + ~  2Ri+l + Qi ( Ri+l 2 - ~ i 2 ) = ~  

node NF: 

node c i  (c ladd ing i n s i d e  sur face)  : 

node c i + i  (c ladding,  midplane) : 



node ci+2 (cladding outside surface) : 

The above equations are expressed in finite difference form which results 

in a set of simultaneous nonlinear algebraic equations. These equations 

form a tridiagonal matrix and are solved by using the Gauss eliminations 
- 

procedure. The final equations are, at a given Z 
j ' 

i 

and 

where 

- - k ( ~ .  1-1,l .)Rl for 3 - < i - < (NF-1) 'i R ~ + ~  - Ri - 1 

- - 
'ci 'cond + 'rad ' (3-142) 



- - 
'ci+3 'conv 

- - -  2 
RFO ' a kNF3 + TNF Tci + TNF Tci2 + Tci 'rad 2 

- - Ri2) 
$1 - 4 for 1 < i < (NF-1) 

ci < i  <ci+l . 

Qi Qc Fz,j Fr,i. for fuel , 

Pi = Qc FZ,j for cladding , 

where Qf, Qc are the average heat generation per unit volume for fuel and 

cladding, respectively. 

For transient analysis the time-dependent radial temperature profiles 

for both fuel and cladding are governed by the heat conduction equation in 



the cylindrical geometry: 

Thc approximated solution of the above equation is obtained by using the 

extrapolated Crank-Nicolson differencing scheme for the discretized radial 

nodes (see Figure 3-10 for the noding arrangement). There are ICO coupled 

algebraic equations to be solved simultaneously to obtain ~1'~ for all i at 

each axial node. The final forms of the equations are 

k+l - k+ 1 
Timi - Fi-l + Hi-1 Ti for 2 - < i - < ICO . (3-157) 

The coefficients are defined as 

di + Fiml Bi - 
F1 - for 2 < i < ICO , 

i 
- - 

- 'i + 1 for 1 < i < (ICO-1) , Hi -7 - - (3-160) 

Gl = E l  9 (3-161) 

B~~ 
Gi = Ei - - G for 2 - < i - < ICO , (3-162) 

i - 1 

1 Ei = - + Bi + Bi+l for 1 - < i - < ICO , (3-163) 
C1 i 
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- - 1 = - h  R 
' I C O + ~  'conv 2 conv co ' 

f o r  1 5 i 5 (NF-1)  

i = ICI, ICI + 1 , 

for 3 5 i 5- ( N F - 1 )  , (3-169) 

f o r  2 < i ' <  (ICO-1) - - (3-176) 



for 1 - < i - < (NF-1) 

ICI - < i - < (ICO-1) 

Qi = transient heat generation per unit volume. 

The parameters firad and ficond are defined by Equations (3-146) to (3-148). 

All of the thermal properties in the above expressions are determined at 

the temperature extrapolated to the middle of the (k+l)th time internal, that 

is 

The thermal conductivity k ( 9 1 . is evaluated at 

The wire wrap on the outside surface of cladding is included in the 

transient analysis. It is assumed that the wire wrap provides an additional 

mass to the outermost node of cladding. The additional mass increases the 

heat capacity of that node. An effective mass is given by 

- (3-183) 
'eff - .'ICO 



3 . 1 . 3 . 3  Structure Temperature Calculation 

The detailed calculations of radial temperature dis t r ibut ion are  not 

performed for  the gas plenum and structures.  The s t ructure i s  divided into 

the same axial s l i ces  as i t s  associated fuel rod. For eac-h s l i c e ,  the plenum 

or structure i s  treated as a lumped mass. The f iss ion heating r a t e ,  decay 

heating ra te ,  and heat convection of coolant flow are  used to  determine the 

average temperature of tha t  axial node. The inner surface of plenum and 

the outside surface of structure are assumed to  be adiabatic. 

The temperature of the structure (or  plenum) a t  the j - t h  axial node i s  

given by 

The transient temperature of s t r u c t u r e . i s  governed by the single energy 

balance: 

For a given axial node, the structure temperature a t  ( k + i ) t h  timestep i s  

where 
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Qs(t) = transient power generation per unit 
vol ume , 

hc = convective heat transfer coefficient. 

The clad of lower or upper fission gas plenum is treated in a similar 

manner. 

3.1.3.4 Calculation for the Molten Fuel 

The computations of transient heat transfer in the core is terminated if 

1) clad temperature reaches to its melting temperature, or 

2) fraction of fuel me1 ted exceeds a given criterion ,supplied by user 

as an input parameter. 

The method of computing the fraction of melted fuel is described in'this 

section. According to the steady-state fuel model, there are three possible 

regions across the radius of fuel: the inner columnar and equiaxed grain- 

growth regions and. the outer unrestructured region. Proper modifications 

of material properties and volumetric heat generation rate are applied to 

each of the restructured regions. When the fuel temperature reaches its me1 t- 

ing point, which is expected to propagate outward from the center of the rod, 

a fourth region is identified as the molten fuel region. ' Figure 3-11 is a 

schematic representation of an axial segment of the fuel rod. 

The basic assumptions used in calculating the fraction of molten fuel 

are 

1) within any radial node, the fraction of molten fuel and the 

remaining solid fuel are in thermal equilibrium, i.e., .both 

liquidus and solidus phase' are at the melting temperature; 

2) the melting temperature is specified by user; 



3)  molten fuel is stationary and is attached to its original axial 

slice; 
K m 4) computation is terminated at - - ' Rcr , where Rm is the outer radius R ~ o  

of the molten region to be calculated, RFo is the outer radius of 

the fuel, and Rcr is the termination criterion imposed by user 

(0  < Rcr < 1). 

The fuel temperature at the i-th radial node is first computed by 

neglecting any me1 ting during the time increment according to the heat con- 

duction model described in Section 3 . 1 . 3 . 2 :  

where Fi and Hi are time-dependent coefficients related to the material 

properties and the heat generation. If the computed T!+' is greater then 

Tmel t a pseudo-temperature T i s defined : 
Pse 

The mass of the mol ten fuel (Mmelt) and the fractions of mass me1 ted (Fmel t) 

are calculated by 



where pi and Ci , respectively, are the density and heat capacity of sol irlrlc 

fuel and Qmel t is the latent heat of fusion. The outer radius of the molten 

region is then determined by 

For the i-th radial node with mixed solidus and liquidus phase, the material 

properties are approximated as 

- - X 'mix - Fmelt) 'solid' Fmelt l i q  ' 

where X denotes density, heat capacity, thermal expansion coefficient, and 

thermal conductivity. The volumetric heat generation term in heat conduction 

equation was determined for solidus fuel and has to be modified: 
' 

where 

Qo = average volumetric heat generation 
at steady-state , 

p = fuel density as fabricated. 

The spatial power distribution function and the transient power generation 

terms are imposed on Equation (3-193). 

Finally, if the computed fraction of molten fuel in any radial node is 



greater than one, i . e . ,  

the model will 

1) s e t  Fmel = 1 for  t h i s  radial node, 

2 )  assume the molten fuel in th i s  radial node i s  superheated and i t s  

temperature i s  given by 

- T;+l - Tmelt  t 'i ,sol id C i s  (Tpse l iquid - Tmel t )  - Qmel t 

Computational Procedure 

The fuel heat t ransfer  computation involves three different  sections of 

rod; fue l ,  blanket, and f iss ion gas plenum. Each section i s  treated according 

to  the material index specified by the user. A t  steady-state, the nonlinearity 

of the heat conduction equations and the option of fuel restructuring require 

an i t e ra t ive  procedure to  obtain the steady-state temperature. The procedure 

i s  shown i n  Figure 3-12. For t ransients ,  the temperature-dependent properties 

are  evaluated a t  extrapolated temperatures and hence no i te ra t ion  procedure 

i s  needed, as shown in Figure 3-13. However, checks of me1 ting of pel l e t  or 

clad are  done during the t ransient  computation. If the computed pe l le t  tem- 

perature i s  above the specified melting temperature, a simple molten fuel 

model will be used to  replace the solid-phase heat t ransfer  model. Melting of 

clad, as stated previously, i s  the index of terminating the t ransient  computa- 

t ion. Calculation of hoop s t r e s s  and comparison with the f iss ion gas pressure 

a re  performed fo r  every channel. Release of f iss ion gas i s  indicated, i f  the f i s -  

sion gas pressure i s  higher than the hoop s t r e s s .  Boundary conditions of gas 
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bubble formation are transmitted to the cool ant model for the initialization 

.of bubble computation. It is assumed that rupture of clad has no effect on 

clad heat transfer calculations. 

3.1.4 Power Generation 

The power generated in the reactor core includes both the fission and 

decay heat contributions. Also., both the time-dependent and spatial-dependent 

aspects of the power generation are accounted for. In our multi-channel 

representation of the reactor core, .the, total reactor power, P5TOT(t), is 

written as 

where 

P5FISS (K,t) = F5PFIS (K) F6TPOW (K) P5TOT (0) n(t) 3 (3-196) 

P5DCY (K,t) = F5PDCY (K) F6TPOW (K) P5TOT ( 0 )  d (K,t) (3-197) 

subject to the following initial conditions: 



The f i r s t  two terms on the r i g h t  hand s ide o f  Equation (3-195) represent, 

respect ive ly ,  the f i s s i on  and decay heat ing cont r ibut ions.  The t h i r d  term 

represents gamma heating o f  coolant i n  the bypass channel. Equation (3-195) 

can a lso  be w r i t t e n  as 

N6CHAN 
P5TOT ( t )  = P5TOT (0) . F6TPOW (K) {F~PFIS ( K )  n ( t )  

+ FSPDCY (K) . d (~,t))+ F6PBYP {F~PFIS(N~CHAN+I) n ( t )  
+ FSPDCY(NCCHAN+I). d B ( t ) }  (3-199) 

Various fac tors  are now defined: 

I 
F6TPOW (K) = f r a c t i o n  o f  t o t a l  power a1 1 ocated t o  the K-th channel , 

F5PFIS (K) = f r a c t i o n  o f  power from f i s A o n  and gamma heating i n  the 
K-th channel, 

F5PDCY (K) = f r a c t i o n  o f  power from decay heat ing i n  the K-th channel, 

F6PBYP = f r a c t i o n  o f  power i n  the bypass channel, 

n ( t )  = normalized time-dependent f ac to r  f o r  f i s s i o n  and gamma heating, 

d(K,t) = normalized time-dependent f a c t o r  f o r  decay heat ing i n  the 
K-th channel, 

d B ( t )  = normalized time-dependent f ac to r  f o r  heating o f  the bypass 
channel. 

Two consistency equations are 

N6CHAN 
F6TPOW (K) + F6PBYP = 1 

and 

F5PFIS (K) + F5PDGY (K) = 1. 



The power generated in a channel is further subdivided into four terms: 

(1) portion deposited in the fuel (or blanket or control rod pellets), 

F5PWR5 (K); (2) portion deposited in cladding, F5PWR6 (K); (3) portion de- 

posited in coolant, F5PWR1 (K) ; and (4) portion deposited in structure, 

F5PWR7 (K). ~hese' numbers are normalized so that 

F5PWR5 (K) + F5PWR6 (K) + F5PWR1 ( K )  + F5PWR7 (K) = 1.0 (3-202) 

for each channel. 

3.1.4.1 Spatial Power Normalization 

From the power values deposited in the fuel, cladding, coolant, or 

structure material .of any channel, an axial variation along the length of the 

channel is specified by a profile which must be supplied by the user. These 

profile data are normalized consistent with the nodal structure (see Figure 

3-14). For any channel, five axial regions are available for user specifica- 

tion. These include upper and lower fission gas plena, upper and lower blan- 

ket and fuel regions. As shown, for any given region, the associated fuel, 

cladding, coolant, and structure zones have the same axial mesh. Since the 

total number of rod axial sections for the K-th channel is N5ASEC(K), the 

axial distribution profile data supplied by the user are stored in the F5PAX(J,K) 

array J=1, N5ASEC(K) . The data are taken to apply at the nodal midpoints. 

These relative axial distribution data are then normalized such that the re- 

sulting F5PAX(J,K) array satisfies: 
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where Z~~~~~ is t h e  total axial rod length and ~ 2 5 ~  is the length of the J-th 

axial rod node. Thus, the user-supplied rod data are normalized on a unit 

length basis. 

The. radial power distribution is broken into two sections: (1) the 

radial distribution on a whole core basis, and (2) the radial variation within 

a channel. The radial distribution on a whole core basis is' incorporated 

with the fraction of power in the channel, F6TPOW(K), and by specifying the 

number of rods in this channel , N5RODS(K) . 
The radial power distribution within a channel, for any given axial 

section or slice in F-igure 3-14, is depicted as follows: 

(1) For axial regions containing fue.1 and/or blanket zones, the user 

may specify any number of radial nodes. This number is stored in the 

N5NFR(K) array and is taken to apply to all axial fuel and/or 

blanket sections in the K-th channel. 

(2) For the cladding zone, only three radial nodes are allocated. 

(3) The structural zone is allocated one radial node. 

(4) The coolant associated with any rod axial section is allocated one 

radial node. 

.Any power deposited in the cladding, coolant or structural material is 

assumed to be distributed uniformly in the radial direction. However, the 

radial power within the fuel and blanket zones is allowed to vary in the manner 

specified by the user. The user-'input radial power shape is normalized such 

that the following equation ,is satisfied: 



where FSPRAD(1 ,K) i s  t h e  r a d i a l  power shape i n  the  I - t h  r a d i a l  node o f  t he  

K-th channel, A(1) i s  t he  cross-sect ional  area o f  t he  I - t h  node and N5NFR(K) 

i s  t h e  number o f  r a d i a l  nodes i n  the  K-th channel. 

I n  summary, t he  amount o f  heat generated i n  t h e  (1,K)th f u e l  mesh o f  

t he  K-th channel i s  g iven by t h e  f o l l o w i n g  equation: 

+ FSPDCY(K) . d(K,t)  } F5PWRS(K) F5PAX(J,K) . F5PRAD(I ,K). 

(3-205) 

S i m i l a r i l y ' ,  t h e  power generat ion i n  the  c ladding mesh a t  t h e  J - t h  s l i c e  o f  

t h e  K-th channel i s  g iven by t h e  f o l l o w i n g  equation: 

+ FSPDCY(K) . d (K , t ) }  FSPWR6(K) F5PAX(J,K) , 

(3-206) 

s ince t h e  r a d i a l  power v a r i a t i o n  across the  c ladd ing i s  assumed t o  be constant.  

The equations f o r  power generat ion i n  t h e  coo lant  o r  s t r u c t u r a l  ma te r ia l s  may 

be obta ined by rep lac ing  FSPWRG(K) i n  Equation (3-206) w i t h  FSPWRl(K) o r  

F5PWR7 (K) , ' respect ive ly .  I 

3.1.4.2 F i ss ion  Heating 

The time-dependent p o r t i o n  of t h e  f i s s i o n  power c o n t r i b u t i o n  i s  c a l -  

cu la ted  by s o l v i n g  t h e  space-averaged, one-energy group reac to r  k i n e t i c s  

equations. The one-energy group assumption i s  reasonable, p a r t i c u l a r l y  f o r  

a f a s t  reac tor .  The space-averaged model i s  q u i t e  adequate s ince t h e  core 

o f  an LMFBR responds, due t o  t h e  r e l a t i v e  smallness o f  t he  core and t h e  l a r g e  

'neutron m ig ra t i on  area, more uni formly than a l i g h t  water reac to r  core t o  



changes in reactivity. 

The point-kinetics equations written in terms of the prompt neutron 

generation time (A) may be expressed (source term neglected) as 

where 

N = neutron density (which is proportional to the power), 

P = total reactivity (~k/k) , 

BT = total effective delayed neutron fraction = z 
i 

A = prompt neutron generation time (s), 

hi = decay constant of the i-th delayed neutron group (s-') , 

Ci = density of the i-th effective delayed neutron precursor, 

Bi = fraction of the i-th effective delayed neutron group, 

t = time (s), 

By rewriting N and Ci in normalized form such that 

Ci (t) 
n(t) = ; ci(t) a ; where Ci (0) = 'i N o )  ";T;;r 

Equations (3-207) and (3-208) become 

The direct integration of these equations requires very small time- 



step sizes due to the small numerical value of the generation time (A). To 

assure numerical stabi 1 i ty and accuracy, step sizes of approximately (100 to 

1000) A are required. Typically, A is about = 6 x lo-' s, thereforesthe 

step sizes of the order of 0.00006 to 0.0006 s would be required. 

The simplest way to circumvent this problei~l is to utilize the 

prompt jump approximation (PJA). This approximation makes use of the very 

fact that A is extremely small. By assuming that A approaches zero, the 

product A dn/dt in Equation (3-209) also approaches zero. Thus, n may be 

directly solved for as 

This means that any disturbance in the reactivity (p) will be instantaneously 

reflected in the power (n). Thus, for a step change in p, n jumps immediately 

to some initial level dependent on the size of the reactivity insertion. 

The PJA is in excellent agreement (to within < 0.1%) with the exact 

solution for values of p less than +504. It should be noted that this approx- 

imation gets even closer to the exact solution when the prompt neutron 

generation is smaller. 

The main drawback of using the PJA is the fact that agreement to the 

exact solution diminishes as p approaches B,.. It can be seen from Equation 

(3-211) that n is discontinuous at p = BT. To provide for these cases where 

p approaches BT (or more conservatively, when p > 504), an option is available 

in the SSC-L code to solve the equations "exactly." However, it should be 

stressed that for most cases which the SSC will analyze, the PJA will be 

adequate. For cases where the plant protection system (PPS) is assumed to 



operate, t he  reac to r  may be shut  down w e l l  before r e a c t i v i t y  i n s e r t i o n s  

approaching +50$ a re  a t ta ined .  

To prov ide  an "exact"  s o l u t i o n  t o  Equations (3-209) and (3-210), 

w i thou t  i n t e g r a t i n g  them d i r e c t l y ,  t he  method proposed by Kaganove (3.11) 

was used .  Here, Equations (3-210) a re  solved f o r  ci i n  terms of dci/dt 

and s u b s t i t u t e d  i n t o  Equation (3-209) such t h a t  

The assumption i s  then made t h a t  over any i n t e g r a t i o n  s tep  ( ~ t ) ,  t h e  

normal ized powcr (n) and r e a c t i v i t y  (p)  may be represented by second-order 

polynomials.  Thus, 

where 

no = value o f  n a t  t he  end o f  prev ious t imestep, 

p0 = value of p a t  t he  end o f  prev ious t imestep, 

and n,, n2, P ~ ,  p 2  a re  constants t o  be evaluated. 

Equation (3-210) i s  now in teg ra ted  i n  a s t r a i g h t f o r w a r d  manner: 
C 

t 
A . T  

t 
A .T 

1 Jd [ c  T e ] =[A. 1 e n ( ~ )  d r  . 
0 

Then 



where 

- 
Cio - ci (t) l t=O 

Making use of Equation (3-213), Equation (3-216) becomes 

Likewise, Equation (3-212) becomes 

Upon substituting Equations (3-213) and (3-214) into Equation (3-218), one 

obtains 

The boundary conditions are then imposed that the integral Equation 

(3-219) be satisfied at the midpoint and end of the step (i .e., at t=at/2 

and t=~t). Thus, Equation (3-219) yields two equations in the unknowns n, 

and n,. With the assumption that during any given timestep, the power and 

reactivity are functions of time only (i .e., decoupled) , the solution is now 

complete. For small timesteps (-.O1 sec or less), this latter assumption 

is certainly justified. 

During a transient, the implementation of the solution in the SSC-L 
3 



will proceed as follows (assuming a predictor-corrector type of integrator): 

(a) using the predicted value of reactivity at t = ~ t  and the two 

previous values, the two constants p l  and P, in Equation (3-214) 

are calculated; 

(b) using Equation (3-219) solved at At12 and ~ t ,  the constants n, 

and n, are calculated; 

(c) the predicted power may then be calculated using Equation (3-213); 

(d) repeat the above procedure during the correction portion. 

3.1.4.3 Reactivity Contributions 

The total reactivity at a given time, t, is the sum of an applied reac- 

tivi ty, pa(t) (e.g. , control rod movement), plus the sum of the various reac- 

tivity feedback contributions, p i  (t) : 

As indicated in Figure 3-15, the total reactivity is then incorporated into 

the point-kinetics model and used in the evaluation of the normalized time- 

dependent factor for the fission and gamma heating. It should also be noted 

that the reactivity effects are inherently spatial ly-dependent. This is not 

only due to the fact that the temperatures vary spatially, but even for the 

same temperatures the magnitude of the effect will depend on the location 

within the reactor. Since the point-kinetics equations suppress any spatial 

dependence, an appropriately weighted spatial integration of the evaluated 

local reactivity feedback effects must be performed. 

A survey of several references (3.12-3'16) and existing computer 



Figure 3-15. I l lus trat ion  of the react iv i ty  
feedback loop. 
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model s (3*7y3'17) has identified the following contributions to the feedback 

effects: 

0 Doppler 

Sodium density and voiding 

Fuel axial expansion 

Structural expansion 

Bowing 

Fuel slumping 

The first three effects will be discussed in more detail in subsequent sub- 

sections. Models arc presenled and equations developed for incorporation 

of these effects into the present version of SSC. The remainder of this 

section will briefly discuss the last three effects. 

Radial Structural Expansion I 

As the core heats up there is radial expansion of the fuel assemblies 

and core support structures which tends to effectively increase the pitch- 

to-diameter ratio of the fuel lattice, reducing the reactivity. However, 

this effect has a long time constant relative to the fuel, for example, 

since it is related to the structural components. From a normal operational 

viewpoint (e.g., taking the reactor from zero to full power), this effect will 

be much more important than for those transients that SSC-L will be analyzing. 

Bowing 

Bowing is caused by differential thermal expansion and is a result of 

radial temperature gradients. Positive reactivity can be added .when fuel 



material bows towards the center of the reactor. To reduce t h i s  e f f ec t ,  

spacers are  placed between fuel elements and fuel assemblies. The temper- 

a ture  gradients cause s t resses  i n  the contacted material which i s  designed 

to  be strong enough to prevent appreciable displacements. 

Also, as with structural expansion, t h i s  e f fec t  will have a relat ively 

long time constant since i t  i s  the fuel assembly and not the fuel pins them- 

selves tha t  provide the structural strength. (3.12) 

Fuel Sl urnping 

In the event of fuel me1 t ing,  there i s  the possibi l i ty  for  fuel move- 

ment within the cladding material. If  the fuel moves (slumps) towards the 

center of the core, then there will be positive react ivi ty  added to  the 

system. However, the current version of SSC-L does not t r e a t  the class  of 

t ransients  tha t  would lead t o  th i s  condition; hence, fuel slumping i s  not 

considered further.  

3.1.4.3.1 Doppler Effect 

The Doppler e f fec t  i s  the most important and re l iab le  prompt negative 

react ivi ty  e f fec t  in current thermal and f a s t  reactor designs which u t i l i z e  

high f e r t i  1 e (U238) materi a1 concentrations . Probably one of the bet ter  

understood react ivi ty  phenomena, the Doppler e f fec t  i s  due to  the increased 

kinetic motion of the fuel atoms, as measured by an increase in fuel temper- 

a ture ,  resulting in the broadenjng of cross-section resonances and increased 

resonance absorption. 

The Doppler coefficient i s  defined as the change in mu1 tip1 ication 

fac tor ,  k,  associated with an arbi t rary change in the absolute fuel tempera- 



ture, T. Since i n  f a s t  reactors t h i s  c o e f f i c i e n t  i s  found t o  vary as the 

inverse o f  f ue l  temperature, a temperature independent Doppler parameter, 

aDoP , can be general ly  defined as 

Equation (3-221) may be in tegrated t o  y i e l d  

1 2  k1 - k2 = aDoP en T /T , 

where T' and T2 represent two d i f f e r e n t  f ue l  temperatures and k1 and k2 are 

the r e s u l t i n g  mu1 t i p 1  i c a t i o n  factors.  Rigorously, r e a c t i v i t y  i s  defined as 

and changes i n  r e a c t i v i t y ,  Apy as 

For small r e a c t i v i t y  changes ( the Doppler e f f e c t  i:s o f  the order o f  loe4)  

and w i t h  k = I ,  

1 2  k l - k 2 t p  - p  9 

and the change i n  r e a c t i v i t y  due t o  the Doppler e f fec t ,  bpDoP, can be w r i t t e n  

as 

This equation may be appl ied l o c a l l y  o r  reg iona l l y  depending on how the 

temperatures and Doppler coe f f i c ien t  are defined. Specif i c a l  ly, i n  d isc re te  



DOP i s  notation, the local Doppler react ivi ty ,  p J K  

where K represents the channel, J  i s  the axial position in the channel K ,  

and TJK i s  the effect ive local temperature a t  position JK. This effect ive 

fuel temperature can be taken t o  be the volume-averaged fuel temperature 

which i s  defined as 

where V I J K  i s  the fuel volume in channel K ,  axial s l i c e  J ,  and between radial 

mesh I and 1-1, and T I J K  i s  the local fuel temperature a t  t h i s  position. 

I t  should be noted tha t  the Doppler coefficient in Equation (3-224) 

i s  shown t o  be a spatially-dependent variable. A1 though will be a 

constant with respect t o  fuel temperature, there will be spat ia l  variations 

due t o  different  fuel types ( e -g . ,  enrichment, pin s i ze ,  volume fractions 

of structural material, coolant, and fue l )  and different  sodium density. 

In the present model, a::P will be a spatially-dependent parameter supplied 

by the user. T h u s ,  the f i r s t  concern relat ing to  fuel type can be d i rec t ly  

addressed. 

The sodium denstty dependence i s  actually a neutron spectrum depen- 

dence--the harder the spectrum, the smaller the Doppler e f fec t  (since there 

a re  less  neutrons in the resonance range). The less  sodium present, owing 

to  density decreases or voids, implies a harder spectrum. To t r e a t  t h i s  

N A e f fec t ,  an effect ive isothermal sodium void fract ion,  X J K ,  i s  defined 



where pNA is the local, time-dependent sodium density at position JK, and JK 
DOP p!iref is the local reference sodium density at position JK. Thus, if B~~ 

and y:iP are the Doppler parameters with and without sodium present, respec- 

tively, then the net Doppler parameter can be approximated by 

DOP - DOP'(l - XNA) DOP xNA 
'J K - B~~ J K + Y~~ JK 

To get an overall Doppler reactivity, pDoP, for use in the point-kinetics 

equation, a summation of Equation (3-224) must be performed. Thus, 

P 
DOP = c p;;P = C a;;P ~n - JK . 

T 

The values of the Doppler coefficients, for each JK-th region must be 

supplied by the user in units of reactivity (~k/k) for that mesh. 

3.1.4.3.2 Sodium Density and Void Effects 

Heating of the sodium coolant decreases the coolant density and can 

ultimately lead to vaporization (voiding). These density decreases affect 

the reactivity of the reactor through two competing effects: increased 

leakage, which adds negative reactivity and is important away from the 

center of the core; and spectral hardening due to a decrease in the macro- 

scopic sodium scattering cross-section which adds positive reactivity. The 

net effect depends primarily upon the location in the reactor. 

In modeling this effect, both sodium density changes and voiding can . 



be treated in a similar fashion. Basically, what is required along with 

the spatial sodium density distribution is a table of spatially-dependent 

sodium reactivity worths. The sodium density will be determined internally 

by SSC-L from knowledge of the sodium temperature distribution. However, 

the reactivity worths are user supplied. 

There are several ways to present this reactivity effect depending' on 

the form in which the reactivity worth data are known. For application in 

SSC-L, Equation (3-229), which can treat either sodium density or voiding 

reactivity effects, is used: 

where pNA is the overall sodium density and voiding reactivity for use in 

the point-kinetics equations, BJK is the sodium reactivity worth in axial 

slice J, channel K, in units of reactivity per unit mass of sodium effec- 

tively voided, and MJK is the effective mass of sodium voided in segment JK, 

and is defined in the following equation: 

In this equation, pyf: is the local average, time-dependent sodium density 

and v;! is the local coolant volume in segment JK. 
3.1.4.3.3 Fuel Axial Expansion Effect 

Axial expansion of the fuel pellets tends to increase the active core 

height while decreasing the fuel density, resulting in a net decrease in 



reactivity. An upper limit to the magnitude of this effect is obtained if 

it is assumed that the fuel pellets are free to move within the cladding. 

However, the actual mechanisms for expansion are difficult to model , especial ly 

for ceramic fuel. Fuel pellet cracking or friction between the pellet surface 

and inner clad wall will reduce the expansion significantly. On the other 

hand, ff the fuel pellets are not stacked in perfect contact within the clad, 

then there may be negative fuel expansion if the fuel pellets settle. 

Physics calculations for CRBRP (3-1) indicate a maximum overall reactiv- 

ity of -0.12Q per mil of fuel axial expansion. The range of this effect is 

quoted to be O.OQ/mil to -0.12Q/mil owing to the uncertainties previously 

discussed. In fact, neglecting this feedback effect would. tend to yield 

higher positive reactivity values during a positive temperature transient. 

This would result in a high estimate of the reactor power level and a conser- 

vative (i .e., more severe) prediction of the thermal -hydraul ic performance. 

Nevertheless, for inclusion in SSC-L, the reactivity due to fuel axial 

expansion, pAX, is based on a model which parallels the treatment of sodium 

density reactivity effects: 

where CJK is the fuel reactivity worth in axial slice J, channel K, in units 

of reactivity per unit mass of fuel effectively voided from segment JK and 

NiK is the effective mass of fuel voided in segment JK. 

The user will supply values for the CJK constants. An expression for 

the internal evaluation of NiK is now derived based on the logic that as 

the fuel temperature increases, the fuel expands axially according to the 



f o l l o w i n g  equat ion: 

where a i s  the  l i n e a r  f u e l  expansion c o e f f i c i e n t  i n  u n i t s  o f  cm/cm-K and 

TJK i s  t he  f u e l  volume average temperature as evaluated by Equation (3-225). 

To conserve mass, an a x i a l  increase i n  t h e  f u e l  l e n g t h  (FL) imp1 i e s  a decrease 

i n  t h e  f u e l  dens i ty ,  p::, ( i g n o r i n g  o the r  dimensional changes); thus 

The d i f f e r e n c e  i n  dens i t y  t ime the  o r i g i n a l  f u e l  volume (be fore  expansion), 

FL V J K l ,  w i l l  g i v e  the  amount of fue l  voided f rom l o c a t i o n  JK, NJK: 

- FL, xFL vFLl 
N~~ - P~~ JK JK , 

where x:: i s  t h e  f u e l  v o i d  f r a c t i o n  a t  l o c a t i o n  JK and f o l l o w s  f rom Equation 

(3-234) t o  be 

The e f f e c t i v e  amount o f  f u e l  voided from l o c a t i o n  JK, N;~, and t h e  

r e s u l t i n g  n e t  r e a c t i v i t y  e f f e c t  associated w i t h  f u e l  a x i a l  expansion are  



given by the following equations: 

where E is a user-supplied constant that accounts for the fact that the 

present model does not account for the uncertainties associated with the mode 

of fuel expansion and does not explicitly evaluate the increase in reactiv- 

ity because the fuel that was calculated to be voided from location JK 

 q qua ti on (3-235)] actually causes a net increase in axial fuel height, re- 

ducing leakage. An estimate on the size of these effects is given in Ref- 

erence 3.14. A recommended upper limit for E is thus given to be 0.3. 

3.1.4.4 Decay Heating 

The time-dependent portion of the decay heat contribution is handled 

in one of two ways: 

(1) tabular look-up of user supplied data, or 

(2) solution of user-suppl ied empirical relationships. 

The decay heat calculations are handled in one subroutine (PDCY5T). If the 

tabular look-up option is used, then paired points of time v/s decay heat 

fraction must be supplied on input. If the user wishes to supply empirical 

correlations, they must be inserted into PDCY5T at the appropriate place. 

Both the relative magnitude,and the time-dependent shape of the decay 

heating are allowed to be channel-dependent, as discussed earlier. A user 

will have to provide F5PDCY(K) as well as d(K,t). An additional time- 
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dependent func t i on  d B ( t )  f o r  gamma heat ing  o f  coo lant  i n  t h e  bypass channel 

must a l s o  be provided. Both d(K,t) and d B ( t )  a re  normalized so t h a t  a t  

s teady-state t h e i r  values a re  1.0. 
' 



3.2 HEAT TRANSPORT SYSTEM 

3.2.1 System Description 

The heat transport system provides the vital function of removing 

reactor generated heat and transporting it to the steam generator while 

maintaining an adequate flow rate for controlling reactor temperatures 

within safe limits under all plant operating conditions. 

In this section of the report, a detailed analysis to predict the 

thermal and hydraulic response of the heat transport system under both pre- 

accident and transient conditions wi 11 be presented, 

Figure 3-16 shows an example configuration of the heat transport 

system for a loop-type LMFBR plant. Only one circuit has been shown. It 

consists of the primary loop carrying radioactive liquid sodium and the 

intermediate loop carrying nonradioactive liquid sodium. The number of 

parallel heat transport circuits usually depends on total flow rate, 

a1 lowabl e pressure drops, degree of plant re1 iabi 1 i ty , size of avai lab1 e 

components, and a1 lowable coolant velocities. (3.18) The Cl inch River Breeder 

Reactor Plant (CRBRP) has three heat transport circuits operating in par- 

allel. (3.1) 

Each primary loop contains a variable speed, centrifugal, liquid 

metal pump, a check valve, an intermediate heat exchanger (shell side), 

and the associated pi ping interconnecting these components. The pump ci r- 

culates coolant through the reactor where it picks up the heat generated in 

the core and exits at a higher temperature. The coolant transfers this 

heat during its passage through the shell side of the intermediate heat ex- 

changer and returns to the reactor 'to complete the cycle. A1 1 primary loops 

share a common heat source at the reactor core and a common flow path through 

the reactor vessel, but otherwise each circuit operates independently. 
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The priCiinary and in te rmed ia te  loops are  the rma l l y  l i n k e d  a t  t he  I n t e r -  

mediate Heat Exchanger (IHX). Here, the  in te rmed ia te  coolant ,  as i t  r i s e s  i n  

the  heat  t r a n s f e r  tubes, p icks  up the  heat  from the  pr imary c o o l a n t .  It then 

passes t o  the  s h e l i  s i de  o f  t he  steam generator,  where i t  gives up t h i s  heat  

t o  produce steam i n  the tubes, and re tu rns  t o  the  IHX t o  complete the  cyc le.  

The coo lan t  i s  c i r c u l a t e d  by a v a r i a b l e  speed c e n t r i f u g a l  pump. An expansion 

(surge) tank i s  a l s o  prov ided i n  t h e  in te rmed ia te  loop t o  accommodate coo lan t  

volume changes due t o  thermal expansion. I n  the  case o f  the  pr imary heat 

t r a n s p o r t  loops, t he  r e a c t o r  vessel a l so  serves the  purpose o f  the  surge 

tank. 

I n  t he  example c o n f i y u r a t l o n  o f  F igure  3-16, which corresponds t o  the 

CRBRP design, heated in te rmed ia te  sodium leav ing  the  IHX f lows through 

h o t  l e g  p i p i n g  and enters the  steam generat ion system superheater module. 

A t  t he  superheater e x i t ,  the  p i p i n g  cons is ts  o f  two p a r a l l e l  runs, each 

extending t o  an evaporator  i n l e t .  Cooled sodium from the  evaporators 

f lows through two p a r a l l e l  runs, j o i n e d  a t  a tee, and cont inues as a s i n g l e  

run  t o  the  pump s i t u a t e d  i n  t h e  c o l d  l e g  and then back t o  the  IHX. The 

expansion tank i s  l oca ted  j u s t  upstream o f  t he  pump. 

Trans fer  o f  reac to r  power by the  heat  t r a n s p o r t  system i s  achieved 

by vary ing  system f low ra tes ,  which i n  t u r n  a re  c o n t r o l l e d  by changing 

pump speeds. The p i p i n g ,  runs are  i n s u l a t e d  on the  ou ts ide  t o  min imize 

heat  loss .  

Analys is  

For modeling purposes, the  pr imary loop i s  understood t o  extend from the  

r e a c t o r  vessel o u t l e t  t o  i t s  i n l e t .  The in te rmed ia te  loop i s  assumed t o  



start at the I H X  secondary outlet and includes the shell side of the 

steam generator. The heat transport system Calculations thus interface with 

the reactor calculations at the vessel inlet and outlet, and with the tertiary 

loop calculations at the steam generator. 

The analysis is aimed at allowing considerable flexibility in the arrange- 

ment of components in the loop for future PLBRs. In the CRBRP arrangement 

illustrated in Figure 3-16, the primary pump is placed in the hot ley. How- 

ever, it could be located in the cold leg at the user's option, as also 

the check valve could be anywhere in the loop. or be absent altogether. The 

figure also shows one superheater and two evaporators in the intermediate 

loop, with the intermediate pump in the cold leg and the expansion (surge) 

tank just upstream of it. The model could accommodate variations in this 

arrangement such as none or more than one superheater, and one or more eva- 

porators at the user's option. Also, the pump and surge tank could be located 

away from each other.. 

3.2.2.1 General Assumptions 

The following baslc assumptions are inherent in the analysis: . 

(1) one-dimensional (space) flow, i .e. , uniform velocity and temperature 

profiles normal to the flow direction; 

(2) single-phase liquid coolant, i .e., temperatures in the loop are 

always below coolant saturation temperature; 

(3) incompressible 1 iquid, i .e., coolant properties are not pressure 

dependent; 

(4)  single mass flow rate model, i .e. , the effect of time rate of 

change of density on mass flow rate distribution in space is neglected, 



so that at any instant of time, the mass flow rate would be uniform 

everywhere in a circuit, except at a free surface, or at a break where 

there is flow loss, or at a junction where flows meet, or at a branch 

where flows separate; 

(5 )  axial heat conduction in wall s is neglected. 

3.2.2.2 Model Features 

Aside from its flexibility, the model has several other features. 

Some of these are 

(1) temperature-dependent material properties, expressed as curve- 

fitted polynomial functions of temperature, 

( 2 )  gravity effects included in detai 1 , 

(3 )  fl ow-dependent friction factor encompassing the full range of 

flow conditions from turbulent to laminar, 

( 4 )  loss-coefficients included for area changes, etc., 

( 5 )  heat transfer with pipe walls considered. 

3.2.2.3 Steady-State Simulation 

Figure 3-17 shows a skeleton flow chart for the overall solution 

approach to the heat transport system. Certain boundary conditions and 

input data are necessary to start the calculations. These are the system 

geometry, i.e., pipe lengths, diameters, angles at nodes, loss coefficients, 

heat transfer tube dimensions, etc., and certain reference parameters, such 

as the loop flow rates W and Ws, the coolant temperature at reactor out- 
P 

let the pressure at inlet to the primary loop PI, the reactor pressure 

drop APRV, cover gas pressure in the pump tank Pgas, etc. Of these, 
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Wp' Ws, T1,l are determined from overall plant thermal balance, and P1 and 

dPRV are obtained from the in-vessel simulation. 

With this information, along with the constitutive relations, the 

calculation begins at the entrance of the primary loop and marches in the 

direction of coolant flow. The conservation equations for flow in piping 

are solved first, unless an IHX is encountered (see Figure 3-17) in which 

case the energy and momentum equations at the IHX are solved. Following 

each component or pipe run, the boundary conditions are set for the next 

component or pipe run. This process continues until the outlet of the loop 

has been reached and temperatures and pressure drops in all piping runs and 

the IHX have been computed. At this point, the check valve pressure drop, 

pump pressure rise and operating speed, and height of coolant in the pump 

tank are all determined. The intermediate loop calculations now begin at 

the IHX secondary outlet, and a similar process continues until the steady- 

state thermal -hydraul ic conditions in both loops are completely specified. 

3.2.2.4' Transient Solution Approach 

The simulation approach is strongly influenced by the nature of the 

flowing medium within the range o f  conditions of interest to the model. 

Thus, for liquid sodium loops, the time-dependent energy and momentum 

equations can be decoupled since the effect of pressure on subcooled 

1 iquid sodium properties ' is considered negl igi bl e. However, whereas the 

momentum equations are only loosely dependent on temperature through the 

sodium properties, the converse is not true, since convective terms in 

the energy equations are directly flow dependent. So, if hydraulic 

equations are solved first with coolant properties evaluated at temperatures 



corresponding t o  the ea r l i e r  time (one time step behind), the energy 

equations can then be readily solved, using the flow rates  calculated from 

hydraul ics  a t  advanced time. More detai 1 s on hydraul i c  and thermal simulation 

procedures will be presented in subsections 3.2.10 and 3.2.11. 

The next few subsections will be devoted to  description of the model 

equations for  the individual components of the heat transport system. 

3.2.3 Coolant Flow in Piping 

.By f a r  the longest time the coolant spends in i t s  passage through the 

heat transport c i r cu i t  i s  in the piping runs interconnecting the different  

components. Hence, a thermal-hydraulic model for  coolant flow in piping 

should form an important part  of the overall system simulation model. 

3.2.3.1 Heat Transfer 

A detailed model with discrete  parameter representation has been for- 

mulated for  the heat t ransfer  process in the piping. This i s  preferable 

t o  a simple transport  delay model as used in other codes (3.19, 3-20) for  two 

reasons. F i rs t ly ,  the temperature signal i s  not only delayed in i t s  passage 

from i n l e t  to  out le t  of a pipe r u n ,  b u t  also al tered.  Secondly, a detailed 

temperature dis t r ibut ion will aid in a more accurate determination of the 

gravitational heads, hence, the natural circulation capabili ty of the heat 

transport system under loss of forced flow conditions. 

Figure 3-18 shows the mode1 configuration. In the axial direction the 

number of nodes in a pipe section i s  user specified, the number being influ- 

enced by the pipe length and the coolant velocity a t  fu l l  flow. In the 

radial direct ion,  there a re  two nodes - coolant and pipe wall. Perfect 
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3-18. Nodal diagram f o r  f l ow  i n  p i p i n g .  



insulation (i .e., negligible heat losses) is assumed on the wall outer 
. 

surface. As shown in the figure, the coolant and wall nodes form a stag- 

gered arrangement. 

Governina Eauations 

The governing equations are obtained by the nodal heat balance 

method, where energy balance is applied over the control volume formed 

between two adjacent fluid nodes to jive the coolant equation, and the 

wall equation is related to the coolant equation through the heat flux term. 

These equations can be written for i=l, N-1, as follows: 

Cool ant.: dei+l 

"ii+i 
AAX - - d t - w(ei - ei+l) - w + - 'wi] (3-239) 

where ei+l is the coolant enthal py at node i+l, Ti i+l is the average coolant 

temperature in the control volume between nodes i and i+l, expressed as 

"i i+l is the coolant density corresponding to Tii+l, W is the flow rate 
nDf 

in the pipe, A is the cross-sectional area for flow given by --b , Ucw 
is the overall heat transfer coefficient between coolant and wall, eval- 

uated at the midpoint between coolant nodes i and i+l, and Acw is the area 

for heat transfer between coolant and wall, given by 



I nhe ren t  i n  Equat ion (3-239) i s  t he  assumption t h a t  

Wall : 

where Mw = mass o f  w a l l  f o r  l e n g t h  AX.  

F i n i t e  D i f f e rence  Forms 

A f u l l y  i m p l i c i t  s i n g l e - l a y e r  t ime  i n t e g r a t i o n  scheme i s  app l i ed  t o  

Equat ion (3-239) and t h e  w a l l  heat f l u x  i s  a l lowed t o  be determined e x p l i c i t l y .  

Wi th t h i s ,  Equat ion (3-239) becomes 

and Equat ion (3-243) becomes 

where t h e  index k represents prev ious t ime, ( k + l )  represents t h e  c u r r e n t  

(advanced) t ime, and h i s  t h e  s i z e  o f  t h e  t imestep.  

The f l o w  r a t e  wk+' i n  Equat ion (3-244) i s  known s ince  h y d r a u l i c  c a l c u l a -  

t i o n s  precede thermal c a l c u l a t i o n s .  Equations (3-244) and (3-245) a r e  now 



uncoupled and unknowns ei:: and T:+' can be determined algebraically in a 
i 

marching fashion going from i=l to N-1. 

It is worth noting that Equations (3-244) and (3-245) are for forward 

flow only. However, the code has the formulation in terms of general node 

counters so that the equations and the marching direction in each pipe 

section are automatically adjusted depending on the flow direction, be it 

forward or reverse. 

Overall Heat Transfer Coefficients 

In Equations (3-239) and (3-243), Ucw represents the overall heat trans- 

fer coefficient between coolant and pipe wall, and it is defined, based on 

the resistance concept (see Figure 3-19), as 

The film heat transfer coefficient is given in terms of Nusselt number 

Nuc as 

where Nuc is obtained from established correlations (see Chapter 5). 

The wall resistance term is obtained by considering half the wall 

thickness (since that is where T is defined), and is expressed as 
w 4 
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Figure 3-19. Nodal diagram for thermal balance. 



where Diy Do are the pipe inner and outer diameters, respectively. 

Since Ucw is dependent on material k c  kw) and flow (Nu,! properties. 

which are functions of temperature, it is evaluated at each nodal section 

of the pipe. 

3.2.3.2 Pressure Losses 

The hydraulic model essentially calculates the pressure losses in the 

pipe section as 

(APf,g)pipe = acceleration loss + frictional loss 

+ gravity loss + other losses. 

L L 
w2 - dx + g / psine dx + K W ,  

0 0 
 FA^ 
(3-249) 

where f is a flow-dependent friction factor (see Chapter 5 for details). 

K is a user-specified loss coefficient to account for losses due to bends, 
f fittings, etc. Since - is a continuous function, 
P 

jL f P du is evaluated. 
f - using Simpon's rule. However, psine, unlike -, O is a discontinuous 
P 

function, dependent on the pipe geometry; hence f L  psine dx is evaluated 
N-1 

rather as the summation AX 
o-' 

pi sinei, where pi = p(Ti). 
i=l 

The importance of these pressure loss evaluations will be seen later 

under transient hydraulic simulation. 

3.2.3.3 Steady-State Model 

The energy equations are considerably simplified because of the 



absence o f  t ime de r i va t i ves .  I n  fact ,  w i t h  the  assumption o f  p e r f e c t  

i n s u l a t i o n ,  the  w a l l  equation, i .e. , Equation (3-243), disappears, and the  

coo lant  equation simply gives 

Ti = T, f o r  i = 1,N . (3-250) 

Th is  equation a l so  imp l ies  constant f l u i d  p roper t i es  over t h e  p ipe  run. 

The formulat ion.  f o r  pressure losses i n  t h e  p i p i n g  i s  t h e  same as f o r  

t rans ien t ,  except t h a t  the  acce lera t ion  term drops out,  and f, p are  constant,  

s i m p l i f y i n g  the  eva luat ion  of f r i c t i o n a l  l oss  term. - Since under steady- 

s ta te ,  momentum balance y i e l d s  

pressure drop = pressure losses, (3-251) 

there  being no flow accelerat ion,  the  terms loss  and drop can be used 

interchangeably. Generally, t he  term "drop" has been used i n  the  steady- 

s t a t e  analys is .  

3.2.4 Intermediate Heat Exchanger 

3.2.4.1 Descr ip t ion  and Summary 

The I H X  i n  an LMFBR serves t o  p h y s i c a l l y  separate the  r a d i o a c t i v e  pr imary 

coo lant  from the  nonradioact ive in termedia te  coo lant  w h i l e  a t  t h e  same t ime 

thermal ly  connecting the  two c i r c u i t s  i n  order  t o  t r a n s f e r  the  reac tor -  

generated heat t o  the  steam generator. I t s  l o c a t i o n  i n  each c i r c u i t  of 

cu r ren t  loop-type reac to r  system designs was i l l u s t r a t e d  by the  example 

conf  i guya t ion  o f  Figure 3-16. 



The IHX incorporates a 1 iquid metal -.to-1 iquid metal cyl indrical she1 1 - 
and-tube heat exchanger where primary coolant flows in the baffled shell and 

gives up  i t s  heat t o  secondary coolant flowing a t  a higher pressure in the 

tubes. The higher pressure in the secondary s ide i s  to  assure no radioactive 

coolant entering into the secondary c i r c u i t  in the event of a leak in any of the 

heat t ransfer  tubes. Secondary f lu id  in the tubes i s  a natural choice because 

i t  i s  more economical to  put the higher pressure f lu id  in the tubes, (3.18) 

besides the fact  that  primary coolant in the shell  allows more design freedom. (3.21) 

A1 1 current designs use essential l y  counterfl ow arrangement. However, the model 

to  be described i s  equally valid fo r  parallel flow as well. 

The thermal response, in terms of temperature dis t r ibut ion in the IHX 

and heat t ransfer  from primary to secondary coolant within the heat exchanger, 

i s  predicted by the thermal model, which involves dividing the heat t ransfer  

region into a user-specified number of sections,  and then applying energy 

balance over each section. The analysis includes m i x i n g  i n  plena, heat trans- 

f e r  w i t h  wall, foul ing,and primary bypass flow. Fouling resistance i s  included 

as a user-specified parameter to  allow the code to  analyze the preaccident 

conditions of the plant a t  any stage of i t s  operating l i f e .  The hydraulic - 

response i s  obtained i n  terms of pressure drop character is t ics  on both pri-  

mary and secondary sides of the IHX.  The model includes variable f r ic t ion  

factor  in the heat transfer section, gravity heads, and losses due to  con- 

t ract ions,  expansions, e tc .  A loss  coefficient has been introduced into the 

hydraulic model in order to  absorb uncertainties in the evaluation of various 

losses within the heat exchange unit .  



3.2.4.2 Encrgy Equations 

If a detailed model i s  needed to  describe the heat t ransfer  process in 

the piping, there i s  even greater just i f icat ion for  a detailed model here, 

apart from the need to  evaluate accurately the heat removal capabili ty 

of the heat exchange unit  a t  a l l  times. 

Figure 3-19 i s  a model diagram for  the thermal model (under counterflow 

arrangement). A1 1 the heat t ransfer  tubes have been shown as one repre- 

sentative tube. As in the piping, the coolant equations are derived using 

the nodal heat balance method. 

Essential Features 

Some features of the model are  enumerated: 

(1 ) user-specified number of equidistant axial nodes ; 

( 2 )  variable material properties and heat t ransfer  coefficients 

(functions of temperature, flow, etc .  ) which are  evaluated locally;  

(3)  presence of bypass flow stream on primacy side accounted for ;  

( 4 )  ideal mixing plena a t  the in l e t  and out le t  of each coolant stream; 

(5)  four radial nodes (secondary coolant, tube metal, primary 

cool an t ,  she1 1 wall ) ; 

( 6 )  axial heat flow due to  conduction in the metal wall i s  assumed 

negligible ; 

(7) fu l ly  developed convective heat t ransfer  i s  assumed, i .e. , entrance 

effects  are neglected . 
The tube and shell wall nodes, (see Figure 3-19) l i e  i n  the midplane 



between the f luid nodes, giving r i s e  to  a staggered nodal arrangement. 

Representative time-dependent equations are  noted below. 

Plenum primary in l e t :  

( e  ) = W f ( e  - e  1 ,   in X p, P Pin P 1 

where 

e = e(T ) and e = e ( ~  ) , 
P i n  P i n  P 1 1 

V i n  i s  the stagnant volume in the primary i n l e t  plenum, and p i s  the 

average coolant density in the plenum. Further, from mass conservation, 

we have 

where B i s  the fraction of flow bypassing the active heat t ransfer  region. 
P 

Plenum primary out le t :  

( e  ) = W 1 e  + B  W e - W  e 
"out P~ P P PI3 P P o u t '  

Plenum primary bypass : 

- epB) 
Pin 

Similar equations can be wr i t ten  for  the i n l e t ,  ou t le t  plena and downcomer 
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in the secondary side. 

Active Heat-Transfer Region 

Primary cool ant :  

Secondary coo7 ant :  

Tube wall : 

She1 1 wall : 

In the above equations V Vs are  the control volumes between i and i + i  
P ' 

on primary and secondary sides,  respectively. U p t ,  U s t ,  U p s h  denote the 

overall heat transfer coefficients and A Apsh,.and ASt are  the areas per 
P t  ' 

length ax for  heat t ransfer  between primary coolant and tube wall, primary 

cool ant and she1 1 wall , and secondary cool ant and tube wall , respectively 
( .  

defined as 



where nt = number of active heat t ransfer  tubes, Ash i s  the shell heat 

t ransfer  area, and L i s  the length of the act ive heat t ransfer  region. 

Equations (3-257) to  (3-260), along w i t h  the plena equations, a re  

integrated by a fu l ly  implicit single-layer scheme. The heat flux terms in 

Equations (3-257) and (3-258) a re  a1 lowed t o  be determined expl ic i t ly ,  which 

uncouples them. These equations are  then solved in a marching fashion without 

resorting to  matrix inversion. A t  the same time since the heat fluxes in 

Equations (3-259) and (3-260) a re  evaluated imp1 i c i  t l y ,  no s tabi l  i t y  1 imi ta-  

t ions are  imposed on the integration s tep s ize.  The timestep control i s  

achieved by regulating the re la t ive  change of the integrated variables from 

the standpoint of accuracy. This i s  required particularly since the heat 

flux terms, being allowed t o  lag in the coolant equations, could swamp the 

solution i f  unlimited step s izes  were attempted. 

The above equations, in the form shown, a re  valid' for  counterflow 

arrangement, positive flow only. However, they have been coded with general 

node counters t o  allow for  reverse flow i n  e i ther  coolant stream, as also 

a choice of parallel  or counterflow arrangement. 

All functional relationships between enthalpy and temperature and vice 

versa were obtained from property relations (see Chapter 5 ) .  

Overall Heat Transfer Coefficients 

In Equations (3-257) t o  (3-260), U p t ,  U S t ,  and U represent the over- 
psh 

a1 1 heat t ransfer  coefficients from primary f lu id  t o  tube wall, from secondary 

f lu id  to  tube wall, and 'from primary f lu id  t o  shell wall, respectively, and 



are defined, based on the resistance concept, by: 

where the film heat transfer coefficients are calculated in terms of Nu 

by 

The Nussel t numbers, Nu and Nust, are obtained from establ i shed correlations 
Pt 

(see Chapter 5). 

The wall resistance terms are obtained by dividing the tube wall thickness 

equally between primary and secondary sides, since Tt is defined at the 

midpoint o f  wall thickness. 

- 
'wall ,p - r2 , 

k+ 

and 



Foul ing i s  a  time-dependent phenomenon, and the  f o u l i n g  res is tances 

1 1 
- and 7 are inc luded as a  user i n p u t  q u a n t i t y  i n  order  t o  lend 

f o u l  ,p f o u l  ,S 

c a p a b i l i t y  t o  the  model t o  b e t t e r  analyze the  response o f  t he  heat exchange 

u n i t  a t  any stage o f  i t s  opera t ing  l i f e .  

The o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t s ,  U and USt, a re  dependent 
P t 

on mate r ia l  (kp, kt, kS) a i d  f l ow  (Nu NuSt) p roper t ies ,  which are 
p t  ' 

func t ions  o f  temperature and, there fore ,  are evaluated a t  each nodal sec t i on  

along w i t h  t h e  temperatures. Refer r ing  t o  Figure 3-19, f o r  each i , kt 

would be eva luated,a t  i on the  tube w a l l  node whereas a l l  o ther  var iab les  

(kp, kS, Nupt, Nust) would be evaluated a t  t he  midpo in t  between the  

f l u i d  nodes i and ( i t l ) .  The Nussel t  numbers a r e  obtained from es tab l ished 

c o r r e l a t i o n s  . 
There are th ree opt ions  a v a i l a b l e  t o  the  user i n  which e i t h e r  

(1) he suppl ies both A and DhSp, o r  
P  

(2 )  A i s  user. i n p u t  and D i s  ca l cu la ted  from 
P h  ¶ P  

(3 )  both Ap and Dh are ca l cu la ted  by the  code as fo l l ows :  
9 P 

and D i s  g iven by Equation (3-271). The Reynolds number f o r  the  pr imary 
h  ¶P  

s ide  i s  de f ined as 



.where A i s  the flow area on the shell-side. On the tube side, the Reynolds 
P 

number i s  given by 

where A S ,  the flow area through the tubes, i s  given as 

3.2.4.3 Pressure Losses 

Figure 3-20 i l l  ustrates an example hydraulic profile of the IHX. The 

primary coolant rises in the inlet region, turns around, flows down around 

the tubes, and exits a t  the bottom through the outlet nozzle. The secondary 

(intermediate) coolant flows down the central downcomer into the bottom 

header (inlet  plenum region) where i t  turns upward and distributes itsel f 

into the heat transfer tubes. The pressure losses on bo th  primary and 

secondary sides of the IHX can be expressed as follows: 

IHX = acceleration loss + frictional loss + gravity loss + inlet loss 

+ exit loss + other losses. 

For the primary side this equation gives 

W '  
(APf ,b) IHX ,p  =.e (-$---$)+; 1 

N 
w&= ~ S P  P 0 f : d x + A p  9 



f 
PRIM. OUT 

Figure 3-20. Hydraulic profile of IHX. 



where 

and 

Kin (Kout) is user specified and can represent expansion loss (contraction 

loss) from inlet pipe to the inlet plenum and nozzle losses, or it can also 

include inlet plenum losses due to turning, flow distribution, etc. Ain 

represents the area of primary piping at the IHX inlet. K is an uncertainty 
P 

absorber that is either calculated during steady state if AP~,.,~,~ is known 

from flow testing (or other means), or is input by the user if APIHX,p is 

not known. Once determined or known, the value of K remains constant for 
P 

transients. This is a useful parameter especially because of the difficult 

task of determining accurately all the losses in the complex internal 

geometry of the heat exchange unit. 

Similarly, for .the secondary side, 



where 

and 

ws Iws I ws Iws I 
A P C s e K c  2 + K e  2 

)tube in )tube out 

Ks in Equation (3-280) i s  the uncertainty absorber f o r  the secondary side.  

The f r ic t ion  factor  f i s  a function of Reynolds number Re and the re la t ive  
E roughness of the channel - . The same approach has allowed formulation of 
h 

hydraulics in the shell  (sodium) side of the superheater and evaporator as well. 

3.2.4.4 Steady State  Model 

Energy Equations 

To s t a r t  the calculations,  the boundary temperatures a t  one end of the 

IHX, in t h i s  case T and T , are assumed to be known (T i s  known 
P i n  Sout P i n  

from pipe calculations and Ts i s  selected by the overall plant thermal 
out 

balance). Applying thermal balance a t  the primary i n l e t  plenum (see 

Figure 3-1 7)  gives 

w e  P i n  - b ~ e  P P P in  + w I ~ ) = o .  P1 

On simplification, t h i s  yields 

T~ 
= T  . 

1 P i n  



Similarly, a t  the secondary out le t  plenum, 

T, = Ts (3-285) 
out 

Thus, the boundary temperatures a t  one end of the active heat t ransfer  

section are  known. Now, energy balance a t  each nodal section (see Figure 3-21) 

gives, for i = l ,  N-1: 

primary f luid:  

1 (1 - fip) W e - e 
[ P i  Pi + 1 - Tt i 

= 0 ;  (3-286) 

tube wall : 

secondary f 1 u i d : 

where 

Lfd = 1 for  para1 l e l  flow, 

= -1 for  counter flow, 

and 

Equations (3-286) to  (3-288), together with the functional relationships 
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Figure 3-21. Steady s t a t e  boundary c o n d i t i o n s f o r  
an IHX nodal s e c t i o n .  



of the enthalpies to temperatures, form a system of coupled, independent, 

nonlinear algebraic equations that are solved iteratively for each i to 

determine T , Tsi+l , and Tt . For bypass mixing volume, referring 
Pi+l i 

back to Figure 3-19, we have 

and, at the primary outlet plenum: 

e = ( l - ~ ~ ) e  + ~ ~ e ~ ~ .  
Pout " N 

This yields 

T 
Pout = bout) 

At the secondary outlet plenum: 

With all temperatures thus obtained, an overall energy balance yields the 

heat transferred in the IHX as: 



and 

Pgain,s = wS ps out - esin I 
Equations (3-293) and (3-294) should yield results that match as closely as 

possible. Also; the heat transferred at the IHX should equal the reactor 

heat plus heat addition at the pump, to within specified limits. If 

not, the secondary outlet temperature has to be reselected and the computations 

repeated until convergence is obtained. 

Pressure Drop 

The formulation for hydraulics in the IHX is the same for steady 

state as in transient, except that "pressure drop" (bPIHX) is used instead 

of *pressure loss" i .e., (bPf ,g 1 IHX. 

3.2.5 Centrifugal Pump 

Liquid metal pumps for LMFBRs are vertical ly mounted, free-surface, 

centrifugal pumps driven by a variable speed motor. The impeller is attached 

to the bottom of a long shaft while the drive motor and its bearings 

are located at the upper end. The shaft is surrounded by a tank which 

extends upward from the pump casing to the motor mounting. In order to pro- 

tect the bearings of the motor, the level of' sodium in this tank is main- 

tained well below the bearings, and an inert gas such" as argon is used in 

the region above the liquid level. (3.22) 

The sodium tank thus essentially sees only the inlet pressure to the pump 

at its lower end, and the cover gas pressure acting on the sodium free 

surface at its upper end. Hence, for modeling purposes, the pump is most 



conveniently divided so that a free-surface pump tank i s  located 

just upstream of the pump impeller (see Figure 3-22). The impeller is 

modeled in terms of homologous head and torque relations which describe pump 

characteristics, and angular momentum balance to determine impeller speed 

during transient. The behavior of the free surface in the pump tank is 

described by a mass balance at the tank. The pump equations are solved 

together with the hydraulic equations in the loop, as part of hydraulic 

simulation, to account for the interaction between the impeller and the 

flow resistance in the circuit. 

Impel 1 er Dynamics 

Homologous characteristics : Any given turbomachine, flowing full , 
has definite relationships between head and discharge, torque and dis- 

charge, horsepower and discharge, etc. for any given speed. These are the 

pump characteristics relating the different parameters. However, there 

are very few complete sets of data available. Also, we need characteristics 

( . A  .23) for a1 1 ranges of flow and speed conditions. Here, homologous theory 

can be used to advantage in two ways. Firstly, it permits the results 

of model tests with units of the same specific speed to be used. Secondly, 

by using dimensionless, homologous relationships, one can use one set of 

relationships to represent a whole series of different pumps having nearly 

the same specific speed. 

In a severe accident such as a double-ended pipe break in the cold 

leg of a primary heat transport loop, the pump can go through several 

regimes of operation. These are illustrated in Figure 3-23. If the 

pump parameters are nondimensional ized through division by the appropriate 
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Figure 3-22. Schematic diagram for the pump model. 
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Figure 3-23. Pump configurations under different 
regimes of operation. 



r a t e d  values as ' fo l lows: 

then these va r i ab les  can be r e l a t e d  by homologous curves, which a re  

dimension1 ess extensions o f  t he  four-quadrant  pump c h a r a c t e r i s t i c s .  

Homologous curves f o r  head d ischarge can be drawn by p l o t t i n g  

h v v -, vs. - i n  t h e  range 0 < I--[ 5 1  , a - 
a 

h - a a , vs. - i n  t h e  range 0 5 < 1 ; \' 
V 

and, f o r  torque-discharge, by p l o t t i n g  

B v v - vs. - i n  t h e  range 0 5  \;I 5 1  , 
a2 a 

B - a a , vs. - i n  t h e  range 0 5 I--[ < 1 . v 
V 

Figures 3-24 and 3-25 show these curves encompassing a l l  f o u r  quadrants 

and a1 1 reg ions  o f  pump operat ion.  The curves can be read e i t h e r  i n  

t a b u l a r  form, as i s  done i n  t he  KELAP3B code, (3 '24)  o r  i n  t h e  form o f  

c u r v e - f i t t e d  polynomials.  I n  t h i s  ana lys is ,  t h e  l a t t e r  approach has been 

used. The polynomial  r e l a t i o n s  are  o f  t h e  f o l l o w i n g  form (up t o  5 t h  o r d e r ) :  

B 
2 .  3 

4, -, o r  4 = a, + a, ; + a, (:) + a,, (:) + . .. (3-296) 
a a 

V 
i n  t he  range 0 i 2 1 , 



Figure 3-24. Complete homologous head curves. 



Figure 3-25. Con~plete ~~u~uulogous  torque curves.  



i n  t he  range 0  < 5 1 , - 

where a,, a,. . .a, a re  user -spec i f ied  constants f o r  each polynomial.  

There a re  seven polynomials f o r  head discharge and seven f o r  torque d i s -  

charge. .This i s  a  very  convenient representa t ion  and avoids t a b u l a r  look-  

ups du r ing  computation. The code has b u i l t  i n  c o e f f i c i e n t s  f o r  a  pump 

w i t h  s p e c i f i c  speed 1800 (gpm u n i t s ) .  This  i s  i n  t he  range o f  s p e c i f i c  

speeds f o r  LMFBR pumps. They have been obta ined by c u r v e - f i t t i n g  the  data 

p o i n t s  i n  (3 *23 )  f o r  a l l  regions except reverse pump, where the  values 

a re  n o t  ava i l ab le .  The reverse pump reg ion  corresponds t o  p o s i t i v e  f low 

and negat ive i m p e l l e r  r o t a t i o n a l  speed (see F igure  3-23) and can occur 

du r ing  t h e  l a t e r  stages ( t  > 60 s )  o f  t h e  t r a n s i e n t  f o l l o w i n g  p ipe  break, 

w i thou t  pony motor. Values f o r  t h i s  regime were generated from the  Karman 

Knapp C i r c l e  diagram (3 '25)  and then c u r v e - f i  t t e d .  

Once the  c h a r a c t e r i s t i c s  a re  a v a i l a b l e  i n  t h i s  fashion,  t h e  head H and 

to rque Thyd can be determined , knowing r a t e d  va l  ues , opera t ing  speed, and 

f low r a t e  a t  any t ime du r ing  t r a n s i e n t .  The head then y i e l d s  the  pressure 

r i s e  across t h e  pump as 

(PRISE) pump - - P i n  gH , 

where pin i s  t he  d e n s i t y  o f  coo lan t  a t  pump i n l e t .  
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Figure 3-26. Schematic arrangement of surge and 
pump tanks. 



Angular Momentum Balance 

The hydraulic torque is used to determine the operating speed of the 

impeller. At any time during the transient, the rotational speed of the 

pump is obtained by integrating 

where I is the moment of inertia of shaft, impeller and rotating elements 

inside the motor, rm is the applied motor torque (=  0 during coastdown), 

r is the hydraulic load torque due to fluid at the impeller, rfr is 
hyd 

frictional torque, and is the angular speed of the pump (radls). 

3.2.5.2 Pump Tank (Reservoir) 

Mass conservation at the pump tank (reservoir) yields the equation 

describing the level of coolant free surface below the cover gas as 

where A is the cross-sectional area of the pump tank, Win is the mass res 
flow rate into the pump, Wout is the mass flow rate out of the pump, ZR is 

the height of coolant in the pump tank, and p is the density of coolant in 

the pump tank. 

Assuming negligible gas flow to and from the cover gas volume in the 

reservoir and applying ideal gas law, the pressure of cover gas is deter- 

mined from 

; a s  a s  a , 
'gas res tot 



where Ttot i s  the t o t a l  height  of the pump tank. The temperature o f  cover 

gas i s  assumed t o  be the same as t h a t  o f  the coolant  below it. 

The i n l e t  pressure t o  the pump impel le r  i s  governed by the behavior o f  

coolant  and cover gas i n  the pump tank, as fo l lows:  

where Kres i s  a user-speci f ied loss  c o e f f i c i e n t  f o r  the tank o r i f i c e .  

Knowing Pin, (PRISE) from Equations (3-302) and (3-298) , respect ive ly ,  
Pump 

the pressure a t  pump discharge i s  simply obtained as the sum 

3.2.5.3 Steady-State Model 

The aim o f  the steady-state pump model i s  two-fo ld:  

(1) to' determine the  pump operat ing condi t ions from i t s  

charac te r i s t i cs ,  and 

(2) t o  determine the l eve l  o f  sodium i n  the pump tank. 

Impel 1 er 

I n  the cur rent  approach, i t  was f e l t  more l o g i c a l  t o  determine pump 

operat ing speed dur ing steady s t a te  by matching pump head w i t h  load ( t o t a l  

hydrau l ic  resistance) i n  the  c i r c u i t .  Thus, f o r  the primary loop, the 
, 

required pressure r i s e  across the pump i s  obtained from 



where dPj a r e  the  pressure drops i n  t he  p i p i n g  runs and the IHX. 

APCV and APRv are, respec t i ve l y ,  t h e  pressure drops i n  t he  check va lve  and 

the  r e a c t o r  vessel.  

S i m i l a r l y ,  f o r  t h e  in te rmed ia te  loop 

where APSH, A P ~ ~  a r e  the  s h e l l  s i de  pressure drops i n  t he  superheater and 

evaporator,  respec t i ve l y .  

Pump head i s  r e l a t e d  t o  (PRISE) pump by 

Knowing the head and f low ra te ,  t he  pump opera t ing  speed can be 

obta ined from the  homologous head curve. Equation (3-296) can be r e -  

arranged t o  g i v e  

Th is  i s  a f i f t h  degree polynomial equat ion i n  a ,  and i s  solved by a Newton's 

i t e r a t i o n  method s p e c i a l l y  adapted f o r  polynomials !3'26) Pump steady-state 

opera t ing  speed can now be obta ined f rom Equation (3-295), s ince both a and 

.QR a r e  known. 

Pump Tank 

The cover gas pressure i n  t he  tank a t  steady s t a t e  i s  assumed known. 



For t h e  pr imary loop, t h e  gas pressure i s  genera l l y  equal t o  t he  gas 

pressure i n  t he  r e a c t o r  vessel.  I n  t h e  case o f  t he  secondary loop, t he  

gas pressure i s  genera l l y  equal t o  t h a t  i n  t he  surge tank. Thus, s t a t i c  

pressure balance y i e l d s  t h e  he igh t  o f  coo lan t  i n  t t ie  pump tank: 

where Pin, pin are, respec t i ve l y ,  t he  pressure and coo lan t  dens i t y  a t  pump 

i n l e t .  

3.2.5.4 Pony Motor Option 

While the  arrangement o f  t he  pr imary and in te rmed ia te  loops i s  

intended t o  be such t h a t  na tu ra l  c i r c u l a t i o n  w i l l  p rov ide  s u f f i c i e n t  heat 

t ranspor t  f o r  safe decay heat  removal i n  t h e  event o f  l o s s  o f  a l l  pumping 

power, t he  pumps may be equipped w i t h  pony motors (as i s  t he  case w i t h  CRBRP) 

suppl i e d  w i t h  normal and emergency power t o  p rov ide  forced c i r c u l a t i o n  

decay heat removal. Therefore, an op t i on  f o r  pony motor has been inc luded 

i n  the  pump model. The pony motor i s  assumed t o  come i n t o  p l a y  when the  

main motor coasts down t o  a user -spec i f ied  f r a c t i o n  o f  i t s  r a t e d  speed. 

Once the  pony motor takes over, t h e  angular momentum balance equat ion 

i .e., Equation (3-299), i s  bypassed s ince pu~llp speed remains constant.  A1 1 

o ther  c a l c u l a t i o n s  remain the  same. 

3.2.6 Check Valve 

A check va lve  i n  t he  heat t ranspor t  system serves two purposes: 

(1) t o  prevent  thermal shock and f l o w  reve rsa l  i n  a non-operating 

loop, and 



( 2 ) t o  allow operation of the plant while one loop i s  o u t  of commission. 

The valve generally closes on reverse flow. The most commonly 

used type u t i l i zes  a pivoted disk which closes against a sea t  i f  flow i s  

reversed. 

The modeling approach for  the check valve I s  similar to  tha t  employed i n  

the RELAP3B code. (3*24)  The flow-dependent pressure losses are assumed to be 

represented by 

where pCV i s  the coolant density a t  the check valve location. The 

model allows fo r  three regions of operation for  the valves, hence, three 

pressure loss coefficients are required : 

(1) c, fo r  positive flow with valve open, 

( 2 )  c2 fo r  negative flow w i t h  valve open, 

(3) c, for  negative flow with valve in closed position , 
where c l ,  c2,  c, are  user-specified constants, in addition to  PCV,  the back 

pressure required to  close the valve. The code, however, has default  

values fo r  these bu i l t  in.  

For positive flow, the valve remains open a t  a l l  times. On reverse 

flow, the valve remains open as long as A P ~ ~  w i t h  ci = c2 i s  less  than PCV. 

So f a r ,  both valves behave ident ical ly ,  b u t  from the closed position, type 

1 valve opens when ePCy with c i  = c i s  less  than PCV, whereas type 2 valve 
2 

opens when nPCV with ci = c, i s  less  than PCv. A t  the user 's  option, the 

valve can also remain open in the fai led position on reverse flow. 



3.2.7 Surge Tank 

The expansion (surge) tank in each intermediate loop serves to 

accommodate the coolant volume change due to thermal expansion over the 

operating range. Figure 3-26 shows a schematic diagram of the expansion 

tank and pump tank. Much like the reactor vessel upper plenum in the 

primary systeni, the surge tank adds another free surface in the intermediate 

loop. During steady-state operation, the pressure in the loop at the 

location of the surge tank is evaluated, assuming that the level in the 

tank is known by 

Here, P is the density of coolant at the tank location, and P is the 
gas 

pressure of cover gas in the surge tank. 

Equation (3-310) gives the starting point for evaluating all other 

pressures in the intermediate loop, once pressure drops in the different 

piping runs and components have been computed. 

During transient, the equations are very similar to those for the 

pump tank and will not be repeated here. 

3.2.8 Pi pe-Break Model 

During a pipe- break accident in an LMFBR, the coolant flow in the 

system is coupled to the break discharge rate. Since a coolant pipe is 

usually surrounded by an outer pipe, the discharge fluid, depending on 

the gap size between pipes, may expand freely or be space limited. 

In the current models, (3.209 3027) only two 1 imi ting types of breaks, are 



considered. One i s  the  small l eak  f o r  which a discharge c o e f f i c i e n t  o f  

0.611 i s  used. Another i s  the  g u i l l o t i n e  break w i t h  l a r g e  separat ion 

d is tance so t h a t  t h e  f l o w  i n t e r a c t i o n  between t h e  two sides of t he  break 

can be neglected. The medium s i z e  breaks a re  t r e a t e d  as e i t h e r  small  

leaks o r  g u i l l o t i n e  breaks. Furthermore, t h e  e f f e c t  o f  t h e  sleeve o r  

guard p ipe  f l o w  confinement i s  n o t  considered. 

The e x i s t i n g  models r e s u l t  i n  a conservat ive p r e d i c t i o n  f o r  t h e  

discharge ra te .  However, t h i s  may n o t  necessar i l y  r e s u l t  i n  a conserva- 

t i v e  impact on the  r e a c t o r  core s ince the  most conservat ive discharge r a t e  

r e s u l t s  i n  an o p t i m i s t i c  r e a c t o r  scram time. This e f f e c t  may be 

i l l u s t r a t e d  i n  F igure 3-27, which i s  a sketch o f  t he  f l o w  r a t e  and power 

versus time. For a pred ic ted f a s t  coo lant  loss,  one p red ic t s  an e a r l y  

scram opera t ion  which i s  i n i t i a t e d  by a sensing device; wh i l e  i n  r e a l i t y ,  

w i t h  a slower coo lant  loss ,  t h e  scram may be i n i t i a t e d  q t  a l q t e r  ti,me, oy i,t 

may n o t  occur a t  a l l .  Thus, i t  i s  important  t o  employ a r e a l  i s t i c  r a t h e r  

than a conservat ive model t o  determine the  discharge r a t e .  

The model t o  be described (3 *28 )  covers tbe  e n t i r e  range o f  b reak lp ipe  area 

r a t i o s  (from small leaks t o  gu i  11 o t i n e  breaks w i t h  1 arge separat ion d is tance) 

as w e l l  as gaplp ipe area r a t i o s  ( f rom f r e e - j e t  f l ow  t o  conf ined f low). 

The f l o w  i n  the  break reg ion  i s  considered t o  be quasi-steady and 

incompressible, and g r a v i t y  e f f e c t s  a re  neglected. When the  break area 

i s  small  compared t o  the  space between the  coo lant  and outer  pipes, t he  

discharge f l u i d  i s  assumed t o  behave as a f r e e  j e t .  When the  break area 

i s  l a r g e  such t h a t  t h e  discharge f l u i d  i s  l i m i t e d  by the  gap space, 

conf ined f l ow  theory accounting f o r  d i s s i p a t i o n  pressure losses i s  employed. 
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Figure 3-27. Effect of.flow rate on scram time. 



3.2.8.1 Free-Jet Discharge 

Consider the case of small break/gap area ratio in Figure 3-28(a). 

The jet then expands freely (i .e., with a free stream surface), and the 

following conservation equations apply: 

where A, p, p, and v denote area, pressure, density,and velocity, res- 

pectively. Here, A denotes the inside cross-sectional area of the pipe. 
P 

The pressure-velocity relations for upstream and downstream pipe 

flows are given in the form 

In addition, i f  the discharge coefficient based on two-dimensional free 

stream1 ine analysis (3*29) without wall impingement effect is employed, one 

deduces 
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Figure 3-28. Illustration of pipe break flowfields. 



where r, = v l l v .  and r, = v2/vj. 
J 

For g iven geometry and p Equations (3-311) t o  (3-315) may' be 
j ' 

solved fo r  p,, p,, v,, v,, v A,, and A,. I f  coo lan t  i s  discharged from 
j 

both s ides of pipe, v, i s  negat ive.  The c o n t r a c t i o n  (d ischarge)  c o e f f i c i e n t  

may be defined. as Cc = (A, + A,)/Ab. The discharge r a t e  i s  then g iven by 

Equations (3-311) t o  (3-314) a re  app l i cab le  f o r  j e t  discharge between 

two p ipes as w e l l  as between two plane wa l ls .  Equation (3-315) i s  based on 

two-dimensional (p lanar )  f l o w  cons idera t ions .  However, two-dimensional 

r e s u l t s  have been known t o  be very  good approximations f o r  c i r c u l a r  

geometry, (3 ' 29y  3.30) and i t  i s  expected t h a t  Equation (3-315) i s  a v a l i d  

f i r s t  approximation f o r  var ious  break con f i gu ra t i ons .  It should be empha- 

sized, however, t h a t  t h e  impingement e f f e c t  o f  the  ou te r  w a l l  on t h e  d i s -  

charge c o e f f i c i e n t  has n o t  been considered. 

It may be noted t h a t ,  us ing  Equations (3-311) and (3-313), one may 

rep lace Equation (3-312) by 

3.2.8.2 Confined Flow 

When the  breaklgap area r a t i o  i s  la rge ,  t h e  discharge r a t e  i s  l i m i t e d  

by t h e  gap space Figure 3-28(b) . Confined f l o w  i s  accompanied by s i g -  [ I 
n i f i c a n t  d i s s i p a t i o n  losses i n  pressure. The governing equat ions a re  



where s denotes the loss coefficient from stream 1 to stream B ,  and 
18 

Equation (3-319) represents a pipe flow relation for each stream. For 

given geometry, Equations (3-317) to (3-319) may be solved for pa and va, 

where a = 1,2,3, and 4. 

The 1 oss coeff.icients need to be determined by experiment. Meanwhi 1 e, 

however, a momentum principle employed by Taliev and. described by Gi'nsberg (3.31) 

for converging and diverging pipe flows may be generalized to the present 

configuration to obtain the idealized formulas for the loss coefficients. 

Consider the control volume for each separate stream as shown in 

Figure 3-29. The effective average pressure at a separating stream sur- 

1 face is assumed to be of the form p = p, + k 5 pv:, where k is a correction 

coefficient. For example, consider stream 1-2 shown at the bottom of 

Figure 3-29. A momentum balance for the control volume yields 

Simplified by the continuity relation of vlA12 = v2A2, Equation (3-320) 

becomes 

1 
Pl --P2 = pv2(v2 - vl) (1 + 2 kb v11v2) i (3-321) 

similarly, for streams 1-3 and 1-4, one obtains 



Figure 3-29. Control volumes for confined flow. 



Comparison o f  Equations (3-321) t o  (3-323) w i t h  Equat ion (3-318) y i e l d s  

The c o r r e c t i o n  f a c t o r s  ka and kb remain t o  be determined f rom experiments. 

Present ly ,  however, t h e  i d e a l i z e d  values o f  ka = 0 and kb = 0 a re  assumed. 

I f  t h e  f l u i d  i s  discharged f rom bo th  s ides o f  t h e  p ipe  (v, i s  n 'egat ive),  

then t h e r e  e x i s t s  o n l y  one separa t ing  stream sur face,  and the  ana l ys i s  i s  

'mod i f ied  accord ingly .  Consider stream 2 t o  mix w i t h  p a r t  o f  stream 1 t o  - 

e x i t  a t  stream 4. Then, f o l l o w i n g  the  momentum p r i n c i p l e ,  Equati0n.s 

(3-321) t o  (3-323) a re  replaced by 



and Equations (3-324) to (3-326) are replaced by 

Again, kc and kd are correction factors which are t o  be determined 

experimentally. These are presently given the ideal ized value of zero. 

The equations for confined flow are appl icable for both circular 

pipes and plane walls. However, for the unsymmetrical case such as a 

circular break on the inner pipe, i t  i s  implied in the analysis that the 

discharge fluid spreads out circumferentially to f i l l  the cross-sectional 

gap area between the inner and outer pipes. 

3.2.9 Guard Vessel 

As a safety feature to minimize the effects of a pipe-break accident, 

guard vessels are provided around the reactor vessel, IHX, primary pump 

and a l l  piping which i s  belbw the elevation of the tops of the guard vessels 

while their volume i s  such that reactor vessel coolant level does not fa l l  

below the outlet nozzle, so that the core i s  always submerged in coolant. 

If a breakoccurs such that coolant spi l l s  into the guard vessel eventually 

the vessel will f i l l  up  to the break height. Any level r ise  above that 

w i  11 create back pressure against further 1 eakage. 

An example configuration of a guard vessel for a break in the reactor 

vessel inlet  region i s  shown in Figure 3-30. A t  any time t during the 



Figure 3-30. Guard vessel configuration for break 
in the inlet region of the reactor vessel. 

* 



t r a n s i e n t  fo l lowing a  p ipe  break w i t h i n  a  guard vessel, the  volume o f  

sodium c o l l e c t e d  i n  t h e  guard vessel can be determined by 

where W,,, t h e  break f l o w  r a t e  ( f o r  t he  case i l l u s t r a t e d ) ,  i s  

and p i s  t h e  coo lant  dens i t y  a t  break. 

TO determine the  he igh t  o f  sodium i n  the  guard vessel (ZGy), a  

d e t a i l e d  knowledge o f  c o n f i g u r a t i o n  and dimensions o f  t h e  annular and 

bottom space between t h e  component and i t s  guard vessel i s  required,  However, 

a  s impler  and more general approach i s  t o  have a  func t iona l  r e l a t i o n s h i p  between 

ZGV and VGV i n  the  form o f  a  polynomial equation as fo l l ows :  

and 

where cl, c,, c 3  a re  user - input  c o e f f i c i e n t s  depending on t h e  geometry 

o f  t h e  guard vessel space. Vmin i s  t he  volume requ i red  t o  f i l l  up t o  t h e  

lowest  e l e v a t i o n  o f  p i p i n g  i n  t h e  guard vessel.  Th is  i s  a l s o  a  user - input  

q u a n t i t y  and w i l l  be d i f f e r e n t  f o r  d i f f e r e n t  guard vessels. VGv i s  l i m i t e d  

by Vma,, t h e  maximum capac i ty  o f  t he  guard vessel. It seems reasonable 



t o  assume Vmax t o  be the same for  a1 1 guard vef 3el s  based on the, volume 

contained i n  the upper plenum between the operat ing l eve l  and the minimum 

safe 1 eve1 . ZGv i s  l i m i t e d  by Zmax, the he ight  o f  the guard vessel. This 

can be d i f f e r e n t  f o r  d i f f e r e n t  guard vessels. 

With ZGV known from Equation (3-335), the pressure external  t o  the 

break can be determined by 

3.2.10 Transien't Hydrau.lic Simulat ion 

The equations descr ib ing the behavior o f  pumps, f r ee  surface leve ls ,  

pressure losses i n  d i f f e r e n t  components, and f l ow ra tes  i n  the loops, 

together cons t i t u t e  the hydrau l ic  model f o r  the heat t ranspor t  system. 

Since the primary and intermediate systems are  on ly  thermal ly  coupled, 

t h e i r  hydrau l ic  equations do no t  have t o  be solved together, even though 

i t  i s  advantageous t o  solve them a t  the same time. 

I n  t h i s  sect ion, the hydrau l ic  model w i l l  be presented f o r  the 

primary system. S im i la r  ana lys is  i s  performed f o r  the  intermediate loop 

also. Figure 3-31 i s  an example con f igu ra t ion  f o r  two loop s imula t ion 

w i t h  a break near the  reac to r  vessel i n  one o f  the loops and a l l  i n t a c t  

loops being lumped together as the other loop. Note t h a t  the code has the  

more general formulat ion. 

The model equations are  described on the fo l l ow ing  page: 



INTACT LOOPS DAMAGED LOOP 

Figure 3-31. Hydraulic profile of PHTS for test case. 



Momentum: The un i fo rm mass f l o w  r a t e  model imp l i es  t h a t  a t  any i n s t a n t  i n  

t ime, f l o w  r a t e s  a re  constant  throughout t he  loops except a t  a f r e e  surface, 

o r  j u n c t i o n  where several  flows meet, o r  a break where the re  i s  f l o w  loss .  

With t h i s  as background, t he  f l o w  r a t e s  have been i nd i ca ted  i n  F igure  3-31. 

Volume-averaged momentum equations can be w r i t t e n  r e l a t i n g  r a t e  o f  change o f  

mass f l o w  r a t e  i n  a constant  mass f l o w  r a t e  sec t i on  t o  the  te rmina l  pressures 

and losses i n  t h a t  sec t ion .  These a re  

Here. Pin,b and Pout,b represent  t he  pressure j u s t  upstream and downstream 

of the  break, respec t i ve l y .  

Pump: The pressure i n  t he  loop a t  pump e x i t  i s  obta ined from' Equation 

(3-303') i n  t he  pump model desc r ip t i on .  

Reservoir :  The i n l e t  pressure t o  the  pump i s  obta ined from Equation 

(3-302). Level changes a re  described by Equation (3-300). 

Reactor Vessel : The pr imary loop has i n t e r f a c e s  w i t h  RV a t  i n l e t  t o  loop 

and i n l e t  t o  RV. The l e v e l  o f  sodium i n  the  upper plenum i s  determined by 
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where 

.pl , the pressure a t  the In le t  t o  the loop, i s  given by 

Equations (3-342) and (3-3441, as well as the equation for  Pgas ,RV,  a re  

,described in more detail  under the "In-Vessel" section. . 

An equation to  determine the vessel i n l e t  pressure, which u t i l i zes  

information from the primary loop hydraulic equations, as well as from 

vessel cool a n t  dynamics, has been i  ncl uded as part  of primary l  oop hydraul i c  

model. The equation i s  obtained as follows (again, a two. loop simulation i s  

used for  i l l u s t r a t ive  purposes): 

Mass conservation a t  vessel i n l e t  yields 

o r ,  different iat ing both s ides ,  

From 1 oop hydraul i  cs 
. ,  F 

and, assuming break a f t e r  pump: 
\\ 



The core  f l o w  can be expressed as 

where (N6CHAN + 1) represents t h e  number' o f  channels s imulated i n  core, i n c l u d i n g  

bypass. D i f f e r e n t i a t i n g  bo th  s ides o f  Equat ion (3-349) and s u b s t i t u t i n g  a long 

w i t h  Equations (3-347) and (3-348) i n  Equat ion (3-346), one ob ta ins  

Also, app l y ing  momentum balance across t h e  core  y i e l d s  

Sub .s t i t u t i ng  - i n t o  Equat ion (3-350) and s i m p l i f y i n g  y i e l d s  t h e  vessel i n l e t  

pressure as 

where 



Equations '(3-337) to (3-344), together with equations for pump, break, 

guard vessel, vessel inlet pressure, etc., form a system of ordinary 

differential equations and associated algebraic equations to be solved 

together to yield the flow rates, pressures, and free-surface levels in 

the system. These equations are solved using a predictor-corrector 

algorithm of the Adams type. 

The solution procedure is shown in Figures 3-32 and 3-33 by means 

of simple flow charts. Only the main calculations involved during each 

timestep are indicated. During each step, several detailed subroutines, 

which are not shown here, are called. 

3.2.11 Transient Thermal Simulation 

On the primary side, the loop thermal calculations interface directly 

with the reactor vessel at loop inlet and outlet. On the intermediate 

side, the coupling is through heat fluxes at the steam generator. 

As mentioned earlier, since the wall equations are decoupled from the 

coolant equations in each module, the solution can march in the direction 

of flow. Figures 3-34 and 3-35 show flow charts for the simulation pro- 

cedure. To keep the illustration simple, the overall logic shown is for 

forward flow only; however, the code has the more general logic to handle 

reverse flow as we1 I .  
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Figure 3-32. Flow diagram for transient hydraulic 
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3.3 STEAM GENERATING SYSTEM 

3.3.1 Introduction 

The steam generator module of the SSC-L code is intended to be a general 

purpose simulation model for forced-recirculation or once-through sodium 

heated steam generating systems. The function of the steam generating system 

is to remove the reactor-generated heat from the intermediate heat transport 

system. The energy removed from the intermediate heat transport system is 

used to generate superheated steam which is fed to a steam turbine. The tur- 

bine converts the thermal energy contained in the superheated steam to mechan- 

ical energy which is in turn converted to electrical energy by a generator. 

The low pressure, saturated steam from the turbine exhaust is condensed to 

water in a condenser and the condensate returned to the steam generator through 

a series of feedwater heaters. As an example, a schematic di-agram of the steam 

generating system for the CRBRP is shown in Figure 3-36. It consists of two 

forced-recirculation evaporators, a steam drum with internal separators, a 

recirculation pump, a superheater, a steam header, a steam turbine, a condenser, 

feedwater heaters, and a1 1 interconnecting pipings. Any other plant could very 

well use this recirculating type or once-through type steam generating system. 

The complexity of the model is determined by the user who constructs the 

simulation model by interconnecting individual models of four types of compo- 

nents. These four components are a pipe, a heat exchanger, a pump, and an 

accumulator. These components are represented in the simulation model by a 

user-specified number of control volumes in pipes and heat exchangers and 

sing1 e-control vol umes for pumps and accumulators. The steam turbine, condenser, 

and feedwater heating equipment are modeled, in the first order of approxima- 

tion, in terms of user-suppl ied performance characteristics, such as the 
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t u r b i n e  i n l e t  pressure as a func t ion  of t ime and t h e  feedwater enthalpy a's 

a f u n c t i o n  o f  feedwater f l o w  ra te .  

Once the  geometry o f  t he  steam generat ing system has been def ined by 

the  user, i t  i s  d i v i d e d  i n t o  two groups of components f o r  c a l c u l a t i o n a l  pur- 

poses. These two groups a r e  f l ow  segments and accumulators. A f l o w  segment ''. 

i s  a 1 i n e a r  se r i es  o f  components and conta ins  o n l y  pipes, pumps, and heat  ex- 

changers. The d i v i s i o n  o f  a steam generat ing system i n t o  f l o w  segments and 

accumulators can be i 11 u s t r a t e d  us ing  the  CRBRP steam generat ing system. This 

system i s  d i v i d e d  i n t o  th ree  f l o w  segments and two accumulators. The steam 

drum and steam header a re  modeled as accumulators. The f i r s t  f l o w  segment r e -  

presents the  r e c i r c u l a t i o n  loop,  beginning a t  t h e  steam drum, proceeding t o  the  

r e c i r c u l a t i o n  pump, f rom t h e  r e c i r c u l a t i n g  pump t o  t h e  evaporator,  then from 

the  evaporator back t o  the  steam drum. The second f l o w  segment a l s o  begins 

a t  t he  steam drum, proceeds t o  the  superheater and then t o  the  steam header. 

The t h i r d  and l a s t  f l o w  segment cons i s t s  o f  t he  p i p i n g  from the  steam header 

t o  the  t u r b i n e  i n l e t .  

. . 
3.3.2 Model f o r  Flow Segments 

. : 

The type o f  f l o w  model used t o  descr ibe the  f l o w  segments i n  t h e  simula- 

t i o n  model i s  d i c t a t e d  by the  type o f  t r a n s i e n t s  t o  be analyzed by the  model: 

The t r a n s i e n t s  t o  be analyzed by the  i n i t i a l  vers ion  o f  t he  SSC-L code a r e  i n i -  

t i a t e d  by f a u l t s  i n  t he  r e a c t o r  core, t he  pr imary heat  t ranspor t  system, o r  

t he  in te rmed ia te  heat t r a n s p o r t  system. The i r  e f f e c t  on the  steam generat ing 

system i s  t o  change the  amount of heat t ranspor ted  t o  the  steam generators. This 

r e s u l t s  i n  changes i n  t he  sur face heat f l u x e s  i n  t he  heat exchangers. Flow t r a n -  

s i e n t s  i n i t i a t e d  by changes i n  the sur face heat f l u x e s  are  c l a s s i f i e d  as i n t e r -  

mediate speed t r a n s i e n t s  f o r  which the  momentum i n t e g r a l  f l o w  mode; i s  appro- 

p r i a t e .  ( 3 . 9 )  



3.3.2.1 Conservation Equations 

The basic one-dimensional conservation equations for a constant area 

duct are (3.32) 

mass : 

energy : 

momen tum : 

i aw l a g -  - - - -  aP W - pg . 
K ~ ' 2  az p i  az 2 p ~ 2 ~ h  

The sonic effects associated with' the fluid compressibility can be 

eliminated by assuming that the fluid density is a function of enthalpy only, 

where Pr is a suitably chosen spatially constant reference pressure. (3.9) 

It will be shown later that this reference pressure must be constant in 

order to remove the sonic effects associated with the fl ui d compressi bi 1 i ty . 
In order to integrate these equations to determine the time-dependent 

behavior of the enthalpy and flow, their spatial derivatives must be approx- 

imated. A nodal approximation, rather than a finite difference approximation, 

was chosen in order to stabilize and increase the accuracy of the calcula- 

tions. This was done because when discontinuities in the material properties 

and their derivatives are encountered (i .e., the density derivatives are 

discontinuous across the two saturation lines, the largest discontinuity being 



a t  Lhe l i q u i d  sa tu ra t i on  3*34)  t h e  conventional f i n i t e  d i f f e r -  

ence approximation would r e q u i r e  p lac ing  a movable node a t  t h i s  discon- 

t i n ~ i t y . ( ~ . ~ ~ )  There a re  o ther  methods o f  reducing the  e f f e c t s  o f  discon- 

t i n u i t i e s  i n  the  d e r i v a t i v e s  o f  t he  f l u i d  bu t  they  can 

be seen t o  be va r ian ts  o f  t h e  nodal approximation o f  s p a t i a l  de r i va t i ves .  

3.3.2.2 Nodal Form o f  Conservation Equations 

3.3.2.2.1 Thermal Equations 

The nodal form o f  the  one-dimensional conservat ion equations f o r  mass 

and energy are  formed by i n t e g r a t i n g  t h e  p a r t i a l  d i f f e r e n t i a l  form o f  these 

equations over a c o n t r o l  volume extending from Zi-l t o  Zi : 

mass : 

energy : 

Def in ing  the  volume averages as 



t h e  nodal form o f  the  conservat ion equat ions becomes: 

mass : 

energy : 
aei aPr 1 

bZ i )  - i l l i )  x + - ( W i i i  - W i - 1  E i - 1  ) =($)i (bZi) <q>i . (3-366) 
A i 

Remembering t h a t  t h e  f l u i d  d e n s i t y  i s  a f u n c t i o n  o f  enthalpy only ,  and 

assuming t h a t  enthalpy v a r i e s  l i n e a r l y  w i t h  p o s i t i o n  i n  t h e  c o n t r o l  volume, 

t h e  volume averages may be w r i t t e n  as 

and 

Here, t h e  volume averages were de f i ned  i n  terms o f  t h e  enthalpy a t  t h e  ends 

o f  t h e  c o n t r o l  volume. (3 '33)  The d e r i v a t i o n s  o f  mi and ei i n  terms of Ei 

and Ei-, a re  g iven i n  Appendix A. Using these d e f i n i t i o n s  o f  t h e  volume 

averages, t he  mass and energy equat ions become 

mass : 

energy: 



This particular form of the conservation equations has been found to 

an unrealistic (false) numerical diffusion. To reduce this diffusion, the 

assumption is made that the time rate of change of enthalpy at the upstream 

end of the control volume is equal to the time rate of change of enthalpy 

at the downstream end of the control volume, i.e., 

Using this assumption, the mass and energy equations become, 

mass : 

which is equivalent to donor cell differencing. It should be noted that this 

approximation was also used in Section 3.2.2. These equations are applied 

to each control volume in the pipes, heat exchangers, and pumps in each flow 

segment. 

3.3.2.2.2 Hydraulic Equations 

Because the pressure is assumed to be constant with respect to position 

in the flow segment, the momentum equation must be integrated over all con- 

trol volumes in the flow segment. This integration yields 



where t h e  average f l o w  r a t e  <W> i s  g iven by 
7 

and t h e  iner tance o f  t h e  f l o w  segment i s  g iven  by 

The to t ' a l  pressure fo rce ,  AP, a c t i n g  on t h e  f l o w  l oop  i s  t h e  d i f f e rence  

between the  sum o f  t h e  imposed pressure drop and t h e  pump pressure r i s e  g iven 

by 

A P  = PI - Po + AP 9 

P 

and t h e  t o t a l  f l o w  res is tance,  F, g iven  by 

F = 

I I 
ZPA Dh 

I 

Note t h a t  t he  l a s t  term i n  t h e  above equata ion has been added t o  represent  

pressure losses due t o  changes i n  f l o w  area, f i t t i n g s ,  valves, e t c .  The t o t a l  

res is tance,  F, may be w r i t t e n  as t h e  sum o f  t h e  f l o w  res i s tance  o f  t h e  i n -  

d i  v i  dual c o n t r o l  volumes , 



Assuming tha t  the flow ra te  in any control volume varies l inearly with 

position in the control volume, the average flow ra te  in the flow segment 

may be written as 

The integrated momentum equation gives only one equation relating the 

(N+l) flow rates  in a flow segment containing N control volumes so that  N 

additional equations.are needed. One way in which these N additional 

equations, which define the flow ra te  dis t r ibut ion,  may be found i s  by elim- 

inating the enthalpy derivative from the mass equation [Equation (3-356)] 

by use of the energy equation [Equation (3-357)]. The mass and energy 

equations written in terms of pressure and enthalpy are ,  respectively, 

mass : 

energy : 

Eliminating the time derivative of the enthalpy, we obtain 

K E -  P d t (3-383) 

Collecting the pressure terms, we find 

where 



We can see from Equation (3-384) t h a t  t h e  sonic e f f e c t s  a re  included. 

They are  removed when the  reference pressure i s  constant  i n  t ime. This 

r e l a t i o n  can now be in teg ra ted  over the  N c o n t r o l  volumes t o  y i e l d  N 

equations r e l a t i n g  the  f l o w  r a t e s  a t  t h e  ends o f  the  con t ro l  volumes t o  the  

reference pressure and the  entha lp ies  a t  t he  ends o f  t h e  con t ro l  volumes. 

3.3.2.3 Pump Model 

The hydraul i c  model o f  t he  pump i s  very simple. The pump pressure 

r i s e  i s  given by 

where H i s  t h e  pump head. The pump head i s  determined from t h e  pump char- 
P  

a c t e r i s t i c s  as a  func t i on  o f  pump speed and pump f l o w  ra te .  For t h i s  simple 

model, quadra t ic  c h a r a c t e r i s t i c s  are  assumed, so t h a t  t he  pump head i s  given 

by 

The r e l a t i v e  pump speed, urel, and t h e  r e l a t i v e  pump f l o w  r a t e ,  Wrel , are  

t h e i r  instantaneous values d i v ided  by pump speed and f l o w  r a t e  a t  r a t e d  

cond i t ions ;  respec t i ve l y .  The r e l a t i v e  pump speed i s  constant  dur ing  

opera t ion  u n t i l  i t  i s  turned o f f ,  a f t e r  which i t  decays according t o  

where t i s  t h e  t ime s ince the  pump was turned o f f  and T i s  a user i n p u t  decay 
P 

constant.  The instantaneous pump f l o w  r a t e  i s  the  f l o w  a t  t he  i n l e t  o f  t h e  

pump determined from the  o v e r a l l  hyd rau l i c  model. Mass storage i n  t h e  pump 



as well as the enthalpy rise in the pump are neglected. 

3 . 3 . 3  Model for Accumulators 

3 . 3 . 3 . 1  Conservation Equations 

The conservation equations for the accumulators are 

mass : 

energy: 

The fluid in the accumulators is assumed to be stagnant. Therefore, 

the momentum equation for the accumulators is satisfied identically. 

3 . 3 . 3 . 2  Nodal Form of Conservation Equations 

The nodal form of the conservation equations are found by integrating 

the partial differential equations over the volume of the accumulator. Thus, 

mass : 

energy: 

Defining the volume averages as before, we obtain 

and 



where V is the volume of the accumulator and the summations are over all 

flows into or out of the accumulator. Note that each accumulator is re- 

presented by a single control volume. Using the equation or state to el im- 

inate the time derivatives of the density, we obtain . 

and 

3.3.4 Transient Integration Scheme 

The choice of the integration scheme for the simulation was dictated 

by two considerations. First and foremost, the integration scheme must be 

capable of taking large timesteps so that the amount of time spent in com- 

puting the state of the steam generating system is as small as possible. 

The second reason is related to the first by the desire to use a reference 

pressure for each flow segment, which is calculated by the code and which 

varies during the transient, rather than require the user to specify the 

reference pressure. The reference pressure for each flow segment was chosen 

to be the average of the pressures at the inlet and outlet ends of the flow 

segment. This reference pressure could have been chosen to be constant in 

time at its value before the transient begins, but has been allowed'to vary 

in time during the transient to better model the effects of the absolute 

pressure level on each flow segment. However, because the time.varying 

reference pressure reintroduces the sonic effects removed by the assumption 

of a reference pressure in the derivation of the equations, an implicit 

integration technique must be used to allow longer timesteps to be taken. 



3.3.4.1 ulicit Form of Flow Segnient tquations 

3.3.4.1.1 Thermal.Mode1 

The reduction of the conservation equations for mass and energy from 

ordinary differential equations to algebraic equations is accomplished by 

integrating the conservation equations  quati ti on (3-372) and (3-373)] over 

a time interval Atk+' (where nt k+l = - 

mass : 

energy: tk+l 

Assuming that the coefficients of the time derivative terms and the 
. 

heat flux are constant during the timestep, we obtain 

mass : 
ami am. k am k 

+ 2) aEi AE!+~ + (A) App+l 
aPP 

energy : 
ae. k aei k 

Atk" [ k+l 
+ ) A +  + - - I) Apk+l + - OW a E r AZiAi 



where 

AE:+'= El+' - E: and AP;+' = p;+l - 'r k 

The time integrals of the flow terms are approximated by the theta 

difference method. Accordingly, we write 

where g(t) is an arbitrary function of time, and the value of o ( O l w )  con- 

trols the degree of implicitness. For example, o=O gives a fully explicit 

method, and o=l impl ies fully impl icit. 

The nonlinear flow term in the energy equation is linearized by the use 

of a first-order Taylor expansion. Thus, 

This equation is now rewritten as: 

Expanding the flow terms in the energy equation in terms of the relation 

given by Equation (3-403), we obtain 



Solv ing  Equations (3-399) and (3-404) s imul taneously  f o r  AE!+' and 

k+l k+l and AP:+' g ives  w:" i n  terms o f  A E ~ - ~ .  Wi-l 

where 

and 



Equations (3-405) and (3-406) relate the conditions at the downstream 

end ( i )  of a control volume with those at the upstream end (i-1) of the 

control volume. Defining the conditions at the downstream end ( i )  of the 

control volume in terms of the condition at the inlet end (I) of the flow 

segment, 

and substituting these definitions into Equations (3-405) and (3-406), 

the following recursion relations are obtained: 

~ 1 - c  5 c8 i-1 + c ~ c ~ - ~ + c ~  , 

2 4 5 7 = Co = 0 and Co = 1, and C: = Co = C: = 0. where C: = 1, Co = Co 



3.3.4.1,Z H y d r a ~ l l i c  Model 

where 

and 

The momentum equat ion f o r  t h e  f low segment i s  g iven  by 

Expanding t h e  t ime d e r i v a t i v e  as a  backward d i f f e r e n c e  and l i n e a r i z i n g  

the  square terms i n  t h e  f l o w  res i s tance  and pump pressure r i s e ,  we o b t a i n  

where 

and Wk Wk+l  N k + l )  $ 1 ~ :  + wk 1 -  (w!+' + wi i-i i -) + i - 1 - A Z ~  . F . -  
I k  k  2 
i-i i = 1 8mi Ai Dhi 

The f l o w  res i s tance  Fk+' and pump pressure r i s e  npk+' a re  expanded 
P 

i n  terms o f  t h e  cond i t i ons  a t  t he  i n l e t  o f  t he  f l o w  segment which g ives,  



where the definitions of the coefficients S, T, U, and V are given in 

Appendix B. Next, the average flow rate is determined in terms of the 

flow rate at the inlet of the flow segment; 

where 

Substituting Equation (3-433) and Equation (3-434) into the momentum 

equation for the flow segment, Equation (3-430) ,yields, 

The change in the reference pressure is defined in terms of the 

changes in the pressures at the inlet and outlet ends of the flow segment, 



so t h a t  the  f l o w  r a t e  a t  t he  i n l e t  of t he  f low segment can be w r i t t e n  as 

k+ 1 k+ 1 w!+' = M, A P T  + M2 Apk+' o  + H, AEI + M, (3-441) 

where 

- ' 2 [<C7> - A t  k+l ( 2 - 4  
M, = - (3-442) 

<c5> + A t k + '  s 

S u b s t i t u t i n g  Equation (3-441) i n t o  t h e  f l o w  d i s t r i b u t i o n  equat ion,  

Equation (3-418), gives, 

8 + (M, + c:) AE;+' + (M, + c i )  , (3-446) 

f o r  t he  f l o w  r a t e  a t  any p o i n t  i n  t he  f l o w  segment. The enthalpy can a l s o  

be expressed i n  t h i s  form by, 



These two equations can be written i n  a more compact form as 

where 

and the coefficient matrices C, D, and E are evaluated using the s t a t e  of - - - 
the flow segment a t  time k.  

3 . 3 . 4 . 2  Imp1 ic i  t Form of Accumulator Equations 

Expanding the conservation equations for  the accumulators using 

backward time differences, we obtain 

The sums on the r i g h t  hand sides of these equations are the flows and 

flow enthalpies a t  the interface between the accumulator and a l l  flow seg- 

ments attached to  i t .  Flow out of a flow segment ( in to  an accumulator) i s  

considered a positive flow. 



These equations may a l so  be w r i t t e n  i n  a more coinpact for111 as 

where 

and the  c o e f f i c i e n t  m a t r i x  A. i s  evaluated using t h e  s t a t e  o f  t h e  accumu- 
=l 

l a t o r  a t  t ime k. 

3.3.4.3 So lu t i on  Procedure fo r  Steam/Water Condit ions 
< 

The s t a t e  o f  t h e  steam generat ing system a t  the  advanced t ime ( t  k+l ) 

can be determined by so l v ing  t h e  conservat ion equations f o r  t h e  f l o w  segments 

and accumulators simultaneously. The s e t  o f  equations can be reduced con- 

s ide rab ly  by observing t h a t  t he  unknown boundary cond i t ions  f o r  t he  f l o w  

segments are  j u s t  t he  cond i t ions  i n  the  accumulators a t  t he  i n l e t  and o u t l e t  

o f  the  f l o w  segment. Likewise, the  f lows and f l o w  entha lp ies  which appear 

on the  r ight-hand s ide  o f  t he  accumulator equations are  j u s t  t he  f lows and 

entha lp ies  a t  t he  ends o f  t he  f l o w  segments attached t o  each accumulator. 

The s e t  o f  equations are  reduced by w r i t i n g  the  f l o w  and f l ow  entha lp ies  

a t  t he  i n l e t  and o u t l e t  ends o f  each f l o w  segment as a f u n c t i o n  o f  t he  condi- 

t i o n s  i n  t h e  accumulators: 

and 



where the steam generating system contains M accumulators. 

These relations are then used to express the right-hand-side vector 

B in the accumulator equations [Equation (3-452)] in terms of the state - 

of the accumulators only. The set of equations for all the accumulators 

can now be solved. In the derivation of the flows and flow enthalpies in 

the flow segments in terms of the accumulator conditions, cross terms 

(order a L )  which appear in the flow enthalpy term have been neglected so 

that the flow and flow enthalpies can be expressed as linear combinations 

of the unknown states of the accumulators. Once the state of the accumu- 

lators at the advanced time has been determined, the state of the flow seg- 

ments can be determined by back substitution of the accumulator states 

into the conservation equations for the flow segments  q qua ti on (3-448)]. 

3.3.4.4 Evaluation of Surface Heat Fluxes 

In the integration of the energy equation in the flow segments, the 

surface heat fluxes, where they are different from zero (i .e. , in the 

heat exchangers), were assumed to be constant. Before the next timestep 

can be taken, they must be updated for the conditions existing in the flow 

segment at the end of the timestep. 

The multi-tube heat exchanger is modeled by a single representative 

heat transfer tube, and the arrangement of the control volumes in this 

representative tube is shown in Figure 3-37. 

The heat fluxes on the two surfaces of the tube are given by 



where the  average temperatures i n  the  two f l u i d s  (sodium on t h e  ou ts ide  o f  

t he  tube and water i n s i d e  the  tube) a re  computed from 

and 

and the  average f l u i d  enthalpy. i n  the  con t ro l  volurr~e i s  given by 

k+ 1 The heat t rans fer  coe f f i c i en ts  hi:' and hN are  a l s o  computed using 

the  average cond i t ions  i n  the  con t ro l  volume. The entha lp ies  i n  the  sodium 

a t  t h e  advanced t ime are  found from the  energy equation f o r  t he  c o n t r o l  

volumes represent ing the  sodium s ide  o f  t he  heat exchanger. The energy 

equation f o r  the  c o n t r o l  volumes represent ing t h e  sodium s ide  of t he  heat 

exchanger i s  i d e n t i c a l  i n  form t o  the  energy equation f o r  the  c o n t r o l  

volumes on the  water s ide  o f  the  heat exchanger  q qua ti on (3-373)] except 

t h a t  t he  p roper t i es  of sodium are  assumed t o  be independent of pressure. 

The sodium f low r a t e  and the  sodium enthalpy a t  t he  i n l e t  o f  t h e  heat ex- 

changer a re  provided as boundary cond i t ions  by o the r  modules i n  the  SSC-L 

code and a re  known funct ions o f  t ime. 
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N =NUMBER OF A X I A L  SEGMENTS 

Figure 3-37. Nodal diagram for steam generator 
thermal balance. 



I n  o r d c r  t o  evaluate t h e  heat f l u x e s  t h e  tube w a l l  t e m p ~ r a t ~ r r e  a t  

t he  advanced t ime must a l s o  be known. The tube w a l l  temperature i s  found 

f rom t h e  energy equat ion f o r  t he  c o n t r o l  volume rep resen t i ng  t h e  tube w a l l ,  

Expanding t h e  t ime d e r i v a t i v e  o f  t h e  tube w a l l  temperature as a back- 

ward d i f f e rence ,  we f i n d  

where t h e  heat  f l u x e s  have been expanded i n  terms o f  t h e  respec t i ve  heat  

t r a n s f e r  c o e f f i c i e n t s .  Th is  equat ion can now be solved i t e r a t i v e l y  f o r  t h e  

tube w a l l  temperature a t  t h e  advanced t ime,  

where t h e  heat t r a n s f e r  c o e f f i c i e n t s  hi:' and h;+' a re  f unc t i ons  o f  t h e  tube 

k+ 1 w a l l  temperature Tw . 
The modes o f  heat t r ans fe r  on the  water s i de  and t h e  c o r r e l a t i o n  used 

t o  c a l c u l a t e  t h e  heat t r a n s f e r  c o e f f i c i e n t  f o r  t h a t  mode a re  

1) forced convect ion t o  subcooled water ( D i t t u s - ~ o e l t e r ) ,  
(3.37) 

2)  subcooled o r  sa tu ra ted  nuc lea te  b o i l i n g  (Thom), (3.38) 

3) sa tu ra ted  f i l m  b o i l i n g  (Bishop),  (3 -39)  and 

4 )  f o r ced  convect ion t o  superheated steam (Heineman). (3.40) 



Only fo rced convect ion t o  l i q u i d  sodium (Graber-Reiger) (3.41) is 

al lowed on the  sodium s ide  of t h e  heat exchanger. The l o c a t i o n  o f ' t h e  

departure from nuc lea te  b o i l i n g  i s  determined, us ing  the  Atomics 1nterna.t ion- 

a1 c o r r e l a t i o n .  (3 '42)  The heat f l u x  on the  water s ide  i n  t he  c o n t r o l  volume 

con ta in ing  the  departure from nuc lea te  b o i l i n g  i s  computed as the  area- 

weighted average o f  t he  heat f l u x e s  f o r  t he  pre-DNB and post-DNB p o r t i o n s  o f  

t he  c o n t r o l  vo lu~r~e.  

Once the  tube w a l l  temperature a t  a p a r t i c u l a r  a x i a l  l o c a t i o n  i n  the  

heat exchanger has been determined, t he  sur face 'heat  f l u x e s  a t  t h a t  a x i a l  

l o c a t i o n  can be found us ing  Equations (3-454) and (3-455). 

3.3.4.5 Overa l l  So lu t i on  Procedure 

A s i m p l i f i e d  f l o w  c h a r t  o f  t he  o v e r a l l  s o l u t i o n  procedure i s  shown i n  

F igure  3-38. The f l o w  r a t e s  and entha lp ies  f o r  a l l  c o n t r o l  volumes conta in -  

i n g  water and/or steam a re  advanced i n  t ime, us ing  the  procedure described 

i n  Sect ion 3.3.4.3. Then t h e  enthalpy i n  a l l  t h e  c o n t r o l  volumes represent-  

i n g  t h e  sodium s ide  of t h e  heat exchanger i s  advanced i n  t ime. Next, t he  

tube w a l l  temperatures a t  t h e  advanced t ime a r e  computed, us ing  the  en tha l -  

p i e s  and f lows i n  t he  two f l u i d s  (water and sodium) computed i n  t he  f i r s t  

two steps. F i n a l l y ,  t he  surface heat f l u x e s  a re  computed from t h e  entha lp ies ,  

f lows,  and tube w a l l  temperatures a t  t he  advanced time. This  completes the  

sequence o f  computations f o r  a s i n g l e  i n t e g r a t i o n  step. 

I n  order  t o  use t h i s  procedure, one a d d i t i o n a l  v a r i a b l e  must be chosen, 

t he  i n t e g r a t i o n  t imestep. I n  t he  i n i t i a l  vers ion  o f  t he  steam generat ion 

module, t he  t imestep w i l l  be chosen so t h a t  t h e  maximum change i n  any f l o w  

r a t e  o r  enthalpy du r ing  a t imestep i s  equal t o  a user s p e c i f i e d  value. .Be- 

cause t h e  magnitude o f  t h e  changes i n  f l o w  r a t e  and enthalpy cannot be known 
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of steam generator.  



until after the integration has been performed, the timestep will be esti- 

mated based upon the past performance of the system, using a first-order 

extrapolation formula. Using this procedure, the timestep will be continu- 

ously adjusted so that the maximum permissible timestep which corresponds 

to the user-input maximum change in the flows or enthalpies during the time- 

step will always be taken. 

Steady-State Computations 

The transient integration procedure requires as its initial conditions 

the values of flow rate and enthalpy for all nodes in the steam/water side, 

temperatures of the tube wall nodes, and enthalpies for all nodes on the 

sodium side of the heat exchangers at steady-state conditions. Rather than 

performing the transient integration procedure until a steady-state is 

achieved, the steady-state is determined by setting all the time derivatives 

in the conservation equations identically to zero. This yields a large set 

of nonlinear algebraic equations for the steady-state values of flow and 

enthalpy in the flow segments, pressure, and enthalpy in the accumulators; 

the temperatures in the tube wall, and the enthalpies in the sodium nodes in 
I 

the heat exchangers. This large set of equations is partitioned into the 

flow segment equations and the accumulator equations. A simplified flow chart 

for the steady-state computation is shown in Figure 3-39.  

3 . 3 . 5 . 1  Accumulator Conditions 

The user is required to input the pressure and liquid level (or enthalpy) 

in each accumulator. These conditions are used to establish the inlet condi- 

tions for the flow segments connected to the accumulators and uncouple the 

thermal and hydraul ic calculations in the flow segments. 
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3.3.5.2 Flow Segment In le t  Conditions 

The conditions in the accumulators are  used to  determine the i n l e t  con- 

di t ions (pressure and enthalpy) for  the flow segments attached to  them. The 

pressure a t  the i n l e t  of any flow segment i s  the pressure (user specified) 

in the accumulator to  which i t  i s  attached. The determination of the average 

specif ic  enthalpy in an accumulator and the calculation of the enthalpy of 

the flow into the flow segment attached to  that  accumulator depend upon the 

l iquid level in the accumulator, whether there i s  a f i l l  junction adding feed- 

water to  the accumulator, and the height ( re la t ive  to  the l iquid level)  of 

the connection between the accumulator and the flow segment. If the liquid 

level i s  e i ther  zero (no l iquid)  or one ( a l l  l iqu id) ,  the average specific 

enthalpy of the f lu id  in the accumulator and the enthalpy of the f lu id  into 

the next downstream flow segment are  equal to  the enthalpy of the flow into 

the accumulator from the preceding flow segment. If the l iquid level in the 

accumulator i s  greater  than zero b u t  less  than one, the average' specific 

enthalpy in the accumulator corresponds to  the saturated enthalpy a t  a quality 

equal to  the 1 iquid 1 eve1 . 
The enthalpy of the f l ~ w  into the next flow sagmen; lipppndc ijpnn the 

height ( re la t ive  to  the l iquid level)  of the connection of the loop to  the 

volume. If the connection i s  above the liquid level ,  the enthalpy of the 

f lu id  entering the next flow segment i s  the enthalpy of saturated steam deter- 

mined from the pressure i.n the accumulator. If the connection between the 

next downstream flow segment i s  below the l iquid level ,  the enthalpy of the 

f lu id  entering the next flow segment i s  the enthalpy of saturated water evalu- 

ated a t  the accumulator pressure. However, i f  a f i l l  junction i s  adding sub- 

cooled liquid t o  the accumulator, the user may specify tha t  the enthalpy of 



the flow into the next downstream flow segment is the mixed enthalpy of 

the saturated liquid in the accumulator and the subcooled feedwater. The 

mixing fractions are determined from the fill junction flow rate and the 

flow rate in the flow segment under consideration. 

Once the enthalpy of the flow into a flow segment is determined, the 

flow rate in that flow segment may be found. If the flow segment contains 

a pump, the pump reference flow rate is used as the flow rate in the flow 

segment. If no pump is present in the flow segment, the flow rate is deter- 

mined from the flow rate in the previous flow segment of the phase entering 

the flow segment under consideration. 

Once the inlet pressure, flow, and enthalpy have been established, the 

conditions in each component in the flow segment are calculated beginning 

with the first or most upstream component and proceeding in the direction of 

flow. 

3.3.5.3 WaterISteam Computations in Pipes 

The flow model for a pipe utilize's the volume-averaged momentum equation 

to determine the pressure change in the direction of flow along a length of 

pipe. Pressure changes due to wall and interphase friction and changes in 

elevation and flow acceleration due to flashing are included. 

The pipe is divided into a user specified number of control volumes, and 

the pressure change in each control volume is determined beginning at the up- 

stream end of the pipe and marching downstream until the last control volume 

is reached. An additional pressure change is located at the-'downstream end 

of ,the pipe and is calculated using a user specified loss coefficient. This 

loss coefficient can be used to represent the pressure changes in valves, 



flanges, area changes, etc. The pipe must be a straight length of pipe, 

but may be oriented at any angle to the vertical. The user may also specify 

the pressure at the end of the pipe. If the pressure is specified at the 

end of a pipe, the loss coefficient is adjusted to produce that pressure. 

Flow in all pipes is adiabatic so that the enthalpy at the outlet of the 

pipe (Eo) is identical to the enthalpy at the inlet of the pipe (EI). 

The pressure at the outlet of. any control volume (Po) is the pressure 

at the inlet of the control volume (PI) minus the pressure drop in the con- 

trol volume (AP). The designations of inlet and outlet are based on the 

local water flow direction. The pressure drop in the control volume is de- 

termi ned f rom 

The two-phase friction mu1 tip1 ier (mTP) is given by the homogeneous flow 

model. The friction factor is a function af the Reynolds number which is 

determined from the average fluid properties in the segment, and the pipe 

surface roughness to diameter ratio. The pressure change at the end of a 

pipe is given by 

where K is the loss coefficient. 

3.3.5.4 Computations in the Heat Exchangers 
.- 

The heat transfer in the evaporator/superheater model is calculated 

using a si ngl e-tube representation of the mu1 ti -tube heat exchanger. Pres- 

sure losses in the inlet and outlet plena on the steamlwater side are 



calculated from user-suppl ied loss coefficients (or loss coefficients are 

calculated using user-suppl ied pressure losses). The active length of the 

heat transfer tube is divided into a user-supplied number of control volumes. 

The vol ume-averaged energy equations are uti 1 ized to determine the water/ 

steam enthalpy, sodium temperature, and tube wall temperature, as shown in 

Figure 3-40. The volume-averaged momentum equation is used to determine the 

steam/water pressure at the downstream end of each control volume, beginning 

with the most upstream control volume (upstream relative to the steam/water 

flow) and proceeding in the direction of steam/water flow until the end of 

the heat transfer tube is reached. 

The enthalpy change in each of the fluids (steam/water and sodium) is 

calculated using an average surface heat flux for each control volume. The 

average surface heat fluxes are calculated based on the average thermodynamic 

state of the respective fluid, the thermal resistance of the tube wall , and 

the thermal resistance of the surface fouling on the steam/water side as well 

as on the sodium side. The enthalpy rise in a control volume of the steam/ 

water side is given by 

where the average surface heat flux is given by  q qua ti on (3-442)] 

The corresponding equation for the sodium side is 

where the average surface heat flux on the sodium side is given by 
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Figure 3-40. Steady-state boundary condition for 
steam generator nodal sect ion.  1 



<ON ' hN (TN - Tw) (3-468) 

The o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t s  hwS and hN are  g iven by 

where t h e  f i l m  heat  t r a n s f e r  c o e f f i c i e n t s  a re  g iven by s tandard c o r r e l a t i o n s  

and t h e  f o u l i n g  heat t r a n s f e r  c o e f f i c i e n t s  a re  user - inpu t  q u a n t i t i e s .  The 

tube w a l l  res is tances  a re  g iven  by 

where 

1 D = 2 (ON + ow,) . 
W 

The tube w a l l  temperature i s  g iven  by 

which can be rearranged t o  g i v e  

Because the  CRBRP evaporators and superheaters a re  counter f low heat 

exchangers, t h e  steamlwater i n l e t  and t h e  sodium o u t l e t  a re  l oca ted  a t  t he  

same end o f  an a x i a l  segment. ,A cocur ren t  heat exchanger may be s imulated 

by cons ider ing  t h e  sodium f l o w  r a t e  t o  be i n  t h e  negat ive  d i r e c t i o n .  The 



three energy equations [~qua t ions  (3-465), (3-467) and (3-475)] must be 

solved simultaneously with the momentum equation t o  determine the steam/ 

water out let  enthalpy, the sodium in le t  temperature, the tube wall temper- 

ature,  and the steam/water out le t  pressure for  a given control volume. 

On the sodium side, the mode of heat transfer i s  forced-convection heat 

t ransfer ,  while on the steamlwater side,  three modes are considered for heat 

t ransfer  to  subcooled and saturated water, and a single mode i s  included for  

heat transfer t o  superheater. steam. The forced convection, nucleate boi 1 ing 

and film boiling modes are included for  heat transfer to  subcooled or satu- 

rated water, and forced convection i s  considered for heat transfer to  super- 

heated steam. The heat t ransfer  correlations tha t  represent these regions 

are  included in Chapter 5. 

Because the departure from nucleate boiling ( D N B )  i s  accompanied by a 

large drop in the surface heat flux, the control volume in which the depar- 

ture from nucleate boiling occurs is  treated different ly.  When DNB i s  de- 

tected t o  have occurred i n  a control volume (the DNB i s  detected by comparing 

the out let  quality of a control volume to  the quality a t  DNB computed from a 

correlat ion) ,  the control volume i s  divided into two portions. The length 

of each portion i s  adjusted so that  the DNB point 1 ies  on the boundary be- 

tween the two pieces of the control volume. Only film boiling heat transfer 

is  allowed in the downstream portion of the divided control volume and a l l  

other control volumes downstream of the DNB location, while ei ther  forced 

convection or  nucleate boiling are allowed for  control volumes upstream of 

the DNB location. 

The calculations use the actual (user input) length of the heat exchanger 

tube unless the user specifies the heat exchanger steam/water out let  enthalpy, 



t he  heat exchanger steam/water o u t l e t  q u a l i t y ,  o r  t h e  heat exchanger sodium 

i n l e t  temperature. When any one o f  these a re  spec i f ied ,  an area c o r r e c t i o n  

f a c t o r ,  f i s  calculated..  This area c o r r e c t i o n  f a c t o r  modi f ies  t h e  l eng th  
q '  

o f  t h e  heat t r a n s f e r  tube i n  such a way as t o  produce the  s p e c i f i e d  o u t l e t  

( o r  i n 1  e t )  cond i t ions  f o r  t he  heat exchanger. 

3.3.5.5 Pump Computations 

The model adopted f o r  t he  r e c i r c u l a t i o n  pump i s  extremely simple. The 

o u t l e t  pressure (Po) from the  pump i s  determined from the  i n l e t  pressure o f  

t he  pump (PI) and the  pressure r i s e  i n  t h e  pump (AP ) .  The pressure r i s e  i n  
P 

the  pump i s  g iven by 

The pump head i s  determined from the  pump c h a r a c t e r i s t i c s  as funct ions 

o f  pump speed and f l ow  r a t e  through the  pump. For the  s i m p l i f i e d  model, 

quadrat ic  c h a r a c t e r i s t i c s  are assumed, and the  pump head i s  given by 

where 

E r e f  = pump head a t  ra ted  speed and f l o w  r a t e ,  

0 
r e f  = pump speed r e l a t i v e  t o  r a t e d  pump speed, and , 

= pump f l o w  r a t e  r e l a t i v e  t o  r a t e d  f low r a t e .  're1 

The pump i s  assumed t o  operate a t  ra ted  speed Unless the  user s p e c i f i e s  the  

pump o u t l e t  pressure. I f  the  pump o u t l e t  pressure i s  spec i f ied ,  t he  pump 



speed i s  ad jus ted  t o  produce t h e  s p e c i f i e d  o u t l e t  pressure. The f l o w  i n  

t h e  pump i s  assumed t o  be a d i a b a t i c  so t h a t  t h e  en tha lpy  o f  t h e  f l o w  o u t  o f  

t h e  pump i s  equal t o  t he  en tha lpy  o f  t h e  f l o w  i n t o  t h e  pump. 

3.3.5.6 Sodium-Si.de Hydrau l i cs  i n  Heat Exchangers 

The momentum equat ions a r e  very  s i m i l a r  t o  t h a t  f o r  t he  s h e l l  s i de  o f  

t h e  I H X  except t h a t  bypass f l o w  i s  n o t  considered. The mass f l o w  e n t e r i n g  

t h e  superheater w i l l  be 

where ns = number o f  superheaters per  loop.  Each superheater w i l l  have ne 

o u t l e t s  where ne i s  t h e  number o f  evaporators per  superheater,  and t h e  mass 

f l o w  e n t e r i n g  t h e  evaporator  w i l l  be 

unless the re  a r e  no superheaters, i n  which case 

The momentum equat ion  cqn be w r i t t e n  f o r  t h e  superheater as 

where W i n  t h i s  equat ion i s  g iven  by Equat ion (3-478), and f o r  t h e  evaporator  

as: 

- 192 - 



where W i n  t h i s  equation i s  given by Equation (3-479). KsH and KEV i n  

Equations (3-481) and (3-482) are the  uncer ta in ty  absorbers s i m i l a r  t o  K 
P ' 

as def ined f o r  the I H X .  



APPENDIX A 

D e r i v a t i o n  o f  Vol ume-Averaged Enthal py and Densi ty  

The volume-averaged dens i t y  m and volume-averaged enthalpy e can be 

found by assuming t h a t  t h e  dens i t y  o f  subcooled l i q u i d  va r ies  l i n e a r l y  w i t h  

enthalpy and t h a t  t h e  s p e c i f i c  volume o f  sa tura ted  and superheated f l u i d  

va r ies  l i n e a r l y  w i t h  enthalpy. Using these approximations, t h e  volume- 

averaged densi ty becomes 

m i  = (pi +pi-,)/2 f o r  Ei -, < Ei < E f ; (A-2) 

where 

f o r  E ~ - ,  < E ~ < E ~ ;  (A-3) 

f o r  E~ < E ~ - ,  < E ;  (A-4) 

and Ef i s  t h e  l i q u i d  s a t u r a t i o n  enthalpy a t  t h e  re ference pressure Pr. 

The volume-averaged enthalpy i s  g iven by  

( E ~ v ~  - Eivf) an(vilvf) 
+ (1-8) 2 I f o r  Ei-, < Ef < Ei , ( A - 7 )  

(vi - v,) 



Ei - E - i-i + 
(E. 'i - Ei vi-l 

ei - 
1 

1 
m(vi/vi-,) f o r  Ef < Ei-I < E .  (A-8) 

V i  - vi-l (vi - V i - 1  

The p a r t i a l  de r i va t i ves  o f  mi and ei may be w r i t t e n  i n  a simple form as 

(A- 10) 

(A-11) 



APPENDIX B  

Expansion o f  Flow Resistance and Pump Pressure Rise 

The f l ow  res i s tance  term i n  the  momentum equat ion may be found by 

d i r e c t  s u b s t i t u t i o n  o f  t he  formula f o r  t he  f l o w  ra.te a t  any p o i n t  i n  t he  

f low segment i n  terms o f  t he  f low r a t e  a t  t h e  i n l e t  o f  t he  f l o w  segment 

i n t o  the  i n d i v i d u a l  terms i n  t h e  f l o w  res is tance. .  

The t o t a l  f l o w  res i s tance  i s  g iven as the  sum o f  t h e  f l o w  res is tances  

i n  t he  i n d i v i d u a l  c o n t r o l  volumes. .The f l o w  res i s tance  i n  an i n d i v i d u a l  

c o n t r o l  volume i s  g iven by 

Expanding the f l o w  r a t e s  a t  t he  advanced t imes as 

7 k + l  + C8  k+l + cp AE;+~ + C. bPr w!+l = Ci WI 1 (9-2) 

and 

and c o l l e c t i n g  terms, t he  f l o w  res i s tance  f o r  c o n t r o l  volume i can be 

w r i t t e n  as 

= si + ti AE;+' + Ui AP:+' + vi i 03-41 

where k s  k  - 
- - -  1 t;;;i --  'i-; ::-j + f (w! + w k  i - 1  ) A Z ~  (c; + c5  i - 1 1 

. 'i A; 2 
' i -1  8Ai mi Dhi 



- k  k  
f (Wi + A Z ~  ( c F  + c7  i - r  ) 

i 2 8Ai mi Dhi 

The total flow resistance is the sum of the individual flow resistances, 

where 

(B- 10) 



The pump pressure rise, npk+', is evaluated at the advanced time in 
P 

terms of the pump head at the advanced time. 

where the pump head at the advanced time-is given by 

The flow rate term in the pump head equation has been linearized. 

Using the expansion of flow rate in terms of the flow rate at the inlet of 

the flow segment and collecting terms, the pump pressure rise can be ex- 

pressed as 

where 
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4. NUMERICAL TECHNIQUE 

The thermohydraul ic transient simulation of an entire LMFBR system is, 

by its very nature,complex. Physically, the entire plant consists of many 

subsystems which are coup1 ed by various processes and/or components. Mathe- 

matical ly, each subsystem constitutes a set of differential equations with 

appropriate boundary conditions. The connections between different subsystems 

are made through interface conditions. The numerical method employed in the 

SSC-L code is discussed in this chapter. 

4.1 STEADY-STATE SOLUTION 

4.1.1 Descrlptlon 

The essential components and their arrangement in a loop-type LMFBR are 

schematically shown in Figure 4-1. Although only one set of loops is explicitly 

shown in this figure, any plant can, and does, have two or more sets of loops. 

In the SSC-L code, the number of such sets of.loops is an input parameter. In 

actual running of the code, one can simulate most transients by one or two sets 

of 1 oops. 

As shown in Figure .4-1, the primary heat transport system (PHTS) consists 

of reactor vessel and its internals, pump, primary side of the intermediate heat 

exchanger (IHX), check valve,and piping connecting these major components. The 

centrifugal pump is a variable speed pump. It provides pumping head for off- 

setting the pressure losses due to friction,, change in elevation, and other 

considerations. The absolute pressure in this closed loop is determined when 

the cover gas pressure is specified. Typically, the cover gas pressure is very 

close to the atmospheric pressure. 

The intermediate heat transport system ( IHTS) consists of the secondary 
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Figure 4-1. Sketch of the heat transport system. 



sodium side o r  IHX, sodium side in the steam generator, surge tank to accommo- 

date change in sodium volume, pump, and piping connecting these components. The 

hydraulic characterization of this closed loop is very similar to that of the 

PHTS . 
The steam generator, which constitutes the ess.entia1 part of the tertiary 

heat transport system, can be either a recirculating type similar to the design 

used in the CRBRP or a once-through type. In either case, the prime emphasis, 

as far as modeling of the water/steam loop is concerned, is on adequate 

representation of the steam generator. Details pertaining to the turbine and 

condenser are not included. 

4.1.2 Numerical Method 

The main objective of the SSC preaccident calculations is to provide, a 

unique and stable plant-wide solution for the initialization of the transient 

analysis. The preaccident calculations for the entire plant including all of 

the essential components in the primary, secondary,and intermediate heat trans- 

port system (HTS) can be time consuming if the overall conservation equations 

are solved simultaneous1y. One way to reduce demand on computing time is to 

take advantage of special features of the plant. 

For example, the energy and momentum equations for 1 iquid sodium can be 

decoupl ed since thermal properties are independent of pressure. Thus, the 

energy conservation equations for the primary and intermediate sodium loops can 

be solved first. The required pumping head is obtained by solving the momentum 

conservation equation. The energy and momentum equations for the water loop, 

however, cannot be decoupled since the pressure-dependent nature of the two- 

phase water properties must be considered. 

The resulting system of equations to be solved is. a typical set of "m" 



nonl inear coup1 ed a1 gebraic equations with "n" unknowns (n>m). Certain groups 

of these equations representing the IHX and steam generator (on a component 

basis) must be solved iteratively. As the number of unknowns is greater than 

the number of independent equations, some plant variables must be known (i .e., 

specified) "a priori." Since uncertainties may exist as to which operating con- 

ditions are ,known or unknown, the user is allowed some flexibility in the 

selection of plant variables which are input and those which are to be calcu- 

1 ated . 
The overall logic for the plant thermal and hydraulic steady-state balance 

is as follows: 

1. Determine the exact initialization scheme for the plant thermal 

balance from the input option the user has specified. 

2. Iterate with the detailed steam generator and IHX thermal balances 

and the core gross thermal balance to achieve an overall plant 

thermal balance. 

(a) The steam generator water-side hydraulic balance must be deter- 

mined in conjunction with the thermal balance due to the pressure- 

dependent nature of water-side properties and correlations. 

(b) . The detailed thermal balance in the core is not required during 

the iterative phase of the overall thermal balance. 

3. Determine the detailed in-core thermal and hydraulic balance. 

4. Initialize: 

(a) primary loop hydraul ics ; 

(b) secondary 1 oop hydraul ics . 
5. Initialize: 

(a) primary pump speed; 

(b) secondary pump speed. 
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Since the calculation of the plant hydraulic balance (see steps 4 and 5 

above) can be done on a per loop basis and requires no iteration or special 

techniques, it is not discussed further here. The detailed in-vessel balance 

is described in Section 3.1. However, the gross plant thermal balance 

warrants some discussion. 

A plant schematic of an equivalent single-loop system is presented in 

Figure 4-2. The steam generator model is for illustrative purposes of the 

gross energy balance only. This treatment given here would apply to a 

forced recirculation or once-through steam generator design. 

For the purpose of illustration only, a simplified example is used in the 

following discussions. The gross energy balance equations may be given by 

the following set of five independent equations: 

where  AT^^ denotes the log-mean temperature difference and it is defined by the 
following expression: 

Equations (4-2) and (4-4) were obtained by assuming that UI and USG, the overall 

heat transfer coefficients of the IHX and steam generator, respectively, are 



Figure 4-2. P l a n t  schematic. 



constant  throughout the  heat t rans fe r  po r t i ons  i n  the  I H X  and steam generator. 

They are  assumed t o  be known from empi r ica l  re la t i onsh ips .  The sodium 

entha lp ies  are  assumed t o  be func t ions  of temperature only, w h i l e  t h e  water-side 

entha lp ies  are  func t ions  o f  temperature and pressure. 

I n  ac tua l  computations f o r  the  steady-state i n  SSC- I ,  Equations (4-2) and 

(4-4) a re  replaced by a ser ies  o f  nodal heat  balances. The o v e r a l l  e f f e c t i v e  

heat  t r a n s f e r  c o e f f i c i e n t s  f o r  each o f  these nodes are  computed as a f u n c t i o n  

of f low cond i t ions ,  temperature, and f o u l i n g .  More d e t a i l s  o f  t he  procedure can 

be found i n  Chapter 3. Approximate forms o f  t he  heat t r a n s f e r  as g iven by 

Equations (4-2) and (4-4) were used t o  i.1 l u s t r a t e  the  method only.  

I n  s o l v i n g  equations (4-1) through (4-5), i t  i s  assumed t h a t  AI and ASG 

are  known from the  design (al though a steam generator area op t ion  i s  ava i lab le ,  

see Sect ion 3.3). Also, t he  cu r ren t  vers ion  of t h e  steam generator computational 

module assumes t h a t  

thus, 

WS = P/(eSo - eFW) . 

Rela t ionsh ip  (4-7) i s  user-suppl i e d  i npu t .  

Thus, i n  Equations (4-1) through (4-5), n ine  var iab les  remain t o  be deter-  

mined ( i  .e., P, Wp, TRos TRi , WI . TIo, TIi , eSo and PSG). O f  these nine, f i v e  

can be determined by using Equations (4-1) through (4-5). The remaining f o u r  

must be s p e c i f i e d  as input .  

To a l l ow  some l a t i t u d e  i n  user f l e x i b i l i t y ,  b u t  t o  keep t h e  t o t a l  number o f  

i n i t i a l i z a t i o n  opt ions w i t h i n  reason, several cons t ra in ts  are placed upon which 

parameters may o r  may n o t  be s p e c i f i e d  as i npu t .  As t h e  r e a c t o r  s ide  and steam 



generator side contain the more important parameters from the stand point of plant 

design and operation, it was decided to leave the entire intermediate loop as 

unspecified (i.e., to be determined by Equations (4-1) to (4-5)). Thus, TIo, TIi 

and WI may not be specified as input. Furthermore, since the total power (or 

power per loop P) is the prime variable, it is assumed to be always specified. 

On the steam generator side, it is also assumed that the pressures (PSG) at 

the module (e.g. , evaporator, superheater) endpoints are specified. This 

assumption results from the particular method used to solve the steam generator 

initialization (see Section 3.3). It provides an efficient computational algor- 

ithm and is not felt to be overly restrictive from a user's standpoint. 

Thus, in addition to five equations (Equations (4-1) through (4-5)), two 

other parameters (P and PSG) have been assumed to be specified as input. Two 

additional variables, and only two, from the remaining four quantities (i .e., , W~ 

T ~ o  , TRi and e ) are required to specify the system completely. Various com- So 

binations of four items taken two at a time, without regard for ordering, yield 

six possible pairs of input specifications. These are: 

Option Parameters Specified 

1 W p 3  ego 

2 T ~ i  ' e ~ o  

3 T ~ o y  eso 

4 T~o' Wp 

5 T ~ i  ' T ~ o  

Depending on the option the user desires, the iteration logic scheme for solving 

the gross plant balance Equations [(4-1) to (4-5)] is selected. The iterative 

schemes for the various options are shown in Figure 4-3. Once the overall plant 
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balance is obtained, the steady-state solution proceeds to step 3 mentioned 

earlier. 

The above results are consistent with the fact that for a single-phase fluid 

in a closed loop 8nly three state variables (temperature or enthalpy, flow rate, 

and pressure), either at any point in the system or at a combination of different 

locations, are required to specify the system completely. It should be noted 

that the third state variable, i .em, pressure, for the sodium loop is obtained by 

solving the momentum conservation equation, 

4.2 INTEGRATION METHOD 

The numerical integration in time of the entire system may be carried 

out in various ways. Two such integration strategies, geared to digital 

computer applications, are discussed further in this section: (1) integra- 

tion of all variables at a common timestep (i.e., a single step scheme, SSS), 

or (2) integration of various processes/components at di fferent timesteps 

(i .e., a multi-step scheme, MSS). 

4.2.1 Single-Step Scheme(SSS) 

The integration of the entire set of governing differential equations 

can be readily handled by advancing a1 1 time-dependent variables at a common 

timestep. This single-step scheme (SSS) is the simplest method from the 

standpoint of the computational 1 ogic involved. 

In order to satisfy both stability and accuracy requirements, the 

timestep size (h) has to be the smallest of all h's for different processes. 

Depending upon the integration method used, the smallest h may or may not 

be.a variable one, i.e., h(t) may or may not be allowed. Nevertheless, 

the entire system is solved using a common, single value for h at any instant. 



For the various processes/components modeled in the SSC-L simulation, 

estimates for characteristic integration timesteps are shown schematically 

in Figure 4-4. As seen in Figure 4-4, the allowable h may be quite small. 

Thus, although the logic is reduced, a penalty in terms of computation time 

spent in various parts of the system where variations are occurring less 

rapidly o.r where, by the nature of the particular process, a larger timestep 

could be allowed, must be paid. Indeed, even for test cases run at BNL 

where highly simp1 if ied model s were studied (el even differential equations 

representing two components), factors of 3 in computational running 

times were seen between identical cases analyzed using the SSS versus the MSS. 

The ratio of SSS to MSS computational time required can only increase 

as more detailed system models (i .e., more variables and components) are 

analyzed since the logic involved remains the same, while the number of 

equations being integrated is increased. For this reason, the MSS method 

is used to handle the integration in time of the SSC-L code. 

4.:2.2 Multi-Step Scheme(MSS) 

A computationally more efficient integration strategy, which takes 

advantage of the fact that different components/processes may have widely 

varying timestep size requirements, is being used in the SSC-L code. (4.1) 

In this method, various portions of the overall system are advanced at 

different timesteps, a1 1 being control led, however, by a master clock. 

This method is labeled the mu1 ti-step scheme (MSS). It should be noted that 

the MSS is closely related to the method of fractional steps of Yanenko . (4.2) 
In this section, the division of the overall system into subsystems and the 

resulting timestep hierarchy and computational logic are discussed. Later 

sections address the individual subsystem integration method and timestep 
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control ,  as we1 1  as t h e  o v e r a l l  i n t e r f a c i n g  between subsysteas. 

The a p p l i c a t i o n  o f  t he  MSS t o  the  SSC code i s  based on physical  con- 

s idera t ions .  For example, some of t he  subsystems o r  processes are known 

t o  respond r a p i d l y  wh i l e  others change slowly. I n  general, hyd rau l i c  

response i s  more r a p i d  than energy/temperature response. 

An important  assumption used i n  the  SSC-L code which has bear ing 

here needs t o  be r e i t e r a t e d .  I n  a1 1  regions o f  t he  system conta in ing  

sing1 eTphase sodium cool a n t  ( i  .e. , primary 1  oops, in termediate loops, and 

reac to r  plena), the  appropr ia te  sodium p roper t i es  are  assumed t o  be func- 

t i o n s  o f  temperature on ly  ( i .e . ,  no t  o f  pressure). Once t h i s  assumption 

i s  made and t h e  sodium p roper t i es  inves t iga ted,  they are  found t o  be s lowly  

vary ing  func t ions  o f  temperature. 

The convect ive energy equations are  coupled t o  t h e i r  respect ive  

sodium f l o w  r a t e s a n d  the  f l o w  r a t e s  a re  coupled t o  the  p l a n t  temperatures. 

However, wh i l e  the  coupl ing o f  t h e  convect ive energy equations t o  the  

sodium f l o w  r a t e s  i s  very strong, the  coupl ing o f  t he  f l ow  r a t e s  t o  the  

temperatures i s  weak and enters on ly  through t h e  temperature-dependent nature 

of t he  sodium proper t ies .  Since t h e  proper t ies  vary slowly, t he  p o s s i b i l i t y  

e x i s t s  t o  solve f o r  t h e  sodium f l o w  ra tes  a t  a  d i f f e r e n t  t imestep than the  
8 

energy equations. 

D i v i s i o n  o f  Overal l  System i n t o  Subsystems 

I n  the  SSC-L code, the  momentum equations governing t h e  f l o w  ra tes  

f o r  a l l  t he  sodium loops are handled separately. These a re  advanced i n  t ime 

f i r s t .  The sodium p roper t i es  requ i red  are  evaluated using the  p l a n t  temper- 

atures a t  t he  end o f  t he  prev ious ly  completed timestep. For t h e  purpose o f  

t he  hydraul i c  equations only, these temperatures (and, consequently, t he  



sodium properties used in the momentum equations) are assumed to remain constant 

during the hydraulic timestep. Subsequently, once a1 1 the energy equations 

have been advanced to the hydraulic time, the updated values of temperature 

are then used to calculate the sodium properties for the next hydraulic timestep. 

Because of the existence of two phases on the tertiary side of the stream 

generators, the required water properties are highly pressure and tempera- 

ture dependent. Thus, the thermal and hydraulic equations on the water side 

cannot be treated separately, but must be advanced in time simultaneously. 

Also included within this set of equations are the energy equations on 

the sodium side of the steam generators. 

The remainder of the system energy equations are segmented into three 

groups. The first group encompasses all the energy equations in the pri- 

mary and intermediate loops, inclusive of the IHX, but exclusive of those 

on the steam generator sodium-side. 

The in-vessel equations are distinguished by those deal ing with 

heat conduction and power generation in the rods and those associated with 

the sodium coolant convection and cool ant dynamics. This separation is 

made since, when interchannel flow redistribution is computed or when sodium 

boiling and/or fission gas release occur, the timestep required for the 

sodium convection and coolant dynamics can be drastically shorter than that 

for heat conduction in the rods. 

Thus, the various required computations can be grouped into five 

separate categories. Specifical ly, (1) loop hydraul ic calculations; 

(2) in-vessel sodium cool ant energy and cool ant dynamic calculations; 

( 3 )  in-vessel rod heat conduction and power generati on calculations ; 

(4) steam generator thermal and water-side hydraul ic calculations ; 

(5) loop energy calculations. 
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W i t h  the preceding discussion i n  mind, Figure 4 5 should be referred 

to.  Shown here i s  a schematic of the plant indicating the major components. 

Also shown are the names of those subroutines which are  the main driver modules 

controlling the advancement in time of various blocks of the SSC-L t ransient  

segment. 

The various driver modules are: 

FLOWIT / Drivers (called by the same DRIVlT module) fo r  the primary 
FLOWZT and intermediate loop sodium cool ant hydraul i c s ,  respectively. 

COOL6T Driver for  the in-vessel sodium coolant energy and 
cool ant dynamics cal cul a t i  ons 

FUEL5T Driver fo r  the in-vessel rod heat conduction and 
power generati on cal cul ations 

STGN3T Driver for  the steam generator energy and water-side 
hydraulic calculations 

l Drivers for  the primary and intermediate 
LOOP2T loop energy calculations,  respectively. 

A further breakdown of a l l  subroutines which are  associated.with each driver 

i s  provided in Chapter 6. 

Also shown i n  Figure 4-5, l i s t ed  under each subroutine name, i s  the 

respective variable name of the simulation time of tha t  associated section 

of the code. For example, S5FUEL i s  the current time (in s )  a t  which the 

rod heat conduction and power generation calculations are being computed 

(driven by FUELST). Note tha t  since the primary and intermediate 1 oop hydrau- 

l i c s  are advanced a t  a common timestep, t he i r  respective simulation times 

are  identical ( i  .e . ,  SlFLOW = SZFLOW) . The same i s  t rue for  the primary 

and intermediate 1 oop energy calculations ( i  .e. , SlLOOP = S2LOOP). 
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4.2.2.2 Times tep  Hierarchy 

I n  con junc t ion  w i t h  t h e  p a r t i t i o n i n g  of t h e  SSC-L t r a n s i e n t  segment 

as discussed above, a  t imestop h ierarchy  fo r  t he  advancement i n  t ime o f  the  

e n t i r e  system must be establ ished. The va r iab le  name f o r  the  master clock, 

t o  which a1 1  sect ions must be advanced, i s  designated S9MSTR. The corres- 

ponding master t imestep i s  designated S9DELT. Table 4-1 i nd i ca tes  the  var ious 

t r a n s i e n t  code sect ions, t h e i r  corresponding s imu la t i on  t ime v a r i a b l e  names, 

and respect ive  t imestep names. 

As i n  the  p a r t i t i o n i n g  o f  the  SSC-L t r a n s i e n t  segment, knowledge o f  

t he  system was used i n  the  s e l e c t i o n  o f  t h e  s p e c i f i c  h ie rarchy  o f  the  

var ious timesteps. Since the  loop temperatures are assumed t o  respond more 

s lowly,  i n  general, than any other  temperatures i n  t h e  system, the  respect ive  

t imesteps a t  which those var iab les  are advanced are s e t  equal t o  the  master 

c lock  t imestep (i.e,, S9DELT z SlDELT = SZDELT). 

A1 though the  loop hydrau l ics  are d r i ven  separate ly ,  t h e  p l a n t  sodium 

temperatures are  very t i g h t l y  coupled t o  them. Thus, the  hyd rau l i c  t imestep 

must e x e r t  some in f l uence  on the  master t imestep, s ince S9DELT con t ro l s  how 

r a p i d l y  the  loop energy equations may advance. As discussed i n  the  preceding 

sect ion,  the  loop hydrau l ics  may be advanced f o r  one t imestep using t h e  values 

o f  t he  sodium temperatures a t  t he  end o f  the  previous t imestep. Since the  sodium 

temperatures depend s t rong ly  on the  1 oop f l o w  ra tes ,  the  hydraul i c  ca l cu la t i ons  

must be executed f i r s t  dur ing  any g iven master t imestep. Once the  hydrau l ics  

are advanced one t imestep ( i  .e., SlDELW = S2DELW) , a check i s  immediately made. 

I f  the  hyd rau l i c  t imestep had t o  be reduced (as d i c t a t e d  by the  hyd rau l i c  

i n t e g r a t i o n  package's accuracy and/or s t a b i  1  i t y  requirements), the  master 

t imestep i s  a l so  immediately reduced. I f  the  hyd rau l i c  t imestep may be i n -  

creased, t h i s  i s  no t  allowed u n t i l  the  succeeding timestep, so the  master t imestep 
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Table 4-1 

Code Sections with Corresponding 
Simulation Times and Timestep Names 

h 

Tirnestep ( s )  

S9DELT 

SlDELW 

S2DELW 

S5DELT 

S6DELT 

S3DELT 

SlDELT 

S2DELT 

Sect ion 

Master Clock 

FLOWlT 

FLOW2T 

FUEL5T 

COOL6T 

STGN3T 

LOOP l T  

LOOPET 

S imula t ion  Time ( s )  

S9MSTR 

S 1 FLOW 

S2 FLOW 

S5FUEL 

S6COOL 

S3STGN 

SlLOOP 

S2LOOP 



i s  n o t  a1 te red  y e t .  The h y d r a u l i c  t imestep i s  by f a r  t he  more r e s t r i c t i v e  o f  

t he  two ( i  .e. , SlDELW i s  more r e s t r i c t i v e  than SlDELT) , because o f  t he  

s e n s i t i v e  nature of the  hydraul  i c  equat ions. Thus, i n  general , once the  

hyd rau l i c  t imestep i s  al lowed t o  increase, the  loop energy t imestep immediately 

f o l l ows .  Summarizing f o r  the  hyd rau l i c  t imestep l i m i t s  then, SlDELW, which 

i s  t he  same as S2DELW, w i l l  never be l ess  than, w i l l  most always equal, b u t  

occas iona l ly  may be g rea te r  than ( f o r  one t ime increment) t he  master t imestep 

(S9DELT - SlDELT = S2DELT). It should a l s o  be noted a'gain, t h a t  t he  h y d r a u l i c  

equat ions must be advanced f i r s t  ( i  . e. , before any o the r  p a r t  o f  the  system). 

As discussed prev ious ly ,  the  in-vessel  c a l c u l a t i o n s  are  handled i n  

two sect ions : (1) sodium coo lan t  convect ion and coo lan t  dynamics ca l cu la t i ons ,  

and (2)  rod  heat  conduct ion and power generat ion ca l cu la t i ons .  I n  general,  

the  requ l red  t imestep f o r  t he  coo lan t  c a l c u l a t i o n s  i s  l ess  than t h a t  f o r  rod  

ca l cu la t i ons .  This  i s  p a r t i c u l a r l y  t r u e  when the  f l ow  r e d i s t r i b u t i o n  c a l -  

c u l a t i o n s  a re  being conducted, o r  when sodium b o i l i n g  o r  f i s s i o n  gas re lease 

occurs. Thus, t he  ca l cu la t i ons  c o n t r o l  1  ed by COOL6T (see F igure  4-5) a re  

nested w i t h i n  those c o n t r o l l e d  by FUEL5T and so, consequently, are t h e i r  

respect ive  t imesteps. This  y i e l d s  a  t imestep h ie rarchy  f o r  these c a l c u l a t i o n s  

as fo l lows : 

The- remaining sec t i on  o f  code t o  be assigned encompasses the  steam 

generator ca l cu la t i ons ,  d r i v e n  by STGN3T. I n  the  steam generator,  bo th  the  

thermal and water-s ide hyd rau l i c  c a l c u l a t i o n s  a re  advanced a t  a  common t imestep 

(S3DELT). Since the  on l y  i n t e r f a c e  w i t h  the  steam generator i s  through the  

in te rmed ia te  loop,  the  STGN3T c a l c u l a t i o n s  and i t s  corresponding t imestep 



are  nested w i t h i n  the loop energy ca lcu la t ions.  Thus, S3DELT 2 S9DELT. 

The various c r i t e r i a  used fo r  the timestep con t ro l  o f  these f i v e  code 

sect ions, as we1 1 as the l o g i c  and computational a lgor i thm involved, are 

discussed i n  d e t a i l  i n  succeeding sect ions o f  t h i s  chapter, 

4.2.3 Ind iv idua l  Component/Process Solver 

As presented i n  Section 4.2.2, the  t ime i n t eg ra t i on  o f  the e n t i r e  SSC-L 

t r ans i en t  i s  d i v ided  i n t o  f i v e  sect ions. 

(1) Primary and intermediate loop hydraul i c  ca lcu la t ions.  

(2) In-vessel sodium cool an t  convection. and cool ant  dynamics ca lcu la t ions.  

(3) In-vessel rod heat conduction and power generat i  on ca lcu la t ions.  

(4) Steam generator energy ( inc lud ing  the steam generator, sodium, and 
tube wa l l  ) and water-side hydraul i c  ca lcu la t ions ,  

(5) Primary and intermediate loop energy (exclusive o f  the steam generator 
sodium side) ca lcu la t ions.  

The fo l l ow ing  discussion w i l l  proceed i n  the order j u s t  mentioned. Only 

the i n t eg ra t i on  method used i n  the  various components/processes w i  11 be mentioned 

here. For a desc r ip t ion  o f  the models and/or equations which represent any 

p a r t i c u l a r  system, r e f e r  t o  the appropr iate sect ion i n  Chapter 3. The times.tep 

con t ro l  i s  discussed i n  Section 4.3. 

The momentum equations descr ib ing the hydrau l ic  response of the primary 

and intermediate loops are  in tegra ted e x p l i c i t l y .  The i n t eg ra t i on  scheme i s  

a f i f t h  -order pred i  c tor -cor rec tor  method (4*3 )  o f  the Adams type. Algorithms 

are  provided w i t h i n  the package f o r  automat ica l ly  changing the step s i ze  

(by fac to rs  of 2.0) according t o  the accuracy requested by the user. Checks 

a re  included t o  t e s t  f o r  the  s t a b i l i t y  o f  the numerical method and t o  t e s t  fo r  

accuracy requests which cannot be met because o f  round-off  e r r o r .  

The ma jo r i t y  o f  the d i f f e r e n t i a l  equations i n  the vessel are  handled 



by a first-order (i.e,, single layer) semi-implicit integration scheme. By ' 

semi-implicit is meant a theta-differencing method where e = 4. 

The energy equations in the lower plenum are handled by this first-order 

semi-impl ici t scheme. The differential equations in the upper mixing plenum 

encompass various energy and level calculations . These equations are currently 

solved by a package which integrates a system of first-order ordinary differ- 

(4.4) ential equations according to Gear's method. 

In .the core region, the coolant dynamic equations (flow redistribution) 

are advanced first by the f irst-order semi -i.fnpl ici t scheme, once certain 

required spatial integrations are done by a finite differencing method in each 

axial channel (including the bypass channel). The coolant energy equations 

are decoupled from the fuel heat conduction equations at the cladding wall. 

Extrapolations of the heat flux are computed on the basis of current and previous 

information. Once this decoupling is done, the time integration of the energy 

equations can be handled by a simple marching technique, up or down .each channel 

depending on the direction of flow, The first-order semi-implicit scheme 

is applied to these equations. 

The transient heat conduction equations in the rod are handled by 

applying a first-order extrapolated Crank-Nicolson differencing scheme (4.5) 

to the discretized radial nodes. The solution proceeds inward from the 

cl adding/cool ant interface for each axial sl ice in each channel. 

The method used in advancing the transient neutron fission power depends on 

whether the prompt jump approximation (PJA) or an "exactt1 solution to the point 

reactor kinetics equations is desired. If the PJA option is selected, the 

kinetics equations are hand1 ed by a f i fth-order predictor-corrector package 

similar to that used for the flow hydraulics integration. If the "exact" 

solution is desired, a modified version of the method proposed by Kaganove (4.6) 
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i s  used t o  i n t e g r a t e  the  k i n e t i c s  equations. 

The steam generator thermal and water-side hyd rau l i cs  equations a re  

advanced using a  f i r s t - o r d e r ,  f u l  ly- imp1 i c i  t i n t e g r a t i o n  scheme. The s o l u t i o n  

procedure invo lves  marching f i r s t  through t h e  steam generator segments and 

secondly through the  accumulators. The steam generator water-s ide f l o w  

cond i t i ons  and the  heat f l u x e s  a r e  lagged one t imestep. Th is  e f f e c t i v e l y  

decouples the  var ious steam generator f l o w  segments and heat exchangers and 

a l lows a  simple marching procedure t o  be used. The accumulator cond i t i ons  

a r e  advanced f i r s t .  These cond i t i ons  a r e  then back-subst i tu ted so t h a t  t he  

advanced steam generator water-s ide entha lp ies  and sodium temperatures i n  a l l  

c o n t r o l  volumes and t h e  advanced f l o w  r a t e s  can be solved fo r .  F i n a l l y ,  t h e  

advanced cond i t ions  f o r  t he  heat f l u x e s  and tube w a l l  temperatures are  computed. 

As w i t h  t h e  steam generator,  the  loop energy equations are 

i n teg ra ted  by a  f i r s t - o r d e r  f u l l y - i m p l i c i t  scheme. The w a l l  heat f l u x e s  a re  

lagged one t imestep. This decouples the  energy equations and a l lows them t o  

be solved i n  a  simple marching fash ion ( i n  t h e  d i r e c t i o n  o f  f l ow)  w i thou t  

r e s o r t i n g  t o  m a t r i x  invers ions .  

4.2.4 Overa l l  I n t e r f a c i n g  

The advancement i n  t ime of t h e  e n t i r e  SSC-L t r a n s i e n t  segment has been 

d i v ided  i n t o  f i v e  sections, as discussed e a r l i e r  i n  Sect ion 4.2.2. Each sec t ion  

has i t s  own i n d i v i d u a l  t imestep and uses var ious methods t o  handle t h e  

i n t e g r a t i o n  (see Sect ion 4.2.3). Discussed here a re  the  o v e r a l l  i n te r face  

cond i t i ons  requ i red  between these f i v e  sect ions and how they are  computed. 

The impact o f  these i n t e r f a c e  cond i t i ons  on t h e  o v e r a l l  t imestep c o n t r o l  i s  

addressed i n  Sect ion 4.3. 

The i n t e r f a c e  cond i t i ons  a re  presented i n  t h e  order  i n  which they  are  



required by the SSC-L code. Specifically: 

(1) Primary and intermediate loop hydraulics interface conditions. 

(2) In-vessel sodium coolant energy and coolant dynamics interface 
conditions . 

(3) In-vessel rod heat conduction and power generation interface 
conditions . 

(4) Steam generator interface conditions. 

(5) Primary and intermediate loop energy interface conditions . 
The primary and secondary loop hydraulics calculations interface with 

other SSC-L sections through various system temperatures and pressure-re1 ated 

conditions. As discussed in Section 4.2.2, the coupling of the hydraulic 

response to temperature variations is weak (through sodium properties), and,. 

consequently, temperature conditions updated at the end of the previous 

timestep are used during the succeeding hydraulic timestep. However, two 

pressure-related values are important interface conditions for the primary 

loop hydraul ics; (1) the pressure at the vessel outlet nozzle, and (2) the 

overall vessel inlet nozzle to outlet nozzle pressure drop. 

The pressure at the outlet nozzle is computed as the reactor cover gas 

pressure plus the sodium head to the outlet nozzle level. The overall 

nozzl e-to-nozzle pressure loss is required in the compl icated vessel in1 et pres- 

sure calculation (see Section 3.2.10) and is evaluated using the detailed core 

pressure drop distributions described in Section 3.1.2. Currently, values of 

both the vessel outlet nozzle pressure and nozzle-to-nozzle pressure drop 

from the end of the preceding coolant dynamics timestep are used during the 

succeeding loop hydraul ics timestep. 

The in-vessel coolant dynamics calculations require updated interface 

information for the vessel inlet flow rate(s) from the primary loop(s), 

plus the pressure at the vessel inlet nozzle. Since .the loop hydraulics 
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equations are integrated first, this information is available for any 

advanced i n-vessel cool ant time (i . e. , S6COOL, which is advanced by increments 
of S6DELT as dictated by the COOLGT driver module, see Section 4.2.2). These 

values are linearly interpolated from previously stored values provided by 

the loop hydraulics calculations. 

The in-vessel cool ant energy equations require interface conditions of 

temperature at the vessel inlet nozzle(s), plus the heat fluxes at the rod 

cladding cool ant boundaries. Since advanced values of neither the vessel in1 et 

temperature(s) nor the heat fluxes have been calculated when the coolant 

energy equations are updated, extrapolations are required. Currently, linear 

extrapolations based on values of inlet temperature(s) and heat fluxes at the 

two most recently completed timesteps are provided. 

The rod heat conduction calculations interface with the in-vessel coolant 

energy calculations at the cladding-coolant boundaries. As discussed in Section 

4.2.2.2, the cool ant energy calculations are nested within the rod calculations 

and are executed (i .e. , advanced in time) first. Thus, updated coolant tem- 

pera tures (and required heat transfer coefficients) at the advanced fuel 

time (S5FUEL, see Section 4.2.2.2) are already available. 

The required interface conditions at the steam generator boundaries are 

the intermediate loop sodium flow rate(s) and the intermediate loop temperature(s) 

at the steam generator heat exchanger sodium-side inlet(s). The intermediate 

loop flow rate(s) at the advanced steam generator time is already available, 

since the sodium 1 oop hydraul ics equations have been integrated previously. 

A cubic spline interpolation method is used to compute the required sodium 

flow rate(s). A cubic spline extrapolation method (utilizing information from 

previously completed sodi um 1 oop energy calculations) is used to provide the 

necessary sodium temperature(s) at the sodium-side inlet(s) of the steam 
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generator heat exchanger (s) . 
The interface conditions required for the primary and intermediate loop 

energy calculations are (1) the vessel outlet temperature, (2) the sodium- 

side temperature(s) at the steam generator heat exchanger outlet(s),and (3) the 

sodium flow rate in each primary and intermediate loop. Since the loop energy 

equations are integrated last, all these required interface conditions from 

the other SSC-L transient sections are available at the advanced loop energy 

time (SlLOOP = S2LOOP = SgMSTR, see Section 4.2.2). 

4.3 TIMESTEP CONTROL. 

To provide for the automatic control of the five separate timesteps 

utilized in the SSC-L transient segment, certain accuracy, numerical stability, 

and interface condition criteria must be establ ished. The accuracy and 

numerical stability criteria apply to the specific integration method(s) 

(see Section 4.2.3) used in each of the five transient sections. The inter- 

face criteria apply to the boundary conditions (see Section 4.2.4) connecting 

the five sections to each other. In this section, the various criteria used 

to determine the timestep control are first discussed, then the specific 

algorithm used for the actual control of all timesteps in the SSC-L transient 

segment i s descri bed. 

4.3.1 Numerical Stability and Accuracy Criteria 

As discussed in Section 4.2.3, all the integration methods used in SSC-L, 

with the exception of the primary and intermediate loop sodium hydraulics 

and reactor fission power generation (when using the prompt jump approximation) 

integration schemes are either of a fully-implicit or semi-implicit type. 

Any scheme using an implicit technique is, by its very nature, inherently 



stable in a numerical sense. 

The integration schemes used to advance the primary and intermediate 

loop hydraulics and the fission power generation equatjons for the prompt 

jump approximation (PJA) option are identical (i.e., the same method, but 

different subroutines). This integration scheme uses a fifth-order predictor- 

corrector method of the Adams type. An algorithm is provided within the 

integration package to test for the stability of the numerical method. Thus, 

automatic control of the timesteps (i .e., SlDELW and S2DELW for the loop 

hydraulics and S5DELT for the PJA, see Section 4.2.2.2) for numerical stability 

criteria is handled within the integration scheme itself. The user is 

a1 lowed no control over these numerical stabil i ty criteria. 

The accuracy criteria provided within the SSC-L code enable the user to 

select the degree of accuracy one desires for the various system variables 

being integrated. A1 1 accuracy criteria require a .relative accuracy 1 imi t , 

which is supplied by the user. A value of the relative accuracy limit desired 

for each of the five transient sections must be input. 

These relative accuracy limits are used such that any variable being 

integrated in any of the five transient sections is not allowed to change, 

in a relative sense, by more than the specified limit during any timestep. 

Thus, for any variable (6. .)being integrated,' the following holds: 
1 J 

where : 

E = absolute relative deviation of variable eij from timestep k to k+l, ij 

ek? = value of eij at timestep k+i, 
1J 



k 0 .  = value of eij timestep k ,  and 
1 J 

c = relative accuracy limit specified for transient section i. i 
Table 4-2 lists the five SSC-L transient sections and the names of their 

corresponding ci. 

Within each transient section, after a timestep advancement has been 

completed, Equation (4-10) is applied to all variables just integrated. The 

maximum absolute relative change (ci j-max) is selected and compared to the 

relative accuracy limit for that transient section. If the limit has been 

exceeded, the timestep for that section, which will be used during the next 

integration step, is decreased by a factor of 2.0. Conversely, if ci j-max 

is less than a certain value (set equal to ~~12.0). the timestep for that 

section is allowed to increase by a (factor of 2.0) during -the next integration 

step. 

This evaluation after each and every timestep of the various cij-max 

values from each transient section forms the basis for the overall SSC-L 

automatic timestep control from an accuracy standpoint. For a1 1 sections 

integrated by fully-implicit or semi-implicit methods, the calculations of the 

specific ci j-max values are handled in separate subroutines 'developed 

expressly for this purpose (see Chapter 6). The cij values for those variables 

integrated explicitly are calculated internally within the predictor- 

corrector package. 

4.3.2 Interface Condition Criteria 

As discussed in Section 4.2.4, the five SSC-L transient sections are 

coupled together through various interface conditions at component/process 

boundaries . Some interface conditions involve variables which have a1 ready 

been computed (i . e. , a1 ready advancedlupdated in time) at the point in the 



Table 4-2 

SSC-L Transient Sections and 
Corresponding Names for Accuracy Criterion Limits 

Sec t i on  

FLOWlT 1 
FLOW2T I 

COOL6T 

FUELST 

STGN3T 

LOOPlT l 
LOOPZT I 

R e l a t i v e  A c c u r a c y  
C r i t e r i o n  L i m i t  (ci) 

FlWMXA 

F6MAXA 

F5MAXA 

F3YAXA 

FlEMXA 
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execution logic when they are required. The remaining interface conditions 

involve variables whose advanced/updated values have not yet been computed 

at the point they are needed. Only these latter ("unknown") interface conditions 

need to be considered in establishing the interface condition criteria. 

Listed in order 6 f  their requirement by the five SSC-L transient 

sections, these "unknown" interface conditions are (see Section 4.2.4 for a 

further discussion of how they are computed): 

(1) For the primary and intermediate loop hydraul ics calculations : 

a) reactor vessel outlet pressure, 

b) overall vessel inlet nozzle to outlet nozzle pressure drop. 

(2)  In-vessel sodium coolant dynamics and coolant energy calculations : 

a) sodium coolant temperature at vessel inlet nozzle(s) , 

b) rod cladding-coolant heat fluxes. 

(3) Rod heat conduction and power generation calculations : None. 

(4) Steam generator energy and water-side hydraul ics calculations : 
Intermediate 1 oop temperature(s) at the steam generator heat exchanger 
sodium-side inlet(s). 

(5) Primary and intermediate 1 oop energy calculations : None. 

At the end Of each master clock step,all previously "unknown" interface 

conditions will have been computed. Thus, the values of the "unknown" interface 

conditions that were predicted during the just completed master clock 

timestep can be compared with the computed values for consistency. The 

following consistency check is made for each "unknown" interface conditions 



where 

= r e l a t i v e  absolute dev ia t ion o f  i n te r face  condi t ion Yij a t  end 
Aij o f  timestep k+i.  

P Y ~ "  = predicted value o f  Yi a t  end o f  tirnestep k+i  as used i n  t rans ien t  
i5 sect ion i. 

k+i = value of Yi as computed a t  end o f  t imestep k+ l  'i j 
hi = r e l a t i v e  absolute acceptance l i m i t  f o r  i n te r face  condi t ions required 

by t rans ien t  sect ion i. 

The values o f  ni are spec i f ied by the user f o r  a l l  t rans ien t  sections where 

appropriate. 

Equation (4-11) i s  appl ied t o  a l l  yi j  a t  the end o f  each master timestep, 

w i t h  the exception o f  the rod cladding-coolant heat f l u x  in te r face  condit ions. 

As discussed i n  Section 4.2.2.2, the timestep f o r  the in-vessel sodium coolant 

dynamics and coolant  energy ca lcu la t ions i s  nested w i t h i n  the timestep f o r  the 

rod heat conduction and power generation ca lcu la t ions,  which, i n  turn ,  i s  nested 

w i t h i n  the master c lock timestep ( i  .e., S6DELT - c S5DELT - < S9DELT). O f  the 

f i v e  t rans ien t  sections o f  the SSC-L code, these sections are the on ly  ones 

where a double nest ing occurs. This simply means t h a t  Equation (4-11) must 

be appl i ed  t o  the cladding-coolant heat f l u x  in te r face  condi t ions whenever 

S6COOL = S5FUEL instead o f  delaying u n t i l  S6COOL = SSFUEL = S9MSTR. The 

spec i f i c  l o g i c  involved i n  implementing a l l  these c r i t e r i a  i s  discussed i n  

Section 4.2.4. 

The purpose o f  the consistency checks performed using Equation (4- 11) 

i s  t o  provide a means f o r  es tab l ish ing acceptance 1 i m i t  c r i t e r i a  f o r  the 

"unknown" in te r face  condit ions. Whenever any bij f a i l s  t o  pass the consistency 

t e s t  (i .e., hi > A ~ ) ,  the e n t i r e  system t ime advancement i s  interrupted.  

The so lu t ion  automat ical ly  rever ts  back t o  the end o f  the previously completed 

master c lock i n teg ra t i on  step. The timestep i n  the t rans ien t  sect ion whose 



interface condition just fai 1 ed the consistency test is decreased substantial ly. 

The solution of the overall system is then allowed to proceed once again. 

4.3.3 Modifications at Print and Subset Intervals 

The discussion of the overall timestep control for the SSC-L code is now 

complete with the exception of modifications made at print and subset intervals. 

For print interval control, the user supplies the input data quantity S9PINT. 

This is the time interval (in seconds) at which the user desires various 

plant variables to be printedlstored. To ensure that the master clock time 

(SgMSTR, see Section 4.2.2.2) falls exactly on the print interval, modification 

to the master clock timestep (S9DELT) is occasional ly necessary. 

Additional ly, whenever a subset interval time is reached, modification 

to the individual timestep for that transient section is required occasionally. 

As discussed in Section 4.2.2.2, the foll owing subsets of timesteps are establ ished 

within SSC-L: 

(1) S6DELT - < S5DELT - < S9DELT , 

(2) S3DELT - < S9DELT. 

As seen in Table 4-1, timestep S6DELT corresponds to time S6COOL, S5DELT to 

S5FUEL, and S3DELT to S3STGN. Thus, to ensure that S6COOL falls exactly on 

SSFUEL, modification to S6DELT is sometimes required. In a like manner, 

modifications to S5DELT and S3DELT are occasionally necessary to ensure that 

SSFUEL and S3STGN fa1 1 exactly on SgMSTR, respectively. The timestep control 

techniques used in SSC-L to handle modifications at both print intervals 

and subset intervals are identical. 

A test is made before any transient section time is advanced to check 

if a printlsubset interval would be exceeded using the current value of timestep. 

If a printlsubset interval would be exceeded, the following is done: 



(1) The present  al lowed value o f  t he  a f f e c t e d  t imestep i s  stored. 

(2)  The a f f e c t e d  t imestep i s  s e t  equal t o  t h e  p r i n t l s u b s e t  i n t e r v a l  t ime 
minus t h e  c u r r e n t  t ime f o r  t he  a f f e c t e d  t r a n s i e n t  sect ion.  

(3 )  A c o n t r o l  f l a g  i s  s e t  i n d i c a t i n g  t h a t  a  m o d i f i c a t i o n  ( reduct ion)  
t o  t h e  a f f e c t e d  t imestep has been made for  reasons o ther  than 
accuracy o r  s t a b i  1  i ty  . 

(4) For t h e  nex t  i n t e g r a t i o n  step taken past  the  p r i n t l s u b s e t  i n t e r v a l ,  
the  a f f e c t e d  t imestep i s  s e t  equal t o  t h e  p resen t l y  al lowed value 
fo r  t h a t  t imestep as d i c t a t e d  by accuracy, s t a b i l i t y ,  and In te r face  
c r i t e r i a .  

4.3.4 A lqor i thm 

- The ' a lgo r i t hm used i n  the  SSC-L code t o  e f f e c t  t he  o v e r a l l  automatic 

t imestep con t ro l  i s  shown i n  t h e  l o g i c  diagram Figure 4-6. The var ious  

c a l c u l a t i v e  d r i ve rs ,  t r a n s i e n t  sec t ion  times, and timesteps are  described 

i n  sec t i on  4.2.2 and Table 4-1. Var iables n o t  i d e n t i f i e d  i n  Table 4-1 

i nc lude  

S9PRNT - Time a t  which c e r t a i n  p l a n t  va r iab les  are  t o  be p r in ted /  
s tored (seconds) . 

S9PINT - P r i n t  i n t e r v a l  increment (seconds), 

S9LAST - Problem terminat ion  t ime (seconds). 

I n  F igure 4-6, t h e  numbers i n  parentheses i n d i c a t e  the  l oca t ions  i n  t h e  

l o g i c  f l o w  where the  c a l c u l a t i o n s  f o r  t h e  f i v e  major sect ions o f  t h e  SSC-L 

t r a n s i e n t  segment a re  executed. ' The remaining l o g i c  described i n  F igure 4-6 

i nd i ca tes  how t h e  c r i t e r i a  and modi f i ca t ions  t o  the  var ious SSC-L timesteps, 

discussed i n  Sect ions 4.3.1 t o  4.3.3, a re  implemented. 
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5. CONSTITUTIVE LAWS AND CORRELATIONS 

A number o f  c o n s t i t u t i v e  laws and c o r r e l a t i o n s  w i l l  be requ i red  i n  o rder  t o  

execute the  SSC code. Our approach i s  based on p r o v i d i n g  t h e  bes t  a v a i l a b l e  data 

i n t o  the  code. The e n t i r e  c o l l e c t i o n  o r  p a r t  o f  these data may be o v e r w r i t t e n  by 

the  user.  This  sec t i on  prov ides f o r  a  c o l l e c t i o n  of data t h a t  have been i n c o r -  

porated so f a r .  A l l  o f  t h e  c o r r e l a t i o n s  and numerical values used i n  them a re  

noted i n  t h e  S I  u n i t s .  

5.1 CONSTITUTIVE LAWS 

The requ i red  thermophysical and t r a n s p o r t  p rope r t i es  f o r  a l l  o f  t h e  mate- 

r i a l s  o f  i n t e r e s t  a re  prov ided f o r  i n  t h e  form o f  c o r r e l a t i o n s .  Reasonable 

val.ues f o r  the  c o e f f i c i e n t s  i n  these c o r r e l a t i o n s  are  prov ided i n  t h e ' s 1  u n i t s .  

These values may be changed by the  user  through i n p u t  cards. Various c o n s t i t u -  

t i v e  laws are  grouped according t o  ma te r i a l s .  

5.1 .1 Core and Blanket  Fuel 

Thermal -conduct iv i  t y  (W/m K) 

The thermal c o n d u c t i v i t y  o f  mixed core (U0,-20 w/o Pu02) and 

b lanket  (ox ide)  m a t e r i a l s  i s  g iven by the  f o l l o w i n g  r e l a t i o n :  

where t y p i c a l  values f o r  ko, kl , k,, and k3  are  noted i n  Tab1 e  5-1 , and P i s  t he  

f r a c t i o n a l  p o r o s i t y  (=  1  - f r a c t i o n a l  dens i t y ) .  

S p e c i f i c  heat capac i ty  (J/kg K) 

The s p e c i f i c  heat capac i ty  o f  m i ~ e d - o x i d e ( ~ * ~ )  core and b lanket  ma te r i a l s  i s  

g iven by the  f o l l o w i n g  r e l a t i o n s :  



Table 521 

Parameters in ~ u e l  Thermal Conductivity 
and Specific Heat Correlations 

Blanket  ma te r i a l  

113.3 

0.78 

0.02335 
- 1 3  

6 . 6 0 ~ 1 0  

i n p u t  

194.319 

1.3557x10-~ 
- 7 

-9.3301~10 
- 1 0  

2.4482~10 

502.951 

0 

3020.0 

3060.0 

Parameter 

0 

k 1 

k2 

k 3 

P 

Co 

c 1 

C 2 

3 

C 4  

c 5 

T 1 

T2 

Core ma te r i a l  

113.3 

0.78 

0.02935 
- 1 3  

6 . 6 0 ~ 1 0  

i n p u t  

194.319 
- 3 

1.3557~10 
- 7 

-9.3301~10 

2 . 4 4 8 2 ~ 1 0 ' ~ ~  

502.951 

0 

3020.0 

3060.0 



Cp(T) = co [I + cIT + C ~ T ~  + c3T 3l f o r  T 5 TI , (5-2)  

CP(TZ) - Cp(T,) 
Cp(T) = cp(T1) + ( T  - T,) f o r  T, < T < T2 s (5-3) 

T2 - 

c ~ ( T )  = c, + C,T f o r  T 2 T, , (5-4) 

where va lues o f  va r i ous  parameters a r e  noted i n  Table 5-1, and 

2 C (T ) = c [l + clTl + c2T1 + c3T13] , 
P 1 0 

and 

C ( T  ) = c, + c5T2 . 
P 

C o e f f i c i e n t  o f  thermal expansion (m/m K)  

The average l i n e a r  c o e f f i c i e n t  o f  thermal expansion f rom To t o  T f o r  c o r e  

and b l a n k e t  m a t e r i a l s  i s  represented by t h e  f o l l o w i n g  equat ion  (5.3, 5.4). 

- 
u(T )  = a. + u T 

1 
f o r  T 5 T, . (5-7) 

For  h i g h e r  temperatures, t h e  average 1 i n e a r  c o e f f i c i e n t  of thermal expansion i s  

g i ven  by t h e  f o l l o w i n g  r e l a t i o n :  

f o r  T t Tb . 
For i n te rmed ia te  temperatures, 

- - 
- - a (T,) - a(T3) 
a (T )  = a (T3)  + f o r  T, 5 T .S T, , 

T4 - T3 
(5-9)  

where 
- 
u ( T 3 )  = aO + alTj , 
- 
u(T4)  = a2 3 

and o t h e r  parameters a r e  noted i n  Table 5-2. 



Table 5-2 

Parameters.in Fuel Coefficient of Thermal 
Expansion, Density and Emissivity Correlations 

Blanket material 

- 6 
5 .7506~10 

2 .997x10-~  
- 5  

3 . 1 ~ 1 0  

295.4 

3020.0 

3060.0 

3 
1 0 . 0 ~ 1 0  

3 
8 .744~10  

input 

0.75 

- S 
5x10 

400.0 

Parameter 

a 
o 

a1 

a7 

To 

T 3  

T 4 

Po 

P 1 

P 

E 
0 

€1  

T 5  

Core material 

5.7506x10-~ 
- 9 

2 .997~10 
- 5 

3 . 1 ~ 1 0  

295.4 

3020.0 

3060.0 

3 
11 .04~10  

3 
8 . 7 3 3 ~ 1 0  

input 

0.75 

- 5 
5x10 

400.0 



Densi t y  ( kg/m3) 

The core and b lanke t  f u e l  ma te r i a l s  dens i t y  i s  g iven by the  f o l l o w i n g  s e t  

o f  c o r r e l a t i o n s  : 

f o r  To< T < T, , (5-1 2) 

P(T4Y P) -P (T,' P) 
p (TYP)= p(T3y P) f (T - T,) f o r  T3< T _< T4 , (5-13) 

T4 - T3 

f o r  T 2 T4 , (5-14) 

where P i s  t he  f r a c t i o n a l  p o r o s i t y .  The above c o r r e l a t i o n s  imp ly  t h a t  (a )  t h e  

core fuel dens i t y  f o r  d i f f e r e n t  r e s t r u c t u r e d  regions have the  same temperature 

dependence below fuel so l  idus  temperature ( T 3 ) .  and (b )  t h e  mol ten f u e l  dens i ty ,  

i .e., dens i t y  beyond i t s ,  1  iqu idus  temperature ( T )  does n o t  depend upon i t s  pre-  

mol ten  f r a c t i o n a l  dens i ty .  The f o l l o w i n g  two equat ions a re  noted f o r .  the  sake 

o f  c l a r i t y :  

and 

The average l i n e a r  c o e f f i c i e n t  o f  thermal expansion i s  a l ready  noted above; 

o the r  parameters are  noted i n  Table 5-2. 

Emiss i v i t y  ( - ) 

The core and b lanket  ma te r i a l  em iss i v i  tqr(5*5) i s  g iven by the  f o l l o w i n g  

c o r r e l a t i o n s  : 



fo r  T 2 T5 

where c o y  E and T a r e  given in  Tab1 e 5-2. 
1 5 

5.1 .2  Cladding and Structural  Materials 

The thermal conductivity (W/mK) , (5*6 )  spec i f i c  heat (J IkgK) ,  (5*6)  and the  

average 1 inear  coef f ic ien t  of thermal expansion (m/mK) , (5*7 )  a r e  represented by 

a polynomial f i t  of data. These equations f o r  temperatures up t o  melting point 

a r e  given by the  following: 

where values f o r  various parameters fo r  both cladding and s t ruc tura l  materials  

a r e  noted in Table 5-3. The s t ruc tura l  o r  cladding material density i s  re la ted 

t o  the  average thermal coef f ic ien t  of l i nea r  expansion as  follows: 

where po i s  the  density a t  temperature To. 

The cladding and s t ruc tura l  emissivi ty(5*8) a r e  given by the  following re la -  

t ions :  
f o r  T 5 T l  

and 

E = E + c l ( T - T 1 )  fo r  T L T 
0 1 '  

where values f o r  c0. and T,  a re  also noted in Table 5-3. 



Table 5-3 
. . 

Parameters for Cladding and 
structural Material Properties 

Paramete r  

ko 

k l  

k2 

k 3 

Co 

C 1  

2  

C 
3 

a o 

a1 

a2 

To 

E 
0 

~1 

T1 

Cladd iqg  m a t e r i a l  

9.01748 

1.62997x10-~ 

- 4 . 8 0 3 2 9 ~ 1 0 ' ~  

2 . 1 8 4 2 2 ~ 1 0 ' ~  

381). 962 

0.535104 

- 6 . 1 0 4 1 3 ~ 1 0 - ~  

- 7 
3.02469~10 

1 . 7 8 8 7 ~ 1 0 ~ ~  
- 3 

2 .3977~10  
- 1 3  

3.2692~10 

298.15 

0.55 
- 4 

2 . 5 ~ 1 0  

400 

S t r u c t u r a l  m a t e r i a l  - 
9.01748 

1.62997x10-~ 

- 4 . 8 0 3 2 9 ~ 1 0 - ~  

2.18422x10-~ 

380.962 

0.535104 

- 6 . 1 0 4 1 3 ~ 1 0 - ~  

3 . 0 2 4 6 9 ~ 1 0 - ~  

1 .7887x10-~  
- 9 

2 .3977~10 
- 1 3  

3.2692~10 

298.15 

0.55 

2 . 5 ~  

400 
- 



5.1.3 Control Rod Mater ia l  

The thermal conduc t iv i t y  (W/m K), t h e  s p e c i f i c  hea t  (J/kg K) , t h e  average 

1 i n e a r  thermal c o e f f i c i e n t  o f  expansion (m/m K )  , and t h e  d e n s i t y  (kg/m3) 

a r e  represen ted  by a polynomial f i t .  (5m9) These equa t ions  a r e :  

and 

where values  f o r  t h e  var ious  parameters a r e  noted i n  Table 5-4, and P is  t h e  

po ros i t y .  These c o r r e l a t i o n s  a r e  v a l i d  i n  t h e  temperature  range from 500 K t o  

1250 K. 

5.1.4 Sodium 

A1 1 of t h e  r equ i r ed  thermophysical p r o p e r t i e s  f o r  1 i qu id  sodium and sodium 

vapor a r e  taken from Golden and Tokar. (5*10) These a r e  noted i n  the following. 

Thermal conduc t iv i t y  (W/m K) 

The thermal conduc t iv i t y  o f  1 i qu id  sodi  um i s  given by t h e  fo l lowing  

equa t ion :  

k ( ~ )  = k o + k l ~ + k 2 ~ 2  , 



Table 5-4 , 

Parameters for Control Rod Material Properties 

Parameter 

0 

1 

2 

I( 3 

Co 

1 

=2 

a 
0 

a1 

Po 

To 

Value 
- 

21.6178 

0.05381 

2.2 

334.13 

1741.79 
- 1 1  

2.34856 x 10 

-46,634.7 

-1.4886 x 

4.124 x 

2381 .O 

295.4 



where 

k o =  109.7 , 

and 

Spec i f i c  heat capac i ty  ( j / k g  K)  

The s p e c i f i c  heat  capac i ty  a t  constant pressure f o r  l i q u i d  sodium i s  

g iven by 

Cp(T) = c0 + c,T + C,T~ , (5-30) 

where 

=o = 1630.22 , 

Enthalpy (J/kg) 

The enthalpy o f  saturated l i q u i d  sodium i s  g iven by 

where 



For unsaturated l iquid sodium, the enthalpy i s  written as 

where the saturation vapor pressure and the l iquid sodium density are given i n  

the following. For incompressible sodium, 

P(T,P) P(T) = pS(T) ; 

hence, Equation (5-32) becomes ' 

For most purposes, the liquid sodium enthalpy may be approximated by the satura- 

t ion value. 

In the SSC code, we also need to  compute l iquid sodium temperature from i t s  

enthalpy value. Although i t  i s  computed i te ra t ive ly  in the code by inverting 

. Equation (5-31), an approximate correlation was obtained: 

where 

and 



Satura t ion  vapor pressure (Pa, i.e., N/m ) 2 

The sa tu ra t i on  vapor pressure o f  sodium i s  expressed by the  f o l l o w i n g  two 

equations: 

and 

f o r  T - < T, 

f o r  T > T, , 

where 

and 

The s a t u r a t i o n  temperature o f  l i q u i d  sodium as a f u n c t i o n  o f  pressure i s  

g iven by t h e  f o l l o w i n g  equation (5.11). 

where 

c , =  10.51 , 

and p i s  t h e  pressure i n  ~ / m ~ .  



Densi ty  (kg/m3) 

The dens i t y  o f  sa tura ted l i q u i d  sodium i s  g iven by the  f o l l o w i n g  r e l a t i o n :  

2 3 
pS(T) = p0 + p1T + p 2 T  + p3T f o r  T 1- < T - < T2 , (5-38) 

where, 

and, 

The dens i t y  of unsaturated l i q u i d  sodium i s  r e l a t e d  t o  t h a t  o f  saturated 

1 i q u i d  through a cornpressibil i t y  f a c t o r ,  as fo l lows:  

where pS(T) i s  given by Equation (5-38) and pS i s  g iven by Equations (5-35) and 

(5-36). For incompressible assumption, pT E 0. Hence, 

P(T,P) P(T)  = P ~ ( T )  (5-40) 

Dynamic v i s c o s i t y  (Pp, i .e., N s/m2) 

The dynamic v i s c o s i t y  o f  l i q u i d  sodium i s  represented as 

2 
~oglon = c1 + f- + c 3  apgloT , 



where 

and 

Heat o f  v a p o r i z a t i o n  (J /kg)  

The heat o f  vapor iza t ion ,  f i t t e d  over  t h e  range 1150 t o  1500 K, i s  g iven  

by t h e  f o l l o w i n g  equat ion (5 11). 

where 

S p e c i f i c  heat  capac i t y  (J /kg  K) 

The s p e c i f i c  heat  capac i t y  a t  constant  pressure f o r  sodium vapor was f i t t e d  

over  t h e  range 1150 t o  1500 K, and i s  given. by t h e  equat ion 
(5.11) 

where 

0 
= 4.4015 x l o 3  

Dens i t y  ( kg/m3 ) 

The d e n s i t y  o f  sodium.vapor i s  g iven  by t h e  f o l l o w i n g  equat ion:  



i n  which t h e  f a c t o r  A(T) was f i t t e d  over  t h e  range 1150 t o  1600 K and i s  g iven 

by the  equat ion (5.11) 

where 

a, = -8.72393 x 10 - 7  . 9 

a2 = 6.07353 x lo- ' '  . 
Enthal py (J /kg)  

A t  g iven  pressure p, t h e  sodium s a t u r a t i o n  temperature Ts i s  f i r s t  ca l cu la ted .  

The l i q u i d  s a t u r a t i o n  en tha lpy  hL(Ts) and heat  o f  vapo r i za t i on  A(TS) a re  then 

ca l cu la ted .  The vapor en tha lpy  i s  then  g iven by the  equat ion 

where 
3 

hv, 
= 4.4015 x 10 , 

h(TS) i s  g iven  by Equat ion (5-42),and h,(~,) i s  g iven by Equation- (5-31).  

5.1 .5 Water/Steam 

The c o n s t i t u t i v e  r e l a t i o n s  f o r  water a re  g iven by c o r r e l a t i o n s  where the  

p rope r t i es  a re  eval uated as a  func t ion  o f  en tha l  py and pressure. (5.12) 

Enthalpy o f  sa tu ra ted  1  i q u i d  (J /kg)  

The en tha lpy  of sa tu ra ted  water i s  g iven by 

2 3 4 5 
Ha(p)  = a. + alp + a2p + a3p + a,p + asp , 



where 

and p i s  pressure in ~ / r n ~ .  

Enthal py of saturated vapor (J/kg) 

The enthalpy of saturated steam i s  given by 

where 
6 

bo=2 .7396  x 10 , 

Temperature of compressed 1 i qui d ( K  ) 

The temperature of compressed liquid i s  given by 

where 

c,(P) = coo + C 0 l P  



and t h e  c o e f f i c i e n t s  cij a re  g iven i n  Table 5-5. 

Temperature o f  superheated vapor ( K )  

The temperature o f  superheated steam i s  g iven by 

where 
L 

dO(p) = doo + do lp  + dO2p , 
2 

d l ( p )  = d l o  + dl ip + d12p , 

and t h e  c o e f f i c i e n t s  di a re  g iven i n  Table 5-6.  

Densi ty  o f  compressed 1 i q u i d  (kg/m3) . . 

The dens i t y  o f  compressed water i s  g iven by 

where 

E R = e H  , 
3 

PR = elp - e, , 

and t h e  c o e f f i c i e n t s  e.  and f .  a re  g iven i n  Table 5 - 7 .  
J J 

Densi ty  o f  superheated vapor (kg/m3) 

The dens i t y  o f  superheated steam i s  g iven.by  



Table 5-5 

Values ( 

Table 5-6 

Values of Coefficients for 
Temperature of Superheated Water Vapor 

d 2 0  

d o n  

Coef f i c ien t  

do o 

d l ~  

Value 

6.5659 x lot2 

-5.2569 x lo-' 

1 



Table 5-7, 

Values of Coefficients for 
Density of Compressed Liquid Water 



where 

and 

Spec i f i c  heat of compressed 1 i q u i d  ( J / ~ ~ K )  

The spec i f i c  heat o f  compressed water  i s  g iven by 

where 

and 



S p e c i f i c  hea t  o f  superheated vapor ( J / m 3 ~ )  

The s p e c i f i c  hea t  o f  superheated steam i s  g i ven  by 

1 
' P ( ~ ¶ P )  = b + bl(p)H , 0 

where 

and 

V i s c o s i t y  o f  compressed 1 i q u i d  (Ns/m2) 

The v i s c o s i t y  o f  compressed wate r  i s  g i v e n  by 



where 

and t h e  cons tan ts  a r e  g i v e n  i n  Table 5-8. 

V i s c o s i t y  o f  superheated vapor (Ns/m2) 

The v i s c o s i t y  o f  superheated steam i s  g i ven  by 

n(Hyp) = (a, + alT) - D(bo + blT) f o r  T 5 300, (5-58) 

3 
n(Hyp) = (a, + a,T) + (c, + clT + C,T~ + c3T )D 

2 + D(do + dlT + d , ~ ~  + d 3 ~ 3 ) ( e o  + elD + e2D ) (5-59) 

f o r  3 0 0 4  T c  375 5, 

2 
n (HYp)  = (ao + alT) - D(eo + elD + e2D ) f o r  T > 375; (5-60) 

where 

and t h e  cons tan ts  a r e  g i ven  i n  Table 5-9. 

C o n d u c t i v i t y  o f  compressed l i q u i d  (W/m K) 

The thermal c o n d u c t i v i t y  o f  compressed wate r  i s  g i ven  by 

where 



Table 5-8 

Values of Coefficients for 
Viscosity of Compressed Liquid Water 

C o e f f i c i e n t  

Co 
c 1 

C P  

c 3 

C 4  

do 
d l  

d2 

d3 

eo 0 

eo 1 

eo 2 

e~ 3 

e l 0  

e l  1 

e l 2  

e 1 3  

fo 

f 1 

f 2  

f 3 

f 4 

"1 

H2 

P 1 

go 
9 1 

Q 2 

Q 3 

Q4 

Q 5 

Val ue 

1.2995 x 10-3 

-9.2640 x lo-'+ 
3.8105 x lo - '+  

-8.2194 x 10-5 

7.0224 x 

-6.5959 x 1 0 - l 2  

6.763 x 1 0 - l 2  

-2.8883 x l o - ' *  
4.4525 x 1 0 - l 3  

1.4526 x 

-6.9881 x 

1.5210 x 1 0 - l 4  

-1 .2303 x 

-3.8064 x l o - "  
3.9285 x 10'l6 

-1.2586 x 

1.2860 x 

3.0260 x lo - '+  
-1.8366 x lo- '+ 
7 . 5 6 7 1 ~ 1 0 - ~  

-1.6479 x 

1.4165 x 

2.76 x 105 

3.94 x l o 5  
6.8946 x l o 5  
8.5813 x 

4.2659 x 104 

6.4845 x 

5.5359 x l o 4  
3.8921 x 

4.0147 x l o 5  



I Table 5-9 

Values of Coefficients for 
Viscosity of Superheated Water Vapor 

C o e f f i c l  ent  

a o  

a 1 

bo 

1 

Co 

C 1 

C 
2 

C 
3 

do 

1 

d2 

3 

eo 

e 
1 

2 

Value 

4.07 x 1 0 - ~  

8.04 x 1 0 - ~  

1.858 10-' 
-10 

5.9 x 10 

-2.885 x 

2.427 x 
- 11 

-6.7893 x 10 

6.3170 x 

1.76 x 1 0 2  

-1.6 

4.8 x 1 ~ - 3  

-4.7407 x 

3.53 x 

6.765 x 10- l1  

1.021 1 0 - l ~  



a 3 
= 1.3875 x . 

Conduct iv i ty  of superheated vapor ( W/m K)  

The thermal conduc t i v i t y  o f  superheated steam i s  g iven by 

where 

and 

b, = -2.771 x lo - "  . 
I n  a d d i t i o n  t o  the  p roper t i es  l i s t e d  above, var ious p a r t i a l  de r i va t i ves  o f  

many o f  the  f u n c t i o n s  were required.  These were obtained by a n a l y t i c a l l y  d i f -  

f e r e n t i a t i n g  the  p e r t a i n i n g  co r re la t i ons .  



5.2 CORRELATIONS 

The requ i red  pressure drop and heat  t r a n s f e r  c o r r e l a t i o n s  f o r  t h e  range o f  

i n t e r e s t  a re  i nc luded  i n  t h i s  sec t i on .  Representat ive values f o r  var ious  curve- 

f i t t e d  parameters a re  a l s o  noted i n  t h e  S I  u n i t s .  

5.2.1 F r i c t i o n  Fac tor  Co r re la t i ons  

F l u i d  f l o w  and heat  t r a n s f e r  c o r r e l a t i o n s  f o r  t h e  e n t i r e  f l o w  regime a re  

r e q u i r e d  by t h e  SSC code. The f o l l o w i n g  i s  a comp i l a t i on  o f  t h e  f r i c t i o n  f a c t o r .  

c o r r e l a t i o n s  t h a t  have been se lec ted  o r  developed so f a r .  

The pressure change due t o  f r i c t i o n a l  e f f e c t  i s  g iven  by t h e  f o l l o w i n g  

equat ion:  

where t h e  h y d r a u l i c  channel diameter,  , i s  de f i ned  as 
Dh 

D = 
4. ( f l o w  area)  

Y (5-64) 
wetted per imeter  

and U i s  t h e  f l u i d  v e l o c i t y .  The f r i c t i o n  f a c t o r ,  f, depends on t h e  Reynolds 

number Re and t h e  sur face  roughness, E .  The f r i c t i o n  f a c t o r  f o r  t u r b u l e n t  f l o w  

i n  a p ipe  i s  g iven  i n  t h e  Moody cha r t .  The Moody c h a r t  i s  expressed a i5*13) t h e  

f o l  1  owing t ranscendenta l  equat ion : 

For smooth pipes, i .e., f o r  &IDh= 0, t h e  above equat ion simp1 i f i e s  t o  t he  f o l l o w -  

i ng t ranscendenta l  equat ion:  

(5.14) 
which i s  t he  same as P r a n d t l ' s  un i ve rsa l  law o f  f r i c t i o n  f o r  smooth pipes. 



A simp1 i f i e d  form o f  f r i c t i o n  f a c t o r  r a t h e r  than t h e  above-mentioned 

transcendental  equat ion i s  desi reable.  The f o l l o w i n g  e x p l i c i t  r e l a t i o n  fo r  

f ,(5*15) which i s  accurate w i t h i n  +5%, has been coded i n  SSC. 

For smooth pipes, t he  above equat ion reduces t o  

which i s  very  s i m i l a r  t o  t he  Koo co r re la t i on .  (5.16) 

A comparison f o r  computing e f f i c i e n c y  i n  c a l c u l a t i n g -  f f rom e i t h e r  Equation 

(5-65) o r  Equation (5-67) was made. The approximate representa t ion ,  Equation 

(5-67), was found t o  be 25% more e f f i c i e n t .  Since the  f r i c t i o n  f a c t o r  needs t o  

be evaluated f o r  each p ipe  sec t i on  o r  node sec t ion ,  o n l y  Equation (5-67) f o r  f 

has been incorporated i n  SSC. 

The f r i c t i o n  f a c t o r  f o r  laminar  f l o w  i s  g iven by 

The Reynolds number i s  evaluated a t  bu l k  temperature o f  t he  f l u i d .  

I n  the  case o f  two-phase f l o w  o f  water, t h e  e f f e c t i v e  f r i c t i o n  fac to r  i s  

t he  product o f  f  q qua ti on (5 -671 w i t h  a two-phase f r i c t i o n  m u l t i p l i e r  mTP. 

It i s  g iven by (5.17). 

P 0 . 0 4 0 6 6 - 7 . 5 3 3  X 

+TP = (1  .O + 8 . 0 ~ )  
(8.1 685 lo6) 

where p i s  t h e  pressure i 'n N/m2 and x i s  the  qua1 i ty. 

For wire-wrapped f u e l  rod  bundles, the  f o l l o w i n g  c o r r e l a t i o n  f o r  f r i c t i o n  
(5.18) 

f a c t o r  i s  used 



This equation i s  found t o  compare favorably with FFTF t e s t s  ( P / D  2 1.08).  

For laminar flow in  rod bundles, Axford gave the  following expressio 45.19 1. 

where 

ReD i s  the  Reynolds number based on rod diameter,and M i s  a function of (P /D ) .  

This corre la t ion can be rewrit ten i n  terms of Moody f r i c t i o n  coef f ic ien t  and 

Reynolds number based on hydraulic diameter as 

(5.20 ) 
The parameter M i s  a complicated function of P/D. From the  computed values 

of M f o r  P/D i n  the range 1.05 t o  1.5 , a simple corre la t ion fo r  M was devel- 

oped : 

M = f o  + P J P / D )  + ~ , ( P / D ) ~  + f3(p/o13 , (5-74) 

where 
fo  = 0.0618456 , 

f,  = 0.0898949 , 
and 

The f r i c t i o n  fac tor  in the t r ans i t i on  region can be determined by l i nea r  

in terpola t ion of values a t  the  end of turbulent  flow regime and t ha t  a t  the  

beginning of laminar flow regime. 



5.2.2 Heat Transfer Correlations 

The l iquid  metal heat t r ans fe r  corre la t ions  f o r  forced convection i n  a 

rod bundle have been developed by West, Schad, Graber and Rieger, and 

Bori shanski i . These corre la t ions  have been compared w i t h  the  experimental 

data by Kazimi. (5.21) In view of the comparison, the  modified Schad corre la t ion 

i s  se lected.  The following corre la t ion i s  val id  fo r  Pe > 10, i .e . ,  f o r  

turbulent  flow regime: 
0 

where 

h ,  = -16.15 

and 

a = 0 ,  b = 1 ,  c . = 0 . 3  fo r  Pe 2 150 
o r  

a = 4.496, b = 0, c = 0.3 fo r  Pe 150 . 

The above corre la t ion a l so  agrees well f o r  laminar flow regime. 

For l iquid  metal flow in a pipe, Aoki' 85*22 ) corre la t ion fo r  heat t r ans fe r  

i s  used: 
0.8  

N U  = 6.0 + 0.025(FP~e)  s (5-76) 

where 

In the laminar region, 

Nu = 4.36 for  Re 5 3000 . (5-77) 



For the shell  side in the intermediate heat exchanger, Nussel t number i s  

obtained from the Graber-Rieger correlation (5.23). 

where 

and 

The range of applicabili ty i s  also indicated above. For Pe < 110, we use a 

constant value for  Nu (= Nu a t  Pe = 110). 

The heat transfer correlations for  waterlsteam are given for  four differ-  

ent modes of heat transfer.  The f i r s t  mode of heat transfer i s  forced convec- 

tion. The Nussel t number for  th i s  mode i s  given as (5.24) 

The heat transfer for  nucleate boiling i s  given as (5.25) 

where TS i s  the temperature a t  inner surface of tube, Tsat  i s  the saturation 

temperature of water a t  pressure p ,  and q is  the surface heat flux in w/m2. 

The heat transfer for  film boiling regime i s  given as (5.26) 

where subscripts a and g denote, respectively, liquid and vapor phase a t  satura- 

t ion and subscript B indicates bulk property of steam/water mixture. 



For superheated steam, the  fo l l ow ing  heat  t r a n s f e r  c o r r e l a t i o n  f o r  f o r ced  

convect ion i s  used (5.27). 

Nu = 0.0133 Re 0.84 p r0 .333  (5-82) 

The steamlwater q u a l i t y  a t  t h e  DNB p o i n t  i s  g iven  by (5.28) 

f o r  q > 6.3 x 10' , (5-83) 

- 4.38 x 104p,  (5.3 x 1 0 ~ / q ) ' * ~  

X~~~ 
- for q c 6.3 x l o 5  , (5-84) 

H p J i b  
fig 9 

where H i s  t h e  l a t e n t  heat  o f  vapo r i za t i on  (J /kg) ,  G i s  t h e  mass f l o w  r a t e  per  
kg 

u n i t  area ( k g l s  m2), and q i s  i n  W/m2. 
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6. CODE DESCRIPTION 

6.1 CODING GUIDELINES 

6.1 .1 Appl i c a b l  e Coding Standards 

A s e t  o f  p rac t i ces  intended t o  i nsu re  un i fo rm and concise n o t a t i o n  as 

we1 1 as t o  simp1 i f y  code conversions and mod i f i ca t i ons  has been maintained 

throughout SSC-L. These gu ide l ines  were developed so as t o  adhere t o  the 

formal standards of t he  American Nat ional  Standards I n s t i t u t e  (ANSI) and the 

American Nuclear Soc ie ty  (ANs). The SSC standards adhere c l o s e l y  t o  the  

1 anyuage s p e c i f i c a t i o n s  o f  (6'1) "USA Standard FORTRAN", ANSI X3.9-1966 and 

adhere c l o s e l y  t o  the  recommendations s e t  f o r t h  i n  t h e  f o l l o w i n g  documents: 

OANS STD.3-1971 "Recommended Programming Prac t ices  t o  

F a c i l i t a t e  the Interchange o f  D i g i t a l  

Computer Programs 11(6 .2) 

.ANSI Standard N413-1974 "Guidel ines f o r  the Documentation o f  D i g i t a l  

Computer programs" (6.3) 

.ANSI Standard X3.5-1968 "Flow Chart Symbols and The i r  Usage i n  

In fo rmat ion  Processing" (6 -4 )  

Addi t i .onal ly ,  p rac t i ces  s e t  f o r t h  i n  the  p r e l  im inary  d r a f t  of RDT F 1-4 (6.5) 

were considered. Wherever poss ib le  ,' many o f  the  recommendations contained i n  

t h i s  pending standard were implemented i n t o  the  SSC-L coding. 

6.1.2 Code S t ruc tu re  and Data Management 
.- . 

SSC i s  a d e l i b e r a t e l y  s t ruc tu red  ensemble o f  modules each o f  which per-  

forms a we l l -de f ined s e t  o f  tasks. A module i s  broken down i n t o  submodules 

such t h a t  each submodule performs a s i n g l e  task.  Submodules a re  designed so 



that they may be easily replaced or exported from the code. As much as possi- 

ble, all data linkage is maintained via labeled common blocks. To assure 

agreement of data definitions, all nonexecutable statements defining variables 

in a given common are identical in every routine using that common (exception 

is made for a number of well-defined data management routines). 

A variable dimensioning (dynamic a1 location) scheme is used throughout 

the program. Data transfer of dimensional arrays is accomplished by passing a 

large container array via labeled common. The starting locations and lengths 

of each individual array within the container are also passed via labeled 

common. At the module and submodule level, equivalence statements are employed 

so that naming convention for variables (discussed later) can be maintained 

for better user understanding and readability. This particular scheme of 

variable dimensioning was selected because of its superior efficiency of data 

transfer and inherent characteristics for permitting a minimization of storage. 

A symbolic naming scheme was adopted for SSC and used throughout. This 

was done to avoid the problems caused by naming ambiguities and degeneracies 

prevalent in other large system codes. Symbolfc names are restricted to six 

or fewer characters and are used for several different types of entities, 

specifically: 

Variables used by several modules via labeled common, 

Common block names, 

Routine names, and 

Statement functions. 

A summary of the SSC naming convention is given in the following section. 



6.1.3 @bol ic Naming Convention 

The naming convention attempts to convey as much information as possible 

about an entity while maintaining the final label as mnemonic as possible. To 

this end, SSC names reserve two (and occasionally three) characters to iden- 

tify general entity type and purpose and leave four characters to. be assigned 

mnemonical ly. Specifically, the symbol ic naming convention for variables and 

names is as follows: 

- LOCAL VARIABLES (including those shared via scratch COMMON): 

May not contain embedded digit; i.e., digits only at end. 

First character should conform to Table 6-1, if applicable. 

- GLOBAL VARIABLES: 
'First character is a letter specifying the type of quantity, 

e.g., P for pressure. See Table 6-1. 

Second character is a digit indicating module which alters the 
value (i.e., region of reactor system). See Table 6-2. 

Remaining characters (up to four; at least one) are assigned 
mnemonically, with no embedded digits. (Digits may occur 
at end, or starting with third character: P6ABC2, P67B5). 

- ROUTINE NAMES: 
First two to four characters are mnemonically assigned, except 

that second may not be a digit. 

Next character is a digit indicating module ('or region). See 
Table 6-2. 

Last character(s): one or two letters, indicating overlay 
name etc. See Table 6-3. 

Examples: READIR, VRFY7R, MAINgS, FUEL5S, PBAL9S. 



Table 6-1 

Initial Letters Used to 
Indicate Type of Quantity and Units 

Area 

Mass 

Material properties ; constants 

Dens i  ty  

Energy; enthal py 

Fractions , factors  

Mass flow r a t e  per uni t  area 

Heat t rans fe r  coeff ic ients  

Pressure; power 

Surface heat f lux; catch-all 

Reactivity; angular measure 

Ti me 

Temperature 

Vel oci ty 

Vol ume 

Mass flow r a t e  

Distance (length o r  radius) 

Distance (width o r  diameter) 

Distance (height o r  ax i a l )  

kg  
(See Table 6-2 . )  

kg/m3 

J ;  J/kg 

kg/s m 2  
w/m2 K 

~ / m ~  ; W 

w / m 2 ;  -- 
n K / K ;  radians 

s 

K (not  C )  

I ,  J ,  K Used fo r  index values of dimensioned arrays (used in order) .  

L Control f l ags ,  counters, e t c .  

M Maximum compiled dimensions, other integer constra ints .  

N Actual dimensions used (e .g . ,  number of channels used). 



Table  6-2 

D i g i t s  Used t o  I n d i c a t e  
Major Modules (or Regions) 

f 

1 Primary loop (NOT including IHX or vesse l ) .  

2 Secondary loop, including IHX ( b u t  not steam generator) .  

3 Tertiary loop and steam generator ( b u t  not turbine,  condenser). 

4 Turbine, condenser. 

5 Fuel (and blanket) rods. 

6 Reactor core coolant volumes. 

7 Reactor vessel ,  s t ruc ture ,  e t c .  

8 - (unassigned). 

9 Global or general quan t i t i e s ,  not pertaining to  a specif ic  
module o r  modules ( o r  regions).  

NOTE: For e n t i t i e s  pertaining t o  more than one region, the d i g i t  used 
i s  determined by whichever module creates o r  a1 t e r s  i t .  

For material properties constants ( f i r s t  character i s  "C"), the d ig i t s  have a 
s l i gh t l y  d i f fe ren t  meaning: 

1 Sodium. 2 Sodium vapor 

3 Water o r  steam. 4 Reactor fuel blanket . 

5 Reactor fue l .  6 Cladding of fuel rods. 

7 S tee l ,  other s t ructural  8 Reactor cover gas. 
material .  

A1 so,  fo r  material properties constants,  the th i rd  character i s  meaningful ; 
fo r  example: + 

A Coefficient of thermal 
expansion. 

C Specific heat capacity . K Thermal conductivity . 

D Density . N Dynamic viscosi ty . 

E Emissivi t y .  P Pressure. 

H Enthal py T Temperature. 
w 



Table 6-3 

F i u a l  Letters Used for Routine Names 

Rout ines o f  t h e  da ta  r ead ing  and r e s t a r t  segment. 

Rout ines o f  t h e  s t eady - s ta te  c a l c u l a t i o n  segment. 

Rout ines o f  t h e  t r a n s i e n t  t ime-s tepp ing  segment. 

Funct ions o t h e r  than  those c a l c u l a t i n g  m a t e r i a l  

The f i n a l  1  e t t e r s  of  m a t e r i a l  p r o p e r t i e s  f u n c t i o n s  
g e n e r a l l y  correspond t o  those used f o r  t h e  t h i r d  
c h a r a c t e r  f o r  m a t e r i a l  p r o p e r t i e s  cons tan ts  (see 



6 . 2  ' FLOW CHART 

The modularized structure of the SSC-L code lends itself to a natural 

subdivision. The code is divided into three sequentially disjointed pro- 

cesses as shown in Figure 6-1. These routines are the main driver programs 

of SSC and are called in succession by the controller routine, SSC-L. Each 

performs a unique set of tasks and is executed only once for any given case. 

It should be noted that this type of structure permits the use of system rou- 

tines such as CDC's utility OVERLAY to make the most efficient use of field 

length. The flow chart of each of the drivers, along with its associated sub- 

routines, is shown in Figures 6-2 through 6-10. The naming convention discussed 

earlier (Section 6.1.3). is used in selecting program and subprogram names. 

Only a short description of these subroutines is included in the following. 

MAIN9R 

This routine is the main driver for the input-initialization module. It 

calls the free-format card reader routines in a sequence specified by the 

user. The data verification, as well as a series of data management routines, 

are also called from this routine. 

CALClR 

This routine initializes secondary and subsequent loop structures where 

the user has chosen to default -these values to those entered for the primary 

1 oop. 

CALC3R 

This routine loads the input data into the data arrays, using the component 

order information generated by VRFY3R. 



I. M A 1  N S R  

S S C - L  M A I N S S  . 

I MA1 N  S T  

Figure 6-1. Three main driver  programs of SSC-L. 

M A I N S R  C .  

I GENRD 

R E A D 3 R  

1 QENRD 

I G E N R D  

I G E N R D  I 
V R F Y I R  

V R F Y 3 R  

V R F Y 7 R  

V R F Y e R  

V R F Y S R  

CALC7R 1 
CALCBR I 
C A L C S R  

TYPES R  I 
L I S T S R  

P R N T 3 R  

I 

SAVESR I 
Figure 6-2. MAIN9R f low diagram. 



P l P E l S  

HYDRIS 

CVALIS 

PUMPIS 

PRES l S 

RES l S 

ENDIS 

OPTNGS LPLNGS 

GAMASS 

Figure 6-3. MAIN9S flow diagram. 



Figure 6 - 4 :  MAIN9T flow diagram. 

ALFAST 

Figure 6-5. FUEL5T flow diagram. 



COOLGT =-I 
I 

RFLOGT 

DVOGER 

Figure 6-6. COOL6T flow diagram. 

END I T  -- 
LOOP IT IHX IT ---I--- 4-] 

Figure 6-7. LOOPlT flow diagram. 

PIPE 2T LI_7 
Figure 6-8. LOOPZT flow diagram. 



STORIT I 

PRESIT 

VESL l T BREKIT VJlT 

Figure 6-9. D R I V l T  flow diagram. 



Figure 6-10. STGN3T flow diagram. 



CALC7R 

This routine sets slice-type dependent arrays and determines normal- 

ized axial and radial power distri bhtion. 

CALC8R 

This routine interprets the coded iterative scheme designated by the 

user for establishing the initial plant balance. 

GENRD 

This is a general purpose card reader routine as developed by the Los 

A1 amos Scientific Laboratory (6'6) and modified for current usage. 

L I ST9R 

This routine .prints all data initialized in the input module. 

PRNT3R 

This routine prints all data initialized in the input module. 

READlR 

This routine processes free-format card input for the initialization 

of the primary and secondary loop modules. 

READ3R 

This routine processes free-format card input for the initialization 

of the steam generator module. 



This routine processes free-format card input for the initialization of 

the in-vessel modules. 

This routine processes free-format card input for the initialization of 

the plant balance routine. 

This routine processes free-format card input for the initialization of 

the material property parameters. 

REST9R 

This routine reads a program generated file for the reini tial ization of 

labeled commons in the event of a restart. 

SAVE9R 

This, riutine generated an ordered file-for a reinitialization restart. 

TYPE5R 

This routine 'loads channel -dependent parameters for use in the sl ice-type- 

dependent in-vessel modules. 

. ., VRFYlR - VRFY9R 
These routines validate the data processed by the corresponding READ 

routines against the criteria established in the. data dictionary. 



MAIN9S 

This routine is the main driver for the steady-state calculations. 

ALFA5S 

This module calculated the coefficient of thermal expansion for each 

node in the fuel slice. 

COOLGS 

This is the driver module for coolant calculations. It performs inter- 

polation for fuel noding of temperature and heat transfer coefficients. 

This is the coolant core module. It determines flow rate for LGATYP(N6CHI) 

channel. For all regions in the L6ATYP channel the module determines the node 

size and number of nodes for each region, calculates axial temperature and 

enthalpy gradients at each node for the region, determines friction factors at 

each node for the region,and calculates pressure at each node for the region 

and the orifice zone pressure difference at node one. It performs these cal- 

culations for N6CHAN channels. It then calculates heat transfer coefficients 

for all nodes in all N6CHAN channels and calculated the bypass flow. 

CVAL 1 S 

This routine computes the steady-state pressure drop over the check valve. 

ENDlS 

This routine calculates the temperature boundary conditions for the 



subsequent pipe in the primary loop and, in doing so, accounts for  the tempera- 

ture r i s e  across pump, as well as IHX plena temperatures a t  the proper locations. 

END2S - 

This subroutine se ts  the in le t  temperature and mass flow ra te  boundary 

conditions for  pipe ( J+ l )  in the intermediate coolant loop. I t  particularly 

accounts for  temperature r i s e  across pump and mass flow ra te  division due t o  

branch l ines for  coolant flow a t  the steam generator. 

This subroutine calculates the pressure d r o p  or loss coefficient on the 

she1 1 side of the evaporator. 

FRAD5S 

This module calculates the average power generation for  a l l  nodes in the 

s l  ice.  

FUEL5S 

This i s  the driver module for fuel heat conduction calculations. I t  t r ea t s  

a fuel s l i c e  as the basic computational element, ca l l s  a l l  major fuel computa- 

tional modules, and controls convergence. 

GAMA5S 

The module calculates the thermal conductivity for fuel and clad nodes 

for  the s l i c e  and heat transfer coefficients for  the interfaces. 



GR05S 

This module se t s  pointers for  restructuring in the s l i c e .  

H X3S - 
This routine performs the heat exchanger mudel cal cu la t ims .  I t  determines 

the pressure drop in the i n l e t  plenum of the heat exchanger, c a l l s  the routines 

which determine the enthalpy and pressure dis t r ibut ions in the heat t ransfer  

tube, and cal cul a tes  the pressure drop in the out1 e t  plenum of .  the heat exchanger. 

In addition, i t  determines the location of the DNB point and adjusts the total  

heat t ransfer  area to  produce specified ou t l e t  conditions. 

H Y  DRlS 

This subroutine solves the steady-state momentum equations (hydraulics) 

for  both primary and secondary s ides  of the IHX. 

IHXlS 

This routine solves the steady-state energy equations for  the IHX. IHXlS 

and HYDRlS are  the only interface between the primary and intermediate loop 

modul es . 

LOOPlS 

This routine drives the primary loop steady-state calculation. In partic- 

ular,  i t  interprets  the logical variables i n  order t o  se lec t  the proper cal l ing 

sequence to  the various subroutines. This routine also copies the resu l t s  of 

the computations for  loop 1 into the arrays for  the r e s t  of the loops. 



LOOPZS 

This routine drives the intermediate loop steady-state computation. 

The rest of the description is the same as for LOOPIS. 

LPLN6S 

Coolant lower plenum module. It initializes node-one values from input 

of temperature, enthalpy, and pressure. It calculates pressures at the 

bottom of the core. 

This routine computes the steady-state channel flow rate distribution 

or .pressure loss coefficients, depending on user specified option. 

PBAL9S 

This routine performs the global thermal balance for the whole plant. 

PIPElS 

This routine solves the steady-state energy and momentum equations for 

pipe J in the primary coolant loop. It is assumed that the pipe diameter is 

constant, and the pipe wall is in thermal equilibrium with the coolant. 

PIPE2S 

This routine solves the steady-state energy and momentum equations for 

pipe J in the intermediate coolant loop. 

PIPE3S 

This routine computes the pressure at the exit of a pipe from the 
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pressure losses for each node in the pipe and the fitting at the end of the 

pipe. 

PRE5S 

This module performs the initialization for FUEL5S by obtaining data 

computed by other modules. Amoung others, it sets the NR nodal temperature 

to T6COOL(J,K), places the heat transfer coefficient for that slice in a 

local variable HCOOL, initializes tags for restructuring, and calls PREX5S 

to initialize nodal distances XI at temperature T5REF. 

PRESlS 

This subroutine determines the pressures at pipe endpoints around the 

primary loop. 

PRESZS 

This subroutine determines the pressures at pipe endpoints around the 

intermediate loop. 

PREX5S. 

This module initializes nodal distances XI for either equiradial incre- 

ments or equiarea increments of the fuel slice. 

PUMPlS 

l'his routine determines pump pressure rise by matching it with overall 

Toad in the primary circuit. It then sets up the polynomial equation for 

pump head and calls ROOTlU to calculate pump operating speed. 



PUMP2S 

This  subrou t ine  determines pump pressure r i s e  by matching i t  w i t h  over- 

a l l  l oad  i n  t h e  in te rmed ia te  c i r c u i t .  It then se ts  up t h e  polynomial  equat ion 

f o r  pump head and c a l l s  ROOTlU t o  c a l c u l a t e  pump opera t ing  speed. 

PUMP3S 

This  r o u t i n e  computes e i . t he r  t h e  pump o u t l e t  pressure a t  r a t e d  pump 

speed o r  t h e  pump speed i f  t h e  pump o u t l e t  pressure i s  spec i f i ed .  

PUT5S 

Th is  module moves t h e  c a l c u l a t e d  steady-state values f o r  t he  s l i c e  i n t o  

s torage l oca t i ons . .  

RESlS 

This  r o u t i n e  computes the  h e i g h t  o f  coo lan t  i n  t h e  pr imary pump tank, 

and the  mass o f  cover gas above t h e  coo lan t  l e v e l .  

This  r o u t i n e  computes t h e  h e i g h t  o f  coo lan t  i n  t he  in te rmed ia te  pump 

tank, and t h e  mass o f  cover gas above t h e  coo lan t  l e v e l .  

S  I MT6S 

This  r o u t i n e  conta ins  seven equat ions f o r  seven upper plenum temperatures, 

which a re  c a l l e d  by ZSYSTM, t o  o b t a i n  an i t e r a t i v e  s o l u t i o n .  



SPHT2S 

Th is  subrout ine ca l cu la tes  the  pressure drop or. l o s s  c o e f f i c i e n t  on the  

s h e l l  s i de  o f  t h e  superheater. 

STEM5S 

Th is  module ca l cu la tes  the temperature o f  the  f u e l  rod  s t r u c t u r e  and 

f i s s i o n  gas plenum f o r  s teady-state.  

STGN3S 

Th is  r o u t i n e  i s  t he  main d r i v e r  f o r  t he  steam generator ca l cu la t i ons .  

I n  p a r t i c u l a r ,  i t  c a l l s  the  var ious  subrout ines i n  the  order  i n  which the  res-  

p e c t i v e  modules appear i n  t h e  steam generator loops and copies t h e  r e s u l t s  

o f  t h e  computation f o r  the  i n t a c t  loop i n t o  t h e  ar rays  represent ing  t h e  

damaged 1 oop . 

TAN K2 S 

Th is  subrout ine computes t h e  p r e s s u r e i n  t h e  loop a t  t he  l o c a t i o n  o f  t he  

surge tank, and fu r ther ,  c a l c u l a t e s  the  mass o f  gas i n  t h e  surge tank. 

TEMP5S 

Th is  module ca l cu la tes  the  steady-state temperature d i s t r i b u t i o n  i n  t h e  

f u e l  r o d  and c ladding.  

TSAV5S 

This r o u t i n e  determines t h e  average temperature i n  each s l i c e  which 

conta ins  f u e l .  



UPLN6S 

This upper plenum coo lant  module ca l cu la tes :  the  average values over 

N6CHAN channels o f  temperature and enthalpy; t he  t o t a l  channel f l o w  r a t e  f o r  

N6CHAN channels ; the upper plenum temperatures using ZSYSTM; t h e  e x i t  enthal  py, 

o u t l e t ,  and top  o f  core pressures and f i n d s  l oss  f a c t o r s  f o r  each channel. 

VOL3S 

Th is  r o u t i n e  ca l cu la tes  t h e  mixed mean enthalpy i n  a volume based on the  

l i q u i d  l e v e l  i n  the  volume and the  pressure s p e c i f i e d  i n  t h e  volume. 

XPAN5S 

This module ad jus ts  r a d i i  due t o  thermal expansion f o r  each node i n  the  

fuel s l i c e .  

ZSYSTM 

An IMSL t h a t  determines a r o o t  o f  a system o f  N simultaneous 

non l inear  equations i n  N unknowns u t i l i z i n g  Brown's method. 

MAIN9T 

This i s  the  d r i v e r  r o u t i n e  f o r  t ransie 'nt  ca l cu la t i ons .  It a lso  handles 

o v e r a l l  t imestep c o n t r o l  . 

This module ca l cu la tes  c o e f f i c i e n t  o f  thermal expansion f o r  each node. 



APPL5T 

This module calculates the appl ied reactivity contributions (e.g., those 

due to scram and/or control rods) during the transient. 

BETAGT 

This calculates the critical pressure ratio for fission gas release. 

BREKlT 

This routine computes pressures at eventual break in primary loop. 

BREKZT 

This routine computes pressures at eventual break in intermediate 1 oop. 

This is the main driver for the boiling and fission gas release calcula- 

tion. It calculates initial and boundary.conditions for the boiling and fission 

gas release. 

This module calculates appropriate. coefficients for the transient 

temperature calculations' of fuel rod. 

COOLGT 

This module is the driver for the transient coolant dynamics calcula- 

tions. It provides initial conditions; determines step size; and then employs 

several submodules to calculate temperature, pressure, enthalpy, and mass 



flow ra te  o r  the coolant in a l l  axial nodes of a l l  channels. I t  then 

s tores  values for  subsequent timestep. Finally i t  provides boundary 

conditions for  fuel calculations. 

COREGT 

This module calculates the enthal py, temperature, and pressure of 

l iquid sodium for  single-phase flow a t  a l l  axial nodes of a l l  channels. I t  

a lso ac ts  as a subdriver fo r  two-phase flow and reverse flow and directs  

calculations to  the bubble model or flow reversal model , respectively. 

CVALlT 

This routine computes the pressure loss across the check valve. 

DEFNlT 

This routine defines pipe flow ra tes ,  and i n p u t  and output pump flow 

rates  for  primary loop. 

DEFN2T 

This routine defines pipe flow ra tes ,  and input and output pump flow 

rates  for  intermediate loop. 

DFUNGT 

This routine calculates the derivatives for  the functions calculated in 

DVOGER. 



DOPP5T 

This module calculates the reactivity feedback due to the Doppler 

effect. 

DPAC3T 

This determines the coefficients of momentum flux pressure loss in con- 

trol volume. 

This determines coefficients of total flow resistance in control volume. 

This routine determines coefficients of pressure drop in a fitting using 
, 

form loss coefficient. 

DRIVlT 

This routine is the driver for heat transport system transient hydraulics. 

DVOGER 

This is an ISML r~utine(~.~) which integrates a system according to 
. . 

Gear's method. 

ENDlT 

This routine sets transient thermal boundary conditions from one pipe 

to the next in primary loop. 



ENDZT 

This routine sets transient thermal boundary conditions from one pipe 

to the next in intermediate loop. 

EQIVlT 

This routine equivalences the names of primary loop variables and 

functions of the model in terms of names in the integrating subroutine. 

EQIVZT 

This routine equivalences the names of intermediate 1 oop variables and 

functions of the model in terms of names in the integrating subroutine. 

ERR3T 

This writes error message. 

EVAP2T 

This routine computes pressure loss across the shell side of evaporator. 

FEED3T 

This routine determines coefficients for feedwater flow rate. 

FLOWlT 

This routine sets proper calling sequence to primary loop hydraulic 

computation submodules. 



FLOWZT 

This routine sets proper calling sequence to intermediate loop hydraulic 

computation submodules. 

FLOW6T 

This module simulates the flow redistribution model. It calculates 

the mass flow rate in each channel and bypass channel. 

This routine calculates, at any timestep, heat flux from rod and 

structure into liquid sodium. 

FRAD5T 

This module calculates average power generation for all fuel nodes. It 

also calculates the power generation mu1 tiplier to be used later on in cal- 

culating the transient volumetric power generation. 

FRI C3T 

This determines friction factor as function of Reynolds number and sur- 

face roughness. 

FSEG3T 

This is a main driver for flow segment calculations. 

FUEL5T 

This module is' the driver for the fuel rod and structure calculations. 

By calling series of modules in succession, it calculates, through these 



submodules, q u a n t i t i e s  such as temperature and r a d i i  o f  t h e  f u e l ,  c ladding,  

and s t r u c t u r e  nodes. 

FUNClT 

Th i s  r o u t i n e  de f i nes  func t i ons  o f  d i f f e r e n t i a l  equat ions ( o t h e r  than pump 

and r e s e r v o i r )  f o r  pr imary 1  oop hydraul  i c s .  

FUNC2T 

This  r o u t i n e  de f i nes  func t i ons  o f  d i f f e r e n t i a l  equat ions (o the r  than pump 

and r e s e r v o i r )  f o r  in te rmed ia te  l oop  hydraul i c s .  

This  module c a l c u l a t e s  t h e  thermal c o n d u c t i v i t y  and e m i s s i v i t y  f o r  f u e l  

and c l a d  nodes and a l s o  computes t h e  heat  t r ans fe r  c o e f f i c i e n t  f o r  gaseous 

mistures,  i n  t h e  gap. 

GROW5T 

This  module c a l c u l a t e s  t h e  r e a c t i v i t y  feedback due t o  a x i a l  expansion. 

GVSLlT 

This  r o u t i n e  computes coo lan t  l e v e l  i n  guard vessel,  pressure ex te rna l  

t o  break, and d / d t  f o r  accumulated volume o f  coo lan t  i n  t h e  guard vessel.  

HEADlT 

This  r o u t i n e  computes head o f  pr imary pumps and de f ines  i t s  opera t iona l  

reg ion .  



HEAD2T 

This rou t ine  computes head o f  intermediate pumps and defines i t s  

operational region. 

HNA3T - 
This rou t ine  computes overa l l  sodium side heat t rans fe r  coe f f i c i en t .  

HNAF3T 

This rou t ine  computes sodium side surface heat t rans fe r  coe f f i c i en t .  

HWFB3T 

This rou t ine  determines heat t rans fe r  c o e f f i c i e n t  i n  f i l m  bo i l i ng .  

HWFC3T 

This rou t ine  determines heat t rans fe r  c o e f f i c i e n t  i n  forced con- 

vect ion t o  l i q u i d .  

HWNB3T 

This rou t ine  determines heat t rans fe r  c o e f f i c i e n t  i n  nucleate b o i l  i ng  

o f  subcooled o r  saturated water. 

This rou t ine  i s  Yhe main d r i v e r  f o r  overa l l  heat t rans fe r  c o e f f i c i e n t  

ca lcu la t ion  on water s ide o f  heat exchanger. 



HWSC3T 

This determines heat transfer coefficient in forced convection to 

superheated steam. 

HX3T - 
This determines coefficients for energy and flow equation for water 

side of heat exchanger and advances sodium temperatures. 

HYDRlT , 

This routine computes transient hydraulics in IHX. , 

IHXlT 

This routine solves transient energy equations in the I H X .  

I KLP3T 

This determines pointers for all arrays needed in the flow segment 

calculations. 

INIT6T 

This calculates cladding temperature and cladding inside and out- 

side radii for the new nodalization required by BUBB6T. 

This determines coefficients of inlet enthalpy and flow rate of a 

flow segment in terms of accumulator conditions. 



INTF6T 

This calculates temperature at the interfaces for the lower and 

upper ,slug. 

INTGlT 

This routine advances the hydraulic equations using the predictor- 

corrector method of Adams type. 

LEAKST 

This routine tests for cladding rupture due to fission gas pressure 

for each axial fuel slice in current channel. Cladding rupture conditions 

exists if difference between fission gas pressure and coolant pressure 

exceeds critical value defined by cladding dimensions and material yield 

point for the calculated cladding temperature. 

LOOPlT 

This routine is the main driver for transient thermal computations 

in primary loop. 

LOOP2T 

This routine is the main driver for transient thermal computations 

in intermediate loop. 

LPLN6T 

This module performs transient lower plenum calculations. It extra- 

polates boundary conditions. It terminates its procedure by calculating 

coolant and metal temperatures and pressure at the bottom of the core. 
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This module contains the solution vector a t  time t. This is required 

by DVOGER, the one-step integration package, as a formal parameter. 

PDCY5T 

This module handles the advancement in ' t ime of the decay heat power 

generati on. 

PDFGlT 

This 'routine se t s  the logic to  compute pressure losses across d i f fe r -  

ent  elements o f  primary loops. 

PDFG2T 

This routine se ts  the logic to  compute pressure losses across d i f fe r -  

ent elements of intermediate loops. 

PIPElT 

This routine solves t ransient  energy equations i n  the primary loop 

piping. 

PIPE2T 

This routine solves t ransient  energy equations in the .interme'diate 

' loop piping. 



PI PE3T 

This routine determines coefficients for energy and flow equations 

for a pipe. 

PIPWlT 

This routine computes pressure losses in pipe sections in primary 

1 oops. 

PI PW2T 

This routine computes pressure losses in pipe sections in interme- 

diate loops. 

PLOP3T 

This routine determines. reference pressure for a flow segment. 

PLOSlT 

This routine computes pressure losses in appropriate sections of 

primary loop from the losses in individual components. 

PLOSZT 

This routine computes pressure losses in appropriate sections of 

intermediate loop from the losses in individual components. 

POW5T 

This module serves as the driver for the rod transient fission power 

generation calculations. 



PRE5T 

This module gets the temperature from storage arrays into local 

scratch arrays for the particular slice in question, at the start of 

each timestep. It is mainly used as an initialization routine. 

PRESlT 

This routine sets inlet .and outlet pressures of uniform mass flow 

rate sections in primary loops. 

This routine sets inlet and outlet pressures of uniform mass flow 

rate sections in intermediate loops. 

PRMT5T 

This module handles the advancement in time of the fission power 

generation. 

PSFW3T 

This determines reference pressure for a flow segment. 

This determines turbine in1 et pressure. 

PUMPlT 

This routine computes primary pump variables and d/dt for pump speed. 



PUMP2T 

This routine computes intermediate pump variables and d/dt for pump speed. 

This determines coefficients for energy and flow equation for a pump. 

PUTST 

At the time this module is invoked, all formal calculations of the 

fuel and clad and structure have been completed for that timestep and for 

the given axial node. This module then moves all temperatures and radii 

so far calculated from local scratch variables into storage arrays for 

subsequent timesteps. 

REAC5T 

This module initiates calls to other modules to obtain the various 

appl ied and feedback reactivity contributions. 

RES lT 

This routine computes variables and d/dt for level in primary pump 

reservoir. 

RES2T 

This routine computes variables and d/dt for level in intermediate pump 

reservoir. 



RFL06T 

This module calculates the temperature, pressure, and enthalpy of 

liquid sodium at all coolant nodes, when reverse flow occurs. 

SFL03T 

This routine determines sodium mass flow rate from input boundary 

conditions. 

SOLV3T 

This routine solves accumulator equations by Gaussian elimination 

with pivoting. 

SPHTZT 

This routine computes pressure loss across the shell side of superheater. 

STEM5T 

This module calculates the temperature of the structure and the 

fission gas plenum. 

STGN3T 

This is the main driver for the steam generator calculation. It calls 

routines which computes accumulator conditions, backsubstitutes accumulator 

conditions to advance flow segment variables, and determines the maximum 

change in water side variables during this step. 

STMP3T 

This routine determines sodium temperature at heat exchanger inlet 

from boundary conditions. 



STORlT 

This r o u t i n e  s to res  the  in te rmed ia te  updated values o f  f l o w  r a t e .  

TANKZT 

This r o u t i n e  computes pressures and d /d t  f o r  l e v e l  i n  surge tank. 

TBOIL6T 

This r o u t i n e  does the  Lagrangian c a l c u l a t i o n s  f o r  1  i q u i d  temperature a t  

f i x e d  a x i a l  mesh p o i n t s  i n  upper and lower slugs. For t he  f i x e d  mesh p o i n t s  

i n  t he  bubble, i t  sets  t h e  temperature equal t o  t he  bubble temperature. 

TEMPlT 

This f u n c t i o n  program transforms entha lpy  i n t o  temperature. 

This  module ca l cu la tes  the  temperatures a t  f u e l  and c l a d  nodes f o r  

t h e  new t imestep. 

TFUN5T 

I n  t h i s  module, t h e  prev ious temperature o f  t h e  f u e l  and c ladd ing  

a re  ex t rapo la ted  t o  t h e  present  t ime  t o  evaluate m a t e r i a l  p rope r t i es .  

TMSG3T 

'This ca l cu la tes  t imestep i n  t he  steam generat ing system. 



I TORKlT 

This routine computes hydraulic and friction torques for primary pumps. 

TORK2T 

This routine computes hydraul ic and friction torques for intermediate 

pumps. 

TPMP3T 

This determines two-phase friction multiplier on the water/steam side 

of the steam generator. 

This module calculates certain fuel slice dependent quantities required 

in GROW5T, DUPPST, and VOIDST. 

This calculates surface heat fluxes and tube wall temperatures in heat 

exchanger. 

UPLNGT 

This routine, by employing DVOGER, solves the systems of first order 

differential equations with the timestep provided by the main driver 

COOL6T. The final solution consists of sodium level ; temperature of sodium 

in two mixing zones; temperature of cover gas; and temperatures of the inner 

structure, thermal' 1 iner, and the vessel closure head. . It terminates by 

calculating the pressure at the vessel outlet. 



VGSLlT 

This r o u t i n e  r e t r i e v e s  in format ion  t o  i n t e r f a c e  w i t h  reac to r  vessel 

and se ts  c a l l i n g  sequence t o  compute pressures a t  eventual break i n  

pr imary 1 oops. 

VJlT 

Th is  r o u t i n e  determines v e l o c i t y  o f  j e t  o u t  o f  a p ipe  break. 

VOID5T 

This module ca l cu la tes  t h e  r e a c t i v i t y  feedback due t o  sodium void ing.  

VOL3T 

This ca l cu la tes  c o e f f i c i e n t s  f o r  accumulators, e l im inates  f l o w  segment 

terms from accumulator equations, and advances the  'accumulator variabllos. 

WSTE3T 

This determines water p roper t i es  as f u n c t i o n  o f  enthalpy and pressure. 

XCRT3T 

Th is  r o u t i n e  determines water q u a l i t y  a t  DNB p o i n t  as f u n c t i o n  of 

pressure, enthal  py, and heat f l u x .  

XPAN5T 

Th is  module reca lcu la tes  the  r a d i i  o f  t he  f u e l  and cladding, necessary 

because o f  t he  thermal expansion o f  t h e  r a d i a l  nodes. Two methods are  

employed i n  c a l c u l a t i n g  r a d i i .  Equal area increment, and equal r a d i i  i n -  

crement. 
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