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COBRA-XI: A DEGI% 6:BbPmER PWCX;M1 

FBI? TBBm-fWDN1LZIC SUiNWJ;  @9A%YSIS 

OF RYTD Bmm l?LTEL J3LE1mB 

BE COBRA-HI p m ~ m  d . m l a b s  tI= s%edy-sw& f P a ?  and erathalpy in 

the sLabeb-1s of ra1 buldls n1~c2ear fw.1 e i m w t s  dwhg bth boiling and 

m b i E h g  mx-diamso TIE progrmi llses a mu~emncd 1. .klxit  inclu&s 

the effects sf t u ~ b ~ d e r ~ t  m'k61 t-Xmd=fa crnsst1&3~4 rdxing ketween the 

s-e%s, Turbulmt ~rns~f%a.r7 m,xing is cawed by l ae ra1  f l m  fluctu- 

a t h s  ktwxm s ~ a k a x ~ ~ b s  and diversion ~rsssE%m mxhg is caused by flow 

rediskrfbutrm rzsu+%$sng frm ehmgss i n  the. d a %  pressure c ~ r d e n t  or frcsn 

f o r d  croasiz"1a~~ '>Pie & ~ ~ ~ C J P S  ox kE.i~ 6'tlitQdenbbml no&% are 301wd as an 

miti.al-vak;\~ p1coble.z~ by' 2;1,s~~,q f m j i $ ~  dif  f ~~F"AG%S , scrliaacm of the 

cxpafims :or %.LOAT, ~ira%iaB~~ ; r R 9 8 U S 3  md d~vexsxxa  ~xa~sf1r31.d ~ u s f  rely on 

h p u t  wrr&iabm~s 5.n S ~ C J  fy rile 'ttxiadent C P O S S ~  1% and s & l ~ m l  

pressure The psS:qrarfi IF ciesiqiec2 ta aL1m tAe user t# select 

these mrrelatims +a =as f.at 1713 p a t j . e a l m  applicatsm, F3sides hiaviq 

a fi33bn: and a KaEE B C ~ + X X , ~ ~  ~ i l K E ~ i @ d  s c 3 8 u t ~ ~ n  khim 11% 8~1gl.naI 

version of CYE3R&, Cllri.&&=;PI !?as iit+W featares &? bm~~rve ILS ve3esatiPity0 It 

can include t,k ekfect of s~ucr:a,.led .~?~ t i s ,  S u ~ ~ ~ h m i z . ~ . ~  xay k z  so that 

mwf arm hydrad-~c h*l~a\$~u~ cym he c . s a  &-red , BXSP~E?A%? L~Wles w.y be 

analyzed by selectmg vmi&.le a u m m e l  are&$ and 44p rapcmqs along the 

Pen@, Spacer pressure 10;;s axid ~ B P C E ~  hd~ves'sia~~"'i ~ft~ssflba~ em be con-- 

sidered, 1Ub~zleat; rn5Lxw~g t~~%'~.oirt I:o~lmg my Le spc l f~ed  by several 

different corxelatzcm foxm~, WXbq hq.~s%ljir~g, Lhe ml .ug  comelation for 

mnbofllhg can k wed or turbulent my be as a fmcbon of 

steam qual i ty ,  adjustable cakims~~s a= included x.n CXBm-11 rslilaw the 

storage capal..~fl~ty, TIE pxqrmP has ~ ~ r ' f a x m d  sucessful4,pr w i t h  36 s u b  

channels, 25 fw1 rods zxx3 GO stb&~%.me$ 6 : o m e ~ ~ m ~  
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COBRA-11: A DIGITAL C-R P R W  

FOR TE[ERMAL-HYDRAULIC SUBGfWL ANALYSIS 

OF ROD BUNDLE NUCLEAR EUEL ELBENTS 

The purpose of this report is .$~&scribe the digi ta l  computer program, 

COBRA- I I, This program is a refinement and extension of the ear l ier  program 

COBRA(') which was written t o  aid i n  calculating the flow and enthalpy in  
the subchannels of rod bundle nuclear fuel elements, COBRA-I1 contains many 
new features that make it a more flexible and useful tool for  rod bundle 

subchannel analysis, 

Subcharanel analysis has become an inportant tool to help establish the 

t h e m l  performanee of rod bundle nuclear fuel eletatents because it considers 

the distribution of coolant flow and enthalpy in  the bundle, This is a 

significant improvement over the bundle average analysis approach because 

the arrangement of fuel rods i n  present bundle design causes the local flow 

and enthalpy to  be very different from the average, Subchannel analysis also 

allows better interpretation of laboratory data that give the t h e m l -  

hydraulic performance parmeters such as c r i t i c a l  heat flux and two-phase 

pressure drop, By using a subchannel analysis approach, the fuel designer 
can apply laboratory data t o  the  reactor"^ operating conditions with a 

greater degree of confidence, 

53JMMRY AND CONCLUSIONS - -  
The digi ta l  camputer program COBRA-11 computes the flow and enthalpy in  

the subshannefs of rod bundle nuclear fuel during both boiling and nonboiling 

conditions. I t  uses a mathematical model that considers two types of cross- 

flow mixing, The f i r s t  type is a net diversion crossflaw caused by flow 

redistribution, and the second 3s a turbulent (fluctuating) crossflow caused 

by the random travel of coolant between  ad^ acent subchannels, Each subchannel 



is assumed $0 csntasn one dimemlmal,  two-phase, s l i p -  flow and is assumed 

t o  have a f ine  enough b~o-phase faow s t m c t x r r  to  permit specification of 

local void frastnom as a fmctlora of enthalpy, flow, pressure arnd position, 

The equations sf  the mathematical m o d e l  are  solved as an i n i t f  al-problem by 

using f i n i t e  differences , The numerncal procedures are  a s lgnif ieant  improve- 

ment over the procedures used mn the crigmarl COBRA program, 

The COBKA.11 program contains new features that  permit analysis of many 

different  rod bundle problems, 1 t s slgnnf icant features include the 

following : 

It has the ab i in ty  to consider both s ~ n g l e - a d  two-phase flow, 

I t  accounts fen. antersubchanne l thermal, nnxing tha t  resuP ts 
from thermal conduction, turbulent crossf Pow and diversion 

esossf low, 

I t  cons~ders  the momentum interchanges tha t  resu l t  from both 

turl>uPent and dave r s x s , ~  cross flow between adj acent sub channels, 

I t  anchdes tlxe effect sl transverse resastanes t o  diversion 

crossf lowL, 

I t  cara corks] der an arbstr sq Layout of Cue1 rods a d  flow 

subhmei s  and thus allows axalys~s of most any rod bundle 

~ 0 n f  E ~ U T Z % ~ B O T A  

1.t cm include asbatrar-y heat f l u  d ~ s t r i b u t i m  by specifying 

the axial f l i ~  distrnbutxon ~.eitn*ive rod power, arad the 

fsactlmt ~f rod page:: t o  s-ada all accnr subcsharwrel, 

It can csraslder v a r ~ a l r 3 ~  subdlruancb area and gap spacings, 

It can 1ncPude the effect o i  subcooled vmd, 

It can ar,cC,udR ~JIC effect of forced diversrm crossflow 

produced by f Pow diwertmg &vices, 

It can include the pressure losses caused by spacing devices, 

P t  permits n o ~ ~ m ~ f a r n  hyclraallc behav~ox by select ing d i f fe rent  

s u b d a m e l  laydraxlic d~aracs terlstles, 

Input uptioras are  provided t o  allow t h e ~ e r "  t o  select various 

empiss cab eosre la t~o~~i i  xeqr~i reti f on the ealculaeims , 



DESCKI IyI'I ON OF bNT1 DIATI CAL b0DEL 

Two-phase flow i n  rod bundle nuclear fuel  e lemnts  is a complicated 

process which is not completely understood a t  the present time. One of the 

major d i f f i cu l t i e s  is the inabi l i ty  t o  predict  the transport processes of 

the l iquid and vapor phases within the bundle. Reasonable descriptions of 

these processes have been made fo r  selected regimes of two-phase flow i n  

simple channels; but these descriptions cannot be easi ly  applied t o  the 

complex geometry of rod bundles. This is because the added degrees of 

l a t e r a l  freedom i n  rod bundles allows additional modes of l iquid and vapor 

exchange which tend t o  invalidate the descriptions of transport processes 

i n  simple cliannels. 'Ahis exchange, however, has a very s ignif icant  

influence on tlie flow and enthalpy i n  various regions of the bundle. 

To develop a method for  predicting the flow and enthalpy i n  selected 

regions of a rod bundle, a mathematicalmdel is used that  considers the 

important l a t e ra l  transport processes. 'The qproach used is essent ial ly  the 

same as in  the original COBiA program where the cross section of the rod 

bundle is  divided into discrete flow subch,mels as shown i n  Figure 1. 

Subchan 

i 1 '.let)ilod of Subcllannel Selection 



By making suitable assuq~tior~s concerning the flow and crossf Em in  these 

subehannels, the equations of conknwuity, energy and momentum can be derived 

for  each sub&annel, This s e t  of equations can then be soHved numerically by 

using a d ig i ta l  computer, 

Steady, one-dunerasi ona1 two-pl-lase ~ P i p  f90w exists  in  each 

subchm~e1 during boiling, 

a 'he two-piisse flow structure i s  fine en~ugn t o  allow 

specafaeatnsm of local vclrd fraction as a fL.In~~im of entkialpy, 

pressure, flow ra te  and axial ~ ) o s i t i m  

a A turbulent crassflcjkc exis ts  between adjacent subhararaels tha t  

causes no net %lo\{ redis t r~but ion 

a The turi>tl%eat crossf lo\,v nay be superimposed upon a diversion 

erossf Low between sube3mels  that  resu l t s  from flow redf stri- 

butiun %r,a may occur naturally by pressure gradients trying 

*,o cq~ialiie or nnqq ocl=i.r a r t l i r c ~ a l l y  i.rsn; devices that force 

divers aon crass Plox 

@ Trarlsvcxse spatsaa acceieratbcn 3s ne.g%eeted 

GENERALI LED EQUATiCNS - - - 4 .---- 

The equat f 311s s f ~ o n t i ~ ~ r . c y  ericrgy md .rl20ment-;uun may be derived by using 

the bassc ass:xfipkion~ as s?i~?xat in tkBpperldax 4 Th.5 c!e%ivatl~n gives a s e t  of 

3N firsz oosilca , orrdanaxy , s a  i ~ e ~ e r , - ; ~ a l  cquaticslss gbw E; algebraic equations 

where N is the s,uniacs cr F su..odxxr,laels z1-!-1d K IS number of eo&~ectisns 

between subdxzemcBs If t h t  ecj~atrons ior, flow, entIxa1p-y rind pressure are 

represeratcd as c~~pcer%s iad  c cli.r;m arzcrors and ~i tlae two er"ossfle,t~"s are 

represented by lC caqcracne t~o%wm  vector^^ the t r m s p ~ r t  equations may be 

written i n  the fc~1901ving maxrlsx ~ ~ o t a t z o n  as sham Ln Append-ix B, 



- l - [R] [U]CfTwwl + [RI [U"](wl 

Transverse E1mera$lBm -- 

The shorthand notation used i n  these equations gives a simple form that  

shows the basic phenomena meluded nn the mathematical model, Now, consider 

the various t e r n  in IAc above equat~ons, 

Equation (1) s ta tes  tha t  the rate  of flow change in  a subchannel is a 

linear eonbination of the diversum crossf lows, The matrix transformation 

[R] is used t o  order only those crossflows permftted by the problem s e t  up, 
The turbulent crossflow term does not appear in E:qua.tion (1) because, on a 

t h e  average, it does not cause a net  flow change, 

In the Energy Equation [Z) , the t e r n  on the r ight  i l l u s t r a t e  four 

med~azaisms of thermal energy transport between the subehannels i n  a rod 

bundle element, The f i r s t  term T Q )  is the power-to-flow ra t io  of a 

subchamel and gives the rate of enthalpy change i f  no t h e m 1  mixing occurs, 

21e second tern [R] [IIIJ \\r ' 1 accounts for" t he  turbmPent enthalpy transport 

between a l l  interconnected sub&%mnels, This is analogous t o  eddy diffusion 

as discussed i n  Reference 1, I'he diagonal matrix [I-I] contains the subchannel 



enthalpy dif  fe-pcnces f o r  each p a n  of antereomeeted sutxhamlels, The tur-  

bulent t h e m l  mnixlng ; t i '  is defined through empirical ecr re la t  nons, The 

th i rd  term [R] /TI, c accounts for  thermal eonduc tnon betmen adj acent 

subchannelso Ih~rnng bonl~rag, the temperatures contained i n  [TI are  limited 

to  saturation temperature, therefore, the conduction te rn  vmnslr~es when a l l  

channels are bo~ lang ,  'Ihe thema1 cmduetfon coefficient i s  defined i n  

terms of g e w t r x c  and fl~iind parameters, The fourth t e rn  [R] [lI*]Cwb 

accounts for  thermal energy carried by the diversion esossfkow, 731s is a 

GonvectPve  em that requsres a select ion of the enthanpy t o  be carr ied by 

the dnversao~~ ~rossf low,   hi^ selection of the enthalpy 1s denoted by the 

matrax [ P I  wlrnrA is s e t  up the same way as [ t l j ,  Thc matrix [H*] , haiever, 

permits selection of an effect ive enthalpy that is carr ied by the d ive r s~on  

crossf%o\i, k ~ s  may be used, f o r  example, t o  account for  the nonuniform 

enthalpy dls t r ibut lon in a s u b ~ h m e l  by selecting the effective transported 

enthalpy f ~-ansnl known m f  onxit im  about the l i q u ~ d -  and vapos-phase d is  tsibution, 

The rnglrt side of the ~ Z X I L ~  ;~larr~ei~t~m Equation [31) allustrates the meeharaism 

of marnerstun 7 s  arasport . The f s ss t tern i- a1 represents tlia pressure gradient 

wltJ~auf, any crsssf l oii betwean sub;sl;ar~nels , I t  includes ale f n  e t  ion, spa t i a l  

accelerataor~ mMd eleliar~m cosrponents of pressure drop, Thas term gives the 

pressure gradlent nn an equzuakent simple channel with the sane thermal- 

hydrau? nc rlas.racteristi.cs as the sod bundle subchamel, 1% I S  In thas term 

where trle ~mportimc emp.~~:lcal carrelations are contained that govern the 

subd~annei i'loiv s ~ i u t :  m. ??E secmd tZm [R] [U] fTw I a i C O U t S  for  the 

%un"tpulent, rncpmeat~m t 1 msporT and is analogous to a Ylepo31ds st, T e ~ s  . as 

d~scussed  ~n Refererice 1, "blc matrrx EL'] contamns the  subd~mnraeY veloci t ies  

and is s e t  up the sane way as [II]. Since the  analogy b e n ~ t x n  thtmmaL and 

momentum turbulent transport pmcesses may nor be the same, the factor  fT 

r s  anc%mukd t o  modefy the turbulent crossflow whid~ is selected t o  sa t i s fy  

the energy equation, The remasning term [R] [UAE"]'wI of Equatncan 43) is the 

mornentun emtributnon sf the diversion. crossflow, Thns is a convective term 

that  xs maPog~uls t o  b e  convective energy term, The matrxx [W*] contains. the 

axial  v e l o c ~ t i e s  that  are camled through the gap by tlne d i ~ r s l ~ n  emssflow, 



The Transverse Momentum Equation (4) is a simple f r ic t ion  model where the 

pressure drop between subchannels is proportional t o  the diversion crossflow 

ra te  squared, The resistance coefficient C is evaluated i n  t o m  of an 

empirical function which depends on the geometric and flow parameters, This 

equation has rather weak influence for  a few problems, but it plays an 

important role i n  the numerical s t ab i l i ty  of some so%utims, 

NUMERICAL SOLUTION - -  - P 

The flow in  rod bundle subelxmnels is governed by the boundary con- 

ditions imposed a t  the en& of the bundle; therefore, the flow solution 

requires a boundary-value solution, Since t h i s  solution is d i f f i cu l t  t o  s e t  

up and di f f icul t  to  solve, a simpler initial-value solution is commonly 

accepted as an approximate solu t im,  Various types of initial-value 

solutions are used i n  the HAMBO(~', SASS '3' @ 1111~~- I I and MIXER") sub - 
channel analyses programs" 

The use of an b ~ t i a l - v a l u e  solution can be ~ u s t i f i e d  from the results 

presented i n  Reference 6 where an initial-value solution is shown t o  ade- 

quately approximate dae boundary-value solution i f  a s t ab i l i ty  cr i ter ion is 
sat isf ied,  This crfterron gives the minimum allowable calculation increment 

in  t e r n  of the erossflow resistance, The actual calculation increment must 

be larger than thas t o  permit proper flow redistribution, I f  the incremnt 

is smaller than th i s ,  the flow redistribution occurs over additional calcu- 

lation inesements,arad a boundary-value solution i s  required, 

llae n m r n c a l  procedure in COBRA-PI uses an initial-value solution that 

is patterned a f t e r  the one discussed i n  Reference 6 ,  By applying th is  
procedure t o  many subehmelbs, a similar s e t  of numerical equations and a 

similar s t ab i l i ty  cr i ter ion is obtained, 

In i  tial-Value Numerf s a l  Solutian 

Equations (1) through (4) are solved as an initial-value problem by 

using f i n i t e  differences, I t  is assunu=d tha t  the values of Jm), ( h l ,  (wl 

and Ip) are available t o  s t a r t  the solution, Both forward and backward 



f i n i t e  differences are wed  for  the solutf on, The Energy Equation (2) is solved 

by using the forward difference equation 

'his equation e m  be easily solved for  Fh(x*~x) 1 because a l l  other quantities 

are h o r n .  X backward f i n i t e  difference is used t o  solve the Continuity and 

blornentum Fquatisns ' FOP the Continuity Equation (1) the difference equation 

is 

'Ffae values of Iw(x+hx)) must bc obtained before th is  equation can be solved 

for irn(x+~x] 7 ,  An equation for * w l  can be obtained by eliminating pressure 

from Equations 63) and $41.  3he result** is 

where * a P :  = i a l  + [ I l~[U7~frrw~1 (8) 

'file backward difference appxoximation is used in  this equation which gfves 

JrIhe use of the backward difference the confusing crossflow 
s i p  inconsistency in  the original COBRA 

**Notice tha t  Equation ( 7 )  could be differentiated again and a f t e r  
substituting Eqiatfon (1) would give a system of second order equations that  
could be solved as a boundary-value problem for  !wl , 



Equation (10) is a s e t  of K simultaneous, nonlinear equations and K 

~mkno\ms, 'Illis can bc solved as 3 linecur sfstem by i t s r a t i on  wllere, for  

each i t e r a t i on ,  the  previous .I t e r a t s  is used for  : C(x*~x) 1 'i~'[x+dx) [ /AX ; , 
[Uh(x+.ix> ] 'mil {a' (]A *.:x) . Chctz the E t e r s t i v s  solution for iw(x*~x> : 
cortvergcs t o  witlnin an accept &le  tolerance, t m(x+ AX) E can be calcul a te2 

from Equation (6) and ip(x+~x) l can he cnlclllated fron 

which is a backward difference approximation t o  Equatao~s ( 3 ) .  

The procedure lased t o  solve these equations is patterned a f t e r  the 

i t e r a t i ve  solution contained i n  Reference 6 ,  and it is i l l u s t r a t ed  i n  

Figure 2. I n i t i a l  values of th(x):, inCx] k, tw[x)l a d  rp(x)l are f i r s t  

established. Equation (5) is used t o  calculate ih(x+ax) 1. The values 

oZ i~;a(x) ' , I I Y . ( x ~  b c l  ip(x,P 2 are assumed t o  apply a t  X * A X  fa r  the purpose 

of evaluating Auid properties,  With this infomation,  the l iquid a d  

txo-phase p r ~ p t t r t i e s  can be evaluated a t  x99x. In the present wr i e~ng  of 

CO3lL4, these properties :Ire assumede t o  remain constant for the iteration 

loop tha t  fsllotbrs, 

The i t e r a t ion  loop s r a r t s  by -using the f l u i d  properties t o  evaluate 

; C(x+ax) Iw(x+sx) j r, xs,  .a"x+ix)' ard tU*(x+~x) .: t!le~a, (r.n[x+.%xj 1s 

calculated by using Lqr~&tion (101, Tile mew ii {x*,sf ~1 is ;;smpsrcJ ~ ~ i t h  thc 

old one to  determine i f  ,281 of tlse csossflr:ws Iravc m;tnz*eri:ed tn ithbi: -31 

*Fluid property evcrluatisn could be included i n  the i t e r a t i m  loop, Jwt  
it can cause i r l s tab i l i t i es  near the polnt of boil ins tihcrr. :,-i.! :oa.*-e7i-!tlitns 
are used tha t  depend on flab rate, 



S t a r t  0 
Establ ish i n i t i a l  va lues  

{calculate {h (x  + A x i l  b;\ 
u s i n g  Equat ion (5) - 

Calculate  f l u i d  proper t ies 
a t  x + Ax  

Ca lcu la te  jw(x + ,AX ) \  
b y  sol v i n g  Equat ion (10) i 

I \by u s i n g  Equation (61 J 
+ 

No 
Has w(x + Ax)  converged? 

I Yes 

End of bund le?  

FIGURL 2 .  Initial-Value Solution 



acceptable tolerance. I f  convergence does not occur, a signal is s e t  up t o  

remain i n  the loop for  another i terat ion,  Since the new solution for  

dw[x+hx)l is quite sensitive t o  the old one, dw(x+dx)) is modified by 

This value f s  then used i n  Equation ( 6 )  t o  calculate brn(x+=bx)) which is used 

i n  the next i terat ion i f  convergence did not occur, I f  convergence did occur, 

(p(xshx)I is calculated from Equation C11) and the calculation moves t o  the 

next increment, 

Stabi l i ty o f t h e  Initial-Value Flow Solution - . -  - , - . . ,  , , . .  ..a 

The backward difference is used i n  Equation (7) because of severe 

s t ab i l i ty  limitations that  are required with a forward difference, I f  

Equation (7) is pre-multiplied by a matrix [c-'1 with only diagonal elements 

of 1 /C ,  die following equation is obtained 

The elements of (S] , [R] and [U*] are of the order unity, but the elements of 
1 [cc ] can be many orders higher, Therefore, the eigenvalues of the characteristic 

matrix of Equation (131 are very large, As shown in  Appendix C ,  a stable 
solution for  such a s e t  of equations is not possible with a forward difference, 

By using a backward difference approximation for  the flow solution, stable 

solutions can be obtained i f  two requirements are sat isf ied,  The f i r s t  

requires tha t  there be a sufficiently large crossflow resistance t o  prevent 

transverse flow Paops, and the second requires a sfgnificantly large AX for  a 

given crossflow resistance. These two requirements w i l l  now be discussed, 

Equation (18) may be written more compactly as 



This is a set of K simuhtaneaus equations and K unknowns, A solution is 

possible i f  [AJ is not smgular, I t  should be noted that  [A] is the matrix 

- [S ]  [R][LP] but w ~ t h  i ts diagonal elements modified by adding the diagonal 

matrix [Ciwl/~x1(, For any rod bundie problem that has one or  more flow 

paths around a fuel rod [or my transverse flow loop) the matrix - [S] [R] [U"] - .  
is singular md only by adding [ C i w l / ~ ~ ]  does it become nommgular, 

Physically, the addatisrz of t h ~ s  tern means that the summation of pressure 

drops around my transverse flow loop must be zero, The problem is that 

these added diagonal elements are small as compared to  the nonzero elements 

of [S] [R] [U*] ; therefore, [AJ can be close to  singular for  some problems, 

Fortunately, there is  control over thns by selecting a sufficiently small 

step size for a given crossflow resistance coefficient, provided the value 

of l w ~  ns nox zero, To eliminate the problem of iwi going t o  zero, the 

crossflow resistance is liraeasized for small values of crossflow in  the 

present wrltmg of 60I31?A This is done by putting a l ~ w e r  l i m i t  on I w l ;  

thus, for w w. )ii1 ;wLani l fo r  i w !  - w ,wl = 
L @ L ;w 3 

In addxtlon t o  seqrurlng that 6143 be nonsrngdlar, the second require- 

m a i t  is that rhe ahsoiute valw of the largest eigenvalue of [A] must be 
lass than one an Equation : :14?,  'kms crnterlon puts Power limit on the 

caleti~,lartnon incremerkt for  a given c~ossflow resistance, I t s  physical basis, 
which is  discussed i n  Appendsx G and Reference (63, requires that the 

diversaow c r o s s b i ~  occur withan tlae mcrement Ax aid s t i l l  sati.sfy the 

momentum equations, If t h i s  coril;taon i s  not sat isf led,  errors grow in  the 

flow solution and flow revexsals may occur ~n m attemp to sat isfy the 

~nmntum equatrons , F~rtmas-ely , the  minimum AX is much smaf l e r  than the 

Ax desamd f o r  most rod bundle ca9culations, 

71~e prevsow dnsclussslon helps to clarify the role of the crossflow 

resistance nn %he COBRM-PI program, Notice that i n  Equations (7') and [lo) 

the crsssf%csw resistance t e r n  are very small, thus, the crossflows are 

driven by dafferences i n  the a n a l  pressu;oe gradient, The crossflow resis- 

tance should be ~ n t e q r e t e d  as a mechanism that directs %Eae diversion 



crossflow through the path of leas t  resistance and gives zero pressure drop 

around transverse flow loops, The crossflow resistance only has importance 

when these loops exist ,  For problem where there are no loops, the cross- 

flow resistance has l i t t l e  importance because the s t ab i l i ty  cr i ter ion 

requires dominance of [S] [R] [U%] over [C 1 w 1 / A X ]  

COMPUTER PROGRAM DESCRIPTION 

The COBRA-I1 program is a revised version of the original COBRA program, 

This revision has been guided by usersn comments and through experience which 

has identified the need for  improvements and expanded capability, This has 

resulted i n  a rather general program that can be used by the nuclear 

industry for  analysis of many rod bundle thermal-hydraulics problems, 

COBRA-I1 should be thought of as an automated solution t o  the basic 

s e t  of differential  equations of the mathematical model, To actually per- 

form th i s  solution, the user must provide input, This input not only 

includes the geometric parameters and operating conditions but also the 

various required empirical or semiempirical correlations, Any s e t  of 

correlations can give a solution, but some correlations w i l l  give bet ter  

s o l u t i o ~ ,  A t  the present time, guidelines have not been established for  

complete selection of these correlations; therefore, the COBRA-I1 program 

does not contain a pre-selected s e t  of input correlations, Several corre- 

lations are provided for  examples, but the f ina l  selection must be made by 
the user, 

The following sections present the general features of the COBRA-I1 

program, an i l lus t ra ted  description of the program organization and a 

description of the programvs subroutines, 

GENERAL FEATURES 

The significant features of COBRA-I1 fnclude the following: 

e I t  has the ab i l i ty  to  consider both single- and two-phase flow, 

I t  e m  consider the effects  of turbulent and thermal conduction 

mixing throughout the bundle by using empirically determined 

mixing coefficients , 



I t  includes mixkng whncch resul ts  from the convective transport 

of enthalpy by diversion crossflow, 

I t  includes the momenrum transport between ad~aeent  subchannels 

which resul ts  from both turbulent and diversion crossflow, 

It incLudes the effect  of transverse resistance t o  diversion 

crossf low, 

I t  can cons~der an arbitrary layout of fuel rods and flow 

subchannels for  analysis of most any rod bundle configuration, 

A single subchmel  may interact  with up t o  four adjacent 

sub&annels, m d  a fuel rod may transfer heat t o  a maximum of 

s ~ x  ad~acent  s u b & m e l s ,  

I t c an  include a r b ~ t r a r y  heat flux distribution by specifying the 

axial flux. dlstributnsn, relat ive rod power, and the fraction 

sf rod power $0 each of the s ix  adjacent subchannels, (The 

l a t t e r  feature allows v a r i a t ~ o n  i n  circumferential rod heat flux,) 

1t can considec vasnable subchmel  anea and gap spacing, 

I t  can cmsi~kr forced dliversisn erossflsw by specifying the local 

diversson cross flow zn t e r n  of geometric and flow parameters, 

I t  can cansader rnonun~fonn hydraulic behavnor by asssgning different 

single-phase frnc+~sn factors to selected subchmels ,  

Its subroutines are desmgned t o  allow t h e  user to  s e t  up empirical 
eorrelat~sns of h i s  rlrolee and then select these correlations 

through input option!,. 

It includes aptions select the snlet flaw andl enthalpy conditions, 

PROGRC\I~I 0R6KII I Z,U 10Iu' - ,------= 

The orgmizataon of rhe COBRA I1 program ss smrlava t o  tha t  of the 

original COBRA program; however, the input procedures and subroutines have 

been reorganized t o  permit the expanded program capability, Tlie ealculational 

procedures have also been revised t o  use thepevlously described numerical 

solu%1sn,, 



The organization of the program can best be described by following the 

flow chart of Figure 3, The f i r s t  function of the program is t o  read i n  the 

input data, This is accomplished by successively reading i n  the 12 groups 

of input data that  are required for  the calculations, Some of these groups 

are optional and are not needed for  certain problems, New cases, a f t e r  the 

f i r s t ,  require input of only the card groups tha t  w i l l  change the input of 

the previous case, 

Following the input, the i n i t i a l  conditions are establ i  shed, Previously 

stored values of i n i t i a l  conditions of in le t  flow, enthalpy and pressure 

are recalled or the i n i t i a l  conditions are establishedL from new input data, 

Subroutine SPLIT is used here to  calculate subchannel flows to  give equal 

subchannel pressure gradients i f  it is requested by an input option, 

The new input data for  each case may be printed out prior  t o  s tar t ing  

the calculations. The user e m  also omit t h i s  o r  can pr in t  out the ent i re  

s e t  of input far each case, 

A loop is now entered which takes the caPeulation stepwise through the 

bundle a t  preselected steps of Ax, A t  the beginning of selected steps, the 

answers are saved for  l a t e r  printin.g, When the end of the bundle is 
reached, these answers are printed as specified by options,, 

A t  the beginning of each space step, the ra te  of enthalpy r i se  %dh/dx$ 

is calculated in  Subroutine DIFEER(1) and this  is used t o  calculate 

ih(x+~x)  1 .  Properties are evaluated a t  X+$M by using Tm(x) 1 ,  (wCM) 1 and 

the reference pressure. A l l  geometries and flow parameters are now calcu- 

lated a t  x+Ax by using Subroutines ARM, FORCE, PROP (2) , VOID and MIX, 

An i terat ion loop is now star ted t o  refine the previous estimates of 

dm(x+Ax] ) and Cw(x+~w] I ,  In th is  i terat ion,  the previously estimated flow 

properties are assumed t o  be sufficiently accurate that the i terat ion may 

proceed without the i r  continual re-evaluation, For problems where th i s  

assumption is not valid, the property evaluation could be easily included 

for each i terat ion,  The values of ;T aB [X+AX) b and [S] [RJ [U*(X+AX)] are 
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FIGUW 3. COBRA- I1 Flow Diagram (Contd.) 



evaluated by using Subroutine DIFFERg3) for  each i te ra t ion  because they are 

flow dependent, Wth these quantities defined, Equation (14) can be solved 

for  dw [x+~x) 1 by using DIVERT Now, by usnng Subroutine DIFFER(2) , bdm/dx) 
is calculated and then m(x+Bx) is calculated by using Equatf on (6) . When 

bw(x+bx)I converges to  withm an acceptable tolerance, the i te ra t ion  is - - 
stopped and a calculation of rdp/dxlr is n~ade using Subroutine DIFFER(4], and 

t h i s  is used to  calculate .Tp(x+~x)i by using Equation (11). The i n i t i a l  

conditions are now established fo r  the next increment? 

The organization of the COBRA-I1 programplts most of the calculational 

e f fo r t  into subroutines,, 'fie more important ones w i l l  now be discussed t o  

describe the i r  function and to  identify the reqcired input correlations, 

Subroutine I)HFFkR&IPBTU') -- a 

This subroutine is used to calculate the spat ial  derivatives of flow, 

enthalpy and pressure, It 1s divided into four parts as indicated by the 

variable IPART, 'She notation and procedures used i n  DICFER do not correspond 

direct ly t o  the ncstat~cn used m the previously presented matrnx equations, 

There are actually no rectangular matrices [R],  [S], [U*] , ete, There are,  

however, the e o l m  vectors coarespnding to  f w ' a ,  iC1, I w l ,  b m b  {h) ,  ip3 
and C a'  h which. are dcf irned i n  the Nomenclature, The method of performing 

the previously indicated matrix transfonnataons is actually done by using 

the index natation oEA fis A and the s u b d i m e i  connection scheme 

presented i n  Appendix B, As: an example of iaow th is  is done, the calculation 

performed i n  the second part  of Subroutine U I F E R  w i l l  be explained in  deta i l ,  

In th i s  calcu%ataor~, the elements of ;dm/dxi are calculated by using 

Equation [A- 3) whaeh as 



I3y using the subchannel conneetion notation of Appendix B, each pair ( i j )  

gives a subchannel connection number k that 1s identified by the array 

KCl-IAN (I, J) , I f  there is no connection KCiiAN(1, J) is zero, The values of 

dmi/& are calculated by selecting a subchannel number ( i )  and then, by 

considering a l l  other subchannels (J) ,  accumulate those values of wk that 

have nonzero values of k ,  To account for  the direction of the diversion 

crossflow the sign of wk is positive i f  i e j  and is negative i f  i > j ,  This 

procedure i s  equivalent to performing the transformation =[R](w3, 

The calculation of the other spatial derivatives f s done i n  much the 

same way, Some explanation is required, however, to  show how [U*] and 

[IF] are treated, These quantities include the axial velocity and 

enthalpy that are transported through the gap by the diversion erossflow, 

Since they are both handled the same way, consider [II*]. From Appendices 

A and 13, the elements of [I<] [EI*]dwk are 

where h* is presently defined in  COBRA-I1 as 

therefore, the erathalpy being carried through the gap by the diversion 

crossflow is the entl~alpy from the donor subchannel, Similarly fi; if yj 2 ) 
lJ* = 0 

i f w .  g o  
1~ 



Both Equations (15) and. (16) imply tha t  the enthalpy and velocity are  

uniform i n  each subchannel, In r ea l i ty ,  t h i s  is an approximation, As 

additional information is obtained concerning two-phase transport  processes 

i n  bundles he and u* can bc formulated more correctly,  

. * 

Subroutine DIVERT 
P ---- 

This subroutine se t s  up Equation (14) 

and solyes f o r  iw(x*ax)', The setup is done by using index notation and not 

actually by using the matrices [S] , [R] and [U*] , This setup uses I a a  Z and 

the coefficients of ih;; whkh are calculated i n  DIFFER(3). The elements of 

[A] are f i l l e d  by successive%y selecting rows from which the p a i r  of adjacent 

subd~annels can be defined by the arrays IK and J K ,  Eadl element of the row 
is then f i l l e d  t o  correspond t o  the subchannel connectlorn logfe, 

If forced flow dnversiola between subchannels is specifled by FORCE, 

Equat~sn (14) is moclifled t o  account f o r  th i s ,  After the modification is 

complete, Equation 614) i s  solved fo r  jw(x+ax) \ ,  

Submwtme M I X  

Subroutine MIX calculates the thermal mixing parameters tha t  a re  v i t a l  

t o  subd-a~xlel malys ls .  ? 6 7 b i s  includes both d ~ e  turbulent and thermal 

eondue"non maxnrng coefficient, Since completely acceptable correlations f o r  

mixnng laasre not been developed fo r  s ingle  and two phase mixing, t h i s  

subro~ntme 1s s e t  up so t ha t  improved correlation functions can be included 

when they become available The approach used f o r  now is to  separate the 

mixing intis boiling and nonboiling regions, For nonboiling conditions, 

several correlataon form are included as shown i n  Appendix Do For two-phase 

flow, the slnghe-phase correlations may be assumed t o  apply or  the mixing r a t e  

may be specified as a function of quality,  



The thermal conduction coefficient is assumed t o  be a function of the 

subchannel geometry and the average f luid thermal conductivity as shown i n  
Appendix Do  

Subroutine PROPIIPARTI 
- - 

This subroutine consists of two parts,  The f i r s t  part calculates the 

saturated f lu id  properties as a function of the system reference pressure, 

The second part calculates a l l  the liquid f luid properties as a function of . 
temperature and limits these to saturated values during boiling, The 

second part also calcullates the convection heat transfer coefficient and 

the sbgle-phase fr ict ion factor with a wall viscosity correction, 

Subroutine VOID --  
Subroutine VOID calculates the two-phase flow parmeters which include 

subcooled void fraction, bulk void fraction, density, effective specific 

volume for momentum and two-phase f r ic t ion gradient multiplier , Several 

correlations are included in this subroutine that the user can select  by 

option, These are provided as an example with the thought that the users 

w i l l  s e t  up correlations that  are most applieablle t o  their  particular 

problems, 

Subroutine AREA 

This subroutine calcuBates subchannel area and gap spaclngs by using 
the tabular l ist  of area and gap variations supplied as input, A linear 
interpolation is used to  select  values from these tables, 

Subroutine FORGE - .  , u 

Subroutine FORGE is provided t o  specify forced diversion crossflow a t  

selected gaps and a t  selected axial positions, If a forced crossflow is 

specified, the logical variable FDIV = .TRUE,; otherwise, FDIV = ,FALSE, An 

example of how forced crossfBow is treated is included i n  the present writing 

of COBRA, In this example, flow diverters may be assigned to  spacers which 

divert a fraction of the flow out a subchannel into another one, This flow 

fraction is converted into m diversion crossflow per unit length by dividing 

the diverted flow by AX, 



Other Subroutines 

Several other subroutines are required for  operation of the COBRA-I1 

program, Subroutine 6UItV72 p e r f o m  a l inear  interpolation of tabulated data, 

Subroutine ULCObQD and SOLVE perform the solution t o  the simultaneous 

equations, Subroutine SPLIT divides the subchannel flow ra t e s  a t  the i n l e t  - - 

of the bundle t o  give equal pressure gradients by assuming tha t  there is  no 

spa t ia l  acceleratf on component of pressure drop. 

USE OF COBRA 

The 6013IU- I1 program i s  wri t ten fo r  the WIVAC-1108, Except f o r  the 

round-off problem that: are enca~ntered on computers w i t h  a short  word 

length, there should bc a m  dif  f nculty i n  se t t ing  up and operating t h i s  

progrm for other computers capable of compiling FORTRAN PV o r  V, Adjustable 

dimenslans are included so that .the program can be eas i ly  contracted or  

expanded t o  accmodate tihe users computer o r  problem s i ze ,  

Complete input i r ~ t v ~ c t l m s  are included i n  the program l i s t ing ,  A 

smple  problem t h a ~  i l l u t r a t e s  'the input m d  use of the new features of 

COBRA-11 is given xn APPENUIX E ,  l i e  input i s  s e t  up wit11 options by which 

the user may se l ec t  corrcla+,mns for  input t o  a problem, 'Illis has been 

done t o  nake it c lear  that 'Jle user should t r e a t  these correlations as input 
since none of these C Q I P F ~ ~ ~ X L ~ ~ S  have universal va l id i ty ,  By forcing the 

user t s make Idxis select non, ",la% -,orrelations are  given the s t a tus  of input, 

In parflcgLas, the u e a  musr se lec t  o r  provide f o ~ :  

e Fsict--ison factor  sorrelat  iori 

%r S&ccaoled voad frslctlofi correLation 

e TWO phase f r i e t lon  m u l t l p l ~ e r  correlation 

e 'Fwo-phase void fractnon correlation 

0 Single-phase nnlxmg eos re l a t~on  

e Two-phase mixing corselatlon 

e Pressure loss caefflcnents for  spacers 

e Flow diversion Iran spaelng devices 

e Dnwrsisn crossflow resistance factor  



hlany of these co~rela t ions  already exis t  from studies of flow in 
simple channels; however, there is not yet enough information to  indicate 

which correlations are best for most rod bundle problems, An evaluation of 

available correlations w i l l  have to  be made to determine which correlations 

are suitable for rod bundle subchannel analysis, 
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Cmputer Program 

i)P 

UI' 

Single channel pressure gradient 

Pressure gradient without crossflow in 
Equation (3) , ( F / L ~ )  

Cross-sectional area, ( L ~ )  

Jlatrix of coefficients i n  Equation (14) 

C O ~ U ~ U I  vector i n  Equation (14) 

Thermal conduction coefficient' .  (II/Te) 

Loss coefficient for  transverse 
crossflow i n  Equation (4) 

Specific heat (II/bIe) 

Lnthalpy derivative, (I I/L) 

Flow derivative,  (hl/TL) 

Pressure derivative ( F / L ~ )  

Iiydraulic diameter, 4A//Pli, (L) 

Rod diameter (L) 

Friction factor  based on a l l- l iquid  
f 1 a?, (D h e n s  ionles s) 

Local t o  average axial  power 
dis t r ibut ion (Dimensionless) 

Fraction of rod power transferred 
t o  an adjacent subchannel (Dimcnsionless) 

Uivcrsion crossflow resistance 
parameter (L) 

Relative roil power dis t r ibut ion 
(Dimensionless) 

Turbulent momentum factor 
@imcnsionless) 

*I>incnsions are  denoted by: 

L = length, T = time, F1 = mass, e = temperature, 

F = !lI,/T2 = force and I1 = ? I L ~ / T '  = energy 



Eauations Computer P 3 r a m  

Force [ML/T~] 

Gravitational constant, @L/rn2) 
Mass velocity, [M/TL') 

Heat t ransfer  coeff ic ient ,  QII/TL~~) 

Enthalpy, Xh + (1 -X)hf, @I/M) 
S 

EnthaPpy carried by diversion 
crossf low, (IIPI) 

Saturated vapor and liquf d enthalpy (I IhI) EIG ,I IF 

Entllalpy matrlces clef ined by Equations 
[B-6) a~ld (B-71, (IITF/%I') 

CON 

NK Number of connections between  ad^ acent 
subehamels, [Dimensionless) 

CDRAG , CD 

GK 

Spacer loss coefficient 

Geometry factor  for  conduction 
(Dimens ionless] 

Length, (L) 

Channel length, (L] 

Mass flow rate, Auf[ugar+pf(l=u)l, (M/T) 
Number of subcllanne 1s [Dimensionless) 
Pressure ( F / L ~ ]  

IIeated perimeter, (L) 

Wetted permeter, (La 
Prandt l number (Dimensionless) 

IIeat a d d ~ t i m  per uni t  length, (Il/L) 

Average heat ffPu, ( H / T L ~ ]  

S p e c l h ~  power to-flow r a t i o ,  qj/mi, 
(H/MLl 

Parameter given by Equation (D-171 

Matrix to  order crossflows 
(Uimensionless) 

Reynolds number, (Ilimens ionless) 



Equations Camputer Program 

CaP Rod spacing (L) 

blatrix transfornation defining 
 ad^ acent subchannels , (D1Smensionless) 

Temperature (8) 

Channel effective momentum velocity 

Effective velocity carried by 
diversion crossf low (LIT) 

Velocity matrix defined by 
Equation (I;-11) , (T/L2) 

Velocity matrix defined by 
Equation (B-12) , CT/L2) 

Liquid specific volume, l i p ,  ( L ~ / I ~ )  

Effective specific volume for  
momentum, (1-X) 2 / p f ( l - ~ )  + X2/gga, 
(L "1) 
Diversion erossf low between adjacent 
subcllanne 1s (P+I/TL) 

Turbulent (fluctuating) crossflow 
between ad J acent subchanne Is, (MITL) 
Distance QL) 

Quality, m / (m +m ) , (Dimensionless) 
g g f  

Parameter given by Equation (D-15) 

Parameter given by Equation (11-19) 

Effective centroid distance (L) 

Void fraction, A / (A +A 1, 
(Dimensionless) g g f  

BETA Turbulent mixing parameter, 
(Dimens ionle s s) 

Slip rat io,  u /u (Dimensionless) 
g f "  

Orientation of channel with respect 
to  vertical , (Radians) 

Density, p o + P f ( l - ~ ) ,  ( M / L ~ )  
g 



Saturated vapor and liquid density, 
@VL 1 

S I W  Surf ace tens ion, (F/L) 
TAUIri Wall shear stress CF/L~) 

PHI ,FWLT Two-?base friction multiplier, 
(L)imensionless) 

VISC Viscosity, (F/LT) 

Saturated conditions for liquid 
and vapor, respectively 

Channel identification number 

Double subscripts imply i to j 
and j to i, respectively 

Number identifying each subchannel 
connection; each k implies a pair 
ij or ji 
Rod identification number 

Refers to connection from r to 
subchannel i 
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APPENDIX A 

DERIVATION OF EQUATIONS 
p- 

The equations of continuity, energy and momentum are derived here by 

applying the conservation equations to a segment of Subchannel (i) whish is 

connected to another Subdiannel (j) . 

n + d m ,  
4 

A mass balance on Subchannel (i) gives 

m + wf dx = m. + dm. + w . . &  + wt dx i ji 1 1 1 J  i j 

Since by assumption, the turbulent crossflow causes no net flow change 

(wtji = wVij), the continuity equation reduces to 

If the diversion crossflow from (i) to (j) is chosen to be positive, then, 

by considering all such adjacent subchannels, the continuity equation 

becomes 



Energy Equation 

An energy balance on Subchamel ( i )  gives 

Since, by assumption, w! = w' t h i s  reduces t o  i j  j i '  

This equation applies when the diversion crossflow is from i t o  j. To account 

for  the uncertainty of the enthalpy which i s  carried through the gap, t h i s  

equation may be written as  

where h* is the effective enthalpy that is  carried through the gap by the 

diversion crossflow. If  the subchannel enthalpy i s  uniform, h* is defined as  



The heat transfer term may be divided into two terms, The f i r s t  is the 

heat transfer rate from the fuel surface qf ,  and the second is heat conduc- 

tion between adjacent subdiannels, The heat conduction is assumed to be 

proportional to the subchannel temperature difference and the constant of 
. . proportionality as assumed to be a function of the subchannel geometry and 

fluid properties. 

By considering the lieat conduction term and a l l  such adjacent 
- subcllannels, the energy equation may be written as 

where t is limited to  the saturation temperature during boiling, 

The derivation of the momentum equation is a l i t t l e  more complex than 

the continuity and energy equations; however, the sane technique applies, 

For a one-dimensional analysis, the momentum in  a two-phase flow stream can 

be defined as 

A G ~ v \  - m2 Avl - mu 

6 c K c - -  c 

where the momentum velocity is 

(A- 10) 

The effective specific volume term is that used by ~ c ~ e r ( ~ )  i n  h is  develop- 

ment of two-phase flow equations, 



By equating forces acting on Subcllamel (i) in the x direction to the 

change in mmentum, the axial momentum equation is 

By using Equation (A-3) and w! = wt this reduces to ~j ji' 

(A- 11) 

(A- 12) 

ib in the derivation of the energy equation, this applies when the diversion 

crossflow is from i to j, To account for the uncertainty of the axial 

velocity which is carried through the gap, this equation may be written as 



(A- 13) 

where U* is the effective axial velocity that  is carried through the gap by 

the diversion crossflow, The factor fT is used t o  account f o r  an imperfect 

analogy between the turbulent transport of enthalpy and momentum, I f  the 

velocity is uniform i n  the subchannels, u* is defined by 

The flow resistance force i n  a subchannel is assumed t o  consist of a wall 

f r i c t ion  term plus an additional drag term which may account for  spacing 

devices or other types of flow blockage, This is given by the equation 

(A- 1 5) 

where Ki is  the drag coefficient8 defined i n  terms of the unperturbed 

subchannel velocity , 

By substituting Equation (A-15) into Equation (A-13) and by considering 

a l l  subchannels adjacent t o  Subchannel (i), the axial momentum equation 

becomes 

(A- 16) 



Transverse Momentum Equation 

By neglecting the transverse spatial acceleration, the transverse 

momentum equation may be written as 

. - 
(A- 17) 

where Cij is the transverse crossflow resistance factor. 
- 
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APPENDIX B 

This Appendix presents a matrix representation of the mathematical 
. - 

model's equations. To set up this notation, it is necessary to introduce 

some notation to show how the subchannel connections are ordered, The 
generalized form of the equations will follow directly from the matrix 

notation, 

Matrix Notat ion 

The connections between adjacent subchannels are identified by a 
matrix K whose elements are k(i, j) ; where k(i, j) = 0 if there is no 

connection and k(i,j) is assigned a value for each valid connection, The 

nonzero values of k(i,j) are assigned in ascending order by considering 

Subchannel (i) and then assigning connect ion numbers for each successive 

connected Subchannel (j) where j is greater than i, Therefore, each pair 
of Subchannels (1) and (j] have a unique connection number, Likewise, each 

connection number identifies a unique pair of subchannels, Let these 

subchannels be denoted by two column vectors I and J with elements i(k) and 
j (k) , respectively, 

The identification procedure allows the crossflows to be written as a 

column vector with elements 

and with a sign convention that for wk'O the flow is from Subchannel (i) to 
Subchannel (j) where i is less than j . 

For purposes of notation, let [ ] denote a rectangular matrix that is 

not necessarily square and let d 1 denote a column vector, 



Generalized Equations 

Let [K] be a (N X K) matrix that performs the summation in Equation (A-3); 

then, Equation (A-3) has the form 

Similarly, the Energy Equation (A-8) may be written as 

r .\ 

where the elements of the (K X K) diagonal matrices [hI] and [hJ] are given 

hi (k) and j (k) ' respectively. The temperature matrixes are defined 

similarly. The element of the (K X K) diagonal matrix [h*] are selected from 

[hI] or [hJ] depending upon the sign of the diversion crossflow. 

Equation (B-3) can be reduced to the more compact form 

($1 = {Q) - [R] [ill {wl) - [R] [TI {c) + [R] [IF] (B-4) 

where 

[I*] = [mi] [ [hI] - [h*] 
[TI = [mil-'[ [tIl -ktJ]] 

In a similar way the hial blomentum Equation (A-16) may be written in 

the compact f o n  

i d  ) g: = a - [R] [U] ifTwl 1 + [R] [U*] IwI 
L 



where 

1 [U*] = --[A~]-~[[~U~I-~~*II 
gc 

(B- 10) 

(B- 11) 

(B-12) 

The remaining equation is the Transverse Momentum Equation (A- 17) 

which may be written as 

(~(wlw) = [Slip) (B- 13) 

where [S] is a (K X N) matrix that orders the pressure into proper pairs 
for determining the crossflow for each subchannel connection. 
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IWbER1CA.L STAB1 LITY - 

Numerical stability is concerned with the propagation of errors by the 
- ,  

numerical technique as the solution progresses with a finite step size; 

therefore, a stability analysis is concerned with the possible growth of 

errors, In otlier words, will an error at one step tend to increase or 

decrease as the solution progresses, 

The stability of the numerical schemes used in COBRA-I1 can be investi- 

gated by examining the vector equation 

where A is a square matrix of coefficients and b is a column vector of 

coefficients ,, Since both forward and backward difference approximations 
are used in COBRA-II , these two approximations to Equation (C-1) will be 
considered separately, 

Forward Difference 
- -- -- 

By using a forward difference, Equation (C-1) may be written as 

where I is the identity matrix, If the solution actually obtained is 

Y (x+~\x) and it contains an error E (X+AX) , it may be written as 

If A and b are assumed constant and the error is bounded by 1 E (X+AX) ( 4, an 

equation for determining an upper bound on the propagation of this error is 



where w = Y-yo The solution of this equation may be examined by assuming 

a solution of the form w(x) = chn where n = x/dx. This gives 

or, for the homogeneous equation, 

'Fhus the roots of the determinant 

give the values of h which are the eigenvalues of I+&& The eigenvector 

C can be evaluated in terms of the error bound 6 ,  The eigenvalues of 

(I*nxA) must all be less than one to prevent the growth of CA" and insure 
stability, If the eigenvalues of (I+AxA) are of mixed sign, then the largest 

in absolute value controls the growth of errors, An estimate of the maxi- 
mum eigenvalue can be obtained by taking norms of Equation (C-61, The. 
result f s 

This bound does not indicate when stability occurs, but it does indicate 

how bad instability can be, If Axll~l l  is small as compared to unity, then 

the error growth can not be very fast, 

The forward difference approximation is only used for the energy 

equation in COBRA-11, For this equation, the value of IIA(( is rather small, 



This can be seen by using the infini ty norm [maxim-row-sum) 

wliere a are multiples of I [w. =w! .) /m. 1 , For most cases, these are i j n j  IJ I 
significantly less than one, Also, since there are only a few such 

quantities for  even large problems and hx cg l , A 1- is  only a l i t t l e  greater 

than one, I t  could actually be less than one, Thus the error growth in  the 

solution of the Energy Equation should not be excessive, 

The reason a forward difference is not suitable for  the hfmentum 

Equation is easily seen i n  the above criterion, Note that  for a forward 

difference in  Equation (7) , (I+hxA) is equivalent to [I+Ax(C lw 1 ) "SRU*) 

which has very large eigenvalues. Since the value of c-' is  very large as 

compared to any reasonable AX, the forward difference is not suitable for 

solving the momentum equations, 

Backward Difference 

By using a backward difference, Equation (C-1) may be approximated by 

Y(X+AWI = ( I -AXA)~'~[X) + ( I - A ~ A ) ~ ' ~  (c- lo) 

and the error equation may be m i t t e n  as 

as in  the case of the forward difference a stable solution i s  obtained i f  the 

eigenvalues of (I-&A)" are less than unity, To sat isfy th is ,  it is necessary 

that the eigenvalues of ( I  - A x A )  be greater dlan unity, Furthermore, since the 

condition number is given by Cond (I-hxA) = I I ( I - ~ ~ A ) ( I  ~ ~ [ I - A X A )  *'II> 1, it is 

necessary that DI -nxA)II . Cond (I- AXA) , Since the condition number can be 

quite large for  a linear system, the eigenvalues of [I-AXA) may have 



to be quite large to insure a stable solution, This can be achieved by 

selecting a sufficiently large AX, Unfortunately, there is no easy way to 

select the minimum allowable Ax because the condition number is not readily 

available during computation, 

A backward difference is used to solve Equation (7). In this case the 

matrix (I-bxA) is equivalent to (I-U(C ~w!)~'sRu*), For most rod bundles, 
c-l is large; therefore, if ~x is large enough, stable solutions can be 
obtained, 

As an example of what is required to insure stability, consider the 

case of two subchannels Pn this ease, the eigenvalue of the inverse is 

s *IY 

For AX . 2 C[wl /SRU*) the solution is stable, As Ax approaches C [ w l /  (SRU*) 
the errors grow and when ax = C l w 1 / (SRU*) , the solution blows up, For 
u < C lw[ / (SKU*) errors grow from flow reversals which are not physically 

possible, 

COBRA-I1 contains two rather simple checks that test for numerical 

instability. As in Equation (C-12) the diagonal elements of I - A~(C~W~).~SRU* 
are cheeked for sign, If the diagonal elements are positive, the flow 
solutions will blow tap, The second test checks to determine if 

where K is a positive constant, If this test is true then the solution is 

unstable, Since the constant K is not known, it is set equal to its lower 
bound K = 1,O in the present writing of COBRA-11, It should be realized that 
this test only checks for instability, If the constant K is not large enough, 

instability could also occur outside this bound, To check for this possibility, 



it i s  suggested tha t  the user of COBRA-I1 run several cqlculations a t  

different  values of AX, I f  errors  grow for  decreasing AX then Ax is not 

large enough, I f  the errors  decrease, then Ax i s  large enough t o  insure 

s t ab i l i ty .  This type of check is not required for  a l l  problems, but it is 
- .  suggested tha t  a sample problem be examined from a s e t  of similar problems, 

I t  should also be noted tha t  an er ror  may grow local ly and then diminish, 

This can be caused by the changing value of (C(wl)-', h e s e n t  experience 
- with COBRA-I1 indicates tha t  Ax on the order of one inch eas i ly  s a t i s f i e s  

the s t a b i l i t y  c r i t e r i a  fo r  most rod bundles, This is  usually small enough 

. t o  get  good numerical solutions, 
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APPENDIX D 

CCBPUTER PROGRAM CORRELATIONS 

To carry out a solution, empirical and semiempirical correlations must 

be selected for input to the computer program, The following correlations 
are an example of what is available, 

Friction Factor 

The friction factor correlation is assumed to be of the form (8) 

where a, b, and c are specified constants that depend upon the subchannel 

roughness and geometry, Since these constants can be influenced by different 
subchannel roughnesses and the pitch-to-diameter ratio, the program can 

accept up to four sets of constants that correspond to four subchannel types 

which may be assigned to the subchannels of the bundle, For example, 

subclrlannels next to a flow housing may be given a different friction factor 

from those subchannels within the bundle, 

The friction factor is also corrected for wall viscosity by using the 
relationship (91 

where vWall is evaluated at dae wall temperature which is calculated from 

The heat transfer coefficient is calculated from 
i 

IT- 
where bulk fluid properties are used, 



Two- Phase Friction blultinlier 

Several correlations are available for the two-phase f r ic t ion multiplier, 

Three are presently included in  the program. 

I Imogeneous hlode 1 - - , . , . ,La  . . , ,--- 

Polynomial Function 

(D- 5) 

where the coefficients are supplied as input, 

Spacer Loss Coefficient - .  . --- 
The pressure drop from spacers is lumped into an effective loss 

coefficient which may be defined(') i n  terms of a l l  l iquid flow as 



Fo:- tw~..phase flok ~ 1 1 ~ .  -,tie coeff l s ienc  is wed but it is modifieJ by th; 

tae-phase specific YOIIL~,C for nomcnttn. This pressure drop lzs t  

cseffl~ient is coc~erreal ts a pressure gradient loss coefficicct ~t the 

location of the spacer by dividing by thc calculation increment 3; 

thcrcfarc, 

Tllis  is the coefficient used in Equation (A-15). 

Void Fraction 

Four ways of specifying void fraction are presently included in the 

program : 

I m e o u s  Model - 

where t is a specified slip ratio. 

:.Iodi f ied Armand - (1 1) 

:i = 0. X L O .  

(D- i 0 )  



Subcooled Void Fraction 

Two options are presently included. Subcooled void formation may be 

ignored or it may be included by using Levy's subcooled void model, Levy's 

model calculates the true quality in terms of the equilibrium quality in 

terms of the quality at which bubble departure starts. It is given by 

where Xe is the equilibrium quality and 

(D- 15) 



The heat transfer coefficient h is calculated from Equation @-4), 

Several forms of equations for  specifying the turbulent crossflow are 

included. Although they specify the turbulent mixing parameter 0,  the 

f inal  result is  the turbulent crossflow rate given by 

The presently available forms in  COBRA-I1 for  calculating B include: 

4 Ai. + A "  - - -  a Re b 
'ij zij 

S 

where Re = 

and a ancl b are input constants, Since a definitfve mixing correlation 

does not exist and other forms are available, (I3) the user should se t  up 

correlations of his choice, 



Also included i n  the subcooled mixing is the thermal conduction. When 

it is included, the conduction coefficient is given by 

where K is a geometric correction factor. Note tha t  the distance zij is 
g 

used i n  both Equations (D-24) and (D-26)" This is the centroid-to- 

centroid distance between subchannels, Care should be taken t o  select  

th i s  value for  its intended use, For example, zij could be selected as  

the effective mixing as identified by Todreas and Rogers. (13) 

Two-Phase Turbulent Mixing. 

Complete information concerning mixing during boiling is not available, 

I t  is known, however, that  mixing is strongly dependent on quality; there- 

fore, COBRA-I1 is s e t  up t o  accept 8 as tabular function of quality,  When 

the quality of two adjacent subchannels is different,  the calculations use 

a quality calculated from the mean mixed enthalpy of the two subchannels, 

Transverse Crossflow Resistance 
- ----: --- 
To obtain an estimate of the transverse crossflow resistance, a simple 

f r i c t ion  model, is used, I f  the gap is assumed t o  be a s l o t  of spacing s 
and a wide, the resistance coefficient is 

where f is a selected f r ic t ion  factor, The product f a  is  an arbitrary 

constant that  is input t o  the problem. The density pi  i s  taken i n  l i eu  of 

a two-phase f r i c t ion  multiplier for  the transverse two-phase flow, 

Power Distribution -- 
The heat input per unit  length of channel is the sum of a l l  such inputs 

from fuel rods adjacent t o  the subchannel. The heat transfer (q' ri) from a 

rod (r) t o  a subchannel ( i )  is  given by 



where i' fA (x/L) d (x/L)z 1. 

The sum of the heat inputs from rods adjacent to Subchannel (i) is the 

to ta l  heat input per unit length (qi). 
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UIGITAL C W U T E R  PROGRAM WPLE PROBLEM 
- - - -  

A 4-rod bundle is used f o r  the sample problem t o  show the input fo r  

COBRA-11, The subchannel and fuel  rod numbering scheme i s  shown i n  the 

sketch and the nominal dimensions of the three types of subchannels are  

given i n  the table,  The axial  power dis t r ibut ion is assumed t o  be uniform, 

The radial  power d is t r ibut ion  is skewed with r e l a t ive  powers of 1 , 2 ,  l o o ,  

1 , O  and 0,8 i n  Rods 1,2,3 and 4, respectively, Tlie operating conditions 
6 2 6 2 are: 1000 psia ,  0,4 x 10 Btu/hr f t  heat flux, 1 , O  x 10 lb/hr-f t  mass 

velocity and 500 Btu/lb i n l e t  enthalpy, 

Several of the new features of COBRA are  i l l u s t r a t ed  by the input, The 

outer wall subchannels a re  designated as  Type 1 and are given a higher f r i c -  

t ion  factor  than the in te r ior  subchannel designed as Type 2 ,  A blockage is  
assumed t o  occur i n  Subchannel 1 tha t  reduces the flow area and gap spacing 

a t  x/L = 0,2, Two types of spacers are  considered, Type 1 simulates the 

i n l e t  and ex i t  pressure losses and Type 2 simulates losses of 3 grid spacers, 

These spacers have flow diverters  tha t  divert  flow into Subchannel 5 from 

Subchannels 2 and 8, The loss  coefficients of the diverters  are  a l so  assumed 

t o  be greater,  The mixing parameter 6 i s  assumed t o  be constant fo r  single-  

phase flow and a function of qual i ty  f o r  two-phase flow, Output options a re  

selected t o  p r in t  the e x i t  summary, crossflows and complete answers for  

Subchannels 1,4 and 5,  

SUBCHANNEL DIMENSIONS(~) 

Area Wetted Perimeter Heater Perimeter 
Subchannels (in,  2, ( in , )  ( in,  ) 

(a) Rod- to-rod spacing 0,168 in ,  ; Rod- to-wall spacing 0,135 in ,  
Rod diameter 0,570 i n ,  ; Length 72,O in ,  



Page E- 3  contains a complete l i s t i n g  of the input data  f o r  the sample 

problem. Pages E-4 through E- 8 contain the computer input f o r  thc  sanplc 

problem. 



E- 3 

I . A "  SAMPLE PROBLEM FOR COBRA TO ILLUSTRATE INPUT.  



t L U 1 U  kt 
P 
2 U . U  

I O U ."  
1 5 u . u  
LUU."  
L 5 U . U  
3 U U . U  
$ 5 0 . "  
'1UU.U 
LLIU." 
4 8 U . U  
5 2 U . U  
5 6 U . U  
CIUU." 
- 4 u . u  
D B U .  u 
1 2 U . b  
I b U . "  
e 0 u . u  
k 9 U . U  
6 b U .  u 
Y 2 U . "  
Y b U . "  

1 U U U . U  
1 U L ) U . U  
I U 8 U . U  
I 1 2 U . U  
1 1 6 U . U  
1 L O U . U  
l < L I U . U  
1 2 1 I U . U  

5 b u C t - a t . ~ t ~  l h r u l  b n T A  
L t Y N l V t L  TYPC A k h A  h b i i t i  i . l t ~ l t L  h l U K A L b L I C  I A L I - , C t h l  c n a i l i t i  1.0.. b P A L I l r G ,  c + N T H o ~ I ;  ! ; lSTAPICt )  

NO. 5 - 1  1  t ' t H l h .  i i I A h t l t H  



5 k u ~ t . h  I Y V L  z 
~HU8, iu tL  U h ~ u  F H A C T I O ~  OF C n A N h t L  

hu. L O L ~ F .  F L O W  U l v E H l k L  L I V t H r t U  1 0  
A .LbUU .UUUU 0  
L  .4UUU .JUUU 5  
5 .LUUU .UUUO 0 
4 .LUUU .UUUU U 
3 .2L,UO .UUOU U 
0 .LIJUU .UUUU u  
I .2UUU .UUUU U 
6 .L(UdU .3UlIU 5  
3 .LU"U .UUUO 0  

HULi 1 h F b 1  L A l n  
Vub U I h C t l r H  UALIAL rO. iEn  F H n C I l U l r  OF P O h t H  TO A U J A C t N l  C h A N N E L L  1AUJ. L ~ A N N ~ L  NO.) 
iuO. ( 1 h J  t A L I U H  
1 . > l U U  I . Z U U U  .15uU( 1 )  . 2 5 U U l  21 . 2 5 U U l  4 )  . L 5 U U I  5 1  - .UOuOl -U l  -.UUOUl-0) 
2  . > I U U  I . U U U U  .25UU(  2 )  . Z S U U l  3 1  . 2 5 U U l  5 )  . 2 3 0 U l  6 1  -.OOUOl-U) -.OUOOl-01 
3 . 3 7 b U  1 . b u U u  .LSLIO( 4 1  . 2 5 U u l  5 1  .2511Ul 7 1  . 2 5 U u l  8 1  -.UOUI)l-U) -.OU001-0) 
4 . ~ ? U U  . o ~ U U  . L ~ u U I  5 1  . 2 5 U u l  6 1  . 2 5 b 0 1  6 1  . ~ 5 0 U l  9 )  -.UOUUl-U) - . 0 0 0 0 I - 0 )  

M l X l h u  L U n N t ~ a l  l O l v i  
L U U L U L L ~ U  V l X l h b .  w t l y  : .U1U0 
CUIIILI~LIIUIU C l X l l i b ,  ~ t i i ~ t l ~ l  F&CTOt< z .UUuU 
B b I ~ l h b  v l ~ l h b ~  t l t l A  1 5  4 F U h C T l U h  Ot 5 T t A C  Q U A L I T Y  

P A 5 5  VEL A v b  F L U X  Y R A  F L U X  
- L B / h K - F 1 Z  1  l M - t l T b / k ~ H - F l Z )  
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TU 1LLUSTHATE INPUT. 

QUALITY MASS VEL FLUk 
(M-LB/HH-FlZI ILUIMR) 

.OUbl 1.OUUO 5r3.75 
-0125 ,9178 999.07 
.U2Ur ,8665 471.17 
.U235 .9875 9b9.8L 
.02Ul 1.1812 428.17 
-02.38 1.2047 354.82 
.U172 .9893 4U3.44 
.0187 .9&63 513.98 
-0275 1.0065 547.30 
.U3bb 1.0114 555.39 
.U455 1.0188 553.96 
sU548 1.008b 548.41 
.U693 .9960 541.59 
,0729 1.01U4 549.It1 
.OM19 .9859 536.11 
-0931 .9712 5L8.08 
. I035  -9597 521.83 
-1136 .95UU 516.58 
.1LUU .9917 512.03 
11315 ,9601 512.05 
. I432  .9UU4 511.35 
. I 5 3 9  a9287 5U4.98 
. I b 4 b  .920u 500.26 
-1735 a9128 UY6.3L 
1 8 6 1  -906L U92.76 

FLUX 
1M-RTUIhH-FTP) 
.L(tlOl 
.4801 
.4601 
.It801 



L h ~ E i h t ~  Ht3ULIS 

LASE 1 SYCPLE VfiLCiLtN 
CnAhl i i~L 5 I 
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IbN.1 I V b I )  (bTb/Ld)  
.UU .UU" 5UU.OU 

5.0" -.I77 5U7.19 
6.UU -.5Ul 515.97 
9.UU 520.55 

IL.UU 7 5 2 6 . 9 ~  
1 5 . U ~  -.a81 533.24 
18.UU -.02u 529.5U 
Ll.UU -1.U24 545.36 
L*.UU -1.155 531.96 
27.UU -1.299 538.51 
5 U . 0 ~  -1.443 5e5.Ul 
53,UU -1.589 511.U8 
5b.UU -1.13Y 577.96 
59.UU -L.UUI 514.20 
LI2.Uu -2.159 590.85 
43.UU -2.3LU 597.30 
4 8 . U ~  -2.+b4 6 ~ 3 . 8 6  
31.UU -2.652 bIU.31 
34.UU -2.824 616.77 
3I.U" -3.155 6L3.02 
00.UU -5.555 bLY.65 
03.UU 5 5  65b.16 
bblUd -5.iU7 b+2.65 
6Y.UU -3.899 649.12 
?Z.UU -4.UY3 655.5b 

POH COBR, T O  ILLUSTRATE INPUT. 

TWP. QUALITY MASS VEL FLOW FLUX 
(OEC-b I (M-LB/HR-PT21 (L t I IHRI  IM-BTU/HR-FT21 
510.04 .0007 1.0000 2009.72 ,3999 
516.03 ,0025 1.0513 2112.87 .3999 
521.65 .0054 1.0835 2177.58 .3999 
526.98 .0095 1.0980 2206.68 .3999 
532.15 t U l 4 l  1.1111 2232.9* .3999 
537.22 .U191 1.1215 2253.84 ,3999 
542.27 ~ 0 2 5 1  1.1199 2250.63 .3999 
54U.60 -0310 1.1029 2216.54 .3999 

UIV~USIUIUIWI Y ~ U  T inBULth l  (sP)  CKUSSFI Oh tlETwttN ADJACENT SUBCHANNELS ( 1 , J l  

CASE 1 S n v r L t  PIV ,~L~N  FOR ~ o n r ( 4  T O  ILLuZTRAT~ INPUI. 

U( 2, 21 '#PC 2, 51 W (  3r  61 WPI 3, 61 
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CASE 1 SAVPLE PRO8Lt.P FOR COBRA TO ILLUSTRATE INPUT.  

OIVEHSION(W1 AND l U R B U L E I * l l w P I  CROSSFLO* ~ E T W E E N  ADJACENT SUBCHANNELS I l r J )  

CASE 1 SAMPLE PROBLEY  OR COBRA 10 ILLUSTRATE INPUT. 
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