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This report describes se-feral recent niodifications of 
the ART progrm f o r  the study of the  behavior of a 
nuclear reactor during various thermal t ransients ,  
The program requires a 32,000-word 33~-7& computer 
with s i x  tape ~ ~ l t s ,  The basic ART program is des- 
cribed elsewhere (wPL~I-TM-156). The major rcodif ica-  
tforas a re  provfsion fo r  a s l i p  flow ~ o d e l  fcr 
void reac t iv i ty  cofitributioaa, 

ART-& - A MODIFICATION OF THE ART PROGW FOR THE T- A. 

OF REUTOR TIElWAL TFUUSEMTS ON THE IBM-7CA 
. . 

. J, Eo Meyer and W,.D, Peterson 

I, F;\(E%TO~9CTPCIN 
\ 

The ART progran i s  designed t o  predict  the t h e m d  behavior of" a. water- 

cooled m d  noderated reactor during t rms ' ieots  which are  of as in temedis te  

speed, i ,e, ,  f a s t e r  thah a n o m l , o p e r s t i o ~ a l  t rans ien t  and slower than a 

p r o ~ p t  excursion, The basic p r o e m  and the problem solved are  described i n  

detail i n  w A F D - T M - ~ ~ ~  ( ~ e f  1 ) ,  and the present report  contains a description 

of recent changes i n  the basic prograa. 

. . The assemqtion of fog o r  hoausgeneous flow was nade f o r . t h e  hydrodynamic 

treatment of the previous ART versions, The modifica;tion of MT-OLb includes 

the provision f o r  slig flow, t lmt is, f low in whieh the vapor veloci ty  i s  

di:PPerei~t from t he t  of t he  liquid,. The temperat-we-induced reaetPt7:rfty i n  

previo,ue versioas i-rbebxled only a fixed teaper&twe coeff icient  f o r  eeaeh ' . 

poiat , - in  the core noninal chamel. The revision inclades a l so  a density 

coeffiePendL f o r  p o i ~ t s  i n  both nominal :pad hot c h m a l s  whieh m y  be used t o  

intrgdeece r eec t iv i ty  e f f ec t s  dm t o  boi l lcg,  The p rog fa  i s  intended f o r  

cores which a re  pred.ominer?,tly norabokling, a d  therefope shoUad be .used h i t h  

ca9tion when t h i s  condition i s  not met, 

A fur ther  modification pro~rfdes f o r  a r eac t iv i ty  versus t h e  table  f o r  

control-rod-iudaced reac t iv i ty  changes which i s  eocpletely independent of the 

present table  f o r  scram, The present scram table  permits the inser t ion of 

reac t iv i ty  following some scram t i n e  determined during the problea solapt~ion, 



. . .- , . . . . .. - 

The-added r e a c t i v i t y  t ab l e  provides a..simpler means. of inser t ing  reackivi ty  
. . 

when'.the e n t i r e  t i m = .  behavior i s  known pr ior  t o  the, start. of the  problem,.. 

The combined use of the  new and old tab les  permits a rod withdrawal followed..- 

by a rod inser t ion  at  some ,scram time determined during the problem solution. 

The - l a t e s t  -forms f o r  subcooled pressure drop and DNB correla t ions  have a l so  

been added, Y' 

The following numbering. system appl ies  t o  the  various versions of the 

ART program: 

ART-01 - The progrw f o r  property tape preparatinn ( ~ e f  1). 

ART-02 - The progpam f o r  treatment of reactor  thermal t rans ien ts  
using a homogeneous o r  fog flow 'model ( ~ e f  1 ) .  

ART'-03 - A program f o r  evaluation of core frequency response 
(used t o  obtain  the frequency responses i n  Ref 2), 

ART-& - The present modification f o r  treatment. of reactor  thermal 
t rans ien ts ,  By option, ART-04 may be used exactly a s  
ABT-02 0 

11, THEORY 

Ao S l i p  Flow Considerations 

The basic  model used here f o r  separated o r  s l i p  flow i s  t h a t  ppoposed 

by Martinel 1 i and Nelson (Refs 3 and 4). I n  t h a t  treatnlent the vapor fraction, 

R, i s  assumed t o  be a known r u ~ t i o a  of qeaality i n  t he  sa%.i .v~tion regions 
' 

The average vapor ve loc i ty  i s  considered t o  be d i f fe ren t  from t h a t  of l i q u i d  

( s l i p  flow). However, it i s  a l so  assumed here t h a t  t he  vapor i s  well  d i s -  

persed and t h a t  the  vapor frae-Lion i s  a continuous function of posit ion,  

Thereforep s lug o r  annular flow pat terns  would not be handled properly, 

Conservation Laws 
., -.,; . ..- 

The corasel-vatiou laws (maco, luo~~elrltuxn, find cnergy) $or the f lu id  may be 

developed using the  in t eg ra l  form of L i e p m  and Roshko (Ref 5, Eqs 7-8, 

7-12, and 7-17) and may be wri t ten as follows: 



The following assumptions apply: 

a Consistent uni ts  are used and the Eulerian point of view i s  adopted, 

Symbols are defined i n  Appendix E. 

b, The assmptions following Eqs (1,l)-(1.4) of WAPD-TM-156 ( ~ e f  1 )  

apply here also. The use of s l i p  flow, of course, replaces tha t  of fog o r  

homogeneous flow. 

c o  I n  the saturation region, the f v  product i n  Eq (2.2) is  replaced 

i n  the Martinelli-Nelson treatment by a t r i p l e  product fisojdLEvf where f is0 

and vf are evaluated a t  saturated l iqu id  conditions and jd,.. i s  a function of 

quality only, It may be noted tha t  Bet t i s  additions (see R e f  6 )  t o  t h i s  

treatment have considered 4; t o  be a function of both qual i ty  and mss 

velocity, Provision i s  made f o r  t h i s  a l t e ra t ion  i n  both ART-U2 and ART-&, 

do In  the energy eqmtion (2.3) a l l  mechanical work and kinet ic  energy 

terms have been, neglecteQ 8s have the e f f ec t  of changes with both 

apace and time. 

e. I n  portions of thechannel  which a re  subcooled (H S Hi), R i s  t a h n  

t o  be zero and pf i s  replaced by the subcooled wrter density. 

Def1nft;ions a,nB SimpPlflcations 

The above equations may be simplified by defining severs macroscopic 

quantities. In  all cases i n  the subcooled region, R i s  taken t o  be zero a d  

p i s  replaced by the subcooled water density. The.volme-weighted mean 
f , . 

density, F, at  any channel posit ion is given by 



and the  to t& mass flow per unit  flow area, G, i s  seen t o  be 

The quJ.ityo Xo , is  defined as the  mass- flow of vapor divided by the mass flow 

of both l iqu id  and vapor, This defini t ion reduces t o  the more conventional 

one of the mass $raction of vapor i n  the case of no s l ip .  With t h i s  

d9thlt.lnn of qualityl it may be seen tha t  the phase ve1ocities.V and Vf 
6l - 

m y  be replaced by 

Therefore, the  s l i p  r a t i o  V /V i s  seen t o  be given by 
@; f 

and an effective specif ic  volume f o r  spa t i a l  acceleration i s  given by 

\ 

It may be seen on close examination of the energy balance that there i s  a 

change i n  heat capacity due t o  the presence of s l i p  flow. This i s  here 

represented by a parameter, \C IS  which i s  given by 



This parameter i s  seen t o  go t o  zero i f  a s l i p  r a t i o  of one i s  used and i s  

greater  than zero f o r  dl s l i p  r a t i o s .g rea t e r . t han  oneo It a l so  goes t o  

zero at ( ~ 3 ,  R=O) and at (XA, R=l). 

With. these def ini t ions  the equation's f o r  conservations'of mass, momentaam, 
. . .. 

a d  energy m y  be rewrit ten: 

The following s t a t e  and s l i p  flow equations a r e  used and correspond t o  

the  simplified Eq (1.~8) of Ref 1: 

0 f o r  H I Hf 
R = ' {  0 

R(X) f o r  Hf < H L H 
g 

The product f v  appearing i n  Eq ('2.13) i s  the . .p rme, tdr :  correla ted i n  the  

saturat ion region so t h a t  no d i s t inc t ion  need be made concerning which 

spec i f ic  volume i s  t o  be w e d  i n  t h i s  term, Equat ion ' (2i l2)  has been m u l t i -  

g l i ed  by H and subtracted from Eq (2,3) l a  order t o  obtain Eq (2.14). This 
.. . . .  . 

l a t t e r  operation i s  quite important i n  view of the assumption of" s p a t i a l l y  . . 

constant G which i s  made i n  Ep (2.16). I f  i t  1's not done, the  energy 

balance becomes dependent on the  reference condition used f o r  zero enthealpy. . . 

The energy balance should, of course, be independent of such an a r b i t r a r y  

' reference . 
. , 

. . 

. .  . The assumption i s  made i n  ART-& as i n  ART-02 that the  amount of f l u i d  

i n  any sect ion of the  channel does not change rapidly with time so t h a t  the  . .  . 

der1vativ.e of average density i n  Eq (2.12) i s  assumed t o  be zero. The 

conservation . . of mss may then be rewri t ten as . . 



With this assumption, the conservation of momentum equation may be readily 

integrated over the length of the channel to obtain the behavior of mass 

velocity with time. This behavior may be found from 

The conditions at in1e.l; &id exit are expreo~ed by the following: 

and Ho = HI . (2 ,20) 

It may be noted that Eqs (2,18)-(2,20) are exactly the same as Eqs (1.9)- 

(1.11) of Ref 1, The specific volume, v, based on tiie quality pr'eseuC is 

used in.these equations rather than the specific volume v' used in the 

momentum Eq (2,17). This procedure is based on the recommendations of 

Bo W, LeTourneau of the Bettis Therxnal and Hydraulics Engineering Section. 

Interpass Mixing and Transport Calculations 

The coad+tiono in the second pass inlet. gleam as & function of time 

cannot u s ~ l y  be specified since they do depend on the first pass exit 

condit.iens at. some earlier time, The previous ART versions included an 

interpass mixing treatment which depends on the nominal channel exit enthalpy 

behavior as a function of time and on user-specified mixing parameters, The 

only change which is included in this calc'kation in ART-& is in the case 

of a first-pass nominal chamel' which is boiling, If this is the case, any 

model for the interpass mixing calculations would be open to question. 

However, the ART-& calculations are ' based on the following requirements : 



. . 

a, that they redlzce t o  the ART-02 interpass calculations if oo bailing 

i s  present i n  the nominal charsel or  i f .  the s l i p  r a t i o  i s  equal t o  one; 

b, t he t  they give back the  nominal channel behavior i f  the leakage 

flow parmeter  F i s  e'qua.i t o  one, f 
e 

The remaining phases of the calculations a re  exactly a s  i n  dbRT-02. The r a t e  

of movement of interpass water i s  assumed proportion&l.. t o  t ;he.rate of volcme 

ef f lux  of f lu id  from the f i r s t -pass  nominal 'channel, This. efflux r a t e  =y be 

shown t o  be proportion& t o  the following qmnt i ty  i n  the case of' two-phase 

flow : 

r 

M Be Void Reactivity Contribution 

I f  we-,c3nsi,der at time zero tha t  the core under consideration i s  oper- 

s t i n g  at s t e a w  s t a t e  ( ioe , ,  6K = 0), then the r eac t iv i ty  at m y  t i n e  i n  the  

. t ransient  m y  be giveia by 

where the t e r n  &KT r e fe r s  t o  the r eac t iv i ty  introduce$ by control rod motion, - 
the first integral over the core volume represents e f f ec t s  dm t~ water 

temperature changes, 3ad the f i na l  in tegra l  represents e f f ec t s  due t o  f l u i d  

density changes, The reac t iv i ty  introduced by changes i n  f u e l  m d  s t r ~ . c t ~ ? e  

teiiiper&twe i s  neglected i~ the above expressions, Z!:L the A'dT tr;-ea-t.~ent i'c 

i s  f i r s t  assmed t ha t  fw~c t ions  k and B a r e  h a ~ ! ~ i ~  fm-ctions of s ~ a c e  only 
v 

and not of time o r  tem~erntme,  I n  addition, the k t  i s  al,lowed t o  be nuazero 

only for  water coataiced ir. noainal channels. The kv i s  permitted t o  be nos- 

zero i n  both nominal and hot channels, There i s  no contribution l o r  reactiv:l.ty 

e f f ec t s  i n  leakage or  interpass water, 

+The parameter Fa may not be supplied as kity due t o  the f o w  of Eq (2.55) 
of Ref 1, 

+!;: 

hts  information' i s  based on request f o r  M T  code rnod,t?,fleatioaao prepare8 by 
S, Go Margolis, A. 6. Bathbun, and J. A, RedTieSdo 



Equation (2,22) may be wr i t ten  a s  
. . 
, .  - .  . , .  . . , . .. . . 

SK = 6K - . +  8K .+ 6K ....,. ..,. . :  
. " r  t v.- 
., . . . .  . . . 

where the  SK represents t h e e f f e c t  of t h ~ ? ' t e ~ ~ e ~ & u r e  change of nominal .. 
t . .. . .  . .. 

. . .  , .. . - 
channel water, and 6Kv represents the e f f e c t  of the density change of nominal 

channel and hot  channel water, The densi ty  changes caused by the presence 
. . 

of bubbles during l o c a l  bo i l ing  a r e  neglected i n  these calculations.  
.. . 

It should be noted t h a t  there  a r e  some very r e a l  d i f f i c u l t i e s ,  i n  

de$Inlng the thermal charac te r i s t ics  of the  hot channels used i n  these 

calculat ions ,  The problem i s  aggravtt1;ed-if the channels begin boi l ing and 

have the  a t tendant  l a rge  densi ty  changes, Hot channels which have dimensions 

and heat  generation r a t e s  determined by extremes i n  engineering tolerances 

and extremes i n  core power peaking probably would give an un rea l i s t i ca l ly  

high shutdown mechaaism, Some average dimensions and average heat generation 

r a t e s  over regions of the  core i n  which boi l ing  i s  expected appear t o  be 

appropriate f o r  inclusion of void e f fec t s .  Some ART hot channels can be 

used with extremes of dimensions and heat input f o r  evaluation of core 

s a fe ty  but with a zero densi ty  coeff ic ient ;  o ther  more typ ica l  channels may 

be -used f o r  introduction of (bo i l ing)  void reac t iv i ty ,  

A Limitation on t h i s  e n t i r e  void proeeduse i s  the asstvnpf.'l.nn i n  the 

AET program that  the heat generation i s  separable i n  space and time, Changes 

i n  t he  s p a t i a l  pow& shape caused by the boi l ing are neglected but could 

conceivably be qu i te  important, 

111, CALCWLATIONAL PROCEDii 

A o  S l i p  Flow Considerations 

9%. .and Input Edit  

The vapor volume, R, i s  inpat  i n  t he  ART-& program a s  a multiple. 

s t r a i g h t  l i n e  function of quali ty.  That is, the  void f r ac t ion  i s  assumed t o  

be a function of qua l i t y  and pressure only (and not of -mass ve loc i ty) , .  Since 

dl propert ies  a r e  evaluated i n  ART at  a single. mean pressure, t h i s  re la t ion-  

sh ip  reduces t o  a function of qua l i ty  only.. It i s  required of the  i n p u t ' t h a t  

a t  zero qua l i t y  t he  vapor fkact ion i s  a l so  zero and at  X = 1, R =.l. . . 

, .  . 



. . 

In order that the .user m y  assess  . the  accuracy of h i s  -vapor..-fraction input, 

the  s l i p  r a t i o  ( ~ q  2.8) and the  energy s l i p .  p a r a e t g r  ( ~ q  2,11) are calcu- 

l a t e d  both f o r  the . input  qua l i ty  points and f o r  the  midpoints between the 

input quanti t ies.  The s l i p  r a t i o s  are...not used i n  any calculat ion d i r e c t l y  

'but ,serve only. to .  check the . input . dater, It nay be nbted t h a t  .the energy 

s l i p  parameter, J I ,  i s  a piecewise quadratic , in qua l i ty  (see Eq 2.11) and t h a t  

the  s l i p  r a t i o  i s  a r a t i ona l  f r ac t ion  which becomes indeterminate a t  qua l i ty  

values of zero and one (see Eq 2.8); f o r  these values, the  s l i p  r a t i o s  a r e  

found by. 

and 

Water Energy & l a c e  

The water energy bdance  relationship,  Eq (2.14), i s  evallmted by a 

differencing technique employing backward space differences and forward o r  

e x p l i c i t  time differences t o  get  the  following as a subs t i tu te  f o r  Eq (2.4) 

of Ref 1: 

where 

Fluid conditions a d  heat t ransfer  r a t e s  nmay be assumed t o  be h o r n  a t  

time io Therefore, Eq (3.3) m y  be applied t o  determine the parmeter  H '  a t  

each point a t  time i + l ,  For values of H '  greater  tlim Hf, the  right-hand 

side of' Eq (3.4) is  a kegown piecewise quadratic function of qual i ty  (see 

Eqs 2.9 and 2.11). The qual i ty  at  time i + l  may therefore  be determinedf by 
,-x;-. 

-I."-_ _ 

f ~ t  is quite important i n  applying Ep (3.4) .that p s i  i s  held const* at  i t s  
value at  t i m e '  i. This msy be seen i n  Eq (2.14) wiere ve note t h a t  p i s  a 
mul t ipb~er -  of-a H/a t, andl i s  not d i f fe ren t ia ted  with respect t o  time. 



a solnation of the q u d r a t i c  equations. For values of H1~. less . than  or  equal 

t o  Hi, the parameter, $ , i s  considered t o  be zero and Eq (3.4) reduces t o  

that used i n  ART-02. Since Eq (3.4) i s  a piecewise quadratic relat ion i n  

the  saturat ion region, there i s  a possibi l i ty  of multiple roots. This is  

checked during calculations and a problem stop occurs i f  multiple roots 

exist .  It i s  expected tha t  the only cause f o r  multiple roots would be a 

nonphysical R versus qual i ty relationship. 

The same type of. nwnerical s t a b i l i t y  analysis tha t  leads t o  Eq (5.2) i n  

Ref 1 yields the following s t a b i l i t y  cr i te r ion  f o r  the energy balance 

equation i n  the saturation region ( H  . 2 Hf ): 
J i 

Once quality o r  enthalpy i s  known f o r  the 'advanced time, the following 

q~labntitdes may be determined: 

Subcooled Region Saturation Region 

. . - 
Average Density ( F )  p = (I/;), v from Eq (2.15) EQ (2.4) 

dilthalpy ( H )  H' - H  'Eq (2.9) 

l%nergy S l ip  
Parameter ( $ ) 

Effective Sgecific 
Volme f o r  v '  = v, v from Eq (2.15) Eq (2.1~) 
Acceleration (v  ' ) 

m.. .i:, 

hersoure Drop 

lh order t o  obtain a pressure balance between hot axid rronaiwl c h e l e  

and t o  determine the mass velcicity a t  the advanced time i n  each hot channel, 

the following equations are  used t o  replace Eqs (2.12)-(2.15) of Ref 1: 



and 

As mentioned f ollpwing Eq (2,3 ),"the correla t ion of saturat ion region pressure 

drop i s ,  i n  terms of the  product ( f  .v.. ) :  
J l  J 1  

which i s  independent of the spec i f ic  volume used i n  Eq ( 3 . 6 )  f o r  calculat ing 

the f r i c t i o n a l  terms. This last equation corresponds t o  Eq (2,17) of Ref 1. 

Interpass Mixing Calculations 

The requirements f o r  interpass  mixing discussed i n  t?x garagrdph 

preceding Eq (2.21) a r e  s a t i s f i e d  if Eq (2.53) and Eqs (2.55) through (2.59) 

of Ref 1 a r e  re ta ined and ' i f  Eq (2.54) of Ref 1 i s  replaced by the  following: 

and 



. . .. . ... . .  
I 

. . 

The energy balance used i n  the  average channel i s  ident ica l  with Eq (3.3). . . 

The length of the  tab le  of interpass  mixing values has beeri:ik&eased so 

t h a t  it now contains 2000 ra ther  than 1350 rows. 
-. 

Bo Void Reactivity Contributions 

The temperature coeff ic ient  i n  ART-04 applies f o r  the nominal channel 

only and i s  calculated as i n  Eq (2.46) of Ref 1. This equation may be 

rewri t ten a s  

m=0,5 

where m denotes the channel number md i s  zero fo r  the f i r s t  pass nomiual 

channel, 1-4 f o r  the f f r s t  pass hot channels, 5 f o r  the second pass nominal 

channel, and 6-9 fo r  the  second pass hot chsmnels. The coefficients a = 0 
m3 

f o r  m = 1-4 and 6-9, and the symbol has been substi tuted f o r  a ( 6 ~ ) / a T ~ .  

The r eac t iv i ty  contribution due t o  density changes ( 8 ~ ~ ) ~  has been added i n  

ART- 04 where 

1% m y  be noted tha t  t he  summation on HI is over all ~ h a m e l s ;  Tha* ia ,  b 
m3 

m y  be nonzero f o r  any point i n  m y  of the channels 0 through 9, fh addition, 

the sum over points i n  the channel i s  from point 0 through point no That i s ,  

a r e a c t i v i t y  introduction by f n l e t  density change Is $emi t ted ,  Thc oyicsion 

of point zero from reac t iv i ty  contribution i s  retained i n  the temperature 

coeff ic ient ,  however, 

It should be noted t h a t  f o r  the nomind c ~ e e l s ,  the temperature 

coeff ic ient  now has a d i f fe rent  sfgnlPicaacc if ee noazero density coefficient 

i s  supplied, The revised temperature coeff ic ient  may be interpreted a s  the 

e f f e c t  on r eac t iv i ty  at a, constant water density of a change i n  the tempera- 

t&e of the moderator. The density coeff ic ient  i s  interpreted as  the effect  

on r eac t iv i ty  a t . a  constant water ternpepatlare of a change i n  the water 

density. 



Care must be taken if the user spe~ifies'~only a nominal channel 

coefficient and intends that the change of temperatwre coefficient with 

temperature be represented by density coefficients, Since the fluid prop- 

erty tables in the subcooled region are multiple straight line fits, the 

derivative of density with respect to temperature actually has a sawtooth 

behavior and so gives a sawtooth-shaped temperature coefficient, This 

problem has been alleviated somewhat by permitting the user to supply up 

to 15 points in fluid woperty fits (six were permitted in ART-o~), An 

illustration of this effect is supplied in Section VIoFo 

. .An interpretation of the weighting constants a and b in terms of 
m j mj 

the functions of Eq (2.22) is that 

and 

where .V is the portion of the core water volume associated with point j 
mj 

in channel m. It is important that the integration be taken only over water 

which has roughly ,the same density and temperature behavior as the water in 

.the channel under consideration and not, for example, oven. leakage water 

or that 'beyond the end of the fie1 in the y-direction; 

Co Revised Local Boiling Pressure Drop Forms 

Change in Second Kind 

Two, forms of subcooled pressure drop correlations are available in 

ART-02. In the second kind of pressure drop correlation (EQ 2i20 .of Ref 1 ), 
A the function F is given as the smaller of fk(17f 8 .  ) and. unity. . . The H 3 ~i 

revised second kind retains the 'use of Eq (2.20) of Ref 1 but tkje function 

F is redefined as 
H 

I .  

If no value is supplied for the parameter f it is set equal to zero. 7$  



Addition of a Third Kind of" Subcooled, Pressure Drop  correlation^ 
, 

. . . . . .  ..A . y . .  : : .  . .- , .. 
Using the definition' .af 1.8.: -and.+ . ' t h a t  pi . '~ce&s'.~q'  (2k21 ).'in ' .' " ' 

~i.. s i 
W A P D - W - ~ ~ ~  (Ref 1 ), the ..subbodled region pi?e$skd. 'di;op f brm'-of '.wA+D-TH.-'~~o 

. . . . . . . . .  . " .  , , . .  . . . . .  . . .  . . : . . .  ... (.Ref 6 )  i s  given as  " . _ .  
' : .'V 

. .  . . .  . . . . . .  ; . . - .  . . . . .  . . :,. . . 

. . . . 

where ( T ~ : ) ~ ~  i s  defined by 

with (T ) given by Eq (2,9) and 8 by Eq ( 2 2 1 )  of Ref 1. 
c ji J i 

D o  Addition of a Third Kind of DNB Correlation 

Two forms of DNB correlations are  available i n  ART-02. The following 

form f o r  predicting DNB heat f 1 . u  has been added t o  ART-&: 

' where 
X (L J&), if H.. > H ,  and.". 1j J 1  1 

,. (3.20) 
J if H . .  6 H~ , . . 

J 1 

Eo An Independent Reactivity Versus Time Table . . . . . . . .  . . . . . . . .  . . 
2 

In ART-& the ro8 ~uotloii &tion of the rroct iv ldy I o  divldedi i i to  two 
. . .  . . . . -  . . .  . . 

. . portio'ns : . . . . 
. . . .  . . . .  . . 

6K = bK + 6Kr2 . r r l  (3.21) 



. . 

The 8Kr1 i s  as given i n  Eq (2.48) of WAPD-TM-156: . . . . . . . . . . .  . . .  . .. . 
........ , .. .. - 

... . . . . :... :., -.,..; .' . . . . .  . . ,. . . . . . .  . / . J  ./ 

. . . . .  . . . . . . . . . . . . .  . . . . . . .  - . . f o r  0 < t <t3 ,  and, :. - , 

. . .  . . :- . . . . . . . .  

. .  

where t, is  the scram time determined during,the course of the:problem by 

Eq (2.47) of WAPD-TM-156 ( ~ e f  1 ) . The second reac t iv i ty  portion 8Kr2 is .: .. 1 

given by . . 

f . . 

A va.lue obtained byr l i nea r  interpolation i n  an 
independent r eac t iv i ty  table  f o r  0 5 t last time 
entry i n  table, o r  by the last r eac t iv i ty . in  the (3.23 ) 
t&ble,for times greater  than the last t i m e  i n  the 
tab le  0 

. . 
The independent reac t iv i ty  versus time table  should be useful i n  cases i n  

which the reac t iv i ty  introduction is  known pr ior  t o  the start of the problem,. 

and i n  cases i n  which a rod withdrawal i s  followed by a rod inser t ion a t  a 

time t determined by scram conditions . 
3 

F. ' ~ i r s t  Pass I n l e t  Enthalpy 

F i r s t  pass i n l e t  enthalpy ( H ~ ~  ) may now, as an option, be specified as . 

a feanc%ion of time. When t h i s  option i s  exercised, an input e n t W p y  

specification . table replaces the i n l e t  temperature specification o f  Eq (2,512) 

of Ref 1: 

Linear interpolation i s  used i n  t h i s  input table ,  For times greater 

than the last ti= entry i n  the table,  the last enthalpy en t r i e s  i n  the table  

a re  assumed t o  apply. The same inbet enthalpy re la t ion  i s  used f o r  a l l  f i r s t -  

pass hot channels. 



Go Additional Edit  Inf'ormation 
i 

Wherever the input format (Section I V )  has been changed from the ... ART-@' 

format, additional ent r ies  w i l l  be printed i n  the input ed i t  of d 1  prob- . 

lemsj these en t r i e s  appear a s  zero i f  unused. Where ser ies  have been added, 

the en t r i e s  involved are printed only when the appropriate options are 
, 

chosen. 

In  the steady-state edi t ,  the pressure drop f o r  each chamel is'brokeri 

down in to  Apf , and Apa2 ( A P ~  = 0). In addition, hot channelflow 

and pressure drop are printed from i tera t ion  21 u n t i l  eonvergenee, ur w t i P  3'. Yi 

the problem i s  stopped a f t e r  i t e ra t ion  30. 

The ' t rmsient  ed i t  f o r  a reactor kinet ics  problem includes the printing 

of ( 8 ~ ) ~ '  ( 6 ~ , ) ~ ,  ( 8 ~ ~ ) ~ '  and ( 6 ~ ~ ) ~  for  ti > 0. In  all problems, ( A P ~ P ~ ) ~ ,  

(Ap ) , (AP*)~, and (4 ) a s  well a s  ( A P ) ~  are printed f o r  every charanel. 
elQ i a2 i 

The t r a n s i e n t , e d i t  a lso includes the e n t u p y  of the e x i t  section of gash 

channel ( H ~ ~ ) .  This value appears i n  the right-hand margin whenever water 

temperature-quality i s  printed. 

A t  each time-step, a s t a b i l i t y  t e s t  i s  made f o r  the whter energy 

balance, p la te  energy balance, neutron level  and precursor bevel egwticans, 

If a given t e s t  f a i l s ,  the time a t  which it fai led,  the reqenir@d time-step 

size,  and the actual  s tep s i x  are printed 81; ,I;h~e head of the next t r a n ~ i e n t  .!. 
ed i t ,  and that t e s t  is discontinued. A s  an a i d  t o  spotting these comend;sO 

the  same i ~ s ~ t f o n  and the time are  printed on the on-line monitor sheet; 

If a ppoblem i s  discontinwd between transient  printouts, a f i n a l  edit  

w i l l  be made, The resultant i ~ ~ ~ t i o n  w i l l  be a mixture from the old mdl 

new time-steps. The channel which cawed the problem t o  be d i s c o n t i n ~ ~ d  is 

identified. If the problem i s  not discontinued i n  chamel 0, then all. 

en t r i e s  i n  the time-step heading m y  be considered up t o  date, a s  are the 

resu l t s  of e a r l i e r  channels. The quantit ies 8Kt a d  BKv ( i f  printed) will 

not have been changed since the  p~evious  time-step, but m e  up t o  date i n  the 

sense t h a t  they have been used t o  f ind the value of ( 8 ~ )  i n  the neutron 
i 

l e v e l  equation. I f  the problem i s  discontimed i n  chamel 0, the type of 

stop woUd determine which par ts  of the time-step heading have been updated. 

I n  general, one should assume tha t  no,changes have been made. 



IVe INmgT FORMAT 

An ART ident i f icat ion card may have AR~dc'or ART02 i n  columns 68-72, . I , !  
Column 66 may be P, C, or  blank. 

. . 
The .input format f o r  .ART02 problems is thkt  contained i n  Ref 1, with a 

minor optional change. The input format f o r  ART& problems i s  the ART02 

format with the changes and additions contained herein, The following tab le  

summarizes t h e  ser ies  which' &e modified, and the input formats affected. 

No changes i n  property tape have been made. Input sections which have been 

added must be supplied by card input, All  changes and additions a re  optional. 

Series ART& , ART02 - 
- . 1 0 4 1 .  changed X 

3021 changed X ' 

3025 added X 
. . 

. . . . 

4 9 4  , ,  

4021 changed X : X 

4031 . 

added 
4051 

5031 added 

6011 changed 

6051 added 

61 - 1 added 

10021 changed 

A. Parent Problems 

Input Options : 1041, 5, X2, Xj, X4 

1 f i rs t  

I5 :=, { k i n d ,  subcooled. pressure dropo 
3 t h i rd  



. , 
1 f i r s t  

k = ( 2  second ) kind, DNB corre&ation. . . . . .  . , 

3 kind . . 

1 reactor  k ine t ics  apd scram 
2 rsac tor  k ine t ics  only 

. !  3 power coastdown . , 

. . . .  : . . 
1 temperature 
2 enthalpy ) 9 specgied  fo r  f irst  pass i n l e t  .. . 

. . . . . . 

~f x4 is oxnittad, the program assumes t h a t  temperatures a re  supplied. 

Pressure Drop C o r r e l a t i o n s  . -  .. . . . 

Subcooled Presswe Drop - Second Kind: 3021, F1, F2, F3, F4, F5 

F5 = f79 correlat ion parameter. 

If F i s  omitted, f = 0, If tape input is  speeiffed9 card 3021 w i l l  be 
5 7 

permitted with one f loa t ing  point number, f7.  his ser ies .  must be omitted i f  

first o r  t h i r d  kind is specified, . . 

Subcooled R e s s w e  Drop - Third Kind: 3025, , F2,F3 

Fp = f8# correlat ion parmeter ,  

F = f correls t ion parmeter.  
2 g 9  

This se r i e s  m y  be supplied only from cards, which muat be omitted' if first 

o r  second kind is  specified. 

Fluid Properties 

(card: 3 _< 'n 6 l 5 j  
tape: 3 _< n _< b) 

k his %mp;bfes EB ei.rntlaz increase i n  sfae of temperature (4021) and spsci?ic 
. . 

volime (4031) when input is from cards, 

Vapor Volume Fractions 

Quality: 4U41, F19 F2, *eo8Fi9 ooejF. . . , n (I I : , n  ,< 5)  

Fi = I, q U i t y  

% (not supplied) I s  s e t  t o  zero. The sequence { F ~  ) muat be i n  ascending 

order, If t h i s  ser ies  i s  omitted, the fog flow model w i l l  be used, 



vapor Volume. Fraction : 4051, Fl, F2,. . . ,Fi, - o ) ~ m  ( m a ,  se r ies  4041 ) 
. . . , 

Fi = A, vapor fract ion associated with quality,, se r ies  4041. . . . . 

F (not supplied) i s  s e t  t o  zero. I f  F = 1.0, s e r i e s  4041, then Fm should o n 
a l so  be 1.00 This ser ies  must be omitted i f  s e r i e s  4041 is omitted. 

. . . . . .  . .  . . . 

DNB Correlations 

Third Kind:. 5031, F1, F2, F3, Fk, F,, F6 

F~ = B ~ ,  correlation parameter. . mixed uni i s  

F2 = C2, correlation parameter. ( l / i n  0 > 
F = C correlation parameter. 

3 3$ 

F4 = C4,,correlation parameter. (l/ino > 
F = L co'rrelation length. 

5 1, 

F6 ,=. HIP correlation enthalpy. 

in ,  

~t u/lbm 

This ser ies  may be supplied only from cards, which must be omitted if 

first or  second k i n d ' i s  specified. 

Reactor Kinetics 
I 

Constants: 6011; F1, F2, F3, F4, F5 

F . = a  
5 v 

ft3/1bm 

If F i s  omitted, av = 0. If a nonzero F i s  suppliedp the density 
5 5 

coef f ic.ients ( ser ies  61 1 )  a re  required. - 
Rod Mution ~ e a c t i v i t y :  6051~  Fll, F12,. .9FilD Fi290.0 #Fnl, Fn2 

( 2 5 1 1 5 6 )  

Fil = t, time. seconds 

Fi2 = 6Kr2, react ivi ty .  

F1l must be zero, and the sequence  must he i n  amending order. 11 
reactor k i n e t i c s i s  specified and t h i s  se r i e s  i s  omitted, 6Kr2 = 0. 

. . 

Density Coefficients : 61 - 1, F , F1,. , . vFJv .oo  ,F (n = number of o n axf al sections ) 
' 

the deneity coefficient weighting factor 
,, FJ = bmjr 

f o r  the j-th ax ia l  sectiono 



t . . 3 

One s e t  of coeff ic ients  must be suppl ied fo r  each channel used, i f  av f 0 . 
. . . . . .  . . . .  

( F ~ ,  se r i e s  601i), the channel dumber appearing i n  the' t i n s  p6sit ibn of the 
. . ,  " .~ 

card number. This se r i e s  must be omitted when' g' = :do "' ~ 6 t e  t h a t  d+l number6 
. . . . . . must be supplied f o r  each.ehanne1, . . . .  . .  . . - , . _  . " .  . 

. . .  

, , .. . . . 
First.-Pass I n l e t  Z n t ~ ~ i e s  : Cards ' 10021 and- 10031 :' ' ". 

..., .' ( 

If 4 = 2 on the input options card, 1041, then the val& on car& 

10021 and 10031 w i l l  be in t e rp re t ed  as enthalpies ( ~ t u / l b ~ ) , , r a t h e r  than 

temperatures. The input format m d  l imitat ions &re unchanged,, 
. . . . . . .  

A l l  changes and additions t o  parent problems a r e  a l so  allow@d.for m e -  
, . 

shot problems, 
' -  . . . . .  

C, Continwtios  Problems I 

. . .  I 

ART& continuation problems are run exactly as i n  ART-02, Parent 

problems may contain the  above changes, but 'no a l t e ra t ion  , in t h i s  data i s  

allowed when the continuation prob1em.i~ run, 

D, Est-tion of Yschine T i m  

Continue t o  use the  niethods' ur Bsctfon IIIoE of Ref 1; fbr. estimating 

wchiiae t i m e  . . 

V , OPERATING XNSTRPJCTXONS 

The operating instrukt ions containeh i n  Ref 1 are essent ia l ly  unchanged. 

The remarks concerning sense switch 2 should'be armid&d t o  read "Down - 
Restart  problem, with data from .logical tape 4 i f a  the comment, RESTART TAPE 

A V M W  has heen prin.t;ed on-line, '' 

V I ,  PREPARATION OF INPUT FOR A SAMPLE PROBLEM 

This section contains s discussion of some o r  the deefsiuus ltddPng t u  
. . 

the  choice of ART-& Input quant i t ies ,  . . The di,sc.ussion is .  based on the , . ,  . 

analysis  of a f i c t i t i o u s  two-pass reactor core, sustaining a complete ?ass.-.oaf- . . .  
flow accident without scram, The resctor  @ore I s  considered t o  have the a w e  . . . .  . 

geometry as the sample core of WMD-M-156 ( ~ e f  1,' p 29); However, i n  the 

present problem, the core i s  operated at 1250 p s i s  rather  than 2000 ps ia  and 

has a somewhat lower i n l e t  t e k a t u r k ,  The ART-& provision fk s l i p  flow 
. . .  ." . . . .. 



. . 

and void r eac t iv i ty  effects  a re  included. A l l  input cards fo r  t h i s  problem . . . . . .  . . . .  . . . . . .  .<-.- 
and selected portions of the output a re  l i s t e d  i n  ~ ~ p 6 n d i x  11, The sample 

..F~.* . . . .  
problem of w ~ ~ ~ ' i ~ f i i l 5 6  ref e ~ & d  to &; ~ & b i & i  X X ~ " ~ t h ~ " ~ ~ e  sekt problem 

. = . . . . . .  . . . . . . . .  
as YY. . The present discai$sibli ib' l imited ' t d  ' those' 'pdrtion; of :.XiiPut which.: . . . . ,  , . . . . 
have beCn change& fi;dm .pidbiem XX, A discussion of the kmafiiing input ' .  

,.- , 

quantit ies my b&.fo&d',':in W W D - T M - ~ ~ ~ ,  section 'v. ~~mbkl& '& '  defined i n  . 
. . 

* .  :. 
Appendix I oP t h i s  report And Appendix I of w A P D - T M - ~ ~ ~ .  

. . .  . . 

A, Control ~ n f o m t  ion : Cards 1011-lo61 , .  

Time Increments: Card 1011 ' .  . . 

The same type of numerical s t a b i l i t y  analysis tha t  leads t o  Eq (5,2) i n  

W W D - T M - ~ ~ ~  (Ref 1 )  yields the following s t a b i l i t y .  . c r i te~ion- .por  the energy . . 

balance equations i n  the saturation region (H > H ~ )  i n  the case t h a t  the 
J i  

s l i p  flow option i s  ut i l ized:  

I n  the sample problem, the flow has been reduced suf f ic ien t ly  by the 

time tha t  bulk boiling takes place t o  warrant the use of the same time-step 

( 0 ~ 0 2  sec) as i n  problem XX, 

If a large amount of resctl .vity i s  introduced by density coefficients,  

care must be taken t h a t  the s t a b i l i t y  c r i t e r ion  of E q  (5.5) i n  WWD-TM-156 

(Ref 1 )  i s  sa t i s f ied .  This equation is  given incoprectly i n  Ref 1, asd should 

he 

. . 
where the equation i s  applicable o i l y  w h e n 6 8 ' <  0 &d where md0  i f  i" 
( 6 ~ ~ ) :  = 0, and md25 if ( 6 ~ ~ ) ;  f 0. Note tha t  i f  t h i s  c r i t e r ion  i s  not met 

- i n  a problem with ( 6 ~ ~ )  = 0, a suggested pfoeed&-e involves se t t ing  (ti$) t o  
-20 some extremely small number (say 10  ) The solution i s  then obtained with 

mS5, gem1,tting a la rger  basic time-stepb 
. . . , _ . _  , . ( ,  :, . * '  



.I 
Problem Size : Card 102l  

It i s  a s smed  t h a t  the  thermally l imi t ing  core hot c h m e b  i s  located i n  

t h e  second pass. Therefore, no f i r s t -pass  hot channel i s  used, The geometry 

and hydraulic cha rac t e r i s t i c s  of the  thermally l imi t ing  hot channel a r e  

ascr ibed t o  channel 6 ( t h e  f i r s t  hot channel i n  the  second pass),  Void 

r e a c t i v i t y  e f f e c t s  a r e  assumed t o  be important only i n  the  ho t t e r  region of 

the  second pass. A l l  such void r eac t iv i ty  contributions a r e  assigned t o  

channel 7 ( the  second hot channel i n  the second   ass). This input card, 

therefore,  indicates  a two-pass core with oix axiaJl sections, no f i r s t -pas s  

hot channel,,and two second-pass hot channels, 

Property Tape: Card 1031 

The necessary Dm and f lGid property information i s  obtained from 

f i l e  1 of the  property tape,  This f i l e  i s  used a t  Be t t i s  f o r  bower pressure 

informat ion ( i ,e,, below 1850 psis ) 

Input Options : Card 1041 

The t h i r d  kind of subcooled pressure-drop cor re la t ion  i s  used f o r  t h i s  

lower pressure operation, 

Over-all Conditions : Card 1061 - .. . 

Thc parsmeters po and Kcr have becn changed on th i s  card to correapand 

t o  t he  1250 p s i a  operation.   he' calculat ion of Kcr is hy Eq (5.7) of 

wAPD-TM-156 0 

B, Individual  Channel Character is t ics :  Cards 20~1-2671 

There have been only s l i g h t  changes i n  the  information suppdisd f o r  

channels 0, 5 ,  ana 6, The quant i ty  (h/hf) has been madlfirll t o  correopond 

t o .  t he  design recommendations of wAPD-TH-410 ( ~ e f  6 ) ,  These recommends;tions 

include the  use of a f ih coerfieicnt hf based on o aosff i c i e n t  of 0.023 

r a the r  than 0.019 i n  Eq (5,8) of wAPD-TM-~~~. Therefore, 

I n  addit ion,  the  quanti ty (q/$) 'has been a l t e r ed  i n  ch-el 5. Since 

two channels ( 5  and 7)  have been used i n  r eac t iv i ty  c ~ c ~ a t f o n s  a! opposed 



to the single second-pass nomi& chamel of problem XX, and since chamel 7 
has a higher heat flux, the heat flux of chamel 5 must be reduced. Chamel 5 

now represents the behaviop of a group of chaablaels of lower average heat out- 

put than in problem XXe In order to have the same total heat genepation in 

the second pass, 

. . 
. , n 
transfer area 'assoai- ] [ (q/qA)( 1 F ) 
with channel 5 

. . . . 
J d  

n 
Heat transfer area associ- ] [(q/qA)( 
isted with channel 7 J d  "j)] ch 7 

second pass heat 
pass 
two 

where pass two denotes the second-pass nominal channel of problem XX, If it 

is assumed that all F for the present chamel 5 are identical %o those used 
J 

in problem XXPt and that the heat transfer area associated with channel 7 is 
7$ of the total second-pass heat: transfer area, then by Eq (6.3) 

where 
6.71 for ch 5 and pass two 
13.27 for ch 7 

0 

C. Characteristics for Channel 7: cards 2711-2761 

It is quite impo~atl that the dimensions, hydraulic characteristics, 

and heat generation rate of any channel used to supply void reactivity 

contributions b.e typical of the region represented by that channel. They 
1 . .  

should not be extremes euch as sure ueed in hot channel computations for 
. . 

. .  . . .  . . . 

+The dffference in axid pckrer ihape between .the pass-two nominal 'channel a d  
channel 7 wornla preewbly came a shift in FJ v d w s  aleo. This shift in 
power shape hree been neglectedo . 



reactor  safety.  Most of the .dimeLsional and hydraulic character is t ics  of 

channel 7 were taken t o  be equal t o  those f o r  the nominal channel (channel 5 ) .  
The F, power f ac to r s  were obtained d i rec t ly  from nuclear calculations (Ref 7 

J 
and Ref 1, p 36) and are  ident ica l  t o  those used i n  channel 6. .However, 

channel 6 a l s o  u t i l i z e s  an increase i n  heat generation by 38% (qfqA = 1.38 

on card 2651) resu l t ing  from engineering tolerances (1.2) and from the loca l  

nuclear predictions of heat generation r a t e  (1.15 ). Since' channel 7 i s  t o  

be averaged over a l a rge r  nuclear region and since engineering tolerances 
dt a r e  t o  be neglected, qfq i s  s e t  equal t o  one. 

D, Pressure Drop Correlations 

Subcooled Pressure Drop, Third Kind: Card 3022 

A design recommendation f o r  use of the t h i r d  kind of subcooled pressure 

drop correiat ion i s  presented i n  WAPD-TH-410 (Ref 6, p 2)  For best  f i t ,  

t h i s  gives (assuming tha t  a value of .030 is used f o r  calculation of hf ) : 

030 f8 = 0001 ( )  = a0013 , 
0 023 

f i s  not specif ied  i n  WAPD-TH-410, 
9 

f 

and f10 = (f/fiQO)Bat - 1 t 

where (f/fiso)sllt = Martinelli-Nelson value of jdL: a t  4.2s quality. 

For the correlat ion upper l i m i t  (assuming tha t  a value of ,023 i s  used f o r  

calculat ion hf ) : 

f8 = 0 ,  

f = 0 ,  
9 

a d  r =(f/f:-  ) - 1  4 
IU l s u  sa.1; 

The correlat ion upper l i m i t  has been used i n  the sample problem. 

'This value i s  used t o  s e t  a lower boundary on (f/fis0) i n  the heating 
region. For example, it may be s e t  equal t o  zero t o  avoid obtaining 
negative values, 



Saturation Region Pressure Drop : Cards 3031-3044 

The saturation region pressure drop information was chosen for  the 

sample problem t o  approximate the upper l i m i t  recommendations of WAPD-TH-410 

( ~ e f  6, p 3 ) . Care was taken t o  avoid obtaining fiLg values under 1.1 f o r  

conditions of low quality and high mass veloci t ies ,  

E, Vapor Volume Fractions : Cards 4041-4051 . . - . - .  

The rqultiple s t raight- l ine f i t  of Martinelli-Nelson vapor fract ions 

irlforqgition 3s  show i n  Fig. 1. It should be noted tha t  small differences 

i n  the points chosen fo r  f i t t i n g  can make a re la t ive ly  large difference i n  

some of the quant i t ies  derived from the R ( X )  f i t ,  The adequacy of the R(X)  

f i t  i s  discussed i n  the following paragraphs and means f o r  t e s t ing  the 

adeqwcy are  developed. The 9 and V /V functions which a re  par t  of the 
g f 

input e d i t  of problem YY a r e  shown i n  Fig. 2 and are  there compared t o  the  

s w e  information determined d i r ec t ly  from the smooth curves, On the E W ~ W ~ ~ P  

t,he mqltiple s t raight- l ine f i t  gives the proper behavior, but loca l lyp  

fa,i.rly large differences a r i se ,  

In the bulk boiling region there a re  four quant i t ies  with uni ts  of - 
density which are  used i n  the ART calculations,  These are :  p which i s  used 

f o r  evaluation of elevation pressure drop, ( l / v l  ) used f o r  spa t i a l  acceler- 

a t ion effects ,  f ' ~  - d * /dXJS used i n  the energy equationQf and ( l /v)  used 

fo r  homogeneous f1ow:where 

.. -..~ A . , .. 
+!?%is quantity may be obtained from the first two terms i n  the energy equation 

(since JI i s  a function of H only):  
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X = QUALITY =VAPOR M A S S  FLOW FRACTION . 

j Fig. 2 - Slip Ratio and the Energy Slip Parameter at 1250 Psia 



and 

1- 

These densities as determined for the sample problem are shown in Figs, 3 
i 

and 4 as a function of: quality. Values deterqmined by graphical methods . 

directly,from the Msbrtinelli-Nelson data are also shown, It may be seen 

that locally the multiple straight-line fit used in ART can be a fairly poor 

approxim&tion to the smoother graphically-determined curves. However, since 

in the saturation region 1 

the behaGior of the. function /oX [c - g] U will give an indication'of 

$he effect of. the-multiple straight-line fitting-on energy balance. This 

function is presented ,in Fig. 5. It is seen that the behavior of tnls , 
. 4 

functioncis approximately correct, A plot of this type is probably the 

best measure'of the adequacy of the particular R(X) values which .have been 

supplied, 

F. Reactor ~inetf cs : canids 4011, 6031, 6041, . a d  6171 

The determination of temperature coefficient is discussed in WAPD-TM-156 
' 

( ~ e f  1, p 40)~ The choices Of tempea..al;~tl.e coefficient and weighting have, 
however, been made arbitrarily in the present sample problem and are desci-ibed 

in the following paragraphs. 

This core, operating.at lower pressure, is~also assumed to have ai.lower 

inlet temperature (450'~) than that of problem. XX ( 500~~). The temperature 
-4 

coefficient of problem XX (-2.5 x is changed in Y Y  (--2.2 x 10 ) ': 
because of this reduction in core temperature, The.pass-wise split of 

temperature coef'Iicienf is assuuued to remain the awue, 2/5 of %he totaA or 
-bc -.88 x 10 being associated with .the first-pass.Wd ,315 of the total or 
-4 

. -lo32 x 10 ,with the second. pass, Of the1 second-pass coefficient, 
-4 -1,2 x lb is associated with the.r.egion rep.~esented.by the second-pass 

-4 
nomind channel aad -0,%2 x 10 is assoc.iated:with the channel 7, No 
reactivity contr.ibution .from channel. 6 . is .considered -because it is used to 
represent extremes in dimensions, pressure drop, and heat input. 



.X = QUA,LITY = VAPOR MASS FLOW FRACTION 



X = QU4LITY = VAPOR MASS F L O W  FRACTION 



X = QUALITY = V4POR MASS FLOmW FRACTION 



The:option i s  avai lable  t o  represent the nominal c h m e l  reiiEtivitjr 

by a co&binstiod of temperature and density effects .  That i s ,  the Mactiv- 

i t y  may be cdnsfdered t o  be made up of a porti6n due t o  kemp5ratiiFe chkge: 

with water density held constant (e f fec t  due t o  chmgss i n  th6Fiiiii neutrdn 

cross  sections,  Doppler broadening, etc.) ,  and a portion dkle; t o  Shhges i n  

. densi ty  with temperature held constant ( m y  changes i n  wh.%Gr iitiilber density 

a f fec t ing  neutron thermdizat ion,  core leakage, and abso~jj t ioni  iii %he 

water). However, i n , t h e  ART code, ' d i m i t y  i s  irn e e l i s i f  f;laiicti& df 

temperature, so tha t  the portion due t o  density changes i f i  the sub~66ied 

region may be considered as an effeetiire temperbt&e ~66fi!ifi&.it: &it 

var ies  with temperature : 

a l W  - - a ( 6 ~ ) .  - dz .. 

K / ef fec t ive  - dT, a P 

The scal ing function d F / d ~  fo r  t h i s  effect ive coef f ic i sn t  i s  , 4 6 6 ~  i f i  
W 

Fig, 6 as a function of tempera%ure, An effect ive temjj5fiXiir'e c6ef;f'ic"iexit 
- - - - -  

thus obtained woad have a discontinuity everywhere tliat d p y d ~  d o e ~ .  $@ 
I W -.. -, '- : . 

ef fec t ive  r eac t iv i ty  s c d i n g  function p i s  shown i n  Fig; 7 as a" Fmctloii 

of temperature, Figure 6 shows tha t  i f  temperaturd ckiaiig6G a re  oYeF a : 

~ e l a t i v e l y  small range, a constaat temperature coerfidient' i.s $ebb'a6iy 
a be t t e r  approximation thah tlie Sawtooth curve o b t a i ~ i ~ d .  5y %ing. m ~ $ i p i e  
s t r a igh t  fit.' For t h i s  reason, the reac t iv i ty  tiff&dCs* 6f t&ii iio"m"i.n&- 

I - -- .,.. -. . 
channels ,have been assumed t o  be en t i r e ly  conc@1lLl:a86d in' temperstGG ! 

e f fec t s ,  Therefore, f o r  the nominal- channels, wlth t&6 ass"siti6ii: ,oe d 

miform a x i a l  temperatwe' coeff ic ient :  

Tfie expression, 

I = 1 [Fkaction of p associated wl4 , i l  dijxTdi' I$ g f ? ~ ~  
"mj ;n. 

b e t t e r  f i t  can, of course, be. obtained by usidg m o d  ~jd=dts  i C  L&* fitXing 
procedure, with some attendant machine time increase& \ 



480 500 520 530 

T,,, = WATER TEMPERATURE ( O F )  



T, = WATER TEMFERATUWE ( O F )  



: : . I :  ,:., ;;!.:,,, .: ; . : . . 
. . . . . .  

- [.88/2.08] = .0705 f o r  channel 0 , and - a . :.., . .! . . . .. : .. :, ... . ..,: . : ,:: :,.. i:, :,.",. ..;!.; :.: ..:.:' . . . . . . .  . . . . .  . . . . . . . .  . . . . /,. ., 
*.. . - . , .  

> .  - .  ..+- <.,:-, . . . . . .  " . . . .  :I . ; . .  . . . .  . . .  . . . .  " . . . . . . .  . . . . .  . . . . .  -! . . :.. . . .  : -  ...-. '. : . . 

. . . . . . . .  =i; ' [l : .* 2/2 . . . .  1.1 .0962.. . . . . . . . . . .  f o r .  . c h a q e l ,  5 .,. . . . :::z, : ::,,: . . 

. . . .  . . . . . .  ;.,:.,.:: ... ;. :. . . . . . . .  . . . . . . . . . . . . . . . . . . " . . .  . s ,  . . .  . . . . . . .  ;:.. . . .. , . 

Note that i n  the input, two of the a numbers have been giv9n.a.s. .0961. fn. .:, 
5J i . 

order tha t  the a sum t o  one. 
mJ 

. . . . .  . . .  
I n  the hot channel., the temperature . . c h m g ~ .  i s  o e r  a :miich la.rg@r range,. ..: . 

so that the density coefficient gives an adequate,description of..r.eactivity 
. . . . .  . . 

e f fec t s  resul t ing from density chasges (see Fig. 7),  '1f- ' i . t  . is . .&ssm$d that 

the reac t iv i ty  introduced by a uniform channel.,7 ,temperatwe change from 
. . -4 450'~ t o  500'~ is  t o  be - (.12 x 10i4/'F) x 5 8 F  = -6 x 1 0  , then 

. . .  . . 

where the densi t ies  have beenevaluated by the,  s t ra ight - l ine  f i t  L e d  during 
. . .  

code operation, In  order t o  represent a uniform axial weightingo the b 
. . mJ 

values f o r  channel 7 have been chosen as 1/12 f o r  points 0 and 6,  and as 116 . 

f o r  points 1 through 5, It should be noted that the b weighting fac tors  
. . mS 

a re  given f o r  n+l points while a fac tors  are given fo r  n points only. 
mJ 

G. Problem Iuput md Uutput 

A p r in t  of the input cards and selected of the i m p l e  problem 

output a r e  given i n  Ap.pendix 11. The re su l t s  of the problem a re  similar i n  
. . 

.nature t o  the sample problem 'of WAPD-TM-156. 

. . . . .  



APPENDIX I: NOMENCLATURE , . 
........ . . .  . . .., ;..:;*, ', ,,:.:.. , . . . 

: . ? '  

Dimensions a r e  denoted by M = Mass, L = Length, €3 = ' ~ i m e ; ' ~  = Temperature, 
2 F = ML/e = Force, and H = FL = M L ~ / ~ ~  = Energy. . All  equations i n  tbe t ex t  

I _ : . . .  ., . . ,  . a  .. r : L i  , ' .  , .  . 
a r e  wri t ten i n  terms of - a coniiktent s e t  of.  urii*S; inpiat '.a;nd' output a re  i n  

mixed units.  Nomenclature not given here may be found i n  Appendix I of 
. . .  . . . .  .. . . .  ..... . , , .  WAPD-TM-156 ( ~ e f  l ) ,  .. 

.> .:: !' :. 
..... 

, . . . .  . . . . . .  > .  . , 
Defining 

Symbol Description' . . _ .  . Equation ." Diheilsions - 'Input, Card 
. . . .  . . 

' -  - '6031; 6&1 ' a 
m j 

Temperature 'coeff ic ient  1 2 . 4 )  ' ' ----- 
. . .  weighting fac tors  . . . . .  . .  . . , . . .  . . 

. . . . . . .  . . . . .  

B6 DNB correlat ion parameter (3.i9) Uked 
. . '5031. ' , 

. . 

b 
mj 

Density coeff icier& (3013 ) , (30l5)  ----- 6~ 
weighting fac tors  . . 

C2- C4 DNB correlat ion parameters (3019) Mixed . . . .  5031 

f7- f10 
Subcooled pressure drop 3 6 )  3 7 )  Mixed 3021, 3025 
correlation.p+rameters . . . . . . .  

. . . . .  - .  
. . 

., a Latent heat of vaporization ' ' , ,  ----- 
Parameter used in .  water : ,  (3*4), . . . . energy balance ca lcda t ' ions  

. . .  

Local temperature coeff i -  (2022) . 
c ient  of react ivi ty ,  volume 
bas is  

Local density coeff ic ient  (2,221 
of reac t iv i ty ,  volume basis  

Eengths used i n  IjNE corre- (3.19),(3.~0) 
l a t i o n  

R Volume fract ion of vapor (2.4) ----- 4&lB 4051 
phase 

V Core volume (2622) L~ ----- 
vf (2.7) ( ~ 1 9 )  Velocity of the  l iqu id  phase ----- 
v 

B 
Velocity of the vapor phase (2.6) ( ~ 1 9 )  ----- 



- .  
Defining 

S p b o l  Description . Equation Dimensions Input Card 
. . . . .  . . . . . . . .  . . .  . . . . . . . .  . . 

i : ,  

V Portion of the core ;bl& '(3,'14). (3 il5) i? ' ----- 
m j . . . . . .  . . .  : ..associated with point j . in.,. . . .  . . . . . . . . . . . . . . .  . . . t . . _  . . . . - 

. . . . . .  channel m . . .  - . .  , . - . .  . . .  . . . .  . . ,  . . " ,: . . . . . .  . . .  . . . . 
. . : -. . 

v ' . . . . Effective . . .  specific volxme . (2.10) . , . .  :, (L3/M) ...; . . . . .  ----- 
fo r  spa t i a l  acceleration , 

. . . . .  . . . .  : .  .., . . . . .  _ _  .: . '  . . . .  . !  . . . , ; .  . . .  . . . .  . . . . 
. . . . ' .  

at , . :, . Over-all: telmpergture . - . , . 63812.)9(3.14-) . ,  . . 1 ; . -  : .. 6011 . 
. . . .  coefficient of reac t iv i ty  

. . . . . . . . .  . . . . . . . . . .  . . . . . . .  . . .  ... . . . . . . 

% . . . &r-311 density co,effici.ent (3.13), (3.15) . (L3/M): : 6011 of ~ e a c  t i v i  ty, 
. . . .  . . . . . .  . . . , :  . , .;. ' 

; Excess ,reactivity. -due t o  . . :(.3.21.) . . , -. ----- . . "r 
----i . 

rod motion - . . . . .  . . . . . . . . . .  . . .  . . .  . , 

sKrl Portion of reac t iv i ty  due t o  (3022) ----- 6011, 7021 
rod motion from scram table 

6Kr2 Portion of reac t iv i ty  due t o  (3023) ----- 6051 
rod motion from independent 
reac t iv i ty  table  

8Kt Excess reac t iv i ty  due t o  (3012) ----- 
temperature changes 

6Kv Excess reac t iv i ty  due to  (3013) ----- 
water density changes 

- 
P Average water density (2.4) (M/L3 

Pf Density of saturated l iquid  ----- ( M / L ~  1 

P€3 
Density of satmated vapor ----- (M/L3 1 

\k Energy s l i p  parameter ( 2 , l l )  (N/L3 1 
Subscripts 

E , Exit plenum 

m Channel number ( 0  = f i r ~ t  pass NC, 
1 t o  4 = f i r s t  pass HC, 
5 = second pass MC, 6 t o  9 = second 
pass HC), Also used f o r  meat o r  
average plate ,  



APPNDPX 11: INPUT AND o@J!I?w FOR A SAMPLE PROBLEM 

The following pages contain a l i s t i n g  of input cards from-the sample 

problem of Section V. I n  addition, ad+pqrtion of the IBM-704 output f o r  t h i s  

problem is  given, Pages 1-5 of the  output give a complete l i s t i n g  of the 

input quant i t ies  as accepted by the  machine, Page 6 gives steady-state 

r e s u l t s  and pages 7, 13, and 1 9  give r e su l t s  f o r  three d i f fe rent  times during 

the  t ransient .  A s  i s  noted i n  the  input, additional t ransient  output was 

pr in ted  during the  t raneient  but i s  not included here, This par t icu lar  

problem stopped when point 6 i n  channel 6 reached a q u d i t y  of 106 a t  

time = 1.58 sec. Since no calculations a r e  performed i n  the superheat 

region* the problem was then discontinued, 



Y Y  Y Y Y Y Y Y  SAMPI F PROBLF~I~ FOR WAPD-TM-202 A R T 0 4 C A R D O O C l  
- 1 0 1 1 ~ * 0 2 ~ 5 ~ 1 * 8  C A R D 0 0 0 2  

1 0 2 . 1  9.6 ,2,9:,2 C A R D 0 0 0 3  ' 



ART04  . PAGE 1 

A.  CONTROL INFOFMATION 

T I M E  I N C R E E N T S  el3200 '5 la8CO ' 

INPUT OPTIOMS DELTA P K IND 3 ,  BO? K I R ' 3  2,  HEAT GEN TYPE 2 

OUTPUT OP-IONS 

OVERALL CONDIRIONS P.O=1250 Q*.O=.lC30 K.CR=15.0C G-32.17 EPS-0005  DELTA Z= 6 5 2 0 0  PBSa a 4 0  

- 



1 Y Y Y Y Y Y Y Y  SAMPLE PROBLEM FOR !,/APE-TI.1-202 ~ 
1 e. I N D I L I D U A L  CHANNEL CHARACTERISTICS 

C H A N ~ E L  o 

ART04 PAGE 2 

DI>IZNSIONS, L .1= .048 j  Lo2=.0180 L .3=00420  L.4=.0180 

METAL PRO.?ERTIES RHOC.C= oCO RHOCoM=33r2? L4MDArC: .3 r10  

FL93bl CH,IRACTER 3.  U=1.500 C*=3.000 H a =  6 4 8 6  D6H-e 1 9 4 4  !<UBAR=.26O 

K.C= .500 KoE= 0 5 2 0  S I G S Q ~ O = ' ~ O O O ~  S IGSQoN= la00G KoPF=1.030 S O P A = ~ ~ O O O  

H.F/H=l .Z lC G L / 5 =  . 9 0 0  

F R I C T I 9 N  FACTO2S (NOR,  F e I S O I  300 '231 0 2 2 4 1  25C05Cn 0 0 1 5 2  

HEAT GENERATION Q/C*=l.OCO Rz.024 ? H I L / P H I =  a 0 3 0  

CHANNEL 5 

DIMENSIONS L.1=.0485 L12=.G180 L a 3 = 0 0 4 2 0  L 0 4 = r 3 1 9 0  ' 

METAL PROPIRTIES RHOC.C= 900 RHOCoM=P3r20 LAMD.\.C= 8 0 1 0  

F L O ~  CHA,?ACTER BeU= lo5GO G+=4.009 Ha= 8 1 7 0  D.H=.1944 MUEAR=a260 

FRICTZON FACTORS ( N O R #  F e I I O )  3 0 0 0 0 ,  0 0 2 4 1  2 5 0 0 0 0 1  0 0 1 6 2  

HEAT GENEEATION 3/6*= e92.5 !?=o324 P H I L / P H I =  .CQS 



C H A n N E L  

DI?IENS:ONS 

: ~ E T A L  PROPEFT I E S  

FILCH CHARACTER 

F R I C T I O N  FACTORS 

HEAT G E N E R A T I O N  

FwJ 

C - A N M E L  

D I M E N S I O N S  

A R T 0 4  P A C E  

METAL "ROPERT I E S  F:HOCaC= a 0 0  R : i C I a N = 3 3 + 2 0  -AMDAeC= 8 t 1 0  

FLOW CHFL?ACTER E . U = l . 5 0 1  G*=4.C30 W =  8 1 7 0  D e H z . 1 9 4 4  M U B P R = t 2 6 C  

:.C= . 5 0 0  X.E= . .500  S I G S 3 . ~ 0 = 1 . 0 0 0  S I G S Q ~ f . 1 = 1 . @ 0 0  K ~ P F = ~ . O C O  K o P A = 1 . 0 0 0  

d .F /H=1.210  G L / C =  ~ 9 0 0  

F R I C T I O N  ' A C l O R S  ( N e R s  F - I S 0 1  3 3 0 0 0 s  a 0 2 4 1  2 5 0 0 0 0 $  0 0 1 6 2  

HEAT G E N E R A - I O N  Q / Q Q = 1 * 0 0 0  X'e0.24 P' - I IL /PHI=  . 3 0 0  



YYYYYYYY SAHPLE PROBLEM FOR VAPO-Ti.1-202 

Ce "RESSURE DROP CORRELATIONS 

SUBCOOLFO DELTA Pc 3RD K I N D  F.8- .OOOO.OO F a g =  ,000 F.1.3- 1.250 

SATURATION DELTA P G X =  - 0 0 0  ,100 a500  r 7 7 0  0 9 3 0  1.000 
e l 2 5  2.09 8.36 26.50 36.50 36.50 26.00 
~ 4 5 0  1.57 7.43 23.80 32.a0 3 2 0 8 0  23.20 

1.927 1.10 4.40 14eGO 19.20 19.20 1 3 0 6 0  
5.000 l o 1 0  3.75 11.90 16.40 1 6 0 4 0  11.70 

0. P L U I O _  PROPERTIES 

ENTHALPY 375.6 440.2 4 9 8 6 3  549.0 57Sa5 :1131 .0  
TEKPERATURE 400.0 459.0 509.0 550.0 572.3 572.3 

S P E C I F I C  VOLUME 0 0 1 8 5 3  e01948  n o 2 0 5 2  a 0 2 1 6 6  ,02250  0 3 4 5 6 0  

E. BURNOUT CORRELATIONS 

F. HEAT GENERATION IREL.CTOR K I N E T I C S $  NO SCRAM) 

REACTOR K I N E T I C S  ,0,0700 e 0 0 0 0 3 2 0  ,0000000  - a 0 0 0 2 0 8  ,aOC,0235 

BETA BAR 0000,288 0 0 0 1 6 8 0  0 0 0 1 5 3 6  0 0 0 3 2 7 2  0 0 0 1 0 8 0  , 0 0 0 0 1 4 4  
LAMOA - 0 1 2 7 7  0 0 3 1 9 0  0 1 1 8 1 0  0 3 1 8 0 0  L a 5 0 7 0 0  5.33000 



YYY.kYYYv SAWRLE PROBLEM FOR WAPD-TM-202 

FLOW TIME *COO a050 a103 a150 a200 a250 ~ 3 0 0  a35r) ,400 a450 - -  - .  
G/G.O 1.0000 a8700 ,7693 a6900 a6250 a5710 a5260 e4883 a5540 a4260 

TIME a500 a60) a7CC. a8110 a900 1a00C 1.130 16203 l'a300: l a 4 0 3  
G / G . O : ,  a4000 e 3 5 7 3 .  . -S2?0 . 2 9 i 0  a2700 a250C -2330  a2170 a2040 a1920 

TIME l a 5 0 0  1.600 l r ; O C ,  I,,-800 
G / S . O  a71"820 a1.720 e l 0 4 C  e l 5 6 0  

H a  IN'-ET TEMPqATURES 
, . . .  - .  

P.fiSS. ONE TIME, a000 a020 
' A ; I N  NC 4.5.0.p 450.0 



. ... . -A, . .. s.... .* - 
- .  . YYYYYYYY SAMPLE PROBLEl4 FOR \iAPD-T1.1-202 ART04 PAGE 6 

STEADY STATE FLOW 

CHANNEL G** 6.0 NR ITER DELTA PeS ITER PoS = ' ? .F .  + PIEL + PeAZ 
3.000 3.000 7.417 1.417 6.257 1.102 0057 
4.000 4.000 12.031 12.031 10.852 1.084 .095 
4.000 3.363 .3 11.210 11.227 9.899 1.043 a285 
4.000 3.949 12.031 12.083 10.815 1.062 ,206 



YYY'YYYY SAMPLE PROBLEM FOR WAPD-Tk-202 ART04 PAGE 7 

TIME= ' a000 P/F= 1aOCO P= 1.000 ' P /F  SET AT T= P SET AT T= SCRAM SET AT T=Ta3= 

CHANNEL 0 G/G*O= 1.0000 G= 3.390 IELTA P= 5.967 BOR= AT J" BULK BOIL AT T' BURNOUT AT 1" 

bELTA P*lZ = . 6 a Z 5 7 *  DELTA PaEL = ' l a 1 0 2 9  DELTA PmA1 = -1.450, DELTA P;AZ = a057 

WATER TEM?-WAL i 5  Or 0 0  
053.19 457.44 L61485 4 6 5 r 7 3  468.63 4 7 0 r 3 9  

HEAT FLUX a0800 
a0800 a1064 a1152 a1035 a0771 a0468 

CHANNEL 5 G/C.O= Za0000 G =  '4.000 DELTA P =  1Ci.098 BOR" AT J" BULK BOIL  AT T= BURNOUT AT T" 

DELTA P -F  = 10.3529 DELTA P a E L =  1.0849 DELTA P.A1 = -1.933, 3ELTA PeA2 = a095 

470.32 474.09 478.21 481.34 483.30 484.44 469a791 
HE4T FLUX a1048 

CHANNEL 6 G/GaO= 1.0000 G= 3.363 D X l A  P= 9 . 4 2 2 - 8 0 ~ 2 -  3.554 AT J= 3 BULK BOIL AT T= BURNOUT AT T= 

DELTA FeF = 9.8999 CELTA PaEL = 1r.0439 DELTA PeA1 = -1.806, DELTA PrA2 = a285 

WATER TEMP-QUAL 476.04 
486.06 499.72 534.53 5 2 3 r 3 0  533.90 538.71 

METAL- TEMP 557.28 
567.30 610.53 63Ea46 6 2 5 0 8 7  '~99.37  580.12 

SURFlCE TEMP 514.46 
524.48 552.13 5?3*20 573.86 564.86 5 5 8 r 2 9  

CRIT TEMP 583.29 

CHANNEL ? G/G*O= 1.0000 G= 3.943 DELTA P 3  100098  BOR= AT J= BULK BOIL AT T= BURNOUT AT TC 

DELT.A P-F  = 1 3 a E l 5 s  DELTA PaEL = l a 0 6 2 9  DELTA ? * A 1  = -1.986, DELTA PrA2 = r 2 0 6  

WATER TEM'-QUAL 476.05 

SURFACE. T E W  500a90 



YYYYYYYY SAMPLE PROBLEM FOR WAPD-TM-202 ART04 PAGE 13  

. . TII4E= #00 P/F= 2.232 P= m797 P/F  SET AT T= P SET AT T= SCRAM SET AT TnTa3= 

DEL K = -.002085 = *000000  (ROD) + -a001852 (TEMP) + -.000233 (VOID)  

CHANML 0 G/G.O= .3570 G= 1.071 DELTA P= 1.850 BOR= AT J=  BULK BOIL AT T= SURNOUT AT T= 

DEL-A PmF = a9359 DELTA PeEL 1.093, DELTA P e A l  = -.190# DELTA PIAZ = a012 

WATER TEMP-QUAL 4 5 0 r 0 0  
456.21 463.65 470.96 476.81 480.29 4 8 1 t 3 4  

HEAT FLUX a0609 
e0591 a0772 00819  a0714 a0507 e0278 

CHANNEL 5 G/G.O= a3573 G= 1.428 DELTA Pa 2.461 BOR= AT J' BULK BOIL AT T. BURNOUT AT Tn 

DELTA PeF 1 . 6 1 9 ~  DELTA PmEL = 1.075, DELTA PaA1 -m2539 DELTA P1A2 e020 

WATER TEMP-QUAL 467.27 
473.34 483.57 488.04 493.02 495.32 495.83 ' 

HEAT FLUX 008l.l 
a0793 a0995 e l 0 7 1  r 0 7 8 4  r 0 4 5 7  a0233 

I CHANNEL 6 G/GmO= a2324 G= e781 :DELTA P= 2 r 3 5 7  BOR= 3 t 1 7 6  4T J' 3 BULK BOIL AT T= 8440 BURNOUT AT Ta I 
DELTA P * F  1 . 7 3 1 ~  DELTA PeEL = r827,  DELTA P a A l  = 9.445, DELTA PaA2 = e245 I 

.'WATER TEMP-QUAL 476.04 
499.46 534.26 567.59 e0501 a0754 80871 

KETAL TEMP 586.46, 
604.66 631.40 637.39 626.76 610.48 598.94 

SURFACE TEMP 558.03 
577.58 583a55. 583.87 583.29 582.18 5 E l r  10  

CRIT TEMP 582.23 
582.12 583.55 583.87 583r.29 582.18 581.10 

HEAT FLUX a1842 
a1755 m3100 03468  e2817 ,1834 a1156 

CHANNEL 7 G/G.O= a3552 G= 1.403 DELTA P= 2.461 BORs AT Jf BULK BOIL AT To BURNOUT AT Tf 

I DELTA PmF = 1.618, DELTA PoEL = 1.041, DELTA P.Al = -.246, DELTA PaA2 = a048 

WATER TEMP-QUAL 4760  0 4  
487.68 502.80 518.28 529.30 ,534489 536089  

METAL T.EMP 548.79 
558.80 598.28 623.45 612.17 5 8 5 e t 5  565.99 

S U R F ~ C E  TEMP 520.02 
530.67 560.51 581.85 579.39 565057  554.48 

CRIT TEMP 581.78 
sei .72 , i e i . ~  5 8 ~ ~ 4 9  5826.09 58.0.97 579.85 

HEAT FLUX ~ 1 5 5 4  . 
a1519 a2039 02246  01770 a1084 rO622 



Y Y Y W Y T Y  SAMPLE PROBLEM FOR' VAPO-TM-202 . ~ ~ 1 0 4  PAGE 1 9  

TIME= 1.200 P/F= 2.991 P= .649 P /F  SET AT T= P SET AT T= SC.?ZM SET AT T=To3= 

DEL K = -e034007 = .000C03 IRO31 + -0003492 (TEGP) + -.COO515 (VOID) 

CHANNEL 0 G/G.O= 021.70 ti= .651 CEL'TA P' 1.394 BOR" AT J= eULK BOIL  AT T= BURNOUT AT T' 

DELTA P.F = .375m CELTA POEL = 1.085, DELTA P.Al = -.073# DELTA PaA2 = a006 

WATER TEMP-UAL 45P.00 
452.53 463.61 47E075 436.91 491.77 493019  

HEAT 'LUX 93504 
,2490 'eD640 .C-678 m0590 00416  00223 

CHAiUUJEL 5 G f C i * C =  . a 7 0  C =  a868 ' D I L T 4  P= 1 0 € 3 0  BOR= AT J= BULK BOIL AT 7 =  BURNOUT AT T I  

DELTA P.F = .643s DE!,FA :*EL = 1.068, DELTA P e A l  = -.097, DE-TA PoA2 = a010 

MATE?. TEMP-QU;L 4b7.37 
4T5.53 435.46 455.60 502.73 506.09 506.91 495a922 

HEAT FLUX 00668 
,0654 .OSZZ -08'35 a0649 a0370 a0191 

CSANiiEL 6 /G .O=  a 6 4 5  G= - 217  2ELTA P= 1.588 BOR= 1.533 A% J= 3 BULK BOIL AT TI r 4 4 0  BURNOUT AT T t  

CELTA P.F = 1,082, CiLTA P B E L  ' a412, DELTA PeA1 = -.025, DELTA PaA2 = a149 

WATER TEi4.P-Q'JAL 976. 0 4  
547.52 -1798 ,.4234 a5549 a6733 a698k 

I4ETA.L TEF4P 510.59 
510.60 621.73 :2i*5;. 617.89 604.58 595.15 

SURFATE IEKP 382.18 
392.18 582.98 583.27 5E,2r 72 581.67 580.66 

CRIT -EMF' 582.18 
582.18 582.38 5eZ.27 582172 581.67 580.E6 

HEAT 'LUX a1841 
,1842 e2511 - ,2806 a2275 a1485 e0940 

C~A>;NEL 7 G/G.G= ,1891 G =  ,747 DELIA P= 1.630 BOR= AT J= BULK BOIL AT T= BURNOUT AT T= . 

DELTA F.F = ,733, DELTA P.EL = 1.015, DELTA P.AI = -.141r DELTA PaA2 = e023 

WATER TEWP-QU.4L 476.04 
492.82 515.23 5 3 S . 3 9  556.50 565.17 566a85 

METAL TEFiP 556.24 
570.86 615.34 620.24 512.63 600.89 5 9 1 r 5 9  

SURFACE TEN? 533.53 
548.75 582.11 532.44 531.93 580.95 5 7 9 0 8 4  

CRIT TEXF 581 .2 i  
531.13 582.11 582.44 561.93 580;95 579084  

MEAT FLUX ,1223 
0 1 1 9 4  01735 e2941 e l 6 5 8  e l 0 7 7  aC635 
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