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A d e s c r i p t i o n  i s  g i v e n  o f  a  program by  w h i c h  t h e  b e h a v i o r  o f  a  
nuc l e a r  r e a c t o r  d u r i n g  v a r i o u s  the rma l  t r a n s i e n t s  may be s t u d -  
i e d .  The program i s  w r i t t e n  f o r  a  32,000-word IBM-704 computer  
w i t h  s i x  t a p e  u n i t s .  I t  i s  des igned  t o  p r e d i c t  t h e  b e h a v i o r  o f  
a  w a t e r - c o o l e d  and moderated r e a c t o r  w i . th  f l a t  p l a t e  f u e l  e l e -  
ments d u r i n g  t r a n s i e n t s  w h i c h  a r e  s l o w e r  t h a n  a  prompt e x c u r -  
s  i on  and d u r i n g  wh ich  t h e  r e a c t o r  f l o w ,  i n  l e t  ' t e m p e r a t u r e ,  and 
c o n t r o l  r o d  m o t i o n  may be  s p e c i f i e d  as  a . f u n c t i o n  o f  t i m e .  

ART-A PROGRAM FOR THE TREATMENT O F  REACTOR 
THERMAL TRANSIENTS ON 'I'HE IBM-704 

J.  E. Meyrr., R. Ec. Smith, H. G. Gelbard, 
D. E. George, and W.  D. Pe te r son  

I. INTRODIJCTION AND TTIEORY 

The designer of a nuclear  power r eac to r  must  be able to predict  the character is t ics  and safety 

of the r eac to r  over a wide range of t rans ient  situations. These  si tuations include c a s e s  of very  fas t  

t rans ients  with prompt excursions and, a t  the other ext reme,  slow changes in r eac to r  plant power 

demand. The ART program:! is designed to predict  the behavior of a water-cooled and moderated 

reac to r  during t ransients  which a r e  of an intermediate speed. 

F i r s t - p a s s  inlet temperature ,  r eac to r  flow, and control  rod motion a r e  assumed to be known 

functions of t ime. This has  permitted the omission of calculations descr ib ing the behavior of the 

remainder  of the r eac to r  plant. During t ransients  of long duration, * :: the interrelation between the 

reac to r  and other components may, therefore ,  necessitate ~upplcrncn1~l .y  a ~ l a l ~ S i s  o r  experiment.  

The exclusion of ext remely rapid accidents t  has  suggested simplifications which pe rmi t  efficient 

calculational procedure for  t rans ients  of intermediate speed. The major  simplifications a re :  

1) The use  of a single m a s s  flowrate fo r  a l l  points in any given reac to r  coolar~t channel. 

2) The use  of a single node point in  the water  a t  each axial  level ( a  one-dimensional hydro- 

dynamic, model) .  In the case  of rapid t ransients ,  the heat t r ans fe r  in the, water  normal  to 

the dircction of I luid flow cannot be neglected. 

:!ART is a p rogram for  handling Accidents and other Reactor  ~ r a n s i e n t s  on the IBM-704. It 
' replaces  ATBAC .(Ref 1)  , an e a r l i e r  Bett is  code for  r eac to r  t rans ient  evaluation. Major changes 
have been made to obtain g rea te r  flexibility and simplified input preparation.  Other fea tures  have 
been added, such a s  calculations for  steady-state hot channel flow, and prov'ision fo r  extracting 
fluid proper t ies  and empir ica l  corre la t ions  r rom a property tape. 

:! :! Those in which the significant powcr and lemperature  l r a r~s ien t  is of longer duration than the t ime 
for 1r.ansport of water around the loop. 

t ~ h o s e  in which the t , i m ~  f o r  tranoit  of waler. through the co re  i s  long compared to the t ime for  
large  power excursions o r  l a rge  changes in inlet flow. 



3) Similarly, the use of a single node point for representation of fuel element temperature i s  

justified only for those transients in which the shape of the temperature profile across  the 

plate i s  not altered drastically. 

It i s  to be noted that the dikiding line between fast and lntermediale speed transients i s  quite broad 

and the restrictions given in the preceding paragraph should be kept in mind in considering the use 

of ART. It should also be noted that in cases  in which the flow tends to  have "chugging" or  oscilla- 

tory behavior (usually when a large quantity of s team i s  present in the channel) , the 'change of mass 

velocity with position i s  undoubtedly quite important and the single mass velocity assumption of ART 

is inappropriate. 

The reactor  model considered in the.ART code i s  of either one o r  two passes and i s  illustrated 

in Fig. 1. The reactor  i s  operating initially in a steady-,state condition. It may then be subjected to 

variations in one o r  mbre,of the following quantities which a r e  considered to be known functions of 

t ime: 

1) Flowrate through the reactor.  

2) Firs t -pass  inlet temperature. 

3) Reactivity introduction due to control rod motion. 

This combination permits analyses of transients such a s  those caused by loss. of flow, rod withdrawal, 

and cold water insertion. 

rFIRST- The heat generation rate  i s  assumed to be sep- 
CONTROL ROD 

\ ' ~ L n R . s T - m s s  
INLET 

INLET PI FNI IM 

arable in space and time. Reactor kinetics calcula- 

tions a r e  performed to determine core power as  a 

function of time. * Temperature induced reactivity 

effects a r e  included. The temperature coefficient 

is assumcd to be a known function of position in the 

reactor.  

A single coolant channel tllrough thc core i s  

used t n  represent the nominal behavior of each pass. 

Thermal c a l c u l ~ t i n n s  are perPul . l~~ed for from one 
~ E C O N D - P A S S  INLET l o  fouf, ~ ldd i l ion~l  rhnnnelg i n  e a c h  pass. 'I'he addi- 

FLOW PATHS CHANNEL DESCRIPTION tional channels may be used a s  hut  channcls to reprp- 

sent possible extremes in dimensions, pressure drop, 
F I ~ .  I Reactor Atadel a l~d  heat input. The hot channels then serve to assess  

reactor  safety during the iransient under consideration. 

A flat plate fuel element i s  assumed (Fig. 2) . T11e treatment of fluid flow and convective heat 

removal in each of the several  channels is based on a one-dimensional transient model in which vari-  

ations in fluid velocity and fluid properties in directions Lransversc to the flow path a r e  neglected. 

The code output includes pointwise water, surface and plate tettlpel-aturco, pul111L;is.e hcn t  fluxes, 

core power and individual channel flowrate as a function of time. Tn addition, at each time in the 

transient and at each point, the heat flux required for DNB (departure from nucleate boiling) i s  cal- 

culated. The minimum r.atio of DNB flux to local flux i s  also determined arld included as part of the 

output. 

:+By option, core power as  a function of time may be requester spccified and the reactor kinetics 
calculations bypassed. 



Typical machine time i s  360 seconds per  sec-  
( A X I A L  LEVELS ARE INDEXED B Y  j ;  TIME STEPS ARE ond of rea l  time. Approximately 40 seconds of 

INDEXED B Y  i ;  WIDTH I N T H E  y-DIRECTION IS j5. 
this total i s  associated with evaluation of reactor  

MEAN WATER EN- 
MEANPLATE kinetics, 280 in thermal calculations, and 40 sec-  

THALPY AT THIS + b ,  onds for writing output on tape. 

The following contain a description 

of the differential equations which a r e  handled in 

ART and of the major Assumptions which a r e  made 

in deriving them. 

A. Conservation Laws in the Water 

The conservation laws for treatment of each of 

y&Np;;,";;RE these.several channels may be written as follows: 

. M E A N  WATER Conservation of Mass 

H j - i , i  
a - aG at  (1 Iv) + - = 0 a z 

Conservation of ' ~ o m e n t u m  
F i g .  2 Geometry o f  a  Typica l  Channel Sect ion 

2 f + a (vG ) = - - ( q ) ( V ~ 2 )  - ($1 (1.2) at az 

Conservation of ~ n e r ~ ~  
. . . . 

These c.onservation laws may be combined with the following: 

Equation of State 

Tw = Tw(H,p) v = v(H,p) 

'The following assumptions have been applied 'in the derivation of Eqs (1. 1) through (1. 4) (also 

see  Figs. 1 and 2) , :  . . 

1) Consistent units a r e  used and the Eulerian point of view i s  adopted (i. e. ,  .fpr example, 

H = II(z, 1) , G = G(z, t) , etc.) . .Symbols .are defined in Appendix I. 

2) The flow is parallel to the positive z-direction. ' Thc channel is of constant half'thickness l1 

in the x-direction (the direction normal to the plate) . All variations in fluid properties and 

velocity in the y-direction may be neglected. The fluid velocity profile has a zero value at 

the wall but very rapidly approaches a uniform nonzero value equal to vG at a small di.stance 

froin llie wall. In the case of two-phase flow, it i s  assumed that the phases a r e  well mixed 

and a r e  moving with the same velocity (fog o r  homogeneous flow). Th'ere i s  no transfer of 

heat or  fluid across  the channel centerline. 
. . . . .  

3) Conduction of heat in the z-direction i s  neglected. 
. . 

4) The equations of state a r e  taken from conditions of thermal equilibrium. Therefore, for  

example, voids introduced by the presence of steam bubbles coming from the wall into a sub- 

cooled liquid a r e  not included in the specific volume calculation. 

The eql~ations solved in A.RT are  a greatly simplified version of Eqs (1. 1) through (1. 4) . The 

f i rs t  and prdbably one df the most limiting assumptions i s  that the ?mount,of f l l l ir l  in any. section of 

the cllarlnel does not change rapidly with time. Therefore, the derivative of specific voh~me  in 



Eq (1. 1) may be neglected, arid the conservation of mass can be rewritten:! as  

With the use of Eq  (1.5) the conservation of momentum may be readily integratetl Gver the length of 
. . . . 

the channel to get the behavior of mass velocity with time. Thus, 
. . 

where z = 0 and the subscript "oj1 refer  to the position just inside the channel i dk t ,  atid where z = L 

and the subscript "nl' dendte the just inside the channel exit. 

The energy equation has also been simplified,by neglecting the effect of the last t&rm (i. e . ,  the 

d i s s i ~ a t i o ~  term) and the effect of pressure changes in both time and distance. Thusj 
' . .  

In addition, all proper..lies a re  considered to he evaluated 2t some mean pressure. With this . . 
assl~mption, the equations of state niay-be rewritten as  

T w = T w ( H )  v = v ( H )  . (1. 8) 

It may be noted that Eq  (1.6) gives the conservatioil of momentum in te rms  of the pressure at 

tho positinn just b s i d e  the channel inlet and just inside the channel exit.   he' relationships between 

these values and the press.ures pI and pE in the inlet a - d  exit pleriurns are givin by 

and 

where the coefficients K and K repicsent ll~u uni-scnvrrnh1.s postions of the pressure loss  at chan- c e 
nel e ~ ~ t r a n c e  and exit, and.whcre the remainder of the pressure change is the result of either accel- 

eration o r  deceleration of the fluid upon changing area (u and un are  the-ratios at the inlet ar~d exit 
0 

of channel a r ea  to the plenum area  a s s ~ c i a t c d  with that particular channel). Assumptions similar 

to that lcading to .Eq (1.7) indicate that the ent'ha.lpy just insidc the channel inlet is idh~ltical to that 

in the inlet plenum; thus, 

Tn the ART treatment, the ?ominal channel mass velocity tiNC i s  a kuuwl~ function of tirnrl 

(obtained from experiment o r  other analysis) . Therefur't, Lqo (1.6) , (1.9) , and (1, 10) may he 

applied in that channel, at any time, to determine the pressure difference from inl.et to exit plenum. 

It is then assumed that this nominal channel pressure 'drop:::::: may be applied across all'of the hot 

channels in that particular pass. This permits an application or Eqs (1.6),  (1.9),  and (1. 10) in each 

hot channel to determine G~~ a s  a f u n ~ t i o ~ ~  or lime. . . 

:!Note that it is important that the left-hand side of Eq (1.3) i s  not written as  v[ a / a t  (H/v) 
+ a / a  z (GH) ] after this assumption has been made. This derivative would then depend on the 
reference point used for enthalpy. 

:* :! There is some adjustment made for channel-to-channel variations in pressure di-op. 



The inlet plenum temperature [and hence enthalpy by Eq (1.8) ] i s  also supplied as a function of 

time (obtained from experiment or  other analysis) for the first-pass hot and nominal channels. 

Therefore, the use of Eq (1.11) permits the bulk water conditions just inside the channel inlet to be 

determined a s  a function of time. The conditions in the second-pass inlet plenum as  a function of 

time cannot usually be specified, however, since they do depend on a knowledge of the f i rs t -pass  

exit conditions at some earl ier  time in the transient. In ART it i s  assumed that, at any time, the 

enthalpy of perfectly mixed first-pass exit water. HF(~). is linearly related to the exit enthalpy of 

the nominal channel by': 

The factor Fa  i s  assumed to be constant and i s  normally less  than one because the leakage flow::::: 

which mixes with the nominal channel exit water i s  usually cooler than that water. Since the f i r s t -  ' 

pass exit water i s  not perfectly mixed before arriving at the second-pass inlet, the following adjust- 

ment i s  made. A constant factor Bm is  supplied for each second-pass channel, and the unmixed 

exit water that leaves the f i rs t  pass at time t ,  arriving at the second-pass inlet at some later time, 

is  assumed to have an enthalpy Hex(t) given byf 

It may be seen that the perfect mixing value i s  obtained by setting Bm to zero. The mixing coef- 

ficients Bm and F are requester specified and rn~is t  be obtained from some other analysis or  test. a 
The transport time to the second-pass inlet is  variable, in general, since reactor flow may be 

changing with time. This variable transport delay problem is  handled in ART by storing first-pass 

exit enthalpies as  a function of time. The rate of volume expulsion of water from the f i rs t  pass is 

assumed proportional to (GNCv ) where v i s  the specific volume corresponding to Hex. The ex ex 
interpass water i s  then considered incompressible and i s  moved toward the second-pass inlet at a 

velocity proportional to GNC(t) vex(t).  This apprdach enables the inlet enthalpy for each second- 

pass channel to be determined as  a function of time. 

  his analysis of both mixed first-pass exit enthalpy and of the interpass mixing arid transport 

problem i s  subject to the following restrictions: 

1) The time for transport of.leal<age water through the f i rs t  pass has been chosen to be identical 

to the transport time for nominal channel water. 

2) ?'he time for transport of water to the second pass is  assumed to be identical for all s t reams 

of fluid leaving the f i rs t  pass. . . 

3) No heat transfer to, structural members is  permitted in the interpass region. 

4) The effect of changes in temperature of interpass water i s  assumed t o b e  negligible in reac-  

tivity calculatibns. 

*This relation only applico if Eirsl-pass Inlet enthalpy i s  constant with time. An equivalent expres- 
sion for the case of variable first-pass inlet enthalpy is  given by Eqs (2.54) and (2. 55). 

::::::The active core flow is normally conoidcred LU be only that flow passing adjacent to the fuel ;lloy. 
'l'he flow which i s  mixed with the active core flow in the exit plenum is  called "leakage flow, and 
consists of water which is  beyond the end of the fuel alloy (the end in the y-direction) , flow which 
cools structural members and control rods, and flow which passes through clearances between 
core components. The leakage flow i s  usually cooler than Lhs active core flow. It i s  assumed 
thal the exit enthalpy of the nominal channel i s  identical to the mean exit enthalpy of the active 
core flow. 

t ~ h i s  equation applies only for fixed first-pass inlet snthalpy. 'An cquivdellt expression'for t h e  
variable Gaoc is  give11 by Eqs (L, 54) and (2.55) . . . 



. . 
' ,  

In the simultaneous solution of Eqs (1.6) through (1.10) , the quantities L, Dh, g, 11, r ,  K c' 

uo, Ke, and un a r e  considered to be constant with time. The specific volume v i s  ,a known function 

of enthalpy ,[ Eq (1.8) ] , and the friction factor f i s  a known fpnction of m a s s  veloc'ity, enthalpy, and 

heat flux. The heat flux Q must be obtained f rom a knowledge of both t l ~ e  bulk water temperature; 

E q  (1. a ) ,  and the temperature in the fuel plate. The heat generation ra te  q i s  obtained from reactor  

kinetics calculations. 

B. The Plate Energy Balance 
. . 

The heat flow internal' to the plate and clad i s  assumed to be one-dimensional and normal to the 

surface  (in the x-direction-see Fig. 2) . If i t  i s  assumed that the heat i s  generated in the fuel 

alloy (meat) only and uniformly inside that volume, then the following equations may be utilized to 

descr ibe  the plate energy balance: - 

f rom x = 0 to x = 13, and 

f r o m  x = I3 to  x = IZ t I 3 ' 

The f i r s t  of these equations is subjected to the boundary conditions that a T / a u  = 0 at x = 0 (that is ,  

there  is no heat cond~lction ac ross  the plate centerline to an adjacent channel). Continuity of T and 

-A(aT/ax) a c r o s s  the interface between meat and clad is also assumed.% The surface temperaturc i s  

denoted by Ts, and the heat flux Q a t  the plate surface is given by 

where the function in parentheses is evaluated a t  the pus i l i l s~~  :i = P2 + .4 Again, the problem solved 
3' 

in ART is a s impler  one-point approximation to Eqs (1. 14) through (1. 16) . If Eqs (1.14) and (1.15) 

a r e  integrated f rom x = 0 to x = Y 2  .I. i3 ,  

The one-point ART approximation is made by usillg a aingle temperature TI% in the plate and by ' 
choosing a length P4 which gives an approximate enerky balance f rom 

C. Heat Trans fe r  from Plate Lo Watcr 

The relatinnsllil~ betyeen bulk water temperature Tlv, surface temperaturc Ts, a i~d l ~ c a t  I'lus +, 
i s  assumed, in thc case of no local boiling, to be . . . 

9 = h(Ts - TI") , (1.. 20) 

where h i s  considered to be proportional to GO". 1n.the case  of local boiling, the Jens-L.ottes cor -  

relation i s  uscrl [ i .  e . ,  Ts = Tc of Eq (2. 9) -also see  llcf 21. . . 



D. Use of Empirical Correlations . . . . 

Several forms of correlations for boiling pressure drop and for the heat flex required for DNB 

a re  available. These a re  based on forms which have been in use at the Bettis ~ t o m i c ~ o w e r  
' 

Laboratory for steady-state thermal design purposes. Note that, in evaluation of the friction factor,  

the change in viscosity with temperature i s  neglected. 

E. Heat Generation Rate 

The heat generation q i s  obtained by assuming separability in space and time. The spatial power 

distribution i s  supplied for  each channel as  an approximate axial step function; The power level as  

a function of time i s  determined by a solution of the reactor kinetics equations [Eqs  (2. 40) and (2. 41) 1 ,  
including temperature induced reactivity feedback [ Eq (2.46) ] . . . 

F.  Summary of Equations 

In the ART Program, a s i m u l t ~ e o u s  solution i s  obtained for the water'energy balance [Eqs  (1.7) 

and (1. 1 l ) ]  , water momentum balance [ Eqs (1. 61, (1. 91, and (1. lo)]  , interpass mixing and transport 

delay [Kqs (1.12) and '(1.13) 1, the plate energy balance [ Eqs (1.18) .and (1.19) ] , the heat t ransfer  

from plate to water [ Eq (1.20) 1, and the rea.ctor  kinetic^ equations '[ Eqs (2.40) and (2.41) ] . An- 

explicit forward extrapolation technique has been employed in obtaining time derivatives. The ex- 

plicit technique does cause limitations [Eqs  (5.1) through (5. 6) ] in time-step length in order ' to  ' 

obtain difference equation stability. ::: Such limitations also have, made it desirable to solve the reac-  

tor  kinetics equations with a finer time mesh than that used in the thermal calculations. 

The detailed techniques for dividing the channels into sections and for obtaining difference approx- 

imations a r e  discussed in Section 11. . . 

11. CALCULATIONAL PROCEDURE 

This section contains a description of the detailed calculational procedure used in ART. Refer- 

ence should be made to Section I for a discussion of simplifying assumptions, to Section V for a 

description of the preparation of input quantities, and to Appendix I for  a,complete l is t  of nomencla; 
. . ture. . . 

Equations a r e  written with a consistent se t  of units. However, input i s  supplied in more conven- 
. . . . 

tional units, and conversion to consistent u11il.s i s  made prior to computation. 
. - . . 

Each reactor coolant channel to be considered i s  divided into n sections o'f equal length A Z  in the 

z-direction. A typical geometry i s  shown in Fig. 2. The jth section contains the 'material wh'ich, -in 

the x-direction, l ies  between the centerline of the water channel and the centerline of the plate and, 

in the z-direction. between the axial lcvcl j-1 ulcl J .  Level J = 0 i s  the position just inside the chan- 

nel inlet, and level j = n i s  located just inside the c h q n e l  exit. Time steps are indexed by i, and 

i = 0 re fe rs  to conditions during steady-state operation. 

A'. Energy Balance .. 
. . 

The heat generation rate  in plate and water in the jth axial section; at time i, i s  dknoted by 

q . .  Az 15. Therefore, q. .  i s  the total heat generation per unit a r ea  normal to the x-axis. A fraction 
J1 31 

r of this heat generation occurs directly in the water;'the remainder occurs in the plate. The total 

heat flow passing from plate to water i s  rlen.ot~d by +. . a z  B5 .. Tlie hear capacity of the plate::';:: i s  
31 9 ,  

::: The use of an implicit sch5me. to obtain larger  allowable timc steps has been assessed a s  unprof - 
itable because of' the strong and highly nonlinear coupling .between the various equations. 

::::::This full capacity is ava.ilahle only if thc cntire $lale.'ik changing temperatl:lre at thc same 
See Sectinn V-B for  a d i s c u s s i o ~ ~  uf the choice of ( P C ) ~ ,  ( P C ) ~ ,  a.nrl .e4. 



where (PC) and (PC) a r e  the heat capacity per unit volume of clad and meat, respectively. The 

ra te  of change of mean plate temperature in the jth axial section i s  approximated by the rate  of change 

of mean plate temperature a t  level j (the section exit),  so that the energy balance for the jth section 

of the plate can be expressed by 

o r  written;? in finite difference form (to advance from conditions at time i to conditions at time i + 1, 

a t ime increment Ati l a te r ) .  a s  

The energy balance for  the water cdntained in the jth axial section must include not only the heat 

- input f rom the plate, +. . A z  P5 , and thc heat genr?rati.on directly in the water, r q . .  A Z  P5 , but also 
J 1  J 1 

the heal; convected away by wxter flow, C:P P (H.. - Hj- l ,  i ) .  In this expression, G. is the mass 1 5 1  J1 

velocity:: :* through the section, and 11.. dcnotes'the nle;ill watcr enthalpy at level j.  If the heat s to r -  
J 1  

^ th age ra tc  in the water i s  a lso related to the rate  of exit enthalpy r ise ,  .the energy balance for the, j  

sectPOn UP w a l c i  c.nn bo o l r g r e s s ~ d  hy 

or  in finite difference t e rms  byt  

where v . .  denotes the speciiic Volume uC l l ~ t  fluid at l o v ~ l  j' and i s  a known function of enthalpy H. .  
J 1  J" 

The heat flux for  the jth section +. .  i s  evaluated for section exit conditions; i. e . ,  for heat transfer 
11 

f rnm a plate with mean plate .temperature (T ) . .  to a fluid will1 11lia11 cnthalpy H .  It i s  assumed 
m 3 1  J1 '  

that this heat must be t ransferred /Il~..ough an equivalent condllction pat11 of length Qg and of thermal 

conductivity Ac inside the plare, tlli.3ugh ~ ~ u l ~ i i ,  Pill1> drop nt, t h e  pl?,te s i~rface. .  The heat flux is 

taken to be the greater  of the following two expressiuns: 

+ . = k  [(T ) . . -  (TJ j i  , 
J l  -eq m 3 1  I 

where (T ) . .  is the bulk fluid temperature corresponding to the enthalpy H..; where the over-all heat 
w J 1  J 1  

t ransfer  coefficient Ui is given b y t t  

:%Instability may occur if the time steps a re  not sufficiently small. See Eqs (5. 3.) and (5 .4 )  in 
Section V. 

*:%At any time, a single average value for  mass velocity i s  used f o r  all  pui~lts in a given channel.. 
See Eq (1 .5 ) .  

t ~ e e  Eqs (5. 1) and (5.2) of Section V for  a discussion of stabilily. 

t t ~ h e  parameter  h" is a film coefficient evaluated at G" ,  a reference mass  velocity. For  each 
nominal channel,  is equal to  the steady-state mass  velocity. Fo r  hot channels,  is t&e f i r s t  
guess of the steady-state mass  velocity. The fluid properties used in this  evaluation of h should 
represent  some average of the values to be encountered during the transient. 



and 

and where (T  ) .. is the local boiling surface  temperature  predicted f r o m  
c 3 1  

The fluid saturation temperature  is denoted by Tsat. Note that the assumption has been made that 

the local boiling surface  temperature  Ti can  be evaluated a t  t ime i f rom the heat flux a t  time i-1.  

The actual surface temperature  (T ) . . is given by . . . . 
s 3 1  

and a s  a resul t  of Eqs  (2. 5 ) ,  (2 .6) ,  and (2. l o ) ,  it may be seen that, for  all  positive values of Kcr, 

B. P r e s s u r e  Drop ' 
. . 

The pressur;  drop for  a given channel, f r o m  a pbint just below the channel entrance to' anothe; 

point just above the channel exit, can be broken into four par ts .  The loss  t e r m  resulting f r o m  en-  

t rance and exit losses  and f rom friction drop within the channel is denoted by (apf) i. The p r e s s u r e  

drop resulting f rom change in elevation is (AP ) . The p r e s s u r e  drop f rom spatial  acceleration e l  1' 
(density variation with position in the channel a t  any time, plus the velocity changes experienced by 

fluid entering and leaving the channel) is given b y  (spa>) i .  The transient acceleration drop resulting 

f rom m a s s  velocity changes with time is denoted by (Apal) The total p r e s s u r e  drop api f o r  any 

channel. is then given by 
. -. . . 

APi = ( A P ~ )  i + (Apep) i + @pal)  i + (Apa2) i ' (2. 11) 

The ii~dividual t e r m s  can be evaluated by . . 

and 



' In  these expressions,. the following notation appli'es: 

Kc, Ke a r e  the unrecoverable entrance and exit loss  coefficients, 

D i s  the channel hydraulic diameter,  
h 

f . .  is the friction factor at the jth axial'level, 
J 1  

g i s  the acceleration of gravity acting toward the minus z-direction, 

u cr a r e  the a r ea  rat ios  (inside to outside) at the entrance and exit. 
O' n 

The friction factor f . .  i s  given by . . 
J 1  

f . . = ( f .  ) . ( f / f .  ) H . . < H f  
J1 , I S 0 1  l S O J 1  J1 

for  subcooled liquid, o r  
. .  . .  

2 
f = f i S o i  f / ~ j i )  ( )  . . H.. 2 Hf 

J 1  11 
(2. 17) 

for  steam-water mixtures. The specific volume of saturated liquid i s  dcnoted by vf and the enthalpy 

of saturated liquid by Hf. In both of these expressions, the isothermal friction factors.(f. ) . i s  a 
1 S O  1 

known input function7 of Reynolds number (N ) and R i' 

(NR) i = (Gi Dh)/F , 

where Dh i s  the hydr.aulic .diameter and 7. i s  a mean viscosity for the liquid. 

Subcoolcd Region ~.rc? 'ssure Drop 

The function (f/fisd ji for the subcooled region i s  se t  equal to one at all points for which the heat 

flux i s  l e s s  than o r  equal t oze ro .  If +.. > 6, the11 ([/I. ) :; io given (fnr t h e  first kind of subcooled 
J 1  l so J I  . . 

pressurk drop correlation) by . 

= I, i f  (T ) .. 2 TI  and 8..  = 8:". 
W J 1  J 1  31 

(Tw) ji - T, 
- 1 t [ , = 1 if  eji > o;~ J 

sa t  

If the second kind of subcooled pressu1.e di*ap corlpulation i n  l lnnd, then 

where FH is the smaller  of f4( l  - f30ii) and 1.0. 'l'he qualtilies f l .  T1, f3, f4, f 5 ,  and l6 a r e  input 

constants. The quantity- a- is delirisd a3 thu o i~ad l c r  nf (T ,) . - ( T  ) . and BJi, where 
3 1  L Jl Jlr J I  

8 . = +../(h[) 3 1  J I  i ' (2.21) 

The film coefficient for  p ressure  drop cdculations (hf) isgiv.en by 

(hf) i = (h*/h) hi , 

whcre hi i s  ohta.ined f r o m  Eq (2.8) with (hS/h) an input constant. 

t ~ h i s  input function i s  a group of up to three equations of the form (f. ) . = a(N ) yb , each applicable lso 1 R 1 

over  a range of Reynolds.' numbers, with a and b known constants. The various a and b values a r e  

determined during code 'operation from requester supplied ( N R ,  f .  ) coordinate pairs .  
1SO 



. . Saturation Region Pressure  Drop . . 

2 
ln the saturation region (H.. 2 Hf) , the function (+LO) ji of Eq (2.17) is  assumed to be a known 

J 1  
function of mass velocity G. and quality X. ., where 

1 J 1  

2 This input function i s  given in te rms  of a five-segment straight line fit of +L,,' VS' quality for up to 

four different mass velocities. Linear interpolation on the basis of quality and ( 1 / ~ ~ )  i s  used to 
2 

find +LO. That is,  if Gi i s  between Ga and Gb, then I .  

Linear extrapolation is  provided for values of mass velocity outside of the .input: range.. If only a 
2 

single value of G is  supplied, the +LO vs X relationship i s  used for all mass velocities. ; .: . 

. . . . . . 
Hot-Channel Flow 

. . 

Since the mass velocity is  given as  a function of time for the nominal 'channel, '+l 'pressure drop 

terms, including the transient acceleration term, are known at any time i for the nominal channel; 

For  each hot channel in parallel with the nominal channel, >% it is  assumed that the total hot-channel 

pressure drop (Ap) FC i s  related to the nominal channel pressure drop by 
' 

where K~~ and K~~ are  plenum distribution factors for pressure loss and acceleration terms, 
P f Pa 

respectively. These factors a re  used to account for channel-to-channel variations in pressure drop. 

For  each hot channel, all pressure drop te rms  are known, with the exception of the transient 

acceleration term. This term, (npal) FC , may be found by!combinj& . 
, . .. . . E ~ S  . (2. 11) and (2.24) . The 

mass velocity G:: may then be obtained from Eq (2.14) a s .  ' 

At. HC HC = cy t (apal)  . Git  1 

C. Fluid Properties 

The specific volume v and the bulk temperature (Tw) must be specified as  an  input function of 

enthalpy H. This i s  done by supplying up to six, but not less  than three, values nf ~ntha lpy  in increas- 

ing order ,  with thc last L w u  being Hf and H respectively. The' temperatures for .these enthalpies 
g ' 

are  then supplied, with the last two equal to Tsat . Finally, the specific volumes for these enthalpies 

a re  given, the last  two being vf and v Linear interpolation, on the ba,sis of either temperature o r  
g ' 

enthalpy, is used to find fluid properties. .. . 

For temperatures or  enthalpies below the smallest entry in the table described in the previous 

paragraph, the temperature vs enthalpy relationship i s  obtained by lincar exlrapolation, and the 

speciric volume.is taken to be equal to the table entry corresponding to the smallest enthalpy. For  

enthalpies above the largest in the table, the prnhlem ic discontinued. 

I . . .  .. . D. Departure from Nucleate Boiling Calculations . . . .  . . . . . .  

The energy balance arid pressure drop calculations a re  based on average mass &locities 'Ad 

dverage heat fluxes in the hot channel. 'However, in the 'calculation of the DNB ratio, local miass : 

. .. . . ! ' .  ' . .. I ,  . . . . 

*All first-pass hot channels- are'  considcrcd to Le h 'para l le l  with the first-pass'nomirlal channel and, 
similarly, second-pass hot channels with the second-pass nominal channel. . 



velocities and local heat fluxes a r e  used, which a r e  given by the relationships 

and 

L L The local correction factors (+ /+) and (G /G) a r e  specified for each channel. If' (+L/+) i s  se t  

equal t o  zero, a l l  DNB calculations a r e  bypassed for that channel. It i s  possible to obtain DNB ratios 

f o r  the nominal a s  well as  the hot ,channels. . ,  . . . 

The DNB rat io  B. .  i s  calculated by 
J 1  

where (F ) . i s  a correction factor used to account for the distance from the channel inlet and for the 
c J L 

fact that the heat Fplpul profile ic  not sectinnwise constant. If 4 . .  5 0, Eq (2.27) is bxpassed and B. .  
J j  J 1  

ns sel eql id t o  noro;. n N R  i s  considered to take place for  B.: 5 B,.,, .the- latter supp1ied:as an inpul 
.I1 L 

quantity for  each channel. , The minimurr~ aonzero DNB ratin nf each chSlnel P U L  wliick. (I+ ,/+) * n is  

selected and printed as  output. When DNB occurs, all DNB ratios a r e  printed beginning at that t ime 
. . .  

for  the' particular channel.: 
. . 

'rhe DNB heat flux (+BO)jl i s  a function of bulk fluid coilditionc and mass velocity. For  the f i r s t  

kind of DNB correlation, the following i s  used for (T ) .. 5 T2: 
w J 1  

and, for  (T  ) . . > T2, the smaller :  of either- : 
W J 1  I 

is used. 

For thc ~econr l*  kind u l  DNP, correlation, the following equations are used: 

and 

E. Steady-State Determination - 
The ART transient is assumed to s t a r t  at  t = 0 f rom steady-state reactor operatiorl. This occ- 

tion i s  devoted to the determination of the steady-state conditions prior to entering the transient cal- 

culations. It is assumed that the.steady-state nominal channel mass velocity i s  known, that the f i rs t -  

pass  inlet temperatures a r e  given, and that the heat generation q. for all channels can be calculated 
J O  

from input parameters  by 



where F. i s  an input power factoi- for the jth axial section; q: i s  an input reference heat generation 
J 

ra te  per unit heat transfer area; and (dq:%) is an all-point multiplier for the heat generation which 

accounts for engineering hot-channel factors, pass power sharing, etc., and has a value for  each 

channel. Since steady-state operation i s  postulated, the energy balance relationships become: 

All other parameters a r e  determined from the same relationships as are.used in transient oper- ' 

ation, with the exception of hot-channel mass flow. Hot-channel mass fl.ow i s  determined by f i r s t  

solving Eq (2.32) for the fluid conditions in the nominal channel. Then, the t e rms  on the right-hand 

side of Eq (2.24) a re  evaluated for the nominal channel, except that ( A P , ~ )  i s  taken as  zero. :% The 

left-hand side of Eq (2.24) i s  then the steady-state hot channel pressure drop ( ~ p )  rC. The steady- 

state, hot-channel mass velocity G:' i s  obtained by iteration. The kth iteration2+ :+ is conducted as  

follows: 
- 

1) Hot-channel fluid properties a r e  determined from Eq (2. 32) ,  with Go set  equal to the k t h 

iteration value G (k) 
0 

2) Hot-channel steady-state pressure drop i s  determined from Eqs (2.11) through (2.15), but 
(k) with (Apal) se t  equal to zero. The resulting total pressure drop i s  denoted by (Ap) . 

3) The iterative process i s  stopped if the following inequality i s  satisfied, o r  if k = 30: 

If the inequality i s  satisfled. the final value of G?) i s  considered to be the steady-state mass  

velocity for this channcl, and ( ~ p )  is taken to be the steady-state pressure drop. If 
HC k = 30, the channel concerned i s  identified, the values of ( ~ p )  , G S O ) .  and (Ap) f O )  a r e  

printcd and the pruL1e111 is discontmued. 

4) If the iteration i s  to proceed, the next mass velocity G:") i s  found by 

Equations (2. 31),  (2. 33) , and (2. 34) a r e  then used in conjunction with other gsrti:nent relation- 
. . ' . '  

Ships to find the steady-state hot channel temperature, DNB ratios, etc. 

F ,  Heat Gennrati.nn and Reactivity Fecdback 

The heat generation at any point within the reactor i s  assumed to, be proportional to a single 

power-coastdown function ( P / P ~ )  .' That is,  the heat generation rate  q. .  i s  given by 
J 1  

th . :::However, during the zero tlme-step (i. e . ,  f rom i = 0 to i = 1) , (Ap ) NC and (Ap ) HC will, in a1 o a1 o 
gcncral, not be equal tu zero. 

. I  . '  
::: " F o r  k = 0, G!) is set  equal lo G" for that channel. 



q.. = q. (P/P,) = F. ( d q * )  q; (P/P ) . 
J 1  .lo J 0 1 .  

Heat Generation with ,Reactor Kinetics . . . , 

If the power coastdown is to be determined Ly the reactor kinetics ,equations, then .. . 

where the f i r s t  t e r m  on the right-hand side is a decay heat contribution; the second is the neutron 

power contribution. The steady-state fraction of power produced by decay heat is  cro.  

The decay-heat coastdown function (o/ho) is  taken esual to one until a s c r am occurs, i;e., 

until t = t3. After s c r am occurs, (cr/ao) is obtained by a linear, interpolation in the following table 

(fitted f rom information in Ref 3 for a reactor  operating an infinite time at the same power level 

pr ior  to  t = t3) : . . 
\ 

When t - t 3  .> 30.0, the pr.oblem is stopped. 

The neutron power cvastdown function Ni i.s found from a solution of the reacl;ur Piiletico 

equations: , 

. and 

where d indexes the delayed neutrorl group; dl (from 1 to 7 )  is the total numbel UT clelaycd neutron - 
groups: 1:': is the prompt neutron lifetime; Ad and IJd are, respectively, decay constants and effective 

delayed neutron fractions; 

6K denotes reactivity; and N '=  xd = 1 at t = 0. 

The reactivity 6K is composed of two parts, that resulting from rod motion, 6K,?, a d  t l lu l  

resulting from nominal channel temperature changes 6K The reactivity does, in general, vary t ' 
with timu. 3ial:.p t l ~  prompt neutrnn lifetime I-' is  s o  small, the time increment Atr used in solving 

the reactor  kinetics equation must be smaller  than that used in the thermai port iul l 'd  the code, 
k Denoting the value of N at a time k ~ t ~  after time i by Ni , the equationst for neutron power a re  given 

by 

and 

f a see  Eqs (5.5)  and ( 5 . 6 )  of Section V for  a discussion of stability. 



where 

and 

d 
(At 1 .  (Atr) i 1 - k t  1 

N : [ l t + ( i ~ : - j ) l +  -7 z ~ ~ [ ( x ~ ) ~  + ( x d ) i  
q1 = .  21 21 . d=l  kl , 

(Atr) i 
[ I -  yT (6.: - a)] 

!:r (A;) i f  (6Kr) = 0 ) 
(At ) ;  = . .  r 1 

(At) if ( 6 ~ ~ )  p) + 0 

Note that Nitl = N!") when (6Kr) y) = 0, and Nitl = when (6Kr) 20) + 0 .  In both cases 

.I"' = Ni. 

The temperature-dependent portion of the reactivity [Eq  (2 .  44) ] i s  constant between i and i t 1, 

and i s  given by 

@Kt) = - a(6K) {$ aj [ (T ) (T  ) .  
a Tw J1 J" I pass Nc I 

. .  . . . . 
where a(6K) / i 3 ~ ~  is the temperature coefficient of reactivity, and the a . I s  a r e  the temperature 

J 
coefficient weighting factors, chosen so  that . . -  

n n 
. :  

+ % (aj)pass 2 1 (aj) pass 1 j=l  = l .  
j= 1. 

k .  ' The rod r~lotion portion of the reactivity (6Kr) is considered t o  be constant at an  input 

6K1, for t imes between t = 0 and t = t3. The s c r am time t3 is determined from' input sc ram settings 

Sf and S and from input delay times rf and i (the subscripts f and p denote power to flow ratio and 
P P NC 

core power, respectively). During the calculation of a problem, the time at which (p/Po) i / ( ~ / ~  o ) 1 . 
becomes greater than n r  e q ~ ~ a l  to Sf is determined and denoted by L f .  The time at which (J?/PO) 

becomes greater than o r  equal to S i s  determined and denoted by t Then, the s c r am time t3 is 
P P ' 

determined by: 

tf .t- 7 ' f . .  
t = min 3 (2. 47) 

. . 
. . . . . .  

P P 

Note that either S o r  S f ,  o r  both, may be se t  less  than one, in which case, the corresponding 
P 

 value^ t or  t f ,  or  birll~, wuuld be set  equal to zero, permitting the specification of a fixed s c r a m  
P 

time. After t = t 3 ,  the reactivity (6Kr) : i s  found by a linear interpolation in an input table of two 

to five paws of values of t - t 3  and 6Kr: 



F o r  t imes greater  than the last  time entry in the table, the last reactivity entry in the table will be 

maintained. 

Heat Generation without Reactor Kinetics 

The reactor  kinetics portion of the code may be bypassed, and a ser ies  of up to 25 time values 

and values of P / P ~  must be supplied with linear interpolation used to calculate (P /P~)  For values 

of time in excess of the table, the last  value is held constant. The tabular form for t vs (P/Po) is 

G. Flow Coastdown 

' 
The nominal channel mass velocity is found as a function of time by linear interpolation in an 

input table of ( G / G ~ )  and by use of the equation 

The steady-state mass velocity Go may be different for the .two passes of the core, bu.L the 

(G/C,~)  function is considered to be the same. The following table consists of up to 35  time  value^ 

F o r  times grcptcr than the last  time entry in the table, the last velocity entry applies. 

PI. b ' i r s t  lJbac Irrlul T~!~l i .~~. i -nturc 

The first-pass inlet. temperature (Tw) oi i s  found as a function of time by linear interpolation in 

an input'table of up to' 30 time values and the corresponding values of (T ) . for ' the first-pass nom- 
W 01 

inal channel and the firstypass hot channels: 

t 
NC HC 

(Tw) oi (Q ui - 
0 X X 

X X X 

X X X 



For times greater than the las t  time entry in the table, the las t  temperature entries in the table 

a r e  assumed to apply. The same inlet temperature relation i s  used for all f i rs t -pass  hot channels. 

I. Second-Pass Inlet Temperature 

The second-pass inlet temperature depends on the first-pass outlet temperature; however, the 

first-pass cjullel: temperature must be evaluated at some earl ier  time because of the time for  t rans-  

port of water to the second-pass inlet. During steady-state, the first-pass outlet temperature with 

appropriate mixing corrections i s  the second-pass inlet temperature. If a single-pass core i s  under 

consideration, all calculations of this section a r e  bypassed. 

Mixed F i r s t -Pass  Outlet Enthalpy: Fixed F i r s t -Pass  Inlet Temperature 

If the first-pass inlet temperature (or enthalpy) i s  constant, the mixed first-pass exit enthalpy 

(Hex) could be evaluated::' f rom 

where (Hoi) NC and (Hni) NC are, respectively, the 'inlet and exit enthalpies of the first-pass nominal 

channel. The factor F equals the fraction of first-pass flow through the active core. The factor a 
Bm accounts for imperfect mixing in the exit water; two values of Bm are  supplied, one which applies 

to the second-pass nominal channel (usually zero) and the other which i s  used for all second-pass 

hot channels. Therefore, there i s  available, for each time i, a value of (Hex) to be applied to the 

second-pass nominal channel at some later  time, and a value to be applied to  the second-pass hot 

channels at this la ter  time. 

Mixed F i r s t -Pass  Outlet Enthalpy-Variable F i r s t -Pass  Inlet Temperature 

If the first-pass inlet temperature i s  a variable, then Eq (2. 53) no longer applies. To handle 

this case, the exit temperature of an imaginary average channel i s  calculated by applying heat bal- 

ance Eq (2.4) to each of n sections of this average channel, using the assumptions 
\ 

and 

where NC re fe rs  to the first-pass nominal channel and AC to this average channel. These assump- 

tions a r e  equivalent to the calculation of average channel exit enthalpy by completely mixing the 

nominal channel exit water at 'any time with a s t ream of nonheated leakage water. This leakage 

s t ream has a mass flowrate proportional to that for the nominal channel, and has a transport time 

~ ~ . U I I I  bottom to top plenum equal to the nominal channel transport time. If this model i s  required to 

reduce to Eq (2.53) in the case of constant inlet temperature, then Eq  (2.53) may be rewritten a s  ' 

. . 
::Equation (2.55) i s  actually used for  this evaluation in the case of fixed first-pass inlet tempera- 

turc. Equatirsr~ (2.53) i s  written only to show a form which may be mor'e .easily recognized. 



. . 
. a  

.. . , 

where the comments under Eq  (2.53) also apply. " 1  .' 

. . . . 
., . ,  Second-Pass Inlet Enthalpy 

. . . . 
By denoting the interpass delay time during steady-state as  KO, an equivalent interpass length 

Lex and an elapsed length Li can be calculated from . . . . . . 

and . .  . 

whcre (vex) i s  the specific volume corresponding to the enthalpy (Hex) of Eq (2.53) or  (2.55) when 

Bm has its value for  the second-pass nominal channel. The mass velocity (ifrC is for tlrr lirbl-pass 
--- 

nominal channel. The elapsed length L: is a measure of- how f a r  the water that. was leaving the f i r s t  
I 

pass at the beginning of the transient has traveled at'any later  time. 
. i . . . 

The first-pass exit enthalpies (Hex) 101. the sccond-pass nom.i.na1. and hot channels ark retained 

a1 ong with values of Li as follows: 

Provision is made for retaining 1350 rows of this table. The second-pass inlet enthalpy Hoi is  

found from 

117, INPUT FORMAT 

ART-02 problems are  of three types-parent, one-shot, and continuation. 'l'hls option is lu 

allow information generated during a parent problem to be written on tape at some specified time 

during the transient. The parent problem then proceeds tu ils completion. This tape m a y  be used 

to initiate one o r  more continuation problems from the advanced point in the transient, with attendant 

advantages in machine time. The one-shot problem is used when no such tape is  requii5ed. 

An input deck for ART-02 must consist of an identification card, followed by the 'necessary data 

and terminated by a blank card. Specifications for each of three types of problems are  listed sepa- 

rately, with the' exception-,of.the identification card which must have the same format for all prob- 

lems. 



The identification card consists of an eight-digit problem number in columns 1-8, a variable 

field for comments in columns 9-65, problem type in column 66, column 67 blank, and ART02 in 

columns 68-72. The problem type, column 66, must be P for parent, C for continuation, or  blank 

for one-shot. A continuation problem must have the same problem number a s  its associated parent 

problem. 

All data cards must contain, as  the f i rs t  number on the card, a se r ies  number, followed by a 

comma. The data must be listed immediately following this number. Successive numbers must be 

separated by commas, with no intervening blank columns. The last number on a card must not be 

followed by a comma. Floating point numbers, designated by F ,  must contain a decimal point. 

Fixed point numbers, designated by X, must not contain a decimal point. If additional cards a r e  

needed for any section, they must be numbered sequentially in the units position of the se r ies  number 

from 2-9. Card numbers must be in ascending order. 

The following tables contain the se r ies  number, card format, item identification, and units used 

for various quantities; A discussion of each input quantity and of some of the decisions leading to 

its choice i s  given in Section V. 

A. Parent Problem 

Control Infor mation 

Time Increments: 1011, F l l ,  X1' F12, FZ1, X2, FZ2  !..., Fnl, Xn, Fn2 (1 5 n 5 5) 

sec  Fil is a t i m e - ~ t e p  incrcment 

X. i s  the number of time-steps per printout 

Fi2 i s  the interval end time sec  

The sequence { F ~ ~ )  must be in ascending order.  One of the Fi2 numbers must equal the continuation 

time (F8, se r ies  1061). The interval end time Fn2 denotes the final problem stop. 
. 

Problem Size: 1021, X1, X2, X3, X4 

X = n (2 5 n 5 30),  the number of axial sections 1 
X = 1 or  2, the number of passes 

2 
X3 = the number of first-pass hot channels, 0 5 X,, 5 4 

X = the number of second-pass hot channels, 0 5 X4 5 4 4 

Property Tape: 1031, X1, X2, X3, X4, X5, 

X1 i s  the data,file requested, 0 5 X1 5 99,  

X2 = { y ::;:} input, subcooled pressure drop 

x 3  = { y  r:;:} input, saturation region pressure drop 

0 ca.rrl 
X4 = tape } input, fluid properties 

x,-, = { y  r:;,"} input, DNB information 

If X1 = 0, then X2 = X3 = X4 = X5 = 0. 

Input Options: 1041, X1, X2, X3 

first kind, subcooled pressure X1 = {2 second} 

X 2  = { l  } kind, DNS correlation 2 second 



1 reactor kinetics and s c r a m  
2 reactor kinetics only. ) , type of heat 
3.power =oastdown 

Output Options: 1051, XI!, X12,. . -, Xll. XZ1. XZ2,. . . , X26 

Xl l . .  'X16 a re  for nominal channel results: 
1 printout 

X1 controls (Tw) j i ,  bulk fluid temperature 

X12 controls (Tm) j i ,  mean plate temperature 

X13 controls (Ts) j i ,  surface temperature 

X14 controls (Tc) ji ,  surface temperature for local boiling 

X15 controls +.. heat fluxes 
~ 1 '  

X16 controls B. DNB rat ios  after DNB occurs 
Ji' 

Hot channel resul ts  a r e  specified by XZ1.. .XZ6. If no hot channels a re  requested (X3 = x4 = 0, 

se1.it.s 1021) , omit XZ1.. XZb. 

Over-all Conditions: 1061, F1, F2, Fg,  F4, F5, F6, F7,  F a  

F1 = p,, operating pressure psi  

F 2  = $, reference heat generatior1 
6 

10 ~ t u / f t ~ - h r  

F 3  = Kcr, paramctcr in Jens-Lottes treatment of 

nucleate boiling film coefficient 

F = g, component of acceleratiurl uf gravity acting 4 

: :  ,. . in the negative z-direction 
. ' .: 
F = E, steady-state convergence criterion 5 

F - az, axial mesh increment 6 -  

F = problem stop af ter  DNB 
7 

mixed units 

ft/sec2 

F - contir~uatio~l .time 0 - sec  

The operating pressure F '  must be an integer value; F a  must equal Bn interval er~d Li111e of ser ies  1 . . 
101 1, and F a  must not be included for a one-shot problem. 

Individual Channel Characteristics.  

The following data must be supplied [or each channel rcquested. The sec'ond digit of the ser ies  

n i~mhar  denotes the channel and must be 0 for the first-pass nominal ,charnel; 1,2,3,4. as needed for 

the f i rs t -pass  hot channels; 5 for the second-pass nominal channel; 6 ,7,8,9 as needed for the sccond- 

pass  hot channels. Data must not be supplied for unused chaweis. 

Dimensions: 2-11, F1, F2,  F3, F 4  

F1 - P1, channel half,-thYolmosb: 

F 2  = P2, clad Lliickness 

F g  = .Q3, meat half-thickness 

F4 = 14, equivalent plate conduction, length 

Metal Properties: 2-21., F1, F2 ,  F g  

F1  = (PC) ., clad heat capacity 

in, 

in. 

in. 

in. 

F 2  = (PC) ,, meat heat capacity 

F 3  = kc, plate conductivity 



Flow Characteristics: 2 - 31, F1, F2, F3, F4, F5, F6, F7, F8, Fq,  FlO, F l l ,  F12, F13 

F1 =. Bd, DNB ratio at which DNB takes place 

F = G:::; reference mass velocity 2 lo6 lbm/ft2-hr 

' . .F = h::, reference film coefficient 3 ~ tu / f t ' - h r - "F  

F4 = Dh, hydraulic diameter in. 

F5 = F ,  mean viscosity lbm/ft-hr 

F6  = Kc, entrance unrecoverable loss  coefficient 

F 7  = Ke, exit unrecoverable loss  coefficient 

F = u2 entrance a rea  ratio squared 8 0 '  
2 F = un,  exit a r ea  ratio squared 

9 

F10 = K plenum distribution factor on pressure loss  terms. 
pf' 

Jfll = Kpa, plenum distribution factor on acceleration te rms  

F12 = hf/h, pressure drop film coefficient conversion factor 

L F13 = G /G, local correction factor on mass velocity 

Note that F10 = Fll  = 1.0 for  nominal channels. 

. - Friction Factors: 2-41, Fl1, FIZ. FZ1, FZ2, .  . ., F n l , F .  ( 2 5 n 5 4 )  ' . ' n2 

Fil  = Nn; Reynolds1 numher 

. . isothermal friction factor Fi2 = fiso, 

The sequence {Fil l  must be in ascending order.  

. . , . . .  . ..  
Heat Generation: 2 - 51, F1, F2, F3 

. . . . 
F = dq'' . reference heat flux multiplier 

. . 
F2 = r, fraction of heat generated directly in the water 

F3 = +L/+, local heat flux correction factor 

Input Power Factor: 2-61, Fo ,  F1, F2,. . . , F .  
J'"" 

Fn where F .  i s  the power factor for 
J 

sectioil j, aid n i s  the number of axial sections. Note that n + 1 factors  must be supplied. 

DNB Correction Fa-: 2-71, Fo, FI, FZ,..., F 
j i " "  

I? ' w1icl.t. F. Is the correction n J 
factor for section j, and n i s  the number of axial sections. Note that n + 1 factors must be supplied. 

This se r ies  must be omitted for any channel with F3 = +L/+ = 0. se r ies  2 51. . .  - .. . 

Pressure  Drop Correlations 

Subcooled Pressure  Drop (F i r s t  Kind) : 301 1, F F2' 

F ,  = f l  , correlation parameter r~i i sed u ~ i t s  

F2 = T1, correlation temperature " F 

This se r ies  must be omitted if input is from the property tape o r  i f  second kind i s  specified. 

Subcooled Pressure  Drop (Second Kind) : 3021, F1, F2,  F j ,  F4 

F = f3, correlation parameter.  
1 

1 / " ~  

F = f4, correlation parameter 2 
F = f5 ,  correlation parameter 3 



F 4  =< f6,  correlation parameter , . . 

This s e r i e s  must be omitted i f  input is f rom the property tape or  i f  f i rs t  kind is dpecified: 

Saturation Region Pressure  Drop (Qualily) : 3031, F1; F2,  ., . . , Fi,.. . . , Fn (2 5 n 5 6) 

where Fi  i s  quality and F1 must equal zero. The sequence {F.) must be in ascending order. This 
1 

s e r i e s  must be omitted if input is f rom the property tape. 

2 
Saturation Region Pressure  Drop (G, +LO) : - .. . 

3041, F l l .  F12, ..., (m = n t l ,  ser ies  3031) 

3042, FZ1. . . , F2m (m = n t l ,  ser ies  3031) 

3043, Fgl .  F32, .  . . , Fgm (m = n t l ,  se r ies  3031) 

3044, F41, F42* . . F4m (m = n t l ,  se r ies  3031) 

where . . .  . . . . 
Fil = G. mass velocity lo6lb_/ft2-hr : 

values associated with ser ies  3031. se r ies  3042-, 3,043, and Fi2, . Fim = +LO> 
3044 may be omitted. The sequence {Fi l l  must be in ascending.order with F l l  > 0.. This se r ies  

must be o.m.itted if i.ngut is fr6m the p~-upel.ly tape,. 

Fluid Propert ies  . . s ,  , .  . 

Enthalpy: 401 1, .F1., F2,  . . . , b'i, :. . , , Fn  (3 5 n 5 -6) 
, 

F .  = H, enthalpy 
1 

. .  . ~ t u / l b ~ ,  . , 

Fn-l = Hf, enthalpy of saturated liquid flru/lbm 

F n  = H enthalpy of saturated vapor 
g ' 

Btu/lbm 

The sequence {Fi) rnusl be in ascending order.  This se r ies  must be orrlilled if input i s  f rom the 

property tape. 

~'emperature: 4021, F1, F a , .  . .,, Fi, . ,. , Fm (m = n, ser ies  4011) 
. . 

Fi = T, temperatures associated with thc enthalpies ' 8' 

nf E A ~ ~ A S  4011 

, . ., Fni- l .  = Tsat, saturation tel l~perature " F 

F . = T . saturation teniperature " F ! :  m .sat ,  

The sequence {Ei.): must b e  in ascending order, and the ser ies  omitted if irlptil is [row thc propcrty 
. ~ tape. . . . . . 

. . Specific -Jnlllrne.; 4031, F1, .FZ ,  ... . , Fi , . . .., Fm (m = n, se r ies  401 1) 

F i  = V, specific volumes associaled with the enthalpies 3 ft  /lb, 

of se r ies  4011 

Fm-l  .- ''f: specnfic volumo ul YXLI.!L.~I:+TI l i q ~ ~ i d  ft3/l,hIIl 
. . .  

Fm = v specific volume of saturated vapor 
g ' 

ft3/lbm 

The sequence {F.) must be'in ascending ordcr,  and the ser ies  omitted if input is  from the property 
1 

lape. 

DNB Correlations 

F i r s t  Kind: 5011, F1, F2,  F3, F4, F5, F6, F7, F8, F q  

F1 = B1, parameter .mixed units 

F 2  = ml, correlation exponent 



F = rl ,  correlation exponent 3 

F = T2, correlation temperature 4 

F5  = B2, parameter 

F6  = m2, correlation exponent 

F = r2' correlation exponent 7 

F a  = B 3 ,  parameter 

F = m3, correlation exponent 
9 

This se r ies  must be omitted if input is f rom the property tape. 

Second Kind: 5021, F1, F2, F3, F4, F5, F6, F7, F a  

F1 = B4, correlation parameter 

F = m4, correlation exponent 2 

Fg  = GI, correlation mass velocity 

F = r5, correlation exponent 4 

F 5  = B5, correlation parameter 

F6 = m5, correlation exponent 

F7  = C 1, correlation constant 

Fa = Dl, correlation constant 

This se r ies  must be omitted if input is from the property tape. 

Reactor Kinetics 

This section must be omitted if power coastdown i s  specified. 

Constants: 6011, F1, F2,  F 3 ,  F4 

F = cr steady-state decay heat power fraction 1 0' 

F = I", ~.,r.ornpt neutron lifetime 2 

F = 6K1, rod motion portion of reactivity before s c r a m  3 

" F 

'mixed units 

mixed units 

mixed units 

10%bm/ft2-hr 

mixed units 

sec  

a(6K) , reactivity temperature coefficient F 4 =  - 1 / " ~  
a Tw - 

Pd' Xd: 6021, Fl1> F12, FZ1, F22,. . . , Fil ,  Fi2,.  . . , Fnl, Fn2 (1 5 n 5 7) 

F .  = pd, effective delayed neutron fraction 11 

F .  = id, decay constant 12 l /sec . .  

~ i r s t - P a s s N o m i n a l  Channel Weighting Factors: 6031, F1, F;, . . . , Fj ,  . .,. , Fn (n = No. of 

axial sections) where F .  = a .  the temperature coefficient weighting factor for the jth axial section: 
1 J '  

Note that n factors ,must be supplied. 

Second-Pass Nominal Channcl Wciglifing Ba~10i.s: 6041, F1, P ' ~ ,  . . . , P'. F (n = No. 

of axial sections) where F = a.  the temperature coefficient weighting factor folthi'j'h E i a l  section. 
1 1' 

Note that n factors must be supplied. The sum of all a;, f i rs t  and second passes,. must equal one . 
J 

(any sum belweerl . 999  and 1.003 will be accepted). If one pass i s  specified, omit se r ies  6041. 

Sc ram.  . . 

Dala u l  this section must be supplied only if scram i s  specified. 



Scram Constants: 7011, F1, F2, F3, F4, F5 

F = S , power-to-flow rat io  s c r a m  setting 
1 f 

F = rf ,  power-to-flow rat io  s c r a m  delay time 
2 . . 

F3 = S power s c r a m  setting 
P' 

F4 = T power s c r a m  delay time 
P' 

F5 = problem stop after s c r a m  

sec  

sec  

s ec  

Time and Reactivity: 7021, Fl l ,  F12,. . . , Fil, Fi2. . . . a Fnl* 'nz (2 5 n 5 5) 

Fil = (t - t 3 ) ,  time elapsed after s c r a m  sec  

Fi2 = (6K) reactivity resulting f rom control rod motion r' 

The sequence {,Fill must b e  in ascending order  and F l l  must be zero. 

Power Coastdowll 

This section must be onr~liiecl i P  ~ .cac ta r  lrinctiuu are . fip~riri1:-1.1. . 
. . 

Time Increments: 8011, X1, F1, X2, F2,.,.., Xi, Fi,. .., Xn, Fn (1 5 n 5  10) 

Xi i s  the number pf intervals and the F i t s  a r e  the illierval end times. The interva1.s a re  

assumed to begin'at time zero. The sequence {Fi)  must be in ascending order.  Either one of the 

F i l s  must equal the continuation time, o r  Fn must be l e s s  than the continuatj.on time. The M. 5 24 

and Xi f 0.  

Power Coastdown Function: 8021, Fo, F1,. . . , Fi, . . . , Fn (n = EXi, se r ies  8011) 

Fo = 1.0 

Fi = (P/Po) for the times specified in s e r i e s  801 1. 

Flow Coastdown .L 

Time Increments: 9011, X1, F1, X2, F 2 , .  , . , X Fi, . . . , i' Xli, Fn ( 1 s n C 1 0 )  . 

Xi is the number of i n t e rvds  and the bail s a r e  the illl&i'val end timcc. The intcrxrals a r e  

assumed to begin a t  tirnle ze1.0. Thc sequence {F1) milst be in a~cellclil~g u rde r .  Eithcr one.of the 

Fil s must equal the continuatior1 tiiiie, o r  F ll~iiet bc lcso than the continilation time. The XXi 5 34 n 
and Xi f -0. 

Mass Velocity Coastdown Function: 9021, Fo, F1,. . . , Fi, .  . . , Fn (n = EXi, se r ies  901 1) 

Fi = ( G / G ~ )  i, for  the t imes given in se r ies  901 1. 

F i r s t -Pas s  Inlet Temweratures 

Time Increments: lUUll, X1, F1, X2, P2 , .  . . , Xi, Fi, . . . , Xn. Fn (1 5 n 5 10) This 

s e r i e s  i s  s imilar  to  se r ies  Y U l l  except Lllal CXi 5 29. 

Nominal Charulel Inlet Tempcrature: 1002.1, Fo, F1, F2 , .  . . , Fi,. . . , Fn (n = EXi,  ser ies  

1001 1) . F. = (T  ).  . for the times given in se r ies  1001 1. , 

1 W 01 

Hot-Channel Inlet . .. Temperature: 10031, Fo, F1, F2 , .  . . , Fi, . . . , Fn (n = EX., se r ies  
1 

10011). This s e r i e s  has the same significance for  hot channels that se r ies  10021 lias fur nominal 

channels. If this se r ies  is omitted., s e r i e s  10021 will be used for any hot channels. 

Second-Pass Inlet Temperatures: 11011, F1, F2 ,  F3, F4. Data of this section must be supplied 

only i f  two passes  have been specified. . . . , 



F1 = F fraction of f i r s t -pass  co re  through the active core  a' 

F2 =' K steady-state in terpass  delay t ime 
0' 

s e c  - 

F3 = B~~ nominal channel in terpass  mixing factbr  
m ' 

F4 = B~~ hot channel in terpass  mixing factor m ' 
Note that  F4 must  be  omitted if no second-pass hot channels a r e  specified. 

B. One -Shot Problems 

The specifications for  a one-shot problem a r e  the s a m e  a s  those fo r  a parent problem, with the 

exception that the continuation t ime of s e r i e s  1061 is omitted. This removes  the res t r ic t ions  on 

s e r i e s  101 1, 801 1, 901 1, and 1001 1 which per ta in  t o  the continuation time. 

C. Continuation Prob lem 

The following sections a r e  the only sections which may be changed by a continuation problem, 

subject  to  the following res t r ic t ions:  

In time-dependent tables ( se r i e s  101 1, 801 1, 901 1, and 1001 1) only those en t r i e s .g rea te r  than 

the continuation t ime of the parent  problem may be changed. The s c r a m  delay t imes  T~ and T 
P ' 

s e r i e s  7011, may be  changed only if s c r a m  has  not occurred p r io r  to the continuation time. C a r e  

should be taken when changing T~ and T If the delay t imes  a r e  shortened and i f  this causes  either 
P' 

(tf + -rf) o r  (t + T ) to be 1 ~ ~ 3  than the col~liriuation t ime, then the problem output will be based on 
P P 

a reactivity 6K1 between t3  and the continuation t ime, r a t h e r  than a reactivity found f r o m  the s c r a m  

table. Only the s e r i e s  1011, 7011, 8011, 8021, 9011, 9021, 10011, 10021, and 10031 may be changed. 

The t ime dependent tables a r e  modified in the following manner. A s e a r c h  is made fo r  the continua- 

tion time. All e r ~ t r i e s  p r io r  to  that t ime a r e  retained. New entr ies  a r e  added to the table f r o m  that 

. t ime forward. C a r e  should be taken to a s s u r e  that the number of ent r ies  retained plus the number 

of ent r ies  added do not exceed the table s i ze  a s  given in  the specifications for  a parent  problem. 

Time Increments:  101 1, F l l ,  X1, F12,. . . , Fnl, Xn, Fni where n plus the number of t r ip le ts  

retaincd does not exceed five. The left-hand end t ime, not specified, is assumed to be the continua- 

tion time. 

S c r a m  Constants: 7011, F1, F2 where F1 = -rf and F2 = T If a change is des i red in  e i ther  
P' 

value, both must  be supplied. 

Power  Coastdown 

Time Increments:  8011, X1, F1, X2, F2,. . . , Xn, Fn where the CXi plus the number of 

ent r ies  retained must  not exceed 25. The left-hand end t ime, not specified, is assumed to be the 

continuation t ime of the parent  problem. 

Power  Coastdown Function: 8021, Fo, F1, F2, .  . . , Fi,  . . . , Fm (m = &xi,  s e r i e s  8011) 

where Fo = (P/Po) at  the continuation t ime, and Fi = (P/P ) . fo r  the t imes  specified in s e r i e s  8011. 
0 1 

Flow Coastdown 

Time Increments:  901 1, X1, F1, X2, F,, . . . , Xi, Fi, . . . , Fll where the CXi, plus the - 
number of ent r ies  retained, must  not exceed 35. The left-hand end t ime, not specified, is assumed 

to be the continuation t ime of the'paFent problem. 

Nlass Velocity Coastdowil Function: 9021, Fo, P " ~ ,  F2, .  . . , Fi, . . . , Fm ( m  = CXi, s e r i e s  

9011) where Fo = (c;/G,) at the col~lir~uation t ime, and Fi - (G/Go) fo r  the t imes  specified in s e r i e s  

9011. 
' . 



Firs t -Pass  Inlet Temperature 

If the data of this section a r e  changed, then ser ies  10011, 10021, ,and 10031 must be changed. 

The replacement of se r ies  10031 with 10021 i s  not performed on continuation problems. 

Time Increments: 10011, X1, F1, X2, F2 , .  . ., Xi, Fi, ..., Xn, Fn  where the CXi, plus 

the number of entries retained, must be less  than or  equal to 29. 

Nominal Channel Inlet Temperatures: 10021, Fo, F1,.  . . , Fi, . . . , Fm (m = CX., ser ies  

10011) where Fo = (Tw) at the continuation time, and Fi  = (Tw) for the times specified in ser ies  

1001 1. 

Hot Channel Inlet Temperatures: 10031, Fo, F1, . . . , Fi, . . . , Fm (m = EXi, se r ies  10011) 

where Fo  = (Tw) at the continuation time, and F .  = (T ) . for the times specified in ser ies  10011. 
1 W 1 

D. Problem Stops 

There are vwious ways to terminate the computations of a given problem. A specified time 

delay, after either sc ram or  DNB, and the last time value of the time triplets a re  Considered lu be 

the only direct means for terminating the calculations. However, there a re  s ix illdircct mcmc  b ) ~  

which a problem will be discontinued or  rejected. Each exit from the calculations i s  appropr.iately 

identified. . The six indirect cxits are:. 

1) If the enthalpy exceeds Hg, .calculations a re  ceased. 

2) If the quality range of the pressure drop correlations is  exceeded, calculations are ceased. 

3) If the problem stop after s c r am is more than 30 seconds and the decay heat coastdown func- 

tion i s  exceeded, calculations a r e  ce.ased. 

4) If more than 30 iterations ' a re  required for hot-channel steady -state pressure drop conver- 

gence, calculations a re  ceased. 

5) The appearance of negative o r  extremely large numbers can cause a problem to be djscon- 

tinued. Stops of this type a re  generally the result of the violation of a stability criterion 

(see Eqs 5.1 through 5.5).  The most frequent stop is of the Lype xY, whcrc x S 0. This js 

identified by the print out of "x?:'?:? Y BKROR" alld llle location in momsry, whprp.  the sub- 

routine was e r~ t e~ , ed  to perform the evaluation. 

6) Input data inconsistencies, if present, a re  idel~cified a ~ d  lllc pl'eb1~111 iu ~a~.!j~i.ted. . 

E. Estimation of Machine Time 

An approximation ul Llle uver-all machine time reqi~ired for a given problem may be obtained 

f rom the expression 

S x C x N x 6 x minutes, 

where S is the num,ber of time steps, C is the numbcr of channels, and N i s  the number of axial 

sections. This estimate includesthe ti111e required to print periodic res l~ l t s ,  Five to six'seconds 

a r e  required to prepare a full page u1 uulput for off lino printing. The time in milliseconds to per-  

form the thermal calculations for a given channel may be approximated by 118 + 20(N), where N is  

the number of axial sections. The DNB calculations are a substantial portion of this time and nlay 

be approximated by 18.9 + G.O(N) . Thc reactor kinetics calculations may b e  approximated by 

0.5(P) (FJ) -t. [ 2.46 + 0.97 (dl) ] (k) , where P i s  the number of passes, N is  the number of axial sec-  

tions, d is the number of delayed neutron groups, and k is either 10 or  25. I 

It may be seen that the process of preparing transient results for off-line printing requires sub- 

stantially more time than the actual calculation of a single time-step. Therefore, some considera- 

tion should be given to the frequency at which printed transient results a re  requested. 



IV. OPERATING INSTRUCTIONS 

The ART code i s  designed to operate on an IBM-704 computer having a core storage of 32,768 

words, 'an.on-line card reader,  an on-line 716 printer,  an on-line card punch, and f rom two to s i x  

tape units. One logical drum is  required if the dump routine i s  used. Since dumping i s  a manual 

operation, the logical drum is  not an  essential requirement. In addition, an off-line 717 printer i s  

required and an off-line 714 c k d  reader  may be used. 

The on-line card punch is used only for punching cards when a tape check sum o r  redundancy 

e r r o r  i s  indicated. This feature may be omitted by modification of the tape control program. 

A. Tape and Sense Switch Outline 

1) On-line printer board: GLOUT2. 

Remarks 2) Tape Logic 

1 ART program tape. 

ART property tape-this tape i s  not required if all  

data is supplied hy card input. 

BCD input-this tape i s  not required if all data i s  

read via the on-line card reader .  An end-of-file 

condition indicates the completion of all problems. 

Operator rcs ta r t  tape- lllis tape must be blank and 

provided if sense switch 4 i s  up. A res ta r t  record 

i s  written after every 500 time steps. 

~ ~ ~ ' o u t ~ u t - t h i s  tape should be blank or  contain 

previous output for off-line printing. No rewind o r  

end-of-file instruction i s  given to the tape. 

continuation tapk-this tape i s  used only i f  the prob- 

lem i s  one of continuation; A parent problem 

requires this tape to be blank and all continuation . 
problcms require the tap'e written 'by the associated , 

parent problem. 

Core dumps produced by manual opkrations for off- 

line printing. 

3 )  Senso Switches 

1 
Down 

Normal. 

Bypass incorrect continuation tape on logic 6 .  

Normal. 

Restart  problem with data from tape logic 4. 1 Down 

Normal. 

On-line card input. Tape logic 3' i s  not required. 

Normal. 

Bypass the periodic writing of res ta r t  data on tape 

lugic 4. If down, res ta r t s  by means of switch 2 

should not be attempted. 



Normal 
5 { u p  

. .  . .  -. . 

Down Process  problem input and prepare, the input edit. 

The steady -state and transient calculatiqns a r e  not, 

executed. . . 

6 {up 
Down 

Normal. 

Rewind tape logic 1 and load tape' to dump core on 

tape logic 10. The dump uses drum logic 1. The 

code uses this switch internally as  a debugging ' . 

aid. 

After providing the proper printer board, tape, and sense switch settings,'push the CLEAR-and 

LOAD TAPE buttons to commence processing problems. An end-of-file condition indicates the te r -  

mination of all ART-02 problems. ~ h e . i n ~ u t t a ~ e ,  if used, i s  not rewound. A manual end-of-file 

should be written on the output tape before it is lemoved. 

u r l l y  lucaliuii (110) is programmed as a $!6p, i .e . ,  IITn 1, li All csrmmpnts to and requests of 

the operator a r e  printed on-line before the machine stops at (110) 8. 

If a tape read-write check stop occurs at lodation (325) 8, a manual t r a r~s l e r  to location (111) 

will attempt to bypass the trouble. Any stop other than (110) o r  (325) indicates possible machine 

malfunction. The stop should be recorded, a blank tape placed in ready status on logic 10, tape 

logic 1 rewuund, switch 6 depressed, and .a load tape executed. The dump program prints onTline 

when completed and stops at location 4. 
' ' 

Any stop other than (4) which i s  lesi than (1 10) indicates trouble in a loading routine. 

B. Preparation of the ART Program Tape 

The prngram tape consists of eight records. The f i r s t  record selects the main program if 

neither a dump nor res ta r t  is requested by means of the switch settings. The secund through fifth 

records  a r e  a modification of the GK DS2 core dump program. The sixth record i s  a copy of the 

W R  TSB2 self-loading routine, and the seventh and eighth records a r e  the main body' of the ART pro- 

gram. The ninth r e c d r d i s  an end of file. 
. . 

The procedure for wi'iririg the p~.ogram.tape i,s as follows: Ready a blank tape on logic 1, ready 

thc binary deck in the card reader ,  c lear  memory, and load cards. Aftcr the pr0gra.m tape has been 

written, the computer stops at location (343) 8. 

C. SHARE Distributed Programs 
. . 

The references below a re  to programs and subroutines used in the code which have been made 

available through the SHARE Distribution Agency. The references a r e  identified by the SHARE label, 

name, author, organization, date, &nd distribution numbers. 

1) AS AS03, Floating Point Exponential, R. J .  Uinsmore, Aerojet-Cencral Corpor;ltion, 

Sacramento, Calif., Nlarch 27, 1957, Dist .  Nos. 2 2 4  and 4 3 7 .  

2) E L  TEST, Logical Switch Subroutine, W. R. Couch, IBM, Endj.cott, N. Y. ,  March 27, 1957, 

Dist. No. 220. 

3) GI< DS2, Octal Core Dump Program, D. B. MacMillan, Knolls Atomic Power Laboratory, 
. . 

General Electric Co., Schenectady, N. Y . ,  Jan. 22, 1958, Dist. No. 434. 
. . . . .  

4) GL OUT2, General Purpose Output Program, E. R. Clark, Lockheed Aircraft Corp.,  

Georgia Division, Marietta, Georgia, May 24, 1956, Dist. Nos. 84, 93, and 117. 



5) LA S820, Floating Natural  Logarithm, I. Cher ry ,  University of California,  Los  Alamos 

Laboratory,  Feb. 21, 1956, Dist. Nos. 69 and 17.1. . 

6) WB CTB2, Absolute Binary C a r d  to  Tape Loader,  W. H. Guilinger and G. E.  Crane,  

Westinghouse E lec t r i c  Corp. ,  Bet t i s  Atomib ~ o w e f  ~ i b o r a t o r ~ ,  Pit tsburgh, Pa. ,  

Jan.  20, 1958, Dist. No. 425. 

7) WB TSB2, Tape to Storage Binary Loader,  W. H. Guilinger and G. E. Crane,  Westinghouse 
. . 

Electr ic  Corp. ,  Bett is  ~ t o m i c  Power  Laboratory,  Pit tsburgh, Pa . ,  June 20, 1958, Dist. 

No. 425. 

8) WB RWT4, Binary Read-Write Tape Routine, R. B. Smith, Westinghouse E lec t r i c  Corp. ,  

Bett is  Atomic Power Laboratory,  Pit tsburgh, Pa . ,  Feb. 1958, Dist. Nos. 425 and 494. 

9) UA SQR3, Square Root Subroutine, W. P. Melcher, United Aircraf t  Corp. ,  E a s t  Hartford,  

. C o n n . , O c t . 2 4 , 1 9 5 5 , ~ i s t . N o . 4 .  . , 

10) UA CSB1, Absolute Binary Loader,  W.. P. ' .Melcher, United Aircraf t  Corp. ,  E a s t  Hartford,  

Conn., April  12, 1956, Dist. No. 66. 

11) UA CSH2, BCD Tape o r  Card  Reader  Subroutine, R. Nutt and W. P.  Melcher, United 

Aircraf t  Corp. ,  E a s t  Hartford,  Conn., April  26, 1956, Dist., No. 73. 

12) UA DBC1, Decimal, Octal, BCD Loader  Subroutine, R. Nuti and W. P. Melcher, United 

Aircraf t  Corp. ,  E a s t  Hartford,  Conn., April  2 3 ,  1956, Dist. NOS. 73 and 87. 

13) UA SAP3, SHARE Symbolic Assembly Program,  W. P.  Melcher, United Aircraf t  Corp. ,  

Eas t  Hartford,  Conn., Sept. 26, 1957, Dist. Nos. 347, 431, and 457. 

V. PREPARATION OF INPUT FOR A SAMPT..E PROBLEM 

This section contains a discussion of some  of the decisions leading to the choice of ART input 

quantities. The discussion i s  based on the analys is  of a f ict i t ious two-pass c o r e  sustaining a com-  

plete l o s s  of flow accident without s c r a m .  A11 input c a r d s  fo r  this problem and selected portions of 

output a r e  l isted in Appendix 11. 

The problem input is prefaced by a ca rd  which may be used to t i t le the problem. In this case  

the problem was described a s  a "sample problem for  WAPD-TM-156, I t  given an identification num- 

b e r  "XXXXXXXX, I '  and was fur ther  denoted a s  a one-shot ART-02 problem by the blank in column 

66 and the information in  colulluls 68-72. 

A. Control  Information: C a r d s  1011-1061 

Time Increments:  Card  1011 

The information on this card  (. 02, 10, 1. 8) implies that a t ime  s t ep  of length 0. 02 seconds is 

to  be used throughout this problem of total  length no longer than 1-:8 seconds. A printout is to occur  

every 10 t ime s t eps  o r  a t  t = 0, 0.2, 0.4, .  . . , 1.8. 

Two factors  influence the choice of t ime incr'ements: 

1) Are  the difference equations s table?  That i s ,  do e r r o r s  introduced i n  the solution.at  one 

ti.me s t ep  tend to grow with succeeding t ime s t eps?  

2) How closely do the difference equations approximate the differential  equations?::: 
. . . .  . , 

The. secondquest ion i s  by f a r  the most.difficult to answer,  and can often only be ,examined.by 

solving the problem',several  t imes ,  each t ime with a,differcnt t ime increrrlent and observing tFe ' ' . . . . 
. . , , .  

I ,  ::A stahle $ifferencc t rea tment  i r i  no way guarantees  a n  acceptable approximation' to the solution of 
the differential equation. . . . . , . . . .  . . . .  



behavior of the solution. Although this approach offers some insight into the .answer to this questior;f,, 

i t  i s  not c lear  that a smaller  t ime step will give a difference solution that i s  any closer to the solu- 

tion of the differential equation, ynless Az i s  also reduced. In fact, in certain instances, 1 it may 

be shown that with a given A Z ,  thk closest apprdach to the solution of the differential equatim nlay 

be obtained by choosing the largest  time step permitted by the &ability cr i ter ia  of the following para- 

graphs. (This would also involve changing the time step during the solution.) 

The question of stability may be examined by the methods of Ref 4 if changes of fluid properties 

during a time s tep and thk interaction between reactor kinetics and energy balance equations a r e  
i- 

neglected. The difference equations of ART may then be shown to be stable if the following condi- 

tions t f a r e  satisfied (consistent units must be used) : 

1) The water energy balance Eq (2.4) gives 
. .  . 

At. 5 1 
1 v. .  U. G. v.  

I Ati< - ,, G.  v. .  
t .  (-2) 

as  c r i te r ia  for no local boiling and for local boiling, respectively, where c is .tile specific 
. . P 

heat a ~ / a ~  ad i s  infinite if the water is in the saturation region. 

2) The plate energy balance Eq (2. 2) gives 

.(PC) l2 + (PC) ,I3 
At. 5 

1 'i 

and 
. . -  

( P C ) ~  P2 + (PC) mJ3 
a t .  5 

1 ( X C / l 4 )  

ac cr i te r ia  fnr n o  .l.ncal boili~lg alld fur leeal boiling, respectively. 

' 3) ~ e a c t o r  kinetics neutron level Eq (2; 43) g ives  Llit critcrion 

where this equation is only applicable when dk -C 0 and where m = 10 if (bKr) = 0, and 
0 

117 = 25 if (6K1.) # 0. 

4) Reactor. kinetics precursor  Eq ( 2 . 4 2 )  gives t k c  criterion . . 

where m has the same significance as in Eq (5. 5 ) .  

1 If the conditions of (5.2) through .(5.4) a r e  violated during the operation of the ART problem, a 
warning will be printed out. It has been noted that a slight violation of condition (5. 1) during a 
few time s teps of a problem i s  often not detrimental to the solution if this stability criterion i s  
afterwards satisfied because of flow coastdown. 

t t  An unpublished investigation by N. J. Curlee and J. V. Reihing of the frequency response bf out- 
le t  temperatupe to sinusoidal variations in inlet temperature. 



F o r  the sample problem, the following values have been used to  check stability. n4ost of these  

correspond t o  the beginning of the coastdown. However, the beginning of the problem, generally, 

will not be the worst  t ime for  stability behavior, and other than beginning-of-problem conditions 

must be considered. 

The a s s u m e ~ l  n~:nlbers for  the samp!e problem are :  

h z  = 6. 2 in. N 0. 52 ft; c ,+ 1.2 Btu/1bm-OF; P1 = 0.0485 in. - 0.0040 ft  
P 

3 1, = 0.01 8 in. N 0.001 5 ft; (PC) = 0; (PC) = 33.2 ~ t u / f t  - " F  

P2 = 0.01 80 in. - 0.0015 ft; l3 = 0.042 in. 0.0035 ft 

average core  temperature  r i s e  = 20°F;  = - 2.5 x ( l / " F )  a T 
- - 5 8 = 2 p - 0.0079; 1" = 3.2 x 10 sec;  largest  Xd = 1.507 s e c - l ;  m = 10 because of no s c r a m .  

d d - 

The derived quantities a re :  

2 2 
Ui - 0.90 ~ t u / f t  -sec-OF; ( X  /I ) - 1.47 ~ t u / f t  - s e c - " F  c 4, 

2 
(PC) c12 + (PC) 0.116 Btu/ft - O F ;  6 ~ :  - 0.0050. 

The stability c r i t e r i a  are: .  

a t .  5 0.022 s e c  for  E q  (5. 1) 
1 

0.024 s e c  for  Eq  (5. 2) 

0. 129 s e c  for  E q  (5.3) 

0.077 s e c  for  Eq  (5.4) 

0. 050 s e c  fo r  Eq  (5. 5) 

6.6 s e c  for  Eq  (5. 6) 

By examining these s-tability cr i ter ia ,  i t  appears that the chosen t ime s tep  of 0.020 s e c  sa t is f ies  

all  stability cr i ter ia .  

The selection of 0. 2 Eec for  the prilltoul iuterval gives a reasonably c lear  picture of the v a r i a -  

tion of quantities in this par t icular  problem without burdening the requester  with a great  volume of 

output. In addition, Llie 111acllllle t ime needed for  printout is not negligible (approximately s ix  s e c -  

onds for  every 50 l ines of output, whether the l ines a r e  filled, o r  not) .  , 

Problem Size: Card 1021 

Six axial sections per  channel have been chosen here .  Note that t h i s i s  a most important point 

in  machine t ime considerations. A smal le r  number of sections reduces  the machine t ime spent pe r  

t ime step,  and also, in many cases ,  increases  the allowable t ime s tep  length [ E q s  (5.1) .and (5. 2) 1 .  
A higher number of sections may be needed to  obtain more  detailed output o r  to  permit  a more 

detailed input POWPI: shape. Howcvcr, acceptable r.t.sults may often be obtained with a smal le r  num- 

b e r  of sections, which should be given especially ser ious  consideration for long slow accidents. In 

such cases  a few detailed steady-state problems (which run  quite rapidly) may be used for  in terpret -  

ing the rcsul ts  of much less detailed transient problems. 

A two-pass core  with one nominal channel pe r  pass  has a lso  been specified on this card.  If the 

limiting hot channel occurs i n  nne pass o r  the othcr,  one of these cuuld be eliminated. On the other 

hand, one of these  passes  may contain a hot channel with high heat input at the bottom and low heat 



input at the top. It may also contain a channel with somewhat lower peak heat input but with a greater 

total input. 1f it is not clear  which i s  controlling thermally, then both channels may be run as hot 
, . . . 

channels in that pass. 

Property Tape: Card 1031 , , .  

As indicated on this card,  needed fluid properties, DNB, and pressure drop correlations were 

extracted from file two of the property tape. It is essential, of course, that data at the required 

pressure  and of the requested types a r e  available in this file. A system has been in operation at 

Bettis by which a tape containing an up-to-date edit of property tape contents is  retained in the com- . 
puting center. This edit tape may be printed on'request. 

, . Input Options: Card 1041 

This card indicates the use of the second.kind of both subcooled pressure drop and DNB correla-; 

tions. The proper type will be extracted from tape. For  a discussion of these types, see comments 

under cards 301 1, 3021, 501 1, and 5021. A choice lu use reactor k i n c t i c ~  with no scram i s  a l so  

indicated on this card. . . 

Output Options: Card 1051 

A choice df output desired is  indicated on this dard. Note that the DNB ratio printout is begun 

for a given channel only after a DNB ratio less  than or  equal to B has been determined for that 
U 

channel. 

Over-allconditions: Card 1061 ' 

p is  the operating pressure,  and i s  used only for extracting information from the property tape, 
0 

but must be supplied even i f  the property tape i s  not used; 2000 psi data were chosen here. 

2 qo" is  a reference heat flux, arbitrarily chosen as  100.000 ~ t u / f t  -hr and, therifore, supplied 
6 2 a s  0.1 in the input units of 10 ~ t u / f t  -hr. Thj.s quantity i s  a common multiple for the heat 

generation in all channels. Thus, only this number needs to be, changed if one reactor i s  to be 

examined at several power levels. Further discussion of this quantity is  included under card 

2051. 

Kc? is  a parameter for determination of nucleate boiling characterlslics. Tlic follocving corre-  

lation by JeriS and Lottes (Re1 2) 11lay be used to prcdiat ~ u r f s c e  t e rnpc ra t~~re  under nucleate 

boiling conditions: 

2 where + is  in units of ~ t u / f t  -hr and po is in psia. 

By comparison with Eq (2. 9 )  , ::: 

' t o '  6 0 
Kcr  - (pa-,/~oo) = c(zooo./900) = '- b1 

e 

g i s  the component of acceleration due to gravity in the negative z-direction. In the assumed 
2 case of vertical upflow, g = t32.17 ft/sec . Olller values could be supplied for a core with 

downflow, for a core with a list ,  o r  for a n  examination of the effect of neglecting elevation terms. 

c i s  a convergence criterion on the hot channel pressure drop balance in' steady-state, defined 

by Eq (2.35). It i s  used in the sample problem as 0.005, requiring that the hot channel pressure 

drop ( ~ p )  be wtthin 1/2% of the value of (bp) :C desired. In this case, with no local or hulk 

::: Kcr was supplied erroneously as  7.21 in the input for the sample problem. 

3 2 



boiling in  steady-state, the convergence is quite rapid. However, there  a r e  two possibil i t ies of 

convergence difficulties in a steady-state boiling situation that must be considered (also s e e  the 

discussion of G'",  card 2031) : 

1) Dis'continuities in p ressure  drop correlations and the use  of a finite number of mesh 

points can introduce multiple discontinuities in the relationship between the calculated 

p ressure  drop for  the hot channel and the hot channel flow. These discontinuities may 

be l a rge r  than a very tight convergence cr i ter ion and may preclude any steady-state 

solution within such a cri terion. 

2) The hot channel p ressure  drop v s  flow relation in  the boiling region may reach  a mini- 

mum value a t  a p ressure  drop above that sought, o r  the solution may be multiple valued. 

Finally, the p ressure  drop curve may be quite flat  'so that convergence may be slow. 

A Z  is the axial mesh increment. A 37.2 in. channel is considered here .  Therefore,  Az = 

length/n = (3.7.2 in. /6) = 6.2 in. Note that in ART, the heated length is assumed to  be equal to 

the length for  p ressure  drop considerations. If i t  is desi red to include a , p r e s s u r e  drop contri-  

bution for  a s'hort unheated length a t  each end of the channel, 

1) nAz should be s e t  equal to the total plate length and suitable reductions made in heat 

generation figures,  o r  

2) nAZ should be s e t  equal to  the heated length and the losses  in these end positions included 

in the unrecoverable entrance and exit loss  coefficients Kc and Ke (card 2031). . 

Problem stop after DNB: Since the f i lm boiling heaktransfer  is not handled in ART, th is  

input entry  pe rmi t s  the problem to be stopped after DNB has occurred (i. e . ,  after B . .  5 BU for  some 
11 

channel) . 
Continuation Time: Eliminated here  since a one-shot problem is. considered. 

B. Individual Channel Character is t ics :  Cards  2011-2671 . . 

Only f i rs t -pass  nominal channel ca rds  will be discussed here ,  but the cominents will apply t o  

the ca rds  for  other channels as  well. 

Dimensions: Card 201 1 

P I ,  12, and l3 = 0.0485, 0.018, and 0.042, respectively. ' The nominal channel considered h e r e  

is assumed to  have a 97-mil channel gap between plates and to  have fuel plates with a total thickness 

of 120 mils,  composed of two 18-mil clads and an 84-mil fue1,alloy. . . .  . 

i4 is the ~qi l ivalent  oonduction lei~glll  i u l u  tile plate. 'l'he combination of 14, kc, (PC) ., and ' 

(PC) is used to define a one-lump t reatment  which approximates the t ransient  behavior of the 

plate. It should be noted that the behavior of the temperature  Tm probably does 'not adequately 

represent  the temperature  at any single point but gives a good over-a l l  energy balance'between 

plate and water in slow thermal  transients.  A comparison of the one-lump approach with a many- 

section treatment on other digital codes is suggested for  evaluating choices of the pariameters 

14, kc, (PC) m. The best  values probably depend on the type of transient considered. F o r  

example, if the surface temperature  is to r i s e  and the heat generation is to  remain  constant, the 

best  choice would be expected to be different than. in .the inverse  situation. In addition, the r e l a -  

tive s i zes  and properties of clad and meat must  be considered. A. condition examined by 

E. V. Somers::: suggests that P4  should be s e t  equal to Q2 (the clad thickness) ; that kc should 

equal the clad conductivity; that (PC) should be given i t s  full value; and that (PC) be se t  
. . 

:::Westinghouse Research Laboratories,  work done on the basic cquations describing energy flow 
and p ressure  drop rela.tionships for  t ransient  coolant flow conditions in a non-homogeneous . 
reac to r  (July, 19.56) . , . .  . . . .  t 



, . .  . . ,. 
somewhere between zero and its full value. This approximation, with .(PC) se t  equal to zero, 

C 

was incorporated into the ATBAC Code (Ref 1) 'and into the sample prob1e.m considered here. 

Additional studies? for another typical geometry, using the cladvalue .for kc and full values for 

(PC), and ( P C ) . ~ ,  have indicated that the best choice,for the ratio [14/i2 t A3] may vaqy betweep. 

0.4 and 0..5. . .  . .  'a 

.. . Metal Propert ies:  Card 2021 ..;' , . . . .  . 

(PC) c, (PC) _, and' hc = 0 ,  33.2 Bt'u)ft3-OF; &d 8.1 ~ t u / f t - h r -  OF;  respectively. The discusgiop 

under card 2011 indicates the basis  for  the choice of zero for the f i r s t  number. Values for the other 

numbers were chosen arbitrarily.  I 

Flow ~ha r ' a c t e r i s t i c s :  Card 2031 
, . 

+ :  

B = 1. 5. This i s  the DNB rat io  at which it i s  assumed that departure f rom nucleate boiling u . . .  
occu r s .  It i s  designated as other than on& because of-uncertainties in the DNB correlations and 

their application to this transient s'ituation. (Ske Eel 5, pp 57 60 for h iisciission of the DNB 
. . .  

uncertainty factor. ) 
. - 

6 2 G": = 3. 0. This quantity i s  given in units of 10 lbm/ft -hr,  and i s  defined as  the steady-state 

value of mass velocity for  nbininal dha&els &d as Lhe f i r s t  cstimate of s te idj-s tate  mass veloc- 

ily for  all hot channels. Tts value for nominal channels i s  obtained from a knowledge of total 

sys tem flow and the 'amount of this fluw which bypasses the active heat transfer surfaces. The 

bypass flow detekrninatibn i s  based on a 'pressure drop balince for all flow paths in parallel for 

a given pass. The f i r s t  estimate for hot channel flow is generally not important in. a nonboiling 

situation and may, .for convenience, be chosen equal to G:' for the nominal channel. In a b,oiling 

situation there is the possibility of multiple solutions o r  slow convergence (see discussion of E, . . 
card 1061), s o  that the choice of G:': is much more important; several steady-state problems 

. ..( 
should probably be ruri with'different choices of G" 'when the requester i s  confronted with an 

unfamiliar situation. 

2 h" = 6486 Btu/ft -hr-OF, which i s  the film coefficient corresponding to the mass veloclty GI;'. 

The value here was determined by the use of the following empirical relationship: 

with kV,, = 0. 36 Btu/ft-hr-OF,. = 0. 26 lbm/ft-hr; c = 1. 16 Btu/lbm-OF, Dh = 0. 1944 in. 
G P = 0.0162 ft, and G" = 3 x 10 ibm/ft2-hr. The coei-ilfreni 0.019 i. rcduccd from n Cnlhl lrn 

coefficient of , O .  023, in order.,to represent a. reasonable lower limit of experimental data (Ref 2, 

p 1.4). Fo r  hot channels it i s  suggested that the.values of Dh and G::: be based on average and 

not local tolerances, since the f i lm  cpefficient i s  used in over-all cnergy, balanr:~ and pressure 

drop calculations and, therefore, .should be correct  on an average basis for  the channel. 

, . .  I .  

., . , ,  . . . 

D = '0.1944 in. The hydraulic diameter i s  here computed for a thin rectangular channel as  411. h 
Note that either D,l o r  the fiso table may be used to consider possible flow restriction caused 

by warping.of the fuel ,plates. Dh is uscd in Eqs (2.12) and (2.18) ; f: in Eqs (2. 12) , (2. 16) , 
1SO 

ar~d (2. 17).  
- 

i s  the viscosity to be used in Reynolds1 number evalcation for de te rmik t ion  of fiso: chosen 
.. . 

here as  0.26 lbm/ft-hr. 

, . 

t Unpublished memo by R. G. Fasiczka. 



K and Ke a r e  the unrecoverable contraction and expansion.loss coefficients for  entrance and 
C 

exit losses .  These have been arbi t rar i ly  assigned a value of 0.5, but a r e  generally' obtained 

f rom' tes t  resul ts  (Ref 6 ) .  These coefficients may also  be used to include losses  in orifices '  

located a t  the channel entrance and exit, o r  may be increased for  hot channels a s  an alternate 

to Kpf and K a s  a method for  describing non-uniformities of flow pattern. 
Pa 

2 u2 and un a r e  equal to the square  of the a r e a  ra t io  at entrance and exit. o r  
0 

( a r e a  inside channel 
a r e a  in plenum region 

These quantities a r e  used to  calculate the recoverable spatial  acceleration portion of the p r e s -  

s u r e  drop a t  entrance and exit, and a r e  arbi t rar i ly  assigned a value of one here .  

K and K a r e  the plenum distribution factors  for  friction drop and for  acceleration. The nom- 
P f Pa 

inal channel friction drop i s  multiplied by K before being applied to the hot channels in paral le l  
P f 

with it. Acceleration t e r m s  a r e  multiplied by K Both values must be supplied a s  one f o r  
, pa' 

nominal channels and have been arbi t rar i ly  chosen here  a s  0.925 for  all  hot channels. The value 

in actual design situations can best  be obtained from'experimental  measurements  of channel-to- 

channel differences in p ressure  drop. 

hf/h is an empirical  coefficient used in evaluating local boiling p r e s s u r e  drop. F o r  example,. 

the empirical  approach of Ref 7, p 19 suggests that local boiling p r e s s u r e  drop is related to  a 

temperature  0, computed hy 

where 4 is the surface  heat flux and hD-B is a f i lm coefficient computed using 0.023 ra the r  than 

0.019 in Eq  (5.8) . Therefore,  in o r d e r  to  use  the approach of Ref 7, in conjunction with a f i lm 

coefficient calculated using 0.019, 

Eowever, this quantity has been arbi t rar i ly  assigned a value of one for  the sample problem. 

L G /G = 0. 9. Since local wide spots in a channel will cause lower local mass  velocities and 

since such changes can affect the heat flux required for  DNB, an adjustment in  m a s s  velocities 

is permitted for  use  in DWB calculations only. It is assumed here  that local m a s s  velocities 

may be a s  smal l  a s  90% of the average m a s s  velocity, The ra t io  i s  calculated by (average 

channel area/maximum local channel a r e a ) .  

Fr ic t ion Factors :  Card 2041 

In o rder  to supply the empirical  rel.ationship betwe.cn the isothes~i la l  friction factor and Reynolds1 

number (for example, s e e  Ref 8, Fig. 1) , the input on this card consists of pa i r s  of NR, f iso  COO'- 

dinates. In the sample problem, values of fiso a t  NR = 30,000 and at 250,000 a r e  taken to be 0,0241 

and 0.0162, rtspeclively.  Additional input points a r e  permitted for  wider flow variations and a . m o r e  

exact description of the empir ical  curve. Linear interpolation on a log-log plot between s e t s  of data  

is used. .A l inear  log-log extrapolation is performed, if necessary,  beyond both ex t remes  of 

Reynolds1 numbers. Note that, since a different fiso vs NR curve is permitted for  each channel, 

svrface  roughness variations may be accounted fo r  in the preparation of this table. 
. . 

Heat Generation: C a r d  2.051 

q/q:'' = 1.0. It is assumed that if a nuclear analysis indicates a uniform pnwer  density dictribu- 

tion and i f  all channels have riominal character is t ics ,  then the core  l ~ n d e r  consideration would 



2 1 5 %  

have a uniform heat generation value per  unit area of 100,000 ~ t u / f t  -hr, (Ref 9> pp 46-47). How- 

ever ,  a nuclear analysis does predict a non-uniform power distribution, which i s  represented 

hare  by the F. factors, and which may be derived directly f rom nuclear data. For  example, the 
J 

second-pass hot channe1,distribution i s  shown as an approximate step function ill Fig. 3 from the 

more contiriuous distribution taken f rom J E T  output. The example shown i s  the power t raverse .  

at  row 2, column 17 of the example in the PROP-JET report (Ref 9,  p 93) .  

.' A X I A L  POWER SHAPE 

FOR ART INPUT 

" I  
I 
I 
I 
I 

1.0 - I 

LEVEL 0 LEVEL l LEVEL 
A X I A L  P0SII'IUN.i 

i F i g .  3 Sample ~ x i a l  Power D i s t r i b u t i o n  

Since these JET output power values a re  for average mesh rectangle and not vertex power, 

i t  i s  appropriate here thal this entirc shape be multj.plied by 1. 15. In addition, all channels in 

the core a r e  nnt uniform, so  that some engineering hot channel factors must be added. AS in 

Ref 9, p 47, it i s  assumed that the average engineering hot channel factor total heat addition to 

th.e channel is 1. 2. Therefore, for channel 6; the value of dq':' has been taken to be 

1 ,.2 x 1. 1.5 = 1 , 38.  This value appears on card 2651. Since, for nominal charulels, all point- 

wise variatj.ons a r e  the result  of nuclear considerations, arid since these a r e  included in The I?. 
J 

factors,  a multiplier of dq':' equal to one i s  used for nominal channels. 

r i s  the fraction of the power which i s  generated in the water. It i s  chosen arbitrarily as 0.024. 

The heat generation in the water depends chiefly on the energy release by slowing neutrons and 

by gamma. radialion absorbed in the water. (See Ref 10, p 2 4  for a discussion of methods in 

which energy i s  released.) The tabulation of Ref 10 iudicates that thermalizing fission neu-t~wns 

amount to approximately 2-1/270 of the total fission power, and tulal galnma rclcase amounts 

to  approximately 9-1/20/0. However, water, other than that adjacent to the plales, thermdizes  

many neutrons and absorbs gamma rays. In addition, fuel plates arid struc.Lu~,d ~na t e r i a l  a r e  . 

much more effective in absorbing gamma rays t h a l ~  llle water .  fin c!rarnlrralil.lli. I-tf tlic rclati're 
slowing down and galnllla absorption ra tes  in various materials must be made for each core in 

order  to deter~liine r. 

L + /+ i s  s e t  to zero if no DNB calculations a re  needed for a specific channel. Since DNB calcu- 

lations require  a fairly large amount of machine time, i t  i s  recommerided that Ll~ey be bypasocd 

whenever possible. When this value i s  nonzero, it i s  applied because DNB is  a localized phe- . 

nomena; therefore, the DNB ratio should be based on local tolerances of heat fluxes. Here, i t  

is assumed that the local hot channel factor i s  1.4 compared to an average hot channel factor of 
L 1.2 Therefore, 4 /+ = 1.4/1.2 = 1.167 for all hot channels. 



Input Power Fac to r :  Card  2061 

F . - s e e  the discussion under card '2051 fo r  the normalization of F. chosen here.  These values  
J J 

a r e  taken di rect ly  f r o m  nuclear data  in  which the average core  power is. one, and in  which no 

engineering to lerances  a r e  considered (see  Fig. 3 ) .  Note that F. is the average core  power 
J 

between level j-1 and level  j. Note that Fo is used fo r  DNB calculations fo r  the f i r s t  half-section 

of the channel. It is not used in any energy balance calculations. The value of Fo is a rb i t r a r i ly  

assumed he re  to  be the s a m e  a s  that a t  stat ion one. A z e r o  value fo r  th is  quantity i s  permitted.  

DNB Correct ion Fac to r s :  Card 207 1 

(F ) . - the  DNB correct ion factor combines two effects. F i r s t ,  i t  contains the entrance effect 
c J 

on DNB heat flux. That is, the heat flux required to cause  a depar ture  f r o m  nucleate boiling is 

a function of channel position, . i n  addition to enthalpy and m a s s  velocity. Second, the (F ) . 
c J 

factor is used to  define the difference between the actual  power shape and the s t ep  approximation. 

F o r  the most recent  Bett is  DNB correlations,  the f i r s t  contribution has  the f o r m  e - 0 . 0 0 1 2 ~ / S  , 

where L = the distance f r o m  the inlet and S = the channel thickness (Ref 5, p 47).  However, for  

the sample  problem, this contribution to  (F ) . was assumed to  have a value 01 0.8  a t  channel 6, = J 
level  2, and other values elsewhere.  The power shape contribution to the DNB correct ion factor  

was determined f r o m  examining Fig. 3. It is noted that  the block approximation gives an I?. 
J 

value of 2.81 for  level 2. However, the detailed shape shows a value of 3. 17 at the same  point. 

Therefore,  for  channel 6, level 2: 

entrance effect multiplier on DNB 
(Fc) 2 = detailed power shape/block power shape 

0.8 
- (3, 17) / (2.  81) 

' 

Input Cards  f o r  Other Channels 

Cards  2111 to 2171, 2511 to 2561, and 2611 to  2671 a r e  quite s i m i l a r  to  the corresponding 2000 

s e r i e s  cards .  (See the comments under the c a r d s  with the s a m e  l a s t  two digits  in  the 2011 to 2071 

range. ) 

C. P r c s s u r e  Drop Currelations:  C a r d s  301 1 ~ 3 0 4 4  

Subcooled P r e s s u r e  Drop, F i r s t  Kind: Card  3011 

This card  is eliminated h e r e  s ince  the second kind of subcooled p r e s s u r e  d rop  corre la t ion is 

used. The use  of the f i r s t  type of corre la t ion is discussed in Ref 8, p 1.2. Note that f/fiso, by Lhis 

form,  is always one when no local boiling is predicted (using the coefficient h ) . When loc'al boiling f 
is predicted, the value is e i ther  one o r  a value obtained by l inear  interpolation in  temperature  between 

one at a bulk temperature  T1 and (1 t f l )  a t  saturation temperature .  

Subcooled P r e s s u r e  Drop, Second Kind: Card 3021 

Th i s ' ca rd  is eliminated he re  since the data a r e  taken f rom the property tape. The  deLelopment 

of this type of corre la t ion is discussed in Ref 7, pp 18-22; the values which have been extracted f r o m  

tape correspond to the upper l imi t  equations given on page 22 of that r epor t  which are:  

where 

= s m d l c r  of 1.05 (1-. 0025 8:::) and 1.0 

and 

$I= 1 - (o::/o) . 



Then, by comparison with .Eq (2.20) , 

f5 = (1.2) (0.76) = 0.912, , ,;I ! . . 

. . 
and . J.:i r::.:, .:' 

f6 = 2/3 = 0.666, , . r  ":::,'.; >i:; . .  

. , .  . .  I , . 
which is identical to the data extracted from the properjy tape. 

Saturation Region Pressure  Drop: Cards 3031 to 3044 

These data were,omitted since they were taken from the property tape. However, if supplied by 

cards ,  they would be given the following form: 

6 2 F o r  example, for a mass velocity of 0.6 x 10- lbm/ft -hr and for a quality of 0.02. +iO would be 

extracted from this table as 1.7 1. Any interpolation needed i s  linear in (l/G) and in .quality. An 

extrapolation on ( 1 / ~ )  for mass velocities outside of ,the range of this table is  performed,. No extrap- 
, .  . 

olations on quality a re  done, however. The values. given in the preceding table a re  10% above the 

values given in Fig. 17 of Ref 7. The factor 1.1 i s  chosen to obtain an upper limit f p r  these pressure 

drop correlations. . 
U. Fluid Properties: Cards 4011 to 4031 

Thes.e cards a r e  pmitted because the data were taken from the property tape. Note that if the 

enthalpy i s  below the range of this table, linear extrapolation for  temperalure is  used, Specific vol- 

ume is held constant. However, i f  enthdpy values exceed the maxiriiuin in this table, then saturated 

or  superheated steam exists and the prublem is  stopped. 

E. DNB Correlations: ,Cards 501 1 and 5021 

F i r s t  Kind: Card 5011 

The correlation for DNB heat flux is taken from thc following Rettis design equations for 2000 
h 2 

psia (exclusive of inlet coi-rectior~ +nd in units of 10 Btu/ft -hr) (see Ref 5, p 39) . For  less  than 

' 20°F  slihcooling, the smaller  of 

is  uocd. 

F o r  greater than 20" subcooling, 



2 
is used where G = m a s s  velocity (lbm/ft -hr)  , H = bulk water enthalpy a t  DWB point, Ts = saturat ion 

temperature ,  and T = bulk water, temperature .  
W 

By comparison with Eq  (2. 28) ,  

B = 0.445, m = 0.22, r l  = 0.5, T2 = Tsat - 20°F = 616'F at 2000 psia  1 1 

Second Kind: Card 5021 

This card is omitted since the data  were  taken f r o m  the property tape. This f o r m  of corre la t ion 

for  DWB heat flux is taken f r o m  the newer Bettis  design equations for  2000 psia  (exdlusive of inlet 
6 2 

correction and in units of 10 Btu/ft -hr)  (Ref 5, p 47). 
. . 

6 2 F o r  1.6 x l o 6  5 G 5 5.0 x 10 lb/ft -hr,  

i s  used. 

i s  used. 

By comparison with Eq  (2. 29) , 

E 4  = 0.325 m 4  = 2.5 G1 = 1.6 

r5 = 2.0 13 = 0. 240 5 m 5  = 2 .5  

C1 = 1.0 '  Dl = 0.1 

F o r  lower p ressures ,  i t  is recommended in' Ref 5, p 55 that no velocity-dependent values be 

used. This can be accomplished easily by sett ing G to some very high number. The quantities 1 
r 5 ,  B5, m5, C1, and D a r e  s t i l l  needed a s  input, and may be  supplied a s  a value of 1.0. 1 

F .  Reactor Kinetics: C a r d s  601 1-6041 

Constants: Card 6011 

t r  it; the fraction of s teady-s ta te  power produced by fission product decay and is chosen here  a s  
0 

0.07. (See Ref 3 and Ref 10, p 24 for  a discussion of fission product decay.)  AS is shown in 

Ref 3 ,  the pre-shutdown value for  fission product energy re lease  (Mev/fission) f r o m  gamma 

rays  is given a s  follows: 

~ / 1  ev/f iss ion After the following operation 

one hour 

10 hours  ' ' 

100 days 

infinite operation . . . 
If i t  i s  assumed that the re  , is ,  'essent.ial.ly, infinite opcration of the reac to r ,  that the re lease  

f r o m  beta r a y s  is approximately equal to  the gamma re lease ,  and that the total  energy re lease  

of instantaneous plus decay power i s  197. 5 Mev per  fission, then, a = 2 x 7. 1/197. 5 = 0.072. 
0 

The power coastdolvn lul . rn  of the decay contribution is taken f r o m  the. infinite operation curve 

of Ref 3, p 14. It is based on constant power for  an infinite t ime p r io r  to the beginning of the 



: I , ,  

transient and until the s c r a m  t ime t3  is reached. At time tg, an inst&taneous drop to the zdro ' 

fission ra te  is assumed. It may be seen, in the sample that the decay contribution,. 
1 1 ~ ~ 1  i t ~ f  

wil.1. remain constant since there is no scram. In problems in which .t3 is used to begin with- 

drawal of rods, then the decay portion of the power should not be decreasing and it i s  suggested 

that a, be s e t  to  zero. 111: 

- 5 
.t<:is the mean neutron lifetime, and is chosen here as 3.2 x 10 sec. (For  details on 

this parameter ,  see Refs 11 and 12.) 

6K i s  the value of reactivity resulting from control rod motion which will be maintained f rom 1 
the beginning of the problem up to t = t 3  (the s c r am t ime).  Here no rod influence i s  desired, , ,  , I  

therefore, 6K1 = 0. 

i s  the temperature coefficient of reactivity. This number may be determined by the 
a Tw - 4 
methods of Ref 12 and has been chosen here to be - 2.; 5 x 10 (OF) - I .  

Ncutron Preci.rrsur Constants: Card 6021, 6022 

The basic information on which the choice of these dtiayed neutrori parame 1e.t-.c; ,nay bc based is 

summarized in the following table: 

Delaycd Group Nn. 1 2 3 4 5 - P 

6 - - 
Keepin 1955 Re1 Abund 0.036 0.210 0.192 . 0.409 Oi135 0.018 

(p  = 0. 0u.10) ::: Decay Const 0.01277 0.0319 0.1181 0.318 1.507 5.33 

(sec-1) 

Keepin 1958 Re1 Abund 0.038 0.213 U. 188 . 0.407 0.128 n,n26 

(p = 0.0065) :::::: Decay Const 0.0127 0.0317 0.115 0.311 1.40 3.87 

--- 

~ h e ' d e c a y  constant A may be selected directly from this table. The effective yield of neutrons Fd in 

the particular group may be calculated as the pl.u~Lct of thc relxtive ah~~ndances  in the table and the 

value of p listed on the left-hand, side. 1n addition, Sd musl Le lnultiplicd by 3, ratio describing !.he 

effectiveness of group'd rieutrons in  producing fissidns ill a givea reactor :  

Ed = P (relative abundance) (effectiveliess) d (5. 17) 

The data from Keepin 1955 were used in the sample problem. Fur  examplc, in group 4; A i s  seen to - 
bc 0. 318 s eca l  and the effkctivenesr of y ruup  4 was clluocn as 1.IZi ;  thus /ji= (0.0070) (0. 409) (1.143) 

z, 0; 003277. Nnte tha t ,  ~i]:~ the f i r s t  five groups of precursors  were used in the sample problenl to 

enable the comparison of resul ts  with a s imilar  ATBAC problem. Rowever, there is I IU leaSal1 why 

the sixth group should not also be included, if  the stability criterion mentioned under card 101 1 i s  

oasiiif1r1.l. Al.sn, if tompera t l l r~  coefficient and rod worth a r e  obtained from experiment, care  should 

be talcen so  that the delayed neutron data and effectiveness corrections used in reducil~g expcrimcntal 

data a r e  consistent with those used for analyzing transierlls. (A discussion of calciilating effective- 

ness  valucs is contained in Refs 11 and 12. ) . 

Temperature Coefficient Weighting Factors: Cards 6031 and 6041 

These quantities a r e  best calculated by either an ad~oint  integration over various portions of the 

core o r  by running nuclear design problems with individual sections of the core increased in temper- 

ature. Care  should be taken because the temperature coefficient used here i s  not as  measured at 

zero power when the reflector and leakage water also change temperature. Here, only a tempera- 

tu re  coefficient resulting from changes in the temperature of the water adjacent to the plates i s  desired. 



In the sample problem, the second pass  has  arbi t rar i ly  been chosen a s  1 .5  t imes a s  important 

reactivity-wise a s  the f i r s t  pass,  and a uniform axial distribution of temperature  coefficient in ,  each 

pass  has been assumed. Therefore,  a; = 1/15 for  each f i rs t -pass  node and 1/10 for  each second- 
J 

pass  node point. It can be seen  that these  values do s u m  t o  one. 

Note that, only n values a r e  given for  each pass .  The inlet temperature  has no temperature  

coefficient associated with it. 

G. Scram: Cards  7011 and 7021 

Scram Constants: Card 7011 

This c a r d  is not included since s c r a m  is not desired.  If the requester  des i res  t o  specify the 

s t a r t  of s c r a m  at  a par t icular  t ime in a transient,  the value of Sf o r  S should be se t  a t  a value l e s s  
P 

than one and the corresponding delay t ime should be s e t  equal to  the t ime of the desi red entry into 

the s c r a m  table. 

Sc ram Table: Card 7021 

This card i s  not included since s c r a m  i s  not desired.  Linear  interpolation is used in this table 

and 6K i s  considered posilive for  rod withdrawal and negative for  rod insertion. If i t  is desired that 

6K should be continuous, then the f i r s t  entry  must be se t  equal to 6K1. If the l a s t  t ime in this table 

,is exceeded, then the l a s t  reactivity value is maintained over  the remainder  of the problem. 

H. Power Coastdown: C.ards 801 1 and 8021 

This information was omitted since reac to r  kinetics were  used. (See the next section for a 

discussion of the method of input.) If this table is exceeded, the power is held constant a t  the value 
. . , I  

of the l a s t  entry. . . I ; . l  ..:. , _‘. . 

I. Flow coastdown: Cards  901 1-9022 . . .  , ' ;  , , 

. . . .  . . .  . . - .  ! .  :: 

Since a flow coastdown which is quite rapid a t  f i r s t  and then decreases  more slowly, is being . . 
considered, the values a r e  supplied a t  0.05 s e c  intervals up to  0.5 sec, and a t  0.1 s e c  irhesvals up 

to 1.8 sec.  This is specified by giving 10, 0. 5, ' 13, and 1 .8  on card 901 1. If a parent problem is 

considered, the continuation t ime must either equal one of the end t imes in the table o r  must be 

g rea te r  than all end t imes.  The flow coastdown values a r e  calculated by G/G, = 1/1 + 3t and a r e  

also shown in Fig. 4. 

In the general case,  this flow coast -  
1.0 

down must be calculated considering the 

nominal core  p r e s s u r e  drop character-  
0.8 i s t ics  and a lso  the character is t ics  of 

pump coastdown ,and primary-loop p r e s -  

818 0.6 s u r e  drop. 
2 2  

If the table l isted on card 9022 i s  

0.4 exceeded, the l a s t  value will be used fo r  

the remainder  of the problem. 

0.2 J. F i r s t - P a s s  Inlet Temperatures :  
C a r d s  10011 and 10021 

Since the f i r s t -pass  inlet tempera-  
0 

o . 0.2 0.4 0.6 0.6 1 .0  1.2 4 tu re  is to be held constant, only one 

TIME. SECONDS increment is used on card 1001 1, accom- 

F i g .  4 Sample Fo rc ing  F u n c t i o n  
panied with any nonzero value for  end 

t ime (subjecl lo the s a m e  parent problem 

res t r ic t ions  a s  l isted under ca rd  9011) .  



Two values of 500°F a re  given on card 10021 to Indicate that this value remains constant throughout 

the problem. When this table i s  exceeded, its last entry i s  used throughout the remainder of the 

problem. I .  : 
. . . t ,  ~. . .  . . .  

K. Second-Pass Inlet Temperatures: Card 1101 1 
.. ..: * . .  : . 

This card i s  used only i f  there is a second pass. Only 1350 first-pass"exit enthhpies are stored, 
.:;. _ _  

and after all of these have been used, the second-pass inlet temperature is  held constahf,. %gkii.likii'- 

ing the usefulness of the code to those problems of relatively short duration. . . , ,, . ..;. , . , 
- - . . - . . . 

F is the quantity defined as  the fraction of first-pass flow through the active core. It is  assumed 
a 

here  that the average channel is  used to represent the perfect mixing enthalpy of all water leaving 

the first pass, and that the nominal channel exit represents the average enthalpy of all water 

except leakage flow. Then, a more precise definition of Fa  i s  

(total heat release to water leaving f i rs t  ~ a s s / r a t e  water leaves f i rs t  pa s s )  . F = 
3 (total heat release to nominal channel water/nominal channel flowrate) ' (5. 18) 

I 

The v a l i l e  chosen is 0. 848. Note that this value sliuulJ ~ I C V C Y  bo ohossl.1 ~ r l l l n l  to one., since it 
. ,  

appears in the denominator of Eq  (2. 55) in such a way as to mnJce the denomir~xl.ul zero. 

K i s  the interpass transport time in steady-stale. This value depends on core configuration 
0 

and i s  chosen here a s  4 sec. 

(Bm) NC = 0. It is assumed here that the second-pass nominal ,channel sees.perfect.mixing of 

the f i rs t -pass  exit water. Therefore, this value i s  set  equal to zero. .-, : . 
: : !  ( B  ) i s  the qukt i ty  used to show the effect of imperfect mixing on second-pass.hot channel : 

m HC 
inlet temperatures. The imperfect mixing is accounted for in ART by comparing.the exit en- 

thalpy of the nominal channel with the exit enthalpy of the average channel, and by increasing : 

the perfect mixing value by an amount proportional to the difference of these two exit enthdpies - 
, . . . . . . 

and also piopbi;tional to Bm. Considering the two options or "mixing factoi-" and "crossovkr 
. . : < . i  ,., . 

optidn" of the' PROP-JET code (Ref 9 ) ,  Bm can be shown to have the following forms: 
. . .: . . i  

Mixing Factor Option . . - . . . .. . - 

where Fa  i s  the quantity given in Eq (5.18), . 

FA = (heat input first-pass hot channel/flow first-pass hot channel) 
(heat .input fi.rs.t -pass nominal channel/fl.ow first-pass nominal channex 

' . . 

anrl I? i s  t h e  mixing factor (a value of one holds for perfect mixing) . 
m 

Crossover Option 

If it is  assumed that some limited region of the f i rs t  pass has the same rluw as thc avcrage 

channel but has a higher heat input, and if the exil waler from thic rugil-l~l ~ ~ - v F . R  to thc inlet,of 

the second-pass hol channel, then, . . 

average power in limited regiorl - average power f i rs t  pass 
(Bm) HC = average power in f i rs t  pass (5.20) 

In the sample problem, the mixing factor option was'used with a mixing factor Fm = 0.8. 



(dq:; ) 
heat input first-pass hot channel - 

HC { .& P j) HC 
J =  1 

heat input first-pass nominal channel - n 
( d q "  ) NC {zl Fj)NC 

. .  , 

flow f i r ~ t - ~ a s s . n o m i n &  channel - (Go) NC ('1) NC 
flow firstypass hot channel - (Go) H~ (I1) H~ 

Therefore, 

FA = (2. 34) (1. 293) = 3.03 

and 

. . 

Note that (Go) for the hot channel used in these calculations i s  an estimate of the f i rs t -pass  hot 

channel flow an'd not the value which was obtained by the ART code in steady-state iterations. 

In addition, the sum of the axial power values must cxclude Fo. 

L. Discussion of Output 

The output for the sample problem is given in Appendix 11. A printout of input cards i s  also 

supplied there. 

Input Print - .  

Pages 1-5 of the output contain a printout of all input quantities as  they. a r e  accepted by the 

machine. Any information which has been extracted from the property tape is also presented on 

these pages. 

Steady-State Flow 
.. . 

The results of iterations for steady-state flow in the hot chatqeis a r e  given on the next page of 

problem output. For  example, in channel 6, an initial guess for the mass velocity in steady state 
6 2 was 4 x 10 lb /ft -hr and thexequired pressure drop, considering the second-pass nominal chan- 

m 6 
nel, was 11.69 psi. After three iteratinns, a result  of 3. 108 x 10 101. steady-state mass velocity 

yielded a pressure drop of 11.70 psi, which i s  within the requi.red convergence criterion, permitting 

calculations to proceed. Since there is ,  no iteration required,'fornominal channel flows, there i s  no 

change from the input value. . . (  . . 
. . . , ' .  

Transient Results \ .. 
. . 

The remaining pages of problem output contain transient results. . Some of these a r e  also given 

in Figs. 5 and 6. The information for a given time step is begun at the s ta r t  of a page. The time, 

power-to-flow ratio, and power a r e  given as  a preface to the remainder of .the output. Scram setting 

information i s  also supplied. Following this over-all information, the output for  each of the channels 

is given, including the flow for that channel, the pressure drop, and the minimum DNB ratio. In 

addition, if  that particular channel has hi11.k boiled o r  has burned ou t ,  such information is supplied. 

Point-by-point values of water tempera.tllre, metal temperature, surface temperature, heat flux, and 

DNB rat io  a re  then listed i f  they have been requested. Under each of these headings, point zero is 

l i s t ed  on a separatc line. T l ~ e  next line Ilsts points 1 through 10, thcn 11 through 20, etc. 



10 

0 8 

0 4  - INITIAL 0 N 8 RATIO 

I BOILING .CONDITION3 ,IN HOT CHANNE!. 1 . 
NO BLG +NUCLEATE BOILING +.BULK BOILING 

F i g .  5 Sample O u t p u t ,  Flow and Powcr Coastdown a r d  
S a f e t y  E v a l u a t i o n  

. . .  

. . 

0 . 2  

LEVEL 0 LEVFI., I LEVEL 

 BOILING CONDITIONS Al' POliJT OP MIt4IMUM .D bI'B RDTln 
-NO BLG +NUCLEATE ~01Ci ' i jR : - BULK BLG -.-.- 

I ' '  FORM OF D N B CORRELATION I 
--V.EL DEP 4 VELOCITY INDEPENDENT 

I . 

AXIAL POSITION , z 

~ ; g .  6 Sample O u t p u t ,  E n t h a l p ~  P r o f i l e  
. . 



VI. PROPERTY TAPE PREPARATION 

The ART-01 code provides for the preparation, updating, and printing of the property tape which 

may be used with the ART-02 code. The user  may specify that specific portions of the input data 

required for a problem be taken from the property tape. The property tape i s  basically a l ibrary of 

fixed'data which may be requeste'd, thereby reducing the amount of data which must be supplied with 

each problem. . ' '  - 

Each file of the property tape contains six records of the following information: 

Record Infor mation 

1 Subcooled pressure drop (first  kind) 

2 Subcooled pressure drop (second kind) 

3 " Saturation region pressure drop 
. . . . 4 .Fluid properties 

5 DNB correlations (first kind) 

6 DNB correlations (second kind) 

No provision i s  made for more than one property tape. The physical length of the tape i s  the only 

restriction on the number of files which the property tape may contain. 

Two sample card files a r e  shown in Appendix 111. The information was assembled by R. Pyle 

and P. Heiser. 

A. Input Preparation 

The input data deck must consist of an identification card, option control card, and as: man i  card 

files as  desired. Each card file terminates with a blank card. The input deck i s  terminated by.'&''' 
. .. 

end-of-file condition on the computer. 

The identification card must contain ART PROPERTY TAPE in colul'nns 1 through 17, ART01 

in columns 68 through 72,  and columns 18 and 67 blank. Column 71 must be zero. The remaining 

columns may contain any additional alpha-numeric identification desired. 

B. Option Control Card 

The option control card i s  identified as  1001, comma, option specification, comma, and, in spe- 

cific cases, a file number N. Where file numbers a re  supplied, they must not contain a decimal 

point. . . 

Option one writes an original property tape. All acceptable card files a r e  written on tape, a 

duplicate copy of the tape is made, and all files on the tape a r e  prepared on the output tape 

for off-line printing. 

2) 1001, 2 

Option two provides for updating the current property tape with additions of files of data. All 

acceptable card files a r e  written on tape beginning with the appropriate file number in sequence, 

a duplicate copy i s  prepared, and the files which have been added a r e  prepared for off-line. 

printing. 

3) 1001, 3, N 

Option three i s  the same as  option two, except that N specifies the file numberfor  commencing 

the update operation. . . . .  . .. , . 



. Option four provides for making a copy of the property tape. : ' -  . . , ;~r t  
.. , ' . L  

5) 1001, 5, N1, N2,-. . . , Nn (n 5 99) 
. .  , . . . .  . ' . . . . ,  

Option five provides for preparing the specified Ni files for off -line printing. - The files . 
. . .  .. . , . .  . 

requested must be in ascending order.  To prepare the entire tape for printing,,. the  option^ ;-' 
specification must be as  follows: 1001, 5, 0. 

. . . . ., - . >:. . 

6) 1001, 6, N1, N2,. . ., Nn ("599)  . .. 

Option s ix  provides the combined specifications of options four and five. Thus, the property 

tape i s  copied k d ' t h e  specified files a r e  prepared for off-line printing. 

F o r  either options five o r  s ix  the additional cards necessary to specify up to 99 files must begin 

with 1002, 1003, etc., but must not exceed 1100. 

The control card o r  cards for options four, five, and six, followed by ulie blank card, constitute 

a complete input deck; whereas, the control card for optivlls one, two, and three ml.lst he  followed by 

the additional card files to  be written on tape. Each cud .wi th in  a card file lnust contain, in co1umrr.s 

1 through 5, a s e r i e s  identificatiuri nuillber followed by a comma.. These se r ies  numbers must appear 

in ascending order  in a file. The data must be listed immediately following the se r ies  number with a 

comma separating each nun~ber .  Every data entry must contain a decimal point. The firsl.blank 

column terminates the card. The- last  number on each card must not be followed by a comma. 

In the following outline, the first entr ies  of a se r ies  a r e  typical formats for the.cards, indicating 

the qu,antities which must be supplied with each pressure value. Each ser ies  must contain from two ., . _.,: . . . . 
thFoGgh ,100 pressure  values, along with their associated se t s  of data. Appendix I11 contains a brief.  

. - . . , .  
discussion of input preparation for  a sample property tape. . , .  \ L 

C. Subcooled Pressure  Drop: b'irst Kind 

. . 
2001, Fll; .  F12; F13# FZ1> PSZ29 F23>.  Fil' Fi2. Fi3 .. ;, -;. . 

2002, Fi+l I. Fiil ,  2,  Fi+!, 3,. . . , Fnl, Fn2, Fnj (2 5 n 5 100) , . . . . 
. - 

where . 4 .. . 
. . , . . .  

Fil = p, the it'' pressure psi  . 

Fi2 = f l ,  correlation parameter  

Fi3 = T1, correlation parameter. 

This s e r i e s  may be omitted if s e r i e s  3001 i s  supplied. The pressure p must be an integer value, and 

successive values must be in ascending ordc~. .  

D. Subcooled Pressure  Drop: Second Kind 

'3UU1, Fll, FLL,  Plj ,  vl4* F153 s q .  

3002, . . . , Fnl, Fn2, Fn3, Fn4, Fl15 (2 5 n 5 100) 

where 

F .  = p the ith pressure  11 

F i ~  = f 3  7 
psi 

. . ., 

correlation parameters  
F .  = f 14 5 



This se r ies  may be omitted if se r ies  2001 is supplied. The pressure must be an integer value, and 

successive Galues must be in ascending order.  

E. Saturation Region Pressure  Drop 

4001, pl, F1, F2, ..., Fn (2 5 n 5  6) 

2 2 
4002, G1 1, 

a (+LO) n 
2 2 

4003, G12, (+LO) I ,  . a (+LO) n 
2 

4004. G ~ ~ ,  (+lo)  ,, . . . . (+LO' n 

2 2 
4005, G14, (+LO) I' . ,  (+LO) n 

4011, p2, F1, F2 , .  . ., Fn 

4012 . . . 

where p i s  the pressure associated with the F i l  s, which a r e  quality values. The mass velocity G i s  
2 the other index for +LO, the pointwise fit to the saturation.i.egion pressure drop function. The qual- 

ity values must be in ascending order ,  starting with zero. There must be from one through four G 
2 

values, and for each mass velocity, a s  many +LO values a s  there a r e  quality values. The mass 

velocities must be nonzero and in ascending order.  

All succeeding pressure groupings must contain the samc number uf quality and mass velocity 

values as  supplied for the f i r s t  pressure, pl. Note that each grouping begins with the se r ies  number 

increased by one in the tens positior~. The ser ies  number for  the last  permissible group i s  4991. 

F. Fluid Properties 

where p i s  the pressure value, H i s  the esthdpy. T is thc water lel~lperature, and v is the specific 

volume. All values must be in ascending order,  with the exception that Tn-l = Tn = Tsat. The las t  

two values of H a r e  Hf and H respectively. Similarly, the las t  two values of v a r e  vf and v 
g ' g' 

All successive groupings must contain the exact number of entries as supplied with the f i r s t  p res -  

sure. Kach group begins with the ser ies  number increased in the tens position. 

G. DNB Correlations: F i r s t  Kind 

b o o i ,  F,,, F,,, . . . , ,, 

where 

, . . , [nixed units 



. . . . .  . , . . 
F ~ ~ '  = ml,  correlation exponent . 

' l :  ' (  ,, . . . . . . . .  . . . . : . . . . . .  
Fi4 = rl ,  correlation exponent 

. . . . .  . . .  . . . . . . . . . . .  
. . .  Fi5 = T2? correlation temperature .. . O F .  . . . . .  

Fi6 = B ~ ,  parameter mixed units 

Fi7 = m2, correlation exponent 

Fi8 = r2, correlation exponent 

Fi9 = B3, parameter mixed units 

Fi10 = m3, correlation exponent . . 

This ser ies  may be omitted if  se r ies  7001 is supplied. 

H. DNR Correlations: Second Kind 

where 

F .  = p, pressure . . .  . 11 . , . . . . 

Fi2 = B4, parameter 

F .  = m4, correlation expoilent 
13 

F .  = GI, correlation mass velocity 14 

Fi5 = r5, correlation exponent 

Fib = R5, parameter 

F i7  = m5, correlation exponent 

Fill z Dl, correlation constant 

psi 

mixed units 

1 061bm/ft2-hr 

mixed units 

This se r ies  may be uiditted if se r ies  6001 is  supplied. 

I. Operating Instructions 
. . 

1) :on-line pril?tei board: GLOUTZ . . . .  
. . . . 

2) Tape T.,ogic . . Remarks 

2 . Blank.for option 1; current ART.property tape for options 4 t h ~ ~ u u g h  6 .  

3 BCD input tape. ' 

4 Blank. Will be a duplicate of lugit 2 for optivl~s 1 ,  2,  3 .  4, anrl h .  

5 RCD output tape. No rewind or end-of-file instruction is  given for this 

tape. 

3) Sense switches: Ol~ly switch 3 is used. If switch 3 is  down, data should be supplied via the 

on-line card reader. If 3 is up, input i s  via tape logic 3.  

4) The program operates only from binary cards; UA CSB 1 should be used to load the prqgram 

deck of binary cards. when the proper printer board, tapes,, and switch settings have been 

provided, ready the card readel. and push the CLEAR and LOAD CARD buttons to begin. 



5) Stops: A stop at (7777) indicates the end of the problem. A stop at (1 1 1  1 )  indicates that 

operator intervention is requested. The on-line printer specifies the exact request. Stops 

below (1 10) a r e  in UA CSB 1. A (1 6602) stop i s  in UA DBC 1 for out of range decimal 

data. A (17063) stop i s  in UA CSH 2 for illegal punch detection. 

6) Remove all tapes on the completion of a problem and label logic 2 as  the ART property tape, 

logic 4 as a duplicate, and print tape 5 on the off-line printer. 

APPENDIX I: NOMENCLATURE 

Dimensions of each quantity a r e  denoted by M = mass, L = length, 9 = time, T = temperature, 
2 2 2 

F = ML/B = force, and H = F L  = ML /9 = energy. All equations in the text a r e  written in t e rms  of 

a consistent se t  of units; input and output will be in mixed units. 

Defining 
Syn~bol Description Equation Dimensions Input Card 

Used in footnote explaining - - 
Eq (2. 18) 

a .  Temperature coefficient (2.46) - - , 6031 ,6041  
J 

weighting factors 

B.  The DNB ratio at the j (2. 27) - - th - - 
~i 

axial level 

Bm An interpass mixing factor ( 1 . 1 3 ) ,  ( 2 . 5 3 ) ,  . . 
- -  . 11011 

(5. 19)  , (5. 20) 

BU 
The DNB ratio at which DNB - - 
takes place 

B1 to B5 Parameters  in DNB calcula- (2 .28) ,  (2 .29) ,  Mixed 5011 ,5021  

tions (5. 12)  - (5. 16)  

1 

DNB ' 

Used in footnote explaining - - 
Eq (2. 18) 

Constant in DNB correlation (2. 2 9 ) ,  (5. 15)  

Specific heat of water (5.1) 

The channel hydraulic (2.12),  (2.18) 

diameter . . *  . 

Constant in DNB correlation (2.29) , (5.15) 

Term for departure from - - 
nucleate boiling 

F Symbol used with subscripts Sections I11 

to denote floating point num- and IV 

h e r  when dcscribliig illput 

Heating contribution to sub-, (2 .20) .  (5.11) 

cooled pressure drop 

Fraction of first-pass flow ( I .  1 3 ) ,  (2. 5 3 ) ,  

through the acLive. core (2. 5 5 ) ,  (5. 18)  

Elltrance effect and local (2. 2 7 ) ,  (5. 10)  

power correction for DNB 

heat flux 



Defining ' 

Equation Symbol 

F .  
J 

Fm 

'a ' 

Description , Dimensions .. Input,Card 

Section j power factor 

Mixing factor 

Total hot-channel factor on 

enthalpy r i s e  for f i rs t -pass  

hot channel 

A. friction factor used to . 

predict frictional resistance 

to fluid flow 

Function to fit subcooled 

nonisothermal pressure 

drop 

Isothermal friction factor - - 2 x 41 

Mixed 3011,3021 Subcooled pressure drop 

correlation parameters  

Reference mass velocity, 

which equals the f i r s t  est i -  

mate of.bteady-state hot 

channel mass velocity o r  

equals.the steady-state 

nominal channel mass 

velocity 

Mass velocity 

Local Irlass velocity . 

 mas^ velocity coastdown 

rullclioil 

Lot+ correction factor on 

mass velocity 

Mass velocity in DNB 

correlation 

The component of the accel- 

eration of gravity acslng in 

the negative. z-direction 

~ n t h a i p y  of saturated liquid 

Enthalpy of saturated vapor 

Fluid enthalpy 

Reference film coefficient 

evaluated at the mass 

velocity G" 

A film coefficient used in 

local boiling pressure drop 

calculations 



Defining 
Equation . Symbol 

h 

Dimensions . Input C a rd  

H / L ' ~ T  ' - - F i l m  coefficient 

F i l m  coefficient used in 

p ressure  drop calculations 

Factor  for conversion to 

p ressure  drop film 

coefficient 

Unrecoverable loss coeffi- 

cients for entrance and exit 
.. . . 

Mixed 1061 Paramete r  in Jens-Lottes (2. 19) , (5. 7) 

treatment of nucleate boiling 

fi lm coefficients 

A plenum'distribution factor (2.24) 

on acceleration t e r m s  

A plenum distribution factor (2. 24) 

on p ressure  loss  t e r m s  

The interpass t ransport  t ime . (2. 56) 

in  steady state 

Fluid thermal conductivity (5. 8) 
. . 

Equivalent interpass length (2. 56) 

Elapsed interpass length (2.57) 

Prompt  neutron lifetime ( 2 .  40), (2.43) 

Channel half-thickness Fig. 2 

Clad thickness Fig. 2 

Meat half-thickness Fig. 2 

Equivalent plate conduction Fig. 2 

length 

Active channel width Fig. ?. 

Number in stability equations (5.5) , (5.6) 

Exponents in DNB correlations (2.28) , (2.29) 

Neutron puwer coastdown (2.38) , (2. 43) 

function 

Reynolds' Number (2. 18) . 

Number of axial sections - - 

Power coastdown function (2. 37) , (2. 38) 
. . . . 

' (2.49) 

Fluid p ressure  - - 

The reactor  operating - - 
pressure  



Defining 
. Equation , Dimensions . . 

. .. . . - . .. 
(2.30) , (2. 37) - - 

Symbol 
. . . . .  

(q/q" 

Description 
. . 

Input .Card 

Multiplier on reference 

Total heat generation rate  . , .  
in the jth axial section per  !; 

unit heat t ransfer  a r ea  

Steady-state total heat 

generation per  unit heat 

transfer area 

Reference heat generation 

per  unit heat transfer a r ea  

Fraction of heat generated 

directly in the water 

Exponents in DNB 

correlations 

Power -to-flow sc ram 

setting 

Power s c r a m  setting 

Local boiling surface 

te-mp~,rature 

Mean plate temperature . ., 

Bulk fluid temperature 

Surface temperature 

Saturation temperature 

Telnperaturc in subcooled 

pl,essuiA€ drop cul.l~ola.tion 

Te~rlperature in DNB 

correlation 

Time from s ta r t  of 

transient 

Time at which power-to- . ' 

flow s c r a m  setting is  

reached 

Time at which power s c r a m  

setting i s  reached 

Tirrle of s c r am 

Over-all heat t r - a l d e r  

coefficient 

Specific volume of saturated 

liquid 



Symbol . Description 

v Specific volume of satu- . 
g 

rated vapor 

Defining 
Equation Dimensions 

- - L ~ / M  

Input Card 

(2.4) . L 3 / ~  ' 

Section I11 - - 

v Fluid specific volume 

Symbol used with sub- 

scripts to denote fixed 

point number when 

describing input 

- X..  
J1 

z 

Quality in the saturation 

region 

Coui.clinate position meas - 
ured relative to the channel 

inlet and directed toward 

the channel exit. 

L Fig. 2 

Steady-state decay heat 

power fraction 

Decay power coastdown. 

function 

Total effective delayed 

neutron fraction 

Effective delayed neutron 

fraction, Group d 

Total channel pressure drop 

Steady-state hot channel 

pressure drop 

~ r a n s i e n t  acceleration 

pressure drop 

Spatial acceleration pressure 

drop 

Elevation pressure drop 

Pressure loss (friction loss . 

plus expansion and contrac- 

tion losses) 

The time increment between 

time i and time i + 1 

Time inorcmcnt in Lhe reactor 

kinetics equation 

Axial mesh increment 

Total excess reactivity 

Fig. 1 L . . 

(2. 44) - - 

(2. 44) , .(?. 48) . - - Excess reactivity resulting 

from rod motioii 



Defining 
Equation 

(2. 44) , (2.46) 

Dimensions Description Input-Card 
- '  '.Y . - - 

Symbol 

Excess  reactivity resulting 

f rom temperature change , 

Excess reactivity pr ior  to . 

s c r a m  

Temperature coefficient of 

reactivity 

Convergence criterion on 

steady-state hot-channel . 

pressure drop 

F i lm drop used in pressure  

drop calculations based on 

the film coefficient (hf) 

Actual film drop as  used in 

pressure drop calculations.. 

Co~lductivity of clad and 

me at 

Decay constant in the d th 

delayed group 

Mean viscosity 

Clad heat capacity, volume ' 

basis  

Meat heat capacity, volume ' 

bagis , 

Arca rat ios  zt chail l lel 

c n t r u ~ u a  'and r x i t  (plenup 
a rea  over channel area)  

Power-to-flow rat io  s c r a m  

delay time 

Power s c r a m  delay time 

L)NB heat f1.11~ . . 

( P a a .  before 

2.47) 

Heat flux from plate to water 

Local heat flux 

Function to fit saturation (2. 17) - - 
. . 

region pressure drop . '  

Local correction factor on (2.25) - - 
heat flux . .. 

. . 
~ o r m a l i z e d  concentration of (2.41) , (2. 42) - - 
precursors  of the dth delayed 

neutron group 



Symbol Description 
. . .. 

q Parameter  in subcooled 
pressure drop correlation 

Defining 
Equation Dimensions Input Card 

Superscr/pts: , ! .  j ' 

AC : . : :. Averagc channel 

hTC Nominal channel 

HC Hot channel 

(k) Denotes the kth iteration 

for steady-state mass 

velocities o r  the kth i tera-  

tion in the reactor kinetics 

equation 

Subscripts: 

a, b Subscripts used in inter- 

polation discussion follow- 

ing Eq (2. 23) 

c Clad 

d Delayed neutron group 

number 

ex Conditions used in interpass 

mixing and transport calcu- 

lations 

Conditions in exit plenum 

Conditions in inlet plenum 

Denotes conditions at the 

beginning of t ime step i 

h e . ,  at  

i = 0 ,  steady state i s  implied. 

Denotes conditions at the j th 

axial level (i. e. , at z = jhz) ; 

i t  i s  also used for the section 

between level j-1 and level j. 

Fig. 1 

Meat o r  average plate 

j=n re fe rs  to conditions j u ~ t  

inside the channel exit 

i = O  r e fe rs  to the conditions 

at the s ta r t  of the transient. 

j = O  re1er.s to conditions just 

inside the channel inlet 



APPENDIX 11: INPUT AND OUTPUT FOR A SAMPLE PROBLEM 
:,,i . <. , A , '  

The following pages contain a listing of input cards from the sample problem'of Section V. In- . * .  . . ,  . i. 
addition, the majority of the IBM-704 outpiit for this problem i s  given. 

' 

# . -  - 

Pages 1-5 of the output give a complete listing of input quantities a s  accepted by the machine, 
, .A  :, 

including that information extracted from property tape. Page 6 gives steady-state reS'u1.t~ :and pages . ,. 
7, 10, and 1 3  give results for  three different times during the transients. As is  noted in the input, 

additional transient output was printed for times 0.2, 0.4, 0. 8, 1.0, and 1.4 seconds. This partic- 

ular  problem stopped when point 6 in channel 6 reached a quality of 41% at time = 1.46 sec. Since 

this qua l i e  is out of the range of the specified saturation region pressure drop data, the probieth was 

discontinued at that time. Further discussion of the output to this problem is  given in Section V. 



X Z X X X X i X  SII:.PLE ?;lOiLE!,! FOR 'XPFE-TM-156 
l ~ ~ l l , . C 2 , 1 " , 1 . 6  
l O i 1 , 6 , 2 . 1 , 1 .  
1 2 3 i * 2 , 1 , . 1 , h l  

ARTCZCARD 0 6 1  
CARD C C 2  
CAXD OC.3 
CA;?rJ 0 0 4  
CARD 0 3 5  
CAED 0 0 6  
CAR3 OC7 
CARD CC.8 
CARD ,369 
CARC 0 1 3  
CA2D 0 1 1  
CARD 0 1 2  
CARD 0 1 3  
CARD 0 1 4  
CARO 0 1 5  
CARD 0 1 6  
CASD 5 1 7  
CARD 0 1 8  
CARD 0 1 9  
CARG 0 2 0  
CARD 3 2 1  
C A R D  C 2 2  
ZARD 5 2 3  
,:ARC 0 2 4  
CARD 0 2 5  
CARO 0 2 6  
CARG 3 2 7  
CP.X3 0 2 8  
CARD 0 2 9  
CARD 03.5 
CARD 3 3 1  

.CARD 0 3 2  
CAkD 0 3 3  
CARD 0 3 4  
.CARD 0 3 5  
CARC 0 3 6  
CARD 03.7 
CARD 0 3 8  
CAi iD 0 3 9  
CARD 0 4 0  
CARD 0 4 1  
CARD 0 4 2  
CARO 3 4 3  
CAXD 0 4 4  
CARD 0 4 5  
CARD 0 4 6  



. . 

X X X X X X X  SAMPLE PR?BLEM FOR WAPD-TM7156 ' A R T 0 2  PAGE 1 

A. CONTCOL 1 NFOEMATlON 

T I N E  IhCREbiENTS eO2G 1 0  1.8E 

PROE.1-EM S I Z Z  6 SECTI.INS 2 P A S S I E j )  1 HOP CHANNELIS)  1ST  PASS 1 HOT CHANNEL(;) 2YD PASS 

GsTA TAPE F I L E  i r  SUB DELTA PtTWF'E)  SAT DELTA P I T A P E )  F L  PROPI,TAPEI € 0  C O R I T A P E ~  

I N P b -  OPTIONS DELTA P & I N 0  2s BCR K I N D  2 1  rlEAT SEN TYPE 2 

OUTPU- OPBIONS WATER TEWPlOUAL HETPL TEHP SURF TkMP C R I T  TEMP HEAT FLUX 60 R A T I C S  
NC YES Pi 0 NO NO YES K) 
HC ME5 YES YES YES YES \ E S  

OVERALL CZNDIT IONZ P.O=2,C3C 3*.0=.1C00 K.CR= 7.21 G=32..17 EPS3.00.5 DELTA <,9.6.2(50. PBS- e 4 0  



X X X X X X X X  SAMPLE PROBLEM FOP. WAPD-TM-156 ART02 PAGE 2 

8. I N 3 I V I D U A L  CHANNEL CHARACTERISTICS 

CHANNEL 0 

UIMENSIONS L.1=.0485 L.25.0180 L.3=.0420 L.4=.0180 

METAL PROPERTIES RH0C.C- - 0 0  RHOCrMn33.20 LAMOA.C= 8.10 

FLOW CHARACTER B.U=1.500 G*=3.030 H*' 6 4 8 6  D.H=.1944 MUBAR=.'260 

K.C= - 5 0 0  K.E= - 5 0 0  SIGSQ.O=l.OCO SIGSQ.N=1.050 K.PF=l.OCS K.PA=1.000 

H.F.'H=1.000 GL/G= a 9 0 0  

FHJCTIOIV FACTORS 1N.Ps F e I S O )  3000Cs ,0241 2 5 0 0 0 0 ~  ,0162 

HEAT GEIIEI.:ATION Q/C+-=1.003 R=.024 , P H I L / P H I =  .000 

F.J ,620 

. . .a20 1.090 1 . i80  1.060 .790 ..480 

Ci4ANNEL 1 
. . . - .  

DII4ENSIONS L.1=.0450 L.2=.0150 L.3=.0430 L.4=.0150 

NETAL PROPE3TIES RHOC.C= - 3 0  RHOC.M=33.20 LAMDA.C= 8.10 -. 

FsLOW CHARACTER B.U=L.500 G*=3.000 H*= 6587 D.H=.1800 MUBAR=.260 
. . 

K.C= - 6 0 2  K.E= - 6 0 2  S1GSQ.O=1.000 SIGSQ.N=1.000 K.PF= - 9 2 5  K.PA=.r925 

H.F/H=l.000 GL/G= r 9 0 0  

FRICTION FACTORS It4.R. F.ISc) 300GOt . .0252 ' 2 5 0 0 0 0 #  - 0 1 7 5  

HEAT GENERATION 0/0+=1.380 ~ = . & 4  PHIL/PHI=1.167 

F.J 1.390 
1.390 1.800 1.980 1.800 1.380 ,850 

FCeJ .763 
a783 ,714 ,800 0 8 7 0  ..750. .625 

. . .  . . 

. . 
. . . .  . . . . .  , ,  ' . . .  . . .  . . . . .  . .: . . 

. , .  . . , 

. . . . 

. . 



XXX<XXX<. SAMPLE PROBLEM FOR WAPO-TM-156 ART02 PAGE 3 

CHANNEL 5 

DIMENSIONS. L.1=.0485 Le2=.016C L.3=.0420 L.4=.0180 

METAL PROPERTIES RHOC.C= -00  RHOC.M=33.20 L.WDA.C= 8.10 

FLOW CHARACTEP B.U=1.500 G*=4.100 H I =  8170 D.H=.1944 HUBAR=.260 

FRICTION FACTORS 1N.R. F.150) 33000, ,0241 250000s .0162 

HEAT iENERAT13i Q/Q*=1.000 .R=.C24 >d IL /PHI=  .GOO ' 2 

F.J 1.160 
1.160 1.480 1.6iC 1.230 '.770 0450 

ZHANNE 6 

D I M N S I C h j  L.l=rC450 Le2=.015C L.3n.0530 L.4=.0150 

METAL PROPERTIES RHOC.C= -00  RiOCoM=33.20 LAMDA.Cn 8.10 

FLCd CkARACTtR B.U=1.500 G*=4-003 H*= 8297 D.H=.1800 HUBAR=.260 

K.Ce ,685 K.E= . 6 8 5  SIGSO.0=1.000 SIGSQ~N=1.000 K.PF= .925 K.FA= ,925 

H.F/H=l,OOO GL/G= .GOO 

FRICTlON FACT3?S I N.R* F.ISO) 30C001. -0252 250000* 00175 . . . .  - 
HEAT GEVERATI3N Q/O*=1.380 R=..OZL. P ~ l ~ / P ~ : = 1 . 1 6 7  



Q 

XXXXXXXX SAMPLE PROBLEM FOR WAPD-TM-156 ART02 PAGE 4 

C. PRESSURE OEOP CORRELATIONS 

SUBCOOLEO DELTA P, ZNO K I N 0  F.3=.00250 F.4-1.050 F.51 .912 F e 6 =  .666 

SATL'RATION DELTA P G X =  ,000 ,020 - 0 5 0  .100 a200 e400 
- 6 0 3  1.10 1.71 2.45 3.58 5.59 9.02 

1.003 1.10 1.45 1.86 2.45 3.42 4.95 
2.00) 1.10 1.28 1.49 1.76 2.15 2.64 
5.005 1 - 1 0  1.21 1.31 1.43 1 0 5 8  1.78 

3. FLU10 PROPERTIES 

ENiHALPY 377.0 474.6 552.7 630.9 671.7 1135.1 

TEMPERATURE 400.0 4 8 9 . 0  554.0 611.0 635.8 635.8 

SPECIFIC VOLUME - 0 1 E 4 4  - 0 1 9 9 2  - 0 2 1 5 6  .02385 e02567 a18780 

E. BURROUT CORRELATIONS 

B U R ~ O U T I ~ N D K I N D  8.4 M.4 G.1 R.5 8.5 M.5 C.1 0.1 
- 3 2 5  2.500 1.600 2.000 .240 2,500 1.000 ,100 

F. HEAT GENERATION (REACT03 KINETICS*  NO SCRAM) 

REKTOR KINETICS m0703 e0030320 .000000 -.000250 

BETA BAR .000288 - 0 0 1 6 8 0  - 0 0 1 5 3 6  - 0 0 3 2 7 2  .001080 

LAMOA -01'77 ~ 0 3 1 9 0  a 1 1 8 1 0  ,31800 1.50700 

1ST.PASS A.J ,066: e0666 . 0 6 6 i  e0667 a0666 eO567 

ZNDPASS A.J .100C a1000 . l o 0 0  . l o 0 0  a1000 e l 0 0 0  

G. FLOW COASTDOWN 

FLOW TIME .000 ,050 e l 0 0  ,150 - 2 0 0  .250 - 3 0 0  e350 0 4 0 0  ,450 
G/G.O 1.0000 - 8 7 0 0  e7690 e6900 ,6250 e5710 e5260 .4880 0 4 5 4 0  ,4260 

TIME .SO0 - 6 0 0  - 7 0 0  ,800 e90C 1 0 0 0 0  1.100 1.200 1.300 1.400 
G/G.O - 4 0 0 3  .3570 e3230 0 2 9 4 0  0 2 7 0 0  ,2500 e2330 ,2170 0 2 0 4 0  a1920 

TIME 1.501 1.600 1.700 1.800 
G.JG.0 e l 8 2 1  ,1723 e l 6 4 0  ,1560. 

.. . 

. . 

. . 







XXXKXXX>. SAMPLE PROBLEM FOR WAPD-TM-156 ART02 PAGE 7 

T I M E =  e000 P/F= 1.000 P= 1.000 P / f  SE- AT T= P SET AT T= SCRAM SET AT l 'nTrS5 

CHANNEL '0 C/G.O= 1.0000 G= 3.C00 O E L T A  P= 6.229 BORE AT J= BULK B O I L  AT T= BURNOUT AT Tm 

WATER ;EMF'-QUAL 500.00 
502.91 506.77 510.95 514.72 517.52 519.22 

HEA- FLUX ,0800 
-0800 -1064 * I 1 5 2  -1035 .0771 00468 

CHANNEL B 6/G.O= 1.0000 G= 2.631 D E L T 4  P= 5.640 eOR= 4.721 AT J= 5 BULK B O I L  AT Tb 

WATER TEM'-QUAL 500.00 
508.36 519.19 531110 541.9? 550.22 555.17 

METAL TEMP 560046 
568.82 597.48 617.22 620.22 610.25 592.14 

SUZFACE TEMF 531.57 
539.93 560.07 576r07 582.81 581.57 574.48 

C R I T  TEHF 640.56 
640.56 640.88 541.00 640.88 640055 640.01 

HEPT FLU:. 1872 
01872 ,2424 a2607 ,2424 a1859 01145 

WATEE' TEMP-QUA- 516.30 
519.39 523.32 5270.53 530.90 532.95 534.15 

HEAT F L M  -1132 
e l 1 3 2  el444 .Is1 el200 .0.7,52 ,0439 

CHANNEL 6 G/G.O= 1.0000 'G= 3.408 DELT.4 P= 9.902 BOR= 2.891 AT J= 3 BVJLK B O I L  AT T= 

WATE.? TWP-QUPL 524.65 
534.26 547.31 560.91 571.28 578.03 582.30 

METAL TEl-.? 605.55 
615.09 657.57 6 d i a i 2  671.34 643.17 623.51 

S R F P C E  TEkP 562.71 
572.21 599.17 61.3.86 618.34 608.67 601.68 

C F I T  T E W  641.05 

HEAT FLEX a2775 
e2775 .3785 .4?;9 .3c35 .2236 .I414 

BURNOUT A T  Tm 

BURNOUT AT T' 

BURNOUT AT T I  



XXXXXXXX SAMPLE PROBLEM FOR WAPD-TM-156 ART02 PAGE 1 0  

TIME= ,600 P/F= 2.193 P= -783 P/F S E T A T T =  P SET AT T= SCRAM SET AT TnT.3= 

CHANNEL 0 G/G.O= -3570 G= 1.071 DELTA P= 1.839 BOR= AT J= BULK BOIL AT T= BURNOUT AT TP 

W4TER TEMP-QUAL 500.00 
505.62 512.64 519.7.2 525.44 528.08 529098 

HEAT FLUX eO601 
e0185 a0763 a08.10 e0707 ~ 0 5 0 2  ~ 0 2 7 6  

CHAUNEL 1 G/G.O= -3651  G= .960 DELTA P= 1.779 BOR= 5.334 AT J= 3 BULK BOIL AT T= 

WATER TEMP-QUAL 500.,00 
515.57 534.41 553.70 567.70 576.54 579.62 

METAL TEMP 574.25 
587.51 625.50. 651.70 654.99 640.61 615.50 

SURFACE TEMP 552.71 
566.54 593.07 623.27 629.66 622.02 605.09 

CRIT TEMP 640.14 
640.20 640.47 640.55 640.42 640.08 6390'5P 

HEAT FLUX ,1396 
e l 3 5 2  e l 7 1 3  01842  e l 6 4 1  e l 2 0 4  e0675 

CHANirlEL 5 G/G.O= 

WA'ER TEMP-QUAC 

. HEAT FLUX 

CHANPEL 6 G/G.O= 

\4AT:ER TEMP'+UAL 

METAL TEMP 

SURFACE TEMP 

CRIT TEMP 

HEAT FLUX 

.357Q G= 1.428 DELTA P= 2.477 BOR= AT J= BULK BOIL AT T= BURNOUT A T  cT= 

-3166 G= 1.079 DELTA PC 2.368 BOR= 2.311 AT J= 3 BULK BOIL AT T= BURNOUT AT Tm 



I XXXXX:(XX SAMPLE PROBLEM FOR WAPO-TM-156 ART02 PAGE 1 3  

TIME- 1.200 P/F= Z.941 P= -638 P,'F SET AT T= P SET AT TI SCRAM SET AT T a f ~ 3 =  

CHANNEL O G/G.O= .2170 G= - 6 5 1  DELTA '= 1.355 BOR= AT J= BULK BOIL AT it BURNOUT AT T= 

WATEF. TEMPQUA- 500. CO 
507.67 517.29 527.04 534.04 539.71 541.22 

HEAT FLU< ,0494 
e0482 ,0029 eC563 a0582 00411  ,0222 

CHANNE: 1 G/G.Lt; 

WATE; TEMP-QCPL 

METAL TEKP 

%RFP.CE TEKP 

CRIT TEr,P 

HEAT F'-JX 

CnANNL 5 G/G.O= 

WATER TEMP-QUL 

HEAT FLUX 

CHANb.EL E GIG-.()= 

WATER TEMP-QIJAL 

METAL TEMP 

SURFACE TEMP 

GRIT TEMP 

HEAT FLUX 

,2100 G= .552 DELTA P= 1.331 BOR= 4.988 AT J= 3 BULK BOIL AT T= BURNOUT AT T3 

500.0C~ 
521.33 547.04 574.64 596.60 610.29 610.87 
582.80 
601.45 648.47 667.27 664.74 658.74 646.48 
565.53 
584.7'3 627.38 640.48 640.37 640.08 639.08 
640.0) 
639.95 640.21 640.48 640.37 640.08 639.21 

,1116 
* I 0 8 0  -1367  .I736 ,1579 01209 e0480 

.217C G= ,868 DELT:. P= 1.598 BOR- AT J= BULK BOIL A1 T= BURNOUT AT T= 

526mIO 
524.69 534.94 5 i5 r6 ,  552.91 556.16 557.04 

,0708 
a0694 e0873 ,0941 eC690 ,0407 eO21O 

,1253 G= .429 DELT4 P= 1.555 BOR= 2.167 AT J= 3 BULK BOIL AT T= 0720 BURNOUT AT T= 

524.59 
560.34 603.28 e0235 ,1329 ,1904 ,2121 
652.52 
668.16 678.94 683 r55  675.30 662.76 654.02 



APPENDIX 111: SAMPLE ART PROPERTY TAPE 

The input to a sample ART property tape is listed on the following pages. In addition, a listing 

of the data as accepted and as  labeled by the IBM-704 is  also presented. Two files of data have been 

prepared in this sample problem. The f i r s t  contains information needed for analyzing problems 

below 1850 psia. The second contains data for 1850 psia and above. Since some of the data i s  iden- 

tical in both files, several pages of output have not been reproduced here. Note that data file 2 was 

used for the sample problem listed in Appendix 11. 

A. Subcooled Pressure Drop: F i r s t  Kind 

The data of file 1 from 1100 to 1850 psi  are  taken from Ref 8, pp 12-13. The results for lower 

pressures are determined by setting TI = Tsat - 76°F and requiring that 1 + f l  = the Martinelli- 
2 

Nelson value (Ref 17) of +LO at 4. 270 quhity. This latter technique is discussed in Ref 16. File 2 

contains no subcooled pressure drop correlation of the f i rs t  kind. 

13. Subcooled Pressure Drop: Second Kind 

File 1 contains no data for this kind of pressure drop correlation. File 2 contains the upper 

limit equations of Ref 8, p 11. The development of this form of correlation is discussed in Ref 7. 

C. Saturation Region Pressure Drop 

File 1 contains the velocity -independent values presented by Martinelli and Nelson in Ref 17. 

These values, however, have been multiplied by 1. 3 to attempt to account for uncertainties in this 

correlation (since lhe hotter channels a re  the only ones boiling, this alteration tends to be conserva- 

tive).  File 2 contains the velocity-depentknt values of Shcr (Ref 7 ) .  These values have been multi- 

plied by 1.1 to account for uncertainties in the correlation. The values listed for 1850 psia a re  the 

2000 psia values of Ref 7 multiplied by the ratic of Martinelli-Nelson values at the two pressures and 

at corresponding qualities. This procedure is  as  recommended in Ref 8. 

D. Fluid Properties 

Identical inforlilation on fluid properties has been supplied for file 1 and file 2 and was obtained 

from Keenan and Keyes (Ref 18) . The values for vg, Hf, Hg, and Tsat vs pressure were obtained 

directly from tabulated values of Keenan and Keyes. The vf was obtained from Rq ( l a ) ,  p 21 of 

Ref 18. The relationship between specific volume and temperature in the subcooled region was 

obtained by using a graph of the quantity v - vf from the compressed liquid table of Ref 18, p 74 and 

by using the vf obtained from Eq (18) nn p 21 of Rcf 10. The relationship between enthalpy and tem- 

perature was obtained from the graph H - Hf, also from the compressed liquid table of Ref 18, com- 

bined with the HI, values nf t h e  steam table lalulallor~. 

To obtain an optimized fit in the subcooled region, the following technique was used. For  each 

pressure, some convenient low end point in temperature (either 200°F, 300°F, or  400°F) was chosen. 

The enthalpy vs temperature and specific volume vs temperature relationships were then fit by a 

least squares technique using a single straight line over the entire range of temperature from this 

lower end point up to the saturation temperature. The deviations from this straight l.ine were then 

plntted VE tcmpcra.1ul.e Pol' both enthalpy and specific volume, and three convenient breakpoints for 

further straight line fits were determined by eye. The choice of these three intermediate tempera- 

tures between the lowest temperature and the saturation temperature defined four regions for a 

straight line fit by a least squares technique. The intersection of these subregion straight lines were 

then used as the input for the ART property tape. Some small adjustments were needed s o  that both 

enthalpy and specific volume lines intersect at the same tempcre.tlire. 



E,. DNB Correlations: F i r s t  Kind . . 
. .. 

Both file .I and file 2 contain the values of B1, m l ,  and r l  obtained from the correlation by Jens 

and Lottes (Ref 2) of UCLA DNB data of Ref 15. Also see page 52 of Ref 2. The value of T2 was 

chosen at 20" subcooling as in Ref 5, p 39. The values of B2 through m3 are  a s  used ill tlle former 

Bettis design equation for 2000 psia (Eq V-2, V-3 in Ref 5, p 39). , 

' F. DNB Correlations: Second .Kind 
, 5 .  

The quantities B4 and r n 4  were, obtained f r ~ m  Ref 5, Eq VI- 13, and include dorrections' 

to the quantities obtained f rom that reference. G1 is  se t  at 10.0 to prevent operation of the velocity- 

dependent part  of the DNB correlations. The remaining values a re  therefore arbitrary, but have 

been se t  at the 2000 psis values of Ref 5, Eq  VI-6. The high pressure correlations of file 2 have 

been taken directly from the .design Eqs VI-5 and VI-6 of Ref 5, p 47. 



. .  . 

ART PHOPEKTY TAPE JULY 249 1958 FILES 1 AN0 2. ART01 I0 CARD 
1OClrl O? .CARD 
2001r05E2~3.348~391.01 F ILElOOl 
23321O6E2r2.804r410.21 FILE1002 
2003,07E2,2*42i~.427.1b FILElOC3 
2004,G8EZ92.117~442.23 F ILE1004 
20C5r09E2,1.677,r455.98 FILE1005 
2006.10E2.1.638r468.61 FlLElOOt 
2007rllE2~1.493~48C.31 FILE1907 
2008rl2E2rl.319,491.22 FILE1008 
2OU9rl?E2,1.169r501.45 FILE1009 
2010~14E2,1.07C~511.10 FILE1010 
2011,15E2~0.981~520,23 FILE1011 
2012~16E2r0.880,52S.90 FILE1312. 
i013,17E2r0.790.537.15 FILE1013 
ZC14,18E2~0.758r545.03 FILE1014 
iC15r1849.,.719,548.e1 . FILE1015 
4Gwl.li:U. 1~..05,.2,.4r .8,1. FlLElOl6 
4 3 0 2 1 1 ~ r 1 ~ 3 r 1 8 ~ 2 r 5 6 ~ 9 5 ~ 1 4 4 ~ 3 ~ 2 7 4 4 3 ~ 1 9 6 6 5  FILE1017 
4011r250.,0~.05r.2,.4~.8,1. FILE1018 
401211.r1.3,10.14,?4.58,65.67 FILE1019 
4021,5E2rO~.d5,.2..4,.691. FILE1020 
4622r1.,1.3,5.24~20.02~36.27,62.4r44.2 FILElO21. 
4031,750.,C,r-O5,.2,.49.8,1. FILE1022 
4032,1.,1.39%.68,13.76,24.8?,42.77,29.12 FILE1023 
4341,lE3,0,.35*.2*.4,.8tl. FILE1024 
4342rl.r1.3,3.8,1G.34r18.33~31.2G~21.C6 FILE1025 
4 5 5 1 ~ 1 2 5 , 0 . ~ 0 ~ . 0 5 ~ . 2 ~ ~ 4 ~ ~ 8 ~ 1 .  FILE1026 
/+052,1.rl.3i3.25r8.L6,13.78~22.75,15512 FILE1027 
436l915E2,;9.ij5r.2..6~.9.1. FILElO2a 
4562,1.r1.3r2.85~6.37,14.04,16.9~12.61 FILE1029 
4071r1750.+C-.05,.2~.,6,.9,1. FILE1030 
4072,1.r1.3,2.5,5.06,1'J'J53,12.61t1?i:21 FILE1031 
408191849.90:.05,.2~.69.9+.1. FILE1032 
4V82~1. $1.3 ,;.39,4.73t9.59*111579991~I ' FILE1033 
5001~1E2~158.15~2CO.36~243.~%~27G.68~298~40~1187~2 FILE1034 
5C02~200.~23i..275.1301.,327781~327.81 FILE1035 
5C03r.3166257~.5163532~.O172~~9~.O174538..~l77375~4.432 FILE1036 
5 0 1 1 ~ 1 5 0 ~ ~ 1 6 6 ~ 2 9 ~ 2 1 2 ~ 6 3 ~ 2 5 9 ~ 4 5 ~ 3 ~ 1 ~ 7 7 ~ 3 3 ~ ~ 5 1 1 1 1 9 4 ~ 1  FILE1037 
5 U 1 2 , 2 U U . , 2 4 4 . ! 2 9 3 . , 3 3 1 . * 3 5 8 . 4 2 * 3 5 8 . 4 2  FILE1038 
5V13r.U166237r.C163441,.Gl73443,.~1777658~~~l8~~98~3~Ol5 FILE1039 
5UZ1,2Ei,Z69.79,25~.44~31l124,332.i4~355.36~ll98.4 FILE1040 
5d22~3E2,32ti.,34~.r36U..381.79,381.73 - FILE1041 
5 C 2 3 ~ . 5 1 7 ~ 3 9 ~ - 5 1 7 5 4 f t 3 ~ ~ 3 1 7 8 6 6 4 ~ ~ 0 1 8 1 0 5 5 ~ ~ ~ 1 8 3 8 7 1 ~ 2 ~ 2 8 8  FILE1042 
5 U 3 1 ~ 2 5 3 ~ ~ 2 6 9 ~ 6 9 ~ 2 9 J ~ 5 1 ~ 3 2 1 ~ 7 8 ~ 3 5 3 ~ 5 1 ~ 3 7 6 ~ ~ 1 2 0 1 ~ 1  FILE1043 
5632~3E2~32C.,35G.r3900~400~95,4i100Y5 .FILE1044 
5033~~0174325~.i176375~.ij17576~~~.~18357~..0186517~1.3?*38 FILE1045 
5 0 4 1 , 3 E 2 . 2 5 9 . ' ~ S , 3 ~ 2 . d 2 , 3 3 2 . 3 9 , 3 6 5 . 3 5 , 3 F 3 . 8 4 ~ 1 2 0 2 ~ 8  FILE1046 
5042,3€2r331..36U.r331.,417.33,417.33 FILE1047 
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SUBCOOLED RRESSURE DROP FIRST KIND 

P F 1 T 1 

1 500 3.348 391.0' 
2 600 2.804 4 ? 0 * 2  
3 7 0 0  1.420 427.1 
4 800 2.117 4 i 2 . 2  
5 900 1.877 456.0 

1 0 0 0  1.638 453.6 
1100 1 - 4 9 ?  483.3 
1 2 0 0  1.319 491.2 

9 1 3 0 0  1.169 501.5 
1 0  1 4 0 0  1.070 511.1 

11 150C - 9 8 1  EIC.2 
1 2  160Co - 8 8 9  528.9 
1 3  1700 .793 137.1 
1 4  1800 .738 545.0 
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S4TURAT ION REGION PRESSURE ORO? 

IP 

1 1 0 0  G X =  .OOO X =  .050 X =  .200 X =  ,400 X =  .BOO X =  1.000 
1.000 1.30 18.20 66.95 144.30 274.30 198.90 

2 250 G X =  - 0 0 0  X =  a050 X =  - 2 0 0  , X =  .400 X =  - 8 0 0  X =  1.000 
1.000 1.30 10.14 34.58 65.00 115.70 85.67 

3 500 G ::= - 0 0 0  X =  - 0 5 0  X =  ,200 X =  .400 X =  .800 X =  1.000 
1 .OOO 1.30 6.24 20.02 , 36.27 62.40 44.20 

4 750 G X =  .001  X =  - 5 5 0  X =  ,200 X =  - 4 0 0  X= - 8 0 0  X = 1 . 0 0 0  
1.000 1.30 4.68 13.78 24.83 - 42.77 29.12 

5 lCOO G X = .  a000 X =  - 3 5 0  X =  - 2 0 0  X =  - 4 0 0  X =  .800 X =  1.000 
1.000 1.30 3.80 10.34 18.33 31.20 21.06 

5 1250 G X =  .000 X =  , 0 5 0 ,  X =  .200 X =  ,400 X =  ,800 X =  1.000 
1.000 1.30 3.25 8.06 13.78 22.75 16e.12 

7 1530 G X =  - 0 0 0  X =  .050 - X =  ,200 X =  - 6 0 0  X =  - 9 0 0  X =  1.000 
1.000 1.30 2.86 6.37 14.04 16.90 12.61 

8 1750 G X =  - 0 0 0  X =  .C50 X =  - 2 0 0  X =  .600 X =  ,900 X =  1.000 
1.000 1.30 2.50 5.08 10.53 12.61 10.21 

P 1849 G X =  ,000 X: ,050 X =  .ZOO X =  ,600 X =  ,900 X =  1.000 
1.000 1.30 2.39 4.73 9.59 11.57 9.40 

. ,  . - .  
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F L U I D  PROPERTIES I 

1 100 ENTHALPY 168.1 200.4 Z43.0 270.7 298.4 1187.2 
TEMP' 200.0 232.0 275.0 301.0 327.8 327.8 

S P V O L  ,01663 - 0 1 6 8 5  .111721 ,01745 ,01774 4.43200 

2 150 EP.THALPY 168.3 212.6 259.4 301.8 330.5 1154.1 
TEMF 200.0 244.C !30.0 331.0 353.4 359.4 

S P V O L  .Olt6Z - 0 1 5 9 4  ,11734 - 0 1 7 7 7  ,01809 3.01500 I 
3 200 EUTHALPY 269.3 290.c 311.2 332.2 355.4 1198.4 

TEMP' 300.0 320.0 340.0 360.0 381.6 381.8 
SP VOL .01744 - 0 1 7 6 4  - 0 1 7 8 7  - 0 1 8 1 1  ,01839 2.28'800 

EUTHALF'f 
TEN' 

SP VOL 

ENTHALPY 
TEKP 

SP L'CL 

ENTHALFY 
TEHP 

sP VOL 

ENTHALPY , 

TEHP 
SP VOL 

'ENTHAL'Y 
TEMP 

SP VOL 

9 500 ENTHALPY 270.4 3 1 9 . 1  366.7 407.8 4 4 9 1 4  1204.4 
TEMP, 300.0 34700 392.C 430.0 46.7.0 467.0 

S P L O L  - 0 1 7 4 1  .01?92 ,01849 aC1907 s o 1 9 7 5  - 9 2 7 8 0  

1 0  6 0 )  ENTHALPY ,273 .6  325.4 384.0 132.5 471.6 1203.2 
TEMP 503.0 35.1.0 408.0 452.0 435.2  466.2 

SP VOL ,01741 e 0 1 - 9 6  - 0 1 8 7 1  - 0 1 9 4 4  eO2013 .76980 

ENTHPLPY 
T IMP 

SP JOL 

ENTHALPY 
TEMP 

SP VOL 

ENTH>LPY 
PEMP 

SP VOL 

ENTHALPY 
, .EMP 

SP VOL 
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1 5  1050 ENTHALPY 
TEMP 

SP VOL 

1 6  1 1 0 0  ENTHALPY 
TEMP 

SP VOL 

1 7  1200 ENTHALPY 
TEMP 

SP VOL 

1 8  1 3 0 0  ENTHALPY 
TEMP 

SP VOL 

1 9  1400 ENTHALPY 
TEMP 

SP VOL 

2 0  1 5 0 0  ENTHALPY 
TEMP 

SP VOL 

2 1  1600 EA'THALPY 
TEMP 

SP VOL 

2 2  i 7 0 0  ENTHALPY 
TEMP 

SP VOL 

2 3  1800 ENTHALPY 
TEMP 

SP VOL 

1 4  1900 ENTHALPY 
TEMP 

SP VOL 

25 2600 ENTHALPY 
TEMP 

5.2 VOL 

2 5  2100 EKTHALPY 
TEMP 

SP VOL 

2 7  2230 ENTHALPY 
TEMP 

SP VOL 

2 8  23C-0 ENTHALPY 
TEMP 

SP VOL 

2 9  2400 ENTHALPY 
TEMP 

SP VOL 

J'ILY 2 4 1  1958 

375,s 427.0 
400.0 447.0 

.01855 - 0 1 9 2 9  

375.9 427.5 
400.0 448.3 

~ 0 1 8 5 4  ,01933 

375.1 44?.5 
400.0 467.0 

,01853 - 0 1 9 6 3  

376.2 430.9 
400.0 451.0 

,01852 - 0 1 9 3 2  

376.3 430.9 
400.0 451.0 

- 3 1 8 5 1  - 0 1 9 3 1  

376.4 431.9 
L00.0 452.0 

.C 1850 .01931. 

376.5 451.6 
400.0 469.0 

- 0 1 8 4 9  ,01960 

F I L E S  1 AN0 2. 

477.1 525.1 
491.0 531.0 

e02015 .02116 

478.2 526.4 
492.0 532.0 

.0?017 ,021 17 

499.6 547.8 
510.0 549.0 

- 0 2 0 5 6  - 0 2 1 6 6  

497.1 550.2 
5C8.3 551.0 

a02049 - 0 2 1 6 7  

501.8 576.3 
512.0 571.0 

eO2056 - 0 2 2 3 2  

497.0 555.3 
508.0 555.0 

,32044 - 0 2 1 7 4  

521.1 578.7 
528.0 573.0 

,02093 - 0 2 2 3 6  

FILE 1 PAGE 5 
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3 0  2500 E N T H A C F ~ '  377.7 491.9 575.7 664 .3  730 .6  1 0 9 1 . 1  
TEPlF 400 .0  504 .0  573.0 8635.3 6 6 8 1 1  6 6 8 . 1  

S P V O L  . 0 1 8 3 9  .C2014 .01195 - 0 2 4 9 5  e02872 ~ 1 3 0 7 0  

I 
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BURNOUT CORRELATIONS FIRST K.IN0 

P 8 1 M1 R1 T 2 0 2 14 2 R2 83 :4 3 

1 500 - 8 1 7  - 2 2 0  - 1 6 3  447.0 .600 ,800 - 7 0 0  - 3 0 3  3.000 
2 600 - 7 5 5  - 2 2 0  - 1 8 3  466.2 .600 ,800 - 7 0 0  .305 3.03C 
3 7 0 0  - 7 1 5  - 2 2 0  ,205 483.1 ,603 0 8 3 0  e l 0 0  - 3 0 0  3.030 
4 800 - 6 8 0  - 2 2 0  - 2 2 8  498.2 - 6 0 0  - 8 0 0  - 7 0 0  - 3 0 0  3.000 
5 900 - 6 5 0  - 2 2 0  ~ 2 5 1  512.0 - 6 0 0  ,800 - 7 3 0  ,300 3.000 
6 1000 .626 - 2 2 0  - 2 7 3  524.6 ~ 6 0 0  ,800 ,700 ~ 3 0 0  3.000 
7 1 1 0 0  - 6 0 0  - 2 2 0  - 2 9 6  535.3 - 6 0 0  - 3 0 0  - 7 0 0  .30C6 3.000 
8 1200 - 5 8 0  - 2 2 0  - 3 1 9  547.2 a600 - 3 0 0  - 7 0 0  .30C 3.000 
9 1 3 0 0  .560 - 2 2 0  - 3 4 1  557.5 - 6 0 0  ,800 - 7 0 0  ,300 3.000 

1 0  1400 - 5 4 0  ,220 ,364 567.1 e600 ,800 ,700 - 3 0 0  3.000 

11 1500 .522 ,220 .387 576.2 .600 ,800 .700 ,300 3.000 
1 2  1600 - 5 0 5  - 2 2 0  ,409 584.9 - 6 0 0  ,800 - 7 0 0  .300 3.000 
1 3  1700 .488 - 2 2 0  ,432 593.1 - 6 0 0  ,800 a700 a300 3.000 
1 4  1800 - 4 7 2  - 2 2 0  ~ 4 5 5  501.0 - 6 0 0  ,800 ,700 ,300 3.000 
1 5  1900 - 4 5 L  ,220 - 4 7 7  608.6 - 6 0 0  ,800 - 7 0 0  ,300 3.000 
1 6  2000 - 4 4 5  .220 ,500 615.8 ,600 ,800 ,700 .300 3.000 
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