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with such contractor.
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‘This report describes several recent modifications of
the ART program for the study of the behavior of &
nuciear reactor during various thermsl transients.
The program requires & 32,000-word IBM-704 computer
with six tape units. The basic ART program is des-
cribed elsewhere {WAPD-TM-156)., The major modifica-
tions are provision for a slip flow model and for
void reactivity contribution,

ART-O4 - A MODIFICATION OF THE ART PROGRAM FOR THE TREATMENT
OF REACTOR THERMAL TRANSIENTS ON THE IBM-704%

Jo Eo Meyer and W,. D. Peterson

I. INTROCUCTION

The ART prbgram is designed fo predict the thermsl behavior of a water-
cooled and moderated reactor during transients which are of an intermediate
speed, i.c., faster than a normal.operational transient and slower than a
prowpt excursion, The basic program and the problem solved are described iﬁ
detail in WAPD-TM-156 (Réf 1), and the present report contains a description

of recent changes in the basic program.

, The assumption of fog or homogeneous flow was mede for the hydrodynamic
trestment of the previous ART versicns. The modification of ART-04 includes
the provision for slip flow, that is;, flow in which the vapor velocity 1s
different from thet of the liquid. The temperatiure-induced reactivity in
previous versiong included only & fixed temperature coefficient for each -
point -in the core nominel channel. The revision includes also & density
coefficient for points in both nominal and hot channels which may be used to
introduce rezsctivity effects due to boiling. The program is intended for
cofés which are predominently nonboiling, and therefore should be used with

caution when this ccndition is not met.

A further modification provides for a“feacfivity versus time table for
controi-rod-induced reactivity changes which is completely independent of the
present table for scram., The present scram table permits the insertion of

reactivity following some scram time determined during the problem solution,



The. added reactivity table provides a..simpler means of inserting reactivity
whenﬁthe entire time behavior is knownjprior'tb tﬁe.start-of the problem.,..
The combined use of the new and old tabies permits a rod withdrawal followed..
by a rod insertion at sqme,Séram time determihed during the problem solution.
The latest .forms for subcooled pressure drob and DNB correlations have also
beén added., .

The following numbering system applies to the various versions of the

ART program:
ART-01 - The program for property tape preparation (Ref 1).

ART-02 - The program for treatment of reactor thermal transients
' using a homogeneous or fog flow model (Ref 1).

ART-03 - A program for evaluation of core frequency response
(used to obtain the frequency responses in Ref 2),

ART-O4 - The present modification for treatment. of reactor thermal
transients. By option, ART-O4 may be used exactly as
ART=-02,
II. THEORY

A. 8Slip Flow Considerations

The basic model used here for separated or slip flow is that proposed
by Martinelli and Nelson (Refs 3 and 4)., In that treatment the vapor fraction,
R, is assumed to be a known luuction of quality in the saturation region,
The average vapor velocity is considered to be different from that of liquid
(slip flow). However, it -is also assumed here that the vapor is well dis-
persed and that the vapor fraction is a continuous function of position.

Théreforep slug or annular flow patterns would not be handled properly.

Conservation Laws

The conservation laws (moos, womentum, and cnergy) for the fiuid may be
developed using the integral form of Liepmann and Roshko (Ref 5, Egs 7—8,
7-12, and 7-17) and may be written as follows:
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3 R) - . 3 RV, - -
% [pf(l R) + pgR]+ 32 [pf(l R)vf + pngg} 0, ‘(2.1)‘

éﬁ; [pf(l-R)Vg + png: ]:.

4 [pé(l-R)Vf.+ p RV

at g g] * -
o . (2.2)
_.8p _ (£v)GT .
9 -R ) g _ _p +rq
end 3t [pf(l R)Hf + pgRHg] * 37 [pf(l R)Vfo + pgRVgHg] _,AT:—LJ o | (2.3)

The following assumptions apply:

a. Consistent units are used énd the Euleriap point of view is adpptedo

Symbols are defined in Appendix I.

b. The assumptions following Eqs (1.1)-(1.4) of WAPD-TM-156 (Ref 1)
apply here also. The use of slip flow, of course, replaces that of fog or

homogeneocus flow,

co In the saturation region, the fv product in Eq (2.2) is replaced

in the Martlnelli-Nelson treatment by a triple product f ¢L v, where f

of iso
and Ve &are evaluated at saturated liquid conditions and ¢LO is a function of

quality only. It may be noted that Bettis additions (see Ref 6) to this
treatment have considered ﬁng to be a function of both quality and mass °
velocity. Provision is made for this alteration in both ART-02 and ART-Ok4 ,

d. In the energy equation (2.3) all mechanical work and kinetic energy
terms have been. neglected, as have the effect of preésure changes with both

space and time.

e In portions of the channel which are subcooled (H € Hf), R is taken
to be zero and Pe is replaced by the subcooled water density.

Definitions and Simplifications

The above equations may be simplified by defining several macroscopic
quantities., In all cases in the subcooled region, R is taken to be zero and
is replaced by the subcooled water density. The- volume-weighted mean

Pe
density, p, at any channel position is given by



b= Qf(l-R) + PR - (2.4)
and the total mass flow per unit flow area, G, is seen to be
G = pf(l-R)Vf + pngg . ' s (2.5)

The quality, X, is defined as the masgfflow of vapor divided by the mass flow
of both liquid and vapor, This definition reduces to the more conventional
one of the mass fraction of vapor in the case of no slip. With this
definition of quality, ;t may be seen thgt the phase velocities.Vg and V
may be replaced by‘

£

_ A1-X)G
and : Vf = {1—_R—}g ° ‘ ) (2.7)

Therefore, the slip ratio Vg/Vf is seen to be given by

. ’péx(i;R)' ,
(Vg/vf)A= E;ﬁri:ij . (2.8)
The‘exllthalpy,- H, is defined by
E = (1-X)H, + X, (2.9)
’and an effective specific volume for:spatial.acceleration ig given by
T NS __ (2.10)

) ) \
It may be seen on close examination of the energy balance that there is a

change in heat capacity due to the presence of slip flow. This is here

represented by a parameter, y , which is given by

g o= [pr(i-R.)] -.[:pgR(l-:)-()'] | (2.i1)
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This parameter is seen to go to zero if a slip ratio of one is used and is
greater than zero for all slip ratios. greater .than one. It also goes to
zero at (X=0, R=0) and at (X=1, R=1).

With these definitions the equations for conservations'of~mass, mbmehtum,

and energy may be rewritten:

e , 8G _ o
at +az =0 D ) . . N ‘ (2@12)
o o .2‘ ' SR : '
8G . 8 (yg?) - .9 (fv)e” = A
at + az (V G ) - az 2Dh pg ] (2°l3)
= _ . oV, L3E_f+rq | '
and Pat "B 5t * O3 = — (2.1%)

The following state and slip flow equations are used and correspond to

. the simplified Eq (1.8) of Ref 1:

r0 for H£H (2.15)
R = {' ' £

R(X) for H. < H £ Hy

The product fv appearing in Eq (2,13) is the -parameter correlated in the
saturation region so that no distinction need be made concerning which -
specific volume is to bYe used in this term. Equation (2,12) has been multi-
plied by H and subtractcd from Eq (2.3) in order to obtain Eq (2 1k), This
latter operation is quite important in view of the assumption of spatially
constant G which is made in Eq (2, 16) If it is not done, the energy
balance becomes dependent on the reference condition used for 2ero enthalpy.
The energy balance should, of coursep be independent of such an arbitrary

‘ reference°

) The assumption is made in ART- 04 as in ART-02 that the ‘amount of fluid
in any section of the chennel does not change rapidly with time so that the
derivative of average density in Eq (2.12) is assumed to be zero. The

conservation of mess may then be rewritten as
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=2 = O ,‘or as G =06(t) B ' (2.i6)

With this aséumption, the conservation of momentum equation may be readily
integrated over the length of the channel to obtain the behavior of mass

velocity with time. This behavior may be found from
-7 v!' - v 2 L L
4G 0" n n o | A2 G A 1 -
o e N R i LI~ fo (ev)az - T fo (pg)az . (2.17)

The conditions at inlel and exit are exprecsed by the following:

K +1 - 5 ’
-1 + 0’ o
D, = —— |V,& > (2,19)
gnd | H = HI . | (2.20)

It may be noted that Eqs (2,18)-(2.20) are exactly the same as Eqs (1.9)-
(1.11) of Ref 1. The specific volume, v, based on the quality preseut is
used in .these equations rather than the specific volume v' used in the
momentum Eq (2.17). This procedure is based on the recommendations of

B. W. LeTourneau of the Bettis Thermal and Hydraulics Engineering Section.

Interpass Mixing and Transport Calculations

The conditiono in the second pass inlet plenum as a function of time
cannot usually be specified since they do depend on the first pass exit
conditions at some earlier time. The previous ART versions included an
interpass mixing treatment which depends on the nominal channel exit enthalpy
behavior as a function of time and on user-specified mixing parameters. The
only change which is inecluded in this calculation in ART-O4 is in the case
of a first-pass nominal channel which is boiling., If this is the case, any
model for the interpass mixing calculations would be open to question. ‘

However, the ART-O4 calculations are based on the following requirements:
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a. that they reduce tc the ART-02 interpass calculations if no boiling

is present in the nominal channel or if the slip ratio is equal to oneg
b, thaet they give back the nominal channel Tehavior if the leakage

flow peremeter F_ is equal to one,

» <

The'remaining rhases of the calculations are exactly as in ART-02. The rate
of movement of interpass water is assumed proportional to the rate of volume
efflux of fluid from the first-pass nominal'channele' This efflux rate may be
shown to be proportionsl to the following quéntity in the case of two-phase
flow:

1- F = = (- . 02
1 R)Vf + RVg G [(1 x)vf + ng ] . (2.21)

B. Void Reactivity Contribution&ﬂ'

If we comsider at Uime zero that the core under consideration is oper-
ating at steady state (ioea, BK = 0), then the reactivity at any time in the

transient may be given by

5K = 8K+ f
r

v v

- = B - - =N y
k, {TW (Tw)o }d\," + f kv(o. 0,V 5 (2.22)

where the term SKr refers to the reactivity introduced by ccnirol rod motion,
the first integrai over the core volume represents effects due to water
temperature changésg and the final inﬁegral represents effecits duwe to fluid
density changes. The reactivity introduced by changes in fuel and structure
temperature is neglected in the above expressions. iIn the ART treatment it
is first‘assumﬁd that functions kt and kv are known functions of space only
and not of time or temperature, In addition, the,'kt is gllowed to be noanzero

only for water coantained iz nominal channels. The kv is permitted to be non-

zero in both nominal and hot channels, There is no contribution for reactivity

effects in leékage or interpass water,

7LThe parameter F may not be supplied as unity due to the form of Eq (2.55)
of Ref 1. .

kﬁThis informetion is based on request for ART code modifications prep@r ad by
S. G, Margollsy; A. S. Rethbun, and J. A. Redfield,



Equation (2.22) may be written as

8K =.§Kf'+ 6Kt'+-5Kv;r ST h "*-w1(2123)

where the SK represents the effect of the temperature change of nominal .
channel water, and 5K represents the effect of ‘the density change of nominal
channel and hot. channel water, The density changes caused by the- presence
of bubbles during local boiling are neglected ih these calculations. =

It should be noted that there are some very real difficulties in
defining the thermal characteristics of the hot channels used in these
calculations. The problem is§ aggravaled if the channels begin boiling and
have the attendant large density changes. Hot channels which have dimensions
and heat generation retes determined by extremes in engineering tolerances
and extremes in core power peaking probably would give an unrealistically
high shutdown mechanism., Some average dimensions and average heat generation
rates over regions of the core in which boiling is expected appear to be
appropriate for inclusion of void effects. Some ART hot channels can be
used with extremes of dimensions and heat input for evaluation of core
safety but with a zero density coefficient; other more typical channels may

be ~used for introduction of (boiling) void reactivity.

A limitation on this entire void procedure is the assumption in the
ART program that the heat generation is separable in space and tlmeo Changes
in the spatial power shape caused by the boiling are neglected but could

conceivably be quite important.

III. CALCULATIONAL PROCEDURE

A, 8lip Flow Considerations

Input and Input Edit

The vapor volume, R, is input in the ART-O4 program as a multiple'
straight line function of quality. That is, the void fraction is assumed to
be g function of quality and pressure only (and not of mass velocity). Since
all properties are evaluated in ART at a single mean pressure, this relation- 2
ship reduces to a function of qua}ity only.. It is required of the input that

at zero quality the vapor fraction is also zero and at X =1, R = 1.
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In order that the user may assess the accuracy of his vapor.fraction input,
the slip ratio (Eq 2.8) and the energy slip parameter (Eq 2,11) are calcu-
lated both for the:input quality points and for the midpoints between the
input quantities. The slip ratios are.not used in any calculation directly

but serve only to check the input data. It may be noted that the energy

slip parameter;y , is a pilecewise quedratic in quality (see Eq 2,11) and that
the slip ratio is a rational fraction which becomes indeterminate at quality

values of zero and one (see Eq 2.8); for these values, the slip ratios are

found by
(of/p o
(v /V ) = (—)—5- at X=0 , (3.1)
Ry
" o (v /Vg) = (pi,/pg)(53';{"-)})){:;L X2, B32)

Water Energy Balance

The water energy balance relationship, Eq (2.1k4), is evaluated by é
differencing technique employing backward space differences and forward or
explicit time differences to get the following as a substitute for Eq (2.4)
of Ref 1l:

H, ¥ Ot . f .
' = . fg 41 i I ! _
By, = My 2= o (B vrayy) - g (Hyy - Hy ) ) s (363)
o, {.p
Ji 1751
| | Hfg wggﬂi
where - H - ° ‘ (3.4)

HJ,1+1 = Hj,i+1

_Fluid conditions and heat trensfer rates may be assumed to be known at
time i. Therefore, Eq (3.3) may be applied to determine the parameter H' at
each point at time 1+l. For values of H' greater than H £ the rlght-hand
side of Eq (3.4) is a known piecewise quadratic function of quality (see
Eqs 2.9 and 2.11). The quality at time 141 may therefore be determined by

T e .

fit is quite important in applying BEgq (3.4) that Ry i is held constant at its
value at time 1. This may be seen in Eq (2.14) ﬂere we note that p is a
multiplierweﬁ-aH/at, and 1s not differentiated with respect to time,
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& solution of the quadratic equations. For values of H' less than or equal
to Hf, the parameter, J , is considered to be zero ar;d Eq (3.%) reduces to
that used in ART-02,  Since Eq (3.4) is a piecewise quadratic relation in
the saturation region, there is a possibility of multiple roots., This is
checked during ca.lcula.ti:ons and a problem stop occurs if multiple roots
exist. It is expécted that the only cause for multiple roots would be a
nonphysical R versus quality relationship,

. The same type of numerical stability a.nalysis that leads t6 Eq (5.2) in
Ref 1 yields the following stability criterion for the energy balance
equation in the saturation region (H 3t > Hf):

At < Az[sji - (g—x\k) i]

i= . Gi

(3.5)

Once quality or enthalpy is known for the advanced time, the following
quantities may be determined:

Subcooled Region Saturation Region
H' £ Hf L Hf <.H' < Hg
Avérage Density (p) o = (1/‘}), v f;'oﬁl Eq (2.15) Eq (2.4)
Enthalpy (H) | H =H Eq (2.9)
Energy Slip ¥V =0 Eq (2.11)

Parameter ( ¢ )

Effective Specific
Volume for v' = v, v from Eq (2.15) Eq (2.10)
Acceleration (v')

Pressure Drop

In order to obtain a pressure balance between hot and nominsl channels
and to determine the mass velocity at the advanced time in each hot channel,
the following equations are used to replace Eqs (2.12)-(2.15) of Ref 1:

10



(Aﬁf)i =“Kc(ivoic'?/:a-) * Ke(vlni 1/2)
+ [(F41701)/2 + jZi (£53v55) + (£47pg)/2 | (CF 22/2D,)., - (3.6)
N FER S L1= ,
(Ape()i =ehz |5 P, + S: D 5Pl 0 (3.7)
(8pyy )y =082 (Gyy - G )/o%; (3.8)
and (v ), = (1 -0 )(v01G1/2) + (v v 6
- . . . (309)

o - (1’-crh)(vnicf/2) :

As mentioned following Eq (2.3), the correlation of saturation region pressure
drop is in terms of the product (fjivji):

) = (f 5 A (3010)

2
(£ 1801 VelPro)s

3iv31

which is independent of the specific volume used in Eq (3.6) for calculating
the frictional terms. This last equation corresponds to Eq (2.17) of Ref 1.

' Interpass Mixing Calculations

The requirements for interpass mixing discussed in the paragraph
preceding Eq (2.21) are satisfied if Eq (2.53) and Eqs (2.55) through (2.59)
of Ref 1 are retained and if Eq (2 54) of Ref 1 is replaced by the following:

NC -

(1, ) =
- Gy
}G?c _ ch - ,.~A . S | 1 (3.11)
(Bys-+ qui | =F (B, + qui)NC ;
and (ﬁc = f?c 0

1l



The energy balance used in the average channel is identical with Eq (3.3).
The length of the table of interpass mixing values has been . increased so
- that it now contains 2000 rather than 1350 rows,

B, Void Reactivity Contributions

The temperature coefficient in ART-OWt applies for the nominal channel ¥
only and is calculated as in Eq (2.46) of Ref 1. This equation may be

rewritten as

(6K ) Z 83 [('1'W 51T (T ), ] } 4 (3.12)

m—O 5

where m denotes the channel number and is zero for the first Pass nomingl
channel, 1-4 for the first pass hot channels, 5 for the second pass nominal
channel, and 6-9 for the second pass hot channels, The coefficients amj =0
for m = 1-4 and 6-9, and the symbol a, has been substituted for a(SK)/aTwo
The reactivity contribution due to density changes (SKV)i has been added in
ART-04 where '

=

(SKV);’L {mgo J§0 P [ Ji - ;JO] m } ) | (3"13)

It may be noted that the summation on m is over all chamels, That is, b ;
may be nonzero for any point in any of the channels O through 9, In addition,
the sum over points in the channel is from pocint O through point n. That is,
a reactivity introduction by inlet density change ls permitted. Thc omiceion
of point zero from reactivity contribution is retsined in the temperature

coefficient; however,

It should be noted that for the nominal channels, the temperature
coefficient now has a different signlficance it a nonzero density coefficient
is supplied. The revised temperature coefficient may be interpreted as the
effect on reactivity at a constant water density of a change in the tempera-
ture of the moderator. The density coefficient is interpreted as the effect
on reactivity at a constant water temperature of & change in the water

density.

12
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Care must be taken if the user specifies’only a nominal channel

déefficient and intends that the change of temperature coefficient with

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

érfy tables in the subcooled region are multiple straight line fits, the
deriyative of density with respect to temperature actually has a sawtooth

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

problem has been alleviated somewhat by permitting the user to supply up
td}ls points .in fluid-ggoperty fits (six were permitted in ART-02). An

-illustration of this effect 1s supplied in Section VI.F.

An interpretation of fhe weighting constants amJ and bmj in terms of

the functions of Eq (2.22) is that

a8 = va k, av (3.1h)
mj
and : by = f k_av , (3.15)
A . " .

wheréAij is the portion of the core water volume associated with point j
in channel m. It is important that the integration be taken only over water

which has roughiy‘the same density and temperature behavior as the water in

the channel under’consideration and not, for example, over leakage water

or that beyond the end of the fuel in the y-directioni

C. Revised Local Boiling Pressure Drop Forms

Change in Second Kind

Two forms of subcooled pressure d4rop correlatlons are avallable in
ART 02. In the second kind of pressure drop correlation (Eq 2,20 of Ref 1),

the function FH is given as the smaller of-fh(l—f36 i) and unity. .. The

. revised second kind retains the use of Eq (2. 20) of Ref 1 but the function

AF is redefined as

H
| - | A
1.0, if 1 < fu(l f3 Ji),, X
K
Fp = fu(l f3 31)’ if £, < fh(l f3 Ji) <1, and (3.16)
f,,,, 'H‘ fh(l f3 51 ) < f7 o

If no value is supplied for the parameter f7, it is set equal to zero.
. 13



Addition of a Third_Kind.ofaSubcooleduPnessure.DrOR Correlation:

Using the definition of '©; i -and.- eaf that precedes Eq (2421)'in " *”

WAPD-TM-156 (Ref 1), the subcooled region - pressure drop form ‘of’ WAPD TH-410
(Ref 6) is given as - A : S

[(l 2931)s %o ] b ,‘ :i,f...'ea.i =91 and.
(f/fiSO (T )J ( )Ji : Lo N j‘t; (3 17)
w :
1+, - e ) o, if 931 jSv,;
sat TLB Ji
where (T B)Ji is dgfined by
Ry o | 8

with (Tc)Ji given by Eq (2.9) and 6., by Eq (2.21) of Ref 1.

i

D. Addition of a Third Kind of DNB Cofrélation

Two forms of DNB correlations are available in ART-02.. The following
form for predicting DNB heat flux has been added to ART-Ok: . :

] -(c +ChL

Poodys _ B o 'CEFU[ /10

10

(3.20)

where L, =

. > A - j..
{m_ax (Ll, joz), if Hji H, and
J

Ll’ ji 1’

E. An Independent Reactivity Versus Time Table

-

In ART-O4 the rod motlon portlon of the xuactlvify ic dlvided"lnfo two

portlons'

SKI' = aKrl + sKra L] (3.21)

1k

) . .
J o (3.19)



The 8K , is as given in Eq (2,48) of WAPD-TM-156: - ... - .

8K, , : _‘for0<t<t and : -

3’ Lo v ,‘.- ORI
5K = . L ) oo . B ; X Cen e (-3°22)
Linear interpolation for t3 £t
in Scram Table, C

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

_Eq (2,47) of WAPD-TM-156 (Ref-1). The second reactivity portion 8K , is

given by

A value obtained by:linear interpolation in an
independent reactivity table for 0 £ t £ last time
BK , = { entry in table, or by the last reactivity in the (3.23)
: table.for times greater than the last time in the - :
table, .

The independent reactivity versus time table should be useful in cases in
which the reactivity introduction is known prior to the start of the problem,
and in cases in which & rod withdrawal is followed by a rod insertion at a

time t3 determined by scram conditions. -

F, First Pass Inlet Enthalpy

First pass inlet enthalpy (H ) may now, &s an option, be specified as
a function of time, When this option is exercised, an input enthalpy
specification table replaces the inlet temperature specification of Eq (2.52)
of Ref 1l:

| <t
2%
= Q

C.
"ot

X B o
X
xr (3922")

oo PG OO
coe 54D D4

© 00

Linear interpolation is used in this input table. For times greater
than the last time entry in the table, the last enthalpy entries in the table .
are assumed to apply. The same inlet enthalpy relation is used for all first-
pass hot channels, 4
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G. Additional Edit Information

N : o
Wherever the input format (Section IV) has been changed from the. ART-02
format, additional entries will be printed in the input edit of all prob-
lems; these entries appear as zero if unused. Where series have been added,
the entries involved are printed only when the appropriate options are

chosen,

In4the steady-state edit, the pressure drdp for each channel is:broken
= 1
down into Ap,, A@e(, and Ap_, (Apal 0) In addition, hot channel flow
and pressure drop are printed from iteration 21 until convergence, or until
the problem is stopped after iteration 30.

The transient gdit for a reactor kinetics problem includes the printing
of (BK)i, (axr)i, (sxi)i, and (aK'v)i for t, > 0. In all problems, (Apf)i,
(Apef)i’ (Apal 4» and (Ap 2)i as well as (Ap) are printed for every channel.
The transient edit also includes the enthalpy of the exit section of each
channel (H ) This value appears in the right-hand margin whenever water
temperaturesquality is printed,

At each time-step, a stability test is made for the water energy
balance, plate energy balance, neutron level and preéursor level equations,
If a given test fails, the time at which it failed, the required time-step
size, and £he actual step sizZe are printed at the head of the next transient.
edit, and that test is discontinued. As an aid to spotting these comments;

the same information and the time are printed on the on-line monitor sheet.

If a problem is discontinued between transient printouts, a final edit
will be made, The resultant information willlbe & mixture from the old and
new time-steps., . The channel which caused the problem to be discontinued is
identified., If the problem is not discontinued in chanrel O, then &ll
entries in the time-step heading may be considered up to date, as are the
results of earlier channels, The quantities 8K and SK (if printed) will
not have been changed since the previous time- step, but are up tc date in the
sense that they have been used to find thé value of (BK)i in the neutron
level equation. If the problem is discontinued in channel 0, the type of
stop would determine which parts of the time-step heading have been updated.,

In general, one should assume that no changes have been made,
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IV. INPUT FORMAT

An ART identification card may have ARTO4 ‘i ARTO2 'in Fqigmns 68-T72,

Column 66 may be P, C, or blank.

The input format for ARTO2 problems is that contained in Ref 1, with a
minor optional change. The input format for ARTOL problems is the ARTO2
format with the changes and additions contained herein. The following table
sumarizes the series which are modified, and the input formats affected.

No changes in property tape have been made.

Input sections which have been

added must be supplied by card input. All changes and additions are optional.

Series

1041 *©  changed
3021 changed
3025 added
hoi1 | -
Lo21 changed
ho3r | ‘
kol added
Losi
5031 added
6011 changed
6051 added

. 61 1 added
10021 changed

10031 changed

A. Parent Problems

Cohtrol Information

- Input Options: 1041, X5 Xos x3, X,

1 first |
Xl :=,{ 2 se"cond} kind, subcooled.pressure drop.

3 third

ARTO4

X

X

X

b T T T I

17



. 1 first — )
X, = {52 second ‘¢ kind, DNB correlation,
3 kind

el
II

"l reactor kinetics and scram A o o
2 reactor kinetics only ¢, type of heat genération,

. 3 3 power coastdown
- Xu = 1 temperature.}sy specified for first pass inlet,

2 enthalpy

If Xﬂ is omitted, the program assumes that temﬁeratures are supplied,

Pressure Drop Correlations - -

Subcooled Pressure Drop - Second Kind: 3021, Fl’ F2, F3, Fh’ F5

F5 = f7, correlation parameter,

If F5 is omitted, f7 = 0, If tape input is specified, card 3021 will be
permitted with one floating point number, f7° This series. must be omitted if
first or third kind is specified. ' '

Subcooled Pressure Drop - Third Kind: 3025, F 1’ 2, F3

F, = fg, correlation parameter. j 1/°F
FE = f9, correlation parameter,
F3 = flO’ correlation parahstero

This series may be supplied only from cards, which must be omitted if first
or second kind is specified. ' ‘

Fluid Properties

mﬂ'bhﬂ,lgyﬁ ’IOll, F’lp ua,o!vyp pnnn’F . ) (c&rd: 3 SAn S 15_9“
tape: 3<n £ 6)

Thies implies & similar incresse in size of temperature (hoal) and specific
volime (4031) when input is from cards.

Vapbr Velume Fractions

Qu&litizg h()h'l, Fl’ 'Fa‘oooeyFigobinﬁ' Co . o (l <n S 5)

F, (not supplied) is set to zero., The sequence {Fi } must be in ascending
order. If this series is omitted, the fog flow model will be used,

18



Vapor Volume Fraction: hOSl, 1 F2,...,F 90909F (m=n, series hohl)

Fi = R, vapor fraction associated with quality, series hohlo

~.Fo (not supplied) is set to zero. If Fn = 1.0, series 4OUl, then Fm should
also be 1.0, This series must be omitted if series LOLl is omitted.

DNB Correlations

Fi = Bg, ‘correlation parsmeters, ' . mixed units
F, = 02, correlation parameter. (1/in,)
F3’= C3s correlation parameter.

?h = C),. correlation parameter. (1/in.)

F5 = Ll, cdrrelatieh length., - in,

F6 = Hl,'correlation enthalpy. Btu/lbm

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

first or second kind is specified.

Reactor Kinetics

Constants: 6011, Fis Fp F35 Fis F5
o 3
Fg=a £t /1bm

If FS is omitted; av = 0, If a nonzero F5 is supplied, the density

coefficiedts (series 61 1) efe required.

Rod Mution Reactivity: 6051, Fiqs FipoeoasFiys FigsoeasF s Fip
(2<n<6)

F t, time, : . _ ‘ seconds

il

F12 = 6Kr2, reactivity.

Fll must be zero, and the sequence { ll}must be in escending order., If

reactor kinetics" is specified and this series is omitted, 5K o = Q.

| Density Coefficients: 611, F_, FyseeesFypeeesFy  (n = number of
" axial sections)

F3 = by, the density coefficient weighting factor
’ for the j-th axial section,
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?

One set of coefficients must be supplied for each channel used if a % 0]
(F5’ series 6011), the channel fumber appearing in the tens position of the
. card number., This series must be omltted when’ a = Oo Note that.n+l numbers

must be supplied for each channel, T L

First-Pass Inlet Enthalpies: Cards 10021 and 10031°

If X, = 2 on the input options card, 1041, then the values on cards
10021 and 10031 will be interpreted-as enthalpies (Btu/lb )..rather than

temperatures, The input format and 11mitatlons are unchangedo

B, Ome-8hot Problems

All changes and additions to parent problems gre.also allowed:for one-

shot problems,

C., Continuation Problems '

ARTO4 continuation problems are run exactly as in ART-02, Parent
problems may contain the above changes, but no alferationkin.this data is

allowed when the continuation problem is run. .

D. Estimation of Machine Tine

Continue to use the methods ol Section III.E of Ref 1 fbf'estimafing

machine time,

V. OPERATING INSTRUCTIONS

The operating instructions contained in Ref 1 are essentlally unchanged°
The remarks concerning sense switch 2 should be amended to read ' Down -
Restart problem with data from logicel tape 4 if the comment RESTART TAPE
AVAILABLE has heen printed on-line."

VI. PREPARATION OF INPUT FOR A SAMPLE PROBLEM

This section contains & discussion of some of the decisious leading to
the choice of ART-O4 input quantities. The discussion is based on the
analysis of & fictitious twp-pass reacfor'core éﬁst&ining.a complete lOSSrOf;.
flow accident without scram, The reactor core is considered to have the same
geometry as the sample core of WAPD- TM=156 (Ref 1, p 29). However, in the
present problem; the core is operated at 1250 psia rather than 2000 psia and
has a somewhat lower inlet teﬁpgratﬁr§° The ARifdﬁxprovision for slip flow
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and void reactivity effects are included. All input cards for thls problem
and selected portions of the output are listed in Appendix IIo “The sample
problem of WAPD-TM: 156 will“be referred to as problem XX, the present problem
as YY. ' The present discussion is llmited to ‘those portlons of’ input wh1ch '
have been changed from - problem XX. A discussion of the’ remalnlng input '
quantities may be ‘found”in ‘WAPD- TM=156 Section V° Symbols are defined in
Appendix I of this report and Appendix I of WAPD TM-156

A, Control Informatlon° Cards 1011—1061

Time Increments: Card 1011

The same type of numerical stability analysie that leads to Eq (5.2) im"
WAPD-TM-156 (Ref 1) yields the following stability criterion for the energy
balance equations in the saturation region (Hji 2 Hf) in the case that the

slip flow option is utilized:

bey < o [Eji (:,(%:Xi’-)Jl ] ° ..
1

(6.1)

In the sample problem, the flow has been reduced eufficiently by- the
time that bulk boiling takes place to warrant the use of the same time-step
(0,02 sec) as in problem XX,

If a large amount of reactivity is introduced by density coefficients, -
care must be taken that the stability criterion of Eq (5.5) in WAPD-TM-156
(Ref 1) is satisfied. This equation is given incorrectly in Ref 1, and should
be ‘ ‘ '

> S
AtiS-%LD
45_5}(1;

where the equation is applicable only when' SKK <0 amd where m=10 if'

(51( ) = 0, and w=25 if (51{ ) £ 0. Note tha.t if this criterion is not met
in a problem with (BK ) = O, a suggested procedure involves setting (SK ) to
some extremely small number (say 10 20)0 The solution is then obtained with

m=25; permitting a larger basic time-steps;
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Problem Size: Card 1021

It is assumed that the thermaily limiting core hot channel isvlocated in
the second pass. Therefore; no first-pgss hot channel is used. The geometry
and hydraulic characteristics of thé thermally limiting hot channel are
ascribed to chanﬁel 6 (the first hot channel in the second pass)o_>Void
reactivity effects are assumed to be important only in the hotter region of
the second pass. All such void reactivity contributions are assigned to
channel 7 (the second hot channel in the second pass). This input card,
therefore, indicates a two-pass core with six axial sections, no first-pass

hot channel; and two second-pass hot channels.

Property Tape: Card 1031

The necessary DNE and fluid proferty information is obtained from
file 1 of the property tape. This file is used at Bettis for lower pressure

information (i.e., below 1850 psia).

Input Options: Card 1041

The third kind of subcooled pressure-drop correiation is used for this

lower pressure operation.

Over-all Conditions: Card 1061

The parameters po and Kcr have becn changed on this card to correoﬁcnd
to the 1250 psia operation. The calculation of Kcr is hy Eq (5.7) of
WAPD-TM-156, '

B. Individual Channel Characteristics: Cards 2011-2671

There heve been only slight changes in the information supplied for
channels O, 5, and 6. The quantity-(h/hf) has been modified to correcpond
to the design recommendations of WAPD-TH-410 (Ref 6). These recommendations
incluae'the use of a film coetffieicnt h, based on o goefficient of 0,023

f
rather than 0,019 in Eq (5.8) of WAPD-TM-156, Therefore,

(hy/n) = (%f%%%) =1.21 .  (6.2)

In addition; the quantity (q/qﬁ).has been eltered in channel 5., Since
two channels (5 and 7) have been used in reactivity calculations as opposed

22
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to the single second-pass nominal qhannel of problem XX,'and since.channel 7 .
has,g~higher.heatAflux, tpe heat flux of channel 5 must be reduced, Channel 5
now represents_the bghavior,of a group of éhannels of lower aversage heat out-
put than in problem XX, _In grder to have the same total heat generation in

the second pass,

L : . ) n -
Heat transfer area associ- ('q/qﬁ)( y F J) ,
ated with channel 5 J=1 Jch 5
] . 1F. s m ;

+ |Heat transfer area associ- (/a )Y F,j) ~ (6.3)
Liated with channel 7 1 L J=1 ] ech 7A
- ’ 1r t n -

= |Total second pass heat (a/a )Y FJ) 5

. . |transfer area ‘ J=t pass
- ‘ - "~ two

where pass two denotes the second-pass nominal chanrel of problem XX. If it
is assumed that all FJ for the present channel 5 are identical to those used
in problem XXP and that the heat transfer area asscciated with channel 7 is

T% of the total second-pass heat: transfer area, then by Egq (6.3)

(/s 5 = TETiTasy [(6-72) - (13.27)(0.07)] = 0,926,

. n
L 6.71 for ch 5 and pass two }
where Y F, = P
j=1 J 13.27 for ch 7
. ﬁ r . ‘
and (a/q7) = 1 for ch 7 aud puss two .

C. Characteristics for Channel T7: Cards 2711-2761

It is quite important‘that the dimensions, hydraulic characteristics,
and heat generation rate of any channel used to supply void reactivity
contributions be ﬁypical of the region represented by that channel, They
should not be eitrémés sﬁch as are used in hot chanpel computatiohs for

7"The d}fferenceAin axial ﬁéwer sﬁéﬁe hetween~the pass=-two homin&l channél‘and
chennel 7 would presumebly cause a shift in FJ velues also. ‘This shift in
power shape has been neglected. - '

.23
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reactor safety. Most of the dimensional and hydraulic characteristics of
channel 7 were taken to be equal to those for the nominal channel (chennel 5).
The FJ power factors were obtained directly from nuclear calculations (Ref 7
and Ref 1, p 36) and are identical to those used in channel 6, However,
channel 6 also utilizes an increase in heat generation by 38% (q/qk = 1,38

on card 2651) resulting from engineering tolerances (1.2) and from the local
nuclear predictions of heat generation rate (l.15). Since channel 7 is to

be averaged over a larger nuclear region and since engineering tolerances

are to be neglected, q/qA is set equal to one,

‘D, Pressure Drop Correlations

Subcooled Pressure Drop, Third Kind: Card 3025

A design recommendation for use of the third kind of subcooled pressure
drop correlation is presented in WAPD-TH-410 (Ref 6, p 2). For best fit,
this gives (assuming that a value of .030 is used for calculation of hf):

= .o0L (2930 _
fg = o001 (0023) = 40013 ,
f9 is not specified in WAPD-TH-hJ.o,*
and (f/fiso sat - T
where ( /fiso = Martinelli-Nelson value of ¢L§ at 4.2% quality.

For the correlation upper limit (assuming that a value of 023 is used for
celculation hf):

f8 =0,
fq=09
and flo= (f/fibu sat =7 0

The correlation upper limit has been used in the sample problem,

%This value is used to set a lower boundary on (f/fiso) in the heating
region, For example, it may be set equal to zero to avoid obtaining
negative values,
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Sgturation Region Pressure Drop: Cards 3031-3044

The saturation region pressure drop information was chosen for the
sample problem to approximate the upper limit recommendations of WAPD-TH-410 "
(Ref 6, p 3). Care was taken to avoid obtaining ¢Lg values under 1,1l for
conditions of low quality and high mass velocities.

E. Vapor Volume Fractiopé: Cards Lohl-L051

The multiple straight-line fit of Martinelli-Nelson vapor fractions
information is shown in Fig. 1. It should be noted that small differences
in the points chosen for fitting cah make a relatively large difference in
some of the quantities derived from the R(X) fit., The adequacy of the R(X)
fit is discussed in the following paragraphs and means for testing the
adequacy are developed. The Y and Vg/Vf functions which are part of the
input edit of problem YY are shown in Fig. 2 and are there compared to -the
same information determined directly from the smooth curves. On the average,
the multiple straight-line fit gives the proper behavior, but locally,

fairly large differences arise,

~ In the bulk boiling region there are four quantities with units of
dénsity which are used in the ART calculations. These are: S which is used
for evaluation of elevation pressure drop, (l/v') used for spatiai acceler-
ation effects, [f%‘-,d ¢//dx;7 used in the energy equation;’ and (l/v) used

for homogeneous flow:where

5 = Ro_ + (1-R)og (6.4)
(1/v1) - 1 : (6.5)
/ (T |
R g 1-R f
E - gﬁ#’= (vv; ) %% ’ (6°6)
feg

7‘?’l‘h.fis_,qu:a.n‘city may be obtained from the first two terms in the energy equation
(since Y is a function of H only):

= 00 Y _|s ay |gH _ |- a4y |eH
.,.Pat": Hfg ..at;‘[p'HfgdH,] -[D“a‘x at °
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: 1 o '
and : Qfv) = ng + (l-X)vf ° (6.7)

These depsities as determined for the sample problem are shown in Figs; 3‘
and 4 as a function of quality. Values determined by graphical methods
directly from the Martinelli-Nelson data are also shown. It may be seen
that locally the multiple straight-line fit used in ART can be a fairly poor
approximétioh to the smoother graphically-determined curves. However,_sinée

3

in the saturation region

o X
SoH g AV _ |5 _4¥ |8 2 f LA |
i o at = Heg 5% o | P T & A (6.8)
B . X_ dw : -
the behavior of the function jr [ - ai?{]dx will. give an. indication of -
' N 0 .

the effect of the-multiple straight-line fitting on energy balance, Tﬁis
function;is ﬁresented-in Fige 5. It is seen that. the behavior of this,
functien;is epproximately correct. A plot of this type is probably the
best measure of the adequacy of the particular R(X) values which have been

supplied.

F. Reactor Kinetics: Cards 6011, 6031, 6041, and 6171

The determination of temperature coefficient is discussed in WAPD-TM-156
(Ref 1, .p 40). The choices of temperature coefficient and weighting have, -
however,’been made arbitrarily in the present sample problem-and are described

in the following paragraphs.

This core, operating at lower pressure, is-also assumed to have a'lower
inlet temperature (450°F) than that of problem. XX (500°F). The temperature
coefficient of problem XX (-2.5 x 10 ) is changed in YY (-d 2 x 10 )
because of this reduction in core temperature. The.pass-wise split of’
temperature coefficient is assuwed to rémain the esawe, 2/5 of the totai or
-.88 x loﬂh being associated with the firstnpass'and.3/5 of the total or
-1.32 x lo-ufwith the second pass, Of the: second-pass coefficient,

-1.2 x lpnu 1s associated with the region represented .by the second-paes
nominal channel and -0,12 x loqu is associated:with the channel 7. No
reactivity, centribution,frqm-channel(6»is‘considered=because it is used to

represent extremes in dimensions; pressure drop, and heat input,
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The: option is available to represent the homihal channel readtivity
by a combination of temperature and density effects. That is, the reactiv-
ity may be considered to be made up of a portidh due to témperaturé change’
with water density'held constant (effect due to changés in théfﬁai néutrdn
density with temperature held constant (any changes in water fumber den31ty
affecting neutron thermalization, core leakage, and absorptions i the
water)s However, in the ART codé, density is an expliéit furcticn of
temperature, so that the portion due to density changes in thé Subcooled
region may be considered as an effeétive temperaturé coéffiéient tﬁét

varies with temperature:

N 3(5K) _ a(SKZ,QE; ) :
. T, | effective ap T,

The scaling function dp/dT, for this effective cdeffiéient i§ shéwn if.
Fig. 6 as a function of temperature. An effective températire c¢oéffidiént
this obtalned would have & dlscontlnuity everywhére that dp/dT a6és . jfﬁé
effective reactivity scaling function ) 1s shown in Figs 7 as & funétion
of temperature. Figure 6 shows that if temperature changeés are over &,
relatively small range, & constant temperature coefficient i§ probably,
& better approximation than the sawtooth curve obtained by dsing & multiple
straight fit.” For this reason, the reactivity éffeécéts of thé nominal
nhannelsjhave been assumed to be entirely concenlratéd in tEMPErature .
effects, Theréfore; for. the nominal- chanrels, with thé dsswiption of &
uniform axisal teémperature coefficient:

o = - +88 x 107 - 1,2 x 107 = 2,08 ¥ 16™/F ¢
The expressiqn,

a . = 1 [Fraction of o, associated wlll chandel m] ELves
mj in

*A better fit can, of course; be obtained by using more’ POifits 1M the fltt1ng
procedure, with some attendant machine timé increases, ¢

H
1 1

32 , f
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A

a .0705 for channel O , and :

oy = 3 [972.09].

-t . PR PR R
LB T

‘6962'f°?“chgn§?lss o mp

: 555" % [1 2/2 08];

Note that in the input, two of the 8,

order that the a mj sum to one.

~In the hot channel, the temperature change ‘is over a mich larger range,ff

80 that the demnsity coefficient gives an adequate .description of. reactivity
effects resulting from density changes (see Fig. 7). If it is assumed that
the reactivity introduced by a uniform channel. 7 temperature change from
450°F to 500°F is to be - (.12 x 1o / F) x 50°F = -6 x 1o.h, then
o = 8K
v = =
P500 ~ Piiso

. <l o | .é. N VUL
-6 x10 =+ 2,35 x lonu ft3/lbm »

B k9,17 lbm/ft3 - 51,72 ibm/ft3

numbers have been given as ,0961 in. . .

where the densities have been evaluated by the straight-line fit nsed during

code operation, In order to represent a uniform axial weighting, the b

values for channel 7 have been chosen as 1/12 for points 0 and 6 and as 1/6
for points 1 through 5. It should be noted that the b nj
are given for n+l points while amJ factors are given for n points only.

weighting factors

G. Problem Iuput and Output

‘A print of the input cards and selected pdrtionsfof the sample problem
omtput are given in Appendix II. The results of the problem are 81milar in
nature to the sample problem of WAPD- TM-156
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APPENDIX I: NOMENCLATURE

Dimensions are denbted by'M Mass, L = Lehgth e #‘Time;pT = Temperature,
ML/e = Force, and H = FL = ML /6 = Energy. . All equations in the text

are written in terms of a consistent set of units, 1nput ‘and output are in

mixed units,

WAPD-TM-156 (Ref 1),

ERN .
'A-_:!J e

Defining

Nomenclature not glven here may be found 1n Appendlx I of

Symbol Description' . Equation * Dimensions- Input. Card
a_ . Temperature coefficient (3.127,(3.1&)‘ ----- ' 6631; 6oL
mJ weighting factors e . P
Bg DNB correlation parameter ‘_(3:19) Miged '5031> ‘

i Density coefficient (3.13),(3.15)  -=--- 61m1

J weighting factors -

Co- C), DNB correlation parameters (3.19) Mixed " 5031

f7- f,, Subcooled pressure drop (3.16),(3.17) Mixed 3021, 3025
correlation parameters g

Hfg Latent heat of vaporization =~ ~, --=-= CCHM T emeee

H' Parameter used in water (3.4) _ ',H/M . ————
energy balance calculatlons

H, Enthalpy used in DNB corre-. (3.20) B/M 5031

. lation ‘ o

k, Local temperature coeffi- (2.22) ‘(l/TL3) -
cient of reactivity, volume o S
basis T

k, Local density coefficient (2.22) (/M) eeee-
of reactivity, volume basis ' o

LI Lengths used in DNB corre-  (3.19),(3.20) L . 5031,

! lation ‘ ’

R Volume fraction of vapor (2.4) ——— Lokl, 4051
phase

v Core volume (2.22) 7 S

Ve Velocity of the liquid phase (2.7) (L/e) = eeea-

Vg Velocity of the vapor phase (2.6) (L/e) = eeee-

36



Defining

Symbol Description - Equation Dimensions Input Card
Vo Portion of the core volume :“(3;lh);(3;15)' L3 el
J - ..associated with point j.in. . . - ... . i,
channel m e oL
v! Effective specific volume (2.20) .. ‘(L3/M) e
for spatial a¢¢elera§;on _ o o o
a, . Over-all, temperature - - (3612),(3.1k) 1/T: - 60131
t - P Sy ~
coefficient of reactivity ' L . , .
2 . Over-all density coefficient -(3.13);(3.15) . (L3/M) 6011
~ of reactivity S . o
BK . . Excess .reactivity -due to (3.21) ———— ————-
rod motion o _ - .
5K Portion of reactivity due to (3.22) = ~e-e- 6011, T021
rl . .
rod motion from scram table
3K o Portion of reactivity due to (3.23) = eeee- 6051
r rod motion from independent .
reactivity table
8K, Excess reactivity due to (3.12) emeee T aeao
temperature changes
8K, Excess reactivity due to (3.13) = eeeeeaeeen
water density changes
o Average water density (2.4) (M/L3) -----
Pp Density of saturated liquid = = =~---- (M/L3) -----
Py Density of saturated vapor = -—=--= (M/L3) -----
v Energy slip parameter (2.11) (M/L3) -----
Subscrigtsv
E  Exit plenum
I Inlet plenum
m Channel number (0 = first pass NC,

1 to 4 = first pass HC,

5 = second pass NC, 6 to 9 = second

pass HC),
average plate,

Also used for meat or
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APPENDIX II: INPUT AND QUTPUT FOR A SAMPLE PROBLEM

The following pages contain a listing of. input cards from-the ‘sample
problem of Section V. In addition, &; ept;on of the IBM-TO4 output for thisd
problem is given. Pages 1l<5 of the outpht give a cgmplete liéting'of the

‘input quantities as accepted by the machine, Paée 6 gives steady-state
results and pages. T, 13, and 19 give results for three different times during
the transient. As is noted in the input, additional transient output was
printed during the transient but is not included here, This particular
problem stopped when point 6 in channel 6 reached & quality of 100% at

time = 1,58 sec, Since no calculations are performed in the superheat
region, the problem was then discontinued.

8
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YYYYYYYY SAMPLE PROBLEM FOR WAPD=TM=202

ARTO04CARDOOC1
1011902959148 CARDOOOQ2
102196925092 CARDOOO3
1031519040911 CARDOOO4
1041939292 CARDOOOS
10519190909091509191s19l9lpl CARDOOOS
10515125069¢151500932¢17360059602904 CARDOOO7
20119e04859e0185404294018 CARDOO0OS8
202150933423801 ) CARDOOO9
20319165934 954860941946494269¢53e591069lasleslasla2lye9 CARDOO10
204133E49002419245E5940162 CARDOO11
205191409402490 . CARDOO12
20615082905291e¢0991¢18914CG636799448 CARDOO13
25119604854.0189404254018 CARDOO14
2521190933629841 CARDOO1%
253191e594e38170e900194490269¢59¢591091eslosleslalpel CARDOO16
254193E490C2419245E5940162 CARDOO17
25511909269 402450 CARDOO18
25615101691e169104891e62910239¢7 79645 CARDOO19
261150045940153404394015 CARDO0020
2621+0533425841 CARDOO21
263191le 594.98297.9.18..26046581|o6581 le9le9e69259¢92591421949 CARDO00O22
264193E49402529245E5940175 CARDOO23
2651914389 402491,167 ) CARDO024
26619240692+0639268193e1492¢553106681405 CARDOO25
2671347590 759¢7089482591a026575944632 CARDOO26
27119004859018540425¢018 CARDOO27
272119053342+801 CARD0O28
273191e5940181700901944902€E9059659109lesleslesle2lye? CARDOO29
27T4)193E4900241924555940162 CARDO030
275191694024 90 CARDOO31
2761124069260532, 8193 1402.55’1166 1405 CARDQO32
302530509125 ’ CARDOQO33
303190541 9653¢779493910 CARDOO34
304190125926099863692665936¢5936459260 CARDOO35
3042904501 ¢8797e4812308932439324892342 CARDOO36
3043910927916l 94a41144919e29194251366 CARDOO37
304495e910192e7591149916049L6eb31167 CARDOO38
40419603096129432594625910 CARDOO39
405136331662554799490531 CARDOO0O40
6011960793e25=5909~2e08E=492e35E=4 CARDOO41
602192e88E~41001277351648E=43¢0319915e36E=4941181932e72E~494318 CARDO042
6022910e8E~411e50791e44E=4y5033 CARDOO43
6G0319007059¢0705940705940705500705940705 CARDOO044
6041900951 9409629409629409629¢0962940961 CARDOO45
61010909050109050 CARDOO46
6151903090»0105040 CARDO047
616190509090409040 j CARDOO48
6171,-0833’01667,01067..1666)-1667901367900833 CARDOO49
90119109e59139148 CARDOOS50
902191e3887907099e69906259e¢5719e526904889045%494426 CARDOOS51
902290490357 9032390294902796253023390e217502049¢192 CARDOO0S2
9023901829e1725¢15430156 " CARD00S53
100119119402 CARDOOS4
1002194509 24504 CARDOQO55
110119e84894090354515 CARDOO56

CARDOO57




o%

Ae CONTROL INFORMATION

TIME INCREMENTS
FROGLEM SIZE
DATA TAFE

INPUT OPTIOMS

QUTPUT OPTIONS

OVERALL CONDIFTIONS

CYYYYYYYY  SAMPLE PROBLEM FOR WAPD-TM=-Zz02 ARTO4 . PAGE 1

«0200 5 1e8CO - : }- . : - -

% SECTIONS 2 PASS(E5] 0 FOT CHANNEL(S) 1ST PASS 2 HOT CHANNEL(S) 2ND PASS

FILE 1s SUB DELTA P(CARD) SAT DELTA P(CARD) FL PROP{TAPE) BO COR(TAPE)
DELTA P KIND 3, BO2 KIND 2y HEAT SEN TYPE 2

WATER TEMP/QUAL METAL TEMP SURF TEMP CRIT TEMF HEAT FLUX BO RATIOS
NC YES NO NO .NO YES NO
HC YES YES YES YES YES YES

Pe0=1250 Q#40=41CJ0 KeTR=1540C G=32417 EPS=4005 DELTA Z= 64200 PBS= ¢40

LEm T
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YYYYYYYY

8¢ INDIVIDUAL CHANNEL CHARACTERISTICS

CHANNEL
DIMINSIONS
METAL PROERTIES

FLOW CHARACTER

FRICTION FACTORS
HEAT GENERATION

Fed

CHANNEL
DIMENSIONS
METAL PROPZIRTIES

FLOA4 CHARACTER

FRICTION FACTORS
HEAT GENEFRATION

Fad

0

Lel=e0485 L¢2=40180 Le3=,0420 Le4=40180

RHOCeC= +CO0 RHOCeM=33420 LAMDAWC= 3410

BelU=14500 G#=3,000 H#= 6486 DeH=,1944 MUBAR=+260
KeC= o500 KsE= o500 SIGSQs0=14000 SIGSQaN=14000

HeF/H=1eZz1C OL/G= +4900

{NeRy Fo¢ISO0) 30000y #C241 250000, 40162

Q/Q#=1+40C0 R=0024 PHIL/PHI= ,000

"9 820

«820 14090 1,180 14080 ¢ 790 &30
5

Lel=40485 Ls2=¢01380 L033,0420 Lo4=40180

RHOC.C= 00 RHOCM=323420 LAMDALC= 8410

BeU=16500 G#=44000 H#= 8170 DeH=.1934 HMUEAR=,260

KeC= «500 KoE= o500 SIGSQ.0=1s000 SIGSQeN=1.29D

HeF/H=1e21C GL/G= 4900

{NeRy FelSO) 3000Cy 0241 250000 #0162

/7C#= «92% R=4024 PHIL/PHI= 000
1.160
14160 14480 1.620 1,239 e 770 0450

SAMPLE PROBLEM FOR WAPC=TM=202

KePF=1.000

KePF=1.C00

ARTO4

KePA=14000

KePA=140200 "

PAGE

2




. o

CHANNEL
DIMENS:ON3
METAL PROPERTIES

FLCW CHARACTER

FRICTION FACTORS
HEAT GEZNERATION

T Fed
FCed

C~ANNMEL
DIMEMSIONS
METAL PROPERTIES

FLOW CHARACTER

FRICTION =ACTORS
HEAT GENERATION

FelJ

YYYYYYYY SAMPLE PROBLE4 FOR WAPD-T!=-202

[

Lel=60450 L92=40152 Le3=,0439 Le4=40150

RHZCeC= 420 RHOC%=33420 LA%QP.C='S.10

B4J=14500" G#=44002 H#*= 8297 DeH=,13C0 MUBAR=4260

Kell= o658 KeE= 4638 S5:GS5SQe0714000 SIGSQeN=1.0C00 KoPF= 4,922
HeF/H=14210 GL/G= 4900 ‘

{(MeRy FelS0) 30000s D252 2500009 #0175

Q,Q#=1380 R=4024 PHIL/PHI=141567

2060

20060 20310 34120 24550 1le6&C 140590

» 750
«750 «708 «835 1.026 759 0632

7

Lel240485 L[92=40.80 _e3540820 Lo4=s0183

EHOCsC= 400 RMCeM=33420 _AMDAsC= 8410

EeUz1450) G#=44000 H¥= 8170 DeN=.1944 MUBAR=4260

{eC= 4500 KeE= .500 SI1GSQ.0=14000 SIGSQeN=1.000 KePF=1,0C0
HeF/H=10210 GL/Z= 4900 '

(NeRs FeISO) 33000+ 40241 250000y #0162

0/Q#=1.000 R=,024 PHIL/PHI= ¢300

24060
24060 24810 34120 24550 14660 14050

XePA= 0925

KePA=1,000

ARTO4

PAGE




YYYYYYYY ~ SAMPLE PROBLEM FOR WAPD=Ti=202
Co PRESSURE DROP CORRELATIONS :

SUBCOOLED DELTA P» 3RD KIND Fe8= 4000000 Fe9= 4000  F,10= 1,250

SATURATION DELTA P G X= +000C «100 500 . «770 0930 1,000
) ' ¢ 125 209 " 8436 26450 36450 35450 26400

¢450 1487 Tet3 23480 32430 32480 23420

1,927 l.10 4440 14,400 19420 19420 13060

. 54000 1610 3475 11490 16440 16040 11470
De FLUID_PROPERTIES
ENTHALPY 37546 44042 49843 54940 57845 1118140

TEMPERATURE 40040 459,0 509.0 55040 57243 57243
SPECIFIC VOLUME 401853 401948 402052 402166 402250 434560

X +0000 «0150  +0300 «0720 1200 42225 3250 «4750
R{X) « 0000 «1652 «3300 «4775 66250 07075 27900 -+8475
VG/VF  1.3964% 1.1838 09645 143628 162368 148173 149660 245008
PSI(X) +000 2086 =+033 0 464 0409 14301 14490 14932

Ee« BURNOUT CORRELATIONS

BURIINOUT» 2ND KIND Be4 Mo & Gel Re5 Be5 Me5 Cel Del
«386 24500 10,000 2,000 ¢240 24500 1,000 +100

Fe HEAT GENERATION (REAtTOR KINETICSs NO SCRAM)
REACTOR KINETICS #0700  +0000320 ,000000 =,000208 0000235

BETA BAR 4000288 4001680 4001536 4003272 4001080 4000144
"~ LAMDA « 01277 «03190 +11810 ¢31800 1450700 5433000

AsOJ D705 0705 40705 40705 40705 L0705
AeS5J 40961 0962 0962 40962 40962 40961

BeOJ « 000
Y ¢CQOO 0000 +0000 40000 0000 0000

Be5J 0000 '
40000 50000 40000 40000 0000 40000

Bsb6J 40000 : :
40200 40000 40000 40000 40000 40000

BeTJ 40333
T 1867 41667 01666 01667 41667 40833

06250
¢9050
246874
16657

+68125
9525
343194
14199

1.,0000
140000
3,8913

+000




U

Ge FLOW COASTDOWN

FLOW TIME  »C00
"7 G/Ge0 140000

TIME 4500
G/Ge0. . +4000

TIME 14500

G/340. 41820

He INLET TEMPERATURES

PASS. ONE  TIME «000
TTIN NC 450,0

PASS THO

+050
+8700

6090

3573 -

14600
¢1720°

¢ 020

45040

YYYYYYYY

¢102
V7690

s 7CC

 «3230

1‘0?(’@,

e 164C

SAMPLE PROBLEM FOR WAPD-TM=202

¢ 150
05900

+800
¢2930

14800.

21560

200 0250 300 350

«6250 +5710 05260 «488)
900 1.00C 14130 14200
2700 +250C 2330 «2170

FoA= o848 Ke0=450C0 . BeMINC)=e000 BeM(HC)=e515:

»400
3540

14300:

02040

0450

04260
14400

01920

ARTO4 PAGE
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R N N - R YYYYYYYY SAMPLE PROBLEM FOR WAPD~TM=~202 ARTO4 PAGE

STEADY STATE FLOW

CHANNEL Go# Ge0 NR ITER DELTA PeS ITER PoS ='PeF. + PgEL + P4A2

0 34000 340C0 Ts417 74417 64257 14102 »057
5 44000 4,000 12,031 12,031 10,852 14084 «095
6 44000 3,363 3 11,210 11.227 94899 14043 «285
7 44000 34949 1 12,031 12,083 10,815 16062 0206

TRANSIENT RESULTS START ON NEXT PAGE




ot

TIME= ' +000 P/F=

CHANNEL 0 G/Ga0=

NATER TEMP-QUAL

HEAT FLUX

CHANNEL 5 G/Ge0=
WATER TEMP-QUAL

HEAT FLUX

CHANNEL 6 G/Ge0=

WATER. TEMP=-QUAL
METAL TEMP
SURFACE TEMP
CRIT TEMP

HEAT FLUX

CHA&NEL T G/GeC=
WATER TEM>~QUAL
METAL TEM>
SURFAC§ TEMP
CRIT- TEWP

HEAT FLUX

YYY“YYYY

1,0C0 P= 1,000 P/F SET AT T=

SAMPLE PROBLEM FOR WAPD=TM~202
P SET AT T=

. ARTO4 PAGE
SCRAM SET AT T=T.3=

1.0000 G= 34000 DJELTA P= 5,967 BOR= AT J=  BULK BOIL AT T= BURNOUT AT T=

RELTA Pef = _ 64257s DELTA PeEL = ° 141024 DELTA PsAl = =1.450s DELTA PéA2 = 4057

$50000 .

853019 457444 £61aB5 465473 468463 470439 4534444
:gggg 01064  o1152  ¢1035 40771 40468

1.0000 G= 44000 DELTA P= 104098 BOR= AT J=  BULK BOIL AT T= BURNOUT AT T=

DELTA P.F =
46Te37
470432 474409 478421

01048

¢1048 1338 o 14€4

140000 G= 34363. D:ILTA

DELTA FeF = 9:1899» CELTA PeEL = 160439 DELTA PeAl = ~-1.8069 DELTA PeA2 = 0285
476404
486006 499472 514053 526030 533490 538671 5354050
557¢28 '
567¢30 610653 63E¢46 625487 %99437 580412
514046
524448 552413 573420 5T7348E 564486 558429
583423
583423 584el1l S534abt4 583482 582465 58le54
02775
02778 ¢3785 <4229 . 43435 02236 01414
106000 G= 3,943 DELTA P= 10,098 BOR= AT J= BULK BOIL AT T= BURNOUT AT T=
DELTA PeF = 1?.&159 DELTA PeEL = 140629 DELTA PeAl = =149869 DELTA PeA2 = ¢206
47640%
481le73. 48946C 498434 505443 509499 512474 502973
538e 14 -
54387 574e3(- 592498 582430 560403 544439
500490 :
506e€4 52345. 536423 £36421 530402 525441
582438 . ) N .
582438 583429 58350 582493 581485 580483
¢2021
¢20.1 02743 « 3065 02489 01620

104352y DELTA PoEL =

14084y DELTA PeAl = =1.923y DELTA PeA2Z 0095

48le34 483,30 484444 4694791

el112 e 0696 ¢0407

P= 9,422 _BOR=" 34554 AT J= 3 BULK BOIL AT T= BURNOUT AT T=

¢1025 . o ' -7

7




Ly

CHANNEL 0 G/Ge0=

WATER TEMP=QUAL
HEAT FLUX

CHANNEL 5 G/Ge0=
WATER TEMP-QUAL
) HEAT FLUX

CHANNEL 6 G/Ga0=

"WATER TEMP-QUAL

METAL TEMP

" SURFACE TEMP
CRIT TEMP
HEAT FLUX

CHANNEL 7 G/Ge0=
WATER TEMP=QUAL
METAL TEMP
SURFACE TEMP
CRIT TEMP

HEAT FLUX

YYYYYYYY
P SET AT T=
DEL K = =.002085 = ,000000 (ROD) + =,001852 (TEMP) +

14,850 BOR=

#3570 G= 1,071 DELTA P= AT J=

DELTA PeF = o935, DELTA PeEL = 1,093s ODELTA PlAl
450400 ‘
456021 463465 470096 476681 480e29 481434

20609 . -

«0591 0772 «0819 0Q714 « 0507 00278
03570 G= 14428 DELTA P= 2,461 BORS AT J=
DELTA PeF =  1.619» DELTA PeEL = 1s075s DELTA PeAl
467427
473434 480457 488404 493,02 455,32 495,63

«0811 . . . .

0793 40995 +1071 40784 40457 40233

02324 G= 4781 DELTA P= 24357 BOR= 34176 AT J= 3
DELTA PeF =.

14731y DELTA PeEL = ¢827y DELTA PeAL

476404
499446 534426 567459 #0501 «0754 20871
586446
604666 631640 637639 626676 610448 598494
558403
577658 583455 582487 583429 582418 561,410
582423 .
582412 583455 583487 583e29 582418 581¢l0

01842

e1755 #3100 03468 ¢2817 01834 s1156
3552 G= 14403 DELTA P= 24461 BOR= AT J=
DELTA PsF = le6189 DELTA PoEL = l1e041s DELTA PsAl
476404
487468 502480 518428 529430 534489 536489
548479
558480 598428 623445 612417 5854£5 565999
520602
530667 560451 581485 579439 565457 554448
58178 . .
581e72 582644 582469 582009 58097 579485

01554 B

«1519 2039 02246 21770 00622

21084

X SAMPLE PROBLEM FOR WAPD=TM~=202
TIME= 600 P/F= 24232 P= o797 P/F SET AT T=

ARTO4 PAGE 13
SCRAM SET AT T=Te3=

=+000233 (VOID)

BULK BOIL AT T= SURNOUT AT T=

-,190| DELTA PsA2 = 012

4664184

BULK BOIL AT T= BURNOQUT AT T=

= =+2539 DELTA PsA2 = 020

4834028

BULK BOIL AT T= 4440 BURNOUT AT T=

= =e445) DELTA PeA2 = 0245

6314011

BULK BOIL AT T= BURNQUT AT T=

2 =+2469 DELTA PeA2 = 0048

532,800




8t

TIME= 14200 P/F= 2991 P=
DEL K =
CHANNEL 0 G/Ge0= 2170
DELTA P
WATER TEMP=-QUAL 45@eC0
458453
HEAT =LUX 23504
824950
CHANNEL 5 G7GeC= L2170
DELTA P
WATER TEMP=-QUAL 487437
475453
HEAT FLUX 20668
20654
CHANREL 6 <=/Gd0= #0645
CELTA P
WATER TENP=QUAL «76404
347652
METAL TEMP 510459
51060
SURFAZE TEMP 582.18
582,18
CRIT “EMP 582s18
582,18
HEAT FLUX «1841
21842
CHANNEL 7 G/GCe0C= ,1891
DELTA F
WATER TEMP-QUAL 476404
. 492482
METAL TEMP 556e24
’ 570486
SURFACE TEMP 533453
548.78
CRIT TEMF 581l.2%
581.13
HEAT FLUX 01227
: «11%94

YYYYYYYY

SAMPLE PROBLEM FOR'WAPDTTM-ZOZ

649 P/F SET AT 7=

=4034007 = 4000003 (ROD) + ~e003492 (TEMP) +
G= 4651 CELTA P= 14394 BOR= AT J=
ofF = «3751 DELTA PeEL = 14085y DELTA P.Al
468461 GTEWTS 436491 491477 493419
00640 (G678 #0590 40416 40223
G= 4865 DILTA P= 1430 BOR= AT y=
of = 06439 DELTA PofL = 14068y DELTA PeAl
435446 455480 302473 5006409 506491
¢0022  .0835 (0549 40378  +0191.
G= 4217 IELTA P= 1.588.BOR= 14533 AF J= 3
oF = 1:052y CILTA PLEL = ¢412y DELTA PeAl
21798 #4234 5849 46733 46988
621673 :25457. 617«B9 604458 595415
582498 583,27 D5E2472 581467 5B0es65
582498 B5BZ¢ZT 582172 58le67 580466
02511 . 42806  ¢2275 41485 40940
G= (747 DZLTA P= 1,630 BOR= AT U=
oF = 2733y CELTA PoEL = 140155 DELTA P.AL
515429 335409 555450 565017 566485
615034 620624 512063 600489 591259
582411 332¢44 551693 580495 57984
582411l 582s44 58le93 580495 57984
01795 22041 #1658 41077  4G635

P SET AT T=

ARTO4 PAGE 19
SCI&M SET AT T=Te3=

-4C00515 (VOID)

BULK BOIL AT T= BURNOUT AT T=

= ~¢0739 DELTA PeA2 = 2006

4794958
BULK BOIL AT 7= BURNQUT AT T=

= ~e097y DELTA PeA2 = +010

4954922
BULK BOIL AT T= 440 BURNOUT AT T=

= =.025, DELTA PeA2 = 0149

9994543

BULK BOIL AT T= BURNOUT AT T=

= -e141s DELTA PeA2 = 023

i’ 5714283

a——te
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