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A description is given of a program by which the behavior of a
nuclear reactor during various thermal transients may be stud-
ied. The program is written for a 32,000-word |BM-704 computer
with six tape units. It is designed to predict the behavior of
a water-cooled and moderated reactor with flat plate fuel ele-
ments during transients which are slower than a prompt excur-
sion and during which the reactor flow, inlet temperature, and
control rod motion may be specified as a function of time.

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

J. E. Meyer, R. B. Smith, H. G. Gelbard,
D. E. George, and W. D, Peterson

I. INTRODUCTION AND TILEORY

The designer of a nuclear power reactor must be able to predict the characteristics and safety
of the reactor over a wide range of transient situations. These situations include cases of very fast
transients with prompt excursions and, at the other extreme; slow changes in reactor plan;c power
demand. The ART program* is designed to predict the behaQiqr of a water-cooled and fnoderated

reactor during transients which are of an intermediate speed.

First-pass inlet temperature, reactor flow, and control rod motion are assumed to be known
functions of time. This has permitted the omission of calculations describing the behavior of the
remainder of the reactor plant. During transients of long duration, * * the interrelation between the
reactor and other components may, therefore, necessitate supplemenlary analysis or experiment.
The exclusion of extremely rapid accidentsT has suggested simplifications which permit an efficient

calculational procedure for transients of intermediate speed. The major simplifications are:
1) . The use of a single mass flowrate for all points in any given reactor coolant cﬁapnel.

2) The use of a single node point in the water at each axial level (a one-dimensional hydro-
dynamic_ model) . In the case of rapid transients, the heat transfer in the water normal to

the dircetion of [luid flow cannot be neglected.

*ART is a program for handling Accldents and other Reactor Transients on the IBM-704. It
"replaces ATBAC (Ref 1), an earlier Bettis code for reactor transient evaluation. Major changes
have been made to obtain greater flexibility and simplified input preparation. Other features have
been added, such as calculations for steady-state hot channel flow, and provision for extracting
fluid properties and empirical correlations [rom a property tape.

*%* Those in which the significant power and temperature iransient is of longer duration than the time
for lransport of water around the loop.

TThose in which the time for transit of waler through the core is long compared (o the time for
large paower excursions or large changes in inlet flow. .



3) Similarly, the use of a single node point for representation of fuel element temperature is
justified only for those transients in which the shape of the temperature profile across the
plate is not altered drastically.

It is to be noted that the dividing line between fast and intermediule speed transients is .quite broad
and the restrictions given in the preceding paragraph should be kept in mind in considering the use
of ART.
tory behavior (usually when a large quantity of steam is present in the channel), the: change of mass

It should also be noted that in cases in which the flow tends to have ”chugging” or oscilla-

velocity with p051t10n is undoubtedly quite important and the single mass velocity assumption of ART

is mapproprlate.

The reactor model considered in the.ART code is of either one or two passes and is illustrated

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

variations in one or more of the following quantities which are considered to be known functions of

time:
1) Flowrate through the reactor.
2) Tirst-pass inlet temperature,
3) Reactivity introduction due to control rod motion.

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

and cold water insertion.

'The heat generafibn rate is assumed to be sep-

FIRST-
PASS . . o
CONT?OL;ODS OUTLET OUTLET PLENUM arable in space and time. Reactor kinetics calcula-
LEVEL N ) ]
SEcoND- ) tions are performed to determine core power as a
P=lau i OUTLET function of time.* Temperature induced reactivity
I M . X P
i :: h ! 15 effects are included. The temperature coefficient
1 i o
nn B . . g .
i H ! '\INTER- bl HOT is assumed to be a known function of position in the
I | & CHANNEL ’
U FLUW ’ reactor,
- ' / i -—LEVEL i '
S NOMINA i ; Ty :
CHANNEL: 14 LEVEL 0 A single coolant channel through the core is
\ S . INLET Pt FNUM used tn represent the nominal behavior of each pass.
R§ i : N
P eSS Thermal calculations are perfuriied for from one

_secono- PASS INLET

L6 four addilional channels in each pass, 'L'he addi-

CHANNEL DESCRIPTION

FLOW PATHS tional channels may be used as hol channcls to repre-
. sent possible extremes in dimensions, pressure drop,
Fig. | Reactor Model aiid heat input, The hot channels then serve to assess

reactor safety during the fransient under consideration.

A flat plate fuel element is assumed (T'ig. 2). The 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 dre neglected.

The code output includes pointwise water,' :surface and plate teinperaturcs, polutwise heat fluxes,
core power and individual channel flowrate as a function of timé. In addition, at eacﬁ time in the
transient and at each point, the heat flux required for DNB (departure from nucleate boiling) is cal-
culated. The minimum ratio of DNB flux to local flux is also determined and included as part of the

output,

i

* By option, core power as a function of time may be requester spccified and the reactor kinetics
calculations bypassed.
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Typical machine time is 360 seconds per sec-

(AXIAL LEVELS flRE INDEXED BY j; TIME STEPS ARE ond of real time. Approximately 40 seconds of
INDEXED BY i; WIDTH IN THE y-DIRECTION IS £

this total is associated with evaluation of reactor

MEAN PLATE i i i ) i -
MEAN WATER EN- FEMPERAT UR kinetics, 280 in thermal calculations, and 40 sec
THALPY AT THIS Le—1§ ————22—»'4—2 ——‘AT THIS LEVE s
LEVEL IS H jj ) 15 (Ty);; onds for writing output on tape.
LEVEL]  qedemo———l 2 T . : : . .
1 // The following paragraphs contain a description
| of the differential equations which are handled in
FUEL ART and of the major assumptions which are made
. ALLOY
Az | cLap | (MEAT) in deriving them.
WATER FLOW
A. Conservation Laws in the Water
The conservation laws for treatment of each of
MEAN PLATE ) . . itte .
. L ! Z/ N AT e these several channels may be writtén as follows:
LEVEL j~ I *—}—=—O0——~"— - T|AT THIS LEVEL .
 MEAN WATER tls (Tt s, Conservation of Mass
ENTHALPT AT & CHANNEL PLATE
Hij-1i .
? z2-AXIS 9 G ;
= (1 + == =0 1.1
) st (1Iv) + 57 (1.1)
x-AXiS

Conservation of Momentum :

Fig. 2 Geometry of a Typical Channel Section
G , 9 2, _
at | oz (vG7) = - Bz ( )WG) ( ) -2

Conservation of Enérgy ’

aH+ vG) az —v[g§+ vG) g—§]+v[¢zqu]+ (Tf)—h) ~G) > )

These conservation laws may be combined with the following:

Equation of State

T, = T,Hp) v=v(Hp) (1.4

The following assumptions have been applied in the derivation of Egs (1.1) through (1.4) (also
see Figs., 1 and 2):

1) Consistent units are used and the Eulerian point of view is adopted (i.e., for example,
= 1I{z, t}, G = G{(z,1), etc.). .Symbols are defined in Appendix 1.

2) 'The flow is parallel to the positive z-direction. The channel is of constant half thickness ,21
in the x-direction (the direction normal to the plate). All variations in fluid propérties 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 distance
from the wall. In the case of two-phase flow, it is assumed that the phases are well mixed
and are moving with the same velocity (fog or homogeneous flow) . There is no transfer of

heat or fluid across the channel centerline.
3) Conduction of heat in the z-direction is neglected.

- 4) The equations of state are 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 are not included in the specific volume calculation,

The equations solved in AT are a greatly simplified version of kgs (1.1) through (1. 4). The
first and probably one of the most limiting assumptions is that the vamoil,n.tnf flnid in any section of

the channel does not change rapidly with time. Therelore, the derivative of specific volume in .



Eq (1.1) may be neglected, and the conservation of mass can be rewritten* as

o)

9]

=0 or G=G®) . (1.5)

[o7]
N

With the use of Eq (1. 5) the conservatlon of momentum may.be readily integrated over the length of

the channel to get the behav1or of mass velocity with time. Thus,

p.-p.1-[v. =v
dd_Ct}=|: ovL‘n]l_[ nL 0] _‘_<7_D L)/ (fv)dz-(f\) f (g/v)dz , (1.6)

where z = 0 and the subscript refer to the position just inside the channel irilet, and where z = L

and the subscript "'n" dencte the p051t10n Just inside the channel exit,
The energy equation has also been s1mp11f1ed,by neglecting the effect of the last térm (i.e., the

dissipation term) and the effect of pressure chenges in both time and distance. Thus;

e _ v [, .. 9H
3t —11 [(¢+L'q) -Gﬁl W] . (17)

In addition, all properties are considered to be evaluated at some mean pressuré. With this
assnmption, the equations of state may be rewritten as
Tw = TW(H) vs=v(H . (1.8)
It may be noted that Eq (1. 6) gives the conservation of momentum in terms of the pressure at

the positinn just inside the channel inlet and just inside the channel exit, The relationships between
these values and the pressures o and PR in the inlet and exit pleniums ure given by

K +1-
Pozpl;[——c ] (v G) (1.9)

and

K -l+g¢
pn=pE+|:e‘ ]( G*) . (1.10)

where the coefficients K. and K, represent lho unrecoverabla portions of the pressure loss at chan-
nel entrance and exit, and -where the remainder of the pressure change is the result of either accel-
eration or deceleration of the fluid upon changing. area (0‘ and v, are the ratios at the inlet and exit
of channel area to the plenum area associated w1th that pnrhcular channel) . Assumptions similar
to that leadmg to Eq (1. 7) indicate that the enth:ﬂpy just insidc the channel mlet is idéntical to that

in the inlet plenum; thus,
H =H,. .. , (1,11)

Tn the ART treatment, the nominal channel mass velocity GNC is a kuuwn function of time

(obtained from experiment or other analysis). Tllez-efui'e, Ligos (1.6}, (1.9), and (1.10) may he
applied in that channel, at any time; to determine ;the pressure difference from inlét 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 of E¢gs (1.6), (1.9), and (1.10) in each
hot channel to determine GHC as a function uf lime,

*Note that it is important that the left-hand side of Eq (1.3) is not written as v[ Blat (H/v)
+ 8/8 z (GH) ] after this assumption has been made, = This derwatlve would then depend on the
reference point used for enthalpy.

%% There is some adjustment made for channel-to-channel variations in pressure drop.

-



The inlet plenum temperature [ and hence enthalpy by Eq (1. 8) ] is 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. li) permi;cs the bulk water éonditions just inside the channel inlet to be
determined as a function of time. The conditions in the second-pass inlet plénum as a function of
time cannot usually be specified, however, since they do depend'on a knowledge of the first-pass
exit conditions at some earlier time in the transient, In ART it is assumed that, at any time, the
enthalpy of perfectly mixed first-pass exit water, ch (t) , is linearly related to the exit enthalpy of
the nominal channel by*

AC,. _ NC NC NC ' '
H () = Hy -+ F, [Hn (t - Hg ] . . (1.12)

The factor F,is assumed to be constant and is normally less than one because the leakage flow *
which mixes with the nominal channel exit water is usually cooler than that water. Since the first-
pass exit water is not perfectly mixed before arriving at the second-pass inlet, the following adjust-
ment is made. A constant factor Bm is supplied for each second-pass channel, and the unmixed
exit water that leaves the first pass at time t, arriving at the second-pass inlét at some lat_er time,

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

_ _.NC NC,. _
H () = H H Z() - H (1.13)

NC
o

+ Fa(l + Bm), [
It may be seen that the perfect mixing value is obtained by setting Bm to zero. The mixing coef-
ficients Bm and Fa are requester specified and must be obtained from some other analysis or test.
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 first pass is

assumed proportional to (GNC

vex) where Vex is the specific volume corresponding to Hex’ The
interpass water is then considered incompressible and is moved toward the second-pass inlet at a
velocity proportional to GNC (t) vex(t) . This approach enables the inlet enthalpy for each second-

pass channel to be determined as a function of time.

This analysis of both mixed first-pass exit enthalpy and of the intérpass mixing and transport

problem is subject to the following restrictions:

1) The time for transport of -leakage water through the first pass has been chosen to be identical

to the transport time for nominal channel water,

2) The time for transport of water to the second pass is assumed to be identical for all streams

of fluid leaving the first pass,
3) No heat transfer to structural members is permitted in the interpass regioh.

4) The effect of changes in temperature of iﬁterpass water is assumed to be negligible in reac-

tivity calculations .

* This relation nnly applice if firsl-pass inlet enthalpy is coﬁstant 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 naormally considered Lu be only that flow passing adjacent to the fuel alloy.
"I'he flow which is 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 is usually cooler than the active core flow. It is assumed
that the exit enthalpy of the nominal channel is identical to the mean exit enthalpy of the active
core flow.

T This equation applies only for fixed first-pass inlet enthalpy. 'An cquivalent expression for the
variable casc is giveu by Eqgs (2,54) and (2.55),



In the simultaneous solution of Egs (1.6) through (1.10), the quantities L, Dh’ g, _21, r, KC,
Ty Ke, and o, are considered to be constant with time. The specific volume v is a known function
of enthalpy [ Eq (1.8)], and the friction factor f is a known function of mass velocity, enthalpy, and
heat flux. The heat flux ¢ must be obtain_ed from a knowledge of both the bulk water temperature, '
Eq (1.8), and the temperature in the fﬁel plate. The heat generation rate q is obtained from reactor

kinetics calculations,

B. The Plate Energy Balance

The heat flow internal to the plate and clad is assumed to be one-dimensional and normal to the
piate surface (in the x-direction—see Fig. 2). If it is assumed that the heat is generated in the fuel
alloy (meat) only and uniférmly inside that volume, then the following equations may be utilized to
descrlbe the plate energy balance: ‘

: 2
aT _ 8"T ., (1 -1r)g
ox 3
fromx=0t0x=13, and
8T 2%t ’
(pC) c Bt - )‘c > (1.15)
9x
fromx=‘13tox=22+£3. .

The first of these equations is subjected to the boundary conditions that 3T/8x = 0 at x = 0 (that is,
there is no heat conduction across the plate centerline to an adjacent channel). Continuity of T and
-A@T/9x) across the interface between meat and clad is also assumed.\ The surface temperaturc 15
denoted by Ts’ and the heat flux ¢ at the plate surface is given by

()‘C ETS ) ' (1.16)
where the function in parentheses is evaluated at the pusiltion x = ﬁz + .@5‘
in ART is a simpler one-point approximation to Eqs (1.14) through (1.16). If Eqgs (1.14) and (1,15)
are integrated from x= 0 to x = Jzz + 2

Again, the problem solved

3’

fy 0,
(pC) f ( )dx+(pc)[ ( )d\a-¢+(1-r)q. (1. 17)

3

The one-point ART approximation is made by using a gingle temperature Tm in the plate and by °

choosing a length 24 which gives an.approximate energy balance from

t dr1~
[(pC) £y + (0C) £ Z]T’“=-¢n- (1-r)g (1.18)
and
AT, = T)
6= —;——“— : _ S (119

4

C. Heat Transfer from Plate Lo Water

The relationship between bulk water temperatur;e TW, surface temperaturc Ts’ and hcat (lux &,

is assumed, in the casc of no local boiling, to be

¢= T, - T ., , ' (1. 20)

where h is considered to be proportional to GO' 8. In the case of local boiling, the Jens-l.ottes cor-
relation is used [i.c., TS = Tc of Eq (2.9) —also sce Ref 2].
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D. Use of Empirical Correlations

SeVera.l forms of correlations for boiling pressure drop and for the heat flux required for DNB
are available. These are based on forms which have been in use at the Bettis Atomic Power
Laboratory for steady-state thermal design purposes. Note that, in evaluation of the friction factor,

the change in viscosity with temperature is neglected,

E. Heat Generation Rate

The heat generation q is obtained by assuming separability in space and time. The spatial power
distribution is supplied for each channel as an approximate axial step function,. The power level as
a function of time is determined by a solution of the reactor kinetics equations [Eqgs (2. 40) and (2. 41)],

including temperature induced reactivity feedback [Eq (2.46)].

F. Summary of Equations

In the ART Program, a simultaneous solution is obtained for the water energy balance [Eqs (1.7)
and (1. .11)] , water momentum balance [ Eqs (1.6), (1.9), and (1.10)], interpass mixing and transport
delay [ Fgs (1.12) and (1.13)], the plate energy balance [ Eqs (1.18) -and (1.19)], the heat transfer
from plate to water [Eq (1.20) ], and the reactor kinetics cquations [Eqgs {2.40) and (2.41)]. An-
explicit forward extrapolation technique has been employed in obtaining time derivatives. The ex-
plicit technique does cause limitations [Eqgs (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 are discussed in Section II.
1I. 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 list of nomencla-
ture. ’ '

Equations are written with a consistent set of units. However, input is supplied in more conven-~

tional units, and conversion to consistentunits is made prior to cornputa’tion

Each reactor coolant channel to be considered is d1v1ded into n sections of equal length ‘Az in the
z-direction. A typical geometry is shown in Fig, 2. The Jth section contains the material wh1ch ‘in
the x-direction, lies between the centerline of the water channel and the centerline of the plate and,
in the z-direction. hetween the axial level j=1 aud J. Level j = 0 is the position just inside the chan-
nel inlet, and level j = n is located just 1n51de the channel ex1t Time steps are indexed by i, and h

i = 0 refers to ¢onditions during steady- state operation,

A, Energy Balance ..

The heat generation rate in plate and water in the jth axial section, at time i, is denoted by
qu iy4 15 . Therefore, q is the total heat generation per unit area normal to the x-axis. A fraction
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 is denoted by ¢ji Az Ly . The heat capacity of the plate* * is

Az 4y [(pC) 12+(pC)mﬂ3],

* The use of an implicit scheme to obtain larger allowable timc Steps has been assessed as unprof -

itable because of the strong and highly nonlinear couphng between the various equatlons

© % This full capacity is availahle only if the cntire pldLe is changing temperature at the same vate.
See Section V-B for a discussion of the choice of (pC)c, (pC)m, and .24



where (pC) and (pC) are the heat capacity per unit volume of clad and meat, respectively. The
rate of change of mean plate temperature in the ]t axial section is approximated by the rate of change
of mean plate temperature at level j (the section exit), so that the energy balance for the jth section

of the plate can be expressed by

Tm‘_]

oo
[(pC)czz+(pC)mz3]—dt———¢ tql-1) 2.1

or written* in finite difference form (to advance from conditions at time i to conditions at time i + 1,

a time increment A’ci later)- as

At,
1
(Trd s, i41 = (T ji - [0O) 1, + 0O 1] [4’3'1 - g - r’] : (2.2)

The energy balance for the water contained in the jth axial section must include not only the heat
- input from the plate, ¢.. Azls , and thc ‘heat generation directly in the water; _rq‘].i Az 15 , but also
the heat convected away by water flow, C1 5 1 (H j—l-, 1) . In this expression, Gi is the mass
velocity** through the section, and II ; denotes’ the mean water enthalpy at level j, If the heal stor-
age ratc in the water is also related to the rate of exit enthalpy rise, ‘the energy balance for the ,Jth

section ol waler can bo oxpressed hy

Az ﬁl dH. ‘ . ‘
VJ‘ . _ldt = Az(q>j + rqj) - GIl(Hj - Hj-l) ; (2. 3)
or in finite difference terms byJr
VJ.i A’ci Gi 11 -
hJ;1+1 = HJ1 + —T— (¢Jl + qul) - AZ (HJI - Hj"l, 1) ’ . (2.4)

where Vii denotes the s}}loecnw volume uf the fluid at lovel j and is a known function of enthalpy HJ

The heat flux for the j~ section ¢11 is evaluated for section exit conditions; i.e., for heat transfer
from a plate with mean plate temperature (T j' to a fluld with mean cnthalpy Hjl' Tt is assumed
that this heat must be trangferred ihrough an equivalent conduction path of length £, and of thermal
conductivity ?‘c inside the plate, and {hrough suino il drop ot the pla,fce surface.- The heat flux is

taken to be the greater of the following two expressions:

45 = U; [(Tm)Jl - (Tw)ji] ' (2.5)

or

)\
¢ji 14 [(Tm)p (Tc)ji] s (2. 6)
where (T ) i is the bulk fluid temperature corresponding to the enthalpy HJ ; where the over-all heat
transfer coeff1c1ent U is given byTT

*Instability may occur if the time steps are not sufficiently small. See Eqs {(5.3) and (5. 4) in
Section V.

*% At any time, a single average value for mass velocity is used for all puints in a given channel.
See Eq (1.5).

Tsee Eqgs (5.1) and (5.2) of Section V for a diécussmn of stability.

TTThe parameter n* is a film coefficient evaluated at G , a reference mass velocity. For each
nominal channel, G*is equal to the steady-state mass velocity. For hot channels, G™is the first
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.
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Pl
)‘c hi
and v
. 0.8 .
I = S e
i o ’
and where (TC) i is the locai boiling surface temperature predicted fi"o'r'n
o, . 0. 25
T . +K 1,3-1 b, . :
-1 > . .
(Tc)ji={ sat crl: 106 )1 1<0}‘ (2.9)
Tsat ®5,1-1 %0

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

the local boiling surface temperature Té can be evaluated at time i from the heat flux at time i-1.

The actual surface temperature (T -) is given by R .

s’ ji
L, .. . Coe :
- 4751 .

and as a result of Eqs (2.5), (2.6), and (2,10), it may be seen that, for all positive values of Kcr’

= i i
(Tg) 3= (T) 5+ po if &y <0

B. Pressure Drop

The pressure. drop for a given channei, from a pl)int just beléw the'éha.nnel entrar.lce' to anothe;"
point just above the channel exit, can be broken into four parts. The loss term resulting from .er‘i—
trance and exit losses and from friction drop within the channel is denoted by (Apf) 5 The pressure
drop resulting from change in elevation is (APei) i The pressure drop from spatial acceleration
(density variation with position in the channel at any time, plus the velocity changes experienced by
fluid entering and leaving the channel) is given by: (Apaé) i The transient acceleration drop resulting
from mass velocity changes with time is denoted by (Apal) i The total pressure drop Ap; for any

chénne]. is then given by
ap, = (Apg) . + (AP )  + (AP )+ (8P 5) 5 . - (2.11)

The individual terms can be evaluated by

(app) ; = K¢ (vy; Giz/z) + K (v GF/2)

n-1 ' S o
+[(foivoi) /2+ % fjivji+(fnivni)/2i| [(G;Az) /(ZDh):l , {2.12)

=1
1 n-1 1 o
(apg,) ; = gz -2-(1/Voi) + 12:1 l/vji+—2_(1/vni) , (2.13)
(8pg)); = noz (Gyyy - G'/ay , o (2.14)
and
opg)i= - (1403) (v 6f/2) + (1wep)(vyG/2) . s



"In these expressions,. the following notation applies:
Kc’ Ke are the unrecoverable entrance and exit loss coefficients,

Dh is the channel hydraulic diameter,

fji is the friction factor at the jth axiallevel,
g is the acceleration of gravity acting toward the minus z-direction,

g

o’ Tpn are the area ratios (inside to outside) at the entrance and exit.

The friction factor fji is given by

£5;= (igo) 3 Wiiggdys  Hy; <Hy (2. 16)

for subcooled liquid, or
, . o , , A
5= Eigols e/vi) (Pr0)y  Hyi 2 Hy _ (2.17)

for steam-water mixtures, The specific volume of saturated liguid is. denoted by v, and the enthalpy
of saturated liquid by Hf. In both of these expressions, the isothermal friction factor.(f. ). is a

iso’ i
known input function? of Reynolds' number (NR) and .

il
(Ng); = (G Dp)/E o . (2.18)
where Dh is the hydraulic diameter and | is a mean viscosity for the liyuid.

Subcooled Region Pressure Drop

The function (f/fiso) i for the subcooled region is set equal to one at all points for which the heat

flux is less than or equal to.zero, If ¢ji > 6, theu (f/’fiso) it io given (for the first kind of subcooled
pressure drop corrélation) by : C ' '

-

(/g 3= 1 H AT < T
= i 2 .. = T::.
J-e if (TW)ji T, and 631 931 \ » (2.19)
(T ).;~T "
14f | ¥R llire. > ol
‘1 lsét = T1 ji ji

If the second kind of subcooled pressure diép corrvlalion ia nsad, then

: . 1- (e?"i/e..)
- ji
/fi0)5i = Fr V[l +ig _LG—f_] .

- (2.20)
6
(Gri/l0 )

where FH is the smaller o{ f4(1 - f305i) and 1,0, ‘Llhe quautities fl,‘ Tl,'f3, i'4, fs, and [0 are input

constants, The gquantity 'U,j'i 1s.del’iuccl a3 thu omaller nf (Tc) ji~ (TW) ji and e.i, where
ﬂjj.: dpji/(hf)i . Co (z.21)

The film coefficient for pressure drop calculations the) is piven by
(he) ;= (hf/h) he (2.22)

where hi is obhtained from Eq (2.8) with (hf/h) an input constant,

T"I‘his input function is a group of up to three equations of the form (fiso)i

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

= a(NR)i-b , each applicable

determined during code operation from requester supplied (NR , fiso) coordinate pairs.

10
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Saturation Region Pressure Drop’

In the saturation region (I—I.i 2 Hf) , the function (¢io) ii of Eq (2.17) is assumed to be a known

function of mass velocity Gi and quality in, where

-H
x,,=:|1_f,
ji Hg-Hf

(2.23)

1

This input function is given in terms of a five-segment straight line fit of ¢'IZ_,0’ vs' quality for up to
four different mass velocities. Linear interpolation on the basis of quality and (l/Gi) is used to-
find ¢7 . That is, if G, is between G_ and G,, then

(1/G) - (1/G,)

o2, = @,Lo) s [‘1/%) G )} [({;)Vb - .(¢i0\)ai|' :

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

single value of G is supplied, the ¢i0 vs X relationship is used for all mass velocities, :

Hot-Channel Flow

Since the mass velocity is given as a function of time for the nofninai ‘chan_ne‘l,.:‘all'pressure drbp
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 tota.l hot channel

HC

pressure drop (Ap) is related to the nominal channel pressure drop by

(ap) € = KBS (opp §'C + KiY [(Apaﬁ + (8p,,) i“c] + (ap )T, (2. 24)

where Kgfc and Kgac are plenum distribution factors for pressure loss and acceleration terms,

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

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

acceleration term, This term, (ap , may be found by combmmg Eqs (2.11) and (2.24), The

mass velocity Gic

)i
al
may then be obtamed from Eq (2.14) as

At
HC GHC +

_ HC
i+l T Y nAz (ap,

G

C. Fluid Properties

The specific volume v and the bulk temperature (TW) must be specified as an input function of
enthalpy H. This is done by supplying up to six, but not less than three, values of enthalpy in increas-
ing order, with thec last lwu being He and Hg, respectively, The temperatures for these enthalpies

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

sat*®
are given, the last two being Ve and vg. Linear interpolation, on the basis of either temperature or

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 is obtained by lincar exlrapolation, and the
specilic volume. is taken to be equal to the table entry corresponding to the smallest enthalpy. For

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

D. Departure from Nucleate Boiling Calculations '

The energy balance and pressure drop calculations are based on average mass velocities ‘and

dverage heat fluxes in the hot channél, However, in the ‘calculation of the DNB ratio, local mass

* All first-pass hot channels are congidered to Le in'parallel with the first-pass nouuual channel and,

similarly, second-pass hot channels w1th the second-pass nominal channel,

11



velocities  and local heat fluxes are used, which are given by the relationships
L. L. . -
i = @/ by : (2.25)

and
Gf = (G"/a) G, . (2. 26)

The local correction factors (¢L/q>) and (CL/G) are specified for-each channel. If (¢L/¢) is set
equal to zero, all DNB calculations are bypassed for that channel. It is possible to obtain DNB ratios
for the nominal as well as the hot vchannels_». .

The DNB ratio Bji is calculated by
B = | (F). Ggo)ii | /o5 (2.27)
ji c'j 'TBO'ji ji o’ :

where (Fc)j is a correé:tion factor used to account for the dista.rlice from the channel iniet and for the
fact that the heat-input profilc ic not sectionwise constant, If ¢jj £ 0, Eq (2.27) is bypassed and Bji
18 sel eyual to soko,- NMNR is considered to take place for B]’i = Bu’ ‘the latter supplied; as an inpul

quantity for each channel, The minimum ncnzero DNB ratio of each channel fur whi\;lm(d;L,%) #0Nig
selected and printed as output. When DNB occurs, all DNB ratios are printed beginning at that time

for the particular channel,

The DNB heat flux (¢B0)ji is a function of bulk fluid conditions and mass velocity.. For the first
kind of DNB correlation, the following is used for (Tw) ji‘-s» TZ:

. ' A BN
[ DR R b : ™
Bl [GP/lo"} ['1' = (T )..]
i sat w'ji
10 A A ,
and, for (T )..> T,, the smaller.of either.
w'ji 2
e T T 4T -
’ioe-lh B, [G‘.‘/mé’ ] [H../103:| (2. 28)
i ji
10 . .
or
(g0 i ‘ M
—BO . g, [H.i/103]
10 e )
is used, ‘
I"or the eecond kind of DND correlation, the following equations are used:
CHNI : My .
'_1306_4_1=B4 [H.:/lo-‘] cl<g ’ '
11 i 1
10
and , . ) ' ‘ L (2.29)
@apy) s ‘ ' T g
BO'ji _ o RO SR 3 L
_10_6_.!__ B [cl + by (G710 )] [Hji/lo ] G'2G, .

E, Steady-State Determination

The ART transient is assumed to start at t = 0 from s.teady-state reactor operatiou, _This acc-
tion is 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 is known, that the first-
pass inlet temperatures are given, and that the heat generation qjo for all channels carn be calculated
from input parameters by

12



9 = F; (@/a*) g% j=0,1,2...,n , (2.30)
where F. is an input power factor for the jth axial section; qZ is an input reference heat generation
rate per unit heat transfer area; and (q/q*) 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 is postulated, the energy balance relationships become:

' $i0 = Ajo (1 - 1) (2.31)
Hjo = Hyy o+ (9j,22) /(Gozl)' ‘ | o (2.32)

’ (Tg) 5o = min [(TC)j (T 5o+ (5/h )] (2.33)
(Tp) jo = (Tg) jo (24¢jo/xc) . (2.34)

All other parameters are determinled from the same relationships as are used in transient oper-
ation, with the exception of hot-channel mass flow. Hot-channel mass flow is determined by first
solving Eq (2, 32) for the fluid conditions in the nominal channél Then, the terms on the right-hand
side of Eq (2.24) are evaluated for the nominal channel, except that (ap 1) is ta.ken as zero, The
left-hand side of Eq (2. 24) is then the steady-state hot channel pressure drop (Ap) . The steady-
state, hot-channel mass velocity G HC is obtained by iteration. The k th iteration 1‘ is conducted as
follows:

1) Hot-channel fluid properties are determined from Eq (2. 32), with G set equal to the k th

iteration value G(k)

: 2) Hot-channel steady-state pressure drop is determined from Egs (2.11) through (2,15), but

with (Ap_,) set equal to zero. The resulting total pressure drop is denoted by (Ap) (k).
al S

3) The iterative process is stopped if the following inequality is satisfied, or if k = 30:

..

(k)

(ap) {9 - (ap) €

<e . (2. 35)
(ap) I:C : ,

If the inequality is satisfied, the final value of G( ) is considered to be the steady state mass

velocity for this channecl, and (Ap) k) is taken to be the steady-state pressure drop. If
HC (30) and (Ap) (30)

k = 30, the channel concerned is 1dent1f1ed the values of (Ap) o

printcd and the problem 1s disc¢ontinued,

" 4) If the iteration is to proceed, the next mass velocity G(()k“) is found by

1/2 ) '
G(l‘“) cl [(Ap)HC/(Ap)(k)] Co ‘ (2.36)

- Equations (2,31), (2.33), and (2,34) are then used in conjunction with other pertinent relation=-
ships to find the steady-state hot channel temperature, DNB ratios, etc. ’ o '

Y F, Heat Generation and Reactivity Feedback

The heat generation at any point within the reactor is assumed to be proportional to a single

power-coastdown function (P/PO) . That is, the hgat generation rate qji is given hy

*However, during the zeroth time-step (i.e., fromi=0toi=1), (Apal) gc and (Apal) ?C will, in
gencral, not be eyual to zero.,
**For k=0, Gc()k) is set equal Lo G* for that channel.

13



q.. =

5 = G40 (P/PQ) ;= Fj(a/a%) q’g(P"/Po)iA . (2.37)

Heat Generation with-Reactor Kinetics

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

B/P) =ag (afag + W -ag Ny, (2. 38)

where the first term 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 a,.

The decay-heat coastdown function (a/a ) is taken equél to one until a scram occurs, i.e.
until t = ty. After scram occurs, (a/a ) is obtamed by a linear interpolation in the following table
. (fitted from information in Ref 3 for a reactor operating an infinite time at the same power level
prior tot = t3) :

t oty (a/00§

0 : 1,0

1.5 o 0.848 - : : (2:39)
8.0 0.690 -

30,0 : 0,535

When t - t, > 30, 0, the problem is stopped.

The neutron power couastdown function Ni jis found from a solution of the reactur kinetico

equations:
d, -
— £ B.x
ax [LK_&]N 5 Laxa 2. 40
£ a=1 £

-and

d Xg :

" NN -xy) | (2.41)

" where d indcxes the delayed neutron group; d (from 1to7) is the tota.i number of -.l#]ajcd neutron
groups; £ is the prompt neutron lifetime; )‘d and ﬁd are, respectively, decay congtants and effective
delayed neutron fractions;

8K denotes reactivity; and N'= x4 =latt=0.

The reactivity 8K is composed of two parts, that resull.mg from rod motion, 5K and thut
resulting from nominal channel temperature changes 6Kt The reactivity doés, in general, vary
with timo, 3iLace the prompt nevwtran lifetime £ is so small, the time increment At used in solving
the reactor kinetics equatlon must be smaller than that used in the thermal portiou’ ul the codoe,
Denoting the value of N at a time kAtr after time i by Nl.:, the equatlonsT for neutron power are given
by

g ¥ = e ¥ agat) [ - g ¥ ' (2. 42)

t'See Egs (5.5) and (5.6) of Section V for a discussion of stability.
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' a
(at) . - (at.) . )
N‘.‘[1+__1;_1@K1F-5)]+ "y Bd[(xd)l.‘“uxd)‘f]
N 2 1 20 d=1 oG (2. 43
ST = ’ . 43)
o [1- 20 o 7))
24 i
where
K o
= (5K, + (6K, (2. 44)
and
Loay it 6x) =
(at);= < : , . | (2. 45)

L (At)i it (6K) (20

Note that N, | = N“O) when (6K ) { © -0, and N, = N when (8K ) )4 0. Inboth cases

N(O) -

+1 +1

1
The temperature-dependent portion of the reactivity [Eq (2. 44)] is constant between i and i + 1,
and is given by
n NC
_ 9(8K) -
(6K,) , = 5T, {Z [(TW)Jl (TW)J-O]

j=1 pass 1

+ a (T.)..=-(T ). ] s (2. 46)
=1 Wi wiie pass 2
where 3(6K) /E)TW is the temperature coefficient of reactivity, and the aJ.‘ s are the temperature
coefficient weighting factors, chosen so that ’ )
a.
( 5!

1. pass 1 +

T M

n
jgl (aj.)pass 27 . e
The rod motion portion of the reactivity (6K ) is considered to be constant at an input value*-
6K1 , for times betweent=0and t= t3. The scram time t is determined from input scram settings
Sf and S_ and from input delay times Ts and Tp (the subscrlpts f and p denote power to flow ratio and
core power, respectively)., During the calculation of a problem, the time at which (P/P ) /(G/G )NC
becomes greater than or equal to Sf is determined and denoted by Lf . -The time at wh1qh (P/Po) i

becomes greater than or equal to Sp is determined and denoted by tp . Then, the scram time t3 is

‘cf + Ts ., B ) . .
t, = min . : (2.47)

3
t o+
PP

determined by:

Note that either S or S or both, may be set less than one; in Wthh case, the corresponding
values tp or tf, or buth, uuld be set equai to zero, perm1tt1ng the specification of a fixed scram

time, Aftert= t3 , the reactivity (6K ) is found by a linear interpolation in an 1nput table “of two

to five pairs of values of t - t3 and 6_Kr.
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t-t 5K

L, (2., 48)

VEEVIRVERSS
:><:><><><><|

X

For times 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 inay bé'bypaésed, and a series of up to 25 time values
and values of P/Po must be supplied with linear interpolation used to calculate (P/P.d) i For values
of time in excess of the table, the last vélue is held constant, The tabular form for t vs (P/Po) is

t (P/PO) 1

0 1.0

X X :

X X L (2. 49)
x X

G. Flow Coastdown

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

input table of (G/Go) and by use of the equation
(Gy) = G, (G/Cp); . _ (2.50)

The steady-state mass velocity G may be different for the two passes of the core, but the
(G/Go) function is considered to be the same, The followmg table consists of up to 35 time values

and yalues of (G/G_}: . C -

t
0

X X \ ' (2.51)
X :

4

For times greater than the last time entry in the table, the last velocity entry applies,

H. Dirat Fasc Inlet Tegnpervature

The first-pass inlet. temperature (T ) i is found as a function of time by linear interpolation in
an mput ‘table of up to 30 time values and the corresponding values of (T ) for'the first-pass nom-

inal channel and the first-pass hot channels: ) T
. NC .y HC
L (Tw) oi (Tw) vl
0 X X
X X < ¢ (2.52)
X X X
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For times greater than the last time entry in the table, the last temperature entries in the table
are assumed to apply. The same inlet temperature relation is used for all first-pass hot channels,

I. Second-Pass Inlet Temperature

The second-pass inlet temperature depends on the first-pass outlet temperature; however, the
first-pass outlet temperature must be evaluated at some earlier time because of the time for trans-
port of wétlé.r to the second-pass inlet, During steady-state, the first-pass outlet temperature with
appropriate mixing corrections is the second-pass inlet temperature, If a single-pass core is under

consideration, all calculations of this section are bypassed,

Mixed First-Pass Outlet Enthalpy: Fixed First-Pass Inlet Temperature

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

(H__). could be evaluated* from
ex’i

T
), = )N (1 +B ) [(Hm)l\c - ) NC ] ) ; (2.53)
where (Hoi) NC and (Hni) NC are, respectively, the inlet and exit enthalpies of the first-pass nominal
channel, The [actor Fa equals the fraction of first-pass flow through the active core. The factor
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 is used for all second-pass

hot channels. Therefpre, there is available, for each time i, a value of (Hex) i 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 later time,

Mixed First-Pass Outlet Enthalpy—Variable First-Pass Inlet Temperature

If the first-pass inlet temperature is a variable, then Eq (2. 53) no longer applies., To handle
this case, the exit temperature of an imaginary average channel is calculated by applying heat bal-
ance Eq (2.4) to each of n sections of this average channel, using the assumptions

AC _ NC )
(Hy) 5% = @), .
AC _ NC
(le) - (VJI) ’
(G)AC = (69 N© ,
(2.54)

(b3 + Tay) A€ = Ftoy; +ra) NC

and

) ¢ = wpNe )
where NC refers to the first-pass nominal channel and AC to this average channel, These assump-
tions are equivalent to the calculation of average channel exit enthalpy by completely mixing the
nominal channel exit water at any time with a stream of nonheated leakage water, This leakage
stream has a mass flowrate proportional to that for the nominal channel, and has a trahsp@rt time
{rrumn bottom to top plenum equal to the nominal channel transport time, If this model is required to
reduce t0 Eq (2, 53) in the case of constant inlet temperature, then Eq (2.53) may be rewritten as -

* Equation (2, 55) is actually used for this evéluation in the case of fixed first-pass in.let tempera-
turc. Lquation (2,53) is wriiten only to show a form which may be more easily recognized.
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' (Hex) i~ (H

‘)AC '

ni

BFa
+(m

where the comments under Eq (2. 53) also apply.

Second Pass Inlet Enthalpy

1 - Fa")'

oNe AC
[0, ¥ - @ p2€]

. 55)

By denoting the interpass delay time during steady-state as Ko’ an equivalent interba_ss léngth_ )

L. and an elapsed length Li can be calculated from

ex

and

ex

= (v )

ex

e

where (vex) 5 is the specific volume corresponding to the enthalpy (He

(o]

G

Bm has its value for the second-pass nominal channel,

nominal channel,

NC
o

K

[e]

(Vex) i Ati ] ’

pass at the beginning of the transient has traveled at any later time,

Thc flrn’r—pass exit enthalpies (H

along w1th values of L as follows:

Ly

Provision is made for retaining 1350 rows of this table,

found from

ex

Vi

(2.56)

(2.57)

o ; of Eq (2.53) or (2.55) when
C
The mass velocity Gli\-]‘ is for the lirsl-pass

The elapsed length Li is a measure of how far the water that was leaving the first

fur the sccond-pass nominal and hot channels aré retained

NC
ex' o

NC
(Hex 1
NC

(Hex) 2

1-ioi - (Hex) ]
= (Hex) 1
= (Hex) 2
If L1350 = Li - Lex’ then Hoi = (H

17, INPUT FORMAT

ART-02 problems are of three types —parent, one-shot, and continuation.

ex) 1349 °

A

A

HC
(Hex) o

HC
(Hex 1
HC

(Hex) 2

ex Lz
L -LeX«L
Ll-LexaL

J

(2.58)

The second-pass inlet enthalpy Hoi is

(2.59)

This 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 to ils completion,
to initiate one or 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 required.

This tape may be used

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 th'é exception of. .the identification card which must have the same format for all prob-

lems.
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The identification card consists of an eight-digit problem number in columns 1-8, a variable
field for comments in columns 9-65, Iproblem type in column 66, column 67 blank, and; ARTO2 in
columns 68-72. The problem type, column 66, must be P for parent, C for continuation, or blank
for one-shot. A continuafion problem must have the same problem number as its associated parent

problem,

All data cards must contain, as the first number on the card, a series 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 are
needed for any section, they must be numbered sequentially in the units position of the series number

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

The following tables contain the series 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 is given in Section V,

A. Parent Problem

Control Information

Time Increments: 1011, Fll’ Xl’ FlZ’ FZl’ XZ’ FZZ?"" F Xn, Fn2 (1 =n<=5)

nl’
Fy is a time-gtep incrcment sec
Xi is the number of time-steps per printout
F;, is the interval end time sec

The sequence {F, Z} must be in ascending order, One of the F numbers must equal the continuation

time (FS' series 1061), The interval end time F denotes the final problem stop.

Problem Size: 1021, X X X X

1)
X1 =n (2 £n = 30), the number of axial sections
X2 = 1 or 2, the number of passes
X3 = the number of first-pass hot channels, 0 = X3 < 4
X4 = the number of second-pass hot channels, 0 = X4 <4
Property Tape: 1031, X X X3, X X5 ‘
X1 is the data file requested, 0 = X1 =99,
_JOcard | .

xz = {1 tape } input, subcooled pressure drop
: _ J 0 card . .
X3 = {1 tape } input, saturation region pressure drop
X - {0 card input, fluid properties

1 tape

0 card input, DNB information

l tape P

IfX1=0, thenX2= 3= 4=X5=0.

Input Options: 1041, X XZ’ X3

_J1 first .
X1 = {Z second} kind, subcooled pressure

- _ J1first . .
}xz = {Z second} kind, DNB correlation
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: 1 reactor kinetics and scram : . o
X3 = { 2 reactor kinetics only } ,» type of heat generation
3 power coastdown : ) :

Output Options: 1051, Xll’ XlZ’_"f’ X16’ XZl"XZZ’”" X26

0 no printout . .
Xll' . 'X16 are {1 printout } for nominal channel results:

X controls (Tw) i’ bulk fluid temperature

11

X,, controls (Tm)ji’ mean plate temperature

12

X13 controls (TS) ji surface temperature

X14

X

controls (Tc) §i2 surface temperature for local boiling
15 controls ¢ji’ heat fluxes

X16 controls Bji’ DNB ratios a.ﬂter DNB occurs

Hot channel results are specified by le. . 'X26' If no hot channels are requested (X3 = X4 =0,

series 1021), omit XZI‘ . ‘X26'

Over-all Conditions: 1061, Fl’ FZ’ F3, F4, 5 Fé, F7, F8

F1 = Py operating pressure psi

F, = qo , reference heat generation : 10° Btu/ftz-hr

F3 = Kcr' paramctcr in Jens-Lottes treatment of mixed units
nucleate boiling film coefficient

F4 = g, component of acceleration of gravity acting ft/sec'2

in the negative z-direction

FS = €, éteady-state convergence cri;erion

F6 = Az, axial mesh increment in,
7= problem stop after DNB sec
Fn = continuation time sec

The operating pressure F1 must be an integer value; F8 must equal an interval end Lime of series

1011, and F8 must not be included for a one-shot problem,

Individual Channel Characteristics.

The following data must be supplied for each channel rcquested, The second digit of the series
mimher denotes the channel and must be 0 for the first-pass nominal ‘channel; 1, 2, 3, 4 as needed for
the first-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 channeis,

Dimensions: 2 11, Fl' F‘Z, F3, .F4 . ’

Fl - 11, channcl half-thicknoes : . in,

FZ = 12, clad Lhi'ckness ‘ ) in,

F3 = .23, meat half-thickness in,

l’~‘4 = 14, cquivalent plate conduction length in,

Metal Properties: 2_21, Fl’ FZ’ F3

F, = (oC) _, clad heat capacity Btu/ft>-°F
F, = (pC) . meat heat capacity Btu/ft3-?F
F, = A, plate conductivity Btu/ft-hr'-°F
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Flow Characteristics: 2_31, F, F,, Fj, F , Fg, F¢, Fo, Fg, Fg, F1, F1), Fiy, Fig

= Bu., DNB ratio at which DNB takes place

1
F,'= G*,; reference mass velocity 10§lbm/ft2-hr
'F, = h*, reference film coefficient Btu/ftz-hr-°F
F4 = Dh’ hydraulic diameter in.
Fg = i, mean viscosity ‘ - . lb'm/ft-hr
Fé = Kc‘ entrance unrecoverable lloss coefficient
F7 = Ke’ exit unrecoverable loss coefficient
F8 = 0'(2), entrance area ratio squared
F9 = ori, exit area ratio squared
F10 = Kpf’ plenum disfribution factor on pressure loss terms_‘
b‘ll = Kpé, plenum distribution. factor on accgle_r;ation_terms
F12 = hf/h, pressure drop film coefficient conversion factor -
F13 = GL/G, local correction factor on mass velocity
Note that Flo = F11 = 1,0 for nominal channels,
Friction Factors: 2_41, Fll’ FlZ’ FZl’ FZZ’ vees Fnl’ FnZ (2=nc<=4)
F, = NR,'- Reynolds' number
F., = f, , isothermal friction factor - R =

The sequence {F'il} must be in ascending order.

Heat Generation: 2 51, Fl' FZ’ F3

F, = a/q", reference heat flux multiplier

F,=r, fraction of heat genera"ced directly in the water
Fy= ¢L/¢, local heat flux correction factor

Input Power Factor: 2_61, Fo, Fl’ FZ' e, Fj' oo, Fn where Fj is the power factor for

section j, and n is the number of axial sections. Note that n + 1 factors must be supplied.

DNB Correction Factor: 2 71, F‘O, F‘l,
factor for section j, and n is the number of axial sections., Note that n + 1 factors must be supplied.

FZ' vess Foiower, I where F. ls the correction
] n J

This series must be omitted for any channel with F3 = ¢I_"/d> = 0, series 2 51,

Pressure Drop Correlations

Subcooled Pressure Drop (First Kind): 3011, Fl’ FZ’

F] = fl , correlation parameter . mized units

FZ = T1 , correlation temperature o °F

This series must be omitted if input is from the property tape or if second kind is specified,

Subcooled Pressure Drop {(Second Kind) : 3021, Fl, FZ' F3, F4

F = f;, correlation parameter. 1/°F °
F2 = f4, correlation parameter
F,= ‘f5', correlation parameter
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F4 = f(,» correlation parameter

This series must be omitted if input is from the property tape or if first kind is specified.

Saturation Region Pressure Drop (Qualily): 3031, F|; F,,..., F,...,F  (2=n<6)
where F, is quality and F, must equal zero. The sequence {Fi} must be in ascending order. This

series must be omitted if input is from the property tape.

'

Saturation »Region Pressure Drop (G, 4’]2_,0) :

3041, Fll’ FlZ”"' Flm (m = n+l, s_eries 3031)

3042, FZI’ FZZ’ oo FZm (m = n+l, se.ries 3031)

3043, F31, F32, ooy F3m (m = n+l, series: 3031).

3044, F41, F42, cees F4m {m = nt+l, series 3031)

where ) .
= G, mass velocity o o ' 106_1bm,_/ft-2-hr :

Fi
FiZ' cees Fim = ¢'IZ_,O’ valués aésociated With qﬁal_ity, series 3031, Series 3042, 3043, and
3044 may be omitted. The sequence {Fil} must be in ascending.order with Fll > 0., This series
must be omitted if input is from the pruperly tape..

I'luid Properties

Enthalpy: 4011, 'Fl" FZ’ oo Fi, veus F (3 =nz06)

n .
Fi = H, enthalpy . Btu/lbm

F, .1 = Hy enthalpy of saturated liquid o . Btu/lpm
Fn = Hg’ enthalpy of saturated vapor } ‘ B’cu/lbm

The sequence {Fi} musl be in ascending order, This series must be omitied if input is from the
property tape.

Temperature; 4021, Fi, Faouees Fiyooo, F o (m = n, series 4011)

Fi = T, temperatures associated with the enthalpies v B

nf series 4011 ' '
N Tsat‘, saturation tewperature ) A 'F
F.= Toa R sgtUratlon temperature : : : F

The sequence {vF.i.}Irnus't be in ascending order, and the series omitted if inpul is [rom the property

tape.’ - .
Specific Volume; 4031, Fl' 'FZ' R T Fm (m = n, series 4011)
F; = v, specific volumes associuled with the enthalpies 'ff'c?’/lbm
of series 4011 .
Foh-1 = Vg, specific volume of sulurated liquid - ft7/b
T Cips ] o3
Frn = vg, specific volume of saturated vapor ' ft /lbm

The sequence {Fi}' must be’ in ascending ordcr, and the series omitted if input is from the property

lape.
)
DNB Correlations

First Kina: 5011, ¥,, F,, F F4, FS’- Fé, F,, Fg, F

1’ 3’ 77 78 79

parameter : ) mixed units

2?
F

1 7 By

FZ =m,, correlation exponent
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F3 =Ty, correlation exponent
F4 = TZ’ correlation temperature °F
FS = BZ’ parameter ] ‘mixed units

Fé = m,, correlation exponent

F, = r,, correlation exponent

7 2’
F8 = B3, parameter ) mixed units
F9 =m,, correlation exponent

This series must be omitted if input is from the propertyn tape.

Second Kind: 5021, Fl’ F,, F,, F F5, Fé, F.,, F

22 T3 Y 7078

Fl = B4, correlation parameter mixed units
F,=m, correlation exponent

F, = G, correlation mass velocity » 10° lbm/ftz-hr
F4 =rg, correlation exponent

F5 = BS’ correlation. parameter mixed units
F6 = mg, correlation e_xponent

F7 = Cl’ correlation constant

Fg =D, correlation constant . £t hr/lbm

This series must be omitted if input is from the property tape.

Reactor Kinetics

This section must be omitted if power coastdown is specified,

Constants: 6011, Fl’ FZ' F3, F4

F1 =, steady-state decay heat power fraction

r,= £%, prompt neutron lifetime 4 ' sec

F3 = GKl, rod motion portion of reactivity before scram

F4 aa(f[‘K) , reactivity temperature coefficient 1/°F

Bg» Mgt 6021, Fpyy Frow Fopo Fopoees Figs Fipoeoos Fryyy Frjp (12057)

Fil = Ed’ effective delayed neutron fraction )

FiZ_= Ay, decay constant : 1/sec _ |
First-Pass Nominal Channel Weighting Factors: 6031, Fl’ Fé, veesy Foyuuns Fn (n = No. of

axial sections) where Fj = aj, the temperature coefficient weighting factor for the jth axial section.

Note that n factors must be supplied,

Second-Pass Nominal Channcl Weighting Paclors: 6041, F

1’ b‘z,...,bj,....,Fn (n = No.

of axial sections) where Fj = aj, the temperature coefficient weighting factor for the jth axial section,
Note that n factors must be supplied, The sum of all aj, first and second passes, must equal one

(any sumn belween , 999 and 1, 003 will be accepted) . If one pass is specified, omit series 6041,

Dala ol this section must be supplied only if seram is specified,
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Scram Constants: 7011, F F F F,., F

17 722 73 "4 75

Sf, power-to-flow ratio scram setting

1
FZ = Te powerrAtc.)—flow ratio scram delay time sec
Fy= Sp, power scram setting
F4 = 'rp, power scram delay time sec
F5 = problem stop after scram sec
Time and Reactivity: 7021, F |, F ..., Fyy, Foouenns By B, 2sn<s)
Fil = (t - t3) , time elapsed after spram _ sec

1
n

i2 (6K) - reactivity resulting from control rod motion
The sequence {Fil} must be in ascending order and F11 must be zero.

Power Loastdown

This section must be omliled il reactor linctivo are sperificd.
Time Increments: 8011, Xl’ Fl’ XZ’ FZ’ cees Xi’ Fi’ oo Xn' Fn (1 =n=<10)

Xi is the number of intervals and the Fi' s are the inlerval end times., The intervals are

assumed to begin'at time zero. The sequence {Fl} must be in ascending order. Either one of the
F.'s must equal the continuation time, or F iwust be less than the continuation time. The ZX, < 24
and Xi # 0,

Power Coastdown Function: 8021, FO, Fl' ey Fi’ ooy Fr1 (n= ZXi, series 8011)

F0= 1.0

F; = (P/PO) ; for the times specified in series 8011,

Flow Coastdown

Time Increments: 9011, Xl' Fl’ XZ’ FZ""’ Xi' Fi""’ X!

Xi is the number of intervals and the b'i' § are the inleival end timec, The intervals are

. Fn (1=n<10)

1

assumed to begin at time zero, The sequence {Fl} must be in ascendiug vrder, Bither one.of the
Fi' s must equal the continuation tiine, or Fn wiist be lego than the continuation time, The ZJXi < 34
and Xi +.0,

Mass Velocity Coastdown Function: 9021, FO, Fl’ oo Fi’ eees Fn (n= ZXi, series 9011)

F,=1,0

0

F.

i (G/Gn)i for the times given in series 9011,

First-Pass Inlet Temperatures

1

Time Increments: 1U00LL, Xl‘ F-, XZ' FZ’ cee, Xy Fo,.
series is similar to series YULL except Lhal EX,. < 29,

p Fpewo, Xp Fy (1SnS10) This

Nominal Channel Inlet Temperature: 10021, F‘O, Fl’ FZ’ ceey Fi’ cens Fn
10011) . Fi = (TW).Oi for the times given in series 10011,

(n= ZXi’ series

Hot Channel Inlet Tempeérature: 10031, FO’ Fl’ FZ’ e Fi’ cees Fn (n= ZXi, series

10011), This series has the same significance for hot channels that series 10021 Lus for nominal

channels. If this series is omitted, series 10021 will be used for any hot channels,

Second-Pass Inlet Temperatures: 11011, Fl’ FZ’ F3, F4. Data of this section must be supplied
only if two passes have been specified.
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Fa’ fraction of first-pass core through the active core

!
i

1
F,= K, steady-state interpass delay time sec
NC . . . . h
F3 = Bm , nominal channel interpass mixing factor

F4 = Bgc, hot channel interpass mixing factor

WNote that F4 must be omitted if no second-pass hot channels are specified.

B. One-Shot Problems

The specifications for a one-shot problem are the same as those for a parent problem, with the
exception that the continuation time of series 1061 is omitted, This removes the restrictions on

series 1011, 8011, 9011, and 10011 which pertain to the continuation time,

C. Continuation Problem

" The following sections are the only sections which may be changed by a continuation problem,

subject to the following restrictions:

In time-dependent tables (series 1011, 8011, 9011, and 10011) only those entries greater than
the continuation time of the parent problem may be changed, The scram delay times Te and ’Tp,
series 7011, may be changed only if scram has not occurred prior to the continuation time., Care
should be taken when changing T and Tp' If the delay times are shortened and if this causes either
(’cf + 'Tf) ar (tp + -rp) to be lcss than the conlinuation time, then the problem output will be based on
a reactivity {SKl between ty and the continuation time, rather than a reactivity found from the scram
table. Only the series 1011, 7011, 8011, 8021, 9011, 9021, 10011, 10021, and 10031 may be changed.
The time dependent tables are modified in the following manner. A search is made for the continua-
tion time, All eutries prior to that time are retained. New entries are added to the table from that
. time forward., Care should be taken to assure that the number of entries retained plus the number

of entries added do not exceed the table size as given in the specifications for a parent problem,

11’ Xl’ FlZ' e Fnl’ Xn' Fn'2 where n plus the number of triplets

retained does not exceed five. The left-hand end time, not specified, is assumed to be the continua-

Time Increments: 1011, F

tion time,

Scram Constants: 7011, Fl’ F2 where Fl =T and FZ = Tp' If a change is desired in either
value, both must be supplied.

Power Coastdown

Time Increments: 8011, Xl’ Fl' XZ’ FZ' oo Xn’ Fn where the ZXi plus the number of

entries retained must not exceed 25, The left-hand end time, not specified, is assumed to be the

continuation time of the parent problem.

Power Coastdown Function: 8021, F ,F.,.. s Fm (m ='.2Xi, series 8011)

F., F
0 "1 T2t i
where F0 = (P/PO) at the continuation time, and Fi = (P/Po) i for the times specified in series 8011,

Flaow Coastdown

Time Increments: 9011, Xl’ Fl’ XZ’ FZ' ceas Xi’ Fi' cees Fn where the ZXi, plus the

number of entries retained, must not exceed 35. The left-hand end time, not specified, is assumed

to be the continuation time of the parent problem.

Mass Velocity Coastdc;wn Function: 9021, FO, E"l, FZ’ e Fi' ey Fm (m = ZXi, series
9011) where F = (C/Go) at the continuation time, and F, = (G/Go) ; for the times specified in series

9011.
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First-Pass Inlet Temperature

If the data of this section are changed, then series 10011, 10021, and 10031 must be changed.

The replacement of series 10031 with 10021 is not performed on continuation problemé.

Time Increments: 10011, X

1’ Fl, XZ’ FZ""’ Xi’ Fi""’ Xn' Fn where the ZXi, plus

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

Nominal Channel Inlet Temperatures: 10021, FO, Fl’ cees Fi' veas Fm (m = ZXi, series

10011) where FO = (TW) at the continuation time, and Fi = (TW)i for the times specified in series
10011,

Hot Channel Inlet Temperatures: 10031, Fo, Fl’ ey Fi’ cens Fm (m = ZXi, series 10011)

where FO = (TW) at the continuation time, and Fi = (Tw) i for the times specified in series 10011,

D. Problem Stops

There are various ways to terminate the computations of a given problem. A specified time
delay, after either scram or DNB, and the last time value of the time triplets are ¢onsidered lu be
the only direct means for terminating the calculations. However, there are six indircct mcong by
which a problem will be discontinued or rejected, Each éxit from the calculations is appropriately

identified, . The six indirect cxits are:.
1) If the enthalpy exceeds Hyg, -calculations are ceased,
2) If the quality range of the pressure drop correlations is exceeded, calculations are ceased.

3) I the problem stop after scram is more than 30 seconds and the decay heat coastdown func-
" tion is exceeded, calculations are ceased,

" 4) If more than 30 iterations are required for hot-channel steady-state pressure drop conver-

gence, calculations are ceased.

5) The appearance of negative or extremely large numbers can cause a problem to be discon-
tinued. Stops of this type' are 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, where x £ 0, This is
identified by the print out of "X#*y LRROR" wl e location in momery, where the sub-

routine was entered to perform the evaluation.
6) Input data inconsistencies, if present, are identified and thie provlem lu vujacted. -

E. Estimation of Machine Time

An approximation ol the uver-all machine time required for a given problem may be obtained

from the expression
SxCxNxb6xi0? minutes,

where S is the number of time steps, C is the number of channels, and N is the number of axial
sections. This estimate includes the time required to print periodic results, Five to six’ seconds
are required to prepare a full page ol vulput for off line 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 muay
be approximated by 18,9 + 6.8(N). Thc reactor kinetics calculations may be approximated by
0.5(D) (M) +[2,46 + 0,97 (A, 1(k), where P is the number of passes, N is the number of axial sec-

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

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 are requested.
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IV, OPERATING INSTRUCTIONS

-The ART code is 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 from two to six

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

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

required and an off-line 714 card reader may be used.

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

error is indicated.

A. Tape and Sense Switch Outline

1) On-line printer board: GLOUT?2Z,

2) Tape Liogic

1

2

10

3) Sensc Switches

Up
1
Down

p
2

U
Down
19}

u
4
Down

{
1
o

This feature may be omitted by modification of the tape control program.

Remarks

ART program tape. '

ART property tape—this tape is not required if all
data is supplied by card input,

BCD input—this tape is not required if all data is
read via the on-line card reader. An end-of-file

condition indicates the completion of all problems.

Operator rcstart tape —this tape must be blank and
provided if sense switch 4 is up. A restart record

is written after every 500 time steps.

BCD‘output—this tape should be blank or contain

previous output for off-line printing, No rewind or

‘end-of-file instruction is given to the tape.

Continuation tape —this tape is used only if the prob-
lem is one of continuation. A parent problem
requires this tape to be blank and all continuation
problems require the tape written 'by the associated

parent problem.

Core dumps produced by manual operations for off-’

line printing.

Normal,

Bypass incorrect contihuation tape on logic 6
Normal, .

Restart problem with data from tape logic 4,
Normal.

On-line card input. Tape logic 3 is not re’quirea.
Normal., '

Bypass the periddic writing of restart data on tape

logic 4, If down, restarts by means of switch 2
should not be attempted. ‘
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{ Up Normal
5

Down : Process problem input and prepare the inppt edit.
The steady-state and transient calculations are not,

executed.
{ Up Co ' Normal,
Down 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 ter-
mination of all ART-02 problems. The»inpuftape, if used, is not rewound. A manual end-of-file

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

Unly localivit {(110) 8 is programmed as a §top, l.e., IITR 1, 4. All comments tn and requests of
the operator are printed on-line before the machine stops at (110) g*

If a tape read~write check stop occﬁrs at location (325) g 2 manual transfer to location (111) 8
will attempt to bypass the trouble. Any stop other than (110) g Or (325) 3 indicates possible machine
malfunction. The stop should be recorded, a blank tape placed in ready status on logic 10, tape
logié 1 rewound, switch 6 depressed, and a load tape executed. The dump program prints on-line
when completed and stops at location 4.

Any stop other than (4) which is less than (110) 8 indicates trouble in a loading routine,

B. Preparation of the ART Program Tape

The program tape consists of eight records, The first record selects the main program if
neither a dump nor restart is requested by means of the switch settings. The second through fifth
records are é modification of the GK DS2 core dump program. The sixth record is a copy of the
WBRB TSB2 self-loading routiﬁev, and the sevelilth and eighth records are the main body of the ART pro-
gram, The ninth recc')r_d is an end of file.

The procedure for wiiting the program. tape is as follows: Ready a blank tape on logic 1, ready
the binary deck in the card reader, clear memory, and load cards, After the program tape has been
written, the computer stops at location (343) 8

C. SHARE Distributed Programs

The references below are to programs and subroutines used in the code which have been made
available through the SHARE Distribution Agency. The references are identified by the SHARE label,
name, author, organization, date, and distribution numbers.

1) AS ASO3, Floating Point Exponential, R, J. Dinsmore, Aerucjet-General Corporation,
Sacramento, Calif,, March 27, 1957, Dist, Nog. 224 and 437,

2) EL TEST, Logical Switch Subroutine, W. R. Couch, IBM, Endicott, N,Y., March 27, 1957,
Dist. No. 220,

3) GK DS2, Octal Core Dump Program, D, B, MacMillan, Knolls Atomic Power Laboratory,
General Electric Co., Schenectady, N. Y., Jan, 22, 1958, Dist, No. 434, o

4) GL OUTZ, General Purpose Output Progréhl, E. R. Clark, Lockheed Aircréﬁ Corp.,
Georgia Division, Marietta, Georgia, May 24, 1956, Dist. Nos. 84, 93, and 117,

28



5) LA S820, Floating Natural Logarithm, I. Cherry, University of California, Los Alamos
Laboratory, Feb., 21, 1956, Dist. Nos. 69 and 171.

6) WB CTB2, Absolute Binary Card to Tape Loader, W. H. Guilinger and G. E. Crane,
Westinghouse Electric Corp., Bettis Atomic Power Laboratory, Pittsburgh, Pa.,
Jan. 20, 1958, Dist. No. 425, ’ ’

7) WB TSB2, Tape to Storage Binary Loader, W. H. Gulhnger and G. E. Crane, Westmghouse
Electric Corp., Bettis Atomic Power Laboratory, Pittsburgh, Pa., June 20, 1958, Dist.
No. 425, :

8) WB RWT4, Binary Read-Write Tape Routine, R, B. Smith, ‘Westinghouse Electric Corp.,
Bettis Atomic Power Laboratory, Pittsburgh, Pa., Feb, 1958, Dist. Nos, 425 and 494,

9) UA SQR3, Square Root Subroutine, W, P, Melcher, United Aircraft Corp., East Hartford,
Conn,, Oct, 24, 1955, Dist., No. 4.

10) UA CSB1, Absolute Binary Loader, W. P. -Melcher, United Aircraft Corp., East Hartford,
Conn., April 12, 1956, Dist, No, 66,

11) UA CSH2, BCD Tape or Card Reader Subroutine,‘ R. Nutt and W, P. Melchér, United
Aircraft Corp,, East Hartford, Conn., April 26, 1956, Dist. No. 73.

12) UA DBC1, Decimal, Octal, BCD Loader Subroutine, R. Nuti and W, P. Melcher, United
Aircraft Corp., East Hartford, Conn., April 23, 1956, Dist, Nos, 73 and 89,

13) UA SAP3, SHARE Symbolic Assembly Program, W. P. Melcher, United Aircraft Corp.,
East Hartford, Conn,, Sept. 26, 1957, Dist. Nos, 347, 431, and 457, - '

V. PREPARATION OF INPUT FOR A SAM PTF‘ PROBLEM

This section contains a discussion of some of the decisions leading to the choice of ART input
quantities. The discussion is based on the analysis of a fictitious two-pass core sustai.ni'rig a com-
plete loss of flow accident without scram. All input cards for this problem and selected portions of

output are listed in Appendix II.

The problem input is prefaced by a card which may be used to title the problem. In this case
the problem was described as a "sample problem for WAPD-TM-156," given an identification num-
ber "XXXXXXXX,'" and was further denoted as a one-shot ART-02 problem by the blank in column
66 and the information in columns 68-72,

A. Control Information: Cards 1011-1061

Time Increments: Card 1011

The information on this card (.02, 10, 1,8) implies that a time step 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 time steps or att=0, 0.2, 0.4,... , 1.8,

Two factors influence the choice of time increments:

1) Are the difference equations stable? That is, do errors introduced in the solution-at one

time step tend to grow with succeeding time steps?
2) How closely do the difference equations approximate the differential equations ?*

The. second.question is hy far the most difficult o answer, and can often only be .enxar‘nine'd by

solvmg the problem severa] t1mes each tlme w1th a-different t1me incre ment and observmg the

* A stahle d1fferencc treatment in no way guarantees an acceptable approx1mat1on to the solutlon of
the differential equation. : .
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behavior of the solution. Although this approach offers some insight into the answer to this questior},_v
it is not clear that a smaller time step will give a difference solution that is any closer to the solu-
tion of the differential equation, unless 4z is also reduced In fact, in certain instances, T it may
be shown that with a given az, the closest approach to the solutlon of the differential equation may

be obtained by choosing the largest time step permitted by the stab1l1ty criteria of the following para-
graphs (This would also involve changing the time step during the solution,) .

The question of stability may be exammed by the methods of Ref 4 if changes of fluid properties
during a time step and the interaction between reactor kinetics and energy balance equations are :

neglected, The difference equations of ART may then be shown to be stable if the following condi-
tions Tt are satisfied (consistent units must be used) :

1) The water enefgy balance Eq (2. 4) gives

1 - .
845 0. ,G.v., (5.1)
( ji 1)+.( i 31)
A c, Iy
At, < ! 5.2
i G.v (5.2)

i )i
( Az )
as crlterla for no local b0111ng and for local b0111ng, respectlvely, where cp is the specific

heat BH/aT and is infinite if the water is in the saturation reglon

" 2) The plate energy balance Eq (2, 2) gives

pC) £, + (pC) 1 Xy

at, = T (5.3)
i
and
' (eC) L5 + (pC) _ ¢
at, = C(f 0 m (5. 4)
c/ "4
oG criteria for no local boillng aud for lecal boiling, respectively.
3) Reactor kinetics neutron level kq (2, 43) givus he eritcrion
sz —mL (5.5)
1B - 8K,
i
where this equation is only applicable when &k = 0 and where m = 10 if (6Kr) ? = 0, and
m = 25 if (6K )% # 0
. . 11
4) Reactor kinetics precursor Eq (2. 42) gives the criterion
m : ;
< —
at, < (’“d) . (5. 6)

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

TIf the conditions of (5. 2) through (5. 4) are 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 steps of a problem is often not detrimental to the solution if this stability criterion is
afterwards satisfied because of flow coastdown,

T An unpublished investigation by N, J, Curlee and J. V. Reihing of the frequency response of out-
let temperature to sinusoidal variations in inlet temperature,
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For the sample problem, the following values have been used to check stability., Most of these
correspond to the beginning of the coastdown, However, the beginning of the problem, generally,
will not be the worst time for stability behavior, and other than beginning-of-problem conditions

must be considered,
The assumed numbers {or the sample proolem are:

6 2 ‘
1b_/tt%-hr ~ 1100 1b_/ft*-sec

. 3 .
Vig ™ 0.020 ft /lbm, Gy~ 4x10
Az = 6,2 in, ~ 0,52 ft; cp = 1.2 Btu/lb_ -°F; £, = 0.0485 in, ~0,0040 ft

2
h = 8170 Btu/ft>-hr-°F ~ 2, 30 Btu/ft°-sec-°F; A, = 8.1 Btu/ft-hr-°F ~ 0,0022 Btu/ft-sec-°F

£,=0.018 in, ~ 0.0015 ft; (oC) _ = 0; (pC) _ = 33.2 Btu/ft>-°F
22 = 0.0180 in, ~ 0.0015 f%; 13 = 0.042 in, ~ 0.0035 ft
average core temperature rise = 20°F; 9—(86,1..& =-2.5x 10_4 (1/°F)

= = sie -5 -
G = 3) Bd =0.0079; £ = 3.2 x 10 ~ sec; largest xd =1.507 sec 1; m = 10 because of no scram.,

The derived quantities are:
U, ~0.90 Btu/ft -sec-"F; (\ /1,) ~1.47 Btu/ft’-sec-°F
2
(bC) &, + (pC) 23 ~ 0.116 Biu/it*-°F; 6K~ ~ 0. 0050,
The stability criteria are:.

Ati < 0,022 sec for Eq (5.1)
0.024 sec for Eq (5.2)
0.129 sec for Eq (5. 3)
0,077 sec for Eq (5. 4)
0.050 sec for Eq (5. 5)
6.6 sec for Eq (5. 6)

By cxamining these stability criterié, it appears that the chosen time step of 0,020 sec satisfies
all stability criteria.

The selection of 0.2 sec for the printout interval gives a reasonably clear picture of the varia-
tion of quantities in this particular problem without burdening the requester with a great volume of
output, In addition, tlie machliue time heeded tor printout is not negligible (approximately six sec-

onds for every 50 lines of output, whether the lines are filled or not).

Problem Size: Card 1021

Six axial sections per channel have been chosen here, Note that thig is a most important point
in machine time considerations, A smaller number of sections reduces the machine time spent per
time step, and also, in many cases, increases the allowable time step length [ Eqs (5.1) and (5.2) ],
A higher number of sections may be needed to obtain more detailed output or to permit a more
detailed input power shape., Howcver, acceptable results may often be obtained with a smaller num-
ber of sections, which should be given especially serious consideration for long slow accidents. In
such cases a few detailed steady-state problems (which run quite rapidly) may be used for interpret-

ing the rcsults of much less detailed transient problems,

A two-pass core with one nominal channel per pass has also been specified on this card, If the
limiting hot channel occurs in nne pass or the othcr, one of these could 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
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input at the top. It may also contain a channel with somewhat lower peak heat input but with a greater
total input. If it is not clear which is controlling thermally, then both_chgnnels may be run as hot

channels in that pass.

Property Tape: Card 1031 S

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 are available in this file. A system has been in operation at
Bettis by which a tape containing an up—tofdate edit of property tape contents is retained in the com-
puting center. This edit tape may be printed on request.

Input OptionsA: 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 3011, 3021, 5011, and 5021. A choiée lu use reactor kinctics with no scram is also

indicated on this card.

Output Options: Card 1051

A choice of output desired is indicated on this card, Note that the DNB ratio printout is begun
for a given channel only after a DNB ratio less than or equal to Bu has been determined for that
channel,

Over-all Conditions: Card 1061

P, is the operating pressure, and is used only for extracting information from the property tape,
but must be supplied even if the property tape is not used; 2000 psi data were chosen here,

qo* is a reference heat flux, :rbitrarzily chosen as 100, 000 Btu/ftz—hr and, th'ereAfore, supplied
as 0,1 in the input units of 10~ Btu/ft“-hr, This quantity is a common multiple for the heat
generation in all channels. Thus, only this number needs to be, changed if one reactor is to be
examined at several power levels, Further discussion of this quantity is inclpde_d under card
2051,

KC;[‘ is a parameter for determination of nucleate boiling characterlslics, The following corre-
lation by Jens and Lottes (Refl 2} may be used to predict surface temperature under nucleate

boiling conditions:

A 6, 1/4
) 60 (6/10% :
TC: N Tsat - "_HAPO/‘)UU ’ . G.7)
e

where ¢ is in units of Btu/ftz—hr and p_ is in psia.
By comparison with Eq (2.9), *

o 60 60 B
Ker = o, /900) - -(2000/500) = °+ >4
e

g is the component of acceleration due to gravity in the negative z-direction, In the assumed
case of vertical uptlow, g= +32.17 ft/secz. Other values could be supplied for a core with

downflow, for a core with a list, or for an examination of the effect of neglecting elevation terms,

€ is a convergence criterion on the hot channel pres'sure drop balance in s'teady-.state, defined
by Eq (2.35). It is used in the sample problern as 0, 005, requiring that the hot channel pressure
drop (ap) gk) be within 1/2% of the value of (Ap)'I:C desired. In this case, with no local or bulk

* Kcr was supplied erroneously as 7.21 in the input for the sample problem.
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boiling in steady-state, the convergence is quite rapid. However, there are two possibilities of
convergence difficulties in a steady-state boiling situation that must be considered (also see the

discussion of G*, card 2031):

1) Discontinuities in pressure drop correlations and the use of a finite number of mesh
points can introduce multiple discontinuities in the relationship between the calculated
pressure drop for the hot channel and the hot channel flow., These discontinuities may
be larger than a very tight convergence criterion and may preclude any steady-state

solution within such a criterion.

2) The hot channel pressure drop vs flow relation in the boiling region may reach a mini-
mum value at a pressure drop above that sought, or the solution may be multiple valued.

Finally, the pressure drop curve may be quite flat so that convergence may be slow.

Az is the axial mesh increment. A 37.2 in, channel is considered here, Therefore, Az =
length/n = (37.2 in. /6) = 6.2 in. Note that in.ART,‘ the heated length is assumed to be equal to
the length for pressure drop considerations. If it is desired to include a pressure drop contri-

bution for a short unheated length at each end of the channel,

1) nAz should be set equél to the total plate length and suitable reductions made in heat

generation figures, or

2) naz should be set 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 film boiling heat-transfer is not handled in ART, this

input entry permits the problem to be stopped after DNB has occurred (i, e., after Bji < Bu for some

channel) .

Continuation Time: Eliminated here since a one-shot problem is considered. \

B. Individual Channel Characteristics: Cards 2011-2671

Only first-pass nominal channel cards will be discussed here, but the comments will apply to

the cards for other channels as well,

Dimensions: Card 2011

11, JZZ, and 123 = 0,0485, 0,018, and 0,042, respectively, ' The nominal channel considered here
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 fuel alloy.

,24 is the emuivalent conduction lengll: inlv the plate. ‘I'he combination of f4, ?\c, (¢C) o’ and

(pC) m is used to define a one-lump treatment which approximates the transieént 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-all energy balance between
plate and water in slow thermal transients, A comparison of the one-lump approach with & many-
section treatment on other digital codes is suggested for evaluating choices of the parameters
L, )\'c’ (pC) m The best values probably depend on the type of transient considered. For
example, if the surface temperature is to rise and the heat generation is to remain constant, the
“best choice would be expected to be ditferent than in the inverse situation. In addition, the rela-
tive sizes and properties of clad and meat must be considered, A condition examined by

E. V. Somers* suggests that L, should be set equal to JZZ {the clgd thickness) ; that )‘c shquld
equal the clad conductivity; that (pC) m should be given its full value; and that (pC) c be set

* Westinghouse Research Laboratories, work done on the basic cquations describing energy flow
and pressure drop relationships for transicnt coolant flow conditions in a non-homogeneous .
reactor (July, 1956), . . .
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somewhere between zero and its full value. This approximation, with .(oC) c set equal to zero,

" was incorporated into the ATBAC Code (Réf 1) ‘and into the sample problem considered here,

Additional studies! for another typical geometry, using the clad value for )\ and full values for
(prC) m and (pC),C, have-indicated that the best choice for the ratlo 4/1 + 13] may vary between.
0.4 and 0.5, : : . . ‘ _ B

Metal Properties: Card 2021

(pC) é, (pC) m’ a.nd. )\c =0,33,2 Bt'u/ft3-°'.F.,~ afid 8.1 Btu/ft-h‘r-°F§ respecti\'rely. ‘The discussion

under card 2011 indicates the basis for the choice of zerd for the first number. Values for the other

numbers were chosen arbitrarily. '

34

Flow'Char‘acteris'tics- Card 2031

Bu =1, 5 This is the DNB rat1o at which it is assurned that departure from nucleate boiling -
occurs. It is des1gnated as other than one because of uncerta1nt1es m the DNB correlations and
their apphcatmn to this trans1ent 51tuat10n. (See Rel 5, pp 57 60 for a discnssion of the DNB
dncerta'int'y factor.) - ‘ ’ o ' '

G* = 3. 0. This quant1ty is given in units of 106 1b /ft -hr, and is defined as the steady-state

value of mass velocity for nominal channels and as the first cstimate of steady-state mass veloc-
ily for all hot channels, Tts value for nominal channels is obtained from a knowledge of total
system flow and the amount of this flow which bypasses the active heat transfer surfacés. The
bypass flow determinatién is based on a'pressure droup balance for all flow paths in parallel for

a given pass, The first estimate for hot channel flow is generally not important in a nonboiling
situation and fnay,_,forj convenience, be chosen equal to G* for the nominal channel, In a boiling
situation there is the possibility of multiple solutions or slow convergence (see discussion of €5
card 1061), so that the cn01ce of G* is much more 1mportant several steady-state problems
should probably be rud with’ d1fferent choices of G ‘when the requester is confronted with an

unfamiliar situation,

h* = 6486 Btu/ftz-hr—"F, which is the film coefficient corresponding to the mass velocity G
The value here was determined by the use of the following empirical relationship:

: 0, .- 0,4 o

I _,u.om(-;;“i-)(b “h ) ( ;(LH) ) (5. 8)

h ) / w ]

with k= 0.36 Btu/ft hr-°F, % = 0, 26 1b. /ft hr; cp = 1.16 Btu/lbm—"F, D, = 0.1944 in.
=0.0162 ft, and G* = 3 x 10(J 1b /ft -hr. The coetti¢ient 0,019 is reduccd from a Calhurn
coefficient of O, 02_3, in order. to represent a reasonable lower limit of experimental data (Ref 2,
p 14). For hot channels it is suggested that the .values of Dh and G* be based on average and
not local tolerances, since the film coefficient is used in over-all cnergy balance and pressure

drop calculations and, therefore, should be correct on an average basis for the channel.

Dh ='0.1944 in, The hydraulic diameter is here computed for a thin rectangular channel as 411.
Note that either Dl'1 or the fieo table may be used to consider possible flow restriction cuused
by warping of the fuel plates, D, is used in Eqs (2.12) and (2.18); fieo in Egs (2.12), (2.16),

h
and (2,17).

p is the v1sc051ty to be used in Reynolds number evaluatmn for determmatmn of f so’ chosen
here as 0,26 1b /f’c hr,

TUnpublished memo by R, G. Fasiczka,



KC and Ke are the unrecoverable contraction and expansion.loss coefficients for entrance and

exit losses, These have been arbitrarily assigned a value of 0,5, but are generally obtained

from test results (Ref 6), These coefficients may also be used to include losses in orifices’

located at the channel entrance and exit, or may be increased for hot channels as an alternate

to Kpf
2

2
°s a.nda'r1

and Kpa as a method for describing non-uniformities of flow pattern,

are equal to the square of the area ratio at entrance and exit, or

area inside channel )Z
area in plenum region *

These quantities are used to calculate the recoverable spatial acceleration portion of the pres-

sure drop at entrance and exit, and are arbitrarily assigned a value of one here,

Kpf and Kpa are the plenum distribution factors for friction drop and for acceleration., The nom-
inal channel friction drop is raultiplied by Kpf before being applied to the hot channels in parallel
with it, Acceleration terms are multiplied by Kpa' Both values must be supplied as one for )
nominal channels and have been arbitrarily chosen here as 0, 925 for all hot channels. The value
in actual désign situations can best be obtained from ‘experimental measurements of channel-to-

channel differences in pressure drop.

s

hf/h is an empirical coefficient used in evaluating local boiling pressure drop. For example,
the empirical approach of Ref 7, p 19 suggests that local boiling pressure drop is related to a
temperature 6, computed hy

0=0,766 -2, (5.9)

hp g

where ¢ is the surface heat flux and hD—B is a film coefficient computed using 0,023 rather than
0.019 in Eq (5.8) . Therefore, in order to use the approach of Ref 7, in conjﬁnction with a film

coefficient calculated using 0,019,

_(0.023) 0,030 _ . L
(he/h) = G765 (0.079) = 0019 - 1+ 58

However, this quantity has been arbitrarily assigned a value of one for the sample problem.

GL/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 mass velocities
is permitted for use in DNB calculations only. It is assumed here that local mass velocities
may be as small as 90% of the average mass velocity, The ratio is calculated by (average

channel area/maximum local channel area).

Friction Factors: Card 2041

In order to éupply the empirical relationship between the isotherinal friction factor and Reynolds!
number (for example, see Ref 8, Fig, 1), the input on this card consists of pairs of NR"fiso coor-
dinates. In the sample problem, values of fiso at NR = 30,000 and at 250, 000 are taken to be 0, 024]
and 0,0162, respeclively. Additional input points are permitted for wider. flow variations and a.more
exact description of the empirical curve, Linear interpolation on a log-log plot between sets of data
is used. A linear log-log extrapolation is performed, if necessary, beyond both extremes of
Reynolds' numbers, Note that, since a different fiso Vs NR curve is permitted for each channel,

surface roughness variations may be accounted for in the preparation of this table.

Heat Generation: Card 2051

q/q* = 1.0, Itis assumed that if a nuclear analysis indicates a uniform power density dictribu-

tion and if all channels have nominal characteristics, then the core under consideration would
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have a uniform heat gen'eration value per unit area of 100, 000 Btu/ftz-hrA (Ref 9, pp 46-47). How—

ever, a nuclear analysis does predict a non-uniform power distribution, which is represented

here by the F. factors, and which may be derived directly from nuclear data, For example, the

second-pass hot channel distribution is shown as an approximate step function in Fig. 3 from the
more continuous distribution taken from JET output, The example shown is the power traverse-
at row 2, column 17 of the example in the PROP-JET report (Ref 9, p 93).
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Fig. 3 Sample Axial Power Distribution

Since these JET output power values are for average mesh rectangle and not vertex power,
it is approbriate here thul this entirc shape be multiplied by 1.15., In addition, all channels in
the core are not uniform, so that some engineering hot channel factors must be added. As in
Ref 9, p 47, it is assumed that the average engineering hot channel factor total heat addition to
the channel is 1,2, Therefore, for channel 6; the value of q/q* has been taken to be
1.2 x 1,15 = 1, 38. This value appears on card 2651, Since, for nominal ¢hannels, all point-
wise variations are the result of nuclear considerations, and since thesec are included in the Fj

factors, a multiplier of a/q* equal to one is used for nominal channels.

r is the fraction of the power which is generated in the water. It is 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 24 for a discussion of methods in
which energy is released,) The tabulation of Ref 10 indicates that thermalizing fisdion neutrons
amount to api:)roximately 2-1/2% of the total fission power, and tolal gamma rclease amounts
to approximately 9-1/2%. However, water, other than that adjacent to the plules, thermalizes
many neutrons and absorbs gamma rays., In addition, fuel plates and structural material are
much more effective in absorbing gamma rays than the water. An cxamluaslinn of the rclotive
slowing down and garmma absorption rates in various materials must be made for each core in

order to deterimmine r,

¢L/¢ ié set to zero if no DNB calculations are needed for a specific channel, Since DNB calcu-
lations require a fairly lérge afnqunt of machine time, it is recommended that lhey be bypasscd
whenever possible, When this value is nonzero, it is applied because DNB is a localized phe- .
nomena; therefore, the DNB ratio should be based on local tolerances of heat fluxes. Here, it

is assumed that the local hot channel factor is 1. 4 compared to an average hot channel factor of
1.2 Therefore, ¢L/¢ =1,4/1.2 = 1,167 for all hot channels,



Input Power Factor: Card 2061

F.—see the discussion under card 2051 for the normalization of Fj chosen here. These values
are taken directly from nuclear data in which the average core power is one, and in which no
engineering tolerances are considered (see Fig. 3). Note that F. is the average core power
between level j-1 and level j, Note that FO is used for DNB calculations for the first half-section
of the channel, It is not used in any energy balance calculations. The value of Fo is arbitrarily

assumed here to be the same as that at station one. A zero value for this quantity is permitted.

DNB Correction Factors: Card 2071

(FC) j—the DNB correction factor combines two effects. First, it contains the entrance effect

on DNB heat flux. That is, the heat flux required to cause a departure from nucleate boiling is

a function of channel position, .in addition to enthalpy and mass velocity, Second, the (Fc)j
factor is used to define the difference between the actual power shape and the step approximation,
For the most recent Bettis DNB correlations, the first contribution has the form e-O‘ OOIZL/S,
where L = the distance from the inlet and S = the channel thickness (Ref 5, p 47) . However, for
the sample problem, this cont}"ibution to (Fc)j was assumed to have a value of 0.8 at channel b,
level 2, and other values elsewhere, The power shape contribution to the DNB correction factor
was determined from examining Fig, 3. It is noted that the block approximation gives an Fj
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:

(F ), = entrance effect multiplier on DNB (5. 10y
¢’ 2 7 detailed power shape/block power shape B

. = 0.8
T (3,17) /(2. 81)

Input Cards for Other Channels

Cards 2111 to 2171, 2511 to 2561, and 2611 to 2671 are quite similar to the corresponding 2000
series cards., (See the comments under the cards with the same last two digits in the 2011 to 2071

range,)

C. Pressure Drop Correlations: Cards 3011-3044

Subcooled Pressure Drop, First Kind: Card 3011

This card is eliminated here since the second kind of subcooled pressure drop correldtion is
used, The use of the first type of correlation is discussed in Ref 8, p 12. Note that f/fiso’ by this
form, is always one when no local boiling is predicted (using the coefficient hf) . When local boiling
is predicted, the value is either one or a value obtained by linear interpolation in temperature between

one at a bulk temperature Tl and (1 + fl) at saturation temperature,

Subcooled Pressure Drop, Second Kind: Card 3021

This card is eliminated here since the data are taken from the property tape. The de:velopment
of this type of correlation is discussed in Ref 7, pp 18-22; the values which have been extracted from
tape correspond to the upper limit equations given on page 22 of that report which are:

108 2/3
t/8g0 = Fpg |1+ 1.2 (0.76) (S5 v (5.11)

where
FH’ = gmallcer of 1,05 (1-,0025 8¥%) and 1.0
and

Y=1 - (6% /e)
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Then, by comparison with Eq (2.20),

f, = 0,00250,
f,=1.05, '
fe = (1,2) (0.76) = 0,912, ‘ BT I
and : sk e ot
f() = 2/3 = 0, 666, L ik

which is identical to the data extracted from the property 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:

3031, 0, .02, .05, .1, .2, .4

3041, .6, 1.1, 1,71, 2.45, 3.58, 5.59, 9.02
3042, 1., 1.1, 1.45;
3043, 2., 1.1, 1,28,...

3044, 5,,...

For éxample, for a mass velocity of 0,6 x 10-6 lbm/ftz-hr and for a quality of 0,02, ¢2LO would be

extracted from this table as 1.71, Any interpolation needed is linear in (1/G) and in quality. An
extrapolation on (1/G) for mass velocities outside of the range of this table is performed, No extrap-
olations on quality are done, however. The values given in the preceding table are 10% abové the
values given in Fig. 17 of Ref 7. The factor 1.1 is chosen to obtain an upper limit for these pressure
drop correlations,

-

D. Fluid Propertics: Cards 4011 to 4031

These cards are ,omifﬁted because the data were taken from the property tape. Note that if the
enthalpy is below the rarige of this table, linear extrapolation for temperature is used, Specific vol-
ume is held constant. Héwever, if enthalpy values exceed the‘ maximum in this table, then saturated
or superheated steam exists and the problem i3 stopped.

E. DNB Correlations: Cards 5011 and 5021

First Kind: Card 501;

The correlation for DNB heat flux is taken from thc following Bettis design equations for 2000
psia (exclusive of inlet correction and in units of 106 Btu/ftz—hr) (see Ref 5, p 39). For less than

20°F snhcooling, the smaller of

0.7 -0.8
G : H : : )
0,60 ( ) : (5.12)
10% (103) :
‘or
-3,0
H e
0.30 (— (5.12)
)
is uoed,
For greater than 20° subcooling,
0.5
G : 0.22
0. 445 (—% (T_-T.)"" (5.14)
(106) s v :
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is used where G = mass velocity (lbm/ftz-hr) , H = bulk water enthalpy at DNB point, Ts = saturation

temperature, and TW = bulk water temperature,

By comparison with Eq (2, 28),

= = =~ - - o = o :
Bl = 0. 445, m, = 0.22, ry = 0.5,A T, = Tsat 20°F = 616°F at 2000 psia
BZ= 9.60, m, = 0.8, r, = 0,7
B3= 0, 30, m, = 3.0

Second Kind: Card 5021

This card is omitted since the data were taken from the property tape. This form of correlation

for DNB heat flux is taken from the newer Bettis design equations for 2000 psia (exélusive of inlet

correction and in units of 10° Btu/ft?-hr) (Ref 5, p 47).
For 1.6 x 10° = G = 5.0 x 10° 1b/ft%-hr,
-2.5 L2 ,
0. 240( ) 1+ G7 ) (5.15)
10 10 .
is used.
6 6
For 0.2 x 10°< G = 1.6 x 10°,
2.5
0.325 () (5.16)
10
is used.
By comparison with Eq (2.29),
B, = 0.325 m, = 2.5 G, =1.6
re = 2.0 B, = 0,240 mg = 2.5
c,=1.0 D, = 0.1

For lower pressures, it is recommended in Ref 5, p 55 that no velocity-dependent values bhe
used, This can be accomplished easily by setting G1 to some very high number, The quantities
re, B5, ms,' Cl’ and Dl are still needed as input, and may be supplied as a value of 1.0,

F. Reactor Kinetics: Cards 6011-6041

Constants: Card 6011

@y iy the fraction of steady-state power produced by fission product decay and is chosen here as
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 release (Mev/fission) from gamma

rays is given as follows:

Mev /fission After the following operation
5.8 one hour .
6.4° 10 hours
6.8 100 days
7.1 infinite operation ..,

If it is assumed that there 'is, ‘essentially, infinite operation of the reactor, that the release

from beta rays is approximately equal to the gamma release, and that the total energy release
of instantaneous plus decay power is 197, 5 Mev per fission, then, a, = 2x7.1/197.5= 0.072.
The power coastdown [urm of the decay contribution is taken from the. infinite operation curve

of Ref 3, p 14, It is based omi constant power for an infinite time prior to the beginning of the
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transient and until the scram time 'c3 is reached, At time t3, an mstantaneous drop to the zelro o
fission rate is assumed. It may be seen, in the sample problem, that the decay contribution

will remain constant since there is no scram, In problems in which t3 1s used to begin w1th—' i
drawal of rods, then the decay portion of the power should not be decr edsmg and 1t is suggestpd

that @, be set to zero. nn

£%is the mean neutron lifetime, and is chosen here as 3.2 x 10_5 sec, (For details on calctf'lating
this parameter, see Refs 11 and 12.)

6K1 is the value of reactivity resulting from control rod motion which will be maintained from
the beginning of the problem up to t = t3 (the scram time) . Here no rod influence is desired, g
therefore, 6K1'= 0.

%(,%,K) is the temperature coefficient of reactivity. This number may be determined by the
w

=1

methods of Ref 12 and has been chosen here to be -2,5 x 10-4 (°F)

Ncutron Precursor Constants: Card 6021, 6022

The basic information on which the choice of these déiayed neutron paramelers may be based is
summarized in the [ollowing table:

Delaycd Group No, 1 2 3 4 5 ’ 6
Keepin 1955 Rel Abund 0,036 0.210 0.192 . 0,409 0,135 0.018
(g = 6,0070) = Decay Const 0.01277 0.0319 0.1181 0.318 1,507 5.33

(sec‘l)
Keepin 1958 Rel Abund 0.038 0.213 U, 188 - 0,407 0,128 n, 026
B = 0.0065) ok Decay Const 0.0127 0.0317 0.115 0.311 1.40 3.87
(sec-l) o '
=Ref 13
""" *Ref 14

The decay constant A may be selected directly from this table. The effective yield of neutrons Ed in
the particular group may be calculated as the product of the relative ahundances in the table and the
value of f hsted on the left-hand side, In addit'ion B musl be multlphcd by a ratio describing the

effectiveness of group d rieutrons in producing t1s51ons in a given reactor:

Ed = B (relative abundance) d (effectiveness) q4 - (5.17)

The data frnm Keepin 1955 were used in the sample problem., For examplc m group 4; ) is seen to
bc 0.318 sec and the effectlveness of gr vup 4 was chooen as 1. 143%; thus p4 = (0. 0070) (0. 409) (1.143)
@ 0,003272, WNnte that iny the first five groups of precursors were used in the sample problem to
enable the comparisoh of results with a similar ATBAC problem. However, there is uu reason wiy
the sixth group should not also be included, if the stability criterion mentioned under card 101!l is
satislled. Alsn, if tomperature coefficient and rod worth are obtained from experiment, care should
be taken so that the delayed neutron data and effectiveness corrections used in reducing expcrimental
data are consistent with those used for analyzing transieunls. (A discussion of calculating effective-
ness valucs is contained in Refs 11 and 12.)

Temperature Coefficient Weighting Factors: Cards 6031 and 6041

These quantities are best calculated by either an adjoint integration over various portions of the
core or by running nuclear desigri problems with individual sections of the core increased in temper-
ature. Care should be taken because the temperature coefficient used here is not as measured at
zero power when the reflector and leakage water also change temperature, Here, only a tempera-

ture coefficient resulting from changes in the temperature of the water adjacent to the plates is desired,
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In the sample problem, the second pass has arbitrarily been chosen as 1,5 times as important
reactivity-wise as the first pass, and a uniform axial distribution of temperature coefficient in each
pass has been assumed. Therefore, a.:j = 1/15 for each first-pass node and 1/10 for each second-

pass node point. It can be seen that these values do sum to one.

Note that only n values are 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 card is not included since scram is not desired. If the requester desires to specify the
start of scram at a particular time in a transient, the value of Sf or S_ should be set at a value less
than one and the corresponding delay time should be set equal to the time of the desired entry into

the scram table,

Scram Table: Card 7021

This card is not included since scram is not desired, Linear interpolation is used in' this table
and 6K is considered posilive for rod withdrawal and negative for rod insertion, If it is desired that
6K should be continuous, then the first entry must be set equal to 5Kl. If the last time in this table
'is exceeded, then the last reactivity value is maintained over the remainder of the problem.

H. Power Coastdown: Cards 8011 and 8021

This information was omitted since reactor 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 at thg'value

of the last eniry. : L I

I. Flow Coastdown: Cards 9011-9022 : ST

Since a flow coastdown which is quite rapid at first and then decreases morjé slowly iélbeing
considered, the values are éupplied at 0.-05 sec intervals up to 0.5 sec and at 0. 1 -se'c iﬁtef.va.ls up
to 1.8 sec. This is specified by giving 10, 0. 5,A 13, and 1,8 on card 9011, If a parent bi‘oblem is
considered, the continuation time must either equal one of the end times in the table or must be
greater than all end times, The flow coastdown values are calculated by G/GO = 1/1 + 3t and are
also shown in Fig, 4.

In the general case, this flow coast-

1.0Q
down must be calculated considering the

nominal core pressure drop character-

istics and also the characteristics of
pump coastdown and primary-loop pres-

sure drop.

FLOW
(6/Gq!

If the table listed on card 9022 is
exceeded, the last value will be used for

the remainder of the problem.

J. First-Pass Inlet Temperatures:
Cards 10011 and 10021

Since the first-pass inlet tempera-
6 - o2 o4 o6 0.8 1.0 1.2 14 ture is to be held constant, only one

. TIME, SECONDS increment is used on card 10011, accom-

Fig. 4 Sample Forcing Function panied with any nonzero value for end
time (subjecl to the same parent problem

restrictions as listed under card 9011).
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Two values of 500°F are given on card 10021 to indicate that this value remains constant throughout
the problem., When this table is exceeded, its last entry is used throughout the remainder of the

problem, : . . L v

K. Second-Pass Inlet Temperatures: Card 11011

This card is used only if there is a second pass., Only 1350 first-pass exit enthalpies are stored,
T L U LY
and after all of these have been used, the second-pass inlet temperature is held constant, again 11m1tl-

ing the usefulness of the code to those problems of relatively short duration. I L

Fa is the quantity defined as the fraction of first-pass flow through the active core. It is assumed
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 is A

_ (total heat release to water leaving first pass/rate water leaves first pass)
F

& (total heat release to nominal channel water /nominal channel flowrate)
t

. (5.18)

The value chosen is 0. 848, Note that this value shivuld never bo ohesen equal in one. since it

appears in the denominator of Eq (2,55} in such a way as to make the denominatur zero,

Ko is the interpass transport time in steady-stute. This value depends on core configuration

and is chosen here as 4 sec.

(Bm) NC = o, It is assumed here that the second-pass nominal channel sees‘pef‘fegt-r_nixing of
the first-pass exit water. Therefore, this value is set equal to zero.

b (Bm HC is the quantity used to show the effect of imperfect mixing on second-pass-hot channel
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 m1x1ng value by an amount proportional to the difference of these two ex1t entha_lples ’
and also propor’uonal to B Conoldermg the two options of "mixing factor” and ' 'erossover

opt1on” of the PROP JET code (Ref 9., m can be shown to have the following forms:

gt

M1xmg Fa(‘tnr Option

Py - F )0 -F )

m HC S F_ ; (5'1?)

(B

where Fa is the quantity given in Eq (5.18),

f, _ (heat input first-pass hot channel/flow first-pass hot channel)

b (heat input first-pass nominal channel/flow first-pass nominal channel)

3

and F.‘m is the mixing factor (a value of one holds for perfect mixing) .

Crossover Option

If it is assumed that some limited region of the first pass has the same Nluw as thc average
channel but has a higher heat input, and if the exil waler from thic regiun gees to the inlet of
the second-pass houl channel, then, '

_ average power in limited region - a{rerage power first pass Y
(Bm) HC = - . . (5.20)

average power in first pass

In the sample problem, the mixing factor option was’useci with-a mixing factor Fm = 0.8.
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Then,

o]

heat input first-pass hot channel _ ]
heat input first-pass nominal channel ~

=

(@/a*) o § 2. F;

£ 'NC

J

(@/9*%) g 21 J} HC
- (1.38) (9. 20)
= 0.0 6. 42 -2 3% a“d

flow first-pass nominal channel' (Gy) ne U nc
flow first-pass hot channel (G )hC (11) HC

_(3.0) (0.0485) _
= G 50 0450y = 1293

Therefore, .
= (2.34) (1,293) = 3,03
and
B (303-0848)(1-08) = 0.515 .

m- 0,848

Note that (GO) for the hot channel used in these calculations is an estimate of the first-pass hot
channel flow and 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 II. A printout of input cards is also
supplied there,

Input Print ..

Pages 1-5 of the output contain a printout of all input quantities as they.are 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"s'tea{dy state flow in the hot channels are given on the next page of
problem output. For example, in channel 6, an 1n1t1al guess for the mass velocity in steady state
was 4 x 106 1b /ft -hr and the.required pressure drop, considering the second-pass nominal chan-
nel, was 11. 69 psi. After three 1tera’rmn< a result of 3, 108 x 106 [ur steady-gtate mass velocity
yielded a pressure drop of 11,70 psi, which is within the required convergence criterion, permitting
calculations to proceed, Since there is no iteration require&,'for'nominal channel flows, there is no
change from the input value. - ’

Transient Results

The remaining pages of problem output contain transient resuits. . Some 'of these are also given
in Figs. 5 and 6, The information for a given time step is begun at the start of a page. The time,
power-~to-flow ratio, and power are given as a preface to the remainder of the output, Scram setting
information is 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 charmgl has bulk boiled or has burned out, such information is supplied.
Point-by-point values of water temperature, metal temperature, surface temperature, heat flux, and
DNB ratio are then listed if they have been requested., Under each of these headings, point zero is
listed on a separatc line, The next line lists points 1 through 10, then 11 through 20, etc.
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V. 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. Tﬁe property tape is basically a library of
fixed 'data which may be requested, 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 Information

Subcooled pressure drop {first kind)
Subcooled pressure drop (second kind)
Saturation region pressure drop
Fluid properties

DNB correlations (first kind)

[ S Y; Y N TR R

DNB correlations (second kind)
No provision is made for more than one property tape. The physical length of the tape is the only
restriction on the number of files which the property tape may contain,

Two sample card files are shown in Appendix III, 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 many card

files as desired, Each card file terminates with a blank card. The ihput deck is terminated byaﬁ

end-of-file condition on the computer.

The identification card must contain ART PROPERTY TAPE in colurnns 1 through 17, ARTOl
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 is identified as 1001, comma, option specification, comma, and, in spe-

cific cases, a file number N, Where file numbers are supplied, they must not contain a decimal

point,
1) 1001, 1
Option one writes an original property tape. All acceptable card files are written on tape, a
duplicate copy of the tape is made, and all files on the tape are 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 are written on tape beginning with the appropriate file number in sequence,
a duplicate copy is prepared, and the files which have been added are prepared for off-line .
printing, .

3) 1001, 3, N

Option three is the same as option two, except that N specifies the file number for ’c.:ommenci'ng

the update operation.



4) 1001, 4
Option four provides for making a copy of the property tape., : o c o

5) 1001, 5, Ny NZ,...,N {n = 99)

n

Option five provides for preparing the specified N flles for off line prmtmg The flles
requested must be in ascending order. To prepare the entire tape for prlntmg,_.j:_}‘le ppju,on‘t‘f"
specification must be as follows: 1001, 5, 0.

6) 1001, 6, N Nosenus N (n = 99)

1’
Option six provides the combined specifications of options four and five. Thus, the property

n

tape is copied and the specified files are prepared for off-line printing.

For either options f1ve or six the additional cards necessary to specify up to 99 files must begin
with 1002, 1003, etc,, but must not exceed 1100,

The control card or cards for options four, five, and six, followed by une blank card; constitute
a co‘mplete input deck; whereas, the control card for optivus vne, two, and three must he followed by
the additional card files to be written on tape. Each card within a card file must contain, in columng
1 through 5, a series identification number followed by a comma, These series numbers muet appear
in ascending order in a file, The data must be listed immediately following the series number with a
comma separating each number. Every data entry must contain a decimal point, The first-blank

column terminates the card, The last number on each card must not be followed by a comma.

In the following outline, the first entries of a series are typical formats for the.cards, indicating
the quantltles whlch must be supplied with each pressure value, Each series must contain from two
through 100 pressure values, along with their associated sets of data. Appendix III contains a brief.

dlscussmn of input preparation for a sample property tape.

C. Subcooled Pressure Drop: Iirst Kind

2001, Fyyo Fioy Fras Fops ¥ops Fogeeees Fips Tips Tig

zo‘oz,A Fitt, 1> Fitt, 2> Fit1, 320002 Fnp» Fuo Fpz (2 S0 100) i _
where

Fil = p, the ith pressure psi -

F, = fl, correlation parameter

Fi3 = Tl' correlation parameter

This series may be omitted if series 3001 is supplied. The pressure p must be an integer value, and
successive values must be in ascending order, '

D. Subcooled Pressure Drop: Second Kind

UL, Fyys By Frse Ty Fipoews

3002, ..., F ,F ,F ., F , F (2 < n = 100)

nl’ " n2’ "n3 "n4 " u5.
where
_ .th . .
Fil =n the i” pressure psi
Fio=13
Fi3= iy .
correlation parameters
Fig=1s
Fig=fg -
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This series may be omitted if series 2001 is supplied. The pressure must be an integer value, and
successive values must be in ascending order.

E. Saturation Region Pressure Drop

F_ (2<n<6)

4001, Py Fl' FZ""’ n

2 2
4002, Gy, (@7 ) yseees @)y

2 2
4003, G s (b7 ) ysenvs o)y

4004, G (¢io) 1reees (¢i0) n

2 2
4005, Gyys (07 5) yseevs @1 5)

4011, p,, Fy, Fp,.uu, F

4012 ,..

where p is the pressure associated with the F 's, which are quality values. The mass velocify G is
the other index for ¢LO’ the pointwise fit to the saturation region pressure drop function. The qual-
ity values ‘must be in ascending order, startmg with zero, There must be from one through four G
values, and for each mass velocity, as many ¢LO values as there are quality values. The mass
velocities must be nonzero and in ascending order.

All succeeding pressure groupings must contain the samc number of quality and mass velocity
values as supplied for the first pressure, Py- Note that each grouping begins with the series number

increased by one in the teng position. The series number for the last permissible group is 4991,

F. FPluid Properties

5001, p;, Hy, H,,..., H (3Sns6)

5002, Tl’ TZ""’ Tn

5003, Vl, Voseres Vn

5011, p,, Hy, Hy,..., Hy

5012, Ty, T,,..., Ty

5013, v v

Vl, 20002 ¥y

.
.

where p is the pressure value, H is the enthalpy., T is thc water temperature, and v is the specific
volume, All values must be in ascending order, with the exception that T _, = Tn\= Tgate "The last
two values of H are Hf and Hg’ respectively. Similarly, the last two values of v are Ve and ~Vg'

All successive groupings must contain the exact number of entries as supplied with the first pres-

sure, Each group begins with the series number increased in the tens position.

G. DNB Correlations: First Kind

6001, F. ., F F

11’ ~12°°*°*? " 1,10
6011, F,i Fooreurs FZ, 10
where
Fil = p, press'ure. _ . . psi
Fi., = Bl-‘ parameter : . Co mixed units



correlation exponent

Fiy = my, _

Fi4 =ry, correlation exponent B . "

Fi5 = TZ-’ correlation temperature Lo K3 i
F., = B,, parameter ‘ : mixed units
Fi? = m,, correlation exponent

Fi8 =7r,, correlation exponent

F.q = B, parameter ' ‘ mixed units
Filo = mg, correlation exponent

This series may be omitted if series 7001 is supplied,

H. NNB Correlations: Second Kind

- 7001, F“, F‘1_2"'," 1:-‘1‘)
7011, F21"F22""’ b‘_29
where
Fi; = p, pressure o . ’ ' psi E
Fi2 = B4, parameter : - L - © mixed units
Fi3 = my, correlation exponent -
F., = G|, correlation mass velocity 10%_ /it?-hr
Fi5 = g, correlation exponent
Fi6 = B5, parameter mixed units
Fi7 = m5, correlation exponent
Fi8 = L correlation couunslant
; 2
F;y = Ny, correlation constant ft —hr/lhm

This series may be onyitted if series 6001 is supplied,

I. Operating Instructions

1) ©On-line printer béérd: GLOUT?2

2) Tar.\e'T.,ngic . ' o - . Remarks
2 . Blank- for option 1; current ART.property tape for options 2 through 6,
3 ’ BCD input tape.’
4 ‘ Blank, Will be a duplicate of lugic 2 for options 1, 2, 3, 4, and .
5 ‘ BCD output tape. No rewind or end-of=-file instruction is given for this
tape.

3) Sense switches: Only switch 3 is used, 1If switch 3 is down, data should be supplied via the
on-line card reader. If 3 is up, input is via tape logic 3.

4) The program operates only from binary cards; UA CSB 1 should be used to load the program
deck of hinary cards. When the proper printer board, tapes, and switch éettings have been
provided, ready the card reader and push the CLEAR and LOAD CARD buttons to hegin.
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5) Stops: A stop at (7777) 8 indicates the end of the problem. A stop at (1111) 8 indicates that

operator intervention is requested.
below (110) g are in UA CSB 1. A (16602) 8 stop is in UA DBC 1 for out of range decimal
data. A (17063) 8 stop is in UA CSH 2 for illegal punch detection, ‘ '

The on-line printer specifies the exact request., Stops

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 are denoted by M = mass, L = length, 8 = time, T = temperature,

F = ML/GZ = force, and H = FL = MLZ/OZ = energy., All equations in the text are written in terms of

a consistent set of units; input and output will be in mixed units.

Symbol Description

a Used in footnote explaining
Eq (2.18)

aj Temperature coefficient
weighting factors

By; The DNB ratio at the j™*
axial level

Bm An interpass mixing factor

Bu The DNB ratio at which DNB
takes place

Bl to B5 Parameters in DNB calcula-
tions

b Used in footnote explaining
Eq (2.18)

Cl Constant in DNB correlation

Cp Specific heat of water

Dh The channel hydraulic
diameter )

Dl Constant in DNB correlation

DNB Term for departure from
nucleate boiling

F Symbol used with subscripts
to denote floating point num-
her when describing input

FH Heating contribution to sub-
cooled pressure drop

Fa Fraction of first-pass flow
through the aclive core

(FC):| Entrance effect and local

power correction for DNB
heat flux

Defining
Equation

(2. 46)
(2.27)

(1.13),(2.53),
(5.19), (5. 20)

(2.28),(2.29),
(5.12) - (5, 16)

(2.29), (5.15)
(5.1)

(2.12),(2.18)

(2.29), (5.15)

Sections III
and IV

(2.20), (5,11)
(1.13), (2.53),

(2.55),(5.18)

(2.27), (5.10)

Dimensions

Input Card

6031, 6041

11011
2x31°

5011, 5021

2 x 31

5021

11011

2x71
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. Description

(f/ fis o) ji

fiso) 1

fl to f6

(G/Gg) 4

Gc~/c)

50

Section j power factor

Mixing factor

Total hot-channel factor on

enthalpy rise for first-pass

hot channel

A friction factor used to
predict frictional resistance
to fluid flow

Function to fit subcooled
nonisothermal pressure -

drop
Isothermal friction factor

Subcooled pressure drop

correlation parameters

-Reference mass velocity,

which equals the first esti-
mate of Steady-state hot
channel mass velocity or
equals the steady-state
nominal channel mass

velocity
Mass velocity
Local mass velocity .

Mogg velacity coastdown
furiclion

Local correction factor on
mass velocity

Mass velocity in DNB
correlation

The component of the accel-
eration of gravity acting in

the negative z-direction
Enthalpy of saturated liquid
Enthalpy of saturated vapor
T'luid enthalpy

Reference film coefficient
evaluated at the mass

velocity G*

A film coefficient used in
local boiling pressure drop

calculations

Defining
Equation

(2.30), (2.37)

(5.19)
(5.19)

(2.12),(2.16)"

(2.17)
(2.19), (2, 20)

(2.18)

(2.19), (Z 20)
(5.11)

(2. 8)

(2. 4)
(2.26)

(2. 56) , (2,51)

(2.29), (5.15)

(2.13)

(2. 4)

(2.8),(5.8)

(5.9

. Dimensions

Mixed

M/L%0

mM/L%e
M/ L%

H/M

H/M

H/M
H/L%6T

H/L%6T

Input Card

-2 x 61

2 x 41

3011, 3021

2 x 31

9021

2 x 31

5021

1061



Symbol

(he) 5

(he/h)

pa

pf

(Ng)

w/ry,

" Deséription

Defining

Equation

Film coefficient

Film coefficient used in

pressure drop calculations

Factor for conversion to
pressure drop film

coefficient

Unrecoverable loss coeffi-

cients for entrance and exit

Parameter in Jens-Lottes
treatment of nucleate boiling

film coefficients

A plenum distribution factor -

on acceleration terms

A plenum distribution factor

on pressure loss terms

The interpass transport time

in steady state

Fluid thermal conductivity
Equivalent interpass length
Elapsed interpass length -
Prompt neutron lifetime
Channel half-thickness

Clad thickness

Meat half-thickness

Equivalent plate conduction

length

Active channel width

Number in stability equations
Exponents in DNB correlations

Neutron power coastdown

function
Reynolds' Number
Number of axial sections

Power coastdown function

Fluid pressure

The reactor operating

pressure

(2. 8)

(2.21), (2.22)
(5.9

(2.22), (5.9)

(2.12)

2.19), (5.7)

(2.24)

(2.24)

(2. 56)

(5. 8)
(2.56)
(2.57)

(2. 40}, (2. 43)
Fig. 2
Fig, 2
Fig, 2

~Fig. 2

Fig. 2
(5.5), (5. 6)
(2.28), (2. 29)

(2.38), (2. 43)

(2,18)

(2.37), (2.38)
(2. 49)

Dimensions

H/L%eT
H/L%6T

@

E ot e

2
F/L
F/L

2 x 31

2 x 31

1061

2 x 31

11011

6011
2x11
2x11
2x11

2x11

Input Card

5011, 5021

2 x 41
1041

8021

1061

51



Symbol .

(a/q™)

52

Description

Multiplier on reference

Total heat generation rate

in the jth axial section per . -

unit heat transfer area

Steady-state total heat
generation per unit heat

transfer area

Reference heat generation

per unit heat transfer area

Fraction of heat generated
directly in the water

Exponents in DNB

correlations

Power-to-flow scram
setting

Power scram setting

Local boiling surface

" temperature

Mean plate temperature

Bulk fluid temperature
Surface temperature
Saturation temperature

Temperaturc in subgcocled
pressuite drop currelation
Temperature in DNB
correlation

Time from start of
transient

Time at which power-to-:
flow scram setting is

reached

Time at which power scram

setting is reached
Time of scram

Over-all heat trausler

coefficient

Specific volume of saturated

liquid

Defining
Equation

(2.30), (2. 37)

(2.1),(2.37).

' (2.30)

(2.30),(2.37)"

(2. 1)

(2.28), (c. ey,
(5.12)-(5.16)

(2.47)

(2, 47)

(2.6),(2.9),
(5.7

(1.18),(1.19),
(2.1)

(2. 5)

(2.10)

(2.19)

(2.28),(5.14)

(2. 47)

(2. 47)

(2.47)

(2.5), (2.7)

. Dimensions

“H/L%6
H/LZG

H/L%e

H/L%0T

L’/m

Input Card

2 x 51

106i

2 x51
5011, 5021

7011

7011

4021

3011

5011

4031



_ Symbol

ji

(Ap)IS{C'
(ap, 1)y
(Bp o)y
(Apeﬁ) i
(apg) 4
at.

1
(at.),

(6K) ;

(6K

Désecription

Specific volume of satu- - - -

rated vapor

Fluid specific volume

Symbol used with sub-

scripts to denote fixed
point number when

describing input

Quality in the saturation

region

Coordinate position meas-
ured relative to the channel -
inlet and directed toward

the channel exit.

Steady-state decay heat

power fraction

Decay power coastdown.

function

Total effective delayed

neutron fraction

Etfective delayed neutron

fraction, Group d’
Total channel pressure drop

Steady-state hot channel

pressure drop

Transient 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 incrcment in the reactor

kinetics equation
Axial mesh increment
Total excess reactivity

Excess reactivity resulting

from rod motion

Defining
Equation

(2. 4)

Section III

(2.23)

Fig. 2

(2.38)
(2.38), (2.39)
(2. 40)

(2, 40) , (5. 17)

(2.11)

(2,35), (2.36)
(2.14)
(2.15)
(2.13)
(2.12)

(5. 1')'(5:6)
(2. 45)

Fig, 1
(2. 44)

(2.44),-(2. 48)

- Dimensions

L3/M

L3 /v

F/L
F/L

F/L
F/L

F/L
F/L

Input Card

4031

1101

53



Symbol
(6K, ;

6K

d(8K) /aTW

54

Description

Defining
Equation

Excess x;eactivity resulting
from temperature change

Excess I‘éactivity prior to

scram

Temperature coefficient of

reactivity

Convergence criterion on
steady-state hot-channel

pressure drop

Film drop used in pressure -

drop calculations based on
the film coefficient (hf) i

Actual film drop as used in

pressure drop calculations..

Conductivity of clad and
meat

Decay constant in the dth

delayed group

Mean viscosity

Clad heat capacity, volume

basis

Meat heat capacity, volume :

boacis

Arca ratios at chanhel
entrwive and rvit (plenum

area over channel area)

Power-to-flow ratio scram

delay time
Power scram delay time

DNB heat flux

Heat flux from pIate to water

Local heat flux

Function to fit saturation

region pressure drop

Local correction factor on
heat flux ;

Normalized concentration of

precursors of the dth delayed

neutron group

| (2. 44), (2. 46)

(Para, before -

2.47)

(2. 46)

(2.35)

{2.20), (5.9, .

(5.11)

(2.19), (2. 20),
(5.11)

(1.14), (1.15),
(2.6),(2.7)

(2. 42)

(2.18)

(2. 1)

(2. 47)

(2. 47)

(2.27), (2. 28),
(2.29)

(2.1)
(2.25)

(2.17)

(2.41), (2. 42)

i

Dimensions- Input-Card
-- 6011
1/T 6011

e
- 1061
T . --
- N
H/LOT 2 x 21
/9 6021
(M/Lg) 2 x 31
H/L3T 2 x 21
3 .
H/L>T 2x2lL -

-- 2 x 31

8 7011.

0 7011..
H/L e --
H/L0 --
H/J_,ZU -—

-- 3041

-- 2 x 51



Defining
Symbol Description Equation Dimensions Input Card

1'% Parameter in subcooled (5.11) -- -

pressure drop correlation

Superscripts: o
AC ! Averagc channel -- -- --
NC Nominal channel - . -
HC Hot channel -- -- --
(k) ' Denotes the Kt iteration (2.35), (2.43) -- R
for steady-state mass
velocities or the kth itera-
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 (2,53)-(2.58) -- --
mixing and transport calcu-
lations
E Conditions in exit plenum (1.10) -- --
I Conditions in inlet plenum (1.9),(1.11) -- --
i Denotes conditions at the -- ) -- --
beginning of time step i ‘ ’
(i.e., at
i-1
t=t = Y at,); if
o
i = 0, steady state is implied.
j Denotes conditions at the j** Fig. 1 -- -
axial level (i.e., at z = jaz);
it is also used for the section
between level j-1 and level j.
m Meat or average plate -- -- --
n - j=n refers to conditions just - -- -
inside the channel exit
0 i=0 refers to the conditions -- -- --

at the start of the transient, .
j=0 refers to conditions just

inside the channel inlet

55



APPENDIX II: INPUT AND OUTPUT FOR A SAMPLE PROBLEM

The following pages contain a listing of input cards from the sample problém of Section V, "
addition, the majorily of the IBM-704 output for this problem is given. o

Pages 1-5 of the output give a complete listing of input quantities as accepted by the machine,
including that information extracted from property tape. Page 6 gives steady-state re:sf:i"l{-t's ‘and pages
7, 10, and 13 give results for three different times during the transients. As is noted in the inp{it,
additional transient output was printed for times 0.2, 0.4, 0.8, .1.0, and 1.4 seconds. This paf‘tic—
ular problem stopped when point 6 in channel 6 reached a quality of 41% at time = 1,46 sec. Since
this quality is out of the range of the specified saturation region pressure drop data, the probiem,was

discontinued at that time. Further discussion of the output to this problem is given in Section V,
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XX AXXXKK SAMPLE PROELEM FOR WAPL-TM=-15¢&
1ullyeCZ2ylisrled

102156925151

103392915 0001 -

1041929292

15513515 90909 1swslalelslslsl

10619203005 ¢157e21932417525055642944

2119006485, 42189,04254213

2321505533425 3561
203191e593.353u8003a194401e200e55059109]leslerlerlese?
20613845 402515245E55.0162

2U51slen o240 .

20619082582+ 1e0L951e18slevdraTTr448
21115+U650,,0159.0439.U15

212150933.2538.1
2251901a53342098743418034205.60255080259109103092554925510149
2141938435 4025212.5E589.9175

215151e38900c491.167
21019143991e%951e631a9891083514389455
21715e7639eTt59e7149485487547554625

25311540085, ,0159.0429.013

2521509334281

223101 eD30sUsbiTlerelSbtrelbredse93luslaslesliylesre$
254133506y eii2819245E541582

25519 1les 402430

254151416916 1651063924825102354779445

2611500455015 404354315

26219Vs334298.1
2631)lc5,§.93297.a.lBuy-Zé,.éS51,m3$519l.slo,.925y.925,].5.9
26419384y 402823 245E5540175 )
2651514385.02%51.167
26519240652e8512e8193016432452,146651405

2671907554 75507085543255140255.7595,632

6011960793428 -5909-2.5E~0

502150002885 0012775201650 5.v21905400153%5,41181,,013272,.318
60225+ 0UlLECs LedL?

603y e UOGTy av0655 00675408657 5.00060y 0667
GU4lselsalseloalsalsel

F0ilslivseZsl3-1.8 . ,
FU2LlslaUuseBTUreT09+e09Use085,50527194526944885445454426

CYU22s #4C0 e 307903231 4290902703025004233542175.204,4132

QUZ229s182941725416434156
10011215.02 .
1002123005500,
110115484855405054515

ARTO2CARD
CARD

CARD

CARD
CARD
CAFD
- CARD
CARD
CARD
CARC
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
ZARD
CARD
ZARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
‘CARD
CARD
- CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

CARD

CARD

061
co2
003
004
005
006
0c7
ccs
369
01¢
011
012
013
014
015
016
017
018
01%
020
021
c22
023
024
025
026
027
028
029
030
031
032
033
Q34
035
036
037
038
039
040
041
042
343
044
045
046
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A« CONTROL LHNFORMATION
TIME INCREMENTS
PROELEM SIZE
DATA TAPE
INPU™ OPTIONS

OUTPUT OPFIONS -

OVERALL CINDITIONS

XXLXIX XX SAMPLE PROBLEM FOR WAPD-TM-156 "ART02 PAGE

4026 10 1.8C

6 SECTIONS 2 PASSIES) 1 HOT- CHANNEL(S) 1ST PASS 1 HOT CHANNZL(5) 2¥D PASS

FILE Z» SUB DELTA PLTAFE) SAT DELTA P(TAPE) FL PROP(TAPE) €0 COR(TAPE)

DELTA P KIND 2» BCR KIND 2, HEAT GEN TYPE 2 -
.werR~TEM945uAL« METAL -TEMP .SURF TEMP. CRIT TEMP HEAT FLUX BO 231;c$

NC YES “NO NO NO YES .
HC YES YES YES YES YES _ YES

Pe0=20I0 Q%.0=.1€00 KoCR= 7421 §=32417 EPS=4005 DELTA 23 64200 PBS= 40




65,

XXX XXXXX SAMPLE PROBLEM FOR WAPD-TM-156 ARTO2 PAGE

Be INDIVIDUAL CHANNEL CHARACTERISTICS

CHANNEL
DIMENSIONS
METAL PROPERTIES

FLOW CHARACTER

FRICTION FACTORS
HZIAT GEMERATION

Fed

CHANNEL
DIMENSIONS
METAL PROPEXTIES

FLOW CHARACTER

FRICTION FACTORS
HEAT GEMERATION

Fed

FCed

0

Lel=e048Y 1Le2-¢0180 Le3=40420 Le4=40180

RHOC«C= +00 RHOCeM=33420 LAMDAC= 8410

BeU=14500 G#=3.000 H¥*= 6486 DeH=41944 MUBAR=4260

KeC= 4500 KsE= 4500 SIGSQe0=14000 SIGSQaN=1e000 KePF=1.0C0 KePA=14000
HeFH=14000 GL/G= 4900

(NeF's FelSO) 3000C» 40241 250000 40162

Q/C*=14002 R=,024 : PHIL/PHI= ,000

" .820

¢820 14090 14180 14060 <790 4480
1

Le1220450 Le25e0150 Le3=60430 Le4=+0150

_RHOCsC= <00 RHOCsM=33.20 LAMDALC= 8410

BaUS1.500 G#23,000 H#= 6587 DeH=41800 MUBAR=s260

KeC= 0602 K.E= 4602 S1GSQ.0=1s000 SIGSQsN=1:000 KePF= 4925 KePA= 925
H.;/H:l.doo GL/G= 4900 ' . A

(NeRs FuISC)  300G0s-40252 2500004 0175

Q/Q%=1.380 R=.024 PHIL/PHI=1.167

14390
14390 14800 14980 14800 14380 850

0783
«783 ¢714 . 4800 «870 #750 . +625




09

CHANNEL
DIMENSIONS.
METAL PROPZIRTIES

FLOW CHARACTER

FRICTION FACTORS
HEAT SENERATIO

FelJ

CHAKNEL
DIMENSICMS
METAL PROPERTIES

FLCY CHARACTER

FRICTION FACTDS
HEAT GENERATIODN
Fod

FCed

XXX KXXXL- gAMPLE PROBLEM FOR WAPD~TM~156
5
Lel=e0485 Ls2=¢0186C Le3=40420 Le4=e0180
RHOCsC= 00 RHOCeM=33420 LAMDASC= 8410

BeU=14500 G#=44700 H®= 8170 DesH=e1944 MUBAR=4260

ARTO2 PAGE

KeC= o500 KoE= «500 5]6S5Q.0=14030 SIGSQeN=1.000 KePF=1.0C0 KsPA=14000

HeF/H=14000 GL/G= 4900
(NeRs FolSO) 30000y 40241 2500009 00l62
Q/Q*=1,000 .R=,C24 >A4IL/PHI= 2000 T

1.160
14160 - 14480 1.62C 14230 4770 0450

6 .

Lel=,C450 Lao2=,015C 'L.3=.0530 Ls4=40150

RHOCeC= 400 R40CsM=33420 LAMDASC= 8410

BaUs1.500 G#=4.000 H*= 8257 DeH=.1800 MUBAR=4260
KeCt: 4685 KoE= .aés S165040=10000 SI1GSGeN=1.000 KePF= 4925 KeFA=
HaF/H=14000 GL/G= #S00 '

(NeRs FelSO)  30COD: #0252 25C000s 40175

Q/0%=14380 k;ﬁozc PHIL/PHI=14167 ‘

24060
2406C 24810 2e1aC 26550 14660 14050

«750 .
#750 708 825 14026 759 0632

29253
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C. PRESSURE DROP CORRELATIONS
SUBCOOLED DELTA Py 2ND KIND
SATURATION DELTA P G  X=
60D
1,007
24002
54009
>e FLUID PROPERTIES
ENTHALPY 377.0
TEMPERATURE 40040
SPECIFIC VOLUME .01€44
E+ BURROUT CORRELATIONS

BURMOUT s 2ND XIND Bes
325

XXXXXXXX

SAMPLE PROBLEM FOR WAPD-TM-156

Fe3=400250 Foel=14050 Foe5= 0912 Feb= 4666

Fe HEAT GENERATION (REACTOR KINETICSs NO SCRAM)

REACTOR KINITICS 0702
BETA BAR 4000288
LAMDA «01277

1ST "PASS AeJ 40667

2ND PASS AeJd 100C ,1000 .100C .1000 ,1000 41000

G« FLOW COASTDOWN

FLOW TIME «+000
G/Gs0 140000

TIME «509
G/Ge0 «4002

TIME 14502
G/Ga0 «1823

+050
«8700

«600
«3570

14500
«1720

+100
7690

«700
¢3230

1.700
« 1640

0667

0150

#6900

«800
02940

14800

+1560-

«200
#6250

«90¢C
2700

«000 2020 «050 «100 +200
1410 1.71 245 3458 5459
1010 le45 1.86 2445 3e42
1.10 1.28 le49 1e76 2615
1,10 l.21 l.31 1s43 1458
47446 55247 63049 671e7 1135.1
48940 55440 61140 63548 635.8
«01992 402156 02385 02567 .18780
Me4 Gel Re5 Be5 Me5 Cel
24500 14600 24000 240 24500 14000
40090320 +000000 =-.000250

001680 4001536 +003272 4001080

«03190 «11810 +31800 1450700

00666 #0667 00666 0567

«250
«5710

1000
2500

«400
9402
495
2064
l.78

D.l
+100

«300
5260

1.100
2330

«350
«4880

14200
2170

«400
04540

14300
#2040

«450
24260

14400
¢1920

ARTO2

PAGE

4
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INLIT TEMPERATURES

SAMPLE PROBLEM FOR WAPD~TM-156

Ke0=4a000 BsMINC)I=e000 BeM{HC)=4515




€9

STEADY STATE FLOW

CHANNEL Ge¥
0 3.C00
1 34000
5 44000
[} 44000

FRANSIENT RESULTS START Oa NEXT PAGE

Ge0

34000
24631
44000
34408

XXXXXXXX

NR ITER
3

3

SAMPLE PROBLEM FOR WAPD=TM=156

DELTA PeS ITER PsS

T«679 Te679
74182 Te193
124554 1247

114690 1le.0v

ARTO2 PAGE

6
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TIME= 000 P/F= 14000 P=

CHANNEL 0 CG/G40=
WATER TEMF-QUAL

HEA™ FLUX

CHANNEL 1 6/G.0=
WATER TEM>-QUAL
METAL TEMP
SUSFACE TEMF

CRIT TEMF

HEAT FLUXL

CHANNEL 5 G/Ga0=
WATEF" TEMP~QUA_

HEAT FLUX

CHANNEL & G/Ge0=
WATER TEMP-QUAL
METAL TEL?P
SURFACE TENP

CFIT TERP

HEAT FLEX

1.0000

500,00
502491
0800
<0800

240000

500,00
508e36
560446
568,82
53157
539493
640456
640456

21872

¢1872

1.0000

516430
519439
«1132
e1132

1.0000

524465
534¢2¢
6054572
615409
5627
57228
641405
64105

02775

02775

XXX XXX L

1,000 P/F SET

G= 34000

506477
1064

5= 24631

519419
597448
560,07
640488

02424

G= 44000

523432
s 1448

G= 3.408

547431
657657
59917
64148

«3785

DELTA

510495
+1152
DELTa

531410
51T7e 22
576407
£41+,60
2667

DELTE

527453
¢ 1582
DELTA

560491
6344122
613.88
641.€3

04229

SAMPLE PROBLEM FOR WAPD~TM-~156

AT T=

P SET AT T= SCRAM SET AT TaTa3s

P= 64229 BOR=

514672

«1035

517452

«0771

P= 5,840 BOR=

541-93
620422
582481
640488

02424

550422
610e25
581457
640455

*1859

P= 104621 BOR=

530,90

#1200

P= 9,902

57128
671434
618¢34
64134

3635

532495
20752
BOR=

578403
543417
508467
640478

¢2236

AT J= BULK BOIL AT T=
519422
00468

4e721 AT J= z BULK BOIL AT T=

555417
592e14
574448
640401

¢1145

AT J= BULK BOIL AT T=

534415
00439

204891 AT J= 3 BULK BOIL AT T=

582430
623451
601468
640024

«1414

ARTO02 PAGE

BURNQUT AT T=

BURNOUT AT T=

BURNOQUT AT T=

BURNOUT AT T=

B



S9

TIME= 4600 P/F= 2.193 P=
CHANNEL O G/Go0= 3570
WATER TEMP-QUAL 500,00
505462
HEAT FLUX #0601
+0£85
CHAHNEL 1 G/G.0= 436E1
WATER TEMP=-QUAL 500,00
515457
METAL TEMP 574425
587451
SURFACE TEMP 552471
566454
CRIT TEMP 640,24
640620
HEAT FLUX 41396
#1352
CHANNEL 5 G/Ge0= 43570
WATER TEMP=QUAL 516420
. 522448
HEAT FLUX 40864
« 0846
CHANMEL 6 G/Go0= 43166
WATER TEMP—QUAL 524467
564423
METAL TEMP 624866
641,02
SURFACE TEMP 593,69
: 611,05
CRIT TEMP 640466
640462
HEAT FLUX 2001
«1942

XXXXXXXX

«783 P/F SET

G= 14071

512664
«0763
G= 4960

534441
625450.
595.07
640447
¢1713
G= le428

530000
+1062

G= 14079

570+ 14
687.86
641.17
641417

3025

DELTA

51972

«0810.

DELTA

553,70
651470
623427
640455
61842

DELTA

537480
e 1143

DELTA

596440
693.93
641434
641434

03408

SAMPLE PROBLEM FOR WAPD-TM~156

AT T=

P SET AT T=

P= 1,839 BOR=

525+ 44

0707

528488

«0592

P= 1,779 BOR=

567470
654499
629466
640442

01641

576454

640461

622402

640408

01204

P= 24477 BOR=

543404
«0838

545451

« 0489

P= 24368 BOR=

614490
683,77
641406
641406

e2768

623400

668418

. 640452

640452

¢1793

AT J=

529098
00276

5334 AT J=

579062
615450
605409
639451

«0675

AT J=

546014
«0251

24311 AT J=

623499
65577
639487
639487

#1030

SCRAM SET AT T=Te3a

BULK BOIL AT T=

3 BULK BOIL AT T=

BULK BOIL AT T=

3 BULK BOIt AT T=

ARTO2 PAGE

BURNOUT AT T=

BURRDUT AT T=

BURNOUT AT T=2

BURNOUT AT T=

10
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XXAXKEXX SAMPLE PROBLEM FOR WAPD-TM-156 ART02 PAGE 13
TIME= 14200 P/F= Ze941 P= «638 P/F SET AT T= P SET AT T= SCRAM SET AT T=T»3=

CHANNEL U G6/G.0= 42170 G= .651 DELTA 2= 14355 BOR= AT u= BULK BOIL AT 7= BURNOUT AT T=

WATER TEMP—QUAL 500.(0
507467 517429 527404 534,94 53971 541422

HEAT FLUY e 0494
«0482 « 0629 «C567 «0532 «0411 00222

CHANNE. 1 G/GeU= 42100 G= #4552 DELTA P= 15331 BOR= 4+988 AT J= 3 BULK BOIL AT T= BURNOUT AT T=

WATES TEMP-QUAL 500,00
521433 547404 574464 596460 5106429 610487

METAL TENP 582480
601445 648447 667427 66474 658474 646048

SURFACE TEMBP 565453
584977 627438 640,48 660437 640408 639+08

CRIT TERP 640400
639495 640421 640,48 640.37 660408 639421

HEAT FLJX +1116 ’

«1080 e 1367 «173€ 21579 01209 « 0480

CHANNZL 5 G/G.D= 4217C G= 8638 DELTE P= 1,598 BOR= AT J=  BULK BOIL AT Ts BURNOUT AT T=

WATZR TEMP-QUAL 516,30
. 524069 534,94 545464 55291 556416 557.04

HEAT FLUX 0708
20694 «0873 20941 «C690 ¢ 0407 #0210

CHANMEL € G/G.0= 41253 G= 4429 DELTA P= 14555 BOR= 24167 AT J= 3 BULK BOIL AT T= 4720 BURNOUT AT T=

WATER TEMP=QUAL 524459
560484 603,26 «0225 2329 01904 02121

METAL TZMP 652452
668¢16 678494 €B34E5 67530 662476 654402

SURFACE TzMP 629495
640451 - 660e3L 641405 64479 640428 639480

CRIT TEMP 640430
640451 640491 641405 64079 6406428 639480

HEAT FLUX 01263
+1791 02665 e 2754 2237 ¢1456 #0922




APPENDIX III: 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 first contains information needed for analyzing problems
below 1850 psia, The second contains data for 1850 psia and above, Since some of the data is 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 II.-

A. Subcooled Pressure Drop: First 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 T TS at - 76°F and requiring that 1 + f = the Martinelli-
Nelson value (Ref 17) of ¢LO at 4, 2% quallty. This latter technique is dlscussed in Ref 16, File 2

contains no subcooled pressure drop correlation of the first kind.

B, Subcooled Pressure Drop: Second Kind

File 1 contains no data for this kind of pressure drop correlation. File 2 contains the uvpper

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 lhie hotter channels are the only ones boiling, this alteration tends to be conserva-
tive) . File 2 contains the velocity-dependent 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 are the
2000 psia values of Ref 7 multiplied by the ratiec of Martinelli-Nelson values at the two pressures and

at corresponding qualities, This procedure is as recommended in Ref 8,

D. Fluid Properties

Identical inforination 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 T at VS Pressure were obtained
directly from tabulated values of Keenan and Keyes, The Ve Was obtamed from Fq (18), 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 - Ve from the compressed liquid table of Ref 18, p 74 and
by using the Ve obtained from Eq (18) on p 21 of Ref 18, 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 H, values nf the steam table tabulallon,

{
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 line were then
plotted ve tempceratuce for 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 adjustmenis were needed so that both

enthalpy and specific volume lines intersect at the same tempcerature.
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E. DNB Correlations: First Kind ' - B e

Both file 1 and file 2 contain the values of Bl‘ m,, and ry 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 B, through m

Bettis design equation for 2000 psia (Eq V-2, V-3 in Ref 5, p 39).

3 are as used in the former

¥. DNB Correlations: Second Kind

The quantities B4 and m, were obtained from Ref 5, Eq VI-13, and include pressure corrections

4
to the quantities obtained from that reference. G1 is set at 10.0 to prevent operation of the velocity-
dependent part of the DNB correlations. The rem‘aining values are therefore arbitrary, but have
been set at the 2000 psia values of Ref 5, Eq Vl-é. The high pressure correlations of file 2 have

been taken directly from the .design Egs VI-5 and VI-6 of Ref 5, p 47.
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ART PROPERTY TAPE JULY 24, 1958 FILES 1 AND 2.

10C1,1

25015,05E25343485391.01

2002,06E2+2.804541C.21

2003,07E25244205427,10

2004,08E2+242179442423

20C5,09E251.5677+455.98

2006510E251.6385468.61

2007511E2514+493+48C431

2008512E2+1,3199491.22

2009+13E251.1699501.46

2U10,14E251.07C»511,.,10

2011,15E2,0.981:520.23

2012+16E2+5.8805528.95¥

2013517E2+047905537.15

2C14518E2+04738+545.,00

20155184945 47199568481

4GT1y100, 9\.;’.05!-2!.'0’-8,10

600291451 ¢391842566495516443527443919E845
401152504305e0524254434851

401251491035 10014528.58+6503115.7985467

40213562909 eU55e29483e691
4022910914395024920,02536427962.49064.2
4031,75005C24055425404548510

403251631439 %.68513.76524.82942.77529.12

43‘41115310, ©35%4214b434891
436291491439348910434518.33,531.20+21.C6
455151250090040554250%4568s1
4052510951e353.25,8.56513.78,22.75515. 12
4061,15E25C9:05942946909s1

406251491 6392.8556037514.0491649512.61
407151750430-00554254694951
407251e9163524595.06510.53912.61,10.21
4081518469¢30:40554254614901.
40825140191e352439544731945931145759.4
50015,1E£251584155200.38+243.02527C+68+298.40,1187.2
5002920009232,22754536G145327,815327.81
5C03,.0166257,.0168532,4,017299940174538,5.0177375+44432
501151504 916842952124635259.4553014775330.5151194,1
5U12520U¢9244432904333149358.42+358.42
5013,.0166237,.01634415,0173443,,0177658,+.0180898,3,015
5021+2E25269eT799250Ve46493114269332.2645355.36+119844
5U2233E2532045364U45936U49381.795381.79
502340017439940175443,5.,01786645,01810555.0183871,2.288
5U31525049269086952924519321.78+353.515376.51201.1
5U32,3E25320493504538045400495,400.95

5033540174329 e017637654017G76554U18357+60186517+1,3438
5U4153E2+2594765302,U25332439,53654355363.64,1202.8
504293E29331e:360.9391,5417.33,417.33

5063,40174295 017750154 2180915,.0185(065401889479145433
5051935009270.(252954559343.05,382.88,4U9.69,51203,9
505253E21326e05370.054104056314725431.72
£0593,5.01742594,.06175540,.0182133,,0187729,.191222,1.3260
5061,4E252TU6195319.9552664389394.66506244U5120445
50£253E25248.05390.09418¢0:44445%5464,59
50635eU1742195401793855451846753540188879140619337951.1613

ARTOG1 ID CARD
OP CARD
FILE1001
FILE1002
FILE1OC3
FILE1004
FILE100%
FILE100¢&
FILE1QO7?
FILE1008
FILE1009
FILE1OLlO
FILE1011
FILE1D12"
FILEL013
FILE1014
FILE1015
FILE101l6
FILE1017
FILE1018
FILE1O19
FILE1020
FILE1O21.
FILE1022
FILE1023
FILE1024
FILE>025
FILE1026
FILE1027
FILEl028
FILE1029
FILE1030
FILE1031
FILE1O32
"FILELI033
FILE1034
FILEL035
FILE1036
FILE1037
FILEL038
FILE1039
FILEL040
-FILE1041
FILE1042
FILE1043
FILE1Q44
FILE1045
FILE1046
FILE1047
FILE1048
FILE1049
FILE1OS0
FILE1051
FILE1052
FILE1053
FILE1054
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5071+45043270429+319.0293654555396,865437.25120446
5072y3E25367.05391.05420,0,456428,456,28
50735.01741795,017921554013483235,0189115+45195450,1.9320
5081»5E29270e399319415366449:4U07.855449.,4491204,4
50B8253E29367¢05392405430.09657.C19467.01
538350017414054017917554018491554C19C6625.01974529.9278
5091»6E29270e57932344%5383.99,43244654714651203,.2
5092s3E29251e03408405652,0-,386.215486,21

5093, .0174064,.0179552,,0187115,40194359,.0231306,.7698
5101 TEZ9270a759323.59,388.63,450.66+491.551201.2
5102,3E25251eCr412.0+468403503,109503,10
51035401739995.01794625.01376U1+.01972425402050264+04€6554
5111,8E29375.59:4104335457455487.8+509.751198.6
5112+452+422.49474405590.85518.23,518,23
5113,.0185731,40190645,,0198353,,0204043,.,0206665,0.5687
512195E29375¢71140842594544194924595264691195.4
512294E2543043,471495504.05531.98,531,98
5122,+01855219.0190197,5,0127578,,0204879,.0212266,0.5C36
513191E39375.83254284054774155274195424441191.6
5132,4E29448¢054914U553300954446195464,61
51335001855119401931279402016179402222119.021586150,%456
51415105009375.87+4274058774155254155504091189.9
5142,4E2,46474094314095314395204579550.57 B
5143,40185461540192883,,0201537540211620+40217665,0.%4218
5151511E29372492+427e61947842U9526.4955T44911E7.8
5152+4E2144E405492405532.,095564319556,31
515344C1854215401930075.02016695,02116625.0219475,0.40C1
51615 12E29375.075449.55499.69547485571,751183.4
516254E294674U095104055494095674225567.22
51635,.0185311+.0196340,40205592,40216573,.0223131,0.3619
5171913E25376¢17543049945741555C0424585.45117846
5172s4E2+451,09508401551429577469577446
517345401852006,540193241940G204883,.0216693,40226853,.3293
5181514E25375¢329430499501e8+57643559847,1173.4
518254E29451e015124095714U2587,105587,19
5183540185151540193051540205613,.0223200,5.0230658,0.3012
5191»13E253764629431495497.01555¢3961146+1167.9
5192,422+4524U9508403555,095964239596.23
51935e0184961940193059,.40204435,54021739¢9.0234573,6.2765
5201916E292764525451e695214155784796244151162.1
520294E25465409528405573401606455604.9
52035¢01848615401956959.0209263+47223633,,.02335620,0.2548
5211517E29276462545Z2409522429532459636435115549
521254E2+47040352G409576429612.155613,15

52155 e018476194019598854029631005,s02245049.0242820,0.2354
5221518E2+575e74547143539545e79605.5+668.351149.4
522294E25486405548,09592,L5521.039621,03

52235 401846321140198552540214649854U231130U».024720750.2179
5231519E21276.875451455525475655.1+660415114244
523254E2,469.535324C5595.53628.58,628,52

52335 401845315.0195435%5402095925402305205402518168,142021
5241920E2937849794744639552e79530,556714751135.1
526254€29639e095544096124J9635.825635452
5243,.01846421,5.C0195218,,021563E54,023850%,.0256689,0.,1878
5251921E25377eUT9471e3955141563043,683.35122744

52525 4E254B60v95530u3611evs642.T79642.77

FILE1055
FILE10S6
FILE1057
FILE1058
FILE1059
FILE1060
FILELO61
FILE1062
FILE1063
FILEIO64
FILE1065
FILE1066
FILEL1067
FILE1068
FILEL069
FILZI1070
FILZ1071
FILZ1072
FILE1073
FILELO74
FILE1075
FILE1076
FILE1077
FILE1078
FILEL079
FILE1080
FILE1081
FILE1082
FILE1083
FILE1084
FILEL085
FILE1086
FILE¥L087T
FILEloee
FI_E108S
FI_E109¢C
FILE109]
FILE109Z
FILE1093
FILE109a
FLILE1095
FILE109%
FELE10G7
FILE1093
FILE10G3
FILE110D
FILEL101
FILELLIOR
FiLE1102
FILELL104
FILEL1GCS
FILE11CH
FILE11C7
FILE11G8
FILE1109
FILEL11l:i0
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-

5253500156251y 0v1G80125,U2148T7T254022793%,.0261864,0.1746
52619226293 7246756T714535514036524796944851119.2
5262:8E254B5:05553409513.0U1669.46+64G,60

5263501562115 401582599402146205402282G554U257411s0.1625
527192322927 7e375471659551e056306.58,7C6.551110.4
5272+4E22485e09553405515.09655.519655,91
527354C184031940195:042940214802,40239161,40273409,6.1513
5281524E29377447+492e75574495652449718Ba45110141

52825 4E29504409572409533409662.129662.412
52839.01339315402015E454021961154C0248834,540278942,041407
529152562937 7¢675451e93575e79666485730469105141
5292+4E29502405573,u1r635.016068413+668.13
52935.018308815402013865.02195465540259562,5.U023717850.1307
6UCLIUDEZs o 817542254106U0544T74015460C34850724353.
GU11sV6E25475594225418265456.213e555485:0734353,

6021 3UTE29e71594225420.5354834103406C9+85¢754353,
£U21,08E294680542254228054584230450548147354353,
EC4L1300E254€650 1422542505551 149394609.85.T354353,

60519 10EZ22462650225427225524461546094854754353,
6L61511E2906001942254296055936431946054854754353,
5071+12525058U54225431869567.2234655e830794393,
6UB1,132E29456050225¢34135557,4654605482479.353,
BUGL118E25¢54094225e364Ur587 4101468948047 54393,

61019 15E294522540225.385655576.225.6i 548547354353,
611131082948 25102294409395844925,6U0948347394393,
6121517E29443894225643202593413546 54834754353,
613191BE294472542254454696U140U246034854754353,
6141519E29445894225e4773:56U84585460U34854754353,
6151520629 4543550229e5vU016154829.6%9083547350353,
T70C15500e35¢32592e551U02269024352e51109,1
7C11+8C0.5432552.55100920302452455103,1
702191E39e3575924551009209424124551001
7C31512E2543%052455100920302492e59) 0001

704151600, 7592¢591V09201024352e5510a941
705151849454237U52e591009209¢245245510001

3C015185045400255140551.003,.666
3002,2000454L0255140550491254656
40C151850e505eC290U5941942044

40025065101 3L080924621440156425510.€4

400351491019 Le5251.995247453.8355.64

40045209101 91e345145952.9792.4153.12
60059509101516279514405146091.7752.15
401152C0069094U254U5541942504
TH0125e€51015147152445534589545559.02

401391090019 1a4592466924459344254495

403432491 e151028514499147652.1592.66

4015559910151 02191e31510435145391.78

5001, 1E25168e85520Ue389243402+12T0a685298440G2118742
500292004523 24352754930145327.81,327.81
5CU3,eU166257+.0168522,.0172U954017453854317737554,432
5U11915C435168.2952124639259.44553014775330,51511%4.1
5012+20049244.929043331493584425258.42
50.3,00166237:4U1€6%441,54017324643,,01776535.918389853.315
S02192E2+269¢79929C044931142469332.245355.3691198.4
. 5022936253204 :34049360,+381.795381.79

FILEIL11
FILELL12
FILE1113
FILELll4
FILE1115
FILEI116
FILE1117
FILE1116
FILE1119
FILEL12C
FILEL12]
FILEL122
FILE1123
FILEL124
FILE1125
FILE1126
FILE1127
FILE1128
FILE1129
FILE1130¢
FILE1131
FILE1132
FILE1133
FILEL134
FILE1135
FILEL136
FILE1137
FILE1138
FILE1139
FILE1140
FILE1141
FILE1142
FILE1143
FILE11l44
FILE1145
FILE1146
FILE2001
FILE2002
FILE2003
FILE2004
FILE2005
FILE2006
FILE2007
FILE2008
TILE2009
FILE2010
FILE2011
FILE2012
FILE2013
FILE2014
FILE2015
FILE2016
FILE2017
FILE2018
FILE2019
FILE2020
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50239¢C0173395sC1766435.317865645.0181C555.0183871,+2,238
503152504926948552054519321.78+3253,515276491201.1
503293E2532009350e93BuertuiaF594U0495
5033,401765295+01763765e0179769540183575.018651791.5438
5C4193E2926949993U24029332439+365¢354397.64+1202.8
50642+3E29331¢9360e3391¢94174239417.33

5063540174295 ¢0177501500180915940185006+431889479145433
5051535Us12704C0992956495193643,059385,68,409469,1203.9
5U5293E293264095370,0»420.05431.725631472
S505%,e01762559¢U1T6940U16018213350U18772994U1912224143263
506194E252700193319495136443853%446069424%4091206465 -
S06Z235E2524B8eUr290.4002418euslb445G90444,59
50635¢0174219>e0179385:,0186755,.,v188879+,0193379,1.1613
SUT13450469270e299319¢v219365,55+396486143742512C4.5
SUT2+3E2»3474us3914094204Us45642819456423
5373,-0174179,.0179216-.0154828;.G189115,.U;95450y1.0320
5308195E29270e3943194133664699407485:649.4+1204,4
5062,3E29367.053924U 4304 3067e0196467401
508350017414UsaU)T791759401849159.0190662940197452549278
5091,6E24270.57323.430383439+432:465471.651203.2
509293E2535140s4084094524C,4864219486.21

5093, 001740675401795515.018711554C1943259,.02013U6,.7698
51015 7TE29270e7593234592386642,450466,6914551201.2
810253E2535140541240+458,U5503.10+503,10

5103501739993 401794625«01876015401972025.020502655.6554
511198E2+375e599410032945705+48T7e59505.75119846

5112+8E254324054T440»500.405513.235518.23

$113+00185731940190644%9.01983035,0204063,5,0208665,50L.5657
£121y9E29375.71940842594544119492.55526.651195.4
5122+14EZ29430e014T1.usS04,4L953149819531,38
51235¢018562194C1901975401575785.02243795,021226655.5006
5131,1E39375.853942840167741+527415542,451191.8
5132,4E25446409491,05%233.035444615544,061

5133940185511 40193127540200161275402122115.02158€1,C44456
514141050¢23754875427.09477,1552541555%.051189,9
5142,4E25 44740 9491.0953140:550457+5550,57°

5183 0018546154019286835.02015375.021:16203543217665,0,4218
51515 11E25375.529427e019478.20952644+557445118748
515214E2+646409432.70933240155603119556,31 .
51535401856215+C1933U75.020156695.02116625.02196475,0.4001
5151912E292375.C75445435456.65547485571.79118344
5152,4E2946Tav 5100034945955 7422+567422
51635e0G16853119eG106340540205552540216573540223121,843519
5171913E29376017943Ue9457413550e255535445117845
5172+4E254514Ls5U8,UsB5140s5T7e464577.46

5173501852069 401323261540204885,,0216£658540226653,0.3293
5161514E2537£4325430495501485576459596.79117344 ’
5132,4E25651409512.0957140935374105587410

5163500185101 94U153U515402J5618540223200402306585C43212
5191+15E293764425431a9949740+555.356L14051167.9
5192,402+4524055U34025554095964239596.23 .

51959 e01845619eU15205Y5 4020443294021 759094023465735042765
5201916E252754525451465521e195754756204415116241
522s8E254E54095284U15T3400960U6GeT5604.9

52035 eV 104561920 1559755.02092635.2223535,,023862050.2548
5211917E2,575.029452.09522029582455€6354351155.9

FILE2021
FILE2022
FILE2023
FILE2024
FILE2025
FILE2026
FILE2027
FILE2028
FILE2029
FILE2030
FILE2031
FILE2032
FILE2033
FilLE2034
FILE2035
FILE2036
FILE2037
FILE2038
FILE2039
FILE206D
FILE2041
FILE2042.
FILE2043
FILE2C4&
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ART PRCPERTY TAPE

JULY 24y 1958

SUBCOOLED PRESSURE DROP FIRST KIND

OO @I D & W N

3

500
600
700
800
900
1000
1100
1200
1300
1400

150C
160G
1700
1800
1849

Fl

3e348
2804
24420
24117
1.877
1.638
1,492
1.319
1,169
14070

«981
«880

792

«738
«719

T1

391.0
41042
42741
43242
45640
45346
48J43
49142
50145
S1lel

£2Ce2
52849
$3741
545.,0
548.8

FELES 1 AND 2.

ARTO1

FILE

1

PAGE

1




ART PROPERTY TAPE JULY 24, 1958 FILES 1 AND 2. ARTO1 FILE 1 PAGE 3

SATURATION REGIDN PRESSURE DROP

P
1 100 G X= 4000 X= 4050 X= 4200 X= 400 X= «BOG X= L.000
1.000 130 18.20 66.95 144430 274430 198490
2 250 G X= 4000 X= 4050 X= 4200 X= o400 X= .800 X= 1.000
1.000 1430 1014 34458 65400 115470 85467
3 500 G = ,000 X=  ,050 X= 4200 X= 4400 X= 4800 X= 1.000
1.000 1.30 6424 20,02 | 36427 62440 44420
4 750 G X= L0070 X= 4050 X= 4200 X= 4400 X= 800 X= 1.000
1,000 130 4468 13,78 24483 42477 29012
5 1Co00 G X=. 000 X= .250 X= .,200 X= L400 X= 4800 X= 14000
1.000 1.30 3.80 10434 18433 31420 21406
) 1250 G X=  L.000 X= L0530 X= L2000 X= 4400 X= 480G X= 14000
1.000 1430 3425 8.06 13.78 22475 le¢l2
7 1530 G X= 2000 X= 4050 X= 4200 X= 600 X= 4900 X= 1.000
1,000 1430 2486 6437 14404 16490 261
| 1750 G X= 000 X= +C50 X= 4200 X= +600 X= 4900 X= 1.000
1.000 1.30 2,50 5.08 10453 12.61 10.21

o

1849 G X= 4000 X= 4050 X= 4200 X= 4600 X= 4900 X= 1,000
1.000 1430 2439 4473 9459 11457 Se40

sl
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ART PROPERT™ TAPE

FLUID PROPERTIES

10

11

12

13

14

p

100

200
250
300
35C
400
. 452
500
60
70

8lo

1030

ENTHALPY

TEMP

SP voL
ENTHALPY
TEMF

SP voL

EHNTHALPY

TEMP

SP voL

ENTHALFY
TEN?
SP VOL

ENTHALPY
TEMP
sP yeL

ENTHALFY
TENP
SP VoL

ENTHALPY

TEHP
SP voL

TINTHALRY

TEMP

SP VOL.

ENTHALPY
TEMP,
SP wOL

ENTHALPY
TEMP
SP VYOL

.ENTHALPY

TIMP
SP voL

ENTHALPY

TEMP
SP VoL

ENTHALPY
TEMP
SP VOL

ENTHALPY
TEMP

sP VoL

"JULY 24

168.1
20040
001663

16843
200,90
001662

26943
300.0
001744

2699
30040
21743

270.0
300.0
«01743

270, 1
3C0.,0
«01743

27042
300.0
001742

'27C43
33C.0

- 901742

27044
30040
01741

27246

300.0
«01741

270.8
300,0
201740

37546
40040
+01857

37547
40040
«01856

375.8
400.0
«01855

1958

20044
23240
«01685

21246
244,.C
«01594

290.¢
32040
«D1764

2904
320.2
«0176%

302.2
331.0
«01775

29643
32642
«017€3

319.9
348...0
«017%4

319.0
34749
01722

319.1
34740
«01792

32Ze4
35140
«01796

323.6
35L.0
«0139%

41343
43240
« 01905

40343
423.0
«015C2

428.C
46484 C
+0193]

FILES

24340
27540
201721

2594
290.0
021734

311.2
34040
«01787

FaYNRT]
]

34340
270.0
»1821

36444

39040,

«01848

36545
39140
«J1848

36647
3924C
+ 01849

38440
40840
«01871

388e%
41242
201878

45745
47440
«01983

45441
471.0

«01976

47761
491.,0
«92016

AHD 2.

27047
30149
01745

301.8
33140
«01777

33242
36040
»01811

35345
38240
«018136

36543
39140
«01850

38549
41040
01877

394,7
41840
+01389

39649
42040
401391

4078
43040
«C1907

63245
45240
«01944

45047
46840
«91972

487.8
59040
+02040

49245

- 50440

$02049

£2741
5833.0

.+02122

29844
32748
«01774

33045
35844
«01809

35544
38148
«01839

37640
4C0e9
«01865

393.8
41743
«01889

40947
4317
201912

42440
444,46
«01934

43742
45643
201954

44944
46740
«01975

47146
48542
202013

49245
50341
«02050

50367
51842
«02087

52646
53240
002123

54244
56446
«02159

ARTO1

1187.2
327.8
4443200

116441
35844
3.01500

119844
381.8

2423800

1231.1
4009
1.84280

1202.8
41743
1.54330

1203.9
4317
1.32600

120445
4446
1.16130

120446
45€43
1.03200

120444
4674C
«92780

120342
48642
.76989

120142
5031
265540

119846

51842
#55870

119544
53240
50060

119148
564,6
044560

FILE

1

PAGE

4
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ART SROPERTY TAPE

15

16

17

18

19

20

21

22

25

25

27

28

29

1050

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2290

23C0

2400

ENTHALPY
TEMP
SP voL

ENTHALPY
TEMP
SP vOoL

ENTHALPY
TEMP
SP voL

ENTHALPY
TEMP
SP vOoL

ENTHALPY
TEMP
SP voL

ENTHALPY
TEMP
$P voL

ENTHALPY
TEMP
SP VOL

ENTHALPY
TEMP
SP VOL

ENTHALPY
TEMP
SP vOL

ENTHALPY
TEMP
SP voL

ENTHALPY
TEMP
52 vou

ENTHALPY
TEMP
SP VoL

ENTHALPY
TEMP
SP voL

ENTHALPY
TEMP
SP VoL

ENTHALPY
TEMP
SP voL

JULY 24

37546
400,0
01855

37549
400,0
+01854

375.1
400,0
01853

37662
400,0
«01852

3763
400.0
«01851

37644
00,0
«£1850

37645
400.0
201849

37646
420.0
«01848

37647
400.0
+01846

37649
70040
«01845

37740
400,0
+01344

377.1
400.0
«01843

37247
40C,0
«01842

37764
40040
«01841

37745
400,0
«01840

1958

42740
447.0
£ 01929

42745
44842
«01930

469,5
467.0
001963

43045
451.0
+01932

43049
45140
#01931

431.9
45240
«01931

45146
46940
+ 01960

45246
47040
201960

47143
48640

01950

45145
469.0
+01954

47446
48940
201992

47143
48640
«01984

47145
46640
«01983

47165
48640
«21980

49247
50440
«02016

FILES 1

5771
49140
«02015

47842
492.0
202017

49946
51040
«02056

49741
50840
«02049

501.8
51240
«02056

© 49740
50840
«02044

521.1
52840
« 02093

522.2
529.0
«02093

54547
54840
«02145

5257
53240
« 02096

55247
55440
02156

551.1
55340
«02148

55140
5530
«02144

55140
55340
»02140

57449
57240
«02196

AND 2.

52541
53140
02116

52644
532.0
«02117

547,.8
54940
«02166

55042
55140
«02167

57643
5710
02232

55543
55540
02174

57847
57340
02236

58245
57640
02245

60545
59340
«02311

60541
593.0
02305

63049
51140
«02385

63043
611.0
«02379

63247
613,0
02383

63645

61640 .

002392

66244
63340
02488

55040
55Ca5
02177

557 ets
55643
202195

57127
5672
«02231

585:4
5775
«02269

598.7
58741
«02307

611e8
59642
02346

62441
60445
02386

63643
61341
+02428

54843
62140
02472

66001
62846

002518

67147
63548
002567

683,3
64248
02619

69448
64945
«02674

70665
65549

- 02734

71844
66241
402799

ARTO1

1189.9
55046
+4218C

1187.8
55643
+40010

118344
567.2
+36190

117846
57745
32930

117344
587.1
«30120

116749
59642
«27650

116241
€04.49
25480

115549
&13.1
+«23540

114944
6210
«21790

112244
62846
26210

113561
63548
»18780

112744
64248
017460

11192
64245
«156250

111064
65549
¢15130

1101.1
662»1
«14070

FILE

PAGE

5
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ART PROPERTY TAPE

30 2500
TEMF
SP VoL

ENTHALFY '

JULY Z4»

377.7
40040
+01839

1958

49149
50440
«C2014

FILES 1 AND 2.

5757
573.0
«02195

664e3
63542
«02495

73046
56841
02872

ARTO1

1091.1
66841
«13070

FILE

1

PAGE

6
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ART PROPERTY TAPE

JULY 24,

BURNOUT CORRELATIONS FIRST KIND

V@~ W

11
12
13
14
15
16

[3

500
600
700
800
900
1000
1100
1200
1300
1400

1500
1600
1700
1800
1900
2000

B1

«817
+755
715
«680
«650
0626
«600
«580
+560
«540

e522
505
«483
«472
«45L
0445

M1

0220
0220
2220
«220
«220
220
«220
0220
«220
+220

$220
0220
220
$220
$220
220

1958

R1

«169
183
0205
228
+251
«273
+296
319
«341
364

+387
«409
432
* 455
«477
«500

FILES 1

T2

44740
46642
48341
49842
51240
52446
5363
5672
55745
56741

57642
5849
593.1
6010
60846
61548

AND 2.4

B2

«60C
«603
« 600
«600
«600
600
«600
«600
«600
«600

«600
+600
600
«600
«600
0600

142

+800
«800
«800
«800
+800
+800
«300
«800
+800
«800

«800
+800
+800
+800
+800
+800

ARTO1

R2

«700
«700
+700
«700
«700
« 700
+«700
«700
700
«700

«700
«700
«700
«700
«700
«700

B3

«302
«300
«300
«300
«300
«300
«300
«30C
+«300
+300

»300
+300
«300
«300
«300
+300

FILE

M3

34000
3.,02C
34000
3.000
34000
3.000
2000
3.000
3.000
3.000

34000
3.000
3,000
3.000
34000
34000

1

PAGE

7
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ART PROPERTY TAPE

JULY 24y 1958

BURNOUT CORRELATIONS SECOND KIND

[

500
800
1000
1200
1600
1849

VP WN -

B4

«325
«325
«357
«390
«357
337

M4

24500
24500
20500
24500
2450C
24500

Gl

10,000
104C00
10000
104000
104000
104000

FILES 1

FS

2,000
24000
240C0
24930
20 IGO0
24000

AND 2.

35

«240
+240
«240
«240
0240
240

M5

24500
24500
24500
24500
24500
24500

ARTOL

Cl

1,000
1.000
1.0C0
1.000
14000
14000

D1

«100
«100
100
«100
«100
«100

FILE

1

PAGE

8
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ART SROPERTY TAPE JULY 24, 1958

SUBCOOLED PRESSURE OROP SECOND KIND

P F3 Fu F5
1 1850 +00250 1.050 14003
2 2000 .00250 1.050 0912

FILES 1 AND 2.

Fé

«666
«666

ARTO1

FILE

2

PAGE

19




28

ART PROPERTY TAPE

JULY 24

SATURATION REGION PRISSURE DROP

p

1 1850 6
'600
1.€00
24C00
54000

2 200¢: G
«500
1.200
24200
5.000

«000
1e10

1410.

1410
1410

«000
1410
1410
1410
1410

1958

1

FILES 1 AND 2.

«050
Zeb2
le99
259
1440

2050
2445
1.86
Ls49

" 1.3

X

100
4e01
2674
1.97
1460

«1G0
3.58
2445
1.76
1,43

X

X

«200
6422
3.83
2441
177

«2C0

5459

382
2.5

1.58

ARTO1

%=,

X

+400
‘10464
584
3612
2.10

o400
9402
4495
2464
1.78

FILE

2

" PAGE

11

N
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ART PROPERTY TAPE JULY 2645 1958

BURNOUT CORRELATIONS SECOND KIND

P B4 Ma Gl
1 1850 325 24500 1.600
2 2000 #325 2450C 1.600

FILES 1 AND 2.

RS

24009
24000

85 ©oM5
0240 24500
240 24500

ARTO1

Cl

1.000
1000

FILE 2 DAGE

D1

«100
100

16
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