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ABSTRACT

The SCORE-EVET code was developed to study multidimensional tran-
sient fluid flow in nuclear reactor fuel rod arrays. The conservation
equations used were derived by volume averaging the transient compress-
ible three-dimensional local continuum equations in Cartesian coordinates.
No assumptions associated with subchannel flow have been incorporated
into the derivation of the conservation equations. In addition to the
three-dimensional f]uid'f1owyequations, the'SCORE-EVET code contains:
(a) a one-dimensional steady state solution scheme to initialize the
flow field, (b) steady state and transient fuel rod conduction models,
and (c) comprehensive correlation packages to describe fluid-to-fuel rod
interfacial énergy and momentum exchange. Velocity and pressure bound-
ary conditions can be specified as a function of time and space to model
reactor transient conditions such as a hypothesized loss-nf-conlant
accident (LOCA) or flow blockage.
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NOMENCLATURE

Cross-sectional area

Wetted surface area per unit cell volume
Heated surface area per unit cell volume
Constant for friction factor

Constant for friction factor

Constant for friction factor

Convergence criteria weighting_factor‘
Critical heat flux

Speed of sound at constant specific internal energy
Specific heat at constant pressure
Specific heat of fuel

Diameter

" Diameter, heated equivalent (4 x flow area/heated perimeter)

Diameter, wetted equivalent (4 x flow area/wetted perimeter)
Diameter, fuel rod '

Time step .

Turbulent energy trdnsport

Drag force

Drag force in 1th direction

Friction factor

Mass f]uk

Grashof number }
Gravitationa]_acte]eration (32.1740486 ft/secz,
9.8066500 m/s®)

Gravitational constaht -

th direction

Body force in i
Enthalpy
Saturated liquid enthalpy
Heat of vaporization

Heat transfer coefficient

Specific internal energy
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Velocity slip ratio

" Constant for Lombardi-Pedrocchi friction factor correlation

Thermal cpnductivity

Thermal fuel conductivity

Turbulent or eddy thermal diffusivity

Length

Momentum interchange

Mass

Mass flow rate

Minimum

Pressure

Heated perimeter

Critical pressure

Wetted perimeter

Prandt]l number

Heat transfer rate

Rate of solid/fluid heat supply .per unit cell volume
Heat flux “
Volumetric energy generation rate
Radial dimension for fuel rod noding
Reynolds number

Radial distance

Stephan-Boltzman -constant (1.714 x 10~
Excess mass or mass error '

9 2

‘Btu/hr-ft“-°R)
Fuel rod center-center sspacing

Time '

Temperature

Solid surface -temperature

Bulk coulanl Lemperdturc

Axial velocity, x-diréction

Volume '

Volume of fluid in V

Velocity component in the ith

direction
Transverse velocity, y-direction

Transverse velocity, z-direction

-
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Form loss factor

Martinelli-Lockhart parameter

Axial direction x

Transverse direction y

Transverse direction z

Void fraction

Coefficient of thermal expansion
Weighting factor increment in iteration scheme
Time increment

Spatial increment in the 1thdirection
Channel porosity, fluid volume per unit cell volume
Mixture viscosity

Viscosity of liquid or vapor

Surface roughness

Density

Surface_tension

Two-phase friction multiplier

Quality '

Equilibrium quality

Flow qua]ity

Iteration weighting factor
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Subscripts and Marks

Atmospheric

Bulk

Barnett correlation

Critical heat flux

Cold wall

Cladding .

Coolant

Downstream

Equilibrium

Fuel -
Channel cross section, or surface film conditions
Flow

Vapor

Fuel to cladding gap

heated equivalent

Direction

- inlet

Inside cladding
Cell index labels

‘Internal energy

Laminar

~ “Maximum
Liquid
‘Liquid reference
Outside.cladding
“Radial distance
Fuel rod surface

Steady state
Saturated conditions
Turbulent
Upstream

Wall conditions
With respect to x-direction
With:respect to y-direction
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With respect to z-direction
Fluid average

Fluctuating component

Most recent iteration
Multiplication
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SCORE-EVET: A COMPUTER CODE FOR THE
MULTIDIMENSIONAL TRANSIENT THERMAL-
HYDRAULIC ANALYSIS OF NUCLEAR REACTOR
FUEL ROD ARRAYS

I. INTRODUCTION

This document presents a description of the SCORE-EVET code nu-
merics and organization, constitutive relationships, and user input
requirements. The SCORE-EVET code is based on the three-dimensional
volume-averaged equations presented in Reference 1.

Development of the SCORE-EVET code was initiated by the Atomic
Energy Commission (AEC) and continued under the direction of the Nuclear
Regulatory Commission (NRC). This code development effort was directed
toward improved multidimensional transient computational modeling of
water reactors under hypothesized accident conditions.

The approach taken in developing the SCORE-EVET code is different
than that of other multidimensional codes used for reactor analysis. |
The SCORE-EVET conservation equations were not developed on the basis of
subchannel fluid flow assumptions. The basic volume-averaged transient
three-dimensional equations for flow in porous media were developed
. first[]]. These vo]ume-averaged equations form the heart of the code.
In SCORE-EVET these equations are solved in their general form with
constitutive relationships and boundary conditions tailored to define
the porous medium as a matrix of fuel rods. By retaining genera]ity in
the form of the conservation.equations, a wide range of fluid flow
problem configurations -- from computational regions representing a
single fuel rod subchannel to multisubchannels or even regions without a
fuel rod -- can be modeled without restrictive assumptions. The completeness
of the conservation equations has allowed the code to be used, with
modification to-the constitutive relationships, to calculate three-
dimensional laminar boundary layer development, flow fields in large
bodies of water, and, with the addition of a turbulence model, turbulent
flow in pipe expansions and tees. )



The following sections of this report contain: the summary descrip-
tion of the code (Section II), the conservation equations and numerical
algorithms for fluid and energy transport CSéction II1), the fuel rod
thermal transport model (Section-IV), a brief description of the constitutive
're]ationships and equation of state (Section V), and the program description
(Section VI).

The appendixes contain: the SCORE-EVET input data description
(Appendix A), a Qescription of the_boundahy condition specification
options (Appendix B), a detailed description of theuconstitutive relationships
(Appendix C), a brief description of the SCORE-EVET subroutines (Appendix D),
and three sample problems (Appendix E). ‘ ‘ ‘



IT.. SUMMARY DESCRIPTION OF SCORE-EVET

SCORE-EVET is a three-dimensional transient thermal-hydraulic code

for transient analysis-of water reactor cores under hypothesized accident

conditions. The major features of this code are described below.

(1)

(4)

Three-dimensional transient compressible conservation equations
are used to model the flow field in fuel rod arrays

Initialization of the flow field is accomplished by solving

‘the steady state one-dimensional form of the conservation

equations

A comprehensive collection of constitutive relationships for
fluid-solid interfacial heat transfer and momentum exchange is
provided

A steady state and transient fuel rod thermal transport model
is included to calculate fuel rod temperature and surface heat
flux

Steam and water properties are accurately described for the
complete range of temperatures and pressures found under
hypothesized water reactor accident conditions

Temporally and spatially varying pressure and velocity bound-
ary condition specifications are allowed

Printed output is available in two forms: (a) three-dimen-
sional array output and (b) individual flow channel and fuel

~rod output

Tape restart capability -1$ provided.



The major assumptions and limitations associated with SCORE-EVET
are given in Table I. The sections which follow describe the basic
features of the SCORE-EVET code and its input. The complete description
of the vo]ume—avekaging procedure used to develop the conservation
equations can be found in Reference 1.



TABLE I

MAJOR ASSUMPTIONS AND LIMITATIONS
OF SCORE-EVET

Assumptions or Limitations

Homogeneous compressible fluid in
thermal equilibrim

~ Geometry constant with time and
x-direction

Isotropic turbulent mixing

Volumetric heat generation
neglected in the fluid

. Fluid drag forces represented by
wall friction and form drag -

Maximum time step limited by
Courant restriction, maximum
At 5-Ayi/vi

Boundary specifications Timited
to the inlet and exit planes

One-dimensional steady state
initialization of flow field

Fuel rod-to-coolant heat transfer
modeled with one-dimensional
steady state heat transfer and
critical heat flux correlations

Fuel rod modeled one
dimensionally

.Equations Involved

A1l fluid equations
A11 fluid equations

Momentum and energy equations

Energy equation
Momentum equation

A11 fluid equations

A1l fluid equations
A1l fluid equations
Energy equation

Fuel rod thermal transport
equation




ITI. CONSERVATION EQUATIONS AND NUMERICAL ALGORITHMS
FOR FLUID AND ENERGY TRANSPORT

The basis for the SCORE-EVET computer program is the numerical
algorithm for the conservation equations of mass, momentum, and energy.
The conservation equations were derived by'vo1ume averaging the transient
compressible three—dimensiona] Tocal continuum equations[]]. Using the
appropriate boundary conditions and constitutive relationships, this
general equation set solves for transient multidimensional homngenenus
[equal phase velocity and temperature (EVET)] single- and twn-phase flow
in fuel rod arrays. In addition to the transient multidimensional |
equations, a steady state one-dimensional algorithm has been included in
SCORE-EVET to provide initialization of the flow field.

The following description centers on the numerical form of the
volume-averaged equations. The details of the volume-averaging pro-
cedure are given in Reference 1 and are not repeated in this document.

1. BASIC EQUATIONS

The general forms of the volumc-averaged three-dimensional eyud-
tions, as derived in Reference 1, are:

The conservation of mass equation is

il AR o
wheré e is the porosity defined as the ratio of fluid volume to total
volume (Vf/v) in a computational cell, and 5 and Vk are the fluid
average density and velocity, respectively.

The linear momentum balance is
| a(sﬁvi) B(e:bvi vk) 3P

it T T ey, T oty YoM o R ress (g)




where Mi represents the momentum interchange between adjacent fluid
volumes due to viscous shear forces and velocity fluctuations, and Fi
represents both form losses and fluid/solid interfacial momentum exchange.
The constitutive relationships describing Mi and Fi are discussed in
Appendix C.

The conservation of energy equation is

9 L% 9 T~ 9 k .= 9 Bi
=~ (epl) + = (eplv,) =€ = (" T ) + — (epk, —)
ot 3 k Y 5};- ayk t ayk
p 9o ~
- P Y\ (evk) ¥ Qw (3)

where I and T are the fluid average specifié internal energy density and
temperature, respectively. The first term on the right side of Equa-:
tion (3) represents the change in internal energy due to molecular heat
conduction. The second term on the right side of Equation (3) repre-
‘sents the net change in internal energy due to the fluctuating com-

ponents of velocity and energy. k,_ is the turbulent thermal diffusivity

t
coefficient and is described in Appendix C. The third term on the right
répresents pressure-volume work. The work due to the time rate of
change of porosity (5 ac) has been neglected. The last term (Qw) on’”

' 3t
the right side of Equation (3) is fluid/solid interfacial energy ex-
change per unit volume. In the SCORE-EVET code, QW can be specified as a
function of space and time or it can be calculated using a fuel rod

thermal model and the relationship
= * -7
Q, = AWQ * h(T_ -.T,) : (4)

where AWQ is the ratio of heated surface area to total cell Vo]ume, h is
the heat transf?r coefficient, To s the surface temperature for the
fuel rods, and Tb is the average fluid temperature. The fuel rod
thermal transport model used to calculate TS is described in Section IV,
and the constitutive relationships used to describe h are described in
Appendix C.



In addition to constitutive relationships for friction, form
losses, heat transfer, and turbulent exchange, closure of the equation
set requires an equation of state. The form of the equation of state

is
p=f (P, 1) . (5)

2. NUMERICAL SCHEME

The numerical technique used to solve Equations (1) through (3) is
based on the marker and cell (MAC)'method for incompressible flow as
modified by Hirt énd Cook[2:| and the implicit continuous fluid Eulerian
(ICE) method for compressible f]ow[3]. The essential features of these
two methods are: (a) the continuity equation is implicit in density and
velocity, (b) the linear momentum equation is implicit in pressure, and
(c) the energy equation is purely explicit.

Rearranging the momentum equation, Equation (2), and applying the
continuity equation, Equation (1), yields a form of the momentum equa-
tion that is compatible with the incompressible MAC technique. The new
form of Equation (2) is
V. a(vy v) . N -V

it " Ty T T F Y

j/ep * 95 (6)

The region in which computations are to be performed is divided
into a set of small rectangular ce]]s of size AXT’ ij, and Azk, As
shown in Figure 1, velocity components are located at cell faces; and
density, specific internal energy, and pressure are located at cell
centérs, as shown in Figure 2. Cells are labeled with an index (i, j, ~
k) as counted from the'origin in the x-, y-, z-directions, respectively.
A time-dependent solution is obtained by expressing Equations (1), (3),
and (6) in finite différence form using the staggered cell arrangement
shown in Figure 3 and advancing the variables through a sequence of
short time steps of duration At. The advancement for each time step is
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accomplished in two Stages. In the first stage, all quantities are
advanced explicitly. These quantities then provide the initial esti-
mates for stage two in which the implicit quantities are obtained by
means of a cell-by-cell iteration process. In the difference equations
which follow, the fluid average symbol (~) has been omitted for con-
venience and the velocity components are denoted by u, v, and w.

The specific finite difference equations are:
(1) The mass conservation equation:

- n+l _ At " n+l ‘ [ n+1 n+l ]
(eodip = (eodie ™ 2 ;g,“i-wzj,k | (epdioqe * (eodyg)

n+1 n+1j n+] n+l n+1
| i- ]/?,Jk' [(Ep)i-],‘j,k = ( p)"i,j,k _'u1'+]/2,j,k [( ) (ED)

axlu?ﬂ/?,j,kl l:(eo\)-?’;’]k - (eo)?:{j’k /Ax]. + | V?SII]/&[(ED)?JIW
: (Ep)n,J,]k] + oy Vit 2l [@")?311,1( - (Ep)?,;,.]k] - Vi [(E")?;l
+ kep)gglhk] ‘;“y|V2311/2k| [(ep)iél (so)%}l]é] BY 5
| W e [Ep)r’gl 1Y (Ep)g"{l el e WI[ ke

n+] n+1 n+] ntl | n+l -~ n+]
i (Ep)m,k] T Yiik+1/2 [(Ep)i,j,k * (ep)ij,k+1] - oy Wik /2] [(Ep)i,j,k

n+1
) (ep)i:?,kﬂ‘{‘ 'Azk% (7
(2) The linear momentum equation:
+1_ n+1
n+l ' 2at ,l 1+LJk +
. = U . At
Y120k T Yin1/agk T Texotaxs, ) P)ir1jask THI/20K T T

-AtFY ot

i+1/23k [ () in1/25k - [y [“iﬂ,j,k (“1+1/2,j,k+“1+3/?,j,k)

1

Plije * EP)ia 4k

]
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. At " U
i1725k ~ Yi+1/2ik 28y | i*1/25+1/2k i+1/25k Ti+1/23+1k

oy lVisrasen /2l (“m/?,j,k - “1‘+1/23+1,k) " Visr/2-1/2k,

u. . - u; .
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At

28z, Wit1/23k+1/2 @iﬂ/?,j,k * u1'+1/2j,k+1) * °‘z4|w1'+1/2,j,k+1/2|

(u1'+1/2,j,k i u1'+1/2,j,k+1) " Yi41/23k-1/2 (“in/gj,k-1 ' “1‘+1/?,j,k>

. 20t

o2 541 /23k-1/2] (J”T/Z.i,k—l ) uli“‘]/?'j*k) OX, +bX Hi+1/23k
5 184

u -u . AL Ul v -V } |+

L3k UK ayy | ti/agk \Yie/234172k T Yi41/25-1/2k Az,

. X ' .k B
Yi+1/23k ~(W'1+1/&i,k+1/2 i W1'+1'/2,J',k-1/2) -t (At M1‘+1/Zj,k)-/(€°)i+1/2j,k (8)

with similar linear momentum equations for the y- and z-directions.
(3) The energy equation:

ntl .n+l _ AT
(eodigh Tigk = (@) ygpdign *

Pl Ii,j,k) tay bugygd ((;CO)i,-’l,.j,k Lioggk ~ (o) 11’_;3,,k)f
k u“]/ZJ',k((Ep)iJ,k Fige * (e0)ia Ii+1,j,k) - oaxluin ] (<eo>1-,j,k I ik
- (ee)in g I1'+1,j,k) /Axi,‘ ¥

*lee) ik Ii,j,k)+ oy WVis-1/2¢] 65")1,3'-1* Lig-we - (eedysy Ii,j,k)
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I

Vigeryak \CePdign Tigk * Le0)igunk Ii,jﬂ,k)' oy Vigrsal

<(€p)1‘,j,k VIjaj)k ".(,ep)i,jﬂ,k Ii,j+1,k> BY5 % ¥igk-1/2 <(€°)1',j,k-1 I",J,k-1
voleed g Ii,j,k) oy Wygk-1s2] ‘((E")w,m Tigk-1 = ()i Iw,k)

T Mgk /2 ((¢p>1,j,k Figk * (o) g Im',kﬂ) - 2 Migeyel (“‘%‘?f)ij,k?m,k

KIS AX,i

. ) u‘ . _ u. ._ LA
(eo) {501 Ii,j,kﬂ) “k}' Bt 1Pk ik 1H1/25k  "i-1/23k

V.- - V..~ W. . R - W..
1,j+1/2k ij-1/2k i,gk+1/2 Tijk-1/2 S
+ P 4’ + )y AZk ' + at(k + kt) ?(Sp)iH/Zj,k

J

(Ii+1,j,k "Ii,j,k) (Axi * Axm) - 2o i gk (Iuk IWJk)
(Ax1 ’ AXM) fixg o |2teo) g (I%J';Lk ] IU"‘) (ij + ij”)
“2(e0) 5.1/ (Ii,j,k - Iw-l,k) (ij' * ij—l) gt 2ee) i1/
(Ii,j,kﬂ - IL-]',k)' (Azk . AZkH) 2e0) 512 (Ii,j,k ] Ii:f,“) (Azk;

+ ot Oy,

The superscript4n+f denotes an advanced time quantity, whereas no
superscript denotes the previous time va]ués of any quantity. In
Equations (7) .through (9), the donor cell and centered finite differ-
encing have -been combined. o is the donor cell weighting factor such
that o, .= 1 yields full donor ce11:differencing, and o, = 0 yields.
centered differencing. Quantities required at positions other than
where they are defined are calculated as simb]e averages; for example,
Uik = (ui+1/23k + ui—T/ZJk)/Z' It should be noted that in the present
version of the SCORE-EVET code, the porosity is not allowed to vary as a
function of time and is slowly varying; that is, 3¢ terms have been

neglected. 9%
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To obtain the implicit character described in Equations (7) and (8),
the following cell-by-cell calculational procedure is used:

(1) The advanced-time spetific internal energies (In+]) are
calculated using Equation (7) explicitly (all previous time values on
the hight side) and Equation (9). ' e

(2) The tentative advanced-time velocities for each cell are

- ca]cu]ated according to Equation (8), and the correspond1ng,equat1ons'

for v and w, using the previous time pressure. '
(3) The tentative advanced-time pressure is valvnidlpd';n(h Lhat

the pressure adjustment in each cell is proportional to the excess mass

S. K that accumulates in the cell beyond that cons1stent with mass

,J)
conservat1on, that is:

n+l 5 ‘ o

P. . _  =P. .. + 6&P. . . '

1,3,k 1,3,k i3k PR (10).
whére o ' | , l'f S

sP. . - _ S. . . ' A

ép1 ’Jgk ATJ],J,k ‘ . (-I-l)
and %

b of 2o v.)|

- . .iaj’k i ;'iaj,k . ) kK'1.
i3,k At T L

« . e 1) '.~-‘>1
1,J 9k’;: 1,

where ' represents the old time value.

The superscr1pt " denotes the most recent tentat1ve advanced time
quant1ty, and the d1vergence term in Equat1on (12) is différenced &5 in™

~

Equation (7). For the first 1terat1on of any t1me step the tentat1ve .
density (o) i’ ca]cu]ated as - e meary
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(4) The new advanced-time velocities are then calculated from the

new pressures by

n+1 - 2at €i+1/2jk SPijk’
v T Sz T TG g ) -
‘ i+1/23k
n+1 . 25t €i-1/2jk SPijk
T T — (14)
i-1/2jk i-1/2jk (Axi + Axi!]) ((sp)?-]/ij)
Wil I poant o Signyex ik (15)
134172k © VigH1/2k (ij+ijH) ((6 X )
Pli+1/2k
n+l o 24t €ij-1/2k Pijk (16)

"1z T g2 T sy ) [(e0)55.1/2)

n+l - 2t Eijk#1/2 6Pk (17)

W, . = W.. +
ijk+1/2 ijk+1/2 (Az +A2K+]) ((e n
™ p)..
1,J,k+1/2)
] - oo - 2at €i3k-1/2 Pijk . (18)
ijk-1/2 "ijk-1/2 (Azk + AZk_]) «sp)?jk-]/z)

Equations (10) through (18) are evaluated for each cell in turn using
the previous velocity iterates on the right, front, and top faces and
the new ve]ocity iterates on the left, back, and bottom faces so that
the velocity on a face is modified due to the pressure changes in the
adjacent cell. The mesh is swept successively in the direction of
increasing j for each (i, k) plane and in the direction of increasing k
for each i -column. This is a successive overrelaxation iterative
procedure and is superior to simply using the previous iterates.

(5) The new tentative advanced-time densities for each cell are
then calculated from the equat1on of state in the form p = f (P, I)
using the most recent value of P. The user may specify the use of the
linearized equation of state &p = GP/Ci‘where CI is the speed of sound
at constant internal enerqy. In practice, using the linearized equation of
state saves computational time with little loss of accuracy.
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(6) Steps 3 through 5 .are repeated until the mass error (S 3, k)

between two consecutive iterations is .below some specified to]erance

In the current version of the SCORE-EVET code, the tolerance on S i, K
specified in the following manner:

(o JN U, . 0. = V. .
< CEP [M'ln ( 13J’kl ]aJ,kI + 1aJ’k‘ 1sJakI + J kI 131 kL

DX 8y Azk

S5

1,3,k —
(19)

where the value of CEP is spééified'by the user (generally CEP has the
value 1072 > CEP > 1073).

(7) The advanced time quantities become the previous time quan-
tities, and Steps (1) through (6) are repeated for the next time cycle.

The value of At in Equation (11) must be chosen so as to ensure
convergence of the 1terat1on scheme The value of At used in the
present version of the SCORE code was derived by applying the successive
overrelaxation method to the combination of the continuity equation
(Equation 7), linearized momentum equations [Equat1ons (13).through (18)1,
and the linearized equation of state 6p = 6P/C The form of At so
derived is:

=(;)_1_,J_éL *(1_ . Z ;1+1/2 ( %] 1+1/2]>

C At 20y Vit1/2

28y, v VAWAREEIREENIL §=1,3skl Mg (A * AV )

i-1/2

Q . 01.1-|‘V'1-+~]/2| (91 - p1+'|) \ . (AZ _ )
Visiy2 (65 * p:4p) / AT T

(] co LVinz | Piamed)ia (20)
T Viaye IR

where w can have the values 2 > » > 0. It should be noted that ar,
as defined by Equation (20), for an incompressible fluid and porosity
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of 1, reduces to the incompressible form given in Reference 2. .That is,
for incompressible flow in open volumes and equal cell spacing, Equa-

tion (20) becomes:

AT = é : 1 o i T\ (21)
S e )
AX © Ay AZ

General three-dimensional homogeneous compressible flow in porous
media can be calculated using the equation set and the solution scheme
pfesented. In the SCORE-EVET code, this scheme has been adapted to the
solution of flow in fuel rod arrays. To adapt these numerics to flow in
fuel rod arrays, the x-direction was chosen as the axial flow direction.
Based on this designation, correlations for fluid/solid interfacial
momentdm exchange and heat transfer for fuel rods oriented in the
x-direction in the coordinate system were incorporated into the code.
In addition, boundary condition specifications were Timited to the two
y-z planes which bound the computational region in the x-direction. The
constitutive relationships and boundary condition specificatﬁons allowed
are described in detail in Appendixes B and C. If SCORE-EVET is used
to‘so1ve for information other than flow in fuel rod arrays, only
the constitutive relationships and boundary specification are changed.

3. ONE-DIMENSIONAL INITIALIZATION EQUATIONS

An initialization routine has been included in the SCORE-EVET code.
The axial velocity (u), density, internal energy, and pressure for each
computational cell are initialized by solving the steady state one-
dimensional mass, momentum, and energy equations for the x-direction.
The ane-dimensinnal equations are as follows:

The mass conservation equation is

acpu  _ o0
™ 0. (22)
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The Tinear momentum equation is

2 .
3p -9 : )
€ X - gg - - Fx.+ erg, - (23)

The energy equation is

a(epul) _ Q Pafeu) (24)

9X T %w T 9X

These three equations are subsets of Equations (1), (2),'and (3);
Turbulent momentum and energy exchange in the axial direction have been
assumed small in Equations (23) and (24). The finite difference forms

of the conservation equations are:

The mass conservation equation:

. =_(€p)1-1,j,k Yi1/2,3,k (2
i+1/2,3,k ~ (ep) :

1,3,k

The Tinear momentum equation:

2 (P1"J’k ) P1'|aJk) = AP]“’/Zh]ak - _ F1'l/zs\],k + 01_]/2 3 k g
(Ax. ., + AX. ) AX . . €. . 25K X
S T A i-1,3,k i-1/2,j,k i-1/2,3,k
2 - 2\
. 2 (ep)i 1,4,k Ydown = (=005 5.k Yup \ (26)
£i21/2,5,k ik T %i,gk) )
where
Yis1/2,5.k T Yi-3/2,3.k
Udown = ~ ? ’ (27)
and
Y120k T Yinge,g (28)
up 2
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The energy equation:

i + Q - P (ui+]/2’j’k j ui-]/za\]sk)
i-1,3,k woTi,0,k BX; 1,3,k

BXy . (29)
(e0)5 1,5,k Yi-1/2,3 .k

The staggered conservation cell arrangement used for the transient

I I

5.k~

ﬁthree-dimensiona] equation is also used for the one-dimensional steady
state equations (Figure 3). The user specifies the average inlet

velocity, inlet internal energy, and exit pressure. Equations (25), (26),
and (29) are then solved using the following procedure:

(1) Al11 axial velocities are set at the specified inlet.velocities,

and all transverse velocities are set to zero

(2) The core average properties are evaluated using the equatioh
of state, the specified inlet internal energy, and exit
pressure

(3) The average aP/ox for the core is evaluated using the inlet
velocity, core average properties, and the constitutive re-
lationships for friction

(4) The pressure for each cell is linearly calculated using the
core average 3P/3x, exit pressure, and the cell dimensions in
the x-direction.

From this point on, an iterative procedure is used. By advancing in
the positive x-direction, the tentative internal energy of each cell is
calculated using Equation (29). The new internal energy and the old
estimate of cell pressure are used together with the equation of state
to obtain the tentative density of the cell. Equation (25) is then used
to calculate the tentative cell velocity. Equation (26) is used to cal-
culate the axial pressure drop from the center of the mass cell i,j,k to
the center of the mass cell i-1,j,k. Using the specified exit pressure
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and the newly calculated «cell axial preéssure drops, the absolute pres-
sures of all cells are reevaluated. The process is repeated six times.
Experience has shown that six iterations are more than adequate for an
‘accurate one-dimensional initialization. For one-dimensional problems,
the initial cdnditions are exactly the steédy state conditions, and a
transient can be initiated from them. For two- and three-dimensional
problems a run to steady state will still be required to. properly ini-
tialize the crossfiow velocities. However, the computer time required
to run to steady state is greatly reduced.
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IV. FUEL ROD THERMAL TRANSPORT

A fuel rod thermal transport model is included in the SCORE-EVET
code. Under the assumption of constant thermal properties, the fuel rod
model calculates fuel rod internal temperatures and surface heat flux by
solving the one-dimension (radial) heat conduction equations. Both
steady state and transient conduction models are included in the code.
The transient solution model is addressed first.

The one-dimensional transient heat conduction equation in cylin-
drical coordinates is:

AT _k 1
ot
pCp r

ar or

{2_ rél] + _ﬂ_ (30)
where

temperature

- =
1l

= radial distance
volumetric heat generation (assumed independent of radius in

0 -
"

the fuel and zero in the cladding)
C_ = specific heat (assumed independent of temperature)
= density (assumed independent of temperature)

|

= thermal conductivity (aésumed independent of temperature).

The solution of Equation (30) is obtained by dividing the fuel and
cladding into a finite number of nodes and writing Equation (30) in
Crank-Nicolson implicit finite difference form[4]. In SCORE-EVET,
only a fixed number and location of nodes are allowed. Currently,
five nodes are allowed in the fuel (four interior to the fuel and one
Surface node), and two nodes in the cladding (interior and exterior
surface nodes). Figure 4 shows the seven temperature node locations and
the associated control volume boundaries used in SCORE-EVET to model the
fuel and cladding. The nodes are numbered 1 to 7 starting at the center
of the fuel rod. The Crank-Nicolson implicit finite difference forms of
the conduction equations for the seven fuel rod nodes are:
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Node 1, fuel center:

1
(r”* - T Zk
i 1 1] . f n+1 n+1 L+l
Pl at ) R, (R, + R,) Gé AL E TJ tq (31)

where the subscript f refers to fuel properties.

Node 2:
n+1
c (T2 T2 ). 2keRy. TS I
Pfepf At 2 -2 [z + R\ 172 T
i I B R B »
kR, e
L Y (TS” FTy Ty 'Tz) + g M (32)
RS - R§YR, - R
(F )
Node 3:
n+1 : ‘
o3 Ty Roke e el g
37203 T
2R k [ )
N . 30 f Tn+]+ T Tn_+1 - T v oq n+l. (33)
2 _r\R - R 4 4" '3 3 _
('3 T2 N\A T T2 ) '

-
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Node 4:

it g, 2Rk,
0.C 14 4 ' n+] + T - 0] T
fpf | At 4( j Rﬁ>(\ _ ) 3 4 "4
2R ke

e B

Node 5, fuel pellet surface node:

™o 2R,k |
L 5 5 \ - 4°f oy Mg
of\ ot | (Rz - R2> 2 - R3> \Ta 4 " Ts 5

n+1 n+]

n+l iy
- T -T4)+ g™, (34)

5 4
h R
__Qa 5 n+1 n+1 g
"R g2 (T-6 tTg - Tg ‘Ts) + g M (35)
\"5 4 /
where hgap is the fuel cladding gap conductance.

Node 6, cladding inside surface node:

o C | k4R e .
cl™Pcl fon¥l -\ _ cl176 [yn+] _ogntl o
2t <T16 - T'6> R YR ‘(T7 Ty - Tg - T'e)
6 ~ RichRoc ~ Ric) -

Re = Ric :

where RIC and ROC are the claddiny inside and outside radial dimensions,
respectively, and the subscript ¢l refers to cladding materials.
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Node 7, cladding outside surface nodes:

o ,C : k .R
c17Pcl n+1 _ cl'6 n+1 n+1
ot 7 TN T TN SRy e et T T
< oc - "1c) \"oc T R
R \ ; |
___ill___f(qn+7 ¥ q) (37)
RS - REY
oc ~ "6 ~

where q is the fuel rod surface heat flux described as

q= hcoo] 67 - Tb (38)

where hcoo] is the coefficient of heat transfer between the fuel rod
surface and the coolant, and Tb is the bulk coolant temperature. The
superscript n+l denotes an advanced-time quantity, whereas no super-
script denotes the previous time values of any quantity. Writing the
node equation in Crank-Nicolson implicit finite difference form has an
advantage over other finite difference methods. The formulations above
are implicit and are unconditionally stable. In addition,.by using the
old ana new time values to calculate heat flux, the time-truncation
error is now of second order in contrast to the first order error of
standard implicit and explicit methods.

Equations (31) through (37) can be written in the following sim-
plified form by combining constant coefficients and known quantities
such as old time temperature and volumetric heat generation.

Node 1, fuel center:

8,171+ ¢, 1) =0, ©(39)
Node 2:
R A A (40)
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Node 3:

n+l n+1 n+l _
A3T2 + B3T3 + C3T4 = D,.

Node 4:

n+1 n+l n+l _
A4T3 +.84T4 + C4T5 =D,.

Node 5, fuel pellet surface node:

n+] ]

1+l _ ‘
ART + BSTS + CqTa = DS' (43)

5 4

Node 6, cladding inside surface node:

n#*l v C Tn+] =D

n+l + 36T6 617

AT

AgTg 6°

Node 7; cladding outside surface node:

n+l n+1 "“n;] _

A7T6 + B7T7 *tq = Dy. _ (45)
The equations above represenf a set of seven equations_and seven

unknowns. The solution to these equations is obtained by successive |

substitution of Equations (39) through (45) to obtain the following

formulation for the cladding exterior surface temperature:

w0+l | w oo oantl ntl .-

Al P+ B= 00 = heoy b? Tb) (46)
where A and B are constants composed of the coefficients and constants
in Equations (39) thruuyh (45). Equation (46) is solved by passing the
constants A and B to the heat transfer subroutine (HTCOEF). Subroutine
HTCOEF determines the appropriate heat transfer coefficient based on the

coolant condition, solves Equation (46) for T9+],-and returns the surface

temperature and heat flux qn+] to the conduction subroutine (RODMOD).
The remaining six fuel temperatures are then calculated by six algebraic
equations derived by the successive substitution of Equations (39)

through (45).
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The steady state temperature equations are a subset of the transient

Equations (31) through (37). The seven node equations are:

Node 1, fuel center:

' k : g_ﬁ% + R
. v RyRp+ Ry
Ty=Tp*+ a - W (47)

sk w

. 1 3R TR, TR
2 1Ry Ry - [t R Frr R ] LR R Ra- Ry

i

S o
+ q 4(2 - R] )jl - - ) (48)
Node 3 , | ‘ -
. %y - Ry [R5~ 7)) | ToR . TR
3[R, {R4 —.R2)+ Ry ‘R3'- ] (R3 ~Ry] (R - Rz)
SN | » (49)
Ik,
Node 4 ‘ ‘
. (R - R3)(R —R2) T3 Ry . Ts Ry
4 IRy (R - R3)+ Ry Ry - Rzl (R4 - R2) (ﬁé : R3)
! 2
+ 4(2 R:%l. | (50)

Node 5, fuel pellet surface node:

. R - R 4T, R, k
‘r5 {?k R( + 2R ﬁ ap (R5 - R3)][XR 4- ﬁ3)f 2T6 hgapRS

4 5"g
+ '&'(R - Ri) . (51)

-
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Node 6, cladding inside surface node:

1 £o) -
T —_ 7 %1% {.  (52)

6 | Rghgap (R - Ryg )+ Rgkeq | |75 "5gap + Rye ‘~R1c)

Node 7, cladding outside surface node:

ool [Roc - Ryc) kc1R6"T6V
7 % = Roc(foc = Ric) || (Roc ™ Puc]

“Roc g |, (53

The equations above represent a set of seven equations and seven
unknowns. A solution technique identical to- that for the transient
equations is used to solve the steady state equations. This is to
successsively substitute Equations (47) through (53) to obtain the
following cladding exterior .surface temperature equation:

_ 0

Bss = 9 = Negon (T7 i Tb} | (54)

where gss is a‘constént composed of the coefficients and constants in
Equations (47) to (53). The same procedure used to solve Equation (46)
is used to solve Equation (54). 1Ihe remaining fqel temberatures are
calculated by six algebraic equations derived by the successive sub-
stitution of Equations (47) through (53).
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V. CONSTITUTIVE RELATIONSHIPS AND EQUATION OF STATE

In addition to the conservation equations, constitutive relation-
ships and equation-of-state relationships must be specified to close the
set of equations to be solved.. Empirical and semiempirical correlations
are used to define such phenomena as turbulent mixing, fluid solid
interfacial momentum exchange, and fluid solid interfacial heat transfer.
Details of the-constitutive relationships are given in Appendix C.

In the SCORE-EVET code, fluid-solid iﬁterfacia1'momentum exchange
is represented by friction factors and two-phase multipliers for all
three principa] directions. Both laminar and turbulent friction factors
are used in all three principal directions. The user can select one of
five turbulent friction factors in the x-direction and one of three
turbulent friction factors in the y- and z-directions. Two-phase fric-
tion multipliers are calculated by empirical and semiempirical rela-
tionships and the user can select one of the seven methods provided.

If the fuel rod thermal model is used, the fluid-solid interfacial;

heat transfer is calculated a slightly modified version of the heat

transfer and critical heat flux (CHF) correlations developed for the
| RELAP4/MOD5 computer code[s]. Selection ofithe appropriate heat transfer
correlation is based on several criteria. The first criterion is an
evaluation of the physical state of the f1uid to determine which regime
of heat transfer is occﬁrring (forced convection, film boiling, etc.).
The second criterion is the evaluation of the CHF and the cladding
temperature that would exist at this heat flux to determine whether the
_ pre-CHF or post-CHF correlations are appropriate. The third criterion
is the comparison of two or more calculated heat transfer coefficients
to select the proper coefficients in regions where correlations overlap.
A11 of the correlations are one dimensional, that is, the principal flow
direction is assumed to be parallel to the fuel rod axis. No provision
is currently made to calculate heat transfer based on fluid velocity
components perpendicular to the fuel rod axis.
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Momentum and energy exchange due to the fluctuating components of
energy and velocity are described by turbulent viscosity and thermal
diffusivity correlation. These viscosity and diffusivity correlations
have been modeled such that the appropriate mixing effects in subchannel
geometries are correctly accounted for. Momentum exchange is described
by empirically calculating turbulent viscosﬁty and using the viscous
shear stress formula. Turbulent thermal diffusivity is calculated by
using Reynold's analogy of mass and heat transfer to relate turbulent
thermal diffusivity to turbulent viscosity. The energy exchange due to
the fluctuating component of velocity and .energy is then calculated by
using the calculated thermal diffusivity and Fourier's law for thermal
diffusion. Currently only one correlation is included in SCORE-EVET to
model turbulent vicosity. '

Details of the constitutive relationships to model friction factors,
two-phase multiplier, heat transfer, and turbulent viscosity are given
in Appendix C.

Steam and water properties are evaluated using the Idaho National
Engineering Laboratory (iNEL) environmental subprogréms[s]. Subcooled
and saturated water and saturated and superheated steam properties are
provided for the complete range of pressure and temperature expected
during'water reactor transients. Fluid properties are evaluated at the
pressure and internal energy of each individual computational cell.
Additional information on the steam and water properties evaluation is
given in Appendix C, Section IV.
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VI.  PROGRAM DESCRIPTION

The SCORE-EVET code is currently operational on the CDC-7600.
Except for the steam table data, the present version of the code is
contained entirely in small core memory. The organization of the code,
array storage of variables, code redimensioning, and user convenient

restart tape dump option are described in this section.

1. CODE ORGANIZATION

Thé general code organization is shown by the flow chart in Figure 5.
VRM is the main subroutine. Prior to starting the transient solution,
VRM calls the input subroutine VRINPO and the initialization subroutine
VRS. The actual solution of the three-dimensional flow equations is .
performed in five steps by the following five subroutines: °(a)'VRBD,:
which sets the boundary conditions; (b) VRI, which calculates the advanced
time internal energies; (c) VRFRIC, which calculates the frictional
pressure drop for all computational cells; (d) VREX, which calculates
the tentative advanced time velocities; and (e) VRIT, which performs.;he
iterative solution for advanced time density, velocity, and pré55ure.x .
The fuel rod thermal solution is performed (if use of the fuel rod model
is specified) explicitly by subroutine RODMOD, once the advanced time‘
coolant conditions are obtained. Printout of results is performed by
subroutine.VRI0. The results can be printéd in two forms: (a) three-
dimensional array output'or (b) individual channel and fuel rod output.
Subroutine VRTAP is used to read and write to magnetic tape. The user
output options are described in Appendix A.

2. ARRAY STORAGE OF VARIABLES

The thermal-hydraulic and fuel rod variables are stored in two
arrays,-the A(N) array and the array TROD(N), respectively. Variables
are storcd in both arrays by the use of equivalence statements.

In array A, 13 vériab]es are stored for each computation cell by
the basic equivalence statement: '
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INEL-A-1795
End

Fig. 5 SCORE-EVET flow diagram.
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~ Equivalence A(1) = U(1) axial velocity
A(2) = V(1) y-component velocity
A(3) = W) z-component velocity
A(4) = p(1) - pressure
A(5) = RHO(1) advanced time density
A(6) = SIE(1) internal energy
A(7) = .TEM(1) temperature
A(8) = RHON(1) old time density
A(9) = DUMY(1) dummy variable
A(10) = CAPP(1) sound speed
A(11) = QFLUX(1) surface heat flux
A(12) = DIA(1) dummy variable
A(13) = DIAN(1) -dummy variable.

An additional seven variables are stored in the A array at various
times in the code operation. These additional storages are accomplished

by the following equivalences:

Subroutine VRFRIC:

Equivalence TEM(1) =  FRICX(1) axial friction
pressure drop '
DIA(1) =  FRICY(1) y-direction frictional

pressure drop -

DIAN(1) =  FRICZ(1) z-direction frictional
pressure drop

DUMY (1) = TUBMIX(1) two-phase mixture
viscosity

Subroutine VRI:

Equivalence RHO(1) = TUBTHG(1) turbulent thermal
A ’ diffusivity
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Subroutine VREX:

Equivalence  TEM(1) =  FRICX(T)
= DELTAV(1) iteration factor T
DIA(1) =  FRICY(1) |
DIAN(1) = FRICZ(1)
DUMY(1) =  TUBMIX(1) o
DUMY(1) =  TUBTHX(1) turbd}ent viscosity

Subroutine VRIT:

TUBTHC(1)
TUBTHX(1).

Equivalence RHO(1)
DUMY (1)

Eight variables are stored in the TROD array for each axial level
of each fuel rod by the equ1va1ence statement:

Equivalence TROD(1) TCFURL(1) fuel centerline

temperature

TROD(Z) . = TF2(1) temperature of fuel
Node 2

TROD(3) = - TF3(T1) temperature of fuel
Node 3

TROD(4) = TF4(1) temperature of fuel

; Node 4 4

TROD(5) = TFSURF(1) temperature of fuel
surface

TROD(6) = TCISUR(1) temperature of cladding
inside surface

TROD(7) = TCOSUR(1) temperature of cladding.
outside surface

TROD(8) = THREG(1) heat transfer

regime flag.

Presently the A array is dimensioned to 12,000 and the TROD array
is dimensioned to 3,100.
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3. CODE REDIMENSIONING

. Problem size in the SCORE-EVET code is limited in three basic ways:
(a) the total number of flow channe1s-and fuel rods; (b) the total
number of cells in the x-, y-, and z-directions; and (c) the magnitude
of the A and TROD arrays. Currently no more than 64 flow channels or
fuel rods can be defined no matter how few the number of axial nodes.

In addition, no more than 40 cells (boundary plus real cells) can be
specified in any one direction. The overall bound on problem size is
determined by the dimension of the A and TROD arrays. The total number
of computational cells is limited by the A array dimension in the fol-

lowing manner:

(IBR + 2) * (JBR + 3) * (KBR + 2) * 13 < the A array dimension (55)

where

the number of real cells in the x-direction

IBR =

KBR = the number of real cells in the z-direction
JBR = the-number of real cells in the y-direction
13 = the number of variables stored per cell.

The addition of 2 to IBR and KBR accounts for two boundary cells, The
addition ot 3 to JBR accounts for two b0undaky cells and one additional
storage plane, IBR by KBR, for array manipulation. '

The total number of fuel rods which can be used is limited in the

following manner:

IBR * (number of rods) * 8 < the TROD array dimension. (56)

‘”Equations (55) and (56) can be used to determine the problem size
capability of the SCORE-EVET code by using the A and TROD array dimensions
of 12,000 and 3,100, respectively. ‘These equations also can be used to
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determine the array dimensions required to expand the capability of the
present SCORE-EVET code.

To aid the user in redimensioniﬁg the code, the arrays which require
redimensioning, and the common blocks in which they are contained are
identified. ‘ ' '

COMMON/BCFAF/  SIS(N), SIUP(N), SOS(N), SOUP(N)

These arrays store Lhe channel inlet and nutlet boundary condition
. multiplication factors. N represents the number of flow channels.
Currently N equals 64.

COMMON/TIMOUT/  NCHAN(N)

This array stores the channel numbers for which results are to be
printed out. N represents the total number of channels plus 2.
Currently N equals 66.

COMMON/VRIMD/ D% DZ§N3), RDX(N1), RDY(N2), RDZ(N3),
X 3

These arrays store the computational cell d{mensions, the inverse

of these dimensions, and the location of the positive face of each
computational cell. N1, N2, and N3 represent the total number of

real and boundary cells. NI, N2, and N3 currently equal 40.

COMMON/LOSSES/  XLOSS(N)

This array storcs the axial form loss coefficients. N represents

the total number of possible loss coefficients which is currently
Timited to the total number of real cell interfaces in the x-direction.
N is currently set to 40. ' \

!

COMMON/RODPR/  PCHN (N1, N2), PFACR (N2), NRC (N1, NZ), PFACAX. (N3).
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PCHN stores the fraction of Rod N2's surface heat flux assigned to
Channel N1; NRC stores the chénne] number of the N1 channels con-
nected to Rod N2. PFACR stores the radial power factors. PFACAX
stores the axial power fa;tors.. Currently N1 equals 4, N2 equals
64, and N3 equals 40.

.COMMON/HYDRO/ AWFA(N), AWQA(N), DHEA(N), VOIDA(N), RODNUM(N)

These arrays store, respectively, the following quantities for each
flow channel: ‘wetted area per unit volume; heated area per unit
volume; equivalent hydraulic diameter; equivalent heated diameter;
and total number of rods. N represents the number of flow channels
and is currently set to 64.

COMMON/VRDEP/ A (N)
The A array stores the thermal hydraulic quantities for each compu-
tational cell. The A array current dimension is 12,000 and can be
varied according to Equation (55).

COMMON/TEDEP/  TROD(N)

This array stores the fuel rod variables for each axial node. The
TROD array current dimension is 3,100 and can be varied according
to Equation (56).

4. USER CONVENIENT RESTART TAPE DUMP OPTION

By the use of user input Card 8 described in Appendix A, restart
dumps to tape and restart from tape are possible. The user can specify
the cycle interval at which dumps to tape will be taken. If the job
ends normally (reaches the specified time limit), a dump will be taken
after the last calculational cycle. The following quantities and
arrays are dumped to the restart tape with an unformatted write statement.
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TIMET elapsed time in: seconds

DT . time step used for the cycle dumped
NCYC calculational cycle -
ITER number of iterations taken for the

cycle dumped

A (N1) the -array which stores the
computational cell variables

X (N2). the array which stores the problem
dimensions in the x-direction

Y (N3) the array which stores the problem
dimensions in the y-direction

Z (N4) the array which: stores thc problem
Adimensions in the z-direction

TROD (N5)  the array which stores the fuel
rod variables.

Sufficient data are present on the restart tape to allow the user to
produce plots external to the SCORE-EVET code. '
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APPENDIX A
JOB CONTROL AND INPUT DATA CARD DESCRIPTIONS

The job control cards for compiling and executing the SCORE-EVET
code are given in Section 1 of this appendix. The input data require-

ments are given in Section 2.

1. CONTROL CARDS FOR THE CDC 7600 COMPUTER SYSTEM

The SCORE-EVET source is usually stored on the first file, and the
_.object module is stored on the second file of a magnetic tape. In
executing the program, it is faster to use the object module than to
recompile the source program. ‘

1.1 Control Cards to Execute SCORE-EVET from the Object Module

Job Card

Account Card

LABEL ,TAPET,R,L=LABEL.

STAGE , TAPE1,VSN=X1.

COPYP,TAPET, TAPE4.

COPY, TAPE1,0LDOBJ .

RETURN, TAPE1,TAPE4.

REWIND,OLDOBJ.

ATTACH,ENVRL, ID=RJW.
ATTACH,TAPE15,ST20T,ID=RJW,MR=T.
LDSETBLIB=ENVRL/FORTRAN.

OLDOBJ,PL=XXXX.

7/8/9 in column one

Where the control card variables are:
the number of the SCORE-EVET tape.
the number of printed 1ines that you expect.

X1
XXXX

1.2 Control Cards to Update'the Source (using UPD) and Execute SCORE-EVET

Job Card
Account Card
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LABEL,TAPET,R,L=LABEL.

" STAGE, TAPE1,VSN=X1.
COPYP,TAPET,TAPE4.
COPY,TAPET,0LDOBJ.
UNLOAD, TAPET.
REWIND,TAPE4,0LDOBJ.
ATTACH, ENVRL .

LIBRARY, ENVRL.

upPD. :

RETURN, TAPE4, TAPES.

i REWINIY, TAPF7.
RFL,160000.
FTN,I=TAPE7,0PT=2,R=3,A.
REDUCE. )

RETURN, TAPE7.
COPYL,0LDOBJ,LGO,NEWOBJ...
RETURN,OLDOBJ, LGO..

ATTACH, TAPE15,STH20T, ID=RJW,MR=T..
NEWOBJ', PL=XXXX..

7/8/9 in column. one

1.3 Control Cards for SUORE-EVET to-Create a Restart Tape |

This card will be used' when the input variab]es NTAR = -7 énd
NEWTAP = 0. The control cards will be the same as. in 1.1 (exécute)-or
. 1.2 (update and execute) with the addition of the fo]]owiné;card}after'
the STAGL card. S

STAGE, TAPE2,N,POST.
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1.4 antro] Cards for SCORE-EVET to Restart and Continue Taking
Restart Dumps

The cards will be used when the input variables NTAP = +1 and
NEWTAP = 1. The control cards will be the same as in 1.1 (execute) or
1.2 (update and execute) with the addition of the following two cards
after the STAGE card.

STAGE , TAPEZ2 ,VSN=X2.

This control card reads the restart tape with number X2.
STAGE , TAPE3,N,POST.

This control card writes the restart dumpé on a scratch tape.

2. DETAILED'INPUT DATA CARD DESCRIPTION

The input instructions given below are ordered as the input is
encountered by the code in Subroutine VRIN. The format for all card
input, unless otherwise noted, is either'integer'1615 or real 6G12.5.
The I format denotes that integer numbers are to be input. The integer
must be right'justified. The G format indicates floating-point numbers
are to be read in. Under the G format, exponentia]s must be right
adjusted. For the convenience of the user, a large part of the input
data has been grouped on cards contafniné all integers or all real
numbers. |

For clarity, a few brief comments are required concerning the code
input. Either all SI.(System Internationals) or 511 English units are
required on input and output. ThevSI and English units required are
given an the card description.

When the restart option is used,'the entire data deck must be
submitted. Input quantities which do not refer to the problem geometry
can be changed when restarting. When setting up problems, Figures A 1
through A-3 should be referred to for geometric, channel, and fuel rod
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numbering descriptions. The following is a detailed description of the
“input data cards.

Channel
14 1" 8 S 2 Number
Rod
Number
13 10 7 4 1 ; J ,
z S
s e

INEL-A-272

Fig. A-1 Prescr1bed channe] numbering and typ1ca1 rod numbering sequence
for SCORE-EVET.
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Y S T A

k 3 1 3.2 3.3 3.4 3.5 3.6
BC BC BC BC BC BC
DZ(3) L L © > @ - & > @ > @ .
Qv
k 2 =1 2.2 2.3 2.4 2.5 2.6
BC U RC RC RC RC BC
DZ(2) ) > @ - @ > @ - @ - @ Ho-
A P.SIE.RHO . .
z A A A A A A
ka1 i=t |7 2 13 1.4 15 1.6
BC BcC BC 810} BC BC
DZ(1) [ o @ - @ = @ - @ - @ o
DX(1) DX(2) DX(3) DX(4) DX(5) DX(6)
" - (a) x-2 Plane INEL-A-2338
3.3 2.3 1.3
BC ¢+ - BC . BC
-] [ ] - [ ] - [ ] 0Z(3)
32 - 2.2 T2
. BC RC BC
- s = ™ - v nz(?)
P.SIE,RHO
31 . 2.1 ik
BC BC . B ‘
o |
- ° - ® - ) ZAL0N P
D.(3) DY(2) DY(1)
(b) y-z Plane .

-

Y INEL-A-2339

Fig. A-2 Une-dimensional example of boundary and computational cell
arrangement, and cell dimension specification in the x-z plane and the
.y-z plane. '
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(9) (6) (3)

) Rod 6
Rod 9 —7/—\<>/“\Y— Rod 3 |

Rod 8 - Rod 2
(8) (2)
Rod 7—-A\ ‘j - “}—Rom [ :
Rod 4 |
N ( "'

(7) (4) 1)

hannel Numher _J

b
il =

(a) Partial fuel-rods occupying -a single flow channel.

000

OO

Q
O
00|00
OO OO
OO

(7)

OO

Channel Number

{b) Multiple fuel rods occupying a single flow channel.
INEL -A-271

Fig. A-3 Typical rod numbering sequence for SCORE-EVET when partial
- .and -multiple fuel rods occupy a single flow channel.
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Columns

1-80

1-5

11-15

Card 1 Title

Format Name

AL TITLE

Description

One card TITLE of problem.

and Printed OQutput Form Flags

Card 2 Input and Output Units

I ' IUF
I 10UTF

I NAOC"

49

IUF is the input units flag. If
IUF > 0, the input is in English
units. If IUF < 0, the input

is in SI units.

IOUTF is the output units flag.
Same as above.

NAOC indicates the form of the
output. If NAOC < 0, only the
3-D array information is

output. If NAOC = 0, the 3-D

‘array and channel information -

are output. If NAOC > O;‘bniy
channel information is output.

For NAOC > 0, the channels-"

for which information is to be
output are described on the next
card. If NAOC > 0, the 3-D
array will be printed once at

the beginning of each new problem.



Columns

16-20

preceding card is > O.

Format

Name

NOCH

Description

NOCH describes the number of
channels for which channel
information %s to be output. If
NAOC < 0, NOCH is not used.

For values of NAOC >0, NOCH = 0
indicates that information for
all channels is to be output.

If NOCH > 0, NOCH is the total
number of channels for which
information is to be output.

For NOCH »> 0, optional cards 2a
are read in.

Card 2a These cards are to be read only when NOCH in the
Cards 2a will be read with format 1615 unti]

NOCH channel numbers have been read and stored in the array NCHAN (N).

The typical channel numbering sequence is prescribed in Figure A-1.

Note that the channels are numbered from the origin out the z-axis and

then stepped out along the y-axis.

Co]dmns

1-5

Columns

1-5

Format

Name

NCHAN(1)

Description

Channel number of first channel
for which .information is to be
output.

Card .3 Number of Computational Cells, Rod Model,

Power/Timé, and Time Step/Time Data

Format

Name

IBR

50

Description

Number of real fluid cells in
the axial or x-direction. IBR
must be > 1 and < 38.



Columns Format Name Description

6-10 I ' JBR . Number of real fluid cells in
the y-direction. JBR must bé

> 1 and < 38.
11-15 I : KBR Number of real fluid cells in
C ’ _the z-direction. KBR must be

> 1 and < 38.

The total number of computational fluid cells is limited in two
ways. First, (JBR)(KBR) < 64, that is, the maximum number of cells in
the y-z plane is limited to 64. Second, the 1imit on total number of
cells is (JBR + 3)(KBR + 2)(IBR + 2) < 923. For example, if the
user desires to model a 6 by 6 array of subchannels, he will be limited
to a maximum of 12 fluid cells in the axial direction (IBR = 10), plus
two boundary cells. ' ‘

Columns - Format : Name Description
16-20 SO IROD Flag which describes how the fuel

"~ rod surface heat flux will be
specified. 1If IROD = 0, the
user specifies the heat flux.

If IROD = 1, a steady state fuel
rod .conduction model 1is used to

“.calculate the surface heat
flux. If IROD = 2, a transient
rod conduction model is used to
calculate the surface heat flux.
IROD = 3, 4, or 5 are radiation
heat transfer options and_are'

y B currently not available.
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Columns

21-25

26-30

31-35

36-40

1-12

13-24

Format Name

I . NDIAG
I ~ NROD
I ~ NZPTD
I ~ NZTDT

Description

Diagonal symmetry flag. If
NDIAG = 0, the problem does not
have diagonal symmetry in the y-

"z plane. If NDIAG = 1, diagonal

symmetry exists in the y-z
plane. NDIAG = 1, should
be used only when JBR = KBR.

Number of rods to be modeled by
fuel rod conduction model, not
to exceed 64. NROD is set equal
to zero if IROD = 0.

Number of rod power (or

surface heat flux factors)/
time data pairs to be read in.
NZPTD < 20. The data pairs are
input on Card 20.

_ Number of time step/time data

pairs tu be reud in NZTDT < 20.
The data pairs are input on
Card 21.

Card 4 Donor Cell Weighting Factor

G - ALX

G ALy

52

ALX, ALY, and ALZ are coeffi-
cients which specify the method
of space differencing of flux
terms in the y- and z-directions

- for the eneryy, momentum and 13-

continuity of mass equations.
ALi = 1 gives a full donor cell
differencing. 0 < Ali < 1.



Columns Fofhatn Name Description
25-36 G ALZ

Card 5 Gravitational Force Components, Convergence

Criterion and Iteration Weighting Factor

1-12 G GX X, ¥, and z components of
13-24 G GY gravitational force per mass.
25-36 - G GZA For normal reactor conditions,

GX = -32.2 ft/sec or -9.8]
m/s2, and GY = 6Z = 0.

37-48 G CEP Convergence criterion for the
' continuity equation.

JpV.
S 1 < ocep MINE%EiL
Y —_ X

]'

s olvl EJXUJ
AY Y;

The values of CEP generally used
are 1072 > CEP > 1075,
49-60 G WGHTP Weight factor for iteration
scheme. WGHTP‘may be varied
(0 < WGHTP < 2) ta speed up
convergence. Generally, WGHTP =

1.5 js used.

Card 6 Automatic Time Step Control.and Problem

Time Limit
This card group provides time step control if time step/time data
pairs are not used (Card group 3). The quantities read in are: DT, the
initial time step; BO, the factor by which the time step may be increased
every time step if the automatic time step control is used; and SACRIT,

the factor by which the time step must stay below the Courant time step
Timitation. If_ the flag IDTFLG in Card group 7 is zero, the time step
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is held constant at the initial value read from this card. If IDTFLG is

greater than zero, the tihe step is increased by multiplying the curreht

time step value by BO.

In this manner, the time step is allowed to

increase until its value is Tless than or equal to the Courant limitation
multiplied by SACRIT.

Columns

1-12

13-24

37-48 -

1-5

Format .- Name
G DT

G BO

G SACR1 |
G TFIN

Description

Time step (in seconds) to be
used if time step/time data
pairs are not to be read in,
NZTDT = 0 on Card 3.

Maximum factor by which the time
step is allowed to increase when
the automatic time step control
is in effect (IDTFLG # O on

Card 7).

New DT = old DT * BO.

Stability safety factor for
automatic time stcp control.-
For implicit calculations,

By
MAXDT < SACRIT (MAX Y ).

(0 < SACRIT < 1.)

Problem completion time in
secunds.

Card 7 Time Step Control Selectinn, Printout

Interval, and Steam Table Flags

I ‘ IDTFLG
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Time step selection flag. If
IDTFLG = 0, DT is held constant
at the input value or at the

-valué specified by the time
step/time data pairs. If IDTELG



# 0, automatic time step control

is used.
Columns Format Name Description
6-10 I LPR Print control. If LPR =1, the

output is in both paper and
microfilm form. If LPR = 2,
output to microfilm only. If
LPR = 3, output to paper only.
Currently only option 3 s
available.

11-15 I 'NPRT  NPRT is the cycle interval at
' which printing occurs. If NPRT
= 1, print each time cycle. If

NPRT = 2, print every second
cycle. If NPRT = N, print every

Nthcyc]e.

16-20 I " NWPC Number of variables stored per
computational cell. Currently
NWPC = 13.

21-25 . I NWPP NWPP is the flag which indicates

whether the momentum and continuity
equations are to be solved
explicitly or imp]icit]y;

Currently only the implicit

option is available (NWPP = 0).

26-30 1 " IESLFG  Steam table control during the
‘ : pressure iteration. If IESLFG =
1, the full steam tables are
used. If IESLFG = 2, a Tinearized
steam table is used. IESLFG = 2
is adequate for most.problems.
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Columns . Format Name
Card 8 Restart Flags
1-5 I NTAP
A\
6-10 I NWTD
11-15 I NEWTAP
16-20 : I NRST
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Description

X

If NTAP
program starts at time

0, the
0 and
does not make restart dumps to
If NTAP = -1, the program
0 and makes

Restart flag.

tape.
starts at time =
restarl dympx to tape every NWTD
If NTAP = 1, the program
restarts from tape at cycle NRST

cycle.

and makes restart dumps to a new

‘ tépe every NWTD cycle.

Cycle interval between restart
dumps. NWTD can be different
from NPRT on Card 7. NWTD is
teft blank if NTAP = 0.

NEWTAP is used when NTAP
Tf NTAP = -1, set NEWTAP .
If NTAP = 1, set NEWTAP = T -so
that restart dumps are taken on
a new tape, unit 3. (See Sec-
ﬁion 1 for the required job
control cards.) NEWTAP is left
blank if NTAP = 0.

+1..

Cycle number from which restart -
is to begin. NRST is Teft blank
if NTAP = 0. ‘



Columns

Format

Name

Card 9 3-D Array Output Control

16-20
21-25
26-3Q
31-35 |
36-40

41-45 -

I

IBRST

IBRED

IBRIN

JBRST

JBRED

"JBRIN

KBRST

KBRED

KBRIN

Description

IBRST, IBRED, and IBRIN are
flags to control the limits of
the 3-D arvay output-in the i-
or x-direction. Array printout
will start with i level IBRST
going to level IBRED, with
information being printed out

at each IBRINEM interval.

Array output limits for the j-
or y-direction.

Array output limits for the k- or
z-direction.

Card 10 Comgutafionai Cell Dimensions in the x-Direction

IBR + 2 numbers are to be read on this card.

1-12

13-24

DX(1)

DX(2)
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The array DX(I) stores the
computational cell dimensions in
the i- or x-direction. The user
must supply the dimensions for
both real and boundary cells
(iBR + 2 cell dimensions)
starting with the boundary cell
at the inlet i = 1, proceeding



Columns Format ‘Name Description
to the outlet at I = IBR + 2, as
shown in Figure A-2. Six cell
dimensions will be read from
each card until IBR + 2 dimen-
sions have been read. [DX(I) is
*in inches or meters.]

Card 11 Computational Cell Dimensions in the y-Direction

JBR + 2 numbers are to be read on this card.

1-12 : G - DY(1) The array DY(J) stores the
computational cell dimensions in
the j- or y-direction. The
description is the same as
Card 10.

13-24 G DY¥(2)

Card 12 Computational Cell Dimensions in Lhe z-Direclion

.KBR + 2. numbers are to be-read on this‘card.

1-12 G DZ(1) The array DZ(K) stores the
computational cell dimensioﬁs in
the k- or z-direction. The
description is thc same as
Card 0.

13-24 G DZ(2)
‘Card 13 Axial Form Loss Coefficients

IBR + 1 pressure drop loss factors, XLOSS(I), for the axial or x-direction
will be read in. These loss factors are to be used to account for
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pressure drops across inlet and outlet orifices:-and fuel rod spacer
grids. For the pressure drop desired, the user should calculate the
loss factor by:
XLOSS(1) = 248
. pu

The I index indicates that the loss factor is to represent a
pressure drop at the interface of the I and (I + 1) cells, across the
entire y-z plane. For instance, XLOSS(1) and XLOSS(IBR + 1) represent
inlet and outlet loss factors. If no other losses areAexpected than

those of the bare rods, the loss coefficients should be read in as zero.

Columns Fo}mat Name Description
1-12 . G : XLOSS(1) Axial loss factor between

I levels 1 and 2.

13-24 G  XLOSS(2) Axial loss factor between
I levels 2 and 3.

Additional cafds are réad until IBR + I loss factors have been read.

Card 14 Boundary Quantities for Flow Field ‘Initialization

This card is used to read in the boundary quantities required to initialize
the flow field. This card must be read in even when the restart option

is used.
Columns Format Naine Description
1-12 G P Core exit pressure (1bm/1’n.'2 or

N/m%) used in the 1-D flow field
initialization.
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Columns Format , Name De§¢rig§19n

13-24 G - SIE Core inlet internal energy
(Btu/1bm or J/kg) used in the
1-D flow field initialization.

25-36 G ‘ QUAL Core inlet quality.
37-48 G u ' Core inlet velocity (ft/sec
or m/s) used in the 1-D

- flow field initialization.

Card 15 Fuel Rod Diameter, Spacing, and Power Specifications

1-12 G ) DIAMRD Fuel rod cladding outer diameter
‘ (in. or m).

13-24 G SPROD  Spacing between fuel rod centers
‘ (in. or m).
25-36 G PAVE If IROD = 0 on Card 3, PAVE is

the average surface heat flux
from fuel ruds or other surfaces
in the problem being described
(Btu/hr-ft° or J/s-m). 1f

IROD > 0 on Card 3, PAVE is the
average fuel rod linear power:
(kW/ft or J/s-m).

Card 16 Specification of Coolant Channel Hydraulic Parameters

One card will be read for each channel until a total (JBR)(KBR) CARDS
are read. The cards must be in sequence from Channel 1 to Channel (JBR)(KBR).

Ps
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Columns Format
1-12 ) G
13-24 G
25-36 G
37-48 . G

Name

DHYA(N)

DHEA(N)

VOIDA(N)

RODNUM(N)

Description

Equivalent hydrau]ic diameter
of Channel N. DHYA = 4 Af/Pw
(in. or m). If the channel

is devoid of solid material
set DHYA(N) = 0. (Af is the
channel flow area; Pw is the
wetted perimeter.)

Equivalent heated diametefvof
Channel N DHEA = 4A /P, (in.

or m). If the channel is with-
out heated surfaces, set DHEA = 0.

(Ph is the heated perimeter.)

Porosity of Channel N. VOIDA(N)
= Vf/V. A porosity of zero indi-
cates that there is no fluid in
the channel. (Vf is the fluid
volume and V is the total cell
volume. )

Number of rods represented by |
the wetted and heated perimeters.
As shown in Figure A-3 (a and b),
a channel volume may contain from
1/4 rod to several rods.

Two additional channel quantities are caiculated and stored for

Channel N: AWF(N) and AWQ(N).

AWF is the wetted surface area per total
cell volume [AWF(N) = 4 VOIDA(N)/DHYA(N)]. AWQ is the heated surface
area per total cell volume, [AWQ(N) = 4 VOIDA(N)/DHEA(N)]. If DHYA(N)
or DHEA(N) is zero, AWF(N) and AWQ(N) are set to zero.
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Columns Format Name Description

Card 17a Fuel Rod Conductance Fuel and Cladding Thermal
Conductivity, and Volumetric Specific Heat Specifications

This card is not included if IROD = 0 on Card 3.

1-12 6 , DIAFD Diameter of the fuel pellet (in.

or m).
13-24 G GAPT Ihickness ot the gap bétween the

fuel pellet and the inside
cladding surface (in. or m).

25-36 6  GAPH ' Gap conductance (Btu/hr-ft-°F
or J/s-mZ»K).
37-48 G FUELK Fuel thermal conductivity (Btu/hr-
‘ ft-°F or J/s-m-K).
49-60 G . CLADK Cladding thermal conductivity
(Btu/hr-ft-°F or J/s.m-K).

61-72-. G RHOCPF . Volumetric specific heat of the
| fuel (Btu/ft3-°F or 3/m>-K).

Card 17b ?uei Rod Gap Conductance, Fuel and Cladding Thermal
Conductivity,>and Volumetric Specific Heat Specifications

This card is not included if IROD = O on Card 3.

1-12 G, . RHOCPC | Volumetric spccific heat of the
' cladding (Btu/ft3—°F or J/m3-K).
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Card 17¢ Fuel Rod-to-Coolant Channel Connection Data

These cards describe fuel rod-to-coolant channel connections and are not
included if IROD = 0 on Card 3. If IROD > 0, there should be NROD cards

in this group, with rod numbers from 1 to NROD. Sequencing of the cards
according to rod number is not necessary. At the present time, only one
coolant channel can be associated with each rod, fhat is, with each fuel
rod conduction solution. Each fuel rod defined can represent part of a
rod, a single rod, or multiple rods in a single channel. The power

factors defined in Card 18 represent the average pbwer of the rod or

rods in the channel. The heat flux from a single rod conduction solution
is multiplied by AWQ to get the proper total energy to the coolant

channel (AWQ is not an input quantity, but is calculated based on input).
It is not necessary that a fuel rod be associated with every coolant
channel. For geometries in which there is diagonal symmetry in the y-z }
plane and the diagonal symmetry flag NDIAG is set equal to 1, computational
time can be saved by defining rods only for those channels on and above

the diagonal plane. No coolant subchannel can have an identification
number greater than (JBR*KBR).

Columns - Format Name Description
1-5 I NURO Rod number.
6-10 I NRC(1,NURQ) Number of the channel connected

to rod number NURO.

Card 18 Radial Power Factors

Radial power factors PFACR(N) will be read in, in sequence from 1 to N.
If IROD = 0, the radial power factors represent the channel-to-channel
heat flux variation. N for this case is (JBR*KBR). The radial power
factors for this case must be normalized fractions of the average heat
flux, PAVE, input on Card 15. If IROD > 0, the radial power factors
represent the rod-to-rod linear power variation. N for this case is
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NROD. The radial power factors must.be‘noﬁma1ized'fractions of the
average linear rod power, PAVE, input on Card 15.

Columns Format Name - Descrig%ion
1-12 G PFACR(1) Radial heat flux factor for

Channel 1 if IROD = 0, or the
radial power factor for rod
number 1 if IROD > O.

" Card 19 Axial Power Factors

Axial power factors PFACAX(I) will be re&d in, in sequence from 1 to
IBR. Only one set of axial power factors is allowed. If IROD = 0, the
specified heat flux, PFACAX(I) represents the axial variation of surface
heat flux. If IROD > 0, rod conduction model, PFACAX(I) represents the
axial variation of - rod linear power. For both cases the following must
be true.

IBR IBR

E: PFACAX(I)DX(I) 2: DX(T) = 1»
=1 I=1
Columns Format - Name Description
1-12 G PFACAX(1) Axial heat flux or power factor
: o for the first axial level of
real cells.

Card 20 Power Faclor/Time Dala Pairs

NZPTD power factor/time data pairs will be read. If NZPTD on Card 3 is
zero, these cards are not included. For a given problem time, a factor
by which PAVE is to be multiplied will be linearly interpolated from
these data pairs. The user should choose the data pairs such that
significant perturbations are represented. .The pairs must be input in
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order of increasing time, and the times selected must contain the time
for which a solution is desired. A maximum of 20 pairs is allowed.

Columns Format Name Description

1-12 G PTDAT(1) First power factor (dimension-
less).

13-24 G PTDAT(2) Time for the power factor above
(sec).

49-60 G PTDAT(5) Third power factor.

61-72 6 PTDAT(6) Time for the third power factor:

Card 21 Time Step/Time Data Pairs

NZTDT time step/time data pairs wi]] be read. If NZTDT on Card 3 is
zero, these cards are not fnc]uded. The pairs must be input in ordef of
increasing time, and the times selected must contain the time for which
a solution is desired. A maximum of 20 pairs is allowed. The magnitude
of the time steps should be selected such that: (a) pertinent phenomena
such as spikes in boundary conditions, rod power, or heat flux are
represented; (b) the stability Timit for the time step is not exceeded
(maximum time step, DT = Max. B (Vi); and (c) the solution converges
within a reasonable number of iterations (generally < 100 iterations).

Requirements (a) and (b) are straightforward. However, requirement
(c) calls for experience in running the code. To aid the user, the
input data required .to run a number of different cases have been included
in Appendix E. | '
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Columns Format Name - Description

1-12 G DTE(1)  First time step.

13-24 G ' TIM(1)  Time to which time step DTE(1)
is to be used. Time step DTE(I)
is used if problem time is less

than its associated TIM(I).

?5-36 6 DTE(?)  Second time step.

37-48 G TIM(2) Time to which time step DTE(2)
is to be used.

Card 22 Inlet Boundary Specification Flags

This card contains the data to load the inlet boundary flag array,
IBCFAC(1,N). The flags describe how the seven boundary quantities --
axial (x) velocity component u, transverse (y) velocity component v,
transverse (z) velocity component w, pressure P, internal energy SIE,
density of the coolant RHO, and temperature of the coolant TEMP --

will be handled. Eight possible flags (integers 1 through 8) can be
used to describe how the seven quantities above will be specified. The
possib]e options and combination of options are described in Appendix B.

Columns Format ~ Name Description
1-5 I , N11 ‘The boundary flag for the u

component of velocity. N11 is
stored in the array location
IBCFAC(1,1).

6-10 - N12  The boundary flag for the v
component of velocity. N12 is
stored in array location
IBCFAC(1,2).
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Co]ﬁmns Eggmg;
11-15 I
16-20 I
21-25 | I
26-30 I
31-35 I

Name

N13

‘N14

N15

N16

N17

Description

The boundary flag for the w
component of velocity. NI13 is -
stored in array location
IBCFAC(1,3).

The boundary flag for pressure,
P. N14 is stored in the array
location IBCFAC(1,4).

The boundary flag for internal
energy, SIE. NI5 is stored in
the array location IBCFAC{1,5).

‘The boundary flag for density,

RHO. N16 is stored in array
Tocation IBCFAC(1,6).

The boundary flag for temperature,
TEMP. N17 is stored in array
location IBCFAC(1,6).

Card 23 Inlet Boundary Initial Conditions

The initial values for the seven inlet boundary quantities are read in
on this card. These initial values are loaded into the array, FBCFAC(1,N).

Columns Format

1-10 6

Name

C11
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Description

Initial value for axial velocity
u (ft/sec or m/s). CI1 is not
defined by the user if N11 equals
1, 6, or 7.



Columns Eormat Name. Descrigtipn
11-20 G cle . Initial value for transverse
: velocity v (ft/sec or m/s).
C12 is defined by the user
if N12 equals 2.

21-30 G C13 - Initial value for transverse
' ‘ velocity w (ft/sec or m/s).
C13 is defined by the user if.
N13 equals 2. .

31-40 G ' Cc14 Initial value for pressure P
(1bm/in.% or N/mP). €14 is
not defined by the user equals
1, A, or 7.

41-50 e C15  Initial value for internal
' energy SIE. - (Btu/lbm or J/kg).
C15 is not defined by the user

if N15 equals 1, 6, or 7.

51-60 G C16 Initial value of density RHO
| (1bm/£t3 or kg/m3). C16 is
defined by the user if H16
equals 2.

61-70 G c17 Initial value of temperature
TEMP (°F or K). C17 is

defined by the user if N17 equals 2.

Card 24 InTét Boundary Axial Velocity or Pressure Spatial

Distribution

This optional card input, is read only if N11 or N14 equals 4 or 5.
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The multiplying factors, SIUP(JBR*KBR) that vary the pressure or

axial velocity at the inlet are read iin. One factor is read in for each
flow channel. The factors must be in order of increasing channel number.
The values of SIUP are multiplied times the initial value of pressure (P)
or-axial velocity (u), C11 or C14, on Card 23, respectively, depending

on which property is specified at the inlet boundary.

Columns Format Name Description
1-12 G SIUP(1)  Pressure or axial velocity
spatial multiplying factor for
Channel 1. '

13-24. G " .SIUP(2) Pressure or axial velocity
' spatial multiplying factor for
Channel 2.

Card 25 Inlet Boundary Internal Energy Spatial Distribution

This optional card is read only if N15 equals 4 or 5. The multiplying
factors SIS(JBR*KBR) that vary the internal energy at the inlet,

are read in. One factor is read for each subchannel. The factors must

be in order of increasing channel number. The values of SIS are multiplied
times the initial values of internal energy (C15 on Card 23).

Columns - Format ~ Name Description
1-12 G SIS(1) Internal energy spatial multi-

plying factor for Channel 1.

13-24 G SIS(2) Internal energy spatial multi-
plying factor for Channel 2.

69



Card 26 Inlet Boundary Axial Velocity or Pressure/Time

Data Pairs

This optional card input is read only if N11 or N14 equals 3 or 5 on
Card 22. This card group is used to load NFTPUI pairs of multiplying -
factors and time into the array, TIUP(NN). These factors are used to
vary the inlet pressure or axial velocity as a function of time. For a
given time, a multiplication factor is interpolated from the data pairs.
This factor is then muitip]ied'times the initial value of pressure or -
-axial velocity to provide a time varying boundary condition. The number
of multiplying factor/time data pairs~(NFTPUI) is read first and then
the data pairs are read. '

Columns Format Ngmg_ | Description

1-5 . 2 I o NFTPUT Number of multiplying factors/
' time data pairs, not to exceed

20.

13-24 G TIUP(]) First multiplying factor.

25-36 G A TIUP(2)  First time.

37-48 6 | | TIUP(3)  Second mu]tipiying factor.

49-60 6  Tiuele) Sevco'r.ud time.

61-72 G A TiUP(S) ‘Third mﬁ]tip]ying factor.

If NFTPUI is greater than or equal to 3, the factor/time data pairs
are continued on additional cérds with a 6G12.5 format.
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Card 27 Inlet Boundary Internal Energy/Time Data Pairs

This optional card input is read only if N15 equals 3 or 5. This card
is used to load NFTPSI pairs of multiplying factors and time into the
array TIS(NN). The factors are used to vary the inlet internal energy
as a function of time. For a given time, a multiplication factor is
interpolated from the data pairs. The factor is then multiplied times
the initial value of inlet internal energy. The ﬁumber of multiplying
factor/time data pairs (NFTPSI) is read first and then the data pairs
are read. '

Columns Format Name | Description

1-5 I NFTPSI . Number of multiplying factors/
time data pairs, not to exceed
20.

13-24 G TIS(1) First multiplying factor.

25-36 ' G . TiS(Z) First time.

37-48 G TIS(3) Second multiplying factor.

49-60 G TIS(4) ' Second time.

61-72 - 6 TIS(5)  Third multiplying factor.

I[f NFTPSI is greater than or equal to 3, the multiplying factor/time
data pairs arc continued on additional carde with .a 6G12.6 format.

Cards 28, 29, 30, 31, 32, and 33 define the exit boundary condi-
tions and are identical in nature to Cards 22, 23, 24, 25, 26, and 27.
The user can specify the type of exit boundary conditions, the initial
magnitude of the boundary quantities, and how the boundary quantities
will vary with channel number and time.
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Card 28 Qutlet Boundary Specification Flags

This card contains the data to load the exit boundary flag array,
IBCFAC(Z,N).

Columns Format Name Description

" 1-5 I N21 The boundary flag for the u
component of.exit velocity. N21]
is stored in the boundary flag
array location IBCFAC(2,1).

6-10 I N22 The boundary flag for the v
| component of exit velocity. N22
is stored in the array location
IBCFAC(2,2).

11-15 I ‘ N23 The boundary flag for the w
component of exit velocity. N23

is stored in the array location:
IBCFAC(2,3).

16-20 I N24 The boundary flag for exit
pressure, P. N24 is stored in
the array location IBCFAC(2,4).

21-25 I N25 The boundary flag for exit
internal energy, SIE. N25 is =
stored in the array location
IBCFAC(2.5).

26-30 I N26 The boundary flag for exit
density, RHO. N26 is stored in
the array location IBCFAC(2,6).

31-35 1 N27  The boundary flag for exit
' temperature, TEMP. N27 is stored
in the array location IBCFAC(2,7).
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Card 29 Qutlet Boundary Initial Conditions

The initial values for the seven exit boundary quantities are read in on
this card. These initial values are loaded into the array locations
FBCFAC(2,N).

Columns - Format Name Description
1-10 G c21 Initial value for exit axial

velocity u (ft/sec or m/s).
C21 is not defined by the user
if N22 equals 1, 6, or 7.

11-20 G c22 Initial value for transverse
velocity v (ft/sec or m/s).
C22 is defined by the user if
N22 equals 2.

21-30 G €23 Initial value for transverse
velocity w (ft/sec or m/s)..
C23 is defined by the user if N23
equals 2.

31-40 . G C24 AInitia1‘va1ue for pressure, P
' (1bm/in.% or N/m?). c24 is
not defined by the user if N24
equals 1, b, or 7.

41-50 G €25 Initial value for internal
energy, SIE (Btu/1bm or J/kg).
C25 is not defined by the user
if N25 equals 1, 6, or 7.

51-60 G C26 Initial value of density, RHO

(1bm/ft> or kg/m3). €26 is
defined by the user if N26 equals 2.
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Columns Format Name Descriptions

61-70 G ) c27 Initial value of temperature,
TEMP (°F or K). (27 is defined
by the user if N27 equals 2.

Card 30 OQutlet Boundary Axial Velocity or Pressure Spatial

Distribution

This optional card input is read only if N21 or N24 equals 4 or 5. The
multiplying factors SOUP (JBR*KBR) that vary the pressure or axial
velocity at the exit, are read in. One factor is read in for each flow
channel. The factors must be in order of increasing channel number.

Columns Format " Name Description

1-12 G . SOUP(1) Pressure or axial Ve10city'
spatial multiplying factor for
Channel 1.

13-24 .G . SOUP(2) Pressure of axial velocity
spatial multiplying factor for
Channel 2.

Card 31 Qutlet Boundary Initial Energy Spatial Distribution

This optional card input is read only if N25 equals 4 or 5. The mu]t1p1ying
factors.SOS (JBR*KBR) that vary the internal energy at the exit, are

read in. One factor is read in for each flow channel. The factors must

be in order of increasing channel number.

Columns Format Name Description

1-12 G S0S(1) Internal energy spatial multi-
plying factor for Channel 1.

13-24 | G :S0S(2) Internal energy spatial multi-
' plying factor for Channel 2.

74



Card 32 Qutlet Boqndary Axial Velocity or Pressure/Time 
Data Pairs

This optional card input, is read only if N21 or N24 equals 3 or 5.
This card group is.used to load NFTPUO pairs of multiplying factors and
time into the array, TOUP(NN). The factors are used to vary the exit
pressure or axial velocity as a function of time.

Columns _ Egﬁégg Name Description

1-5 I NFTPUO Number of multiplying factor/
time data pairs, not to exceed
20.

13-24 G ' TOUP(1) First multiplying factor.

25-36 G TOUP(2) First time.

37-48 G TOUP(3) Second multiplying factor.

49-60 G TOUP(4) Second time. |

61-72 G TOUP(5) Third multiplying factor.

If-NFTPUO is greater than or equal to 3, the factor/time data pairs
are continued on additional cards with a 6G12.5 format.

Card 33 Qutlet Boundary Internal Energy/Time Data Pairs

This optional card input is read only if N25 equals 3 or 5. This card
group is used to load NFTPSO pairs of multiplying factors and time into
the array, TOS(NN). The factors are used to vary the exit internal
energy as a function of time.

Columns Format Name Description

1-5 ) I NFTPSO Number of multiplying factors/
time data bairs, not to exceed
20.
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Columns Format Name Description

13-24 ‘ G TOS(1) First multiplying factor.
25-36 G . T0S(2) First time.

37-48 G TOS(3) Second multiplying factor.
49-60 G TOS(4) Second time.

61-72 G | TOS(5). Third multiplying factor.

If NFTPSO is greater than or equal to 3, the multiplying factor/time
data pairs are continued on additional cards with a 6G12.5 format.

Cards 34 through 51 are used to define the friction factors, two-
phase friction multiplier, reference viscosity, and heat transfer and
CHF correlations to be used by the code. The various model options and
correlations are described in detail in Appendix C. A summary of the
model options and the correlations is given in Tables A-I and A-II,
respectively. .

Card 34 Correlation Model Options

With this card the user selects ohe of the 14 model options given in
Table A-I. Model options O and 1 select a homogeneous fluid model with
preselected laminar and turbulent friction faétors. The user need only
specify the heat transfer options on Card 51. Model options 2 and 3 are
identical to Models 0 and 1 respectively, except that the user can
specify the friction factor-form. Models 4 and 5 allow the user to
specify a void fraction correlation by which two-phase friction multi-
pliers are to be calculated. Models 6 and 7 are identical to Models

4 and 5, respectively, except that the user is allowed to specify the.
friction factor relationships. Models 8 through 12 use preselected
consistent sets of void fraction, slip, and two-phase friction multipliers.
Model 13 allows the user to specify all correlations needed to calculate
friction factors, two-phase multipliers, and heat transfer. The user is
cautioned that only Models 0 and 1 have been thoroughly checked out.
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TABLE A-1
OPTIONS DESCRIBING CONSTITUTIVE RELATIONSHIPS FOR FLUID-SOLID INTERFACIAL HEAT AND MOMENTUM EXCHANGE

Heat Transfer, . Model Option

Fricticn

Factor, and

Two-Phase

Multiplier 8 9 [a] 10 n .12 13

Name 0 1 2 3 4 5 6 7 (ARMAND)  (M-N-L) (Beattie) (Baroczy) (Chishoim) (User Spec)
i Correlation Qption

IRECWS 0 0 4} 0 0 0 0 0 0 0 0 0 0 User Spec
IREX 4 3 4 3 \ 5 6 5 6 1 1 1 1 1 User Spec
IREY 4 3 4 3 5 6 5 6 1 1 1 1. 1 User Spec
1IREZ 4 3 4 3 5 6 5 6 1 1 1 1 1 User Spec
IFXLAM 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 User Spec
IFYLAM 1 1 User Spec User Spec 1 1 User Spec User Spec 1 1 1 1 1 User Spec
IFZLAM 1 1 User Spec User Spec 1 1 User Spec User Spec 1 1 1 1 1 User Spec
IFXTUB 3 3 User Spec User Spec 3 3 User Spec User Spec 3 3 3 3 3 . User Spec
IFYTUB 3 3 User Spec User Spe: 3 3 User Spec User Spec 3 3 3 3 3 " User Spec
IFZTUB 3 3 Usgr Spec User Spe: 3 3 User Spec User Spec 3 3 3 3 3 User Spec
IFLTEM 0 0 0 0 0 4} 0 0 0 0 0 0 0 User Spec
1IALFA 1 1 1 1 User Spec User Spec User Spec User Spec 4 5 7 10 User Spec User Spec
ITPRHO 1 1 1 1 2 2 2 2 ! 1 1 1 2 User Spec
ITPMLX 5 5 5 5 5 5 5 5 1 2 3 ) 2 User Spec
ITPMLY 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
ITPMLZ 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
ITPMTX 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
ITPMTY 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
1TPMTZ 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
JCHF User Spec User Spec User Spec Usar Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec
IHTDBF User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec

IFILMH User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec

[a] Martinelli-Nelson-Lockhart.
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TABLE A-II

FRICTION “ACTOR, TWO-PHASE MULLTIPLIER, AND HEAT TRANSFER CORRELATIONS AND OPTIONS

Flag

Option Description
ITPMOD 0-13 Descr-bed in Table A-I (0 is the default value).
IALFA 1 Homogeneous void fraction (slip ratio, K, = 1.0).
' (Default _ _ Xe 0,
Value) R X
XaP g +<1-xe)pg
2 Slip ratio, Ks’ is calculated as a polynomial function cof quality. Ks = ASLP(1)
+ ASLF'(Z)Xe + ASLP(B)xe‘2 + ASLP(4)xe3. The vecid fracticn is calculated -as
X0 “‘ .
a = e 2 where the number of coefficients NASLP to be used and the
ks * Xe("%"’gKS)
coefficients ASLP are input by the user.
3 Void fraction is calculated as a polynomial function of quality. o = AALF(1)
+ MALF(2)x, + MALF(3)x © + AALF(4)x,>. The slip ratio is calculated
K = XgPp™ ®XoP,
s . -
aﬁg - xeaﬁg .
4 Void fraction and slip ratio are calculated with the Armand corre]ation{A-]].
5 Vaid fraction and slip ratio are calculated with the Martinelli-Nelson-Lockhart

corre]afion[A—z].
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TABLE A-II {continued)

Flag Option Description
IALFA 6 Void fraction and s]ib ratio are calculated with the Madsen corre]ation[A'B].
(continued) 7 Void fraction and slip ratio are calculated with the Smith corre]ation[A—4].
& Void fraction and slip ratio are calculated with the Thom corre]ation[A'Z].
¢ Void fraction and slip ratio are calculated with the Zivi corre]ation[A'sj.
1C Void fraction and slip ratio are calculated with the Baroczy corre1ation[A'2].
11 Void fractior and slip ratio are calculated with the Bankoff corre]ation[A'6].
12 Void fractior and stip ratio are ;a]cu]ated with the Turner-Wa]]is‘confélation[Atzl.
13 Void fractior and sTip ratio are calculated with the Von Glahn-Polcyn correla-
tion[A'7].
14 Void fréctio[ and slip ratio are calculated with the Bankoff-Jones correla-
£ [A-8,A-9
jon .
IRECWS 0 The component direction velocities u, v, w are used to calculate the x,y,z Reynolds
(Defeult numbers, respectively. ‘
Value)
1 The resultant velocity = Vu2+v2+w2 is used to calculate the x,y,z Reynolds

numbers, respectively.
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TABLE A--I {continued)

Flag Option Description
IREX, IREY, 1 Reynolds number is calculated using the liquid viscosity.
: ' X 1-x
and IREZ 2 Reynolds number is calculated using the mixture viscosity defined by %—= T + 3 =
' (Default g
Value)
3 Reynolds number is calculated using the mixture viscosity defined by {i = Xeﬁg
4 Reynolds number is calculated using the mixture viscosity defined by %-= %—-+ E:g
. g 2
5 Reynolds number is calculated using the mixture viscosity defined by i = aig
+.(]-a)ﬁ2; , .
6 Reynolds number is calculated using the vapor viscosity.
[FXLAM 1 xfdirecpion laminar friction factor fXL] = 64/Re and fXL2'= 0.
(Default '
Value)
IFYLAM and 1 y,z-direction laminar friction factors, fy 7 and f717, using the Bergelin
: 1o [A-10] :
[FZLAM (Default carrelationt” "~-.
“Value)
2 y,z-direction laminar friction factor fYL] = 64/Re, fZL] = 64/Re, and fYL2 = fZL2

= 0.0.
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TABLE A-1I (continued)

Flag Option Description
. . L P . _ FREXPX
IFXTUB 1 x-direction transition - turbulent (T-T) friction factor: fXT] = CITFX(Re)
fXTZ = C2TFX
where CI1TFX, FREXPX, and C2TFX are input by the user. A temperature correction can
be applied to fXT2 I[FLTEM = 2. -
2 x-direction T-T friction factor: fXT] = 2Log(Dhy/2ROUGH) +1.74
where ROUGH is fnput by the user fXTZ = 0.
- , 1 -
3 x-direction T-T friction fgctor. - 2Log (Re‘/fXTl) -0.8.
(Default \/ XT1
Value)
4 x-direction T-T friction factor: ! = 1.74-2Log ZSOUGH y —18.7
| fxm hy Re\/fxm
fxre = 0-
5 . x-direction T-T friction factor using the Lombardi-Pedrocchi corre]ation[A']]] for

fxmr.

Note: This correlation includes the two-phase friction factor.
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TABLE A-II (continued)

Flag

Option Description
IFYTUB and 1 y,z-direction T-T friction factors:
IFZTUB fooy = CITFY(Re)FRPY
YT1
fYT2 = C2TFY
- FRzX?Z
fZT2 = C2TFZ
where CITFY, FREXPY, C2TFY and CI1TFZ, FREXPZ, C2TFZ are input by the user. A
temperature correction’can de applied to fYTé and fZT2 if IFLTEM =,2.
_ ) I 2,
2 y,z-€irection T-T friction factors: fYT]'— fZT] = 2LoG ) * 1.74
t . r ‘
fYT = f = 0.
3 ¥sz-cirection T-T friction factors: ! = 1.74- Z(Fog D + —18.7
| A Re vym
(Default 1 ] 74-2 Log D + 18. 7
Value) vim Revifom
fyre = Tz = -

YT2
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- TABLE A-II (continued)

Flag Option Description
IFLTEM 0,1 No temperature correction is applied to the friction factor.
(Default
Value) ' ,
2 For the friction factors given by IFXTUB, IFYTUB, and IFZTUB = 1 above, a wall tem-
perature correction Qf friction factor is applied as f(x,y,z)TZ = CZTFx,y,z[]'O
-0.001(Tw - Tb)] where Tw = wall temperature
Tb = bulk coolant temperature.
h 59
ITPRHO 1 Homogeneous two-phase mixture density: ¢ = -
XePg * (1-xe)pg

In the present version of SCORE-EVET, only the homogeneous form of mixture density is

used. ‘
ITPMLX, 1 Two-phase friction mu]tip]iér calculated with the Armand corre]ationLA']].
TTPMLY, 2 Two-phase friction multiplier calculated with the Martinelli-Nelson-Lockhart correla-
ITPMLZ, L

. [A-12]

tion .

ITPMTX, . . . v . . . [A-13]
_ ITPMTY, and 3 Two-phase friction multiplier calculated with the Beattie correlation .

ITPMTZ 4 Two-phase friction multiplier calculated with the Baroczy corre]ation[A']4].
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TABLE A-T1 (continued)

"'F]ag Option " Description
ITPMLX, 5 Mixtur> density and friction factor are used to calculate the two-phase frictional
ITPMLY, (Default pressure drop. ' '
ITPMLZ, Value) , . _ e
ITPMTX, (a)- Homogeneous flow: IALFA = 1; IREX, IREY, or IREZ = (2 or 3); IFXTUB = 1 through
ITPMTY, and 45 IFYTUB or IFZTUB = 1 through 3; and ITPRHO = 1.
ITPMTZ . ST :
(continued) (b) Nonhomogeneous fiow: IALFA = 2 through 14; IREX, IREY, or IREZ = (4 or 5);
IFXTUB = 1 through 4; IFYTUB or IFZTUB = 1 through 3; and ITPRHO = 2.
6 Constant two-phase friction nultiplier input by the user as ATPMLX, ATPMLY, ATPMLZ,

ATPMTX, ATPMTY, andsor ATPMTZ, respectively.
ITPMLY, - 7 Transverse two-phase “iction multiplier calculated with the Grant-Murray correla-
ITPMLZ, tion[A_]S]. The -two-phase friction multiplier is:
ITPMTY, and [\, | : - S

Z SR 2 400 | ( -
IPTMTZ ¢20" 1+ (ﬁ2> 59 1 Xa + (.15 [-/Xe - Xe :]} for laminar flow, and

2. (R} BT P | .. 400

¢20, =:]:+ \5, gg Xe + 0.15 . v/ig"- Xe for turbulent f]oy, where

bT1 = FREXPY for IFYTUB = 1 .

bT1 = FREXPZ for IFZTUB ='1.
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TABLE A-II (continued)

Flag Option Description
ITPMLY, 7 The.following friction factor option should be used with this two-phase friction
ITPMLZ, (con- multiplier:
ITPMTY, and  tinued) IREY, IREZ =1
ITPMTZ IFYLAM, IFZLAM = 1 or 2
(continued) IFYTUB, IFZTUB = 1.
[FTLMH Transition and film boiling correlation options are:
1 The transition or film boiling heat flux is the most conservative of the heat fluxes
‘ calculated by the: McDonough, Milich, and King[A']s] correlation (Mode 4);
Groeneve]d[A']7] 5.9 correlation (Mode 5); or the Dougall and Rohsenow[A_]8] correla-
tion (Mode 9). »
2 The transition or film bdi]ing heat flux is the most conservative of the-heat fluxes
calculated by the: McDonough, Milich, and ng[A 16] correlation (Mode 4);
Groeneve]d[A 17] 5.9 correlation (Mode 5), or the Doan]] and Rohsenow[A']S] correla-
tion (Mode 9).
3 The transition or film boiling heat flux is the most conservative of the heat fluxes
(Default calculated by the: McDonough, Milich, and K1'ng[A']6:| correlation, or the Dougall
Value) and Rohseriow-A-18] correlation (Mode 9).
4 The transition or film boiling heat flux is calculated by the Condie-Bengsten

correlation, and the heat transfer mode is set equal.td 5.
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TABLE A-II (continued)

Flag Option Description
JCHF -Critical heat flux co-relation flag. Each option provides the calculation of CHF by
the following:
0 Interpolates B&NZ[A'];], Barnett[A’ZO], and modified Ba|r~nett[-A'2]:| based on pressure.
(Default :. ' ‘
Value) - :
1 . The W3 CHF corre]ation[A'zz] including the cold wall correction factor.
2 The Baw2lA 191 chr correlation (Note: Does not include a significant cold wall
effect.) ' ‘ o : -
-3 The Babcock & Wilcox B2[A'23] CHF correlation for high flcw regime axial mass fluxes
6f 6> 1.0 x 102 —12 . iNote: Includes a cold well effect.)
hr-=t%
92 ) _
4 The Babcock & Wilcox BI_’M[A 23] CHF correlation for middle flow regime. (Note:
Includes a cold wa 1 e“fect.)
5 " The Babcock & Wilcox IBGC[/'\"‘Jalz| CHF correlation for high flow regime. (Note: Includes
a cold wall effect.)-
6,7,8 ‘l_3av‘ne-tt[:A'20:I CHF covfe1ation with roﬁs,represented gs én equivalent annulus.
9 Macbeth[Afza] bundle average CHF correlation at 1000 psia.
10 Modified Barnett[A’z']'CHF correlation with rods represented as an equivalent annulus.
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TABLE A-1I (continued)

Flag Option Description
JCHF (con- 11 Bowm’ng[A'zsz| round tube CHF correlation.
inued) 12 GE[A'26] CHF correlation.
IHTDBG. 0 No printout occurs for debugging purposes.
(Default
Value) .
T The values of variables for the heat transfer calculations are printed for debugging

purposes.




Columns 'Format Nam Description

1-5 I ITPMOD Model options O through 13 as
described in Table A-I.

Card 35 Laminar and Turbulent Friction Factors

This optional card input is used only if ITPMOD equals 2, 3, 6, or 7.

This card is used to define the form of the laminar and turbulent friction
factors in the three component directions, IFYLAM, IFZLAM, IFXTUS,

IFYTUB, and 1rZTuB (%ee Table A-1I for pussible options). IFXLAM is
automatically specified as 1. o

Columns Format Name Description
1
1-5 I IFYLAM  y-direction friction factor
’ flag. (Default value: IFYLAM = 1.)
6-10 I IFZLAM z-direction friction factor

flag. (Default value: IFZLAM = 1.)

11-15 I I[FXTUB x-direction turbulent friction
factor flag. (Default value:
IFXTUB = 3.)
16-20 I IFYTUB y-direction turbulent friction
" factor flag. (Default value:
IFYTUB = 3.) ‘
21-25 I IFZTUB z-direction turbulent friction
: factor flag. (Defaull Value:
IFZTUB = 3.)

Card 36 Laminarrand Turbulent Friction Factor Formu]ation

and Reference Velocity and Vi§g9§it¥ Form for Definition of
* Reynolds Number

This optional card input is used only if ITPMOD equals 13. See Tab]e A-11
for options which can be specified. IFXLAM is automatically specified
as 1.
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Columns Format Name Description-

1-5 I IRECWS Velocity flag for Reynolds
number. (Default value:
IRECWS = 0.)

6-10 I IREX Viscosity flag for Reynolds

number in the x-direction.
(Default value: IREX = 2.)

11-15 I IREY Viscosity flag for Reynolds
number in the y-direction.
(Default value: IREY = 2,)

16-20 I IREZ Viscosity flag for Reynolds
‘ number in the z-direction.
(Default value: IREZ = 2.)

21-25 I IFYLAM y-direction laminar friction
factor flags. (Default value:
IFYLAM = 1.)

26-30 I IFZLAM z-direction laminar friction
factor flags. (Default value:
IFZLAM = 1.)

31-35 I IFXTUB . x-direction turbulent friction
factor flags. (Default value:
IFXTUB = 3.)

36-40 I IFYTUB  y-direction turbulent friction
factor flags. (Default value;
IFYTUB = 3.)

41-50 I IFZTUB z-direction turbulent friction

' factor flags. (Default value:

IFZTUB = 3.)

51-55 I ~ IFLTEM Friction factor wall temperature

correction flag.
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Card 37 Surface Roughness for Friction Factor Correlations

This optional card is used only if IFXTUB equals 2 or 4 on Card 35 or 36.

Columns  Format .Name Description

1-12 -G . ROUGH Surface roughness (in. or m).

(Default value: ROUGH = 0.0008 m,
commercially. smooth.)

Card 38 Correlation.Constants for Friction Factor in the
‘x=Direction "

This optional card is used only if IFXTUB equals 1 on Card 35 or 36i
Three constantS‘are‘read in which define the friction factor in the
x-direction as a function of Reynelds- number.

Columns Format Name Descrigtibn
1-12 - N (I FREXPX Exponentl. for Reynolds number im

the x-direction.. (Default value:
FREXPX - -0.25.)

13-24 G ) CITFX Coéfficient for Reynolds number
o in the x-direction. (Default value:
CITEX = 0.3164.)

25-36 G ~ C2TFX Constant. (Default value:
S C2TFX = 0.)

Card 39 Correlation Constants for Friction Factor ih the

. y-Direction

This optional card is used only if IFYTUB equals 1 on Card 35 or 36.
This card is used to define the friction factor in the y-direction as a
function'of Reynolds number.
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Columns Format Name Description

1-12 ‘ G FREXPY Exponent for Reynolds number in
the y-direction. (Default
value: FREXPY = -0.25)

13-24 G CITFY Coefficient for Reynolds number
in the y-direction. (Default
value: CI1TFY = 0.3164.)

25-36 G C2TFY Constant. (Default value:
C2TFY = 0.)

Card 40 Correlation Constants for Friction Factor in the

z-Direction

. This optional card is used only if IFZTUB equals 1 on Card 35 or 36.
This card is used to define the friction factor in the z-direction as a

function of Reynolds number.

Columns "~ Format " Name Description
1-12 G FREXPZ Exponent for Reynolds number

in the z-direction. (Default
value: FREXPZ = -0.25)

13-24 G ’ C1TFZ Coefficient for Reynolds number .
' in the z-direction. (Default
value: CI1TFZ = 0.3164.)

25-36 G C2TFZ  Constant. (Default value:
C2TFZ = 0.) ’

Card 41 Void Fraction Correlation

‘This optional card is used only if ITPMOD on Card 34 equals 4,-5, 6, 7,
or 12. See Table A-II for possible options.
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Columns: Format Name Description

1-5 I IALFA Void fraction correlation flag.
' ‘ (Default vaTue: IALFA = 1.)

Card 42 Void Fraction and Two-Phase Friction Multiplier

This optional card is used only if ITPMOD on Card 34 equals 13. See
Table A-II for options which can be specified.

Columns " Format’ Name Description
1-5 I IALFA Void fraction correlation flag.

(Default value: TIAIFA = 1.)

6-10 I ITPRHO  Specification of the form of the
mixture density. Currently
only the homogeneous option, -
ITPRHO = 1, is available.
(Default value: ITPRHO = 1.)

11-15 I ITPMLX  x-direction laminar two-phase
' friclion multipTier flag, (Default
value: ITPMLX =5.)

16-20 I ' ITPMLY y-direction lamina¢ two-phase
FiricCion multipTier flag. (Default
value: ITPMLY = 5.)

21-25 I, ITPMLZ ~ z-direction laminar two-phase
friction mtiplier flag. (Default
value: ITPMLZ = 5.) S

26-30 I ITPMTX x-direction turbulent two-phase
friction multiplier flag. (Dcfault
value: ITPMTX = 5.)
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Columns

31-35

36-40

Format

Name

ITPMTY

ITPMTZ

Description

,y-direction turbulent two-phase

friction multiplier flag. (Default
value: ITPMTY = 5.)

z-difection turbulent two-phase
friction multiplier flag. (Default
value: ITPMTZ = 5.)

Card 43 Polynominal Form of the Void Fraction

This optional card is used only if IALFA on Card 41 or 42 equals 3.
This card is used to read in polynomial coefficients to describe the

void fraction (a) as a polynomial function of equilibrium quality (Xe);f

o = AALF(1)x, + MALF(2)y, + AALF(3)x + AALF(4)y]

Columns

- 1-5

13-24

25-36

37-48

49-60 .

Format

Name

NAALF

AALF (1)
AALF(2)
AALF(3)

AALF(4)

3

Description

Number of polynomial coefficients
AALF(NAALF). (NAALF < 3).

First polynomial coefficient.
Second ‘polynomial coefficient.
Third polynomial coefficient.

Fourth polynominal coefficient.

Card 44 Polynomial lorm of the S1ip Ratio

This optioné] card is used only if IALFA on Cards 41 or 42 equals 2.

This card is used to read in the polynomial coefficient to describe the

slip ratio (Ks) as a polynomial function of equilibrium quality (Xe);
Kg = ASLP(1) + ASLP(2)x, + ASLP(3)X§ + ASLP(4)Xg .
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Columns Format Name Description

1-5 I NASLP Number of polynomial coeff{cients
ASLP(NASLP). (NASLP < 4).

13-24 G ASLP(1)  First polynomial coefficient.
25-36 K . ASLP(2) ‘second polynomial coefficient.
- 37-48 G- vASLP(3) Third polynominal coefficient.
49-60. G ASLP(4) Fnurth polynominal coefficient.

Card 45 Constant Lam1nar Two Phase Fr1ct1on Mu]t1p11er :

in the x- D1rect1on

This optional card is used only if ITPMLX on Card:42'is equal to 6.

Columns Format ~ Name " Description

1-12 G - ATPMLX  Constant laminar two-phase

friction mu1t1p]1er for x-
L‘IHLLLluu, é

Card 46 Constant Laminar Two-Phase Friction Mu]t1p11er
in the y- D1rect1on '

This optional card is uéed.on]y~if ITPMLY on Card 42 is equal to 6.

columns " Format Name ~  Description
1-12 G ' ATPMLY  Constant Taminar two-phase
friction multiplier:for y-direction,
§ .
207
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Card 47 Constant Laminar Two-Phase Multiplier in the z-Direction

This optional card is used only if ITPMLZ on Card 42 is equal to 6.

CoTumns Format Name Desckigtion
S 1-12 G ATPMLZ Constant laminar two-phase

friction multiplier for the z-

. . 2
direction, ¢20.
Card 48 Constant Turbulent Two-Phase Multiplier in the
x-Direction

This optional card is used only if ITPMTX on Card 42 is equal to 6.

Columns Format Name Description
S 1-12 G ATPMTX Constant turbulent two-phase
‘ ' friction multiplier for ‘the x-

2

direction, ¢20 )

Card 49 Constant Turbulent Two-Phase Multiplier in the
y-Direction

This optional éard is used'on]y if ITPMTY on Card 42 is equal to 6.

Columns Format Name Description
1-12 G ' ATPMTY Constant turbulent two-phase

friction multiplier for the y-

direction, ¢§0.
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Card 50 Constant Turbulent Two-Phase Mu1t1p1ieriin the
z-Direction

This optional card is used only if ITPMTZ on Card 42 is équal to 6.

Columns Format Name Description
1-12 G ATPMTZ  Constant turbulent two-phase

friction multiplier for the z-

direction, ¢§0.

Card 51 CHF and Film Boiling Heat Transfer Models

This card must be read in for all model options. .The CHF correlations
flag, heat transfer debug printout flag, and the film boiling heat
transfer coefficient flags are read in on this card. If a blank card is .
used, the default options JCHF = 0, IHTDBG = 0, and IFILMH = 2 will be
set.

Columns Format - Name Description

1-5 I -~ _JCHF CHF correlation flag. (Default

value: JCHF = 0.)

6-10 1 ~ IHTDBG  Heat transfer dcbug printout -
' flag. (Default value: IHTDBG = 0.)

11-15 I IFILMH Transition and fi}m boiTihg'Héaf

transfer coefficient flag.
(Default value: IFILMH = 3.):
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APPENDIX B
BOUNDARY CONDITION SPECIFICATIONS

. As described in Section III, the SCORE-EVET code solves the 3-D
transient volume-averaged equations in Cartesian coordinates. The
solution of the 3-D transient equations requires initial and boundary
conditions. Calculation of the initial cdnditions was described in
Section I1I-2. This appendix describes the boundary conditions required
in SCORE-EVET and the manner in which they are specified.

When setting up a problem, the user defines a rectangular cbmputa-
tional region by specifying the number of computational cells and their
dimensions in the x-, y-, and z-directions. In addition, the computational
region is surrounded on all six of its sides by boundary cells which are
also dimensioned by the user. Figure B-1 (a.and b) shows the arrange- ’
"ment of computational (referred to as real cells = RC) and boundary
cells (BC) for a 1-D prob]em. As shown, the thermodynamic quantities
are cell centered and the velocities are face centered. Boundary con-
ditions for a problem are: (a) thermodynamic quantities of pressure,
fnterna] energy, density, and temperature (P, SIE, RHO, and TEMP) for
the boundary cells; (b) velocities normal to the interface between the
real and boundary cells; and (c) the boundary cells velocities‘para]1e1
to the interface plane. Boundary conditions must be set for all six
sides of the computational region defined by the user. In the present
version of SCORE-EVET, only the boundary conditions on the y-z plane at
first and last axial levels (i = 1 and i = 6 in Figure B-la) may be
specified by the user. These two boundary planes have been designated
the inlet and outlet of the cbmputationa] region, respectively. The
boundary conditions for the other four sides of the computational region
are fixed in the code as no-flow (normal velocity is zero) adiabatic
free s1ip (boundary cell velocities parallel to the interface plane are
set equal to their neighboring real cell value) boundaries. These
boundaries are, therefore, limited to representihg either symmetry
planes or solid walls. The distinction between a symmetry plane and a
solid wall boundary is made by the user's specification of equivalent
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hydrau]fc diameter in the real cells adjacent to these boundaries. (See
Appendix A, User Input Description, Card 16.)

The user specification of boundary conditions on the inlet and
‘outlet planes will determine the direction of flow. The user may specify
velocity and pressure boundary conditions such that the fluid may be
entering and exiting on the same boundary plane. Boundary conditions

on the inlet and outlet planes are specified by either: (a) pressure

and internal energy or (b) axial velocity and internal energy. The
quantities specified under these two options can be functions of both
time and space. However, the user is not allowed to specify both pressure
and velocity at the same time on a givén boundary plane. Other thermo-
dynamié quantities for the boundary cells can be obtained from the
equation of state or extrapolated from values inside the computational
region. Boundary velocities parallel to the inlet and outlet planes can
be specified as constants equal to the real cell vaiue or equal in
magnitude but opposite in sign to the real cell value in the plane
adjacent to the boundary. Typically, the transverse boundary cell
velocities are set equal to the adjacent real cell value in magnitude
and sign.’ '

The inlet and outlet boundary conditions for the SCORE-EVET code
are defined by the use of ten boundafy condition storage arrays. These
arrays. as noted in Appendix A, are loaded by Cards 22 through 33. The
boundary condition arrays are: Array ‘IBCFAC (i,j), the inlet and
outlet boundary flags; Array FBCFAC (i,j), the initial inlet and outlet
boundary quantity values; Arrays SIUP(NCHAN) and SOUP(NCHAN), the inlet
and outlet spatial variation of pressure or axial velocity, respectively;
Arrays SIS(NCHAN) and SOS(NCHAN), the inlet and outlet spatial variation
of internal energy, respectively; Arrays TIUP(NN) and TOUP{NN) the inlet
and outlet pressure or axial velocity multiplication factors/time data
pairs, respectively; and Arrays TIS(NN) and TOS(NN) the internal energy
multiplication factors/time data pairs, respectively. |

The arrays which describe the time and space vériation of the
boundary quantities may or may not be read in, depending on the boundary
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condition flags read into array IBCFAC (i,j). The array IBCFAC (i,j) is
a2by7 (i=2,3j=17)array which is used to store the integer flags
that prescribe the seven inlet [IBCFAC(l;j)] and outlet [IBCFAC(2,j)]
boundary quantities. The seven quantities, in the sequence in which
their flags are'ordered in afray IBCFAC, are: IBCFAC ii,]) array lo-
cation stores the axial velocity (u) boundary specification flag; IBCFAC
(i,2) -array location stores the transverse velocity (v) boundary speci-
fication flag; IBCFAC (i,3) array location stores the transverse veloc-
ity (w) boundary sﬁécification f1ag; IBCFAC .(i,4) array location stores
the pFeéSuFe (P) boundary specification flag; IBCFAC (i,5) array lo~
cation stores the internal energy (SIE) boundary specification flag;
IBCFAC (i,7) array lTocation stores the temperature (TEMP) boundary:
specification flag. ‘ ' '

Eight possible boundary flags are available to describe how the
above seven quantities are to be defined. The boundary flags are:

Integer Flag . Description

1 Free slip boundary condition. The velocity

normal to the boundary (u) is set to zero. A1l
other quantities in the boundary vells are set
equal to those in the real cells adjacent Lo
the bdundary cells.

2 o Constant (space and time) boundary conditions.
The boundary quantity will be held constant at
the value read into array FBCFAC (i,j).

3 ‘ Time varying boundary condition. The boundary
| quantity will be specified with time according .
to the multiplying factor/time data pairs
loaded in darrays TIUP, TIS, TOUP, and TOS. For
either the inlet or outlet,.only three boundary
qﬁantities are allowed to use thé boundary
flag of 3: internal energy, axial velocity,
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Integer Flag ) Description

and pressure. Of these three quantities,

only the following pairs can be specified for a
given problem: internal energy and axial
velocity, or internal energy and pressure. The
remainihg quantity of the three must have a
flag of 6. A

4 Spatially varying boundary condition. The
' boundary quantity will be varied according to

the channel factors loaded in arrays SIUP, SIS,
SOUP, and SOS. This* flag can be used only
for internal energy, axial velocity, and pres-
sure as described for Flag 3. As described for
Flag 3, pressure and velocity cannot be speci-
fied by a flag of 4 at the same time on the
same boundary.  The quanitity not specified by
a flag of 4 must have a flag of 6.

5 C Spatial and time varying boundary condition.
The boundary quantity will be spatially varied
according. to the channel factors loaded in
arrays-SIUP, SIS, SOUP, and SOS, and varies
with time according to the multiplying factor/time
data pairs loaded in TIUP, TIS, TOUP, and TOS.

The use of this flag is the same as described
for Flags 3 and 4.

6 Extrapolated boundary condition. The boundary
quantity will not be specified explicitly, but
will be. defined by extrapolating its value
from that of values of the same quantities
inside the computational region. A1l quan-
tities except préssure and ‘axial velocity are
extrapolated using the assumption that the
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Integer Flag

Description

second derivative of the quantity with respect

to axial distance is zero %§5-= 0. The

extrapolated boundary condition is used for

pressure or velocity, but not both simultaneously.
One of these two quantities has to be specified
(Flags 2, 3, 4, and 5) and the other is extrapolated.
If velocity is specified, the pressure is

~extrapolated, being set equal tn the value of

the pressure of its adjacent real cell. If the
boundary cell pressure is specified; then ‘
boundary velocity is calculated. When pressure
is specified, the extrapolation specification
on velocity merely ensures that the calculated
value of velocity is not changed. ‘

No slip boundary condition. The velocity
normal to the boundary (u) is set to zero. The
transverse velocities (v and w) are set equal
in magnitude and obposite in sign to those 1in
the real cell adjacent to the boundary cell.
A1l other quantities are set equal to the
adjacent real cell value for the quantity.

Equation-of-state boundary condition. This
boundary condition flag 1s used only for bound-
ary cell density and teémperature.

Table B-I summarizes the possible boundary condition options. Array‘
FBCFAC (i,j) is a 2 by 7 array (i = 2,.jJ =-7) which stores the initial
values for the seven inlet [FBCFAC (1,j)] and outlet [FBCFAC (2,3)]

boundary quantities.

If the boundary quantities of pressure, axial

velocity, or internal energy, are specified as functions of channel

number (that is, the boundary specification Flag 4 is used), then the

initial values stored in array FBCFAC will be multiplied by the appropriate
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TABLE B-I

BOUNDARY CONDITION OPTIONS AVAILABLE

FOR THE SEVEN BOUNDARY QUANTITIES

IBCFAC(i,1)

IBCFAC(i,2)

=

IBCFAC{i,3)

IBCFAC(i,4)

IBCFAC(1i,5)

IBCFAC(i,6)

IBCFAC(i,7)

Boundary
Condi -
tion
Option

Axial
Velocity
u

Transverse
Velocity
v

Transverse
Velocity
7]

Pressure
p

Internal
Energy
SIE

Density
RHO

Temperature
TEMP

1

2

7

8

~—_

[a] These markings indicate the option is not used.




factors read into arrays SIUP, SIS, SOUP, and SOS. If the boundary
pressure, axial velocity, or internal energy are specified as functions
of time (that is, boundary specification Flag 3 is used), then the
initial values stored in array FBCFAC are multiplied by factors stored
in the factor/time data pair arrays TIUP, TIS, TOUP, and TOS. The
multiplication factor 1is obtained by linear interpolation using the
current time and the factor/time data pairs. If the boundary quantities
of pressure, axial velocity, or interna1 energy are specified as both a
function of time and channel number (that is, the boundary specification
Flag 5), then both of the above procedures are used consécutively. The
user is cautioned that both inlet and outlet axial velocity can he
specified simultaneously. However, this should not be done unless the
fluid conditions are highly compressible, such as pure steam or high
quality steam-water mixtures. Table B-IIErepresents the typical sets of
boundary condition flags used.
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TABLE B-1I

TYPICALLY USED BOUNDARY
CONDITION FLAGS

Transverse

- Axial Transverse Pressure Internal Density Temperature
Velocity | Velocity Velcocity p Energy RHD TEMP
u v o - SIE .
In- [Out-| In- | Out- | In- | Out- In- | Out- In- | Qut- In- | Out- In- Out-
let | let let let let | let let let let | let let let let let
2 6 1 1 1 ] ) 2 2 6 2 6 2 6
3,416 1 ] 1 1 6 2,3, 2,3, 2,3, 8 or|8 or 8or | 8 or
and - 4, 4, |4, 6 6 6 6
5 and and | and
5 5 5
6 6 1 1 1 1 2,3, 2,3, 2,3, 2,3, 8 or|8 or 8 or | 8 or
43 43 49 4, 6 6 6 6
and and and and
5 5 5 5
6 2,3, 1 1 1 1 2,3, 6 2,3, 2,3, 8 or|8 or 8 or| 8 or
4, 4, 4, 4, 6 6 6 6
and and and and
5 5 5 5
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APPENDIX C
CONSTITUTIVE RELATIONSHIPS

The constitutive relationships discussed in this appendix are
divided into four general parts. Section 1 describes formulas and
options for the fluid-solid interfacial momentum exchange. Section 2
describes the formulation of the turbulent energy and momentum exchange.
Section 3 describes formulas and options used to calculate the fluid-
solid interfacial energy exchange. Tables C-I and C-II (see pages 116
and 117) summarize the code input flags required to specify all correlation
options. Table C-I gives the model options for specifying 13 predefined
flow models, and one user-specified flow model. This table contains
the correlation options when_sbecified by a given model. Table C-II
provides a summary description of the friction factor, two-phase
multiplier, and heat transfer correlations and options. Section 4 of this
appendix describes the method used to evaluate the water properties.

1. FLUID-SOLID INTERFACIAL MOMENTUM EXCHANGE

In Section III, the fluid-solid interfacial momentum exchange
was identified in the linear momentum equation as Fi- 1In the SCORE-EVET
C°de’,F1 js expressed in terms of the Darcy friction factor.

Two methods are provided for the SCORE-EVET user to calculate Fi'
In the first method, the form of the Darcy friction factor is evaluated
at liquid reference conditions, and the Two-phase multiplier is calculated
using one of the six correlations available to the user. The Two-phase
multiplier options are selected by use of the correlation flags ITPMLi
and ITPMTi. ' '

When using the second.method to calculate Fi’ nonequilibrium
effects are included only by the use of the nonequilibrium void fraction
to evaluate mixture viscosity. In the present version of SCORE-EVET, the
mixture density is always calculated by the homomogeneous equilibrium
formulation.
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- JABLE C-1

OPTIONS DESCRIBING CONSTITUTIVE RELATIONSHIPS FOR FLUID-SOLID INTERFACIAL HEAT AND MOMENTUM EXCHANGZ

Heat Transfer,

Model Op=zion

Friction

Factor, and

Two-Phase '

Multiplier 8 9 fa] 0 1 12 13

Name 0 1 2 3 4 5 6 7 (ARMAND) (M—N—L) (Beatt1e) (Baroczy) (Chisholm) {(User Spec)
Correlation Option

IRECWS 0 0’ 0 0 0 1] 1] 0 0 0 0 0 0 User Spec
IREX 4 3 4 3 5 6 5 6 1 1 1 1 1" User Spec
IREY 4 3 4 3 5 6 5 6 1 1 1 1 1 User Spec
IREZ 4 3 4 3 5 6 5 . 6 1 1 1 1 1 User Spec
LFXLAM 1 1 1 1 1 1 ] 1 1 1 1 1 1 User Spec
TIFYLAM 1 1 User Spec User Specz 1 1 User Spec User Spec 1 1 1 1 1 User Spec
IFZLAM 1 1 User Spec User Spe:z 1 1 " User Spec User Spec 1 1 1 1 1 \Jser Spec
IFXTLB 3 3 User Spec User Spec 3 3 User Spec User Spec 3 3 3 3 3 User Spec
IFYTUB 3 3 User Spec User Spec 3 3 User Spec User Spec 3 3 3 3 3 User Spec
IFZTUB 3 3 User Spec User Spec 3 3 User Spec User Spec 3 3 3 3 3 User Spec
IFLTEM 0 0 0 0 0 0 0 0 0 0 0 0 0 User Spec
TALFA 1 1 1 -1 - User Spe: "User Spec' User Spec User Spec 4 5 7 10 User Spec User Spec
ITPRHO 1 1 1 1 2 2 2 2 1 1 1 1 2 User Spec
ITPMLX 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
ITPMLY 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec

1TPMLZ 5 5 5 5 5 5 5 5 ) 2 3 4 2 User Spec
1TPMTX 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
ITPMTY 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
1TPMTZ 5 5 5 5 5 5 5 5 1 2 3 4 2 User Spec
JCHF User 3pec User Spec. User Spec User Spez 'User Spe:c User Spec User Spec User Spec User Spec User Spec Use-~ Spec User Spec User Spéc' User Spec
IHTDBF User 5pec User Spec “User Spec User Spez. User Spe: User Spec User Spec User Spec User Spec User Spec  Use-~ Spec User Spec. User- Spec User Spec
IFILMH User 3pec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec User Spec  Use~ Spec User Spec User Spec User Spec

[a] Martinelli-Nelso1-Lockhart.’
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| TABLE C-11
FRICTION FACTOR, TWO-PHASE MULTIPLIER, AND HEAT TRANSFER CORRELATIONS AND OPTIONS

Flag Option . Description
ITPMOD ° 0-13 Described in Table C-I (0 is the default value).
IALFA 1 Homogeneous void fraction (slip ratio, Ks = 1.0).

(Default . = Xe Py
Value) . \ .
XeP g +<1-xé)og

2 Slip. ratio, K , is calculated as a polynomial function of quality. KS = ASLP(1)
+ ASLP(2)x, + >ASLP(3) xg” + ASLP(4)x.>.
a = Yo'y where the number of coefficients NASLP to be used and the
BgKs + Xe<°2 png) ' ’
‘coefficients ASLP are input by the user.

The void fraction is calculated as

3 Void fraction is calculated as a polynomial function of quality. o = AALF (1)
+ MLF(2)x, + AALF(3)xe2 + MALF(4)x,”. The slip ratio is calculated

KS=X%"°‘X%

aﬁg B xeaﬁg
Void fraction and s1ip ratio are calculated with the Armand corre]ation[c_]]
5 Void fraction and sl1ip ratio are calculated with the Martinelli-Nelson- Lockhart

corre]atmn[C 2]
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TAELE C-1I (continued)

Flag Option Description
IALFA 6 JYoid fraction and sl1ip ratio are calculated with the Madsen corre]ation[c'3].
(continued) 7 Void fraction and s1ip ratio are calculated with the Smith cqrre1ation[c'4].
8 'Void fraction and slip ratio are calculated with the Thom corre]étion[c'z].
9  ‘Yoid fraction and slip ratio are caiculated with the Zivi corre]ation[c's].
10 'Joid fraction and slip ratio are calculated with the Baroczy corre1ation[c'18].
11 Yoid fraction and s1ip ratio are calculated with the Bankoff corre]ation[c'G].
12 Yoid fraction and slip ratio are ca]culated with the Turner-Wallis corre]ation[c'zj.
13 Yoid frac@ion and slip ratio are calculated with the Von Glahn-Polcyn correla-
:ionﬁc'7].
14 YVoid fraction and slip ratio are calculated with the Bankoff-Jones correla-
tion[c'g’c'gj. '
IRECWS 0 The component direction velocities u, v, w are used to ca]cu]éte-the X,Y,Z Reynolds
_(Default numbers, respectively.
Value)
1

The resultant velocity = Vu2+v2+w2' is used to calculate the x,y,z Reynolds
numbers, respectively.. :
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TABLE C-I1I (continued)

Flag Option Description
IREX. IREY, 1 Reynolds number is calculated uéing the liquid viscosity.
‘ Xo 17X
and IREZ 2 Reynolds number is calculated using the mixture viscosity defined by %—= ﬁ§'+ 5 ? .
(Default g 4
Value)
3 Reynolds number is calculated using the mixture viscosity defined by § = Xeﬁg
+ (T-x_)u,.
4 Reynolds number is calculated using the mixture viscosity defined by %—= %—-+ %19
. g 92
5 Reynolds number is calculated using the mixture viscosity defined by = aug
+ (1-a),.
6 Reyno]ds number is calculated using the vapor viscosity.
[FXLAM -1 ~ x-direction laminar friction factor fXL] = 64/Re and fXLZ = 0.
(Default
Value)
IFYLAM and 1 y,z-direction laminar friction factors, fYL] and fZL] using the Bergelin
IFZLAM (Default corre]ation[c']ol,‘ ' ‘ .
Value)
Y . . s ‘ _ _ o o
2 ysz-direction laminar friction factor fYL]‘ 64/Re, fZL1 64/Re, and fYL2 fZLZ

= 0.0.
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TAELE C-II (continued)

Flag Option: Description
' o . . L N , _ FREXPX
IFXTUB 1 x-direction transitiar- - turbulent (T-T) friction factor: fXT] = CITFX(Re)
fXTZ = C2TFX
waere CITFX, EREXPX, ard C2TFX are input by the user. A'tamperature correction can
- be applied to fXTZ IFLTEM = 2.
2 x-direction T-T friction factor: fXT] = 2Log(Dhy/2ROUGH) +1.74
where ROUGH is input by the user fXT2 = (. 4
o S , L, e
3 x-direction T-T friction factor: ;———- 2Log (Re‘/fXTl) 0.8.
(Default VXTI
Value) ,
4 x-direction T-T friction factor: ] = 1.74-2Log ZSOUGH 4 18.7
‘ V Fxm h Re\/Fyr
fxro = 0.
5 x-direction T-T friction factor using the Lombardi-Pedrocchi corre]ation[c']]] for

fxm.

Note: This correlation includes the two-phase friction factor.
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TABLE C-II (continued)

Flag Option Description
IFYTUB and 1 y,z-direction T-T friction factors:
IFZTUB foo. = CITFY(Re) REXPY
YTI
fYT2 = C2TFY
_ FREXPZ
fZT] = CITFZ(Re)
fZT2 = C2TFZ
where C1TFY, FREXPY, C2TFY and C1TFZ, FREXPZ, C2TFZ are input by the user. A
temperature correction can be applied to fYTZ and fZTZ if IFLTEM = 2.
ZSP
2 y,z-direction T-T friction factqrs: fYT] = fZT] = 2Log 5;*- +1.74
fyro = T712 = O
o ] 25, 18.7
3 y,z-direction T-T friction factors: = 1.74-2[Log D + :
vy ro ReJfyn
25
(Default LI ]'74-2(E°g S p ., 18.7
Value) fZT1 r Re / 7T
f = f =0
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TRELE C-I1 (continued)

Flag | Option‘ Description
‘TFLTEM 0,1 No temperature corvecticn is applied to the friction factor.
(Default
Value) ; _
2 For the friction factcrs given by IFXTUB, IFYTUB, and IFZTUB = 1 above, a wall tem-
2 ' i i [ i i i ER B = .
perature correction cf friction factor is appiied as f(x,y,z)TZ CZTFx,y,z[] 0
-0.001(T - T,)] wkere T = wall temperature
W b W
T, = bulk coolant temperature.
o ) by 5@
ITPRHO 1 Homogeneous two-phase mixture density: ¢ =
XoPg * (1-~xe)pg

In the presentvversidr cf SCORE-EVET, only the homogeneous form of mixture density is

used.
ITPMLX, 1 Two-phase friction mulitiplier calculated with the Armand corre]ation[c']].
TTPMLY, 2 Two-phase friction multiplier calculated with the Martinelli-Nelson-Lockhart correla-
ITPMLZ,

. [c-12]

tion .
I[TPMTX, o . - L [C-13]
ITPMTY, and 3 Two-phase friction multiplier calculated with the &eatt1e correlation .
ITPMTZ 4 [C-14]

Two-phase friction multiplier calculated with the Baroczy correlation
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TABLE C-II (continued)

Flag Option Description

ITPMLX, 5 Mixture density and friction .factor are used to calculate the two-phase frictional
ITPMLY, (Default pressure-drop.

ITPMLZ, Value) .
ITPMTX, (a) Homogereous flow: IALFA = 1; IREX, IREY, or IREZ = (2 to 3); IFXTUB = 1 through
~ ITPMTY, and 4; IFYTUB or IFZTUB = 1 through 3; and ITPRHO = 1.

ITPMTZ _

(continued) (b) Nonhomogeneous flow: IALFA =2 through 14; IREX, IREY, or IREZ = (4 or 5);

IFXTUB = 1 through 4; IFYTUB or IFZTUB = 1 through 3; and ITPRHO = 2.
6 Constant two-phase friction multiplier input by the user as ATPMLX, ATPMLY, ATPMLZ,
ATPMTX, ATPMTY, and/or ATPMTZ, respectively.

ITPMLY, 7 Transverse two-phase friction multiplier calculated with the Grant-Murray correla-
ITPMLZ, tionlC-1%): The two-phase friction multiplier is: |

ITPMTY, and i\ :

2 9)2 _ . 400 R
IPTMTZ ¢20 =1 +-<ﬁ£> 59 { Xe + 0.15 [ /Xe Xe ]} for laminar flow, and
i\ -bT1 5. ( . -

2 ] Py __ 400
920 =1+ <ﬁ2> 59.{ Xa + 0.15 [\/Xe Xa ]} for turbulent flow, where
bT1 = FREXPY for IFYTUB = 1
bT1 = FREXPZ for IFZTUB = 1.
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TAELE C-II (continued)

Flag Option Description
ITPMLY, 7 The follewing friction factor.option should be used witn this two-phase friction
ITPMLZ, (con- multiplier:
ITPMTY, and  tinued) IREY, IREZ = ]
ITPMTZ IFYLAM, IFZLAM = 1 or 2
(continued) IFYTUB, IFZTUB = 1.
[FILMH Transition and film boiling correlation options are:
1 The .transition or film boiling heat flux is the most conservative of the heat fluxes
calculated by the: McDonough, Milich, and King[c']6] carrelation (Mode 4);
) groeneveld ¢ 71 5.9 correration (Mode 5); or the Dougall and Rohsenowl ¢~ 181 correta-
tion (Mode 9). .
2 The transition or film boiling heat flux is the most ccrservative of the.heat fluxes
célculated by the: MzlJonouga, Milich, and King[c']G] ccrrelation (Mode 4);
Groeneve]d[c']7] 5.3 zarrelation (Mode 5); or the Dougall and Rohsenow[c']g] correla-
tion (Mode 9).
3 The transition or film boiling heat flux is the most conservative of the heat fluxes
(Default calculated by the: McDonough, Milich, and King[c']6] correlation, or the Dougall
Value) and Rchsenow[c']SJ correlation (Mcde 9).
-4 The transition or film boiling heat flux is calculated by the Condie-Bengsten

correlation, and tha heat transfer mode is set equal to 5.
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TABLE C-1I (continued)

Flag Option Description
JCHF Critical heat flux correlation flag. Each option provides the calculation of CHF by
the following: ’
0 Interpolates B&WZ[C']Q], Barnett[C'ZD], and modified Barne’f:t[c'z]:| based on pressure.
(Default '
Value)
1 The W3 CHF corre]ation[c'zzj including the cold wall correction factor. ‘
2 The B&WZIZC']QJ CHF correlation (Note: Does not include a significant cold wall
effect.) :
3 The Babcock & Wilcox BZEC'23] CHF correlation for high flow regime axial mass fluxes
of G > 1.0 x 106 15 5 - (Note: Includes a cold wall effect.)
hr-ft
4 The Babcock & Wilcox BZM[C'23] CHF correlation for middle flow regime. (Note:
Includes a cold wall effect.)
5 The Babcock & Wilcox B6CLC™23) CHF correlation for high flow regime. (Note: Includes
a cold wall e~fect.)
6,7,8 Barnett[C-ZO] CHF correlation with rods represented as an equivalent annulus. .
9 Macbeth[c'24] bundle average CHF correlation at 1000 psia.
10 Modified Barnett[C'Z]] CHF correlaticn with rods represented as an equivalent annulus.

1

[C-25]

Bowring round tube CHF correlation. . -
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TABLE C-II (contirued)

Flag Option Description
JCHF (con- 12 GE[C_Zé] CHF correiations.
tinued) .
IHTDBG 0 ‘No printout occurs for debugging purposes.
(Default
Velue)

1

The values of variables for the heat transfer calculations are printed for debugging
Furposes. '




Where x, is the equilibrium quality defined as
H - H -
X = S T (c-2)

Q

and the terms ﬁ, QQ, and Hg are the mixture, liquid, and vapor enthaipies,

respectively.

The second method of calculating the Two-phase frictional pressure
Toss can be selected by use of the input flag ITPRHO and the correlation
flags ITPMLi and ITPMTi.

The void fraction o is defined by the general formulation for
Two-phase flow

o = ff ;. '(C—3)

Pk * xf(pg‘ png)

where X¢ is flow quality and KS is the ratio of the phase velocities;
That is; ‘

KS = ug/ul (C-4)

and ug and Lz are the average vapor and ]1quid velocities.

In the present version of SCORE-EVET, flow quality Xf is assumed
equal to equilibrium quality Xe* and Equation (C-3) is used in the
following form:
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In SCORE-EVET, 14 options are available for calculating void fraction.
These options consist of a homogeneous model for which the phase velocities
are equal and 13 nonhomogeneoﬁs models for which the void fraction is
calculated using a correlation for void fraction, or using Equation (C-5)
and a correlation for slip.

The flag IALFA selects the model desired. In the current version
of SCORE-EVET, slip is calculated but is not used in the transport terms
of the conservation equation. Void fraction is calculated to select
heat transfer correlations, to use in two-phase friction mutipliers.
and to calculate mixture viscosity used in friction factor correlations.

The following sections describe correlation options which can be
selected for the friction factor, void fraction, two-phase friction
factor multiplier, two-phase model options, and form loss factors.

1.1 Void Fraction Correlation Options

" The following is a 1list of the void fraction obtions which may be
selected by the code user.

LALFA = 1:

Selects the homogeneous, that is, equal phase velocity and equal
phase temperature (ELVE[) model, where:

a4 = —— : - (C-b)

and
K.=1 . : (C-7)~
IALFA = 2:

Se]eéts a velocity slip ratio model that is a polynomial function of

quality:
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Ko = ASLP(1) + ASLP(2) x, + ASLP(3) x° + ... +

ASLP(NASLP) x (

NASLP-1)
e . (C-8)

where NASLP and the coefficients ASLP are input by the user (NASLP = number
of ASLP coefficients, maximum = 4). The void fraction is calculated
using the following form of Equation (C-5);

IALFA = 3:

Selects a user-input model for which the void fraction is a po]ynomiél
function of quality:

o = AALF(1) + AALF(Z)Xe + AALF(3)Xe2 ot

(NAALF-1) (C-10)

AALF(NAALF)Xe
where NAALF and the coefficients AALF are input by the userb(NAALF =
number of AALF coefficients, maximum = 4).

The velocity slip ratio is calculated using Equation (C-5)
IALFA = 4:

Selects the Armand corre]ation[c']] for which the void fraction is

given by:
Xe ;2(0.833 +0.167 x.)
a = = ~ -~
Py * xe(o2 - og)

(C-11)
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Equation (C-5) is used to calculate the slip ratio:

_ (ol-pg)xe * oy ~Xg P,(0.833 + 0.167x,)

g
pg(0.833 + O.]67Xe) (1 - xe)

K

(C-12)

IALFA = 5:

Selects an approximate Martinelli-Nelson-Lockhart correlation as
given by Butt(—-n”v.lor_th[C_Z:I for which the void fraction is given by:

Y

0.639 . 0.355 . 0.071
P M,
(—ﬂ - : (C-13)

The velocity slip ratio is calculated by substituting Equation (C-13):

into Equation (C-5):

L}

. e P,
kg = 0.28 (,_X P e : (c-14)

IALFA = 6:

’ Selects the Madsen corre1ation[t°3j for which the void:Traction is
described-as: '

(C-15)
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l

where

p
N = SRR

1/2 Log]0 (_&) + 0.36385

o,
I..og]0 — + 0.36385

g

The velocity slip ratio is:

M
1 - Xe
K. = ,
S Xe
where
(_&)
]/2 Log p
M = ~10 g
Py ,
Log]0 = + 0.36385
°g
IALFA = 7:

(C-16)

(C-17)

(C-18)

Selects the Smith corre]ation[c_4] for which the void fraction is

described as:

1

* = - 77 -
X0, + 0.4 0 (1 - %) o 1 - x
1+ 10.4+0.6 .Veml _J e 5] e
XePq * 0-499(1 - Xe) 0, Xe
The velocity slip ratio is:
Xg Py * 0.4 0, (1 - x)
K, = 0.4+ 0.6 _ i
Xe Pg * 0.4 Pq (1 - Xa)
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(C-19)

(C-20)



TALFA = 8:

Selects an approximate Thom correlation given by Butte\r‘worth[c'2:I
for which the void fraction is described as:

_ 1 A . (c-21)
¢ ] - ~\0.89 - 0.18
” = =
e Py ug
The velocity slip ratio is:
~ 1 0.T1 L 0.18
K = (—2) (—2-) : . (c-22)
°g ug ,
IALFA = 9:
[c-5] tor which the void fraction is

Selects the.Zivi correlation
described by: '

- : 1 : (£-23)

~ 10.333
’ _ 4 ___g_ . ( C,‘. 24 )
ks ( ) . : !

-JALFA = 10:

Selects an approximate Baroczy correlation as gfven by Bytterworthfc'z]
for which the void fraction is:
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ST T OTE 06 [ 03 : (C-25)
1 +( Xe) (:9) (?&)
X
e Py Ug

The velocity slip ratio is:

0.26 . .0.35 . o.i3
K =(—ﬁl———) (22) (:&) . (C-26)

IALFA = 11~

Selects the Bankoff corre]ation[c'6] for which the void fraction is

given as:
X 0 -4 ) (C-27
Lo Xe Py (0.71 + 107" p) _27)
Xe Pyt Pg (1 - %)
The velocity slip ratio is:
-~ ~ ~ . L~ —4 ~)
K, = (py - og) Xe * pg " Xg Py (07147077 p) (C-28)
PEE 107%) (1 - %)
IALFA = 12: .

Selects the Turner-Wallis correlation as given by Butterwor'th[c'zz|
for which the void fraction is given as

) ] . (C-29)
N ., \0:72 [ ,0.40 = 0.08

R

X - - -

' e DQ ug

The velocity slip ratio is
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L \0-28 ,.,0.60 . 0.08 ‘
_ €. . o] "M, L
Ky = (1 - xe) (:&) (:&) . (C-30)
o TP .

Selects the von Glahn-Polcyn corre]ation[c'7] for which the void

IALFA = 13:

fraction is

1 (C-31)
0.7

1 - x
1+ (1.954 x 10'6) (P + 5.8605 x 104) ( X e)
e
where P is in SI units.

The velocity slip ratio is

., \0:30 40.7 - P
C - ( Xe) (ig) (P +5.8605 x 107) (1.954 107°). (C-32)

Xa

°g

The average mixture density is given by Equation (C-6).
IALFA = 14:

Selects the Bankoff-Jones corre]ation[c’g’ ¢-9] for which the
‘'void fraction must be solved by iteration using quality and velocity
slip ratio, The velocity slip ratio is: '

Ks:

. (1_-a) . L
[0.71+.0.29(P/P )] -ar {[1 - 0.71 - 0.29(p/P,)] (o) L(0-46 P 0-18)F + 3.33))

(c-33)
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where

o
1]

pressure in psia

O
It

critical pressure in psia.

The void fraction is iterated using the nonequilibrium definition of
mixture density:

- o, -a (o, - K o)
_ Py N
P 7 T ) * a Ks . . (C_A34)

First, the velocity slip ratio is set to one so that

P, = P _ ' :

o= S . , (C-35)
Py = Pg

This o is substituted into Equation (C-33) to solve for K, - A new
mixture density is then estimated as:

. Py Pg (K = xo (K --1)]
pn - -~

Pq Ko * xplog * og)

Then KS and ;n are substituted into Equation (C-34), and o, Kgs and
P, are solved for again. This is repeated until m-th solution results in

Ph+m-1"°n+m -6

< 10

+
p Py +

n+m-1 n m

1.2 Friction Factor Correlation Options

[C-27, C-28]

Existing literature most often describes the Darcy

friction factor for laminar flow by the formula

~ (C-36)
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where a s a constant coeffictent, Re is the flyid Reynolds' number,
and bL is a constant equivalent to a form loss coefficient. For pipes,

the terms a, and bL are

L
a = 64.0

and . (C-37)

b, = 0.0.

For turbulent flow, the Darcy friction factors are most often
described by one of the following three models.

[C-29]

The firgt model for fT is’ based on a model by Blasius and is

expressed as
L

fr = Re™T1 + 1 (C-38)

T an

where ar is a constant coefficient, Re is the fluid Reynolds number,
bT] is a constant exponent, and <1 is a constant equivalent to a form
loss coefficient. For smooth pipes the coefficients are:

ar; = 0.3164

b = -0.25

no (c-39)
1 = 0.0

The second .model for f is based on a formula der1ved by von
Karman[c 28] for pipes with rough walls and is

. hy |
T a1z L9y ('ng) * brp : (C-40)
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where o and bT2 are constant coefficients, Dhy is the pipe hydraulic
diameter, and Eg is the height of. the pipe surface equivalents and
roughness. For rough pipes, the coefficients are '

7

app = 2

and | | (c-41)

sz = 1.74.

The third model for f. k[C-29]

on Prandtl's concept of mixing length and the logarithmic fluid velocity

is that by Colebroo , which is based
distribution. . Colebrook's formulation for pipes correlates the region
from hydraulically smooth to completely rough pipes. The Colebrook

equation is

. 26 N ,
_ S T3 _
— = bT3 - 2.0 Log]O (—5—— + -———————) (C-42)

\/fT hy Re vf??f

where ary and byy are constant coefficients, Dhy is the pipe hydraulic
diameter, £ is the height of the pipe surface equivalent sand roughness,
and Re is the fluid Reynolds number. For pipes, the coefficients are

ary = 18.7
and (C-43)
b 1.74

T3

~ Using the values for apy and by, given by Equations (C-43), Moody[c'zg]

converted the rough properties of commercially made pipes to surface
equivalent sand roughness and plotted the friction factor versus'ReYnolds
nhumber for various values of (ZES/Dhy). This set of curves is knownvas
the Moody friction factor curves. For smooth surfaces (gs = 0), Equation
(C=42) reduces to: '
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1 e | |
T nu Logip(Re\/ 1)+ by (C-44)
T o

' where ary and bT4 are constant coefficients and Re is the Reynolds
number. For smooth pipes, the coefficients are

a 2.0

T4
(C-45)
and bT4 = -0.8

Using these coefficients, Equation (C-44) is known as Prandtl's universal

law of friction for smooth pipes[c'zgj.

For geometries other than bipes, different values of the terms a s
bL’ arys bT}’ CT]’ aTZ’.bTZ’.aT3’ bT3’ LRV a’nd'bT4 are required. In
addition, for other than pipe ‘geometries, an equivalent hydraulic
diameter is defined as

D = (C-46)

where A. is the cross-sectional area of the fluid channel and P, 1s the
wetted perimeter of the channel.

In SCORE-EVET, a frfttﬁon factor is calculated for each of the x-, y=,
Zz-directions. The x-direction represents the axial directions, and the
y- and z-directions represent the trarsverse -directions through the core.
‘For the transverse direction, 'a sqiare array fuel 'rod arrangement is
assumed. A1l of the friction factor models assume turbulent flow at .
Reynolds numbers greater than 4000. At Reynolds numbers less than or
equal to 4000, the-transition regime is smoothed by choosing the maximum
of the laminar or turbulent friction factor. ‘

Two options are available for choosing the velocity to be used -in
the Reynolds number. The options are specified by the input -parameter
IRECWS. The options are ’
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IRECWS = O0: A Reynolds number is calculated for each of the x-
y-, and z-directions based on the velocities in each
of the x-, y-, and z-directions, respectively.

IRECWS = 1: Reynolds number is calculated using the magnitude

of the resultant velocity vector. This Reynolds
number is then used for the x, y, and z Reynolds
number.

In SCORE-EVET, the friction factor is treated as if it were of two
components. That is:

fo=f +f

1 2 (C-47)

which is the same form as Equations (C-36) and (C-38), where f] isa
function of Reynolds number and f2 is a constant treated as a form
coefficient. In the following discussions of axial and transverse
friction factors, each of the friction factor models is developed in
terms of the two-component friction factor given by Equation (C-47).

1.2.1  Axial Friction Factor QOptions. For the axial friction

factor in each calculational cell, the Reynolds number is calculated for
a single-phase fluid as

. Re, = L hy (C-48)

where n represents the single phase, either liquid (2) or vapor (g).
For two-phase fluid, a liquid reference Reynolds number is calculated

by.

hy | " (C-49)
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The term ; is the mixture density, ;2 is the liquid density, Gi ~1's the
velocity in the x-_direction‘*Dhy is the cell hydraulic diameter, up is

the mixture viscosity, and My is the visco§ity of the liquid or vapor
phase. For two-phase fluid, the value of u depends on the two-phase

model selected. In SCORE-EVET, there are six models available to calculate
mixture viscosity. These models are selected by the option IREX, for

the x component direction. The optional models are:

=y . (C-50)

IREX = 1: b=,
- 5. X (1 - x.)

IREX = 2 -2 v —= (c-51)
u Mg .

IRCX = 3: HE Xe Mg + (1 - Xe)ul . (C-52)

IREX = 4: 1. o, O0-0) - (c-53)
H Uq UQ

IREX = 5 bEaug b (- w)y, (-54)

and IREX = 6: b= ;g : (C-55)

A11 of the models for friction factor given by Equations (C-36)
through (C-45) are included in SCORE-EVET and in addition a correlation
developed by Lombardi-Pedrocchi[C-T]] to calculate the pressure drop for
single- and two-phase fluid flowing axially through rod bundles is
included. The model to be used is selected by the input parametefs
[FXLAM and IFXTUB which designate the equation to use for laminar and
turbulent flows respectively. For the axial laminar friction factor,
Equation (C-36) is used with the constant coefficients of Equation (C-37).
This is the only model for axial laminar friction.factor and IFXLAM is
automatically set to 1. However, provisions are made to include additioial
correlations if they become available.
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For turbulent flow, the flag IFXTUB determines which one of the
Equations (C-38) through (C-45) is to be used. The options available

are:
IFXTUB = -1:

Selects Equation (C-38) as the axial friction factor model. The
coefficients arys Cyps and the exponent bT] are represented by input
quantities C1TFX, C2TFX, and FREXPX, respectively. If CITFX, C2TFX, and
FREXPX are input as blank or zero, they default to the values given in
Equation (C-39). The axial friction factor calculated is then
)FREXPX

fx11

CITFX + (Re (C-56)

£ C2TFX

XT2

where fXT2 is treated as a form loss coefficienf within the cell.
IFXTUB = 2:

Selects Equation (C-40) as the axial friction factor model. The
coefficients ar, and bT2fare represented in the code by CITFX and C2TFX,
respectively. At present, no provision has been made to input these
quantities, that is, they default to the values given in Equation
(C-41). The rdughness term, ¢, is a constant represented by the term
ROUGH. If ROUGH is input as blank or zero, it will default to a value
~of 0.0008 metres which is equivalent to a commercially smooth pipe. The
hydraulic diameter, Dhy’ is assumed to be constant for each axial flow '
channel but may vary from channel to channel. Hence, the only variable
1s'Dhy, and Equation (C-40) becomes

-
T n Log o Dy +By, (C-57)
N

where

B.., = b 2 ROUGH) . - (c-58)

1o = by - app Logyyl
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In terms of the two-component friction factors:
fxm =y

and : (C-59)
fyxro = 0~

IFXTUB = 3:

Selects Equation (C-44) as the axial friction factor model. The
coefficients a;, and by, are constants represented in the code by CITFX
and C2TFX, respectively. No provisions have been made to input these
quantities, so.they default to the values given in Equation (C-45). The
solution to Equation (C-44) for fr is transcendental and is iteratively
solved. In terms of the two-component friction factor:

xm =t

and : o ’ (C-60)

¥

XT2
IFXTIIR = 4:

Selects Colebrook's tormula, Equation {(C-42), as the axial friction
factor model. The coefficients ars and bT3 are represented ih the code
by CITFX and C2TFX. These quantities are set to the values given in
Equations (C-43). The term ROUGH must be input. However, if ROUGH is
input as blank or zero, it defaults to a value 0.0008 metres whirh is
equivalent to a commercially smooth pipe.

In terms of the two-component friction factor, Equation (C-42)
is represented by:

XT1 T

and . ' (C-61)
XT2
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~ IFXTUB = &:

[C_]]]. Lombardi and

Selects the Lombardi and Pedrocchi correlation
Pedrocchi have correlated the -two-phase pressure gradient data directly
without the use of single-phase friction factors and two-phase multipliers.
The correlation, in SI units, is given as an expression for the friction

pressure gradient directly, in the form:’

0.4
1 g (C-62)

(5)0-86 1.2
P hy

n
LP
_(Q - K ,

G
dx £ l,

LP
D

where ; is the mixture density given by Equation (C-1). For rod arrays
and annuli, the values 0.213 and 1.6 have been reported for the coefficients

KLP and N ps respectively.

An extensive amount of data has been used to determine these
coefficients.. Lombardi and Pedrocchi give the following ranges of
conditions for the data:

Mass Flux, G 500 to 5000 kg/me.s
Equivalent diameter, Dhy 0.005 to 0.025 m
Channel length, L ' 0.1 to 4 m

Liquid-to-vapor

density ratio, 92/59 ~ 15 to 100

Surface tension, o 20 x 1073 to 80 x 1073 N/m
Quality, x, 0.10 to 0.98

Flow direction vertical upward flow.
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The 11qu1d to ~vapoy deéensity rat1o corresponds to a pressure range of
2 (10 ) N/m (300 psia) to 9 (10 ) N/m (1300 psia) for water. The
correlation agrees well with thé data on which it is based.

Using the definition of friction factor:

oo ( aP) ( 2 Dhy (C-63)
T ax N |uq

and the definition of mass flux then Equation (C-63) can be rewritten in
friction factor form as

1) 0.4
o

0.2
D
“x hy

(C-64)

where fXT2 equals zero.

1.2.2 Transverse Friction Factor Options. For the transverse

friction factor in each calculational céll, each of the transverse
directions, y and z, are considered separately. For the transverse
friction factor calculations, rod arrays of square pitch are assumed.

The Reynolds number for each direction is based on the maximum transverse
velocity through the rod array. For a single=phase fluid, the Reynolds
numbers are calculated as

Re, = p_j. Mmax Dhy (C-65)
Un
and -
wmn X ¢
Re, = Pt Oy {C-bb)
X M,

where n represents the single-phase, either Tiquid (%) or vapor (g).
For two-phase fluid, 1iquid reference Reynolds numberrs are calculated
as
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as

? ['max|
Re = _L.max

y 5 - Dny - (c-67)

wd e, = “Ahexl o

The term p is the mixture density, pl is the liquid density,

Vinax and Woax are the max1mum transverse component ve1oc1t1esr Dhy is
the cell hydraulic diameter, p is the mixture viscosity, and My is the
viscosity of the liquid or vapor phase. For two-phase fluid, the
value of ; depends on the two-phase model selected. These models are
selected by setting the option IREY (for the y-direction) and IREZ (for
the z-direction) to one of the six optional models as described by

Equations (C-50) through (C-55) for IREX.

The terms Viax and Woax are the maximum transverse velocities in

the y- and z-directions respectively, and are defined as:

veS )
v = (C-68)
max Sp - Dr)
and weS
W = (C-69)
max Sp - Dr)

where the term e is the cell porsity (the ratio of cell fluid volume to
cell volume), Sp is the rod spacing, and Dr is the rod diameter. Laminar
and turbulent friction factor models can be specified independently

for the transverse directions .by the options IFYLAM and IFZLAM (for
Taminar friction) and IFYTUB and IFZTUB (for turbulent friction). The
optiona] models are given in the following descriptions.

IFYLAM and/or IFZLAM = 1: >
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Selects a model of the form given by Equation (C-36), for a square

pitch rod array with the coefficients a and bL given by Bergelin et
[c-10]
al .

are modeled by

The two component friction factors for the y- and z-directions

CoLFY
_ D D
) = {ciLFy —21- g Re, (C-70)
YL - 7p p
fyp, = 00
C2LFZ

2L1 (C-71)

—4
1]
(gp]
—
—
nal
~N o
m———— s
wn O
Ug
~—
—_——
wn O
© S
—
o)
D
N

fZLZ = 0.0

where CILFY and CILFZ equal 280 and C2LFY and C2LFZ equal 1.6.

Reynolds numbers Rey and ReZ are calculated with viscosity models
selected by IREY and IREZ.

IFYLAM and/or IFZLAM = 2:

Selects the model of the form given by Equation (C-36) with the
coefficients a; and bL given by Equation (C-37). Reynolds numbers R'e‘y
and ReZ are ca]cu]éted with the viscosity model selected by IREY and
IREZ.

_ . For ‘turbulent flow, the input parameters IFYTUB and IFZTUB deter-
mine which one of the models given by Equations (C-38) through (C-45)
is to be used.
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IFYTUB and/or IFZTUB = 1:

Selects a model of the form given by Equation (C-38). The constants
arys bTT’ and Cry are described by the input quantities CI1TFY, C2TFY,
and FREXPY, in the y-direction, and CI1TFZ, C2TFZ, and FREXPZ, in the
z-direction. However, if these constants are input as blank or zero,
they will default to the values:

CITFY, C2TFZ = 0.3164
C2TFY, C2TFZ = 0.
FREXPY, FREXPZ = -0.25.

The Reynolds numbers Rey and ReZ are calculated with the viscosity
model selected by IREY and IREZ.

[FYTUB and/or IFZTUB = 2:

Selects the model given by Equétion (C-40) which is the same model
described by IFXTUB equal to 2, except that the quantity (Dhy/ZgS) is.
replaced by an equivalent crossflow roughness factor (ZSp/Dr).

IFYTUB and/or IFZTUB = 3:

Selects the same model‘qiven by IFXTUB equal to 4, except that the
quantity (ng/Dhy) is replaced by an equivalent crossflow roughness
factor (Dr/ZSp).

1.3 Two-phase Friction Multiplier Options

Under two-phase condiﬁions,'the friétiona] pressure drop Fi in
SCORE-EVET 1is modeled in one of two ways: (a) by using liquid reference
friction factor, liquid density, and a corre]atioﬁ for the two-phase
multiplier; or (b) by using a mixture friction factor, and mixture
density. '
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If the user elects to calculate the frictional préssure drop .
by use of the mixture friction factor (if friction factor is a function
of Reynolds number), the friction factor is calculated by seTection of
one of the viscosity models, Equations (C-SO)_thr0ugh (C-55), and
mixture density, Equation (C-1). As will be shown, this option is
selected by setting the two-phase mu]tib]ier'flag equal to 5.

To use the correlated form of two-phase friction multiplier one
of five correlation models can be selected. The 1liquid reference viscosity
is specified automatically. Any of the axial or transverse friction
factor models can be selected. However, if the axial friction factor
model selected is the Lombardi-Pedrocchi correlation specified by
IFXTUB = 5, then ¢220 is automatically set equal to one. Appropriate
void fraction velocity slip ratio models are recommended in the following
discussion. . ‘

The two-phase friction multiplier model can be independently selected
for laminar and turbulent friction and for each of the axial and trans-
verse directions. Selection of a model is done by specifying the
correlation flags ITPMLX, ITPMLY, and ITPMLZ for laminar friction?
and ITPMTX, ITPMTY, and ITPMTZ for turbulent friction in the x-, y-
and z-directions, respectively. However, as will be discussed in Section
1.4, by specifying the two-phase model flag, ITPMOD, between 0 and 12,
the two-phase multiplier correlation flags are automatically specified.

If ITPMOD equals 13 then the user must specify the flags in the input
data.

In the following description of two-phase multiplier options,
the flag identifiers ITPMLi and ITPMT1 will indicate that the option can
be used for both laminar and turbulent flow in all three component
directions except where specified.

ITPMLi and ITPMTi = 1:

Selects the Armand correlation[c—]] for which the two-phase friction
multilplier is based on the void fraction and is given as:
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for o < 0.1.
A 2
(1 - x,)
2 _ 1.73 e _
¢2,0 - (-I _ OL)]64 (C 72)
for 0.1 < a < 0.39
’ ’ 2
a0 (1 - x.)
2 0.478 e
¢, = (C-73)
20 (1 - a)2'2
for 0.39 < a < 1.0
2
2 (1 - %) ,
b0 = (C-74)
(1 - O‘)1.42

The void fraction velocity slip ratio model corresponding to this two-
phase friction multiplier correlation is that specified by IALFA = 4.

If the user specifies the two-phase model fiag ITPMOD equal to 8, ITPMLi,
ITPMTi and IALFA are automatically set to the values 1, and 4, respectively.
If the user specifies ITPMOD equal to 13, any of the nonhomogeneous void
fraction velocity slip ratio models can be specified. However, the :
recommended alternatives to IALFA equal to 4. are, IALFA equals 2, 3, 6,

7, 8, 9, 11, 12, 13, or 14. '

ITPMLi and ITPMTi = 2:

Selects a simple Martinelli, Nelson, and Lockhart correlation with a
Chisholm low pressure mode]EC']z]where the two-phase friction mu]tipTier
_is defined by:

b2 o 1 )T X + 11087
20 ' Xe
Xy
, 0.875 0.500
+ (P - Pc) Xpg + 1 L4200, 1 (C-75)
B X, . z
p - Pa Xtt tt Xtt
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where

0.875
(‘ “Xe (C-76)

Xtt is the Martinelli-Lockhart parameter, P is the pressure, PC is the

critical pressure and Pa is the atmospheric pressure.

The void fraction velocity slip ratio model corresponding to this
two-phase friction multiplier correlation is that specified by IAFLA = 5.
If the user specities the two-phase model flag ITPMOD equal to 9,

ITPMLi, ITPMTi, and IALFA are automatically set to the values 2, and 5,
respectively. If the user specifies ITPMOD equal to 13, any of the
nonhomogeneous void fraction velocity slip ratio models can be specified.
However, the recommended alternatives to IALFA equal to 5 are, IALFA
equals 2, 3, 6, 7, 8, 9, 11, 12, 13, or 14.

ITPMLX, ITPMTX = 3:

Selects Beattie’'s system of corre]ations[c_13] for which the two-
phase friction multiplier is based on the flow regime. In SCORE-EVET
the flow regime is selected using é modified Bennet flow map[c'3o] ,
for vertical flow. The term IFR 1s used to flag the flow regime in fhe

following manner:

if IFR

the flow regime is single phase liquid
the flow reqime is bubble flow

the flow regime is slug flow

the flow regime is froth flow

the flow regime is annular flow

the flow regime is dispersed flow

the flow regime is reverse annular flow

1
2
3
4
5
= 6 the flow regime is single phase vapor
7
8
9 the flow regime is stagnation (vertical)
1

0 the flow regime is separated flow (horizontal)

150



11 the flow regime is counter-current flow (liquid on
wall)

12 the flow regime is counter-current flow (vapor on
wall)

13 the flow regime is stagnation (horizontal).

The two-phase friction multiplier is:

for IFR = 8:

~nNo

1 or 6 (single-phase 1liquid or vapor, respectively):

b0 = 1.0 | (C-77)

] 0.8 ‘ ) 0.2 |
e ' p, (3.5 + 2.0 i . _
Xe |5~ - ) {1 * Xg LT Tg e S /}(C 78)

g +
. Pq (ug Uz)
3: .
' 5 0.8 5 0.2 ,
. 1=%-1l 1+ y o 3.5 =9 -7 (C-79)
e pg ) e Py
4 or 5 ,
5, 0.8 5 0.2
Xe 59 . 1+ %, (-%——%—-- 1 (C-80)
{ g Q[
7: '
0.8 [, 0.2 - 5 1.8 (c-81) -
(_~9_ S+ Xe ( L
“52, L Dg |
. 0.8 . ; 0.2
1+ [+ -1 1+ y | —L— - (C-82)
o e 2 e DQ Ug
] .

The void fraction velocity slip ratio model recommended for this

two=phase friction multiplier correlaliun is Lhal specified by IALFA
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If the user specifies the two-phase model flag ITPMOD equal to 10,
ITPMLi, ITPMTi, and IALFA are automatically set to the values 3 and 7,

respectively.

If the user specifies ITPMOD equal to- 13, any of the nonhomogeneous
void fraction velocity slip ratio models can be spécified. However, the
recommended alternatives to IALFA equal to 7 are IALFA equals 2, 3, 6,
8, 9, 11, 12, 13, or 14.

ITPMLi and ITMPTi = 4:

Selects the Baroczy corre]ation[c']4] for which the two-phase
friction multiplier ¢2§ is interpolated from Baroczy's tables of two-
phase multiplier versus pressure and mass flux.

The void fraction velocity slip ratio model corresponding to this
twd—phase friction multiplier correlation is that specified by IALFA
equals 10.

If the user specifies the two-phase model flag ITPMOD equal to
11, ITPMLi, ITPMTi, and IALFA are automatically set to the values 4
and 10, respectively. ‘

If the user specifies ITPMOD equal to 13 any of the nonhomogeneous
void fraction velocity sTip ratio models can be specified. Howgvef; the
recommended alternatives to IALFA equals 10 are IALFA = 2, 3, 6, 7, 8,
9, 11, 12, 13, and 14. ' | |

ITPMLi and LTPMTi = 5:

When using this option, the two-phase friction factor f; is cal-
culated directly using either a homogeneous or nonhomogeneous definition
for the mixture viscosity.

For -homogeneous flow, the user should select the following void
fraction, mixture viscosity, and friction factor options.
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IALFA =1

IREX, IREY and IREZ = 2 or 3
IFXLAM = 1

IFYLAM and IFZLAM = 1 or 2
IFXTUB = 1 through 4

IFYTUB and IFZTUB =1, 2, or 3.

For nonhomogeneous flow, the user should select the following void
fraction, mixture viscosity, and friction factor options.

IALFA = 2 through 14
IREX, IREY and IREZ = 4 or §
IFXLAM = 1

IFYLAM and IFZLAM = 1 or 2
IFXTUB = 1 through 4

IFYTUB and IFZTUB = 1, 2, or 3.

ITPMLi and ITPMTi = 6:

Selects a constant two-phase friction multiplier for which the

constants are input by the user as

2 . ~ '
¢£0 =  ATPMTi _ (C-83)
for turbulent flow, or
o 2 = ATPMLi - (C-84)
20 A

for laminar flow.

The constants ATPMTi and ATPMLi (where i represents the component
directions x, y, or z) are read in by additional card input (see Appendix A).

ITPMLY, ITPMTY, ITPMLZ, and ITPMTZ = 7:
(This option is not available for ITPMLX and ITPMTX.)

153



Selects the Grant-Murray corre]ation[c'ls]yfor which the trans-
verse two-phase friction multiplier is given as

5, 4.0

T
2 _ Hg
6~ =1+ — —_ X 0.15 . - X (C-85)
20 ul (pg) { e + \/!Ee e}

for turbulent flow, and

2 m 52 }4.0
b0 = 1 F ———9% 59 Xg * 0.15 \/7e - X (C-86)

for laminar flow, where

b

FREXPX for IFYTUB
FREXPZ for IFZTUB

1]
—

Tl
bTT

0]
)
.

\

IFYTUB and IFZTUB must be specified as one.

1.4 Two-phase Model Option

The user does not have to select each individual friction factor,
viscosity, or two-phase multiplier option. Fourteen two-phase model
options can be selected by the input parameters ITPMOD. The first
13 models require only minimum input by the user. The last model option
requires that the user specify-all input quantities described in the
preceding sections. The model options selected by ITPMOD and the
correlation options are described in Table C-I. Table C-II defines the
specific options selected by each of the models. Model options O
and 1 select a homogeneous fluid model with preselected laminar and .
turbulent friction factors. The user need only specify the heat transfer
options. Model options 2 and 3 are identical to Model options O and 1
respectively, except that the user can specify the friction factor form.
Models 4 and 5 allow the user to specify a void fraction correlation by
which two-phase friction multipliers are to be calculated. Models 6
and 7 are identical to Models 4 and 5, respectively, except that the
user is allowed to specify the friction factor relationships. Models 8
through 12 use preselected consistent sets of void fraction, slip,
and two-phase friction multipliers. Model 13 allows the user to specify
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all correlations needed to calculate friction factors, two phase multipliers
and heat transfer. The user is cautioned that only Models 0 and 1 have
been thoroughly checked out.

1.5 Form Loss Coefficients

As shown in Section 1.2, a friction factor of the form

f=f +f (c-87)

can be selected, where f] is a function of Reynolds number and f2 is a
constant. The constant f2 can be treated as a form loss coefficient and
can be used as such by user specification of the constants C2TFX,

C2TFY, and C2TFZ. Additional input (XLoss(I) on Card 13) is available
if the user wishes to specify an axial form loss coefficient independent
of the friction factor. For the pressure drop desired, the user should
calculate the loss factor by:

__ 24P | (C-88)

L 2 v
o u

where AP 1s the pressure drop which the user desires to simulate.

XLOSS(T)

The 1 index indicates that XLOSS is the loss coefficient at the
interface of the I and I+1 cells, across the entire y-z -plane. For
instance, XLOSS(1) and XLOSS(IBR+1) represent inlet and outlet loss
factors. If no Tlosses are expected other than those of the bare rods,
the form loss coefficients should be input as zero.
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2. TURBULENT ENERGY AND MOMENTUM EXCHANGE

[C-31]

In the derivation of the volume-averaged equations , energy
and momentum transport was identified with nonuniform fluctuating com-
ponents of velocity (v') and internal energy (I'). The energy transport
was described by

Ey = =o— (ep v 1') ‘ (C-89)

where ' indicates the fluctuating component of the quantity. This
energy - transport was treated as that due to turbulence in Reference C-32
and was described by a turbulent transport coefficient in the following

manner:

L I3

- Gv'I"’ = A L
sovill = ebly gy | (C-90)

where kT is the turbulent thermal transport coefficient.

The contribution to momentum transport due to spatially nonuniform
velocity fluctuations was identified as

M, ='5§;-ep vy (C-91)
This term, which is ana]oéous to Reynolds stress terms when time aver-
aging is employed, was assumed to have the form of an additional stress
which acts as an effective increase in the viscosity of the fluid. There-
fore, the average of the product of the fluctuating terms v%-and v&

is written as -

9V . [avy v

jnl
[
S T A T2 T B I T

epviv! =
PYiVk

(C-92)

where My is the turbulent viscosity.
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In SCORE-EVET, Hp is described by Moyer's[c_32] model which relates
turbulent viscosity to Reynolds number and friction factor in the

following manner:

Pl b
|

u
L - 0.05Re (C-93)

=

where {i is the fluid average viscosity. Using Reynolds analogy, the
ratio of turbulent viscosity to turbulent thermal transport coefficient
is assumed proportional to Prandtl number. The turbulent thermal trans-

port coefficient is therefore described by

- F
KT = 0.05 Re of o~ (C-94)

2
/ p

where k is the molecular thermal conductivity of the fluid. In the
present version of the code, the turbulent viscosity and thermal trans-
port coefficients are assumed to be isotropic, that is, equal in magni-
‘tude in all three principal directions. The friction factor used is
that for the axial direction. ‘

3. FLUID-SOLID INTERFACIAL ENERGY EXCHANGE

As shown in Section III, the fluid-solid interfacial energy exchange
is described by the quantity Q, in the energy equation [Equation (3)].
In turn, QW is defined by the relationship of Equation (4):

Qw = AWQ * h (Ts - Tb)
where AWQ is the ratio of heated surface area to total cell volume, h is
the heat transfer coefficient, TS is the surface.temperature for the
fuel rods, and Tb is the average fluid temperature. In SCORE-EVET, h is
described by a linked set of correlations similar to those in RELAP4[C'33].
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The heat transfer correlations are linked together by defining heat
transfer regimes as illustrated in Figure C-1. -Each of the heat trans-
fer regimes is designated by a heat transfer mode number. For examp]é,
heat transfer Mode 1 corresponds to the subcooled forced convection heat
transfer regime of line A-B in Figure C-1.

Figure C-1 shows Regime A-B (Tabeled as subcooled forcéd convec- .
tion, Mode 1) to be characterized by a coolant bulk temperature low
enough so that boiling does not occur. If the surface temperature is
less than saturation temperature, boiling is not possible and the
Dittus-Boelter subcooled forced convection corre]ation[c'34] is used. -
Point B in Figure C-1 shows the begihning of the nucleate boiling
regime. In some cases the coolant may still be subcooled, but the
surface temperature may be high enough for some boiling to occur. When
the surface temperature is greater than the saturation temperature, the
regime on either side of point B is possible. For this condition, both

[c-35] are eval-

the Dittus-Boelter correlation and the Thom correlation
uated and the surface temperatures are calculated. The lower of the two
surface temperatures is selected.with the corresponding heat transfer :

mode number assigned.

Regime B-C in Figure C-1 is defined by two modes: nucleate boiling
(Mode 2) and forced convection vaporization (Mode 3). If the void
fraction, o, is less than 0.80, the Thom nucleate boiling correlation is
used. For a void fraction above 0.90, the Schrock-Grossman forced

[C-36] is used. For void fractions

convection vaporization correlation
between 0.80 and 0.90, an interpolation is performed, based on void

fraction, between the correlation Timits to provide a smooth transition

from nucleate boiling (Mode 2) to forced convection vaporization (Mode 3).

The Schrock-Grossman correlation is applied until the quality (x,)

reaches 0.950. At a quality above 0.999, the Dittus-Boelter correlation

for single-phase forced convection to superheated steam-(Mode 8) ‘is

used. For quality between 0.950 and 0.999, an interpolation is performed,
based on quality, to smooth the transition from forced convection vaporization

(Mode 3) to forced convection to superheated steam.(Mode 8).

¢
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The critical heat flux (CHF, shown as point C in Figure C-1) is
evaluated at the fuel rod surface in each calculational cell for each
time step. If the heat flux exceeds the calculated CHF, the correlations
for the transition regime [Regime C-D of Figure C-1, (Mode 4)] and the
stable film boiling regime [Regime D-E of Figure C-1, (Modes 5, 6, 7
or 9)] are evaluated.

The linked set of post-CHF correlations to be used is selected by
specifying the parameter IFILMH in the input. The optional choices
available are IFILMH equals 1, 2, 3, or 4. However, if IFILMH is input
as blank or zero it will default to IFILMH equals 3. The post-CHF
correlations are discussed in the following.

If IFILMH equals 1 or 2, the Groeneve]dtc'”:| 5.9°or 5.7 correla-
tion, respectively, is selected for Mode 5. The McDonough, Milich,
and King corre]ation[c']s] (Mode 4) and the selected Groeneveld correlation
(Mode 5) are evaluated. If the pressure is less than 500 psia, the
Dougal1-Rohsenow corre]ation[c']g] (Mode 9) is a]éo evaluated. The
minimum heat flux calculated by the Groeneveld and Uougall-Rohsenow
correlations is then chosen as the film boiling heat flux and compared
to that calculated by the McDonough, Milich, and King correlation. The
maximum of thése two heat fluxes is selected and the selection giving
the maximum heat flux determines the heat transfer mode. If the pressure
is greater than 500 psia} the Dougall-Rohsenow correlation is not evaluated
and the heat flux and heat transfer modes are determined by comparing
the results of the selected Groeneveld correlation and the McDonough,
Milich, and King correlation. These results determine the post-CHF heat
flux and hgat transfer mode if the mass flux is greater than or equal to
200,000 1bm/ft2—hr (high flow condition). If the mass flux 1s less than

200,000 1bmfft2-gr (Tow flow condition) then either the modified Bromley
C-33
(

[C-33] (

correlation Mode 6) or the free-convection plus-radiation

correlation Mode 7) are evaluated. If the void fraction is less
than 0.6, then the modified‘Brom]ey correlation is used. If the void
fraction is greater than or equé] to 0.6, the free-convection-plus-
radiation correlation is used. The resulting heat flux is then compared

to that chosen from the results of the Groeneveld, the McDbnough, and King,
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and the Dougall-Rohsenow correlations and the maximum chosen.as the
post-CHF heat flux and heat transfer mode.

If IFILMH equals 3, the-McDonough, Milich, and King and the DNougall-
Rohsenow correlations are evaluated, and the maximum heat flux and heat
transfer mode are selected. If the high flow condition exists, these
results are the post-CHF heat flux and heat transfer mode. If the low
flow conditions exist, the selected heat flux is compared, as previously
described, to the heat flux calculated by either thé modified Bromley or
the free convection and radiation correlations, and the maximum is
chosen.

The Groeneveld and Dougall-Rohsenow correlations are not valid
below a quality of 0.100. Both correlations underpredict experimental
data at low qualities. The data in this range indicate a tendency to
rewet the surface with resulting heat transfer coefficients which are
much higher than film boiling. Therefore, for calculated qualities of -
less than 0.100 the Groeneveld and the Dougall-Rohsenow correlations are
evaluated with quality fixed at a value of 0.100.

If IFILMH equals 4, the Condie-Bengsten correlation is evaluated
and the heat transfer mode is set to 5. If the high flow conditions
- exist, these results are the post-CHF heat flux and heat transfer mode.
If the Tow flow conditions exist, the selected heat flux is compared, as
previously described, to the heat flux calculated by either the modified
Bromley or the free convection and radiation correlations. ‘ '

The pre-CHF, post-CHF,-and CHF heat transfer correlations are
presented next. |

3.1 Pre-CHF Heat Transfer Correlations

The heat transfer correlations describing the pre-CHF regimes and
the experimental conditions for which the correlations werc developed
are presented in the following.
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Mode 1 - Forced Convection in Subcooled Liquid

s

Dittus and Boe]ter[c'34]
k, 0.4 éxoh 0.8
h=0.023 |5—| (Pro)™" XN - evaluated at T, (C-95)
hy u
2

The data base is for turbulent flow of water in circular tubes and the
following parametric ranges:

L/D > 60
0.7 < Pr <100
Re > 104

Mode 2 - Nucleate Boiling

Thom[c'35]

AT oP/1260 z (C-96)
ho sat
9 ~0.072

The data base is for vertical upflow of wateriand the following para-
metric ranges: '

Round tube:  0.5-1n. diameter, 60-in. Tenylh

Annulus: 0.7-in. ID, 0.9-in. 0D, 12-in. Jlength
Pressure: 750 to 2000 psia

) b 6 , 2
Mass Flux: 0.77 x 10” to 2.80 x 10" 1bm/hr-ft

. . 6 2
Heat flux: to 0.5 x 10 Btu/ft -hr.
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Mode 3 - Forced Convection Vaporization

Schrock and Grossman[c'36]
_ ~ 0.8
k G.D .. (1-x.) (C-97)
h = (2.50) (0.023) g% (pr 20" | X" e (10,75
hy iy Xtt .

evaluated at Tb’ where

0.9
1 [ e 2
Xtt ]-Xe g

The data base is for water in round tubes and the following parametric

o 2
\_—/
(o]
o
——
= T
)
e
o
—

.ranges:
Diameter: 0.1162 to 0.4317 in.
Length: 15 to 40 in.
Pressure: '42 to 505 psia
Mass fluxes:  0.175 x 10° to 3.28 x 10% 1bm/Ft%-hr
6 5 Btu/ft2-hr

Heat flux: 0.06 x 10” to 1.45 x 10
Exit quality: 0.05 to 0.57.

3.2 Post-CHF Heat Transfer Correlations

. The heat transfer correlations describing the post-CHF reaimes
and thé'experimenta] conditions are as follows.

Transition Boiling

If IFILMH equals 1, 2, or 3, the McDonough, Milich, and KinalC~16]

correlation (Mode 4) is evaluated, which is:
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9 = Gepr - (T

w ™ Tw,CHF)

where h is dependent on pressure as follows:

P h
2000 979.2
1200 1180.8

800 1501.2

The data base is for vertical upflow of water in round tubes and the
following parametric ranges:

Diameter: 0.152 in.

Length: | 12.5 in.

Mass flux: 0.2 x 105 to 1.4 x 10° 1bm/Ft2-hr
Wall temperature: Tw < 1030°F

Pressure: 800, 1200. and 2000 psia.

Transition and Stable Film Boiling

If IFILMH equals 4, the Condie-Bengsten correlation is

(C-98)

evaluated for either the transition or the stable film boiling regimes,

and the mode is set equal to 5. The correlation is

h = 42011.23 Exp [-0.5 (T -T__.)]

w sat

k0'2007

+ 659.91 2

Pr3‘6]55 Re50.0483+0.7441Loge(xe+1)] (C-99)

W

0.2771
Dby (

1 +1)10-8450

- 16.04 Exp (Pr,_ P/1000)
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where

Prw = Prandtl number for vapor at the fuel rod surface temper-
ature and coolant pressure
Req = Reynolds number for the vapor at the mixture temperature

and pressure.

The parametric ranges are as follows:

Quality: 0.01 to 1.00

Pressure: 200 to 3115 pgia

Mass Flux: 0.05 x 105 0 4.0 x 108 Tom/hr-ft2
AT: | 2 to 1000°F

T 500 to 1800°F .

RMS Error = 369

Stable Film Boiling

If IFILMH equals 1 or 2, the Gr‘oenevc]d[c'”;I correlation (Mode 5)
is evaluated. The Groeneveld equation is

k ( p_ . }b
=g |29 ppc 9 (- d -
h a(Dh)Prw {Reg &(eﬂ‘ﬁ (1 Xe)} \ (C-100)
. y L
where
| 5, 0.4
Y=1.0-0.1 (]-ie) - 1 or 0.1, whichever is greater
g
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and where

Prw = Prandtl number for vapor at the fuel rod surface temper-
ature and coolant pressure
Régl = Reynolds number for the»vapor at the coolant temperature
' and pressure. C

I[f IFILMH is equal to O, the Groeneveld 5.9 version of Equation
(C=100) is 3elected, for which

a =3.270 x 1073 \
b = 0.901

¢ =1.320

d = -1.500.

If IFILMH is equal to 1, the Groeneveld 5.7 version of Equation
(C-100) is selected, for which '

a = 5.200 x 1072
b = 0.688
c = 1.260
d = 1;0éb.

Both kg and “g are evaluated at Tb’ and Pr is evaluated at'Tw.

The data base is for vertical and horizontal flow of water in round tubes
and annuli and-the following parametric ranges:
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Diameter: 0.06 to 1.00 in.

Pressure: 500 to 3100 psia

6 2

Mass flux: 0.2 x 10% to 3.0 x 10° Tbm/hr-ft
Quality: 10 to 90%

Heat flux: 35,000 to 700,000 Btu/ftz-hr

Laminar Pool Film Boiling

[C-33]

The modified Bromley! correlation (Mode 6) is evaluated if

6

6,1 < 0.2 x 10° 1om/hr-£t%, o < 0.6.

The correlation is

kafegPd(Bg-pg)] o (c-101)

where

- 96,5,

Ve
t

acceleration of gravity (32.174 ft[seczzjl;_

R PR

gc = gravitational constant (32.174 1bm-ft/1bf—sec2)i

Free Convection P]us,Radiation[Cf33]

The free convection and radiation corre]étionv(Mode 7) is evaluated
if

16.] < 0.2 x 10° Tbm/hr-ft?

" and «> 0.6 .
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The correlation is

h = hC + hr ' ' (C-102)
-.0.2 . .
where hC = 0.4 (Gr + PrF) (€-103)
C'pF.p-F :
Pro = -——
F -~
ke

and where F indicates the prbperties are eVa]uated at'the film témberature

) S (00

_ 1
TF - ?'(Tw * Tsat
and where
L3g8_aTp 2
- -9 9
Gr . 5
9
L—_‘-E!lsx. ‘“ '
2 ;
~ S(Tivi Tgat) ‘ ,
hr = 0.23 DS (C-105)

where TW’ T are in °R, S is the Stephan—Bq]tzman constant, and B

sat

T g
is the coefficient of thermal expansion for the vapor.

Forced Convection To Superheated Vapow

R .
& LY

fﬁe ‘bitfﬁs‘and”80é1tef

' ~ | 0.8 _
h = 0.023 (5_3_) (pr- )04 ( hy) i3 L7 H(C-106)

hy 9 g

[C-37T correration (Mode 8) is

putB b4

evaluated at Tb.
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The data base is for turbulent flow of steam in circular tubes[c'38],

and the following parametric raﬁges:

Length: 36 in.

Diameter: 0.5 in.

L/D::' - > 26

Pressure: 25 to 75 psia
Inlet temper;tufe: 300:to 1100°F

Wall temperature: to 1800°F

Heat flux: 2400 to 31,000 Btu/ft-hr

Low Pressure Flow Film Boiling

[c-18]

1, 2, or 3 and is given by

The Dougall and Rohsenow correlation (Mode 9) is evaluated

when IFILMH

) R o8

k : GD P |
h=0.023 [z 3-| (pr)0 0 L2 )l ¢ 200 - %)
hy g Mg 0
(c-107)

The data base is for vertical upflow of freon-113 in round tubes and the
following parametric ranges:

Diameter: .. 0.408 and 0.108 in.

Length: 15 in.

Pressure: 2 to 9 psig

Mass flux:  3.32 x 10° to 8.18 x 10° 1bm/ft2-hr
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Heat flux: 14,400 to 41,800 Btu/ft-hr |
Quality: : up to 50%

The equation is approximated in the coding by
k G.D
h=0.023 [—3] (pr )04 X0 | [, «
Dhy g ug - e

3.3. Critical Heat Flux Correlations

LQ‘OI

O

f

\7 0.8
(1-y )) . (C-108)
(1-xq |

Fourteen options are available-for. selecting CHF correlations. The

options are selected by specifying the correlation flag JCHF in the

input data.

is automatically specified.

If JCHF is blank or zero, a value of JCHF.equa1“to 0

The inlet enthalphy is used in some of the CHF correlations and it

~is dependent on the flow direction. The. inltet enthalpy, Hin,,is&deter-

mined in the following manner:

Y

Flow at Major Inlet Flow at M;jo} 0uf1£t Hin
An?>§§ﬂ C L ipt? L -  H at normal inlet
."rfzi - <0 | H at normal outlet
A11 other cases o H of. core volume. -

to 0.

For the correlations, if the term Hs’J”Hiﬁ'isuhegativé,th isset

f

A summary of the CHF correlations and the JCHF options are as follows.
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JCHF = 0:

Selects a Tinked set of three CHF correlations which cover the full

range of pressure[c'33:|

encountered during a PWR LOCA. The correlations
are linked based on the coolant pressure.” If the coolant pressure is
within the range of validity for a correlation, then that correlation is
used to calculate CHF. If the coolant pressure is between the ranges of
validity for two of the correlations an interpolation based on pressure
is performed to calculate CHF. The three CHF correlations are the
B&W—Z[C']gj, the Barnett[C'ZO], and the Modified Barnett[c'Z]] as
described for JCHF equal to 2, 7, and 10, respectively. The correlation
selection is based on the following pressure ranges:

P > 1500 psia B&W-2

1500 > P > 1300 psia Interpolation between B&W-2
: and Barnett

1300 > P > 1000 psia " Barnett

1000 > P > 725 psia Interpolation between Barnett
and Modified Barnett

725 > P Modified Barnett -

Fdr a pressure between 725 and 1000 1b/1’n.2 or between 1300 and 1500 1b/1n.2,
the two relevant correlations are evaluated at that pressure and the
corresponding enthalpy, Hf. The two flux values are then weighted to
give A

(Pup = P e, * (P = Pyoun) 9CHF,

down

It
q = : _
CHF Pup Pdown

P  (C-109)

where P = pressure, and down and up represent the low and high ends of
the interpolation range, respectively. A minimum CHF of 90,000 Btu/ftz—
hr is set if the predicted value falls below this number.
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If the axial mass flux, Gx’ is Tess than 200,000 1bm/ft2-hr, CHF is-
interpolated, based on Gx’ between the minimum CHF and the calculated
CHF, and the greater value of the minimum CHF or the interpolated CHF is

chosen.

JCHF = 1:

[c-22] given by

Selects the W3 correlation

: o |
;Eﬂg- - F {(2.022 - 0.4302 x 10°P) + (0.1722 - 0.0984 x 1073p)
10 CwW ‘

Exp XCHF(18.177 -4.129 x 10-3PJ {1.157 - 0.869.XCHF GL]484

G

' X
+ 0°]729XCHFIXCHFI - 1.596XCHF)-;6§ + 1.037 [%.2664

+0.8357 Exp(-3.151 Dhe{‘ {é.azse +7.940 x 10'4(Hf - Hin)J} (C-110)

where the cold wall factor, Féw is:

D\
B hy . .
Fo= - - MY ihs376 - 1.372 exp [1.78
cw ( Dhe) ( CH%
16535 1072 -
- 4732 ( ‘X6) = - 6.19'x 102 G{}Tj)
10

- C(e11)

g 0.107
- 8.509 Dhy }
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where H - H

XCHF ~ 'ﬁ“‘f
fg
P = pressure (1bf/1n.2)
6, 'f axial mass flux (1bm/hr-ft°)
Dhe = heated equivalent diameter (4AF/heated perimeter) (in.)
Hin = inlet enthalpy (Btu/lbm)
Hf. = saturated liquid enthalpy (Btu/1bm)
Dhy = hydraulic diameter (4AF/wetted,perimeter) (in.)

The correlation is reported to be valid over the following ranges:.

1000 < p < 2300 psia

—
o
.o.
A
-~
A

< 144.0 -in,

< 5 x 10% 1bm/hr-Ft2.

—
[en)
1A
o
A

- JCHF = 2:

[C-19]

Selects the B&W-2 CHF correlation given by

9cHF
100

. -){0.8304 + 0.68479 (P-ZOOO)}
| P
- 0.15208(6, | xoye Hfg] (0.30545 x 10 |Gx0

=(1.15509 - 0.407030hy)[(o.37023x 10°]6 | 1000
| L {0.7486 + 0.20729 (P-ZOOO)}

(C-112)
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where Dhy = hydraulic diameter (4AF/wetted perimeter) (in.)
6, - Jhr-ft2
« = mass flux (1bm/hr-ft%)
P = pressure (1bm/in.2)
Lot
CHF Hfg

The correlation does not include a cold wall factor and is reported to
be valid- over the following range ‘of conditions: '

Equivalent diameter: 0.2 to 0.5 in.
Length: | 72 in.
Pressure: - 2,000 to 2,400 psia
) 6- v 6 . 2.
Mass flux: 0.75 x 107" to 4.0 x 10”7 Tbm/ft™-hr
Burnout qua]ity: . -0.03 to 0.20.
JCHF - 3:
. . . [Cc-23]
Selects the Babcock & Wilcox high flow regime B2.CHF correlation
given by _ 09+0. 417{P=2000 : 6
- 6l L~ 1000 J-4 0,133 | =] (1 - H
; 14.3 (IGZI/0.867 x 10 f in
9cHF  _ ,
10° ] o) o828 + 0. 3931P-2000) i
7.4 (IGX|/0.268'x 10 ) -]+ 0.133 =
’ . hy
. (C-113)
where Gx = mass ?1ux”(1bm/hr—ft2)
. _ ! . 2
P = pressure (1bf/in.")
He = saturated 1iquid enthalphy (Rtu/1bm)
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Hin = jinlet enthalpy (Btu/lbm)
L = test section length (in.)
Dhe = heated equiva]ent'diameter (4AF/heated

perimeter) (in.)

The correlation is reported to be valid over the same region as the
B&W-2 correlation.

JCHF = 4:

Selects the Babcock & Wilcox middle flow regime B2M CHF correla-
‘ t1'on[C'23:| given by

5 -0.2261
; 0.8284-%. - (1.178P-3005.3 ”
ScHF | 10° 1.5353 - Exp 8p-3
6
| G
X .
(ITo_ﬁtherg)
+  2.6028 - Exp {1;084P:2572.0) He - Hip
| 1000 e,
2
]06 he' 'fg/
Where G = mass flux (1bm/hr_ft2)

P = pressure (1bf/in.2)
He = saturated liquid enthalpy (Btu/1bm)
. = inlet enthalpy (Btu/1bm)
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Hfg = heat of vaporization (Btu/Tbm)
L = length of the test section (in.)
Dhe' = heated equivalent diameter G4AF/heated

perimeter) (in.).

The correlation is reported to be valid over the following ranges:

P (psia) 6/10° (1bm/ft2-hr) oHip = He - Hyp f?tu/lbm).

2400 0.404 < G/10° < 0.845 36.8 < oH, < 305.2

2200 0.253 < 6/10% ;.1.656 o 24;5;;Aﬁin é 7.1

2000 0.513 ;ie/106 <o 45,7 < oM, £ 285.5

1500 0.473 < 6/10° < 2.0 15.4 < My < 284:0,
JCHF = 5:

Selects- the Babcock & wilcox‘hiéh'fiow regime B6C CHF correlda-

tionEC’23]given-by~ _
| P-2000 .] |
~ 0.33 —=frr—m— .

" G, [ ‘ . 1000 G,
Aeyr 13.85 | | A + 0.1086 | | - H)
6 : : : A
o 6, [0.8212 + 0.36 P32000

7.246 | | 1000

' S+ 0. 1086( )
(C-115)

where ék = mass flux (1bm/ft2—hr)'

. ] o,

P = pressure (1bf/in.")

Hf = saturated liquid enthalpy. (Btu/1bm)
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Hin = inlet enthalpy (Btu/1bm)
L = test section length (in.)
Dhe = heated equivalent diameter (4AF/heated

perimeter) (in.).

The correlation is reported to be valid over the same ranges as
those for the B&W-2 correlation. " '

"JCHF = 6, 7, 8:

Select the Barnett CHF correlationlC"201 for a11 rods in the cell
at equal power. This correlation is given by

0.192 -
" 67.45 p0:68 % b-o 744 Exp (-6 s120, . | ;)]- fq
GCHF _ heBr ;.6 o hyBr 176" | He  (p=T000)
6 B ~
10 : G, 0.212
1.415 | °x
185.0 Dy "o |;63| tL
g 0.817
1.261 X
. 0.2587 D, g l;agl (He = Hy)
G. 0.212 '
1.415 | °x
185.0 D 2| + L (C-116)
, hny ]06
where DheBr = (Dg - DE)/D
phyBr ='DO - D,
DO B Dr(Dr * Dhe)
Dr = rod diameter (in.)
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D = heated equivalent diaméeter (4AF/heated

he
perimeter) (in.)
Gx = mass flux (1bm/hr-ft~)
Hfg = heat of vaporization (Btu/1bm)
Hf = saturated liquid enthalpy (Btu/1bm)
Hin = inlet enthalpy
L = test section length.

The corre]ation‘is reported to be valid over the following ranges:

Equivalent diameters: 0.258 in. < Dhe < 3.792 in.
0.127 in. < Dhy < 0.875 in.
Length: - - 24 to 180 in.
Pressure: 1000 psi
Mass flux: . 0.14 x 106 to 6.20 x 1bm/ft2—hr
Iniet subcooling: 0 to 412 Btu/1bni.
JCHF = 9:

e .
.. )

Selects the Macbeth[c-24] bundle average CH+ correlation given by

~ 0.57 p

0.83 G G
: 676 Dhe |2 #0.25 D |5 (He - H, )
CHF  _ 10 10 in
16 -
10 0.27
47 .3 D2.57 S r L (C-117)
e 106
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where deHF = Btu/hr-ft2

D = heated equivalent diameter (4AF / heated
perimeter) (in..)

éx = mass flux (1bm/hr—ft2)

He = saturated Tiquid enthalpy (Btu/]bm)
Hip = in]et'enthalpy (Btu/1bm)

L = test section length (in.).

The correlation is reported to be valid over the following ranges:

P = 1000 psia

0.5 < 6/10° 2

In

4.0 1bm/hr-ft

0.113 <D 0.902 in.

I
A

he

< 0.543 in.

0.079 < Dy <

A
o

18.0 76.0 in.

A
—
fin

. JCHF = 10:

Selects the Modified Barnett[c'm:| CHF éorre]ation given by
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N 0.663

G ' : G
0.0523 X X
" 73.21 D, |2 +[1 - 0.315 Exp [-11.34D |———U]
AUHF _{ heBr 108 ' hyBr 146
]06 ~ - 0.587
0.0817 | x
L + L
10
s 0.691
1.445 ]X l (H H )
0.104D — - H.
Hf (P=100) heBr’ ]06 f in
49 4
Heg : 0.506
£ 0.0817 | “x )
45.55 nhYBr 1106| + L (c-118)
" 2
where ACHF - = Btu/ft -hr
A = /nl 2
DheBr - (DO - Dr)/D
DhyBr =Dy - D,
DO - Df(Dr * Dhe)
N, = fuel rod diameter
G mass flux (1bm/ft?~hr)
Hfg = heat of vaporiiation (Btu/1bm) -
Hf = saturated liquid enthalpy (Btu/1bm) R
Hy, = inlet enthalpy (Btu/1bm)
L. = test section length (in.).

The correlation 15 reported Lo be valid over the following ranges:

Rod diameter: ‘0.395 to 0.543 in.
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Length:

Pressure:

Mass Flux:

Inlet subcooling:

JCHF = 1:

Selects the Bowring

5 ,
2.31710.25|=2%] D ) Ho F
| .( 106 he| 'fg 1

[C-25]

32.9 to 174.8 in.

150 to 725 psia

6

0.03 x 10° to 1.7 x 10 1bm/Ft2-hr

6 to 373 Btu/1bm.

round tube CHF correlation given by

i .
. ¥ 0.25|%=] D, (H, - H, )
Gx ]06 he f in
. _ 1 +3.092|]06|Fa D, o
GeHE (C-119)
G
417.6 0.25]'x |
22D, F, + L
106 he '3 A
| 6, (2-Pr)
1+ 0.347|—| F
6' 2 4
10
where Pr = P/1000
P = pressure (]bf/inz)
and if Pr = 1
F] = ]
F2 =]
F3 =]
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4
HF Pro< 1
Fyo= (Pr18 %% expl20.89(1 - Pr)] + 0.9173/(1.917)
F, = Fy(1 +0,309)/Pr! - 31%xp[2.444(1 - Pr)] + 0.309)
Fy = (Pr!7-923 exp[16.658(1 - Pr)] + 0.667}/(1.667)
Fy - Fy Prl o049 {
if Pr >
Fy - Pr‘°'36é exp[0.648(1 - Pr)]
F, = F1/{Pr-0i448 exp[0.245(1 - Pr)]} t .
F- p.0-219 “
rqh_ r, e 699
and where
aCHF = Btu/hr-ft2

G = mass tlux (!bm/hr ftz)

At

Dhe - hedlud -equivalent diameter (4Ak/heated
perimeter) (in.)

“Hg = saturated liquid enthalpy (Btu/lbm)
H. = inlet enthalpy (Btu/1bm)
L = test section length (in.).
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The correlation is reported to be valid over the following ranges:

'34.0 < P < 2750 psia

<L<
0.1 < 6/10° < 13.7 1bm/hr-Ft?

JCHF = 13:

Selects the GE transient[c'26J CHF correlation given by

"

enr o ‘ :
= 0-84 xpyp | T - (C-120)

10
if |6, ] < 678.115 g/ml.s

or. cHF _

= 0.8 -
]06 CHF

if |G| > 678.115 kg/mZ-s

where
Iw = I/m°es
G = mass flux (kg/mzis)

quality (h - h¢)/h

fg

H = enthalpy (J/kg)
Hf = saturated 1iquid enthalpy (J/kg)

qu = heat of vaporization (J/kg).
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4. WATER PROPERTIES

SCORE-EVET uses the INEL environmental subprograms for the éa]éu]a-

tion of steam and water properties[c'33}

which are based on the cell
bulk pressure and internal energy. The properties are calculated based
on the following assumption. If the bulk pressure and internal energy
are such that the bulk fiuid is subcooled or saturated Tiquid, then the
bulk pfoperties and liquid broperties are equated to the subcooled or
saturated 1iquid properties. If vapor is present, saturated vapor at
the bulk pressure is assumed. The thermodynamic equilibrium quality is
assumed to be zero. ' '

If the bulk pressure and internal energy are such that the‘bu1K-‘
fluid is saturated, then the bulk properties are equated to the mixed
saturated 1iquid and vapor propertiés where the thermodynamic equilib-
rium quality is

- | » (c-121)

at the bulk pressure. The 1iquid and vapor properties are equated to.
the saturated liquid and vapor properties, respectively. '

It the bulk pressure and internal energy are such that the bulk
fluid is superheated or saturated vapor, then the bulk properties and
vapor properties are equated to the superheated or saturated'Vapor
properties. If 1iquid is presént, saturated 1iquid at the bulk pressure
is assumed. The thermodynamic¢ equilibrium quality is assumed to be‘jﬁ
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APPENDIX - D

SUBROUTINE DESCRIPTION

A brief description of each of the SCORE-EVET program subroutines

follows. The subroutines are ]isted:according to the routine name

beginning with the main driver routine.

VRM.

BETAKP .
BETAKT .
COMPU.. .

DATD .

DTIM . . . .

FRICT.

HEAD .

HAMHFG . . .

HAMHF .
HAMHG.

HTCOEF. .
LAMBDA .

MOVEN. .. . .

MOXIN.

MOXOUT .

MOXY .
PCHF .

POLATE . .
POLCOF .

POL2 .

. Main driver routine, calls the computational and

input—output routines.

. Calculates the sqturated pressure given the temperature.
. Calculates the saturated temperature given the. pressure.
. Calculates water mixt&re, liquid, and vapor thermodynamic

properties.

. Block data for the Bakbczy two-phase friction multiplier

correlation.

. Calculates the time step. 4
. Calculates the axial and transverse friction pressure

gradients for a single cell.

. Prints the page headings and number.

. Calculates the Keenan and Keyes heat of vaporization.
. Calculates the Keenan and Keyes saturated liquid enthalpy.
. Calculates the Keenan and Keyes saturated vapor enthalpy.
. Links and calls the heat transfer correlations. ‘
. Dummy routine. Resefved for turbulent thermal coef-

ficient correlations.

. Moves arrays.

. Dummy routine. Reserved for the SCORE-MOXY 1inkup.
. Dﬁmmy routine. Reserved for the SCORE-MOXY linkup.
. Dummy routine. Reserved for the SCORE-MOXY linkup.
. Links and calls the CHF correlations.

. Performs one-dimensional interpolations.

. Calculates coefficienfs for the n-th derivative of

polynomials.

. Performs two-dimensional interpolations.
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PROFAC .

QDoT .

RODMOD .

SALFA.

SBWPAR .
SBWTRA .

SSCHF.
SFR.

SCON .

SSLIP.

SSIG .
SUBTD.

SUMPOL .
STPMPX .

STPMTR .

TFFM .

VISCOG
VISCOL .

VRBD. .
VREX .
VRFR .

VRI.

VRIN .
" VIRO

VRIT .
VROB .
VRS. .
VRTAP.

XMUTUB .

LCLOK.

CZTEDIT .

. Evaluates polynomials or their n

. Dummy routine. Reserved for CHE nonuniform heat

flux factor correlations.

. Contains the heat transfer correlations.

. Calculates fuel rod heat conduction.

. Contains the void-fraction correlations.

. Contains the axial friction factor correlations.

. Contains the. transverse friction factor correlations.
. Contains the CHF correlations.

. Calculates the flow regime for the Beattie two-phase

friction multiplier correlation.

. Calculates the water liquid and vapor thermal

conductivities.

. Contains the velocity slip ratio correlations.
. Calculates the. water surface tension.

Identifies-and Togs the subroutines called.

th derivative.

. Contains the axia]ltwo-phasé friction multiplier

correlations.

.- Contains.the transverse two-phase friction multiplier .

correlations.

. Calculates the Baroczy 'two-phase friction multiplier.

. Calculales Lhe wdler vapur viscusily.

. Calculates the water liquid viscosity.

. Calculates SCORE-EVET boundary conditions.

. Performs - the SCORE-EVET explicit calculations.
.“Calculates.the cell array axial and transverse friction

pressure gradients.

. Performs the SCORE-EVET energy calculations.
. Controls the input of data and 'its printout.
. Contains the printout of calculational results. .
. . Performs the SCORE-EVET iteration procedure.
. Dummy routine. Reserved:for cell obstacle calculations.
. Calculates initial values for the calculational arrays.
. . Controls the input and output of data for restart tapes.
. Dummy routine. Reserved: for turbulent mixing correlations.
. Block data for subroutine timing and ‘timer editing.
. Edits the subroutine timers.
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i

APPENDIX E
SAMPLE PROBLEMS

In this appendix, three sample problems are presented which il-
lustrate the use of SCORE-EVET and some of the options available
to the user. The first two problems are multichannel, multifuel-rod
problems illustrating channel and fuel rod numbering when diagonal
symmetry is used, and illustrating the specification of temporally and
spatially varying boundary conditions. The third problem illustrates
the one-dimensional .representation of a multichannel geometry.

1. SAMPLE PROBLEM NUMBER 1: A 7 BY 7 BWR FUEL AéSEMBLY;
STEADY STATE AND BLOWDOWN TRANSTENT

Sample Problem Number 1 consists of a three-dimensional transient
problem illustrating the use of the diagonal symmetry feature, the rod

conduction model, and the time varying inlet and outlet boundary conditions.

The problem simulates a 12-ft long, 7 by 7 BWR fuel assembly undergoing
a blowdown transient.

The geometry of the fuel assembly is shown in Figure E-1. The fuel
assembly consists of 49 fuel rods, each 12-ft long and of 0.563-in.
diameter, arranged in a 7 by 7 square matrix with a rod-to-rod pitch of
0.738 in. (0.175-in. gap spacing). The rod bundle is contained within a
canister 5.278-in. square. For calculational purposes, the fuel rod
array is divided transversely into 49 calculational subchannels with a
fuel rod contained within each subchannel, and axially into three

48-in. calculational intervals. The transverse dimensions of the flow

channels are shown in Figure E-1 and are listed in the following input
printout.

The fuel rod power conditions simulate a BWR operating at a steady

state average power of 12 kW/ft with a transient power decay initiated
at 1 second. The rod-to-average transverse power distribution is shown
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fuel rods have been 1dent1ca1]y numbered). ' '

198



in Figure E-1 and 1isted in Table E-I. The peak-to-average axial power
distribution and the power-time distribution also are listed in the

following input printout.

BWR coolant conditions are simulated with an initial internal
energy of 522.8 Btu/lbm, and axial Vélocity of 6;962 ft/;ec at the inlet
and an initial pressure of 1043.0 péja at the outlet. A uniform trans-
verse distribution of these parameters is assumed. The problem is
conducted holding the coolant conditions constant for 1 second to
provide steady state initialization, after which a transient is initi-
ated simulating BWR blowdown conditions. The inlet internal energy and
axial velocity and the outlet pressure versus time conditions are
listed in the following input printout.

The input data required to perform the calculations are presented*
in Table E-I. Fo]]bwing the input printout the calculational results
are presented in theloutput printout. Because of the excessive 1ength§
of the printed output, output are shown only for times of zero, one, M

and four seconds.
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TABLE E-1I
SAMPLE PROBLEM 1

SCORE-EVLT
EXAMPLE 1o

IUF = 1

ICUTF = 1

NAOC = 1,

NGCH = 28
CHANNEL NOS = 1 2 3
CHANNEL NOS = 3% 41 €2 -49
IER = 2

JBR = 7

KBR = 7
IROD = 1
NDIAG = i
NROD = 2€
NZPTD = 15
NZTDT = LG
ALX = 1400

ALY = 1,009

ALZ = 1.90v

GX = =32.2

GY = 0.

GZ = 0.

CEP = +40JE=-02
WGHTP = 1,.%50
DT = 30vE=-C
B0 = 1,20
SACRIT = L£00
TFIN = 4,00
IDTFLG = 0
LPR = 3
NPRT = 100
NWPC = 2
NWPP = G
IESFLG = 2
NTAP = G
NYTD = 100
NEWTAP = 0
NRST = 700
TeJ9K PRINT LIMITS @RE 1

w

BENELETTY=-KJSER=LOKDS 2
3=0 7X7 EWR ZLUSTEKe UNIFORM INLET VELOCITYy SS ¢ TRANSIENT

MOD 1 VER 2

LA A AR S A SRS SRR RN R SRR R R ESER AR A 2

[ X3 [ 2T T
thAn INFUT 135 IN ENGLISH UNITS LA
tRkR : “hRw

RS RS RS AR NS R RS RS RS RY SR RRRREZS S NERR R 22 R]
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TABLE E-1 (continued)

SCORE-EVET
EXAMPLE 1,

X CELL DIMENSIONS
«50000 484000

Y CELL DIMENSIONS
79400 «79400

2 CELL OIMENSIONS
« 79400 e 79400
LOSS COEFFICIENTS

0.
P(1) = .104E+04
SIE(1) = 523,
QUAL = O,
UL = 6.96
DIAMRD = 563
SPROD = o738
PAVE = 12.1
CHANNEL 1 DHY = <948450
CHANNEL 2.0HY = 52600
CHANNEL 3 CHY = 452600
CHANNEL 4 DHY = 52630
CHANNEL 5 DHY = 52600
CHANNEL & DHY = «5Z60U
CHANNEL 7 DHY = 45450
CHANNEL 8 DHY = .52600
CHANNEL 9 DHY = .66870
CHANNEL 10 DHY = 466870
CHANNEL 11 DHY = 65870
CHANNEL 12 DHY = ,€687G
CHANNEL 13 OHY = 66870

48,000

« 75800

«73800

BENEULETT I-K1SER-LORDS
3-0 7X7 DBWR CLUSTER, UNIFORM INLET VELOCITYs SS + TRANSIE

0.

L T Y T T TV T O (A E O I I T I 1}

MO

48 400

«7380

«7380

86271

«76213
«716213
«76213
« 76213
«76213
«86270
«76213

(]

1]

3

Je

«€6870 .

«E6870

- +66870

«66870

«66870

1

VER 2

«509C0

« 73800

«73800

0.

AWF = 5,3251
ANF = 44,3734
AWF = 4,3734
AWF = 84,3734
AWF = 4,3734
AWF = 4,3734
AWF =  5,3251
AWF = 84,3734
AMF = 342475
AWF = 3,2475
AMF = 3.2475
AWF = 3.2475
AWF = 342475
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ROONUM=
ROONUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RCONUM=

1,0000
1.0000
1.0900
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1,0000
1.0000
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TABLE E-1 (continued)

. CHANNEL

CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL

.CHANNEL

CHANNEL
CHANNEL
CHANNEL
CHANNEL

CHANNEL -

CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
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CHANNEL
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CHANNEL
CHANNEL
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« 66870
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DHE
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DHE
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84,3734
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4,3734
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3.2475
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3.2475
3.2475
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4,3734
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VoID
voIlD
voip
vVolo
VoID
vo1lD
voID
vo1D
Vo1D
vo1o

-¥01D
" vVolIo

VOID
vo1D
volD
voID
voID
volD
vOID
voIp
voID
vo10
vo1D
voID
VOID
voID
voID
VOID
voID
voID
voID
NO1D

L L L L T T L T T L L T T (I T (I T T € O OO T O L L T O [ [ L O O I S TR T I TR 1}

«57510
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«57510
+54290
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«54290
«54290
«54290
«57510
«57510
«54290
54290
54290
«54290
54290

«57510

«57510
«54290
«54290
«56290
«54290
«54290
«57510
«50506
«57510
«57510
«57510
«5751¢0
«57510
«60506

RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNYM=
RODNUM=

RODNUM= -

RODNUM=

-RODNUM=

ROODNUM=

RODNUM=

RODNUM=
RODNUM=
RODNUM=
RODNUM=

~-ROONUM=

RODNUM=
ROONUM=
RODNUM=
ROONUM=

RODNUM=

ROONUM=
RODNUM=
RODNUM=
RODNUM=

RODNUNM=

ROONUM=
RODNUM=
RODNUM=

"RODNUM=
‘RODNUM=

RODNUM=

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.,0000
1.0000
1.0000
1.0000
1.0000
1,0000
1,0000
1.0000
1.0000
1.6000

- 1.0000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
140000
1.0000
1.0000

1.0900

1.0000
1.0000
1.0000
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TABLE E-I (continued)

DIAFD = o507 '
GAPT = .803uE-02
GAPH = 1000

FUELK = 2400

CLADK = 7.03
RHOCPF = 5340
RHOCPCL = 32.0

ROD NUMBER 1 NRC=
ROD NUMBER 2 NRC=
ROD NUMBER 3 NRC:z
ROD NJMBER & NRC=
ROD NJMBER S5 NRC=
ROD NUMBER & NRC=
ROD NUMBER 7 NRC=
ROD NJUMBER 3 WNRC=
ROD NJMBER 9 NRC=
ROD NUMBER 1D WNRC=
ROD NJMBER 11 NRC=
ROD NUMBER 12 NRC=
ROD NJMBER 13 NRC=
ROD NUMBER 14 NRC=
ROD NUMBER 15 NRC=
ROD NUMBER 16 NRC=
ROD NUMBER 17 NRC=
ROD NUMBER 18 NRC=
ROD NUMBER 19 NRC=
ROD NUMBER 20 NRC=
ROD NUMBER 21° NRC=z=
ROD NUMBER 22 NRC=
ROD NUMBER 23 NRC=
ROD NUMBER 24 NRC=
ROD NUMBER 25 NRC=
ROD NUMBER 26 NRC=
ROD NUMBER 27 NRC=
ROD NUMBER 28 NRC=

D~ ONU S D



%02

TABLE E-1 (continued)

SCORE-EVET BENEDETT]-KISER-LORDS MOD 1 VER 2
EXAMPLE 1y 3=-D 7X7 BWR CLUSTERey UNIFORM INLET VELOZITYs SS ¢ TRANSIENT

RADIAL POMER FACTORS--BY CHANNEL IF IRID = O ---BY ROD IF TROD = 1 OR
1.17 1.21 1.06 1.19 1.13
1.01 1403 «940 1,02 .930
.880 1.00 «810 +880 1.02
AXIAL POWER FACTORS FOR THE REAL CELLS
$I81 1e44 781
POWER=TIME INPUT
1.90 e 1400 1.00 .94
«458 1463 .48 1.81 «296
8.09UE-02 5.00 7.59CE-02 6400 7.340E-02
DELTA T-TIME JINPUT
: 1o %U0E-03 1,UUUE-02 14G00E-03 2.000E-92 2,000€-03
2.83uE-03  .994 2.006F=04 1401 1.000F-03
u v v
INLET BOUNDARY FLAGS 3 1 1
INLET BOUNDARY CONDITIOMS €.96200 0o 0, e
NFTPUT = 10
FACTORS" FOR INLET VELOCITY OR PFESSURE AS A FUNCTION OF TIME
: 1000000 2.000000 1.000C w0 1000000 .759900  1.500000
$367000 3500500 J510C00 440006000 «252000 5.000000
NFTPST = 10
FACTORS FOR INTERNAL ENEZGY AS A FUNCTION OF TIME
14000000 04000C50 1.0906C00 1.000600 1.000100 1.500000
1000900 3.500L00 1.001260 4.000609 1.001900 5.000000
U v v
OUTLET" BOUNDARY FLAGS £ 1 1
OUTLET BOUNDARY CONOITIINS 0. 0. e
NFTPUO = 10 _
FACTORS FOR OUTLET VELOCITY OR PLESSURE AS A FUNCTION OF TIME
1.000000 0.0G0690 1e000GC0 1,060000 .994000 1.500000
4950200 3450006060 2963506 44600060 «926590 5.000000-

1e12 +930 1.03
890 «880 1.85
.929 1.14 1.10
1410 815 1.22
2.02 .123 3.61
7.00 7.1006-92 8,00
.180 2.000E-93 360
2400 5.000E-94 6,00
P SIE
6 3
522,810
.304000  2.3€3000
.222000 6.3C3000
1.000200 2.309000
1.092800 6+3€3000
P SIE
3 €
1043420 0.
«983000 2.000000
+913000 6.060000

«920 1.13
«860 «880
558 1.43
8.920E-02 4401
6e910E-02 11.0
1.000E-03 400
1.000E-03 11.0
RHO TEMP
8 6
0. ) 0.
«432000 2.500000:
«227000 11.000000
1.000400 3.500000
1.003800 11.000000"
RHO TEMP
3 6
’ 0o 0.
«971200 2.500000
«911100 11.000000
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. T TABLE E-1 (continued)

TWO=-PHASE FRICTION MODEL FLAGy ITPMOD = 0
wavs INPUT OF CRITICAL HEAT FLUX CORRELATION FLAGS w«w*ww
JCHF = ¢ NSW = ¢ IHTDBG = 3 IFILMH = ¢ IPOOLH = 9 IHTCAL = 0

«xes ACTUAL FRICVION FACTOR FLAGS USED wese

IRECWS = @ IREX = 2 IREY = 2 IREZ = 2
IFXLAM = 1 IFYLAM = } IFZLAM = 1

IFXTUB = 2 IFYTUB = 3 IFZTUB = 3

IFLTEM = 0

+ase ACTUAL TWO-PHASE CORKELATION FLAGS USED #+##s

TALFA = 1 ITPRHO = 1
ITPMLX = S ITPMLY = 5 ITPMLZ = 5
ITPMTX = S ITPMTY = 5 ITPMTZ = §

weee ACTUAL HEAT TRANSFER FLAGS USED #we»

JCHF = ¢ IHTDBG = § IFILMH = 2

MINIMUM DIMENS IONING FOR THE ACARRAY) 5850



“ABLE E-I (continued).

SS ¢ TRANSIENT
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TABLE E-I (continued)

SS ¢ TRANSIENT

NNNNNNN NN NN NN NN

00000000 QO0000000
RN [ I
LU WD LWL U L L ) WA )
PO et F MO QP OQONND AP N N0 P DD OO NN C O OmI MO
SAENMDNOTCOO0O ON VOO NT NS DM & ~MMN TN LA AR A
VOO OO OO~ QDM I P 00 D0 e =il P O I P Y O Y A O D O CONOMNOO
PSP NHOO O ONMDNMNNOOTDFM FANNNT O PNt A DDNOOD et
NSO O M@ P rd O O OO NN B VO =P O O N A O MDD U QON O INDD®

@O QO N F I ot pd (N et Ot el el = NN NN NN At AN NN OO 6 ¢ 0 6 0 0 0 ¢ Srdrd D O OD et
€ 04000 0000000000000 002000 ¢0PPPe000 s INODOOOOOOOD sessssssen
MNONTET NN BN N nm

QuaL

QVBF AP PN T ANAUONDND DD ~t~ANAOCP N OO P M NN NNNE D ed MDD OO = O QO
OMt- T O OONNNG NP O At D OO O & & VNP P P P O 0 00 D P © N0 Pt el 1t el N O W 4N O D
FS‘45655433333233322990909999666666666665565555556365#33
® O 5 0 5 000 5008000 00 PP PO e OO OISO 0O OO0 9O PE OO PP EO O ese
HGoooooooooooooooooooqq090999999999999980000000000000000
WA BN D DDA I NIV NHO NN TN F IO T T F 8 8 T F 8 € F 3 DDA A DI DN O n B AOn
= O WD A AN N D DA NN DN N D DO DN A DN D DDA DD D DD DO DR D D DDAN VD D D DN DN 1N

LZOMMITMMOTNNQOME O MNMNONMATODROOIN~NIOTFDDOOO0O00OO0OOP FOM=I ONN
> DOV OMNMNDMTTNNCE OONT NN TNAONTNNQODONVINANOCOOOOCOOOCMMUNVNC NI
DdDE T ONDNODVDOD DD DM AID PO OO ONONNNCT O DODRODD®OBVDOO~OrN=OO
QL™ © 8 0 6 0 0606006000000 0 000800066600 0060660600069 06000806066 0ssse0dbeocedosoe
WONPPAFOMNODDETNNINTOOOVOTON~OMMND DM@ O PN OO NN NN NN @ MO Mo
ZNO OO ONE T O T ONNAINDD O O ONINNA O MU & OO NNNAINAN NN PN O 00
WO DD N NNIR NN O O 0 O 0 O 0 0 O 0 O O PP 1 O O P P PP P o OO ININRIDLDN VA O TUN DLUINIA SVIRDWN

P ODOVNPOrdDFNNCTONMO= T NNt OB OND O ONNNOPTNCOPFF iD= P PPt MO O
bepe FOONPP NN NNNOF O == OOM NONCO O miMO OO M AP NN F N N T & MM P NN
U NN NAL NOMNNO PP INNOONT O TOCCCOCOOErNCoco 00O TItaMeEwY
N P T OMOONMD VNN OVOMMEFNINM INO OO0 DM O il M) b pd rt rl et md e =4 O O NN F OO O
ZE 0000005000 0sM N ¢ 0 2rdriOCPTN ¢ ST TOMNOODD 000668 cooeoossotso oo
WERMOOMOFONANNGDO ¢ ¢ ¢OMM 0 090 0 00 60O ¢ 0600 0 ¢ ¢ ofaful PP NN TOINSTLOD
O ST NNANNNNNO Nt e d P ot O O et el et D D P PP Po P st DI T N TN OO T F T & F T T NN NN

E ;
o AN OTAMAONNNAHS P AND =~ CDNNTNOSOOOOO00OOOONNDMANNOONND MANN
D IEIV T T LT A TOMeOMMANNINTMONCTOOO000O00ODECONTC O VDDONTIFOVO
%] ® 0 ® 0 0 2 B O O 00O PO OO P e P OO PO PO OE PO O e NSO e s e e
N DOCCCCOTDDODDMMDROMMINBNONININS FOMMMOMNMMNOCCOPDCODRP T OFOO DD
e St ot ot R R S R L N N R T &
R50000000ooooooooooooooooooooo000000000000000000000000000

O O =t gl od

QOO NONMNTDEANMPA et NN NS~ N OO IN O OO tiN O OO OO COOODOOOQOM PN ANIO O el =t
QOT I ONOP ONNMP=DOMNONANMAOMMNMOAMPOMNNTAOPOROONNOOOOOLOOO0O OO rtPMPfemMmm
WANOOOODMNNNINNODOMF O OOMMMOGINC O MMAMO TN O NNNANNNNNNO QN A"t &
NONVD L OHONNOMEONC OO OOMMAMOD TN MOOT VN OO OOV OO O ODDNMOMNNNMON

DOWN0 000000 0006080000000 000e0000000ee 00O CC0 s e
— e NNMNAMNMNOUOON T NNS OOV OMMNNANOOWOMMNG 0 ¢ 05 88 8 8 sMMMAITNMetrd
U O vt v ot et gt rd e e MO NN VOO F F TP LT ONT T T T8 NN O 00000 00 O rtrmd ot ot b ot g vt

- AN NN NN NN NN NN N NN NN NI NN NN NN NN MO O MAMA A OO @ M OmOmEaon
- ONAIANNINNANNAO OO MO N MO T F P P T T UV OO UN Y UV vt o ol vl e od g b 0 O I LS SO NI NI N

207



TABLE E-I (continuad)

R 2 .
CIT¢» 3S ¢ TRANSIENT
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2. SAMPLE PROBLEM NUMBER 2: A THREE-DIMENSIONAL
REPRESENTATION OF A 7 BY 7 BWR FUEL
ASSEMBLY AT STEADY STATE

Sample Problem Number 2 consists of a three-dimensional steady state
problem illustrating the use of the diagonal symmetry feature, the rod -
conduction model, and the spatially varying inlet velocity boundary
conditions. The prob1ém simulates a 12-ft long, 7 by 7 BWR fuel as-
sembly at steady state. The geometry of the fuel assembly is identical
to that of Sample Problem Number 1 as is shown in Figure E-1.

The fuel rod power cdnditions simulate a BWR operating at a steady state
~average power of 12 kW/ft. The rod-to-average transverse power distribution
is shown in Figure E-1 and listed in the following input printout. The
peak-to-average axial power distribution also is listed in the following
input printout.

Steady state BWR coolant conditions are simulated with a uniformly
distributed internal energy of 522.8 Btu/1bm at the inlet and a pressure
of 1043.0 psia at the outlet. The coolant axial velocity at the~1n1et
is nonuniformly distributed, with an average value of 6.962 ft/sec. The
channel-to-average inlet velocity mu]tipTiefs are shown in Figure E-2
and are listed in the following input printout. The problem is con-
ducted holding the coolant conditions constant for 1 second to achieve
steady state conditions.

The input data required to perform the calculations are'presented

in Table E-II. Following the input printout the calculational results
for times of zero and 1 second only are presented.
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49 421 35, .28 21 14 7
\ .
0.5676 0.7841 0.8232 0.8264 0.8232 0.7841 0.5676
AN
N\
48|\ 41 34 27 20 13 . 6
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0.7841 1.0280 1.0656 1.0693 1.0656 1.0280 0.7841
AN
AN
47 40 33 26 19 12 5
08232 1.0656 1.1010 11047 1.1010 1.0656 0.8232
. \
N\
46 39 32 25 18 11 4
AN
0.8264 1.0693 1.1047 1.1084 - 1.1047 1.0693 0.8264
AN
45 38 31 24 17 10 3
AN
0.8232 1.0656 1.1010 1.1047 1.1010 1.0656 0.8232
AN
4 7 3
4 3 30 23 6 \ 9 2
N .
0.7841 10280 1.0656 1.0693 1.0656 1.0280 0.7841
. \
EH] 28 29 ith] 15 ‘R 1
_ AN
0.5676 0.7841 0.8232 0.8264 0.8232 0.7841 0:5676
: / N

Nomenclature,

[Wh]

v

. C = Channel Number

U; = Inlet Velocity Multiplication Factor

Diagonal.of Symmetry /

INEL-A-1793

Fig. E-2 7 by BWR channel inlet velocity mu1t1p11cat1on factors for
Sample Problem Number 2.
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TABLE E-II
SAMPLE PROBLEM 2
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TABLE E-I1 {continued)
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CHANNEL 11 DHY =
CHANNEL 12 DHY =
CHANNEL 13 DHY =

3

]

]

¢ 45450
«52600
«52600
«52600
«S2600
«52630
« 45450
«526007
« 668710
«6687C
« 66870
«6687C
«6687C

48.003

« 13809

«73800

DHE
OHE
DHE
DHE
DHE
DHE
DHE
OHE
DHE
DHE
DHZ
CHZ
DHE

BENEDETTI=-KISER=LCRDS
3-D 7X7 BWR CLUSTERs MON-UNIFORM

Do

MOD

48.000

«73800

«73800

0.

«86270
«76213
«76213
« 76213
«76213
«76213
«86270
«76213
«66870
+66870
«66870
66870
«66870

1 YER 2
INLET VELOCITY,

«50000

« 73800

«7IE0D

U

AWF =  5,3251
AYF = 6.3734
ME = 4,3734
MUF = 4,373%
ENF = 4.,3734
BdF = 4,374
BNF = 5.3251
ENF = 443734
EdF = 3.2475
EJF = 3,2415
EdF =  3.2875
EdF = 3,2475
EdF = 3,2475

STEADY .STATE

«73800

«7380N

awe
[R]]
ANG
AMG
(2 ]
[2]]
ANQ
(A1)
ANO
AWG
ANQ
AuQ
AMG

«73800

«73800

208054
3.0184
3.0184
3.0184
3.0184
3.0184
2.8054
3.0184
3.2475
342475
342875
3.2475
3,2475

«79400

« 79400

vo1lD
voI0
voip
voID
voID
voID
voID
Vo1D
voID
voID
voID
voI1D
voID

+60506
+57510
+57510
+57510
«57510
«57510
«60506
+57510
.54290
+54290
.54290
.54290
*54290

«79400

« 792400

RODNUM=
RODNUM=
RODNUM=
RODNUM=
ROONUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=

1.0000
1.0000
1.0000
1.0000°
1.0000
1.0000
1,99200
1.0000
1.,0000
1.0000
1.0000
1.0000
1.0000
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TABLE E-II (continued)

CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHAWNEL
CHANNEL
CHANNEL
CHANNEL
CHANNEL
CHAKWNEL
CHANNEL

DHY
DHY
DHY
DHY
DHY
DHY
BHY
DHY
DHY
DHY
DHY
DHY
CHY
DHY
DHY
DHY
DHY
OHY
DHY
OHY
DHY
DHY
DHY
DHY
DHY
DHY
CHY
DHY
DHY
ORY
DHY
OHY
DHY
DHY
DHY
CHY

LI I T T T T I T T T T T T T T T L L T T T T T L O I VI L T 1}

«526900

.«52600

« 668710
«66870
« 66870
« 66870
« 66870
«526900

" +52600

« 66870
« 66870
« 66870
« 66870
«66870
+52600
« 52600
«£6870
+ 66870
« 66870
- 66870
« 66870
«52600
« 52609
« 66870
« 66870
+ 66870
« 66870
» 66870
«52600
» 45450
52600
+52600
»526310
» 52630
252600
«45450

DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE
DHE

« 76213
«76213
«66370
«66370
«66370
«66870
«66870
« 76213
e16213
«66870
«66870
«66870
« 66870
«66870
o 76213
« 76213
«66870
«66870
«66870
«66870
«66EBTC
«76212
e 76213
«66ET0
«66ET0
«66E70
e66ETC
e66ETD
«86270
«76213
e 76213
« 76213
« 76213
« 76213
«B6ETD

AWF
AWF
AVF
AWF

AVF

AMF
AWF
AWF
AVF
AWF
AWF
AWF
ANF
AWF
AuF
AWF
KWF
AVF
hWF

AMF
AWF
AVNF

AWF
ANF
AWF
AVF
AWF
AMF
AWF
AWF
AVF
ANF
AWF
AWF

L L T T L T T T I L T T T I L T O L Y I I L L T IO T I T O IR 8

4,3734
4.,3734
3.2475
3.2475
3.2475%
3.2875
3.2475
4.3734
4,3734
3.2475
3.2475
3.2475
3.2475
3.2475
4,374

43734

3.2475
3.2475
3.2475
3.2475
3.2475
4.,3734
4.3734
3.2675
3.247%
3.2475
3.2475
342475
4.3734
543251
84,3734
443734
4,3734
4.3734
4.3734
5¢3251

ANG
AWQ
AVQ
AMWQ
AR
AWG
AVO
AWG
AMQ
AMG
AVWO
AWO
AWO
AVR
AMO
ANOQ
AWG
AWG
AVG
AWQ
AMNG
AMQ
AVO
AWG

AWG
AVQ
AN
AMO
AVNQ
ANG
AVG
AVO
ANQ
ANG
AWO

3.0184
3.0186
3.2475
3.2475
3.2475
31.2475
3.2475
3.0184
3.0184
3.2475
3.2475
3.2475
3.2475
3.2475
3.0184
1.0184
3.2475
3.2475
3.2475
3.2475
3.2475
3.0184
3.0184
3.2475
3.2475
3.2475
3.2475
3.2475
31,0184
2.8056
31,0184
1.0184
3.0184
3.0184
3,0184
2.8054

VoID
volID
voID
voID
voIp
VoID
volD
voID
voIo
vo1o
voID
voID
voIo
voID
voIn
volD
VOID
voID
VOI1D
voID
volIp

. VOID

volD
voID
volIlD
voID
voID
voIp
voID
voID
VOIOD
vVoID
voID
voIo
voID
voID

.57510
+57510
.54290
«54290
.54290
+54290
+54290
+57510
.57510
.54290
+54290
©54290
+54290
+54290
«57510
«57510
.54290
.54290
+54290
«54290
«54290
.57510
+57510
«S4290
«54290
+54290
+54290
«54290
«57510
«60506
+57510
«57510
«57510
+57510
+57510
+60506

RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUMZ
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODONUM=
RODNUM=
RODNUM=
ROONUM=
ROONUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
ROONUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=
RODNUM=

1.0000
1,0000
1.0000
1.0000
1.0000
1.0000
1,0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.,0000
1.00090
1.0000
1.0000
1.0000
1.0000
1.0900
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000



TABLE E-I1 (continued)

OIAFD = 4507

GAPT = .80uE-02

GAPH = 1000

FUELK = 2400

CLADK = 7.03

RHOCPF = S53a.u

RHOCPC = 32.0

ROD NUMBER 1 NWNRC= 1
ROD NUMBER 2 NRC= 2
ROD NUMBER 3 NRC= 3
ROD NUMBER 4 NRC= 4
ROD NUMBER 5 NRC= 5
ROD NUMBER 6 NRC= 6
ROD NUMBER 7 NRC= 7
ROD NUMBER 8 NRC= 9
ROD NUMBER 9 NRC= 16C

ROD NUMBER 10 NRC= 11
ROD NUMBER 11 NRC= 12

" ROD NUMBER 12 ANRC= 13

96¢

ROD NUMBER 13 NRC= 14

ROD NUMBER 14 NRC= 17

ROD NUMBER 15 NRC= 18 -
ROD NUMBER 16 NRC= 19

ROD NUMBER 17 NRC= 20

ROD NUMBER 18 NRC= 21

ROD NUMBER 19 NRC= 25

ROD NUMBER 20 NRCZ 26

ROD NUMBER &1 NRC= 27 . -
ROD NUMBER 22 NRC= 28

ROD NUMBER 2 NRC= 33

ROD NUMBER 2 NRC= 34

ROD NUMBER 25 NRC= 35

ROD NUMBER, 26 NRC='41

ROD NUMBER 2 NRC= 42

ROD NUMBER 28 NRC= 49
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TABLE E-I1 (continued)

SCORE-EVET BENEDETTI-KISER-LOROS  MOD 1  VER 2
EXAMPLE 2, 3-0 7X7 BWR CLUSTERs NON-UNIFORM INLET VELOCITY,
RADIAL POWER FACTORS--BY CHANNEL IF IRGD = 0 ---BY ROD IF IROD

1417 1.21 1.06 1.19

1.01 1403 .40 1,02

.880 1.00 +810 880
AXIAL POWER FACTORS FOR THE REAL CELLS

. 781 1.46 .781

u v "

INLET BOUNDARY FLAGS 4 L1 1
INLET BOUNDARY CONDITIDNS 696200 0. 0.

FAZTORS FOR INLET VELOZITY OR PRESSURE AS A FUNCTION OF SPACE

«56760u «73410( «823200 «826400 823200
1.069300 1.035600 1.0280¢C0 «784100 «823200
823204 «826400 1.069300 1.104700 1.10840¢C
Le1017G3 1.134700 11010600 1.065600 +823200
1.028000 «734100 «567600 «784100 «82320¢C

U v v

OUTLET BOUNDARY FLAGS 6 1 1

OUTLET BOUNDARY CONDITIONS 0. 0. - [\

STEADY STATE

=1 OR 2
113
«930
1.02

«784100
1.065600
1.104700
" «784100

«R26400

1.12
«890
«920

«567600
1.101000
1.069300
1.028000

«823200

1043.00

+930 1.03 .920
.A80 1.05 <860
1.14 1410 ,
sit RHO
2 8
5224200 0.
.784100 1.028000
1.104700 1,101000
826400 +823200
1.065600 1.069300
.784100 +567690
SIE RHO
5 6
0. 0.

1.13
«880

TEMP

0.

1.065600
1.065600
1.065600
1965600

TEMP
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TABLE E-II {continued)

LA N R 4

TWO-PHASE FRICTION MODEL FLAGs ITPMOD =  (
INPUT OF CRITICAL HIAT FLUX CORRELETION FLIGS weaw
JCHF = © NSW = 0 IATDBG = © IFILMh = O IPQOLK = 0 IHTCAL = &

wass ACTUAL FRICTICN FACTOR FLAGS USED ###+

IRECWS = 0 IKEX = 2 IREY = 2 IREZ = 2
IFXLAM = 1 IFYLAM = 1 IFZLAM = 1

IFXTUB = 2 IFYTUB = 3 IF2TLB = 3

IFLTEM = G

esxwe ACTUAL TWO-PHASZ CORRELATION FLAGS USID #+#x»s

IALFA = 1 ITPRHO = ¥
ITPMLX = S ITPMLY = S5 ITFMLZ =
1TPMTX = S ITPMTY = S5'ITFMTZ = 5

swrs ACTUAL HEAT TRANSFEK FLAGS USID swwe

JCHF = 0 IHTOBG = € IFILMH = 2+

MINIMUM DIMENSIONING FOR THE & (aRRAY) 35850



TABLE E-II (continued)

STEADY STATE

VER 2
NLET VELOCITY,

1
I
ITERATIONS =

CYCLE =

KW/FTe
QUAL

12,000

POWER AVERAGE =

* +10000E-02

DELTA TIME
SSURE

0

TIME = 0.

0
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E-1I (continued)
STEADY STATE

2

VER

TABL

1
INLET VELOCITYS
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TABLE E-II (continued)

STEADY STATE

2

VER
M INLET VELOCITY,
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3. SAMPLE PROBLEM NUMBER 3: A ONEjDIMENSIONAL REPRESENTATION
OF A 5 BY 5 TEST ASSEMBLY: STEADY STATE AND HOT
LEG BLOWDOWN TRANSIENT

Sample Problem Number 3 consists of a one-dimensional transient
problem illustrating the use of the heat flux spécification option and
the time varying inlet and outlet pressure boundary conditions. The
problem simulates a 5.5-ft-Tong, 5 by 5 fuel rod test assembly under-
going a hot leg blowdown transient. .

The geometry of the fuel assembly is shown in Figure E-3. The fuel
- assembly consists of 25 fuel rods, each 5.5-ft long and 0.422 in. in
diameter arranged in a 5 by 5 square matrix with a rdd-to—rod pitch of
0.570 in. (0.148-1in.-gap spacing). The rod bundle is contained within a
canister 2.850-in. square. For this sample problem the fuel rod array
is represented as a single average calculational channel 2.850-in.
square and divided into 13 unequal axial Tengths as 1isted in the fol-
Towing input printout.

The specified heat flux simulated PWR.fuel rods operafing at an
initial steady state average heat flux of 2~* 105 Btu/hr-ftz, with
transient heat decay initiated at 1 second to simulate a loss-of-coolant
accident (LOCA). The peak-to-average axial heat flux distribution and

the heat flux time distribution are listed in the following input printout.

PWR coolant conditions are simulated with an initial internal
energy of 534.5 Btu/1bm, an axial velocity of 6.72 ft/sec at the inlet,
and an initial pressure of 2265.0 psia at the outlet. The problem is ’
conducted holding the coolant conditions constant for 1 second to
provide steady state initja]ization, after which time a transient is
initiated simulating PWR blowdown conditions.

The input data required to perform the calculations are presented in
Table E-III. Following the input printout the calculational results are
presented in the output printout. Calculational results for times 0,
1.011, 1.471, 2.071, 2.571, 3.071, 3.571, and 3.971 seconds are bresented.
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Canister wall

0.422 Dia.

1.00

!

- .. -
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Diagonal of Symmetry

Nemenclature,

— —. INEL-A-1794
|
L} .
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P¢ = Radial Power Factor

C = Channel Number

Fig. E-3 Layout of the 5 by 5 PWR, Sample Problem Number 3.
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TABLE E-III (continued)

SERERPEYEL, 1-0 BREFBEATITOIRERSLBEOY reallBiehs VER 2

RADIAL POWER FACTDRS--?Y CHANNEL IF IROD = 0 ---BY ROD IF IROD = 1 OR 2

AXTAL POWER FACTORS FDR.ggE REAL CELLS
L]

« 750 «825 1.10 -1.20 1.23
«451 +4C0 «150°
POMER-TIME INPUT
1.00 0. 1,00 1.00 1436 1425
946 2.60 «B44 3.20 576 6.00
DELTA T-TIME INPUW
- 1.0006-03 1.000€-02 1.000E-03 2.000E-02 1.,000E-02 1.00 1
5.000E-03 4.50
u W 4
INLET BOUNDARY FLAGS 3 1 1 6
INLET BOUNDARY COWDITIONS 6.72000 ¢ 1Y 0. 0.
NFTPUI = 6
FACTORS FOR INLET VELGCITY OR PRESSURE AS A FUNCTION OF TIME
1.,000000 0.0000600 1,000000 1.000000 «476200 1.600000 464300
«667000 44100000
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FACTORS FOR INTERNAL ENERGY AS A FUNCTION OF TIME
1.000000 0.000000 .00000¢C 1.000000 1.006000 1.050000 1.004600
u v L} (4
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OUTLET BOUNDARY CONDITIONS 0. 0. Oe 2250478
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1.24 1.50 1.07 2.00
«000E-03 1.17 5.000€-03 1.35
SIE RHO TEMP
3 8 6
534.500 0. 0.
1.900000 +640000 3.300000
1.100000 1.006500 5400000
SIt RHO TEMP
-] [ 6
0. 0. 0.
1.104400 +522900 1.156500



TABLE E-111 (continued)
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