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COBRA=-IT: A DIGITAL CCMPUTER PROGRAM
FOR THERMAL~HYDRAULIC SUBCHANNEL ANALYSIS
OF ROD BUNDLE NUCLEAR FUEL ELEMENTS

D, S: Rowe

ABSTRACT

The OBRA-H program calculates the steady-state flow and enthalpy in
the subchannels Of rod bundle nuclear fuel elements during both boiling and
nonboiling conditions. The program uses a mathematical model that includes
the effects § turbulent and diversicn crossflow mixing between the
subchannels, Turbulent crossflow mixing IS cawed by lateral flow fluctu~
ations between subcharnels and diversion crossfliow mixing is caused by flow
redistribution resulting from changes in the axial pressure gradient Or from
forced crossflow, The egquaticns orn the mathematical model are solved as an
initial-value problem by using finite differences, The solution O the
equations for flow, enthalpy, pwessuwre and diversion crossflow must rely on
input correiaticns to specify che turbulent crossflow and subchannel
pressure gradient., The program is desicned to allow the user to Sel ect
these correlations to oest fit his particular application. Besides having
a faster and a more accurate nurerical solution than in the original
version of COBRA, COBRA=II has new features to imorove its versatility. It
can include the effect Of subcooled voids. Subchanneis nay be typed so that
nonuniform hydrawlic behavicy can be considered, Distorted bundles may be
analyzed by selecting variable subchannel areas and gap spacings along the
length. Spacer pressure loss and foroed diversion crossflow can be con-
sidered, Turbulent mixing without boiling may be specified by several
different correlation forms, During boiling, the mixing correlation for
nonboiling can be used Or turbulent mixing may be given as a function of
steam quality. Adjustable dinensions are included in COBRA-II to allow the
user to expand or contract the size of the program to accomodate his computer
storage capability, The program has performed successfully with 36 sub-
channels, 25 fuel rods and GO subcharnel connections,



TABLE CF QONTENTS

ABSTRACT . . s o o

INTRODUCTION . o s o o

SUMARY AND ANLLEONS .
DESCRIPTION (F MATHEMATICAL MIDHL

BASIC ASSUMPTIONS ,

GENERALIZED EQANIONS .

Qntinuity . . o

Energy . - .

Axial Momentum . o

Transverse Momentum,

NUMERICAL SOLUTION . .

0

o

o

o

0

<]

o]

o

Initial-Val ue Numerical Sol ution .
Stability of the Initial-Val ue Sol ution

QOMPUTER PROGRAM CESCR PTICN .
GENERAL FEATURES .
PROGRAM ORGANIZATICN .
SUBROUTINES , .

USE (F COBRA s e
REFERENCES . , e
NOMENCLATURE , - o o o

APPENDIX A DERIVATICN (F EQUATIONS
APPENDIX B GENERALIZED FORM CF Tl E EQUATIONS

APPENDIX C NUMERICAL STABILITY

APPENDIX D COMPUTER PROGRAM CORRELATIONS

APPENDIX E SAMPLE PROBLEM .
APPENDIX F DISTRIBUTION . o

0

0

o

o

o

[¢)

a

o

o]

o

o

o a

0 9]

o

o o

o o

BNWL-1229

He
|
LIS B S RN S

S I I A I

c o o o
g
I I N e i ol e
= Ol D N 00O A WO WP

B.1l
C.1l
D.1
. Eol
F.1



1 BNWL-1229

COBRA-11: A DIGTAL COMPUTER PROGRAM
FOR THERMAL-HYDRAULIC SUBCHANNEL ANALYSS
OF ROD BUNDLE NUCLEAR FUEL ELEMENTS

By
D, S, Rowe

INTRODUCTION

The purpose of this report is .$~& scribéhe digital computer program,
COBRA-11, This program is a refinement and extension of the earlier program
COBRA(D which was written to aid in calculating the flow and enthalpy in
the subchannels of rod bundle nuclear fuel elements, COBRA-I1 contains may
newv features that meke it a more flexible and useful tool for rod bundle
subchannel analysis,

Subchannel analysis has become an important tool to help establish the
thermal performance oOf rod bundle nuclear fuel elements because it considers
the distribution of coolant flow and enthalpy in the bundle, This is a
significant improvement over the bundle average analysis approach because
the arrangement of fuel rods in present bundle design causes the local flow
and enthalpy to be very different from the average, Subchannel analysis also
allows better interpretation of laboratory data that give the thermal-
hydraulic performance parameters such as critical heat flux and two-phase
pressure drop, By using a subchannel analysis approach, the fuel designer
can apply laboratory data to the reactor’s operating conditions with a
greater degree of confidence,

SUMMARY AND GONCLUSONS

The digital computer program COBRA-11 computes the flow and enthalpy in
the subchannels of rod bundle nuclear fuel during both boiling and nonboiling
conditions. 1t uses a mathematical modd that considers two types of cross-
flow mixing, The first type is a net diversion crossflow caused by flow
redistribution, and the second is a turbulent (fluctuating) crossflow caused
by the random travel of coolant between adjacent subchannels. Each subchannel
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IS assumed to contain one dimensional, two-phase, slip-flow and IS assumed

to have a fine enough two-phase flow structure tO permit specification of
local void fraction as a function of enthalpy, flow, pressure and position,
The equations sf the mathematical model are solved as an initial-problem by
using finite differences, The numerical procedures are a significant improve-
ment over the procedures used in theaiginal COBRA program,

The COBRA-II program contains new features that permit analysis of may
different rod bundle problems. ItS significant features include the
following:

e It has the ability to consider both single-and two-phase flow,

e |t accounts fen. intersubchannel themmal mixing that results
from thermal conduction, turbulent crossfRw and diversion
crossflow,

e |t considers the momentum interchanges that result from both
turbulent and diversion crossflow between adjacent subchannels,

e |t includes the effect of transverse resistance tO diversion
crossflow,

e |t can consider an arbitrary layout Of fuel rods and flow
subchannels and thus ailows analysis of most any rod bundle
configura*ion

e It can include aybitrary heat flux distribution by specifying
the axial £lux distribution. relarive rod power, and the
fraction of rod power to cachaljacent subchammel.

e It can consider variable subchamneli area and gap spacings,

It can include the efrect of subcooled void,

e It can include the effect of forced diversion crossflow
produced by flow diverting devices,

e It can include the pressure losses caused by spacing devices,

e It permits nonuniform hydraulic behavior by selecting different
subchannel hydraulic characteristics.

® Input options are provided to allow thewer to select various
empiricab correlations required f the calculations,
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DESCRIPTION OF MATIHEMATICAL MODEL

Two-phase flow in rod bundle nuclear fuel elements is a complicated
process which is not completely understood at the present time. Ore of the
major difficulties is the inability to predict the transport processes of
the liquid and vapor phases within the bundle. Reasonable descriptions of
these processes have been made for selected regimes of two-phase flow in
simple channels; but these descriptions cannot be easily applied to the
complex geometry of rod bundles. This is because the added degrees of
lateral freedom in rod bundles allows additional modes of liquid and vapor
exchange which tend to invalidate the descriptions of transport processes
in simple channels, This exchange, however, has a very significant
influence on the flow and enthalpy in various regions of the bundle.

To develop a method for predicting the flow and enthalpy in selected
regions of a rod bundle, a mathematicalmodel iS used that considers the
important lateral transport processes. The gproach used is essentially the
same as in the original COBRA program where the cross section of the rod
bundle IS divided into discrete flow subchannels as shown in Figure 1

Fuel Rod

Subchannel

E
_aa,a

1. Method of Subchannel Selection
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By making suitable assumptions concerning the flow and crossflow in these
subchannels, the equations of continuity, energy and momentum can be derived
for each subchannel. This set of equations can then be solved numerically by
using a digital computer.

BASIC ASSUMPTIONS

Steady, one-dimensional, two-phase ~ Pi [flow exists in each
subchannel during boiling.

e The two-phase flow structure i s fine enough to allow
specification of local void fraction as a function Of enthalpy,
pressure, flow rate and axial position

a A turbulent crossfiow exists between adjacent subchannels that
causes no net flow redistribution

a The turbulent crossflow may be superimposed upon a diversion
crossflow between subchannels that results from flow redistri-
bution This may cccur naturally by pressure gradients trying
to equailze or may ocouy artificially from devices that force
diversion crossflow

e Transverse spatial acceieration 1s neglected

GENERALILED EQUATICNS

The equatiocns of confiruity . energy, and momentum may be derived by using
the basic assumptions as shown in Appendix 4  This derivation gives a set of
N first order, oydinary, axiferenizal equations plus K algebraic equations
where N is the number of subchannels and K is the number of connections
between subchanneis  If the equations for {low, enthalpy and pressure are
represented as N compenent colum vactors and if the two crossflows are
represented by K compenent colwm vectors, the transpert equations may be

written in the following matrax notation as shown n Appendix B.
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Continui ty

{&-

b= IR0 (1)
Energz

(@} - @ - R - RITHC) + (R0 ) (2)

Axial Momentum

{%@Z} = -fa} - [RI[U)CEw'} + [R][UX]{w} (3

Transverse Momentum

{Clwiw} = [S]{p} (4)

The shorthand notation used in these equations gives a simple form that
shows the basic phenomena included in the mathematical model, Now, consider
the various terms in the above equations,

Equation (1) states that the rate of flow change in a subchannel is a
linear combination of the diversion crossflows The matrix transformation

[R] is used to order only those crossflows permitted by the problem set up,
The turbulent crossflow term does not appear in Equation (1) because, on a
time average, it does not cause a net flow change.

In the Energy Equation (2), the terms on the right illustrate four
mechanisms Of thermal energy tramnsport between the subchannels in a rod
bundle fuel element. The first term {Q} is the power-to-flow ratio of a
subchannel and gives the rate of enthalpy change if no thermal mixing occurs.
The second temm [R}[H]{w'} accounts for' the turbulent enthalpy transport
between all interconnected subchannels, This is analogous to eddy diffusion
as discussed in Reference 1, The diagonal matrix [H] contains the subchannel
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enthalpy differences for each pair of intercomnected subchannels, The tur-
bulent thermal mixing {w'' is defined through empirical correlations. The
third term [R} [T]c accounts for thermal conduction between adjacent
subchannels. During boiling, the temperatures contained in [T] are limited
to saturation temperature, therefore, the conduction term vanishes when al |
channels are boiling. The thermal conduction coefficient is defined in
terms of geometric and fluid parameters, The fourth term [R][H*]{w}
accounts for thermal energy carried by the diversion crossflow. This is a
convective term that requires a selection of the enthalpy to be carried by
the diversion crossflow, This selection of the enthalpy 1s denoted by the
matrix [H*] which IS set up the same wey as {H]. The matrix [H*], however,
permits selection of an effective enthalpy that is carried by the diversion
crossflow. This may be used, for example, to account for the nonuniform
enthalpy distribution in a subchannel by selecting the effective transported
enthalpy from known information about the liquid-and vapor-phase distribution,

The right side of the Axizl Momentum Equation (3) illustrates the mechanism
of momentum ziansport. The first term ‘a} represents the pressure gradient
without any crossflow between subchannels, It includes the friction, spatial
acceleration and elevation components of pressure drop, This term gives the
pressure gradient in an equivalent smple channel with the same thermal-
hydraulic characteristics as the rod bundle subchannel. It is in this term
where tiie important empirical correlations are contained that govern the
subchannel flow soiution. The second temm [R][U]' f’Tw‘ accounts for the
turbulent momentum tiansport and IS analogous tO a Reynolds stress as
discussed in Reference 1. The matrix [U] contains the subchammel velocities
and is set up the same way as [H}. Since the analogy between thermal and
momentum turbulent transport processes Mgy nor be the same; the factor £
1s included to modify the turbulent crossflow which 1s selected to satisfy
the energy equation. The remaining term [R][U*]{w} of Equation 43) IS the
momentum contribution & the diversion crossflow, This IS a convective term
that is analogous to the convective energy term, The matrix [U*] contains the
axial velocities that are carried through the gap by the diversion crossflow,
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The Transverse Mametun Equation (4) is a simple friction modd where the
pressure drop between subchannels 1S proportional to the diversion crossflow
rate squared, The resistance coefficient C is evaluated in terms of an
empirical function which depends on the geometric and flow parameters. This
equation has rather wek influence for a few problems, but it plays an
important role in the numerical stability of some solutions.

NUMERICAL SOLUTION

The flow in rod bundle subchannels is governed by the boundary con-
ditions imposed at the ends of the bundle; therefore, the flow solution
requires a boundary-value solution, Since this solution is difficult to set
up and difficult to solve, a simpler initial-value solution is commonly
accepted as an approximate solution. Various types of initial-value
solutions are used in the HAI»IBO(Z% SA$(3) , THINC-11 (4) and MIXER(®) sub-
channel analyses programs.,

The use of an initial-value solution can be justified from the results
presented in Reference 6 where an initial-value solution is shown to ade-
quately approximate the boundary-value solution if a stability criterion is
satisfied, This criterion gives the mnmum allowable calculation increment
in terms of the crossflow resistance, The actual calculation increment must
be larger than this to permit proper flow redistribution, [|f the increment
IS smaller than this, the flow redistribution occurs over additional calcu-
lation increments,and a boundary-value solution i S required.

The numerical procedure in COBRA-II uses an initial-value solution that
is patterned after the one discussed in Reference 6. By applying this
procedure to many subchannels, a similar set of numerical equations and a
similar stability criterion IS obtained.

Initial-Value Numerical Solution

Equations (1) through (4} are solved as an initial-value problem by
using finite differences, It is assumed that the values of {m}, {h}, {w}
and {p} are available to start the solution, Both forward and backward
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finite differences are used for the solution, The Energy Equation (2) is solved
by using the forward difference equation

{h(xmx)ah(x)} QM) - [RIT)]CX)} )
bx - [RI[HE) W’ ()} + [R] [H*(x) ]{w(x)}

This equation can be easily solved for {h(x+ax)} because all other quantities
are known. A backward finite difference is used to solve the Continuity and
Momentum Equations * Fop the Continuity Equation (1) the difference equation
Is

%fl(ﬁg) cm(x)} = - [RJ{w(x+ax)?}. (6

The values of {w(x+ax)}} must be obtained before this equation can be solved
for {m(x+ax):, A0 equation for {w! can be obtained by eliminating pressure
from Equations {3) and (4). The result** is

SS(S%LY); = ~[S]{a"} + [S][R][U*]{w} ’ %

where  fa') = fa) + [RI{U) (£} (8)

The backward difference approximation IS used in this equation which gives

{C(X*AX) Iwix+ax) iw(x+ax) ~ C(x)w(x) !w(x)}
AX

[S]ia’ {(x+ax)} + [S][R][U*(x+ax)]iw(x+ax)}, %)

*The use of the backward difference eliminate? the confusing crossflow
s1gn inconsistency in the original COBRA program.:

**Notice that Equation (7) could be differentiated again and after
substituting Equation (1) would give a system of second order equations that
could be solved as a boundary—vaue problem for {w},
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By substituting Equation {(4) and rearranging, this may be written as

4X

i A be- 2 i . :
[C\AX"'.JX) (W QX*.JX) i [S] [R} [U:‘{xmx) I] {1 (X*‘.SX} P
(100

[Slia’ (xoex)} + £ [S]ip(x):

Equation (10) is a set of K simultaneous, nonlinear equations and K
unknowns. This can be solved as a linear system by iteration where, for
each iteration, the previous iterate iS used for (C(x+ax) |w(x+&x)|/ax:,
[U%(x+:x)] and {a'{x+:x) . Once the iterative solution for {w{x+ax):
converges to within an acceptable tolerance, im(x+2:x)} can be calculated
from Equation (6} and ip(x+sx): can he calculated from

AN - ‘}
{P(X*d?:‘)( P(X)J = {a'(x+ax)} + [R] [U*(x+ax) ] ow{x+.x) } (11)

which IS a backward difference approximation to Equation (3).

The procedure used to solve these equations is patterned after the
iterative solution contained in Reference 6, and it IS illustrated in
Figure 2. Initial values of th(x)}}, im(x)7}, (w(x}} and {p(x)} are first
established. Equation (5) iS used to calculate {h{x+sx)!. The values
of {m(x)', w{x}? and {p(x)} are assumed to apply at x+.x for the purpose
of evaluating fluid properties, Wth this information, the liquid and
two-phase properties can be evaluated at x+ax. In the present writing of
COBRA, these properties are assumed® tO remain constant for the iteration
loop that follows.

The iteration loop starts by using the fluid properties to evaluate
s C{x+aX) [w(x+ax) | /. X}, ‘a'ix*4x)] and {U%(x+:x) :: then, (w(x+*sx} is
calculated by using Equation (10). The new w{x+.x): is compared with the

old one to determine if all of the crossflows have converged to within an

*Fluid property evaluation could be included in the iteration loop, hut
it can cause instabilities near the point of boiling when void correlations
are used that depend on {low rate.
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Establish initial values
for {hix )},:m(x)} {p(x)}and {w(x)

Calculate {h(x + Ax){by
using Equatlon (5)

Calculate f|UId properties
atx + AX

I——’( Calculate [a] , [u"D
v
Calculate {wix + Ax)|
by sol ving Equation (10)

v
Calculate {m(x + Ax)|
by using Equation (6}
v

No
Has wix + Ax) converge@

l Yes

Calculate {p(x + AX)}
by using Equation (11)

End of bundle?

FIGURE 2, Initial-Value Solution
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acceptable tolerance. |f convergence does not occur, a signal is set up to
remain in the loop for another iteration, Since the new solution for
{w(x+sx)} 1s quite sensitive to the old one, {w(x+ax)} is modified by

{w(x+ax)} = L {w(x+4ax) }calc + %{w(xMx) }old (12)

This value fs then used in Equation (6) to calculate {m(x+4x)} which is used
in the next iteration if convergence did not occur, If convergence did occur,
{p(x+ax)} is calculated from Equation (11) and the calculation moves to the
next increment,

Stability of the Initial—Value How Solution

The backward difference is used in Equation (7) because of severe
stability limitations that are required with a forward difference, If
Equation (7) is pre-multiplied by a matrix [C”l] with only diagonal elements
of 1/C, the following equation is obtained

{d!w'w} = [C‘:I] [S]{a'} + [le] [STIR} [U*] {w?} (13)

The elements of [S], [R] and [U*] are of the order unity, but the elements of
[Czl] can be may orders higher, Therefore, the eigenvalues of the characteristic
matrix of Equation (13) are very large, As shown in Appendix C, a stable
solution for such a set of equations is not possible with a forward difference,

By using a backward difference approximation for the flow solution, stable
solutions can be obtained if two requirements are satisfied, The first

requires that there be a sufficiently large crossflow resistance to prevent
transverse flow leops, and the second requires a sfgnificantly large ax for a
given crossflow resistance, These two requirements will row be discussed,

Equation (10) mey be written more compactly as

[A] {w{x+ax)} = {B}., (14)
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This is aset of K simultaneous equations and X unknowns, A solution is
possible if [A] is not singular. |t should be noted that [A] is the matrix
-[S]1[R] [U*] but with its diagonal elements modified by adding the diagonal
matrix [Ciw!/ax]. For any rod bundie problem that has one or more flow
paths around a fuel rod (or any transverse flow loop) the matrix -{S][R] [U¥*]
i S singular and only by adding [Ciw:'/ax] does it become nonsingular,
Physically, the addition of this term means that the summation of pressure
drops around any transverse flow loop must be zero, The problem is that
these added diagonal elements are small as compared to the nonzero elements
of [S]iR][U*]; therefore, [Al can be close to singular for ome problems,
Fortunately, there is control over this by selecting a sufficiently small
step size for a given crossflow resistance coefficient, provided the value
of ‘wi 1s not zero, To eliminate the problem of iw; going to zero, the
crossflow resistance IS linearized for small values of crossflow in the
present writing of COBRA This is done by putting a lower iimit on (w|;
thus, for w Wps (WS W and for iw! - W W= W

In additicn to requiring that [A] be nonsingular, the second require-
ment IS that the absoiute value of the largest eigenvalue of [A] -1 must be
lass than one an Equation 114}, This criterion puts a Powe limit on the
calculation increment for a given crossflow resistance. |ts physical basis,
which is discussed in Appendix C and Reference (6), requires that the
diversion crossfiow cccur within the increment Ax and still satisfy the
momentum equations, If this condition IS not satisfied, errors grow in the
flow solution and flow reversals may occur in an attempt to satisfy the
momentum equations, Fortunately, the minimum ax 1S much 9nd ler than the
4x desired for most rod bundle calculations.

The previcus discussion helps to clarify the role of the crossflow
resistance in the COBRA-II program, Notice that in Equations (7) and (10)
the crossflow resistance terms are very small, thus, the crossflows are
driven by dafferences in the axial pressure gradient, The crossflow resis-
tance should be interpreted as a mechaniam that directs the diversion
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crossflow through the path of least resistance and gives zero pressure drop
around transverse flow loops, The crossflow resistance only has importance
when these loops exist, For problem where there are no loops, the cross-
flow resistance has littl e importance because the stability criterion
requires dominance of [S][R][U*] over [C|w|/ax].

CGVRJIER PROGRAM DESCRIPTION

The COBRAHL program is a revised version of the original COBRA program,
This revision has been guided by users® comments and through experience which
has identified the need for improvements and expanded capability, This has
resulted in a rather general program that can be used by the nuclear
industry for analysis of may rod bundle thermal-hydraulics problems,

COBRAA1 should be thought of as an automated solution to the basic
set of differential equations of the mathematical model, To actually per-
form this solution, the user must provide input, This input not only
includes the geometric parameters and operating conditions but also the
various required empirical or semiempirical correlations, Ary set of
correlations can give a solution, but some correlations will give better
solutions, At the present time, guidelines have not been established for
complete selection of these correlations; therefore, the COBRA-I1 program
does not contain a pre-selected set of input correlations, Several corre-
lations are provided for examples, but the final selection must be mede by
the user,

The following sections present the general features of the COBRAHL
program, an illustrated description of the program organization and a
description of the program’s subroutines,

GENERAL FEATURES

The significant features of GOBRAH1 include the following:

o It has the ability to consider both single- and two-phase flow,
e |t can consider the effects of turbulent and thermal conduction
mixing throughout the bundle by using empirically determined

mixing coefficients,
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e |t includes mixing which results from the convective transport
of enthalpy by diversion crossflow.

e |t includes the momentum transport between adjacent subchannels
which results from both turbulent and diversion crossflow,

e It includes the effect of transverse resistance to diversion
crossflow,

e |t can consider an arbitrary layout of fuel rods and flow
subchannels for analysis of most any rod bundle configuration,

A single subchannel nmey interact with up to four adjacent
subchannels, and a fuel rod mey transfer heat to a maximum of
s1x adjacent subchanneils.

e It can include arbitrary heat flux distribution by specifying the
axial flux. distributicn, relative rod power, and the fraction
sf rod power to each of the six adjacent subchamnels. (The
latter feature allows variation in circumferential rod heat flux,)

e It can consider variable subchannel area and gap spacing,

e |t can consider forced diversion crossflow by specifying the local
diversion crossflow in terms of geometric and flow parameters.

e It can consider nonuniform hydraulic behavior by assigning different
single-phase friction factors to selected subchannels.

e Its subroutines are designed to aliow the user to set up empirical
correlations of his choice and then select these correlations
through input options,

e It includes options to select the inlet flow and enthalpy conditions,

PROGRAM CRGANI ZATION

The organization Of the COBRA II program 1s similar to that of the
original COBRA program; however, the input procedures and subroutines have
been reorganized to permit the expanded program capability, The calculational
procedures have also been revised to use the previously described numerical
solution,



15 BNWL-1229

The organization of the program can best be described by following the
flow chart of Figure 3, The first function of the program is to read in the
input data., This is accomplished by successively reading in the 12 groups
of input data that are required for the calculations, Sore of these groups
are optional and are not needed for certain problems, Nsv cases, after the
first, require input of only the card groups that will change the input of
the previous case,

Following the input, the initial conditions are established, Previously
stored values of initial conditions of inlet flow, enthalpy and pressure
are recalled or the initial conditions are established from newv input data,
Subroutine SLIT is used here to calculate subchannel flows to give equal
subchannel pressure gradients if it is requested by an input option,

The nav input data for each case mey be printed out prior to starting
the calculations. The user can also omit this or can print out the entire
set of input for each case,

A loop is ronv entered which takes the calculation stepwise through the
bundle at preselected steps of ax. At the beginning of selected steps, the
answers are saved for |ater printing, When the end of the bundle is
reached, these answers are printed as specified by options,,

At the beginning of each space step, the rate of enthalpy rise {dh/dx}
is calculated in Subroutine DIFFER(1) and this iS used to calculate
{h(x+ax)}. Properties are evaluated at x+ax by using {m(x}}, {w(x)} and
the reference pressure. All geometries and flow parameters are mowv calcu-
lated at x+ax by using Subroutines AREA, FORCE, PROP(2), VOID and M X

An iteration loop is row started to refine the previous estimates of
{m(x+ax)} and {w(x+ax)}, In this iteration, the previously estimated flow
properties are assumed to be sufficiently accurate that the iteration mgy
proceed without their continual re-evaluation, For problems where this
assumption is not valid, the property evaluation could be easily included
for each iteration, The values of {a®(x+ax)} and [S][R][U*(x+ax)] are
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FIGURE 3. COBRA-II Flow Diagram (Contd.)
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evaluated by using Subroutine DIFFER(3) for each iteration because they are
flow dependent, With these quantities defined, Equation (14) can be solved
for {w(x+ax)} by using DIVERT Now, by using Subroutine DIFFER(2), {dm/dx}
is calculated and then m(x+ax) IS calculated by using Equatfon (6). When
{w(x+ax)} converges to within an acceptable tolerance, the iteration is
stopped and a calculation of fdp/dx} is made using Subroutine DIFFER(4), and
this is used to calculate {p(x+ax)} by using Equation (11). The initial
conditions are now established for the next increment?

SUBROUTINES

The organization of the COBRA-II programputs most of the calculational
effort into subroutines. The more important ones will mw be discussed to
describe their function and to identify the required input correlations,

Subroutine DIEEER(IPARTYL

This subroutine is used to calculate the spatial derivatives of flow,
enthalpy and pressure, It 1s divided into four parts as indicated by the
variable IPART. 'She notation and procedures used in DIFFER do not correspond
directly to the notatien used in the previously presented matrix equations,
There are actually no rectangular matrices [R}, [S], [U*], etc. There are,
however, the column vectors corresponding to {w'}, {C}, {w}, {m}, {h}, {p}
and {a’t which. are defined in the Nomenclature, The method of performing
the previously indicated matrix transformations is actually done by using
the index notation of Appendix A andthe subchannel connection scheme
presented in Appendix B. As an example of how this iS done, the calculation
performed in the second part of Subroutine DIFFER will be explained in detail,

In this calculation, the elements of idm/dx} are calculated by using
Equation (A-3) wheeh as

N
dm° At

i _ . -
= = >;Wij i=1,2. N (A-3)
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By using the subchannel conneetion notation of Appendix B, each pair (ij)
gives a subchannel connection number k that is identified by the array
KCHAN (1,J), |If there is no connection KCHAN(I,J} IS zero, The values of
dmi/dx are calculated by selecting a subchannel number (i) and then, by
considering al | other subchannels (j), accumulate those values of Wi that
have nonzero values of k. To account for the direction of the diversion
crossflow the sign of Wy Is positive if i<j and is negative if i>j, This
procedure i s equivalent to performing the transformation -[R]{w},

The calculation of the other spatial derivatives is done in muh the
same way, Some explanation is required, however, to show fow [U*] and
[H*] are treated, These quantities include the axial velocity and
enthalpy that are transported through the gep by the diversion erossflow,
Since they are both handled the same way, consider [I1*]. Hom Appendices
A and 13 the elements of [R] [H*]{w} are

N
Wi.
E (hiah*)ﬁ-i i=1, 2.,.N
‘ i
j=1

where h* is presently defined in GQOBRAIL as

- i
hi; if w‘ij 20

h* = N (15)
hj; if wij < 0

therefore, the enthalpy being carried through the gap by the diversion
crossflow is the enthalpy from the donor subchannel., Similarly

u.; ifw.., » 0
i? ij =

o
*
H
o

(16)
u.;, Ifw.. <0
J 1)



20 BNWL-1229

Both Equations{15) and (16) imply that the enthalpy and velocity are
uniform in each subchamel. In reality, this is an approximation, As
additional information IS obtained concerning two-phase transport processes
in bundles h* and u* can be formulated more correctly,

Subroutine DIVERT

This subroutine sets up Equation (14)
[Aliw(x+ax)} = (B} (14)

and solves for {w(x+ax)}. The setup is done by using i ndex notation and not
actually by using the matrices [S], [R] and [U*] , This setup uses {a’} and
the coefficients of {w} which are calculated in DIFFER(3)., The elements of
[A] are filled by successively selecting rows from which the pair of adjacent
subchannels can be defined by the arrays IK and JK. Each element of the kw
is then filled to correspond to the subchannel comnection logic.

If forced flow diversion between subchannels is specified by FORCE
Equaticn (14) is modified to account for this, After the modification is
complete, Equation (14) is solved for ‘w(x+ax)},

Subroutine MIX

Subroutine MIX calculates the thermal mixing parameters that are vital
to subchannel analysis. This includes both the turbulent and thermal
conduction mixing coefficient, Since completely acceptable correlations for
mixing have not been developed for single and two phase mixing, this
subroutine 1s set up so that improved correlation functions can be included
when they become available The approach used for mow is to separate the
mixing into boiling and nonboiling regions, For nonboiling conditions,
several correlation forms are included as shown in Appendix D, For two-phase
flow, the single-phase correlations mey be assumed to apply or the mixing rate
may be specified as a function of quality,
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The thermal conduction coefficient Is assumed to be a function of the
subchannel geometry and the average fluid thermal conductivity as shovn in
Appendix D.

Subroutine PROP (IPART)

This subroutine consists of two parts, The first part calculates the
saturated fluid properties as a function of the system reference pressure,
The second part calculates all the liquid fluid properties as a function of
temperature and limits these to saturated values during boiling, The
second part also calculates the convection heat transfer coefficient and
the single-phase friction factor with a wall viscosity correction,

Subroutine VOID

Subroutine VAD calculates the two-phase flow parameters which include
subcooled void fraction, bulk void fraction, density, effective specific
volume for momatum and two-phase friction gradient multiplier, Several
correlations are included in this subroutine that the user can select by
option, These are provided as an example with the thought that the users
will set up correlations that are most applicable to their particular
problems,

Subroutine AREA

This subroutine calculates subchannel area and gap spacings by using
the tabular list of area and gap variations supplied as input. A linear
interpolation is used to select values from these tables,

Subroutine FORCE

Subroutine FORGE is provided to specify forced diversion crossflow at
selected gaps and at selected axial positions, |f a forced crossflow is
specified, the logical variable FDIV = .TRUE.; otherwise, FDIV = FALSE, An
example of how forced crossflow is treated is included in the present writing
of COBRA, In this example, flow diverters mey be assigned to spacers which
divert a fraction of the flow out a subchannel into another one, This flow
fraction is converted into a diversion crossflow per unit length by dividing
the diverted flow by ax.



22 BNWL-1229

Other Subroutines

Several other subroutines are required for operation of the COBRA-I1
program, Subroutine CURVE performs a linear interpolation of tabulated data,
Subroutine DECOMP and SOLVE perform the solution to the simultaneous
equations, Subroutine SPLIT divides the subchannel flow rates at the inlet
of the bundle to give equal pressure gradients by assuming that there is no
spatial acceleration component of pressure drop.

USE OF COBRA

The COBRA-II program is written for thewIVAC-1108, Except for the
round-off problem that are encountered on computers with a short word
length, there should be no difficulty in setting up and operating this
program for other computers capable of compiling FORTRAN IV or V. Adjustable
dimensions are included so that the program can be easily contracted or
expanded to accomodate the users computer Or problem size,

Complete input instructions are included in the program listing, A
sample problem that illustrates the input and use of the rew features of
COBRA-II is given in APPENDIX E. The Input is set up with options by which
the user may select correlations for input to a problem, This has been
done to meke it clear that the user should treat these correlations as input
since none of these correlations have universal validity, By forcing the
user to make this selection, the correlations are given the status of input,
In particular, the user must select Or provide for:

Friction factor correlation

Subcooled void fracticn cerrelation

Two phase friction multiplier correlation
Two-phase void fractien correlation
Single-phase mixing correlation

Two-phase Mixing correlation

Pressure |0Ss coefficients for spacers
Flow diversion from spacing devices

s % @& D & S & % @

Diversion crossflow resistance factor
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Many of these correlations already exist from studies of flow in
simple channels; however, there is not yet enough information to indicate
which correlations are best for most rod bundle problems. An evaluation of
available correlations will have to be mede to determine which correlations
are suitable for rod bundle subchannel analysis,
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NOMENCLATURE®

Lquaticns Camputer Program
a DP Single channel pressure gradient
a' P Pressure gradient without crossflow in
Equation (3), (F/L3%)
A A Cross-sectional area, (L2)
[A] AAA Matrix of coefficients in Equation (14)
{B} B Column vector in Equation (14)
C COND Therma conduction coefficient'.(1/Te)
C C Loss coefficient for transverse
crossflow in Equation (4)
Cp Cp Specific heat (ti/Me)
dh/dx DIl knthalpy derivative, (1/L)
dm/dx DF Flow derivative, (M/TL)
dp/dx pp Pressure derivative (F/L3)
D DHYD Hydraulic diameter, 4A/Pw, (L)
D D Rod diameter (L)
f FSP Friction factor based on all-liquid
flow, (Dimensionless)
£y AXIAL Local to average axial power
distribution (Dimensionless)
fC PWRF Fraction of rod power transferred
to an adjacent subchannel (Dimensionless)
fe FL Uivcrsion crossflow resistance
parameter (L)
3N RADIAL Relative roil power distribution
(Dimensionless)
£ IRV Turbulent momenum factor

(Dimensionless)

*Dimensions are denoted by:
L = length, T = time, I
F = ML/T2 = force and i

mass, ¢ = temperature,
ML2/T? = energy
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Force (ML/T?)

Gravitational constant, (ML/FT2)
Mass velocity, (M/TL?)

Heat transfer coefficient, (H/TL28)
Enthalpy, th + (1 uX)hf, (H/M)

Enthalpy carried by diversion
crossflow, (H/M)

Saturated vapor and liquid enthalpy (I 1/M)

Enthalpy matrices defined by Equations
(B-6) and (B-7), (HT/M2)

Themmal conductivity, (H/TLe)

Number of connections between adjacent
subchannels, [Dimensionless)

Spacer loss coefficient

Geometry factor for conduction
(Dimensionless)

Length, (L)

Channel length, (L)

Mass flow rate, Auf[cgez‘y"*'pf(1==oz)3‘59 M/T)
Number of subchannels [Dimensionless)
Pressure (F/L%)

Heated perimeter, (L)

Wetted perimeter, (L)

Prandtl number (Dimensionless)

Heat addition per unit length, (H/L)
Average heat flux, (H/TL?)

Specific power to-flow ratio, q%/m, s
(H/ML) 1

Parameter given by Equation (D-17)

Matrix to order crossflows
(Dimensionless)

Reynolds number, (Dimensionless)



Equations Computer Program
S GAP
(S]
t T
u U
u* USTAR

(U]

[U*] DD
v \%
v! VP
w W
w! WP
X X
X QUAL
X d XD
YB YB
Z.. LENGTH

1]
a ALPHA
B BETA
Y AV(1)
8 THETA
p RHO
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Rad spacing (L)

Matrix transformation defining
adjacent subchannels, (Dimensionless)

Temperature (6)
Channdl effective momaium velocity

Effective velocity carried by
diversion crossflow (L/T)

Velocity matrix defined by
Equation (B-11), (T/L?)

Velocity matrix defined by
Equation (B-12), (T/L?)

Liquid specific volume, 1/p, (L3/M)

Effective specific voume for
momantum, (1wX)2/pf(1=a) + X2/o a,
(L3/M) &

Diversion erossflow between adjacent
subchannels (M/TL)

Turbulent (fluctuating) crossflow
between adiacent subchannels, (M/TL)

Distance (L)

Quality, mg/ (ng+mf) » (Dimensionless)
Parameter given by Equation (D-15)
Parameter given by Equation (D-19)
Effective centroid distance (L)
Void fraction, A /(A *A ),
(Dimensionless) g8 g £

Turbulent mixing parameter,
(Dimensionless)

Slip ratio, ug/uf, (Dimensionless)

Orientation of channel with respect
to vertical, (Radians)

Density, g0 + pf(l=a), M/L3)



Equations Computer Program
"y RHOG ,RHOF
o SIGMA
T TAUW
5 PH ,FMULT
u ML
Subscripts
f,g
i,j I,J
ij,ji
k(i,]) KCHAN
T
ri

Sat urated vapor and |iquid density,
(M/L3)

Surface tension, (F/L)

Vdl | shear stress (F/L?)

Two- ?hase friction miltiplier,
(Dimensionless)

M scosity, (F/LT)

Saturated conditions for |iquid
and vapor, respectively

Channel identification nunber

Doubl e subscripts imply i to j
and j to i, respectively

Nunber identifying each subchannel
connection; each K inplies a pair
Ij or ji

Rod identification nunber

Refers to connection fromr to
subchannel i

BNWL-1229
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APPENDIX A
DERI VATI ON OF EQUATI ONS

The equations of continuity, energy and nonentumare derived here by
appl yi ng the conservation equations to a segnent of Subchannel (i) whish is
connect ed to anot her Subchannel (j) .

Continuity Lquation

m *dmi
__[-——L———— x+dx

——+—————x
m
i

A nass bal ance on Subchannel (i) gives

r. = + +
ml+w dx m1 dmi Wy

ji dX+W'ijdx (A-1)

J

S nce by assunption, the turbul ent crossflowcauses no net flowchange

(w'ji = w'ij), the continuity equation reduces to
dmg
-(K-— = 'Wij. (A"Z)

If the diversioncrossflowfrom(i) to(j) is chosento be positive, then,
by considering all such adjacent subchannels, the continuity equation
becones

o N
- - le oy i=1,2, ...\ (A-3)
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Energy Equation

An energy balance on Subchannel (i) gives

m.h, + w',.h.dx + qldx = w, .h.dx + w',.h.dx + m.h, + d(m.h.). (A-4)
il jij i iji ij’i ii i1

Since, by assumption, w!ij = w;'ji' this reduces to
e R W S

it it wij (hj-hi) - wijhi' (A-5)
This equation applies when the diversion crossflow is from i to j. To account
for the uncertainty of the enthalpy which is carried through the gap, this
equation mey be written as

A e 9SG . Wi (hyohy) - vy bt (A-6)

ix im A

where h* is the effective enthalpy that is carried through the gap by the

diversion crossflow. |If the subchannel enthalpy is uniform, h* is defined as
h.; if w,. >0

h* = 1 lJ - (A‘7)
h.; if w.. <0
I 1
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The heat transfer term E{I mey be divided into two terms, The first is the
heat transfer rate from the fuel surface qi, and the second is heat conduc-
tion between adjacent subchannels. The heat conduction IS assumed to be
proportional to the subchannel temperature difference and the constant of
proportionality as assumed to be a function of the subchannel geometry and
fluid properties.

B/ considering the heat conduction term and all such adjacent
subchannels, the energy equation mgy be written as

N N N

LRPED SRRV JRTOIRD S R

m 1 Y Z (hy-h Wt (t5-tegs + (hy by (A8)
j=1 j=1 j=1

where t is limited to the saturation temperature during boiling,

Axial Momentum Equation

The derivation of the momaium equation is a little more complex than
the continuity and energy equations; however, the sane technique applies,
For a one-dimensional analysis, the momatum in a two-phase flow stream can
be defined as

AG2v' _ m2 Av' _ mu

—_— = (A-9)
&c A g g
C
where the momatum velocity is
u = mTVn_ o (A- 10)

The effective specific volume term is that used by MeyerU) in his develop-
ment of two-phase flow equations,
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By equating forces acting on Subchamnel (i) in the x directionto the
change i n momentum, the axial nonentumequation is

gc(Aipi - Fidx - Aipi - d(Aipi) + p.ld!-'\.1 - Aipicosedx) =

] - - - 1 . -
+ wijuid.x + wijuid.x *mou, + d(miui) m.u. wjiujdx (A-11)

By using Equation(A3) and ng = wJ!i, this reduces to

dpi F w!.

= - i - - 1 -
= - K—i p ,COSO rlig (ui uj)

2
) 2ui dmi ) uiwij ) <m1> A_id(V!l/Ai).
Aigc & Aigc Z\—1- 8c :
As in the derivationof the energy equation, this applies when the diversion
crossflowis fromi toj, To account for the uncertainty of the axial
vel ocity which is carried through the gap, this equation may be witten as
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dp, Fy Wi
F = o K; = piCOSG = fT K;ééui-uj)

2u, dm. u*w.. (m.)2 A. d(vi/A))
et i ij 4 TiMid
Aigc dx Aigc A: & X

(A-13)

where U+ IS the effective axial velocity that is carried through the gap by
the diversion crossflow, The factor £r IS used to account for an imperfect
analogy between the turbulent transport of enthalpy and momentum. |f the
velocity is uniform in the subchannels, u* is defined by
u,; ifw,. >0
u* = i ij (A-14)

u.; if w.. < 0L,
J 1)

The flow resistance force in a subchannel is assumed to consist of a wall
friction term plus an additional drag term which mey account for spacing
devices or other types of flow blockage, This is given by the equation

. m.)"- [v.f.cp, K.v!
i_1 ( i 1i'1 71 1]
K g \& 2D, 2 (A-15)

where Ky is the drag coefficient® defined in terms of the unperturbed
subchannel velocity,

By substituting Equation (A-15) into Equation (A-13) and by considering
al | subchannels adjacent to Subchannel (i) the axial momatum equation
becomes

c i
;X
= @ = 1
P1%9% " TR >, (yru)fw, (A-16)
et
N J
1 Cuk

* 2K, Z-:l (2u;-u )w1J
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erse Monent um Equat i on

By neglecting the transverse spatial accel eration, the transverse
nonent um equation may be witten as

Cij lwij Iwij = pi-pj (A- 17)

wher e Cij is the transverse crossflow resistance factor.
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APPEND X B

GENERALIZED FORM OF THE EQUATIONS

This Appendi x presents a natrix representation of the nat hematical
model's equations. To set up this notation, it is necessary to introduce
sone not ation to show how t he subchannel connections are ordered, The
general i zed formof the equations wll followdirectly fromthe natrix
not at i on,

Mitri x Notati on

The connecti ons between adj acent subchannel s are identified by a
natrix K whose el enents are k(i,j) ; where k(i,j) =0 if there is no
connection and k(i,j) is assigned a val ue for each valid connection, The
nonzero val ues of k(i,j) are assigned in ascendi ng order by considering
Subchannel (i) and then assi gni ng connection nunbers for each successive
connect ed Subchannel (j) where j is greater than i. Therefore, each pair
of Subchannel s (i) and (j) have a uni que connection nunber, Likew se, each
connecti on nunber identifies a unique pair of subchannels. Let these
subchannels be denoted by two col umm vectors | and J with el enents i(k) and
{K , respectively,

The identification procedure all ows the crossflows to be witten as a
column vector wth el enents

Y(i,i) ~ Yij (B-1)

and with a sign convention that for w,>0 the flowis fromSubchannel (i) to
Subchannel (j) where 1 is less thanj.

For purposes of notation, let [ ] denote a rectangular natrix that is
not necessarily square and let { } denote a col unn vector,
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General i zed Fguat i ons

Let [ be a(N XK natrix that perforns the summati onin Equation (A-3);
then, Equation (A-3) has the form

tg%} = -[R]{w}. (B-2)

Smlarly, the Energy Equation (A-8) nay be witten as

{m?rh,;} = (@'} - [RI{[h;]-[hy]]0w")
/ - [RI[[t;]-[t;1]He) (8-3)

+ [RI[[h{]-[h*]]{w}

where the el enents of the (K X K diagonal natrices [hI] and [hJ] are given
by h; x) and hj x)? respectively. The tenperature matrixes are defined
simlarly. The element of the (K XK diagonal natrix [h*] are selected from
[h ] or [hy] dependi ng upon the sign of the diversion crossflow

Equation (B-3) can be reduced to the nore conpact form

(&)

i}

(Q} - [RI[H]{w'} - (RI[T]{c} + (RI[I*]{w} (B-4)

ot
vher e {Q = ‘)J%_J . (B-5)
[H] = [mll'ltlhll-[hﬂl (B-6)
[1*] = [mg]_ [Thy]{1¥] (B-7)
[T] = [m) " [lt]]-[t 1] (B-8)

Inasimlar way the Axial Momentum Equation (A-16) nay be written in
the conpact form

f-a S[RIY ) - [RIV] o (3-9)
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wher e
@ -1 3)° [,gz Ky +.A.d(§£‘)] ' {) (8 10
Wl = a1l (8-11)
g I I J
1 =1 ;
[U] =§Z[AI] [[2up]-[u*]] (B-12)

The remaining equation is the Transverse Momentum Equation (A-17)
which may be witten as

{C|w|w} = [S]{p} (B 13)

where [§ is a(K XN matrix that orders the pressure into proper pairs
for determning the crossflowfor each subchannel connection.
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APPENDIX C

NUMERICAL STABILITY

Nunerical stability is concerned wth the propagation of errors by the
nuneri cal technique as the sol ution progresses wth afinite step size;
therefore, a stability analysis is concerned with the possibl e grow h of
errors, |n other words, wll an error at one step tend to increase or
decrease as the sol ution progresses,

The stability of the nunerical schenes used in COBRA-II can be investi -
gated by examining the vector equation

F=Ay+b (c-1)

where A is asquare natrix of coefficients and b is a col um vector of
coefficients, Snce both forward and backward di fference approxi mati ons
are used in GCBRAI I, these two approximations to Equation (C-1) wll be
consi dered separatel y,

Forward D fference

By using a forward difference, Equation (C-1) nay be witten as
y(x+ax) = (I+axA) y(x) + b (C-2)

where | is the identity matrix, |f the solution actually obtainedis
Y(x+ax) and it contains an error «(x+ax), it nay be witten as

Y(x+ax) = (I+axA) Y(x) + b + e(x+ax) (C-3)

If Aand b are assuned constant and the error is bounded by |[e(x+ax)|<s, an
equation for determining an upper bound on the propagationof this error is
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w(x+ax) = (I+axA) w(x) + & (C-4)

where W= Y-y. The solution of this equation nay be examned by assum ng
a solution of the formw(x) = CA" where n = x/ax. Thi's gives

o™l o (Traxm)aa + s (C-5)

or, for the honogeneous equati on,

(I+axA - A)CA" = 0, (C-6)
Thus the roots of the determ nant

| I+axA - A] =0 (c-7)

gi ve the val ues of » which are the ei genval ues of I+axA. The ei genvector

C can be evaluated in terms of the error bound . The eigenval ues of
(I+axA) nust all be less than one to prevent the grow h of ca and insure
stability, If the eigenval ues of (I+axA) are of mxed sign,then the |argest
in absol ute val ue controls the growth of errors, A estimate of the naxi-
num e1genvaiue can be obtained by taking norms of Equation (C-6). The

result is

My < 1+ax|A] . (C-8)

Thi s bound does not indicate when stability occurs, but it does indicate
how bad instability can be, |f ax|jA]| is snall as conpared to unity, then
the error growh can not be very fast,

The forward difference approximation is only used for the energy
equation in COBRA-11, For this equation, the value of ||A]l is rather small,
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This can be seen by using the infinity norm (maximum-row-sum)
Al = max D la| (c-9)
i ]

where a.. are multiples of L(w:.ijng)/m.I |, For most cases, these are
significantly less than one, Also, since there are only a few such
guantities for even large problems and ax << I’mmax isonly alittle greater
than one, It could actually be less than one, Thus the error growth in the

solution of the Energy Equation should not be excessive,

The reason a forward difference is not suitable for the Momentum
Equation is easily seen in the above criterion, Note that for a forward
difference in Equation (7) , (I+axA) is equivalent to (I+M(Clw|)°18RU*)
which has very large eigenvalues. Since the value of ¢l IS very large as
compared to any reasonable ax, the forward difference is not suitable for
solving the momatum equations,

Backward Difference

By using a backward difference, Equation (C-1) mey be approximated by
yx+aw) = (T-axA) “y(x) + (T-axA) b (C-10)
and the error equation ngy be written as
wix+ax) = (I-axA) Tw(x) + 6 (C-11)

as in the case of the forward difference a stable solution is obtained if the
eigenvalues of (I-axA)™* are less than unity, To satisfy this, it iS necessary
that the eigenvalues of (l-axA) be greater than unity, Furthermore, since the
condition number is given by Cond (I-axA) = |[(I-axA)|| l|(I=AxA)’1||> 1, itis
necessary that |[(I-axA)| = Cond (I-axA), Since the condition number can be
quite large for a linear system, the eigenvalues of (I-axA) ney have
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to be quite large to insure a stable solution, This can be achieved by
selecting a sufficiently large ax. UWndfortunately, there is no easy way to
sel ect the mni numal | onabl e ax because the condition nunber is not readily
avai | abl e during conput ati on,

A backward difference is used to sol ve Equati on(?. In this case the
matrix (I-axA) is equivalent to (ImAx(C[Wl)mlsRU*)o For nost rod bundl es,
clis | arge; therefore, if ax is large enough, stable solutions can be

obt ai ned,

As an exanpl e of what is required to insure stability, consider the
case of two subchannels 1In this ease, the eigenval ue of the inverse is

simply

1
)' =
1- %TT'SWKU ) (C-12)

For ax = 2 Clw|/SRU*) the solution is stable, As ax approaches C|w|/(SRU*)
the errors growand when ax = Ciwl (RF) , the sol ution bl ows up, For

ax < Ciwi(SF) errors growfromflowreversal s which are not physically
possi bl e,

OBRA 11 contains two rather sinple checks that test for nunerical
instability. As in Eguation(G12) the diagonal elenents of | - ax(Clw]|) *srus
are cheeked for sign, If the diagonal elenents are positive, the flow
solutions wll blowtap, The second test checks to determne if

f1 - axcclwh) tsrur || -

where Kis a positive constant, If this test is truethenthe solutionis
unstable, Snce the constant Kis not known, it is set equal to its |ower
bound X = 1,0 inthe present witing of CCBRA11, It should be realized that
this test only checks for instability, If the constant K is not |arge enough,
instability could al so occur outside this bound, To check for this possibility,
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it is suggested that the user of COBRA-I1 run several calculations at
different values of Ax, |If errors grow for decreasing ax then ax is not
large enough, If the errors decrease, then ax is large enough to insure
stability. This type of check is not required for all problems, but it is
suggested that a sample problem be examined from a set of similar problems,
I't should also be noted that an error mey grow locally and then diminish,
This can be caused by the changing value of (Clw[)°lo Present experience
with COBRAH1 indicates that ax on the order of one inch easily satisfies
the stability criteria for most rod bundles, This is usually small enough
to get good numerical solutions,
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COMPUTER PROGRAM CORRELATIONS

To carry out a solution, enpirical and semenpirical correlations nust
be sel ected for input to the conputer program The foll ow ng correl ations
are an exanpl e of what is availabl e,

Friction Factor

The frictionfactor correlationis assuned to be of the formn(3)

£, = a(Rei)b ‘e (D-1)
where a, b, and ¢ are specified constants that depend upon t he subchannel
roughness and geonetry, S nce these constants can be influenced by different
subchannel roughnesses and the pitch-to-di aneter ratio, ®) the programcan
accept up to four sets of constants that correspond to four subchannel types
whi ch may be assigned to the subchannels of the bundle, For exanple,
subchannels next to a flow housing nay be given a different frictionfactor
fromthose subchannels W thin the bundl e,

The friction factor is also corrected for wal | viscosity by using the

rel ationshi p(9)
u 0.6
% =(uwalll) (D-2)
iso \'bul

where u ., is evaluated at the wall tenperature which is calculated from

]
tvall = Spuik T %£h° (D-3)

The heat transfer coefficient is cal cul ated from

W o,,ozs(ﬁﬁ)mg (SEi)OA oot

where bul k fluid properties are used,
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Two-Phase Friction Multiplier

Several correlations are available for the two-phase friction multiplier,
Three are presently included in the program.

llomogeneous Model

¢ = 1.0 X <0,
. (D-5)
Vf
$ T o X>0
o}
Amﬂi(lo)
¢ = 1.0 a <0
- 2
p = LX) i 0.39 < (1-a) < 1.0
(1-a)™"
. "y 1=X)2
4 = 0.473 “mﬁ‘(; 0.1 < (1-a) < 0,39
(I~2)""
i
) (1-X)2 ‘*
¢ = 1.730 <= 0. < (1-a) £ 0.1 | (D-6)
(1-0)™°

Polynomial Function

¢ = 1.0 X <0
0-7)

©
§l

2 n
ao+a1X+a2X + ..aanx X>0
where the coefficients are supplied as input,

Spacer Loss Coefficient

The pressure drop from spacers is lumped into an effective loss
coefficient whi ch mey be defined®) in terms of all liquid flow as
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LN
AP = w%“‘ ) (-3)

\

——
-
sl 23

For two-phase flow the :ame coefficient iSwed but it is modified by the
twe-phase specific volune for momentun. This pressure drop loss
coefficient IS converted to a pressure gradient | 0SS coefficient zt the
| ocation of the spacer by dividing by the calculation increnment :x;
therefore,

K, = 5‘:; . ®-9)

This is the coefficient used in Equation (A-15).

Voi d Fraction

Four ways of specifying void fraction are presently included in the
program:

Hiomogeneous Model

=0, X < 0.
. ng N (D-10)
(1-X)vg + ng .
Slip lModel
a = 0. X = 0.
. ng o (D-117
(1-X)vey + ng .
where y is a specified slip ratio.
Modif i ed Aman_g_l_ul)
a=0 XLO.
(U.833+0.167X)Xv (D-1.
£ X = 0

G = — = o
(I".\)VL. + v
L Q

o
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Polynomial Function

a =0, X <« 0,

Q
I

a +aX+aX+,,.aX X > 0,
o] 1 2 nn

Subcool ed Void Fraction

BNWL-1229

(D-13)

Two options are presently included. Subcooled void formation nay be
ignored or it may be included by using Levy's subcool ed voi d model. Levy's
nodel cal culates the true quality interns of the equilibriumquality in
terms of the quality at which bubbl e departure starts. It is given by

X =0, X <X

X
= - e -
X Xe Xdexp(xa 1) Xe/Xd <1

wher e Xq is the equilibriumquality and

C_at
X, = -
d lfg
' .
At=F§H-QPrYB 0 <Y<
!
At = F‘iﬁ - 5Q(P_+1log (1+P_(2Y;-1))) 5<Y, <30

oy
At = F;l'l}'; - 5Q(P_+log (1+5P ) + Flog (zp)) 30 < Y,

' e
Q= %lvcp ngcv

(D-14)

(0-15)

(D-16)

(D-17)
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T T gz;c S (D-18)

0,015 /o8 D
YB = u \Cr (-19)

The heat transfer coefficient h is calculated from Equation (D-4).

Single-Phase Turbulent Mixing

Several forms of equations for specifying the turbulent crossflow are
included. Although they specify the turbulent mixing parameter g, the
final result is the turbulent crossflow rate given by

m, + m.
i o= 1 -
W5 = 813545 K:"T’Kﬂ‘ (D-20)
The presently available forms in COBRA-I1 for calculating 8 include:
- o ped :
Bij = a Re (D-22)
A. + A
_ 4 i i b .
Bij = p—5p aRe (D-23)
1w Wy
A, + A’
_ 4 i J
i Tz T FP a R (D-24)
ij “w, W
1 J
8(mi+mj)
Wh = =
SRR S S (R (0-23)
i " )

and a and b are input constants, Since a definitive mixing correlation
does not exist and other forms are available, (13) the user should set up
correlations of his choice,
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Also included in the subcooled mixing is the thermal conduction. W
it is included, the conduction coefficient is given by

c.. = (E},;}:J) l K (D-26)
1) zij g
where K_ is a geometric correction factor. Note that the distance zij IS
used in both Equations (D-24) and (D-26). Thisis the centroid-to-
centroid distance between subchannels, Care should be taken to select
this value for its intended use, For example, Zs. could be selected as
the effective mixing as identified by Todreas and Rogers. (13)

Two-Phase Turbulent Mixing

Complete information concerning mixing during boiling is not available,
It is known, however, that mixing is strongly dependent on quality; there-
fore, COBRA{1 is set up to accept 8 as tabular function of quality, Wm
the quality of two adjacent subchannels is different, the calculations use
a quality calculated from the meen mixed enthalpy of the two subchannels,

Iransverse Crossflow Resistance

To obtain an estimate of the transverse crossflow resistance, a simple
friction modd, is used, If the gap is assumed to be a slot of spacing s
and a wide, the resistance coefficient is

where f is a selected friction factor, The product £¢ is an arbitrary
constant that is input to the problem. The density Py Istaken in lieu of
a two-phase friction multiplier for the transverse two-phase flow,

RowaDistribution

The heat input per unit length of channel is the am of all such inputs
from fuel rods adjacent to the subchannel. The heat transfer (q' ri) from a
rod (r) to a subchannel (i) is given by
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=q -
q'p; = D fpf A(x/L) (D-28)

1
where f f A(x/L)d(x/L)f 1. (D-29)
(o]

The am of the heat inputs from rods adjacent to Subchannel (i) IS the
total heat input per unit length (qi)‘
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DIGITAL COMPUTER HROGM SAMPLE HROBLEM

A 4-rod bundle is used for the sample problem to show the input for
COBRA-11, The subchannel and fuel rod numbering scheme is shown in the
sketch and the nominal dimensions of the three types of subchannels are
given in the table, The axial power distribution is assumed to be uniform.
The radial power distribution is skewed with relative powers of 1.2, 1.0,
1,0 and 0.8 in Rods 1,2,3 and 4, respectively, The operating conditions
are: 1000 psia, 0.4 x 10° Btu/hr f t° heat flux, 1.0 x 10° 1b/hr-£t° mass

velocity and 500 Btu/lb inlet enthalpy,

Several of the new features of COBRA are illustrated by the input, The
outer wall subchannels are designated as Type 1 and are given a higher fric-
tion factor than the interior subchannel designed as Type 2, A blockage is
assumed to occur in Subchannel 1 that reduces the flow area and gap spacing
at x/L = 0,2, Two types of spacers are considered, Type 1 simulates the
inlet and exit pressure losses and Type 2 simulates losses of 3 grid spacers,
These spacers have flow diverters that divert flow into Subchannel 5 from
Subchannels 2 and 8, The loss coefficients of the diverters are also assumed
to be greater, The mixing parameter 8 IS assumed to be constant for single-
phase flow and a function of quality for two-phase flow, Output options are
selected to print the exit sumary, crossflows and complete answers for
Subchannels 1,4 and 5,

SUBCHANNEL DIMENSIONS (a)

Area Wetted Perimeter Heater Perimeter
Subchannels (in,?) (in,) (in.)
1,3,7,9 0,0783 1.116 0.4476
2,4,6,8 0,1824 1,633 0,8954
5 0.2894 1,791 1.791

(a) Rod-to-rod spacing 0,168 in,; Rod-to-wall spacing 0,135 in,
Rod diameter 0,570 in,; Length 72.0 in,
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Page E-3 contains a complete listing of the input data for the sanpl e
problem. Pages E-4 through E-8 contain the computer input for the sample
problem.
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50428140 V4017274
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150,35844 0401809
200,381.8 0,01839
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350443147 0401912
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3 2
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5 5
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1
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1 4
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7 2 5 2
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1 3 O o
2 3 Oe 0
3 3 Ce 0
4 3 O. 0
5 3 Oe o
6 3 [o2Y ¢}
7 o3 o33 0
) .3 Q. 0
E «3 Oe o]
1 .2 0. O
2 b o3 5
3 2 0. o]
4 2 Ce o
5 o2 C. 0
6 2 [¢% 0
7 o2 O [
8 b 3 5
9 .2 0. 0
8 4 4
1 +570 le2 1
2 «570 1.0 2
3 «570 1.0 4
4 «570 .8 5
9
001 le 72. 0.
10 o o
+01
Os +01 +05 .06
11 [} o
1000, 500,
12 1 2
1 45

845140
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340139
2.2873
1.8432
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1.3255
1.1610
140554
0.9668
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0.82637
Us 76975
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0e39244
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0,36245
0,34884
0433603

25 O

«135
+135
+135
2168
168
#135
«135
«135
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25
25
25
.25
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25
25
«25
25
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250,2
29845
33046
355,5
37641
39440
40948
42442
436448
444,
45442
46341
47147
47949
487,7
49544
50247
50948
516.7
5234
53040
53643
54244
54846
556446
56045
56642
57149
57744
58249

[C

@~

™R

.02

117401
11872
119441
119843
12011
120249
120440
120446
120448
120448
120445
120442
120347
120340
120243
120144
120044
11994
119842
1197+0
11957
11944
119249
11914
118949
118842
118646
118448
1183.0
11812

+135
168

«135
+168

.25
225
225
e25
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+25
25
«25

04491
Oe410
04369
04345
04326
0.313
0301
04290
04283
04278
04273
04269
04264
04260
04255
0e252
0e248
04245
042462
04240
04237
0234
04232
06229
04227
0a225
0.222
0.221
Ca219
0e217

043959
043936
043893
043852
043806
043760
03718
0v3682
0e3658
0e3631
043604
043580
043550
063552
0s3494
0e3462
063435
0e3405
063377
043350
063325
043299
043275
043243
0s3224
063198
043174
043140
043113
043086

0003012
04002606
04002350
000209
0,00193
0.00180
0.00168
0400158
0.00150
0400144
0400138
0.,00132
0400127
0400122
0400117
0.,00113
0400108
0400104
0400100
0,00096
0.00092
0400089
0400086
0400082
0400079
0.00076
0420073
0400070
0400068
0400065

BNWL-1229



InFUL FUK CASE

FLULU FRUFERTY TAuLe
14 1

20.U
ou.*
1%U.0
<blou
edl.u
S0V
500
40Uy
“40.u
48Uy
52V.u
b6U.u
o0Usy
ol4Uau
c8U.u
12uel
(6u.u
sOUGU
Uy
sbU.u
92b.u
Y6U.u
JLUVIVR]
PRTL VY]
i1uBU,v
1120.u
1160.u
12000
ledU.u
128Uy

28leul
32180
Shu.4U
REYRY-1Y
4u4.uy
4l/.4y
431410
YUy .ol
454,00
Ybc bl
471410
LRERY-1Y
480420
CERTYPY)
499,90
Sub.el
Sle.30
Slg.ey
LYARY
beY.es0
H34.00
b3y /U0
bh4,.c0
LY
EEERIVT)
Sbuedy
Sbee9y
bbl.cy
S571.4U
575440

1

Vk

uL7e7
SULT7 74
«ULBUS
Olpdy
sUlEod
WWilses
sbiyle
YRS EL
«U2g9su
suige?
SUlou
JUlseb
yeuld
et
Weusd
slclhe
Jdeule
wueud?
JUeclul
Uil
sU2130
WUglut
WUelty
sUcli/y
Jelge
wlceud
begld
aUeed2
WOeen?
eUezod

E-4

baVELE FRUELe¥ FUR COBRA TC ILLUSTRATE INPLT,.

FRICTLuN FACIGK COupRELATLON
CHanNEL
ChakhkL TYrt

(Yre

1 Fr1C
2 FR1IC

TwU=FraSk FLOm CORKELATIGKS
LEvy SubCocLtl vCIu CORKRELATION
HUMUGENEOUS BULK VUl #OUEL
RUMUGENEQUS MOLEL FRLICTION MULIIFLIEK

HEAT FLUX ULSIRLIBULTICN
RELATIVE FLUA

x/L
+0uy
1,00y

1.00
i.ul

u
u

SUBCHALNEL [hFUT LATA

ChANNEL
NOw

CENOCTEUN -

>
~
r

LY
10U
0V
«30V
1.000

X/L

Y
10V
200
«S0U
1.00U

§

T

ARNN-NNRN

YFE AREA I3
{5G=1y) 1
78300 L.
d8euuu 1.
sulB3U0 L.
Lld2ey0 1.
89400 L.
JdBesul L.
eU7B3UU 1.
edBeyul 1.
SU7BaU0 1,

vu rF Ho VIGCe KF SIGMA
5051400 50,20 1174.10 +49100 +39540 200301
445100 G850 1187.20 «41000 +39300 «002601
3.01390 030,60  1194,10 +3690u 438930 00235
2.28750 9594450 1198,30 + 34500 +38520 «00209
l.g4320 376410 1201,10 32600 58000 00193
1454270 294,00 1202,90 L 31300 57600 + 00160
1432550 4U9.80 1204.00 «30140 37180 +00lo8
Llelblou w24s2u 1204,60 +29000 + 26820 «00158
1.05540 434,40 1204,80 <2830V «36580 00150
+SooBU 448470 1204.80 27800 36310 «00144
89157 454420 1204.50 27300 » 36040 «00138
Eees? 46310 1204420 +2690V . 35800 .00132
«70975 w71e70 1203,70 20400 35500 «00127
71995 479490 1203.,00 J2bUU0 35520 00122
«e/5el 487.70 1202.350 25500 34940 200117
153635 495,40  1201.40 25200 34620 .00113
Ny 502470 1200440 £24800 34350 .00108
+bosye 509.40  1199,40 L24500 434050 Joulus
BIYLE 5lo. 70 1184,20 L2424V «33770 «00100
51353 523.40 11G67.u0 $240uU « 25500 00096
$40901 230.00 1195.70 «23700 «33250 00092
«40b02 530430 1194,40 +2340U «32990 200069
L4556 542,40 1162,50 23200 V32750 L0066
Jbeosl Sedenl  1191.40 22900 . 52430 »Qu0s2
JHuYyR Dh4.bU 1189.90 22700 +3e240 »0U079
34244 ELTRL] 1188420 22900 + 31980 00076
37058 366420 1166400 22300 $ 31740 00073
2 Soevt 27legu 11A%.80 $22100 +31400 «0L070
+34Bad 977.40  1183.00 .2190u $3113U .00068
+33003 2d2.50 1181.20 21700 +3unbl .00U65
T = o3lo*rb,a(=¢250) + L,U0UY
I = J4uusikbaal=.250) +  LUUUY
EiTty HEATEL HYDKALLIC (ADUPCENT CHanhbL 1O.s SPACING CENTROIU DISTANCE)
FERIV. ULAME IER
an) {In) {1N)

lieluy «447008 «28UBHS
©3duuy 95460 44705
1lo0uy +447000 « 28064y

3r 135y
br 139

2y ,135,=.000) 0 4»
Uuds ¢ o
Quuyt ~u

EEENY 095400 ulp789 S9r lo8e=eUU0)( T»
CRENT] +2904500 2440785 9r $159 au0) ¢
11600y a9 70ty «28UbYS 8r 135,000 ¢
ERRIVEY $£S0406Y 4lo785 Gr o135s=e000: ¢

t
(
(
t
f9luuy  1.791u00 colod43 ( 6r +lo8r=.0003¢ d»
(
¢
(
(

1lbuvy 447600 v2dUb4Y

AKEA vARLIATION FALTORS FCr SLECHARAEL (1)

(
1.y
Loy

o5
1.0
1.0

uu
0o
0o
ou
ou

GAP SPALING VARIATLON FACTORS FCR AUGACENT SUBCHAKNELS (Iru)

1
1.0
1,0

o5
Loy
1.y

SHFACER LALA

SPaCtR TYkPe NC.

Lucalion

2) ¢
(') 1
oLy i
uo
ou I
ou 1

(a/L)

SkuCek TYre 4

ChARNKNEL

Nu.
1

CE~CUEOLRN

Ly 4
0yl
~1UY
+5uU
suuy
sUYY

1
Luv

LRAG F

CCEFFW KL

Syul
Suvi
duLy
Suul
Suul
Suul
Suuu
Syuu
duuL

2 2 2 1
U k€50 W5U0 <75V Leulu

RECTLION UF ChalNEL

Un UlVERIEL  LivenTen TO
~UU0u 0
JUuLU o
Luuuu v
JUuuy u
«Quou u
»0uUU o
WUy v
sUULy u
+Uuuu )

=Ur=oUuUr»=40u0; (¢

«L35r-.u00) ¢
elogr=au0Ult
«Uulr=, 00U
Ll3Se=au00) ¢
ele8r=.u002 ¢

=Ur=.0U0r=. 00U ¢
=Ur=.UUUr=,u00 ¢
=Ur=eUU0r=,000) ¢
“ur=.UUUr=, U0y {

=0s=.000+=,000)¢
=0r=,000r=,000)¢
=0¢=.000s=,000) ¢
=U»=.U000r=,000)¢
~0r=2Uy0e=,000) ¢
=0r=sU0Ne=.000) ¢
=Us=,U00r=,000)(
=0r=.0007=,000) ¢
=0r=a0G0r=,000) (

BNWL-1229

=0+»=.000,-.000}
=0+=+000r,=,000}
-0 000+~,000)
=0 000,~,000)

=0 000,=,000)
=0r=+000,-,000)
=0 0U0¢=,000)

=0 000,=.000)
~0+=+000r=~,000)



Skattk 1YFe e
CHARNEL Dhav FRACTION OF
Nue COeFFe FLOUW DIVERIEL
s 20U .0ut0
e “4ulU +3U0y
5 s2yul .0uuo
a 2000 «Quau
B} 2000 «0u00
© 20UV LOu00
| s20UU o000
b PHOUU 3u00
3 2000 +0u090

ROU InFUT LATA

CHANNEL

coccecocoae

DIVERTED 10

KOU  ulaMETeR RALLAL POwER FRACTIUN OF POWER TO ADJACENT CHANNELS (ADJ. CHANNEL NO.)
NG« CIN) FACTUR
i 700 la2ulu v2500( 1) +25001 23) «250U( 4} 25000 51 -+0000(~0)
2 D700 l.uuou «2500¢ 2) $«2500( 31 25000 5) 225001 &) =.0000(=0)
3 270U l.0u0u0 2500 4} «2500¢ 51 25000 71 25000 &) =.0000(~=0)
4 eD7uU 28000 s2d0Ut 5) «2500¢ 61 2500 8} 25001 9) = U0u0(=0)
CALCULATLIUN PARANETERS
THARSVs FRELTLION (F1,) 001y
MOMENTLI TURBULENT FACTUR  L.00U0
CHANLEL LENGTH 72400 INCRES
ChARKEL ORIeNTATICN o0 CEGREES
LIVIS1U Fuk PRLIRT=0LT 25
CALLULAT LUK SUBLIVISION &
CALCULATLON INCRENEN) B0 INCHES
MIXING CORRELATLIONS
SUBLUCLED MIXINGe WETa = ULUU
CUNBULILUN MIXINGs  GEUMETRY FACTOR = 0000
BULLING MIAINGe YE 1A 15 A FUNCTLION OF STEAM GQUALLTY
x BE TA(X)
«buu «glovuy
N'EN cyeluuu
«Jyu «oluyl
25U «u20ULU
soul sulluoy
OFERA I ING CURLIT TGRS
SYSitM rRESSUKE = 100V.0 PSlAa
INLEL ENTHALPY = S0V.0 Blu/IH
AVG. MASS VELUCLTTY = 1eUUU MILLLON LB/ {HR-SWFT)
INLE | TEMPERATURE = 510,00 DeGREES F
AVG. HEAT FLUX B 40U MILLLION BTU/ (HR=SGFT)
INITlAL Coabnel ConCIilung
Ulvsrurm Iisbb ) B TRALPY SPECIFIEU
UNLFUKM MASS VELGCATY
BURNDLE AVERAGLU ReSULIS
CASE 1 SAMELE FHOUHLENM FOR CUBR. TO [LLUSTRATE INFUT.
ULISTANCE  UBLIA=P EnirALPY Tk QuUALITY MASS VEL AvG FLUX Max FLUX
UINs )} (Fsh) {BTL/Ll) (Cto=F) (M=l B/HR-FT2) (M=BTU/hR=F12)
J.0u =77 Sub. UYL blo.62 «u0%7 1,0000 400U +H800
6.0u -.301 S4z2.90 520,70 $du93 1.0000 L4000 L4800
Ya.Uu =28 8i4.3u 526,04 2ula7 10074 «4gou L4800
12.0u =+bb7 Seb.hu S31.23 018y 1.0200 S4000 <4800
iv.0u -.087 S53z.27 b3 Uy U233 1.0277 400U 480U
Lo, 00 =820 Sdg. e 541.6% 0287 140149 «4U00 +4800
=l.ucH 545,17 544,690 ~ud42 1.0025 sHUuL 4800
159 501.6¢ 544,60 0407 1.0000 L4000 480U
=1.299 Sua.0Y Sal.60 WOk Ty 1.0000 «4ouu s4800
=l.443 bbb, be b44 .6y 0552 1.06000 400U +HBUU
=1.58% S/ULST budd.by « 0629 1.0000 «4ouu 0800
=1l.739 5¢7.be 544.60 0709 1.0000 J4000 «4800
=2.U01 583,80 544,60 «u789 1.0000 +4000 EE-14)
—24159 590435 S44,60 0874 l.0000 s400U 480U
=2.32V 5%6.76 S44,.60 +0960 1.0000 400U ~4800
bus.es b44.60 $ 1047 1.000u «HUUU 50U
—2.bbe bug, bt b44,60 #1139 1,0000 <4000 +4800
=2.824 616,14 544,60 vl225 L. 0u00 s4uuo 480U
=3¢155 62,5y 544,00 131y LeOuOU +400U J480U
-3.339 6ey.0Y LI « 1406 1.0000 <4000 L480U
34019 635,49 544,00 <149y 140000 400U 4800
=3. /07 641.54 544,60 2 159) 1.0u0 24000 4800
=3.,89Y b4iHU b4b.00 <1684 1l.00U00 400U 480U
=4,u95 054,85 Sth,ou 1778 le0ULU <400u 480U
CHANNEL HeSubis
CASE 1 SAMFE PRUBLENM FOR CObKRa TU ILLUSTKAIE INPUT.
SUMMARY UF KESULTS, EALT CUNULTICONS
CHANREL  UELTA=P ERTRALPY  DELTA-F TEMP, UELTA-T WUALLTY MASS VEL FLOW
Psl) {otu/ie) (BTursLB) (UL O=F) (UEG-F) (VM=LB/iRk=-FT2) (LB/HK)
1 ~4,055 bL3.45 163.4Y S44.0y 34450 .1861 «Sue2 492,76
I -4 .u%0 631,30 158,445 S44.60 34,50 «187v «9706 1229.40
3 =4,u85 bd5.484 155.81 Subeby 34.56 -1783 «9278 504.5u
4 =4.,UY5 6Y%.1n L158.1¢ Su4aby 34456 +1869 <9746 1234450
5 ~4..U95 095,50 155458 S4ueby 34,56 1764 1.0813 2173.1p0
o ~4euyd 646,99 149.92 Sudeby J4.h6 169 l.0267 1300,54
7 =4.U90 626,21 156.241 S44.by 34450 1807 «9217 501,17
o =4,09u BLU.IL 150.31 S44.bu 34.56 1717 1.0170 L288.21
9 =4.095 CLTNCE) 14885 Subaby 3. 50 1655 «9694 527.0%
AVe —beuYs 654,85 184405 Suuabp 34,56 1778 1.0000  9251.39

BNWL-1229

=.0000(=~0)
=+0000(=0)
=+0000(=0)
=«0000(=0)
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Chakheu ReSULILS

CASE 1 SAMFLE FRUBLEN FOR LOBRA TU 1LLUSTRATE INPUT.
CHANNEL 1
ULSTANCE  DEL1A=P  ERTHALPY TEMP. GUALITY  MASS VEL FLUW FLUX
CINe) (Psl) {oTu/Ls)  (LEG=F) {M=LB/HR~FT2) (LB/HR) (M=BTU/HKR=FT2)
Y sulU Sub.Uu 51004 »QuUo1 1.00u0 543.75 4801
3au ~ei77 Sukely 517.U4 «0l25 29178 999.07 W4801
belU =301 D169/ 524,1¢ 0204 +»8665 471.17 24801
R —-.n2y Sebely 530.74 L0235 9875 469.82 4801
12.Uu -.257 523,34 537.31 20241 1.1812 428417 24801
15400 ~.086 Suz. 74 544,60 «0238 l.2047 354.82 J4801
lg.uu =2V 550,39 S44,00 0272 +9893 403044 L4801
2l.uu -1.024 503,41 Su4.00 <0187 + 9863 513.98 4801
el by =lelbU 599,17 Sub4.6u 0275 1.0065 S47.30 +4801
Z7.0u -1.299 Sub.le Sul4.0u U366 1.0114 555.39 4801
UlUU ~1.4485 571434 544,60 L0455 1.0188 553.96 4801
EERYY ~l.58Y 5/7.69 Luk.eu +USHY 1.00806 548.41 +4801
Ju.Uu =14/239 Soualo Sk o0 20643 «9960 541.59 4801
SRS suUL Soy.0h buu,o0 U729 1.0104 S49.41 4801
4z Uy eiby 596,20 CELCY +0829 +9859 536.11 J4801
45.0U BETan) BUZz.95 Su44,00 20931 <5712 528,08 +4801
48400 244kl 6ug.61 544,60 21033 49597 521.83 24801
5l.Uu =2sobe €16, 3z S44.60 1136 «9500 516.58 24801
24,0y ~2.824 6¢3.U5 544,60 L1240 9417 512.03 24801
57.0u ~3.154 6cp bz S44.60 $1325 +9601 512.05 4801
0.0y ~3,085 655,58 544,60 21432 $ 9404 511.35 <4801
B3.Uu =3.514 b4 .5y S84.b0 <1539 +9287 504,98 24801
bl Uy —3e 107 644450 Sut .60 «lo4e +9200 500.26 4801
bY,0U “3eayy 6L6,.40 S44,.60 +1793 3128 496,32 24801
Tesbu =4.uYs bod,45 Su4.bl .1861 9062 492,76 4801

ChANNEL ReSulis

CASE 1 SANMPLE FRCBLEN FOR COUFR, TO (LLUSTRATE INPUT.
ChANNEL 4
ULSTARCE  WELITA=F  ENTFALPY TeMFs  QUALITY  MASS VEL FLOw FLUX
CiNe) rs1) {biL/ip) (CEG=F} (M=LB/RR=FT12) (LB/HR) (F=-BTU/HR=FT2)
WUy by SuCeUb 51U, b4 JU05G 1.0000 1266467 440U
d.Uu .77 Sue.01 515.55 «003g +9808 1242.36 SH400
o. by ~e301L 513,45 b2l.22 014y 9707 1229.51 <440y
YelU =e42b 5¢U.40 52t.94 -0209 +9579 1213.30 +4400
12,00 Se¢7.60 532.07 +02b8 9648 1222.11 4400
1%5.0y Sa4,.70 538445 w0327 9768 1237.27 «4400
1e.0y S4y.l¢ buy,(5 «QuU3 +9507 1204.28 4400
Zl.Uu S47.9u S4d, 60 L0459 «9457  1197.85 L4400
2440y 596,89 S44.6L L0522 29338 11b62.87 4400
274y 501,58 544400 ULH +9301  1178.13 “4u0u
LY Yok lo FLURCTH +Ubbe +9309 1179.16 440U
EENY 574460 544,60 U744 »9337 1162466 L4400
26.UL Sul.lu S44.,60 L0823 «9372  11b67.14 40U
39400 Sob.67 544,60 +u9u2 «9550 1209.68 4400
ue Uy 595,26 H44,60L yS8e +9539 1208431 <4400
4540y SvY. 82 54446y L1UB7 9541  1208.53 4400
4840y bub. 34 544,60 «lld2 9550 1210438 4400
LYY 6iz.80 544,60 .1239 «9576 1212.98 440y
Sl.0u 615,30 544,00 1327 +9599 1215.87 4400
5740y beS.ly S44,0y W1413 26792 124U.32 440U
olebuy 631.70 S44.60 +1501 +97bu 1236472 BT
bde.Uu b3d.de Su4,.0u «159) +9746 1234454 4400
ot,0u Oyl G4 S54.60 +1683 <974y 1253.7% 4400
CENUY 621,56 44,60 #1775 «9741 1233.84 440U
TesVy bop. 1y bHud,ou +1809 «974b 1234,50 <4400




CHANNEL RpSULILS

LASE 1
CHANNEL 5

UISTANCE
CiNe)
WU
3.0u
bo0u
9eLU
le.Vu
15.0u
18.0u
21,00
4,00
27.uu
EIYY)
S3.00
Je.Uu
39Uy
42.00
49,00
48000
5l.Uy
Sl Ly
S7.0u
bUL LY
030y
bb.Uy
090U
72.Vu0

ULVERSLON (W)

CASE 1

UASTANCE wl

s0U
Selu
©e0u
Yy
1csbu
15.Uu
6.0y
cleluy
24.0u
21.0y
du.bo
3300
So.0u
39,00
42.U0
4hauu
E2-FRul)
blelo
b4,0u0
b7abuy
oU.Uu
o3.lu
ob. by
oY.Uy
72.0U

(ANl
(Psl)

Le 2

WU
77,5
Ue,0

1.0

1.8

ENTHALPY
(bTu/Lg)
500,00
SU7.19
515.97
520.55
526.9~
533.24
$39,5u
545.36
Sb1.96
538.51
505,01
571.48
577.96
S64.,20
590.85
547,30
6u3, 84
€lu.31
616.77
623,02
bLY.65
tob.le
b4g.,0b
64g,. 12
695,58

P O W

179.6
24y
2750
Su0.Y
1547
zh2.40
s00.c
Hobe2
ObHEsB
64U
bMWY
LR
eu4dad
a4lae
pu2.4
vdb.e
wlyed
EETIY
Lh7.0
530.0
HUG LY
wf7.0
4oz
wzleD
394.0

TEMP
(DEG=F
510.04
516.03
521.65
526.98
532,13
537.22
542.27
544,60
544,60
544,60
544,60
544,60
584460
544,60
544,60
S44.60
S44.60
B44,60
544,60
544460
544,64
544,60
S44.60
544,60
H44,60

) W

«  QUALITY

1
«0007
»0025
«0054
» 0095
NELIE

Cle u) wpt
U
T7en
42%0
o9
13geu
=128.6
=15G.4
“112e4
=40.i

E-7

SAMPLE FRCBLEM FOR COBR, TO ILLUSTRATE INPUT.

MASS VEL

{M=LB/HR=-FT2)

1.0000

1.0513

1,0835
1.0980

11111
1.1215
1.1199

1.1029
1.0986
1.0941
1.0900
1.0870
1.0846
140774
1.0773
1.0770
1.0766
1.0763
1.0763
1.0696
1.,072%
1.0746
1.0769
1.0791
1.0813

1r W)

179.6
22u4.8
279.0
300.9
275.7
25z.0
3bu.2
49z.1
H84.7
blo.2
64p,3
645.6
bl 7
©h7.0
b651,1
bU0.S
612.7
585, 4
bbg.2
bub,.2
514.0
4d2,8
453,35
4y, 7
39a.0

SAMFLE PRUBLEM FOR COBRA TO ILLUSTRATE INPUT.

Wi

ROow FLUX

(LB/HRY
2009.72 «3999
2112.87 3999
2177.58 +3999
2206.68 «3999
2232.9% + 3999
2253.84 3999
2250.63 »3999
2216.54 3999
2207.81 «3999
2198.90 «399%9
2190,69 «3999
2184.61 «3999
2179.77 «3999
2165436 «3999
2165.03 «3999
2164.51 «3999
2163.60 +3999
2163.,13 «3999
2163.,10 3999
2149,62 «3999
2154,.68 +3999
2159.69%9 #3999
2164.27 + 3999
2168.67 +3999
2173,16 +3999

2, 3)

.0
=6.7
~4d
-4,2
2449

=14.9
1.9
=92.2
=188
-8.8
=3.8
~Z.8
-2.3
=27.6
=12.,0
=7.0
4.9
=4S
4.3
=36.0
-17.0
~1u.7
=7.6
~b.l
~5.4

ANU TURBULEN (wh) CRUSSFy Cw SETWEEN ADJACENT SUBCHANNELS (LeJ)

wel 2, 3)

16646
209.5
254.0
3lu.2
37741
444,9
b13.6
239.3
60Y.8
6244
62a.7
029.3
0J3l.8
62941
633.8
027.3
60541
S82.U
954.1
o3l
V0744
48c.4
456,7
43Uk
R03.7

(M=BTU/HR=FT2)

Wi 2r 5)

U
132.9
8745
39.7
61.3
~32.2
=5,7
-133.6
=22.1
-18.9
-13.6
=1U.0
=8.2
-20,1
=11.3
-8.8
-6.7
-4.9
=3.0
~19%.5
=7.5
=3.7
=l.2
D
1.8

2y 5)

177,6
218.3
272.8
344.1
421.6
506.5

858.6

771.9
731.0
©99.5
bbb 1
631.7
96,6
961.0

wi 3

BNWL-1229

61

61 WPi 3,
.0 134.8
87,2 161,0
41.7 196,0
21.8 239,3
16,6 291.6
-9.5 348,1
-1.5 409.7
-28.3 484,0
3.y 547.2
-3.2 619.4
-5.2 680.4
-3.8 679.4
=3.4 678.9
6.6 685.5
-1.1 68241
~2.9 679.9
—2.8 678.2
-1.6 651.2
-.9 6261
12,2 602.1
2.4 572.2
1.0 543.2
.9 514.5
1.4 486.1
1.9 457.8
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DIVERSIUN(W) AND TURBULENT (wP} CROSSF_Ow BETWEEN ADJACENT SUBCHANNELS (I»J)

CASE 1 SAMPLE PROBLEM FOR COBRA TO ILLUSTRATE INPUT
DISTANCE wi 4r 5) WPl 4» 5) wl 4y 7) wpl 4y 7) wl 5, 6) WPl 5, 6) w{ Sr 8) wp( 5S¢ 8) w( 6r 9) WP( &¢ )
«0u W0 177.6 ) 166.6 .0 165.7 W0 155.7 o0 127.5
3,00 132,9 21843 =647 205.5 -42,1 187.7 ~42,1 187.7 =15.6 146,9
6,00 87,5 272.8 =441 254.0 =23.9 232.9 -23,9 232.9 =12.4 175.%
9.0u 39,7 44,1 =4e2 314.2 “9.4 292.6 ~9.4 292.6 =7.3 211.0
12.00 61,3 421.6 24,9 377.1 19,9 362.8 19.9 362.8 5.9 258.8
15,00 ~32,2 50645 =14+9 444.9 =18.0 439.9 -18,0 439.9 =7 311.3
18.0u 5,7 597.5 1.9 513.6 .2 52640 7.2 526.,0 9.7 369.1
2l.00 -16,9 6753 ~36.4 $77.2 618.3 =1.7 610.0 =234 450,2
24400 2.1 76345 .0 629.0 709.5 24,0 709.1 S.6 51443
27.00 5.2 860.8 1.9 626.0 808.5 16.4 813,4 6.3 587.7
39,00 “6.2 so4.2 23 6262 898.7 11,9 888.6 5.2 668.1
33.0u 6.4 863.4 2+ 627.7 89643 8.4 887.9 1.1 696.3
So.UU =68 863.2 lsb 629.6 894.6 5.7 887.3 ~1.0 695.2
39.00 24,8 865.4 4e2 641,0 892.7 27.0 876.0 -3.9 699.5
42,00 11,9 B64.9 Sel 639.4 4918 15,4 880.1 3 695.7
45.0u 3,7 ET-TY -} 2.9 62%.5 890.7 845 882.1 “l 693.0
48,00 -2 84042 142 602.0 88848 4a4 877.6 -9 690,95
51.00 -1,8 40645 -~ 578.3 853.2 1.8 843,5 2.3 674,0
54,0y 2.3 772.4 =1.1 554,1 817.3 Wb 808.9 =3.0 645.8
87.00 34,4 T4l ol 538.6 779.8 28.8 763.9 8.4 620,0
60,00 19,8 705,39 2.1 510.7 Th4.1 11.5 732.0 =1,3 590.1
63.00 12,2 669.7 .7 483.5 707.9 5.0 69844 -1:1 560.8
66.00 8,0 634.0 -l 456.5 671.5 1.2 663.7 =1.7 531.9
69,00 5.9 598.1 =14 429.5 634,9 =1.0 62844 -2.3 503.2
72,00 S.0 56240 ~2.1 402.4 598.2 2.6 592.7 =2.9 474,606

DIVERSION(W) AND TURBULENT(WP) CROSSFi Ow SETWEEN ADJACENT SUBCHANNELS (1rJ)

CASE 1 SAMPLE PROBLEM FOR COBRA TO ILLUSTRATE INPUT.
OISTANCE wt T» 8) wWP( 7+ 8) wi 8¢ 9) wP{ 8y 9}
.0u .0 134,8 “u 127.4
3.00 87,2 lol.V -15.6 i46.9
6.00 41,7 196.U ~12.4 175.1
9,00 21,8 239.3 =73 211.0
12,00 16,6 29146 549 258.8
15,00 -9,5 34861 -7 311.3
18400 -1,5 409,7 9a7 369.1
21.00 27.8 48204 -62.4 43g.,2
24.00 11.4 555.4 =13.1 513.7
27.00 3,3 63443 =St 594.8
3¢.00 ) 661e7 3.4 ©79.7
33.00 ~1.3 66343 =5.3 eB4.0
36.00 =2,2 6b4e7 =S8 684.5
39.0u 22,0 0564 -30.9 675.2
42,00 8,6 66145 =16.+3 67647
45.00 3,1 bbbl et =10+0 680.4
48,00 .8 €564 =79 681.2
51.00 o2 63241 =7.2 €60.0
S4.0y o0 o742 ~6+6 633.5
57.00 32,6 571.7 ~4Us.9 59649
60,00 14,2 549.,5 =1S.U 572.6
63.00 8,3 525.2 =12+2 547.0
66400 5,3 499.7 ~8.8 520.6
69.00 4,0 473406 =7.1 493,7
3.5

447,90 =642 466.5
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