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- ABSTRACT

This study deals with the development of a computer pro-
gram for steady-~state and transient BWR subchannel analysis.
The conservation equations for the subchannels are obtained
by arca-averaging of the two-fluid model conservation egua-
tions and reducing them to the drift-flux model formulation.
The conservation egeations are sclved by a marching type
technigue which limits the code to analysis of operational
transients only. The transfer of mass, momentum and energy
between adjacent subchannels is split into diversion cross-
flow and turbulent mixing components. The trensfer of mass
by turbulent mixing is assumed to cccur in a veolume-for-
volume scheme reflecting experimental observations The
phenomenun of lateral vapor drift and mixing enhancemﬂnt with

" flow regime are included in the mixing model of the program.

The foliowing experiments are used for the purpose of the
assessment of the code under steady-state copditions:

1) GE Nine-Rod tests with radially uniform and nonuniform
heating

2) 5tudsvik Nine-rod tests with strong radial power tilt

3) Ispra Sixteen-rod tests with radially uniform heating

Comparison of caleculated results with these data shows
that the program is capable of predicting the correct trends
in exit mass velocity and quality distributions.
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CHAPTER 1 - INTRODUCTION

1,1 Backgreund

One of the primary goals for the safe operation of nucle-
ar power reactors is tg have accurate predictions-éf thermal
hydraulic conditions in the core. 1In both design and opera-
tion it is important to anticipate the fluid corditions at
which failura of the fuel  may occur due to overheating. Tha
prediction of the average fluid density throughout the core is
also important for neutronic caleulations and fuel management

schemes,

Many experimental and analytical studies have been per-
formed on the parallel rod array gecmetry which is typical
of the reactor core design. The study of this geometry is
difficult to conduct due to geometric complexity of the
array and the two-phase flow and heat trapnsfer conditions

involved in ruclear reactors.

-t

-The geometric complexitv stems from the high degree of
freedom associated with parallel rod arrays. ERod diameter,
rod-to-rad pitch, rod spacers and their location and bundle

length are the principal geometric parameters that affect the

. thermal hydraulic performance of rod bundles.

Fig.l:l is a representation of a parallel array of rods
typical of LWR design. The term subchannel is usually asso-
ciated with the flow passages between the fuel rods. The
boundary between subchannel is chosen to be the minimum
distance between close adjacenﬁipp&s or a normal to wall frem
the center of the adjacent rod. This convention kas been
adopted universallv and is commonly termed coclant-centered
approach. Gasvari /Gl/ and more recently Sha et al. /537
adopted a rod-centerad scheme where the subchannel boundaries

are defined around the fuel rods as indicated in Fig.l.2.
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This approach has advantages in simulating the bundle behavier

in the annular flow regime condition where the liquid tends
to adhere to the fuel xods and bundle wall. However, it
becomes difficult to guantify the interaction between neigh=-
boring subchannels since most experimental setups extract
coolant from coolant-centered subchannels.

The two-phase flow situation of the coolant compounds
the difficulties by introducing additional variables such as
the vapor volume fraction, velocity and temperature of the
phases and distribution cf the phases within the complex flow
cnnfiguration in the bundle. In addition, radial and axial
variations of the fuel rod power generation cause the coclant
flow rate and conlant thermal conditions to vary considerably
throughout the array.

1.2 Models for Two-Phase Flow

_ Two-phase flow is a complicated phenomenon to model in
a BWR cora, for example, the flow consists of a turbulent
mixture ¢f vapor and liguid. For all practical purposes it
is impossible to aceount for all of the physical wapor-
liquid interfaces whi¢h appear and the interactions between
them. ¥Tor this reason it has been become customary to
approximate each phase as a continucous field. This done by
volume averaging of the local conservation equations govern-
ing the balance of mass, momentum and energy for each phase.
By this procedure two sets (one for each phase! of volume-
averaged conservation eguations {or field equations) are
obtajined. New quantities are introduced, namely, the phasic
volumetric fraction and interaction terms reflecting the
transport of mass, momentum and energy across the vapor-
ligquid interface.

Basically, all existent two-phase models should start
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from this point. Restrictions are then imposed which allow
reduction ©f the number of initial field equations. When
field eguations are removed they.are replaced by constitntive
equations. For example it is possible to remove one of the
energy equations by assuming that one of the phases is saturat-
ed. The two-phase models differ from each other by the number
of field equations retained. In decreasing orxrder of complexi-
ty, following Hughes /HE/, the most commonly used two-phase

nodels are:

{a) Two-Fluid Model ~ In this model all field equations are

retained and no restrictions are imposed. Constitutive
equations must be provided to account for the three imter-
facial interacticn terms, This constitute ene of the main
problems which are presently under invertigation in the devel-

opment of the two-fluid model.

(b} Drift-Flux Mcdel - In this model the field equations

cnnslst of one continuity equation for the vapor, one con-

tlnulty egquation for the mixture {or for the liguid), one
mixture momentum equation and one mixture energy aguation,
The four field equations are supplemented by a constitutive
equation for the velocity difference between the phases, a
thermal constraint {(usuwally the assumption of one of the
phases saturated) and a relation for the rate of evaporation
{or condensation) which is the interfacial interaction term

present in the phasic continuity eguations.

{c) Homogeneous Equilibrium Model - In this model the field

egquations are three: one continuity, one momentum and one
énergy equation for the mixture. The field equations are
supplemented with the assumption that both phases flow at the
same speed and both phases are saturated.

Table 1.1 sunmarized the information above and indicates
the codes that use the various models described. A glance at
this table reveals that the majority of teday*s subchannel

—— ._m—v-—"_
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computer codes cmploy the homogengous model,

For a complete picture of the two-phase models the reader
ig referred to the paper by Boure /B7/ who has summarized all

possible combinations of retained field equations and imposed

restrictions,

1.3 Purpose of this Study’

The purpose of this work is to develep a subchannel

code (CANAL)] capable of giving a reliable assessment of the
thermal margins in BWR bundles for steady-state and operation-
al transient conditions. Presently, there is no code speci-
fically designed for the thermal-hydraulie analysis of BWR
core. The widely used COBRA codes fail to display some im-
portant trends obkserved in rod bundle experiments as it will
be discussed in next section, Therefcré, there iz a strong

motivation for develeoping such a cecde.

Selection of the two-phase model

In the light of what was discussed in the foregiong
section the drift~flux model constitutes an appropriate choice
between simplicity and complexity. This model certainly des-
¢rihes the interaction between the vapor-liguid mixture and the
system better than the homogeneous model., The two-fluid model
is, of course, the most advanced one but for subchannel
analysis it may be rather costly in terms of computational
time. The potential of the two-fluid medel resides in accu-
rate physical models to describe the interfacial interaction
terms mentioned in Section 1l.2. Prasently, however, there
are uncertainties in modeling these terms.

The drift-flux model seems to be appropriate for selving
proeblems with strong local coupling between the phases, i.e.,
dispersed flows. However even for problems with moderate
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local coupling the drift flux is alsc appropriate since the

axial dimensions of the engineering systems are usually large

encugh to give sufficient interaction times /I3/.

Code Objactives

In general the transient scenario affects the definition
of the objectives as well as the gcope for both the analysis
and the computer code develepment. The Less-of-Coolant-
Accident (LOCA} and the Anticipated Transient Without Scram
(ATWS) are postulated accidents with the most severe conse-
quences. Whereas LOCA leads to high temperatures of the fuel
element in the reactor core, ATWS leads to high pressures in
the primary systems. It 1s ocbvious that the elimination of
the LOCA analysis as code objective will greatly simplify the
task of program development. However, besides the great
significance of the transient scenario there are still other
phenosmena which have not been consistently simulated by
common subchannel <¢odes in steady-state BWR hundle analysis
yet,  These will be discussed in Chapter 3.

In short, the main cbjectives of the CANAL code can be

stated as follows:

1} It should predict the experimental trends found in
BWR bundle geometry;

2) It should handle all the ATWS transients except those
where reverse flow eogeurs, This leads to simplifica=-
tions in the numerical scheme adopted.

1.4 Previous Studies

Many subchannel computer codes have been develcped in
recent yvears. A review of the methodology employed in all
codes is not necessary here. The papers by Rogers and Todreas
/R2/ and Lahey and Schraub lef present a good survey on
subchannel work done up to 1968. An excellent review of more
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recent work has been given by Weisman and Bowring /W2/,

One of the unigue features of subchannel analysis is the
transverse interchange of mass, momentum and energy at the
imaginary interface which defines the subchannels. Although
the flow is predomipantly in the axial direction the quanti-

fication of this transverse phencmena 1s essential for accu-
rate predictions of the flow gquantities. The split of the

transverse flow into a turbulent compeonent and a diversion
flow compenent has been almost universally adopted., In mest
of the codes presently in use the turbulent transverse ex-
change processed are assumed to occur in a mass-for-mass basis.
That is te say, only momentum and energy are transported by
turbulent exchange across the imaginary subchannel boundaries.
This iz a good assumption for single-phase flow where adjacent
subchannels have nearly the same density. However, this

assumption is guestionable for two-phase flow conditions.

Differences in the present generation of subchannel codas
exist only in the manner how the various mixing models are
. coupled. In HAMBO /B9/, for instance, it is assumed that the
diﬁefsian crossflow and turbulent exchange are dependent upcon
cach other, Other differences exist with respect to the
treatment of transverse preséure gradients. Whereas the
solution of COBRA-IXIC /Rll/ is indirectly driven by those
gradients, the solution method of HOTROD /B5/ and MATTEQ /F3/
xely on the basis that these gradients do not exist.

Several two-phase flow rod bhundle experiments in BWR
geometry have been carried out in recent years, One of the
most significant phenomena observed was the fact that the
gaseous phase has a tendency to move to the higher velocity
regions of the bundle. This tendency has been observed for
adiabatic tests (Schraub et al. /52/, Bayoumi /Bl/,
Yadigaroglu and Maganas /Y1/} and for diabatic experiments
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as well (Lahey et al. /L2/, Herkenrath et al./H3/}). The

lateral vapor drift phenomenon has been widely discussed in
the open literature. For several years there was a tendency
to heglect it mostly because the models incorporated into the
subchannel programs then ware unable to display the corract
trends. The ¢odes MATTEQ /F3/ and apparently, MIXER have
laterzl vapor drift in their formulations., "~ In MATTED it is
assumed that the turbulent mixXing exchange also ocgurs as a
volume-for-volume process but this is not reflected in the
code formulation. Besides. MATTEO mixing model is based in
adiabatic air-water mixing testé and, for this reason, tends
to overestimate the rate of mixing., MIXER is a proprietary
code and there iz no available documentation concerning its
physical models. '

Unfortunately the recent trends in subcharnnel code
development have been only in improving the sclutien technigue.
It ig certainly important to account for more realistic
boundary conditions that these incurred by the use of the
marching-type technique. This allows a larger class of pro-
blems to be solved. However, the reliability of the results
for bulk guality conditions is in guestion because important
physical phenomena are being neglected.

1.5 Basic Assumptions

The following assumptions form the basis of the derivation
af the conservation equations used in program CAMAL:

{a} Thermodynamic equilibrium is assumed in the bulk boiling
region.

(b) Vapor is assumed to be always saturated.

ic} Fluid physical propertiss (except densities} are evaluated
at a single reference pressure.

{d) The fluid conditions within a given subchannel vary only
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in the dominant axial flow direction.

(a) No transverse pressure gradient exits at any axial
elevation in the bundle.

{f) The net mass flow circulations along closed paths arcund
the individual fuel pins are zero. '

{g) Liguid and Vapor flow at different speeds.

(h) The transverse transport of mass between neighboring sub-
channels by turbulent mixing eccurs on a volume-for-

valume bhasis.

Assumptions f[a) and (b} are reasonable for BWR steady-
state conditions and operational. transients since superheat-
ing of the vapor phase is not anticipated.

Assumption (c) is appropriate BWR applications, where the
inlet subcoocling is low.

Assumption {d) implies that the variations of the axial
components of the flow guantities in the axial direction is
mucﬁ';arger than the wvariation in the transverse direction in
analogy with the boundary layer approximaticn.

Assumption (e) eliminates the transverse momentum eguation,
This essentially means that all subchannels in the bundle
depict the same pressure at a given axial level, This seems
to be a reasonable approximation for BWR-type fuel rod bundlas
Because the bundles are encapsuled and the rod-to-rod spacing
is large the pressure gradient across the bundle is expected
to be negligible. However, it may be guesticonable to use this
assumption when blockages appear and/or in the presence of
strong power tilts across the bundle.

Assumption (f) is necessary to make the momentum eguation
well-posed. It guards against the possibility of unlimited
circuit flow that can ocecur if the fluid can £ind a closed
path in the transverse direction (see further discussion in

Ltr-e‘_-.'.li'rp ST LEEEETU R E s b g UG ARES ]
(N A O i
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e e
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Section 2.7).

Assumption {h] implies that there.is a net mass tfansfer
betwgen adjacent subchannels due to two-phase turbulent mixing.
This has been experimentally observed by Gonzalez-5antale /G4/.
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Fig., 1.1 - Coolant-centered Scheme of
Dafining Subchannels,

OO0

_
L= L =7
|

OO0,

Fig. 1.2 - Rod-centered Scheme.
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CHAPTER 2 -~ MOBELS AND METHOD OF S0OLUTION

2,1 Conservation Egquations

The formulation of the governing equations for the

problem under consideration will be hased on the drift-flux
approach develcped by Zuber and co-workers/21,22,I1/. Ta
accomplish this the six conservation equations of the twa-
fluid model will be reduced to a set of four conservation
. equations by eliminating one energy and one momentum equation.
As a result of this process two constitutive equrations must

ba provided to account for the relative vélacity and difference

in energies between the two-phases.

The following eguations cdonstitute one accepted set of
the zix basic conservation eguationz of the two-phase two-
£luid meodel.

Consarvation of Vapor Mass

F%[upv} + ?.{upvﬁ§] =Ty, - (2.1}

Congervation of Liguid Mass

Sl-are,] + v.[a-a1p,%] = -1y (2.2)

Conservaticn of Vapof Momentuom

_F%[upvﬁv} + ?.(upv;vav) = —-gVP -va - ?I ~ up.g {2.3)

e = e e s s e mmaim s m e e e b e

Codw UL S ARES
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Conservation of Liguid Momentum

A - -+
FE[{l-a}ntvE] + ?.[(1-a}p£v£vl]
= «{1-a)9P - Ewa + FL - (l-a)p,g (2.4)

Conservation of Vapor Energy

B 7] = 22 - sl
iflapvhv] + ?.Lﬂpvhvvv = —ugy Pat + Qwv + Qy {2.5)

Conservation of Liquid Enerqy

%[Il—a} "Lht] + 7. [{1...;} ”Lhﬁa]

* =(l-a) 22 + PEL%EEL + Q- O (2.6)

.-

It is basically the same set of equations as presented in
THERMIT/R1/ except for the energy egquations which are hare
written in terms of enthalpies instead of internal energies.

The first and second terms on the LHS of each equation
account for the storage rate and convection of mass,
momentum or energy, respectively. The first term on the RHS
of the momentum equationsg represents pressure forces acting
to accelerate the fluid. On the RHS of the energy egquations
the first term represents work done on the fluid due to
compressibility effects and the second term work done on one
phase by expansion cof the other phase. Ty EI and Qp are
rates of exchange of mass, momentum and energy, .fespectively,
at the interface between the two phases. Fw and Q,, account

for exchanges of momentum and energy between the two phases
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and the wall, The last term on the right of the momentum
equation represents gravity forces acting on the fluid.

The problem will be formulated in terms of the velocity
of the center-of-volume, 3, and the drift velocities of wvapor
and ligquid relative to 3. The reason for this choice is that
it leads to simplifications in the algorithm used to sclve
the finite difference equations which result from the field

egquations.
The velocity of the center of volume is defined by

3 = jv + ﬁi ' (2.7}

wherea,

v u$v is the vapor volumetric flux or superficial
velacity of the vapor; _
31 = (l-alﬁl is the liguid volumetric flux or superficial

valocity of the liguid.

In-what follows the conservation equations will be formulated

in terms of superficial veloccities.

" Consider the control volume shown in Figure 2.1, The
conservation egquations of the two-fluid model will now be
averaged ovar the subchannel cross sectional area Ai. By
doing this, information regarding changes of flow guantities
in the herizontal plane is leost, Therefore, it should be
noticed that considerahle errors are introduced 1f gross
varjations are present inside the control volume,

2.1.]1 Derivation of the Egquation for Conservation of Vapor

Mass

Equation (2.1} is rewritten here in terms of the

superficial velocities,
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ki + _
splen ) + V.(p,J,) =T, _ {2.8)

Equation (2.8) is then integrated over the subchannel cross-

sectiocnal area, hi

4 + _
j ﬁ{upv}d}. + f ?.(pvjv}dh -j~ I'vdh {2.9)
Ai ﬁi Ai

Using the area averaging notation introduced by Zuber, i.e.,

_ 1
<> (z,t) = EEJ;I¢EKrY:Z:t1dA {2.10)
1

and applying the Gauss theorem to the convective term en the
left, eguation (2.9} becomes

a a . = - -.J—'c
ﬁ{<up\’>}i + a—z{fﬂv]vz}li = <I.V>i A E';vik (2.11]

where jvz is the component of Ev in the axial direction and

Wi = J; Pydy-My a8 (2.12}

-

oy is a unit vector normael to the interface between adjacent
subchannels i and k {(see Figure 2.1}. sik is a horizontal
segment on that interface and it Is equal to the distance
between the two adjacent rods., 45 is an element of length

on 8;,. In order to interpret W ., consider (x., yr., zI} as
being a point on the interface between i and k. The guantity

+ Eal
0 (X X r 2 Ky ey 2,) .y 85dz

represents the mass flow rate of vapor from subchannel i to

subchannel k at {xI,yI,zI]. Therefore, at a given axial plane
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W is the value of the vapor mass flow rate from subchannel

vik
1 tc subchannel k per unit of axial length. The summation in
{2.11) is to be carried over the nurmber of interfaces, N;

that subchannel i shares with its neighbors.

2.1.2 Derivation of the Eguation for Conservation of Liguid

Mass

Starting from eguation (2.2) the procedure used to
derive equation (2.11) can be applied again to arrive at the

fellowing eguation

ol Lo

3 ] 3 : _ _
TE <{l-a)pe>]; + iitﬂpﬂjﬂz}}i = crv>i

N
; Y rix (2.13)
K

where, similarly,
W,., = 0,3,.8,48 | (2.14)
Rik 5 [Nl R 4

is the total liquid flow rate from subchannel i to subchannel
¥ per unit of axial length, Note that the equation of
continuity for the mixture vapor-liguid c¢an be ohtained by
simply adding eguations {(2.11) and {2.13).

2.1.3 Derivation of the Ecuation for Conservation of Mixture

Momentum in the Axial Direction

In terms of the superficial velocities the eguation

conservation of vapor momentum is given by

+ +
EE + y + ¥ jvjv
T ‘Pyly v,

=+ &+ ' - -
= -aVP - F . = Fp = ap.g (2.151

Integrating eguation (2.15) over the subchannel cross-secticnal
area A, and applying the Gauss theorem £o the convective term

it becomes
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.
0 < P B
a .3 vz
o) v
o i
,Hi
g o -+ 1l
= —:u?P>i ‘{vabi - <Fx> - <ap, >.9 i;'z:ﬁviksik {2.16)
' k .
vhera,
3 .
1 + A v
B =g—] »,03,-n)—ds {2.17)
ik g o
ik

is the segment-averaged momentum flux from subchannel i to
subchannel k through the interface Aik'

All the terms of egquation (2.16) are now projected
along the axial direction to yield the conservation of axial

momentum for the wvapor phase,

.2
0 . 3 Jyz ]
ﬁ[ﬂpvjvz}]i"" E[<pv >

o i -
— Hi
_ endP L - - -1 ;
= {pﬁial <vaz>1 {FIZ}L <“pv>igz Ai Z:1v1kzsik (2.18)
k

where,

. _ 1 - ) jvz ..

Miike S5 nv(]v‘nk}___ ds {2.19}

ik g o
ik

Similarly, the eguation ¢of conservation of axial mementum
can be obtained for the ligquid phase

-y
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3 '. 3 [ Prlsg _ 3P,
ﬁ[‘pﬂjiz’]i t 3z {(1-0:}} i mellmadsTry T P’
]
1o 2,2
*sFpp?y - <Uesleg>i9, < R, LM ineSik (2.20)
k
with
J
> . 1 i k2
M,. = e p, {J,.-0,} ds - {2.21)
Rikz sik‘J; Sl e PR
ik

BEquation {(2.18) and (2,20) are added to yield the conservation

- of axial momentum equation for the mixture vapor-liquid,

- 2 a2
d \ . d pvjvz pijiz]

—=r<p. 3. .>+<pn L] }] .+ =% > >
at \FERTE i“t2"di Iz I o (1-0) J i

Tap :
= -<E>i -<F _<p?u>+<p£ {1-1-:]:: i gz

+F >, =
Wwvz Wiz 1

-l i[- L] ]
A 5 Meixa™gixz) Sik | (2.22}
X

where the assumption of egqual pressures in both phases, i.e.,
P?=PE=P, has been used. The difference between the pressures
of the two phases may be important in severe transients and
propagation of disturbances. However, for the problem under
consideration it has negligible effects.

-

2.1.4 Derivation of the Bquation for Conservation of Mixture
Energy

The conservation of vapor energy eguation {2.5), in terms
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of the superfiéial velocities is given by

setep ) + Tota S h) = waBn - PRR 40+ o (2.23)

Integrating (2.23) over the subchannel cross secticonal area,
Rir and applying the Gauss theorem results

3 N X gg
[-:ap ] ﬁ[{pvjvhv;' i T "S%pp P‘Bt i
N, _
. 1 1._
p A e K, S BeikSix (2.24)
k
where,
B o= 1. Y A, h 4S | {2.25)
vik 5 pvjv'nk v . '
ik o
ik

g

ig the segment-averaged flux of energy transported by the
vapﬁr from subchannel i to subchannael k. Starting from
equation (2.6) and employing the same procedure the area-
averaged equation for conservaticn of ligquid enerdy is

obtalined,

dlc-aropngs]; + 2feo,3,m,0]5
5E (] a}plhlr i + 37 {ptjihlb

M.
3 1,
= <{l-algesy + <Pyprp + Q> < <0pry - i LB S,y
L
k
(2.26)
where,
) = 1 -+ ~
Brgk 5,1 Padertcheds (2.27;

S5ik
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1ls the zeqment-averaged flux of energy trahspcrted by the
liguid from subchannel i toc subchannel kK. The work done in
the fluid due to compressibility effects is neglected for
the problem at hand since severe transients are not ccnsidered.J
Adding equaticons {(2.24) and (2.26) results

3 ; 2 | .
FE[‘“pvhv+{1"“’”1hz’ it ?E[%ﬁvjvhv+ﬁ£31hz’ i

R,

1 .
= Qe ”i” A, E Eyix*Byixd Sk {2.28)
1y

which is the conservation of energy equation for the mixture

vapor-liquid,

Egquations (2.11), (2.13), (2.22) and {2.2B) constitute a
set of four field eguations containing seventeen unknowns:

n h

BT vt rv' {va+F

Vo (0,400 -

Pyt -Ppe B jvzr jﬂz' P, wi wi

Wik’ Weixs Meik’ Mains Beike Baix
The last six unknowns reflect the transport of flow quantities
across the interface of adjacent subchannels. As will be
shown later F and Py 2re modeled as a single quantity,
{?wv+Fw£} and, likewise, Qwv and Qwi {Qwv+uw£]' The remaining
thirteen eguations needed to make the system determined will

be the subject of the next two sections.

2.2 Ceonstitutive Eguations

In this context cmnstltutlve eguations mean, the additional
relations needed for clcsure of the system of conservation

equations,
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2.2.1 Tharmal Consztraint

~ Thermal constraints are imposed by assumpticns {a) and
{} (section 1.3}, Two boiling regimes must be cﬁnsidered:
subcooled boiling and bulk boiling. For subcooled boiling
conditions the vapor is saturated,

h, = h | {2.29)
For hulk boiling condltions both phases are assumed saturated.
Therefore, equation {(2.29%) still helds and, additionally,

h, o {2.301

hy - bg

2,2.2 Drift Velocity Correlation

As was mentioned in Section 2.1 one ¢onstitutive agquation
must he provided to account for the relative velocity between
the two phases. 1In the drift-flux model this is accomplished
by defining the drift velecity of the vapor phase with respect
to the center-of-volume velocity of the mixture, g

vz
vvj = --{;“* - jz (2.31)

¥t can be shown /22/ that the void fraction, <g>, will be

given by

(&.32}

where Co igs the distribution parameter defined by



. 1 .
X mjzdﬂ
i
c i L {2.33)
o 1 1
A ]zdﬁ El/’ cdd
1 2 XL A
i i

The.. parameter C_ takes into account the effect of the non-

b uniform flow and void fraction profiles accross the channel.
For further discussion on Cq the reader jis referred to the
work of Zuber et z2l./Z1l/.

The term

{'ﬂ-v .
—v] = <<V, 43>

<A

regquires additional information concerning the void fraction
profile in the subchannel which, a priori, i= not known.

<€ij>> can be approximated by the local walue, vvj'
with relatively flat void profiles /Il/ (Appendix D).

2.2.3 Eauation of State For the Vapor and Liguid

It is assumed that a relaticnship can be established
giving the liquid density as a function of the pressure and
liguid enthalpy,

0y = Py (P,hy) (2.34)
The vapor is assumed to be always saturated. Consequently,
the wvaper density is a functicon of the pressure only,

Py = Py (Peh) = b, (P} ' {2.35)

e
T LRI MLl DARES

. 3 RE !

[ L

for flows
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2.2.4 Wall Heat Flux

In the energy eguatiop the term {Dwv+Qw£}i {power density)
denotes mechanisms of exchange of eénergy between the wall and
the two phases. These two terms are lumped into & single one
using the heat flux concept. Dissipative effects are
neglected. Therefore, :

1 i

Oy * Qs 7§,

Ini Ppimi®?

art e

where q;i is the heat flux out of rod m which has a part of
Hmi * in common with subchannel i (see Fig.2.1l}.
vi is an element of volume of subchannel 1, ?iﬂhiﬁz. The

its perimeter, P

praecading sguation becomes
Ly
+0 5. m i Eq"Pﬁ {2.36)
WY wi i By mi Hmi
m

—

The summation is performed over the total number of reds, Li'
which have a common interface with subchannel 1.

For steady-state problems the heat flux is, of course,
a known guantity. For transient cases the heat transfer
coefficient and hence the heat flux is computed by the Chen's
correlation (see Appendix B},

an; = hee [Ty = Tay) * hnb[Twmi“Ts] (2,371
The liquid temperature T,. is related to the liquid enthalpy
- = -h,.. . i loyi a
by CP]_(T5 Tii] h -hy.. Ty 18 evaluated by employing

convenient fuel pin heat conduction model (see Section 2.8).
For bulk boiling conditions Tpi=Ts and the heat flux is gliven
by

q;i = (hfc+hnb][Twmi-Ts] (2,381
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In the conservation of axial momentum egquation {2,22) the
term <vaz+Fsz}i _ .
the fluid due to friction against the wall. This term is mod-

eled by the standard scheme of considering a wall shear stress,

reprasents a force per unit wvolume acting on

Tt acting on the mixture vapor-liguid,

< 1

1
<F + F &, 7, (P_.AZ) = = 1
WVZ whz 1 v Fi Ai wPFi {2.39)

The wall shear stress 1s expressed in terms of a friction
factor £

L)
tp Gz
= £ X , (2.40)
w tp
Zﬁi
where B
Gi = {ﬂvjv:“i + <Qljﬂ>i L {2-41}

That is, the ¢lassical approach of assuming the flow to be
all :liguid with ftp correction for two-phase effects. The two-

phase flow friction factor, £__, is the product of a single-

tp

phase friction factor ccefficient, £__, and a two-phase

2 sp
multiplier, ¢io'

= 2 \
ftp = fsp¢ic {2.42}

For rod bundles Marinelli and Pastori /Ml/ recommend a Blasius

!

type correlation for fsp

_ -b '
£, = a Re (2.43)

Constants a and b depend on several geometrical guantities
such as the P/D ratio the gap spacing between subchannels and
the roughness of the fuel rod surface. In case of smooth
bundles Marinelli and Pastori recommend .= a=0.32 and b=0.25,
The most popular correlations for @Ec are those of Martinelli-
Melson /M2/ and Them /T1/. However, hoth do not include mass
veleocity effects and tend to overestimate the pressure drop
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considerably for high mass velocities /Ml/. Barcczy /B2/

attempted to correct for the effect of mass velocities by
producing graphical correlations for ¢:O. His curves, however,
show a complex pattern hard to £it with analyiical expressions.
Jones /J1/ developed simple curve fittings for the Martinelli-
Nelson ¢orrelation including mass velocity effects. Jones
correlation which iz adopted here is )

D
2 £1 .824
93, = FG.P) 1.2[(35) 11 x + 1. (2.44)
where _ '
Fig,p) = 1,43 +( g —1.} (.07-7.35x10" %8} if GG
o .
{2.45)
G

with G =950 Kg/m?zec.

2,2.6 Evaluation aof the Vapor Sourge Term

In equation (2.11) I, represents the rate at which mass is

being exchanged betwaan the twe phases, i. e., [_ 1is the mass

v
of vapor being produced per unit of volume per unit of time.
The vapor source term will naturally depend on the boiling

regime, Only subcocled boiling and bulk boiling conditions

are considered.

Subcooled Flow Boiling Region

Fig.2.2? shows schematically a typical void fraction
profile in a heated fube. It can be seen that the subcocled
regime can be divided into two distinct regicns. Region I
1s often called the highly subeooled boiling reglon or region
of wall voidage, meaning that the boiling procass starts but
the bubbles adhere to the wall. Downstream the bubbles grow
in size under the competing effects of bubble coalescence
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and condensaticon until a point is reached whers the bubkbles

detach from the wall and are ejected into the subcooled
flowing liguid. The point of the first bubble detachment
marks the start of Region II called low subcooled region or
region of detached voidage. Appreciable voids can . occur in
Region IY. FPFor practical purposes the voids in Region I can
ba neglected,

To compute the vapor source term <Fv>i the énerqy
equation (2.28} is arbitrarily split into two equatlons: one
that governs the enthalpy rise of the liquid and other that
evaluates <l _>.

v i’
Two equalities are assumed:

H

I 2 ] A
ﬁrv>ihfg - Ei Z:(qmi}evapPHmi FE FR0y Ryt {2.46]
m .
{computes the vapor source term), where.{qmllevap 1s the

portion of the heat flux from rod m to subchannel i that goes
to vapor formation, and

SN E
2 <{l- u}ﬂ ]. + {ijvhv pihiji;]i

at 3z
: L ]
- i[ 1= b K e
l qml mJ. avapl] Hmi Z vik “Lik A‘i il
m k

(computes the liguid enthalpy risel. The problem here is how

to determine {qmllevap

Powring /B8/ suggests that in the low subcoeling regien
the heat flux at the wall surface can be split into three

components:
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" n - - :
Yyt deyap . (2.48)

g = q.

sP
where the subscripts m and i were dropped to simplify the
notation. Here q;P is the compnnent"associated with single-
phasa convection €0 the liguid and q iz due to bubble
agitation. The second and third terms con the right of
equation {2.47) are usually grouped inte a single one, q;,
defined as the fraction of the heat flux assoclated with the
boiling process., i.e.,

L L]
9 = 95 * 9evap (2.49)

The single phase sonvection component, q" is assumed to

spf

~depend linearly on the liguid enthalpy /L4/,

- o n hf_hi- ‘f h h < h
qsp 4 hlf*-hﬁ“:1 f 1d s g £
_ {2.50)
—= G. if h1 > hf
Therefore,
q = 0. - if by < h)q
(2.51}
- h ]
= g - qsp if hz » hzd

where hLd is liquid enthalpy at which the bubbles start to
detach from the wall. Among the several bubble detachment
criteria available in the literature the most{ accurate have

been found to be those of Levy /L7/ and Saha /51/. The latter

is adopted here because of its computational simplicity. It

is as follows:
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) qDn.C
- - _J_E;E'. ]
[hf {hg’d] 0.0022 = if Pe < 70000
" (2.52)
= q .
154. 2 if e 70000

Saha showed empirically that for low mass f£low rates (Peclet
nputber < 70000) the point of bubble detachment is determined
by local thermal conditions whereas at high mass flow rates
(Pe>70000) it debends upcn local hydrodynamic conditions

Finally, a relationship between q;

n = ¥
vap and qy, is needed in

order to find g Bowring defines the parameter e as the

evap’
ratio
a p-{C .
E = —:-;-'E-l"-'-*= p—f-*(hif)'t ' {2-53}
qevap gl fg

where 1 ls and effective temperature rise of the liguid that
is replaced by the bubble, Assuming 1 = Tf_TE /R4/ results

for ¢
pe, h.=h
g = E£ i 2 (2.54)
g fg
The expression for q;vap is then
qﬂ
L b
Qevap © '
l+e- _ {2.535)

Bulk Boiling Region

As contrasted to the subceooled region here the consevation
of energy eguation is redundant since, by assumption (a) in
secticn 1.5, the ligquid is saturated in the bulk boiling
ragime, Thus hi = hf and the energy equation (2.28) becomes

e . - [
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- 3 S 31 3 ]

hy _ﬁ‘“%”a‘i“’v%’]i + hf[ﬁ"“ L Rar-ralF R ie I (2.56)
L ah, R i R,

+ l<ap —"4c(la)p,> T E Y %iPumT L BuitFeidE Six
1 at at Jdi in Kk i

the first two terms on the left of equation (2.56) can be
expressed in another form by wsing the continuity equations

for the vapor and liquid phases., . The following eguation

results
v 4 . N
By |Tv?i"R, L vix| * Pe[TViTR] 2 Wik (2.57)
X K

r

w,
* 1 r »
i Fams A L (EiptEpiy)
m

CH e

sh 2h
+[{apv>;€g+< {.1—0,] pi;sﬁf] = %
i

a—m—- T

By rearranging equation (2.57) an expression is found for the

vaper source,

L; Ny h Nj
1 1 n _ }- [ "E
""rvf hf iy 2 Dni” Hm F E (Evik Eilkislk + 5 2 1""mk
9 m +x 1 x
hy ;:i [ XL 3h,
+ —)Y HW,... = |<op. »— 4 <{1l-0)p,>— {2,.58)
s By Rk Vot Yoae s |
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2,3 Exchange of Mass, Momentum and Energy between Adiacent

Subchannels

2.3.1 Exchange of Mass

2.3.1.1 General Approach

In Section 2.3 the net vaper and liquid mass flow rates
from subchannel i to subchannel k per unit of axial length
were defined by equations {2.12) and (2.14) as follows

o~
Wi = J; pvjv'nkds (2.12}
ik '

and

-y ~
WLikﬂL Pglg-idS (2.14)
ik

The sum of these two terms represent the total net mass flow
rate from subchannel i1 to subchannel k per unit of axial

length,

“ik = wvik + Hﬂik t2.59)

The total mass flow rate leaving subchannel 1 is defined by

Ny
W= ¥ Wiy
k

{2.60)

It should be recalled that the sxchange ¢f mass betwsen

gsnbchannels is assumed to occur in the absence of transverse

~ pressure gradients. It is always possible to determine Wi

and Wik such that the pressure drop is the same for all
subchannels. However, there is-an infinite number of combi-

LY ..r
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nations of W which will produce egual pressure

... and W, .
ik 11k
drop in all subchannels because the pressure drop depends not
only on the mass flow rate but also on 'the flowing gquality and
physical properties of the liguid and the vapor. ‘In this
section a method based on experimental evidence is presented
to unlquelg determine ink and wlik'

Both ink and wlik

component and a diversion flow ¢omponent,

are split into a turbulent mixing

W = { ) {2.61)

ik (W

o' mix v Pvik’aiv

and

{(2.62)}

Wik © Moietmix ¥ Moidaiv

Therefore, there are four unknowns to be determined:

and (W }

Wi min’ Moinlgiv' Poix’ mix pik!div®

Evaluation of {Wﬁik}

mix

Assumptions (b) and (e} in Section 1.5 imply that at a
given axial level the vapor density is constant over the
subchannel cross section, pv{x,y,zﬁ=pqiz}. Therefore,
equation {2.12) becomes

J,-fds | (2.63)
ik

wﬁik = pg g

and the turbulent mixing component of ink can he approximated

by

_ oA - [ -
{wvik}mix = pgj; {j.nk}mixds = pguik{ai uk}sik C{2.64)
ik
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where-ﬁikis the turbulent compeonent of the vapor velocity in
the transverse direction, This guantity is evaluated using
the model described in Section 2.3.1.2, Equation {2.64)
implies that the vapor exchange betwean neighboring subchannels
is zero when & g =0y However, in adiabatic and diabatic tests
with two-phase mixtures it has been observed that the veid
fraction distribution at the exit ©f the channel is not
uniform /52,L.2,B1,¥1,H2/., These experimenté indicate that the
vapor is preferentially transported into regions where the
velocities are higher. This tendency seems stronger when the
vapor is the dispersed phase. As proposed by Gonzalez-Santalo
/G4/ this phenomenon can be modeled by using the concept of
fully developed void fraction distribution. This is the
condition for which the mixing flow between adjacent sub-
channels is zero. In this approcach equation (2.64) 1s alter-
ed to become '

A ' ~
{ink,mix = pguik [[ﬂi-ﬂk] - {ni-uk}m]slk (2-55]

where r“i"“k}FD is the veid fraction difference between sub-
channels i and k corresponding to the fully developed

coendition.

Based on the experimental evidence mentioned above the
following expression is assumed for the fully-developed void
fraction distribution,

{G4-G ) pp

‘ui-uk}FD = Ka-—wgwh—- (2.68)

av

Where Gau=[Gi+GkJKE and {Gi—Gk]FD denotes the fully-developed
mass velocity distribution between subchannels 1 and k. Ka
is an empirical constant of proportionality. Eguation {(2.66)

simply expresses the obszerved fact that the vapor tends to
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move to regions of higher velocities. {Gi*Gk}FD can be
assumed, to a first approximation, equal to the existing mass
velocity difference, i.e., lGi-Gk}FD=(Gi~Gk} JLS/

Evaluation of {wiik}mix

It should be recalled at thislpoint that the process of
exchange of mass by turbulent mixing between subchannels is
considered here to ocour on a volume-to-volume bhasis. There-
fore, the net liguid flow rate from subchannel i to sub-
channel k due to turbulent mixing must satisfy the egquation

{wlik}mix - - (Wﬁik}mix
Py Pg
or _
P
(Woidmix = ‘;Iwﬁik]mix (2.67)

where Ei is the liguid density at the interface approximated
by
EE = ﬁ.S{pEi + pik} {2.68}

} and {W

Lvaluation of {W ]

vik’div ik’ div

The total net mass flow rate from subchannel)l i to sub-
channel k due to diversion crossflow is defined by

[wik}div = {inkldiv * [wiik}div
or
} {2.69)

(W;y

div = "ie T Woiptnie = Mo tnie

{wvikldiv is simply the product of the vapor density and the

volume of vapor exchanged,
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—  Uydaiy * g% Midaiy 7 Pyt * Paaflmag))] (2.70)

where &4 is the void fraction of the donor subchannel, Note
that the guantity between brackets is the total (liquid +
vapor) volumetric creossflow rate by diversion crossflow per
unit of axial length. Finally,

Woidaiv = Pidaiv = Moix’aiv (2.71)

2,3.1.2 Reduction of the General Avproach tn'Siﬁgle—Phase

and Two-Phaszse Flow Predictions

S5ingle-Phasa

For single-phase situations the preceding formulation

reduces to

=1
]
L)

vik

and.

.} .

Wik = Woiktaiv

£ik ik

That is, the liquid i= exchanged by diversion crossilow only.
Thus turbulent mixing affects the momentum and energy ex-
changa but not the mass exchange.

The turbulent transverse velocity Eik is found by using
the so called mixing constant § which relates the mixing
crossflcw rate to the axial flow rate through the expression

(=

iw.. )} . ,
k' mix ik

(Bep) . = == = (2.72)
ik’ sp aavgik )

Where G = G.S{Gi+Gki and, likewise, ]av=ﬂ.5{31fjk}. The

bagsis for the development of this expression i1s discussed in
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reviews 'by Rogers and Todreas /R2/ apd Lahey and Schraub /L1/.
The expression for Eaik)sp is obtained fxrom Rogers and Rosehart
correlation /R3/ which was developed based on a number of
miking experiments in simple geometries and rod bundle geomet-

riges. It is expressed by

(] 1.57 .
- 1 ek =0.1

al

This correlation is recommended for smooth bundles and P/D
ratios in the range from 1.08 to 1.4 (for typical BWR fuel rod

hundles P/D=1.25). lik denotes a dimensionless mixing parameter
defined by
. D
FS
Ao, = K'laem {2.74)
ik 8¥3x

ﬁyik is mixing length between subchannels i and k. For rod
bundle gecmetries Rogers and Rosehart found that the normalized
distance py;, /Dps depended only on the ratio (8,1 /Dpg! with the
functicnal dependence of lik expressed by

r
ik '

with ¥=0.0058 and r=-1.46 cbtained by least sguare curve fits.

T™wo-Phase

Several experiments /Bl,G4,R9/ have indicated that
‘turbulent mixing is enhanced when two phases are.present and
depends strongly on the flow regime. Fig.2.4 shows the results
of experiments by Rowe and Angle /RE/ and illustrates the
behavior of a mixing parameter as a function of guality.
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Mixinq'in the bubble and churn-turbulent flow regimes is
substantially higher than single-phase mixing. Besides it
appears to reach a peak around the slug-annular flow regime
tranzition and then, after the peak, recedes to a valuas
slightly below that of the single-phase mixing. This depen-
dence of turbulent mixing on flow regime will be simulated
in a "two-phase mixing multiplier”, &, defined by

(Bs4)

ep = 085 (2.76)

gp
Following Beus /B4/ & will be modeled as linearly dependent

on the flow guality until the slug-annular transition where

it reaches its peak wvalue, 0 Referring to Fig.2.4 8 can

M-i
be expressed in Region A as
BH -1
8. = ] 4 =——x {x<x,;) (2.77}
Xy M

-

After the peak a hyperbolic curve is censtructed such that it
passes through the point (xm, BH} and approcaches the line
B=1. assymptotically, i.e,, it is assumed that the transverse
turbulent velocities of single-phase liguid ard single-phase
vapor are the same. Therefore, in Region 2., the expression
for 6 is

§ = 1.+ {EM*I} o X2Xyy {2.78)

b4

M
depend on tha Reynolds number /B4/. By least square fitting

The ratio is an empirical coefficient which was found to

to the experimental data Beus obtained



L2
X
-E] = 0,5%7 Re

*M

L0417 (2.79)

In order to determine x, it is necessary te find out under

what flow conditions thz slug-annular transition eoccurs,
Several flow regime maps are available in the literature /B3,
D2,G55/., The slug-annular transitién criteria of Wallis /wWl/ -
is probably one of the simplest and falls close to the peak
data peints., Wallis correlation states that the transition

occcurs at

jo = A

v 1 t A

*
23y (2.80)

where AL=D.4, RE=G.E* Equation (2.80) can be solved for the
flow quality x, to yield

pvjv - Aldhigne{ﬂi_pvJ + AEG

S 6[oy7pg * Ag)

(2.81}

The peak wvalue &, should be a function of the pressure, mass

velocity and gecﬁetrical configuration but due to lack of
experimental evidence it is difficult to estaltish a func-
tional dependence of &y on thogse variables. In his derivation
Beus found that the peak value inereases linearly with the
mass velocity but this is not supperted by the work cf Rowe
and Angle /R8/ which showed the peak value as a decreasing
function of the mass velocity (see Fig 2.3). As a first

approximation 8, is taken here as independent of the mass

M
velocity. This should be satisfactory if the mass velocity

does not change substantially across the bundle,,
In short {wvik}mix is obtained from equatidn (2.65) where

Eik is found from eguations (2.72) and (2,76}. Then (W

is computed from (2.67) and finally (wvik}div and {w

Lik mix
)

ik 'diwv
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from (2.70) and (2.71) respectively.

2,3.2 Exchange of Momentum between Subchannels

- The momentum fluxes carried by the vapor from subchannel
i to subchannel kX as expressed by equations {2.19}) and (2,21)

areg
. ] i
" i ol vz
ik 3 o
ik
and
1 J
: T oA Lz .
Lik ik I e

S5ik

respectively. Both M .. and ﬁlik are split inte turbulent
mixing and diversion flow components,

————

Mvik = {Mvik]mix + {Mvik}div (2.82)
and
Mosx = Wpixluix T Mesxlaiv (2.83)
Turbulent Mixing Components
The mixing component of hvik iz given by
1 3.
- + - vz
M ..} ., = — p {3,.n,.) .. ——4d5
vik'mix | sik s vV oov R mix o (2,84}

ik

In order to approximate the integral the average values of

Ijvzfm] in the adjacent subchannels i and k are used since

the change of [jvzfu} along Six is not known. Thus eguation




LT
. {2.04} becomes
. j . j .
. . Y vzil _ vZk
M st mix pguik[ai( ay ) uk( o }
= o, (3 - Juo) {2.85)
pg ik ‘vz vzk' - -
Similarly for the liguid,
(M, .} s U, (0,:3,.0 = Pordgar) (2.86)
Lik’mix Yik'Peidzzi 7 Paxdezk .
Now define
M) mix Mo mix ¥ Mrix) mix (2.87)
It can be eagily verified that
- ] o i
- {Mik}mix = ., 06, Gk] {2.88)
Diversion Flcow Combenents
The diversion flow component of Hvik is given by
' 1 i .
] _ + -~ vz
{Hvik}div - ET*;[‘ pvijv‘nk}div ds (2.89}
ik g 4]

ik

and is approximated by using the donor-cell formulation, that

is,
1 j .
- 2.90)
U }.—-_h{w.].(—“.’i) {
vik'div sik vik' div o ld
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where d indicates the donoy subchannel, Similarly for the

liquid,

1 g
Y iz
Mgix’aiv ¥ 577 (Wiik}div(z:;)d | (2.91)

2.3.3 Exchange of Energy

The fluxes of energy transported by the vapor and by the
liquid from subchannel i to subchannel k as expressed by
equations {2.25) and (2.27} are

1
. _ - "
E‘Vik = qj’ ﬂv{jv.nk]hvds . {2.25}
Six
and
+ 1 -+ ~
e Six

respectively, As was done with the momentum fluxes in the
. - u - 13 : =y
preceding section both Evik and Eiik are split into turbulent

mixing and diversion flow components,

E. . = |{E

vik {2.32)

vik}mix + {Evik)div

and

Epik Eyidmix © Erixlaiv (2.93)

The components on the right of equations (2.9%2) and (2.9%3}
are found by the same procedure used to evaluatg the components

of Mv and M

ik Lik in the preceding sectlcn.. It results
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. N | .
A Eoirdmix = PgVixhy i7% o (299
EBikmix = uik[pll g (lmag) = pyyhyy (e o (2,95)
B Vg = o= ). b (2.96)

vik'div 5, " vik div g

: _ 1
i Beidaiv = 557 Woiklaiv Pra (2.97)

2.4 fClosure

| Subcooled Boiling

As stated in Section 2.1.4 seventean equations are needed
for closure of the system. However in the subcocled boiling

‘ regime three additional unknowns, q;P, q and qevap' were

introduced when the heat flux, q', was split into three
compenents, Therefore, twenty equatinns are needed to close
the system in the subcooled region. They are the following

i Field Egquations | hdqnstitutive Equations
| 2.11 2,29 2,61
2.13 2,31 2.62
2.22 2.34 2.82
2.47 2,35 2,83
'2.36 2.92
2.39 2.93
2.4%
2.48
2,50 heat flux
partition

2,55

£
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i Bulk Boiling

For bulk boiling conditions the enerdgy equaticn is
redundant since the liquid is assumed saturated. Therefore,
the number of field equations is reduced by one while the
number of constitutive equations increases by ong. The seven-
teen equations are the folleowing ‘

Field Egquations Ceonstitutive Egquations

2.11 2,29 . 2,58
2.13 2.30 2,61
2.22 2.31 2,62
2.34 2.82
2.35 " 2.83
2.36 2.92
2.39 2,93

2.5 Finite bDifferance Form of the Conservation Eguations

’ —-- To establish the finite difference form of the conser-
vation equations each subchannel 1s divided along its length
so0 a spatial mesh is obtained in which axial node 1 is at the
inlet of the channel and axial node J at the exit. All the
variables are defined at the interfaces between the axial
nodes as shown in Fig.2.1l. The finite difference scheme
&epends on the method of solution which will be the subject
of the next section. In the finite difference eguations that

i follow all unknown variables are written at the new time step

to insure implicity. The subscript j refers to the axial

node while the superscript - denote the old time step value.

Jovd 1ITLY o o B




Conservation of Vapor Mass

) o= + Lo i T amto
FEleiPei®iPusly * az[“‘vijvi’j ‘“vijvi}j-ll

1 .
rvi,j - Ei ink,j

w i =

Conservation of Liguid Mass

Eli;“[u'“i”u" (1-a,] "n]j + ghleg 3, j_{ﬂiijii}j-l]

eik,j

%
|
L
<
|
e
I
| -
rrt"fli__?:
x

Concervation of Axial Momentum for the Mixture

1 L] L - -t
E‘E[“’vijvi*%ijmi’ {pvi]vi+piijli]]j

4z o, . {l-mi]

. '[1"Hi] i

1

= -—l'- - - — r - -
32F517Fy) et 3 Pri [PyiaiPes (1 o], 9,
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{2.98}

{2.99)

2 .2 2
. J_‘:pvi(jvij . pli{jti}z] _ [pvihvi} . Paitdes! ]
| J =1

(2.100}
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Conservation of Eneragy for the Liguid in the Subcooled

Region

1 .
EE[{I_“i]plihii - {l-“i}piihli]j

1 ¥ ¥ [ »
+ EE[{pvijvihg’j“pvijvihg’j—l * {ﬂaijzihzi’j"piijaihai’j-l]

1 i
= E.

| N,
" ! P 1 1[' +E S
: [qmi"{qmi}evap]j Hmi TpTiE Eyix Es:ik]j i (2-101)
k

=0 e

2.8 HMethod of Sclution

AS shown in Section 2.6 the difference technigque repre-
sents a fully implicit differencing of the partial differential
equations. One method of solving the set of algebraic finite
difference eguations is the successive substitution technigue.
In this method the equaticong are solved simultanecusly at all
axial intervals. However, due to the fully implicit differenc-
ing, this would imply increased computational costs and add on
the code complexity. In order to keep computational costs low
a marching technigue is employed. Relative to the successive
substitution scheme the main disadvantage is that marching
methods are based on the premise that the flow is always from
the inlet to the outlet. However, only BWR operational '
transients will be subject of simulation here and reverse flow
gituations are not anticipated throughout the study,

The method of sclution clozsely follows a strategy outline
by Forti and Gonzalez-Santalo /F2/. FPirst equation {2.98} is
meltiplied by lf{pvij} and equaFlon (2.99) by lf{ﬁiijJ. The
resul*ing equations are added to yield




—r. - ] .
— )l ==+ - —— +
At Ppi i Poi Prri 3 i3 Poi 3 pvl,]
1 1 Az [W . W, }
- Rik v1ik
= AZj—- = —— | T . , = =— = {2,102}
Pei  Pgify VieJ ‘“‘ig Agi Pvi J5 ' -

In the finite difference equation for the vapor mass (2.98)
@5 3 is replaced by irs value given by (2.32), i.e.,
¥

jvi '
= {2.103}

o
i g R
Coly * ij j
Substituting (2.103} intc (2.98} results
- Aetom Ty + Loyl _._1“_ + 2)5 yidvily-y
AETTviTiT] vilit Coji+Uvj Azf-vi 3 Az
: {2,104}

Equation {2.100) is rearranged to give the pressure drop

between two consecutive axial nodes,
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| Az . : e am =
(Pey = P31 = EE[{pvi]vi+p£ijii} ‘pvijvi+“zilmi‘]j
b (3.2 (3,2 5. (3 7% (5,12
+ vi'Jvi + Pytdgs . vi vl + Pepitdps
Az .
*h, Cwii TRi *_[ﬂvi“i+“ai‘1‘“iﬂ j 9582
Ny
Az . .
* pTlZ [Mvik"'miik}sik (2.105)
X

The second, third and fourth termg on the right of (2.105}
are commenly identified, respectively, as acceleration,
friction and gravity pressure drop. The first term accounts
for the momentum storage rate while the fifth represents the
momentum exchanged between subchannels. The densities pvij
andﬁplij are assumed equal to the values at the preceding
interval. PFor high pressures and small node spacing &z these
assumptions should introduce little error and avoid iterative

schemes to find the densities.

The system to be solved consists of four algebraic
equations {2.102), (2.104), (2.105) and (2.101} and five un-

knowns: Jvi,j' jii,j' Pj' 21,3 and Wi {recall that Wﬁik'

and E are dependent on these five

Wik’ Moin' Mpixe Evix gik
variables) . The £ifth equation is given by the ¢ondition of
‘no transverse pressure gradient. This means that at a given
axial plane j the total mass crossflow rate for each subchannel

W is dependent on the pressure drop,

i,3
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Wi.j - ) Wik,j = f[Pj_l—Pj} (2,108}

Where W., =W iy, 3 W2ix,q° 3

is found iteratively by reguiring that all subchannels achieve

The total mass crossfleow rate Wi
r

the same planar pressure. In the numerical scheme the pressure
drops in the subchannels should not differ from each.other by
more than a prespecified convergence criterian., To conpletely
solve the prohlem it is necassary to find the inter-subchannel
crossflow rate W, ,. This is done as follows.

In a bundle containing ¥ subchannels there are H equations
of tha type

i

W {2.107)

ik, 3

=
'-l
o
)
= =

However it can be easily verified that the resulting equation
for the NN
remaining ¥-1 eguations. Therefore, conly N-1 equations repra-

subchannel is just a linear combination of the

sented by (2.107) are linearly independent. It can also bhe
shown AW/ that in a rod bundle with N subchannels the number
of interfaces between adjacent subchannels, i.e., the number
nf-wik
independent loops in the subchannel lattice. The concept of

unknowns, is given by (N+L-1l) where L is the number of

loops 1s illustrated in Fig.2.5 which shows a four-rod bundle
with 180" symmetry. Below all the possible loop configurations
are drawn.

DD (@ P—C
oo

® ®

(3 O &
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It is easy to see that ﬁnly two of the three loops are indepen-
dent. For example, loop C c¢an be viewed as a combination of
loops A and B, For each independent locop it is assumed that
the Flow does not circulate around that loop, i.e.,

E W, . = (3
loop k] . (2.108)

This guards against the paéﬁibility of unlimited circulation
flow around the fuel rods. Without this assumption the
circulation flow could assume any value and, hence, the number
of soluticns to the set of eguations would be infinite. An-
other way of avoiding this problem by Beus et al /B5/ by
writing a pseudo momentum equation in the transverse direction.
By doing this, however, cases may occur where the circulating
flow is unavoidable., Equation (2,108) provides the L addi-
tional relations required to solve Wik"

2;; Thermal Coupling between Fuel and Coolant

The temperature distribution in the fusl red is computed
by a collocation method applied to the heat conduction prob-
lem in eylindrical coordinates. The method uses backward
finite differencing in the time variable and treats the
spatial dependence analytically (see Appendix A}.

As was mentioned before the thermal coupling between fuel
and coolant is accomplished by using the concept of heat flux,
To detect c¢ritical heat flux conditions {CHF] only the single-
phase and nucleate boiling regions of the flow boiling curve
need to be considered. These capn be accurately modeled by
the Chen's correlation /C6/. The solution is numerically
advanced in time by assuming that the heat transfer coefficient
ig not strongly dependent on fluid temperature, T_. Thus

B
the heat transfer coefficient is treated explicitly in the
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numerical expression for the heat flux

uy* _ - + - - + - '

(g) he AT -Tg) + h, (T -Tc) {2.109)
This is a reasonable approximaticn for operational transients
where the heat capacity of the fluid is large enough that
small c¢hanges in the heat fluxes lead to small changes in the
fluid thermal conditions, The temperature distribution of

each fuel rod is computed at all axial steps at every time
step.
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Fig. 2,1 - Control Volume Used

in the Averaging Procedure
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Fig. 2.2 =--Void Profile in Subcocled Boiling
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xo XM Quality

Fig. 2.4 - Variation of the Two-Phase
: Mixing Parameter with Quality.

\§ G

Fig. 2.5 - 4x4 Red Bundle with 180°
Symmetry.
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CHAPTER 3 -~ RESULTS AND DISCUSLGION |

In order to vallidate the physical models presenﬁed in the
previcus chapter a comparison between the code results and
experimental findings is performed and discussed in this chap-
ter. This is limited to experiments where detailed informa-
tion concerning subchannal flow guantities is available. Large
bundles have bsen tested in the past but only glebal guantitiss
were measured, In this study comparisons will be performad
for steady-state conditiens. At this time ne information is
available for subchannel guantities under non-stationary
conditions. The experiments chosen are those where the geo-
metrie and hydraulic parameters were typical of BWR design.

The comparisons are mainly performed on the basis of the
following data:

= Mine-Rod GE Test Bundle /LZ2,L3/ .
- Sixteen-Rod ISPRA Test Bundle /HZ,H3/
~ Rine-~Rod Studsvik Test Bundle /G6,ULl/

—1

1t is fortunate that several commenly used subchannel
codes have been tested against the aforementioned experimental
evidence. Therefore, it is possible net only to show how the
code CANAL compares agalnst the experiments but also how it
performs in compariscon to other codes.

In these experiments the follewing flow gquantities were
measured: subchannel exit mass velocity, subchannel exit
quality and pressure crop along the heated length. These
measurements provide to some extent sufficient information
for the verification of the physical modelé. However, the
mizxing model could be substantially improved if measurements
of the subchannel woid fractions wers available, This would
also permit & check on the hypoethesis of functional dependence
betwaen the void fraction distributicon and the mass velocitv
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distribution.

A comment is necgssary here on the ‘choice of the empirical
parameterzs of the mixing model, Ra and BM {Section 2.5.1).
Through numnerical experiments it was found that the calculated
rasults have little sensivity to Ka as long as this parameter
is in the range from 1,2 to 1.6. In this range the best
agreements with all experimental {indings were oObserved. To
simalate the three experiments already mentioned a constant
value Ka=l.4 was arbitrarily chosen. The results showed a
moderate sensitivity to 8,. The choice of this second parame-
ter will ba discussed in the following section in the frame-
work of each experiments. At this points it suffices to say
that feor cach experiment a ¢onstant value of BM was assumed.

3.1 Hine-ERod GE Test Bundle /L2,L3/

3.1.1 Bundle and Test Description

'4"In 1969 test conditions of typical BWR operation situa=-
tions were investigated at GE /L2/ with electrically heated
3%3 rod bundles for both uniform and non-uniform radial power
distributions and for adiabkatic conditions. Simultaneous
mea surements of exit mass velocity and exit quality were
performed for individual subchannels using the isokinetic
gampling technique. The GE data were the first published for
sgquare—-array arrangements. For this reason it is particularly
important for the development ¢f CANAL to assess the analyti-
cal predictions ag&ihst these experimental findings.

The nine-rod bundle test section is shown in Fig.3.1 and
its geometric and hydraulic data are summarized in Table 3.1.
Three types of experiments were conducted:

{l) Iscthermal tests in order to determine the liquid flow
split between subchannels. The corresponding test
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conditions are shown in Table 3,2, (These tests were
called Series 1 by GE)

[2) Tests where all rods were uniformly heated in the radial
and axial directicons., The test conditions are shown in
Table 3.3. (These tests were called Series 2 by GE)

(3] Tests where the rods were non-uniformly heated radially
but uniformly heated axially. The radial peaking pattern
is shown in Fig.3.2 whereas the corresponding test
conditions are reported in Table 3.4. {GE Series 3)

3,1.2 Results and Comparisons for the Isothermal Test Data
{GE Serias=s 1)

The experimental and calculated results for the isother=-
mal tests are shown in Table 3.5 and Pig.3.3. Included are
results obtained with COBRA-IV /W4/. Lahey et al. estimated
an error band of 3% in the measurements. of subchannel mass
velocities. The comparison of the CANAL results with the
measured data shows good agreement. 1In all cases the calcou-
lateﬁ mass velocities for the =side and center subchannels
were within 4% of the measured values, The largest difference
oceurred for the corner subchannel of test point 1B, Com-~
parison with the COBRA-IV results indicates that the two codes
are equivalent in terms of a¢ouracy for this test, It can be
stated that the assumption ©f no transverse pressure gradient
is obviously valid for the isocthermal test conditions.

3.1.3 Results and Comparisons for the Two~Phase Test with

Radially Uniform Heating (GE Series 2)

This was the first experiment to reveal the phenomenom

-of laterazl drift eof the vapor phase to regions of higher

velocities under diabatic conditions. fThe experimental data
shown in Table 3.6 indicate that the exit quality of the
center subchannel 1s always the highest among the three types

by
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of subchannels, the side subchannel behaves approximately as

the bundle average and the exit guality of the cornér sub-
channel is lower than the bundle average. The most reason-
able explanation for this trend of the data is the tendency
of the steam to move preferentially to the center of the rod
bundle and/or the presence of a thick liquid cold film on the

unheated bundle wall.

The results of CAMAL for GE Series 2 are also shown in
Table 3.6. In all the runs the empirical mixing parameter
was sat as EH=5. This means that at the slug-annular flow
regime transition the turbulent exchange of mass batween
adjacent subchannels is enhanced hy a factor of BM=5. with
respect to the single-phase value. In general CANAL compares
very well against the measured data and its mixing model does
a good work in establishing the correct trend of the exit
guality distributicn. The exceptions are those Tuns with low
bundle average guality, 2B2, 2El1 and 261, where the exit
guality of the corner subchannel is overpredicted.

Enhanced Mixing

The experimental data clearly reveals the phenomenon of
enhanced two-phase mixing., Fig.3.4 shows the change of the
normalized mass velocities of the three subchannels as a
function of the bundle average guality for runs 2E1, 2E2 and
2E3., It can be observed that the measured velocity distribu-
tion depicts a more uniform profile in the vicinity of x=10%,
that is, about the slug-annular flow regime transition., This
effect is attributed to an enhacement of turbulent mixing
around this transition. As shown in Fig.3.4 CANAL predicts

this trend as the flow regime avolves from bubbly to slug

flow but it overpredicts mixing for run 2E3 whosa exit condi-
tions corresponds to the annular flow regime.

The experimental results for the three runs 2G have
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similar behavior 2s that shown in Fig.3.4 for the three runs
2E. They indicate that for these experiments the turbulent
mixing rate is probable more intense not at but before the
slug-annular transition, This comes from the following
argument. In all the.experiments the flow gquantities are
measured at the exit of the subchannels, For example the exit
conditions for run 2E2 are characteristic of the transition
slug-annular where the maximum in ﬁurbulent mixing is assumed
to occur in the mixing model formulatien. This implies that
for run 2E2 the bubbly and/or slug flow regimes should prevail
along most of the bundle length (this is more evident for the
corner subchannel where the exit guality is low}. Therefore
the turbulent exchange of mass, momentum and energy between
subchannels is more intense probably under slug regime condi-
tions. However, from the available experimental evidence it
is difficult to establish a2 precise e¢riterion for the ceccur-
rence of the maximum in turbulent mixing. Using the slug-
annular flow regime transition 1s convenient and appears to

be_a good approximation as the calculated results show.

Heat Flux

From rins 2C, 2E and 2G it is possible to obtain other
trends of the experimental data. This is deone by pletting
the exit gquality of each individual subchannel against the
bundle average guality while holding the average mass velocity
constant and varying the heat f£lux. Figures 31.5% to 3.7 show
the effect of the heat flux on the exit subchannel qualities,
It is obsarved that for bundle average guality above 6% the
corner and side subchannels run cooler while the center sub-
channel becomes hotter as the heat flux is increased. At
average exit qualities below B% the trend is reversed. In
fact, the trend in this range may be similar to that at higher
qualities because the the uncertainty in the gquality measure-
ments is estimated to be k(2%(x0.02}). The calculated results

- . o . . . [
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also shown in Figures 3.5 to 3.7 indicate that CANAL does not
model satisfactorily the effect of the heat flux on the sub=~
channel qualities, It is more than probable that these ob-
served trends are due to subcooled boiling effects since the
heat flux plays 2 major role in the void detachment phenomenon,
This illustrated in Fig.3.8 where the estimated behavior of
the corner subchannel guality along the bhundle length is plot-
ted for runs 2E2 and 2G2. These runs were chosen because the
average exit conditions are about the same. For simplicity
it is assumed that the guality In linearly dependent on =z
(the dependence is not exactly linear because of the trans-
verse mass flow)., The subcooled quality, X coerresponding
te the void detachment point is lower for run Z2G2 than for 2EZ
since heat flux is higher for the first. It can also be
noticed that for run 2E2 the portion of the subchannel length
under boiling conditicons is larger than that of run 2G2,

Fig.3.8 is also ancther indicaticn that the mixing model
of CAWMAL is5 underestimating the rate of turbulent mixing for
bubbly conditions since CANAL 15 overpredicting the corner
subchannel quality for both runs and bubbly conditions are
certainly predominant in these two cases.

Mixing Parameter, HM

The effect of the mixing parameter 8, on the flow quanti-

ties of the corner subchannel for runs 2ET, 2F2 and 2E3 is
shown in Figures 3.9 and 3.10. Increasing BM tends to drive
more vapor to the center subchannel and more ligquid to the
corner subchannel with little change in the mass velocities
of the side and center subchannels. It must be noted that
most of the flow is in the side and center subchannels.
Therefore, even substantial changes in the flow of the corner
subchannel affect very little the flow in the two other sub-

channels. Decreasing EM has the cpposite effect. .
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Other Codas

Comparison of COBRA-IV /W4/ results with the cbserﬁed
trends, also presented in Takle 3.6, shéws a strong over-
prediction of the corner subchannel exit guality and, accord-
ingly, an underprediction ef the corner subchannel mass veloc-
ity. The exit guality of the center subchannel is alsc under-
predicted to some extent. COBRA-IV fails to predict the
experimental trends due to an inherent deficiency in the
mixing model of the COBRA codes for two-phase conditions.

Even i1f the mixing parameter, 8, in COBRA i1s set to a Very
large value it would result in a guality Qistribution which
approaches a uniform profile, i.e., the exit gualities of

the three subchannels will be nearly identical. These
experiments reveal that the formulation of the mixing model
.in COBRA is incomplete and £ cannot be taken constant through-
out the bundle but its dependence on flow regime, mass flow
rate and gap spacing must be accounted for. The same coments
apply to other subchannel codes using mixing models similar
tﬁ_fhat of COBRA. For instance, the results of THINC-II and
THINC=IV for tests 2El, 2E2 and 2E3 shown in Figqures 3.11 and
3.12 support again these {indings.

3.1.4 Results and Comparisons for the Two-Phase Test with
Non-Uniform Heating {GE Series 3)

s Fig.3.2 shows the radial peaking factor pattern for
this series is nearly diagonally symmetric with the hot corner
rod power being approximately twice that of the cold rod power.
Unfortunately, no mass and energy balance can be checked for
these runs bacause, as shown in Table 3.7, GE sampled only
.five of the subchannels. If diagonal symmeiry is assumed
there are ten distinct subchannels in the bundle. It should
be recalled that with the exception of the local peaking
factor pattern the test conditions for runs 382, 3D1, 3El and
3E2 are nearly identical to these of runs 2B2, 2D1, 2El1 and
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2E2 regpectively. This makes it easy to refer back to the
radially unifocrm heated cases discussed in the preceding sec-
tion,

In order o reveal the trends of quality and mass velco-
gity distributions the msasured exit flow guantities of the
non-uniform heating case are compared to those of the uniform
heating case. That is, the behavior of the hot and cold
corner subchannel in Series 3 is compared to the behavior of
the corner subchannel is Series 2 and, likewise, the copld and
hot side subchannels are compared to the side subchannel.
For all cases, relative to the uniform heating runs, the
following conclusions can be drawn:

L]

{1) the exit gquality of the hot corner subchannel is higher;

{(2) the exit quality of the ceold corner subchannel is not very
much affected and does not show a definite trend;

{3) the exit quality of the hot side subchannel is higher;

(4} the exit quality of the cold side subchannel is lower;

(5} the exit guality of the hot center subchannel is higher:

{6) the exit mass velocity of the hot corner subchannel is
lower;

{7) the exit mass velccity ¢f the cold coxner subchannel is
lowar;

{8) the exit mass velocity of the hot side subchannel is
lower;

{3) the exit mass velocity of the cold side subchannel is
higher;

{10) the exit mass wvelocity of the hot center subchannel is

lower.

These comparisons are shown schematically below (refer to
Table 3.7)
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cold celd

Hot Hot

Again, in the hot side of the bundle the phenomencon of vapor
lateral drift o the higher wvelocity regions is observed, i.e,,

{11} the hot center subchannel runs at the highest exit
quality; )

(12) the hot corner subchannel runs at higher-than-average
exit guality;

{13) the exit quality of the hot side subchannel is always
higher than that of the hot corner subchannel.

rable 3.7 summarized the comparisons of CANAL results
against the experimental findings. Again for all runs the
empirical mixing parameter was fixed at BM=5. Satisfactory
agreement has been achieved in general. Qualitatively CANAL
is not able to predict trend {7) for runs 301, 2E1 and 3EZ
and, as was the case with GE Series 2, CANAL is undersstimat-
ing the effect of lateral vapor drift to the hot center sub-
channel for the low exit quality runs 3B2 and 3El. Quantita-
tively the following comments can be made:

{a) The qualities of the hot corner, side and center sub—
channels are considerably underpredicted (differences
batwean 0,04 and 0.98 in terms of gquality} for run 3E2
while the mass velocities of the hot side and hot center
subchannels are overpredicted (14% to 20%) for runs 2E1
and 3E2. It should be recalled the for runs 3El and 3E2

the heat flux at the hot rod surface is much higher than
that of runs 2E1 and 2E2. Because of the importance of
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heﬁt flux on the subcecoled boiling regime it seems that
gsubcooled boiling has proﬁounced effects as the conditions
change from radially unifrom to radially non-uniform
heating, Again these resulis indicate that CANAL needs
gome improvement in modeling turbulent mixing under sub-
cooled boiling.

{b) The mass velocity of the cold corner subchannel is over- .-
predicted (7% to 30%) while the mass velocity of the cold
side subchannel 1z underpredicted (~15% to -8%). The
reasch for these differences is not clear, It would be
helpful to know the exit flow quantities of the cold
center subchannel which unfortunately was not sampled,

One of the main problems in modeling this experiment is
the higher degree of complexity of the power £ilt flow and
boiling regimes in adjacent subchannels may be very distinct
in some cazes, For this reascn it is not clear yet what is
the best scheme of averaging the flow guantities in neighbor-
ing -subchannels in order to simulate the flow conditions at
the interface between those subchannels.

The results of COBRA~IV are also shown in Table 3,7,
it ¢an be noticed that COBRA-IV ig not akle of predicting
gseveral of the previcusly mentioned experimental trends.
Particularly COBRA-IV fails again in simulating the trend in
exit guality distribution on the hot side of the bundle
becanse of the already menticned deficiency in its mixing
model. For all cases COBRA~IV strongly underpredicts the
mass velocity on the cold side subchannel for no apparent
reason.

An overall conclusive statement cannot be reached on the
basis of built-in models in today's subchannel codes. How-
ever, the combination of CANAL mixing model with the assump-
tion of zero transverse pressure gradient seems to he accept-

ahle for the GE experiments. _
e
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3.2 Hine-Recd Studsvik Bundle Experiment with Power Tilt

/G6,ULl/

3,2.1 Description ¢f the Bundle and Test Conditions

At Studsvik {Sweden) messurcments of mass velocity,
guality and enthalpy were performed in a nine-rod square
array rod bundle with very high radial power gradient,
Fig.3.13 shows the nine-rod bundle test section. The rods are
of three types positioned in such way that the rods of the
same type are positicned in one row. The power generated was
zero in the reods of the first row, 30 percent of the total
power in the second row and 70 percent in the third. The
outlet of the test section was equipped with flow split
devices arranged such that always two subchannels were sampled
together according to the following schems:

Split Channel subchannel
S 7+ 8
T 2 ' 5 + &
3 3+ 4
4 } + 2

Thus no individual subchannel quantities were measured during
these tests. The bundle containg four spacers typical of BWR
design. Their axial position is depicted in Fig.3.l4. The
gubchannel spacer loss coefficients and subchannel flow areas
as given in /G&/ are

Subchannel ~ Bpacer coefficient Flow Areas
{velocity heads) xlﬂ-ém2

1 1.22 62.9

2 2.03 100.7

3 2,08 99.6

4 1.53 150.2

S 2.13 98.4
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| Subchannel Spacer ceoefficient Flow Areas
' (velocity heads) x10"%m?
| 1.58 147.8
7 1,27 61.7

2.13 g8.4

The test conditions £or the seven cases Tun are summarized
in Tahble 31.B. ' '

3,2.2 Results and Comparisons

A unique frature of the Studsvik bundle test is the
strong radial power tilt, This complicates the modeling of
the mixing phenomenon because flow and boiling regimes may
be very distinct accros the bundle even for adjacent sub-
channels due to the cccurence of various boiling modes at the
same axial position. TFor example, aloné most ©f the channel
length subchannels 1 and 2 are subcooled while subchannels
7 ahnd B8 are saturated as indicated by the experiment.

A collecticn of results of various subchannel codes was
assembled /ULl/ using this experiment as a2 benchmark test.
Nine institutions participated in this exercise with the
following codes, most of them being of preprietary character:

1} HAMBO : .
2} COBRA-IIIC } - Belgonucleaire, Bruxelles, Belgium
3) SDs " . = AB Atcomenerqi, Studsvik, Sweden
4} COBRA-II - Royal Inst.of Technology, Stockhelm,
Sweden
5} Matteo ~ Consorzic Nuclital, Ttaly

6} THERMOHYDRAULIK
7} VIPER old
8} VIPER new
9) MIXER 2 = KWU, Frankfurt, Germany

KWU, Erlangen, Germany



19) coLa 1
11} COLA IIS
12} FLICA
13) sps

14) TORC

The results of the
from CANAL and the
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Institute for Space Aviation and Nuclear

1

Engineering, Tu Braunschweig, Germany
Cantre d'Etude Nuéleaire, Grenoble, France
- Research Establishment Rise, Denmark

- Copbustion Engineering, U.S.A.

most popular codes together with those
measured data for cases 1 through 4 are

summarized in Tableg 3.9 to 3,.16. It should be mentioned

that cases 1 through 4 were given the highest priority in the
report specifying the benchmark exercise /U0l/. The coverage
of all seven cases is not necessary here. The remaining three
¢casaes presant the same trends as obseverd in the first four
cases,

In crder to compare the calculated results with the
experiment the average guality of each split channel is
cbtained from the individually predicted subchannel gualities

according to

*x G A +x G A
§ _ "eaee mmm (3.1)

5 G A, + Ophn

and the split channel mass velogity from

5 _ G he *+ Cpby
J e ¥ “m

where J=l,uns 4
m=10-24
E=g—2j ]

as prescribed by Ulrych and Kemner /U1/ for the participants
of this benchmark test. ' '
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Figures 3.15 to 3.22 show the differences between the
calculated results and the experimental data. The mixing
parameter was sat as BH§¢. Cﬂmpgring the experimental find-
ings with CAMAL results the following remarks ¢an be made with
respect to exit quality and exit mass velocity predictions in

the split channals:

{1y The exit guality of split channels 1, 2 and 4 are well
predicted for all cases. '

{2) The exit gquality of split channel 3 ls consistently over-
predicted by CANAL more s¢ in case 1 where the differenge
is 4%. . '

{3} The exit mass velocities of all split channels are well
predicted for all cases except for split channel 4 in
case 3.

In general CANAL results in good agreement with the
experimental f£inding=. The interchange of mass, momentum and
enerqgy between split channels 3 and 4 seems to be the cause
of_the larger deviations ohserved for case 3. Varying the
mixing parameter, O, , affects very little the trends in spiit
channels 3 and 4 since c¢hannel 4 is in subceecled conditions
along its whole length (except for case 1) as illustrated in
Fig.3.23. Consequently, there is little exchange of vapor

between +hegse two split channpels.

The major co