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ABSTRACT

COBRAG is a steady state subchannel analysis code for performing analysis on BWR
or simulated BWR fuel bundles. It can be used to predict bundle critical powers and
dryout locations, bundle planar averaged and local void fractions, and bundle pressure
drops. This document provides a description of the physical models and numerical
methods in COBRAG.

The subchannel two-phase flow is described by a two-fluid, multi-field model.
Interactions between the fields are modeled through constitutive correlations for interfacial
shear and heat transfer, entrainment and deposition. Inter-subchannel transport phenomena
like mixing and void drift are also modeled. Energy transfer from the wall is modeled as a
boundary condition. Physical models include a full or part length fuel rod model with its
own specific axial power profile and peaking factor, and a semi-empirical spacer model.

COBRAG is capable of simulating a broad range of bundle geometries. Bundles with
large water rods, part length rods, and full length rods can be modeled with their own
specific size, axial power profile and local peaking. Bundle inlet and outlet conditions
including inlet flow distribution are simulated as boundary conditions specified by the
users.
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1.0 INTRODUCTION

COBRAG is a Global Nuclear Fuel (GNF) proprietary version of COBRA (Coolant
Boiling in Rod Arrays) [1]. It is a best estimate code for subchannel analysis of thermal-
hydraulic phenomena in a BWR type fuel bundle.

1.1 Scope and Capabilities

COBRAG is a steady state subchannel analysis code for performing analysis on BWR or
simulated BWR fuel bundles. It can be used to predict bundle critical powers and dryout
locations, bundle planar averaged and local void fractions and bundle pressure drops.

The subchannel two-phase flow is described by a two-fluid, multi-field model.
Interactions between the fields are modeled through constitutive correlations for interfacial shear
and heat transfer, entrainment and deposition. Inter-subchannel transport phenomena like
mixing and void drift are also modeled. Energy transfer from the wall is modeled as a boundary
condition. Physical models include a full or part length fuel rod model with its own specific
axial power profile and peaking factor, and a semi-empirical spacer model.

COBRAG is capable of simulating a broad range of bundle geometries. Bundles with
large water rods, part length rods, and full length rods can be modeled with their own specific
size, axial power profile and local peaking. Bundle inlet and outlet conditions including inlet
flow distribution is simulated as boundary conditions specified by the users.

THERMAL HYDRAULIC MODEL 1-1
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2.0 THERMAL HYDRAULIC MODEL

A three dimensional two-fluid and three-field model which is considered to be the most
appropriate to provide the capability of describing the film dryout phenomenon, non-equilibrium
effects and subchannel mixing, is adopted to model the two-phase flow. The two fluids
represented are the vapor and liquid phases while the three fields represent the continuous vapor
or bubbles, the continuous liquid or droplets, and the liquid film fields. The model is governed
by the conservation equations of mass, momentum and energy for the two-phase flow.

In COBRAG, the governing equations of the two-phase flow model are the conservation
equations in mass, momentum, and energy for each field. They are formulated as follows:

2.1 GOVERNING EQUATIONS AND ASSUMPTIONS

In COBRAG, the governing equations of the two-phase flow model are the conservation
equations in mass, momentum and energy for each field. They are formulated as follows:

a(agpg) +V.(agpgv,) = +M,,,~g

Liquid mass:

-(a•P•) + V.(ap•V) = -Fe+ (Ek-Dk)+ Mmix,o (2.1-2)
atek

Liquid film mass:

2 (lfkPo)+ V.(af,kPVtfk) =:-F.k+ (Dk-Ek)+ Mfsk
0 (2.1-3)

Vapor momentum:

*(Ogpg g) +V°(agpgvg g) =-agpgg-agVP-Fie- Fifk -ZFwg,k + B.nix,g- vd (2.1-4)
k k

Liquid momentum:

-(•eapVe) + V°(0epiee) P j -ePg - (XeVP + fie- lFwe, k ABnix, e-Fvd
at k (2.1-5)

+ Z(EkVfk-Dk e)

k

THERMAL HYDRAULIC MODEL 2-1
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Liquid film momentum:

a +V.(afkpVi)fkP fk) c fkPg VP

+ Fif- FwC k + Bfs,k + (DkVo- EkvIfk) (2.1-6)

Vapor energy:

(agpghg ) + V.(-gpgVgh ) = ag a + rghg+ qig + Z qwg, k + Enix, g (2.1-7)
at a k

Total energy:

- abpghg +Co,P h, + kafkP,:hc +7°*(egpavghg+ aeP.vohe'+ EtfkPe•f.,khe
ah ( k k (2.1-8)

aP
-- + Emixg + Enix, e + E Efs, k + E qw',
at " k k

where subscript k identifies the liquid films in a subchannel.

Several assumptions have been made to derive the governing equations of mass, momentum
and energy:

* The momentum transfer terms due vaporization (FgVr) and condensation (FYvr)

have been neglected. This is justifiable as these terms are small compared to the
other interfacial forces like the interfacial drag. (For nucleate boiling in a BWR at
a power density of 50 kW/e the interfacial force due to mass transfer is

FV=5- 1072_20Pg yr h 50 Vr 10 kg/mZ-sec2 using hfg = 1.5°106 J/kg and vr = 0.3 m/sec,
hf8

whereas the interfacial drag balancing the buoyancy is given by cL(l-(X) Apg ; 1.6

103 kg/m -sec 2 , using cx = 0.4 and P = 7 MPa).

* Pressures in all fields are assumed to be the same (Pg Pg =P 1i=P,=PIP). In general,

this pressure difference is small and the impact on the calculation is negligible.
This assumption simplifies the equations since only one pressure needs to be
calculated.

* The pressure difference between the phases due to interphase curvature is
neglected. This term has little impact on the fluid properties and does not impact
the relative motion of the phases. (For particles with a radius of 10-4 m the
pressure change across the interface is less than 103 Pa for typical BWR operating
conditions

THERMAL HYDRAULIC MODEL 2-2
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* The shear tensor is neglected except for shear at the boundaries against solid
structures and shear at the interface for seperated flow. The shear against the
solid boundaries is accounted for through wall friction terms Fwe, Fwg, and Fwf.

The shear at the interface is accounted for through drag terms Fi, and Fif which

can be correlated using the relative velocity.

* Conductive heat transfer (Vo(kVT)) in the fluid has been neglected except for
heat transfer to solid structures, which is included as the wall heat transfer terms
qwg and qw., and heat transfer at the interface qig and q. Neglecting conductive

energy transfer within the fluid is justified as it is much smaller than the
convective heat transfer for steam water mixtures.

* The flow is at sufficiently low speed such that kinetic and potential energy are
-2U

small compared to internal energy ( -- <<e so that e i ).2

2.2 Constitutive Correlations

To close the set of the basic equations described in section 2.1, a set of constitutive
correlations describing wall and interfacial shear, wall and interfacial heat transfer, mixing and
void drift, entrainment and deposition, and film spreading are needed. These correlations define
the rate of exchange of mass, momentum, and energy between the phases and their surrounding.
They take on different forms for different flow patterns, and therefore it is important to identify
the flow regime in each hydraulic cell before proceeding with solution of flow equations for that
cell. This will be the objective of the following section.

2.2.1 Flow Regime Map

Since shear and heat transfer at vapor-liquid interfaces and wall surfaces vary among
flow regimes, COBRAG utilizes a flow regime map (Table 2-1) for determining these quantities.
The flow regime map utilized in COBRAG is divided into two major flow regimes: (a) the liquid
continuous flow regime at low void fraction and (b) the vapor continuous flow regime at high
void fraction with a transition zone in between. The liquid continuous flow regime includes
single-phase liquid flow and bubbly/churn flow. The vapor continuous flow regime includes
dispersed annular droplet flow and single-phase vapor flow. The transition regime involves
churn to annular and churn to droplet; depending on the void fraction, flow rate and other
variables. During the transition to annular flow, COBRAG splits liquid flow into droplets and
film flow such that there is equilibrium between the entrainment rate and droplet rate. The
transition criteria can be summarized as follows:

Liquid continuous flow:

ag < a - 0.1 (2.2.1)

Transition flow:
O ta n - 0. 1 < a g < a tran (2 .2.2)

THERMAL HYDRAIJLIC MODEL- 2-3
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Vapor continuous flow:

ý-g > a n

NEDO-32199, Revision. 1

(2.2.3)

A transition regime of 0.1 in void fraction has been found to produce good agreement
with void fraction data [2]. It also assures a smooth transition in the constitutive correlations and
avoids discontinuities, which tend to cause numerical problems. The transition to annular flow is
given by:

aran =f1+4. Ig-- P
K P ) C. P,

C = (C(C- 1) ,Pg; C,= 1.393-0.015 1n(Re)
•Pc

where Re, is the Reynolds number given by

Re= GDh
ReAh

(2.2.4)

(2.2.5)

The criterion for transition to annular flow is when the liquid in the film (or entrained
droplets) can be lifted by the vapor flow [3, 4].

The liquid continuous flow regime is subdivided into two flow regimes. (1) Bubbly flow
is assumed for ag< 0.3, and (2) churn flow is assumed for 0.3 < a. < a .n - 0.1

Table 2-1. COBRAG Flow Regime Map

Void Fraction Flow Regime

0.0 Single Phase Liquid

0.0 < ag < 0.3 Bubbly Flow

0.3 < (g < Otran - 0. 1 Chum Flow

0-tran - 0.1 < (X < ctran Transition Regime

oXtran < cXg < 1.0 Dispersed Annular Flow

1.0 Single Phase Vapor

2.2.2 Interfacial Shear

Calculation of interfacial shear and momentum exchange across the interface is a
necessary part of the two-fluid equation system solution. In specific terms, the interfacial shear
model calculates the variable f.e in the equations of motion for vapor and liquid and fif in the

liquid film momentum. Those forces represent the drag force, per unit volume, between the
phases fg ; it is expressed in terms of average phasic velocity difference:

THERMAL HYDRAULIC MODEL 2-4
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f, =ciV, IV, (2.2.6)

where ci is the local average interfacial drag coefficient between phases (per unit volume) and V,

is the void-weighted average velocity difference between vapor and liquid. The local values of ci
and "V are dependent on flow regime, void fraction and properties of vapor and liquid (cii is a

function of Vr)" Equation 2.2.6 gives only the generic form of fg• (its specific forms are

described later). The basic principle of these calculations is to identify the prevailing flow
pattern at each hydraulic junction and then apply specific correlations for relative phasic velocity
and interfacial drag to determine the momentum exchange across the interface at that junction.

2.2.2.1 Background

The bulk of the data available for the evaluation of the interfacial shear and the wall
friction are void fraction and pressure drop data. These are also the parameters that are
important and must be described accurately in a best-estimate analysis of the two-phase flow in a
BWR. More fundamental data are available for the shear and the interfacial forces, and
extensive basic research is continuing. However, a comprehensive set of models for the shear
and interfacial forces for all flow regimes does not presently exist, and the models that do exist
are primarily for idealized flow regimes. For these reasons, the development of the constitutive
correlations for the interfacial shear is based on the very large database that exists for void
fractions and pressure drop. The correlations are based on the following:

* For adiabatic and steady state conditions, the two-fluid model and the drift flux model are
equivalent, and drift flux parameters can be used to characterize the relative velocity, and
the phase and flow distributions.

" The correlations for the interfacial shear and drag, as well as wall friction, as derived
from adiabatic steady-state conditions, are applicable for transient conditions.

The interfacial shear correlations are based on the set of drift flux correlations developed
by Ishii [3] from void fraction data available in literature.

2.2.2.2 Relation to Drift Flux Parameters

The relation between interfacial forces and drift flux parameters is discussed in detail in
Reference [3,7]. A brief summary will be given in the following sections.

2.2.2.2.1 Shear and Wall Friction

The presence of wall friction creates a shear field in the two-phase flow. This shear field
will interact with both phases, and thus create an interfacial force, which has its origin in the wall
friction. For example, for steady-state bubbly flow, the momentum equations can be written as:

, ap
0 = -X XPgg -f"g [for the vapor phase] (2.2.7)

0 =-(1 -Q--P - (I -cx)pg + f, - Fw [for the liquid phase] (2.2.8)
ax

THERMAL HYDRAULIC MODEL 2-5
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where fr, represents the shear at the interface, and Fw represents the shear between the wall and

the liquid. If the pressure gradient is eliminated from the above equations, one obtains:

f, = Apgc(l - a) + xFw (2.2.9)

Consequently, if the interfacial shear above was a function only of the relative velocity
between the phases, the relative velocity would be dependent upon the wall friction or the
Reynolds number. This, however, is not the case. Data [3,10] indicate that the drift velocity is
virtually independent of the flow rate. The interfacial shear, therefore, consists of another term
with its origin in the wall friction besides a term that is a function of the relative velocity.

Following Ishii's [3] notation , the local time-averaged momentum equations for the
vapor and liquid phases are:

ccpg --- + 7V 9 V¥ =-aVP + ON 0 Y-ocpv - IV (2.2.10)

(1-a p(V f--8 +¥ -Vf V- =-(I-aX)VP+(I-aX)V*=T (l-a)pg+-Mg (2.2.11)

Here the interfacial mass transfer has been neglected and it has been assumed that each
phase, as well as the interface, has the same pressure.

For one-dimensional flow, Equations (2.2.10) and (2.2.11) degenerate to:

+v . (2.2.12)
yat z

( a) ve Vv =-(l-a) z + (1-)V 7•-(I-a)p~g+ M (2.2.13)

An interpretation of the various terms on the right-hand side of equation (2.2.12) and
(2.2.13) can be obtained from Figure 2-1

For the gas equation, the interpretation of the various terms is as follows:

THERMAL HYDRAULIC MODEL 2-6
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z _ct O.' dzdA /az

dz -(apgg+ M')dzdA tV * T,, dzdA=:c+i6 i dsdz

Y ds

Figure 2-1. Right-Hand Side of Vapor Momentum Equation

aP
-_a-- = the force on the gas due to the pressure gradient in the z-direction

az
(the pressure is assumed to be the same for each phase)

cCV. 7 = the force on the gas due to the shear at the surface of the incremental

volume. It is assumed that the averaged shear tension

is the same for each phase, which is reasonable, because, except for

surface tension and mass transfer effects, the shear is a continuous function.

-ctvg= the body force, due to gravity, on the gas.

Mg the interfacial drag between the phases inside the incremental

volume due to a local difference in the phase velocities.

The bases for the interfacial shear model are stated in Section 2.2.2.1 For adiabatic and
steady state conditions in a straight fluid channel without any area changes, there is no

acceleration of the fluid and the a as well as the a terms are zero. Therefore, for adiabatic
at Nx

steady-state conditions, Equations (2.2.12) and (2.2.13) reduce to:

THERMAL HYDRAULIC MODEL 2-7
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cc a - (V 0 , + XPF(2.2.14)
z +pgg+ Mg = 0

(1-cc) ap-- (1- )Vz +(I-or)p6g- M = 0 (2.2.15)
az

When Equations (2.2.14) and (2.2.15) are added,

---P- - V• + ((1-a)p, + apg)g = 0 (2.2.16)
az

The integration of this equation over the cross section, assuming that the densities and the
pressure gradient are constant across the flow area, results in:

A -_ ji__ _ ds + A(a1-c)p, +(cL)pj)g =0 (2.2.17)
az S

The integral is along the boundary (S), i is the normal to the boundary, and Gauss's
theorem has been used. When Equations (2.2.16) and (2.2.17) are combined,

V =- =•- i.,Tds-Apg (ca- (co) (2.2.18)

Integrating the momentum equation for the gas over the cross section results in:

(cx)A-aP- JaVTjdA+(La)Apgg+ MgdA = 0 (2.2.19)
A A

The second term in this equation can be evaluated using Equation (2.2.18)

Jc~V o;(dA = (a.) Jij - 'ds -AApg ((c- (0c))2) (2.2.20)
A

The left side of Equation (2.2.20) is the total amount of shear on the vapor phase. The
first term on the right side is the void fraction times the wall friction. The second term is an
induced shear stress due to the variance of the void fraction across the flow area:

and from which

JaV * 7zdA = -(a) F -fi (2.2.22)

A

THERMAL HYDRAULIC MODEL 2-8
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Inserting this into Equation (2.2.19) gives:

(A)A- + +()Fw +f +(cc)Apgg+ fMgdA = 0
A

Similarly, for the liquid momentum equation,

(1-u )A -P +(l-c) Fw -fi +(1-c) Ap,,g- JfMgdA = 0
A

The various terms in the integrated momentum equati
physical interpretations:

((x) A aP = the force due to the pressure gradaz

(cx) Fw = induced shear stress due to the sh

(ce) Apgg = the body force due to gravity

JMgdA the drag force between the phase
A

(2.2.23)

(2.2.24)

on for the gas have the following

Lient

ear created by the wall friction

s due to local velocity differences

fi= induced shear stress due to the radial phase distribution

The terms in the integrated liquid momentum equation can, of course, be interpreted in
the same way.

Consequently, if the liquid phase alone is in contact with the wall, the wall friction acts
alone on the liquid, giving:

Fwg =0 (2.2.25)

Fw•= Fw (2.2.26)

The induced shear, however, caused by the wall friction, creates an interfacial force

between the phases given by (a) F, where the net forces on the phases due to the wall friction

become (or) Fw for the gas phase and (l-o) Fý for the liquid phase. Similarly, if the gas phase

is in contact with the wall,

Fwg = Fw (2.2.27)

Fw, = 0 (2.2.28)

THERMAL HYDRAULIC MODEL 2-9
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It is significant to realize that the distribution of the wall shear between the phases has no
impact on the pressure drop, as the total momentum equation is not affected. The distribution,
however, affects the interaction between the phases and is in agreement with the experimental
observation [3, 10] that the relative velocity is insensitive to flow rate.

2.2.2.2.2 Interfacial Drag and Phase Distribution

In Section 2.2.2.2.1 the interfacial force due to the wall friction was derived. The
remaining interfacial forces then become a function of the interfacial drag due to the difference
in the phase velocities, the buoyancy due to the gravity, and a force that is due to the phase
distribution.

When -- and tare eliminated from Equations (2.2.14) and (2.2.15)'3z

Mg = a(I-a)Apg (2.2.29)

The physical interpretation of this equation is that, locally, the drag is equal to the
buoyancy. Integrating this equation over the cross section gives:

fJMgdA = AApg ((1 -a)) (2.2.30)
A

This equation, combined with Equation (2.2.21), gives the total interaction between the
phases due to drag or shear:

(feg =fi + f[MgdA = AAp (a)(I-a) (2.2.31)
A

For Fully dispersed flow,

0 and (f,,) f M dA = AApg(a (-a)) (2.2.32)
A

This implies that the interaction between the phases is solely due to the drag between the
phases. There is no shear between the phases, except for the term due to the wall friction.

Similarly for fully separated flow, e.g., annular flow,

( f,ý) = f1 = AApg (oc(I- ac)) and fJMgdA = 0 (2.2.33)
A

The interaction is given by the shear at the interface. There is no local drag.

In either case or any combination, however, the total interaction between phases, except
for the force due to the wall shear is given by equation (2.2.31).

The interfacial force must be related to the velocity difference between the phases. It is
conventional to define:

THERMAL HYDRAULIC MODEL 2-10
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fg =ci lvjvr (2.2.34)

Integrating Equation (2.2.34) over the cross section yields:

A(f,,g) = JfegdA = A, IVrI~r (2.2.35)
A

where:

C (2.2.36)
- (Vr)KVr)

In this equation, V, is a weighted average value for the relative velocity. It is important

to note that V#Vg -V(, since Vg =:(vg)/(cc) and V =((I-a)v,)/(i-c) have different

weight functions. We will only have yr = Vg -V, for a uniform phase or velocity distribution.

Locally, the drift flux velocity is related to the relative velocity by:

v.
vy - (2.2.37)(1-ct)

and, consequently, an average relative velocity can be defined by:

Vr (2.2.38)

where

V9 =(c~vgi)/(a) (2.2.39)

Eliminating VKj using the drift flux correlation:

Vg = Co(j)+iKg (2.2.40)

where

C. = (j)/ ((a) (j)) (2.2.41)

yields

Vr (l-aL) Vg- C0Vc (2.2.42)
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This expression, combined with Equation (2.2.35), results in:

(f'g)=zi (-a) V9CO (I -c) 'V -CoV (2.2.43)

Thus, using Equation (2.2.31) and with Co and -,• correlated from void fraction data, the

interfacial interaction can be evaluated by:

SI (lCC) g.CV CvV 7(-vg Co= V Apg(cc)(1-a) (2.2.44)

or in another form

ci Cj, -Co¥V (C,-Vg CoV,)=Apg(a)(l-a) (2.2.45)

where:

C, -(a) C (2.2.46)(I-a)

Using equation (2.2.38), equation (2.2.44) can be written as

cý l _a =Apg(a)(1-u) (2.2.47)

where:

7% = (I _ (a) Co)7Vgj- (1- a) C 0 7 (2.2.48)

For fully dispersed flow, the local drag can be given by a drag coefficient in the form of

Mg !ICD PcVrIVr (2.2.49)
8 di

where PC is the density of the continuous phase, and - is the interfacial area per unit volume.di

Combining equations, (2.2.38) and (2.2.49) gives

I CD a aKfg = 8 d F v(_---C)2 = Apgja) (I -cc) (2.2.50)
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Equation (2.2.50) is used to develop correlations for the interfacial shear for bubbly and
churn flow.

2.2.2.3 - Bubbly/Churn Flow

For bubbly flow, the interfacial stress is calculated according to equation (2.2.45) as:

f,=IC -CovI(C'v -CovC) (2.2.51)
8 i g dg

with

= CD PC (2.2.52)

8 di

Furthermore, the liquid is the continuous phase, so that:

Pc = P( (2.2.53)

and the interfacial area per unit volume can be given in terms of a critical Weber number:

I =6(ctg) . PC g 9 2 (2.2.54)
di cyWec ( I- ag) 2

Combining Equations (2.2.53), (2.2.54) and (2.2.50) gives:

2 -. 43 (Xg) CD 9j g)4 = Apg (I g)(l-ag) (2.2. 55)

Wec (Yo a

Many expressions for Vgj for co-current flow have been reported in the literature [8, 9],

and most are of the form:

r 0.25

vT =k -- Apg----5- (2.2.56)
VW 2P~e

where k ranges from 1.18 to 1.53. A value for k of 1.53 fits a wide range of data. Inserting
equation (2.2.56) into Equation (2.2.55) results in:

CD = 0.24331 -ag) 5  (2.2.57)
Wec

In order to specify the interfacial shear, the exact value of Wec is not needed, only the
ratio CD/ Wec matters. For the interfacial heat transfer, however, di and Wec are important, and
We, = 6.5 is used to specify the average particle size.
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For co-current flow, the distribution parameter will range from 0 for subcooled boiling to
1.333 as a maximum value for parabolic profiles. For high flow rates or high pressure
(p, zý,Po), the distribution parameter should approach 1. Ishii [3] recommends at low void

fraction:

Co.I = C -(CQ -!) (2.2.58)

where C. is given by Nikuradse [11]:

Co= 1.393 - 0.015 ln(Re) (2.2.59)

where

Re= GDh
pe (2.2.60)

Since the distribution parameter should be continuous at the transition to annular flow, to
avoid discontinuity in void fraction, and since C0 must approaches I as the void fraction

approaches unity, Ishii's expression (equation (2.2.58) is modified in COBRAG using parabolic
relation to directly satisfy these constrains:

(2.2.61)

where

(2.2.62)

For subcooled boiling, the vapor is concentrated at the wall, where the liquid velocity
approaches zero. Consequently, for subcooled boiling, the distribution parameter should also
approach zero, and become zero at the point of net vapor generation. A modification to C. for

subcooled boiling that has the right limits was suggested by Findlay Dix [5]:

R ]] (2.2.63)

where h~d is the liquid enthalpy at the point of net vapor generation and is given by:
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hf -154 qw ifPe > 70000

hcd =qw p (2.2.64)

hf -0.0022 w h p.( ifPe < 70000ki"

where Pe is the Peclet number defined as:

Pe G' Dh Cp'C (2.2.65)kr

and q" is the wall heat flux, which goes to heat up the liquid.

2.2.2.4 Annular flow

For annular flow the interfacial shear is calculated by [12]:

f= _2 PpgCf Vg- vfI(Vg- Vf) (2.2.66)
Dh-

The volume fraction af , which occupied by liquid film, is:

a1 . =1-a (2.2.67)

the interfacial friction coefficient is given according to Wallis [12] as:

cf= 0.005 1 + 75af (2.2.68)
(1 -af) 2

Since annular flow involves high void fraction, af is small, and thus:

(1 - af) 2 ;(I - .5at) 5  (2.2.69)

Inserting equation (2.2.69) into (2.2.68), one obtains:

cf= 0 .0 0 5 1 + 75ar (2.2.70)
(1 - .5 f)5
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2.2.2.5 Droplet Flow

For droplet flow, the interfacial shear is calculated similarly to bubbly flow [3]:

8iceg8 d, PcIC1vg-C°VeI(Cjv-C~ove)

Furthermore, the continuous phase is the vapor phase:

Pc = Pg

The volume fraction a, occupied by a droplet is:

a, =1 -a,

(2.2.71)

(2.2.72)

(2.2.73)

The interfacial area in the droplet flow regime depends on the number of droplets and
average droplet diameter:

Aie = Ne itd2' (2.2.74)

The number of droplets Nd is related to the droplet fraction:

Ne = 6a2td3
C

(2.2.75)

Substituting Equation (2.2.75) into Equation (2.2.74), one obtains the expression for the
interfacial flow area per unit volume:

1 6a,

di d•
(2.2.76)

Droplet diameter is calculated from the critical Weber number. For low flow rates, the
initial relative velocity for the droplet, as it is entrained from the film is used:

d = -_ CC 2
gV2Pg re

where Vre is the relative velocity given by:

(2.2.77)

Vc e = V( 2- Vf(28 
( )

combining equations (2.2.76), (2.2.77), (2.2.78), (2.2.50), gives

(2.2.78)
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3 C4f =- WeCD P2 gl >4=ApgM -a) (2.2.79)
4 a We, Pg < I-a>

Many expressions for Vj are reported in the literature [12] and most are of the form:

S "0.25

V =k(1-c){A"P9} (2.2.80)

lshii [3], recommends k = 1.41.

Using Equation (2.2.80) and k = 1.41 = [2-, Equation (2.2.79) gives:

CD _ 1 > (2.2.81)
We, 3

the average core void fraction <(x > is given by:

+ (Og

a- (2.2.82)
ae +ag

equation (2.2.82) indicates that in order to specify the interfacial shear, the exact value of Wec

is not needed ; only the ratio of CD matters.
We,

combining equations (2.2.82), (2.2.81), and (2.2.79), gives:

f 1 +24

45=-- ggp VRe (2.2.83)

where the average relative velocity between the droplets and the vapor is given by:

VRe-- 1--aC v -Cove (2.2.84)

1-a+

Co in equation (2.2.84) is given by Equation (2.2.61).

For large flow rates where the droplets are created by entrainment from the film, the
droplet size will be determined by the initial relative velocity as they are entrained from the film
on the wall. Since the film velocity is much smaller than the vapor velocity and the void fraction
is high, the initial relative velocity can be approximated by the total flux. Thus, assuming a
critical Weber number of 12, this is in agreement with Ishii's recommendations and leads to:
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-= (-c) (2.2.85)

di 2 GT

The droplets produced by the entrainment process can mainly be characterized as
undistorted particles outside the Stokes regime, and an approximation [3] for the drag coefficient
is:

CD =1.07 (x Re°0 5  (2.2.86)

where:

Ree p pg de Vre (2.2.87)
Ptg

the droplet diameter is calculated from the critical Weber number of 12:

de = 12-v (2.2.88)
lPg re

Combining equations (2.2.87), (2.2.88), (2.2.86), (2.2.85) and (2.2.79), one obtains:

,.,b•-•t- + Plg 1 5fe-8-25aca' t v (2.2.89)

e

Equating equation 2.2.81 to 2.2.89, and solve for the transition droplet diamterd,, one can obtain

the range of applicability of each equation and the transition from one to another:

4(5 aeagpgVRe ford.,_> dt

[ 0.8025a, -- VRe for d <d, (2.2.90)
e rd e

where the transition droplet diameter is given by

d=2. 17 6  1/3 (2.2.91)
Pg VRe
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2.2.3 Wall friction and singular losses

The wall friction in COBRAG incorporates both wall shear and singular or form losses.
The wall shear is calculated using a two-phase multiplier approach as:

Fw I ff G 2
FW _ (if /2  (2.2.92)

2D p,
2i

where pr., is the two-phase multiplier, and fe is the single friction factor.

The single-phase friction factor is calculated from fit to the Moody curves given
Waggener [37]:

64 for Re < 1084

Re k
f 0.0055 1+ 2x j0 8 + 1 for Re > 1084

Dh Rek

where:

Rek GDh (2.2.94)
ýtk

and k can be liquid e or vapor g.

COBRAG employs a two-phase multiplier, (D2 which is of the Martinelli-Nelson Type.

The two -phase frictional multiplier used COBRAG is based on a modification to the Chisholm
correlation. Following a traditional separated flow approach, Chisholm proposed a correlation of
the form:

Ap o=(lx)21 l+ + (2.2.95)

where X is the Lockhart-Martinelli parameter given by:

fx 2 /f,(1-x) 2 x_ _ =q
/X 2

-Pg X)2 (2.2.96)

where:

-Plfg (2.2.97)
pf•,
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and the two-phase multiplier is given by:

[[ ]](2.2.98)

The modification to the Chisholm correlation are based on extensive comparisons to rod
bundle pressure drop data [5, 6] from BWR bundles with 7x7 and 8x8 lattices.

For the liquid continuous flow regime, the wall friction is distributed between the phases
proportional to the void fraction [7], and for the dispersed annular flow regime the entire wall
friction is applied to the liquid.

The pressure drop due to singular losses in the spacer elements is calculated separately
for the film and the core flow. For the liquid continuous flow regime, where no film exists, the
core flow is equal to the total flow, and for the dispersed annular flow regime the core flow is the
vapor and droplet flow.

2.2.3.1 Two-Phase Flow Pressure Drop

The flow through an abrupt area change can be visualized by considering each phase to
be flowing in a phasic stream tube. The velocities and volume fractions are calculated from the
transient flow equations in the upstream and downstream regions. Within the area change
region, the phases are coupled through the inter-phase drag and a common pressure gradient.
The gradient in relative velocity can be large at points of abrupt area changes. Since each phase
is governed by a modified Bernoulli type of equation, it is reasonable to assume that losses
associated with changes in phasic flow area can be modeled by separate dynamic pressure loss
terms for both the liquid and gas phases. However, the interfacial drag effects are important at
abrupt area changes. These will affect the local slip between the phases and the effective phasic
areas. In practice, the assumption of flow homogenization at the area change location yields
reasonable results. With this assumption, the pressure drop due to singular losses is calculated in
COBRAG using the homogeneous two-phase multiplier [6-2]:

APC 11.25qp IGcIGc (2.2.99)

where:

(2.2.100)
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(2.2.101)

(2.2.102)

(2.2.103)

(2.2.104)

(2.2.105)

(2.2.106)

]](2.2.107)

and

2 Veg
2to,hom 1+ xC V (2.2.108)

Vt

x, in equation (2.2.100) denotes the vapor flow quality of the core flow for vapor continuous

flow regimes, and vapor flow quality for the entire flow for the liquid continuous flow regimes

and cta and a' designate upstream and downstream void fraction.
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The singular loss on the core is distributed between the phases proportional to the void
fraction. For the film the singular pressure drop is calculated by:

lP- 2Vff

APf = , plvflvf (2.2.109)
2

where:

]](2.2.110)

The singular loss on the film is applied entirely to the film.

2.2.4 Wall heat transfer

The steady state model is applied to the wall heat transfer. The total heat transfer at the
surface of a structure is equal to its heat generation rate. Since COBRAG is a steady state
subchannel analysis code, this model should be adequate.

2.2.5 Interfacial heat transfer

The interfacial heat transfer depends on the interfacial heat transfer coefficient as well as
the interfacial area, and a determination of both parameters is important for the total interfacial
heat transfer.

2.2.5.1 Background

The COBRAG interfacial heat transfer model is based on the assumption that the liquid-
vapor interface is always at saturation temperature corresponding to the local partial steam
pressure. Energy exchange rate at the interface provides the necessary mass exchange to
maintain the interface at saturation temperature. The total heat exchange and mass transfer at the
interface are functions of the volume-averaged liquid-interface heat transfer rate qej and vapor-

interface heat transfer rate qi:

q= Aihir (Te - Tsa.) (2.2.111)

qg= Aihig (Tg -Tsa.) (2.2.112)

where Ai is the interfacial area per unit volume and hi, and higare liquid-interface and vapor-

interface convective heat transfer coefficients. Energy exchange at the vapor-liquid interface
leads to mass exchange at the interface F due to evaporation (Fr > 0) or condensation (Fg < 0)

processes at the interface:

F = qei +qgi (2.2.113)
g h f9
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Equations (2.2.111), (2.2.112) and (2.2.113) represent the energy and mass exchange
between phases at the interface and appear in the mass and energy conservation equations.
According to Equations (2.2.111) and (2.2.112), interfacial area Ai and interfacial heat transfer
coefficients hi and hg have to be defined (based on the flow regime) to calculate energy and

mass exchange at the interface and to close the thermal-hydraulic system of equations. This will
be the objective of the following section.

2.2.5.2 Interfacial Area

In the calculation of the interfacial shear, only the ratio between the drag coefficient (CD)
and the critical Weber number (Wee) has to be correlated. The interfacial area cannot be

obtained explicitly unless the value of the critical Weber number is specified. A maximum
stable particle size is given by a critical Weber number of 12-13 [12], and a value of 6.5 is
suggested to represent the average particle size. The interfacial area is calculated dependent on
the flow regime.

2.2.5.2.1 Bubbly/Churn Flow

For bubbly or chum flow, the interfacial area per unit volume is given by:

I = a'A-ib _= 6 (2.2.114)
dib db

where the bubble diameter is calculated from:

db = o7Wec (2.2.115)
'V2p Vrb

the relative phasic velocity is calculated similar to section 2.2.2:

Vrb = vg-Cove= V (2.2.116)
1- ag (--ag)

the same correlation for the cross-sectional average vapor drift velocity in the interfacial heat
transfer and interfacial shear models (see sub-section 2.2.2.3)

0.25

v g=k-- (2.2.117)

where

k=1.53
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2.2.5.2.2 Droplet Flow

For droplet flow the interfacial area per unit volume is given by:

Aie 1 -6 G (2.2.118)
die de

where the droplet diameter is defined by:

[[ 11 (2.2.119)

For steady-state applications without boiling transition, thermal equilibrium will exist in
the core of the flow, and thus the sensitivity to the vapor from droplet interfacial heat transfer is
negligible.

2.2.5.2.3 Annular Flow

In this flow regime, interfacial heat transfer and mass exchange occur at the surface of the
liquid film on the walls. The interfacial area per unit volume in the annular film flow regime is a
function of the average film thickness 6. The volume fraction af, which is occupied by liquid

film, is:

(Xf = 1-cX (2.2.120)

The average film thickness 6 and vapor-film interfacial area Aif per unit volume are

given by the film fraction (xf and hydraulic diameter Dh. Assuming a tubular cross section, one
obtains:

6 = Dh ( I_ /-' (2.2.121)
2

Aif = 4 (2.2.122)
Dh

Equation (2.2.122) predicts a non-zero interfacial area

Ai = 4- (2.2.123)
Dh

Equation (2.2.121) predicts a film thickness approaching zero as the void fraction approaches
one. In reality, at some point the film will break up and not cover the entire surface. COBRAG
uses a model for the minimum stable film thickness to model this breakup. The average film
thickness 6 is limited by the minimum film thickness 68i":

6 = max {6, 6 i.} (2.2.124)
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The expression for n is derived from the theory of minimum stable film flow and

defined as:

{ i 8(• 0.2 ] -- 1/3
6'Fin min [ J[2 (2.2.125)

6 mi{[8~<j2 L 6CiT2 13gp PC J

where the interfacial shear stress is approximated by:

=0.005 'gv (2.2.126)
2

The corresponding value for cf is:

-mrin Wp AZ
af,min -- p (2.2.127)

V

where :

Wp,L is the wetted perimiter of surface L adjacent to gap k

Az and V is the height and volume of the finite difference cell

The film thickness 5 will decrease as af decreases but remains constant after it reaches
the minimum thickness 6, When cf < c(f,in, the vapor-film interfacial area is defined as:

(2.2.128)

]](2.2.129)
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2.2.5.3 Interfacial Heat Transfer Coefficient

2.2.5.3.1 Bubbly/Churn flow

For the bubbly/churn flow regime, the interfacial heat transfer coefficient hi,,h for the

liquid side is given as follows:

hit, _ kc Nu(,b (2.2.130)
d b

where the Nusselt number is given by [13]:

Nufb = 2.0 + 0.74 PdbVrb (2.2.131)

For the vapor side it is given by [14]:

h igb =t2 k9 •2.7 "u' "•(2.2.132)

The heat transfer coefficient on the vapor side has been increased by a factor of
2.7(ýt,/ýt,) to include the effect of internal circulation in the bubble.

2.2.5.3.2 Droplet Flow

For the droplet flow regime, the interfacial heat transfer coefficient from the liquid side is
calculated from [14]:

hi(, = 2-r2 k -2.7 (2.2.133)
3 de

Here hild has been modified by a factor of 2.7 to include the effect of internal circulation

in the droplet. For the vapor side, the interfacial heat transfer coefficient is given by [13]:

gk

higd -ý g Nu (2.2.134)
de

where:

Nud = 2 + 0.74 P Pr1 /3  (2.2.135)' • / l a
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2.2.5.3.3 Annular Flow

For films, the interfacial heat transfer coefficients for the vapor and liquid sides are given
by [13]:

hig'f= 0.02 pgvfCp,g (2.2.136)

and

hi(,f = 0.02 pvfCp,t (2.2.137)

where:

=gAp
Vf-

is the film velocity derived from a simple force balance on a falling film, assuming viscous flow
and a linear velocity distribution in the film.

In the transition flow regime, the heat transfer coefficient and the interfacial area are
obtained from interpolation of the corresponding values in the bubbly/churn and the annular drop
flow regimes with respect to cx to provide smooth transition from liquid continuous to vapor
continuous flow regime.

2.2.6 Turbulent Mixing

2.2.6.1 Mixing Mechanism

During turbulent flow, portions of fluids are exchanged laterally among adjacent sub
channels leading to transport of mass, momentum and energy. These effects alter axial mass
flux, quality, void fraction and enthalpy distribution in the sub channels.

The two-phase mixing process illustrated in Figure 2-2 assumes equal volume exchange
of two-phase mixtures (eddies) brought about by the turbulence of the flow field.

The lateral transport rates are functions of cross-flow area, lateral mixing velocities and
fluid properties of the participating sub channels. The cross flow area in a rod bundle is typically
much larger than the axial flow area in a subchannel node. Thus even for small mixing velocities
the lateral exchange rates may be significant compared to the axial flow rates. This puts
considerable emphasis on evaluating the mixing velocity accurately.
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I

Cell j
Cell i

Fluid element

I
| Equal volume mixing

Figure 2-2. Turbulent Mixing in Two-Phase Mixture

Modeling Approach2.2.6.2

[1
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2.2.6.3 Formulation of Mixing Rates

(2.2.138)

(2.2.139)

]](2.2.140)

2.2.6.4 Correlations

2.2.6.4.1 Single Phase Mixing

(2.2.141)

(2.2.142)

(2.2.143)
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(2.2.144)

(2.2.145)

(2.2.146)

For bubbly flow, liquid is the continuous phase, and for annular flow, vapor is the
continuous phase.

2.2.6.4.2 Two -Phase Multiplier

(2.2.147)

(2.2.148)
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(2.2.149)

(2.2.150)

(2.2.151)

2.2.6.4.3 Mixing at High Steam Qualities

(2.2.152)

(2.2.153)
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(2.2.154)

(2.2.155)

(2.2.156)

(2.2.157)

(2.2.158)

(2.2.159)

(2.2.160)

(2.2.161)

]](2.2.162)

2.2.6.5 Mixing Enhancements Due to Spacers and Flow Tabs

Spacers and flow tabs produce increase in fluid mixing by generating increased
turbulence. These mixing enhancement effects are described in Section 3.1.
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2.2.7 Void Drift

It has been observed from experiments [21], that vapor tends to migrate toward regions
with high mass flux or high turbulent kinetic energy. For a BWR fuel bundle this phenomenon
will cause the vapor to migrate from the corner and side sub channels toward the central
subchannel generating a region in the center of the bundle with high mass flux and void fraction.
This migration cannot be explained by pressure drop driven cross flow between the sub channels,
and a separate void-drift model is needed to account for this phenomenon.

Past void-drift models [19] have traditionally been rather empirical. A typical example
on such model can be expressed as:

a01 -a Oi=k(G -Gj) (2.2.163)

where a. is the equilibrium void fraction corresponding to the mass flux distribution.

Figure 2-3. Void-Drift Model
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(2.2.164)

(2.2.165)

(2.2.166)

(2.2.167)

(2.2.168)

(2.2.169)

1]
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2.2.8 Entrainment

2.2.8.1 Entrainment Mechanisms

In annular two-phase flow, a fraction of liquid flowing along the surface is converted to
droplets in the gas/vapor core. Hewitt [22] postulates three possible mechanisms: 1) entrainment
due to bursting of bubbles at a heated surface having a liquid film, 2) undercutting of the liquid
film by breakdown of disturbance waves, 3) entrainment due to breakdown of disturbance wave
due to "rolling" action.

2.2.8.2 Modeling Approach

There are two-inherent issues to modeling droplet entrainment for reactor applications.
The first is the inception of entrainment and the second is the rate of entrainment.

2.2.8.2.1 Inception of Entrainment

In vertical up flow through tubes and sub channels, the flow regimes may include
transitions from single-phase flow to two-phase bubbly flow to chum-turbulent flow, leading to
fully developed annular flow. Studies in low pressure air-water systems by Kataoka and Ishii
[23] indicate that (1) entrainment inception occurs when the local liquid film Reynolds number
exceeds a value of 160, (2) the axial distance required to achieve equilibrium entrainment varies
directly as the axial distance, inversely as the hydraulic diameter, is proportional to the square
root of the total liquid Reynolds number and is inversely proportional to the fourth-root of the
droplet Weber number. These entrainment inception data are quite limited in range to be used
for entrainment calculations for high pressure steam water systems.

An alternative modeling approach chosen here assumes entrainment inception when void
fraction reaches the critical void fraction for transition to annular flow.

2.2.8.2.2 Rate of Entrainment

The approach described here is based on the phenomena of roll wave entrainment. The
resulting formulation and correlation will more accurately describe the available steam-water
data over a range of conditions (pressure, mass flux, hydraulic diameter, etc.) typical of BWRs.
The correlation is flexible enough to be modified and applied to valuable separate effects film
flow data in low pressure air-water test facilities thus providing additional confirmation of the
entrainment mechanism assumed above.

2.2.8.3 Formulation for Shear on Liquid Film

In annular flow the vapor-droplet core moves at a faster rate than the liquid film. This
results in exchange of momentum at the film-core boundary which produces interfacial shear.

When the shear is large enough, wave motion is induced in the liquid film. For very
large shear the amplitude of these waves, measured in terms of sand roughness or wave height,
may be up to an order of magnitude larger than the mean film thickness.
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(2.2.170)

(2.2.171)

(2.2.172)

2.2.8.4 Correlations

2.2.8.4.1 Interfacial Friction Factor

(2.2.173)

]](2.2.174)

2.2.8.4.2 Liquid Film Roughness

(2.2.175)

THERMAL HYDRAULIC MODEL 2-36



Non-Proprietary Information NEDO-32199, Revision. I

2.2.8.4.3 Entrainment Rate

(2.2.176)

]](2.2.177)

2.2.8.5 Entrainment from Spacers, Trippers and Part Length Rods

Transfer of liquid from the film to the core occurs in presence of spacers, trippers and
part length rods.

Enhanced droplet entrainment occurs upstream of the spacer (1) due to increased shear
and (2) due to obstruction of the film flow by spacer hardware. These effects are described in
Section 3.1.

Flow trippers intercept the film flow along the channel wall promoting entrainment and
increasing the availability of the channel wall water to the rods. These effects are discussed in
Section 3.3.

All of the liquid flowing as film along the part length rod has to be entrained as droplets
at the upper end of the rod. The modeling of this phenomenon is discussed in Section 3.2.

2.2.9 Deposition

2.2.9.1 Deposition Mechanisms

In published literature two descriptions of the droplet deposition process have been
incorporated into mathematical models for annular two-phase flow.

The first description assumes the droplet deposition to be a mass transfer process. Also,
the droplet flux depositing on the liquid film is assumed proportional to the mean droplet
concentration in the gas core. The "constant" of proportionality is termed as the Mass Transfer
Coefficient:

Gd =kC (2.2.178)

where Gd is the deposition mass flux referred to unit surface area of the film, k is the mass
transfer coefficient having units of velocity, and C is the droplet concentration in the vapor-
droplet core.

Whalley [26] proposed an empirical correlation of the mass transfer coefficient k in terms
of surface tension only. Based on burnout studies using steam-water flow in vertical tubular
geometry, Bennett [27] suggested that the mass transfer coefficient is likely to depend on vapor
quality and droplet concentration in the gas core.
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The second description of deposition is due to Hutchinson, et al., [28] and assumes that
the droplets in the gas core interact with turbulent eddies such that the deposition process is
diffusive.

Bennett [27] suggested that the deposition coefficient k might be thought of as a lateral
drift velocity of the droplets towards the liquid film surface. He indicated that the turbulence in
the gas phase affects this velocity. Furthermore, the droplet concentration affects this 'drift'
velocity in two ways. Firstly, at high droplet concentration, droplets will coalesce and respond
less to the turbulence of the vapor stream. Secondly, turbulence itself is damped by increasing
droplet concentration. Both effects are in the same direction tending to decrease the 'drift'
velocity and, hence substantially decrease the deposition coefficient k at low steam qualities.

Bennett suggested that in the presence of turbulence the deposition coefficient may be
functionally represented as

k =f (Ge,C) (2.2.179)

where G. is the mass flux and C droplet concentration in the vapor-droplet core region.

Sugawara [29] invoked the similarity of heat and mass transfer in turbulent flow to
provide a description of the deposition coefficient k in terms of droplet concentration, gas
Reynolds number and Schmidt number.

2.2.9.2 Modeling Approach

where the mass fluxes are based on the cross-sectional flow area of the vapor-droplet core.

2.2.9.3 Formulation

2.2.9.3.1 Deposition Coefficient

(2.2.180)
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(2.2.181)

(2.2.182)

1]

2.2.9.3.2 Droplet Concentration

[1

]](2.2.183)

2.2.9.4 Deposition Correlation

(2.2.184)

]]
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2.2.9.5 Deposition on Spacers and Flow Tabs

The enhancement of droplet deposition due to spacers and flow tabs are described in
Section 3.1. The flow tabs are treated similar to the spacer for this specific enhancement.

2.2.9.6 Film Spreading

(2.2.185)

(2.2.186)

R

r

Ft

Figure 2-4. Film Spreading
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3.0 HARDWARE MODELS

3.1 Spacer

COBRAG is mainly used to predict critical power for BWR fuels through a detailed
description of the liquid film dynamics and a critical film thickness prediction on the heated
surface. The liquid film dynamics include the processes of entrainment, deposition, and film
evaporation. The hardware such as BWR fuel spacers alters the rate of deposition and
entrainment through altering the flow field. COBRAG allows a detailed description of such
processes by a semi-empirical approach for modeling of flow features in downstream and
upstream of the spacers.

3.1.1 Objectives

The main objectives of the spacer model development task are:

* Develop semi-empirical spacer thermal hydraulics model

* Develop models applicable to multi-dimensional, single-phase and two-phase
conditions

* Develop models applicable to BWR pressure and mass flux conditions

* Develop models applicable to egg crate, ferrule and advanced product line spacers

* Develop models applicable for trend study of significant design and operational
variables

- number of spacers in the bundle; spacer pitch

- lattice dimensions; rod dimensions; dimensions of spacer elements

- axial and radial power profile

- mass flux; subcooling; pressure

The qualification of the spacer model is demonstrated by the qualification of COBRAG
against ATLAS critical power data [30]

3.1.2 Approach

The modeling is based on the following approach:

* Capture major physical phenomena upstream and downstream of a spacer

* Focus on alteration of flows of droplet, liquid film, and steam by spacer

* Focus on separate treatment of multiple liquid films in a single fluid-centered
subchannel

* Simplify modeling by adopting "projected area" principles (e.g., drag coefficient,
droplet collection)
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3.1.3 Classification of Spacer Effects
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3.1.4 Physical Models

3.1.4.1 Droplet Deposition Enhancement (Downstream Effect)

(3.1.1)
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(3.1.2)

(3.1.3)

Figure 3-1. Droplet Deposition Enhancement Downstream of a Spacer

3.1.4.1.1 Evaluation of the Droplet Deposition Enhancement Factor
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(3.1.4)

3.1.4.1.2 Specification of Background Fluctuation Velocity

(3.1.5)

(3.1.6)

(3.1.7)
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3.1.4.1.3 The Equivalent Friction Coefficient (eq)

(3.1.8)

(3.1.9)

(3.1.10)

(3.1 .11)

(3.1.12)

(3.1.13)

(3.1.14)

(3.1.15)
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(3.1.16)

(3.1.17)

(3.1.18)

3.1.4.1.4 Specification of urs (fluctuation velocity in the wake)

(3.1.19)
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1]

3.1.4.1.5 The near field downstream of the spacer

Figure 3-1 shows that the outer edge of the near field is at a distance ZI from the
element. Schlichting [33] provides analytical results for diffusivity in the wake region
immediately behind the single body:

[I[ (3.1.20)

(3.1.21)

]](3.1.22)
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3.1.4.1.6 The far field (eddy diffusivity in the wake behind a row of cylinders)

Figure 3-2. Schematic Of Flow Patterns Behind A Row Of Bars

(3.1.23)

(3.1.24)

(3.1.25)
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(3.1.26)

(3.1.27)

(3.1.28)

(3.1.29)

(3.1.30)

3.1.4.1.7 Determination of the Boundary of the Near Field and the Far Field

]](3.1.31)

3.1.4.1.8 Local Value of Spacer Downstream Deposition Enhancement Factor

(3.1.32)
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(3.1.33)

3.1.4.1.9 The Integrated Average Enhancement Factor

(3.1.34)

(3.1.35)

(3.1.36)

3.1.4.2

[[
Turbulent Mixing Enhancement (Downstream Effect)
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Figure 3-3. Turbulent Mixing Enhancement from Droplet Deposition
Enhancement

(3.1.37)

(3.1.38)

3.1.5 Liquid Film Shear Enhancement (Upstream Effect)
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Figure 3-4. Shear and Entrainment Enhancement Upstream of a Spacer

(3.1.39)
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(3.1.40)

(3.1.41)

(3.1.42)

(3.1.43)
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(3.1.44)

(3.1.45)

(3.1.46)

(3.1.47)

(3.1.48)

(3.1.49)
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(3.1.50)

(3.1.51)

(3.1.52)

(3.1.53)

(3.1.54)

(3.1.55)
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3.1.5.1 Entrainment Enhancement from Obstructions and Contacts (Upstream Effect)

Figure 3-5. Entrainment Enhancement Upstream of a Spacer Due to
Liquid Film Cutoff by Contacts

(3.1.56)

(3.1.57)
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3.1.5.2 Droplet Collection by Spacer Hardware and Liquid Runoff (Upstream Effect)

I[[

1]]

Figure 3-6. Schematic of Droplet Collection and Liquid Runoff at a Spacer

(3.1.58)
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(3.1.59)

(3.1.60)

1](3.1.61)

3.1.5.3 Spacer Irreversible Pressure Drop

3.1.5.3.1 The K -Py' model for two-phase pressure drop multiplier (single

change offlow area).

[[
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(3.1.62)

3.1.5.3.2 The (pc2 two-phase multiplier model (expansion-contraction

combination: Long Insert Model).

]](3.1.63)

The expression for the two-phase multiplier for the expansion-contraction passages in
spacer elements, (p2 is given in Section 2.2.3 under wall friction and singular losses.

3.2 Part Length Rod

The geometry and power generation of the part length rod are modeled through the input
specifications. The following effects downstream of the part length rod are considered:

3.3 Flow Tripper

Flow trippers are grooves in the channel wall that entrain liquid films and make relatively
more liquid available to the fuel rods.

3.3.1 Mechanism

The flow tripper model is based on the following assumptions:
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1]

3.3.2 Physical Model

(3.1.64)
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4.0 NUMERICAL METHOD

4.1 Discretization of Thermal Hydraulic Equations

In this section the finite-difference form of the conservation equations resulting from
discretization will be presented. The finite-difference equations are written in a semi-implicit
form with donor cell differencing for convective quantities and based on a staggered
computational cell shown in.

Ui, j + 3 /2 rr****-N
j + 3/2

j+1

j + 1/2

j-1/2

j-1

j - 3/2

Ui, j + 1/2

Ui, j - 1/2

i"j

V i " j

,00/
Wk, i

ývj

KL~' \J.J0
Ui, j - 3/2

Figure 4-1. Staggered Grid Variables
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Mass Conservation Equations

Vapor mass:

Vij{ (Qpg)'j - (a ),} , At Un. (agpg).
2 2 2

At A U11•1 I (ag g)dj+ At Z Ai.. V+,(agP )d. + At V. (F+'+M+' )

2 2 2

(4.2.1)

Liquid mass:

Vij {(eP()iu _(,eP,} At A n+I 1(ep)d AtA 2 2(
2~- 2 2 2 2 2

(4.2.2)
Vn+lI d, P' '. \.( n+1l M n+1 n+ V }' E +- D n lI+AtEAir- eii, j eI( n)j + At V e.(-F + mi.)ij + At V -jI. k k )ij

i' k

Liquid film mass:

Mid {(a fP )kd (xfP)k At A I 1u"+I I (afp,)ad I -At A + 1 
un+i.(afpC)d

.j- fkj- kJ- ,j, fkdj+ kj+
2 2 2 2 2 2

A y A k dV n kl, j(a fp t.)d j -t t,, M n+ln+ n 1+Atz(Akk'j +f-Ff +M )kj- Atij/ E i-
f k fk,j (

k'

+AV Mn~1

" At Vijfs k,j

4.2 Momentum Conservation Equations

Vapor momentum - vertical direction:

(4.2.3)

( 'd

U:,1•-u.. -- At un ,(C4- -u d

2

(F •n+l (F -fn-i

ie j i+l t iz ký

-Atg-At 2 Atz
a~gpg -l- k (agog

ij 2

-At~v Oniij g

9 2 ( x)j

pn+l _ pn+l

-At P+ j
-1 1 (Zi+l -- Zi )
2 gi~j+-

At 2At mix'g 2

2

(4.2.4)

Vapor momentum - lateral direction:

jas9 -At u. • _gll' az
ii',wj

pin+l_p.~n+] F •1-At pn ip I (Fý
-At At g~ s

Pn i,j6•S ,j ( )n9 i i ,j ( C g p g i i ' j

(4.2.5)
(F s,+ (F:f )f"+I (Fvd )?+

-At , e j -At F fs)i,,j +-At ( vd,sii'.j

(agpg ,Y ( ,j ( )g (c~gd
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Liquid momentum - vertical direction:

un+1 -un = u (•u a - t v" ( un
I'i+• rid+ _ -t ai + • z ) I+ i• , ,iij+f - n = -A t Aii U I

_ Ja 2j a x

2 ý _ 2 2

pn+I - pn+I

-At r +" `i -At g
I (Zi+2 I

(4.2.6)
(F(F'+. z )n+'

+ At Zd At" I

2 2"{-

mBiix, r i '+

At J v2 A kj+-

2

U n +I 1 U n I)tk~j±- ri~j±-
2, 2'

Liquid momentum - lateral direction:

an_0v d- u+ d p .n+InFl

n+i -i'-v'- -Atv d n a i) -At u i', C- -At -A -At n

as wjz w.j F 1,5sii,j (a P () ,j
(4.2.7)

Fi:, )n+l+At wFj)

( ' i n

Fvd, '
At *'

(c~1 )nl

Liquid film momentum - vertical direction:

au d ~a d
un1 - U" n -At u" n -At Vn *k'j~2Lsýfk+- az I , fkkj ax .fj+ 2~ /kk~2j- 2jl2(a k'~

p n (zi - Z)V

2

F n+1 F n+1

if'z~~k'J+f• A k twz)kj+l-At g + At a >f + (-PA )nJ+1

2 2

(4.2.8)

,(B f 'n+1 D n
+At 2 -At 2 un+ _un+1

(at.-2C 2omntu - 2 d ion:

Liquid film momentum - lateral direction:

d d p.n+ I n+l (F f],,+
vfkk, Vkk,,-At n- nA _-At j " -At kk'd

fl . ...ka At Ufkk azi i,j -'Z kkS (f )nk
S 'ii'j Ct fj

(4.2.9)

+ At ( )kk',

Cc aP Ckk'j

(B f,)+
+ At kk'

(•)naf ( kk',j
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4.3 Energy Conservation Equations

Vapor energy:

.. +, eh At .. .,""(tPh~
V1j ~agphg)ij - (dgp hg )iW =AtA, ,

2J 2 25
A Un+l d Vn+lj ) -d

-AtA Ij (ogpghg)ij+j + AtZA'j11  vii'j (gPg h)ii
2 2 2 (4.2.10)

+ At Vij {(Fghg)•' + (Emixg)2t'} + At VijYaqr 1 + Atg-k Skjq wgk.j

k

" At V\ tn+ i(pn+l- ,\

Total energy:

, tota toj At A .. u.. , (gpghg)d .- AtA A u1 (agpghg)d(a
iý. j-h a j j-I gij- j ij+- gi jj+-i+

2 2 2 2 2 2

+AtJ--iA,,jv+l (aph g)d,j + At A Iun+ ,(ap,:h()d
-fI, A a iju ( h - ij,

2 22 2

-At A u~' (arpthe)d 1+AI i
2 2 2 (4.2.11)

+ AtZA 1 U'I_ (afpih )d I -At-A lu"+' (afplhf)
kt i A kj_ ( ) k 2 2 2fkjP± )j+ýii, n+l h d ...[_.V (pn nl

+AtEZA Vfkkj(afpch,)kk'j+ At •J.•j'-P
k k'

+ At ViMj((E 0 i.xg)'n+1 + (Eminj.')+ At V nJZ-+ +A-, ,n+q/ij d-" ,, mxtl ~jj Efskj-IAt,• k qwkji
k k

4.4 Numerical Method

In this section, the overall principle of the numerical method is presented.

COBRAG uses a fully implicit integration technique for the conservation equations. The
predictor-corrector method used by TRACG [37] is adopted to solve the discretized equations in
section 4.1. The main principle of the method is to obtain the solution in two steps. The first
step, called the predictor step, is to linearize the discretized equations in time such that the time
step size is not restricted by the Courant limit. However, conservation of mass, momentum and
energy are not maintained in this step. The second step, called the corrector step, is designed to
restore the conservation.

4.4.1 Predictor Step

The predictor step linearizes the discretized equations in time such that the time step size
is not restricted by the Courant limit.

4.4.1 .1 Momentum Equations

The convective terms in the momentum equations uses the new time properties for
outflow and old time properties for inflow. The shears, mixing, void drift, entrainment and
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deposition are based on new velocities and approximated by Taylor expansion around old
velocities. These equations constitute a set of linear equations in new velocities and new
pressures. Consequently, the new velocities can be solved as function of the new pressures and
are used to eliminate the velocities in the mass and energy equations.

4.4.1.2 Mass and Energy Equations

Similar to the momentum equations, the convective terms in the mass and energy
equations use the new properties from the previous iteration for outflow and old time properties
for inflow. The heat transfers, mixing, void drift, entrainment, deposition and evaporation and
are based on the new properties. The mass and energy equations form a set of non-linear matrix
equations in pressure, void fractions and temperatures that can be solved by any standard matrix
inversion algorithm.

4.4.2 Corrector Step

Since conservation of properties is not maintained in the predictor step, the corrector step
is to restore the conservation.
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5.0 NOMENCLATURE

The following is a general list of symbols used in this document. Most symbols are
defined where they appear in each section. SI units are used everywhere in this report.

5.1 Thermodynamic

Cp constant pressure specific heat

e specific internal energy

h enthalpy

k thermal conductivity

P pressure

T temperature

5.2 Thermal Hydraulic

A flow area

Bmix,(e,g) Momentum exchange due to the lateral turbulent mixing CD
drag coefficient

Co distribution parameter

cf interfacial friction factor

Cpr liquid Specific heat at constant pressure

d diameter

Dh hydraulic diameter

Dk Liquid deposition rate on to film k

Ek Liquid entrainment rate from film k

Emix,(g e) Energy increase due to mixing

Ef/,k Energy increase due to film spreading

f friction factor or force per unit volume

Fie Interfacial shear between liquid in the core and vapor

Fif, k Interfacial shear between vapor and film k

Fwg,k Wall shear stress acting on vapor by surface k

Fvd Void drift force

Fwe,k Wall friction acting on liquid in the core by surface k

g acceleration due to gravity

G mass flux

H heat transfer coefficient

j volumetric flux
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M ,,i/x,(e,g)

q wg, k

qig

qw, k

q"

qM
Re

Pe

U rs

Vrb

Vgi

V

W

x

XA

AP,;

Mass gain due to lateral mixing

Energy input rate through surface k to vapor

Energy Transfer rate to vapor from interface

Energy addition from surface k

heat flux

volumetric heat generation rate

Reynolds Number

Peclet number

fluctuation velocity in the wake

bubble relative velocity

cross-sectional average vapor drift velocity

volume

mass flow rate

quality

Core quality

Singular Pressure Drop

5.3 Superscripts

5.4 Subscripts

b

c

CHF

d

e

f

g

i

Id

ld

m

min

w

vd

vector quantity

bubble

continuous phase, condensation, or critical

critical heat flux

donor cell property

droplet

liquid film

vapor

liquid

interface

gap index

liquid departure

mixture

minimum

wall

void drift
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5.5 Greek

Fg

Fe
IF,~

p

P2(p

Xtt

J-t

T

m'nix

void fraction

volumetric vapor generation rate

volumetric liquid generation rate

volumetric liquid film generation rate

surface roughness, eddy diffusivity

density

homogeneous two-phase mixture density

Martinelli parameter

viscosity

surface tension or Stephan-Boltzman constant

shear stress

two-phase multiplier

the two-phase turbulent mixing multiplier

5.6 Special Notation

AX change in quantity

6X increment or differential change

(X) Surface average quantity
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