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ABSTRACT

TRAC (Transient Reactor Analysis Code) is a computer code for best estimate 

analysis of the thermal hydraulic conditions in a reactor system. The 

constitutive correlations for shear and heat transfer in the boiling water 

reactor (BWR) version of TRAC are described.

A new model, that accounts for the effect of phase and velocity profiles, 

has been developed for the interfacial shear and a new set of constitutive 

correlations are derived. Improvements have been made to the heat trans­

fer in the area of subcooled boiling, boiling transition, and thermal 

radiation.
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SUMMARY

TRAC (Transient Reactor Analysis Code) is a computer code for a best-estimate analy­

sis of the thermal hydraulic conditions in a reactor system. As part of the develop­

ment of a BWR version of TRAC, improvements and new models have been developed for 

the constitutive correlations for wall and interfacial shear and for wall and 

interfacial heat transfer.

A new model for the interfacial shear has been developed. The model accounts for 

the effect of phase and velocity profiles. Correlations for the interfacial shear 

and the distribution parameter have been developed for cocurrent flow from void 

fraction data, and for counter-current flow the correlations are in agreement with 

counter-current flow 1 imitation (CCFL) data.

Improvements have been made to the heat transfer correlations in TRAC. A subcooled 

boiling model has been developed, a boiling length correlation has been introduced 

for critical heat flux, and a new correlation for the minimum point on the boiling 

curve has been included. Particular attention has been directed toward the heat 

transfer during emergency core coolant injection, and a model for thermal radiation 

heat transfer has been developed. This model accounts for both the surface-to- 

surface radiation and the interaction with the two-phase flow. A complete survey 

of the heat transfer models in the BWR version TRAC is given.

Finally, areas are reviewed where further improvements to the constitutive 

correlations are appropriate.
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Section 1

INTRODUCTION

TRAC (Transient Reactor Analysis Code) is a computer code for best-estimate (BE) 

analysis of the thermal hydraulic conditions in a reactor system. Current develop­

ment is concentrated on conditions following a loss of coolant accident (LOCA).

TRAC was originally developed by the Los Alamos Scientific Laboratory for the 

analysis of pressurized water reactors (PWR) (1_). The development of a boiling 

water reactor (BWR) version of TRAC was initiated in 1979.

A key feature of TRAC is a high degree of modularity and a stable numerical method. 

TRAC thus provides a framework where models for individual reactor components and 

physical phenomena can easily be interchanged. Furthermore, the free specification 

of the geometry allows the simulation of almost any geometry ranging from simple 

basic phenomena tests through system performance tests to complicated reactor 

systems. Consequently, the TRAC framework is a good base, around which a best 

estimate BWR code can be developed.

Two major tasks exist in the development of a BWR version of TRAC under the BWR 

Refill-Refiood Program:

• Development of models for the typical BWR components such as the fuel 
bundles, jet pump, steam separator, steam dryer, and the upper plenum.

t Development of models for the basic physical phenomena in a BWR, such 
as the heat transfer and the shear due to the walls and the inter­
action between the phases.

This report describes the second task, the development of models for the basic 

physical phenomena in a BWR. The development of models for BWR components are 

described separately (2).

The basic physical phenomena are described by constitutive correlations for the heat 

and mass transfer and the shear. Heat transfer occurs at the wall and at the inter­

faces, which together with a jump condition, describe the evaporation and condensa­

tion. The heat transfer includes convective and radiative heat transfer. The shear
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stresses include the wall friction and the interaction between the phases, which are 

composed of drag, shear, and virtual mass effects.

The constitutive correlations for the shear and heat transfer are dependent on the 

flow regimes, and have been developed for each flow regime. The flow regimes 

considered in the BWR version of TRAC are:

• Single phase 1iquid flow

• Bubbly/Churn flow

s Annular flow

• Dispersed annular flow

s Inverse annular flow

• Single-phase steam flow

• Stratified flow in the vessel plena.

The flow regime map provides the logic used to determine which flow regime is 

present and, consequently, which correlation for the shear and heat transfer is to 

be used. Specific attention is not directed to the flow regime map, but together 

with the correlation for the shear and heat transfer, the logic for the selection 

of the individual correlations will be described.

In Section 2, the basic equations in TRAC are reviewed and the constitutive correla­

tions for the shear and heat transfer are defined. Section 3 describes the model 

for the interfacial shear and wall friction, and the correlations which are used. 

Section 4 describes the heat transfer. Finally, Section 5 contains a discussion of 

the correlations and identifies the areas where further improvements are appropriate.

The models described in this report are included in the GE working version 

TRACB01, and have been made available to Idaho National Engineering Laboratory 

(INEL) for inclusion in the official INEL versions of TRAC-BD.
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Section 2

BASIC EQUATIONS AND CONSTITUTIVE CORRELATIONS

The basic equations are the conservation equations for mass, momentum, and energy 

for each phase. In the BWR version of TRAC, the conservation equations are as 

follows:

t Mass:

(opg) + V • (apg y = T (2-1)

C(l-a)p£ + apg]+ V • [(l-a)p£ + apg tg] = 0 (2-2)

• Momentum:

— H
3t g 7Vk ap L

9_
3t <?g - V + ?

di
(tg - %)

pg “Pg “Pg
(2-3)

a

— V P + g
Fw£

(l-a)p
£

= 0 (2-4)

Energy:

pg eg + v 1“ Pg eg 7g> ' -p 03a
3t

+ V

wg ’ig + rh
sg

(2-5)
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Jt ((1'a)pil ^ + a Pg eg) + v • (O-aJp^ e£ ^ + a pg egfg) =

+ qwg + V " PV • [(1-a)^ + a ^g] (2-6)

A number of assumptions have been made in these equations, both in the original 

formulation of the equations (1_) and in the formulation adopted for the BWR version 

of TRAC.

In the above equations, it has been assumed that each phase has the same pressure 

and that this pressure is the same as the interface pressure. This is in most cases 

a reasonable assumption, because the difference between the pressures is small. It 

may, however, have an effect on the stability of the numerical method applied for 

the solution of the equations. Only in the case of stratification due to gravity 

can the difference between the phase pressures be significant; e.g., the above 

formulation does not allow counter-current flow in a horizontal pipe.* The differ­

ence between the pressures of each phase can be simulated by adding the foil owing 

terms to the right-hand side of the vapor and 1iquid momentum equations:

(2-7)

and

(2-8)

Here gy is the vertical component of the gravity vector and a is the horizontal 

component of the void fraction gradient. For details on the derivation of this 

term, see Appendix A.

In the momentum equations, the shear tensor** and the exchange of momentum due to 

evaporation*** have been omitted. The shear tensor is usually small compared to the

*This flow pattern would not normally happen in a BWR unless 1iquid entered the 
steam line.

**The development of a model for the turbulent shear and mixing in the upper 
plenum is currently underway.

***This source term appears in the TRAC manual {]), but an examination of the source 
deck indicates that the term has been omitted, and consequently it has been 
omitted from the above equations. The term is generally small compared to the 
rest of the terms in the momentum equation.
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wall friction. Only in the upper plenum will the term be significant, as it 

influences the amount of mixing and thereby the subcooled countercurrent flow 

(CCFL) breakdown. In the momentum equation, however, a term that represents the 

interaction with the wall has been included. This term will represent the part 

of the shear that is due to wall friction. Furthermore, in the momentum equation 

the virtual mass effect has been included.

In the energy equation, the gravity term and the dissipation energy have been 

neglected. The first is insignificant, but the latter may be important for the 

pumps or for critical flow and should be included.

Finally, it is worth noting that only the continuity equations are of a conserving 

form. The momentum equations, which are really the equations of motion, are not 

conserving at all, and the energy equations are not conserving since the kinetic 

and potential energy have been eliminated from the equations and the dissipation has 

been neglected. If the kinetic and potential energy or the dissipation is impor­

tant, an error in the energy balance will appear. This is usually of no importance 

for BWR transients.

The constitutive correlations, which are necessary for the closure of the equations 

and which will be described in the following sections, are as follows:

k = The magnitude of the virtual mass coefficient

Pc = The density of the continuous phase

The velocity of the dispersed phase

The interfacial shear and drag

Wall friction on the liquid

Wall friction on the vapor

The interface-to-vapor heat transfer per unit volume 

The interface-to-1iquid heat transfer per unit volume 

The wall-to-vapor heat transfer per unit volume 

The wall-to-1iquid heat transfer per unit volume

'di

£9

w£

wg
IIS

^'g

m

^wg
III

HwJi

The evaporation or condensation is given by the jump condition for the interface

%
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Section 3

INTERFACIAL SHEAR AND WALL FRICTION

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 param­

eters that are important and must be described accurately in a best estimate anal­

ysis of the two-phase flow in a BWR.

More fundamental data are available for the shear and the interfacial forces, and 

much basic research is going on. However, a comprehensive set of models for the 

shear and interfacial forces for all flow regimes does not presently exist, and 

the ones that do exist are primarily for idealized flow regimes. Furthermore, 

little information is presently available on the phase and flow distributions which, 

as it turns out, have a significant effect on the void fraction or the relative 

velocity. For these reasons we have chosen to base the development of constitutive 

correlations for the interfacial shear on the very large data base that exists for 

void fractions and pressure drops. The correlations will be based on the fol1owing:

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

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

In the following sections a relationship between the interfacial shear and the 

drift flux parameters, will be developed, and correlations for the interfacial shear 

for various flow regimes will be derived.

3.1 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.
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For example, for steady-state bubbly flow, the momentum equations can be written 

as

3P0 = " a 3z " “ pg 9 " f£g > for the vapor

0 = - d-a) || - (l-a)p0 g + f0n - FUI , for the liquid
ig w

where f. represents the shear at the interface, and Fui represents the shear between
^9 W

the wall and the liquid. If the pressure gradient is eliminated from the above 

equations, one obtains

fZg = (pZ - pg)g a(1-a) + a Fw

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 (3,4) 

indicate that the drift velocity is virtually independent of the flow rate. The 

interfacial shear, therefore, besides a term that is a function of the relative 

velocity, consists of another term with its origin in the wall friction.

Following Ishii's notation (3) the local time-averaged momentum equations for the 

gas and liquid phases are

/3V ^
- aVP + aV • t - a Pg g - Mg (3-1)

(1-“)ps, far+ V A\)
- (l-a)AP + (l-a)V*T - (l-a)p£g - M£ (3-2)

Here the interfacial mass transfer and the virtual mass effect have been neglected, 

and M must obey

M + = 0g z
(3-3)

For one-dimensional flow, Eqs. 3-1 and 3-2 degenerate to

T-, - ap g - Mn
/sV 3V \

a n ( —9- + V —-3-1 = - a — + aV • 
pg \3t vg 9z / a 9z av (3-4)
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(3-5)= - (1-ct) |j+ (1-Ct) v • Tz - (l-a)p£g + Mg

An interpretation of the various terms on the right hand side of Eqs. 3-4 and 3-5 

can be obtained from Figure 3-1.

For the gas equation the interpretation of the various terms are as follows:

aP- a ~ = the force on the gas due to the pressure gradient in the z^ v/. r* i I— ^ i • r* i -i- ^ f-. ^ ^ ^ ^ fc.
direction (the pressure is assumed to be the same for each 
phase)

a v*t = the force on the gas due to the shear at the surface of the
v. 4-^1 *1 . ^ *5^ 4- 4 1—.« f- > : ■> j"' /vincremental volume (a is the fraction of the surface which is 

occupied by the gas). It is assumed that the averaged shear 
tensor is the same for each phase, which is reasonable, because, 
except for surface tension and mass transfer effects, the 
shear is a continuous function.

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

M = the interfacial drag between the phases inside the incremental 
^ volume due to local difference in the phase velocities.

For adiabatic steady state conditions, Eqs. 3-4 and 3-5 reduce to

a-g^-aV • tz + apgg + Mg = 0 (3-6)

-a dP/dz dz dA

z

dz (-<* p.g- M ) dz dA 
9 9 ot # n • f z ddidz

dt

x

Figure 3-1. Right-Hand Side of Vapor Momentum Equation
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(3-7)(1-a) |^- - (1-a) V • tz + (l-a)pAg - Mg = 0

When Eqs. 3-6 and 3-7 are added.

3P
82 V • t + ((l-a)p. + ap )g = 0 (3-8)

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

8P /A 8F = t n * Twz ds + A (<1_a>p£ + <a>Pg) 9=0 (3-9)

The integral is along the boundary (w), n is the normal to the boundary, and Gauss's 

theorem has been used. When Eqs. 3-8 and 3-9 are combined.

V • T.
fi f n ’ Twz ds " Apg (a “ <a>)

(3-10)

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

«*> A f - / aV • tz dA + <a> Ap^ g + dA = 0 (3-11)

The second term in this equation can be evaluated using Eq. 3-10:

/ a V • t dA = <a>
^ n * d^ " AAp9 (^(«-<«>) ^)>

(3-12)

The left side of Eq. 3-12 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 

with the radius.

fi = - A Ap g ((a-<a>)2) (3-13)
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and from which

| a V • dA = - <a> F,, - f. 
J z w 1

Inserting this into Eq. 3-11

(3-14)

<a> A <a> Fw+ fi + <a> Apgg + dA 0

Similarly, for the 1iquid momentum equation,

(3-15)

?lP
<l-a> A + <l-a> Fw - f. + <l~a> A p0 g

oZ W 1 36 ■ jh dA = 0 (3-16)

The physical interpretation of the various terms in the integrated momentum equa­

tion for the gas are as follows:

<a> A = The force due to the pressure gradient.

<a> F = Induced shear stress due to the shear created by the wall
w friction.

<a> Apgg = The body force due to gravity.

/ M dA = The drag force between the phases due to local velocity

A 9 differences.

f.. = 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

V°
' Fw
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The induced shear, however, caused by the wall friction, creates an interfacial 

force between the phases given by

<a> Fw

and the net forces on the phases due to the wall friction become 

<a> Fw , for the gas phase

<l-a> F , for the liquid phaseW

Similarly, if the gas-phase is in contact with the wall,

V F„

V0
and the interfacial force, due to the wall friction, become 

■=1-^ Fw

Again, the net forces on the phases due to the wall friction become 

<a> Fw , for the gas phase

<1-a> F , for the 1iquid phaseW

3.2 INTERFACIAL DRAG AND PHASE DISTRIBUTION

In Section 3.1, the interfacial force due to the wall friction was derived. The 

remaining interfacial forces then become a function of the interface 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 5P/3z and tz are eliminated from Eqs. 3-6 and 3-7,

Mg = a (1-a) Ap g (3-17)
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The physical interpretation of this equation is that locally the drag is equal to 

the buoyancy. Integrating this equation over the cross section gives

(3-18)

This equation combined with Eq. 3-13 gives the total interaction between the phases 

due to drag or shear

(3-19)
A

For fully dispered flow, from Eqs. 3-13 and 3-18

The interaction is given by the drag between the phases. There is no shear 

between the phases, except for the term due to the wall friction.

For fully separated flow, e.g., annular flow.

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 the 

phases, except for the forces due to the wall friction, is given by Eq. 3-19.

The interfacial force must be related to the velocity difference between the 

phases. It is conventional to define

(3-20)

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



where p is the density of the continuous phase, and d.~^ is the interface area per 

unit volume. However, it should be noted that without additional assumptions only 

C. = 1/8 Cp/d.. pc can be correlated from the data.

Integrating Eq. 3-20 over the cross section 

yields

1 / Mg dA = A V | Vr | Vr

where

(fM vr) 
r' <f(«)>

= (Ci I Vr 1 V <f(“))2 

1 i(fM Vr>| (f(a) Vr)

remembering that the flow is dispersed,

(3-22)

(3-23)

(3-24)

and f(a) is a weighting function. For dispersed flow, the concentration of the 

dispersed phase would be a logical choice, and a function that meets this criterion 

for both oh-0 for bubbly flow and a->l for droplet flow is

f(a) = a (1-a) (3-25)

It is important to note that

W \ (3-26)
where

V
g <«>

T V£>

Vg and have different weight functions. Thus we will only have Vr = Vg - for 

a uniform phase or velocity distribution. Using
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inserting it into Eq. 3-23 and using Eq. 3-25 yields

(3-27)

(3-28)

(3-29)

Combining Eqs. 3-22 and 3-27 yields

1 (m dA = q (3-30)

A JA 9 1 n <l-a>^

Furthermore, combining Eqs. 3-18 and 3-30 results in

v
r n <l-a>

where

- <a V9j)

93 <a>

<a(l-a)> 
^ <a><l-a>

Ci —= Apg <a(l-a)> 
<1-a>^

(3-31)

where

Z. = \ q (3-32)

T1

With Vgj correlated from void fraction data, q can be obtained from Eq. 3-31.

Using

V c0 W + 93
(3-33)
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where

c = .S* > 
o <a><j > :3-34)

and

<j> = <1-a>V0 + <a> V X/ g (3-35)

and combining it with Eq. 3-27 gives

_ , /1 -<a>C _ '
vr4hr55£ Vg ' Co h (3-36)

This expression combined with Eqs. 3-27, 3-30 and 3-32 results in

/■t/MgdA-C,
1-<a>C
_____ 2. v - c \T<1 -a> vg Lo vil

n-<a>C _ i
( <1-a> ^g " Co V£i (3-37)

Thus, with CQ correlated from void fraction data, the interfacial drag for dispersed 

flow can be calculated.

For separated flow, the drift flux correlation, being based on local drag considera­

tions, breaks down. For fully separated flow

vgj <a>

However, as discussed earlier, for fully separated flow the local drag is zero, 

and the interfacial force is given by the shear at the interface.

Correlating the interfacial shear in Eq. 3-13, as a fonction of the material 

properties and the average velocities results in

1 fi “ CJ I Ci Vg-C2 VjtC, Vg-O.V,) (3-38)

where C' is a friction coefficient, and C-j and C, account for the effect of the 

velocity profiles.
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Now defining and substituting

1-<a>C,
C, = ki 'N

C, = k c o (3-40)

(3-39)

C. = k^ q (3-41)

Eq. 3-38 takes the form

i fi - ci
1-<a>C
______ 0 y _ r y
<l-a> vg uo v£

rl -<a>C _ _\\ - co v J = Apg <(a-<a>; > (3-42)

Eq. 3-42 can be rearranged to give

V„ = c <j> + <1-a>
9 \

<(a-<a>)^> (3-43)

2 c0 + Tgj (3-44)

This has been done by several authors (3.s5j9 but it should be remembered that this 

is merely a convenient equation, and that in the above equations

C <a j>
<axj>

and

9J <a>

From the preceeding discussion, it can be seen that for both separated and dis­

persed flow the interfacial force can be modeled as

ci
1 -<a> C _ _

vn - cn v0<l-a> g o %

1 -<a>C0

<l-a>”
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Normally, the two-phase flow is neither fully dispersed nor fully separated, but 

a combination of both. Using Eqs. 3-19 and 3-20 we get

<1 -a>2 Apg <a> <l-a> (3-45)

where

V j = 0-<a>C0) Vg - <l-a> C0 V£ (3-46)

With F • and correlated from void fraction data, the interfacial friction 
9J o

factor can be correlated.

3.3 CORRELATION OF THE INTERFACE DRAG

In the previous two sections a methodology for the correlation of the interface 

drag based on void fraction data was developed. In this section, the methodology 

will be applied to specified flow regimes and a set of correlations for the inter­

face drag for use in the BWR version of TRAC will be developed. The following flow 

regimes will be considered:

s Bubbly/Churn flow

• Annular flow

t Droplet flow

Furthermore, the combination of the latter two in the form of dispersed annular 

flow will also be considered as an intermediate state between the two idealized 

flow regimes.

3.3.1 Bubbly/Churn Flow 

Combining Eqs. 3-21 and 3-45 gives

C V .2
-5- -p- pr —= Apg <a> <l-a> (3-47)
8 di c <1-a>

For bubbly flow the liquid is the continuous phase, such that

P c p£ (3-48)
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Furthermore, the interface area can be given in terms of a critical Weber number

(3-49)

Combining Eqs. 3-47, 3-48, and 3-49 gives

c u <l-a>
(3-50)

Many expressions for have been reported in the literature (4_,5^,6J, and many are 

of the form

0.25
(3-51)

where k ranges from 1.18 to 1.53. A value for k of 1.41 is suggested by Ishii (3) 
and fits most data. Inserting Eq. 3-51 into Eq. 3-50 and using k = 1.41 = /l 

results in

5 (3-52)

It is seen that the drag coefficient is proportional to the Weber number, but for 

the interfacial drag, Wec does not have to be specified. All we need to know is the 

ratio between Cp and Wec. The value of Wec will, however, have an influence on the 

interfacial heat transfer.

The distribution parameter will, for co-current flow, range from 0 for subcooled 

boi1ing to 1.333 as a maximum value for parabolic profiles. For high flow rates or 

high pressures (Pg ^ p^), the distribution parameter should approach 1. Ishii 

recorrmends (3J

(3-53)
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where is given by Nikuradse (7)

C = 1.393 - 0.015 In (Re) (3-54)

3.3.2 Annular FIow

For annular flow the density of the liquid phase will be used in Eq. 3-47

pc = p£ (3-55)

and the interface area is given by*

1 _ 4 r-
v Dh (3-56)

Combining Eqs. 3-47, 3-55, and 3-56 gives

TT 2
1 rc fi
2 /a CD D 93

h <1-a>
2 = Apg <a> <l-a> (3-57)

Ishii (3^) has analyzed the annular flow regime, using Wallis' (5) expression for 

the interface shear, and recommends

<1 -a> Apg D.

gj <a> + a %/0.0015 p
(3-58)

a

Inserting Eq. 3-58 into Eq. 3-57 gives

Cp = 0.03 v^a (a + a)‘ (3-59)

where

a
1 + 75 <1 -a> ^g.

p£

*This equation holds only for a smooth film. For a rough film the interface area 
will be increased, however, we have chosen to include the effect of surface 
roughness into Cp.
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For the distribution parameter, Ishii recommends,

Co 1 +
<l-g>
a + a (3-60)

3.3.3 Droplet Flow

For droplet flow the continuous phase is the vapor phase

Pc = Pg (3-61)

The interface area can be given in terms of a critical Weber number

4- = 6 <1 -ot> —P-9 ^J------ (3-62)

di a We <l-a>2
c

Combining Eqs. 3-47, 3-61, and 3-62 results in

3
4 <1 -ct> !ai

<1 -a>
= Apg <a> <1-a> (3-63)

Many expressions for V . are reported in the 1 iterature (5^), and many are of the
yj

form

k <1-a> a

1
4

Ishii (3^) recommends k = 1.41

Using Eq. 3-64 and k = 1.41 = in Eq. 3-63 gives

_D_ 1
Wec 3 a

(3-64)

(3-65)

As the droplets can be assumed uniformly distributed due to the turbulence, the 

distribution parameter is

C0 = 1 (3-66)
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For large flow rates where the droplets are created by entrainment from the film, 

the interface area per unit volume will be approximately

~ = 1/2 <1-a> 
ai

pg <j>
(3-67)

The droplets produced by the entrainment process can mainly be characterized as 

undistorted particles outside the Stokes regime (3). An approximation for the drag 

coefficient is

CD = 10.7 a Re. ■1/2” (3-68)

An example of the prediction capability of the new shear model is given in Figures 

3-2 through 3-4, where comparisons are made between TRAC calculations and CISE 

adiabatic tube data (8).

The main data for the tests are given in Table 3-1. The agreement between the cal­

culation and the data is generally seen to be excellent. In Figure 3-4, however, 

void fraction over 80% is siightly overpredicted. This is most likely due to an 

overprediction of the entrainment for the very large flow rate in this test.

Table 3-1

MAIN DATA FOR CISE ADIABATIC TESTS

Case 1 Case 2 Case 3

Test section Vertical Vertical Vertical
Length, in 4.14 4.14 4.14
Inner diameter, mm 9.1 9.1 9.1
Pressure, MPa _ 2.932 4.923 4.894
Flow rate, kg/nrs 1081 388 2143
Inlet subcooling, °K 0 0 0
Inlet quality, % 0-75 0-80 0-41

♦Combining Eqs. 3-47, 3 -61, 3-67 , and 3-68 gives,

v . = <1-a>2 d. (ap g)2 (1/3)
Vgj 0.67 ai . yg pg -

which is in agreement with the expression recommended by Ishii (3).
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3.4 FLOW REGIME TRANSITIONS

With the flow regimes described in Section 3.3, two transitions need to be 

considered:

• The transition between bubbly/churn flow and annular flow

• The onset of entrainment

The transition between bubbly/churn flow and annular flow has been widely analyzed 

(3). The criterion for transition is when the liquid in the film (or entrained 

droplets) can be 1 ifted by the vapor flow (.3,9). This, however, is only true for 

the case when = 0; for cocurrent upflow the criterion should be modified so 

that transition takes place when the 1iquid in the film (or entrained droplets) 

can be 1ifted relative to liquid velocity in the bubbly churn flow regime. With 

this modification the transition is given by the intercept between the two flow 

correlations.

The transition between annular flow and dispersed annular flow is given by the onset 

of entrainment. The correlation proposed by Ishii (10, 11) has been adopted.

In TRAC-BOI, however the entrainment is calculated by a modified version of Ishii's 

entrainment correlation (11). The correlation is

E
Vl + (n +0.1)2

(3-69)

where

n = 8.0 x 10 (3-70)

in which

J
(3-71)
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Re =
p£ ^ D

(3-72)

D* = D (3-73)

Ishii's original correlation was E = const x tgh (0.9 n); however, the asymptotic 

behavior of tgh(n) for large n leads to an overprediction of a for large flow 

rates. Ishii (ll) and Ishii and Grolmes Q0) have shown that the entrainment for 

large flow rates is given by E = l - const/j^ , and Eq. 3-69 is in better agree­

ment with this asymptotic behavior.

For dispersed annular flow V . as shown by Ishii (3) is then given by
y j

gj
<l-ct> (l-E)

+ 75 <l-a>

/<a>

Ap g D <l -ot> (l-E)
0.015 p„

+ E <l-a>
<a> + E <l-a>

r (^) “TT ^

g \ Mg Mg / <j>

(3-74)

and CQ is given by

C = 1 + <l-g> (1-E)

<a> +r 75 <1 -a>

/<a>

(3-75)

It should be noted that Eq. 3-69 applies primarily for cocurrent annular flow and 

that further research and development on entrainment and deposition is recommended.
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3.5 COUNTER CURRENT FLOW

Very few data for the void fraction exist for counter current flow; however, a 

large data base for counter-current flow 1 imitation (CCFL) exists. From Eq. 3-33 

and 3-35

<a> c0
1 - <a> c0 + T

<a>
<a> C„0

(3-76)

The general form for CCFL correlations is given by

1 (3-77)

where jg0 and represent the intercept with the axis. Because the drift flux 

correlation should describe all possible flow situations at or below the CCFL 

curve (see Figure 3-5), the 1ine given by Eq. 3-76 for constant (a) should be 

tangent to the CCFL curve.

This puts a constraint on CQ and . By requiring that Eq. 3-76 be tangent to 

Eq. 3-77, we get

-ho 'ho

Co (1-<a> Co)

<a> C + l-<a> C i o o Jgo

(3-78)

<S

The CCFL correlation that will be used is given by the Kutateladze numbers,

where

. <]'q>V^

\ n v0.25
a (Ap g a)

,, _ (h)Vh
 \0.25

(3-79)

(3-80)

(3-81)
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Figure 3-5. Drift Flux Correlation and CCFL

For counter-current flow, C0 is not very well defined; e.g., for dispersed flow,

C has a singularity for <j> = 0. Consequently, V. will be determined as described 
^ yj

in Section 3.3 and CQ will be determined from Eq. 3-78.

Counter-current flow is a flow regime where the details of the flow are not well 

understood and where further development will be made, as more data and better 

understanding become available.

A comparison between TRAC and CCFL data (12) is shown in Figure 3-6. The main data 

for the test is given in Table 3-2. The data are for subcooled liquid and show 

CCFL breakdown occurs when all the steam can be condensed by the subcooled liquid.

It is seen that TRAC is within the variance of the data, where CCFL exist, and that 

the subcooled CCFL breakdown is well predicted.
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Table 3-2

MAIN DATA FOR CCFL TESTS

Pressure 

Liquid flow 

Liquid subcooling 

Steam flow

Upper tie plate flow area

0.1013 MPa 

0.6305 kg/s 

62°K

0.03736 to 0.09962 kg/s 
7.674 x 10"3 m2

3.6 VIRTUAL MASS

The virtual mass is normally a small term, compared to the other term in the 

momentum equation. Only for critical flow or sudden accelerations due to abrupt 

area changes is it of importance. The inclusion of the virtual mass was also 

found to have a positive effect on the stability of the numerical method used for 

the integration of the conservation equations. This was found to be particularly 

important for counter-current flow.

The virtual mass (see Eqs. 2-3 and 2-4) is given by

= 1 (3-82)

= (<l-a> vp^ + <a> /p~)2 (3-83)

= <1-a> Vg + <a> V^ (3-84)

For a single spherical particle in an infinite medium, k = 0,5; for closely packed 

bubbles, k may be in the range of 2 to 3; a value of k = 1 has been chosen as an 

average value. For CQ = 1 and m = 1, Eqs, 3-78, 3-79, 3-80, and 3-81 reduce to

V . = <1 -ct> ....K-1A-P...£ prj------------

<1-a> /p^ + <a> Pg

Comparing this expression to the bubble size velocity (Eq. 3-51) and the free fall
p

velocity for a droplet (Eq. 3-64), it is seen that (<l-a> /p7 + <a> /pZ) repre-& g
sents the density of the continuous phase in both 1imits. For this reason the
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above expression was chosen for the density of the continuous phase. The expression 

for the velocity of the dispersed phase was chosen to have the right limits.

3.7 3-DIMENSIONAL FLOW CONSIDERATIONS

For 3-dimensional flow the calculation of the interfacial shear is based on the 

assumption that correlations for the interface drag or shear for a given flow 

regime are applicable independent of the direction of the flow. This assumption 

is justified, because for a given flow regime the interface shear and drag should be 

given only by the phase velocities and the phase and velocity distributions. How­

ever, the body force, i.e., the gravity, only acts in the vertical direction, 

and thus for horizontal flow, only the phase and velocity profiles will produce a 

net relative velocity between the phases.
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Section 4

HEAT TRANSFER

The heat transfer analysis in the TRAC code can be divided into two essentially 

separate sections: the heat transfer at the wall and the liquid-vapor interface.

The wall heat transfer, specified by the appropriate constitutive correlations, 

couples the heat conduction equation for the wall and the energy equations for the 

two-phase mixture, while the interfacial heat transfer couples the energy and mass 

balance equations of liquid and vapor. Since correlations for transient conditions 

are scarce, steady-state correlations are used to calculate the heat transfer based 

on local conditions. However, the steady-state correlations were found to be 

adequate in most cases.

After reviewing the heat transfer correlations used in TRAC-P1AU), several areas 

were either added or modified for improvement. Subcooled boiling and thermal radia­

tion were added to the heat transfer package. The boiling transition correlation 

used by the fuel bundle is changed from the Biasi correlation to the CISE-GE corre­

lation. These are the major differences in the heat transfer correlations between 

the current TRAC code and the TRAC-P1A code. The following sections describe the 

heat transfer correlations to be used in the BWR version of TRAC. New models or 

changes are denoted by an asterisk.

For the present, the interfacial areas for heat transfer as used in TRAC-P1A have 

been retained. In the future, consideration will be given to obtaining one consis­

tent set of interfacial areas for heat and momentum transfer.

4.1 WALL HEAT TRANSFER

The heat transfer coefficients used in the BWR version of TRAC are obtained from a 

boiling curve (see Figure 4-1) constructed for the given set of fluid and wall 

conditions. The heat transfer coefficient correlations used in constructing this 

curve are coded in a subroutine named HTC0R and in a series of subroutines called 

by HTC0R. This package of subroutines is used for all conditions and in al1 compo­

nents where the heat transfer coefficients are required. For a given set of condi­

tions (i.e., a, v., v , T , T , T , and T ), the heat transfer coefficient is found & g w x g s
in the manner illustrated in the flow diagram of subroutine HTC0R (Figure 4-2).
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Figure 4-2 Flowchart for HTC0R (Continued)
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4.1.1 Heat Transfer Coefficient Correlations

4.1.1.1 Regime 1 - Forced and Free Convection to Single Phase Liquid. The heat 

transfer coefficients in this regime are given as follows:

V° (4-1)

and

h£ =

'hfORC ^ ^ 0 anc* £ 1-0

'FREE

where

'FORC 

in which

h™- = "»* {hla«,- hturb

hlam(13) - 4V0h

hturb(li) - 0.023 ^

Ret =

Grl " 3C8 T„ - Tl

fG(l-x) D, ' 
h

0.8
y£Cp,£

Dh ki J
0.4

2 3 2
P Dh/P£

(4-2)

(4-3)

(4-4)

(4-5)

(4-5)

(4-7)

3Pcpl pl + 3t! ^Tfilm ' TJl^

Tfilm 2 (Tw + JSl)

(4-8)

(4-9)
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3p£ /-
^ = ~wa hi (4-10)

((ka/Dh)(0.59)(GryPr£)0-25 if Gr£Pr^ < 109

hFREE®
(k£/Dh){0.1}(GrjLPrjl) 0.333 (4-11)

in which

Pr„ = P** (4-12)

4.1.1.2 Regime 2 - Nucleate Boiling. The heat transfer coefficients in this regime 

are given as fol1ows:

h = 0 
9

(4-13)

and

h " hCHEN® (4-14)

where

hCHEN- F hF0RC + Fs hNUCL (4-15)

in which

Reynolds number factor defined in page 54 of the TRAC P1A manual (1)

hfORC = ^"ngl® phase liquid forced convection heat transfer coefficient

defined in regime 1

F = Subcooled correction factor 
s

if T. > T
£ - S

KTW - TS)/TW - T£} if T£ < Ts

(4-16)
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0.00122NUCL

1-0.79 r0.45 0.49
a p?,

0.5 0.29 *0.24 0.24
a \ hfg pg

(AT)0-24 (Ap)0,75 S (4-17)

and

AT = T - T 
w s

AP = F. - P 
s

(4-18)

(4-19)

Ps = Saturation pressure corresponding to Tw

S = Suppression factor defined in page 54 of the TRAC P1A manual (]J

4.1.1.3 Regime 3 - Transition Boiling. The heat transfer coefficients in this 

regime are given as follows:

*h = (1-y) h . (T . - T )/T - T )
g 1 g,mmv min g w g

(4-20)

and

.. *-Yh£,CHF ^TCHF “ V + ^1_Y^ h2,,min ^Tmin "
^ ^-------- --------------------------- (4-21)

where

Y =
T - T . 

w mm
rCHF ' min,

(4-22)

and

Tmin = ^1'nin1um stable film boiling temperature 

Tchf = Temperature at critical heat flux 

*New models or changes
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hg mi-n = Vapor heat transfer coefficient in film boiling regime evaluated

at T . min

min = *-1c'u1c' ^eat transfer coefficient in film boiling regime evaluated

at I .mm

h^ = Liquid heat transfer coefficient in nucleate boiling regime 

evaluated at Tq^

= hCHEN ^TCHF^

4.1.1.4 Regime 4 - Film Boiling. The 1iquid and vapor heat transfer coefficients 

in this regime are given as follows:

T - T
htt = (1-a) s

w
T, hR (4-23)

and

hg ' (1-“> hB + amax {hg,NC> hg,DR;

where

(4-24)

hR = HTC for radiation between wall and 1iquid

■ «(Tw - t4s)/(Tw - Ts) <4-25>

a = Stefan-Boltzman constant

c = Wall emissivity

hg NC = ^eat transfer coefficient for vapor natural convection (will be 

discussed in Regime 6)

h _ (17) = Dougall-Rohsenow Correlation 
9* UR —

0.023 n3- 
uh

p [cv + d-alv^] Dh 0.8 ,0.4

(4-26)
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tig(18) = Bromley Correlation

= 0.62

0.25

(4-27)

in which

h' = h- + 0.5 C„ (T - T ) 
fg fg p»g g s'

X = Ztt

il/2

g(p£ - Pg)j

(4-28)

(4-29)

a = Void fraction

4.1.1.5 Regime 6 - Forced or Natural Convection to Vapor. The heat transfer 

coefficients in this regime are given as follows:

h£ = 0 (4-30)

and

hg = max fhg,NC hg,tUrb} (4-31)

where

h .,-(19) = McAdam Correlation for natural convection 
g,NCv—

(4-32)

(4-33)
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4.1.1.6 Regime 7 - Forced Convection to Mixture. When the critical heat flux 

calculation is not asked for by the user (ICHF = 0), the heat transfer coefficient 

is calculated in the following manner:

rax (hg,NC- hg.turb) (4-34)

and

max (h lam’
K Jturb

(4-35)

where

hg nc{—) = McAdams Correlation (see Eq. 4-32)

k /p„v„Du
h * . (14) = 0.023 ^ j-SLSJl
g,turbv—; Dh \ ug

0.8

Pr
1/3 (4-36)

h.Ul) " ^ k£/Dh (4-37)

h . = 0.023 Re 0-8 Pr?°‘4
£,turb D. m &

(4-38)

in which

Rem = GO./u 
m h m

(4-39)

and

= Xflow + (1"Xflow} ^ (4-40)

and

Xx, = FIow Qualityf l ow

4-11



4.1.1.7 Regimes 11, 12, and 13 - Condensation. The heat transfer coefficients in 

these regimes are given as follows:

h = 0 
9

(4-41)

and

h. = max (h . ., h , }
l c.turb c, lam

(4-42)

where

hc turb(^O) = ^eat transfer coefficient for turbulent film condensation 

(regime 13)

= Carpenter and Col burn correlation

0.065 x1/2 (4-43)

in which

t1/2 = 0.046 fW1 (4-44)

h , = Heat transfer coefficient for laminar film condensation
c ^ 1 am

[Horizontal film condensation if |g cos0| <0.5 

[Vertical film condensation if |g cos6| >0.5

0.296

3a/4
9 hfa kli

V*!Tw-Ts
(Regime 11)

J/4

1.132
P n ( P o Pn) 9 *Va K |
..^........ 9--------- (Regime 12)

VilV

(4-45)

(4-46)
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in which

0 = Angle between the axis of the cel 1 and the vertical.

The horizontal laminar condensation heat transfer coefficient is obtained from 

Chato (21,)» while the vertical laminar condensation heat transfer coefficient is 

obtained by multiplying the original Nusselt formulation by 1.2 (22) to account for 

the waviness of the film.

4.1.2 Boiling Transition Criteria

The modified Zuber correlations and the Biasi correlation shown in the following 

are used to determine the critical heat flux under different flow conditions 

according to the schematic flow chart shown in Figure 4-3.

Zuber Correlation (23) 

qCHF = (1"a) (0.9)(0.131) Pghfg

1/4

+ fs<°-696>
"glPn - p,)' 1/4 pgtPj - pa)

a 2L Pg J

1/8

|Ts - y

where

F„ = Subcooled correction factor s

1 1f Tsat > T

0 - otherwise

Biasi Correlation (24)

qCHF = {qr q2}

(4-47)

(4-48)

(4-49)
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COS 0

Figure 4-3. Flow Chart for CHF

4-14



(4-50)ql
3.78 x 107

(io°D)n (±f6
hpd-x)

"2
1.883 x 107

n /rvl/6HOOD)" (^)
X (4-51)

where h and f are function defined on p. 51 of TRAC P1A manual (1) and 
P P

0.4 for D > 0.01 m
(4-52)

0.6 for D < 0.01 m

D = diameter (m)

G = mass flux (kg/m s)

For the fuel rods inside the channel component, the CISE-GE critical quality 

correlation (25) shown below is used for the boiling transition criterion in 

cocurrent upflow situations.

*X
ALg /i 9a\

c B + LB

'1.24V (4-53)

where

A = 1.055 - 0.013 f P " 4,137 X4°-

2.758 x 10

- 0.909 &) + 0'493 (tf ' °-114
(4-54)

in which p = pressure (N/m )

*New model for TRAC.
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B - 0-457 ♦ (4r) - 0-459 (4-55)

in which

2G = mass flux (kg/m -s)

= local peaking factor on heater rod under consideration 

Lg = boiling length (m).

During dryout, the wall heat transfer will remain in nucleate boiling model until 

the local flow quality is higher than the critical quality, Xc> predicted by the 

CISE-GE correlation. It is then immediately followed by film boiling without going 

through the transition boiling regime. Although the approach used here is conserva­

tive, it will still simulate the real physical situation very closely. Experi­

mental observations show that as the dryout front propagates, the heat transfer 

coefficient away from the front drops to film boiling values at fairly low wall 

superheat.

During rewet, the wall heat transfer will be in the film boiling mode until the 

wall temperature is lower than the minimum film boiling temperature and the local 

flow quality is lower than the critical quality. It is then fol1 owed by transition 

boiling. The heat transfer coefficient used in the transition boiling regime is 

the same as that used by all other components.

4.1.3 Determination of T^p and

The CHEN correlation for the nucleate boiling heat transfer coefficient is used to 

calculate the surface temperature corresponding to the critical heat flux (CHF) 

such that

T = T + - CHF s h
CHF (4-56)

CHEN

is satisfied. Since hCHEN is a function of the wall temperature, an iteration

scheme is used to evaluate TCHF

4-16



Two correlations for the minimum stable film temperature, namely the Iloeje 

correlation and the homogeneous nucleation correlation, are incorporated in the 

BWR version of TRAC.

The Iloeje correlation (26) is based on Berenson1s minimum pool film boiling 

temperature correlation and extended to provide the effect of mass flux and 

equilibrium quality. The correlation is given by

AT . = T . - T
min min sat

l1- %
0.29 ATber[1 - 0.295 XE2*45] (l + (7.37 x 10'2G)°’49) (4-57)

where

ATBER = °-127 k1 h
fg

rd’i - ^>1 2/3
a

1/2 1

p„ + p& g _g(pl - Pq) _9(p)! - V

nl/3

(4-58)

= Equilibrium quality 

2G = mass flux (kg/m s)

In the homogeneous nucleation correlation (27j, the minimum stable film temperature,

T . , is given by min 3 J

min HN
+ (T,

HN
- T.>

p£kacp^

Pwkw^p,w

1/2
(4-59)

For simp!icity, the homogeneous nucleation temperature, T^, is taken to be equal 

to the critical temperature of water, Tcrl.t. The subscript w stands for wall 

material properties that depend on the surface conditions, i.e., oxidation, crud 

formation, aging, etc. However, these effects are not included at present.

The effect of the CISE-GE model and the minimum stable film boiling temperature 

can be seen in the comparison of the Blowdown Heat Transfer (BDHT) experiment 

(4904R45) (28) with TRAC shown in Figures 4-4 through 4-7. The main parameters 

for the experiment are given in Table 4-1.
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Table 4-1

KEY PARAMETERS FOR BDHT (4904R45)

Initial Power

Number of Rods

Rod Diameter

Low Plenum Flashing Time

Spray Flowrate

Spray Water Temperature

Channel Length

Channel Flow Area

Break Pressure

6.042 x 106 W 

49
7.144 x 10"3 m 

^12 sec 

^1 kg/sec 

561°K 

3.66 m 
0.01 m2
7.21 x 106 N/m2

Power Tab!e

Seconds

0.0
4.8

8.3

14.0

20.0

33.0

45.0

Watts

6.047 x 106 

3.680 x 106 

2.740 x 106 

1.700 x 106 

1.000 x 106 

0.338 x 106 

0.200 x 106

4.2 INTERFACIAL HEAT TRANSFER

The interfacial heat transfer coefficients used in TRAC are obtained as functions 

of the flow regime. A simple flow regime map (Figure 4-8) based on the cell- 

centered void fraction is used by all components. It has a transition region 

between the bubbly and slug flow regime in the mass flux direction and another 

between the siug or bubbly flow and the annular mist regime in the void fraction 

direction. In both of these transition regions, a linear interpolation function 

based on either the mass flux or the void fraction is used (see Section 4.2.4). 

For a given void fraction, a, the interfacial heat transfer coefficient is found 

in the manner illustrated in Figure 4-9.
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4.2.1 Li quid/Vapor Hass Exchange Model

Mass transfer between phases takes place at the interface and is related to the 

heat transfer rates as fol1ows:

(4-60)

where is the vapor generation rate and h^^ is the latent heat of evaporation, 

q.^ and q^ are the heat transfer rates from interface to vapor and 1 iquid, 

respectively, and are related to the interfacial heat transfer coefficients 

according to:

,U ■ hU VTs ■ Tl' (4-61)

=113 * h1g fl1(Ts - Tg> (4-62>

where A. is the interfacial area and h.^ and h.^ are the interfacial heat transfer 

coefficients on the 1iquid and vapor side respectively.

4.2.2 Annular and Annular Mist Flow Regime (a > 0.75)

The fraction of 1iquid which is entrained in droplet form, E, is computed according 

to the Steen-Wallis correlation (5).

The interfacial area from the film at the wall is calculated according to

Af = 5(1-E) ttD(AZ) (4-63)

where D and AZ are the hydraulic diameter and the height of the cell respectively. 

The expression used to calculate the total interfacial area of the droplets is

Ad = E(l-ct) V

= 6E(l-a)

(4-64)

(4-65)
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where the droplet diameter, D^, is determined from a critical Weber number, We^.

The total heat transfer coefficient from interface to 1iquid for the film is 

calculated from

HU,f = Af hi£,f

hU,f = 0-0073PilVr cp,il

(4-66)

(4-67)

and from interface to vapor from

Hig,f = Af hig,f

h. , = 0.0073p V c ig.f Hg r P.g

(4-68)

(4-69)

where is the absolute value of the relative velocity.

The total heat transfer coefficient from interface to liquid from the droplets is 

calculated from

HU,d = Ad hi£,d (4-70)

hu,d ■ 1500 d7 (4-71)

and from interface to vapor from

Hig,d " Ad hig,d (4-72)

hig,d = Nud (4-73)

NUd . 2 + o.74 P-g1/3 (4-74)
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4.2.3 Bubbly Flow arid SI ug Flow Regimes (a < 0.5)

The bubble and slug volume fractions are determined from the interpolating functions 

shown in Figure 4-10. The flow will be a pure bubbly flow when a < 0.3 and will 

become a mixture of bubbly and slug flow when a is between 0.3 and 0.5. The mass 

flux will also have an effect on the bubble and siug volume fraction. Under any 

circumstances at least 20% of the vapor will appear as trailing bubbles.

The interfacial area for the slug and the bubble is calculated from:

(4-75)

V (4-76)AB = 6 aB DT
B

where Dd is the bubble diameter determined from a critical Weber number.
D

The total heat transfer coefficients from interface to liquid for the bubble is 

calculated from

Hi£,B = AB hU,B (4-77)

(4-78)

(4-79)

(4-80)

and for the slug from

H.„ = A h..
i!l5s s i%,s

(4-81)

(4-82)
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The total heat transfer coefficient from interface to vapor is calculated from

Hig = Max V x 107, H,.g' (4-83)

V - <AD + As) W4 (4-84)

4.2.4 Interpolation Region (0.5 < a < 0.75)

The interfacial heat transfer coefficients in this region is obtained by interpolat­

ing the interfacial heat transfer coefficients at a = 0.5 and 0.75, as follows:

(4-85)

H.g(a) = 4a (0.75) - H.g (0.5)] + 3H.g (0.5) - 2H.g (0.75) (4-86)

The relative velocity of the bubble is also interpolated as follows:

(4-87)

(4-88)

4.2.5 Subcooled Boiling Effect

During subcooled boiling, vaporization may occur at the heated surface despite the 

fact that the mean temperature of the cooling 1iquid has not yet reached the satura­

tion point. This phenomenon is caused by a nonuniform temperature distribution in 

the liquid.

In the BWR version of TRAC, each computing cell is assumed to have a uniform tempera­

ture distribution and the volumetric vaporization rate is modeled as

rg
qU + qiq
------hll (4-89)
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where

(4-90)

qig = Ai hig (Ts ■ Tg) (4-91)

This means no vapor will be generated until the liquid reaches its saturation point 

and the void fraction will not be correctly predicted during subcooled boiling.

The Rouhani-Bowring model (29) for subcooled boiling energy distribution along with 

the Saha-Zuber model (30) for subcooled boiling initiation were used to improve the 

subcooled boiling results from TRAC. The models can be summarized by the following 

equations:

@ Rouhani-Bowring Model

qw = heat flux at the wall

q£ + qevap (4-92)

where

q^ = Heat flux from the wall, which goes to heat up the liquid

q if h,, < h0 . MW £ — £d
(4-93)

1 + £
£ (4-94)

qevap = ^eat which goes to vaporize the liquid

(4-95)

e Pumping factor



@ Saha-Zuber Model

= Subcooled bubble departure enthalpy

where

/• %h.s - 154 p, V if Pe < 70000
l l

% ^h a
h£$ - 0.0022 — ■ y if Pe < 70000

Ga PH cp,ji

ki

(4-97)

(4-98)

The expression for q^£ is the modified to

"U = fli hU <Ts - V - *w "evap <4-"

Hence vapor will be generated even if the liquid temperature is below saturation 

temperature.

The effect of the subcooled boiling model is illustrated in Figure 4-11. The test 

conditions are summarized in Table 4-2.

Table 4-2

KEY PARAMETERS FOR SUBCOOLED BOILING TEST

Mass Flux 

Wall Heat Flux 

Inlet Subcooling 

Ambient Pressure 

Pipe Diameter

1050 kg/m^s 

0.9 MW/m2 

30°K

5x106 N/m2

4-31
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4.3 THERMAL RADIATION

During a loss-of-coolant accident for a boiling water reactor, radiation heat trans­

fer may account for a significant amount of the total heat transfer in the fuel 

bundle. An analytical model for calculating radiation heat transfer in a BWR fuel 

bundle was established and implemented into the BWR version of TRAC. The model 

considers surface-to-surface radiation and the interaction between radiation and the 

two-phase mixture in the bundle. The surface-to-surface radiation model contains a 

first-order anisotropic transport correction, and the interaction with the two-phase 

mixture consists of absorption and emission.

4.3.1 Radiation Heat Transfer Model

The radiation heat transfer mode (31)* * is based on the following assumptions:

• All surfaces are gray

• Al1 surfaces have uniform temperatures 

§ Al1 surfaces emit radiation diffusely

• The two-phase flow between surfaces has uniform temperature, and it 
absorbs and emits radiation

• The semi-gray radiation model holds for the two-phase mixture; i.e., 
absorption is based on the wall temperature, while emission is based 
on the temperature of the two-phase mixture

• The first-order anisotropic transport correction holds for surface 
reflaction

For large and/or curved surfaces, there is generally a tendency for radiation to be 

reflected backwards towards the origin of the incident radiation. Hence, the 

assumption that a fraction, y, of the incident radiation is reflected backwards 

toward the origin, whereas the rest, 1-y, is reflected uniformly in all directions, 

is a significant improvement over the assumption of isotropic reflection.

The radiosity of surface i, B. can be expressed as the sum of the emitted and 
reflected radiation (see Figure 4-12).

Bi = e.S1 + (1-ei) H. (4-100)

*New model for TRAC
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Hji

Bij " tl - EjtMi Hji

where

Figure 4-12. Radiation Heat Fluxes at a Surface

c* = Emissivity of surface i 

4
i

H.

aTi

and is the incident radiation of surface i coming from surface j. 

The isotropic part of the radiosity of surface i, b|, is given by

Bi = eiSi + (1 " ei) Hi

(4-101)

(4-102)

(4-103)

and the anisotropic part, , which is refl ected back to surface j, is

Hji (4-104)
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The incident radiation from the direction of surface j is the sum of the radiation

leaving surface j in the direction of surface i reduced by the transmissivity of 

the medium plus what is emitted by the medium.

HJ1
^7 (AjBjFji + AjBji) Tji (4-105)

After some lenghly algebraic manipulations, the following expression is obtained:

rABij ■ (aijBl + bijBj + cij) Fij (4-106)

where

aij
XiXiti.itii

1 " XiXjtijtji
(4-107)

X.t..
- 1 - (4-108)

c<j
 VemijSmi.i + ^^.iiSijiVii5

1 " XiXjtijtji (4-109)

Xi = ui (1-e^) (4-110)

tij
= e"^aAij + agiRij

(4-111)

e
mij = £m + egij (4-112)

Smi j
 e5-i qS& + eqijSq 

eJlij + £gij
(4-113)

S£ - (4-114)

S9 ■ oTg (4-115)
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(4-116)'Mj + ag
! . e-(Vag>R1g

-gu at + ag
-(a„+a )R.

1 . e ' 1 9 ’9 (4-117)

a. . S. + a. . S . a .. = ^»1_-J_'_JLtJ__1
Jli j s. + s.J

(4-118)

a . S. + a . S. 
a = _a^__ L 54.1 j
gij s. + si (4-119)

a . = Vapor absorption coefficient evaluated at temperature of surface i 
9 9

= f (T.) 
9 1

(4-120)

a. . = Liquid absorption coefficient evaluated at temperature of surface i
X< 3 I

= f£ (Ti) (4-121)

ag = fg (Tg) (4-122)

(4-123)

T. = Temperature of surface i (°K)

= Temperature of steam (°K)

T. = Temperature of liquid (°K)
jC

f£ = 1.11 (l-a)/dd (4-124)

f = P {5.2 x 104 - 9 x 10'19T + 5.6 x 10"10T2 - 1.2 x 10"13T3} (4-125)
9
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a = Void fraction

P = Pressure (N/nr)

= Droplet diameter

= Mean beam length between surfaces i and j.

Combining Eqs. 4-102, 4-103, 4-104, and 4-36, the following expression is obtained

i i ~ y.j
B! “ Eisi+ -irp JE fa..bJ + b. .B^ + c. ) F.. 

Y V ij i ij j to/ io (4-126)

This is a system of 1 inear equations, which can be solved for .

The surface heat flux of surface, i, is the difference between the radiosity and 

incident radiation.

q, = B. - H, (4-127)

Combining Eqs. 4-100, 4-103, and 4-127 yields.

ei S.Cl-y^l-e.)] - fij

^ 1 - £ j 1 " Uq
(4-128)

The energy absorbed and emitted by steam are given by the following equations:

Qabs,g =^?Ai (FijBi + Bij) (1_tio) +all
aJlij

(4-129)

and

£giosg
Qemit,g "??Ai em.. T e Fij 

1 3 13 9ij ij
(4-130)
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Similar expressions can be written for the absorption and emission for the 1iquid. 

Energy conservation can be shown by

^ ^i ^abs,& 4 ^abs,g " ^emit.g " ^emit,l (4-131)

after simple but tedious algebraic manipulations.

Net heat fluxes from surface i to either steam or liquid can be derived from 

Eqs. 4-129 and 4-130, as follows:

q1,g=£ (ti/i * <j) (»-*«) 5-^
gij £ij

Fij £9lj sg (4-132)

qi,£ ?
s • •

LL
an + ao9ij £ij

FU st (4-133)

A comparison between TRAC and the data for a radiation only experiment is shown in 

Figure 4-13.

The data is obtained from the initial heatup run of a spray cooling experiment 

where the rods were allowed to heat up slowly until thermal equilibrium was reached. 

The conditions of the test are summarized in Table 4-3.
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Table 4-3

KEY PARAMETERS FOR SPRAY COOLING EXPERIMENT

Power 2.5 x 104 W

Ambient Pressure 1.01 x IQ5 N/m2

Bundle Length 4.62 m

Flow Area 0.01 m2

Number of Rods 49

Rod Diameter 6.261 x 10"3 m

Channel Outside Water Temperature 311.5°K
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Section 5

CONCLUSION

A methodology for the correlation of the interface shear and wall friction based 

on void fraction and pressure drop data has been developed, and a set of correla­

tions for the BWR version of TRAC has been developed. Furthermore, the set of 

heat transfer models in TRAC has been upgraded to cover all the major heat 

transfer phenomena.

It is realized that there is room for further improvement of the basic models in 

TRAC, and the future model development will be aimed at the improvement of these 

models. For the heat transfer, further improvement is required for the transition 

boiling, film boiling, and interface heat transfer, which includes the condensa­

tion heat transfer. Furthermore, the models for the shear should be extended to 

include inverse annular flow, and correlations for the entrainment and deposition 

process should be developed. Finally, the need for further improvement of the 

virtual mass term will be assessed.

However, it is felt that the present set of basic models cover the major phenomena 

during a BWR LOCA. These models will be thoroughly assessed, and the outcome 

will guide the future development of TRAC.
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NOMENCLATURE

2
Flow area (m )

2Surface area (m )

Absorption coefficient (nf*)

Constant 

Radiosity (W/m2)

2Isotropic radiosity (W/m )

2Anisotropic radiosity (W/m )

Specific heat capacity (J/kg°K)

Constant 

Friction factor 

Distribution parameter 

Diameter (m)

Hydraulic diameter (m)

Interface area/unit volume (rtf^)

Entrainment fraction 

Specific internal energy (J/kg)

Induced shear due to phase distribution (kg/m s )

Friction (kg/m s )

View factor

Reynolds number factor defined on page 54 of TRAC P1A Manual U) 

Subcooled correction factor defined by Equations 4-16 and 4-48 

Local peaking factor 

Shear (kg/m2s2)

Function



G Mass flux (kg/m^s)

Gr Grashof number

g Acceleration of gravity (m/s )

gc Gravitational conversion constant

Irradiation of surface i coming from surface j 

H Total heat transfer coefficient (W/°K)
p

Hi Total irradiation of surface i (W/m )

2h Heat transfer coefficient (W/m °K)

h Specific enthalpy (J/kg)

h^ Heat of evaporization (J/kg)

h^ Subcooled bubble departure enthalpy (J/kg)

j Volumetric flux (m/s)

K Constant

k Constant

k Conductivity (W/m6K)

lB Boiling length (m)

M Drag (kg/ms^)

m Constant

Nu Nusselt number

Viscosity number

rT Unit vector normal to surface
p

P Pressure (N/m )

Pe Peclet number. Defined by Equation 4-98.

Pr Prandtl number

AP P - PS
q Heat flux (W/m^)

Re Reynolds number

R.. Beam length (m)
1 ij

S Suppression factor defined on page 54 of TRAC P1A Manual {1)
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s 2Surface area (m )

2S Black body radiation (W/m )

I Temperature (°K)

AT T , - Tw s

t Time (s)

V Cell volume (in'*)

v Velocity (m/s)

We Critical Weber numberc

X Quality

Xflow Flow quality

X^. Equilibrium quality

Xc Critical quality

Z Length (m)
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SUBSCRIPTS

B

B

BER

c

C

CHF

CHEN

DR

D

di

d

evap

f

FORC

FREE

9

h

HN

i

i

3

ft

lam

m

min

NUCL

NC

Bubble 

Bromley 

Berenson 

Continuous 

Condensation 

Critical heat flux 

Chen's correlation 

Dougall Rohsenow 

Drag

Dispersed

Droplet

Evaporization

Film

Forced convection 

Free convection 

Vapor 

Hydraulic

Homogeneous nucleation 

i^*1 surface 

Interface

Reference to average volumetric flux

Liquid

Laminar

Two-phase mixture 

Minimum stable film boiling 

Nucleate boiling 

Natural convection
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R Radiation

r Relative

s Saturation

s Slug

turb Turbulent

W Wall

z Axial direction
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GREEK

a

r

T

T

n

V

y

a

P

Y

a

e

X

T r g, v

Void fraction

Vapor generation rate (kg/m s)

2Shear tensor (N/m )

Transmissivity

Constant

Viscosity (kg/ms)

Anisotropic reflectivity 

Surface tension (N/m)

Density (kg/m3)

Thermal expansivity 

Defined by Equation 4-22
2 4

Stefan-Boltzmann constant (W/m °K ) 

Emissivity

Defined by Equation 4-29

3Vapor generation rate (kg/m s)
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Appendix A

TWO-PHASE LEVEL STRATIFICATION

In the formulation of the momentum equations, it is assumed that the pressure is 

the same for each phase. This is usually correct for dispersed flow; however, 

for the case when a two-phase level exists (e.g., in the upper plenum), there may 

be significant differences in the pressure, particularly for large cells. For 

this case the assumption of same pressures for each phase can lead to unrealistic 

results. A simple modification to the momentum equation can, however, account for 

the difference in the pressures.

For dispersed flow the pressure at any point will be the same for each phase 

(neglecting surface tension effects, etc.), and the momentum equations for the 

x-direction (see Figure A-l) becomes

(A-l)F f

(A-2)

For stratified flow the pressures will not be the same for each phase. Neglecting 

inertia terms in the vertical direction, the average pressure for the mixture 

becomes

P(x) = pq(x) + j Pm (x)g (A-3)

and the pressure of either phase becomes

Pg (x’z) = P0M + Pg g(L-z) (A-4)

A-l



z

P “ Pq (x)

l \

CASE 1
DISPERSED
FLOW

2

CASE 2
STRATIFIED
FLOW

VAPOR

LIQUID

Figure A-l. Two-Phase Level Stratification
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where

(1-a) L < Z < L

P£(x,z) = PQ (x) + pg gal + p£g ({1- a)L - z)

where

0 < Z < (l-a)L

The horizontal pressure gradients are

ap
—3.
ax ax

3P£ = A
ax ax " Ap9L ax

Averaging over the cross section yields

ap ap.
ax ax

. !!o . ol to
ax ax pgL ax

Differentiating Equation A-3 gives

ap _ 3Po i
ax "" ax 2 Apg 3a

ax

which combined with Eqs. A-8 and A-9 gives:

__9. =
ax

ax
ap
ax

(A-5)

(A-6)

(A-7)

(A-8)

(A-9)

(A-10)

(A-ll)

(A-12)
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and the momentum equations for the x-direction become

dV__gx _a pg-^t -a 9JP
3x F - f cog £g

L . „ 3a a 2 Apg ^

{l-a)p
dV ilx

i dt
= -(1-a) |f - F>a + fgn + (1-a) j Apg 3a

3x

A-4

(A-13)

(A-14)
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