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NUCLEAR REGULATOnY COMMISSION DISCLAIMER

IMPORTANT NOTICE REG ARDING CONTENTS AND USE OF THIS DOCUMENT

PLEASE READ CAREFULLY

This technical report was derived through research and development
programs sponsored by Exxon Nuclear Company, Inc. It is being sub- 5
mitted by Exxon Nuclear to the USNRC as part of a technical contre
bution to facilitate safety analyses by licensees of the USNRC which
utilize Exxon Nuclear-fabricated reload fuel or other technical services
provided by Exxon Nuclear for licht water power reactors and it is true
and correct to the best of Exxon Nuclear's knowledge, information,
and belief. The information contained herein may be used by the USNRC
in its review of this report, and by licensees or applicants before the
USNRC which are customers of Exxon Nuclear in their demonstration
of compliance with the USN RC's regulations.

Without derogating from the foregoing, neither Exxon Nuclear nor
any person acting on its behalf:

A. Makes any warranty, express or implied, with respect to
the accuracy, corr.pleteness, or usefulness of the infor-
mation contained in this document, or that the use of
any information, apparatus, method, or process disclosed
in this document will not infringe privately owned rights;
or

B. Assumes any liabilities with respect to the use of, or for
darrages resulting from the use of, any information, ap-
paratus, method, or process disclosed in this document.

I
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{ l.0 INTRODUCTION AND SUMMARY

This document describes the FLEX computer code, a model developed by ENC to

determine the thermal-hydraulic response during the refill and reflood phases of

a loss-of-Coolant Accident (LOCA) in a jet pump Boiling Water Reactor (BWR).

FLEX complies with the NRC rules stated in 10CFR50, Appendix KII)
'

The FLEX.

code is used from the time of Low Pressure Core Spray (LPCS) injection into the

reactor system to the time of reflood cooling; this includes the refill (filling

f of lower plenum with liquid) and reflood (filling of core with liquid) stages.

The key result of a FLEX calculation is the time that the two-phase fluid

reaches the hot node in the core (time of hot node reflood).

{
The FLEX code calculates this time of reflood cooling, allowing for counter-

'

current flow phenomena and carefully accounting for the liquid inv:ntory throughout

f the reactor vessel. The fate of ECCS water that is sprayed into the upper plenum

is calculated as it falls by countercurrent flow through the core or bypass -

(
regions into the lower plenum. Phase separation and entrainment models are

[ included to accurately account for liquid inventories in the reactor vessel.

Break models calculate the inventory loss and depressurization rate throughout

f the ECCS spray period.

The principal features and capabilities of the FLEX code are illustrated

pictorially in Figure 1.1, and are:

Options for anticipated JP-BWR ECCS locations-

One dimensional hydraulic model (quasi-steady state, except for core)-

'

Elevated pressure and depressurization capability-

Critical flow models--

Heat transfer from vessel and internals-

[ -
.

r
i. .

.

.. . ..
_ -
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( Phase separation and mixture level models-

Upper plenum entrainment, from the spray and from a two-phase pool-

Two-fluid core model-

Model for the core bypass region-

Best estimate models have been used in FLEX except as required by

( ' Appendix K. In the development of FLEX, the greatest modeling emphasis was

placed on those regions of the reactor system where the key, controlling
( phenomena occur. Separate models (run simultaneously) are provided are (a) the co're,

(b) the bypass region, and (c) the overall reactor system where a degree of detail

is consistent with importance of each region to filling the lower plenum and

(_ core with liquid.

1.1 CORE MODEL

--

In the core rqodel, the rate of generation of vapor is modeled mech-
,

anistically by accounting for such phenomena as:
,

Quenching of channels-

..

( Quenching of rods-

Radiation to droplets-

- Radiation to films

Radiation to vapor-

Convection from rods to vapor-

.

( Convection from superheated vapor to droplets-

,

Convection from superheated vapor to films-

Convection heat transfer be. ' the two-phase level-

Phase changes due to heat transfer and changes in pressure-

Entrainment of liquid from the two-phase liquid level-

(
-



{
;

L 3 XN-NF-80-19(NP)
Volume 2B

I- Countercurrent flow limiting (flooding) at the top of the core

and countercurrent flow throughout the core

- Heat transfer into bypass region through the channels
The core model is applied in the active fuel region and is a two-fluid, six

equation model .

1.2 ' BYPASS MODEL

| Significant detail has also been included in the model applied to
. ,

the bypass region, where the phenomena considered include:

Heat transfer (and attendant vapor generation) from fuel-

channels and passive components, including quenching of the

fuel channels

{ - Countercurrent flooding at the upper bypass junction and

cotintercurrent flow above tht liquid level

Phase changes due to changes in pressure-

- LP'CI injection (plant dependent) with condensation

One dimensional, quasi-steady flow solution-

.

{ 1.3 SYSTEM MODEL

The system model solves for the overall thermal-hydraulic response
- of the reactor system (using the core and bypass model solutions for their

~

-

respective regions), and includes detailed models to account for:

Depressurization effects-

|
- Entrainment from the upper plenum

Phase separation (mixture level)-

g '

.

I- Critical . flow at the break (r.) (Moody or HEM)-

Heat transfer from passive components-

(
- ECC injection at varied locations (plant dependent) with

f condensa tion -

( .

<
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f

The steady state form of the evaluation model momentum equation

in RELAP4(2) is solved for the system flow solution. The transient terms

not included in the FLEX momentum equation play an insignificant role in

| the refill and reflood phases of a LOCA. The refill and reflood phenomena are

dominated by gravity (countercurrent flow) and friction effects which are
~

{ included in the model .

The core, bypass and system models comprising FLEX are solved
{ .

|

simultaneously and coupled through interfaces located at the upper and

{ lower core boundaries, as illustrated in Figure 1.2. The network solution

approach used in FLEX to obtain the system thermal-hydraulic response has

f been used previously by ENC in the REFLEX code (3) , which is an NRC approved

model for PWR reflood licensing calculations in accordance with Appendix 4.
(

The FLEX system model is an extension of REFLEX.

1.4 APPLICATION
.-

This document describes the models used in the FLEX code. The

( system solution scheme is discussed in Section 2.0, and the core and bypass

models are descrjbed in Sections 3.0 and 4.0. Special model featur(s used

to account for such things as depressurization, phase separation, upper

plenum entrainment, etc. are presented in Section 5.0. Appendix B of this

volume contains preliminary comparisons of FLEX predictions to data from

f ENC's Fuel Cooling Test Facility. These comparisons strongly support the

validity of the FLEX model. The results of an Example Problem spplication of
(

the FLEX code to a JP-BWR refill and reflood transient are presented in Volume 2

r of this document.
l

s

( -
.

s

.

.
.
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|

|

|

e Depressurization

e P from 15 to 600 psia

f Vessel and Internals
- Heat Transfer

- -

-

( e Entrainment
e Phase Separation

HPCI

(. y _~b._-h;: ,LPCS

Y LPCI+ -----

( o tiechanistic
d | Core

Critical / flodel I I

Flow .

LPCIz
N h

(
'

bL- > J ly
Pump Pump

e Phase Separation
( *

.

Figure 1.1 FLEX flodel Features
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[
2.0 FLEX SOLUTION SCHEME

This section describes the thermal-hydraulic model for the overall

{
reactor system, exclusive of the core and bypass regions, which are

treated using the models presented in Sections 3.0 and 4.0. The models

( are coupled at the upper and lower core boundaries as discussed in Section 5.7.

The solution scheme presented in this section utilizes supplementary
- models which are also presented in Section 5.0. The basic solution

technique has been previously used by ENC in the REFLEX code (3) , which

is ENC's NRC approved licensing model for reflood analysis of PWRs.

( 2.1 GOVERNING EQUATIONS

The reactor system is modeled in FLEX as a combination of pipe

nodes (volumes), junctions,andloops. A typical pipe node is illustrated

in Figure 2.1. Mixture mass, momentum, energy and mass conservation

equations are solved for each pipe node, except in the core, to obtain

[ the change in pressure and density in each node. In the node representing
.

the core, the equations are solved for each phase. Thermodynamic equilibrium

of the phases at saturation is assumed in all FLEX nodes with the exception
'

of the active core region, which accounts for thermodynamic nonequilibrium
[

as described in Sectisn 3. With this assumption, the nodal mixture

{ temperature, quality and enthalpy are readily determined from the

thermodynamic state relations describing the saturation line. Satura tion

[. properties in all nodes are evaluated at the core outlet pressure.

Junctions are the flow paths connecting nodes, and there are always
[

two junctions for each node. Applying conservation of mass to each junction

|

r
t

.

_ _ _ _ _ _ _ _ _ _ _ __



k

.

8 XN-NF-80-19.(NP)
Volume 2B,

t

yields a set of J-l independent equations (where J is the total number of

{
junctions used) of the form

1E1 0

f 3
3 (2.1)4 =

'
I

where W is either the inlet or outlet flow from the connecting nodes
3

( (depending on the reference flow direction selected by the user).,

Flow loops are defined as a series of nodes, connected by junctions,
[

around which the summation of pressure drops must equal zero. For each un-
f

{ choked flow loop there is consequently an equation of the form

E

(i (AP)" 0 (2.2)=

n

where (AP)n is the piessure drop across node n in the flow loop. The junction
[ flow (Eq. 2.1) and loop pressure drop (Eq. 2.2) equations have been defined as

recommended by Jeppsen(4) ~~
.

Using the convention defined in Figure 2.1, the node average flow

[ rate, W , is defined such that the node average volumetric flow rate is then

average of the nodal inlet and outlet volumetric flow rates, or

[W out,n\Wp
n in,ng

(2.3), ',
-

2 P
,

(Pin,n out,n)
"

Applying the volumetric continuity equation and conservation of

energy to a FLEX node undergoing a change in pressure with heat transfer,

{ while requiring thermodynamic equilibrium of the phases, provides a second

1

-

_ _ _ _ _ _ _ _
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[

[ "

equation set relating the nodal inlet and outlet flow rates,

in,n , out,n ex,n, + q + (M "f + M )=0 (2.4)f 3p g ;in,n out,n ex,n fg

where

ah ah
f -v)+Mg-vM+q (*[M (3pgn"9 fill * 9HT - f f g g sup

{ and

9 fill " Nfill (hf9)) -h) = subcooling energy of fills. (2.6){ f

The variable q is defined by equation 2.18 and represents thesup
*

superheat energy associated with the vapor flowing out of the core region

{ into a FLEX node. The rate of change of pressure, h, in Equations 2.4 and
2.5, is calculated as described in Section 5. The energy contribution due to ..

heat transfer from passive structures, q T, is evaluated using the conductionH

model described 'in Section 5. The subcooling energy of fills, qfg)), is cal-
culated according to Equation 2.6 assuming that the ECC injection rate and

|

[ enthalpy, W and h respectively, are specified in the input as functions74j) fj))

of time or pressure.

The conservation of momentum for the control volume shown in Figure

2.1 is given by:
2

dP-+ P (4f + K) + pgdZ + pudu 0 (2.7)=
2

h

r

f' ~
.

J

- - _ - _ _ _ _
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'

i

( which is integrated assuming constant density through the control volume to

give:

2

+K)+h[2 - ] + pg (Z - Z)

- -2

( AP + 2 (4f 0 (2.8)=
5A g j

f which is a steady state form of the momentum equation as used in the RELAP4

evaluation model. Equation 2.8 can be rearranged to give:

[
ig (Z -Z)AP + W K' + 0g j (2.9)=

where the equivalent loss coefficient, K', is defined as:

( K' =7 [4f- +K+A2(1 - 2 )3 * (2.10)2 22A p h A Ag j

{ The pipe wall Fanning friction factor, f, is calculated using the Karman-

Nikaradse( ) equation for the turbulent flow, and sixteen divided by the .

( Reynolds Number for laminar flow. The wall friction model also uses the

Baroczy two-phase multipliers ( } for two-phase flow. The form less coefficient,
[

K, depends on the geometry and is obtained from hydraulic handbooks or from

{ the corresponding blowdown model input.

Using Equation 2.9, the loop equations can be expressed in terms of

the nodal flow rates as:

n [K' + pg (Z - Z )]nE 0.j (2.11 )
=

g

Conservation of mass within a pipe node is given by:

(
f * (Nin - Nout + Nex)

.

dt V (2.12)
[.

4

r -
.

L

.

i
_ _ _ . _ _ _ _ _ _ _ .
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where V is the node volume. Integrating (2.12) gives

p p +(Win - Nout * Nex)At(h) (2.13)( =
o

Equations (2.13), (2.9), (2.4) and (2.3) are combined to give, for each node n :,

{
g2 K'

_ g ex
AP g AZ gAZAt W=

_

{ P

() , outfg"._ gAZAt in P

v v Pn in
[

.+ 9AZAt in P PP

out) q"Sg,o)) , )2h V p pinfg g f

{ (2.14)
PgAZat in P

, () , out) g**2V p Pex in
p p av av

gaZAt in (1 - )(1 + out) (g +M )
P

+ f 'dP g -

{ fg g j
2Vv p f in

and the nodal inlet and outlet flows are given by: ''

N P P- Pin ex in "fg in '

in n 5 2p h 2 9nn ex fg

pin dP ("f 3"f 3"g )
*

( + "g aP
~

2 it aP

, g out , Nex out , Pout dPP P

[g f+Mg aP ) . (2.16)
~

[-
y
out np 2p 2 dt f 3Pn ex

[
2.2 NUMERICAL SOLUTION

( The junction and loop equations (2.1 and 2.2) are solved for the

flow (W ) in each of the N nodes (N unknown E 's). There is a total of J-ln n

independent junction equations. -
-

i

*
.

9

% e
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I
:

When the break flow is not choked, N independent equations are |I 1

obtained by using L loop equations where L is the number of loops

(N = J-l + L).

When the break flow is choked, N independent equations are obtained

.
by using L-1 loop equations (the loop containing the break is not used) and

one specified choked break flow. The break flows are determined by entering
.I the choking tables (either HEM or Moody as specified by the user) with the

- pressure and quality in the break nodes. These choked flow values are com-

pared to the break flows calculated, assuming that the flow is unchoked, and
'

the lesser of the two flows is used.

The equatio9s solved are implicit in the node average densities,

The rate of change of pressure, h, is updated iteratively during an.
n

- time step using the depressurization model described in Section 5. The
,,

nodal inlet and outlet densities, which depend on pn, are also updated

i tera tively. Equations are solved by a Newton-Raphson Technique.
.

2.3 TREATMENT OF CORE AND BYPASS REGIONS IN SYSTEM NUMERICAL SOLUTION

A special pipe node is designated in the system model to represent

the core and bypass regions. Detailed solutions for these regions are obtained

using the models described in Sections 3 and 4, and the results from these

- models are treated as boundary conditions in the system solution scheme.

Two equations are affected, For the flow loop containing the core

and bypass regions, the core pressure drop (equal to the bypass pressure drop)

is defined by the core model instead of using Equation 2.14. The junction

I
-

.

I
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C equations containing the core and bypass flows are altered to include terms to

account for the countercurrent flow and vaporization calculated by the core and

bypass models.

{ The mass conservation equations (2.13) for the core, upper plenum, and

lower plenum include the countercurrent flow (CCF) terms through the variable W
ex

[- In general. W is defined as *

ex

h N Nex,n fill.,n + NCCF,n + Nent,n (2 *N)

where W ))) is the mass flow injection rate of ECC liquid, W is the mass flow !f CCF

rate of liquid into a node as restricted by CCF limitation, and W is the massent

{ flow rate of liquid into a pipe node by entrainment. W is calculated by the
CCF

core at the upper boundary and by the bypass region at the upper and lower

( boundaries .

An addi.tional variable supplied to the system model from the core and -

[ bypass models is .the variable q appearing in Equation 2.5, which representssup

the energy transport rate due to the convection of superheated vapor from the

core into a FLEX node. This vapor is required to come to thermodynamic equili-

( brium, and consequently gives up energy at the rate

sup,n sup,n (h -h) (2.18)N9 "

{ sup,n g

where h is the superheated vapor enthalpy and W is the mass flow ratesupon sup,n
( of 'superheated vapor into node n.

[ .

[
.

c
-

.
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Figure 2.1 FLEX Pipe, Node Control Volume
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1
3.0 FLEX CORE MODEL |

The core model was developed to evaluate BWR core performance during a

{ period characterized by ECCS injection, countercurrent flow, depressurization

and reflood. Appendix B provides a preliminary verification of the core model by

comparing FLEX predictions to ENC Fuel Cooling Test Facility spray and reflood

test data; the conservative FLEX prediction of the time of hot node reflood
'

is demonstrated.

{ 3.1 THE PHYSICAL PHENOMENA

During the refill period of a loss of :oolant accident, the reactor

system is depressurizing, and the flow acceleratiens have diminished. This

period of the transient is characterized by countercurrent, dispersed flow and
E

falling film rewetting in the core during which time the lower plenum is accumu-

{ lating liquid. When the lower pienum fills to the lower core boundary, reflood-

ing of the core begins (see Figure 3.1) which rapidly terminates the fuel temperature

rise (PCT turnaround), and a two-phase mixture progresses upward through the

core. Entrainment and countercurrent dispersed flow are modeled above the two-
E phase mixture level as shown in Figure 3.1.

{ The core model evaluates the key phenomena that contribute to the

vaporization rate in the core. Because of countercurrent flow limitations

[ at the upper tie plates, this vaporization rate, together with the vapor flow

from the lower plenum, controls the rate at which the liquid can penetrate

downward through the upper tie plate and the core to the lower plenum.

The key features of the FLEX core model include:

- Two-fluid, six equation thermal-hydraulic model

I - Thermodynamic nonequilibrium accounted for (vapor superheat

in presence of saturated liquid) above the two-phase mixture level
.

9

_ _ _ _ _ _ _ _ . . _ _ _ _ _ _ . _ _ _
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(
'

(
- Rod and channel to vapor convective heat transfer

- Rod and ~ channel to liquid film convective heat transfer
,

Vapor to liquid film convective heat transfer-

Vapor to droplet convective heat transfer-

- Two-dimensional radiation heat transfer, for as many as 65

different surfaces (8x8 rod array and a channel), assuming

gray and diffuse surfaces and non-scattering media
'

( - Radiant rod and channel to rod heat transfer

- Radiant rod and channel to vapor heat transfer

- ?adiant vapor to droplet heat transfer

{
- Quenching and rewetting of rods and channel (rates may be

limited by temperature, liquid availability, or by film

( velocity)

- Countercurrent flow limiting at top of core
[

- Two-phase mixture level progress through core during reflood

Liquid entrainment from the two-phase mixture level during-

reflood .

{
The core model considers one average vertical thermal-hydraulic

flow channel per fuel assembly and has the capability to consider more

( than one rod type in a fuel assembly.

3.2 CONSERVATION EQUATIONS

[ Six conservation equations plus the state and interphase relations

are used to describe the two-phase dispersed flow region. Two equations
[- _

.

are used to conserve mass in the vapor and liquid phases. Two momentum

( equations define the effect of the interfacial forces on the dispersed droplet phase,

and the spacial pressure gradients of the combined phases. An energy equation

[ . .

- .
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[ describesthe vaporization rate from the droplet phase due to depressurization
{

and heat transfer. Since thermodynamic nonequilibrium is allowed in the core |
I

region, the second energy equation is used to characterize the vapor superheat.

( The basic constant-property one-dimensional conservation equations in classical '

form (5) are summarized in Table 3.1 for the two-phase dispersed flow region. The

subsections herein modify the conservation equations to the form actually

solved in FLEX and present the associated constitutive relations.

Thermodynamic nonequilibrium is allowed in the form of super-

( heated vapor in conjunction with saturated liquid only. Subcooled liquid

alone or in the presence of vapor is not allowed. The depressurization

rate is determined by the method described in Section 5.4 and is applied

as a boundary condition to the energy conservation equations.

The rewet films are assumed to be of uniform thickness and their
. -

{ progression is limited by either a conduction based rewet correlation, by

liquid availability, or by momentum considerations. Consequently two conser-

vation equations are sufficient to describe their actions. A liquid energy

equation, equivalent to that used in the dispersed flow region, governs the

vapor generation rate, and a mass conservation equation determines the excess I

{ liquid available at the rewet location.

In the continuous liquid region below the mixture leve), assumptions
,

of thermodynamic equilibrium and a void fraction that is linear from the bottom

of the core to the liquid level reduces the number of required conservation

equations to three. These are conservation of the mixture mass, the energy

equation defining the rate of phase change, and the momentum mixture equation

which defines the pressure differentials..

I

L
'

.

W e

. . . . . . . .
.

.
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. . . . . . . .
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I 3.2.1 Conservation of Mass

The conservation of mass equation in Table 3.1 for

vapor flow in the dispersed flow region can be written as,

I .

P a l+ ( v v v) = Ir +S ( 3.1 )v + V
at t , y

1 1,v

where i indicates the droplet of film phase. r is the vaporization rate andy

S is any other source of vapor. a is the void fraction (same as a). The
y y

Ppartial derivative v can be written as
at

8P ap (3.2)y
_ v dP

at aP dt *

dp
The rate of change of pressure, g , is taken as a boundary

I condition. It is assumed that the density of the vapor is at saturated

I conditions, and the rate of change in vapor density is described in
ap '

Equation 3.2, with the derivative determined following the saturation
aP

line. Equation 3.1 shows that the vapor mass flow rate increases spacially

according to the rates of vaporization, displacement, and expansion.

Continuity of the film mass determines the excess liquid

available (Wf,d) at the rewet fronts. -

b -P +Apu (3.3)W *
f,d f f,y ff

where u is the quench front velocity. The excess liquid at the rewetq

front is a source of droplets.

|

| :

I
l .

-

'
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The droplets are conserved in both mass and number. The

relationship governing the change in droplet mass from Table 3.1 is,

3("dd)
a ud

+P (3.4)Sd-rd,v"d at d az
"

where a is the volumetric fraction of droplets, (droplet fraction which = l-a),d

and P is the vaporization rate of droplets. The relation definingd,v

f' the change in number density of the droplets is,
.

f "d _ 3 (u "d) + n (3.5)d dat ~ Tz

( where

6S
"d "

(
. (3.6)-

.-

upd d

( The variable d is the droplet formation diame*er corresponding tod

(-.
the source S * ''

d
'

During reflood, the void fraction below the mixture level

is . assumed to vary linearly with- height.

'YZ,

( -Y y

( where y is the void fraction at the. mixture level and y is the mixture level.

[

[
-

-

... . . . . . . . . . _ . . . . .
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(

{
Conservation of liquid and vapor masses in this region

determines the rate at which the mixture level rises,

b \/ rY Y

h*(2-ir$A E'V EJ0 0 Y7 O

and the rate of vapor flow relative to the moving mixture level,
y y Ayp

A r dy + A S dy - yd
-

(3.9).

W 'yj g,y y z
.

y 0 0

Equations 3.7, 3.8 and 3.9 and a momentum relation for the relative velocity
[

of the liquid with respect to the interface (Wgj ) are solved simultaneously.
y

3.2.2 Conservation of Energy

The energy conservation equation in Table 3.1 defining the
,,

[ vapor superheat can be rewritten as:

ah h
V+ (Nh)=at a Ap vy a A ( v)v v vv

Ir

+hh+, (h -h). (3.10)+
g y

The form of Equation 3.10 is consistent with the donor cell logic used within

the program.

Vaporization rates of liquid in the presence of superheated

{ vapor are defined to be

dh
dP 7

h "I I t dP - "f 9ir, h
=- , , i = f,d ,t. (3.11)g

fg fg
-

.

-
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(
This equation defines the rate of phase change for both the droplet and film

( fields. When applied in reflood to the region below the mixture level in

the core (subscript 1) the depressurization term is assumed negligible and
(

ignored. Since both phases below the mixture level are assumed to be saturated,

( g one energy equation is sufficient in this region.

3.2.3 Conservation of Momentum

( The droplet momentum equation of Table 3.1 can be written
i

in detail as

au au
P d

( dd + "d d"d az "3d ("d - u ) + Fd - "d dg, (3.12)P
d Pat

where uj is the velocity of the droplet source S . The axial pressure gradientd

term does not appear as it is neglible compared to gravity in this discontinuous

( droplet phase. The interphase force between the droplets and the vapor is

determined by
.-

[
d "d { d C PF

"d "v (d- v) , (3.13)
"

d D v

[
where C is the drag coefficient described in Section 3.4.5.

D

{. .The continuous phase vapor momentum equation is reduced from

Table 3.1 in a similar manner and can be written as:

h =-pu r+ -pg+ j g,y (u, -u), (3.14)y y y y

t 1

The temporal acceleration term and compressibility terms are not included as

{ they are negligible in this quasi steady state refill period.

[
.

. -
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.
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[

[
The four terms governing the pressure gradient are the spacial accele-

( rations, the frictional interactions with the droplets and the other

surfaces, the body forces, and the exchange of momentt.m due to phase

changes. At the tieplates additional pressure differentials are

calculated to be
[

'
2

KD u
AP = vy

2 (3.15) {

[
where the loss coefficient is taken from hydraulic test results.

( .An approach suggested by Wallis(9} is used to define

the pressure differential below the mixture level, where the pressure
[

gradient is formed by the sum of three contributions: the frictional

{ part, the spacial acceleration component, and' that due to body forces,

(
_dP_ , f

+ @dzl+hz (3.16)dz/p ddz j g j g. .

( lhe frictional portion is defined as

-2
( dPT "m

2C p ~. (3.17 )| =g/F p uD
h

D'efining pm" P + (I ~ )Pf,. integrating from 0 to y, andg

[ using the assumption of equation (3.7) yields;

'**
{ Cy f fp 0 0

(P -P)
Y D

- 2 '- (3.18)=

r -fp +(1-})pf AF h
g

L-

[
-
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(

f'
The spacial acceleration portion of Equation 3.16 is.

dP W du (3.19),_

f t dz A dz -
A

[ Ignoring the effect of the control volume changing size, the spacial

acceleration can be integrated from 0 to y to yield:

f

(P,- P )0 gg y y fg 0)- M
A

The remaining gravitational contribution is,

- p 9* (* }=+

m

Perfonning the integration and using equation (3.6) yields,

(
YD

(P -P} +( }L 9 ( }0 2
C

The total pressure difference is then,

(
0 = (P -P )F + (P -P )A + (P -P }G * (* )P -P

O y O 0 ,

( The only undefined parameter is the friction loss coefficient, C . WallisI9)
p

reports 0.005 to be a reasonable coef ficient for turbulent flow.

[

[

l
g

_
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3.2.4 Heat Transfer From Solid Components

In the channel, the temperature gradients are negligible

except in the neighborhood of a film front, and the energy conservation
i

given by the stored energy lumped relation is:
!

dT
~

9ci (3.24)
~

c
*

I dt p 4(X-6 )6
|

cp c c
C

| The heat flux per unit length, gj, is defined on the interior.and the
i

exterior of the channel to be positive away from the surface. X is the

| outside dimension of channel.

The temperatures within the fuel rod are determined by

a finite difference approximation to the one dimensional transient

conduction equation in cylindrical coordinates,

!

p h = k h (I h) ( 3.'25 )
pC -

.

subjected to the boundary conditions imposed by convection and radiation,

t

,

!

|-

r-
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L

f 3.3 HEAT TRANSPORT MODELS ,

Energy balances 'and correlations are used to define the

rate of transport of thermal energy between mediums. Included are

' convection from the surfaces to the fluid phases, convection between

the phases, conduction limited quenching models, and radiation in an
_

r enclosure with participating media.

3.3.1 Convective Heat Transfer

The core model considers four convective heat

transfer components. They. a re:
i

surface to vapor'

''

surface to film*t

| '

vapor to film
'' - vapor to droplets

The surface to vapor and vapor to film paths are

both governed by the Dittus b;olter relation (0) ,

I Nu = 0.023 Pr .4 (3.26)Re .80 0

;

I
-

t |
'

I

i
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[

The lower limit of the Nusselt number is 4. This is a mean of the values
for constant heat flux and constant wall temperature heat transfer in laminar

flow. |
'

,

l

|

The relation governing the rate of heat convected
L

between the vapor and droplet phase is,
.

0 0.33 (3.27 )Nu = 2.0 + 0.6 Re .5 pp
d d v.

This relatior, is reported accurate for Reynolds numbers, based on tne droplet

diameter, of less than 2000 (10) , which is the anticipated range of droplet
Reynolds Nurrbers.

( For a film covering a wetted surface the convective

ceef f;;ient is considered infinite. The heat transfer per unit length of
[

surface becomes the sum of any decay power per unit length and a contri-i

{ bution a'ue to changing saturation temperature;

dl
s dP4 _ P. PC Af- f pf dp E'-

(3.28),

n

(
Below the mixturn level the convective coefficient is

p taken from the modified Bromley pool film boiling correlation (II)
.

u
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3.3.2 Thenna l R.yliat inn Heat _ Tran ;fer,
..

Superimposed on the transport of thermal energy by

convection is the transport due to radiation. The equations describing

{ . radiation within an enclosure are developed in gewral by Siegel and Howell(I2 )
.

These have been extended to a rod bundle geometry containing two participating

mediums, vapor and droplets, and the resulting matrix is
t

, - (1 cj) F)3 34
1.J -

j = cj E -(1-cj) (Fjje jj g + Fjjedij d) (3.29)
7 B E Ej g, ,

j j

wherea$3 is the Kronecker delta. Radiation in the axial direction is
h assueed negligible.

If a is the absorptance of the droplet phase witho.utd

tM eresence of vapor , and a is the absorptance of the vapory

phase wi thout droplets, the geometric-mean transmittance, 7 gj, is

*
= (1-adij) (I-Uvij)- (3.30)jj

.

1

The emittance, c jj, is the emittance of the vapor in a vapor dropletg

mixture, and the emittance, e ij, is the emittance of the dropletsd

in a vapor droplet. mixture.

L The matrix of equations, 3.29, is applicable to any

( two dimensional radiation problem within an enclosure subject to the

restrictions of the assumptions that the surfaces are gray and diffuse,

{-
g and the participatir.g media are nonscattering. When applied to fuel

e assemblies the FLEX radiation model can treat as many as 65 surfaces
L

(an 8x8 rod array within a channel).

p
5

-

.

.
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When one rod type is considered in FLEX, the complete 64

rod (plus channal) radiation matrix is calculated, assuming all rods are

[ the same temperature to obtain the net radiation to vapor, droplets and

[- t channel.
t

3.4 FLOW CORRELATIONS

In special instances, local flow conditions are described by

correlations which are substituted for the detailed momentum c,.d continuity

correlations. Such correlations are used to determine the countercurrent

. flow limit ~ (CCFL) at the top of the fuel assembly, film progression when conduction

is limited, the maximum rate at which a film can fall when not limited by
[ quenching or by liquid availability, and to describe the. rate of liquid

entrainment from the mixture level while the core is reflooding.

3.4.1 Countercurrent Flow limit
.

{ The countercurrent flow limit (CCFL) phenomenon is modeled

in FLEX using i correlation based on the Kutateladze numbers (14,15),

+Q-K. 7 (3.'31 )1.79=

( where the Kutateladze numbers are,

1 1

o j /[go (of-pg)]2 (3.32)
2

{ K =

gg
-

and
( lil

K pf f [go . (o f-pg)] (3.33)
j/=

f

where o is the surface tension.

.

.
_ _ _ _ _ _ . _ . _ --- -
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3.4.2 Rewet Correlation

A rewet correlation valid for relatively thick' or thin

materials is used to describe the rate of rewet or quenching. The cor-

relation from Anderson (13) is:

l [
'

4 BiPe = - +2 ,(3.34)(0 / (g.886 )l
.

_

and the non-dimensional numbers are:

Pe =p,C,(-uq ) 6, .(3.35)
.

.

h 6 -
**

fr ,
Bi =

k .(3.36)u ,

1
-2~ ( T,-T )(T,-T )s g

0 = * ,(3.37) '-
i

_ (T -T )2 -g s

I

The core model assumes T,= T + 50 C , and h was taken from experimentals fr
2

data as 175,000 W/(m .C ) for. the fuel rods, and 1.46 x 106 gj(,2.C ) for
the channel.

.

L
a
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3.4.3 Falling Film Limit

Wallis(9) presents an equation for the mass flow per

unit width for a falling film in annular flow when the interfacial
,

shear stresses and pressure drop are negligible. For a film thickness
; 6 the mass flow per unit width is,

7

9(Pf-Py)#6ff
wf= (3.38)

3p

Equation (3.38) is used as a limit for the falling films if they

are not limited by rewet correlations or liquid availability. Normally

one of the latter two phenomena are limiting.

3.4.4 Liau' .ne n t .
__

>

The rate at which liquid is entrained from the mixture

level into the dispersed flow region is defined by a correlation of ''

Webernumbers(16) The relation defines a fraction which is the.

ratio of entrainment rate to liquid upflow rate available at the

mixture level. The entrainment fraction,$,is linear in terms of

Weber number between onset of entrainment (Weoe) and the point of
'

total entrainment (WeTe)*
s

*-e= *oe (3.39).

We ~ N'oeTe

The Weber number is,

We = Pg("g - u )2Dg h' (3.40)

- - _ _ _ _ _ _ _ _ _ _ _ -
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{ 3.4.5 p.ro}t et prag Coefficientl

The droplets are assumed to be spherical in form. Drag

coefficients for flow over spheres are generally presented as a function

of Reynolds number (I7) Within the FLEX core model, the drag coefficient.

i is approximated by,

Cd = 0.4 + 25.4 Re (3.41)
*

d

[

E

E

[

[
'

E

[

[

[,

[ .

.

E
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-
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.

TABLE 3.1

: BASIC C0!!SERVATION EQUATIONS

(Continuous Vapor and Dispersed Droplets)

(
MASS

8("Pv) u(Du)
( Vapor:a vy =

at az ' __
vapor source,

8III-") P l 3III-")P u }Droplets: d dd droplet source=
,

at az

M0tiENTUM

au )
p Vapor: y =-1 BP - g + friction + source
L v az p az

y

( au au
d d - g + friction + source=Droplets: + u

at d az

ENERGY

Vapor:
3T DT convection + source + work=

# V(Superheat) + Uat v az

1
' Droplets :

( (Saturated) h7g (vaporization rate) = convection + source

[ .

r
L

-

|
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Figure 3.1 Illustration of FLEX Core Model Features
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4.0 BYPASS REGION MODEL

The bypass region is defined to consist of the guide tubes and all the

space inside the core shroud, but outside the fuel channels. The bypass

{ region provides an important path for ECCS liquid to reach the lower plenum.

The bypass and core models are solved simultaneously subject to the require-

ment of equal pressure drops.

The FLEX bypass model solves the momentum, continuity, and energy

equations, and considers the following phenomena:

( Countercurrent flow limitation at the upper bypass junction
--

Condensation due to subcooled ECC injection-

( Phase changes due to changes in pressure (flashing)-

Liquid level within the bypass region |
-

Heat transfer from passive components-

Heat transfer through the channels (from the fuel assemblies)-

Quenching of the channels-

Countercurrent flow above the liquid level in the bypass,
-

including determination of the void fraction above the liquid
level

t'

Liquid penetration through the bypass into the lower plenum-

LPCI for appropriate plants-

The results from the bypass model calculations are the liquid and vapor mass

flow rates into both the upper and lower plenums. While countercurrent flow

is considered at the upper junction, single phase flow (steam or liquid only)
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C is considered at the lower bypass junction which communicates with the lower

plenum. No liquid is permitted to pass from the bypass into the lower plenum

until the guide tubes have filled.

( 4.1 GOVERNING EQUATIONS

With the assumption of thermodynamic equilibrium of the phases,

.one of the three basic governing equations of the bypass model is obtained by

combining the conservation of mass and energy equations for the bypass volume
' , shown in Figure 4.1 to yield

( (N -Nfu + NLPCI)"f + ( gt gu)"g (4.1)ft ~W

{. = h dP, {gf (b , vf,b D),gg (b , y , kg g
aP ))h dt aP v 3P aP g vfg fg fg

( ~9h~9c -9LPCI .

Equation 4.1 gives the relationship between the flows into and out of the

bypass (W7g, Wfu' Ngt' Ngu' NLPCI), the energy transport into the bypass

{ (qh'9HT and qLPCI), and the effects of pressure changes within the bypass
.

(phase changes and changes in specific volumes of the phases due to changes

( in pressure). The energy transport terms.are defined in Figure 4.1, and q
c

includes the energy conducted from the fuel assembly through the channel wall

(qbc) as well as from other metal components.
I

The second governing equation in the bypass is the momentum equation,

written in the quasi-steady form of the system loop equations. The insigi ificant

( ' transient terms are ignored, leaving the dominant terms for a refill /reflood
transient:;

AP APbypass friction, form + AP=

gravity *

[

(: .

.

-
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Referring to Figure 4.1, it can be seen that three distinct regions

can exist'between the upper and lower junctions where the pressure drop

boundary condition is applied: a liquid region (between Z and Z ), ag g

j region between the falling film quench front and the liquid (between Z andq

Z , called Region B) and Region T which contains the films on the channels.g

The gravity terms are:

AP = -g (Z -I)P - g (Z -Z )E"B g + (I-"B) P 3Dgravity L t f q L f

- g (Z - Z )[aT g * II - "T) P 3 (4.3)Pq fu

The friction and form losses considered are:

-
-

|W"jW" |W"|W"U 9
AP =-K +

friction. form u 2
2A pf o

g
u

_
-

- .

IWft!Nft !W !W1 gt gt
AP *^- K +

friction, form L, 9 qg ,

The friction losses through .the lower bypass junction are by far the dominant

term in Equation 4.4.

|
The void fractions (a and a ) appearing in Equation 4.3 are cal-

B T

culated assuming steady state flows of 'Jiquid and vapor above the liquid level

(W and W u). The relative velocity nf the droplets and vapor are calculatedg

assuming that all droplets hav6 a size corresponding to a Weber (We) number of

12.0(91 , and the drag coefficient (C ) is consistent with Equation 3.41'

D

(f g}9 ]1/4P

(43C )1)4[U (4.5)"
R

D
,
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.

[
Using this relative velocity U and the flow rates of the phases, the

R

( void fraction is given by the appropriate root of

~P -PP A U)+P N =0. (4.6)A U ) + "B (~Pgf fg fg b R f gPP
i "B fg b R

i

The void fraction in the top region (aT) is also computed using Equation |

[ 4.6 but includes the contribution of the liquid films on the outside of the channels.

The third (and final) governing equation in the bypass region is
[ the countercurrent flow relationship at the upper bypass junction, which

gives the dependence of liquid downflow on vapor upflow. The Kutateladze

correlation is used (Equation 3.31).

( 4.2 NUMERICAL SOLUTION TECHNIQUE

Equations 4.1, 4.2 and 3.31 are the three governing equations solved

simultaneously to obtain the flows into and out of the bypass. Because the
l

{ flow at the lower bypass junction is assumed to be either vapor or liquid, ~~

but not both, three equations are sufficient to uniquely solve for the three

( unknown flow rates (W or Wgg, Wfu and Wg ).f

The bypass equations are solved simultaneously with the core model

during a time step, subject to the assumption of equal pressure drop across the

core and the bypass. Solving the bypass equations is a simple three step,

non-iterative process. The inlet flow is first specified, and Equation 4.1 is

( solved for the net volumetric flow (Qnet) required at the upper bypass junction.

The liquid and vapor mass flow rates, W and Wgu, at the upper junction arefu

then solved for using the relation

( O N gu "g (4*7)net fu "f +N"

I
m

-

e

_ _ _ _ _ - - -
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( -

and the countercurrent flow limiting correlation, Equation 3.31, subject

to the restriction that W can not exceed the liquid availability limitfu

. (see Section 5). Once all the flows are known, the bypass pressure drop
t *

: is readily evaluated according to Equations 4.2, 4.3 and 4.4.;I .,

4.3 LIQUID 00WNFLOW THROUGH THE LOWER BYPASS JUNCTION
,

This flow path consists of numerous leakage paths, in addition to

the flow paths afforded by the alternate bypass flow holes (in the lower tie

plate sidewalls of the fuel assemblies) and the reverse flow leakage path between

( the lower tie plates and the fuel channels. The liquid level in the bypass

region will, during the course of a typical refill /reflood transient, become

sufficiently high to push 1| quid through these leakage paths (lower bypas.s

junction) into the lower plenum.

For this special case, the friction losses through the lower bypass

( junction are described using a correlation developed by the BWR NSSS vendor (I9)
.-

,

which has been modified by ENC to account for the lower tie plate to channel
( leakage path and the alternate bypass flow holes in the lower tie plate walls:

II
{ M fg = 8) AP +8 AP + 8 AP (4.8)2 3

{where@gg is in units of lb,/hr, and AP is in units of lb /in , and the2 '

f

coefficients s , s and 63 are described byz 2

P; 2814 fl + ll660 N + 101.4 N + 6.86 N=
gt h inst b

2
(D K N +6( 9
abfh,i fh,i abfh,1)] + 14966#

f

.

,

r .

<

+

__ _ _ _ _ _ _ _
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[

-70.07 N - 8.61 N
2 gt inst + 15.55 Nb + 10848 =

1.952 N - 0.058 Nb - 12.33 gt + 0.2 Ninst8 =

( ,j N'
ft

number of different fuel types in core=

i N = number of guide tubesgt
N

h number of core plate holes=

N inst = number of instrument tubes

ti total number of fuel bundles in core=
b

Nabfh,i = number of alternate bypass flow holes in fuel type i
Dabfh,i = diameter of alternate bypass flow holes in fuel type i

Kabfh,i = loss coefficient for reverse flow through alternate

{ flow holes in fuel type i

6
3 term to account for leakage flow through the lower tie=

..

b plate to channel seal for fuel type 1.
s

No liquid downflow is permitted through the lower bypass junction[
until- the liquid level in the bypass region has covered the lower bypass

{ junction. It is to be noted that this criterion requires that the guide

jtubes be filled before any liquid is allowed to flow into the lower plenum

- from the bypass.

4.4 HEAT TRANSFER INTO THE BYPASS REGION,

Heat transfer into the bypass region is considered from both passive

{ components (e.g., core shroud, guide tubes, etc.) and from the fuel channels.

The passive components are treated using the model described in Section 5.
i

-

- _ _ - _ - _ - _ _ . -
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{ The fuel channels are subdivided into axial segments, as illustrated

in Figure 4.2. For.any axial node.not_ containing the quench front, the heat

transfer rate is calculated by the relation

( j q, hAsi (T,9 - Tsat) (4.9)
=

I where h heat transfer coefficient (see Section 5.5)=

A3g = surface area of node i

T j = wall temperature of node i'

For the node containing the quench front, the heat transfer rate is

f computed only for the region beneath the quench front as given by

(Z -Z)
$

hAsi (Tgj -Tsat) (4.10)'91 AZ
"

j

The total heat transfer rate into the bypass from the channels is

thus described by
..

f99
1 +9 +9 film (4.11)

"
bc q

( where q - is the total quench front heat transfer rate provided to the bypassq

model from the core model, and q is the heat transfer rate required tofjj,

-. hold the quenched portions of the channels at saturation temperature as

f pressure is changing. '

|

'

(

r
L

-

_ _ _ _ _ _ _ _ _ _ - - _ - - - -
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Region T <
l

|
'
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9

W4h=

Region B < c

W

LPCI
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L

n o

l

W W -

fg gg

{ enthalpy transport rate due to9 =
h ,

inficws not at saturation I

*NLPCI (hlPCI -h)LPCI f

c total heat transfer rate into bypass9 =
,

bgt

Figure 4.1 Bypass Region Model
i
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(: Figure 4.2 Bypass: Heat Transfer from Channels~
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5.0 SUPPLEMEtlTARY MODELS

( 5.1 PHASE SEPARATI0ft MODELS

FLEX allows the user four options for determining phase separation

[ and the resultant mixture level within a system node. Option number one assumes

the node'to be homogeneous with the mixture level equal to the height of the
I node. The second option assumes complete separation of the phases, and the

[ liquid level is given by

2 = (1.0 - a) H (5.1 )
L

where Z is the 'iquid level, a is the node average void fraction and H is the
t

height of the node. The third and fourth options allow the calculation of a j

mixture void fraction based on drift flux theory or Wilson bubble rise theory,
respectively.

5.1.1 Drift Flux Phase Separation Model

The third option utilizes the drif t flux model to determine

the phase distribution (void ' raction) beneath the two phase mixture level.
.

{ The drift flux phase separation model in FLEX is based on the assumptions

that the flow is gravity dominated and that the liquid fraction above

the two-phase mixture level is negligibly small. The model is illustrated

in Figure 5.1.
[

7
The FLEX node within which the model is applied is subdivided

'

{ into f4 subnodes, each with its cross sectional area A and height Hg , all ofj
)which are input by the user. The A and Hj may differ from subnode to subnode.j

( The flow solut' ion (see Section 2) specifies the inlet mass flow rate and

density to the node from which the inlet superficial velocity is obtained

J ,in d." (5.2)"
g

g in

..

,
_ - -



44 Xtt-flF-80-19(flP)
L Volume 2B

h

The system solution also provides the rate of change of

pressure,h,thefillenergytransportrate,qfgj) (Eq. 2.6), and the
~

> heat transfer rate into each subnode, qc,i. (see Appendix A).

The rate of generation of vapor due to depressurization

( is given by

fg(p)=h[M(hf-v)+M(h-v)]hf (5.3)W
f f g g

It is assumed that this vapor appears uniformly within the liquid phase,

and the amount of vapor generated within a given subnode, due to a

change in pressure and fill injection, is consequently

fg.i "f i "f ode
N

EWfg(P)+9fill f ]. (5.4)h-*

Providing the net vapor generation rate in the FLEX

node, Wfg. net, is greater than zero, where
N

b h-3) (5.5)
-

N
i 1 (Wfg,1 + 9HT,1 fg ,

"

( fg, net

The rate of generation of vapor within a subnode is given by

N -I
f fg, tot,i" fg.i + 9c,i. hfg (5.6)

therefore,

d .out,i 0 ,in,i * fg , to t,i ^i - (5.7)"
g 9

8 Defining the average subnode superficial vapor velocity as
(

(d .in,i + d ,out,1) (5.8)g,i " g g

{ ' The subnode average void fraction,is given by the Zuber-Findlay expression (18)
3 ,i9""i CI

*

g$ +U) (5.9)g

{.
,

.

- -

_ _ _ _ _ _ . _ _ . . _ _ _
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[ where C is the vcid distribution parameter and U is the vapor driftg g3

{
velocity. The drift flux relations used are:

C (a,P) (5.10)C =
g g

[ !
l

g3 g3 (a,P) (5.11 )U U=

[ .

where the functional relations of Equatio'ns 5.10 and 5.11 are based on the

model of Ohkawa(28) ,

The void fraction model assumes that the superficial liquid velocity

( is negligible compared to the superficial vapor velocity, or that

di" d ,1 (5.12)g

which is In excellent approximation for pool situations.

[ '

Equation 5.9 is applied successively to each subnode, beginning with .

the bottom subnode, until the subnode containing the two-phase mixture

level is reached. The two-phase level in this subnode is defined by
N
f,1

H "
20,1 of A$ (1-aj) (5.13)

where 11 is the liquid mass contained in the subnode.7,9

'

[
The subnode liquid masses'are related to the total liquid mass

{
in the node by the relation,

M M=
f, node 7,j (5.14).

[.
1"1

.

r
e

f

-

_ _ _ _ _ _ _ _ _



._ ~_ . . . - . _ - . - - - - - - - - - . . - _ - . . . . - -- -. - -_. .

46 XH-i4F-80-19(llP)
| Volume 2B

[

[
5.1. 2 Wilson Bubble Rise Model

( The Wilson Bubble Rise Model(29) is an approved phase

separation model in ENC's Evaluation Model version of RELAP4(30) In.

.k addition, the experimental swell' test data from which the Wilson model

was developed was representative of JP-BWR lower plenum LOCA conditions.
[ ~

Thus, the Wilson Bubble Rise Model was included as an option for a phase

{ separation model.
,

5.2 UPPER PLENUM MODEL

[ ' The presence of ECC sprays in the upper plenum results in the

{ occurrence of phenomena such as droplet entrainment and countercurrent

flow which do not exist in other FLEX system nodes. A special moc'el is

( therefore provided to describe fluid behavior in the upper plenum.

. The FLEX upper plenum model is shown schematically in Figure 5.2. -

[ The'ECC spray flow W is input by the user as a function of time orspre
pressure. The values for the inlet boundary flows W and W are. computed{ CCFL in
by the FLEX core model and supplied as boundary conditions to the system

( model. The mixture lavel, H29, is computed using the drift flux phase separa-

i tion model discussed in Section 5.1. The nodal flow, Wout, results from the general

system flow solution discussed in Section 2. The droplet entrainment flow

. W and the surface liquid entrainment flow, Went,1, result from interacdonent,d

[ .

.

[ .

[
<

f
!

-. -._ - - - - . - - - . . - - . - - - . - . - . - . - - . . . . . - , -



|

47 ' Xil-flF-80-19(llP)
Volume 2B

between the upward flowing steam and the ECC spray droplets and from entrain-
1

. ment of droplets by steam flow through a liquid pool, respectively. If the l

tupper plenum mixture level is below the elevation of the spray sparger the
j

$
spray droplet entrainment mechanism is activated. Steam flow at a pool surface S|;

6
j is the assumed mechanism if the mixture level exceeds the sparger elevation (Zspray)'

5.2.1 Spray Droplet Entrainment

The model for spray droplet entrainment assumes a character-

istic droplet size corresponding to a critical Weber Number of 1259) as given

| by:
I 12o

d, gU
=

n

a

where o is the surface tension and.U is the liquid velocity in the spray .n

nozzles. The droplet sizes are further assumed to follow the Nukiyama-

I9)Tanasawa distribution as given by:

32 -4
N(d) = e (5.16),

dm

! which has a most likely or mean droplet size of d = d,/2.

.

O

e

_-
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The critical droplet size for entrainment is calculated

assuming a balance between gravity and drag forces, and is described by:

1 0.75 o Cg D g
d (5.17)=.

g(of - o )
.

e
g

{ where V is the vapor velocity and the drag coefficient is consistent withg

Equation 3.41 The droplets which are entrained are thus those with diameters
( less than or equal to d . The volume fraction of droplets with diameters lesse

than or equal to de ,4, an be obtained by integrating the size distribution( e
,

as given by: ,
d

.

( [o d N(d) dd
'

e ,

3

(5.18)4 = .
3 ''

d N(d)ddg

where N(d) is given by Equation 5.16. The total. droplet mass entrainment

f rate is then computed as:

'I spray) (5.19)
W '

ent

}whereW is the mass flow of the spray into the upper plenum.spray
l

(

{ .

[ .

p

(
,

- - . . , . . .- - - - . . . , . , - . . . - - . , . . . . . - , , . -
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( 5.2.2 Entrainment From a Pool

If the mixture level in the upper plenum is above the spray
l spargers, the entrainment mechanism is different from that described above.

{
The method applied in FLEX is an extension of the empirical method of

Wilson (20,21) which described the entrainment rate as a function of pressure

( and height from the mixture level to the volume outlet. A critical

' superficial steam velocity is defined at which the entrained moisture
[- reaches 1%. The critical entrainment velocity is given by:

[2.93-1.1675x10-3 (P - 15.0)]H .42 (5.20)
0j =

g ,e

where j is the critical velocity,in ft/sec, P is pressure in psia,g ,e

{ and H is the height from mixture level to the upper plenum outlet in feet.g

For H less than one, H is assumed equal to one. Ecuation (5.20) is ag g

curve fit to an expression presented by Wilson (21) , and is valid for pressures

from 15 to 1000 psia (0.1 to 6.9 MPa). The entrainment rate is calculated by:
~

W P A( D .0 - (J
"

ent g g *
9

( In the event that j becomes greater than j the liquid content of the flowg g,e

at the top of the upper plenum is assumed to be that which would occur if the

i fluid in the upper plenum were assumed to be homogeneous.

5.3 CRITICAL FLOW MODELS
[

The determination of choked break mass flow rates is made using

either the Moody ( ) or Homogeneous' Equilibrium Model (HEM)(23) as specified{
3

.

[ .

E .
- --

'
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.

on the user input with the Moody model used for licensing analysis. The

critical mass flux is given by Moody as:
!

1 2gJ (h - h - xhfa)0 f
MAX K (5.22)G =

2

( ; I K(1-x) vf + xv ]2 g(g -1)x + 1], I

f
-

g _

where the maximum occurs at a slip ratio of K = (v /vf)1/3 Choking with.

g

the HEM model occurs when the fluid ve16 city reaches the homogeneous equili-

{
brium sound speed. The HEM critical mass flux is given by;

2 J [h -hf - xhf9] *9 o
(5.23)G -=

(1-x) vf + xvg

( The above equations are implemented in FLEX in tabular form using tables

generated as a function of pressure and qualicy. The user must also specify

a discharge coefficient C such that the break mass flow rate becomes
B

C O A (5.24)'( W =
B choke

As noted in Section 2, the pressure and fluid quality at the break is used
- to enter the choking tables. A break mass flow rate is also computed

{
assuming unchoked flow at the break. The break mass flow rate used is the

minimum of the choked and unchoked values, and is used as a boundary condition
t .

( in the system flow solution (Section 2) and' in the determination of the

depressurization rate as described below.

5.4 SYSTEM DEPRESSURIZATION RATE

During a LOCA the reactor system depressurizatiam is determined

by the flow of mass and energy across the system boundaries and the flashing

( and expansion of the fluid within the system. The system depressurization

(
-
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(

( rate is computed and the pressure at a reference point in the system is '

then given by:

+ hat. (5.25)P P=
ref g

{ j The depressurization rate h is computed using the relation developed below.

Considering the BWR system cs a single large volume containing

( saturated liquid, saturated vapor and superheated vapor (in the core only)
,

as illustrated in Figure 5.3, one can write the total internal energy as t

'

II = M uff+Mu +Mu (5.26) Igg yy

{
and taking the derivative with respect to time

I = h= k uff+bu +ku +M +M +M (5.27)-

gg yy fd g yd

( The First Law gives for the entire system

I=Q+O ~ EN hf f - IW h , (5.28)s v gg
( The total volume 'of the system is

'V Mvff+Mv +Mv (5.29)''{
=

gg yy

and since the volume is constant,

( kvf kv kv +Mvff+Mo+M0 (5.30)V E 0 ++=
f gg yy gg yy,

The mass derivatives are
"

f = -tWf-Wfg (5.31 )
}

( M = -rW +Wfg - Wgy (5.32)g g

M.,. = W (5.33)gy ,

Combining the preceding equations and making use of the fact i.

'
that along the saturation line

[
d dP a*E dt aP 1

i

(
-

-

. _ _ _ _ _ _
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[ one obtains the relation

u du

(IW v7 f + IW v ) - Q -Q + P(v Wf7+vW)+Wgy(u -u ) + Mg y gg y g y dt

av Bu av u av ~j =S
- au u

aP ) + M ( d + u#9 d ) + MM ( BPf+S
f 9 -- A (5.34)dt f v g 3P s BP vv dP *

f
'

fg fg _

In deriving Equation 5.34 it was assumed that the density of superheated

{ vapor is the same as saturated vapor; this assumption is justified since the

mass of superheated vapor is small relative to the total system mass.

The superheated vapor is assumed to exist only in the active core

region, and is produced only by heat transfer to vapor (Q ). Writing they

continuity and First Law relations for the superheated region alone, one

{ obtains, after rearranging
du av '

W (u -u)+My[+MQ P (5.35)~=
-y gy y g y

Substituting (5.35) into (5.34) and solving for yields

[ v

s (h ) - EN "f - EW "gf gdP _

f 9
; f h (aP - v ) 3P

+M
-h (aP - v ) BP

- 14M
f g g v BP_ fg

_
_ fg

_{
which is used by FLEX to determine the rate of pressure change of the system

[ at any point in time. It is assumed that h is the same in every FLEX node,

including the core and bypass regions.

[

[

r
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b

!

[ The Q term appearing in Equation 5.36 is the net heat transfer 1,
s

rate.into the saturated liquid phase only, and is assumed to produce saturated

va po r.

[ 5.5 PASSIVE HEAT CONDUCTORS IN SYSTEM VOLUMES

The slab heat conduction model used in FLEX is a one-dimensional
[' ' finite element solution of the heat conduction equation based on the Method ,

{ > of Weighted Residuals (MWR) and employs the Galerkin Approach ( 6) The i.

model has five degrees of freedom and can treat two different materials. Within

[ each of the two regions, a quadratic temperature profile is used.

The general one-dimensional heat conduction equation solved by this

[ method is

h ( k h) - + p'" ' = pc h (5.37)
_

which is subject to arbitrary initial conditions and convective boundary

. conditions. See Appendix A for a detailed discussion of this passive heat

conductor model .

( 5.6 EQUATION OF STATE

j The equation of state used in the core and system models was obtained

from the HAM 80(24) computer code. The coolant saturation properties are

fepresented by a polynomial curve fit of the Keenan and Keyes(25) steam tables
[

And have errors of less than 1% in the pressure range of 14.7 - 2400 psia (0.1
~

{ to 16.4 MPa). The curve. fit is of the form:

C).+ C x + C x + C x3+Cxf(x) '=
+ .... (5.38)2 3 4 5

[
-
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where f(x) is the required saturation property. X is in P at low pressures

and (in P)-7 at high pressures (generally greater than 450 psia or 3.1 MPa).

{ 5.7 COUPLING 0F THE CORE AND SYSTEM MODELS

As indicated previously, the core and system models are coupled

'through boundary conditions at interfaces located at the inlet and exit of

the core region. As discussed in this section, the term core model includes
I

lboth the core and bypass regions.

{ Figure 5.4 illustrates this coupling. The system model provides the

inlet flow to the core as a boundary condition. The maximum allowable liquid

[ flow into the core from the upper plenum is discussed in Section 5.8. The core

model is called once at the beginning of each time step, and calculates the
[ remaining inlet and outlet flows, in addition to the pressure drop across the

{ core and bypass region and the otner variables shown on the right hand side of

Figure 5.4. The system model then solves for the system flows assuming the core

( conditions to be known. The lower plenum pressure and the vapor flow rate into

the core become the boundary conditions supplied to the core for the next time .-

step.

5.8 SPRAY LIQUID AVAILABILITY MODEL{
When the spray systems are spraying ECC liquid into the upper plenum

( and there is no two-phase pool above the core, the availability of spray liquid
i
j to the active core and bypass regions is apportioned according to the areas

above the respective regions.

[

[

[-

c
.

_ - _ _ _ .
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1
(

r
|

L

The total cross-sectional area of the upper plenum is
1

{D (5.29) IA- =
up up

' I where D D the diameter of the upper plenum. The area above the fuelup

r bundles is
L

"asm I han) (5.40)A "
core

L

where N33, is the total number of fuel assemblies and L is the insidechanF

L dimension of the fuel channels. *

The mass flow rate of spray liquid available to the active core

region is

( (N - "ent) A A~ (5.41 )N "
core, max spray core up -

The mass flow rate of spray liquid available to the bypass region
.

'
is

(N -Nent)(1 - A A[p), (5.42)N "
bypass, max spray core

W is the spray mass flow rate, including the liquid produt 'spray a

, by condensation in the upper plenum, and W is the rate of entrainment of' ent
e

L spray liquid out of the upper plenum and into the downcomer region (see I

Section 5.2). Equations 5.41 and 5.42 specify the maximum allowable flow,

rates of liquid into the core region; the minimum of the CCFL flow (Equation'

i

3.31) and the maximum allowed liquid downflow (Equation 5.41 or 5.42) is used. '-

"

,

I

|

w

&

%
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r
'

For the case where a two-phase mixture level exists in the

{ upper plenum, the maximum allowed liquid flow rate from the upper plenum
i

is based on the criterion that no more liquid can be taken out of the upper

plenum than is already there. As for the case discussed previously with no; g

liquid pool, the smaller of the mass depletion and CCFL flows is used.
.
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{

(

(
r(superheated

vapor)

[' "v3

)[Ng' Q

' '

y
rW-

9V (energy addition rate
M to superheated vapor)

g

N fg
(saturated vapor) n

- _ _ _

['

WO=
s

[ (energy addition rate
{W7= f to saturated liquid)M

(saturated liquid)
[,

Subscripts

[ f = saturated liquid
g = saturated vapor
v = superheated vapor

Figure 5.3 - Illustration of Depressurization Model
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!

[ Provided by_ System Model jProvided by Core Model:
:

1
1

(upper plenuai)

{ .

"r, out (Mn.) "g , c u t*

g

Iupper interface
!

-

h hf,out v, out
| 9

|
"f, out f, out g, out

P D

!

( (Core +| Bypass) YQ (heat transfer rate+

j to saturated liquid)
( M,M,Mj 7 y

{ # core

|o

11.cer interface '-
t

W . "

g, in or y ,"f, in 'I"

g (lower plenum)

h;g (upward vapor flow)

h.'" (reverse vapor flow)P ii,

{ F_igure 5_.4 - Coupling of Core and System Moaels
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7.0 dOMENCLATURE
i

Except where specifically indicated otherwise in the text, the nomenclature
s

, used in this report is er follows:

2
A m Cross-sectional area

a nd Absorptance

B W/m Radiosity
'

Bi nd Biot Number

C nd Loss coefficient

f C J/(kg . C) Specific heatp

C nd Drift flux distribution parameterg

d m Diameter
.-

D m Hydraulic diameter

E W/m Black body thermal emission

f nd Fanning friction factor

F N/m Force; Radiation Angle Factor
2

g M/s Gravitational acceleration

G m Mass flux
2

h W/(m C) Convective heat transfer coefficient.

h J/kg Enthalpy

H m Height

j m/s Volumetric flux (superficial velocity)
J nd Junction

I

l
- - - - - -
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( NOMENCLATURE (Continued)

[
k W/(m . C)- Thermal conductivity

K nd Loss coefficient, Kutateladze No., slip ratio

L m Length, loop equation

M Kg Mass

N,n nd Number
,

Nu nd Nusselt Number i

2
P N/m Pressure (static)-

Pe nd Peclet number

Pr nd Prandtl number
9

( p W Power

p' W/m Power per unit length

p''' W/m Power per unit volume

q W Heat transfer rate *

( q' -W/m Heat transfer rate per unit length
2q'' W/m Heat transfer rate per unit area
3q''' W/m Heat transfer rate per unit volume

Q W Heat transfer' rate

R nd Ratio, relative

Re nd Reynolds number

3
S Kg/(s . m ) A source of mass

t s Time

( T C ' Temperature

u m/s Velocity
[. ii J/Kg' Specific internal energy

(
-

1
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NOMENCLAiURE (Continued)

U m/s Velocity.

U m/s Drift flux velocityg3-

U J Total internal energy
3

V m Volume

w' kg/(s . m) Flow rate per unit of perimeter j
1

W kg/s Mass flow rate '

We nd Webber number

X nd Channel outside dimension

x nd Quality, vertical height of fall film front
y m Distance from bottom of core to mixture level

z m Vertical coordinate

Z m Vertical height
.

Greek

'a nd Volume fraction (of vapor if not subscripted)

y nd Mixture level void fraction

6- m Thickness

c nd Emittance

3
v- m,. Specific volume

3'.p kg/m Density
i

.o .. N/m Surface tension

t nd Tc. nsmi ttance

3
r; kg/(s . m ) Mass interchange between phases

0- nd Dimensionless temperature

4 nd' Droplet fraction

p nd -' Mass entrainment fraction

. . . . . . . . . . . .

... .. ..

. . . . .
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NOMENCLATURE (Continued)

( ' Subscripts

A Acceleration
{

b Bypass

( B' Break, Region B of Bypass

c Channel, Conductor

d Dropiet

D Droplet, Drag

e Entrainment *

ex Extra

f Film, Saturated liquid

fg Change of phase

'F Friction

g Saturated vapor
.-

( .G Body forces

b- Enthalpy transport

1 Inlet, dummy index

j- Dummy index

t Liquid, Lower bypass junction

1 Liquid

L Level

m Mixture, Mean

n Nozzle
|

'

o Outlet', Original

Q

r
1

_

_ _ _ _ _ - _
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NOMFNCLATURE(Continuedl I

4 Quench

( r Rod, relative

s Satura ted

T Total, Region T of bypass

u Upper bypass junction

v Vapor

W Wall

Superscripts

Time derivative- ,

f * Formation value
*

( Formation value

- Average value

|

|

1

(

( 1

{.
_ -- -
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_ APPENDIX A

PASSIVE HEAT CONDUCTOR MODEL

l
'

The slab heat conduction model used in FLEX is a one-dimensional finite

| element solution of the heat conduction equation based on the Method of Weighted

Residuals (MWR) and employs the Galerkin Approach (26) The model has five.

degrees of freedom and can treat two different materials. Within each of the

two regions, a quadratic temperature profile is used.

.

The general one-dimensional heat conduction equation solved is

h (k h) + p"' pch (A.1)=

which is subject to the following boundary conditions:

(. 'T (t=0,x) f(x) (A.2)=

-k (x=0,t) h (x=0,t)( T, (x=0,t) - T (x=0,t))= -

kh(x=L,t) h (x=L,t)(T, (x=L,t) - T (x=L,t)).=

(
In the MWR, the equation residual is defined as

f h k h) .+ p"' -pC (A.3)R =
,

This residual is forced to vanish in an average sense over the domain of

interest as-
1

I lp

W R dx = 0 (A.4)3

(
.

f
.

.

. . _ . _ . _ . , .. . .< ... ._ - .- - ''- - '-
E

'
1

-- - - - - - - - - - - - - - - - - - - ^
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where j = 1,2,...n undetermined parameters and W is some weighting coefficient.
3

In FLEX, Equation A.4 is expanded to include two distinct regions as

f.Lj ,L
,

! W R dx + W R dx = 0. (A.5) |
3 j

! # J0
L)

In region one (from 0 to L)) the temperatbre profile is chosen as

T(x) N)T) + N T22+N3T3
=

E l
where T) is at x=0, T2 at x=7 and T3 is at x=L).
The quadratic influence coefficients are(27)'

2(h)2 -3(h)+1 (A.7)N)
=

1 1
-

~4( ) + 4( )N *
2

2(h)2 -(h).
''

/ N =
3

1 1

In region two (from L) to L) the temperature profile is chosen as
<

T(x) = fl +T3 + "4 4 + H T55T
3

' L-L
L where T is at x = j+l and T is at x=L. The quadratic influence4 2 l 5

/ coefficients areg

x-L x-L3

N+ 2(L-L ) - 3(L-L ) * I (^* }
=

3 l 1

1 x-L x-L
-4( I)2 + 4( )N =

; 4
1 ,1

. .

x-L x-L
5 2(L-L ) - (L-L }7 N =

l 1 ,

/
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f

,

Using the Galerkin approach, the weighting coefficients (W ) are
3

chosen as the quadratic influence coefficients. That is

W Nj g 0<x<L) i = 1,2=

'
0 Lj<x<L i=

;

(A.9)
W N

3 3- 0<x<L)=
,

N+ l # **l=,
3 l( .

.

W 0 0<x<L
4 j i = 4,5=

( N L) <x<L=
$

etc. Carrying out the operations indicated in Equation A.5 produces the
( following ilve equations which are written in matrix form as: '

- n +1

{ 7KLl+h) + 4dl -8KLl+2RCl KL1-RCl 0 0
T)

-- -

16KLl+16RC1 -8KLl+2RCl 0 0 T
2

7KLl+4RCl+7KL2+4RC2 -8KL2+2RC2 KL2-RC2 T
.

*
3(Symmetric)

16KL2+16RC2 -8KL2+2RC2 T
4,

7KL2+h +4RC2 T( . . . _ _
55-

_

4RC1 2RCl -RCl 0 0 T, " " +I
'P L1 ~ " +Ih T,)z

16RCl 2RCl 0 0 1 0 4PL12
4RCl+4RC2 2RC2 -RC2 T + 0

3 + M +%2 ( A.10)
16RC2 2RC2 T 0 4PL2

-

e c)
4RC2 T hT h2

_
_ _ _

5 ,5_ - .

i where '

i
kI z k

2
KL1 = 3L Kl'2 " 3(L-L )j j

(
'(pC))Lj (pC)2(l-l )

*

l
RCl = 30 at RC2 =

30 at ( A.ll )

1

P'2(l-l )
-

PL1 = 6 PL2 = ',

6
(
-

.

_ . _ _ - . _ - _ - -
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b

In the above. the subscript 1 denotes values in the region from 0 to L)

and the subscript 2 denotes values in the region from L) to L. In Equation

A.10, h and T,) are the environmental values for the x=0 side of the slabj

and h , T f r the x=L side of the slab. The superscript n is a counter
5 -5

{ on time. The form given in Equation A.10 is stable and will not oscillate

due to truncation error. For the case where only one material is used, L)

may be chosen to be anyplace between 0 and L. At present, for such cases,

L is chosen as L/10 and th'e x=0 side is always chosen to be the side withj

the greatest Biot number. An insulated boundary condition can be obtained

by setting h to zero.
5

In order to obtain axial resolution of the heat transfer from a

( heat slab in a FLEX node that contains a mixture level, the user may specify

that the slab be subdivided into axial subnodes. The heat transfer coef-

ficient is varied to account for the mixture level by using h=h below the |g

two-phase level, h=h above the two-phase level, and linearly weighting the
'

y

coefficients by the mixture level in the subnode containing the mixture level,

(Z-Z ) (Z -h b h + t h ( A.12)
=

E VAZ AZ

where AZ subnode height=

Z mixture level=

Z elevation of botton of subnode=
b

Z elevation of top of subnode=
t

h heat transfer coefficient below level=
g

b heat transfer coe'fficient above level=
y

,
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APPENDIX B

VERIFICATION OF FLEX WITH FCTF DATA

SAMPLE COMPARISONS
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APPENDIX B

VERIFICATION TO FCTF DATA

SAMPLE COMPARISONS

B.0 INTRODUCTION AND SUMMARY

This Appendix presents sample comparisons between FLEX code predictions

and ECCS spray and reflood data from ENC's Fuel Cooling Test Facility

(FCTF).

ENC has significantly upgraded the FCTF so ECCS spray and reflood

tests can be performed that are representative of JP-BWR conditions.

Steam updraft and reflood capability have been expanded and a simulated

jet pump has been added. The testing program is designed to develop

a thermal hydraulic data base for FLEX qualification and is representative'

of average core conditions. An initial spectrum of tests (shakedown)
..

( have been run in the modified facility to confirm the capability to test

under JP-BWR conditions.

( In order to make these comparisons, the FLEX core model was extracted

from a preliminary version of the FLEX code and run on a standalone

basis. The geometry and material properties of the FCTF bypass region

and electrically heated bundle were incorporated into FLEX. The submodels

of FLEX were used as developed from general literature theory and data;

no tuning of submodels was performed.

The test runs selected for comparison were part of the shakedown

test runs and included a spray and a reflood test. Since these tests

were part of a shakedown program data uncertainties were not established.

( .

?
%

_ _ . _ _ _
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Section B.1 briefly discusses the FCTF facility, Section B.2
f

discusses the spray test comparisons and Section B.3 presents the reflood

test comparisons.

Considering the preliminary nature of the model and data, the

( agreement between the FLEX predictions and data is remarkable. Thus

these comparisons show that FLEX will be capable of analyzing the

thermal hydraulics of the JP-BWR refill and reflood period.

B.1 FCTF DESCRIPTION

The Fuel Cooling Test Facility (FCTF) has been used to conduct NJP-

BWR ECCS tests, and is now located at ENC's Horn Rapids site. The FCTF

capabilities have been upgraded to better simulate jet pump BWR ECCS

conditions. Steam updraft and reflood capability has been increased and

a simulated jet pump has been added. Schematics of the FCTF test loop

and fuel assembly are shown in Figures B-1 and B-2 respectively.
,.

( The facility is capable of delivering sprays to the upper plenum

and bypass. The reflood portion of a reactor transient can also be

simulated via flood lines in the lower plenum. Steam lines are available

for steam injection into the lower plenum and bypass in order to simulate

vaporization in the reactor lower plenum.

The test facility contains a full-scale electrically heated mock-up

of an ENC JP-BWR 8x8 fuel assembly and channel. Core inlet orificing is

simula ted. The simulated fuel bundle consists of one unpowered rod,

(the inert rod), and 63 electrically heated rods which are constructed

so as to produce a chopped cosine axial power distribution. The rods

(

- -
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t.

r. L are instrumented with thermocouples at each foot of elevation, with the
L

exception of the 11 f t and 9 f t. levels. Spacer grids and an upper
.

( tie plate are included in the simulated assembly. Thermal shields,

.

designed to approximate the hydraulic'and geometric boundary conditions

L around each channel in the reactor, surround the channel.

r' FCTF instrumentation provides for measurement of the following ,

L -

parameters: selected pressure drops; bundle power; rod, channel, and

( thermal shield temperatures; various flow temperatures, and steam and

( liquid flow rates sufficient to determine a mass balance.
f
L. B.2 SPRAY TEST WITH STEAM UPDRAFT

The initial conditions and boundary flows for Test 2901, a spray
'

test with steam updraft, are listed in Table B-1. For FLEX simulations,

f. the test bundle was divided into five nodes of equal length with one rod

type (average rod). Comparisons of predicted and experimental values
,

f
( are shown in Figures B-3 through B-7.

Figure B-3 shows the average rod temperature comparison. The value

plotted from FLEX is the midplane nodal temperature for the average

( heated rod while the data is the average of all thermocouples at the six

foot elevation. These temperatures agree quite well. Figures B-4 and
/

| B-5 show the temperature profile at 100 second intervals for the average
~

rod. The measured results of Figure B-4 show the average of all thermocouple
i' - readings at eleven elevations, while' Figure B-5 shows the five nodal

f temperatures calculated by the FLEX core model. These plots also. compare
L -

favorably,
r
L

.

,

. _ . _ -
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Figure B-6 presents the calculated and experimental test essembly

vapor generation rates, incliding the bypass region. The injected

( updraft steam has not been included in either curve. After an initial

transient, the predicted and actual values compare well. The initial

difference is related to the amount of vapor generation predicted from

the FCTF bypass which includes non prototypic thermal shields and/or
~

experimental uncertainties early in the test.

( Figure B-7 is a comparison of the liquid penetration rates. These

values are again the combined totals for the assembly and the bypass.

A negative value on the liquid penetration indicates flow in the downward
' direction. Initially, due to the higher calculated vapor generation,

(
the predicted penetration is less than observed. The quasi-steady state

{ penetration prediction late in the transient is also somewhat less than

the measured value. In the first two minutes the differences between
,

-the predictions and data could be caused by the averaging that is inherent
l in the use of collection tanks.

The overall conclusion from the spray test comparison is that FLEX

{ slightly underpredicts the bundle temperatures, overpredicts the vapor

generation rate and underpredicts the liquid penetration. This indicates

that FLEX core model in its present form contributes conservatively (later

than act"'1) to the time.of reflood prediction.

B.3 REFLOOD TEST

{ Test 3806 was a reflood with spray test. The parameters of importance

are listed in Table B-1. This test was modeled beginning from the time
,

E

e

_ - _ _ _ _ _ _ _ _ _ - _ .
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[

{ of reflood. Figures B-8 through B-9 present the FLEX results vs. the data

for this test.

Figure B-8 compares the total bundle pressure drops. The pressure

drop is a_ measure of the mixture level and entrainment. Thus the good

agreement between the pressure drop predictions and data support the

{I mixture level and entrainment models in FLEX.
,

Figure B-9 shows the predicted liquid flow rate into the midplane

h node. The sharp rise in liquid flow rate at 14 seconds is taker as

_the time the two phase fluid reaches the midplane (time of hot nodei

2reflood) and the Appendix K reflood coefficient of 25 BTU /hr.ft ,p.
2

{ (0.142 Kw/m .C ) is to be applied. The change from Appendix K spray
~ to reflood coefficients is sufficient to cause the slope of peak clad

h. temperature to change from a positive to a negative value (PCT turnover).

14 seconds is also the time FLEX predicts the tisenover of the midplane -

rod temperature. The measured average and peak rod temperatures at

the midplane both turnover at 9 seconds. (Time of actual hot node reflood).

Thus, this data comparison indicates that the FLEX prediction of time of I

-\

( hot noda reflood is conservative relative to data by about 5 seconds.

[

[
.

[ .

E

E

|
.
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(

( Table B-1

FCTF Test Conditions

L

( Test Test
( 2901 3806.

Type of test Spray Reflood

Initial power, KW 216 240

L Fuel Assembly Spray, gpm 4.6 4.6

Channel Spray, gpm 1.4 -

Reflood Flow, in/sec. - 3.1

( Injected Lower Plenum 200 -

Steam, lb,/hr

( Injected Bypass Steam, 50 -

lb /hrm

(

r
L .

1

[

,
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