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NOMENCLATURE

A Cross-section area (ft )
C Frictional energy loss per unit mass

C Friction loss coefficient
d

C Heat capacity (8tu/lbm)
p

D Droplet diameter (ft)
d

0, Hydraulic diameter of volume m (ft)
D Pipe diameter (ft)

p
E Internal energy (Btu)

f Friction factor

F, Interfacial friction force (lbf)
F, Wall friction force (lbf)

2
G Mixture mass flux (1bm/ft -sec)

2
g Gravitational acceleration (ft/sec )
H Total enthalpy (Btu)

h Specific enthalpy (Btu /lbm)
J, j Volumetric flux (ft /ft -sec ft/sec)
k Thermal conductivity (Btu /ft-sec)

L Length (ft)

M Mass (1bm)

n Droplet number density (lb/ft )
d

Nu Nusselt number

P Pressure (psia)

P Interfacial surface area per unit length of pipe (ft /ft = ft)
mn

P Wetted perimeter (ft)
Pr Prandtl number

Q Total heat transfer rate (8tu/sec)
'

q''' Heat generation rate (Btu /ft -sec)

q''d Heat flux at droplet surface (Btu /ft -sec)

q3) Energy flow rate from liquid to interface (Btu /sec)
q Energy flow rate from vapor to interface (8tu/sec)

3y
Re Reynolds number

S, Liquid mass flow rate from vapor volume (lbm/sec)
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NOMENCLATURE (cont.)

S Vapor mass flow rate from liquid volume (lbm/sec)

S Liquid mass flow rate from liquid volume (ibm /sec)j
St Stanton number

T Temperature (degree f)

t Time (sec)
U Internal energy (Btu) [see context)
U, u Velocity (ft/sec)

U Relative velocity between phases (ft/sec)
r 3

V Total volume (ft )
3

v Specific volume (ft /lbm)

V, Void propagation velocity (ft/sec)
W Mass flow rate (ibm /sec)
We Weber number

X Tnermodynamic quality

S Average void fraction (2-volume model)
y

Z Elevation (ft)
Z Elevation of two-phase / vapor interface in core (ft)

p

Z Elevation of liquid /two-phase interface in core (ft)
g

GREEK NOMENCLATURE

a Void fraction

F Volumetric rate of vapor generation (ft /ft -sec = 1/sec) [see

context]
r Net evaporation rate (lbm/sec) [2-volume model]
p Viscosity (lbm/ft-sec)

p Density (lbm/ft )

p) flowing mixture density

p Static mixture density (lbm/ft )
3

a Surface tension (ibf/ft)

xii
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NOMENCLATURE (cont.)

SUBSCRIPTS

.

1 Node at bottom of core
b Bubble

c Continuous phase

d Droplet

i Current node number (see centext)
i Liquid volume [two-volume model]
j Vapor volume

1 Liquid

lv Difference between liquid and vapor states

m Condition within node [see context]
m Liquid flow link [two-volume model]
N Node at top of core

n Vapor flow link [two-volume model]
n Current time step [see context)
p Pipe [see context]
p Condition at node boundary [see context]

r Relative property

s Mixture property
sat Saturation condition

l

T Total volume

v Vapor

j

,

f

i

xiii
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SECTION 1

INTRODUCTION

Over the past several years Westinghouse has been developing an improved
reflood model for use in the evaluation of large loss-of-coolant accidents in

PWRs. The motivation behind this effort was a desire to demonstrate addi-
tional safety margin to the cladding temperature limits imposed by Appendix K

EIlof 10CFR.50. Since current evaluation models indicated that the peak

cladding temperature occurs during the reflood phase of the accident, major
emphasis was placed on developing improved models to calculate heat transfer
and thermal-hydraulics in a PWR during reflood.

The first step in the reflood model development program was to improve the
core heat transfer and thermal-hydraulic model. The current evaluation model

employs the FLECHT correlation followed, as required by Appendix K, by a steam
cooling model when blockages are predicted at flooding rates less than one
inch per second. The improved core heat transfer model, intended to replace
the current approach, is named BART (Best Estimate Analysis of Reflood Tran-

sients) and is described in WCAP-9561.E 3 In this reference, an interim

reflood evaluation model is also proposed in which BART is used in place of
the FLECHT correlation and steam cooling model. However, other aspects of the
evaluation model are kept essentially the same. In particular, the entrain-

ment rate used in the WREFLOOD code to determine flooding rate is still
calculated using the FLECHT entrainment correlation.E33 This correlation is

based on constant low flooding rate data and the resulting flooding rate
exhibits a quasi-steady behavior as shown in Figure 1-1.

I A more dynamic interaction between the core thermal-hydraulics and system
behavior is expected and recent experiments have borne this out. Therefore, a

logical next step in the reflood model development was to use BART to cal-
culate the entrainment rate for a given flooding rate, use a system code to
determine loop flows and pressure drops in response to the calculated core
exit flow, and supply BART with an updated inlet flow with which to calculate

61338:1/042683 1-1
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a new entrainment rate. This system was expected to produce a more dynamic

flooding transient, somewhat as shown in Figure 1-1, which reflected the close
coupling between core thermal-hydraulics and loop behavior.

The system code chosen for the above applications was NOTRUMP.E*l This code

with some modifications would allow additional flexibility in modeling upper
plenum mass storage, steam generator heat transfer, and loop resistance.

This report covers the latest phase of reflood model development, outlined
above. Using the BART and NOTRUMP reports as reference documents, the report
describes changes in these codes required for their combination into the
reflood system code BASH. Additional sections cover verification of BASH
against available gravity reflood data. Finally, an evaluation model using
BART/ BASH for ECCS performance in PWRs is proposed to replace the current

evaluation model.

(

)
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SECTION 2

THE BART CODE

2.1 INTRODUCTION

The BART computer code was developed primarily as a best-estimate design code
for application to the reflood stage of loss-of-coolant accident analysis.

The basic features of BART are described in detail in the original

Westinghouse report on the code, WCAP-9561.[2] The following models com-

prise the basis of the original work and are the foundation for the refine-.

ments described in Section 5 of this report. Brief summaries of these basic
features are given here as background to the development of BART and its
integration into a comprehensive LOCA analysis model:

1. Basic conservation of mass and energy in liquid, vapor, and two-phase
regions in the reactor core.

2. Radial conduction heat transfer within the fuel rod.

3. Heat transfer from rods to coolant in liquid, vapor and two-phase

regions in the core.

4. Quench-front propagation and heat release.

5. Thermal nonequilibrium and heat transfer between phases.

2.2 MAJOR MODEL DESCRIPTIONS

2.2.1 Basic Conservation Equations.

Reflood heat transfer, which determines the peak cladding temperature during

the reflood phase of a LOCA, is governed by local fluid conditions in the
core. In BART, it is assumed that axial variations dominate so that a

one-dimensional representation will suffice.

6133B:1/041883 2-1
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The reflood process occurs at relatively low pressure and flow. Because local

pressure variation is a second-order effect, 't is assumed in BART that core
pressure is constant in time. Thus, only tt.e continuity and energy equations,

augmented by a volume flux equation, an egeation of state, and an equation for
relative velocity between liquid and vapor are considered.

From a hydraulic viewpoint, the core at any time consists of a least one of
three regions; single phase liquid, two-phase mixture, and single-phase
vapor. Each region is separated from the others by a fluid interface. For

the purpose of illustration, only the two-phase region will be discussed here,
since the single-phase equations follow directly from the two-phase system. A

detailed description of the entire system can be found in the original BART
report.E 3>

Mixture continuity equation:

(G) = 0+

Vapor energy equation:

"v " "v - "usatv
P a +3 * 9,,, - 9,o,il H

, *
y at 9 3z b 1v

Volume flux equation:

hinpa h in p r ( - )+j+ = ,
y

i

Equation of state:

p (H,P)p =

61338:l/041883 2-2
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where

j = volumetric flux

j = vapor volumetric flux

g = liquid densityp =p

p = vapor density

p = mixture density

r - volumetric rate of vapor generation

G = mixture mass flux

The relative velocity, U , is determined from drift flux correlations or, inr
the case of dispersed flow, is calculated from a vapor-droplet force balance.

Simplifying assumptions are:

1. One-dimensional equations

2. Fluid properties are independent of small variations in pressure

2.2.2 Radial Conduction Heat Transfer in Fuel Rod

A detailed conduction heat transfer model is used to calculate fuel rod
temperature history and energy transfer to the fluid in BART. Fo'r " hot

) channel" calculations (these will determine the temperature of the hot rod,
see Section 8) the model used is identical to the model developed for the
LOCTA-IV program.I For " average channel" calculations (to determine core'

conditions for reflood calculations) a simpler model is used which does not
include the mechanical deformation of the cladding. This model is described

in WCAP-9561.[2]

61338:1/041883 2-3
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2.2.3 Heat Transfer from Rod to Coolant

The following regions, characteristic of the reflood transient, are described
below and depicted schematically in figure 2-1.

|

As coolant enters the core, the first region encountered is one 17 which the
fuel rod surface temperature is near the fluid saturation temperature. Liquid
is heated or boils in this region due to decay power generated within the

All heat flowing from the rod is assumed to either heat the water torod.
II:e mixture is therefore in thermal equili-saturation or generate vapor.

Heat transfer below the quench front is due to forced convection ifbrium.
the wall temperature is less than saturation temperature, or to a combination
of nucleate boiling and forced convection if the wall temperature is greater
than the saturation temperature.

The next general core heat transfer region encountered is in the vicinity of
the quench front, where the fuel rod surface temperature rises from near
saturation to a value on the order of 1000*f over a very short axial dis-

In this region, the fluid undergoes complex changes in flow regimetance.
because the rod can no longer be wet by the liquid and because the heat
transfer rates become large in both the axial and radial directions.

The final state of the fluid as it passes up the core is characterized by a

highly dispersed liquid phase and a highly superheated vapor phase.

There are four possible mechanisms for heat transfer from the rod surface to

the fluid in dispersed flow:

i

1. Forced convection to vapor

2. Radiation to fluid <

3. Radiation to other rods

4. Droplet contact

6133B:l/041883 2-4
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For rod-to-vapor heat transfer, a careful analysis was made of the forced
convection and radiation components of the heat transfer in the FLECHT cosine
and skewed tests.[6 E From that analysis, the following conclusions were

drawn:

Radiation accounted f or roughly 20 percent of the total heat flux f roma.
the heater rods at upper elevations. The three components of

radiation were found to be of the same order of magnitude.

I
The remaining heat flux, attributed to forced convection from the rodb.
surface to the vapor, was significantly higher than could be accounted j

for by standard correlations such as Dittus-Boelter. j

It was concluded in the FLECHT analysis that the physical mechanism providing
the most consistent explanation for the excess heat transfer was the level of

Given the same local Reynolds number, turbulentturbulence within the vapor.
diffusion of heat was more effective during two-phase flow in the FLECHT

bundle than would be the case in single-phase flow in a tube,

in addition to forced convection, radiation from the rod to the vapor and the
liquid is calculated. Rod-to-rod radiation is ignored, although it is
recognized that this component may become important at upper elevations of the

rod bundle.

Oroplet contact with rods and subsequent drop breakup effects on heat transfer

are ignored in the original version of BART.
|

2.2.4 Quench Front Propagation and Heat Release
|

The model of quench front heat release establishes an array of isotherms which

migrate along the rod as the quench front propagates as shown in figure 2-2.
The isotherm model accounts for both radial temperature gradients within the

The isothermrod and the severe axial gradient above the quench front.
temperatures are input values and can be chosen to provide any desired degree
of detail at the quench front.

61338:l/041883 2-6



The model considers radial conduction in the rod and axial conduction along
the rod, which is of the same magnitude as boiling heat transfer to the

The axial conduction leads to additional preheating of the liquid
liquid.

before it reaches the actual quench front. A typical heat flux profile is

shown in Figure 2-2.

A boiling curve based on the assumption of hydrodynamically controlled heat
flux at the quench front is used to locate appropriate heat transfer regimes

The regimes near the quench
and the accompanying heat transfer coefficients.
front include single-phase, forced convection, nucleate boiling, transition

Closely spaced isotherms allow very fine detail inboiling and film boiling.
locating boiling zones in the region immediately around the quench front,
which is typically very narrow, while sacrificing little in computer running

time.

2.2.5 Liquid-to-Vapor Heat Transfer

Liquid droplets in the dispersed regime will evaporate cs they travel up the
Convective heat transfer between a droplet and superheated vapor isbundle.

calculated using standard correlations for convective heat transfer to spheres.

In addition to heat transfer due tc conduction and convection, radiation
between the vapor and liquid is accounted for.

)

,

2-7
6133B:1/041883
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SECTION 3

THE NOTRUMP CODE

3.1 INTRODUCTION

NOTRUMP is a nodal network code designed for application to problems requiring

general one-dimensional thermal-hydraulic analysis. A rigorous description of
NOTRUMP and its capabilities is presented in a WCAP-9236.E 3 A brief over-

view of NOTRUMP is provided here as background to the formulation of the more

comprehensive PWR transient analysis model, BASH.

The basic components of the NOTRUMP model are fluid nodes, metal nodes, fluid
flow links (called " flow links") and heat flow links (" heat links"), each of
which may be of several types. The major node types are " interior" and
" boundary" nodes, and the main link types are " noncritical" and " critical"
links. Interior nodes and noncritical links are the general-purpose

components used for most parts of the system being modeled. Boundary nodes

and critical links are designed to be convenient vehicles for imposing
boundary conditions in the modeling of transients.

Physical problems are modeled by assembling the components to form a network
of fluid and metal nodes appropriately interconnected by flow and heat links.
The nodes provide for mass and energy storage while the links provide for mass
and energy transfer.

Thermal hydraulic effects are modeled in the code through various correla-
tions. Flow correlations account for the effects of pressure drop and phase

) separation. Heat transfer correlations represent all regimes, such as liquid
convection, nucleate boiling, stable film boiling, forced convection

4
vaporization and steam forced convection.

Several specific component models supplement the correlations, permitting
detailed analysis of equipment which is otherwise beyond the scope of the

6133B:l/053183 3-1

_ _ _ _ _ _ _ _ _ _ _ _



Examples of specially modeled components are steamgeneral noding scheme.
generator swirl-vane moisture separators, chevron separators and primary
coolant pumps.

The implicit
NOTRUMP has mixed implicit / explicit solution capabilities.

(backwards time differencing) technique follows the scheme outlined in the
Longer time steps are usually possible with this technique thanreferences.

However, wherewith the explicit (forward time differencing) approach.
explicit equations are adequate, NOTRUMP takes advantage of the reduced

calculational effort associated with them.
For example, metal nodes in steam

generator tubes can typically be treated explicitly.

NOTRUMP has a detailed momentum balance. Gravitational terms account for
elevations of fluid nodes and flow links and for the effects of phase distri-

Frictional terms in the momentum balance accountbution in stratified nodes.
for the effects of flow through tubes, flow across and parallel to tube

Friction and f orm f actors can be supplied exter-bundles, and form losses.
nally or calculated internally. Momentum flux terms are also included in the
momentum balance equations.

Drif t flux and bubble rise models in NOTRUMP simulate vertical slip flow,
These models facilitate treating gravitationalincluding countercurrent flow.

and mechanical phase separation and predicting water level behavior.

Many other models which apply to specific PWR components and calculational

options used at the discretion of the programmer are described in the NOTRUMP
In the next section, the

report but are beyond the scope of this summary.
basic constituents of a typical nodal network are briefly described.

3.2 MAJOR MODEL DESCRIPTIONS

A NOTRUMP network consists of a finite collection of flow and heat links
joining together a system of fluid and metal nodes. Along with user-supplied

boundary conditions and some component-specific model options, this nodal
network can effectively simulate a great variety of actual thermal-hydraulic

6133B:l/041883 3-2
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systems. The present application is to the primary coolant loops of a PWR
during the reflood phase of a LOCA transient. The different properties of the
various butiding blocks of the NOTRUMP network are discussed below.

3.2.1 Interior Fluid Nodes

An interior fluid node is defined as a fixed control volume containing fluid
at thermodynamic equilibrium and having associated with it one conservation
equation for total mass and one for total internal energy. No flow (only mass
and energy inventory) is associated with a fluid node. An interior fluid node
may be connected with other fluid nodes via flow links and with metal noces
via heat links.

An interior fluid node has associated with it a number of important quan-
tities. The total volume, V (ft ), is a constant. The total internal
energy, U (Btu), is the unknown in the energy conservation equation. The

total mass M (lbm) is the unknown in the mass conservation equation. The

pressure P (psia), temperature T (*F), thermodynamic quality, x, and various
pressure and temperature derivatives are determined from the fluid equation of
state given V, U, and M. Saturation properties are then found from P.

Although an interior fluid node is restricted to being in thermodynamic
equilibrium, it need not be homogeneous. Stratified nodes are allowed. In

these, there is a mixture of steam (bubbles) and liquid at the bottom of the
node with a separated layer of steam at the top.

3.2.2 Boundary Fluid Nodes

A boundary fluid node is defined as a control volume containing fluid at a
specified pressure P (psia) and enthalpy h (Btu /lbm). A boundary fluid node

; may be connected with other fluid nodes via flow links and with metal nodes
via heat links.

The pressure and enthalpy for boundary fluid nodes are specified as arbitrary
functions of time.

6133B:l/042683 3-3
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Other important boundary fluid node quantities are the temperature T (*F),

thermodynamic quality, x, and saturation properties. They are determined from

the fluid equation of state, when P and h are given.

Boundary fluid nodes provide a convenient means of imposing boundary con-
If flowditions. A pressure boundary condition uses the specified pressure.

is out of the boundary fluid node, the donor enthalpy for the flow link is the
specified enthalpy of the boundary fluid node. The temperature can also be

used as a boundary condition for heat transfer.

3.2.3 Interior Metal Nodes

An interior metal node is defined as a fixed control volume containing metal
at thermodynamic equilibrium and having 7.ssociated with it one conservation |

equation for total internal energy (actually, the equation is written in terms
of the metal temperature). An interior metal node may be connected with fluid

nodes via heat links.

An interior metal node has associated with it a number of important quan-

tities. The total mass M (ibm) is a constant.
The metal temperature T (*F)

is the unknown in the energy conservation equation. The heat capacity C
P

(Btu /lbm *F) and the thermal conductivity k (Btu / set *F-f t) are specified
The thermal conductivity is used in determining thefunctions of temperature.

heat transfer characteristics of heat links connected to the interior metal
node.

3.2.4 Boundary Metal Nodes

A boundary metal node is defined as a controi volume containing metal at a i

specified temperature T (*F). A boundary metal node may be connected with

fluid nodes via heat links.

The metal temperature for a boundary metal node is specified as an arbitrary

function of time.
i

3-46133B:1/041883
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The other important boundary metal node quantity is the thermal conductivity k

(8tu/sec *F-ft), which is a specified function of temperature.

Boundary metal nodes provide a convenient means of imposing boundary condi-
A temperature boundary condition uses a user-specified temoerature.tions.

3.2.5 Nontritical Flow Links

A noncritical flow link is defined as a path for fluid flow having associated
with it a momentum conservation equation for the time rate of change of the

No mass and energy inventories (only flow) are asso-total mass flow rate.
A noncritical flow link is always connected to twociated with a flow link.

fluid r. odes.

The
A noncritical flow link has associated with it a number at quantities.
inertial length, L/A (ft- ), is a constant. The total mass flow rate, W

The liquid mass flow
(1bm/sec), is the unknown in the momentum equation.

(lbm/sec), are
f (lbm/sec), and the steam mass flow rate, Wrate, W

determined by a slip or drift flux model.

is determined from slip andThe void fraction in a noncritical flow link, a,
The specific volume, v (ft /lbm), is found from the voiddrift flux models.

fraction.

The continuous flow link model is used in conjunction with the stratified node
It allows modeling of a flow link as a finite diameter circular pipemodels.

for the purpose of determining the flow ccmposition at the intersection of the

flow link with a stratified fluid node.

A

The momentum flux model calculates the momentum flux terms in the momentum
it also limits the flow in flow links to less than sonicbalance ecuations,

flow.

3-56133B:l/041883
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These models calculate W , W , and a in a flow link. They allow for
f

relative motion, i.e., slip, between the liquid and steam phase, and even for

countercurrent flow. They are extremely useful in modeling natural or
mechanical separation effects in vertical flow.

3.2.6 Critical Flow Links

A critical flow link is defined as a path for fluid flow having associated
with it an equation for the total mass flow (rather than the titte rate of

A critical flow link is always connectedchange of the total mass flow rate).
to two fluid nodes.

Other than the fact that a critical flow link does not have a differential
equation for the total mass flow rate, it is treated as a non-critical flow

Thelink. The quantities, W , W , a, and v are found in the same way.f
slip, drift flux, momentum flux, and continuous flow link models are available

for use in critical flow links as we'21 as noncritical flow links.

Critical flow links provide a conver.ient means of imposing flow boundary
conditions or modeling chcked flow at pipe breaks (e.g., steam or feed line

All flow links have both upstream and downstream fluid nodes, whichbreaks).
can be either interior or boundary nodes. Often a boundary node is used as a
donor node for a critical flow link so that the enthalpy as well as the flow
in the link can be specified as a function of time.

3.2.7 Noncritical Heat Links

A nontritical heat link is defined as a path for energy flow having associated
with it an equation for the energy flow (heat rate). Only energy flow is

associated with a heat link. A noncritical heat link is always connected to a

fluid node and a metal node.

The major quantities associated with a noncritical heat link are the heat
transfer rate, Q (Btu /sec) and a constant heat transfer area, A (ft ).

6133B:1/041883 3-6
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3.2.8 Critical Heat Links
,

A critical heat link is defined as a path in which the energy flow is
specified as a function of time only.

A critical heat link is always connected to a fluid node and a tretal node.-

Critical heat links provide a convenient means of imposing heat flux boundary

conditions.
,

|
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SECTION 4

BART-NOTRUMP INTERFACE

The BASH Code, designed to simulate the reflood portion of a LOCA transient in
a PWR, uses NOTRUMP to model the loops outside the reactor core and BART for

th'e core thermal hydraulics.

|

f
Starting with the upper plenum, all the loop components including the down-
comer and the lower plenum are modeled as NOTRUMP nodes. BART, modeling the

reactor core, has two interfaces with the NOTRUMP nodes:

1. Core-upper plenum interface (at the top of the core)
,

2. Core-lower plenum interface (at the bottom of the core)I

i

The data transfer between the two codes provides the necessary boundary
,

2

;

conditions for both codes.
>

|

The conditions in the core, determined by BART, are sensitive to the flooding!

) rate and the inlet fluid conditions. A large inlet velocity, in general,
,

f leads to an increase in the mass flow rate out of the core and eventually to

|
an increase in the pressure in the upper plenum. An increase in this
pressure, which works against the downcomer head, then forces the flooding

rate to decrease.
;

3

| 4.1 CORE PRESSURE DROP

To evaluate pressure drop in the core, the conservation of momentum for unit
,

flow area is written as follows (refer to Figure 4-1)'

?

Z" I ate of momentum) / Rate of momentum)R
'

3
1 I leaving at Z-

it \enteringatZ) ) \ }
n

Z
1 (4-1)i

Z
N

- (P -P ) - p gdz - APfrictionj N j
1'

!
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Pn Pn
PN 2NZNZN

VAPOR

2p
TWO PH ASE

VAPOR

TWO-PHASE

ZsZSZp

LIQUID LlOUlD LIQUID

Z1Zj21
P1P1P1

= PRESSURE AT TOP OF COREPN
= PRESSURE AT BOTTOM OF COREP1

Zg = LOCATION OF SUBCOOLED LIQUID, TWO PHASE INTERFACE
Zp = LOCATION OF TWO-PHASE VAPOR INTERFACE OR LOCATION

OF SUBCOOLED LIQUID - VAPOR INTERFACE

= STATIC DENSITY = a py+ (1 - a) pVps

pudz = MOMENTUM OF MASS IN ELEMENT dZ
=[ap Uy + (1 -a) pc Uq l dzy

i

Figure 4-1. Core Pressure Drop Model
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The rate of momentum entering (or leaving) the core is given by
,

U, + (1-a) p U evaluated at Z) (or Z I*ap g g n

The first and second terms on the right-hand side of Eq. (4-1), taken
together, represent the pressure drop due to acceleration of the mass through

The third term is the total pressure drop in the core, whereas thethe core.
fourth term denotes the pressure drop due to gravitational forces.

!
) When all three regions, namely subcooled liquid, two-phase, and vapor, exist

in the core, the left hand side of Eq. (4-1) is written as
.

-- a
I --

--

__

Using Leibniz's Theorem for the three integrals and after simplification, we
obtain

,

a

(4-2)

Z*referstothelocationjustupstreamofZ,whereasZ[ refersp
7

to the location just downstream of Z . Assuming that (ot) remains constantp

in the subcooled liquid region:

a

I

(4-3)
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The above equation is modified according to the type of interfaces in the core
at any particular time in the transient, as shown in Figure 4-1.

The pressure drop in the ccre is therefore given by:
a,

,

(4-4)

,.

In Eq. (4-4), AP gravity represents the major part of the total core
;

I pressure drop.

i Z
N

APgravity "
Z Sj

The frictional pressure drop is calculated by using a suitable friction factor
The rate ofrepresenting the total resistance of fuel assemblies and grids.

momentum stored at the two-phase vapor interface is denoted by the next two
terms in the equation. These terms drop out of the equation once this

i interfaco moves out of the core.

it (pu) represents the pressure drop due to inertia of the liquid in(Z -Z ) 3
I -

3 j
The last two terms in Eq. (4-4), wnich accountthe liquid region of the core.

for the pressure drop due to the time rate of change of momentum in the two-
phase and vapor regions, contribute little to the total pressure drop and are

;

i presently ignored.

l

l
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4.2 BART-NOTRUMP INFORMATION TRANSFER

In the BART-NOTRUMP combination, NOTRUMP determines the flooding rate to be
used in BART, which in turn feeds back to NOTRUMP the appropriate mass flew

The pressure drop in
rate into the upper plenum and the core pressure drop.
the core added to the upper plenum pressure provides the pressure at the lower

plenum, required by NOTRUMP as a boundary condition for the flow link f rom the
lower plenum to the core.

The sequence of calculations within BART and NOTRUMP is shown schematically in
The figure also summarizes the specific information transferredFigure 4-2.

between the codes. The calculational sequence is listed below:

BART

1. Select a time step at

Perform calculations to evaluate new conditions at time t + at2.

3. Calculate quantities required by NOTRUMP

4. Transfer to t:0 TRUMP the following data:

a. Mass flow out of the core

b. Enthalpy of fluid leaving the core

c. Core pressure drop

Fluid thermodynamic conditions at the bottom of the cored.

e. Core liquid level

f. Time in the transient

4-561338:l/041883
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c

BART - NOTRUMP DATA TRANSFER

BART CODE
^^

f0 CORE CALCULATION 0
m NOTRUMP

NOTRUMP
TIME STEP =Dt

/ L FINAL TIME
t= t + Ot

1. MASS FLOW OUT OF THE CORE.

2. ENTHALPY OF FLUID FLOWING
OUT OF THE CORE.

1. FLOODING RATE.
3. PRESSURE DROP IN THE CORE.

2. FLUID CONDITIONS IN THE
4. FLUID CONDITIONS AT THELOWER PLENUM.

BOTTOM 0F THE CORE.
3. VOID FRACTION IN THE UPPER

5. TIME (t) IN THE TRANSIENT.PLENUM.

6. LIQUID LEVEL IN THE CORE.

I

I

- \[)7NOTRUMP CODE

| DATA
LOOP CALCULATION

.

DATA FROM:;
TO <?.

BART

BART FINAL TIMr
t

\

Figure 4-2. BART - NOTRUMP Data Transfer
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SECTION 5

BART MODIFICATIONS FOR BASH

The BART code described in Reference [2] is a thermodynamic model of the fuel
The

rod bundle under conditions encountered during the reflood transient.
model has been extensively verified against FLECHT tests, as indicated in the

This section describes several model improvements andreference.
modifications made to the original BART code to make possible calculation af
flow blockage and grid effects during the reflood portion of the accident.

A key aspect of the reflood transient is the presence of a dispersed droplet
The heat

regime in highly superheated steam at upper elevations in the core.
transfer process may also be affected by flow oscillations induced by core-RCS

loop feedback effects.

For integration into BASH, several areas were identified in which BART could
be improved to yield significantly better predictions of real core response to

transients:

1. Possible flow reversal in the core

2. The effects of flow blockage

3. Rod support grid effects

5.1 MODELS
4

A detailedIn the following sections, the various models are outlined.
The

description and verification of these models appears in Reference [8].
j

BART code with these model improvements is applicable to the analysis of
reflood transients in which reverse core flow and cladding ballooning and

k The calculation is mechanistic and is a best-estimate in therupture occur.
The cladding swelling and flow blockage models remainthermal / hydraulic area.

conservative because of the manner in which flow blockage is calculated.

5-161338:1/041883
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5.1.1 Nonequilibrium Two-Phase Fluid Model

A one-dimensional nonequilibrium two-phase fluid model is used in BASH to

determine the local fluid conditions in the core as a function of time.

The basic regions of interest are:

1. Single-Phase Region -- Equations written for this region and their
solutions are valid for single-phase (subcooled) liquid and
single-phase (superheated) vapor.

2. Two-Phase Region -- This region covers the major portion of the core
during the reflood transient. The flow regimes considered are:
inverted annular, transition, and droplet. Nonequilibrium between the
phases allows the vapor to be superheated while the liquid is assumed
to be at saturation temperature.

The details of modeling the single-phase and twe-phase regions, along with
their equations, are provided in Reference [2].

5.2 REVERSE FLOW MODEL

Since oscillations in the flooding rate are expected during the reflood
transient, the BART code was modified to handle both the negative and positive
flows.

In the single-phase region, the calculational scheme is not much different for
the two cases if the integrations of the equations are performed in the right j

direction. However, the procedure for void fraction calculation in the

two-phase region is dependent on the direction of the void propagation.
f

5.2.1 Void Propagation Velocity

The mass conservation equation for the mixture, which is one of the equations

6133B:l/051783 5-2



describing the dynamic behavior inside the core, is given by:

(1-a)p ] +h[apU + (1-a) p U ] =0 (5-1)h [ap + g y y ggy

|
In Eq. (5-1), a refers to void fraction; U , U the vapor and liquid

y g

' velocities; p , p , the vapor and liquid densities.
y g

The volumetric flux j is defined asl

j = aU + (1-a)U (5-2)y g

In a manner similar to Reference [9], Eq. (5-1) can be converted into the void.

propagation equation.

Introducing U as the relative velocity between the phases, we have:

U -UU -
r y g

j + (1-a) U (5-3)U =

and

j - aUU =
g r

i) Film and Transition Regimes (Drift flux model)

Equation (5-1) can be. converted-into the void propagation equation of the form

+ V, =A (5-4)
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With U , and U as given by Eq. (5-3), Eq. (5-1) simplifies to
y g

k+ j + (1-2a) U * "II-"Ir a

(5-5)
dE #s ala v

,

, (Pg - P ) dt (pg-p) 8xy y

where

p = ap + (1-a) p
g

Comparing with Eq. (5-4), the void propagation velocity is given by

au
V,- j + (1-2a) U "II-"I ( -6)*

r Ba

This can also be written as

V = j + (1-a) U +a (1-a) U I - "Ir r

or

V, - j + h a(1-a)U (5-6b)r

ii) Droplet regime:
;

a) In this regime, the droplet velocity U is determined by theg

kdroplet acceleration equation. Equation (5-1) can thus be written as

au
-

dp" p* 1
at + U1 3x = (p -p ) dt + (p -p ) U + (1-a) 3x0" b " ($_7)Bxg y g y
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From Eq. (5-7), one obtains the characteristic velocity as

(5-8)
V, = Ug

If the droplets move with terminal velocity with respect to the vapor,b)
the relative velocity U becomes independent of void fraction a.r
Then,

BU

=0
am

from Eq. (5-6), therefore, void propagation velocity is given as

(5-9)
V,= j + (1-2a) Ur

The core fluid dynamic models in BART use void propagation approach for
Since calculations are done on acalculating the void fractions in the r~'es.

node-by-node basis, the method of calculation of void fraction a for a node
depends on the directions of void propagation velocities (V ,) at the
boundaries of the nede.

Two void fractions a ,and a i.e., void fraction within a node and
p The mass conserva-void fraction at the boundary, are defined for each node.

tion equation for each node is then solved to obtain the void fraction a ,.

t

$
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The way a ,and a are related to each other depends on the directionp
of velocity, V , as o is taken as the void fraction of the donor

p
node. For example,

"m (i + 1)

-a; pn;_

"mi

p (i- 1)any

pg - a ,g if V,(i) is positivea

and

pg = a,g g,g ) if V,(i) is negativea

Depending on the directions of V,at the boundaries of a node, four
different cases exist. BART calculations (implicit) for a ,are performed
using new time values for a ,, and as such, logic in the code is designed
to handle the calculations for each of the above-mentioned four cases
separately.

I

h
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The four cases are:

^ V (ila
1 V li), a

i
i

V li- 1)u aV (i - 11a

CASE 2
CASE 1

V li)
v li) a

a
"u

i

+
"V II III V (I-II a

a

CASE 4
CASE 3

5.2.2 Numerical Solution

from the known local fluid and heat transfer conditions at time t, the fluid
tlow equations are solved numerically to obtain the conditions at time

The numerical solution procedure explained in this section supple-
t + at.

ments the one given in Reference [2].

In determining the void fraction from the mixture mass conservation equation,
since calculations are done in the direction of void propagation velocity

(V ,) using implicit differencing, no time step size limitation due to
y

> numerical instability arises.

! '

l
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For a control volume i, the boundaries i and 1-1 are as defined below.

,

I

i+1

BOUNDARYi
Zi

CONTROL
VOLUME

i
BOUNDARY i - 1Zj . i

i- 1

refers to the void fraction in the control volume i,The void fraction og
whereas the velocities are defined at the volume boundaries, so that Ug',

g, etc. correspond to the boundary i of control volume 1.j

p) required for mass flow calculation at a volumeThe void fraction (a
boundary is obtained from the donor node based on the direction of V,.

The mass flow rate at a boundary 1 is

p + (1-ag)U .pa .U - g
pg y

Since velocities are defined at the node boundaries, it is appropriate to use
as the void fraction in Eqs. (5-2) and (5-3).o

p

\
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is called the flowing
and is the mass flow rate at the boundary i-1. p3

This mass flow at the boundary 1-1 is known from an earlier
mixture density.

calculation for control volume i-1.
(Superscript n+1 denotes the new time

level).

*I by XM and using Eqs. (5-3), (5-10) simplifies to
Denoting p")1-1J

a
--

(5-11)

The relative velocity Ur) used in the calculation is based on the present
known value of a . Equation (5-11) can be solved to obtain

g

a"* + U"y*1 and U"*
are then calculated from Eq. (5-3).

i

Case 2.

When the void fraction propagates in opposite directions (outward) at the two
boundaries of a control volume, void fraction in the control volume is
calculated by setting

p _) " " Pj = "mij
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The relative velocity Ur ,g becomes the same as Or , as both areg g

functions of the void fraction a .g

Vati)
a

a;=ami
Zi p

i, ami

a (j .1) e amiZ; . g p
g

va

Equation (5-1) in finite difference form becomes

-

_.- a

(5-12)

(5-13)

_

__.

)

.

5-1161338:1/041883

. - -



._ _ _. - . . _ . .- . .. _ .

Case 3.
i v ti)o

Zi a;=am(i + 1),, p

i, ami

ja

" p (i - 1)" 8m (i- 1)Z; .1

y,(i - 1)

i

are knoten from the solutions for controlVoid fractions a and a

| volemes 1-1 and i+1.

Mass balance for control volume i, gives
9a

_

(5-14)
'

i

-

_

:
.
.

;
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Case 4.

In this configuration, V,is negative at both the boundaries, so that

V IIIa

i
a ;= o (; + 1)Z; p rn

*

i, ami

*
Z1 P(i .1)i ,

v (i 1)o

The mass conservation equation in finite difference form, after simpli-
fication, yields the following equation for void fraction a .

--

-- a

(5-15)

)

(5-16)

-

-

t
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(p .1"* ) is the mass flow rate at the boundary 1.

U
r ,j is the relative velocity calculated from the present known value of a .g

g

2. Droplet Regime

Liquid velocity U is first calculated from the droplet acceleration equa-g
tion. The mass conservation equation is then used for getting the void frac-
tion in the node.

5.2.3 Number Density

In the droplet regime, a variation in droplet diameter is related to the total
droplet heat flux q by

d

N

3D 3D 24 (5-18)d d d
* *-

at 1 8x pHg gy

where H is the latent heat of vaporization, p the liquid densitygy g

and D the droplet diameter.
d

Liquid mass conservation equation in this region gives

h {(1-a)p + h ((1-a)p U ) =
6q II-"I

d (5-19)g gg
O "tvd

Defining droplet number density n as
d

(1-a)6
Ud" 3

wD
d
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the above two equations can be combined to obtain

"d + 3x "d g) = 03
I U (5-19)at

Equation (5-19) is the equation for conservation of number of droplets and can
be used in the droplet regime for calculating the number density of droplets.
The droplet diameter is then obtain from

( }Od"
d

The above principle of conservation of number of drops, applied to a control
volume, can be written as:

[ Rate of change of number of drops in a volume] -

[ Rate of number of drops entering the volume) - [ Rate of number of drops

leaving the volume).

To calculate the droplet diameter, the droplet number density equation is
solved first to obtain the droplet number density in a control volume i.

The finite difference form of this equation is

I"n+1
n I

d ~ "d I (n u ) - (n u (_)dg =0g g dg

aZ ,)at
g

I

\

61338:l/051783 5-15

_ _ _ _ _ _ _ _ _ _ - _ _ _ ..

. .



_ _ _ _ _ _ _ _ _ _

The droplet number densities and the velocities in the two terms
denote their values at the two boundaries i and 1-1,

(n u )"* and (n u )dg dg Number densities being defined within
respectively, of the control volume 1. depending oncontrol volumes, n at the boundary i can be n

d d' ' "d'*I
whether U is greater or less than zero.

g
1

Droplet diameter is then given as

- 6(1-a +1)~
n

(5-22)
0"+I . *Id

n"di w

i _l
,

5.3 FLOW BLOCKAGE MODELS.

5.3.1 Clading Swelling and Flow Blockage

Appendix K of 10CFR50 requires that the effects of flow blockage due to fuel
Inrod cladding swelling and burst be taken into account in a LOCA analysis.

addition, the flow blockage to be used for the analysis is to be calculated as

described in NUREG 0630.[10]

The methods used to calculate fuel rod cladding swelling, burst, and flow
blockage in the Westinghouse ECCS evaluation model are described in detail in
the LOCTA[5] and 1981 Evaluation Model reports.IIIAs described in

Section 2, the thermal and mechanical response of the fuel rod will be calcu-
lated in BASH using the LOCTA code. Thus, the models described in the above

The differencereferences are used in an identical manner in this report.
among previous models and this model arises in the calculation of flow redis-
tribution and thermal-hydraulic conditions in and near the blockage zone and y

in the treatment of grid effects.

5.3.2 Flow Distribution Model

A flow redistribution model was developed to calculate the flow around
strained and burst fuel rod arrays in BART. The modei employs two channels in
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which thermal-hydraulic conditions are calculated using the basic 8 ART equa-
tions and between which flow is calculated using a simplified set of axial and

There are two assumptions employed in the flowradial momentum equations.

redistribution model:

1. The flow redistribution is by steam only. This assumption rests on

the fact that droplets possess significant inertia and cannot easily
be deflected from their axial path through the bundle.

The steam crossflow can be adequately calculated with simplified2.
momentum equations outlined in Reference [8]. The applicability of

these equations is demonstrated in the detailed description and veri-
fication of the model,E03

,

Two-Channel Model -- Two BART channels are employed to calculate5.3.2.1
steam flow redistribution from a blocked channel. The two-channel model is

,

illustrated in Figure 5-1. Calculations begin at the point where dispersed

droplet flow is first calculated. At this location, axial flow is assumed
uniform and the crossflow is assumed to be zero. It is assumed that the

Thisblocked assembly resides in an infinite array of unblocked assemblies.
will maximize the flow out of the hot assembly. Conditions in each channel

,

are calculated using the models described in References [2] and [8].

One of the primary objectives of the improved BART code models is to calculate
the local heat transfer effects caused by the fuel rod blockage interaction
with the two-phase flow.

A review of the available flow blockage data indicates that there are perhaps
four heat transfer effects which need to be examined during reflooding:

Flow redistribution effects due to blockage and their effect on the1.;
enthalpy rise of the steam behind the blockage. Bypass of steam flow

may result in increased superheating of the remaining steam flow
behind the blockage region. The higher the steam temperature, the
lower the rod heat flux and resulting heat transfer behind the

blockage.
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Effect of blockage downstream of the blockage zone and the resulting2.
Themixing of the steam and droplet breakup behind the blockage.

breakup of the entrained water droplets will increase the liquid sur-
face area so that the drops will become a more effective heat sink for
the steam. The droplet breakup should desuperheat the steam; this
would result in greater rod heat transfer behind the blockage zone in
the wake of the blockage. The crossflow effects of the vapor can also
enhance the cooling of adjacent rods.

The heat transfer effects in the immediate blockage zone due to drop3.
impact, breakup, and mixing, as well as the increased steam velocity

|
due to blockage flow area changes. The drop breakup is a localized
effect primarily caused by the blockage geometry; it will influence
the amount of steam cooling which can occur farther downstream of the

blockage.

Effect of blockage on the upstream region of the blockage zone due to4.

steam bypass, droplet velocities, and sizes.

In simpler terms, the flow blockage heat transfer effects are a combination of

|
two key thermal-hydraulic phenomena:

A flow bypass effect, which reduces the mass flow in the blocked1.

region and consequently decreases the heat transfer

A flow blockage effect, which can cause flow acceleration, droplet2.
breakup, improved mixing, steam desuperheating, and establishment of
new boundary layers, which consequently increases the heat transfer.

These two ef f ects are dependent on the blockage geometry, th'e amount of block-

age, and the flow regime (single- or two-phase). They counteract each other
i

such that it is not evident which effect dominates over a range of flow condi-

tions.
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Since the BART code is a best-estimate, state-of-the-art model which can mec-
hanistically account f or individual heat transf er ef f ects, it was felt that a
basic heat transfer approach of modeling individual blockage heat transfer

effects listed above was possible.

The blockage is modeled differently depending upon which phase interacts with
For the vapor flow, the blockage is assumed to act as athe blockage.

converging-diverging region and flow separation, reattachment, wake effects,
and increased turbulence in the vapor phase and is accounted for downstream di

a separation point.

For the liquid phase, the blockage is modeled as a droplet impacting and shat-
Oroplets will bounce

tering surface which is abov'e the wetting temperature.
or s' hatter as they hit the blockage surface and will provide a direct wall-to-
drop heat flux component as well as an additional source of saturated vapor.

With the mcchanistic models currently in BART, the single-phase flow redistri-
bution and acceleration can be ca1culated around and in the blockage zone.
The vapor acceleration effects will increase the droplet / vapor heat transfer

,

Therefore, the droplet
resulting in additional generation of saturated vapor.
interaction with the blockage and the single-phase acceleration will both

provide additional saturated vapor at a given BART node which will then mix
with the existing superheate'd vapor. The combination causes vapor desuper-

Criteria on droplet impact heat
heating at and downstream of the blockage.
transfer and droplet breakup are also established to predict these two

A detailed description of each model for flow blockage is given in
effects.

Reference [8).

5.4 GRIO HEAT TRANSFER ENHANCEMENT EFFECTS

Spacer grids are structural memb_ers in the reactor core which support the rod )
.

bundle array at the prop'er rod pitch. All fuel assemblies have grids at the
'

same elevations in the core so that the core flow is accelerated through the
Since the

grids at each location and no flow bypass or redistribution occurs.
grid is an obstruction in the flow stream, it causes an increased pressure

In addition, the grid may rewet
drop due to form and skin friction losses.

5-2061338:1/041883
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,

prematurely and cause droplets to shatter in the two-phase environment
encountered during reficod. These effects will cause additional liquid
evaporation and desuperheat the steam downstream of the,gr'id, with a resulting

improvement in heat transfer.

Models to calculate these effects in BART are developed and described in

Reference [8].
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SECTION 6

NOTRUMP MODIFICATIONS FOR BASH

6.1 TWO-VOLUME NONEQUILIBRIUM MODEL

At several tiras and in several parts of the RCS, phase separation occurs

during a LOCA. That is, liquid falls to the bottom of a component such as a
reactor vessel lower plenum, while vapor collects at the top. To model this

phenomenon, a bubble rise, or " stratified" model was developed and incorpo-
. rated into the NOTRUMP code.I43 The bubble rise model accounts for the flow

of vapor from a lower two-phase mixture to an upper, vapor phase. The volume
of the two-phase mixture is determined by calculating the rate at which vapor

1

is accumulating in the lower phase.
4

The bubble rise model is a thermal equilibrium model in which the liquid and
vapor are at saturation. Thus, situations in which subcooled water or

superheated vapor are injected into the volume cannot be adequately analyzed.
In addition, the upper phase of the bubble rise model is assumed to be vapor.
Therefore, situations in which the upper phase is a dispersed droplet mixture

(such as would occur in the upper plenum during reflood), cannot be modeled.

To account for these and other special situations the following two-volune
nonequilibrium model has been put into the NOTRUMP code.

6.1.1 Two-Volume Model Pressure Calculation

Let two fluid volumes i and j be connected to each other and to other nodes in

the system as shown in Figure 6-1. This arrangement is typical of node con-
nections in NOTRUMP. The number and nature of flow links which connect the
two volumes to other fluid nodes in the system is arbitrary; however, for

i physically realistic situations some restrictions apply, as will be discussed

later.

6133B:l/041883 6-1

-. . - . . . _ _ _ _



,| ||

E
_ D

O
N
D

S
I

UK L

NIL R
F

W A
LO

L U
t

F G eE S
- R

e
m
u
l
o
V

m so e
r d
f o

N
R s
A n d
L o i

i uU t l

G c F

E e
n rR T n eE o hR S

O Y C t

EE O
eTDM i
l oj

E OU E E b tS NL M M i
s jE O U UD sMI V L L o ,

UU O A O P i
LL V V
OF .

V D 1
-TE 6

NIFEI e
CT r

- = uAA g
JR i

D T f
AS

_
_
_
_
_

_.

-

eG?E2;a5 7m

|! |I||il! | 1|| || |||ljl |||||1



_ _ _ _ _ _ _ _ _ _ _ _

At each new time step a mass and energy balance over every fluid node yields
new values of total mass, M, and internal energy, E. At the end of the inte-

gration step, the pressure is obtained in each regular fluid node by iteration
using an equation of state. For each pair of a volume set, however, the pres-
sures are assumed to be equal. To satisfy this condition, the relative size
of each volume in the pair is allowed to change.

The specific volume of each control volume in the set is given by:
.

X V #M (6-1)V =
g y T i

(1 - X ) V #M (6-2)
V)

= y T J

where

V /VX =
g T

volume of node iV -
g

total volume of volume pairV =
T

V3+VJ=

The specific volumes ca'.culated by Eqs. (6.1) and (6.2) must be equal to the

specific volumes calculated by an equation of state using P, h , and h);g

that is,

a

(6-3)

(6-4)

:

(6-5)

(6-6)
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M , M , E , and E are known. The unknowns p and X are found by
g J 3 3 y

iteration using the following recursion formulas:

a
(6-7)

(6-8)

6-9)

(6-10)

(6-11)

(6-12)

(6-13)

_

After convergence, other thermodynamic properties are calculated and fluid
node geometric quantities, such as node height, are adjusted.

6.1.2 Flow Links

A typical application of the two-volume model is shown in Figure 6-2. It can

be seen that, to accurately represent some of the flows entering and leaving
the volumes, each volume of the pair must have the capability to " share" a
pipe. This is accomplished by supplying each volume with a flow link
representing the pipe. If the top of the lower volume is below the pipe, all
flow through the pipe is from the upper volume. If the top of the lower

volume is above the pipe, all flow is from the lower volume. Finally, if the
top of the lower volume is within the pipe region, as shown in Figure 6-2,
then each flow link shares a fraction of the total pipe area.
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The momentum equation for each meraber of a flow link pair such as the one
shown in Figure 6-2, contains an additional interfacial friction term. For
example, for flow link m, the NOTRUMP momentum equation is:

d W /dt = (A ,/L )(ap - F /A - F, / A ) (6-14)
, p

where

pressure difference across L due to pressure gradient,Ap =

elevation change

flow rate in link mW -
,

flow area of link mA =g

length of pipeL =
p

force on link m due to friction on solid surfacesF,, =

f rce due to friction between links m and nF =
mn

In NOTRUMP, momentum exchange is given in terms of link mass flowrate for the
wall force and relative velocity for the interface force:

- -a
(6-15)

(6-16)

(6-17)

_ ___
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- a

(6-18)

where

| ss coefficient (wall or interface)C =
d

wall friction factorf =

interface friction factorf =

perimeter of pipe which is wet by link mP, =

inte rf ace area per unit lengthP, =

continuous phase density (depends on flow regime)p =

projected area in link m of resistance CA =
d

Equations similar to (6-17) and (6-18) can be derived for link n

The various void fractions which will be used in the two-volume model should
be defined at this point (see Figure 6-2):

Let:

volume occupied by link n in the pipea =

A I^m * ^nI " ^n#^p-
n

a = v d fraction within ficw link m
n

void fraction within flow link ma =

61338:1/041883 6-7
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i

= void fraction in fluid nodes 1 ,, i , j ,and jg,ag,a3a .

m n n
A flow link pair can be connected to two volume sets, or to one volume set and
one regular fluid node. In each case, the link void fractions an' "n'
a, are defined as follows:

a) Flow Link between two volume sets

a-A ^ " 0, W 0
'

n p m n
g

a-A /A if W < 0, W < 0,

n) p m n

= 0.5 (A /A +A /A ) if W . W < 0,

n) p n p m ti
g

(6-19)

N 0n " "in na *

=a W <0jn n

"am * "im * m

W<0= cs), ,

The areas Ag,Ag,Anj ''' d' "" Y " "** *9 S' *

relationship between flow link cross-section areas and volume heights is based
on the geometry of a horizontal pipe of circular cross-section, as indicated
in Figure 6-2:

Ag = [0g-fsin(20g)] O /4 (6-20)
p

where /

1 the angle subtended by the liquid / vapor interface0,3 2
=

(radians)

0,g = cos [2(Z -Z + 0 /2)/D ]g p p

6133B:l/041883 6-8
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b. Flow link between a volume set and a stratified fluid node

If (1 ,, i ) renressnts the twc-phase mixture and upper vapor phase of an

stratified fluid node, a ,is equal to the mixture void fraction andg

a is equal to one. Otherwise the same relationships as in "a" arein
employed to calculate a, a ,, and a *

n

c. Flow link between volume set and homogeneous fluid node

If (1 ,, i ) represents a homogeneous fluid node, ain' * *in, the
following apply:

a=a if W > 0, W
, n

-A ^ " < 0, W <0
n p m n

a = 0.5 (ag+Anj/A ) if W,.W<0n

(6-21)

a, = 0 if W >0,

" 0" "jn m

a = 1.0 if W > 0
n n

=a if W 0
n

In some cases it is known in advance or can be assumed that a volume will
always " cover" a particular flow link. Then a single flow link can be

specified, rather than a pair, and upstream and downstream quantities are
calculated as in a regular flow link. In this case, the fraction of the pipe

} occupied by the flow link is always equal to one.

d. Flow Regimes in Horizontal Pipes

As the area occupied by each link in the pipe changes and the link flow rates
change, the flow regime in the pipe can be expected to change. In the case of
horizontal flow link pairs in which the upper link is nearly all vapor and the

6133B:l/041883 6-9
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3lower link is nearly all liquid, a flow regime map due to Mandhane is

used (see Figure 6-3). " Liquid" and " vapor" fluxes arc defined by:

(6-22a)jg = W,/p,Ap

(6-22b)Ov"N e ^pn n

ihp fluw totjime map in Auumed tu hp ApplitAhle if the void f raction in link n
is greater than 0.95 and the void fraction in link m is less than 0.4. The

following models are then used to calculate the terms E and C in Eqs. (6-10)

and (6-11).

e. Flow Regime 1 - Dispersed flow

Assume droplets with diameter D determined by the droplet Weber number,
d

We
d o

0o

Wed=P I - m) Dd"n n o
0m- 20where ,

~

m# m^mn# n ^nU ## m"* -*
n

let Cd = 0.4 (typical for spheres in turbulent flow)

total projected area presented to the vapor stream by theA, =
g

droplets

1.5 (1 - a) (A ) L /D= p p d

\
conMnuous phase density = pp =

c n

61338:1/041883 6-10
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It is assumed that the droplets make contact with the wall, covering a peri-
meter proportional to a #2 That is:.

P,(1 - a /2)l
P, -

I
P - P, - pipe perimeter P,awn

The wall friction factor, fw, is calculated using standard single-phase fric-

tion formulas; for example,

6

f = 0.0055 [1 + 20000 c . 3j3] (6-24)
wn

n n

where

pipe roughness coefficientc -

D ^*
n n wn

O #I^n "nIRe "
n n n

Thus, for flow regime 1 the quantities C , C * #" are:
n m n

- a

(6-25)

,

$

-.-. -

61338:1/041883 6-12
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f. Flow Regime 2 - Bubbly Flow

Assume spherical bubbles of diameter D determined by:
b

Db = 4,7 [s/(p,- p Iln (6-26)

In a manner similar to the dispersed regime, the following quantities can be
defined: -

_

*C 0.4
db Q=

[n-

A, 1.5 a A L /D=
g p p b

Assume that the bubbles make negligible contact with the wall; then C ,, C 'n m

and E become:n

-

a

(6-27)

-
_

g. Flow Regime 4 - Annular Flow

>
'

Assume F = 0.015 (smooth interface)mn

I#
P 2 (w a A ) =ap P, 77

n :=
mn

m &

(fw Pw L /4) (1/2 PmAM)C, = p

61338:1/041883 6-13
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(6-28)

- -

h. Flow Reaimes 5 and 6 - Stratified Flow

assume: f = 0.015 (smooth)
mn

= 0.1 (rough)

The liquid / vapor, liquid / wall and vapor / wall interfacial areas (Pmn, P ,
and Pwn, respectively) are calculated from geometric principles:

P =0 sin 0
mn

0
P, = p

, 1/2 Dp
P =Op (v - 0)wn

where 0 (radians) is given by:

,y 0,-2h
0 - cos

D
P

and h is the height of liquid in the pipe (height of liquid node m).

The interfacial area calculation is exact for the smooth surface but approxi-

mate for the rough interface.

- -a
.

(6-29)

-__

b1338:1/042683 6-14
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1. Flow Regime 3 - Slua

Assume this flow regime is a combination of bubbles and annular flow:
I

-

_

-

a|
o0u m

n

-

m
i I ,

i i

Assume the void fraction a in the bubbly regions is 0.1, and the void
b

fraction a, in the annular regions is 0.9. Then, using the models
developed for the bubbly and annular regimes, with the modification that the
continuous phase is assumed to be the vapor phase for slug flow.

- - a

(6-30)

.

2

_ _

61338:1/041683 6-15
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where .

F = (a, - a)/(a, - a Ib

and

a, - max (a, 0.9)

b = min (a, 0.1)a

6.1.3 Mass and Energy Flows Within a Volume Set

Heat and mass transfer across the interface of the two volumes of a volume set
occur if the lower volume is subcooled or contains vapor, or the upper volume

is superheated or contains liquid as shown in Figure 6-4. The flows between

the volumes are given by:

S +Sg+rMass Flow Rate -
g

to Vapor Volume

Sh + S h, + rhf-qqEnergy Flow Rate =
g g

to Vapor Volume

S,Mass Flow Rate =

to Liquid Volume

S h,Energy Flow Rate =
p

to Liquid Volume

,.

where

vapor mass flow rate from lower volumeS =

liquid mass flow rate from lower volumeS =
g

6133B:1/042683 6-16
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liquid mass flow rate from upper volumeS -
p

net evaporation rate, given byr -

(- q), - q)g)/hfg (See Figure 6-4)F =

enthalpy (Btu /lbm)h =

h (T -T)Aq = heat transfer rate to vapor fromq =
g g J

interface

g - T ) A ) - heat transfer rate to liquid fromh, (Tq -
g ggg

interface

a) S,S,S
g g p

S,S amd S can be determined by calculating the rate at which vapor
g g p

and liquid rise through the lower phase and the rate at which liquid falls
through the upper volume. It is assumed that the upper volume contains

dispersed mixture at void fraction above 0.9 and the lower volume contains
bubbly mixture at void fraction below 0.4.

The liquid flow rate from the upper volume, where the droplets fall at
terminal velocity, is

p A (6-31)
f - (1- a)) US g p q

where

A )3G (99 - A )9/(Cdd gUrd - [1.33 Wed g

<

The droplet size is assumed to be controlled by the Weber number, Wed'

At void fractions lower than 0.2, vapor flow rate S is calculated using the
Yeh correlationEI 3, and no droplets are assumed to be entrained, giving

S =0 (6-32)
g
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and

S =pj A
jj (6-33)

where A is the interface area, andq

E*i .925)(p,/p ) ]j -U /
g rb g

Urb = 1.53 [a(pg - p ) g/pfbg

K = 1.49 if j /Ug$1,

| = 2.13 if j /U >1, g

At higher void fractions (>0.2), and depending on the mass flow rates entering
and leaving the volume, the vapor flowing through the lower phase may entrain
droplets.

The minimum vapor velocity for entraining liquid is taken to be equal to the
free-fall velocity assuming a critical Weber number (7.5 - 10) and a suitable
drag coefficient (~ 0.45).

- 1/4-

4 ed (pg - p )9# g
U 50-3 IU,= 3 rdg

2
~

- Cdd #g

If the vapor velocity is greater than U , the droplets are entrained with

void fraction ad (0.9 - 0.99); B
s deh ned such hat

- -a

'
_ _
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For

U <U ; S =apUAq, Sg=0g

For (6-35)

=apUA)U >U ; S ,
g 3

A)g-aB II - "d) IU -U ) pfS gg

To calculate the vapor velocity, U , an estimate of the mass flow rate W
g T

is required.

For the upper plenum, for example, W is the net mass flow rate in the
T

volume in the direction normal to the interface. Mass balance, then gives

WT " E*i #g + (1 - a ) pf U]A (6-36)U
g f q

Using a proper drif t flux model, the above equation can be solved to obtain
U.

1) With drift velocity V ) recommended by ZuberI 3, for churn turbulentg
bubbly flow as

1/4- a g (p - p )
p q

(6-37)
V ) = 1.41g 2

Pt

we get

~W
"

T
V / [a p + (1 - a ) p ] (6-38)U + pf=

g g g

- .

a

ii) With U as the relative velocity in the bubbly regime, given byr

1/4
V) ),43 a g (pf - p )q g

(6-39)Ur " (1 - a )" (1 - a ) 2
g g p
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we obtain

W
~

|

+ (1 - a ) p U # E"i #g * II - "i I#] (6-40)U -
g g r fg g

_ _

The above equations can be used to obtain U with V (or U ) either
given as above or specified by any other drift flux model.

b. Interfacial Heat Transfer

To calculate heat transfer rates, the flow regime within the volume set must
be determined. This is accomplished with the flow regime map (Figure 6-3)

i
using estimates for the vapor and liquid fluxes as follows:

|

j E /p Avs (6-41a)
y y

jg E /p Avs (6-41b)g g

where E , E are appropriate average values of the link flowrates (for exampley p

Wy = 0.5 (Wnl + Wn2) in Figure 6-4) and Avs = average volume set flow

area (depends on component being modeled)

The only flow regime in which the heat transfer at the interface is reasonably
well understood for subcooled liquid is the stratified regime. However, it

can be assumed that the approach to equilibrium will be fairly rapid in the

dispersed, bubble, and slug regimes. Thus large heat transfer surface area

and large interfacial heat transfer coefficients are used in these regimes.
For the stratified and annular regimes the following models are used.

i
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For vapor to interface heat transfer, standard single-phase correlations are

used:

(6-42)h = Nu ky/Dhvgy y

where

Nu =4 if Re < 2000

Nu = .023 Re * Pr if Re > 2000
y

Re EDy y hv jys"v

Dhv " 4 Abs /P
(See figure 6-4)

For liquid to interface heat transfer, a correlation developed by Bankoff ard
adapted by Sejev for horizontal stratified flow is used.*

C W (6-43)hgg - Stg pg g/Ag3

where

* I

StI = 0.0045 N A "VL jys

6.1.4 Verification of Nonequilibrium Model

The predictive capability of the present nonequilibrium model has been checked
against less mechanistic, more empirical two-phase pressure drop correlations.
Specifically, the Harwell H.T.F.S. correlation was chosen as a reference ,

because it has been shown to be the most consistently accurate predictor over

a wide range of flow conditions, encompassing all observed flow regimes.
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For the verification, both the H.T.F.S. correlation and the two-volume non-
equilibrium model were applied to two-phase flow in a system of horizontal
pipes. The modeled system is shown in Figure 6-5. Several system pressures

were included in the verification tests as well as many liquid and vapor flow
rates to simulate all flow regimes. A sampling of the test series is pre-
sented in Table 6-1 and, graphically, in Figures 6-6 (a) and (b). The "50%
lines" indicate where the pressure drop prediction by one method exceeded the

prediction by one method exceeded the prediction by the other method by 50%.

With the sole exception of the annular regime, pressure drop predictions of
the nonequilibrium model are well within i 50% of the predictions of the
H.T.F.S. correlation, quite good when compared to the scatter of experimental
steam-water flow data, as presented in the Harwell Report H.T.F.S. predictions

The nonequilibrium model has the advantages of being essentially mechanistic
and providing clear characterization of the flow pattern and related para-
meters (e.g., drop sizes, percent entrainment, stratified liquid depth, etc.).

6.2 METAL HEAT RELEASE MODEL

The metal heat release model calculates the transient temperature distribution

inside a metal. Of particular interest is the amount of heat released (or
absorbed) by the metal components inside a nuclear reactor during a
loss-of-coolant accident. Generally, the heat transfer from these components
is conduction-limited and cannot be accurately modeled with the simple lumped

parameters approach used in NOTRUMP.

61338:l/042683 6-23
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TA8LE 6-1

NONEQUILI8RIUM MODEL VERIFICATION

(10' LENGTH OF 5" I.D. PIPE, PER FLECHT)

Flow WE Wg System HTFS 2-Vol AP(2Vol)

Regime (1bm/s) (1bm/s) Pressure AP AP AP(HTFS)

Dispersed 146.65 0.57225 215 0.587 0.738 1.26

161.00 0.23161 60 0.666 0.860 1.29"

163.85 0.10222 14.7 0.776 0.874 1.13"

,

Bubbly 19.874 0.023512 215 0.017 0.011 0.65

21.870 0.011531 60 0.020 0.022 1.10"

13.449 0.003087 14.7 0.0098 0.0101 1.03"

Slug 12.038 0.77861 215 0.069 0.054 0.78

13.265 0.38185 60 0.082 0.074 0.90"

8.1574 0.10222 14.7 0.0364 0.0274 0.75"

Annular 2.6860 5.7532 215 0.209 0.522 2.49

2.9598 2.8215 60 0.226 0.0461 2.03"

1.8202 0.75529 14.7 0.09876 0.1327 1.51"

Stratified 0.98814 0.00639122 215 0.0009 0.0005 0.56

1.0889 0.0311344 60 0.0012 0.0014 1.16"

0.66960 0.0083906 14.7 0.0005 0.0003 0.50"

Rough Str. 0.98814 1.2837 215 0.019 0.024 1.26

1.0889 0.49031 60 0.0163 0.0169 1.04"

0.85979 0.13125 14.7 0.0079 0.0065 0.82"
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Heat flux at a, metal surface is given by

q"--Kff|,=h(Tw-Ta)

'where

h . the heat transfer coefficient

T, - the metal surface temperature

r

T, - the surrounding coolant temperature

n - the direction normal to the surface

Transient one-dimensional heat conduction equations in a) rectangular, b)

cylindrical (radial) and c) spherical (radial) coordinates is solved
numerically using an implicit finite difference method.

For composite materials consisting of two or more layers, as in the case of a
metal component with lining of a different material on its surface, the layers

*are assumeo to be in perfect thermal contact at the interfaces.

The model assumes:

1. One-dimensional heat flow.

2. Constant thermal properties (for composite material, constant thermal
properties within each layer).

'
3. No heat generation inside the metal.

,

)
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Either of the following two boundary conditions can be considered on each of
the two outside surfaces:

1. Temperature specified (T,)

2. Heat transfer coefficient specified (h, T,)

This madel is used whenever large surface heat transfer coefficients require a
detailed thermal conduction calculation within the metal. In other areas the
simpler lumped parameters approach described in Section 3 is adequate.

,

!

l

j

.

.

1

!

4

1

i
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SECTION 7

BASH VERIFICATION

In this chapter, the verification against experimental results of the BASH
code's ability to predict reactor core and coolant loop responses to emergency
cooling processes is described. Two sources of data for the verification were
used. The first comes from the FLECHT-SET (Full Length Emergency Cooling Heat

Transfer - System Effects Test) program, since this test series was designed
specifically to closely match conditions expected in the reflood stage of a
PWR loss-of-coolant accident. A comprehensive description of the FLECHT-SET

system is contained in the Westinghouse report, WCAP-8410. Additional

information on test design philosophy, scaling basis and measurement
ltechniques can be found in WCAP-7906.

Additional verification was performed with data from the FLECHT-SEASET reflood
test program.U0I These tests include gravity reficod tests with simple
geometry.

7.1 FLECHT-SET SYSTEM DESCRIPTION

The FLECHT system description report opens with the statement, "The objective
of the FLECHT-SET prcgram is to provide experimental data on the influence of
system effects on emergency core cooling behavior during the reflood phase of
a LOCA. The data obtained could be used to verify and improve existing

analytical techniques for evaluating ECCS performance or to serve as the basis
for the development of new ones." To achieve the program objective, the
FLECHT test facility was designed to preserve coupling of transient effects,
as in a reactor. Within practical limitations, the facility realistically
retains those system effects considered important during the reflood phase of
a LOCA. As in most scaled experiments, limitations exist. However, for the
task of providing data for code verification, the system response need only be
similar, not necessarily identical, to that of a PWR.

6137B:l/041983 7-1
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The test facility i. ulates a four-loop PWR in which one loop is broken and
three loops are intact. The scaled simulation includes the downtomer, piping,
elevations, flow path lengths and overall loop flow resistances, while
properly scaling volume flow areas and major heat sources. For the broken

loop a single-scaled steam generator is used, and for the FLECHT intact loop a
single " lumped" steam generator simulates the three corresponding PWR steam

generators. Figure 7-1 presents a schematic of the facility, showing the
major components of the system.

Brief descriptions of the main scaling bases and relationships of FLECMT to a
PWR follow:

Phenomenon: Scaling Approach:'

Heat transfer and Preserve the power input per fluid volume in the

flow regimes core bundle and steam generator.

System initial Tests simulate many possible reflood situations.

conditions Initial conditions are prototypical of PWR.

Fluid conditions Preserve the power / fluid volume ratio. Flow

leaving the core regimes are representative of PWR conditions.

Loop pressure drop Maintain the proper total hydraulic resistance.

System dynamic Maintain the same distribution of scaled volumes

behavior and the full system resistance as in a PWR. This

simulates the damping offect on dynamic behavior.

Real time response Preserve the full-length distance between components

in the experiment so that transport times are preserved.

Downcomer and core Preserve the scaled downcomer and core areas so that

fill-up rates their ratio is the same as in a PWR.

61378:l/041983 7-2
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Core scaling ratio FLECHT/PWR core cross-section fluid area - 1/370.
The core fluid volume ratio is also 1/370, since the

FLECHT core is full length.

The core of the FLECHT-SET facility is comprised of electrically heated
simulated fuel rods in a 10 x 10 array. The rod bundle is full length

(12-foot heated length) and has dimensions which are prototypical wit ~n respect
to a 15 x 15 fuel assembly in a PWR (rod 00 - 0.422 in., pitch = 0.563 in.,

thimble diam. - 0.545 in.). Rod power is varied both from rod to rod to
simulate the power distribution across a fuel assembly and along the axis of
each rod to model the axial core power profile. A longitudinal view of the
test section and its upper and lower plenums is shown in Figure 7-2 and a
cross-sectional view is shown in figure 7-3.

7.2 FLECHT EXPERIMENT USED FOR BASH VERIFICATION

For verification of the BASH cooe, FLECHT SET phase B test 31058 was chosen

for comparison. The data from this test are discussed in detail in

Reference 19}.

The following data were recorded as a function of time and location and used
in the comparison of BASH predictions to experimental results:

1. Core Conditions

i a. Rod power input

b. Cladding surface temperature
c. Liquid and vapor temperatures

d. Quench front elevation
e. Core flooding rate
f. Core mass inventory

61378:1/041983 7-4
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2. Loop Conditions in Selected Components and Location

a. Liquid and vapor inventories
b. Liquid and vapor flow rates
c. Liquid and vapor temperatures

d. Nodal pressures

e. Steam generator heat transfer
f. S. G. primary fluid evaporation rate

7.2.1 General Description of Run 31058

|
This test was run for 154 seconds. Rod power input was reduced in time
according to a preset program simulating decay heat release. The initial

conditions of run 3105B were:

Containment pressure - 59 psia

Initial cladding temperature = 1100*F

Peak Power = 0.84 kW/ft
Coolant injection temperature = 152*F

Average housing temperature - 306*F

Injection flow rate - 12.3 lbm/sec for 14 sec,

variable thereafter
S.G. secondary level (cold) = 24.0 ft

S.G. secondary temperature - 512*F

7.3 BASH MODELING 0F FLECHT-SET

i 7.3.1 BART Noding

The BART core noding scheme used in modeling the FLECHT-SET tests is presented

in Figure 7-4. The heater rods are divided into 21 nodes, with the actual

heated length extending from node 3 to node 21 (defined as being from 0 to
12 feet). All nodes in the heated region were 7.2 inches in length, except
for the highest two nodes, 20 and 21. This scheme achieved the refinement of

detail desired with the minimum number of nodes. Figure 7-4 also shows the

BART rod power profile discretization used.

61378:1/041983 7-7
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7.3.2 NOTRUMP Noding

The NOTRUMP noding scheme modeling the FLECHT-SET PHASE B tests is presented

in Figure 7-5. The model includes control volume simulations of the core and
its inlet and outlet plenums, the hot and cold legs of the broken and intact
loops, the steam generators, the downcomer and safety injection line, and the
blowdown line and containment tank.

The core node is a " dummy" node in that its transient conditions are provided
by BART rather than being generated by NOTRUMP. All other nodes except the

downtomer are assumed to contain a homogeneous mixture of liquid and/or vapor

at thermal equilibrium. In the downcomer, the "two volume nonequilibrium"

model is used to more accurately simulate the important tharmal
discontinuities and phase separation in the downcomer due to ECCS injection,
intact loop recirculation and flow reversals in the core. The PWR primary

coolant pumps were simulated in the FLECHT apparatus by orifices with flow
resistances scaled to PWR pump resistances. In NOTRUMP, the FLECHT " pump"

orifices are modeled as constant additive resistance coefficients in the
appropriate flow links.

The NOTRUMP hydraulic simulations of the two FLECHT steam generators include

an inlet and outlet plenum, a U-tube primary divided into a hot-side
(ascending) node and a cold-side (descending) node and a secondary side
(stagnant fluid, thermal boundary condition) node. Each steam generator's

thermal model includes the secondary fluid boundary node, the primary fluid
nodes, and two tube bundle metal nodes which correspond to the primary fluid
nodes. These nodes are thermally connected by heat links with heat transfer

I coefficients defined to produce in BASH the same overall steam generator
energy input to the primary fluid as was observed in the FLECHT tests.

.

.
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7.4 BASH COMPARISON TO FLECHT-SET 31058

Figures 7-6 and 7-7 present peak cladding temperature histories at the 6-foot
and 8-foot core elevations, respectively, as measured in FLECHT and as

predicted by BASH. The plots of FLECHT cladding temperature data show the

mean temperature of all instrumented rods at given times as a dashed line and
show the standard deviation of the recorded temperatures about the (sample)
mean temperature as vertical bars.

Both the FLECHT and BASH cladding temperatures peak early in the transient.
In the early phase of the transient (up to about 30 seconds), BASH conserva-
tively predicts " average" rod temperatures and follows the trend of the FLECHT
data well. After correctly beginning the gradual decline, however, BASH clad-
ding temperatures tend to decline more slowly than observed in FLECHT at lower
core elevations or actually rise once more later in the transient at higher

elevations.

BASH predicts peak cladding temperatures well early in the transient. The

later temperature rise, which is more pronounced the higher the elevation, is
symptomatic of a key assumption in the present BASH model. The assumption is

that a top-down quench front will not propagate into the core from above.
This maintains vapor superheats at high levels in the upper regions of the
bundle, a phenomenon not observed in the FLECHT experiments.

Through the complex interactions of upper elevation cladding temperatures,
rod-to-fluid heat transfer, vapor generation, loop pressurization, core

flooding rate, downcomer head, etc., the "no top-down quench" assumption
I manifests itself in all aspects of the transient. The effect is minor for

most BASH transient variable predictions (the late-time, high elevation
cladding temperature excursion is the most direct and pronounced effect) and
the trend is always towards increased conservatism.

Figure 7-8 shows the envelope of quench front elevation versus time measured
for all instrumented rods in FLECHT 3105B, along with the BART/ BASH predicted
quench front movement. Early in the transient the BASH results are precisely

61378:1/041983 7-11
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within the experimental envelope. After approximately 30 seconds, the BASH

quench front begins to lag behind the actual quench front rise. For the

remainder of the transient, BASH predicts quench front movement slightly con-
servatively. That is, after about 30 seconds the BASH quench front remains
slightly lower than the quench tront elevation recorded for the latest-
quenching rod.

By 30 seconds into the test, some rods have quenched completely from above and

from below. Also, by 65 seconds, all rods have quenched from the top down to
the 9-foot elevation (except for a single rod thermocouple record which indi-
cates an odd unquenched " hot spot" on one rod at the 9.8-foot level). Here
the absence of a top-down quench model in BART appears to slow the " lower"

quench front movement.

The core flooding rate, as measured in FLECHT 3105B and as predicted by BASH

are shown in Figure 7-9. Since both exhibit oscillations which make interpre-

tation difficult, both curves are averaged over a slightly longer time scale
for comparison in Figure 7-10. Both the actual and predicted core flooding

rates show the same overall trends.

Figure 7-11 is a comparison of the actual and predicted integral mass entering
the core. There is good agreement between test and prediction, an after the
initial high injection flow phase (14 seconds) the BASH core flooding integral
generally lags about a few pounds of water behind the cumulative mass injec-
tion calculated from FLECHT data.

With the ECCS injection rate programmed directly from test data, a conserva-
tive prediction of core flooding implies an overestimation of the downtomer
liquid inventory. Figure 7-12, a comparison of FLECHT and BASH downcomer

head, confirms that this is the so. Figure 7-13, the actual and predicted
core mass inventory, also reflects this. BASH underpredicts the core mass by

the same amount that it overpredicts the downcomer mass throughout the tran-

sient.

The amount of fluid which has left the top of the core is generally well pre-
dicted in BASH, as shown in the exit flow integral plot, Figure 7-14.
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Generally, BASH correctly predicts the FLECHT Phase B transient response.
However, the cladding temperatures and quench times are overpredicted. The

test section mass is also underpredicted late in time. It appears that these

trendt are due in large part to the tendency of gravity to drive the vapor
superheat and void fraction down through top down quenching, grid rewetting,
and flow regime changes. The dispersed flow model in BART tends to predict

higher vapor superheats and void fractions (and therefore higher rod tempera-
tures) due to the dispersed flow models based on low flooding rate data.
However, it is clear that the results represent a conservative prediction of
the rod heat transfer.

7.5 FLECHT-SEASET

BASH was used to simulate a FLECHT-SEASET Gravity Reflood Test to compare the

results against the test data. The details of the test facility and procedure

are provided in Reference [18}. In the test, hot leg resistance was simulated
by an orifice plate installed in the line from the upper plenum to the steam
separator. Pressure in the steam separator was maintained to a desired value

by a control valve located in the exhaust line from the steam separator.
Other components included downtomer, lower plenum, test vessel, carryover tank

and a drain tank. Injection flow was introduced in the horizontal run of the
downcomer pipe.

7.5.1 BASH Model

The BASH noding scheme for the Gravity Reflood Test is shown in figure 7-15.
The uppcr plenum, steam separator, drain tank and carryover tank were all
modeled as NOTRUMP stratified nodes whereas the downtomer was modeled as a
two-volume nonequilibrium fluid node.

The test bundle was represented in BART using 22 axial nodes. This included

heater rods with an unheated length of 0.5 feet at the bottom and heated

length extending from nodes 3 to 22.
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The orifice plate was represented by an equivalent resistance coefficient in
the flow link from upper plenum to steam separator. To maintain a desired

pressure in the steam separator, it was connected to a boundary node with
specified pressure. A critical flow link was used to provide the necessary

} injection flow in the system.

7.5.2 Data Comparison

A comparison of BASH predictions against FLECHT-SEASET gravity reflood test
data (Run No. 33436) is provided in figures 7-16 through 7-21. The injection

flow rate in the test was 13 lbm/ set for the first 15 seconds and 1.72 lbm/sec
after 15 seconds. The nominal test pressure was 40 psia.

~

The flooding rate calculated by BASH is in good agreement with the test data,
particularly at later times, as shown in figure 7-16. The test data for
figure 7-16 were obtained from mass balance calculations. BASH yields a

higher flooding rate than occurred in the test early in time, leading to more
mass accumulation in the vessel, as shown in figure 7-17. Consequently, the

downtomer fills at a slower rate in BASH than was observed in the test. How-

ever, the delayed entrainment results ir, an overprediction of rod temperature,
as seen in figures 7-19 to 7-21.

Figure 7-18 presents a comparison of the movement of the quench front during
the test, as measured and as computed by BASH. Late in the test BASH tends to

predict a lower quench front elevation. This is due to the accumulated effect
of higher predicted cladding temperatures in BASH.

Figures 7-19, 7-20, and 7-21 show heater rod surface temperatures at the
4-foot, 6-1/2 foot, and 9 f >t core elevations, respectively. BASH predicts

rod temperatures well at the two lower elevations, while remaining conserva-
tive in its calculated peak cladding temperature. At successively higher

elevations, the conservatism of the PASH rod temperature and the delay of the
quench time becomes more pronounced, as seen in the figures. This is due to

the fact that the BASH calculation does not contain the effect of grids,

which, as shown in Reference [8' , have a strong heat transf er ef f ect at upper
elevations.
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CONCLUSIONS

BASH has been compared with data from two tests with widely different geomet-

ries. It has been shown that BASH properly predicts thu system behavior, and

in particular, the inlet flooding rate. The present heat transfer model pre-
dicts conservatively high rod temperatures due to the absence of grid effects
and a " top-down" quench model. This in turn leads to a slower quench front

movement and slightly lower flooding rates late in time.
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SECTION 8

PROPOSED ECCS EVALUATION MODEL USING BART/ BASH

!

8.1 DESCRIPTIONS OF THE CODES IN THE MODEL

The BASH program can be used alone to analyze the reflood portion of a loss-
of-coolant accident. As an integrated reactor core and reactor coolant system
model, it provides a comprehensive prediction of the performance of the emer-
gency core cooling system during reflood. In this section, BASH is considered

as a part of a larger ECCS evaluation model, capable of performing an analysis
of all phases of a loss-of-coolant accident from break initiation through to

| cladding temperature turnaround.
!

An integrated ECCS analysis model exists. The present model would be the

foundation for the proposed ECCS model, which would incorporate BASH and, for
particular purposes, BART to replace much of the present empiricism with more
analytic modeling techniques.

This section presents descriptions of both the present and the proposed com-
prehensive ECCS evaluation models. Brief descriptions of the individual codes

which make up the present and proposed models are provided, followed by a
discussion of the structure and assumptions of the overall ECCS models.

8.1.1 SATAN

.

The SATAN program is an analytical model for the blowdown portion of a loss-

} of-coolant accicent which is part of the present Westinghouse ECCS evaluation
model and which is planned for inclusion in a slightly modified role in the
ECCS model now under development. A brief summary of SATAN's key function and
features is given here. A more comprehensive description of the code is con-
tained in the Westinghouse report, WCAP-8302.E l

8.1.1.1 SATAN VI: Current Version - SATAN is a finite element code which
models thermal / hydraulic phenomena in a reactor core and the reactor coolant
system during after a large break of a primary coolant pipe. It was developed

61378:1/041983 8-1



.

.

.

.
.

specifically as part of the evaluation model that meets Appendix K require-
ments. The code provides blowdown thermal / hydraulic parameters which define
the heat transfer boundary conditions in the LOCTA code (outlined in paragraph
8.1.5), which is used to calculate the fuel cladding temperature transient
during a LOCA. SATAN also provides mass and energy discharge rates from the
RCS to containment to the C0C0 code (paragraph 8.1.4), which is used for con-

tainment backpressure and integrity calculations.

Some specific features of the SATAN code include the use of a drift flux model
and the use of a two-phase friction multiplier. In the core, a hot channel

and an average channel flow calculation, effects of crossflow between chan-
nels, cladding swelling and rupture effects and Retal-water reaction effects
are considered. In the rest of the primary loop, accumulator bypass effects
and a two-phase pump model are included.

SATAN begins calculation of the transient at the time the break opens. Calcu-

lations continue until two conditions are met; downflow in the downtomer
exceeds total ECCS flow, and breakflow goes to zero. When both of the
conditions are met, SATAN will terminate and the refill phase calculations
will begin, using WREFLOOD. WREFLOOD operates from the end of bypass until
water refloods the bottom of the core, at which time BASH takes over. For

some accidents (e.g. hot leg break), refill is not a distinct phase of the
transient, but is concurrent with blowdown. In these cases, when SATAfi

terminates at the third condition (namely, bottom of core recovery), the
reflood phase calculations will begin using BASH, entirely bypassing'WREFL000.

8.1.1.2 SATAN MODIFICATIONS: Metal Heat Release - The original SATAN metal

heat release model assumed: (1) lumped heat capacity (i.e. infinite thermal

conductivity) for the components of the reactor; and (2) a constant, user
input heat transfer coefficient. This coefficient was chosen to match the 1

integrated heat release throughout the SATAN-calculated transient with the
heat release predicted by a separate, more detailed analysis. This method
released most of the metal's stored energy late in the transient, leading to
unrealistially large steam generation rates near the end of blowdown. The new

|
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model proposed for SATAN utilizes the metal heat release model described
earlier in paragraph 6.2 to calculate the transient temperature distribution
in each metal componment and to provide the following improvements to the

original SATAN approach:

1. Calculation of the metal-water interfacial heat transfer coefficient
using the standard correlations for forced convection, nucleate
boiling, transition and film boiling heat transfer regimes employed in
the LOCTA code.[5]

2. Modeling of the stainless steel surface layer on metal components by
the composite material capability of the metal heat release model
discussed in paragraph 6.2.

3. Programming logic to allow a number of geometries in each SATAN metal

element.

4. More detailed modeling of the steam generator primary-to-secondary
heat transfer. The old approach made independent calculations of the
tube stored heat release and the primary-to-secondary heat transfer.
The proposed method uses the two-sided boundary condition capability
of the new metal heat release model to rigorously treat primary-to-

secondary heat transfer, including the tube heat capacity.

8.1.2 BASH

The BASH code (the combination of BART and NORTRUMP) is described extensively

i in this report. Sections 2 and 5 present BART, the mechanistic core thermal /
hydraulic model, while Sections 3 and 6 discuss NOTRUMP, the detailed reactor
coolant system model.

BASH is planned as an integral part of the proposed ECCS evaluation model,
replacing WREFLOOD to provide a more realistic thermal / hydraulic simulation of
the reactor core and RCS during the reflood phase of a LOCA. Figures 8-1 and
8-2 illustrate how BASH will be substituted for WREFLOOD in calculating tran-

sient values of core inlet flow, enthalpy, and pressure for the detailed fuel

61378:l/041983 8-3
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rod model, LOCTA. Instantaneous values of accumulator flow, safety injection

flow, containment ambient temperature and pressure, and the time of completion
of RV lower plenum refill will be provided to BASH by WREFLOOD/C0CO, which, in

the proposed ECCS model, has been relegated solely to providing these required

boundary conditions.

8.1.3 WREFLOOD

The WREFLOOD code provides mass and energy discharge rates from the reactor

coolant system to the containment during a core reflood transient. A brief
overview is presented here. A complete description of the code is available
in WCAP-8170.E 3

The basic goemetric configuration in WREFLOOD divides the primary coolant
system into three sections; the reactor vessel, the broken loop, and a second
loop which combines all unbroken loops. The reactor vessel region is further
divided into a downtomer, lower plenum, and core. Using the injection charac-
teristics of the ECCS as input, the code calculates the downcomer and core
water levels as the reflood transient continues. Other basic input to
WREFLOOD includes geometric data and initial and boundary conditions in the

core, steam generators, and containment.

WREFLOOD permits hydraulic modeling of the two parallel flow paths available
for discharging steam and entrained water from the core to the break; i.e. the
path through the broken loop and the path through the intact loops. Each of
these flow paths may be subdivided into as many as 29 nodes connected in
series. The code calculates the flow split between the two paths and the
total flow discharged from the core based on the resistances of the flow paths
and the calculated local fluid conditions throughout the primary system.
Another condition satisfied in WREFLOOD is that the pressure drop in the flow

k
path from the core through the intact loops to the top of the downcomer must u

equal the hydrostatic pressure of the column of water connecting the downcomer
and core.

6137B:l/041983 8-4



In the current ECCS evaluation model, the portions of the LOCA transient

addressed by WREFLOOD are the core refill and reflood phases, which occur
after the primary coolant system has depressurized due to water loss through
the break (the blowdown phase). WREFLOCD calculates the variations in basic
thermal / hydraulic parameters such as core flooding rate, core and downtomer
water levels, and fluid thermodynamic properties and mass flow ratas through-

out the primary system.

In the proposed ECCS model, however, after the end of the refill stage of the
LOCA (i.e., when the RV lower plenum has been refilled and core flooding
begins) WREFLOOD is relieved of all of the above responsibilities by BASH.
The WREFLOOD code, less detailed in its thermal / hydraulic models than BASH, is

, used in the proposed model only to provide values for accumulator flow, SI
| flow, and containment pressure and temperature boundary conditions during the

reflood.

To do this WREFLOOD runs a simplified RCS simulation prior to BASH. For con-
tainment calculations WREFLOOD, the RCS code, supplies C0CO, the containment

model, with the break mass and energy discharge rates. C0C0 calculates and

returns updated values of containment temperature and pressure. The basic

inputs to WREFLOOD are provided through input data for the overall ECCS model
and through SATAN output at the end of blowdown. WREFLOOD will run its simu-
lation of RCS response concurrent with, but independent of BASH during the
reflood phase, returning containment boundary conditions at each timestep.
WREFLOOD, in this respect, can be utilized as a verification of the BASH tran-

sient calculation.

t 8.1.4 C0C0

The C0C0 code is a mathematical model of the containment. Selection of
various options in the code allows the creation of models of particular con-

tainment buildings. C0C0 is described in detail in WCAP-8327.
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The containment analysis is based on time-dependent conservation equations for
mass and energy, equations of state, and other auxiliary functions and
tables. Transient conditions are determined for both the containment steam-
air mixture and the sump water. The energy equation is applied to the
containment shell to obtain temperature gradients, energy storage, and heat
conduction in the structure. Heat removal from the containment atmosphere by

venting, sprays, energy storage in equipment, ventilation fan coolers, and
sump water recirculation is considered. i

for analytical rigor, the containment air-steam-water mixture is separated
into two distinct systems, the air-steam phase and the water phase in the
containment sump. This division permits a more accurate representation of the

different physical phenomena occuring in the two systems. At the RCS break

point, the discharge flow flashes into steam with entrained water during the
two-phase portion of the LOCA. The water falls into the sumps while the steam

remains aloft, joining the steam-air mixture.

The steam-air mixture and the sump water each are assumed to have uniform pro-

perties. Specifically, thermal equilibrium between air and steam is assumed,
along with complete thermal mixing of the sump water. This does not, however,

imply thermal equilibrium between the steam-air and the water phases Jela-

tionships to determine the interphase heat transfer behavior are included.

Air inside the containment is treated as an ideal gas. Thermodynamic

properties of water and steam are derived from available compressed water and

steam tables.

Heat transfer through, and heat storage in the walls of the containment
,

structure, are treated using a multi-layer flat wall model. Heat transfer in

any direction other than perpendicular to the wall surface is neglected.
Also, the thermal conductivity, density, and specific heat of each layer are
assumed to be independent of temperature.

6137B:l/041983 8-6

% - - i--+m - . - - n .- . .w- ,5- e- g - . - -



.- - - _ -. . -- - . - _ - - . .- -

Mass and energy flow rates through the RCS rupture are provided to C0C0 by
separate analysis of the reactor vessel blowdown and core thermal transient.
Reflood mass and energy releases may be supplied either by input or by a
concurrent analysis of the reflood rate and containment pressure.

In both the present and proposed ECCS models, C0C0 is run simultaneously with
WREFLOOD, which provides the necessary mass and energy inputs to the contain-

ment on a continuous basis. In the proposed model, though, WREFLOOD is only a

subsidiary code, running parallel to the main transient analysis code, BASH.
! During reflood, the WREFLOOD/C0C0 system is used only to provide containment

boundary conditions required by BASH.

! 8.1.5 LOCTA/BART

The LOCTA code is a computer program that evaluates fuel, cladding and coolant;

| temperatures during a LOCA. A more complete description than is presented

I- here can be found in WCAP-8301.
l

|

i In LOCTA, the highest power fuel assembly is analyzed and is considered to be
composed of a high-power rod surrounded by average rods. The fuel rods are

analyzed with tinite-difference conduction equations in both the radial and

axial directions. Descriptions of the fuel rods are flexible in that a rod

can be divided into an arbitrary number of radial and axial nodes.

i Internal heat generation is calculated, including fission product decay heat
(ANS infinite +20 percent). Also considered in the code are heat generation

: due to the exothermic Zircaloy-water reaction and the effects of cladding

swelling and burst.

;

4
During blowdown, before the core is uncovered, heat transfer regimes analyzed
by LOCTA include single-phase convection, nucleate boiling, transition boiling

i and stable film boiling. After the core is uncovered, laminar or turbulent

; heat transfer film coefficients are used in computing heat transfer from rods

| to steam. Heat t,ransfer coefficients are computed for each axial node on the

i basis of local coolant flows, qualities, and temperatures. During lower

plenum refill the rod-to-rod radiation heat transfer is also considered.

| 6137B:1/041983 8-7
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In the reflood phase, the core is cooled by a two-phase mixture. In the cur-

rent version of LOCTA, employed in the present ECCS model, heat transfer coef-
ficients based on FLECHT test data are used, except when the core flooding
rate is less than one inch per second and the average rod has burst. In that

case, the heat transfer coefficients are based on a steam cooling assumption.

In both the present and proposed ECCS models LOCTA calculates thermal and
mechanical fuel rod conditions for selected rcJs in the hottest assembly in
the core (Figures 8-1 and 8-2). The selected rods are the hottest rod, the

average rod, and a nominal rod adjacent to the hottest rod.

During blowdown, the two versions of the ECCS model use the same version of
LOCTA, with SATAN providing the required mass flow and pressure information to
the fuel rod code. However, during refill and reflood, the proposed ECCS
model uses a modified version of LOCTA to yield a significant improvement in
fuel rod behavior prediction.

In the proposed BART/LOCTA detailed fuel rod model, for the calculation of
local heat transfer coefficients, the empirical FLECHT correlation is replaced
by the BART code. BART employs rigorous mechanistic models to generate heat
transfer coefficients appropriate to the actual flow and heat transfer regimes
experienced by the LOCTA fuel rods. This is considered a more flexible,

realistic approach than relying on a static empirical correlation.

Finally, in the proposed detailed fuel rod model, BART does not generate rod
temperature profiles internally (as in the BASH version of BART), but uses
fuel rod temperatures provided by LOCTA at each timestep, conserving computa-

\

tion time and ensuring consistency between BART coefficients and LOCTA rod

properties in the hot assembly and hot rod analysis. In addition, the

blockage distribution caiculated as a result of cladding swelling and rupture
is supplied to BART for flow redistribution calculations.

I
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8.2 PROPOSED ECCS EVAULATION MODEL CODE INTEGRATION

The previous paragraphs have described the models available for calculating a
more realistic reflood transient. The following paragraphs deal with the
methods used to obtain a conservative prediction of a PWR reflood transient.

8.2.1 Comprehensive Calculational Scheme

Figures 8-1 and 8-2 illustrate, respectively, the current and proposed calcu-
lational steps and information flow among the computer codes which make up the
ECCS evaluation model. Both models are used to predict the peak cladding

temperature during a large LOCA. The main differences between the two ver-

i sions are: (1) the use of BASH to calculate the flooding rate for input into

hot channel computations (superseding WREFLOOD); and (2) the use of BART to

calculate hot channel fluid conditions and heat transfer coefficients for the
LOCTA hot rod calculations (replacing the FLECHT correlations).

8.2.2 Reflood Assumptions in the Proposed Model

Several conservative assumptions are made in the proposed model to ensure that

the calculations yield pessimistic predictions of core reflood rate and asso-

ciated phenomena. In other areas a mechanistic approach is employed. A

detailed discussion of the important reflood models and assumptions follows.

8.2.2.1 Entrainment Rate - The entrainment rate controls the mass accumula-
tion in the core and therefore the flooding rate. The current model employs a
correlation derived from FLECHT data [3] , which is based on low flooding rate
tests. This results in predictions of early entrainment, regardless of the

initial flooding rate, as can be seen in typical WREFLOOD calculations.

In BASH, the entrainment rate will be calculated by BART. In this model,

entrainment may be delayed due to the high initial flooding rates, which sup-

press boiling. Tests have shown that this interaction between the core and
the system leads to a period of oscillatory flooding which tends to enhance

3heat transfer and bundle quenching.
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After entrainment begins, the mass in the core is controlled by the movement
of the saturation line, since most of the mass is stored below it. To ensure

a conservative estimate of the elevation of the saturation line, it is assumed

that no mixing of the subcooled water occurs within the core. Consequently,

cold water remains near the bottom of the core, and boiling occurs at low
eleva- tions.

8.2.2.2 Deentrainment in the Upper Plenum - The upper plenum contains ample
surface and flow area for deentrainment of liquid leaving the core. This

liquid is then unavailable for vapor generation in the steam generators and
may fall back into the core. Some uncertainty exists, hcwever, with respect
to the distribution of liquid on the upper core plate and the degree of
deentrainment in the complex geometry of the upper plenum.

A conservative assumption of "no deentrainment" is made to account for the
uncertainty. The upper plenum and all fluid nodes in the loops are assumed to
be homogeneous. This reduces the mass storage capability of the upper plenum

region and completely discounts the additional core cooling capability of
deentrained liquid falling back into the core.

l 38.2.2.3 Steam Generator Heat Transfer - There are data which indicate

that the two-phase mixture entering the steam generators during reflood is not
completely evaporated and superheated to seccadary side temperature, due to
nonequilibrium between vapor and liquid (similar to core heat transfer
effects) and to thermal stratification of emergency feedwater. In BASH, the

two-phase mixture is assumed to remain in thermal equilibrium. Also, primary
and secondary heat transfer coefficients are chosen so that the primary fluid
exit temperature is nearly equal to the secondary side temperature. This, of

course, maximizes the pressure drop through the pump and reduces the flooding

rate.

8.2.2.4 Pumps - In BASH the pumps are assumed to be locked. The loss coefft-
cients used are identical to those used in current design analysis.

I
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8.2.2.5 Metal Heat Release - All structural metal in the RCS is considered in
,

calculating heat release to the fluid leaving the core. In the reactor vessel
downcomer and plenums the heat transfer may be considered conduction-limited
due to the presence of liquid. In these components, the detailed metal heat
release model described in paragraph 6.2 is used. In other components, where

the fluid is expected to be hotter, the simpler lumped parameter metal node
(paragraph 3.2) is used.

ECCS Mixing - Data from steam / water mixing tests [22] indicate that8.2.2.6
the injected ECCS water mixes completely with steam flowing through the cold
legs, so that equilibrium conditions are achieved only a short distance down-
stream of the injection point. The cold leg is therefore modeled with an

equilibrium fluid node. An additional resistance is applied in the current
model during accumulator injection to account for increased resistance arising
trom pressure oscillations. This extra resistance will also be applied in

BASH,

8.2.2.7 Downcomer - The downcomer will be modeled with the "two volume" con-

tiguration described in paragraph 6.1. This will permit the calculation of

liquid level changes in the downcomer and spillage from the broken cold leg.

8.2.2.8 Core Heat Transfer - Hot assembly heat transfer is calculated using
the BART code. The models in BART are designed to give a realistic represen-
tation of the core heat transfer for a given transient flooding rate. The

assumptions outlined above ensure that the calculated inlet flooding rate will
be conservatively low. There are, however, additional conservatisms within
the BART core heat transfer model which should be pointed out:

h -

a. fop down quench and thimble quench: There is no provision for calcu-

lating the top down quenching of fuel rods, nor the quenching of
thimbles, both of which would enhance the core heat transfer through
vapor desuperheating and increased core liquid accumulation.

6137B:1/050283 8-13
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b. Flow blockage: As mentioned previously, the amount of flow blockage

in the hot assembly is calculated according to the requirements of

NUREG-0630. This blockage is considered conservatively high for the
amount of cladding strain and the degree of noncoplanarity expected of
the ruptures in an actual PWR.0 0]

c. Dispersed flow heat transfer: There is increasing evidence that a

gravity reflood situation tends to improve the heat transfer in the
core by driving the thermohydraulic conditions toward equilibr-

ium. This is in contrast to a forced flooding situation such as
in the FLECHT experiments, which have been shown to exhibit signifi-
cant nonequilibrium (i.e., vapor superheating). It is clear that an

equilibrium condition would result in improved core heat transfer,
since this condition represents more effective use of the cooling
capacity of the liquid before it exits the core. The detailed heat

transfer and fluid flow mechanisms which lead to the near equilibrium
conditions in gravity reflood are not clear at this stage. In view of

this, the proposed ECCS evaluation model will employ the BART nonequi-
librium dispersed flow model for the hot channel analysis, thereby
ensuring additional conservative margin in the calculations, as demon-
strated in the preceding paragraphs.
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SECTION 9

CONCLUSION

The BASH computer code has been developed to improve several aspects of the

prediction of core and RCS behavior in the reflood phase of a LOCA. The
proposed models incorporated in BART and NOTRUMP as portions of BASH build

Eupon models already submitted; the BART interim model and the NOTRUMP

model.E*3 At this point, review of BASH should concentrate on overall
system behavior prediction capability.

Modeling assumptions have been included with the explicit intent of ensuring
conservatism in the model and compliance with 10CFR50, Appendix K

requirements. The proposed BASH model is not presently a best-estimate model.

)
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