9 WCOBRA/TRAC ONE-DIMENSIONAL COMPONENT MODELS

9-1 INTRODUCTION

The one-dimensional components in WCOBRA/TRAC are modules derived from TRAC-PD2 to model
the reactor primary system. These components provide models for accumulators, pressurizers, pipes,
tees, pumps, steam generators, and valves. In addition, there are two modules that provide boundary
conditions for parts of the system not modelled, consisting of either a pressure sink/source or a flow
boundary.

The conservation equations used for the one-dimensional components are discussed in Section 2-4. The
following sections will describe the features of each of the one-dimensional components and elaborate on
their unique characteristics. Many of the modules are virtually unchanged from their original
TRAC-PD2 versions, so many of the descriptions are the same as those given by Liles et al. (1981).

9-2 PIPE COMPONENT

Model Basis The PIPE component is used to model one-dimensional thermal-hydraulic flow in a duct or
pipe. A PIPE can be used alone in a problem or can connect other components together to model a
system. Area changes, wall heat sources and heat transfer across the inner and outer wall surfaces can be
modelled in the PIPE component.

Figure 9-1 shows a typical noding diagram for a PIPE containing a venturi and an abrupt area change.
The numbers within the PIPE indicate cell numbers, and those above it are cell boundary numbers. The
geometry is specified by providing a volume and length for each cell and a flow area and hydraulic
diameter at each cell boundary. The junction variables JUN1 and JUN2 provide reference numbers for
connecting this PIPE to other components.

Wall friction losses and form losses associated with bends, orifices, etc. are set where required at the
appropriate node boundaries. Five options are available to determine the wall friction losses based on a
variety of flow configurations and correlations. These options are described in Section 4-7.

Wall heat transfer from the inner and outer surfaces of the PIPE may be calculated as well as heat
generation within the wall. The calculation of critical heat flux may be determined by the Biasi et al.
(1967) correlation. Section 6-3 describes the selection of heat transfer coefficients in the
one-dimensional components. The wall material properties are selected from stainless steel (304, 316,
and 347), carbon steel A508, or Inconel 600.

The PIPE component includes an option that allows the user to simulate the effect of a non-condensible
gas on the condensation rate. This option is used to simulate the suppression of the condensation rates in
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the PIPE caused by nitrogen injection from the accumulator or from ingestion of air from the
containment. Application of the condensation suppression factor to the interfacial heat transfer L
coefficients is described in Section 5-3-5. N

The numerical solution method used for the PIPE component is specified by the user. The semi-implicit
method is adopted due to its increased computational efficiency. In components which can expect high
flow velocities, the fully implicit solution method is used to avoid the restriction set by the low Courant
limit. The junctions of the one-dimensional components are always solved semi-implicitly.

Model As Coded No special models or correlations are applied in a PIPE component. The conservation
equations are solved as described in Section 2, with the closure relations discussed in Sections 3 through
8, referring to one-dimensional components. The thermodynamic and material properties are described
in Section 10. During the execution of a problem, the solution procedure is controlled by subroutines
PIPELl, PIPE2, and PIPE3. At the beginning of each time step, PIPEL1 calls subroutine SLIP to obtain
relative velocities, and subroutine FWALL for wall friction and irrecoverable loss coefficients to
determine the interfacial drag coefficients and calculate the relative phase velocities. Subroutine
HTPIPE is then called to determine the wall heat transfer coefficients. During the timestep iteration,
PIPE2 calls DF1D, which is the controlling routine for the hydrodynamics solution.

DF1D calls DF1DS or DF1DI depending on whether the semi-implicit or implicit solution scheme has

been chosen. In these routines the interfacial mass and heat transfer, condensation suppression, and in

the case of DF1DS, water packing logic are applied or calculated. The controlling routine PF1CHK is L
called if the critical flow model has been selected. After a timestep is successfully completed, PIPE3

calls CYLHT and FPROP to determine the wall temperatures and calculate the new fluid properties,

respectively. The boundary arrays are agéin updated for the converged solution. If the time step fails to

converge, the calculation is backed up to the previous time step values, and a new time step, half the size

of the old one, is tried.

9-3 TEE COMPONENT

Model Basis The TEE component models the thermal-hydraulics of three piping branches, two of which
lie along a common line with the third eritering at some angle B from the main axis of the other two. The
code basically treats a TEE component as two PIPEs, as indicated in Figure 9-2. The angle f is from the
low-numbered end of PIPE 1 to PIPE 2. The low-numbered end of PIPE 2 always connects to PIPE 1.
The straight PIPE segment is numbered from cell 1 to NCELLY1, with the connection to PIPE 2 at cell
JCELL. The branch PIPE segment is numbered from the cell immediately adjacent to JCELL, beginning
with cell 1 and ending with cell NCELL2.

The connection to PIPE 1 from PIPE 2 is treated with mass, momentum, and energy source terms. For

PIPE 2 the conditions in cell JCELL of PIPE 1 form the inlet boundary conditions. The mass and energy

terms associated with the side branch flow are added to the governing mass and energy equations

representing the main branch flow. The losses at the junction are modelled in terms of the momentum ‘ L
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change resulting from the combining or dividing flow. For the combining case an additional momentum
source term is added to the main branch momentum equations. This term represents the momentum
source or sink associated with the secondary flow in relation to the main branch flow. The time
differencing and iteration procedures guarantee conservation of scalar quantities within a convergence
tolerance. The levels of implicitness for the finite-difference equations applied to PIPE 1 and PIPE 2 can
be specified independently using the input variables IHYD1 and IHYD2. Since the junction between
PIPE 1 and PIPE 2 is always treated semi-implicitly, the velocity at that point is always included in the
computation of the time step stability limit. Phase separation at the junction is calculated if the flag ISEP
is set to one. Phase separation is computed if the void fraction in the junction cell JCELL exceeds the
user-specified value ALSEP.

Model as Coded Since the TEE is modelled as two connected PIPEs, the PIPE model description in
Section 9-2 should be consulted for additional information. The calculational sequence for a TEE
includes separate calculations of the primary and secondary sides. For the junction momentum source,
an additional source term is calculated in subroutine ETEE and is incorporated in the momentum
equation in DF1DS or DF1DI depending on the solution option chosen. This source term is set to zero
when the TEE is a dividing tee.

9-4 PUMP COMPONENT

Model Basis The pump model employed in WCOBRA/TRAC describes the interaction of the system
fluid with a centrifugal pump. The model calculates the pressure differential across the pump and its
angular velocity as a function of the fluid flowrate and the fluid properties. The model is designed to
treat any centrifugal pump and can include two-phase effects.

Uls'U1"5=(P1'P2)_C,,_ _fUl’.,SIUl’.lsl_'_

Q °-1)
n Z
At pisAx D,

The pump model is represented by a one-dimensional component with N cells, where N must be greater
than 1. A typical noding diagram for the pump component is shown in Figure 9-3. The pump momentum
is modelled as a source Q that is included between cells 1 and 2. The source is positive for normal
operation with the pressure rise occurring from cell 1 to cell 2, so it is necessary to number the cells so
that the cell number increases in the normal flow direction.

The pump model is identical to the one-dimensional pipe model except that a momentum source is
included in the mixture momentum equation written between cells 1 and 2:
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where U is the mixture velocity, P is the pressure, C represents the convective terms, g, is the gravity

term, f is the friction factor, p is the fluid density, Ax is the cell length, D, is the hydraulic diameter, . L/
the subscript 1.5 refers to the average value between cell 1 and cell 2, and the superscript n indicates that b

the parameter was evaluated at the previous timestep. Parameters without a superscript are the updated,

new time values. The source term € is taken to be:

AP
Q=—mm cn.g v Loyniuy 9-2)
P1sAX D,

where AP is the pressure rise across the pump evaluated from the pump characteristic curves. With
this definition of the momentum source, the steady-state solution of Equation 9-1is P, - P, = AP o
The model for AP, is described next.

The Pump Characteristic Curves - The Homologous Curves

It has been well known that for single-phase flow the characteristics of a pump can be quite accurately

obtained from those of a geometrically similar scale-model using the similarity laws. Following these

laws, the head and the torque of the pump can be represented in nondimensional forms which are

independent of the scale of the pump model. The approach used to establish the so-called homologous

curves is one of the methods that has utilized the similarity laws to nondimensionalize the variables

involved in pump operations. In this épproach, four homologous curve segments (one curve segment L
represents a family of curves) are established. These curves describe in a compact manner all the .
operating states of the pump. The following definitions are employed in the subsequent development:

= pump head = AV -
= fluid density at pump inlet
volumetric flow rate through pump

pump impeller angular speed

N e 10 ©°
[}

pump hydraulic torque

To allow one set of curves to be used for a variety of pumps, the following normalized quantities are

used:
v = QIQ,
a, = o/og
h = HIH,
B = (T/T) (px/p)
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where the subscript R denotes the rated conditions. Use of the pump similarity relations (Olson, 1974a)

shows that
- =f( l) (9-3)
ay Oy
and
£ =f[l) (0-4)
oy Oy
for
| 2 <1,
N
and
L =f[&] ©-5)
v v
and
B =f[ﬁ] 9-6)
1)) v
for
|22 <
v

Table 9-1 shows the resulting four segments of the homologous head and torque curves that represent the
complete pump operational characteristics.
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Pump Single-Phase Head and Torque Homologous Curves

Figures 9-4 and 9-6 show typical single-phase homologous head and torque characteristic curves for l_/
Westinghouse designed pumps.

Pump Fully-Degraded Head and Torque Homologous Curves
A basic assumption of the WCOBRA/TRAC pump model is that the same type of scaling laws, which are
applied under single-phase conditions, can also be applied under two-phase conditions. It is assumed that
there exists a condition at an intermediate range of void fractions in which the pump head and torque can
be described by a set of homologous curves, similar to the single-phase curves. A typical set of curves is
illustrated in Figures 9-5 and 9-7.
The Head and Torque Multipliers
To provide for a transition from single- to two-phase conditions, the following correlations are used:

H, = H, - M(o) (H, - Hy) ©-7
and

T, =T, - N (T, - T)) 9-8) L

where

M = head multiplier

]

torque multiplier
a = donor-cell vapor void fraction at pump inlet

and the subscript 1 denotes the single-phase value, the subscript 2 denotes the two-phase value, both
calculated from the homologous curves, and the subscript * denotes the derived value for a given
two-phase condition.

Pump Impeller Speed

The angular speed of the pump impeller is calculated from the equation

d
I —d"tl =Ty - (T, + Tpp + Ty (9-9)
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where

moment of inertia of the pump rotor assembly
torque supplied by motor (after trip, 7,, = 0.0)

total friction torque (including all mechanical, bearing friction and windage loss)

N NN
K’H;E
]

electric torque (caused by induced voltage after trip)

The total friction torque is (Bordelon et al., 1974) [

< (9-10)
where

I

for the 93A pump, and is assumed to apply to other pumps of similar design. The pump hydraulic torque
(T,) is evaluated from the homologous curves and Equation 9-8 as a function of the fluid density and
flow rate as well as pump angular velocity.

Pump Options and Limitations

The wall heat transfer, wall friction, CHF calculation and implicit hydrodynamics options for the PUMP
module are the same as for the PIPE module. In addition, the following options are specified: pump
type, motor action, reverse speed option, two-phase option, and pump curve option.

If the pump motor is energized, its angular velocity is assumed to be the constant value specified. If the
motor is not energized, a pump coastdown calculation is performed using the specified initial pump
speed.

There are two pump options available. For pump option 1 (IPMPTY = 1) the pump speed variation is
specified by input. The pump is initially energized at a constant speed specified by input (OMEGA).
The pump motor may be tripped by a TRIP signal. If a pump trip has occurred, the pump speed is taken
from a table of pump speed versus time-after-trip (array SPTBL).

Pump option 2 (IPMPTY = 2) is similar to option 1 except that the pump speed is calculated from
Equation 9-9 after a trip has occurred rather than from an input table. The electric torque T is assumed
to be zero. The relationships between the various pump input parameters as well as the algorithm for the
pump speed calculation are shown in Table 9-2. The value entered for IPMPTR is the TRIP
identification number for pump trip initiation and NPMPTX is the number of pairs of points in the pump
speed table (SPTBL). If IPMPTR = 0, the pump will maintain a constant speed.
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If the reverse speed option is specified (IRP = 1), the pump can rotate in both the forward and reverse
directions. If reverse speed is not allowed (IRP = 0), the pump will rotate in the forward direction only. i/
For this case, if a negative speed is calculated (after trip with option 2), the speed will be set to zero. A

If the two-phase option is turned on (IPM = i), the degraded pump head and torque will be calculated
from Equations 9-7 and 9-8. If the two-phase option is turned off (IPM = 0), only the single-phase head
and torque homologous curves will be used.

The user may either specify pump homologous curves in the input or use the built-in pump curves. The
built-in pump curves are for the MOD-1 Semiscale system pump and are based on the data of Olson
(1974a, b) and Loomis (1974). For other types of PWR pumps their corresponding homologous curves
and multiplier values would be specified. Since these homologous curves are dimensionless, they can be
used to describe a variety of pumps by specifying as input the rated values for density, head, torque, flow,
and angular velocity.

There are several restrictions and limitations in the current version of the pump component. Since there
is no pump motor torque-versus-speed model, the pump speed is assumed at the input value if the motor
is energized. The pump momentum source must be located between cells 1 and 2 of the pump model.
Finally, the head degradation multiplier M(a) and the torque degradation multiplier N(a) are assumed to
apply to all operating states of the pump.

The PUMP module input consists of the same geometric and hydrodynamic data and initial conditions J .
that are required for the PIPE module. In addition, information specific to the PUMP is required. The —
speed table (SPTBL) as well as the homologous pump curve arrays must be input.

Model as Coded For the new timestep, Equation 9-9 is evaluated explicitly:
0 = o + (92y Ar (9-11)
dt

The momentum source for a pump cell is evaluated once each timestep, and the source is applied only
during the explicit pass in subroutine DF1DI or subroutine DF1DS. The mixture velocity and mixture
density from the donor component (i.e., conditions at the upstream boundary of the pump component) are
used to establish the volumetric flowrate through the pump. Standard curve fitting techniques are then
used to compute the pump head. The pump source evaluation is performed by subroutine PUMPSR.

Scaling Considerations During blowdown and reflood periods, reactor coolant pumps will be under

two-phase flow conditions, and both the pump head and the pump torque will be degraded. Although the

physical mechanisms responsible for the performance degradation in two-phase flows are not well

understood, analysis of tests on pumps (Kamath and Swift, 1982) revealed that "scaling down the size of

the pump while maintaining the same design specific speed produces very similar performance

characteristics both in single and two-phase flows." The study also indicated that effects due to size and

operating speed were not discernible within the range of test conditions and within experimental L
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uncertainties. The system pressure, however, appeared to affect the rate of degradation even for the same
pump. Similar results were also observed in the scaled-pump experimental tests conducted by KWU
(Kostner and Seeburger, 1983). These test results suggest that uncertainties due to scaling distortion
from the pump are small compared to other contributors. The effect of scaling and other uncertainties is
minimized in the WCOBRA/TRAC model by using data from a 1/3-scale model similar in design to the
Westinghouse pump (Snyder and Grigsby, 1982).

Conclusions The pump model is constructed by combining the experimentally-established pump
characteristic correlations and the WCOBRA/TRAC PIPE module based on a one-dimensional drift-flux
formulation. The frictional torque correlation was also experimentally established. The pump model can
handle all single- and two-phase operations (with or without phase separation) and provide accurate
speed, flow, and head predictions during the transient (including coastdown). The options of the model
provide the users with the flexibility to model a variety of system operating conditions. The
WCOBRA/TRAC pump model has been assessed against LOFT L2-5 test data (Bayless et al., 1982) with
satisfactory results. The model can be utilized to simulate any PWR pump for which the homologous
characteristic curves have been adequately established.

9-5 STEAM GENERATOR COMPONENT (STGEN)

Model Basis In a PWR, the steam generators transfer energy from the primary coolant loop to the
secondary coolant to produce steam. The STGEN module can model either "U-tube" or "once-through"
steam generators; the basic operation is similar for both types. Primary coolant enters an inlet plenum,
flows through a tube bank in which the primary coolant exchanges heat with a secondary coolant that
flows over the exterior of the tube bank, and finally discharges into an outlet plenum. Figure 9-8
provides typical noding diagrams for U-tube and once-through steam generators. In both cases the tube
bank is represented by a single effective tube that has heat transfer characteristics of the entire tube bank.

Model as Coded The number of fluid mesh cells is specified by NCELL1 on the primary side and by
NCELL?2 on the secondary side. There are some constraints imposed on the possible values for
(NCELL]1, NCELL2) combinations. For a once-through type, it is required that NCELL2=NCELL1-2.
For a U-tube type, it is assumed that there is a one-to-one correspondence between two active primary
cells and one active secondary cell (Figure 9-8). Thus for the fluid cells on the secondary side to reach -
the U-tube bundle top, it is required that NCELL2 > (NCELL1-2)/2. The secondary-side cells that are
greater than (NCELL1-2)/2 are treated adiabatically and are used to model possible area changes and
volumes above the tube bank. In Figure 9-8, these are cells 6 through 8 on the secondary side. There is
an inlet plenum (cell 1) and outlet plenum (last cell) on the primary side; these two cells are assumed
adiabatic.

The steam generator, primary-side, and secondary-side hydrodynamics are treated separately. Coupling
between the two sides is achieved through wall heat transfer, which is modelled in a semi-implicit
fashion. The calculational sequence for a steam generator is identical to that for a PIPE (component)
except that it is performed twice, once for the primary side and once for the secondary side. It is possible
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to connect the secondary-side junctions to any TRAC component, but the most common arrangement is
to connect the inlet to a FILL, specifying the secondary-side fluid inlet conditions and flow rate, andto a
BREAK at the discharge, specifying the steam-generator secondary discharge pressure.

The cylindrical heat conduction equation fora typical tube is solved as described in Section 7-7. There
must be at least one wall temperature node, but three are suggested, placing one at each tube surface and
one at the tube wall center. The tube material is selected from the material options given in Section 10-5.
Wall friction correlations and additional frictional losses for the primary and secondary sides can be
specified as described in Section 4-7. Either fully implicit or semi-implicit hydrodynamics may be
selected for the steam generator component.

9-6 PRESSURIZER COMPONENT (PRIZER)

Model Basis The pressurizer in a PWR is used to control the primary coolant system operating pressure
and accommodate any change in the coolant volume during normal operation. It consists of a pressure
vessel connected to one of the hot legs by a surge line. Approximately half of the vessel is filled with
water, which is pressurized by saturated steam above it. The pressure is maintained at the operating
setpoint value by a system of heaters and sprays which regulate the energy input to the water.

Model as Coded The pressurizer is simulated by the PRIZER component. It can connect only to
another one-dimensional component, and its nodes are numbered, 1 to NCELL, from the top (closed
end) to the junction at the bottom as shown in Figure 9-9. The PRIZER component is treated in most
respects as a PIPE; however, the drift velocities are not obtained from the slip routine, but are specified
in subroutine PRIZR1, which imposes a sharp liquid/vapor interface during the pressurizer discharge.
This is done by setting the relative velocity to a large value, [

re (9-12)?

The negative sign is included to be consistent with the sign conventions used in the code.

The controlling action of the heater/spray can be simulated in the PRIZER component. The heater/spray
model is available as an input option and is used as a system pressure controller. If this option is used,
the setpoint pressure and the pressure deviation DPMAX at which the heaters deliver their maximum
power QHEAT are input. The calculated heater power is directly proportional to the difference between
PSET and P(1), the pressure in node 1.

= QHEAT(PSET - P(1))/DPMAX

Qpressurizer

This power (Q pressu sizey) 18 limited to +/- QOHEAT and is distributed to each node as a function of the

node liquid fraction to total pressurizer liquid fraction. Power is not added if the collapsed liquid level
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falls below the input height ZHTR. The collapsed liquid level within the PRIZER component is given by
the following equation:

z = VJA (9-13)
where
NCELLS
V= Y (Q-0a)V, (9-14)

i=1

and Vv, and V, are the volume of the node i and the total volume of liquid in the pressurizer,
respectively. A is the maximum flow area of nodes 1 and 2.

9-7 VALVE COMPONENT

Model Basis The VALVE component is used to simulate the controlling action of a valve fitting. It
comprises at least two fluid nodes. The flow area and hydraulic diameter at a given node boundary are
used as the controlling parameters to model the valve operation. In all other respects, the VALVE
component is identical to the PIPE component.

Model as Coded The noding scheme is shown in Figure 9-10. Node IVPS defines the node boundary
where the valve action is modelled. Five options are provided to describe the valve operation .

(Table 9-3). Options 1 through 4 open or close the valve with a trip. The action can be instantaneous or
a function of time. Option 5 models a check valve with the open or closed condition determined by a
pressure differential between the specified nodes (IVPS and IVPS-1) and a set point. For this option the
valve opening and closing is damped to prevent pressure oscillations.

9-8 ACCUMULATOR COMPONENT (ACCUM)

An accumulator is a pressure vessel partially filled with water and pressurized with nitrogen gas. The
accumulator is isolated from the primary coolant system (RCS) by a check valve. If reactor coolant
pressure falls below accumulator pressure, the check valve opens and the accumulator water is forced
into the RCS. This flow continues until the accumulator is empty, after which the nitrogen cover gas is
discharged. '

During a LOCA transient, the accumulators of a PWR will deliver ECC water to the cold legs. The
accumulator injection period may be divided into two time intervals:

Phase A: 1, st <1,
Phase B: 7, <t < ¢,
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where ¢, is the time when the accumulator starts to deliver ECC water (typically 10 seconds), ¢, is the
time when the accumulator is empty of water (typically 40 seconds), ¢, is the time when the pressure in
the accumulator is in equilibrium with that of the intact cold leg (ICL), and no more flow issues from the
accumulator (typically 60 seconds).

During phase A, only water enters the ICL. The nitrogen in the accumulator continues to expand in
volume as the pressure in the accumulator decreases. The nitrogen cools as it expands. During this
phase, accumulator water begins to fill the reactor vessel downcomer, lower plenum, and core.
Meanwhile, the reactor pressure falls to near the containment pressure. During phase B a water/nitrogen
mixture, and finally only the-nitrogen gas, enters the ICL. Because of the width of the tank, the
water-nitrogen interface is likely to be well-defined. Consequently, the time during which a
water-nitrogen mixture flows from the tank is expected to be small. The nitrogen flow passes through the
downcomer of the vessel and exhausts to the containment at the broken cold leg (BCL).

The expanding nitrogen from the accumulator will significantly increase the volumetric flow in the ICL,
displacing the steam originally in the ICL. Because nitrogen is an inert gas, condensation is reduced.

As the nitrogen flows into the vessel and out the break, the ICL and the upper portion of the downcomer
may be pressurized due to the presence of the nitrogen flow. This increase in pressure may affect the
cooling flow entering or leaving the core. The way in which these phenomena are simulated in
WCOBRA/TRAC is described below.

Accumulator Model Basis (Phase A) The accumulator component is simulated in the ACCUM module
in WCOBRA/TRAC. This component can only be connected at one junction to other WCOBRA/TRAC
components. This connection is the highest number cell, and it is assumed that cell 1 is closed, as shown
in the typical noding diagram in Figure 9-11. It is also assumed that the accumulator is not connected to
a nitrogen pressure source. Therefore, the nitrogen pressure results from the expansion of the initial gas
volume.

The following additional assumptions are made for the ACCUM component during Phase A:
1. The vapor phase in the accumulator is an ideal gas with the properties of nitrogen.
2. The relative velocity between the vapor and liquid is set to a large value to create a sharp

interface between the liquid and vapor. This assumption is made because the relatively large
diameter of the tank leads to low fluid velocities and rapid phase separation.

3. The mixture properties at the last accumulator cell are controlled such that only pure liquid is
discharged. This assumption is also a result of the expected sharp interface between liquid and
vapor.
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4, The wall friction factor for each accumulator tank cell is set to a constant value of 0.005. The
accumulator is expected to represent a negligible portion of the overall resistance to flow.

5. The accumulator tank walls are assumed to be adiabatic. Heat transfer from the accumulator
walls is not expected to be significant, due to the small surface area per unit volume.

Nitrogen Discharge Model Basis (Phase B) During the accumulator water injection period, a nitrogen
gas field is assumed to exist in the accumulator, while steam is assumed everywhere else in
WCOBRA/TRAC. While the nitrogen field can be extended (as an input option) to all other
WCOBRA/TRAC components, a combined nitrogen-steam-water model is not available. To simulate the
nitrogen discharge, the subcooled vapor model in WCOBRA/TRAC is used to provide similar
pressure/flow characteristics to those obtained from a nitrogen model. In this model, the normal
hydrodynamics package is used. However, the following additional assumptions are made:

1. Phase B is assumed to begin when the water level in the accumulator tank falls below [ 1>
(the basis for this value is described in Section 16-2-5 of WCAP-12945-P-A (Bajorek et al.,
1998)). At this point, a mixture of water and nitrogen is assumed to flow out of the tank.

2. During Phase B, heat transfer between liquid and vapor is suppressed in regions of the RCS
expected to contain significant amounts of nitrogen. This is assumed to occur as long as the
accumulator pressure remains significantly above the RCS pressure (implying significant flow of
nitrogen).

The region over which the condensation suppression is assumed to occur is shown in Figure 9-12
and consists of the accumulator and line, the intact cold leg, the upper downcomer region, and
the broken cold leg on the vessel side. The nitrogen influence is assumed to be limited to this
region as discussed below.

At the time nitrogen begins to inject, the lower plenum and downcomer are full of water, and the
core has begun to reflood. Any steam generated in the core will flow up the core and out through
the loops and upper head vent paths. In addition, the high downcomer water level provides a
driving force for this flow. It is therefore unlikely that accumulator nitrogen flow will cause
reverse flow in the loop or upper head. If it does, this flow would have to be sustained for a
substantial period of time before the nitrogen will reach the upper plenum.

In the reactor vessel, the accumulator water isolates the nitrogen from the core. The region of
influence is assumed to extend to a point in the downcomer level with the bottom of the core. If
the downcomer is full above this level, no steam will be available for condensation and the
condensation suppression will make no difference.
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3. During Phase B, the behavior of the nitrogen can be simulated using the subcooled vapor models

in the code. L

This assumption was checked by comparing two simple models of the accumulator, one in which
the entire process takes place with nitrogen, and one where the nitrogen model is replaced during
Phase B with a model using the one-dimensional component subcooled vapor equations.(3> In the
nitrogen model, the pressure/temperature/density relationships are for a perfect gas.

The simple models were used to predict pressure and flow, using a linear ramp for the pressure at
the accumulator exit and representative accumulator dimensions.

Accumulator and Nitrogen Model as Coded The procedures for data input, initialization of arrays,
advancement of time-dependent variables, and editing are similar to those given for a PIPE component.
The hydrodynamics are treated using the one-dimensional, semi-implicit drift-flux routine DF1DS.

No metal heat transfer is permitted for the accumulator. In addition, the following special coding is
employed for each of the phases. During Phase A:

1. Nitrogen properties are calculated in subroutine THERMO. The gas constant used is
287.12 Pa m3kg °K (534 ft Ib/1b, °R), which is consistent with standard values found in
handbooks.
2. The liquid vapor interface is sharply defined by setting the relative velocity to a large value. J‘/

This is set in ACCUM1 and is [

P 9-15)

The negative sign is included to be consistent with the sign conventions used in the code.

3. The discharge at accumulator exit during Phase A is limited to liquid only by setting the
component boundary array elements representing the void fraction to zero. This is done in
subroutine ACCUMBD.

4. Accumulator wall friction is set to 0.005 in ACCUMI. User specified friction factors, input via

the parameter FRIC, may be added to this value.

The end of Phase A is determined by the collapsed liquid level. The collapsed liquid level is calculated
in subroutine ACCMIX by computing the total liquid volume in the accumulator tank and then
determining the height of this volume at the bottom of the tank. This collapsed level is used to signal that
the accumulator is nearly empty. The signal is set when the collapsed level falls below [ J*¢. The
time when this occurs is ¢, and the code moves to Phase B.

WCOBRA/TRAC One-Dimensional Component Models May 2003
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For Phase B (simulated nitrogen injection), additional special coding is required as described below.
1. In the accumulator, [

T as

described in Section 5-3.

2. The steam properties for [
P

3. Discharge from the accumulator becomes two-phase.
Scaling Considerations The model was tested in simulations of the accumulator in the LOFT test
facility, and against data obtained from in-plant tests. A description of this test simulation as it applies to

the accumulator model is given in Section 16-2 of WCAP-12945-P-A.

Conclusions The basic assumptions which are made in the application of this model to the PWR and
which introduce uncertainty into the calculation are:

1. The condensation is assumed to be suppressed in the intact cold legs, upper downcomer, and
broken nozzle until all nitrogen has been exhausted from the accumulator and swept from the
systems.

2. The nitrogen vapor properties are approximated by subcooled vapor flow.

Conclusions regarding uncertainties due to noncondensable gases and accumulator nitrogen effects are
summarized in Section 25-8 of WCAP-12945-P-A.

9-9 BREAK AND FILL COMPONENTS

These models differ from other components in that they do not model any system component per se, and
no hydrodynamic or heat transfer calculations are performed for them. In all other respects, they are
treated as any other component, with the same input, initialization, and identification procedures.

- A BREAK component is used to impose a pressure boundary condition adjacent to the one-dimensional
component with which it connects (Figure 9-13). The boundary conditions specified by the BREAK are
pressure, mixture temperature and node void fraction, all of which may be time dependent. Care is
required when setting the mixture temperature and void fraction values, as these are used to determine
the properties of the fluid if the flow is calculated to be in the reverse direction, i.e., into the system from
the BREAK. In the normal mode of operation, where the fluid flows out through the BREAK, the
mixture temperature and void fraction do not affect the calculation.

WCOBRA/TRAC One-Dimensional Component Models ' : May 2003
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The FILL component is used to impose a velocity boundary condition at the junction between the FILL

and the adjoining one-dimensional component (Figure 9-14). The boundary velocity may be specified by i
one of the five different input options. The options define the velocity as a constant, or as a function of L/
time or pressure, or as a constant until a trip signal is reached, then again as a function of time or

pressure. The fluid properties within the FILL node are determined from the user input values of void

fraction, mixture temperature, and pressure.
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Table 9-1 The Four Segments of Pump Homologous Curves
Curve Homologous Homologous Variable Operating
Segment Head Torque Range Condition
1 Wa,}? Bla? |o/ay| <1 0>0
2 wo? iy [way| > 1 Q>0
3 Wo? B’ o/ > 1 Q<0

Note: A fourth segment may also be input for negative pump rotation (w < 0). This condition will not occur in

Westinghouse PWR's due to locking devices on the pumps.
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Table 9-2 Pump Control Input Parameter
IPMPTY IMPPTR NPMPTX (SPTBL) Pump Speed
Pump Option Pump Trip L.D. Pair of Points Speed Table Algorithm
1 X = pump trip desired X X OMEGA before trip
0 = no pump trip 0 SPTBL after trip
“ 2 X = pump trip desired X OMEGA before trip
0 = no pump trip 0 Code calculated after
trip
WCOBRA/TRAC One-Dimensional Component Models May 2003
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2. Valve is normally

After trip,

3. Valve is normally

Before trip,

After trip,

where

Table 9-3 Valve Control Options
1. Valve is normally open and is closed instantly on a trip signal.
Controlling logic is as follows:
Before trip,
A = AVLVE
Dyvarve) = HVLVE
After trip,
A(valve) = 0.0
VM = 1.E-10
VR = 0.0
where,

AVLVE equals completely open valve area

HVLVE equals completely open valve hydraulic diameter
VM equals mixture velocity of phases

VR equals relative velocity of phases

closed and is opened instantly on a trip signal.

Controlling logic is as follows:
Before trip,

Aganve = 0.0

VM = 1.E-10
VR = 0.0
Al = AVLVE
Divarey = HVLVE

open and is closed on a trip signal according to a time-dependent valve table.

Controlling logic is as follows:

Dh(va!ve) = HVLVE

Ay = AVLVE * SCALE

Dyvaivey = HVLVE * SCALE

SCALE equals the linear interpolated multiplier from the user input forcing factor

versus time table. If SCALE equals 0.0,
VM = 1.E-10
VR =0.0
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Table 9-3 Valve Control Options
(cont)

4, Valve is normally closed and is opened on a trip signal according to a time-dependent valve table.
Controlling logic is as follows:

Before trip,
A(VI’VC) = 0-0
VM = 1.E-10
VR = 0.0
After trip,
A vive) = AVLVE * SCALE
Dyvatvey = HVLVE * SCALE
where,

SCALE has the same definition as given above,

5. Check valve is controlled by a static pressure gradient. If IVPG = 1, then DP =P(IVPS - 1) - P(IVPS),
if IVPG = 2 then DP = P(OVPS) - PIVPS-1)

If DP+PVS > 0, the valve opens.
If DP+PVS < 0, the valve closes.

For this option the valve opening and closing action is damped according to the following equations.
Opening,
A = A * 0.99 +0.01 * AVLVE
= Dh(VIlVE) * 0.99 + 1-0E‘5
Dh(va.lvc)
The above equations are applied at each timestep until the opening or closing action has been
completed.
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Figure 9-1. PIPE Component Noding
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Figure 9-3. PUMP Noding Diagram
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Figure 9-4. 93A Pump Single-Phase Homologous Head Curves
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Figure 9-5. 93A Pump Two-Phase Homologous Head Curves
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Figure 9-6. 93A Pump Single-Phase Homologous Torque Curves
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Figure 9-7. 93A Pump Two-Phase Homologous Torque Curves
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Figure 9-8. Steam Generator Noding Diagram
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Figure 9-9. Pressurizer (PRIZER) Component Noding
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Figure 9-10. VALVE Component Noding
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Figure 9-11. Accumulator Noding Diagram
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Figure 9-12. Condensation Suppression Region for Accumulator/Nitrogen Model
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Figure 9-13. Pressure Boundary Condition Using BREAK Component
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Figure 9-14. Velocity Boundary Condition Using FILL Component
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10 THERMOPHYSICAL PROPERTIES

10-1 INTRODUCTION

WCOBRA/TRAC includes a set of functional routines and individual correlations to calculate the
thermal properties of water, air, nuclear rods and several common structural materials. This section
describes the manner in which the thermal properties are calculated for the vessel and one-dimensional
components. Section 10-2 describes calculation of the thermodynamic properties of water. Section 10-3
describes the WCOBRA/TRAC calculation of air thermal properties. Section 10-4 describes the thermal
properties of materials used in nuclear fuel rods including mixed oxide fuel, clad materials, and fuel rod
gap gases. WCOBRA/TRAC can also calculate the thermal properties of several common PWR
structural materials such as stainless steel. These calculations are described in Section 10-5.

10-2 THERMOPHYSICAL PROPERTIES OF WATER

10-2-1 Vessel Component Water Properties

The thermal-hydraulic calculations performed by the WCOBRA/TRAC vessel component frequently
require the thermal conductivity, specific heat, viscosity, Prandtl number, and surface tension for water
as functions of the fluid pressure and specific enthalpy. This section describes the thermodynamic
property calculations performed by WCOBRA/TRAC for saturated, superheated, and subcooled fluid
conditions. ‘

10-2-1-1 Saturated Fluid Properties

Model Basis The saturated liquid and saturated vapor enthalpies are calculated as functions of the
pressure. Values for the saturation temperature, densities of saturated liquid and vapor, thermal ]
conductivities and viscosities of saturated liquid and vapor, saturated liquid specific heat, and the surface
tension are interpolated from tables indexed by saturated liquid enthalpy. The saturated liquid and
saturated vapor specific enthalpies are determined from polynomial representations of the saturation
curve. This representation provides close agreement with ASME Steam Tables (1968) and the
NBS/NRC Steam Tables (Haar, Gallagher, and Kell, 1984). The tables of values at saturation for the
other properties (cohductivities, viscosities, etc.) are also in close agreement with the standard tables.

The saturation enthalpies are calculated in Btu/lbm as functions of pressure based on expressions
developed for EPRI (McFadden et al., 1980).

The polynomial expansions for saturated liquid enthalpy are

9
Y A, [Ine)! (10-1)

n=1

H(P)
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if P < 2529.9 psia and

9
H(P) = ), A,[32082 - pyat]™! (10-2)

n=1

for 2529.9 < P < 3208.0 psia.
The constants A, for Equations 10-1 and 10-2 are shown in Table 10-1.

The saturated vapor enthalpy is calculated using

5 8
H(P) = ) B,In(PI" + 3 B, (In(P)]" (10-3)
n=1 n=6
if 0.1 < P < 1467.6 psia, by
9
H(P) = ) B,[In(P)]""! (10-4)

n=1

if 1467.6 < P < 2586.0 psia and by

9
H(P) = Y B,[(32082 - P4 (10-5)

n=1

if 2586.0 < P < 3208.0 psia.
The constants B, for Equations 10-3 through 10-5 are listed in Table 10-2.

These expressions are compared to values from the ASME Steam Tables (1968, 1983) in Figures 10-1
and 10-2.

Table 10-3 lists values of the saturation temperature, density, viscosity, thermal conductivity, specific
heat, and surface tension that are used to represent the saturation curve for those properties. The
saturation curves defined by these tables are compared to values from the standard tables in Figures 10-3
through 10-11.

Model as Coded For a known pressure P the saturated liquid enthalpy is calculated using either
Equation 10-1 or 10-2 in subroutine SAT. From that calculated value of saturated liquid enthalpy, the
other properties are determined in subroutine PROP by linearly interpolating between the 90 values listed
in Table 10-3.

Thermophysical Properties May 2003
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Scale Considerations Calculation of saturated water thermophysical properties is not dependent on
scale.

Conclusions The WCOBRA/TRAC vessel component calculates saturated liquid and saturated vapor
enthalpies as functions of pressure using polynomial representations, and then uses the saturated liquid
enthalpy to determine the other thermal properties by linear interpolation. All of the saturated properties
agree very closely with values found in the standardized Steam Tables.

10-2-1-2 Properties of Superheated Vapor

Model Basis

Vapor Enthalpy The enthalpy of superheated vapor as a function of pressure and temperature is
calculated by the expression developed by Keenan and Keys (1936):

H, = 043 [0.10129 (FOP + % P? + % P* 4 %’ P”) + F! (10-6)

where, F, F,, F,, and F,, are defined by
F, = % B, 1, k = 0,1,3,12 (10-7)

The coefficients B, are defined as:

T =UT (10-8)
B, = 1.89 - 2641.62 T 10°%7% (10-9)
B, = BZ(82.546 T - 1.6246(10)%) (10-10)
B, = B, (021828 ©* - 1.2697(10)°z°) (10-11)
B,, = -B,’ (3.635(10)™ 1'% - 6.768(10)**1) (10-12)
Thermophysical Properties May 2003
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and F! is given by

478365, /. (10-13)

F' = 2502.36 + fT (1.472 + 0.00075566T +
273.16

In Equations 10-6 through 10-13, T isin °K, P is in atmospheres, and H, is in J/g.
Vapor Temperature Values for superheated vapor temperature as a function of pressure and enthalpy

are calculated using an iterative method described by McClintock and Silvestri (1936). Estimates for T
and C, are computed from the expressions

T =A +AH, + AH + AH) + AP + AP>
(10-14)
+ AP + P(AGH, + AH) + AgH))

C, = B, + B,H + B,H*> + BH® + B;InP + B(In P)*
(10-15)
+ B,(In P)* + (InP)(B;H + BH® + B, H?)

where T is in °F, P isin psia, H_ is in Btw/lbm, and Cp is in Btw/lbm-°F. The constants A, and B
depend on the range of pressure and enthalpy as shown in Table 10-4.

The estimated temperature is then used to approximate the enthalpy as
H)(P.T) = f(P,T) (10-16)

where the function f(P,T) is described by Equations 10-6 through 10-13. A temperature correction is
calculated as

AT = Cl ¢, - HY) | (10-17)
P

and a new estimated temperature is defined as

T! = T + AT (10-18)
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A new enthalpy is calculated and the iteration is continued until

|AT| < 1.0°F
or |H, - H)| < 0.5 Bru/lbm

Vapor Density The vapor specific volume is calculated as a function of pressure and enthalpy using
equations from Keenan and Keys (1936):

vV =

1 E3 Hv
v =5 =Bt EP+ 2+ EH, + EPH, + E (10-19)

where P is in psia, H, is in Btw/lbm, and v is in ft*/lbm. The constants for these equations are

E, =-0.81735849E-03
E, = 0.12378514E-04
E; =-0.10339904E+04
E, =-0.62941689E-05
E;=-0.872921608E-08
E¢ = 0.12460225E+01

Vapor Thermal Conductivity The thermal conductivity for superheated vapor is calculated as a
function of temperature and density using equations given in the ASME Steam Tables (1968). The
expression for thermal conductivity is:

k, = k; + (103.51 + 04198 T - 2.771(10) 5T?)p, + 2.1482(10)14TL432 (10-20)
where:
k, = 17.6 + 5.87(10)%T + 1.04(10)™T? - 4.51(10)°*T? (10-21)
ﬁ Equations 10-20 and 10-21, T is in °C, p, is in g/cm’, and £, is in .mW/m-°K.

Vapor Viscosity The viscosity for superheated vapor is calculated as a function of temperature and
density using equations given in the ASME Steam Tables (1968).

Thermophysical Properties ' "~ May 2003
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The viscosity is given by

w, - p(1858 - 5.9T) , if T <340°C
l‘lv = + 353 6 2 3 : o (10'22)
M, p + 676.5p° + 102.1p° , if T > 365°C
p, = 0.407T + 80.4 (10-23)

For values of T between 340°C and 365°C the viscosity is interpolated between the values given by the
two expressions in Equation 10-22. In Equations 10-22 and 10-23 temperature is in °C, density is in
g/cm’, and viscosity is in micropoise.

Values of superheated vapor enthalpy, temperature, density, thermal conductivity, and viscosity defined
by the foregoing expressions are compared with the ASME tables (1968, 1983) and the National Bureau
of Standards/National Research Council tables (Haar, Gallagher, and Kell, 1984) in Figures 10-12
through 10-16.

Model as Coded The properties for superheated vapor represented by Equations 10-6 through 10-23 are
coded as described above without modification in subroutines HGAS, TGAS, VOLVAP, and TRANSP.
Properties are not calculated if P <0.1 psia or if P > 3208.0 psia, in which cases an error message is
printed and execution is terminated.

In the calculation of vapor temperature as a function of pressure and enthalpy, Equations 10-14 through
10-18 describe an iterative method. A maximum of 10 iterations are permitted.

Scaling Considerations The equations and methods used to calculate the properties for superheated
vapor are independent of scale.

Conclusions

The WCOBRA/TRAC vessel component calculates superheated vapor enthalpy as a function of
temperature and pressure, density as a function of pressure and enthalpy, and thermal conductivity as a
function of temperature and density, using generalized polynomials. Temperature as a function of
pressure and enthalpy is found iteratively using the enthalpy function. All of these properties agree
closely with values found in standard steam tables.

10-2-1-3 Subcooled Liquid Properties

Model Basis Subcooled liquid specific volume is calculated using the equation

5 3 .
Vy = exp {Z ( 2 Coxy P"“) H."‘l (10-24)

i=1 j=1
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where H, is in Btw/lbm, P is in psia, and the values of the coefficients Cy;; are given in Table 10-5.

The liquid temperature at enthalpy (H,) is assumed to be equal to the saturation temperature at H,. The
properties C_, k, and p for subcooled liquid at temperature T are assumed to be equal to the saturated
liquid properties at 7. These properties are only weakly dependent on pressure in the low to moderate
pressure range.

The liquid Prandtl number is calculated as

pr, = 1o (10-25)
kf

Model as Coded The equation for subcooled liquid specific volume is programmed as shownin
subroutine VOLLIQ. Other subcooled liquid properties are determined by linear interpolation of the
saturation properties listed in Table 10-3. The liquid enthalpy is used as the index to determine the
appropriate location in the table in which to perform the interpolation.

Scaling Considerations The method in which subcooled liquid properties are determined is scale
independent.

Conclusions Subcooled liquid properties are estimated to be equal to the properties of saturated liquid
corresponding to the liquid temperature. Since these properties are only weakly dependent on pressure,
only a negligible error is introduced into the calculation.

10-2-2 One-Dimensional Component Water Properties

The thermodynamic and transport properties used in the WCOBRA/TRAC one-dimensional (1D)
components are based on polynomial fits to steam table data for water, and on ideal gas behavior for air. The
fits for transport properties were obtained from Coffman and Lynn (1966).

10-2-2-1 Saturated Fluid Properties
Model Basis

Saturation Temperature and Pressure Saturation temperature as a function of pressure, and saturation
pressure as a function of temperature, are calculated using expressions recommended by Rivard and
Torrey (1975). These are

sat (10-26)

1
= 10° Toar = 25525335
117.8
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and

T, = 117.8(107°P, F* + 25522 (10-27) ‘L/

sat

The derivative of saturation temperature with respect to pressure is given by

dT,,  0223(7,, - 255.2)
P, P

sat sat

(10-28)

Saturated Vapor Internal Energy and Enthalpy Two main pressure regions are used in the
calculation of water vapor internal energy and enthalpy. The low pressure range is P < 2.0 x 10° Pa and
the high pressure range is 2.0 x 10°Pa < P, where P is the pressure and T, , is its corresponding
saturation temperature.

Low Pressure Region: The internal energy of saturated vapor and its derivative with respect to pressure

are
e, = AVE(l) + BVE()T, (10-29)
e -BVE(1) T} (10-30) L
dpP
where:
T, = 1/(P + 3.403E5) (10-31)
High Pressure Region:
e, = AVE(2) + BVEQ2) P + CVE(2) P? (10-32)
de
d_lf = BVE(2) + 2 CVE(2) P (10-33)

The values of the constants AVE(i), BVE(i), and CVE(i) are listed in Table 10-6.
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All pressures: The ratio of specific heats, saturated vapor enthalpy, and derivatives with respect to
pressure are calculated from:

v, = AVG(i) + BVG() P + CVG(i) P* (10-34)
dy, .
—F - BVG(@) + 2 CVG(@i) P (10-35)
Hg =7, 6 (10-36)
dH, _ de, (10-37)
ap e ap

The values of the constants AVG({), BVG(i), and CVG(;) are listed in Table 10-7.

Saturated Liquid Internal Energy and Enthalpy A series of polynomials in T, is used to calculate
the internal energy of saturated liquid and its derivative with respect to saturation temperature. These are
given by:

e = ALE(}) + BLE(i) T,,, + CLE() T;, + DLE(i) Tj,, + ELE()) T;, (10-38)
and
def 2 3
T = BLE(i) + 2 CLE()) T, + 3 DLE(i) T, + 4 ELE(i) T, (10-39)
sat
where:
i=1 for T, <548.15 K,
i=2 for 548.15 < T, < 611.15 K,
i=3 for 611.15 < T

sat

Table 10-8 lists the constants ALE(#), BLE(i), CLE(i), DLE(i), and ELE(i) for the given temperature
ranges.
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Saturated liquid enthalpy is calculated using the definition

H=e+2 (10-40) ‘L/'

and its derivative by

oP

oT, dpP

sat

dH, de, dT,, 1 P (ang
2
T,

= 4 e -
P~ dT, dP  p, 2

ap, | dT,
. ( P ) Lo (1041)
P

sat sat

where e, and its derivative are evaluated as shown earlier, and where p; = p(P,T,) and its derivatives
are evaluated using the equations in Section 10-2-2-4 with T, equal to T,.

Saturated Vapor Specific Heat Capacity The heat capacity of saturated steam at constant pressure is

also calculated using a polynomial representation in T, ,. The saturated vapor specific heat and its
derivative are given by

C,, = ACP ©* + BCP ©]' + CCP + DCP ©, + ECP ©} (10-42)
dC -3 -2 dT;ar \L/
i [ZACP ® + BCP ©* - DCP -2ECP 9,] T, (1043)
dP dpP
where:
G)r = I_Tsax / Tcn‘t
T, = 6473 K
and

ACP = 8.349824
BCP = 349.519444
CCP = 2996.018036
DCP = -8448.077393
ECP = 9700.016602

Model as Coded Subroutine THERMO supplies thermodynamic properties for WCOBRA/TRAC
one-dimensional components. The input variables are the pressure and the liquid- and vapor-phase

L
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temperatures. The output variables include the saturation temperature, saturated liquid, and saturated
vapor enthalpies corresponding to the pressure, and their derivatives with respect to pressure. These
variables also include the internal energies and densities of the liquid and vapor phases, and their partial
derivatives with respect to pressure (at consi_ant temperature) and with respect to temperature (at constant
pressure).

THERMO supplies thermodynamic properties valid for temperatures and pressures within the following
ranges:

280 K < T, < 697 K

and
1000 Pa < P < 19.0 x 10° Pa.

If THERMO is provided with a temperature outside this range, the calculation stops. Given a pressure
outside this range, it adjusts the data to the corresponding limit and issues a warning message.

Subroutine RHOLIQ calculates liquid densities and density derivatives used in THERMO.

Saturation pressure, and phasic densities and enthalpies as calculated are compared with NBS/NRC
‘tables (Haar, Gallagher, and Kell, 1984) in Figures 10-17 through 10-21.

Scaling Considerations Not applicable.

Conclusions The saturation conditions for the WCOBRA/TRAC one-dimensional components are
calculated using polynomial expressions that provide a close approximation to the Steam Table values.
The error introduced by the WCOBRA/TRAC routines is small and is not considered a major contributor
to the overall code calculational uncertainty. '

10-2-2-2 Properties of Superheated Vapor

Model Basis Specific Heat at Constant Pressure The constant pressure specific heat of steam at
temperature T, is approximated as

ahv C v,ideal Tv
va = = _”_é_. 1 + |’ (10-44)
P (Tv - B)

Thermophysical Properties May 2003
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where:

=T2 11 = —0 — 1045

B sat 5C ( )
( Pg _1)2

C

pv, ideal

The term C is calculated as defined in Equation 10-42 and C
such that

v, ideal is defined by ideal gas behavior,

- Rv Yideal
pv,ideal ~ _
Videan = 1

(10-46)

where R, is the gas constant for steam (461.7 J/kg-K) and v,,,, = 1.3 is the ratio of ideal specific heats
for steam.

Internal Energy The internal energy is obtained by integrating the expression for va along a line of
constant pressure P. Integrating Equation 10-44 gives

C . T
h, = h, + —plded \p - T )+ (T} - P2 - — 52t (10-47)
2 { = ]
pPg -1
va.ideal

The internal energy of vapor is therefore

c.. T
e, = e, + 2\ _ T )+ (12 - p)” —-L—-P[i—-l-) (10-48)
2 2Cpg Py Pe
va.ideal

The definitions of enthalpy and internal energy allow the density of the water vapor to be written such
that

) hv - ev ) [hg + va.ideal (Tv .\'at ] [ e, *+ wzdeal - Tsar)]

- P (10-49)

(hg - es) * (Yidea' - 1) (ev - es)

Thermophysical Properties May 2003
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Substitution of p, and p,, as defined by the preceding equation, into the equation for the internal energy
of the vapor, gives

T
o (10-50)

va, ideal

where C, ..., is the constant volume specific heat for steam as defined by ideal gas behavior given by

v

e —e + Cw,zideal (T " Tsa,) + (Tv2 _ ﬁ)‘/z _

C = Ry (10-51)
ideal — T 1 -
e Yideat ~ 1
The partial derivatives are given by
de C .
[ a]:’] = w.ldeal (10_52)
v P 1 _ -E.
K
Ge,) 1% |y B| g, 14 (10-53)
op),  2|er,), ) T x dP
where:
2 1
K = e — € T |1 10-54
Cw' ideal ¥ 3) “ 2CP8 -1 ( )
va.ideal
Thermophysical Properties May 2003
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and
de dT
K;, = (%] = - 2 %% + (1 + 1 ! (10-55)
oP T, Cw,ideal dP ( 2C ) dpP
pg -1
va,ideal
- 2 [ T deg
C . 2] dP
'pv,ideal ( 2Cpg -1
va,idzal
and
dar T dC
_@_ _ 2 p lsat 2 sat 24 (10-56)
dP 7:\'at dp va.ideal [ 2Cpg 1 ] dP
va.ideal
Superheated Vapor Density The vapor density is calculated as
P
p, = (10-57)
Y (Yg - 1) eg * ('Yideal - 1) (ev - eg)
Therefore, the partial derivatives are calculated by
0 de P |
[ pv] - - [ v] (‘Yldeal ) Py ] (10_58)
oT,) , aT, , (yg - 1) e, + (y,.dm, - 1) (ev - eg)
and
dop, dy de
—_ =11 - e —2 4 - . L.
[ aP] r { P lfigp * e ™ ) p
Y (10-59)
1 + %, (&)
(Yg - l)eg + (Yideal - 1)(ev - eg) aev p oP T,
Thermophysical Properties May 2003
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where:

0 ideal”
Py - _ (Yldeﬂl 1) Py : (10—60)
de, . (‘Yg—l)e8+(yideal— 1)(ev_eg)

v/ p

Enthalpy The enthalpy of superheated vapor is calculated using the definition of enthalpy,

h, = el (10-61)

v pv
where e, is calculated from Equation 10-50, and p, is calculated using Equation 10-57.

Model as Coded Thermodynamic properties for superheated water vapor are calculated in subroutine
THERMO as described in this section. For superheated vapor, however, minimum and maximum limits
are placed on the calculated values of the density and its partial derivatives. In low pressure regions
where the above equations may predict a negative density, and near the critical point, it is necessary to
impose the following limits on the density ratio

0<® <09 (10-62)

P

to avoid singularities when calculating certain parameters. If the calculated value of p, is outside these
bounds, the vapor density and its derivatives are superseded by '

p, = 0.9p, (10-63)
fap\ ap
I =09 =2 (10-64)
\ BT” P aT’
( 9p. ) 3
Pl . 0.9[-31 (10-65)
\ 0P ) oP) ..

Scaling Considerations Not applicable.

Conclusions The thermodynamic properties for superheated vapor in WCOBRA/TRAC

one-dimensional components are calculated from thermodynamic first principles. The calculated values
are in good agreement with those found in the Steam Tables. The error introduced by the
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WCOBRA/TRAC routines is small and thus is not considered a major contributor to the overall code
calculational uncertainty.

10-2-2-3 Subcooled Vapor Properties

Model Basis WCOBRA/TRAC calculates internal energy, density, and enthalpy in one-dimensional
components in the following manner when the vapor is subcooled.

Internal Energy The internal energy and its derivatives for subcooled vapor are calculated as

C
e, = e +(T,~T,,)—2 (10-66)
ideal
Oe C
[ "] = P8 (10-67)
aTv P yideal
Oyl e, | &% |90 | %) T (10-68)
aP), dP C, ) dP \or), dap

where T, is the saturation temperature corresponding to the vapor pressure (P,).
The subcooled vapor density is calculated using Equation 10-57. If this value falls outside of the range

0 < p, <09p,

then the internal energy and its derivatives are recalculated and used in subsequent density recalculations.
A new value of constant-pressure specific heat for vapor at the saturation condition is estimated:

T
C = 95875 (1 - —22)-085¢6 (10-69)
rg Tcrir
and its derivative is
-1.8566
dC dar
ez - (958.75) (0.8566) (1 - “"] 1 Lsa (10-70)
dP crit crit dpP
Thermophysical Properties - May 2003
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Vapor internal energy and its derivatives are

€ = eg + (Tv - T:sat) Cpg / Yideat (10-71)
[ aev] c / (10-72)
= Yideal
aTv , P8
Oe,| _dey (e~ dC, [ Oe| AT, (10-73)
oP) ., dP C dP oT. dP
y 173 vip

Density Subcooled vapor density and its derivatives are determined using the same method of
calculation as in the case of superheated vapor, as described in Section 10-2-2-2.

If the subcooled vapor density calculated with Equation 10-57 falls outside the range

0<p,<09p,

then the vapor internal energy is recalculated using Equations 10-69 through 10-73 and the density and
its derivatives are recalculated:

p, =P/, -De) (10-74)
) -p. [ @
[ pv] - pv[ "V] (10-75)
aT, , e, | 07T, »
) )
Pl | __P_ % Pl (10-76)
oP), P @,-) dP e, \ P,

Enthalpy The enthalpy of subcooled vapor is calculated using the definition of enthalpy,

h, = e+t (1077)
Py

where e, is calculated from Equation 10-66 or 10-71, and p, is calculated using Equation 10-57 or
10-74.
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Model as Coded The thermodynamic properties for subcooled vapor are calculated directly as described in
this section, in subroutine THERMO. The enthalpy is calculated in subroutine FPROP. L/

Scaling Considerations Not applicable.

Conclusions The thermodynamic properties for subcooled vapor in WCOBRA/TRAC one-dimensional
components are calculated in a manner consistent with calculations for superheated vapor, which are
derived from thermodynamic first principles. Subcooled vapor occurs only infrequently during a LOCA
transient. As such, the error introduced by WCOBRA/TRAC subcooled vapor property calculations is
assumed minor and is not considered a contributor to the code uncertainty.

10-2-2-4 Subcooled Liquid Properties
Model Basis
Internal Energy For a liquid at a subcooled temperature 7, and pressure P the liquid internal energy
associated with that state is calculated starting with the internal energy of the saturated liquid state
described by 7, and P_(T,), which is the saturation pressure corresponding to 7, and adding an
additional term which represents the change in internal energy from the state (T, P, (T))) to the state
(T, P). Thatis,
e(T, P) = e(T) +0,(P.T) a7 |

The additional term 6,, which represents the change in energy required to move along the isotherm at 7,
between two different pressure values, namely P_(T,) and P, is represented as

o = p-p 1yl 2 10-79
| . sar\" ¢ 5 . ( )

where:

T! _ 255.2}l10.223

= (105
PofT) = (10°)—— (10-80)
The partial derivative with respect to pressure of the internal energy is
de,
7 = Cyp + Cp, Py (T) (10-81)
" L
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where:

Cy, = -8.33544 x 107
Cy, = -2.24745 x 107V

Therefore the partial derivative with respect to 7, of the internal energy increment is calculated as

[ ﬂ] = -CKO B CK2 [2 Psaz(Tﬂ)P -3 Psal(Tl)z] (10—82)
T ),  (117.8)0223)[PT["
108 | 10°

and the derivative of internal energy is

de, |  de; 00,

| = + ] (10-83)

o7, dar,, a7,

P sa P

The saturated liquid internal energy and its derivative with respect to temperature are determined over three
temperature domains as was previously described (Equations 10-38 and 10-39).

Density Liquid density is also calculated over three temperature domains. Defining P, . =(10‘5)P and
T,.=T,-273.15, density and its derivatives are as follows.

For T;>525.15:

p, = 1.43+1000/C,, +C12PBAR+C23P;AR+BI ch'*Bthir (10-84)
9p, .
(B_Pﬂ] . = '(Pa - 1°43)2(10 8)[Cez +2C; Ppapt Tac(cns +2CcP BAR) (10-85)
2
+ th(cas +2CyP BAR)]
dp -
[a—T‘] = ~(p,~143(107)p, +2p,T,) (10-86)
tJp
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where:
By = Cuu*CisPoan* CisPanr (10-87)
and
B, = Cl7+cc8PBAR+Ca9P82AR (10-88)
For T, <521.15:
P = lOOO[d“ +dl2PBAR+dl3Pl§AR+ﬁ3T1c+B4Tﬂi]-2'Ol (10-89)
ap,]
—| = {p,+2.012(10°%)d,, +2d; Py, + T, (d\s + 2d,c P
(ap . ( X ) ( )[ 2t <43 par c(as t6 BAR) (10-90)
2
+Tac(dns +2dy P BAR)]
i&. = -(p'+2.01)2(10'3)([}3+2ﬂ47}) (10-91)
oT, ), :
where:
By = dyy+dysPpup+diP ‘BZAR (10-92)
and
By = dy +dc8PBAR+dD9P;AR (10-93)

For 521.15<T,<525.15 alinear interpolation of the above two ranges is used. Representing the values
from Equations 10-84 through 10-88 by p,, and those from Equations 10-89 through 10-93 by p,,, then

P = Fypy+F Py, (10-94)

10-95
ap bap "°ap ( )
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P _ 1 %Pu, P, PPy

-t = 10-96
or, a1, "“orT, 40 (1099
where:
F, = (T, - 521.15)/4 (10-97)
F,=1-F, (10-98)
The coefficients used in Equations 10-84 through 10-93 are:
Cy = 225262 d, = 1.00213623
C, = 0.014859 d, = -5.632785E-05
Cp = -7.15488E-05 - dy, = -8.971304E-09
C,, = -0.0104588 d,, = -2.28287459E-05
C,s = -1.02962E-04 ds = 4.76596787E-07
Ce = 5.09135E-07 d, = 5.021318E-10
C, = 2.59266E-05 d, = 4.10115658E-06
Cs = 1.7241E-07 dg = -3.803989E-09
C, = -8.98419E-10 dy = -1.42199752E-12

Model as Coded The thermodynamic properties for subcooled liquid are calculated in subroutine
THERMO as described in the previous paragraphs. For subcooled liquid, however, the density and its
derivatives are corrected to reflect a residual void fraction. The correction is shown below.

In the following, the liquid values calculated in the previous section are denoted by a tilde (~).

For P>0.4x10°Pa

10001} .
PF( 1-—) P, (10-99)
P
and
d ap
Py _[,-1000) [ 2P (10-100)
o7, - P oT,
P P
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3 p 1000
(_P_e] =(1_1000)(ﬂ] Pddel i’ (10-101)
oP) 1, P oP)s P?
For P<0.4x10%Pa
p, = (0.995+6.25x10P)p, (10-102)
and,
3 op
LY (0.995+6.25x 1077 P) P (10-103)
oT, aT,
P P
op, 9 op, I
—|  =(0.995+6.25x10°P) | =] +6.25%107, (10-104)
%), oP) 1,

Scaling Considerations Not applicable.

Conclusions The TRAC-PD2 subcooled water thermodynamic property routines used in
WCOBRA/TRAC for one dimensional components have been compared by Rivard and Torrey (1975)
with steam table data. The agreement is good in the region for 373 X < T, < 523 K and

0.4178 x 10° J/Kg < e, < 1.0808 x 10° J/Kg. Comparison with the WATER package (Coffman and
Lynn, 1966) over a wider range also showed good agreement except for very extreme cases not expected
ina PWR LOCA.

10-2-2-5 Transport Properties
Model Basis This section describes the WCOBRA/TRAC calculations performed to obtain the specific
heat, fluid viscosity, thermal conductivity, and surface tension for one-dimensional components. The

equations used for these quantities are polynomial fits to data.

Specific Heat The constant pressure specific heat for liquid water is given in J/kg°K as a function of
enthalpy and pressure by

Cry = {H[H (Dot *DiP) +(Cor* C1iP)]* By + By P} (10-105)
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For vapor, the constant pressure specific heat is given by:

C c,pP?
C =c,v+c2vrv+(c WGP (10-106)

pv
SvTv_CtSv 4 (CSV _Cﬁv

v

where the coefficients of Equations 10-105 and 10-106 are listed in Table 10-9.

Liquid Viscosity Calculation of liquid viscosity is divided into three different ranges based on the liquid
enthalpy.

For H, < 0.276x10° J/kg, liquid viscosity in N-s/m?

M, = {AM+A11X"'A24X2+A3¢X3 +A4gx“} - [Bm+B,,n+Bun2+B3,n3] (P-P,) (10-107)
where:
% = (Hy-co,) H, (10-108)
and
M = {Hyeq,) e (10-109)

For 0.276x10¢ J/kg <H,i< 0.394x10% J/kg the liquid viscosity is,
_ 2 3 2 3
M = [Eoc+E1eH¢+EuHe +E3ﬂ,] +[Foc+FnH:+ PRt +F31H¢] (P-P,) (10-110)
and for H, > 0.394x10° Jrkg
= 2 3 4
K = [Doa+DlzZ+chz +D32°+D,z ] (10-111)
z = (Hy-c,Hoo (10-112)

The coefficients for the liquid viscosity equations are found in Table 10-10.
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Vapor Viscosity Calculation of the viscosity of vapor is divided into three different temperature ranges.
The ranges and expressions used for vapor viscosity are:
N

For T < 280 K,

u, = 17.08 x 106 + 5.927 x 10°8(T,-273.15)

-8.14x1071(T,-273.15) (10-113a)
For 280 XK < T,s573.15 K,
n, = [B(T,-273.15)+C, )] - p,[D,,-E,,(T,~273.15)] (10-113b)
For 573.15 K < T, < 648.15 K,
W, = B,(T,-273.15)+C, +p,[F,,~F,,(T,-273.15) (10-114)

+ Fy[T,-273.15)%+F, (T, -273.15)]
+ p,[Goy+Gy\(T,~273.15)+G, (T, -273.15]]
+ G,\(T,-273.15) A, *A 10, *An00)
and for T, > 648.15 K,
p, = Blv(Tv—273.15)+C,V+pv(AoV+Alvpv+A2vpf) (10-115)

The coefficients for Equations 10-113 through 10-115 are listed in Table 10-11.

Liquid Thermal Conductivity The liquid thermal conductivity is given W/m-K by

ke = Ag Ayt At Ao (10-116)
where:
% = A (10-117) L
Ay ~Ls
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Vapor Thermal Conductivity

If 2800 K < T,
A
kv = %P X2+"—L_
(Tv-273.15)“'2
where:
X% = A‘,O+A‘,1(Tv-273.15)+A‘,2(Tv—273.15)2+AV3(TV—273.15)3
and

%, = Bo*B,(T,~273.15)+B (T, ~273.15)

The coefficients used in Equations 10-116 through 10-120 are listed in Table 10-12.

If T, < 280.0 K, the vapor conductivity is

k, = 0.0228

Surface Tension The surface tension is calculated in N/m as,

a,
= —_—— 92 93 64 95
¢ (“2 ' 1+0.839] T T AT T s

where:

0 =6473 - T

sat

The coefficients for Equation 10-122 are given in Table 10-13.

(10-118)

(10-119)

(10-120)

(10-121)

(10-122)

(10-123)

Model as Coded Subroutine FPROP is used to obtain transport properties for liquid and vapor water.
The input variables for this subroutine are the saturation temperature corresponding to the total pressure,
the internal energies, densities, and temperatures of the liquid and vapor phases and the total pressure.
The output transport variables include the constant pressure specific heats, viscosities, and thermal

conductivities of the liquid and gas phases, and the surface tension of the liquid.
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The transport property calls are function calls within the FPROP subroutine. Function CPLL calculates
the constant pressure specific heat of the liquid, while function CPVV1 determines the value of the
constant pressure specific heat of the vapor. Function THCL evaluates the liquid thermal conductivity,
and function THCV calculates the steam thermal conductivity. Similarly, functions VISCL and VISCV
determine viscosity values. Finally, function SIGMA calculates the surface tension.

The equations shown are coded directly. Sample curves of liquid and vapor specific heat, viscosity,
thermal conductivity, and the surface tension calculated by these routines along the saturation line are
shown in Figures 10-22 through 10-28.

In some instances, upper and lower limits are maintained on the calculated values of the transport
properties. These limits are summarized as follows:

Specific Heat The maximum permitted value for the liquid specific heat is C ,=4.0x 10%. If the
calculation of C,, by Equation 10-105 performed by function CPLL yields a value greater than this, C,

is reset to 4.0x10*. No limits are placed on the calculation of the vapor specific heat.

Viscosity The minimum permitted value of vapor viscosity is p,=107". If the calculation of p, by
Equations 10-113 through 10-115 yields a value less than this in function VISCV, p_ is reset to 107. No
limits are imposed on the liquid phase viscosity.

Thermal Conductivity The minimum permitted value of the liquid thermal conductivity is k,=0.09. If,

in function THCL, Equation 10-116 yields a value lower than this, %, is reset to 0.09.

The minimum permitted value for vapor thermal conductivity is kv=10"". If Equation 10-118 in function
THCYV calculates a value less than 107, k, is reset to 10,

Surface Tension If T, > 647.3, the surface tension is setto ¢ = 0.0.
Scaling Considerations Not applicable.

Conclusions In NUREG/CR-2054, it was reported that the thermodynamic and transport property fits
used in TRAC-PD2 were compared by Rivard and Torrey (1975) with steam table data over a wide range
of parameters. The agreement is satisfactory in the saturation region and in the superheated steam region
for 1.0 x 10° Pa< P <100.0 x 10° Pa and 423.0 K < T, < 823.0 K. The agreement also is good in the
subcooled water region for 373.0 K < T, <523.0 K and 0.417 8 x 10 ® J/kg < ¢, < 1.080 8 x 10° J/kg.

Further verification was performed by comparing the TRAC-PD2 polynomial fits with the WATER
package (Coffman and Lynn, 1966) over a wider range of nonequilibrium (99 K of both superheat and
subcooling) for a pressure variation of 1.0 x 10° Pa to 2.0 x 10" Pa. The comparisons showed good
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agreement for both the thermodynamic and transport properties throughout the saturation and
nonequilibrium regions except for very extreme cases, which are not expected in a PWR LOCA.

The WCOBRA/TRAC property package for one-dimensional components is identical to the TRAC-PD2
package. Therefore, for most ECOBRA/TRAC applications, the thermodynamic and transport property
routines will provide realistic values over a wide range. The simplified polynomial fits provide an
efficient and low-cost method compared to other approaches such as steam table interpolation.

10-3 THERMOPHYSICAL PROPERTIES OF AIR

10-3-1 Vessel Component

Model Basis WCOBRA/TRAC can perform calculations for conditions in which there is air in the
vessel component. This section describes the thermodynamic properties which are defined for air in the
WCOBRA/TRAC vessel component.

Enthalpy The enthalpy of air is calculated as

Hair =C T

pref\” air

T, )H, (10-124)

where the reference values are Tnf =40.0°F, an = 188.49 Btw/Ibm, and Cp’”f = 0.249 Btu/lbm-°F.

Density The density of air is calculated from the ideal gas law with the gas constant for air assumed to
be R, = 0.37042 psi/°R (Iblft3). Thus, the density of air is given by

__r (10-125)
R (T +459.6)

air\” air

pair =

Gas Temperature The air temperature is estimated from the enthalpy using the inverse of
Equation 10-124.

Specific Heat The specific heat for air in BTU/Ibm-°F is determined in two different temperature

ranges.
T, < 600K,

C, = 0.244388+A,T, +A, T, +AT;, (10-126)
andif T, > 600K,

C, = 0.208831 +B1Tm.r+BzTa2,-,+B3Tj, (10-127)
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where the coefficients A, and B, are listed in Table 10-14, and T

air

is in degrees K.

Model as Coded The equations used to calculate the thermodynamic properties of air, Equations 10-124 \l/i
through 10-127, are coded as shown without modification. No upper or lower limits are imposed on the

values calculated. Calculations are performed in Subroutines HGAS and TGAS.

Scaling Considerations Not applicable.

Conclusions The WCOBRA/TRAC vessel component can perform calculations to estimate the
thermodynamic properties of air. This option, however, is not used in a LOCA analysis.

10-3-2 One-Dimensional Components

Model Basis This section describes the calculation of thermodynamic and transport properties in
WCOBRA/TRAC one-dimensional components for air.

Internal Energy The internal energy and its derivatives for air are given by

eair = CvairTair (10'128)
%ur| ¢ 10-129) L
aT . = “vair N
air P
and
de .
= = 0.0 (10-130)
oP Tair
The constant volume specific heat (C,) is
Couir = 7149 Jlkg-K (10-131)

Density The density and its derivatives are based on the Ideal Gas Law and are given by

P
R.T

air” air

(10-132)

pair =
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ap air = 1
op |  R.T.
air | rair air” air

ap._. op..
p‘"" = -Rairp air pﬂ"
aTair oP T
P .

air

where

R, = 287.12 Jlikg-K

Enthalpy The enthalpy of air is calculated using the definition of enthalpy:

where e, is determined by Equation 10-128, and p , is given by Equation 10-132.

Viscosity Two different temperature ranges are used to calculate the viscosity of air.

If T, <502.15 K,

aao +aal Tair

Hair -273.15)+a,,(T,,~273.15)

and if T, >502.15 K,

Mair = @4+ @y (T, ~273.15)+a,,(T,, ~273.15)"

air

where the coefficients a, and a,, are listed in Table 10-15.
Thermal Conductivity The thermal conductivity of air is assumed to be constant,

k,, = 00228 Wim-K

(10-133)

(10-134)

(10-135)

(10-136)

(10-137)

(10-138)

(10-139)

Model as Coded The internal energy and its derivatives and the density and its derivatives for air are
calculated in subroutine THERMO. Subroutine FPROP calculates the enthalpy. The transport properties
viscosity and thermal conductivity are determined in subroutines VISCV and THCV, respectively.

Scaling Considerations Not applicable.
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Conclusions The WCOBRA/TRAC one-dimensional components calculate thermodynamic properties
for air assuming it behaves as an ideal gas. The transport properties are based on polynomial fits to data.
The correlations approximately calculate properties for air at low temperatures. L/

10-4 THERMAL PROPERTIES OF NUCLEAR FUEL ROD MATERIALS

A typical nuclear fuel rod is composed of uranium-dioxide fuel pellets and a zirconium based clad material.
The gap between the fuel pellets and the clad is filled with the initial backfill gas and fission gas. As part of
the WCOBRA/TRAC default nuclear fuel rod model, the material properties of uranium-dioxide,
Zircaloy-4, ZIRLO™, and of gas mixtures are included. This section describes the calculation of the
thermal properties for these fuel rod materials.

10-4-1 Uranium Dioxide

Model Basis The material properties of uranium dioxide are based on MATPRO-9 (MacDonald et al.,
1976) and on MATPRO-11, Rev. 1 (Hagrman, Reymann, and Mason, 1980) calculations.

Density The (cold) density for uranium-dioxide is assumed to be

Pyo, = 684.86 (10-140)

where f}, is the fraction of theoretical density and is input by the user. The density Puo, has units of \L/
1bmy/ft’.

Thermal Conductivity The UO, thermal conductivity is computed from the MATPRO-9 correlation
instead of the more complex version in MATPRO-11 to reduce computer time. Both correlations have
the same error band (0.2 W/m-°K) and give very nearly the same conductivity over the expected
operating range of 500-3000° K. The thermal conductivity in Btw/hr-ft-°F is determined from

kyo, = [ max (0.0191, ﬁ%@) +1.216x10"exp{1.867x10"°T (10-141)
where T, is the temperature in °Celsius and
C = (0.5779)100[1.0 -B(1.0 -f)1/(1.0-0.05B) (10-142)
and
B = 2.58-(5.8x1079T, (10-143)
L
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Specific Heat The specific heat in Btu/lbm-°F for uranium dioxide is given by

K,6%exp(8/T,) w72 Fou KoEp
Texp(®/T)-11* > ° 2 RT2

Cp, = (2.388x10"‘){ exp(—ED/RTK)} (10-144)

where T, is the temperature in °K and

Einstein temperature(535.285°K)
8.3143 (J/mol-°K)
= 296.7(J/kg-°K)

= 2.43x102(J/kg-°K?)
8.745x107(J/kg)

1.577x10°(J/mol)
F oy = oxygen/metal ratio(2.0)

wmu?ﬁua'-?qx@

Model as Coded The equations representing the density, thermal conductivity and specific heat for
uranium dioxide are coded into WCOBRA/TRAC as described by Equations 10-140 through 10-144
without modification.

Calculations for uranium dioxide density are performed in Subroutine SETUP, those for thermal
conductivity in subroutines SSTEMP and TEMP, and those for specific heat in Subroutines TEMP and
MOVE. Values of conductivity and specific heat versus temperature are shown in Figures 10-29 and
10-30.

Scaling Considerations Not applicable.
Conclusions The WCOBRA/TRAC correlations for UO, density, specific heat and thermal conductivity
are based on MATPRO-9 and MATPRO-11. The models and correlations for these properties were used

in simulations of NRU and LOFT. Therefore, the uncertainty and reliability of these models is accounted
for in the overall code bias and uncertainty.

10-4-2 Zircaloy-4

Model Basis The material properties of Zircaloy-4 are based on MATPRO-9 and MATPRO-11
calculations.

Density The (cold) density of Zircaloy-4 clad material is assumed to be p,, =409.0 Ibm/ft>.

Thermophysical Properties May 2003
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Thermal Conductivity The thermal conductivity in Btu/hr-ft-°F for Zircaloy-4 clad is given by

k, = 0.5779 [1.51+0.0209T - (1.45%10°%)7,2+(7.67x10-)T ] (10-145) L/

where T is temperature in *Kelvin.

Specific Heat WCOBRA/TRAC calculates the specific heat for Zircaloy-4 by linearly interpolating
between values from a built-in table. Table 10-16 lists the values used to determine the specific heat of
Zircaloy-4.

Model as Coded The equations for the density, thermal conductivity and specific heat of Zircaloy-4 are
coded into WCOBRA/TRAC as described above without modification. Density is calculated in
Subroutine SETUP and HEAT, conductivity in Subroutines STEMP, TEMP, and HEAT and specific
heat in Subroutines TEMP, HEAT, and MOVE. Curves of conductivity and specific heat versus
temperature are shown in Figures 10-31 and 10-32.

Scaling Considerations Not applicable.

Conclusions The WCOBRA/TRAC correlations for the density, thermal conductivity, and specific heat
of Zircaloy-4 are based on MATPRO-9 and MATPRO-11. These property relations were used in
simulations of NRU and LOFT. L

10-4-3 ZIRLO™

Model Basis The ZIRLO™ alloy developed by Westinghouse represents a modification to Zircaloy-4
which was achieved by reducing the tin and iron content, eliminating the chromium, and adding a
nominal one percent niobium. Table 10-17 shows a comparison of the two alloys.

Since tin is an alpha phase stabilizer and niobium is a beta phase stabilizer, the reduction in tin and the
addition of niobium result in reductions in the temperatures at which the ZIRLO™ alloy undergoes the
alpha to beta phase change, relative to Zircaloy-4. Measurements performed by Westinghouse show that
the ZIRLO™ alloy starts the transformation at 1023°K and ends at 1213°K.

Since the ZIRLO™ and Zircaloy-4 alloys are both about 98 percent zirconium, it should not be expected

that the material properties are significantly different, except to the extent that they are affected by the

differences in the phase change temperatures. Density, thermal expansion, thermal conductivity, and

specific heat of both alloys have been measured by the Properties Research Laboratory using samples cut

from Westinghouse production tubing (Taylor, Groot, and Larimore, 1989). Evaluation of the test results

indicated that the materials are sufficiently similar that the Zircaloy-4 material properties can be used for

the ZIRLO™ alloy, with the exception of the specific heat (Davidson and Nuhfer, 1990). The specific

heat of the ZIRLO™ alloy is based on an adjustment to Table 10-16, which considers the difference in _. L
phase change temperatures. ‘
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Density The (cold) density of the ZIRLO™ cladding material is taken to be identical to that of
Zircaloy-4 (409.0 Ibnvft®).

Thermal Conductivity The thermal conductivity of the ZIRLO™ cladding material is taken to be
identical to that of Zircaloy-4, given by Equation 10-145.

Specific Heat The specific heat shown in Table 10-16 for Zircaloy-4 includes both the true specific heat
and the alpha to beta phase heat of transformation. The specific heat for the ZIRLO™ cladding material
was obtained by adjusting Table 10-15 to account for the difference in phase change temperatures,
assuming both the true specific heat and the heat of transformation are the same for the two alloys. The
true specific heat is taken to be equal to the total specific heat in Table 10-16 for T < 1090°K,

0.085 Btw/lbm-°F for T > 1213°K, and [

1% (10-147)

where: [

> (10-148)

WCOBRA/TRAC calculates the specific heat for the ZIRLO™ cladding material using the resulting total
specific heat values, shown in Table 10-18.

Model as Coded The density, thermal conductivity, and specific heat of the ZIRLO™ cladding material
are coded into WCOBRA/TRAC as described above, without modification. Figure 10-33 shows a
comparison of specific heat for ZIRLO™ with that of Zircaloy-4.

Scaling Considerations Not applicable.
Conclusions Comparisons of the material properties for the ZIRLO™ and Zircaloy-4 cladding materials

have shown that the Zircaloy-4 relations for density and thermal conductivity can also be applied to the
ZIRLO™ alloy. The difference in the phase change temperatures of the two alloys requires that different
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specific heat correlations be used. The specific heat correlation for the ZIRLO™ alloy is based on an
adjustment to the Zircaloy-4 correlation, which accounts for the different phase change temperature
range. This correlation will be used for analyses of nuclear reactors which utilize the ZIRLO™ cladding
material.

10-4-4 Fuel Rod Gas Mixtures

Model Basis For the gas mixture in the fuel-clad gap, only the thermal conductivity is calculated. The
fill gas in the WCOBRA/TRAC fuel rod model assumes that the gas is a mixture composed of helium,
xenon, argon, krypton, hydrogen, and nitrogen. The thermal conductivity of the gas mixture as a function
of temperature is determined, as described in MATPRO-11 Rev. 1 (Hagrman, Reymann, and Mason,
1980), from the relation

N ki
kgm_ = ,E_T—n— (10-149)
1+Xy <
. 1)
j=1 i
jri

where N = number of component gases, and where

Yy, = q>,,[1 +2.41 W"_M"XM‘_O'WM)')] (10-150)

(MM f

and
K, 12 M, 4
14 — L
k. M.
;= L / (10-151)
m )12
2% 1+—‘]
Mi
where:
M, = molecular weight of gas species i
n, = mole fraction of gas species i
k; = thermal conductivity of gas species i
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The thermal conductivities of the six component gases are evaluated in Btu/hr-ft-°F as a function of
temperature from the following relations:

Gas k(Btu/hr-ft- °F)
. -3, 70.668

Helium (1.314x10°)T,, (10-152)
Argon (131x103)T o (10-153)
Krypton (1.588x107%)7 5. ! (10-154)
Xenon (1.395x107%)T 00" (10-155)
Hydrogen (5.834x1079)T 0" (10-156)
Nitrogen (7.35x1075)T o™ (10-157)

where Tmv = gas temperature (°R).

Model as Coded Equations 10-149 through 10-151 for gap gas thermal conductivity are coded in
WCOBRA/TRAC as described without modification in subroutine GTHCON,

Scaling Consideration Not applicable.

Conclusions Thermal conductivity for the gas mixture in the fuel-clad gap is calculated using the
equations in MATPRO-11 Rev. 1 (Hagrman, Reymann, and Mason, 1980).

10-5 THERMAL PROPERTIES OF STRUCTURAL MATERIALS

10-5-1 Vessel Component Structural Material Properties

Model Basis The density, specific heat, and thermal conductivity for structural materials within the
vessel are specified by the user for a range of temperatures. Values for each material are obtained from
standard references for thermal properties such as Touloukian (1967). When available, material
properties provided by the material supplier are used.

Model as Coded Values for the material specific heat and thermal conductivity are linearly interpolated
with temperature. A warning message is printed if the temperature is outside of the range supplied by the

user.

Scaling Considerations Not applicable.
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Conclusion Material thermal properties are supplied by the user. This permits the representation of the
material properties by the actual measured values and minimizes uncertainty.

10-5-2 One-Dimensional Component Structural Material Properties

Model Basis A library of temperature-dependent material properties is incorporated in
WCOBRA/TRAC for the one-dimensional components. There are five sets of material properties that
make up the library. Each set supplies values for the density, thermal conductivity, specific heat, and
spectral emissivity for use in heat transfer calculations. The material sets are for Types 304, 316, and

347 Stainless Steel, Medium Carbon Steel, and Inconel 600.

In the following expressions,

= density (ﬁg;]

p =
m
C_ = specific heat J
d kg-K
k = thermal conductivity W
m-K
T, = temperature(K)

Ny
]

temperature (°F)
Stainless Steel, Type 304 The density is given by
p(Ty) = 8054.65-0.2595T, (10-158)
Specific heat is given by
C(Tp = 426.17 +0.43816TF—(6.3759x10"‘)TF2+(4.4803><10‘7‘)TF3—(1.0729><10"°)TF4 (10-159)

Thermal conductivity is calculated by

kK(Tp) = 14.79+0.00714T, (10-160)

Stainless Steel, Type 316 Density is given by

p(Ty) = 8084.0—0.4209TK-(3.894x10'5)TK2 (10-161)

Thermophysical Properties May 2003
0:\6155-Non-Sec10.wpd-052703 Rev. 0



10-37

Specific heat is given by Equation 10-159 and thermal conductivity is given by

k(T,) = 9.248+0.01571T, (10-162)
Stainless Steel, Type 347 The density is assumed constant at
- kg
p = 7913—= (10-163)
m3
The specific heat is given by
C,(Tp) = 502.416+0.0984(T-240) (10-164)
and the thermal conductivity is
kK(Tp) = 14.1926+(7.269x107)T,. (10-165)
Carbon Steel The density for carbon steel is assumed constant:
- ke
p = 7855.23—~= (10-166)
m3
The specific heat is given by
C,(Tp) = 40048 +0.4582T,.-(6.5532x10"‘)TF2+(5.3706><10'7)TF3 (10-167)
and the thermal conductivity is given by
k(T,) = 48.43-0.011366T,. (10-168)
Inconel 600 The dénsity for Inconel 600 is assumed constant,
- ke
p = 8409.45—= (10-169)
m3
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The specific heat is given by

C(Tp) = 4184.[0.1014456+(4.378952x10'5)TF-(2.046138x10‘8)TF2+ (10-170)
(3.418111x10")T 2 ~(2.060318x10™3)T ,*+(3.682836x 107 16)T -

(2.458648x1071)T,8+(5.597571x10°2)T,|

and thermal conductivity is given by

KT,) = 1.730[8.011332+(4.643719x10‘3)TF+(1.872857x10’6)TF2- (10-171)

(3.914512x107)T+(3.475513x107 19T, -(9.936696x10"9)T |

Model as Coded The correlations described by Equations 10-158 through 10-171 are programmed as
shown without modification in subroutine MSTRCT. Curves of specific heat and thermal conductivity as
functions of temperature calculated with this subroutine are shown in Figures 10-34 through 10-42.

Scaling Considerations Not applicable.

Conclusions The WCOBRA/TRAC code uses built-in correlations to calculate the thermal properties of
common structural materials modeled by one dimensional components. Comparisons to data show that
these correlations provide a good estimate of the properties at low temperature. Since the
one-dimensional components generally remain at low temperature during a LOCA transient, use of these
correlations introduces only a small uncertainty into the transient calculation.

10-6 CONCLUSIONS

WCOBRA/TRAC routines provide appropriate means for calculation of thermodynamic and transport
properties of liquid water, steam, and air for the vessel component and for one-dimensional components.
Routines to calculate properties of fuel rod materials, i.e., fuel, cladding, and gap gas, are also included.
Properties of structural materials in the vessel component are interpolated from user-provided tables. For
one-dimensional components, routines to calculate properties of common structural materials are
included. The routines generally calculate properties in the form of equations, for example as functions
of temperature and pressure, or by linear interpolation in built-in tables. These property calculations
have been compared with standard references and found to agree satisfactorily over the range of
conditions expected for PWR LOCA calculations. No scaling uncertainty is required for the use of these
models in reactor analysis.
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Table 10-1 Constants for Saturated Liquid Enthalpy
Pressure: ‘l/
A, 0.1 s P<898.7 898.7 < P < 2529.9 2529.9 < 3208
1 0.6970887859E+02 0.8408618802E+06 0.9060030436E+03
2 0.3337529994E+02 0.3637413208E+06 -0.1426813520E+02
3 0.2318240735E+01 -0.4634506669E+06 0.1522233257E+01
4 0.1840599513E+00 0.1130306339E+06 -0.6973992961E+00
5 -0.5245502294E-02 -0.4350217298E+03 0.1743091663E+00
6 0.2878007027E-02 -0.3898988188E+04 -0.2319717696E-01
7 0.1753652324E-02 0.6697399434E+03 0.1694019149E-02
8 -0.4334859620E-03 -0.4730726377E+02 -0.6454771710E-04
9 0.3325699282E-04 0.1265125057E+01 0.1003003098E-05
Table 10-2 Constants for Saturated Vapor Enthalpy
Pressure:

B, P <1467.6 1467.6 < P <2586.0 2586.0 < 3208.0

1 0.1105836875E+04 0.5918671729E+06 0.9059978254E+03 \L/

2 0.1436943768E+02 -0.2559433320E+06 0.5561957539E+01

3 0.8018288621E+00 0.3032474387E+05 0.3434189609E+01

4 0.1617232913E-01 0.4109051958E+01 -0.6406390628E+00

5 -0.1501147505E-02 0.3475066877E+00 0.5918579484E-01

6 -0.1237675562E-04 -0.3026047262E+00 -0.2725378570E-02

7 0.3004773304E-05 -0.1022018012E+02 0.5006336938E-04

8 -0.2062390734E-06 0.1591215116E+01 0.0

9 00 -0.6768383759E-01 0.0

L
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Table 10-3 Vessel Component Saturated Water Thermal Properties
) T. Pr Pe H, H, 7 ' H, .k k, C, c, c
(psia) P (bm/f%) | bm/eeY) | (Btwlbm) | (Btu/lbm) (lbm/hr/ft) (bm/hr/ft) @twhe/fVF) | Btwhe/fvF) | Btwlbnv'F) | BtwbnE) (Ibirft)
0.1 41.97 62.42 0.000 10.00 1079.83 3.61570 0.02262 0.33023 0.01002 1.00440 0.44426 0.00513
0.2 51.93 62.40 0.001 20.00 1084.18 3.06850 0.02295 033627 0.01022 1.00320 0.44477 0.00508
03 61.91 62.36 0.001 30.00 1088.55 2.64160 0.02331 0.34218 0.01041 1.00140 0.44542 0.00502
04 71.90 62.29 0.001 40.00 1092.92 230190 0.02368 0.34791 0.01062 0.99975 0.44623 0.00496
0.5 81.91 62.20 0.002 50.00 1097.28 2.02710 0.02406 0.35338 0.01083 0.99851 0.44723 0.00491
0.7 91.93 62.09 0.002 60.00 1101.62 1.80170 0.02445 0.35848 0.01105 0.99776 0.44844 0.00484
1.0 101.95 61.97 0.003 70.00 1105.94 1.61440 0.02485 0.36334 0.01128 0.99743 0.44988 0.00478
14 111.98 61.83 0.004 80.00 111023 1.45700 0.02526 0.36765 0.01152 0.99745 0.45157 0.00472
1.8 122.00 61.68 0.005 90.00 1114.49 1.32340 0.02568 0.37183 0.01177 0.99774 0.45353 0.00465
23 132.02 61.52 0.007 100.00 1118.70 1.20900 0.02611 0.37530 0.01203 0.99823 0.45577 0.00459
3.0 142.04 61.34 0.009 110.00 1122.86 1.11020 0.02654 0.37863 . 0.01230 0.99888 0.45832 0.00452
39 152.04 61.15 0.011 120.00 1126.97 1.02440 0.02698 0.38146 0.01258 0.99965 0.46117 0.00445
50 162.04 60.95 0.014 130.00 1131.04 0.94915 0.02742 0.38403 0.01287 1.00050 0.46435 0.00438
6.3 172.02 60.75 0.017 140.00 1135.03 0.88297 0.02787 0.38624 0.01318 1.00150 0.46786 0.00432
7.9 182.01 60.53 0.021 150.00 113898 0.82425 0.02832 0.38814 0.01349 1.00270 0.47172 0.00424
9.7 191.96 60.31 0.025 160.00 1142.85 0.77208 10.02877 0.38984 0.01381 1.00390 -0.47591 0.00417
120 | 20192 60.07 0.03t 170.00 1146.66 0.72533 0.02923 0.39115 0.01415 1.00530 0.48047 0.00410
147 211.84 59.83 0.037 180.00 1150.39 0.68345 0.02969 0.39236 0.01449 1.00690 0.48538 0.00403
17.8 221.78 59.58 0.045 190.00 1154.05 ~ 0.64561 0.03015 0.39320 0.01486 1.00860 0.49067 0.00396
214 231.66 59.32 0.053 200.00 1157.62 0.61149 0.03061 0.39397 0.01523 1.01050 0.49633 0.00388
25.7 241,55 59.05 0.063 210.00 1161.12 0.58043 0.03107 0.39444 0.01561 1.01260 0.50239 0.00381
306 251.39 58.78 0.074 220.00 1164.50 0.55228 0.03153 0.39481 0.01601 1.01490 0.50882 0.00373
36.2 261.22 58.50 0.087 230.00 1167.79 0.52655 0.03199 0.39496 0.01642 1.01740 0.51569 0.00366
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Table 10-3 YVessel Component Saturated Water Thermal Properties
(cont)
P, T Py Py Hy H, #y He k; ke Cy Cre a
(psia) (°F) (bmvit’) | (tbm/f®) | (Btwlbm) | (Btwlbm) | (Ibmvhr/ft) | (bm/hr/ft) | (Btwhr/fUF) (Btwhr/fvF) (BtwIbm/F) (Btwbm/F) | (Ibi/it)
425 271.02 58.21 0.101 240.00 117098 0.50302 0.03245 0.39498 001684 1.02010 0.52299 0.00358
49.8 280.80 5792 0.117 250.00 1174.05 048145 003291 0.39485 001727 1.02300 0.53075 0.00351
580 290.54 5761 0.135 260.00 1177.01 0.46163 0.03337 0.39456 0.01772 1.02610 0.53899 0.00343
67.2 300.26 5730 0.155 270.00 1179.84 0.44339 0.03383 0.39418 0.01817 1.02940 054775 0.00335
716 309.93 56.99 0.177 280.00 118254 0.42656 0.03429 0.39358 0.01864 1.03290 0.55706 0.00327
89.1 319.58 56.66 0.202 290.00 1185.10 041101 0.03474 0.39293 0.01912 1.03670 . 0.56696 0.00320
1018 ] 329.19 5634 0229 300.00 1187.53 0.39661 0.03520 0.39205 0.01962 1.04060 0.57748 0.00312
1160 | 338.76 56.00 0.260 310.00 1189.82 0.38325 0.03565 0.39113 0.02012 1.04470 0.58869 0.00304
131.6 | 348.28 55.66 0.293 320.00 1191.95 0.37083 0.03610 039000 0.02064 1.04910 0.60063 0.00296
1486 | 357.77 5531 0329 330.00 1193.94 0.35927 0.03655 0.38882 0.02116 1.05380 0.61336 0.00288
1674 | 367.21 54.95 0.368 340.00 119577 0.34849 0.03699 0.38743 0.02170 1.05870 0.62693 0.00280
187.8 | 376.61 54.59 0411 350.00 1197.44 0.33842 0.03744 0.38597 0.02225 1.06390 0.64141 0.00272
2100 | 38596 542 0458 360.00 1198.96 0.32898 0.03788 0.38435 0.02281 1.06940 0.65687 0.00264
2340 | 39526 53.85 0.508 370.00 1200.30 0.32014 003832 0.38265 002338 1.07530 0.67338 0.00256
2600 | 404.50 5347 0.563 380.00 1201.48 031182 0.03876 0.38078 0.02396 1.08150 0.69101 0.00248
2880 | 413.69 53.08 0.622 390.00 120249 0.30399 0.03920 0.37881 0.02455 1.08820 0.70984 0.00240
318.1 | 42283 52.69 0.686 400.00 120332 0.29660 0.03964 0.37667 0.02516 1.09540 0.72995 0.00232
3504 | 431.90 52.29 0.755 410.00 1203.97 0.28961 0.04008 0.37441 0.02578 1.10300 0.75144 0.00224
3849 | 44091 51.88 0.828 420.00 1204.44 0.28299 0.04052 0.37199 0.02642 1.11130 0.77439 0.00216
4216 | 449.86 5147 0.907 430.00 1204.7% 0.27670 0.04095 0.36946 0.02707 1.12010 0.79891 0.00208
460.7 | 458.73 51.05 0.992 440.00 1204.79 0.27072 0.04139 0.36679 0.02773 1.12970 0.82510 0.00200
502.1 | 467.53 50.62 1.082 450.00 1204.67 0.26501 0.04183 0.36401 0.02841 1.13990 0.85307 0.00192
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Table 10-3 Vessel Component Saturated Water Thermal Properties
(cont)
P, T Pr P H, H, By B, k, k, C, C,, o

(psia) P (bnvf) | (bm/f) | (Btwlbm) | (Btwlbm) | (Ibmvhr/ft) (Ibm/hr/ft) (Btwhr/fUF) (Btwhr/fUF) (Btw1bm/F) (BtwIbmv/F) (Ibf/1e)
5460 | 47626 50.18 1,178 460.00 1204.34 0.25954 0.04227 036106 0.02912 1.15100 0.88295 0.00185
5922 | 48491 4974 1.281 470.00 1203.79 0.25431 004271 0.35800 0.02984 1.16290 0.91488 0.00177
6412 | 49351 49.29 1.391 480.00 1203.02 0.24926 004315 035472 0.03059 1.17590 0.94916 0.00169
692.1 501.94 48.84 1.507 490.00 1202.04 024444 0.04359 035138 0.03136 1.18980 0.98549 0.00161
7459 | 51035 4837 1.631 - 500.00 1200.81 0.23976 004404 0.34782 0.03218 1.20490 1.02460 0.00154
802.0 | 51865 4790 1.762 51000 1199.35 0.23524 0.04450 034426 0.03300 122130 1.06650 0.00146
860.5 526.84 47.42 1.501 520.00 1197.64 023086 0.04495 034043 0.03390 1.23890 1.11140 0.00139
9213 53491 46.93 2048 530.00 1195.69 0.22662 0.04541 0.33660 0.03480 1.25800 1.15940 0.00132
9844 | 542.86 46.44 2204 540.00 1193.50 0.22250 0.04588 033255 0.03581 1.27870 121100 0.00124
1050.0 | 550.72 4593 2.368 550.00 1191.03 0.21846 0.04636 032846 0.03684 1.30120 1.26690 0.00117
11178 | 55847 4542 2.543 560.00 1188.31 021452 0.04685 032427 0.03795 1.32560 1.32710 0.00111
11878 | 566.10 44.89 2,727 570.00 1185.33 0.21067 0.04734 031999 0.03915 1.35220 1.39240 0.00104
12599 | 57361 4436 292 580.00 1182.08 0.20689 0.04785 0.31571 0.04038 1.38120 1.46330 0.00097
13340 | 58098 43.82 3127 590.00 1178.57 020318 0.04837 031134 0.04174 1.41290 1.54050 0.00091
14100 | 588.22 43.27 3344 600.00 1174.80 0.19953 0.04891 0.30694 0.04324 1.44770 1.62510 0.00084
1487.8 | 59533 271 3.574 610.00 1170.75 0.19594 0.04946 0.30255 0.04486 1.48590 1.71800 0.00078
1567.2 | 60229 42,14 3.816 620.00 1166.42 0.19239 0.05004 0.29817 0.04663 1.52810 1.82060 0.00073
16482 | 609.11 41.56 4.072 630.00 1161.76 0.18889 0.05063 0.29382 0.04854 1.57490 1.93450 0.00067
17304 | 61577 40.96 4.343 640.00 1156.76 0.18543 0.05125 0.28954 0.05069 1.62710 206150 0.00061
1813.8 | 62228 40.36 4.629 650.00 1151.40 0.18200 0.05190 0.28531 0.05307 1.68570 220410 0.00056
1898.2 | 62862 39.74 4931 660.00 1145.66 0.17859 0.05258 028115 0.05565 , 1.75180 2.36520 0.00051
19839 | 634.84 39.11 5.253 670.00 113949 0.17518 0.05330 027709 0.05848 1.82770 2.55010 0.00046
20695 | 640.84 3847 5.593 680.00 113296 0.17181 005405 027314 006173 191440 276120 0.00042
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Table 10-3 Vessel Component Saturated Water Thermal Properties
(cont)

P T, Pr b H, H, 7 B, k, k, Cy C, [
(psia) (°F) @(bnvft’) | (bnvft’) | (Btwlbm) | (Btwlbm) | (Ibmvhr/ft) (Ibm/hr/fY) (Btwhr/fVF) (Btwhr/fVF) (Btw/lbm/F) (Btw/1bnvF) (Ib{/ft)
21554 | 646.65 37.81 5953 650.00 1126.01 0.16845 0.05485 0.26926 0.06527 201490 3.00550 0.00037
2241.1 | 65228 37.14 6.335 700.00 1118.63 0.16509 0.05570 0.26545 0.06919 2.13280 3.29110 0.00033
23263 | 657.69 36.46 6.740 710.00 1110.82 0.16173 0.05661 0.26186 0.07374 227250 3.62830 0.00029
24106 | 662.89 35.76 7.170 720.00 1102.59 0.15837 0.05758 0.25836 007854 244030 403110 0.00025
24940 | 667.89 35.03 7.630 730.00 1093.91 0.15497 0.05863 0.25520 0.08401 264650 452210 0.00022
25752 | 672.62 34.29 8.117 740.00 1084.90 0.15156 0.05975 025212 0.08983 290110 512290 0.00019
2653.8 | 677.08 33.53 8635 750.00 1075.52 0.14813 0.06096 0.24935 0.09704 322290 5.87350 0.00016
27298 | 681.29 3275 9.190 760.00 1065.74 0.14464 0.06228 0.24673 0.10465 3.64070 6.14500 0.00013
2801.8 | 685.18 3195 9.777 770.00 105559 0.14113 0.06371 0.24493 0.11447 4.19150 6.14500 0.00011
2869.6 | 688.77 31.12 10403 780.00 1045.00 0.13755 0.06526 0.24313 0.12429 4.94400 6.14500 0.00008
29319 | 692,01 3027 11.066 790.00 1034.06 0.13393 0.06694 024418 0.13890 5.99630 6.14500 0.00007
2988.5 | 694.90 29.39 11771 800.00 102275 0.13024 0.06878 0.24576 0.15442 6.14500 6.14500 0.00005
30384 | 69740 2848 12.513 810.00 101117 0.12649 0.07076 0.24734 0.16993 6.14500 6.14500 0.00004
30814 | 699.53 2755 13.293 820.00 999.32 0.12268 0.07291 0.25288 0.19158 6.14500 6.14500 0.00002
31167 | 701.26 26.60 14,101 830.00 987.40 0.11885 0.07520 0.26470 022270 6.14500 6.14500 0.00002
31447 | 702.62 25.63 14927 840.00 975.50 0.11500 0.07761 0.29237 0.27220 6.14500 6.14500 0.00001
31657 | 703.63 24.65 15.750 850.00 963.98 0.11119 0.08008 081017 0.80644 6.14500 6.14500 0.00000
31805 | 704.34 2368 16.541 860.00 953.38 0.10744 0.08253 2.55507 2.55265 6.14500 6.14500 0.00000
31903 | 704.81 2272 17.243 870.00 944.22 0.10382 0.08475 4.29997 4.29886 6.14500 6.14500 0.00000
31960 | 705.08 21.78 17.759 880.00 937.47 0.10034 0.08642 10.00000 10.00000 6.14500 6.14500 0.00000
31983 | 705.19 20.87 17987 890.00 934.25 0.09704 0.08717 50.00000 50.00000 6.14500 6.14500 0.00000
32064 | 70539 20.16 19.244 900.00 917.46 0.09704 0.08717 100.00000 100.00000 6.14500 6.14500 0.00000
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Table 10-4 Superheated Vapor Temperature Constants
P < 1000 psia or P > 1000 psia and
Term P > 1000 psia and h > 1280 Btu/lbm H, <1280 Btu/lbm
A -1.0659659E+04 -4.5298646E+03
A, 2.0110905E+01 1.5358850E+01
A, -1.250954E-02 -1.5655537E-02
A, 2.8274992E-06 5.2687849E-06
A, 4.9815820 4.4185386E-01
Aq -7.7618225E-06 -9.1654905E-06
A, 2.4391612E-10 2.7549766E-10
A, -9.8147341E-03 -1.1541553E-03
A, 6.5824890E-06 1.2384560E-06
Ay -1.4749938E-09 -4.1724604E-10
B, -2.8557816 1.2659960E+02
B, 1.3250230E-02 -2.5611614E-01 h
B, -1.0521514E-05 2.2270593E-04 |
B, 2.5007955E-09 -5.9928922E-08 |
B, -3.4620214 -2.1818030E+01 |
B, -3.6261637E-02 1.3424036
B, 7.3529479E-04 -4.9110372E-02
B, 5.7703098E-03 2.7966370E-02
B, -2.9972073E-06 -2.4665012E-05
By 5.2037300E-10 6.7723080E-09
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Table 10-5 Subcooled Water Density Constants
Cexy
i= 1 2 3 4 5
j=1 -0.413450E1 0.13252E4 0.15812E-5 -0.21959E-8 0.21683E-11
j=2 -0.59428E-5 0.63377E-7 -0.39974E-9 0.69391E-12 -0.36159E-15
j= 0.15681E-8 -0.40711E-10 0.25401E-12 -0.52372E-15 0.32503E-18
Table 10-6 Saturated Steam Internal Energy Constants
i P AVE(i) BVE(i) CVE(i)
1 < 2E+6 2.619410618E+6 -4.995E+10 -
2 > 2E+6 2.5896E+6 6.350E-3 -1.0582E-9
Table 10-7 Saturated Steam Enthalpy Constants
i P AVG(i) BVG(i) CVG(i)
1 < 2E+6 1.06655448 1.02E-8 -2.548E-15
2 > 2E+6 .1.0764 3.625E-10 -9.063E-17
Thermophysical Properties May 2003
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Table 10-8 Saturated Liquid Internal Energy Constants
i ALE(i) BLE(i) CLE(i) DLE() ELE(i)
1 | 1.75880E+4 3.7402E+3 4.02435 -0.0157294 3.1301E-5
2 | 6.18527E+6 -8.14547E+4 4.46598E+2 -1.04116 9.26022E-4
3 | 2.283789029E+9 -2.62215677E+7 1.12948667E+5 -2.16233985E+2 0.155283438
Table 10-9 Constants for Specific Heat
C,,= 1.68835968 x 10°
B,,=2.394907 x 10* B,,=-5.196250 x 10 C,, =0.6029856
C,,=1.193203 x 10" C,,=2.412704 x 10% C,,=4.820979623 x 10?
D,,=-3.944067 x 1077 D,,=-1.680771 x 10 C,,=2.95317905 x 10’
Csv = 1.8
C,,=4.60 x 10
Thermophysical Properties May 2003
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Table 10-10 Liquid Viscesity Constants

o0 = 1.299470299%x1073
=-9.264032108x10™*
= 3.81047061x107*

=-8.219444458x1073
= 7.022437984x10°8

A
A,
Az
Asy
A

4t

B, =-6.5959x10712

B, = 6.763x107!2
B,, =-2.88825x10712
B,, = 4.4525x107"

D,, = 3.026032306x10"*
D,, =-1.836606896x10"*
D, = 1.567075775x10°
D,, =-1.647878879x10°5

¢
D,, = 1.416457633x10°

Ly

E, = 1.4526052612x1073
E,, =-6.9880084985x10"°
E, = 1.5210230334x107

3!
I

, =-1.2303194946x10"%°

F,, =-3.8063507533x10°"!
F,, = 3.9285207677x107
F,, =-1.2585799292x10"%
H F,, = 1.2860180788x10"%

—

R

X
n

» = 8.581289699x1076
Cyy = 4.265884x10%
6.894575293x10°

w
1]

H,, = 3.892077365x10°
e, = 5.53588x10°

o = 6.484503981x10°
c, = 4.014676x10°

4]
1]
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Table 10-11 Vapor Viscosify Constants
Ag, = 3.53x10° B,, = 0.407x107
A,, = 6.765x107"! C,, = 8.04x10°
A, = 1.021x107 D,, = 1.858x107
E,, = 59x107°
F,, =-0.2885x107? G,, = 0.176x10°
F,, = 0.2427x1077 G,, =-1.6
F,, =-0.67893333333x1071° G,, = 0.0048
F,, = 0.6317037037x1071 G,, =-0.47407407407x107°

F
Table 10-12

Liquid and Vapor Thermal Conductivity Constants

A, = 0.573738622 a4
A, = 02536103551
A,, =-0.145468269
A, = 0.01387472485

n

1)

"

"

w = 1.76x1072
A, = 587x107
A, = 1.04x1077
A, =-4.51x10"
A

B, = 1.0351x10™
B, = 0.4198x107
B, =-2.771x10"!

- s
A, = 5.815x10 e 2.1482x10°
Table 10-13 Surface Tension Constants
a, = 1.160936807E-04
a, = 1.12140468E-06
a, = -5.752805180E-09
a, = 1.286274650E-11
as = -1.149719290E-14
Thermophysical Properties May 2003
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Table 10-14 Constants for Specific Heat of Air
i A, B;
1 -4.20419E-05 7.71027E-05
2 9.61128E-08 -8.56726E-09
3 -1.16383E-11 -4.75772E-12
Table 10-15 Constants for Viscosity of Air
i ay ay,
0 1.708x1073 1.735x10°3
' 1 5.927x10° 4.193x10°
2 -8.14x107! -1.09x10™"!
Thermophysical Properties May 2003
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" Table 10-16 Specific Heat of Zircaloy-4
T(°K) C, (Btu/lbm - °F)
300.0 ' 0.0671
400.0 0.0721
640.0 0.0790
1090.0 0.0896
1093.0 0.1199
1113.0 0.1409
1133.0 0.1469
1153.0 0.1717
1173.0 0.1949
1193.0 0.1839
1213.0 0.1478
1233.0 0.1120
1248.0 0.0850
>1248.0 0.0850
Thermophysical Properties May 2003
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Table 10-17 Chemical Composition of ZIRLO™ and Zircaloy-4 Alloys
Element (wt %) ZIRLO™ Alloy Zircaloy-4 Alloy

Sn 0.8-1.2 1.2-1.7
Fe 0.09-0.13 0.18-0.24
Cr - 0.07-0.13

Fe+Cr - 0.28-0.37
Nb 0.8-1.2 -
Zr Balance Balance

Table 10-18 Specific Heat of ZIRLO™ Alloy

[

]I.C
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SATURATION TEMPERATURE (°F)

, o ASME STEAM TABLE
— WCOBRA/TRAC

0 100 200 300 400 500 600 700 800 900
LIQUID ENTHALPY (btu/ibm)
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11  SENSITIVITY AND UNCERTAINTY ANALYSIS (CSAU
ELEMENT 3)

11-1 TECHNICAL BASIS FOR REVISED UNCERTAINTY METHODOLOGY

11-1-1 Statistical Sampling Approach

Code Scaling, Applicability, and Uncertainty (CSAU) Element 3, the sensitivity and uncertainty analysis
element, aims to provide a simple, singular statement of the uncertainty (Boyack, et al. 1989). To
accomplish this objective, the effects of the important individual uncertainty contributors are determined.
The uncertainty statement is based on the combined effect of the contributors.

The determination of peak cladding temperature (PCT) uncertainty in the Automated Statistical
Treatment of Uncertainty Method (ASTRUM) relies on a statistical sampling technique. It is possible to
determine the tolerance limits from unknown distributions by randomly sampling the character in
question (in this case, PCT). The consideration of non-parametric tolerance limits was originally
presented by Wilks (Wilks, 1941). Wilks’ study showed that for continuous populations, the distribution
of P, the proportion of the population between two order statistics from a random sample, is independent
of the population sampled. Also, it is only a function of the particular order statistics chosen.

Derivation of non-parametric tolerance limits is presented next. The derivation provided here is adapted
mainly from Johnson and Leone (1976).

The model appropriate to random sampling comes from an infinitely large population when a continuous
character, X, is measured on each individual in the sample. The measurements obtained from a sample
of size n are denoted by the random variables X,, X,, ....., X;. The X,’s are mutually independent, and
each X; had the same probability density function, that is,

le(x,-) =ﬂx),=,| (11-1)
fori=l1, 2, ....., n where f(x) is a mathematical function of x. Also, the cumulative distribution functions
are

Fy(x)= f:f(x)dx (11-2)
Let us introduce n new random variables X’;, X’,, ....., X’,, which are the original random variables
X, X5, ....., X, arranged in an ascending order of magnitude, so that

X, <X<. X, (11-3)
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The possibility of any two of the X’s being equal can be neglected, because they are continuous random

variables. i/

The event (X’,<= x) is equivalent to the intersection of the events (X,<x),(X;<X),.....,(X,<x). For if the
greatest X is less than or equal to x, so are all the X;’s; conversely, if every X is less than or equal to x,
so is the greatest X;. Therefore

n n
PriX,sx)=] | PriX;<x]=] ] F, ()=[Fy0T" (11-4)
il i<1
Therefore, the cumulative distribution function of X, is
Fyx)=[F e, )T (11-5)
and the probability density function is
Py (%) =nlF )1 fix,) (11-6)

The distribution of X7, the smallest of the n X’s is investigated in exactly the same manner. The event
(X’>x) is equivalent to the intersection of the n events (X;>x),(X,>x),.....(X;>x). Hence

1-Fy@)=I 1 [1-Fy )=[1-Fo)T (11-7)
and so L/
Fy(e)=1-[1-Fy(x))" | (11-8)
and
Px () =n[1-Fyx)1" fix)) (119)

The event (X',<x) is the logical sum of the events:
"exactly j out of X,,X,,.....,X, are less than or equal to n’for j=r,r+1,r+2,.....,n.

These events are mutually exclusive, and so
, 2.|n . :
PriX, sx] =E ( ] [Fy@Y[1-Fyx)]"? (11-10)

j=r

The probability that the rth smallest value lies between x,'-%(ﬁx;) and x;+%(8x;) is approximately

pX(x’)(6x’). If the rth smallest X is between x,'—-%(Sx,’) and x,'+%(8x,') , this is equivalent to having

Sensitivity and Uncertainty Analysis (CSAU Element 3) May 2003
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r-1 of the X’s less than x;--%(ﬁx,')

1 of the X’s between x;—%(Sx,') and x;+%(8x;)

and

n-r of the X’s greater than x;+%(8x,')

The possibility that more than one X might be between x;——;—(Sx;) and x,'+%(8x,') is neglected. The

probability of this event is of the order (Sx,')2 .

For any one X, we have

PriX < x;-%(ﬁx,')] =Fx(x,')-%ﬂx,')(8x,') (11-11)
Pr[x;-%(ﬁx;) <X< x;+-:li(&x,')]=f(x;)(6x;) (11-12)
PriX > x,'+%(ax,')]=1-1~“x(x,') --;-f(x,')(ax,') (11-13)

Hence, applying the multinomial distribution,

Pxlx)(Ex)= RGPy ) (B,) | (11-14)

(r 1)'(

Dividing both sides by Sx,, and then taking limiting values as 8x, tends to zero, we obtain

pyix)= e XY HL-Fyle )1 Rx,) (11-15)

r 1)‘(

Sensitivity and Uncertainty Analysis (CSAU Element 3) . May 2003
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For r<s
)= n! [Fyx )y
P s s r-Dlm-s)l - X"
XF)-F )l ™ (H-19

X[1-F,(x)]" 5 x,)

For the particular case r=1, s=n, we have the joint probability density function of the smallest and
greatest of the n X's. This is

Px;,x;(x; 2,) =n(n=1)[Fyx,) - Fye)l 2Rx Mixy) (11-17)

For an X' chosen at random, the probability density function of the probability integral Fx(X,) is

fix)
NF . (x)]=——— = ; -
PrXDFy(x)] /] 1 (0sFyx)<1) (11-18)
since
Fy(x)= f ifx)dx (11-19)

Thus, whatever be f(x), provided only that X is a continuous random variable, Fx(X;) is "rectangularly
distributed" (uniformly distributed) between 0 and /. Since Fy(X',)sFy(Xs') if r<s, the n quantities
Y'=Fx(X') are distributed as an ordered sample of size n from a population with the probability density
function py(y)=1 for Osy<1. ‘

Applying Equation 11-15 with r<s, we have

n!

: by, oy Ns-r-1 1- \n-s
(r—l)!(s—r-l)!(n-s)!(y') 05y (1, (11-20)

(Osy,<y.s1)

Py.yOnys)=

By making the following transformation and introducing two new variables Z, and Z

Zr=yr ’ zr.s':y-"-y’
., (11-21)
o0,y |1 O
z,.Z,) |l 1
Sensitivity and Uncertainty Analysis (CSAU Element 3) May 2003
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we have
! ~-1_s-r-1 -
Z,Z,)= - 225 (12,2, )"
Pz, (r-Dis-r-1)(n-s)t " ™ (12,2, (11-22)
(OSZ,;OSZ,S;Z,*'Z”_S 1)
By integrating with respect to Z, leaving the probability density function of Z in the form
o ! -r=1
(Z)= Z,Z )dz = = zn
P P o o (11-23)
Xf l-zf-vz: -1(1 _Zr —zr.v)'l -sdzr
0
This reduces to
n! s-r-1 -
p (Z )_ ez (l_zm)n S+r .
T (r-Dls-r-1-)Y(n-s)! (11-24)
X f YY1 -4y du
0
with
2z
Uu=—-" (11-25)
1 —zr.\'
since
-Dn-s
[uri -y du= ) (11-26)
0 (n-s+n)!
n! - s-r-1 -
Z,)= Z 1-z )" 0<z <1 11-27
pZ"( YS) (s_r—l)!(n_s+r)! rs ( fS) ( rs ) ( - )
It is possible, therefore, to determine numbers z,(,u Y(n) such that
Priz, >z (m)]=1-u (11-28)
These numbers are simply obtained by solving the equation
[Pz, 10 (11-29)
z
To solve this equation, tables of the incomplete beta function or similar tables may be used.
Sensitivity and Uncertainty Analysis (CSAU Element 3) May 2003
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Sample size n for non-parametric tolerance limits can be calculated using the following approximation
(Conover, 1999):

1 l+g 1
ne—x, —t+—(r+m-1 11-30
a5 rrmeD) (11-30)
where X, is the (1-a) quantile of a Chi-squared random variable with 2(r+m) degrees of freedom. For
the one-sided (upper) tolerance limit, r = 0. From chi-squared distribution table, X, , is 5.991 form= 1,
9.488 for m = 2, with a 95-percent confidence level. Using these numbers with q = 0.95 to cover

95 percent of the population, one gets n = 59 for m = 1 (highest) and n = 93 for m = 2 (second highest).

The statistical interpretation of this result is that if we observe a random sample of size n, then the
probability that the proportion of the population included between X', and X’, exceeds z,(: n) is 1-o. By
choosing n, r, and s suitably, one can be as sure as desired (that is, a is as small as desired) of including at
least a given proportion, say q, of the population between two specified sample values, without knowing
any information about the form of f(x).

11-1-2 Application of the Statistical Method

The run matrix is generated by using random numbers. The random numbers are obtained using a
generator adapted from Press, et al. This particular generator has a period of approximately 2.3x10',
that is, the numbers generated would not be repeated before 2.3x10'® random numbers are used. For all
practical purposes, this number is quite large and period exhaustion is considered impossible.

The random number generator returns a value between 0 and 1. Sampling from a uniform distribution is
quite straightforward: the random number range is linearly mapped to uniform range of interest.

VALUE = a + (b-a)*RND,
where a and b is the minimum and maximum of the uniform range, RND is the random number between
0 and 1 and VALUE is the sampled value from the range. Sampling of values from normal distributions
is accomplished by employing the rejection type approach.

The random number generator depends on an initial seed to select the starting point in a random
sequence. Having such algorithms allow us repeatability of results without compromising randomness.
In ASTRUM, the initial seed is obtained randomly from the conﬁgufatioh control system. This system
assigns a random identifier to each run, so that they can be uniquely identified. If the run matrix needs to
be repeated or extended, by giving the same seed, repeatability is ensured.

Using the attributes corresponding to plant initial conditions, global modeling, and local uncertainty
variables, the plant’s response to a LOCA event is computed for each case. Then the results are tallied by
ranking the PCT from highest to lowest. Using the order statistics, the 95th percentile PCT is determined
with 95 percent confidence. Actual plant calculation employing this technique is discussed in

Section 12.
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11-2 TECHNICAL BASIS FOR ADDITIONAL PARAMETERS CONSIDERED IN
UNCERTAINTY ANALYSIS

11-2-1 Break Type and Size

Break type and size are two of the key loss-of-coolant-accident (LOCA) parameters that are related to the
postulated break. In this section, the uncertainty treatment of these parameters is discussed, in addition
to the break discharge coefficient. The modeling methodology for double-ended cold-leg guillotine
(DECLG) and split breaks will be described in Sections 11-2-1-1 and 11-2-1-2.

The effect of break type will be explicitly accounted for in the ASTRUM, [

]&C
11-2-1-1 Modeling of DECLG Breaks

Noding Scheme

The cold-leg double-ended guillotine break is modeled as shown in Figure 11-2. [

I
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Discharge Coefficient Uncertainty Strategy

]a.C

The value of CD is sampled in the nonparametric sampling runs from a distribution determined from a
comparison with Marviken tests (Figure 1-2).

Justification of CD Strategy

To confirm that this modeling approach achieved the desired change in flowrate, the same changes were

made to the pipe model used to simulate the Marviken experiments. In these studies, the pressure in the

upstream BREAK component was reduced from 1000 to 15 psia over 10 seconds, held at 15 psia for

10 seconds, then increased again to 1000 psia over 10 seconds. The first part approximately simulated

the depressurization transient that occurs in the pressurized water reactor (PWR) calculation. The results

are shown in Table 11-2, and indicate that the desired increase and reduction in break flow were i/
obtained.

11-2-1-2 Modeling of Split Breaks

A large split break is possible only if the split is longitudinal. Since there is no physical evidence that
would indicate how such break types would appear, if they could in fact occur, the break geometry must
be postulated.

Noding Scheme

The noding scheme for a broken cold-leg pipe for a split break is shown in Figure 11-4. [

]a.C
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]a.c

Strategy of Varying CD and Break Size

] ac

Sensitivity and Uncertainty Analysis (CSAU Element 3) May 2003
0:\6155-Non-Sec11.wpd-052803 Rev.0



11-10

11-2-1-3 Compliance to NUREG 1.157 on Break Type and Size

Regulatory Guide 1.157 states the Nuclear Regulatory Commission's (NRC’s) regulatory position on the
break type and size for the requirement for best-estimate LOCA (BELOCA) analysis. In this section, the
compliance of the revised BELOCA sampling methodology for break type and size to NUREG 1.157 is
examined. The following statements are found in NUREG 1.157:

Regulatory Position 3.1 — Second Paragraph

The calculations performed should be representative of the spectrum of possible break sizes from the full
double-ended break of the largest pipe to a size small enough that it can be shown that smaller breaks are
of less consequence than those already considered. The analyses should also include the effects of
longitudinal splits in the largest pipes, with the split area equal to twice the cross-sectional area of the
pipe. The range of break sizes considered should be sufficiently broad that the system response as a
function of break size is well enough defined so that interpolations between calculations, without
considering unexpected behavior between the break sizes, may be made confidently.

Regulatory Position 3.4.1

In analyses of hypothetical LOCAsS, a spectrum of possible break sizes should be considered, as indicated
in Regulatory Position 3.1. The discharge flowrate should be calculated with a critical flowrate model
that considers the fluid conditions at the break location, upstream and downstream pressures, and break
geometry. The critical flow model should be justified by comparison to applicable experimental data
over a range of conditions for which the model is applied. The model should be a best-estimate
calculation, with uncertainty in the critical flowrate included as part of the uncertainty evaluation. Best-
estimate models will be considered acceptable provided their technical basis is demonstrated with
appropriate data and analyses.

The worst location of the break that results in the highest PCT was found (in WCAP-12945-P-A) to be
the cold leg. The location of break was considered and analyzed, and the largest pipe to be considered in
statements that appear in NUREG 1.157 was then found to be the cold-leg pipe. The critical flow
modeling was qualified by comparison with a full-scale experiments applicable to large-break LOCA
geometry and conditions.

In ASTRUM (revised BELOCA methodology), the uncertainty of key LOCA parameters are treated
within nonparametric sampling runs. In ASTRUM, the [

1€ to the
maximum, which is twice the cross-sectional area of the cold leg to permit the consideration of full-break
spectrum. It is concluded that ASTRUM meets the intent of the NUREG 1.157 requirement for break
type and size requirements.
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11-2-1-4 Conclusions

Break modeling methodology for DECLG and split breaks was discussed and the CD effect is shown to
be adequately captured by the break flow area variation. The size of split break is [

J*¢ Finally, the compliance of ASTRUM to
NUREG 1.157 was examined and found to meet the intent of the requirement stated in its regulatory
positions pertinent to break modeling.

Table 11-3 summarizes sampled items in ASTRUM relevant to the break modeling and their sampling
distribution.

11-2-2 Time in Cycle
11-2-2-1 Burnup Effects on Stored Energy and Peak Cladding Temperature

Nuclear fuel rods are manufactured with a pellet-cladding gap on the order of 3 to 4 mils. Prior to final
welding of the end plug, the rods are pressurized with helium, a gas with good heat transfer capabilities.
With irradiation, several changes occur within the rods that affect the initial stored energy, and therefore,
the peak cladding temperature (PCT):

. The cladding creeps down to make contact with the fuel pellets, due to the compressive stress on
the cladding (system pressure greater than rod internal pressure).

. Gases generated by the fission process mix with the helium fill gas, resulting in an increase in the
rod internal pressure and a decrease in the gas conductivity.

The net effect of these changes is a reduction in pellet average temperatures on the order of 300°F for
high-power rods, within the first 2 cycles of operation.

Sensitivity studies illustrating the effects of the above changes due to burnup have previously been
reported in Section 22-7 of WCAP-12945-P-A (Bajorek et al., 1998). Table 11-4 summarizes the
observed effects of burnup on PCT. It can be seen that low burnup (first-cycle) fuel rods are consistently
limiting.

11-2-2-2 Burnup Treatment in ASTRUM

With ASTRUM, the LOCA is assumed to be [

]&C
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]B.C
11-3 NPP SENSITIVITY CALCULATIONS WITH ASTRUM (CSAU STEP 12)

Over 100 PWR sensitivity studies were performed in support of the original submittals for 3- and 4-loop

plants with cold-leg ECCS (Bajorek et al., 1998), and 2-loop plants with upper plenum injection (UPI) i/
(Dederer et al., 1999). The results of those studies were used to identify the treatment of each parameter ‘
identified as a potential contributor to uncertainty. This treatment falls into 3 general categories:

. Nominal without uncertainty — The nominal (expected or midpoint) value of the parameter is
used without consideration of uncertainty when the variation in the parameter is tightly
controlled, such as pressurizer level, or when the sensitivity of the transient results to the value of
the parameter is negligible, such as the initial RCS boron concentration.

. Bounded — A conservative value of the parameter is used when the parameter varies gradually as
a function of operating history, such as steam generator tube plugging, or when the value of the
parameter at the time of the accident is indeterminate, such as location of the pressurizer relative
to the break. A parameter may also be bounded when the sensitivity of the transient results to
variations in the parameter is small, such as moderator temperature coefficient, or when the
effort to develop and justify a detailed uncertainty treatment was judged to exceed the benefits of
doing so, such as containment pressure response.

. Nominal with uncertainty — The Westinghouse methodology includes three categories of
uncertainty contributors to the overall uncertainty assessment. These are the thermal-hydraulic
model uncertainties, the power-related parameter uncertainties, and the initial and boundary
condition uncertainties. L
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Values for parameters that are bounded on a plant-specific basis are established by confirmatory
calculations. Those parameters that are explicitly treated in the uncertainty methodology have their
effects quantified by the uncertainty propagation calculations. These two types of calculations are
described below.

11-3-1 Confirmatory Calculations
Prior to performing the detailed uncertainty analyses, confirmatory calculations are performed to identify

the limiting settings for some parameters. The results of these cases are used to define the reference
transient conditions. The confirmatory calculations performed on a plant-specific basis are as follows:

]ﬂ'C
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11-3-2 NPP Uncertainty Calculations

Table 11-5 lists the physical models and plant parameters that are sampled for each case in the
uncertainty analysis. The uncertainty distribution sampled for each model and parameter were given
previously in Tables 1-7 through 1-11. The PCT for each case is calculated, and the results are ordered
from highest to lowest. The 95/95 value of PCT is determined as described in the next section.

11-4 DETERMINATION OF COMBINED BIAS AND UNCERTAINTY (CSAU l/
STEP 13)

Section 11-1 described the statistical theory used to determine the number of cases requiréd to establish
the 95th percentile PCT at 95-percent confidence. It was shown that the highest value PCT from a
sample size of 59 would be a conservative estimate of the 95/95 value. Alternatively, the second highest
value from a sample size of 93 would be a conservative 95/95 estimate.

The Westinghouse methodology for combining biases and uncertainties considers the effect of all
medium- and high-ranked phenomena from the Phenomena Identification Ranking Table (PIRT), as
detailed earlier in Table 1-1. The following discussion describes how each of the phenomena is
considered.

11-4-1 Fuel Rod

Stored Energy Uncertainties in the initial stored energy of the hot rod and hot assembly are large.
There is a wide range of possible peaking factors and power distributions that are allowed by the
Technical Specifications. For a given power distribution, the best-estimate fuel rod temperatures are a
[
1*¢ Each of these factors has been considered in the . L
uncertainty methodology, by explicitly ranging the parameters. \
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Oxidation The metal-water reaction rate is ranged based on uncertainty estimates obtained from
experimental data. See Table 1-8 for the numerical values.

Decay Heat The decay heat uncertainties from the American National Standards Institute/American
Nuclear Society (ANSI/ANS) 5.1-1979 standard are applied as described in Section 8-7. [

]a.c
11-4-2 Core

Departure from Nucleate Boiling (DNB) The core voids very quickly during a large-break LOCA,
such that uncertainties in the timing of DNB are small for a given break size. Uncertainties in the timing
of DNB |

]&C

Post-Critical Heat Flux (CHF)/Reflood Heat Transfer Uncertainties in the post-CHF and reflood heat
transfer are accounted for by ranging the blowdown heatup, blowdown cooling, refill, and reflood heat
transfer multipliers. The blowdown heatup heat transfer multipliers are based on assessments of LOFT
and ORNL data. The blowdown cooling heat transfer multipliers are based on ORNL and G-1
Blowdown test data. The refill heat transfer multipliers are based on G-2 Refill test data comparisons.
The reflood heat transfer multipliers are based on assessments of FLECHT SEASET, FLECHT Low
Flooding Rate, FLECHT Skewed, and G-2 Reflood tests. See the previous Table 1-8 and the figures
referenced therein for the numerical values of the heat transfer multipliers.

Rewet The effects of rewet on reflood heat transfer are directly reflected in the reflood heat transfer
multipliers. Assessments of the minimum film boiling temperature models used in WCOBRA/TRAC led
to the conclusion that [ ’ '

I

Three-Dimensional (3-D) Flow/Void Generation and Distribution Uncertainties in these parameters
are accounted for by choosing the limiting hot assembly location based on consideration of the hardware
in the upper plenum, and the resulting flow distribution during the downward core flow period of
blowdown. The selection of the limiting hot assembly location was supported by the responses to
Requests for Additional Information (RAISs) 4-18 and 4-28 for 3- and 4-loop plants (Appendix C, Part 3,
of WCAP-12945-P-A), and RAI-16 for 2-loop plants (Appendix C of WCAP-14449-P-A). Multi-
dimensional effects are also captured by the core nodalization scheme, which uses 4 separate assembly
groupings (hot assembly, assemblies on core periphery, interior assemblies located under guide tube
assemblies, and interior assemblies located under other structures).
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Entrainment/De-entrainment Comparisons with FLECHT, SCTF, and CCTF data indicate that

WCOBRA/TRAC overpredicts the amount of entrainment from the core (Section 25-7 of L
WCAP-12945-P-A). For forced reflood tests, this leads to a slightly higher predicted heat transfer. For '
gravity reflood tests such as CCTF, however, the excess entrainment results in an over-prediction of

steam binding, which reduces the flooding rate and causes an under-prediction of core heat transfer. In

addition, the comparisons with Upper Plenum Test Facility (UPTF) tests showed that when the

conditions at the entrance to the upper plenum are known, WCOBRA/TRAC underpredicts the mass

retained in the upper plenum, therefore overpredicting the amount of water entrained into the loops.

Based on the gravity reflood and UPTF test predictions, it is concluded that a conservative bias already

exists in the calculations for core entrainment/de-entrainment, and an additional bias or uncertainty is not

required.

Flow Reversal/Stagnation Uncertainties in the blowdown flow reversal and stagnation affect the time
and magnitude of the blowdown PCT, and the core-wide cooling during blowdown. Uncertainties are
accounted for by varying break flowrate, via sampling of break type, split-break size, and the application
of break flow multipliers based on comparisons with Marviken critical flow data. Ranging of the broken
cold-leg nozzle resistance also affects the flow reversal and stagnation. The interactions between the
stagnation point and the axial power distribution are accounted for by ranging the axial distribution as
well.

11-4-3 Upper Plenum
Hot Assembly Location Refer to the discussion of core 3-D flow in Section 11-4-2.

Entrainment/De-entrainment/Phase Separation For 2-loop plants with UPI, uncertainties in these
processes affect the amount of UPI water entrained out the hot legs. The associated model uncertainties
are accounted for by ranging interfacial drag in the upper plenum (Section 4-7 of WCAP-14449-P-A).
For 3- and 4-loop plants with cold-leg injection, refer to discussion of core entrainment/de-entrainment in
Section 11-4-2. )

Condensation/Counter-Current Flow (CCF) Drain/Fallback (UPI Plants) The amount of
condensation that occurs in the upper plenum affects the temperature of the ECCS water entering the
core, which in turn affects core cooling. The temperature of the ECCS water entering the upper plenum,
and the amount of condensation that occurs as it falls to the upper core plate, also affects the timing of
counter-current flow limitation (CCFL) breakdown at the upper core plate. The temperature of the
pumped safety injection water is ranged based on historical plant data, thereby accounting for these
variations. Condensation is also ranged in the upper plenum and CCFL region, as discussed in

Section 4-7 of WCAP-14449-P-A.
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11-4-4 Hot Leg

Flow Reversal Variations in the timing and magnitude of hot-leg flow reversal can affect blowdown
cooling. Uncertainties are accounted for by varying break flowrate, via sampling of break type,
split-break size, and the application of break flow multipliers based on comparisons with Marviken
critical flow data. Ranging of the broken cold-leg nozzle resistance also affects the flow reversal in the
hot legs.

11-4-5 Pressurizer

Early Quench There is a potential that the 2-phase discharge from the pressurizer surge line could
enhance core cooling during the reverse flow period of blowdown. Sensitivity studies have shown that
locating the pressurizer [

i

11-4-6 Steam Generator

Steam Binding Refer to the discussion of core entrainment/de-entrainment in Section 11-4-2.
11-4-7 Pump

Two-Phase Performance Variations in the pump 2-phase performance could affect the timing of the
flow reversal in the core. The intact loop pumps are in the pumping mode during the 2-phase period, and
the data in this mode show little scatter (Section 16-3 of WCAP-12945-P-A). However, the broken loop
pump is in the dissipative mode, where the data scatter is considerable. The uncertainty treatment,
therefore, focuses on the broken loop pump resistance uncertainty in the dissipative mode.

Delta P/Form Losses Uncertainties in the broken loop pump resistance were found to be a significant
contributor to the overall uncertainty assessment. This uncertainty is combined with the broken cold-leg
nozzle resistance uncertainty, and applied as a broken loop resistance ratio uncertainty (Section 25-3 of
WCAP-12945-P-A). '

11-4-8 Cold Leg/Accumulator

Condensation The amount of condensation that occurs in the cold legs affects the temperature of the
ECCS water entering the downcomer, which in turn, affects the amount of ECC bypass. The temperature
of the ECCS water entering the downcomer also affects the timing of the onset of boiling in the
downcomer-core barrel annulus.
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Comparisons with experimental data showed that WCOBRA/TRAC accurately predicts heatup of the

ECCS water due to condensation in the cold legs (Section 15-3-3 of WCAP-12945-P-A). The i/
temperatures of the accumulator water and the pumped safety injection water are ranged based on

historical plant data, resulting in variations in the temperature of the ECCS water entering the

downcomer.

Non-Condensable Gases Comparisons with LOFT and ACHILLES test data indicated that
WCOBRA/TRAC tends to underpredict the pressurization of the downcomer and the resulting insurge of
water into the core, as discussed in Section 16-2 of WCAP-12945-P-A. The heat transfer effects during
the in-surge were examined, and it was concluded that the heat transfer coefficient should be limited to a
maximum of [ ]** Btu/hr-ft*>-°F during this period, due to a lack of data under these conditions

(Section 25-5-5-8 of the same report). The tendency to underpredict downcomer pressurization, and the
use of a maximum heat transfer limitation during the insurge, lead to the conclusion that the effects of
accumulator nitrogen will be conservatively calculated.

11-4-9 Downcomer

Entrainment/De-entrainment Uncertainties in entrainment/de-entrainment affect the amount of ECC

water bypassed at the end of blowdown/beginning of refill. Code model uncertainties were assessed by

comparisons with the UPTF ECC bypass test data (Test 6). Those assessments showed that there is a

conservative bias, in that ECC bypass is overpredicted (Section 25-6 of WCAP-12945-P-A). The amount

of water entrained from the downcomer and out of the broken loop during reflood is also effectively \L/
ranged by varying the break type, flowrate, and broken loop nozzle resistance.

Entrainment can also occur during reflood, due to the steam flow from the intact loops. Comparisons
with CCTF Run 62 and UPTF Test 25 data indicated that entrainment during reflood is well predicted
(Figures 14-2-26 and 14-4-161 of WCAP-12945-P-A).

Condensation Condensation in the downcomer affects ECC bypass and the reflood transient.
Comparisons with small- and large-scale tests showed that while WCOBRA/TRAC predicted reasonable
values of condensation efficiency, the range of uncertainty of the data is large. For 3- and 4-loop plants
with cold-leg injection, the condensation in the downcomer is varied based on comparisons with UPTF
Test 6 data (Section 25-9 of WCAP-12945-P-A). For 2-loop plants with low-pressure injection into the
upper plenum, condensation in the downcomer has been shown to not be an important contributor to
uncertainty (response to RAI-23b in Appendix C of WCAP-14449-P-A).

Countercurrent/Slug/Non-equilibrium Flow Uncertainties in the flow regimes and distributions affect

the amount of ECC water bypassed at the end of blowdown/beginning of refill. Code model

uncertainties were assessed by comparisons with the UPTF ECC bypass test data (Test 6). Those

assessments showed that there is a conservative bias, in that ECC bypass is overpredicted (Section 25-6

of WCAP-12945-P-A). L
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Hot Wall (Vessel/Barrel) Heating of the water in the downcomer during reflood eventually causes
boiling, which results in level swell, spilling of water out of the broken loop, and a reduction in reflood
rate. Comparisons with CCTF Run 62 and UPTF Test 25 hot wall tests indicated that the combined
effects of downcomer boiling and entrainment on downcomer level during reflood are well predicted
(Figures 14-2-26 and 14-4-161 of WCAP-12945-P-A). The timing of the onset of downcomer boiling is
ranged by varying the accumulator and pumped safety injection water temperatures, based on historical
plant data.

3-D Effects Uncertainties in the downcomer flow pattern affect the amount of ECC water bypassed at
the end of blowdown/beginning of refill. Code model uncertainties were assessed by comparisons with
the UPTF ECC bypass test data (Test 6). Those assessments showed that there is a conservative bias, in
that ECC bypass is overpredicted (Section 25-6 of WCAP-12945-P-A).

Liquid Level Oscillations The liquid level in the downcomer during reflood is affected by a number of
parameters that are ranged, including accumulator and safety injection temperature, accumulator water
volume, break type and flowrate, and broken cold-leg nozzle resistance.

11-4-10 Lower Plenum

Sweep-Out The amount of liquid swept out of the lower plenum at the end of blowdown depends on the
depressurization rate and resulting steam velocities. These parameters are varied by ranging break
flowrate, via sampling of break type, split-break size, and the application of break flow multipliers based
on comparisons with Marviken critical flow data. Ranging of the broken cold-leg nozzle resistance also
affects the sweep-out of liquid from the lower plenum.

Hot Wall Heating of the water in the lower plenum during reflood eventually causes boiling, which
results in level swell in the downcomer, spilling of water out of the broken loop, and a reduction in
reflood rate. The timing of the onset of boiling in the lower plenum is ranged by varying the accumulator
and pumped safety injection water temperatures, based on historical plant data.

11-4-11 Break

Critical Flow The break flowrate is varied by [
1*¢. The development of
the break flow multipliers is described in Section 25-2 of WCAP-12945-P-A.

Containment Pressure A conservatively low containment pressure is used, which eliminates the need
for a detailed uncertainty treatment.
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11-4-12 Loop

Flow Split The flow split in the broken loop is ranged by varying the broken cold-leg nozzle resistance,
by an amount that accounts for uncertainties in its value, and uncertainties in the broken loop pump
resistance. Modeling of split break and guillotine break geometries also affects the loop flow split.

11-5 DETERMINATION OF TOTAL UNCERTAINTY (CSAU STEP 14)

Step 14 of the CSAU methodology has a provision to consider adding margin to the results of Step 13, if
warranted, due to iimitations in the code or data base. There are no significant limitations in the code or
data base that require the consideration of additional margin. The results of Step 13 are, therefore,
considered to be the final results for the ASTRUM.

11-6 APPLICATION TO OTHER 10CFR50.46 ACCEPTANCE CRITERIA

The combination of conditions that result in the 95/95 PCT are also used to assess local and core-wide
oxidation. This assures that there is a high probability that the acceptance criteria are met, consistent
with the Code of Federal Regulations (CFR) 10CFR50.46 requirements and Regulatory Guide 1.157
guidance. Details of the oxidation methodology are described below.

11-6-1 Local Oxidation

]ﬂ.C
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11-6-2 Core-Wide Oxidation

A generic rod power census is used to calculate the core-wide oxidation for the case that yields the
95/95 PCT. This census defines the percentage of rods in the core that are below a given relative power.
The generic values are given in Table 11-6, and the resulting FdH ranges are given for an analysis that
supports an FdH limit of 1.70.

The WCOBRA/TRAC code calculates the percentage of cladding volume oxidized for each rod in the
core. The percentage of cladding volume oxidized for the hot assembly rod for the case that yields the
95/95 PCT represents the Rod Group 1 contribution. A series of additional WCOBRA/TRAC
calculations are performed using the same parameter settings, decreasing the hot assembly power in steps
according to the generic rod power census. The percentage of cladding volume oxidized for the hot
assembly (HA) rod from each of these cases is multiplied by the fraction of the core represented by that
case. The results are summed to obtain the core-wide oxidation:

7
Core-wide oxidation (%) = .Z (% HA cladding oxidized)(fraction of core);

i=1

The generic rod power census is very conservative. In the unlikely event that it yields an unacceptable
result, a plant-specific census would be used. It would also be checked each reload to ensure its
continued applicability.
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Table 11-1 Break Spectrum Results (WCOBRA/TRAC MOD7)

I
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Table 11-2 Effect of Changing Marviken Model Pipe Flow Area on Predicted Flowrate
[
]1&
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Table 11-3 Summary of Sampling Strategy for Break 'i‘ype, Size, and CD

[
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Table 11-4 Burnup Effects on Peak Cladding Temperature i/
Plant Description
4-Loop, 17x17 Fuel, Ice | 3-Loop, 17x17 Fuel,
4-Loop, 15x15 Fuel, Condenser Subatmospheric
N Time in Life Dry Containment Containment Containment
[
i
Table 11-5 Physical Models and Plant Parameters Included in the Uncertainty Analysis
Physical Models Plant Parameters
{
e

a. 3- and 4-loop plants

b. 2-loop plants
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Table 11-6 Generic Rod Power Census Used for Core-Wide Oxidation Assessment

[
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Figure 11-1. Split vs. DECLG for 3- and 4-Loop PWRs
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Figure 11-2. DECLG Break Noding Scheme
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Figure 11-3. Guillotine Break Noding Used in WCOBRA/TRAC
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Figure 11-4. Split Cold-Leg Break Noding Scheme
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Figure 11-5. Split Break Noding Used in WCOBRA/TRAC
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PERIPHERAL ASSEMBLY

Figure 11-6.  Assemblies Included in the Peripheral (Low-Power) Assembly Channel for 2-Loop
Plants
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PERIPHERAL ASSEMBLY
Figure 11-7. Assemblies Included in the Peripheral (Low-Power) Assembly Channel for 3-Loop L
Plants
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PERIPHERAL ASSEMBLY

Figure 11-8.  Assemblies Included in the Peripheral (Low-Power) Assembly Channel for 4-Loop
Plants
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CCTF Run62, CCTF Run63, CCTF Run64, and CCTF Run67
Predicted quench time calculation uses Wcobra/Trac Version M7AR6
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Figure 11-9. Quench Time Predictions for CCTF Gravity Reflood Tests

Sensitivity and Uncertainty Analysis (CSAU Element 3) May 2003
0:\6155-Non-Secl1.wpd-052803 Rev. 0



()

11-37

SCTF Run604
Predicted quench time calculation uses Wcobra/Trac Version M7AR6
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Figure 11-10. Quench Time Preditions for SCTF Gravity Reflood Test
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12 EXAMPLE PWR APPLICATION

12-1 INTRODUCTION

All U.S. designed light-water pressurized water reactors (PWRs) have the same fundamental design. The
functions of the major system components such as the reactor vessel, pressurizer, steam generators, and
pumps are the same, and most have similar design features. Differences between PWR systems are
primarily due to loop design and the emergency core cooling system (ECCS) configuration. Operating
Westinghouse units, for example, have loop designs that are 2x2 (2-loop), 3x3 (3-loop), and 4x4 (4-loop),
while Combustion Engineering units, Westinghouse advanced plants (AP600 and AP1000), and Babcock
and Wilcox (B&W) units have a 2x4 loop arrangement. With the exception of size, and the B&W once-
through steam generator, individual loop flow paths in each type of system are similar.

The reactor vessel internals for various PWRs are also similar. There are differences in the detailed
internal structures of various regions, however. In some older Westinghouse plants, for example, the
lower support plate is curved while in other plants it is flat. Within the core, there are differences in fuel
design. Some plants have a thermal shield in the downcomer, while others have a neutron pad attached
to the core barrel. The B&W plants include vent valves in their core barrels. The upper plenums and
upper heads contain control rod guide tubes and support structures that may have slightly different
designs and arrangements.

Most PWRs in the U.S. have an ECCS configuration that includes high- and low-head pumped safety
injection, in addition to accumulators for passive injection. The injection location for most plants is the
cold legs. The AP600 and AP1000 vessels include injection directly into the downcomer. Several 2-loop
plants are equipped with an upper plenum injection (UPI) system. While the WCOBRA/TRAC models
and correlations description and the existing code validation results are expected to be applicable to any
of the various PWR designs, approval has been granted for Westinghouse 3- and 4-loop plant designs
with ECCS injection into the cold legs (Bajorek et al., 1998). Approval has been extended to UPI plants
(Dederer et al., 1999) and the AP600 design (Hochreiter et al., 1998). The justification for extending the
approval to Combustion Engineering designs is provided in Appendix A.

The differences in the various PWR designs lead to differences in flow areas, volumes, and surface areas
within various regions of the PWR primary system. The WCOBRA/TRAC nodalization for a PWR
reactor coolant system (RCS) must model specific flow paths and regions within the system. Therefore,
the PWR design itself dictates, to an extent, the specific nodalization and inputs for a plant model.
However, the geometric differences do not add to the code uncertainty as long as a consistent modeling
methodology is maintained while developing the nodalizations for PWRs and the test simulations used in
determining the code and model uncertainties. The nodalization methodology used with
WCOBRA/TRAC was established in Section 20 of WCAP-12945-P-A (Bajorek et al., 1998).
Application of the methodology to a 4-loop plant is described in detail in this section.
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12-2 SAMPLE PWR PLANT DESCRIPTION AND NODALIZATION

The sample PWR plant is the Indian Point Unit 2 (IP2). This is a 4-loop Westinghouse PWR located \L/
near New York City. It is owned and operated by Entergy. It is one of the first 4-loop PWRs completed,

and has been operational for over 20 years. Figure 12-1 depicts the reactor vessel, showing the internals

design.

A major portion of a WCOBRA/TRAC analysis involves generating the plant-specific vessel and loop
model, and the appropriate inputs to that model, to properly describe the plant. The vessel model, in
particular, requires detailed information regarding the vessel internals. Detailed engineering drawings
for the plant are used to define the inputs to the plant-specific model.

Vessel Model

Figure 12-2 shows the vessel elevation layout for IP2. The elevations shown on the right are relative to
the inside bottom of the vessel. This elevation layout contained most of the information needed to divide
the vessel into 9 vertical sections. Except for the elevation of the boundary between Section 1 and
Section 2, all the other section boundaries were determined from Figure 12-2. Proceeding up the vessel,
the bottom of Section 1 is the inside vessel bottom. The bottom of Section 3 is defined as the beginning
of the active fuel. The bottom of Section 4 is the top of the active fuel. The bottom of Section 5 is the
elevation at the bottom of the upper core plate (UCP). The bottom of Section 6 is the elevation of the
bottom of the hot-leg inner wall. The bottom of Section 7 is the elevation of the top of the hot leg. The \L/
bottom of Section 8 is the elevation 'at the bottom of the upper support plate. The bottom of Section 9 is
the elevation at the top of the upper guide tube in the upper head. The top of Section 9 is the inside top
of the vessel upper head. The bottom of Section 2 is the only section boundary that cannot be determined
by viewing Figure 12-2. The bottom of Section 2 is defined by an elevation such that the flow area of the
curved lower support plate (or the lower support dome) below this elevation is approximately equal to
that above this elevation. Figures 12-3 and 12-4 show the location of the section boundary between
Sections 1 and 2.

After defining the elevations for each section, a noding scheme was defined following the same basic
rules applied to the LOFT model. These rules include: 1) cell boundaries at all significant area changes,
pressure loss locations, and changes in flow direction; 2) a minimum of two lateral subregions
(channels) in each section where multi-dimensional flow is expected; 3) a hot assembly in the core
section of the PWR model, as in all large-scale integral test simulations.

Figures 12-5 through 12-8 illustrate the IP2 vessel noding. Figure 12-5 is a vertical section noding

diagram, and Figures 12-6 through 12-8 are horizontal views of each section. In these figures, the values

within the squares are the channel numbers, and the values within the circles with arrows attached to

them are the horizontal flow gap numbers. A gap is used to define a lateral flow path between channels.

Positive flow is in the direction indicated by the arrow. The WCOBRA/TRAC code assumes a vertical L
flow path for vertically stacked channels, unless specified otherwise in the input. Upward axial flow is N
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considered as positive flow. As can be seen in Figures 12-5 through 12-8, 63 channels and 66 gaps are
used in the IP2 model to define the vessel. Figure 12-5 also illustrates that several of the 9 sections were
subdivided into 2 or more levels. For example, the active fuel region (Section 3) is divided into

16 vertical levels. By accounting for the vertical subdivision within Sections 2, 3, 5, and 7, the vessel
model for IP2 has a total of 221 fluid cells. '

Vessel Section 1 models the vertical section of the vessel from the inside bottom of the vessel to an
elevation that splits equally (approximately) the through-flow area of the curved lower support dome
above and below this elevation. This section contains 5 channels (designated 1 through 5) and

8 horizontal flow gaps (numbered 1 through 8) to model this portion of the vessel. Channels 1 to 4
represent the annulus volume continued downward from the downcomef, and Channel 5 models the
center portion of this section underneath the curved dome. Because the flow in Channels 1 to 4 is
expected to be parallel to the curved surfaces of the vessel wall, the area that is perpendicular to the
streamlines at the top of these channels (which is at an angle of approximately 45 degrees from the -
vertical axis) is taken as the effective flow area at the top of these channels. The top flow area of
Channel 5 represents the through-flow area in the lower support dome and has an area of about

50 percent of the total through-flow area of the lower support dome. Gaps 1 to 4 are the lateral
connections between the 4 peripheral channels, and Gaps 5 to 8 are the radial connections between the
peripheral channels and Channel 5. Positive flow is in the arrow direction indicated in the figure. While
Channel 1 is in the vessel quadrant that connects to Loop 1 (the assumed broken loop), Channels 2, 3,
and 4 are in the quadrants that connect Loops 3, 4, and 2, respectively.

Vessel Section 2 models the vertical section of the vessel from the top of Section 1 to the bottom of the
active fuel region. This section contains 2 vertical sublevels. The intermediate level interface is set at
the top edge of the lower support dome, which is at about the same elevation of the top surface of the
radial keys. This section contains 5 channels (designated 6 through 10) and 8 horizontal flow gaps
(numbered 9 to 16). Channels 6 to 9 model the annulus volume outside the curved dome, Channel 10
models the volume inside the dome. The top cell of Channel 10 contains the flow distribution plate,
lower core plate, bottom fuel nozzle, non-active portion of the fuel rods, and so forth. The through-flow
area in the lower core plate was used as the momentum area connecting Channel 10 to the core region.
Gaps 9 to 12 model the lateral connections between the peripheral channels (Channels 6 through 9) in the
extended downcomer region, and Gaps 13 to 16 model the horizontal radial connections between the
peripheral channels and Channel 10. Because this section has 2 sublevels, each channel has 2 cells and
each gap has 2 levels. The upper level of the radial gaps, however, is blocked since there is no flow
across the core barrel extension (sometimes referred to as the flow skirt). The lower level of the radial
gaps models the flow across the lower support dome in this section. The total flow area of these gaps
equals about 50 percent of the through-flow area of the whole lower support dome. Area variation inputs
are used to vary the axial and gap flow areas in this section to account for the area changes due to the
curved walls and other structure blockages.

Vessel Section 3 models the vertical section of the vessel from the bottomn to the top of the active fuel
region. The modeling is accomplished using 16 vertical cells in 9 channels (designated 11 through 19),
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and 12 horizontal flow gaps (17 through 28). Channels 11 to 14 each represent one-fourth of the

downcomer annulus volume between the vessel inner wall and the core barrel outer wall. Channel 15 is \L/
the annulus volume between the barrel inner wall and the baffle plates (barrel/baffle region), and is ‘
designated as the B/B channel. Channels 16 through 19, combined, represent the total fluid volume

within the baffle plates (minus the thimble bypass volume), that is, the entire core active fuel region for

all 193 assemblies in IP2. Channel 16 includes assemblies on the periphery of the core that have relative

low power. For IP2, 44 assemblies are in Channel 16, which is designated as the low-power (LP)

channel. To determine the breakdown of the remaining 149 assemblies, in particular, the designation for

the hot assembly, the upper plenum (vessel Section 5) structure layout was examined. Figure 12-9 shows

that 4 types of internals existed in the upper plenum: guide tubes, orifice holes, support columns, and
free-standing mixers. Among the 4 types of structures, the [

]a.c

The active fuel length is divided into 16 axial cells. The grids are modeled within this length range at

their specified elevations. The axial form loss coefficients are modeled at the appropriate momentum

cell centers. The momentum area at the top of the fuel channels uses the flow area through the top fuel L
Jd
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nozzle, which has the limiting flow area. The momentum area at tile bottom of Channels 16 through 19
uses the through-flow area of the lower core plate.

Section 4 models the vertical section of the vessel from the top of the active fuel to the bottom of the
UCP. This section has 1 vertical cell and uses 9 channels (designated 20 through 28) and 8 horizontal
gaps (29 to 36) to model this portion of the vessel. Channels 20 to 23 each represent one-quarter of the
downcomer annulus volume between the vessel inner wall and the core barrel. Channels 24 to 28 model
the vessel volume inside the baffle which is referred to as the counter-current flow limit (CCFL) region.
Channels 25 to 28 represent the [

F*

Section S extends vertically from the elevation of the bottom of the UCP to the elevation of the bottom of
the hot leg. This section contains 2 vertical cells for 10 channels (designated 29 through 37, and 62) and
9 horizontal flow gaps (37 through 44, and 64). Channels 29 to 32 are the downcomer channels each
representing one-fourth the downcomer annulus volume between the vessel wall and the barrel outer
wall. Channels 34, 35, 36, and 37 model the cylindrical volumes with flow areas and wetted perimeters
based on the holes in the upper plate, above the LP, SC/OH/FM, GT, and HA fuel channels, respectively.
Channel 33 is the inner global channel representing the fluid volume outside of the cylindrical volumes
above the fuel assemblies in the SC/OH/FM, GT, and HA channels. : Channel 62 is the outer global
channel representing the rest of the fluid volume in the upper plenum that is not included in the inner
global channel.

Section 6 models the vertical section of the vessel from the bottom to the top of the hot leg (inner
diameter). This section uses 1 vertical cell in 12 channels (designated 38 through 49) and 11 horizontal
flow gaps (45 to 55) to model this section. Figures 12-5 and 12-7 provide an illustration for the vertical
and radial representation of this section of the vessel model. Channels 38 to 41 each represent one-fourth
of the downcomer annulus volume between the vessel inner wall and the core barrel outer wall,
excluding the hot leg that passes through this region. Channel 42, the inner global channel in this
section, includes the volume above the single hot assembly combined with the volume above the inner
global channel in the section below. Channels 44 and 45 model the fluid volumes inside the support
columns and the guide tubes in this section, respectively. Channel 43, the outer global channel, models
the rest of the fluid volume in the section. Channels 46 to 49 each represents the volume of the hot leg
within the vessel. Gaps 52 to 55 model the lateral flow connections between the upper plenum and the
hot legs. ‘

Section 7 extends vertically from the top of the hot leg to the bottom of the upper support plate, yielding
an overall height of 82.50 inches for this section. This section is divided into 2 levels with the lower
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level cell from the top of the hot legs to the bottom of the deep beam. This section contains 2 cells for

8 channels (designated 50 through 57) and 7 horizontal flow gaps (56 to 62). Channels 50 through 53 L
each represent one-quarter the downcomer annulus volume between the vessel inner wall and the core A
barrel outer wall, and are connected vertically to the upper head through the spray nozzle holes.

Channel 54 is the inner global region and is a vertical extension of Channel 42. Channel 55 is the outer

global region and is a vertical extension of Channel 43. Similarly, Channels 56 and 57 are the vertical

extensions of Channels 44 and 45, respectively, in the section below. There are no vertical flow

connections at the top of Channels 54, 55, and 56 between the upper plenum and the upper head.

Channel 57 connects vertically to the upper head through the guide tube extension.

Section 8 extends vertically from the bottom of the upper support plate to the upper guide tube’s top plate
(elevation 444.406 inches), yielding an overall height of 19.25 inches. This section has 1 vertical cell for
4 channels (designated 58 through 60, and 63) and 3 horizontal flow gaps (63, 65, and 66). Channels 58
and 63 model the peripheral region. Channel 58 is connected vertically to the downcomer Channels 50
and 51 below, and Channel 63 is connected to the downcomer Channels 52 and 53 in Section 7.

Channel 60 models the fluid volume inside the guide tube, and Channel 59 models the rest of the fluid
volume in the upper head in this section. The boundary between this channel and the peripheral channels
is defined by an imaginary cylindrical surface that intersects the upper head’s vessel wall at an elevation
of 444.406 inches.

Vessel Section 9 models the vertical section of the vessel extending from the top plate of the upper guide

tube to the inside top of the vessel head, yielding an overall height of 50.531 inches for Section 9. This \L J
section is modeled by 1 channel (designated 61). There is no horizontal flow gap in this section. The

flow area at the bottom of Channel 61 is equal to the sum of the flow area at the top of Channels 59 and

60 from Section 8. '

Tables 12-1 and 12-2 give the channel noding and gap connection summary for the IP2 vessel model.
Core Model

The WCOBRA/TRAC code allows for modeling of heated and unheated conductor geometries.

Unheated conductors are used to model metal mass in the reactor vessel such as the vessel wall. These
conductors are connected to appropriate vessel channels. For heated conductors, the code allows for
detailed radial and axial noding. For the nuclear rod, other fuel related inputs (rod internal pressure, fuel
rod gas molar fractions, cladding thickness, fuel theoretical density, etc.) can be specified. For the

15x15 fuel, each fuel bundle contains 204 fuel rods, 20 thimble tubes, and 1 instrumentation tube. Five
fuel rod groups are modeled in the IP2 vessel model. Rod 1 represents a single fuel rod, known as the hot
rod, and is located in the hot assembly (Channel 19). Rod 2 represents the remaining 203 fuel rods in the
hot assembly and has a power equivalent to the hot assembly average fuel rods. Rod 3 represents the

61 average fuel assemblies contained in the guide tube channel (Channel 18). Rod 4 represents the

87 average fuel assemblies contained in the support column/open hole/free-standing mixer channel L
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(Channel 17). Rod S represents the 44 assemblies contained in the peripheral low-power channel
(Channel 16).

Each fuel rod is assigned an axial power profile. The axial power profile is varied within the uncertainty
analysis as discussed in Section 12-5.

Loop Model

As with the vessel inputs, each component in the one-dimensional loop can have a number of cells to
allow for changes in geometry to be modeled along the component. In the input structure, each
component was identified by a module title, a unique component number, and connections to numbered
junctions between components. In addition, a descriptive text title can be used to uniquely identify each
component. The 4 loops for IP2 were defined using 54 components and 57 junctions in the steady-state '
model. To model the thimble bypass flow, 3 additional loops were used that consist of 3 pipe
components and 6 junctions. A total of 57 one-dimensional components and 63 junctions were employed
in the steady-state loop model. The interface junction numbers between the one-dimensional component
and the vessel were defined in the vessel input. Figure 12-11 presents the IP2 WCOBRA/TRAC loop
noding diagram, with component numbers indicated by rectangular boxes and junctions by circular
boxes.

The loop noding convention can be illustrated using loop 4 in Figure 12-11, which contains the
pressurizer. The hot leg (Component 41) was modeled as a TEE, with the pressurizer (Component 54)
connected to the secondary branch line. The pressurizer was modeled using the PRIZER module. The
hot-leg primary line connects to the steam generator (Component 42), which was modeled using the
STGEN module. The inlet and outlet boundary conditions for the steam generator secondary side are
modeled as a BREAK (Component 43) and a FILL (Component 44), respectively. The crossover leg
(Component 45) connecting the steam generator outlet plenum to the pump was modeled as a PIPE, while
the pump (Component 46) was modeled using the PUMP module. The cold leg was modeled using a
TEE (Component 47) and a PIPE (Component 48). The components connected to the secondary branch
of the cold-leg TEE represent the ECCS. The piping and valve between the cold leg and pumped safety
injection (SI) location (Component 91) was modeled using the VALVE module. The SI injection
connection to the accumulator injection line was modeled as a TEE (Component 92). The SI injection
flow as a function of pressure was specified using a FILL (Component 93). The piping and valve
between the SI TEE and the accumulator were modeled as a VALVE (Component 94). The accumulator
was modeled using the ACCUM module (Component 95).

Components 55, 56, and 57 modeled the thimble bypass flow of the low-power assemblies, the support
column/open hole/free-standing mixer assemblies, and the guide tube assemblies, respectively, using
PIPE modules. This bypass flow, while small, must be modeled to accurately predict steady-state fluid
temperatures in the core.
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Emergency Core Cooling (ECC) and Safety Injection Model

The safety injection system (SIS) for IP2 consists of 4 accumulator tanks, 3 high-head safety injection \‘J-/
(HHSI) pumps, and 2 low-head safety injection (LHSI) pumps. All pumps are connected to injection
lines that merge into either the accumulator injection lines connected to the cold legs or the cold legs.
The former arrangement was modeled for all 4 loops, as can be seen in Figure 12-11. This arrangement
is judged to be more conservative, because SI injection is reduced while accumulators are injecting, due
to the large pressure drop through the line. The accumulators were modeled to inject at 650 psia with
795 cubic feet of borated water at 105°F. The accumulator and SI on the broken loop were assumed to
spill to containment. It was assumed that 1 of the 3 HHSI pumps would fail and the other 2 remained in
operation. For the LHS], it was assumed that 1 of the 2 pumps failed (single failure) and 1 remained in
operation. While the failure of 1 LHSI and 1 HHSI pump is more conservative than required, it
simplifies the analysis for the following reason. The limiting single failure must take into account the
effect on containment pressure. Failure of an entire safety train would result in the loss of 1 or several
containment spray and fan cooling units, reducing containment cooling, and increasing containment
pressure, which is expected to reduce peak cladding temperature (PCT). Failure of 1 LHSI maintains all
containment cooling systems to minimize pressure. On the other hand, this failure results in slightly
greater SI flow, also expected to be a benefit. Assuming loss of 1 HHSI and 1 LHSI bounds both
situations. Minimum injection flows were assumed. To provide for future plant margin, only 85 percent
of the resulting HHSI flow and 90 percent of the resulting LHSI flow were counted for as the available SI
flow that was equally distributed among the 3 intact loops. l/
12-3 REFERENCE TRANSIENT AND ALLOWABLE PLANT OPERATING
CONDITIONS

The best-estimate methodology establishes a sampling of the distribution of PCT that could occur due to
changes in plant or model variables (Section 11). The following paragraphs describe the assumptions in
the key LOCA parameters for IP2.

The reference case input values as well as the plant operating range for IP2 are listed in Table 12-3. The
input values falls under three categories: 1) plant physical description, 2) plant initial operating
conditions, and 3) accident boundary conditions. The values used for the reference case for each of these
parameters is discussed in the following subsections.

For most of the parameters, the nominal value is assumed for the reference case. For others, a bounding

or conservative value is assumed. The uncertainty associated with these parameters is accounted for in
the uncertainty analysis, as shown in Section 12-6.

12-3-1 Plant Physical Description

a. Dimensions: Nominal geometry is assumed. Uncertainties in nominal geometry input are L
implicitly accounted for in the code assessment, since experiments were also subject to thermal
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expansion and dimensional uncertainty effects. -In addition, grid crushing due to seismic plus
LOCA forces is not calculated to occur in the IP2 core, so the effect of distorted assembly
geometry need not be analyzed.

b. Flow Resistance: Best-estimate values of loop flow resistance are assumed. Uncertainty in the
mode] used to calculate flow resistance is accounted for by ranging the broken cold-leg nozzle
resistance.

c. Pressurizer Location: Sensitivity studies have shown that locating the pressurizer [

]a.C
d. Hot Assembly Location: A conservative location for the hot assembly is assumed. For IP2, the

hot assembly is located under a flow mixer.

e. Hot Assembly Type: The hot assembly is a 15x15 fuel assembly design in its first cycle of
irradiation.

f. . Steam Generator Tube Plugging Level: The highest average tube plugging likely to be present
during the next several cycles is expected to be less than 25 percent. For the reference case, a
tube plugging level of 25 percent is selected as the limiting value, based on prior sensitivity
studies (Table 27-1-3 of WCAP-12945-P-A).

12-3-2 Plant Initial Operating Conditions: Reactor Power

a. Initial Core Average Linear Heat Rate: The core power assumed for the reference case is
100 percent of an uprated power level (3216 MW?t).

b. Hot Rod Peak Linear Heat Rate: The total peaking factor (FQ) for the reference case is set to
2.215. : :
c. Hot Rod Average Linear Heat Rate (F,y): In the reference case, F,y is set to 1.733, which is

slightly above the Technical Specification value of 1.72.

d. Hot Assembly Average Linear Heat Rate: The minimum difference between the power

generated in the hot rod and that in the hot assembly average rod is conservatively assumed. The
hot assembly average rod is assumed to be [ J*¢ lower in power than the hot rod.
Example PWR Application May 2003
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Hot Assembly Peak Linear Heat Rate: Consistent with the average linear heat rates, the
peaking factor used to calculate the peak linear heat rate generated in the hot assembly average
rodis [ ]*¢ lower than the value assumed in the hot rod.

Axial Power Distribution: The power distribution represented by power shape 10 is assumed
for the reference case (Figure 12-12) and corresponds to PBOT=0.2575, PMID=0.365,
FQ=2.215.

Low-Power Region (PLOW): Current and expected core designs for IP2 result in a range of
PLOW from 0.4 to 0.8. A PLOW of 0.4 is selected as the limiting value for the reference case,
based on prior sensitivity studies (Table 27-1-3 of WCAP-12945-P-A).

Burnup: The burnup is selected from the [
1**. For the reference case, a nominal cycle burnup equal to 2000 MWD/T is
assumed.

Prior Operating History: The power distribution assumed to exist at the time of the LOCA is
conservatively assumed to have existed since plant startup when determining fission product
inventories.

Moderator Temperature Coefficient (MTC): The maximum value specified in the Technical
Specifications is assumed, to conservatively estimate core reactivity and fission power.

Hot Full-Power (HFP) Boron Concentration: A value typical of those used in current cores is
assumed. '

12-3-3 Plant Initial Operating Conditions: Fluid Conditions

a. Average Fluid Temperature (T,,.): The maximum expected value during normal full-power
operation, including uncertainties (+4°F), is used for IP2.

b. RCS Pressure: The maximum value (2310 psia) is assumed for the reference transient of IP2.

c. Loop Flowrate: The minimum loop flow is assumed for the reference transient.

d. Upper Head Temperature (T;): The appropriate best estimate value of Ty, is assumed.

e. Pressurizer Level: The nominal value of pressurizer level is assumed.

f. Accumulator Water Temperature: A nominal (midpoint) value within the range established
for IP2 is assumed.

Example PWR Application May 2003
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g. Accumulator Pressure: A nominal (midpoint) value of accumulator pressure is assumed.

h. Accumulator Water Volume: A nominal (midpoint) value of accumulator water volume is
assumed.

i. Accumulator Line Resistance: A best-estimate value of accumulator line resistance is assumed.

J Accumulator Boron Concentration: The Technical Specification minimum value is assumed.

12-3-4 Accident Boundary Conditions

a. Break Location: A break near the midpoint of the cold leg is assumed. Scoping studies have
confirmed that the cold leg remains the limiting location for a large LOCA.

b. Break Type: The guillotine break is assumed in the reference case. [
I*
c. Break Size: The nominal cold-leg area is assumed for the guillotine break. A nominal discharge

coefficient (CD=1.0) is assumed for the reference case. The uncertainty in the discharge

coefficient is accounted for within the uncertainty analysis, [
.

d. Offsite Power: No loss of offsite power is assumed, consistent with the limiting case from the
prior sensitivity studies (Table 27-1-3 of WCAP-12945-P-A).

e. Safety Injection Flow: Minimum SI flow is assumed, calculated using methods consistent with
those currently employed for Appendix K analysis. Prior sensitivity studies indicate that
increased SI flow reduces PCT. This parameter is, therefore, bounded.

f. Safety Injection Temperature: Nominal (midpoint) values are assumed.

g. Safety Injection Delay: Maximum values consistent with the limiting offsite-power assumption
(offsite-power available) are used.

h. Containment Pressure: A conservative low value calculated using currently approved
containment codes and using mass and energy release from the WCOBRA/TRAC calculation is
assumed.

i. Single-Failure Assumption: The loss of a safety train (that is, the loss of a low-head pump and

a high-head pump) will be assumed for the determination of pumped ECCS flow during the
LOCA, while the train is assumed to operate in the calculation of containment backpressure.

Example PWR Application May 2003
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This will result in a conservatively low containment backpressure. In other plant analyses,
sensitivity studies may be performed to permit a less conservative set of assumptions. \L/‘

J Rod Drop Time: Consistent with the current design basis for this plant, control rods are
assumed not to drop during the LOCA.

12-3-5 Plant Operating Range

The PCT and its uncertainty developed by the best-estimate methodology is valid for a range of plant
operating conditions. Several parameters in the reference calculation are at nominal values. The range
of variation of the operating parameters is accounted for in the uncertainty analysis. This is
accomplished by assuring that, in the sampling of the attributes for each run (Section 12-5), the operating
range is bounded.

Table 12-3 summarizes the values that the key LOCA parameters will have in the reference case for IP2.
The proposed plant operating range and limits over which the uncertainty evaluation is to be performed
are also shown. The estimate of the PCT at 95-percent probability is considered to be valid over this
range, with 95-percent confidence.

Table 12-4 presents the reference value of the plant variable, the nominal or midpoint operating value,

and the sampling range for the initial condition and power distribution parameters. The ranges are
derived from the plant operating range in Table 12-3. [ b

]a.C
12-3-6 Confirm Reference Case Limiting Assumptions

Several of the reference conditions assumed to be bounded are verified on a plant-specific basis. For IP2,
the reference case assumptions were based on [

J*¢ The results are shown in Table 12-5. All of the assumptions used in the reference
case were confirmed.

12-4 REFERENCE TRANSIENT ANALYSIS

The reference transient conditions were discussed in the previous section. The transient is obtained by
performing a steady-state calculation followed by the transient calculation. L
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12-4-1 Steady-State Calculation

A WCOBRA/TRAC PWR LOCA calculation is initialized from a point at which the flows, temperatures,
powers, and pressures are at their specified steady-state values before the postulated break occurs.
Consequently, steady-state WCOBRA/TRAC calculations are performed prior to the transient
calculations to ensure that the desired steady-state reactor conditions are achieved. (See Figure 12-11 for
the layout of the IP2 PWR steady-state model.)

Steady-state plant pressure drop conditions are obtained from data generated by the Westinghouse
Mechanical Equipment Design group. Steam generator pressure drop and secondary-side data are
obtained from data generated by the Westinghouse Steam Generator Mechanical Development group.
These calculated plant conditions reflect input parameters such as reactor coolant pump flows, core
power, steam generator tube plugging levels, system pressures, and fluid temperatures. The pressure
drops calculated by WCOBRA/TRAC are checked against the previous design data. '

Fuel parameters are obtained from the Westinghouse Fuel Division PAD code (Foster and Sidener,
2000), which provides the steady-state fuel pellet average temperatures as a function of fuel burnup and
linear power, the fuel rod gas pressure, gap conductance, and so forth. The nuclear fuel rods are
initialized with consistent internal gas properties and other fuel properties such that at end of the steady-
state the average fuel temperatures predicted by WCOBRA/TRAC correspond to the fuel temperature
obtained from the PAD code.

The calculated flowrate, pressure distribution, fluid, and fuel temperatures are adjusted to closely match
the above-mentioned data. This is achieved by adjusting some of the input parameters. For example, T,,.
is affected by the primary-to-secondary-side heat transfer. The T,,, can be adjusted by varying the steam
generator feedwater temperature and/or the steam generator secondary-side pressure. The fuel
temperature is adjusted by varying the initial cold gap widths between the pellet and the cladding. In
general, there is a functional relationship between the WCOBRA/TRAC inputs and the final steady-state
solution where the solution at the end of the steady state is the result of the combined effect of several
input variables. An automated procedure was developed where iterative calculations are performed to
determine the input value such that the calculated steady-state satisfies a pre-defined steady-state
acceptance criteria.

Steady-state acceptance criteria are necessary because the above-mentioned fluid and core conditions are
likely to differ somewhat from plant to plant and the degree to which these parameters are matched in the
WCOBRA/TRAC simulation must be consistent. Table 12-6 shows the acceptance criteria used in |
WCOBRA/TRAC for acceptable simulation of plant conditions. A checklist for a number of significant
parameters is given below, which utilizes this table to verify whether these variables have reached their
acceptable steady-state values.

1. Core power and peak linear heat rate are matched exactly because they are input values.

Example PWR Application May 2003
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10.

Integrals of rod power represent the radial peaking parameter, F,,;. Integrals of the input power
are calculated and normalized by the code to given F, values for the hot rod, hot assembly rod,
and core average rod. These values must agree with their intended values.

The maximum fuel average temperatures for the hot rod, the hot assembly rod, the average rods,
and the low-power rod must agree with the desired values from the PAD data, within the
tolerance as indicated in Table 12-6.

Vessel inlet, outlet, and upper head fluid temperatures define the fluid temperature distribution in
the vessel and the average RCS temperature (T,,.), which is the mean value of the inlet and outlet
temperatures. The T,,, should be within the tolerance shown in Table 12-6.

Pump flow must be kept within a tight tolerance to assure that the overall vessel/loop pressure
drop is balanced by the pump head, and the desired flowrate through the vessel has been
achieved.

System pressure (pressure in the top cell of the pressurizer) and the water level in the pressurizer
must be kept within the tolerance shown in the table to assure that the steady-state pressurizer
condition is closely simulated.

Pressure drops across the vessel and through the core must agree with the values provided by the
mechanical design data within the tolerance shown in the table.

Core bypass flow (including the thimble bypass flow and the spray nozzle flow) should closely
match those provided by the mechanical design data.

When identical loops are used to simulate the reactor system, the calculated results should be
symmetrical with respect to each loop. No crossflow (lateral gap flow) is to occur in the
downcomer and in the lower plenum. '

Steam generator secondary-side water mass must closely match the value reported in the Steam
Generator Thermal-Hydraulic Design Data report.

Once the fuel and fluid temperatures, vessel and loop pressure drop, and flow distributions are in
agreement with the desired input parameters, and conditions are steady, a suitable initial condition has
been achieved for the LOCA transient simulation.

All items in Table 12-6, with the exception of the pressure drops and bypass flowrate items (items 9, 10,
11, and 12), can differ from case to case within the Automated Statistical Treatment of Uncertainty
Method (ASTRUM) run matrix. These are checked for each transient within the run matrix. Pressure
drops and bypass flowrates are only adjusted for the reference conditions and can vary from case to case
within the ASTRUM run matrix, due to variations in fluid conditions.
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12-4-2 Transient Calculation

Once the steady-state calculation is achieved and found to be acceptable, the transient calculation is
initialized. For the reference transient, a postulated double-ended guillotine break is assumed to occur in
1 of the cold legs as shown in Figure 12-13. Figure 12-14 shows the arrangement for the split break.
The accumulator and the SI lines of the broken loop are assumed to be lost and are not modeled. Two
sets of check valves are used in the intact accumulator/SI lines. Referring to Figure 12-11, check
valves 71, 81, and 91 will open the SI lines when the RCS pressure drops below the maximum pressure
of the HHSI pumps and the assumed SI delay time is exceeded. Check valves 74, 84, and 94 will open
the accumulator lines once the RCS pressure reaches the accumulator set point. Components 73, 83,
and 93 are FILL components that use flow versus pressure tables for the desired pumped emergency
cooling flow. The steam generators are isolated by replacing the FILL and the BREAK components
(Components 13, 14, 23, 24, 33, 34, 43, and 44) with zero-flow FILL components. Components 17
and 18 are the broken cold legs on the loop side and on the vessel side, respectively. A containment
backpressure table (pressure versus time) is also provided as input to the break boundaries using results
from COCO containment calculations (Bordelon and Murphy, 1974).

The steady-state calculation is restarted with the above changes to begin the transient.
12-4-3 Reference Transient Results

Figures 12-15 to 12-21 show results from the reference case calculated using WCOBRA/TRAC MOD7A
Revision 6. Figure 12-15 shows the nominal hot rod PCT. Figure 12-16 shows the cladding temperature
at several elevations. For the reference case, the blowdown and reflood PCT locations both occur at

8.8 feet. Later in reflood, the limiting location is higher in the core. Rapid flow reversal due to high
break flowrates results in a relatively early blowdown PCT, which occurs 10 seconds after the LOCA
begins. Core pressure (Figure 12-17) reaches containment pressure at about 25 seconds. This marks the
end of blowdown heatup and cooling. The lower plenum is rapidly filled with accumulator water

(Figure 12-18) after ECC bypass has ended. Refill lasts until the lower plenum collapsed liquid level
reaches the bottom of the core. Reflood then begins at 40 seconds as downcomer (Figure 12-19) and core
(Figure 12-20) collapsed liquid levels increase, and the first reflood PCT is reached. Shortly after
reflood begins, the accumulators empty and a brief in-surge of water occurs due to nitrogen injection.
During this time, heat transfer is increased and the cladding is significantly cooled. After the nitrogen
flow decreases, steam generation depresses the water level in the core, and some vessel mass is lost out
the break (Figure 12-21). The vessel mass again decreases for a time after 200 seconds when water in the
lower plenum and downcomer becomes saturated and begins to boil. A brief late heatup occurs high in
the core at about 200 seconds, until pumped SI and reduced structural heat release cause liquid levels to
increase again. The hot rod is quenched entirely in the reference transient at about 500 seconds.
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12-5 DEVELOPMENT OF RUN MATRIX

The individual uncertainty contributors are sampled with a random number generator as discussed in \L/
Section 11. The random number generator generates the attributes for at least 59 WCOBRA/ TRAC
runs. This is the number of runs that is required to conservatively estimate the true 95th percentile of the
population of PCT.

The list of attributes (or uncertainty contributors) can be divided into 2 main groups. The first group
includes all the model uncertainty contributors. The model uncertainty contributors include global model
and local model parameters. The global model parameters are varied within the WCOBRA/TRAC code
whereas the local models are varied within the HOTSPOT code, which is executed once the
WCOBRA/TRAC calculation is completed. The second group includes the initial condition and power
distribution uncertainty contributors. These parameters are plant specific. The nominal and reference
values, as well as the sampling range for IP 2, are shown in Table 12-4.

12-6 ASTRUM RESULTS AND DETERMINATION OF THE 95/95 PCT VALUE

The maximum PCT predicted for each of the 59 runs is extracted. Table 12-7 shows the value of the

uncertainty contributors for the most limiting transients. The reference transient is compared to the

limiting case in Figure 12-22. The most limiting transient is a double-ended cold-leg guillotine (DECLG)

break. The maximum PCT is 1899°F. This corresponds to a conservative estimate of the 95-percent

PCT probability with 95-percent confidence level. \L/

The global variables listed in Table 12-7 have been defined previously, but local variable settings require
some explanation. The parameter values (PVs) for most of the local variables are calculated as shown in
Table 12-8. When the statistical fluctuation is expressed as a percentage of the best-estimate value, and
the population is normal, PV is defined as I + V,, where V, is a random sample from a normal
distribution with mean 0 and standard deviation . When the statistical fluctuation is expressed as a
percentage of the best-estimate value and the population is uniform, PV is defined as I + RNG * V,,
where V, is a random number between -1 and 1, and RNG is the range of the distribution. When the
statistical fluctuation is a dimensional number and the population is normal, PV is defined as0 + V, ,
where V, is a random sample from a normal distribution with mean 0 and standard deviation ¢. Finally,
when the statistical fluctuation is a dimensional number and the population is uniform, PV is defined as
RNG * V,, where V, is a random variable between -1 and 1.

The last 4 local variables shown in Table 12-7 are the heat transfer multipliers, sampled from the
distributions summarized in Table 1-8.

Figure 12-23 shows the PCT transient for the 9 highest PCT cases as well as the reference transient. Of
them, 2 are split break and 7 are DECLG.
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In the non-parametric statistical treatment of uncertainty, all uncertainty contributors are varied
simultaneously. The drawback of this method is that it is more difficult to examine the results of each
individual transient, and in particular to draw conclusions about the evaluation model performance
comparing one case to another. The combined effect of several parameters make this type of judgment
cumbersome.

However, it is known that among all uncertainty contributors, some of them are dominant contributors. It
is possible to draw some conclusions by examining different transients and looking at the single effect of
the dominant factors. The effect of dominant contributors was estimated performing a parametric
analysis. The base case in the parametric study was based on the reference conditions. The results from
the parametric study are used to support a sanity check for the most limiting transients of the ASTRUM
run matrix. The intent here is only to provide some basis to evaluate the performance of the evaluation
model even though this step is not required within a non-parametric uncertainty analysis.

The selected uncertainty contributors for the parametric analysis are the power shape (essentially the
peaking factor FQ), the augmented loop resistance KN, the break flow discharge coefficient (CD), the
break type, and the burnup. For IP2, both the reference case and the limiting case are a double-ended
guillotine break type. Therefore, the parametric studies for FQ, KN, CD, and burnup were applied to a
double-ended guillotine break. The effect of the break type was analyzed using a split break with the
same total break area as the double-ended guillotine break, and reference case conditions for all other
attributes. Results of the parametric study are summarized in Table 12-9.

]&C
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12-7 OTHER 10CFR50.46 CRITERIA

The additional Code of Federal Regulations (CFR) 10CFR50.46 criteria that ASTRUM needs to address
are the following:

. Verify that with high probability the maximum cladding oxidation is less than 17 percent
. Verify that with high probability the core-wide oxidation is less than 1 percent

The calculation of both the local oxidation and the core-wide oxidation is based on the results from the
most limiting transient.

The maximum local oxidation was calculated as described in Section 11-6-1. For IP2, the maximum
local oxidation is about 2 percent, which is considerably below the 17-percent limit prescribed by the
10CFRS50.46 criteria. This result includes the effects of double-sided reaction, because the limiting case
had cladding burst predicted by the code.

The local oxidation is known to be a strong function of the PCT. This dependence is clearly seen in
Figure 12-36.

For IP2, the whole rod volumetric oxidation fraction of the hot rod estimated from the limiting case
results is 0.6 percent. Therefore, a detailed calculation of core-wide oxidation as described in

Section 11-6-2 is not necessary for IP2. By definition, the core-wide oxidation fraction is less than the
hot rod volumetric oxidation and the 10CFR50.46 criterion on core-wide oxidation is satisfied.
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Table 12-1 Channel Descriptions for WCOBRA/TRAC IP2 Vessel Model
Connections to Channels
Seétion | Channel Description Above Below

1 1 Lower Plenum — Broken Quadrant 6 -
2 Lower Plenum - Intact Quadrant 7 -
3 Lower Plenum ~ Intact Quadrant 8 -
4 Lower Plenum — Intact Quadrant 9 -
5 Lower Plenum — Center Portion 10 -

2 6 Lower Plenum — Broken Quadrant 11 1.
7 Lower Plenum — Intact Quadrant | 12 2
8 Lower Plenum — Intact Quadrant 13 3
9 Lower Plenum — Intact Quadrant 14 4
10 Lower Plenum — Core Inlet 15,16,17,18,19 5

3 11 Downcomer — Broken Quadrént 20 6
12 Downcomer — Intact Quadrant 21 7
13 Downcomer — Intact Quadrant 22 8
14 Downcomer — Intact Quadrant 23 9
15 Barrel-Baffle Region - 10
16 Low-Power/Periphery Assemblies 25 10
17 Assemblies Below Support Columns/Open Holes/ 26 10

Free-Standing Mixers
18 Assemblies Below Guide Tubes 27 10
19 Hot Assembly Under Free-Standing Mixer 28 10
- Example PWR Application May 2003
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Table 12-1 Channel Descriptions for WCOBRA/TRAC IP2 Vessel Model
(cont.)
Connections to Channels
Section | Channel Description Above Below
4 20 Downcomer — Broken Quadrant 29 11
21 Downcomer — Intact Quadrant 30 12
22 Downcomer — Intact Quadrant 31 13
23 Downcomer — Intact Quadrant 32 14
24 Global Volume Below UCP, Not Within Fuel - -
Region
25 CCFL Region Above Low-Power/Periphery 34 16
Assemblies
26 CCFL Region Below Support Columns/Open 35 17
Holes/Free-Standing Mixers
27 CCFL Region Below Guide Tubes 36 18
28 CCFL Region Below a Free-Standing Mixer and 37 19
Above Hot Assembly
5 29 Downcomer ~ Broken Quadrant 38 20
30 Downcomer — Intact Quadrant 39 21
31 Downcomer - Intact Quadrant 40 22
32 Downcomer — Intact Quadrant 4] 23
33 Inner Global Region Above UCP 42 -
34 Upper Plenum Support Columns/Open Holes/Free- 43 25
Standing Mixers in Outer Ring Above Low-Power
Assemblies
35 Upper Plenum Support Columns/Open Holes/Free- 44 26
Standing Mixers
36 Upper Plenum Guide Tubes 45 27
37 Upper Plenum Free-Standing Mixer Above the Hot 44 28
Assembly
62 Outer Global Region Above UCP 43 -
Example PWR Application May 2003
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Table 12-1 Channel De;criptions for WCOBRA/TRAC IP2 Vessel Model
(cont.)
Connections to Channels
Section | Channel Description Above Below
.6 38 Downcomer — Broken Quadrant 50 29
39 | Downcomer — Intact Quadrant 51 30
40 Downcomer ~ Intact Quadrant 52 31
41 bowncomer - Ihtact- Qﬁadrant 53 32
‘ ‘42 Upper Plenum Inner Global Region 54 33
43 Upper Plenum Outer Global Regioﬁ 55 34, 62
44 Upper Plenum Support Columns/Open Holes/Free- 56 35,37
Standing Mixers
45 Upper Plenum Guide Tubes 57 36
46 Hot Leg Inlet — Broken Quadrant - - It
47 Hot Leg Inlet — Intact Quadrant - - "
48 Hot Leg Inlet - Intact Quadrant - - I!
49 Hot Leg Inlet — Intact Quadrant - -
7 50 Downcomer — Broken Quadrant 58 38
51 Downcomer — Intact Quadrant 58 39
52 Downcomer — Intact Quadrant 63 40
53 Downcomer — Intact Quadrant 63 41
54 Upper Plenum Inner Global Region - 42
55 Upper Plenum Outer Global Region - 43
56 Upper Plenum Support Columns/Open Holes/Free- - 44
Standing Mixers
57 Upper Plenum Guide Tubes 60 45
Example PWR Application May 2003
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Table 12-1 Channel Descriptions for WCOBRA/TRAC IP2 Vessel Model
(cont.) ’ \L/
Connections to Channels
Section Channel Description Above Below
8 58 Lower Upper Head Outer Region Above Spray - 50, 51
Nozzles — Broken/Intact Side
63 Lower Upper Head Outer Region Above Spray - 52,53
Nozzles — Intact/Intact Side
59 Lower Upper Head Inner Region 61 -
60 Upper Guide Tube 61 57
9 61 Upper Head Top Region - 59, 60
Example PWR Application May 2003
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Table 12-2 Gap Connections for WCOBRA/TRAC IP2 Vessel Model
- Section Gap From Channel To Channel
1 1 1 4
2 1 2
3 2 3
4 3 4
5 1 5
6 2 5
7 3 5
8 4 5
2 9 6 9
10 6 7
11 7 8
12 8 9
13 6 10
14 7 10
15 8 10
16 9 10
3 17 11 14
18 11 12
19 12 13
20 13 14
21 11 15
22 12 15
23 13 15
24 14 15
25 16 17
26 16 18
27 17 18
28 17 19
4 29 20 23
30 20 21
31 21 22
32 22 23
33 24 25
34 24 26
35 24 27
36 24 28
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Table 12-3 Reference Values and Plant Operating Range-IP2
Parameter Reference j Operating Range
[
]ﬂ.c
Example PWR Application May 2003 -

0:\6155-Non-Sec12.wpd-052703 Rev. 0



12-27

Table 12-3 Reference Values and Plant Operating Range-1P2
(cont.)
Parameter Reference Operating Range
[
h
It
]I.C
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Table 12-3 Reference Values and Plant Operating Range-1P2
(cont.)
Parameter Reference Operating Range
[
]I.C
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Table 12-4 Reference, Nominal, and Range Values for Plant Initial Operating Conditions
Parameter Reference Nominal Range Units
[
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Table 12-5 Reference Case Confirmatory Studies
Result (Change in PCT
Case Assumption From Reference Value)
[
]a.c
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i
Table 12-6 Criteria for Acceptable Steady-State
~ Item [
N
]a.c

NS
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Table 12.7 Values of the Sampled Parameters for the Top 9 Most Limiting Cases
HS_PCT (°F) 1899.0| 1895.1| 1823.0] 1782.6| 1767.1) 1758.1 1711.5| 17025 1696.6}
Case ID 4 49 16 21 10 2 13 27 2
(
]A.c
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Table 12-.7 Values of the Sampled Parameters for the Top 9 Most Limiting Cases
(cont.)
[
]I.C
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Table 12-8 Summary of Statistical Variables in HOTSPOT
[
]l.l
Table 12-9 Results from the Parametric Study
[
1
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Figure 12-1. IP2 Vessel Profile
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Figure 12-12. Power Shape 10

Example PWR Application May 2003
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Figure 12-13. Broken Colde Leg 1-D Components Arrangement for DECLG Break
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Figure 12-14. Broken Cold Leg 1-D Components Arrangment for Split Break
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IP2 Reference Case
PCT and Clad Temperature at. Limiting Locations
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IP2 Reference Case
Core Pressure
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IP2 Reference Case
Lower Plenum Collapsed Liquid Level
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IP2 Reference Case
Downcomer Collapsed Liquid Level
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IP2 Reference Case
Vessel Flu1d Mass
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Example PWR Application May 2003
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Figure 12-22. PCT for the Limiting Case and Reference Case
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Figure 12-23. PCT for the Most Limiting Transients
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Figure 12-24. Effect of FQ
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Figure 12-25. Effect of KN
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Figure 12-26. Effect of CD *L
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Figure 12-27. Effect of Burnup
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Figure 12-28. Effect of Break Area for the Reference Split Break
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Figure 12-29, Final PCT vs. (CD x A)
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Figure 12-30. Final PCT vs. FQ
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Figure 12-31. Final PCT vs. FQ for Most Limiting Cases
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Figure 12-32. Final PCT vs. KN
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Figure 12-33. Final PCT vs. KN for Most-Limiting Cases
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Figure 12-34, Final PCT vs. Burnup
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Figure 12-35. Final PCT vs. Burnup for Most-Limiting Cases
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13 METHODOLOGY SUMMARY

In this section, the Automated Statistical Treatment of Uncertainty Method (ASTRUM) is compared
against applicable regulatory criteria and guidance. In addition, prior Safety Evaluation Report (SER)
requirements are reviewed, and their continued applicability is discussed.

13-1 COMPLIANCE WITH 10CFR50.46

(a)(1)(i): This part briefly outlines the requirements for an acceptable evaluation model, and requires
that demonstration be provided that the limits of the Code of Federal Regulations (CFR) 10CFR50.46 be
met with a high degree of probability. Additional details concerning these requirements are spelled out
in Regulatory Guide (RG) 1.157 (US Nuclear Regulatory Commission (NRC), 1989). Compliance of the
best-estimate methodology with these requirements is addressed in detail in the next section.

(b)(1) Peak Cladding Temperature: The peak cladding temperature (PCT) is demonstrated to remain
below the limit of 2200°F for all large-break loss-of-coolant accidents (LBLOCAS), using the methods
described in Sections 11-3 and 11-4. These methods result in a conservative estimate of the

95" percentile PCT at 95-percent confidence.

(2) Maximum Cladding Oxidation: The maximum cladding oxidation is verified to remain below the
regulatory limit of 17 percent of cladding thickness, using the procedure described in Section 11-6-1.

(3) Maximum Hydrogen Generation: The hydrogen generated in the core, as determined by estimating
the total volume of cladding oxidized for the limiting conditions, is verified to be less than the regulatory
limit of 0.01 times the maximum theoretical amount, using the procedure described in Section 11-6-2.

(4) Coolable Geometry: Westinghouse reload cores are analyzed using plant-specific or bounding
seismic and LOCA loads to confirm that the core remains coolable during the LOCA.

(5) Long-Term Cooling: Long-term cooling is dependent on the demonstration of continued delivery of
cooling water to the core. The actions, automatic or manual, that are currently in place at these plants‘to
maintain long-term cooling remain unchanged.

13-2 COMPLIANCE WITH REGULATORY GUIDE 1.157
This section contains an updated version of Section 28-2 of WCAP-12945-P-A (Bajorek et al., 1998).

The method used to identify references in this section is slightly different from the rest of this report.
References for each subsection of the compliance assessment are identified by a superscript within
brackets (e.g., (X)). The references may be request for additional information (RAI) responses from
Appendix C of WCAP-12945-P-A, topical reports, other sections of this report, or figures from
WCAP-12945-P-A. The references are then listed at the end of each subsection.

Methodology Summary and Conclusion May 2003
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13-2-1 Regulatory Position 1, ""Best-Estimate Calculations"

The WCOBRA/TRAC computer code used by Westinghouse for best-estimate LBLOCA calculations is \L/l
an improved version of the COBRA/TRAC code'? originally developed and assessed by the NRC and its

contractor as part of the NRC’s best-estimate transient code development program. The models in the

code are intended to provide realistic calculations of phenomena of importance to the behavior of a

pressurized water reactor (PWR) during an LBLOCA transient. These models have been assessed using
comparisons of code predictions with approximately 100 experiments in 2 number of separate-effects and
integral-effects test facilities. These assessments have been supplemented in some cases by comparisons

with other available models. The applicability of the WCOBRA/TRAC models over the range of

conditions expected during a PWR LBLOCA transient has been demonstrated by use of a code validation

matrix that covers, to the extent practical, those ranges of conditions.

Comparisons of WCOBRA/TRAC calculations with data obtained from separate-effects and integral-
effects tests have been used to determine the overall uncertainty and biases of the calculation, as
recommended in Regulatory Position 1. The integral test simulations were also used to verify that
important phenomena (such as, emergency core cooling (ECC) bypass or entrainment/de-entrainment in
the upper plenum) are adequately predicted.

In some cases, the models used in WCOBRA/TRAC include simplifications, when a more detailed
treatment is not warranted for LBLOCA calculations (such as, [

]“(3)). Assessments of model predictions of experimental \L/ y.
data have indicated that some models that are intended to be best estimate are actually somewhat
[ J*¢. In addition, WCOBRA/TRAC has
been found to predict [ ]“".(6) These simplifications,

conservatisms, and deficiencies have been identified. They have been corrected, accounted for in the
uncertainty analysis, or determined not to result in unrealistic calculations of important phenomena.

References for Regulatory Position 1 Compliance Discussion

1) NUREG/CR-3046

2) RAI1-225

3) RAI1-134, Section 25-8 of WCAP-12945-P-A

4) Section 13-3, Section 25-5 of WCAP-12945-P-A

5) RAI1-238, Section 15-1, Section 25-6 of WCAP-12945-P-A
6) Section 13-5, Section 25-5 of WCAP-12945-P-A

Methodology Summary and Conclusion ’ May 2003
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13-2-2 Regulatory Position 2, ""Considerations for Thermal-Hydraulic Best-Estimate
Codes"

2.1 Basic Structure of Codes
2.1.1 Numerical Methods

The overall numerical scheme used in WCOBRA/TRAC is unchanged from that used in the best-estimate
COBRA/TRAC code originally developed and assessed by the NRC and its contractor. A substantial
number of timestep and convergence criteria studies were performed by Westinghouse(w) in order to
finalize acceptable values for these parameters. Noding used for code validation against experimental
data, and noding used for PWR calculations, were kept consistent to the extent practical, in order to
minimize the uncertainty introduced by noding. Nodalization studies of the LOFT integral-effects test
facility were performed, and the variation in calculated results were included in the overall code

uncertainty assessment."”
References for Regulatory Position 2.1.1 Compliance Discussion

1) Section 22-5 of WCAP-12945-P-A

2)  RAII-236
3)  RAII-240
4)  RAl4-3
5) RAI4-50
6)  RAIS-8

7 Section 19-6 of WCAP-12945-P-A
212 Computational Models

WCOBRA/TRAC uses a two-fluid, three-field representation of flow in the vessel component.m The
three fields are a vapor field, a continuous liquid field, and an entrained liquid drop field. Each field in
the vessel uses a set of three-dimensional continuity, momentum, and energy equations, except that a
single energy equation is used for the continuous liquid and entrained liquid drop fields.

The remainder of the reactor coolant system (RCS) is modeled using one-dimensional components.
These components use a two-phase, five-equation drift flux formulation, which consists of two equations
each for conservation of mass and energy and a single equation for conservation of momentum.?
Appropriate constitutive relationships are used to obtain closure for the conservation equations.

Energy conduction equations are also used to calculate the time-dependent temperature distributions in

the fuel rods,m vessel walls and intemals,(4) and RCS piping.(S) [

]a.c

Methodology Summary and Conclusion May 2003
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Additional discussion of noncondensable effects is contained in the discussion of Regulatory
Position 3.12.2.1 given later in this section. L
N 4

References for Regulatory Position 2.1.2 Compliance Discussion

1 Sections 2-2 and 2-3

2) Sections 2-4 and 2-5

3) Sections 7-2 through 7-5
4 Sections 7-2 and 7-6

5) Section 7-7

13-2-3 Regulatory Position 3, '"Best-Estimate Code Features'

3.1 Initial and Boundary Conditions and Equipment Availability

Sensitivity studies were performed to identify the most limiting initial conditions expected over the life
of the plant.(l) Those studies indicated that fuel in its first cycle of irradiation is more limiting than fuel
with higher burnup. [

]*¢ Uncertainties in core power, peaking
factors, axial power distributions, and initial fluid conditions are considered in the overall uncertainty

assessment.m
@ i-/

The limiting break location was determined to be in a cold leg."™ Double-ended guillotine breaks and
split breaks in the cold leg are considered in the overall uncertainty assessment. [

]a.c

The PWR calculations consider the effect of the limiting single failure on emergency core cooling system
(ECCS) performance. Scenarios with offsite power available, and onsite power only, are also
considered. The minimum safety injection (SI) flowrate and maximum SI delay times are used, based on
plant technical specification limits. The effect of variations in the initial conditions of the accumulators,
within the ranges allowed by the plant technical specification limits, are also considered in the overall
uncertainty assessment.

References for Regulatory Position 3.1 Compliance Discussion

1D Section 22-7 of WCAP-12945-P-A

2) Section 11-2-2

3) Section 11-3

4) Section 22-6 of WCAP-12945-P-A and RAIS-53 L

Methodology Summary and Conclusion May 2003
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5) Section 11-2-1
6) Section 25-2 of WCAP-12945-P-A

3.2 Sources of Heat During a Loss-of-Coolant Accident

3.2.1 [Initial Stored Energy of the Fuel

The initial stored energy in the fuel is based on calculations performed with the Westinghouse PAD
code, which is a detailed fuel rod design code whose models have been developed from, and
benchmarked against, appropriate in-pile and out-of-pile data. This code has been reviewed and
approved by the NRC.Y

3.2.1.1 Model Evaluation Procedure for Stored Energy and Heat Transfer in Fuel Rods

The Regulatory Guide specifies that:

"A model to be used in ECCS evaluations to calculate internal fuel rod heat transfer should:

a. Be checked against several sets of relevant data, and

b. Recognize the effects of fuel burnup, fuel pellet cracking and relocation, cladding creep, and gas
mixture conductivity."

The initial stored energy in the fuel is based on calculations performed with the NRC-approved PAD

code,” which has been checked against relevant in-pile and out-of-pile data, and which reécognizes the
effects of the specified parameters. The WCOBRA/TRAC fuel rod models include explicit modeling of

[

| el

The HOTSPOT code™ is used to account for uncertainties in the {

]a.c

Methodology Summary and Conclusion May 2003
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3.2.1.2 Experimental Data for Stored Energy in Fuel Rods and Heat Transfer

The information provided above addresses this recommendation. [ L/

]a.c(l)

References for Regulatory Position 3.2.1 Compliance Discussion

1) WCAP-15063-P-A, Revision 1

2) Sections 7-3 and 74

3) RAIS-42

4) Section 25-4 of WCAP-12945-P-A

3.2.2 Fission Heat

Fission heat is calculated using a point kinetics model, which calculates shutdown reactivity on a best-

estimate basis. Details of the fission heat modeling are described in Section 8-3. The modeling is

consistent with RG 1.157.

No credit is taken for control rod insertion in the Westinghouse best-estimate LBLOCA methodology.

Damage to some of the guide tubes in the upper plenum due to the forces generated during an LBLOCA \L/
cannot be precluded. Therefore, it is conservatively assumed that no rods insert.

3.2.3, Decay of Actinides

The heat from radioactive decay of U-239 and Np-239 is calculated as described in Section 8-4. [

P

Methodology Summary and Conclusion May 2003
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The treatment of the actinide decay heat source is considered to be in compliance with the regulatory
guide, based on these considerations.

Reference for Regulatory Position 3.2.3 Compliance Discussion
1) RAI1-231
3.2.4 Fission Product Decay Heat
Fission product decay heat is calculated using the American National Standards Institute/American
Nuclear Society (ANSI/ANS) 5.1-1979 model, which is consistent with the regulatory guide
recommendation. Details concerning the implementation of that standard are contained in Section 8.
3.2.4.1 Model Evaluation Procedure for Fission Product Decay Heat
The Q values and models for actinide decay heat are based on [

el
32.5 Metal-Water Reaction Rate
The metal-water reaction rate for zircaloy cladding is calculated using the Cathcart-Pawel model. A
similar model is used for the advanced ZIRL.O™ cladding material developed by Westinghouse.
Uncertainties in the reaction rates calculated by these correlations are considered for the hot rod. If rod
burst is calculated to occur, the reaction rates on the inner surface are calculated using the same models
and uncertainties.

3.2.5.1 Model Evaluation Procedure for Metal-Water Reaction Rate

The Cathcart-Pawel model is used in WCOBRA/TRAC to calculate metal-water reaction for zircaloy
cladding [

I

Metal-water reaction rates for ZIRLO™ cladding [

P

Methodology Summary and Conclusion May 2003
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The outer surface oxide thickness at the beginning of the transient is [
J** Internal oxidation from
steam following burst is included in the analysis.

The WCOBRA/TRAC models for metal-water reaction [

I

References for Regulatory Position 3.2.5 Compliance Discussion

1) ORNL/NUREG-17, page 67 and Figure 30
2) WCAP-12610, Appendix E, Figure E-4

3.2.6 Heat Transfer from Reactor Internals

Heat transfer from the piping, vessel walls, and vessel internal hardware is calculated in a best-estimate
manner. Heat transfer to guide tubes in the core is considered small. It is not modeled in PWR
calculations or simulations of experiments.

In the simulations of experiments used to assess WCOBRA/TRAC, heat transfer between structures and
fluid was also included wherever important. Illustrative examples are:

. FLECHT - test shroud
. LOFT - vessel wall, internals, loop piping

3.2.7 Primary-to-Secondary Heat Transfer

Heat transfer between the primary and secondary sides is modeled using the STGEN component
described in Section 9-5. [

]lc

Simulated steam generators were used in the LOFT and CCTF integral test facilities. The
WCOBRA/TRAC analyses of experiments performed in these facilities explicitly modeled the simulated
steam generators using the STGEN component.

Methodology Summary and Conclusion May 2003
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33 Reactor Core Thermal/Physical Parameters
3.3.1 Thermal Parameters for Swelling and Rupture of the Cladding and Fuel Rods
WCOBRA/TRAC includes models for swelling and rupture of the cladding that are dependent on the

cladding temperature and the differential pressure across the cladding. The effects of fuel rod
deformation are explicitly included in the models used to calculate [

|

Additional discussion of the use of swelling and burst models in WCOBRA/TRAC and HOTSPOT was
previously presented in the Regulatory Position 3.2.1.1 Compliance Discussion.

332 Other Core Thermal Parameters
The effect of the cladding change from alpha to beta phase is reflected in the cladding thermal and

material properties. Physical changes in core geometry due to combined LOCA and safe shutdown
earthquake (SSE) loads are also taken into account. [ '

e
References for Regulatory Position 3.3.2 Compliance Discussion
1) RAIS-53

34 Blowdown Phenomena

3.4.1 Break Characteristics and Flow

{n

Break location studies have shown the limiting location to be in the cold leg.*”” The uncertainty analysis
considers double-ended guillotine and split breaks in the cold leg. [

1*¢ This
methodology is considered to be in compliance with Regulatory Position 3.1.
Methodology Summary and Conclusion May 2003
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3.4.1.1 Model Evaluation Procedure for Discharge Flowrate

The WCOBRA/TRAC calculation of critical flowrate considers the [

]“(5> Comparisons of this model to the Marviken critical flow data have been made,
to obtain uncertainties and modeling bias. In addition, a range of applicability was established.

3.4.1.2 Experimental Data for Discharge Flowrate

The Marviken test data include a range of fluid conditions, pressures, and break nozzle geometries that
are appropriate for limiting large break sizes. Comparisons with these data, and use of the resulting
uncertainties and bias in the overall uncertainty methodology, result in conformance with the regulatory
guide recommendations.

References for Regulatory Position 3.4.1 Compliance Discussion

1) RAI5-53

2) Section 11-2-1

3) Section 25-2 of WCAP-12945-P-A
4) Section 4-8-2

5) RAIC-5

34.2 ECCBypass

The ECC penetration into the reactor vessel and core is calculated in WCOBRA/TRAC using the
following models:

a. Axial and Lateral Channels in the Downcomer

To model multidimensional flow in the downcomer during the injection of ECC water, the PWR
downcomer contains [ ]“(l> The momentum
equations used to model the axial areas and lateral gaps include the effects of gravity, wall shear,

condensation, and convection of momentum.(2>

b. Wall and Interfacial Drag Models

Wall and interfacial drag models and correlations are used to calculate the interaction of upflowing steam

with downflowing water.

Methodology Summary and Conclusion May 2003
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C. Entrainment Models

Entrainment models and correlations are used to calculate the steam/water interaction.” If steam upflow
is sufficiently high, liquid films on the downcomer walls are entrained into droplets, which are more
easily carried upward by the steam.

d. Condensation Models

Condensation models and correlations are used to calculate the effect of water subcooling on ECC

bypass.(S)

3.4.2.1 Model Evaluation Procedure for ECC Bypass
The following procedure was used to evaluate the ECC bypass prediction:
1. Establish the countercurrent flow limit (CCFL) line for WCOBRA/TRAC for several geometries

A fundamental process controlling the extent of ECC bypass is the well-known CCFL. This limit has
been well established over a wide range of fluid conditions by a large number of experiments in tubes,
perforated plates, and annuli. WCOBRA/TRAC was used to model several different geometries,(6) using
noding similar to that employed for the PWR, and several cases were run to establish the CCFL line
which would be predicted by WCOBRA/TRAC under saturated (no condensation) conditions.® Details
of the predicted flow fields were also evaluated and explained.(u) It was found that in nearly all cases,
the predicted CCFL agreed with the well-known Wallis flooding line formulation, modified as necessary
for the different geometries studied.

2. Establish the CCFL line for WCOBRA/TRAC for several scales

The behavior of the CCFL as scale increased from those typical of most tests to those of the PWR was
also investigated in the annulus geometry.(.’> This was done to assure that the CCFL behaved consistently
and conformed to established scaling principles, including those developed for the Upper Plenum Test
Facility (UPTF) full-scale experiments.

3. Compare WCOBRA/TRAC to small- and full-scale subcooled ECC tests

The evaluation in steps 1 and 2 established the overall correctness of the interfacial drag and entrainment
models to predict ECC phenomena. Tests at various scales with subcooled ECC were then evaluated.
This approach allowed any compensating errors to be identified. Comparisons with these experiments

indicated that in general the overall condensation efficiency was predicted well. [
P

Methodology Summary and Conclusion May 2003
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]&C

In conclusion, it was determined that the models used to calculated ECC penetration were applied
correctly, and that compensating errors did not exist, [

]&C

3.4.2.2 Experimental Data for ECC Bypass

The following experiments were used in the evaluation of the ECC bypass model to establish range of
applicability.(m) In some cases, correlations which were known to represent the data from these tests
well were used for the comparison:

. Small diameter vertical pipes
. Perforated plates

. Horizontal pipes

. 1/15-, 1/5-scale annuli

. UPTF tests

References for Regulatory Position 3.4.2 Compliance Discussion

1) Section 20 of WCAP-12945-P-A

2) Section 2

3) Sections 4-2 and 4-4

4) Section 4-6

5) Section 5

6) Section 15-1 of WCAP-12945-P-A

7 Section 15-1-5 of WCAP-12945-P-A

8) RAI1-238, Section 15-1 of WCAP-12945-P-A

9  RAK-2
10) RAIl-3
11) RAI3-6

3.5 Noding Near the Break and ECCS Injection Point

Westinghouse uses node sizes in the PWR calculations that are consistent with those used in the
simulations of the experiments used to validate the break flow model and the condensation behavior at

Methodology Summary and Conclusion May 2003
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the ECCS injection point. This helps to ensure that the PWR calculations provide results with
comparable accuracy as observed in the code validation. Section 164 of WCAP-12945-P-A includes the
results of two Marviken simulations that were rerun with twice as many nodes in the nozzle region. The
results indicated little effect on the critical flow predictions.

3.6 Frictional Pressure Drop

The frictional pressure drops calculated in WCOBRA/TRAC are Reynolds number dependent, and

account for two-phase flow effects.?

3.6.1 Model Evaluation Procedure for Frictional Pressure Drop

The frictional pressure drop models were assessed by comparing the model to other correlations,*** and
by comparing the predicted pressure drop in complex geometries with measured data.®® [

]a.c(lo) -

Uncertainties in the frictional pressure drop are accounted for in the overall uncertainty calculations by
ranging the break flow path resistances.

3.6.2 Experimental Data for Frictional Pressure Drop
The information provided above addresses this recommendation.
References for Regulatory Position 3.6 Compliance Discussion

D Sections 4-2 and 4-7-2
2) Figures 4-10 through 4-13

3)  RAII-48
4)  RAII-100
5)  RAII-50
6)  RAI5-52
7)  RAII-3

8) Sections 2-2 and 2-3
9) Sections 2-4 and 2-5
10) RAIC-5

Methodology Summary and Conclusion : May 2003
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3.7 Momentum Equation

The following effects are taken into account in the two-phase conservation of momentum equation: \L/
1) Temporal change in momentum. All momentum equations applied in the thermal-hydraulic

network take into account the temporal change in momentum.1?
2) Momentum convection. Both the vessel and one-dimensional (1-D) component momentum

equations include a complete description of momentum convection. ¥ [

]ﬂ'c

3) Area change momentum flux. Both the vessel and 1-D momentum equations are formulated to
account for momentum changes resulting from area ::hangc:s.(l’2> The effect that the method of
discretization has on these effects is recognized and taken into account.

4) Momentum change due to compressibility. Both the 1-D and vessel momentum equations are \l‘/

formulated to account for the effects of phase compressibility on momentum flux. 2

5) Pressure loss resulting from wall friction. The wall friction factor models used in the 1-D and
-vessel momentum equations use standard approaches that compare well with other models and
correlations (Regulatory Position 3.6 Compliance Discussion).

6) Pressure loss resulting from area changes. These losses are taken into account, in conjunction
with the area change momentum change.

7)) Gravitational acceleration. Both vessel and 1-D momentum equations take this effect into
account."?

The validity of the [ ]*¢ is demonstrated in several ways:

. Comparisons between predictions and experiments at increasing scales, where 3-D effects would

be expected to become more important

L

Methodology Summary and Conclusion May 2003
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Benchmarking of the PWR model during steady-state with experimentally determined vessel and

loop pressure drops(S)

Comparison of flowrates and pressure drops in complex networks representing the PWR at

various scales

Comparison with two-phase pressure drop experiments

References for Regulatory Position 3.7 Compliance Discussion

1)
2)
3)
4)
5)

3.8

Sections 2-2 and 2-3

Sections 2-4 and 2-5

Section 4-7-4

Section 25-3 of WCAP-12945-P-A
Section 20-5 of WCAP-12945-P-A

Critical Heat Flux

Regulatory Guide 1.157 states:

"Best estimate models developed from appropriate steady-state or transient experimental data should be

used in calculating critical heat flux (CHF) during loss-af-coolant accidents. The codes in which these

models are used should contain suitable checks to ensure that the range of conditions over which these

correlations are used are within those intended."

The critical heat flux is calculated in the core using the Zuber pool boiling departure from nucleate

boiling (DNB) correlation, and the Biasi correlation for forced-convection DNB. These correlations and
how they are programmed into WCOBRA/TRAC are described in Section 6-2-4." The Biasi correlation

consists of two separate expressions, and depends on pressure, mass flux, quality, and hydraulic

diameter. The Zuber correlation is applied only when the flowrate decreases to near zero, and conditions

approach those of pool boiling. The mass flux is checked to ensure that the [

I

Methodology Summary and Conclusion
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]3,(:
References for Regulatory Position 3.8 Compliance Discussion

1) RAII-166

2)  NUREG/CR-5069

3) Section 11-2 of WCAP-12945-P-A
4) Section 14-1 of WCAP-12945-P-A
5) RAI3-1

39 Post-CHF Blowdown Heat Transfer
With regards to post-CHF blowdown heat transfer, RG 1.157 states:

"Models of heat transfer from the fuel to the surrounding fluid in the post-CHF regimes of transition and

film boiling should be best estimate models based on comparison to applicable steady-state or transient

data. Any model should be evaluated to demonstrate that it provides acceptable results over applicable \L
ranges. Best-estimate models will be considered acceptable provided their technical basis is ~
demonstrated with appropriate data and analysis."”

The models for transition and film boiling are described in Sections 6-2-5 and 6-2-8, respectively. The
models for each regime are formulated to be mechanistic, and are generally applicable to all phases of a
LOCA transient. The models for each regime account for the effects of local void fraction and droplets,
thermal radiation, thermal non-equilibrium, flowrate, wall heat flux, and liquid temperature. The models
used for the phasic components of heat transfer for each of the regimes are very similar to models used in
other two-fluid codes such as RELAP and TRAC-PF1, and are referenced to correlations previously
proposed for these regimes.

The models for heat transfer in post-CHF blowdown flows have been checked against several sets of
experimental data that are prototypical of Westinghouse and other PWR fuel assemblies. Because the
blowdown transient passes through several distinct periods, tests were selected such that each period was
examined. In particular, the heat transfer models were used to simulate several tests and predict cladding
temperature histories in ORNL® (for blowdown during the upflow period), G-1* and G2©¥ Loop
blowdown tests (for blowdown during the downflow period), and the G2¥ Loop refill tests (for the
refill period). For each test simulated, comparisons between the predicted and measured cladding

Methodology Summary and Conclusion May 2003
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temperatures as functions of time, and axial temperature profile comparisons at select times, were
reported.

]&C

Sections 13-2 and 13-3 of WCAP-12945-P-A evaluate the performance of the heat transfer package
during the blowdown periods. Comparisons of predicted versus measured blowdown cooling rates

(G-1 and G-2 blowdown tests), PCTs (ORNL and G-2 refill tests), quench times (G-1 and G-2 blowdown
tests), and heat transfer coefficients (G-1 and G-2 blowdown tests) were made in order to characterize the
performance of the heat transfer models for blowdown period thermal-hydraulics. These comparisons
indicated that [

]a,c<5)

In addition, Section 13-2 of WCAP-12945-P-A provides details on calculated parameters for which
measurements are not available. These are provided to demonstrate that the calculated parameters are
part of a consistent set of results, and that the variations in those parameters are reasonable based on
engineering judgement.

Additional information regarding the effects of liquid entrainment and power density was provided in the
response to RAIC (Attachment 5). The models and correlations used for post-CHF blowdown heat

transfer therefore have:

(@) Been checked against acceptable sets of relevant data, and
(b) Recognize the effects of liquid entrainment, thermal radiation, . . .

and thus satisfy the Regulatory Guide with regards to those criteria.
Regulatory Guide 1.157 also requires that,

"The uncertainties and bias of models or correlations used to calculate post-CHF heat transfer should be
stated as well as the range of their applicability.”

The biases and uncertainties of the models and correlations used to calculate post-CHF heat transfer prior
to reflood are [

]a.c

Methodology Summary and Conclusion May 2003
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]a.c(7,8)

References for Regulatory Position 3.9 Compliance Discussion

1) Section 11-2 of WCAP-12945-P-A

2) Section 11-3 of WCAP-12945-P-A

3) Section 11-4 of WCAP-12945-P-A

4) Section 11-5 of WCAP-12945-P-A

5) Section 25-5 of WCAP-12945-P-A

6) Section 19-7, Section 25-10 of WCAP-12945-P-A
7 RAI2-2

8) RAII1-152

3.9.3 Post-CHF Heat Transfer from Uncovered Bundles

The heat transfer package in WCOBRA/TRAC is described in Section 6. The models and correlations
used in WCOBRA/TRAC and the techniques used to determine the phasic heat transfer contributions are
very similar to, and in some cases identical to, those used in the NRC’s best-estimate codes (such as,
COBRA, TRAC, and RELAP).

Methodology Summary and Conclusion May 2003
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3.9.3.1 Model Evaluation Procedures for Heat Transfer from Uncovered Rod Bundles
As for models and correlations used to calculate heat transfer from uncovered bundles, RG 1.157 states:

"A correlation to be used in ECCS evaluations to calculate heat transfer from uncovered rod bundles
should:

a. Be checked against an acceptable set of relevant data, and
b. Recognize the effects of radiation, and of laminar, transition, and turbulent flows.

Uncertainties and bias in the models and correlations used to calculate post-CHF heat transfer should
be stated, as should the range of their applicability.”

The effect of [

| el

Methodology Summary and Conclusion : May 2003
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]a.c.(9,10)

Regulatory Guide 1.157 provides some discussion on the acceptable form of correlations for turbulent
convection:

"The turbulent correlation may be of the general form:
Nu = ARe™ Pr'

for higher Reynolds numbers (Re), where the coefficients A, m, and n are modifications from the basic
Dittus-Boelter form and may be functions of other variables."

The WCOBRA/TRAC relations for turbulent convection are of this form (Section 6). In addition, the
distinction is made in the code between laminar and turbulent convection at low Reynolds numbers,(2>

which complies with the RG 1.157 direction that:

"A distinction from, and transition to, laminar convection (i.e., Re<2000) should be made, with a value
of the laminar heat transfer for rod bundles that is appropriate for the applicable bundle geometry and
flow conditions.”

References for Regulatory Position 3.9.3 Compliance Discussion

1) Section 6-2-9

2) RAIC-5

3) Sections 6-2-1 and 6-2-2

4) Section 6-2-4

5) Section 6-2-7

6) Section 6-2-3

7 Section 25-5 of WCAP-12945-P-A
8) Section 19-7 of WCAP-12945-P-A
9) RAI2-2

10) RAII-213

11 Section 25-10 of WCAP-12945-P-A

3.10 Pump Modeling

The pump model in WCOBRA/TRAC takes into account changes in pump rotor rotational speed as a
result of changes in torque applied to the rotor from the fluid, pump rotor inertia, and resistance to

Methodology Summary and Conclusion May 2003
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rotation, if the power to the pump is lost.? If power to the pump is available, the pump is assumed to
continue rotating at constant speed regardless of applied torque (a characteristic of these types of
motors). The interaction between the pump and the fluid is in two forms:

. Torque applied by the fluid on the pump rotor
. Energy gained or lost by the fluid (in terms of pressure rise or loss) from the pump

The torque and pressure rise are provided as empirical curves relating these quantities to pump rotational
speed, fluid volumetric flow, and fluid vapor fraction. The curves are based on single- and two-phase
data obtained from tests using a scaled pump with similar specific speed. '

Cases in which power to the pumps continues to be supplied, and where power to the pumps is lost, are
both analyzed as part of the methodology. The limiting case is used for subsequent uncertainty
evaluations.

]a.c(4)

References for Regulatory Position 3.10 Compliance Discussion

1) Section 94

2) RAI5-47

3) Section 16-3 of WCAP-12945-P-A
4) Section 25-3 of WCAP-12945-P-A

3.11 Core Flow Distribution During Blowdown

The flow through the hot assembly is calculated directly from the WCOBRA/TRAC conservation
equations, and includes the effect of crossflow and cladding deformation. [

]&C
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3.12 Post-Blowdown Phenomena
3.12.1 Containment Pressure \L/

Containment pressure calculations are performed using the same codes as used for currently licensed
evaluation models, with mass and energy rates supplied from the WCOBRA/TRAC reference transient.

3.12.2 Calculation of Post-Blowdown Thermal Hydraulics for Pressurized Water Reactors

The refill and reflood phases of the transient are calculated on a best-estimate basis, taking into
consideration the thermal and hydraulic characteristics of the core, the ECCS performance, and important
reactor systems. The distribution of water and steam in the reactor vessel is calculated directly from the
WCOBRA/TRAC conservation equations, and appropriate constitutive relations. Assessment of
WCOBRA/TRAC s ability to predict processes important to refill and reflood has been performed by
comparison with test data from separate-effects and integral-systems tests.

3.12.2.1 Model Evaluation Procedures for Post-Blowdown Thermal-Hydraulics

Level Swell During the reflood phase of a PWR LOCA transient, a process similar to level swell can
occur as the fuel rods rewet and substantial boiling occurs. [

]ELC

Primary Coolant Pumps As described in the Regulatory Position 3.10 discussion above, cases in
which the pump is powered and not powered are considered in the methodology, and the limiting case is

taken into account. {
]Lc

Carryover The total fluid flow leaving the core exit is calculated directly from the WCOBRA/TRAC
conservation equations and appropriate constitutive relations. WCOBRA/TRAC predictions of carryover
were assessed against FLECHT—SEASET,“’S) Cylindrical Core Test Facility (CCTF), and Slab Core Test
Facility (SCTF) tests.® The PWR modeling includes sufficient nodalization to capture the effects of
cross-flow on carryover and the core fluid distribution during reflood.

Upper Plenum Injection Plants A separate phenomena identification and ranking table (PIRT) was
developed for plants equipped with upper plenum injection (UPI).(G) Additional code assessment was L

Methodology Summary and Conclusion May 2003
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performed for UPI tests performed in UPTF and CCTF, as well as separate-effects tests that examined
the effects of subcooling on CCFL in a rod bundle geometry. The results of those assessments were used
to specify the phenomena ranging required for uncertainty analyses of UPI plants. Details of this work
are reported in WCAP-14449-P-A.

Upper Head Injection Plants All domestic Westinghouse PWRs originally designed with upper head
injection (UHI) have had these injection lines capped. These plants now rely on cold-leg injection, and
are modeled as such. The PWR model described in Section 20-3 of WCAP-12945-P-A is an example of
this type of plant application. There are no special post-blowdown thermal-hydraulic phenomena
associated with plants that have had their UHI lines capped.

Accumulator Nitrogen The effects of compressed gas discharging from the accumulator are accounted
for in the calculation. The discharging nitrogen has the following effects:

. Pressurization of the downcomer due to increased volumetric flow into the downcomer from the
intact loops, causing a level increase in the core. This effect was assessed by comparing
WCOBRA/TRAC transient predictions to data obtained in the Achilles and LOFT test

facilities S

. Suppression of condensation in the intact loops and in the upper downcomer due to complete

displacement of steam from these regions. This effect was assessed by [
¢}
]a.c.

The effects of nitrogen coming out of solution [
.

References for Regulatory Position 3.12.2 Compliance Discussion

1)  Appendix A of WCAP-12945-P-A

2)  RAl4-37

3)  RAII-152

4)  Section 15-2 of WCAP-12945-P-A
5)  RAI3-19

6) Section 1-2-3
7 Section 16-2 of WCAP-12945-P-A
8) RAII-134

3.12.3 Steam Interaction with Emergency Core Cooling Water in Pressurized Water Reactors

Mixing of steam and subcooled water in the intact cold legs of a PWR is taken into account. Studies
comparing predictions to small- and full-scale data indicate that the overall degree of condensation is

Methodology Summary and Conclusion May 2003
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predicted reasonably well P [

I*
References for Regulatory Position 3.12.3 Compliance Discussion

1) Section 15-3 of WCAP-12945-P-A
2) Section 25-9 of WCAP-12945-P-A

3.12.4 Post Blowdown Heat Transfer for Pressurized Water Reactors

This section of RG 1.157 provides guidance on validation for heat transfer calculations, and recommends
various experimental tests for that purpose. In particular, it is stated that,

"... the heat transfer calculations should be based on a best-estimate calculation of the fluid flow
through the core, accounting for unique emergency core cooling systems."

To satisfy this requirement, validation tests are performed when a plant design has a unique cooling
system. For example, because the AP600 design includes direct vessel injection, experimental tests
(CCTF Run 58 and UPTF Test 21) were modeled and simulated™ in order to demonstrate the ability of
the code to calculate phenomena under those conditions. In the case of UPI plants, additional
experimental tests in CCTF and UPTF were simulated®® to show that the code can predict the necessary
phenomena with those type of units.

Regulatory Guide 1.157 also states:

"The calculations should also include the effects of any flow blockage calculated to occur as a result of

cladding swelling or rupture.”

The models for swelling, rupture, and blockage are described in Section 7.9 Additional discussion of
the use of swelling and burst models in WCOBRA/TRAC and HOTSPOT was previously presented in
the Regulatory Position 3.2.1.1 Compliance Discussion. The effects of hot assembly flow blockage

L
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calculated in WCOBRA/TRAC are reflected in the local fluid conditions used in the HOTSPOT
calculations.

Also, RG 1.157 states:

"Heat transfer calculations that account for two-phase conditions in the core during refilling of the
reactor vessel should be justified through comparisons with experimental data. Best estimate models
will be considered acceptable provided their technical basis is demonstrated through comparison with

appropriate data and analysis."”

Sections 13 and 15 of WCAP-12945-P-A contain detailed information on several test simulations.
Models that originally appeared to be suspect, such as the bottom entrainment model, were clearly
identified ¥ Reanalyses with the revised entrainment model have been incorporated in _
WCAP-12945-P-A and Appendix B of this report. Where data are available, comparisons have been
made between predicted and measured parameters to show that the code predicts not only the rod PCTs
well, but also other important parameters. This helps to indicate that the code does not contain any gross
compensating errors. Additional assessments regarding the potential for compensating errors are

contained in Appendix A of WCAP-12945-P-A.

The Westinghouse methodology ranges the overall heat transfer coefficient for the hot rod to account for
uncertainties in the prediction of local fluid conditions and heat transfer coefficient. The ranges
considered are based on WCOBRA/TRAC comparisons with relevant rod bundle tests.

Finally, the regulatory guide indicates several experimental tests that are useful for validation purposes:

" The FLECHT-SEASET tests (Refs. 40, 45, and 46) should be considered when establishing an
acceptable set of relevant data.”

and,
"The results from the 2D/3D program are particularly relevant.”

The simulations used for bias and uncertainty determination included [

I
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I* L

References for Regulatory Position 3.12.4 Compliance Discussion

1)  WCAP-14171-P, Rev. 2
2)  WCAP-14449-P-A

3)  RAI3-28, RAI4-40

4)  RAI2-63

3.16 Other Features of Best-Estimate Codes
3.16.1 Completeness

The WCOBRA/TRAC code used by Westinghouse for best-estimate LBLOCA analyses is an improved

version of the COBRA/TRAC code originally developed and assessed by the NRC and its contractor as

part of the NRC’s best-estimate transient code development program. The models in the code are

intended to provide realistic calculations of phenomena of importance to the behavior of a PWR during

an LBLOCA transient. These models have been assessed using comparisons of code predictions with

approximately 100 experiments in a number of separate effects test facilities, and four integral test

facilities (LOFT, CCTF, SCTF, and UPTF).“) The code validation matrix was selected to cover the l/
range of conditions expected during a PWR LBLOCA transient, to the extent practical.(z’3 ) Uncertainty

in the experimental data was considered in the overall uncertainty assessment.”

3.16.2 Data Comparisons

The WCOBRA/TRAC validation matrix is summarized earlier in Tables 1-2 through 1-6. Comparisons
of code predictions with important thermal-hydraulic parameters that were measured in these tests
support the conclusion that realistic behavior is predicted and major biases do not exist in the models.
The code uncertainty assessment includes the effects of uncertainties in the test data.

The methodology considers the need to range and/or bias each of the key parameters identified in the
PIRT.®® Uncertainties in the test data are reflected in the ranges over which these parameters are varied.
For example, the condensation model and heat transfer coefficient ranges explicitly include variations in
the test data.

References for Regulatory Position 3.16 Compliance Discussion

1) Tables 1-2 through 1-6
2) Tables 11-1-1 through 11-1-3, Tables 12-1-1 through 12-1-3 of WCAP-12945-P-A \L
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3) RAIl-3a

4) RAII-152

5) Section 25-10
6) Section 1-2-3

13-2-4 Regulatory Position 4, "Estimation of Overall Calculational Uncertainty"
4.1 General

The Westinghouse approach to the overall calculational uncertainty has been to separate the uncertainty
contributors into two general classifications; the code and models uncertainty contributors and the plant
conditions uncertainty contributors. Each uncertainty contributor is varied simultaneously in the
calculations performed for the uncertainty analysis.

The code and models uncertainty contributors account for the uncertainty in predicting the important
thermal-hydraulic phenomena identified in the PIRT, and important modeling assumptions. This
uncertainty was developed by performing a systematic assessment of the uncertainty associated with the
prediction of break mass flowrate, break flow path resistance (nozzle and pump), stored energy and fuel
rod behavior, core heat transfer, ECC bypass, steam binding, noncondensables, condensation, and upper
plenum drain distribution (UPI only).(l) Estimates of the code biases and uncertainties for these
parameters were based on comparisons with applicable separate- effects and integral-effects test data.
Propagation of these uncertainties throughout the PWR transient was [ ‘

]3.C.
The assessment of the thermal-hydraulic models in WCOBRA/TRAC used a large number of test

comparisons to ensure that estimates of the model uncertainties were well-founded, and included
potential scaling effects. [

P
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The plant conditions uncertainty contributors calculations account for the different possible operating
conditions and accident initial conditions that the plant could experience. Parameters such as the worst
break location, worst pressurizer location relative to the break, and worst onsite power availability
condition are bounded since it is not practical to treat these conditions in a statistical fashion. Parameters
that are considered as plant conditions uncertainty contributors are grouped into two components. The
first includes power-related parameters such as initial core power, peaking factors, axial power
distributions, and decay heat. The second component includes other plant initial and boundary
conditions.

References for Regulatory Position 4.1 Compliance Discussion

1) Section 25 of WCAP-12945-P-A and Section 4-7 of WCAP-14449-P-A

2) Sections 12-2 through 12-4 of WCAP-12945-P-A

3) Appendix A of WCAP-12945-P-A

4) RAI2-22

5) Section 14-1 of WCAP-12945-P-A

6)  RAI3-1 \L/
7)) Section 14-2 of WCAP-12945-P-A

8) RAI4-37

1)) Section 14-3 of WCAP-12945-P-A

4.2 Code Uncertainty

The best test of the overall accuracy of the computer code, and the accuracy of individual models, is to
compare code predictions to data obtained from a wide range of experiments. Wherever possible, tests
performed at full scale or large scale should be used, to eliminate or minimize uncertainties associated
with scalability. WCOBRA/TRAC was used to simulate several different experiments that capture the
same phenomena, such as reflood heat transfer, at different scales. The WCOBRA/TRAC validation
matrix includes tests with different bundle sizes, rod arrays, lengths, power shapes, and grid types, since
the computer code will have to model these effects for different plant designs and conditions. An
assessment was made of the code’s ability to predict PCT with [

e L
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{ 1*¢ and support the conclusion that there is no additional
uncertainty in applying WCOBRA/TRAC to transients in a full-scale reactor.

One measure of the accuracy of the code uses the comparisons of the predicted and measured PCTs.®?
By selecting experiments with care and by comparing to data other than the measured cladding
temperatures, it can be assured that the PCT is reasonably predicted for the correct reasons. That is, the
possibility of compensating errors being present can be investigated. A detailed assessment of the
possibility of compensating errors in WCOBRA/TRAC has been performed, which has concluded that
while compensating errors do exist, the net effect is a conservative prediction of a PWR LOCA

transient.(s)

While the available integral effects tests are useful for addressing the issues of scalability and
compensating errors, there are insufficient data to address the potential for propagation of uncertainties
as a LOCA transient progresses. A detailed study of uncertainty propagation requires that the effects be
quantified using computer code calculations of a PWR LOCA transient. Westinghouse has developed a
method similar to that used in the CSAU methodology,“) [

]a.c
References for Regulatory Position 4.2 Compliance Discussion
1) Section 18 of WCAP-12945-P-A and Section 4-6 of WCAP-14449-P-A
2) Section 19 of WCAP-12945-P-A
3) Appendix A of WCAP-12945-P-A
4) NUREG/CR-5249
4.3 Other Sources of Uncertainty

4.3.1 Initial and Boundary Conditions and Equipment Availability

The treatment of important initial and boundary conditions, and assumptions of the availability of
important equipment, are summarized below.

Initial Condition Considered in Uncertainty Evaluation?

Core power level Yes
Core power distribution Yes
RCS fluid conditions Yes
Accumulator conditions Yes
Methodology Summary and Conclusion May 2003
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Time in cycle Yes
Hot assembly location No (bounded)
Steam generator plugging No (bounded)

Boundary Condition

Break flow Yes
SI temperature Yes
SI flow and delay No (bounded)
Containment pressure No (bounded)

Egquipment Availability

Offsite power No (bounded)
Single failure No (bounded)
Control rod insertion No (bounded)

4.3.2 Fuel Behavior

Uncertainties in the lead fuel rod initial conditions and its behavior during the LOCA transient are
explicitly accounted for. These uncertainties include hot rod peaking, gap conductance, fuel
conductivity, cladding burst temperature, burst strain, fuel density after burst due to relocation, and
metal-water reaction rates.’” The treatment of fuel behavior in the Westinghouse methodology is

considered to be more complete than that used in the CSAU mclhodology,(2> in that [

I
References for Regulatory Position 4.3.2 Compliance Discussion

1) Section 25-4 of WCAP-12945-P-A
2) NUREG/CR-5249

4.3.3 Other Variables
Uncertainties in decay heat and break flowrate are included in the overall uncertainty assessment. The

metal-water reaction rate uncertainty is also considered as one of the fuel rod uncertainty parameters, as
noted in the Regulatory Position 4.3.2 Compliance Discussion.
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44 Statistical Treatment of Overall Calculational Uncertainty

The overall uncertainty in PCT is determined using a non-parametric statistical method. Uncertainties in

[

J*¢. The limiting case from a series of 59 PWR cases is considered to be the

95 percentile case, with 95 percent confidence.””

The best-estimate LBLOCA methodology used by Westinghouse addresses the PCT, maximum cladding
oxidation, maximum hydrogen generation, and coolable geometry criteria defined in 10CFR50.46(b)(1)
through (b)(4). The PCT at the 95th percentile level is estimated as described above. The maximum
cladding oxidation criterion and the maximum hydrogen generation criterion are verified as described in
Section 11-6. Coolable geometry is demonstrated by ensuring that the PCT and maximum local
oxidation criteria are satisfied, including any effects of combined LOCA and SSE loads on core

geometry.?

The Westinghouse méthodology used to satisfy the long-term cooling criterion defined in
10 CFR 50.46(b)(5) is unaffected by the use of best-estimate techniques for the short-term transient
calculation.

References for Regulatory Position 4.4 Compliance Discussion

1) Section 11-1
2) RAIS5-53

4.5 NRC Approach to LOCA Uncertainty Evaluation

The Westinghouse methodology is structured consistent with the CSAU methodology cited in Section 4.5
of RG 1.157.

13-3 EFFECT OF REVISED UNCERTAINTY METHODOLOGY ON PRIOR SER
REQUIREMENTS

Page 14 of the SER regarding WCAP-12945-P-A discusses applicability limits and usage conditions
regarding the prior best-estimate methodology for 3- and 4-loop plants with cold-leg ECCS injection.
Pages 13 and 14 of the SER, regarding WCAP-14449-P-A, discusses applicability limits and usage
conditions regarding the prior best-estimate methodology for 2-loop plants with low-head safety injection
into the upper plenum. The continued applicability of these stipulations is discussed below. In each
case, the stipulation is quoted from the SER, and then the continued applicability is addressed.

Methodology Summary and Conclusion : May 2003
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13-3-1 WCAP-12945-P-A SER Requirements
Applicability Limits

1. "The use of the WCOBRA/TRAC EM for long term cooling licensing analyses is not covered in

this review."”

The Westinghouse AP600 design certification review was in progress at the same time as the
review of the previous WCOBRA/TRAC Evaluation Model (EM) for 3- and 4-loop plants. This
applicability limit was established to ensure separation of the 2 reviews. WCOBRA/TRAC was
subsequently approved for long-term cooling analyses of the AP600 review (Garner et al., 1998).
It has not been approved for long-term cooling analyses of operating plant designs. Therefore,
this applicability limit remains valid for operating plants.

2, "Our review of the WCOBRA/TRAC EM has been limited to licensing application of the
methodology for 3 and 4 loop non-UPI Westinghouse designs. Other designs, such as advanced
designs (e.g., AP600), UPI plants, and other vendor designs were not covered."”

Subsequent to the issuance of this applicability limit, WCOBRA/TRAC-based evaluation models

were approved by the USNRC for AP600 (Hochreiter et al., 1998) and UPI plants (Dederer et al.,

1999). Appendix A of this report justifies the applicability of ASTRUM to Combustion L
Engineering plant designs. However, this applicability limit remains valid for other plant designs ’
(e.g., AP1000 and Babcock & Wilson designs). A licensing submittal supporting the use of a
WCOBRA/TRAC-based evaluation model for AP1000 design is currently under review

(Westinghouse, 2001).

3. "Our review did not cover use of the WCOBRA/TRAC EM for small break LOCA licensing

analyses.”

This applicability limit remains valid at this time. A topical report supporting the use of a
WCOBRA/TRAC-based evaluation model for best-estimate small-break LOCA has been
submitted separately from this report (Kemper et al., 2001). The review of that report will be
conducted separately from the review of this report.

Usage Conditions

a. "A recommended justification for any future time step changes (first listed item). We require that
W perform this justification as recommended, and retain traceable documentation of this action
in its in-house plant records.”

L
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This usage condition remains applicable with ASTRUM. Westinghouse will retain any such
documentation in our records in a traceable manner.

b. "Under the designation "Westinghouse agreed/committed"” items are 13 additional items:

i Items 1, 3, 4.a, 4.b, 4.c, 6, and 11 are plant specific calculational requirements and W
must retain traceable documentation of these actions in its in-house plant records.”

These Technical Evaluation Report (TER) items are quoted from the TER below, followed by
the appropriate statement of continued applicability.

L "Based on the NRU results, there is some uncertainty in the transient rod internal pressure (RIP)
calculation that will affect the burst temperature criterion in WCOBRA/TRAC analyses.
Westinghouse’s uncertainty methodology adequately accounts for the uncertainty in transient
RIP for local effects. Westinghouse also calculates HA rod burst in the full WCOBRA/TRAC
analyses called for in its methodology. If WCOBRA/TRAC calculates a HA rod reflood PCT
greater than 1600°F but not rod burst, Westinghouse in Reference 214, List II, Item 2 committed
to increasing the initial RIP in the WCOBRA/TRAC HA rod until burst is calculated and
choosing the more limiting of the burst and non-burst cases. This will adequately account for
transient RIP uncertainties and their effect on rod burst in the WCOBRA/TRAC runs."”

This plant-specific calculational requirement was identified to ensure that the response surfaces
used in the prior methodology were based on the most conservative conditions. Response
surfaces are not used in ASTRUM. Therefore, this plant-specific calculational requirement is no
longer applicable.

3. "As part of the methodology, Westinghouse agreed in Attachment 5, Reference 214, to verify the
normality assumption for the initial condition uncertainty distribution on a plant specific basis."

Initial conditions are now sampled for each run, and the initial condition uncertainty distribution
is no longer used. Therefore, this requirement is no longer applicable.

4. "In the uncertainty methodology, a number of assumptions for distribution were supported using
plant specific data; therefore, in Reference 214, Attachment 5, and Reference 215, Attachments 1
and 2, Westinghouse agreed to verify the following assumptions on a plant specific basis:

a. Superposition validation data points are normally distributed, with constant variance,
around a straight line. The normality must be checked for each phase of the accident for
each plant. ‘
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b. HOTSPOT PCTs are normally distributed. This must be checked at each point where the
HOTSPOT PCT is varied in a Monte Carlo sample: the points used to build the L
S
response surface for the HOTSPOT standard deviation (0,.4,) and the validation points.

c. Response surface for G,,4, is accurate or conservative. This should be checked by
comparing the response surface estimate with the Monte Carlo standard deviation at
each validation point. The response surface method should not severely underestimate
any standard deviation.”

The superposition validation and correction step is not required for ASTRUM. Therefore,
requirement 4.a is no longer applicable.

With the prior method, HOTSPOT was run 1000 times for each case, and the results were
characterized by a mean and standard deviation. With ASTRUM, [

]S.C

Response surfaces for local models are no longer used. Therefore, requirement 4.c is no longer
applicable.

6. "Based on Reference 214, Attachment 7, the analysis to determine the uncertainty distributions \L:
Jor accumulator and SI temperatures uses plant operating data and/or plant Technical
Specifications. Therefore, this analysis must be performed for each plant.”

This requirement remains applicable with ASTRUM.

11. "In Reference 214, List 111, Item 5, Westinghouse committed to identifying in the licensing
submittal or the engineering report which of the options described in its response to Volume 2,
question 62, Reference 214 (Attachment 12) were used in the calculation of cladding core wide
oxidation if the 1% limit is exceeded."

The core wide oxidation calculation has been simplified as shown in Section 11-6-2. Therefore,
requirement 11 is no longer applicable.

ii. "Items 2, 5, and 7 are generic limits on usage of the WCOBRA/TRAC EM, which, if
changed require submittal for NRC review.”

These TER items are quoted from the TER below, followed by the appropriate statement of
continued applicability. L
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2. "On COD page 7-24, Westinghouse stated the fuel pellet thermal expansion model in MATPRO-
11, Revision 1, Reference 176, was simplified by omitting the corrections for molten fuel and
mixed oxide (Pu). In Reference 214, List Il, Item 6, Westinghouse committed to resubmitting the
relevant WCOBRA/TRAC models for NRC review if the code will be used to analyze US licensed
plants with molten fuel or mixed oxide."”

This requirement remains applicable with ASTRUM.

5 “The distributions corresponding to WCOBRA/TRAC uncertainty based on experiments ( Gycy)
and the uncertainty due to experimental data scatter ( 0,,) will be checked for normality if the
code is modified or the assessment data base changes. See Reference 214, List IIl, Item 2."

In the prior methodology, Oy and o;, were used in the superposition validation and correction
step as lower bounds on the superposition prediction uncertainty and the local HOTSPOT
uncertainty. The superposition validation and correction step is not required with ASTRUM, and

[

I

7. "Westinghouse, in Reference 214, List II, Item 8, committed to not changing the value and range
of the broken loop cold leg nozzle loss coefficient for plant specific applications. Also, the
values developed apply only to LBLOCA and must be justified for other applications.”

This requirement remains applicable for Westinghouse plants analyzed with ASTRUM. [

]lc

iii. . "Items 8, 9, and 10 require inclusion of specific information in the WCOBRA/TRAC EM
COD. W must implement these actions as part of providing the final updated CQD in
accordance with the documentation plan identified above."

These TER items are quoted from the TER below, followed by the appropriate statement
of continued applicability.

8. "Westinghouse, in Reference 214, Attachment 9, gave additional explanation on its use of the full
Method of Characterists model for each time step in the code implementation of choked flow. In

the above reference, Westinghouse committed to include the information in the CQD."

Westinghouse satisfied this requirement by adding the necessary text to the critical flow model
description in Section 4-8-2 of WCAP-12945-P-A and this report.
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10.

"Westinghouse noted that the choked flow solution is implemented in the pressure solution of the
code rather than in the back substitution step after solving the pressure equation. This results in . L‘,
a smoother pressure and flow response in the code. In Reference 214, Attachment 9,

Westinghouse committed to include this information in the CQD."

Westinghouse satisfied this requirement by adding the necessary text to the critical flow model
description in Section 4-8-2 of WCAP-12945-P-A and this report.

"Westinghouse, in Reference 214, List Il, Item 10, committed to use the multiplier given in
Reference 214, Attachment 4, to account for rod-to-rod radiation effects in the heat transfer
multiplier data base."

Westinghouse applies a correction factor to the reflood heat transfer multipliers to account for
rod-to-rod radiation effects, as described on page 25-5-26 of WCAP-12945-P-A. The same
correction factor is applied with ASTRUM.

13-3-2 WCAP-14449-P-A SER Requirements

The WCAP-14449-P-A SER requirements are redundant with those of WCAP-12945-P-A, except for the

following Applicability Limit:

4.

|
\“J\/J

"Section 2.4.4 of this SER discusses that ranges and biases of parameters were based on data,
including UPTF and CCTF data. - Of particular concern is the ranging of interfacial drag and
condensation, which is based on UPTF and CCTF data. In a letter dated April 8, 1 999, to
assure that the 2-loop version of the methodology would not be applied for heat generation rates
higher than covered by the UPTF and CCTF data, W proposed to limit the application of the
UPI methodology to nominal power levels of 1980 MW?t, low power region average linear heat
generation rate less than 6.9 kW/ft, and maximum analyzed linear heat generation rates of

17 kw/ft. We find the proposed limits are acceptable because they are consistent with the range
of the UPTF and CCTF data. We also find that use of the methodology above these values is
outside the scope of our review, and would require further justification and NRC review."”

This applicability limit remains valid for 2-loop plants analyzed with ASTRUM.

The continued applicability of other stipulations in the SER for WCAP-14449-P-A is the same as

discussed in Section 13-3-1.
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APPENDIX A
EXTENSION OF ASTRUM TO COMBUSTION
ENGINEERING DESIGNS

The main body of this report described the application of the Automated Statistical Treatment of
Uncertainty Method (ASTRUM) to Westinghouse-designed pressurized water reactors (PWRs). This
appendix describes the application of ASTRUM to Combustion Engineering (CE) PWR designs.

The physical phenomena that would occur in a CE PWR during a large-break loss-of-coolant accident
(LOCA) are the same as those which would occur in a Westinghouse PWR with cold-leg emergency core
cooling system (ECCS) injection. The relative importance of the phenomena would be expected to differ
somewhat, due to design differences. A review of the Code Scaling, Applicability, and Uncertainty
(CSAU) methodology steps indicates that the extension of ASTRUM to CE PWR designs needs to focus
on the following:

. Phenomena Identification and Ranking (CSAU Step 3) — Differences in the phenomena ranking
need to be identified, and considered in the following step.

. Establishment of Assessment Matrix (CSAU Step 7) — The assessment matrix must be sufficient
to address the phenomena that are more highly ranked for the CE designs. Additionally, the
ranges of fluid conditions expected in the LOCA need to be examined. Any significant
differences need to be addressed.

. Nodalization (CSAU Step 8) — Differences in nodalization may be required to account for
differences in geometry.

These three steps are addressed in detail for CE plants in the following subsections.

A-1 PHENOMENA IDENTIFICATION AND RANKING

The phenomena identification and ranking table (PIRT) for Westinghouse plants with cold-leg ECCS
injection was discussed in detail in Section 1-2-3. Table A-1 provides a comparison of the rankings
developed for CE and Westinghouse plants. The following discussion focuses on the differences in the
rankings.

Core
[
| ot
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Upper Plenum

]E.C

Downcomer

P

Lower Plenum

]ﬂ.C

A-2 REVIEW OF ASSESSMENT MATRIX

This section reviews the existing assessment matrix for the WCOBRA/TRAC code and demonstrates that
it adequately addresses the conditions expected to occur in a CE plants. It is organized according to the
dominant phenomena previously identified for a large-break LOCA in a PWR. Those phenomena
identified as being higher ranked for CE plants are also specifically addressed.

Critical Flow The critical flow model was assessed against 16 Marviken tests and 4 LOFT tests.

Table 25-2-1 of WCAP-12945-P-A (Bajorek et al., 1998) summarizes the range of conditions examined
in the tests, and the range of conditions expected for Westinghouse plants. That table is repeated herein
as Table A-2, with the range of conditions expected for CE plants added. It can be seen that the range of
conditions eipected for CE plants are very similar to those for Westinghouse plants. The differences lie
within those conditions examined in the assessment matrix.
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Break Path Resistance The broken-loop cold-leg nozzle resistance and uncertainty distribution used for
Westinghouse plants are based on Upper Plenum Test Facility (UPTF) test data, as discussed in

Sections 16-3 and 25-3-3 of WCAP-12945-P-A. The uncertainty in the broken-loop pump resistance is
based on scaled pump test data, and is derived in Section 25-3-2 of the same report. These resistance
uncertainties are combined with other minor quantities, resulting in an overall resistance uncertainty that
is then applied to the cold-leg nozzle. The uncertainty is a [

]a.c

Stored Energy/Fuel Rod Initial stored energy for Westinghouse plants is calculated with the PAD 4.0
code (Foster and Sidener, 2000), which has been benchmarked against suitable nuclear fuel rod
performance data. Initial stored energy for CE plants will be calculated with the FATES3B code

(CE, 1992), which has been similarly benchmarked. This will ensure that initial stored energy for CE
plants will be calculated using Nuclear Regulatory Commission (NRC)-approved codes and methods for
those fuel designs.

The nuclear fuel rod models in WCOBRA/TRAC were assessed against the separate effects reflood heat
transfer tests NRU MT-3 and PTH-110, and integral effects tests in LOFT. Those assessments are
considered to apply to CE fuel designs as well as Westinghouse fuel designs.

Blowdown/Reflood Heat Transfer Section 11-1 of WCAP-12945-P-A separated the PWR
blowdown/refill time phase into 4 periods. Fluid and thermal conditions predicted to occur in the PWR
during each period were compared with those covered by the assessment matrix. Tables A-3 through A-5
summarize the results of that comparison, and demonstrate that the assessment matrix adequately covers
the expected range of PWR conditions. There are no geometric design features in a CE plant that would
significantly affect the range of fluid and thermal conditions expected during blowdown and refill.
Therefore, the existing blowdown/refill heat transfer assessment matrix is adequate for application to CE
plants.

Section 12-1 of the same report provided the typical conditions expected in a PWR during reflood, and
reviewed the range of conditions covered by the reflood separate effects heat transfer tests. Tables A-6
through A-8 summarize the results of that comparison, and demonstrate that the assessment matrix
adequately covers the expected range of PWR conditions. The PIRT discussion in Section A-1 concluded
that [

]a.c

Appendix A — Extension of ASTRUM to Combustion Engineering Designs May 2003
0:\6155-Non-AppA.wpd-052703 Rev. 0



A4

[ J*¢ It is concluded that the existing
reflood heat transfer assessment matrix is adequate for application to CE plants.

Delivery and Bypassing of ECC Table A-9 compares the geometry and fluid conditions in UPTF
Test 6 and other relevant Counter-Current Flow Limit (CCFL) tests with the conditions in Westinghouse
and CE PWRs. This table is an expanded version of Table 25-6-1 of WCAP-12945-P-A. The CE
conditions are seen to be similar to the Westinghouse conditions. Comparisons of WCOBRA/TRAC
predictions of UPTF Test 6 with the data indicate that there is a conservative bias in the prediction of
ECC bias. This conclusion is considered to be applicable to CE plants as well as Westinghouse plants.

Steam Binding/Entrainment Comparisons with FLECHT, Slab Core Test Facility (SCTF) and
Cylindrical Core Test Facility (CCTF) data indicated that WCOBRA/TRAC over predicts the amount of
entrainment from the core. Comparisons with UPTF Test 29B showed that, when conditions at the
entrance to the upper plenum are known, WCOBRA/TRAC under predicts the mass retained in the upper
plenum and over predicts the amount of water entrained into the loops. This was demonstrated in
Section 15-2-3 of WCAP-12945-P-A. The results of the steam bindihg/entrainment assessment were that
excessive liquid is predicted to be carried from the core and upper plenum to the steam generators,
thereby resulting in a conservative prediction of steam binding.

The PIRT discussion in Section A-1 concluded that [

]avc

Non-Condensable Gases/Accumulator Nitrogen Comparisons with LOFT and ACHILLES test data
indicated that WCOBRA/TRAC tends to underpredict the pressurization of the downcomer and the
resulting insurge of water into the core, as discussed in Section 16-2 of WCAP-12945-P-A. The heat
transfer effects during the insurge were examined, and it was concluded that the heat transfer coefficient
should be limited to a maximum of [ J*° during this period, due to a lack of data under
these conditions (Section 25-5-5-8 of the same report). The tendency to underpredict downcomer
pressurization, and the use of a maximum heat transfer limitation during the insurge, lead to the
conclusion that the effects of accumulator nitrogen will be conservatively calculated in CE plants.

Condensation The condensation model was assessed against 1/3- and full-scale separate-effects tests
that covered the range of conditions expected in the cold leg at the ECC injection location. As shown in
Section 15-3 of WCAP-12945-P-A, the predicted condensation rate compared well with the data, and the
measured condensation efficiency varied over a narrow range of [ J*¢ over a wide range
of test conditions. Therefore, ranging of condensation in the cold legs is not required.

The condensation model was assessed against small- and full-scale separate-effects tests using a
downcomer geometry, as reported in Section 15-1 of WCAP-12945-P-A. The full-scale results indicated
a wider range of condensation efficiency, depending on the method used to estimate that efficiency.
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Those results were used to establish the condensation ranging used in the downcomer for PWR with
cold-leg ECCS injection.

Table A-10 compares the geometry and fluid conditions in UPTF Tests 6, 8, 25 and other relevant
condensation tests with the conditions in Westinghouse and CE PWRs. The similarities in test geometry
and fluid conditions lead to the conclusion that the condensation assessment conclusions made for the
Westinghouse design are also applicable to the CE design.

A-3 NODALIZATION

The nodalization used for analyses of Westinghouse plants is plant-specific, and takes into account
variations in vessel design, loop arrangement, and ECCS configuration. A set of guidelines has been
established to ensure that the PWR nodalization is consistent with that used in analyses of test facilities.
These guidelines are described in Section 20-1 of WCAP-12945-P-A. Application of the guidelines is
illustrated in Sections 20-2 to 20-4 of that report, with the Section 20-2 application repeated in

Section 12-1 of this report. Those same guidelines will be applied to the analyses of CE plants.

A-4 CONCLUSIONS

The PIRT for CE designed PWRs has been constructed and compared with the PIRT for Westinghouse
plants with cold-leg ECCS injection. While very similar in design, there are minor differences in some
of the phenomena rankings during the reflood phase. [

1** The WCOBRA/TRAC assessment matrix for the dominant
large-break LOCA phenomena has been reviewed, and concluded to be applicable to CE plants. Asa
result, the same uncertainty methodology can be applied to CE plants.

Nodalization of CE plants will be established on a plant-specific basis, following the existing
NRC-approved guidelines.
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Accident,” WCAP-14171-P, Revision 2.

Appendix A — Extension of ASTRUM to Combustion Engineering Designs May 2003
0:\6155-Non-AppA.wpd-052703 Rev. 0



A-7

]a,C

Table A-1
Combustion Engineering and Westinghouse PIRT for Large-Break LOCA
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Table A-1 (Cont’d)
Combustion Engineering and Westinghouse PIRT for Large-Break LOCA
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Table A-1 (Cont’d)

Combustion Engineering and Westinghouse PIRT for Large-Break LOCA
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Table A-1 (Cont’d)
Combustion Engineering and Westinghouse PIRT for Large-Break LOCA
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Table A-1 (Cont’d)
Combustion Engineering and Westinghouse PIRT for Large-Break LOCA
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Table A-2
Critical Flow Model Assessment . \L/
[
]a,c
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Table A-3

Typical Conditions in a PWR During Blowdown

Quantity

Period

Range

Pressure (psia)

2250 - 1500
1500 - 800
800- 100
100 - 20

Inlet Mass Velocity (Ibm/ft¥/s)

0-700
0-50
0-100
0- 10

Inlet Subcooling (°F)

Inlet Steam Quality

Assembly Maximum Heat Rate (kW/ft)

Assembly Average Heat Rate (KW/ft)

Assembly PCT (°F)

SER~|ICRER~|RER~|fREE~|REE~|2 HE ~|2dHa ~

1000 - 1600
1000 - 1800
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Table A-4

Blowdown Heat Transfer Test Conditions

vi-v

Inlet Mass
Test Pressure Velocity Peak Power
Test Series Number (psia) (Ibm/ft¥/s) (KW/ft) Comments
ORNL 3.07.98 1850 146 8.3 Steady-State
3.08.6C 1870-700 215-54 34-11 and Transient
3.03.6AR 2031-1015 470-47 5.6-9.5-1.1 Upflow
17x17 Rod Array

I
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Table A-5
Code Validation Test Range of Conditions

Quantity

PWR Period

Test Range
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Table A-6

Typical Conditions in a PWR During Reflood

Assembly PCT (°F)

Quantity Range
Pressure (psia) 15-50
Inlet Mass Velocity (Ibm/sec/ft?) 0-100
Inlet Subcooling (°F) 0-100
Inlet Steam Quality 0-0.01
Assembly Maximum Heat Rate (kW/ft) 0.5-1.0
Assembly Average Heat Rate (kW/ft) 0.1-0.5

1000 - 2200
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Table A-7

Reflood Heat Transfer Test Conditions

€0£250-pdm-yddy-uoN-sg1o\:0

sugiso(q SuuassuiSuyg uonsnquo)) 01 WNYLSVY Jo uorsuaixyg — v xipuaddy

Test Pressure Flooding Rate | Inlet Subcooling Peak Power
Series Test Number (psia) (in/s) (°F) (kW/ft) Comment
FLECHT 31805 40 0.81 143 0.7 Cosine Power Shape
SEASET 31203 40 1.51 141 0.7 17x17 Rod Array
31701 40 6.1 140 0.7
31504 40 0.97 144 0.7
32013 60 1.04 143 0.7
FLECHT Low 05029 40 0.85 141 0.73 Cosine Power Shape
Flooding Rate 05132 40 1.0 140 0.95 15x15 Rod Array
04641 20 1.0 139 0.95
FLECHT/Skewed 15305 40 0.8 140 0.7 Top Skewed Power
13812 41 1.0 83 0.7 Shape
15713 40 1.0 2 0.7 15x15 Rod Array
13914 21 1.0 5 0.7
13609 21 1.0 141 0.7
G-2 550 40 1.0 116 0.66 14-Ft Bundle
562 20 1.0 110 0.46 Mixing Vane Grids
568 40 1.0 117 0.57
FEBA 223 32 1.5 145 0.7 Flatter Power Shape
234 29 1.5 145 0.7 Grid Effect
216 60 1.5 185 0.7
229 61 1.5 185 0.7

£00Z Ae N

0 A%y

L1V
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Table A-8

Reflood Separate Effects Test Range of Conditions

Pressure Range (psia) 20 - 60
Initial Peak Cladding Temperature (°F) 1358 - 1640
Maximum Peak Cladding Temperature (°F) 1670 - 2184
Initial Peak Rod Power (kW/ft) 0.67 - 0.95
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‘ Table A-9
ECC Bypass/CCFL Model Assessment

P
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Table A-10
Condensation Model Assessment L
[
]a.b,c
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APPENDIX B
VALIDATION OF WCOBRA/TRAC MOD7A REVISION 6

The code version previously approved by the US Nuclear Regulatory Commission (USNRC) was
WCOBRA/TRAC MOD7A Revision 1. The code version that Automated Statistical Treatment of
Uncertainty Method (ASTRUM) is based on is WCOBRA/TRAC MOD7A Revision 6. This appendix
describes the changes made to WCOBRA/TRAC since the previous USNRC review. The changes with
the potential to affect any of the prior code assessment results are identified. Reanalyses of selected
experiments with WCOBRA/TRAC MOD7A Revision 6 are presented to support the conclusion that the
prior code assessment results remain valid. |

B-1 REVISIONS TO WCOBRA/TRAC MOD7A REVISION 1

Changes to, or errors in, approved loss-of-coolant-accident (LOCA) evaluation models are reported to the
USNRC on at least an annual basis, in accordance with the Code of Federal Regulations (CFR)

10 CFR 50.46. Table B-1 summarizes the items reported since WCOBRA/TRAC MOD7A Revision 1
was approved, and identifies where each change or error was reported to the USNRC. The table also
indicates which items have the potential to affect the prior code assessment results (such as, biases and/or
uncertainty distributions). Some of the reported changes or errors have no effect on any of the prior code
assessment results for a number of reasons, such as:

1) Théy involve an input error that has been determined to affect certain plant-specific
analyses only. "Intercell Force Gap Numbering Error," "Accumulator Line/Pressurizer
Surge Line Data," "WCOBRA/TRAC Unheated Structure Multiplier,"” and "Broken Cold
Leg Modeling Deviations" are in this category.

2)  They involve an option, model, code, or code application that is not used for experiment
simulations. "TUBE Heated Conductor Error,” "Inconsistent Guidance for HOTSPOT
Outputs in Best-Estimate (BE) Large-Break LOCA (LBLOCA) Methodology," "Decay
Heat Uncertainty Error in Monte Carlo Calculation,” "LOTIC2 Nitrogen Addition Logic
Error,” "LOTIC2 Time Step Logic Error," "GEDM Interface Error," "Pressure Drop Error
for 1-D Connections to 3-D Vessel,” "PAD 4.0 Implementation,” "Enhancements to Monte
Carlo Peak Cladding Temperature (PCT) Calculation," "Oxidation Thickness Index Error
for Best-Estimate WCOBRA/TRAC," “1-D Condensation Ramp Error," “Potential Divide
by Zero Error During Pump Rotation Reversal,” "Application of Decay Heat Uncertainty
to Prompt Fission Energy Error,” "Monte Carlo Code Consolidation Error,” "Response
Surface Matrix Operation and Random Search Errors," and "User Conveniences in
HOTSPOT " are in this category.

3)  They involve enhanced input/output, or corrections to output edits that do not affect
variables of interest for experiment simulations. "Miscellaneous Input/Output Revisions,"
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"Drop Diameter Plot Tape Storage Error," "Cladding Oxidation Edit Error," "Output Edit
Error for SI Units," and "Response Surface Plot Title Error " are in this category.

Each of the error corrections that could potentially affect the prior assessment of biases and uncertainties
is discussed in more detail in the following paragraphs.

Vessel Channel DX Error (Including Investigation of Code Uncei'tainties) Calculations of the
interfacial and wall drag in lateral flow use the gap flow area, which is the product of the gap width and
height. See, for example, equations 4-70 (interfacial drag coefficient in small bubble regime) and 4-112
(interfacial drag coefficient in dispersed droplet flow regime). For the wall drag calculations, the gap
flow area enters into the calculation of the transverse liquid and vapor mass fluxes, used as shown in
equations 4-23 through 4-26, 4-28, and 4-29. The gap height used in these gap area calculations was
incorrectly indexed, such that the height of all gaps in a given channel was set to be equal to the height of
the top cell in the channel below.

This error potentially affected the model biases and uncertainties established for the approved
methodology. After the initial correction of this error, 47 simulations of tests performed in 8 different
test facilities (Upper Plenum Test Facility (UPTF), Cylindrical Core Test Facility (CCTF),
FLECHT-SEASET, FLECHT Low Flooding Rate, FLECHT Skewed Power Shape, Oak Ridge National
Laboratory (ORNL), G-1 Blowdown, and G-2 Refill) were repeated. A comparison of the revised and
original test simulations led to the conclusion that the approved model biases and uncertainty
distributions remain applicable. (The results of this study were reported in the annual report for 1998,
issued in NSD-NRC-99-5839, dated July 15, 1999.)

Section B-2 of this Appendix contains reanalyses of selected experiments with WCOBRA/TRAC
MOD7A Revision 6. As will be shown in Section B-2, none of the simulation results were substantially
affected by this or the other error corrections.

1-D Transition Boiling Heat Transfer Error Request for Additional Information (RAI) 1-206
questioned whether there was double accounting of the vapor phase heat transfer for 1-D components in
transition boiling, based on the model description in the original Section 6-3-5. This was confirmed, and
Westinghouse committed to revising the model description and the coding. The approved version of the
Code Qualification Document (CQD) has the model description corrected, but the coding developed to
correct the model was inadvertently not included in the configured code version.

The response to RAI1-206 illustrated that the effect of the error on the total transition boiling heat
transfer was small. In addition, the time period spent in the transition boiling regime is only a few
seconds, as shown in the Appendix to Attachment W of NTD-NRC-95-4399. A pressurized water
reactor (PWR) calculation was performed with the error correction in order to support annual

10 CFR 50.46 reports, and it was verified that the effect on the plant transient is negligible.
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This error has the potential to afféct the heat transfer calculations in the steam generator tubes of the
STGEN component. The only test simulations that use the STGEN component are CCTF and LOFT.
Analyses of CCTF Test 62 and LOFT L2-2 with the error corrected are included later in this Appendix.
Those runs demonstrate that there is no significant effect on the analysis results due to this or the other
error corrections.

Incorrect Wall Friction Factor for Convective Enhancement Term RAID-5 questioned the
formulation of the wall friction factor used in CQD Equation 6-122 (pages 6-32 and 6-33). Additional
investigation indicated that the friction factor should use the Moody formulation, including a factor of 4.
The as-coded model did not include the factor of 4. In response to RAID-5, Westinghouse demonstrated
the effect of this error to be small, by repeating the analysis of FLECHT-SEASET Test 31805 with the
error corrected. (Test 31805 was chosen because it had a low flooding rate of 0.8 in/sec, and the error
was shown to have the largest effect at low vapor Reynolds numbers.) Westinghouse committed at that
time to correct the error in the future, when other changes to the heat transfer model were made. The
correction was made in Revision 5.

Section B-2 of this Appendix contains reanalyses of selected experiments with WCOBRA/TRAC
MOD7A Revision 6. As will be shown in Section B-2, none of the simulation results were substantially
affected by this or the other error corrections.

WCOBRA/TRAC Gap Input Error in SECY Upper Plenum Injection (UPI)/Best-Estimate LOCA
(BELOCA) Evaluation Model (EM) Analyses Gap connections are to be specified from the lower
numbered channel to the higher numbered channel. Slab Core Test Facility (SCTF) and UPTF Test 29B
did not follow this numbering convention. After initially discovering this error, the affected cases were
all reanalyzed. A comparison of the revised and original test simulations led to the conclusion that the
approved model bias leading to conservative prediction of steam binding remains applicable. (The
results of this study were reported in the annual report for 2000, issued in LTR-NRC-01-6, dated

March 13, 2001.)

A reanalysis of SCTF Test 619 with WCOBRA/TRAC MOD7A Revision 6 is included later in this
Appendix.

Radiation Heat Transfer to Vapor Phase Error The response to RAI1-151b indicated that radiation to
steam is accounted for in the single-phase vapor regime, using the model described in Section 6-2-9, It
was found that the radiation-to-steam calculation was bypassed if the void fraction exceeded 0.9999.
This error was corrected, and the text in Section 6 was updated to be consistent with the correction.

Section B-2 of this Appendix contains reanalyses of selected experiments with WCOBRA/TRAC
MOD7A Revision 6. As will be shown in Section B-2, none of the simulation results were substantially
affected by this or the other error corrections.
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Grid Heat Transfer Error Equation 6-130 previously applied the grid heat transfer enhancement factor
to the wall-to-vapor radiation term as well as the wall-to-vapor convection term. The coding was
consistent with the previous equation. Equation 6-130 and the coding have been corrected, such that the
grid enhancement factor is applied to the convection term only.

Section B-2 of this Appendix contains reanalyses of selected experiments with WCOBRA/TRAC
MOD7A Revision 6. As will be shown in Section B-2, none of the simulation results were substantially
affected by this or the other error corrections.

Neutronics Calculation Moderator Density Weighting Factor Error The power used in
normalization of the moderator density weighting factors for the point kinetics model was found to
double-account for channels with multiple simulated rods. This error affects the initial reactivity in the
core very slightly.

The Loss-of-Fluid Test (LOFT) facility tests are the only simulations the error correction could affect.
Section B-2 of this Appendix contains a reanalysis of LOFT L2-2 with WCOBRA/TRAC MOD7A
Revision 6. There is no substantial effect of this or the other error corrections on the LOFT L2-2
predictions.

1-D Minimum Film Boiling Temperature Model Selection Error Section 6-3-6 indicates that the
minimum film boiling temperature calculation for 1-D components is calculated as the maximum of the
homogeneous nucleation temperature and that predicted by the Iloeje correlation. The comparison of
these two correlations is made if a flag (ITMIN) is set greater than zero. Otherwise, the homogeneous
nucleation temperature is used. It was found that ITMIN was not initialized, resulting in the Iloeje
correlation not being considered. The coding was corrected to be consistent with the description in
Section 6-3-6.

This error has the potential to affect the heat transfer calculations in the steam generator tubes of the
STGEN component. The only test simulations that use the STGEN component are CCTF and LOFT.
Analyses of CCTF Test 62 and LOFT L2-2 with the error corrected are included later in this Appendix.
Those runs demonstrate that there is no significant effect on the analysis results due to this or the other
error corrections.

Cladding Axial Thermal Expansion Error The cladding axial thermal expansion is used in the
calculation of the fuel rod internal pressure, as indicated in the gas plenum volume definition in

Equation 7-46. Equation 7-39 shows how the cladding axial thermal expansion over the length of the rod
is calculated. Table 7-1 shows that the cladding axial thermal expansion is based on a linear
interpolation scheme over a temperature range of 1073-1273°K. The CALL statement for the
interpolation subroutine had a typographical error in one of the arguments, such that the axial thermal
expansion was evaluated incorrectly.
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This error had the potential to affect any calculation that uses the nuclear fuel rod model and the dynamic
gap conductance option. LOFT and National Research Universal (NRU) are the only test facilities that
use this option. This error would be expected to have minimal effect on the LOFT and NRU PTH-11C
calculations, since the rod pressures were too low to cause swelling and burst. The NRU MT-3
simulation would not be affected since cladding burst was predicted below 1073°K. Reanalysis of
LOFT L2-2 was performed with WCOBRA/TRAC MOD7A Revision 6. As shown in Section B-2, there
is no significant effect on the analysis results due to this or the other error corrections.

Error in Time After Shutdown for Neutron Capture Term Equation 8-45 shows the neutron capture
correction factor specified by the American National Standards Institute/American Nuclear Society
(ANSI/ANS) 5.1-1979 standard. The time after shutdown term, “t," was incorrectly programmed to use
the total calculation time, including the steady-state calculation. The coding has been corrected so that
"t" is defined as the time after initiation of the break.

This error could have the potential to affect the previous LOFT simulation results, since the 1979 decay
heat standard was used in those analyses. The LOFT steady-state calculation was run for 30 seconds,
which would be the magnitude of the error in the time after shutdown term. Evaluation of Equation 8-45
indicates that a 30-second error in time after shutdown has a negligible effect on the neutron capture
term. Therefore, the effect of this error on the LOFT simulations can be considered negligible. This was
confirmed by the reanalysis of LOFT L2-2 with WCOBRA/TRAC MOD7A Revision 6, as shown in
Section B-2.

Bypass of Orifice Entrainment Model in Downflow with Channel Splitting Entrainment during
downward flow is calculated as described in Section 4-6-4. An orifice entrainment model is used if the
void fraction is greater than 0.8, and if there is an area expansion of greater than 5 percent in the
downflow direction. There was a coding error that would result in the orifice entrainment model being
bypassed if there was channel splitting (one channel above two or more channels below).

A review of the noding schemes used in the test simulations indicated that only the G-2 test predictions
were potentially affected by this error. (Figure 11-4-7 of WCAP-12945-P-A, Volume 2, Revision 1,
shows the noding used for G-2 blowdown test simulations). Since the G-2 test predictions were not used
to establish the blowdown cooling heat transfer multipliers, there is no effect of this error on the model
biases or uncertainties.

B-2 REANALYSIS OF SELECTED EXPERIMENTS USING WCOBRA/TRAC
MOD7A REVISION 6

Most of the experiment simulations reported in WCAP-12945-P-A (Bajorek et al., 1998) were performed
with WCOBRA/TRAC MOD7A Revision 0, as discussed in Section 1-2-1 of that reference (“Step 4:
Select Frozen Code”). Late in the NRC review, several minor errors were corrected which resulted in the
approved code version, WCOBRA/TRAC MOD7A Revision 1. Appendix B at the end of Volume 5 of
WCAP-12945-P-A provides a summary of those error corrections.
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The experiment simulations performed in support of the application of the methodology to 2-loop plants
with UPI used WCOBRA/TRAC MOD7A Revision 1 (WCAP-14449-P-A, Dederer et al., 1999). L

In the following sections, selected experiment simulations are repeated with WCOBRA/TRAC MOD7A
Revision 6, and the results are compared with the previous simulations reported in WCAP-12945-P-A
and WCAP-14449-P-A. It will be shown that the prior conclusions from the code and model assessments
are unaffected by the changes described earlier in Section B-1.

B-2-1 FLECHT-SEASET Test 31805

In the original CQD (Bajorek et al., 1998), the WCOBRA/TRAC MOD7A Revision 0 predictions were
compared against several FLECHT-SEASET tests to determine the code bias and uncertainty. The
FLECHT-SEASET Test 31805 was selected here to verify that the updates included in Revision 6 of the
code did not change the conclusions on the evaluation of the heat transfer coefficient uncertainties
reported in the original CQD.

B-2-1-1 Relevance to BELOCA Methodology

Test 31805 was chosen because it has a lower bound flooding rate value. The reflood rate for Test 31805

was 0.81 in/sec. The test pressure was maintained at 40 psia and the injected coolant temperature was

124°F. The WCOBRA/TRAC simulation of Test 31805 was run for the first 800 seconds of the

experiment, by which time all heater rod elevations had quenched in both the prediction and the test. \L/

The comparison of the measured temperatures at different elevations (24, 48, 72, 78, 84, 96,

and 120 inches) from the bottom of the heated length with the predictions obtained with
WCOBRA/TRAC MOD7A Revision 0 was already discussed in Section 12-2-5 of the original CQD. At
the lower elevations (Z < 72 inches), the Revision 0 predictions shows generally good agreement with the
data. The predicted maximum temperatures at each elevation are low at 72 inches, but otherwise
approximately correct, while the predicted turn-around times are early. The predicted quench times are
at about the same time as those observed in the data or slightly later. At the higher elevations

(Z > 72inches), the WCOBRA/TRAC predictions of the peak temperatures are also lower than the peak
temperatures of the data average. The time at which the peak is predicted is earlier than the data. The
cooldown rate exceeds the measured rate and quench is predicted to occur earlier than the data average.

B-2-1-2 Simulation Results and Comparison to Previous Results

Figures B-1, B-3, and B-5 show the comparison of predicted and measured temperature histories at
elevations 48, 78, and 120 inches from the bottom of the heated length as they were reported in the
original CQD (Bajorek et al.). Figures B-2, B- 4, and B-6 show the predicted temperature histories at the
same elevations obtained with WCOBRA/TRAC Revision 6.
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B-2-1-3 Conclusions

Results obtained with Revision 6 are essentially unchanged from the previous predictions. Therefore, the
evaluation of the heat transfer coefficient uncertainties reported in the original CQD is still valid.

B-2-2 FLECHT-SEASET Test 31701
B-2-2-1 Relevance to BELOCA Methodology

Test 31701 was chosen because it has an upper bound flooding rate value. The reflood rate for Test
31701 was 6.1 in/sec. The test pressure was maintained at 40 psia and the injected coolant temperature
was 127°F. The WCOBRA/TRAC simulation of Test 31701 was run for the first 100 seconds of the
experiment, by which time all heater rod elevations had reached their peak temperature and had
quenched. The comparison between the WCOBRA/ TRAC Revision 0 code prediction and the
experiment is discussed in detail in Section 12-2-9 of the original CQD. At the lower elevations (24 and
48 inches), the code temperature prediction shows good agreement with the data. The predicted
maximum temperatures at each elevation are low compared to the data, and the time at which the peak
temperature is predicted to occur is approximately correct. The predicted quench times are in good
agreement with the data. At the higher elevations (72 inches and above), WCOBRA/TRAC’s prediction
of the maximum temperatures agree well with the maximum temperatures of the data average. The
predicted quench times at the higher elevation are also in good agreement with data, except at 120 inches
where the initial cladding temperature is below Tp,.

B-2-2-2 Simulation Results and Comparison to Previous Results

Figures B-7, B-9, and B-11 show the comparison of predicted and measured temperature histories at
elevations 48, 78, and 120 inches from the bottom of the heated length as they were reported in the
original CQD. Figures B-8, B-10, and B-12 show the predicted temperature histories at the same
elevations obtained with WCOBRA/TRAC Revision 6.

B-2-2-3 Conclusions

Results obtained with Revision 6 are essentially unchanged from the previous predictions. Therefore, the
evaluation of the heat transfer coefficient uncertainties reported in the original CQD is still valid.

B-2-3 FLECHT Low Flooding Rate (LFR) Cosine Test 05132
B-2-3-1 Relevance to BELOCA Methodology
Test 05132 was one of the 3 FLECHT LFR cosine tests used in the development of the reflood heat

transfer multipliers. The reflood rate for Test 05132 was 1.0 in/sec. The test pressure was maintained at
40 psia and the injected coolant temperature was 127°F. The initial peak rod power for this test was
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0.95 kW/ ft. The WCOBRA/TRAC simulation of Test 05132 was run past the 500 seconds of the
experiment, by which time all heater rod elevations had reached their peak temperature and had
quenched. The comparison between the WCOBRA/TRAC Revision 0 code prediction and the
experiment is discussed in detail in Section 12-3-6 of the original CQD. At the lower elevations (24 and
48 inches), the maximum cladding temperatures are overpredicted. The time at which the maximum
temperature is predicted to occur is approximately correct. At the middle elevations (72 and 78 inches),
WCOBRA/TRAC slightly underpredicts the maximum temperatures, with the predicted turn-around
times ahead of the data. At the upper elevations (84 inches and above), the maximum cladding
temperatures match or slightly exceed the measured values, and quench is predicted to occur late.

B-2-3-2 Simulation Results and Comparison to Previous Results

Figures B-13, B-15, and B-17 show the comparison of the measured temperature histories at elevations
48, 78, and 120 inches from the bottom of the heated length and the predicted value by the Revision 0 as
they were reported in the original CQD. Figures B-14, B-16, and B-18 show the predicted temperature
histories at the same elevations obtained with WCOBRA/TRAC Revision 6.

B-2-3-3 Conclusions

Results obtained with Revision 6 are essentially unchanged from the previous predictions. Therefore, the
conclusions on the reflood heat transfer multipliers reported in the original CQD are still valid.

B-2-4 FLECHT Skewed Test 13812
B-2-4-1 Relevance to BELOCA Methodology

Test 13812 was one of the 5 skewed tests used in the development of the reflood heat transfer
multipliers. The reflood rate for Test 13812 was 1.0 in/sec. The test pressure was maintained at 40 psia
and the injected coolant temperature was 184°F. The WCOBRA/TRAC simulation of Test 13812 was
run for 800 seconds of the experiment, by which time all predicted heater rod elevations had reached
their peak temperature and had quenched. The comparison between the WCOBRA/ TRAC Revision 0
code prediction and the experiment is discussed in detail in Section 12-4-6 of the original CQD. At the
lower elevations (24 and 48 inches), the code prediction shows good agreement with the data. The
predicted maximum temperatures at each elevation are slightly overpredicted, and the time at which the
peak temperature is predicted to occur is approximately correct. The predicted quench times are in
reasonable agreement with the data. At the middle elevations (72 and 96 inches), WCOBRA/TRAC
slightly overpredicts the maximum temperatures, but the turn-around times are underpredicted. Quench
is predicted to occur ahead of the data. At the upper elevations (120, 126, and 132 inches), the maximum
cladding temperatures are overpredicted, and the quench times are before the data.
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B-2-4-2 Simulation Results anci Comparison to Previous Results

Figures B-19, B-21, and B-23 show the comparison of predicted and measured temperature histories at
elevations 48, 72, and 132 inches from the bottom of the heated length as they were reported in the
original CQD. Figures B-20, B- 22, and B-24 show the predicted temperature histories at the same
elevations obtained with WCOBRA/TRAC Revision 6.

B-2-4-3 Conclusions

Results obtained with Revision 6 are essentially unchanged from the previous predictions. Therefore, the
conclusions on the reflood heat transfer multipliers reported in the original CQD are still valid.

B-2-5 G-2 Reflood Test 550

G-2 Reflood Test 550 was one of the 3 G-2 tests used in the development of the reflood heat transfer
multipliers. Low pressure forced reflood tests performed at the Westinghouse G-2 test facility were
simulated using the WCOBRA/TRAC computer code. The G-2 reflood bundle had a 14-foot length and
typical Westinghouse mixing vane grids.

B-2-5-1 Relevance to BELOCA Methodology

Comparisons of the WCOBRA/TRAC results to the reflood test data can be used to help assess the
capability of WCOBRA/TRAC to accurately predict rod bundle reflood heat transfer behavior including
spacer grid effects on dispersed flow film boiling heat transfer. G-2 tests are also used to develop heat
transfer multipliers for the reflood period.

B-2-5-2 Simulation Results and Comparison to Previous Results

The reflood rate for Test 550 was 1.01 in/sec. The test pressure was maintained at 40 psia and the
injected coolant temperature was 150°F. The WCOBRA/TRAC simulation of Test 550 was run for the
first 500 seconds of the experiment, by which time all heater rod elevations had reached their maximum
temperatures and had started to decline. 3

Figures B-25, B-27, and B-29 show the comparison of predicted and measured temperature histories at
elevations 82, 94, and 111 inches from the bottom of the heated length as they were reported in

Section 12-6-5 of the original CQD. The time is after the start of reflood and start of decrease of bundle
power. The code prediction is for simulated cladding temperatures in the inner channel. The data curves
in these figures are based on all of the valid thermocouples located within the boundary of the 7
WCOBRA/TRAC inner channel. These predictions were obtained by using WCOBRA/TRAC MOD7A
Revision 0. Figures B-26, B-28, and B-30 show the corresponding cladding temperature results using
WCOBRA/TRAC MOD7A Revision 6.
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B-2-5-3 Conclusions

As they are supported by the comparisons, the results obtained with Revision 6 are essentially unchanged J‘/
from the previous predictions. Therefore, it is concluded that the ability of the code to predict rod bundle
reflood heat transfer phenomena is essentially unchanged, and the heat transfer multipliers generated in
the original methodology also apply to ASTRUM.

B-2-6 LOFT L2-2

The LOFT facility (operated by EG&G, Idaho Inc. for the Department of Energy) is a 1/60 scale (by
volume) 4-loop PWR, designed to provide thermal-hydraulic data during a large rupture of a main
coolant pipe. The LOFT facility is the only nuclear-powered integral test available, and is therefore a
required test for qualification of a best-estimate LOCA code. A largé amount of thermal and hydraulic
data is available for these tests, which allows the assessment of several key LOCA processes.

Four LOFT tests were simulated with WCOBRA/TRAC and documented in WCAP-12945-P-A

(Bajorek et al.,1998): L2-2, L2-3, L2-5, and LB-1. The LOFT experiments L2-2, L2-3, L2-5, and LB-1

were designed to represent double-ended pipe breaks of the cold leg in a full-scale PWR. The

differences between these 3 tests in the L2 series were in their power levels and whether the reactor

coolant pumps were tripped or not. In addition, LB-1 was run with a lower accumulator water volume.

Tests L2-2 (McCormick, 1979) and L2-3 (Prassinos, 1979) were low and intermediate power tests in

which the reactor coolant pumps were allowed to continue operating. Tests L2-5 (Bayless and Divine, L
1982) and LB-1 (Adams and Birchley, 1984) were intermediate- and high-power tests in which the

pumps were tripped and the pump fly wheels disconnected. These 4 experiments provide good examples

of the code’s ability to predict the following quantities:

Reactor power

Emergency core cooling (ECC) bypass
Reactor coolant pump behavior

Break flowrate

Fuel rod cladding temperature

AN i S A

Core and loop flow distribution
B-2-6-1 Relevance to BELOCA Methodology

The LOFT simulations were used to supplement the WCOBRA/TRAC model validation for the 6 items
listed above (Section 14-1 of WCAP-12945-P-A). The blowdown PCT predictions for the LOFT series
were used in combination with the ORNL test simulation to generate the bias and uncertainty distribution
for heat transfer coefficient multiplier during the blowdown heatup period. This was discussed in

Section 25-5-2 of WCAP-12945-P-A.
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B-2-6-2 Simulation Results an(i Comparison to Previous Results

The LOFT L2-2 test simulation results are shown in Figures B-31 through B-36. The prediction with the
current code version, WCOBRA/TRAC MOD7A Revision 6 and the comparison plots given in
WCAP-12945-P-A, are shown. The WCOBRA/TRAC model described in Section 14-1 of
WCAP-12945-P-A is unchanged with the exception of the broken cold leg. The noding for the broken
cold leg was made consistent with the PWR modeling as seen in Figure B-37. The current noding
recognizes that the choke plane is located at the exit of the break nozzle that has the flow area restriction
(Component 970). The break component then is attached to the nozzle component (Component 970) so
that the critical flow is checked at this location. As seen in comparison plot figures (Figures B-31
through B-36), the simulation results are essentially unchanged from the previous predictions. Therefore,
the conclusions made in WCAP-12945-P-A including the blowdown heatup heat transfer coefficient
multiplier developed with the previous code version are still valid.

B-2-6-3 Conclusions

The LOFT L2-2 test simulation was repeated with the current code version, WCOBRA/TRAC MOD7A
Revision 6. The comparison to measurements and with the previous code version (WCOBRA/TRAC
MOD?7A Revision 0) results indicate that the code performance is not impacted by the code version
differences. In addition, the bias and uncertainty for the heat transfer coefficient multiplier for the
blowdown heatup phase developed with the previous code version (WCOBRA/TRAC MOD7A) are still
valid.

B-2-7 SCTF Test 619

The WCOBRA/TRAC code was used to predict the results of tests conducted with the Japan Atomic
Energy Research Institute’s (JAERI) Slab Core Test Facility (SCTF). The objectives of the SCTF test
program were to study two-dimensional hydrodynamics and heat transfer in the core of a simulated PWR
and to determine the performance of the emergency core cooling system (ECCS) during a postulated
LOCA. The specific phases of the LOCA transient investigated were the later part of blowdown, and the
refill and reflood periods.

B-2-7-1 Relevance to BELOCA Methodology

The ability of WCOBRA/TRAC to predict the cladding temperature response, mass flows, and liquid
distribution was investigated using the SCTF simulations. These simulations are used to assess the
code’s ability to simulate steam binding/entrainment phenomena. They are also used in compensating
error assessment. The original calculations for Test 619 were made using the WCOBRA/TRAC
MOD?7A Revision 0 and were reported in Section 14-3-7 of WCAP-12945-P-A (Bajorek et. al). These
calculations were repeated using the current code versions, which includes the changes as described in
this appendix.
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B-2-7-2 Simulation Results and Comparison to Previous Results

The calculations were performed as transients (that is, there was no steady-state calculation), starting at ‘L/
beginning of core recovery (BOCREC), when the ECC injection is initiated. The calculations were run
out until the cladding temperatures in all rods at all elevations had turned over.

The cladding temperature predictions are compared with the mean of the measured data. While cladding
temperature predictions are an important part of the assessment of WCOBRA/TRAC, an equally
important area is the prediction of the liquid distribution in the core and upper plenum. This is directly
related to the amount of water predicted by the code to be entrained out of the vessel into the hot legs.
Masses in the core and upper plenum are estimated from delta-p measurements. In the SCTF, mass flows
were measured outside of the vessel after the entrained liquid was separated from the steam. There was
no direct measurement of liquid mass flow; an estimate was made by measuring the rate of change of
water level in the steam water separator. Steam flows were measured in venturi meters or across orifice
plates as the steam entered the containment vessels.

In the following comparisons, solid lines denote the WCOBRA/TRAC predictions. Figures B-38 to B-43

compare the predicted cladding temperatures at several axial locations for WCOBRA/TRAC MOD7A

Revision 0 and Revision 6. Early in the transient, the predicted cladding temperature is lower than in the

test. The average temperature is underpredicted for about 100 seconds, then the predicted heat transfer

becomes poorer than in the test. The quench times are predicted well. Comparisons of simulations using
WCOBRA/TRAC Revision 6 also supports the same findings. L

The core liquid level is compared in Figures B-44 and B-45 for WCOBRA/TRAC MOD7A Revision 0
and Revision 6 simulations, respectively. As Figure B-44 indicates, WCOBRA/TRAC predicts less mass
remaining in the core than is measured in the test; it was concluded in WCAP-12945-P-A that most of the
under prediction occurs in the upper elevations of the bundle. The same response is also obtained from
Revision 6 results, as depicted in Figure B-45.

Figures B-46 and B-47, for Revision 0 and Revision 6 respectively, compare the collapsed liquid level in
the inner region of the upper plenum with the measured level at two locations: above bundle 1 and above
bundle 8. In both simulations, WCOBRA/TRAC predicts a more uniform distribution. The predicted
level is also higher. Importantly, WCOBRA/TRAC predicts the same relatively low liquid level during
most of the test. At about 300 to 350 seconds, the discrepancy becomes larger, but this occurs after the
entire core has quenched.

B-2-7-3 Conclusions
The ability of the code to predict the cladding temperature response, mass flows, and liquid distributions

has not changed. This conclusion is supported by the comparisons of code predictions using
WCOBRA/TRAC MOD7A Revision 0 and Revision 6 against the data.
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B-2-8 CCTF Run 62

To assess the capability of the WCOBRA/TRAC computer code to predict the thermal-hydraulic core
behavior in PWRs, specific code validation was performed using data from the CCTF (Core II). The
CCTF test program was conducted by the JAERI and was used to investigate the thermal-hydraulic
response of the plant during the refill and reflood phases associated with a postulated LOCA.

B-2-8-1 Relevance to BELOCA Methodology

Using the CCTF simulations, the ability of WCOBRA/TRAC to predict the cladding temperature
response, mass flows, and liquid distribution is assessed. The CCTF tests are the largest scale integral
tests available to investigate the phenomena important during the reflood phase. The CCTF has a flow
area scaling of 1/21.4 of a 4-loop PWR. Their large scale makes them particularly suited as verification
of the code’s ability to predict three-dimensional effects in the core. In addition, the full-height scaling
makes these tests important indicators on the extent to which core/downcomer oscillations affect the
reflood transient. The CCTF simulations are used in assessment of steam binding/entrainment
phenomena and in compensating error assessment for WCOBRA/TRAC.

B-2-8-2 Simulation Results and Comparison to Previous Results

The CCTF Run 62 is selected to benchmark WCOBRA/TRAC MOD7A Revision 6 results against
Revision O results. These results were reported and discussed in Section 14-2-6-1 of WCAP-12945-P-A.
Comparisons of key predicted variables against experimental data are presented for both the original
calculations conducted with WCOBRA/TRAC MOD7A Revision 0 and the new calculations with
Revision 6.

- In general, PCTs and quench times in the CCTF tests were overpredicted (Figures B-48 to B-53). The
WCOBRA/TRAC code also predicts a period of cooldown at about 100 seconds, followed by a second
heatup, which is caused by excess entrainment into the loops. The predicted vapor temperatures
(Figure B-54) are substantially higher than the data: the measurements are most likely affected by
rewetting of the thermocouples (T/Cs); prior to rewet the vapor temperature measurement at 6 feet
(Figure B-54) agrees well with the predicted value. This is also the case in Revision 6 results as shown
in Figure B-55.

The core collapsed liquid level from Revision 0 and Revision 6 simulations are compared to
experimental data in Figures B-56 and B-57, respectively. WCOBRA/TRAC underpredicts the mass in
the bundle during most of the transient, except for a short time period around 150 seconds. Figures B-58
and B-59 show the collapsed level in the upper plenum prediction-to-data comparisons for MOD7A
Revision 0 and Revision 6, respectively. Evidence of liquid appears soon after reflood begins in the
WCOBRA/TRAC calculation. This must be due to excess entrainment from the core. There is no
measured evidence of liquid until 240 seconds into the test, indicating that entrainment from the core was
low prior to this time. The predicted level reaches an equilibrium value, indicating that for any liquid
entrained into the upper plenum an equal amount is entrained into the hot legs.
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In a gravity reflood transient, the magnitude of the inlet flow is established by two competing effects: the

driving force of the column of water in the downcomer, and the resistance to steam flow in the loops.

Figures B-60 to B-63 compare the pressure difference across the intact loop and broken loops. The i_/
predicted values are in good agreement with the measured values for both Revision 0 and Revision 6

results.

B-2-8-3 Conclusions

The results from the 5 CCTF test simulations previously performed with WCOBRA/TRAC MOD7A
Revision 0 showed the code to be giving reasonable prediction of the various phenomena involved. In
summary, the ability of WCOBRA/TRAC to predict the overall thermal-hydraulics of a reflood transient
properly has not changed with Revision 6. In particular, the rate of increase of mass in the core, and the
steam and entrained liquid flow through the loops, are predicted the same when using WCOBRA/TRAC
MOD7A Revision 6 as when using Revision 0.

B-2-9 ORNL Test 3.03.6AR

The ORNL Thermal-Hydraulic Test Facility (THTF) tests were conducted to investigate heat transfer
during dispersed flow film boiling. These tests simulate dryout and film boiling phenomena at high
pressure. In postulated LOCA transients, the amount of heat transfer calculated to occur under these
types of conditions is important in determining the initial fuel cladding temperature rise.

B-2-9-1 Relevance to BELOCA Methodology l_/

To help validate the film boiling heat transfer models of WCOBRA/TRAC, three of the dispersed flow
film boiling tests were simulated using WCOBRA/TRAC. In Section 11-2 of WCAP-12945-P-A
(Bajorek et al., 1998), comparisons of WCOBRA/TRAC predictions with the experimental data were
made to demonstrate the calculational capability and accuracy of WCOBRA/TRAC in predicting high-
pressure film boiling heat transfer. The results were used in generation of the blowdown heat-up heat
transfer multiplier, and in compensating error assessment of WCOBRA/TRAC. Here, the same
comparisons are presented using Revision 6 as the prediction tool and these comparisons are contrasted
against Revision O results.

B-2-9-2 Simulation Results and Comparison to Previous Results

Test 3.03.6AR is presented here as one of the typical ORNL tests. In this test, the pump was turned off
immediately after the initiation of the transient. The bundle power was ramped to 1.65 times the initial
value within 2.5 seconds, held constant for about 5 seconds, and then ramped down to a low level. The
inlet flow enthalpies remained the same as the initial values over the entire transient. In the test, the axial
temperature profile increases with increasing distance above the dryout point. Despite increased mixture
velocity, low flowrates, increasing void fraction, and superheating of vapor decreases heat transfer.
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Figures B-64 and B-65 compare the _V_VCOBRA/TRAC predictions and experimental data at the time the
PCT occurred (11 seconds from experimental data and 10 seconds from WCOBRA/TRAC predictions)
for MOD7A Revision 0 and Revision 6, respectively. The WCOBRA/TRAC Revision 0 and Revision 6
predictions of the transient response of the THTF bundle are compared to data at several locations -
(Figures B-66 to B-71). In these figures, averaged data and individual heater rod data are shown. These
comparisons indicate that WCOBRA/TRAC is generally overpredicting the heat transfer in this test, even
though the peak is predicted well. These results are not significantly changed from Revision O to
Revision 6 simulations.

B-2-9-3 Conclusions

The WCOBRA/TRAC models and correlations provide a reasonable simulation of the ORNL dispersed
flow film boiling tests. There is a reasonable prediction of temperature response both at high flowrates
(film boiling downstream of the dryout point which decreases the heater rod surface temperature) and at
low flowrates (low heat transfer downstream of the dryout point which causes the heater rod surface
temperature to keep increasing downstream of the dryout point). In addition, the location of the dryout
point is predicted well, indicating that the models and correlations for critical heat flux are also
reasonable over the range covered in the tests. Comparisons against data using Revision 6 simulations
indicate that the code’s ability to predict the important phenomena has not changed.

B-2-10 G-2 Refill Test 760

The Westinghouse G-2 Test Facility was designed to represent a full-length 17x17XL (14-foot length)
PWR fuel assembly. The test facility’s original purpose was to verify the performance of the upper head
injection (UHI) ECCS, which was installed in some PWRs. This system injected subcooled water onto
the top of the core during the blowdown phase of the LOCA. During the same time period, 2-phase
mixture from the upper plenum and reactor coolant loops was expected to flow into the core and provide
additional cooling. Both of these processes could be simulated in the test facility. For the refill tests,
only the UHI flow was simulated. '

B-2-10-1 Relevance to BELOCA Methodology

Low-pressure UHI refill tests conducted at the Westinghouse G-2 Test Facility were simulated using the
WCOBRA/TRAC computer code. Comparisons of the WCOBRA/TRAC results to the refill test
experimental data were used to help assess the capability of WCOBRA/TRAC to accurately predict
top-down quench phenomena, low-pressure film boiling, and counter-current film boiling heat transfer.
Further detail on the prior simulations and comparisons are documented in Section 11-5 of
WCAP-12945-P-A (Bajorek et al., 1998). The results of those simulations were used in generation of
heat transfer multipliers during the refill period (Figure 1-4).
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B-2-10-2 Simulation Results and Comparison to Previous Results

Test 760 was run with a UHI flowrate of 6.51 Ib/sec, an initial peak heater rod cladding temperature of L
1200°F, and a pressure of 27 psia. WCOBRA/TRAC results are in good agreement with the test data

except for the 12.3-inch elevation. Figures B-72 and B-73 compare WCOBRA/TRAC MOD7A

Revision 0 and Revision 6 simulation results to experimental data at the 12.3-inch elevation. At this

elevation, both simulations over-predicted the cooling effect. Figures B-74 through B-81 show the

comparisons for higher elevations. At these elevations, WCOBRA/TRAC results are in very good

agreement with measurements. Figure B-82 is the axial profile comparison between Revision 0

simulation results and measurement average at 50 seconds. Figure B-83 shows the Revision 6 results.

These results are essentially unchanged from the previous predictions.

B-2-10-3 Conclusions

The capability of WCOBRA/TRAC to accurately predict film boiling and rewet phenomena in the
simulation of G-2 refill tests is evaluated by comparisons with data of axial temperature profiles,
cladding temperature transient histories at specific elevations, and the maximum cladding temperatures
for the entire fuel assembly. The G-2 refill tests are unique in providing rod bundle data for both
co-current downflow and counter-current flow film boiling that may exist in PWRs. Comparisons
against data for Revision 0 and Revision 6 simulations indicate that the ability of the code in predicting
film boiling and rewet phenomena during refill has not changed. This supports that the heat transfer
multipliers currently in use are still applicable to Revision 6. L

B-2-11 UPTF

The UPTF simulated a full-scale 3900 MWt German PWR. The facility had 4 loops, each with a
steam/water separator to simulate a steam generator and a variable resistance to simulate a reactor
coolant pump. The upper plenum contained full-size internals in an arrangement typical of a Kraftwerk
Union (KWU) PWR. The UPTF was designed to obtain experimental data relative to the multi-
dimensional flows expected in a PWR during a LOCA. The UPTF was the German contribution to the
2D/3D program established by the United States (NRC), Japan (JAERI) and the Federal Republic of
Germany (BMFT). Tests conducted in the UPTF gave special consideration to:

. Entrainment and de-entrainment in the upper plenum

. Co-current and counter-current two-phase flow in the upper core and tie plate region

. Co-current and counter-current flow and bypass in the downcomer

. Condensation and steam/water mixing processes caused by ECC injection in the loops

B-2-11-1 Relevance to BELOCA Methodology

Tests 6 and 25 were used to examine WCOBRA/TRAC s ability to predict ECC bypass in the
downcomer, Test 8 was used to evaluate the code models and correlations for condensation, and
Tests 10b and 29b were used to validate the models for calculating de-entrainment in the upper plenum. \L
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The bypass tests and the previous':"simulations are described in Sections 14-4-3 through 14-4-6 of
WCAP-12945-P-A (Bajorek et al., 1998), the steam/water mixing test in Sections 14-4-7 to 14-4-9, and
the upper plenum de-entrainment tests in Sections 14-4-10 through 14-4-13.

The UPTF Test 6 simulations in particular were used to show that, for U.S. domestic PWRs, (1) the
counter-current flow limitation (CCFL) in the downcomer during downcomer penetration is reasonably
calculated and (2) there is a conservative bias in the WCOBRA/TRAC predicted end-of-bypass (EOB)
time relative to the experiments. This was discussed in Section 25-6 of WCAP-12945-P-A. In addition,
the Test 6 series was used to generate the range of the interfacial heat transfer coefficient multiplier for
condensation in the downcomer. This was discussed in Section 25-9 of WCAP-12945-P-A.

B-2-11-2 Simulation Results and Comparison to Previous Results

The UPTF Test 6 Run 131 test simulation results are shown in Figures B-84 through B-95. The
prediction with the current code version, WCOBRA/TRAC MOD?7A Revision 6 and the comparison
plots (between the measurement and the MOD7A prediction) given in WCAP-12945-P-A, are shown.

The WCOBRA/TRAC simulation was run for 100 seconds, which corresponds to the test time period of
30 to 130 seconds for Run 131. Figures B-84a, B-84b, and B-84c compare the measured and predicted
absolute pressures in the upper plenum and downcomer. The measured value is shown in Figure B-84a.
The predicted value shown in WCAP-12945-P-A (with WCOBRA/TRAC MOD7A Revision 0) is given
in Figure B-84b. The prediction with the current code version, WCOBRA/TRAC MOD7A Revision 6, is
shown in Figure B-84c. The WCOBRA/TRAC prediction is seen to initially match the measured
pressure, but then underestimate it after about 80 seconds. Figure B-85a shows the measured downcomer
fluid temperature at downcomer Level 21, which was on the intact side of the downcomer just below the
cold legs. The measured temperatures showed frequent decreases indicating that liquid frequently
penetrated to this level. At the bottom of the downcomer, Level 01 (Figure B-86a), the measured
temperature signal indicated only infrequent liquid penetration. The WCOBRA/TRAC prediction of
fluid temperatures in the downcomer shows that the vapor phase remains constant at saturation
temperature and the liquid is subcooled. A better indicator of the fluid condition, showing the frequency
of liquid penetration to a given level, is the fluid mixture enthalpy shown in Figures B-85 and B-86. At
Level 21, the mixture enthalpy drops rapidly to nearly the liquid enthalpy, remaining constant for most of
the test simulation. This indicates that the code is predicting the frequent liquid presence at this elevation
as was found in the test. At Level 01, no penetration was predicted until late in the simulation.

Delivery to the lower plénum was predicted to have occurred only on the side of the downcomer opposite
the break. Liquid flow on the intact side of the downcomer (channels 8 and 9) is shown in Figure B-87
and on the broken side (channels 10 and 11) in Figure B-88. Delivery to the lower plenum occurs in
discrete intervals, as "plugs” of liquid penetrate on the downcomer side opposite the broken loop. As
liquid reaches the lower plenum, the vapor flow re-entrains a portion of the liquid and sweeps back up
the downcomer to the break.
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Differential pressures in the downcomer are compared in Figures B-89 through B-93. The

WCOBRA/TRAC predictions are seen to be in good agreement with the measurements. Figures B-92a l/
and B-93a show the measured azimuthal differential pressures in the downcomer at two elevations. '
Figure B-92 indicates that low in the downcomer, little if any, lateral flow occurred in the test. Lateral

flow around the core barrel occurred higher in the downcomer, as shown in Figure B-93. The

WCOBRA/TRAC predictions of transverse flow also indicate bypass at higher elevations in the

downcomer.

The predicted and measured water levels in the UPTF vessel are compared in Figures B-94 through B-95.
Figure B-94a shows the estimated water level in the vessel and lower plenum while Figure B-94c
presents the calculated water level in the lower plenum. Figure B-95a shows the estimated water levels
in the downcomer and Figure B-95c shows the calculated water level in each of the 4 downcomer
channel stacks. The comparisons show that WCOBRA/TRAC predicts a delayed increase in vessel
inventory due to a prediction of prolonged bypass.

As seen in these figures, the WCOBRA/TRAC MOD7A Revision 6 simulation results are essentially
unchanged from the previous predictions. Therefore, the conclusions made in WCAP-12945-P-A are still
valid.

B-2-11-3 Conclusions

The simulation results with the current code version (WCOBRA/TRAC MOD7A Revision 6) are
essentially identical to those shown in WCAP-12945-P-A. Therefore, it is concluded that (1) the L
tendency of WCOBRA/TRAC to predict the delay in end-of-bypass remains valid, and (2) the vessel

condensation range calculated from UPTF Test 6 simulations is unchanged.

B-2-12 GE CCFL

The General Electric (GE) CCEFL tests were designed to determine the characteristics of subcooled CCFL
in the upper region of a boiling water reactor (BWR) fuel bundle during safety injection. Because of the
similarities in fuel bundle tie plate geometry, in terms of hydraulic diameter and thickness between BWR
and UPI plants, the experimental results are also pertinent to UPI application. The tests were run at the
GE'’s Zero Power Loop test facility. The objectives of the test program were threefold:

. Obtain CCFL data for a wide range of inlet water flowrates and subcoolings

. Obtain temperature data from the pool of water that accumulates above the tie plate during
CCFL, to determine the mixing profile of the pool

. Evaluate the applicability of the existing CCFL correlations

This test program is of interest for the UPI application, because the source of water for the ECCS is
significantly subcooled during the reflood of the core, following a hypothetical LOCA. A number of GE \L
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test results were used to assess the WCOBRA/TRAC MOD7A Revision 1 prediction of the flooding
characteristics. The modeling of the experiments and the results of the assessment were documented in
Section 4-4 of WCAP-14449 (Dederer et al., 1999). The original simulations were prepared using
Revision 1 of WCOBRA/TRAC MOD7A to support BE methodology extension for UPI plants. In
ASTRUM, key tests are repeated using WCOBRA/TRAC MOD7A Revision 6.

B-2-12-1 Relevance to BELOCA Methodology

The selection of tests for simulation with WCOBRA/TRAC was intended to cover a wide range of
temperatures and injection rates, in order to bound the thermal-hydraulic conditions expected during core
reflood in a UPI plant. Here, one subcooled and one saturated tests are selected for comparison. The GE
CCFL Test 60 is run at subcooled conditions, while Test 69 is saturated. The results from these and
other CCFL tests were used to support the UPI parameter ranging. These tests in particular showed the
code’s ability to model the CCFL phenomena. The primary focus of the WCOBRA/TRAC simulation
was on the interfacial condensation and interfacial drag, and their impact on the flooding characteristics
at the tie plate.

B-2-12-2 Simulation Results and Comparison to Previous Results

Figures B-96 and B-97 show the comparison of the predicted liquid drain rate versus the steam injection
rate to the test data for GE CCFL Subcooled Test 60 using WCOBRA/TRAC MOD7A Revision 1 and
Revision 6, respectively. Figures B-98 and B-99 show the same comparison for Test No. 69, which is
near saturation. The test data plotted in these figures read as follows: at the start of the steam increasing
phase, total injected liquid drained through the tie plate. As the steam injection rate reached a certain
value, the drain rate became less with increasing steam injection rate due to CCFL. Eventually, no
draining took place (flooding). Then, the steam injection rate was decreased. As the steam injection rate
decreased, liquid drain recovered, following the trace of steam increasing phase (no hysteresis), and
eventually all the injected liquid drained.

In the analyses of Test No. 69 (Figures B-98 and B-99), it is seen that the predicted flooding during the
steam increasing phase is very close to the test data for both Revision 1 and Revision 6 results. However,
during the second phase, drain recovery comes later with a lower steam flow than the data. Therefore, a
hysteresis is seen in the predicted Test No. 69. Note that no significant hysteresis can be seen in the
predictions other than Test No. 69. However, all the predictions show the flooding takes place with less
steam injection rate than the test data, except for the first phase in Test No. 69 for the near saturation
flooding.

The predictions and test data in Figures B-96 to B-99 are transformed to Kutateladze numbers. The
results are plotted in Figures B-100 through B-103 for each case. The test data are shown by triangles
and the predictions by squares. Bankoff saturated and subcooled flooding curves obtained above are also
shown by solid and dashed curves, respectively, on Figures B-100 and B-102. There are two subcooled
flooding curves with condensation efficiency f = 0.24 and 0.6. It is interesting to observe that the test
data go beyond the saturated flooding line except for the near saturated test 69 and the condensation
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efficiency seems to be f<0.6. Furthermore, the data approach the saturated flooding line as the drain rate

approaches zero, because the subcooled injected water becomes saturated well above the tie plate for L
strong steam upflow. In fact, the measured temperature of the pooled water above the tie plate becomes NS
saturated near flooding.

B-2-12-3 Conclusions

The simulations results were used to show that WCOBRA/TRAC can satisfactorily simulate the counter-
current flooding characteristics in the upper plenum during subcooled safety injection and the code will
not overpredict the downflow from the CCFL region of the upper plenum during reflood as evidenced by
the comparison of the code results to the flooding data. The same findings are also supported by
Revision 6 simulations when compared to Revision 1 results.
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Table B-1 Changes and Errors Reported Since Approval of WCOBRA/TRAC
MOD7A Revision 1
Could Biases or
Annual Report Uncertainties be
{Reference) Title of Change or Error Affected?
1997 (NSD-NRC-98-5575) Intercell Force Gap Numbering Error No
Vessel Channel DX Error Yes
1-D Transition Boiling Heat Transfer Yes
Error
TUBE Heated Conductor Error No
Incorrect Wall Friction Factor for Yes
Convective Enhancement Term
Miscellaneous Input/Output Revisions No
1998 (NSD-NRC-99-5839) Vessel Channel DX Error (Including Yes
Investigation of Code Uncertainties)
1999 (NSBU-NRC-00-5970) | Accumulator Line/Pressurizer Surge No
Line Data
Inconsistent Guidance for HOTSPOT No
Outputs in BE LBLOCA Methodology
2000 (LTR-NRC-01-6) Decay Heat Uncertainty Error in No
Monte Carlo Calculation
LOTIC2 Nitrogen Addition Logic No
Error
LOTIC2 Time Step Logic Error- No
WCOBRA/TRAC Gap Input Error in Yes
SECY UPI/BELOCA EM Analyses
GEDM Interface Error No
Drop Diameter Plot Tape Storage No
Error :
Cladding Oxidation Edit Error No
Output Edit Error for SI Units No
Radiation Heat Transfer to Vapor Yes
Phase Error
Grid Heat Transfer Error Yes
Pressure Drop Error for 1-D No
Connections to 3-D Vessel
PAD 4.0 Implementation No
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Table B-1 Changes and Errors Reported Since Approval of WCOBRA/TRAC
(cont.) MOD7A Revision 1
Could Biases or
Annual Report Uncertainties be
(Reference) Title of Change or Error Affected?
2001 (LTR-NRC-02-10) Enhancements to Monte Carlo PCT No
Calculation
Response Surface Plot Title Error No
Oxidation Thickness Index Error for No
Best Estimate WCOBRA/TRAC
Neutronics Calculation Moderator Yes
| Density Weighting Factor Error
WCOBRA/TRAC Unheated Structure No
Multiplier
2002 (LTR-NRC-03-5) 1-D Minimum Film Boiling Yes
Temperature Model Selection Error
1-D Condensation Ramp Error No
Potential Divide by Zero Error During No
Pump Rotation Reversal
Cladding Axial Thermal Expansion Yes
Error
Application of Decay Heat No
Uncertainty to Prompt Fission Energy
Error
Error in Time After Shutdown for Yes
Neutron Capture Term
Bypass of Orifice Entrainment Model Yes
in Downflow with Channel Splitting
Monte Carlo Code Consolidation No
Error
Response Surface Matrix Operation No
and Random Search Errors
Broken Cold Leg Modeling Deviations No
User Conveniences in HOTSPOT No
Appendix B — Validation of WCOBRA/TRAC MOD7A Revision 6 May 2003
0:6155-Non-AppB.wpd-052803 Rev. 0



B-24

FLECHT—-SEASET Test 31805
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Figure B-1. FLECHT-SEASET Test 31805 Rod Temperature at 48-inch Elevation (Revision 0)
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Figure B-2. FLECHT-SEASET Test 31805 Rod Temperature at 48-inch Elevation (Revision 6)
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Figure B-3. FLECHT-SEASET Test 31805 Rod Temperature at 78-inch Elevation (Revision 0)
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Figure B-4. FLECHT-SEASET Test 31805 Rod Temperature at 78-inch Elevation (Revision 6)
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FLECHT-SEASET Test 31805
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Figure B-5. FLECHT-SEASET Test 31805 Rod Temperature at 120-inch Elevation (Revision 0)
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Figure B-6. FLECHT-SEASET Test 31805 Rod Temperature at 120-inch Elevation (Revision 6)
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FLECHT-SEASET Test 31701
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Figure B-7. FLECHT-SEASET Test 31701 Rod Temperature at 48-inch Elevation (Revision 0)
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Figure B-8. FLECHT-SEASET Test 31701 Rod Temperature at 48-inch Elevation (Revision 6)
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FLECHT-SEASET Test 31701
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Figure B-9. FLECHT-SEASET Test 31701 Rod Temperature at 78-inch Elevation (Revision 0)
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Figure B-11. FLECHT-SEASET Test 31701 Rod Temperature at 120-inch Elevation (Revision 0)
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Figure B-12. FLECHT-SEASET Test 31701 Rod Temperature at 120-inch Elevation (Revision 6)
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Figure B-13. FLECHT Test 05132 Rod Temperature at 48-inch Elevation (Revision 0)
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Figure B-14. FLECHT Test 05132 Rod Temperature at 48-inch Elevation (Revision 6)
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Figure B-15. FLECHT Test 05132 Rod Temperature at 78-inch Elevation (Revision 0)

Figure B-16. FLECHT Test 05132 Rod Temperature at 78-inch Elevation (Revision 6)
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Figure B-17. FLECHT Test 05132 Rod Temperature at 120-inch Elevation (Revision 0)
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Figure B-18. FLECHT Test 05132 Rod Temperature at 120-inch Elevation (Revision 6)
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FLECHT Skewed Power Test 13812
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Figure B-19. FLECHT Test 13812 Rod Temperature at 48-inch Elevation (Revision 0)
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Figure B-20. FLECHT Test 13812 Rod Temperature at 48-inch Elevation (Revision 6)
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Figure B-21. FLECHT Test 13812 Rod Temperature at 72-inch Elevation (Revision 0)
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Figure B-22. FLECHT Test 13812 Rod Temperature at 72-inch Elevation (Revision 6)
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Figure B-23. FLECHT Test 13812 Rod Temperature at 132-inch Elevation (Revision 0)
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L
Figure B-25. WCOBRA/TRAC MOD7A Rev. 0 vs. Experiment Comparison: G-2 Reflood

Test 550 Rod Temperatures at 82-inch Elevation
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Figure B-26. WCOBRA/TRAC MOD7A Rev. 6 Prediction of G-2 Reflood Test 550 Rod
Temperatures at 82-inch Elevation
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Figure B-27. WCOBRA/TRAC MOD7A Rev. 0 vs. Experiment Comparison: G-2 Reflood
Test 550 Rod Temperatures at 94-inch Elevation
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Figure B-28. WCOBRA/TRAC MOD7A Rev. 6 Prediction of G-2 Reflood Test 550 Rod
Temperatures at 94-inch Elevation
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Figure B-29. WCOBRA/TRAC MOD7A Rey. 0 vs. Experiment Comparison: G-2 Reflood
Test 550 Rod Temperatures at 111-inch Elevation
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Figure B-30. WCOBRA/TRAC MOD7A Rev. 6 Prediction of G-2 Reflood Test 550 Rod
Temperatures at 111-inch Elevation
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Figure B-31a. Predicted (Component 810) and Measured (PE-PC-001) Pressure, Test L.2-2 with

MOD7A Rev. 0
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Figure B-31b. Predicted (Component 810) and Measured (PE-PC-001) Pressure, Test L2- 2 with
MOD7A Rev. 6
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Figure B-32b. Predicted (Component 900) and Measured (FR-BL-216) Mass Flowrate in Broken \L/
Hot Leg, Test L2-2 with MOD7A Rev. 6
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Figure B-33a. Predicted (Component 950) and Measured (FR-BL-116) Mass Flowrate in Broken
Cold Leg, Test L2-2 with MOD7A Rev. 0
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Figure B-33b. Predicted (Component 950) and Measured (FR-BL-116) Mass Flowrate in Broken
Cold Leg, Test L2-2 with MOD7A Rev. 6
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Figure B-34a. Predicted (Component 300) and Measured (FT-P129-27) Mass Flowrate in Intact
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Figure B-34b. Predicted (Component 300) and Measured (FT-P129-27) Mass Flowrate in Intact
Hot Leg, Test L2-2 with MOD7A Rev. 6
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Figure B-35a. Predicted (Component 840) and Measured (FT-P120-36) Volumetric Flowrate in
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Figure B-37. Revised Broken Cold Leg Modeling
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Figure B-38. SCTF Run 619 Cladding Temperature at 6.25 ft for Channel 5 (Rod 2)
MOD?7A vs. Data Comparison
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Figure B-39. SCTF Run 619 Cladding Temperature at 6.25 ft for Channel S-(Rod 2):
MOD7A Rev. 6 vs. Data Comparison
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Figure B-40. SCTF Run 619 Cladding Temperature at 8.35 ft for Channel 5-(Rod 2)
MOD7A vs. Data Comparison
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\_~ Figure B-41. SCTF Run 619 Cladding Temperature at 8.35 ft for Channel 5-(Rod 2)
MODY7A Rev. 6 vs. Data Comparison
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Figure B-42. SCTF Run 619 Cladding Temperature at 9.76 ft for Channel 5-(Rod 2) \L/
MOD7A vs. Data Comparison
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Figure B-43. SCTF Run 619 Cladding Temperature at 9.76 ft for Channel 5-(Rod 2)
MOD7A Rey. 6 vs. Data Comparison
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Figure B-44. SCTF Run 619 Liquid Level in Core: MOD7A vs. Data Comparison
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Figure B-45. SCTF Run 619 Liquid Level in Core: MOD7A Rev. 6 vs. Data Comparison
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Figure B-46. SCTF Run 619 Liquid Level in Inner Global Region of Upper Plenum: \L/
MOD7A vs. Data Comparison
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Figure B-47. SCTF Run 619 Liquid Level in Inner Global Region of Upper Plenum:
MOD7A Rev. 6 vs. Data Comparison
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Figure B-48. CCTF Run 62 Cladding Temperature at 6.0 ft: MOD7A Rev. 0 vs. Data
Comparison
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Figure B-49. CCTF Run 62 Cladding Temperature at 6.0 ft: MOD7A Rev. 6 vs. Data
Comparison
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Figure B-50. CCTF Run 62 Cladding Temperature at 8.0 ft: MOD7A Rev. 0 vs. Data
Comparison
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Figure B-51. CCTF Run 62 Cladding Temperature at 8.0 ft: MOD7A Rev. 6 vs. Data
Comparison ‘
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Figure B-52. CCTF Run 62 Cladding Temperature at 10.0 ft: MOD7A Rev. 0 vs. Data ‘\L/'
Comparison
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Figure B-53. CCTF Run 62 Cladding Temperature at 10.0 ft: MOD7A Rev. 6 vs. Data
Comparison
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Figure B-54. CCTF Run 62 Vapor Temperature at 6.0 ft for Channel 9
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Figure B-55. CCTF Run 62 Vapor Temperature at 6.0 ft: MOD7A Rev. 6 vs. Data Comparison
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Figure B-56. CCTF Run 62 Liquid Level in Core
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Figure B-57. CCTF Run 62 Liquid Level in Core: MOD7A Rev. 6 vs. Data Comparison
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Figure B-58. CCTF Run 62 Liquid Level in Upper Plenum

Appendix B — Validation of WCOBRA/TRAC MOD?7A Revision 6
0:\6155-Non-AppB.wpd-053003

May 2003
Rev. 0

o




B-73

Figure B-59. CCTF Run 62 Liquid Level in Upper Plenum: MOD7A Rev. 6 vs. Data Comparison
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Figure B-60. CCTF Run 62 Pressure Difference Across Intact Loop
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Figure B-61. CCTF Run 62 Pressure Difference Across Intact Loop: MOD7A Rev. 6 vs.
Data Comparison :
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Figure B-62. CCTF Run 62 Pressure Difference Across Broken Loop
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Figure B-63. CCTF Run 62 Pressure Difference Across Broken Loop: MOD7A Rev. 6 vs.
Data Comparison
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Figure B-64. Axial Heater Rod Temperature Profile at 10 Seconds of Transient for
Test 3.03.6AR: MOD7A Rev. 0 vs. Data Comparison
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ORNL Film Boiling Test 3.03.6AR
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Figure B-65. Axial Heater Rod Temperature Profile at 10 Seconds of Transient for
Test 3.03.6AR: MOD7A Rev. 6 vs. Data Comparison
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Figure B-66. Transient Heater Rod Temperature at 95 inches for Test 3.03.6AR, Nominal Inlet
Flow Conditions: WCOBRA/TRAC MOD?7A Rev. 0 vs. Data Comparison
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Figure B-67. Transient Heater Rod Temperature at 96-inch Elevation: WCOBRA/TRAC
MOD7A Rev. 6 vs. Data Comparison
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Figure B-68. Transient Heater Rod Temperature at 118-(Near Level F) inches for Test 3.03.6AR,
Nominal Inlet Flow: MOD7A Rey. 0 vs. Data Comparison
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Figure B-69. ORNL Test 3.03.6AR Cladding Temperature Comparison at 118-inch Elevation:

MOD7A Rev.

6 vs. Data Comparison
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Figure B-70. Transient Heater Rod Temperature at 143 inches for Test 3.03.6AR, Nominal Inlet
Flow: MOD7A Rev. 0 vs. Data Comparison
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Figure B-71. ORNL Test 3.03.6AR Cladding Temperature Comparison at 143-inch Elevation:
MODTA Rev. 6 vs. Data Comparison . L
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Figure B-72. G-2 Refill Test 760 Cladding Temperature Time History Comparison (12.3-inch
Elevation): MOD7A Rev. 0 vs. Data

Figure B-73. G-2 Refill Test 760 Cladding Temperature Comparison at 12.3-inch Elevation:
MOD7A Rev. 6 vs. Data
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| Figure B-74.  G-2 Refill Test 760 Cladding Temperature Time History Comparison (28.7-inch
Elevation) MOD7A Rev. 0 vs. Data

— b
Figure B-75. G-2 Refill Test 760 Cladding Temperature Comparison at 28.7-inch Elevation: \L/
MOD7A Rev. 6 vs. Data
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Figure B-76. G-2 Refill Test 760 Cladding Temperature Time History Comparison (45.1-inch
Elevation) MOD7A Rev. 0 vs. Data

Figure B-77.  G-2 Refill Test 760 Cladding Temperature Comparison at 45.1-inch Elevation:
MOD7A Rev. 6 vs. Data
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| Figure B-78. G-2 Refill Test 760 Cladding Temperature Time History Comparison (82.0-inch
Elevation) MOD7A Rev. 0 vs. Data
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Figure B-79. G-2 Refill Test 760 Cladding Temperature Comparison at 82.0-inch Elevation:
MOD7A Rev. 6 vs. Data L

Appendix B — Validation of WCOBRA/TRAC MOD7A Revision 6 May 2003
0:\6155-Non-AppB.wpd-052803 Rev.0



B-87

- Figure B-80. G-2 Refill Test 760 Cladding Temperature Time History Comparison (118.9-inch
Elevation) MOD7A Rev. 0 vs. Data

Figure B-81. G-2 Refill Test 760 Cladding Temperature Comparison at 118.9-inch Elevation:
\_ MOD?7A Rev. 6 vs. Data
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Figure B-82. G-2 Refill Test 760 Axial Cladding Temperature Comparison (Time = 50 Seconds)
MOD7A Rev. 0 vs. Data

Figure B-83. G-2 Refill Test 760 Axial Cladding Temperature at 50 Seconds, MOD7A Rev. 6

Results \L/
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Figure B-84a. Measured Absolute Pressure in the Upper Plenum and Downcomer,
Test 6 - Run 131
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Figure B-84b. Predicted Absolute Pressure in the Upper Plenum and Downcomer, Test 6 - Run
131 with MOD7A
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Figure B-84c. Predicted Absolute Pressure in the Upper Plenum and Downcomer, \L/
Test 6 -Run 131 with MOD7A Rev. 6
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Figure B-85a. Measured Downcomer Fluid Temperature at Level 21, Test 6 - Run 131
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Figure B-85b. Predicted Mixture Enthalpy at Level 21, Test 6 - Run 131 with MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
Mixture Enthaphy Comparison at Level 21
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Figure B-86a. Measured Downcomer Fluid Temperature at Level 01, Test 6 - Run 131
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
Mixture Enthaphy Comparison at Level 01
Channel 8 and 9 Node 2
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Figure B-86¢c. Predicted Downcomer Mixture Enthalpy at Level 01, Test 6 - Run 131 with \L/
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UPTF TEST 6 RUN 131 Simulation w/ Mod7A
Predicted Downcomer Liquid Flowrote at Bottom of Intact Side
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Figure B-87a. Predicted Liquid Flow at Bottom of Downcomer in Intact Side (Channels 8 and 9),

Test 6 - Run 131 with MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
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Figure B-87b. Predicted Liquid Flow at Bottom of Downcomer in Intact Side (Channels 8 and 9), \L
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UPTF TEST 6 RUN 131 Simulation w/ Mod7A
Predicted Downcomer Liquid Flowrate at Bottom of Intact Side
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
Predicted Downcomer Liquid Flowrate at Bottom of Intact Side
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Figure B-88b. Predicted Liquid Flow at Bottom of Downcomer in Broken Side (Channels 10
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Figure B-89a. Measured Differential Pressure Between Upper Plenum and Downcomer, Test 6 -

Run 131
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Figure B-89b. Predicted Differential Pressure Between Upper Plenum and Downcomer, Test 6 -
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
Differential Pressure Between Upper Plenum
and Downcomer (Ch. 32 and Ch. 33)
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Figure B-89c. Predicted Differential Pressure Between Upper Plenum and Downcomer, \L/
Test 6 -Run 131 with MOD7A Rev. 6
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Figure B-90a. Measured Axial Differential Pressure in Downcomer, Test 6 - Run 131
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Figure B-90b. Predicted Axial Differential Pressure in Downcomer, Test 6 - Run 131 with
MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
Axial Differential Pressure in Downcomer
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Figure B-90c. Predicted Axial Differential Pressure in Downcomer, Test 6 - Run 131 with \L
MOD?7A Rev. 6
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Figure B-91a. Measured Axial Differential Pressure in Downcomer, Test 6 - Run 131
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
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Figure B-92a. Measured Azimuthal Differential Pressure in Downcomer at Level 06, Test 6 -
Run 131
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Figure B-92b. Predicted Transverse Differential Pressure in Downcomer at Level 06, Test 6 -
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
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Figure B-92c. Predicted Transverse Differential Pressure in Downcomer at Level 06, Test 6 - \L/
Run 131 with MOD7A Rev. 6
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Figure B-93a. Measured Azimuthal Differential Pressure in Downcomer at Level 22, Test 6 -
Run 131
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Figure B-93b. Predicted Transverse Differential Pressure in Downcomer at Level 22, Test 6 -
Run 131 with MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar8
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Figure B-93c. Predicted Transverse Differential Pressure in Downcomer at Level 22, Test 6 - \L
Run 131 with MOD7A Rev. 6
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Figure B-94a. Estimated Water Level in UPTF Vessel, Test 6 - Run 131
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Figure B-94b. Predicted Water Level in UPTF Vessel, Test 6 - Run 131 with MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
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|CJ“

— Figure B-95a. Estimated Downcomer Water Levels (Referenced to 3495 mm Elevation), Test 6 -
Run 131
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Figure B-95b. Predicted Downcomer Water Levels (Referenced to 1180 mm Elevation), Test 6 -
Run 131 with MOD7A
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UPTF TEST 6 RUN 131 Simulation w/ mod7ar6
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Figure B-98. GE CCFL Test No. 69. Liquid Drain Rate as a Function of Steam Injection
Rate: MOD7A Revision 1 vs. Data Comparison
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Figure B-100. GE CCFL Test 60. Prediction vs. Bankoff Flooding Correlations: MOD7A
Revision 1 vs. Test Data Comparison
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Simulation of GE Subcooled CCFL Test 60
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Figure B-101. GE CCFL Test 60. Flooding Relationship Comparison: MOD7A
Revision 6 vs. Data
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Figure B-102. GE CCFL Test 69. MOD7A Revision 1 Prediction vs. Bankoff Flooding
Correlations and Test Data
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