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1.0 INTRODUCTION

This report describes the analytical tools and
models to be used by Gulf States Utilities (GSU) for
performing transient thermal-hydraulic analyses in
supgport of River Bend Station (RBS). Methods for steady-
state core physics analysis have been submitted previous=
ly'.

RBS is a boiling water reactor plant located in West
Feliciana Parish, Louisiana, The plant has a Boiling
Water Reactor/6 (BWR) Nuclear Steam Supply System (NSSS)
designed by General Electric (GE), who currently provides
nuclear fuel and analytical services. The architect-
engineer functions were performed by Stone & Webster
Engineering Corporation. Design features of the plant

are shown in Table 1.1.

1.1 SUMMARY

This report describes the computer programs and
inputs used to perform analyses of rapid core wide

Anticipated Operational Occurrences (AOOs) and the design

Revision 0 Page 1
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basis overpressurization event. These tools will be used
in analyses of AOOs and the overpressurization event in
support of reload licensing and plant operational changes
such as increased core flow. Analyses of 1loss of
feedwater heating, and control rod withdrawal error are
performed using steady state methods previously submit=-
ted'. Analysis of loss of coolant accidents and local
events such as control rod drop accidents are not
included in this report.

These methods are gqualified through benchmark
analyses of plant data for RBS and Peach Bottonm.

The computer codes used in the transient analysis
are deacribed in Section 2.0. This section provides a
brief description of the calculations performed by the
key software tools used in the GSU methodology.

The RBS RETRAN system model is described in Section
3.0. Basic characteristics of the RETRAN rod2ling and
description of the major input segments are provided.

Supporting analyses covering nuclear cross sections
and fuel rod gap conductance are described in Sections
4.0 and 5.0. The results of these analyses have a strong
impact on the end result of the thermal~hydraulic

transient analysis.

Revision 0 Page 2
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Sections 6.0 and 7.0 report benchmark analyses
against data from RBS plant data and the Peach Bottom
turbine trip tests. Benchmark analyses cover several RBS
operational events, the Peach Bottom turbine trip tests,
and a postulated License Basis Transient based on the
Peach Bottom tests. These benchmarks demonstrate the
capabilities of RETRAN and the GSU methodclogy to predict
a broad spectrum of transient events.,

The RETRAN hot channel model is described in Section
8.0. This model is used to predict the performance of
potentially limiting assemblies in the core from system

effects predicted by the system model.

1.2 METHODOLOGY APPLICATION

The methods described in this report will be used to
meet licensing requirements for RBS., Additional informa-
tion qualifying this application will be provided sepa~
rately. The separate submittal will describe the methods
used in determining an operating limit critical power

ratio, calculation of uncertainty factors for the thermal

Revision 0 Page 3
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margin analysis, and applications of the GSU methodology.

1.3 CONCLUSIONS

The RBS RETRAN model provides acceptable representa-
tion of plant behavior during transient events within the
capabilities of the coding. System phenomena are
predicted consistently with measured data by the system
model.

Based on the results of the benchmark analyses, it
is concluded that thy use of the RBS RETRAN model and
associated code packages is acceptable for analyzing AOOs
and the overpressurjization event for reload safety
analysis, licensing, and plant operational support

activities.

Revision 0 Page 4
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Table 1.1 Design Features

Name
Type
Thermal Power (MW,)
Core Flow {(Mlbm/hr)
Steam Flow (Mlbm/hr)
ulation Flow Control Method
of Jet Pumps
of Recirculation Pumps
of Safety/Relief Valves
of Contrecl Rods

of Fuel Bundles

on 0

River Bend Station
BWR/6

2894

84.5

12.45%

Valve Flow Control
20

2

16

145

624
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2.0 DESCRIPTION OF COMPUTER PROGRAMS

The computer programs used at GSU for reactor tran=-
sient analysis are described in this section. Figure 2.1

shows how the programs are linked together.

2.1 THE FIBWR STEADY-STATE CORE THERMAL-HYDRAULIC CODE

FIBWR' evaluates the steady-state thermal-hydrau-
lic performance of BWR cores. FIBWR calculates the flow,
void, and pressurc distributions for multiple, parallel
channels within the ccre by solving the cne~dimensional
equations for continuity, momentum, and energy. FIBWR
was developed by Yankee Atomic Electric Company under a
project sponsored by the Electric Power Research Insti=-
tute (EPRI).

The GSU methodology uses FIBWR to develop initial
core pressure and flow distributions for use in the
RETRAN System Model and to develop a response surface to
correlate hot bundle flow and core flow for hot channel

aralyses. FIBWR models have been developed for analyses

Revision 0 Page 6
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of Peach Bottom and RBS reported later in this report.

Both models have been benchmarked to plant data.

2.2 THE SIMTRAN-E CROSS SECTION CODE

SIMTRAN-E' ("SIMTRAN") generates a one-dimensional
cross sections file for use with the space-time kinetics
option in RETRAN-02. SIMTRAN extracts nuclear data from
restart files written by the three-dimensional nodal
simulator code, SIMULATE-E. The nuclear data include
macroscopic cross sections and pseudo-cross sections
covering delayed neutron fractions and generation
factors. Use of SIMULATE-E for core analysis is de~
scribed in a separate report'.

SIMTRAN reads three-dimensional, two-group partial
cross sections from SIMULATE-E restart files for enough
control rod states to characterize the RETRAN problem to
be analyzed. Each SIMTRAN analysis requires a SIMULATE-E
case with nominal control rod positions for the beginning
of the problem. Whenever control rod movement is
expected, additional SIMULATE~E cases with all control

rods partially and fully inserted into the core are used.

Revision 0 Page 7
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SIMTRAN perturbs the SIMULATE statepoints according
to user input to calculate the dependence of each cross
section and pseudo-cross section on fuel temperature and
moderator density. It then collapses the nuclear data
from the SIMULATE three-dimensional representation to a
ocne-dimensiona) axial cross section set using flux
adjoint weighting. SIMTRAN spatially averages the fuel
temperatures and moderator densities, correlating the
SIMULATE tabular cross sections into polynomial functions
of these independent va.iables at each axial node. These

pelynomials are of the form:

L, » OF,, + CF,,dU + CFy, dU® + CF,,dT, + CF,,dUdT, + CF,,dT,du?

where P = the fitted macroscopic cross section
at node i;

CFy = coefficients calculated by SIMTRAN;

du = the change in relative nodal modera~

tor density; and
dTy, = the change in the square root of the

nodal fuel temperature.

Revision 0 Page &
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2.3 THE ESJORL FUEL ROD PERFORMANCE CODE

ESCORE’ calculater the steady~-state, thermal-mechan=
ical performance characteristics of a fuel rod. The
performance parameters calculated by ESCORE include fuel
pellet temperature distribution, fission gas release, gap
conductance, internal pressure, cladding stress and
strain, power to melt, cladding corrosion, irradiation
growth, pellet densification, and stored energy.

ESCCRE is used in the GSU methodology to determine
gap conductance values for use in the RETRAN system and

hot channel analysis.

2.4 THE REBAL INITIALIZATION CODE

The REBAL computer code® was developed to facilitate
the calculation of consistent thermal~hydraulic initial
conditions for RETRAN models of BWR systems. REBAL is
used to initialize the RBS RETRAN model for plant
transients which are not initiated from rated power and

flow conditions.

Revision 0 Page 9



EA-PT~91-0003~M

REBAL sclves the steady-state pressure loss and heat
balance equations for the reactor vessel, jet pump, and
recirculation system, using an iterative procedure to
solve for the reactor vessel water densities and pres-
sures at rated conditions. Subsequent cases retain
Ccalculated pressure loss coefficients which are held
constant as reactor operating conditions vary. These
coefficients include the effective separator dryer loss
coefficient, the upper downcomer loss coefficient, and a
partial loss coefficient for the non~nozzle portion of
the recirculation loop losses.

REBAL determines the separator and jet pump charac~
teristics consistently with known component performance
curves and measured plant data over a broad range of
operating conditiocns. The jet pump M=-N curve, core flow
versus drive flow, and core and separator pressure drop
versus flow relationships are preserved over a wide range

of power and flow states,

Revision 0 Page 10
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2.5 THE RETRAN-02 ONE-DIMENSIONAL TRANSIENT CODE

RETRAN-02" ("RETRAN") is the transient thermal-
hydraulic computer program used for analysis of AOOs at
GSU., The GSU methodology uses RETRAN in two different
modes. RETRAN is exercised in the core average mode to
determine system response to transient events and in the
hot channel mode to evaluate the change in thermal
margins.

RETRAN was developed under EPRI sponsorship from
RELAP4. RETRAN is a one-dimensicnal, homogenous equilib=-
rium mixture thermal-hydraulic model with provisions for
slip between the vapor and liquid phases. Power genera-
tion may be accomplished through a user controlled table
of power as a function of time, through solution of the
point kinetics egqguation, or through a more rigorous
solution of the one-dimensional neutron diffusion
eguation. Other user-selectable options include a
momentum mixing option for modeling of special components
such as valves, separators, and jet pumps. RETRAN also
has a capability for extensive modeling of control

systems.

Revision 0 Page 11
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Development of RETRAN input is described in Section

3.0 of this report.

2.6 THE EDTRAN OUTPUT EDITOR

EDTRAN' is a post-processor code developed by Public
Service Electric & Gas Company of New Jersey. EDTRAN
reads restart files generated by RETRAN and performs
simple output manipulation functions. The options
available in EDTRAN are EDIT, LINK, and TCPR.

The EDIT option extracts minor edit information from
the RETRAN restart file and prints it in a user-specified
format.

The LINK option links the RETRAN system and hot
channel models. It extracts the core power, pressure,
and flew as functions of time from the restart file and
calculates the hot channel power and flow characteristics
from user input. The hot channel flow is determined from
either a user supplied hot channel flow split as a
function of time, or with a user supplied response
surface. EDTRAN prints the results of this option in

the format of RETRAN hot channel model input deck.

Revision 0 Page 12
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Figure 2.1 Transient Analysis Calculational Flow
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3.0 RBS SYSTEM MODELING

This section describes RETRAN conventions used in
modeling the NSSS and connected systems for RBS. In
preparing the input for RETRAN the authors familiarized
themselves with the program limitations as outlined in
the Safety Evaluation Report for RETRAN'. The separate

hot channel model is described in Section 8.0,

3.1 SYSTEM NODALIZATION

The RBS system model encompasses tl.e reactor core,
recirculation loops, main steam lines, turbine control
valves, condenser bypass line, and safely/relief valves.
As-built geometric and performance data were the primary
source for RETRAN input, where such data were unavail-
able, design information was used. System model nodal=-
ization is shown in Figure 3.1, Volume and junction data
are given in Tables 3.1 and 2.2.

The system model nodalization was based on the
results of a series of parametric studies. Separate

studies were performed for the core region, the separa-

Revision 0 Page 15
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tor/dryer/downcomer region, the steam lines, and the
recirculation lines. The nodalization shown in Figure
3.1 is sufficiently detailed to be in agreement with the
results of finer nodalization schemes'’, Other benchmark
studies'' also demonstrate agreement with plant data

measurements of pressure, flow, and water level.

3.1.1 Vessel Internals

Feedwater enters the vessel via a rill junction
located at the middle downcomer, which is consistent with
the physical location of the feedwater sparger. Sub-
cooled feedwater mixes with saturated water returning
from the steam separators and dryers through the upper
downcomer. The combined flow passes into the lower
downcomer, The recirculation loops draw from this
region, passing a portion of the flow through the
recirculation pumps and returning it to the vessel as jet
pump drive flow. The recombined fluid is driven through
the jet pumps into the lower plenum, from which it
proceeds upwards to the core. The flow is again split at

the core inlet, where most of the flow enters the active

Revision 0 Page 16
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charge line, the jet pump manifold, the jet pump risers,
and the jet pumps. The recirculation pump suction and
jet pump driven flow inlet are connected to the lower
downcomer, while the jet pump drive flow is fed into the
lower plenum, Valve position control and pump power
supply (High Frequency Motor Generator [HFMG), Low
Frequency Motor Generator [LFMG) or none) are accom=
plished by control systems. Manufacturer’s data for pump

performence was used to develop homologous pump curves.

3.1.4 Main Steam Lines

The four main steam lines are lumped into a single
equivalent line using 11 fluid volumes and 12 junctions.
The length of the longest steam line volume is approxie-
mately 50 feet. The line consists of an exit volume fron
the reactor vessel, a safety relief valve volume, a flow
restrictor, two main steam isolation valves, a condenser
bypass line, a turbine stop valve, and a turbine control
valve. Flow exits the steam line via a negative fill

which is administered by a control system,

Revision 0 Page 19
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3.1.5 Steam Bypass Lines

The bypass modeling consists of a bypass valve, line

volumes on either side of the valve, and the condenser.

3.1.6 Safety/Relief Valves

All sixteen safety/relief valves are modeled as
relief valves in five groups based on their setpoints.
Some valves are modeled as low-low set valves., Low-low
set valves include additional logic which serves to open
and close the valves at lower pressures than the normal
relief setpoints. This serves to limit Safety Relief
Valve (S8RV) cycling to the low-low set valves rather than
all of the valves. Relief valves exhaust from the second
steam line volume downstream from the vessel into a large

volume representing containment.

Revision © Page 20
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3.2 HEAT DEPOSITION

The RETRAN coptions for heat deposition used in the
RBS model are powered heat conductors, nor-powered heat
conductors, and non-conducting heat exchangers. This
section describes these heat deposition options. Heat

conductor data are shown in Table 2.3,

3.2.1 Powered Conductors

Powered heat conductors are used to represent the
fuel rods. Fuel rod information included in the powered
heat conductor input includes material and geometry data
for the fuel pellet, diametral gap, and cladding. The
flux solution from the neutr.~ic model determines the
power source in these conductors, which transmit heat to
the fluid in the active core volumes. Material proper=-
ties for the fuel and clad where obtained from standard
reference sources. A specific gap heat transfer coeffi-
cient was developed using ESCORE as described in Section

5.

Revision 0 Page 21
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control rod distribution during a scram, meving all of
the control rods together wuntil full insertion is
reached. These RETAAN options provide the most mechanis-~
tic prediction of the axial power shape change during
BWR transient.

Data for the neutronic regions are shown in Table

3.‘0

3.4 TRIP LOGIC

The RBE protective systems are characterized by 101
trips. These trips include reactor scram, turbine and
feedwater trips, recirculation pump trip and transfer,
and safety/relief valve logic. The RBS ¢ w8 also
include logic for event initiation and controi system

functions. RBS trips are shown in Table 3.5,

Revision 0 Page 23
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3.5 CONTROL SYSTEMS

The control systems used to simulate RBS include an
instrumentation section (i.e. sensed process variable),
vater level measurement, recirculation flow contreol
section, turbine control section, feedwater/level control
system, and a miscellanecus edits section., The control

schemes are shown in Figures 3.2 through 3.7,

Revision 0 Page 24
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Control Volume Geometric Information (Continued)
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Junction Geometric Information
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Junction Geometric Information (Continu=d)

3.2
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Junct ion Geometric Information (Continued)

3.2
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Table 3.4 RETRAN Core Neutronic Region Information

REGION HESH CORE CORE REGION REGION
11 INTERVAL VOLUME CONDUCTOR ELEVATION HE 1GNT
1 24 100 L] o.M o.M
2 ” o 1 .41 ©.500
3 ” w2 2 1. 0.506
~ 12 103 3 2.an 0.500
S 1?2 104 - 2.m 0.500
é 7 105 5 3410 0.500
7 ” 106 L] . 0.500
8 ” w7 7 “am 0.500
° 1?2 s 8 L 0.500
w0 2 09 9 5.41m 0.506
" 12 e w0 S.91n 0.500
12 ” m " 4.4 0.500
13 12 1m2 2 6.M 2.500
14 2 13 3 7.4 0.500
5 12 LAY 1% 7. 0.500
16 2 115 5 a.4emn 0.500
7 12 116 16 8. 0.506¢
] 12 17 17 g.an 0.500
9 2 118 18 9.911 0.500
20 12 ne 1w w.an 0.500
21 2 120 20 .o 0.500
22 2 m 21 1nm.m 0.500
23 12 122 22 1nm.em 0.500
24 12 123 23 1241 0.560
25 12 124 2% 12.9%v 0.5e0
26 12 125 25 3. 0.500
27 36 126 s} 16609 1.198
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RBS Trip Control Data

Table 3.5
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*LOM LEVEL-3
THIGH REACTOR FLimx

THFNG TO LFNG PERMISSVE®™
“BPV INNIBITOR SWITCH =
*MSTR CNTRLR MATS

TSPAN ART IWINDUP

“SPAN ANTIVINDUP RESET *
*FLX CNTRLR NI ANTI
TMSIV SCRAM PERMISSIVE

*1/3 ELEMENT SELECT
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"LOMN LEVEL-2
LOM LEVEL-1

THANUAL WSIV CLOSURE

*FU LOSS OF NEATING

TMANUAL 1-FuP TRIP
“MANUAL TSV CLOSURE

*PROBLER END TIME
TFLUX CNTRLR MATS
"LOOP CNTRLR MATS
TRANUAL 3-FuP TRIP

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

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

it Rt £ £ | L L Attt A LA
-~ - - -—‘
COoDoCODOOOOOOOCOCoOODOLOODOOCOOODORDOOOORO

HHHHBHE R T

040240

it



EA-PT-S1-000C3-M

RBS Trip Control Data (Continued)

3.5
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Table 3.5 RBS Trip Control Data {(Continued)
CARD # joree 10s16 5 S I | ¥4 SETPT DELAY DESCRIPTION
L0970 s “ 234 L] nar.v 0.4 "GR-4 SRV OPEN »
040080 -187 -4 2% ] 1027.7 1.2 *GR-4 SRV TLOSE "
04099 132 - 234 o 1377 8.4 *GR-5 SRV OPEN ®
041000 -188 -4 234 8 1037.7 1.2 *GR < SRV CLOSE -
049993 . 1 4] 0 -1.0 0.0 *STi T WOHX -
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Figure 3.1 RBS System Nodalization
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. Figure 3.3 RBS Water Level Control System
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. Figure 3.4 RBS Recirculation Flow Control System
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Figure 3.4 RBS Recirculation Flow Control system
(Continued)
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Figure 3.5 RBS Turbine Control System
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Figure 3.6 RBS
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Feedwater Control System
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. Figure 3.7

RBS Miscellaneous Edits Control System
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Figure 3.7 RBS Miscellaneous
(Continued)
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4.0 CROSS SECTION GENERATION

This section describes the procedure used to obtain
the cross section information used in the RETRAN core
model. Polynomial expressions for the cross sections
required by the diffusion equaticn are prepared by
SIMTRAN from SIMULATE-E restart files. The SIMULATE-E
cross section data contains delayed neutron fractions and
energy group inverse velocities calculated by lattice
physics codes contributing to the SIMULATE~-E analysis.
The SIMTRAN calculation is described in Section 2.2.

Consistent with the RBS RETRAN model, the SIMTRAN
model includes 25 active core nautronic regions and two
reflector regions. THE RBS SIMULATE-E modeling also
contains 25 active core regions, eliminating the need for
axial collapsing or expansion of the core analysis data.

Fer transient analyses involving control rod scram,
three separate SIMTRAN calculations are performed. As
noted in Section 2.2, the base case uses core and system
conditions consistent with the initial conditions to be
modeled in the transient analysis. Secondary cases
provide data for partial and full insertion of the

control rods.
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SIMTRAN includes several additional weighting
features to allow flexibility in obtaining the spatially
averaged nodal temperatures and densities. The code also
contains provisions to adjust reflector cross sections so
that boundary conditions between SIMULATE-E and RETRAN=02
will agree.

A sensitivity study was performed to identify the
optimum temperature and density weighting options, as
well as the reflector cross section adjustment option.
These sensitivities were performed using the model for
the Peach Bottom Atomic Power Station, and the data for
the three turbine trip tests conducted. The power
distribution and the neutron flux response were used as
the figure of merit. The result of this study indicated
that the best results achieved vere with the reflector
group 2 absorption cross section adjusted to match nodal
power, the power distribution is used as the density
weighting function, and an inverse distribution is used
as the temperature weighting function.

Previous utility experience with RETRAN using
SIMTRAN-collapsed cross sections has shown overprediction
of transient power peaks relative to the Peach Bottom

test data. In the GSU modeling, however, analyses with
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. unmodified SIMTRAN crcss sections predict the power peaks
accurately. This agreement is due in part to the use of
delayed neutren information from the ENDF/B-V library
rather than the ENDF/B-11I data coded in the original
CASMO' and in part to EPRI-developed improvements in the
multi-state control rod model. Analyses reported in this
document are based on cross section information extractec
directly from SIMTRAN output without further normaliza-

tion.
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5.0 CALCULATION OF FUEL ROD GAP CONDUCTANCE

Gap conductance directly affects how rapidly a
change in rod power will produce an associated change in
rod surface heat flux. RETRAN requires hot channel and
core average gap conductances to perform transient
analyses.

RETRAN treats the gap as a material through which
heat is ccnducted. The RBS RETRAN model implements the
transient gap conductance using cold gap width and fill
gas conductivity as a function of temperature. The
methodology used by GSU to determine gap conductanc:
values for safety analysis is described in greater detail
in Appendix A.

The gap conductance values used in the RETRAN
analysis have two conflicting effects on the consequences
of the transient., Low values are more consorvativc‘tor
system or core average effects and high values are more
conservative for hot channel effects. Gap conductance
values are calculated separately for these applications.

The core average gap conductance affects the
reactivity feedback due to a change in moderator density

and void fraction. During a rapid power increase
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transient, heat transferred to the coolant causes coolant
voiding, which has a negative reactivity effect. Faster
heat deposition in the water produces more negative void
reactivity feedback, which mitigates the power increase.
Lower gap conductance values in the RETRAN system model
delays the onset of corewide coolant voiding, resulting
in a larger power increase. In slow events, the gap
conductance has a negligible effect because the heat flux
remains approximately equal to the neutron flux through=-
out the transient.

The power response of the hot channel analysis is
driven by boundary conditions from the core average
system analysis. The gap conductance determines the heat
flux response in the hot channel analysis.

For pressurizatior transients and other events whic\
include rapid power increases, a larger value of ho:
channel gap conductance results in a larger prompt
increase in heat flux. Higher values of heat flux
result in more severe thermal margin decrease during
transients, as indicated by a larger value of Change in
Critical Power Ratio (ACPR).

The methodology described in Appendix A was used to

produce sample gap conductances for RBS Cycle 3. The
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core average gap conductance was calculated to be 1218
BTU/kr=-£t’-°F and the hot channel gap conductance was

calculated to be 2315 BTU/hr=fti=°F,
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.

/ith the turbine trip, the recirculation pumps automati-

cally transferred to the LFMC sets. Immediately follow-

ing the scram, reactor pressure rose rapidly tc APProxi-

% » % ~ - - »
mately 112 PE8ldg, causing the four groups { safety
relief valves, including the five low=~low set SRVs, tc

Water level initially decreased due to lapse of
steam voilds resulting from the rapid

and reactor scram. The narrow range level dropped to as

B akll

low as 1f above 1nstrument zero from an initial level of

- b Feedwater flow remained relatively high since the
water level was well below the normal
setpoint. When water level is below this setpoint,
feedwater regulator valves are opened to increase
feedwater flow. Water level then recovered, reaching the
level 8 high water level trip at around 50 seconds. Tt

15

resulted in a feedwater pump trip.

Figure 6.1 shows the Average Power Range Mon

s
(APRM) flux response. Since the bypass valves opened and

the reactor scrammed, neither the predictions nor the
data show any increase in flux above the in
Flux decreases rapidly following scram. Figure 6.2 shows

Lhe predicted reactor pressure response compared to data

Revision
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from two channels. RETRAN predictions are in good
agreement with the peak pressure. The predictions are in
agreement with the data regarding the number of SRVs
which opened in the relief mode (nine). However,
analysis of tailpipe temperature responses indicates that
several of the remaining seven valves opened briefly in
the safety mode at pressures somewhat below the normal
relief or safety valve setpoints. To accommodate these
open safety valves, the opening of two valves in the
safety mode is included in the RETRAN modeling.

Reactor pressure decreases rapidly following opening
of the SRVs, which close in seguence as the pressure
decreases. The pressure decrease is terminated when the
bypass closes at around 21 seconds. These valves reopen
for a brief period at around 33 seconds to relieve the
subsequent pressure increase.

Total steam flow as measured by the elbow flow
meters upstream of the SRVs is shown in Figure 6.3,
Predicted and measured steam flow both drop rapidly
following fast closing of the TCVs. The subsegquent
increase is due to opening of the SRVs and the bypass.
The steam flow decreases as relief valves close during

the pressure decrease period. Step changes in flow
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indicate the times when groups of valves closed. The
flow measurement at low flow is inaccurate due to the
type of instruments used and the calibracion range. The
prediction provides a more realistic representation
beyond 20 seconds, when the steam flow is low. The
predicted increase of flow at around 40 seconds occurred
when the bypass reopened.

Figure 6.4 shows the measured and predicted core
flow response. Both show a rapid decrease in core flow
following transfer to the LFMGs. The prediction is in
excellent agreement from above 30% of rated flow. The
flow measuring instruments are less accurate at low flow.

Feedwater flow response is shown in Figure 6.5.
Both measurements and predictions show a general decrease
in feedwater flow and then a rapid decrease following
feedwater pump trip on a high level 8 at around 50
geconds. Differences between the predictions and plant
data are due to the differences in predicted narrow range
water level shown in Figure 6.6. Water level, with
steam/feed flow mismatch, is the main determinant of feed
flow magnitude. Water level is one of the more difficult

variables to predict accurately.
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In addition, the feedwater control system had two
trains in auto and one in manual at the time this event
occurred. The RETRAN base model is set up for three
trains in auto mode, with an approximation used for the
2 auto/1 manual mode. An earlie. benchmark! for a
similar event, which also occurred while the feedwater
system was in the 2 auto/1 manual mode, the feedwater
flow was forced tc model measured data. More accurate
predictions of water level were obtained in that case.
For this benchmark, feedwater flow response is included
in the prediction to provide a more general simulation of
the plant response. The overall water level response
trend is predicted well. However, the prediction does
not drop as low as the plant data and recovers somewhat
more slowly. The first water level recovery is over=-
predicted by the code.

Figure 6.7 shows excellent agreement in recircuic-
tion pump speed including speed following pickup of the
LFMGs. This shows that the RETRAN recirculation pump
model is a very good representation of the actual

component.,
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Figure 6.8 shows predicted and measured bypass valve
position. The RETRAN prediction shows a shorter period
of valve reopening.

Simulatior. of this load rejection transient shows
that RETRAN can predict plant performance during this
type of event with good accuracy. Predictions are
especially good during the first second or so following
initiation of the event. This is the time period during
which Maximum Average Planar Linear Heat Generation Rate
(MCPR) will occur for similar but more severe events such

as those analyzed for the thermal limits determination.

6.2 WATER LEVEL INCREASE EVENT

RBS experienced a water level increase transient on
June 18, 1987. The reactor was operating at approximate-
ly 70 percent power and 54.5 percent core flow when a
battery inverter failed. Initial conditions for this
transient are shown in Table 6.3.

The inverter failure interrupted power to panel
1VBN=-PNLO1Bl, which in turn locked the feedwater regulat-

ing valves in position. In addition to the loss of power
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to the feedwater controller, a recirculation flow control
valve (FCV) runback sigral was generated causing both
valves to begin to close. FCV "A" completed the runback;
however, the hydraulic power unit serving FCV "B" failed,
causing the valve to stop short of the full runback.
Recirculation Pump "B" attempted to transfer to slow
speed immediately; however, the LFMG for the pump did not
engage and the pump coasted down to zero speed. This
concurrent core flow reduction caused a reduction in
power and steam flow, which was not offset by a decrease
in feedwater flow because the feedwater regulating valves
were locked in position. Water level rose to near the
Level 8 setpoint, where the reactor protection system
generated a scram signal. The indicated level did not
exceed Level 8 on all water level instrumentation, so the
turbines and feedwater pumps did not trip initially. The
turbine and one feedwater pump were manually tripped
following the reactor scram.

Following the reactor scram, water level decreased
and rose again, eventually exceeding the Level 8 *trip
setpoint and tripping the ‘eedwater pumps. The timing of

major events during the transient is shown in Table 6.4.

Revision 0 Page 59



EA=-PT=91-0003~M

Predicted plant performance is compared with ERIS data in
Figures 6.9 through 6.14.

The RETNAN results agree with measured plant data
available for the event,. RETRAN predicts a slightly
slower level recovery than the data; this difference is
probably caused by modeling asymmetric recirculation loop
conditions with a single, composite recirculation loop.
Instruments recording narrow range water level and core
flow drav power from the failed bus, so these indications
are unreliable during the first 21 seconds of the
transient. When power was restored, the instrumentation
resumed functioning.

Figure 6.9 shows the neutron flux during the
transient. The predicted flux follows a similar trend as
that exhibited by the data, excapt that the flux level is
higher before scram occurs., This is most lilely due to
uncertainties in the core flow measurement when one pump
is running and the cother pump is idle.

Figures 6.10 and 6.11 show the water level response
as determined from the narrow range and wide range
instrumentation. The rise in level following the
recirculation flow decrease matches the observed level

very well. The subsequent drop in level following
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reactor scram also matches the observed data., The level
recovery following the scram is somewhat delayed in the
RETRAN calculation. As discussed above, this is felt to
be aue to the limitations in modeling asymmetric loop
behavior with a single composite loop model.

Figure 6.12 shows the core flow response during the
transient. The initial portion of the transient agrees
with data, however, the flow at this point was forced to
agree with the measured flow. The flow coastdown
folilowing the trip of the remaining pump differs from the
data by approximately 7% of rated flow. This is likely
due to the imitations in modeling asymmetric loop
behavior with a single composite loop model.

Figures 6.13 and 6.14 show the feedwater and turbine
steam flows during the transient. The responses obtained
agree very well with the measured data. Feecdwater
remains constant due to the faedwater regulating valves
locking in position. Eventually one of the pumps is
tripped, and feedwater flow decreases to very nearly the
same value as calculated by RETRAN. Steam flow initially
drops in response to the power decrease associated with

the recirculation flow decrease. Following the scram,
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the calculated flow decreases in a manner similar to that

observed,

6.3 WATER LEVEL SETPOINT STEP CHANGES

RBS Startup Test 1-8T-23A, which was performed on
May 24, 1986, included step changes in the reactor water
level setpoint. The RETRAN model was benchmarked to the
feedwater flow and reactor narrow range water level
response to these changes. The unit was operating at
near rated conditions for the test.

RETRAN predictions are compared with ERIS data in
Figures 6.15 through 6.18 for the +6" and -6" level
setpoint tests. For the +6" level setpoint change, both
the feedwater flow and water level response agree closely
with plant data. For the =-6" test, it appears that a
slightly larger step change than intended was initiated
(approximately 7.8"). The plant feedwater response is
much slower for the negative change. RETRAN predicts
that changes in feedwater flow will take place at the
same rate as for a positive step. However, the overall

water level response is comparable.

Revision © Page 62



EA=PT=91-0003=M

Table 6.1 Initial Conditions, RBS Load Rejection Tran-
sient (Scram 8904)

Blant Data RETRAN

Power $6.8% 96.8%
Core Flow 96.6% (81.6 MLB/HR) 96.6%
Steam Flow 96.1% (12.0 MLB/HR) 96.8%
Feedwater Flow 96.1% (12.0 MLB/HR) 96.1%
Dome Pressure 1032.0 1032.0
Water Level 3a7.on 3.6
Recirculation Control 2 in Manual 2 in Manual
Pressure Regulator Full Arc Full Arc
Feedwater Control 3 Element 3 Element

2 Auto, 1 Manual 2 Auto, 1 Manual
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Table 6.2 Sequence of Events, RBS Load Rejection Tran-
sient (Scram 8904)

Plant RETRAN
Data TIME

Load Rejection 0.00 0.000

TCV Fast Closure 0.10 0.107

Scram 0.12 D377

EOC HFMG Trip 0.14 0.247

BPV Fast Open 0.10 (0%) 0.207 (0%)

0.8 (100%) 0.482 (100%)

SRV=~1 Open (1) - W 1.78

SRV~2 Open (1) 1.8 1.78

SRV-3 Open (3) 1.5 1.92

SRV~4 Open (4) 1.5 1.92

Peak Pressure 2.0 2.2
SRV~4 Closed 4.5 5.97
. SRV=-3 Closed 11.8 9.38
SRV~-2 Closed 14.7 10.05
SRV~1 Closed 20.8 10.76
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Table 6.3 Initial Conditions, RBS Water Level Increase

Event
Plant Data RETRAN
Power (%NBR) 70.0 70.0
Core Flow (%NBR) 54.5 54.95
Steam Flow ($NBR) 86,2 67.2'
Feedwater Flow ($NBR) 67.2 67.2
Narrow Range Water Level (in) 35.7 35.7

Recirculation Flow Control 2 loops in MANUAL
Pressure Regulator full arc
Feedwater Controller Three-Element

'Non-condensible gas build-up in condensing chambers of
steam flow instrumentation for feedwater control resulted
in an error in the indicated steam flow.
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Table 6.4 Seguence of Events, RBS Water Level Increase

Event

Battery Inverter Failure

FCV Runback Initiated
Recirculation Pump B Tripped
Reactor Scram on High Level
Recirculation Pump A Tripped
Feedwater Pump A Tripped
Manual Turbine Trip

Feedwater Pumps B & C Tripped

Revision O

TIME
(sec)

0.0
0.0
0.0
.0
0
0
0

37

43,
54.
84,
86,

(Not Simulated)
0 (Not Simulated)
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Figure 6.2 Predicted vs Measured Reactor Pressure,
RBS Scram 89-04
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Figure 6.3 Predicted vs Measured Total Steam Flow,
RBS Scram 89-04
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Figure 6.4 Predicted vs Measured Total Core Flow,
RBS Scram 89~04
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Figure 6.5 Predicted vs Measured Feedwater Flow,
RBS Scram 89-04
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Figure 6.6 Predicted vs Measured Vessel Water Lev~
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Figure 6.7 Predicted vs Measured Recirculation Pump
Speed, RBS Scran 89-04

RETRAN BENCHMARK OF SCRAM 83-04

T T 1 T T

2000
]

2000
3

2000

|
|

1800
T

1600
T

1600

1200
T
1200

T
1200

800
-
800
T
800

ERIS RECIRC PUMP SPEED (RPM]

ERIS RECIRC PUMP SPEED (RPM!

400
RETRAN RECIRC PUMP SPEED (RPM)

<00
T
400

-

| L |

. - ———

(=) o o i 20 v W0 50 80
TIME (SEC)

Revision 0 Page 73



EA«PT=91-0003=M

Figure 6.8 Predicted vs Measured Bypass Valve Posi~
tion, RBS Scram 89-04
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Figure 6.9 Predicted vs Measured Neutron Flux, RBS
Water Level Increase Transient
LEVEL TRANSIENT 870618 -~ NEUTRON FLUX (%1 NBR)
E ! T ! T ! g M T—
|
BI ;
8| T
|
!
@ 1
I
- |
P
|
l
" |
1
R |
J
- Mrr———— - . . . el
=) 20 40 60 80 100 120 140 160
TIME (SEC)
Revision 0 Page 75



EA=PT=91-0003-M

Figure 6.10 Predicted vs Measured Narrow Range Water
Level, RBS Water Level Increase Tran-
sient
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Predicted vs Measured Wide Range Water

RBS Water Level Increase Tran-
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Figure 6.12 Predicted vs Measured Core Flow, RBS
Water lLevel Increase Transient
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Figure 6,13 Predicted vs Measured Feedwater Flow,
RES Water lLevel Increase Transient
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Predicted vs Measured Turbine Steanm
Flow, RBS Water Level Increase Transient
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Figure 6.15 Predicted vs Measured Water Level, RBS
Water Level Setpoint Change (+6")
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Predicted vs Measured Feedwater Flow,
RBS Water lLevel Setpoint Change (+é")
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Figure 6.17 Predicted vs Megasured Water Level, RBS
Water Level Setpoint Change (~6")
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Predicted vs Measured Feedwater Flow,
RBS Water Level Setpoint Change (-6")
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7.0 COMPARISON TO PEACH BOTTOM UNIT 2 TRANSIENTS

As a part of the methods gqualification, GSU calcu~
lational results were compared with experimental data
from Peach Bottom Atomic Power Station, Unit 2 ("Peach
Bottom"). These comparisons demonstrate the validity of
GSU methods for analysis of fast pressurization tran-

sients.

7.1 BENCHMARK DESCRIPTION

Three turbine <trip transient experiments were
performed at Peach Bottom in April 1977 at the end of
Cycle 2", TI'he purpose of these tests was to investigate
the effect on neutron flux of a pressure transient in the
reactor core following a turbine trip. The three tests
were identified as Tests TT1, TT2, and TT3; four stabili-
ty tests were also performed during this period.
Additional instrumentation was installed to gather more
detailed information than is normally available and sonme
normal protective features were disabled to allow a mere

severe transient than would normally be expected. The
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results of these three tests are useful for reload
analysis methods qualification.

The tests were each initiated by manual turbine
trip. The normal reactor scram on turbine stop valve
position was disabled, allowing a higher power spike
consistent with design basis analyses. Reactor scram was
initiated by high neutren flux at a reduced setpoint.
Condenser bypass was allowed to initjate normally on
turbine stop valve position,

In addition to the EPRI-sponscred tests, the Peach
Bottom benchmark analyses also co ered a License Basis
Transient (LBT) problem developed by Brookhaven National
Laboratory” to test the capabilities of transient
computer codes to evaluate conditions more severe than
those observed in the tests., Because the postulated LBT
transient required assumptions outside the normal GSU
methodology, the LBT penchmark is included as a demon-

stration of capabilities rather than methods.
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7.2 PEACH BOTTOM RETRAN MODEL

The KETRAN model of Peach Bottom was developed with
the same technigues as were used for River Bend. A
nodalization diagram for the Peach Bottom system model is
shown in Figure 7.1. Geometry and configuration were
obtained primarily from the EPRI report' as supplemented
by other sources™'’.

Since the Peach BSottom benchmarks only cover a
limited range of fast pressurization events, the control
systems are much simpler than those in the River Bend
model, which cover all eanticipated operating modes. The
Peach Bottom model includes simple controls to close the
turbina stop valves, to initiate scram on either time or
high power, to open the bypass valves, to adjust bypass
valve and turbine stop valve loss coefficients as a
function of position, and to set feedwater flow and

enthalpy.
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7.3 TURBINE TRIP TEST SIMULATION

This section describes the analysis of the test data

obtained during the th- ee turbine trip tests.

7.3.1 Initial Conditions

Initial statepoint conditions are determined from
published data. RETRAN initialization requires addition-
al data, sufficient to calculate initial conditions
everywhere within the system. RETRAN initial conditions
for Tests TT1, TT2, and TT3 are summarized in Table 7.1.

Blant Data. Actual plant data available includes
core power and flow, dome pressure, steam flow, water
level, recirculation flows and 1ecirculation and jet pump
specifications. This information was obt ined from the
literature® " " or from test data available on floppy
disk through EPRI. A steam flow-feedwater temperature
relationship and a cere flow-recirculation flow relation-

ship were determined from the available plant data.
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The high flux scram setpoint was set at the plant
differently for each test. Alternatively, the actual
scram time as recorded can be input. Rod position as a
function of time, and hence, speed, was also recorded.
Turbine Stop Valve (TSV) and Bypass Valve (BPV) positions
wvere recorded during each test.

Changes in feedwater flow and recirculation pump
speed were not considered significant during the period
modeled. These were assumed constant,

Separator inertia is determined independently for
each case from General Electric ODYN Qualification
Report®. The inertia is & function of inlet quality and
does not effect the initialization of RETRAN, Best
results were obtained by applying half the total inertia
at the separator inlet, half of that part attributed to
the standpipes at the standpipe inlet, and the remainder
to the separator ligquid return junction. The inertia of
the steam outlet of the separators was based on the
geometry of the steam region in the separators. The area
of the steam region is calculated from the geometry of
the separators and the water layer thickness obtained

from General Electric ODYN Qualification.
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7.3.3 Simulation Results

The results of the Test TT1 benchmark are shown in
Figures 7.2 through 7.6. The results of the 7lest TT2
benchmark are shown in Figures 7.7 through 7.11. The
results of the Test TT) benchmark are shown in Figures
7.12 through 7,.16. Each set of figures provides predic~
tion versus measurement comparisons of core average
power, upper plenum pressure, dome pressure, T3SV "A"
pressure, and core inlet flow, calculated at the jet pump
exit.

The power comparisons show general agreement wvith
the published data in both timing and magnitude. The
Test TT1 simulation (Figure 7.2) shows an overprediction
of the magnitude of the power peak, but the timing of the
peak and the initial power rise are predicted very
closely. The Test TT2 power spike (Figure 7.7) is in
very close agreement with the data. Although the power
trace follows the data closely, the predicted Test TT)
power peak (Figure 7.12) is later and slightly lower than
the data. The greater width of the predicted impulse

indicates it is conservative relative to the data.
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The measured data for upper plenum pressure exhibits
some fluctuation. The Test TT1 simulation (Figure 7.3)
overpredicts the upper plenum pressure after the initial
pressure surge is stopped. The Test TT2 (Figure 7.8) and
TT3 (Figure 7.13) predictions follow the data trends
closely.

The dome pressure data were also smoothed for
comparison with predictions. The TT1 analysis (Figure
7.4) overpredicts the data after the initial pressure
surge. As with the upper plenum pressure, the Test TT2
(Figure 7.9) and TT3 (Figure 7.14) follow the data trends
closely.

As was the case with the other pressure data, some
scatter in the TSV pressure data made smoothing necessary
before reasonable graphic comparisons could be made. The
predictions for Test TT1 (Figure 7.5), TT2 (Figure 7.10),
and TT3 (Figure 7.15) all track the smoothed data.

The "measured" core flow data for the three tests
were calculated from recorded jet pump differential
pressures. The recorded signals show a large amount of
noise, which wee first filtered. The average of the four
filtered signals was then used in the solution of the

fundamental differential equation relating flow to
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differential pressure and inertia. The resulting flows
were plotted with an additional time adjustment of 0.25
8. to account for the process instrumentation delay
discussed in Secticn 9, Reference 12. The predictions
for Test TT1 (Figure 7.6), TT2 (Figure 7.11), and TT3
(Figure 7.16) show similarity of timing of the initial
rise and of peaks and valleys, though the magnitudes of
the changes are different. However in no case does the
mismatch exceed 8% of the initial value of flow. The
predicted behavior of the core inlet flow is consistent

with the phenomenoclogy.

7.4 LICENSE BASIS TRANSIENT MODELING

This section describes the demonstration analysis

covering the Peach Bottom License Basis Transient,

7.4.1 Initial Conditions

Initial conditions for the LBT analysis were
generated to be consistent with the Brookhaven analysis.

Cross sections for this analysis were generated from a
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two-cycle Haling depletion rather than the stepwise
depletion used for the turbine trip test benchmarks. The
original Haling distribution was not nearly as bottom
peaked as that used by Brookhaven. To obtain better
agreement with this power shape, the Haling depletions
were re-run using a lower value of subcooling and a
larger albedo value for the lower reflector. RETRAN
initialization was accomplished ceonsistently with the
turbine trip test analyses. 1Initial conditions for the

LBT analysis are summarized in Table 7.2.

7.4.2 Analytical Results

The analytical results of the License Basis Tran-
sient benchmark are shown in Figures 7.17 through 7.25.
Comparisons are made to GE and BNL initial conditions of
axial power shape, fuel temperature, void distribution,
and clad surface heat flux. Transient comparisons to GE
and BNL results included power, core pressure, core flow,
and axial clad surface heat flux.

The calculated axial power distribution (Figure

7.17) is in good agreement with both the GE and the BNL
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curves. The calculated initial fuel temperatures (Figure
7.18) agree well with the GE data. The initial heat flux
(Figure 7.19) is a little lower than both the GE and the
BNL data. Since the power and the power distribution are
the same, this difference can probably be attrihuted to
a difference in the type of fuel modeled which would lead
to a difference in heat transfer area. The calculated
initial void distribution (Figure 7.20) is higher than
both the GE and the BNL curves. This may be due to
differences in void models or in core bypass flow.

The calculated transient power (Figure 7.21) curve
is higher and narrower than the GE curve, and both higher
and wider than the BNL curve. The area under the
calculated curve appears to be similar to that under the
GE curve, indicsting a similar total energy release.
Since CPR calculations are more sensitive to the total
energy of an impulse than to the height of the impulse,
the calculated results are not unconservative.

The transient pressure calculation (Figure 7.22)
shows good agreement to both the GE and the BNL curves.
The calculated core inlet flow (Figure 7.23) shows an
initial rise which appears to be due to the initial scram

induced power decrease. This flow surge is turned around
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in both the calculated and the GE curves by the powver
impulse due to void collapse. since the GE impulse
occurs first, the GE flow decreases first. By about 1
second, the calculated flow appears to be following a
similar trend to the GE data, about 5% lower.

The clad surface heat flux at 0.8 and 1.2 seconds
(Figures 7.24 and 7.25) is similar in shape to both the
GE and BNL curves, reflecting the changes during the

transient due to scram and void collapse.
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Table 7.1 Peach Bottom Turbine Trip Test Initial

Conditions

TT1 712 73
Power, MW, 1562 2030 2275
Core flow, lbm/s 28139 23028 28306
Dome pressure, psia $91.6 976.1 986.6
Core inlet enthalpy, Btu/lbm 528.0 518.3 522.7
Water level, inches 23.0 29.2 29.8
Steam flow, lbm/s 1638 2171 2470
Recirculation flow, lbm/s 90%0 7652 9378
APRM high power trip, % rated 85 s 77
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Table 7.2 Peach Bottom License Basis Transient Initial

conditions

Pover, MW,

Core flow, lpm/s

Dome pressure, psia

Core inlet enthalpy, Btu/lbm
Water level, inches

Steam flow, lbm/s
Recirculation flow, lbm/s

Revision 0

J441,
28472,
1034.
$22.7
28.0
3900
9500
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Figure 7.2 Predicted vs Measured Core Power, Peach
Bottom Test TT1
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Figure 7.3 Predicted vs Measured Upper Plenum
Pressure, Peach Bottom Test TT1
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Predicted vs Measured Upper Plenum

Pressure, Jeach Bottom Test TT1
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Figure 7.4 Predicted vs Measured Dome Pressure,
Peach Bottom Test TT1
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7.5 Predicted vs Measured TSV Pressure,
Peach Bottom Test TT1
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Figure 7.6
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Predicted vs Measured Core Inlet Flow,
Peach Bottom Test TT1

PERCH BOTTOM 2

EOC 2

TURBINE TRIP

I

T

v

T

Revision 0

TIME

2.40

]

3,20 4,00

Page 104



EA~PT=91-0003~M

Figure 7.7 Predicted vs Measured Core Average
Power, Peach Bottom Test TT2
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Figure 7.8 Predicted vs Measured Upper Plenum
Pressure, Peach Bottom Test TT2
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Figure 7.9 Predicted vs Measured Dome Pressure,
Peach Bottom Test TT2
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Figure 7.10 Predicted vs Measured TSV Pressure,
Peach Bottom Test TT2
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Figure 7.11 Predicted vs Measured Core Inlet Flow,
Peach Bottom Test TT2
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Figure 7.13 Prwdicted vs Measured Uppar Plenum
Pressure, Peach Bottom Test TT3
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Figure 7.14 Predicted vs Measured Dome Pressure,
Peach Bottom Test TT3
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Figure 7.15% Predicted vs Measured TSV Pressure,

Peach Bottom Test TT3
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Figure 7.16 Predicted vs Measured Core Inlet Flow,
Peach Bottom Test TT3
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. Figure 7.17 Axial Power Distribution, Peach Bottom
License Basis Transient
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. Figure 7.18 Fuel Temperature Distribution, Peach
Bottom License Basis Transient
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Figure 7.19 Initial Heat Flux Distribution, Peach
Bottom License Basis Transient
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. Figure 7.20 Initial Void Distribution, Peach Bottom
License Basis Transient
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. Figure 7.21 Core Average Power, Peach Bottom License
Basis Transient
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- Figure 7.22 Upper Plenum Pressure, Peach Bottom
License Basis Transient
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Figure 7.23 Core Inlet Flow, Peach Bottom License
Basis Transient
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Figure 7.24
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Heat Flux Distribution @€ t = 0.8, Peach

Bottom License Basis Tiransient
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Figure 7.2% Heat Flux Distribution € t = 1,2, Peach

Bottom License Basis Transient
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8.0 HOT CHANNEL MODEL

The overall system transient response is calculated
with the RETRAN computer code. In the system model, the
core is represented by a single, average power channel.
The results cof the system calculation: neutron flux,
core pressure, core flow and inlet enthalpy as a function
of time during the transient are used as boundary
conditions for the RETRAN hot channel model. The hot
channel is executed separately from the systems model to
allow a different model to be developed for each mechani=-
cally unique fuel design in the RBS core and to facili~-
tate changes to initial conditions such as radial and
axial power distribution, gap conductance, etc., which
may differ from those used for the system (core average)
calculation.

The RETRAN hot channel model geometry represents the
in-channel portion of one fuel bundle and the upper
plenum. Figure 8.1 is a nodalization diagram of the RBS
hot channel model. This model consists of 27 volumes, 27
junctions, 25 conducting heat exchangers and 25 non-

conducting heat exchangers. The non-conducting heat
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exchangers model the direct power depesition to the
coolant,

The forcing functions (boundary conditions) for this
model come from the RETRAN systems transient calculation.
The hot channel rod conduction power is proportional to
the transient neutron flux; as is the power fraction
directly deposited in the active coolant due to gamma
heating and neutron slowing down. The upper plenum in
the hot channel model is a RETRAN time-dependent volume,
set to the pressure versus time from the system calcula-
tion. The inlet to the hot channel is a RETRAN positive
£ill, so that the inlet flow and enthalpy may be speci=-
fied. The inlet enthalpy is taken directly from the
systems calculation; the core flow from the systems
calculation is multiplied by the fraction of the total
flow which enters the active zone of the hot channel.

The flow distribution fraction is calculated by a
response surface fit to a series of parametric FIBWR core
hydraulic calculations, FIBWR calculates the multi-
channel inlet flow distribution, including leakage flows
and water tube flows. The independent parameters of this
response surface fit are core power, flow, pressure and

radial peaking factor. The core flow distribution was
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found to be insensitive to the calculated change in inlet
enthalpy. By using an inlet flow forcing procedure,
rather than a plenum-to-plenum pressure drop forcing
function, the potential for inconsistencies between the
systems model and the hot channel model from differences
in pressure drop models, flow regime options, nodaliza-
tion, inertia and time step selection are minimized.

In addition to the above forcing functions, the
axial power shape and gap conductance must be specified
for the hot channel model. An axially averaged represen-
tative value of 2315 BTU/hr-ft’-°F was used in the hot
channel analysis. This value was determined by the RBS
ESCORE model to be typical of high-powered assemblies cof
the current fuel design which may be on thermal limits at
end-of~cycle conditions. In accordance with the GETAB'
procedure for Bi'R/6, a standard 1.4 middle-peaked axial
power distribution is used for hot channel analysis.
Sensitivity studies have shown that ACPR is somewhat
dependent on axial power shape, with a top peaked power
distribution yielding a higher ACPR. However, because a
high power assembly will also have high voids, the
probability is low that an assembly near thermal limits

will be peaked above mid-core.
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‘ Output from the RETRAN hot channel model is pro-
cessed by EDTRAN to determine ACPR. This calculation is

described in a separate report,
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Figure 8.1 RBS RETRAN Hot Channel Nodalization
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APPENDIX A

CALCULATION OF FUEL ROD GAP CONDUCTANCE
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CALCULATION OF FUEL ROD GAP CONDUCTANCE

This appendix describes the use of the ESCORE
computer program to calculate fuel rod gap conductance
for use in RETRAN system and hot channel analyses. The
following sections describe the preparation of ESCORE

cases.

1.0 ESCORE CALCULATION METHODOLOGY

This section describes the use of the ESCORE comput=~
er program to evaluate fuel rod thermal-mechanical ef-
fects. The following sections describe the selection of
axial power shapes and the determination of the remainder

of the ESCCRE input.

1.1 AXIAL POWER SHAPE IN ESCORE CALCULATIONS
Fuel rod gap conductance is axialliy variant, and

each nodal value is slightly dependent on the other nodes

in the fuel rod via the gas gap temperature. While an
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1.2 ESCORE INPUTS

This section describes the preparation of input for
the ESCORE gap conductance calculation. Separate input
streams are required for system modeling and not channel
modeling because the conservatisms required for each
application of the gap conductance are different.

Input parameters which are well characterized
physical properties (such as yield strength) are taken at
established, nominal values.

Parameters which are controlled within fabrication
tolerances are also taken at nominal values when used in
the ESCORE analysis. Use of nominal values is appropri=-
ate because both the core average and hot bundle calcula~
tions represent statistical evaluations of a large number
of fuel rods and pellets; the mean values of these
parameters will be the nominal values for the material
lots. These parameters include grain size, pellet 0.D.,
cladding I.D., and rod pre-pressure.

Other parameters which are not as strongly charac-
terized and do not strongly affect the results as
demonstrated by parametric analyses performed by others'

are also set to their nominal values. These parameters
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include fuel pellet densification, fast flux to Linear
Heat Generator Rate (LHGR) factor, system pressure, and
resonance escape probability.

Axial power distribution and power history strongly

affect the results and are chosen at conservative values.

2.0 POWER HISTORY IN ESCORE CALCULATIONS

Fuel rod thermal-mechanical effects are strongly
dependent on the irradiation history of the fuel rod.
These effects include pellet phenomena (densification,
cracking, swelling, and fission gas release), cladding
phencmena (embrittlement, creepdown, and pressurization),
and interaction phenomena (pellet-cladding interaction

and axial stack growth).

2.1 CORE AVERAGE GAP CONDUCTANCE
The core averaye gap conductance determines how

changes in total core power causes changes in heat

depcsited to the coolant. The high power bundles
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for this analysis are determined in the nuclear design
analysis,

An initial burnup interval of 0-3.7 GWA/T is used
because this is near the end point of densification where
the minimum gap conductance value would be attained.
Additional calculations cover subseguent burnup incre-
ments of approximately 4 GWd/T to a maximum exposure of
approximately 12 GWd/T for the fresh fuel. This defines
four statepoints from beginning to end of cycle. Table
A-1 presents the power and power history informaticn
necessary to determine the core average gap conductance.

The gap conductance value at each kW/ft value within
a given statepoint box is determined for each burnup
interval or statepoint. This gap conductance value is
then weighted by the relative number of rods in each
increment to define an overall average value for a
statepoint box. That is, considering the fresh fuel, the
burn history, as the calculation proceeds from left to
right, is made by assuming that the fresh fuel burns at
the average value of all the fresh fuel in the core.
This procedure is then repeated in burning the history
from statepoint 2 to statepoint 3 at the average value

between each statepoint, In the case of the once burned
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fuel which has a prior burn history before the start of
statepoint 1, it is assumed that the prior history is the
average obtained by the fresh fuel which was in the
previous cycle. The once burned fuel is then burned from
statepoint 1 to statepoint 3 at the average value of all
the once burned fuel between each statepoint., Similarly,
in the case of twice burned fuel which has a prior burn
history before the start of statepoint 1, it is assumed
that the prior history is the average obtained by the
once burnad fuel in the previous cycle. The twice burned
fuel is then burned from statepoint 1 to statepoint 3 at
the average value of all the twice burned fuel between
each statepoint. Finally at the end of each burn point,
the power level is stepped to the particular power level
of interest. To further illustrate this point a typical
core average gap conductance power histogram is shown in
Figure A-1 for fuel rods in the 5-6 kW/ft range.

Using the increment-averaged power for the state-
peint to statepoint power history and prior cycle
averages for the once burred and twice burned fuel
results in a very smooth power history for the analysis.
Path-dependent effects are minimized by this lack of

power fluctuations, resulting in a conservatively low
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value of the calculated core average gap conductance.
This entire analysis was performed using an end of cycle
bottom peaked Haling axial power profile to establish the
trend in core average gap conductance with burnup. Since
the trend revealed increasing gap conductance with
burnup, the calculation was not performed for statepoint
4.

2.2 Het Channel Gap Conductance

The power history in the hot channel gap conductance
calculation is biased to maximize pellet and relocation
cracking without excessive fission gas releace. ine
bundle is modeled as a single fuel rod.

The rod operates with the peak node at the Maximum
Average Planar Linear Heat Generation Rate (MAPLHGR)
limit for the first .001 GWd/T using a top peaked axial
power shape. The rod then operates with the peak node at
the MAPHLGR limit for the period .001 ~ .002 GWA/T using
a middle-peaked axial power shape. This power history
produces substantial pellet cracking and relocaticn
without significant fission gas release. The LHGR is
then reduced to the bundle average value and then
maintained constant to the second statepoint. The power

is then maintained at the average value between state=-
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point 2 and } and so on until the bundle reaches the end
of cycle. The axizl power profile at the beginning of
the statepoint is used across the burn interval and is
then changed to the axial power profile at the next
statepoint, This procedure is then repeated until
statepoint 4 is reached.

Although the bundle average gap conductance for the
once and twice burned level may be slightly higher than
that obtained for the fresh fuel, it is the fresh fuel
that operates at linear heat rates that are of concern
for thermal margin evaluations. Only the fresh fuel is
considered for determination of the maximum gap conduce
«ance., Several potential hot bundles are tracked across
the burn cycle to ensure that the maximum gap conductance

bundle has been identified.
3.0 ESCCRE TECHNICAL EVALUATION CONCERNS

This section describes the use of the ESCORE program
for gap conductance analysis. The text specifically

addresses technical concerns veoiced during the ESCORE

regulatery review’,
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3.1 Fuel Rod Radial Power Distribution

Using extreme void distributions (such as a constant
value of 0% and 80% along the entire rod), the code was
allowed to calculate the resonance escape probability, P.
The effect on the predicted gap conductance was very
small (<3%). Any uncertainty introduced by the resonance
escape probability is more than accounted feor in the
assumed gap conductance uncertainty of 25% that was used

in the ACPR calculation.

3.2 Peower-to-Melt and Auxiliary Power Calculation

These features of the ESCORE computer code were not
used in determining the core average and hot channel gap

conductance.

3.3 Euel Rod Temperature Distribution

In this area, the overprediction of pellet clad

contact conductance was addressed., Based on the proce-
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. dures used in the determining the core average and hot
bundle gap conductance, the fuel was not predicted to
experience pellet clad contact; although in some cases
the predicted hot gap width was as small as 0.15 mil.
The overprediction of gap conductance due to pellet clad
contact conductance is not a concern for this ESCORE

application.
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. Table A~l Example of RBS Cycle Dependent Power Distribution
Used to Determine Average Gap Conductance'

Fresh Fusl
Rod Power Toc Nutber of Rods £0c
(kw/tt)
Statepoing Statepoint 2 Statepoint 3 Statepoint
1+2 e 0 0 0
2.3 11eé 80 0 0
34 [ pI ) 0 0
' | 368 107 260 0
5«8 1136 1128 1736 1832
67 2376 1848 237 \ed |
78 2304 2728 3040 6568 |
8- 2848 4340 L7852 S48 |
® 10 | 2848 1876 1296 w8
0« 1 '. 120 0 0 0 |
Totel Number of Rods 13440 13440 13460 134640
Exposure Average (Owd/T) 0.4 a\n 7.53 1.%
Stetepoint Instantaneous Average Power 7. 7.3 7.6 7.6
Burn Aversge Power - Statepoint to Mnmmtl 7.2 748 7.6

Once Burned Fuel

. Rod Power 80C Number of Rods goc |

(kw/ft)

Statepoint 1 Statepoint 2 Statepoint § Stetepoint &

b O 96 96 160 256

45 600 «88 832 o8

$:6 1088 1384 1544 1268

67 8¢ 3600 312 S4B

78 1760 4520 3224 2562

89 1808 80 96 0

Total Number of Rods 10168 10168 10168 10168

Exposure Average (Owd/ 1) 12.3¢ 15.83 19.1% 22,44

Statepoint Instentaneous Average Power 6.9 6.8 6.4 6.2
Burn Average Power - Statepoint to Statepoint ‘ 6.8% 6.6 6.3 |
Prior Power 7.4 . . . {

'Power history and distribution taken from core follow
analysis output
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Table A-1l Example of RBS Cycle Dependent Power Distribution
Used to Determine Average Gap Conductance (Continued)

Twice Burned Fuel

[ Rod Power ™ Nutber of Rods £ |
(ku/ft) b |
[Statepoint Statepoint 2 Statepoint 3 Statepoint &
12 f bhk 116 3196 “Te }
2-3 | 3008 3880 31884 3764 ]
34 ! 1996 2424 2036 2052 |
6« -5 ‘ 2168 2188 2364 940 |
$ -6 06 2640 2704 &332 |
7 g 30%¢ 307 3064 3068 |
78 | L 312 184 0 i
Total Number of Rods| 14632 16632 14632 %32 |
Exposure Aversge (GWwd/T) 19.82 22.07 26.28 26,51 |
Statepoint Instantaneous Aversge Power 6.0 4.6 .4 4. |
Burn Average Power - Statepoint to Statepoint . 4.1 6.5 4.2% 1
Prior Dmrl 7.0 . . . |
TOTAL NUMBER OF FUEL RODS IN CORE: 38240
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’ Figure A-1l Gap Conductance Contribution by Fuel Rods in the 5«
6 kW/ft Range

Once Burned ~ Statepoint 1

7.4
5.8
-
kW/ft
12.38 12.39
Burnup (GwWd/T)
Once Burned - Statepoint 2
7.4
6.85
g:0
kW/ft
12.28 15.83 15.84
Burnup (GWd/T)
Once Burned - Statepoint 3
7.4
6.85
6.6
5.8
kWw/ft

12,38 15,83 19.15 19.16
Burnup (GWd/T)
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. Figure A=l Gap Conductance

6 KW/t Rangs

Twice Burned ~ Btatepoint 1

Burned ~ Statepoint 2

Burned ~ Btatepoint 3
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APPENDIX B

' ACRONYMS USED IN THE TEXT
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AOO
APRM
BVP
BWR
CPR
ACPR

EPRI
ERIS

GE

GSU
HFMG
ICPR
LBT
LFMG
LHGR
MAPLHGR

MCPR
MSIV
NER
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ACRONYMS USED IN THE TEXT

SICGNIFICANCE

Anticipated Operational Occurrernce
Average Power Range Monitor

Bypass Valve

Boiling Water Reactor

Critical Power Ratio

Delta~CPR (Change in Critical Power Ra~
tio)

Electric Power Research Institute
Emergency Response Information System
Flow Control Valve

General Electric Company

Gulf States Utilities Company

High Freguency Motor Generator
Initial Critical Power Ratio

License Basis Transient

Low Fregquency Motor Generator

Linear Heat Generation Rate

Maximum Average Planar Linear Heat
Generation Rate

Minimum Critical Power Ratio
Main Steam Isolation Valve

Nuclear Boiler Rating
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