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CLASSIFICATION/DISCLAIMER

The data, information, analytical techniques, and conclusions

repcrt have been prepared solely for use by the Virginia ilactric and
Power Company (tha Company), and they may not be appropriate for use in
situations other than those for which they were specifically prepared.
The Company therefore makes no claim or warranty whatscever, express or
implied, as to theirx accuracy, usefulness, er applicability. In
particular, THE COMPANY MAKES NO WARRANTY OF MERCHANTABILITY OR FITNESS
FOR A PARTICULAR PURPOSE, NOR SHALL ANY WARRANTY BE DEEMED TO ARISE FROM
COURSE OF DEALING OR USAGE OF TRADE, with respect to this report or any
of the data, information, analytical techniques, or conclusions in 1it.
By making this report available, the Company does not authorize its use
by octhers, and any such use is expzessly forbidden except with the prior
written approval of the Company. Any such written approval shall itself
be deemed to incorporate the disclaimers of liability and disclaimers of
warranties provided herein. In no event shall the Company be liable,

under arny legal theory whatsoever (uhether contract, tort, warranty, or

strict or absoluta liability). for any property damage, mental or

physical injury o:r death, loss o©of use of property, or other damage

resulting from or ariusing out of the use, authorized or unauthorized, of

this report or tha data, information, and analytical techniques, or

conclusions in it.




ABSTRACT

This report describes the methods developed by the Virginia Electric and
Power Company (Vepco? for the analysis of the postulated control rzod
ejection transient, The principle calculational tool used in this
development has been the RETRAN transient thermal-hydraulics code; a
peint Kinetics core physics option is5 used for predicting the system
response of a plant undergoing a rod ejection event. The local fuel
temperature response is calculated using a separate RETRAN model of the

core hot spot. Compariscn with the results from vendor methodologies are

included to demonstxate the acceptability of the Vepco methodology for

use in the reload core safety analysis and licensing process.
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SECTICN 1 - INTRODUCTION

Purpose and Organization of the Report

This report documents the methedolog: developed by the Virginia Electric
and Power Company (Vapco) for the analysis of the postulated control rod
ejection transient for the North Anna and Surry Nuclear Power Stations.
The intent of this methodology is to provide Vepco with the capability
of performing the licensing analysis required for the Condition IV rod

ejection transient addressed in the Final Safety Analysis Report.

purpose of this report is to provide an acceptable reference for
safety and licensing analysis of the rod ejection transient for a reload
core. This analysis is performed in order to dem trate that an
ocecurrence of the transient for the core loading in question will
neither interfere with the core cooling capability nor result in fuel
dawage which will lead to an unacceptable radiation release within the
guidelines of CFR Part 100, "Reactoz Site Criteria.”" The approach
adopted for verifiocation of this transient analysis method is to compare
results obtained with the Vepco methodology to results obtained by Vepco
using an accepted vendor methodology. These results are demonstrated to
be conservative by comparison to Vepco results based on a

three-dimensional space~Kinetics model and a detailed hot spot thermal

hydraulic model.

The Intrcduction Section of this report presents a statement as to the

purpose ¢«f the report, a description of the rod ejection transient, and

a discussion of the acceptance criteria which must be met by an analysis




to insure the safe operation of the plant in the event such a transient

oCccurs.

Section 2 provides detailed descriptions of the calculational model used
and the methods by which it is employed to analyze the transient in a
conservative msnnexr. The licensino analysis is performed in two parts:

a point Kinetics analysis to calculate the average core

nuclear pouwer history, and

a hot spot thermal-hydraulic calculation to determine the

hot spot enthalpy and temperature transients from whizh the

amount of fuel damage and radiological consequences of the

accident may be assessed
Both of the analyses are performed with the RETRAN transient
thermal-hydraulic analysis code, but with different code models for each
part. Description of the two RETRAM models, henceforth referred to as
the FITRAN Single Loop Model for the average core nuclear power history
calculation, and the RETRAN Hot Spot Model for he hot spot transient

calculation, are provided in Section 2.

The actual techniques employed in the analysis are described in the
latter part of Section 2, including the additional concerns of

core physics paramaters for the RETRAN models for the

loading to be analyzed, and the investigation of the system overpressure

and radiological concerns

The use of point reactor Kinetics instead of spatial Kinetics in the
core average pcuer history analysis allous for application c¢f a

weighting factor to the Doppler reactivity feedback model used in the




point Kinetics analysis This weighting factor, henceforth referred to
as the Pouwer Weighting Factor, provides a more accurate, although
conservative, estimate of the actual Doppler reactivity feedback to be
expected during the transient. A discussion of the derivation and use of

this weighting factor is also presented in Section 2.

The results of a series of sensitivity studies performed with the RETRAN
models used for the rod ejection study are provided in Section 3. These
sensitivity studies are used to quantify the impact of uncertainties in
important core parameters and modeling assumptions on the models’

predictions.

Comparisons of the results of a vendor methodology for standard FSAR and

resoad core licensing analyses with those of the Vepro developed

methodology are providead in Section to fucsther quantify the

acceptability of tha Vepco approach. In addition, a comparison of pouerx
nistory calculations between the point Kinetics RETRAN model and a
three-dimensional space~time Kinetics model is presented to demonstrate

the conservatism of the point Kinetics approach.

The report's conclusions and references are provided in Sections 5 and 6

respectively




1.2 Description of the Transient

The rod ejection transient is a postulated Condition IV event initiated
by the mechanical failure of a control rod mechanism pressure housing

Following such a failure, the action of the coolant pressure is assumed
to result in a rapid ejection of a rod cluster control assembly and
drive shaft from the core to a fully withdrawn position within a time
interval on the order of 0.1 seconds. This in turn leads to a fast
reactivity insertion and may cause a severe asymmetric core pouwer

distribution, possibhly leading to fuel rod damage.

Reactor protection for the transient is provided by negative reactivity

feedback effects and by reactor trips on high neutron £lux levels. Trip

setpoints for the Burry and NXorth Anna nuclear units are 118% of full
power (including setpoint and instrument errors) for reactor operations
at or above 10% f£ull power, and 35% of full power (including setpoint
and instrxrument erxrors) for reactor operations below 104 full pouer

After an appropriate delay, the rod cluster control assemblies assumed
available (less the ejected rod) are assumed to drop into the core.
However, before such rod movement is initiated, the large power surge of
the core turned around by the negative Doppler reactivity feedback
resulting from the quick rise in the core's fuel temperature,
particularly in the vicinity of the ejected zod. This proves to be the

dominant effect in limiting the consequences of the transient.

In general, the core loading for each reload cycle is designed so as to
limit the amount of reactivity insertion which would result from the

ejection of a rod cluster control assembly from any of the locations




where one would be inserted during normal pouer operation
consequence of such a rod ejection event would be a vexry rapid inc
in c¢ore average power level, with an accompanying core pressure
and a particularly severe temperature transient in the vicinity
2jected rod This localized temperature transient may be severe

- <

te cause some of the fuel to experience DNB (Departure

Boiling) and localized fuel damage. The degree of potential damage

be mainly governed by the worth of the ejected rod

Additional details on the postulated transient's description, avai
mechanisms, and consequences may be found in the approp

(UFSARs) for the Surzry and North Anna Nuclear

Stations (Refs. 1! and 2.)




Acceptance Criterxaia

As detailed in USNRC Regulatory Guide 1.77 (Ref. 3), the acceptance
cxriteria to be used in evaluating the res'ilts a rod ejection

transient analysis are!

Reactivity excursions will not result in a radial average
enthalpy greater than 280 cals7g (504 Btuslb) at any axial
location in any fuel rod.

Maximum reactor pressure during any portion of the assumed
transient will be less than the value that will cause stresses
to exceed the Emergency Condition stress limits

Section IITI of the ASME Boiler and Pressure

Offsite dose consequences will be well within

10 CFR Part 100, "Reactor Site Criterxria."

It should be noted that the cals/g cr

iteria applies

irradiated and unirradiated fuel in providing a conservative

limit to limit fuel damage from the prompt pin burst phenomenon

impair significantly the core cooling capabilities.

Additional in-housa design limits for acceptability of the transient
analysis for a reload have been imposed by Vepco. These limits are
peak clad temperature less than or equal to 2700 °F,
fuel centerline melting less than or equal to 10% at the hot
spot,

average hot spot fuel enthalpy less than 225 cal/gm

(405 Bturslbh) for unirradiated fuel, and
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4. average hot spot fuel enthalpy less than 200 cal/gnm
(360 Btuslb) for irradiated fuel.
The peak clad temperature limit of 2700 °F reflects a conservative
estimate of the temperature at which clad embrittlement may occur. These
additicnal criteria reflect more severe limits than those delineated in
Regulatory Guide 1,77, and are consistent with the limits applied in the

design of both the Surry and North Anna Nuclear Power Stations.

The predicted results of an analysis which fall within the acceptability
limits of these criteria demonstrates that the consequences of a rod
ejection transient for the specific core reload design will be
acceptable to the safety of the general public and will maintain the

integzity of the core cooling capability.
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SECTION 2 - METHODOLOGY

2.1 Calculational Model -- The RETRAN Code

The principal calculational tool wused by Vepco for the rxod ejection
transient analysis is the RETRAN computer code. The RETRAN code has been
developed by Energy Incorporated (EI) under the auspices of the Electric
Power Research Institute (EPRI) as a genezalized and versatile computer
code for the analysis of light water reactor systems. The theory and
numerical algorithms, programming details, user's input manual, and
examples of its applications to Nuclear Steam Supply Systems (NSSS) are
thoroughly documented for the RETRAN code in Volumes 1 through 4 of Ref.

4.

The RETRAN computer code is based upon the RELAP4/003 Update 85 code
which was released hy the United State Nuclear Regulatory Commission as

part of the 'ater Reactor Evaluation hodel (WREM), (Ref. 5.

The RETRAN £luid 4differential and state equations used to represent
homogeneous equilibrium £low in one dimension are described in Ref. 4.
The representations used in previous RELAP cocdes for control volumes and
Junctions are also used in RETRAN and allow the analyst to model a
system in as much detail as a¢sired. The modeling flexibility of the
code is important and will be described in more detail in Sections 2.1.1

and 2.1.2 below.

The equation systems, which describe the flow conditions within the
channels, are obtained from the local fluid conserxrvation equations of

mass, momentum and energy by wuse of mathematical integral-averaging



techniques. Forms of the momentum equation are available for both

compressible and incompressible flow.

The heat conduction representation capabilities of RITRAN have been
increased over previous RELAP versions. The principal augmentation to
RETRAM 1is the capability to more accurately calculate two-sided heat
transfer. The appropriate heat transfer correlation is selected baced on
thermodynamic conditions in each of two flow streams, on eithexr side of
a heat conducting solid Consequently, representations of the heat
transfer processes ocQourring in the steam gerierator, for example, are

more accurate than previously possible.

Reactor Kinetics are represented in RETRAN using a point Kinetics model
Wwith reactivity feedback. The reactivity feedback can be represented by
constant coefficients o=x in tabular form and accounts for explicit
control actions (a.g9., rod scram) and changes in fuel temperature,

moderator temperature and density, and soluble boron concentration.

The system component models utilized in RETRAN include a pump model that
describes the interaction between the centrifugal pump and the primary
system £luid, and valve models that represent either simple valves,
check valves or inextial valves. The flexibility of the valve
representation and their configuration is important in allowing a wide
varioty of options to the user for the modeling of system dynamics.
Several zrepresentations of heat exhangers can be modeled by the code.

These include the previously discusssed two-sided heat transfer and

one-sided heat txansfer in conjunction with user specified boundary

conditions. A non-equilibrium pressurizer can be modeled in which the




thermodynamic state solutions of the liquid and vapor xregions of the
pressuriJer are determined from a distinct mass and enerxrgy balance for

each region.

As in RELAP, a varjiety of trip functions can be modeled in the RETRAN
code to represent vVarious reactor s:otection system actions.

refinement of the RETRAN code over the RELAPY4 code 1s the addition of a
reactor control system modeling capability. Consequently, the dynamics
of lineax and non-linear control systems are represented with RETRAN
models of the more common analog computer elements. This additional
capability is necessary for both best-estimate and licensing analysis,
since the response of various control and protection systems may have a

significant effect on the overall system response

The analysis of the rod ejection transient has been performed by Vepco

with the RETRAN-02 version of the code. The second major code version of
RETRAN., RETRAN-02 was released to allow for additional capability in
modeling certain BUWR transients, small break LOCAs, balance of plant
modeling and antiocipated transients without scrams. Volume 1 of Ref. 4

provides a detailed summary of the changes and new capabilities

available with RETRAN-02.

One of these new capabilities is a one-dimensional Kinetics model which
allowus a spatial Kinetics modeling of the core in the axial direction
(that 1s, along the axis of fluid flow through the core) to be used in
place of the simpler point Kinetics model. Since this is the dimension
through which the =xod is ejected, the one-dimensional Kinetics model

appears to offer the advantagé of a mores accurate modeling of the rod




ejection event in place of the point Kinetics model. However, since the
primarxy pouwer redistribution effect which contxibutes to the negative
rectivity feedback in the transient in t radial plane, no
significant advantagaea over using the point Xinetics model is obtained by
using the one~-dimensional model. On the other hand, the simplicity of
use and the flexibility of the point Rinetics model compared to the
one-dimensional Xkinetics model make the former the preferential choice

for modeling this transient.

The licensing analysis for the rod ejection event as performed by Vepco
divided into tuo parts—--a point Kinetics analysis to calculate
conservative c¢ore average power history, and a prediction o
enthalpy and temperature transients in the hot spot of the core based on
that power history, Tha core average power histoxry calculation 1is
performed wusing tha poaint KkKinetics option of the RETRA:I =02 code

employing the standard Vepco Single Loop Model. This model, as described

below in Section 2.1,1, is further documented in Ref. © for performing

other non-LOCA transient analyses as well as best estimate analyses fox

plant operational support.

The core average power history as calculated with the RETRAN Single Loop
Model 1is weighted by the maximum total power peaking factozr for the
transient to conservatively estimate the pcuwer history of the hot spot

This data is input to a detailed fuel heat transfer model of the hot
spot location, denoted as the RETRAN Hot Spot Model, to determine the
hot spot temperature and enthalpy history as a function of time

following rod ejectien. Results from this analysis are used to ascertain




the extent of the fuel damage, i1f any, and the radiological consequences

of the transient.

These tuo RETRAN models will be described in detail below, followed by a

discussion of their application to the actual transient analysis.




RETRAN Single Loop Model

For the rod ejection transient, the system thermal-hydraulic response of
all reactor coolant loops is essentially identical. Hence, a single loop
representation of the NSSS suffices. Furthermore, the quickness of the
core response during the transient is such that the major changes in
core parameters have all taken place in the time interxrval of a2bout 10
seconds, approximataly the time for the coolant to make one complete
pass thzrough the primary coolant loops. Therefore, little impact on the
NSSS outside of the core is expected during the rod ejection transient.
Essentially, only a modeling of the reactor core need be performed in
order to predict the core average pouwer history with sufficient
conservatism for input to the Hot Spot Model. Howevexr, the ready
availability and extensive documentation of the Vepco RETRAN Single Loop
Model make it an ideal candidate for use in performing the first part of
the transient analysis. Therefore, this model is used as part of the

standard Vepco methodology for the rod ejection transient.

vepco RETRAN Single Loop Models for eithexr the Surry or North Anna
Nuclear Power Stations are similarly constrxucted. Both stations consist
of tuo 1identical operational nuclear units. All four units are
Westinghouse designed three coolant loop pressurized water reactors with

core thexrmal ratings of 2441 Mut for the Surry units and 2775 Mut for

the North Anna vunits. The three similar heat transferxr loops arxe

connected in parallel to the reactor vessel with each loop containing a
centrifugal pump, loop stop valves and a steam generatorx. The system

includes pressurizer and the associated control system and




instrumentation necessary for operational control and protection.

The reactor vessel encloses the reactor core consisting of 157 fuel
assemblies with each Surry assembly having 204 fuel rxods and 21 thimble
tubes arranged in a 15 x 15 array while each North Anna assembly has 264§
fuel rods and 25 thimble tubes arranged in a 17 x 17 arrxay. The fuel for
both stations consists of slightly enriched uranium dioxide fuel pellets

contained within a 2Zircaloy-4 cladding. General thermal and hydraulic

design parameters for the reactor systems are listed in Table 2-1.

The RETRAN thermal hydraulic model is formulated by representing
individual portions of the hyd:raulic system as ncdes or control volumes

Control volumes are specified by the thermodynamic state of the £luid
within the volume and basic geometric data such as volume, flow area,
equivalent diametexr and elevation. The flow paths connecting the volumes
or boundary conditions associated with a volume are designated as
junctions. Junctions are described by specifying the flow, flow arxea,
elevation, effectiva geometric inertia, form loss coefficient and flow
equation specification for that particular flouw path. Thermal
interxactions with system metal in the are modeled with heat
conductors. Heat conductors may represent heat transfer rom passive
sources such as the metal of the reactor coolant system piping or the
steam generator tubes. In addition, the internal generation of heat in
the <corxre may be represented by active heat conductox designated as

powered conductors, Heat conductors are primarily specified by providing

the heat transfex arxrea, volume, hydraulic diameter, heated egquivalent

diameter and channel length of the particular part of the system being




modeled. Temperature dependent material properties (specific heat,
thermal conductivity and linear thermal expansion coefficient) are also
input. In general, the basic NSSS model is formulated with the code
capabilities discussed above. An extensive research effort was conducted
to determine the appropriate input required for the models of the Surry
and North Anna urits, Information was obtained from plant drawings, the
Final Safety Analysis Reports, Vepco internal operating documents,

equipment technical manuals and specific information requested from the

NSSS vendor. Specific control capabilities and constitutive models of

system components will be discussed in the follouwing paragraphs.

The

Vepco RETRAN Single Loop Models of the North Arna and Surry nucleax

units represent the three actual reactor coolan®% loops as one loop. The

resulting geometry is provided in Figure 2-1 and consists of 19 volumes,

29

junctions and 7 heat conductors. While the specific mcdel input for

the

Surry and Noxrth Anna plants is different, the basic model

description 1is the same for the single loop models of both plants. The

reactor vessel includas representation of the douncomexr, upper and louer

plenums, core bypass and reactor core. The steam generator 1is

represented by foux volumes on the primary side, one volume o0i. the

seccndary side and four heat conductors representing the tubes. Single

volumes represent the hot leg piping, steam generator inlet plenum, pump

suction piping, reactor coolan* pump, cold leg piping, pressurizer, and

pressurizer surge line. Primary system boundary conditions

are specified

with

junctions representing the pressurizer relief and safety valves.

Junctions representing the feedwater inlet, steam outlet, atmospheric

steam’ relief and steam line safety valves provide secondary system
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boundary conditions, Specific aspects of the basic model will be

discussed below.

All control volumes in the model are homogeneous with the exceptions of
volumes 17 and 19, the pressurizer and secondary side of the steam
generator, which occrtain two-phase mixtures. Volumes modeling the loop
Piping wuse the RETRAN “temperature transport delay"™ option to represent
fluid temperature change movements in the loop as a front, (that is.,
fluid entering a pipe does not mix with the fluid present but instead
displaces it*.) All junctions specify single-streanm, compressible flow
except for Jjunction 21, the pressurizar surge line coanection to the
loop, for which incompressible flow with no momentum £lux is specified.
Extended Henry (subgooled) and Moody (saturated) choking is assigned for
all Jjunctions. All junctions use Baroczy two-phase multipliers with
Fanning £friction to define the wall friction except for the fourx
Junctions on the secondary side of the steam generator (volume 19) which
use a homogenous two-phase multiplier with Fanning friction. All heat
conductors wuse the Dougall Rohsenow heat transfer correlation to
describe post-DNB heat transfer. Tables 2-2 and 2-3 summarize the volume

and junction descriptions.

The RETRAN code contains several system component models which are used
in the Vepco Single Loop Model. These include pump models which describe
the interaction between the centrifugal »ump and the primary system
fluid. These models calculate pump behavior through the use of
empirically developed pump characteristic curves which uniquely define

the head and torque response of the pump as functions of v lumetric flow



and pump speed. RETRAN inclvudes "built-in" pump characteristics which
are representative >f pumps supplied by the major reactor cooclant pump
manufacturers. These ocurves may be modified, as appropriate, by the user
to more realistically represent a specific pump design. Although the
built-in data are not appreciably different from Vepco's plant-specific
curves, Vepco's Single Loop Models incorporate the specific head versus

flow response for first quadrant operation found in the units' UFSARs

(Refs. 1 and 2).

The Single Loop Model incorporates the RETRAN pressurizer model which
defines tuo separate thermodynamic regions that are not requirxed to be
in thermal equilibrium. A non-equilibrium capability is particularly
necessary when the transient involves a surge of subcooled liquid into
the pressurizer. In addition, the Single Loop Model represents the
effects of subcooled spray, electrical immersion heaters, liquid drxoplet

rainout and vapor rise in tha pressurizer.

The reactor systems trip logic i1s modeled to the detail required for a
specific analysis. RETRAN trip functions are used *o model 1) protective
functions, such as the overtemperature delta-T trip, which result in
reactor scram, control system bistable element logic, such as
coincidience trips which model "majority"™ logi \ 3) general problem

control (e.g., problem termination, etc.)

The protective function trips modeled in the standard Single Loop Model

include:
High f£lux

Overtempexrature delta-T
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3. Overpower delta-T

4. Lowshigh pressurizer pressure
5. High pressurizer level

6. Low coolant flow

7. Loss of power to the reactor coolant pumps

The Single Loop Model also incorporates the RETRAN control system
capability to model the following NSSS control and protection features:
1. Overtemperature delta-T setpoint
2. Overpouwer delta-T setpoint
3. Pressuze gontroller
4. Leads/lag compensation of the low pressure trip signal.
Table 2-4 presents a summary of the trips in the standard Single Loop

Models.

The core power response 1is determined by the point Kinetics model in
conjunction with explicit reactivity £orcing functions and thermal
feedback effects from moderator and fuel in the three core regions. The
point Kinetics model specified for the Single Loop Model incorporates
one prompt neutron group, six delayed neutron groups with decay heat
rerresented by 11 gamma emitters, and the important radioactive
actinides U-239 and Np-239. Explicit zrxeactivity £forcing functions
represent scram and reactivity insertion due to control rod withdrawal
in the Single Loop Model as the particular analysis requires. Constant
temperature coefficients or reactivity tables as a function of
temperature (fuel), density (moderator) or power represent feedback

effects. Core power is distributed axially among the three core
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conductors approximating a symmetric cosine shape. Three ;ore materials
regions are used to represent* uranium dioxide fuel pellets, the helium
f£illed gap and the Zircaloy cladding. Direct moderator heating 1is
appropriately accounted for in the model. The transient fuel and clad
temperatures are calculated based on temperature-dependent thezrmal
properties, which azxe input in tabular form. Additional details on the
po>int Kinetics model as specifically used to analyze the rod ejection

transient are provided in Section 2.2.2.
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TABLE 2-1

THERMAL-HYDRAULIC DESIGN PARAMETERS

SURRY PLANT:

Total core heat output, Mut 2441
Heat generated in fuel, % 97. 4%
System operating pressure, psi 2250
Total coolant flow rate, gpm 265500
Coolant temperatures, °F (4 100% power)
Nominal inlet 543
Average rise in core 65.3
Average rise in vessel 62.6
Core average 577.0
Vessel average 574.3
Average linear power density, Kusft .8

NORTH ANNA PLANT:

Total core heat output, Mut 2775
Heat generated in fuel, 2 97.4%
System operxating pressure, psi 2250
Total coolant flow rate, gpm 278400
Coolant temperatures, °F (4 100% power)
Nominal inlet 549.5
Average rise in core 69.4
Average rise in vessel 66.6
Core average 586.1
Vessel average 582.8

Average linear power density, Ku/ft 5.4



TABLE 2-2

SINGLE LOCP MODEL CONTROL VOLUME DESCRIPTION

Volume Mixture Temperature
Description Transport Delay

Vessel upper plenum
Reactor hot leg

S/G inlet plenum
S/G tube volume 1
S/G tube volume 2

S/7G tube volume 3
S/G tube <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>