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& Y UNITEL STATES
e NUCLEAR REGULATORY COMMISSION
S ? WASHINGTON, D. C. 20555

2 &

W e? APR 17 1985

Mr. E. P. Rahe, Jr., Manager
Nuclear Safety Department
Westinghouse Electric Corporation
Post Office Box 355

Pittsburgh, Pennsylvania 15230

Dear Mr. Rahe:

SUBJECT: ACCEPTANCE FOR REFERENCING OF LICENSING TOPICAL REPORT WCAP-8745(P)/
8746(NP), "DESIGN BASIS FOR THE THERMAL OVERPOWER AND THERMAL
OVERTEMPERATURE AT TRIP FUNCTIONS"

We have completed our review of the subject topical report submitted by the
Westinghouse Electric Corporation (Westinghouse) by letter dated March 31,
1977. We find the report to be acceptable for referencing in license
applications to the extent specified and under the limitations delineated in
the report and the associated NRC evaluation, which is enclosed. The
evaluation defines the basis for acceptance of the report.

We do not intend to repeat our review of the matters described in the report
and found acceptable when the report appears as a reference in license
applications, except to assure that the material presented is applicable to
the specific plant involved. Our acceptance applies only to the matters
described in the report.

In accordance with procedures established in NUREG-0390, it is requested that
Westinghouse publish accepted versions of this report, proprietary and
non-proprietary, within three months of receipt of this letter. The accepted
versions shall incorporate this letter and the enclosed evaluation between the
title page and the abstract. The accepted versions shall include an -A
(designating accepted) following the report identification symbol.

Should our criteria or regulations change such that our conclusions as to the
acceptability of the report are invalidated, Westinghouse and/or the
applicants referencing the topical report will be expected to revise and
resubmit their respective documentation, or submit justification for the
continued effective applicability of the topical report without revision of
their respective documentation.

Sincerely,
Charles E. Rossi, Assistant Director
for PWR-A

Division of PWR Licensing-A

Enclosure:
As stated
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SAFETY EVALUATION REPORT

Topical Report Title: Design Bases for the Thermal Overpower AT and
Thermal Overteunperature AT Trip Functions

Topical Report Numbers: WCAP-8745
Topical Report Date: March 1977
1. INTRODUCTION

This report describes the bases for the overpower and overtemperature AT trip
functions in Westinghouse reactors, and the analytical methods used to derive
the limiting safety system settings for the trips. These trip functions are
designed to provide primary protection against departure from nucleate boiling
(DNB) (overtemperature AT), and fuel centerline melt (overpowe *T) through
excessive linear heat generation rates (LHGR) during postulateu transients.
Since AT, the coolant temperature difference between vessel outlet and inlet,
is (to a good approximation) proportional to the core power, and since the core
pewer level is an important determinant of both DNBR and LHGR, the indicated AT
serves as a useful primary parameter for these trip functions. Other parameters
such as the average coolant temperature, the pressurizer pressure and the axial
power offset modify the AT trip setpoint and thereby account for the effects of
pressure on DNB, and of the power shape on both DNB and LHGR. In addition,
delays in signal propagation are accoiunted for with rate-lag or lead-lag
compensation.

The overpower and overtemperature AT trip functions involve the Westinghouse
(i) design bases and methods for evaluating fuel centerline temperature and
DNBR, (ii) calculational methods for core power distribution using coupled core
and systems transient codes, and (iii) and the application of the computer
codes: THINC, THINC-IV, LOFTRAN, TWINKLE and PANDA. However, the review of
these design and calculational methods, and computer codes is considered
outside the scope of the present evaluation. This review focused, instead, on
the applicability of the methods and the results to the derivation of the

overtemperature and overpower setpoint limits.



2. Summary of Topical Report

Section 1 of the report presents a short background, specifies the primary
purpose of the overtemperature and overpower AT trips, and provides a
summary of the report. The protection system and methods for set point
determination described in the report are stated to apply to Westinghouse
plants that reference RESAR-3S and operate under the guidelines of constant
axial offset control.

Section 2 of the report specifies the design bases for core protection during
normal operation, operational transients, and postulated transients occurring
with moderate frequency, and describes the functional form of the thermal
overpower and overtemperature trips. The general design criteria are specified
as (i) UO2 melting temperature will not be exceeded for 35% of the fuel rods at
the 95% confidence level, and (ii) at least a 95% probability that DNB will not
occur at the limiting fuel rod at a 95% confidence level. These criteria are
to be met by restricting the calculated fuel centerline temperature to less
than 4700°F, and by limiting the minimum DNBR to 1.3. A third design limit,
namely that the hot leg temperature be maintained below saturation temperature
enables the vessel average inlet/outlet coolant temperature difference (AT) to
be used as a measure of the core power.

The overpower and overtemperature trips are activated on a two-out-of three
logic for three-loop plants, and on a two-out-of-four logic for two and four-loop
plants. The indicated vessel AT is continuously compared with the setpoint for
each channel, which is calculated by analog circuitry programmed to evaluate
the four-term setpoint representation. The leading term in the expression for
the overpower AT setpoint is an adjustable, preset value of coolant temperature
rise that is independent of the process variables. The second term is
dependent on the average coolant temperature, and applies rate-lag compensation
for pipe and thermal time delays. The third term accounts for the effects of
coolant density and heat capacity on the relationship between AT and core
power. The last term reduces the AT setpoint to account for adverse puwer
distribution effects, and is a function of the axial flux difference. For the



overtemperature AT setpoint, the leading term is also a preset adjustable value
of AT independent of the process variables. The second term accounts for the
effect of temperature on the design limits, and is lead/lag compensated for
instrumentation and piping delays. The third term accounts for the effects of
pressure on the design limits. As with the overpower AT trip, the last term
accounts for the effects of adverse power distributions, and is dependent on
the axial flux difference.

Section 3 of the report presents the procedures for calculating the safety
setpoints for the overpower AT trip. The calculation proceeds in four steps:
(1) A trip setpoint independent of the power distribution, typicaily at 118%
nominal power level, is selected, (2) power level and distribution during
control bank and boration/dilution system malfunctions are evaluated using 2
static nuclear core model without feedback, (3) the limiting LHGR occurring
during these transients is compared to the threshold for fuel centerline meit,
and (4) if the threshold is exceeded, either the trip setpoint is appropriately
lowered or, more frequently, a trip reset function f(Al) is determined such
that highly skewed power distributions are eliminated, and the threshold for
fuel centerline melt is not exceeded. The evolution of Westinghouse methodology
for calculating core power distribution effects is described in Section 3.2.
The basic meii.od consists of calculating the envelope of maximum Fq, as a
function of axial offset, for expected and unexpected plant maneuvers.
Originally all maneuvers that satisfied the control rod insertion limits were
admitted, and an f(Al) function was generated based on the peaking iactor
analysis. In response to concerns regarding fuel densification, the f(al) trip
reset function was made appropriately more restrictive, the trip setpoint of
118% was sometimes reduced, and operating restrictions on part length control
rods were introduced. Later, the constant axial off-set control (CAQOC) method
of plant operation was introduced in response to the requirements of the
loss-of-coolant accident (LOCA) emergency core cooling. CAQOC operation
maintains the axial power distribution within a specified band, diminishes the
adverse effects of xenon transients and serves to lower core peaking factors.
Therefore, f(Al) trip setpoints established prior to the introduction of the
added CAOC constraints are considered conservative under CAOC operation. This
situation exists for some 14x14 and 15x15 fuel assembly plants. For 16x16 and
17x17 fuel assembly plants operating under CAOC, Westinghouse analyses have



indicated that no f(al) function is required to preclude fuel centerline
melting during overpower transients because the thermal overpower limit of 118
percent of rated reactor power alone provides adequate protection against fuel
melting.

Section 4 of the report presents the procedures for calculating the safety
setpoints of the overtemperature AT trip. The effects of core-wide parameters
such as therma)l power level and vesse] average temperature are separated from
power distribution effects by determining the former with a reference chopped
cosine shape and accounting for the latter through the f(al) portion of the
trip. Assuming the reference power distribution, limits of safe operation are
defined in the space of thermal power level, coolant inlet temperature, and
primary system pressure. These limits of safe operation are determined by the
conditions that the vessel exit temperature be less than the saturation
temperature, and that the minimum ONBR be above 1.3. To account for the
effects of adverse axial power shapes, a set of "standard power distributions”
(a set of limiting shapes having various values of axial offset), are generated
using three-dimensional static nuclear calculations. For each power shape, the
power level that gives a minimum DNBR of 1.3 is determined by iterative use of
the THINC code. The procedure generates an envelope of allowable power vs.
axial offset for a given pressure and inlet temperature. Two envelopes, one
at the inlet temperature corresponding to 118% power and the second
corresponding to 80% power, are generated. The envelopes consist of positive
and negative deadband regions of zero slope (in allowable power vs. axial
offset), and regions of positive and negative slope. The widths of the
deadband and the slopes are utilized to generate AT trip reset as a function of
the axial offset, and hence determine f(al).

Section 5 of the report describes analyses of anticipated transients with

a coupled-core-system transient model used by Westinghouse to verify that the
methodology of standard power distributions described in Section 4 is
applicable under current plant operating procedures. The coupled-core-system
model is a combination of the lumped-parameter single-loop system code,
LOFTRAN, and the three-dimensional spatial neutron kinetics code, TWINKLE. DNB
evaluations were performed with the THINC and equivalent codes. DNBR was
calculated using the axial power distribution predicted with LOFTRAN/TWINKLE, a

4
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control-bank-position-dependent value of F AH® and the coolant conditions
(&Y

present at the moment. "“ive DNB-related transients were analyzed with the

LOFTRAN/TWINKLE model: (1) uncontrolled bank withdrawal at power, (2) step

increase in steam flow caused by equipment malfunction, (3) inadvertent opening

of turbine throttle valve, (4) uncontrolled boron dilution at power with manual
rod control, and (5) uncontrolled boration/dilutions with automatic rod
control. Worst pre-accident core conditions (i.e., power level, control bank
position and xenon distribution) to be used in the LOFTRAN/TWINKLE analyses
were determined by analyzing a complete set of initial conditions with the
static nuclear model. Sensitivity to such variables as bank worth, bank
withdrawal speed, automatic versus manual rod control, moderator feedback and
Doppler feedback were analyzed with the LOFTRAN/TWINKLE model to identify

limiting transients and conservative assumptions.

The adequacy of the standard power shape methodology can be established if
the f(Al) functions generated using this methodology can be shown to be
conservative when compared with the results of the LCFTRAN/TWINKLE analyses
Section 6 of the report presents these comparisons which demonstrate that the
f(Al) trip reset function generated using the standard shape methodology is

conservative with respect to the results of the LOFTRAN/TWINKLE analyses.

Summary of Technical Evaluation

The evaluation of WCAP-8745 was based on an assessment of the general
methodology presented, the scope and applicability of the methods discussed,
uncertainties in the trip function design bases, and verification of the
standard power shape methodology with the LOFTRAN/TWINKLE model. The following

sections address each of these concerns

3.1 General Methodology

The design bases and criteria for the overpower and overtemperature AT trip
have been clearly defined and are consistent with Westinghouse general
safety limits pertaining to maximum fuel temperature and minimum DNBR

threshold for fuel centerline melt has been correlated with a limiti




kw/ft. The correlation includes the effects of burnup, flow rate, power
distribution asymmetry and initial fill gas pressure level, and is based on an
approved PAD analysis and is therefore acceptable. fhe minimum DNBR of 1.3
assumed in the analyses is an acceptable thermal safety limit. The functional
forms of the trip setpoints appropriately account for effects such as coolant
density and pressure variation, adverse core power distribution and
instrumentation and piping delays (in addition to the variations in core power
level), and for monitoring LHGR and DNBR.

3.2 Scope and Applicability

Although Section 1 of the topical report specifies its applicability to
Westinghouse plants that reference RESAR-3S and operate under CAOC,
Westinghouse has indicated that they consider WCAP-8745 applicable to all
Westinghouse plants that employ overpower and overtemperature AT trip for core
protection. Westinghouse has stated that new methods and technology developed
after the submittal of WCAP-8745 are described in separate topical reports, and
do not invalidate the conclusions of WCAP-8745. As examples of such new
methods, Westinghouse has cited changes in DNB analysis methodology (Improved
Thermal Design Procedure and WRB-1 and WRB-2 correlations), fuel design
(Optimized Fuel Assembly), and plant operating procedure (Relaxed Axial Offset
Control), and referenced topical reports describing these changes. While we
agree that the basic design philosophy described in WCAP-8745 is not
invalidated by changes in DNB analysis methodology, fuel design, and plant
operating procedure, the application of this methodology must account for
changes in system design and operation. The adequacy of the standard power
shapes in establishing the core DNB protection system must be evaluated
whenever changes are introduced that could potentially effect the core power
distribution.

3.3 Uncertainties in Trip Function Design Bases

In response to a request for information regarding uncertainties in the
trip function design bases, Westinghouse has provided the error allowances



included for bistable error, signal linearity and reproducibility, calorimetric
error, error in the Tavg measurement and error in the pressure measurement.
Uncertainty in flow is accounted for by the use of a minimum technical
specification flow in the analysis. The error allowances are arithmetically
summed to obtain a total error aliowance. Currently Westinghouse has
introduced a method of statistically combining error allowances, and has
verified the conservatism of the old error allowance methodology by several
plant specific statistical setpoint calculations. The statistical method has
been reviewed and approved by the NRC staff. Since the error allowance
methodology cf WCAP-8745 has been demcnstrated to be conservative with respect

to the statistical method, we find it acceptable.

3.4 Verification of the Standard Shape Methodology with LOFTRAN/TWINKEL

In support of the setpoint methodology, Westinghouse has provided the core
axial cffset, peak-to-average power, and shape of the standard power shapes
used in the standard shape methodology. The adequacy of the

standard power shape methodology was demonstrated by establishing that the
f(Al) functions used in this methodology are conservative (for the prediction of
ONBR) when compared with the results of the LOFTRAN/TWINKLE analyses. In the
comparison, five DNB-related transients were chosen after sensitivity to bank
worth, bank withdrawal speed, control rod operation mode, and

moderator and Doppler feedback were analyzed to identify the limiting
transients and conservative initial conditions. The FAH versus rod position
function used in the DNB analysis had been demonstrated to be conservative for
50 different rod insertions in nearly 30 different plants. The power shapes
used in the DNB verification covered the entire cycle life. We therefore
conclude tnat the comparison between the standard power shapes methodology and
the LOFTRAN/TWINKLE analyses is sufficiently comprehensive in the choice of
transients studied and in the applicability of the results to different
Westinghouse core designs studied at sufficient points in the cycle life.



Recommendation

We have reviewed the Westinghouse design bases for the thermal overpower

and overtemperature AT Trip functions described in WCAP-8745, and find them

acceptable for referencing by Westinghouse in licensing documents for plants

that operate under constant axial offset control.
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SECTION 1
INTRODUCTION

1-1. BACKGROUND

In early 1975 the Nuclear Regulatory Commission (NRC) requestedn: Westinghouse to
describe the analysis methods used to derive limiting satety system settings for the thermal
overpower AT and overtemperature AT trip functions. These trip functions provide primary
protection ajainst departure from nucleate boiling (DNB) and fuel centerline meiting (excessive

kw/ft) during postulated transients (ANSI N18.2 Condition || events) in Westinghouse reactors.

In this report responding to the NRC request, the protection systems and methods for set-

point determination apply to all Westinghouse plants which reference RESAR 35121, and

which are operating under the guidelines of constant axial offset control without part-length
control rods (Mode A operation)

1-2. SUMMARY

Section 2 gives the design bases for core protection during postulated transients, and func
9

tionally describes the thermal overpower and overtemperature trips

Section 3 gives the procedure for calculating safety settings for the thermal overpower trip
This is the trip designed to protect against fuel centerline melting (i.e., high kw/ft). Experi
ence has shown that this function can be accomplished by ensuring that the gross core average
thermal power does not exceed a prescribed limit (typically 118 percent of nominal). Thus
safety settings for the thermal overpower trip are chosen to control the gross core thermal

power within this limit

Also covered in section 3 is the derivation of a compensating term introduced into the thermal
overpower trip setpoint determination to account for important power distribution effects. The

term is a function of the core axial flux difference Al

1 '

Letter mR C DeYoung, NRC Dwinon of ¥ [ ng, ic Eicheldinger Wastinghouse PWRSD Nuciear Sefery
Department dated February 197¢
RESAR ]S Reference Satery Analyss Report

weer N STN 50545




Section 4 qives the procedure for calculating safety settings for the thermal overtemperature
trip. This trip primarily provides core protectiorn against DNB, which 1s a function of the core
power level, coolant temperature, coolant pressure, and the core power distribution. As such,
the thermal overtemperature trip has been constructed as a function of several measurable
process variables which are closely related to these gquantities. Safety se tings for this trip are
derived via a two-sten process. In the first step, described in paragraph, 4-1 through 4-4,
safety settings are derived which account for tne effects of core power level, coolant tem-
perature, and coolant pressure on DNB assuming a fixed reference cor: power distribution
le.q., a power-dependent value of FAH and a fixed cosine axial powe distribution). In the
second step, in paragraphs 4-5 through 4-8, a compensating term is cerived which accounts
for core power distributions more severe with respect to DNB than the reference core power
distribution. This compensating term, which is a function of Ai, is similar in nature to that
employed in the thermal overpower trip, and is derived based on a set of standard non-
symmetric axial power distnibucions.

To verify the approprizteness of the standard shape methodology employed in determining
thermal overtemperature trip setpoints, a detailed evaluation of power distributions during
postulated transients was conducted. This evaluation, based on a coupled core-system transient
evaluation model, is discussed in Section 5 ancd evaluated in Section 6. All transients originally
considered in the design basis for the overtemperature AT trip were analyzed, as well as

several accidents not originally considsyed. [
]a,c



SECTION 2

CORE THERMAL OVERPOWER AND
OVERTEMPERATURE PROTECTION

Fuel integrity is both an economic and a safety concern in the operation of a pressurized
water reactor. In recognition of this, the Westinghouse design philosophy is to preclude ali

but a very limited amount of fuel damage during Condition | and |l events. It is not possible
to completely prevent all fuel rod failures. The very small number of rod failures which may
occur during Condition | and || events are within the capabilities of the plant cleanup system
and are consistent with the design bases listed below. The specific concern of this report is
with Condition || overpower and overtemperature events. The following sections will define
the core protection design bases for such events, and describe the protection systems developed

to meet these design bases.

21, DESIGN BASES FOR OVERPOWER AND OVERTEMPERATURE EVENTS

The core protection de=sign bases for Condition || overpower and overtemperature events dis-
cussed below place !'mits on certain design variables. The thermal overpower and overtemper-
ature protection systems are designed to maintain these design variables within their respective
limits. The events to be discussed are:

®  withdrawal of a rod cluster control assembly bank
® uncontrolled dilution and boration

®  excessive plant cooldown due to a feedwater system malfunction

- excessive steam load increase
- excessive cooldown due to a turbine throttle valve malfunction

The thermal overpower and overtemperature trips provide primary protection against damage
from these events.

2:2. Fuel Centerline Temperature Design Basis

The fuel centerline temperature design basis is: during normal operation, operational transients,
and transient conditions arising from faults of moderate frequency (Condition | and || events),
the Uranium Dioxide melting temperature shail not be exceeded for at least 95 percent of the

21



limiting fuel rods at a 95 percent confidence level. |f UOz melting is precluded, preservation
of fuel geometry is assured, and the potentially adverse effects of molten fuel-cladding inter-
actions are avoided. To achieve this, a calculated fuel centerline temperature limit of 4700°F
has been selected. This is significantly below the actual U02 melting temperature to allow for
fuel temperature calculational model and other uncenamnes.[”

23, Departure from Nucleate Boiling Design Basis

The departure from nucleate boiling (DNB) design basis is: during Condition | and || events, the
probability that DNB will not occur on the limiting fuel rod(s) is at least 95 percent at a 95-per-
cent confidence level. This basis is traditionaily met by limiting the minimum departure from nuc-
leate boiling ratio (DNBR) to 1.30. If DNB is preciuded, adequate heat transfer is assured between
the fuel cladding and the reactor coolant, and damage due 10 inadequate cooling is prevented.

24, Hot-Leg Boiling Limit

The hot-leg boiling limit is: during Condition | and || events, the hot-leg temperaiure shall be
less than the saturation temperature. This limit is not a core protection limit. The protection
system design uses the vessel average temperature difference (AT) as a measure of the core
power. To assure that AT is proportional to core power, hot-leg boiling must be precluded.

25, FUNCTIONAL DESCRIPTION OF THE THERMAL OVERPOWER AND
OVERTEMPERATURE TRIPS

The core protection design bases described in paragraphs 2-1 through 2.4 impose limits on
important design variables, which in turn are translatable into limits on related process
variatles. In particular, for a given coolant volumetric flow rate, these design bases can be
related to the following process variables: core thermal power, coolant temperature, coolant
pressure, and core axial neutron flux difference (Al). The thermal overpower and ovinempcr-
ature trips respond to unacceptable conditions (or combinations thereof) in some or all of
these variables. A brief overview of these two trips is in order here, before the trins are
described functionally in detail below. The thermal overpower trip is designed specifically to
ensure operation within the fuel temperature design basis. Experience with Westinghouse PWRs
has shown that this can be accomplished by controlling the gross core thermal power within
a prescribed 'imit (typically 118 percent of nominal power). This is done through the over-
power trip by correlating core thermal power with the temperature difference across the vessel
(AT). Since thermal power is not precisely proportional to AT because of the effects of
changes in coolant density and heat capacity, a compensating term which is a function of

1 RESAR.3S, "Reference Safety Analyss Report,” Consoldated Version and Subsequent Amendments July, 1978
Docket No. STN 50545
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vessel average temperature is factored into the overpower trip setting. Similarly, since the
prescribed overpower limit may not be adequate for highly skewed axial power distributions,
another compensating term (this one related to the axial flux difference) is factored into the
overpower trip setting.

The thermal overtemperature trip is designed to ensure operation within the DNB design
basis and the hot-leg boiling iimit. Since both of these limits are functions of coolant temper-
ature and pressure as well as core thermal power, the overtemperature trip is correlated with
vessel AT, vessel average temperature, and primary system pressure. A compensating term
which is a function of Al is also factored into the overtemperature trip setting to offset the
effect of core power distribution on DNB.

2-6. Thermal Overpower Trip Description

The thermal overpower protection function will trip the reactor when the compensated AT
in any two channels exceeds the setpoint (three- and four-loop plants have one channel per
loop; two-loop plants have two channels per loop). The setpoint for each channel is continu-
ously calculated by analog circuitry programmed to evaluate according to the following
equation:

T4S
ATsetpomt = Kg Kg TT;,’Tavg - Kg (Tavg j 1wavg’ +an)
where:

ATetpoint = Overpower AT setpoint (percent of full-power AT)

Ka = A preset, manually adjustable bias (percent of full power AT)

K5 = A constant that compensates for piping and thermal time delays
(percent of full-power AT/°F)

Kg = A constant that accounts for the effects of coolant density and heat
capacity on the relationship between AT and thermal power (percent of
full-power AT/ °F)

Toavg = Indicated® average reactor coolant temperature at full-power (°F)

ng = Average reactor-coolant temperature ("F)

3 = Time constant (seconds)

s = Laplace transform operator (seconds ')

* Calibration temperature for AT instrumentation, < Tg‘?gm . Adjusted after plant startup
test measurements.

23



= A function of the neutron flux difference between upper and lower long
O

n chamber section (percent of full-power AT). Increases in 4l beyond a

predefined deadband result in a decrease in the trip setpoint

The process inputs to the above equation are generated as follows. The temperature informa

tion for each channel (AT and Tdv is obtained from independent pairs of resistance emper

)
ature devices in the hot and cold Iggs of each ioop. The neutron flux information for each
channel is supplied by a separate out-of-core detector. These detectors are long ion chambers
mounted vertically outside the pressure vessel 90 degrees apart in plan. Each detector is
10 feet long, centered on the core horizontal midplane, and is divided into an upper and lower
half. Where P, and P, represent the calibrated signals for a single channel from the top and
bottom detecturs respectively, Al is defined as Pr PD and axial offset is defined as
Py - Pp

Pe*Pp
For a discussion of the time constant, rq, in the above equation, refer to appendix A

27. Thermal Overtemperature Trip Description

The thermal overtemperature protection function will trip the reactor when the compensated
AT in any two channels exceeds the setpoint. The setpoint for each channel is continuously
calculated according to the following equation

: = ‘ { nom + nom
"’Tsetoomt h K? <2 Tavg ) K3 P -P )

where
‘;Tse'.somt = Qvertemperature AT setpoint (percent o' full-power AT)

A preset, manually adjustable bias (percent of full-power AT

A constant based on the effect of temperature on the design limits
(percent of full-power AT/°F)

A constant based on the effect of pressure on the design limits
(percent of fuli-power AT/psi)

Average reactor-coolant temperature |




Tg\%“ = Norainal average reactor-coolant temperature at full-power (°F)

P = Pressurizer pressure (psig)

phom = Nominal reactor-coolant system pressure (psig)

1,72 = Time constants (seconds)

s = Laplace transform operator (scconds")

flal) = A function of the neutron flux difference between upper and lower long

icn champers (percent of full-power AT).

The source of temperature and neutron flux levei information for the thermal overtemperature
trip is identicai to that for the overpower trio, and the resulting setpoint is compared to the
same compensated AT signal from each channel. The required one pressurizer pressur® signal
per channel is obtained from separate sensors connectad to pressure taps at the top of the
pressurizer. For a discussion of the derivation of the time constants, 7y ard 75 in the above
equation, refer to appendix A.

Note that both the overtemgerature and overpower trip equations given above are in units
of percent of fuil pcwer AT. This is corsistent with the manner in which the setpoints
are entered into the protection system procass instrumentation for all later-generaticn
Westinghouse plants. In Plant Techrical Specification documents, the equations may be
written in units of degrees F obtained by multiplying by the indicated iull-power AT. In
such a case, the constant terms K, to Kg would be given in fractions of full-power AT.
The full-power AT is determined during plant startup test measurements.
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SECTION 3

CALCULATIONAL BASIS FOR THERMAL
OVERPOWER TRIP SETPOINTS

Historically, the purpose of the thermal overpower protection system in Westinghouse plants
has been to prevent fuel center-line melting during Condition |l transients. The overall
approach taken tc provide this protection is as follows: (1) A thermal overpower trip setpoint
independent of power distribution is chosen. A value of 118 oercem:“ power is typical

(2) Evaluate the power level and power distribution in the core during limiting transients
{discussed below) through the use of static nuclear core models (no benefit for plant and

core feedback is taken). (3) Compare the limiting kw/ft values in these transients to the values
which would be equivalent to fuel centerline melting. (4) If the fuel centerline melt values are
exceeded, either: (a) establish a lower (than 118 percent) power distribution—independent trip
setpoint to preciude the high values of kw/ft; or (b) determine an appropriate flux difference
trip reset function, f(Al), such that highly skewed power distributions, leading to high values
of kw/ft, are eliminated. The normal procedure is to employ a flux difference trip reset func
tion rather than to lower the 118 percent value. This section of the report discusses the
application of design techniques, past and present, to the evaluation of the thermal overpower
trip functions.

31. CORE POWER, COOLANT DENSITY, AND COOLANT HEAT-CAPACITY EFFECTS

As noted above, for most Westinghouse plants a thermal overpower trip setpoint squivalent to
118 percent of nominal power is typical, if we disregard the power distribution compensating
term. Because thermal power is nearly proportional to the coolant temperature difference AT
across the vessel (assuming a constant volumetric flow rate), the thermal overpower trip is
designed to trip the reactor when the measured AT exceeds 118 percent of the nominal, full
power AT. Thermal power being not precisely proportional to AT due to cooiant density and
heat capacity effects, a compensating term is factored into the trip setpoint. The term is a
function of the vessel average coolant temperature (T, .). The derivation of the thermal over

avg
power trip equation (without power distribution compensation) is detailed in appendix B

The 118 percent value refered 10 here does not allow for instrumentation errors (see appendix B




3-2. CORE POWER DISTRIBUTION EFFECTS

in the past, Westinghouse methods for establishing thermal overpower protection have been
based on the so-called “flyspeck” approach. The basic method was to calcu!ate the axial power
distribution for both expected and unexpected plant maneuvers, including uncontrolled xenon
transients. The philosophy behind this methodology has been discussed by McFarIane.“]

The "“flyspeck”, constructed by consideration of these maneuvers, shows the maximum expected
value of Fy vs axial offset irrespective of the power level at which Fq was calculated.
Appendix C describes determination of the f(Al) portion of the thermal overpower trip by
means of the flyspeck.

This technique had been in use for several years when the fue! densification phenomenon was
observed in \Yestinghouse plants. Because densification (and possible clad collapse) had the
effect of increasing the local power on the fuel rods, a “power spike factor” was incorporated
multiplicatively in the calculated values (see figure 3-1). The power spike factor, which increased
with core height, had two effects on the flyspeck: (1) the Fq value at the deadband was
increased; and (2) the slopes of the wings were increased. The direct effects of these changes
were as follows. First, in some cases the Fq increase was so great that the trip setpoint of
118 percent had to either be reduced or operating restriction on the PL rods had to be
enforzed in the plant Technical Specifications, either through an insertion limit or total exclu-
sion. This was particularly the case where clad collapse was predicted for the plant's operating
cycle. Secand, whenever either collapse or densification was predicted, the f(Ai) trip reset
function became more restrictive because of the greater siopes of the wings. This was partic-
ularly the case for the positive axial offset points, which were affected most by the power
spikes. In time, all Westinghouse operating plants were analyzed to reset the f(Al) functions
based on the amount of densification predicted, and Plant Technical Specifications were
appropriately modified. All operating 14 x 14 and 15 x 15 fuel assembly design Westinghouse
plants with overpower AT protection systems presently have their trip reset functions estab-
lished by such methods.

In 1974, in response to revised acceptance criteria[zl for loss-of coolant accident emergency
core cooling analyses, Westinghouse introduced the constant axial-offset control method of
operation in its plants. This metnod permitted the simultaneous satisfaction of meeting the
low core peaking factors demanded by the revised criteria, and of maintaining good opera-
tioral flexibility in Westinghouse plants. This method of ope-‘ation was incorporated into all

1. McFarlane, A. F, “Topical Report — Power Pesking Factors,” WCAR.7912 March, 1972
1. Acteptance riteris for Emergency Core Cooling Systems for Light Water Nuclear Power Reactors,” '0CRFS50 46,
Javary 4, 1974, as published in Federa Register J9FR 1001
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Westinghcuse plants subjected to the Final Acceptance Criteria; appropriate analytical methods

v

were established for evaluating peaking factors. This methodology has been discussed thoroughly

by Morita (1]

One of the major features of the concept of constant axial offset reactor control is that a
clear distinction can be drawn between normal operation and abnormal operation. Prior to

the application of constant axial offset control. any reactor operation was assumed to be
normal operation as long as the control rods remained above their specif.ed insertion limit.
Therefore, some relatively adverse power distributions could be created under postulated xenon
transients. Such power distributions compromised the operating margins to some extent,
because all power distributions which could be created during normal operation had to be con
sidered as initial conditions for LOCA analysis. Under constant axial offset control, the axial
power distribution during normal operation remains in a ciearly defined band (characterized by
axial flux difference) during all operations, including load follow, thus diminishing greatly any
xenon transient effects. Operating instructions and alarms (provided for all plants) enable the
application of constant axial offset contral in a straight-forward manner

Deviations from these operating restrictions could result from various abnormal operations,
such as control bank malfunctions, erroneous boration/dilution, and/or operator errors, which
must be analyzed in order tc assure that no fuel damage could cccur. It should be noted that
reactor overpower conditions created by abnormal operations should be protected from fuel
failures such as centerline melting. However, the LOCA requirement need not be met during
these events because two independent failures or events are assumed not to occur simul
taneously for reactor core design.

| .
N‘onta‘” defines two categories of abnormal operation for study as potentially limiting

during overnower events
w Control bank malfunctions
“ Boration/dilution system malfunctions (or nperator errors)

He also gives details of the accident simulation. In short, a static one-dimensional core mode!
similar to the one described in paragraphs 5-7 through 59 of this report was used to calcul

ate the axial power profile, Pzrz,l, during such abnormal operating conditions. It was assumed

in the simulation that the core in:tially operates within the limits of the technical specifications,
i.e.. that Al is within the appropriate bounds as defined by constant axial offset control, and

that the control rod tanks are above their respective insertion limits, Control rod bank

1 Mornts, T et al Topwcal Report, Power Distribut O Are d Lo Following Procedures, WCAP 8403
Septembe, 1974




malfunctions are simulated by withdrawing a control bank while maintaining a constant boron
concentration; and the simulation is terminated when core power reaches the overpower limit
(118 percent of nominal). Boration/dilution transients are simulated by inserting or withdrawing
control banks while maintaining a constant core power level. The nuclear peaking factor, FQ,

is then constructed via standard synthesis procedures, as follows:

N E
FQ = Max (PI(Z) x ny‘Z) x S(ZH x FU x FQ
where:
P,(2) =  core average axial power distribution from the 1D calculation.
Fxy(Z) = ratio of the peak power density to the plane-averaged power density at
elevation Z.
S(2) = the densification power spike factor.
N
Fu = 1.05 conservatism.
E , .
Fa =  1.03 engneering heat-flux hot-channel factor.

The maximum power density during such abnormal events is then defined as: Max. Power
Density (kw/ft) = Core Average Power Density (kw/ft) x Fq x Power Level.

The results of these calculations are then plotted in “"flyspeck’” format as shown for a typical
plant in figures 3-2 and 3-3 in the control bank malfunction and boration/dilution malfunction
cases, respectively. The results so analyzed are then compared to the fuel centerline melting
criteria to determine the sufficiency of the overpower protection system and the need for an
flAl) protection function for overpower events.

The conclusions of such analyses t date have indicated the following:

- A thermal overpower limit of 118 percent of rated reactor power provides adequate
protection against fuel melting.

® No f(Al) function is required to preclude fuel centerline melting during overpower
incidents in 16 x 16 and 17 x 17 fuel assembly plants (all results are considerably
less in these plants than the fuel centerline melting limit of ~ 23 kw/ft, regardless
of the value of Al).
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Figure 3-2. Flyspeck of Typical Control-Bank Malfunction
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Figure 3-3. Typical Boration/Dilution Malfunction (or Operator-Error) Flyspeck
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The overpower AT trip f(Al) setpoints for plants which were operating prior to the
initiation of constant axial offset control (14 x 14 and 15 x 15 fuel assembly plants)
were established in a manner more conservative, as discussed above, than would be
required to prevent fuel centerline meiting (~ 21 kw/ft). Hence they have been

left unaltered.
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SECTION 4

CALCULATIONAL BASIS FOR THERMAL
OVERTEMPERATURE TRIP SETPOINT

For each Westinghouse plant, 1 series of design calculations is performed to determine set-
points for the thermal overtemyerature trip such that the design bases discussed in paragraphs
2-1 through 2.4 are mec. As discussed in paragraph 2.5 in the design of the thermal over-
temperature trip, power distribution effects are separated from the effects of core-wide para-
meters such as thermal power level and vessel average temperature. This separation is accomp-
lished by first defining a reference core power distribution with which the effects of the core-
wide parameters can be evaluated, and then accounting for power distributions different from
the reference distribution through the f(Al) portion of the trip.

Paragraphs 4-1 through 4-4 describe the analyses which are performed to define regions and
limits of safe operation in the space of thermal power level, coolant temperature, and coolant
pressure, assuming the reference core power distribution. The procedure used to convert this
information into protection system trip setpoints is detailed in appendix B.

Paragraphs 4-5 through 4-8 describe the methods used to address core power distribution
effects in the thermal overtemperature trip. A relationship between power distributions more
severe than the reference power distribution and the axial power imbalance is derived based
on a set of “standard”’ nonsymmetric axial power distributions. The procedure by wnich this
information is converted into a AT trip reset function, t{Al), 1s discussed in appendix C.

4.1, CORE POWER, COOLANT TEMPERATURE, AND COOLANT PRESSURE EFFECTS

To ensure that the DNB design basis is met, core DNB limits are determined for a range of
reactor operating conditions. The core DNB limits represent the locus of points of core thermal
power, primary system pressure, and coolant inlet temperature which satisfy certain criteria.
This section covers the criteria, the assumptions made, the calculational method, and

sample results.
4.2 Criteria and Constraints

The DNB design basis is that the probability that departure from nucleate boiling will not occur
on the limiting fuel rod(s) is at least 95 percent at a 95-percent confidence level during normal
operation and operational transients and any transient conditions arising from faults of moderate
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frequency (Condition | and |l events). Historically this has been conservatively mat by
limiting the minimum departure from nucleate boiling ratio (DNBR) to 1.30.“] Thus,

the criterion on DNBR for the core DNB Iimits is that the minimum CNBR in the hot chan-
nel be not less than 1.30. Both the hot typical :ell (bounded by four fuel rods) and the hot
thimble coldwall ceil (bounded by three fuel rods and a control rod guide thimbie) must be
analyzed, as either type of cell may be limiting.

The quality at the outlet of the heated length of the hot channel is presently limited to

+ 15 percent. This is the minimum upper range of app!icability of the R grid DNB correla-
tion! 2] for the range of pressures (typically 1800-2400 psia) over which the core DNB limits
are required. Limiting of the outlet quality in turn limits the local quality at the point of
minimum DNBR to within the range of applicability of the DNB corre!a‘t'mn for any location
of minimum DNBR. As with the DNBR criterion, the exit quality critérion must be met by
both the hot typical and hot thimble cells. Usually, this criterion is not limiting when com-
pared to the ONBR |imit and other constraints.

Certair constraints limit the range over which the core DNB limits must apply. In particular,
the thermal overpower reactor trip places an upper constraint on the power range, the high
and low pressurizer pressure reactor trips limit the pressure range, and the Ty, . Leg <TSat
requirement plus the opening of the steam generator safety valves place upper constraints on
the temperature range. (See appendix B for a discussion of the inherent limit on temperature
which is imposed by the steam generator safety valves.)

43, Assumptions

The following key assumptions are made in generating core DNB limits. These assumptions
are also described by Salvatori.[”

®  The reference axial power distribution, a chopped cosine with a peak to average
value, FN, of 1.55, is used. The effect of other axial power distributions will be
discusu} in paragraphs 4.5 through 4-8.

N
“ The radial peaking factor, FAH' will obey the following equation at powers below
100 percent, provided the control-rod insertion limits are cbserved.

N
LR
H

1+ P
A AM Design[ *2im

1 Selveturi, A, "Relersice Core Report 17 x 17" WCAP 8185 September. 1973

2 M, K. W_F E Motley, F F Cadek, and A H Wenzel, "Effect of 17 « 17 Fuel Assembly Geometry on ONB
WCAP.8297, March 1974
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where P is the fraction of rated core power.

At power levels above 100 percent, the value of FZH is

N

F , or, ly, 1.55.
AH Design or, typically 5

®  The coolant flow rate will be the Thermal Design Flow, in gallons per minute, which
is usually about 5 percent less than the best-estimate flow.

® The maximum bypass flow is assumed; thus, only 95.5 percent of the Thermal Design
Flow is available for core heat removal.

®  The coolant flow into the hot assembly (the fuel assembly containing the hot rod)
is reduced by 5 percent.

THINC evaluations apply the methods of Shcfchcck[” for THINC-1 analyses and Hochniterlz]
for THINC IV analyses.

44, Calculational Method and Sample Results

A sample result of the calculation of the core DNB limits is shown in figure 4-1. This section
describes how each of the line segments is generated. Limits are generated for at least four
pressures spanning the range between the high and low pressure trips. The calculational
method is the same for each pressure.

The locus of points where the hot leg temperature Ty .. is equal to the saturation temperature
Ts.n may be easily determined from an energy balance on the vessel:

Q,
hin * 'Mm=nhy

where:
Q = core power, Btu/hr
m = vessel flow rate, |br/hr
h,, = inlet enthalpy

hy = enthalpy of saturated liquid

1. Shefcheck, J, “Appication of the THINC Program to PWR Design,” WCAP 7838 January, 1972
2 Mochraiter, L. E . and Chelemer, M “Appiication of the THINC IV Program to PWR Design. WCAP 8195 October, 1973
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This line is used to determine the lowest power at which DNBR limits and outlet quality
limits are required. The method of calculating this line for setpoint determination is given in

appendix B.

Allowable inlet temperatures, whether ONB or exit quality limited, are determined by the
THINC computer code at 10 to 20 percent intervals of power ‘ m the high puwer limit
to the intersection with the THOT B TSAT line. These calculz .ions arec performed for a
range of pressures between the low and high pressure trips.

45 CORE POWER DISTRIBUTION EFFECTS

The core DNB limits discussed in paragraphs 4-1 through 4-4 account for core power, coolant
temperature and pressure, and radial power distribution (F Aﬁ) effects, but (as noted) these
limits assume a 1.55 Fg chopped cosine axial power distribution. The effect of the axial power
distributions is accounted for by modifying the overtemperature AT setpoints with the flal)
function. Paragraphs 4-6, 4-7, and 4.8 detail the method for determining the basis of this
modification.

4.6. Criteria

The criteria for axial power distribution effects are the same as for the core DNB limits. That
is, the minimum DNBR must not fall belew 1.30, and the outlet quality of the hot channel
must not exceed 15 percent. The outlet quality of the hot channel is governed by the peaking
factor F Az and the core power level, flow, and inlet temperature. |

182 Eyrthermore, as noted above, the use of the outlet quality is
a bounding approach, as the quality at the point of minimum DNBR for any axial power

distribution must always be less than the outlet quality. |
jac

4.7 Assumptions

Ail the assumptions given in paragraph 4-3 for the core DNB limits apply to the determination
of axial power distribution effects, with the exception of the assumption of the 1.55 FQ cosine.

It is assumed that a lower-bound envelope of DNBR (or allowable power, allowable temperature,
etc.) vs. Axial Offset can be developed by using a 1.55 F? cosine and a set of standard axial
power distributions. Axial Offset is defined as = g when PT is the integrated power in the
top half of the core and Pg is the integrated power in the bottom half of the core. It is com:
mon vy expressed as a percentage. These standard power distributions were the limiting shapes
from a comprehensive set of three-dimensional nuclear calculations.

45



Calculational Method and Sample Results

(. —

The THINC computer code is used to determine (by iteration), for each power shape at each
inlet temperature, the power level that gives a minimum DONBR of 1.30. Both typical and

thimble cells are calculated. Sample results of this calculation are shown in figure 4.2, The

method of converting this result into a AT trip reset function, f(Al), is discussed in appendix C
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SECTION 5
VERIFICATION OF THE THERMAL OVERTEMPERATURE TRIP

The methods used by Westinghouse to determine thermal overtemperature trip setpoints are
discussed in Section 4. This procedure employs a reference core power distribution (i.e., a
power-dependent F, .y and a fixed cosine axial distribution) in determining the core thermal
limits. In addition, a set of standard nonsymmetric axial power distributions is employed in
determining the trip setpoint compensation necessary to account for power distributions more
adverse with respect to DNB than the reference core power distribution. The standard shapes
employed in that procedure are the most limiting power distributions with respect to DNB
that would be expected at limiting thermal conditions during anticipated transients. They were
chosen from a comprehensive study which used a static three-dimensional nuclear model.
Because this study was conducted several years ago under plant operating procedures quite
different from today's, a need for further assurance of the applicability of these shapes was
apparent. This section presents the extensive study thus made of anticipated t ansients. The
study employed a transient model which included a detailed core and system simulation.
Paragraphs 5-1 through 5-5 cover the type of plant analyzed, the method of analysis model
used), and the accidents considered. Paragraphs 5.6 through 5-16 cover the choice of nitial
conditions and the assumptions made. Finally, paragrapn 5-17 gives the method of interpre-
tation of the results.

5-1. MODELS, EVENTS, AND PLANT CHARACTERISTICS ANALYZED

5-2. Coupled Core-System Evaluation Model

A coupled-core-system evaluation model was developed to better investigate the actual Nuclear
Steam Supply System (NSSS) responses during selected DNB related Condition || events. A
model of this nature provides a more realistic evaluation of transient core power level, tem-
perature, pressure, coolant flow rate, control-rod positions, and hence, core heat flux profile
than models presently used for accident analyses in safety analysis reports. Since all of these
parameters are required in the evaluation of the core minimum-DNB ratio, it follows that

this calculational approach provides a better tool to determine those transient conditions which
lead to limiting ONB ratics. Likewise, the results from this calculational model can be used to
verify the adequacy of the standard methods used to derive the thermal overtemperature trip
setpoints discussed in Section 4 of this report.
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A number of important system responses are considered in such a calculational model. These
responses include:

®  The inherent primary system heatup or cooldown due to power mismatches between
the primary and secondary systems of a pressurized water reactor NSSS

®  The operation of the full-length rod control system and other control systems
available in Westinghouse NSSS designs when the automatic function of those
systems increases the severity of the transient

. The actuation of reactor protection trip functions other than the overtemperature
AT and overpower AT trip functions

Explicit modeling of these system responses provides the necessary feedback mechanisms that
aftect the transient behavior of the reactor core.

The important reactor core conditions and transient responses pertinent to this methodology
consider:

@  Core burnup distributions and xenon distributions resulting from normal plant
operation

® The limited inserted integral rod worth at the initial condition of the transient
® Nonconstant differential rod worth as a function of control rod position
®  Realistic temperature reactivity feedback

Inclusion of the<e effects in the calculational model determine the transient core response to
changing system parameters and changes to the core heat flux profile due to control rod
movement and reactivity feedback.

An evaluation model of this nature represents a methodology more complex than some of the
methods and mode's currently used in the determination of the core protection trip setpaints.
Appendix D thoroughly describes the coupled core-system evaluation model used in this study.
Briefly, this evaluation model, referred to as LOFTRAN/TWINKLE, is a combination of the
LOFTRAN[” code, a lumped-parameter single-loop system model used to study the transient
response of a pressurized water reactor system, with the TwinkLE(2] code, a multi-dimensional
spatial neutron kinetics code.

1. Burnett, T W T Meintyre, C J, and Buker, J C., "LOFTRAN Code Desription,” WCAP. 7907, June, 1877

2 Risher, O M, Jr and Barry, A F "TWINKLE ~ A Myl .Dimensional Neutron Kinetics Compu ter Code,”’
WCAP8028-A January, 1975
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DNB Evaluation Model
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54. Condition |l Events Considered

The overtemperature AT trip function provides primary core protection during a8 number of
DNB-related Condition || events. These events and the current methods used to evaluate the
potential for DNB during these events are described in Chapter 15 of RESAﬂ-JS.“] This
section describes ti.e coupled core-system anaiysis of these selected postulated transients with
the LOFTRAN/TWINKLE coupled core-system evaluation model.

In general, DNB-related transients can be classified as either primary system heatup or cool-
down events. Two postulated trant.ents are considered to be heatup events because the heat
extraction from the steam generator lags behind the core power generation until the steam
generator pressure reaches either the relief or safety valve setpoint:

. Uncontrolled Rod Cluster Control Assembly (RCCA) Bank Withdrawal at Power
®  Uncontrolled Boron Dilution During Power Operation with Manual Rod Control
Both of these events are evaluated with the coupled core-system evaluation model.

Cooldown transients can be defined as transients which would cause a decrease in the reactor
coolant inlet temperature and a corresponding increase in core power level due to the effects
of the negative moderator temperature coefficient. Following are two such postulated transients:

®  Excessive Steam Load Increase Event
®  Excessive Heat Removal due to a Feedwater System Malfunction at Power

The feedwater system malfunction is very similar to, but less scvere than, the excessve load
increase event in terms of the resulting reduction in core inlet temperature. As such, only
events of the excessive steam load increase type are evaluated with the coupled core-system
evaluation model. There are, however, two types of excessive load increase events, each of
which cause a rapid increase in the secondary-side steam flow, and both are considered in
this analysis. The first event considers a 10 percent step load increase in steam flow caused
by an equipment malfunction in the steam dump control system. The second event considers
the inadvertent opening of the turbine throttie valve to its fully open position. This event,
called a turbine control-valve malfunction, can produce an increase in the reactor coolant
system load demand to approximately 105 percent power regardless of the initial power level.

A DNB-related transient, not categorized as either a heatup or cooldown event, is the uncon:
trolled boron dilution/boration with automatic rod control. In this event the core power level
and the coolant average temperature are maintained at their initial values by the rod control
system, but with changes in the axial power distribution. This event is also evaluated with
the coupled core-system evaluation model

1 RESAR IS ‘Reterence Satery Anaiysn Report ' Comsolidated Version and Subsequent Amendments. July 1978
Oocxer No. STN 50 548,



5-6. Plant Characteristics

The following nominal plant characteristics (typical of a threeloop Westinghouse Plant with

a 12 foot core) were used in the accident analyses.
Core:

Core Power
Fuel Array
Number of Assemblies

Reactor Coolant System:

Total Volume Including Pressurizer and Surge Line
Nominal Pressure

Thermal Design Flow

Vessel Average Temperature

Core Inlet Temperature

No-load Temperature

Pressurizer:

Total Volume Including Surge Line

Heater Capacity

Maximum Spray Rate

Power-operated Relief Valve Steam
Flow Capacity at 2350 psia

Safety-Valve Steam Flow
Capacity at 2500 psia

Power operated Reliet Valve
Opening Pressure

Safety Valve, Start-Open * Full-
Open Pressure

Secondary System:

Steam Generator Type

Steam Generator Design Pressure

Nominal Steam Pressure

No-load Steam Pressure

Nominal Steam Temperature

Nominal Steam Flow per Steam Generator
Nominal Fluid Mass per Steam Generator

56

2652 MWt
17 x 17
157

9600 ft3
2250 psia
265500 gpm
576.2°F
5425 °F
547°F

1443t

1400 kw

63.2 Ib/sec

2210000 Ib/hr (each)

3.345000 Ib/hr (each)
2350 psia

2500-2575 psia

51

1100 psia
790 psia
1020 psia
5168 °F
1075 Ib/sec
101,600 Ibs



56 INITIAL CONDITIONS AND ASSUMPTIONS
57 Initial Core Conditions

A comprehensive search was conducted to determine limiting core initial conditions for the
analysis of Condition || events with the coupled core-system evaluation model. This search

described below, consisted of two steps
. Determination of pre-accident core conditions

. Accident analysis with the use of a static core model for a wide range of initial

reactor conditions

To adequately assess the appropriateness of the standard shapes, a very large number of core
nitial conditons should be studied s0 as to be reasonably sure that a complete set of core
initial conditions have been ccnsidered. Because such an analysis is to0 expensive with the
LOFTRAN/TWINKLE model, the static nuclear model (second of the above two steps) was
used to reveal the worst pre-accident core conditions (i.e., power level, control-rod-position
xenon distribution). Detailled analysis of these fewer conditions by means of the LOFTRAN
TWINKLE model was then feasible

58 Determination of Pre-Accident Core Conditions - The chcice of pre-conditions for

.
the accident analysis was performed with a modified version of the PANDA code. This

portion of the process s based on the premise that the axial xenon distribution in the core
changes relatively slowly with respect to other variables during a Condition |l transient. Mence
an approach was adopted which defines a process for selecting the most adverse xenon dis
tributions which could occur. These worst xenon distributions would be those which give rise
to the limiting axial power distributions during Condition || transients. It should be recalled
that the progression of the axial power shape during the transient (not the initial power shape)
§ the mportant item oOf these events. Hence the static nuciear analysis focuses on the core
related item which can best be defined during these transients e, the axial distribution

of xenon

The method of core precondition selection for the accident analysis was accomplished via
the static nuclear code n the following two basic steps

_——




-
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Static Core Model Accident Simulation — The following four accident simulations

were carried out in the static core model, a modified version of PANDA, to provide guidance
in the selection of limiting core initial conditions (i.e., xenon distributions, core power levels,
and rod insertions) for evaluation with the coupled core system transient model. All pre-
accident core conditions determined as discussed above were evaluated in these simulations.

First Simulation:

Dilution Accident

This simulates uncontrolled dilution, either by system malfunction or operator
error. The control rods are assumed to be in the manual mode of operation. |

] € The calculation
is terminated if the reactor power reaches the thermal overpower limit (118 percent
of rated power), | jae

Second Simulation:

Cooldown Accident

This accident assumes a reduction of the inlet temperature of the coolant, due to
a secondary plant transient such as a sudden excessive load increase, excessive
feedwater flow, or a turbine throttievalve opening. The control rods are assumed to
stay at their original insertion (i.e., manual mode). [

| %€ The calculation is terminated

if the reactor power reaches the thermal overpower limit, |
|a.c



Cimulation

Full-Length (F/L) Rod Withdrawal

This accident assumes uncontrolled F/L rod withdrawal either by system malfunction

or operator errar. The boron concentration is fixed. The F/L rods are withdrawn in

1% intervals of core height up to the fully withdrawn position. A reactor

trip 1s assumed to occur if the reactor power reaches the thermal overpower limit
This type of calculation also simulates the excessive load increase with the control

rods in the automatic mode
Simulation

Boration/Dilution with F/L Rod in Automatic

This uncontrolled ooration/dilution accident assumes that the F/L rod is
matic mode and that reactor power is maintained at a constant level
a.c

power operation is considered. The F/L rod bank is moved in inter

vals of core height. Cirticality is maintained by adjusting the boron concentration

(-
The resulting vaiues of DNBR were then plotted versus for each of the ace

92 15 an example of such a plot. Based on the information contained in such
Jdverse sets of cor Nt ndaitions were selected by determining the cases wh

the minnmum DNB ratios in the transients simulated above These nitial conditions were then

used as the starting point for the coupled core system analvsis

Table 51 lists the number of different xenon distributions and initial power levels that were
selected for evaluation with LOFTRAN/TWINKLE for each Condition |l event For each set

of initial conditions. the static core model values for core burn I aistnibution ore xenon
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Figure 52 ONBR for Rod Malfunction
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TABLE 51
INITIAL CORE CONDITIONS SELECTED FROM STATIC CORE MODEL RESULTS

CONDITION 1l EVENT

core!lal
LIFETIME

AXIAL XENON
DISTRIBUTIONS

INITIAL (B

POWER
LEVELS

Uncontrolled RCCA Bank
Withdrawal at Power

Uncontrolied Boron Dilution
with Manual Rod Control

Uncontrolled Boration/Dilution
with Automatic Rod Control

Turbine Control Valve
Malfunction

Ten Percent Step Load
l Increase

~ - ac

ac

-

-
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distribution, initial power level, and initial rod position are input directly to the LOFTRAN/
TWINKLE evaluation modei. As noted previously, only operation without part-length rods
was considered in the coupled core-system evaluation, although various control bands with
widths up to [ 13€ Al were considered.

6-10. Initial Thermal Conditions

As noted above, for each xenon distribution selected for further analysis, a number of
Condition |l events initiated from a number of thermal power levels were evaluated with the
coupled core-system model. For each of the different cases, initial thermal conditions were
abtained by adding the following errors to the steady state values of thermal power, vessel
average coolant temperature, and pressurizer pressure:

Thermal Power + 2 percent of nominal full rated power
Vessel Average Coolant Temperature +65°F
Pressurizer Pressure - 30 psi

These conservative assumptions regarding core power level, vessel average coolant temperature,
and reactor coolant system pressure account for allowable system instrumentation errors and
control system deadbands. These conditions are all (conservatively) assumed to occur at the
initiation of the transient, regardless of all other core-system conditions.

511. Assumgptions

A number of parameter sensitivity studies was performed with the LOFTRAN/ TWINKLE com
puter code as part of this extensive analysis of selected DNB related condition || events. The
results of these sensitivity studies were used to identify limiting transients and conservative
analysis assumptions, This approach, which is applied in current safety analysis procedures,
provides important guidelines concerning which sets of core-system parameters should be con-
sidered in order to produce conservative results. At the same time this approach sets a realistic
limit on number of required transient calculations so that attention can be focused on the
variables of interest (i.e., core burnup, core xenon distribution and initial power level) in the
extensive analysis with the coupled core-system model. To achieve limiting DNB conditions,
credit was not taken for the overtemperature AT and overpower AT trip functions in this
analysis. Table 52 lists those reactor trip functions and control systems that were assumed
operable in this analysis.

Several core and system parameters definitely influence the progression of these Condition |
events. Each of these parameters, considered separately in the sensitivity studies, is discussed
separately (paragraphs 5-12 through 5 16).
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TABLE 52

AVAILABLE REACTOR TRIP FUNCTIONS AND CONTROL SYSTEMS

CONTROL SYSTEMS

REACTOR TRIP FUNCTIONS

Rod Control (if applicable)

Feedwater Control

Pressurizer Pressure Control

High Neutron Flux (118 percent)
High and Low Pressure

High Pressurizer Level

512

Effect of Bank Withdrawal Speed on Rod Bank Withdrawal Events — The maximum

rod speed considered was 72 steps/minute. This is a physical imit imposed on the control-rod
drive mechanism by the rod control system. Slower rod withdrawal speeds (36 and 18 steps/

minute) were considered in the study. The most conservative DNB results we e obtained with
] 4€ steps/minute. |

[

]C,C

513




513. Effect of Automatic versus Manual Rod Control on Cooldown Events — The auto
natic rod-control system was modeled with ninal values for deadband, lockup

proportional, and maximum rod-speed band f ntrast, v hen manua ontrol wi ynsigered

NO operator intervention was assumed O the control rods remained in | positions. 4.C

—

|

|

-

514, Effect of Moderator Feedback Unlike some calculational models where

kinetics i1s used to determine reactiy fe the exact numerica

temperature reactivity coefficient in LOFTRA . E cannot be

through the use of input data. The value of this coefficient 1s characteristic of the fuel enrich

ment, fuel burnup, moderator temperature, and boron concentration that exist in the core a.c

—

|
he
T

he changes in moderator feedback just described have t..0 important features
these variations in best-estimate moderatar feedback 3. though not extreme n
conservative results. Secondly 2 reahistic transient

model are not unrealistically d




ac

b o

515 Effect of Control-Rod Worth on Events Involving Rod Movement - |

]I,C

5-16. Effsct of Doppler Feedback on All Transients — |

} a.c

515



The above discussion of important parameters is summarized in table 5.3 For each of the five
events extensively studied via the LOFTRAN/TWINKLE model, conservative analysis assump-
tions are listed.

]7.,:

5-17. METHOD OF INTERPRETATION OF RESULTS

The intent of this study was to determine the adequacy of the standard power shapes cur-
rently vsed to g:nerate the power distribution compensating term in the thermal overtempera-
ture trip. The method used to interpret the traisient results in a straightforward comparison
with the standard shapes is discussed below.

The procedures used to determine the core DNB limits are presented in paragraphs 4-1 through
4-4. These limits, which account for a wide variety of operating conditions, are calculated
based on the reference hot rod power distribution (i.e., a 1.55 chopped cosine axial distribution
and an F,y, which is a function of power level). The core DNB limits are then used in the
determination of the overtemperature AT trip lines. As described in appendix B, these trip
lines are generated without an f(Al) trip reset function. Given these procedures and the result-
ant core protection trip lines, it is by design that if a hot-rod power shape, comprised of a
155 gN chopped cosine axial power distribution and a power dependent F AN Were to exist
in the core during an anticipated transient, the reactor would be shut down before the mini-
mum core DNB ratio fell below 1.30. It follows, therefore, that the adequacy of the over-
temperature AT trip function can only be determined if expected transient hot rod power
shapes are compared to the reference hot-rod power shape during DNB-related Condition |1
events. In effect, the adequacy of the methods used to generate the f(Al) trip reset function
must be examined to ensure that the core is protected by this function against transient hot-
rod power shapes more limiting than the referenced one.

Paragraphs 4-5 through 4-8 treat power distribution effects for overtemperature (DNB) pro-
tection and present the calculational procedures which address these effects. Through the use
of the standard axial power distributions, iower-bound envelopes of allowable power versus
axial offset are developed (see figure 4-2). As described in appendix C, this information is
used n the determination of the overtemperature AT f(Al) trip reset function. These allowable
power versus axial offset lower-bound envelopes can be inverted to determine the minimum
power reduction versus axial offset recuired to maintain @ minimum core DNB ratio equal

to 1.30. This is illustrated in figure 5-3. in effect, this is the same information from which
the t{Al) trip reset function is determined as discussed in appendix C.

5-16
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LIST OF LIMITING DNB-RELATED CONDITION Il EVENTS AND

TABLE 53

CONSERVATIVE ANALYSIS ASSUMPTIONS

TYPE OF ROD MODERATOR ROD
CONDITION 1l EVENT EVENT SPEED FEEDBACK CONTROL
—~ . — — ac — —ac
Uncontrolled RCCA Bank Heatup
Withdrawal at Power
Uncontrolled Boron Dilution Heawp
with Manual Rod Control
Uncontrolled Boration/Dilution N/A
with Automatic Rod Control
Turbine Contro! Valve Cooldown
Malfunction
Ten Percent Step Load Cooldovn L N

Increase
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Figure 5-3.

AQ versus Axial-Offset Limit Lines
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SECTION 6
RESULTS AND CONCLUSIONS

Section S presents the assumptions and initial conditions used in the analysis of DNB-related
Condition |l events with the coupled core-system model, and provides a method of interpreta-
tion of the results. This section presents the results of the calculations. Paragraphs 6-2 through
6-6 give a very general description of the transient conditions which produced the most-limit-
ing DNB ratios. Paragraphs 6-7 and 6-8 illustrate a comparison of the calculated results with
the standard power shapes and discuss the adequacy of the calculational bases used to deter-
mine the thermal overtemperature trip setpoints.

6-1. TRANSIENT RESULTS

The calculated results for all of the DNB-related Condition || events analyzed in this study
are iliustrated in a general fashion on figures 6-1 and 6-2. Plotted on figure 6-1 are the actual
DNB ratios produced during the many transient simulations conducted for this study, versus
the axial offset of the power shapes which produced these DNB ratios. It is important to note
that this figure represents the results of many transients and also a wide range of core condi-
tions (thermal power, coolant temperature, and coolant pressure) that exist during the tran-
sient calculation. Plotted on this figure are the results of transients initiated from Mode A
operation with Al control bands of up to [ ] 3€ Figure 6-1 represents a composite
of all the limiting transient power shapes and the conditions at which these shapes exist

that could be expected from postulated transents initiated during plant operation without
part-length rods.

—

- 4,C

- -
As illustrated on figure 6-1, certain transients can produce fairly low DNB ratios at large
positive and negative axial offsets. The following paragraphs will discuss each transient analyzed
in this study and identify which transients produced the lowest DNB ratio points plotted on

figure 6-1.

6-1
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AXIAL OFFSET

Summary of DNBR versus Axial Offset for All Transient Simulations

Figure 6-1
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6-2. Uncontrolled RCCA Bank Withdrawal At Power

This event results in a rapid increase in core power level and coolant temperature, and a
positive shift (towards the top of the core) in power distribution. Thus many of the positive
axial offset points on figure 6-1 are the result of rod withdrawal trarsients. The rod with
drawal transients which were found to yield the lowest DNB ratios were |

6-3. Uncontrolled Boron Dilution With Manual Rod Control

This event results in a less-rapid increase in core power level than the rod withdrawal event
due to dilution rate limitations, but has the potential for generating severe core power d -
tributions because the control rods are stationary, thus aliowing for a potential violation of
the control-rod insertion limits. |

Ja,r.

6-4. Turbine Control-Valve Malfunction with Automatic Rod Control

Like the rod withdrawal event discussed above, this event results in a rapid increase in core
thermal power level and a positive shift in core power distribution. However, this transient is
accompanied by decreases in coolant inlet temperature. |




6-5. Ten Percent Step Load !ncrease With Automatic Rcd Control

The consequences of this event are nearly identical to that of a turbine control-valve mal
function from full power, except that a possibly greater increase in steam flow (ten percent
rather than five) could make this event more severe. [

1a.c

6-6 Uncontrolled Boron Dilution/Boration With Automatic Rod Control

Signiticant changes in core power distribution occur during this event as the control rods are

driven into or out of the core to maintain core power level and coolant average temperature

r
|
.

]3.C As the control rods move into or out of the core
to compensate for the reduction or increase in boron concentration, severely skewed power

distributions result. In addition, if a dilution is allowed to progress too long, the rod insertion
limits wil! be violated, thus further aggravating the situation

6-7 ADEQUACY OF THE STANDARD POWER SHAPES

Application of the method of interpretation detailed in paragraph 5-17 yields the coupled core-
system transient results for Mode A operation as shown in figures 6-3 and 6-4
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Negative Axial-Offset Transient Results




6-8. CONCLUSIONS
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APPENDIX A
COMPENSATION FOR DYNAMIC EFFECTS

AT and TM SIGNAL DYNAMIC COMPENSATION

The dynamic terms in tne thermal overpower and overtemperature trip equations compensate
for inherent instrument delays and piping lags between the reactor core and the loop tempera-
ture sensors. Lead/lag and rate/lag compensations are required, in addition to noise filters,

for four reasons:

To offset RTD instrumentation time delays measured during plant startup tests.

To offset piping lags including the RTD bypass-loop transport lag and bypass-pipe
heat-capacity effects.

To decrease the likelihood of an unnecessary reactor trip following a large
load rejection.

To ensure the protection system response is within the limits required for the
accident analyses.

A simplified schematic diagram of one channel of the thermal overpower and overtemperature
protection system is shown in figure A-1. Three different control functions will be described

below:

1+ r,S
Lead/Lag function, ————
% 1+ Tzs
"
The lead/lag function provides a step of =— times the input step, then decays to
the steady-state value. By way of examples, the inverse Laplace Transformation can
be applied to this function with step and ramp inputs. The resulting output func-

tion expressed in the time domain is shown in figure A-2.

Al
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LEAD - LAG UNIT: 10.274-20
"fz )

T;: LEAD TIME CONSTANT
Ty LAG TIME CONSTANT

'*f' S
INPUT - +» OQUTPUT
'*72 S
.
INPUT: STEP FUNCTION OF AMPLITUDE OUTPUT: A [u o r.' } e %2 ]
2
A
%)
A— T~
o
A A
t t
t
INPUT: RAMP INPUT FUNCTION OF RATE K outPuT: K [t+ (7 - 7g) (I -e2)]
\
A
e
”>

INPUT Kt

t t
WOTE: IN ALL PRACTICAL CASES CONSIDERED. t| > ry GIVES AN OVERSHOOT ING RESPONSE
TO A STEP INPUT AND A PREDOMINATELY LEAD RESPONSE TO A RAMP INPUT.

Figure A-2. Lead — Lag Unit Step and Ramp Response Characteristics
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For an input, the relationship of the output signal Eout to the input signal E;  is:

1+ 7145
1
K

in
1+ 723

The function (lead or lag) depends on the adjustments K, rqy and y.

Several sensitivity studies have been performed by using different lead-time constants (r4)

and lag-time constants (r5) with step and ramp inputs as shown in figures A-2 and A 4. The
results show that the higher the lead-time constant, the faster the channel response; however,
this must be done with caution since it will increase the noise in the signal. The AT signal
lead/lag function is plant-dependent; the typical lead time (rg) is 8 seconds and lag time

(r7) is 3 seconds. The addition of this AT lead/lag function may allow the T, . lead-time
constant (r4) in the thermal overtemperature trip to be reduced. The noise in the overtemper-
ature AT setpoint will thus be decreased.

®  Derivative function (Rate/Lag unit),

TS
TS
The second function, the rate/lag unit, provides a step of unity times the input step,
then decays to zerc. As an example, the inverse Laplace Transformation can be
applied to this function with step and ramp inputs. The resulting output function
expressed in the time domain is shown on figure A-5. Sensitivity Studies using
different r values with step and ramp inputs are shown in figures A-6 and A-7. The
results show that the higher the r value the faster the channel response, at the cost,
however, of more noise in the signal.

® Lag function (Noise filter),
i1+

The lag function provides a gradual change in outout for a change in input. As an
example, the inverse Laplace Transformation can be applied to this function with
step and ramp inputs. The resulting output function expressed in the time domain

is shown on figure A-8. Sensitivity studies in which various lag values are paired with
step and ramp inputs are shown in figures A-9 and A-10. The lag-time-constant set-
points depend on the sensor (RTD) response time. For slower RDT response times,
the T, g and AT filters, 74 and 7g, may De set to zero. For an RTD with faster
response, the filter may be set to 2 seconds for noise elimination.

A4
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LEAD/LAG RESPONSE TO STEP INPUT
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Figure A-3. Lead — Lag Unit Step Response at Various Values of 74, and 75
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LEAD/LAG RESPONSE TO RAMP (NPUT
(147, 8)/(1+ 7, )

I | i l |
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Figure A-4, Lead — Lag Unit Ramp Response at Various Values of Ty and 1y
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)
RATE-LAG UNIT: 7775
r$S
INPUT > » QUTPUT
fs+| t
INPUT: STEP FUNCTION OF AMPLITUDE OUTPUT: Ae '
A
‘ s
A A
\ Y

INPUT: RAMP INPUT FUNCTION OF RATE X

t
OUTPUT: Ke(l =€T)

INPUT = Kt

(SLOPE x)

t

NOTE: THERE IS NO RESPONSE TO STATIC SIGNAL.

Figure A-5. Rate — Lag Unit Step and Ramp Response Characteristics
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Figure A-6. Rate — Lag Unit Step Response at Various Values of Ty and 15
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Figure A-7. Rate - Lag Unit Ramp Response at Various Values of ry and 75
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Figure A-8. Lag Unit Step and Ramp Response Characteristics
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A-2. DETERMINATION OF OVERPOWER AT SETPOINT EQUATION DYNAMIC TERM
The overpower AT setpoint equation is

Static equation

AT setpoint = K4 K6 tTan T'avg:‘ f(Al)

Dynamic equation

1'35 )
;T setpoint = K4 KS (1 - '35) ]an

Ke(Tavg T avg 1141

All of the equation’'s coefficients and parameters were defined in paraqraph 2-6. The method
to calculate the K4 K’6, and f(Al) is illustrated in appendices B and C

735
The dynamic term, Kg ~r-:—r§;) Tavg' compensates for (he piping lag and instrument delay
Detailed analyses and sensitivity studies based on a hybrid system simulation of the complete
Nuclear Steam Supply System have shown that a Kg of 0.02/°F and a rq of 10 seconds are

the optimum selections for the Westinghouse pressurized water reactor system.

A-3. DETERMINATION OF OVERTEMPERATURE AT
SETPOINT EQUATION DYNAMIC TERM

The overtemperature AT setpoint equation is

1 Static equation

AT K1-KoTava Taog' ) + Kg (P-PMOM) -fAl)

setpoint avg ' avg

Dynamic eqguation

1 + 148
S e e Tava | + K3 (P-PROT) §(Al)

aT : ® 1
setpoint ¢ Tol avg 'avg
2

All of the equation’s coefficients and parameters are defined in paragraph 2-7. The method

to calculate the K4, Ko, K3, and f(Al) is illustrated in appendices B and C
1 + 7458
1

The dynamic term, K2_1T72_S (T Thom,

avg ' avg’
delay. In order to insure that the accident analysis limits are met, and to lessen the likelihood

compensates for the piping lag and instrument

of spurious trip, 7y and 7o have been chosen based on a detailed digital simulation of the
system. The time constants are plant-dependent, the typical lead time (r4) is 30 secands, and
lag time “'2) is 4 seconds. A higher lead-time constant may cause more noise in the signal

and less operating margin




APPENDIX B

CALCULATION OF THE OVERPOWER AT AND
OVERTEMPERATURE AT SETPOINT EQUATION

The intent of the thermal overpower and overtemperature protection system is to cefine a
region of permissible operation in terms of power, temperature, RCS pressure, and axial power
shape; and to trip the reactor automatically when the limits of this region are approached.

The three boundaries defining this region of permissible operation are:

- the thermal overpower limit, which protects against excessive fuel-centerline
temperature (see Section 3).

® the thermal overtemperature limits, which protect against DNB and hot leg
boiling at pressures within the defined maximum and minimum pressure bounds

(see Section 4).

® the locus of conditions where the steam generator safety valves open.

Ignoring the power shape effect, which is considered separately, the region can be interpreted
through a two-dimensional plot of average core temperature (Tavg) and temperature difference
across the vessel (AT), as shown by the shaded region in figure B-1. It should be noted that
the low-pressure trip is a bound which cannot be illustrated in terms of AT and T“g, and
therefore the overtemperature protection limit at the minimum pressure is the upper bound
for that pressure.

The thermal overpower and overtemperature limits are bounded by the thermal overpower and
overtemperature trip functions. This appendix describes how the trip functions are determinea
based on the core thermal limits discussed in paragraphs 4-1 through 4-4. Paragraph B-1
explains how the core thermal limits and the steam generator safety valve line are converted
into the AT and Tavg coordinate system. Paragraphs B-2 and B-3 describe how the overpower
and overtemperature trip equations are determined. The equations define a maximum allowable
AT for any combinations of conditions and for simplicity are referred to as the AT pro-

tection limit (ATp 1)

Adjustments are made to the overpower AT and overtemperature AT protection limits based
on appropriate error allowances to determine the final AT setpoints (AT,D). This is done by
adjusting the K4 term in the overpower trip function and the K4 term for the
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overtemperature trip function. Tables B-1 and B-2 illustrate a breakdown of errors for a

typical plant.

The solid lines as illustrated in figure B-2 represent the overtemperature AT and overpower
AT setpoint equations, and the locus of conditions where the steam generator safety valves
open. The overpower AT and overtemperature AT protection limits, as computed in
paragraphs B-2 and B-3 are represented by dashed lines.

Compensation for axial power shapes and dynamic effects is ignored in this section. Appendix C
discusses axial offset penalties for cvertemperature protection. The compensation for dynamic
effects is discussed in appendix A.

B-1. DETERMINATION OF THE CORE THERMAL LIMITS AND STEAM GENERATOR
SAFE Y VALVE LINE IN A AT AND T“’ COORDINATE SYSTEM

Core thermal limits as developed in paragraphs 4-1 through 4-4 are presented in figure E-3.
This figure illustrates the combination of thermal power and core inlet temperature at various
pressures for whrich one or more thermal design limits would be met. Actual measured piant
variabies, AT and T'vg, are used in both the overpower and overtemperature trip functions.
Figure B-3 is therefore converted into figure B-4, which plots the core thermal limits in units
of AT {temperature difference across the vessel) as a function of Tavg for several primary-

system pressures.

An increase in plant temperature may result in the opening of the steam-generator safety
valves. This imposes a physical limit on reactor power and temperature. The temperature drop
from the steam generator primary to secondary is approximately proportional to power
transferred. The maximum secondary temperature is approximately constant at the saturation
temperature corresponding to the safety-valve pressure setting. Therefore, the primary tempera-
ture cannot rise above this saturation temperature plus the temperature drop across the steam
generator. This temperature !imit serves as one of the boundaries on power and temperature
in addition to the bounds imposed by the thermal overpower and overtemperature trips, and

the high and low pressure trips.

For a given steam-generator type at a known primary flow and fixed operating conditions, the
inherent power and temperature limit can be calculated in terms of Tavg and AT. The locus
of points in terms of the values of AT and ng at which the steam generator safety valves
open, called the “‘steam generator safety valve line”, is illustrated in figure B-4.

The following procedure is used to convert the core thermal limits and the steam generator
safety valve line to the AT and Tavg coordinate system:
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TABLE B
OVERPOWER AT SETPOINTS BREAKDOWN

The overpower AT protection-limit equation (including all errors) is typically:

ATP' = 7120 When T is less than 582.2.

avg
ATp. = §1.60 (1.15586 - .00111738 (T"' - 582.2)) When T“' is greater than ~-c..

The maximum allowable AT at nominal pressure and RCS average temperature is given in per-
cent of the full-power AT. To obtain the nominal setpoint, the following errors are subtracted.
The errors are given in percent of full-power AT.

Maximum allowable AT at nominal pressure and RCS average temperature 115.59
Error allowance for calibration and instrument channel errors 7.22
Allowing for the above errors, the nominal trip setpoint becomes 108.37

Difference between the above nominal trip setpoint and turbine runback setpoint 3.00
Runback setpoint 105.37

The nominal overpower AT setpoint equation is:

AT” = 66.75 When TMI is less than 582.2
ATsp = 61.60 (1.0837 - 00111738 (Tavg 582.2)) When Tavg is greater than 582.2

B4



TABLE B-2

OVERTEMPERATURE AT SETPOINTS BREAKDOWN

| The following equation defines a typical overtemperature AT protection limit
| (including all errors)

i ATp| = 61.6 (1.21582 - .009476 (Tavg - 582.2) + .00067119 (P-2235*%)
|

!To obtain the nominal setpoint, the following errors are subtracted. The nominal setpoint
| and the errors are given in percent of full-power AT

Maximum allowable AT at nominal pressure and RCS average temperature 121.58
Error allowance for calibration and instrument channel errors 9.57
| Allowing for the above errors, the nominal trip setpoint becomes 112.01
Difference between the above nominal trip setpoint and turbine runback setpoint 3.00
| Runback setpoint 109.01

The margin of 3 percent between the turbine runback setpoint and the trip setpoint ensures
a turbine runback before the AT trip setpoint is reached. With less than design fouling of the
| steam generator tubes, and a lower-than-design full-power Tavg' the lower Tavg would pro-

| vide additional margin between the overtemperature AT setpoints and the operating AT.

The nominal overtemperature AT setpoint equation Is

| ATgp = 61.6 (1.12015 - .009476 "'Tavg - 682.2) + .00067119 P-2235°)
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where:

For each point on the thermal core limit lines, the following information is known:
a. power as a fraction of the thermal design reactor power, (MWT);

b. reactor coolant system pressure, (psia);

¢. thermal design flow (GPM); and

d. core inlet temperature, T;,, (°F)

From the information above, the inlet enthalpy is known and the vessel average
enthalpy rise (and thus the exit enthaipy) can be calculated. From the exit enthalpy,
the exit temperature (T, ) is known. AT and ng for each point are therefore
computed by the simple equations:

- it - Tout * Tin
g 2

For the hot-leg boiling condition, AT and ng can be easily computed from the
saturated temperature corresponding to a given pressure, from the relation

AT

T ™ 7" T

sat g

The steam generator safety-valve line can be computed from the fundamental long-
mean-temperature-difference equation. The intersections of the core thermal limit
lines and the steam generator safety-valve line are determined by taking points on
the thermal-core-limit line for each pressure until the following equation is satisfied:

Q=UA .

=  power, btu/hr

= overall heat transfer coefficient obtained from known performance of the
steam generator at nominal 1"\,g and power.

=  hot-leg temperature of the reactor vessel (and steam generator inlet), °F.
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Tin = cold leg temperature of the reactor vessel (and steam generator outlet), °F

Tsv =  saturated temperature corresponding to 103 percent of the steam generator
shell design pressure (Safety-valve set pressure plus 3 percent accumulation).

A point on each core thermal limit line satisfies the condition where the steam gen-
erator safety valves open. These points then constitute a locus where the steam gen-
erator safety valves open, as illustrated in figure B-4.

The following paragraphs B-2 and B-3 explain how the overpower AT and overtemperature
AT protection limits can be determined from these core limits and the steam generator
safety-valve iine.

8-2. OVERPOWER AT SETPOINT CALCULATION

A thermal overpower limit to prevent fuel meiting is normally 118 percent of nominal power,
as discussed in section 3. The reactor is protected from exceeding this limit by the thermal
overpower trip. Westinghouse reactors operate at a constant volumetric coolant flow rate with
the result that the temperature rise through the reactor vessel (AT) is approximate'y propor-
tional to power. There is, however, a slight dependence on pressure and reactor inlet temoper-
ature due to the changes in the density and heat capacity of the water. This is compensated
for by a correction term in Tavg' The actual AT is continuously monitored and compared to a
trip setpoint.

The overpower AT protection limit equation is determined based on the intersection points

of the overpower limit, plotted as a function of Tavg for fixed pressures, and the DNB core
limits at corresponding pressures. The intersections are determined for various pressures ranging
from the low-pressure trip to the high-pressure trip. As illustrated in figure B-5, the AT at

the intersection point decreases as pressure increases. However, in consideration of the slight
pressure dependence, a simplified first step is to remove any pressure dependence from the
overpower AT limit equation. This could easily be effected by at least two approaches:

®  An equation defining a line which passes through the overpower — DNB core limit
intersections at the high- and low-pressure trips, or

®  An equation defining a constant AT which corresponds to the AT computed at the
overpower — DNB core limit intersection at the high-pressure trip.

Either method would prevent the overpower limit from being exceeded for all combinations
of temperature and pressure. In practice, a two-eouation concept was derived from the two
approaches above, based on the nominal value of ng, to maximize operating margin. The
setpoint is a constant AT if Tavg is less than the nominal value; it is a diminishing AT if
Tavg IS greater than nominal.

8-10



AT (oF)

AT (°F)

80

75

70

65

80

75

70

65

PN
\
r—.
——
P
s wm e (ORE THERMAL LIMITS 3\ Py
o | OCUS OF COMDITIONS WHERE
POWER = 1 I8 OF NOMINAL. FOR
THERMAL DESIGN FLOW
P o RCS PRESSURE, PSIA
Figure B-5.  Intersection of Thermal Core Limits and
Constant Power at 118% of Nominal
LOCUS OF POINTS®
:————
8
| OVERPOWER PROTECTION LIMIT
NOMINAL TAVG l
e |
] L | |
560 570 580 590 600

AVERAGE TEMPERATURE (°F)

Figure B-6. Locus of Points* for a) Power at 118% of Nominal and
b) DNBR = 1.3 at Full Thermal Design Flow

610

10.274-14



The overpower limit AT equat

| "O ~ y
Below nomiral avg

9 AT
Above nominal 1’3\1g LT e

Setpoint value of AT, “F
Indicated AT at nominal plant conditions, F
Measured average temperature, F

Nominal average temperature at rated power, F

Preset manually adjusted bias

A constant that compensates for the change in density, flow, and heat
capacity of water with change in temperature

Following is the procedure for determining the overpower protection system setpoints
B

The overpower limits are constructed in terms of AT and Tavg for each pressure

corresponding to the pressures represented by the DNB core limits (ranging from
the low-pressure trip to the high-pressure trip). AT for 118 percent of rated thermal
power (Mwt). at full thermal design reactor coolant flow, is computed as a function
of Tavg for each of the pressures, until an intersection with the DNB core limit
line at the corresponding pressure is obtained. For overpower conditions beyond the
intersection at each pressure (where Tavq is greater than the Tavq at the intersection
point for a given pressure), protection Is guaranteed by the the:mal overtemperature
trip. The loci of conditions at constant 118 percent of power are presented in
figure B-5

Figure B-6 illustrates the locus of the intersection points which defines a locus ©
points at 118 percent of power and a DNBR of 1.30. AT is computed from this
locus at nominal Tavg' as shown by point A of figure B-6

The AT at point A (AT ), which becomes the constant overpower AT protection
limit (.:TD|) for Tavq less than nominal, is written in terms of the indicated AT
)

at nominal plant conditions JL‘,TO




Hence, when the measured T is less than T the overpower AT protection
avg aVqnom

limit equation s

A
Ka =37
='e

For Tavg greater than nominal, the overpower AT protection limit is represented by
an equation which defines the line from point A to point B (refer to figure B-6)
where B is the intersection point of the overpower Iimit with the DNB core limit

at the high-pressure trip
AT 5 .‘_TB
T

The siope of this line is

avgps TavgB

The slope being always negative, a negative sign is preserved in the equation and the

slope is expressed in the absolute value. In terms of the AT, the equation becomes:

o’
AT 5

(T, | ¢ )
¢ 147, T avgg avgp

Defining Kg as follows

AT p - ATg 1

KG - -~
Tang Tdvge “TO

The overpower AT protection limit equation for 1 reater than T Is expressed as
g
avg ° a9nom

Ke (Tavg Tavgnom 'l

Checks are made to ensure that all points on the overpower locus between points A and B
are protected by this line. If not, step 3 is repeated with a new slope until protection

is ensured




These final equations represent the maximum allowable AT during operation. However, the
final AT setpoint (ATsp) Is determined by adjusting K4 based on appropriate allowances for
uncertainties and equipment and measurement errors. Final setpoint values for AT, and
T“gnom in the overpower AT equation are uetermined based on actual plant startup test
measurements.

B-3. OVERTEMPERATURE AT SETPOINT

The thermal overtemperature trip protects the core against DNB and hot-leg boiling for any
combination of power, pressure, and temperature. The overtemperature trip equation must be
determined such that the core thermal limits will not be violated. Ideally the trip equation
would be chosen to match the core limits at all temperatures, power levels, and pressures,
while making appropriate allowances for uncertainties and equipment and measurement errors.
However, to simplify protection system equipment requirements, the following equation was
chosen to conservatively represent the core limits:

AT = '“Tavg + ¢ Pressure + d

Following is the procedure for determining the constants in this equation.

1. The core limits as discussed in paragraphs 4-1 through 4-4 are converted into 3 AT
versus ng coordinate system as described in paragraph B-1. The region for which
overtemperature core protection must be provided is delimited by:

a. the overpower AT protection line as computed in paragrapn B-2
b. the steam generator safety-alve line as computed in paragraph B-1

¢. the core thermal (imit lines corresponding to the high- and low-pressure trips
as computed in paragraph B-1

Intersection points A, B, C and D as shown in figure B-7 provide the basis for
calculation of the overtemperature AT equation. These four points define the
intersections of:

Point A: the 118 percent overpower line and the core limit line corresponding to
the high-pressure trip

Point B: the 118 percent overpower line and the core limit line corresponding to
the low-pressure irip

Point C: the steam generator safety-valve line and the core limit line esponding
to the high-pressure trip

Point D: the steam generator safety-valve line and the core limit lin- «tiresponding
to the low-pressure trip
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where
ATD'

AT,

ng

¥9nom

The overtemperature AT protection limit equation, neglecting pressure, is a straight
line in A.T~Tavg coordinates. The equation is therefore:

T

8T = Ky - K2 (Tavg * Tavg, o)

When the pressure effect is included, the overtemperature equation is a plane in
three coordinates, AT - Twg - Pressure. The equation becomes:

AT = Ky - Ko (Toq - T )+ Kq (PP o)

V9nom
The slopes and constants for four differing overtemperature AT protection limit
equations can be determined from the four intersection points (A, 8, C and D)
by constructing:

a. A line parallel to AC which intercepts B;

b. A line parallel to AC which intercepts D;

c. A line parallel to BD which intercepts A; and

d. A line parallel to BD which intercepts C.

The constants, K,, sz and K3 for each of these equations can be determined by
solving three simultan2ous equations.

Each equation is tested for various pressures to ensure that all the core thermal
limits are covered. Generally, two of the equations are found to provide protection
over the entire range.

The final equation is selected based on maximum available operating margin. The
values of K,, Ky, and K4 determined above are divided by AT, and the
overtemperature AT nigtection limit is:

ATD. = AT, [K1 - Kg (Tavg . Ta"gnom) + Kq (P - Pnom)]

The AT protection limit, °F

Indicated AT at nominal plant conditions, °F

= Measured average temperature, °F

Nominal Ta\ at rated power, °F

B8-16



K4 =  Preset manually adjustable bias

Ko & Kq =  Preset manually adjustable gains
P =  Measured RCS pressure, psig
Prom = Nominal RCS pressure at rated power, psig

This equation represents the maximum allowable AT during operation. However, the final
AT setpoint (AT,D) is determined by adjusting K4, based on appropriate allowances for
uncertainties and equipment and measurement errors. The final setpoint value for AT in
the overtemperature AT equation is determined based on actual plant startup test
measurements. The variables T‘Vgnom and Pnom are fixed reference constants.
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APPENDIX C

DETERMINATION OF F(21) FUNCTIONS FOR
OVERPOWER AT AND OVERTEMPERATURE AT TRIPS

C-1. DETERMINATION OF OVERPOWER AT f(Al) FUNCTION

The AT trip reset function, f(Al), for the thermal overpower reactor trip is derived based on
the "FQ flyspeck” as discussed in paragraph 3-2. This flyspeck defines the peak Fn which is
conservatively expected to occur during Condition |l events, versus the core axial offset. For
plants with 17 x 17 and 16 x 16 fuel assembly cores, fuel melting may occur when the
power at any point in the core exceeds a local power limit of about 23 kw/ft. For plants
with 15 x 15 and 14 x 14 fuel assembly cores, the local power limit is somewhat lower.
This limit is also evaluated for every cycle of every plant, because of its slight dependence
upon the fuel cycle. The following procedure is used to determine the AT trip reset function
for the thermal overpower trip based on the Fn flyspeck. The procedure is illustrated

in figure C-1.
-
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Figure C-1.  Determination of Overpower AT f(4l) Function
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Shown on figure C-1b is the trip reset function derived from the above equation and the
reset function that would actually be incorporated into the thermal overpower trip circuitry.
Because the uncertainty allowance in measurement of Al is 3 percent, the deadband has
been reduced by 3 percent in Al on both the positive and negative sides, and the slopes of
the wings have been maintained.

c-2 DETERMINATION OF OVERTEMPERATURE AT f(Al) FUNCTION

The technigue for determining the AT trip reset function, f(Al), for the thermal overtemperature
trip function is described in the following paragraphs. Needed are: the core thermal limits from
paragraphs 4-1 through 4-4, core power distribution information (the axial offset envelopes)
from paragraphs 4-5 through 4-8, and the overtemperature and overpower AT protection

limit equations from appendix B. a.c
i -
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APPENDIX D
COUPLED CORE-SYSTEM EVALUATION MODEL DESCRIPTION

It was recognized at the outset of the study discussed in Section 5 that two design computer
codes already existed which together contained all the desired features discussed in paragraphs
51 through 5-5. These design codes are LOFTRAN,{” a lumped-parameter single-loop system
model used to study the transient response of a pressurized water reactor system, and
TWINKLE,:2j a multi-dimensional spatial neutron kinetics code patterned after steady state
codes presently used for reactor core design. A coupled core-system evaluation model was con-
veniently established by merely mating these two design tools in a compatible fashior. Here-
after, this evaluation model will be referred to as LOFTRAN/TWINKLE

D-1. LOFTRAN/TWINKLE MOCEL

A multi-loop system is simulated in LOFTRAN by a lumped-parameter single-loop model con-
taining the reactor vessel, hot and cold leg piping, steam generator (tube and shell sides) and
the pressurizer. The secondary side of the steam generator utilizes a homogeneous, saturated
mixture for the thermal transients and a water-level correlation for indication and control.
Reactor protection trip functions available in the code include reactor trips on neutron flux,
overpower AT and overtemperature AT, high and low pressure, low flow, and high pressurizer
level. Control systems also simulated include rod control, steam dump, feedwater control, and
pressurizer pressure control. The Safety Injection System, including the accumulators, is also
modeled. Although LOFTRAN includes core reactivity feedback effects in the form of a
point kinetics model, these calcualtions are obviously bypassed when LOFTRAN is linked to
the TWINKLE code. WCAP-7907 gives supporting documentation for the LOFTRAN code. ! 1]

TWINKLE, a spatial neutron kinetics code, utilizes an implicit finite-difference method to solve
the two-group transient neutron diffusion equations in one, two, and three dimensions.
TWINKLE uses six delayed-neutron groups and contains a detailed multiregion fuel-clad-coolant
heat-transfer model for calculating pointwise Doppler- and moderator-feedback effects. Aside
from basic nuclear cross-section data and thermal-hydraulic parameters, TWINKLE accepts as

1. Burnett, T W. T Meintyre, C J, end Burker, J. C LOFTRAN Code Description,” WCAP.7907, June, 1972
2 Risher, D. M Jr, and Barry R F TWINKLE A Myulti-Dimensional Neutron K
WCAP 8028-A, Janusry. 1975

netics Computer Code




input basic driving functions such as inlet temperature, pressure, flow, boron concentration,
control-rod motion, and others. WCAP 8028-A further describes the TWINKLE computer
prognm.[”

For this study, the LOFTRAN/TWINKLE coupled coresystem model was developed to com-
pute the normalized core average heat-flux profile in one-dimensional axial geometry. This
model geometry is identical to the geometry used in the static nuclear calculations discussed
in paragraphs 5-7 through 59. Consequently, the data transfer of core average axial burnup
and xenon distributions was straightforward. The use of the normalized core average axial
heat flux profile to construct the hot-rod power shape and the caiculation of the core
minimum DNB ratio will be discussed later in this section.

’.- - a.c

b

-

D-2. MODEL VERIFICATION

Calculations were performed to verify that combining the LOFTRAN and TWINKLE pro-
grams into a coupled core-system model did not alter the results that would be obtained
from the two reference programs executed in an independent fashion. Two differing
Condition |1 events were run with the LOFTRAN/TWINKLE model:

® An Uncontrolled Rod Cluster Control Assembly Bank Withdrawal at Power, and

®  An Excessive Load Increase Event.
ac

1. Rsher, D M Jr, and Barry, R F "TWINKLE -~ A Multi-Oimensionai Neutron Kinetics Computer Code,”’
WCAP 8028-A, January, 1978
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Figure D-1

Coupled Core-System Evaluation Model
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]3€ |n every comparison between the

LOFTRAN/TWINKLE model and the reference programs, the agreement was excellent

D-3. DNGR CALCULATION

The results of the LOFTRAN/TWINKLE model are used to evaluate the minimum DNB
ratio in the core during anticipated transients (Condition |l events). These DNB ratios can
then be used to illustrate the adequacy of standard methods used in the determination of
the overtemperature AT core-protection trip setpoints. The remainder of this section describes
the methods for evaluating the core minimum DNB ratio by corsidering the -oupled core

system model response during DNB-related Cundition || events,

o
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ac

Figure D-2.

Coupled Core-System DNBR Evaluation
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TABLE D1

COUPLED CORE-SYSTEM EVALUATION MODEL
HOT ROD POWER SHAPES AND DNB RATIOS
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- J
D-4. TYPICAL COUPLED CORE-SYSTEM TRANSIENT RESULTS

Typical LOFTRAN/TWINKLE transient results are illustrated in figures D-4 through D-11.
The results presented in these figures are very similar to those same transient results found
in current Safety Analysis Reports. Any differences in transient core power level, pressure,
and average temperature can be attributad to the coupling of core and system calculation
models. By design, LOFTRAN/TWINKLE also provides additional information about the
transient core power distribution. This is best illustrated by changes in the axial peaking
factor (Fz) and axial offset during the transient. These coupled core-system model results,
although analyzed with conservative assumptions, provide a more realistic evaluation of NSSS
responses during DNB-related Condition |l events.

Figures D-4 through D-7 illustrate the resuits for a typical end-of-life rod withdrawal
transient. This heatup even-, initiated from an initial power level of 52 percent, shows the
expected increases in reactor coolant system pressure, core power level, core inlet temperature,
and core average temperature due to the primary-secondary power mismatch. Also expected
for this event is the shifting of the core power distribution towards the top of the reactor
core (positive axial offset) as the control rods are withdrawn. This power distribution shift

is further influenced hy the non-uniform axial burnup distribution which is present in the
core at end of life. ac
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Figure D-5. Typical Coupled Core-System Transient Results (2 of 8)
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Figure D-6. Typical Coupled Core-System Transient Results (3 of 8)
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Figure D-7.

Typical Coupled Core-System Transient Results (4 of 8)
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Figure D-8. Typical Coupled Core-System Transient Resuits (5 of 8)
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Typical Coupled Core-System Transient Results (6 of 8)
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Figure D-10 Typical Coupled Core-System Transient Results (7 of 8)




Figure D-11.

Typical Coupled Core-System Transient Results (8 of 8)
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The results presented in figures D-8 through D-11 are for a typical cooldown transienrt.
The simulation of an end-of-life turbine contrcl valve malfunction with automatic rod
contro! is illustrated in these figures. The initial decreases in reactor coolant system pres-
sure, core inlet temperature, and core average temperature are typicil for this event. Like-
wise, a sudden increase in core power level is also observed due to moderator feedback

effects. |

] a,.c
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