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1. Summary of Report

This report presents the results of a generic analysis of the control

A. rod ejection.accident using Exxon Nuclear Company (ENC) analytical

models, including the two dimensional XTRAN computer code. XTRAN solves

the space and time dependent neutron diffusion equation in r-z geometry

with fuel temperature and moderator density reactivity feedbacks,

although for the rod ejection analyses, the moderator feedbacks are set

to zero.

:J The analysis is performed by parameterizing the (1) reactivity worth of

the ejected control rod, (2) power peaking factor, (3) Doppler reactivity

coefficients, and (4).delayed neutron fraction. A set of curves is
developed based on combinations of these significant safety parameters

which allow a.determination of the peak deposited enthalpy for a specific

a :I set of reload design parameters. Transients which begin from both hot

full power (HFP) and hot zero power (HZP) conditions are presented. A

model to compute the pressure rise due to a control rod ejection transient

is also presented.
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A sample illustration of the application of the parametric results is

shown. Given an initial set of core conditions such as initial fuel

enthalpy, ejected control rod worth, Doppler coefficient, power peaking

factor, and delayed neutron fraction, the peak deposited enthalpy is i.J

determined using the parametric results of this report. These parametric

curves can, therefore, be used to evaluate the peak enthalpy deposited.
during a control rod ejection accident for each reload core by recalculating

the above mentioned key neutronics parameters. F

2. Summary of Review

The staff has reviewed the analytical procedures described in the
subject report. In. particular, the use of the XTRAN computer code is an

acceptable method for analyzing the ejected rod accident. The neutronics

model and. the thermal hydraulics model have been reviewed previously and

have been found to be acceptable for the calculation of core power, fuel 9

temperature, and fuel enthalpy during the course of.a rapid reactivity
transient (Ref. 1).. -

The reactivity worth of the ejected.rod, the power peaking.factor, the

Doppler coefficient, and the delayed neutron fraction are sufficient to U
parameterize the rod ejection accident. The analytical methods used by
ENC to calculate these safety parameters have also been reviewed previously

and have been found to be acceptable (Refs. 2, 3, and 4). Other physics

and kinetics parameters Used in the analysis of a rod ejection accident .

were investigated. These included prompt neutron lifetime, ejected rod
velocity, reactor trip delay time, and initial fuel enthalpy. The
resulting deposited enthalpy from a rod ejection transient was found to

be relatively insensitive to variations in these other parameters within
the range of interest. The staff has verified this by comparing parametric I
studies performed by other PWR vendors.

aI
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*The scram reactivity worth used in the analyses was 2.62% Ap at hot full

" power and 3.48% Ap at hot zero power. These values are conservative

when compared to nominal scram worths available in PWR reload cores.

Also, since the peak enthalpy occurs during the initial portion of the

scram reactivity insertion, the net energy rise is relatively insensitive

to the shutdown reactivity worth for both.full power and zero.power.

initial conditions. The use of these constant scram worths is, there-

fore, acceptable.

Since the transient analyses were performed with no heat transfer- from

the fuel, the sensitivity.studies did not include variations in heat

transfer coefficient or coolant temperature, pressure, and flow.

. Increasing fuel temperature by neglecting heat transfer may over esti-

mate the Doppler feedback and lead to a nonconservative estimate of the

net energy rise in the fuel. However, the staff feels that since the

power excursion due to an ejected rod is so rapid, the initial transient

turnaround due to the Doppler effect occurs before any appreciableheat

would have been transferred out of the fuel even under more realistic;

conditions.

Because of the adiabatic analysis, the moderator feedback was. also taken

as zero. Since some of the pressurized water reactors for which ENC

supplies fuel allow operation with a positive moderator coefficient, it

is not immediately obvious that the adiabatic assumption is conservative

for those cores.. Therefore, ENC compared the effects of an adiabatic

rod ejection calculation with an analysis which included heat conduction

and a positive moderator temperature coefficient *(Ref..5). The comparison

showed that the effect of heat conduction lowers the peak deposited

enthalpy enough to balance the effects of increased power due to positive
moderator feedback. The adiabatic treatment used by ENC predicted a

higher deposited enthalpy than did the case where heat transfer and

moderator feedback were included. The staff, therefore, agrees that

S'neglecting heat transfer from the fuel results in a conservative estimate

•.1 of the enthalpy deposited in the fuel during a rod ejection transient

and is acceptable from an enthalpy viewpoint.
-I



JI.

-4-

Appendix A, Item 14 of Regulatory Guide 1.77 (Ref. 6) recommends that a

minimum DNBR of 1.3 should be used for predicting clad failure. Other

DNB correlations may be used if they are adequately justified by analytical

methods and supported by sufficient experimental data. The method used

by ENC to estimate the total number of fuel rods that suffer clad damage

during a rod ejection accident is not addressed and will be assumed to

be beyond the scope of this report. The percentage of fuel that experiences-

clad damage, used to determine the source term for radiological calculations, 4

will be investigated, therefore, on a.case-by-case basis.

Regulatory Guide 1.77 also requires a coolant pressure surge calculation Li

due to the deposition of the energy produced during the transieft into

the coolant. Obviously, the adiabatic approach is nonconservative from

this viewpoint. A calculational model to compute the pressure rise is

included in the ENC rod ejection analyses. For conservatism, the

assumption is made that the energy produced by the transient is immediately

transferred to the coolant. It is fuither assumed that there is. no

mixing between water in the pressurizer at the start of the transient

and water entering the pressurizer from the loops, there is.no heat

removal from the steam generators, and there is complete mixing in the
reactor primary system.. The staff feels that the.overpressurization

calculations areadequately conservative and are acceptable. ".

3. Evaluation Procedure

The staff has reviewed the report within the guidelines provided by

Sections 4.3 and 15.4.8 of the Standard Review Plan (NUREG 75/087) and

by Regulatory Guide 1.77. Part of the review was based on our familiarity

with and comparison of similar analyses for control rod ejection transients

provided in topical reports by other PWR vendors and fuel suppliers.

... •.• V
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4. Regulatory Position

.1 The subject report provides an acceptable method for analyzing the

enthalpy deposited in the fuel and the coolant pressure rise during a

ssi control rod ejection accident. The report, however, does not .discuss

the calculation of DNB which is generally used to determine the number

of fuel rods which experience.clad failure. Therefore, the deteimination

of clad failure should be performed on a case-by.-case basis. The report may

be referenced in licensing actions for ENC reload cores in PWRs.

31
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- 1.0 INTRODUCTION

Exxon Nuclear Company (ENC) has performed a generic control rod

ejection accident analysis for thermal pressurized water reactors (PWR's).

The control rod ejection accident was simulated for a reload type reactor

core. The ejected control rod accident can be parameterized by the following

variables: 1) reactivity.worth of ejected control rod, 2) power peaking

factor, 3)reactivity coefficients and 4) delayed neutron fraction, seff.

With these variables defined, the core size, bank worth, etc., are not

* significant. Therefore, the ejected rod analysis presented here will be

*- applicable to all future ENC reloads for PWR type reactors.

1.1 DESCRIPTION OF ACCIDENT

A control rod ejection accident is defined as the mechanical

. failure of a control rod mechanical pressure housing such that the coolant

system pressure would eject a rodded control assembly (RCA) and drive shaft
.I•

to a fully withdrawnposition. The consequences of this mechanical failure

" is a rapid reactivity insertion together with an adverse core power distri-

bution, possibly leading to localized fuel rod damage.

. The rod ejection accident is the most rapid reactivity insertion that

can be reasonably postulated. The resultant core thermal power excursion

is limited primarily by the Doppler reactivity effect of the increased fuel

temperatures and is terminated by reactor trip of all remaining control rods,

activated by neutron flux signals.

.1 1.2 DESIGN AND LIMITING CRITERIA

Although therod ejection accident is not expected to occur, design

and limiting criteria are applied to insure that the power reactor system is
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sufficiently protected against this accident. These design and limiting

criteria are:

1. The average fuel pellet enthalpy at the hot spot will be

equal to or less than 280 cal/gm.

2. The peak reactor pressure during any portion of the ,

transient will be less than the value that will cause

stresses .to exceed the emergency condition stress limits

as'defined in Section III of the ASME boiler and pres-

sure vessel code.

3. Fuel melting will be limited to keep the off-site dose

consequences well within the guidelines of 10 CFR Part 100,

"Reactor Site Criteria". .

These limiting criteria are taken from the NRC Regulatory Guide 1.77

"Assumptions used for evaluating a control rod ejection accident for pressurized

water reactors".

1.3 OBJECTIVE

The objective of this study is to develop a parameteric set of

curves, based on the criteria of Section 1.2, which quantify the consequences

of the control rodlejection accident for combinations of significant parameters.

As the detailed cycle designs are completed for reactors reloaded

by Exxon Nuclear Company,.an analysis will be performed to demonstrate that

the reactor system control rOd ejection parameters limit the accident within

the specified safety criteria of this generic report.

LI
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2.0 SUMMARY

2.1 SUMMARY AND CONCLUSIONS

This control rod ejection accident is a result of the assumed

failure of a control rod mechanism pressure housing which ejects the control

rod from the core. It is considered that this accident will not occur due

to the low probability of a control rod housing failure..

The limiting criteria, given in Section 1.2, ensure that no long

term reactor core cooling problems exist or that the radioactivity release

limits according to 10 CFR 100, in the event the accident does occur, are

not exceeded. The objective of this. work is to demonstrate how the limiting

criteria relate to the important neutronic design parameters to ensure the

safety of the neutronic design of the reactor core.

A transient, two dimensional (R - Z geometry) computer model with

fuel temperature feedback is utilized in this analysis. The model simulates

.. the reactivity insertion caused by a control rod being ejected from the

reactor core followed by the subsequent shutdown due to Doppler feedback

and the scram bank entering the core. Prior to the start of the accident,

the core initial conditions are set at a near critical state. The transient

model computes the consequences for the accident in terms of the resultant

" peak energy (and temperature) deposition in the fuel. More details on the

method are given in Section 3.0.

The result of this generic rod ejection analysis is presented as

a set of curves for both hot full power (HFP) and hot zero power (HZP) conditions

which allow a determination of the peak deposited enthalpy for the specific
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reload design parameters. This calculation will determine -f the plant will

meet design and limiting criteria given in Section 1.2. No attempt was

made to determine the limiting value of each parameter. Rather the analysis

as performed here, was to bound the parameters which impact on the rod

ejection accident. Essentially the important parameters are: 1) reactivity

worth of the ejected rod, 2) power peaking, 3) reactivity coefficients, and

4) delayed neutron fraction eff. Some.other parameters and their effects

are discussed in Section 4.0. Based on the current analysis the ejected rod

accident is seen never to exceed the criteria set forth in Section 1.2 for

expected values of the parameters affecting the rod ejection accident.
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3.0 METHOD OF ANALYSIS

The limiting consequence due. to a control rod ejection accident is

calculated in terms of peak energy deposition in the fuel. Guideline

values of stored energy content.are set out. by the NRC in Reference 1.

Thus the objective of the control rod ejection analysis is to determine

if any fuel will exceed these guideline values during the unlikely

occurrence that a control rod is ejected.

The analysis and its, results are applicable to all ENC PWR reload

reactor.cores since all important fuel assembly and core neutronic parameters

used as input to the calculations were selected to envelope all current reload

designs for which ENC. has reload contracts. The sensitivity analysis dis-

cussed in Secticn 4.0 is to ensure-.this objective is met.

The general reactor core conditions assumed for this analysis are:

A - Hot full power

B - Hot zero power

Only the two power levels were calculated in this analysis. By analyzing

hot full power and hot zero power conditions, the core parameters affecting

the control rod ejection accident are bounded. Hence, the operation at other

power levels between HFP and HZP will meet the criteria since that power

level lies between the values already analyzed.

Beginning of cycle and end of cycle conditions are accounted for by the

- " * range of delayed neutron fractions utilized in the study.

The accident transient was assumed to last for.five seconds, whereas

the ejected control rod is completely out of the core in %O.l seconds. All

I .I
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of the calculations herein reported have used a transient time of five seconds.

The scram bank worth used in the model .for hot full power is 2.62% Ap and

3.48% Ap at hot zero power. Both of these values are conservative when

compared to the nominal scram bank worth available in PWR reload cores.

3.1 EJECTED ROD TRANSIENT COMPUTER MODEL

The XTRAN computer code (Reference 2) is utilized for the ejected

rod accident analysis. The XTRAN code, specifically developed to analyze

the ejected rod accident, is a two-dimensional (r - z cylindrical geometry)

computer program which solves the space and time dependent neutron diffusion

equation with fuel temperature and moderator density reactivity feedbacks.

XTRAN employs a nodal method based directly on a one energy group finite

difference technique for the solution of the time dependent neutron diffusion

equation. The one-group macroscopic cross sections used in the iterative

flux solution are collapsed from macroscopic two-group values modified at

each time step by reactivity feedbacks..

The space and time dependent neutronic model incorporated in

XTRAN is capable of computing a rapid reactor transient initiated by the

reactivity insertion due to a control rod being removed from the core.

Since the model utilizes two-dimensional (r-z) geometry, the code can

calculate the rapidly changing flux distribution as a control rod travels

out of the reactor core and the scram rod bank subsequently enters the

reactor core.

XTRAN initially determines the static flux and power distribution

corresponding to the problem input. This steady-state calculation includes
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heat transfer and determines the. temperature distribution in the fuel rod

and the peak center line temperature. The heat transfer coefficients are

. :then set to zero for an adiabatic transient calculation and the initial time

step for the transient analysis is 0.0001 seconds. The code then automati-

cally determines the time step interval based on the number of iterations

n necessary to achieve convergence. This method permits small time steps

during periods of slow change. Therefore, the code efficiently solves the

transient problems without the user.choosing time. step sizes.

Six groups of delayed neutron precursors are employed in this

transient analysis. The decay constants and delayed neutron fractions

utilized in the generic rod ejection analysis are typical of.those calculated

during normal PWR.reload design efforts.

moel, XTRAN has been evaluated and the results compared to other transient

model~s, and has shown good agreement. Details of these comparisons are given

* in Reference 2.

3.2 REACTIVITY FEEDBACK TREATMENT.

The XTRAN code has the ability to model both moderator and Doppler

feedback effects. In this study, the moderator feedbacks are conservatively

set equal to zero and the transient performed adiabatically. Due to the

rapid power excerions, typical of the control rod ejection transient, the

scarm banks are tripped and enter the core before signficant perturbations

occur in the moderator temperature. Therefore. all the analysis completed in

this report have no moderator feedbacks included.
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Although the XTRAN model is two-dimensional, (r-z geometry) there

is a radial and axial component to its calculation. Due to this type of

calculation no special weighting is performed for the Doppler feedbacks. The

Doppler feedback is modelled by inputting the change in the macroscopic cross

sections due to the change in fuel temperature. The effect of a change in

fuel temperature upon the cross sections is modelled in terms of the square

root of the two temperatures, where one is the reference fuel temperature

of the cross sections. The modelling of the Doppler effect in this manner

shows that for a change in temperature, the change in the cross section is

constant.

I

,I
I
I
I
1I
I

3.3 PEAKING FACTORS AND FUEL TEMPERATURE TREATMENT

The XTRAN model calculates the peaking factors at each node where

a node is defined by the radial and axial mesh spacing of the geometry. This

allows the simulation of the power peaking in the reactor core.

The power peaking factors parameterized in this analysis are calculated

by XTRAN at the time when the ejected control rod has just moved out of the core.

This transient peaking factor reflects some amount of Doppler feedback in

its calculation. The neutronic calculation of the ejected rod parameters for

a reload core is performed statically, that is, with no pointwise feedbacks.

Hence, the neutronic design calculation will yield a conserative evaluation

of the power peaking.

The fuel temperature is calculated for each radial mesh interval

as if there were a single fuel rod in that radial location. The fuel rod

is divided into eight equal volume nodes plus one cladding node. The axial
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j direction is explicitly defined. Temperatures are calculated for each of
the nine fuel rod nodes at each time interval based on the specific heat

I data for UO2 of R. A. Hein and P. N. Flogell (Reference 3). The modelling

details of this procedure are also described in Reference 2.

I
I
I
i
I
I
I
I

I
I,
I
i
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4.0 SELECTION OF PARAMETERS AND SENSITIVITY ANALYSIS

4".1 SELECTION OF PARAMETERS

Exxon Nuclear Company (ENC) has. been contracted to reload a variety

of pressurized water reactors. This generic rod ejection analysis report

should cover all these reactor types. After reviewing the reactor types

for which ENC has responsibility, D. C. Cook Unit I was chosen as the. repre-

sentative plant. This plant has a high power density (about 100 kw/ft).

All parameters input in the analysis are typical D. C. Cook values. The

parametric analysis then extends these D. C. Cook typical values to cover

the range of values the parameters may have for other specific plants.

Uncertainties were not explicity applied to any of the values in

the ejected control rod..analysis. The neutronic parameter conservatism

is accounted for in uncertainties applied to the peaking factors and ejected

rod worths as the design calculations are completed for each specific plant.

Also for this ejected rod analysis, the thermal heat transfer parameter

uncertainties are not vital since the calculations were completed with no

, *heat transfer from the fuel. This procedure is conservative With respect

to the calculation of the deposited enthalpy in the core.

4.2 SENSITIVITY ANALYSIS

This section describes the results of varying the important

parameters to show their sensitivity as well as enable the future fuel

management schemes for ENC plants to be covered by this analysis. This

sensitivity study comprehensively parameterizes all the important parameters

to the ejected rod analysis.
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71

4.2.1 Doppler Reactivity Feedback

The Doppler feedback effect on the control rod ejection -.'.

accident is shown in Figures 4.1 and 4.2 for hot full power and hot zero

power, respectively. The Doppler feedback has a larger effect at HZP than .

HFP. The Doppler reactivity coefficients used in the calculations are covered

by the range of .8 to 1.35 pcm/°F which is conservative with respect to

nominal design values of about 1.7 pcm/°F.

The Doppler feedback is more effective at hot zero power

temperatures since the fuel will rise in temperature more for a given enthalpy 9
increase than at hot full power temperatures. This can be observed from the

heat capacity curve for U02 which in the hot zero power range of temperatures I
is relatively flat. For the full power temperature range (hot spot is >25000F)

the heat capacity is initially larger than at HZP and rises rapidly with

increasing temperature so the temperature change is smaller for a given

enthalpy increase.

4.2.2 Moderator Temperature Feedback dl

No parameteric analysis was performed, since all of the

calculations excluded moderator feedback.

4.2.3 Reactivity Worth of Ejected Control Rod

Figures 4.3 and 4.4 show the variation of thedeposited

enthalpy with the ejected rod worth for HFP and HZP conditions, respectively.

As expected the magnitude of the accident increases with increasing rod worth.

The reactivity worth of the ejected rod at HFP is smaller than at HZP due

to the constraints imposed on the plant by the control rod insertion limits.
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4.2.4 Power Peaking Factors

Also presented in Figures 4.3 and 4.4 are the effects of

power peaking factors on deposited enthalpy for HFP and HZP, respectively.

The magnitude of the accident increases with increasing peaking factors.

As seen in the HZP case, there is an ejected rod worth below which the

peaking factor has no effect on the accident. This is due to the fact that

the lower rod worth reactivity insertion does not initiate a high power

transient.

4.2.5 Delayed Neutron Fraction

The effective delayed neutron fraction, aeff, effect on

deposited enthalpy (and hence fuel center line temperature) is shown in Figures

4.5 and 4.6 for HFP and HZP, respectively. The HFP transients are less

sensitive to .eff since a smaller delayed neutron fraction results in a

faster power reduction after the trip. Since a larger percentage of the

energy deposition occurs after the trip for transients at HFP than at HZP a

larger benefit 'is realized for the faster.power reduction at HFP. This

benefit partially compensates for the larger reactivity insertion, expressed

in dollars, and results in a reduced sensitivity to seff at HFP.

.i Of all the parameters effecting the rod ejection accident

only the moderator temperature coefficient (MTC), exposure distribution and

the delayed neutron fraction significantly change from beginning of cycle

to end of cycle. Since the analysis described herein has set the MTC equal

to zero, and no credit has been taken for the flattening effect of the EOC

Is. exposure distribution on the core power distribution, only the aeff changes

:1 c
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from BOC and EOC. Therefore, this subsection describing the effect of

changing aeff on the rod ejection accident, also accounts for changes due

to cycle burnup based upon the above assumption.

4.2.6 Mean Promp Neutron Lifetime 1*

The deposited enthalpy was found to be independent of

g* in the 10 to 15 p/sec range.

4.2.7 Ejected Control Rod Velocity

The deposited enthalpy was found to be independent of

the time for the ejected rod to leave the core. For a 20% increase to

the ejected rod velocity (increase the reactivity insertion rate) there

was no change in the deposited enthalpy.

•4.2.8 Reactor Trip Delay Time

The deposited enthalpy was found to be independent of

the reactor trip delay time in the .5 to .6 second range.

4.2.9 Heat Transfer Coefficients

No sensitivity studies were completed here since the

transient analysis was performed with no heat transfer from the fuel.

4.2.10 Initial Fuel Enthalpy

The transient incremental deposited enthalpy was found to be

insensitive to the initial fuel enthalpy at HFP and HZP. Therefore, any changes

in the initial fuel enthalpy due to power redistribution or heat conduction

parameters during the steady state can be applied as a bias to the total depos-

ited enthalpy. The initial peak fuel enthalpies in the rod ejection region for

this study at HFP and HZP were 40.8 and 16.7 cal/gm, respectively.

J

A
~. 4'
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5.0 RESULTS

5.1 POWER LEVEL AND FUEL TEMPERATURE TRANSIENT RESULTS

Although the results of the calculations to determine the deposited

enthalpy for the rod ejection accident are described in Section 4.0, no dis-

cussion has been made of the power level and fuel temperature transients.

The nuclear power transient calculation with no thermal heat transfer

from the fuel was calculated with XTRAN. Figure .5.1 shows the nuclear power

transient for rod worths of .58% Ap and .31% Ap at hot full power for the

first 4.0 seconds of the ejected rod accident. The Doppler coefficient is

-1.065 pcm/°F and. 8eff is .0061. Figure 5.2 shows the nuclear power transient
for the BOC case (5ff = .0061) and the EOC case (aeff = 0050) for the .58% Ap

'f ef •0' fo th 50/'A

transient.

Figure 5.3 shows the nuclear power transient for the hot zero power case

at rod worths of 1.191% Ap and .890% Ap. The peaking factor here is 5.65, the

Doppler coefficient is -1.027 pcm/ 0 F,.and aeff = .0061. Figure 5.4 shows the

BOC (8eff = .0061)and EOC (Beff = .0050) nuclear transient for the Ap insertion

* of .89%. For these cases the peaking factor is. 12.80.

From the same calculations as discussed above, Figures 5.5., 5.6, and

5.7 show the peak fuel temperatures and the average fuel temperatures for the

hot full power cases. The hot zero power fuel temperature transients corres-

ponding to Figures 5.3 and 5.4 are shown in Figures 5.8 through 5.11. These

.*,XTRAN results are from the same calculations which generated the nuclear power

transient data. Notice that for the cases shown the fuel temperature is always

below 44000F. The peak fuel temperature in the cases shown, was 43330 F
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corresponding to the case with Ap = .58%, Oeff .0050 and a peaking factor

of 5.65. This is only 69OF higher than the identical case with neff equal

to .0061.

7~

X4
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6.0 OVERPRESSURIZATION ASSOCIATED WITH ROD EJECTION ACCIDENT

6.1 INTRODUCTION

Following the unlikely occurrence of.the ejection of a control

rod, an increase in reactor system pressure results due to the deposition

of the energy produced during the transient .into the coolant. In order to

insure that the reactor system is sufficiently protected against excessive

overpressurization, a limiting criterion has been established and defined

in Section 1.

A model to compute this pressure rise has been developed and is

explained in detail in the following sections. The model was applied to

the example rod ejection transient which reasonably envelopes the antici-

pated overpressurization. For this example, the model indicates that the
F.

maximum pressure anticipated is well below the allowable maximum transient

pressure limit. Thus, adherence to the overpressurization criterion is met.

6.2 DESCRIPTION OF MODEL

The objective of the model is to calculate the pressure increase

due to the-abrupt increase in reactor power following a rod ejection. The

.* model.is based on six major assumptions as discussed below:

.(I) Energy is immediately transferred to the coolant. The energy

.iproduced by the rod ejection is.produced in the fuel rods. Thus, there is

" a delay time due to the thermal resistance of the fuel and gap and the heat

capacity of the fuel before the heat is released to the coolant. However,

this delay time is conservatively ignored, producing a larger energy release

to the coolant than exists during the accident..
in.q
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*(2) Single phase water is incompressible. The water in the

loops and reactor vessel is treated as incompressible. This assumption

is conservative since accounting for the compressibility of the water

the pressure surge would be reduced by about five percent..

(3) No mixing between water in the pressurizer at the start

of the transient and water entering the pressurizer from the loops. Since

the water in the loop is cooler than the pressurizer water, if mixing

were allowed, additional steam condensation would occur thus reducing

and/or eliminating the pressure surge altogether.

(4) No heat removal from the steam generators. Since heat

removal from the steam generators would lower the average temperature

during the transient, the thermal expansion of the coolant would be lower,

reducing the pressure surge. This assumption thus maximizes the magnitude

of the calculated pressure surge.

(5) Thermodynamic equilibrium in the pressurizer. This assump-

tion allows for immediate condensation of the steam in the pressurizer.

(6) Complete mixing in the reactor primary system. This assumes

an equal temperature rise in all parts of the reactor primary system.

With these assumptions the calculation proceeds.. as follows for

the pressure increase associated with the rod ejection. The total energy

increase is computed as:

I]

T.

AE f p(t)dt

t
.0

(1)

d

U
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where, p(T) is the calculated time dependent reactor power level

over the calculated time transient time T - to.

p(T) is calculated using the neutronics model described in this document.

The reactor primary system internal energy associated with Eq.

(1) is then defined as:

• : ",i

T :

U 1 U + M
1 M (2)

II

where, U1 is the initial primary system internal energy

M is the primary coolant total mass.

From the steam tables the specific volume of the primary coolant at the

end of the transient is determined and'the increase in primary coolant

volume is determined as:

. A = (V1* -;V,) N (3)

where, Vi and Vl. are the primary coolant specific volume before and

after the transient.

Knowing the change in volume (AV) an isentropic compression of

the fluid in the pressurizer is calculated, that is

V2 .: V2 - AV (4)

and

S2 = S2 (5)
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M = M (6)

Combining Equations 3 and 5 results in

* v = Av V = (7)

2 2

Equations 5 and 7 uniquely determine the. thermodynamic state of the water

in the pressurizer and, thus, the pressurizer pressure at the end of the

transient.

The above method results in a conservative estimate of the pres-

sure surge associated with the rod ejection transient. An alternative

approach, which would result in a more reasonable pressure surge estimate,

is to model the entire reactor system using the calculated P(T) as .a driv-

ing function. The alternate approach would use a plant transient simulation

model consistent with that used in determining theeffects of anticipated

reactor transients on thermal margins.

It is recommended that the model described herein be used to

conservatively estimate the pressure surge associated with the rod ejection

transient. However, the use of the alternate approach is allowed if the

estimate, as defined above, is overly conservative. The alternate approach

will be used only on a case-by-case basis.

6.3 EXAMPLE CALCULATION

An example calculation of the pressure surge associated with the

rod ejection transient was selected from the results used in determining

the parametric curves as shown in Section 4. The neutronics parameters
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for the example calculations are shown:in Table 6.1, along with the total

energy released during the transient. This transient was selected as

being representative of the rod ejection transients for the ENC reload

fuel. The values of P(T) throughout the transient were determined from

the appropriate XTRAN computer output and numerically integrated to obtain

AE.

Using the total energy deposition as appears in Table 6.1, one

o obtains the new pressurizer specific volume (v* as equal to 0.04626
2t/b

ft3/lb. On the basis of an isentropic process, one obtains the new pres-

:surizer pressure (P2 ) in the example case-as a function of v 2 . This

appears in Figure 6.1. Using Figure 6.1, one can estimate the peak pres-

surizer pressure as no greater than 2400 psia. This value is well below

the allowable peak transient pressure of 2720 psia for the reactor vessel

and pressurizer, presenting no impact upon existing plant technical speci-

fications..
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Table 6.1 Example Overpressurization Calculation

Parameter

Delayed neutron fraction, Seff

Control rod worth, %

Peaking factor

Doppler coefficient, pcm/°F

Initial power level, MW

Total energy released, MW-sec

Peak reactor pressure, psia

Maximum allowable pressure, psia

Value

0.00606

1.191

5.79

-1.027

1.0

8.342 x 10 MW-sec

2400

2720
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7.0 APPLICATION OF GENERIC ANALYSIS

7.1 NEUTRONIC DESIGN PARAMETERS

The key.neutronics parameters used for the actual control rod

ejection accident evaluation are to be calculated for each cycle using PWR

Neutronics methods consistent with ENC's methodology, which has been reviewed

and accepted by the NRC.

The most severe control rod to be ejected is normally the maximum

worth rod at hot full power and hot zero power conditions at any point in

the cycle. The ejected rod worths and hot pellet peaking.factors, before and

after the ejection of the rod, are calculated with no pointwise feedbacks.

Thus, no credit is taken for the power flattening effects of Doppler or mod-

erator feedback in the calculation. The.maximum rod worth and peaking factor,

* after ejection, are then applied.to the parametric curves presented in Section

,.4.0 to determine the base deposited enthalpy for the accident. This base

energy deposition is then corrected to account for differences in the Doppler

coefficient, delayed neutron fraction, a, and initial conditions between the

p Plant specific values and the generic rod ejection accident.

The Doppler reactivity coefficients as presented in Figures 4.1 and

* 4.2 are the differenctial coefficients evaluated for uncontrolled assemblies.

In the reference transient analysis, the XTRAN model spatially treats the

controlled and uncontrolled nodes with appropriate Doppler coefficient. How-

*. ever, to facilitate application of the.parametric results for plants, only the

uncontrolled Doppler coefficient needs to be calculated in order to be consis-

tent with the reference control rod ejection analysis..
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The delayed neutron fraction, s, is to be evaluated at the appro-

priate core exposure for each plant and cycle. As defined here, is deter-

mined by an importance weighted homogeneous core calculation of the effective

delayed neutron fraction. For fuel designs with similar enrichments, a, is,

primarily exposure dependent.

If the rod ejection accident is to be evaluated at a different set

of initial conditions than the generic report, a steady-state XTRAN calcula-

tion-must be made. This calculation will provide a bias in the initial fuel j
enthalpies between the specific operation conditions and the generic report.

Since the transient is performed adiabatically this bias can be applied •i

directly to the parametric calculation as illustrated in the next subsection.

7.2 APPLICATION OF THE PARAMETRIC RESULTS

As a sample illustration, the peak deposited enthalpy resulting

from a set of hypothetical conditions is determined using the parametric

results presented in Section 4.0. The HZP conditions prescribed for this

sample case are as follows:

Initial fuel enthalpy (cal/gm) 21.7

Maximum control rod worth (%Ap) 1.00

Doppler coefficient (pcmn/F) - 1.00

Power peaking factor 6.00

Delayed neutron fraction, a .0058

Using Figure 4.3, the peak deposited enthalpy is determined to be I
92.0 cal/gm for the 1.00% up rod worth with a 6.00 power peaking factor.

The difference in initial fuel enthalpy is determined as 5 cal/gm from Sec-

tions 4.2.10. This bias is summed to'the 92.0 cal/gm to yield 97.0 cal/gm.

!]
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For a -1.00 pcm/ 0 F Doppler coefficient, the relative peak deposited enthalpy

is to be increased by 1.03 as obtained from Figure 4.2. The deposited enthalpy

is thus 1.03 * 97.0 cal/gm or 99.9 cal/gm. The multiplicative adjustment due

to a.aeff of .0058 is 1.04 as determined from Figure 4.6 and the peak deposited

enthalpy is 1.04 * 99.9 cal/gm or 103.9 cal/gm. Thus, the total enthalpy for

this hypothetical case is 103.9 cal/gm. This resultant enthalpy is then com-

. pared to the 280 cal/gm limit to determine if the cycle design is acceptable

with respect to a postulated control rod ejection accident.

The same procedure, as applied here for a sample case, can be

employed to compute the peak deposited enthalpy resulting from a control rod

ejection accident for any PWR plant.

II
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