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ABSTRACT

This report describes the methods used to statistically combine system
parameter uncertainties in the thermal margin analyses for Calvert Cliffs
Units 1 and 2 cores. A detailed description of the uncertainty probability
distributions and response surface techniques used is presented. This
report demonstrates that there will be at least 95% probability with at
least 95% confidence that the limiting fuel pin will avoid departure from
nucleate boiling (DNB) so long as the minimum D8 ratio found with the
best estimate design TORC model remains above 1.23.
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1.0 Summary of Results

Methods were developed to combine statistically the uncertainties

in reference thermal margin (Detailed TORC) anaiyses. Thesa methods
were applied to the Calvert Cliffs I, and Calvert Cliffs I

cores. This work demonstrated that there will he at least 95% probability
with at least 95% confidence that the limiting fuel pin will avoid
departure from nucleate boiling (DHB) so long as the Minimum DNB
Ratio (MONBR) found with the best estimate design TORC medel remains
above 1.23. The 1.23 MDHBR limit includes allowances for reference
analysis input uncertainties but does not take into account uncer-
tainties in operating conditions (e.q. monitoring uncertainties).

An improved treatment of operating condition uncertainties has been
developed in Part 1 of this report (1-1).

1-1.



2.0 Introduction

C-E's thermal margin methodology for Calvert Cliffs I and 1I
has been modified by the application of statistical methods.
This part of the report focuses on the statistical combination
of reference thermal-hydraulic (T-H) code input uncertainties.
This combination was accomplished by the generation of a
Minimum DNBR (MBYBR) response surface and the application of
Monte Carlo melhods.

A complete description of the methods used in the statistical
combination is provided in this report. The remainder of this
section cutlines the previous deterministic and the new statistical
thermal margin methods. Section 3.0 describes the sources of un-
certainty that were considered in this effort. Section 4.0

describes the MD!BR response surface. The application of Monte Carlo
Methods is discussed in Section 5.0, and results are presented.
Finally Section 6.0 describes the changes in design analyses that
result from this work.



2.1

2.2

Deterministic Method

Two types of problem dependent data are required before a detailed

T-H code can be applied. The first type of data, system parameters,
describe the physical system under consideration and are not monitored
with the detail needed for detailed T-H analysis wnile the reactor is
operational. System parameters describe the reactor geometry pin by

pin. radial power distributions, inlet and exit flow boundary condition,
etc. The second type of data, state parameters, describe the operational
state of the reactor. State parameters are monitored while the reactor

is in operation and include the core average inlet temperature, primary
loop flow rate, primary locp pressure, etc.

C-E thermal margin methods (2-1) utilize the TORC code (2-2) and the

CE-1 CHF correlation (2-3) with two types of models. The first model,
detailed TORC, is tailored to yield best estimate MDNBR predictions in

a particular fuel assembly for 2 specific power distribution. Both

system and state parameter input are used in a detailed TORC model.

The second model, cdesign TORC, requires only state parameter .

data and may be applied to any fuel assembiy for any power distribution that
is expected to occur during a particular fuel cycle. System parameters

are fixed in the design model so that the model will yield either accurate
or conservative MDIBR predictions for all operating conditions within

a specified range.

Design model MDMBR results are verified by comparison with results
from the detailed model of the Timiting assembly in the deterministic
method. After the desian model is shown to yield acceptable (i.e.
accurate or conservative) results, additional adjustment factors are
applied to account for uncertainties in system parameter input to the
detailed model. For example, engineering factors are applied to the
hot subchannel of the design model to account for fuel fabrication
uncertainties. These adjustment factors, though arrived at statisti-
cally, are applied in a deterministic manner. That is, although each
adjustment factor represents a 95/95 probability/confidence limit that
the particular parameter deviation from nominal is no worse than des-
cribed by that factor, all factors are applied simultaneously to the
limiting subchannel. This is equivalent to assuming that all adverse
deviations occur simulitaneously in the limiting subchannel.

Statistical Method

The probability of all adverse system parameter deviations from nominal
occurring simultaneously in the limiting subchannel is extremely remote.
With a more reasonable, demonstrably conservative method, the probability
of system parameter input being more adverse than specified can be taken
into account statistically, as described herein.

The improved methodology involves a statistical combination of system
parameter uncertainties with the CHF correlaticn uncertainties to determine

2-2.



a revised design MDNBR limit. Since uncertainties in system para=-
meters are taken into account in the derivation of the new MDIER
limit, no other allowance need be made for them. A best estimate
design TORC model is therefore used with the revised MDNEBR limit
for thermal margin analysis. This best estimate design model yields
conservative or accurate MDNER results when compared with a best
estimate detailed modei. An increased MDNER limit is then applied
to the design model to account for system parameter uncertainties.
The resultant best estimate design model and increased MONER limit
ensure with at least 95% probability and at least a 95% confidence
level that the limiting fuel pin will avoid a departure from nucleate
boiling if the predicted MDNBR is not below the 1imit MDNBR.

2-3,



3.0

3.1

Sources of Uncertainty

Four types of uncertainty are identified in MDNBR predictions from
the TORC code:

1) numerical solution parameter uncertainty
i1) code uncertainty
111) state parameter uncertainty

iv) system parameter uncertainty

Numerical solution parameters are required input that would not be
necessary if analytic methods could be used (e.g. radial mesh size,
axial mesh size, convergence criteria, etc.). The uncertainties
associated with these parameters are dealt with in a conservative
manner(3-1) in C-E's present methodology. -

The numerical algorithms in the TORC code represent approximations

to the conservation equations of mass, momentum, and energy. Because
of the approximations involved, an inherent code uncertainty exists.
This uncertainty is implicitly dealt with in the CE-1 CHF correlation

(3-3) (3-4). T

State parameters, as explained in section 2.1, define the operational
state of the reactor. The treatment of uncertainties in these para-
meters is addressed in reference 3-2 .

As explained in section 2.1, system parameters describe the physical
environment that the working fluid encounters. This report establishes
the equivalent MDUBR uncertainty that results from a statistical com-
bination of uncertainties in system parameters.

State Paramaters Used in the Study

Generation of a response surface which simultaneously relates MDNER to
both system and state parameters would require an excessive number of
detailed TORC analyses. Consequently a conservative approximation is
made and a response surface relating MDNBR to system parameters only is
created. To achieve conservatism, it is necessary to generate the
surface for that set of state parameters which maximizes the sensitivity
of MDNBR to system parameter variations. That is, the response surface
can be described as:

MDNBR = g (X, yo)

where yo, the vector of state parameters, iS. selected such that

e maximum

e

|3(MDNBR)

ax
lo



3.1

The set of state parameters, yo, that satisfies the above relation,
is referred to as the most adverse set of state parameters. The
generation of the response surface is discussed in section 4,3,

Hethod for Selecting State Parameters

Allowable operating parameter ranges are presented in Table 3-1.
These ranges are based upon reactor setpoints including measurement
uncertainty. The response surface must be valid over these ranges.
As indicated above, a single set of operating conditions is chosen
from these ranges to maximize the sensitivity of MDNBR to system
parameters.

This set of state conditions is determined from detailed TORC

analyses in the following manner. Two TORC analyses are performed for

a single set of operating conditions. In the first analysis, nominal

system parameters ore used and the core average heat flux is chosen to

yield a MONBR in the neighborhood of 1.19. The second TORC analysis

uses the same heat flux and operating conditions but has one of the

system parameters perturbed. The MDNBR from the "perturbed" analysis is then
subtracted from the "nominal™ MONBR to yield a aMDNBR for the chosen set of
operating conditions. That is

8MDNBR = "Nominal" MDNBR - "Perturbed" MDNBR (3.1)
The percent change in MDNBR is then determined according to the relation:
%Change = (aMDNBR/"Neminal"™ MDNBR) x 100 (3.2)

This.process is repeated for several sets of operating conditions to
establish the sensitivity of the aMDNBR throughout the allowable
operating range. Sets of operating conditions used in this sensitivity
study are chosen to envelop the required ranges shown in Table 3-1.
The operating conditions which yield the maximum percent change in
MDNBR are those which maximize the sensitivity of the !'DNBR to the
perturbed system parameter, These state parameters are referred to as
the "most adverse" state parameters.

Since MDNBR is a smoothly varying function of these parameters (3-3),
it is likely that the theoretical most adverse state parameters will
be similar to the most adverse set found by the method described
above. Similarly, it is also highly unlikely that MDNBR sensitivities
observed with the theoretical most adverse set will differ appreciably
from MDNBR sensitivities which occur using the most adverse set found
by the above method.

The detailed TORC model used in these cases is for one of the limiting
assembly candidates of the Calvert Cliffs Unit 1, Cycle 2 core. In
this model core geometry is identical, and boundary conditions are

similar to the Calvert Cliffs Unit 1 and Calvert Cliffs Unit Il

3-2.



3.1.2

3.‘.3

cores. Hence, trends in the sensitivity of MDNBR to variations

in system parameters at various operating conditions will be the same

for all of these cores. The radial power distribution used in the
sensitivity study differs from the distribution used to generate

the response surface. The sensitivity of MDNBR to state parameters

will exhibit the same trends regardless of radial power distribution
since the local coolant conditions in the hot assembly will be similar at
1.19 MDIBR. Hence, the most adverse set of state parameters found in this
study may be applied to generate the response surface.

Inlet flow and exit pressure boundary conditions for the model are shown
in Fig. 3-1 and 3-2. Core-wide and hot assembly power distributions are
shown in Fig. 3-3 and 3-4 respectively. The detaiied TORC analysis (3-1)
consists of three stages. A core-wide analysis is done in the first
stage, in which each fuel assembly near the Jimiting assembly is modcled
as an individual channel. Crossflow boundary conditions from the first
stage are applied in the second stage to a more detailed model of the
neighborhood around the Timiting assembly. Each quadrant of the

limiting assembly is represented by a channel in the second stage analysis.

Crossflow boundary conditions from the second stage are applied to the
subchannel model of the limiting assembly hot quadrant in the third stage,
and the MDNBR is calculated. TORC models for the first, second, and third
stages of the model used in the sensitivity study are shown in Fig. 3-5,
3-6, and 3-7 respectively.

Inlet Flow Perturbation Sensitivity

As indicated in Fig. 3-3, the hot assembly occurs in channel 9 of the
first stage TORC model. A perturbed model for use in determining the
sensitivity of inlet flow distribution effects on MDNBR to operating
conditions is created by reducing the inlet flow fraction to the hot
assembly and an adjacent assembly. Inlet flow is also increased
accordingly in two assemblies far from the hot assembly to preserve
continuity. Inlet flow fractions for the perturbed and nominal models
are presented in Table 3-2.

The sensitivity of flow distribution effects on MDNBR to operating con-
ditions found with the above models is presented in Table 3-3. MDNBR
is most sensitive to variations in the inlet flow distribution for an
axial shape index of L '] . Greatest sensitivity to flow _perturbations
is observed with a pressure/temperature/flow combination of [

}. Hence the greatest sensitivity is expected to occur
for the operating conditions:

Enthalpy Rise Factor Sensitivity

The method described in section 3.1.1 is altered slightly to determine
the state parameters which maximize MDIBR sensitivity to the enthalpy




3.1.4

" rise factor. The uncertainties accommodated by the enthalpy rise

factor are discussed in Reference (3-4). Since the enthalpy rise
factor affects only the limiting subchannel and adjacent subchannels,
an isolated model of the limiting assembly hot guadrant is used to
reduce computational time. The isolated quadrant model is simply
the hot quadrant subchannel model shown in Fig. 3-7 with adiabatic,
impervious boundary conditions imposed on the sides of the quadrant.
Observed trends in behavior found with TORC anziyses of the isolated
quadrant model are confirmed by multistage TORC analyses. flominal
cases are run with no enthalpy rise factor. An enthalpy rise factor
of 1.03 is applied to the fuel pins which bound the limiting sub-
channel in the perturbed cases.

Recults found with the isolated TORC model are shown in Tables 3-4

and 3-5. The data in these tables indicate that MDNBER sensitivity

to the enthalpy rise factor is maximized with [ ] axial
shape indices, corresponding to [ ] power distributions,
and the pressure/temperature/flow combination |

Data from multistage TORC analyses are presented in Table 3-6. These
data show a similar trend when compared with the isolated quadrant model
data of Table 3-4, however maximum sensitivity is seen at a [

axial shape index. The greatest sensitivity of MONBR to the enthalpy
rise factor is expected to occur for the operating conditions:

- -

L -

Systematic Pitch Peducticn Sensitivity

Systematic pitch reduction uniformly decreases fuel rod pitch throughout
an entire fuel assembly. HNominal pitch for 14 x 14 C-E fuel is 0.58".
Hot assembly fuel pitch is reduced to[ lin the limiting assembly
of the perturbed model used to establish the sensitivity of systematic
pitch reduction effects on MDNSR to operating conditions.

Results from nominal and perturbed pitch TORC analyses are shown in
Table 3-7. Based upon these data, maximum MD}NBR sensitivity to systematic
pitch reduction is expected to occur at:

- -

- E

Data iE Table 3-7 also indicate that the sensitivity of MDRER to systema%ic
pitch )



3.1.5 Most Adverse State Parameters

As explained in section 3.1.0, the set of state parameters chosen
for use in generating the response surface should maximize MDNBR
sensitivity to variations in system parameters; this is the most
adverse set of state parameters, The most adverse set of parameters
is chosen for use in cenerating the response surface so that the
resultant MONER uncertainty will be maximized. This introduces
conservatism into the overall treatment.

The state parameters which maximize MDNER sensitivity to various
system parameters are listed in Table 3-3. This comparison indicates
that! lpsia and[ ldesian flow are respectively the most adverse
system pressure and flow rates. The most adverse axial shape index
(A.S.1.) and inlet temperature (Tin) are not evident from this compari-
son. The magnitude and impact of each system parameter uncertainty
mu:tTalso be considered in choosing the most adverse values of A.S.I.
an 1n.

Magnitudes of each of the system parameter uncertainties ‘e assigned
and discussed in Sections 3.2 - 3.8. The maonitude and impact of

the [ ] those of the
other system parameters. Therefore, the A.S.I. and Tin which tend to
maximize MDNBR sensitivity to the [ ] are used to
enerate the response surface., Although maximum MDHBR sensitivity to
] is observed with [ ] A.S.I., this sensitivity

is only slightly less than the sensitivity observed with al JA.S. 1.,
as shown by the data in Table 3-3. Since sensitivity to enthalpy rise
factor increases witn| 15.5.1. .4 Jis selected as

most adverse. The most adverse set of state parameters is thus:

P -

- -

where 100% design flow is 370,000 gpm.

3.2 Radial Power Distribution.

The PDQ computer code (3-5) is used to predict planar radial power
distributions throughout the life of a core for enveloping operating
conditions. Limiting power distributions are selected from the above
set and are used as input to TORC D!iB analyses. Comparisons between
PDQ predictions and measured data (3-6) show that PDQ overpredicts
radial peaking factors in the peripheral regions of the reactor

(i.e. the outermost three rows of fuel assemblies).

Inlet flow distributions for four-loop operation and seized rotor
accident analysis of CZ's 14 x 14 cores are shown in Fig. 3-1 and
3-8 respectively. These distributions manifest the following

trend: the central portion of the core receives higher than average

3-5.



3.3

3.4

inlet flow while the periphera' asseiblies receive lower than
average inlet flow. For this reason, the limiting assembly
for DHB analysis is found on the core periphery.

Since the PDQ power distributions overpredict power in the peripheral
assemblies, and the limiting assembiy for ONB analysis is among these
assemblies, the use of PDQ data in DNB analyses is conservative. This
inherent conservatism in the therma) margin methodology makes it
unnecesscry to account for uncertainties in the radial power distri-
butions that are used in TORC DHB analyses.

Inlet Flow Distribution

An inlet flow boundary condition is used in detailed TORC analysis.

Ratios of the local to core average mass velocity are input for every

flow channel in the core-wide analysis. Mean values of the inlet flow
splits for three pump operation are presented in Fig. 3-8. A large

part of the uncertainty in the flow splits results from measurement
uncertainty. This measurement uncertainty is considered random and

may be characterized by a normal probability distribution function (p.d.f.).

A sensitivity study, conducted to determine the effects of inlet

flow variations in assemblies which neighbor the limiting assembly,
yields the results presented in Table 3-9. Channel numbers in this
table refer to Fig. 3-5. Flow in tie assemblies diagonally adjacent to
the limiting assembly 1is decreased by 3, 6, and 9 percent for bottom
peaked axial power profiles and by 9 percent for a top peaked profile.
These perturbations are in excess of inlet flow uncertainties, yet
only minor chanoes in MDNBR are observed.

The above sensitivity study has shown that MDNBR in the lTimiting assembly

is unaffected by changes in the inlet flow of assemblies which are diaconally
adjacent to the limiting assembly. Because of tnis insensitivity, inlet

flow in assemblies which are diagonally adjacent to the limiting assembly
may be omitted from the response surface. Only inlet flow to the limiting
assembly and those assemblies which are immediately adjacent toc it are
included in the response surface.

Exit Pressure Distribution

Sensitivity studies conducted to establish the impact on MDMNBR

0" variations in the exit pressure distribution are summarized

in Table 3-10. Detailed TORC analyses are

perfcrmed with nominal and extreme exit pressure distributions, as
shown in Fig. 3-9. The exit pressure in the limitin. assembly is
increased to the 95% probability level while the exit pressures

in the assemblies adjacent to the limiting assembly are also increased
to yield an approximate 95% probability level for the three adjacent
assembly exit pressures in the extreme exit pressure distribution.
Channel 4 of Fig. 3-5 is the limiting channel in this study. Detailed
TORC analyses performed with both bottom peaked and %op peaked
axial power profiles demonstrate that MDNER is extremely insensitive

to variations in the exit pressure distribution., Consequently, the
exit pressure distribution need not be included in the HMDNBR response
surface.

3-6.



3.5 Enthalpy Rise Factor

The engineering enthalpy rise factor accounts for the effects of manufact-
uring deviations in fuel fabrication from nominal dimensions and specifi-
cations on the enthalpy rise in the subchannel adjacent to the rod with the
MONBR. TYolerance deviations in fuel pellet density, enrichment, and diameter
averaged over the length of the fuel rods are used to compute this factor.

A survey of as-built data for 14x14 fye) indicates that the enthalpy rise
factor may be Characterized by a normal distribution with a mean of 1.0 and
standard deviation of 0.010. Since these values are determined using data
for every rod in the core, there is >95% confidence that the population mean
and standard deviation are no laraer than these values. Applicability of

these data to future reload cycles will be verified.
3.6 Heat Flux Factor

The engineering heat flux factor is used to take into account he effect on
local heat flux of deviations from nominal design and specifications that
occur in fabrication of the fuel. Random variation-in pellet errickient in-
itial pellet density, pellet diameter, and clad outside diareter contribute
to the effects represented by the engineering heat flux factor. Tolarance
limits and fuel specifica‘ions ensure that this factor may be characterized
conservatively by a normal p.d.f. with a mean of 1.0 and standard dev:ation
of 0.015. Since these values are based upon tolerance limits, there is

>Y5% confidence that the population mean and standard deviation arc ro larger
than these values.

3.7 Clad 0.D,

Variations in clad diameter change subchannel flow area and also change the
local heat flux. The impact of both random and systematic variations in

fuel clad 0.D. on the local heat flux is accounted for by the engineering
factor on heat flux, discussed in section 3.6. The effect of random variations
in clad 0.D. on subchannel flow area is included in the rod bow penalty,
discussed in section 3.9. The effect of systematic variations in clad 0.D.

on the subchannel hydraulic parameters is addressed here.

Manufacturing tolerances on the fuel clad allow for the possibility that the
clad diameter will be systematically above nominal throughout an entire fuel
assembly. That is to say, the mean as-built value of the clad 0.D. may differ
from the nominal value. The distribution of the mean clad 0.0. for fuel assemb-
lies may be characterized by a normal p.d.f. with a mean equal to the mean

clad 0.D.and a standard deviation given by the relation ( 3-7) :

\ N_ )
% 04‘—(_)1” N- (3.3)

where N is the number of specimens in the parent population and n is the
sample size,

3-7.



3.9

3.10

As built data for C-E's 14 x 14 fuel are presented in Table 3-'1,

The minimum systematic clad 0.D. is [. ] while the
meximum systematic clad 0.D. is [ B ]. Since the adverse
effect of clad 0.D. variations is already taken into account by

the engineering heat flux factor, and use of a less than nominal

clad 0. D. wc.id increase subchannel flow area, benefittina the

MONBR, the maximum value | - ] is used in this study. The
standard deviation of the mean at the 95% confidence limit is [ ]
in. The double accounting for both tiie adverse effect of a decrease

in clad 0.D. in the engineering factor on heat flux and the adverse
effect of a systematic increase in clad 0.0. on subchannel flow area
adds conservatism to the analysis.

Systematic Pitch Reduction

The rod bow penalty, discussed in section 3.9, takes into account the
adverse effect on MDNER that results from random variations in fuel
rod pitch, The rod bow penalty does not take into account the adverse
effect of systematic variatiens in fuel rod pitch. This systematic
pitch reduction effect must be discussed separately.

Manufacturing tolerances on fue! assemblies allow for the possibility
that the as-built fuel pitch will be less than nominal throughout an
entire fuel assembly. Thus the systematic pitch refers to the mean
value of the pitch in an assembly. The systematic pitch distribution
is assumed to be a normal distribution characterized by the mean value
of the pitch and the standard deviation of that mean value.

As-built gap width data for C-E's 14 x 14 fuel are presented in Table
3-12. The minimum systematic aap width is seen to occur in the Talvert

Cliffs 1[ :

and st linches. This, combined with the maximum clad

0.D. from section 3.7 indicates that the minimum

pitch is [ ) ! At the 352 confidence level, the standard
deviation of the mean is[. ] inches.

Fuel Rod Bow

The fuel rod bow penalty accounts for the adverse impact on MDNBR of
random variations in spacing between fuel rods. The methodology for
determining the rod bow penalty is the subject of a C-E topical report
(3-8): Appendix G of that report (3-9) applies a formula derived by
the NRC (3-10) to compute the rod bow penalty for C-E fuel. The penalty
at 45,000 MWd/MTU  for CE's 14 x 14 fuel is 0.6% in DNBR, This penalty
is applied directly to the new MDNBR limit derived in Section 5.

CHF Correlation

The C-E 1 Critical Heat Flux (CHF) correlation (3-11) (3-12) is used in
the TORC code (3-1) to determine whether a departure from nucleate
boiling (DNB) will occur. This correlation is based on a set of 731

3'8.



in

data points. The mean of the ratio of observed to predicted CHF using
the CE-1 correlation is 0.99382, while the standard deviation of that
ratio is 0.06757. CHF correlation uncertainty may be characterized by

a normal distribution with a mean of 0.99983 and standard deviation of
0.06757. This yields a 1.13 MDUBR limit to satisfy the criterion of "95%
probability at the 955 confidence level that the limiting fuel pin does
not experience DH3". However, because the 'RC staff has not yet con-
cluded its review of the CE-1 correlation, a 5% penalty has been applied;
this raises the 95/95 DNBR limit to 1.19. This penaity may be conserva-
tively treated by assuming a displaced Gaussian distribution with a mean
of 1.06 and the same standard deviation as above.

TORC Code Uncertainty

The TORC computer code (3-1) represents an approximate solution to the
conservation equations of mass, momentum, and energy. Simplifying
assumptions were made, and experimental correlaticns were used to arrive
at the algorithms contained in the TORC code. Hence, the code has
associated with it an inherent calculational uncertainty. Comparisons
between TORC predictions and experimental data (3-10)(3-13) have shown
that TORC is capable of adequate predictions of coclant conditions.

As explained in Section 5.0 of Reference (3-13), the TORC code was used
to determine local coolant conditions from data obtained during the CE-1
CHF experiments. These local coolant conditiins were then used to
develop the CE-1 CHF correlation. Thus, any calculational uncertainty
in the TORC code is implicitly included in the MDNBR 1imit that is used
with the TORC/CE-1 package in thermal margin analyses.
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FIGURE 3-1
INLET FLOW DISTRIBUTION USED TO ESTABLISH STATE PARAMETERS
FOR RESPONSE SURFACE

3-10
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FIGURE 3-2

~ EXIT PRESSURE DISTRIBUTION USED TO ESTABLISH STATE PARAMETERS

FOR RESPONSE SURFACE

3-11.



Note:

1 2
HOT ASSEMBLY
/ 0.8349 | 1.041
STAGE 1 TORC ANALYSIS
CHANNEL NUMBER e T‘ 5 6 7
0.8384/ 1067 | 1.212 [1.112 0.9970
ASSEMBLY AVERAGE 8 9 / 10 1 12 13
RADIAL PEAKING
FACTOR 0.9123 |1.249 1.038 | 09496 |0.9362 | 1.280
14 15 16 17 18 19 20
09087 | 1.100 |09971 | 05223 | 1.213 |0.9155 | 0.9174
21 22 23 24 25 26 27 28
0.8365 | 1.245 | 0.9941 |1.240 08682 | 0.8736 |0.9778 | 1.030
30 31
‘ED [.) | | (:> | |
1.065 | 1.035 |0.9270 |0.8683 | 0.8519 | 1.037 |1.026 | 0.9620
st wiael SRR R R R il it ol
1.209 ' 0.9443 | 1.213 :0.8745 : 1.038 | 0.8364 l0.9512 : 0.8320
|
—— R ——— P pre——— pra——— [ —— -— e — cmmm—
0.8331 l" T T ¢ : 3 ‘:'
|
o -'1‘1.110 | 0.9352 | 0.9195 !o.sass ! 1.026 | 0.9523 | 0.9538
1038 F=-— =4+ — =4+ —— 4+ = = = =4+ — = = - 4 - —
- | l | ]
0.9932 | 1.280 |0.9259 11.084 I 09356 | 0.8308 ]0.9408 10.8234
|

for T-H analysis.

FIGURE 3-3

Circled channel numbers denote flow channels in which several |
fuel assenblies have been "lumped" into a single channel

¢

CORE WIDE RADIAL POWER DISTRIBUTION USED TO ESTABLISH STATE
PARAMETERS FOR RESPONSE SURFACE

3"2.



/,-denotes assembly quadrant averace radial peakina fa--

FR" FR-'

1.185 1.303

LOCATION
9

1.174 | 1169 [1.214 |11.243 11266 | 1.374

1.282 11,297 | 1.335 | 1.338

N
(o]
-l

1.210 [ 1.231 | 1.

1.256 [ 1.298 | 1.259 |1.370 |1.333 | 1.310 | 1.313

1.299 | 1.3N1 1.384 { 1.309 | 1.284 Fp*

Fn‘-‘

1.314 1.332
1.319 | 1.389 1.387 { 1.304 | 1.272

1.321 | 1.358 | 1.409 | 1.40€ | 1.347 | 1.293 | 1.269

1.341 | 1,357 | 1.373 | 1.3065 | 1.335 | 1.305 | 1.287

FIGURE 3-4
HOT ASSEMBLY RADIAL POWWER DISTRISUTION USED TO ESTADLISH

STATE PARAMETERS FOR RESPONSE SURFACE
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1 2
CHANNEL NUMBER
IN FIRST STAGE MODEL %3 4 5 6 7
8 9 10 1 12 13
14 15 16 17 18 19 20
21 22 23 24 25 26 27 28
| : | | |
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| | | 3 l
| 29! | 30 | | 31 |
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1 | | ] .
|
q
FIGURE 3-5
CHANNEL NUMBERINC SCHEME FOK STACE 1 TORC ANALYSIS
TO ESTABLISH RESPONSE SURFACE STATE PARAMETERS
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CHANNEL NUMBERING SCHEME FOR ST

CHANNE'. NUMBER IN ——___[T : 72
SECONT, STAGE MODEL ;
Y
Y
'
:
. CROSSFLOW BOUNDARY 3| 4 2
CONDITIONS APPLIED -
\/ Yy
/| Y
y y
V777 77V /7Y /777
16 17 18
FIGURE 3-6

AGE 2 TORC ANALYSIS
TO ESTABLISH RESPONSE SURFACE STATE PARAMETERS



THIRD STATE TORC ANALYSIS

FUEL PIN NUMBER _\

THIRD STAGE TORC ANALYSIS
CHANNEL NUMBER

35

OOOO

@‘
27

33

34

31 26

SITaNGIoS

o
R

OO
0I10I0
OC

20

THIRD STAGE CHANN
ANALYSES TO ES.

FIGURE 3~T
AND FUEL PIN NUMBERING SCHEME USED IN TORC
\BLISH RESPONSE SURFACE STATE PARAMETERS

3-16.



FIGURE 3-8
INLET FLOJ FACTORS FOR SEIZED ROTOR ANALYSIS OF 217 BUNOLE
14x14 ASSEMBLY CORES
3-17.




VALUES DENOTE DEVIATION OF ASSEMBLY AVERAGE
EXIT PRESSURE FROM CORE AVERAGE EXIT PRESSURE (P5F)

FIGURE 3-9
EXIT PRESSURE DISTRIBUTIONS USED IN SENSITIVITY STUDY

3-18.




Operating Conditions Units Range

Axial Shape Index . -0.55 < A.5.1.< 0.55
Inlet Temperature °F 465< T, <580
System Pressure psia ]7505-Psys <2400
System Flow g design’ | 77<w <120

Notes

*See note (1) on Table 3-3 for definition of axial shape index

*Thermal Margin design flow = 370,000 gpm

TABLE 3-1: RAIGES CF OPERATING CONDITIONS FOR WHICH RESPONSE
SURFACE IS VALID
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Inlet Flow Fraction*

Stage 1 Channel Number Nominal Perturbed
i 1
E J

Assembly Inlet Mass Velocity

*Inlet Flow Fraction =
Core Average Mass Velocity

TABLE 3-2: HOMINAL AID PERTURBED FLOW FOR CSTABLISHIMNG
SENSITIVITY OF FLOW DISTRIBUTION EFFECTS ON
MDNBR TO OPERATING CONDITICNS

3"20»



State Parameters

MO R
Axial Shape Iniet System Nominal l Perturted
Index Pressure | lemperature Flow Flow Flow?* A % Change
(1) psia s % design - - (2) | (3)
-0.07 2200 550 100 1 '
-0.02 2200 550 100
0.00 2200 550 100
0.317 2200 550 100
0.337 2200 550 100
0.444 2200 550 100
0.527 2200 550 100
-0.070 2400 580 120
-0.070 1750 580 120
-0.070 2400 465 120
-0.070 1750 465 120
-0.070 2400 580 77
-0.C70 1750 580 77
-0.070 2400 465 77
-0.670 1750 465 77
0.337 1750 580 17
0.337 1750 465 77
0.337 1750 580 120 ! . . '
0 L/2
[ dez ‘Jrzdz Fz = ac:irfl apv:ar:?:g factor
(1) Axial Shape Index = =L/2 - 0 = core midplane
\ L2 L = active core length
f F_dz
‘172t
(2) AMDHBR = "Nominal" MDNBR - "Perturbed" MDNBR
(3) % Change in MDNBR = (AMONBR /Mominal MODNOR ) x 100
*see Table 3-2
TABLE 3-3: FLOW PERTURBATIO' EFFECTS AT VARIOUS OPERATING COHDITIONS
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MODNBR

AXIAL SHAPE ENTHALPY RISE
INDEX NOMINAL FACTOR APPLIED A % CHANGE

(1) . - (2) (3)

-0.527
-0.359
-0.070
-0.020
0.00(C)*
0.00(S)*
0.337
0.444
0.527
-0.317
-0.162
0.317 )

e ———

*Both a cosine (denoted by "C") and saddle (denoted by "S")
Axial Shape were used for 0.00 A.S.I.

OPERATING CONDITIONS:

"

Pressure 2200 psia
Inlet Temperature =  5500F
System Flow 100% design

"

1
§2§ } See Notes on Table 3-3
3

TABLE 3-4: SENSITIVITY OF ENTHALPY RISE FACTOR EFFECTS TO AXIAL SHAPE
INDEX (ISOLATED HOT ASSEIIBLY ODEL)
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STATE PARAMETERS MDNBR
Axial Shape r Inlet S/stem Enthalpy Rise
Index Pressure | Temperature | Flow Nominal | Factor Applied A % Change
(1) psia . % design - - (2) (3) l
r 7

TABLE 3-5: SENSITIVITY OF ENTHALPY RISE FACTOR EFFECTS TO OPERATING

(1)
(2)
(3)

See Notes on Table 3-3

CONDITIONS (Isolated Hot Assembly Model)

3-23.



MDNBR

Axial Shape
Index

Enthalpy Rise

Nominal Factor Apnlied a

% Change

(1)

(2)

(3)

OPERATING CONDITIONS

Pressure

Inlet Temperature

System Flow

(1)

(2) See Notes

(3)

2200 psia
5500F
100% design

on Table 3-3

TABLE 3-6: SENSITIVITY OF ENTHALPY RISE FACTOR EFFECTS TO AXIAL

3-24,
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STATE PARAMETERS MDNBR
Axial Shape Inlet System Reduced
Index Pressure | Temperature | Flow Nominal | Pitch a % Change
(1) psia OF % design . - (2) (3)

- P
(1)
(2) See Notes on Table 3-3
(3)

TABLE 3-7: SENSITIVITY OF SYSTEMATIC PITCH REDUCTION EFFECTS TO

OPERATING CONDITIONS

3-25.




STATE PARAMETERS

Mxial Shape Inlet
System Parameter Index Pressure Temperature System Flow
(1) psia . % Design
. ' 1

Inlet Flow Distribution
Enthalpy Rise Factor

Systematic Pitch Reduction

(1) See note on Table 3-3

TABLE 3-8: STATE PARAMETE®S WHICH MAXIMIZE MDNER SENSITIVITY TO SYSTEM
PARAMETERS
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Axial Shape Index

Flow Split Reduction*

MDNBR

Change in MDNEBR

s

TABLE 3-9: MDNBR SENSITIVITY TO INLET FLOW

3-27.
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Axial Shape Exit Pressure Change In
Index Distribution MDNBR MDHBR
0.444 nominal 1
0.444 extreme

-0.359 nominal
-0.359 extreme ]
TABLE 3-10: SENSITIVITY OF MDNBR TO EXIT PRESSURE DISTRIBUTION
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CYCLE 1 2 3 4

BATCH A,B,C D E F

OMAHA

MILLSTONE

cC #2

cC #1

ST. LUCIE 1

MAINE YANRKEE

- Mean
- Standard Deviation
- Standard Deviation of the Mean

Note: Mominal Clad 0.D. = 0.44 inches

TABLE 3-11 AS BUILT CLAD 0.D. (inches) DATA FCR 14 X 14 FUEL

3-29.
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4.0

4.1

4.2

MDMIIR Response_Surface

A response surface is a functional relationship which involves several
independent variables and one dependent variable. The surface 1§

created by fitting the constants of an assumed functional relationship
to data obtained from experiments.

The response surface provides a convenient means by which accurate
estimates of a complex or unknoen function response may be obtained.
Since the response surface is a relatively simple expression,

ft may be applied in analytic techniques where more complex functions
would make an analytic solution intractable.

In the present application, a single detailed TORC analysis is treated
as an "experiment”, A carefully selected set of detailed TORC "experi-
ments" is conducted, and a functional relationship is fitted to the
MOUBR results. This response surface is then used in conjunction with
Monte Carlo technigues to combine probability distribution functions

(p.d.f.'s) for each of the independent variables into a resultant
MDNBR p.d.f..

TORC Mode) Used

The inlet flow distribution (shown in Fig. 3-8) is compared with

radial power distributions for the Calvert Cliffs Unit 1 and

Unit 2 reactors to determine the limiting locativn for DNB analysis.

For the purpose of generating the response surface, the limiting

location is defined as the assembly in which the impact of system para-
meter uncertainties on MDNBR is the greatest. The core wide and limiting
assambly radial power distributions used to generate the response sur-
face are shown in Fig. 4-1 and 4-2, respectively.

The first stage TORC mode! used in this analysis is shown in Fig. 3-5.
The limiting assembly occurs in channe![ _of this model. Second and

third stage models used in this analysis are shown in Fig. 4-3 and 4-4
respectively.

Variables Used

A careful examination of the sources of uncertainty discussed in Section

3 chows that several of these sources of uncertainty can be omitted from
the response surface.

The state variables mentioned in section 3.1 are treated in part | of
this report (4-1).

As explained in Section 3.2, inherent conservatism in the calculation of
radial peaking factors makes the need to account for uncertainty in
the radial power distribution used in DNB analyses unnecessary. Hence, the
radial power distribution was omitted from the response surface.




The sensitivity study discussed in Section 3.4 indicates that large perturb-
ations in the exit pressure distribution have negligible effect on the pre-

dicted MDNBR. Thus, the exit pressure distribution 15 not included in the

response surface.

The heat flux factor (F_,) is applied to the MDNER calculated by TORC in
the following manner: g

MDNBR = (4.1)
Fq“ :

Since the functional relationship between MDNBR and F," 1is known, the heat
flux factor is not used in generating the response sarface. Instead, this
factor is combined with the resultant surface, as explained in section 4.5.

A method has already been developed (4-2) to account for rod bow uncertainty.
No rod bow effects are included in the response surface. Instead, the
rod bow penalty found with existing methods (4-2) is applied to the design
1imit MONBR found in the present alalysis.

The calculational uncertainty associated with MDNBR predictions found with
the TORC/CE-1 package is implicitly included in the CHF distribution uncert-
ainty, as explained in Sections 2,10 and 3.11. Hence no explicit allowance
for code uncertainty is included in the response surface.

The system parameters included as variatles in the response surface are listed
in Table 4-1.

Experiment Desian

An orthogonal central corposite experimental design (4-3) is used to gen-
erate the response surface applied in this study. The total number of exper-
iments needed to generats a response surface using this experiment design is

2K+ 2k 41

where k is the number of variables to be considered. The desired response surface
consists of seven variables, hence 143 "experiments” or detailed TORC analyses
were needed for a full orthogonal central composite design. The resu}ts of these
experiments may then be nanipulated by means of the least squares estimator

b= {n' ni'] {n'} 2 . @.2)

4-2.



4.4

4.5

where 2 1¢ the vector of experimental results,
to yield the coefficients which define the response surface

2 = MDNBR = b + ; b.n, + { b (n2 -c) + : ! b,.n
RS P Tl e - L Eqyey 137N (4.3)
1<)

In the above equations, the n. are coded values of the system parameters (x )
to be treated in the response‘surface. as indicated in Table 4-1, The b, rkp-
resent the constants found from the TORC results by means of Eq. 4,2, and ¢

is a constant determined by the number of experiments conducted.

The number of TORC analyses needed to generate the response surface could

be reduced significantly if some of the interaction effects (i.e. bi‘"i"j)
were neglected. J

Design Matrix

The set of experiments uses to generate the response surface is referred

to as the design matrix. This matrix, in coded form, comprises the second
through eighth columns of the n matrix cited in Eq. (4.2). OBoth coded and
uncoded versions of the desion matrix used in this study are presented in
Appendix A along with resultant MDHBR values. The desion matrix was con-
structed such that each independent variable included in the response
surface extends just beyond the 25 range of its associated p.d.f.

Response Surface

Equation (4.2) was solved numericelly using the data in Appendix A.

Constants for the response surface as given by £Eq.(4.2) are presented

in Table 4-2. Comparisons made between TORC predicted MDNBR and response
surface predictions show excellent agreement. The 95% confidence
estimate of the response surface standard deviation is 0.00377.

The heat flux factor is included analytically in the response surface
by combinina Eq. (4.0) with Eq. 4.3). The final relationship is given by

L8 7 : 7 7
MONBR - - { 7 : 2 .
b + B: ne* £ Dugn, =€)* £ T b.: nen, 4-4
ULl I T B - ooy §ey Dia MY (4-4)
i<j

=]



The coefficient of determination, r, provides an indication of huw well

the response surface explains the total variation in the response variable
(4-4). Wnen r=1, a true model has been found. The r value associated
with the response surface generated in this work is 0.9995, which indicates
that this response surface is a good model.

Another indication of model performance is provided by the standard error
of estimate (4-5). The standard error for the response surface is 0.003396.
The relative error is 0.29%, indicating that this model performs well.



2
11813 | 15170
3 a 5 6 7
1.1444 [ 15640 | 1.6551 | 1.3568 | 1.6570
S N ~3 9 10 i 2 3
ASSEMBLY AVERAGE —————4 10481 | 15295 | 1.4035 | 1.0014 | 1.2227 |0.7662
RADIAL PEAKING FACTOR
14 15 16 17 18 19 20
1.0472 | 1.0862 | 1.0914 | 14707 | 1.0592 | 0.5066 |G.6336
21 22 23| 24 25 26 27| 28
11410 | 1.5271 | 1.0931 | 1.4179 [1.1005 | 0.4147 | 05907 |0.5148
29 30 3 32| 33 34 35 3
1.4936 | 1.3999 | 1.4713 | 1.032 | 08461 | 07310 | 0.5170 | 0.4752
37 38 30 40 a a2 43 4
25| 16445 | 1.0868 | 10560 | 0.4151 | 07312 | 05029 | 0.0654 | 0.3023
W a6 a7 a8 49 50| 51 52 53
] 13469 | 1.2166 | 05046 | 0.5860 | 05132 | 0.5534 | 0.3574 |0.3953
15030
55 56 57 58 59 60 31
¢ -— 16443 | 0.7744 | 0.6307 | 0.5026 | 0.4520 | 0.3008 | 0.3962 |0.1861—
|
|
€
Figure 4-1

CORE WIDE POWER DISTRIBUTION USED TO GENERATE RESPONSE SURFACC
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Figure 4-2
HOT ASSEMBLY RADIAL POVER DISTRIBUTIOn 'ISED TO
GENERATE RESPONSE SURFACE
4-6.




Figure 4-3

INTERMEDIATE (2ND STAGE) TORC MODEL USED IN GENERATING
RESPONSC SURFACE

4-7.
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Fiqgure 4-4
SUBCHANNEL(3RDSTAGE)TORCMODELUSEDINGENERAHNG
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1

System Parameter Variable | Index(i)| Coded Variable**
= o

hot embly inlet flow factor Xy 1 [ ;

(ch e1[8* L

channel[3*Jinlet flow factor x5 2

channel[5* Jinlet flow factor X3 3

channel[10* Jinlet flow factor X g :

enthalpy rise factor Xs 5 1.0001 0.0119
systematic pitch Xe 6 {

systematic clad 0.D. X7 7 |

*channel numbers refer to Figure 3-5
**variables coded according to relation R = :572%55L where the a.

are chosen such that n. = 0 at nominal conditions, ;nd the ¢ are chosen

such that the range of the response surface will include mZU‘ranges of

each of the system parameters

TABLE 4-1:

4-9.

STATE PARAMETERS INCLUDED AS VARIABLES IN THE RESPONSE SURFACE
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MONBR ¢ b+ Zlb.n. DANCHEOE I b,
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TABLE 4-2: COEFFICIENTS FOR MDNBR RESPONSE SURFACE
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5.0 Combination of Probability Distribution Functions

5.1

The MUNBR response surface discussed in Section 5 is applied in Monte Carlo
methods to coubine numerically the system parameter probability distribution
functions (p.d.f.'s) discussed in Section 3 with the CHF correlation uncer-
tainty. A new 95/95 MDNBR limit is then selected from the resultant p.d.f.
This new limit includes the effect of system parameter uncertainties and thus
may be used in conjuncticn with a best estimate design TORC model.

Method

The SIGMA code applies Monte Carlo and stratified sampling techniques to
combine arbitrary p.d.f.'s numerically (5-1). This code is used with the
response surface to combine system parameter p.d.f.'s with the CE-1 CHF
correlation p.d.f. into a resultant MONBR p.d.f. The methods used to
achieve this combination are discussed below,

The effect of system parameter uncertainties on MDNBR is combined with the
effect of uncertainty in the CHF correlation by computing a AMDNBR caused
by deviation nf the system parameters from nominal:

_ MDNBR, ¢ _ MDNBRyqy

5 MpngR * (5.1)

where MDNBRp ¢ 1is the MOMNBR found by substituting the set of system
parameters into the response surface and MDNBRNO” is the MDNBR value
predicted by the response surface with nominal system parameters. A

point is then randomly chosen from the CHF correlation p.d.f. and combined
with the &,pypr from Eg. (5.1) to yield a MONBR value:

MDNBR = MDNBRCHF * BuponBR (5.2)

This process is repeated by the SIGMA code for 2000 randomiy sepiected sets
of system parameters and randomly selected points from the CHF correlation
p.d.f., and a resu’tant MONER p.d.f. is generated.

The system parameter p.d.f.'s input to SIGMA are listed in Table 5-1. Both
"best estimate" and 957 confidence estimates of the standard deviation are
included. Standard deviations at the 95% confidence level are input to SIGMA
to ensure that the standard deviation of the resultant MDHBR p.d.f. is at least
at the 95% confidence limit.

5-1.



5.2 Results

The resultant MDNER p.d.f. is shown in Fig. 5-1. The mean and standard
deviation of this p.d.f. are 0.988 and 0.099451, respectively. As Fiag.
5-1 indicates, the resultant MDNBR p.d.f. approximates a normal distri-
bution.

5.3 Analytic Comparison

An approximate value of the standard deviation of the resultant MDNBR p.d.f.
may be found by analytic methods. These methods are based upon the assumption
that the uncertainties are small deviations from the mean (5-2). Given a
functional relaticnship

x = f(x]'XZ’ we s xn) (5.3)
the effects of small perturbations in x on y may be found from
sdystl of dos g OF
by=dy ax]Ax, + aszXZ + + aanxn ! (5.4)

Hence, if several normal distributions are combined by the relationship
expressed in £q.(5.3), the variance of the resultant p.d.f. is

oyf (3L )20 2 it 202

3
y + ...+ (=
3x] ax2

4
i X Xo o (5.5)
where the partial derivatives are evaluated at the mean values of the xi's.

The response surface relates MDNBR to system parameters by the relationship
found on Table 4-2:

Cra ~a

7 7
= z L 2 "
MONBRRs = B * Joq Bin § * 5oy Byilng” <€) *+ Gy Iy b5 ng ny (5.6)
o
where g A (5.7)
B;

Applying Eq. 5.5 to the response surface yields the following expression
for the variance:

sz 1 @uoneR)niy s 2 (5.8)
RS f=1 oan . aX, !

1 1



Differentiating Eq. (5.6) and (5.7) with respect to nyand x,:

7
aMDNBR  _ : (5.9)
R T I SIS LRI
ax; K3i

Substituting Eq.(5.9) and (5.10) into Eq.(5.8) results in a relation be-
tween the resultant MDNBR variance and the system parameter variances:

2 ¢

o (b.+2b + ; b ) ( %% )¢ (5.11)
RS = i=1 "% 7 J=i1 P45 "5 " ;
,‘31

This equation is simplified when evaluated at the mean values of the ng (i.e.nj=o0)

2 °x2

2 i . (5.12)
4

7
o . 3 b‘
RS i=]

<
The CHF correlation p.d.f. and system parameter p.d.f.'s are related to

the resultant MDNBR in Eq.(Z.1) and Eq.(5.2), the heat flux factor is related
by € "4.1). The resultant MDNBR variance is given by

2 2

2 2
o MOMBR _ RS *ocHF , kg (5.13)
HER

2
YMDNBR YCHF ol

Substituting values from Tables 4-1, 4-2, 5-1, and Section 4.5 into Eq. (5.11)
and Eq (5.13) yields

‘wongr - 0.09923

which is in excellent agreement with the value predicted by the SIGMA code
simulation using the response surface.

5-3.



STAMODARD DEVIATION

DISTRIBUTION

MEAN

BLST ESTINATE

95% CONFIDENCE

hot ascsembly inlet flow factor
(channel [ ])

channel [ ] inlet flow factor
channel [ ] inlet flow factor
channel [ | inlet flow factor
enthalpy rise factor
systematic pitch (inches)
systematic clad 0.D. (inches)
heat flux factor

CE-1 CHF Correlation

T —

1.0

1.0
.998

.0676

.0100*

.0150**
.07384

*channel numbers refer to Figure 3-5

*entire fuel pin population was sampled, hence >95% confidence

**standard deviation based upon tolerance limits, hence >95% confidence

TABLE 5-1: PROBABILITY DISTRIBUTION FUNCTIONS COMBINED BY SIGMA
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6.0

6.1

6.2

Application to Design Analyses

This section discusses the application of the statistically derived MONBR p.d.f.
to design analyses, Deterministic methodolcgy (6-1) involves use of a design
model for TORC analysis which includes deterministic allowances for system para-
meter uncertainties, These deterministic penalties are replaced with a higher
MDNBR 1imit in the statistical methodology. This higher MDNBR limit is used with
a "best estimate” design model in thermal margin analyses.

Statistically Derived MDNBR Limit

The MDNBR p.d.f. described in Secticn 5.0 is a normal distribution having a
mean of .9875and a standard deviation of 0.099451. This standard deviation
is at least at the 95% confidence level. A comparison of TORC results and
response surface predictions indicates that the lo error associated with thg
response surface is " 0.003396; at the 95% confidence level, this value is

%595 © (.003396 x J142/115.461 ) = .00377. !See Eqn. 2-3 of Ref. 6 5)

Trie MDNBR standard deviation was found to be 0.099451 by means of Monte Carlo

methods. Since a finite number of points (2000) were used in these methods,

a correction must be applied to the calculated value. The resultant MDNBR

standard deviation, adjusted for the finite sample size used is (0.09945] x
999/1696.131) = 0.10211. The root sum square of this adjusted MDNBR standard

?eviation and the response surface standard deviation at the 95% confidence Tevel
- .

“tot ~ JI(O-ILzl])Z + (0.00377)% = 0.10218. The corresponding 95%
confidence estimate of the mean is

(.9875 + (1.645 x 2.10211)/ Y1999) = 0.991. (See Egn. 2-2 of Ref. & 5)

Since the resultant MODNBR g.d.f. is_a normal distribution, as shown in Figure
5-1, the one-sided 95% probability limit is 1.645s. Hence there is a 95%
probability with at least 957 confidence that the limiting fuel pin will not
experience DNB if the best estimate design model TORC calculation yields a
MONBR value greater than ur equal to (0.991 + 1.74% x 7.17718) = 1.16,

Adjustments to Statisticclly Derived MDNBR Limit

The statistical MDNBR limit derived in Section 6.1 contains no allowance
for the adverse impact on DNBR of fuel rod bowing., CF has epplied an NRC method
for taking rod bow into account in DNBR calculations SG-Z). This application
shows that the maximum penalty occurs at fuel end-of-life. For 13x14 fuel, this
penalty is 0.6% in MONBR. Thus, the new limit, including an allowance for rod
bow is (1.006 x1.160) or 1.167.

The NRC has not yet completed review of the application of the CE-1 CHF corr-
elation ( £-3 ) to non-uniform axial heat flux shape data (%-4). Consequently,

a 5% penalty was applied tc the 1.13 MONBR limit by the NRC. The interim
MDNBR limit for use with the CE-1 CHF correlation, pending NRC approval of CE's
non-uniform axial heat flux shape data, is 1.19. For the purposes of this
study, a conservative application of this penalty is to shift the mean of the
MONBR p.d.f. by 0.06. This shift results in a MONBR limit of 1.227.

Thus the new MDIOR limit which contains allowance for uncertainly in thg CHF_
cor. 2lation and system parameters as well as a rod bow penal'ty and the interim
5% penalty on the CE-1 correlation imposed by the HRC is 1.23,

6-1



6.3 Application to TORC Design Mode

. 2 . . . A A,

Statistical combination uf system parameter uncertainties into the MONDR limit
precludes the need for deterministic application of penalty factors to the
design TORC model. The design TORC model used with the new MONBR limit of 1.23
consists of best estimate system parameters with no engineering factoers or other
adjustments to accomodate system parameter uncertainties. The inlet flou split
will, however, continue to be chosen such that the best estimate design TORC
model will yield accurate or conservative MDNBR predictions when compared with
MDNBR values from detailed TORC analyses( 6-71 )

6-2



7.0 Conclusions

7.1

Use of a 1.23 MDNBR 1imit with a best estimate design TGRC model for the
Calvert Cliffs Unit 1 and Unit 2 cores will ensure

with at least 95% probability and 95% confidence, that the hot pin will
not exper ience a departure fro nucleate boiling. The 1.23 MONBR Timit
includes explicit allowances for system parameter uncertainties, CHF
correlation uncertainty, rcd bow, and the 5% interim penalty imposed

by the NRC on the CE-1 CHF correlation.

Conservatisms in the HMethodology

Several conservatisms are included in the present application. The
significant conservatisms include:

i) combination of system parameter p.d.f.'s at the 95%
confidence level to yield a resultant MDNBR at a 95% +
confidence level

ii) use of pessimistic (generic) system parameter p.d.f.'s

iii) derivation of the new MDNBR limit such that it applies to
both 4-pump operation and seized rotor analyses

iv) use of the single most adverse set of state parameters to
generate the response surface

v) application of the 5% interim penalty imposed by the NRC
on the CE-1 CHF correlation

7-1
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Appendix A: Detailed TORC Analyses Used
To Generate Response Surface

An orthogonal central composite experiment design (A-1) was used to
generate the response surface (R S) used in this study. Al1 first order
interaction effects (i.e. xjx; terms) were retained in the R S. The R S
used in this study included seven variables. The coded se* of detailed
TORC analyses performed to generate the R S is presented in Table A-1;
variables were coded as shown in Table 5-1. The actual values of the

input parameters are presented in Table A-2 along with the resultant
MONBR values.

References

(A-1) R. H. Myers, Response Surface Methodology, Allyn & Bacon, Inc., Boston,
1971, p. 133.
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13 .9882 .5763 .000
19 .9882 .5788 022
20 .9882 .5788 -.032
21 1.0120 .5763 -.003
| 2 1.0120 .5763 -.02
23 1.0120 .5788 .03
; 2¢ 1.0120 5788 | -.001
P25 .9882 .5763 -.001
; 26 ; .9882 .5763 ’ -.002
co27 .9282 .5708 .023
l 28 .9332 .5788 . -0
| 29 1.0120 5763 -.002 |
30 1.0129 .5763 -.022
| § o * | i | = - 1 | ‘
schamre  aucuers refer to Fig., 3e§ Tall systen porene ters divensionless eacept syctematic patch

TAZLE A-2:

and clad 0.0, (inchay)

Conparison of TURC and Responte Suovface MUEBR for Cases tied tu Generete Respounse Surface (con't.)
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“hanne

n : 4 ' '
2o

v 33
N
3
3
3
ED
19

a0
a
@2
a3

a4 i

45 ]
iy Ry e Y S L e, (Wl SO s S GR_Re e~

*enamne: nurters refer to iy, =5

r.._——— -
-

Lnthalpy Systematic [ Systematic |[Letaiied TOSC | Kespunse TUiC
Rice Factor Pitche* - Clad 0.D.** MUNLR IR Pr;ne..-_:____1
1.0120 .5788 " ] .003
1.0120 .5788 -.001
. 9882 .5763 .C02
.9882 .5763 .0Cs
.9832 .5788 -.003
.9a82 .5788 -.C01
1.0120 .5763 .00d
1.0120 .5763 .004
| 1.0120 .5788 | -.022
1.0129 .5788 -.002
.9832 .5763 -.001
.9882 .5763 .02
.9882 .5788 -.C02
.9882 .57e8 -.202
1.0120 .5763 il g -.001
IR RS — 1 !
2all yslom parase corsn divensionless eacept syst=natic piten

and clad 0.1, {inches)

TABLE A-2: Cenparison of TOLC and Responte Surface HIGER fur Coses Uivd Lo Genorate Recponse Sw face (con't.)
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Tasr F‘T’ Tnict 7 fdctov tqzha1py §y§temczvc 5vntuwat\5. UQ:‘{TEQ TuRL Ncspoqg?‘!bkc
Hie S~y i npe Chanrn] . ! Lhianne Nige Ficctnr Pitch Llad 0.D. MR FLaeR p""‘_'i.:‘
s | ' . ) 1.0120 .5763 7, : ) .003
Y 1.0120 .5788 -.002
48 1.0120 .5788 -.002
i a9 ' .9882 .5763 -.002
| 5o .9882 .5763 -.002
51 .9882 .5788 .003
52 ! .9882 .5788 -.002
53 ) 1.0120 .5763 -.003
54 ) 1.0120 .5763 -.002
$s ! 1.0120 .5788 .003
|56 : 1.0020 | .5788 -.00
j 57 . .9882 .5763 -.002
l 58 .9882 .5763 -.002
| 59 .9882 5788 | .004
60 .9882 .5788 ) .000
3 L 3 e e TR SRSg—— | e ik | it
CCiamne . me ey refor Lo Fig, 35 “tall Lystom parametecs divensioniess e4cept sysicwalic pitoh

TASLE A-2:

and clad 0.0, (inches)
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Losparison of TORC and Responue Surtace Kivisk for Cases Uwid to Gencvate Response Surfece (con't)




Case Iniet Flow Factor Enthalpy Systematic | Systematic [Detaried (Uil | kesponse TORC
tusboe PTRVeneV [ I Channe T [ [T ChanneTT JTChanneTE ] Rise Factor | Pitch®? J Clad 0.0. 72 HONR Ik
T, - + 4 ' : - ‘
6) i 1.0120 5763 |
62 1.0120 5763 |
63 1.0120 .5788
6e 1.0120 .5780
T .9602 .5763
66 .9882 .5763
67 .9a82 .5788
€8 .9882 .5788
I g9 1.0120 5763
0 1.0120 .5763
con : 1.0120 .5708
¢ on l 1.0210 5788 |
| 73 | 9832 5763
74 i 0832 5763
5 L .9822 .5788
i 0w - epeait wae-~ap | | R ey e .:_ ) 1 ILRRETNeEe | NN . 1 Y. . [y | i | .
PChares s nuaton s reter to Hig.jes el LySten pocani L. iLehLion: 2SS cacept Lyutenatic piteh

antd clad 0D, (inches)

TABLE A-2: Cewparizon of TURL and Response Surface MUGR for Cases Uned to Generate Kosponse Suface (con't.)
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*channcy nuntwers refer to Fig, 3«5

Lase 'nlet Flow Factor {vthéipy Sy§tcnatic Systematic | Detailed TOKC | Response TORC
Nundnr ]Tannnil & Channed [ [T Chanvell r(hannn J|Rise Factor | Pitches _%éfd 0.0.* MR MONER kesidusl
76 .9882 .5788 025
77 1.0120 .5763 .003
18 1.0120 .5763 -.005
7% 1.0120 .5788 .000
80 1.0120 .5788 003
81 .9882 .5763 .01
82 . 9882 .5763 .003
e3 . 9882 .5788 -.002
84 . 9882 .5788 -.C02
85 1.0120 .5763 .069
86 1.0120 .5763 .023
87 1 M20 .5788 -.00!
es 1.0120 .5788 -.00!
i 89 .9882 .5763 .000
. 90 .9882 5763 -l ) .003
J 1 L PUSSJ (At -

**all Lystem puaraectors dluencioniess except systematic pitch
clad 0.0. (i hes)

at

JABLE A-2: Coaparison of TORC and Response Surface MR for Cases Used to Genrrate fesponse S
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* (con't.)




?

»Cn:(ﬂ:r B }1_:'_;_:_1-_-‘},[‘ Tou ‘F:cft“o‘rr ATl ] gr:?::a:g:m' Sggi:?:ﬁm g{;;csai'i Ueta::l.g;gnloac ]li:esvngzstzckf '\-s': a
I g AT gD KA 1K g L = W
9 . 9882 .5788 -.002
92 .9882 .5788 | -.002
93 1.0120 5763 -.001
94 1.0120 .5763 003
95 1.0120 57E8 -.002
56 1.0120 .57¢8 -.C02
97 .9382 5763 .33
E 98 .9882 §763 -.005
y 99 .988¢ 5788 .C30
100 . 9682 5788 .00s
101 1.0120 “763 .C03
102 1.0120 5763 -.cos
103 1.0120 .5788 -.001
109 1.0120 5758 .004
105 | J . 9882 .5763 3 004
- - e el T et . . il il L
Scranney nunbers refer to big, 3=§ *tall _yste. | ordn. ors die. W3h o idess exceptl systematic piieh
and <lag ¢« .0, (inuches)

P

TABLE A-2:

Cuoparison of TONC and Response Surface MfoR 1o Cate s

Uovad Lo Semral
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Response Surface (con't.)



DETTI | g Inles rigw factor o tnthalpy Systematic | Systerciic ] Dctatlec TUKC | Respunsc :Jnc
e e I Chawney | |1 Coannet | I‘r(.!'am‘»_l_[ ]_‘{ Chennel | 2ice Factar Pitch** Clad 0.0.7° | taeet 4 MRLERE Pag ¢
106 i ' ’ 9882 5763 5 | -.008
i 107 .9882 .5788 -.002
123 .9382 .5788 ¢ 1
{109 1.0120 5763 605
AL 1.0120 5763 -.0C8
m 1.0120 .5788 -. 001
S P 1.0120 .5788 .C03
113 .9882 .5763 a2
114 .9882 .5763 .004
i 115 .9882 .5788 -.C03
| s .9382 .5788 -.002
n? 1.0120 .5763 -.00
118 1.0120 .5763 .005
119 1.0120 .5788 -.003
120 1.0120 .5738 j -.002
R A e P L 1 ok BESRIN (S L X S
*enanne nubers refer to Fig, 3-§ LAY Lysten pardnciers Jinensioniess caueept systematic pitch

and clad 0.D. (inches)

TABLE A-2: Cerpuriscn of TOKC und Response Surface MDMBR for Cascs Used to Coverate Respow« Surface (con't.)

A-20




oo are— Y i O b Sl bl IR
121 [ ; | .9882 5763 ¥ -.001
122 .9882 .5763 i .008
123 9882 5788 -.002
124 .9882 .5788 -.032
125 1.0120 5763 -.c01
125 | 1.0129 .5763 .0C5
127 1.0120 .5788 -.022
Y123 1.0120 5788 -.002
| 122 1.0000 5776 -.002
120 1.0000 5776 -.010
1 1.0000 5776 .010
132 | 1.0000 5776 .00
133 *.(000 §77¢ -.001
124 0000 5776 .007
135 | 1.0000 5776 -.006
= | l ™ = - ! 1

* 0 oaney nuebers refer to Fig, 3«5

end clad 0.0, (inches)

TABLE A-2: Comparison ,f TGKC and Response Surfuce 11 iBK for Case: Used to Generate Rrsponse Surface (con't.)
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s+a)l Lystes paraneicrs dluensioniess except systematic pitch
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L4 .

T e o Mo | g A AT g AR ﬁﬁﬁ%hrsmﬂWWﬁﬁwﬁ-WWMSm 1 e B

r135 | . - 1' - ) l—r- [:' _ _.1..;000 .;7"76 ‘ - 9 ‘-..cm ‘

g 137 ¢ ' 1.0020 5776 001

{ 138 1.0228 5776 ' .001

? 122 .9774 5776 .0C9
140 1.0000 .5799 .012
143 1.0000 .5752 -.0n
142 ' 1.u000 .5776 -.005
143 L 1.0000 5776 { j .00%

———— . ——— — - — ————
- ——

*chanuc 1 nu hers refor to Fig. 3=5 R} |

**a1l Lystew pararsters dinension, : i i
yston - Levs I ess except sysieatic pitch
and clad 0.0, (inches) 4

TABLE A-2: fr:.pevisun of TORC avd Response Surface M/MIBR for Cauves Used to lencrate Response Surface (con't.)
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