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ABSTRACT

This 1eport describes the methods used to statistically combine system
parame ter uncertainties in the thermal margin analyses for the ANO-2 Cycle 2
core. A detailed description of tne uncertainty probability distributions
and response surface techniques used is presented. This repoct demon-
stratis that there will be at least 95% probability with at least 95% con-
fiden:e that the limiting fuel pin will avoid departure from nucleate
boilig (DNB) so long as the minimum ONB ratio found with the best estimate
design TORC model remains at or above 1.24.
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1.0 Summary of Results

Methods were developed to combine statistically the uncertainties in
reference thermal margin (detailed TORC) analyses. These methods

were applied to the ANO-2 core. This work demonstrated that there

will be at least 95% provability with at least 95% confidynce that

the limiting fuel pin will avoid departure from nucleate boiling

(ONB) so long as the Minimum DNB Ratio (MDWBR) found with the best-
estimate design TORC model remains at or above 1.24. The 1.24 MDNBR limit
includes allowances for reference analysis input uncertainties but

does not take into account uncertainties in operating conditions

(e.g., monitoring uncertainties).
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2.0

Introduction

C-E's thermal margin methodclogy for AND-2 has been modified by the
appliication of statistical methods. This report focuses

on the statistical combination of reference thermal-hydraulic (T-H)
code input uncertainties. This combination was accompiished by the
generation of a Minimum ONBR (MBNBR) response surface and the applica-
tion of Monte Carlo methoas.

A complete description of the methods used in the statistical combina-
tinn is provided in this report. The remainder of this secticn out-
lines the previcus deterministic and the new statistical thermal mar-
gin methods. Section 3.0 describes the sources of uncertainty that
were considered in this effort. Section 4.0 describes the MDNBR
response surface. The application of Monte Carlc Methods is discussed
in Section 5.0, and results are presented. Finally, Secticn 6.0
describes the changes in design analyses that result from this werk,
in particular, the resultant MONBR limit of 1.24 which accommodates
the T-H uncertainties described in this report.
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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, such as the reactor geometry,

pin-by-pin radial power distributions, inlet and exit flow bcundary
condition, etc., These are not monitored in detail during reactor
operation. The second type of data, state parameters, describe

the operational state of the reactor. State parameters are monitored
while the reactor is in cperation and include the core average

inlet temperature, primary loop flow rate, primary loop pressure, etc.

C-E thermal margin methods (2-1) utilize the TORC code (2-2) and the
CE-1 CHF correlaticn (2-3) with two types of mocels. The first model,
detailed TORC, is tailored to yield best estimate MDICR predictions in

a particular fuel assembly for a specific power distritution. Both

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

The second model, cesicn TORC, requires only state parameter

data and may be appliad to any fuel assemoly for any power distributicn that
is expected to occur during a particuiar fuel cycie. System parareters

are fixed in the design model so tnat the model will yield either accurate
or conservative MCiBR predictions for all cperating conditions within

a specified range.

Cesign model MDNER results are verified by compariscn with results
from the detailed meodel of the limiting assemdlv in the deterministic
method. Aftar tne cesicn model is shown to yield acceptanle (i.e.
accurate or censervative) results, aaditional adjustment factors are
applied to account for uncertainties in systen parameter input to the
detailed model. For examnle, engineering factors are apolied to the
hot subchannel cf the design model to account for fuel fazrication
uncertainties. These adjustment factors, thouch arrived at s:atisti-
cally, are apolied in a deterministic manner. That is, althoush each
adjustment factor represents a $5/05 probability/cenfidence limit that
the particular parameter ceviation from neminal is no worse than des-
cribed by that factor, all factors are applied simultanzously to the
limiting subchannel. This is eguivalent to assuming that all adverse
deviations cccur simultanecusly in the limiting subchannel. -

Statistical Method

The probability of all adverse system parameter deviations frem neminal
occurring sirultaneously in the limiting subchannel is extremeiy re-ote.
With a more reascnable, cemcnstrably ccnservative method, the pgrobabiiity
of system parzmeter 1nput being more adverse than specified can be taken
ifnto account statistically, as descrited herein,

The improved methocology involves a statistical cembinaticn of system
parameter uncertainties with the CHF correlation uncertainties o cdetermine .

2-?



a revised design MDNBR limit. Since uncertainties in system para-
meters are taken into account in the derivation of the new MONBR
limit, no other allowance need be made for them. A best estimate
design TORC model is therefore used with the revised MONBR limit
for thermal margin analysis. This best estimate design model yields
conservative or accurate MDNBR results when compared with a best
estimate detailed model. The resultant best estimate design model
and increased MDNBR 1imit 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 limit MDNBR.
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3.0 Sources of Uncertainty

3.1

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

1) numerical solution parameter uncertainty
ii) code uncertainty
iii) state parameter uncertainty
iv) system parame ter 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 cod2 uncertainty exists.

Ihis)u?cergainty is implicitly dealt with in the CE-1 CHF correlation
3-2) (3-3).

State parameters defire the operational state of the reactor. Uncertainties
in these parameters are included when the TORC model is incorporated inta
the operating algorithms.

As explained in Section 2.1, system parameters define the operational
state of the reactor and describe the physical environment that the
working fluid encounters. This report establishes the equivalent MDNER
uncertainty that results from a statistical combination of uncertainties
in system parame ters.

State Parameters Used in the Study

Generation of a response surface which simultaneously relates MDNBR

to both system and state parameters would reguire an excessive number
of detailed TORC analyses. Conseguently, a conservative approximation
is made and a response surface relating MONBR 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 sen-
sitivity of MONBR to system parameter variations. That is, the response
surface can be described as:

MDNBR = g (x, yo)
where x is the vector of system parameters, and
Yo the vector of state parameters, is selected such that

3(MONBR) |
3x

» maximum

The set of state parameters, y,, that satisfies the above relation,
is referred %o as the most adverse set of state parameters. The
generation of the response surface is discussed in Section 4.3.
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3.1.}

Method for Selecting State Parameters

Allowahle 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 MONBR to system
parameters.

This set of state conditions is determined from detailed TORC analyses
in the following manner. Three TORC analyses are performed for a sinale
set of operating conditions. In the first analysis, nominal system
parameters are used and the core average heat flux is chosen to yield
a MDNBR in the neighborhood of 1.19. A second TORC analysis uses
the same heat flux and operating conditions but has all system para-
meters (i.2., pitch, inlet flow, entholpy rise, etc.) perturbed in
an adverse direction (i.e., MONBR decreases). A third TORC analysis
uses the same heat flux and operating conditions but has all system
parameters perturbed in an advantagecus direction (i.e., MONBR in-
creases). (he MONBR from the “adversely perturbed” analysis is then
subtractad from the "nominal” MONBR to yield a sMONBRIADVERSE) for
the chosen set of operating conditions and the same is done for the
;ORC analysis where system parameters are "Jerturbed advantageously”.
hat is,

AMDNBRADVERSE = l”Nominal" MDNER -"Adversely Perturbed" MDKBR ! (3.1)

A"DNBRADVANTAGEQIS, "Nominal" MONBR - "Advantaoeously Perturbed"MDNBR' (3.2)

The percent change in MONBR is then Jetermined according (o tun following
relationships:

. < " " 3.
% Changesnence 1(AMDNBRADVERSE///NominaI MONBR) x 10 } (3.3)

“Nominal" MDNBR) X100 | (3.4)

% Changeagyantageous *| (2MONBRypyaTAGEDUS

This process is repeated for several sets of operating condicieons to
establish the sensitivity of the MONBR throughout the allow:tle operating
range. Sets of operz.ing conditions used in this sensitivity study are
chosen to envelope the rucuired_ranges shown in Table 3-1. The set

of state parameter values which maximizesthe quantity (% Changespyerse *
% ChangeanyanTAGEOU ) is chosen as the most sensitive set of state '
parameter va?ues: %his set is referred to 24 the set of "most adverse’
state parameter values and is used in determining the response surface.
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3.1.5

3.2

3.3

3.4

Most Adverse State Parameters

As explained in Section 3.1, the set of state parameters chosen for
use in generating the response surface should maximize MDNBR sensitivity
to variations in system par~ameters; this is the most adverse set of
staie parameters. The most sensitive set of parameters is chosen so

that the resultant MONBR uncertainty will be maximized. This introduces

conservatism into the overall treatment.

From Sections 3.1.2, 3.1.3 and 3.1.4, it is seen that the state parameters
which maximize MDNBR sensitivity are:

- .

- -

where 100% design flow is 322,000 gpm.
Radial Power Distribution

Inherent conservatism in the thermal margin mode]in? methodoloqv makes it ua-
necessary to account for uncertainties in the radial power distributions
that are used in TORC DNB analyses.

Inlet Flow Distribution

An inlet flow boundary condition is used in detailed TCRC 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. 3-1. Three pump
operation with its inherent reduced flow gives a more conservative result
than four pump operation. 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 distri-
bution function (p.d.f.).

Sensitivity studies have shown that MONBR in the 1imiting assembly is
unaffected by changes in the inlet flow of assemblies whizh are diagonally
adjacent to the limitinc assembly. Because of this 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 to it are
included in the response surface.

Exit Pressure Distribution

Sensitivity studies indicate that MONBR is extremely insensitive to
variations in the exit pressure distribution. Consequently, the exit
pressure distribution need not be included in the MONBR response surface.

3-4



3.5

3.6

3.7

Enthalpy Rise Factor

The engineering enthalpy rise factor accounts for the effects of manu-
facturing deviations in fuel fabrication from nominal dimensions and
specifications on the enthalpy rise in the subchannel adjacent to the

rod with the MONBR. Tolerance deviations in fuel pellet density, enrich-
ment, and diameter averaged over tlie length of the fuel rods are used

to compute this factor.

As-built data for ANO-2 Cycle 2 was used to generate an enthalov rise
factor distribution characterized by a mean of approximately[ Jand a
stardard deviation at 95% confidence of( .

Heat Flux Factor

The engineering heat flux factor is used to take into account the effect

on local heat flux of deviations from nominal design and specifications

that occur in fabrication of the fuel. Random variation in pellet
enrichment, initial pellet density, pellet diameter, and clad outside diameter
(0.0.) contribute to the effects represented by the engineering heat

flux factor. Tolerance limits and fuel specifications ensure that this
factor may be characterized conservatively by a normal p.d.f. with a

mean of[ Jand standard deviation at 35% confidence of [ 3

Clad 0.0.

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.D0. on the local heat flux is accounted for by the engineer-
ing 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 varia-
tions in clad 0.0D. 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 fuaT assembly. That is to say, the mean as=tuilt value-of
the clad 0.0. may differ from the nominal value. The distribution of
the mean clad 0.0. for _fuel assemblies may be characterized by a normal
p.d.f. with a mean equal to the mean clad 0.D0. and a standard deviation
given by the relationship (3-47:

g =g N-n) (3.5)

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

3-5



3.8

3.9

3.10

As-built data for ANO-2 Cycle 2 fuel indicate that the maximum systematic
clad 0.0. is [ , ] inches. Since the adverse effect of clad
0.D. variations is already takan into account by the engineering heat
flux factor, and use of a less than nominal clad 0.0. would increase sub-
channel flow area, benefitting the MDNER, the maximum value [ .

] is used in this study. The mean at the 85% confidence level
is [ ] inches and the standard ceviation of the mean at the 95%
confidence level is [ ] inches. The double accounting “or both
the adverse effect of a decrease in clad 0.0. in the engineering factor
on heat flux and the adverse effect of a systematic increase in clad 0.D.
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 MONBR that results from random variations in fuel
rod pitch. The rod bow penalty does not take into account the adverse
effect of systematic variations in fuel rod pitch. This systematic
pitch reduction effect must be discussed separately.

Manufacturing tolerances on fuel 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 ANO-2 Cycle 1 fuel are presented in Table
3-4. The minimum systematic gap widtii is seen to occur in the AKBTO2

assemb]
and is ] inches. This, combined with the maximum clad

0.D. from Section 3.7 indicates that the minimum pitch is [

., The mean at the 95% confidence level is [ ] inches, and the
standard deviation of the mean at the 95% confidence level is ( Jinches.

Fuel Rod Bow

The fuel rod bow penilty accounts for the adverse impact on MONBR of
random variations in spacing between fruel rods. The methodology for
datermining tire rod bow penalty ‘s the subject of 2 C«E-topical report
(3-5). Appendix G of that report (3-6) applies a formula derived Dy
the NRC (3-7) to compute the rod bow penalty for C-E fuel. The penalty
at 30,000 MWD/MTU for C-E's 16x16 fuel is<2.0% in DNER. This penalty
is applied directly to the new-MONBR limit derived in Section 6.

CHF Correlation

The C-E 1 Critical Heat Flux (CHF) correlation (3-8) (3-9) is used in
the TORC code (3-1) to determine whether a departure from nucleate
boiling (ONB) will occur. This correlation is based on a set of 731

1-6



3.

data points. The mean of the ratio cf observed to predicted CHF using
the CE-1 correlation is 0.99983, while the standard deviation of that
ratio is 0.06757. CHF correlation uncertainty may be characterized

by a normal distribution with a mean 0.99983 and standard deviation of
0.06757. This yields a 1.13 MONBR limit to satisfy the criterion of
"95% probability at the 95% confidence level that the limiting fuel
pin does not experience DNB". However, because the NRC staff has not
yet concluded its review of the CE-1 correlation, a 5% penaity has been
applied; this raises the 95/95 MDNER 1imit to 1.19. This penalty may
be conservatively treated by displacing the above normal distribution by
+0.06 producing a displaced normal distribution with a mean of 1.06
(.99983 + 0.06? and the same standard deviation as above.

TORC Code Uncertainty

The TORC computer code (2-1) represents an approximate solution to the
conservation equations of mass, momentum, and energy. Simplifying
assumptions were made, and experimental correiations were used %o
arrive at the algorithms contained in the TORC code. Hence, the code
has associated with it an inherent calculational uncertainty. Com-
parisons between TORC predictions and experimental data (3-1) (2-10)
have shown that TORC is capable of adequate predictions c¢f coolant
conditions.

As explained in Section 5.0 of Reference (3-10), the TORC code was used
to determine local coolant conditions from data obtained during the CE-1
CHF experiments. These local coolant conditions were then used to
develop the CE-1 CHF correiation. Thus, any calculational uncertainty
in the TORC code is implicitly included in the MONBR limit that is used
with the TORC/CE-1 package in thermal margin analyses.



NOTE:

CIRCLED CHANNEL NUMBER DENOTES A FLOW CHANNEL IN WHICH
SEVERAL FUEL ASSEI.IBLIES HAVE BEEN “LUMPED"” INTO A SINGLE
CHANNEL FOR T - H ANALYSIS

Figure 3-1

INLET FLOW DISTRIBUTION USED TO
GENERATE RESPONSE SURFACE
(THREE PUMP QPERATION)
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NOTE:

CIRCLED CHANNEL NUMBER DENOTES A FLOW CHANNEL IN WHICH Q
SEVERAL FUEL ASSEMBLIES HAVE BEEN “"LUMPED"” INTO A SINGLE
CHANNEL FOR T - H ANALYSIS

Figure 3-2
EXIT PRESSURE DISTRIBUTION USED TO GENERATE RESPONSE SURFACE




LIMITING ASSEMBLY ,
ISBOX NUMBER 16 ~_ |

\K’s g8 | p

STAGE 1 TORC ANALYSIS

CHANNZL NUMBER \ 8736 ™™ 1,1237 1.1734
37 31 23 15 7

ASSEMBLY AVERAGE

RADIAL PEAKING FACTOR 0.7252 1.0676 1.1592 1.2056 | 1.2470
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NOTE: |

CIRCLED CHANNEL NUMBER DENOTES A FLOW CHANNEL IN WHICH C&
SEVERAL FUEL ASSEMBLIES HAVE BEEN “LUMPED” INTO A SINGLE
CHANNEL FOR T - H ANALYSIS

Figure 3-3
CORE WIDE RADIAL POWER DISTRIBUTION USED TO GENERATE RESPONSE SURFACE
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Figure 3-4
HOT ASSEMBLY RADIAL POWER DISTRIBUTION
USED TO GENERATE RESPONSE SURFACE
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CHANNEL NUMBER IN

FIRST STAGE MODEL
(24 16
37 3 23 15
41 36 30 22 14
!
43 40 35 29 21 13
42 39 34 28 20 12
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i / 38 3 27 19 e
]
]
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|
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NOTE: T

CIRCLED CHANNEL NUMBEH DENOTES A FLCW CHAMNEL IN WHICH
SEVERAL FUEL ASSEMR!.1ES HAVE BEEN “LUMPED” INTO A SINGLE
CHANNEL FOR T - H ANAL YSIS

Figure 3-5
CHANNEL NUMBERING SCHEME FOR STAGE 1 TORC ANALYSIS
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Figure 3-6
INTERMEDIATE (2ND STAGE) TORC MODEL USED IN GENERATING RESPONSE SURFACE
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RADIAL PIN PEAKING FACTOR
\

Figure 3.7
SUBCHANNEL (3RD STAGE) TORC MODEL USED IN GENERATING RESPONSE SURFACE
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Operating Conditions Units Range
Axial Shape Index * -0.600 < A.S.1. < 0.600
Inlet Temperature OF 465 < Tinp < 605
System Pressure psia 1750 < Pgyg < 2400
System Flow % design*] 60< W <120

NOTES

*See note (1) on Table

+Thermal margin design tflow = 322,000 gpm

3.2 for definition of axial shape index

TABLE 3-1:RANGES OF OPERATING CONDITIONS FOR WHICH
RESPONSE SURFACE IS VALID



MDHBR

% Change
Axial Shape Hominal System Cystem Parameters System Parameters X Adverse

Index Parameters Adversely Perturbed Advantageously Perturbed
(1) -~ - v - ’ ChangeAdvantageous

_(2)

-0.927 '
-0, 359
-0.070

0.00 Cosine
+0.317
+,337
+0.444

+0,027

o |
PR . i L/Zj;
(1) Axial Shape Index = _ngjr}z dz F, dz F_ = cove average
- 9 axial peaking factor at axial location z

L/2 :
-L/ZS;FZ dz .

"

core mid plane

-
i

(2) S 3 active core length
Z2) See Section

TABLE 3-2 -Determination of Most Sensitive Axial Shape Index



MDNBR

—

.

Pressure/Temperature Nominal System System Parameters System Parameters % Changepquerse
Parameters Adversely Perturbed Advantageously +
Perturbed
% Changep 4 antageous
psia/°f - - - (1)

-| -
2400/605
17507605
24007465
1750/465 ] J

(1) See Section 3

(2) For these state parameter combinations, CE-1 quality limits are exceeded for MONBR's in excess of 1.19,
therefore, these state parameters were not considered to be the "most sensitive” in

generating the Response Surface.

TABLE 3-3 Determination of the Most Sensitive

Primary Svstem Inlet Pressure and

Temperature
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Assembly Identification

Spen
Numbsr AKADS0 AKAOS1 AKBTO1 AKBTO2 AKC107 AKC201
-
10
6
2
- l
Mean -+ xxxx(xxx) <« number of measurements
standard deviation of mean
TABL:E 3-4 - AS-BUILT GAP WIDTH DATA (inches)



4.0 MDNBR Response Surface

4.1

4.2

A response surface is a functional relationship which involves several
independent variables and one depencent variable. The surface is
created by fitting the constants of an assumed functional relaticnship
to data cbtained from“experiments”.

The response surface provides a convenient means by which accurate
estimates of a comolex or unknown function 's response may e obtained.
Since the response surface is a relatively simple expression,

it may be applied in analytic techniques wrere more complex functions
would make an analytic solution intractable.

In the present apolication, a single detailed TORC analysis is treated
as an "experiment“. A carefully selczte set of detailed TORC "experi-
ments” is conducted, and a functicra] relationship is fitted to the
MONBR results. This response surface is then used in conjunction with
Monte Carlo techniques to combine probability distribution funstions
(p.d.f.'s) for each of the incependent variables into a resultant
MDNBR p.d.f..

TORC Model Used

The inlet flow distribution (shown in Fig. 3-1) is compared with radial
power distributions to determine the limiting location for DNB analysis.
For the purpose of generating the response surface, the limiting loca-
tion is defined as the assembly in which the impact of system parameter
uncertainties on MONBR is the greatest. The core-wide and limiting
assembly radial power distributions used to generate the response sur-
face are shown in Figs.3-3 and 3-4, respectively.

The first stage TORC model used in this analysis is shown in Fig. 3-5.
The limiting assembiy occurs in channel [ ] of this model. Second and
third stage models used in this analysis are shown in Figs. 3-6 and 3-7,
respectively.

Variables Used

A careful examination of the sources of uncertainty discussed in Section 3
shows that several of these sources of uncertainty can be omitted from
the response surface.

As explained in Section 3.2, inherent conservatism in the thermal margin model-
ling methodology factnrs makes it unn2cessary to account for uncertainty

in the radial power distribution used in ONB analyses. Hence, the

radial power distribution was omitted from the response surface.

4-1



4.3

The sensitivity study discussed in Section 3.4 indicates that large pertur-
bations in the exit gressure aistribution have negligible effect on the pre-
dicted MDIGR. Thus, the exit pressure distribution 1S not included in the
response surface.

The heat flux factor (F..) is applied to the MMHER calculated by TCRC in
the following manner:

MDHBR o
MDNBR = (4.1)
For

Since the functicnal relationship between M NER and Fp is known, the heat
flux factor is not used in generating the response surface. Instead, this
factor is combined with the resultant surface, as explained in secticn 4.5.

A method has already been developed (4-1) to account for rod bow uncertainty.
No rod bow effects are included in the response surface. Instead, the

rod bow peralsy determined with existing methods (4-1) is applied to the desiar
Timit MDNBR as discussed in Section 6.2.

The calculational uncertainty associated with MONER predictions using

the TORC/CE-1 package is implicitly included in tne CHF distributicn uncert-
ainty, as explainez in Sections 3.10 and 3.11. Hence no explicit allowance
for code uncertainty is included in the respense surface.

The system parameters included as variables in the respense surface are listed
in Table 4-1.

Experiment Desiagn

An orthogonal central composite experimental design (4-2) is used to gen-
erate the response surface applieg in tnis study. The total numper of exper-
iments needed %0 generate a response surface using this experiment design is

2k + 2k + 1

where k is the nurber of variables t3 be considered. Tre desired resconse surface
consists of seven variables, hence 143 "exceriments’ or detaiied TCRC anaiyses
were needed for 2 full orthogsnal central composite desian. The results of these
experiments may then 0@ manipulated by means of the least squares estimator

be {n' o] {0}z @.2)




4.4

4.5

where Z is the vecter of experimental results,
to yield the coefficients which define the response surface

z = DNBR « b +% b v+ b bl c)sl?
2. el 0 " fay 1M T Jqq N YT B by (4.3)
1<j

In the above 2quitions, 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 rep-
resent the cocnstants fournd from the TORC results by means of Eq. 4.2, and ¢

is a cocnstant determined from 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. However, such interaction effects are included in thd
present method.

Desion Matrix

The set of experiments used to generate the response syrface is referred

to as the design matrix. This matrix, in coded form, comorises the second
through eighth columns of the » matrix citea in £q. (4.2). Both coded and
uncoded versions of the design matrix used in this study are presentec in
Appendix A along with resyltant MONDR values. The design matrix was con-
structed such that eacn independent variable included in the response

surface extends just beyond the 2 range of its associated p.d.f.

Response Surface

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

Coefficients for the response surface as given by Ea. (4.3) are presented
in Table 4-2. Comparisons mace Detween TORC predicted MCN3R and respeonse
surface predictions show excellent agreement. The g5% confidence
estimate of the response surface standard deviation is 0,00313.

The heat flux factor is included analytically in the response §urfgce
by combining Eg. (4.1) with £q.(4.3). The final relationship is given by

1 7 7 2 7 7
MONBR " { b o+ b, ne* L besln: =€)+ L L bi: nen.r (4-8)
q"{ o f,] i M, i §a1 §o1 13 "1
. .i<j



The coefficient of determination, r, provides an indication of how well the
response surface explains the total variation in the response variable (4-3).
When r = 1, a true model has been found. The r value associated with the
respcnse surface generated in this work is 0.3988, which indicates that this
response surface is & gcod model.

Another indication of model performance is provided by the standard error of
estimate (4-4). The standard error for the response surface is 0.C02826.
The relative error is 0.28%, indicating that this model performs well.



r 1 *
System Parameter Variable| Index [Coded Values
(i ) 44 34
. * -
hot assembly iniet fiow factor
(channel J X1 1 '
channel [ ] inlet flow factor X2 2 '
channel[ ] inlet flow factor X3 3
1
channel [ ] inlet flow factor X4 4 |
enthalpy rise factor X5 5 l
systematic pitch (inches) X6 ) | ﬂ
systematic clad 0.0. (inches) X7 7 k 4
| v
*Channel numbers refer to Figure 3-5
**Variables code -cording to relation ni = X '.ai where tne 4

B4

are chosen such that nj = O at nominal conditions and the 8

are chosen such that the range of the response surface will

include ~ 2¢ ranges of each of the system parameters.

Table 4-1: SYSTEM PARAMETERS INCLUDED AS VARIABLES IN THE RESPONSE SURFACE
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5.0 Combination of Probability Distritution Functions

5.1

The MONBR response surface discussed im Section 4 is applied in Mante Carlo
methods to combine numerically the system parameter probability distribution
func ons (p.d.f.'s) discussed in Section 3 with tie CHF correlaticn 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 conjunction with 4 best estimate design TORC model,

Method

The SIGMA code applies Monte Carlo and stratified sampling techniques to
combine artitrary 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 uncerta nties on MONER is combined with the
¢ffect of uncertainty in the CHF correlation by computing a aMDNBR caused
y deviaticn of the system parameters from nominal:

AMDNBR = MONERp o _ MDNERy, (5.1)

where MDNBRp ¢ 1is the MONBR found by substituting the set of system
parareters into the response surface and MONERw~w is the MDNER vaiue
predicted by the response surface with neminal ‘System parameters. A

peirt iy then randomly chosen from the CHF ceorrelation p.d.f. and combined
with the aMDNBR from Eq. (5.1) tc vield a MDNBR value:

MONER = HDNBRCHF + tMDNBR (5.2)

This process s repeated bv the SIGMA code for 2000 randemly sele<ted sets
of system parameters and randomly selecred points frem the CHF correlation
p.d.f., and a resultant MONER p.d.f. is generated.

The system carameter 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 ceviations at the 955 confidence level are input to SIGMA
to ensure that the standard geviation of the resultant MDNER p.d.f. is at least

at the 95% confidence limit.
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5.2 Resul*s

The resultant MONER p.d.f. is shown in Fig. 5-1. Th2 mean and standard
deviation of this p.d.f. are 1.00096 and 0.088502, resvectively. As Fig.
5-1 indicates, the resultant MONER p.d.f. 2pproximates a normal distri-
bution.

5.3 Analytical Comparison

An approximate value of the standard deviation of the resultant MONSR p.4.f.
may be found by analytic metnods. These methods are based ypen the assurotion
that the uncertainties are small deviations frum the mean (5-2). Given a
functional relaticnship

g ® f(x])xzo o xﬂ) (5.3)
the effects of small perturtations in x on y may be found from
aif . f. cee 4 3f
Ay'dy'bxl-xl + sz“xz - - axndxn " (5.4)

Hence, if several ngrma] distributicns are combined by the relationship
expressed in £q.(3.3), the variance of the resultant p.d.f. is

0.8 ;3f 252 3f .2 32 af 2 .2
y©oe(57 ) +(3=) * ot (=)0
ix Xp iy Xg ax, Xy (5.5)

where the pa.ciSI derivatives are evaluated at the mean values of the xi‘s.

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

7 7 77
MONBRRs = g * 1oq Byn 4 * i bii(”iz “¢) *+ §a1 §ap By ng ny (5.6)
. i<j
11'11 .
where Ry & e (5.7)
A

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

.2 7 (ms_ﬂi'li)z o ’2‘1 (5.8)

RS " =1 34 . o
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Diffzarentiating Eq. (5.6) and (5.7) with respect to n'and Xy

7
NBR (5.9)
EEER by w2y ng +Tga By vy
‘“i

Substituting Eq.(5.3) and (5.10) into Eq.(5.8) results in a relation be-
tween the resultant MONER variance and the system parameter variances:

2 Z : 2 ox 2
Ops e (By*2byy gt Eoy byyng ) (X 0% (5.10)
Ay
This equatfon is simplified when evaluated at the mean values of the n,: (i.e.nj=0)
o o3 b,z “xf T (5.12)
RS. =] =7 :
Ay

The CHF correlation p.d.f. and system parameter p.d.f.'s are related to
the resultant MCIBR in Eq.(5.1) and 29.(5.2), and the heat flux factor is related
by €q.(4.1). The resultant MDNBR variance is given by

2 2 . 02
. o MpngR _ %2.5. * 9cuF - Fqv (5.13)
2 - ) uz
UMDNBR (“R s. ¥ dcur Fq"

where ugS-O e

Substituting values from Tables 4-1774-2, S-1, and Section 4.5 into £q. (5.11)
.and Eq (5.13) yields

-

woner 0.08765

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

5.1
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STARDARD DEVIATION
DISTRIBUTION MEAI AT 985 CONFIDENCE

- -

hot assembly inlet low factor (channel [ ])‘

channel [ ] inlet flow factor

channel [ ] inlet flow factor

————

channel [ ] inlet flow factor
lenthalpy rise facter

systematic pitch (inches)

heat flux factor

CE-1 CHF Correlation

* ~hannel numbers refer to Figure 3-5

systematic clad 0.0. (inches)
TABLE 5-1: PROBABILITY DISTRIBUTION FUNCTIONS COMBINED BY SIGMA
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6.0 Application to Design Analyses

This section discusses the application of the statistically derived MDNBR p.d.f.
to design analyses., Deterministic methodology (8-1) involves use of 3 design
model for TORC anaiysis which includes deterministic allowances for system parae
meter uncertainties. These deterministic penalties are replaced with a higher
MDHBR limit in the statistical methodology. This higher MONBR limit is used with
a "best estimate" design model in thermal margin analyses.

6.1 Statistically Derived MONBR Limit

6.2

The MDNBR p.d.f. described in Section 5.0 is a normal distribution having a
mean of 1.00056 and a standard deviation of 0.0885022. This standard deviation
fs at least at the §5% conficdence level. A comparcison of TCRC results and
respcnse surface predicticns indicates that tne lo error associated with the
response surface 1§ ot 0.002826 ; at the 95% confidence level, this value 1s

995 * (002826 x J142/115.461 ) = .003134

The MDNBR stancard deviation was founa to be 0.088502 by means of Monte Carlo

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

d correction must be applied to the calculated value. The resultant MD4BR

standard cdeviation, adjusted for the finite samole size used is (0.088502 x
°6.131) =0.09087), The root sum scuare of the adjusted MDi3R stirdard

deviaticn and the resnonse surface standard deviation at the 95% confidence leve!

is
‘{(0.09087U2 + (0.003134)2 = 0.090925. The corresponding 952

Yoot ©

- confidence estimate of the mean is

(1.00096 + (1.645 x.0885022)/ /20007 = 1.008216.

Since the resultant MONER p.d.f. is a normal distribution, as shown in Figure
5-1, the cne-sidad 337 orobability limit is 1,645, KHence there is a 95%
probability with at least 337 confidence that the limiting fuel pin will not
experience DN8 if the best estimate design model TORC calculation yields a
MONBR value greater than or equal to (1.004216 + 1.645 x 0.090925) = 1,154,

Adjustments to Statistically Derived MDNBR Limit

-The statistical MONBR 1imit derived in Section 6.1 contains no allowance for the
adverse impact on ONBR of fuel rod bowing. C-E has applied an NRC method for
taking rod bow into account in DNBR calculations (6-2). This application shows
that the penalty depends on batch average burnup. For 16x16 fuel, this penalty
is 2.0% in MONBR at a burnup of 30 GWD/MTU. Batch average burnups for Cycle 2
will not exceed 30 GWD/MTU. Thus, theé new limit, including an allowance for rod
bow is (1.020x1.154) or 1.177.

The NRC has not yet compcleted review of the application of the CE-1 CHF cor-

relation (6-3) to non-uniform axial heat flux shape data (6-4). Conseguently,

a 5% penalty was appiied to the 1.13 MONBR 1imit by the NRC. The interim MDNBR

1imit for use with the CE-1 CHF correlation, pending NRC approval of C-E's

non-uniform axial heat flux snhape data, is 1.19. For the purpcses 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 1.237,rounded off to 1.24.

Thus, the new MONBR 1imit which contains allowance for uncertainty in the CHF
correlation and system param-*=rs as well as a rod bow penalty and the interim
5% penalty oa the CE-1 correlation imposed by the NRC is 1.24.

6-1



6.3 Application to TORC Design Model

Statistical combination of system sirameter uncertainties into the MONBR limit
precludes the need for deterministic 2pplicatica of penalty factors %o the

desfgn TORC model. The cesign TORC mocel used witn the new MOLER limit of 1.24
consists of Dest estimate system parameters with no engineering factors cor other
adjustments to acccmogate systam parameter uncertainties. The inlet flow split
will, however, continue to be chosen such that tre best estirate desiagn TCRC :
model will yield accurate or conservative MLNBR predictions wnen compared with
MDNBR values from detaile® TORC analyses( 5-1

6-2




7.0 Conclusions

7.1

Use of a 1.24 MDNBR limit with a best-estimate design TORC model for

the ANO-2 Cycle 2 core will ensure with at least 95° probability and

95% confidence, that the hot pin will not experience a departure from
nucieate boiling. The 1.24 MDNBR limit includes explicit allowances for
system parameter uncertainties, CHF correlation uncertainty, rod bow, and
the 55 interim penalty imposed by the NRC on the CE-1 CHF correlation.

Conservatisms in the Methodology

Severa' conservatisms are included in the present applicatien. The
signi ‘cant conservatisms include:

1) combination of system parameter p.d.f.'s at the 95%
confidence level to yield a resultant MONBR at a 335 +
confidence level

ii) use of pcssimistic system parameter p.d.f.'s

111) derivation of the new MONER 1imit such that it applies to
both 4-pump and 3 pump operation

{v) use of the single most adverse set of state parameters %2
generate the response surface g

v) application of the 53 interim penalty imposed by the NRC
on the CE-1 CHF correlation
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Appendix A: Detailed TORC Analyses Used
To Generate Response Surface

An orthogonal central composita experimen* design (A-1) was used to
generate the response surface (R S) used in this study. All first order
interaction effects (i.e. xyxj terms) were retained in the R S. The R §
used in this study included seven variables. The coded set of detailed
TORC analyses performed to generate the R S is presented in Table A-1;
variables were coded as shown in Table 4-1. The actual values of the

input parameters are presentad in Table A-2 along with the resyltant
MONCR values.

Refarences

(A-1) R. H. Myers, Response Surface Methodology, Allyn & Bacon, Inc., Boston,
1971, p. 133.




Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number [Channel [ Jf Channel [ 7§ {Channel [ 7| Channel [ J| Rise Factor Pitch Clad 0.D.
1 -1 -1 -1 -1 -1 -1 -1
2 of -1 -1 -1 -1 -3 |
3 B - B B -1 1 A
4 - 1 1 iy a ! !

5 -1 -1 -1 -1 1 -1 -1
6 B A A A ] -1 !

7 -1 -1 -1 -1 1 1 -1

: é -1 -1 -} -} ] | ]
9 A x K ] - -1 =
10 -1 -1 -1 1 -1 -1 1
11 -1 -1 -1 1 -1 1 -1
12 -1 -1 -1 ! -1 1 ]
13 L -1 -1 -1 1 1 -1 -1
*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relat. .iships

NOTE: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface

A-2



Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number fChannel [ )f Channel [ ] [channel [ J[Channel [ J| Rise Factor Pitch Clad 0.0.

14 -1 -1 -1 1 1 -1 i

15 -1 -1 -1 1 1 1 -1

16 a v -1 ! ! 1 !

17 - A ! A B B B

18 -1 -1 1 -1 -1 -1 I

19 -1 -1 1 -1 -1 1 -1

20 -1 -1 1 -1 -1 1 1

21 -1 -1 1 -1 1 -1 -1

22 -1 -1 1 -1 1 -1 1

23 A - ! 4 ! ) 4

24 -1 -1 1 -1 1 1 1

25 -1 -1 1 1 -1 -1 -1

26 -1 -1 1 1 -1 -1 1

*channel numbers refer to Fig. 3-5

NOTE:

Iab!ﬂ A-1:

(Cont'd)

Coded Set of Detailed TORC Cases Used to Generate Response Surface

A-3

See Table 4-1

Coded values determined by methods described in Reference (A-1).

-

for coded relationships



Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number Ichannel [ )| Channel [ J[Channed [ 7| Channel [ J| Rise Factor Pitch Clad 0.D.

27 -1 -1 1 i - 1 X

28 -1 -1 1 i -1 1 1

29 ~1 -1 1 1 1 -1 -1

30 -1 -1 1 1 1 -1 1

31 -l -1 1 1 1 1 -1

32 -1 -1 1 1 1 1 I

33 v 1 =3 - A -1 B

3 -1 ! 1 A A o4 !

35 -1 1 -1 -1 -1 1 -1

36 -1 1 -1 -1 -1 1 1

37 -1 1 -1 -1 1 -1 -1

38 -1 1 -1 -1 1 -1 1

39 -1 1 ' -1 .1 e 1 -1
*channel numbers refer to Fig. 3-5 Sce Table4-1 for coded relationships

NOTE: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface
(cont'd)

A-4



Case . Inlet Flow Factors Enthalpy Systematic |Systematic
Number fChannel [ ]| Channel [ ] [channel [ J]Channel [ J] Rise Factor Pitch Clad 0.0.
40 -1 1 -1 -1 1 1 1
4 -1 1 -1 1 -1 -1 -1
42 -1 1 -1 1 -1 -1 1
43 -1 1 -1 | -1 1 -1
44 S 1 -1 1 -1 1 1
45 -1 1 -1 1 1 -1 -1
46 -1 1 -1 1 1 -1 I
a7 -1 1 -1 1 ] 1 -1
48 A 1 r ! ! ! )

49 -1 1 1 -1 -1 -1 -1
50 -1 1 1 -1 -1 -1 1
51 -1 1 1 -1 -1 1 -1
52 -1 1 1 -1 -1 1 1
*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relationships

WTE:  Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface
(cont'd)



Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number fChannel [ | Channel [ ] Chann57~1T.] Channel [ ]] Rise Factor Pitch Clad 0.D.

53 -1 | 1 -1 1 -1 -1

54 -1 1 1 -1 1 -1 |

55 -1 1 1 -1 1 1 -1

56 -1 1 1 -1 1 1 1

57 -1 1 I 1 -1 -1 -1

58 -1 1 1 1 -1 -1 1

59 -1 1 1 1 -1 1 -1

60 -1 1 1 1 -1 1 1

61 -1 1 1 1 1 -1 -1

62 -1 1 1 1 1 -1 1

63 -1 1 1 1 1 1 -1

64 -1 1 1 1 1 1 1

65 1 -1 | -1 -1 | -1 -1 -1
*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relationships

NOTE: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface

(cont'd)

A-6




Case Inlet Flow Factors Enthalpy Systematic |Systematic

Number fChannel [ | Channel [ ] [Channel [ ] Channel [ ] Rise Factor Pitch Clad 0.0.
66 \ A A £ A A |
67 1 -1 -1 -1 -1 1 -1
68 I -1 -1 -1 -1 1 1
69 ! R < e | A &
70 S < o A 1 - !
n ! 1 -1 » 1 1 .
72 1 -1 -1 -1 1 1 1
73 1 " ol ! v A A
74 1 -1 -1 1 -1 -1 1
75 1 -1 -1 1 -1 1 -1
76 1 -1 -1 1 -1 1 1
77 1 -1 -1 1 1 -1 -1
78 1 -1 | -1 1 1 -1 1

*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relationships

NOTE: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface
(cont'd)

A7




Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number Channel [ J| Channel [ 7 [Channel [ ][ Channel T ]| Rise Factor Pitch Clad 0.D.

79 1 -1 -1 1 | 1 -1

80 i -1 -1 1 i 1 1

81 ! -1 1 -1 -1 -1 -1

82 1 -1 1 -1 -1 -1 1

83 ! K ! A 4 \ A

84 1 . -1 1 -1 -1 1 1

85 1 -1 1 -1 1 -1 -1

86 1 -1 1 -1 1 -1 1

87 ! - ! i, ) ! -

88 1 -1 1 -1 | 1 i

89 ! ol | ! A - -

90 ! T ! | - A |

91 1 -1 1 1 -1 1 -1

*channel numbers refer to Fig. 3-5

NOTE :

Table A-1:

(cont'd)

A-8

See Table 4-1 for coded relationships

Coded values determined by methods described in Reference (A-1).

Coded Set of Detailed TORC Cases Used to Generate Response Surface




Case Inlet Flow Factors Enthalpy Systematic |Systematic
Number I Channel [ ]f Channel [ J[channel [ J[Channel [ J] Rise Factor Pitch Clad 0.0.

92 1 -1 1 1 -1 1 1

93 1 -1 1 1 1 -1 -1

94 I -1 i 1 1 -1 1

95 1 -1 1 1 1 1 -1

96 : 1 -1 1 1 1 1 1

97 1 1 -1 -1 -1 -1 -1

98 1 ! " B 3 K !

99 ! 1 -1 -1 - | &
100 1 1 -1 -1 -1 1 1

101 1 1 -1 -1 1 -1 -1

102 1 1 -1 -] 1 -1 1

103 1 1 -1 -1 1 ] -1

104 1 ! - -1 N ] i
*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relationships

it
'

T
Wi

t: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of Detailed TORC Cases Used to Generate Response Surface
(cont'd)

A-9



Case Inlet Flow Factors Enthalpy Systematic | Systematic

Number fChannel [ Jf Channel [ 7 [Channel [ TJ[Channel T J| Rise Factor Pitch Clad 0.D.
105 1 1 -1 1 -1 -1 -1
106 1 1 -1 i -1 -1 |
107 1 1 -1 1 -1 1 -1
108 1 1 -1 1 -1 1 i
109 1 1 ] -1 1 1 -1 -1
170 i 1 -1 1 1 -1 1
111 1 1 -1 1 1 1 -1
' 12 ] 1 -1 i ] 1 1
113 1 1 1 -1 -1 -1 -1
114 1 1 1 -1 -1 -1 1
115 1 1 1 -1 -1 1 -1
116 1 1 1 -1 -1 1 1
17 ] y - ] r ] 8 1

*channel number: refer to Fig. 3-5 See Table 4-1 for coded relationships

NOTE:  Coded values determined by methods described in Reference (A-1).
Table A-1: Coded Set of Detailed TORC Cases Uscd to Generate Response Surface

(cont'd)



Case Inlet Flow Factors Enthalpy Systematic |Systematic
Humber I channel [ ]| Channel [ 7 [Channei [ J[Chanmnel [ J| Rise Factor Pitch Clad 0.D.
118 1 1 i -1 1 -1 ]
119 1 1 1 -1 1 i -1
120 1 1 1 -1 1 1 I
121 1 1 1 ] -1 -1 -1
122 " 1 1 1 -1 -1 1
123 1 1 1 1 -1 1 -1
124 1 1 1 1 -1 ] 1
125 | 1 1 1 1 -1 -1
126 1 1 1 1 1 -1 1
127 1 1 1 1 1 1 -1
128 1 1 1 i 1 1 1
129 0 0 0 0 0 0 0
130 1.91 0 0 0 0 0 0
*channel numbers refer to Fig. 3-5 See Table 4-1 for coded relationships

NOTE: Coded values determined by methods described in Reference (A-1).

Table A-1: Coded Set of uetailed TORC Cases Used to Generate Response Surface
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Case

I

_l k

Inlet Flow Factor Enthalpy Systematic Systematic | Detailed TORC | Response TORC
Number Channel[ ] Channel [ } Channel [ ] Channel[ ] Rise Factor Pitch** Clad 0.D.** MONBR MONBR Residual
1 i .93921 .50495 .004
2 .93921 .50495 .002
o3 .93921 .50590 .005
4 .93921 .50590 .004
5 1.06080 .50495 .004
6 1.06080 .50495 .003
7 1.66080 .50590 .003
8 1.06080 .50590 .002
9 .93921 .50495 -.001
10 .93921 50495 -.004
I .93921 .50590 .001
12 .93921 | .50590 -.000
13 1.06080 .50495 -.003
14 1.06080 .50495 -.003
15 b = 1.06080 .50590 Lr -.004

Channel numbers refer to Fig.

Table A-2

3-5

%A1l system parameters dimensionless except systematic

pitch and ciad 0.D.
Comparison of TORC and Response Surface MDNDBR for Cases Used to Generate Response Surface

A-13

(inches)




Case Inlet Flow Factor Enthalpy Systematic Systematic | Detatled TORC |Response TORC

Sumber Cthncl[ ] Chdnncl( ] (hannel[ ] Channel( ] Rise Factor Pitch** Clad 0.D.** MONBR MONBR Residual
16 i 1.06080 .50590 -.007
17 .93921 .50465 -.001
18 .93921 .50495 -.004

19 .93921 .50590 .000
20 .93921 .50590 .001
21 1.06080 .50495 -.006
22 1.06080 . 50495 -.005
23 1.06080 .50590 -.007
24 1.06080 .50590 -.007
25 .93921 .50495 .004
26 93921 .50495 .003
s .93921 .50590 .005
28 93921 | 50590 .005
29 1.06080 .50495 -.000
30 - ~ 1.06080 .50495 - l l i .001

*Charnel nunbers refer lorflg. 3-5

1 able A-2

(cont'd)

*%All system parameters dimensionless except stlematlc
pitch and clad 0.D. (inches)

A-14

Comparison of TORC and Response Surface MDNBR for Cases Used to Generate Response Surface




Case Inlet Flow Factor Enthalpy Systematic Systematic | Detatled TORC | Response TORC
Sanbye kot [ ] s L -] P [ J O} g ] Rise Factor Pitch** Clad 0.D.** MORER MDNER Residual
n | 1l 1.06080 | .s0500 |[ 11 -.000
32 1.06080 .50590 -,002
33 .93921 .50495 -.003
- 34 .93921 .50495 -.00%
35 .93921 .50590 -.004
36 .93921 .50590 -.002
37 1.06080 .50495 .001
38 1.06080 .50495 .001
39 1.06080 .50590 -.002
40 1.06080 .50590 .000
a .93921 .50495 .000
42 .93921 .50495 .001
43 .93927 .50590 -.001
24 .93921 .50590 .001
45 1.06080 .50495 .001
= : 0 .

*Channel nuabers refer o Fig, 3-5

**xAl]l system parameters dimenslonless exc ept systematic
pitch and clad 0.D. (inches)

Iﬂb]e.gsz Comparison of TORC and Response Surface MONBR for Cases Used to Generate Response Surface
cont

A-15




Case Inlet Flow Factor Enthalpy Systematic Systematic Detailed TORC | Response TORC

Nuaber Ch.mm-l[ ] Pt [ ] T [ ] Channel[ ] Rise Factor Pitch** Clad 0.0.** MONBR MLHER Residua)
a6 |[ | 1.06080 | .50495 |[” T oo
47 1.06080 .50590 .002
48 1.06080 .50590 .002

*49 .93921 .5049% -.000
50 .93921 .50495 -.000
51 .93921 .50590 -.001
52 .93921 .50590 -.001
53 1.06080 .50495 .004
54 1.06080 .50495 .003
55 1.06080 .50590 .004
56 1.06080 .50590 .004
57 .93921 .50495 -.003
58 93921t | 50495 -.002
59 .93921 .50590 -.002
60 ! | | l ) .93921 50590 - l I I -.003

*Channel nusbers refer to Fig.3-5 7 **A11 system parameters dimensionless except systemat Lc

pitch and clad 0.D. (inches)

Table A-2  Comparison of TORC and Response Surface MONDR for Cases Used to Generate Response Surface

(cont'd) das



Case Inlet Flow Factor Enthalpy Systematic Systemat‘c | Detatled TORC | Response TORC

Hunber Chamwl[ ] Channel [ 1 Channel [ ] Clumnel[ J Rise Factor Pitch** Clad 0.D.** MDNBR MDNER Residual
61 |[ “T1 1.06080 50495 | 1] .o000
62 1.06080 .50495 .001
63 1.06080 .50590 .002
64 1.06080 .50590 .002
65 .93921 .50495 -.001
66 .93921 .50495 -.002
67 .93921 .50590 -.002
68 .93921 .50590 -.003
69 1.06080 .50495 -.002
70 1.06080 .50495 -.002
71 1.06080 .50590 001
72 1.06080 .50590 -.001
73 93921 | .s0a95 -.001
74 .93921 .50495 -.001
75 .93921 .50590 f & .004

T : =

*Channel wunbers refer to Fig. 3-5

Table A-2

(cont*d)

**AI] system parameters dimensionless except systematic
pitch and clad 0.D.

Comparison of TORC and Response Surface MONBER for Cases Used to Generate Response Surface

A-17

(inches)




Case

Inlet Flow Factor

Enthalpy Systematic Systematic Detailed TORC | Response TORC

Nunder c"d""e‘[ ] Ocanms} [ ] S [ ] Channcl[ ] Rise Factor Pitch** Clad 0.D.** MONUR MONGR Residual
6 |[ 11 L9302 50590 || 1| -.002
77 1.06u80 .50495 ' .003
78 1.06080 .50495 .003
79 1.06080 50590 .003
80 1.06080 .50590 .002
81 .93921 .50195 .001
82 .53921 .50495 001
83 .93921 .50590 -.001
84 . 93921 .50590 -.002
85 1.06080 .50495 .003
86 1.06080 .50495 .002
87 1.06080 . 50590 .004
88 1.06080 .50590 003
89 .93921 .50495 -.001
90 .93921 .50495 -.002

.

et

aonel nunbers refer to Fig. 3-5

**All system parameters dimensionless cx(rbt systnmulfg
pitch and clad 0.D.

(inches)

Table A-2Comparison of T0RC and Response Surface MONBR for Cases Used to Generate Response Surface

(cont'd)
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Case

Inlet Flow Factor

Enthalpy Systematic systematic Detailed TORC | Response TORC
Husher (hannel[ ] Channel [ ] Chaaat [ ] Channel[ ] Rise Factor Pitch** Clad 0.D.** MDNER Residual
a || T 93921 50590 [ -.003
92 .93921 .50590 -.002
93 1.06030 .50495 002
99 1.06080 . 50495 001
95 1.06080 .50590 .003
96 1.06080 . 50590 .002
97 .93921 .50495 .001
98 .93921 .50495 .001
99 .93921 . 50590 .003
100 . 93921 . 50590 .003
101 1.06080 50495 -.002
102 1.06080 .50495 -.002
103 1.06080 .50590 .001
104 1.06080 .50590 L00¢
105 .93921 . 50495 003

waneel nusbers reter (o‘fhj. 3-3

Table A-2
(cont'd)

**All system parameters dimensionless except systemat ic

pitch and clad 0.D. (inches)
Comparison of TORC and Response Surface MONBR for Cases Used to Generate Response Surface

A-19
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Case

Inlet Flow Factor

—

|

S

|

- Enthalpy Systena&lc Syste-atlc Detailed TORC | Response TORC

Humber Channel[ ] i Ch«nnel[ ] Cnannel[ ] Channel[ ] Rise Factor Pitch vad 0.0.** MONBR MDNEBR Residual
121 ‘ 193921 50495 11 002
122 .93921 .50495 .00
123 .93921 .50590 L001
124 .93921 .50590 .000
125 1.06080 .50495 -.005
126 1.06080 .50495 -.004
127 1.06080 .50590 -.002
128 1.06080 .50590 -.003
129 1.00001 .50543 -.002
130 1.00001 .50543 -, 002
131 1.00001 .50543 .002
132 1.00001 | .50543 004
133 1.00001 .50543 -,003
134 1.00001 50543 -.001
135 1.00001 .50543 .001

Channel pumbers refer Lorflg. 3-5

Table A-2
(cont'd)

**All system parameters dimensionless except syslcﬁglir
pitch and clad 0.D. (inches)
Comparison of TORC and Response Surface MDNBR for Cases Used to Gencrate Response Surface

A-21




Case

Inlet Flow Factor

i

-

|

Enthalpy Systematic Systematic Detafled TORC | Response TORC

Number Ch‘"np‘[ ] Lhanncl( ] Ch¢nnel[ ] Channel[ ] Rise Factor Pltch** Clad 0.D.** MDNBR Restdual

r~136 1 1] L0000 .50543 B -.002
137 .00001 .50543 .002
138 11612 .50543 002
139 .88389 .50543 -.001
140 1.00001 .50633 -.004
141 1.00001 50452 .005
142 1.00001 .50543 .007
143 1.00001 .50543 -.007

channel nunbers refer to fFlg9. 3-5

Table A-7
(cont'd)

Comparison of TORC and Response Surfoce MDMBR for Cases Used to Generate Response Surface
A-2?

3 4
**All system parameters dimensionless except

pitch and clad 0.D.

systematic




