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STATEMENT OF DISCLAIMER

Data, methods, conclusions, and other information contained in
this report have been prepared sclely for use by Union Electric
Company (Union Electric), and may not be appropriate for uses
other than those described herein. Union Electric therefore
makes no claim or warranty whatsoever, express or implied,
regarding the accuracy, usefulness, or applicability of
information contained in this report. 1In particular, UNION
ELECTRIC MAKES NO WARRANTY OF MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE, NOR SHALL ANY WARRANTY BE DEEMED TO ARISE
THROUGH COURSE OF DEALING OR USAGE OF TRADE, with respect to the
contents of this document. 1In no event shall Union Electric be
liable, whether through contract, tort, warranty, or strict or
absolute liability, for any damages resulting from the

unauthorized use of information contained in thils report.
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CONTROL BANK REACTIVITY WORTH DETERMINATION
USING THE ROD SWAP TECHNIQUE

1.0 JINTRODUCTION

1.1 Purpose of Bank Reactivity Worth Testing

Control and shutdown bank reactivity worth testing is part
of the normal reload physice testing seguence at virtually
all commercial nuclear power plants. The main purpose of
bank worth testing is to validate the cycle specific core
models used to design the reload and document ite
acceptability from a safety perspective, particularly in
terms of shutdown margin, Bank worth testing iz
accomplished by measuring selected bank worths and comparing
the values obtained against corresponding predictions
generated with design models. Historically, the two primary
methods used to perform bank worth testing are boron

dilution and rod swap.
1.2 Dilution Method'
Currently, the boron dilution method of measuring bank

worths is used at Callaway. Starting with an all-rods-out

ARD) configuration, a constant rate of boren dilution is



initiated. Control banks are periodically inserted to

maintain the core near criticality (or within the specified
physics testing range). First, Control Bank D (CBD) is
incrementally inserted, then CBC, CBB, and finally, CBA,.

When CBA approaches full insertion, the dilution is

terminated, and the core is allowed to stabilize with CBA at or

near full insertion.

Bank worths are determined by analyzing reactivity traces
recorded on strip charts., The periodic negative reactivity
insertions of each bank are measured and then summed. The result
is a tabulation of differential and integral bank worths which
are then compared to corresponding predicted values. Note that
only the control banks are measured, and each worth

measurement is made in tihe presence of the previously

inserted bank(s).

Rod Swap Method2

Rod swap is an alternative method of measuring bank worths
which offers a number of advantages over boron dilution.
The first step in rod swap is to measure the worth of the
single highest worth bank (based on predictions) using the
boron dilution technique, beginning from an ARO core
configuration. This bank is designated the Reference Bank

(RB) .



The dilution test produces a curve or tabulation of
Reference Bank worth versus position (steps withdrawn).
After the Reference Bank measurement, the core is allowed to
stabilize with the Reference Bank inserted, all other rods
out (ORO), and boron dilution terminated, While maintaini g
the core within the specified physics testing range, each
other bank is then individually "swapped" with the Reference
Bank. Since the Reference Bank is the highest worth bank,
the swapped bank will end fully inserted, while the
Reference Bank will be withdrawn to some partially inserted,
critical position. 1Initial and final positiong of the
Reference Bank are recorded, and then the swap process
reversed to return to the original configuration (RB-in,

ORO). This process is repeated for all remaining banks,

Barnk worths (other than the Reference Bank) are determined
by combining the Refer=ance Bank worth tabulation with the
recorded critical position data., As described in more
detail later in this report, each swapped bank worth is
equivalent to the incremenial worth of the Reference Bank
from its starting point (usually near full insertion) to the
respective critical position., This worth value is based on
the Reference Bank worth tabulation, and includes the
presence of the Reference Bank at the c¢ritical pesition. As
is done for the boron dilution method, the determined worths

are compared against corresponding design predictions.



The advantages of the rod swap technique are significant,
First, rod swap testing requires approximately half the time
of conventional boron dilution testing. This directly
translates into reduced replacement powver costs by
increasing overall plant availability. Second, rod swap
invelves less water processing, which also reduves costs,
Finally, and most important, since both contrel and shutdown
banks are measured, rod swap represents a net increase in
the number and diversity of reactor physics measurements
taken during startup physics testing. Thus, rod swap
results in 4 more encompassing description of core behavior

than boron dilution, ultimately enhancing plant safety.

Similarity to Previously-Licensed Methods

It should be noted that Union Electric’s proposed rod swap
methodology, as described in this report, is equivalent to
methceds previously-~licensed for such companies as Virginia
Electric Power Co. (\-’EPCO)3 and Public Service Electric and
Gas Co. (PSE&G)“. Although certain calculation seqguences
and data manipulations may differ, the methods are
fundamentally the same, particularly in terms of the number
of measurements taken, the conservatism of the
acceptance/review criteria, and the fact that calculations

represent what is actually being measured in the core.



ROD_SWAP TEST DESCRIPTION

R 1 Swap Fundamentals

Rod swap is based on the premise that if the wort® of “ne
bank is explicitly known (or measured), then the worths of
the remaining banks can be inferred by individually
exchanging or “swapping" them with the known bank. Although
this seems reasonable intuitively, it is useful to visualize

the exchange as two independent steps.

First, assume that Reference Bank worth versus pesition is
known, as well as its critical position for a particular
bank. The exchange begins with a stable, critical core with
the Reference Bank inserted alone. The first step is to
withdraw the Reference Bank to the known critical position
for the swap configuration. As a result, the positive core
reactivity will equal the known reactivity worth of the
Reference Bank from zero steps to the new position. The
second step is to fully insert the unknown bank. §&ince the
position of the Reference Ban< was Known to represent the
critical position with the unknown bank fully inserted, the
core is now theoretically critical, assuming test conditions
have not changed. Also, since the ncgative reactivity of
the unknown bank must exactly offset the positive reactivity
produced by tne withdrawal of the Reference Bank, the worth
of the unknown bank, in the presence of the Reference Bank,

is now known. In eqguation form, this identity is:



ory w(x)RB@CP = W(RB) - iw(RB)CV—ARo]
where; w(x)RB@CP = Worth of Bank(x) with the Reference
Bank at the critical position
W(RB) = Total Reference Bank worth with no
other banks present
W(RB) op.apo ® Reference Bank worth from the

critical position to fully withdrawn

In reality, both steps proceed at the same time. However,
if the core is truly critical at both the starting and
ending configurations, the abeve identity holds true

regardless of .he path followed.

Test Objectives

As previously stated, the objective of rod swap testing is
to measure the reactivity worth of contrel and shutdown
banks in the core. Measurement results are compared against
corresponding design predictions through the use of

acceptance criteria.

Test Sequence

Rod swap begins with a critical and steble core, and all
banks withdrawn. The worth of the ost reactive bank, as
determined by design predictions, is measured using the
standard boron dilution technique. To do this, a stable

boron dilution is initiated, equivalent to a reactivity

- -
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position of the Roference Bank is recorded. This process is
repeated for all remaining banks, with initial, critical,

and final Reference Bank positions recorded for each

exchange. After all swap measurements are completed, the

core is returned to a stable condition with shutdown banks
withdrawn and contrel banks in normal overlap mode., During
system restoration, rod swap bank worths are determined from the

measurement data as described below.
Data Interpretation

Reference Bank worth is determined using the standard data
analysis technigues associated with the boren diluticn
method. All other bank worths are determined through a
combination of the Feference Bank worth data and the
Reference Bank’s initial, critical, and final pcsitions
recorded during each bank exchange, Thus, the test data
consists of the following information:

1) RB worth table (pcm versus bank position)

2) RB position before swap

3) RE critical position after swap

4) RB position after swap is reversed

(Items 2-4 are collected for each bank exchanged with the
Reference Bank)

In addition, the following predicted data are supplied:
1) Predicted Reference Bank integral worth

2) Predicted Reference Bank critical poritions

- f -
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3) Predicted Bank X worth versus Reference Bank position

4) Test Acceptance/Review Criteria

(Predicted Reference Bank critical positions are provided as
plant information only, and ave not used in the measurement

procedure.)

Bank worths are obtained by retrieving from the Reference
Bank worth measurement the Reference Bank’s worth from fully
inserted teo its adjusted measured critical position, CP, .
The measured critical position is adjusted to account for
any test condition drift as well as a non-fully inserted
initial Reference Bank position. Thus, the adjusted
critical position represents the critical pcsition that
would have been measured had the Refarence Bank started
fully inserted and test conditions remained completely
stable. It should be noted that such adjustnents are

usually very small.

If the Reference Bank was required to le fully withdrawn
during the swap and the reactor was still sub-critical (a
"swap~out" condition), then the bank worth is simply the
Ref~rence Bank worth from the average of its starting

positiors to fully withdrawn, plus the swap-out reactivity.









3.0 CALCULATION METHODOLOGY

Overview of Codes and Methods

The primary reload design codes used by Union Electric are
CASMO—J5 and SIMULATE-3P6. In addition, the code GRPDQ (an
advanced version of PDQ-7 with 2D thermal feedback
capabilites) is also used for certain model development

applications, but not specifically for rod swap analysis.

The state-of~the-art codes CASMO~3 and SIMULATE-3P are
products of Studsvik of America, Inc. These codes are used
extensively throughout the industry, both in the United

States and abroad.

CASMO-3 is a multigroup, two-dimensional transport theory
code for performing fuel burnup calculations. Nuclear data
is based on ENDF-B versions 1V and V, and is assembled in
both 40 and 70 group libraries ranging from 0 to 10 MeV.
CASMO is used for generating cross-section and discontinuity
factor data for each nuclear fuel type loaded in the core.
This data is subsequently transferred to SIMULATE-?2P though

the processing program TABLES~3.

SIMULATE-3P is an advanced two-group, two and
three-dimensional nodal code for performing PWR and BWR core

analysis. SIMULATE-~3P is based on the QPANDA neutronics






3.3 Calculation Sequence

The rod swap calculation sequence is as follows:

Reference Bank Identity

The Reference Bank is the highest-worth bank,
assuming all other banks withdrawn. The Reference
Bank is determined by individually inserting each
bank into a critical, ARO core model and
calculating corresponding eigenvalues. The bank
which produces the largest reduction in

k-effective is selected as the Reference Bank.

Reference Ban¥ Integral Worth, W(RB)

Reference Bank integral worth is obtained by
essentially modelling the dilution test.

Beginning with a critical, ARO core, the Reference
Bank is inserted into each successive node of the
3-D core model. After each insertion (boron is
held constant), the core eigenvalue is calculated.
Reference Bank integral worth at each position is
the sum of all reactivity changes up to that
point. A table of Reference Bank Integral worth
vs. position (steps withdrawn) is generated from

the data, After the bank is fully insercted, a
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4.0 ACCEPTANCE AND REVIEW CRITERIA

Typical Criteria Structure

Acceptance/review criteria, as used in previously-licensed

3,4

wethods, involve three basic comparisons First, the
Reference Bank worth must be within 10% of the predicted
value. Since other bank worths are inferred from the

Reference Bank worth, the test results gshall meet this

acceptance criterion.

Second, individual bank worths must be within 15% of
predicted values. This criterion constitutes a review
requirement. In other words, if an individual bank exceeds
the criterion, then a review must be performed by the
appropriate personnel to determine test acceptability. Such
reviews, including corrective actions as necessary, must be

completed prior to power escalation.

Third, the total worth of all banks, including the Reference
Bank, must be within 10% of the predicted sum. As with the

Reference Ban!. worth, this comparison is an acceptance

criterion, and ghall be met.
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Deviation percents between Union Electric and vendor

predictions are calculated using the eguation:

Deviation (%) = [W(UE)-W(vendor))/W(vendor) * 100

Where W(UE) is the bank worth value predicted by Union

Electric, and W(vendor) is the worth value » -edicted by

Westinghouse.

For example, assume the following bank worths:

CBD (UE predicted) = 700 pcm

CBD (vendor predicted) = 715 pcm
SUM (UE predicted) = 3500 pcm
SUM (vendor predicted) = 3600 pcm

(CBD = Contrel Bank D, eaind 8UM = Sum of all banks)

The percent differences between the UE and vendor values
are:

CBD = (700-715)/715 * 100 = = 2.,1%
SUM = (3500-=3600)/3600 % 100 = - 2.8%

The resulting criteria percentages, based upon both Union

Electric and vendor rredictions, are then:

CBD = +15%/-12.9% S8SUM = +10°%/-7.2%

-
-

(Note that the percentages are never greater th

nominal acceptance values.
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ACCEPTANCE/REVIEW CRITERIA

RANGE CALCULATIONS

Bank
CBD

cBC

SBB

Total

Bank
CBD

CBC

CBB

CALLAWAY CYCLE 4

304.8

371.5

7801

35791

vendor
Worth
719

703

3510

05 Diff

CALLAWAY CYCLE 5

VE
Waorth

882.8

788.4

Vendor
worth
519

885

Y% Diff
0

-0

w

6

1

~n

C meng
Range (%)

+15/-12.5

+11.8/-15
«14.4/-15
+10.4/-15
+10/-10 *

+8/-10

Crteria
Range (%)
+14.9/-15
+10/-10 *

+6/-156

+15/=-7

+8.8/-15
+7.4/<15
+8.7/=10



o +
- < o

& » -
& - 3
- - i < - . 4
= :
- - -4
< 0 - -
: s 3 v d J -
o & : 3 E
£ - ) - - > v
" s | - J E A -
o > 3 Ly *
. " - ;
- -~ = s — < . 4 L ’
~ o )i - - -~ ~ - -
’ s < - - 7
& y £ ) :
L - ) 5

E B EE ..
ollllllllllllll




Tables 5-9 and Figures 32-47 present additional benchmarking
comparisons. These comparisons include HZP boren endpoints,
HZP reactivity coefficients, HZP bank worths (boron dilution
method), HFP boron letdown, and in-core detector reaction

rates for BOC, MOC, and EOC burnup points. Table 4 contains

a summary of the design characteristics of each cycle.

Method L,uivalency (Rod Swap vs. Boron Dilution)

By comparing the percent deviations of rod swap to those of
boron dilution (see Tables 3, 8, and 9), it is seen that rod
ewap is eguivalent to boron dilution in terms of
verification of design models. The standard deviat..u o1
the rod swap measurements versus predictions is 2.44%, while
the standard deviation of the dilution measurements is

3.96%.

In Callaway Cycle 4, the boron dilution worth deviations for
individual banks ranged from 3.4% to 5.6%, while the sum of
all control banks was 4.2%. Corresponding rod swap values
are -3.8% to +6.1% for individual banks, and +0.2% for the

sum of banks measured.

In Cycle 5, the boron dilution worth ranges were -1.3% to
&

5.4%, and 2.2% respectively. Rod swap ranges were +0.1% to

+4.2%, and +1.8%.



In addition, it should be noted that rod swap inveolves
significantly levs inteipretat: of raw test data. After
the Reference Bank is measured and analyzed, all other
worths ar: based on objective guantities. However, for
boron dilution, all banks involve the tedious (and
subjective) interpretation of reactivity traces. Thus, rod
swap should produce greater consistency of results, To an
extent, this tendency is seen in the rod swap vs. boron
dilution comparisons ~ there is less overall scatter in the

rod swap deviations,

Benchmarking Conclusions

“he benchmark data contaised in this report demonstrates
that Union Electric’s code: and methods are highly accurate
in peforming reactor physics calculations. 1In particular,
conmparisons of rod swap measurements to design predictions
validate Union Electric’s rod swap methodolngy and

confirm that rod swap is eguivalent to koron dilutien in

terms of validation of design models.
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600 e
‘. CP(r%,1%110.6 Steps
P ——————————————— '-wﬁ-w-‘ CP(raw)*122.0 Steps
400
! .
i .
200
0. | -

0O 20 40 60 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Figure 21



RB
1000

CYCLE 4 ROD SWAP TESTING
SBE MEASUREMENT

Worth (pom)

hOlave) » 11.0 Stepe
RDelta~Rho(1) » 2.24 pom

800 M~
1 . W(RB) « BOB.& pem
3 . Delte~Rho(2) » 4781 pem
| 3 WI(X)RBeCP « 330.6 pem
600 "
“' CP{ad))*118.0 Steps
g CPlraw)*118.6 Steps
400 | ‘.
200 |
| ‘
| \
0 20 47 80 80 100 120 140 160 180 200 220

Position (Steps Withdrawn)

Figure 22



CYCLE 5 ROD SWAP TESTING
RB INTEGRAL WORTH

Measured Worth (pcm)

1000
W(RB) » 88¢.1 pem (measured)
"’c.~—_‘_¢__“.“
oy
800! b
\\\
A
600 | \
\
400 3
\\
\\\
™
%
200 | "
RB = Control Bank C b,
O ; s E

0O 20 40 60 80 100 120 140 160 180 200 220
Position (Steps)

Meas.  Pred.

Figure 23



CYCLE 5 ROD SWAP TESTING
CBD MEASUREMENT

RB Worth (pcm)

‘ 1000
Del Rhol1 }

800

HB) = BS f

ta~Rhols
RBeCP §

600
400
()
0N

0 20 40 60 80 100 120 140 160 180 20!

Position (Steps Withdrawn)

. L -
= ' " » -
= . :




CYCLE 5 ROD SWAP TESTING
CBB MEASUREMENT

RB Worth (pem)
1000 '

hO(ave) = 32.00 Stepe
$w_  Delta~Rhol1) « 31,6 pem

P s e e ey -
800 .
W(RB) » 888.1 pem
. Delta=Rho(2) » 1.1 pem
W(x)RBeCP » B08.0 pem
L]
600!
.
LY
400 | ; \
@
200 | i
|
| CP(8d[)+192.0 Steps °
APRURRSUR! ESURCU SRS Aot el S
] I
; CPlraw)*200.0 Steps |
O i . : | - e

0 20 40 60 80 100 120 140 “60 180 200 220
Position (Steps Withdrawn)

Figure 26



CYCLE 5 ROD SWAP TESTING
CBA MEASUREMENT

RB Worth (pom)
1000:" » Lo it

hO(ave) = 32.00 Steps
$——a__ Delta~Rho(1) » 31.6 pem

r—-————-—-—-‘i
800!
LY
I CP(ad|)«78.0 Steps
a0 CP(rew)=82.65 Steps
600 -
| .
_ W(RB) - 888.1 pecm
. Uelta=-Rheo(2) » 664.0 pecm
Wix)RBeCP » 2361 pecm
400 -
.
200
i
| 1
| i

0O 20 40 60 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Figure 26



CYCLE 5 ROD SWAP TESTING
SBE MEASUREMENT

RB Worth (pem)
1000 —————

hOlave) = 32,00 Steps
$uva._ Delta-BRho(1) » 31.6 pcm

800 .
! W(RB) » 886.1 pem
. Delta~Rho(2) » 489.7 pom
Wix)RBeCP » 389.4 pem
.
600
.
 CP(ad!)*104.0 Steps
3 R |
*m**“—r-""“*‘"*—“~"“-—h> CPlraw)+108.0 Steps

400 | | -\

?

1

|

!
200 '

| |

| i

| l

i | -

0! ] A "

0 20 40 60 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Figure 27



CYCLE € ROD SWAP TESTING
SBD MEASUREMENT

RB Worth (pein)
1000 [

‘ holave) » 20.26 Stepe
S —. Delta~Rhol(1) =« 27.0 pem

[ 1
800 | .
" W(RB) » 888.1 pem
Delte~Rho(2) » 334.2 pem
Wix)RBeCP » 654.9 pem
.
600!
L
L]
400 | :
CP(ad)|)+132.0 Steps
CP{raw)+*136.6 Steps

T A ._ﬁ,.._w_._ﬁ._-_wr
i
i

|
i
|
l
i
= l | = |  —— i l i 6
0O 20 40 60 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Figure 28



CYCLE 5 ROD SWAP TESTING
SBC MEASUREMENT

RB Worth (pom)
1000 prvmesmees

hOlave) = 30.6 Steps
$———a Delta=Rho(1) = 28.1 pom

800! .I :

. WIRB) « 889.1 pem
. Delta~Rho(2) » 336.3 pom
‘ WI(x)RBSCP «~ 662.8 pom

| .
600!

| .

.
.

400! \

T B CP(ad|)»1832.0 Steps

e e e o). CP(1aw)+136.6 Steps

! .
200 |
| .
O L | | -

0 20 40 GO 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Flaure 29



CYCLE 5 ROD SWAP TESTING
SBB MEASUREMENT

RB Worth (pcm)
1000

0 20 40 60 80 100 12N 140 160 180 200 220

Position (Steps Withdrawn)



CYCLE 5 ROD SWAP TESTING
SBA MEASUREMENT

RB Worth (pem)
1000 :

hOolave) = 30.76 Steps
$o—a._ Delta-Rho(1) » 26.6 pem

P e ey
800! '
' WI(RB) « 889.1 pem
. Delta=Rhol(l) « 481.2 pem
WIix)PBeCP = 407.9 pom
600
.
el - P CP(ad))*106.0 Steps
— «—-1 CP(raw)=109.0 Stepe
400 | N
!
2001
|
0! ' Tt

O 20 40 60 80 100 120 140 160 180 200 220
Position (Steps Withdrawn)

Figure 31



CALLAWAY NUCLEAR PLANT

REACTOR DESCRIPTION
and
CYCLE DESION SUMMARY

REACTOR DESCRIPTION (CURRENT)

Westinghouse 4 Loop
183 Assemblies, 17x17 Lattice
3565 MW! (Uprated from 3411 MW1)
Low Leakage Loading Patlerns
Ag-In-Cd RCCAs

CYCLE DECIGN SUMMARY

Cycle Feed Mech Feed 82 RCCA Cycle BU
NO, Assm Type W/ Types Type GWOD/MTU)
1 183 STD 21,8286, 31 STD BPR Hatnium 156.286
2 84 OFA 3.4, 3.8 WABA Hatnium 16.675
3 96 VS 36,38,42 WABA/IFBA Halnium 19.308
4 12 U 40, 4.4 WABA/IFBA Ag-In-Cd 20.018
‘ 92 Ve 40,44 T BA Ag-In-Cd  20.186



CALLAWAY CYCLE |

STAI P PHYSICS TESTS RESULTS

BORON ENDPOINTS (PPM)

4
-
o)

INTEGRAL CONTROL BANK WORTHS (PCM)

Bank Measured SIMULATE Error (Gh)

~
-
e















CALLAWAY CYCLE 1
BORON LETDOWN

HFP, ARO, EQ. XENON
1600‘5“
1500
1400
1300
1100

e ‘
0 GWD/MTU = NO XENON, PEAK SM | |

- RSN

—

SFNPAS S

o

— —
L —
- @ D
-_ =

—~ —

6001 N

-
[ — 2
>
PR asssbasandsnantosssdosssd s
! - -
-

1003 \

L L L L L L N L L B S U

(N T N R T R A A N R A AR P AR AR N DR AR B A
BURNUP (GWDMTU)

o= MEASURED
#»= UNION ELECTRIC (SIMULATE=-3P)



CALLAWAY CYCLE 2
BORON LETDOWN

HFP, ARO, EQ. XENON

0 GWD,/MTU = NO XENON, PEAK SM




CALLAWAY CYCLE 3

BORON LETDOWN
HFP, ARO, EQ. XENON

e L L L S S S e SR S re— T

{1ES
1500*3 [O GWD/MTU ~ NO XENON, PEAK SM ] X

|
—

HM]

T Il rrrrTrrrrrrrrrsrrrererrrry

0+ 23 ¢ % 6 7T 0 0 120 e
BURNUP (GWDMTU)

o= MEASURED
#= UNION ELECTRIC (SIMULATE=3P)



CALLAWAY CYCLE 4
BORON LETDOWN

HFP, ARO, EQ. XENON

0 GWD/MTU = NO XENON, PEAK SM

R
( :

.

BURNUP (GWDMTU)

o= Measured (corrected for HFP—=ARO and SOL B10 Depletion)

o= UNION ELECTRIC (SIMULATE-~3P)




SR TR SRR SR NS

)

F R A AR ET R R R AR R AR




CALLAWAY CYCLE |
ASSEMBLYW'SE REACTION RATE DISTRIBUTION COMPARISON

C B

H G
— 1.122
e - 1.111
- -1.01%
| 1122 1380
9 1.111 1.318
~1.01%  ~D.B6%
L B
1.333 1.118
100  1.321 1,018
-0.89%  -0.11%
Fgkgh
1.136 -—
11 1.129 -
“0,658 =
1.301 1,118
12 1.301 1 9
-0,01% -G 7%
| 1.065 1.259
18]  1.069 1.250
0.318  -0.69%
1,135 0.890
14]  1.138 0.890

!z 0.27%  0.01%
| U634  0.000

15| 0.662 0.681
| 4.45%

LR B
1 k|
1.9..‘
~0.88%
L RS T
1.117
1.1156
~0.20%

330
1.318
<0,16%

1.128
1.122
-0.56%

Buinup (GWD/MTU):
Power Leval (M\ 1)
Power Levul (%)

Bank D P¢aition (Steps)

AR R R R R

Peak Assm (Measured) :
e R R R R E T S SR R R

R L o o O S S SR R S SN
Peak Assm (SIMULATE)
R S

1.321

1.065 1.185
1.069 1.138
D.31% 0.27%

e 0.880
——— 0.890
——— 1.16%
1.052 i
1.046 ——
~0.53% -
1.193 —
1.197 -
0.34%  -=-  1.52% |
0.943 0.714

0.835 0449 |

0.840 0.468 |

0.55% _ 4.13% |
|

0.444

0.468

5.20% |

Error Summary

f 0 RMS. =
L _Worst Assembly =

KEY:

IMeasured
|(Assembly Reaction Rate

’S!MULATE 3P Predicted
Assembly Reaction Rate

% Error
(S-M)IM



CALLAWAY CYCLE |
ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISON

K G . F b D s B A “Ri
— 1.053 1.229 1.074 1.239 1.066 1.178 0.701 )
8 - JE5 1.235 1.074 1,236 1.072 1.169 0.718 |
s 1.69%  0.47% -0.03%  -0.23%  0.52%  -0.73% 2.30% |
| {
| 1.083 1.238 1.054 1.236 1.081 -— 0.932 0.728
9 1.065 1.234 1.067 1.234 1.078 ——— 0.941 0.728
1.098 -0,31% 1.1868 ~0.158 -0.27% - 0.95% ~0.10%
1.229 1.048 1.258 — 1.243 1.066 — 0.659
10] 1235 1.067 1.235 — 1.241 1.066 — 0.675
0.47% 1.67%  -0.23% —_— ~0,19% -0.07% —— 2.46%
TR R ]
1.074 ——— 1.075 1.252 --- 1.222 - 0.651
11 1.074 ——— 1.080 1.247 -— 1.212 - 0.6r2
-0.03% — 0.48% ~0.40% - -0.88% - 0.35% |
*h kR i
1.239 1.074 -—— —_— 1.188 1.014 0.768
12l 1.236 1.078 — o 1.146 1.009 0765 |
-0,23% 0.39% R— — ~3.49%  -0.46% -0.42%
| 1086 1.231 —e— 1.222 --- 0882 0.515 |
13| 1.072 1.238 —— 1.212 - 0.88%3 0.528 |
0.52% 0.10% — -0.P8% — 0.C4%  1.92% |
|
1.178 0.950 1.146 -—-- 0.773 0611 |
14 1.1€9 0.941 1.134 - 0.765 0.525 ,
| =0.73%  -0.99% -1.06% = _ -1.07%  2.73% |
| 0.701 0.000 - 0.551
15; 0.718 0.728 — 0.552
| 2,368% — 0.26% Error Summary
B e B A S T RMS. = 1.18% ’;
Burnup (GWD/MTU) 14.806 Worst Assembly = 3.49% |
Power Level (MW1): 2411
Power Level (%) 100.0%
Bank D Position (Steps) 213 KEY:
[Measured 1
Ak hkhhhkhh ko kkhk |Assembly Reaction Rate
Paak Assm (Measured) . 1.252 |
ARk kkkhRAA R AR IS R (SIMULATE-3P Predicted
|Assembly Reaction Rate
R e A A B
Feak Assm (SIMULATE) 1.247 % Error

R O T g

(S-M)/M



CALLAWAY CYCLE 2
ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISON

' H G F £ D .« I, BN BUMSIRY  Wets
—— 1.206 1.132 1.168 1.135 1.136 1.098 0.882 |
8 - 1.201 1.1561 1.169 1.127 1.138 1.110 0.887 |
- -0.43% 1.64% 0.07% -0.69% 0.25% 0.99% 0.61% |
|
1.206 1.137 1.205 1917 1.166 — 1.073 0.733 |
9 1.201 1.161 1183 1.124 1.178 -—- 1.073 0736 |
-0.43% 2.08% ~-1.86% 0.66% 0.77% — -0.03% 0.27%
{
1.132 1.217 1.118 ——— 1,153 1.118 - 0.781 |
10 . 151 1.183 1.136 —— 1.154 1.105 - 0.787 |
1.64% -2.85% 2,12% ——— 0.03% -0, 76% —— 0.79% |
| 44+ i
| i.168 — 1.181 1.220 — 1.091 — 0.528 |
1" 1.169 - 1.160 1.202 - 1.120 - 0.529 |
0.07% —— ~1.76% -1,51% - 2,.67% ——— 0.30% |
Fhddd kERaw i okl e
1.135 1.187 — - 1.241 1.059 0.717 |
12 1.127 1.175 — e 1173 1.060 0.730
~0.69% -1,04% —— —— -5.45% 0.11% 1.83%
LR 2 & 3
| 1.188 1.147 — 1.105 - 0.799 0.392
13§ 1.138 1.154 — 1.120 — 0.807 0.400
| 0.25% 0.60% e 1.35% e 0.97% _ 2,02% |
g 1.099 1.079 1.024 ——— 0.753 0.385
14 1.110 1.073 1.040 - 0.730 0.400 |
i 0.39% -0.60% 1.58% - -2.97% 3.76% |
| 0882 0000 --- 0525
15| 0.887 0.735 - 0.529
! 0.61% o 0.69% Error Summary
0 - T RAMS = 1.75% |
Burriup (GWD/MTU): 1.702 Worst Assambly = 5.45% |
Power Level (MW1): 3373 . d i o
Power Level (%): §8.9%
Bank D Position (Steps) 210 AOENA - -
(Maasured
R T & F ] |Assembly Reaction R:*e |
Peak Assm (Measured) ; 1.241 !
kkkhkhkkhhkhkkh bkt hd ISIMULATE-3P Predicted
Assembly Reaction Rate
B e o T S S S e S e s
Peak Assm (SIMULATE) : 1.202 % Error
A O B e e (S-M)M



CALLAWAY CYCLE 2
ASSEMBLY WISE REACTION RATE DISTRIBUTION COMPARISON

( H G £ E =0 c B A
|
e 1230 1165  1.234 1.131 1.057 1.004 0.756 |
8 | — 1.203 1.184 1.218 1.133 1.087 1.023 0.770 1
— ~2.16% 1.65% -1.33% 0.20% 1.01% 1.86% 1.901% |
|
1.230 1.169 1.245  1.182 1,229 wiors 1.030 0.662 |
9 1.203 1.180 1.216  1.191 1.212 - 1.027 0.686 [
~2.16% 1.008 -2.29% 0.78% ~1.38% —— -0.24% 3.62% |
] 1.165 1.243 1.202 -— 1.200 1.158 — 0.703
10! 1.184 1.216 1.207 — 1.212 1.132 - 0.710
1.65% =2.13% 0.36% —- 0.95% -2,29% —_— 1.06% |
TR LT
1.234 — 1.280  1.248 — 1.795 —— 0.496
11 1.218 -— 1.248 1.234 - 1.118 — 0.507 |
«1,33% — ~2.52% -1.12% — 2.04% — 2.34% |
TR \
1.131 1.228 —— ——— 1.199 1.073 0.703
12| 1.133 1.212 — - 1.164 1.055 0.714
0.208 -1,29% _— — 2.95%  -1.63% 1.56% 1
1.057 1.128 ——— 1.101 — 0.505 0.347
13 1.067 1.143 — 1.118 — 0.807 0.411 |
1.01% 1.33% —~—— 1.48% — 0.19% _ 3,51% |
1.004 1.037 1.002 — 0.713 0.398
14 1.023 1.027 1.022 ——— 0.714 0.411 |
1.86% -0.93% 1,98% - _ 0.12% 3.25% |
J
| 0756  0.000 - 0497 |
15,  0.770 0.686 - 0.507 |
[ 1.91% — 2.02% | Error Summary
s M "RMS = 1.85% |
Burnup (GWD/MTU) 9.274 |__Worst Assembly = 3.62% |
Power Lavel (MW): 3411
Power Level (%) 100.0%
Bank D Pesition (Steps) 212 2 KEY:
Measured
RAEEA R R AR AR AR AR Assembly Reaction Rate
Peaak Assm (Measured) ; 1.280 |
2222222212333 2322 {SIMULATE-3P Predicted
[Assembly Reaction Rate
R e SR A SE I SR S
Peak Assm (GIMULATE) ! 1.248 % Error
B L e e e S o {S~-MV/M






CALLAWAY CYCLE 3
ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISON

H G F g ) Cc B A
| + 4ttt
f - 1.095 1.118 0.983 1.164 1.222 1.173 0 BSE
g | — 1.108 1.113 1.026 1.178 1.216 1.188 0.858
| e 0.78% -0.45% & 34% 1.18% -0.46% -1.26% -0 04N
l 4ttt
|  1.088 1.109 0.965 1.116 1.087 R 1.18% 0.801
9| 1103 1.101 1.017 1.124 1.069 —— 1.183 0.762
| 0.78% -0.68% 3.31% 0.77%  1.09% —— .0.20% -3.89%
1.118 0.885 1.139 ——— 1.169 1.117 -— 0.830
0 1113 1.016 1.141 ——— B8 b i 4 1.106 - 0.823
| <-0.45% 2.1¢6% 0.23% - 0.66% -0.99% —— -0.83%
|
| 0983 o= 1143 1080 === 1132 .= 082
11| 1.026 - 1.160  1.073 - 1.127 wee OV |
i I e B B L B e DL
l
L1164 1.027 ——— —— 1,133 0.946 0.683 |
12| 1178 1.068 - - 1113 0955  0.685 |
| 1288 3.9 - — <1738 0.94% 1.76%
| R 22 R B
| 1.222 1.238 - 1.142 e 1.019 0.642 |
13| 1216 1.209 ewa . 1N08 -—- 1008 0612 |
| -0.46% -2.07% e -1.45% — -1.058 -4.73%
l B e LR R R ;_
| 11738 1188 1a72 — 0696 0.823
4] 1185 1182 1180 -— 0694 0611 |
| .1.24% -0.12¢ -1.07% —— -0.30% -1.97%
|
. 0858  0.000 — 0522
1| 0.888 0.767 e 0.513
| -0.04% _— -1.79% Error Summary
hre RMS = 1.90%:
Burnup (GWD/MTU). 1.226 _Worst AssemDly = 4.73%
Power Level (MW1) 31
Power Level (%) 85 7w
Bank D Position (Steps) 208 KEY:
Meas ¢
AR bE AR R R R AR ER Assé hly Reaction Rate
Paak Assm (Measured) . 1.238
ARARERRSERER AR A SR 3IMULATE-3P Predicted
Assembly Reaction Rate
B S A i 2 o T o S
Peak Assm (SIMULATE) 1.216 % Error

B s o

MY/ M




CALLAWAY CYCLE 3
ASSEMBLYWISE REACTION RATE LISTRIBUTION COMPARISON

= H G F E *) C B A
i
i ——- 1.229 1872 1.126 1.192 1.078 1.0« 0 6€2
li o 1.233 1.273 1.146 1.182 1.080 1.013 0.677 |
— 0.30% 0.05% 1.80% 0.02% 0.42% -0.12% 2.208
|
| 1289 1262 1143 1247 1097 --- 1082 06 f
g 1233 1.281 1.187 1.248 1.107 — 1.067  0.664
| 0.3Ccy -0.81% 1.21% 0.07% 0.940% — 1.41% 1.12%
: I TR TR |
| 1.272 143 1.283 ——- 1.256 1.1 -— 0.657 |
10| 1.273 1.156 1.279 ——— 1.245 1.104 ——— 0.668
‘; 0.05¢ 0.68% -0.30% — -0.86% -0.61% - 1.66%
LR B
1.126 — 1.240 1.150 ——— 1.172 ——— 0.478 ‘
1" 1.148 — 1.260 1.181 —— 1,749 —— 0.478
1.80% - - 1.61% 0.11% — -1.99% — ___-0.06
|
1182 1.095 - — 1.228 1.008 0.690 [
12 1.192 1.106 - — 1.191 0.999 0.699 |
0.028 1.03%  —= —  -3.01% -0.59% 1.27V
1.078 1.132 —— 1.164 ——— 1.013 0.590 |
13| 1.080 1137 ——e 1.148 ——— 1.003  0.580 |
0.428 0.418 = -1.408 ==  -0.98% -1 6%
——
|
1.014 1.082 1.075 - 0.708  0.583 |
14| 1013 1067 1082 ——- 0699 0579 |
L0.13% 0.45% -2.09% ~—  -0.75% -0.53%
|
| 0662 0654 - 0482
16§ | 0.677 0.664 - 0.478
| 2,208  1.43% - 0.7\ Error Summary
iy ARMS = 1.20%:
Burnup (GWD/MTU): 9.897 Worst Assembly = 3.01%:
Power Lavel (MW1): 3530
Power Level (%) §9.0%
Bank D Position (Steps). 215 KEY:
‘Measured |
SdeanhdRar R AR RN RER Assembly Reaction Rate ‘
Peak Assm (Measured) 1.283
ARt hRAE RN R AR R AR SIMULATE-3P Predicted
Assembly Rea. 1 Rate
B AL
Peak Assm (SIMULATE):  1.279 % Error
(S-MVM

B A g

A
& 5




ASSEMBLYWISE REACTION RATE DISTRIBUTICN COMPARISON

CALLAWAY CYCLE 3

H G F 3 ) C 8 A
{_ P bl
; ——— 1.143 1.244 1.124 1.192 1.069 1.031 0 664
3 i e 1170 1.254 1.135 1199 1.069 1.029 0.673
| —_— 2.32%  0.76% 0.95%  0.55% 0.02% -0.208 1.24N
4 At
| 1.143 1.21 1.108 1.220 1.086 - 1.041 0.678 |
9 1170 1.212 1.119 1.238 1.094 -— 1.088 0.689
| 2.32¢ 0.21% 1.008 1.47% 0.73% e 1.32¢8  1.53%
| At aRRER
1.244 1.083 1.231 - 1.256 1.099 -— 0 661
1 1.254 1.118 1.243 - 1.244 1.102 - 0.668
0,76% 2.31% 0.96% -— ~0.98% 0.22% — 1.17%
bt Rk kR
1.124 —— 1172 1.103 ——— 1.208 —— 0.528
11 1.138 - 1.198 1.107 - 1477 —— 0.523 |
0.95% — 2.19% 0.36% - -2.56% e -o‘ooj
1.182 1.088 - —— 1.246 1.050 0.745 l
2] 1999 1004  eee === 1214 1088 074 |
0.55% 0..%% - ——— -2.5% -2.31% -o.so\‘
| 1.089 1130 w1508 —  108C 0811 |
13 | 1.069 1.134 - 1177 - 1.034 7596 |
0.02% 0.36% e -2.15% —_— -1.59%  -2.4a%
e L3 a5
1031 1047 1104 —— 0747  0.606 |
14( 1029 1056 1068 ——-  0.741  0.596 |
| .0.208 0.83% -1.21% - _ -0.86% -1.82%
0.664 0.88% — 0.526
1§ | 0673 0.688 ——— 0.823
| 1.268  0.34% — -0.52¥ Error Summary
AMS. = 1.47%
Bumup (GWD/MTU): 17.931 Worst Assembly = 3.27%
Power Levei (MW1) 3565
Power Leve! 't 00.0%
Bank D Position (Steps): 218 KEY:

Measured |
et i gt bR bR Assembly Reaction Rate
Peak Assm (Measured) 1.25¢€
srhstRRR AR AR R AR R SIMULATE-3P Predicted

Assembly Reaction Rate
B L A S o o g
Peak Assm (SIMULATE) 1.254 % Error
B i S n o o o o 8 (S=-MYM




CALLAWAY CYCLE 4
ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISON

H G F 3 D C 8 A
—-- 1208 1189 1221 1167 1.246 1134  0.589 |
8 - 1.278 1.221 117 1.10% 1.210 1.107 0.585 |
—— 6.08% 2.68% -4.04% -5.308 -2.88% -2.32% -0.70%
bt |
1.208 1.268 1.286 1.126 1.219 -—- 1.083 0.544
9 1.278 1.315 1.273 1.994 1.184 —— 1.074 0.534
6.08% 3.73% -1.02% -2.86% -2.02% -— -1.67% -1.97%
T+t dRkhk |
1.189 1.239 1.149 —— 1177 1.31 - 0.507
0] 1221 1275  1.164 - 1.180  1.303 - €.500 |
2.688 2.91%  1.36M - ~2,49% ~-0,58% - =1,334
thkhk |
1221 eee  1EN 1A81 e 1282 == 0890 |
1" 117 —— 1.200 1.191 —— 1.272 —-— 0.382
~4.04% -— -0.86% -0.01% - 1.59% — -2.273]
1.167 1.263 _—— — 1.250 1.187 0.668 l
12| 1105  1.248 —— ——— 1250 1199 0671 |
~5.30% ~-1,18% - ——— 0.768 1.07% o.szs.i
1.246 1.121 - 1.269 ———— 0.877 0.409 i
13| 1.210 1140 - 1208  --- 0802 0410 |
-2.88%  1.77% _— 2.26% - 2.808 0,254
1134 1093 1128  --- 0673  0.409 |
14 1.107 1.104 1.137 - 0.681 0.414 |
-2.32% 1.08% 0.82% -——— 1.3i8  1.01¥%
|
0.589 0.561 —- 0.380 |
15 0.585 0.547 - 0.389 |
~0,708 -2.55% — 2.34% Error Summary
‘ PMS. = 2.35%
Burnup (GWD/MTU): 0.277 | Worst Asse.. by = 6.08%
Power Level (MW1): 3547
Power Level (%): 99.5%
Bank D Position (Steps 218 KEY: o e
'Measured \
Chhk kR Rk R Rk ok jAssembly Reaction Rate |
Peak Assm (Measured) 1.31 | ’
AhkER R AR R ARERED Lk ISIMULATE-3P Pragdicted
Assernbly Reaction Rale
R o e |
Peak Assm (SIMULATE):  1.315 (% Error
R e o e S {S-M)/M
Figure 4



ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISON

CALLAWAY CYCLE 4

H G F E D C ] A
|
- 1133 1187 1228 1193 1280 1156  0.6%3 |
8| --—- 1147 1208 1212 1170 1285 1186 0626 |
- 1.28%  2.23% -1.32% -1.90% 0.41% -0.08%  0.46W
|
1.133 1.200 1.251 1.14% 1.235 —— 1.16€ 0.592 }
9 1.147 1.204 1.254 1.133 1.240 —— 1.162 0.589 l
1.288 0.35% 0.22% -0.78% 0.36% —  =0.37% -0.50%
LTS TN |
1,183 1.240 1.163 —— 1.174 1.289 ——— 0.533
10 1.209 1.250 1.184 e 1.166 1.300 - 0.531
2.23% 0.70%  1.80% — =0.70% 0.84% — =0, 42%
Rpdph
1.228 - 1.217 1.188 — 1.172 - 0.397
11 1.212 — 1.214 1.198 -— 1.170 — 0.392
-1.32% - =0,268% 0.78% —— =0,18% — ___-1.223}
l
1.183 1.253 - ——— 1.174 1.162 0.663 |
12 1.170 1.255 ——— —_— 1.188 1.168 0.653 g
-1.90% 0.14% - _— 0.96% 0.51% =1,44%
|
1.280  1.163 — 1.176 ——- 0896 0425 |
13 1.288 1.156 — 1.173 —— 0.887 0.423
0.41% 0.64% —— =0,26% — =0.94% ~-0.38%
22
1156 1159 1103  --- 08664 0.425 |
14 1.156 1.160 1.095 —— 0.653 0.423 .
-0.08% 0.06% ~-0.75% - -1,59% -0.38%
0.623 0.589 — 0.3%94 |
16| 0626 0.586 ——  0.391 |
0.46% ~-0.34A% -— -0.59% Error Summary
, AMS = 091%]
Burnup (BWD/MTU): 9.581 | Worst Assembly = 2.23%
Power Level (MW1t). 3554
Power Level (%) 98.7%
Bank D Position (Steps): 226 KEY:
IMeasured '
AARRARRR AR SR AR R |Assembly Reaction Rate |
Peak Assm (Measured) : 1.289 i
SERRRAARARE R RN AR SIMULATE=-3P Predicted
|Assembly Reactiv® Rate
B S e e ,
Peak Assm (SIMULATE): 1.300 % Error :
e o S S o o o o S (S~-M)/M |
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CALLAWAY CYCLE 4
ASSEMBLYWISE REACTION RATE DISTRIBUTION COMPARISCN

F E D

H G
o~
- 1.138
8 - 1.148
e 1.13%
1.135 1.208

9 1.148 1.200
1,138 -0.70%

1.221 1.221
10 1.231 1.228
0.84% 0.59%

1.197 —
1 1.195 ——
~0.21% ——

1.201 1.201
12 1.167 1.207
~2.84% 0.48%

1.228 1.187
13 1.232 1.130
0.53% -2.39%

1.124 1.144
14 1.120 1.137
-0.29% -0.,65%

0.661 0.647
15 0.656 0.638
| <0.72% -1.40%

Burnup (GWD/IMTU)
Power Level (MW1):
Fower Level (%)

Bank D Position (Steps)

LA RS SRR R SR R R R

Peak Assm (Measured)
2 A R R R R R R R R R R R

R R R R

Peak Assm (SIMULATE) :
R RS R RS

C B A

1.221 11897 1.201
i.231 1.198 1.167
0.84% -0.21% -2.84N

1.222 1.158 1.197
1.233 1.144 1.202
0.92% -1.24% 0.39%

1.198 —— 1.165
1,194 - 11568
-0.37% — ~0.87%
1.186 1.184 ---
1.186 1.188 e

~0.05% 0.35% -

ot s 1.093
s — 1.137
—— —_— 4.008
- 1.142 o
- 1.133 -
— =0, 048 J—
1.079 — 0.696
1.070 N 0.690
.0.80% ——— -0.B9%
|
- 0.447 |
- 0.444 |
S =0.78¥
19 401
3437
96.4%
202
1.234
1.245

. —

1225 1124  0.661 |
1282 1120  0.656 |
0.53% ~0,29% -0,72M

|
- 1135  0.650

|
i 1142 0.641 |
- 0.59% -1.39%
LER EE ]
1.234 wee  OB87 ‘
1.245 . 0.588 |
0.89% == 0.10%
TEIe [
1.136 e -]
1.133 we=  0.448
0318 e -1.74)
|
1127  0.697 |
1167  0.691 |
2.71% -o.ea\é
0803  0.482 |
0820 0488 |
1.87%__1.129
0.484 |
0.488 |
0819

___Error Summary
; RMS. = 1.31%|
L Worst Assembly = ___4.00%%

R e eicramr i
[Measured
|Assembly Reaction Rate

'SIMULATE-3P Predicted
(Assembly Reaction Rate

;% Error
LS:M)/M
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