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CORE PHYSICS VALIDATION FOR THE

COMBUSTION ENGINEERING PWR

I. INTRODUCTION i

The Combustion Engineering, (C-E), core physics design relies
on the following elements:

i) Generation of burnup dependent few-group spectrum averaged micro- ,

scopic cross-section data (table sets) for use in coarse mesh and I

fine mesh, core-wide 2- and 3-dimensional depletion calculations,
(DITI and CEPAK ,3," codes).2

ii) Fine mesh (1x1 mesh per fuel pin) diffusion theory depletion cal-
culations for selected axial elevations in the core, (2-0 PDQ5).

iii) Coarse mesh (2x2 meshes per fuel assembly) higher order dif-
fusion theory depletion calculations for the entire core in
three dimensions,(3-0 ROCS 6-ll) .

|

The primary products of these elements are:

1) Reactivity and fuel lifetime predictions. |
2) Reactivity coefficients for safety analyses.

.

3) Control rod worths. I

4) Power distribution, isotopic content and burnup predictions.
5) Coefficient libraries for the in-core instrun:ntation.

|.

'
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Verification of the calculative tools has been continually
carried out as they have evolved over the past 10 years. Use has been
made of both basic critical experiments (to verify detailed reaction
rates, reactivity and local power distribution) and of data from
operating cores. C-E operating cores are being followed with 3-D
simulations of the operation as they deplete for the triple purpose
of verification of design, verification of design methods and veri-
fication of in-core instrument coefficient libraries. Recently, as
more data from operating plants have become available, systematic
trends have beccme apparent. This paper discusses the inter-related
verification aspects of reactivity rundown accuracy and power distri-
bution accuracy.

In Section II, reactivity trends are discussed for reload cores.
Observed calculative reactivity errors are related to the choice of
methods for generation of few-group cross-section data their impact
on predicted power distributions is estimated in Section III. Actual
power distribution performance of traditional and improved .aethods
for generating few-group cross-section table sets is examined in
Section IV.

II. REACTIVITY TRENDS IN RELOAD CYCLES

As a result of core follow programs carried out at C-E, a ecm-
plete data base is in existence for cores with C-E fuel. This data
base rests on the use of consistent methods through all past cycles,
i.e., ROCS /CEPAK utilizing a modified ENDF/3-IV library. The ROCS
3-D core simulator has been used in a 2-group version h. CEPAK
combines a point model epithermally with a 1-dimensional, cylindrical
pin cell model in the thermal energy region. The point model re-
presents a volume weighted homogenization of an entire fuel assembly.
The sicwing down equations are solved in the 31 approximation as de-
scribed in Ref. 2. Resonance cross-sections for U-238 are normalized
to a combination of measured data from integral:2 and criticall3 experi-
ments. Dancoff corrections are calculated to account for non-uniform
shielding effects within each assemoly type. The 1-dimensional,
thermal model is based on THERMOS 3 modified to use improved integral
transport matrices". Non-fuel components of the assembly such as
water holes, burnable absorbers and control rods are treated by
separate, 1-dimensional, cylindrical transport calculations in the
thermal range. Simplified representations.are employed to represent
the environment within the 1-dimensional gecmetry.

The calculative model described yields the reactivity agreement
shown in Figure 1 for reload cycles. In general, one coserves re-
lativelv gcod agreement at 30C and maximum reactivity differences of
the order of l b between the predictions and the measurements at eacn -

EOC. The pattern receats itself with considerable consistency.
,
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This fact facilitates the process of biasing cycle length predic-,

tions and core reactivity data. The feature that is of interest
in this paper is the steady trend with core average burnup. Fig-
ure i shows that the calculations steadily lose reactivity faster
than the cores do in operation. The difference in rate of reac-
tivity loss is about 0.5%ao per 10,000 MWD /T. Consistent reacti-
vity errors are observed when using the CEPAK cross-section data
base in fine mesh PDQ core depletions. This confinns the accuracy
of the coarse mesh simulator, ROCS, and indicates that the source
of the trend is connected with the few-group cross-section data
(whether for fine mesh or coarse mesh) generated as described above.
As will be shown below, Section III, this trend in the reactivity
error is of concern because of the coupling between local reactivity
error and global power distributions in PWR cores.

III. METHODS-RELATED UNCERTAINTIES IN REACTIVITY AND THEIR IMPACT ON
POWER DISTRIBUTIONS

Tne development of the DIT codel was initiated in 11973 5:16 for the
purpose of improving reactivity predictive :apability as well as
for dealing with the related problems of generating assembly
average few-group cr.oss-sections for coarse mesh table sets.

Essential differences between DIT and traditional few-group
cross-section generation methods are as follows:

1) The neutron energy spectrum is calculated with detailed atten-
tion to the actual . assembly geometry both ept thermally and
thermally. Spectrum interactions between fuel, absorbers and
water holes are therefore accounted for more accurately than
is possible with traditional methods. .

2) The calculation of space dependent spectra is followed by a few
group, transport theory calculation in the actual as:.embly geo-
metry (pins are not homogenized) the purpose of which is to
provide coarse mesh averaged cross-sections consistent with the
fine mesh, few-group cross sections that are generated within
the same run. This transport calculation permits more accurate
estimates of local flux peaking and dipping than provided by
traditional methods that rely on combinations of 1-dimensional
transport calculations and diffusion theory.

3) The use of improved cross-section representations and basic
data in the resonance region.

Figure 2 shows the physics contents of the DIT code and the way.
it links to PDQ and ROCS. The Figure also shows the linkages with
ENDF/B-IV. All conclusions in this paper are based on the use of,

ENG '/B-IV including modifications of fission spectra and of U-238
lresonance absorption as described by Jonsson, et al .

.
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Methods related imorovements for the reactivity rundown shape -

have been achieved both in simple uniform lattice fuel geometry and
in the non-uniform assembly geocatries of the PWR. Figure 3 shows
reactivity differences as a function of fuel depletion. These dif-
ferences are between improved (DIT) and traditional (CEPAK) methods
applied to a simple uniform lattice of 3 w/o fuel. Also shown is
the difference between WIMS 0417.13 and CEPAK. In all three codes,
the depletion of this uniform lattice was followed by a soluble boron
rundown to essentially zero ppm concentration in each of three cycles.
A cycle dependent but otherwise constant buckling was used to account
for the influence of leakage on the spectrum. Although detailed
differences exist between DIT and WIMS, one can see that they both
predict a more positive reactivity trend within each cycle than the
traditional methods represented by CEPAK. This difference has been
traced to differences in k. (resonance absorption and slowing down
power, but little contribution from fission products). It is a major
contrioution to reactivity rundown errors observed with traditional
methods for reload cores. Figure 3 also shows that there is a difference
in the preciction of the change in leakage that takes place at each
cycle change in this particular calculation. This difference is of
little significance for full core reactivity rundown where the leakage
is relatively small.

Figure 4 shows a similar comoarison between improved and traditional
methods for an assembly geonetry with 16x16 fuel and water filled con-
trol rod locations. The trend of a less rapid reactivity depletion
prediction by improved methods is observed also in this gecmetry. The
trend has been found to be enrichment dependent. In assembly gecmetry
various spectrum interaction phenomena contribute to the net reactivity
difference seen cetween improved and traditional methods. Table 1 (thermal
energies) and Table 2 (epithermal energies) list, for fresh fuel, the
reactivity worths of scme of the interaction effects. It can be seen
that the sicwing down cross-section is particularly important. In gen-
eral, one finds an increase of group removal cross-secticns for fuel
cells adjacent to water holes. These effects are typically of the order
of 3.5 to a% and are due to a shift to icwer energies in the spectrum
in the range 2eV to 5 kev. The net reactivity effect in a PWR 'assemoly
with about 20 water holes is around 0.5 to 0.6%k. It is always counter-
acted by an increase of the local value of the Dancoff factor worth
typically some -0.3%k.

.

9

. , - ,,- - - - ,



-5-

.

TABLE 1
*

NON-UNIFOR'i LATi!CES. EFFECTS OF THEF. MAL SPECTRUM INTERACTIONS ON REACTIVITY

F e1 Tyce Te-ceratura Physical Ef'ect Effect on Reactivity

UO Ocerating Hardenir.; of spectrum for fuel -0.10 to -0.155k
2 Close to absorters.

00 0:erating. Sof tening of spectrum for fuel
2 close to waterholes.

a) Effect due to enange in :a -0. 6 5';k

b) Effect due to enange in wf +0.7C*ik
c) Net effect +0. 0 5', k

UO Cold condition As above. net ef fect +0.20 - 0.255k
2

Mixed oxide 0: era ting As stove. net effect +0.70;k

Mixed oxide Cold concition As aeove, net effect +0.255k

'.C ., 0: era ting Softening of s;ectrum in burnable -0.15 to -0.20',k
' abscreer relative to si cle 1-3

*ethod.

TABLE 2 g)
*CN. UNIFORM LATTICES. EF:ECTS OF EP! THERM;.L SPEcirc4 INTERACT!CNS ON REA:TIVITT.

hel T 6e Phys icaijf fect Effect on Re3:tivitj/

UO; Softening of Resonance regten
'

scectru: for fuei near naternales.

Witncut turnacle Effect on slowing down. +0. 5 5';i
a:screers.

Wi th buraaele absorcers Effect on slowing down. +0.10%

Witnoat barnable Effect en resonance absor; tion -0.20;k
absor:ers.

Witt bura431e absor:ers Effect on resenance a:scr: tion. -0.15 to .] . 27.',

'

li *eittike to Conditions for infinite lattice.

i

The difference observed between improved and traditional methods
in Figures 3 and 4 are substantial. The use of DIT therefore permits
a more accurate determination of cycle end points. This fact is not of
overriding importance, however, since reactivity life time is a quantity
which is easily " calibrated" given enough of operating data. The
impact o? reactivity errors on the global power distribution is noti

so easily predicted, however, unless these errors have been minimized
by the calculative method. Figures 5, 6 and 7 show the predicted
power distribution effects of removing a systematic reactivity error
of 0.4-0.5 b per 10,000 MWD /T of local burnup. These predictions were'

made by applying a reactivity perturbation to the k= distribution in-

.

,, . - - . , - - , . , ,
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a nadal simulatorM. Although using batch independent reactivity
perturbation on k. and otner simolifications, this survey provided -

initial understanding of the phenomen~a involved in the interaction be-
tween local burnuo dependent reactivity error and global power distri-
bution. The same pattern repeats itself at each 30C: Fig. 5 (SOC 2),
Fig. 6 (BOC 3) and Fig. 7 (SOC 4). It is seen that removing the reac-
tivity bias would raise the predicted power in the center of the core
(predcminatly old fuel) and lower it on the edge of the core (new fuel).
The size of this in/out power swing depends on the details of how the
fuel management mixes old and new fuel. On the basis of survey calcu-
lations of this nature, it was determined that the size of the power
roll would be of the order of 0.04 to 0.08 relative power density units.
This represents the estimated calculative uncertainty originating from
methods uncertainties in the reactivity rundown. Because of the nature
of the interaction between local reactivity, global power and local
burnup, this uncertain ty is largest at the beginning of each cycle. As
the power error generally results in a compensating error in local burn-
up, the error decreases throughout each cycle. For long fuel cycles with
larger contrast between the reactivities of fresh and depleted fuel, the
effects at S0C may be larger than has been illustrated nere for cycle
lengths of 9-10,000 MWD /T.

I'/. POWER DISTRIBUTI0fl5 FOR RELOAD CYCLES

In this section, comcarisons are presented between the results of
traditional and improved methods and measurements of the power distri-
bution in reload cycles.

Traditional Methods

Figure 8 shows how cross section table sets based on traditional
uthods perform well in first cycles starting with fresh fuel. This
is a consequence of tne good initial reactivity cerformance of these
methods and of the fact that reactivity error induced power distri-
bution perturbations tend to be compensated by the associated burnuo
error. The figure shcws tne power distribution at the mid-core level
near 50C 1. The maximum positive error in relative box power is

0.015 (absolute units) and the standard deviation between calculation
and measurement is only 0.009 or approximately 1"..

As noted in the previous section, the calculative power distribu-
tion error is expected to burn down. Figure 9 shows a second cycle
at about 5000 MWD /T through the cycle. tio systematic trends can be
observed here. The maximum error between calculation and measurement
is 0.022 relative box power units and the standard deviation is still
about 1".

For first cycles and for advanced burnucs in later cycles tne agreement is
.

thus observec to be gcod. The following three figures, Fig.10 for 50C 2,
Fig.11 for a 50C 3 and Fig.12 for a 30C 2 show a different picture however.

.
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The measured radial power distributions are consistently more peaked
to the center of the core than the calculations. The differences
illustrated are for the axial mid-regions of the core and 500-1000
MWD /T into each cycle. Underpredictions of power in the central
assemblies are typically 0.03 to 0.07 for the relative box power.
Furthermore, the radial distribution of the observed error is in
close proximity of the estimates described in Section III. It was
therefore seen that the differences between measurements and calcu-
lations are consistent with the presence of the reactivity error shown
in Figure 1.

Improved Methods

The DIT code described in Section III and in Ref. 1 has been in use
for analysis of operating cores since 1976 and a base is now available
that is large enough to permit general trends to be visible.

Figure 13 shows the reactivity rundown agreement for all but one
of the cores included in Figure 1. For reload cycles an essentially
constant and small reactivity bias of about -0.2P,ao is observed. The
fact that it is constant is significant since it implies that the reac-
tivity of depleted fuel is predicted with the same accuracy as fresh fuel.
This minimizes box power errors in the early portions of reload cycles
and leads to global power distributions in better agreement with the true
power distribution. For first cycles, the use of DIT-based cross-section
table sets improves reactivity but does not lead to appreciable changes
in the good power distribution performance observed for traditional
methods. This is illustrated by Fig. 14 from a recent plant startup.
The axially integrated power distribution is shown in a comparison be-
tween 3-D ROCS (DIT) and the measured power distribution as determined

2by the full-core instrumentation system CECOR 0 The maximum deviation
observed is -0.02 (at the center of the core) and the standard deviation
is 0.009 relative box power units or approximately 1%.

Figures 15 and 16 show ROCS (DIT) versus CECOR comparisons for the
early portions of reload cycles, Fig. 15 for cycle 3 and Fig. 16 for a
cycle 4. Radial distributions for the axial mid-regions of the core are
shown. A certain degree of overcompensation has been observed in some
cases in the sense that the use of cross-section table sets based on
DIT tend to overpredict power in old fuel when located in the central
regions of the core. In other cases, such as the cycle 4 results of
Figure 16, a small underprediction is still noticed. The major effect
of employing improved table sets has, however, been to correct the radial
shift in the calculateo p0wer distribution observed with traditional
methods.

.

,

I
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' . SUMMARY AND CONCLUSIONS
.

The consistently obserled reactivity loss of traditional cross-
section table sets relative to data from operating plants has been
corrected by the development of improved methods for calculating few-
group fine mesh and coarse mesh table sets. The improvements in reac-
tivity rundown accuracy have led to an important reduction of the
level of the calculative uncertainty for power distributions in reload
cycles. Systematic in/out radial shifts, relative to measured power
distributions, resulting in maximum calculative errors in assembly
power of typically 10%, have been eliminated.

The driving mechanism for the observed radial power distribution
shifts is the burnup cependent reactivity bias which creates an Orror
in the calculated reactivity difference between old and new fuel. Phy-
sics effects reflected in the differences between traditional and 1..'-
proved methods have been identified. They originate both in the
epithermal and thermal neutron energy region. A major portion of the
improvement is connected with the treatment of resonance absorption
and its resulting effects on slowing down power. This portion appears
even in the simple geometry of a uniform fuel sin lattic7. Other contri-,

butions to the improvement are related to the non-uniform nature of
the PWR fuel assembly. They emanate from the details of the spectrum
interactions between water holes and fuel or between burnable absorbers
and fuel . In the epithermal region, for example, traditional metnods
afford a too simplified picture of spectrum interactions which often
resu'.t in an underprediction of the removal cross sections for water
holes and adjacent fuel. This affects both reactivity and thermal
events such as local flux peaking.

;

In conclusion, it has been found advantageous to employ a table
set generation procedure which is based on fundamental data and
methods and which avoids more -or less arbitrary adjustments of cross-

| sections. In this way significant improvements in tne accuracy of
' reactivity lifetime and core power distribution have been achieved

that simultaneously maintain or imorove the accuracy in other areas
| such as local peakingl and reactivity coefficients.

.

8
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FIGURE 1

LATER CYCLE REACTIVITY ERRORS, CONVENTIONAL METHODS
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Figure 2

THE DIT ASSEMBLY CODE
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Figure 5

PREDICTED EFFECT OF REMOVING REACTIVITY BIAS

ON POWER DISTRIBUTIONS, BOC 2,
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+0.001 40.011 +0.020 +0.027 +0.023

33 34 35 36

+0.029 +0.041 40.046 +0.048

42 43 44

40.051 +0.045 +0.062

CHANGE IN
RELATIVE POWER-+- +0.068 +0.067

62
_

+0.054
.
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Figure 6

PREDICTED EFFECT OF REMOVING REACTIVITY BIAS

ON POWER DISTRIBUTIONS, 80C 3
.

1 2

0.022 -0.027
'

-

3 4 5 6 7

-0.022 -0.026 -0.027 -0.022 -0.017

8 9 10 8 11 12 13

-0.022 -0.026 -0.012 -0.014 -0.006 -0.011

15 16 17 18 19 1 20

-0.021 -0.009 -0.008 +0.003 40.006 40.007

24 25 26 27 28

+0.004 +0.010 +0.016 +0.017 +0.022
.

33 34 35 36

+0.021 +0.025 %.033 +0.030

42 43 at

G.032 +0.034 @.040

52 53
CHANGE IN
REl.ATIVE F0WER- +0.048 +0.043

62
'

4.036
.
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Figure 7
PREDICTED EFFECT OF REMOVING REACTIVITY BIAS

ON POWER DISTRIBUTIONS, BOC 4

1 2
.

-0.025 -0.032
|

3 4 5 6 7

-0.0?7 -0.032 -0.032 -0.027 -0.025

8 9 10 B 11 12 13

-0.031 -0.037 -0.024 -0.012 -0.006 -0.013

15 16 17 18 19 20

-0.036 -0.018 -0.005 -0.001 +0.008 40.008

24 25 26 27 28

-0.003 +0.010 40.018 +0.020 40.021
.

33 34 35 36

40.022 +0.033 +0.028 4.038

42 43 44

40.033 +0.046 +0.036

52 53
CHANGE IN
RELATIVE POWER- +0.045 +0.052

62
.

40.032
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Figure 8 ]
CALCULATED AND MEASURED POWER DISTRIBUTIONS,80C 1

,

(TRADITIONAL METHODS)
,

BOC 1 LEVELS 2 - 3

MEAS
C.M

0.600 0.780
0.000 -0.001

:

0.568 0.781 0.960 1.115 0.989
0.003 -0.022 -0.0120.013 0.009 -

0.667 1.010 0.958 1.024 1.067 1.058

0.006 0.001 0.012 0.010 -0.009 0.000

0.667 1.055 , 1.012 1.036 1.085 1.085 1.113

0.006 -0.006 -0.002 0.011 -0.006 0.005 -0.013

0.573 1.011 1.014 1.051 1.097 1.095 1.125 1.109

0.007 0.008 -0.009 0.0050.001 -0.005 0.0060.007 - -

0.781 0.955 1.035 1.098 1.098 1.132 1.113 1.145,

0.009 0.012 -0.0120.009 0.015 0.011 -0.008 0.006 -

1

0.957 1.022 1.083 1.096 1.136 1.121 1.148 1.131

-0.CCS 0.012 -0.004 0.007 -0.012 0.005 -0.008 0.005
0.599
0.000 |

1.114 1.068 1.085 1.126 1.117 1.153 1.135 1.160

-0.021 0.010 0.005 -0.010 0.008 -0.012 0.004 -0.012-

0.778
0.001 0.989 1.058 1.113 1.109 1.145 1.131 1.160 1.140

0.012 0.005 -0.012 0.003-0.012 0.000 -0.013 0.005 -

f

.

.
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Figure 9

CALCULATED AND MEASURED POWER DISTRIBUTIONS, MOC 2

(TRADITIONAL METHODS)
.

MEAS
CM

0.676 0.902

0.010 0.016

0.719 0.934 1.064 0.910 1.246

0.022 0.018 0.006 0.006 -0.004

0.841 1.161 1.044 0.910 1.241 1.006

0.011 0.012 0.008 0.000 -0.014 -0.002

1

0.838 1.180 1.060 1.223 0.900 0.914 1.244

0.015 0.011 0.008 -0.012 -0.010 -0.010 -0.027

0.731 1.164 1.056 0.998 0.885 0.890 1.003 0.915

0.010 0.010 0.012 0.000 0.000 -0.011 -0.016 -0.010

0.940 1.047 1.219 0.879 1.095 1.128 1.064 1.057

0.013 0.005 -0.007 0.008 -0.016 -0.011 -0.014 -0.014
|
|

| 1.067 0.910 0.895 0.888 1.129 1.117 0.930 1.115

0.004 0.000 -0.004 -0.007 -0.012 -0.010 0.010 -0.006

0.675
0.011

0.910 1.242 0.913 1.003 1.066 0.927 1.095 1.069

0.006 -0.015 -0.009 -0.016 -0.015 0.013 -0.003 0.003
0.898
0.020

1.246 1.006 1.244 0.915 1.057 1.115 1.069 0.935

-0.004 -0.002 -0.026 -0.010 -0.013 -0.006 0.004 0.009

.

.
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Figure 10

CALCULATED AND MEASURED POWER DISTRIBUTIONS, BOC 2

(TRADITIONAL METHODS) .

.

MEAS
C.M

0.635 0.872
0.024 0.035

0.719 0.928 1.037 0.883 1.233

0.044 0.050 0.04G 0.017 0.024

0.871 1.207 1.060 0.882 1.217 0.989

0.040 0.053 0.027 0.012 0.009 0.000

0.870 1.245 1.106 1.238 0.869 0.880 1.218

0.041 0.050 0.024 0.012 -0.011 -0.016 -0.018
5

0.730 1.212 1.104 1.004 0.873 0.866 0.983 0.892

0.034 0.048 0.027 0.010 -0.006 -0.026 -0.042 -0.032

0.936 1.068 1.236 0.869 1.107 1.148 1.078 1.078

0.042 0.020 0.015 0.000 - 0.040 -0.045 -0.054 -0.064

1.044 0.884 0.860 0.864 1.152 1.146 0.942 1.150

0.034 0.010 -0.001 -0.022 -0.047 -0.053 -0.034 -0.063
0.632 \

i0.028 u

0.884 1.221 0.880 0.983 1.082 0.936 1.133 1.111 J
<

0.017 0.005 -0.014 -0.041 -0.058 -0.028 -0.062 -0.057 |

0.864
0.043

1.233 0.989 1.218 0.892 1.078 1.150 1.111 0.957

0.024 0.000 -0.017 -0.031 -0.064 -0.062 -0.056 -0.042

.

.
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Figure 11

CALCULATED AND MEASURED POWER DISTRIBUTIONS, BOC 3

(TRADITIONAL METHODS) -

.

MEAS
C-M

0.728 0.931

0.018 0.023

,

0.682 0.932 1.114 1.107 0.980 '

O.032 0.040 0.039 0.011 0.005

0.814 1.128 0.845 1.210 0.987 1.302

0.005 0.028 0.054 0.008 0.011 --0.009

! 0.806 1.107 0.963 1.266 0.974 1.186 0.867
0.012 -0.001 0.007 0.007 0.004 -0.022 0.001

<

! 0.704 1.143 0.974 0.881 0.943 1.052 0.871 1.176

0.012 0.014 - 0.003 -0.005 -0.003 -0.010 -0.003 -0.046

0.954 0.864 1.284 0.947 1.175 0.948 1.173 0.998

0.022 0.038 -0.004 -0.007 -0.023 -0.014 -0.037 -0.046

I
-

,

1.134 1.227 0.981 1.059 0.957 0.880 0.841 1.000

0.027 -0.000 0.003 -0.014 -0.019 -0.027 -0.017 -0.036
0.740 ,

0.011 '

1.118 0.995 1.193 0.876 1.181 0.852 1.087 0.898
0.010 0.013 -0.019 -0.001 -0.033 -0.018 -0.045 -0.037

,
,

0.940
0.021

0.980 1.302 0.867 1.176 0.998 1.002 0.898 0.748
0.014 0.003 0.009 -0.035 -0.034 -0.025 -0.033 -0.022

.

.
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Figure 12

CALCULATED AND MEASURED POWER DISTRIBUTIONS, BOC 4
;

(TRADlTIONA L METHODS)
,

MEAS *

CM

0.681 0.876
0.004 0.007

.

0.724 0.986 1.115 1.102 1.065

0.019 0.023 0.020 -0.006 0.002

0.835 1.207 1.201 1.011 0.855 1.242
0.012 0.022 0.017 0.010 -0.003 -0.021

0.839 1.233 1.101 1.036 1.226 0.938 0.967<

0.009 0.010 0.011 0.009 0.010 -0.014 -0.019

-

0.721 ; 1.213 1.102 1.043 0.994 0.923 1.000 0.878
0.024 0.020 0.013 0.012 0.006 0.000 -0.011 -0.014

0.995 1.216 1.045 1.000 0.939 1.099 0.829 1.059

0.019 0.007 0.011 0.009 0.011 -0.017 -0.008 -0.036
|

1.130 1.023 1.245 0.929 1.099 0.852 1.082 0.846

0.011 0.006 0.004 0.004 -0.011 -0.008 -0.032 -0.020
0.691

1.109 0.899 0.944 1.003 0.826 1.081 0.989 1.102

i -0.007 0.004 0.000 -0.006 -0.003 -0.030 -0.037 -0.063
0.880
0.008

1.065 1.242 0 967 0.878 1.059 0.846 1.102 0.708

0.009 -0.007 -0.006 -0.007 -0.032 -0.020 -0.065 -0.050

.

.
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Figure 14

CALCULATED VERSUS MEASURED RELATIVE BOX POWER, BOC
^

(IMPROVED METHODS) .

.
-

CALC - MEAS 0.019 0.015 0.011

0.006 0.009 0.005 0.016 0.001

0.010 -0.004 0.002 0.002 -0.004 -0.002

l

:

0.009 0.002 0.002 -0.001 -0.008 -0.008 -0.011

0.012 0.007 0.003 -0.006 -0.004 -0.010 -0.007!

1

0.016 0.004 0.007 -0.006 -0.005 -0.010 -0.004 -0.014
1

0.012 0.006 -0.005 -0.007 -0.012 -0.009 -0.016 -0.017

|
'

0.011 0.001 -0.002 -0.011 -0.007 -0.014 -0.017 -0.021*- --

.

i

i
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Figura 15
''

CALCULATED AND MEASURED POWER DISTRIBUTIONS, BOC 3

(IMPROVED METHODS)
_

,

.

MEAS
C-M .

;

|
0.709 0.871

( -0.016 -0.006
:

,
0.600 0.881 1.148 1.103 0.904

-0.G09 -0.004 0.000 --0.004 0.008

0.695 0.927 0.768 1.217 0.805 0.912

-0.028 -0.012 0.028 0.006 0.026 0.001

|
O.696 1.018 0.779 1.230 1.136 1.144 1.280'

-0.025 -0.026 -0.006 0.002 0.014 0.009 -0.001

|
|

0.622 0.949 0.781 1.205 0.831 1.022 1.226 1.080

-0.023 -0.025 -0.004 -0.022 0.022 0.009 0.011 0.010

0.912 0.812 1.252 0.833 1.197 1.078 1.028 1.261

-0.024 0.002 -0.011 0.026 0.002 0.016 0.008 0.002

1

1.170 1.245 1.150 1.027 1.083 0.863 1.307 1.089

-0.014 -0.014 0.007 0.007 0.012 0.016 0.005 0.002
0.722

-0.025
1.115 0.816 1.150 1.227 1.028 1.301 0.853 1.116

-0.011 0.018 0.006 0.010 0.003 0.009 0.018 0.000
0.878

-0.009
0.904 0.912 1.280 1.080 1.261 1.089 1.116 0.765

0.011 0.003 0.001 0.009 -0.010 -0.001 0.007 0.011

m . ~ ,. _

9

.
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Figure 16

CALCULATED AND MEASURED POWER DISTRIBUTIONS AT BOC 4 e

(IMPROVED METHODS)
.

MEAS
C-M

,

0.681 0.876
-0.019 -0.015

(

| 0.724 0.986 1.115 1.102 1.065
! -0.012 -0.004 0.003 -0.014 -0.005
|

\

0.835 1.207 1.201 1.011 0.895 1.242

-0.024 -0.007 0.004 0.005 -0.005 -0.015

'

O 839 1.233 1.101 1.036 1.226 0.938 0.967
-0.026 -0.023 -0.012 0.000 0.018 -0.007 -0.005

0.721 1.213 1.102 *043 0.994 0.923 1.000 0.878.

-0.006 -0.008 -0.009 0.003 0.008 0.008 0.009 0.002

0.995 1.216 1.045 1.000 0.939 1.099 0.829 1.059
-0.007 -0.004 0.005 0.012 0.025 0.013 0.012 -0.002

1.130 1.023 1.245 0.929 1.099 0.852 1.082 0.846
-0.005 0.002 0.014 0.012 0.020 0.016 0.011 0.009

0.691
~

1.109 0.899 0.944 1.003 0.826 1.081 0.989 1.102
-0.013 0.003 0.010 0.015 0.019 0.013 0.006 -0.014

0.880
-0.013

1.065 1.242 0.967 0.878 1.059 0.846 1.102 0.708
0.004 0.001 0.010 0.011 0.003 0.009 -0.016 -0.021

.

(
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