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ABSTRACT

This work evaluates the effect of fuel inhomogeneity uncertainty on Oak Ridge National Laboratory
(ORNL)’s HFIR core performance to support the low-enriched uranium (LEU) conversion program. Fuel
inhomogeneity is manufacturing-induced non-uniform uranium distribution in the involute fuel element (i.e.,
deviation from the nominal uranium distribution). Therefore, analyzing the fuel inhomogeneity impact in the
HFIR LEU core is essential to assess the HFIR LEU performance and safety sensitivity to the homogeneity
distributions. However, inhomogeneity distribution data from LEU U3Og-Al fuel element manufacture is still
unavailable. Thus, this work leverages proposed conservative highly enriched uranium HEU U30Og-Al fuel
element inhomogeneity profiles and tolerances to create five representative LEU inhomogeneity profiles. The
effect of fuel inhomogeneity is assessed for the proposed low-density UsSi3-Al core design, and several key
parameters are evaluated, including multiplication factor (i.e., keg), cold source moderator vessel cold
neutron flux and cold-to-total neutron flux ratio, 222Cf target thermal neutron flux, flux trap fast neutron flux,
reflector fast neutron flux, and fission rate density distribution. This work finds that the uncertainty caused by
the fuel inhomogeneity reduces the averaged reactivity and the flux at target by 0.18% and 0.43%,
respectively, which can be considered negligible. In addition, the change of the fission density due to the fuel
inhomogeneity is still within the assumed safety analyses tolerances.

viii



1. INTRODUCTION

During previous studies, three sets of fuel designs for the HFIR core loaded with LEU U3Si3-Al dispersion
fuel were proposed: 1) U3Siz-Al core [1], 2) high-density U3Si,-Al core [2], and 3) high-density U3Siy-Al
with thick cladding [3]. These design efforts are part of the HFIR HEU to LEU to conversion activities
funded by the Office of Material Management and Minimization (M3), National Nuclear Security
Administration (NNSA), US Department of Energy (DOE). The HFIR conversion aims to design, qualify,
fabricate, and deploy a HFIR LEU core that will maintain or exceed current reactor performance metrics and
safety requirements at an affordable cost [4]. Specifically, the HFIR LEU core must demonstrate a
maintained or enhanced ability to perform scientific missions, meet all the safety requirements, and minimize
the annual operating cost. To achieve the same HEU core performance metrics and safety requirements, the
core thermal power must be increased from 85 MWy, to 95 MWy, in the LEU designs.

| U,04-Al fuel |

b i
Outer fuel element plate |-

Figure 1. HFIR HEU fuel element.

In support of the HFIR LEU conversion efforts, this report quantifies the effect of uncertainty arising from the
fuel inhomogeneity on the core performance metrics. Fuel inhomogeneity is defined as the deviation from the
nominal distribution in the involute fuel plates resulting from manufacturing. The fabrication of the HFIR
fuel plates is complex, not only due to the involute shape but also due to the variation of the fuel mixture
along the arc of the involute. Initially, the fuel plate as shown in Fig. 1, including the fuel meat, filler, and
cladding, is fabricated in a flat plate geometry, and then it is curved to obtain the involute shape. From the
HEU fuel fabrication experience, the uranium inhomogeneity in a fuel plate is observed [5, 6, 7], and the fuel
plate is rejected if the inhomogeneity detected by the scanner violates the +12% average or +27% local
criteria [8]. Therefore, the tolerances are considered in the fuel specification, and uncertainty factors are
applied in the safety analysis because the fuel inhomogeneity affects the reactor performance and safety.

The analysis of the fuel inhomogeneity uncertainty in the HFIR LEU core is important to determine the
extent of HFIR LEU performance and safety sensitivity to the homogeneity distributions. However, the
inhomogeneity distribution data from the fabrication of representative U3Siy-Al fuel plates are still lacking.
Therefore, in this work, the fuel inhomogeneity profiles and tolerances were developed based on conservative



assumptions, HEU fuel fabrication and simulation experience, and the HEU U3Og-Al fuel specifications.
Five inhomogeneity profiles were developed, including four conservative profiles described in Section 2. The
considered inhomogeneity profiles are based on the +12% running average and streak requirements. Local
spot violation of +27% is not considered. The analysis was performed with a low-density U3Sis-Al core at
the beginning-of-cycle (BOC) with the control elements at their symmetrical critical position. Similar reactor
performance changes due to fuel inhomogeneity profiles are expected for the other proposed HFIR LEU core
designs. The impact of the fuel inhomogeneity uncertainty was evaluated using several key performance
metrics such as multiplication factor (keg), cold source moderator vessel cold neutron flux and cold-to-total
neutron flux ratio, 232Cf target thermal neutron flux, flux trap fast neutron flux and fast-to-total neutron flux
ratio, reflector fast neutron flux and fast-to-total neutron flux ratio, and fission rate density distribution [9].
The calculations were conducted using the massively parallel Monte Carlo radiation transport code Shift [10]
developed at the ORNL in conjunction with ENDF/B-VIL.0 nuclear data library [ 1].



2. INHOMOGENEITY PROFILES

Five inhomogeneity profiles were simulated to be used in this study. The inhomogeneity profile shows the
ratio of the inhomogeneous uranium loading to the nominal uniform uranium loading in the fuel plates. The
profiles were based on assumptions, experience with the HEU fuel, HEU fuel specifications, and loading
scenarios resulting in additional fuel in thermally limiting regions. The profiles were translated into functions.
Once the maximum local fuel inhomogeneity is determined, the inhomogeneity profile of a fuel plate is
automatically provided. The profile matches the fuel region definition in the Shift input and it is applied to all
fuel plates. The inner fuel element (IFE) plates are divided into 21 radial x 21 axial regions, and the outer
fuel element (OFE) plates have 14 radial x 21 axial regions.

From the evaluation of all 369 OFE plates in Betzler et al.[5], it was observed that the fuel loading was larger
than the nominal in the center region of the plate and peaked near the hump of the fuel region, whereas the
fuel loading was less than nominal around the border of the fuel plates. The fuel distribution deviations from
nominal were expected to be caused by the loading die. Considering this evaluation, the first profile, peak
hump 1, was derived, as illustrated in Fig. 2 with a maximum local fuel inhomogeneity value of 12% at the
fuel hump. The second profile, peak hump 2, is a conservative distribution of the first profile in which the
inhomogeneity profile is observed only in the radial direction, as shown in Fig. 3, where the inhomogeneity
values decrease as a function of nominal fuel thickness. Thus, these two distributions evaluate the impact of
fuel overloading in the hump region of the fuel plates where the fuel thickness is greatest.

The three remaining profiles are also conservative inhomogeneity profiles developed to evaluate the impact of
overloading the radial edges of the fuel plates where flux/power peaks typically occur because of their
proximity to moderator and reflector regions. The peak edge 1, as depicted in Fig. 4, is the opposite of peak
hump 1, in which the peak inhomogeneity is located at the thinnest fuel region. The peak +12% overloading
occurs in the thinnest region of the fuel, the homogeneity values decrease with increased nominal fuel
loading, and an axial profile is applied to maximize the fuel loading at the axial borders where flux/power
peaks exist. In peak edge 2, the peak inhomogeneity is located at the top and bottom of both the innermost
and outermost fuel region, as shown in Fig. 5. Peak edges 1 and 2 are similar, but peak edge 2 overloads both
the inner and outer radial edges of the plate up to +12% and thus has a more underloaded hump region
relative to peak edge 1. And the last profile, peak edge 3, has peak inhomogeneity along the fuel border of
the fuel element, as illustrated in Fig. 6. All fuel distributions were derived so as to maintain nominal fuel
plate uranium masses.
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Figure 2. Inhomogeneity distribution of peak hump 1 with maximum local fuel inhomogeneity of 1.12.
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Figure 3. Inhomogeneity distribution of peak hump 2 with maximum local fuel inhomogeneity of 1.12.
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Figure 4. Inhomogeneity distribution of peak edge 1 with maximum local fuel inhomogeneity of 1.12.
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Figure 5. Inhomogeneity distribution of peak edge 2 with maximum local fuel inhomogeneity of 1.12.
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Figure 6. Inhomogeneity distribution of peak edge 3 with maximum local fuel inhomogeneity of 1.12.



3. METHODOLOGY
3.1 CALCULATION METHODS

The continuous-energy Monte Carlo radiation transport code Shift [10] and ENDF/B-VILO [ 1] nuclear data
library were used to calculate the reactor performance metrics. Six metrics are evaluated and discussed in the
next section [9]. In Shift, the total number of neutrons per generation was 100,000, and the total cycles were
350 with 50 inactive cycles. The analyses were performed with the low-density U3Si>-Al optimized fuel
design at BOC [1]; the control elements were at the critical positions calculated with the uniform fuel loading
condition case. The uncertainty distributions listed in Table 1 were accounted for. The inhomogeneity
profiles for the IFE and OFE were generated by considering the range of the local peak inhomogeneity values
from 1.06 to 1.12 (0.01 stepping) on a normal distribution. The peak value of 1.06 was set as the minimum
value because a value lower than this would produce a negligible inhomogeneity profile. The peak value of
1.12 was selected as the maximum because a fuel plate with an inhomogeneity value(s) exceeding +12% may
be rejected or will be submitted for an explicit HFIR safety review to determine acceptability based on safety
criteria guidelines. Later, each profile was used to perturb the density of the fuel cells in the IFE and OFE by
multiplying the inhomogeneity value of each cell with its density. However, the volume of each fuel cell was
kept the same as in the unperturbed case. An example of the inhomogeneity multiplier for each profile and
peak factor of 1.06, 1.09, and 1.12 is available in Appendix A. The total samples generated were 246 input
files representing the combinations of perturbations in the IFE and OFE for each inhomogeneity profile.

Table 1. Uncertainty parameters

Profile Local peak inhomogeneity factor in IFE/OFE | Distribution
Peak hump 1 1.06 ~1.12 Uniform
Peak hump 2 1.06 ~1.12 Uniform
Peak edge 1 1.06 ~1.12 Uniform
Peak edge 2 1.06 ~1.12 Uniform
Peak edge 3 1.06 ~1.12 Uniform

3.2 PERFORMANCE METRICS
3.2.1 Multiplication Factor

Typically, the cycle length is used as one of the performance metrics for a HFIR core design. To obtain the
cycle length, a depletion calculation is necessary. Since the depletion calculation is computationally
expensive, it was not conducted in this work and will be considered in future studies. Instead, the
multiplication factor k.g¢ at BOC was used as one of the metrics by evaluating the changes in kg value from
the nominal case. The reduction in kg indirectly implies the reduction of cycle length and vice versa.

3.2.2 Cold Source Moderator Vessel Cold Flux and Ratio

The cold source flux magnitude and cold-to-total flux ratio are measures of the quality of the flux for cold
neutron science. Increased brightness (i.e., greater magnitude) and reduced noise (i.e., higher cold-to-total
flux ratio) are desired. Because the cold neutron source is radially external to the control elements, the cold
source flux is highly affected by the control element location.



3.2.3 Curium/Californium Target Thermal Flux

Another important parameter to be evaluated is the 25>Cf production rate. Californium-252 is produced in
HFIR by irradiating the curium oxide targets inside the flux trap region. To obtain the production rate, a
depletion calculation is required. Since the depletion calculation was not performed in this work, the Cm
target thermal flux was evaluated and compared to the nominal case. The reduction in the Cm target thermal
flux implies the reduction of the 232Cf production rate and vice versa.

3.2.4 Flux Trap Fast Flux and Ratio

The flux trap is the center region in HFIR that experiences the highest flux (about 10'> n - cm=2 - s7!). The
flux trap region is used for isotope production and materials irradiation testing. Fast flux in the flux trap is
used for materials irradiation studies to accelerate damage testing. The fast flux and fast-to-total flux ratio
metrics are calculated by spatially averaging the fast and non-fast fluxes in the material irradiation targets in
the flux trap.

3.2.5 Reflector Fast Flux and Ratio

The removable beryllium reflector has eight large aluminum-lined irradiation positions, and one of these
facilities is often used for materials irradiation purposes when large targets are irradiated. These metrics are
calculated by spatially averaging the fluxes in the eight irradiation facilities (1A, 1B, 3A, 3B, 5A, 5B, 7A,
and 7B) within the removable beryllium reflector region.

3.2.6 Fission Rate Density

The fission rate density f; in a given fuel region in the unit of fissions per second per cm? of fuel particle is
defined as

M
1 00

fa= . Z f dEf dVNi(r)o;s(r, E)p(r, E) (1)
fuel i 0 8V€Vfuel

where Vy,,; is the volume of the given fuel region, N; is the number density of isotope i, o 7 is the fission
cross section of isotope i, ¢ is the scalar flux, and the sum is over the M fissionable isotopes within the fuel
region.



4. RESULTS AND DISCUSSION
4.1 IMPACT OF FUEL INHOMOGENEITY ON LEU CORE

The results from all perturbed cases are averaged and presented as a relative difference to the nominal
(uniform fuel loading) case in Table 2. The inhomogeneity performance metrics except for the fission density
are slightly decreased compared to the nominal case. However, the performance degradation is considered
minor, with a relative difference of less than 0.5% with respect to that of the nominal case.

Table 2. Relative difference of the averaged evaluated performance metrics to the nominal case

Parameter Relative difference
ket -0.18 +0.39
Cold source moderator vessel cold flux -0.43 +0.16
Cold source moderator vessel cold flux cold-to-fast flux ratio -0.01 =0.10
Thermal flux at Cm target 0.02 £0.17
Flux trap fast flux -0.28 £0.10
Flux trap fast-to-total flux ratio -0.25 £0.20
Reflector fast flux -0.18 +0.10
Reflector fast-to-total flux ratio -0.13 +0.04
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Figure 7. k.g distribution of each profile and average (all).

The individual evaluation of each profile on the performance metrics also warrants discussion. The
distribution of the k.g at BOC for each inhomogeneity profile is shown in Figure 7. Both hump profiles result
in the reduction of k.g and, consequently, cycle length. For example, one of the cases in hump 2 can reduce
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the reactivity by about 1,158.9 + 25.1 pcm. On the other hand, the edge profiles slightly increase k.g since
most of the fuels are distributed along the fuel plate frame next to the light water moderator. On average, the
reduction of the multiplication factor is expected to be less than a day reduction in the cycle length (deduced
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Figure 9. Thermal flux at Cm target for each inhomogeneity profile and average (all).

based on experience).

The performance metrics related to the thermal and fast fluxes at target locations are depicted in Figs. 8, 9,
10, and 11. Similar to the trend in the kg, profile hump 2 shows a slight reduction in neutron fluxes
compared to the other fuel inhomogeneity profiles. In profile hump 2, the uranium fuel is concentrated along
the hump region. As a result, the fuel distribution in the periphery is significantly reduced, especially in the
IFE inner radial edge next to the flux trap region and the OFE outer radial edge next to the beryllium reflector,
contributing to the lower experiment regions’ neutron flux in hump 2. Moreover, the neutron flux is also
affected by the k. because it is used to obtain the absolute neutron flux in each target location. However, the
change in average flux in each target due to the fuel inhomogeneity is considered negligible, with the relative
difference ranging from -0.43% to 0.02%.

The relative difference of fission rate density compared with the nominal case caused by all inhomogeneity
profiles for the IFE and OFE is shown in Fig. 12. The maximum average relative difference is about 3.22%
and 3.74% in the IFE and OFE, respectively. On the other hand, the minimum relative difference in the IFE
and OFE can be about -11.3% and -15.4%, respectively. As shown in Figs. 13 and 14, the fission rate density
of each profile is dictated by the fuel inhomogeneity profile. For example, the reduction of the fission rate
density at the plate periphery is up to 53% in the hump profiles. However, the maximum increase in a
channel streak is about +7.58% and +9.19% for IFE and OFE, respectively, which is still lower than the
uncertainty value considered in the steady-state thermal-hydraulics calculation, which is about +12%.

4.2 COMPARISON OF FUEL INHOMOGENEITY IN HFIR LEU AND HEU CORES

A similar assessment was also conducted by considering the fuel inhomogeneity in both the IFE and OFE for
the HEU core. However, only the peak inhomogeneity factor of 1.12 was considered. Figure 15 shows that
the trends in the performance metrics are similar between the HEU and LEU cores. Therefore, it is expected

11
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Figure 10. Flux trap flux and fast-to-total flux ratio for each inhomogeneity profile and average (all).

that the impact of the fuel inhomogeneity will be similar between the two cores, which is negligible with
regard to reactor performance and bounded by safety analysis uncertainty factors with regard to fission rate
densities.
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Figure 13. Fission rate density in IFE for nominal and its relative difference for each inhomogeneity
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Figure 14. Fission rate density in OFE for nominal and its relative difference for each inhomogeneity
profile. The volume in each fuel cell is the same between unperturbed and perturbed cases.
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S. CONCLUSIONS

The quantification of the uncertainty in the HFIR LEU core derived from the fuel inhomogeneity was carried
out in this work. Five fuel inhomogeneity profiles were generated considering various assumptions,
experience with the HEU fuel, HEU fuel specifications, and loading scenarios resulting in additional fuel in
thermally limiting regions. The impact of fuel inhomogeneity on the key performance metrics was evaluated,
and the impact in both HEU and LEU cores is similar. Performance metrics were on average reduced by less
than 0.5% and can therefore be considered negligible. For future work, the uncertainty due to fuel
inhomogeneity can also be quantified during the cycle (e.g., impact on cycle length, time-averaged fluxes).
Moreover, other fuel-related uncertainty parameters — such as total fuel loading, uranium isotopic
composition, coolant channel dimensions, and boron mass and impurities in the filler — can be carried out to
complete the current study. The impact of the uncertainty parameters on the transient calculation can also be
investigated.
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Inhomogeneity profile hump I in IFE, local peak inhomogeneity factor of 1.12
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Inhomogeneity profile hump 1 in IFE, local peak inhomogeneity factor of 1.06
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Inhomogeneity profile hump I in OFE, local peak inhomogeneity factor of 1.06
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Inhomogeneity profile hump 2 in IFE, local peak inhomogeneity factor of 1.12
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Inhomogeneity profile hump 2 in OFE, local peak inhomogeneity factor of 1.12
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Inhomogeneity profile hump 2 in IFE, local peak inhomogeneity factor of 1.09
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Inhomogeneity profile hump 2 in OFE, local peak inhomogeneity factor of 1.09
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Inhomogeneity profile edge 1 in IFE, local peak inhomogeneity factor of 1.06
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Inhomogeneity profile edge 2 in IFE, local peak inhomogeneity factor of 1.12

O 00 =1 D Ut k= W N =

e e e e e
N D Ot e W N = O

18
19
20
21

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

1.120

1.116

1.111

1.104

1.095

1.085

1.076

1.064

1.049

1.036

1.021

1.005

0.990

0.974

0.956

0.991

1.022

1.050

1.076

1.099

1.120

1.114

1.111

1.105

1.098

1.089

1.080

1.070

1.059

1.044

1.030

1.016

1.000

0.985

0.969

0.952

0.986

1.017

1.045

1.071

1.094

1.114

1.109

1.105

1.100

1.093

1.084

1.075

1.065

1.053

1.039

1.025

1.011

0.995

0.980

0.964

0.947

0.981

1.012

1.039

1.065

1.088

1.109

1.103

1.099

1.094

1.087

1.078

1.069

1.060

1.048

1.034

1.020

1.006

0.990

0.975

0.959

0.942

0.977

1.006

1.034

1.060

1.083

1.103

1.098

1.094

1.089

1.082

1.073

1.064

1.054

1.043

1.028

1.015

1.001

0.985

0.970

0.955

0.937

0.972

1.001

1.029

1.054

1.077

1.098

1.092

1.088

1.083

1.076

1.067

1.058

1.049

1.037

1.023

1.010

0.996

0.980

0.965

0.950

0.933

0.967

0.996

1.024

1.049

1.072

1.092

1.086

1.083

1.078

1.071

1.062

1.053

1.044

1.032

1.018

1.005

0.991

0.975

0.960

0.945

0.928

0.962

0.991

1.018

1.044

1.066

1.086

1.081

1.077

1.072

1.065

1.056

1.047

1.038

1.027

1.013

0.999

0.985

0.970

0.955

0.940

0.923

0.957

0.986

1.013

1.038

1.061

1.081

1.075

1.071

1.066

1.060

1.051

1.042

1.033

1.021

1.007

0.994

0.980

0.965

0.950

0.935

0.918

0.952

0.981

1.008

1.033

1.055

1.075

1.070

1.066

1.061

1.054

1.046

1.037

1.027

1.016

1.002

0.989

0.975

0.960

0.945

0.930

0.913

0.947

0.976

1.003

1.027

1.050

1.070

1.064

1.060

1.055

1.049

1.040

1.031

1.022

1.011

0.997

0.984

0.970

0.955

0.940

0.925

0.909

0.942

0.971

0.997

1.022

1.044

1.064

1.070

1.066

1.061

1.054

1.046

1.037

1.027

1.016

1.002

0.989

0.975

0.960

0.945

0.930

0.913

0.947

0.976

1.003

1.027

1.050

1.070

1.075

1.071

1.066

1.060

1.051

1.042

1.033

1.021

1.007

0.994

0.980

0.965

0.950

0.935

0.918

0.952

0.981

1.008

1.033

1.055

1.075

1.081

1.077

1.072

1.065

1.056

1.047

1.038

1.027

1.013

0.999

0.985

0.970

0.955

0.940

0.923

0.957

0.986

1.013

1.038

1.061

1.081

1.086

1.083

1.078

1.071

1.062

1.053

1.044

1.032

1.018

1.005

0.991

0.975

0.960

0.945

0.928

0.962

0.991

1.018

1.044

1.066

1.086

1.092

1.088

1.083

1.076

1.067

1.058

1.049

1.037

1.023

1.010

0.996

0.980

0.965

0.950

0.933

0.967

0.996

1.024

1.049

1.072

1.092

1.098

1.094

1.089

1.082

1.073

1.064

1.054

1.043

1.028

1.015

1.001

0.985

0.970

0.955

0.937

0.972

1.001

1.029

1.054

1.077

1.098

1.103

1.099

1.094

1.087

1.078

1.069

1.060

1.048

1.034

1.020

1.006

0.990

0.975

0.959

0.942

0.977

1.006

1.034

1.060

1.083

1.103

1.109

1.105

1.100

1.093

1.084

1.075

1.065

1.053

1.039

1.025

1.011

0.995

0.980

0.964

0.947

0.981

1.012

1.039

1.065

1.088

1.109

1.114

1.111

1.105

1.098

1.089

1.080

1.070

1.059

1.044

1.030

1.016

1.000

0.985

0.969

0.952

0.986

1.017

1.045

1.071

1.094

1.114

1.120

1.116

1.111

1.104

1.095

1.085

1.076

1.064

1.049

1.036

1.021

1.005

0.990

0.974

0.956

0.991

1.022

1.050

1.076

1.099

1.120

Inhomogeneity profile edge 2 in OFE, local peak inhomogeneity factor of 1.12

T o= W N =

© o N &

11
12
13
14
15
16
17
18
19
20
21

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1.120

1.110

1.092

1.064

1.036

1.007

0.977

0.946

0.978

1.010

1.044

1.078

1.104

1.120

1.114

1.105

1.086

1.059

1.031

1.002

0.972

0.941

0.973

1.005

1.038

1.072

1.098

1.114

1.109

1.099

1.081

1.053

1.026

0.997

0.967

0.937

0.968

1.000

1.033

1.067

1.093

1.109

1.103

1.094

1.075

1.048

1.020

0.992

0.962

0.932

0.963

0.995

1.028

1.062

1.087

1.103

1.098

1.088

1.070

1.043

1.015

0.987

0.957

0.927

0.958

0.990

1.023

1.056

1.082

1.098

1.092

1.083

1.064

1.038

1.010

0.982

0.952

0.923

0.953

0.985

1.018

1.051

1.076

1.092

1.086

1.077

1.059

1.032

1.005

0.977

0.948

0.918

0.948

0.980

1.012

1.045

1.071

1.086

1.081

1.072

1.053

1.027

1.000

0.972

0.943

0.913

0.944

0.975

1.007

1.040

1.065

1.081

1.075

1.066

1.048

1.022

0.994

0.967

0.938

0.908

0.939

0.970

1.002

1.035

1.060

1.075

1.070

1.060

1.042

1.016

0.989

0.962

0.933

0.904

0.934

0.965

0.997

1.029

1.054

1.070

1.064

1.055

1.037

1.011

0.984

0.956

0.928

0.899

0.929

0.960

0.991

1.024

1.049

1.064

1.070

1.060

1.042

1.016

0.989

0.962

0.933

0.904

0.934

0.965

0.997

1.029

1.054

1.070

1.075

1.066

1.048

1.022

0.994

0.967

0.938

0.908

0.939

0.970

1.002

1.035

1.060

1.075

1.081

1.072

1.053

1.027

1.000

0.972

0.943

0.913

0.944

0.975

1.007

1.040

1.065

1.081

1.086

1.077

1.059

1.032

1.005

0.977

0.948

0.918

0.948

0.980

1.012

1.045

1.071

1.086

1.092

1.083

1.064

1.038

1.010

0.982

0.952

0.923

0.953

0.985

1.018

1.051

1.076

1.092

1.098

1.088

1.070

1.043

1.015

0.987

0.957

0.927

0.958

0.990

1.023

1.056

1.082

1.098

1.103

1.094

1.075

1.048

1.020

0.992

0.962

0.932

0.963

0.995

1.028

1.062

1.087

1.103

1.109

1.099

1.081

1.053

1.026

0.997

0.967

0.937

0.968

1.000

1.033

1.067

1.093

1.109

1.114

1.105

1.086

1.059

1.031

1.002

0.972

0.941

0.973

1.005

1.038

1.072

1.098

1.114

1.120

1.110

1.092

1.064

1.036

1.007

0.977

0.946

0.978

1.010

1.044

1.078

1.104

1.120

A-11




Inhomogeneity profile edge 2 in IFE, local peak inhomogeneity factor of 1.09

00 ~1 O Ut = W N

e

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

1.090

1.087

1.084

1.079

1.073

1.067

1.061

1.053

1.043

1.034

1.025

1.014

1.004

0.994

0.982

1.005

1.025

1.044

1.061

1.076

1.090

1.085

1.082

1.079

1.074

1.068

1.062

1.056

1.048

1.038

1.029

1.020

1.009

0.999

0.989

0.977

1.000

1.020

1.039

1.056

1.071

1.085

1.079

1.077

1.073

1.069

1.063

1.057

1.050

1.042

1.033

1.024

1.015

1.004

0.994

0.984

0.972

0.995

1.015

1.033

1.050

1.066

1.079

1.074

1.071

1.068

1.063

1.057

1.051

1.045

1.037

1.028

1.019

1.009

0.999

0.989

0.979

0.967

0.990

1.010

1.028

1.045

1.060

1.074

1.068

1.066

1.062

1.058

1.052

1.046

1.040

1.032

1.023

1.014

1.004

0.994

0.984

0.974

0.962

0.985

1.005

1.023

1.040

1.055

1.068

1.063

1.060

1.057

1.052

1.047

1.041

1.034

1.027

1.017

1.008

0.999

0.989

0.979

0.969

0.958

0.980

1.000

1.018

1.034

1.049

1.063

1.057

1.055

1.052

1.047

1.041

1.035

1.029

1.021

1.012

1.003

0.994

0.984

0.974

0.964

0.953

0.975

0.994

1.013

1.029

1.044

1.057

1.052

1.049

1.046

1.042

1.036

1.030

1.024

1.016

1.007

0.998

0.989

0.979

0.969

0.959

0.948

0.970

0.989

1.007

1.024

1.039

1.052

1.046

1.044

1.041

1.036

1.030

1.025

1.018

1.011

1.002

0.993

0.984

0.974

0.964

0.954

0.943

0.965

0.984

1.002

1.018

1.033

1.046

1.041

1.039

1.035

1.031

1.025

1.019

1.013

1.006

0.997

0.988

0.979

0.969

0.959

0.949

0.938

0.960

0.979

0.997

1.013

1.028

1.041

1.036

1.033

1.030

1.025

1.020

1.014

1.008

1.000

0.991

0.983

0.974

0.964

0.954

0.944

0.933

0.955

0.974

0.992

1.008

1.023

1.036

1.041

1.039

1.035

1.031

1.025

1.019

1.013

1.006

0.997

0.988

0.979

0.969

0.959

0.949

0.938

0.960

0.979

0.997

1.013

1.028

1.041

1.046

1.044

1.041

1.036

1.030

1.025

1.018

1.011

1.002

0.993

0.984

0.974

0.964

0.954

0.943

0.965

0.984

1.002

1.018

1.033

1.046

1.052

1.049

1.046

1.042

1.036

1.030

1.024

1.016

1.007

0.998

0.989

0.979

0.969

0.959

0.948

0.970

0.989

1.007

1.024

1.039

1.052

5(1.057

1.055

1.052

1.047

1.041

1.035

1.029

1.021

1.012

1.003

0.994

0.984

0.974

0.964

0.953

0.975

0.994

1.013

1.029

1.044

1.057

1.063

1.060

1.057

1.052

1.047

1.041

1.034

1.027

1.017

1.008

0.999

0.989

0.979

0.969

0.958

0.980

1.000

1.018

1.034

1.049

1.063

1.068

1.066

1.062

1.058

1.052

1.046

1.040

1.032

1.023

1.014

1.004

0.994

0.984

0.974

0.962

0.985

1.005

1.023

1.040

1.055

1.068

1.074

1.071

1.068

1.063

1.057

1.051

1.045

1.037

1.028

1.019

1.009

0.999

0.989

0.979

0.967

0.990

1.010

1.028

1.045

1.060

1.074

1.079

1.077

1.073

1.069

1.063

1.057

1.050

1.042

1.033

1.024

1.015

1.004

0.994

0.984

0.972

0.995

1.015

1.033

1.050

1.066

1.079

1.085

1.082

1.079

1.074

1.068

1.062

1.056

1.048

1.038

1.029

1.020

1.009

0. 981)

0.989

0.977

1.000

1.020

1.039

1.056

1.071

1.085

1.090

1.087

1.084

1.079

1.073

1.067

1.061

1.053

1.043

1.034

1.025

1.014

1.004

0.994

0.982

1.005

1.025

1.044

1.061

1.076

1.090

Inhomogeneity profile edge 2 in OFE, local peak inhomogeneity factor of 1.09

Tt W N

©O© W N>

11
12
13
14
15
16
17
18
19
20
21

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1.090

1.084

1.071

1.053

1.035

1.015

0.996

0.975

0.996

1.018

1.040

1.062

1.079

1.090

1.085

1.078

1.066

1.048

1.029

1.010

0.991

0.971

0.991

1.013

1.034

1.057

1.074

1.085

1.079

1.073

1.061

1.043

1.024

1.005

0.986

0.966

0.986

1.007

1.029

1.052

1.069

1.079

1.074

1.067

1.055

1.037

1.019

1.000

0.981

0.961

0.981

1.002

1.024

1.046

1.063

1.074

1.068

1.062

1.050

1.032

1.014

0.995

0.976

0.956

0.976

0.997

1.019

1.041

1.058

1.068

1.063

1.057

1.044

1.027

1.009

0.990

0.971

0.951

0.971

0.992

1.014

1.036

1.052

1.063

1.057

1.051

1.039

1.022

1.004

0.985

0.966

0.946

0.966

0.987

1.008

1.030

1.047

1.057

1.052

1.046

1.034

1.016

0.998

0.980

0.961

0.941

0.961

0.982

1.003

1.025

1.042

1.052

1.046

1.040

1.028

1.011

0.993

0.975

0.956

0.936

0.956

0.977

0.998

1.020

1.036

1.046

1.041

1.035

1.023

1.006

0.988

0.970

0.951

0.932

0.951

0.972

0.993

1.014

1.031

1.041

1.036

1.030

1.018

1.001

0.983

0.965

0.946

0.927

0.946

0.967

0.988

1.009

1.025

1.036

1.041

1.035

1.023

1.006

0.988

0.970

0.951

0.932

0.951

0.972

0.993

1.014

1.031

1.041

1.046

1.040

1.028

1.011

0.993

0.975

0.956

0.936

0.956

0.977

0.998

1.020

1.036

1.046

1.052

1.046

1.034

1.016

0.998

0.980

0.961

0.941

0.961

0.982

1.003

1.025

1.042

1.052

1.057

1.051

1.039

1.022

1.004

0.985

0.966

0.946

0.966

0.987

1.008

1.030

1.047

1.057

1.063

1.057

1.044

1.027

1.009

0.990

0.971

0.951

0.971

0.992

1.014

1.036

1.052

1.063

1.068

1.062

1.050

1.032

1.014

0.995

0.976

0.956

0.976

0.997

1.019

1.041

1.058

1.068

1.074

1.067

1.055

1.037

1.019

1.000

0.981

0.961

0.981

1.002

1.024

1.046

1.063

1.074

1.079

1.073

1.061

1.043

1.024

1.005

0.986

0.966

0.986

1.007

1.029

1.052

1.069

1.079

1.085

1.078

1.066

1.048

1.029

1.010

0.991

0.971

0.991

1.013

1.034

1.057

1.074

1.085

1.090

1.084

1.071

1.053

1.035

1.015

0.996

0.975

0.996

1.018

1.040

1.062

1.079

1.090

A-12




Inhomogeneity profile edge 2 in IFE, local peak inhomogeneity factor of 1.06

00 ~1 O Ut = W N

e

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

1.060

1.059

1.057

1.055

1.052

1.049

1.046

1.042

1.038

1.033

1.029

1.023

1.019

1.013

1.008

1.019

1.029

1.038

1.046

1.053

1.060

1.055

1.053

1.052

1.050

1.047

1.044

1.041

1.037

1.032

1.028

1.023

1.018

1.013

1.008

1.003

1.014

1.024

1.032

1.041

1.048

1.055

1.049

1.048

1.047

1.044

1.041

1.038

1.035

1.032

1.027

1.023

1.018

1.013

1.008

1.003

0.998

1.009

1.018

1.027

1.035

1.043

1.049

1.044

1.043

1.041

1.039

1.036

1.033

1.030

1.026

1.022

1.018

1.013

1.008

1.003

0.998

0.993

1.004

1.013

1.022

1.030

1.038

1.044

1.039

1.038

1.036

1.034

1.031

1.028

1.025

1.021

1.017

1.012

1.008

1.003

0.998

0.993

0.988

0.999

1.008

1.017

1.025

1.032

1.039

1.034

1.032

1.031

1.028

1.026

1.023

1.020

1.016

1.012

1.007

1.003

0.998

0.993

0.988

0.983

0.994

1.003

1.012

1.020

1.027

1.034

1.028

1.027

1.025

1.023

1.020

1.018

1.015

1.011

1.006

1.002

0.998

0.993

0.988

0.983

0.978

0.988

0.998

1.007

1.015

1.022

1.028

1.023

1.022

1.020

1.018

1.015

1.012

1.009

1.006

1.001

0.997

0.993

0.988

0.983

0.978

0.973

0.983

0.993

1.001

1.009

1.017

1.023

1.018

1.016

1.015

1.013

1.010

1.007

1.004

1.000

0.996

0.992

0.987

0.982

0.978

0.973

0.968

0.978

0.988

0.996

1.004

1.011

1.018

1.012

1.011

1.010

1.007

1.005

1.002

0.999

0.995

0.991

0.987

0.982

0.977

0.973

0.968

0.962

0.973

0.982

0.991

0.999

1.006

1.012

1.007

1.006

1.004

1.002

0.999

0.997

0.994

0.990

0.986

0.981

0.977

0.972

0.968

0.963

0.957

0.968

0.977

0.986

0.994

1.001

1.007

1.012

1.011

1.010

1.007

1.005

1.002

0.999

0.995

0.991

0.987

0.982

0.977

0.973

0.968

0.962

0.973

0.982

0.991

0.999

1.006

1.012

1.018

1.016

1.015

1.013

1.010

1.007

1.004

1.000

0.996

0.992

0.987

0.982

0.978

0.973

0.968

0.978

0.988

0.996

1.004

1.011

1.018

1.023

1.022

1.020

1.018

1.015

1.012

1.009

1.006

1.001

0.997

0.993

0.988

0.983

0.978

0.973

0.983

0.993

1.001

1.009

1.017

1.023

5/1.028

1.027

1.025

1.023

1.020

1.018

1.015

1.011

1.006

1.002

0.998

0.993

0.988

0.983

0.978

0.988

0.998

1.007

1.015

1.022

1.028

1.034

1.032

1.031

1.028

1.026

1.023

1.020

1.016

1.012

1.007

1.003

0.998

0.993

0.988

0.983

0.994

1.003

1.012

1.020

1.027

1.034

1.039

1.038

1.036

1.034

1.031

1.028

1.025

1.021

1.017

1.012

1.008

1.003

0.998

0.993

0.988

0.999

1.008

1.017

1.025

1.032

1.039

1.044

1.043

1.041

1.039

1.036

1.033

1.030

1.026

1.022

1.018

1.013

1.008

1.003

0.998

0.993

1.004

1.013

1.022

1.030

1.038

1.044

1.049

1.048

1.047

1.044

1.041

1.038

1.035

1.032

1.027

1.023

1.018

1.013

1.008

1.003

0.998

1.009

1.018

1.027

1.035

1.043

1.049

1.055

1.053

1.052

1.050

1.047

1.044

1.041

1.037

1.032

1.028

1.023

1.018

1.013

1.008

1.003

1.014

1.024

1.032

1.041

1.048

1.055

1.060

1.059

1.057

1.055

1.052

1.049

1.046

1.042

1.038

1.033

1.029

1.023

1.019

1.013

1.008

1.019

1.029

1.038

1.046

1.053

1.060

Inhomogeneity profile edge 2 in OFE, local peak inhomogeneity factor of 1.06

Tt W N

©O© W N>

11
12
13
14
15
16
17
18
19
20
21

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1.060

1.057

1.051

1.042

1.033

1.024

1.014

1.005

1.015

1.025

1.036

1.047

1.055

1.060

1.055

1.052

1.046

1.037

1.028

1.019

1.009

1.000

1.010

1.020

1.030

1.041

1.050

1.055

1.049

1.046

1.040

1.032

1.023

1.014

1.004

0.995

1.005

1.015

1.025

1.036

1.044

1.049

1.044

1.041

1.035

1.027

1.018

1.009

0.999

0.990

0.999

1.010

1.020

1.031

1.039

1.044

1.039

1.036

1.030

1.021

1.013

1.003

0.994

0.985

0.994

1.005

1.015

1.026

1.034

1.039

1.034

1.031

1.025

1.016

1.007

0.998

0.989

0.980

0.989

0.999

1.010

1.020

1.028

1.034

1.028

1.025

1.019

1.011

1.002

0.993

0.984

0.974

0.984

0.994

1.005

1.015

1.023

1.028

1.023

1.020

1.014

1.006

0.997

0.988

0.979

0.969

0.979

0.989

0.999

1.010

1.018

1.023

1.018

1.015

1.009

1.001

0.992

0.983

0.974

0.964

0.974

0.984

0.994

1.005

1.013

1.018

1.012

1.009

1.004

0.995

0.987

0.978

0.969

0.959

0.969

0.979

0.989

0.999

1.007

1.012

1.007

1.004

0.998

0.990

0.982

0.973

0.964

0.954

0.964

0.974

0.984

0.994

1.002

1.007

1.012

1.009

1.004

0.995

0.987

0.978

0.969

0.959

0.969

0.979

0.989

0.999

1.007

1.012

1.018

1.015

1.009

1.001

0.992

0.983

0.974

0.964

0.974

0.984

0.994

1.005

1.013

1.018

1.023

1.020

1.014

1.006

0.997

0.988

0.979

0.969

0.979

0.989

0.999

1.010

1.018

1.023

1.028

1.025

1.019

1.011

1.002

0.993

0.984

0.974

0.984

0.994

1.005

1.015

1.023

1.028

1.034

1.031

1.025

1.016

1.007

0.998

0.989

0.980

0.989

0.999

1.010

1.020

1.028

1.034

1.039

1.036

1.030

1.021

1.013

1.003

0.994

0.985

0.994

1.005

1.015

1.026

1.034

1.039

1.044

1.041

1.035

1.027

1.018

1.009

0.999

0.990

0.999

1.010

1.020

1.031

1.039

1.044

1.049

1.046

1.040

1.032

1.023

1.014

1.004

0.995

1.005

1.015

1.025

1.036

1.044

1.049

1.055

1.052

1.046

1.037

1.028

1.019

1.009

1.000

1.010

1.020

1.030

1.041

1.050

1.055

1.060

1.057

1.051

1.042

1.033

1.024

1.014

1.005

1.015

1.025

1.036

1.047

1.055

1.060

A-13




Inhomogeneity profile edge 3 in IFE, local peak inhomogeneity factor of 1.12
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Inhomogeneity profile edge 3 in OFE, local peak inhomogeneity factor of 1.12

1

[V R VR

© o =N S L

11
12
13
14
15
16
17
18
19
20
21

2

1.109

3

1.110

4

1.108

5

6

7

1.102

8

1.099

9

1.103

10

1.107

11

1.088

1.082

1.089

1.096

1.100

1.068

1.057

1.068

1.080

12

1.105

1.100

1.081

1.019

0.997

1.020

1.043

1.090

13

1.109

1.086

1.053

0.949

0.912

0.950

0.989

1.069

1.101

1.104

1.072

1.026

1.099

1.058

0.998

1.096

1.048

0.979

1.094

1.043

0.968

1.096

1.048

0.979

1.099

1.058

0.998

1.104

1.072

1.026

0.879 | 0.827

0.880
0.810

1.049

1.093

1.028

1.085

1.014

1.079

1.005

1.076

1.014

1.079

1.028

1.085

1.049

1.093

1.109

1.086

1.053

0.949

0.912

0.989

1.069

1.101

1.100

1.081

1.019

0.997

1.043

1.090

1.110

1.100

1.068

1.057

1.080

1.108

1.088

1.082

1.096

1.102

1.099

1.107

A-14

1.105

1.109

14

1.108

1.105

1.110

1.105

21



Inhomogeneity profile edge 3 in IFE, local peak inhomogeneity factor of 1.09

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1
2
3 1.084(1.082(1.081|1.079|1.078|1.077|1.075|1.078|1.081
4 1.083[1.081|1.078|1.076|1.074|1.071|1.068|1.066|1.063|1.069|1.074|1.078 |1.083
5 1.083|1.081]1.078|1.075]|1.071]|1.067|1.063|1.059|1.054|1.050|1.045|1.055|1.063|1.071|1.078
6 1.081(1.077|1.072|1.067|1.060(1.053|1.045|1.038|1.029|1.021|1.013|1.003|1.022|1.038|1.053|1.067|1.079
7 1.082(1.076|1.067|1.059|1.050|1.040{1.027|1.014|1.001]0.987|0.973(0.959|0.943|0.975|1.002|1.027|1.050|1.071
8 1.079]1.070]1.058|1.046]1.034|1.019|1.001|0.983]0.965 1.001{1.034|1.064
9 1.075]1.064]1.049|1.034]1.018|0.998|0.975]0.952|0.929 0.976|1.018]1.056
10 1.083(1.073]1.059|1.042|1.025|1.006|0.984|0.957|0.930|0.903 0.958|1.007|1.051
11 1.082|1.072]1.057|1.039]1.020|1.000{0.976|0.946|0.9180.889 0.947|1.000|1.048
12 1.083|1.073|1.059|1.042]1.025]1.006]0.984|0.957]0.930[0.903 0.958]1.007]1.051
13 1.075(1.064|1.049|1.034|1.018]0.9980.975]0.952|0.929 0.976|1.018|1.056
14 1.079]1.070|1.058|1.046|1.034|1.019|1.001|0.983|0.965 1.001{1.034|1.064
15 1.082]1.076]1.067|1.059]1.050|1.040|1.027|1.014|1.001 1.027|1.050|1.071
16 1.081{1.077|1.072|1.067|1.060|1.053|1.045|1.038 1.053|1.067|1.079
17 1.083(1.081|1.078|1.075|1.071|1.067|1.063 1.071]1.078
18 1.083[1.081|1.078|1.076|1.074 1.078|1.083
19 1.084[1.082]1.081
20
21

Inhomogeneity profile edge 3 in OFE, local peak inhomogeneity factor of 1.09
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Inhomogeneity profile edge 3 in IFE, local peak inhomogeneity factor of 1.06

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1
2
3 1.056(1.055|1.054|1.053|1.052|1.051|1.050(1.052|1.054
4 1.055[1.054|1.052|1.051|1.049|1.047|1.046|1.044|1.042|1.046|1.049|1.052|1.055
5 1.055|1.054|1.052|1.050|1.047|1.045|1.042|1.039|1.036|1.033|1.030(1.037|1.042|1.047(1.052
6 1.054(1.051|1.048|1.044|1.040(1.035|1.030|1.025|1.019|1.014|1.008|1.002|1.015|1.025|1.035|1.044|1.053
7 1.055(1.050|1.045|1.039|1.034|1.026|1.018|1.009{1.001]0.9910.982(0.973]0.962|0.983]|1.001|1.018|1.034|1.048
8 1.052]1.046]1.039|1.031]1.023|1.013|1.000]0.989|0.977 1.001{1.023[1.043
9 1.050|1.042|1.033|1.022|1.012]0.999]0.983]0.968|0.952 0.984|1.012]1.038
10 1.055(1.049|1.040|1.028|1.016|1.004|0.989{0.971{0.954|0.935|0.915 0.972|1.004|1.034
11 1.055|1.048]1.038|1.026|1.013|1.000[0.984|0.964|0.945|0.926 0.965|1.000|1.032
12 1.055(1.049|1.040|1.028]1.016|1.004[0.989]0.971|0.954|0.935 0.97211.004[1.034
13 1.050{1.042|1.033|1.022|1.012]0.999]0.983]0.9680.952 0.984|1.012|1.038
14 1.052(1.046|1.039|1.031]1.023|1.013|1.000{0.989|0.977 ! : : 1.001{1.023[1.043
15 1.055]1.050|1.045(1.039]1.034|1.026|1.018|1.009{1.001]0.9910.982[0.973]0.962]0.983]1.001|1.018|1.034|1.048
16 1.054(1.051|1.048|1.044|1.040(1.035|1.030|1.025|1.019|1.014|1.008|1.002|1.015|1.025|1.035|1.044|1.053
17 1.055(1.054|1.052|1.050|1.047|1.045|1.042|1.039|1.036|1.033|1.030|1.037|1.042|1.047|1.052
18 1.055[1.054|1.052|1.051]1.049|1.047|1.046|1.044|1.042|1.046|1.049|1.052|1.055
19 1.056|1.055|1.054|1.053|1.052|1.051|1.050|1.052|1.054
20
21

Inhomogeneity profile edge 3 in OFE, local peak inhomogeneity factor of 1.06
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