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1. INTRODUCTION 

The Oak Ridge National Laboratory ( O W )  High Flux Isotope Reactor (HFIR) has recently undergone 
an extensive upgrade, a part of which was to increase the diameters of two of the four radiation beam 
tubes, HB-2 and HB-4. These changes have increased the beam tube radiation streaming area and 
reduced the amount of water shielding at locations where the tubes penetrate the vessel wall. The result is 
that the neutron and gamma radiation dose rates, and thus radiation-induced embrittlement of the vessel 
wall near these locations, has been significantly increased. Radiation-induced embrittlement, which could 
ultimately result in a loss of integrity of the vessel wall, has been an ongoing issue of considerable interest 
and has been addressed in analyses related to vessel life-extension ~tudies."~ 

In the mare recent analyses of dpa rates:5 calculations were performed for each of the WFIR beam tubes 
for configurations before and after modifications. The damage parameter used in these evaluations is 
displacementdatom (dpa) in iron (the major constituent in the vessel wall) that result from neutron and 
gamma radiation. Calculated dpa rates (Le. displacementdatom/s) obtained from these calculations were 
incorporated into statistical damage evaluation studies and the subsequent analyses have been rep~rted.~ 
This report presents the results of updated dpa analyses for HB-2. As shown in Figure 1, HB-2 is aligned 
with a radial vector from the reactor core; t h t  is, the axis of HB-2 passes through the vertical centerline 
of the reactor core. For this reason, and considering the state-of-the-art in €986, a judgment was made at 
that time that a two-dimensional (2-D) analysis of the dose rates in the pressure vessel in the vicinity of 
the HB-2 nozzle was adequate,' whereas the other beam lines, which lack the required symmetry, 
required a more complicated and computationally-intensive three-dimensional (3-D) model. The 2-D 
model for HB-2 was also considered appropriate for the later vessel life-extension studies that eventually 
included the new (larger-diameter) HB-2 beam 
tip of the beam tube thimble (Figure 2) was modeled as a cylindrical annulus that feathered into the 
hemispherical end of the beam tube thimble. This simplification of the insert geometry was appropriate 
for the life-extension feasibility studies: but it was recognized that the use of a 3-D model could result in 
a shorter specified time between hydro tests sometime later in the life of the vessel. Thus, it was 
recommended that a 3-D analysis be performed in the near future. Analyses reported herein are in 
Nfillment of that recommendation. 

For this latter analysis, the beryllium insert in the 

In the previously reported analyses,4" dpa rates for beam tubes HB-2,-3, and -4 were calculated using a 
discrete ordinates neutronics calculation methodology. For the present study both a 3-D discrete 
ordinates model and an existing Monte Carlo model, modified to incorporate the enlarged HB-2 beam 
tube, were used. The Monte Carlo analysis was included for comparison purposes. 

As indicated in Figure 1, the beam tubes entedexit the vessel through the nozzles. The nozzle comers 
(Figure 3), because of their proximity to the beam tubes, are subjected to relatively high dpa rates, and for 
other reasons are also subjected to relatively hi& ~tresses.''~ Thus, the HB-2 nozzle corner is of 
particular interest with regard to vessel integrity, and in this study the comparison of results obtained with 
the various models is made at this location. Even so, the discrete-ordinates analysis provides dpa rate 
values throughout the entire geometric model. 
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Figure 1. Cross-section of HFIR vessel and %ore” showing locations of beam tubes, nozzles, and 
surveillance capsules (Keys 1 - 7). 
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Figure 3. HB-2 beam tube at vessel nozzle showing location of nozzle corner. 
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2. CALCULATIONAL MODELS 

2.1 GENERAL REMARKS 

Discrete ordinates calculations for these analyses were performed using either 2-D or 3-D models 
utilizing the DORT6 and TORT7 2-D and 3-D codes from the DOORS’ transport code system developed 
at ORNL and distributed by the ORNL Radiation Safety Information Computational Center (RSICC). 

The calculations were performed using the VELh4619 broad-group cross-section library. Neutron and 
gamma dpa cross-section values’0,” were converted to the VELM61 energy group structure. Appendix A, 
Table A. 1 , shows the VELM6 1 cross-section energy group structure and the corresponding dpa response 
cross section for each group. 

Calculations were performed using P3 scattering cross sections and a quadrature order of at least Sl0, both 
of which have been shown from earlier analyses4” to be adequate for these cases. A special “streaming” 
quadrature was used for the TORT calculations and is listed in Appendix B. Also, an additional 
assessment12 was made earlier to justrfy the use of P3 scattering cross sections instead of the mme 
computationally demanding Ps scattering cross sections. The expansion order determines the degree of 
scattering anisotropy, and the quadrature order determines angular resolution. 

Neutron and gamma sources for the HB-2 beam tube discrete ordinates calculations were obtained fkorn 
fixed-source calculations of the HFIR core utilizing begnning-of-cycle ( B E )  fuel conditions, and with 
control plates in either the end-of-cycle (Em) or BOC location. Thus, for the discrete ordinates 
calculations, the term “Em” refers to the location of the control plates only, since the more reactive BOC 
fuel was always used. This approach was adopted in the earlier calculations, at which time it was 
considered convenient and conservative. In all cases, the reactor power was normalized to the same 
power level (100 MW). 

The discrete ordinates calculation involved a multi-step process. The first step was to perform a 2-D 
cylindrical (RZ) calculation of the HFIR core to obtain a 2-D distribution of the fission source in the bel. 
This source was then used in a second, enlarged 2-D cylindrical reactor model that included the vessel 
and the surrounding water. (Details of these calculations are provided in Section 2.2.) The neutron and 
gamma directional flux distributions from this latter model were then used to create a boundary source for 
the 3-D beam tube model. This conversion was w o r m e d  using the auxiliary codes, VISA and 
TORSED, also from the DOORS system. This procedure is discussed in somewhat more detail in the 
report on the earlier discrete ordinates beam tube analy~is.~ (Appendix C, which addresses the archive of 
calculational models and data, provides a more detailed summary of the calculational sequence.) This 
boundary source was then used as input to the 3-D TORT model of HE%-2, which is discussed in detail in 
Section 2.3. 

Additional and completely independent calculations employing the MCNPI3 Monte Carlo code were also 
performed for BOC and EOC conditions. The model for these calculations explicitly included the reactor 
core and the beam tubes. It is discussed further in Section 2.4. 

Compositions of the fuel, water, and structural materials used in the discrete ordinates calculations were 
previously reported in Appendix C of Reference 4 and are not repeated here. However, it is of interest to 
provide some additional information on the fuel compositions for the discrete ordinates and Monte Carlo 
models. Fuel regions and BOC atom densities for the Monte Carlo model were derived fi-om, and are 
nearly identical to, those of an early core design anal~sis,’~ whereas those for the discrete ordinates 
analysis were obtained from a newer, revised analy~is.’~ Appendix D shows a comparison of both models 



in the fuel region and shows that the two models, for the purpose of the present calculations, are 
essentially equivalent. 

2.2 DISCRETE ORDINATES MODELS FOR TBE CORE AND VESSEL REGION 

As discussed in Section 2.1, 2-D cylindrical (RZ) calculations of the KFIR core were pedormed to obtain 
a source for the subsequent 3-D beam tube calculations. For these calculations, the HFIR reactor was 
modeled in a 2-D cylindrical (RZ) geometry using the DORT 2-D transport code. The beam tubes were 
omitted in this model. The reactor calculations were then performed in two steps. First, an eigenvalue 
(k& calculation for the reactor core was performed using a model that was limited in the radial direction 
to a distance of 25 cm into the water beyond the outer edge of the beryllium reflector (which was 
neutronically equivalent to an infinite water reflector beyond the beryllium reflector). The calculated 
fission source was subsequently input as a fixed source in an expanded model that extended 30.48 cm (12 
in.) beyond the vessel wall. The sowce strength was normalized to the HFIR maximum operating power 
level of 100 MW (which corresponds to a volume-integrated neutron source of 7.557 x 10'' s-' in the 
core). Figure 4 shows the reactor core fixed-source geometry model. Note that there are two water 
regions in the vessel, beyond the beryllium reflector. The boundary between the two regions is the outer 
boundary for the kenreactor core model. 

The he1 region and its composition are further described in Appendix D. 
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2.3 3-D DISCRETE ORDINATES MODEL OF HB-2 

The HB-2 TORT 3-D geometry model consists of a portion or the corehessel assembly that includes the 
HB-2 beam tube to a radial position outside the vessel; a beryllium insert in the innermost end of the 
beam tubes; portions of the surrounding beryllium and water reflectors, vessel wall, and nozzle; and a 
mount for dosimeters and vessel material surveillance capsules. As discussed in Section 2.2, calculations 
of the reactor without the beam tubes are made to obtain neatron and gamma sources that are applied to 
the enveloping surface of this .;ore/vessel “cell” in preparation for the calculation of the neutron and 
gamma fluxes and dpa rates i; 4de the cell. The surface of the cell is sufficiently removed from the beam 
tube that source terms are mi; : aally affected by the presence of the beam tubes. 

The specific 3-D discrete ori . ites geometry based on the TORT code is shown in Figures 5 and 6. 
Coordinate axes for the mod, are oriented so that the x-axis is along the beam tube center line with the 
positive direction being awa om the reactor core toward the vessel wall, and the z-axis being in the 
upward (vertical) direction. i e r e  6 is an approximate horizontal cut through the core mid-plane, which 
shows a view of the berylliun- insert not visible in Figure 5. Note that all curved surfaces have a “stair- 
cased” appearance since the model is constructed exclusively from rectangular solid boxes (also referred 
to as “bodies”). 

A diagram of the beryllium insert was shown in Figure 2. Geometrically, the insert consists of two 
vertical “strips” located on e x h  side of the beam tube and feathered into the beam tube walls. As is also 
shown, the beam tube opening along the length of the insert increases in area as the insert becomes 
thinner. Figure 2 also shows 3 diagram of the 2-D annular approximation to the insert that encircles the 
inside of the beam tube and IC ;ithers into the beam tube tip. Note that in Figure 5 the beryllium insert 
cannot be seen, since the ver;,cal cut shown is along the plane through the center of the beam tube. The 
model shown in Figures 5 ar2 5 is a cutaway view of the actual calculation model; only the positive half 
of the Y-axis is shown. The Sase-case model comprises 402 rectangular solid bodies. The calculation 
model is divided into 87, 132 and 39 mesh intervals in the X,Y, and Z directions respectively. There are, 
as a result, 447,876 mesh cells. The angular quadrature set used is a 160-direction set tailored for particle 
streaming along the X-axis and is listed in Appendix B. 

8 



Vessel 
I 

Berylllum 
Reflector I 

I -  - 

Figure 5. Discrete ordinates 3-D (TORT) model of HFJR -2, oriented to show main beam tube 
components. 

BeamTuba' I 

cam- '1 1 
r i 

Y I 
Figure 6. Dwr& orelinates 3-D (TORT) model of HFIR HB-2, oriented a0 show beryllium insert. 

9 



2.4 CORE, VESSEL REGION, AND BEAM TUBES MONTE CARLO MODEL 

Additional calculations were performed using the MCNP Monte Carlo code. The model employed in 
these calculations was a modification of an existing HFIR Monte Carlo model developed over a multi- 
year period and used extensively in other HFIR analyses.16 Figure 7 shows a horizontal view of the model 
at the reactor mid-plane. Figure 8 shows a detailed view of HB-2 and the beryllium insert inside the beam 
tube. The model also contains details of the beam lines well beyond the reactor vessel and not shown in 
Figures 7 and 8. 

The approach using MCNP for these analyses was considerably different from the discrete ordinates 
method described earlier. The Monte Carlo calgulations were performed using an “all-inclusive” model 
that includes the reactor core and all beam tubes. The source for the model comprises fission densities 
distributed over the core that were determined by k e ~  calculations. A standard Watt neutron-energy 
spectrum for 235U was used. All detector response tallies were normalized to a power level of 100 M W .  
This corresponded to a volume-integrated source strength of 7.5573 x 10l8 s? in the core, which is the 
same as that used for the discrete ordinates calculations. As stated earlier, material compositions were 
obtained from Reference 14, which predates and differs slightly from those used (Reference 15) in the 
discrete ordinates models. 

Neutron fluxes and dpa rates were calculated using a ring of point detector tallies located at the exit of the 
beam tube at the nozzle corner (cf. Figure 8). Figure 9 shows the azimuthal locations of the eight 
detectors used. Detectors were spaced at 45’ increments and can be referenced by their equivalence to a 
“clock?’ position, e.g. 12:OO for a position hect ly  above the beam line and 3:OO or 9:OO for positions on 
the reactor mid-plane. For each detector, the (X,Y,Z) coordinates with respect to the reactor core center 
are given. It should be noted that for the MCNP model, the direction along the beam tube toward the 
vessel wall was assigned to the negative X-axis. For the discrete ordinates model, however, this direction 
was the positive X-axis. 

The MCNP model includes multiple beam tubes; however, since only HB-2 was of interest, a DXTRAN 
sphere was located around the HB-2 detectors at the beam tube nozzle (cf. Figure 7). This is an MCNP 
variance reduction mechanism whereby “pseudo-particles” are generated at particle collision sites and 
transported to the sphere. As a result, calculational precision is increased at the detector locations within 
the sphere. 

For the MCNP model, fuel configurations, control positions, and sources were determined for BOC and 
EOC conditions. EOC fuel conditions were ~alculated’~ using a modification of the model employed in 
the VENTURE18 diffusion theory analysis presented in Reference 15. In addition, calculations were 
performed with EOC control positions but with the source and fuel configured for BOC conditions in 
order to provide a basis of comparison with some of the discrete ordinates calculations. 
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Figure 9. MCNP azimuthal detector locations at the nozzle corner for HB-2, showing detector 
number, “clock” analogy, and the global (X,Y,Z) coordinate locations. Orientation is such that the reader is 
looking in the -X direction along the beam tube axis away from the reactor core. 
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3. CALCULATIONAL RESULTS 

3.1 GENERAL REMARKS 

The particular results of interest were the dpa rates at locations on the HB-2 nozzle comer. The dpa rate 
is determined by folding the neutron or gamma flux with the energy-dependent iron dpa cross sections 
and integrating over the complete energy spectrum. In discrete ordinates calculations the flux, and thus 
the dpa rate, is calculated everywhere in the model. It should be clear, however, that the dpa rate has 
absolute relevance only at locations where iron is present, e.g. the vessel wall. Otherwise, plotted dpa 
rate values are similar in appearance to plots of fast flux and s m e  as an indicator of flux trends. In 
contrast, Monte Carlo results are obtained only at specified locations corresponding, in this case, to points 
around the nozzle comer. 

3.2 REACTOR CORE MODEL RESULTS 

Reactor core calculations are discussed in detail in an earlier report? Similar calculations were used for 
this analysis. Calculations in the previous analysis used an Slo symmetric angular quadrature. This led to 
some concern since the gamma dpa rate exhibited “ray effects,” a non-physical phenomenon attributed to 
an insufficient number of quadrature angles in which particle densities are enhanced along angular 
directions. The original Slo results were later judged to be adequate only after follow-up calculations 
using an SI6 quadrature resulted in a gamma dpa rate difference of only -1% in the regions of interest. 
Still, even though the difference was small, the SI6 quadrature was used for the reactor core calculations 
in this new analysis, thereby eliminating any lingering concerns over the quadrature. 

3.3 CALCULATIONAL RESULTS FOR THE HB-2 BEAM TUBE 

Figures 10 through 13 show iso-plots of the TORT results for the neutron and gamma dpa rates for the 
“base-case” discrete ordinates EOC calculations. (The prefix “iso-” is used to refer to equal-value contour 
lines in these plots and is used with the quantity of interest, i.e. iso-dpa rate.) Plots for additional 
calculations discussed in this section are shown in Appendix E. The plots demonstrate the high degree of 
neutron streaming occurring within the beam tube void. Results from the discrete ordinates (TORT) and 
the Monte Carlo (MCNF’) calculations are both summarized in Table 1. The MCNP runs typically used 
320 million histories to achieve the listed statistics. Cases were also run in which the beryllium insert was 
represented as an annulus in an effort to duplicate and compare with the 2-D calculation, For this 
situation, the beryllium insert geometry was simplified and modeled as a 2.54-cm-thick annulus, which is 
the same as the model used in the earlier 2-D discrete ordinates cases. In this case, the calculations with 
the annular beryllium model did not include the “flaring” effect present in the actual design (which had 
been included in the more rigorous 3-D models). 
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Table 1. Summary of dpa rate calculations for HB-2 analysis using 3-D 
discrete ordinates and MCNP models 

Model 
type 

Discrete 
ordinates 
(2-D) 

Discrete 
ordinates 
(343) 

Monte 
Car10 (3-D) 

Run 
mu 

1 

P 

3 

7 

4 

11 

P 

A 

G 

B 

E 

F 

BOC/ 
EOC? 

EOC“ 

P 

EOC“ 

BOC 

EOC“ 

BOC 

- 
EOC 

EOC“ 

BOC 

EOC 

BOC 

Beryllium 
insertb 

Annulus 

s t ips  

strips 

Annulus 

Annulus 

strips 

strips 

strips 

Annulus 

Annulus 

Corner 
position 

N/A 

3:oo 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

dpa rate s-’) 

Neutron 
57.0 

63.6 
61.0 

59.9 
57.7 

53.0 
52.2 

50.0 
49.5 

55.1 (7)’ 
51.8 ( 5 )  

47.5 (5 )  
45.6 (4) 

45.1 ( 5 )  
41.1 (4) 

46.2 (5)‘ 
39.7 (3) 

37.6 (5) 
35.2 (3) 

“NumberAetter refers to partial name of TORT or MCNP m. See description of moc 

Gamma 
3.80 

4.34 
4.12 

3.57 
3.40 

3.76 
3.59 

3.10 
2.96 

----- 

-e--- 

----- 

-_--- 
----e 

..---- 

-e--- 

----- 

s in Appendix C. 
!Beryllium “strips” refers to the “as designed” insert comprising of two separate vertical s t r i ps  that line the inside 
ofthe beam tube. “Annulus” refers to a simplified annular insert that simulates the 2-D approach. 
“Control plates are in EOC position, but fuel composition corresponds to BOC. 
%due in parentheses is Monte Carlo fractional standard deviation expressed as a percent. 
‘The equivalent 9:OO position is given instead of the 3:OO position because of better precision obtained. 
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Additional MCNP model results are given in Table 2, which includes results of dpa rate calculations at all 
eight detector positions at the HB-2 nozzle corner. Table 3 shows a comparison between equivalent 
TORT and MCNP dpa rate calculations. Since the MCNP results do not extend to energies below 
27 keV, the TORT values for energies above 27 keV are given along with the total dpa rates summed over 
all energies. The thermal group dpa rate is included separately. Two conclusions are evident with regard 
to the TORT calculations: (1) the dpa rate for energies above 27 keV accounts for -90% of the total dpa 
rate, and (2) the thermal dpa rate accounts for almost all of the dpa rate for energies below 27 keV. Care 
has been taken in Table 3 not to directly compare the EOC TORT calculations with the EOC MCNP 
calculations, since the TORT EOC calculations were performed with BOC fuel conditions. Instead, an 
MCNP calculation was performed with similar conditions, i.e. BOC fuel and EOC control conditions, in 
order to provide a basis of comparison. 

Description 

Run ID" 
histories (x106) 
EOCBOC? 
Be insert' 

Additional TORT and MCNP calculations were performed with the beryllium insert removed. The 
purpose of these calculations was to determine the overall effect of the insert, to further evaluate the 
variation in dpa rate for different locations around the nozzle corner, and to provide additional 
comparisons between the discrete ordinates and Monte Carlo calculation methodologies. Table 4 shows 
the results. 

Table 2. Summary of MCNP neutron dpa rate calculations for HB-2 3D analysis 

MCNP runs for EOCBOC conditions using different beryllium insert 
configurations 
A G B E F 
320 320 320 320 320 
EOC EOCb BOC EOC BOC 
strips strips strips annulus annulus 

Detector locations 
1 (12:OO) 

I I 

Detector dpa rates (x s-1) - 
50.3 (4)d I 45.6(4) I 42.8 (4) I 39.7 (3) 135.2 (3) 

2 (1:30) 
3 (3:OO) 
4 (4:30) 
5 (6:OO) 
6 (7:30) 

48.7 ( 5 )  
56.9 (1 1) 
53.3 (10) 
53.2 ( 5 )  
50.5 (4) 

46.7 (5) 48.4 (12) 40.3 (3) 41 .O (6) 
47.5 (5) 44.3 (4) 48.2 (12) 37.6 (5) 
44.0 (4) 56.5 (16) 39.2 (3) 36.4 (4) 
43.7 (3) 39.5 (2) 43.2 (7) 37.2 (5) 
48.8 (6) 43.3 (3) 47.0 (12) 36.5 (4) 

7 (9:OO) 
8 (10:30) 

Tetter refers to partial name of run. Full name of run is, e.g., hf245Ah, where ha45 indicates base case 
configuration; and final letter designation, e.g., h, indicates number of histories. See description of models in 
Appendix C. 
'EOC control position but BOC fuel. 
'Options are (1) vertical Be strips as designed; (2) Be annulus representing simplified 2-D simulation 
%value in parentheses is Monte Carlo htional standard deviation expressed as a percentage. 

53.2 (5 )  50.9 (7) 50.0 (6) 46.2 (5) 39.2 (8) 
52.3 (5) 49.5 (12) 43.6 (3) 44.0 (4) 39.4 (6) 
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Table 3. Comparison of dpa rate calculations at the HFIR nozzle corner for BOC and EOC conditions 

TORT MCNP 7 
I 

EOCI 
BOC? 
EOC" 

EOC 

BOC 

Nozzle 
corner 
location 
3:OO 
12:oo 

3:OO 
12:oo 

3:OO 
12:oo 

Neutron dpa rate (x lo-'* s-l) 
TORT 

Thermal 
8.4 [13.2]' 
6.0 [9.8] 

7.0 [ 1 1.71 
5.0 [8.7] 

> 27 KeV 
54.5 
54.4 

52.4 
52.2 

MCNP 
> 27 KeV 

45.6 (4) 
47.5 (5)" 

53.2 (5) 
50.3 (4) 

44.3 (4) 
42.8 (4) 

MCNPI 
TORT 
> 27 KeV 

"EOC control position, BOC fuel composition. 
%slue in brackets is the fkaction of the total neutron dpa rate attributed to the thermal neutrons expressed as a 
percentage. 
Value in parentheses is Monte Carlo fractional standard deviation expressed as a percentage. 

Table 4. Comparison of dpa rate calculations at the HFIR nozzle corner with the 
bervllium insert removed 

Run ID" EOCI 
TORT 
12 

8 

Nozzle 
corner 
location 
3:OO 

Neutron dpa rate (x 10''' sml) I MCNP/ 
TORT 

> 27 KeV 

7.1 [9.1] 

74.4 8.3 [11.1] 65.3 
73.9 5.9 [8.0] 67.3 

"NumberAetter refers to partial name of TORT or MCNP m. See description of models in Appendix C. 
'EOC control position, BOC fuel composition. 
'Value in brackets is the fraction of the total neutron dpa rate attributed to the thermal neutrons expressed as a 
percentage. 
dValue in parentheses is Monte Carlo fiactional standard deviation expressed as a percentage. 
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3.4 SUMMARY OF RESULTS 

Results are summarized as follows: 

1. 3-D discrete ordinates (TORT) calculations in which the beryllium insert is approximated as an 
annulus (Case 4), and thus simulates the earlier 2-D model (Case l), agree well with the 2-D 
(DORT) calculations. The 3-D neutron, gamma, and total dpa rates at the nozzle corner were 
respectively -7.5 %, -3%, and -6% lower than the equivalent 2-D results. 

2. Nozzle comer dpa rate calculations in which the actual beryllium insert design (vertical “strips”) 
is modeled are -20% greater than those in which the annular approximation is used (Table 1 
cases 3 and 4). For both the annular and “strip” configurations, the dpa rate is slightly higher at 
the 3:OO position than at the 12:OO position. 

3. For the discrete ordinates calculations, thermal neutrons account for -12% of the total dpa rate 
(Table 3), and gammas account for -6%. 

4. A comparison of the discrete ordinates (TORT) and the Monte Carlo (MCNP) calculations 
(energy > 27 keV) shows that the MCNP dpa rate results are typically -13% to -18% lower than 
the equivalent TORT calculations (Table 3). 

5. A comparison of Tables 3 and 4 shows that for a hypothetical case in which the beryllium insert 
is omitted, the neutron dpa rate at the nozzle corner is increased by -25%. Thus, the overall 
effect of the beryllium insert is to shield the nozzle comer a small amount. This difference is 
consistent for the TORT and the MCNP models and for the total and thennal neutron dpa rate. 

3.5 DISCUSSION OF RESULTS 

3.5.1 Comparison of dpa rates at nozzle-corner positions 3:OO and 12:OO 

The longer side of the “rectangular” window in the beryllium insert is oriented vertically, and thus it 
might be expected that the dpa rate would be higher at the nozzle corner position 12:OO than at 3:OO. The 
opposite result was obtained with both the TORT and MCNP models. It is of interest to note that when 
the window is circular (cases 4,5,12,E, F, and H), the same result was obtained. This indicates that the 
non-uniform distribution of the primary source (cylindrical core) near the end of the beam tube is 
responsible for the somewhat higher dpa rate at nozzle-comer position 3:OO than at 12:OO. 

3.5.2 Best estimate of dpa rate at nozzle corner 

A best estimate of the difference in the HB-2 nozzle comer dpa rates estimated with the 2-D model and 
the 3-D model that includes the actual beryllium insert design is obtained by comparing the DORT 2-D 
results (Case 1) with the average of the TORT and MCNP 3-D results. In order to do this, it is necessary 
to correct the MCNP results because of the low-energy neutron cutoff (27 KeV). Using the position 3:OO 
data in Table 3 for cases 3 and G, the best-estimate 3-D dpa rate for neutrons is 

[63.6 (TORT) + 47.510.872 (MCNP corrected)]/;! = 59.0, 

which is only 4% higher than the 2-D value (57.0). This small difference indicates that the HB-2 nozzle 
comer dpa rate used in Reference 3 is only slightly different from the rate derived with a 3-D model 
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containing the correct beryllium insert. However, all calculated values must be normalized by dosimetry 
data when applied in the vessel integrity studies, and a new set of dosimetry data is in the  fling.'^ 
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APPENDIX A 

VELM61 CROSS-SECTION SET AND GROUP STRUCTURE 

The VELM6 1 broad-group cross-section library, which is collapsed from the fine-group, 2 12-group 
Vitamin-E library, contains 61 neutron groups and 23 gamma groups. The neutron group structure 
contains one thermal neutron group; thus, neutron energy upscattering is not treated. Tables A.l and A.2 
show the neutron and gamma group boundaries as well as the iron dpa cross-sections. From Table A.l it 
is observed that the neutron dpa cross section decreases monotonically with energy &om -15 MeV to 
about 100 eV, below which it begins to increase slightly. From Table A.2, the g a m a  dpa cross-section 
decreases monotonically from -14 MeV to about 1 MeV, below which it is negligible. 
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Table A.l VELM61 neutron group boundaries and iron dpa cross sections 

Group Upper energy Iron dpa 
(ev) (cm2) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

1.49 18e+7 
1.22 14et7 
1.0000e+7 
8.1873e+6 
6.7032e+6 
5.488 le+6 
4.4933e+6 
3.6788e+6 
3.01 19e+6 
2.4660e+6 
2.3457&6 
2.23 13e+6 
2.0190&6 
1.6530e+6 
1.3534et-6 
l.l08Oe+6 
9.07 18e+5 
7.4274&5 
6.08 1 Oe+5 
5.2340e+5 
4.9787e+5 
3.8774et5 
3 .O 197e+5 
2.9849e1-5 
2.972 le+5 
2.9452e-t-5 
2.7324e+5 
2.237 le+5 
1.8316e-l-5 
1.4996e+5 

2.744e-21 
2.446e-21 
2.213e-21 
2.037e-21 
1.874e-2 1 
1.7 18e-2 1 
1.539e-21 
1.371e-21 
1.272e-2 1 
1.161 e-2 1 
1.042e-2 1 
1 m7e-2 1 
8.667e-22 
8.127e-22 
5.900e-22 
4.302e-22 
4.65 8e-22 
3.612e-22 
2.747e-22 
3.605e-22 
3.946e-22 
2.480e-22 
1.638e-22 
1.92 1 e-22 
1.92 1 e-22 
2.077e-22 
1.754e-22 
2.196e-22 
1.399e-22 
1.781e-22 

Group Upper energy Iron dpa 
(ev) (cm? 

31 1.2277&5 1.075e-22 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

59 
60 
61 

58 

8.65 17e+4 
5.656264 
5.2475e+4 
3.4307e+4 
2.850164 
2.7000e+4 
2.6058e+4 
2.478864 
2.3579e+4 
1.5034e+4 
9.1 1 88e+3 
5.5308e+3 
3.7074e+3 
3.0354et-3 
2.6 126e+3 
2.24 8 7e+3 
2.0347e+3 
1.2341e+3 
7.4852e+2 
4.5400e+2 
2.7536e+2 
1.6702e+2 
1 .O 130et2 
4.7851et-1 
2.2603e+1 
1.0677e+1 
5.0435et-0 
2.3 82k+O 
1.1253e+O 
4.1399e-1 

1.100e-22 
7.9 13e-23 
6.693e-23 
2.042e-22 
4.334e-22 
6.080e-23 
2.889e-23 
3.8 10e-24 
7.355e-24 
1.194e-23 
2.400e-23 
6.707e-24 
4.857e-24 
4.156e-24 
3.666e-24 
3.245e-24 
2.426e-24 
3.4 1 Oe-24 
2.234e-25 
9.134e-26 
1.173e-25 
1.506~-25 
2.03 8e-25 
2.966e-25 
4.3 1%-25 
6.278e-25 
9.135e-25 
1.326e-24 
2.03 le-24 
5.296e-24 
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Table A.2 VELM61 gamma group boundaries and iron dpa cross sections 

Group Upper energy Iron dpa 
(ev) (cm2) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

1.4d-7 
1 .Oe+7 
8.0e+6 
7.5e+6 
7.0e+6 
6.0e+6 
5 .Oe+6 
4.0e+6 
3 .Oe+6 
2.5e-6 
2.0e+6 
1 Se+6 

7.600e-24 
6.249e-24 
4.677e-24 
4.1 1 le-24 
3.3 14e-24 
2.388e-24 
1.585e-24 
9.269e-25 
5.278e-25 
3.133e-25 
1.456e-25 
4.03 Oe-26 

Group Upper energy Iron dpa 
(ev) (cm2) 

13 1 .Oe+6 4.333e-27 
14 7.0e+5 0 
15 6.0e+S 0 
16 5.le+5 0 
17 4.0e+5 0 
18 3.OeA-5 0 
19 1 Se+5 0 
20 1 .Oe+5 0 
21 7.0e+4 0 
22 4.5e+4 0 
23 2 .Oe+4 0 





APPENDIX B 

160-ANGLE X-AXIS STREAMING QUADRATURE 

Weights and direction cosines for the 160-direction TORT-based quadrature are listed in Table B. 1. The 
quadrature is designed for particle streaming along the X-axis. 

Table B.1. 160-angle X-axis streaming quadrature 

X, Y ,  Z - axis direction cosines 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

Weight 
0.000003+00 
1.150053-02 
8.733993-03 
8.733993-03 
6.173003-03 
6.525493-03 
6.173003-03 
8.733993-03 
6.525493-03 
6.525493-03 
8.733993-03 
1.150053-02 
8.733993-03 
6.173003-03 
8.733993-03 
1.150053-02 
8.733993-03 
8.733993-03 
6.173003-03 
6.525493-03 
6.173003-03 
8.733993-03 
6.525493-03 
6.525493-03 
8.733993-03 
1.150053-02 
8.733993-03 
6.173003-03 
8.733993-03 
1.150053-02 
6.203513-04 
9.035323-04 
9.035323-04 
9.481003-04 
9.481003-04 
9.481003-04 
1.557203-03 
1.557203-03 
1.557203-03 
1.557203-03 
0.000003+00 
1.150053-02 

X 
-9.800003-01 
-9.622503-01 
-8.388703-01 
-8.388703-01 
-6.938903-01 
-6.938903-01 
-6.938903-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
-1.92450E-01 
-1.924503-01 
8.388703-01 
8.388703-01 
6.938903-01 
6.938903-01 
6.938903-01 
5.091803-01 
5.091803-01 
5.091803-01 
5.091803-01 
1.924503-01 
1.924503-01 
1.924503-01 
1.924503-01 
1.924503-01 
9.975193-01 
9.878093-01 
9.878093-01 
9.692 04E- 01 
9.692043-01 
9.692043-01 
9.329113-01 
9.32911E-01 
9.32911E-01 
9.32911E-01 
-9.800003-01 
-9.622503-01 

Y 
0.000003+00 
-1.924523-01 
-5.091763-01 
-1-924393-01 
-6.938873-01 
-5.091683-01 
-1.924413-01 
-8.388673-01 
-6.938813-01 
-5.091683-01 
-1.924393-01 
-9-622503-01 
-8.388673-01 
-6.938873-01 
-5.091763-01 
-1-924523-01 
-5.091763-01 
-1.924393-01 
-6.938873-01 
-5.091683-01 
-1.924413-01 
-8.388673-01 
-6.938813-01 
-5.091683-01 
-1.924393-01 
-9.622503-01 
-8.388673-01 
-6.938873-01 
-5.091763-01 
-1-924523-01 
-4.978273-02 
-5.957463-02 
-1.438223-01 
-6 - 3 73 643-02 
-1-741333-01 
-2.378703-01 
-7.025543-02 
-2-000653-01 
-2.994183-01 
-3.531873-01 
0.000003+00 
1.924523-01 

z 
-1.990003-01 
-1.924503-01 
-1.924503-01 
-5.0918033-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-a.38870~-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.388703-01 
-9.622503-01 
-1.924503-01 
-5.091803-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-1.924503-01 
-5.091803-01 
-6.93890E-01 
-8.388703-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.388703-01 
-9.62250E-01 
-4.978283-02 
-1.438213-01 
-5.957283-02 
-2.378703-01 
-1.741333-01 
-6.37371E-02 
-3.531873-01 
-2.994183-01 
-2.000643-01 
-7.025339-02 
-1.99000E-01 
-1.924503-01 
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43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 

Weight 
8.733993-03 
8.733993-03 
6.173003-03 
6.525493-03 
6.173003-03 
8.733993-03 
6.525493-03 
6.525493-03 
8.733993-03 
1.150053-02 
8.733993-03 
6.173003-03 
8.733993-03 
1.150053-02 
8.733993-03 
8.733993-03 
6.173003-03 
6.525493-03 
6.173003-03 
8.733993-03 
6.525493-03 
6.525493-03 
8.733993-03 
1.150053-02 
8.733993-03 
6.173003-03 
8.733993-03 
1.150053-02 
6.203513-04 
9.035323-04 
9.035323-04 
9.481003-04 
9.481003-04 
9.481003-04 
1.557203-03 
1.557203-03 
1.557203-03 
1.5572 03- 03 
0.000003+00 
1.150053-02 
8.733993-03 
8.733993-03 
6.173003-03 
6.525493-03 
6.173003-03 
8.733993-03 
6.525493-03 
6.525493-03 
8.733993-03 
1.150053-02 
8.733993-03 
6.173003-03 

X 
-8.388703-01 
-8.388703-01 
-6.938903-01 
-6.938903-01 
-6.938903-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-5.09180E-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
8.388703-01 
8.388703-01 
6.938903-01 
6.938903-01 
6.938903-01 
5,091803-01 
5.091803-01 
5.091803-01 
5.091803-01 
1.924503-01 
1.924503-01 
1,92450E-01 
1,924503-01 
1.924503-01 
9.975193-01 
9.878093-01 
9.878093-01 
9.69204E-01 
9.692043-01 
9.692043-01 
9.32 9 113 - 0 1 
9.329113-01 
9.329113-01 
9.329113-01 

-9.800003-01 
-9.622503-01 
-8.388703-01 
-8.388703-01 
-6.938903-01 
-6.938903-01 
-6.938903-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 

Table B.l, cont, 

Y 
5.091763-01 
1.924393-01 
6.938873-01 
5.091683-01 
1.924413-01 
8.388673-01 
6.938813-01 
5.091683-01 
1.924393-01 
9.622503-01 
8.388673-01 
6.938873-01 
5.091763-01 
1.924523-01 
5.091763-01 
1.924393-01 
6.938873-01 
5.091683-01 
1.924413-01 
8.388673-01 
6.938813-01 
5.091683-01 
1.924393-01 
9.622503-01 
8.388673-01 
6.938873-01 
5.091763-01 
1.924523-01 
4.978273-02 
5.957463-02 
1.438223-01 
6.373643-02 
1.741333-01 
2.378703-01 
7.025543-02 
2.000653-01 
2.994183-01 
3.531873-01 
0.000003+00 
-1.924523-01 
-5.09176E-01 
-1.924393-01 
-6.938873-01 
-5.091683-01 
-1.924413-01 
-8-388673-01 
-6.938813-01 
-5.091683-01 
-1.924393-01 
-9.622503-01 
-8.388673-01 
-6.938873-01 

95 8.733993-03 -1.924503-01 -5.091763-01 

Z 
-1.924503-01 
-5.091803-01 
-1.924503-01 
-5.09180E-01 
-6.938903-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.388703-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.388703-01 
-9.622503-01 
-1.924503-01 
-5.091803-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.38870E-01 
-1.924503-01 
-5.091803-01 
-6.938903-01 
-8.388703-01 
-9.622503-01 
-4.978283-02 
-1.438213-01 
-5.957283-02 
-2.378703-01 
-1.741333-01 
-6.373713-02 
-3.531873-01 
-2.994183-01 
-2.000643-01 
-7.025333-02 
1.99000E-01 
1.924503-01 
1.924503-01 
5.091803-01 
1.924503-01 
5.0918OE-01 
6.938903-01 
1.924503-01 
5.091803-01 
6.938903-01 
8.388703-01 
1.924503-01 
5.09180E-01 
6.938903-01 
8.388703-01 
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Table B.1, cont. 

Weight 
96 1.15005E-02 
97 8.733993-03 
98 8.733993-03 
99 6.173003-03 

100 6 - 525493-03 
101 6.173003-03 
102 8.733993-03 
103 6.525493-03 
104 6.525493-03 
105 8.733993-03 
106 1.150053-02 
107 8 -733993-03 
108 6.173003-03 
109 8.733993-03 
110 1.150053-02 
111 6.203513-04 
112 9.035323-04 
113 9.035323-04 
114 9.481003-04 
115 9.481003-04 
116 9.481003-04 
117 1.557203-03 
118 1.557203-03 
119 1.557203-03 
120 1.557203-03 
121 0.000003+00 
122 1.150053-02 
123 8.733993-03 
124 8.733993-03 
125 6.173003-03 
126 6.525493-03 
127 6.173003-03 
128 8.733993-03 
129 6.525493-03 
130 6.525493-03 
131 8.733993-03 
132 1.150053-02 
133 8.733993-03 
134 6.173003-03 
135 8.733993-03 
136 1.150053-02 
137 8 -733993-03 
138 8.733993-03 
139 6.173003-03 
140 6.525493-03 
141 6.173003-03 
142 8.733993-03 
143 6.525493-03 
144 6.525493-03 
145 8.733993-03 
146 1.150053-02 
147 8.733993-03 
148 6.173003-03 

X 
-1.924503-01 
8.388703-01 
8.386703-01 
6.938903-01 
6.938903-01 
6.938903-01 
5.091803-01 
5.091803-01 
5.091803-01 
5.091803-01 
1-924503-01 
1.924503-01 
1.924503-01 
1.924503-01 
1.924503-01 
9.975193-01 
9.878093-01 
9.878093-01 
9.692043-01 
9.692043-01 
9.692043-01 
9.329113-01 
9.329113-01 
9.329113-01 
9.329113-01 
-9.800003-01 
-9.622503-01 
-8.388703-01 
-8.388703-01 
-6.938903-01 
-6.938903-01 
-6.938903-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-5.091803-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
-1.924503-01 
8.388703-01 
8.388703-01 
6.938903-01 
6.938903-01 
6.938903-01 
5.091803-01 
5.091803-01 
5.091803-01 
5.091803-01 
1.924503-01 
1.924503-01 
1.924503-01 

Y 
-1.924523-01 
-5.091763-01 
-1.924393-01 
-6.938873-01 
-5.091683-01 
-1.924413-01 
-8.388673-01 
-6.938813-01 
-5.091683-01 
-1.924393-01 
-9.622503-01 
-8.38867E-01 
-6.938873-01 
-5.091763-01 
-1.924523-01 
-4.978273-02 
-5.957463-02 
-1.438223-01 
-6.373643-02 
-1.741333-01 
-2.378703-01 
-7.025543-02 
-2.000653-01 
-2.994183-01 
-3.531873-01 
0.000003+00 
1.924523-01 
5.091763-01 
1.924393-01 
6.938873-01 
5.091683-01 
1.924413-01 
8.388673-01 
6.93881E-01 
5.091683-01 
1.924393-01 
9.622503-01 
8.388673-01 
6.938873-01 
5.091763-01 
1.924523-01 
5.091763-01 
1.924393-01 
6.938873-01 
5.091683-01 
1.924413-01 
8.388673-01 
6.938813-01 
5.09168E-01 
1.92439E-01 
9.622503-01 
8.388673-01 
6.938873-01 

Z 
9.62250E-01 
1.924503-01 
5.091803-01 
1.924503-01 
5.09180E-01 
6.938903-01 
1.924503-01 
5.091803-01 
6.938903-01 
8.388703-01 
1.924503-01 
5.091803-01 
6.938903-01 
8.388703-01 
9.622503-01 
4.978283-02 
1.438213-01 
5.957283-02 
2.378703-01 
1-741333-01 
6.373713-02 
3.531873-01 
2.994183-01 
2.000643-01 
7.025333-02 
1-990003-01 
1.924503-01 
1-924503-01 
5.091803-01 
1.924503-01 
5.091803-01 
6.938903-01 
1.924503-01 
5.091803-01 
6.938903-01 
8.388703-01 
1.924503-01 
5.091803-01 
6.938903-01 
8.388703-01 
9.622503-01 
1.924503-01 
5.091803-01 
1.924503-01 
5.091803-01 
6.938903-01 
1.924503-01 
5.091803-01 
6-938903-01 
8.388703-01 
1.924503-01 
5.091803-01 
6.938903-01 
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Table B.l, cont. 

14 9 
15 0 
15 1 
152 
153 
154 
155 
156 
157 I 

158 
15 9 
160 

Weight 
8.733993-03 
1.150053-02 
6.203513-04 
9.035323-04 
9.035323-04 
9.481003-04 
9.481003-04 
9.481003-04 
1.557203-03 
1.557203-03 
1.557203-03 
1.557203-03 

X 
1.924503-01 
1.924503-01 
9.975193-01 
9.878093-01 
9.878093-01 
9.692043-01 
9.692043-01 
9.692043-01 
9.329ii~-ai 
9.329113-01 
9.329113-01 
9.329113-01 

Y 
5.091763-01 
1.924523-01 
4.978273-02 
5.957463-02 
1 - 438223-01 
6.373643-02 
1.741333-01 
2.378703-01 
7 . 0 2 5 ~ 4 ~ - 0 2  
2.000653-01 
2.994183-01 
3.531873-01 

Z 
8.388703-01 
9.622503-01 
4.978283-02 
1.438213-01 
5.957283-02 
2.378703-01 
1.741333-01 
6.373713-02 
3.531873-01 
2.994183-01 
~ . Q o o ~ ~ E - o ~  
7.025333-02 
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APPENDIX C 

None 

MODEL SUMMARY AND DATA ARCHIVE 

___-__ EOC‘ 12 
BOG 8 H 

This appendix summarizes configuration model names and addresses the archive of computer 
input/output files. Archived information has been provided to HFIR. 

Table C. 1 describes equivalent TORT and MCNP runs for discrete ordinates and Monte Carlo model 
configurations. 

Table C1. Equivalent TORT and MCNP runs for 
discrete ordinates and Monte Carlo model configurations 

“Complete name of file is “tort.hb2.upgrade.*.sh” where “*” refers to run number given in column; e.g., “3” is 
equivalent to “tort.hb2.upgrade.3 .sh”. 
komplete name of file is “hf245*a”, where * refers to the letter given in the column; e.g., “A” is equivalent to 
“hf245Aa”. The final letter “a” is the preliminary run for 1 x 1 O6 histories. Runs with the final letter “b” have 5 x  lo6 
histories. Runs with a greater number of histories have sequential letters (Le., “c”, “ d ,  etc.) at the end, where each 
subsequent letter represents a doubling of the number of histories; e.g., hf245Ae would be the input for 40 x lo6 
histories. However, for most cases above IO x 1 O6 histories, an additional input file was not written other than a 
brief “restart” file with only a few lines that contains the increased number of histories required. Thus, file names 
ending in ‘‘a’’ serve as basic input. 
‘Control positions are EOC, but fuel is BOC configuration. 

The Monte Carlo MCNP model includes the entire HFIR reactor and beam tubes. However, the discrete 
ordinates TORT model only includes a partion of the core and vessel containing the HB-2 beam tube. 
Source inputs are generated by an additional model of the reactor and auxiliary codes to write the source 
in the proper format. Table C.2 lists the additional files required. The codes are also arranged in 
sequence. 
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Table C.2. Auxiliary code sequence for discrete ordinates TORT runs 

Code Descriptiodpurpose 
DORT 2-D model of reactor core 

I Calculates fuel fission density 

DORT 2-D model of reactor core & vessel 
Calculates neutron and gamma 
scalar and directional fluxes 

VISA Auxiliary code that reorders and 
reformats directional flux for 
TORSED input 

I 

Auxiliary code that writes source 
boundary file for TORT model 

File name 
hfr84k.shll 
hfr84ksh2 1 

hfi84kboc.shll 
hfr84k.boc.sh2 1 

hfr84fs.extendedR.s 16.sh 
hfr84fs.dg.extendedR.sl6.sh 

hfr84fs.extendedR.boc.s 16.sh 
hfi84fs.dg.extendedR.boc.s 16.sh 

hfr84vis.hb2.tort.s 16.sh 
hfr84vis.dg.hb2.tort.sl6.sh 

hfi-84vis.hb2.tort.boc.s 16.sh 

Torsed.hb2 .upgrade.* .sh 

Comments 

2"d file (SU 1) 
outputs fission 
densities +I 
outputs fission 

delayed g a m  

Same as above but 
for delayed gamma 
source 

delayedgamma I 
source 
Bocj 

"*" corresponds to 
TORT model run 
number 
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Table C.3 further summarizes information relating to the computer hardware and software used to 
perform the discrete ordinates and Monte Carlo analyses. This information provides a vital “snapshot” of 
systems used such that results could be duplicated exactly if required. It is noted that the code systems 
employed for these calculations are widely used in the nuclear industry and undergo a rigorous 
qualification process. As a result, the codes give exact or equivalent results for a broad range of 
computers and compilers. New releases of codes give either equivalent or improved results compared 
with earlier releases. 

discrete ordinates 
NAS7 
IBM/RS6000 Model 43P 

ADC 4.3 
DOORS 3.3 
XL FORTRAN for AM: 

Table C3. Computer hardwardsoftware used for discrete ordinates and Monte Carlo analyses 

Monte Carlo 
CPILE 
KC-Computer Co., “EM’ 
compatible 
Red Hat Linux 7.3 
MCNP Ver. 4C 
LINUX Portland Group FORTRAN 

Computer/model 
information 
Computer system name 
Computer type/model 

Operating system/version 
Computer code/version 
Type of compiler 

Ver. 08.0 1.0000.0002 
ORNL (DOORS) 
CCC65DOORS3 .2’ 

Owner of code 
RSICC“ distribution number 

4.0.2 
LANL (MCNP) 
c c c 7 o o ~ c N P 4  

“Radiation Safety Information Computational Center (RSICC) located and operated within the Nuclear Science and 
Technology Division at OWL. 

’Calculations were performed with DOORS3.3, which is a revised version of the DOORS3.2 system, but available 
on a limited basis. A subset of the calculations was also performed using DOORS3.2 which is openly distributed by 
RSICC. Numerical differences between the DOORS3.2 and DOORS3.3 calculations were insignificant. 
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APPENDIX D 

FUEL REGION U-235 ATOM DENSITIES AND ZONE BOUNDARIES FOR DISCRETE 
ORDINATES AND MONTE CARLO CALCULATION MODELS 

Figure D. 1 shows a diagram of the fuel zones used in the discrete ordinates calculations and is obtained 
from models used in a 1992 diffusion theory 3-D analysis’ of the KFIR core. The inner and outer fuel 
annuli in this approach are together divided into 14 “effective” zones. There are in fact 18 zones in the 
model, but four are only 0.01-cm-thick and are in the model primarily for examining edge effects. 
Boundaries for the 17 fuel zones (actually “cell’? boundaries) in the Monte Carlo model were obtained 
from an earlier analysis2 and are shown superimposed on the discrete ordinates boundaries. Figures D.2 
and D.3 show U235 atom densities for the inner and outer fuel annuli for the two models, respectively. It 
is evident that with regard to the UZ3’ content, the models are essentially interpolations of each other and 
are approximately equivalent. Similar equivalencies also exist for the other material constituents. 

References for Appendix D 

1. R. T. Primm, III, Reactor Physics Input to the Safety Analysis Report for the High Flux Isotope 
Reactor, ORNLITM-11956, March 1992. 

2. R. D. Cheverton and T. M. Sims, HFIR Core Nuclear Design, OWL-4621, July 1971, 

37 



Superimposed f u d  grld 
boundarks for Monte Carlo 

Fuel grid boundaries 
for discrete ordlnater 

- 1  0 

0 4 8 

I 

$ t  
t : . 

I 

I 

: 
I 

i 

i 

I : 
I 

7 

l- 
12 

9, 

0 

B 11 p 10. 12 

Radius (cm) 

r 
16 

13 - 

14 

vi 
le 

l- 

1 
I 

i 
I 
I 

: 
I 

I 

I 
I 

I 

1 : . 
I 

i 

I6 

r 
20 

17 

2 4  

Figure D.l Schematic of EFIR fueled region boundaries for 2-D discrete ordinates model showing 
superimposed Monte Carlo cell boundaries. 
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Figure D.2 Plot of Uu5 atom density for discrete ordinates and Monte Carlo models vs radiua for the 
HFl[R~fuelanndus .  
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t 

Figure D 3  Plot of UW atom density for discrete ordinates and Monte Carlo modelk vs radius for the 
HFIR fuel annulus. 
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APPENDIX E 

ISO-PLOTS OF DPA RATE CALCULATIONS 

Plots for the following dpa rate calculations listed in Table E.l are shown in Figures E. 1 - E.20 

Table E.1 Listing of iso-plots for TORT dpa rate calculations 

TORT EOC/ 
BOC? t 

4 

1 1  

12 

8 

EOC‘ 

BOC 

EOC“ 

BOC 

I 

Beryllium insert 
configuration“ 
Strips 

Annulus 

Annulus 

No insert 

No insert 

Plot 
orientationb 
Plan 
Elevation 
Plan 
Elevation 

Plan 
Elevation 
Pian 
Elevation 

Plan 
Elevation 
Plan 
Elevation 

Plan 
Elevation 
Plan 
Elevation 

Plan 
Elevation 
Plan 
Elevation 

dpa rate 
piot type 
Neutron 
Neutron 
Gamma 
Gamma 

Neutron 
Neutron 
Gamma 
Gamma 

Neutron 
Neutron 
Gamma 
Gamma 

Neutron 
Neutron 
Gamma 
Gamma 

Neutron 
Neutron 
Gamma 
GZUllma 

Plot figure 
number 
E. 1 
E.2 
E.3 
E.4 

E.5 
E.6 
E.7 
E.8 

E.9 
E. 10 
E.11 
E.12 

E.13 
E.14 
E.15 
E.16 

E.17 
E.18 
E.19 
E.20 

* ‘‘Strips” refers to the as-designed insert as two vertical strips that line the inside of the beam tube. “Annulus” 
refers to a simplified annular insert that simulates the 2-D approach. Runs performed with no insert were intended 
to determine the overall effect of the insert. 
“‘Plan” orientation is a horizontal plane located at the vertical mid-piane of the reactor. “Elevation” orientation is a 
vertical plane parallel to the beam tube and bisecting it along the beam tube axis. 
‘Control is in EOC configuration; fuel is in BOC configuration. 
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Figure E.P. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC conditions; plan 
view - horizontal cut along beam tube axis. 
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Figure E.2. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC Conditions; 
elevation view - vertical cut along beam tube axis. 
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Figure E3.  Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; plan 
view - horizontal cut along beam tube axis. 
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Figure E.4. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; 
elevation view - vertical cut along beam tube axis. 
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Figure E.5. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for EOC conditions; 

annular beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.6. Iso-plot of neutron dpa rate for €€FIR HB-2 modified design for EOC conditions; 

annular beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.7. Iso-plot of gamma dpa rate for HFIR H E 2  modified design for EOC conditions; 
annular beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.8. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for EOC conditions; 
annular beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.9. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC conditions; 
annular beryllium insert; plan view - horizontai cut along beam tube axis. 
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Figure E.10. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC conditions; 
annular beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.11. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; 
annular beryllium insert; plan view - horizontal cut aiong beam tube axis. 
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Figure E.12. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; 

annular beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.13. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for EOC conditions; no 
beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.14. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for EOC conditions; no 
beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.15. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for EOC conditions; no 
beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.16. bo-plot of gamma dpa rate for HFIR H3-2 modified design for EOC conditions; no 
beryllium insert; elevation view - vertical cut along beam tube axis. 
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Figure E.17. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC conditions; no 

beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.18. Iso-plot of neutron dpa rate for HFIR HB-2 modified design for BOC conditions; no 
beryllium insert; elevation view -- vertical cut along beam tube axis. 
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Figure E.19. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; no 

beryllium insert; plan view - horizontal cut along beam tube axis. 
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Figure E.20. Iso-plot of gamma dpa rate for HFIR HB-2 modified design for BOC conditions; no 
beryllium insert; elevation view - vertical cut along beam tube axis. 
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