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ABSTRACT

The Oak Ridge National Laboratory (ORNL) High Flux Isotope Reactor (HFIR) is currently
undergoing an upgrading program, a part of which is to increase the diameters of two of the four
radiation beam tubes (HB-2 and HB-4). This change will cause increased neutron and gamma
radiation dose rates at and near locations where the tubes penetrate the vessel wall.
Consequently, the rate of radiation damage to the reactor vessel wall at those locations will aso
increase. This report summarizes calculations of the neutron and gamma flux (particles'cm?s)
and the dpa rate (displacements/atom/s) in iron at critical locations in the vessel wall. The
calculated dpa rate values have been recently incorporated into statistical damage evaluation
codes used in the assessment of radiation induced embrittlement.

Calculations were performed using models based on the discrete ordinates methodology and
utilizing ORNL two-dimensional and three-dimensional discrete ordinates codes. Models for
present and proposed beam tube designs are shown and their results are compared. Results show
that for HB-2, the dpa rate in the vessel wall where the tube penetrates the vessel will be
increased by ~10 by the proposed enlargement. For HB-4, a smaler increase of ~2.6 is
calculated.
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1. INTRODUCTION

The Oak Ridge National Laboratory (ORNL) High Flux Isotope Reactor (HFIR) is currently
undergoing an extensive upgrading process, a part of which isto increase the diameters of two of
the four radiation beam tubes. In addition to increasing the radiation streaming area, these
modifications will also reduce the amount of shielding at locations where the tubes penetrate the
vessel wall. As aresult, the neutron and gamma radiation dose rates received at and near these
locations will be significantly increased. A major concern is the additional radiation damage to
the reactor vessel wall that will result from these modifications. The damage parameter used in
the evaluation is displacements/atom (dpa) in iron (the major constituent in the vessel wall)
which results from neutron and gamma radiation. Radiation induced embrittlement that could
result in aloss of integrity of the vessel wall has been an ongoing issue of considerable interest.
An assessment’ for the present HFIR design describes the HFIR pressure vessel design, the
integrity evaluation concepts, and the vessel surveillance monitoring program in detail.

This report summarizes calculations of the neutron and gamma flux (particles’cm?s) and the dpa
rate (displacements/atom/s) at critical locations in the vessel beltline region near the four
radiation beam tubes. (The beltline region refers to the general area of the reactor vessel near the
core midplane where radiation dose rates are relatively high.) A recent evaluation has shown that
gamma contributions are significant and must be included in the vessel damage assessment.?

The motivation for the calculations is two-fold. First, it is necessary to specifically assess the
impact of the enlargement of HB-2 and HB-4. Second, the models provide updated capabilities
to determine the dpa rates and fluxes for all of the beam tube designs as required by the lifetime
extension analysis.

Results from models of the reactor core and each beam tube are presented. Models for present
and proposed beam tube designs are shown and their results compared. Values obtained from
these calculations have been recently incorporated into statistical damage evaluation codes and
details of these evaluations are reported in an updated assessment.>

The current calculation models are similar to earlier models used previously to calculate neutron
and gamma fluxes and activities for the existing HFIR beam tube designs.* In some cases the
new models are revisions of these earlier models that have been changed to incorporate proposed
beam tube modifications. Additional changes incorporated in the newer models are aso
described later in this report.






2. HFIR DESCRIPTION & BEAM TUBE LOCATIONS

The HFIR is a pressurized water research reactor used to perform neutron scattering and nuclear
physics research, isotope production, and material irradiation studies. The maximum reactor
operating power is 100MWth. The 239 cm (94 in.) [id] reactor vessel, shown in vertical cross-
section in Figure 1, is located in a water pool. Figure 2 shows a horizontal cross-section at the
vertical reactor mid-plane. The core consists of two annular regions surrounded by removable
and permanent beryllium reflector sections. Figure 2 also shows the four horizontal radiation
beam tubes, labeled HB-1,-2,-3, and —4, used to direct radiation out of the reactor core. Each
tube has a unigue orientation to the reactor core. HB-2 lies along a radial vector of the reactor
core, and is consequently referred to as a “radial” tube. HB-3 is a “tangential” tube because its
axis is nearly tangentia to the reactor core. HB-1 and HB-4 are, in the present design,
symmetrical and identical, and are located in a tubular region that extends entirely through the
reactor vessel. Consequently, HB-1 and HB—4 are referred to as “thru tubes”.
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3.LOCATIONSFOR dpa RATE CALCULATIONS

The locations in the vessel wall at which it is most crucial to evaluate the dpa rates are those at
which radiation levels are elevated because of proximity to a beam tube and/or at which, because
of material properties, radiation damage is more likely to occur. It is not within the scope of this
report to address these issuesin detail. The reader is referred to References 1 and 3 for adetailed
analysis. The primary areas of concern are the dightly rounded inside surface of the vessel
where each beam tube penetrates the vessel wall (nozzle corner) and the inside surface of the
seam weld where the nozzle structure is joined to the vessel wall (nozzle weld). Also, of concern
is the annulus region defined by the inside surface of the vessel wall between the corner and the
weld. Figure 3 isaconceptual drawing of a beam tube penetration; its purpose is to clarify these
locations. Figure 3 is applicable to each of the beam tubes.
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4. DISCRETE ORDINATESMODELS

4.1 General Remarks

All transport calculations for these analyses were performed with the discrete ordinates™®
methodology utilizing either two- or three-dimensiona models. Codes used are from the
DOORS transport code system’ developed at ORNL and distributed by the ORNL Radiation
Safety Information Computational Center (RSICC). Because the central axis of HB-2 projects
aong the core radius, a two-dimensiona RZ geometry using the DORT two-dimensional
transport code was used for this beam-tube model. Beam tubes HB-1, -3, and -4 are not aligned
with a core radius vector and cannot be adequately modeled with two-dimensional geometry.
Therefore, these beam tubes were modeled with a three-dimensional XYZ geometry using the
TORT three-dimensional discrete ordinates transport code.

All calculations were performed using P; Legendre expansions and a quadrature order of at least
Sio- A biased quadrature set of 147 angles was used for HB-2 to accommodate particle
streaming in the beam tube. Also, a quadrature set with 20 additional angles was used for HB-3
and HB-4 for similar reasons. The expansion order determines the degree of scattering
anisotropy and the quadrature order determines angular resolution. Appendix A addresses further
quality verification of the models used.

Neutron and gamma sources for all beam tube calculations were obtained from fixed source
calculations of the HFIR core utilizing beginning-of-cycle (BOC) fuel conditions, but with
control plates withdrawn to the end-of-cycle (EOC) location. This approach was convenient and
was assumed at the outset to represent the most conservative situation since it results in the
largest flux to the vessel wall. Additional calculations were later performed with actual BOC
conditions in which the control plates were inserted to the BOC position; these results are
discussed in Appendix B.

The general approach used was to first perform a two-dimensional cylindrical (RZ) calculation
of the HFIR core to obtain a two-dimensional distribution of the fission source in the fuel. This
source was then used in a second enlarged two-dimensiona cylindrical reactor model which
included the vessel and the surrounding water. The neutron and gamma flux distribution from
this latter model was then used as a boundary source for two-dimensional or three-dimensional
beam tube models.

The procedure used to perform these calculations is summarized below. More details and
descriptions of specific models are given in Section 5.

Step 1:

A forward eigenvalue (kef) discrete ordinates calculation was performed using a two-
dimensional cylindrical DORT model of the HFIR core without beam tubes. This model
concentrated on the fuel region and extended in radius far enough (25.4 cm) into the water region
beyond the outer Be reflector to provide essentialy infinite neutron reflection. The purpose of



this calculation was to calculate a fission source spatial distribution in the fuel that could be used
in subsequent calculations.

Step 2:

The fission source produced in Step 1 was incorporated into a fixed source two-dimensional
DORT model to calculate boundary sources to be used in all the subsequent beam tube
calculations. The reactor model used in the Step 2 calculation was similar to that used for the
Step 1 calculation, except that the radius was enlarged to include the reactor vessel wall and the
water beyond. The fixed source, which has a fission energy distribution, was normalized to the
maximum reactor power of 100 MW in this calculation. An advantage of this two-step process
is that only a single outer iteration was required for the latter calculation that used the larger
model.

Step 3:

Auxiliary codes from the DOORS system, including VISA and TORSED, and a separate code,
DTD?®, were used to map the fluxes calculated in Step 2 to the boundaries of the beam tube
models; this produced boundary sources for the subsequent two-dimensional and three-
dimensional beam-tube calculations. The VISA code was used to reorder the directional fluxes
from the Step 2 DORT calculation into a more useable format, select an appropriate subset of the
data, and normalize the directional flux so that weighted directional sums matched those of the
corresponding scalar fluxes. The TORSED code used the VISA output to produce a boundary
source for the three-dimensiona beam tube calculations with the TORT code. In summary,
TORSED couples a DORT two-dimensional geometry to a TORT three-dimensional geometry,
performing the necessary trandations and rotations between the two coordinate frames. The
auxiliary code, DTD, performs an analogous task coupling two geometrically dissimilar DORT
models. Thus, DTD was used to cal culate a boundary source for the DORT-based HB-2 models.

Step 4:
Beam tube calculations were performed using two-dimensional (DORT) or three-dimensional

(TORT) models. Sources from Step 3 were input as external boundary sources. Table 1
summarizes the overall calculation sequence.
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Table1l. Summarization of code sequence for beam tube calculations

Step Process DOORS Code
1 Coreel genval ue (Kes) DORT
caculation
5 Fixed source extended core DORT
caculation
3 Flux ordering/normalization VISA
Two-dimensional Three-dimensional
Models models
Boundary source calculation
4 for beam tube model DTD TORSED
5 Calculation of beam-tube DORT TORT
fluxes and dpa rates

4.2 Cross-sections

All calculations were performed using the VELM61° broad-group cross-section library. This
library, which is collapsed from the fine-group 212-group Vitamin-E library, contains 61 neutron
groups and 23 gamma groups. Recent studies have shown that gamma degradation is significant.
Thus, it was necessary to include gamma dpa cross sections and to include gamma production
and transport in the transport calculations. The selected neutron group structure contains only
one thermal neutron group; thus, neutron energy upscattering is not treated. Group boundariesin
the epi-thermal and fast groups are sufficiently fine-spaced and therefore considered adequate for
HFIR dpa activity calculations, which are not heavily influenced by thermal groups. Tables 2
and 3 show the neutron and gamma group boundaries as well as the iron (Fe) dpa cross-sections.
Neutron and gamma dpa cross section values were obtained from References 10 and 11
respectively, and were subsequently converted to the VELM energy groups. From Table 2 it is
observed that the neutron dpa cross section decreases monotonically with energy from ~15 MeV
to about 100 eV, below which it begins to increase slightly. From Table 3, the gamma dpa cross
section decreases monotonically from ~14 MeV to about 1 MeV, below which it is negligible.
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Table2. VELM neutron group boundaries and Fe dpa cross sections

Group  Upper Energy Fe dpa Group  Upper Energy Fe dpa
(eV) (em’) (eV) (em’)
1 1.4918e+7 2.744e-21 | 31 1.2277et5 1.075e-22
2 1.2214e+7 2.446e-21 | 32 8.6517et+4 1.100e-22
3 1.0000e+7 2.213e-21 | 33 5.6562e+4 7.913e-23
4 8.1873e+6 2037e21 | 34 5.2475e+4 6.693e-23
5 6.7032e+6 1.874e-21 |35 3.4307e+4 2.042e-22
6 5.4881e+6 1.718e-21 | 36 2.8501e+4 4.334e-22
7 4.4933e+6 1.53%-21 |37 2.7000et+4 6.080e-23
8 3.6788e+6 1.371e21 |38 2.6058e+4 2.889e-23
9 3.0119e+6 1.272e-21 | 39 2.4788e+4 3.810e-24
10 2.4660e+6 1.161e-21 |40 2.3579%e+4 7.355e-24
11 2.3457e+6 1.042e-21 |41 1.5034et+4 1.194e-23
12 2.2313e+6 1.047e-21 | 42 9.1188e+3 2.400e-23
13 2.0190e+6 8.667e-22 | 43 5.5308e+3 6.707e-24
14 1.6530e+6 8.127e-22 | 44 3.7074e+3 4.857e-24
15 1.3534e+6 5.900e-22 |45 3.0354e+3 4.156e-24
16 1.1080e+6 4.302e-22 | 46 2.6126e+3 3.666e-24
17 9.0718e+5 4.658e-22 | 47 2.2487e+3 3.245e-24
18 7.4274e+5 3.612e-22 |48 2.0347e+3 2.426e-24
19 6.0810e+5 2.747e-22 | 49 1.2341e+3 3.410e-24
20 5.2340e+5 3.605e-22 |50 7.4852e+2 2.234e-25
21 4.9787et+5 3.946e-22 |51 4.5400e+2 9.134e-26
22 3.8774e+5 2.480e-22 | 52 2.7536e+2 1.173e-25
23 3.0197et5 1.638e-22 |53 1.6702e+2 1.506e-25
24 2.9849e+5 1.921e22 |54 1.0130e+2 2.038e-25
25 2.9721e+5 1.921e-22 |55 4.7851et+1 2.966e-25
26 2.9452e+5 2.077e-22 |56 2.2603e+1 4.315e-25
27 2.7324e+5 1.754e-22 | 57 1.0677e+l 6.278e-25
28 2.2371et+5 2.196e-22 |58 5.0435e+0 9.135e-25
29 1.8316e+5 1.399e-22 |59 2.3824e+0 1.326e-24
30 1.4996e+5 1.781e-22 | 60 1.1253e+0 2.031e-24
61 4.1399%-1 5.296e-24
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Table3. VELM gamma group boundaries and Fe dpa cross sections

Group  Upper Energy Fe dpa Group  Upper Energy Fe dpa
(eV) (cm?) (eV) (cm?)

1 1.4000e+7 7.600e-24 | 13 1.0000e+6 4.333e-27

2 1.0000e+7 6.249e-24 | 14 7.0000et+5 0

3 8.0000e+6 4677e-24 | 15 6.0000e+5 0

4 7.5000e+6 4.111e-24 | 16 5.1000e+5 0

5 7.0000e+6 3.314e-24 | 17 4.0000e+5 0

6 6.0000e+6 2.388e-24 | 18 3.0000e+5 0

7 5.0000e+6 1.585e-24 | 19 1.5000e+5 0

8 4.0000e+6 9.269e-25 | 20 1.0000e+5 0

9 3.0000e+6 5.278e-25 |21 7.0000e+4 0

10 2.5000e+6 3.133e25 | 22 4.5000e+4 0

11 2.0000e+6 1.456e-25 |23 2.0000e+4 0

12 1.5000e+6 4.030e-26
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5. CALCULATION MODELS

5.1 HFIR Coreand Vessel Region Models

The HFIR reactor was modeled in atwo-dimensional cylindrical (RZ) geometry using the DORT
two-dimensional transport code. The reactor model omits the beam tubes. Aswas mentioned in
Section 4.1, the reactor calculations were performed in two steps. First, an eigenvalue (K )
calculation for the reactor core was performed. The model for this calculation was limited in the
radial dimension to a distance of 25.4 cm (10 in.) beyond the Beryllium reflector region that was
sufficient to assure an essentially infinite reflector in the water region beyond the core. Because
neutron multiplication was included, this calculation required outer (source) iterations as well as
inner iterations to achieve convergence. The calculated fission source was subsequently input as
a fixed source in a radially expanded model that extended 30.48 cm (12 in.) beyond the vessel
wall. The source strength was normalized to the HFIR maximum operating power level (100
MW), which resulted in a neutron source strength of 7.56 x 10* n/s. In this second, fixed-source
calculation, no outer (source) iterations were required. The two-step process avoids the longer
calculation times and potential calculation convergence problems that would result had the entire
core and vessel been modeled in one step. If the calculation were performed in one step, it
would be necessary to have a relatively small multiplying region (the core) within a large
transport region (the vessel and some water beyond). In general, such a situation can cause
numerical convergence problems in discrete ordinates calculations and is to be avoided if
possible. Figure 4 shows the reactor core fixed source geometry model. Appendix C lists
material atom densities, which are also applicable to other models. Reference 12 provides
additional information on HFIR material compositions. Note that there are two water regions
within the vessel and outside of the reflector region. The boundary between the two regions is
the outer boundary for the kg reactor core model.

5.2 HB-2 Models

Because HB-2 is aligned with the cylindrical core radius, it has symmetry along bisecting planes
either parallel to the vertical core axis or through the core midplane. For this reason it was aso
modeled as a two-dimensional cylindrical geometry using the DORT code. Two models were
developed; one was developed for the present 10.16 cm (4 in.) diameter tube and another for the
proposed expanded 22.86 cm (9 in.) diameter tube.” In each of these models, shown in Figures 5
and 6, the X dimension is aligned along the long axis of symmetry of the beam tube. TheY axis
is shown as negative so that, assuming the system is right-handed and cartesian, the positive Z
axis, if shown, would point out from the figure toward the reader and would be aligned with the
vertical axis of the reactor core. Thus, with this orientation, the reader has the perspective of
looking down on the beam-tube from above the reactor. This choice of axis coordinates is
consistent with three-dimensional models discussed in the following section. However, for the
two-dimensional HB-2 models, the —Y axisis aradia axis and thus arbitrary; that is, the model
isthe same in any direction perpendicular to the axis of symmetry.

" The present and proposed designs for HB-2 are conveniently referred to asthe 4 in. and the 9 in. diameter tubes
throughout the report.
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Figure4. Geometry/material model for HFIR reactor core

A two-dimensional approach properly models the cylindrical shape of HB-2. However, an
unavoidable approximation that occurs with these two-dimensional models is that the Beryllium
reflector and the vessel wall are symmetric around the beam tube axis, whereas in actuality, there
IS no curvature in these structuresin the vertical (with respect to the core axis) direction.

The overall effects from using this approximation are judged to be minimal under the conditions
in which the model is used. The primary locations of interest are close to the beam tube axis
where the largest contribution to the dpa rate is the result of particles streaming along the beam
tube. Effects from the outer radia boundary which would be affected by the curvature
approximation have been shown to be small (see Appendix A, Section A.2.1).

Figure 5 shows a numerical index of the material regions. This index is assumed for subsequent
figures showing the beam-tube models, but is not shown on the subsequent figures. Also, it
should be noted that each model does not necessarily contain all of the regions. An approximate
location of the weld where the beam tube joins the vessel wall is shown in each case. The weld,
however, was not modeled as a separate material region. Figure 5 aso shows the source
boundaries which are not repeated on subsequent figures.
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HFIR HB2, 4 in. diameter, present design
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Figure5. Geometry/material model for HB-2 (present design)

17



HFIR HB2, 9 in. dia.,, modified design
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Figure 6. Geometry/material model for HB-2 (new design)
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The base core model for the present design of HB-2 shown in Figure 5 has 95 axial intervals and
77 radia intervals. The model for the upgraded design of the HB-2 has 91 axial and 66 radial
intervals.

5.3HB-1,-3,-4 Models

Axes of the remaining beam tubes are al non-parallel to the core radius vector. In these cases,
because two-dimensional models were not appropriate, the beam tubes were modeled using the
TORT three-dimensional transport code in the XYZ cartesian coordinate system. For
consistency with the two-dimensional models, the X axis in each case was located along the axial
centerline of the tube and the Z axis paralé to the vertical core axis. In each model the origin
was selected on the beam tube axis at the point closest to the reactor core center. (Thus, for each
model the origin was located at a point such that a core radial vector through the model origin is
perpendicular to the beam tube X-axis.) This situation is shown conceptually in Figure 7. The
XY’ coordinates are used for HB-3, and the X’’Y’’ coordinates for HB-4 (HB-1). In each case
the model origin O’or O’ islocated at the intersection of the coordinates axes, resulting in a 90°
angle between either the X' Y’ axes or the X”'Y’" axes. Also, the model origin is located at the
vertical reactor midplane, which is aso the vertical center of the beam tube. In the case of HB-2,
represented by the XY axes, the beam tube axis is aligned with the core radius vector and the
model origin issimply theradial center of the corein the core axial midplane.

A conceptual approach that helps to identify regions around the asymmetric beam tubes is to
refer to any region outside of the beam tubes as either a “sunny side’ or “shady side” region.
The sunny side refers to regions in the negative Y half-plane and the shady side to regionsin the
positive half-plane. The reason for these names becomes clear if one visualizes the core as
analogous to alight source and the beam tube an opaque object; it can be seen that the sunny side
would receive direct light and, on the shady side the light would be blocked by the tube.

In the present (unmodified) HFIR design, HB-1 and HB-4 are opposite but otherwise identical
configurations. Therefore, a model for the present HB-4 design also suffices for HB-1. In the
model of the upgraded (modified) design, the HB-4 inner diameter has been increased from 9.68
cm to 13.335 cm and a region of liquid hydrogen, simulating a neutron cold source, has been
added at the reactor end of the tube. Figures 8 and 9 show TORT models of the present HB-4
(HB-1) configuration and the upgraded HB-4 configuration, respectively. The model for the
present configuration has 66, 57, and 15 intervalsin the X, Y, and Z dimensions. Similarly the
model for the upgraded configuration has 71, 69, and 23 intervalsin the X, Y, and Z dimensions.
The cold neutron source in this design is approximated by hydrogen at the density of liquid
hydrogen (0.0762 g/cm®), but at normal room temperature because the VELM cross section set
does not contain cross-sections for low-temperature hydrogen. This approximation is valid since
the temperature variation of the total neutron cross-section for hydrogen is small except at very
low neutron energies at which there is insufficient neutron density to contribute significantly to
the dparate.

Figure 10 shows a TORT model for the present HB-3 configuration. HB-3 will not be modified

in the upcoming reactor upgrade. The HB-3 model has 59, 52, and 15 intervalsin the X, Y, and
Z dimensions respectively.
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Geometry models for the present HB-3 and HB-4 unmodified designs are based on earlier
models® but with several modifications included. The HB-4 model has been extended in height
(2) from 15.24 cm (6 in.) to 25.4 cm (10 in.). Both models have been extended in the —Y
dimension (perpendicular to the beam-tube in the core midplane) to incorporate the entire nozzle
weld region into the calculation. Because the boundary flux was obtained from a core
calculation that did not include the beam tubes, it is important that the model boundaries be
located far enough from the beam tubes so that perturbations from the presence of the beam
tubes are minimized. ldeally, the flux at the model boundary should be approximately the same
as if the beam tube were not present. The increased model height and the extension in the —Y
dimension reduce these perturbations. A complication introduced by extending the model to
include the sunny side weld, however, is that a section of the fuel region must be included in the
TORT models for HB-3 and HB-4. This necessitates the inclusion of a source in this region to
account for fissions in the fuel in addition to the boundary source produced by the core fixed
source calculation. The procedure used to incorporate the additional source was to map the
location of each fuel cell in the TORT geometry to the equivalent cell location in the fixed
source two-dimensional core calculation and to insert that source at the TORT location. Sources
were normalized to the source strength at the maximum 100MW power level. Separate
calculations were performed for the prompt neutrons and gammas and for the delayed fission
product gammas.
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0, new design
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6. CALCULATION RESULTS

6.1 General Remarks

Calculational results are presented in this section for the beam tube models. The result of
interest was primarily dpa rates, which were determined at all locations in the model. Since only
the dpa cross-sections for iron are used, these values are only of significance in locations where
iron is present; however, they show the effects that would occur at any location if iron were
present. Since dpa rates depend primarily on the fast flux, the plotted dpa rate values are similar
in appearance to plots of fast flux and serve as an indicator of flux trends. For the three
dimensional TORT models, plots of beam tube regions along planes through the reactor core
vertical midplane (Z cut) and through the beam tube long axis center parallel to the reactor Z axis
(Y cut) are shown. In each case, gamma values include combined results from prompt and
delayed gamma sources. Results from delayed gammas, which are emitted from the decay of
fission products, were determined from separate gamma source calculations. A calculated value
of 12.9 photons per fission was used.’® For the reactor fixed source model, the resulting total
delayed gamma source strength was 4.01 x 10™° photons/s. In this analysis dpa contributions
from delayed gammas were seen to be in general relatively small (< 10%).

6.2 Normalization

As part of the ongoing reactor surveillance program, dosimetry measurements utilized in the
determination of neutron and gamma dpa rates were performed at Key 2 and 4 locations near the
vessel wall as shown in Figure 1. The evaluation procedure is discussed in detail in references 2
and 14 and is briefly summarized here. At each key radial position, specimen capsules are
mounted at different angular positions around a beam tube. A three step procedure was used to
determine the flux and hence the dpa rates at the specimen locations. 1) calculate the flux at each
specimen location, 2) determine reaction rates, and 3) combine the measurements and
calculations using a least squares code to adjust the calculated flux spectrum. A methodology
that combines measurements and calculations is required for dpa evaluation since dpa is not a
directly measured quantity. Nonethless, the analysis is based on measured data.

In this analysis, the published dpa rates from the above measure-based analyses” were used to
normalize the calculated dpa rates at the appropriate key and position locations. The
normalization factor, which is the ratio of the measured to the calculated value, is used as a
correction factor to obtain the best estimate dpa rate at any location. This best estimate is thus
equal to the product of the normalization factor and the calculated dparate. It can reasonably be
assumed that the normalization factor does not change appreciably for short distances from the
location of measurement. Thus, this procedure should result in an accurate determination of the
dpa rate at points of interest close to the appropriate key. For locations distant to the point of
normalization, such as on the model periphery, this assumption has less validity.

Another parameter of interest is the cal culated-to-experimental-value (C/E) ratio. This parameter
isthe reciprocal of the normalization factor.
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6.3 Reactor Core Model Results

Figures 11,12, and 13 show iso-plots of the neutron, gamma, and total dpa rates respectively for
the fixed source calculation for the two-dimensional reactor core model. The prefix “-iso” is
used to refer to equivalue contour lines in these plots and is used with the quantity of interest in
some cases, e.g. iso-dpa rate and iso-flux. (In labels on the these plots, the symbol “¢” is placed
over the letters “dpa’ to indicate dpa rate as in earlier reports.) Figures 14 and 15 show similar
plots for the neutron and gamma fluxes above 1 MeV. Note that the iso-flux linesin Figures 14
and 15 are similar to the neutron and gamma iso-dpa rate lines in Figures 11 and 12; thus, iso-
dpa rate plots can in general be used interchangeably with either neutron or gamma fast flux
plots for trend assessment. As was discussed earlier, the source for this calculation was obtained
from the eigenvalue (kes) calculation and normalized to a reactor power of 100 MW. As can be
observed from the plots, the neutron dpa rate and fast flux are reduced by the water shielding by
approximately 4.5 orders of magnitude radially from the outer edge of the Be reflector to the
inner edge of the vessel wall. However, since water is a poor shield for energetic gamma rays,
gamma dpa rates are reduced by only two orders of magnitude. Thus, at the surface of the vessel
wall away from perturbation effects of the beam tubes, the neutron dparate is only ~10% of the
total dparate and the primary contribution to the dpa rate is from gamma rays!

In Figure 12 some small lobes are observed in the gamma iso-dpa rate plot, which are most
pronounced in the area outside of the reactor vessel. These lobes are the result of quadrature ray
effects and typically occur in discrete ordinates calculations when the source radiation emanates
from a relatively small volume and there is a small amount of scattering and absorption (e.g . a
point source in an evacuated tube is an extreme case). In this case the highest flux values are
observed along discrete angles associated with the selected quadrature. Since the lobes are non-
physical, they are the cause of some concern. One way to address this concern is to increase the
level of quadrature so that there are more discrete angles over which source particles are
distributed. Accordingly, the above gamma calculations were repeated with the quadrature level
increased from S;p to S;e (Symmetric). Although the ray effects were reduced, the overall
changes in gamma dpa rate were only ~1% in the regions of interest. Thus, it was judged that
the Sy results were sufficient for these cal culations.

6.4 HB-2 M odel Results

Figures 16 to 20 show similar neutron, gamma, and total iso-dpa rate plots and neutron and
gammaiso-flux (> 1 MeV) plots for the present 4 in. diameter HB-2 beam tube. Figures 21 to 25
show analogous plots for the 9 in. diameter proposed new HB-2 design. Values in both sets of
plots have been normalized to measured dparates as discussed earlier. The normalization factors
determined by the ratio of the measured to the calculated values are 0.638 for neutron dpa rate
and 1.76 for gammadparate. These values represent revisions to previously calculated values of
0.560 and 1.09 and result from a modification in the total neutron source strength and a
correction in the delayed gamma spectrum that significantly reduces the delayed gamma
contribution. Results reported in Reference 3 are based on the earlier normalizations; however,
the calculated dpa rates using the new normalizations represent at most a few percent increase
and do not significantly change the reported results.
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Severa conclusions are drawn from examination and comparison of these plots. First, since the
beam tube displaces the water, which is an effective neutron shield, neutrons are readily
transported along the tube’ s length, but are heavily attenuated as they travel in adirection
transverse to the tube axis. This effect is much less pronounced in the gamma iso-dpa rate plots,
however, since water is a poor shield for gammarays. Consequently, the attenuation of gamma
raysis observed more in the outward direction along the core radius (iso-lines are more
perpendicular to the core radial direction). Also, the gamma attenuation in the water is seen to be
less overall than the neutron attenuation. Strong gamma attenuation is localized near bulk metal
components.

Another observation is that most of the dpa rate contribution at the nozzle corner isfrom
neutrons, whereas, at points on the vessel wall remote to the beam tube, most of the dpa
contribution is from gamma rays, which is consistent with the core model calculations. The
reason for the higher neutron contribution at the corner is that the neutron source from the coreis
much greater than the gamma ray source and there is little shielding between the tube and the
corner. However, at increasing distances from the tube, the neutron attenuation drops off
drastically, whereas the gamma attenuation is minimal.

It is aso evident from these plots that an increase in the tube diameter significantly increases the
dparate at points such as the nozzle corner that are near to the tube. Thisis because the larger
tube is a conduit for more neutrons streaming from the core and because of the reduced shielding
between the tube outer wall and the vessel nozzle wall in the larger diameter opening. Table 4
summarizes a comparison of normalized dpa rate values at the nozzle corner and nozzle weld for
the two models.

From Table 4 it is observed that the total dparate at the nozzle corner isincreased by an order of
magnitude as the beam tube diameter is increased from 10.16 cm (4 in.) to 22.86 cm (9in.). The
neutron dpa rate is increased by a factor of ~18 because of the dramatic reduction in neutron
shielding, but the gamma dpa rate only by a factor of 2.7. Thus the combined normalized
increase in dparate is by a factor of 10.5. At the weld location, the increase in total dpa rateis
only 2.13 because the relative difference in the neutron shielding between the two cases at this
location is not as great.
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Figure 12. Gamma iso-dparate (displacements/atom/s) for HFIR core fixed sour ce model
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HFIR HB2 present (4 in.) 100 MW 84 gp, neutron—d;m (norm)
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Figure 16. Neutron iso-dparate (displacements/atom/s) for HB-2 (present design)
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HFIR HB2 present (4 in.) 100 MW 84 gp, gamma—d;.m (norm)
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Figure 17. Gamma iso-dparate (displacements/atom/s) for HB-2 (present design)

34



HFIR HB2 present (4 in.) 100 MW 84 gp, tofol-d;')a (norm)
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Figure 18. Total (neutron + gamma) iso-dpa rate (displacements/atom/s) for
HB-2 (present design)
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HFIR HB2 present (4 in.) 100 MW 84 gp, neutron flux > 1MeV (norm)
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Figure 19. Neutron iso-flux (neutrons/cm?s) (E > 1IMeV) for HB-2 (present design)
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HFIR HB2 present (4 in.) 100 MW 84 gp, gamma flux > MeV (norm)
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HFIR HB2 upgraded (9 in.), 100 MW 84 gp, neutron—dpa (norm)
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Figure 21. Neutron iso-dparate (displacements/atom/s) for HB-2 (new design)
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HFIR HB2 upgraded (9 in.), 100 MW 84 gp, gomma—d;;o (norm)
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Figure 22. Gamma iso-dparate (displacements/atom/s) for HB-2 (new design)
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HFIR HB2 upgraded (9 in.), 100 MW 84 gp, total—dp.m (norm)
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Figure 23. Total (neutron + gamma) iso-dpa rate (displacements/atom/s) for
HB-2 (new design)
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HFIR HB2 upgraded (9 in.) 100 MW 84 gp, neutron flux > MeV (norm)
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Figure 24. Neutron iso-flux (neutrons/cm?s) (E > 1IMeV) for HB-2 (new design)
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HFIR HB2 upgraded (9 in.) 100 MW 84 gp, gamma flux > MeV (norm)
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Figure 25. Gamma iso-flux (photons/cm?s) (E > 1MeV) for HB-2 (new design)
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Table4. Comparison of dparatesin the HB-2 present and proposed designs

Design HB-2 Present 4 in. Diam. HB-2 New 9in. Diam.

Location Key2 @ Nozzle Nozzle Nozzle Nozzle
R~185cm | Corner Weld Corner Weld
X ~117 cm

Neutron dparate | 2.22 192 0.215 34.6 2.25

[x 102 s

Gammadparate | 2.54 1.98 1.93 6.55 2.33

[x 10%? 5%

Total dparate 4.76 3.90 2.15 41.1 4.58

[x 10% sY]

Ratio of total dparate for proposed 9 in. design to total dpa | 10.5 2.13

rate for present 4 in. design

Note: Values shown are normalized values. Normalization factors were obtained by dividing the
experimentally determined dpa rate by the calculated dparate at the dosimetry location. The resulting
normalization factors are .638 for neutron dpa rate and 1.76 for gamma dparate. To obtain the unnormalized
calculated values, the values shown should be divided by the normalization factor.

6.5 HB-1 and -4 Model Results

Models for HB-1, -3, and —4 are based on the TORT three-dimensional discrete ordinates code.
As discussed earlier, HB-1 and HB-4 are, in the present configuration, identical mirror images of
each other. Since HB-1 will not be changed in the reactor upgrade, the model for the present
HB-4 design suffices for HB-1.

Normalization of results for HB-4 and HB-1 was performed in a manner analogous to HB-2.
Dosimetry results for HB-4 (present design) or HB-1 at key location 4 were available at two
specimen positions located radially at ~60° (Position 2) and ~-22° (Position 10), where the radial
position is measured in a clockwise direction looking through the beam tube away from the
core.* Table 5 summarizes the data used to calculate the ratios of the neutron and gamma dpa
rates to the calculated values at these locations. The average of the neutron and gammaratiosis
used as the factor necessary to produce the correct normalized neutron and gamma dpa rates at
locations close to the dosimetry points.

Figures 26 through 30 show the normalized neutron, gamma, and total iso-dpa rate plots and the
neutron and gamma iso-flux (E > 1 MeV) plots for the HB-4 ,-1 (present design). Figures 31
through 35 show analogous results for the HB-4 new design.

Table 6 tabulates these normalized values for both present and new HB-4 designs. An additional
region is included, referred to earlier as the annulus, which is located approximately one half
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way radially between the nozzle corner and the nozzle weld at the inside surface of the vessel

wall.
Table5. Determination of HB-4 (HB-1) normalization factors

Key 4 Specimen Position 2 10
XYZ Location (cm) (X is HB-4 axis) 111.99,-11.04,6.73 | 106.08,6.37,11.66
Dosimetry Neutron dparate [ x10 ] 0.784 1.01
Calculated Neutron dparate [ x10™] 1.02 1.05
Dosimetry/Cal culated Neutron dpa Ratio 0.766 0.966
Dosimetry/Calculated Average Neutron dpa | 0.866
Ratio [Normalization Factor]
Dosimetry Gammadparate [ x10™] 1.25 1.25
Calculated Gamma dparate [ x107“] 1.43 1.29
Dosimetry/Cal culated Gamma dpa Ratio 0.872 0.969
Dosimetry/Calculated Average Gammadpa | 0.921
Ratio [Normalization Factor]

Table6. Comparison of normalized dparatesfor HB-4 (HB-1) present and proposed HB-4

designs
Design HB-4 (HB-1) Present Design HB-4 Proposed Design
Location Corner Annulus | Weld Corner Annulus | Weld
Location (cm) (Z=0)
X ~ 106.0 103.5 102.2 106.0 103.5 102.2
Y~ 10.7 184 235 10.7 184 235
dparate | neutron | 2.49 0.769 0.462 6.98 1.20 0.616
[x10-% |[gamma | 1.01 1.15 1.24 2.00 1.11 1.02
sY total 3.50 1.92 171 8.98 231 1.64
Ratio of total dparate for new HB-4 designto total dpa | 2.57 1.20 0.96
rate for present HB-4 design

Notes:

1) Normalization factors were obtained by dividing the experimentally determined dpa value by the calculated dpa
value at the HB-4 location. The resulting normalization factors are 0.866 for neutron dpa and 0.921 for gamma
dpa.

2) Location values are mesh cell midpoints.

Only results for one side of the beam tube, those shown on the “shady” side of the beam tube, are
given. These values are higher than those on the “sunny” section, since particles stream through
the beam tube to arrive at this location and therefore pass through less shielding. Severd
observations can be made from these results. First, the dpa rates for the proposed, new HB-4
design are significantly less than those determined for the new HB-2 design. From a comparison



of Tables4 and 6, it is seen that the neutron dpa rate for the new HB-4 design is less than that for
the new HB-2 design by a factor of ~5 a the nozzle corners. For the gamma dpa rate, the
reduction is a factor of ~3. Similar reductions are observed at the nozzle welds. Although the
proposed beam tubes do not differ drasticaly in size, HB-4 provides less of a direct channel for
radiation particles since it is tangential to the core. Also, the relative effects of increasing the
beam tube size in HB-4 are calculated to be less than for HB-2. At the nozzle corner, the
increase in diameter causes the neutron dpa rate to change by a factor of ~2.5 instead of a factor
of ~18 as calculated for HB-2. Essentially, the gammadpa rate is unaffected except at the nozzle
corner where it is changed by a factor of ~2. This is partially because of the local shielding of
the cooling flange, which does not appear in the new model. Elsewhere, at the annulus and the
weld, the gamma dpa rate is calculated to be dightly less in the model of the new design even
though the tube diameter has been increased. Possible explanations are the increased shielding
from the thicker tube walls in the proposed design model and the reduced density of the flange
region between the two plates which allows slightly more gamma rays to penetrate to the annulus
and weld locations in the present model.
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6.6 HB-3 M odel Results

Currently there are no plans to modify HB-3. However, dpa calculations are required for all the
beam tubes as a part of the complete updated assessment. Thus, a calculational model was
developed for HB-3, the results of which can be compared to the other beam tube calculations.
Unfortunately, there are no dosimetry based dpa results to use for normalization of the calculated
results. A reasonable approach that was adopted was to combine (average) the normalization
factors for HB-2 and HB-4. As a result, the normalization factors used for HB-3 are 0.752 for
neutron dpa rate and 1.34 for gamma dpa rate. Table 7 summarizes results for the corner,
annulus, and weld. Figures 36 through 40 show the normalized neutron, gamma, and total iso-
dpa rate and the neutron and gamma iso-flux plots (E > 1 MeV) for the HB-3. A comparision of
the iso-plots or the results in Tables 6 and 7 show that the dpa rates for HB-3 are somewhat
higher than those for HB-1, HB-4 (present design).

Table 7 —Normalized dparate calculations for HB-3 design

Side of tube “shady side” Results (Y > 0) “sunny side” Results (Y <0)
Location Corner | Annulus | Weld Corner | Annulus | Weld
Location (midplane, Z=0)
X ~ 113.0 1111 108.0 120.0 121.3 121.3
Y ~ 10.7 184 23.5 -10.7 -17.1 -22.2
dparate Neutron | 4.25 1.08 0.587 2.65 6.41 0.246
[x10"s" | Gamma |1.72 1.59 1.74 1.49 1.20 1.09
Total 5.97 2.67 2.32 4.14 1.84 1.33
Notes:

1)Normalization factors were obtained by averaging the normalization factors for HB-2 and HB-4. The resulting
normalization factors are 0.752 for neutron dparate and 1.34 for gamma dpa rate.

2) “Sunny side” refers to the area adjacent to the beam tube for which values along the Y -axis are negative. “Shady
side” refersto the section where Y -axis values are positive.

3) Location values are mesh cell midpoints.
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7. DATA/CODE ARCHIVE

Files for the discrete ordinates models have been archived at the HFIR facility and can be made
available as necessary. In addition, code output, data files, and the software package have aso
been retained. Appendix D describes the archive directory and gives additional explanation for
reproducing the results.
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8. CONCLUSIONS

This report has presented the results of calculations to obtain the fluxes and dpa rates used in
recent life extension analyses for the HFIR vessel. These analyses were necessitated by proposed
enlargements of beam tubes HB-2 and HB-4, which result in significantly increased radiation
doses to the HFIR vessel, and by the motivation to develop state-of-the art calculational models
for al of the HFIR beam tubes. Calculation models for each of the four beam tubes have been
described (and are archived) and for each case iso-plots of dpa rates and neutron and gamma
fluxes and selected tabulated results have been presented. Results have been shown to be
consistent and have been normalized to the best dpa rate values available that were determined
from measured dosimetry data. The primary purpose of this report is to provide detail and
corroborating information supporting the radiation damage assessment reported in Reference 3.
As a result, there is necessarily some duplication of information that was reported earlier in
Reference 3. Sufficient details have been included to provide understanding and justification of
the cal culation approach used.
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APPENDIX A

QUALITY VERIFICATION

A.1 General Remarks

Models used in these calculations are based on the well established discrete ordinates
methodology. The discrete ordinates codes, DORT and TORT, are current state-of-the art
ORNL codes that have been used extensively on a world-wide basis for a vast humber of
applications. Although these codes have not been certified by quality assurance standards, they
have been stringently tested and “fine-tuned” over a period of many years.

Validation of the specific models used in these calculations and the results obtained is based on
the following considerations. 1) consistency between calculations at equivalent points, and 2)
invariance of (or expected changes to) the models to changes in parameters. Crucia parameters
for discrete ordinates models that can readily be examined in this case are mesh interval
boundary spacing, and size of the beam tube model, the latter of which affects the location of the
boundary source in this case. Other parameters that are of importance are the cross section set
and group structure, Legendre expansion order, quadrature order, accuracy of model, and internal
code convergence limits. It is not practical to vary every one of these quantities; in general, the
user must rely on experience and advice to make the best initial selections of these latter
guantities.

In these calculations, a reliable cross section set was selected and a sufficiently fine neutron and
gamma group structure was selected. A P; Legendre expansion order was selected. Although
some concern was raised that a higher order (Ps) was not used, an assessment determined that the
P; order was adequate.” Worst case differences of ~1% for neutron displacements per atom
(dpa) and ~2% for gamma dpa between P; and Ps orders were calculated. Quadrature sets with
sufficient angles to minimize ray effects were selected. As was discussed earlier, the quadrature
was increased from Syp to Si6 in the fixed source core calculation to investigate “lobes’ that
occurred due to ray effects from the S, quadrature. The new calculation was seen to reduced the
lobes, but had atrivia effect on the results otherwise.

Because of the discretized geometrical mesh boundaries used, it is also not always practical
within budgetary and/or run time limitations, or even possible to model complex systems with
complete accuracy using the discrete ordinates approach. Curved surfaces modeled with a
cartesian XY Z geometry always present a “staircase” effect, which cannot be made to exactly
correspond to the actual configuration no matter how fine a mesh spacing is used. Again,
experience and advice must prevail.

As atest of model consistency, each beam tube model should be compared with the fixed source
core model at some point approximately the same in al models. Since the fixed source core

" Memorandum, E. D. Blakeman to J. R. Inger, Ps Scattering Order Assessment in HFIR Beam Tube Calculations,
October 3, 2000.
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model does not include beam tubes, this point should also be removed as far as possible from the
beam tube in the beam tube models. A suitable point is at the surface of the inside vessel wall.
As an approximation, the first midpoint of the first interval inside the vessel wall in each model
is chosen. For the HB-2 RZ models, these points are chosen at the extreme right hand side of the
plot (maximum radius) as far from the beam tube axis as possible on the model boundary. For
the HB-4 (HB-1) and HB-3 XY Z models, these points should be at the maximum and minimum
Y values along the model boundary at the surface of the vessel wall.

A.2 Validation of Models
A.2.1 Validation of HB-2 Models

As discussed above, a suitable point for comparison between the present and proposed HB-2
models and the fixed source core model is at the inside surface of the vessel wall (see Figure 4).”
For the two HB-2 models, these points are chosen at the maximum radius of the plot (extreme
right hand side) as far from the beam tube axis as possible on the model boundary. They are
each designated by aradius (-Y) and length (X) value measured along the beam tube radial and
axial axes. Direct comparisons of dpa rate calculations without normalization are shown in
Table Al. Results show a reasonable comparison; however, the beam tube results are
consistently higher on the order of ~40% (except for the neutron dpa for the enlarged tube
design, which yields a factor of ~2). These results indicate that perturbations from the beam-
tube have not been entirely eliminated; that is, the model does not appear to be large enough such
that the source is unaffected by the beam tube at the beam tube source boundary location for
axial and radial extremes. This effect is somewhat more pronounced for the enlarged beam tube
which would be expected to cause larger perturbation. In order to investigate the overall effects
of this situation on the calculation of dpa rate at crucial points, i.e. the nozzle corner and weld,
the model of the present 4 in. tube was increased by 7.62 cm (3 in.) in radius and the runs
repeated. In this case, the difference between the core model and the beam tube at the inside
vessel surface was reduced by 43% and 31% for the neutron and gamma dpa rates respectively,
but the dpa rates at the nozzle corner and weld changed by a negligible amount (< 0.5%) for both
neutrons and gammas. These results indicate that the original models are sufficient and that the
differences that would be obtained by increasing the boundary dimensions in hopes of obtaining
a completely unperturbed boundary flux are negligible at the main points of interest away from
the source boundary region. The results also show that the results are not sensitive to
perturbations in the boundary source on the radial perimeter of the model. It is clear that for the
neutrons the dpa rate results primarily from neutrons that stream down the tube rather than from
those that originate from the radial boundary. In the two-dimensional model used, the
unavoidable curvature approximations of the Berylium reflector and the vessel wall would tend
to produce error in the contribution from the source on the radial boundary. Since the results are
evidently not sensitive to this error, the use of atwo-dimensional approximation is supported.

A further concern with regard to model validity is the mesh spacing in either the axial or radial
dimension. A mesh that is too coarse could obviously lead to incorrect results and/or poor
convergence, while an overly fine mesh increases run times and computer storage requirements.

" The reader is referred to Section 5 for a thorough description of the coordinate system and separate plots for each
beam tube. Severa figuresfrom Section 5 and 6 are referenced in this appendix.
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In order to test the selected mesh, the mesh spacing in the present HB-2 model was reduced in
both dimensions by a factor of two, thus quadrupling the number of mesh cells. The original
model contained 77 radial and 95 axial intervals (7,315 cells). Thus the fine mesh calculation
contained 154 radial and 190 axial intervals (29,260 cells). In order to compare results from this
calculation with those from the original model, it is necessary to average the results from four
mesh cells from the finer mesh calculation for each mesh cell in the coarser calculation. Results
indicate minimal differences. At the nozzle corner, for example, the worst case differenceis ~2%
for the gamma dpa rate, while the neutron dpa rate differs by ~0.5%. The total dpa rate
difference is << 1%. Thus, it is concluded that the chosen mesh number and spacing is adequate
for HB-2. Approximately the same mesh increments were used for the model for the new HB-2
design.

Table Al. Internal validation of HB-2 models by comparison of dpa rates calculated at
approximately equivalent points near thereactor vessel inside surface

Model Reactor Core Fixed | HB-2 Present 4in. HB-2 Proposed 9 in.
Source Diameter Diameter
L ocation(cm,cm) R=120.0 X =105.7 X =105.7
(R,Z2) or (X,Y) Z=0 -Y = 52.7 -Y = 52.7
dpa rate neutron | 8.38x10™ 1.11x10™% (1.32) 1.78x10%2 (2.12)
(disp./atom/s)
gamma | 9.40x10* 1.22x10™*2 (1.30) 1.35x10%% (1.43)

Notes:

1)Valuesin parentheses show ratios to Reactor Core Fixed Source calculation values.

2) Locations depend on the selected model and are different for the fixed source and the beam tube models.
Refer to plots for orientation.

3) Locations are mesh cell midpoints.

Because HB-2 is aigned with the core radius vector, it is critical that an adequate angular
guadrature be used to properly accommodate neutrons streaming along the tube axis. The
guadrature set used is appropriate for this purpose. The set, shown in Figure A1 in DORT entry
format, contains 147 angles, and is biased in the “upward” direction, i.e., there are 112 angles in
the positive axial direction.

A.2.2 Validation of HB-4 (HB-1) Models

A similar internal validation of the HB-4 (HB-1) models (see Figures 8 and 9) was performed by
comparing results at the inside vessel wall to results from the fixed source core model. In these
cases midplane calculations on both sides of the beam tube at the maximum positive/negative
values of Y (direction in reactor midplane perpendicular to the beam tube axis) at the surface of
the vessel wall were used. Table A2 summarizes results. As for the HB-2 calculations, the
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neutron dpa rates for both beam-tube models at the maximum positive Y points (“shady” side)
are notably higher than the core calculations. As before, this situation indicates that
perturbations from the beam tube are still present at the boundaries. To further investigate this
situation and validate the model that was used, the positive Y boundary was increased by
12.7 cm (5 in.)for the HB-4 proposed design case and the neutron dpa rate cal culation repeated.
Using the new enlarged model, the neutron dpa rate at the maximum positive Y vaue at the
surface of the inside vessel wall is ~2 times the fixed source core model results, whereas in the
original model the ratio is ~3. Thus, beam tube perturbations were reduced noticeably.
However, results at the corner, annulus, and weld were found to be identica to those obtained
earlier to within three significant digits. Thus, as in the case for HB-2, the expanded model
reduced the perturbations from the beam-tube and improved the comparison with the fixed
source core model at the boundary source location, but had negligible effect at the points of
interest.

81** [/ wts 147 angles - 112 up

0 2r166678-7 0 244418-7 2r129211-7 244418-7 0 270111-7 855006-8
2r192103-7 855006-8 270111-7 O 244418-7 855006-8 274679-7 2r685707-8
274679-7 855006-8 244418-7 0 166678-7 129211-7 192103-7 685707-8

2r 182248-7 685707-8 192103-7 129211-7 166678-7 0 2r49504-10 0 2r49504- 10
0 2r49504-10 0 2r49504-10 0 2r49504-10 0 2r17327-9 0 2r17327-9 0
2r17327-9 0 2r17327-9 0 2r17327-9 0 2r43316-9 0 2r43316-9 0 2r23037-8 0
2r23037-8 0 2r72319-8 0 2r98414-8 0 2r12451-7 0 2r15035-7 0 2r1762-6 0
2r2018-6 0 2r22715-7 0 2r2525-6 0 2r27735-7 0 24297-6 2r12844-6 24297-6
0 2685-5 84992-7 2r19096-6 84992-7 2685-5 0 24296-6 84992-7 27304-6
2r68163-7 27304-6 84992-7 24296-6 0 83635-7 64835-7 96393-7 34407-7
2r91447-7 34407-7 96393-7 64835-7 83635-7 0 85642-7 66391-7 98706-7
35233-7 2r93642-7 35233-7 98706-7 66391-7 85642-7

82** | mus 147 angles - 112 up

-22695-5 -148874-6 148874-6 -501662-6 -433395-6 -148874-6 148874-6
433395-6 -733759-6 -67941-5 -433395-6 -148874-6 148874-6 433395-6
67941-5 -901204-6 -865064-6 -67941-5 -433395-6 -148874-6 148874-6
433395-6 67941-5 865064-6 -988856-6 -973907-6 -865064-6 -67941-5
-433395-6 -148874-6 148874-6 433395-6 67941-5 865064-6 973907-6 -44752-7
-29356- 7 29356-7 -77358-7 -50745-7 50745-7 -99829-7 -65486-7 65486-7
-11835-6 -77636-7 77636-7 -1339-5 -87835-7 87835-7 -16403-6 -1076-5
1076-5 -20209-6 -13257-6 13257-6 -23406-6 -15354-6 15354-6 -26214-6
-17196-6 17196-6 -28751-6 -1886-5 1886-5 -32717-6 -21461-6 21461-6
-37667-6 -24709-6 24709-6 -50191-6 -32924-6 32924-6 -66105-6 -43363-6
43363-6 -89576-6 -5876-5 5876-5 -12192-5 -79977-6 79977-6 -15413-5
-10111-5 10111-5 -18621-5 -12215-5 12215-5 -21808-5 -14306-5 14306-5
-24971-5 -16381-5 16381-5 -2811-4 -18439-5 18439-5 -31216-5 -20477-5
20477-5 -34291-5 -22494-5 22494-5 -50167-5 -4334-4 -14888-5 14888-5
4334-4 -73377-5 -67942-5 -4334-4 -14888-5 14888-5 4334-4 67942-5
-90121-5 -86507-5 -67941-5 -4334-4 -14887-5 14887-5 4334-4 67941-5
86507-5 -97371-5 -95899-5 -85182-5 -669-3 -42676-5 -14659-5 14659-5
42676-5 669-3 85182-5 95899-5 -99709-5 -98201-5 -87227-5 -68507-5 -437-3
-15011-5 15011-5 437-3 68507-5 87227-5 98201-5

83** | etas 147 angles - 112 up

3r-973907-6 5r-865064-6 7r-67941-5 9r-433395-6 11r-148874-6 3r 99999-5
3r99997-5 3r99995-5 3r99993-5 3r99991-5 3r99987-5 3r9998-4 3r99973-5
3r99966-5 3r99959-5 3r99946-5 3r99929-5 3r99874-5 3r99781-5 3r99598-5
3r99254-5 3r98805-5 3r98251-5 3r97593-5 3r96832-5 3r95968-5 3r 95003-5
3r93937-5 5r86506-5 7r6794-4 9r43339-5 11r22778-5 11r7625-5
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Table A2. Internal validation of HB-4 (HB-1) models by comparison of dpa rates calculated
at approximately equivalent pointsat thereactor vessel inside surface

M odel Reactor HB-4 (HB-1) Present HB-4 Proposed Design
CoreFixed | Design
Source

L ocation: (cm,cm) “+Y” ‘LY “+Y” ‘LY

(R,Z2) or (X,Y) R =120.0 X =870 X =120.6, | X=87.0 X =120.7
Z=0 Y =437 Y=-273 |Y =425 Y =-27.3

dpa rate | neutron |838x10™* |2.22x10% |956x10%* | 2.43x10% | 9.56x10*
(disp./ (2.65) (1.14) (2.90) (1.14)
atom/s)

gamma | 9.40x10%® | 1.61x10™ | 1.12x10%? | 1.69x10™* | 6.30x10™%
(1.71) (1.19) (1.80) (0.67)

Notes:

1) Valuesin parentheses show ratios to Reactor Core Fixed Source Calculation values.

2) +Y and -Y refer to locations at the reactor midplane at the vessel wall surface for maximum positive and negative.
values of the Y coordinate, wherethe Y axisis perpendicular to the longitudinal axis (X) of the beam tube.

3) Locations are mesh cell midpoints.

Because the core model was based on the DORT two-dimensional code and the HB-4 (HB-1)
model on the TORT three-dimensiona code, the above work supports the use of the two codes
together to produce consistent results.

Sensitivity of the model to mesh spacing was also examined. A fine mesh model was developed
in which the mesh intervals along the beam tube axis (X) were reduced in spacing by a factor of
2 from the region between 17.8 cm and 99.1 cm. This modification added 37 intervals to the
model, increasing the number from 71 to 108 in the X dimension. Results were nearly identical
to those with the origina mesh. Figure A2 shows an iso-dpa rate plot of the total (neutron +
gamma) dpa rate. A comparison with the same plot using the original mesh (Figure 33) shows
the plots to be nearly identical. Scrutiny of the calculated values shows that the total dparate at
the “shady side” (Y > 0) weld is ~2% higher and that at the shady side corner and annulus are
~1% lower. Although the mesh was not varied in each dimension, it can be reasoned that
because the mesh spacing is approximately the same in each dimension and the variation in the
results is small when the mesh spacing in one dimension was drastically changed, the model has
sufficiently fine mesh spacing.
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A.2.3Validation of HB-3 M odel

An interna comparison similar to that performed with the other beam tube models was aso
performed and is summarized in Table A3. Results are similar to those obtained for HB-4
(HB-1). That is, the neutron dpa rate values at the boundary are higher than the fixed source core
values, especially for the positive Y location. Otherwise, there is reasonable agreement between
the gamma dpa rate values. Because an increase in size of one of the HB-4 models had no effect
at the points of interest, an enlarged model of HB-3 was not made and it was judged the present
model is acceptable. Also because the mesh spacing in the HB-3 model is similar to that for
HB-4 and the HB-4 model (new design) was shown to be insensitive to mesh spacing variation,
the mesh spacing was not varied for HB-3.

Table A3. Internal validation of HB-3 model by comparison of dparates calculated at
approximately equivalent pointsat thereactor vessel inside surface

Model Reactor Core HB-3 Present Design
Fixed Source | «4+y “yr

L ocation (cm,cm) R=120.0 X =99.7 X=121.3
(R,Z) or (X,Y) Z=00 Y =400 Y =-248
dpa rate neutron | 8.38x10™ 2.32x10%3 2.00x10™%3
(disp./atom/s) (2.77) (2.38)

gamma | 9.40x10™% 1.30x10™*2 8.35x10%3

(1.38) (0.89)
Notes:

1.Valuesin parentheses show ratios to Reactor Core Fixed Source cal culation values.

2. Ymax and Y min refer to locations at the reactor midplane at the vessel wall surface for maximum/minimum.
values of the Y coordinate, wherethe Y axisis perpendicular to the longitudinal axis (X) of the beam tube.

Y max/Y min are on opposite sides of the beam tube at the midplane location.
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Figure A2. Total (neutron + gamma) iso-dpa rate (displacements/atom/s) for HB-4 (new
design) with fine mesh on beam tube (X) axis
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APPENDIX B

CALCULATIONSUSING BOC CONTROL PLATE POSITIONS

Calculations for this analysis were performed with end-of-cycle (EOC) reactor control plate
positions (fully withdrawn) in the belief that this would provide the most conservative, i.e.
largest flux and dpa rates at the points of interest, approach. For convenience, the beginning-of-
cycle (BOC) fuel conditions were used since this avoids the use of burnup calculations and the
inclusion of fission products and their cross sections. Some concern was raised during the
analysis about the efficacy of this approach, since the control plates are not consistent with the
fuel configuration and the configuration of the reactor changes considerably with changes in
control plate positions. Therefore, some additional calculations were performed to address the
sensitivity of the overall analysisto the control plate position.

Figure B1 shows an iso-plot of the total dpa rate for the fixed source case with the control plates
inserted to the BOC position. The source for this calculation is normalized to the same value as
in the EOC position case since the power level is assumed to be the same. A comparison with
the EOC calculation (Figure 13)" shows that the total dpa rate in the reactor midplane is nearly
the same for the two cases, but becomes less for the BOC position case as the vertical distance
from the midplane increases. Because the beam tubes are located in the vertical midplane,
however, it is reasonable to expect that large differences would not be expected for beam tube
calculations based on either EOC or BOC control plate condition cases..

To assess the quantitative effect of control plate position on the beam tube dpa rates, calculations
were repeated for the 4 in. and 9 in. diameter HB-2 models using boundary sources based on the
fixed source calculation with the control plates at the BOC position as discussed above. Figures
B2 and B3 show the total iso-dpa plots for the two cases. For consistency, the valuesin the BOC
plots have been normalized to the same values calculated earlier for the EOC control position
case. Comparison of the new BOC plots with the original plots (Figures 18 and 23) shows there
to be little difference between the EOC and BOC control position cases. Table B1 shows dpa
rate data for specific locations. This data too is al normalized to the original normalization
values determined previously (0.638 for neutron dpa and 1.76 for gamma dpa). As would be
expected, the dpa rates for the BOC position cases are somewhat lower than those for the EOC
postion cases. Values shown in [] indicate renormalized values that would be obtained if only
the BOC position cases had been used at the outset. (In this case the normalization factors would
be 0.659 and 2.123 for neutron and gamma dpa respectively.) It is seen that the renormalized
BOC position values are almost identical to the original values for the present HB-2 design
model and differ only very dlightly (~ < 2%) for the proposed new HB-2 design model. These
results indicate that the results would have been approximately the same regardless of the control
configuration used.

Because of the small differences seen with HB-2, similar model comparisons were not performed
with HB-1,3,4.

" Figures from Section 6 are referenced in this appendix for comparison purposes.
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fixed source model with BOC rod position.
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design) for BOC control plate positions
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Table B1. Comparison of HB-2 modelsfor BOC and EOC control plate positions

Design | Location | dparatex 10 2 (displacements/atom/s)
Neutron Gamma Total (neutron +
gamma)
BOC EOC BOC EOC BOC EOC
Present | Key 2 2.15 2.22 2.11 2.54 4.26 477
Dosimetry | [2.22]* [2.54] [4.77]
Nozzle 1.86 1.92 164 1.98 3.50 3.90
Corner [1.92] [1.98] [3.90]
Nozzle 0.218 0.215 1.59 1.93 1.80 2.15
Weld [0.225] [1.92] [2.15]
New Nozzle 32.6 34.6 5.35 6.55 37.9 41.1
Corner [33.7] [6.45] [40.2]
Nozzle 2.16 2.25 1.89 2.33 4.05 4.58
Weld [2.23] [2.28] [4.5]1]

* Renormalized values for BOC.
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APPENDIX C

MATERIAL COMPOSITION ATOMIC DENSITIESFOR HFIR MODELS

Table C1 tabulates the atomic densities for the material mixtures used for the models discussed
inthisreport. Fuel, structural, and water mixtures are given.

Table C1l. Atomic Densitiesfor HFIR Model Mixtures

HFIR Number Densities (atoms/b.cm)
Materials
Sideplates & | Sideplates & | Side plates &
Element/ Aluminum/ water — water — water —
Isotope | Water Pool water around fuel | between fuel | outside target
H 6.53753E-02 | 3.26876E-02 | 1.07400E-02 | 2.75000E-02 | 3.97136E-02
Be
1OB
1lB
C
o] 3.26876E-02 | 1.63438E-02 | 5.37000E-03 | 1.37500E-02 | 1.98568E-02
Mg 4.41062E-04 | 3.24732E-04 | 2.10091E-04
Al 3.01125E-02 | 4.80000E-02 | 3.53400E-02 | 2.28639E-02
S 1.90843E-04 | 1.40508E-04 | 9.09042E-05
Ti 4.19625E-05 | 3.08949E-05 | 1.99880E-05
Cr 9.01992E-05 | 6.64092E-05 | 4.29647E-05
Mn 3.65867E-05 | 2.69371E-05 | 1.74274E-05
Fe 1.67959E-04 | 1.23660E-04 | 8.00041E-05
Ni
Cu 8.43483E-05 | 6.21015E-05 | 4.01777E-05
181-|- a
234U
235U
236U
238U
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials
Side plates & Side plates &
Element/ | water - inside Target Removal Permanent |water -control
| sotope tar get extension beryllium beryllium areas
H 3.97136E-02 | 3.83500E-02 | 3.28000E-03 | 9.94000E-04 | 3.14070E-03
Be 1.17000E-01 | 1.20800E-01
108
llB
C
O 1.98568E-02 | 1.92000E-02 | 1.64000E-03 | 4.97000E-04 | 1.57030E-03
Mg 1.38719E-04
Al 1.50965E-02 | 2.36000E-02 | 5.52000E-04 | 5.60000E-04 | 5.74010E-02
Si 6.00220E-05
Ti 1.31976E-05
Cr 2.83686E-05
Mn 1.15069E-05
Fe 5.28249E-05
Ni
Cu 2.65284E-05
181-|-a
234U
235U
236U

238U
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials
Inner fue Inner fue Inner fue Inner fue
Element/| Tantalum zone 51 - zone 52 - zone 53 - zone 54 -
| sotope control midplane midplane midplane midplane
H 2.77000E-03 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02
Be
B 2.15244E-05 | 2.01781E-05 | 1.56525E-05 | 1.01038E-05
"B 8.71738E-05 | 8.17215E-05 | 6.33926E-05 | 4.09204E-05
C 2.71745E-05 | 2.54749E-05 | 1.97613E-05 | 1.27561E-05
O | 1.38500E-03 | 1.68740E-02 | 1.69403E-02 | 1.71631E-02 | 1.74363E-02
Mg 2.39816E-04 | 2.41743E-04 | 2.48221E-04 | 2.56163E-04
Al | 417246E-21 | 2.60988E-02 | 2.63085E-02 | 2.70134E-02 | 2.78778E-02
S 1.03766E-04 | 1.04600E-04 | 1.07402E-04 | 1.10839E-04
Ti 2.28160E-05 | 2.29993E-05 | 2.36156E-05 | 2.43713E-05
Cr 4.90435E-05 | 4.94375E-05 | 5.07623E-05 | 5.23866E-05
Mn 1.98931E-05 | 2.00529E-05 | 2.05903E-05 | 2.12491E-05
Fe 9.13234E-05 | 9.20572E-05 | 9.45241E-05 | 9.75487E-05
Ni
Cu 4.58644E-05 | 4.62329E-05 | 4.74718E-05 | 4.89908E-05
ITa | 1.45550E-02
2 1.98304E-06 | 2.23093E-06 | 3.06425E-06 | 4.08595E-06
Y. 1.85331E-04 | 2.08498E-04 | 2.86378E-04 | 3.81864E-04
Y 7.95070E-07 | 8.94457E-07 | 1.22856E-06 | 1.63820E-06
Y 1.07307E-05 | 1.20720E-05 | 1.65813E-05 | 2.21099E-05
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Table C1. (contintued)

HFIR Number Densities (atoms/b.cm)

Materials
Inner fue Inner fue Inner fue Inner fue Inner fue
Element/| zone55- zone 56 - zone 57 - zone 58 - zone 59 -
| sotope midplane midplane midplane midplane midplane
H 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02
Be
B 6.56156E-06 | 5.91348E-06 | 9.05531E-06 | 1.23965E-05 | 1.28733E-05
"B | 2.65743E-05 | 2.39496E-05 | 3.66740E-05 | 5.02056E-05 | 5.21369E-05
C 8.28397E-06 | 7.46577E-06 | 1.14323E-05 | 1.56505E-05 | 1.62526E-05
0 1.76107E-02 | 1.76426E-02 | 1.74880E-02 | 1.73235E-02 | 1.73000E-02
Mg 2.61233E-04 | 2.62161E-04 | 2.57663E-04 | 2.52881E-04 | 2.52199E-04
Al 2.84295E-02 | 2.85305E-02 | 2.80411E-02 | 2.75206E-02 | 2.74464E-02
Si 1.13033E-04 | 1.13434E-04 | 1.11488E-04 | 1.09419E-04 | 1.09124E-04
Ti 2.48536E-05 | 2.49419E-05 | 2.45140E-05 | 2.40590E-05 | 2.39941E-05
Cr 5.34233E-05 | 5.36131E-05 | 5.26934E-05 | 5.17154E-05 | 5.15759E-05
Mn 2.16697E-05 | 2.17466E-05 | 2.13736E-05 | 2.09769E-05 | 2.09203E-05
Fe 9.94792E-05 | 9.98326E-05 | 9.81199E-05 | 9.62989E-05 | 9.60390E-05
Ni
Cu 4.99603E-05 | 5.01378E-05 | 4.92777E-05 | 4.83631E-05 | 4.82326E-05
181-|- a
2y 4,73819E-06 | 4.85752E-06 | 4.27901E-06 | 3.66379E-06 | 3.57599E-06
U | 4.42820E-04 | 4.53974E-04 | 3.99907E-04 | 3.42411E-04 | 3.34205E-04
?°U | 1.80971E-06 | 1.94755E-06 | 1.71560E-06 | 1.46894E-06 | 1.43374E-06
2y 2.56394E-05 | 2.62851E-05 | 2.31546E-05 | 1.98256E-05 | 1.93504E-05
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials
Outer fud Outer fud Outer fud Outer fud Outer fud
Element/ zone 60 - zone 61l - zone 62 - zone 63 - zone 64 -
| sotope midplane midplane midplane midplane midplane
H 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02
Be
IOB
llB
C
O 1.74139E-02 | 1.75578E-02 | 1.79686E-02 | 1.82590E-02 | 1.81998E-02
Mg 1.14207E-04 | 1.14671E-04 | 1.15996E-04 | 1.16933E-04 | 1.16742E-04
Al 1.24289E-02 | 1.24794E-02 | 1.26236E-02 | 1.27256E-02 | 1.27048E-02
S 4.94161E-05 | 4.96169E-05 | 5.01902E-05 | 5.05954E-05 | 5.05129E-05
Ti 1.08656E-05 | 1.09098E-05 | 1.10358E-05 | 1.11249E-05 | 1.11068E-05
Cr 2.33558E-05 | 2.34507E-05 | 2.37217E-05 | 2.39132E-05 | 2.38742E-05
Mn 9.47364E-06 | 9.51213E-06 | 9.62205E-06 | 9.69973E-06 | 9.68390E-06
Fe 4.34907E-05 | 4.36674E-05 | 4.41720E-05 | 4.45286E-05 | 4.44560E-05
Ni
Cu 2.18419E-05 | 2.19306E-05 | 2.21840E-05 | 2.23631E-05 | 2.23266E-05
181-|-
a
V] 4.00218E-06 | 4.54026E-06 | 6.07667E-06 | 7.16248E-06 | 6.94119E-06
U | 3.74035E-04 | 4.24323E-04 | 5.67913E-04 | 6.69390E-04 | 6.48709E-04
U | 1.60461E-06 | 1.82035E-06 | 2.43635E-06 | 2.87168E-06 | 2.78296E-06
28y 2.16566E-05 | 2.45683E-05 | 3.28822E-05 | 3.87577E-05 | 3.75603E-05
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials
Outer fud Outer fud Outer fud Outer fud
Element/ zone 65 - zone 66 - zone 67 - zone 68 -
| sotope midplane midplane midplane midplane
H 3.26876E-02 | 3.26876E-02 | 3.26876E-02 | 3.26876E-02
Be
1OB
1lB
C
0 1.78798E-02 | 1.74339E-02 | 1.71379E-02 | 1.70502E-02
Mg | 1.15710E-04 | 1.14271E-04 | 1.13317E-04 | 1.13034E-04
Al 1.25925E-02 | 1.24359E-02 | 1.23321E-02 | 1.23013E-02
Si 5.00663E-05 | 4.94439E-05 | 4.90309E-05 | 4.89084E-05
Ti 1.10086E-05 | 1.08717E-05 | 1.07809E-05 | 1.07540E-05
Cr 2.36632E-05 | 2.33690E-05 | 2.31738E-05 | 2.31159E-05
Mn | 9.59829E-06 | 9.47897E-06 | 9.39979E-06 | 9.37631E-06
Fe | 4.40630E-05 | 4.35152E-05 | 4.31517E-05 | 4.30439E-05
Ni
Cu | 2.21293E-05 | 2.18542E-05 | 2.16716E-05 | 2.16175E-05
181-|-
a
U | 5.74454E-06 | 4.07674E-06 | 2.97001E-06 | 2.64177E-06
“®U | 5.36873E-04 | 3.81004E-04 | 2.77571E-04 | 2.46894E-04
U | 2.30319E-06 | 1.63451E-06 | 1.19078E-06 | 1.05918E-06
?¥U | 3.10850E-05 | 2.20601E-05 | 1.60713E-05 | 1.42952E-05
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials

Element/
| sotope

Stainless Sted

347

Ferritic Sted

Water Pool
Outside Be

Pure
Aluminum

H

6.53753E-02

Be

1OB

1lB

C

O

3.26876E-02

Mg

Al

6.03000E-02

S

4.78600E-04

Ti

Cr

1.74300E-02

1.57900E-02

Mn

1.74000E-03

1.27600E-03

Fe

5.88100E-02

5.81800E-02

Ni

7.32000E-03

8.25400E-03

Cu

181-|—a

234U

235U

236U

237U
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Table C1. (continued)

HFIR Number Densities (atoms/b.cm)

Materials

Element/
| sotope

.67 Al +.33
H.0

33 Al + .67
H.0

2585+ .75
H,O

.70SS+ .30
H,O

H

2.15738E-02

4.38015E-02

4.90315E-02

1.96126E-02

Be

1OB

1lB

C

®)

1.07869E-02

2.19007E-02

2.45157E-02

9.80628E-03

Mg

Al

4.04010E-02

1.98990E-02

S

Ti

Cr

4.35750E-03

1.22010E-02

Mn

4.35000E-04

1.21800E-03

Fe

1.47025E-02

4.11670E-02

Ni

1.83000E-03

5.12400E-03

Cu

181-|-a

234U

235U

236U

237U
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APPENDIX D

GUIDE TO CALCULATION MODELSFOR HFIR BEAM TUBESAND
DATA ARCHIVAL STORAGE

D1. Introduction

This document is an overview of the code input and output files used to perform dparate and fast
flux calculations for the HFIR beam tubes. Models of the present and proposed new designs are
listed for each beam tube. Archival of thisinformation for future purposes is discussed.

D2. Glossary Of File Name Segments

Filenames for the various runs are long and comprised of numerous segments separated by “.”,
that describe the run. In addition, there are comments within the file itself that describe the
preliminary runs that must be made and input/output datafiles. Filename terms are explained in
TableD1.

D3. Primary DORT/TORT Mode Files

Input files for the main DORT/TORT runs used in thisanalysis are listed in Table D2. A brief
explanation of each fileisgiven. Thefilesarelocated in the directory structure given in Figure
D1. Itisanticipated that the system on which the files are maintained may change periodicaly.
HFIR personnel should be contacted for further information.

The 84 group VELM (61 neutron, 23 gamma) library is located in the xsections directory.
D4. Archival Code Storage

Codes used for this analysis are members of the ORNL DOORS computer code system. A
distributed CD-ROM containing the current version of this system (Vers 3.2) has been obtained
and will be retained for archival purposes. In addition, source and executable files have been
placed on permanent removabl e storage.

D5. Archival Data Storage

Data storage to be archived includes discrete ordinates model input text files and output text
files, binary output files, and the cross section library. The input text files are primarily in the
form of UNIX script files and are stored in the directory “models’ under the appropriate
subdirectory. Models for HB-1 are stored with HB-4 models since they are mirror images.
These files automate the execution process but would have to be tailored to reflect requirements
for specific computers. For example, if a different directory structure were used, the input would
have to reflect this structure. In general, these changes are smple. The actual code (i.e. TORT,
DORT, etc.) input section would not need to be changed, however.
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models

core
inputs
outputs
beamtubes
hb2
inputs
outputs
hb3
inputs
outputs
hb4
inputs
outputs

plots
(same directory structure as models)
codes
core
beamtubes
hb2
hb3
hb4
fluxes
core
beamtubes
hb2
responses
beamtubes
hb3
hb4
Xsections

Figure D1. Directory structurefor beam line calculationsfor HFIR vessel life extension
analysis.”

" hb4 directories also used for hb1.
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Code output files include text files and binary files. The text files present the code output but do
not include fluxes or calculated activities and are aso stored in the models directory for the
appropriate “output” subdirectory. The fluxes or calculated activities are output as binary files.
For the two-dimensional (DORT) calculations, the neutron and gamma, energy dependent flux
moments have been retained. For this project, the flux moments files end with the suffix “p3flx”
(except for the fixed source calculation, in which case they begin with “p3flx”). The flux
moment file names contain identifying phrases and are documented by the input in the
appropriate DORT file. For the fixed source core calculations, directional flux files are aso
retained. They begin with the prefix “dirflx”. Flux files for the two-dimensional runs are stored
in the “fluxes’ directory under the appropriate subdirectory.

For the three-dimensional (TORT) codes, the calculated activity responses, including neutron
dpa rate, gamma dpa rate, total dpa rate, neutron and gamma fast fluxes (> 1 MeV) have been
retained. These files end with the suffix “res’. The activity responses are fluxes weighted with
the appropriate cross sections and integrated over the group energies. It is practical to save them
instead of flux moments or scalar fluxes for the three-dimensional calculations, because of the
enormous size (by today’s standards) of the three-dimensional flux files. A disadvantage,
however, of only keeping the integrated values is that if a different activity must be calculated, it
is necessary to rerun the TORT model with input added to include the specified activity. The
activity response files are stored in the “responses” directory under the appropriate subdirectory.

A number of small FORTRAN codes have also been developed and are archived as well. These
codes are used to add fluxes or responses from the neutron + prompt gamma run and the delayed
gamma run to produce a combined neutron and total gamma flux or response file. The fluxes or
responses are also normalized in the final file. These codes are well commented and clearly
indicate the situation for which they are used. They are relatively simple and use a standard
FORTRAN. Therefore it is not necessary to archive a separate FORTRAN compiler with them.
Thesefiles are stored in the “codes” directory.
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Table D1. Explanation of filenameterms

Term Description

hfr84kjvk DORT eigenvalue model for HFIR core

hfr84fsvk DORT fixed source model for HFIR core

dtd8424jvp Dtd (dort to dort) model for hb2 4 inch diameter model.
Calculates source for DORT models

dtd8429jvp Dtd (dort to dort) model for hb2 9 inch diameter model.
Calculates source for DORT models

dfr84vis* VISA runsfor all beam tubes

dfr84hb24 DORT model for hb2 4 inch diameter present design

dfr84hb29 DORT model for hb2 9 inch diameter modified design

V2 Revised neutron and gamma source used in all runs after ~
4/99
(Note: some isoplot runs do not include v2 in thetitle. Itis
assumed that in the latest runs, the v2 fluxes/activities are
used.)

tort TORT discrete ordinates code model

torsed TORSED code to write boundary source for TORT

xtorid XTORID code to write 2D plot datafor ISPL3D code

ispl3d Ispl 3d plotting routines for HB3,4 TORT models

hb* (* =2,3,4) HFIR beam tubes 2,3 ,4 (1)

new Calculations for the present design of hb4 (1), where “new”
originally referred to anew model. The author apologizes
for any confusion this may cause since the “new” beam tube
design for HB-2 and HB-4 isreferred to elsewhere. The
keywork “mod” is used for the proposed modified design.

mod Calculations for the modified/new design of hb2 or hb4
(thereis no modified design for hbl or hb3)

newl Calculations for hb3 (there is no modified design). Again,
thisoriginaly referred to anew model, not a new design.
This should not cause confusion, however, since thereis no
new design.

dg Model for which the sourceis entirely delayed gammas

fs Ina TORT beam-tube model or run related to a TORT
model, a .fs. run contains a fixed source contribution from
the fuel included in the model as well as a boundary source
from the earlier fixed source calculation

nofs Ina TORT beam-tube model or run related to a TORT
model, a*.nofs.* run contains only the boundary source
from the core fixed source calculation The nofs runs for
HB-1,3,4 were replaced with fs runsin which a source in the
fueled region in the model was included.

gheat TORT and associated models for HB3 and HB4.

Calculation of gamma heating responses
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highz

TORT and associated models for HB4 in which model
height has been increased to ~25.4 cm (from original model)

total.norm

In isoplot routines for HB2,3,4 in which DORT or TORT
responses have been normalized and the gamma and
delayed gamma responses added. Normalizations were
changed ~4/99. Several fortran codes are used to add TORT
responses for neutron & prompt gamma runs and delayed
gamma runs to get the total normalized response.

dpaRatio

Ratio of neutron to total gamma dpa. Calculated from
TORT response files for hb3 & hb4 using fortran codes,
respadd3_dpaRatio.f (hb3) or respadd4* dpaRatio.f for hb4
present and modified designs.

res

Suffix for TORT responsefile

scflx

Suffix for TORT scalar flux file

boc

In general, runs were performed with BOC fuel conditions
and EOC control surface positions. Runs that include “boc”
have BOC control and fuel conditions.

fine

Mesh has been made finer (i.e. number of mesh intervals
increased) for sensitivity analysis.

expanded

Model increased in size to investigate boundary source
perturbation effects.
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TableD2. List of main DORT/TORT code inputs by beam tube design

HB# | Des DORT/TORT codefile(s) Comments

2 P hfr84hb24.v2.shl Base Case
hfr84hb24.dg.v2.shl

2 P hfr84hb24.expanded.v2.shl Enlarged model to examine
hfr84hb24.dg.expanded.v2.shl perturbations from source

2 P hfr84hb24.v2.boc.shl BOC conditions
hfr84hb24.dg.v2.boc.shl

2 N hfr84hb29.v2.shl Base Case
hfr84hb29.dg.v2.sh1

2 N hfr84hb29.v2.boc.shl BOC conditions
hfr84hb29.dg.v2.boc.shl

1(4) P tort.new.hb4.fs.highz.v2.shl Base Case
tort.new.hb4.fs.dg.highz.v2.shl

4 N tort.mod.hb4.fs.highz.v2.sh1 Base Case
tort.mod.hb4.fs.dg.highz.v2.shl

4 N tort.mod.hb4.fs.highz.v2.fine.shl Fine mesh in X direction
tort.mod.hb4.fs.dg.highz.v2.fine.shl

3 P tort.newl.hb3.fs.v2.shl Base Case
tort.newl.hb3.fs.dg.v2.shl

Notes:

1) script in the codes contain names of flux/response files. Comments contain explanations for the use of the code.
Also, see glossary of terms.

2) P =present, N =new under Des (Design) column.

3) files come in pairs because of separate delayed gamma run.
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