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The first Research Coordination Meeting for the Coordinated Research Program on the
HTTR benchmark problems were held in August 1998. The results and calculation models of
JAERI and Forshcungszentrum Jiilich GmbH (FZJ) by diffusion calculation were compared.
Both results showed a good agreement at fully-loaded core but the results of JAERI showed
about 1%Ak higher value during fuel loading state. To investigate the cause of the
difference, effects of energy group number, neutron streaming from control rod insertion
holes and cell models of burnable poison (BP) were studied. As the results, we found that
the difference caused by energy group number and neutron streaming were small. The effect
of BP cell model was evaluated by sensitivity analysis of dimension of BP cell.

Improvements for each calculation model were proposed.

Keywords : HTGR, HTTR, Burnable Poison, Diffusion Calculation, Neutron Streaming,
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1. Introduction

The start-up core physics experiments of the High Temperature Engineering
Test Reactor (HTTR) have been proposed for benchmark problems in the Coordinated
Research Program (CRP) of IAEA entitled "Evaluation of HTGR Performance". The

proposed benchmark problems are as follows:

1) Number of fuel columns necessary to achieve the first criticality,
2) Control rod positions at criticality of 30 columns, 24 columns and 18 columns
core,

3) Excess reactivity of 30 columns, 24 columns and 18 columns core.

The first Research Coordination Meeting (RCM) for the CRP was held on
August 1998. When comparing the Japanese and German results presented at the fist
RCM, it becomes clear that there are large differences. To clarify the reason of these
discrepancies, results and calculational models have been checked each other. The
report describes the check of the results, the different calculational models, and some

improvements.
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2. Characteristics of HTTR

The HTTR is a graphite-moderated and helium gas cooled reactor with an
outlet coolant temperature of 950°C and thermal output of 30MW. The
characteristics of the HTTR necessary for the benchmark calculations are as

follows:

1) Pin-in block type fuel with coated fuel particles

A fuel block consists of 33 or 31 of fuel rods, two burnable poison (BP) rods
and a graphite block as shown in Fig. 2.1. Each fuel rod consists of a graphite
sleeve and 14 fuel compacts containing coated fuel particles (CFPs). Therefore, it is

important to consider the double heterogeneity of the fuel compact.

2) Lumped burnable poison for reactivity control

A BP rod consists of two of BP regions and one graphite region. The BP
regions are placed at the top and bottom of the BP rods. The graphite region is
placed at the middle of the BP rods. The form of the BP rod is called “zebra type BP

rods”.

3) Many holes in the core for control rod insertion, etc.
To insert control rods and boron pellets of the reserved shutdown system
into the core, there are many holes in the core. It is important to consider neutron

streaming effects through these holes.

4) Fuel loading order from outer to inner core region

Before fuel loading, the whole fuel region in the core is filled with graphite
dummy blocks. A pile of 9 blocks is called a column. The fuel loading is carried out
by replacing the dummy blocks with fuel block, column by column. The fuel loading
scheme is shown in Fig.2.2. The fuels are loaded from the periphery to the center,
and thin and thick annular cores are made at 18 and 24 fuel-column-loaded core,

respectively.
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3. Outline of the Code Systems and Results
3.1 HTTR Code System and Results

This chapter describes the improvements of the calculation models, developed at
JAERI for the calculations of the HTTR's nuclear characteristics, and the results of the

benchmark problems.

3.1.1 Qutline of calculation codes

The calculations for the benchmark problems were carried out by a nuclear
characteristics evaluation code system which was developed from an HTTR nuclear
design code systemD. The code system consists of the DELIGHT?, TWOTRAN-II» and
CITATION-1000VP" codes. The program structure of the system is shown in Fig. 3.1.1.
The DELIGHT is an one-dimensional lattice burnup cell calculation code that has been
developed in the JAERI. The TWOTRAN-II is a transport code that is used to provide the
average group constants of BP in fuel blocks and graphite blocks where control rods
(CRs) are inserted. The CITATION-1000VP is a reactor core analysis code. This code has
been developed from CITATION® so that nuclear characteristic analyses could be
carried out with a three-dimensional whole core model of the HTTR in a short calculation
time.

The DELIGHT is used to provide group constants of fuel and graphite blocks for
succeeding core calculations. Resonance, neutron spectrum, neutron flux distribution,
criticality, and burnup calculations are done sequentially. Nuclear data are based on
ENDF/B-IV except burnup chain data that are extracted from ENDF/B-III. In the
resonance range, the code employs intermediate resonance approximation and can
consider the effect of a double heterogeneity caused by coated fuel particles (CFPs) and
assembled fuel rods. The average group constants of the whole fuel block were obtained
by the fuel and BP cell calculations as follows;

First, the group constants of the fuel rods were calculated by using an
one-dimensional cylindrical fuel cell model as shown in Fig. 3.1.2. The neutron spectrum
was calculated with 111 neutron groups using P approximation for the whole energy
range. The group constants were condensed with the neutron spectrum to 40-group
constants for neutron flux distribution calculations in the fuel cell. The neutron flux
distributions were calculated with the collision probability method, and were used to

average the group constants in the fuel cell geometrically.
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Second, the average group constants of the fuel block with the BPs were
calculated with the one-dimensional cylindrical BP cell model shown in Fig. 3.1.3. The
averaging of the group constants in the BP cell was done by the neutron flux in the cell.
The group constants were condensed to six-groups by the 40-groups neutron spectrum
for the succeeding core calculation.

The TWOTRAN-II was employed to obtain the average group constants of a pair
of CRs inserted into the CR guide graphite block and also to obtain the average group
constants of zebra type BP. The average group constants of a pair of CRs and of the
corresponding graphite block were obtained with the flux-weighting method. The
neutron fluxes were calculated with a two-dimensional X-Y model as shown in Fig. 3.1.4.
The model is the half of the graphite block where a CR is inserted. The average group
constants of zebra type of BP are also evaluated by the TWOTRAN-II code. The models
are described later.

The CITATION-1000VP is a reactor core analysis code based on the diffusion
theory. This code was changed to enable a full core model calculation of the HTTR by
extending the number of zones and meshes of the original CITATION code and
enhancing the calculation speed by the vectorization of the code. This code was used for
the analysis of the effective multiplication factor. The neutron energy groups consist of 3

fast and 3 thermal groups.

3.1.2 Calculation Models and Comparison
3.1.2.1 Calculation Models

To solve the benchmark problems, three calculation models (6 mesh, 24 mesh
and 24 mesh heterogeneous model) were developed. The results of these models were
compared. They were also compared with the results obtained by the Monte Carlo code
MVP®. The MVP code is verified by comparison with VHTRC experiments?. All
calculations were performed at 300K and 1 atm pressure of helium. Number densities of

each components are based on the report®.

(1) 6 mesh model
A fuel block is divided into 6 triangular meshes horizontally and into 4 meshes

vertically for the three-dimensional whole core calculation. Horizontal and vertical
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cross-section of the calculation model are shown in Fig.3.1.5 and 3.1.6, respectively. In a
fuel block, all nuclides are distributed homogeneously. In the CR guide columns, every
block is divided into 4 zones vertically to simulate CR insertion depth from full-in to
full-out. All group constants are evaluated by the DELIGHT code. The cross section of
the fuel cell model is the same as the fuel block cross section divided by the number of
fuel rods. The radius of fuel cell shown in Fig. 3.1.2 are as follows: For 33 pin block, R1 is
2.09 cm and R2 is 3.41 cm. For 31pin block, R11s 2.10 cm and R2 is 3.52 ¢m. The radius
of the BP cell model is decided to keep the amount of material per BP rod. The Rer shown
in fig. 3.1.3 1s 16.2 cm. Infinite multiplication factors (kinf) of fuel cell and BP cell for each

fuel block are shown in Table 3.1.1.

(2) 24 mesh model

A fuel block 1s divided into 24 triangular meshes horizontally and into 4 meshes
vertically for the three-dimensional whole core calculation to simulate the position of the
BP rods in a fuel block. In the horizontal plane, a BP rod is smeared in BP region which
consists of two triangular meshes. 1°B and !'B in a BP rod are distributed only in the BP
region. The other nuclides e.g. uranium, are distributed homogeneously in the whole fuel
block. Horizontal and vertical cross-section of the calculation model are shown in Fig.
3.1.7 and 3.1.8, respectively.

All group constants for fuel and graphite are the same as those in the 6 mesh
model. Absorption microscopic cross section (ca) of 'YB in BP rod is evaluated by
TWOTRAN-II code to evaluated the zebra type BP. Three kinds of 6. are evaluated. The
first one is for the fuel block with 7.9% enrichment of 235U, 33 fuel pins and 2.0wt% of
boron concentration in the BP rods. This ca-set is used for all BPs in the first layer of fuel
blocks. The second one is for the fuel block with 6.3% enrichment of 235U, 33 fuel pins and
2.5wt% of boron concentration in the BP rods which is used for all BPs with 2.5wt% of
boron concentration. The third one is for the fuel block with 3.9% enrichment of 235U, 33
fuel pins and 2.0wt% of boron concentration in the BP rods. This kind of 6. is used for all
BPs in the 4th and 5th layer of fuel blocks. Table 3.1.2 shows the kinr of BP cell
calculated by TWOTRAN-II. The corresponding kinr of the fuel cell are also shown in
Table 3.1.2 for reference. The c.s are obtained with the flux-weighting method. The

neutron fluxes were calculated in 6 energy groups with a two-dimensional r-Z model as
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shown in Fig. 3.1.9 The BP cell is modeled for a quarter of a fuel block which contains
half of the BP rod. The BP rod consists of BP pellets and C pellets which are surrounded
by homogenized fuel. In order to obtain the effective microscopic cross section, a
homogenized region is determined having the same area of the BP region as in the

CITATION-1000VP model.

(3) 24 mesh heterogeneous model

In this model, the three-dimensional mesh for CITATION-1000VP is the same
as that in the case of the 24 mesh model. A fuel block is divided into BP region and fuel
region as shown in Fig. 3.1.10. 1B and !B in a BP rod are distributed only in the BP
region. Nuclides of the fuel are distributed only in the fuel region.

All group constants for fuel and graphite are evaluated by the DELIGHT code.
The cross section of a fuel cell model 1s the same as those of the fuel region cross section
divided by the number of fuel rods, but the fuel region cross section is 20/24 of the cross
section of the fuel block. Therefore, the outer radius of this cell model is smaller than the
other ones. The radius of fuel cell shown in Fig. 3.1.2 are as follows: For 33 pin block, R1
15 2.09 cm and R2 1s 3.11 cm. For 31 pin block, R1 1s 2.10 cm and R2 is 3.21 cm.

Three kinds of 5. for 1°B in the BP rod are also evaluated by TWOTRAN-II code.
The evaluated cas are the same as those taken for the 24 mesh model. The BP cell model
corresponds to a quarter of a fuel block which contains half of the BP rod is shown in Fig.
3.1.11. The BP rod consists of BP pellets and C pellets which are surrounded by graphite,
the outer region contains homogenized fuel. In order to obtain the effective microscopic
cross section, a homogenized region is determined to have the same cross section as the
BP region in the CITATION-1000VP model. Table 3.1.3 shows the kinr of fuel and BP cell
calculated by the DELIGHT and TWOTRAN-II, respectively. The kin-values of the fuel
cell obtained by TWOTRAN:-II are also shown for comparison.

3.1.2.2 Comparison of Models
To evaluate the characteristics of each model, the following effects are

examined.

(1) Mesh effect
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The effect of mesh size is evaluated by 6 mesh per block and 24 mesh per block.
Table 3.1.4 shows the comparison of kefr at 18 column, 24 column and 30 column core for
each mesh model. In the calculations, all nuclides in a fuel block are distributed
homogeneously in a fuel block. The same group constants were used for all calculations.
The table shows that 24 meshes per block show higher ke in each core. The difference in
ket between the two mesh models increases with decreasing number of fuel columns. At a
30 column core, the 24 meshes per block model shows a reactivity effect of about

0.3%Ak/k, at a 18 column core, the reactivity effect is about 0.8%Ak/k.

(2) BP reactivity

The BP reactivities at a 18 column, 24 column and 30 column core is evaluated
as shown in Table 3.1.5. BP reactivities evaluated by Monte Carlo code MVP are also
shown in the table. The BP reactivity in the case of the 6 mesh model is less than that of
the 24 mesh model and the 24 mesh heterogeneous model. In the case of the 24 mesh
heterogeneous model, the BP reactivity shows a good agreement with the reactivity
effect calculated by the MVP. Errors of BP reactivity to the BP reactivity evaluated by
MVP are shown in Table 3.1.6. The results of the 24 mesh heterogeneous model show
good agreement with the results of the MVP code.

To check the effect of the models, BP's oa for f633325hl (6.3% of uranium
enrichment, 33 fuel pins per block, 2.5wt% boron concentration in BP pellets, helium
atmosphere and low temperature) of each model are compared in Table 3.1.7. In the
thermal group, oas of the 24 mesh model are larger than that of the 6 mesh model
because the 24 mesh model can treat the configuration of zebra type of BP using
TWOTRAN-II code. Therefore, the 24 mesh model shows higher BP reactivity than the 6
mesh model.

The 24 mesh heterogeneous model shows higher BP reactivity than that of the
24 mesh model. However, most of the o. for the 24 mesh heterogeneous model are
smaller than those of the 24 mesh model. The base case for the reactivity effects is a 24
mesh model calculation with no BP. The difference between the two models 1s caused by
the group constants of the fuel. Group constants of the fuel for the 24 mesh
heterogeneous model are produced by a harder neutron spectrum than in the case of the

24 mesh model. In the 24 mesh heterogeneous mode, a radius of fuel cell is smaller than
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that of the 24 mesh model. The kinr of the 24 mesh heterogeneous model are small than
that of the 24 mesh model as shown in Table 3.1.1 and 3.1.3. In the 24 mesh
heterogeneous model, therefore, BP reactivity consists of the effects of neutron
absorption by BP and the effects of the difference in the group constants of the fuel. It is
considered that the fuel cell model of the 24 mesh heterogeneous model is better than

that of the 24 mesh model.

(3) Effects of neutron stréaming from holes
Neutron streaming through holes affects diffusion coefficients. Therefore,
diffusion coefficients considering streaming effects D are evaluated by the following

equation using SRAC code®;

D, = l Z D,
35
where
D« : Average diffusion coefficients considering streaming effect
D : Diffusion coefficients in direction i considering streaming effect

Streaming effects are considered for CR guide columns, replaceable reflector
blocks with coolant channels and dummy fuel blocks. The effects of each blocks are
shown in Table 3.1.8. The calculations were carried out using the 24 mesh model. The
streaming effects of CR guide column evaluated by Monte Carlo code MVP are also
shown in the table. Streaming effects of the CR guide column are about 1%Ak/k and they
are the greater part of the total streaming effects. The streaming effects become greater
with decreasing number of fuel columns. The streaming effects of the dummy blocks are
negligible when there are more than 18 columns 1n the core.

The streaming effects of CR guide columns are less than that evaluated by MVP.
However, it is in fairly good agreement considering the uncertainty of Monte Carlo

calculation.

(4) Effective multiplication factor during fuel loading
Effective multiplication factors (ken) during fuel loading are calculated using
each model. Fig. 3.1.12 shows the change in ke during fuel loading using each model.

The calculation results obtained by MVP code are also shown in Fig. 3.1.1219. At 30
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columns, the 24 mesh model shows smaller ker than the 6 mesh model. The difference
between the two models becomes small with decrease in fuel columns. It is considered
that the 24 mesh model improves the BP reactivity, but in a fewer fuel columns loading,
the difference looks smaller due to the mesh effect described in the above section. The 24
mesh heterogeneous model gives smaller ke than that of the 24 mesh model. It is
considered that the group constants of the fuel produced by the fuel cell model with small
radius give smaller ke than in the case of the 24 mesh model because each model has
similar 6. of BP.

The ket of the 24 mesh heterogeneous model with streaming correction are also
shown in Fig. 3.1.12, The kerr are lower about 1%Ak or more than those of the 24 mesh
heterogeneous model without streaming correction. It shows good agreement with the
results of Monte Carlo calculation from 24 column to 30 column. The difference at 30
column is about 0.5%Ak. Below 18 column, the difference between two models become
larger.

The 24 mesh heterogeneous model shows best agreement with the Monte Carlo
calculation than other models. Therefore, benchmark problems are solved using the 24

mesh heterogenecous model.

3.1.3 Results of Benchmark Problems
(1) HTTR-FC
The ketr and excess reactivity p for the core when all control rods are fully

withdrawn are shown in Table 3.1.9.

The first criticality will be achieved when 14 fuel columns are loaded. The excess

reactivity at the first criticality will be 0.423%Ak/k.

(2) HTTR-CR

In HTTR, R3 control rods are fully withdrawn and the other rods are kept at the
same insertion depth in operation. The control rod position means the distance from the
down-side edge of fuel region. The control rod positions at criticality are shown in Table

3.1.10
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(3) HTTR-EX

The kerrs at 30 column, 24 column and 18 column core are shown in Table 3.1.11
where all control rods are fully withdrawn. The excess reactivity is calculated by the

following equation:
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Table 3.1.1 Infinite multiplication factors obtained by DELIGHT for the 6 mesh model

kiul'
Layer ID

Fuel cell BP cell
f673320hl 1.5331 1.3702
£793320hl 1.5486 1.4012

1st layer
f943120hl 1.5876 1.4441
1993120hl 1.5899 1.4516
523325hl 1.5005 1.2980
f633325hl 1.5255 1.3412

2nd layer
£723125hl 1.5603 1.3792
£793125hl 1.5675 1.3969
f433325hl 1.4702 1.2482
f523325hl 1.5005 1.2980

3rd layer
593125l 1.5355 1.3359
f633125hl 1.5435 1.3490
£343320hl 1.4174 1.1881
4th & 5th £393320hl 1.4526 1.2374
layer f433120hl 1.4864 1.2697
f483120hl 1.5025 1.2992

Table 3.1.2 Infinite multiplication factors for BP cell for the
24 mesh model obtained by TWOTRAN-II

kin!'

BP cell Fuel cell
1st layer

1.3940 1.5535
(2.0wt% BP)
2nd & 3rd layer

1.3302 1.5300
(2.5wt% BP)
4th & 5th layer

1.2195 1.4529
(2.0wt% BP)
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Table 3.1.3 Infinite multiplication factors for fuel and BP cell for the 24

mesh heterogeneous model

DELIGHT TWOTRAN.II
Layer ID
Fuel cell BP cell Fuel cell

f673320hl 1.4699

£793320hl 1.4840 1.3866 1.5417
1st layer

£943120hl 1.5267

£993120hl 1.5284

523325h1 1.4363

f633325hl 1.4631 1.3226 1.5185
2nd layer

£723125hl 1.5011

£793125hl 1.5072

f433325hl 1.4097

f523325hl 1.4363
3rd layer

£593125hl 1.4781

f633125hl 1.4856

£343320hl 1.3635

£393320hl 1.3929 1.2204 1.4428

4th & 5th layer
f433120hl 1.4309
f483120hl 1.4474

Table 3.1.4 Maesh effect between 6 meshes per block and 24 meshes per block

Number of Effective multiplication factor Mesh effect
fuel 6 meshes per 24 meshes per [%Ak/K]
columns
block block
30 1.2184970 1.2227019 0.2822
24 1.1889408 1.1971915 0.5797
18 1.1092833 1.1196487 0.8346
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Table 3.1.5 Comparison of BP reactivity

Number BP reactivity [%Ak/k]
of fuel o 24 mesh
columns | 6 mesh model 24 mesh heterogeneous MVP
model

model
30 9.07 10.54 11.22 11.73
24 8.60 10.17 11.18 11.15
18 8.69 10.16 11.54 11.67

Table 3.1.6 BP reactivity error compared to Monte Carlo code MVP

Number of Error C/E-1* [%]
fuel 24 mesh
columns 6 mesh model | 24 mesh model | heterogeneous
model
30 -22.68 -10.14 -4.35
24 -22.87 -8.79 0.27
18 -25.54 -12.94 -1.11

* ( Calculated results
E Calculated results by Monte Carlo code MVP

Table 3.1.7 Microscopic absorption cross section of 1B in BP of f633325hl.

Microscopic absorption cross section [barn]
Energy 24 mesh
Gr. 6 mesh model | 24 mesh model | heterogeneous
model
1 0.6149x10-! 5.6248x10"! 5.4424x10!
2 6.5469%10° 6.5274x109 6.4717x10Y
3 1.0188x102 1.0789x 102 1.0666x102
4 3.8263x102 4.4983x102 4.7307x102
5 6.1548x102 7.0226x102 6.0342x102
6 7.8798x102 9.5068x 102 8.5742x10%
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Table 3.1.8 Streaming effects?

Number Streaming effect [%Ak/k]
of fuel . Upper and lower | CR guide column CR guide
CR guide
] i ) replaceable + upper & lower column by
columns column®
reflector® reflector block " MVP5
30 1.03 0.086 1.12 1.3
24 1.12 0.088 1.21
18 1.33 0.095 1.42 2.3

1) Reactivity difference between results of homogenized region and results with
the diffusion coefficients considering streaming effect.

2) Streaming effects of CR guide column and irradiation column.

3) Streaming effects of upper and lower replaceable block which have coolant
channels.

4) Streaming effects of CR guide column, irradiation column, upper and lower
replaceable block which have coolant channels.

5) Streaming effects of CR guide column and irradiation column evaluated by
Monte Carlo code MVP.

Table 3.1.9 Effective multiplication factor and excess reactivity at the first criticality.

Number of fuel
tmber ot e Kerr p [%eAk/k]
columns
13 0.9982249 -0.178
14 1.0042527 0.423

Table 3.1.10 Control Rod position at criticality

Number of fuel Control rod position at
columns criticality (cm)
18 264
24 187
30 153
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Table 3.1.11 Effective multiplication factor and excess reactivity
when 18, 24, 30 fuel columns are loaded.

Number of fuel Kot Excess reactivity
columns p [YAk/K]
18 1.0381906 3.679
24 1.1229342 10.948
30 1.1610762 13.873
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Dimension and specification of fuel, control rod,
core component, core internals, etc.

v

Number density of

each components

l

Group constants for fuel Group constants for control
block rod and BP
DELIGHT-7 TWOTRAN-II

A A

Group constants for core calculation

¢

Three dimensional core

calculation
CITATION-1000VP

Nuclear characteristics

Fig. 3.1.1 Program structure of the HTTR nuclear characteristics

evaluation code system
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Fig. 3.1.9 BP cell configuration for 24 mesh model by TWOTRAN-1I
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Fig. 3.1.11 BP cell configuration for 24 mesh heterogeneous model
by TWOTRAN-II
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3.2 FZJ Diffusion Code System and Results

This chapter presents the calculational methods used in the Institute for Safety
Research and Reactor Technology (ISR) of the Research Centre Julich (FZJ) for reactor core
calculations and the results for benchmark problems of the HTTR's start-up core physics
experiments. Until now, two benchmark problems have been solved, the benchmark problem
HTTR-FC: The number of fuel columns for the first criticality is estimated to be 16 with a
small excess reactivity of 0.42%, and the benchmark problem HTTR-EX: The exess reactivity
of the 18, 24, and 30 fuel column-loaded core is 2.48%, 10.27%, and 13.85%, respectively.

3.2.1 Methods and Data

An overview of the code system used in the FZJ criticality calculations is given in
Fig.3.2.1.Resonance shielding is performed by the NITAWL code of the AMPX-77-system!D
applying the Nordheim integral technique to process neutron cross sections in the resonance
region. The heterogeneity of the fuel compacts was taken into account by Dancoff factors which
were calculated by the ZUT12 code and supplied as input data. Cell calculations have been
performed by the TOTMOS! program, an one-dimensional Py corrected transport code used
for preparation of group constants as well as for one-dimensional criticality calculations.

Eigenvalues and flux distributions of the whole reactor were performed by the diffusion
code CITATION® in triangular-z geometry. As recommended we refer to the configurations
and atom densities of the materials given in the report?.

The macroscopic absorption cross sections of the BP are affected by the neutron
shielding effect. To evaluate this effect cell calculations in two-dimensional r-z geometry were
performed with the transport code DORT.

To take into account the neutron streaming in the coolant channels as well as in the
large holes in the core and the reflector, diffusion coefficient modefiers were calculated by the
MARCOPOLO' code based on the multigroup integral transport theory. To estimate the
inﬂﬁence of these corrections, the whole reactor calculation has been performed with and
without neutron streaming correction.

All calculations refer to a 123-group cross section library!® based on the JEF-2.2 nuclear

data files.
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3.2.2 Results of Analysis
(1) Dancoff Factors

As mentioned before the NITAWL code considers the heterogeneity of a system -in this
case the fuel rods- by Dancoff factors. The Dancoff factor is defined as the probability that a
neutron emitted isotropically from the surface of the fuel will have its next collision in other
fuels surrounding the fuel element. Applying this definition to a fuel rod lattice filled with fuel
in form of coated particles the ZUT code calculates the Dancoff factor as a sum of single rod
Dancoff factor and the probability that a neutron leaving the first rod reaches another fuel rod
and is absorbed by the fuel in that fuel rod. We calculated the Dancoff factors for all the
different types of compacts by the ZUT code. These Dancoff factors are listed in Table 3.2.1
together with the corresponding U238 resonance integrals. On the whole, the resonance
integrals increase with increasing U235 enrichment. The Dancoff factors remain nearly
constant because they are only depending on the slightly varying geometrical conditions of the

fuel compacts and rods, and the density of the graphite matrix, but not on the enrichment of

the fuel.

(2) Cell Calculations
For the 15 types of BP-fuel combinations one-dimensional cell calculations in Po
transport corrected approximation had been performed by TOTMOS using the following
scheme:
1. 123 cell weighted group constants of the CFP cell model were calculated in spherical
geometry using a 123 group cross section library. The cell model consists of 3 zones: the
kernel, the coatings, and the corresponding matrix-zone. A white boundary condition was

taken at the outer surface of the cell.

o

Then, 123 cell weighted group constants of the fuel cell were calculated in cylindrical
geometry and in the same group structure as taken for the CFP cell. The zones of the
cylindrical fuel cell model were: the center hole, the fuel compact, the graphite sleeve, the
coolant channel, and the corresponding graphite block. The fuel cell model is shown in Fig.
3.2.2. The group constants of the materials in the fuel zone were the cell-averaged cross
sections resulting from the CFP cell calculation. The cross section of the fuel cell was
equivalent to the cross section of the fuel block divided by the number of fuel rods. The
outer surface of the cell had a white boundary condition.

3. In the following third cell calculation the cylindrical cell model shown in Fig.3.2.3 consists
of a BP rod surrounded by the second zone of homogenized fuel. The group constants of the

homogenized fuel was the cell averaged 123 group constants resulting from the fuel cell
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calculation. The cross section of the BP cell was the same as the cross section of the fuel

block divided by the number of BP rods. At the outer cell surface an albedo of 1.0 was

assumed. In this last step of cell calculations, cross sections were condensed to four broad

energy groups needed for the whole reactor calculations. The energy group structure of
these four groups is given in Table 3.2.2.

The k,-values of the CFP-, fuel- and BP-cell calculations are given in Table 3.2.3 for all

15 types of BP-fuel combinations. As it can be seen on this table the efficiency of the BP

decreases with increasing U2 enrichment

(3) BP Adjustment
In the above result of the cell calculations, the configulation of zebra-type BP rods was
not considered. A homogeneous distribution in z-direction was assumed. Due to this
approximation, the axial neutron shielding effect was not taken into account.
To calculate this effect, two cases of two-dimensional cell calculations for each type of
BP-fuel combination were performed with the DORT code:
1. Boron was homogenized in z-direction,
2. Heterogeneous distribution along the axis of the BP rod was taken into account.
The corresponding two-dimensional BP cell model for heterogeneous distribution used in
these DORT calculations is shown in Fig. 3.2.4. As can be seen on Table 3.2.4, the difference in
k.. of the TOTMOS and the DORT homogeneous calculation is unimportant, but the difference
in the k.-values of the homogeneous and the heterogeneous DORT case tabulated in the last
column of Table 3.2.4 is significant. In a subsequent TOTMOS calculation the B!
concentration was reduced in such a way that the resulting k. increases about this last
mentioned difference. In all BP-fuel combinations the B!¢ density had to be reduced from about

22 up to 30%.

(4) Streaming Correction

There are many holes in the core such as the insertion holes in the control rod guide
blocks and of the coolant channels in the fuel and reflector blocks. The presence of these holes
leads to an increased neutron streaming in the axial direction. A possibility to treat this
problem within the framework of the diffusion theory is the use of anisotropic diffusion
coefficients. A method for the determination of anisotropic diffusion coefficients in infinite
regular cylindrical lattices is given by Benoist!®. According to this method, the anisotropic
multigroup diffusion coefficients for energy group g De: ( k=r,z) are calculated from the

leakages of the heterogeneous lattice cells by use of the MARCOPOLO code taking into account
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linear anisotropic scattering. The lattice cells are subdivided into N homogeneous zones and
the total cross sections together with the Po and P group-to-group transfer cross sections in
the different zones are required in the MARCOPOLO code for the calculation of the diffusion
constants Dei (k=r,z). These cross sections were obtained as zone weighted group constants by
the TOTMOS code. The anisotropic correction factors of some block assemblies are

summarized in Table 3.2.5.

(5) Whole Reactor Calculations

Using the 4-energy-group cross sections from the NITAWL-TOTMOS cell calculations,
the whole HTTR reactor was modelled with the CITATION diffusion code. A 3-dimensional
triangular-z model was chosen. Each block was divided horizontally into 6 and vertically into 4
meshes. The horizontal cross section of the calculational model is shown in Fig. 3.2.5. The
assembly was modelled by dividing the volume into spectral zones related to the material
compositions. There are 45 different material zones.

Six pairs of control rods in the side reflector cannot be fully withdrawn to the top of the
reflector. The effect of this CR insertion on reactivity is given as Ak=0.004 in the report?. In
our prelimenary calculations for the first benchmark problem, we did not calculate any CR rod
worth, the reactivity of Ak=0.004 was subtracted from the calculated kem-values.

According to the fuel loading scheme four series of diffusion calculations were
performed:

1. All ken-values for 8 up to 30 fuel columns in the core were calculated without any

streaming correction and Boron adjustment.

bO

In a second series streaming corrections of the diffusion constants were considered
without any BP adjustment.

3. A third series of diffusion calculations was performed under consideration of the
neutron shielding effects in the BP rods, but without any streaming correction of the
diffusion constants.

4. 1In a fourth series both corrections were taken into account: streaming corrections of
the diffusion constants were considered in nearly all different spectral zones with
coolant channels or holes together with the BP adjustment.

The ken-values of these four series are summarized in Tables 3.2.6 and 3.2.7 and shown

in Fig.3.2.6 and 3.2.7.

The influence of the streaming correction is nearly independent of the Boron adjustment

as can be recognized on these tables and the corresponding figures. With and without Boron

adjustment the streaming correction causes a difference in ker from Ak=0.02 at an 8 fuel
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columns loading down to Ak=0.015 when there is a fully loaded core. This decrease in Ak can be
explained by the fact that dummy fuel blocks with big holes and a great neutron streaming
effect are subsequently replaced by fuel blocks with nearly no neutron streaming. Moreover,
we found that the neutron streaming in the coolant channels of the top and bottom replaceable
reflector can be neglected because the decrease in kerr caused by this effect was only Ak=0.0008.

On the other hand, the neutron multiplication factors are increased by the Boron
adjustment: the "Boron adjusted” ken-values are greater than the uncorrected ones, and the
difference in kerr increases with increasing number of fuel columns. But it is evident that the
increase in the neutron multiplication factor caused by the BP adjustment is not compensated
by the effec of neutron streaming.

When taking into account the neutron streaming in the channels and holes of the core
and the reflector, the neutron shielding in the BP rods, and when the reactivity of the CR
insertion 1s subtracted, the first criticality will be achieved at 16 fuel columns loading. The
excess reactivity amounts to Ak=0.0042. The excess reactivity of the thin, thick, and of the fully

loaded core amounts to 2.48%, 10.27%, and 13.85%, respectively.
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Table 3.2.1 Dancoff Factors and U238 Resonance Integrals for Different

Uranium Enrichments

Enr. Packi.ng Vol. of Borop Dancoff Uz
(wt.%) Fraction |Fuel Cpmp. Impurity Factor Res. Int.
(%) (cm?) (ppm)

3.301 29.6 17.63 0.95 0.7414 42 82
3.864 30.4. 17.69 0.91 0.7466 43.13
4.290 30.5 17.70 0.90 0.7466 43.19
4.794 30.3 17.72 0.88 0.7478 43.21
5.162 30.5 17.65 0.90 0.7484 43.35
5.914 30.3 17.70 0.51 0.7463 43.67
6.254 29.9 17.69 0.54 0.7452 43.84
6.681 30.3 17.65 0.50 0.7461 43.91
7.189 30.8 17.69 0.85 0.7436 44.13
7.820 28.8 17.67 0.87 0.7405 43.93
9.358 29.8 17.72 0.89 0.7405 4491
9.810 29.3 17.71 0.90 0.7423 44.90

Table 3.2.2 Few Group Strucure used in the Diffusion Calculation

Upper Energy
Groups Boundaries
(eV)
1 14.92 X 108
2 1.111 X105
3 2.902 X 10!
4 1.860 X100
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Table 3.2.3 Results of the TOTMOS Cell Calculations; No Boron Adjustment

ID. Enr. k.-Values in Ak

No. (wt.%) CFP Cell Fuel Cell BP Cell (BP Cell-Fuel Cell)
343320 3.4 0.6282 1.4285 1.1309 -0.2977
393320 3.9 0.6562 1.4604 1.1819 -0.2785
673320 6.7 0.7782 1.5457 1.3355 -0.2102
793320 7.9 0.8208 1.5610 1.3716 -0.1894
433120 4.3 0.6771 1.4957 1.2167 -0.2790
483120 4.8 0.6995 1.5142 1.2514 -0.2627
943120 9.4 0.8713 1.5996 1.4161 -0.1835
993120 9.9 0.8854 1.6021 1.4254 -0.1766
433325 4.3 0.6771 1.4790 1.1887 -0.2903
523325 5.2 0.7163 1.5095 1.2437 -0.2658
633325 6.3 0.7619 1.5376 1.2955 -0.2421
593125 5.9 0.7484 1.5476 1.2855 -0.2621
633125 6.3 0.7619 1.5559 1.3002 -0.2557
723125 7.2 0.7969 1.5726 1.3351 -0.2375
793125 7.9 0.8208 1.5802 1.3565 -0.2237
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Table 3.2.4 Infinite Multiplication Factors for the BP Cell obtained from

Different Methods
D k.-Values in the BP Cell
No. TOTMOS DORT Ak DORT Ak
) hom. hom. TOT.-DORT heterogen DORThet-hom
343320 1.1309 1.1347 0.0038 1.1741 0.0394
393320 1.1819 1.1855 0.0036 1.2225 0.0370
673320 1.3355 1.3379 0.0023 1.3654 0.0275
793320 1.3716 1.3737 0.0021 1.3981 0.0244
433120 1.2167 1.2204 0.0037 1.2575 0.0371
483120 1.2514 1.2548 0.0034 1.2896 0.0348
943120 1.4161 1.4181 0.0020 1.4417 0.0236
993120 1.4254 1.4274 0.0019 1.4499 0.0225
433325 1.1887 1.1929 0.0041 1.2343 0.0414
523325 1.2437 1.2475 0.0037 1.2852 0.0378
63325 1.2955 1.2988 0.0033 1.3329 0.0342
593125 1.2855 1.2892 0.0037 1.3264 0.0373
633125 1.3002 1.3037 0.0036 1.3401 0.0363
723125 1.3351 1.3383 0.0032 1.3719 0.0335
793125 1.3565 1.3594 0.0029 1.3908 0.0313
Table 38.2.5 Streaming Correction Factors obtained by the MARCOPOLO Code
Streaming Correction Factors for the
Group CR Guide Block CR Guide Block Rep.Ref.Block
CB-1 CB-3 RB-1
Di/Dhom D2/Dhom Dv/Dhom D2/Dhom D¢/Dhom D/Dhom
1 1.1403 1.5740 1.1562 1.6317 1.0199 1.0513
2 1.1761 1.9333 1.1963 2.0358 1.0246 1.0786
3 1.1812 1.9497 1.2016 2.0537 1.0286 1.0836
4 1.1877 2.0243 1.2090 2.1369 1.0307 1.0908
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Table 3.2.6: ker-Values for Different Fuel Columns Loading

Reactivity Effect for CR Insertion considered (Ak=0.004)

with BP Adjustment
Co?e No. of No Stregm.Corr. Ak Stream.Corr.
Region Fuel Col. BP Adjustm. BP Adjustm.
F3+F4 8 0.9700 -0.0208 0.9492
9 0.9802 -0.0206 0.9596
10 0.9880 -0.0204 0.9676
11 0.9961 -0.0200 0.9761
12 1.0024 -0.0197 0.9827
13 1.0072 -0.0195 0.9877
14 1.0128 -0.0192 0.9936
15 1.0180 -0.0189 0.9991
16 1.0229 -0.0187 1.0042
17 1.0313 -0.0184 1.0129
18 1.0434 -0.0180 1.0254
+F2 19 1.0616 -0.0177 1.0439
20 1.0768 -0.0174 1.0594
21 1.0902 -0.0171 1.0731
22 1.1058 -0.0169 1.0889
23 1.1187 -0.0163 1.1024
24 1.1317 -0.0167 1.1145
+F1 25 1.1429 -0.0164 1.1265
26 1.1532 -0.0162 1.1370
27 1.1628 -0.0159 1.1469
28 1.1677 -0.0157 1.1520
29 1.1721 -0.0155 1.1566
30 1.1760 -0.0153 1.1607
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Table 3.2.7 ken-Values for Different Fuel Columns Loading

Reactivity Effect for CR Insertion considered (Ak=0.004)

No BP Adjustment
COI.‘e No. of No Stream.Corr. Ak Stream.Corr.
Region Fuel Col. No BP Adjustm. No BP Adjustm.
F3+F4 8 0.9513 -0.0205 0.9308 |

9 0.9613 -0.0203 0.9410

10 0.9688 -0.0200 0.9488

11 0.9767 -0.0197 0.9570

12 0.9828 -0.0194 0.9634

13 0.9875 -0.0193 0.9683

14 0.9930 -0.0190 0.9740

15 0.9980 -0.0187 0.9793

16 1.0028 -0.0185 0.9843

17 1.0110 -0.0181 0.9928

18 1.0227 -0.0176 1.0051
+F2 19 1.0403 -0.0175 1.0228

20 1.0550 -0.0172 1.0378

21 1.0679 -0.0169 1.0510

22 1.0830 -0.0169 1.0662

23 1.0960 -0.0167 1.0793

24 1.1075 -0.0166 1.0910
+F1 25 1.1187 -0.0163 1.1023

26 1.1285 -0.0161 1.1123

27 1.1376 -0.0159 1.1217

28 1.1421 -0.0157 1.1265

29 1.1461 -0.0154 1.1307

30 1.1497 -0.0153 1.1344
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Fig. 3.2.1 Overview of the TOTOMOS-CITATION code system
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Helium

Fuel zone
Graphite sleeve
Helium
Graphite block

R1 =0.50cm
R2 =1.30cm
R3=1.70cm
R4 = 2.05cm
R5 =3.31cm

Fig. 3.2.2 1-d cylindrical fuel cell model for TOTOMOS

R1 =0.695cm
R2 = 13.44cm

Material of the homogenized fuel cell

Fig. 3.2.3  1-d cylindrical BP cell model for TOTOMOS
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Horizontal view

R1=0.695cm
R2 =13.44cm

Vertical view
4cm_
20cm
Graphite ¢ -

10cm disks S8cm
20cm Pellet
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7

Fig. 3.2.4 2-d cylindrical BP cell model for DORT
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4. Comparison and Analysis of the Results
4.1 Comparison of the Results Obtained by each Code System

The results obtained with the HTTR 24 mesh heterogeneous model and FZJ diffusion
code systems are shown in Table 4.1.1 and Fig. 4.1.1 together with the results from the HTTR
Monte Carlo calculation!®. Compared to the Monte Carlo results, it is obvious that the two
diffusion calculations overestimate keir, but the HTTR results show an overestimation of more
than 1% in the region of the 12 to 18 fuel column-loaded core, whereas the FZJ values show
nearly no deviation to the MVP results in the same region of core loading. The diffusion
calculations were performed in both cases by the CITATION code, the cell calculations were
carried out by the DELIGHT and TWOTRAN codes on the part of HTTR, and by the TOTMOS
and DORT codes on the part of FZJ.

The group constants for these whole reactor calculations were taken from those BP cell
calculations whose k,-values are summarized in Table 4.1.2 together with the corresponding
BP efficiencies. In the case of the HTTR cell calculations, the group constants for the BP region
in all fuel blocks of one layer were taken from one cell calculation, because the microscopic B10
absorption cross sections for the different fuel blocks in one layer did not differ strongly. In the
FZJ calculation each fuel block was considered. As can be seen in this table, the corresponding
BP efficiences are not so different. But when regarding the corresponding microscopic 1°B
absorption cross sections shown in Table 4.1.3 and 4.1.4, large differences can be noticed in the
thermal groups. These large discrepancies in the basic thermal 9B absorption cross section
may be one reason for the different kesr-curves of HT'TR and FZJ. But in the HT'TR calculations
the Boron absorption cross sections are only valid in the BP region of a fuel block in this
24mesh heterogeneous model, whereas in the FZJ calculations the B!9 group constants are

effective cross sections for the whole fuel block.

4.2 Analysis of the Discrepancies in the HTTR and FZJ Results

Although the calculated HTTR ker-values are conservative from a safety point, the
reason for this large discrepancy to the HTTR Monte Carlo and FZJ diffusion calculations
should be somewhat clearer. Therefore, several items which could contribute to this
discrepancy were examined.

At first, the streaming effects were compared. As can be seen on Table 4.2.1, the
difference between both streaming effects are not important, but the FZJ calculations show a
higher streaming effect, especially in the case of only few fuel column-loaded core.

Secondly, a small study in the influence of the few group structure on ke was carried out.

A simple whole core model for the CITATION calculation was assumed: the core was totally
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filled (37 fuel columns) with one fuel block type f633325 (with 6.3wt.% Uranium enrichment,

33 fuel pins per block, and a 2.5 wt.% Boron concentration in the BP pellets) and surrounded by

one replaceable reflector block type A-1 1/3!'D. As can be seen on Table 4.2.2 the increase from

the four group structure with one thermal group to the six group structure with three thermal
groups causes only a small, but positive reactivity effect on ker. Like the streaming effect, it
contributes only a minor part to the discrepancy, but it is not the main reason.

Third: As the greatest differences exist between the HTTR and FZJ results using both
the "6 mesh model™: the calculation results are shown in Table 4.2.3 with no streaming
correction and with 6 horizontal meshes in the whole core calculations.

In order to have a common basis , the HTTR calculations considering the self-shielding of
the BP by a "big" radius of the BP cell have to be compared with the FZJ calculations
considering the BP self-shielding by Boron adjustment. In both cases, BP self-shieldng is taken
into account, but the methods differ significantly. The infinite multiplication factors of each
fuel and BP cell obtained by these two methods are summarized on Table 4.2.4 together with
the corresponding BP efficiencies. As can be seen on this table, the BP efficiency decreases in
both cases from the inner to the outer side of a fuel layer, and it increases with increasing fuel
layer number. The differencies in the BP efficiency of both methods have the same tendencies:
they decrease when going to the outer core region and increase versus the bottom of the core.
But it is obvious that in all fuel block types, the TOTMOS BP cell calculations with their
adjusted 19B densities show higher BP efficiencies than the DELIGHT cell calculations with
the higher BP cell radius and the high 1°B concentration in the inner zone of the BP cell.

Therefore, the influence of these different BP self-shielding methods on the whole core
calculations was analysed in a small study. We assumed the simplified whole core model
mentioned above, in order to eliminate all minor and disturbing effects: we chose only one fuel
block type as fuel and one reflector block type as reflector as it was already done in the
comparison of the group structure. The test calculations consisted of two steps:

e a BP-fuel cell calculation for the fuel block type 633325 and a cell calculation for one
replaceable reflector type (A-1 1/3) were executed by the TOTMOS code. Cell weighted
condensation was performed to six broad energy groups. In the HTTR cell calculation using
the 6 mesh model, the self-shielding of the Boron in the BP rod was taken into account by
increasing the radius of the BP cell about the factor of ,/158/ 40 , but taking in the BP zone
itself the high concentration of the BC as it exists in the pellets. On the other hand, the
radius of the BP cell in the FZJ calculations was not changed. Instead of this, the 1°B
densities were adjusted in the one-dimensional TOTMOS cell calculations in such a way

that the resulting k.-values were the same as those yielding from the corresponding two-
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dimensional DORT calculations considering the heterogeneous distribution of the BP in
the BP rod (see Fig.3.2.4 of chapter 3.2).

¢ Using the group constants of these cell calculations, a whole core calculation was done with
the above mentioned simplified core model: a triangular-z model with 6 meshes
horizontally and 4 meshes vertically and with only two material zones: a fuel zone and a
surrounding reflector zone as described above. The reflector zone itself was surrounded by
a black absorber and the front and back boundary conditions were reflected ones. In this
whole core model no CR guide blocks or dummy fuel blocks were taken into account.

Two series of cell calculations were performed:

¢ one with a BP cell radius of r=16.20 cm and the high Boron concentration in the inner zone
of the BP cell,

e and another one with a BP cell radius of r=13.44cm, and the B10 adjusted density taken
over the total length of the fuel block in the inner zone of the BP cell.

The results of these BP cell calculations obtained by the TOTMOS code are summarized
in Talbe 4.2.5 together with the BP efficiencies. The difference in the BP efficiency is 1.41%
Ak/k. The macroscopic 1°B absorption cross sections are listed in Table 4.2.6 together with the
correspondig ken-values obtained by the CITATION calculation. The kes-values obtained by
CITATION calculations without Boron in the BP rods are included into this table together
with the corresponding BP efficiencies. One can recognize that the thermal cross section of the
"small" cell is higher about 12 to 13% than that of the "big" cell. The two different methods of
self-shielding cause a difference of 1.41% Ak/k in the cell calculation, but only a difference of
0.47% Ak/k in the corresponding simplified whole core calculation.

All discrepancies yielded by the test calculations and given by the slightly different
streaming effects are listed in Table 4.2.7. When summing up all effects, only a difference of
0.75% Ak/k can be explained. But in the case of the fully loaded core with which these test
calculations can be compared a little a discrepancy of 1.80% Ak/k exists between the two
different diffusion calculations. Thus, the aberrations found by this analysis are not sufficient
to explain a remaining difference of about 1% Ak/k. Moreover, the results of HT'TR 24 mesh
heterogeneous model shows good agreement with the results of FZJ code system at 30 column
but the difference between both code system becomes large with decreaseing the number of
fuel column. Therefore, it is proposed to perform calculations with and without BP for thin and
thick annular core, as well as for fully loaded core in order to determine more exactly the BP

efficiencies in the whole core.
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Table 4.1.1: Comparison of ker-Values obtained from Different Calculational Methods

CR Insertion is considered

Calculational HTTR Diffusion FZJ Diffusion Monte Carlo
Method Calculation Calculation Calculation

24 mesh het. model wi tl? Sntlfszl;n?zdeéorr HTTR

No. of with Streaming Corr. . N8 ' MVP)

Fuel Col with BP Adjustment
) o %Ak/k K %Ak/k ket
o (to MVP) o (to MVP) ¢

6 0.9251 1.55 0.9182 0.74 0.9120

9 0.9684 1.07 0.9596 0.12 0.9585

12 0.9926 1.25 0.9827 0.24 0.9804

14 1.0162 1.18 0.9936 0.11 0.9925

15 1.0043 1.28 0.9991 0.15 0.9976

16 1.0105 1.26 1.0042 0.08 1.0034

17 1.0257 1.16 1.0129 -0.07 1.0136

18 1.0382 1.31 1.0254 0.10 1.0243

21 1.0850 0.68 1.0731 -0.35 1.0771

24 1.1229 0.39 1.1145 -0.28 1.1180

27 1.1533 0.39 1.1469 -0.09 1.1481

30 1.1611 0.43 1.1607 0.40 1.1553
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Table 4.1.2: Comparison of BP-Efficiencies in the Different Cell Calculations

F7J TOTMOS HTTR TWOTRAN-II*

]i “yzlr Fui?é’lf)ck k.. k. BP-Eff. k, k. | BP-Eff

Fuel Cell | BP Cell | (%Ak/k) | Fuel Cell | BP Cell | (%ak/k)
(673320 | 15457 | 13630 | 867

| fre3320 | 15610 | 13960 | 757 | 15417 | 1.3866 | 7.26
Layer | 1943120 | 15996 | 14397 | 6.94
993120 | 16021 | 14480 | 6.64
f503325 | 15095 | 12815 | 1179

ot | f633325 | 15376 | 13207 | 1017 | 15185 | 13226 | 9.5
Layer | f723125 | 15726 | 1.3686 | 9.48
£793125 | 15802 | 1.3878 | 8.77
(433325 | 14790 | 12301 | 13.68
3rd 523325 1.5095 1.2815 11.79
Layer 593125 1.5476 1.3227 10.98
633125 1.5559 1.3365 10.55
343320 1.4285 1.1703 15.45

4th& Hth 393320 1.4604 1.2189 13.57 1.4428 1.2204 12.63
Layer 433120 1.4957 1.2538 12.90
483120 1.5142 1.2862 11.71

* The BP cell calculations of HTTR refer to the 24 mesh heterogeneous model and yield group
constants only for the BP region of the fuel block (see Fig. 3.1.6 of chapter 3.1). The group
constants for the fuel region of the fuel blocks are calculated by a DELIGHT fuel cell

calculation with reen=3.11 or 3.21cm.
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Table 4.1.3: Microscopic B!? Absorption Cross Sections

Obtained by HTTR TWOTRAN-II Calculation

ID of cabs (barn) of 1YB
Fuel Block £393320 £633325 £793320

Group
1 5.445 X 10-1 5.442 X 10-1 5.444 % 10!
2 6.480 % 100 6.472 X 10+0 6.475 X 10+0
3 1.090 X 10+2 1.067 X 10+ 1.075 X 10+2
4 5.059 X 10+2 4731 % 10°2 5.033 X 10+2
5 6.979 % 10+2 6.034 X 10+2 6.591 X 10+2
6 1.024 % 10+3 8.574 X 10+2 9.998 X 10+2

Table 4.1.4: Microscopic B!0 Absorption Cross Sections obtained by FZJ TOTMOS Calculation

ID of cabs (barn) of 1°B
Fuel Block £393320 633325 £793320
Group
1 7.341 X101 7.337 X101 7.344X 10!
2 2.539X10%! 2.522 X 10*1 2.521 X 10!
3 2.243 X 10+2 2.207 X 10+2 2.231X10%2
4 1.261 X 10+ 1.086 X 10+3 1.131X10%3

Table 4.2.1: Comparison of Streaming Effects

Number Streaming Effect (%Ak/k)
of Fuel
HTTR FZJ Difference
Columns
18 1.42 1.68 0.26
24 1.21 1.36 0.15
30 1.12 1.12 0.0
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Table 4.2.2 Influence of the Number of Broad Groups on ker

Groups Kefr %Ak/k
4 1.20164
6 1.20568 0.28

Table 4.2.3 Comparison of kei-Values obtained by HTTR and FZJ Diffusion Calculation

Kefr

6 mesh model

No. of no Streaming Corr. Difference Difference
Fuel CoL | R Tgertion considened | % vkl
HTTR FZJ
9 1.0113 0.9802 0.0311 3.14
12 1.0336 1.0024 0.0312 3.01
14 1.0427 1.0128 0.0299 2.83
15 1.0497 1.0180 0.0317 2.97
16 1.0547 1.0229 0.0318 2.95
17 1.0637 1.0313 0.0324 2.95
18 1.0756 1.0434 0.0322 2.87
21 1.1226 1.0902 0.0324 2.65
24 1.1634 1.1317 0.0317 2.41
27 1.1942 1.1628 0.0314 2.26
29 1.1994 1.1721 0.0273 1.94
30 1.2014 1.1760 0.0253 1.80
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Table 4.2.4 k,-Values and the Corresponding BP-Efficiencies of the Different Cell Models

TOTMOS DELIGHT Diff
Fuel {F]?lZlf k. BP- k, BP- in
Layer Block Fuel BP Eff. Fuel BP Eff. BP-

Cell Cell | %AKK) | Cell Cell | %Ak/k)| Eff

673320 | 1.5457 1.3630 8.67 1.5331 | 1.3702 7.75 0.92

1st £793320 | 1.5610 | 1.3960 7.57 1.5486 | 1.4012 6.79 0.78
Layer | 943120 | 1.5996 | 1.4397 6.94 1.5876 | 1.4441 6.26 0.68
993120 | 1.6021 | 1.4480 6.64 1.5899 | 1.4516 5.99 0.65

523325 | 1.5095 | 1.2815 11.79 1.5005 | 1.2980 10.40 1.39

2nd 633325 | 1.5376 | 1.3297 10.17 1.5255 | 1.3412 9.01 1.16
Layer | 723125 | 1.5726 | 1.3686 9.48 1.5603 | 1.3792 8.42 1.06
793125 | 1.5802 | 1.3878 8.77 1.5675 | 1.3969 7.79 0.98

f433325 | 1.4790 | 1.2301 13.68 1.4702 | 1.2482 12.10 1.58

3rd 523325 | 1.5095 | 1.2815 11.79 1.5005 | 1.2980 10.40 1.39
Layer | 593125 | 1.5476 | 1.3227 10.98 1.5355 | 1.3359 9.73 1.25
633125 | 1.5559 | 1.3365 10.55 1.5435 | 1.3490 9.34 1.21

343320 | 1.4285 1.1703 15.45 1.4174 | 1.1881 13.62 1.83

4th 393320 | 1.4604 | 1.2189 13.57 1.4526 | 1.2374 11.97 1.60
Layer | f433120 | 1.4957 1.2538 12.90 1.4864 | 1.2697 11.48 1.42
483120 | 1.5142 1.2862 11.71 1.5025 [ 1.2992 10.41 1.30

Table 4.2.5 Infinite Multiplication Factors Obtained by Different Cell
Models for the Fuel Block f633325

r Bp-cell  {CmM) 13.44 16.20
Niog (at/(b cm))

2.7845-4 5.6049-4
in BP Rod
k., of Fuel Cell 1.5376 1.5376
k. of BP Cell 1.3297 1.3550
BP.Efficiency (%Ak/k) 10.17 8.76
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Table 4.2.6 ken-Values of the Whole Core Test Calculations and the

Corresponding Macroscopic "B Cross Sections

rBP Cell (CM) 13.44 16.20
Group Zans of B10 (cm-!)
1 4.403 X 107 6.008 X 107
2 4,952 %106 6.748 X 106
3 8.258 X105 1.071 X104
4 3.519%x 104 4,231 %104
5 6.896 X104 6.876 X 10
6 1.036x103 9.135 X 10+
keff
, , 1.2356 1.2427
-with B in BP
kelT
) 1.42125 1.42111
no B in BP
BP-Efficiency
10.57 10.10
%Ak/k

Table 4.2.7 Reactivity Increase Caused by Different Calculational
Methods in the Test Cases

Reactivity Effect
Item
(%Ak/k)
Group Effect
0.28
456
Different BP-Shielding Effect 0.47
Sum 0.75
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5. Conclusion

The calculation models and results of JAERI and FZJ for HTTR Benchmark
problems are compared. As the results, the effects of energy group number, streaming
effect became clear. For the FZJ code system, sensitivity analyses for BP cell were
conducted.

In both calculational methods improvements can be proposed. In the case of the
HTTR diffusion calculations, calculation model for annluar core and fewer columns core
should be improved because descripancy between the results of Monte Carlo calculation
becomes larger with decreasing the number of fuel column.

In the FZJ calculation the reactivity of Boron may be overestimated to some extent,
the self-shielding effect of Boron in radial direction has to be considered . Furthermore,
the asymmetrical position of the BP rods and the greater C region around the BP rods in
the edges of the hexagonal fuel block should be taken into account.

In both calculational methods the effective radius of the BP cell and the
corresponding atomic densities of the Boron have to be optimized. This is necessary to

obtain more exact results concerning the BP efficiency in the whole core.
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