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Investigation of the initial core poisoning of the
pebble bed high temperature reactor has been made
by experiments and by checking computations, In fol-
lowing the example of the thorium high-temperature
reactor THTR-300, THTR absorber elements poi-
soned with hafnium-boron were added to the THTR
Juel and graphite elements of the KAHTER core.
Three different hafnium-boron poisoned core load-
ings, corresponding to 2.7, 5.3, and 8% reactivity
compensation, were used in the experiments. For
purposes of comparison, two cores poisoned exclu-
sively with boron were also studied. The poisoning
of these cores corresponds to 2.7 and 8% reactivity
compensation, respectively.

The experiments and checking computations
should serve to test the accuracy of the theoretical
models and data sets in modeling the reactivity
effects of absorber poisoned elements in the THTR.
In particular, the applicability of the nuclear data of
hafnium and the treatment of resonance calculations
should be verified.

In addition to determining critical masses and
kegy, special emphasis was placed in the experiments
on the exact determination of all reactivity effects.
In some cases, repeated loading of a configuration
also provided a measure of the reproducibility of
Kefr. The experiments were checked computationally
using the GAMTEREX code package and the program
system RSYST. These two computation packages
contain different data bases, although the hafnium
data are identical, and the computing models differ
in certaini phases of the calculations. Both code
systems compute kqsr values to within the present
accuracy requirements, whereas the program system
RSYST gives better agreement with experimental
measurements.
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I. INTRODUCTION AND MOTIVATION

In large pebble bed high temperature gas-cooled
reactors (HTGRs), e.g., the thorium high temperature
reactor THTR-300 MW¢(electric), the excess reac-
tivity of the initial core is compensated for by sta-
tistically distributed spherical elements containing
boron and hafnium. The aim of this work was to test
the theoretical models, codes, and data bases used
for nuclear layout and safety analysis due to poisoned
pebble bed cores. For this purpose several experi-
ments with different mixtures of fuel, moderator,
and absorber elements were performed at the critical
facility Kritische Anlage Hochtemperatur-Reaktor
(KAHTER). The comparison of the experimental
results with theoretical calculations particularly had
to yield a suitable calculational model of the random
distribution of the pebbles and to prove the validity
of the nuclear data of hafnium.

1I. DESCRIPTION OF EXPERIMENTS

ILA. The KAHTER Facility

In the frame of the development of the high
temperature gas-cooled pebble-bed reactor, the crit-
ical facility KAHTER was constructed and built up in
1973 (Ref. 1).

Figure 1 shows a schematic view. The core has
a diameter of 216 cm and a maximum height of
240 cm; it is reflected on the bottom by 60-cm-thick
graphite, which decreases to 44 cm at the center.
Circumferentially, a graphite reflector exists with a
thickness of 40 cm, and a top reflector with a height
of 10 up to 50 cm may be installed. This core can be
filled with up to 49 000 elements of the pebble type
(6 cm in diameter).

To control or shut down this system, the
KAHTER facility has eight control rods containing
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Fig. 1. Sectional view of KAHTER (dimensions in cen-

timetres).

B,C. To measure reaction rates small (6-cm-diam)
tubes of aluminum are positioned in the core in radial
and axial directions. For the same purpose, bore
holes exist in the reflectors.

I1.B. Types of Spherical Elements
The core is composed of
1. fuel elements (FEs)
2. graphite elements (GEs)
3. absorber elements (AEs).

As fuel elements, THTR (Ref. 2) and Arbeits-
gemeinschaft Versuchs Reaktor (AVR) (Ref. 3) ele-
ments were used. The most important nuclides of
spherical elements are listed in Table I. The boron
AEs contain a pellet with homogeneous mixture of
graphite and boron nitride (Fig. 2).

II.C. Core Configurations

To investigate cores with poisoned elements, six
different core configurations were performed. In
detail these were one unpoisoned core as reference
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Fig.2. Sectional view of boron absorber element (dimensions
in millimetres).
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and two boron poisoned and three hafnium poisoned
cores. Table II shows the experimental data.
Normally THTR elements were used as fu'el
elements. But since few THTR elements were avail-
able, AVR fuel elements were added to reach the
critical mass for the two cores B2 and H3. The
pebble-bed height is measured from the bottom of
the reflector up to the surface of the pebble bed.
The ratio of fuel elements to graphite and absorber
elements is roughly 10:7. The symmetry and the
homogeneity of the core loading were tested by
measuring the reactivity worth of each absorber rod.
To check reproducibility the core B2 was built up
three times and the reference core twice (see Sec. II).

IIl. EXPERIMENTAL RESULTS—CRITICAL MASSES
AND kg VALUES

The ks values were determined by measuring‘ the
excess reactivity with the inhour method. The given
kegs values are related to a core assembly with bore
holes in the top reflector and with ionization cham-
bers in the bottom reflector (see Figs. 3 and 4). In
case of subcriticality the k.pr value was determined
by the pulsed neutron method.?

Table 1II shows the amount of 235U and the Keff
values of different core configurations. In the calcula-
tions it was impossible to take into account the
presence of ionization chambers in the bottorg
reflector and the fact that neutrons are scatter®
back from the surrounding concrete walls into the
assembly. Therefore, additional measurements Wef":
performed where the jonization chambers Were f
moved from the bottom reflector or where t‘i
assembly was covered with cadmium. These mea_
surements were done for a few selected core 00“e
figurations only. The values for the other cOT
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TABLE I
Nuclide Concentrations of Used Spherical Elements (g)
Fuel Elements Absorber Elements
. Graphit
Nuclide AVR THTR Borqn Hafnium Elggentz
::U 0.00550 0.01030
236U 1.00059 096187
238U 0.00312
U 0.06579 0.06190
Ly 5.03600 102
garbon 192.70 1920 18227 1920 190.80
nat 02910 0.040
Hfpat 420
TABLE II
KAHTER Core Configurations
Number of Elements
c Fuel ‘ Pebble Bed
ore Loading Ratio Height
Configuration THTR AVR Moderator Absorber FE:GE:AE (cm)
Reference 11500 0 8 050 0 10: 7:0 151.88£0.5
B1 boron 15 660 0 10440 435 36:24:1 185.5
B2 borop 17 190 1910 12415 955 20:13:1 2140 +0.5
H1 hafnium 14 985 0 10125 405 37:25:1 179.4
H2 hafnium 16 578 0 11052 614 27:19:1 1930
H3 hafnium 17 190 1350 12 051 927 20:13:1 208.0

configurations were extrapolated. The influence to
the kepr value is shown in the third and fourth col-
umns of Table III. The extrapolated values are given
in parentheses. This procedure yielded adjusted Kefr
values, which can be compared with calculated ones.

IV. THEORETICAL MODELS AND
NUCLEAR DATA

To analyze the critical experiments with boron
and hafnjum absorber elements, we have mainly
used codes that are standard codes for HTGR
layout calculations at Kernforschungsanlage (KFA)-
Jillich. Only some peculiarities, e.g., evaluation of
hafnium libraries, required further codes. As standard
codes the GAMTEREX (Ref. 5) cycle and the pro-
gram system RSYST (Ref. 6) have been used. The
principle procedure to solve all relevant problems
is described in detail in Ref. 7. In this paper, only the
special features of the critical facility KAHTER and
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in particular the model description of the absorber
elements are treated.

IV.A. Nuclear Data Libraries for GAMTEREX

IV.A.1. Standard Libraries for HTGR
Calculations

The 30-group THERMOS library contains all
necessary cross sections in the energy range from
3.9.107% to 2.05 eV for moderator, fission, breeding,
and 1/v absorber materials.

The GAM-I library consists of 68 groups in the
energy range from 0.41 eV to 10.0 MeV and contains
elastic scattering moments from P to P, inelastic and
(n,2n) scattering matrices, », 0f, and Oot. For the
elements 232Th and 23U, resonance parameters and
Osmooth are available. The quantity Osmootn is the dif-
ference between the measured g, and that calculated
by use of the one-level Breit-Wigner formula. The
THERMOS and GAM cross-section library data are

551



HETEROGENEOUS POISONING

Driike et al..

. Channel for absorber rods
O Channel for measurement
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Fig. 3. Top reflector with bore holes and channels (dimen-
sions in centimetres).

either evaluated from ENDF/B-II or especially devel-
oped in KFA-Jiilich for application to HTGRs.

1V.A.2. Hafnium Data

Only hafnium isotope cross sections did not exist
on both THERMOS and GAM libraries. Hence, it

' Channel for absorber rods

O Channel for measurements

Instrumentation

Fig.4. Sectional view of instrumentation position in bottom
reflector (dimensions in centimetres).

was necessary to produce group cross sections of the
hafnium isotopes. The problem independent data
were taken from the hafnium data collection of Krebs
et al.® These data are available on tape in ENDF/B-IV
format. By use of the SUPERTOG code,” it was
possible to generate multigroup cross sections. The
necessary calculational models and program pro-
cedures for the evaluation of hafnium cross sections
are described in Sec. IV.C (resonance treatment) and
are shown in Fig. 5.

TABLE 1II

Critical Masses and Experimental kepr Values

Ak
Critical Mass Tonization Ak Ak
5y kegs? Chambers Cadmium-Shielding Total Keft

Core (ke) Measured (%) (%) (%) Corrected
Reference 1 11.0607 0.99562 0.334 (0.215) 0.119 0.99681
Reference 2 11.0607 0.99756 0358 0215 0.143 0.99899
Bl 15.0618 1.00322 (0.252) (0.185) 0.067 1.00389
B2a 18.4433 1.00048 (0.187) (0.160) 0.027 1.00075
B2b 18.4433 0.99660 0.204 (0.160) 0.044 0.99704
B2c 18.4433 0.99939 0.170 (0.160) 0.010 0.99949
Hi 14.4126 1.00473 (0.252) (0.185) 0.067 1.00540
H2 15.9447 1.00428 (0.220) (0.175) 0.045 1 .004?:;
H3 17.8833 1.00101 (0.170) (0.160) 0.010 1.00111 |
#With ionization chambers and without cadmium shielding.
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Fig.5. Flow diagram showing the generation of problem
dependent hafnium data for the THERMOS and

GAM libraries.

IV.B. Nuclear Data Libraries for RSYST

1V.B.1. Standard Libraries

For generation of group constants in the thermal,
epithermal, and fast energy range in RSYST, several
codes are available. Figure 6 gives an overview of the
programs used. For the production of problem depen-
dent group constants, the two problem independent
data libraries THERM-123 (thermal data) and GGC
(epithermal and fast data) were used. All data are
based on ENDF/B-IV.

The THERM-123 library contains moderator and
all relevant absorber data (fission materials, fuel
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Fig. 6. View of programs used for generating the group
constants in RSYST.

materials, etc.) in 123 energy groups of the energy
range from 1075 to 1.85 eV. o ‘

The GGC library has 99 groups in the energy
range from 0.41 eV to 14.9 MeV, The library contains
resonance parameters, elastic scattering moments
up to P, inelastic and (n,2n) scattering matrices, v,
0f, Otot, Os, and Osmooth-

Core calculations are based on problem-depen-
dent 53-group cross sections, which are generated
from the THERM-123 and GGC libraries, taking into
account the downscattering into the thermal energy
range. The data of the THERM-123 library are
collapsed from 123 to 30 groups and those of the
GGC library from 99 to 23 groups. The required
spectra are produced by zero-dimensional spectrum
calculations in By theory. For the thermal energy
range, the module SPEKTRUM is used; for the epi-
thermal and fast energy ranges we use the module
SPEKTRUS, which performs the resonance calcula-
tions in the same manner as the ZUT-DGL program,°
The procedure to generate the 53-group library is the
starting point of all following calculations.

1V.B.2. Hafnium Data ,

For the hafnium isotopes a special procedure was
performed. As in the case of the GAMTEREX cal-
culations, the data of Krebs et al.? were used. These
data are in the ENDF/B-IV format. Therefore they
can be used by the module ENDRES and by the code

553



Driikke et al, HETEROGENEOUS POISONING

SUPERTOG to generate 99-group cross sections for
the GGC library.

- IV.C. Resonance Caleulations

IV.C.1. Fuel Elements in GAM-THERMOS

In the epithermal energy region, resonance param-
eters of 232Th and 23%U are used to calculate the
resonance integrals. Because of the double hetero-
geneous geometry of the fuel elements, these calcula-
tions are performed by the ZUT-DGL code.!® The
resulting resonance absorption cross sections are
transferred to the GAM-I spectral code, which adds
them to Ogmootn. Infinitely diluted 23%U cross sections
already exist on the GAM-I library.

IV.C.2. Hafnium Absorber Elements in
GAM-THERMOS

Hafnium is a mixture of different isotopes (see
Table 1V). Therefore, the resonance calculation was
performed by the GAROL code,!! which allows
calculation of up to ten isotopes in correlation to
each other. This procedure takes into account the
resonance overlapping effect.

To study the influence of grain structure of the
HIC particles inside the pellet of the hafnium ab-
sorber element, two resonance calculations were
performed, one in spherical, the other in double
heterogeneous geometry with a grain diameter of
42 um. The comparison of the results (see Table V)
shows that for the natural mixture of hafnium the
resonance integrals differ by ~2%, which is inside
the error margins of resonance integral calculations.
The maximum influence of hafnium to kg is 8% in
the KAHTER cores. Therefore, a difference of 2%
in the hafnium resonance integral will change kg
only by a 0.16% maximum. Therefore, it can be
stated that a double heterogenecous calculation is
not necessary for the epithermal energy region
(>0.41 eV). The treatment of the ENDF/B-IV
formated hafnium data by SUPERTOG (“smooth”
cross sections, scattering matrices, and resonance
parameters) and by GAROL (resonance calculations)

TABLE 1V

Isotope Composition of Natural Hafnium

TABLE V

Hafnium Resonance Integrals of the
Hafnium Absorber Element

Resonance Integral
Double Heterogeneous

Isotope Spherical (42 ym)

s 1910 1830

YITHE 1332.0 1333.0

178p3¢ 4517 4223

YOHE 283.7 282.0

180 f 232 22.7

Natural

hafnium 426.1 417.6

yields the problem-dependent hafnium cross sections
for the GAM-I library (see Fig. 5).

In the thermal energy range from 3.9-107 to
2.05 eV, the hafnium group cross sections were also
generated by GAROL. A comparison of the hafnium
group cross sections in the GAM-I and THERMOS
libraries showed differences in the overlapping energy
range from 0.41 to 2.05 eV. Hence, it was necessary
to perform a 1/v correction in the thermal energy
range to adjust the THERMOS library. The scattering
matrices of the hafnium isotopes were calculated by
the code system RSYST using the free gas model. The
data for calculation of cross sections using the gas
model are given in Table VI,

IV.C.3. Fuel Elements in RSYST

In RSYST, the resonance calculation of the
nuclides 2%2Th, 235U, and 238U is performed consider-
ing the double heterogeneous geometry of the fuel
elements. The necessary escape probabilities are
calculated by the module TERESKU and provided to
the module SPEKTRUS, which calculates resonance

integrals and spectra, using 99-group cross sections
and resonance parameters.

TABLE VI

Data for Generation of Cross-Section Matrices of Hafnium

Free Scattering
Frequency oz (b) Cross Section,
Isotope %) Isotope at 0.0253 eV o5 (b)
:Z:Hf 0.18 175145 390+ 55 -
177Hf 520 176p3£ 28+12 6.33
Hf 18.50 177h¢ 363 %23 9.0
g 27.14 1B 82% 6 9.6
18on 13.75 1791y¢ 44 % 6 6.85
Hf 3524 180pyf 19+ 4 6.21
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1V.C 4. Hafnium Absorber Elements in RSYST

In the 53-energy-group library of RSYST, no
cross sections were available for hafnium. Therefore,
they had to be generated from the ENDF/B-IV
formated data and from the data of the GAM-II
library.

In the energy region from 0.414 eV to 14918
MeV, the 99-group cross sections of hafnium were
generated by the module SPEKTRUS (see Fig. 7),
using data of the GAM-II library. The resonance
calculation by SPEKTRUS treats each hafnium
isotope separately. To take into account the mutual
influence of the isotopes, an additional resonance
calculation was performed with the module RESPU,
which uses the GAROL formalism. This procedure
leads to cross sections in the energy region from
1.85 eV to 1.234 keV. In detail, the resonance
calculation is done as follows: Starting points are
hafnium data in the ENDF/B-IV format, and are
read by the module ENDRES. This module generates
fine-group cross sections by application of the multi-
level Breit-Wigner formula. So interference and over-
lapping of narrow resonances are taken into account.
The fine-group boundaries are chosen so that the
energy region from 1.85 eV to 1.234 keV is divided

THERM 123
library

SPEKTRUS with
resonance calculation

‘89-Group
cross section
flux
currents

30-Group
cross sections

Modular sequence

53-Group
cross section
RSYST library

Modular sequence for generating the problem-depen-
dent group constants.

Fig. 7.
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into 3000 equidistant lethargy intervals. With the
module RESPU the neutron transport equation is
solved for the absorber region of the hafnium sphere.
Outside this region an infinite moderator is assumed.
The RESPU code yields the fine group flux of the
absorber region to condense the fine group cross
sections (see Fig. 8). These condensed cross sections
replace the original cross sections in the 99-group
library from group 68 to 93, :

In the thermal energy region, the 123-group cross
sections of hafnium in the structure of THERM-123
were produced in the same manner as the resonance
cross sections, but they were condensed to 123
energy groups (see Fig. 8) in the energy range from
107 to 1.85 eV.

The 99- and the 123-group cross sections were
combined to 53-energy-group cross sections of haf-
nium following the procedure described in Sec,
IV.B.1.

IV.D. Computational Mode! of Unit Cells
in GAM-THERMOS

The unit cell needed for the one-dimensional spec-
tral code THERMOS-Jiil is represented in spherical

Hafnium isotopes
ENDF/B-1V format

Multigroup
spectrum

' ~3000-Group
cross sections

Fig.8. Flow diagram for calculating the resonance absorp-
tion of hafnium.

555



Drilke etal. HETEROGENEOUS POISONING

geometry. In the case of the reference core, the
following model was used (see Fig. 9).

In the fuel zone of the spherical fuel element, the
coated, particles and the matrix graphite were homog-
enized, taking into account the flux depression inside
the coated particles by disadvantage factors calcu-
lated by THERMOS-Tiil (see Table VII). The second
zone is the graphite shell of the THTR fuel element.
The third zone contains the air, which surrounds
the sphere. Zone 4 of the unit cell is a mixture of
0.7 moderator elements and their surrounding air.
Table VIU contains the nuclide concentrations for
this model. The effective absorption cross section of
graphite in the THTR fuel elements is estimated as
3.8 mb. This value was determined by measuring the
concentrations of absorbing elements in the ash
content of fuel graphite. The cross section in the
THERMOS library is 3.88 mb. Corresponding to this
difference of —0.08 mb, a correction was performed
by adding a negative boron concentration,

In the case of cores that contain absorber ele-
ments, the unit cell is built up in the following
manner (see Fig. 10). The center of the unit cell is
the absorber element sphere, which is the sphere
with the largest flux gradient and therefore must
be described exactly. The disadvantage factors of the
fuel element were known from earlier calculations.
The unit cell consists of four zones. The first is the
homogenized absorber matrix, which, in the case of

Moderator element + air

R1=2.3cm
R;=3.0cm

Rj=3.5286 cm
Rs4=4.2113cm

Fig.9. Cell model for the spectrum calculation in the
KAHTER core without absorber elements.

556

the boron element, is a sphere with the same volume
as the real boron nitride cylinder. The second zone is
the graphite shell of the absorber element. Zone 3 is
the surrounding air. Zone 4 is a mixture of moderator
elements, fuel elements, and surrounding air. The
nuclide concentrations for all zones of the unit cells
are given in Tables IX through XV, These tables con-
tain the homogenized nuclide concentrations, which
are used in the GAM-I and EXTERMINATOR-II
codes and in the reactor code system RSYST.

IV.E. Treatment of Boron Elements with GAMTEREX

The spherical boron elements consist of graphite
with a cylindrical boron pellet in the center. This
pellet has a diameter and a height of 2 cm. For the
calculation with THERMOS, the pellet has to be
described as a sphere in such a way that its reaction
rate should be the same as that of the cylinder. On

TABLE VII
Disadvantage Factors of Coated Particles
of THTR Fuel Elements
Upper Energy
eV) Disadvantage Factors
1.100-02? 09641
1.988-02 09758
3.184-02 09818
4904-02 0.9860
7.046-02 0.9890
9.033~02 09908
1.103-01 0.9920
1.352-01 09928
1.807-01 0.9938
2.230~01 0.9943
2.757-01 0.9939
3.255-01 0.9940
3.829-01 09951
4.809-01 09968
6.150-01 09978
7472~01 09981
8.528-01 0.9983
9.356-01 0.9982
1.014 0.9982
1.048 09976
1091 09973
1.130 - 09969
1.173 0.9966
1.238 09979
1.361 0.9990
1.516 0.9995
1.686 0.9993
1.856 09995

3Read as 1,100 X 1072,

NUCLEAR TECHNOLOGY VOL.55 DEC. 1981
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TABLE VIiI
Nuclide Concentrations of Spherical Unit Cell for KAHTER-Reference Core
THERMOS/ISOSTO
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF2D EXTERMINATOR-II
Hydrogen 9.75413-06 1.01764~-05 - 6.09889-06 6.12143~06 6.12143-06
Boron -8.76424-09 -9.14370-09 -— 6.71292-08 5.46487-08 24397608
Carbon 8.31506-02 8.67508-02 —-— 5.19910-02 5.21831-02 5.21831-02
22T 5.19495-04 -—— - - 8.46303-05 8.46303-05
B4y 5.20190-07 - - ——— 8.47435~08 8.47435-08
235y 4.83714-05 —-—— - -—— 7.88014-06 7.88014-06
38y 3.07365-06 -——- -—- -—- 5.00724~-07 5.00724-07
Nitrogen 1.09403-05 9.71637-06 3.92099-05 2.15340-05 2.14686-05 2.14686-05
Oxygen 1.14292-03 -——- 1.05199-05 4.05468-06 1.90246-04 1.90246~04
Aluminum —— - 3.63535-05 -—— 8.24212-06 8.24212-06
TABLE IX
Nuclide Concentrations of Spherical Unit Cell of KAHTER Core Bl
THERMOS/ISOSTO
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF-2D EXTERMINATOR-II
Hydrogen 2.64713-06 9.88231-06 -—— 6.18968-06 6.18477-06 6.18477~06
Boron 2.58213-03 7.99145-08 - 2.04584-08 1,51267-06 1.48210-06
Carbon 2.25659~-02 8.42433-02 - 5.27649-02 5.27231-02 5,27231-02
2327} -—- - - 8.72786-05 | 8.58478-05 8,58478-05
By - - - 8.73952-08 8.59625-08 8.59625-08
85y —— - - 8.12672-06 7.99349-06 7.99349~-06
38y - —— ——- 5.16393-07 | 5.07927-07 5.07927-07
Nitrogen 2.61365-03 1.05688-05 3.92099-05 2.12709-05 2.27463-05 2.27463~05
Oxygen - -——— 1.05199-05 1.96001-04 1.92853-04 1.92853-04
Aluminum -——- ——— 3.74164-05 - 2.32241~07 2.32241-07
TABLE X
Nuclide Concentrations of Spherical Unit Cell with THTR Fuel Elements of KAHTER Core B2
THERMOS/ISOSTO
GAM-1
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF-2D EXTERMINATOR-II
~ ~ ~06
Hyd 2.64703-06 9.88233-06 -——= 6.22773-06 6.21888-06 6.21888
B())/mr:: & 2.58204-03 7.99147-08 - 2.35012-08 2.69254-06 2.66181-06
Carbon 2‘25650-02 8.42435-02 - 5.30893-02 5.30138-02 5.30138-02
21 - - - 8.86989-05 8.60901-05 8.60901-05
B4y ——— —— - 8.88175-08 8.62051-08 8.62051~08
257 —_— —_—— - 8.25897-06 8.01605-06 8.01605~06
238y - - —— 5.24796-07 5.09361-07 5.09361—3;
Nit 2.61355-03 1.05687-05 3.92099-05 2.11606-05 2.38238-05 2.38238~
oi;zgﬁn - -—— 1.05199-05 1.99086-04 1.93346-04 1.93346~04
Aluminum - - 3.80263-05 ——— 4,19214-07 4,19214-07
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TABLE XI
Nuclide Concentrations of Spherical Unit Cell with AVR Fuel Elements of KAHTER Core B2
THERMOS/ISOSTO
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF-2D EXTERMINATOR-II
Hydrogen 2.64703-06 | 9.88233-06 ——- 6.24153-06 | 6.23227-06 6.23227-06
Boron 2.58204-03 | 7.99147-08 -—- 2.00767-08 | 2.68928-06 2.65848-06
Carbon 2.25650-02 | 8.42435-02 - 5.32069-02 | 5.31280-02 5.31280-02
2327 —— - —— 437929-05 | 4.25048-05 4.25048-05
B4y —— -—- -—- 474613-08 | 4.60653-08 4.60653-08
257 - - - 8.59142-06 | 8.33873-06 8.33873-06
ey - -—- -—- 2.66545-08 | 2.58706-08 2.58706-08
=8y - - - 5.57776-07 | 5.41371-07 5.41371-07
Nitrogen 2.61355-03 1.05687-05 | 3.92099-05 | 2.11206-05 | 2.37850-05 2.37850-05
Oxygen ——- -—— 1.05199-05 | 3.94317-06 | 3.94317-06 3.94317-06
Aluminum - - 3.80263-05 - 4.19214-07 4.19214-07
TABLE XII
Nuclide Concentrations of Spherical Unit Cell of KAHTER Core H1
THERMOS/ISOSTO
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF-2D EXTERMINATOR-II

Hydrogen 9.98620-06 9.98620-06 ——- 6.24044-06 | 6.24069-06 6.24069-06
Boron 436997-05 | -2.57966-08 -—- 2.42382-08 | 2.50378-07 2.19538-07
Carbon 8.51289-02 8.51289~02 ——— 5.31976-02 | 5.31997-02 5.31997-02
22Ty ——- - —— 8.75232-05 | 8.61339-05 8.61339-05
2y - -— - 8.76401-08 | 8.62489-08 8.62489-08
:j:U - -~ ——= 8.14949-06 | 8.02013-06 8.02013-06
U - -——— - 5.17840-07 | 5.09620-07 5.09620-07
Nitrogen 1.02677-05 1.02677-05 | 3.92099-05 | 2.11237-05 | 2.11230-05 2.11230-05
Oxygen ——— -—— 1.05199-05 | 1.96485-04 | 1.93429-04 1.93429-04
Aluminum —— -——- 3.82401-05 - 2.26717-07 2.26717-07
izsz 1.44554~05 - - -—= 6.47772~08 6.47772-08
;4 5.14279-05 -== --- - 2.30457-07 2.30457-07
. 7.54467-05 -=- --- --- 3.38089-07 3.38089-07
Hf 3.82260-05 - -—- --- 1.71296-07 1.71296-07
Hf 9.79698-05 ——- - ——- 43901807 4.39018-07

the assumption that the boron mass is conserved,

two models were chosen:

1. Volume of the sphere is equal to the volume of

the cylinder.

2. Surface of the sphere is equal to the surface of

the cylinder.

The calculation with model 1 yields a keg value
for core B2, which is 0.8% higher than the value of
the calculation with model 2. To decide which model
is adequate for the spectrum calculations, space-
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dependent reaction rates of 164Dy(n,y)165Dy in two
boron elements were measured and calculated with
both models. The boron elements were irradiated in
a central position of the top reflector., Reaction rate
experiments in the core were not possible due to
technical reasons, A comparison of measured and
calculated reaction rates is given in Fig. 11,

The reaction rate decreases in the center of the
element to a value of ~20%. The experiment as well
as the one-dimensional ANISN (Ref, 12) calculation

show a constant reaction rate outside the boron
element.
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Core R 1 Rz R3 R4
B1 1.1447 3.0 3.5156 13.8392
B2 1.1447 3.0 3.5085 11.3662
H1 23 3.0 3506 13.9510
H2 23 3.0 35074 12.5670
H3 23 3.0 3.4987 11.3344

Fig. 10. Cell model for the spectrum calculation in the
KAHTER core with absorber element (dimensions
in centimetres).

The depression of the reaction rate inside the
boron element is described better by the calculation
using model 1. Therefore, model 1 was used in all
further cell calculations. To determine the difference
between model 1 and the real cylindrical geometry
of the boron pellet, three-dimensional Monte Carlo
calculations with the KENO program!® were per-
formed. The calculation with real geometry yields an
absorption reaction rate that is 3% higher than using
model 1. This is why the kerr values of the Bl and
B2 cores calculated with the volume equivalent
cell model should be reduced by 0.15 and 0.30%,
respectively. It should be mentioned here that this
correction is not to be applied to the hafnium poi-
soned cores, because the absorption zone of the
hafnium elements is of spherical geometry.

In GAMTEREX, disadvantage factor calculations
are only possible in the thermal energy range using
THERMOS. As the disadvantage factor of the boron
pellet at 1.85-eV energy is still 0.8, disadvantage
factor calculations in the epithermal and fast energy
range are also necessary. These calculations must be
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Fig. 11. Result of the measured and calculated dysprosium
reaction rates in the boron absorber element,

carried out with the one-dimensional code ANISN
because the spectrum code GAM-I is zero dimen-
sional., The disadvantage factors of the boron pellet
were determined over the complete energy range
with ANISN. In the thermal range the factors ob-
tained from THERMOS and ANISN are equal.

Taking into account the disadvantage factors in
the epithermal and fast energy range, the ke values
of the B1 and B2 cores are ~150 and 300 mNile
higher, respectively. The cell model used was de-
scribed in Sec. IV.D and shown in Fig. 10.

IV.F. Spectrum and Diffusion Calculations
with GAMTEREX

In the calculational model, the critical facility is
divided into many zones with homogenized material
compositions to carry out cell and spectrum calcula-
tions with the codes GAM-I, THERMOS-}iil, and
MUPO of the cycle GAMTEREX (Refs. 5 and 14).
The spectra from GAM-I and THERMOS are used
to produce seven-group cross sections for the two-
dimensional EXTERMINATOR-2 diffusion code.!®
The energy groups are given in Table XVI.

Due to high leakage effects and the resulting
strong space-dependent spectral changes in the
system, a relatively fine structure in spectral zones is
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TABLE XIII
Nuclide Concentrations of Spherical Unit Cell of KAHTER Core H2
THERMOS/ISOSTO
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFF-2D EXTERMINATOR-II
Hydrogen 9.98620-06 9.98620-06 - 6.23361-06 | 6.23394-06 6.23394-06 -
Boron 43699705 | -2.57966-08 - 2.39726-08 | 3.21962-07 2.91155-07
Carbon 8.51289-02 8.51289-02 ——— 5.31393-02 | 5.31422-02 5.31422-02
2327 Se= —— ——— 8.78981-05 | 8.59872-05 8.59872-05
3y - -— -—= 8.80156-08 | 8.61021-08 8.61021-08
B85y - - - 8.18440-06 | 8.00647-06 8.00647-06
n8y -—— —— -—- 5.20058-07 | 5.08752-07 5.08752-07
Nitrogen 1.02677-05 1.02677-05 | 3.92099-05 | 2.11435-05 | 2.11425-05 2.11425-05
Oxygen ——— -— 1.05199-05 | 1.97317-04 | 1.93113-04 1.93113-04
Aluminum -—- ——— 3.81260-05 -—- 3.10157-07 3.10157-07
1764 ¢ 1.44554-05 -—- -— ——— 8.86176-08 8.86176-08
177198 5.14279-05 -—— -—- —— 3.15273-07 3.15273-07
178pf 7.54467-05 - -—= - 4.62518-07 4.62518-07
19y f 3.82260-05 ——— -—- - 2.34340-07 2.34340-07
180p5£ 9.79698-05 -—- -—— - 6.00593-07 6.00593-07
TABLE XIV
Nuclide Concentrations of Spherical Unit Cell with THTR Fuel Elements of KAHTER Core H3"
THERMOS/ISOSTO ‘
GAM-I
Nuclide Zone 1 Zone 2 Zone 3 Zone 4 DIFE-2D EXTERMINATOR-IL
Hydrogen 9.98620-06 9.98620~06 -—- 6.28021-06 | 6.28066-06 6.28066-06
Boron 436997-05 | ~2.57966-08 - 2.36992-08 | 4.18921-07 3.87883-07
Carbon 8.51289-02 8.51289-02 ——— 53536602 | 5.35405-02 . 5.35405-02
23Z’rh -—— -——- - 8.94463-05 8.68155-05 8.68155-05
U - -— -—- 8.95658-08 | 8.69314-08 8.69314-08
::;U -—- -—- -—- 8.32855-06 | 8.08359-06 8.08359-06
U -—- -— ——— 5.29218-07 | 5.13653-07 5.13653-07
Nitrogen 1.02677-05 1.02677-05 | 3.92099-05 | 2.10085-05 | 2.10072-05 2.10072-05
Oxygen -—= -—— 1.05199-05 | 2.00674-04 | 1.94887-04 1.94887-04
Aluminum ——— - 3.88933-05 -—- 4.22746-07 4.22746-07
ot 14455405 --- - - 1.20786-07 1.20786-07
178Hf 5.14279-05 —~— -—- - 4.29719-07 4.29719-07
il 7.54467-05 -=- - --- 6.30414-07 6.30414-07
HE 3.82260-05 - - -~ 3.19406-07 3.19406-07
°Hf 9.79698-05 --- --- - 8.18611-07 8.18611-07

chosen, The homogeneity of the reflector allowed us
to use the zero-dimensional spectral code MUPO. In
regions of the same homogenized material compo-
sitions, spectral differences induced by neutron
streaming are taken into account by the buckling and

albedo recycle technique.5»16

In the pebble bed, the neutron streaming in the
cavities between the spherical elements has to be
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considered in diffusion calculations. For the analysis
of KAHTER experiments, the Behrens method was
used. This theory had to be modified, however, to
take into account statistically distributed holes.’ The
modified diffusion coefficient D, is calculated by

emsganfi ()]
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TABLE XV
Nuclide Concentrations of Spherical Unit Cell with AVR Fuel Elements of KAHTER Core H3
THERMOS/ISOSTO
. GAM-I
- Nugclide Zone 1 Zone 2 Zone 3 Zone 4 DIFE.2D EXTERMINATOR-II
Hydrogen 9.98620-06 9.98620-06 -—- 6.29411-06 6.29416-06 6.29416-06
Boron 4.36997-05 -2.57966-08 -—— 2.02459-08 4.15636-07 3.84531-07
2(,332;rbon 8.51289-02 8.51289-02 -—= 5.36552-02 5.36555-02 5.36555~02
234Th -—— -—- - 4.41619-05 4.28630-05 4.28630-05
U —-—= - —-—— 4,78612-08 4.64535-08 4,64535~08
;::U -—- -—- -—- 8.66381-06 | 8.40899-06 8.40899-06
238U v -—= -—= —-— 2.68791-08 2.60885-08 2.60885-08
U -—- - ——— 5.62476~07 5.45932~-07 5.45932-07
Nitrogen 1.02677-05 1.02677-05 3.92099-05 2.09682-05 2.09680-05 2.09680~-05
Oxygen ——= -—- 1.05199-05 3.88775-06 3.88775-06 3.88775-06
%uminum === -——- 3.88933-05 —— 4.22746~07 4,22746~07
177Hf 1.44554-05 —-—— -—= —-—— 1.20786-07 1.20786-07
me 5.14279-05 - ——= - 4,29719-07 4.,29719-07
o Hf 7.54467-05 - -—= - 6.30414-07 6.30414-07
189Hf -3.82260-05 - -—- - 3.19406-07 - 3.19406-07
OHf 9.79698-05 - -—= —-— 8.18611-07 8.18611-07
where , TABLE XVI
Dy, = diffusion coefficient of a homoge- Energy Boundaries for Few Group Diffusion Calculations
neous material '
. . . . Energy Boundaries
r = 2(vp/s) = hydraulic radius with v, the void V)
volume of a unit cell and with s the
surface of one hole Group GAMTEREX RSYST
f = filling factor. 10 -107 1.4918-107
The lattice structure is random and the value of 1 6.393 -10° 8.2085-10°
r is a mean value. The effect of streaming correc- 2 235 105 9.6112-10
tion has been calculated for the reference core and 3 - /
leads to a change of 2% in keg. The diffusion code 130 -10? 1.8554-10°
EXTERMINATOR-2 only uses zero flux boundary 4 1.8554-10° 625 107
condition, but the KAHTER facility has high neu- 5 ' 4 4
tron leakage. Therefore, in the calculation along P 6.15 -10 10 -10
boundaries, rod regions were specified to take into 1.103 -107 10  -10%
account an extrapolation distance. This is done in 7 3
EXTERMINATOR-2 if D is input zero. The rod 39 10

group constant CR is input in place of X, by setting
CR =1/(3X0.71) =0.469

_for all groups.

IV.G. Spectrum and Diffusion Calculations in RSYST

The flow chart in Fig. 12 shows the module
sequence used for the reactor calculations in RSYST.
These calculations are performed in three steps. First,
the homogenized multigroup macroscopic cross
sections of the reactor zones are produced after
-carrying out cell calculations in spherical geometry.

NUCLEAR TECHNOLOGY VOL.55 DEC. 1981

Next, the few-group data are generated utilizing
spectra from one-dimensional transport calculations.
Finally, in a two-dimensional diffusion calculation
kess of the facility and space dependent reaction rates
are determined.

IV.G.1 ."\ Cell Calculations

Due"to different and inhomogeneous core regions,
many one-dimensional cell calculations were per-
formed using 53-group data. Each unit cell consists
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Cross
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Collapsing of cross sections
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reactor calculation

One-dimensional
spectrum calculation

Fig. 12. Flow diagram for spectrum and diffusion calculations
with RSYST.

of four zones like THERMOS cell (Figs. 10 and 11).
The first two zones are identical to an absorber
element and the third represents the surrounding air.
The last zone of the unit cell is a homogenized shell
of moderator and fuel elements and their air environ-
ment. The fuel zone containing coated particles and
matrix graphite is described homogeneously taking

into account the disadvantage factors of the coated

particles. The cell calculations were carried out by the
one-dimensional transport module SN-1D using the
method of discrete ordinates in the order of S,

The homogenized macroscopic cross sections of
the unit cell are performed by the RSYST module
MITHOM utilizing the zone fluxes from the SN-1D
cell calculation and the macroscopic cross sections
of the four zones of the unit cell.

No cell calculations were done for the reflector.
In the calculation, the channels and the graphite of
the reflector regions were treated as a homogeneous
mixture. '
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IV.G.2. Spectrum Calculations

To get few-group cross sections for the two-
dimensional diffusion calculation, spectrum calcula-
tions are necessary that consider the lateral neutronic
interaction between different spectral zones. These
calculations are performed with the one-dimensional
module SN-1D in two complementary manners,
namely in axial and radial direction of the reactor.

IV.G.2.a. Axial Calculation. In the axial direction, the
reactor geometry is described exactly. The necessary
macroscopic cross sections are those generated by
the cell calculations. The transport calculation is
performed in slab geometry using the transverse
buckling of the real facility.

The spectra of this calculation are used to gen-
erate few-group cross sections of the axial zones from
the bottom up to the top reflector. This procedure
shows that the neutronic interaction between the
zones is taken into account.

IV.G.2.b. Radial Calculation. To generate the few-
group cross sections of the outer core regions and the
side reflector, the spectra in these regions are pro-
duced carrying out radial calculations, in which the
neutronic interaction of different zones in this
direction is included. In this procedure, the system is
regarded as an infinitely long cylinder. This approxi-
mation is applicable to the calculation, because the
nuclear property of the side reflector does not
remarkably change in axial direction.

1V.G.3. Two-Dimensional Diffusion Calculation

After generating the few-group cross sections,
Behrens® correction is carried out representing the
streaming effect in the core and reflector cavities.

Finally, with the two-dimensional diffusion mod-
ule DIFF-2D, the kq¢r value and the flux distribution
of the critical facility KAHTER are obtained. The
energy group boundaries are given in Table XVI.

V. DISCUSSION OF RESULTS AND CONCLUSIONS

Comparison of experimental and theoretical re-
sults for all cores as given in Table II1 has been done
under the same reactor conditions, i.e., without
instrumentation in the bottom reflector, with a 1-mm
cadmium shielding at whole surface of the facility,
and with several holes in the top reflector. The mea-
sured and calculated kegr values and their differences
are listed in Table X V1I.

For the calculations of the cores with boron
absorber elements, the cylindrical boron pellet was
represented by a sphere of the same volume. Investi-
gations (Sec. IV) had shown that the real result has a
value that lies between the results of the two models
with the same volume and the same surface. There-
fore, the results (equivalent volume model) of cores

NUCLEAR TECHNOLOGY VOL.55 DEC. 1981
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TABLE XVII

Comparison of Experimental and Calculated kesr Values

. Difference Difference
Experiment GAMTEREX GAMTEREX Experiment RSYST RSYST Experiment
Core kert kess (%) Kess (%)

Reference 099681 1.00247 0.566 0.99882 0.201
0.99899 0348 -0.017

Bl 1.00389 1.00657 0.268 1.00474 0.085
B2 1.0058 0.99624 ~-0.434 0.99840 -0.218
099704 -0.080 0.136

0.99949 -0325 -0.109

H1 1.00540 1.00841 0.301 1.00676 0.135
H2 1.00473 1.00384 ~-0.089 1.00355 -0.117
H3 1.00111 0.99678 -0.433 0.99973 -0.138

B1 and B2 are reduced by 0.15 and 0.30%, respec-
tively. Table XVII shows that the core B2, which
had been built up three times with the same loading
and filling factor, had different experimental Kegt
values within 0.35%. The cores with hafnium ab-
sorber elements were built up only once, but prob-
ably the experimental k¢ values would also vary by
the same order of magnitude.

The comparison of experimental and ks values
calculated with GAMTEREX shows agreement within
about the range of variation of experimental Kegr
values. Furthermore, it can be stated that, with the
increasing content of absorber elements, the Kesr
values decrease compared to the experimental results.
Therefore, a certain overestimation of the absorption
might occur if the portion of absorber elements has
to be increased considerably.

The kesr values calculated by RSYST are also
listed in Table XVII. The maximum difference be-
tween experiments and calculations here is 0.218%,
and therefore the calculations are in excellent agree-
ment with the measurements.

Nuclide concentrations for both program systems
were identical, and the cross sections used do not

differ very much. Therefore, the differences in the .

results are supposed to be due to less adequate cal-
culational models in the GAMTEREX system. The
only essential difference in both program systems
was in the performance of spectrum calculations. In
GAMTEREX, a spectrum calculation is made for
each spectral zone, and the coupling to the adjoining
zones is treated only by recoupling buckling data
from diffusion calculation. However, this applies only
in the seven macrogroups. In RSYST, however, the
spectrum calculation is performed one dimensionally
through all spectral zones of the reactor in the axial
or radial direction. Hence, in each calculation the

NUCLEAR TECHNOLOGY VOL.55 DEC. 1981

spectrum influence of adjoining zones is taken into
account,

Good agreement between experimental and cal-
culational tesults can be stated in all cases, and so the
tested models, program systems, and data bases
should also give good results for larger reactor cores
loaded with hafnium absorber elements.
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