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Abstract

As part of the activities within the framework of the development of INCOGEN, a
"Dutch" conceptual design of a small HTR, the ECN reactor physics code system has been
extended with the capability to perform combined neutronics and thermal hydraulics
steady-state, burnup and transient core calculations on pebble-bed type HTRs, by joining
the general purpose reactor code PANTHER and the HTR thermal hydraulics code
THERMDC/DIREKT in the PANTHERMDC code combination. The validation of the ECN
code system for HTR applications is still in progress, but some promising first calculation
results on unit cell and whole core geometries are presented, which indicate that the
extended ECN code system is quite suitable for performing the pebble-bed HTR core
calculations, required in the INCOGEN core design and optimization process.

1. INTRODUCTION

In 1993 an HTR project was initiated at ECN within a wider national Dutch nuclear
development programme. The most important activity at ECN comprises the first efforts
towards a "Dutch" conceptual design of a small HTR. The plan is to compose and
optimize a modular HTR design, best suited to Dutch development and market
circumstances, built out of components of existing design, always keeping in mind the
costs of development and market introduction.

This paper is primarily devoted to the validation of the ECN reactor physics code system
OCTOPUS for the reactor physics analyses of the first selection of a small 40 MWth HTR
concept. This first concept, INCOGEN, which stands for Inherently safe Nuclear
COC/EiVeration [1], is primarily based on the Julich PAP20 reactor [2]. Emphasis is put on
the calculation of safety related physics parameters, like reactivity coefficients and
dynamic behaviour during transients.

The ECN reactor physics analysis code system OCTOPUS [3] covers the whole range
from nuclear model calculations upto whole-core calculations. Within this code package
different calculation^ approaches can be used to solve the same problem, e.g.
deterministic versus Monte Carlo. In the OCTOPUS code system several codes and code
systems, including NJOY, SCALE-4, KENO-V, DORT/TORT, WIMS, MCNP4A and
PANTHER are interconnected, and also connected to the point-depletion codes ORIGEN-S
and FISPACT-4. In Section 2.1 a brief description will be given of the ECN reactor
physics code system OCTOPUS in general and with respect to the application in HTR
reactor physics calculations.
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Recently the capabilities of the ECN reactor physics code system have been extended with
the possibility to perform pebble-bed HTR core physics calculations. Both steady-state and
bumup core physics and reactivity transient calculations for High Temperature Reactors
are being performed by connecting the general purpose modular reactor code PANTHER
[4,5] and the HTR thermal hydraulics module THERMIX/DIREKT [6] from KFA Julich
in a code combination PANTHERMIX. Some features of this code combination are
presented in Section 2.2.

Until a couple of years ago no HTR reactor physics calculations had been performed with
the ECN code system. Consequently, benchmarking of our code system with
computational and experimental benchmarks was required. Therefore ECN has been
participating in the IAEA Coordinated Research Programme on "Validation of Safety
Related Calculations for Low-Enriched HTGR's". In this programme institutions from
Japan, China, USA, Russia, Germany, Switzerland, France and The Netherlands are
collaborating in benchmark calculations for the HTR-PROTEUS experiment in Villigen,
Switzerland, which deals with the well-known spherical fuel elements with a diameter of
6 cm. In Section 3 some results will be presented of the validation of the ECN code
system for these steady-state HTR applications. An intercomparison is made between the
HTR-PROTEUS benchmark calculation results of the deterministic code packages WIMS
(versions E-5 and 6) and SCALE-4, and the Monte Carlo code MCNP4A.

The feasibility of the PANTHERMIX code combination for steady-state, bumup and
transient calculations is being demonstrated in a benchmark exercise on the PAP20 pebble-
bed reactor, which is carried out together with KFA Julich, comparing the ECN code
package, in particular the PANTHERMIX code combination, with the KFA HTR code
package. The benchmark exercise is still in progress, but in Section 4 some results will be
presented of steady state and reactivity transient calculations on the PAP20 reactor
concept. The final benchmark comparison results will be reported at a later stage.

Presently the core physics calculations for the "Dutch" small 40 MW reactor concept
INCOGEN are still in progress, but in Section 5 some first results will be presented from
the whole-core calculations with the coupled neutronics-thermal-hydraulics code
combination PANTHERMIX for the first version of INCOGEN. Also some results will be
presented of MCNP shielding calculations on the INCOGEN conceptual design.

2. OCTOPUS - THE ECN REACTOR PHYSICS CODE SYSTEM

2.1. General aspects

The ECN reactor physics analysis code system covers the whole range from basic nuclear
data libraries and nuclear model calculations, through (pin-)cell and assembly calculations
upto 3-D combined neutronic and thermal hydraulic whole-core calculations. The code
system includes internationally recognized codes as NJOY (Los Alamos National
Laboratory; basic nuclear data processing and library generation), SCALE (Oak Ridge
National Laboratory; deterministic neutron transport for (pin-) cells and assemblies),
WIMS (AEA Technology, U.K.; deterministic neutron transport and diffusion for a variety
of core subsystems), MCNP (LANL; general purpose continuous energy Monte Carlo),
KENO (ORNL; groupwise Monte Carlo), ORIGEN (ORNL; fuel depletion and activation
source terms), FISPACT (AEA Technology, U.K.; fuel depletion and activation) and
PANTHER (Nuclear Electric, U.K.; steady-state, burnup and transient core physics) [4,5].

408



The maintenance, verification, validation and application of the codes is subject to strict
quality assurance procedures, which guarantee the tracebility and reproducebility of the
results obtained.

A relatively new development at ECN is the OCTOPUS system [3], which interconnects
and integrates the codes and code systems mentioned above. This provides flexibility and
the possibility of parallel routes through the entire code system, which also enables
internal verification of calculation results: the same calculation result can by obtained by
taking different routes through the code system, i.e. within the code system different
calculational methods, e.g. deterministic and Monte Carlo, can be used to solve the same
problem. At the moment all reactor physics codes use nuclear data libraries based on the
Joint Evaluated File JEF-2.2, but for special purposes the basic nuclear data libraries can
be extended.

The OCTOPUS code system is mainly being applied for criticality calculations, shielding
analyses, HFR (High Flux materials testing Reactor) calculations, and cell and assembly
calculations, in which reactivity coefficients and burnup effects for PWR, BWR, and
Candu geometries are determined. Also sensitivity and uncertainty analyses for reactivity
calculations and shielding applications can be carried out in this code system.

For steady-state neutronics HTR calculations initially the deterministic codes SCALE
(version 4.1) and WIMS (versions E-5, 6 and 7) and the continuous energy Monte Carlo
code MCNP (version 4A) [7] code were selected [8,9]. The SCALE system uses the
Nordheim method (in the NTTAWL code) for the resolved resonance treatment and the
Bondarenko method (in the BONAMI code) for the unresolved resonance treatment. In
both methods a Dancoff factor is applied in the treatment of the spatial heterogeneity.
One-dimensional neutron transport calculations (in slab, cylindrical or spherical geometry)
can be performed with the XSDRN code. However, in the SCALE code system no special
options exist to treat the double heterogeneous geometry of HTR fuel (spherical fuel
pebbles and cylindrical fuel compacts). Therefore, the calculation for a unit cell is
performed in two stages [8,9]. First a "micro cell" (or grain cell) calculation is performed
by BONAMI, NITAWL and XSDRN in the fine (172-group) energy group structure. The
calculated neutron flux distribution in the micro cell is used to homogenize the fuel grain
with the coatings and the matrix. This mixture is then used in a "macro cell" XSDRN
reactivity calculation in which the entire fuel pebble (or compact) and moderator pebbles
(if required) are modelled. The XSDRN neutron transport calculations can be performed
using S32 quadrature and P5 scattering order. The Dancoff factor for the double
heterogeneous geometry, required in BONAMI and NITAWL, is calculated by the MCNP
code, employing a special option built in by ECN [8,9].

The WIMS code (versions E-5, 6 and 7) contains a special module, PROCOL, which can
explicitly treat the double heterogeneity associated with granular fuel in HTR fuel
elements, both in the resonance shielding treatment by the subgroup method and the
subsequent multi-group neutron transport calculation [10]. PROCOL was designed for
spherical fuel grains (with possible coatings) embedded in an annular structure of matrix
material, which is the correct geometry for the fuel compacts in MHTGR-like reactors [9].
As PROCOL is not capable of treating grains in spheres, an equivalent cylinder
approximation was used to model fuel pebbles containing grains. In the equivalent cylinder
approximation the radius of the fuel zone containing the grains is chosen in such a way
that the average chord length of the spherical fuel zone is preserved, thereby preserving
the escape probability in the fuel zone. In order to check this approach, MCNP
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calculations were performed for both models. A good agreement between equivalent
cylinder and spherical unit cell is observed [8,9]. The deviation in k^ is within the
statistical uncertainty (~ 0.1 %), whereas the deviation in spectral indices is less than 3 %.

For whole-core calculations the SNAP diffusion module is available in WIMS, which can
treat e.g. 2-D R-Z and 3-D Hex-Z geometries. The latter is useful for modelling MHTGR-
type geometries (consisting of hexagonal blocks), but it can also be used to approximate
cylindrical structures (like pebble-bed HTRs) by specifying a small flat-to-flat distance of
the hexagons (in the order of centimetres). The SNAP module initially has been checked
for HTR application by comparing 2-group SNAP diffusion calculations and fine-group
neutron transport calculations by the WIMS modules PROCOL and THESEUS for the
same (cylindrical) geometry, yielding satisfactory agreement [9]. Further validation of
SNAP (also in multigroup mode) has been done in the framework of the HTR-PROTEUS
and PAP20 benchmark studies, presented in this paper.

The continuous energy Monte Carlo code MCNP (version 4A) offers the possibility to
model explicitly all details of a 3-dimensional geometry. E.g. fuel grains (including the
coating shells) in a unit cell can be modelled, thereby explicitly treating the double
heterogeneity, but it is also possible to model fuel grains in pebbles in a complete (3-D)
reactor [7,8]. In view of its extensive geometric and explicit resonance treatment
capabilities the MCNP code was selected for reference calculations and also for shielding
calculations.

In order to validate the codes mentioned above for steady-state pebble bed HTR
applications, calculations have been performed within the framework of the
HTR-PROTEUS benchmark [11]. In Section 3 some results will be presented of cell and
whole core HTR-PROTEUS calculations by the three code systems.

For the HTR power reactor physics calculations the core physics code PANTHER was
selected. The commercially available, general purpose modular reactor code PANTHER
[4,5] has been in use at ECN for some time now. The code's capabilities comprise
steady-state, burnup and transient combined reactor physics (neutronics) and thermal
hydraulics calculations for a number of different reactor types. Its main areas of
application concern light water (PWR, BWR) and gas cooled (Magnox, AGR) reactors, for
which thermal hydraulic models are included in the code. However, the code does not
contain a model for detailed thermal hydraulics (including more-than-one-dimensional heat
transfer) of hexagonal prismatic or pebble-bed High Temperature Gas-cooled Reactors. For
the purpose of pebble-bed HTR core physics calculations the thermal hydraulic code
THERMIX/DIREKT [6] from KFA Jiilich has been combined with the PANTHER code,
enabling both steady state and burnup core physics and reactivity transient calculations.

2.2. PANTHERMIX - a PANTHER-THERMIX/DIREKT interaction

The combined code system PANTHER-THERMIX/DIREKT {PANTHERMIX) [12]
consists of the PANTHER code, which calculates (in steady-state and transient mode) the
3-dimensional neutron flux and power distribution for a given temperature distribution, the
THERMIX/DIREKT [6] code, which calculates (in steady-state or transient mode) the
temperature and flow distribution for a given power distribution, and two interface codes
for data transfer and format conversion between the main codes. THERMIX/DIREKT is
an improved version of the THERMDC/KONVEK module of the VSOP code [13]. The
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combined code system is controlled from the PANTHER code, which calls the interfacing
codes and THERMIX/DIREKT from within a calculation loop.

It is important to note that for the development of the combined code system
PANTHERMDC no changes to the PANTHER code were required (Quality Assurance!)
and that only minor changes were required to the THERMIX/DIREKT code. These
changes concern only in/output procedures to generate of files containing data (fluid- and
solid-state temperature distributions) to be transferred to PANTHER through one of the
interfacing codes. The transfer of data (power distribution) from PANTHER to
THERMIX/DIREKT is also performed by an interface code, which generates part of the
THERMIX/DIREKT data input from the power distribution information contained in a
standard formatted, generated by PANTHER.

In order to check the suitability of the PANTHER neutronics modelling for HTR
applications an intercomparison was carried out, within the framework of an MHTGR
benchmark exercise [9], between the WIMS module SNAP (in 2-D R-Z and 3-D Hex-Z
mode) and PANTHER (in 3-D Hex-Z mode), both using 2-group nuclear constants
generated by the WIMS code package, employing the PROCOL module. A very close
agreement (within 1 pern) was found for k,.ff (in Hex-Z geometry). Also the agreement
between the calculated k^ for Hex-Z and R-Z geometries in SNAP (preserving material
volumes) was found to be quite close [9], from which it may be concluded that a
cylindrical structure (such as a pebble-bed HTR) can be approximated, for neutronics
purposes, by a Hex-Z geometry, provided that the hexagons are not too large.

This is very important for the development of the PANTHERMDC code combination, in
view of the fact that PANTHER has to approximate the 2-D R-Z geometrical structure
employed in THERMDC/DIREKT by a 3-D Hex-Z model with small ("mini") hexagons.
This is done as follows. A radial mesh in the THERMDC/DIREKT geometry specification
can be associated with a set of hexagons in the PANTHER geometry description, of which
the total area is equal to the area of the THERMIX/DIREKT radial mesh (see FIG. 1
and 2). For radial meshes and hexagon sets associated in this way the power distribution
and temperature distribution information is transferred between the codes. The linear
power densities for a set of hexagons associated with a particular radial mesh, as
calculated by PANTHER, are averaged and transformed into a power density for the
associated radial mesh, as required by THERMDC/DIREKT, thereby preserving the total
mesh power. The fluid and solid-state temperatures for a radial mesh, as calculated by
THERMDC/DIREKT, are transferred to all associated hexagons.

The procedure described above is followed for each axial mesh. For the axial direction no
special treatment is necessary as the axial geometry can be modelled in the same way in
both PANTHER and THERMDC/DIREKT.

PANTHERMIX requires a nuclear database containing - presently - 2-group nuclear data
for all reactor materials, depending on irradiation, fuel temperature, xenon density, etc.
The WIMS code (version 7) was selected to generate these databases, in view of the
presence of the special PROCOL module and also because of the possibility to perform
bumup calculations in a convenient way within the WIMS7 code system. The WIMS7
code system also provides the 6-group delayed neutron data (yields p\), required for
transient calculations by PANTHER. In the near future a multigroup (up to 12 neutron
energy groups) version of PANTHER will be operational.
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FIG. 1 "Mini" hexagon structure in PANTHER. The numbers indicate the associated radial
mesh in FIG. 2.

FIG. 2 Radial mesh structure in THERMEX/DIREKT, corresponding to the "mini" hexagon
structure shown in FIG. 1.
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In the PANTHERMK code combination the core height of the pebble-bed HTR model
(i.e. the position of the boundary between the core and the gas space) can be varied
continuously by making use of the control rod treatment method of the PANTHER code.
In the PANTHER part of PANTHERMIX this treatment uses "unrodded" material (the fuel
pebbles) and "rodded" materials (the gas space above the core). The boundary between the
"rodded" and "unrodded" material is marked by the position of the "control rod" tip. Also
within-node "rod tip" positions are possible, in which case the "rodded" and "unrodded"
material properties (viz. 2-group nuclear constants) for that particular node are mixed by
axial flux-volume weighting. In the THERMIX/DIREKT part of PANTHERMIX the
boundary between the top of the core and the gas space must coincide with an axial mesh
boundary. PANTHERMIX automatically selects the top layer of the core in the
THERMIX/DIREKT model in such a way that the actual upper boundary of the core, in
the PANTHER model, is contained in the core top layer of the THERMIX/DIREKT
model, thereby also avoiding direct energy production in the gas space.

As PANTHER uses diffusion theory, calculational stability problems can be expected
when using the actual diffusion coefficients (in the order of metres) in the gas spaces.
Gerwin and Scherer have provided a recipe [14] to calculate the effective radial and axial
diffusion coefficients in a cylindrical gas (or vacuum) space. This recipe is succesfully
applied in our pebble-bed HTR PANTHER calculations. However, the calculated k^ and
flux shapes are not sensitive to changes in the diffusion coefficients in the gas space, as
long as these coefficients are still large.

The PANTHERMDt code combination can be used for both steady-state and transient
pebble-bed HTR calculations. For some transient scenarios (e.g. LOCA - Loss Of Coolant
Accident) the reactor is subcritical for an extended period of time until recriticality (as a
consequence of xenon decay and decreasing temperatures) occurs. In order to prevent
numerical instability and precision problems as the power keeps on decreasing during that
period, a fixed source is modelled as a seventh delayed neutron group with a very small
yield (& - 1.0 x 10'9) and a small decay constant (A, - 1.0 x 10s s"1; T1/2 - 19.3 h). In the
cases studied this puts a lower limit on the reactor power of about 0.5 W.

The decay heat is modelled in PANTHER according to [15], employing 23 decay heat
groups.

Presently a benchmark exercise is being carried out, together with KFA Julich, on the
PAP20 pebble-bed HTR, comparing PANTHERMIX with the KFA HTR code package. In
Section 4 some initial results will be presented of steady-state, burnup and transient
calculations on the PAP20 reactor, demonstrating the feasibility of the PANTHERMIX
code combination for pebble-bed HTR applications.

3. PROTEUS BENCHMARK EXERCISE

3.1 Introduction

In the framework of the IAEA Co-ordinated Research Programme (CRP) on "Validation of
Safety Related Physics Calculations for Low-Enriched (LEU) HTGRs" calculational
benchmarks are performed on the basis of LEU-HTR pebble-bed critical experiments
carried out in the PROTEUS facility at PSI, Switzerland. ECN joined this CRP early 1994
with the aim to validate the available reactor physics codes and nuclear data for applicati-
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on to this type of reactors. Of special interest is the treatment of the double heterogeneity
of the fuel particles and the spherical fuel elements of these pebble bed core configurati-
ons. Also of interest is the proper calculation of the safety related physics parameters, like
the effect of water ingress and control rod worth.

3.2. Problem description

The PROTEUS benchmark consists of a series of 6 graphite reflected 16.7 % enriched
uranium pebble bed systems, named LEUPRO-1 to LEUPRO-6 [11]. There are 3 different
types of geometrical arrangements of the pebble bed lattice (with packing fractions 0.74,
0.60 and 0.62, respectively) and 2 different moderator to fuel pebble ratios (1/2 and 2/1,
respectively). The pebble diameter is 6 cm. Each fuel pebble contains about 9400 coated
particles (in total about 1 g 235U) in a graphite matrix. The diameter of the fuel zone is
5 cm. The coated particles (TRISO type) consist of a fuel grain with a diameter of 500 um
and 4 layers of different coatings, with a total diameter of 915 um.

In the PROTEUS facility the cylindrical core, which is filled with fuel and moderator
pebbles, has a diameter of 125 cm, and is surrounded by radial and axial graphite
reflectors. The control and shutdown rods are situated in the radial reflector. The core is
filled until criticality is reached.

The benchmark exercise comprises unit-cell calculations and whole-core calculations for
the 6 different pebble-bed configurations. Unit cell calculations have been performed with
WIMS (versions E-5 and 6) for LEUPRO-1 till -6, and with SCALE-4 and MCNP4A for
LEUPRO-1 and -2 only (hexagonal closed-packed configuration with M/F ratio of 1/2).
Whole-core calculations have been performed with WIMS (versions E-5 and 6) for
LEUPRO-1 till -6 and with MCNP4A for LEUPRO-1. Emphasis is put on the
intercomparison of the results obtained by the deterministic codes and the reference Monte
Carlo calculations. For intercomparison of the codes all the ECN codes will make use of
JEF-2.2 based nuclear data libraries.

3.3. Unit cell calculations

In the unit cell the fuel zone is represented by a sphere of 5 cm diameter surrounded by a
5 mm thick graphite shell, which together represent the fuel pebble. Around this fuel
pebble sphere a spherical shell with outer diameter of 7.592 cm (for the LEUPRO-1 unit
cell) represents the homogenized mixture of moderator pebbles and lattice void.

The unit eel calculations were performed for the single heterogeneous model and the
double heterogeneous model. In the single heterogeneous model the coated particles and
the matrix material in the fuel pebbles are homogenized over the fuel zone of 5 cm
diameter. Of special interest are the cell calculations of the double heterogeneous model,
in which the fuel grains are explicitly modelled inside the fuel zone of the fuel pebbles.

TABLE I, II and HI show the final results of the double heterogeneous unit cell
calculations for LEUPRO-1 and -2 (which are representative for the entire series of
LEUPRO cases) obtained with WIMS (using the 69-group "1986" library and the
172-group, JEF-2.2 based "1993" "XMAS" library), SCALE-4 and MCNP4A. Also for
each item to be determined the benchmark average [16] is presented. Good agreement of

414



TABLE I Unit cell calculation results for LEUPRO-1.

UB 2 = 0)

K(B2 = BJ)

BJ (cm2)

M2 (cm2)

P28

625

528

C

TABLE n Unit <

k.(B2 - 0)

k«(B2 = BCT
2)

BCT
2 (cm" 2 )

M2 (cm2)

P28

S25

s28

c*

TABLE m Unit

k J B 2 - 0)

K(B2 = Bcr
2)

BCT
2 (cm"2)

M2 (cm2)

P28

S25

g28

c*

WIMS6
(172 gr.)

1.7274

1.6775

7.91 -10"4

857

7.68

0.110

1.85 -10 '

0.193

;ell calculation

WIMS6
(172 gr.)

1.598

1.582

-

-

3.24

0.0460

1.55 -10"'

0.0971

cell calculation

WIMS6
(172 gr.)

1.7566

1.7198

6.57 -10"4

1096

4.17

0.0583

1.178 -10 '

0.119

SCALE
(172 gr.)

1.727

1.678

-

-

7.68

0.109

1.85 -10 '

0.193

results for LEUPRO-1

SCALE
(172 gr.)

1.597

1.582

-

-

3.25

0.0457

1.54 -10 '

0.0976

results for LEUPRO-2

SCALE
(172 gr.)

1.756

1.720

-

-

4.17

0.0578

1.200 -10 '

0.119

MCNP

1.729

1.681

-

-

7.57

0.109

1.85 -10 '

0.191

with 20 vol. %

MCNP

1.600

1.573

-

-

3.33

0.0456

1.53 -10"'

0.0992

MCNP

1.756

1.722

-

-

4.21

0.0591

1.230 -10 '

0.120

BM average
[16]

1.7184

1.6721

7.73 -10"4

874

7.65

0.112

1.647 -10 '

0.1921

water.

BM average
[16]

1.5971

1.5791

1.325 -10 '

438

3.28

0.0467

1.379 -10 '

0.0988

BM average
[16]

1.7508

1.7154

6.40 -104

1117

4.17

0.0593

0.958 -10 '

0.1188

415



k-values and spectral indices for double heterogeneous unit cell calculations of the pebble
bed HTR type reactor configuration is observed between the deterministic and Monte
Carlo types of codes. These results are also in reasonable agreement with the results of
other participants in the PROTEUS benchmark. More details are given in [8,9,16,17,18].

3.4. Whole reactor calculations

Whole-core calculations have been performed with WIMS (version E-5 with the 69 group
"1986" library and version 6 with the 172 group "1994" "XMAS" library) for LEUPRO-1
till -6 and with MCNP for LEUPRO-1 only.

The simplified two-dimensional R-Z geometry (see FIG. 3) was used in the whole-core
calculations by both WIMS and MCNP. In this model the core cavity is filled with a
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FIG. 3 R-Z model of HTR-PROTEUS.
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mixture of fuel and moderator pebbles. The core is surrounded by radial and axial
reflectors. Between the pebble bed core and the upper axial reflector, there is a void space
and an aluminium structure which is 16.3 cm thick.

In WIMS the whole core calculations have been performed with the diffusion module
SNAP (in 2-D R-Z geometry) with a small number of energy groups (varying from 2 to
16 groups). The few-group cross sections for all materials and zones were generated by
condensing fine energy groups after one-dimensional radial and axial calculations with the
WIMS modules PROCOL and THESEUS, respectively. In MCNP the LEUPRO-1 core (in
the R-Z geometry as of FIG. 3) with all individual fuel and moderator elements was
explicitly modelled in closed packed hexagonal geometry.

TABLE IV, V and VI show the results of whole core calculations for LEUPRO-1 and -2
(which are representative for the entire series of LEUPRO cases), obtained with
WIMS/SNAP (10 energy groups) and MCNP (for LEUPRO-1 only). For each item to be
determined also the average outcome of the calculations of all benchmark participants is
presented [16]. For LEUPRO-1 (with and without water ingress) a good agreement is
found between the results obtained with WIMS (version 6) and those obtained with
MCNP, with both codes using JEF-2.2 based nuclear data libraries. Also a reasonable
agreement is found with the results of the other benchmark participants. However, the 1^-
and kjff-values, as calculated by the various participants, agree much better with each other
than the spectral indices, which may be associated to compensating errors in the
eigenvalue calculations. The values of 828 and - to a lesser extent - S25 are particularly
discrepant between the various participants [16], which calls for a further investigation.

The good agreement between the WIMS and MCNP results is demonstrated once more in
FIG. 4, which shows the 235U fission rate distribution for LEUPRO-1 in radial direction, as
calculated by WIMS and MCNP.

In the analysis also the influence of different mesh sizes, geometry descriptions and
number of energy groups have been examined [18]. In FIG. 5 the influence is shown of
the number of energy groups in the 2-D R-Z SNAP calculation on the value of k ^ for the
LEUPRO-1 case. For an increasing number of energy groups a lower value of kjff is
found. So, a 2-group calculation, as is performed e.g. with the PANTHER code, is
expected to yield a conservative value for k^.

3.5 Conclusions

Calculations have been performed, by the WIMS, SCALE and MCNP codes, for unit cell
and whole reactor geometries of the LEUPRO-1 till -6 cases of the HTR-PROTEUS
benchmark. For the unit cell calculations a particularly good agreement was found between
the results of the codes in use at ECN and also generally a good agreement was found
with the results of the other benchmark participants. Also for the whole reactor
calculations a good agreement was found between the results of the WIMS and MCNP
codes.

The results obtained with the WIMS, SCALE and MCNP codes for the unit cell
calculations, and those obtained with WIMS and MCNP for the whole core PROTEUS
calculations indicate that the codes in use at ECN are quite suitable for (steady-state
neutronics only) pebble-bed HTR applications. For further investigations, in particular the
INCOGEN core design and optimization, the WIMS code (version 7) was selected for
steady-state calculations (without thermal hydraulics feedback) and nuclear database

418



generation for combined neutronics/thermal hydraulics calculations by PANTHERMIX.
For selected cases, the WIMS (and PANTHER) calculation results will be checked against
a detailed geometry/continuous energy reference calculation by the MCNP code.

Presently, the MCNP code, and associated cross section library, is being validated further
for pebble-bed HTR applications by calculating the PROTEUS Core 5 experiment. First
results indicate that MCNP reproduces very well the experimental value of

4. PAP BENCHMARK

4.1. Introduction

PAP20 is a conceptual design of KFA Jiilich for a small simplified pebble bed reactor of
20 MW (thermal) where new fuel elements are added little by little (i.e. peu a peu) [2].
No fuel is removed during the life of the core. At £nd Of Life (EOL) all fuel elements are
unloaded in one step. The initial core height is about 1 m. At the end of the core life
(about 18 years) the core height is about 4 m. This fuelling mode avoids the handling of
irradiated elements over the core life and devices for fuel unloading during reactor
operation are superfluous.

In view of its simplicity (no fuel unloading during operation, no fuel recycling) the PAP20
was selected to serve as benchmark for the validation of the PANTHERMIX code
combination for steady-state, burnup and transient pebble-bed HTR core calculations.
Presently this benchmark study is being carried out, together with KFA Julich, comparing
the code system is use at KFA (viz. VSOP [13]) with PANTHERMIX, and also with
WIMS/SNAP and MCNP, for selected steady-state cases.

The benchmark exercise is still in progress, but some first results of steady-state, burnup
and transient calculations on the PAP20 by the PANTHERMIX code combination will be
presented.

4.2. Benchmark description

In FIG. 6 the - simplified - PAP20 geometry is presented, together with the geometry of
the first conceptual design of the INGOGEN reactor (to be discussed in Section 5), which
is almost identical to the PAP20, except for the B4C-layer in the bottom reflector. In
TABLE VII the main parameters of both PAP20 and INCOGEN (first concept) are listed.
In both reactors the fuel is contained in the well-known 6 cm fuel pebbles. Compared to
the original PAP20 model some radial dimensions have been slightly changed, in order to
facilitate "mini-hexagon" modelling in the PANTHER part of PANTHERMIX. Further
details of the (modified) PAP20 reactor will be given in the benchmark report (to be
published).

The PAP20 benchmark exercise comprises initial (Beginning Of Life - BOL) steady-state,
bumup (fill up) and transient calculations. Presently, only the definition of the initial
steady-state part has been agreed upon by ECN and KFA. The definition of the burnup
and transient cases is in progress. However, some preliminary calculations, based on
proposed specifications, have already been performed. The final specifications of all
benchmark cases will be included in the forthcoming benchmark report.
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FIG. 6 Geometry of the (modified) PAP20 and (the first concept of) INCOGEN. The
bottom reflector of INCOGEN contains B4C.

The four cases of the initial (BOL) steady-state part of the benchmark exercise are the
following:

1. CZP - Cold Zero Power
Uniform temperature throughout reactor: 20 °C (293 K)
Helium temperature: 20 °C (293 K)
Adiabatic boundary condition (no heat transfer to ambient)

2. HZP1 - Hot Zero Power 1 ("low" temperature)
Uniform temperature throughout reactor: 550 °C (823 K)
Helium inlet temperature: 550 °C (823 K)
Helium mass flow: 18.7 kg/s
Adiabatic boundary condition (no heat transfer to ambient)
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3. HZP2 - Hot Zero Power 2 ("high" temperature)
Uniform temperature throughout reactor: 750 CC (1023 K)
Helium inlet temperature: 750 °C (1023 K)
Helium mass flow: 18.7 kg/s
Adiabatic boundary condition (no heat transfer to ambient)

4. HFP - Hot Full Power (nominal conditions; see TABLE VII)
Power: P ^ - 20 MW
Xe-equilibrium
Helium inlet temperature: 550 °C (823 K)
Helium outlet temperature: -750 °C (1023 K)
Helium pressure: 50 bar
Nominal helium mass flow: 18.7 kg/s
Heat transfer coefficient to ambient: a - 10'3 W/cm2K or a = 10"6 W/cm2K (approx.
adiabatic)
Search on helium mass flow to reach criticality

43. Calculation method

At ECN, the PAP20 benchmark core calculations are generally being performed by the
PANTHERMDC code combination in 2 energy groups. In the PANTHER part of the
PAP20 model, the 2-D R-Z structure is approximated by a 3-D Hex-Z structure, consisting
of "mini-hexagons" with a flat-to-flat distance of 14.96 cm (i.e. an area of 193.92 cm2). As
mentioned above, the original radial mesh dimensions of the PAP20 have been slightly
changed to ensure equivalence of corresponding volumes between the Hex-Z and R-Z
descriptions of the geometry.

Reference calculations for the initial steady-state cases with negligible thermal hydraulic
feedback (i.e. with approximately uniform temperature throughout the geometry) have also
been performed by WIMS/SNAP (R-Z, multigroup diffusion theory) and MCNP (R-Z,
continuous energy Monte Carlo).

For PANTHER calculations a nuclear database is required, which contains 2-group nuclear
constants for all reactor materials, depending upon e.g. (local) irradiation (burnup) and
(local) temperature. The nuclear database for the HTR applications presented here was
generated by WIMS (version 7) burnup and branching calculations in a 1-D cylindrical
and in a 1-D slab pseudo reactor, respectively, using the 69-group WIMS "1995" library,
based on JEF-2.2.

4.4. Initial steady-state calculations

One of the items to be determined for the initial steady-state cases is the critical core
height. In PANTHERMK the critical core height search can be performed by actually
adjusting the core height continuously (employing the control rod insertion mechanism of
PANTHER) until criticality is reached. For the codes WIMS/SNAP and MCNP the critical
core height search is performed by calculating k^ voor different core heights Hc. As l/k^
is, to a very good approximation, a linear function of 1/HC

2, the critical value of Hc can be
easily obtained.
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TABLE IV Whole core calculation results for LEUPRO-1.

U H - 99 cm)

HCT (cm)

Prod./abs. (core)

Core centre:

P 2 8

S25

528

c*
Core average:

P28

825

528

C

WIMS6
(JEF-2.2)

1.01911

94.0

1.76871

7.8457

0.11974

1.89519 -10 3

0.19597

4.7281

6.7099 -102

1.4411 -10"3

0.13043

WIMSE-5
("1986")

1.01437

95.2

1.76998

7.90513

0.11173

1.92133 -103

0.19536

4.7974

6.7449 -10"2

1.4261 -10'3

0.13747

MCNP
(JEF-2.2)

1.0279

93.0

-

7.563

0.1130

1.917 -103

0.1895

-

-

-

BM
average

1.0211

93.54

1.7589

7.68

0.1139

1.75 -103

0.1921

4.94

7.36 -10-2

1.341 -10 3

0.1357

TABLE V Whole core calculation results for LEUPRO-1 with 20 vol. % water.

k ^ H = 99 cm)

HCT (cm)

Prod./abs. (core)

Core centre
P28

8*

628

C

Core average
P28

5*

528

C*

WIMS6
(JEF-2.2)

1.10800

71.7

1.60065

3.2368

4.5850 -10"2

1,5462 -103

0.097113

2.5826

3.6537 -10"2

1.2854 -lO-3

0.082641

MCNP
(JEF-2.2)

1.1103

69.5

-

3.488

4.644 -10"2

1.561 -10"3

0.1030

2.640

3.705 -10"2

1.398 -10"3

0.08398

BM average
[16]

1.1122

70.10

1.5979

3.16

4.62 -102

1.445 -10"3

0.0955

2.66

3.74 -10"2

1.163 -10"3

0.0847
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TABLE VI Whole core calculation results for LEUPRO-2.

U H = 99 cm)

H a (cm)

ProdVabs. (core)

Core centre
P28

S25

828

C

Core average
P28

5*

828

C*

WIMS6
(JEF-2.2)

0.9918

141.7

1.76233

4.2243

5.8785 -102

1.1937 -10"3

0.11962

2.9015

4.0340 -102

0.9917 -10"3

0.09028

WIMSE-5
("1986")

0.9862

144.3

1.76511

4.2627

5.8942 -102

1.2144 -10'3

0.11930

2.9518

4.0798 -102

1.0468 -10-3

0.090597

BM average
[16]

0.9941

140.90

1.7573

4.16

5.91 -lO'2

0.991 -lO3

0.1179

2.99

4.40 -102

0.863 -10"3

0.0920

TABLE VH Main (nominal) parameters of PAP20 and INCOGEN

Power (MWth)

He inlet temperature (°C)

He outlet temperature (°C)

He pressure (bar)

He mass flow (kg/s)

Core diameter (m)

Core cavity height (m)

Fuel

UO2 density (g/cm3)

HM loading per pebble (g)

PAP20

20

550

750

50

18.7

2.50

4.00

UO2

10 % enriched (startup)
19.75 % enriched (fuelling)

10.5

12

INCOGEN

40

493

-800

23.2

25.0

2.50

4.00

UO2

10 % enriched (startup)
19.75 % enriched (fuelling)

10.5

12
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TABLE VIII PAP20 critical core height (in cm)

Benchmark case CZP HZP1 HZP2 HFP

2-gr. PANTHERMIX 81.0

2-gr. SNAP 82.2

4-gr. SNAP 81.7

6-gr. SNAP 82.2

MCNP 82.0

4-gr. VSOP 86

95.0

96.4

94

101.0

102.0

99

112.5

110

TABLE DC PAP20 steady-state HFP results

He inlet temp.

He outlet temp.

He mass flow
(kg/s)

Power
(MW)

Heat removal
by He flow
(MW)

Heat leakage
(MW)

Max. power
density
(MW/m3)

Max. fuel temp

Max. gas temp

keff

Non-adiabatic
(a - lO'3 W/cm2K)

PANTHERMIX

550

751

18.7

20

19.5

0.5

5.86

843

769

0.99671

VSOP

550

750

18.7

20

-

5.55

911

762

1.00061

Adiabatic
(a - 10"6 W/cm2K)

PANTHERMIX

550

750

19.2

20

20

0

5.86

840

767

0.99670

VSOP

550

750

19.25

20

-

5.55

908

761

1.00130
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FIG. 7 PAP20 HFP power distribution at BOL with xenon-equilibrium (R denotes the
radial -horizontal- distance to the core centre line).

In TABLE VIII the critical core heights are listed for the four BOL benchmark cases, as
calculated by PANTHERMIX, WIMS/SNAP, MCNP and also by VSOP (KFA Jiilich
[19]). Note the very good correspondence, for the CZP case, between the results of
2-group PANTHERMIX, 2-, 4- and 6-group WIMS/SNAP and continuous energy MCNP
calculations. Also note the good correspondence, for both HZP cases, between the results
of 2-group PANTHERMIX and WIMS/SNAP calculations. Comparison of the results of
2-group PANTHERMIX calculations with those of VSOP shows that for the CZP case the
critical core height, as predicted by PANTHERMIX is about 5 cm less than the value
predicted by VSOP, whereas for the "hot" (HZP and HFP) cases the critical core height, as
predicted by PANTHERMIX is approx. 2 cm higher than the value predicted by VSOP.
Further investigation of these discrepancies seems justified, but it should also be noted that
all ECN calculations are based on JEF-2.2 cross section data, contrary to the VSOP
calculations by KFA.

In TABLE IX some further results for the HFP case are presented. Note the generally
good correspondence between the results obtained by PANTHERMIX and those obtained
by VSOP. However, one item, viz. the maximum fuel temperature, seems to be rather
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discrepant between PANTHERMIX and VSOP. The maximum fuel temperatures, as
predicted by VSOP, are 68 °C higher than the corresponding values obtained by
PANTHERMIX. This is connected to a difference in thermal hydraulic modelling. KFA
has specified a heterogeneous pebble model in the THERMIX part of VSOP, whereas
ECN presently uses a homogeneous pebble model in the THERMIX part of
PANTHERMIX. So, the VSOP calculations yield the centre temperature of the pebbles,
whereas the present PANTHERMIX calculations yield the average pebble temperature.
However, the THERMIX part of PANTHERMIX is also capable of modelling
heterogeneous pebbles. So, for consistency reasons, the heterogenous pebble model will be
incorporated in the benchmark specifications and consequently the final benchmark
calculation results will be obtained employing a heterogeneous pebble model.

In FIG. 7, 8 and 9, respectively, the power distribution, the solid state temperature
distribution and the gas flow distribution are shown for the HFP case with a =
10'3 W/cm2K. Note that for the BOL HFP situation the maximum power density and
maximum fuel temperature occurs at the bottom of the core. Also note that the gas flow in
the core and in the gas space above the core is only in the vertical (downward) direction,
the average mass flow density being 3.81 -10"4 kg s"'cm'2.
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FIG. 8 PAP20 HFP solid state temperature distribution at BOL with xenon-equilibrium (R
denotes the radial -horizontal- distance to the core centre line).
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FIG. 9 PAP20 HFP gas flow distribution (mass flow density distribution) at BOL with
xenon-equilibrium (R denotes the radial -horizontal- distance to the core centre line).

4.5. Burnup calculations

As mentioned above, the specification of the burnup cases of the PAP20 benchmark is still
in progress. However, some preliminary calculations have been performed, on the basis of
proposed specifications. In these calculations 10 % enriched fuel is added instead of
19.75 %. For the final benchmark calculations the 19.75 % enriched fuel will be used.

The core height in the PANTHER part of PANTHERMIX can be continuously varied.
This offers the possibility of performing the burnup/fuelling calculations in two different
ways:

1. Continuous fuelling at constant reactor power, hereby maintaining criticality
throughout core life.

2. Batch refuelling at constant reactor power. Each time a complete axial mesh is
filled with fresh (10 % enriched; or, following the benchmark specifications,
19.75 %) fuel. So, just after refuelling the reactor is supercritical. This is the
method employed in VSOP.
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FIG. 10 PAP20 core height during burnup.
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FIG. 12 PAP20 peak power density during burnup.
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FIG. 13 PAP20 peak fuel temperature during bumup.
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The two methods of calculation are compared in FIG. 10, 11, 12 and 13, which show the
core height, kjff, peak power density and the peak fuel temperature, respectively, as a
function of the number of full power days. Note that, for the "batch" fuelling case, only
the effect of a single batch is shown.

Comparing the two methods of calculation, it is observed that, for equal numbers of full
power days, and approximately equal average core height, the continuous fuelling, which
closer approximates the actual fuelling scheme of the reactor, yields higher values for peak
power and peak fuel temperature.

In the forthcoming benchmark report the final specifications and calculation results of the
burnup cases will be presented. Also a comparison of ECN and KFA results will be
included.

4.6. Transient calculations

To demonstrate further the capabilities of PANTHERMIX, two transient calculations were
performed on the basis of proposed benchmark specifications for a Loss Of Flow Accident
(LOFA) and a Loss Of Coolant Accident (LOCA). The initial state is BOL at nominal
(HFP) conditions (see TABLE VII) with Xe-equilibrium. The following scenarios have
been calculated:

LOFA - Loss Of Flow Accident
Linear helium mass flow decrease from 18.7 kg/s to 0.01 kg/s in 30 s.
Helium pressure of 50 bar is maintained.

LOCA - Loss Of Coolant Accident
Linear helium mass flow decrease from 18.7 kg/s to 0.01 kg/s in 10 s.
Linear helium pressure decrease from 50 bar to 1 bar in 10 s.

In FIG. 14 and 15 the power and the maximum fuel temperature as function of time are
shown for the LOFA case. The maximum fuel temperature initially rises quickly from
833 °C (1106 K) to 887 °C (1160 K), after which it decreases (at a rate of approximately
0.35 K/min) to 719 °C (992 K), at t = 489 min, at which recriticality occurs for the first
time due to xenon decay and - mainly - to temperature decrease. The first power peak (of
0.5 MW) occurs at t = 500 min, whereas the second power peak occurs at t = 540 min.
After the first recriticality, the time-averaged power and time-averaged maximum fuel
temperature slowly increase. The simulation ends at t = 1650 min, at which, however,
neither the power nor the maximum fuel temperature have reached their final values. The
final calculation, to be presented in the forthcoming benchmark report, will proceed until
the final values have been reached within acceptable limits.

FIG. 16 shows the flow pattern at t = 400 min, at which only decay heat is being
produced, as the reactor is still subcritical. At the moment of the "snapshot" almost no
gas circulation seems to occur, except in the gas space above the core, where a natural
convection flow pattern has developed, which goes upward along the core centre line and
downward at the radial reflector. This natural convection pattern largely takes care of the
heat transfer from the top of the core to the reflector. Although hardly visible in the
picture, in the core also some natural convection flow is present. Heat transfer from the
core to the ambient therefore takes place by radiation, natural convection within and above
the core, and conduction.
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PAP 20 reactor: Transient power during LOFA
Flow: 18.7 —> 0.01 kg/s in 30 s
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FIG. 14 PAP20 LOFA: power as function of time.

PAP 20 reactor: Peak fuel temp, during LOFA

1300.0
Flow: 18.7 —> 0.01 kg/s in 30 s

900.0
500.0 1000.0 1500.0

Transient time [min.]
2000.0

FIG. 15 PAP20 LOFA: maximum fuel temperature as function of time.
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FIG. 16 PAP20 LOFA: flow distribution at t = 400 min (R denotes the radial -horizontal-
distance to the core centre line).

PAP 20 reactor: Power during LOCA
Flow: 18.7 —> 0.01 kg/s; Pressure: 50 —> 1 bar
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FIG. 17 PAP20 LOCA: power as function of time.
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PAP 20 reactor: Max. fuel temperature during LOCA
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FIG. 18 PAP20 LOCA: maximum fuel temperature as function of time.
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FIG. 19 PAP20 LOCA: flow distribution at t = 400 min (R denotes the radial -horizontal-
distance to the core centre line).
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For the LOCA case the power and maximum fuel temperature as function of time are
shown in FIG. 17 and 18, respectively. Initially, the maximum fuel temperature (which
initially is 1106 K) rises to about 1200 K at t = 150 min, after which the maximum fuel
temperature decreases. At t = 620 min the maximum fuel temperature is again 1106 K. As
a result of this behaviour of the temperature, recriticality is expected to occur about
300 min later than in the PAP20 LOFA case. Recriticality, caused by temperature decrease
and xenon decay, occurs, for the first time, at t = 800 min. At t = 3500 min a maximum
power of 500 kW is reached, after which the power decreases slowly but monotonically.
At the end of the simulation, at t = 5350 min, the peak fuel temperature has reached
1493 K. Although at this point in time the temperature is still increasing, it is expected
that the final peak fuel temperature will not be much higher than 1500 K, in view of the
small and decreasing rate "of increase, and the decreasing power.

FIG. 19 shows the flow pattern at t = 400 min. At the time of the "snapshot" only a little
gas flow circulation occurs and the heat transfer from the core to the ambient mainly takes
place by radiation and conduction.

Although the PAP20 benchmark exercise is still in progress, it already seems that the
PANTHERMIX code combination is quite suitable for performing steady-state, burnup and
transient pebble-bed HTR core calculations. Final conclusions will be presented in the
forthcoming benchmark report, which will also contain the final specifications and results
of the transient calculations, together with a comparison of the ECN and KFA calculation
results.

5. INCOGEN - THE "DUTCH" SMALL HTR CONCEPT

5.1. Introduction

The ultimate goal of the validation of the ECN reactor physics code system OCTOPUS
(with PANTHERMIX) for pebble-bed HTR applications is to acquire and reinforce the
capability to perform the core design and optimization for the "Dutch" small HTR concept
INCOGEN.

The first concept of INCOGEN is based on the PAP20 design of KFA. In fact, the
geometry is almost identical to that of the PAP20, except for the borated graphite layer in
the bottom reflector, as was shown in FIG. 6. But also the nominal power is twice that of
the PAP20, which causes changes in the nominal values of helium temperatures, pressures
and mass flow. In TABLE VII the main parameters have been listed of both the original
PAP20 design and the first concept of INCOGEN.

5.2 First calculation results

Within the framework of the INCOGEN core design and optimization activities, steady-
state, burnup and transient calculations are under performance, which are very similar to
the calculations carried out in the PAP20 benchmark. As mentioned before, also these
calculations are in progress, each calculation following the corresponding PAP20
calculation, taking advantage of the experience gained with the latter.
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FIG. 20 INCOGEN LOFA: power as function of time.
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FIG. 21 INCOGEN LOFA: maximum fuel temperature as function of time.
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INCOGEN HTR; P=40 MW
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FIG. 22 MCNP shielding calculation for INCOGEN: iron-limonite concrete shield.

In FIG. 20 and 21 the power and maximum fuel temperature, respectively, are shown as
function of time, as obtained from a LOFA calculation, very similar to the one presented
in Section 4 for the PAP20 reactor. The initial state is the HFP state at nominal conditions
for the INCOGEN reactor, as specified in TABLE VII. In this case the helium mass flow
is reduced from 25 kg/s to 0.1 kg/s in 15 min. The maximum fuel temperature initially
rises relatively quickly from 923 °C (1196 K) to 982 °C (1255 K) at t - 63 min, after
which it decreases (at a rate of approximately 0.146 K/min) to 842 °C (1115 K) at t =
1025 min, at which recriticality occurs for the first time, due to xenon decay and
- mainly - temperature decrease. Note that the time until recriticality is more than twice
that in the case of the PAP20 LOFA. This is connected to the fact that the helium pressure
(and therefore the helium inventory) in INCOGEN is about half of that in the PAP20,
which leads to a slower temperature decrease. The first power peak occurs at t =
1031 min, whereas the second power peak occurs at t = 1063 min. After the first
recriticality, the time-averaged power and time-averaged maximum fuel temperature
slowly increase. The power finally stabilizes around 0.85 MW, which is the heat leakage
to the ambient. At the end of the simulation (t = 4000 min) the maximum fuel temperature
is about 1460 °C (1733 K). Altjough at this point in time the peak fuel temperature is still
increasing, the rate of increase is already small and decreasing. It is therefore expected
that the final peak fuel temperature will be below 1600 °C.

As mentioned before, the MCNP code is used for both detailed reference calculations and
for shielding applications. An example of the latter is presented in FIG. 22, which shows
the neutron, gamma and total dose rates, as function of radial distance from the centreline
core. In this case the reactor is surrounded by a limonite (iron ore) heavy concrete shield.
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From this calculation it could be concluded that a limonite concrete shield of 175 cm
thickness sufficiently reduces the neutron and gamma radiation. However, in axial
direction large variations in dose rates occur. An improvement may be obtained by
borating the outer part of the reflector, hereby reducing the capture gamma sources in the
vessel and concrete (7.5 MeV gammas caused by (n,y)-reactions in iron). This also
reduces radiation embrittlement in the vessel-steel. Additional studies are being performed.

6. CONCLUSIONS

Within the framework of the development of INCOGEN, a "Dutch" conceptual design of a
small HTR, the ECN reactor physics code system OCTOPUS has been extended with the
capability to perform combined neutronics and thermal hydraulics steady-state, burnup and
transient core calculations for pebble-bed HTR type reactors. This extension was obtained
by connecting the general purpose modular reactor code PANTHER and the HTR thermal
hydraulics code THERMEX/DIREKT in the PANTHERMIX code combination.

In the process of validating its reactor physics code system for HTR applications, ECN is
taking part in two benchmark exercises, viz. HTR-PROTEUS (steady-state; neutronics
only) and PAP20 (power reactor; steady-state, burnup and transient; combined neutronics
and thermal hydraulics).

The results obtained by the WIMS, SCALE and MCNP codes for the LEUPRO unit cell
calculations, and with WIMS and MCNP for the whole core LEUPRO calculations,
indicate that the codes in use at ECN are quite suitable for (steady-state neutronics only)
pebble-bed HTR applications. Presently, the MCNP code, with associated JEF-2.2 based
cross section library, is being validated further by calculating the PROTEUS Core 5
experiment. First results indicate that MCNP reproduces very well the experimental value

of Ks-

Presently the PANTHERMIX code combination is being compared with the KFA code
system in the PAP20 benchmark exercise, which comprises initial steady-state, bumup and
transient combined neutronics and thermal hydraulics calculations. Although the
benchmark exercise is still in progress, the first results are promising and indicate that the
ECN reactor physics code system, extended with PANTHERMIX, is quite suitable for
performing the pebble-bed HTR core physics calculations required in the INCOGEN core
design and optimization process.
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APPENDIX A - SPECTRAL INDICES

p28 = ratio epithermal-to-thermal captures in ^ U

d25 = ration epithermal-to-thermal fissions in 235U

S28 = ratio 238U fissions to ^ U fissions

C* = ratio 238U captures to ^ U fissions

The thermal break is at 2.1 eV.
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