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ABSTRACT

Since a number of years NRG is developing the HTR reactor physics code system
PANTHERMIX.  In PANTHERMIX the 3-D steady-state and transient core physics code
PANTHER has been interfaced with the HTR thermal hydraulics code THERMIX to
enable core follow and transient analyses on both pebble bed and block type HTR systems.
Recently the capabilities of PANTHERMIX have been extended with the possibility to
simulate the flow of pebbles through the core cavity and the (re)loading of pebbles on top
of the core.The PANTHERMIX code system is being applied for the benchmark exercises
for the Chinese HTR-10 and Japanese HTTR first criticality, calculating the critical
loading, control rod worth and the isothermal temperature coefficients at zero power
conditions. Also core physics calculations have been performed on an early version the
South African PBMR design. The reactor physics properties of the reactor at equilibrium
core loading have been studied as well as a selected run-in scenario, starting form fresh
fuel. The recently developed reload option of PANTHERMIX was used extensively in
these analyses. The examples shown demonstrate the capabilities of PANTHERMIX for
performing steady-state and transient HTR core physics analyses. However, additional
validation, especially for transient analyses, remains desirable.

1. Introduction
Research, relevant to the design of high temperature gas-cooled reactors (HTR), is performed in the
Netherlands at NRG Petten/Arnhem, JRC-IE Petten (previously JRC-IAM) and IRI–Delft University
of Technology, Delft. A comprehensive overview of these experimental and computational research
activities is presented in [1].
In this paper we will focus on the computational HTR reactor physics activities at NRG Petten,
employing the HTR reactor physics code package PANTHERMIX, which is based on the well-known
lattice code WIMS (versions 7 and 8), the 3-D steady-state and transient core physics code PANTHER
and the HTR thermal hydraulics code THERMIX-DIREKT. In this paper examples will be shown of
PANTHERMIX calculations on pebble-bed and hexagonal block type HTR systems, demonstrating
the capabilities of the code system.

2. The PANTHERMIX code system
Since a number of years NRG is developing a HTR reactor physics code system PANTHERMIX
[2,3,4], based on the well-known lattice code WIMS (versions 7 and 8) [5], the 3-D steady-state and
transient core physics code PANTHER [6] and the HTR thermal hydraulics code THERMIX-DIREKT
[7]. At NRG the PANTHER code has been interfaced with THERMIX-DIREKT to enable core follow
and transient analyses on both pebble bed and block type HTR systems.
The PANTHER code calculates the 3-dimensional neutron flux and power distribution for a given
temperature distribution whereas the THERMIX-DIREKT code, calculates (in steady-state or transient
mode) the temperature and flow distribution for a given power distribution. THERMIX-DIREKT is an
improved version of the THERMIX-KONVEK module of the VSOP code [8]. The combined code
system is controlled from the PANTHER code, which calls THERMIX-DIREKT from within an
iteration (steady-state) or time step (transient) calculation loop.
PANTHER approximates the 2-D R-Z geometrical structure employed in THERMIX-DIREKT by a
3-D Hex-Z model with small stacked hexagons or, alternatively, a X-Y-Z model of pillars of small
rectangular blocks. This is done as follows. A radial mesh in the THERMIX-DIREKT geometry



specification can be associated with a set of radial hexagons (blocks) in the PANTHER geometry, of
which the total area is equal to the area of the THERMIX-DIREKT radial mesh. The validity of this
approach has been confirmed by intercomparison of calculations in the framework of an MHTGR
benchmark exercise [9]. For radial meshes and hexagon (block) sets associated in this way the power
distribution and temperature distribution information is transferred between the codes.
PANTHERMIX requires a nuclear database containing - presently - 2-group nuclear data
(macroscopic cross sections) for all reactor materials, depending on irradiation, fuel temperature,
xenon density, etc. The WIMS code was selected to generate these databases, in view of the presence
of the special PROCOL module and also because of the possibility to perform burn-up calculations in
a convenient way within the WIMS code system. As only 2-group nuclear constants are presently
employed in PANTHERMIX, the fine spectrum effects have been  accounted for in the generation of
the nuclear database. Therefore, in addition to the usual unit cell calculations, one-dimensional radial
and axial models of the (pebble-bed) HTR under study are employed in the fine (16-) group
calculations in the database generation calculations prior to the collaps to 2 energy groups. The WIMS
code system also provides the 6-group delayed neutron data (yields βi), required for transient
calculations by PANTHERMIX. In the near future the multigroup (up to 12 neutron energy groups)
capabilities of the present version of PANTHER will be tested for HTR applications.
Several benchmark exercises have been carried out, together with FZ Jülich, on the PAP20 pebble-bed
HTR [4], comparing PANTHERMIX with the FZ Jülich HTR code package VSOP, demonstrating the
feasibility of the PANTHERMIX code combination for pebble-bed HTR applications. In Section 3
some examples of these calculations will be presented. Extensive static and dynamic calculations on
HTR pebble type cores with PANTHERMIX have been reported elsewere [10,11,12].
Recently the capabilities of PANTHERMIX have been extended with the possibility to simulate the
flow of pebbles through the core cavity and the (re)loading of pebbles on top of the core [13,14,15].
Besides a considerable extension to the modelling in PANTHER this also requires an extension of the
procedure for the generation of the nuclear database. Now these cross sections must not only be
dependent upon the local burnup (irradiation) and the local temperature but also, in case of the mixed
pebbles in the core cavity, upon the local enrichment and the local heavy metal mass per unit height,
the latter being representative of the local mixture of moderator and fuel pebbles. For each
combination of enrichment and heavy metal mass per unit height, a burn-up sequence calculation with
xenon- and temperature branchings is performed by means of the WIMS code. The resulting databases
are combined into a single nuclear database with enrichment and heavy metal mass per unit height as
extra dependencies, ready to be used in the PANTHERMIX calculations. It should be noted that also a
run is included with 100% moderator pebbles, in order to accommodate mixtures with a high fraction
of moderator pebbles. Examples of calculations employing these enhanced capabilities are presented
in Section 5.
In the recent past the PANTHERMIX code system has been applied in studies on Pu-incineration in
HTRs and transient behaviour of HTRs in combination with an energy conversion system. For this
purpose the PANTHERMIX code system was coupled to an extended version of the RELAP5 mod 3.2
code system. An extensive description of these activitities has been presented elsewere
[10,11,12,16,17,19,20].

3. PAP/ACACIA steady-state and transient analyses
PAP20 is a conceptual design of FZ Jülich for a small simplified pebble-bed reactor of 20 MW
(thermal) where fresh fuel elements (the well-known 6 cm diameter pebbles) are added little by little
(peu-à-peu) to maintain criticality during operation [18]. No fuel is removed during the life of the core.
At end of life all fuel elements are unloaded in one step. The initial core height, in a cavity of 2.50 m
diameter, is about 1 m, using pebbles containing 12 g heavy metal (in UO2, enrichment 10.0 %) [4]. At
the end of core life (about 18 years) the core height is about 4 m, when pebbles are added containing
fuel at 19.75 % enrichment. In the benchmark exercise the initial critical core height Hc, at Cold Zero
Power (CZP), Hot Zero Power (HZP) and Hot Full Power (HFP) conditions, as calculated by
PANTHERMIX, SNAP (CZP and HZP only), MCNP (detailed 3-D point energy monte carlo; CZP
only) and VSOP were intercompared. At CZP a good correspondence was found between the results
of PANTHERMIX (Hc = 0.81 m), SNAP (0.822 m)  and MCNP (0.82 m). At HZP and HFP conditions
also a good correspondence was found between the PANTHERMIX (0.95 m; 1.125 m), SNAP
(0.964 m; HZP only) and VSOP (0.94 m; 1.10 m) results [4]. Generally, at HFP a good



Fig. 1 Reactor power, maximum fuel temperature and xenon
reactivity for the fresh core (5 days burnup) for the
LOFI and LOCI incidents.

KENO
(IRI/NRG

keff simple core 1.1278 ±
keff fully loaded core
 - rods withdrawn 1.1584 ±
 - rods inserted 0.6983 ±
critical insertion
 - above bottom core 170.5 cm

correspondence was found as well between the PANTHERMIX and VSOP results for other
parameters, like the maximum power density and the coolant and fuel temperatures in the core [4].
Transient simulation calculations
by PANTHERMIX for LOFI (Loss
Of Flow) and LOCI (Loss Of
Coolant) incidents have been
carried out for the PAP20 reactor
[4] and also for the
INCOGEN/ACACIA, the Dutch
design of a small, 40 MWth pebble
bed HTR for cogeneration, based
on the PAP20 [1,4,11,16,17,19,20].
In Figure 1 an example is given of
the total reactor power
(prompt + decay), max. fuel
temperature and xenon reactivity as
function of time for a LOFI and a
LOCI incident for a fresh core
(after 5 days burnup), initially at
HFP and Xe equilibrium [11,17].
Also a distinction has been made
between cases employing
thermodynamical data for
irradiated and unirradiated
graphite, respectively. It should be
noted that the calculations
employing the thermodynamical data for irradiated graphite in the fuel yield higher fuel temperatures
than the corresponding cases employing data for unirradiated graphite, due to the lower thermal
conductivity of irradiated graphite. Some time after recriticality the power will reach its maximum and
the xenon concentration will be in equilibrium with the fission power level. Then, the fission power
will balance to compensate for the heat leakage of the reactor and the temperature distribution over the
reactor will reach its equilibrium shape accordingly.

4. HTR-10 and HTTR benchmark exercises
The PANTHERMIX code system is being applied for the benchmark exercises for the Chinese HTR-
10 and Japanese HTTR first criticality [21,22], calculating the critical loading, control rod worth and
the isothermal temperature coefficients at zero power conditions. As an example in Table 1 a
comparison is listed between calculations by several different codes and measurements of keff and the
critical control rod insertion for the HTTR (Benchmark Phase 1) [4,23,24]. In these calculations
without thermal hydraulics only the PANTHER part of PANTHERMIX has been used. A good
correspondence is found between the PANTHER and KENO (monte carlo) results for the unrodded

cases. The calculations of the – p
modelling in PANTHERMIX.
Table 1 HTTR Benchmark Phase 1

)
BOLD-VENTURE
(IRI)

PANTHER
(NRG)

Measured
(JAERI)

 0.0005 1.1592 1.1251

 0.0005 1.1974 1.1595
 0.0005 0.7510 0.685 ±0.010

161.5 cm 178.9 cm
artially – rodded cases seem to require some improvement of the



Fig. 2 Critical equilibrium enrichment.

For the HTR-10 the initial critical height  (at CZP conditions; T = 20 oC), as calculated by
PANTHERMIX, was found to be 1.25 m, which corresponds quite well to the actually measured value
of 1.23 m (at T = 27 oC) [23].

5. PBMR analyses
Also core physics calculations have been
performed on an early version the South
African PBMR design [25,26]. The
reactor physics properties of the reactor at
equilibrium core loading have been
studied as well as a selected run-in
scenario, starting from fresh fuel. The
recently developed reload option of
PANTHERMIX was used extensively in
these analyses. In Figure 2 the results are
presented of the determination of the
critical equilibrium enrichment as
function of the burnup time step between
reloads. This equilibrium enrichment is
determined as follows. At the end of each
burnup time step the pebbles in the core
cavity are shifted downwards and an
amount of pebbles is unloaded at the
botton equivalent to 4000 pebbles per day
(2800 fuel + 1200 moderator). Unloaded fuel pebbles with a burnup less than 80,000 MWd/t are
reloaded at the top of the core, together with fresh fuel and moderator pebbles, so that in total again
2800 fuel pebbles and 1200 moderator pebbles are loaded at the beginning of the next burnup time
step. A burnup calculation is then performed for the specified number of days. This procedure is
repeated until keff at the end of the burnup time step is constant within 0.01 %. This is considered to be
the equilibrium state and it is reached after about 10 passes of the fuel pebbles through the reactor
(about 800 days). As the reactivity varies approximately linearly with enrichment, the value for
equilibrium enrichment can be found by linear interpolation from the equilibrium keff values of the
8.5% and 7.5% enrichment cases. This scenario has been run threefold, one with time steps of 7.5 days
(i.e. 30000 pebbles per time step), one with time steps of 3 days (i.e. 12000 pebbles per time step), and
one with time steps of 1 day (i.e. 4000 pebbles per time step). Different values of equilibrium keff, and
consequently different equilibrium enrichments have been obtained for different time step lengths. For
each time step two keff values have been calculated, one at the beginning of the time step (kupper) and
one at the end of the time step (klower). Both values are used for determining the equilibrium
enrichment. So two values, εupper  and εlower, have been obtained for the equilibrium enrichment. Also
the step-averaged reactivity is calculated as the mean value of the reactivities at the beginning and the
end of the burnup time step. Extrapolation to zero time step yields the equilibrium enrichment of
7.63 % for the real continuous reload case. Also note the close agreement between the critical
enrichment of 7.87 % found by the VSOP code for a burnup time step of 6.4 days [25] and the values
calculated by PANTHERMIX from the mean values of the reactivity.

6. Conclusions
An overview has been presented of the activities at NRG Petten concerning HTR core physics
calculations, employing and developing the HTR reactor physics code package PANTHERMIX. The
capabilities of PANTHERMIX have been demonstrated by performing a variety of steady-state, core
follow and transient analyses on peble bed and hexagonal block type HTR systems. Additional
validation of the code system, especially for transient analyses, remains desirable.
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