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Abstract

The Dutch market for combined generation of heat and power identifies a unit size of 40 MW
thermal for the conceptual design of a nuclear cogeneration plant. The ACACIA system
provides 14 MW(e) electricity combined with 17 t/h of high temperature steam (220°C, 10
bar) with a pebble bed high temperature reactor directly coupled with a helium compressor
and a helium turbine. To come to quantitative statements about the ACACIA transient
behaviour, a calculational coupling between the high temperature reactor core analysis code
package Panthermix (Panther-Thermix/Direkt) and the thermal hydraulical code RELAP5 for
the energy conversion system has been made. This paper will present the analysis of safety related
transients. The usual incident scenarios Loss of Coolant Incident (LOCI) ans Loss of Flow Incident
(LOFI) have been analysed. Besides, also a search for the real maximum fuel temperature (inside a
fuel pebble anywhere in the core) has been made. It appears that the maximum fuel temperatures are
not reached during a LOFI or LOCI with a halted mass flow rate, but for situations with a small mass
flow rate, 1-0.5%. As such, a LOFI or LOCI does not represent the worst-case scenario in terms of
maximal fuel temperature.

1. INTRODUCTION

The Dutch market for combined generation of heat and power identifies a unit size of 40 MW
thermal for the conceptual design of a nuclear cogeneration plant. The ACACIA system
provides 14 MW(e) electricity combined with 17 t/h of high temperature steam (220°C,
10 bar) with a pebble bed high temperature reactor directly coupled with a helium compressor
and a helium turbine. The design of this small CHP-unit for industrial applications is mainly
based on a pre-feasibility study in 1996, performed by a joint working group of five Dutch
organisations, in which technical feasibility was shown.

Previous studies have been performed on the dynamic behaviour of the core of the Dutch
conceptual HTR for cogeneration ACACIA [1-3], but these studies have always considered
the reactor core as a stand-alone system. The influence of the energy conversion system (ECS)
which converts the produced heat to electric power or industrial steam, was not included in
the calculations. A fixed coolant mass flow, a fixed temperature and pressure at the reactor
core inlet represented the state of the ECS at which the reactor dynamics were analysed. This
approximation holds well for the severe transients investigated, such as loss of forced cooling
(LOFC) and depressurised loss of forced cooling (DLOFC). hi both cases the flow comes to a
halt almost completely, thus effectively cancelling the interaction between the reactor core and
the ECS. Only in the first minutes of these transients interaction takes place.

However, when studying normal operational transients the mutual interaction between reactor
and ECS is governed by the helium mass flow. This flow rate iis influenced by essentially two
parameters, viz. the helium inventory and the bypass flow around the core and turbine. The
helium inventory is the amount of helium circulating in the system and is adjusted each time
load following is required. Bypass flow is used in situations of rapid or near-instantaneous
power demand reductions and protects the turbine against excessive overspeed.
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As the HTR is a very flexible reactor system and capable of load following, the helium mass
flow will vary frequently, and a calculational coupling between reactor core and ECS becomes
necessary in order to analyse the plant behaviour in sufficient detail. So the code for pebble
bed core calculations (Panthermix [4]) and the code for thermal hydraulic calculations for the
ECS (Relap5/mod3.2) have been coupled [5]. It should be clear from the beginning, that
actually two code couplings were required in order to perform total plant calculations. Firstly,
the neutronics code Panther [6] and the pebble bed thermal hydraulic code Thermix-Direkt [7]
were coupled for reactor core calculations. This resulted in the HTR-version of Panther,
Panthermix. Secondly, this Panthermix code has been coupled to the thermal hydraulic code
which describes the ECS, Relap5/mod3.2.

This paper will present the analysis of safety related transients. The usual incident scenarios
Loss of Coolant Incident (LOCI, also designated as Depressurised Conduction Cooldown
(DCC) or Depressurized Loss Of Forced Cooling (DLOFC)) ans Loss of Flow Incident (LOFI,
also referred to as PCC or PLOFC) have been analysed. Besides, also a search for the real
maximum fuel temperature (inside a fuel pebble anywhere in the core) has been made.

2. HTR REACTOR DESIGN

The HTR system modelled is the reactor and ECS design of the Dutch ACACIA concept [3],
a 40 MWth pebble bed HTR. It's reactor cavity measures 2.5 m in diameter and 4.5 m in
height. The active core consists of spherical graphite elements (6.0 cm diameter) filled with
TRISO coated fuel particles (0.9 mm diameter). The coating is widely acknowledged to be
capable of retaining the fission products even at high temperatures (up to 1600°C). The
maximum temperature the fuel can reach in the core - even in case of loss of coolant - is
expected to be well below this temperature. Helium flows through this pebble bed and heats
up from 500°C to 800°C (at 2.3 MPa), thus extracting 40 MW of thermal power. Initially, the
core cavity is only partially filled with pebbles (active core height approximately 1.10 m).
New fuel pebbles are added each day in order to remain critical as the depletion proceeds.
This is called peu a peu fuelling. After 10 years of operation the core reaches its maximum
height and has to be discharged in order to start a new cycle. Due to the minimal over-
reactivity in the core, and its low power density, the use of control rods is only required during
start up and shutdown. The reactor relies on the feed-back mechanism of the negative fuel
temperature coefficient to obtain a critical state during operation, or reach a subcritical state
after an incident. Shutdown and recriticality behaviour has been analysed in [8].

3. REACTOR MODELING

The code Panther approximates the 2-D R-Z geometrical structure employed in Thermix-
Direkt by a 3-D Hex model with small hexagonal blocks. A radial mesh of Thermix-Direkt is
associated with a set of hexagons in the Panther geometry desciption, and power distribution
and temperature distribution information is transferred between the two codes. The linear
power densities for a set of hexagons associated with a particular radial mesh are calculated by
Panther, averaged and transferred to Thermix-Direkt, whereas the fluid and solid-state
temperatures for a radial mesh are calculated by Thermix-Direkt and transferred to all
associated hexagons of the Panther model.

The procedure described above is followed for each axial mesh. Axial geometry is modelled
in the same way for the two codes.
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The nuclear database required by Panthermix containing nuclear data for all reactor materials,
depending on local irradiation, (fuel) temperature, xenon density etc. is generated by the
WIMS7 code.

More details about pebble bed HTR modelling can be found in [1].

4. ENERGY CONVERSION SYSTEM (ECS)

The direct Brayton cycle is used as thermodynamic cycle for the ECS. It resembles the
Rankine cycle for steam cycles, but a single phase gaseous working fluid (helium) is used
instead of a condensing fluid. In this design the Brayton cycle can be termed 'direct', because
the helium does not transfer its heat to a secondary steam cycle but powers the turbine
directly, resulting in a higher efficiency. The system consists of a single-shaft turbine-
compressor with a directly coupled electrical generator. A precooler before the compressor
and a recuperator further enhance the overall efficiency (nominal 42%). A scheme of this
HTR system is shown in figure 1.
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Fig. 1. Cycle diagram of the ACACIA nuclear cogeneration plant.

A detailed computer model of the ECS has been made in Relap5, a code that has as primary
purpose to represent the thermal hydraulic cycle of a working fluid, in this case helium in the
Brayton cycle. Heat transfer from working fluid to the enveloping structures — so-called heat
structures — and the conduction towards an outer environment can be modelled. This model
has been coupled to the reactor model and operational transients have been analysed [9, 10].
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5. MAXIMUM FUEL TEMPERATURE

5.1. Core heatup incidents

Core heat-up accidents are usually simulated in order to find the maximum possible fuel
temperatures for an HTR. The two main scenarios are the loss of coolant incident (LOCI) and
the Loss of Flow Incident (LOFI). For these transients the active cooling is absent, and the
transport of heat out of the core relies entirely on passive mechanisms: conduction, radiation
and free convection. As discussed in the introduction, the fresh core will give the highest
decay heat density and consequently the highest fuel temperatures. Figure 2 depicts the results
of the calculation with the corrected fuel temperatures. The LOFI and LOCI calculations are
shown for two cases, one with unirradiated fuel elements (fresh core), and one with irradiated
fuel elements. It should be noted that the conductivity of irradiated graphite is lower and
yields higher fuel temperatures than the conductivity of unirradiated graphite.
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Fig. 2. Reactor power, maximum fuel temperature and xenon reactivity worth for the fresh
core (5 days burnup) for the loss of flow incident (LOFI) and the loss of coolant incident
(LOCI), each calculated with the heat conductivity of both irradiated and unirradiated
graphite. [9].
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The fuel temperature steadily increases after recriticality as the fission power slowly returns
while xenon further decays. At the point in time that the xenon decay is maximal and in
equilibrium with the prompt power, the fuel temperature will reach its maximum. Due to
burnup, slowly the power will decrease and with it the temperature eventually will drop.

Figure 2 shows that the maximal fuel temperatures will exceed the 1600°C (or 1873 K)
temperature limit for the irradiated LOFI scenario and reach 1900 K. The irradiated LOCI
scenario reaches exactly 1873 K. The maximal fuel temperature for the unirradiated scenarios
remains under the 1600°C
limit.

5.2. When maximum fuel temperatures really occur

Besides these well-established incident situations the question remains whether fuel
temperatures stay with acceptable limits during all operational transients. This can be
answered by systematically calculating the final states for a large number of load following
transients. In the case of a load reduction, the final states of the transient will represent the
worst-case situation in terms of fuel and outlet temperature. High fuel temperatures must then
compensate the decrease of the negative xenon reactivity.

In order to show the maximal fuel temperature as a function of inlet gas temperature and mass
flow rate, a number of load following transients have systematically been calculated for the
fresh core. The calculations reflect the steady-state of the load following transient, that is, the
stable end situation with the xenon concentration in equilibrium with the power density. In
cases of load reduction, these states represent the worst-case scenario in terms of temperature
and contain the maximal attainable fuel and outlet gas temperature.

For a fixed mass flow rate the gas inlet temperature has been varied (250, 500, 750 and
1000°C), yielding a power, a gas outlet temperature, and a maximal fuel temperature in the
center of the hottest pebble. This has been repeated for a number of mass flow rates. The
helium pressures have been scaled with the mass flow rate, with a minimum of 1.0 bar.
Figure 3 shows the maximum fuel temperature at a certain mass flow rate as a function of the
gas inlet temperature. The 'iso-power' lines show the corresponding power.

For the startup core the maximum in the fuel temperature is normally located at the center of
the bottom layer. Figure 3 shows that also a maximum exists in the fuel temperature which is
mainly dependent on the mass flow rate. Around 0.25 kg/s the maximal fuel temperature is
reached, after which the temperature drops eventually below the 1600°C (1873 K) temperature
limit for very small mass flow rates (0.001 kg/s). It can be explained by looking at the
temperature distribution in the core; for 0.25 kg/s the heat is still collected and transported
towards the bottom of the core, which results in a high pebble surface temperature. In the
latter case, however, there is no accumulation of heat at a certain point due to forced
convection, and the heat leaks directly away into the side reflectors.

Two important conclusions can be drawn from figure 3: firstly, the LOCI and LOFI do not
represent a situation where the maximal fuel temperature is reached, and secondly, according
to this ACACIA design the reactor must be prevented from operating in the region below
mass flow rates of 1.0 kg/s as the 1600°C limit will then be exceeded. The fact that the
maximal fuel temperature is not reached during a LOFI or LOCI, but during low mass flow
rate transients, is not specific for this design.
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Fig. 3. The maximal fuel temperature at certain mass flow rate as a function of the gas inlet
temperature (irradiated case). The corresponding iso-power lines for these working points
have also been drawn. The calculations reflect the stable end situation of load following
transients at xenon equilibrium. Fuel temperatures will exceed 1600°C if a return is made
from the reduced mass flow rates in the region above the dashed line to nominal mass flow
rate. [9].

Even more severe restrictions must be placed on the range of load following transients if the
return to nominal mass flow rate is considered. If for some reason the nominal mass flow rate
is restored, 25 kg/s, then the power will rise above nominal because of the relatively low
xenon concentration. Especially for the load following cases that remained at low power for a
few days, the power rise will be high, around twice the normal value, for a long (day) period
of time. The situation that suddenly the nominal mass flow rate returns can arise due to a
human error in the control room, or for instance a failure of the valve connecting the helium
storage tank to the primary cycle.

The calculation of the maximal fuel temperature during the transient where the mass flow rate
returns to nominal has been performed for the stand-alone reactor. This has been done in order
to reduce calculation time, but in fact this type of transients demonstrates the value of a
coupled reactor and energy conversion system if exact values are required. In the present study
the aim is not to present exact values, but more to show that the maximal allowable fuel
temperature can be exceeded. Ignoring the feedback of the energy conversion system will
result in an underestimation of the fuel temperatures during the transient due to the drop in the
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gas outlet temperature. This is the result of the relative increase in mass flow rate being
relatively higher than the increase in power, and per kilogram helium less heat is absorbed
(more specifically: the heat transfer coefficient does not increase proportionally to the mass
flow rate. The energy conversion system reacts by offering a lower reactor inlet temperature
due to the recuperative coupling of reactor in- and outlet mass flow rate. This will increase the
reactor power and increase the maximal pebble center temperature. Therefore, if it is required
to use the correct inlet temperature the energy conversion system should be involved in the
calculations.

The return to nominal cooling will for some steady final states result in fuel temperatures over
1600°C. In figure 3 the red line denotes this boundary. If a return to nominal mass flow rate is
made from the region above the line, then the fuel temperature exceeds 1600°C in the
subsequent
transient.

6. CONCLUSIONS

Linking the Relap5 code with helium as a working fluid to Panthermix through the coupling
software Talink opens up the possibility to model the thermal hydraulics and 3-D neutronics
of a pebble bed HTR together with its ECS. A more realistic simulation of the entire system
can be attained, as the coupling removes the necessity of forcing boundary conditions on the
simulation models at the data transfer points.

A loss of flow incident (LOFI) and loss of coolant incident (LOCI) transient have been
calculated for the fresh core (5 days old), and when utilising the conductivity for the irradiated
graphite (conservative), the LOCI yields a maximal temperature of 1600°C and the LOFI
1627°C.

In order to investigate the maximum fuel temperature during operational transients, the steady
final states of load following transients have been calculated for a comprehensive grid of inlet
conditions. These final states represent the worst-case state in terms of maximal temperature
as the fuel temperature will be maximal in order to compensate the reduction of the negative
xenon reactivity by decay. Two conclusions can be drawn from these calculations:

• the fuel temperature can exceed 1600°C for load reduction transients below 20%-10% of
nominal power,

• the maximum gas outlet and fuel temperatures are not reached during a LOFI or LOCI
with a halted mass flow rate, but for situations with a small mass flow rate, 1-0.5%. As
such, a LOFI or LOCI does not represent the worst-case scenario in terms of maximal fuel
temperature.

As a continuation of the load following transient, the return to a nominal cooling of 25 kg/s
has been calculated. Especially for the load reduction transients to low load (<40%) this can
result in fuel temperatures above 1600°C. The xenon concentration is low and the fuel
temperature has to rise in order to balance the sudden increase: in reactivity due to increased
cooling.
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