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Abstract
In order to study the transient thermal-hydraulic system behaviour of modular high
temperature gas-cooled reactors, the thermal-hydraulic computer codes RELAP5,
MELCOR, THATCH, MORECA, and VSOP are considered at the Netherlands
Energy Research Foundation ECN. This report presents the selection of the most
appropriate codes. To cover the range of relevant accidents, a suite of three codes
is recommended for analyses of HTR-M and MHTGR reactors.
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SUMMARY

The objective of the WHITE Reactor programme for High Temperature Reactor
(HTR) development of the Netherlands Energy Research Foundation ECN is to
contribute to the development of the HTR into a safe and commercially attractive
reactor. In the framework of this programme, ECN will perform amongst others
thermal-hydraulic accident analyses. At ECN, the thermal-hydraulic computer
codes RELAP5, MELCOR, THATCH, MORECA, and VSOP are potentially
available to perform these analyses. This report presents the selection of the most
suitable computer code for the thermal-hydraulic accident analyses of modular
HTRs

Based on the evaluation in this report, VSOP is recommended for HTR-M thermal-
hydraulic accident analyses where the generated power behaves quasi-stationary,
and THATCH is recommended for MHTGR thermal-hydraulic accident analyses
where the power profile remains constant. However, in case 3-dimensional con-
duction in the MHTGR reactor core is of primary importance, MORECA has to
be selected. In that case, the application of MORECA has to be limited to the
calculation of accidents where the power profile remains constant and where the
generated power behaves quasi-stationary.
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1. INTRODUCTION

At the Netherlands Energy Research Foundation ECN, the High Temperature
Reactor (HTR) development programme has been started in 1993. The objective
of this programme is to contribute to the development of the HTR into a safe and
commercially attractive reactor. As a part of this contribution, ECN will perform
analyses of the transient thermal-hydraulic system behaviour of the HTR during
potential transients and accidents. The purpose of this report is the selection of
the most suitable computer code required to study this thermal-hydraulic system
behaviour.

At ECN, the following five thermal-hydraulic computer codes are potentially
available to analyse the transient thermal-hydraulic system behaviour of gas cooled
nuclear power plants:
• RELAP5;
• MELCOR;
• THATCH;
• MORECA;
• VSOP.

For this reason, the selection will be made out of these computer codes. RELAP5
and MELCOR are general purpose computer codes which are commonly applied
for the analysis of the thermal-hydraulic system behaviour of light water cooled
nuclear fission reactors. Because of their large modelling flexibility, these com-
puter codes are also often applied for the analysis of thermal-hydraulic systems
in other fields of application. The other three computer codes are specially devel-
oped for the analysis of the system behaviour of HTRs. RELAP5 and MELCOR
have been included in the code selection:
• because ECN has a large experience in using these codes;
• in order to have a potentiality for independent verification of HTR code analyses

results.

Technological problems and high costs have prevented the industrial and commer-
cial breakthrough of earlier HTRs. However, their unique safety characteristics
and their efficient conversion of thermal energy into electricity has led to a re-
newed interest in HTRs. This renewed interest focusses on the modular, low
power version of the HTR design concept. The two main HTR design con-
cepts are the German HTR-M (Hochtemperaturreaktor-Modul) and the American
MHTGR (Modular High Temperature Gas-Cooled Reactor) design concept. ECN
will perform thermal-hydraulic safety analyses for both design concepts. When
the most suitable code for the HTR-M analyses and the most suitable code for the
MHTGR analyses are not the same, two computer codes will be selected.

In chapter 2, a description of the HTR-M and the MHTGR design concept is
presented. The reference accident sequences for HTR analyses are presented
in chapter 3. The physical processes that occur during steady state operating
conditions as well as during accidental conditions in HTRs are discussed in
chapter 4, whereas the modelling of these physical processes is presented in
chapter 5. The capabilities of the five available computer codes are discussed in
chapter 6, and the assessment of these capabilities with respect to the applicability
to HTRs is presented in chapter 7. Finally, the conclusions are presented in
chapter 8.
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2. DESCRIPTION OF HTR-M AND MHTGR
DESIGN

2.1 HTR-M Design
General
The HTR-M designed by Siemens [1] is a graphite moderated and helium cooled
reactor of 200 MWlh. For electricity generation, two reactor units will be con-
nected to one turbine/generator with a total output of 160 MWe. For each reactor
unit, the produced reactor power will be removed by one steam generator which is
positioned beside and somewhat below the reactor vessel (Fig. 2.1). This layout
will minimize water ingress to the reactor core in case of a steam generator tube
rupture. However, it also suppresses heat transport lo the steam generator by
natural convection. The connection between the reactor and the steam generator
consists of a short duct which contains the concentric hot and cold helium chan-
nels. The helium pressure equals to 6 MPa. The core inlet and outlet temperatures
are about 250 °C and 700 °C respectively. The helium coolant flows downwards
through the reactor core. The heat is transferred in the steam generator where the
helium flows downward past the helical steam generator tube bundle. The helium
returns via the main circulator to the reactor vessel.

Fuel
The basic fuel consists of 1 mm diameter TRISO fuel particles. These particles
have a 0.5 mm diameter fuel kernel and a coating of pyrolytic carbon and silicon
carbide. This coating assures a leak tight fission product barrier. Extensive
irradiation tests and actual reactor operation have proven that these coated particles
have a high retention capability for fission products up to at least 1600 °C. Above
this temperature, the fuel coating will gradually degrade with somewhat increasing
fission product release up to about 2300 °C. At higher temperatures, the particles
will rapidly fail.

Reactor Core
The reference HTR-M core consists of approximately 360 000 spherical fuel
elements. These fuel elements have a diameter of 60 mm and are located in a
loose pebble bed inside a 3.0 m diameter core vessel. This vessel is surrounded
by a 1 m thick graphite reflector. The height of the active core is 9.43 m. The fuel
elements consist of a 50 mm diameter inner zone which is surrounded by a 5 mm
thick graphite outer layer (Fig. 2.2). The inner zone contains about 11000 TRISO
fuel particles in a graphite matrix. A 7.8 % enriched uraniumoxide fuel loading
has been proposed for the reference HTR-M core. During operation of the reactor,
the fuel elements will be continuously withdrawn from the bottom of the reactor,
inspected, reloaded at the top of the reactor (15 times in average), and replaced by
fresh elements when their operating lives have been expended. The mean power
density of the HTR-M core is 3.0 MW/m3.

Moderator
The coated TRISO fuel particles are embedded in graphite which forms the applied
moderator.

Reactor Containment
The HTR-M design has not been equipped with an overall reactor containment,
because the retention of the fission products occurs in the high integrity coated
TRISO fuel particles.

8 ECN-R--95-013



Description of HTR-M and MHTGR Design

Primary coolant
The coolant in the primary cooling system is single-phase chemically inert helium.

Decay heat removal and emergency cooling
Upon normal shutdown, the decay heat is removed by the primary cooling system.
In case of unavailability of this system, the decay heat will be transferred from
the reactor core by conduction, radiation, and natural convection to the Reactor
Cavity Cooling System (RCCS). The RCCS consists of plate-type, water-cooled
heat exchangers which are installed against the outer surface of the reactor cavity
(Fig. 2.1). The water-cooled RCCS transfers its heat to the atmospheric air. The
RCCS is a continuously operating, active, and triple redundant system. If all
heat removal systems would be unavailable, including the RCCS, the decay heat
can still be removed by radiation, conduction, and natural convection through the
walls of the reactor cavity to the structure and ultimately to atmospheric air.

Reactivity control
Reactivity control is achieved by six mechanically driven control rods which
are located in the reflector zone. Back-up shutdown capability is provided by
means of a manually operated boron-pellet injection system in the reflector zone.
Operational power adjustments are carried out by varying the helium coolant flow,
whereby the reactor power will respond through the temperature reactivity of the
HTR-M core.

2.2 MHTGR Design

General
The reactor materials and general lay-out of the MHTGR designed by General
Atomics [2] are largely similar to that of the HTR-M. The reactor core and the
steam generator are positioned below the ground level (Fig. 2.3). The helium
pressure is 6.4 MPa, and the core inlet and outlet coolant temperatures are 258 °C
and 687 °C respectively. The reference MHTGR design is based on four reactor
modules. Each module produces a thermal power of 350 MW. With two turbine
generators, this results in a total electric power of 540 MWe. Upgrading to thermal
powers of 450,550, and 600 MW per reactor module as well as the application of
a gasturbine are being considered to improve the economy.

Fuel
The basic fuel of the MHTGR consists also of I mm diameter TRISO fuel particles.

Reactor Core
The height of the MHTGR core is 7.9 m. The MHTGR core is composed of
prismatic graphite blocks which are arranged in three concentric zones inside the
6.5 m diameter reactor vessel (Fig. 2.4). In the inner and outer zone, the graphite
blocks are unfuelled and serve as reflector blocks. In the intermediate zone, the
graphite blocks are fuelled and form the active core. This active core has an
outer diameter of 3.6 m and an inner diameter of 1.65 m. Each prismatic fuel
block in the active core contains cylindrical fuel compacts (diameter 1.25 cm,
height 5.0 cm) which are stacked in holes inside the graphite body of the fuel
blocks. Each fuel compact is composed of TRISO particles in a graphite matrix.
The TRISO particles contain 20 % enriched uraniumcarbide and -oxide fuel. The
helium coolant flows through cylindrical axial holes in the core and reflector zones.
A three-year burn-up period is foreseen with one half of the core being replaced
every 18 months. The mean core power density of the MHTGR is 5.9 MW/m3.

ECN-R-95-013
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Moderator
Graphite forms the moderator applied.

Reactor Containment
Similar to the HTR-M design, the MHTGR design does not include an overall
reactor containment.

Primary coolant
The primary coolant is single-phase, chemically inert helium.

Decay heat removal and emergency cooling
Following normal shutdown, the decay heat is removed by the primary cooling
system. In case of unavailability of the main cooling system, the decay heat
will be removed by the so-called Shutdown Cooling System (SCS). The SCS
is an active back-up cooling system which consists of a blower and a water-
cooled heat exchanger located at the bottom of the reactor vessel. Upon failure
of both active cooling systems, the decay heat can be removed in a completely
passive manner through a continuously operating Reactor Cavity Cooling System
(RCCS). As opposed to the RCCS of the HTR-M, the MHTGR RCCS transfers the
heat directly to the atmospheric air without using an intermediate water cooling
system. Upon failure of all heat removal systems, decay heat will be removed
safely through radiation, conduction, and convection to the concrete reactor cavity
walls and eventually to the surrounding earth.

Reactivity control
Twenty-four control rods in the outer reflector zone and six rods in the inner
reflector zone are available for reactivity control. Other reflector channels are
provided with a manually operated back-up shutdown system, similar to that of
the HTR-M.

10 ECN-R-95-013
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Figure 2.1 HTR-M reactor core with heat removal and safety systems.
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Figure 2.2 HTR-M spherical fuel element, [3].
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3. ACCIDENT SEQUENCES

For the MHTGR design, General Atomics (GA) has prepared a Preliminary Safety
Information Document (PSID). This document provides a detailed design descrip-
tion and safety assessment in the general format of a safety analysis report. In the
PSID safety analysis, a series of bounding Licensing Basis Events (LBEs) were
identified. These LBEs were identified through a combination of the results of
Probabilistic Risk Assessment (PRA), industry experience, and the application of
engineering judgement based on an understanding of the design characteristics.
The LBEs were classified in descending likelihood of occurrence as follows:
1. Anticipated Operational Occurrences (AOOs):

AOOs represent events which can be considered to occur within the lifetime of
a plant. The selected AOOs for the MHTGR design are presented in Table 3.1.

2. Design Basis Events (DBEs):
DBEs represent lower probability events which can be expected to occur within
a population of plants during their operating lifetime. These events have single
plant probabilities down to one in ten thousand per year. The selected MHTGR
DBEs are shown in Table 3.2.

3. Emergency Planning Basis Events (EPBEs):
EPBEs represent still lower probabilities to evaluate the need for emergency
planning in order to protect against events beyond the design basis. These
events have a probability down to one in two million per year. In Table 3.3,
the selected EPBEs for the MHTGR design are presented.

The PSID was submitted by GA to the United States Nuclear Regulatory Com-
mission (US-NRC) in the fall of 1986 and was reviewed extensively during the
next two years. During the review, a set of Beyond Design Basis Events (BDBEs)
were identified and incorporated. These events are shown in Table 3.4.

For the listed events, the release of fission products to the environment has to be
calculated. As mentioned in the previous chapter, the coated particles have a high
retention capability for fission products up to at least 1600 °C. Therefore, the first
objective of thermal-hydraulic analyses is to investigate whether the temperature
in the coated fuel particles remains below 1600 °C.

Almost all of the listed accidents have in common that the normal forced con-
vection He cooling in the primary system is lost in combination with reactivity
influences in the reactor core. In that situaton, the heat generated in the reactor
core has to be transported to the environment by passive means like conduction,
radiation, and natural or free convection.

The physical processes which occur in the considered HTR-M and MHTGR design
during the presented accident sequences can be subdivided in processes which are
related to the heat generation, the heat transport, and chemical reactions. These
processes will be discussed in the next chapter.

ECN-R-95-013 15
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Table 3.1 MHTGR Anticipated Operational Occurences

id number occurence
AOO-1 main loop transient with forced core cooling.
AOO-2 loss of HTS and SCS cooling.
AOO-3 control rod group withdrawal with control rod trip.
AOO-4 small steam generator leak.
AOO-5 small primary coolant leak.

Table 3.2 MHTGR Design Basis Events

id number event
DBE-1 loss of HTS and SCS cooling and offsite power.
DBE-2 HTS transient without control rod trip.
DBE-3 control rod withdrawal without HTS cooling.
DBE-4 control rod withdrawal without HTS ans SCS cooling.
DBE-5 earthquake.
DBE-6 moisture in-leakage.
DBE-7 moisture in-leakage without SCS cooling.
DBE-8 moisture in-leakage with moisture monitor failure.
DBE-9 moisture in-leakage with steam generator dump failure.
DBE-10 primary coolant leak.
DBE-11 primary coolant leak without HTS and SCS cooling.

Table 3.3 MHTGR Emergency Planning Basis Events

id number event

EPBE-1 moisture in-leakage with delayed steam generator isolation and with-
out forced cooling.

EPBE-2 moisture in-leakage with delayed steam generator isolation.
EPBE-3 primary coolant leak in all four modules with neither forced cooling

nor helium purification system pumpdown.

Table 3.4 MHTGR Beyond Design Basis Events

id number event

APP G.I reactivity events including spurious reactivity insertion and indefinite
failure to trip when required.
1. pressurized conduction cooldown without reactor trip.
2. control rod withdrawal (all rods).
3. hypothetical control rod ejection.
4. large moisture ingress.

APP G.2 depressurized conduction cooldown with immediate and indefinite
loss of the HTS, SCS, and RCCS.

APP G.3 large moisture ingress events with and without steam generator
isolation.
1. large moisture ingress with isolation.
2. moisture ingress without isolation.

APP G.4 rapid vessel depressurization due to catastrophic cross vessel failure.
APP G.5 catastrophic failure of core support.

16 ECN-R-95-013



4. THE PHYSICAL PROCESSES

The physical processes related to thermal-hydraulics which occur in the presented
HTR-M and MHTGR design are presented in this chapter. These processes are
subdivided in processes which are related to the:
• heat generation (section 4.1);
• heat transport (sections 4.2).
• chemical reactions (sections 4.3).

4.1 Heat Generation
The energy released in the reactor core is produced by the exothermic nuclear
reactions in which a part of the nuclear mass is transformed to energy. Most of the
energy is released when nuclei of heavy atoms split as they absorb neutrons. The
splitting of these nuclei is called fission. The fission products move through the
reactor core material. Thereby, they lose their energy through interaction with the
reactor core material, which causes the heat generation in this core material. The
energy loss rate of the fission products, i.e. the heat generation rate in the core
materials, depends mainly on the penetrating ability of the fission products. As a
result, the following main heat generating sources can be distinguished in the:

Fuel
The fission fragments which carry most of the released fission energy have a very
small penetrating ability. The bulk of the released fission energy is therefore
released in the fuel. The contribution of gamma-rays energy in the fuel is small.

Moderator
Almost all of the heat generated in the moderator originates from neutrons which
lose a considerable amount of their kinetic energy in the moderator.

He coolant
The heat production in the He coolant is negligible.

Reflector
Almost all of the heat generated in the reflector comes from neutron slowing.

As explained above, the local heat generation rates in the reactor core materials
depend on the local nuclear fission reaction rate in the fuel. This nuclear fission
reaction rate, and therefore the heat generation rate, is influenced by changes in
the:

Core temperatures
The fuel, moderator, and reflector temperatures affect the power generation in
the reactor core. For the considered HTR designs, a fuel temperature increase
causes an increase of the neutron capture in Uranium-238. As a result, the
reactivity decreases. Consequently the generated power decreases. In a similar
way, an increase of the generated power occurs following a decrease of the fuel
temperature. This phenomenon is based on the so-called Doppler-effect. The
influence of the moderator temperature on the power generation is much smaller.
For the reflector temperature, an increase of the reactivity occurs when the reflector
temperature increases, and a decrease of the reactivity occurs when the reflector
temperature decreases. However, for the 'otal core, a decrease of the reactivity
takes place when the temperatures in th>.- core increase, and an increase of the
reactivity takes place when the core temperatures decrease. Based on this effect,

ECN-R-95-013 17
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in the situation of a temperature excursion in the reactor core, this negative core
temperature feedback mechanism causes reactor shutdown in case of a failure of
the active shutdown system as long as the core temperatures are high. During the
operation life time of the reactor, the composition of the fuel changes, which may
result in a less negative fuel temperature feedback mechanism as time proceeds.

Xenon-135 content in the fuel
Xenon-135 is an indirect fission product. The cross-section of Xenon-135 for the
absorption of neutrons is extremely large. Xenon-135 arises from the radioactive
decay of the fission product Iodine-135 (half life of 9.2 hours), whereas it depletes
by radioactive decay (half life of 6.6 hours) and by neutron absorption. During
steady state conditions, there is an equilibrium Xe level for which the production
rate equals the depletion rate. Following a power change, the depletion rate
changes according the new power level, whereas the prodution rate continues
according the previous power level. This results in an imbalance of the Xe
content during several hours. A power reduction causes an increase of the Xe
content which results in a decrease of the reactivity in the core. On the other hand,
a power increase causes a decrease of the Xe content which results in an increase
of the reactivity.

Samarium-149 content in the fuel
Samarium-149 is also an indirect fission product. It has a very large cross- section
for the absorption of neutrons. Samarium-149 is produced by the radioactive
decay of the fission product Neodymium-149 (half life of 2 hours). Samarium-
149 dissappears only by neutron absorption. A power reduction results therefore
in an increase of the Samarium-149 content in the fuel which causes a decrease
of the reactivity in the core the core.

Operating life time of the fuel
The number of fissile nuclei in the fuel decreases as the operating life time of the
fuel increases. That is, the reactivity decreases with the operating life time of the
fuel.

Steam ingress into the reactor core
Following a steam generator tube rupture, high pressure steam will penetrate into
the primary system. Once in the reactor core, this steam ingress results in an
enhanced neutron moderation. Consequently, steam ingress results in an increase
of the reactivity.

Reactivity control system
The basic priciple of the reactivity control system is based on the positioning of
a certain amount of neutron absorbers (control rods, boron pellets) in the reactor
core. Hereby, the reactivity of the core can be adjusted.

Scram system
Scram of the reactor will be effectuated by putting a huge amount of neutron
absorbers in the reactor core. As a result, the reactivity becomes highly negative
almost immediately.

4.2 Heat Transport
In subsection 4.2.1, the main heat transport processes which occur during steady
state operating conditions will be discussed. The main heat transport processes
which occur during accidental conditions will be presented in subsection 4.2.2.

18 ECN-R-95-013



The Physical Processes

4.2.1 Heat transport during steady state operating conditions
The two heat transport processes which take care of the transport of almost all of
the heat generated in the active core to the steam generator are respectively:
• conductive heat transport in the reactor core;
• forced convection He cooling in the primary system.

These two heat transport processes will be discussed hereafter and are schemat-
ically represented in Fig. 4.1 for the HTR-M and in Fig. 4.2 for the MHTGR
design.

Conductive heat transport in the reactor core
In the HTR-M reactor core, heat transport by conduction to the outer surface takes
place in the 60 mm diameter spherical fuel elements in which the power generation
takes place. In the MHTGR reactor core, conductive heat transport takes place
from the cylindrical holes which contain the fuel compacts to the cylindrical holes
which form the passage for the He coolant flow.

Forced convection He cooling in the primary cooling system
In both reactor designs, the heat transferred to the He coolant in the reactor core
is transported to the steam generator by forced convection He cooling. With
the exception of small energy losses from the reactor core to the RCCS, this He
cooling removes all the heat generated in the reactor core during normal operating
conditions. The minor energy losses from the reactor core to the RCCS are
transported by means of conduction, free and natural convection, and radiation.

4.2.2 Heat transport during accidents

Almost all of the accidents that have to be considered have in common that the
forced convection He cooling in the primary system is lost. In that situaton, the
heat generated in the reactor core during these accidents has to be transported to the
environment via the RCCS. The heat transport mechanisms which are associated
with this situation will be discussed below and are schematically presented in
Fig. 4.3 for the HTR-M and in Fig. 4.4 for the MHTGR design.

1. Heat transport from the fuel to the outer side of the core:
• Conduction

Heat transport by conduction in the HTR-M reactor core takes place inside
the 60 mm diameter spherical fuel elements and the surrounding 1 m
thick graphite reflector. In addition, conductive heat transport between the
spherical fuel elements takes place via the He coolant. In the MHTGR
design, conductive heat transport occurs in the fuel, graphite, and He and
is mainly directed from the fuel blocks through the outer reflector blocks
towards the reactor vessel inner wall.

• Natural convection
Following a loss of forced He coolant flow through the reactor core, natural
circulation coolant flow will develop in the reactor core. In the HTR-M, the
He coolant will flow upwards through the center of the core and downwards
through the periphery of the core. In the MHTGR, the He coolant will flow
upwards near the inner side of the annular active core and downwards near
the outer side. These natural convection He coolant flows enhance the
radial tranport of heat to the outer side of the reactor core.

• Radiation
In the HTR-M design, heat transport by radiation takes place between the
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60 mm diameter sperical fuel elements. In the MHTGR design, radiation
heat transfer takes place across the cylindrical axial holes located in the
prismatic graphite blocks. Radiation in the reactor core takes place during
accidents as well as during normal reactor operation. However, radiation
heat transfer during normal reactor operation is negligible, because the
temperature differences in the reactor core are small in that situation.

2. Heat transport from the outer side of the core to the reactor vessel inner wall:
• Radiation

Heat transport by radiation is the main heat transport mechanism from the
reactor core to the reactor vessel.

• Natural convection
In addition, natural convection of He or air takes place between the reactor
core and the reactor vessel. This tranport mechanism contributes to the
radial tranport of heat.

3. Conduction through the reactor vessel wall:
Heat transport through the wall of the reactor vessel takes place by conduction.

4. Heat transport from the reactor vessel to the RCCS:
• Radiation

The main heat transport mechanism between the reactor core and the RCCS
is radiation.

• Free convection
In addition, free convection of air takes place between the reactor vessel
and the RCCS, which contributes to the radial tranport of heat.

5. Heat transport from the RCCS to the environment:
• Forced convection H2O cooling in the RCCS of the HTR-M

The heat transferred from the reactor vessel to the plate-type RCCS heat
exchangers of the HTR-M is removed by forced convection water cooling.
The RCCS is designed to remove the decay power generated in the reactor
core in case the heat removal capability of the primary cooling system
is not available. Under normal operating conditions, the RCCS removes
the heat losses transferred from the reactor vessel to the RCCS which are
small. These heat losses occur, because:

- of the continuous operation of the RCCS;
- reactor vessel has not been insulated.

• Natural convection air cooling in the RCCS of the MHTGR
The heat transferred from the reactor vessel to the plate-type RCCS heat
exchangers of the MHTGR design will be transferred directly to the atmo-
spheric air by free convection air cooling. The MHTGR RCCS removes
the small heat losses from the reactor vessel during normal operating con-
ditions and the decay heat upon failure of both the primary cooling system
and the SCS.

4.3 Chemical Reactions
Chemical reactions following air ingress into the reactor core
Following air ingress into the reactor core, graphite will oxidize in the presence of
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oxygen and carbon dioxide. The main concern is the corrosion of graphite which
causes a degradation of the structural integrity of the coated fuel particles. The
energy production resulting from the oxidation of graphite is generally considered
to be small compared to the decay heat generation.

Chemical reactions following water ingress into the reactor core
Graphite will oxidize also following water ingress into the reactor core. Thereby,
carbon monoxide and hydrogen are produced. The main concerns are:
• the degradation of the structural integrity of the coated fuel particles resulting

from the corrosion of graphite;
• the probability of combustion of the produced carbon monoxide and hydrogen

after these products come into contact with air.

The graphite corrosion rate due lo water is much smaller than the corrosion rate
due to air.
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Figure 4.1 Main heat transport processes in the HTR-M during steady state operating

conditions.
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Figure 4.2 Main heat transport processes in the MHTGR during steady state operating
conditions.
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> forced convection of water in RCCS

Figure 4.3 Main heat transport processes in the HTR-M following a loss of the forced He
coolantflow.
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Figure 4.4 Main heat transport processes in the MHTGR following a loss of the forced
He coolant flow.
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5. MODELLING OF THE PHYSICAL
PROCESSES

5.1 Introduction
For the thermal-hydraulic analysis of accident sequences, a calculation of the
heat generation rate in the reactor core is required in order to calculate its fuel,
moderator, and coolant temperatures. In turn, these temperatures are needed to
determine the nuclear and physical properties of these core materials which are
required for the calculation of the heat generation rate in the reactor core itself.
An accurate calculation of the distribution of the heat generation in a reactor core
is achieved by a neutronic analysis of the reactor core. Therefore, simultaneous
solution of the neutronic and thermal-hydraulic processes in the nuclear reactor
core is in principle required for an accurate calculation of the conditions in the
reactor core during steady state as well as during transient conditions. However,
simultaneous solution of the complete neutronic and thermal-hydraulic equation
system does not take place, because it is too formidable to solve. In addition,
this simultaneous solution is not required in order to obtain results which are
sufficiently accurate for the most practical purposes. Therefore, simplifications
are made in order to obtain a model which can be solved within reasonable time
and which is sufficiently accurate. These simplifications will be discussed in this
chapter.

Similar to the subdivision in the previous chapter, the modelling of the physical
process will be subdivided in the modelling of the processes which are related to
the heat generation (section 5.2) and the heat transport (section 5.3).

5.2 Heat Generation
Within each point in the reactor core, the neutron flux can in principle be calculated
by solution of the Boltzmann transport equation. For known temperatures in the
reactor core materials, the required nuclear physical properties of these materials
can be determined. Together with the calculated neutron flux, these properties can
be used to calculate the volumetric heat production q'" within the core materials.
For many practical purposes, simplified models are used which are sufficiently
accurate for these practical purposes. These simplified models and the limitations
of these models will be discussed now. The discussion will start with the most
simplified model.

1. Fixed total power history, fixed spatial power distribution
For this case, the model for the power generation applied in the thermal-hydraulic
computer code consists of:
t a fixed total power as a function of time;
• a fixed spatial distribution of this total power within the reactor core.

The application of this model has to be limited to the calculation of those accident
sequences where the generated power consists of the decay power following
a reactor scram where the reactor core remains subcritical, because, for these
accident sequences,:
• the spatial distribution of the decay power following a reactor scram remains

more or less constant;
• the decay power and its spatial distribution can be obtained
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sufficiently accurate from e.g. a separate neutronic analysis;

2. Calculated total power history, fixed spatial power distribution
For this case, the model for the power generation applied in the thermal-hydraulic
computer code consists of:
• a total power calculated as a function of time;
• a fixed spatial distribution of this total power within the reactor core.

As a part of the calculation of the thermal-hydraulic system behaviour, the total
generated power is calculated by solution of the point kinetics equations. The
reactivity feedback mechanisms can be incorporated in these equations. Similar
to the previous case, the spatial distribution of the total power remains fixed.
The temperature coefficients in the point kinetics equations can be obtained by a
separate neutronic analysis.

The application of this model has to be limited to the calculation of those acci-
dent sequences where the spatial distribution of the power remains more or less
constant. So, this model can be applied for those accident sequences where local
reactivity changes can be neglected.

3. Calculated volumetri cal power production
With respect to the generated power, the remaining class of accident sequences
is charaterized by a spatial distribution of the generated power which changes
significantly. Local reactivity changes cause significant changes in the spatial
power distribution. For example, a local control rod withdrawal causes such
a local reactivity change. This class of accidents requires a more dimensional
neutronic analysis of the reactor core in order to calculate the volumetrical power
production.

5.3 Heat Transport
1. Convection and conduction heat transport in the He coolant in the reactor core
In the He cooled part of the reactor core, the heat transport due to convection and
conduction takes place in the He coolant which flows
• around the sperical fuel elements in the HTR-M design;
• through the cylindrical axial cooling channels in the hexagonal graphite blocks

in the MHTGR design.

For each point x_ in these flow domains, this He flow is decribed by the following
equations:

The conservation equation for mass:

= 0, (5.1)
ui

p = density of the He coolant (kg/m3),
v_ = velocity of the He coolant (m/s).

The first term describes the rate of change of density and (he second the net rate
of efflux per unit volume.
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The conservation equation for momentum:

n
V-L = pg, (5.2)

p = pressure of the coolant (N/m2),
where j_ = viscous stress tensor of the coolant (N/m2).

£ = specific body force vector of the coolant (m/s2).

The four terms on the left-hand side of this equation successively describe the
rate of change of momentum per unit volume, the rate of momentum gain by
convection per unit volume, and the rate of momentum gain by pressure force and
viscous transfer per unit volume. The term pg_ denotes the externally applied body
force per unit volume which is the gravitational force.

The conservation equation for energy reads

~d~t V V + 2~' - ) I + ~' [P~ V + 2~' ~) + ~' ^

(5.3)

u = specific internal energy of the coolant (J/kg),
where A = thermal conductivity of the coolant (W/m.K),

T = temperature of the coolant (K).

Here, the five terms on the left-hand side of the equation successively describe
the rate of change of energy per unit volume, the rate of energy change per unit
volume by convection, the rate of work done on the fluid per unit volume by
pressure forces and viscous forces, and the rate of energy change per unit volume
by conduction. For He, the standard form of Fourier's law of heat conduction
has been applied, where the scalar A is called the thermal conductivity. On the
right-hand side of the equation, the energy production per unit volume consists of
the heat source q'"(x, t) and the rate of work done on the fluid per unit volume by
body forces, or p(v • g).

This system of Eqs. 5.1 through 5.3 has to be further simplified, because
• this equation system is by far too large to solve for the complicated flow domain

in the reactor core;
• the resulting detailed calculated local velocities, temperatures, etc. of the He

coolant are not required.

The method which is commonly applied in case of such complicated flow domains
consists of volume averaging of the conservation equations for mass, momentum,
and energy in each point in the reactor core. This results in an equation system
for an homogenous mixture in the reactor core expressed in terms of averaged
quantities. For each point in the reactor core, the resulting equations for He in the
homogenous mixture consist of the following volume averaged equations:
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The averaged conservation equation for mass:

= 0. (5.4)

In Eq. 5.4, e{x) is the volume fraction of the He coolant in the homogenous
mixture. In order to indicate that the equation is now expressed in terms of
volume averaged quatities, a bar is used above the flow quantities.

The averaged conservation equation for momentum:

£Qj (pv) + V • (epvv) + eYp + V • (eg) = ep£ - É• (5.5)

In Eq. 5.5, P.' equals ± fs^x\ n' • r ' dS and represents transfer of momentum at
the interface S'(x_) between the He coolant and the solid core material which is
commonly approximated by ^-n' • x', where ^ is the interfacial area per unit
volume.

The averaged conservation equation for energy:

€~dt L V + 2 ^ ' S —" r ̂  \ + 2^' V I + —'

Y • (e£ • v) + V • (eAYT) = eq'" + ep{v •g) + Qi. (5.6)

In Eq. 5.6, Q' equals ± / s , , r) nj-g! dS and represents the transfer of energy at the
interface between the He coolant and the solid core material which is commonly
modelled by fya (Twan - T), where a is an empirical heat transfer coefficient
(W/m2.K).

It is noted that the Eqs. 5.4 through 5.6 also form the basic equations for flow
through porous media.

The thermal response of the He coolant is very fast compared to the thermal
response of the solid reactor core material. As a result, the He coolant flow
will behave quasi stationary during accidental conditions. For this reason, the
Eqs. 5.4 through 5.6 can be further simplified by elemination of the Ĵ  terms. So,
eventually, the following equation system has to be solved for the He coolant flow
in the reactor core:

The averaged conservation equation for mass:

0. (5.7)
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The averaged conservation equation for momentum:

Y • (epvv) + eYp + V • (cf) = epg - ^-n1' • £ (5.8)

The averaged conservation equation for energy:

V • lepv (ü + -v • i j I + V • (epv) + V • (ef • ü) + V • (eAVf)

= 4" + £p(£ • £) + ^ a (ï;a„ - f) (5.9)

In the MHTGR reactor core, the He coolant flows through cylindrical axial cooling
channels. Consequently, the coolant flow direction is primarily one-dimensional.
For this reason, the Eqs. 5.7 through 5.9 can be solved in their one-dimensional
form in the MHTGR core. For the HTR-M reactor core, the situation is more
complicated. For flow patterns which are rotation symmetrical, the Eqs. 5.7
through 5.9 can be solved in cylindrical coordinates in the two-dimesional (r, z)
form. In case the flow pattern is not rotation symmetrical, the three-dimensional
form has to be solved.

2. Convection and conduction heat transport in the He coolant outside the reactor
core
For the same reasons as in the previous case, it is desirable to describe the heat
transport by convection and conduction in the He coolant outside the reactor core
also by means of quasi stationary volume averaged conservation equations. For
the present case, these equations can be obtained by taking e = 1.0 in the Eqs. 5.7
through 5.9. In addition, the resulting equations can be solved in their one-
dimensional form, because the flow paths outside the reactor core are primarily
one-dimensional.

3. Forced convection H2O cooling in the RCCS of the HTR-M
This forced convection H2O cooling is primarily one-dimensional and quasi-
stationary. For these reasons, the equation system which describes the forced
convection H2O cooling is identical to that of the previous case.

4. Natural convection air cooling in the RCCS of the MHTGR
For the same reasons, the equation system is identical to that of the previous case.

5. Free convection air cooling outside the reactor vessel
The contribution of the free convection of air to the radial transport of heat from
the reactor vessel to the RCCS has been deemed to be very small. Modelling of
free convection of air is therefore not required. In addition, it is a conservative
approach when the contribution of free convection of air is left out of consideration.

6. Conduction in the reactor core
A distinction will be made between conduction in the He coolant and the remaining
solid reactor core material. The modelling of the conductive heat transport in
the He has already been described above. The modelling of conduction in the
remaining solid reactor material will be described now.
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As explained before, the equations for mass, momentum, and energy (Eqs. 5.1
through 5.3) have been volume-avaraged for each point x in the He cooled part of
the reactor core. This results in volume averaged conservation equations for the
He as well as the remaining solid reactor material in the homogeneous mixture.
For the stagnant solid reactor material, the volume-averaged equations can be
simplified by taking a zero velocity and by neglecting the compressibility and
thermal expansion. The result is that for the solid reactor material only the
following averaged heat conduction equation has to be solved for each point x_ in
the homogenous mixture:

(1 - e)pcp^fw{x,t) - V • (1 - e)XVfw(x,t) =

± f
V JS<(x

.q'dS. (5.10)
(x)

(1 - e(x)) volume fraction of the solid core material,
p = averaged density (kg/m3),
cp = averaged specific heat capacity (J/kg.K),
A = averaged thermal conductivity (W/m.K),
Tw = averaged wall temperature (K),
q'" = averaged heat generation rate (J/m3.s).

In Eq. 5.10, the term ^ JS'MR' ' ?" dS represents the heat flux transferred at
the interface S'(x) between the solid core material and the He coolant which is
commonly modelled by —fya (fwau - T).

For accidents analyses which result in core temperature distibutions which are
rotation symmetrical, Eq. 5.10 can be solved in its two-dimensional form in
cylindrical coordinates. In case the core temperature distribution is not rotation
symmetrical, the three-dimensional form has to be solved.

Solution of Eq. 5.10 yields the average temperature of the wall fw. However,
the peak fuel temperatures are of main interest in the thermal-hydraulic analyses.
These peak fuel temperatures can be calculated by solution of the local heat
conduction equation for the actual geometry and with Tw as the boundary condition
at the wall. The local heat conduction equation reads:

pcpjT{x,t) - V • AVT(x,i) = q'"(x,t). (5.11)

7. Conduction outside the reactor core
Heat transfer by conduction outside the reactor core takes place in the wall of the
reactor vessel and the wall of the RCCS. These heat transports can be calculated
by solution of the local heat conduction equation, Eq. 5.11.

8. Heat transfer by radiation
The net rate of energy transfer from a surface i to another surface j can be
calculated as:
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lf), (5.12)

Qij = net energy transfer rate from surface i to surface j (J/s),
.4,- = area of surface J (m2),

, F( ,• = the view factor from surface i to surface j (-),
where '•J . . . ,_ . , . J w

e = emissivity coefficient (-),
a = Stephan-Boltzmann constant (J/s.nr.K4),
T{ = temperature of surface i, (K).

The view factor F(ij represents the fraction of radiation leaving surface A( that is
directly intercepted by Aj. The view factor Fi}j can be calcuated by:

I f f cosOi cosQj . . . . / c . . .

iJ j—^r-dAidA- (5J3)

tij = distance between the differential surfaces dAi and dAj (m2),
where 6{ = angle between the normal n' leaving the differential surface

Ai and the connecting line between dAi and dAj, (°).
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For each computer code available at ECN which can potentially be applied for the
analysis of the thermal-hydraulic system behaviour of HTRs, a gey • -al description,
the features with respect to the heat generation, the heat transport, the chemical
reactions, and an assessment will be presented respectively.

6.1 RELAP5
6.1.1 General Description

RELAP5 [5] is a computer code developed for the analysis of the thermal-hydraulic
system behaviour of light water cooled nuclear fission reacfors during transients
and accidents. This computer code is the final result of a 20 year code develop-
ment effort under contract of the United States Nuclear Regulatory Commission
(US-NRC). The latest version of the code is RELAP5/MOD3. The previous
version M0D2 has been validated by several users in the framework of the In-
ternational Code Assessment Program (ICAP). Results of the assessment efforts
and deficiencies observed have been integrated in the latest version of the code
RELAP5/MOD3. This version is being verified in the framework of the Code
Assessment and Maintenance Program (CAMP). ECN is also participating in
ICAP/CAMP and is closely cooperating with the Idaho Engineering Laboratory
(INEL) that developed and maintains the code under contract of the US-NRC.

6.1.2 Heat Generation

RELAP5 calculates the total generated power by solution of the point kinetics
equations. This implies that the spatial power distribution remains constant.
RELAP5 considers changes of the reactivity due to changes in the:
• fuel temperature;
• moderator temperature;
• Boron concentration;
• volume fraction of water;
• scram system.

It is also possible to model reactivity changes via the control system of RELAP5.

6.1.3 Heat Transport

Convection and conduction heat transport in the coolant
The hydrodynamic model of RELAP5 is a one-dimensional transient two-fluid
model for flow of a two-phase water-steam mixture that can contain nonconden-
sible components in the steam phase and/or a nonvolatile component in the water
phase. The main equations of this two-fluid model are one-dimensional space
and time averaged conservation equations for mass, momentum, and energy for
the steam and water phase. The term that describes the conductive heat transport
within the water and steam phase has not been modelled. Helium can be selected
as the coolant by taking the noncondensible mass fraction equal to 1.0.

Conduction in solid material
Heat transport by conduction in solid material is calculated by solution of the heat
conduction equation for rectangular, cylindrical, or spherical heat structures.
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Heat transfer by radiation
A radiation model as described in section 5.3 is incorporated in RELAP5. The
view factors F{ j and the emissivity coefficients e have to be specified by the user.

6.1.4 Chemical Reactions
RELAP5 does not have a model for the oxydation of graphite.

6.1.5 Assessment
As mentioned in subsection 6.1.3, the hydrodynamic model consists of space
and time averaged conservation equations for a two-phase fluid mixture. That
is, the space averaged equations Eqs. 5.7 through 5.9 for flow through a porous
medium are not present in RELAP5. So, an equation system suitable to model
a homogeneous mixture of both the coolant and solid material in the reactor
core is not available. As a consequence, one has to simulate the heat transport
processes for the geometry of the core with the equation systems as described in
subsection 6.1.3. With these systems, it is not possible to model the simultaneous
convective and conductive heat transport in the reactor cores of the considered
HTRs.

6.2 MELCOR

6.2.1 General Description

MELCOR [6] is a fully integrated, engineering-level computer code that models
the progression of severe accidents in light water cooled nuclear fission reactors.
MELCOR is being developed at the Sandia National Laboratories for the United
States Nuclear Regulatory Commission (US-URC) as a second-generation plant
risk assessment tool and as the successor of the Source Term Code Package. The
thermal-hydraulic response of the reactor coolant system and the containment,
the core heatup, the core degradation and relocation, and the release and trans-
port of the fission products are treated in MELCOR in a unified framework in
order to analyse a wide spectrum of severe accident phenomena for both Boiling
Water Reactors (BWRs) and Pressurized Water Reactors (PWRs). MELCOR has
especially been designed to facilitate sensitivity and uncertainty analyses. The
targeted applications envisioned by the US-NRC for MELCOR are:
• BWR and PWR probabilistic risk assessment studies;
• audit reviews of the individual plant examination submittals;
• studies to develop insights into phenomena and hardware performance;
• accident management studies.

MELCOR has been under development since 1982. The latest version was MEL-
COR 1.8.3 which is released in August 1994.

6.2.2 Heat Generation
Both internal and surface power sources can be included for heat structures. For
each heat structure that contains an internal power source, the user has to specify:
• the total generated power as a function of time;
• the spatial distribution of this power source.

The spatial distribution of the generated power remains constant during the cal-
culations. Likewise, the user can specify a surface power source which will be
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added to the boundary condition coefficients.

6.2.3 Heat Transport

Convection and conduction heat transport in the coolant
In MELCOR, the thermal-hydraulic behavior is modelled using control volumes
and flow paths. All hydrodynamic material and its energy resides inside the
control volumes. This hydrodynamic material includes the coolant and the non-
condensable gases. These materials are assumed to separate under influence
of gravity within a control volume, thereby forming a so-called pool beneath
and atmosphere above. Each control volume is characterized by one single
pressure and two temperatures, i.e., one temperature for the pool and one for the
atmosphere.

The control volumes are connected by flow paths through which the hydrodynamic
materials may move without residence time, driven by a momentum equation.
Based on the elevations of the pool surfaces in the connected control volumes
relative to the junctions with the flow paths, both pool and atmosphere may pass
through each flow path. Appropriate hydrostatic head terms are included in the
momentum equation for the flow paths, allowing calculation of natural circulation.

Conduction in solid material
The Heat Structure (HS) package in MELCOR calculates heat conduction within
intact solid structure and energy transfer across its boundary surfaces into control
volumes. The heat conduction within a heat structure is modelled by the heat con-
duction equation in one spatial dimension for rectangular, cylindrical, spherical,
and hemispherical geometries.

Heat transfer by radiation
Radiative heat transfer between a heat structure and the atmosphere of an adjacent
control volume can be specified. The gas absorptivity is a function of the gas
composition and radiation path length. The atmosphere will only absorb heat if
water vapor, CO, or CO2 is present. Radiation between different heat structures
is not modelled.

6.2.4 Chemical Reactions

The oxydation of graphite has not been modelled in MELCOR.

6.2.5 Assessment

In the hydrodynamic model of MELCOR, the space averaged equations Eqs. 5.7
through 5.9 for flow through a porous medium are not present. That is, equations
suitable to model a homogeneous mixture of both the coolant and solid material
in the reactor core are not available. The heat transport processes for the geom-
etry of the core has therefore to be modelled by the equation systems for heat
transport available in MELCOR. With these systems, it is not possible to model
the simultaneous convective and conductive heat transport in the reactor cores of
the considered HTR designs.
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6.3 THATCH
6.3.1 General Description

The THATCH computer code [7] was originally developed under NRC funding
for the thermal analysis of core heatup accidents in large high temperature gas
cooled reactors. In its original form, THATCH solved conduction and radiation
in a two-dimensional cylindrical network of solids and plena. As the modular
reactor concepts developed, the code was modified and extended. Namely, several
modules were added for:
• air cooled RCCSs;
• point kinetics;
• forced and natural convection gas flows;
• chemical reactions of the graphite in the reactor core with air or water at high

temperatures.

In its most recent version, the code has been applied extensively for the modelling
of various transients in the modular MHTGR under funding by the NRC.

6.3.2 Heat Generation

By solution of the point kinetics equations, THATCH calculates the generated
power in the reactor core. So, the spatial power distribution remains constant in
the calculations. THATCH uses six delayed neutron groups and considers changes
of the reactivity due to changes in the:
• fuel temperature;
• moderator temperature;
• reflector temperature;
• Xenon-135 concentration;
• Samarium-149 concentration;
• concentration of water in the reactor core;
• reactivity control system;
• scram system.

6.3.3 Heat Transport

Convection and conduction heat transport in the coolant
The hydrodynamic model of THATCH consists of a one-dimensional quasi-
stationary single-fluid model. Basically, the equations of this model are the
quasi-stationary space averaged conservation equations for mass, momentum,
and energy, Eqs. 5.7 through 5.9. These equations are solved for one-dimensional
single-fluid flows in the reactor core and in the air-cooled or water-cooled RCCS.

Heat transport by conduction within the fluid has not been modelled.

Conduction in solid material
Heat transport by conduction in solid material is calculated by solution of the
transient heat conduction equation described its two-dimensional (r, z) represen-
tation.

Heat transfer by radiation
A radiation model as described in section 5.3 is incorporated in THATCH. Because
THATCH calculates the view factors Fitj for cylindrical cavities described in
(r, z) geometry, the radiation model is a two-dimensional radiation model. The
emissivity coefficients e have to be specified by the user.
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6.3.4 Chemical Reactions

The oxydation of graphite following air ingress into the reactor core has been
modelled in THATCH.

6.3.5 Assessment

Because the generated power is calculated by solution of the point kinetics equa-
tions, the application of THATCH has to be limited to the calculation of those
accidents where local reactivity changes can be neglected.

Because the THATCH hydrodynamic model applies to one-dimensional single-
fluid flows along the z-axis of the reactor core, this model:
• can describe the flow geometry in the MHTGR reactor core:
• cannot describe the flow geometry in the HTR-M reactor core.

6.4 MORECA

6.4.1 General Description

The MORECA computer code [8, 9] has been developed for the analysis of the
thermal-hydraulic system behaviour of the US-NRC reference MHTGR design
during postulated accident scenarios for which all active cooling systems can
be assumed to be unavailable. Main objective of the analyses is the preliminary
determination of the licensability of this US-NRC reference MHTGR design. This
design forms the basis for the built-in computer model in MORECA. MORECA
has been developed at the Oak Ridge National Laboratory under contract of the
US-NRC.

6.4.2 Heat Generation

In MORECA, the point kinetics equations model for the neutronic calculation
has been approximated by a prompt-jump, single-precursor group model. So, the
spatial power distribution remains constant in the calculations. The prompt-jump,
single-precursor approximation is appropriate for cases where:
• the reactivity changes are relatively slow;
• positive reactivity transients are both slow and limited;
• local reactivity changes can be neglected.

MORECA considers changes of the reactivity due to changes in the:
• fuel temperature;
• moderator temperature;
• reflector temperature;
• Xenon-135 concentration;
• Samarium-149 concentration;
• reactivity control system;
• scram system.

6.4.3 Heat Transport

Convection and conduction heat transport in the coolant
A one-dimensional quasi-stationary single-fluid hydrodynamic model has been
incorporated in MORECA. In priciple, the equations of this model are the quasi-
stationary space averaged conservation equations for mass, momentum, and en-
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ergy, Eqs. 5.7 through 5.9. In MORECA, these equations are solved for one-
dimensional single-fluid flows in the reactor core and in the air-cooled RCCS.

Heat transport by conduction within the fluid has not been modelled.

Conduction in solid material
In the solid core material, the averaged heat conduction equation Eq. 5.10 is solved
numerically in its three-dimensional representation using a finite volume calcula-
tion. The finite volumes have been chosen such that a single-node representation
of each hexagonal graphite core block is obtained.

Heat transfer by radiation
A radiation model as described in section 5.3 is implemented. MORECA calcu-
lates the view factors Fij for cylindrical cavities. The emissivity coefficients e
have to be specified by the user.

6.4.4 Chemical Reactions

A model for the oxydation of graphite has not been included in MORECA.

6.4.5 Assessment

With respect to the power production, the application of MORECA has to be
limited to those accidents where:
• the reactivity changes are relatively slow;
• positive reactivity transients are both slow and limited;
• local reactivity changes can be neglected.

The MORECA hydrodynamic model applies to one-dimensional single-fluid flows
along the z-axis of the reactor core. As a consequence, this model:
• can describe the flow geometry in the MHTGR reactor core:
• cannot describe the flow geometry in the HTR-M reactor core.

6.5 VSOP

6.5.1 General Description

VSOP [10] is a system of computer codes linked together for the numerical sim-
ulation of the performance of nuclear reactors. The linkage of these separate
computer codes has been performed by the Institut fiir Sicherheitsforschung und
Reaktortechnik KFA, Jiilich. The separate computer codes are amongst others de-
veloped by the General Atomics Company, the Brookhaven National Laboratory,
and the Oak Ridge National Laboratory.

VSOP can be applied to all types of thermal reactors. However, as the code has
been used widely for the development of HTRs with spherical fuel elements, it
has preferably been extended to cover the specific features of this type of reactor.

The computer codes linked together in VSOP comprise amongst others:
• neutron cross section libraries and processing routines for the cross sections;
• a repeated neutron spectrum evaluation;
• a 2-dimensional finite mesh diffusion calculation;
• thermal-hydraulics for HTRs.

So, a neutronic and a thermal-hydraulic analysis of the reactor core of an HTR
have been coupled in VSOP.
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6.5.2 Heat Generation

In VSOP, the neutron flux in the reactor core can be calculated by solution of
the stationary neutron diffusion equation using a 2-dimensional finite mesh ap-
proximation. With the core temperatures calculated by the thermal-hydraulic
submodule, the required nuclear physical properties of the core materials can be
determined. Together with the calculated neutron flux, these properties can be
used to calculate the volumetric heat production. Because the stationary neutron
diffusion equation is solved for each time step, only quasi-stationary behaviour of
the generated power can be simulated.

VSOP can cope with quasi-stationary changes in the heat generation rate due to
changes in the:
• core temperatures;
• Xenon-135 concentration;
• Samarium-135 concentration;
• operating life time of the fuel;
• steam ingress in the reactor core;
• air ingress in the reactor core;
• reactivity control system;

6.5.3 Heat Transport

The THERMIX-KONVEK code forms a submodule in the VSOP code. The
THERMIX-KONVEK code has been developed for the thermal-hydraulic analysis
of the reactor core of the HTR-M in a 2-dimensional (r, z) geometry.

Convection and conduction heat transport in the coolant
The hydrodynamic model of THERMIX-KONVEK consists of the quasi-stationary
space averaged conservation equations for mass, momentum, and energy, Eqs. 5.7
through 5.9. The solution of these equations takes place in their 2-dimensional
(r, z) representation. So, THERMIX-KONVEK can describe a 2-dimensional
quasi-stationary single-fluid flow in a homogeneous mixture in the reactor core.

In VSOP, the RCCS of the HTR-M which is based on forced water-cooling has
been modelled by application of a fixed temperature as a boundary condition in
the calculation.

Conduction in solid material
In the solid core material, the averaged wall temperature of the fuel elements in
the homogeneous mixture is calculated by solution of the averaged heat conduc-
tion equation Eq. 5.10. The temperature distribution within the fuel elements is
calculated by solution of the local heat conduction equation Eq. 5.11 with the
averaged wall temperature as the boundary condition.

Heat transfer by radiation
In VSOP, the radiation model as described in section 5.3 has been incorporated
in the model for heat conduction. This has been done by transformation of the
radiation equation Eq. 5.12 into an equation containing a temperature difference
and an effective thermal conductivity which depends on the temperature. The
view factors Fitj are calculated by VSOP. The emissivity coefficients e have to be
specified by the user.
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6.5.4 Chemical Reactions

VSOP does not have a model for the chemical reactions with graphite following
water or air ingress into the reactor core.

6.5.5 Assessment

With respect to the power production, the application of VSOP has to be limited
to those accidents where the generated power in the reactor core behaves quasi-
stationary, because the stationary neutron diffusion equation is solved for each
time step.

Because the hydrodynamic model incorporated in VSOP can describe a 2-dimensional
quasi-stationary single-fluid flow in a homogeneous mixture in the reactor core,
VSOP can simulate the heat transport in the reactor core of the:
• HTR-M design;
• MHTGR design by application of an infinite flow resistance in the radial direc-

tion of the core.

Because VSOP applies a fixed temperature boundary condition for the modelling
of the RCCS, VSOP cannot model the air-cooled RCCS of the MHTGR design.
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7. EVALUATION OF CODE ASSESSMENTS

As elucidated in chapter 3, the forced convection He cooling in the primary
system is lost during almost all of the accidents that have to be considered. For
these accidents, the heat transport from the reactor core to the environment by
passive means like conduction, radiation, and natural and free convection has to be
calculated. For the calculation of the steady state operating conditions and those
accidents where the forced He cooling in the primary system is maintained, this
forced convective He cooling can be simulated by application of a given mass flow
rate and a given coolant temperature as boundary inlet conditions for the reactor
core. Therefore, a complete modelling of the primary system located outside the
reactor vessel is not required for the HTR analyses that have to be considered.

As explained in section 5.3, the heat transport by the He coolant in the reactor
cores of the considered HTR designs can be modelled accurately enough with the
quasi stationary homogeneous conservation equations Eqs. 5.7 through 5.9. For
the HTR-M reactor core, these equations can be solved in cylindrical coordinates
in their two-dimesional (r, z) form in case the flow pattern is rotation symmetrical.
For the MHTGR reactor core, the equations can be solved in their one-dimensional
form.

As has also been explained in section 5.3, heat transport by conduction in the reac-
tor cores has to be calculated by solution of the more dimensional homogeneous
heat conduction equation Eq. 5.10.

The modelling requirements and the features of the computer codes with respect
to the heat transport are presented in Table 7.1 for the HTR-M and in Table 7.2
for the MHTGR design. A computer code has to fulfil these requirements in order
to be applicable for thermal-hydraulic analysis of the considered HTR designs.
In the tables, also the capabilities of the computer codes with respect to the heat
generation and the chemical reactions are presented. These capabilities indicate
the type of accidents for which the computer code can be applied. This will be
further elucidated below.

The chemical reactions following steam ingress have not been modelled in the
considered computer codes, because the carbon oxidation rate resulting from
steam ingress is much smaller that the oxidation rate following air ingress.

As can be seen in these tables, RELAP5 and MELCOR cannot be applied for
the modelling of the present HTR designs, because these codes do not have
a heat transport model for the simultaneous convection and conduction in a
homogeneous reactor core.

The THATCH code cannot be used for HTR-M analyses, because the code does
not have a 2-dimensional quasi stationary homogeneous core flow model (Ta-
ble 7.1). As can be seen in Table 7.2, the THATCH heat transport model is ap-
propriate for MHTGR analyses. The homogeneous core conduction is calculated
2-dimensionally. The application of THATCH has to be limited to the calculation
of those accident scenarios where the power profile remains constant, because the
heat generation is calculated by solution of the point kinetics equations.

As can be seen in Table 7.1, MORECA cannot be applied for HTR-M analyses,
because MORECA does not have:
• a 2-dimensional quasi stationary homogeneous core flow model;
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• a water cooled RCCS model.

However, the heat transport model in MORECA is suitable for the MHTGR (Ta-
ble 7.2). The homogeneous core conduction equation is solved by a 3-dimensional
finite volume calculation. Because MORECA applies a simplified point kinetics
model, the application of MORECA has to be limited to the calculation of those
accident scenarios where:
• the power profile remains constant;
• the reactivity changes are relatively slow;
• positive reactivity transients are both slow and limited.

In addition, MORECA cannot calculate the oxidation of carbon.

VSOP cannot be applied for MHTGR analyses, because the VSOP heat transport
model does not include a model for the air cooled MHTGR RCCS. On the other
hand, the heat transport model in VSOP is capable of simulating the heat transport
processes that occur in the HTR-M reactor core. The heat generation model in
VSOP consists of a quasi-stationary two-dimesional neutron diffusion model. So,
the application of VSOP has to be limited to those accidents where changes in
the generated power in the reactor core behave quasi-stationary. The VSOP heat
generation model is capable of simulating local reactivity changes. A model for
the chemical reactions with graphite following water or air ingress into the reactor
core is not included in VSOP.

Based on this evaluation:
• VSOP is recommended for HTR-M accident analyses where changes in the

generated power behave quasi-stationary 1;
• THATCH is recommended for MHTGR accident analyses where local reactivity

changes can be neglected;

For MHTGR analyses, THATCH has been selected because MORECA applies
(see section 6.4):
• a simplified point kinetics model;
• a built-in MHTGR reference design which reduces the design modelling flexi-

bility.

However, MORECA has to be selected for MHTGR analyses in case 3-dimensional
conduction in the reactor core is of primary importance.

'For the calculation of fast transients in pebble bed reactors (like HTR-M), the TINTE code is
in preparation at the KFA, Jiilich.
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Table 7.1 HTR-M modelling requirements and capabilities of the computer codes.

requirements
heat generation:
- point kinetics
- 2D diffusion
- reactivity effects:

- Core temps.
-Xenon-135
-Samarium-149
- steam ingress

heat transport:
- 2D quasi stationary flow in
homogeneous core
- more dimensional conduc-
tion in homogeneous core
- thermal radiation between
structures
-water cooled RCCS

chemical reactions:
- steam ingress
- air ingress
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Table 7.2 MHTGR modelling requirements and capabilities of the computer codes.

requirements
heat generation:
- point kinetics
- 2D diffusion
- reactivity effects:

- Core temps.
-Xenon-135
- Samarium-149
- steam ingress

heat transport:
- ID quasi stationary flow in
homogeneous core
- more dimensional conduc-
tion in homogeneous core
- thermal radiation between
structures
-air cooled RCCS

chemical reactions:
- steam ingress
- air ingress

RELAP5
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8. CONCLUSIONS

The following conclusions can be drawn:

RELAP5 and MELCOR are not appropriate for the modelling of the HTR designs,
because these codes do not have a heat transport model for the simultaneous
convection and conduction in a homogeneous mixture in the reactor core.

THATCH is suitable for MHTGR thermal-hydraulic analyses. The application of
THATCH has to be limited to accidents where the power profile remains constant,
because a point kinetics model is used for the heat generation.

MORECA is appropriate for the thermal-hydraulic analysis of the MHTGR.
Because MORECA uses a simplified point kinetics model, the application of
MORECA has to be limited to the calculation of accidents where:
• local reactivity changes can be neglected;
• the reactivity changes are relatively slow;
• positive reactivity transients are both slow and limited.

A built-in MHTGR reference design is used in MORECA, which reduces the
design modelling flexibility.

VSOP is capable of simulating the heat transport processes in the HTR-M reactor
core. The heat generation model in VSOP consists of a quasi-stationary two-
dimensional neutron diffusion model. The application of VSOP has therefore
to be limited to accidents where changes in the generated reactor power behave
quasi-stationary.

Based on these conclusions, the following recommendations can be made:
• VFOP is recommended for HTR-M thermal-hydraulic accident analyses where

the nerated power behaves quasi-stationary;
• THATCH is recommended for MHTGR thermal-hydraulic accident analyses

where local reactivity changes can be neglected.

THATCH has been selected for MHTGR analyses, because MORECA applies:
• a simplified point kinetics model;
• a built-in MHTGR reference design.

However, in case 3-dimensional conduction in the MHTGR reactor core is of
primary importance, MORECA has to be selected, because MORECA applies a
3-dimensional core conduction model, whereas THATCH applies a 2-dimensional
model.
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