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Abstract 

In recent years greater effort has been made to establish theoretical models for H T R core 
dynamics. At K F A Jülich the T I N T E (T ime dependent Neutronics and Temperatures) code 
system has been developed, which is able to model the primary circuit of an H T R plant using 
modern numerical techniques and taking into account the mutual interference of the relevant 
physical variables. The H T R core is treated in 2-D R -Z geometry for both nucleonics and 
thermo-fluid-dynamics. 2-energy-group diffusion theory is used in the nuclear part including 6 
groups of delayed neutron precursors and 14 groups of decay heat producers. Local and non
local heat sources are incorporated, thus simulating gamma ray transport. The thermo-fluid-
dynamics module accounts for heterogeneity effects due to the pebble bed structure. Pipes 
and other components of the primary loop are modelled in 1-D geometry. Forced convection 
may be treated as well as natural convection in case of blower breakdown accidents. 

Validation of T INTE has started using the results of a comprehensive experimental program 
that has been performed at the Arbeitsgemeinschaft Versuchsreaktor GmbH ( A V R ) high 
temperature pebble bed reactor at Jülich. In the frame of this program power transients were 
initiated by variing the helium blower rotational speed or by moving the control rods. In most 
cases a good accordance between experiment and calculation was found. 

Problems in modelling the special A V R reactor geometry in two dimensions are described 
and suggestions for overcoming the uncertainties of experimentally determined control rod 
reactivities are given. The influence of different polynomial expansions of xenon cross 
sections to long term transients is discussed together with effects of burnup during that time. 

Up to now the T I N T E code has proven its general applicability to operational core transients 
of HTR. The effects of water ingress on reactivity, fuel element corrosion and cooling gas 
properties is now beeing incorporated into the code. 

1. Introduction 

The core dynamics of pebble bed high temperature reactors is characterized by the inherent 

properties of this reactor type, namely 

- low power density 

- large heat capacity •. 

- negative temperature/reactivity feedback in all situations. 

These lead to a generally very smoothly reaction of the system to changes in the operational 

parameters. Concerning mathematical and computational modelling of the dynamic 

behaviour, the relative strong coupling between nuclear and thermofluidal physical 

parameters playes an important role. Independent treatment of these two blocks has been 

shown to produce inadequate results. This holds true especially in accident situations when 

after some delay time a subcritical system may regain criticality. Such situations are mostly 

related to the ingress of a large amount of steam or water from the secondary loop into the 

primary system in case of steamgenerator failures. 

The probability of accident scenarios in this domain was found to be very small but 

nevertheless at least the public opinion claims for demonstration of avoiding catastrophica! 

consequences in these cases, too. 

Therefore in recent years greater effort has been made to establish theoretical models for 

HTR core dynamics. At KFA Jülich the T I N T E code system has been developed, which is 

able to model the primary circuit of an H T R plant using modem numerical techniques and 

taking into account the mutual interference of the relevant physical variables. The final goal is 

to prepare a tool for demonstration of the inherent passive selfstabilizing features of the 

pebble bed high temperature reactor. Within this scope a code like T I N T E has to be able to 

describe not only neutronics and thermofluid-dynamics but also the effects of severe water 

and air ingress accidents with respect to corrosion, combustion and nuclear reactivity. 

Validation of such a code system is a major task and because of the broad field of phenomena 

to be modelled asks for detailed experimental data in several areas. As a starting point the 

dynamics experiments at the Arbeitsgemeinschaft Versuchsreaktor GmbH ( A V R ) pebble bed 

reactor in Jülich ( F R G ) were used to validate the T I N T E nucleonics and fluid-dynamics 

moduls. 

2. The T I N T E Code System 

The T I N T E (Time dependent Neutronics and TEmperatures) code system is beeing 

developed at the K F A Forschungszentrum Jülich Institute for safety research and reactor 

technique ( ISR) /1,2/. It is planned to model the primary loop of pebble bed high 

temperature reactors including operational and safety related transients up to the description 

of severe hypothetical accident scenarios. The actual version provides moduls for neutron 

dynamics, thermodynamics and thermo-fluid-dynamics. Further development concentrates on 

nuclear, fluid-dynamic and chemical effects induced by ingress of large amounts of water, 

steam or air into the primary circuit in case of hypothetical accidents. 



The model of the mutual feedback effects is based on the following considerations: 

- The nuclear power production is coupled with changes in spectrum averaged cross 

sections due to temperature and other feedback effects, e.g. buckling, Xe- and steam-

concentration. 

• The temperature is governed by nuclear heat production, heat transport in the 

cooling gas, heat conductivity in fuel and graphite, and radiation. 

- The large heat capacity of the graphite causes overall temperature changes to be very 

slow. Even small temperature deviations however, especially in the inner part of the fuel 

elements result in a sensitive feedback to the nuclear behaviour. The heat produced in the 

coated particles is transferred very rapidly to the graphite matrix (in about 1 ms).The 

transport of the heat to the fuel element surface takes about 30 s from where it is removed by 

the coolant, by global heat conduction and radiation. Because of these reasons a 

heterogeneous treatment of temperature is necessary. 

- The modelling of the reflector nuclear and temperature feedback demands at least 

two spacial dimensions. 

- The description of most of the out-of-сохе parts in the primary loop requests an 

additional network for gas flow handling. 

Following these considerations the H T R core is treated in 2-D R-Z geometry for both 

nucleonics and thermo-fluid-dynamics. 2-energy-group diffusion theory is used in the nuclear 

part Six groups of delayed neutrons are accounted for and in addition 14 groups of decay heat 

producers are explicitly followed in time. The problem of very small time steps induced by the 

short living delayed neutrons is overcome by an analytical integration assuming linear 

variation of neutron flux and condensed cross sections in time. So timesteps up to minutes can 

be tolerated. 

The heat production is divided into a "local" pan located in the fuel pellet itself and a 

"nonlocal" part to account for moderation of neutrons and absorption of gamma rays. The 

spatial shape of the latter part is assumed to correspond to the 2-group fast neutron removal 

rate. 

The thermo-fluid-dynamics module accounts for heterogeneity effects due to the pebble bed 

structure. Pipes and other components of the primary loop are modelled in 1-D geometry. 

Forced convection may be treated as well as natural convection in case of blower breakdown 

accidents. 

The equations describing the different physical properties of the reactor are very dissimilar 

and do not allow a simultaneous solution. Thus, a modular code system was developed. In Fig. 

1 a block diagram of the actual T I N T E system is shown. 

The solution of most of the two-dimensional partial differential equations is found by the 

"leakage iterative method" as described by Naito et al. /3/ for neutron diffusion. The 2-D 

system is divided into axial and radial layers for which 1-D calculations are performed. The 

coupling between the layers is given by leakage terms obtained from the transversal 

calculations. In an iterative process a convergent solution from both transversal calculations is 

found. 

Nuclear cross sections are provided in form of polynomial approximations with respect to 

various parameters, such as fuel- and moderator temperature, leakage, Xe-concentration and 

water or steam mass. The corresponding spectral calculations are performed prior to the 

T I N T E run using convenient fast spectral codes. Time-dependent mixing of cross section sets 

is possible for simulation of control rod movements. 

Starting from the steady state power and temperatures and some boundary conditions for 

temperatures and coolant flow the temperature distribution is calculated in independent 

program moduls for the coolant, the graphite structures and the fuel pebbles. Because of the 

low heat capacity of the coolant gas compared to the graphite steady state approximations 

are used for the gas. 

The heat flow from the solid parts to the gas is described as an effect of volume. The coupling 

of reflectors to the gas therefore is simulated by introducing a thin reflector layer allowing gas 

flow through it. 

Especially in severe accidental situations a loss of coolant flow or even a loss of coolant may 

occur. In these cases effects of natural convection play an important role in heat transport. 

The T I N T E algorithms are intended to operate under these conditions and up to now have 

proven their stability in such situations. 
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FIG. 1. TINTE block diagram. 

3. Modelling the A V R Primary I^vnp 

The Arbeitsgemeinschaft Versuchsreaktor GmbH ( A V R ) reactor is a 46 MW (thermal) 

pebble bed high temperature reactor located at Jülich ( F R G ) . After 20 years of successful 

operation it was shut down at the end of 1988 and is now beeing decomissioned. A rough 

sketch of the primary system is given in Fig. 2. Detailed information may be found elsewhere 

/4/. Modelling the primary loop in two dimensions has to overcome the special problem of 

the reflector "noses". There are four of them containing the guide holes for the control rods as 
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FIG. 2. The AVR reactor. 



shown in fig. 3. After some tests the equivalent geometrical arrangement as given in fig. 3 was 

used. The mass of the graphite noses is conserved. However, the graphite ring has been made 

"transparent" for the helium gas in radial direction. A slit of 1 cm thickness was introduced to 

simulate the control rod guide holes. A t the boundaries between bulk graphite and pebble 

bed special small regions allowing for gas flow were introduced to account for the heat 

coupling between graphite and cooling gas. The same technique was used at the radial 

reflector inner surface. Because of the smaller thickness of the ring (11 cm) in relation to the 

noses (30 cm) the radial heat conductivity was reduced in an appropriate way. 

Another problem occured in modelling the mass flow as a function of time. The experiments 

gave the blower rotational speed only and there was no possibility to measure the helium 

mass flow directly. Only a single blower characteristics was available, so additional 

g u i d e ' s l i t ' 
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FIG. 3. The TINTE AVR model. 

assumptions had to be made. Using a simple law of similitude a relationship between blower 

speed and mass flow was derived. Comparisons to the assumption of a proportionality showed 

certain minor differences in the power transients which finally were regarded to be tolerable. 

Concerning the polynomial approximation for the nuclear cross sections some effort was 

necessary to get the right degree of expansion. Especially the dependence from xenon 

concentrations had to be described by fourth order polynomials which will be seen in the 

results given later. 

Besides these special problems the modelling of the A V R core within the T I N T E code system 

was strait forward. No difficulties were encountered during execution of the calculations 

which in general run five times faster than simulation time on an IBM 3081 host computer. 

4. The A V R Dynamics experiments 

Starting in 1982 a comprehensive experimental program has been undertaken at the A V R 

reactor /5/. This program was intended to follow the switch-over of the fuel cycle from high 

enriched uranium/thorium ( H E U ) fuel to low enriched uranium ( LEU ) fuel. One of the 

interesting questions dealt with the dynamic response of the reactor to reactivity 

perturbations. Screening calculations had shown, that the total temperature feedback should 

increase with increasing LEU fuel content mainly caused by the absolute increase of the 

moderator coefficient due to changes in the loading strategy. Despite the higher resonance 

absorption in the U-238 compared to TH-232 the fuel temperature coefficient should remain 

nearly constant because of the lower heavy metal loading per fuel sphere. So the relative 

importance of fuel temperature variations should decrease. 

Based on these informations two types of dynamic experiments were planned: 

- reactivity changes induced by control rod movement, keeping the cooling at normal 

values. 

- reducing the helium blower speed, keeping the control rods at their normal positions. 

In the first case neutron multiplication and therewith power generation is affected directly. 

Temperature changes should affect the fuel coated particles at first, thus starting feedback 

effects governed by the fuel reactivity coefficient. Later on temperature changes should 

involve the moderator, too. In the second case the cooling force is reduced at first, resulting in 



Increasing moderator temperatures and starting feedback effects due to the moderator 

reactivity coefficient. Later on because of decreasing power the fuel reactivity feedback 

should come into play. 

After the first experiments had been carried out it was recognized, that the above "philosophy" 

didn't work. The time constant for the heat transfer from the fuel particle kernels to the 

surrounding inner graphite matrix is in the order of 1 ms. The corresponding value for the 

transfer to the fuel element surface is about 30 s. Because of technical boundary conditions 

the transient inducing events (rod movement, blower speed reduction) could only be initiated 

within about 1/2 minute. Therefore a decoupling of the fuel and moderator feedback effects 

could not be made visible and in fact the reactor always reacted with his total feedback 

coefficient. 

The dynamics experiments of the first kind started with a control rod insertion of about 

50 mNile within about 20 sec. Then the rods were stopped and the free transient of the system 

was recorded up to about 15 minutes. The inverse process of withdrawing the rods was 

performed too with the modification that this procedure could be initiated at reduced power 

and with very slow rod velocity only, because of the neutron flux "overshooting" effect. 

Otherwise the reactor safety system would have initiated a scram. 

The experiments of the second kind were initiated by reducing the helium blower rotational 

speed to about 50% of the rated values within 1 min. In addition after some minutes the 

feedwater mass flow of the steamgenerator was adjusted to keep the steamgenerator 

temperatures realtively constant. Again the reactor transient behaviour was recorded for 

about 15 min. Here again the inverse operation was performed at reduced power. 

A third kind of transient was followed starting in the same way as the second with a blower 

speed reduction to about 80%. Then the xenon governed long term transient was observed for 

about 48 hours. The theoretical modelling of this transient is not easy, because even small 

effects like changes in the reactor gas inlet temperature or the non compensated burnup of 

the core during that time - the pebble transport was stopped during the experiment - had an 

important impact to the transient. 

In the Fig. 4 to 9 a summary of T INTE results for the experiments described are given 

together with the experimental values. 

The typical A V R response to the initial perturbations is a change in the power following the 

perturbation. After the initialization has ended feedback effects become dominant and 

establish a driving force in the opposite direction. Finally after very few oscillations a quasi-

stabilization of the power is observed. This holds true for both types of transients and 

quantitative values were influenced by the fuel type on a large time scale only. 

As can be seen on fig. 8 the above mentioned polynomial expansion had a significant 

influence on the long term xenon transient. The burnup of two days, which was not 

compensated by fuel shuffling reduces the core reactivity and has to be taken into account as 

shown in that figure, too. 

Finally, fig. 9 shows the effect of control rod worth on the dynamic response. The 

"experimental" reactivities were derived from measurements at the initial H E U core. 

Probably the control-rod S-curve has changed during switching over to LEU. Using the same 

reactivity information gave significantly worse T I N T E results for later core configurations. 

The asumption of having inserted about 60 mNile of reactivity in the 1985 campaign instead 

of 49 mNile as given by the experimentalists would improve the calculation significantly as is 

shown in fig. 9. There are other indications for the correctness of this idea /6/. 
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FIG. 4. AVR rod insertion transient. 
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5. Conclusions 

The T I N T E code system is developed to describe the dynamics of the primary loop in a 

pebble bed high temperature reactor in operational, accidental and hypothetical accidental 

situations. Up to now calculation moduls for core neutronics, thermodynamics and thermo-

fluid-dynamics are available. Models describing the effects of water/steam and air ingress 

with respect to reactivity, corrosion and combustion are in preparation. 

The A V R dynamics experiments gave the opportunity to start a validation program for the 

code system. Despite the lack of detailed experimental values the T I N T E system has shown 

its general applicability to such questions and the accordance with the experiments is very 

encouraging. 

Further validation work will cover situations of natural convection and simulation of core 

heat-up accidents as they were simulated in later A V R experiments 111. 

Experiments usable for validation of the planned moduls concerning chemical and nuclear 

effects of water ingress are heavily asked for. 
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