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Abstract 

Like most graphite moderated H T R systems, the 10 MW Test-Module reactor is undermoderatcd. 
This means if the water ingress is into the pebble bed that this system will gain reactivity as 
moderator is added to the core. The reactivity increase caused by water ingress strongly depends 
on the geometry of me core, the temperature, the bumup status and especially the moderartor to 
fuel ratio (the metal content per fuel element). For the equilibrium core 5 gram of heavy metal 
per fuel element is chosen in order to limit the effect of water ingress. 

Another important effect of water ingress is to reduce the worth of control rods which are usually 
located in the reflector. The distance between core and control rods in the reflector arc carefully 
calculated. In the 10 MW Test-Module reactor (be core shutdown capability o f 12 control rods 
are selected such that any accident reactivity can be counterbalanced and only half of the rods 
have to be available to render the reactor down from normal operation to the cold, permanent 
subcritical condition. 

1 INTRODUCTION 

In order to introduce and develop the module H T R technique in practice a joint project on 
construction of 10 ÖÜW H T R Test Module which collaborated among the Institute оГ Nuclear 
Energy and Technology ( INET) of Tsinghua University PRC, Siemens-lnter»tom GmbH and 
Nuclear Research Center Jülich F R G is started. 

The 10 M W Test Module will be constructed at the site of INET in the north west of Beijing. 

The main object of the Test Module is to provide a nuclear test facility with which relavent 
and unique features of the H T R Module can be demonstrated. Therefor"., the Test Module plant 
shall be designed in such a way: 

"for a large wide of possible application, e.g. electricity, power generation, process heat gener
ation, provide o f district heal and so on, 

"with a limits of what is physically possible, the Test Module shall as similar as possible to 
that of the HTR-Module. So that relavant components can be tested and proved at nominal 
conditions, 



'shall be demonstraing (he unique inherent safer/ features of the HTR-Module, 

'shall be to verify computer codes, which are to used to predict the physical behaviours (such as 
power response of the core due to water ingress, temperature coefficient and the worth of control 
rods) and temperature behaviours( the behaviour of the core duing core-hcating-up accidents), 

•shall be capable of being able to withstand extremely high core temperature, so that fuel element 
mass-les'jng could be canird out for nominal reactor al temperature up to 1,600 С 

The overriding aims for the Test-Module may complies as follows: 

1. Product application 

2. Components testing 

— graphitic core structures 

— steam generator 

. — helium blower 

— fuel handing 

3. Verification of HTR-Modulc inhérent features 

— negative temperature coefficient of reactivity 

— temperature limitation due to passive decay heal removal 

— control rod withdrawal 

— limitation of power excursion due to water ingress 

4. Fuel element mass test for temperatures up to 1,600 С 

2 BASIC DESIGN 

As in the HTR-Modulc, the Test-Module is designed such thai the heat source "reactor" is 
basialiy indendent of it application. In the first operating phase the reactor in to be used for 
power generation or for the production of district heat only. For this reason all numerical data 
given in Table 1 arc valid for this phase. 

Fig.l show the design of the reactor. It should be understood that all given dimensions are 
subject to further detailed analyses. 

The complete core structure is exclusively of ceramic material. For manufacturing reasons, a 
IS-segment design is selected for the graphite and cabon brick blocks. The graphitic cylinder 
which holds the pebble bed has a' diameter of 1900 mm and height of approx. 2200 mm. This 
is adequate for the required volume of the active core which amounts to 5 cubic . icters. 

T A B L E 1. M A I N D A T A O N T H E T E S T M O D U L E 

Maximum thermal power 20 MW 

Average thermal power 10 MW 

Primary helium pressure 30 bar 

Secondary steam pressure 35 bar 

Cold helium temperature 2Z0 *C 

Average hot helium temperature 700 *C 

Steam temperature 435 "C 

Core volume 5 m3 

New fuel elements can be injected into the core via five fuel element charging lubes where four 
tubes serve the outer core region and the central serves the inner region. Removal of the fuel 
elements is accomplished via a central fuel element discharge tube with an inner diameter of 
500 mm. The large diameter guarantees that any bridging effect of fuel element which could 
cause a blockage of the discharge tube can be definitively excluded. 

The fuel element migrate through the core only once (OTTO-loading scheme). 

The reactor is provided with one shutdown system only. 12 reflector rods are ncccessary for 
the core shutdown. Due to the IS segment design this leaves up to three reflector boring empty 
which could be used as irradiation channels or to added two extra control rods. 

To obtain maximum rod worth the control rods are positioned as close as posibble to the active 
core. Considering stability and strength of the graphitic side reflector the minimum distance 
between rods and core is set to be 6 cm. 

3 CORE PHYSICS 

In order to establish the basic core configuration the various interdependent effects of design 
bumup of the fuel element, uranium enrichment, pebble flow, core size, core shape and especially 
Uv. moderation ralio(it direct related to water ingress reactivity effect) have been investigated. 



As an example of these investigation the dependency of fuel enrichment versus the necessary 
number of fuel elements for the simplified core is shown in FigX It is evident thai due to the 
limitation of uranium enrichment to less than 020 at least 18,000 fuel elements are needed if the 
HTR-Test-Module design bumup of 80,000 MWdVt shall be reached. Regarding a favourable 
low enrichment of the fuel elements, the incentive is strong to select a large core. However, 
regarding the dependency of the cost of the initial core on the number of fuel elements, the 
incentive is equally strong to select the smallest possible core. As a compromise, the reference 
core of the Test-Module consists of 27,000 fuel elements, corresponding to a core volume of 5 
cubic meters. 

In order to obtain the lowest possible neutron leakage for a cylindrical geometry the ratio of 
cylindrical height to cylindrical diameter yields to 0.93, equivalent to the design of the T H T R 
pebble bed reactor. Since this ratio direct determines the radial dependence of the flow velocity 
of the fuel elements in the core, the well-known flow patten of the T H T R core can directly 
6e used for the core physics calculations. This flow patten of the fuel elements is shown in 
Fig.3. It can be seen that fuel elements in the outer flow path need more than four times as 
long to migrate through the core than fuel elements placed ou the core axis. In the calculation 
simulator the boxes in Fig.3, represent identical volumes of fuel elements which are places 
to their immediate lower position in final time intervals for successive core calculations, thus 
approximating the radially dependent fuel flow by a stepwise progression. 

For calculations of neutron physics the computer codes VSOP and ZIRKUS arc used by INET 
and Interatom. Both codes have been validated in various ways: 

• Validating calculations for experiments in the KATHER critical configuration and in the AVR. 

- Comparison with other calculation methods. 

Due to the OTTO-loading sciieme the power density in the lower core regions is considerably 
lower than in the upper regions. The strong radial dependence of the power density has to be 
attributed to a large extent to the poor flow velocity of the fuel elements in the vicinity of the 
side reflector. 

Table 2 complies the main physical data of the equilibrium core. Especially the board scattering 
of fuel element bumup, the small fissile inventory, the large negative values of the core temper
ature coefficient as well as the positive temperature coefficient of the reflector are noiewonhly. 

The proposed 12 absorber rods meet the requirement, even if the maximum possible reactivity 
increase due to water ingress and at the same time reduce worth of control rods. Having in 
mind that the machanical core design allows the installation for a maximum 14 absorber rods, 
it can be staled that the shutdown system can always be designed to meet the requirement. 

4 WATER INGRESS AND CONTROL RODS WORTH 

In the parametric case study the reactivity increase due to the presence of steam in the pebble 
bed has been determined for various core configurations and heavy metal contents of the fuel 
element 



FIG. 2. Fuel enrichment versus core volume (number of elements). FIG. 3. Model of the numerical reactor simulation. 



T A B L E 2-1. D A T A O N T H E E Q U I L I B R I U M C O R E T A B L E 2-2. D A T A O N T H E E Q U I L I B R I U M C O R E T A B L E 2-3. D A T A O N T H E EQUIL IBRIUM C O R 3 

Thermal power (avg.) 10 MW 

Power density (avg.) 2 MW/nv 

H/D - ratio 0.93 
Core diameter 190 cm 

Core height (avg.) 176 cm 

Number of fuel elements 27000 
Heavy-metal content С g/FE 

Bum-up (avg.) 80.000 MWd/t 

Fuel element incore time 1078 EFPD * 

Number of fuel elements per day 25 

Loading scheme OTTO 

• EFPD EQUAL FULL POWER DAYS 

1.0028 

Enrichment (lbs) 18 w % 

Uws-content (BOG)* 0.9 g/FE 

Uus-content 0.4 g/FE 

Bum-up (avg.): 

• 1. flow path 51700 MWd/t 

• 2. flow path 57000 MVVd/t 

• 3. flow path 70400 IWVd/t 

• 4. flow path 100700 MWd/t 

• 5. flow path 131200 MWd/t 

Convertion rate 0.24 

Max. / avg. power density 1.46 

Fissile inventary: 

14.9 kg 

• PUJJS 0.6 kg 
• PUJ4I 0.1 kg 

Neutron loss of core 29.6 % 

* В ОС BEGIN OF CYCLE 

Temperature coefficient: 

Doppler - 2 . 5 mN/K 

« Moderator - 6 . 1 mN/K 

• Reflector +2.1 mN/K 

Neutron flux in side reflector 

. thermal (E < 2.38 <?V) 4.2E+13 1 / ( c n u s ) 
• fast (E > 0.1 MeV) 3.6E+12 1 / W s ) 

In Fig.4 results arc shown as a function of steam inventory and various core geometries. It 
is obvious that the theoretical of reactivity increase due to the presence of steam are strongly 
dependent on the heavy metal content of the fuel elements i.e. the moderator to uranium ratio 
and could in principle reach cxLremly high values. So to choose it properly was a key point in 
the parametric study phase. 

Fortunately in Test-Module, however the amount of steam that possibly could be placed into the 
pebble bed is physicxlly limited to 7 kg per cubic meter. This value is obtained by assuming 
that the total primary circuit is filled with saturated steam, at the temperature of 250 C, taking 
as the maximum possible pressure the upper sctpoint of the primary circuit safety value of 39 
bar. Any ether temperature will led to a small steam inventory. 

As to the suited core geometry and size, 5 g. heavy metal per fuel element was chosen as a 
reference one. Than we can get from the graph that the maximum reactivity increase due to any 
water ingress into the reference core will be 0.04. 

To safety shutdown the core even in this hypothetical event the control rod worth should be 
selected such that even this accident reactivity can be counterbalanced. Due to the uncertainties 
in the water ingress and related control rods worth calculation and to keep enough counterbalance 
ability, the arrangement of control rod were carried out once aga :n. 

Using the core diameter of 1.9 m the 12 control rods worth yields 0.154. If the diameter reduced 
by 10 cm, see Fig.5, then the 12 control rods worth will increase by 0.027 . 

Due to the early design state it was decided to employ this large effect and reduce the core to 
1.8 m. Hence, the capability of all 12 control rods worth increase to 0.181 and the results is 
given on Table 3. 

It is apparent from the shown data that less than 0.08 of excess reactivity has to be compensated 
i f the core should be rendered from normal operation to the cold subcriu'cal state. This value 
includes xenon decay, temperature effect, excess reactivity for power control and subcriticality 
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FIG. 4. Reactivity Increase due to an increase of steam inventory 
in the pebble bed. 

but docs include per definition the value for accident excess reactivity and the provision for 
experimental excess reactivity. 

It is also important to note that only half of the control rods have to be avilable to render the 
core from normal operation to, the cold, permanent subcritical condition. 

FIG. 5. Horizontal cross-sictlon through the reactor pressure vessel (C-C). 



T A B L E 3. D A T A O N C O R E S H U T D O W N 

Requirements (10 MW, 700 °C) <* 

• Excess reactivityfor power control 0.5 

Excess reactivity for experiments 1.0 

• Temperature compensation 20 "C 3.6 

• ' Xenon-decay 3.0 

• Accident excess reactivity (steam) 4.0 

• Subcriticality 0.3 

Total 12.4 

Rod capability 

12 rods 18.1 

• Rod failure -3.0 

Total 15.1 

5 CONCLUSIONS 
-hr 

From the study presented in this paper it is clear tha: the the water ingress and the worth of 
control rods are two key points related to the safety of 10 M W Test-Module. More accuracy 
calculation methods and experiments for the low enrichment H T G R are necessary for our next 
design phase. Some other factors like temperature coefficient, ractiviry decrease by nitrogen are 
also important for withstand accidents beyond usual basic design accidents. 
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Abstract 

The paper features results of the analysis of fuel elements 
velocities' field and porosity distribution effects in the pebble 
bed on the core power and température distribution in the VG-400 
and VGM reactors designed in the USSR. Both normal operation of the 
plants and the accident with the pebble bed shrinkage under the 
seismic impact has been considered. 

'.lie analysis of power distribution has been made on the basis 
of experimental data dealt with porosity distribution obtained in 
the USSR during model experiments. 

The need to take into account the detailed porositiy distribu
tion throughout the pebble bed in the reactor physics analysis has 
been emphasized. 

It is shown, that the difference in the reactivity rise at the 
pebble bed shrinkage calculated using the average volumetric 
porosity changes from that calculated using the detailed porosity 
distribution can reach about 10'/.. 

Increase of the fuel elements velocities' non-uniformity (i.e. 
changeover from the uniform field to the profile with the maximum 
non-uniformity) is followed by the radial power distribution 
non-uniformity Increase from 1.15 to 1.3. 

Porositiy distribution changes substantially affect the power 
level in the area of disturbances (approximately in proportion with 
the changes of the fisslled nuclei concentration); in the rest of 
the core the energy release deformation is negligible. 

Changes of the pebble bed porosity distribution may substanti
ally affect the maximum values and pattern of the fuel temperature 
distribution. Thus, porosity reduction in the eorp periphery from 
0.6 to 0.32 results in the maximum fuel temperature rise by 
approximately 200 C. 

As far as the other physical characteristics changes are con
cerned, it has been pointed out, that variation of the velocities 
profile causes the fuel burn-up changes not higher than by 5'/., and 
porosity variation not more than by 107.. 


