
CONCLUSIONS 
Considerable input to the operation and design of the modular 

HTGR has been obtained as the result of experiences at Fort St. 
Vrain. Fundamental management principles which deserve increased 
attention as the result of operating an advanced reactor design have 
been identified. Design concepts which are directly applicable to 
the MHTGR can be incorporated. Design concepts needing further 
attention have received detailed analyses. The continued operation 
of Fort St. Vrain will further enhance the MHTGR concept. 
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Abstract 

During the past ten years the development of a specific HTR 
concept has made remarkable progress. This has been mainly 
characterized by making use of the safety characteristics typi
cal of the High-Temperature Reactor (HTR). 

In the design, construction and operation of High-Temperature 
Reactors - expecially AVR (IS MWe plant in Juelich, FRG) and 
THTR (300 MWe plant in Hamm-Uentrop, FRG) - comprehensive expe
rience has been gained in the field of operational availability 
and safety, accident topology and plant risk of HTRs in recent 
years. This experience is relevant for the entire HTR line 
independent of specific projects. 

1. HTR 500 

The HTR 500 is the first commercial High-Temperature Reac
tor with a pebble bed core. Its design principles and the 
design of its systems are based on the earlier AVR and 
THTR projects. These plants were both designed, construc
ted and commissioned by BBC/HHB, now both members of the 
ASEA Brown Boveri (ABB) Group. The AVR has been success
fully operating for 20 years; the THTR was synchronized to 
the grid for the first time late in 1985 and has been in 
power operation since February 1987. 



Based on the system-inherent HTR characteristics, the 
follow on project HTR 500 has a high level of safety i.e. 
its damage potential is low even if extremely improbable 
accident scenarios are assumed. 

Its main features are 

integrated design of all primary system components in 
a single cavity concrete pressure vessel. 

use of standardised components and proven materials 
from the THTR 300 wherever possible. 

separation of operating and safety systems, which 
leads to simple design, 

accident control which makes use of the system-
specific, inherent accident response of the HTR. 

The HTR 500 is designed for a thermal reactor power of 
1390 MJ/s and an electrical net output of 550 MW. it has 
the steam conditions and the high efficiency of todays 
fossile fired plants. The possibility of process steam and 
district heat extraction is given. 

The main characteristic sarety features of the HTR 500 
system design are: 

graphite core structures and graphite fuel elements 
having a high temperature stability (> 3000 *C) 

SiC-coated fuel particles ensuring high retention of 
fission products 
(> 1800 *C) and high failure limits 
(> 2200 8 C ) , cf. Fig. 2. 

Inert, phase-stable helium coolant 

Burstproof prestressed concrete reactor vessel 

Reactor building providing protection against exter
nal impacts. 

HTR 100 

The HTR 100 (100 Mrf electee output) was developed for 
those application! which benefit from such a small plant 
sise. 

Industrial plants with a demand for comblnded genera
tion of electric power and process steam 

Countries with a small grid capacity starting appli
cation of nuclear energy. 

The plant concept is largely based on the AVR. The HTR 100 
is characterised by the following main features: 

Steel pressure vessel 

Arrangement of the steam generator above the core, 
thus permitting natural convection in the primary 
circuit 

Possibility of passive decay heat removal exclusively 

Maximum fuel element temperature remaining below fuel 
element damage limits. 

In the following the safety characteristics of the HTR are 
presented by the example of the HTR 500. Sinca at a result 



of the smaller plant size the energy density of the core 
the HTR 100 risk potential is lower, the statements apply 
to the HTR 100 to an even higher extent. 

Operational Experience gained from AVR and THTR 

The operation of the AVR and THTR plants have fully con
firmed the favourable operating and safety behaviour of 
HTR plants: 

High-temperature resistance of the fuel elements and 
reactor internals at hot-gas temperatures of 1000 "C 
(AVR) and 800 to 900 °C, respectively (THTR). 

Excellent activity retention capability of the fuel 
elements resulting in extremely low coolant gas acti
vity: mean coolant gas activity in AVR and THTR: 3 x 
10 8 Bq/Nm3. 

Low coolant gas activity and low activity release. 

Extremely low radiation exposure of the personnel; 
i.e. annual total personnel dose AVR: 70 manrem, 
THTR: an average valce of P.7 manrem per month 
including all tests, inspections and repair work in 
the years 86/87. 

Practical demonstration of the plant safety behaviour 
by commissioning tests and power operation. 

Code validation 

Experimental verification of computer codes for reactor 
physics, plant dynamics, especially covering operational 

and accident behaviour, and activity release was another 
outstanding result of the start-up tests of THTR: 

4.1 Neutron Physics Validation 

The first criticality of the absorber rod free pebble bed 
was reached on September 9, 1983. The required number of 
fuel elements was 198 000 and deviated from the predicted 
number by 10 t. This difference originates from a slightly 
higher packing density of the fuel elements during the 
initial loading procedure. 

A recalculation with the actual fuel element density met 
the measured value by 0,4 %. Subsequently the core was 
loaded to its full inventory with a resulting excess reac
tivity well within the specified limit of t 2 %. 

The first measurements at zero power were concerned with 
the determination of the reactivity worth of the indivi
dual absorber rods. 

The agreement between measured and predicted values was 
generally very good within a tolerance of a few per cent 
even in cases where the deviation from the rotary symmetry 
of the rod configuration is great. 

4.2 Thermo-hydraulics 

Operating data of the plant - especially the primary cir
cuit - were reported and analysed during all power steps. 
Except for a minor correction of the heat losses at the 
steam generator outlet the agreement of predicted and 
measured values was excellent. Most data were within a 
margin of less than one per cent (TABLE 1). 
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Furthermore, the measurements of the total (net) power 
output and the plant efficiency - performed recently by 
the customer - turned out to be better than guaranteed. 

In total, all data of the primary circuit are well within 
the design limits allowing a satisfactory plant operation 
at full power without any restrictions. These results must 
be appreciated in view of the fact that the THTR-300 is 
the first large scale pebble bed reactor. 

4.3 Reactor Dynamics 

Numerous tests were concerned with the dynamic behaviour 
of the plant during operational transients (load change), 
simulated disturbances (turbine trip, load rejection, loss 
of one steam generator) and safety procedures (reactor 
trip, rapid cool-down, emergency cooling). 

Several of these tests/occurances happened unintentioually 
at different power levels since the fine adjustment And 
tuning of the individual control systems could only be 
accomplished under real conditions. Furthermore, a number 
of PPS - signals turned out to be too stringent and could 
be modified on the basis of more detailed information 
about the actual behaviour of individual components. 

Here again, the reactor dynamics and neutron kinetics 
agreed very well with the predictions and validate the 
employed theoretical evaluations. (Fig. 1) 

Tamparatinlnac 

Fig. 1: Gas Temperature Transient during Rapid Cooldown 



5. Optimizations for the HTR 500 

The plant concept of the HTR 500 utilizes to a great ex
tent the THTR 300 technology licensed and realized accor
ding to the current state of science and technology. The 
experience gained in the construction of the THTR 300 is 
fully utilized permitting simplifications and optimiza
tions. Thus the transition to commercial HTR nuclear power 
plants means little risk for operators and manufacturers. 
The power output of 550 MW meets the modified demand of 
the nuclear power plant market which for reasons of net
work size, financing conditions and a smaller increase in 
electricity generation shows worldwide a tendency towards 
power units in the range between 300 and 600 MWe. The HTR 
500 is designed for electricity generation with the possi
bility of process steam production and district heating. 

The consequent utilization of HTR-specific characteristics 
as well as an optimization of the design of components and 
circuits leads to the result that the electricity genera
ting costs of an HTR 500 are competitive with those of 
other nuclear power plants. 

For all HTR 500 components the concept corresponds to that 
of the THTR 300. In order to rule out design and implemen
tation risks, design solutions used in the THTR were adop
ted to the greatest possible extent. Modifications as well 
as research and development work are focussed on standar
dization, simplification and optimization of the compo
nents in view of building an economic and marketable plant 
(cf. Fig. 2): 

As for the THTR 300 the PCRV for the HTR 500 is con
ceived in single cavity design. Due to an extensive 
R*D program as result of improved material characte
ristics, the vessel dimensions compared to THTR 300 

65 have been relatively reduced. 
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Fig. HTR 500 Reactor Pressure Vessel with Internals 

For the horizontal prestressing system circumferen
tial wire winding cables are applied resulting in 
substantial advantages during election. 

The large vessel penetrations for the six steam gene
rators and the two auxiliary heat exchangers are 
covered by concrete closures being designed according 
to the same principles as the PCRV itself. 



The side reflector and the core bottom are supported 
on their outer surfaces by prestressed spring packs, 
which are attached to the thermal circumferential 
side shield. 

The reflector blocks exposed to high radiation doses 
have slits in their surface, allowing better cooling 
and reducing the radiation induced stresses. 

The main improvements of the steam generators compa
red to the THTR 300 are 

the simple integrated tube sheet headers replac
ing the penetratin of individual tubes through 
the vessel closures, 
the elimination of the reheaters which results 
in substantial cost reduction in the steam gene
rator bundle itself as well as in the 
steam/feedwater circuit. 

The steam generators have exclusively operational 
function. The separate auxiliary heat exchangers act 
»s the safety system for decay heat removal. 

The six helium circulators with integrated electric 
motor drives are installed above the steam generators 
in vertical position. This modificaton involved the 
change from oil-lubricated bearings for supporting 
the circulator shaft to active magnetic bearings. 
Thus the oil supply system at all can be eliminated, 
which leads to a higher safety standard and lower 
costs. 

The HTR 500 Safety Systems 

The primary objective of any reactor protection system is 
the safe containment of the radioactive fission products. 
The classical active safety systems of 

shut-down 
decay heat removal and 
activity containment 

are also used in the HTR to minimize the impact of the 
power station on the environment and to protect the plant 
itself under all operating and accident conditions. 

6.1 Shut-down Systems 

The HTR 500 is equipped with two redundant shut-down 
systems consisting of the reflector rods and the incore 
rods. 

The 48 reflector constitute a safety system used for reac
tor fast shutdown. The reflector rods drop into boreholes 
in the side reflector blocks under the force of gravity. 
The 72 incore rods are used for control and long-term 
shut-down. They are manoeuvred by a pneumatic piston sy
stem. Long-term shut-down by the incore rods is effected 
exclusively by manual release and does not have to be 
initiated earlier than 10 hours after shut-down of the 
plant by the reflector rods. 

6.2 Decay Heat Removal System 

The decay heat removal concept is characterised by the 
following features: 

use of the main heat removal system (main heat sink), 

separate and redundant decay heat removal system with 
separate circualtors and heat exchangers integrated 
in the primary system, 

utilization of natural convection, should the circu
lators fail. 



restart of the decay heat removal system by manual 
measures, since prolonged failure of decay heat remo
val is tolerable, 

integration of the liner cooling sytem of the pre-
stressed concrete reactor vessel into the decay heat 
removal concept in the event of total failure of the 
decay heat removal systems listed above. 

6.3 Activity Containment 

The concept of activity containment is based on a multi-
barrier principle (Fig. 3). The fission products are re
tained by the following barriers: 

the coated fuel particles with highly effective pyro-
carbon and silicon carbide coatings having a diameter 
of about 0.9 mm, 

the graphite matrix of the fuel element of 6 cm dia
meter, 

the prestressed concrete reactor vessel having a wall 
thickness of 5 m, 

the reactor confinement building equipped with a 
special filter for retaining the metal fisson pro
ducts under accident conditions. 

7. Inherent Safety Characteristics/Accident Behaviour 
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The behaviour of the HTR 500 under incident or accident 
conditions is characterized by the inherent characteri
stics of the system which, in concurrence with the active 
safety systems, limit the plant risk and, hence, the ex
tent of damage. This has been verified by extensive tests 
performed in the THTR and AVR and has been experimentally 
confirmed. 

Coated particle (0.9 mm) 

Fig.3: Multiple Barriers for Fission Product Retention 

7.1 Reactivity Accidents/Power Excursions 

As a result of the negative coefficients of temperature 
and power, reactivity accidents are inherently mitigated 
and limited. And - vice versa - accident-induced tempera
ture rises have a reducing effect on the power thub lea
ding to self-stabilization of the core. Full use of this 
capability can be made in the HTR, since there is a safety 
margin of 500 - 600 K between the operating temperature 
and the damage limits of the fuel elements so that even 



Mjor reactivity changes resulting from accidents can be 
controlled without fuel eieme.. .amage. 
To verify the effect of the inherent self-shutdown mecha
nism several tests without reactor scram were performed in 
the AVR. 

In THTR an analogeous test was run at low power, demonst
rating the core behaviour in the course of recriticality. 

On the basis of these experiments plus their theoretical 
foundation the layout of the shut-down systems of THTR as 
well as BTR 500 could be eased with respect to the re
quired shut-down margin or subcriticality during all acci
dent conditions. 

Disturbances of Cooling 

Disturbances of coolant circulation or even a hypothetical 
total failure of core cooling in tht HTR have only a re
tarding and attenuating effect on the temperature rise. 
This results from the relatively high heat capacity of the 
fuel elements and the core structure. An interruption of 
core cooling first results - as already mentioned - in a 
self-shutdown of the core due to the negative coefficient 
of temperature. In the following the core temperatures 
start to rise at about 1 - 2 K/min. Natural convection 
develops in the primary circuit ensuring long-term trans
port of the decay heat crom the core. 

The delayed temperature rise in case of no active core 
cooling offers sufficient time to reinstall the decay heat 
rénovai systems, either the main loops or the auxiliary 
cooling systems. 

The thermal behaviour of the plant was evaluated and ap
proved theoretically during the licensing procedure of the 
THTR. It results in a permissible time for the inter
ruption of decay heat removal of 3 - 5 hours. 

The required manual measures to reinstall the decay heat 
removal systems was part of the training of the plant 
personnel and is periodically retrained every six months. 
Additionally, the plant behaviour under the conditions of 
natural convection could be demonstrated in the AVR test 
plant where - according to the specific design - a failure 
of active core cooling can be endured indefinately. 

In case of a prolonged loss of forced circulation in HTR 
500 as well as in the THTR the decay heat is transported 
via natural convection to the heat exchangers or - if also 
they are assumed to have failed - to the liner cooling 
system. In such an event - the probability of which is 
about 10~5/a - the maximum fuel temperatures do not exceed 
the operational limits of 1250 "C {Fig. 4). It must howe
ver be îd'.iitted, that internal metallic structures and 
components might be overheated to such an extend Lhat a 
resumptio.i of normal plant operation is impaired. 

Thf>se ..tatements are verified by numerous tests during the 
start-up test of ТНТЯ which validated the calculation 
methods. Also special plant conditions during the indivi
dual shut-off periods for maintenance and repairs have 
demonstrated the ability of passive decay heat removal by 
natural convection. 

7.3 Loss of Coolant/Depressurization 

Total loss of coolant is impossible in the gas cooled HTR; 
in case of leak the primary system is depressurized only 
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Fig. 4: HTR SOO Failure of Feedwater Supply with Circulator 
Shutoff and Bypass Valves Open: Temperatures of 
Structural Parts and Gas Temperatures in Primary 
Loop. 

to ambient pressura. The remaining coolant density - app
roximately 2 I oE the operational value - is sufficient to 
remove the decay heat (approx. 1 I rf the nominal power) 
from the core. Reactor cooling with the primary system 
depressurized is regularly performed in the THTR during 
shutdown for inspection purposes. 

In view of the low activity content of the helium, the 
coolant can be discharged to the environment through the 
stack in the event of a depressurization accident without 
exceeding ths limiting values specified in the Radiologi
cal Protection Ordinance for design basic accidents 
(effective environmental load approx. 200 inrem). The low 
coolant gas activity assumed as a design basis has been 

Q confirmed by the operation of the AVR and the THTR. 

Risk Analyses 

Numerous risk analyses have shown that the dominating se
quence which determines the risk, is the total failure of 
the decay heat removal system (core heat-up accident) com
bined with depressurization. Reactivity accidents or acci
dents resulting in air and water ingress into the primary 
system are of less importance with regard to the risk. 
In the event of depressurization of the primary system 
heat transport by natural convection from the core to the 
cold gas plenum does not take place. The greatest part of 
the decay heat will first remain within the core until the 
temperatures are high enough to transfer the heat from the 
side reflector, the top reflector and the bottom reflector 
to the concrete pressure vessel surface by radiation. The 
maximum core temperatures of approximately 2500 °C are 
reached after about 30 h. Only the fuel particles in the 
core center are exposed to these temperatures; core melt
down as in the LWR is impossible in the HTR. 
Long-term release of metal fission products from the fuel 
elements starts only after a long delay and is greatly 
reduced by plate-out on the colder surfaces in the core 
itself and the primary system as well as in the reactor 
building (Fig. 3). A passive-acting metal filter at the 
inlet of the ventilation stack ensures further retention 
of metal fission products in the event of an accident. 
Thus even in the event of such a hypothetical accident, 
the total environmental load is so low that no immediate 
measures have to be taken regarding the population and the 
environment. 

Even if additional failure of the liner cooling system is 
assumed, the integrity of the prestressed concrete reactor 
vessel and, hence, the confinement of the reactor core 
remains intact (Fig. 5). The emergency protection planning 
for the THTR 300 was based on an analogous case. It has 
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Fig. 5; HTR 500 Depressurization and Total Loss of Active 
Cooling. Temperatures of PCRv 

been confirmed by the responsible authorities that evacua
tion of the population is not required. Only an order for
bidding the consumption of food grown in the vincinity of 
the plant has to be respected. 

Summary 

The technical and safety-related characteristics of the 
high-temperature reactor have been confirmed theoretically 
as well as practically. 

The high-temperature reactors with pebble bed core, which 
were constructed and commissioned by BBC/HRB, the 15 MWe 
AVR and the THTR 300 MWe, have furnished the practical 
verification of the specific safety characteristics of the 

HTR. The HTR represents a simple aid good-natured reactor 
system ensuring a low risk of capital loss. 

Risk analyses have been performed for the HTR, which have 
demonstrated that the risk connected with the HTR is very 
low. It is of decisive importance that for the HTR not 
only the product of damage and frequency is very low but 
also the damage itself. 

As a result of its inherent safety characteristics and the 
burst-proof prestressed concrete reactor vessel the confi
nement of the activity is sufficiently ensured in the 
event of core heat-up accidents even without functioning 
of the active safety systems. 

Even in the event of extremely hypothetical accidents the 
impact on the environment remains within such limits that 
evacuation or relocation of the population is not requi
red. This ensures also safe elimination of larg»-scale 
detrimental effect on agricultural or industrial areas. 

Siting of such a reactor is therefore not subjected to any 
limitations, i.e. an HTR can be operated near industrial 
and urban centers. 
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