
XA0055798

THE PROPERTIES OF SPHERICAL FUEL ELEMENTS
AND ITS BEHAVIOR IN THE MODULAR HTR

G.H. Lohnert, H. Ragoss

INTER ATOM GmbH
D-5060 Bergisch Gladbach 1
Federal Republic of Germany

Determination of fuel element

One of the basic principles for designing the modular HTR

was to use only existing components and systems in order to

facilitate short-term realization without further research

and development / 1 /. Therefore, the reference fuel element

for all future HTR applications in the Federal Republic of

Germany as developed by NUKEM/HOBEG in the framework of the

"High Temperature Fuel Cycle"-Project (HBK) had to be scruti-

nized for its compatibility with all the other design principles

of the modular HTR, or possibly for restrictions forced upon

reactor layout.

This reference fuel element can be characterized by the following

features / 2, 3 /:

moulded spherical fuel element of 60 mm diameter with

a fuel free shell of 5 mm thickness, based on a carbona-

ceous matrix

LEU- (U/Pu-) fuel cycle (]Low enriched uranium)

UO? fuel kernels

TRISO coating (pyrocarbon and additional SiC layers)

The coated fuel particle is designed exactly as the HEU-TRISO

reference particle / 4 /, with the exception, of course, of the

fuel itself (pure UO- without thorium). Because not only

materials but also manufacturing processes for the fuel element

are the same as for the fuel elements which have been produced for

AVR and THTR for years, the properties of today's reference

element are in full accordance with the well known data of the
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AVR and THTR fuel elements, e. g. with respect to mechanical

strength, corrosion resistance, heat conductivity and

abrasion. In the last years, however, increasing requirements

came up for the most important fuel element property: the

so-called "defective SiC" or "free uranium" which can be

defined as the fraction of heavy metal not being surrounded

by intact SiC coatings. At least at normal reactor operation,

this value controls the fission product release and should

therefore be reduced as low as reasonably achievable and

has to comply with the design principles of the modular HTR.

This criterion asks for less than one defective coated particle
-4per fuel element, i. e. less than 10

Safety related properties of the fuel element for normal

operation conditions

Under normal operating conditions there will practically be

no fission product release from intact TRISO-coated particles.

Consequently, the value for "defective SiC" is of major im-

portance for all safety considerations. This value "defective

SiC" comprises not only completely damaged coatings, but all

kinds of contamination (outer coatings or fuel element matrix)

and even defective SiC layers with still intact pyrocarbon

coatings. The obtained rather low value is attributable to

the relatively low coating temperature, leading to low

contamination levels, but also to the high standard of the

manufacturer's quality control which excludes significant

particle defects / 2 /.

Low rates of fission product release necessitate not only

small fractions of production-induced "free uranium" but

also of irradiation-induced particle defects. Therefore,

one of the main intentions of the irradiation test program

is to confirm the expected low failure rates due to either
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temperature, burn-up or fast neutron fluence. In this test

program, up to now, no single particle defect could be detected

by measuring fission gas release, even not at full target

burn-up and temperature.

These positive results, together with those from earlier

programs provide a sound basis for reasonably low expected

and design values of fission product activity in the primary

circuit outside the fuel elements. This inventory should be

kept at rather low levels not only for normal operation but

should be as low as possible because it would be the potential

source for activity release during depressurization accidents.

Underlining the importance of this criterion, it should be

mentioned here that there will be no gas-tight reactor building

in a modular HTR plant.

Definition of fuel temperature limit during severe accidents

The cited boundary conditions - tolerable fission product re-

lease to plant and environment without having a gas-tight re-

actor building - are valid not only for normal operation con-

ditions but also for the most extreme accidents.

Such accidents can be defined as loss of all active decay heat

removal systems inside the primary circuit without or even with

simultaneous depressurization of the primary circuit, thus

leading to the maximum possible fission product release. As

this activity release has to be kept below licensable limits,

the maximum fuel element temperature has to be limited to an

appropriate value. Such a temperature limit, of course, must

be set as low as necessary for safety reasons but at the

same time as high as possible with respect to economics.

The maximum admissible fuel temperature can be deduced from

an evaluation of the mechanisms which govern the fission pro-

duct release as a function of temperature:
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normal operation conditions, up to approximately 1100 °C:

complete retention inside intact coated particles; ex-

tremely low fission product release according to "defective

SiC" value;

above 1150 °C: beginning but still rather low release,

especially of Ag 110m, by diffusion through intact coatings

(SiC layer being the main diffusion barrier);

above 1600 °C: beginning of SiC deterioration due to

fission product attack (thinning of SiC layer as diffusion

barrier; onset of additional particle failure)

above approximately 2200 °C: thermal decomposition of

SiC, loss of retention capability.

To avoid uncontrolled SiC damage and to remain at sufficiently

low and calculable levels of fission product release the maxi-

mum fuel temperature limit was set at 1600 °C.

As can be derived from these temperature dependent release

mechanisms, the 1600 °C limitation is one of the key values

for modular HTR design and is directly connected to the pro-

perties of the SiC coating, the most important constituent of

the fuel element.

Interaction of fuel element behavior and modular HTR design

One of the most important principles in designing the modular

HTR, Fig. 1, was to omit shut down systems, which have to be

inserted directly into the pebble bed. Only systems in re-

flector positions should be employed. As a consequence of

this requirement, a maximum core diameter of 3 m cannot be

exceeded. Combining the limitations of both core diameter and
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maximum fuel temperature under accident conditions leads to

a restriction of the local power density, which governs the

local decay heat generation. This local power density is

obtained by adjusting the mean power density as well as the

power distribution. For the application of the modular HTR

for electricity generation (or steam production for chemical

processes) at a mean gas outlet temperature of 700 °C, the

mean power density is found to be 3.0 MW/m3. To compensate

for the higher starting level of fuel temperatures in process

heat application at a gas outlet temperature of 950 °C, the

power density has been lowered to 2.5 MW/m3. The flattening

of power distribution is realized by re-introducing a multi-

pass loading scheme for the fuel elements as in AVR and THTR

(instead of an "OTTO" once-through scheme). Changing from an

OTTO to a 15fold reshuffling scheme for the modular HTR, the

ratio of maximum to mean axial power density is reduced from

approximately 5.5 to 1.9.

These core design characteristics, Fig. 2, result in time-de-

pendent fuel temperatures given in Fig. 3 for the region which

will reach the highest temperatures. Even in the hypothetical

case of simultaneous loss of forced circulation, loss of system

pressure, and loss of all control rods the 1600 °C limit will

not be exceeded.

Another example for the interaction of basic layout principles

and fuel element properties is given by the requested inherent

control of water ingress accidents with respect to reactivity

consequences, competing with economic considerations. Regarding

all the other pertinent data such as power density, moderation

ratio, possible amounts of water entering the core region,

an optimum with respect to fuel cycle costs was found to be

7 g heavy metal per fuel element (at approximately 8 % U-235

enrichment).
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The consequences of these core design features, Fig. 2 - which

in fact are dictated by the properties of the fuel element it-

self/ in particular by the SiC behavior - for the fuel element

are as follows:

low power output (max. 1.3 kW per fuel element);
21low fast neutron fluence (max. 3.0 . 10 n/cm2, E > 0.1 MeV)

relative to the given burnup (max. 90.000 MWd/t heavy metal);

no mechanical interaction of shut down/control systems

with the fuel elements, since these systems are

positioned exclusively inside the reflector structure;

the 15fold reshuffling requires resistance to mechanical

shocks in the reshuffling system, as well as to power

and temperature cycling;

maximum fuel temperatures in normal operation depend on

reactor application, i. e. mean gas outlet temperatures;

for process heat application with a gas temperature of

950 °C, the maximum fuel temperature will be approx. 1100 °C.

The experience from both AVR operation / 5 / and irradiation

programs confirms the postulation that the reference fuel

element can easily withstand these mentioned requirements

of the modular HTR.

The result of the combination of the German reference fuel ele-

ment with its specific properties and in-pile behavior and

the basic layout principles for the modular HTR is shown in

Fig. 4. Due to the special features it is quite obvious that the

design of the modular reactor differs considerably from other

HTRs which will be noticed even by regarding the geometrical

dimensions. According to these fixed dimensions together

with the restricted power density the modular HTR system is

characterized by the fact that a single modular reactor has a

well defined maximum power output. Any desired reactor plant
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power, however, can be achieved by multiplying the number

of reactor units, and not by increasing the reactor core,

thus replacing economy-of-scale by economy-of-series.
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Fig. 1

DESIGN PRINCIPLES OF THE MODULAR HTR

SHORT-TERM REALIZATION
(USE OF EXISTING SYSTEMS / COMPONENTS)

SHUT DOWN AND CONTROL SYSTEMS
ONLY IN REFLECTOR POSITIONS

SIMPLIFIED CONTAINMENT PHILOSOPHY
(NO GAS-TIGHT REACTOR BUILDING)

NO ACTIVE DECAY HEAT REMOVAL SYSTEMS REQUIRED

EXPLOITATION OF HTR-INHERENT SAFETY CHARACTERISTICS

SIMPLIFIED LICENSING PROCEDURE
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Fig. 2

EFFECTS OF DESIGN PRINCIPLES
OF THE MODULAR HTR ON
REACTOR CORE CHARACTERISTICS

HIGH MODERATION RATIO
(LOW HEAVY METAL CONTENT OF THE FUEL ELEMENTS)

LOW MEAN POWER DENSITY

A MULTIPLE PASS RELOADING SYSTEM

LIMITED CORE DIAMETER
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°c

1500'

1000

500

Full System Pressure

100 h

1500-

1000- i ^ s .

500

100 h

Thermal power (MW)
Core diameter (m)
Core height (m)
Mean power density (MW/m3)
Helium temperatures (°C)
System pressure (bar)
Number of control rods
Number of absorber ball systems
Loading scheme
Fuel cycle
Heavy metal loading of fuel
elements (g)
Burnup (MWd/t)
Fuel in-core time (day)
Conversion
Enrichment (%)
Fast neutron dose (E=0.1 MeV)
Fuel element (lo21/cm2)
Side reflector (lo21/cm2-yr)

Fissile material in core (kg)
Control margin (nile)
Shutdown requirement (nile)
Helium mass flow (kg-s)
Primary pressure drop (bar)
Steam pressure (bar)
Steam temperature (°C)

200
3.0
9.6
3.0

250/700
60
6
18

Multipass
Uranium/Plutonium

7
801000
1.020
0.47
7.8

2.2
0.6
94
1
9
76
1.

190
530

2

Fig. 3: Time-dependent maximum

fuel element temperatures under

different accident conditions

Table belonging to Fig. 4:

Main data of a modular unit for electricity

and steam production

en
CO



© Pebble Bed

(2) Pressure Vessel

@ Fuel Discharge

© Boronated Spheres

© Reflector Rod

© Fuel Loading

© Pipe Assembly

© Outer Shroud

® Feed Line

® Live Steam Line

© Blower

© Hot Gas Duct

@ Surface Cooler
(14) Insulation

Fig. 4: Cross section of a modular unit for

steam generation
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