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Abstract

Due to basic design features and inherent safety qualities

in-core instrumentation is not needed in an HTR. Reactor

safety requirements can be met by integral measurements. A

modest spatial resolving power of the out-of-core instrumen-

tation is sufficient for all operational purposes in small

and medium sized steam cycle HTR's. Thus, the instrumentation

concept of the THTR 300 MWe prototype reactor can be adopted

without major changes for the HTR 450 MWe reactor project, as

is demonstrated here for the neutron flux and temperature

measurements.
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Introduction

The fuel element of a pebble bed HTR is a graphite ball, 6 cm

in diameter, that contains high or low enriched fuel in small

coated particles (fig. 1). Several hundred thousand to several

million of these fuel elements constitute the core of the

reactor (fig. 2). Refueling is carried out continuously on-line.

Depending on the mode of operation the fuel elements pass

through the core once or several times by gravity. Tha nuclear

generated heat is removed from the core by the coolant gas

helium which is circulated through the primary loop by blowers.

In a steam cycle HTR coolant gas temperatures reach 750 °C.

The core is surrounded by peripheral components such as graphite

reflectors, a thermal shield, a liner and a prestressed con-

crete reactor vessel. The reactor instrumentation is located

in or in between these components.

In-core instrumentation; No need in an HTR

In LWR's essential information on the core power distribution

is provided by an in-core instrumentation system. In an HTR

an in-core instrumentation is not needed because of basic

design features and inherent safety qualities. The following

design features of the pebble bed reactor contribute signifi-

cantly to this end:

- Good mixing of the fine-grained fuel and the graphite

moderator within the fuel element matrix

Flattening of the radial power distribution due to

radial core zoning
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No radial age peaking in reactors with the once through

cycle because of negligible burn-up differences of

adjacent fuel elements

Smoothing of the neutron flux by diffusion over extended

core regions due to a neutron diffusion length greater

by an order of magnitude than the fuel element diameter

- Time-independent power distribution in the equilibrium

core due to the continuous on-line refueling.

These design features result in flat power and temperature

distributions in the core during normal operation, with

major changes occuring only in the vertical direction of the

coolant gas flow. Because of the following intrinsic safety

features of the HTR no tight constraints on the core power

and temperature distributions exist even at temperatures

considerably above normal:

Low power density and high heat capacity of the core

(ratio of power density to heat capacity

HTR : LWR : LMFER = 1 : 10 : 50)

High temperature stability of the fuel elements and ceramic

core materials. The difference between normal operating

temperatures (maximum hot spot ^1000 °C) and the temperature

range where fuel failure becomes significant

(~1600 to »v2400 °C) is very large

Multiple barriers inside the fuel element against fission

product release (coatings of the fuel particles, graphite

matrix and shell of the fuel element)

Negative temperature coefficients under all operating

conditions, self stabilization of power and temperature

due to negative feed back

Chemically inert helium as a coolant gas with negligible

influence on core reactivity and without phase transition.
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Thus, the high spatial resolution of in-core measurements is needed

neither for operating purposes nor for the protection of the fuel

elements. An out-of-core instrumentation is adequate for the HTR.

Out-of-core instrumentation; Required spatial resolution

Reactor safety requirements can be met by simple integral

measurements without spatial resolution. However, some spatial

resolution of the out-of-core instrumentation provides useful

information for the efficient operation of the plant by enabling

the operator to detect, locate and correct deviations.

The normal power distribution in the core can be disturbed e.g.

by xenon oscillations, by assumed refueling errors or by un-

intentional control rod movements.

Investigations carried out in the Kernforschungsanlage Jiilich showed

that axial and radial xenon oscillations do not occur in pebble bed

HTR1s up to 1300 MWe. Oscillations of the first azimuthal mode are

possible in large reactors («^1200 MWe) with low negative temperature

coeffic

cycle).

coefficients (typically - 2.5 x 10~ /K for the high enriched fuel

However, recent results for the HTR 900 reactor project

indicate very stable behaviour of the core with regard to

xenon oscillations due to the high negative temperature

coefficient (approximately - 6 x 10~ /K for the low enriched

fuel cycle). Thus, xenon oscillations can be ruled out for

pebble bed reactors up to 90 0 MWe with low enriched fuel.

Incidents that disturb the normal power distribution in the

core can change the axial or the radial temperature distri-

bution or both. Changing the axial power profile while maintaining

the normal coolant gas temperature at the core exit has only

negligible effects on the fission product release from the core

and evidently no effect at all on the metallic components down-

stream of the core, e.g. the steam generators. Changing the
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radial power profile results in an increase of fission product

release from the fuel elements into the coolant gas which in

an HTR is very low during normal operations. At total core power

held constant a 10 % power increase in one half of the core, and

a corresponding 10 % decrease in the other half, change the fuel

temperatures by +_ 60 K. These changes lead to 20 % higher releases

of the noble gases and halogens and to a doubling of the release

of Cs 137. The latter is typical for metallic fission products

with long half lives. It should be noted here that the release

of long living fission products becomes important only after a

period of years.

These increases in fission product release by a factor of 2 or

less fall well below the design values which are set by a factor

of 5 to 10 higher than the expected values. 10 % deviations from

the normal radial power distribution result in coolant gas tem-

perature increases of approximately 50 K at the core exit. These

are of no concern for the core especially when they are detected

and corrected within a few hours.

However, the metallic components downstream of the core must be

protected against excessive hot streaks in the coolant gas. To

protect the steam generators temperature increases must be limited

to approximately 50 K above normal. To ensure this coolant gas

temperatures are measured at each steam generator inlet by the

reactor safety system. Thus, in an HTR not the fuel elements but

the heat exchanging components limit allowable deviations from normal

For purely operational purposes a detector density of approximately

1 thermocouple/m2 is provided at the core bottom to monitor the

coolant gas core exit temperature profile. This density is more

than adequate for the localisation of deviations from the normal

power QïstillDUtïDn. 77IE ncDmnDm ol ttie mëaMurQisQnts tâilan is GË

the order of 1 % is sufficient tc detect power deviatioas o£ 10 4

or lees.
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General requirements for reactor instrumentation

The tasks of an HTR reactor instrumentation are not different

in principle from those of other reactor types. The general

design requirements of the instrumentation are generally known

and will only be briefly summarized in the following.

The only requirement which is decisive for the design of the

instrumentation for operating purposes is the requirement for

reliable plant operation. The measured values are not used for

accident control, thus their failure is permitted in the event

of accidents. For this reason this instrumentation may be of

single-channel design.

For German nuclear power plants, the requirements for acquisition

and processing of signals by the reactor protection system

are summarized in KTA-Standard No. 3501. This standard states

the basic requirement that the initiation of the protecting

actions shall not be hindered by failures such as accidental

individual failures, systematic failures and repair incidents

or certain combinations of such failures. To meet these basic

requirements a number of measures are provided, the most

important of which are characterized by the keywords quality

assurance, redundancy and diversity.

The requirements for the measuring channels used for accident

instrumentation are summarized in KTA-Standard No. 3502 (draft)

for German nuclear power plants.

In the primary system of an HTR steam cycle plant the following

parameters are measured:

- neutron flux

- coolant temperature

- coolant pressure

- coolant mass flow

- coolant moisture.
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Particularly the configuration of the neutron flux and helium

temperature measurements at the core outlet depend on the

power level and the temperature level at which a reactor plant

is operated. In the following detailed explanations are given

for the neutron flux measurement as it will be used in the HTR

450 MWe steam cycle plant with process steam generation.

Configuration of the neutron flux measurement in the HTR-450

As it has been explained in the initial section of this paper, in

steam cycle HTR1s up to about 900 MWe the requirements with regard

to the spatial resolution of neutron flux disturbances are so modest

that extensive use can be made of the experience gained with the

instrumentation concept of the THTR 300» A minimum R + D effort

is required, because the locations of the instruments can be

selected so that with regard to temperature load, the use

of commercial measuring detectors is possible. For those detectors

controlling the flux during power operation the location can only

be outside of the components exposed to the primary coolant. Due

to the prevailing temperature conditions, this place must be be-

hind the liner in the cold concrete.

Thus it must be verified, that at such a protected location a

sufficiently high signal is available. We will come back to this

item further down. First a brief explanation on the configura-

tion and tasks of the individual measuring channels will be given

(fig. 3).

The configuration of the stand pipes and the four-channel design

of the instrumentation result mainly from plant symmetry and

also from availability aspects.



- 8 -

The measuring range of about 14 decades to be covered by the

flux measurement must be subdivided into the following partial

ranges:

- start-up range

- medium range

- power range.

For the plant protection system each partial range is subdivided

into two redundant systems with the same measuring range (in the

following called system I and II). The measuring value acquisition

and processing is designed as a technically diverse system.

The detectors for the start-up and medium ranges I and II are

arranged in common stand pipes. Four thimble stand pipes are in-

stalled in the annular clearance between side-reflector and

thermal shield, in an azimuthal position staggered by 90°. Each

measuring point is equipped with six detectors (one each for

start-up range I and II, medium range I und II, two for operating

and accident instrumentation). The detectors can be jointly

displaced and are extracted from the high flux range during

power operation.

For the power range, four measuring points are provided azimu-

thaly staggered by 90°, about 20 cm behind the liner in the

concrete. In each azimuthal location two vertical parallel stand

pipes are mounted below the main helium circulators. One of each

couple contains six detectors for the power range I of the plant

protection system. The other one is equipped with two detectors

for the power range II of the plant protection system and one
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detector for operating purposes and accident instrumentation.

Power range I provides a fast signal proportional to reactor power

and is therefore time delayed corrected by the absolute thermal

power.

Power range II primarily detects relative flux changes and is

not corrected for this reason. All eight stand pipes for the

power range open up into the PCRV bottom. The stand pipes end

below the main circulators; there is no connection with primary

coolant gas.

Why are the stand pipes arranged in vertical positions?

There are two main reasons :

1) The HTR 450 core is designed for single passage of the fuel

elements. This leads to a power maximum in the upper part

of the core.

As opposed to the THTR 300, in the HTR 450 the operational

control of the flux is carried out by the in-core rods. For

this purpose all in-core rods are jointly moved in a so-called

"quasi bank mode". In connection with the location of the

power maximum the control procedures affected by the in-core

rods shift the neutron flux in the axial direction.

Measurement of the local flux in the way as it would be

detected by a radially arranged measurement, would result in

false information. A sufficient independence of axial flux

distortions is achieved by summing the signals from the

detectors axially distributed over the core height. For this

purpose six detectors are axially located above each other

in the power range I stand pipes.

2) Contrary to the THTR 300, the PCRV of the HTR 450 is equipped

with the wire-winding prestressing system, which for reasons

of vessel stability may only be interrupted at certain locations

by limited diameter pipes. For instance, six radial stand pipes

located above each other would result in substantial structural

difficulties.
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Why is the measuring point behind the liner in the concrete

appropriate for covering the power range?

For the selection of a measuring point, in addition to mechanical

or thermal load of the detector the signal to noise ratio is of

importance. This ratio is determined by the power proportional

parts of neutron and g* -fluxes divided by the non power propor-

tional parts of the ^-flux.

Fig. 4 shows the full power fluxes in the HTR 450 at the points

of interest. The thermal neutron flux has a maximum about 15 cm

behind the liner. This is due to the moderation of fast neutrons

in the water contained in the concrete.

The y*-fluxes are generated mainly in the thermal shield and in

a smaller fraction in the other structural materials. Also for

the ̂ -fluxes there is a particularly favourable ratio of the

power proportional and the non power proportional fluxes in

the range behind the liner. The absolute magnitude of the power

proportional signal does not provide any difficulties in finding

appropriate commercial detectors. At this location the signal

to noise ratio for a detector as used in the THTR 3 00 is about

10 000 : 1 at full power.

In addition, the mechanical and thermal advantages of the measuring

point should be considered:

- no contact with the primary coolant helium

- low operating temperatures

- no pressure load

- low impact also in the event of accident

- easy maintenance.

In summary it can be stated that characteristics of steam

cycle HTR1s up to about 90 0 MWe require only a very modest

out-of-core instrumentation.
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Section A-B
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1 Reactor core
2 Main circulator
3 Access penetration
4 Fuel discharge pipe
5 PCRV support structure

6 Auxiliary circulator
7 Ceramic internals
8 Incore rods
9 Thermal shield

10 Steam generator

11 Decay heat removal system
12 Slart-up and medium range

neutron flux instrumentation
13 Power range neutron

flux instrumentation
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