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ABSTRACT

The budget for cons t ruc t i on of t h e High-Temperature Engineer ing

Test Reac tor (HTTR) was r e c e n t l y committed by t h e Government in Japan.

The HTTR i s a t e s t r e a c t o r with thermal o u t p u t of 30 MW and r e a c t o r

outlet coolant temperature of 950 * C at high temperature tes t operation.

The HTTR plant uses a pin-in-block design core and will be used as an

experience leading to high temperature applications.

Several major important safety considerations are adopted in the

design of the HTTR. These are as follows.

1) A coated particle fuel must not be failed during a normal reactor

operation and an anticipated operational occurrence.

2) Two independent and diverse reactor shut-down systems are provided

in order to shut down the reactor safely and reliably in any

condition.

3) Back-up reactor cooling systems which are safety ones are provided

in order to remove redidual heat of reactor in any condition.

4) Multiple barriers and countermeasures are provided to contain

fission products such as a containment, pressure gradient between

the primary and secondary cooling circuit and so on though coated

particle fuels contain fission products with high reliability.

5) The functions of materials used in the primary cooling circuit

are separated to be pressure-resisting and heat-resisting in order

to resolve material problems and maintain high reliability.

The detailed design of the HTTR was completed with extensive

accumulation of material data and component tests.
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1. Introduction

The High Temperature Engineering Test Reactor (HTTR) aims at establishing

and upgrading the technology basis necessary for an HTGR, serving at the

same time as a potential tool for new and innovative basic researches. The

HTTR has a prismatic block type fuel core with 30 MW thermal output and outlet

coolant temperature of 850 °C at rated operation and 950 °C at high temperature

tes t operation.

The JAERI has carried out for many years development works on block type

fuel, high temperature alloy, high temperature in-core instrumentations,

high temperature components etc. and research works on reactor physics

of a high temperature gas cooled reactor, heat transfer and fluid dynamics,

fission products plate-out etc., in order to construct the HTTR which can

supply high temperature coolant up to 950 ° C at the outlet of the reactor

vessel for the first time in the world.

This report describes designs and several major safety considerations in

the design of the HTTR.
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2. Safety Design Principles

The JAERI has set up following safety design principles for the HTTR

referring the safety design criteria for LWRs taking into account the

inherent safety characteristics as an HTGR and design requirements as a tes t

reactor.

The major items of the principles are as follows.

(1) Coated particle fuel shall not be failed during normal reactor

operation and an anticipated operational occurrence. The maximum fuel

temperature including systematic and random factors should not exceed

1600°C even in an anticipated operational occurrence.

(2) A reactor shall be shut down safely and reliably from any operation

condition with a control rod system. A backup reactor shutdown system

shall be provided independent from the control rod system.

(3) An accident of control rod ejection shall be avoided.

(4) The residual core heat after reactor shutdown shall be removed safely

and reliably for any anticipated operational occurrences and accidents.

(5) A containment vessel shall be provided to prevent fission product

release and excessive air ingress into the core in case of depressu-

rization accident.

(6) The pressure of water in the secondary water cooling system shall be

controlled lower than that of primary helium to prevent large water

ingress into the core in case of rupture of heat tube in a pressurized

water cooler.

(7) The pressure of helium in the secondary helium cooling system shall

be controlled slightly higher than that of primary helium to prevent

fission products leakage from the primary system to the secondary system

through cracks of the heat tubes in the heat exchanger.

(8) The pressure-resisting and heat-resisting functions of the structures

where high temperature coolant is contained are separated in order to

reduce mechanical loads on high temperature metal structures.
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3. Outline of Plant Design

The HTTR consists of a core of 30 MW thermal output, a main cooling

system, an auxiliary cooling system and related systems. The reactor core

is contained in a steel vessel of 13.2 m in height and 5.5 m in diameter

together with graphite reflectors and core support structure as shown in

Fig. 1. Major specifications are listed in Table 1. The block type fuel

of the HTTR is shown in Fig. 2.

The main cooling system is composed of a primary cooling system, a

secondary helium cooling system and a pressurized water cooling system as

shown in Fig. 3. The primary cooling system is separated into two lines

outside the reactor vessel. The heated helium gas is cooled in a He/He

intermediate heat exchanger in one line or cooled directly in a pressurized

water cooler in the other line. The heat is finally removed by an air cooler

in both lines, although another pressurized water cooler is necessary after

the intermediate heat exchanger in the first line. When the first line with

heat transfer capacity of 10 MW is operated, the second line, which has

heat transfer capacity of 30 MW, is operated at 20 MW.

The intermediate heat exchanger is a vertical helically-coiled counter

flow type heat exchanger in which primary coolant flows on the shell side and

secondary coolant on the tube side as shown in Fig. 4. Materials for the

pressure boundary below and above 440°C are 2 1/4 Cr-1 Mo steel and Hastelloy

-XR, respectively. The heat transfer tube is as designed as to withstand

the differential pressure of 0.3 MPa between the primary and secondary helium

in normal operation condition, while i t is designed for 4 MPa for short

duration of depressurization accident of secondary helium cooling system.

The pressurized water cooler is a vertical U-type heat exchanger.

Primary helium gas coolant flows outside the heat transfer tubes and

pressurized water inside the tubes as shown in Fig. 5. Heat transfer tubes

are designed for the primary system pressure of 4 MPa. The pressure of water

is controlled lower than that of primary coolant.

Co-axial double pipes are used for transferring hot helium gas. The hot

gas from the reactor flows inside the inner pipe, while cold gas of about

400 °C flows back to the reactor through the annulus between the inner and

outer pipes. The outer pipe is designed as a reactor coolant pressure

boundary, and the inner pipe is designed only to withstand the differential

pressure caused by pressure drop due to coolant flow.
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4. Specific Considerations in the Reactor Safety Design

4.1 Core Design

4.1.1 Fuel

In order to reduce FP release from the core, the maximum fraction of

defected fuel during fabrication including contamination in coating and

compact matrices is limited to less than O.25C and no fuel failure during

normal operation and anticipated operational occurrences is allowed. The

failure mechanisms of the fuel considered during operation are

(1) palladium attack on sillicon-carbide layer,

(2) kernel migration, and

(3) burst of coating layer with excess FP gas pressure.

From the research and development works in the JAERI, i t became clear

that failures of coated particle fuel caused by the above-mentioned

mechanisms can be kept out practically by limiting fuel temperature and

maximum burnup lower than 1600°C ( Fig. 6) and 4 % FIMA, respectively.

4.1.2 Core Design

In order to maintain fuel temperature as low as possible keeping 2.5

w/cc of average power density and 950 °C of reactor outlet coolant tempera-

ture, following considerations are taken.

(1) To increase effective core coolant flow by minimizing core bypassing

flow and cross flow.

(2) To flatten radial power distribution in the core.

(3) To optimize axial power distribution in order to attain uniform fuel

temperature.

In order to minimize core bypassing flow, some sealing devices between

permanent graphite reflectors and core restraint devices are provided. The

core cross flow is reduced with low pressure difference between fuel

columns. Coolant flow on a control rod is also limited.

For the flattening radial power distribution in the core and

optimizing axial power distribution, fuel enrichment is changed regionally.

The HTTR core is designed with enough low fuel temperature as shown in

Fig. 7, after above-mentioned efforts.
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4.2 Reactivity Control and Shut-down Systems

The power control and shut-down of the HTTR are achieved with 16 or 15

pairs control rods. When the center column of the core is used for irradi-

ation test, the control rod at the center is removed. Beside the control

rods, backup reactor shut-down system is provided with the same number of

the pairs of control rods.

4.2.1 Control Rod System

At the reactor start-up, the outermost three pairs of control rods are

withdrawn at first as safety rods. All of other control rods are operated

as power control rods. The control rod system can achieve subcriticality

from any operation conditions and maintain subcriticality in the cold core

conditions even when a pair of rods stick at the operation position.

In case of the scram at high temperature operation, nine pairs of rods

in the replaceable reflector region are inserted quickly and the rest rods

are automatically inserted after the core is cooled to some temperature in

order to prevent control rod cladding from being too hot above 900°C.

A pair of rods are driven by one drive mechanism. The control rods are

isolated from the drive mechnisms and inserted by the gravity when the

reactor is scrammed.

4.2.2 Backup Reactor Shut-down System

The backup reactor shut-down system has reactivity worth to shut down

the reactor at any operation conditions and keep i t subcritical in the cold

core condition with shut-down reactivity margin of 1S>. The backup reactor

shut-down system is operated only manually when required.

Absorber elements of the backup reactor shut-down system are boron-

carbide pellets sintered with graphite powder. A valve at the bottom of

the hopper, in which the absorbers are contained, is opened manually, and

the absorbers fall into the separate hole in the same graphite block as

control rods are inserted.
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4.2.3 Stand-pipe Fixing Device

A stand-pipe fixing device is provided at the top of stand-pipes, in

which control rod drive mechanisms are installed, in order to prevent

stand-pipes together with control rods from jumping up in case of stand-

pipe rupture accident. The stand-pipe fixing device also restr icts gas flow

rate in the accident keeping control rods away from floating up by the gas

flow.

4.3 Residual Heat Removal Systems

The main cooling system removes the residual heat in the core in normal

reactor shut-down condition. Besides the main cooling system, the HTTR

has two other residual heat removal systems which are an auxiliary cooling

system for the anticipated operational transients and for such an accident

as coolant flow boundary is sound and a vessel cooling system for the

accident in which the forced circulation of coolant can not be maintained

because of damage in coolant flow boundary.

The flow diagram of the auxiliary cooling system and the vessel cooling

system are shown in Fig. 8.

4.3.1 Auxiliary Cooling System

The auxiliary cooling system automatically s tar ts up when the reactor

is scrammed in the accident as the core cooling by a forced circulation of

coolant is possible, while the main cooling system is stopped. The

auxiliary cooling system is a safety system with redundant dynamic

components as gas circulators, water pumps and valves which are also

backed up with emergency power supply.

The residual heat of reactor core can be removed by the vessel cooling

system without the auxiliary cooling system. The auxiliary cooling system,

however, is needed from the viewpoint of operation flexibility, as the

vessel cooling system takes very long time to cool down the core.
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4.3.2 Vessel Cooling System

The vessel cooling system is used as a residual heat removal system

when the forced circulation in the primary cooling circuit cannot be main-

tained due to the rupture of the inner pipe or both pipes in the co-axial

double piping. The vessel cooling system is also a safety system equipped

with two independent complete sets which are backed up with emergency power

supply. It is operated even in normal operation in order to cool the

reactor shielding concrete wall.

4.4 Multiple Barriers to Fission Products Release

The HTTR has multiple barriers to fission products release besides fuel

coatings, which are a reactor coolant pressure boundary and a containment

vessel.

4.4.1 Reactor Coolant Pressure Boundary

The reactor coolant pressure boundary is designed as follows in order

to make i t an effective barrier to fission products release.

The pressure boundary of low and/or medium temperature ( below 440 ° C),

where design and fabrication with high reliability are possible based on

the well-established technology, is designed for system pressure on one

side with leaktightness.

The pressure boundary of high temperature ( above 440 ° C) in which

system pressure is loaded only on one side is avoided.

The pressure loading on the boundary at high temperature as heat tubes

in the intermediate heat exchanger is reduced by minimizing pressure

difference between both sides of the boundary. The pressure of the

secondary helium in which no fission product is contained, is, maintained

a l i t t le higher than that of primary helium to prevent fission products

leakage into the secondary helium through cracks on the boundary.
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The high temperature coolant from the reactor flows in the inner pipe

of co-axial double piping with a l i t t le lower pressure than the outside

where the primary coolant cooled by heat exchangers and pressurized by gas

circulators flows.

4.4.2 Containment Vessel

The functions of the containment vessel in the HTTR are,

(1) to contain fission products and

(2) to limit amount of air which possibly reacts with graphite in the

reactor core in an accident.

There is no effective barrier to fission products release for the

accident of primary pipe rupture which cannot be excluded from the HTTR

safety evaluations, if there is no reactor containment vessel.

The HTTR has a steel containment vessel in i t s reactor building and

the reactor building serves a confinement which is called "service area".

The service area is maintained at slightly negative pressure to the

environment by ventillation systems in both normal operation and accident

condition.

The off-site radiation dose in such an accident as pipe rupture in the

primary cooling system is remarkably reduced by the containment vessel

together with the confinement.

Furthermore, in the accident of primary pipe rupture, no effective

countermeasure to limit the amount of the air break-in to the reactor core

is possible except for the containment vessel. The amount of oxidation

of graphite in the reactor core is limited in very low level in the HTTR

with a containment vessel.
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5. Afterword

The HTTR is a high temperature gas cooled test reactor which has various

aims and operational modes, while i t can provide at the same time very high

temperature coolant up to 950 "C at the outlet of the reactor vessel for the

first time in the world. The JAERI has carefully thought-out the safety

design principles for i t as written in this report reflecting the results of

R&D works on HTGR technology and experiences of LWR designing and operation.

The JAERI submitted the safety analysis report of the HTTR to the

Science and Technology Agency for safety review by the Government on February

10, 1989. The safety review by the Nuclear Safety Commission follows it.

The installation permit will be issued in spring 1990 and i t will take about

five years for the construction of the HTTR plant. The first reactor

crit icali ty will be attained in 1995.
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Table 1 Specifications of IITTR

Thermal power

Outlet coolant temperature

Inlet coolant temperature

Fuel

Fuel element type

Direction of coolant flow

Pressure vessel

Number of main cooling loop

Heat removal

Primary coolant pressure

Containment type

Plant lifetime

30 MW

850°C/950°C

395°C

Low enriched UO2

Prismatic block

Downward-flow

Steel

1

IHX and PWC (parallel loaded)

4 MPa

Steel containment

20 years



>-J Stand pipe

Permanent reflector

Replaceable reflector

Fuel element

Hot plenum block

Support post

Lower plenum block

Carbon block

Bottom block

Support plate

Core support grid

Auxiliary coolant outlet pipe

Main coolant outlet pipe

Fig-. 1 Bird's-eye view of reactor vessel and core
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Fuel handling hole

Fuel kernel

High density PyC

SiC
Low density PyC

B mm

0.92mm

39mm

Fuel compact

Plug

Fuel
/compact

Graphite
'sleeve

Dowel pin

34mm

Fuel rod

o
I,

Fig. 2 Block type fuel of HTTR
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Containment vessel

Vessel cooling panel

Air cooler Water pump

IHX

PPWC

PGC

SPWC

SGC

AHX

, AGC

Air cooler

: Intermediate heat exchanger

: Primary pressurized
water cooler

: Primary gas circulator
: Secondary pressurized
water cooler

: Secondary gas circulator
: Auxiliary heat exchanger
: Auxiliary gas circulator

Water pump

Fig. 3 Cooling system
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Secondory Helium (to Secondory PWC)

Secondory Helium (from Secondory PWC)

Primory Helium
(to Primary Gas
Circulator)

Tube Support Assembly

Cold Header

Primary Helium

(from Primary Gas Circulator)

Inner Shell

Outer Shell

Central Hot Gas Duct
(Center Pipe)

Thermal Insulator

Helically Coiled
Heat Transfer Tube

Hot Heoder

Fig. 4

Primary Helium (to Reactor)

. Primary Helium
(from Reactor)

Bird's-eye view of the He/He intermediate
heat exchanger of HTTR
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Outer Shell

Primory Helium
(from Primary Gas
Circulator)

Thermal Insulator

Primary Helium
(to Reactor)

Primary Helium
(from. Reactor)

Pressurized Water
(from Pump)

Primary Helium
(to Primary Gas Circulator
in PWC Only Run)

Primary Helium
(to Primary Gas Circulator in
IHX/PWC Parallel Run)

Baffle Plate

Heat Transfer Tube

Inner Shell

Tubesheet

Partition Plate

Pressurized Water
(to Air Cooler )

Fig". 5 Bird's-eye view, of the pressurized water
cooler of HTTR
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Cooling
Tower
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AHX : Auxiliury Heat Exchanger
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Fig. 8 Residual heat removal systems


