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The High Temperature Engineering Test Reactor (HTTR) is the first High Temperature
Gas-cooled Reactor (HTGR) built at the Oarai Research and Development Center of JAEA
with thermal power of 30 MW and the maximum reactor outlet coolant temperature of
950°C. The HTTR achieved the first criticality in 1998, the reactor outlet coolant temperature
of 950°C in 2004, and 30 days continuous operation in 2007. Since 2002, safety
demonstration tests including reactivity insertion tests and coolant flow reduction tests have
been conducted to show inherent safety features of the HTGRs by using the HTTR.
This report describes full scope of the future feasible test plan mainly using the HTTR. The
test items cover fuel performance and radionuclide transport, core physics, reactor thermal
hydraulics and plant dynamics, and reactor operations, maintenance, control, etc. The test
results will be utilized for realization of Japan’s commercial Very High Temperature Reactor
(VHTR) system, GTHTR300C.
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1. INTRODUCTION
The High Temperature Engineering Test Reactor (HTTR) is the first High Temperature
Gas-cooled Reactor (HTGR) built at the Oarai Research and Development Center of JAEA
with thermal power of 30 MW and the maximum reactor outlet coolant temperature of 950
°C. The HTTR achieved the first criticality in 1998, the reactor outlet coolant temperature of
950 °C in 2004, and 30 days continuous operation in 2007. Since 2002, safety
demonstration tests including reactivity insertion tests and coolant flow reduction tests have
been conducted to show inherent safety features of the HTGRs by using the HTTR.
The high temperature helium makes it possible to extend the HTGR use beyond the field of
electric power generation. JAEA has been also conducting research and developments for the
demonstration of nuclear hydrogen production utilizing heat from HTGR. As for the
hydrogen production technology, thermochemical water-splitting iodine sulphur (IS) process
is selected as the first candidate and several facilities are operated in support of the nuclear
hydrogen demonstration (see appendix Photo. A-1). Also, interface technologies such as high
temperature isolation valves (see appendix Photo. A-2), control scheme, etc. are developed. In
the next stage, nuclear hydrogen demonstration by using the HTTR is planned1) after
pilot-scale testing2). It is expected to contribute to the promotion of nuclear energy
application to non-electricity fields.
This report describes full scope of the future feasible test plan mainly using the HTTR. The
test items cover fuel performance and radionuclide transport, core physics, reactor thermal
hydraulics and plant dynamics, and reactor operations, maintenance, and control.

2. OUTLINE OF THE HTTR DESIGN
The cutaway and cross section views of the reactor are shown in Fig. 2.1. Table 2.1 shows the
major specifications of the HTTR. The reactor consists of a reactor pressure vessel, fuel
elements, replaceable and permanent reflector blocks, core support structure, control rods,
etc. Thirty columns of fuel elements and seven columns of control rod guide blocks form the
reactor core called fuel region, which is surrounded by replaceable reflector blocks and
large-scale permanent reflector blocks. The fuel element of the HTTR is a so-called
pin-in-block type. Enrichment of U-235 is 3∼10 (Average 6) wt%.
Sixteen pairs of control rods in the fuel and replaceable reflector regions of the core control
reactivity of the HTTR. A control rod drive mechanism (CRDM) drives each pair of control

1
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rods using an AC motor. At a reactor scram, electromagnetic clutches of the CRDMs are
separated and the control rods fall into holes of the control rod guide blocks by gravity at a
constant speed, shutting down the reactor safely. In an unlikely event that the control rods
insertion fails, reserved shutdown pellets made of B4C/C are dropped into the core.
As shown in Fig. 2.2, the cooling system of the HTTR consists of a main cooling system, which
operates at normal operation, and an auxiliary cooling system (ACS) as well as a vessel
cooling system (VCS), which operate to remove residual heat of the core after a reactor scram.
The ACS and the VCS are engineered safety features. In commercialization of the
economically competitive HTGR, it is necessary to eliminate the engineered safety features by
establishing new safety evaluation philosophy making the most of results of the HTTR safety
demonstration tests.
The main cooling system, which consists of a primary cooling system, a secondary helium
cooling system, and a pressurized water cooling system, removes heat generated in the core
and dissipates it to atmosphere by a pressurized water air cooler in the pressurized water
cooling system.
The primary cooling system consists of an intermediate heat exchanger (IHX), a primary
pressurized water cooler (PPWC), a primary concentric hot gas duct, etc. Primary coolant of
helium gas from the reactor at 950 °C maximum flows inside of an inner pipe of the primary
concentric hot gas duct to the IHX and the PPWC. The primary coolant is cooled to about 400
°C by the IHX and the PPWC and returns to the reactor flowing through an annulus between
the inner and outer pipes of the primary concentric hot gas duct. The HTTR has two
operation modes regarding use of heat exchangers for both of the rated operation mode and
the high temperature test operation mode. At the single loaded operation mode only the
PPWC is operated in the primary cooling system, whereas at the parallel loaded operation
mode both the IHX and PPWC are operated, and the IHX and the PPWC remove heat of 10
MW and 20 MW, respectively.
The ACS, consisting of an auxiliary helium cooling system, an auxiliary water cooling system,
a concentric hot gas duct, etc. is in standby during normal operation and starts up to remove
residual heat after a reactor scram.
The VCS cools the biological concrete shield surrounding the reactor pressure vessel at
normal operation, and removes heat of the core by natural convection and radiation outside
of the reactor pressure vessel under accidents of no forced-cooling condition such as rupture
of the primary concentric hot gas duct, when neither the main cooling system nor the ACS
can cool the core effectively.

2
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The plant control device controls plant parameters such as the reactor inlet coolant
temperature, primary coolant flow rate, primary coolant pressure, and differential pressure
between the primary cooling system and the pressurized water cooling system. The
schematic diagram of the plant control device is shown in Fig. 2.3.
The reactor power control device consists of a reactor power control system and a reactor
outlet coolant temperature control system. The reactor power and reactor outlet coolant
temperature control systems are cascade-connected: the latter control system ranks higher to
give demand to the reactor power control system as shown in Fig. 2.4. The signals from each
channel of the power range monitoring system are transferred to three controllers using the
microprocessors. In the case that there is a deviation between the process and set values, a
pair of control rods is inserted or withdrawn at the control rod speed from 1 to 10 mm/s
according to the deviation. The relative position of 13 pairs of control rods, except for three
pairs of control rods used only for the scram, are controlled within 20 mm one another by
the control rod pattern interlock to prevent any abnormal power distribution.
The safety protection system consists of a reactor protection system and an engineered safety
features actuation system. The reactor protection system inserts the control rods into the core
to ensure the integrity of fuel and protect the reactor coolant pressure boundary under
abnormal operating conditions. This system has logic circuits having two trains, which
receive the signals from the reactor and process instrumentation, and send the signals in case
of a reactor scram.
In case of a reactor scram except for a depressurization accident, the control rods are
inserted into the replaceable reflector region first, and then, the remaining control rods are
inserted into the fuel region under the condition that the reactor outlet coolant temperature
has descended lower than 750 °C or 40 minutes has elapsed after a reactor scram. In the
case of depressurization accident, all control rods are inserted into the core simultaneously.
The engineered safety features actuating system sends the signals actuating the engineered
safety features such as the isolation valve of containment vessel, the ACS and the emergency
air purification system. This system consists of logic circuits having two trains, which receive
the signals from the reactor and process instrumentation, and actuates the engineered safety
features.

3
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Table 2.1

Major specifications of the HTTR

Item

Specification

Thermal power

30 MW

Coolant

Helium

Reactor outlet coolant temperature

850 °C *
950 °C **

Reactor inlet coolant temperature

395 °C

Primary coolant pressure

4.0 MPa

Primary coolant flow rate

12.4 kg/s *
10.2 kg/s **

Core structures

Graphite

Core height

2.9 m

Core diameter

2.3 m

Power density

2.5 MW/m3

Fuel

Low enriched UO2

Enrichment

3�10 wt%
(Avg. 6 wt%)

Fuel element type

Prismatic block

RPV

Steel (2 1/4Cr-1Mo)

Number of main cooling loop

1

Excess reactivity
Temperature loss and FP build up

0.088∆k/k

Burnup

0.043∆k/k

Reactivity margin

0.018∆k/k

Uncertainties

0.016∆k/k

Total

0.165∆k/k

Shutdown margin
Control rod controllable reactivity

> 0.18∆k/k

Control rod shutdown margin

> 0.01∆k/k

*

Rated operation mode: operation at reactor outlet coolant temperature of 850°C.

**

High temperature test operation mode: operation at reactor outlet coolant temperature of
950°C.

4
－4－

JAEA-Technology 2009-063

Fig. 2.1 Cutaway and cross section views of the HTTR
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Fig. 2.2 Cooling system of the HTTR
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3. TEST PLAN USING THE HTTR
3.1

Fuel Performance and Radionuclide Transport

3.1.1

Tritium Permeation and Mass Balances

3.1.1.1

Test Program Purpose and Overview

(1) Background
Tritium produced in a reactor core of the HTGR can permeate through the heat transfer tube
of heat exchanger(s) and migrate into the intermediate system and hydrogen production
plant in the future commercial plant (i.e., GTHTR300C).

JAEA has been developing the

computer code, THYTAN, for the calculation of the tritium mass balance in the GTHTR300C
in order to design the system appropriately to mitigate potential tritium impacts3).

The

tritium concentration data in the actual reactor systems is necessary to validate the code.
Concerning a countermeasure against the tritium permeation to the hydrogen production
plant(s), JAEA has proposed the water injection method, which is the water injection into the
secondary helium coolant4). Tritium in the helium coolants exists as a form of HT and HTO.
The ratio HTO/HT depends on the H2 and H2O concentrations in the helium coolants due to
the isotope exchange reaction (HT + H2O = H2 + HTO).

Controlled injection of water vapor

can convert tritium in the form of HT into the form of HTO.

Conversion of HT to HTO will

reduce the permeation rate of tritium through metallic heat transfer tube.

This concept is

illustrated in Fig. 3.1.

H 2O
Reactor

Water injection

IHX

HT

HTO

HT

HT
Primary Helium

HT + H2O

HTO
H2 + HTO

Secondary Helium

HTO

HTO

Chemical
reactor

H2O
HT

Hydrogen plant
H2

Reduction of tritium
permeation rate
Fig.3.1 Concept for tritium permeation countermeasure by the water injection method
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(2) Purpose
The purposes for this test program are as follows.
i) To obtain tritium concentration data for validation of the transient computer code that will
be used to calculate tritium mass balances for the GTHTR300C, including estimates of tritium
release to the environment and the levels of tritium contamination in hydrogen and other
product streams.
ii) To verify the effect of the water injection method on the reduction of tritium permeation
rate through the heat transfer tube.
Concerning the purpose i), a test under steady state conditions and a test under transient
conditions are planned.

And a test under conditions to simulate controlled water injection

is planned for the purpose ii).
(3) Overview
i) Test under steady state conditions
The tritium concentrations in the HTTR systems (i.e., the primary helium, secondary helium,
pressurized water, auxiliary water, and air in the containment vessel) will be measured in
parallel and single loaded operation modes as a steady state tritium mass balance data.
ii) Test under transient conditions
The flow rate of the primary helium will be reduced rapidly by tripping two out of three
primary gas circulators, which is a partial loss of forced cooling (LOFC) transients.

After the

circulators are tripped, the reactor power drops, which reduces the tritium birth rate in the
core.

The tritium concentrations in the primary helium will be decreased gradually, and

new steady state condition will be achieved.
trip of the primary gas circulators.
will be measured as a transient data.

The primary helium will be sampled after the

Then, the tritium concentration in the helium coolant
The operation mode is single loaded operation mode,

with IHX bypassed and all of the heat removed through PPWC.

The candidate test condition of

the reactor power and the reactor outlet temperature are 30MW and 850°C, respectively.
Figure 3.2 shows the test results of the primary helium flow rate and reactor power during
the previous partial LOFC test5)tripping two out of three primary gas circulators, and
predicted behavior of the tritium concentration in the primary helium.

9
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10

Fig.3.2 Predicted behavior of the tritium concentration in the primary helium under
transient conditions
iii) Test under conditions to simulate controlled water injection
In the GTHTR300C, H2 concentration in the secondary helium will be more than 100 ppm.
Water should be injected into the secondary coolant to control the water vapor concentration
higher than the H2 concentration to convert tritium in the form of HT into the form of HTO.
On the other hand, the secondary helium cooling system is connected not to the hydrogen
plant but to the pressurized cooling water system in the HTTR system.

Therefore, H2

concentration in the secondary helium of the HTTR (about 0.2 ppm) is much lower than that
of the GHTHR300C, because there is no H2 permeation from the hydrogen plant.

The water

injection can be simulated in the HTTR by adjusting the operating conditions of the
secondary helium purification system to increase the water vapor concentration.

In order

to verify the effect of the water injection method using the HTTR, the water vapor
concentration in the secondary helium cooling system will be varied in parallel loaded
operation mode.

Then, the tritium concentration in the pressurized water and the

concentrations of HT and HTO in the secondary helium will be measured.

Figure 3.3 shows

a concept for measuring the effect of water vapor concentration on tritium behavior.

A

new approval from the regulatory organization may be required to change the operation

10
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condition of the water vapor concentration in the secondary helium cooling system for the
test.

Figure 3.4 shows the predicted behavior of the tritium permeation rate through SPWC

in response to varying the water vapor concentration in the secondary helium cooling
system.

HT and HTO concentration measurement

Increase of H2O concentration

SPWC
Secondary Helium

Pressurized water

HT + H2O �H2 + HTO

Reactor

Tritium concentration
measurement

IHX

Primary Helium

PPWC
Air cooler

Configuration of the cooling systems of the HTTR

Ratio of tritium permeation rate through SPWC (-)

Fig.3.3 Concept for measuring the effect of water vapor concentration on tritium behavior

1.2
1
0.8
0.6
0.4
0.2
0
0.1

1

10

100

1000

Water vapor concentration
in the secondary helium cooling system (ppm)

Fig.3.4 Predicted behavior of the tritium permeation rate through SPWC in response to
varying the water vapor concentration in the secondary helium cooling system
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3.1.1.2

Related Test Programs Performed Previously by JAEA

(1) Test under steady state conditions
Tritium concentration in the primary and secondary helium, pressurized cooling water, and
air in the containment vessel were preliminary measured in the previous HTTR operations.
However, these previous measurements were not all performed during the same HTTR
operational period, and hence are not sufficient to perform an accurate overall tritium mass
balance evaluation for the entire HTTR system.
(2) Test under transient conditions
The trip of the two out of three primary gas circulators was conducted successfully as the
partial LOFC test to verify the inherent safety feature of the HTGR.

However, tritium

concentrations were not measured during the previous test.
(3) Test under conditions to simulate controlled water injection
There is no data on the relationship between the H2O concentration in the helium coolants
and tritium concentrations.

3.1.1.3

Test Facilities and Equipment

(1) Sample collection
Samples will be taken from the primary helium cooling system, secondary helium cooling
system, pressurized cooling water system, auxiliary cooling water system, and containment
atmosphere.

The sampling locations for these systems are shown in Fig. 3.5 through 3.7.

The planned sampling points for the test under steady state conditions are summarized in
Table 3.1.

The samples are obtained manually using the glove-box apparatus (see appendix

Photo. A-3). Gas samples are stored in leak-tight bags (see appendix Photo. A-4).

Water

samples are stored in vials or other leak-tight containers.
(2) Equipment for tritium measurement in helium gas samples
The apparatus used to measure the tritium content in helium gas samples is shown in Fig. 3.8
(see appendix Photo. A-5).

This apparatus is referred to as the Helium Gas Sample

Processing Train. The gas sample is pumped through a water trap (two bubblers in series) to
remove tritium present in the form of HTO. The remaining tritium (in the form of HT) is
subsequently oxidized to HTO in a copper oxide bed, and the effluent from the oxidizer bed
is pumped through a second water trap (two more bubblers in series) to remove the HTO.
Thief samples from the water in all four bubblers are transferred to vials, which are assayed
using a liquid scintillation counter to measure the tritium content. Water from the first trap
is used to determine the tritium content in the sample present in the form of HTO and water
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from the second trap is used to determine the tritium content in the sample present in the
form of HT.
Table 3.1 Description of sampling points

System

Primary
helium

Index No.

Purpose

1B

Reactor outlet

Base data

1A
1C
1E

Reactor inlet
PPWC outlet
Primary gas circulator outlet (IHX)

To evaluate the tritium
concentration profile in the
primary helium cooling system

Primary purification system

To evaluate purification system
performance

2A

IHX outlet (SPWC inlet)

Base data

2B

IHX inlet (SPWC outlet)

To evaluate the tritium
concentration profile in the
secondary helium cooling system

Secondary purification system

To evaluate purification system
performance

1F, 1H,
1I

Secondary
helium

Position of Sampling Point

2E, 2F
Pressurized
cooling water

3

PPWC outlet

Base data

Auxiliary
cooling water

4

AHX inlet

Base data

Containment
vessel

5

Air in reactor containment vessel
Condensed water in reactor CV

Base data

(3) Equipment for tritium measurement in water samples
The tritium content in water samples is determined by transferring a known quantity of the
water to vials which are assayed using a liquid scintillation counter.
(4) Equipment for tritium measurement in air in reactor containment vessel
Figure 3.9 shows the permanently installed apparatus that is used to take air samples from
the reactor containment vessel. The air sample is suctioned by a pump through a silica gel
trap to remove tritium present in the form of HTO. The remaining tritium (in the form of HT)
is oxidized to HTO in the furnace and removed by an amine trap. A second silica gel trap is
provided to remove vaporized amine to prevent it from flowing into the containment vessel.
HTO captured by the silica gel is extracted into water. The amine is mixed with ethylene
glycol. Both the water and amine solution are transferred to vials, which are assayed using a
liquid scintillation counter to measure the tritium content. Water from the silica gel trap is
used to determine the tritium content present in the form of HTO and amine from the amine
trap is used to determine the tritium content present in the form of HT.
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(5) Equipment for H2O concentration measurement in the secondary helium
The H2O concentration in the secondary helium coolant will be measured by using the
moisture meters permanently installed in the HTTR.
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Fig. 3.5 Primary helium cooling system sample points

Fig. 3.6 Secondary helium cooling system sample points
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5

4

3

Index No.

System

Position of Sampling Point

3

Pressurized cooling water

PPWC outlet

4

Auxiliary cooling water

AHX inlet

5

Reactor containment vessel

Air in reactor containment vessel
Condensed water in reactor CV

Fig. 3.7 Water cooling system and containment vessel sample points

HTTR
Flow meter

He
Sampling
bag

Mass
flow
controller

Furnace
CuO

Sampling
bag

HT�HTO
water

Pump

Liquid
scintillation
counter

water
HTO Trap

HTO Trap
(HTO produced from HT)

Bubbler instrument

Fig. 3.8 Helium gas sample processing train
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Cooling fan

Flowmeter

Temperature controller

Integrating
flowmeter

Furnace

Catalyst

Mass flow sensor
Filter
Backflow valve

Empty

Amine
(MEA)

Silica gel

Silica gel

Pump

Fig. 3.9 Apparatus for collecting tritium samples from reactor containment air

3.1.1.4

Test Schedule

Tentative schedules for each test are as follows.
(1) Test under steady state conditions
The test at the reactor outlet temperature of 950°C in parallel loaded operation mode will be
conducted from January 2010 to March 2010.

The test at the reactor outlet temperature at

850°C in single loaded operation mode is scheduled to be conducted in FY2010 (from April
2010 to March 2011). Tentative test schedule for the test at the reactor outlet temperature
below 850°C in parallel loaded operation mode is in FY2011 (from April 2011 to March
2012) or FY 2012 (from April 2012 to March 2013).
(2) Test under transient conditions
The test will be conducted in FY2010 (from April 2010 to March 2011).
(3) Test under conditions to simulate controlled water injection
Tentative test schedule is in FY2011 or FY 2012.
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3.1.2
3.1.2.1

Dust Generation and Transport Behavior in the Primary Circuit
Test Program Purpose and Overview

This test program provides information on carbonaceous dust generation and transport
behavior in the primary circuit. Three analyses, X-ray fluorescence (XRF), liquid scintillation
counting (LSC) and Ge semiconductor detector radioactivity analysis are planned to measure
graphite composition of the carbonaceous dust. Also, a reduction method of the dust, which
is generated in primary helium purification system, is described.
(1) Analysis of the carbonaceous dust generated from graphite material in the helium
purification system
The sintered mesh filters are installed at the upstream of the primary helium gas circulators
in order to reduce and remove circulating dust in the primary cooling system. The dust is
trapped by the filters. The source of the carbonaceous dust can be identified and quantified
by analyzing the dust of the filter.
Two sources of the carbonaceous dust and carbon deposit are considered. One is the reactor
internals made of IG-110. The other is slide members (seal components) made of MR-10 in
helium compressors of the primary helium purification system. The graphite of IG-110 in
the reactor internals is of high purity. But the graphite of MR-10 in the helium purification
system includes several impurities as shown in Table 3.2. Analyzing the composition and
quantity of the impurities is useful to identify the ratio of core graphite in the carbonaceous
dust.
Figure 3.10 shows the dust sampling process. The filter of the helium gas circulator consists
of 60 cylindrical sintered mesh filter elements. Dust is trapped by these elements. The filter
element is cut down to a small sample in the hot cell. This sample is washed in the water by
ultrasonic to depart the dust from filter. The water is evaporated to collect dust.
The fluorescence X-ray analysis is used to measure the impurities in the dust. The quantity of
the MR-10 in the dust is estimated from the analysis result of the impurities.
(2) Analysis of the radioactive materials in the primary helium gas
Fission products released from the fuel are circulating in the primary helium gas. Krypton,
Xenon, and Iodine are circulating in the primary cooling system of the HTTR. The dose rate
of the sample filter is about 2 mSv/h. The measured radiation dose rates from the filters
indicate that some radioactive nuclides may be captured by the filters. The radioactive
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nuclides in the dust will be measured by a Ge semiconductor detector to identify the
circulating radioactive materials in the primary helium gas and to estimate the source of the
radioactive nuclides.
(3) Analysis of the dust generated from the core graphite
The C-14 is involved in the carbonaceous dust derived from the core graphite. The C-14
activity in dust is measured by the liquid scintillation counting (LSC) technique. Dust sample
is combusted by pure oxygen and generated carbon dioxide is trapped by a CO2-absorbing
solvent. The beta ray from the trapped CO2 is analyzed by the liquid scintillation counter to
quantify the content of C-14 in the dust.
The ratio of C-14 in the core graphite can be estimated by the calculation using ORIGEN
code. Quantity of the carbonaceous dust from the core graphite can be estimated from those
results.
(4) Addition of a filter for the dust reduction
The slide members (seal components) of the helium compressors may generate a lot of
carbonaceous dust in the primary helium gas. A dust in primary cooling system can be
reduced by installing

a filter at the outlet of the compressor in the primary helium

purification system. In the current HTTR, the discharge snubber shown in Fig. 3.11 can be
replaced with a filter.
Table 3.2 Content of impurities in the MR-10
Fe

Cu

Zn

Nb

600ppm

20ppm

432ppm

13ppm

Detector
X-ra y s ource

Fi l ling dried dust
i nto s ample cup

Filter

Cutti ng

Ul tra s onic washing

Mea s urement of impurities using
X-ra y fl uorescence

Fig.3.10 Schematic diagram of the dust sampling process
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Convert into discharge
snubber with built-in filter

Helium

Helium

Fig.3.11 Illustration of the helium compressor in primary helium purification system with a
filter for dust reduction
3.1.2.2

Related Test Programs Performed by JAEA

JAEA has replaced and inspected the filters to identify the cause of filter differential pressure
increase. The analyses of Scanning Electron Microscope (SEM), Energy Dispersive
Spectrometer (EDX) and X-ray Diffractometry (XRD) on the filter were performed. The filter
mesh was observed by the SEM analysis and it was found that the dust consists of many
carbonaceous powders and few insulator materials. Dust was observed by the X-ray
diffraction analysis and it was found that carbonaceous powder does not have graphite
crystal structure.
3.1.2.3

Test Facilities and Equipment

The JAEA has the following facilities and are available for this test program.
�

Germanium semiconductor detector

�

Oxygen combustion cylinder

�

Liquid scintillation counter

�

Scanning electron microscope

X-ray fluorescence Spectrometers shall be prepared for this test program.
The filter unit to be installed at the outlet of the helium compressor of the primary helium
purification system shall be manufactured.

20
－ 20 －

JAEA-Technology 2009-063

3.1.2.4

Test Schedule

The test will be conducted in FY2010.
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3.1.3
3.1.3.1

Fuel Performance and Fission Product Release/Transport Test
Test Program Purpose and Overview

For fuel Performance and Fission Product Release/Transport, the following tests are proposed;
�

Dependence on burnup effect of fuel and fission gas release behaviors

�

Iodine release behavior during irradiation

�

PIE of the first loading fuel of the HTTR

�

Fuel temperature measuring test in HTTR

�

High temperature irradiation of the HTGR fuel and metallic FP plate-out
concentration in the HTTR

(1) Dependence on burnup effect of fuel and fission gas release behaviors
In the safety design requirements for the HTGR fuel, it should be specified that not only the
as-fabricated but also the additional failure fractions shall be little through the full service
period.

In case of the HTTR, for the safe operation, the continuous and reliable

measurement of the coolant activity is required to allow the evaluation of the fuel
performance and the radiological assessment of the plant during normal operating
conditions.
The fission gases are released from the through-coatings failed particle (i.e., there are no
intact layers) and from the uranium contamination in the fuel compact matrix.

Since the

released fission gases do not precipitate on the inner surface of the primary cooling system
piping, their concentrations in the primary coolant reflect the core average through-coatings
failure fraction and the fuel matrix contamination fraction.

Therefore, the failure fraction

should be evaluated quantitatively by the radioactivity measurement during operation.
In order to measure the radioactivity, the primary coolant radioactivity (PCR)
instrumentation of the safety protection system, the fuel failure detection (FFD) system and
the primary coolant sampling system have been installed in the HTTR.

The fuel and fission

product behaviors can be evaluated based on measured data gathered during the operation.
In this test, the evaluation of fuel and fission gas behavior during the operation will be
carried out by the primary coolant sampling measurement and analytical modeling of fission
gas release up to the end of life of the HTTR 1st loading fuel.
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(2) Iodine release behavior during irradiation
For the evaluation of radiation shielding, Iodines (I-133, I-135, etc.) as fission products are
especially essential isotopes.

However, the fractional release of iodine has not been known

precisely so far, because iodine generated during the irradiation takes complex behavior,
mainly both the release from fuel and the plate-out inside the primary circuit.

Also, iodine

cannot be measured directly by primary gas sampling, because iodine is absorbed in the
colder area of the primary circuit. So, to know the amount of iodine during the irradiation
indirectly, one way is the measurement of xenon isotope, the daughter nuclide of iodine, by
the primary coolant sampling.
On the other hand, the measured value of xenon consists of two sources, that is, the direct
generation from fission and generation by decay of plated-out iodine as shown in Fig.3.12.
Therefore, to investigate these two behaviors of iodine, the particular operating condition to
shut down the fission during the operation is one way to distinguish these two behaviors.
In this test, the fractional release of iodine will be measured and evaluated by measurement
of xenon isotopes in the primary coolant sampling tests in the primary gas circulators trip
test and/or the manual scram test of the HTTR.

In parallel, the local area of primary coolant

circuit where iodine is plated-out will be evaluated in this test.
The results of this test would contribute to the reasonable estimation of the radiation
exposure necessary for the realization of HTGR in the future. The protection and safety of all
employees and the public under normal and abnormal plant operating conditions are
ensured by the radiation monitoring system, adequate shielding design and access control
procedures, supplemented by periodic radiation surveys and radiochemical analyses.
Radiation protection should be provided to prevent exposure to public and plant personnel
beyond the acceptable limits. In this viewpoint, the off-site radiation exposure during normal
(or abnormal / accident) operating condition is one of the essential matters, because the
practical HTGR plant such as the GTHTR300C could design without containment vessel.
(3) PIE of the first loading fuel of the HTTR
The HTTR 1st fuel will be unloaded in 2014 or later. Fuel rods will be dismantled at a hot cell
in the HTTR. To investigate the fuel performance in the real HTTR, Post-Irradiation
Examinations (PIEs) will be carried out in the hot cells in HTTR and JMTR. The subjects of the
PIE will be the followings;
� Dimensional change measurement of the fuel compact
� Failure fraction of the fuel particles
� Burnup and FP inventory measurements of the fuel particles
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� X-ray radiograph of the fuel particles
� Ceramography, SEM, EPMA of the fuel particles
(4) Fuel temperature measuring test in HTTR
The objectives of this test is to develop the technique for directly measuring the temperature
of block-type HTGR fuel in order to update the technology for block-type HTGR core design.
Temperature monitors will be installed into fuel assembly. The maximum temperature of the
test fuel element will be evaluated by examining the temperature monitor in PIE.
(5) High temperature irradiation of the HTGR fuel and metallic FP plate-out concentration in
the HTTR
This test will be carried out to demonstrate the excellent safety features of the HTGR such as
its high fuel performance.

A full scale sample of fuel, that is, a full block size irradiation

sample, will be irradiated in the central column of the core.

The test fuel will be irradiated

at 2,000 ºC at maximum after the pre-irradiation. FP gas concentration in the coolant will be
monitored during the irradiation test.

In addition, the plate-out concentration of the

metallic FP, released from mainly failed fuel particles, will be measured with the plate-out
probes to be settled in the HTTR. The PIE will be carried out after the irradiation test.
Through this test, it will be possible to investigate the marginal performance of the HTGR
fuel using a lot of high quality fuel specimen in order to contribute the relaxation of the
above mentioned limitation, and to measure metallic FP plate-out concentration in a real
HTGR.

Also, the results of the test will be contributed not only for designing the next

generation HTGR fuel, but also for optimizing the criteria concerning the safety of the HTGR
fuel limits of 1600 ºC in temperature even in the accident6).

3.1.3.2

Related Test Programs Performed Previously by JAEA

(1) Dependence on burnup effect of fuel and fission gas release behaviors
The evaluation of fuel and fission gas behavior during the operation has been carried out in
the rise-to-power tests (850 °C and 950 °C operations) and several service operations of the
HTTR.

As the current status (in November, 2009), the averaged burnup of the HTTR 1st fuel

reached about 11GWd/t, a half of the design limit (22GWd/t).

The PCR was less than 103

MBq/m3, and measured Kr and Xe isotopes were less than 0.1 MBq/m 3 during both the 850
°C and 950 °C operations.

The measured fractional releases are constant at 2×10-9 up to

60% of the reactor power, and then increase to 7×10-9 at full power of 850 °C operation and
1×10-8 at full power of 950 °C as shown in Fig. 3.13.
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(2) Iodine release behavior during irradiation
A preliminary test for iodine release measurement has been carried out in the rise-to-power
test with 850 °C operation in the year 2003.

In this test, the HTTR was manually shut down

after the full power operation to terminate the contribution of generation of xenon from
fission.

After that the primary coolant was sampled manually at intervals in the point of

reactor outlet (located at the bottom of PPWC).

As the result, the generations of Xe-133 and

Xe-135 from the decay of iodine isotopes were observed. Figure 3.14 shows the evaluation
result of the xenon concentration after the reactor shutdown test. The radioactive
concentration of iodine during the operation would be evaluated at less than 10-2 MBq/m3.
The evaluation and the modeling for the fractional release of iodine are under way now.
(3) PIE of the first loading fuel of the HTTR
A preliminary test of post-irradiation examination for the HTTR fuel has been carried out in
the hot cell in JMTR with fuel compacts (irradiated in JMTR) made with the same SiC-coated
fuel particle as the first loading fuel up to the year 2007.

In the preliminary test, dimension,

weight, fuel failure fraction and burnup were measured, and X-ray radiograph, SEM and
EPMA observations were carried out.

The burnup of irradiated fuel compacts were

evaluated 5.5 to 6.1 %FIMA (fission per initial metallic atom).

For fuel failure fraction

measurement, electric deconsolidation and acid-leaching test was carried out by the device
as shown in Fig. 3.15, and it was shown that there are a few failed particles in the irradiated
fuel compacts. By the X-ray radiograph (Fig. 3.16), SEM and EPMA observations (Fig.3.17), it
was concluded that the failure mechanism was the additional failure induced by irradiation,
which showed good agreement with the analytical result. Finally, it was confirmed that the
first-loading fuel of the HTTR showed good quality under irradiation condition7).
(4) Fuel temperature measuring test in HTTR
Irradiation performance of melting wire monitor has been confirmed by JMTR capsule
irradiation test8).
(5) High temperature irradiation of the HTGR fuel and metallic FP plate-out concentration in
the HTTR
Table 3.3 shows the outline of the out-of-pile fuel failure experiments. Fuel irradiation over
1,600 ºC has not been carried out in the HTTR yet.

3.1.3.3

Test Facilities and Equipment

(1) Dependence on burnup effect of fuel and fission gas release behaviors
Figure 3.18 shows radioactivity measuring devices installed in the HTTR. The primary
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coolant radioactivity (PCR) instrumentation is one of the process instrumentations used for
the reactor protection system, which consists of three identical channels due to the design
requirement for redundancy and physical separation.

The PCR instrumentation assembly

consists of three ionization chambers for gamma-ray detection which are located between
the ACS and the primary helium purification system.
The FFD system was employed in the HTTR to prevent the additional abnormal failure of
coated fuel particles during normal operation.

In FFD system, the primary coolant from two

of seven regions in the hot plenum are transferred automatically via the precipitating wiring,
around which FP gases are gathered and detected by two NaI(Tl) scintillation counters (See
Fig.3.50).
Primary coolant sampling measurement is the only way to determine the fission product gas
concentrations.

A sample of the primary coolant gas is obtained in a bottle using the grove

box apparatus.

The samples can be taken from ten sampling points in the primary cooling

system, such as core inlet, core outlet, primary coolant purification system inlet, etc.
sampling point can be selected manually by the sampling point selector.

Any

The radioactive

concentrations of fission gases in the sample were identified by the energy analysis system
using gamma spectroscopy (using an intrinsic Ge detector).
(2) Iodine release behavior during irradiation
This test can be carried out by primary coolant sampling measurement as described above
(3.1.3.3. (1)).
(3) PIE of the first loading fuel of the HTTR
Figure 3.19 shows the flow scheme of the post irradiation examination with the hot cells in
the HTTR and JMTR7).

At first, the spent fuel is dismantled in the HTTR hot cell, and the fuel

sample is transported to the JMTR hot cell.
cell.

The fuel compacts are taken out in the JMTR hot

Appearance tests of the fuel compacts can be carried out by a periscope in the hot cell

to confirm that there is no abnormal crack and corrosion.

The dimensional shrinkage of

fuel compact would occur by fast neutron irradiation, which increases the gap between fuel
compact and graphite sleeve in the radial direction.
coolant.

A laser micrometer can be used to confirm the dimensional change of the outer

diameter of the fuel compact.
0.005mm.

It would decrease heat removal by the

The laser micrometer has the accuracy in the order of

The weight of fuel compact is measured by an electric balance to check the

damage of fuel compact by impurities in the primary coolant, etc.

Fuel compacts are

dissolute by electric deconsolidation method and acid-leaching with HNO3 solution.

After

that leaching solutions are divided to coated fuel particle and leaching solution.

Then,

measurements of coated fuel particles and leaching solution are carried out to measure the
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failure fraction of each fuel compact.

If it suggests existence of failed particles, X-ray

radiograph can be carried out to confirm them.

To observe fission product distribution in

the cross section of coated fuel particle, ceramography, scanning electron microscope (SEM)
observation and electron prove micro analysis (EPMA) can be carried out.
(4) Fuel temperature measuring test in HTTR
Temperature monitors using 22 kinds of melting wire in temperature range 600 -1390 oC
will be installed into fuel assembly to measure temperature distribution of the HTTR core as
shown in Fig. 3.20.
(5) High temperature irradiation of the HTGR fuel and metallic FP plate-out concentration in
the HTTR
1) Specimen
The candidates for the fuel particle specimens are the followings;
� The spent fuel of the first core of the HTTR, burnup of 33,000MWd/t at the beginning of
the high temperature irradiation test (see 3.1.3.3 (3)).
� Unirradiated fuel, which will be fabricated for this program
The fuel particles that have various specifications (the diameter of the fuel kernel, the
thickness of the buffer layer, etc.,) will be fabricated, in order that the internal pressures
of the fuel particles become various values at the beginning of the high temperature
irradiation test (see 3.1.3.3(5) 5)).
The fuel particle specimens will be sintered into the fuel compact specimens, and will be
loaded into a test fuel element.
The test fuel element can contain six fuel rods. The test fuel element will be designed so that
less coolant should flow through the element than the normal fuel element, as shown in Fig.
3.21, in order that the temperature of the fuel specimens can reach up to 2,000 ºC in the
high temperature irradiation test (see 3.1.3.3(5) 5)).
The temperature monitors will also be loaded into the fuel element.
2) Setting the plate-out probes in the HTTR
The plate-out probes will be settled in the primary coolant circuit, as shown in Fig. 3.21, to
measure metallic FP plate-out concentration by the high temperature irradiation test.
3) Loading the test specimen in the HTTR
The test fuel element (see 3.1.3.3(5) 1)) will be loaded on the 2nd layer of the center column
of the HTTR, as shown in Fig. 3.21.
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4) Pre-irradiation
The loaded test specimen will be irradiated before the high temperature irradiation test (see
3.1.3.3(5) 5)).
5) The high temperature irradiation test

After the pre-irradiation, the high temperature irradiation test will be carried out. The
operating condition of this test can be selected to increase the fuel temperature step by step
from about 1,600 ºC up to 2,000 ºC, or, to increase rapidly up to the maximum temperature
required.
The temperature of the fuel specimens will be increased by limiting flow of the primary
coolant flow rate.
In any way, the maximum temperature of the fuel specimen and saturated radioactivity of
primary coolant during the high temperature irradiation test in the HTTR are limited to be
less than 2,000 ºC and 2.2�1014MeV•Bq, respectively.
On-line measurement of primary coolant radioactivity and gas-sampling will be carried out
during the high temperature irradiation test to estimate the additional fuel failure fraction.
The high temperature irradiation test will finish when enough fuel failure is detected.
6) PIE
The main process flow of PIE of the fuel specimens is mentioned above (3.1.3.3. (3)).

It is

important to examine the phase transformation of the SiC layers by ceramography and XRD,
in addition to the evaluation of the internal pressures of the fuel particles based on the
burn-up measurement. (Spent fuel inspection cells in the HTTR are shown in appendix Photo.
A-6)
The maximum temperature of the test fuel element will be evaluated by examining the
temperature monitor (see Fig.3.20).
In addition, metallic FP plate-out concentration will be measured with the plate-out probes
(see Fig.3.21).

3.1.3.4

Test Schedule

(1) Dependence on burnup effect of fuel and fission gas release behaviors
The primary coolant sampling test during the operation can be carried out in every
service/test operation of the HTTR.

The operation using HTTR 1st fuel will be carried out up
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to the year 2014 or later (when the first refueling will be carried out).
(2) Iodine release behavior during irradiation
This test will be carried out with the primary coolant circulator trip test of the HTTR planned
in FY2010.
(3) PIE of the first loading fuel of the HTTR
It will take five years or more from the beginning of cooling to finishing the PIE. It will begin
after the refueling of the HTTR.
(4) Fuel temperature measuring test in HTTR
The test plan for the fuel temperature measurements is under consideration.
(5) High temperature irradiation of the HTGR fuel and metallic FP plate-out concentration in
the HTTR
An example of the schedule of this program is shown in Table 3.4. It will take six years or
more.
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Table 3.3 The summary of the past fuel failure experiments
Specimen

Heating test

Irradiated fuel particles

Results

Heating rate: 60oC/h,
3000oC/h

The failure of the coating
layers occurred gradually
over 1900oC

Fuel compact irradiated in
JMTR at very high

1900oC 10h keep

The compact was intact

2100oC 100h keep

The coating layer was intact

temperature
Un-irradiated fuel compact

SiC layer was damaged. The

2200oC 50h keep

compact was intact
The failure of the coating
layers

occurred

gradually

o

over 1900 C.

Un-irradiated

o

Surrogated fuel rod

Over 2000 C

The failure fraction of the
fuel

particle

increased

o

rapidly at 2400 C.
The fuel rod was intact.

Table 3.4 An example of fuel performance and fission product release/transport test
1st year
Design of
the test fuel
element

2nd year
Fabrication,
loading,
setting

3rd year
Pre-irradiation

4th year

5th year

High
temperature
irradiation

Unloading
and PIE

Temperature analysis
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Amount of iodine can be evaluated to
cut off I/Xe generations by fission by
means of the reactor shutdown test.

Fission

γΙ

γΧ

λΙ

135I

β

λΧ

135Xe

−

β

−

σ Φ
Χ
a

135Cs

136Xe

∂Ι
= γ Ι � f Φ (γ , t ) − λΙ Ι(γ , t )
∂t
Fission
Decay of I

to generate I

∂Χ
= γ Χ � f Φ (ν , t ) − λΙ Ι(ν , t ) − λΧ Χ(ν , t ) − σ aΧ Φ (ν , t )Χ (ν , t )
∂t
Fission
Decay of I to
to generate Xe

Decay of Xe

generate Xe

Ι(ν , t ) Χ(ν , t ) : Atomic density of I / Xe
Fig.3.12

γΙ γΧ

Neutron absorbance by Xe

: Fission yield of I / Xe

A scheme for evaluation of iodine by means of reactor power cut-off.
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Acid leaching device for irradiated fuel compact..
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Fig.3.16

Fig.3.17

SEM observation of coated fuel particles.

SEM and EPMA observation of coated fuel particles.
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Fig. 3.18

Radioactivity measuring devices installed in the HTTR.

Figure 3.19 Process flow of post-irradiation examinations for the test fuel
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HTTR
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Fig. 3.20 Fuel temperature measuring test in HTTR
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Fig. 3.21 A scheme of the fuel failure test
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3.1.4
3.1.4.1

Fuel Performance during Large Reactivity Insertion
Test Program Purpose and Overview

1) Background
In the safety design of the present HTGR, including the HTTR, the fuel temperature during an
anticipated operational occurrence (AOO) is limited to 1,873 K

in order to prevent the

deterioration of fission products confinement in the fuel particles.
This safety limit on the fuel temperature is based on results of out-of-pile annealing tests of
unirradiated and irradiated fuels9-13). Since the core structures of the HTGR have a large heat
capacity, the fuel temperature would not rise adiabatically even if a large reactivity is
inserted in a very short time. The fuel temperature would rapidly decrease even if the fuel
temperature exceeds 1,873 K; therefore the failure limit of the fuel particle could be higher
in a reactivity-initiated accident (RIA). However, the so-called 1,873 K

criterion is applied

to the safety design for RIA as well as AOO because there are few data on behavior of the
HTGR fuel above 1,873 K under RIA conditions9).
2) Purpose
To acquire data concerning fuel behavior in RIAs, in the range beyond the safety limits of the
present HTGR fuel, for the development of high-performance HTGR fuels.
3) Overview
Nuclear Safety Research Reactor (NSRR)14, 15) of JAEA can give large reactivity insertion to the
fuel specimen. Pulse irradiation at NSRR might be applied to determining the failure limit
and clarifying the failure mechanism of the HTGR fuel under RIA conditions. Since 2004,
some pulse irradiations of unirradiated coated fuel particles have been carried out at NSRR16).
The pulse irradiation of the irradiated fuel will be the next step to determine the failure limit.

3.1.4.2

Related Test Programs Performed Previously by JAEA16)

Since 2004, some pulse irradiations of unirradiated coated fuel particles have been carried
out at the NSRR. The pulse width of the NSRR was 5 to 10 milliseconds depending upon the
inserted reactivity. The energy deposition in the experiments ranged from 580 to 1870
J/gUO2 and the corresponding peak temperature at the center of fuel particles were
estimated from 1240 to 3680 ºC by the computer analysis. Failure fraction measurement,
ceramography, etc. were carried out after the pulse irradiation.
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It was suggested from the experiments that thermal expansion due to the melting of fuel
kernel might be a key factor in the fuel particle failure within the range of that experimental
conditions.
Pulse irradiation tests using irradiated particles from a fuel compact previously irradiated in
the JMTR and using spent fuel from the first HTTR core can be carried out.
Concerning the RIA condition of the real HTGR, the time duration of the pulse irradiation is
estimated in the order of 10 seconds.

On the other hand, pulse irradiation of the NSRR test

(with normal pulse mode) takes very short term (about 10-20msec) compared with RIA
condition of the real HTGR.

In this study as the initial phase of NSRR test, adiabatic

condition was made by using independent CFPs to investigate the characteristic failure
mechanism of CFP under large reactivity insertion in very short term.
fuel temperature increasing resulted about 1-2 seconds.

Then, transient of the

Therefore, there are technical

difficulties to simulate RIA condition by the NSRR pulse test with normal pulse mode.

To

solve the matter, one of the ideas is to do pulse irradiation with long-term “shaped” pulse
mode, of which the time span of pulse is in the order of 10 seconds15).

However, it is also

difficult to make heat generation enough to fail the HTGR fuel sample by slow pulse mode.
In fact, it depends on the limitation of reactivity insertion of the NSRR (�k/k=0.0343 at
$4.7)15).

This limitation is not “peak” value but “integrated”, so in the case of long-term

irradiation, the peak reactivity becomes drastically small comparing with the short pulse.
Therefore, to make large peak heat generation by long-term irradiation, high enrichment
fuel (for example, over 10wt% of U-235) should be needed.

3.1.4.3

Test Facilities and Equipment

(1) Specifications of the NSRR15)
The NSRR is a swimming pool type, annular core reactor, as shown in Figs. 3.22 and 3.23.
The reactor core is located at the bottom of a water pool 9 m deep. An experimental cavity
about 20 cm in diameter is located at the core center, where an experimental capsule
containing test fuel rods is placed and irradiated. Three kinds of control rods, 6 regulating
rods, 3 transient rods and 2 safety rods, are used in the NSRR, as shown in Fig. 3.23. The
regulating rods are driven by electric motors to control the reactor power level. The transient
rods are withdrawn rapidly by pressurized air, and the desired reactivity for the power pulse
can be inserted within 0.1 s. Elevation of the control rods is indicated by a special unit, which
divides the core height of 380 mm into 800 units from the lowest (100 units) to the highest
(900 units).
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The NSRR fuel is made of zirconium hydride (ZrH1.6), which contains 12 weight percent
(wt%) of uranium enriched to 20 wt%

235

U. The fuel pellets are contained in stainless steel

cladding with dimples to provide a large radial gap of about 0.5 mm, which allows the fuel
to be heated almost adiabatically. Since the hydrogen in the fuel meat works as a moderator
that is rapidly heated by nuclear fission, the NSRR has a large, prompt negative fuel
temperature feedback reactivity. This produces a high self regulating characteristic of the
NSRR, and the reactor power begins to decrease spontaneously after the power spike caused
by withdrawal of the transient rods. The maximum reactivity insertion by the transient rods
is limited to �=� k/k=0.0343 ($4.7) or less to keep the peak power below 23GW. The
specifications of the NSRR are summarized in Table 3.5.
(2) Equipment16)
An example of the equipments for the NSRR pulse irradiation of the coated fuel particles is
described below. This equipment has been used in the pulse irradiations described in the
above 3.1.4.2.
Seven fuel particles were set on a graphite disk and thirty-six disks were piled up to form a
fuel segment. A test fuel rod was composed of 2 fuel segments and Zry-2 cladding tube. The
pulse width of the NSRR was 5 to 10 milliseconds depending upon the inserted reactivity.

3.1.4.4

Test Schedule

An example of the schedule of the pulse irradiation of the spent fuel is shown in Table 3.6. It
will take five years or more.
It should be noted that, as far as it is UO2 fuel, NSRR is just ready to do the experiment.
NSRR already has necessary test setup and experiences.

The

If it is not UO2, however, NSRR

needs to have a year or more for licensing procedures and another year for capsule
fabrication.

NSRR also has experiences to ship irradiated fuels from overseas, but may need

to get a new license for the cask.

In order to get a high enough fuel temperature, a high

fuel enthalpy, during the test, an enough amount of residual fissile materials is needed in a
specimen.
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Table 3.5 Specifications of NSRR15)
Type

Swimming pool, annual core
Steady and pulse power reactor

Power

Steady state power: 300kW
Pulse power: 23GW (peak value)

Core

Effective height: 38cm
Equivalent diameter: 63cm
Moderator: ZrH1,6 and H2O
Reflector: Graphite and water

Fuel rod

Type: 12wt%U in ZrH
235

U enrichment: 20wt%

Shape: Cylindrical rod, 3.56cm O.D.
Clad material: Type304 stainless steel
Number: 157
Control rod

Safety rod: 2
Regulating rod: 6
Transient rod: 3

Pool

Width: 3.6m
Length: 4.5m
Depth: 9m

Table 3.6 Examples of schedule of pulse irradiation of spent fuel
1st year
� Licensing

2nd year

3rd year

4th year

� Licensing

� Transporting

� Pre-irradiated

fuel sample

irradiation

fuel capsule

� Un-irradiated

test

manufacturing

fuel
manufacturing
and assembling
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Fig. 3.22 Configuration of the NSRR (Vertical view)15)

Fig. 3.23 Configuration of the NSRR (Horizontal Cross Section)15)
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3.1.5
3.1.5.1

Helium Chemistry
Test program purpose and overview

(1) Background
Carbon monoxide is the important chemical not only for the Hastelloy XR17) utilized at the
heat transfer tube of the IHX to keep its structural integrity, but also for the graphite utilized
for the core structure to reduce its oxidation.

Since carbon monoxide can contribute to

increase carbon activity on the chromium stability diagram, it can extend the creep rupture
time of the Hastelloy XR.

Also, since graphite such as IG-110 is oxidized by carbon dioxide

because of the thermal reaction (C + CO2 � 2CO), increase of carbon monoxide can reduce
oxidation because of Le Chatelier’s law.

For such reason, concentration of carbon monoxide

shall be controlled adequately during the reactor operations for the extension of lifetime of
core graphite structure and high temperature materials.
(2) Purpose
The purpose of the proposing test is to establish control technology of chemical impurities.
Chemical impurities in the coolant helium are controlled by helium purification system and
the concentration is measured by helium sampling system during the reactor operations
including chemical removal and chemical injection.
(3) Description of tests
1) Preliminary analysis
Most effective chemical balance will be analyzed for the HTTR coolant considering the
current limits.
2) Chemical control test
Doping the chemicals such as carbon monoxide will be conducted from the primary helium
purification system.
system.

Then the chemical concentration will be observed by helium sampling

The concentration will be compared with the analytical results.

3) Surveillance test of specimens installed in the primary system (Option)
Surveillance test specimens are installed in the primary system.

Observing and testing of

the specimen is important for estimating the lifetime of high temperature material of
Hastelloy XR.
4) Development of lifetime estimation methodology (Option)
Utilizing the result of the surveillance test, the remaining duration of lifetime can be
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analyzed by the chemical history of the HTTR coolant helium.
3.1.5.2

Related tests programs performed previously by JAEA

(1) Chemical impurity behavior18, 19)
During the high temperature test operation with single-loaded operation (only
PPWC-30MWt is utilized for the primary heat sink) and parallel-loaded operation (both of
PPWC-20MWt and IHX-10MWt are utilized), chemical impurity behavior was observed.
Figure 3.24 shows the chemical impurity behavior during the single-loaded and high
temperature test operation.

Each impurity was steadily removed by the purification system.
o

In the operations below 850 C which were previously performed, impurities did not increase
However, after the temperature rose from 850oC, the impurities of hydrogen,

rapidly.

carbon monoxide, carbon dioxide and nitrogen increased rapidly, and small amounts of
methane and oxygen were detected.

There are the two reasons for the increase:

One is the

impurity emission from the graphite material used in the core and as an insulator in the
concentric hot gas duct.

The other is the chemical equilibrium in the core.

The water

vapor which was emitted from the graphite converted to hydrogen and carbon monoxide by
an immediate reaction in the high-temperature conditions in the core.

Therefore, the

behavior of hydrogen and carbon monoxide were very similar to that of water vapor
especially after the outlet temperature up from 850oC.
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Fig. 3.24 Chemical impurity behavior at the reactor-inlet during the single-loaded and high
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temperature test operation
(2) Efficiency of traps installed at the helium purification system19)
The trap efficiencies of the copper oxide fixed bed, the molecular sieve bed, and the cold
charcoal bed installed at the helium purification system were evaluated in the previous tests.
Figure 3.25 shows the carbon monoxide removal efficiency observed during some of the
HTTR operations.

It was identified that the trap efficiency depends upon the inlet chemical

concentration of the traps.

Removal efficiency (%)

100
Standard
Deterioration

80
To be regenerated
60
40

Efficiency = (Cin – Cout)/Cin * 100 (%)
Cin Inlet concentration (ppm)
Cout Outlet concentration (ppm)

20

0
0.01
0.1
1
10
Carbon monoxide concentration at the inlet of copper-oxide
fixed bed (ppm)

Fig.3.25

Removal efficiency of carbon monoxide by the copper-oxide fixed bed of the HTTR

(3) Impurity removal speed19)
Impurity removal speed was evaluated

in the previous tests. Figure 3.26 shows the removal

speed by helium purification system of the HTTR.
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Fig.3.26

Impurity removal speed of the HTTR
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(4) Estimation of emitted impurity19)
From the commissioning tests through the high temperature test operations with reactor
outlet coolant temperature of 950oC, sum of emitted impurities was evaluated.

Figure 3.27

shows the amount of emitted chemicals traced back to the graphite structure, thermal
insulator, etc.
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H
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N
2
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Fig.3.27

Amount of emitted impurity to the primary circuit from the graphite structure,

insulator, etc.
(5) Evaluation of permeated hydrogen through heat transfer tube of the IHX20)
The hydrogen permeation through the heat transfer tubes of the IHX was evaluated by
utilizing the hydrogen concentration of primary and secondly helium cooling systems.

The

valuable permeation coefficients were obtained from macro experimental data as follows.
Initially, the permeability was evaluated conservatively high for the safety case study.
During the first 950oC operation of the HTTR, more hydrogen was found in the secondary
system than in the primary.
primary.

This indicates that hydrogen permeated from secondary to

Hydrogen is not considered to be generated in the core in the conservative

evaluation and hence the amount of hydrogen that permeated was equal to that removed by
the helium purification system (Blue line of Fig.3.24). As a result, the activation energy and
pre-exponential factor were 65.8kJ/mol and 7.8×10-9m3 (STP)/(m�s�Pa0.5), respectively, at
707-900K.
Then, the permeability was evaluated realistically, considering the chemical reaction in the
core (H2O+C�H2+CO).

The fact that water content remains steady in the primary even

though water is removed continuously suggests that the same volume of hydrogen is
generated in the primary.

The permeability decreases as shown by red line of Fig. 3.28.

Since the oxidized layer can reduce the permeability, the red line implies the oxidized layer
was well formed on the surface of heat transfer tubes of the IHX.
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-11
Observed clean metal
(T. Takeda et al.�
Estimated conservatively
high (Present work)

-12
Observed effect of
oxidized layer
�T. Takeda et al.�

-13

Estimated considering reaction in the core. Some
oxide film influence suspected. (Present work)

-14

Fig. 3.28
3.1.5.3

Hydrogen permeability of Hastelloy XR

Test Facilities and Equipment

(1) Helium purification system21)
The helium purification systems are installed in the primary and secondary cooling systems
in order to reduce the quantity of chemical impurities such as hydrogen, carbon monoxide,
water vapor, carbon dioxide, methane, oxygen, and nitrogen.

The primary helium

purification system is mainly composed of a pre-charcoal trap, an inlet heater, two copper
oxide fixed beds, coolers, two molecular sieve traps, two cold charcoal traps and helium
compressors.
system.

Figure 3.29 shows the flow diagram of the primary helium purification

The flow diagram of the secondary helium purification system is almost the same as

that of the primary system except for the absence of a pre-charcoal trap.
Reactor Containment Vessel Boundary
Inside

Outside

Stand-Pipe

Filter

Auxiliary Cooling System
Re-Heater

Compressor

Auxiliary Cooling System
Inlet Filter
Pre-Charcoal Trap

Inlet Heater

Copper Oxide Fixed Bed

Fig.3.29

Cooler

Molecular Sieve Trap

Cold Charcoal Trap

Flow diagram of the primary helium purification system of the HTTR

The primary helium gas is introduced into the helium purification system through the ACS
and the purified helium gas returns to the ACS and stand-pipes.
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primary helium purification system are shown in Table 3.7. The flow rate of the helium
purification system is determined considering the following requirements:
� to satisfy the concentration limit of impurity to reduce oxidation of core graphite
structures;
� to purify >10% of the helium inventory in the primary cooling system in one hour,
and;
� to purge the stand-pipes.
Table 3.7

Main specifications of the primary helium purification system.

Item

Type

Number

Helium flow rate

Pre-charcoal trap

Vertical cylinder

1

200 kg/h

Copper oxide fixed bed

Vertical cylinder

2

200 kg/h

Molecular sieve trap

Vertical cylinder

2

200 kg/h

Cold charcoal trap

Vertical cylinder

2

50 kg/h

The helium purification system has three kinds of traps for reducing chemical impurities.
Each trap has two identical systems for reliability of plant operation. The first trap is a copper
oxide fixed bed where hydrogen and carbon monoxide are oxidised to water vapor and
carbon dioxide, respectively.

It is kept at a temperature of 280oC during its operation.

The

second trap is a molecular sieve trap where water vapor and carbon dioxide are removed by
adsorption. The third trap is a cold charcoal trap where oxygen, nitrogen, methane and noble
gases are removed by adsorption; it is kept at a temperature of -195°C.

The flow rate in the

primary helium purification system is 200kg/h. The flow rate through the cold charcoal trap
is 50kg/h with a by-pass flow for the rest of the gas.

When the efficiency of the traps

decreases during operation, the traps are changed manually to stand-by traps. The
deteriorated traps can be used repeatedly after regeneration. Noble gases, absorbed by a cold
charcoal trap, are stored for about 50 days and are then transferred to the gaseous
radioactive waste treatment system.
The flow rate of the secondary helium purification system is 10kg/h, which is determined in
a similar manner to that of the primary helium purification system. The design of helium
purification system takes credit of the experience obtained in the HENDEL22).
(2) Helium sampling system21)
The helium sampling systems detect chemical and radioactive impurities in the primary
cooling system and secondary helium cooling system.

The concentration of chemical

impurities, hydrogen, carbon monoxide, water vapor, carbon dioxide, methane, nitrogen, and
oxygen, are measured by the gas chromatograph mass spectrometers.
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sampling system, consisting of sampling equipment, a carrier gas supply system, and a
standard gas supply system, automatically transmits the impurity concentration
measurement to the main control room, as does the secondary helium sampling system.
The purpose of the primary helium sampling system is:
� to monitor the chemical impurity level for the purpose of avoiding core graphite
oxidation and carbon deposits, as well as the carburising and decarburising of the
Hastelloy XR in the IHX;
� to detect the rupture of a heat transfer tube in the primary pressurised water cooler
and auxiliary heat exchanger, and;
� to monitor the performance of the traps in the primary helium purification system.
The sampling locations of impurities except water vapor for the primary are the inlet and
outlet of the reactor, the inlet and outlet of the primary helium purification system, and the
inlet and outlet of the cold charcoal trap. Two detectors are installed for detecting water
vapor. Sampling locations are: the inlet of the reactor, the inlet and outlet of the primary
purification system, and the inlet of the cold charcoal trap for the ‘No. 1’ detector; and: the
reactor outlet, the outlet of the primary pressurised water cooler, the outlet of the primary
helium gas circulator for the primary pressurised water cooler and the IHX for ‘No. 2’.

3.1.5.4

Test Schedule

(1) Preliminary analysis
It will be performed in FY2010
(2) Chemical control test
It will be conducted from FY2011 to FY2014 (from April 2014 to March 2015)
(3) Surveillance test of specimens installed in the primary system
It will be conducted after FY2014
(4) Development of lifetime estimation methodology
It will be conducted after FY2014
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3.2

Reactor System and Core Physics

3.2.1
3.2.1.1

Measurement of Temperature Coefficient of Reactivity
Test Program Purpose and Overview

Temperature coefficients of reactivity are very important parameters for core dynamics
calculations, which are used for safety analysis. The temperature coefficients of reactivity
vary with burnup because of variance of fuel compositions (e.g. plutonium accumulation
with burnup), and these are calculated by core burnup calculation. Thus, validation of the
core burnup calculation method is required to perform the core dynamics calculation (safety
analysis) with high accuracy over the operation period.
In this test, the temperature reactivity coefficients are evaluated by measuring control rods
(CRs) positions. During test, while the reactor power is kept steady, the core temperature
increases approximately 30ºC from the normal operation condition by changing reactor inlet
coolant temperature. The tests for 0MW, 9MW, 18MW, 20MW and 24MW will be carried
out at about 400EFPD and 600EFPD to compare with the previous tests.
Figure 3.30 shows the measured and analyzed temperature coefficients. The analysis was
performed by 3-D whole core burnup calculations with SRAC/COREBN23) based on diffusion
theory.

Temperature coefficient (%∆k/k/K)

0.000
-0.002
-0.004
-0.006
-0.008

30MW (Calculation)
20MW (Calculation)
9MW (Calculation)
0MW (Calculation)
20MW (Measurement)
9MW (Measurement)
0MW (Measurement)

-0.010
-0.012
-0.014
-0.016

0

100

200

300

400

500

600

Burnup (EFPD)

Fig. 3.30

Changes in the HTTR temperature coefficient of reactivity with burnup in 850oC

operation mode (The HTTR burnup at EOL is 22,000MWD/t corresponding to 660EFPD)
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3.2.1.2

Related Test Program Performed Previously by JAEA

In the HTTR, measurements of temperature coefficient of reactivity at 0MW and 9MW were
carried out at 0MWD/t, and measurement of 20MW was carried out at 240MWD/t (current
HTTR burnup is about 1GWD/t). These tests were carried out from 1999 to 2001 at low
burnup in 850oC operation mode24). The temperature coefficient of reactivity data measured
in the past was only for low burnup core, the data for the burned core has not been
measured yet.

3.2.1.3

Test Facilities and Equipment

This test can be carried out without modification of the HTTR and the equipments.

3.2.1.4

Test Schedule

The test is scheduled in FY2010 for 0MW, 9MW, 18MW and 24MW at about 400EFPD in
850ºC operation mode.
The test at about 600EFPD will be conducted in FY2012 or later.
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3.2.2
3.2.2.1

Measurement of HTTR Power/Burnup Distribution
Test Program Purpose and Overview

In block-type HTGRs, in order to keep outlet coolant temperature of 950 °C without
exceeding the maximum fuel temperature limit during the operation period, optimization of
power distribution in the core is required. The optimization of the power distribution at BOL
is achieved by spatial arrangement of fuel enrichment in the core, and the optimized power
distribution is kept during the operation by burnable poisons (BPs). The arrangement of the
fuel enrichment and the BPs in design

must be performed by core burnup calculation codes

with high accuracy. Thus, validation of the core burnup calculation codes is required to
increase the accuracy of the power distribution estimation over the operation period.
Burnup distribution of irradiated fuel rods of LWRs were measured in axial direction using
134

Cs/137Cs ratios, which were obtained by measuring gamma-ray spectrum emitted from the

fuel rods25). This method can be applicable to measurement of burnup distribution in the
HTTR. However, measuring gamma-ray spectrum in the HTTR is carried out using a fuel
handling machine (Fig.3.31), and then obtainable data is for a fuel block and not for a fuel
rod.
Burnup distribution in a fuel block varies not only in axial direction but also in radial
direction, and then gamma-ray spectrum data of the fuel block depends on positional
relation between the fuel block and the detector. Thus, the measurement of a fuel block
gamma-ray must be carried out in several cases in which positional relation between the fuel
block and the detector is changed.

3.2.2.2

Related Test Program Performed Previously by JAEA

Power distribution of the HTTR core was measured by gross gamma-ray emitted form a fuel
block at low burnup situation in 200226). In the low burnup core, gross gamma-ray
distribution form can be identified as the same form of power distribution. However, current
burnup of the HTTR is about 10GWD/t, and then the method using gross gamma-ray is not
applicable to identify the current HTTR power distribution. Thus measurement of power
distribution is difficult in current burned HTTR.
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3.2.2.3

Test Facilities and Equipment

In order to measure the gamma-ray spectrum, the detector placed in the door valve under
the fuel handling machine as shown in Fig. 3.31 must be replaced with a Ge-detector.

3.2.2.4

Test Schedule

The measurement of gamma-ray spectrum requires about 1000sec. per one measurement
point on the fuel block.

This test will be conducted in FY2014 or later.
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Fuel handling machine

� A fuel block is drawn from the core by using a gripper
� The fuel block is kept in a gripper housing and
transferred into a fuel handling machine through a
door valve.
� The fuel block is stored in a rotating rack.
Door valve

Rotating rack
Measurement of gamma-ray spectrum
with Ge-detector placed in door valve

Connecting pipe
Fuel block

Shielding
Ge detector
Gripper housing
� A fuel block is drawn from the core by
using a gripper

Gripper

� The fuel block is kept in a gripper housing
and transferred into a fuel handling
machine through a door valve.

Fuel block

� The fuel block is stored in a rotating rack.
Core

Fig.3.31

Gamma-ray measurement with the HTTR's fuel handling machine.
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3.2.3

Evaluation of Effect of Xe-135 Build-Up/Decay on Reactivity

3.2.3.1

Test Program Purpose and Overview

In the loss of coolant flow test in Section 3.3.1, it is estimated that the reactor power drops
rapidly, and after that, the reactor reaches re-criticality state by increasing of reactivity. One
of the reasons for the reactivity increase is decreasing in Xe-135 concentration and thus the
evaluation of Xe-135 effect on the reactivity is very important to analysis for the
re-criticality. However, in the LOFC test, the core temperature changes, which affects the
reactivity, for a long time and makes it difficult to evaluate the Xe-135 effect quantitatively
from the test data, because both the core temperature and the Xe-135 concentration change
simultaneously.
While, in the coolant flow reduction test, tripping one or two of three gas circulators, the
core temperature becomes steady

in relatively short time (in about four hours), and then

the Xe-135 effect can be evaluated quantitatively by the test data (Fig.3.32). Specifically, the
power control system is turned on after the core temperature becomes almost steady, and
then change in the CRs position is observed for about two days.

3.2.3.2

Related Test Program Performed Previously by JAEA

The coolant flow reduction tests were carried out at 9, 18, 24 and 30MW

from 2003 to

27)

2006 . However, the test was finished in 3-4 hours, and the Xe-135 effect on the reactivity
was not evaluated.

3.2.3.3

Test Facilities and Equipment

This test can be carried out without modification of the HTTR and the equipments. However,
new licensing will be required to be performed this test.

3.2.3.4

Test Schedule

This test will be conducted in FY2013 (from April 2013 to March 2014) or later.
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Analysis for transient of reactor power
during coolant coolant flow reduction test
(calculated by K.Takamatsu).

Primary coolant flow rate reduces
from 100% to 33% of rated value.

1.0

Xe reactivity value

0.0

Reactor power ( -)

1.2

Reactor power with reactor power control system
and
CRs position without reactor power control system

Calculation result by improved model

1.0
0.8

Experiment result
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�

0.4

�

0.2

Calculation result by former model
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Reactor power control CRs position with the reactor 2days
system is turned on
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Fig.3.32

Evaluation of effect of Xe-135 reactivity by coolant flow reduction.
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3.2.4

3.2.4.1

PIE of HTTR Spent Fuel Element (Graphite Blocks)

Test Program Purpose and Overview

Irradiation-induced change in mechanical and thermal properties of graphite will be
measured by using the HTTR graphite blocks. The measurements will be carried out on block
dimensions and weight, and on the specimens cut from the blocks or installed in the reflector
block as surveillance specimens. The irradiation-induced creep effect will be measured by
using the irradiated fuel blocks subjected to residual stress caused by the creep effect. Test
facilities to cut and measure the specimens are necessary in a hot cell. To cumulate the
irradiation effect, long time HTTR operation is necessary.
In addition, the annealing effect on thermal conductivity of irradiated graphite block can be
measured through the HTTR test. It can be evaluated through the series of the LOFC tests (3
GCs trip tests) of the HTTR; 1) using irradiated graphite blocks and 2) using un-irradiated
graphite blocks (replacement of the blocks is necessary). The later test simulates the
condition of annealing recovery of thermal conductivity of blocks. The temperatures of
permanent reflector blocks at the both 3 GCs trip tests will be measured. By comparing the
measurements results, the effect of the annealing recovery on the in-core temperature will
be demonstrated.
Test Items (TIs)
1. Using irradiated fuel blocks (1.3-1.8: Specimens are machined from the blocks)
1.1 Dimensional change (Fuel blocks and graphite fuel sleeves)
1.2 Weight loss (Fuel blocks and graphite fuel sleeves)
1.3 Bending strength
1.4 Elastic modulus
1.5 Compressive strength
1.6 Coefficient of thermal expansion
1.7 Thermal conductivity
1.8 C-14 content
2. Using surveillance specimens
2.1 Dimensional change
2.2 Bending strength
2.3 Elastic modulus
2.4 Compressive strength
2.5 Coefficient of thermal expansion
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2.6 Thermal conductivity
2.7 Weight loss
2.8 C-14 content
Test items are listed in Table 3.8.
3. Annealing effect on irradiated graphite blocks

3.2.4.2

Related Test Programs Performed Previously by JAEA

Many irradiation tests for the mechanical and thermal properties of graphite were carried
out by using material testing reactors such as the JMTR for the development of HTTR
graphite components. It is technically possible to carry out the measurement.

3.2.4.3

Test Facilities and Equipment

Spent fuel inspection cells (SFIC) in the HTTR would be used for TIs 1.1, 1.2, 2.7 and
preparation of specimens for TI 1.3-1.8. New machining facilities in the SFIC are needed.
Other TIs will be carried out at the hot cell in JMTR. It is necessary to prepare new
measurement equipments and make some modifications of existing equipments for the
measurements. Especially, it is necessary to prepare new equipment for measurement of
C-14 content.
3.2.4.4

(for TIs 1. and 2.)

Test Schedule

Estimated Schedule for TIs 1 and 2.
F.Y.

2012

2 years before refueling

2013

1 year before refueling

2014
Refueling
Refueling

2015

1 year after refueling

�Licensing procedure of some facilities
for implementation TIs
�Preparation of new
machining facilities in

�Implementation of TIs 1.1, �Implementation of other TIs
�Measurement of C-14
1.2 and 2.7
�Preparation of specimens in content
SFIC
�Evaluation of test data
�Preparation and
modifications of equipments
�Preparation of new
equipment for measuremnt of
C-14
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Estimated Schedule for TIs 3.
F.Y.

2012

2 years before refueling

2013

1 year before refueling

2014
Refueling
Refueling

2015

2016

1 year after refueling

�Fabrication of side
replaceable reflector blocks
�Three gas circulator
trip test

�Three gas circulator
trip test

2 years after refueling

�Replacement of side
replaceable reflector
blocks

2017
3 years after refueling

�Three gas circulator
trip test

�Evaluation of test data

1.EOL of current fuel

2.BOL of the next fuel
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Table 3.8 Test items using spent fuel element

Test items

Fuel block

Surveillance specimens

Dimensional change

�
(Blocks and sleeves)

�

Weight loss

�
(Blocks and sleeves)

�

Bending strength

�

�

Elastic modulus

�

�

Compressive strength

�

�

Coefficient of thermal
expansion

�

�

Thermal conductivity

�

�

C-14 content

�

�
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3.2.5

3.2.5.1

Development of Non-Destructive Methods for Evaluation of Graphite Components

Test Program Purpose and Overview

The graphite components will be gradually damaged by fast neutron irradiation and
impurities in the primary coolant. The neutron irradiation causes residual stress in the block
which affects the lifetime of the components. The impurity causes oxidation damage in the
block which decreases the material properties of the graphite. If these effects are evaluated
by Non-Destructive (ND) methods, lifetime extension or re-use of the block will be possible
through the integrity evaluation.
The graphite blocks in the HTTR are subjected to the neutron damage and might be subjected
to slight oxidation damage. To demonstrate the applicability of the ND methods, such as
ultrasonic method and micro-indentation method, ND tests will be carried out by using the
HTTR fuel block outside the reactor. The oxidation damage at surface and inside of the block
will be measured by the ultrasonic method through checking the change of wave
propagation characteristics by the oxidation as shown in Fig. 3.33. The residual stress at
surface of the block will be measured by the micro-indentation method through checking
the change of indentation behavior by the residual stress as shown in Fig. 3.34.
Test Items (TIs)
1. Ultrasonic method
2. Micro-indentation method

3.2.5.2

Related Test Programs Performed Previously by JAEA

The ultrasonic test was carried out for the IG-110 graphite block at the acceptance test for
the HTTR to eliminate any harmful flaws in it. Also, JAEA are carrying out R&Ds to develop
the ND methods by using IG-110 graphite specimens and blocks for the lifetime extension
and re-use.

3.2.5.3

Test Facilities and Equipment

Spent fuel inspection cells (SFIC) in the HTTR or other HLs will be used for TIs 1 and 2. New
equipment for TIs 1 and 2 used in SFIC or other HLs are needed.
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3.2.5.4

Test Schedule

Estimated Schedule
F.Y.

2012
2 years before refueling

2013
1 year before refueling

2014
Refueling
Refueling

2015
1 year after refueling

�Licensing procedure of some facilities
for implementation TIs
�Preparation of new
equipment

�Implementation of TIs 1
�Evaluation of test data
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Direct wave

Inner pore by
oxidation

Creeping
wave

Pore
Probe

Ultrasonic wave - pore
interaction analysis
Fig. 3.33 Ultrasonic wave method

Specimen

Depth

Load

Fig. 3.34 Micro-indentation method
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3.3

Reactor Thermal Hydraulics and Plant Dynamics

3.3.1

3.3.1.1

Loss of Forced Cooling Tests

Test Program Purpose and Overview

The objectives of the test program are to conduct integrated large scale test of LOFC in the
HTTR, to examine HTGR safety characteristics in support of regulatory activities, and to
provide data useful for code validation and improvement of simulation accuracy.
Simplification of the reactor protection system and engineered safety systems is possible in
design of the HTGR or VHTR by taking advantage of its inherent safety characteristics. The
accurate simulation of LOFC event without reactor scram is very important to such design
approach in the HTGR. The simulation of such event needs coupled neutronics and thermal
hydraulics.
As for neutronics, the reactivity performance due to negative fuel and moderator
temperature coefficients of reactivity in conjunction with the negative reactivity effect of the
FP Xenon-135 is crucially important to predict the emerging time and the peak level of
reactor power rise after becoming re-critical. Such reactivity performance is also very
important to predict the converging level of reactor power which affects the fuel
temperature during the LOFC without reactor scram.
As for thermal hydraulics, the performances of graphite heat conduction in the reactor core
and radiation from the surface of reactor pressure vessel (RPV) to the Reactor Cavity Cooling
System (RCCS) are crucially important to predict the temperature behavior of the fuel and
RPV in the condition of LOFC.

The VCS in the HTTR corresponds to the RCCS and cools the

RPV mainly by radiation. The LOFC test by using the HTTR provides useful data to validate
the calculation model to simulate such coupled neutronics and thermal hydraulics.
JAEA proposes LOFC tests using the HTTR to focus on HTGR reactor performance at ATWS.
Table 3.9 shows the initial conditions for each test. Figure 3.35 shows the configurations in
the cases of 1 through 5.
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Table 3.9

Initial conditions for each test

Reactor power

Reactor inlet/outlet temp.

Flow rate

(MWt)

(°C)

(t/h)

1

9

180 / 320

45 (rated)

2

18

272 / 547

45 (rated)

3

24

334 / 699

45 (rated)

4

30 (full power)

395 / 850

45 (rated)

5

9

180 / 320

45 (rated)

Case no.

All the VCS pumps tripped
(Case 5)

All the HGCs tripped
(Case 1, 2, 3 and 4)

Fig. 3.35

Configuration of the LOFC tests

The initial reactor power in the cases of 1 and 5 is 9MW, and Case 4 is 30MW which is the
full reactor power of the HTTR. In comparison of Case 1 with 4, the performance of
reactivity feedback effect can be evaluated in a quantitative terms. The VCS in the HTTR has
circuits corresponding to the RCCS, which is active in the cases of 1, 2, 3 and 4, and inactive
in the case of 5. In comparison of Case 1 with 5, the performance of the RCCS can be
evaluated in a quantitative terms. In these cases, all three HGCs are tripped; the primary
coolant flow rate is lost from the rated value of 45 ton/h in about 10 seconds. At the same
time, the VCS is operated to cool the RPV in the cases of 1, 2, 3 and 4. The LOFC test supplies
excellent deliverables for code validation about reactor kinetics, core physics and thermal
hydraulics.
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The LOFC test with VCS operational includes four test cases to be initiated from incremental
reactor operation conditions. These test cases of 1, 2 3 and 4, present experimental data such
as reactor power (neutron flux), total reactivity, CR positions, reactor core differential
pressure, coolant flow rate, inlet temperature of the core, coolant temperature at hot plenum,
permanent reflector block temperature, plenum block temperature, etc. The resulting data set
solves issues for code validation as shown in Table 3.10, for example, reactivity feedback
effect due to fuel temperature, moderator temperature and xenon concentration which
affects passive safety directly, and xenon buildup which determines poison distribution,
xenon decay and re-critical time, etc.
Table 3.10
Research area

Issues of code validation related to LOFC tests

Issues (phenomena, process, etc.)
Reactivity feedback effect due to fuel temperature

Core physics

Moderator temperature and Xenon concentration
Xenon buildup
Decay heat
Heat transfer from side reflector in the core to RPV
RPV and VCS emissivity

Thermal

VCS heat removal

hydraulics

Core specific heat
Core and fuel element thermal conductivity
Core flow distribution, etc.

Fuel*

FP release behavior

*The rapid increase of FP release will not be observed in the LOFC test because no coated fuel particles (CFP)
failed in the two HGCs trip test.

Figures 3.36 and 3.37 show the pre-test analytical results of the reactor power, the short
term and the long term transient, respectively. The LOFC test will be performed during the
test from low to high reactor power level as shown in Table 3.9, because the phenomena
related to reactivity feedback effect and xenon build up, etc. are different.
The ability of the heat removal in the reactor during the test decreases due to the LOFC flow,
and the reactor power decreases and the reactor core becomes subcritical due to negative
reactivity feedback effect as the result of core temperature increase.
After a while, the core temperature decreases as the reactor power reaches the decay heat
level as shown in Fig. 3.37, and the reactivity increases due to temperature decreases. On the
other hand, the concentration of xenon with large neutron cross-section absorption, that is
in equilibrium at the constant neutron flux, increases just after the test start, and decreases
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due to its decay showing the peak. The higher is the initial reactor power, the longer is the
time for the xenon concentration to reach the peak. It takes about 6 hours to show the peak
in the case of 9 MW test. As the result, total reactivity due to fuel and moderator temperature
and xenon concentration determines the reactor performance during the test. That is, total
reactivity decreases according to coolant flow reduction just after the test start and increases
slowly. The reactor power becomes re-critical due to continuous reactivity increase, and the
peak of the reactor power is restricted by negative reactivity feedback effect as shown in Fig.
3.37.
In this test, power oscillation will be observed due to the reactivity balance among changes of
the fuel temperature, moderator temperature and xenon concentration. Also, the data of the
FP released during the fuel temperature oscillation as a result of the reactor power oscillation
will be obtained. Finally the reactor power converges to some level for the total reactivity to
balance after re-criticality. According to the pre-test analytical result, the higher is the initial
reactor power, the higher is the peak power after re-criticality and the converging power
level since the initial equilibrium xenon concentrations are different.

65
－ 65 －

JAEA-Technology 2009-063

��

Initial reactor power: 30 MW

��

������������������

��
��
��
��

Initial reactor power: 9 MW
�
�
�

��

��

��

��

��

��

������������������
Fig. 3.36

Short term transient of reactor power during LOFC test
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4
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Initial reactor power : 30MW

2
Initial reactor power
: 9MW

1
0
0.1

Fig. 3.37
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Long term transient of reactor power during LOFC test
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3.3.1.2

Related Test Programs Performed by JAEA

Up to now, the coolant flow reduction tests have been performed to validate the calculation
code to predict the reactor performance during partial LOFC events. In the coolant flow
reduction test, the one or two helium gas circulators (HGCs) out of three are tripped and the
reactor power, reactor inlet and outlet coolant temperatures, primary coolant flow rate,
temperature of reactor internals such as permanent reflector blocks, etc. are measured.
Various test cases shown in Table 3.11 were selected with test parameters of the initial
reactor power level and numbers of the HGC tripped.
Table 3.11

Test cases for coolant flow reduction test

Reactor power

Test case

9MW, (30%)

One HGC trip, Two HGCs trip

18MW, (60%)

One HGC trip, Two HGCs trip

24MW, (80%)

Two HGCs trip

30MW, (100%)

Two HGCs trip

The test results in the trip of two HGCs out of three at each initial reactor power are shown
in Fig. 3.38 with the reactor power transient until 600 seconds after two HGCs trip. Because
two HGCs out of three are tripped, the primary coolant flow rate is reduced to 33% of the
rated flow rate. The core temperature rises due to the decrease of heat removal in the core
following the reduction of primary coolant flow rate. The reactor power decreases due to the
negative reactivity feedback effect and becomes to the stable state in safe. Such reactor power
behavior during the test was almost the same in each initial reactor power.
In all the cases, the reactor power slightly increases from a minimum value. This inflection
point is due to the fuel temperature behavior.

In the early stages, the fuel temperature rises

due to the decrease of heat removal although it turns to decrease as the reactor power
decreases. When the temperature of fuel compact decreases, a positive reactivity is inserted
and the reactor power rises. As the initial reactor power becomes higher, the elapsed time
observing the minimum value becomes earlier. It is considered that the rising rate of fuel
compact temperature becomes faster in higher initial reactor power but the heat is
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immediately removed from the fuel compact and the temperature decreases.
As for the long term reactor transient during the test, result of a two HGCs trip test at the
initial reactor power of 30MW is shown in Fig. 3.39. The rapid decrease of the reactor power
is observed just after the trip of the HGCs, and then the reactor power decreases gradually.
The count rate of the FFD decreases continuously during the test. It is considered that no fuel
failure could take place because no abnormal increase of the count rate is observed. The
rapid increase will be observed even if only a few coated fuel particles (CFP) fail.
According to the calculation, the maximum fuel temperature during the test increases by
25ºC at the most from the initial value of 1420ºC which is evaluated conservatively in the
design of the HTTR. It is below the limit temperature of 1495ºC for the normal operation in
the HTTR.

From above mentioned result and evaluation, it is found that the fuel was able to

keep its integrity due to the high thermal resistance of CFP even if the heat transfer in the
fuel channel is in the condition of partial LOFC flow.
Figure 3.40 shows the validation result of core dynamics during the coolant flow reduction
test from the initial reactor power of 30MW. The blue colored line shows the result by using
the former calculation model based only on the equivalent fuel channel. Because the former
model sets an adiabatic condition at the outer boundary of the fuel channel, it cannot
simulate a radial heat transfer during the partial LOFC. It is thought that this is the reason of
the difference between the experiment and calculation results by the former model. On the
other hand, the improved calculation model can simulate the change of the reactor power
with more accuracy during the partial LOFC.
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Fig. 3.38

Short term reactor transient during partial LOFC test
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Fig. 3.39

Long term reactor transient during partial LOFC test at 30MW
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Fig. 3.40

Validation result of calculation model for core dynamics
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3.3.1.3

Test Facilities and Equipment

The test will be performed using the HTTR at the rated operation mode. The reactor power
control system is disabled and the reactor outlet coolant temperature changes during the test.
In addition, the reactor scram due to decrease of primary coolant flow rate is bypassed to
demonstrate ATWS for 17 hours (Case 1, 2, 3 and 4) and 7 hours (Case 5), which are the
limitation time due to the licensing. In the case of Case 5, all three HGCs and the all pumps in
the VCS are tripped at the same time for more serious accident in order to simulate all
black-out.

3.3.1.4

Test Schedule

Each test requires about one month, including reactor start-up and shut down phases.
Test plan
Case 1 : FY. 2010
Case 2 : FY. 2010
Case 3 : FY. 2010
Case 4 : FY. 2011
Case 5 : FY. 2012
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3.3.2

3.3.2.1

Loss of Heat Load Tests

Test Program Purpose and Overview

In commercial cogeneration HTGR systems, reactor operation should be maintained in case
of the loss of heat load initiated by abnormal events of hydrogen production system. The loss
of heat load tests aim to demonstrate the reactor operability during the loss of heat load
events in the commercial cogeneration system using the HTTR. In addition, the test data is
needed for the validation of plant dynamics code.
Following are the overview of the tests.
a) HTTR has six air cooler fans used for controlling reactor inlet coolant temperature. Test
procedure is tripping some air cooler fans of the air cooler in main cooling system and
simulating loss of heat load at various power levels.
Test (1)
Reactor power is controlled stable during the test. When some of air cooler fans are tripped,
transient of reactor power can be measured.
Test (2)
Reactor outlet coolant temperature is controlled stable during the test. When some of air
cooler fans are tripped, transient of reactor power can be measured.
b) HTTR has an IHX and secondary helium cooling system. Test procedure is changing
secondary coolant (helium) flow rate by the secondary gas circulator and simulating heat
load changes at various power levels.
Test (3)
Reactor power and inlet coolant temperature are controlled stable during the test. When
secondary coolant flow rate is changed, transient of reactor power can be measured.
Test (4)
Reactor inlet and outlet coolant temperature are controlled stable during the test. When
secondary coolant flow rate is changed, transient of reactor power can be measured.
Test (5)
Reactor power is controlled stable during the test. When secondary coolant flow rate is
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changed, transient of reactor power can be measured.
Test (6)
Reactor outlet coolant temperature is controlled stable during the test. When secondary
coolant flow rate is changed, transient of reactor power can be measured.

3.3.2.2

Related Test Programs Performed by JAEA

In the previous partial coolant flow reduction tests, the rotation numbers of three primary
gas circulators were slightly changed with all control system operated and the reactor power,
reactor inlet and outlet coolant temperatures, primary coolant flow rate, temperature of
reactor internals such as permanent reflector block, etc. were measured.

3.3.2.3

Test Facilities and Equipment

Modification and licensing is necessary in case that the test conditions are out of the range of
normal operation.

3.3.2.4� Test Schedule
The tests which do not require licensing will be performed in FY 2011 and FY2012
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3.3.3

Measurement of Core Bypass Flow

3.3.3.1

Test Program Purpose and Overview

The objective of the test program is to determine effective core coolant flow affecting the
maximum fuel temperature in the HTTR, to evaluate its influence on core temperature
distribution and to provide data useful for design of geometries of fuel blocks, control rod
guide blocks and reflector blocks in VHTRs including the GTHTR300C.
The test of core bypass flow measurement is performed in the increments of coolant flow rate
such as 37t/h and 45t/h. The tests at different coolant flow rates are important since the
coolant flow rate imposes significant effect on subsequent friction loss of coolant channels
and coolant flow distribution in the core.
Coolant flow distribution in the core depends on friction loss of coolant channels, which is
solved by the following equation
2
2
2
� L
� (ρ m um ) � (ρ out uout ) (ρ in uin ) �
∆p = 4� λ
+K�
+�
−
�
ρ in �
� De
� 2ρm
� ρ out

Re =

d

µ

( ρu )

(1)

(2)

µ is coefficient of viscosity.
When mass flow rate ρu is changed, Reynolds number Re and friction coefficient of pipe

λ for fuel blocks, control rod guide blocks and reflector blocks will vary. Therefore, friction
loss of coolant channels ∆ p for fuel blocks, control rod guide blocks and reflector blocks
will vary respectively, and coolant flow distribution in the core will vary eventually. Finally,
relationship between temperature distributions and mass flow rate will clarify bypass flow.
Test procedure is to change the mass flow rate ρ u and measure the temperature
distribution in the core with thermocouples installed in the plenum region.
Table 3.12 and Table 3.13 show the initial conditions for each test.
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Table 3.12
Reactor
Case No.

power
(MWt)

Initial conditions for each test of rated operation mode
Pressure

Reactor inlet/outlet temp.
o

Flow rate

(MPa)

( C)

(ton/h)

1

9

2.8

180 / 320

45 (rated)

2

9

2.6 -2.8

180 / 320

45 (rated)

3

18

3.3

272 / 547

45 (rated)

4

18

3.1-3.3

272 / 547

45 (rated)

5

24

3.6

334 / 699

45 (rated)

6

24

3.4-3.6

334 / 699

45 (rated)

7

30

4.0

395 / 850

45 (rated)

8

30

3.8-4.0

395 / 850

45 (rated)

Table 3.13

Initial conditions for each test of high temperature test operation mode

Reactor
Case No.

power
(MWt)

Pressure

Reactor inlet/outlet temp.
o

Flow rate

(MPa)

( C)

(ton/h)

9

9

2.8

180 / 351

37

10

9

2.6-2.8

180 / 351

37

11

18

3.3

272 / 608

37

12

18

3.1-3.3

272 / 608

37

13

24

3.6

334 / 779

37

14

24

3.4-3.6

334 / 779

37

15

30

4.0

395 / 950

37

16

30

3.8-4.0

395 / 950

37

The reactor power control and coolant flow control systems are enabled and the reactor
outlet coolant temperature changes during the test.
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3.3.3.2

Related Test Programs Performed by JAEA

Up to now, the tests of rated operation mode and high temperature test operation mode have
been performed individually to validate the calculation code to predict the reactor
performance. In the tests of two operation modes, the coolant flow rates were different

and

the reactor power, reactor inlet and outlet coolant temperatures, primary coolant flow rate,
temperature of reactor internals such as permanent reflector block, etc. were measured.

3.3.3.3

Test Facilities and Equipment

Installment of new instrumentation at inlet of coolant channels is needed for the actual flow
measurement. However, it is difficult to install new instrumentations at upper reflector
blocks. In the case, modification and licensing are necessary.

3.3.3.4

Test Schedule

Test plan
FY 2012 or later
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3.3.4

3.3.4.1

Rapid Increase of Forced Cooling Tests

Test Program Purpose and Overview

The objectives of the test program are to conduct integrated large scale test of rapid increase
in forced cooling in the HTTR, to evaluate the influence of abnormality of HGC on reactor
power plant, and to provide useful data for reactor kinetics evaluation of VHTRs including
the GTHTR300C.
Simplification of the reactor protection system and engineered safety systems is possible in
design of the HTGR or VHTR by taking advantage of its inherent safety characteristics. The
accurate simulation of rapid increase of forced cooling event without reactor scram is very
important since the increase of core heat removal induces the reactor power increase due to
the reactivity feedback. The simulation of such event needs coupled neutronics and thermal
hydraulics.
As for neutronics, the reactivity performance due to negative fuel and moderator
temperature coefficients of reactivity in conjunction with the negative reactivity effect of the
FP is important to predict the emerging time and the peak level of reactor power rise. Such
reactivity performance is also very important to predict the converging level of reactor
power which affects the fuel temperature during the increase of forced cooling. The rapid
increase of forced cooling tests by using the HTTR provides useful data to validate the
calculation model to simulate such coupled neutronics and thermal hydraulics.
a) HTTR has three HGCs for the PPWC in the primary cooling system. Test procedure is
increasing the rotation numbers of HGCs rapidly and increasing forced coolant flow at
various power levels.
Test (1)
Reactor power and inlet coolant temperature are not controlled stable during the test. When
the rotation numbers of the HGCs are increased, transient of reactor power can be measured.
b) Test procedure is to increase pressure by supplying primary coolant from storage tanks at
various power levels.
Test (2)
Reactor power and inlet coolant temperature are not controlled stable during the test. When
the pressure of primary coolant is increased, transient of reactor power can be measured.
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3.3.4.2

Related Test Programs Performed by JAEA

Up to now, the coolant flow reduction tests without controlling reactor power and inlet
coolant temperature during the test have been performed to validate the calculation code to
predict the reactor performance during partial LOFC events. On the other hand, the coolant
flow raise tests without controlling reactor power and inlet coolant temperature during the
test have not been performed. Table 3.14 is the test conditions of coolant flow reduction test.
Table 3.14

Test cases for coolant flow reduction tests

Reactor power
9MW, (30%)
18MW, (60%)
24MW, (80%)
30MW, (100%)

3.3.4.3

Test Facilities and Equipment

Large increase in coolant flow rate without reactor power and inlet coolant temperature kept
constant will need modification and licensing.

3.3.4.4

Test Schedule

Test plan
FY 2015 or later
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3.3.5

3.3.5.1

Rapid Decrease of Pressure Tests

Test Program Purpose and Overview

The objectives of the test program are to conduct integrated large scale test of rapid decrease
in pressure in the HTTR, to evaluate influence of the depressurization on reactor power plant,
and to provide data useful for reactor kinetics evaluation of VHTRs including the
GTHTR300C.
Simplification of the reactor protection system and engineered safety systems is possible in
design of the HTGR or VHTR by taking advantage of its inherent safety characteristics. The
accurate simulation of rapid decrease of pressure without reactor scram is very important to
such design approach in the HTGR. The simulation of such event needs coupled neutronics
and thermal hydraulics.
In the depressurization, it is important to predict the reactor transient accurately. It is also
very important to predict the converging level of reactor power which affects the fuel
temperature. The rapid decrease of pressure tests by using the HTTR provides useful data to
validate the calculation model to simulate such coupled neutronics and thermal hydraulics.
HTTR has pressure control system. Test procedure is decreasing pressure rapidly by releasing
primary coolant into storage tanks at various power levels. Reactor power, reactor inlet
coolant temperature and pressure are not controlled stable during the test. When pressure is
decreased, transient of reactor power can be measured.
When the pressure is decreased rapidly by releasing primary coolant into storage tanks, the
reactor power, reactor inlet and outlet coolant temperatures, primary coolant flow rate,
temperature of reactor internals such as permanent reflector block, etc. are measured.
Various test cases shown in Table 3.15 were selected with test parameters of the initial
reactor power level.
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Table 3.15

Test cases for rapid decrease of pressure tests

Reactor power, Pressure
From 2.8MPa to 0.1MPa at 9MW
From 3.3MPa to 0.1MPa at 18MW
From 3.6MPa to 0.1MPa at 24MW
From 4.0MPa to 0.1MPa at 30MW

3.3.5.2

Related Test Programs Performed by JAEA

Up to now, the coolant flow reduction tests have been performed to validate the calculation
code to predict the reactor performance during partial LOFC events. On the other hand, the
rapid decrease of pressure tests has not been performed.

3.3.5.3

Test Facilities and Equipment

Modification and licensing are necessary. The storage tanks are connected to primary coolant
pipe with another new pipe which has a diameter determined by rate of pressure decrease.

3.3.5.4

Test Schedule

Test plan
FY 2015 or later
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3.3.6

Measurement of Thermal Hydraulics Data

3.3.6.1

Test Program Purpose and Overview

The objectives of the test program are to measure thermal hydraulics data affecting the
maximum fuel temperature, to obtain data from operation of BOL (Beginning-of-Life) to EOL
(End-of-Life), and to provide data useful for the VHTR design and code validation.
The data from operation of BOL is important for evaluating the RPV temperature because the
conductivity in the core is the largest. On the other hand, the data from operation of EOL is
important for evaluating the fuel temperature because the conductivity in the core is the
lowest.
The test program proposes to install new instrumentations to obtain valuable data such as
heat conduction in the core, radiation from RPV to VCS, natural convection between RPV and
VCS, etc.

3.3.6.2

Related Test Programs Performed by JAEA

Up to now, the rise-to-power tests as well as rated operations of the HTTR have been
performed to validate the calculation code to predict the reactor performance during
operation.

3.3.6.3

Test Facilities and Equipment

Modification and licensing are necessary.
Figure 3.41 shows main measuring instrumentation of the HTTR. Moreover, installation of
new instrumentations shown below are proposed to obtain the following valuable data, heat
conduction in the core, radiation from RPV to VCS, and natural convection between RPV and
VCS(See also 3.4.1.1).
�� Install melting wire into hole of dowel pin of fuel assembly and reflector block for
measuring temperature distribution and heat conduction in the core.
�� Add the numbers of thermo-couples on the surfaces of RPV and VCS for measuring
irradiation from RPV to VCS
�� Install hot-wire flow meter in the RCCS cavity room for measuring natural convection
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between RPV and VCS.
Concrete temperature

Parameter

Detail

Core inlet coolant
temperature

9 K-type thermocouples

Core outlet
coolant
temperature

7 N-type thermocouples

Permanent
reflector block
temperature

9 K-type thermocouples

Wide range
monitoring
detector

Range from 10-8 % to
35 %

Power range
monitoring
detector

Range from 0.1 % to
120 %

Control rod
position

16 encoder sensors

Concrete
shielding

Wide range
monitoring
detector

Core inlet coolant
temperature
Control rod position

Permanent reflector
block temperature

Temperature
of Reactor
Pressure
Vessel

Power range
monitoring detector
Temperature
of VCS
VCS

Fuel failure
detection
system

Core outlet coolant
temperature
Concrete shielding

Thermo-couple position

Fig. 3.41 Main measuring instrumentation of the HTTR

3.3.6.4

Test Schedule

Test plan
From FY2010 or later
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3.4

Reactor Operations, Maintenances and Control

3.4.1
3.4.1.1

Instrument Testing
Test Program Purpose and Overview

The instrumentation system of the HTTR consists of reactor and process instrumentations� to
provide information for operation, monitoring and reactor protection. The reactor
instrumentation monitors the major parameters of the core operation condition of HTTR
such as the neutron flux, position of control rods, differential pressure in the core, etc. The
process instrumentation monitors the plant parameters of temperature, pressure, flow rate,
radioactivity, etc, during the reactor operation.
These instrumental data are automatically centralized and recorded in the plant computer,
TETRIS system and independent instrumentation devices. The TETRIS system can record the
data in the time interval of 0.1 second. It is used to record rapid reactor and plant behavior
in a reactor scram. The independent instrumentation devices are installed to obtain the data
of thermal displacement of the primary coolant pipe, concrete temperatures of the RPV room,
etc.
A large amount of data obtained by the HTTR instrumentation systems in the normal
operation condition of the HTTR is useful for design, licensing and development of
maintenance program of VHTR plant systems. And these valuable data are available to
validate the analysis codes for VHTR design and safety assessment.
New instruments in the reactor pressure vessel can be performed with new licensing to
install additional sensor in the core and new standpipe closure to extract cable from inside
the reactor pressure vessel. New instruments can be placed in the irradiation test column as
shown in Fig.2.1 which is provided for irradiation test of metallic or graphite materials.

3.4.1.2

Related Test Programs Performed by JAEA

The HTTR has much experience of reactor operation for 11 years since the first criticality in
1998. The operation history is listed in Table 3.16. All of the instrumental data during HTTR
operations is recorded automatically in the plant computer. The TETRIS system and the
temporary instrumentation devices recorded much data which are not recorded in the plant
computer. The accumulated data have been utilized for evaluation of the core performance,
investigation of plant maintenance, etc. Comprehensive data-base system of the HTTR named
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“HTTR operation data-base” which is able to manage the instrumental data systematically for
long term is developing now.

3.4.1.3

Test Facilities and Equipment

(1) Temperature
There are many temperature measuring points in the core and the cooling system of the
HTTR such as the primary coolant of reactor inlet and outlet, IHX outlet and PPWC outlet, the
secondary coolant of IHX inlet and outlet, SPWC outlet and pressurized cooling water, etc.
Table 3.17 shows the list of major temperature measuring points in the plant computer.
Temperature of permanent reflectors in the core is measured continually by thermo-couples.
The material property as for change in conductivity of the core component graphite could be
obtained by following the change in temperature of permanent reflector graphite in the core
during HTTR’s operation. Figure 3.42 shows the measuring points of the permanent reflector
in the core.
(2) Pressure
Pressure of the primary and secondary helium and pressurized cooling water are measured.
Table 3.18 shows the list of major pressure measuring points in the plant computer.
(3) Nuclear instrumentation
Two types of neutron detectors are installed in the HTTR. Three fission counters are installed
at the top of permanent reflectors for the WRM which monitors in the power range from
10-8 to 35% of reactor power. They are resistant to high temperature environment. And
uncompensated ionization chambers of the power range monitoring system are installed in
the biological shielding concrete. They can monitor in the power range from 0.1% to 120%
of reactor power and can detect a low neutron flux level from outside of the RPV. Figure 3.43
shows the arrangement of the nuclear instrumentation of the HTTR.
(4) Thermal balance
Thermal power of the HTTR is evaluated by the following equation.
Q=A+B+C–D
Thermal power (Q) is equal to summation of the removal heat by PPWC and SPWC in the
Pressured water cooling system (A), the removal heat by VCS and ACS (B), the radiant heat
from pipes and components (C) and subtraction of the heat generated by the primary and
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secondary gas circulators (D).
(5) Coolant leak detect
Primary coolant leak of the HTTR in a rated power condition is detected by the interval time
of primary coolant supply. The primary coolant leak rate around 100% of the reactor power
is restricted under about 0.3%/day in the HTTR.
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3.4.1.4

Test Schedule

After shutdown of the HTTR, the operation data are collected and evaluated to verify the data
quality. Duration of this work depends on an amount of data set.
Table 3.16 Operation history of the HTTR
Operation name

Operation
mode

First Criticality test

-

1st phase rise-to-power test
(PT-1)

Purpose

Operation duration

First criticality and criticality test

7/15/1998-1/21/1999

RS/RP

Power-up test up to reactor power 9MW for
rated operation

RS:4/23/2000-5/26/2000
RP:5/30/2000-6/6/2000

2nd phase rise-to-power test
(PT-2)

RS/RP

Power-up test up to reactor power 20MW for
rated operation

RS:7/3/2000-7/8/2000
RS:1/29/2001-2/12/2001
RP:2/16/2001-3/1/2001

3rd phase rise-to-power test
(PT-3)

HS/HP

Power-up test up to reactor power 20MW for
high temperature test operation

HS:4/14/2001-5/7/2001
HP:5/11/2001-6/8/2001

4th phase rise-to-power test
(PT-4)

RS/RP

Power-up test up to reactor power 30MW for
rated operation

1st operation cycle

RP/RS

CR withdraw test at reactor power 9MW

RP:5/30/2002-6/17/2002
RS:6/21/2002-7/1/2002

2nd operation cycle

RS

CR withdraw test at reactor power 15MW
A gas circulator trip test at reactor power 9MW

2/5/2003-3/14/2003

3rd operation cycle

RP

4th operation cycle

RS

5th operation cycle

RS

5th phase rise-to-power test
(PT-5)

HS/HP

6th operation cycle

RS

7th operation cycle

RS

8th operation cycle

RS

9th operation cycle

RS

10th operation cycle

RP

R: Rated operation mode

Automatic reactor scram (primary coolant flow
rate of PPWC; Low due to malfunction of a
relay for a G/C)
Two gas circulators trip test at reactor power
9MW
CR withdraw test at reactor power 15MW
A gas circulator trip test at reactor power
18MW
Two gas circulators trip test at reactor power
18MW
Coolant flow reduction test at reactor power
18MW
Power-up test up to reactor power 100% for
high temperature operation
Automatic reactor scram(Differential of control
rod position; Large due to operation error)
Automatic reactor scram(Loss of off-site
electric power)
CR withdraw test at reactor power 24MW
Two gas circulators trip test at reactor power
24MW
Coolant flow reduction test at reactor power
24MW
Two gas circulators trip test at reactor power
30MW
Coolant flow reduction test at reactor power
30MW
Demonstrate 30-days full-power operation for
rated operation

RS:10/23/2001-12/14-2001
RP:1/25/2002-3/6/2002

5/16/2003-5/21/2003
8/8/2003-8/11/2003

1/27/2004-3/5/2004

HS:3/31/2004-5/1/2004
HP:6/2/2004-7/2/2004
2/14/2005-2/19/2005
8/30/2005-9/11/2005

10/27/2006-12/15/2006

1/23/2007-2/11/2007

3/19/2007-5/3/2007

S: Single loaded operation mode

H: High temperature test operation mode

P: Parallel loaded operation mode
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Table 3.17 Major temperature measuring points in the plant computer
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Table 3.18

Major pressure measuring points in the plant computer
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Figure 3.42

The measurement points of the permanent reflector in the core
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Figure 3.43

The arrangement of the nuclear instrumentation of HTTR
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3.4.2
3.4.2.1

HTTR Operations and Maintenances
Overview

In addition to the HTTR operational experiences, many experiences on operation and
maintenance (O&M) were obtained from the test operation of mock-up facilities of the HTTR.
These O&M data will apply to the VHTR licensing, facility and equipment design, operation
and maintenance planning.

3.4.2.2

Test Programs Performed by JAEA

The first criticality of HTTR was achieved in November 1998. In March 2002, JAEA received
a pre-operation test certificate, which is an operation license for the HTTR in the rated
operation mode (operation at a reactor-outlet coolant temperature of 850oC) from the
government. After receiving the operation permission, the in-service operations and safety
demonstration tests have been conducted. A high temperature test operation was started on
March 2004, and the reactor thermal power of 30MW and the reactor outlet coolant
temperature of 950oC were achieved in April 2004.
Rise-to-power test operations and rated operations including safety demonstration tests have
been carried out since the first criticality in 1998. Also, in-service periodic inspections and
maintenances have been performed as listed in Table 3.19.

Table 3.19

In-service periodic inspection
Period

3.4.2.3

1st periodic inspection

2002.8 – 2003.3

2nd periodic inspection

2003.8 – 2004.2

3rd periodic inspection

2004.7 - 2006.12

4th periodic inspection

2007.5 -

Test Facility and Equipment

JAEA is able to provide the operation and maintenance data for the following facilities and
equipment.
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(1) Helium Purification System
a. Outline
As described previously, helium purification system is installed for the primary cooling
system and the secondary helium cooling system to reduce the quantity of chemical
impurities such as hydrogen, carbon monoxide, water vapor carbon dioxide, methane,
oxygen, nitrogen, etc. and to reduce Fission Products (FPs) in the primary cooling system. The
helium purification system is consisted of pre-charcoal trap (PCT), CuO fixed bed (CuOT),
molecular sieve trap (MST), cold charcoal trap (CCT), gas circulator, heater, etc. Schematic
flow diagram of the primary helium purification system is shown in Fig. 3.29 (see appendix
Photo.A-7).
b. Design Specifications (for primary cooling system)
Design specifications are listed in Table 3.7.
c. Obtained operation and maintenance data
(i) Operating history
(ii) Impurity concentration and performance
(iii) Maintenance practice and technique
(2) Helium Storage and Supply System
a. Outline
Helium storage and supply system is provided for the primary cooling system and secondary
helium cooling system. These systems can store helium gas to supply it to each cooling system
and control the coolant pressure by charge and discharge of helium gas in start-up and
shutdown state as well as in steady state operation condition. Schematic flow diagram of the
primary helium storage and supply system is shown in Fig. 3.44.
b. Design Specifications (for primary cooling system)
Storage tank
Number

6

Tank volume

About 18m3/tank

Capacity

About 1320kg (total)

Maximum pressure

8.6MPa

Supply tank
Number

1

Tank volume

About 10m3/tank

Capacity

About 110kg (total)

Maximum pressure

8.6MPa
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c. Obtained operation and maintenance data
(i) Operating history (in relation to helium leakage rate)
(ii) Maintenance practice and technique
(3) Helium Gas Circulator
a. Outline
Helium gas circulator (HGC) is a centrifugal, dynamic gas bearing type. It circulates
primary/secondary helium gas. Four helium gas circulators are installed in primary cooling
system and one is installed in secondary cooling system. In primary cooling system, a helium
gas circulator is installed around IHX, and three are installed around PPWC. Each HGC
provides filter unit on the top of the circulator to protect the impeller and rotating shaft from
dust. Schematic diagram of the primary helium gas circulator is shown in Fig. 3.45 (see
appendix Photo. A-8).
b. Design Specifications
IHX HGC

PPWC HGC

Type

Vertical centrifugal/gas bearing type

Number

1

Flow mass rate (maximum)

15t/h for 1 HGC

Head (maximum)

794kPa

3
1,080kPa

Allowable working pressure

4.8MPaG

4.8MPaG

Allowable working temperature

430°C

430°C

Filter type

Sintering material

Motor type

Cage type induction motor

Motor power

190kW

Number of revolutions

3,000-12,000rpm

Frequency converter type

Thyristor-converter

260kW

c. Obtained operation and maintenance data
(i) Operating history
(ii) HGC rapid-shutdown operation technique
(iii) Seal technique
(iv) In-service inspection (ISI) technique and experience
(v) History of pressure loss at filter
(4) Control Rod
a. Outline
Reactivity is controlled by Control Rods (CRs) which are individually supported by Control
Rod Driving Mechanisms (CRDMs) located in stand-pipes connected to the hemispherical
top head closure of the Reactor Pressure Vessel (RPV). The CRs are inserted into appropriate
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holes in the core and replaceable reflector region. The CRDM inserts and withdraws a pair of
CRs using an AC motor. In the event of a scram, which causes separation of clutch gear teeth,
the CRs are inserted into the core by gravity. Schematic diagram of the CR is shown in Fig.
3.46.
b. Design Specifications
Control rod
Type

Double circular cylinders with lid and vent

Number

16 pairs (32 rods)

Total length

3.1m

Outer diameter

113mm

Inner diameter

65mm

Sleeve material

Alloy 800H

Neutron absorber
Outer diameter

105mm

Inner diameter

75mm

Material

Sintered compact of B4C/C

c. Obtained operation and maintenance data
(i)

Maintenance practice and technique

(5) Instruments and Control System
a. Outline
The reactor instrumentation monitors the major parameters in the operation condition of the
HTTR such as the neutron flux, differential pressure in the core, coolant temperature at the
hot plenum and FPs from failed fuel.
(i) Neutron detector
See Section 3.4.1.3 (3).
(ii) In-core temperature monitoring system
Three thermocouples (for measurement and additional one for back up) are arranged at each
hot plenum block with seven regions in order to monitor the primary coolant temperature.
The

N-type

thermocouples

(Nicrosil-Nisil)

are

used

because

the

deviation

of

thermo-electromotive force is small compared with other types of thermocouple under a
high temperature environment. The location of the in-core temperature monitoring system is
shown in Fig. 3. 47.

95
－ 95 －

JAEA-Technology 2009-063

(iii) FFD system
It is very important to prevent the FPs from being released abnormally into the primary
cooling system during the normal operation. The FFD system detects the failure of the coated
fuel particle by detecting short life FPs such as

88

Kr and

138

Xe, which are gathered with

precipitating wiring. The FFD system has such sufficient and high sensitivity to detect a
0.02% fuel failure. The schematic diagram of the FFD system is shown in Fig. 3.48 (see
appendix Photo. A-9 and Photo. A-10).
b. Design Specification
(i) Neutron detector

Type
Measurement range

WRM

PRM

Fission counter

Uncompensated ionization chamber

10-8%~30%

0.1%~120%

>600°C

>80°C

Inconel

Al

(Power range)
Available working
temperature
Material

(ii) In-core temperature monitoring system
Type

N-type (Nicrosil-Nisil)

Sheathe

Nicrosil

Insulator

Magnesia

Sheathe outer diameter

8mm

Measurement range

0~1200°C

Contact point type

Non-earthing

Accuracy

0.75 grade

(iii) FFD system
Type

Precipitator

Number

2

Measurement range

1~1 × 10 −6 s-1

Sampling nuclide

88

Kr, 89Kr, 90Kr, 138Xe

c. Obtained operation and maintenance data
(i) Maintenance practice and technique
(ii) FFD measurement result
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(6) Other key components
a. Outline
Main HTTR cooling system consists of RPV, PPWC, IHX and hot gas duct. ACS is one of
residual heat removal system of the HTTR. Another residual heat removal system is VCS.
These cooling systems are installed in a containment vessel.
(i) RPV
Cutaway view of the RPV is shown in Fig. 2.1. The RPV is fabricated of 2.25Cr-1Mo steel and
consists of a vertical cylinder with hemispherical top and bottom domes. Core components
are arranged in the RPV.
The RPV is supported by a skirt, stabilizers and a standpipe support beam as shown in Fig.
3.49. The RPV skirt is welded to the outside of the bottom dome. The stabilizers surround the
outside of the RPV cylinder and are supported by the side concrete. The standpipe support
beam is located near the top of the standpipes. A special standpipe-fixing device is located at
the top of some of the standpipes to prevent the standpipe internal structure from being
ejected in the event of a standpipe break. .
(ii) PPWC
PPWC is a vertical U-tube type shell and tube type heat exchanger as shown in Fig. 3.50 (see
appendix Photo, A-11). Hot primary helium gas flows upwards between the baffle plats and
turns backwards. It flows out to the primary gas circulators and back to the annular space
between the inner and outer shell to cool them. The thermal insulation is installed inside the
inner shell to maintain its temperature low. The heat capacity of PPWC can be changed from
30MW to 20MW. In case of 20MW operation, primary helium gas flows out of the lower
nozzle to reduce heat transfer area. PPWC is supported by constant hangers and snubbers as
shown in Fig.3.51.
(iii) IHX
IHX is a vertical helically-coiled counter flow type heat exchanger as shown in Fig. 3.52 (see
appendix Photo. A-12). Primary helium gas flows on the shell side and secondary helium
flows in the tube side.. Heat transfer tubes are hung from the vessel top and connected to hot
header so that thermal expansion is not restrained. The IHX is also supported by constant
hangers and snubbers as shown in Fig. 3.53.
(iv) ACS
ACS stands by in normal operation state. When reactor scrams, main cooling system rapidly
shuts down to prevent over cooling of core graphite material. The ACS automatically starts to
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remove residual heat from core. Flow diagram of the ACS is shown in Fig. 3.54. Removed
heat is discharged to atmosphere at air cooler (see appendix Photo. A-13).
(v) VCS
VCS consists of upper, lower and side cooling panels surrounding the RPV as shown in Fig.
3.54 and Fig 3.55. Cooling panel is cooled by the cooling water. ACS requires forced helium
circulation so that it does not work in the LOFC. In such case, VCS removes residual heat
from core.
(vi) CV
HTTR provides a reactor containment vessel (CV) to mitigate the radiation exposure on the
public at accident. Engineered safety features consist of ACS, VCS and containment vessel as
shown in Fig. 3.56.
b. Design specifications
(i) RPV
Design pressure

4.8 MPa

Design

440 °C

temperature

Inner diameter

5.5 m

Height

13.2 m

Thickness
Cylinder, Bottom dome

122 mm

Top dome

160 mm

Stand pipe
Control rod

16

Irradiation

5

Others

13

Material

2.25Cr-1Mo Steel
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(ii) PPWC
Design pressure

4.8MPa

Design

430 °C

temperature

Flow rate
Primary coolant

Max. 45t/h

Cooling water

Max. 640t/h

Temperature
Primary coolant

Max. 950 °C

Cooling water

Inlet 150 °C /outlet 190 °C

Tube
Number

136

Outer diameter

25.4 mm

Thickness

2.6 mm

Outer diameter of shell

2.1 m

Overall height

7.1 m

Material

2.25Cr-1Mo steel (shell)
Stainless steel (tube)

(iii) IHX
Heat transfer rate

10 MW

Design pressure

4.8 MPa (shell)
0.3 MPa (tube)

Design

temperature

430 °C (shell)
955 °C (tube)

Shell
Outer diameter

2m

Overall height

11.0 m

Tube
Number

96

Outer diameter

31.8 mm

Thickness

3.5 mm

Material

2.25Cr-1Mo steel (shell)
Hastelloy XR (tube)
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(iv) ACS
Line

1

Removal heat

3.5 MW

Working temperature
Cold leg

430 °C

Hot leg
Primary coolant flow rate

430 °C
3 t/h (one gas circulator)
4.3 t/h (two gas circulators)

Line

2

(v) VCS
Removal heat
Rated operation

<0.6 MW / 2 Lines

In accident

>0.3 MW / 1 Line

Cooling pipe inlet water temperature

44 °C

Working temperature

90 °C
86 t/h

Water flow rate

(vi) CV
Maximum service pressure

0.4MPa

Maximum service temperature

150°C

Major size
Inner diameter

18.5m

Overall height

30.3m

Body thickness

30mm

Top lid thickness

38mm

Refueling hatch diameter

8.5m

Maintenance hatch diameter

2.4m

Air lock diameter

2.5m

Free volume

2800m3

Material

Carbon steel

Leak rate

0.1%/day at R.T.& 0.36MPa

c. Obtained operation and maintenance data
(i) Operating history
(ii) Maintenance practice and technique
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Fig. 3.44 Schematic flow diagram of the primary helium storage and supply system
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Fig. 3.45 Schematic diagram of the primary helium gas circulator
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Fig. 3.46 Schematic diagram of the control rod
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Fig. 3.47 Schematic diagram of the location of the in-core temperature monitoring system

Fig. 3.48 Schematic diagram of the FFD system
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Fig. 3.49 Schematic diagram of the RPV
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Fig. 3.50 Cross section view of the PPWC
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Fig. 3.51 Support system for the PPWC
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Fig. 3.52 Schematic diagram of the IHX
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Hangers
Snubbers

Fig. 3.53 Support system for the IHX

Fig. 3.54 Schematic flow diagram of the ACS and VCS

109
－ 109 －

JAEA-Technology 2009-063

Upper cooling panel

Side cooling panel

Side cooling panel

Water cooling tube
Thermal
reflector
plate

Fin

Lower cooling panel
Heat removal
adjustment panel
Concrete

Fig. 3.55 Illustration of the VCS cooling panel

Fig. 3.56 Schematic of engineered safety features
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3.4.3
3.4.3.1

HTTR Refueling Operations
Test Program Purpose and Overview

New fuels and spent fuels should be handled and stored safely and reliably by the fuel
handling and the fuel storage systems. The HTTR refueling operation will be performed to
verify the reliability of the fuel handling and the fuel storage system.

3.4.3.2

Related Test Programs Performed by JAEA

The first fuel loading of the HTTR was carried out in 1998. The fuel loading order was from
the periphery to core center so that an annular core would be constructed on the way to the
full core and its nuclear characteristics were obtained.

3.4.3.3

Test Facilities and Equipment

The fuel handling system is utilized to install and remove fuel blocks, replaceable reflector
blocks, top shielding blocks and control rod guide blocks. The Fuel handling system consists
of a fuel handling machine, attached equipment and auxiliary equipment. Arrangement of
all facilities in the reactor building is shown in Fig. 3.57.
The fuel handling machine consists of a shielded cask, a gripper, a fuel handling unit drive
system, a rotating rack and a door valve. Figure 3.58 shows the schematic diagram of the fuel
handling machine. The gripper handles the fuel block. It is suspended by a pair of wires. The
gripper tip consists of six fingers to prevent the core block from dropping during refueling.
The rotating rack has four discharge holes located circularly, and has the capacity to contain
a top shielding block and one column of core components. The door valve is connected with
the bottom of the fuel handling machine to be a gas tight and shield structure along with a
reactor isolation valve.
The fuel handling procedure of the HTTR is schematically illustrated in Fig. 3.59. Prior to the
refueling operation, the reactor shall be shutdown and depressurized. The refueling hatch of
the containment vessel is removed.

3.4.3.4

Test Schedule

In the present schedule of Refueling Operation, it will start after 2014.
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Crane
Air Cooler

Control Rod
Handling Machine

Fuel Handling
Machine

Door Valve (2)
Refueling Hatch

Reactor Pressure Vessel

Door Valve (1)

Containment Vessel

Fig. 3.57 Refueling system arrangement in the reactor building
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Fuel block

Fig. 3.58 Schematic diagram of the fuel handling machine
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1

Removal of refueling hatch

2 Installation of connecting pipe and door
valve (1)

Upper reactor
Upper biological shield plug

Upper reactor

Upper biological shield plug
(Rotating shield)
Connecting pipe
RPV
Refueling
hatch

Control rod

Door valve (1)

Control
rod

3

4

Removal of control rod by control rod

Removal of spent fuel by fuel

Upper reactor

Upper reactor

Control
rod
Control
rod
handling
machine

Spent
fuel

Fuel
handling
machine

Door valve (1)

Gripper

Fig. 3.59 Schematic illustration of the fuel handling procedure of the HTTR (1/3)
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5 Storage of spent fuel by fuel handling machine

6

Removal and installation of fuel handling
machine and, Removal of shield plug

Spent fuel storage pool

Fresh fuel
storage rack

Upper shield
and rotating
shield

Shield plug

Shield plug

Upper shield
and rotating
shield

Spent fuel
Fresh fuel

7 Installation of fresh fuel by fuel handling
machine

8

Upper reactor

Fuel handling
machine

Removal of control rod by control rod
handling machine

Upper reactor

Dorr valve (1)

Control rod

Core element

Gripper

Core element

Fig. 3.59 Schematic illustration of the fuel handling procedure of the HTTR (2/3)

115
－ 115 －

JAEA-Technology 2009-063

9

Removal of door valve (1) and detach
connecting pipe

10 Attach refueling hatch
Upper reactor

Upper reactor

Upper biological shield
plug

Upper biological shield
(Rotating shield)

Door valve
Connecting pipe

RPV
Refueling
hatch

Control rod

Fig. 3.59 Schematic illustration of the fuel handling procedure of the HTTR (3/3)
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3.4.4
3.4.4.1

HTTR Operation Experiences that Contribute to Design of Future HTGRs
Unexpected Temperature Rise of Primary Upper Shielding28)

The helium gas temperature around the control rod drive mechanisms in the standpipes
reached the alarm level of 60oC and temperature of the primary upper shielding was 75oC
when the primary coolant temperature became 110oC in a non-nuclear heat-up test in 1997.
Heat from the reactor pressure vessel (RPV) is conducted to the primary upper shielding
through the standpipes. The standpipes and the top of the primary upper shielding are
cooled by cooling air in the standpipe compartment as shown Fig. 3.60. The cause of the
temperature rise of the primary upper shielding and the helium gas in the standpipes was
considered.
6% of primary coolant helium gas flows inside the control rod guide sleeves and outside of
the control rod guide tubes. Helium gas turns under heat insulator and flows into the control
rod guide tubes. Some of helium gas flows upwards along standpipe wall due to the pressure
difference between the plenum of the RPV top dome and the inside of guide pipe, and then
flows downward through the gas in the guide pipe. This is called by-pass flow.
To reduce the by-pass flow, holes were bored on the side of the guide pipe and in the top
plate of the control rod guide tube. The gaps for the control drive mechanism were sealed by
synthetic rubber gaskets. The purge gas from the helium purification system to cool the
control rod drive mechanism can flow downwards between the standpipe and the control
rod guide sleeve.
Cooling of stand pipe was enhanced by the VCS and heat release plate. The heat release plate
consists of lower plate which contacts vessel cooling panel to cool indirectly the standpipe
through the cylindrical plate and upper plate which release heat into standpipe
compartment.

At power-rise test up to 30 MW, temperature of the primary upper

shielding was 84oC at reactor inlet helium temperature of 395oC, which is lower than the
design temperature of 88oC.
3.4.4.2

Unexpected Temperature Rise of Core Support Plate29)

In the 2nd phase rise-to-power test at rated operation mode, unexpected temperature rise of
the center core support plate was observed. The linear extrapolation of the test data in Fig.
3.61 shows that temperature at the reactor outlet coolant temperature of 850oC was
expected about 470oC that is the design temperature of the core support plate. In the 3rd
phase rise-to-power test at high temperature test operation mode, temperature of the core
support was measured as shown in Fig. 3.61.
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The calculation of the core support plate temperature using FEM code ANSYS showed that
the cause of the temperature rise is the “Gap flow” which is the flow of hot helium gas
through gaps between core support graphite blocks induced by pressure difference between
the hot plenum and inside of the primary helium gas duct as shown in Fig. 3.62. It flows
downward from the hot plenum through the gaps between lower plenum blocks, carbon
blocks, bottom blocks, and core support plates. And it goes horizontally between the core
support plates and a seal plate, goes upward along the outside of the primary helium gas
duct, and then flows into the primary helium gas duct.
The design temperature was revised from 470oC to 530oC based on structual

integrity

analysis. Fig. 3.63 shows the measured result of core support plate temperature in the 4th
and 5th phase rise-to-power test. It agree well with the evaluated values and did not exceed
the design temperature. The unexpected distortion of the seal plate due to core pressure
difference generated the flow distribution so that core support plate temperature was raised.
3.4.4.3

Installation of Windshield Panels to Improve Air-cooler Performance29)

The pressurized water cooling system is provided to cool primary coolant and secondary
helium coolant in the PPWC and secondary pressurized water coolers (SPWC). The heated
pressurized water in the PPWC and the SPWC is transferred to the atmosphere by the
air-cooler which has heat transfer tubes with 6 fans (see appendix Photo. A-14). The heat
removal capacity is 30MW at 2600t/h airflow rate. The air-cooler is mounted on the middle
stage of the reactor building.
At the 3rd phase rise-to-power test, the heat removal capacity of the air-cooler decreased
due to change of the wind direction and the water temperature rose. It was identified that the
heat removal capacity of the air-cooler decreased by the East-North-East (ENE) and
North-East (NE) wind.

The phenomena were caused by the re-entry of the discharged hot

air into the inlet of the air-cooler as shown in Fig. 3.64. Installation of the windshield panels
between the air cooler and the reactor building prevented increase in air-inlet temperature
and improved the heat removal capacity as shown in Fig. 3.65.
3.4.4.4

Inferior of Reserved Shutdown System Actuation29)

In the 3rd periodic inspection of HTTR, movement inspection of the reserved shutdown
system (RSS) was performed before reactor start-up. Configuration of the RSS is shown in Fig.
3.66. The position lamp of the R1-3 RSS which is one of the 16 pairs of the RSS did not
temporary actuate. After decomposition of the R1-3 RSS, an oil seal distortion of the driving
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motor and an adherence of mixture of the sealing-oil and the defacement powder of the
brake on the brake part were identified so that an inferior actuation of the RSS was caused.
The distortion of the oil-seal occurred at the beginning of fabrication process in the factory.
The intruded oil and brake powder mixed, and the kneaded mixture caused this trouble.
Detection of oil intrusion into break is an important issue. Measurement of electric current
changing time of the brake and the continuous time of the motor start-up electric current
can be applied to identify the integrity of RSS. Other RSSs were actuated without oil intrusion
by measuring both of the change time with break electric current and continuous time of
motor start-up electric current.
3.4.4.5

Contact Failure of Signal Lead Wire in Wide Range Monitoring System29)

The three developed neutron sensor of the wide range monitoring system (WRM) are
installed inside the RPV of HTTR. The WRM environment temperature is 450oC under normal
operation and 550oC under an accident to satisfy the requirement for the safety protection
against the accident during start-up and for post-accident monitor. An illustration of the
WRM detector section is shown in Fig. 3.67.
In 2005, the count rate of Channel-I showed zero for 2 days. After that, the count rate
showed 20cps. During these days, pulse signal from the chamber was not observed and
measured capacitance showed a small deviation compared to that in a periodic inspection.
The measured deviation was the capacitance between the signal lead wire and MI-cable. The
other channels of Channel-II and Channel-III showed the normal pulse signal and normal
capacitance. The count rate of Channel-I recovered to the level of other WRMs. The contact
failure of the signal lead wire in the WRM was expected.
The lead wire/MI-cable and an inner chamber/signal lead wire were welded by a DC
welding method. The lead wire was melted and the diameter of the lead wire had become
small because the welding time of this method was long. Using pulse-welded method, the
welded time

became short and the diameter was not changed. The welding method was

changed from a DC welding to a pulse welding. The strength of the welding signal lead was
not so much changed from no-welding one.
3.4.4.6

Reactor Scram Experiences29)

In the HTTR, automatic reactor scram events except those by loss of off-site electric power
are the following three events:
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(1) Reactor scram by pseudo-signal of vibration sensor
During power-up from 16.0MW to 16.8MW in the 2nd phase rise-to-power test, the
reactor scrammed automatically by the reactor scram signal of “Primary coolant flow rate of
PPWC: Low,”. The reactor scram signal was caused by the Primary HGC (PGC) tripping
which was caused by cutoff of the power supply to the PGC (A) by the signal of “Vibration of
PGC (A): High”.
There are four vibration sensors at a PGC. The signal of one sensor had one sharp pulse for a
very short time and reached trip level. This was considered a pseudo-signal. It was supposed
that the abnormal signal was observed when the sensor was heated.
(2) Reactor scram by malfunction of a relay for a primary gas circulator
The primary cooling system of HTTR has two heat exchangers in parallel: the IHX and the
PPWC. The PPWC has three PGCs (A, B and C). During operation at thermal power of 60%
(18MW) and at rated/parallel-loaded operation mode in which the two heat exchangers of
the IHX and the PPWC in primary cooling system were used, the reactor scrammed
automatically by the reactor scram signal of “Primary coolant flow rate of PPWC; Low”.
The helium flow rate of the PPWC decreased below the scram level of 93% of the rated flow
rate due to the PGC (A) tripping. The other two PGCs (B) and (C) coasted down by the reactor
scram signal. The cause of the trip of the PGC (A) lay in electric panels. The electric panels
include the breaker panels, the rotational frequency control panels, and the rotational
frequency and vibration instrument panels for the PGC. The mechanical malfunction of the
trip breaker can cause an opening action of itself. The relay was placed very close to the
adjacent relay that is always electrically charged and heated-up, and its temperature was
risen near the allowable working temperature. Therefore, the relay was deteriorated and the
malfunction occurred.
(3) Reactor scram by operation error caused by an inappropriate expression in operational
manual
The HTTR scrammed automatically by the scram signal of “Differential of control rod
position; Large” during power-up from 8.55MW to 9MW. The reactor scram signal was
caused by difference in positions of 13 pairs of control rods larger than 20cm above the
reactor power 9MW. The scram occurred after the control rod reactivity measurements,
which requires to withdrawn each pair of control rods manually and the difference in
control rod position between 13 pair becomes larger than 20cm.
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In the case of reactor power below 9MW, the reactor scram signal of “Differential of control
rod position; Large” is permitted to bypass. When the reactor power reaches 9MW, the
bypass of the reactor scram signal is released automatically. According to the operation
manual, when the reactor reached a critical state of 15000cps, the operators must reset the
reactor scram signal of “Differential of control rod position; Large”.
Operators started power-up without resetting the reactor scram signal of “Differential of
control rod position; Large”. Other operators of the next shift took over the operation of
HTTR from the operators, and they increased the reactor power to 9MW so that the reactor
scrammed.
3.4.4.7

Plant Operation and Maintenance Items

The data obtained from operation and maintenance of HTTR is very useful to design
commercial sized HTGR like GTHTR300C. Available data of operation and maintenance of
HTTR is shown in Table 3.20.
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Fig. 3.60

Structure of inside of the control rod drive mechanism
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Fig. 3.61
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Core support plate temperature in the 2nd and 3rd phase rise-to-power test
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Mixing promoter

Hot plenum block

Support post
Permanent reflector
block
Hot plenum

Lower plenum block
Carbon block
Bottom block
Key

T/C

Core support plate
Seal plate
Support column

Hot helium gas

Flow straightening
plate

Gap flow
Cold helium gas

Auxiliary helium
gas duct

Core support grid
Primary concentric
hot gas duct

Fig. 3.62

Gap flow in core support structure
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Fig. 3.63
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Core support plate temperature in the 4th and 5th phase rise-to-power test
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North

East

South

Reactor
building

Heat transfer tubes

Fan

Fig. 3.64 Cause of water temperature rise

�

Reactor building

The wind shield panels

Fig. 3.65

Windshield panel of the air cooler
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Gear wheel (2)

Gear wheel (1)

Cycloid reduced gear
Ball screw

Shaft
Motor

Brake
Casing

Driving axle
Plug

Fig. 3.66

Configuration of the RSS

Outer chamber

MI cable

Electrode

Fix point
Inner chamber

Fig. 3.67

�Welded

Schematic diagram of the WRM
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Reactor Coolant System Helium
Chemistry including Storage,
and Recycling

Reactor Coolant System Leakage

2

3

Licensing

1

No General Information Category

Available data of operation and maintenance of HTTR (1/5)

－ 126 －

126

A. Comparison of the licensing approach for the HTTR, particularly in relation to the approach
taken in Japan for light water reactors
B. Items different from the light water reactor approach
A. Pressure Boundary Leak-Before-Break:
i. Description of method used to measure helium leak rate from the reactor coolant system.
ii. Accuracy and frequency of helium leak rate from the reactor coolant system
iii. Japanese approach to conducting pressurized leak checks with the hot and cold reactor
coolant system as conducted at pressurized water reactors before bringing the reactor
critical
B. Leak Rate through Gaskets, Flanges, and Joints
i. Japanese practice in allowing a small amount of quantified leakage through gaskets, flanges
and joints
ii. Basis for setting the upper limit on identified leakage through gaskets, flanges, and joints
iii. Means to identify and quantify leakage through gaskets, flanges and joints
C. Maintenance Practices
i. Methods to identify the exact location of leakage, for instance at a flange or gasket
ii. Reason to select such methods
iii. Other methods to identify leakage at flanges and gaskets
iv. Lessons learned in assembling flanges and joints (good practices and actions to avoid)
v. Special repair or maintenance techniques used for the helium systems
A. Chemistry Techniques
B. Chemistry Control during Operation, Shutdown, Recovery from Opening the Reactor Coolant
System – Experience, Lessons Learned
C. Chemistry-Related Instrumentation
D. Helium Purity, Storage, and Delivery Experience
E. Helium Leakage Recovery & Purification Experience

Available data

Table 3.20
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Decay heat removal system

9

127

A. Experience in starting up and shutting down
B. Instrumentation for Operation and Protection of the System
C. Experience with Dust in the Gas Side of the System
D. Water-Side Experience, e.g., temperature transients on piping systems

Circulator

8

A. In-core Power Distribution Measurement: Experience with in-core or in-vessel nuclear
detections in criticality test and associated computations
B. Coolant Flow Distribution and Bypass Flow Inference based on mock-up test and calculation

A. Experience with Position Sensing
B. Experience with Freedom of Movement including Scrams
C. Operating Practices to Ensure Freedom of Motion
D. Maintenance Practices and Techniques
A. Operating History
B. Techniques for Shutdown Operation (turning gear)
C. Seal Experience
D. Filter exchange Techniques and Experience
E. Any Static Electricity Experience
F. Motor Driver – Experience
G. Experience with Circulator Heat Input Raising Reactor Cooling System Temperature

Reactor core

6

Control rods and drives

Reactor vessel internals

5

A. Emissivity –Measurement of surface temperature of RPV and VCS cooling panels
B. In-service Inspection Areas, Techniques, Concerns
C. Insulation type & experience
D. Supports – Experience, Heat Loss, Conduction to Concrete
A. Inspection Requirements and Techniques

Available data

Available data of operation and maintenance of HTTR (2/5)

7

Reactor pressure vessel

4

No General Information Category

Table 3.20
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12

11

10

Reactor Coolant System Control
System
Reactor protection system

Instrumentation – Primary
Coolant System Temperature,
Flow, Pressure

No General Information Category

Available data of operation and maintenance of HTTR (3/5)

128

A. Measurement of Core Thermal Power Level
i. Secondary Calorimetric – Approach, Terms, Accuracy
ii. Primary Calorimetric – Approach, Terms, Accuracy
B. Response Times – measurements of coolant flow rate and temperature

A. Impact of Dust in Pressure and Differential Pressure Sensing Lines
B. Types of Temperature Instrumentation and Locations
i. Accuracy Requirements
ii. Experience in Helium Environment
iii. Drift
iv. Lifetime Limitations
v. On-Line Verification Techniques—cross-correlation or other techniques used.
vi. In-core and Graphite Reflector Temperatures
vii. Upper and lower plenum temperatures.
viii. Core Exit Temperatures including Temperature Profile
ix. Flow Measurement Instrumentation – Type, Accuracy, Drift
C. Thermal Wells
i. Pressure and Thermal Stresses on the Well, Particularly at the Junction of Pressure Boundary
– Monitoring, Experience and Design Considerations
ii. Electrical Junction experience
D. Experience with Pressure and Differential Pressure Instruments
General information on operations and maintainability

Available data

Table 3.20
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13

Reactor cavity cooling system

No General Information Category

Available data of operation and maintenance of HTTR (4/5)

－ 129 －

129

A. Description of the system with particular attention to the good features of the system
B. Startup Problems
i. Startup problems and their resolution with the water cooled RCCS.
ii. Experience and insight that might benefit the design and operation of future water-cooled
RCCS designs.
iii. Recommendation of instrumentation and testing to identify problems during an initial test
program
C. Normal Operation
i. Steps taken to ensure adequate flow rate, and method(s) used to control the amount of heat
removal by the RCCS in normal operation including starting up and shutting down the
RCCS
ii. Instrumentation and testing to identify problems during normal operating and to help
recover from any upsets, particularly during initial startup testing
iii. Periodic surveillance testing and its frequency
iv. Experience with RCCS operation and temperatures due to changes in ambient air
temperature or other environmental factors.
v. Operation of the RCCS with freezing ambient temperatures and high winds
vi. Experience and insight regarding water chemistry control of the RCCS including
restoration of water chemistry following maintenance.
D. Off-Normal Operation
i. Potential off-normal operation excluding a loss of forced coolant flow (natural circulation in
the RCCS) and a large addition of heat due to a significant helium leak in the reactor cavity
ii. Experience and insight that might benefit the design and operation of future water-cooled
RCCS designs in off-normal operation including restarting forced flow.
iii. Methods to deal with minor and major leaks in the RCCS where water impacts the reactor
vessel.
iv. Methods to deal with minor and major leaks in the RCCS where water does not impact the
reactor vessel.

Available data

Table 3.20
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13

Reactor cavity cooling system

No General Information Category

Available data of operation and maintenance of HTTR (5/5)

－ 130 －

130

E. Maintenance
i. Normal periodic maintenance performed on the RCCS including the parameters measured
and assessed to ensure adequate performance
ii. Experience and insight into lay-up of the RCCS during periods when the plant is cold and
the RCCS is not needed.
iii. Experience and insight into how to design the RCCS for normal maintenance, including the
panels in the reactor cavity and the rest of the system, and for removing and replacing
panels in the reactor cavity.
F. Other
i. Effect on Ex-core Nuclear Detectors
ii. Measurable effect on the readings of the ex-core nuclear instruments located in the
concrete by changes in the temperature (and therefore density) of the water in the RCCS
iii. Additional Insulation Between RCCS and Concrete
iv. Experience and insight into adding another insulation barrier, perhaps reflective, or heat
removal system between the RCCS and concrete considering from the standpoint of
operating 60 years or more.

Available data

Table 3.20

JAEA-Technology 2009-063

JAEA-Technology 2009-063

3.4.5

In-service Inspection of the HTTR

Scheduled ISI, which aims to detect component degradation before the occurrences of the
coolant leakage, etc. is required for the major components classified as high safety grade.
Table 3.21 shows the inspection positions, frequencies and methods of the components
subjected to ISI.
3.4.5.1 ISI of RPV30)
3.4.5.1.1 Surveillance test
Surveillance tests on materials of the RPV will be performed in order to examine transition of
mechanical properties of the materials due to irradiation and temper embrittlement. In
addition to the mandatory tensile test and Charpy impact test, the fracture toughness test for
determination of JIC, and tests based on magnetic interrogation method31) for assessment of
material deterioration and remaining life of the RPV are planned to be conducted.
Surveillance test specimens are stored in holders installed close to the inner surface of the
cylindrical shell of the RPV. During the lifetime of the HTTR, the specimen holders will be
taken out three times.
3.4.5.1.2 ISI of RPV
In order to confirm structural integrity, ultrasonic tests (UT) of selected major weld lines for
the RPV are conducted as the ISI. Weld lines, where inspectors can access for a sufficient time
are tested manually or semi-automatically, i.e., weld lines excepting those on the shell are
manually or semi-automatically tested.
In the semi-automatic ultrasonic tests, a portable guide rail is placed near a weld line by
hand, and a UT device set on it runs automatically, conducting ultrasonic test. For the
purpose of performing UTs of longitudinal weld lines of the shell, around which radiation
dose rate is high, remote and automatic UT systems were developed.
As shown in Fig. 3.68, the automatic UT device runs on the surface of the RPV by magnetic
crawlers (caterpillars) inspecting the weld lines. A guide tube with small holes at even
intervals is provided for detection of the position of the automatic UT device. The automatic
UT device, which has nine ultrasonic probes for multi-angle tests, drives longitudinally along
the guide tube and its probe holder moves horizontally along the guide rail.
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3.4.5.2 ISI of Reactor Internal Components32)
In order to confirm structural integrity of the core support graphite structures, visual
inspection will be performed using a TV camera as ISI and measurement of material
characteristics using surveillance test specimens (surveillance test). Refueling and ISI will be
carried out at the same period, and the surveillance test will be carried out at the 2nd and 4th
refueling time and at the end of the plant lifetime.
3.4.5.2.1 ISI using TV Camera
To conduct the visual inspection, the ISI system using TV camera was developed. Figure 3.69
shows the illustration of the system. In the visual inspection, surface flaws as well as an array
of core support graphite structures will be examined. The required flaw size in the visual
inspection is determined on the basis of the fracture mechanics approach taking into
consideration of the fracture toughness and stress profiles in the graphite structures. Possible
visual inspection areas by a TV camera are inner surfaces of the permanent reflector blocks,
upper surfaces of the sealed plenum blocks, side surfaces of core support posts and upper
surfaces of the lower plenum blocks.
3.4.5.2.2 Results of Pre-service Inspection
In order to obtain the reference data of ISI, a Pre-Service Inspection (PSI) of core support
graphite structures was carried out using the developed ISI system. Figure 3.70 shows one of
the results of the PSI, the surface of permanent reflector blocks and the axial gap between
permanent reflector blocks. No harmful flaw and abnormal array were observed during the
PSI. In the visual inspection, structural integrity of the core support graphite structures will
be evaluated by comparing to results of PSI.
3.4.5.2.3 Surveillance Test
Measurement of material properties using surveillance test specimens will be carried out to
evaluate the irradiation effect on mechanical and thermal properties of graphite and carbon.
Table 3.22 shows the measured properties in the surveillance test. Bending and compressive
strengths, Young’s modulus, etc., will be measured at regular intervals. An oxidation weight
loss will be also measured to examine the oxidation induced damage.
The core restraint mechanism is used during plant lifetime without repair. By the relaxation
of SNB16, used for the tensile element, under high-temperature creep conditions, the
restraint force will decrease, and then coolant leakages through gaps between the permanent
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reflector blocks will increase. Therefore, deformation characteristics of SNB16 are important,
and the relaxation as well as Charpy impact tests of the SNB16 are programmed during
HTTR operation as surveillance tests. These tests will both be carried out after 5 and 10 years
of operation and at the end of the plant lifetime.
3.4.5.3 Development of ISI system for PPWC Heat Transfer Tubes33)
The structural integrity of the PPWC heat transfer tubes is very important for the safety of
the HTTR because they retain the primary pressure boundary. An automatic inspection
system for the PPWC heat transfer tubes was developed using Eddy Current Testing (ECT)
probe and UT.
Figure 3.71 shows the schematic diagram of the ISI system. Magnetic-saturated probes are
used for ECT to remove noise caused by the permeability fluctuation of the heat transfer tube
during the tube’s inspection. Sensors of bobbin coil probe for ECT at the inverse-U-bends
with the smaller radius of curvature and the other places have dimensions of 16 and 18 mm
outer diameter, respectively. The rotating probe for UT has a stabilizer and ECT coil for
searching accurately locations of the tube sheet, the baffle plates and the thermal shield
plates. A sensor of probe of 5 mm in outer diameter for ultrasonic testing is a 20 MHz
focusing type to improve the quantifying of defect depth.
The insertion/ extraction unit consists of the feed, reel and clutch mechanism to operate the
probe at its moving velocity in the fixed positions of the heat transfer tube. The positioning
unit of the guide sleeve for the probes on the tube sheet has a rail and its sideways flatcar
connected with a whirling arm. The accuracy of the positioning unit of the guide sleeve for
the probes is maintained to be 0.5 mm by whirling the arm through the flat gears without
backlash. The traverse distance of the flatcar and the turning angle of the arm are governed
remotely to lead the probes precisely on the tube sheet by the control device. The couplant
unit provides air for drive of the insertion/extraction unit and the sideways flatcar, and
supplies water into the tube to promote transmission of ultrasonic wave.
Signal data of the inspection probes are effectively analyzed by personal computers, and are
recorded in magneto optical disks.
3.4.5.4 Development of ISI System for IHX Heat Transder Tubes34)
The structural integrity of the IHX heat transfer tubes is very important for the safety of the
HTTR since they consists the primary pressure boundary. An ISI system of the IHX heat
transfer tubes was developed using an ECT probe. Figure 3.72 shows the schematic diagram
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of the ISI system of the IHX tubes in the HTTR.
A performance test of the ECT probe for discontinuities in the base metal and welded joints
was conducted. The ECT probe has a differential and self-induction type of coil arrangement
because it is required to travel in helically coiled tubes, and this design reduces the influence
of the curvature of the tubes. The probe has a 20mm o.d., 40 mm long, and has two 16mm
o.d. coils.
The Hastelloy XR test tubes including base metal and welded joints have the same dimensions
as the IHX heat transfer tubes. Artificial discontinuities of the test tubes were made with
reference to the ASME standard. A 1.7mm diameter 100% through-wall hole and 1.5mm
wide 360o circumferential grooves >10% through from the inner and outer tube surfaces
were selected as the standard discontinuities. Moreover, the inspection performance for 1.7
and 3.2 mm diameter of flat-bottom holes, a 0.5mm diameter of 100% through-wall hole,
and 0.5 and 1.7mm wide 90� circumferential grooves were investigated.
Figure 3.73 shows the relationship between the actual depths da of discontinuities and
predicted ones dp obtained from signal of the ECT probe at frequency of 48 kHz. The
predicted depths were different from the actual ones within ±18%. There were no clear
differences between the phase angles of the discontinuities in the straight and in the curved
tubes. The ECT probe could detect small discontinuities such as the 0.5mm diameter 100%
through-wall hole, and 0.5 and 1.7mm wide 90o circumferential grooves.
As for the welded joints, the discontinuities were inspected at multiple frequencies of 48 and
180 kHz to remove the noise of the back-excess weld metal of the welded joints. The
inspection performance was lower compared with the base-metal, and the following small
discontinuities were undetected: 1.7 mm diameter flatbottom holes and 40–60% depth at the
inner and the outer surfaces, 1.5 mm wide 90o grooves and 20–40% depth at the outer
surface. The predicted depths were different from the actual ones within ±20% of the wall
thickness.
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PPWC

IHX

Reactor internal components

RPV

Components
10% / 10 years
20% / 10 years
10% / 10 years
50% / 10 years
5% / 10 years
100% / 20 years

Weld lines of a top head flange
Weld lines of shell of RPV body
Weld lines of bottom head dome
Weld lines of a manhole nozzle at top head dome
Weld lines of skirt
Permanent reflector

1 /3 years

Heat transfer tube

1 /3 years
1 /3 years

Weld lines of support
Heat transfer tube

135

1 /3 years

1 /3 years

1 /3 years

Weld lines of nozzles

circumferential directions

Weld lines of outer shell in axial and

couples

Weld lines of dissimilar materials at thermo

1 /3 years

1 /3 years

Weld lines of outer shell
Weld lines of dissimilar materials at tube sheet

100% / 20 years

Support post

100% / 20 years

5 / 10 years

Weld lines of stand pipe nozzles at top head dome

Hot plenum block

Inspection frequencies

Inspection positions

UT

UT

UT

UT

UT

UT

Inspection methods

ECT

PT

UT

UT

VT

UT

ECT

UT

Surveillance test

VT and surveillance test

VT and surveillance test

Table 3.21 Inspection positions, frequencies and methods of the components subjected to ISI (1/3)
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1 /6 years

Weld lines of hanging support
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1 / 6 years

Weld line of thermocouple nozzles

SPWC

Valve

nozzles

136

Weld lines in axial direction and thermocouple

1 / 5 years

1 / 5 years

1 / 6 years

Weld lines in axial direction

Weld lines in circumferential direction

1 / 6 years

Weld lines in circumferential direction

1 / 6 years

1 /3 years

Weld lines of nozzles for multipurpose use

Stop valves and check valves

1 /3 years

Weld lines of pressure indicator nozzles

Piping in primary cooling system

1 /3 years

Weld lines of thermocouple outer tube

cooling system

1 /3 years

Weld lines of thermocouple nozzles

circumferential directions

1 /3 years

1 /6 years

Bolts and nuts
Weld lines of outer tube in axial and

1 /6 years

Weld lines of nozzles

direction

1 /6 years

1 /3 years

Weld lines of outer shell in axial direction
Weld lines of outer shell in circumferential

Inspection frequencies

Inspection positions

Co axial hot gas duct in primary

Primary gas circulator

Components

Table 3.21 Inspection positions, frequencies and methods of the components subjected to ISI (2/3)

PT

UT

PT

PT

UT

UT and PT

PT

UT

UT

UT and PT

UT

PT

UT

UT

UT

UT

Inspection methods
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1 / 5 years

Weld lines in circumferential direction
Weld lines in axial direction

Co-axial hot gas duct in

secondary cooling system

－ 137 －

Weld line

Valve in ACS

137

* UT: Ultrasonic test, ECT: Eddy current test, PT: Penetrant test, VT: Visual test

Weld line in circumferential direction

circumferential directions

Weld line of outer shell in axial and

Weld line in circumferential direction

circumferential directions

Weld line of outer shell in axial and

Piping in ACS

Co-axial hot gas duct in ACS

ACS gas circulator

AHX

system

Piping in secondary cooling
Weld lines in circumferential direction

1 / 5 years

Weld lines in axial direction

1 / 5 years

1 / 5 years

1 / 3 years

1 / 5 years

1 / 3 years

1 / 5 years

1 / 5 years

1 / 5 years

Weld lines in circumferential direction

Secondary gas circulator

Inspection frequencies

Inspection positions

Components

Table 3.21 Inspection positions, frequencies and methods of the components subjected to ISI (3/3)

PT

UT

UT

UT

UT

UT

PT

UT

UT

PT

Inspection methods
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Support post

Hot plenum blocks

Permanent reflector blocks
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138

Oxidation weight loss

Compressive strength

Bending strength

Young’s module

Oxidation weight loss

Bending strength

Bending strength

Dimension change

Test items

IG-110

PGX

PGX

Material

Table 3.22 Measured properties in the surveillance test of reactor internal components
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Fig. 3.68 Automatic UT system for the RPV.

Fig. 3.69 Illustration of ISI system for the reactor internal components.
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Fig. 3.70 Surface of permanent reflector blocks and axial gap between permanent reflector
blocks.

Fig. 3.71 Schematic diagram of automatic inspection system for PPWC tubes.
1: Heat transfer tube, 2: Outer shell, 3: Tube sheet, 4: Rail, 5: Inspection probe, 6: Guide sleeve,
7: Calibration tube, 8: Whirling tube, 9: Sideways flatcar, 10: Monitor device, 11: Couplant
unit, 12: Insertion unit, 13: joint box, 14: Control device, 15: monitoring TV, 16: Personal
computer
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Insertion site of an ECT probe
for the low temperature tube

Insertion site of an ECT probe
for the high temperature
header

Fig. 3.72 Schematic diagram of the ISI system for IHX tubes.

Fig. 3.73 Comparison between the actual and the predicted depths of discontinuities in the
base metal.
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4. HTTR DATA CATEGORY
The proposed HTTR tests can be shared with a third party.

JAEA proposes the planned test

to be conducted for the realization and commercialization of future VHTRs.

Table 4.1

shows the example of possible test categories to be shared.
Table 4.1

Example of test data to be obtained by HTTR operations

1. Reactor physics
(1-1)

Burnup characteristics

(1-2)

Excess reactivity, control rod worth, reactor shutdown margin

(1-3)

Temperature coefficients, power coefficient of reactivity

2. Thermal hydraulics
(2-1)

Thermal hydraulics in the core

(2-2)

Behavior in the primary circuit

(2-3)

Other equipment

3. Fuel performance and structural integrity
(3-1)

FP release (excluding tritium)

(3-2)

Fission products transportation (excluding tritium)

4. Equipment performance and structural integrity
(4-1)

IHX performance and structural integrity

(4-2)

Primary and secondary pressurized water cooler performance and structural
integrity

(4-3)

Core graphite performance and structural integrity

(4-4)

Other equipment performance and structural integrity

5. Helium Technology
(5-1)

Purification performances

(5-2)

Chemical impurity generation, removal and control

(5-3)

Tritium generation and transportation

(5-4)

Tritium permeation control

(5-5)

Helium leakage

6. Instrumentation and control characteristics
(6-1)

System control characteristics

(6-2)

Instrumentation characteristics and performances

7. Shielding performance
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5. CONCLUDING REMARKS
Full scope of the future feasible test plan mainly using the HTTR was described in this report.
The test items cover fuel performance and radionuclide transport, core physics, reactor
thermal hydraulics and plan dynamics, and reactor operations, maintenance, and control.
The test results to be obtained will be utilized for realization of Japan’s commercial VHTR
system, GTHTR300C.
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APPENDIX

(a) Test loop for SO3 decomposition

(c) HI vapor liquid
equilibrium apparatus

(b) Bunsen test apparatus

(d) Leak test of H2SO4
evaporator

(f) Test loop for H2SO4 flow

(e) Material test

(g) Membrane test apparatus

Photo. A-1 Test apparatus for IS process development
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Photo. A-2 A scaled model of high temperature isolation valve

Photo. A-3 Glove-box apparatus for drawing primary helium
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Photo. A-4 Aluminum bag for drawing primary helium

Photo. A-5 Helium gas sample processing train
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Photo. A-6 HTTR spent fuel inspection cells

Photo. A-7 Purification system
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Photo. A-8 Helium gas circulator

Photo. A-9 Thermocouple exchange hatch, staging area, and internals
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Photo. A-10 FFD control panel

Photo. A-11 PPWC
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Photo. A-12 IHX

Photo. A-13 Auxiliary air cooler
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Photo. A-14 Air cooler
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ࡑ ࠢ ࠬ ࠙ 㨴 ࡞
ࠟ
࠙
ࠬ
ࠛ࡞ࠬ࠹࠶࠼㧔 㨏㧕

Mx
G
Oe

dyn=10-5N
P=1 dyn s cm-2=0.1Pa s
St =1cm2 s-1=10-4m2 s-1
sb =1cd cm-2=104cd m-2
ph=1cd sr cm-2 104lx

Gal =1cm s-2=10-2ms-2
1 Mx = 1G cm2=10-8Wb

1 G =1Mx cm-2 =10-4T
1 Oe䇭 (103/4Ǒ)A m-1
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ࠠ



ฬ⒓
ࡘ

ࡦ


ࠟ

࠻

10㧚SIߦዻߐߥߘߩઁߩනߩ
⸥ภ
SI නߢߐࠇࠆᢙ୯
 Ci 1 Ci=3.7×1010Bq

ࠥ

ࡦ

ࡦ R
࠼ rad
ࡓ rem
ࡑ ǫ

Ḱ

ᄢ

᳇

1 rad=1cGy=10-2Gy
1 rem=1 cSv=10-2Sv
1ǫ=1 nT=10-9T
1ࡈࠚ࡞ࡒ=1 fm=10-15m

ࡈ
ࠚ
࡞
ࡒ
ࡔ࠻࡞♽ࠞ࠶࠻
࠻
ᮡ

1 R = 2.58×10-4C/kg

1ࡔ࠻࡞♽ࠞ࠶࠻ = 200 mg = 2×10-4kg

࡞ Torr 1 Torr = (101 325/760) Pa
 atm 1 atm = 101 325 Pa

ࠞ

ࡠ





cal

ࡒ

ࠢ

ࡠ

ࡦ

μ

1cal=4.1858J㧔㨬15͠㨭ࠞࡠ㧕㧘4.1868J
㧔㨬IT㨭ࠞࡠ㧕4.184J㧔㨬ᾲൻቇ㨭ࠞࡠ㧕

1 μ =1μm=10-6m

㧔╙

㧘ᐕᡷ⸓㧕

この印刷物は再生紙を使用しています

