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High Temperature Engineering Test Reactor (HTTR) is the first
graphite-moderated helium gas cooled reactor in Japan. The rise-to-power test
of the HTTR started on September 28,1999 and thermal power of the HTTR
reached its full power of 30 MW on December 7, 2001.

Vessel Cooling System (VCS) of the HTTR is the first Reactor Cavity
Cooling System(RCCS) applied for High Temperature Gas Cooled Reactors. The
VCS cools the core indirectly through the reactor pressure vessel to keep core
integrity during the loss of core flow accidents such as depressurization accident.
Minimum heat removal of the VCS to satisfy its safety requirement is 0.3MW at
30 MW power operation. Through the performance test of the VCS in the
rise-to-power test of the HTTR, it was confirmed that the VCS heat removal at 30
MW power operation was higher than 0.3MW.

This paper shows outline of the VCS and test results on the VCS

performance.
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1. Introduction

A High Temperature Gas-cooled Reactors (HTGR), which is a graphite
moderated and helium gas-cooled reactor, is attractive as one of the future energy
options because of its capability of producing high temperature heat and its
inherent safety characteristics. The modular HTGR with gas-turbine power
generation system is well understood to have inherent safety features coupled
with the modular concept to improve the economic competitiveness with the
current fossil energy and light water reactor systems. The HTGRs will achieve a
high degree of safety through reliance on inherent safety features. The high
degree of safety is largely derived from the ability of the ceramic coated fuel
particles to retain the fission products under normal and accident conditions, and
the ability of the design of Reactor Cavity Cooling System (RCCS) to remove
decay heat by natural heat transport mechanisms without excessive
temperatures of the fuel and Reactor Pressure Vessel (RPV), and so on. Prior to
licensing and commercial deployment of the HTGR, the methods used to predict
the performance of the fuel and RPV should be validated with experimental data.

High Temperature Engineering Test Reactor (HTTR) is the first HTGR in
JapanV., The HTTR attained its thermal full power of 30MW on December 7,
2001 in the rise-to-power test which started on September 28, 1999, A Vessel
Cooling System (VCS) is one of the safety engineered features of the HTTR and
the first RCCS applied to the HTGR. The performance test of the VCS was
carried out in the rise-to-power test to confirm that the VCS heat removal
satisfies minimum requirement of 0.3MW at 30MW to keep the reactor safety
during accident conditions. Test results showed that the VCS heat removal
reached about 0.8MW. Experimental data on the VCS performance would
contribute to the validation of prediction methods and codes for the RCCS
performance.

This report shows outline of the VCS and experimental data on the VCS

in the rise-to-power test.
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2. Outline of Vessel Cooling System

2.1 Cooling System of HTTR

Reactor cooling system of the HTTR consists of the primary cooling
system, secondary helium cooling system, pressurized water cooling system,
auxiliary cooling system and VCS. A schematic diagram of the reactor cooling
system is shown in Fig. 2.1.

The primary cooling system has two heat exchangers of a Primary
Pressurized Water Cooler (PPWC) and an Intermediate Heat Exchanger (IHX).
In the single loaded operation, only the PPWC is operated and maximum heat
capacity of the PPWC is 30MW. In the parallel loaded operation, the PPWC and
IHX are operated simultaneously and their maximum heat capacities are 20MW
and 10MW, respectively. The RPV, PPWC and IHX are connected each other by
the concentric hot gas duct. Primary coolant heated in the core flows from the
RPV to the PPWC and IHX through inner side of the concentric hot gas duct and
returns to the RPV through the outer side. The primary cooling system is also
used to remove the residual heat in the reactor during normal shut down of the
HTTR. Secondary helium cooling system is operated only in the parallel loaded
operation. The pressurized water cooling system consists of air cooler, water
pump and so on. The heat generated in the core is released to the atmosphere
by the air cooler of the pressurized water cooling system.

The auxiliary cooling system is in standby during the normal operation
and starts up automatically to cool the core directly after a reactor scram in the
anticipated operation occurrences and the accidents such as reactivity insertion,
pipe rupture in the secondary cooling system, and so on.

The VCS is operated during the reactor operation and shutdown. During
normal operation, the VCS cools the concrete of primary side radiation shielding.
At accidents such as depressurized accidents, when the core could not cooled by
forced circulation of coolant, the core is cooled by VCS by natural convection and

radiation from RPV.

2.2 Design requirement of VCS

The safety analysis for the depressurization accident showed that
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temperatures of the fuel and RPV did not exceed their limit temperatures of
1600°C and 550°C, respectively, to keep their structural integrity. In the safety
analysis, the VCS heat removal of 0.3MW is used as the initial conditions.
Therefore, the VCS 1s required to remove more than 0.3MW of heat at 30MW
power operation.

On the other hand, the VCS is also designed that the VCS heat removal
is less than 0.6MW to attain reactor outlet temperature of 950°C at 30MW power
operation during the high temperature test operation mode because the VCS heat
removal during normal operation means heat loss from the reactor.

Also, the VCS is designed to cool the concrete of primary side radiation
shielding below 65°C during the normal operation. The primary side radiation
shielding made of concrete is surrounding the RPV. The concrete of the primary

side radiation shielding should be keep below 65°C to keep integrity.

2.3 Detail of VCS

The flow diagram of VCS is shown in Fig. 2.2. The VCS applies forced
water cooling and is operated at constant flow rate through the normal and
accident conditions. Table 2.1 shows major specification of the VCS.

The VCS consists of cooling panels, pumps, water coolers and so on. The
cooling panels consist of upper, side and lower panels. Flow rate, inlet and outlet
water temperature of each panel are measured individually as shown in Fig. 2.2.
Water flowing in each panel is cooled by water cooler. The heat removed by the
VCS is finally released to the atmosphere through cooling towers of an auxiliary
component cooling water system.

The VCS has independent two sets of cooling system, the A and B
systems, to satisfy minimum heat removal even if one of two sets loses its
function. The upper, side and lower panels are installed on the inner surface of
the radiation shielding made of concrete as shown in Fig.2.3. Water cooling tubes
of the A and B systems are connected each other by the fin plates.

The upper panel is installed on the lower surface of the upper radiation
shielding. The side panels are installed on the vertical surface of the primary side
radiation shielding which is surrounding the RPV. The lower panels are installed

at the vertical wall and bottom surface of lower cavity of the RPV.
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The side and lower panels have thermal reflector plates. Primary coolant
of about 400°C at 30MW flows along inner surface of the RPV during the normal
operation. Therefore, the RPV surface temperature reaches about 400°C and
radiation heat transfer is dominant to the heat transfer from the RPV to the VCS.
The thermal reflector plates are located at the front of water cooling tubes to
adjust the heat removal rate. Number of thermal reflector plates are shown in
Table 2.2.

Moreover, there are heat removal adjustment panels at the side panel.
The heat removal adjustment panel is water cooling panel located facing RPV
wall. This panel is to be used when heat removal rate is expected lower than
0.3MW at full power operation. However, the heat removal adjustment panels are
never used because the obtained heat removal of VCS is higher than 0.3MW at
full power operation.

Flow diagram and cooling tube arrangement of the upper panel are
shown in Fig. 2.4. The upper panel is composed of two systems, called A and B,
which have 48 cooling tubes in a steel casing, respectively. Water is distributed to
six inlet headers from the inlet ring header and flows to the outlet ring header
through cooling tubes and outlet headers. Figure 2.4 also shows water flow
direction of the A system. There are 31 holes for the standpipes of the RPV in
the upper radiation shielding. Cooling tubes also pass the gap between holes to
cool the upper radiation shielding made by concrete uniformly.

The side panel consists of twelve units because horizontal cross section of
the reactor cavity is dodecagon. Figure 2.5 shows the schematics of panel
arrangement of the side panel. Water flows into each unit through the lower
ring header and goes out through the upper ring header. Figure 2.6 shows a
reference unit of the side panel. An unit of side panel has 18 cooling tubes, 9 for
the A system and 9 for the B system. Adjacent tubes are connected by steel plates.

From top to bottom of the side panel, there are two thermal reflector
plates between cooling tubes and RPV. Between EL 19.025M and EL. 27.175M,
there are two more thermal reflector panels as shown in Fig.2.6.

In the lower panel, circulating water flows into the lower panel (bottom)
and returns to the water cooler after flows through the lower panel (side).

Figure 2.7 shows the schematic flow diagram and cooling tube arrangement of
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lower panel(bottom) which is similar to the upper panel and its cooling tubes are
installed between two plates. The lower panel (side) is similar to the side panel
and consists of twelve units. Each unit has 16 cooling tubes, 8 for A system and
8 for B system, and two thermal reflectors as shown in Fig.2.8. Water is
distributed to each unit from the inlet ring header. Then, water goes upward
through 4 cooling tubes, and returns to the outlet ring header through the other 4

cooling tubes.



Table 2.1
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Specification of VCS

Number of set

2 set (A & B systems)

Minimum requirement for heat removal

0.3MW

Nominal water flow rate

Upper panel 6.5 ton/hour/each set
Side panel 72 ton/hour/each set
Lower panel 6.5 ton/hour/each set
Allowable temperature 90°C
Allowable pressure 0.98 MPaG

Number of cooling tube
Upper panel

Side panel

Lower panel(side)

Lower panel(bottom)

48/each set
108/each set
96/each set

8 or 3/each set

Table 2.2 Thermal reflector plate

Panel Numbers Elevation
Side panel 3 (Carbon steel) From EL.19.025M to EL.27.175M
(See Fig.2.5) 1(Stainless steel)

1 (Carbon steel)
1 (Stainless steel)

From EL.17.35M to EL.19.025M
From EL.27.175M to EL.30.99M

Lower panel (side)
(See Fig.2.6)

1 (Carbon steel)
1 (Stainless steel)

From EL.13.40M to EL.16.71M
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Upper radiation shielding

Upper panel Side panel

.Water cooling tube
Radiation shielding i

Heat removal
adjustment panel

Lower panel(side)

Lower panel(bottom)

Fig.2.3 Cooling panels of VCS and RPV
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Fig.2.6 Detail of side panel
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3. Test results

The rise-to'power test of the HTTR for the rated power operation was
carried out since September 28, 1999 to confirm the performance of the HTTR
such as control system, radiation shielding, heat exchangers, VCS and so on.
The VCS performance test was carried out to confirm that the VCS heat removal
at 30MW power operation was more than 0.3MW and the primary side radiation
shielding temperatures did not exceed temperature limit of 65°C. The VCS heat
removal was calculated from flow rate, inlet and outlet temperatures of the upper,

side and side panels.

3.1 Results of heat removal rate

Table 3.1 shows reactor data at 30MW for the single and parallel loaded
operations. Flow rate, inlet and outlet temperatures, and calculated VCS heat
removal at 30MW are shown in Table 3.2. VCS heat removal is a sum of heat
removal of upper, side and lower panels. Heat removal of each panel is calculated
by flow rate, inlet and outlet temperature of each panel.

VCS heat removal at 30MW reached about 0.81MW in the single loaded
operation. Heat removal of the upper, side and lower panels are 0.12MW, 0.62MW
and 0.07MW, respectively. Ratios of heat removal of the upper, side and lower
panels to total heat removal were about 15%, 76% and 9%, respectively.

In the parallel loaded operation, total heat removal and heat removal of
the upper, side and lower panels at 30MW were about 0.82MW, 0.13MW, 0.62MW
and 0.07TMW, respectively. The ratios of heat removal of the upper, side and
lower panels to total heat removal in the parallel loaded operation were about
15%, 76% and 9%, respectively.

The test results of the single and parallel loaded operations showed no
difference in the VCS heat removal. The measurement error of the VCS heat

removal was estimated to be about 30% at the rated power operation of 30MW.
3.2 Transient behavior at operation

(1) Single loaded operation

Transient behaviors of VCS heat removal, reactor power, reactor inlet
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and outlet temperatures for the single loaded operation are shown in Fig.3.1.
Reactor operation was started on October 25, 2001. Reactor power was increased
step by step. Reactor power was kept about 84% to 93% from November 6 to
December 6 to reduce impurity in the primary coolant. Then, Reactor power was
risen to about 100%. Manual scram test was carried out on December 14, 2001
and reactor power decreased to 0%. VCS heat removal, reactor inlet and outlet
temperatures showed similar transient behavior to the reactor power transient.

VCS heat removal showed fluctuation with the range between 0.77TMW
and 0.85 MW at 30MW operation. This fluctuation was due to change in water
temperature at the cooling tower. Figure 3.2 shows transient behaviors of water
temperature at the cooling tower, inlet and outlet temperatures of the upper
panel of the A system during the single loaded operation. Also, transients of the B
system are shown in Fig. 3.3. Water temperature of the cooling tower is
controlled manually within set temperature range by on-off control of the cooling
tower fans. The set temperature range is changed during operation. Therefore,
temperature range of water temperature showed different variation at operation
period. For example, from December 1 to December 14, water temperature of the
A systems at 30MW was controlled in the range between 19°C and 23°C. For the B
system, water temperature also was controlled between 17°C and 23°C. As a result,
the panel inlet temperature changes according to the transient of the water
temperatures at the cooling towers, Therefore, VCS heat removal changes as
shown in Fig.3.1.

Figure 3.4 shows VCS heat removal and reactor inlet temperature versus
reactor power during the single loaded operation. The VCS heat removal was
about 0.1MW before the reactor operation. Primary coolant was heated up to
about 120°C, then RPV was also heated up about 120°C before the reactor operation.
Therefore, VCS shows about 0.1IMW of heat removal.

The VCS heat removal increased with increase in reactor power. The VCS
heat removal increased nonlinearly because radiation heat transfer contributed
mainly to heat transfer from the RPV to the cooling panels. Reactor power was
controlled by the reactor power control system from 30% to 100%. Reactor inlet
temperature was also controlled from 180°C at 30% to 395°C at 100% according to

change in the reactor power.
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Figure 3.5 shows ratios of heat removal of the upper, lower and side
panels to total heat removal through the single loaded operation. The ratios were
fairly constant from low power to 30MW and are about 15%, 9% and 76% for the
upper, lower and side panels, respectively. However, ratio of lower panel was

slightly increased with increase in reactor power.

(2) Parallel loaded operation

Figures 3.6-3.10 show experimental results at parallel loaded operation.
They showed similarity to the results of the single loaded operation. Reactor
operation was started on January 25, 2002. Reactor power was increased step by
step. The reactor power was changed from 67% to 77% to conduct the experiment
to obtain data of decay and production behavior of xenon. Loss of off-site electric
power simulation test was carried out on March 6, 2002 and the reactor power
decreased to 0 %.®

VCS heat removal was changed corresponding to the change in reactor
power and reactor inlet temperature. Also, VCS heat removal shows fluctuation
similar to that of the single loaded operation. This fluctuation was due to the
change in water temperature of water cooler. In the parallel loaded operation,
water temperature at cooling tower was controlled between 23°C to 17°C for the A
system, 23°C to 19°C for the B system at 30MW operation. Then inlet and outlet
temperature of panel were changed corresponding to the water temperature change.

Therefore, VCS heat removal rate showed fluctuation as shown in Fig. 3.6.

3.3 Temperature profile on RPV and side panel

Several thermocouples were set on the outer surface of the RPV and
inner surface of the side panel. Temperature profiles of RPV wall and side panel
at 30 MW are shown in Table 3, Figs.3.11 and 3.12 for the single and parallel
loaded operation. Both cases show similar results. Helium of about 400°C flows
upward along the inner wall of RPV. Therefore, the middle part of RPV surface
showed flat temperature profile. The RPV surface (elevation range between 19M
and 26M) showed about 10°C of temperature change. However, surface
temperature of side pane face to the RPV showed about 80°C of temperature

change at lower part. This change in temperature difference were shown in both
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cases.,

3.4 Results of concrete temperature at primary side radiation shielding

There were six thermocouples in the concrete of primary side radiation
shielding. These thermocouples were located in three different height. Results of
different height are shown in Fig. 3.13. Concrete temperatures increased with
increase 1n reactor inlet temperature. Higher position showed higher
temperature. It was considered that temperature at higher position in reactor
cavity showed higher temperature because of natural convection in the cavity.
Therefore, concrete temperature at higher position became higher temperature.

Maximum temperature of primary radiation shielding temperature at
30MW of the single and parallel loaded operation reached 56.5°C and 58°C,
respectively. Test results showed that measured temperatures satisfied limit

temperature of 65°C.
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Table 3.1

Operation data of reactor at 30 MW

Single loaded operation

Parallel loaded operation

Reactor
Reactor inlet temperature
Reactor outlet temperature
Pressure

Coolant flow rate

392°C

844°C
4.0MPaG
12.3kg/s

392°C

828°C
4.0MPaG
12.4kg/s

Table 3.2 Operation data and heat removal of VCS at 30 MW

Single loaded operation

Parallel loaded operation

VCS (A system)

Inlet temperature 32.1°C 32.2°C
Upper panel
Outlet temperature 39.7°C 38.5°C
Flow rate 7.3t/h 9.0t/h
Side panel
Outlet temperature 35.6°C 36.0°C
Flow rate 79.7t/h 73.6t/h
Lower panel
Outlet temperature 37.5°C 37.2°C
Flow rate 7.3t/h 8.1t/h
VCS (B system)
Inlet temperature 34.2°C 34.8°C
Upper panel
Outlet temperature 41.5°C 40.8°C
Flow rate 1.0t/h 8.7t/h
Side panel
Outlet temperature 37.4°C 38.2°C
Flow rate 77.7t/h 74.8t/h
Lower panel
Outlet temperature 37.6°C 37.6°C
Flow rate 6.9t/h 8.2t/h
VCS heat removal
Total 0.81MW (100%) 0.82MW (100%)
Upper panel ) 0.12MW (15%) 0.13MW (15%)
Side panel 0.62MW (76%) 0.62MW (76%)
Lower panel 0.07MW (9%) 0.07MW (9%)
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Table 3.3 Surface temperatures of RPV and VCS panel at 30MW

Elevation (m) [Single loaded operation (°C)|Parallel loaded operation (°C)
29.6 314.2 314.0
RPV 29.4 307.3 306.9
Temperature 28.8 291.7 290.8
27.7 3278 327.0
27.0 342.9 3421
259 362.0 361.2
23.6 360.7 360.0
22.7 358.9 358.1
19.2 349.3 347.7
18.48 291.4 289.6
29.05 205.2 204.2
VCS Panel 26.5 3129 312.1
Temperature 259 3171 316.4
245 313.3 312.4
23.6 3145 3134
22.7 303.8 302.4
21.5 291.2 290.1
20.45 263.2 262.7
19.86 236.7 235.3
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4.Conclusion

The VCS which is an engineered safety features of the HTTR, is designed
to cool the core by the cooling panels during the loss of forced core cooling such as
the depressurization accident. Test results in the rise to power test of the HTTR
showed that VCS heat removal at 30 MW power operation was about 0.8 MW and
was higher than minimum heat removal of 0.3MW to secure the core safety.
However, it was higher than the design requirement to achieve 950°C at 30MW
power operation. It is necessary to further consideration to achieve outlet coolant
temperature 950°C at high temperature test operation.

Primary radiation shielding temperature also satisfied its limit
temperature of 65°C.

Data obtained in the tests will be utilized to verify analysis codes of

reactor cavity cooling systems.
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Data on Test Results of Vessel Cooling System of High Temperature Engineering Test Reactor
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