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� Aiming at the realization of the nuclear heat application system with a High Temperature Gas-cooled 

Reactor (HTGR), research and development on the whole evaluation of the system, the connection 

technology between the HTGR and a chemical plant such as the safety evaluation against the fire and 

explosion and the control technology, and the vessel cooling system of the HTGR were carried out. 

� In the whole evaluation of the nuclear heat application system, an ammonia production system using 

nuclear heat was examined, and the technical subjects caused by the connection of the chemical plant to the 

HTGR were distilled.  After distilling the subjects, the safety evaluation method against the fire and 

explosion to the reactor, the mitigation technology of thermal disturbance to the reactor, and the reactor core 

cooling by the vessel cooling system were discussed.  These subjects are very important in terms of safety.  

About the fire and explosion, the safety evaluation method was established by developing the process and 

the numerical analysis code system.  About the mitigation technology of the thermal disturbance, it was 

demonstrated that the steam generator, which was installed at the downstream of the chemical reactor in the 

chemical plant, could mitigate the thermal disturbance to the reactor.  In order to enhance the safety of the 

reactor in accidents, the heat transfer characteristic of the passive indirect core cooling system was 

investigated, and the heat transfer equation considering both thermal radiation and natural convection was 

developed for the system design. 

� As a result, some technical subjects related to safety in the nuclear heat application system were solved. 

Keywords: Nuclear Heat Application System, HTGR, Chemical Plant, Connection Technology 

Safety Evaluation, Fire and Explosion, Control Technology, Thermal Disturbance, 

Passive Indirect Core Cooling System 

� This report was accepted as a doctoral thesis by Kyushu University. 
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Items Specifications 

Reactor thermal power 30 MW 

Reactor coolant Helium gas 

Reactor outlet coolant temperature 850˚C*Ä950˚C**

Reactor inlet coolant temperature 395˚C 

Primary coolant pressure 4.0 MPa 

Primary coolant flow rate 12.4 kg/s*Ä10.2 kg/s** 

Core material Graphite 

Core height 2.9 m 

Core diameter 2.3 m 

Average power density 2.5 MW/m
3

Fuel Low enriched UO
2

Fuel assembly type Pin-in-block type 

U-235 enrichment 3Å10 wt% (average 6 wt%)

Reactor pressure vessel (RPV)ìmaterial 2 1/4 Cr-1 Mo steel 

RPVìmaximum service temperature 440˚C

RPVìmaximum service pressure 4.7 MPa 

Table.1.1� Major specifications of HTTR

**ÏRated operation 

**ÏHigh-temperature test operation 
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Items Specifications 

Heat capacity 10 MW 

Secondary helium gas outlet temperature 905˚C* 

Secondary helium gas inlet temperature 150˚C* 

Secondary helium gas pressure 4.1 MPa 

Secondary helium gas flow rate 2.52 kg/s* 

Heating surface area 244 m
2

Heat transfer tubeìmaximum service temperature 955˚C

Heat transfer tubeìmaximum service pressure 0.29 MPa (differential pressure) 

IHXìmain material 

2 1/4 Cr-1 Mo steel 

Hastelloy XR 

Items Specification 

Pressure  

Process gasÄSecondary helium gas 4.5.MPaÄ4.1.MPa

Temperature at steam reformer inlet  

Process gasÄSecondary helium gas 450˚CÄ880˚C

Temperature at steam reformer outlet  

Process gasÄSecondary helium gas 580˚CÄ585˚C

Natural gas feed 0.39.kg/s

Steam feed 1.56.kg/s

Circulating helium gas flow rate 2.52.kg/s

Mole ratio of steam to carbon (S/C) 3.5 

Stored LNG 96.t

Hydrogen production rate 4,246.Nm
3

/h

Heat source Reactor (10.MW)

Table.1.3� Design specifications of HTTR hydrogen production system 

Table.1.2� Major specifications of IHX

*ÏConditions for the hydrogen production plant in operation
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Fig..1.1� Structure of HTGR fuel assembly.
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Fig..1.3� Schematic flow diagram of HTTR hydrogen production system. 

Fig..1.2� Bird’s-eye view of HTTR hydrogen production system. 
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Fig..1.4� Cutaway view of the reactor pressure vessel and core of HTTR. 
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Fig..1.6� Cooling panels of the vessel cooling system around the reactor pressure vessel.
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Table.2.1� Process gas composition at each position 

Position B Position C Position D

 Flow rate Concentration Flow rate Concentration Flow rate Concentration

Gas species 	Nm
3

/h� 	Vol.%� 	Nm
3

/h� 	Vol.%� 	Nm
3

/h� 	Vol.%�

H
2
 153,725 32.50 188,151 61.29 181,834 68.47 

CO 35,664 7.54 1,238 0.40 0 0.00 

CO
2
 59,456 12.57 93,882 30.58 0 0.00 

CH
4
 21,711 4.59 21,711 7.07 22,949 8.64 

H
2
O 199,180 42.11 2,001 0.65 33 0.01 

N
2
 0 0.00 0 0.00 60,611 22.82 

The other gases 3,264 0.69 0 0.00 150 0.06 

Total 473,000 100.00 306,983 100.00 265,577 100.00

Table.2.2� Unit requirement of ammonia production using coal gasification 

Items Source Unit requirement Conversion rate to heat

Unit requirement 

converted to heat

Raw material Coal 1,280 kg-Coal/t-NH
3

*8,374 kJ/kg-Coal 2,980 kW
t
h/t-NH

3

Fuel Coal 1,290 kg-Coal/t-NH
3

28,470 kJ/kg-Coal 2,290 kW
t
h/t-NH

3

Power Electricity 625 kW
e
h/t-NH

3.
…...2.5 kW

t
h/kW

e
h 1,560 kW

t
h/t-NH

3

   Total 6,830 kW
t
h/t-NH

3

Table.2.3� Heat utilization ratio of secondary helium gas at each process 

Use items Ratio�%�

Coal gasification 27.8 

Steam generation 16.2 

Electric power generation 33.8 

Return 22.2 

Total 100 

*�This figure shows the thermal energy required for coal gasification with indirect heating.
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Fig..2.1� Comparison of coal gasification processes for ammonia production. 

Fig. 2.2� Effect of gasification temperature on gas composition. 

�Coal gasification process using fossil fuel�

Air Air compressor Air separator N
2
 compressor

O
2
 compressor

Coal CWS Gasification Rapid cooling CO conversion Acid gas removal Ammonia synthesis

Ash treatment Waste water 

treatment

�Coal gasification process using nuclear heat�

Air Air compressor Air separator N
2
 compressor

Effective use O
2
 compressor

Coal Pulverization Gasification Heat recovery CO conversion Acid gas removal Ammonia synthesis

Ash treatment

Secondary He inlet
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Fig. 2.3� Effect of gasification pressure on gas composition. 

Fig. 2.4� Effect of steam to carbon ratio on gas composition. 

Temperature.:.750E

Steam to carbon ratio.:.3
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Fig. 2.5� Flow diagram of the ammonia production plant with the coal gasification system using nuclear

heat.
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Fig. 2.7� Enthalpy diagram of secondary helium gas. 
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No. Name of modeled objects No. Name of modeled objects 

1 Reactor building 9 Steam reformer 

2 Spent fuel storage building 10 Steam generator and radiator 

3 Exhaust stack 11 Super heater 

4 Cooling tower 12 Cooling tower 

5 Cooling tower 13 Flare stack 

6 Cooling tower 14 Control center 

7 Cooling tower 15 HTTR laboratory building 

8 Machinery building 16 HTTR development building 

  17 Storage house 

  18 Storage house 

  19 IS laboratory building 

  20 Out-of-pile test facility 

  21 Attached building 

No. Name of modeled objects No. Name of modeled objects 

1 Reactor building 15 HTTR laboratory building 

2 Spent fuel storage building 16 HTTR development building 

3 Exhaust stack 17 Storage house 

4 Cooling tower 18 Storage house 

5 Cooling tower 19 IS laboratory building 

6 Cooling tower 20 Out-of-pile test facility 

7 Cooling tower 21 Attached building 

8 Machinery building   

Table 3.1$ List of modeled objects in the gas leakage and dispersion analysis 

Table 3.2$ List of modeled objects in the gas explosion analysis 
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No. Name of modeled objects 

22 Control center 

23 Cooling tower 

24 Secondary helium gas supply tank 

25 Secondary helium gas storage tank 

26 Secondary helium gas storage tank 

27 Feed water pump house 

28 Feed water acceptance tank 

29 Demineralized water tank 

30 Raw gas heater 

31 Separator 

32 Water seal tank 

33 Flare stack 

34 LN
2
 tank 

35 LN
2
 tank 

36 Evaporator 

37 Evaporator 

38 N
2
 compressor 

39 N
2
 surge tank 

40 Water refiner 

41 Water refiner 

42 Degasifier 

43 Chemicals feed tank 

44 Feed water tank 

45 Air compressor 

46 Air storage tank 

47 Hydrogen production plant main building (part a)

48 Hydrogen production plant main building (part b)

49 Hydrogen production plant main building (part c)

50 Hydrogen production plant main building (part d)

51 Radiator 

52 Grating 

53 Water pre-heater 

54 Cooler 

Table 3.3$ List of newly modeled objects in the gas explosion analysis 
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Fig. 3.1$ Simplified evaluation method for safe distance. 
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Fig. 3.2$ Relationship between the fire and explosion phenomena assumed in a HTGR hydrogen

production system and the position of the system components. 
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Fig. 3.3� Scenario of unconfined vapor cloud explosion��scenario 1). 

Fig. 3.4� Scenario of large-scale pool fire��scenario 2). 
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Fig. 3.5$ Detonation in the reactor containment vessel �scenario 3). 

Fig. 3.6$ Structure of P2A and procedures of the fire and explosion analyses with P2A based

on the three scenarios. 
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Fig. 3.7� Modeled domain and objects in the gas leakage and dispersion analysis (3D) of scenario 1. 

Fig. 3.8� Modeled domain and objects in the gas leakage and dispersion analysis (2D) of scenario 1. 
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Fig. 3.9� Cross sectional view of the leaked gas concentration distribution at. 76.0�z m (upper figure) 

and. 75.168�x m (lower figure) at 16.14 s after the initiation of the leak. 
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Fig. 3.10� Cross sectional view of the leaked gas concentration distribution at. 76.0�z m (upper figure)

and. 75.168�x m (lower figure) at 60 s after the initiation of the leak. 
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Fig. 3.11$ Cross sectional view of the leaked gas concentration distribution at. 76.0�z m (upper figure)

and. 75.168�x m (lower figure) at 120.92 s after the initiation of the leak. 
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Fig. 3.12$ Modeled domain and objects in the gas explosion analysis (3D) of scenario 1. 

Fig. 3.13$ Modeled domain and objects in the gas explosion analysis (2D) of scenario 1. 
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Fig. 3.14$ Newly modeled objects in the gas explosion analysis (3D) of scenario 1.

Fig. 3.15$ Newly modeled objects in the gas explosion analysis (2D) of scenario 1.
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Fig. 3.16$ Plan view of the initial concentration distribution of methane-air mixture on the ground

and ignition point. 

Fig. 3.17$ Time history diagram of overpressure at each gauge point. 
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Fig. 3.18$ Time history diagram of overpressure at each gauge point. 

Fig. 3.19$ Plan view of the maximum pressure distribution on the ground in each cell obtained through

the gas explosion analysis. 
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Fig. 3.21� Modeled domain and objects in the atmospheric current analysis of scenario 2.
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Fig. 3.22$ Wind velocity distribution at 240 s after the initiation of the fire, raging from

1.64×10
�2

 to 11.7.m/s.

Fig. 3.23$ Modeled domain and objects in the gas leakage and dispersion analysis of scenario 3.
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Fig..3.24$ Cross sectional view of the leaked gas concentration distribution at 15.3�x m at 0.1sec

after the initiation of the leak, raging from 2.82 to 100 mass %.

SPWC

IHX

z

y

x

Leak

position

PPWC

AHX

Concrete

Fig. 3.25$ Modeled domain and objects in the gas explosion analysis of scenario 3. 

SPWC

PPWC

(a) Gas region (b) Structures 

y

x

z

IHX

�Ignition point

�������������������

����



Fig. 3.27$ Effective plastic strain distribution of structures in the containment vessel at 300.ms

after the ignition. 
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Fig. 3.26$ Distribution of the initial concentration (internal energy) of methane-air mixture. 
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Table 4.1� Experimental conditions 

Case

No.

Gas

Gas concentration 

(vol.%)

Configuration Ignition source 

1 NG�Air 9.5X1 With obstacle Spark 

2 Methane�Air 9.5X1 With obstacle Spark 

3 NG�Air 9.5X1 Without obstacle Spark 

4 NG�Air 9.5X1 Without obstacle 10.g C-4 

5 Methane�Air 9.5X1 Without obstacle 10.g C-4 

6 NG�Air 4.5X0.1 With obstacle Spark 

7 NG�Air 7.2X0.1 With obstacle Spark 

8 NG�Air 8.8X0.1 With obstacle Spark 

9 NG�Air 13.1X0.1 With obstacle Spark 

*1 Air x Without obstacle 10.g C-4 

*2 H
2�Air 30 With obstacle Spark 

*3 H
2�Air 30 Without obstacle 10.g C-4 

Table 4.2� Distance from the ignition point to sensors 

Distance from ignition point (m) Distance from ignition point (m) 
Sensor 

No.
Case.1, 2, 6, 7, 8, 9 Case 3, 4, 5

Sensor 

No.
Case.1, 2 Case.6, 7, 8, 9 Case 3, 4, 5

P1 0.931 0.75 Ion 1 0.932 0.051 0.8 

P2 1.025 0.85 Ion 2 1.025 0.102 0.9 

P3 1.025 0.95 Ion 3 1.025 0.254 1.0 

P4 1.311  Ion 4 1.312 0.508  

P5 0.926  Ion 5 0.926 0.762  

P6 11 Ion 6 0.537 1.016  

P7 21 Ion 7 1.296 1.524  

P8 41   

.......*1MExplosion of only 10 g C-4. 

*2�*3MH
2
 experiments by IAE
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Fig. 4.1� Tent and obstacle design for experiments with the obstacle. 
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Fig. 4.2� Tent design for experiments without the obstacle, and the locations of sensors and

an ignition point. 
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Fig. 4.3� Locations of sensors and an ignition point for experiments with the obstacle. 
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Fig. 4.4� Pressure measurement locations in the free-field. 
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Fig. 4.5� Picture of the obstacle, the tent flame and some sensors on the test pad. 
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Fig. 4.6� Relationship between distance from the ignition point and maximum peak overpressure

for the obstacle experiments ignited with a spark. 
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Fig. 4.7� Relationship between distance from the ignition point and maximum peak impulse

for the obstacle experiments ignited with a spark. 
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Fig. 4.8� Relationship between distance from the ignition point and TOA for the obstacle experiments

ignited with a spark. 

Fig. 4.9� Relationship between distance from the ignition point and maximum peak overpressure

for the no-obstacle experiments ignited with a 10 g C-4 explosive. 
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Fig. 4.10� Relationship between distance from the ignition point and maximum peak impulse

for the no-obstacle experiments ignited with a 10 g C-4 explosive. 

Fig. 4.11� Relationship between distance from the ignition point and TOA for the no-obstacle experiments

ignited with a 10 g C-4 explosive. 
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Fig. 4.12� Time history diagram of the overpressure and impulse at P2 of Case 8. 

Fig. 4.13�  Time history diagram of the overpressure and impulse at P6 of Case 8. 
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Fig. 4.14� Analytical domains for gas explosion analysis and blast analysis. 
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Fig. 4.15� Comparison of experimental results and analytical results for maximum peak overpressure.
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Fig. 4.16� Comparison of experimental results and analytical results for maximum peak impulse. 
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Fig. 4.17� Acceleration of flame speed in the numerical analyses for Case 7 and Case 8. 
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Fig. 4.18� Comparison of experimental results and analytical results for the transient overpressure

at P2 of Case 8. 

Fig. 4.19� Comparison of experimental results and analytical results for the transient overpressure

at P2 of Case 8. 
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Fig. 4.20� Comparison of experimental results and analytical results for the transient overpressure

at P6 of Case 8. 

Fig. 4.21� Comparison of experimental results and analytical results for the transient overpressure

at P6 of Case 8. 
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Table 5.1� Design specifications of mock-up test facility 

Items Specification 

Pressure  

Process gas�Secondary helium gas 4.5.MPa�4.1.MPa

Temperature at steam reformer inlet  

Process gas�Secondary helium gas 450˚C�880˚C

Temperature at steam reformer outlet  

Process gas�Secondary helium gas 600˚C�650˚C

Natural gas feed 0.012.kg/s

Circulating helium gas flow 0.091.kg/s

Mole ratio of steam to carbon (S/C) 3.5 

Hydrogen production rate 110.Nm
3

/h

Heat source Electric heater (0.42.MW)
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IHX

Reactor

SG

Primary helium gas

H2, CO, CO2

H2O

SR

Secondary helium gas

�������	
����

(2) Assurance of structural integrity

     Control of pressure difference

     between helium and process gases

(1) Mitigation of thermal disturbance to reactor

     Control of helium gas temperature at SG outlet


CH4

Natural gas feed line

Steam 

feed line

Product gas combustion line

Helium gas loop

Nitrogen gas feed line

�
��

�

�

�

��

SR

Preheater

Electric heaterCirculator

Flare stack

Pump

LN2 tank

LNG tank Pump

Pump Evaporator

Evaporator Surge tank

Water tank

Radiator

Steam

Super heaterSG

Cooler

Surge tank

Pressure

difference

control

Pressure control

Water level

control

Cooler

Tank

Filter

Pressure gauge

Pressure difference gauge

Level gauge

Raw gas

Super heater

Fig. 5.2� Schematic flow diagram of the mock-up test facility.

Fig. 5.1� Control technology required for HTTR hydrogen production system. 
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Fig. 5.3� Test conditions of flow rate change by step input. 
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Fig. 5.5� Step responses of flow rates, hydrogen production rate, pressure difference and helium gas

temperatures for Case 2. 
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Fig. 5.6� Step responses of flow rates, hydrogen production rate, pressure difference and helium gas

temperatures for Case 3. 
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Fig. 5.7� Time history diagram of SG pressure and water level for Case 3. 
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Fig. 5.8� Flow chart of HAMBAC. 
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Fig. 5.10� Comparison between test results and analytical results on step responses of hydrogen

production rate, pressure difference and helium gas temperatures for Case 3. 
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Table 6.1� Experimental conditions 

Heat input (kW) 

Gas

Water cooling Air cooling 

2.99 0.90 

4.95 1.69 

7.56 2.67 

10.93 3.86 

14.60 5.22 

Vacuum 

He

N
2

 6.95 

Table 6.2� Range of the average heating and cooling wall surface temperatures 

Average heating wall surface temperature.

�˚C�

Average cooling wall surface temperature.

�˚C�Gas

Water cooling Air cooling Water cooling Air cooling 

Vacuum 296.2G562.3 168.5G388.5 49.1G133.5 40.6G133.1

He 201.9G513.4 101.8G375.1 46.2G125.1 33.7G142.6

N
2
 258.7G538.1 125.6G403.9 51.5G130.1 34.0G152.2
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Table 6.3� Relationship between Ra(l) and Nu(l) for each temperature 

T
1

T
2 T

1
�T

2
T
R
 Ra(l) Nu

t
(l) Nu

c
(l)Case

No. �˚C� �˚C� �˚C� �˚C� kñl kñl kñl

kExperimentl        

1 201.9 46.2 155.7 142.7 5.40�10
7

99.0 56.4 

He 2 291.3 66.2 225.1 205.8 4.19�10
7

102.2 44.3 

Water cooling 3 366.6 82.6 284.0 258.7 3.33�10
7

115.2 41.9 

 4 444.8 103.7 341.1 315.2 2.55�10
7

129.2 37.1 

 5 513.4 125.1 388.4 365.8 2.02�10
7

143.4 31.9 

 6 101.8 33.7 68.1 75.9 5.09�10
7

77.3 47.6 

He 7 155.6 51.2 104.5 115.9 4.85�10
7

87.6 50.2 

Air cooling 8 213.8 70.3 143.5 159.3 4.19�10
7

92.9 46.1 

 9 270.9 92.3 178.6 203.0 3.41�10
7

100.9 42.9 

 10 322.6 116.0 206.6 244.1 2.74�10
7

111.4 41.6 

 11 375.1 142.6 232.6 286.8 2.17�10
7

124.8 41.1 

 12 258.7 51.5 207.2 180.0 3.04�10
9

402.1 108.2 

N
2

13 323.4 66.8 256.7 225.9 2.47�10
9

498.4 135.7 

Water cooling 14 398.4 84.8 313.7 279.2 1.95�10
9

578.3 124.1 

 15 474.2 107.8 366.4 335.0 1.50�10
9

667.6 103.3 

 16 538.1 130.1 408.0 383.0 1.21�10
9

758.8 87.7 

 17 125.6 34.0 91.6 90.8 3.52�10
9

325.0 137.4 

N
2

18 186.9 52.6 134.3 135.9 3.09�10
9

379.7 140.8 

Air cooling 19 245.9 74.0 171.9 180.6 2.51�10
9

431.1 133.0 

 20 305.2 100.6 204.6 227.5 1.94�10
9

486.1 116.2 

 21 355.6 127.6 228.0 269.0 1.53�10
9

556.9 114.8 

 22 403.9 152.2 251.6 308.3 1.25�10
9

638.7 121.4 

kAnalysisl         

1 47.4 29.0 18.4 40.4 2.20�10
7

55.0 31.9 

He 2 62.0 29.3 32.7 49.6 3.45�10
7

60.4 36.0 

Water cooling 3 98.6 30.3 68.3 72.6 5.33�10
7

68.7 40.7 

4 129.5 31.2 98.3 92.1 6.02�10
7

73.6 42.2 

5 147.7 31.8 115.9 103.7 6.19�10
7

76.2 42.7 

6 223.5 35.0 188.5 151.9 5.94�10
7

86.0 42.5 

7 371.9 44.4 327.4 247.5 4.21�10
7

107.2 38.6 

8 469.0 53.9 415.1 311.2 3.20�10
7

124.9 35.5 

9 601.7 72.8 528.9 400.7 2.19�10
7

155.8 31.3 

10 695.9 91.6 604.2 466.2 1.67�10
7

183.2 28.7 

11 812.5 123.0 689.6 550.5 1.18�10
7

224.3 25.8 

12 53.2 29.0 24.2 44.0 1.71�10
9

239.9 99.2 

N
2

13 72.7 29.3 43.3 56.2 2.60�10
9

262.8 112.2 

Water cooling 14 118.9 30.3 88.6 85.2 3.65�10
9

301.3 124.8 

15 176.6 31.9 144.8 121.6 3.89�10
9

342.2 128.2 

16 258.8 35.0 223.8 173.8 3.49�10
9

402.0 124.4 

17 406.5 44.5 362.0 268.9 2.44�10
9

537.7 113.4 

18 499.6 54.0 445.7 330.3 1.89�10
9

646.2 105.4 

19 626.4 72.8 553.6 416.0 1.33�10
9

828.7 95.2 

20 829.3 122.9 706.4 560.9 7.60�10
8

1220.2 80.6 

21 1050.0 216.6 833.4 733.3 4.07�10
8

1820.0 65.4 

22 1153.9 278.2 875.6 821.1 3.01�10
8

2180.3 56.8 
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Fig. 6.1� Schematic drawing of the experimental apparatus. 

Fig. 6.2� Analytical model and boundary conditions. 
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Fig. 6.3� Temperature distributions on the wall surfaces for the experiments with a heat input of 14.60 kW.

Fig. 6.4� Relationship between average heating wall surface temperature and the ratio of heat transferred

by thermal radiation to total heat. 
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Fig. 6.5� Relationship between Ra(l) and Nu(l) in the experiments with He. 

Fig. 6.6� Relationship between Ra(l) and Nu(l) in the experiments with N
2
.
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Fig. 6.7� Relationship between average wall surface temperature and heat input in the experiments with N
2
.

Fig. 6.8� Comparison of the calculated temperature distributions on the heating and cooling wall surfaces

with the experimental ones of N
2
.
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Fig. 6.9� Comparison between the experimental and analytical radiative heat fluxes on the heating wall

surface for the water cooling. 

Fig. 6.10� Relationship between Ra(l) and Nu(l) in the numerical analyses. 
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Fig. 6.11� Comparison of Nu
t
(l) evaluated from the experiments, the numerical analyses and Eq..(6.10).

Fig. 6.12� Schematic cross sectional view of the RPV and cooling panel of the HTTR. 
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Fig. B.1 Basic mechanism of a gas explosion. 
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Table C.1� Examples of source term S
�
 in eq..�C.1�

�� Conserved quantity S
�

1 Mass 0 

u, v, w.�ui� Momentum

i

x

p

�

�

�

h Enthalpy F

Dt

Dp

�

k Turbulent kinetic energy ���

k

G

�� Turbulent kinetic energy dissipation rate � �

k

CGC
k

�

��
21

�

c
1#c

10
Chemical species concentration 0 
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