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A Study on Hydrogen Explosion Risk and PAR Structure
in Containment Building During Severe Accident

Myeong Rok Ryu

Department of Mechanical Engineering
Graduate School of
Korea Maritime and Ocean University

Abstract

A massive earthquake of Richter scale 9.0 followed by a tsunami with waves of 10 to
14m struck the Fukushima Daiichi(FD) nuclear power plant operated by Tokyo Electric
Power Company(TEPCO). The power of nuclear power plant was lost, so cooling systems did
not operate, and then the accident of hydrogen explosion was occurred. Due to this

accident, the hydrogen explosion in severe accident was concerned again.

The hydrogen must be effectively controled or removed for defending the hydrogen
explosion, but because of various accident causes and irregularity of hydrogen distribution

and behavior, preparing countermeasure for explosion risk reduction is difficult.

In this study, the explosion risk according to hydrogen behavior in severe accident is
evaluated, and the new structure of PAR is proposed and analyzed, hydrogen explosion is
simulated using the previews results and analyzed at the specified locations in the
containment building. Flames and pressure propagations are discussed, and the effect of the
pressure impact on a wall in analyzed. The result shows that the high pressures impact on
the building wall in the cases of the top and the bottom explosions. A multi-step PAR is
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proposed and analyzed. The distant between catalysts in firstly tested, and the analysis
shows the distant 100mm is the best performance. Then two-step and three-step PAR are
simulated and the results are compared with the results of the single step. The multi-step
PAR reduces the spontaneous ignition problem and increases the hydrogen reduction rate
radically. Two catalyst shapes of crossover and hexagon are proposed and analyzed, and the
results are compared with those of conventional honeycomb. Hexagon shapes shows the best
performance. As the outer structure of PAR, the guide vane is proposed, and studied. The
vane having 150mm hight, 60° angle and attached between vane and catalyst is the best in
the case of upward flow. The structure of 150mm hight, 100mm distance and 60° angle is
the best in the sideward case, and the structure of 50mm hight, 60° angle and direct
attached is the best.

KEY WORDS: Severe accident, Hydrogen explosion, Hydrogen flow, PAR,
Spontaneous ignition, Hydrogen reduction rates
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Fig. 2.1 Calculation model

Fig. 2.2 Calculation mesh
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k28] AERIZE 4 30%, 28 10%, &7] 60%°]aL P Point SollAe T4
20%, =" 30%, 371 50%, Point 6ol X+ 4~ 20%, 2% 20%, 371 60%, Point 8ollA+=
T4 3B%, 2" 10%, 371 57%Cth 4FEH! Point 149 agFS 300003
o]Fof AlZto] Aol we} FVHEC R FA F AHEIBKkY S 20%, 40%, 60%, 80%A

0g sHzdon Agar.

o

Table 1 Calculation conditions

Conditions

Combustion Volume fraction(%) Hydrogen

Cases :
area Hydrogen Air Steam | mass(kg)/percent(%)

Case 1 107.6/20
Case 2 . 215.2/40
Case 3 Point 1 30 60 10 322.8/60
Case 4 430.4/80
Case 5 Point 5 20 50 30 129.46
Case 6 Point 6 20 60 20 129.46
Case 7 Point 7 30 60 10 194.2
Case 8 Point 8 33 57 10 62.3
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Fig. 2.5 Combustion product and pressure propagation in the case of hydrogen mass
107.6kg(20%) at Point 1
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Fig. 2.6 Combustion product and pressure propagation in the case of hydrogen mass
215.2kg(40%) at Point 1
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Fig. 2.7 Combustion product and pressure propagation in the case of hydrogen mass
322.8kg(60%) at Point 1
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Fig. 2.8 Combustion product and pressure propagation in the case of hydrogen mass
430.4kg(80%) at Point 1
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XZ plane, Y=-0.3 m XZ plane, Y=-0.3 m

0.5s 2.9s

(@) Combustion product distribution
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Above 20

Bzlow 0 Job=010008. Var=P (barg). Time=  0.438 ().
XZ plane, Y=-0.3m

0.34s

Above 20

XZ plane, Y=-0.3m

0.37s

(b) Pressure propagation

Job=010008. Var=P (barg). Time= 0.454 (s)
XZ plane, Y=-0.3m

0.35s

Job=010008. Var=P (barg) Time=  1.900 (s
Below 0 Job=010008. Var=P (barg) Time=  0.471 (s) XZ plane, Y=-0.3m ©ero) ©

1.8s

Fig. 2.9 Combustion product and pressure propagation in the case of hydrogen mass

129.46kg at Point 5
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Above 033

T
30 20

piane, Y=0.3 m XZ plane, Y=-0.3 m

0.1s

Below 0.00  Job=010009. Var=PROD (-). Time= 0.101 (s) Job=010009. UVaf:F’ROD (). Time="0.700 (s).
xz 3

0.7s

30

Below 0.00 Job=010009. Var=PROD () Time= 0751 (s).
XZ plane, Y=-0.3 m

XZ plane, Y=-0.3 m

0.75s

(@) Combustion product distribution
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Job=010009. Var=PROD (). Time= 2.174 (s).

2.17s



Above 10.0

100

Below 0.0 Job=010009. Var=P (barg). Time=  0.709 (s} b 00D, s NS T 015 % )
KZplans, Y=0.3m X2 plane, Y=-03 m

0.61s 0.65s

Above 10.0

100
95
a0
a5
80
T8
70
65
60
55

45
40
35
30
25
20
15
10
05
0.0

Below 0.0 Job=010009. Var=P (barg) Time= 0842 (s) Job=010009. Var=P (barg). Time= 2174 (s).
X2 plane. Y=0.3 m X2 plane. Y=03m

0.74s 2.07s
(b) Pressure propagation

Fig. 2.10 Combustion product and pressure propagation in the case of hydrogen mass
129.46kg at Point 6
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Above 0.33

0.32
0.30
0.28
0.26
0.24
022
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

T T
T
30 20 -10 2o 20

Below 0.00 Job=010010. Var=PROD (-). Time= 0.100 (s).
XZ plane, Y=-0.3 m

Job=010010. Var=PROD (-). Time= 0.371 (s).
XZ plane, Y=-0.3 m

0s 0.27s

Above 0.33

0.32
0.30
0.28
0.26
0.24
022
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

T T T !
-30 -20 -10 -30 -20
Below 0.00

Job=010010. Var=PROD (-). Time= 0.500 (s) Job=010010. Var=PROD (-). Time= 2.818 (s)
XZ plane, Y=-0.3 m XZ plane, Y=-03 m

0.4s 2.7

(@) Combustion product distribution
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Above 30

30
28
26

24

Job=010010. Var=P (barg). Time=  0.369 (s)
XZ plane, Y=-0.3 m Job=010010. Var=P (barg). Time= 0.392 (s)

XZ plane, Y=-0.3 m

0.27s 0.29s

Above 30
85

30
28
26

24

-30

Job=010010. Var=P (barg). Time= 0.405 (s)
Below O XZplane, Y=-03m Job=010010. Var=P (barg). Time= 0.700 (s)
XZ plane, Y=-0.3 m

0.3s 0.6s
(b) Pressure propagation

Fig. 2.11 Combustion product and pressure propagation in the case of hydrogen mass
129.46kg at Point 7
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0.32

030

0.28
026
0.24
022

0.20

o.10

o
B

0.00

Below 0 00 Job=010011. Var=PROD (). Time= 1.599 (s)

KZ plane. Y=-0.3 m XZ plane, Y=-0.3 m

0.1s

Above 0.33

0.32

030

0.28
026
0.24
022

0.20

o.10

o
B

Job=010011. Var=PROD (-).

1846 (s)

0.35s

0.00

Below 000 Job=010011. Var=PROD (-). Time= 1.903 (s)
XZ plane, Y=-0.3 m

0.4s

(@) Combustion product distribution
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Job=010011. Var=PROD (). Time= 2432 (s)
X2 plane. Y=-0.3 m

0.93s



Below 0.00 Job=010011. Var=P (barg). Time= 1.671 (s}, Job=010011. Var=P [barg). Time=  1.846 is).
XZ plane, ¥=-03 m ¥Z plane, ¥=-0.3 m

0.07s 0.25s

Above 0 50

Below 0 00 Job=010011. Var=P {barg). Time= 1.967 (s). Job=010011. Var=P (barg). Time= 2432 (s).
XZ plane, Y=-03 m XZ plane. Y=-03 m

0.37s 0.83s
(b) Pressure propagation

Fig. 2.12 Combustion product and pressure propagation in the case of hydrogen mass
62.3kg at Point 8
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Fig. 2.13 Monitoring points
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Fig. 2142 F-FollA F8 Al 549 o] 20%, 40%, 60%, 80%<! Case 1, 2, 3,
49] Iy zE =4 =% MPMonitor Point) 1, 10, 119 thste] Yebd Ao|th 20%2]
A5 AdgEol e AddE LEE AHolA lébargE @S 4Es Yehfa
0% 75 AddEs LBE AHoA HUYE 20barg7t yERATE 60%9 A4

QEE Aol Tobarg= W% =2 ke HERITH

MP1
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Time(s)

(@) Case 1(20%)

MP1
MP10
16 MP11

Pressure(barg)

| ik
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Time(s)

(b) Case 2(40%)
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60

MP1
MP10
50 MP11

55

45-

40

35

30+

Pressure(barg)

25

20+

E / “‘)-Y/l“\,/\zv

T
0.0 05 1.0 15 2.0 25 3.0 35 4.0 45 5.0

Time(s)

(c) Case 3(60%)

MP1
MP10
MP11

Pressure(barg)

/'tg/v
T T T T T T T — T -

0.0 0.5 1.0 1.5 20 25 3.0 35 4.0

Time(s)

(d Case 4(80%)

Fig. 2.14 Impact pressure variations when combustion takes place in the top of the

containment
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Fig. 2. 152 stEgHollA & A] Case 5, 6, 79 4™ THZE MP 6, 7, 8ollA]
Uebd Zlolth Case 59 A9 AGUE 5 dHtolA Hd ¥ 17.5barg7t =M
Case 69 A9 AGAE st SYolA HHAY 24barg—~ ekt Case 79 7%
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(b) Case 6 at MP 6
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MP8

k T
0.0 0.5 1.0 1.5 2.0

Time(s)

(c) Case 7 at MP 8
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0.104

0.05+
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(d Case 8 at MP 9

Fig. 2.15 Impact pressure variations when combustion takes place in the bottom of

the containment
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Ansys WorkbenchE o] &3t Z+ Caseold Huldglo]l Uehs HEA
AGAES] & dolrttt AddEe] "#Hd & FAYHEE vXA &= Case
6,82 At Hlwz & ¢S mAE Case 14, 5, 79 Aol thate] AGAE
HHo| n2= Y3ke AESYTE Case 14+ AGAE X QEZJ #HS F91
Case 5= 3} LEZ0], Case 7S sH5 Y& S FUch AAF 248 Table 29+
2t d=EHS ek AZRE 0.2%0]3 0.1x B<F 004 Hod=EzrA 22k 0.1%
B9 002 "o A F=AH

Table 2 Calculation conditions
Time(s) Pressure(MPa)
Case 1 Case 2 Case 3 Case 4 Case 5 Case 7
0.0 0 0 0 0 0 0
0.1 0.16 2 6 7.5 1.75 2.5
0.2 0 0 0 0 0 0
- 42 -
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Fig. 2162 5ol F&¢ Al Case 1, 2, 3, 49
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4% Ar)
etk

1.4383eH Max
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(c) Case 3(60%)

Fig. 2.16 Stress distribution
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(b) Case 2(40%)
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(d) Case 4(80%)

in the cases of the top of the containment

_43_
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(a) Case 5 (b) Case 7

Fig. 2.17 Stress distribution in the cases of the bottom of the containment
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A 3% PARS Fzd B2 A% 34

31 87 7d 9 AL =4

——4v . (pUs U)=—v p+v - T o (3-D

r=pv U+ 0"~ 257 - D) (32

CERI R

%#Lv - (pUh)=v - (A\v D)+71:v U+S, (3-3)
W FA 4R SST(Shear Stress Transport) ¢ Z@-S ARE3FATH

- ut (3-0
’Ut - = —

max (a,w, 2F,) max(a, (Z—U)Fg
F, = tanh(arg}) (3-5)
k
arg, = max (2 0 [\)/9:)y ) 502?5) (3-6)
) Y

q4714 Us £E9H, §,& 2% B4, & 8 dA, TS =5, 62
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3.1.2 ALt =4

AFH AEHoldS 8l I=d A5 FuiA FARAERTIPARS W, 95 Fde]
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29 33t ICEM CFDE AAS 4% & ANSYS CFXE ai4<S 3%t Fig
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50mm 100mm 200mm 300mm

(a) Distance between catalysts

1-step 2-step 3-step

(b) Number of steps

Cross over Hexagon

(0) Catalysts shapes

Fig. 3.18 PAR inside structures

_49_

/Collection @ kmou



19 Calculation grids

3

o

_50_

'Collection @ kmou

r

_,Jx.,.w.w_



50mm 100mm 150mm

-

(@) Guide height

m
Omm 50mm

(b) Guide distance

100mm

AR _ 0. e

30° 60° 120° 150°
(0) Guide angle

Fig. 3.20 Structures of the guide
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Fig. 3.21 Calculation mesh
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Table 3& PAR Ul Suji &4 Alxl 24S Yepdoh 3= I% S0 $4
A A%7I(PAR)S] Honeycomb ¥/ ZHuHEE 2d@o=Z o] FHujEzE Azl 50, 100,
200, 300mm= H < W} SujFe AE 2, 3FoE UFe o, Fuji A4S
Honeycomb, Cross over, Hexagon®@ 0.2 WrRle o 7] 4% 2, 4, 6, 8, 10, 12%

oA si4E s3stAT

w

Table 3 Cases on catalyst shapes

Initial hydrogen
[tems .
concentration(%)
50
: 100
Distance(mm) 200
300
1
Shapes Number of 5 2.4,6,8,10,12
catalyst 3
Honeycomb
Shapes Cross over
Hexagon
Ambient Pressure(bar) 1
conditions | Temperature(K) 300
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Table 4& PAR 9|3 7to|= @4 A4t 27¢ Yehdth 28k S} PAR WRaE4<
71Roz offe] 7lo|EE FAeGit: kel wol(=7]) 50, 100, 150mm, Zwji-oke)
78 0, 50, 100mm, 7Fol= Zk= 30, 60, 120, 150° & uHo} <5 lm/s o) wlghe]

wsE 0, 90, 180° oA 3A-E ST

Table 4 Cases on guide shapes

Guide Guide Guide Flow Flow

height(mm) | distance(mm) | angle(’) | velocity(m/s) | directions(’)

Base 0 0 0 1 0, 90, 180
Case 1 50 50 30 1 0, 90, 180
Case 2 100 50 30 1 0, 90, 180
Case 3 150 50 30 1 0, 90, 180
Case 4 150 0 30 1 0, 90, 180
Case 5 150 50 30 1 0, 90, 180
Case 6 150 100 30 1 0, 90, 180
Case 7 150 100 30 1 0, 90, 180
Case 8 150 100 60 1 0, 90, 180
Case 9 150 100 120 1 0, 90, 180
Case 10 150 100 150 1 0, 90, 180

- 54 -

Collection @ kmou



32 ¥ 7= H4 % 12

W&ol o A Wb Pldde g4 AL fsie Wrket £ ARE BUh
Ak Fig. 322 4 APEEE fsl= B7F Wile dvehith i ALEL 7hsd
Ao AHEE A= dvol%olal & FEHhot surface)o] e 49 =9 3§}
A= 913.15Ke|th(Ha, 2008) & ATolA & T flei=g Hrishs WHlo= =
TR MFE i xS olst YA FAN} 25 stetA oldd el FAB)
£ ASsto] At 7bed 12 IFE 5
of ojgt FaFE Hsles BT o4 AtE W) WS PARYT el 3

Hydrogen explosion risk =« B-A
A B

913.15K

Hydrogen Temperature

Fig. 3.22 Evaluation criteria for possibility of spontaneous ignition
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3.2.2 o= A

Fig. 3.232 FulF-9] 77t 20Y of SuFE7Ee] AZlE 50mm EHAES o F49) &
T B2 E Yepd Aotk 49 A5 0%FE 4%7kA2] contour® UERHAIL 25
Z7]

o] 7% 300KH-E 913.15K7kA19] contour2 YERASITE Ad} 7bs 4 FYe
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AR oA Zoj el 40 A9 6%5E UEREAT 259 A9 12%
£ gol7tof A3l 7k @Ho] YEehdT
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HMHWP AR
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(a) Hydrogen concentration
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i 1 1 1B
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|
I
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|
I

(b) Temperature distribution

Fig. 3.23 Hydrogen concentration and temperature distribution of catalyst gap
distance 50mm
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Fig. 3.245 ZulR7k A7} 100mme ) $49} &5 ExE Jehdth s 715

=

9L 27] & FEF 6%FEH A HA SR RS AAsta 2529

ERN
A% 8%E U] AR F ws) wﬂToﬂ N o] A9 6%5E EhlA)
W emo] A9 12%E dolrlok A 7k 9ol Uehdry,
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(b) Temperature distribution

Fig. 3.24 Hydrogen concentration and temperature distribution of catalyst gap
distance 100mm
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258 EujR7E Ak 200mme W e S5 REES eItk AU Tk
| At 6%7E R WAl SHRA fRES AXET L=
71

AR T A iﬂH%OﬂHt o] 79 6%5E et

12%% dol7lok A3} 7hs o] vehdc,
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(a) Hydrogen concentration

e

2% 4% 6% 8% 10% 12%
(b) Temperature distribution

Fig. 3.25 Hydrogen concentration and temperature distribution of catalyst gap
distance 200mm
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W2z A7k 300mme W Fadt &5 EEE yehich AEs} 7bs
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(a) Hydrogen concentration
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(b) Temperature distribution

Fig. 3.26 Hydrogen concentration and temperature distribution of catalyst gap
distance 300mm
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Fig. 3.27 Spontaneous combustion area with gap distance variation
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Fig. 3282 A23) 71 7] A% F4 ALES ekt s 715
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Fig. 3.28 Initial hydrogen volume percentage for spontaneous combustion and

hydrogen reduction rates
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Fig. 3.29 Hydrogen concentration and temperature distribution of 1-Step catalyst
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Fig. 3.30 Hydrogen concentration and temperature distribution of 2-Step catalysts
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Fig. 3.31 Hydrogen concentration and temperature distribution of 3-Step catalysts
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Fig. 3.33 Initial hydrogen volume percentage for spontaneous combustion and
hydrogen reduction rates
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Fig. 3.34 Hydrogen concentration and temperature distribution of cross over type

_67_

Collection @ kmou



Fig. 3.35& Hexagon &9 &£&59 ¢4 &
Z7] FaEETF 6%FEH FujRolA Yehual 259 7 10%F-E e

bl
it
i
o
Y
)
_>|~1_‘
(UE
ot
N
(ool
i
o
of2
12
rlo

2% 4% 6% 8% 10% 12%

(a) Hydrogen concentration

2% 4% 6% 8% 10% 12%

(b) Temperature distribution

Fig. 3.35 Hydrogen concentration and temperature distribution of hexagon type
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Fig. 3.36 Spontaneous combustion area with structure shpae variation
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Fig. 3.37 Initial hydrogen volume percentage for spontaneous combustion and

hydrogen reduction rates
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(d) Guide angle

Fig. 3.39 Flow behavior upward flow
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Fig. 3.40 Induced area on upward flow
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Fig. 3.41 Induced hydrogen flow rate
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(d) Guide angle

Fig. 3.42 Flow behavior sideward flow
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Fig. 3.43 Induced area on sideward flow
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Fig. 3.44 Induced hydrogen flow rate
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(d Guide angle

Fig. 3.45 Flow behavior downward flow
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Fig. 3.46 Induced area on downward flow
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