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Abstract

Hydrogen is emerging as a next-generation energy source and development and sup-
ply of FCEV (hydrogen fuel cell electric vehicle) is expected to occur rapidly. Accor-
dingly, measures to respond to hydrogen car accidents are required and researches on
the safety of hydrogen cars are being actively conducted. In this study, In this study,
we developed a hydrogen car accident scenarios suitable for domestic conditions for
the safety evaluation of hydrogen car in road tunnels through analysis of existing
experiments and research data and analyzed and presented the hazard distance accor-
ding to the accident results of the hydrogen car accident scenarios. The accident results
according to the hydrogen car accident scenario were classified into minor accidents,
general fires, jet flames and explosions. The probability of occurrence of each accident
results are predicted to be 93.06%, 1.83%, 2.25%, and 2.31%. In the case of applying
the hydrogen tank specifications of FCEV developed in Korea, the hazard distance for
explosion pressure (based on 16.5 kPa) is about 17.6 m, about 6 m for jet fire, up to 35
m for fireball in road tunnel with a standard cross section (72 m?).

Keywords: FCEV accident scenario, Jet flame, Fireball, Hydrogen explosion, Hazard
distance
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Apzo] ek 2442 Foll Rl dolA] paat P B7HE ffste] Ul Aol S AR ARIAIUE @ E St

FLom, FATFARIAY] @ o) A Ao iRt SR AE 4] - AXSITE ARt ARTA U Qof| whE A AT}

= 73n[gh Al dRkek, Al ESIY, Z 2 SRR, ZEZko] WSR-S 93.06%, 1.83%, 2.25%, 2.31%2 dI5H Tt
FHFGHH(72 m?) 9] =2 E A el A Al pARfgo] AR A NS A 8ok= 79, Ardate] mE 913

Ael= ZTY] 7B F17.6 m (FLRE 16.5 kPa7155), AIEREL °F 6 m, mololE @ dol the A7 2= 2 35
m= A E] e

FRO|: FAAFARIAE] 2, HESHY, mlololE, o} 2, 9194712

1.ME

TAe 2 AR h o2 B2 R Q) 0| 4=4-xKHydrogen fuel cell electric vehicle, FCEV)7iE & &
Fol FEER o|Fo|d Z o0& oy JErt. oo izt Abare] th-3-57] SRt o] glglo] @Y glom &
5], B'gx} 22 W u| g tol| A SpAezte] QEE Aol thgh A=t Ee] ZsiE] a7 Qlrk

U= 20199 19 <A A /9t 2uqp o sk o, ot by les Sk Q= 7S
Z-goto] patet AHMAE o Fo02 PAZAIE AT 4 U AFEAE 752 Algskal jloH,
A= 2013 AlA] 22 4 H71ZHNEXO0)E 945k 202100 @A) 19,170tE EE35111, 2040
A7k2] 505 A4 ES 50k A" okl UTHMOTIE, 2019).

T mEﬂ 37191 1/14= t7] oA FE5he 7%, FEoll ool G4t /d=5-oto] M= Shite] 7] w)
2ol ohe AmErt 2d2 o = QPHsith, oL, i JJ el d=]7+0.011 mI 2 oF Wil 7H st |
147}4~75 vol%= Tl 57| wiizol| Bf A= ol H|sto] ok 71s/do] 2™ (Lee and Ryu, 2022), 7] FollA]
St o] Huhe(2F2.7-3.5 m/s) W HEZH119.9 Mi/kg)©] 27| o]l okeh= 74-7-oll= & (Deflagration)
o} ZHl(Explosion)& ¢.0Z 7hs do] vll$- &t} 55, €] % Zito] AlREA 1 ¥ el g7to |t Aol A=
TSP Al Fio] 912 AZslld 7Hs/do] =t ofof wie, partRhe ARA T AFg A oA Bt
ofet Al = IRt At pfjofl mE Qb gl thisl] 712 9 AFS] A Thilo] ST Q= A7l B9, H
g2 g Ul A Al A719] ghito] AlgtE]7] wlzel] R Sk -E QoA B Al S AAlske
5 ofal 9o, pAaxpe] Stjjof whe F7F4]o] SRR/ i o] H e Adof| st A7t %Rﬁi @7@01”1, ole]]
B dollA] Azt SPfALALof| High oSS 918 Y1l W77 |&ol gk S+
ol ofsiiA] =88l JITHMSIT, 2006).

LaFleur et al. (2017) 0l A= $=A2bge] -afof w2 29431 QA4 HEE =sfstal ¢l.ow, BdofA] 4=
A Apaze] ot A4 9 dS w4151 9161 Event tree 715 o]l ofRF ALAIUR] @& AA|SHAL 9l o™, AR
O] At Zgn]tAtal, ARkeh, A EStd(Jet fire), 2 (Explosion)= F-6tl Itk

Ehrhart et al. (20202 El'E W 42} FEAIL A ARAIUE] @5 AFASE(Event tree)” -2 53 8-S
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A glom, AESY, 711 ] F-5ofl 23t Z (Vapor Cloud Explosion, VCE)& 71 91303t 913 842
sl ZEALT A 3K 7RSS 30% A T olm, B A] Z27REEAR 0] BHE-2 109, o|5te BAEkT Qi)
ESh SRR Qlel 274 24 X](Thermally activated Pressure Relief Device, ©]5F TPRD)7} 7Fs
5lo] A|Es}Y o 2 vhlel 3150 F(.6%, VCER HHe 352 0.013% =2 28513 it
U] Ao e AR E A 2ALE A0 2 SAEAL ] TigE ¢ Lee and Ryu, 2022), AE
S s f1oll thgt $4-(Kang and Lee, 2017), +& AlUte] o] w2 mjsf| l& A-HKim et al., 2014) 5©]
Ao, Bdof|A] Azt Apatof] \’41’5;*14 = B7k] ¢t AR EH HE ZAR e o R A
Zof T2 2Hite] tigt 424 Hﬁ A7 Ahn et al., 2010)7} Lo}, =2 EJE Q] SA4xtof| ALTA U] @ = oF2]77}
2] A=A Fohal QLo w, Z4E F71H] T At ARLEE 52 @A) 7189 A Hole o] B2 <15t
olofl thet gl AQl 0“147} ZaghAdxolck
ole} Zro] =l A} Afaro]] tigt QR 7S SR ARAIUE] @ F msfofl SR o] thet o] Bast
o, & Aol = Bl dollA] izt SEHARLL A] Thelet A7)l SlsiA] 48 Akt ARTA U] Q.o Thgh
4 9 HEE pafoto] ] Aol g Alue] .ot Al Qo) mhE oS o] RS HAos A

Qo2 B ] SIS - 28] $91 Ajee] 2Bl B 5 WEAL] w23} AL, Aee] 244
< A1t sk el Adele] ol wARIck Aol AR oo e grost el ez
Aepo] - Sollie 440] % A] 2R oflu1 o] HE}lo] ofsiq SR WRIE 7Hs o] E0p, 440] Zo

T2 gEle Thewt o] HRa 4 glrt

%

o W2 SIS - BEIE 4e0] e} ool wehH Far} ehats] et 4 qlle] Ao
HshE]] gh 9ot Hslel A9 TRsjo] Ajel o2 FRekT Ytk

2.1.1 Hst=]R] k2 A

@O AHA Do mh2 A4 - 4= Q1A Falloht $40] 22 QA A s s A7t 7sAdo] 9loH
o|2 QIaf| AHA F= dAte] wh2 Ao vehd 4= Qltk

@ T 9 B E o] At : TPRDE FallA 10| £47F BALERE 74, thatolu) Bk &Atof ofs] mlhd
AFS- o7 4= Qlet 20 MPaz 71 7= 2FA8 Azto U o2 S A E5te] ml R ARS g 75 A
o] glom, =E2 ™A $A12|u|E o] AH A]oA 0.7 MPal] A E BAR= B2 HEgt 9l Aog
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B Y=Y It HyTunnel-CS, 2019).
@ 17 (Pressure peaking) B4 : WulEtout &7 |7F == B354 TPRD 52 59 11949] &
pa

A7} A e 5ol Aljo] ahelo] S71shs @to] Al k. et o] e Sax A
248710] ¢i2io] 70 MPaO]J_TPRDQ 217301 2.0 mm ) Aol 714 ww SEERERRE

= ZA B Za J?z 7]~—f%1

IEC 60079-10-1, NFPA 22 ISO/DIS 19880 1<>1W—t— ‘?z_‘ﬁ%l%{} oA 4T s 2 Al $42 571 1% vol
Ah 3t 2.2 M(Hy Tunnel-CS, 2019), o= 7|4 547}

P=Hlof i FEC =2 61 g E} EuroCodeoﬂHL LPG2] 7-¢ Zdbg J1=20] Zo]7F 10 m AL A%
=24, 50 m o1l AF9-ofl = Z o] WAlis= 71 © 2 A|AJ5HAL QIth(Nelisse and Vrouwenvelder, 2018).

-

o ©
lo

2.1.2 A3t=ElE= F¢
o] £5 El S AL S 14 AL QI5) AR AR Tha st 2 9132 e 4 ek

© HES}(Jet fire) : TPRDZF 370t 48 4] 92 Aol A= TPRD ] @ 2]n] A5 F5)) 4t 5+
Al =41, 0] Boliz AESHES /8o drt. & Q7-e] dste = AESH ] A d& ddE Sol A=
’5”3?} A} FF= Hl A= A IES 6 kW/im' 0.2 2ok 39, AESHE ] S0 4 m, B H

£ 708 RSty glon, AEsde] Ho R LEw: 237

E—_[L}_ﬂH 75;%, 017474ﬂ7}2 m O] B-oll= Shdel] 23 LeE =¥ 50~750 mm ol Ent
&o] WAlsHH, FAF= 2|t 7 em o)) Ao 'TAE= A 0 & H TSkl QIth(Park et al., 2021).

@ ﬁ}ZHﬂEA 34 @*é ¥ FERARYG ARF 2R 2 B o] YA A48 5 #M%

Eﬂ o] A7t FASHA Ao ASAIE oF 22 A= —EJ—H%EHLee and Ryu, 2022).

® A== F: TPRD7F 7RI Z-9-oll= 4w =27] 3iAjjo]] SfaliA] A o] dsHA| =M, o] ¢ &
I = wjolojEo] WIS ok, 1 Aol A TPRD 114 A] AR 3 HAS 63 S0 ™, HAFOIN
Age dVdo s Aura shRoA SIS &4
MPa, 52 L)7} & 06k= 218 11513t HyTunnel-
o] Hutol] whE ¢1A0] ko] 71 A7 Ao, ‘?:-_}?}Ej.(OVer pressure)© ]
ﬂol‘ﬂigq B Arso] mtolol & ol ZAfich= 7ol 1ok, 1382 o2 7-oll= & A 31—167/4\

o@ Hysky 9tk

A rE
i,

&

ui)

i‘ql‘

Lo
J%
S
r—\rr.

o

KT

=
4>

oE

ju
PN'
Ta

1%

3

662 Journal of Korean Tunnelling and Underground Space Association



Development of FCEV accident scenario and analysis study on dangerous distance in road tunnel

3.

LA} AFZAILFR|

3.1 7|2 st AL L2 24

o] SIE za

RECEHEE

%ﬂw

| e

J‘&

A AR TS A2

B A% 7)ol ofald] Asla o, Auke] 25
kel 27} AL WSk AfTA ]

R A WIS ARt AU e Ade

T TR E AIA R 9 2 ZAT- %ﬂa}ﬁu}. Table 191 2 1ol A 24t QP
“delsto] vttt

I St AvE o= TR 2

ToE o AR BH par g, o, FE 50 avtict

==
o=
=

A7) FES Aoy mER-O] miof] Of7h 13 TPRD O] 2/l $lom, +E7 SHIEAY
of o] whet 5he] oI E= 7SIl itk A7 A7 rEEE -olle M T SAIRS) of ol whet
golgt A iAsh= Ao g FAsIaL Sl &, AP A dsh= A-volle 72 7o T ES 946t
a1 S O] ote] ofsiM Hokd 7hs/do] wom, o] A-folls molofEolut HA e Fio| i 71
o] T2 Aoz ekl et 2Eu, A= A polls FERel e Aol & aEstal Jlow ti-E =
SAo] 27| whizell ofF= R ARFERE SRS w A Eols A& A5 itk

12F ARALE QTSHA SEA7E AR A ftoll A= TPRD 9] 2FE01 Fof| whe} Al Eotdt eAr = 0] 2kg 31
St Sl 5, 3HlE ¢1sl TPRD7F -2 /350 & B2 Eshe 7B-tolls w40 el e AESIgol 9
/¥, TPRDO] 27 50 & I8 2F55HA] o= 78-olls 7 o] e Whdsh= A o= A4 slal
Pl
Table 1. Scenarios of safety evaluation for hydrogen accidents

No. Research/Thesis name Event development and Classification of Note

quarterly ratio

consequences of accidents

Development of Safety and |  Fault tree + Event tree: Explosion/Fire ball/ Hydrogen container
| Integrity Evaluation leakage — (instant/delayed) Pool fire/VCE/ Instant ignition/Delayed
Technology for Liquefied Ignition — pool fire — Fresh fire/No effect ignition = 0.05/0.95
Hydrogen Storage Vessels VCE, Explosion NE:JF:EPS = 85.5:3.1:11.4 (KRISS, 2016)
Devel fi .
evelopment on Sa ety Explosion/
Management Technique for Event tree leakage — Hydrogen storage
2 o . .. Fresh fire/Jet fire/
Facilities & Processes of | (instant/delayed) Ignition .. . (MSIT, 2006)
No signification hazard
Hydrogen Gas
Event tree leakage
Methodology of using (limited/medium/bulk = Fuel leak in road tunnel
3 | CFD-based risk assessment | 66.7:22.2:11.1) — Ignition Fuel tank rupture/ (Vidmar and Petelin,

in road tunnels

ignition:Non-Ignition =
90:10

Small pool fire/No effect

2007)
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Table 1. Scenarios of safety evaluation for hydrogen accidents (continued)

No.

Research/Thesis name

Event development and

quarterly ratio

Classification of
consequences of accidents

Note

Explosions in road tunnels

Part 2

Event tree LPG capacity

(empty, partially, full) —

Tank damage/Hole/Collapse
— Whether or not there is
a fire/tank damage due to

fire/ignition delay
(ignition delay 1%)

Gas explosion/
Gas expansion explosion/
Jet fire/Gas cloud/BLEVE

LPG vehicle accident in
road tunnel
(Nelisse and
Vrouwenvelder, 2019)

P

ipeline risk management
manual

Event tree whether initial
ignition — Delayed ignition

(delay degree) —
Spatial constraint

Detonation/Defragration/
Fire ball/Jet fire/VCE/
Flash fire

Flammable gas pipeline
(Muhlbauer, 1996)

Explosions in road tunnels

Part 1

(instantaneous, continuous)
— Gas amount (full/partial/

Event tree gas leak —
Leakage pattern

empty = 33.3:33.3:33.3)
— Size of leak (no hole/
hole/instantaneous =

96.1, 3.5, 0.4) — Ignition
(chemical explosion)

Deflagration/Explosion/
General fire/Non-fire/
Safety

Dangerous goods
transport (LPG)
accidents

Chances of a primary
accident developing
into a fire: 1%
(Nelisse and
Vrouwenvelder, 2018)

A Study on Fire Explosion
Impact Map and Accident
Analysis Model (II)

Event tree leakage state
(liquid/gas) — Ignition

(immediate/delayed) —

Tank heating —
VC formation

Pool fire/BLEVE/
Jet fire/Fresh fire

Gas storage tanks and
gas storage facilities
(KOSHA, 2017)

Risk Assessment of
Hydrogen Explosion for

Event tree collision accident

— Space (open/close) —

Collision part (front/rear)/

Fire/Explosion (EXP1:
Explosion in open air,
EXP2: Explosion in
semi-enclosed space,
EXP3: Explosion in

EXP4: Property damage
up to 80 m, serious
injuries to all passengers

8 Private Car with Hydrogen- |  Fire — Pipe rupture —
Driven Engine Ignition — passenger living space, (Andrei et al., 2011)
Safety valve operation EXP4: Explosion of
hydrogen tank)
Risk assessment Hydrogen tank ruptured due
. . . Dadashzadeh et al.,
9 methodology for onboard | to event tree TPRD failure Explosion, Fireball (Dadas ) Oa; 86; e
hydrogen storage — Explosion
Event tree traffic accident
— Fire — Hydrogen gas Minor accident/ Emphasize the need for
Hyd Fuel Cell . .
10 ycrogen tuet L.e leak due to accident — General fire/ additional research
Jet fire/Explosion (Austin et al., 2020)

Vehicles in Tunnels

TPRD operation —

Ignition (initial/delayed)

664
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3.2 E2EE A DA U2

3.2.1 AA2] B7]H]

2o AT AILR) 9 of| gt B e £ T2 el o 443t ALkl 9= Fig, 19]] B¢l ule} o] 12} Abai(1st
accident) 2 FE| 75}t 11} A} Fof) SEAHAY oI E(Fire post accident)S Lx}A.0 2 18datct. ka7t
HAYSER] QR Aol M= 7HARE(Gas release), H2FA] Aol Y Ignition), 9]'7]/‘]'EH(Vent11atlon) TEa A]
Lelo 2 2o w, SR e Aol s Toto] Sa So ofst i Euh iFo] H]7] S 9o
L TPRD] 2452 o, Hsloly, S 4elE Tefolsie

1st accident Flre. post Gas release Ignition Ventilation Accident result
accident

- Collision -Yes -Yes - Delay - Adequate - No effect
- Breakdown -NO -NO - Immediately - Poor - Fresh fire
- TPRD - Jet Fire
-VCE
- Explosion

Fig. 1. Road tunnel hydrogen car accident scenario

=9 A UE] 2.0] Hfof| whE Afare] Avk= Ju|eh(Not serious), YRFSEAf(Fresh fire), A|E3}(Jet fire, 7t
=9 ZXH(VCE), H(Explosion) 2 28 4= Qlok. A4 Alute] e W ZF AR o] B71H]= Fig. 20 YERd
Hiel At} 27|H]= Table 10 AAR 4 A= 46T

o 12FALZF SRR WS 8FE-2 Rodionov et al. (2011)2 F=roll 4] =22 8F Akl 5 0.454% 2 E-45}F
11 2001, LaFleur et al. (2017), Glover et al. (2020)°lA= 2 E'do|A] =42 7T A] 5%E &85!

Uk, Egh o] 79, T2 EAAIA A E T2 (MOLIT, 2020)0ll4= E2EGAR 5 AL
O HIE 5%2 FASHL Qs vl 2 Aol 14} ARt sijAl 2 e e 5% 2 A-8otlth

« AR RIFPFATIA FE TS - B AU QoA ATt A0 L a2 2] 5 B S E0 o AR
SETE FAR AN FEE OJHshH, GTR13 (2013)04i= 7|& AuAlgo] AL Al A= 0] FE3-E 7]
FOR A0 S AFHEE B 9Lom], 0] 7]Ee] Ol5HH A ETER 10.7 g/min® WA 2R <
o= A8k §lk. 12t Lee and Ryu (2022)2] ¢-ol] 2J5hA BB uiso] 70 MPagl 7-$of] o] 57}
27401 10 mm ©}dQ1 o= T2 2.5 ky/s oVl HE A 02 AAEkL QLOH, NHTSA (2015)= 4
AR} AL A 422400 2ol iRt I HE S1alA 53]0] SEAIFS XSO H, mE AN 40 2 S
RI5HA] ZR A 02 B skl Qlrk. whEbA] Afe] A9 FE T T EC| WAk A A0 FESE
Lol Ze Aoz dZHr) Tejut 2 Ate] Lol s 4249 285G LaFleur et al. (2017)014] AA]
Sl Hke} o] 10%2 T35t
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+ 524-9] 23185 : Ehrhart et al. (2020)-2> 32| A of o] ol tr-E=kol| wh2bA] 2312 A(Delay ignition) 2
A1 2K Immediate ignition) 2] Hl-&-& Table 22} Zo] AIA|SHAL Qlet. 2 AlU2] 2 olM = F5 A= 51
H] Hels : S AsieE : A1A HeehES 85.3% 1 9.8%, 4.9%2 4851t

e
A -8 F=lo] 2,514 kg, 70 MPaQl AR 7.0 23 9l ool 5 HFA L] @ ol A 71&E A
5] TPRDE] 743HE-S 6.04 x 10° 0.2 ARG} )01, Saw et al. (2016)- Table 3] HS1 H}e} Zo] 7
o] EU2| FireCompZ2A|Eof|4] S}afo] Z&Fo w2 TPRDO| 52542 TPRDEZ(PFD)S A2lstl
TPRD A& 11251l QUet. & AU ol k= SFAf o] F-7ot 7 TPRD O] 55 H424Ql
ZHol|A] 50%% 12512, o] LaFleur et al. (2017)2} 5J5}ct

o« 2|7 2 e oA Faoke Alde] W8 o & QIste] A B o e 2l |Ro] 'AsHA H
t}. Lee and Ryu (2022)= E2E'EollX a2} A= QISte] ATt A7} ek 7350l ool & o] i
A& 1esh7] flaliA 7HA Goll thiet 44& agstalod, 1 A Eld W F50] 1 my/s o8] Z-voll=

78 o] A R B Zole] gl 2 Aol ghi= 2102 Baeky ek

Whether

Aesiaant Firg post Leak or TPRD |f!\'heilzherl’ it Yenti Iat‘ion or Accident
Accldent not ; is ignited Mon-vent | lation result
operation
| Collision |——| No fire No I Not serious
95% 90% 85, 500%
Yes TNO ignitionl Hot serous
10% 85, 30% 8.104%
lanition | Immediately Ventilation H Fresh fire |
14.70% 66, 70% 0% 0.838%
Non-ventilation }—| Fresh fire |
10% 0.093%
Delay Yentilation H Fresh fire |
33. 30% 90% 0.419%
Mon-ventilation H YCE |
10% 0.047%
—  Fire —{ TPRD oo, |— Innediately || Ventilation || Jet Fire |
a% 50% 100. 00% —|:‘ 90% 2.025%
Non-ventilation H let Fire |
10% 0.225%
—{TPRD Honon.
50% 2.250%
Release i Immediately Yentilation )—| Fresh fire |
10% 66, 70% a0% 0.300%
Mon-ventilation ‘—' Fresh fire |
10% 0.033%
—| Delay Yentilation H Fresh fire |
33. 30% 90% 0.150%
| Mon-ventilation H YCE |
10% 0.017%
—|No ignition Mot Serious

85.3%

Fig. 2. Event tree of hydrogen fuel cell vehicle
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Table 2. Probability of ignition for hydrogen release rate

Hydrogen release rate (kg/s) Immediate ignition Delay ignition No ignition
<0.125 0.008 0.004 0.988
0.125~6.25 0.053 0.027 0.920
>6.25 0.230 0.120 0.650
Average 0.098 0.049 0.853

Table 3. Probability of failure on demand (PFD) of the TPRD

Event fire Efficient (TPRDef) PFD?
Engulfing fire 100.0% 6.040E-03

Local fire 33.3% 6.690E-01

Partial fire 50.0% 5.030E-01

a) PFD = (1-(1-TPRDeg)) X PFD,, + (1-TPRD, 1)

olof] E A-ofA= A EMo] X9 14T 2 Y-S tht o 2 A EMS 71aoHA] &= 7490 HY W 34 =
AAtm e BAs1om, = 4‘=ﬂ£—t— 3o Yepd viel Ay, oA BE W 5550] 1 m/s B9l 7H-9-0] &=
A= 1.35%, 1.5 m/sQ] AS=8.7 O/_E'mzﬂ%u} whebA Bd U] Z<50] 1 m/s B]9HA 715AL 1.35%0]

F45 2740] BIPIAL slo] BrP7E RET WG 10%E B8

20

°
|
@
«
o
=
o
o

- hd 480
/

—_ 2
o
2 5
(]
o =
[0 >
> 3
© (o]
B e
c [ J— S}
e | [ —
= | o oy
10 @ c
= _
2 @
] >
2 . 140 g
o R=
(0] (0]
8 s 2
o} {20 &
o S =
o
} HH g
(@]
1 1 1 M 1 |_|l_l_| O
2 3 4

Tunnel velocny [m/s]

Fig. 3. Cumulative distribution of velocity in the tunnel
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3.2.2 Aka1e] Ay
Aparo] Aib= et viel Zro] hteiA)], A|ESLY, 7iAAEEY, Edig SRR B AlUe]eof ok i
SIS Table 42 BAE| 9T}

Table 4. Probability of accidents

Accidents Not serious Fresh fire Jet fire VCE Explosion
Probability 93.61% 1.83% 2.25% 0.06% 2.25%
FoM & = Q= Biel ol dxT M w2 Aok A5t THCRKAERT + BAFHEES

N
2.31%2 BAE]Qlet o= LaFleur et al. (2017), Glover et al. (2020)°]|4] A|A5}=0.88%Hth=34]] oA =&
Fro 2 AFAIAIE Z3m] R AF1(94.06%) 2t A 2R AF1(5.94%) 2 REotal A 2R Akl 7 Qoflgt 424t A}
TAUY QE A8t §17] wfliZel iAo W o5 Holi gtk

4, 1A 2|of cfet 24

||

i,

A S 7|£9] A1 AvS BAdste] AESHITE

=i/

2 oME e AL

v

rO

4.1 ZLUH| RE 22| 24

74 0] BHE e 2 TR 7 EAT S-S Ak A A ek @ AR A7 dotE o] 4
27127 sh o) g E] o] ZHFsh= 73-9-0|ch Table S& Jﬂl% 2-2-16.5 kPa (Glover et al., 2020) 7|52 & &}
= 7390l 71& A2l AN FHAARE A=Igt Aot} Aol 20| A2 Adolstr| wiZell ehAIAZ <]
H2F ZA WAk qlom, @A) TN eaxte] ARt o] FYstal -§5Fo] -FARY Dadashzadeh
etal. (2018)2] 739 13.4 m& AAI5kL k.

Table 5. Limit distance to overpressure in report and paper

No. | Hazard distance (m) Pressure criteria Tank condition Ref.
Hydrogen station, 82 MPa, .

1 3.9 - OD: 0.05, 0.2, 1.0, 2.0 mm Hirayama et al. (2019)

78 16.5 kPa 10 m’, 100 MPa (stand alone)
. ) Molk d Kashk:

2 11 (injure, 1% eardrum rupture 33 L, 70 MPa ooV Zl 01 S)a Starov
7.5 probability) 12 L, 70 MPa
7.0 14.0 kPa (5 kW/m?) - Duclos et al. (2015)

4 134 16.5 kPa 70 MPa, 62.4 L on board tank | Dadashzadeh et al. (2018)
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Ryuetal. (2021)% FEFHAZ(72 m?) Q] T2 oA 4 Agate] f4s 5 o] Zakoteof tigh 7| 22 &
TE 5ol TAR I ESk= S, S HAl0] EEsh | 7R = B 0 2 Hdufsh HA|of] =Rt
o wfm P HA B Ml S HolH, Ag|7t B'd =o]9] oF .28 Heof| gl HHnt=

5.
WIS 7102 Wy} 900, Wik Ask Foll HAIekel S 740,042 kPa/m)= O} e Ao 1
Skal it XY, Table 63 Z0] SHAIAZE AAIotal Qlok. eHAIYEH || T SHAA = T A o] 235
tola]i= AFFS Ho| 1l 9lon], B dThH = (40.5-95 m)o] T} 1.2~18.9 mo]w, EETHA(72 m?) <] e of|A]
17.6 m= 245121 Qck(Fig. 4).

ﬁ?ilzl

rr

Table 6. Limit distance to overpressure

Effect Fatality Serious injury Slight injury
Tunnel area (m?) (~100 kPa) (~16.5 kPa) (16.5 kPa~)
95 2.9 18.6 52.5
72 2.9 17.6 68.5
54 3.0 15.6 130.0
40.5 3.0 11.2 250.0
i =
70 MPa, 52.2L Tunnel Area
= ‘ ............ 40 5m?
s \ Fatality Criteria (100kPa) |~~~ 52
2 100 —_—T72
S e o
2 2 ]
DC- Serious Injury Criteria (16.5kPa)
o
@ 10
2
i
1

10 20 30 40 50 60 70 80 90 100
Tunnel Length [m]

Fig. 4. Pressure wave according to tunnel location

4.2 AE3H
AESIY doli=rAar A0 o, @ w2 7of FokS Tom, Tt FHo] Sl="doliE o] #ix]ol 241 9
2 HFo ™, Molkov and Saffers (2013)= Kalghatgi (1984)2] A& Ho]E12} Mogi et al. (2005), Schefer et al.
|

(2006; 2007), Proust et al. (2011), Studer et al. (2009) 5] A @ 0|6 & H2|5t] FEFH m; kg/s) T FE217
(OD; m)°f| THE: A ES}A o] Ao](Lg; m)S Table 734 (1)2 AAISIAL ATt
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Ly= C(m - OD)"*7 (1)
71, C= A= AESY] Brt4o] ARt A= 76, Zdido] Akt Aloll= 1162 4-831th

Kim et al. (2011)< TPRD2] 2 2|m|AZ]7d0] 2.25 mmY o A ES}H 2] Ao]E Table 72 Lymax@t TARE
6.0 m (70 MPa), 5 m (35 MPa)2 S7J5tal Qlet. whebks], @7 oA /i == =421H70 MPa, ¢ 1.8 mm)

o ARYAE 7|F08 sH= A9, AESA0] Dol 5,53 mALE Bobeh

Table 7. Jet flame length according to OD and tank pressure

Tank pressure (MPa) OD (mm) Release rate (kg/s) Ly 4yq(m) L yrax (m)
1.80 0.0487 297 4.54
225 0.0761 375 572
3 3.00 0.1353 5.06 7.72
4.00 0.2405 6.82 10.41
1.80 0.0863 3.62 5.53
225 0.1357 4.58 6.99
" 3.00 0.2412 6.18 943
4.00 0.4289 8.34 12.73

Table 82 7)) A7) A AE2KG] PolS ek 2102 AESHA0] Aol H4:4.9-35 me
WA} 2 eht glovk, BE70] A7(0D; mpe] 245 WEo| Z716k fhE] A=) Folrt 3

7¥oke A= & 4= lHFig. 5).

Table 8. Jet flame length

No. Hazard distance Condition Ref.
(m)
1 8.8 OD I mm:3.3 m/2 mm:5.0 m/ 5 mm:8.8 m (open space) Jo (2012)
2 5.2~10.9 0.4mm:1.0m/0.8 mm:1.5 m /2.0 mm:4.0 m/ 3.1 mm:5.5 m@20 MPa | HyResponder (2021)
20 4.7 kW/m’*, OD: 5 mm
3 5 LaChance (2007)
35 4.7kW/m-~, OD: 10 mm
4 4.9 82 MPa, OD: 0.05, 0.2, 1.0, 2.0 mm, Hydrogen refueling station Hirayama et al. (2019)
11.8~12.2 80 MPa, OD: 7 mm
5 Lee et al. (2022)
10.4~11.3 40~70 MPa, OD: 2 mm
12 Radiative intensity 5 kW/m? Kang and Lee (2017)
8 14.0 kPa, 5 kW/m? Duclos et al. (2015)
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Fig. 5. Jet flame length according to orifice diameter

4.3 Tf0|oj=

mjolo}£-2 7114 71 EAsH| A o 13 9] atdo] PR @Yo R AU Qoflx= AR
3 A gsHA o AR T 2 A] iy A g El ool A7 whe] finte] fefo] WA vt
tholl mhool£2] ko] LA .

Fig. 62 =747 |&A+ol olof 4305 = HARS] NAfge] AR F(WQY : 70 MPa, 42707 1 2.11
kg) 24 A A molojE-g HolF1 Qi TRof|A 32 ol A5 HiEl o & QlsliA] AgStobA|
TAE B/doA= om, 2| F2=0] A ko & Qlste] HiRbH = SHitE= 710 Zfol7t §lon, mololE
o] A =27]= 2F 17.2 mE LERGTE

Fig. 6. Fireball (ps, =70 MPa, V=522 L, mz =2, 11 kg)
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ulo]o}E0] F7]of| tiet A= 19641 Zabetakis @] -2 FE] o A} £30E o] gfow, 7P X9
A2 Makarov et al. (2021)2] 17} Stk Ato| W2 mfo]ojE0] 37]= Ahoh= ArtA0] Asfe] 1/3
Aol vlglokal B3 /== FHlel mhE ks = A 0= B w1 itk

mfolojgo] o] 241 F7|=71AE4 Y] FAA A= AH(V,; m’)E Lokl mho]ofE0] g dol| wEpA]
ANE T JLoH, molojE 0] S WA= 7Pk 75l mololE0] 272 4 (2)9F Eol AeErh

Pu
B9850 V (m?)Q] 2240 D& (m ; ke) : 1y = V(pHQbJr RZHQ P 2)

A7 A, FAFE(p 4o MPa), BI9ES TIA7F 2RISR F1](b; m’), SRR R 105 kg/kmol), 425 Ty
K)olch.

7] SO O] A Vg ; m’) 7t Aol BRI F7IRH(V,,,; m’)2 A (3)7 ek,

M
Vi =22.4——, V. =2.38Vyp A3)
My,

ALAGEO FAA(V,; m’)= BA

;L>
S
i
kl
)
rol
).
i

o} 2710] Eg71AR A (4)2} 2k

V,=E (Vg + V) =685(1+2. 38) =257.26m 4)

2. 016

LAV A et moloy2 o] A7(D, s mye A (5)0] ek 2in Zow, A ()2 diste] 24
el W2 o} 240l njolojo] A7 4 (63} Zo] F 4 ek

Dh,sp = 2(3 I/I)/27T)1/3 (5)
Dh,sp = 98(mH2)1/3 (6)
Makarov et al. (2021)2 7|&2] Q7275 2[5t i Aol mbE utoolE 273 Fig. 67 Zo] AlA |5t

31 9lem], el sk B 7| & A T0] A dTlo]], ks A (6)°] ofst A Aulolet. Tt Fig, 7°]
HARE D, = (19.5m,,)18 B 8310] B4H 0 2 Bl ntolol o] 274.& ek x gk, §1347]
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Fig. 7. Fireball distance according to the related formula

Table 9% 71017 2712 Helsto] Lehl 210 2 uholojo] 278 2 7 mel A el 35 me] sl 9]
202 e giek. ofe]] wolofie] SlgARiE Aol 270 2 HawlL B A 7hao] st
o] Afolut £ wimio] ojsA Askels WS Teistlo] M4SN A A4S a4 8
She Zlo] Bt Ao ghpkert

Table 9. Hazard distance for fireball
No. Hazard distance (m) Condition Ref.
7.7 Stand alone tank
1 HyResponder (2021)
24 SUV hydrogen tank
18 70.23 MPa (1.37 kPa)
2 18 70.69 MPa (1.406 kg) Makarov et al. (2021)
7~8 35 MPa (3.9 kg, 165 L)
14+2 35.7MPa, 724 L, 1.64 kg Weyandt (2005)
24 34.5 MPa, 88.0 L, 1.87 kg Weyandt (2006)
3 18 94.54 MPa, 36 L, 1.46 kg
Tamura et al. (2006)
18 99.47 MPa, 35 L, 1.367 kg
7~8 35 MPa, 168 L, 3.9 kg Shen et al. (2018)
4 8.0 Hydrogen station, 82 MPa, OD : 0.05, 0.2, 1.0, 2.0 mm Hirayama et al. (2019)
7.7 Stand-alone, 34 MPa, 1.654 kg
5 - Zalosh (2007)
24 Under-vehicle (SUV), 31.8 MPa, 1.866 kg
6 35 70 MPa, 62.4 L on board tank Dadashzadeh et al. (2018)
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4. 2 E

1 QoA B el S22 Sk ALY 9182 B Nel7] STohA BRI A7) e] Oled AT S
A ARAI ] 9.8 RAste] Ful) ERE ] Aol AR A ATA 2 92 At o, Autel 98
91720 M2 91BANE Ao 79t 7129 AF B ATARE ol A - A=l

-

1. E2EoA 441 AH7E S ARIAIUE] 05 S| E/4d-S REedoto] AR5 7] of] SJslix] A|Als}
At
2. ARA U Qof| w2 AT A = 7 u]gh Ak, LREshA, AlESH, k2 JLEo}e] 0w, ZF7o] Ay e
93.06%, 1.83%, 2.25%, 2.31%2 =3}t
HEHO] B oA @A ol A AlEl= HARS NAFRS 71202 S a4 A= Zdo 7
17.6 m (FEY= 16.5 kPa7]50), AE2FH 2] 73-9-0li= 2F 6 m, To|oj & ol T:E YA =35 m=
Shabeley
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