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. 7] 8 HF-8-(Solheim, 2010)
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A ZAbolgl & £ AHEAZT 5, 2009). FAA AR &Y oA [EC
60050-426-02-13, (2008)ll A= 4tsl = 7]e} g HEgo2 Q1% g 2 259
F43% =712k Atk W, Zake A (combustion)?] 3 HEl2 FEHOZ E37 9

Hhg-ol o doAUAIT die Oﬂ 174% A3 HEsty 2L U E nf

(

SHcHCrowl et al, 2011). A& A
o2 7}%‘5‘}04 Eo] dojy, o]z gt Eo] AH-EF
Zo| Aol (F4bd A R g, 2013).

o >

rlo .Bi

Z(3ADe] 384+ 71 E(fuel; flammable gas and vapor), &7](AF4), A3
(ignition source)e]™ ZEuro] WAYElr] 9 AE ZHE o] Ao Z7|(ath)9}
mlg] EeEo] F A ol A FEI Hstdo] FAl EAE B¢ Fdol
A ¢ 9o o] FoA stugtE AAREH Filto] dojuA &=t olE
Z3(3HA)) ] A7 (Explosion triangle)ol 2} 3l [ 2-3] a)3F 2o =3 &
ko] o Z+¥(Dust explosion pentagon)2 7FAAEZR, F7|((Fx), I,
(dispersion)- &&Hmixing), A|3gFa-7Hconfinement)o. 2 FAEW [18 2-3] hHE 3
HokKauffman, 1982). o714, 42 EXYA7E F7] Fod &S t=s
A AgFre Ay, v, 87] == FA 7] 7](process equipments)9t 22 A H
Z

g
=

PO B A S
off O et o M [N o

Asrbze BREAE AYBUY, TUHY desE, dHFSAL 5ol
AL TFH 5, 1992, ANEBgel e 8719 ZBYUZE HA) FaG shetv
Eolth WAFeNA Zire] AumagiEe W grlolA ANE TEA 29
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K

3 gt H(pressure front)S wHES- Z]A|oA] S50 2 o] F3ta HE-gHoA Ho

12 Holol2 ¢¥dHo] FAHY dEw ArVle AlS AF Aot WH Ftol
Al Zdo] EFPo g nmHE As FA FPOo = Hol|(DDT, deflagration to
detonation transition)2} ¥cHGrossel et al., 2011; FF=4FAQEA R AZFE, D-49,
2012).

N
fd

Detonation

W [EmEa *— Peak Overpressure
E
Reaction Front Shock Front =
E |
— = § Shock Front
E - Ambient Pressure
0 R
Distance — — >
Deflagration
15 3 Peak Overpressure
E
Reaction Front Pressure Front =]
]
> » %
ﬂ"j Ambiant Pressure

Distance — — >

[[12! 2-4] Comparison of detonation and deflagration gas dynamics(Grossel et al., 2011)

ZaEA(nature of explosion) Za&E3, Q13}stA, T o AeEHs, U=

o] J&& W=t o3 ZAEALS [1Y 2- 5l9 e AIFAAE o] &3}
Atk dH&]d FEFEL ASVIAE A 8719 FLelA H3HA
g7]8ol AXH MM Z ZUJH L AT

2

| Magnetic Stirrer |

[3 2-5] Gas Explosion apparatus(Grossel et al., 2011)
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FIAH e FLER7IAE HANA S48 A HHghs Fair FEqbE o
OS2 [3Y 2-61% #ol A9 AR Yehdoh spdrise) &

gge dus
wepee 6-1) barg AE 2RV om GHFEANEL HUGHYLE

((dp/dt)max) A|FollA ZFAIzteln gt el Hdo=w Fsta HE Hojhe o
10 %ol Al 90 %7FA1 2] AlZtolth Zubqte o] wmao] [18 2-7]3 o] BEFxAHo
2 Uehes 49 dEASAte 38 Azre] ek BB Aot 2wl
29 FEE WHANATI ZAAAE PO

A

Maximum rate of rize /<
Explosion pressure curve

Prassure

Time
Pressure rise lime -

[O8 2-6] MMl Z2etad OFY(IEC 60079-1, 2014)
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AA BT ARSEW 2Q2-D3 2ol HuiE

=
=
woe w3 #@elth

A Ade HaAdle BET A7
LA H G E FTE7A AL AlA

dp
(E )max

VB = K34) 2-1)
ZA 7
Al lolth A H]

o (bar-m/sec), (Qp/dDma: Y=< E(bar/sec), V: &71¢] A
[

3k e Ago

%

pZs

F(K= 7= A9 K BRI A9 K2 27150 73 A
o5t AAE Qs EFES JIAAd A8 S HrurskeE A
= ZAET AAe 2o dAEd {794 7l EHe] FEkF
Z 9 3}ckKeller et al., 2014).

= I Zo] HyHE £7](12 D= 50 cme 9E=Z AAst 10 vol. %
B-37]9 THIIAE A AR AR E dEoA HIE Al7|H HigiE &
|

o}

o rlo

AE mAdL 57129 o]l FH(pressure pilling)E a2 3ol =2 o
H Evtae v =2 Y-S TAAIT B 3R daet FPO0E H o
% SkoR(Eckhoff., 2016).

YdgEgr)o 71Ede 24 A 5Yd AgzAAA dEe d¥SHgke] 15
Hj o]%F Zpol7b AV EdsAIZke] 5 ms R
B olMEd AF7AE 24 £ D % 4/ v 85/15)e =2 F7

°
ol
o
U:S
L)
ol
o
L

IGNITION
e

7z

Vy V2

10 L

EXPLOSION PRESSURE [bar (g)]
(¥a)

0 50 100 150 200
TIME AFTER IGNITION [ms]

[O8 2-8] ¥=HZH (Eckhoff, 2016)
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2.1.3 LA F7I2

b5, obAI g,

=
I
N
N
.
o
i3
in)
k

29

u}.

o

Fae F/EFAA 7 A MA F8tdAaE, dav]Ee H dANEE ]
ZAATFL 1.0080) 1, AFr|Foz $3=0] 75 %5 AL Y= 1 &
olth. AAFE A= tHFEE FEE EAstL vl AT Xﬂ%Oﬂ/ﬂ s
2¢ Y 7kid dRoln @29 2

& 286 kJ/mol ot} F7]KT} 148) 7}
%3] gatEm ML =(eF 500C)7F Eof Adds g
= £

rr r°“
r.(

¢

2Hy; + Oy — 2H,O (572 kJ/2 mol = 286 kJ/mol = 141.865 MJ/kg) (2-2)

<H 2-3> F=2(Hy)2 E7%(Lide, 2004)

gt
bs| Aadd 286 kJ/mol
(state at 0°C, 1bar)
ke 4 =8 -259.16 °C
Fras -252.879 °C =498 28.836 J/(mol-K)
0.08988 g/L
CAS No. 1333-74-0 =
(0 °C, 101.3 kPa)
. oy g

hstA e GH, Aol FARAe] SR, B9 42e, olHEd Hon
| wstel 84 ol ALgH Y
4 A AT A A Bol Gao) LAl Eol Yy

CoHy + goz 5 200, + H,0 (1,300 kJ/mol = 49.9 MJ/kg) 2-3)
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<H 2-4> OtMEH(CH,)2l EZ(Lide, 2004)

a4
bs| dad 1,300 kJ/mol
(state at 0°C, 1bar)
AY AL 2 =8 -81.5 °C
Bcd -84 °C =2Y 26.038 g-mol”
1.1772 g/L
CAS No. 74-86-2 =
(0 °C, 101.3 kPa)
. o gd
oA FAoly WAZE U QlgAgdolth 7t Al W 8FH, O 3EE9
Y82 AHEEH &ﬂﬂﬂ oA ELHISto| =y TrEoi Y. A(24)3 Zo] 4kAe}
HF2-3te] o)Al3lEr A9} BS AT (F 2-5>= JdEHEHe] EXo R BEXH ==
d, 9% o] 7=
CoHy + 50, — 2C0O, + 2H50 (1,410 kJ/mol = 47 MJ/kg) (2-4)

<H 2-5> O 2 #(CHa)2l SZ(Lide, 2004)

=y
7| dad 1,410 kJ/mol
(state at 0°C, 1bar)
ke 4 =8 -19.2 °C
Bc=d -103.71 °C =22Y 28.054 g-mol
1.178 kg/m’
CAS No. 74-85-1 =
(0 °C, 101.3 kPa)
g =23
FolZ Z2FQ e 52 2L 3184 CiHgolal AdlA 553 WA
7F = T iAot HEAFrta W, S8 AL &4 ToE ALEH
oh AAuree 2@2-5)3 2 AAdLe 2200 kJ/mol °o]a &8 -38H EXL (%
2-6>3} 2ot
CsHs + 50, — 3CO, + 4H,O (2,220 kJ/mol = 50 MJ/kg) (2-5)

_14_



<H 2-6> ZETHC3H) 2l 7 (Lide, 2004)

a4
7|A Aad 2,200 kJ/mol
(state at 0°C, 1bar)
AY AL 2 =8 -187.7 °C
#=d -42.25 °C =2 44.097 g-mol’
2.0098 kg/m’
CAS No. 74-98-6 =
(0 °C, 101.3 kPa)
o}, v gk
Fol2 HH <l

CHy + 20, — CO; + 2H,0 (891 kJ/mol = 55 MJ/kg) (2-6)

<H 2-7> HEHCH,2|l E7Z(Lide, 2004)

=
7| H| AL 891 kJ/mol
(state at 0°C, 1bar)
A Ab g =3 -182.5 °C
= -161.65 °C =3E 44,097 g-mol
16.043 kg/m’
CAS No. 74-82-8 U
(0 °C, 101.3 kPa)

ul, ZAgrb2e] EEy

AspY b0 EREH L AYFH, BH2L, volE ASWA S utet =3
ol7h QT <E 2-8>& 19579 Go] maolA BH ElolE el FAH7) &)
AB|ECSI A 3he 20170 9] Aol oh.
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<H 2-8> ZHA|IYTIIAOl ZHEY [|O|E(BS 229, 1957, ISO/IEC 80079-20-1: 2017)

Hydrogen | Acetylene | Ethylene | Propane | Methane
Relative density*(air=1) 0.07 0.90 0.97 1.56 -

Mixture for Max.

] ) 32.3/31.0* | 14.5/14.0* 8.0 46 9.8
pressure(vol. %, with air)

Max. pressure(bar) 7.2 10.1 8.7 84 7.0
Pressure rise time(ms) 7.5 22 25 46 70
Flammability BS | 4.0-74.0 2.5-82 2.5-35 2-9.5 5-15

limit(vol. %, with
air) IEC* 4.0-77.0 2.3-100 2.3-36.0 1.7-109 4.4-17
Autoignition. temp.*(°C) 560 305 440 445 600
Most incendive
) 27 8.5 6.5 42 8.2
mixture*(vol. %)

*|SO/IEC 80079-20-12| H|O|E
2.2 ZHkqrg o g v x= 812

] €H(Cashdollar et al., 2000; Shen., 2016), Z=Z3Mitu et al., 2011; Razus et al.,
2010), ol g#((Movileanu et al., 2012;), oA"#(vanov, 1965), “4(Cao et al,
2017; Cammarota et al.,, 2009; Sun et al., 2019; Wang et al.,, 2019; Xiong et al,
2020, 27+, 2004), #H = J(Harris, 1967), LPG(Razus et al., 2009), ¥Zl(Lee et al,
2001; Moradi et al., 2020) & L &7]olA ThFe AP EHY 7| EHA EAHS
wepstr] 9% FEe A7 JAYEHJY. F= ALk (Phillips et al., 1984;
Razus et al.,, 2006; Cammarota et al., 2009), &= dsERazus et al.,, 2007), H3}o
N7 =9l 5=((Darie et al., 2014; Darie et al., 2015), 914a<=([Razus et al., 2007),
24 3tollJ A (Ivanov et al., 1965; Ono et al., 2007; Zhang et al., 2012), 213}3A|
(Phillips et al., 1984; Razus, et al., 2010)¢} Z7]1Zz72] o BAL FUL ol
2 JtaE3re] Ao} gl e & FEFs o

Ztd o] J&Fe vXe 2/ESFE Jh2 FEMovileanu et al, 2012; Sun et
al, 2019), Z713=(H A<, 2005; Cashdollar et al., 2000; Mitu et al, 2011), %7]-&
Z(Razus et al., 2010), €719 el 2 =7](Harris, 1967; Mittal et al., 2017), X3}
2 $A(Cao et al, 2017), Ao &2 fF(Ciccarelli et al., 2018; Wang et al., 2019),
A 7HA(Oancea et al., 2002), %=(Yang, 2013; Lemkowitz et al., 2014; Qi et al,
2017, Wang et al, 202007} Ut} ©o]E9 F83 APAFE st FLEAS
vjopet izt o
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2.2.1 A7t 5%

13 A 7tAE F7|(RFA)S AHATE v&
(Flammability Limits)2} &} <13}3lA e
(LFL; Lower Flammability Limits)o]al =& FEo]

j_d _
o, 1'”1
ot
i
in
2
o

Astd T A gt
H& ¥ UFLES 44 w50 93 A S ¢ndtth. UFL o349 sXo =23
+NE EFsta ZUEFES T IJHOE TWsIdoE v Had
Jdormg [FLS %33 %%é‘?}%% o sl AslE o] FId & QU)o FEdt
7}2~E LFL o|sl2 A|ojsl= Zo] Z& WX|3l=d < Q3lHBjerketvedt et al.,

1997). Z¥skA|(explosive limits)= FHEFH WA A £oZ AFEEHI 2135HA
¢} 22 oJu]o|g(ISO/IEC 80079-20-1, 2017). [1¥ 2-9]= ISO/IEC 80079-20-1°i A

AANT A, AgelAe] vg, e, oddl, ofAlddl, F49] ISRt 3}
glof2 Ao Agel ALVl FAF] wHEEtn AFA o] FAAAZIE EAFA L=
zA4 o2 AHoleEt(Bjerketvedt et al., 1997). 273G olA AstAd 7127F s8] A
A2¥E IS 72 ROl

Methane | — 44~ 170

Propane [— 17~ 109
Ethylene (f————— 2.3~ 360

2.3 ~ 100
Acetylene |}

Hydrogen

| 4.0~ 770

0 50 100
[vol. %] in air

[28 2-9] 7| &=22f 57| ok

—_
o
ot
rot
X

Cashdollar et al, (2000& W&-, Z23-, $4h-F7] EF7I2E [O29 2-101%
2220 L Aot 120 L 79 871E ol&sta] &2, AstelA 2 bl
AAZM 83 7rz0 54E ATt (F 2-99F o] § §V 7h2o] FH o F el
He vlaskth wgke] HojF:Eekd e 20 L 8717F =3
o 25 o &7]olA FF FigrE e sstgEu] oA ?éom o=

L 8719 @3} g& 8719 ol ZAstdo. AdFoty 2

95 %, ZER} 4 %, T4 295 %) Btk 25 2 FE=ME 10 %, ZE3 4.5~5.0
%, TaE SBTA FHolM dEigern 22 o] FFEICAA &A1 A <
Wshe Fghe o] ko] mHs

- 1 7 -



120-L SPHERE  grpuaure transgut ot

[O& 2-10] 120 L(EH F+E&7[2t 20 L(R) &7|(Cashdollar et al., 2000)

9 Harris, (19678 277} o2 78€7)105 L 4 L, 1,699 LE0 el A Hth=Z
et sl 22 AAE AU AstsiHLFL# 13H3EHUFL) F(in lean
and in very rich)ellA #3879 7|7} 5 FEdEgto] Ropds FAdTh
Jones, (1938)+= ©&3}r4 F719 7% A3SFHLFL = 0.55Co) ¥ 13}/ HUFL
3.50Cq) 0] A7 Eﬂrﬂ%‘:% %= (stoichiometric concentration; Cy) Q& A s}
o FEEY] {7 of gt slstYEF == YRbHQl AARE2A2-DE ©]
st FAHsIH Fr)ek A EIELS 2(2-8)& wEHCrowl & Louvar. 2011)

CAHLO, + 20, = mCO; + %HzO (z=m+ %— g> @2-7)

100
1+ (

Cy = (2-8)

0.21 )

<H 2-9> QtMItAO| X CZE L3 (Cashdollar et al

. 2000)
| O = 2 224 (Pmay) S=(vol.%)
(bar g) Methane(CH,) Propane(CsHs) Hydrogen(H,)
O[2Z(HHE ) 7.9 8.6 7.1
20 L chamber 7.320.1 - -
120 L sphere 7.5+0.1 8.2+0.2 7.1+£0.1
25 m sphere® 6.6+0.1° 7.8+0.5° -

StstA=2H|0M 24T 24X Nagy et al.,, 1971 & Sapko et al.,, 1976)
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r*0

Movileanu et al., (2012, 2014)= H¥&3& &~7|(L= 15 cm, D= 10 cm, V= 1178 L,
FTAR HAZHE ol&ste dE@-F7] EFTI2Y FTUEALES ZAEIAT [1F
2-1112 F /N =71 dd"olAx SH88 F4dEd ALE FdZF8le9 Faygds
A et Z7]4bEo] 0.6 bargellAl dFF&71el F ke (1, ag3d
(adiabatic explosion)$t® zk (3], Z71¢t8 o] 1 bargollA] YEH &7 etz gt
da b gk 4], 20 L 738719 239ty 3t BE FAFsAT. FaeA v
ol A &719 ol BolAAY ISP EZL S F=7 FotA™ Faghg 2 wols
THERTE 0] H b E S G Bo & oA UERET

K

11

S

[O" 2-11] H2A-F7| EEIA| A HELLZ(P,,); 7L (T po= 06 barg, B p0

= 1 barg)0| CtE ASHE7((1.178 L)Qt EHE =Y (2] pO= 0.6 bagr, [4: pO= 1 barg),
TEE7|(5: p0= 1 barg, 20 L)(Movileanu et al., 2012)

[

Zo|A o]2X o7 AHMALIV} H= FEHIE $8YEH|(Cy, stoichiometric
ratio)g} st AAZ HZFEJH(Pp)S SSYFEY o 25 52 #dA &4
S ¢ F At AP gstFEn| o] Aol o] dHolR] e BESH AL} &

7] Yol X &R Qlste] A g
2.2.2 34729 27|59l 7|4
Pekalski et al.(2009)= ®l&-, Z23-37] Ed7F=E 20 L 788715 ©] &3t
AststAlel mE W9, 2F 9L =2 4™, 5, 10 bargy &%(20, 120, 240 C)ol
Z

A EENEE FARGT hedt o] Husth ETwekee o4 AR Al
weh 271 &8GR0 Bho £E, W Fo| B4 £xo] JES with
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exp exp -
exp ( n, )( 7; )Pz (2 9)
A7l A P AUdd, 7= ANLE, n2 7122579

SR Wl A2 el Y dol 2w, ZAYRAH EeY

Hepdos FHstEE A8 5 Atk A, HdRdeEs &

of ol He Frolth BAl, 271w} 27¢Ye Frhe
2 ol gtk AA, L9} el URe Lo O 99 Euwyo

o =

k=)
ﬁ
X
5 g
i
5 I
X
o
[\]
—
&
@

&
=
it
ol
N
ot
ot
N
N
[

‘FSC:’] =

T, 240 CA Oﬁ‘r?‘{ﬁ]«l =E ‘jqfli TEE HIAIATIHEA o] AR A, A

) FaetE s Ak E8d, AHAE A, A48 g S Jepd Aol [

g 2-12] b= t= 5 bargoll A, [13 2-12] (O %7143 10 bargellA A

St agazolth I EUI2e 2U|EVF ST E IdE e Yol =
Aol ZolxH ZE T FUtstom o VA WA A Fo] 2T|H o 4]

8 3} 9 tH(Pekalski et al., 2005).

13
71

© PN' ru

-

N
g

+ Tini = 20°C,experimental ®» Tini=120°C experimental 4 Tini = 240°C,experimental

~——Tini = 20°C, theoretical = « Tini=120°C, theoretical - - - Tini = 240°C, theoretical
9.0
8.0
* * - .
*
e i il T
— [ | - ] T [
- - - = o
ey s - 3 | -
. & y L
-
LY
Lo §
1.0 w
0.0 - - T - T e t + = "
3.0 50 7.0 9.0 1.0 13.0 15.0 17.0 19.0

methane mole fraction [¥]
(@ =7|12= 1 atm

+ Tinit = 20°C experimental = Tinit = 120°C experimental & Tinit = 240°C experimental
—Tinit = 20°C, theoretical — - Tinit = 120°C, theoretical - - - Tinit = 240°C, theoretical
45

r
o o

Paxp - Pini [bar]
ra
S

il | | AT .
L] -a
0oy ¢y L B e et

3.0 5.0 7.0 8.0 11.0 13.0 16.0 17.0 18.0 21.0 23.0
methane maole fraction [

by =7|1¢4E 57|
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+ Tinit = 20°C.experimental = Tinit = 120°C.experimental « Tinit=240"0.exp-erimental'
——Tinit = 20°C thearetical = = Tinit = 120°C theoretical - - = Tinit = 240°C theoretical

Paxp - Pini [bar]

., o

P B s "Tmg, | saa

3.0 50 70 90 1.0 130 150 170 19.0 21.0 230 250 27.0 29.0
methane maole fraction [3]

(€ =712 107
(O3 2-12] X7\ HE-Z7| So7tASl ZEUAH(ET|YH; 1 atm, 5 barg, 10

H =y

barg 20 °C, 120 °C, 240 °C) (Pekalski. et al., 2005)

Razus, et al, (201002 Z2%H-F7] EF7l~2 T8, 1 barg, 1534 B
oA %1298 K, 333 K, 363 K, 393 K, 423 K) Z%4HES ZASE A3 (19
2-13] (@9} 22 HolHE AUt FTPE L 27|59 F7he sl siA wof
HiL FFEE FolA Jﬁ‘réi AoA Bt =g & zols Bt =3 [O1F
2-13]1 (D2} Zo] ZE2R-F7] EF/I2FE 315 %A &5 7|4 A
2 kg s EII_*S}%U?} TUEFTL20] 7|5V mobdaes IUUYH S

= ol AHT. L%} ZolxH 7| A 34

E
o] Eolw welAHT %E7)

O:

N
l%

o ool wobd EWetelol ol Aold,

8 b
=. =
; B
{=1 E

(=N

4 S R %s SE & W8 0.60 0.75 0.90 1.05 1.20 1.35
O,
[C,H,V(vol%) p,/bar
_— ey |
@ 28 ZLeH (b) Z7|Yt X728 ZUYH

[O8 2-13] T2E-F7| 287tA0] ZE24QE 1 barg, THE7|(Razus. et al, 2010)
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2.2.3 A o] A9k HEpo A

l

Dai et al. 202D+ F4-37] EF=9 HU S0 g g A3k AA9 <
Fs A7 2 A FSHSe AS oduA &
ol Az Zudk(constant volume explosion)d} FASHG= S & 4 AR
| & 788716, D= 10 cmet Y% 8871(CL; H= 15 cm, D= 10 cm)9] Z
G A TN HEste] SAE FEetE e [O9 2-14]19F 2o 7387 > d
8719 T > dE8F LV A T4 w£o2 FHgHol A YELth
37t 8719 718kes FAldA B R E TP &7 Bls] dE5FH L]
Aol O F1 PR staAd oA H) dEHo] TSI e Fig)
Aol A=Atk Razus. et al., 2006). HH/A A HlEo] oW AEAE
WobA FEketg o] wrolx|= Aotk (Harris, 1967).

of

)
o
N

11 | s — |
10 I ECHIMAD
C ® Spheres | -
9r B Cyl. C1, center | —
sl A Cyl. G1, upper lid L
7k ! ...... anmud ! e
g Bl == | = @ g ... -
g Ll el el b {0 s W oo T
a* °[ | !
4
sl | &
Sk ol s ommes osemy cdae " o
1] M - [ b = -
1 1 | L 1 1 1 1 1 1

i " i M " L | - L i " i i
01 02 0.3 04 05 06 0.7 08 09 1.0 1.1 12 1.3 14
P, (bar)

(23 2-14]

nl

S 27|10 HHKX[Of 2 ZLA 3 (Razus. et al, 2006)

Wang. et al.,(2020)2 907.5 L d88 35 o] &3ty 71&Ed-37] EFEL ZHE
AS AR (2™ 2-15]= 7HEd =& Al 7FA0.91 %, 1.71 %, 3.19 %=
At A3 UAE ST FAgE S SAT agzolth. 7] Aty
A7y F7bgrel whel HojEdehe e EL;—O}Z] AT 7?%“4 FE 171 %olA %7
Azl qA7F 01 J & of HoiZFEsd MPaolx %713 &}t q=7F 10 J
o w HojF¢dH-e 0.861 MPaol™ &lﬂh e 2713 A= AF A
A7 =& BAFE. B3 A4S SR AE YEtHLee et al,
2001).

_IE
rlo
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s
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0.90
085 F % &____————-—‘%"_______% .
,{)‘53______:—(;\ +(.0029x
o3 L
By
= ik 0 Y, 091% |
5 o Y, =171% ]
Z 055t A Y, =3.19% A
£ 1=0.471-+0.0023x
S 050 1
Lo QPN M S
045 | .
1=0.392+0.001Tx
0.40 - &_é,..}_.—-—é-——'—'_H .
035 L - ' - : '
0 2 4 6 8 10
Ignition energy/]
(12 2-15] HSto|L{X|0f 2 Eetotato] GBHWang. et al, 2020)
315t 98 ZFHoA 7HEHZTEE ARt HAH ol B2 H3lUAE FIHAY
A FHAES A7 HXEH 9gEETF 7rEstE Ada #3ef v/l AT SO
ghoh =3 st ae] BHANA HIgdUAE HIEH D A TtEYH-ET] &
H=9 FHEE FaFs 71AH A vl YFS Foh =7] A3 oy A7t
7 el wet 7tEd-gr] EREY ﬂ“ﬁ‘?ﬂx—?ﬂ TR R e %‘7}0}04 o=
dkete Zhol o] AR A Fti(Wang. et al, 2020). 71<&d3} B39 -9, %7133}

BA
245 ZUgyo HgHos %7}@01 ehget,

Fqtg 2 kol &719 Tdol Jde wWek H3foHATE F4F wole &

Zhuang et al, (2023) [2¥ 2-16]7 #Zo] A5y HHAL IAAH 17.17 L, A&
250 mm, o] 350 mm)ol|l FAFEES 30 %2 FAEL FRE(Lyd 2 ZHolE)
ol HAsFYA|(P1: &7 FAH, g o= 8EH 120 mm =°], P2: 7] F4%, vie
o 7HE 200 mm o], P3: €7 ¥, vlgdo2RE 120 mm o], P4 &7 9, u}

o= RE 200 mm EoDE B EA st FEPHS FAPT: &7 9, vzl
B 50 mm oI A, HHFEAEHE AY IASA UEHAT FolEs A3
(Htgto 2 5 E 240 mm)stal HIIAE FA7PH ¢y &F
Zetg o] Yetth o= 3ol AolEe ¥R RT3 *@fﬂ = %9301
EOA7|E ol o= TR & wotAA Flgtgo] ol 7% gt A

3T 5 gt GFd Pol Y nudh

_23_



Crifice plate

e 1-
P2e Pad— | | 359
240
Ple P3d— |00 _
PT JTED "120 1 1 unit: mm

(18 2-16] HO =0 2X|E HEH E7[0M F X LHZT /A
w3 (28 2-17] @AY st 7)o QEd A ZFo|E(E =Z7][mml; 60, 80,
100, 120, 140)E AAstn FA-F7|EF7I29] TEE WHSIAAVIY ZEE S
4% 27 (29 2-17] D Zo], dAH SR F4 F=7F 20 vol. % PITtelA =
A Zgteo] Yol 4 FE7F 20 vol. % 2FEHE HY o AE HZ et
Hol A Yt ole} e P4L slde] s FHOEE 5H3IHA A
A GR7F SR LElg g olEd 9% sH] I wjFolgt ik

g

Maximum explosion pressure/KPa
o
a8

(A8 2-17] oYL Hoj=2 Fek(Zhuang et al, 2023)
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\ RHoFgth dutdo g Axte waw o9
< 3t A5l wEt HAd g€ 4EH ASES HAAZY. Andrews et al,
(19902 76 mm 272l "H g7 Aol/AAL/D) vlo| & JHFsE F7ol
e mEFe] Aols FFE AFHOoE Ryt FAEET} 3

ol we} a8 = A} FsAgd E RV A

A sFEvbEo] BAEEaL o] JM&EE A

et al, (200002 120 L AHA F4ie 3719 A3}
(quiescent)d e} Q25X = dH(turbulent)oll A2 Zwketgle Rusiich [19
2-18J01 A 7t2 %L a9 T, AZFS 2748 o ZatEy], JAe o)k
OF 42 TE @ ~8) %o AAH GFMR L) Zuctgo] FRAMARG =5

2 BT & Yok

FRESSURE RATIO
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g
-
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c 4 4 6 B [#] 2

H, GAS CONCENTRATION, %

[OE 2-18] 552 HRHA S| ZL = (Cashdollar et al., 2000)
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Di et al, (20099} Yu et al, (2016} 54§ FHholen= ol A&, ZA2a, 4
A A e XS Tle] GBe A 47 ARGHAE > ZAZR)o]
52 AAQBEYG B Fucreo] WS BAYTh

Zwr s goje BAL R X, 27, $AZAAN ol wet Y
5 & glE el Ve Aol o@ BEst d4HY 4Yo] FredL
Asjaet Folq B o Tugrgo] FRuT B U

s [EC 60079-1, (2014) Annex DolA ¥l YUYW 7]= T FHAHANZLE,

AN, 958 9o E OF ICY A F8 AF7F & AFY 21 olsl,
9] a5 TA, IB)A = 4:1 olshe 873t ZHUAYPANA IF ICe ©HF
60 %, 7L 9 A5 AFHI7E 21& 234 w dHA ] 80 %ol sidste Aol
(baffle plate)s AA|stal FE7|Edd S Aok =3 1l YbH87]o HW&=
A2 o 5 1ICo A% HE=S 2 9HAY FH4A 40 %7F Blio] Slojof &)

9o IFe HA 20 %7t Hlo] o] T s o] YEEY AgE WA s A
< 8790 ol F A R Y FHo] TSt FHdqtHo] FopA A &

A HE&=s A2stets orel Aot
225 8719 A7) 8 7|3kt FH

Harris, (1967)2 Aol wExwt 7]ststz mofo] gojd 7387105 L 4 L,
1,699 L(60 ft)ollAl =E)<l(pentane; CsHip-&7] EF712E 8754 HA3lslo
LAY S TR 05 Lok 4 L AZITgo] T sEoM 4 L 9
g o] w4 vEhwa 2 9 AsAA elA YT Foggo
1,699 L(60 ft) olA= HojFdrg o] BAYshs FrolAle] HolZwebe ol
FAE stk o ARG Fo] hHe 8719 A FHol St w}a}
23tE 22 etk (28 2-19] @ 05 LD 4 LEA) 87], b 4 L
(ad)st 1,699 LG60 ft Ao He-37] w=¥ HHdshy agzoln. A
e 4 L 7HA 8719 AlF el AAWA i 1 i—":% TR Hol e Aok
H& 7kt 4 L 2oy 2 AFdA e AspFEetd Badis FddesEr)
Soba] FUYHE gopdnt ot o= X1 kg Azt
Ak Fgteo] Yopdnt shglth o714 ISt =xe] SHo= HAEHIg
H9& St & o 787 A 4 Le v Sl
| Ho2 &8d £ 3L Aol
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Maximum expiosion pressure, lbfin-?gaugn
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Mawimum eaploscn pressure, IHhn’ gauge
g

95 i
m‘ a
90 I d I..
m I
85
','ﬂ.-
soff :
75 .
N ey 16 20 25 30 35 40 45
Loncentration of pentanein air, Conceniration of pentane n &y, male per
male per ceni
(@) 0.5 L(FA) o 4 L(AM) FEHE7| (b) 4 LEAM) 2t 60 fE(AMTHET|

(O3 2-19] HHQ-37] s=9Y ZX|CfZLYH(Harris, 1967)

Phillips. (1980)+ & &719 TdelA HsAd o &7
st99 g4 4R dFoE HAYFAdE e W 87
. 53] ¥kgAo] w2 ofAlgdl, T4
oA o] o] yEhdh ThA S
t}. Cashdollar et al.(2000)2 w&-, =2 jdr—, Ta-F7] EFTIRE 2,
20 L Awje} 120 L #8871, 25 nf 79 2
f7)olA  87]9] ZArle Zuqigd
Harris.(1967)°] 33k 7]8te2 o2 e 4 L o] F&7]oA Ho3 by
o U= AxAset As|rz Y3} Razus. et al, (200 )= AFFE7C2 0.1
L, H= 9.8 cm, D= 4.9 cm)<} F3 87120 DE o]83te] 4=(298K), “F<t(1barg)el
A WE-g7] EFTERY FAgEs A9y A& Ei:ﬁ%ii Axbstanh. 29
A3t F 879 AFe Hol7f Folx [ 2-2019F Zo] TLS HEHS B A
Ak ke g 2 Aozt yErgTh A 3 AT R =33 3skeF
E0] FZo A ztol7F FobHar 13}sgt To g2 ZAFFE zol7l AXY. 4
A T I3 EAE Qo) APFTAE e I ALRDES Bkt

off o]:o
' E
I
e O
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)
o
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sl A O
AD
ASs A .
s Fiy A A
s L
7t &
F Y
g A £
0 5
H.Eﬁ
o .' A
51 A y=0.10L (vessel C2)
& cale, ECHIMAD
& = '. . V=20 L
Y O cale, CHEMIKIN
a S A {Sm—r— T
5 [ 7 8 8 10
[CH J(vol%)

(38 2-20] BE-B7| BEIHAS] ELQ, 1barg, 29

8K(Razus. et al., 2006)

<EH 2-10> Oi7|¥, &20M HE-S7| 2728 A4S FE L (Razus. et al, 2006)

No. Pexp(barg) CHy(vol. %) Explosion vessel

1 8.3 10.5 20 L, according to EN 13673-1
2 8.1 9.5 20 L, conditions as in EN 13673-1
3 8.5 10.9 20 L, conditions as in EN 13673-1
4 83 10.0 20 L, sphere

5 8.2 10.2~10.5 20 L, sphere

6 8.1 9.5 5 L, sphere

7 8.7 9.5 5 L, sphere

8 7.7 9.5 204 m’, sphere

9 7.0 10.0 42 L, sphere

10 8.0 9.5 20 L, sphere
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Jiao et al., (2018)2 F+3<] 113 L ¢} 22 LY &7]d A F°] 60 mm °o]a. 4o
2000 mm ¢l ol ZE IAAA AL £719 FAelA AT F 8719 o]
o Rl dHe 4% ATARE LESAT YPAH wo|xE Az
T §7] BEAA sto|ze] AWl A Fbeka oA £He] AH T3
9] Faee ZASAL ol BuolAY ¢Pe BT F/lREAT @
kel A= 113 Lo ol Eebol Al heje] o A F7HS & % AL o

ol

oN oo rE [k

]_

JT ok

%Al Razus. et al, (20060 Y3 AFo FHEV7 45T LR
o] 5= dsileon HuF e A= & =

= H =70 © ol
4 DA = d=go] S7hetdan 2 o] AAdA= 588 ¢ + Utk
226, 559 9

Zhang, (2012)= AZFAZ2A-F7] Ed7t20 HUSs=E 40%, 66%, 88%= W
=8 ¢ Aol

SAA FEE ARTUd S BuSRT AtFER AT =D 9
(2% 2-2119 o] btk £371E m@A slAolr] wlRel tirwel A%
TAES 37 vE7F EUHEel ot @ RSt o] dFolA FEE FHE
dEo wstAAAA A} A F 7HA Jlee BT 7HAA ol s% 30 %l
A ERANES A 7-10%04 ZR/GA Y50l FHAHE e Belle s
ob AadArt TPHe T Ak BF AxE £3E oY 4 Avn AxE
7+,
0.8 -
1 —u— ambient humidity40%
/" 8 A— ambient humidity66%
vl A NN —#— ambient humidity88%
# N
! \ §
B
£ ool \
2
g e
- \
N
0.0
- T ¥ T T T T T ¥ T T
i) 5 10 15 20 25 30

volume fraction (%)

[O3 2-21] IBAZZ2EO| MTHEE 40%, 66% 88%0IA = Eztof (M2 E222(Zhang.2012)

_29_



Ql et al, 20171)& 7I&H-37] = ZEAArHE FHEF=E65 % ~ 98 %)
B izl A7) 98] 20 L A58 INA AES FIAT 559 St
3 3 7S FE 1.05 %ol A
FUEEE 35 %A 98 %7HA =R
71Ed 5 1.62 %ollA o detE -2 0.027 MPa 7H43kS

{185 | i
¥ ¢ i ;
0.50F y=-11 0004 34x-+0.863
_ 075t
E . | 05%
= 070k .
] . 162%
=" 065
{100 = —
[ ey ’
pssh y=0000960x40634 T —
-
[ 1 i B 1 i ! i i i ] i 1
I A0l Sl ] T it} LE (I

relative humidity (%)

[O8 2-22] 2% 298 KoM HOEE B0 [ME XCIZEEE 3H Z2 HEE(Qi et al, 2017)

st o] MM TS5V B3FsL A2 APETY sdeolt 59
= EAANA AddE guzs 7ML &7 =&
th B So] #5719 d&Fol AX AT AH <

S ZaAZITHQL et al, 2017). Wang et al, (202002 7t&d-37] &
H59 9Fe =AY A8 9075 L Ass AN AdES
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(KS C IEC 60079-1, 2015; KS C IEC 60079-10-2, 2015)
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CGE 2139} <E 2-14% o] LE=FHIAS} [ECHA £
Fohe T27h Ak UePEETEA d, da, db, de 7h Qe AL SgTFA] WA
o] WA da, db, 7t F7b B otk EF d & 13 A Ago] Tbs
YA dat 05A, doi 15AY, dets 23R o] A7 salA 7)ol AR

At

T HELE WE7|S
LH Ex d
& Ex px, Ex py, Ex pz
HHE Ex e
=+ Ex o
IAB7|
2 HOoHH Ex ia, Ex ib
HIE =t Ex nA, Ex nR, Ex nC, Ex nL
=L Ex ma, Ex mb
s Ex q
=7 o Ex tD

<E 2-14> IEC EE0| E HFTxO| FF
Type of protection Code
Flameproof enclosures Ex d, Ex da, Ex db, Ex dc
Pressurized enclosure B px By, B Bx pz Ex
pxb, Ex pyb, Ex pzc
Powder filling Ex q
Liquid immersion Ex o, Ex ob, Ex oc
Increased safety Ex e, Ex eb, Ex ec
Intrinsic safety Ex ia, Ex ib, Ex ic

_33_



pressurized room and artificially ventilated room Ex pb, Ex pc, Ex vc

Non-sparking Ex nA
Restricted-breathing enclosure Ex nR
Sparking equipment Ex nC
Energy limitation Ex nL
Encapsulation Ex ma, Ex mb, Ex m, Ex mc

Protection of equipment and transmission )
) ) o Ex op is, Ex op sh, Ex op pr
systems using optical radiation

Dust ignition protection by enclosure Ex tD, Ex ta, Ex tb, Ex tc

Special protection Ex sa, Ex sb, Ex sc

W EZ T2 U729 71E E3AE 7 e FFol &9 e &7
AR EnE wgss gEe An, §7] Fae Buy sta Bov=
o s WAT & Qv &7]E o83 FXE FRAFSE &7 VA A=
£ BAsts NGAE, WS 9 87 799 AshAstaTt AHHEA
o}sl= QIstA|Fo] JTHKS C IEC 60079-1, 2013). HEH= U LZF x4 714
8% FEOE HXA, §A BEg A &3] 7HA] REF & FEHojoF itk
U, 8 W2 “p“(pressurization “p“)

eI FEE &7 WY HEvts hEs Rd] dEHET A4 FAFS

4 25 Paold FAI8HAL px 7&v &719 W-R2EE AT, pz F2E oF
258 Aggitt 538 Aojgid, AAAE T EES TN AY 12 F
Fol ety dLde FF3] Aol AFATE Fd APl o2 HASI YE
E TRV SIEE dlok st 1% Ao AX| st px TR Fol A
stAY frEFo] FEsldH ddo] AehE 1 o] F2MEojof giTh
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ot kA F WE G Z"e"(increased safety “e”)

m
e
rfo
b
T

A71717] e WERZF e Fx2=, 7
233 Ao tidk kRS FUrekr] d& FUF =A7
FaAFEL ddug 9 54 777, 571, AR
o] ATHKS C I[EC 60079-7, 2015). tAAPS S7HA717] f8l =& AR (GAY &5
= IPH4, AAZT AR (A EF7] A4 )= PA4E 7[EHo= &?t‘z}ﬁ}. B == &

ARzrel AAAL, sAZE F3 M

=
=
sto} Fure Qo 4 vk

ﬁd
A

g}, BAokA WZ 3 x"{“(intrinsic safety “i)

A7 Wi D Bay Bovlel =28 JEAA WA A/H oJUAE 2va
EE g BAE Qs BHE Yo F U FF oFE AV Ao AN
T2 EEHFANY, 2249, ddlgAgel AeKKS C IEC 60079-11, 201D. +
H2AT 2700 DAZEANNE Bde Aos)A gor 0% FrolE AH§7Hsd)

APA G AR EHY WEoE grpbotofsteE EQEHH 7] 7]
T A= ©@<=7]7](simple apparatus)?] 7Hd o] Ut

sshad 9 Qs Ty B9UE BHAR 5 gle $Ee A% Er A
A A BRy F90719 WHE YA 9 BRe=y g wFE §1=
HAzbsto] kA d] =Ml WFF=o|tHKS C [EC 60079-18, 2014). F3+=+ &
N7, 97, AR, e oE Waol glojok Bk &elmel= :d, Yelol, PCB

vb. WA 3} WEZ“n"(type of protection “n®)

A7171719] B2 B S-S A1 A T A %—-?—] ZrA 7t B9
718 T = YIES A7) 85 s FE2R AA 5 BE UlRel Aol
A= nC, 8719 F7IE AFE nR, W71FH AHAE Ask= nlceh &2 7Hd)
o At 2F A Fo At ARg-o] hesttHKS C IEC 60079-15, 2017).

233 ¥F 1%

WE 05 54 71257 Be 23d wet <& 2-1509F Zo] I&F(, I, 1D =
© AR 2FUA, 1B, IC, 1A, 1B, MO)°o.2 &



a5 gl

| Z4Hb O Et7tA(fire damp)Of Metst A8 77|

2o Skelgs)
(1A, 11B, 1IC) ZUY OE7tAQO FTFAFRUELR(Z|0] AFEZ|7|
A Z2d OEVtAQo| THAY EREBUHAM ALEZ|7|
1B ZEhd OEt7tAel HIETY 2RI AL 7|7
|lle Z2d HETtALel =Y 2TI0M AR |7

OF 19 AEFE <E 2-1607 o] HAAFAAEA
20 HAAFAIAEA = ISO/MEC 80079-20-12] Z&-4]

= IEC 60079-118] EZHIAI 7oA SH3 wEe
IR HE=E Bt

L
o
2
I
o
:?L_’,
oft
N
[
o
juind

<H 2-16> AE 119 MEF

- E| AN E A E| AT FH|
-5 (MESG; mm) (MIC)
A MESG > 0.90 mm MIC > 0.8

B 0.50 mm < MESG < 0.90 mm 045 < MIC < 08
e MESG < 0.50 mm MIC < 0.45

O5FE Uist= 7I2= 1 g, 1A 223, 1B 9
A 7hae) e AL WL 25 vol % o] z =
£ IAZ ¥R 15 1A9 & SFEF vge] EF2L ojd mEE 1F
[AZ EFHAGUISO/MEC 80079-20-1, 2017). HAEAFJAAEAN7F F1 HAEHSHF
Hl7b B e 9@l Brhe AL @

FEG 20 EAsE oo AHEshe 77l O 2 #2998y 23154
of Wt MAE 7kA4 8, Be HIEAA 23, lICe =314 2302 AlEst
Aok 714 7tdd B FH A7) 500 i o)3kel Pl wAYAE DI =

AAE A71AF 1 ke-m o]8ql 7t &3S 23t

IC & A9 7|71 18 1B 717] &= TA 7]717F AH&H
&tH 1B 7171= TA 71717F AH8HE oy E ALEHD &
A A&A
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(ISO/IEC 80079-20-1, 2017: IEC 60079-14, 2013)

ia

sa
d, db
e, eb

ib
m, mb

da
op is, op sh

op is, op sh

sb
dc

ec

ocC

O O
o al © (&)
ulo O | i
104 o | JH E._ © H4
o |© ol @ o
= s | O [a)
~ O| @ <
U] o)
N
KO0
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<H 2-19> 7|7|2E2 581 $EFZ(KS C IEC 60079-14, 2013)
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<H 2-20> 2= S5g51F At = (1SO/IEC 80079-20-1, 2017: IEC 60079-14, 2013)

2E358 AA2E ER(0) Mg Ztset 717 2E58
T1 >450 T1 ~ T6
T2 300 < AIT < 450 T2 ~ T6
T3 200 < AIT < 300 T3 ~ T6
T4 135 < AIT < 200 T4 ~ T6
T5 100 < AIT < 135 T5 ~ T6
T6 85 < AIT < 100 T6

2.3.6 8719 H3s-57(IP Code)

KS C IEC 60529(£] 3o 2H =

fol

ol

!

-

St

|

R

1o

rlr

Mo

R

s

A

bt
::14

N

% rlo

ok
rr o du 4z

<E 2-21>9F %t}

<HE 2-21> 87|12 E2&=(KS C IEC 60529, 2013, Jespen. 2016))

M AtE 1HS0| oigt 22 =M AtE| =0 CHet B
0 HES 0 HES
1 A¥E > 50 mm 1 TEog Yildte= &
2 I18E > 12 mm 2 H5HZ|127] 159
3 IEE > 25 mm 3 2 Z(sprayed water)
4 ITHE > 1 mm 4 %/ Z(splashed water)
5 =X 2 3 (Dust-protect) 5 =At(low pressure water jets)
6 2 1| (Dust-tight) 6 ZohE At(powerful water jets)
- - 7 YAH H
- - 8 ALY Y=

i oty
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=
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o
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N
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<H 2-24> 2|H™7|7|9] ZYAIY =ZTHE(EC 60079-1, 2017)

717 A& AR 7tA-F 7 SZ( vol. %)
IIC f=A 21 + 5
IIB Of| = &l 78 + 1
1A o2 525 + 05

Q2 AYAHANA Ahs WA Aol 39 o4, HYFEALL 02 us

AN 0.5 us Abol, dE2 <l = YE2= Hfo] Awtom "ojA= AIRHE 4
20 9oz 10 A3, Ao 3 A3 HAAS At ym A &S HFAA7

I 7 S AR FEAIRTE2] s B EkA] gkolof gt
A3 AN <F 2-2609 A @7t=E st A48 A
r.m.s. line voltage)e] 4 1.5WE 3% o], HUAY H5E5E== 0.5 kVisez A
AN =" Aol Eol A7FeT LY 3 I HA AelE Al U A
2 HAAZIAL ol F ZF Aol thall Aldgith. S A 2T HSLE A kofo gt
234 JIA P BAJMAEEFZY V7o ALste= AP@e=E 777 B
2 yZzAgqNA FA & 5 9= DA (interruption), 4l (interconnection)e] A g
T e 4 A-es 29asAF7 ) ddsta H3loRE gl Al@dd A
& Eagtylae] AL (F 2-2607 15 [2 wWE 83 + 0.3) %= ok
o] AsMAF 7 20 Heto A o] & ZUEALS o] &3 APl

i
rr
o i

28 REEDA2EH £ A
SHe AP E ASEE JtaE (F 2-203 2.

<H 2-25> AYEE LdoANHE EYAY == (IEC 60079-1, 2017)

2171 A& Qlshd 7tA S ( vol. %)
| | EF 6.2 ~ 6.8
I CloEofEH =2 225 ~ 235

of W} ALs= EL kRt 7bA-E7)9 EAAE 7)Fo= EN 13673-19]
Atk B Ao A= A 7|20 [EC 60079-1: 2014 2 7)12<¢] EN 13673-19] ©j
3ta] doprr}
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Dol mwet 95 % o]l Add 2= H EHﬂ%M A= dstkel g AlY

THFES F& W] FFE FAT Az FFoE gEHA vl ¥
=249 g#EANF o AP 5 kHz+05 kHze 3 dB £ E2 A )< E(low-pass

filteNE AREITh AE 3l B FRESA7E20) RuH|(t7]delA T7]eh HlE)=

« 5 1:(9.8 + 0.5 % WE 33

« 5 1A : (46 + 0.3) % =3 33

« IF IB: (8.0 = 0.5 % €& 33

© 2% 0C: (140 £ 1.0) % ok g 53 2 (31.0 + 1.0) 4 53]
71719 Abg FHL=rF -20 C vgko]ld oA shuE g

© HAEeFHARETomn ) Ol8tellA A

« AAEIIAE 2(2-2)9F 7}eHincreased pressure)dte] Al

P= 100{293 / (E.mjﬂ + 273)} kPa (2_2)
 WEFgo] gk 719 Hl A Fo] 10 L o]st Al (& 2- 28> AFE H&
st ZlEdE s =QUo owk 8719 Wl AFo] 3L = A A
ZlEdg e 1owi= 385 A o 4= Fafsfjof gt}
<HE 2-26> HdaE F2 2=0| Cfet A[@A$=(IEC 60079-1, 2017)
A FR2E(0) ANEA
> -20 1.0
> -30 1.37
> -40 1.45
> -50 1.53
> -60 1.62
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o
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=

H

AME FA Z’“ﬂ“ﬂ AE7] 7t E(end shielddl Axgct. 9rd @2pgho] A
YA el YA Fod GEHAAME dAgtdE FEste] AFgo &

AP A dgdsAIzte]l 5 ms olatol AY Y] FIAFANA FugEo] 1

Hj o] zpo)7} YEbH qt# EH(pressure piling)e] AT = 15 IBY 4%,

deEFHel BASH 24 £ D % a9 WekEF] 85t 159 EIVIAE o] &35}

i off
N

O
—

on L

2.4.3 A 7t2=-F7]19 HgEFdekE e 2% EN 13673-1

o] EFX UL~ T EAS SASE AH7IESE EN 13673-1 HA %
Hhebe o] A4 (Determination of the maximum explosion pressure and the maximum
rate of pressure rise of gases and vapours - Part 1: Determination of the
maximum explosion pressure)oll= AU, AFE7], ASHA, TLHEF/T- &
=, HEAI 2", 9FY, 2ESAAR], FHIHA o] AAEH Aok AFES o
7193 FHLE, APE79 FdAA #3l, HujFdstgo] SAE w7kA ASA
7V2=8) T =E WHSAAVIH AFST AIF@E7IE= 5L oY 78 BE 4Fd(E
oje} 27go] ool 3, FH4A 20 barge] HEE JHA ok st EUtro v SH

2

2 2 % mol 7HA = + 10 %S FUNESEE 2 % mol o] ddA= + 0.2 %o Ao
2gcE 97ty Al e fE2u3 == Hr]olA(fusing wire)ES AM&3HTH
dESAH L AFEE FHer] S5 dgAA e RS &r|uEdd dXA 7

i

10 kHz o]l AA 20 bar 7HA] 2A 71531 %‘Eﬂ%xé Al2Hle] A==
52 HA 1 ms olth 3.3"-d e ZUANIELEL F37|= EX
air 5]

=
oF ot WA Hof Utk

r free of water and oi)& A&
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) = 7k 5, 1A, 1B, HC) WE7VEE ZF 7t R
f FER FPHL o8 AxW AUHE FUSE 80 %A shase] gk
g = 98) (29 3-113 2o] TABATH APAAE 712 Wte7]e]
(2% 3-119) @Ml Axrale] A5,

e 1 ox

Hz Vent
(L MFC

CzHz2
A ] X0

Explosion
MFC @ { = enclosure

&
&
O
4
il
]
S

@ Flowmeter(0.2 L) & Piezoelectric pressure sensor
@ Flowmeter(2 L) @ Charge Meter

@ Sensor(Temp.& %R.H.) @& Humidifier

@ HV Generator @ Dryer

& Ignition Plug @ Silica gel

[3 3-1] Schematic diagram of the explosion apparatus

3.11 7t EFAA]

FA7E EFRAAE JAAATIEGF), dFF7], AFFZA7], Andq4AR
TFAAT 87t ae taAAT(EEDA A ARgdE o HASA 715 barg ~
5 barg)s 3l 1 wi#e] Frhol: A<d7|(flame arrestor)E AdX|Ehe] whde] H5tE
Adeln AggdA s 2FED. EC 60079-02) 26380l A LT Q84722
TEE FYE 7t B2 FV1EA 95 %3S et B ATl AHgE Asdvt
29 &= [ 3-113 2ol 99 %ol/doltt.
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<H 3-1> Aol A EE 2etdrtao ==
Hydrogen | Acetylene Ethylene Propane Methane
(H2) (CoHo) (CoHa) (C3Hs) (CHq)
32 Y Hlbarg] 5 15 5 4 5
=2 [%] 99.99 99.95 99.5 99.5 99.95

AFE7l= =

(Silica geD)< %JJrf?} MRS FEO] AAE Az FElE FFHh

o} 7]1(MFC, Mass Flow Controllen)& Z+zte] QIstAd7lx, #7119 &AM, %’E
2 ANew RUHYS Y AQH $5E 24U (19 3-2] @ B 4
A" AEFgEA 79 [18 3-2] e A FHFFH T2 Yoot} 2
FA 7= (F 3-2>9F Zo] 7} Jpad FEHSAA ThRe €8 BA, 2%,

=4 9 nAgstel {2 A=SHU.

(a)AFE =l MFC

(13 3-2] &k

A7

<# 3-2> Technical specifications of MFC

37t ~2 4 =gtolol(Dryer), WzH7](After cooler), ﬁ‘Ei Xﬂ"xﬂ

(b)MFC program

Max. Flow range Pressure -
) ) Repeatability Accuracy
[In/min] rating(bara)
Air 400 5
Hydrogen(H>) 200 11
(o)
Acetylene(C:Hy) 130 25 + 0.5 % RD
<02 % RD | plus + 0.1 %
Ethylene(C;Ha) 35 5 FS
Propane(CsHs) 35 4
Methane(CH,) 35 5
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AP A=

AMAaEERA7](0, Analyzer, transmitter-Xendos 2223, controller-Xendos 2200,
ServomexAh+ ZH7He] 2A4HE =5 AARter FAHEHEA ARFFEAANE A

rr

UL
z4ste] Yate BREYPlae] FEE VST AaEEAY 4402 D

e Y7 fal 2702 L, 0.2 LY AAFFASt HEMBE Xt 4+

HAEE
24970 A AEY A 2429 hAE Azre] BastmE 44 AUS B

[O2] 3-3] AtAEM M&E7|(AhHet A of7|Eh

Lo
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2 dFE HsiA 7129 FZAIF AR FIHE THEHAAE ARt AX5HA
o B39 Tt&E ]1_ 5 7MEst 5718 HAAINAY 253K B)E AHESE
o EES A 74 TiEste Woly B VMEAAE FREdUiav 52
e 9fe& o] &3t FUEFES JdF & AFE ATz = FHAA
Zhaste Wloln ISt ThaRko] ofd EFEFVIAG HAUGEE AT ER
A=A A2 FHY FLEFTIAE DEHF2E vlolui 28ty Ho) Ao
= 80 %7HAl 7hgol 7FsStATh [1' 3-4]8 B Ao AHgd JtEAR oY, &
= 2 2=#47]|(EE3]l, E+E elektronikAhe] =AM Y= AdsEE 0 ~ 100) %, <
% (-40 ~ 180) Colt}. [1® 3-4] @+ wlolA22 USHHEE JIFgHE F32 "4
Ao AHEHT
(A3 3-4] 718X (O USYEE @ 00|32 L S¥E 9 2¥E @ ZH+I)(HEH &

HM7|5, 2022).

Tty SAAA = FEE7], A7) 293y AJAsE# 2, 10 kV 2HPpEAT,
Q= Al A (Piezoelectric pressure sensor, Kistler), ¢+# 7 %~](Charge meter), PLC Al
ol & AFH, 53 4¥d=HL HAFEPC 1 & 2; Data sampling rate 800 kS/s)E ©]
Folx Stk AdHAFT|= =R oE ALy WAE Adexd@ dB
point of 5 kHz)& ¥H&3star Qo

F87l= [OF 3-519 22 9o = A7 200 mm, o] 75 mmel 4587
ol AAHL 23 LAFEAH 20 abolrr &7] T HeZH1[19d 3-6], &7] ¥
H Tl d=EHAATE A H ok B AT AHEE FEET7 = WRAH(IE
3-5lolA a FAIE F)olA Fdtsido]l EM(THE 3-5194 h & i AeDE F3t
of FAH(LE 3-5]A4 b FEAIE FDHE AREHE=A AFE BHE= A0

N

A
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, 2 dFodAAE &719 FANe S Fdl
& '@E}. T4, opAlEH, Jdil, ZE3, wgd
mm, 0.37 mm, 0.65 mm, 0.92, 1.12 mmeo]t}. w2t EA FgE glo] U274
AN Zo] AYIE=E EAE 4.9 mmE AAHsI A F3FATH

[O& 3-6] H3tEd{2

a9 3-71% 23 AR F(quartz crystaDAAHE o] &3)
(sensitivity = -16 pC/bar), A& Ad(Linearity < + 0.5 %

200 O sAFAAE e St Adsitt. =
A WFE AA(crystaDe] 39S FHAIA g
FEAA Y 2EFeFS WA stHAE AA
T dEAAE FEAA 25 B0 HA ge
% E]% dg 25 AMESta Al ERHEAR)E F4E7
2%

§t
i
2
)
A
oxl
ofo
£
X
rr

AN
o2l
ok
rlr
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>
o
u
2
i‘n | |

o]
FS), A&
TS de
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mme] A LT
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L g 0
<

[O13 3-7] Piezoelectric pressure sensor
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Zute =48 ZSZ7)(charge meten:= [13 3-8l 23 st=dojrg oz A
A DE(low-pass filter < 20 kHz) 7]%°] o] 7]FdA L= w3 dB
point of 5 kHz) F¥teZH o] 7538ttt

3.2 AIH =

2 AT AP NATFRANE e <E DA Lol URETRe E
WEGEAIE A 717 IFE ARe-FY) BREFRS 5 E
60079-1 (15.2.2.228)0 we} =43tn HFg7lo] Wre WoAA Sudee 24
Sk TUEFEY FUAY 27 LEE ol g hAYAA £9H

.

O
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riot

<H 3-3> J|EYHEZYE flot t2-57)

29| & (IEC 60079-1, 2017)

] ) Number of

Equipment group Representative gases vol. % test
es
| Methane(CH,) 98 + 05 3
1A Propane(CsHs) 46 + 0.3 3
1B Ethylene(C;Ha) 80 + 05 3
Acetylene(C;Hy) 140 + 1.0 5

Inc
Hydrogen((H.) 31.0 £+ 1.0 5

FREPTL2Y] FEE w7 T 9 vlEvol B2 7261 £ 0.2) %, obAlE
+ 0.2 %, AgA 8.0 = 0.D %, ZT2ZH 4.6 + 0.1 %, #W& 9.8 £ 0.D %

(14
2 FAHAT A3 FH O FLERTIAE THEAA o FHAA HUFEE 10
%% Z7kANA Hdl 80 %7HA 7H5sA T

TUHEF L 7 FEFAA 53] REESIAT w29 F57F 249 FEEFUE
25 F87] AF 108) 712 FEE7] ESHEW &7 WEE XSAHAT
ol#3t X Fe rFWE T2 [EC 60079-2 (7.84)9 HA 7]|F=(GH))S Z33}H
TRE AT ol HAFAHFFAL HABQ FF, ALENAS FAFH0.2 D),
g7 AAFEFS A8 WERWEYF AXHJDL 7o IS Jh2e we A
sl 2dHAT. Tw3] XgE TR LU= JTFEEE AA 2 2 ¢ 79
BE o} 87] Wi Fdeddrtadddoe] thr|dke] HEE Stk TUAESA
£ PCE ol&3ty 82 RUEY Hi ZLEPrt2E HSAIA Zdtego] %
AEE gt e EgAEe] T3 A 80 ms E ¥ 120 mse] o] =29 [
Y 3-101e B AN =AY Ax3 £4-F37] TgE TagEgyo|tt. I}
Zelae &7 TYolA HlEHa FEgg e 87 RN A T 2Xxd
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L
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-200-
-432 613~

[ BITTEY | SR ] LT T TE ey LIy LTy [ 1 L | A i
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 VO 80 90 100 110 120
Time [ms]

PEEK PRESSURE : 1189.63 kPa MAX 10% PRESSURE : 118,36 kPa  MAX 90% PRESSURE . 1070.60 kPa

[18 3-10] ZHYH

¥l

gy

I

ZgY 53 F §oIRe] Aaskash §719e] A o 5 bargdl YHFIE
54 ske] A AR

B ATE JUSEG L5 Buge NAs 9Fe BA) A8 BFe
BAS #gstar A7tse) AUSES WFEY MY Yosn xS &
Ag Aeae golstel SYUFE Fagdee FHAFE WYstah 4P
$ACAE sorsy] g BAEAS Fo RYAUEE FFIHAT. B4R
AFEAL Duncan 7M€ A ESAT B ATe (AR BARNL fol5E
0.059 4] SPSS(V24, IBM)E AF-&3te] 3lsltt
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4. 444

_\-|;_1‘

m71sk, A&l AsHTEAe B9k BRE 4 31 %, oMAEE 14 %, o
gl 8.0 %, ZEW 46 % W 98 %= 1AL Axd Ao FREIN~E
7t A ol FHANA ANEEE 10 % A S7HAA AW 80 %A JhEska H3
AA FH49 ke o 2

i
7

4 o2 Uehith EREgae o
S vu] g HS(HSL: 23. 35 Tt e A= “f—xéﬂ;\;\q'.

<H 4-1> USRS M2 =231 vol. %)-&7] 28729 A" ZDt

Relative Humidity(% R.H.) | Temperature(C) | Explosion Pressure(«kPag)
04 234 769.6
04 23.3 7432
0.3 234 763.5
0.3 234 7543
0.3 234 762.2
10.1 23.0 7383
9.7 23.1 779.5
10.2 23.2 747.0
10.0 23.1 760.7
9.8 23.2 736.5
20.1 23.2 736.5
19.7 23.2 754.8
19.8 23.2 726.9
19.7 23.1 753.0
19.7 23.2 741.3
304 234 707.7
304 23.3 7103
304 23.4 723.1
30.2 23.4 7404
29.9 234 7304
40.2 23.5 734.2
40.1 234 686.4
39.6 23.5 725.6
40.2 234 718.7
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Relative Humidity(% R.H.) | Temperature(C) | Explosion Pressure(«kPag)

40.0 23.3 720.8

50.0 234 7403

50.0 23.3 715.1

49.9 23.2 717.2

49.6 23.2 716.6

50.1 23.2 7209

60.2 23.2 7023

60.1 23.2 706.3

60.0 23.2 658.3

60.1 23.2 7089

60.0 23.1 706.5

70.1 23.1 682.5

70.0 23.1 667.2

70.0 23.1 709.6

70.0 23.1 699.7

69.9 23.1 687.5

80.4 23.2 697.3

80.4 23.1 698.0

80.4 23.1 7187

80.3 23.1 707.8

80.2 23.1 663.6
FrlEE Mg Fa-Fr] BREvbne] Baoty PR TFAR
1% Zol FAHAG. Faddel BFe Auiu=e] Wl e 6
750.6) kPage] W7k Lebgith Eakqtele) maAde i 274 ne

]‘
~ 21.5) kPagES X ¥t}

<E 42> HUSEY 2437 Bgvta0] Swermo| B U EEHKY

Level of relative Explosion Pressure (kPag)
humidity* Average Standard deviation d P
0 758.6 10.2
10° 759.6 17.2
20% 7425 11.6
30 7224 13.7
40" 717.1 18.2 12.139 | <0.001
50 722.0 10.4
60% 696.5 215
70¢% 689.3 16.3
80° 697.1 20.6

* Alphabet letters indicate significant differences at ¢ = 0.05
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Zaoty e Jrjgso] wtet BAHCE FF Aolr} shebEn(F - 12139, p
000D, £EE WFY HABAAT Zugrhe] feolnd Gl AUTHp -

206). ATUGET ENLLE Fugteo] folshAl wolE Aoz BAHTh
HS AUEFE7F 10 %A 80 %= F7FstH 759.6 kPagollA 697.1

kPag= 625 kPag 723tk <& 4-2>°) AUiGESHel EAE 984 Luhua,
d e)¢ Duncan AFEA AT et 4A4S e dusdos 4
FEE 52 Avs HU9th A WA SARV@S AUEE 0 %, 10 % 20 %
ol HAUlsxE 20 %= HHEEAo abZE 0 % 2 10 %<} 23 30 % 2 40 %=
2o S Aw AEE 0 % 2 10 %E Mﬂ%éc 30 % % 40 %o thE ol
erg o] gake] Uehbe AuigEe] YA, (19 4-11 €)2

H, 31 vol %

680 |

y=-0879x4+ 757.225
R = D671

Explosion Pressure, Pex [kPag)

640

0 100 20 30 40 S0 60 VO EO
Relative Humidity (% R. H.)

(A3 4-1] 2031 vol. %)-37| 27t Zeretd
g Ert S7bel ute Sakerelo) (19 4-119 2

= ASS 1yt AtGE 0 %olA 80 %7FA <] Hlo]E 9
B8 At oH, 3lAAL 757.225 - 0.87TIXHFNEFERE =&Y

4.2 opM B -F7] F L=

S
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o ¥ X
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oA EH-F7] FAEFE FulgEe Wl mE Fuqiy e (%
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o2 Yeigth ofdgHi-gr] &
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<H 4-3> JUESEHS0| T2 Ot E (14 vol. %)-57| 2&7t2el AldZ2nt

Relative Humidity Temperature Explosion Pressure
(% RH) (9 (kPag)
3.1 26.2 1189.6
29 26.3 1182.5
2.8 26.2 1122.8
2.8 26.2 1196.3
3.0 26.2 1081.5
10.0 26.1 1026.5
10.0 26.2 1188.2
9.9 26.1 1094.1
10.1 26.2 1177.4
10.2 26.1 1223.6
20.1 26.2 1059.0
20.2 26.3 1168.3
19.8 26.3 1166.2
19.8 26.2 1132.5
20.2 26.3 1162.1
303 26.3 1095.2
30.2 26.3 1070.7
30.1 26.3 1072.8
30.1 26.3 1048.2
30.0 26.2 1040.8
40.1 26.2 1022.8
40.1 26.2 960.1
40.3 26.1 1124.3
40.2 26.2 1039.9
403 26.2 1014.3
50.4 26.3 982.2
50.3 26.2 967.8
494 26.2 940.3
50.0 26.3 918.7
50.1 26.2 993.6
60.2 26.1 917.1
59.8 26.1 914.8
60.0 26.2 921.7
59.9 26.0 888.3
60.4 26.1 906.3
69.8 26.0 846.0
70.1 26.0 866.2
69.9 26.1 874.3
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Relative Humidity Temperature Explosion Pressure
(% RH) (9 (kPag)
69.7 26.1 851.4
69.9 26.0 789.2
79.8 26.0 771.5
80.3 26.0 818.2
79.8 26.0 827.7
79.8 26.1 779.2
80.6 26.0 875.1

FHEE Wk
(R 4-4>} o] BAHTH Zast
1154.5) kPage] 97} Yetyth %
(13.2 ~ 80.1) kPagE E St

%
)
=
iy}
B
|
of
N
I
Y
)
ot
d
\
N
[
1o
I
i3
s
v
0_&&1’
4
gL
i
9|
AN
R
_&
rr

<E 4-4> SUHSEE OLMEH (14 vol. %)-57| 27t ZHYyzo a7 U #FHY

Explosion Pressure (kPag)
Level of relative humidity* F p
Average Standard Deviation
0° 1154.5 50.2
10° 1142.0 80.1
20° 1137.6 46.3
30° 1065.5 21.6
40° 1032.3 59.5 40.124 | <0.001
50° 960.5 30.7
60° 909.6 13.2
70¢ 845.4 334
80¢ 814.3 417

* Alphabet letters indicate significant differences at a = 0.05

Aol hE Eagtee BAM0R fold Aot Y Ao dehHYm
(F = 40.124, p < 0.00D. £%& WFY AALNED Eagkeio] fojeg G Fol
AATHp = 0348). FUE=r} B4 TUgol Fo5 HolAE o=
BRI GE 400 riEESFel FAY A4 SI@, b o, DS FAA
2 el YUEHOE Duncan AFEA A3 AigEs 412 Avs HYw
AUEE 0 % 10 %, 20 %t FUAH@OR Eugtol 744 w4 Uehta, 4
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d5E 30 %9 40 %= 2 sLIGDE BA AT weba] Zatge Id
A v X7] A2k AUl =(AAE, (18 4-2]9] @) 20 %= 2T & ATh
FHEE 0 %, 10 %, 20 %= GO = Fdetgo] 714 =4 YEr
SVt 7ol uwhEl FetgE o] [O7 4-2]3 o] AgHo=R Tadte= H
Aot AoE=7F ALY 20 %ol 80 %= F7istH Z by el HFe oF
1137.6 kPagoll 4] 814.3 kPag= 323.3 kPag 7+43%iTh.

30
N .H
oi
fiu)
A

1300

1200 | C,H, 14 vol %

1100

1000 -

S

y=-4.686x+ 1194 300
R*=0.871

S

Explosion Pressure, Pex (kPag)

00 -

ED{} | | | | 1 | 1 1
o 10 20 30 A0 50 60 70 a0

Relative Humidity (% R. H.)

[13 4-2] OFMIE (14 vol. %)-87| 28 7tA9 Zdkera

BosE 0 %A 80 %718 HolH dsl @Ud3FAEN e dAsteH, 3
A2)e 1194.300 - 4.686 x A HE =2 EAEJtHp < 0.001, & = 0.87D).

ALH-37] FEEFE2 Fis=ol
o ZE3lae] AUsEs HA 03
ZENRAL AW 2ol + 08 %= AFHE @A FAskAT CdEd-gr] FRESE
ol 2E+ AdlsE 3ol Hill: AR Aoz JotEATCE$:23.3 ~ 23.9 C).

whE UG E G 459t ol ey
% 80.7 %7FA 10 ¥FAE=ZE =

l‘_\'L
o
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<E 4-5> JUgEeeo mE oEHB.0 vol. %)-&7| 2722 AldZDt

Relative Humidity Temperature Explosion Pressure
(% RH) (9 (kPag)
0.9 23.8 600.5
0.6 23.9 5974
0.6 23.8 611.0
04 237 604.2
0.3 23.7 671.3
10.0 23.8 554.3
9.9 23.8 528.2
10.1 23.8 549.1
10.1 237 527.9
10.2 23.8 5584
20.0 234 380.8
20.0 234 363.6
20.2 233 405.6
19.9 234 4227
19.8 234 388.7
29.8 234 430.0
29.8 234 304.9
29.5 23.5 390.7
29.6 234 362.2
29.6 234 441.3
40.6 235 349.1
40.1 234 3325
40.0 23.5 315.9
39.2 235 367.7
39.2 234 343.8
50.0 23.6 2953
50.5 23.5 234.2
504 23.5 235.2
49.5 23.5 203.8
49.8 235 226.7
59.9 23.5 195.8
59.8 23.6 199.9
59.9 23.6 193.7
59.9 23.6 192.5
60.1 23.6 185.1
70.0 23.6 181.2
69.9 23.6 192.5
69.8 23.5 197.2
69.9 23.5 193.7
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Relative Humidity Temperature Explosion Pressure
(% RH) (9 (kPag)
69.9 23.5 195.8
80.7 23.6 177.8
80.1 23.6 191.6
79.9 23.6 193.2
79.8 23.6 189.2
79.5 23.5 210.9

AiEE WsgE o =
CE 4-6>91 o] BAEITh Huerye] BEe 4y
Ay

616.9) kPage] W7} vElth FEety o 22 s =E =00 wet (G4

~ 55.1) kPagE H it}

<H 4-6> HUSEY S vol. %)-87| 27tA0| ZLAHo WH U EFHK}
Level of relative Explosion pressure (kPag)
. F p
humidity Average Standard deviation
0? 616.9 30.8
10° 543.6 14.6
20°¢ 392.3 22.7
30°¢ 385.8 55.1
409 341.8 19.3 172.69 | <0.001
50¢ 239.0 339
60° 193.4 5.4
70f 192.1 6.3
80 192.5 11.9
* Alphabet letters indicate significant differences at a = 0.05
FUlEEe Wele mE Zetg 2 TAFHORE {3 2ol = AS=E YE
WAl(F = 172,69, p < 0.00D). 5= HFE JAENZEY Z¢gego Fovgk
ko] QlAtHp = 0.495). Duncan AFS B4 A3}, AUlgE 202 (E 4-600 FA
H A 2ol 6719 JEsHa, b, ¢, d, e, NE EAEHAT A F FEtHE Y 2o
© A a9t I b 73.3 kPag, AT b} I c= 151.3 kPag, e ¢t Het d
= 102.8 kPag® YERTE 7|4 Fdgdge FFES A PR FdsEs I

_60_



coli Eweo] 2 FFL vAA B FRSELAG, (1Y 4-32] $)F 10
%2 AR F Ytk P B TVGHES JUEE 0 %ol dehgm, JuEs
7 FNESE BagEel fovsAl WolA: oE AR oYd-F]
EYshae] EwgtEe STt 0 %ol A 80 %X F7hFl whet (19 4-31%
2ol HEH O Pasts FFL AT B, FUEESE 50 % o) oW gt

=i
]
=
.

C,H, 8 vol. %

[
[ ]
[

; ¥ =-5.323x+ 568.485
;i : R? =0.893

L =
(] =
s =

Explosion Pressure (kPa g)
E.;
|
¢

[y
)
[}

0 10 20 30 40 50 60 70 80
Relative Humidity (% R. H.)

[A2 4-3] B2 B0 vol. %)-87| 2e7t2ol ZHUH

BAHEE 0 %FE 80 %7kA1 8] HolEd s ddIHEAs dAsen, 3
A2)e 568485 - 5.323 X AUEFEE ==HAHp < 0.001, & = 0.893).

44 ZZ2RA-F7) ZLEFI}2
o] Wstol me Tultee (E A-7>eh ol

79 AAZT v YTHAD: + 0.3 %). Z4E3F
13 ®37t e Aoz SAFHJUCEA:
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<H 4-7> NOISEHSI0| 2 Z2T46 vol. %)-&57| Se7tAQ Al"EZAD}

Relative Humidity(% R.H.) Temperature( Q) Explosion Pressure(kPag)
0.0 239 239.9
0.0 239 2347
0.0 239 2345
0.0 239 2458
0.0 24.0 222.6
10.0 23.5 234.1
10.2 23.7 253.6
9.9 23.6 240.3
9.6 23.6 273.2
9.7 23.5 237.1
20.0 23.5 1924
20.0 23.5 205.5
204 235 188.9
20.1 23.5 198.9
20.0 234 182.9
29.8 234 181.1
30.2 23.5 178.5
30.3 234 1524
30.2 234 1524
30.0 234 171.0
40.2 23.2 165.5
40.1 23.3 140.9
40.0 233 169.7
40.3 233 148.8
40.0 233 148.8

A= Wste we Zag-g7] TRERTLae Aoy Bt xE2dA
T < 4-809 Zo] B4FHUT I Fdus=el met FAHeE {3
Aol 7k st E AI(F = 5561, p < 0.001) &= HWFH AL AT ZTayge
frefmgh daFol AATHp = 0.276). Fdet o] Hoe His=ol Wl wet
(154.7 ~ 247.7) kPage] 417} yepytal Fghe o] kFH A= (8.6 ~ 16.1) kPag=
TAEAT. B FUFE 50 %ol el T2 s ofgkth AR A
2 Zo]l IME HE3Ha, b, O0FHE A=

s = 27102 <E 4-80 BA"E A
A

1=}
AT 7 A el Tagreel Aol %
A

o
i

a9} I be 54.0 kPag, At b
0 %< 10 %= sLIHao=E

o
o
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(@]
rlr
7
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7

rE

(46 vol. %)-&7| 27taol ZLAHO|

A H\A 7] AFeshe AFE@AR, (27 4419 @) 10

Level of relative Explosion Pressure (kPag)
o F p
humidity Average Standard deviation
(08 2355 8.6
10° 247.7 16.1
20° 193.7 8.8 55.61 | <0.001
30¢ 167.1 13.9
40¢ 154.7 12.3

* Alphabet letters indicate significant differences at a = 0.05

29-37 1
SolA: 3

]
Ln
=]

200

150

100

Explosion Pressure, Pex (kPa g)
&

o

Grhzol EwEe FuigEst Bobdel wet (27 4-41st

=-2.421x+ 248.160
R =0.802

10 20 30 40
Relative Humidity (% R. H.)

[A2] 4-4] Z2T4.6 vol. %)-57| 2E7tAQ| ZutQr

FUFE 0 %4 40 %74 <] dleleled dia] gdIARES HAPstion, 3|
2 248160 - 2.421 X AUEEE FHetHAcHp = 0.001, £ = 0.802).
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o
Aigss dgze] AR g st @E: 01 %). w3, We-3) =2
EYrtae] LEE AUGE/ WIS V@ WS} Gt A0E ThebE TS
25.1 ~ 25.4 C).

<H 4-9> YIS HS0 OHE HEHI.8 vol. %)-87] 2&7tA0| AlF At

Relative humidity Temperature Explosion pressure
(% RH) (0 (kPag)
0.0 253 198.6
0.0 254 208.5
0.0 253 196.5
0.0 25.2 197.3
0.0 25.2 199.1
10.0 25.2 196.6
10.0 25.1 199.1
10.0 25.1 1994
9.9 25.1 195.3
10.0 25.2 191.2
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H#d EF2HAE
H 3} e} (196.3
4.9) kPag® 45 ¢]

rr

14
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200.0) kPage] W <17F UEhgta FIery o] wE
o B3 AiEE 20 %ol dolA Hde dAsA o

oy
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<H 4-10> YHE=2 HEH9.8 vol %)-87| 2e7t20| ZUYH| o 8 BEHAL

. Explosion Pressure (kPag)
Level of relative
- F P
humidity Average Standard deviation
0 200.0 49
1.650 | 0.174
10 196.3 33
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AUEE 20 % ool At Fko] WASA @gky AUFE 0 %9 10 % [1
% 4-5]3 go] Zugtelo] fAksPA slebar. wa TRt e Yrig R wet 54
0.

Ao g {Fo3t Aol7t gle ACE HAHEHJI(F = 1.65 p = 0.174) 5= HFH
AR A Fwsree] e FFol AT = 0.399). F FhE= 0 %}
10°% Adow Zuet

L gtgEe] Wsht RonsA ¥ faedtd % Y
gol JFS N7 Aaste FE=UAZ (17 4519 $)F 10 %= A9

= :
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2 AT A FARHA VHE"R-3T] EFVERY Ut A S ddsEIE Eof
A4E Yoy th(Yang, 2013). =3 7} Y-Fr)o] Zuelan A3 27]L5(298
K), $=(1.05 %, 1.62 %lA FHEF=7F S7H35 % ~ 98 %ol wel wolx vl
et al, 2017, Wang et al, 2020). ©] f-H A e Lo A

>*¥~

L ZRERR FET BolAY B BAA SuE drge /A Tug
=
[}

59 %52 OH, H, O ¢ &2 gzo] iy
Gdto] BWMEGIIne] Tweo] wolhrka A

ol K

ATE b2 OF 1 0A, 0B, 1Ce] thErb2¢l we, 2, Jgdd, opxdd,
&l diiFEe Wl mE ZUygE S SASAT. A2, AUl atmel
A 42310 vol. %)-, obAE#14.0 vol. %)-, L HAB.0 vol. %)-, ZZIH4.6 vol.
%)-, MEHI.8 vol. %)-&7] ZREFTEo] Zuote e ALyl Eoldo we =
et o] Yol e AFS BT 53], T4, ofAEH-F7] TRV AN
EE=GEEgEe] dasxEe 93FS IA 2e e 47 10%, 20%=2 Fet= A
2, BARA Aste gE dgd- zen-2r] Eftas AUgErh 10 %l
M 20 %% F7HE o Zwgke W@e] Aoyl A vehgty ME-37] Evs
0 %9k 10 %A sty Bzl i}om e Ao BHHAL 20 %ol
H% Fro]l dojuA] FUHAEH &
WgETe 8719 ZE A 2 JEAY
=7 BAE “Eﬂoﬂfﬂ o] Foi 7| 0]
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Abstract

A Study on Effect of Relative Humidity in Determining
Explosion Reference Pressure for Flameproof Enclosures

Yongtae Kim
Department of Safety and Health, Graduate School
University of Ulsan

The development of industry has led to an increase in the use of flammable
materials (gases, vapors, mists, dusts, and fibers), which has increased the risk of
fire and explosion. To reduce the risk of fire and explosion, flammable materials
should be replaced with non-flammable or less-flammable materials, and the use of
flammable materials should be controlled (reducing the quantity of flammables,
preventing or minimizing release, and collecting and containing releases). This will
reduce the number of places where explosive atmospheres are formed, and the
remaining explosive atmospheres should be classified according to the possibility of
their existence. In addition, when an explosion occurs, the explosion should be
mitigated (preventing the propagation of the explosion, reducing the explosion
pressure, suppressing, and minimizing the number of people exposed) to minimize the
damage.

When installing or using electrical equipment in an explosion-hazardous area,
explosion type of protection must be applied to prevent electrical equipment from
becoming a source of ignition. There are varies explosion type of protection include
flamproof —enclosure, pressurized enclosure, increased safety, intrinsic safety,
encapsulation, and type of protection “n” . Flameproof enclosure ( “d” ) is the
oldest and most widely used explosion type of protection, accounting for about 40%
of safety-certified products. The flameproof enclosure has a flammable gas/vapor
inside, and even if an internal explosion occurs, the enclosure must withstand the
pressure and the explosion must not transmit to the flammable atmosphere around
the equipment. The explosion pressure is an important value used as the reference
pressure for withstand test in the design of the enclosure’s mechanical strength and
certification type testing. Factors influencing the explosion pressure include
concentration of flammable gas, initial temperature, initial pressure, location of
ignition source, ignition energy, existence and shape of obstacles, size and geometry
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of enclosure, humidity, etc. However, research on the effect of humidity when
determining the explosion pressure of the flameproof enclosure is insufficient. In
addition, IEC 60079-1:2017 (Cl. 15.2) specify the composition of test sample, test
procedures, filtering methods for measured pressure values, initial pressure, ignition
location, composition and concentration of explosion mixture gas, number of tests,
and test methods for devices below -20 C. However, although the explosion
pressure is affected by the humidity of the explosion mixture gas, there is no
explicit humidity reference. Therefore, research is needed to clarify the humidity
standards of air during the explosion pressure test, such as the international standard
ISO/IEC 80079-20-1 and the European standard EN 13673-1, which classify the
material properties of gases and vapor.

The test device consisted of a gas mixing part, a humidifying part, and an
explosion pressure measuring part, and the explosion pressure was measured by a
pressure sensor installed on the outer wall of the cylindrical explosion enclosure,
ignited at the center of the enclosure. According to gas groups IIC, IIB, IIA, T of
explosion-proof equipment, tests were performed by adjusting the relative humidity
of air explosive mixed gas in 10% steps up to 80% relative humidity while standing
upright. did. Continued At room temperature and atmospheric pressure (1 atm), the
explosion pressure of hydrogen (31 vol. %), acetylene (14 vol. %), ethylene (8 vol.
%), propane (4.6 vol. %), and methane (9.8 vol. %)-air mixtures decreased with
increasing relative humidity. In particular, the critical value of relative humidity was
10 % for hydrogen-air mixture and 20 % for acetylene-air mixture. In addition,
according to the analysis of variance, the average explosion pressure of ethylene-
and propane-air mixtures differed significantly when the relative humidity increased
from 10 % to 20 %, and the average explosion pressure of methane-air mixture was
not different from 0 % and 10 %. At 20% or more, no explosion occurred.

In terms of explosion characteristics, an increase in humidity increases the radicals
generated from water molecules and decreases the radical concentration of the
reactants in the vessel. Furthermore, the heat capacity of water vapor is large, so it
can absorb more heat in a constant volume vessel and reduce the pressure. This
means that the explosion pressure is reduced. Certification type tests must be
conducted under the most severe conditions so that safe certified products can be
manufactured and used.

As a result of this study, as an empirical study through experiments, yielded
significant results confirming that the explosion pressure may be greatly reduced or
ignition may not occur if the relative humidity of the explosive mixture is increased
by more than 10%. Therefore, it is recommended to control and monitor the relative
humidity in the explosion pressure test of the flameproof enclosure. To this end, it
is necessary to use standard gas for flammable gas and install a dryer, dehumidifiers
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such as H,SOs, KOH, CaCly, Silca gel, and a hygrometer for compressed air to
control the relative humidity below 10 %.

This study is significant in both academic and practical terms. First, this study
demonstrates and presents the critical value of the explosive mixture concentration
used in the explosion test of the flameproof enclosure which can be used as a basic
data for various scales of enclosure and shapes based on this. Second, it is thought
that this study has practical significance in that it derives the critical value of
relative humidity affecting explosion pressure and can be applied to actual
certification.

Key word: flame proof, explosion pressure, reference pressure, relative humidity
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