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11-Critical Energy
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1-Induction Length
2-Coupled combustion wave
3-Deflagration to Detonation Transition (DDT)

44

>l 5l 5SesS Gl 4 gl S 4ol bl )3 d9250

D¢y dlez oo ools oyl
3o alls blie (58 L S TG Al ogr i s <)
L sndSTy ol )b oszs «(NJSS @ az g b aili o ()00
Slyp Gl Sl godgamme (9,3 SogS a5 (g sbay ools rals
et 2B oo 7y (o] 5w LY clale) O by clalé oy i
Sly b 4l 6laj e slel g Tl po O By (Jge S polis
aS eb les .l ouls sols lis (o -F) Ko o Cb aw o
S ol &S Sl I3 a o3Y Ll oals eolo lid (F)USS o a8
ol 51 a5 o] Cawods (MPO) (o juie dunST 0939 L S
Ll (HUSS b alRalejl aigel 2y amlio gly 0l
Egazme 3l dal> 3B 28,5 000l L ogd Bl (5,5 ol 5wl
]».MS )‘M.A LL5]5.A )AMS JJQLM Ml?bo 6‘).1 I w)f )Jﬂ) )é é‘ﬁ..o
S olgie dos 5 05wl ity @8 ke ol 1 T e (e
axb ol jo of Ju YU cbile 4 axg b S5 g58 Jloxs

X
()

{¢=0.35 ,mole H20 =0.54

o1
4 (=2, mole H20 = 0.68
g 2—'4/,\,,;;’”:::5"7***7— —

e —— ——— —
1 2 3 4 5 6
X
1 {¢p=0.35, mole H20 = 0.5
2
4 {¢-=2,mole H20 = 0.67
2 — o
O o e o e o B B S T Smmma e
1 2 3 4 5 6
X



1P bl sl —17 (b 0 ko —1 0 sloid —piid Sl — (55 91 33 O1g0 Arwgi g Guiind

L gl aw (sl 9o (39,008 bolie LS Jsbo o 5nS = Vg0

Doleoglise sl s

Yo

(M) s

\nid

YIY

(M)Jsas Jobo

P SIS ey 4 e boliue Clile o 508 g s =Y Jgor

Dolay
- Yo MMy Lt
14 A28 (039,40 (o> wuo,)bale ) S
oy Yy (D394 (02> o) 2)bilé oy it

byl ol slaS39-Y-¥

Mé)‘).‘a).ul.aml)

adgl e g 51 V-V
slobyline jo S1,5 4 by pe (eSU (o2 090 slaZally
9 ISt Jobo SIS g Sy gzmen (plm el 0l
DV ecals aalys oglss oSl byl as Cu s 0,
LaST,s go ml an oS SLG IS ) da oo 0l 5o
aS aas o o Lis Olalac os i oo aizls 5y waiyls o L
ey 3l ey sl N0y o LS i5 Jo b el s
ol et e soliul jadgi ) sace 5| (Sl sla el b
ahiomha w o gl howgie Sy b ol loae

1Y+ Togn oo alons g5 000 Lylsue iy oSy » (250 oy

Jeis Job g adgl cas pu JF1-1-1-Y-Y
S asals Ql—‘:‘:’[\/\]dbLsms‘a‘}—J (WISt Ly gllas
Sae ol o LS jadgn; slael (oYL polde jo LSS Job

13900 By py Oyg0 4 jalgin,
plD

K

Re

S p S ohyx 0 b bsle Cojl oy g kb
Sle p azsliz jalen ) sue g 009 0bj (b Sy (ouyp 99
23U 5l iy Jlees 998 drulne (b2 S Lawgie g C Hlad
o9 Sge B93le mgw 30V A e Nl A JSE o oad al)f
2 bl 658l o (bl 5 s )lad lsel wslite )50 5 (L >
2 S5 Job & by pe Sldbl o9 Wl e (b (S

2-Reynolds number

44

iS55 Jgb 52 3l 1 gy VY-

had g aJgl s Los ;310,50 ,0 Slglyd oo slwosls
s 5B VAL 5 gl T V-V Vs s 5929 Xp 5 als)
535 s S5 o 1y ol e 5 gl Al ey
el s bge cede slaail o, 515l SO 5155 ol
asloass ploul adg) jo als i sataslid aslge 5l oolaiwl ygay
s el il s ;8 ali il oy 5 s o aalie o boclas
Veemm U lad ofi8las e8 )8 ass les o (V) 5 (V) Jslos
Srdm SIS el czrge (JoSas Job wad Gl ogdle
S0yl slabg s jo LS is Jgbb 990 50 Sledbl as Lxil |
A8 5 Sn bdg) 4 b e gl 5l jskaie (aos g o s
JSid Job i)l comge pad  moli8l e ol solaiwl (e V)
3 bodiee an by ye JSad Jobo a5 0, o0 Sl e 098 o
ol (Sias] 5l as i asl Jlabe ol 51 55,5 ol3T slas
Loools cpl a8 casils az gy Wl andlably o o0 S5 S5 Job
Fo o ol g wilse (SiaST g 5 (Sl bglie S 4y Lo
oz 0l e by (Sead] SIEIYL Ceyu b j0 a8 el
ol 48,5 18 Eou 0,90 O-F-F G j0 45wl

8
A
7_ o
q 6 .
5 i ' 4
J 5
L &l A
. ) 4 —
MA d=250m
3'_ ‘ ¢ ‘d=50~rrn
§ i
% ’.03’* *¢=100mm
2 1 1 | I} 1 1 ]
15 20 25 30 35 40 45 50 55
(o> dyd) (igydn Shale
(S8 b ) s 53 s 35,00 sloe S5 Job —¥ JSC

1-Aizawa



Yoo b gl 2> 39 S5 E9dg (ki (el

addgl L SI-Y_¥_Y

S L g s o ndy ST slabglie (ol a5 ol (Las
bt 590 0 Dabe I8 S15 58y ISl gl Led
Lol s Jods @) el e L33 51 i S (29,5 0 JLid cr
G czge (bludl zg0 o Cx (295 0 5 (P 5SS
515 g (blucil (g adl b salgs 29,5 olge sles 5 jLud
65N JSas 5 anlie 9zaa S (295 0 oslie j5b @
S o (zay 0 Sl azgi b as e s s bl
amio 23 5 s L el gd 5 1Y el Lae 51 i
g delgS (g

adgl glod JI-Y-Y-¥
Sleod 18 g onmy bl walize Olislejl jo adsl sles ,os
ST s 4 ey ol i sy o0 S 2 Sl 4BIS L>
Pl ssbar sl gl Gz » e lagine ple n atds
P S e s e Ir]s 5 o0 PEialel 5550 s2 sl
Slea b co ad bolse b oo ol g cenl (polS Fre sg0s
los & S bolire slos aSul a4z gi bl o 2015 (255
@bes Ll a5 el Jlasl lg e Cad YU iz agee
4 Cowd Lo ol ol atsls g5l Gl sl lase slod 4 Cad
ARG SegeS gl Ll j0 a5 (59,000 blie Jlandl sles
el 5 el 208 s el ol A+ sga (Jlandl slos
T upa> S 4 eizmen S S92y Cux onl 5l
&S o ol yo Shbl Gl Ssi 5 s (29 o bl
Juzsl clos b olyz los Gl wisdoo Lo LialS el
bes v j0 balse sleo IS cll> o amilis adlcas Joiome
I, bslis jo ST sbml Jlazsl il &ypo ol o asly Jlzs!

Lesls (go>

Selr DlyS 0gzg gy Ojse Ly S sl Sy 5l (K
5,5 18 axg 050 Wb aiz 90 5l 4T col T 0 o juie ST
3 8t cov ) pSTy sgae aS i aeuS clale S
Jeam S 6,508 Al on ol 5590 50 Y-1-Y Ced (0 5 dad e
S0 Lo aS Luil el ST oslel jo o] Lads g cor yo 13 oyl
g b (CrslSAs e 0902) gy bolie Jlnal sles
a4 Ol 5,95 el 4 0ad e adss olj] lad o co g

1-Diamond Like

A

2NSTy bl axiliz 1) (pgas cnl o Oglad (g9)lse iz
Loyl s jo balses asliz aylyds s )0 1 ojle oo St il
Olye 4y Sas Job gty (g5, s waly anals 18 608y ST
Ly ST gs8g sl 59,5 Clus (g pdy ST Hlas tals le S

2,5 olaeld o

Sy ples 1 dudsl Cag oo 5T —F\-Y-¥
s NV S 5 (il S0 (alEiles] (s S 5o
Lslabs b ;0 STs gos 65 JSb 092t g S s (o) 2
18 Laialal oml ol sie aslazsls , YU ey
oS by e (S 5o 15 o Ll ey s e 0392 /Y
Sl 00 00l ul_..».l LQU,«JI_A)T L)_“ Be ] ch l_> )_l‘).l
ol 300 YU ey o s sl bogline 0,50 10 (ot e il 45
B BVCJ+U b ﬁ‘f ;»_..uéyl; L)L')’, 6L_w‘) B ‘5|)_| T
&l —iaisis ol aSlay a g Ly oo ST s
slls slabglse o S5 olys 1o D acsl o o e u
J—ols ey ol jo ol Oledbl 5o g cwl oo

[Y\]w‘ 0l

1.1
3
\ l” * o PO N
] °
-1 s 00, N
1 . : ‘ ‘ * ¢ 4
g 09 .: 2 ¢
-g *
i .
= 08
=
O.- ' | | 2 A A
0O 2 4 6 8 10 12 14

. v
W, sagf) e
I

.[\/\]}AJ%) B &y Cond Sy (o eSS Job Ol sy A S



1v{ Uuus )tﬁ—‘i dtgé)w—‘ o,h&—,&&adb—gj,‘gal,e mﬁ,@ﬁa&

2305 Jlael 0,55 GalBre Clls> A ;o 0ed 0 4l el Sl oanS 5] s sl wed O3 cpl 1 o jlas 09y ol
o= Ol 0 Gyl e Cad &S s oogase Wb aw sl axsls
caRde s I3p 5 039 (Al byl (233 L ol Y0 <Q<Y
b sl L5 mg,s wilas e A 1Y sl s a5 ab Sl JF1-0-Y-¥
B Sszs 45 0 e Sg350 oS 0SS )y gy 4 cals 4z Wb bl s )13 3t cou 1) 5B Job (Suasl
585 Jlaiml s anlS sy (byglis o 35750 G9958) o Dgo Gole 290> I ity &5 Cenl IS 3L lo (Suanl oS
092 s S sl slme O e duoyd e Spdice Sl 33 s ol & 8Ly e pedg 4 [N ol il als
i s 4l e Ol by Jee juS g Cesl 1¥¢ Ll W g aien 590 Jlow 53y ST ogas 5l Ll 5 0390 e
Yas s a0 ST b Jge S ol 0975 by ol Sl oy 2 iz S0 y5e ol po (Sead]
arg b gse 5l ol Ee aml nl o ST gsdy s
hidl 90y 5 5k 4>l Sy o byl (58,5 8 (o @l 4 G5 Az =Y
s oo alS mad 4 bylie 5 1, S15 g3y Jlexs! lyee slagl > 0 GphSly Glie o)z Sln Sy, e 2l 5o
ol e eg 5l Yol oS5 g8y b cwyp ,o LT g4 @ b Bl gz ge (0525 slaosls 5l esliiul Glie Vb ey
loosls a5 ceul LSi5 Job ange el ] g5 o ol 3,90 Laulyd 5l oolinul b 4 alts 5l alise laas jslais ol
Syzge slaosls 235 1E cwyp Sy9e s die) cnl ) Sg>ge 235 18 Gl 2y9e e Sty ST e 585 sln 5l
o S b glabglie b oSle slabelie 4 by Guaes slagogdl il g bslsws iy S5 e3game 1l wisylie 3,190 ()
L oclabslis ol ool 5l Glsice ol ca,l b 45 it peiies G531 Jals (T 5i wolal 5 avsain ool gi s
L g ey el bl ol (sla S35 5,5 oaliasl YU gy ey g Lo lad i bolie (o5 gl Sy 5 el (3T
aS alid s o515 s blasil Zlsel (osls Sa5 5 asl Shosliial og 5 358 9 )lse 51 Su 2 50 Sgzge SleMbl aiges
Con 8y90 g S5l 09 055 slaosls 4 by slagges] P sk 4 gy cnl el il Sl jse b el (sl L]
RECER slgp 50 &5 igpuen ol> Do Gl Co o egas 3
&=y

[1] Lee, John H. S. “The Detonation Phenomenon.”; Cambridge University Press, 2008.
[2] Guirao, C. M.; Knystautas, R.; Lee, J.H. “A Summary of Hydrogen-Air Detonition Expriments.”; Office of nuclear Regulatory ~Research.
[3] “National Aeronautics and Space Administration (NASA).”; Office of Safety and Mission Assurance Washington, DC 20546, Safety Standard For
Hydrogen And Hydrogen Systems, NSS 1740.16.
[4] Vasil’ev, A.A.; Valishev, A.; Vasil’ev, V. A. “Detonation hazard of combustible mixtures.”;Ozone, hydrogen peroxide. Lavrentyev Institute of
Hydrodynamics, SB RAS, Novosibirsk State University, 630090 Novosibirsk, Russia, 1997.
[5] Dembele, S.; Zhang, J.; Wen, J.X. “Exploratory study of under-expanded sonic hydrogen jets and jet flames™, Proceedings of the 5" International
Seminar on Fire and Explosion Hazards, Edinburgh, UK, April 2007, 23-27.
[6] Zalosh, R. “Blast waves and fireballs generated by Hydrogen fuel tank rupture during fire exposure”, Proceedings of the 5" International Seminar on
Fire and Explosion Hazards, Edinburgh, UK, April 2007, 23-27.
[7] Tieszen, S. R.; Sherman, M. P.; Benedick, W. B.; Shepherd, J. E.; Knystautas, R.; Lee, J. H. S. “Detonation cell size measurements in hydrogen—air—
steam mixtures.” ; Progress in Astronautics and Aeronautics, 1986, 106, 205-219.
[8] Tieszen, S. R.; Stamps, D. W.; Westbrook, C. K.; Pitz, W. J. “Gaseous hydrocarbon—air detonations.” ; Comb. Flame, 1991, 84(3-4), 376-390.
[9] Knystautas, R.; Lee, J. H. S.; Guirao, C. M. “The critical tube diameter for detonation failure in hydrocarbon—air mixtures.” ; Comb. Flame, 1982, 48,
63-83.
[10] Kaneshige, M.; Shepherd, J. E. “Detonation database.”; GALCIT technical report FM97, http://www.galcit.caltech.edu/ detn_db/html/db.htmlS.
[11] Hoi Dick, N.; Lee, John H.S. “Comments on explosion problems for hydrogen safety.” ; J. Los Prevention Proc. Indust., 2007, 21, 136-146.
[12] Gel, B.E.; “Detonation Limits of Air Mixtures with Two-Component Gaseous Fuels.” ; Comb. Explo.shock waves, 2002, 38(5), 581-584.
[13] Guirao, C. M.; Knystautas, R.; Lee, J. H. “A summary of hydrogen—air detonation experiments.” ; Technical report NUREG/ CR-4961, Sandia
National Laboratory report SAND87-7128, 1989.
[14] Shchelkin, K.I.; Sokolik, A.S. “The effect of chemical presentation on the initiation of the detonation wave.” ; Soviet. Zhurn. Phys. Chem, 1937, 10,
479-485.
[15] Campbell, G.A.; Rutledge, P.V. “Detonation of hydrogen peroxide vapor.”; Inst. Chem. Eng. Symp. Ser. 33, p. 37. Institute of Chemical Engineering,
London, 1972.
[16] Bollinger, L.E.; Fong, M.C.; Edse, R. “Experimental measurements and theoretical analysis of detonation induction distance.”; Am. Rocket Soc. J.,
1961, 31, 588-596.
[17] Bollinger, L.E.; Laughrey, J.A. Edse, R., “Experimental detonation velocities and induction distances in hydrogen—nitrous oxide mixture.” ; Am.
Rocket Soc. J., 1962, 32, 81-90.

72



Yoo b gl 2> 39 S5 E9dg (ki (el

[18] Aizawa, K.; Yoshine, S.; Mogi, T; Shiina, H.; Ogata, Y.; Wada, Y.; Hayashi, A. K. “Study of Detonition Initiation in Hydrogen/air Flow.” ; Shock

Wave, 2008, 18, 299-305.
[19] Farinaccio, R.; Harris, P.G.; Stower, R.A. “Turbulent flow effects on DDT run-up distance for a pulse detonation”, 40th ~ AAIA/ASME/SAE/ASEE

joint propulsion conference, 2004, 3917-2004.
[20] Hirschfelder, J.O.; Curtiss, C.F.; Bird, R.B. “Molecular Theory of Gases and Liquids.”; Wiley, London, 1964.
[21] Ishii, K.; Katoka, H.; Kojima, T. “Initiation and Propagation of Detonation Waves in Combustible in High Speed Flows.”; Proc. Comb. Inst., 2009,

32, 2323-2330.

Y.



