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1. B%4

THSFERFARRFNKANREFRAE (RAENEEF—RTFNEEMSREOKE
BREICBITORAREARAADEZEICET AR EE

2. BXHM

RRENEEE-REFAREMUTIIFIENS ) ERFEREAERFHFOREKP
REFHFELE VI RENKOBEICEET SRMHUMREZRGT . AFETIE. 1F1
SHREUSSHORFFEERICAVTRALERRRICEAL T, KREEZERUFRMERH
HADFZEERET HLEBMIC. KRRUAREARARRE. MPHREEZ/ 54—
ELT. KR BFEDHR (FRERERRR) RUFESRERBRETELERT 5,

3. BXANE

3.1 B

AEBETH KRRUATREARAZRORBEICESKRRBEHFOEBZIEET -0, KE
RURAM BRI ADRE., MIMAREEFE/NTA—2ELT, FTREISTT REAREERNE
EEE

(1) K 2 B FREEDER (VAR MABESER) D ETEI R U E T

(2) KRFREEARR (FRAMRGERER) OFERUER

(B) KRRV EETIARLEICE T SR EDINE

(4) BEZDIER

ABROEHRECEALTE. RFARBTIREL-SMIFERFOERFHLAERSE
EZRE(RRBENEEERFHRENMFRFDOKRERECE TLAREFTRITRDOTEIC
EI0RB)EXDHRRESE LT S,



3. 2.1 RREEFHERRER LBURLE OFERUVER
KFHRARUITKEE AT RO XX BEERARODEE &Uéit"%ﬁ%ﬁ—‘)ol*iﬁéit%ﬁ'ﬂiJk
FHARARUAREERAARELHEL, ILBRRE —ERNEHTFT 5. 46, RBROFE
UERETIE. RRBEHEEE—RTFHOREMBROAET - A HIHRLIFHEYELHN 2]%_?*
ELET B
ABREHRVBEEEEZLUTITRT,
-REREH
HEBREE A RARELFEL., ILBURGEE — TR
PRBEIKRE - FERIA 5
JKFEEREE 0 vol% ~ 100 vol%
AIAMER A R (A22)IRE 0 vol% ~ 100 vol%
REHEHA(EFR)EE 0 vol% ~ 50 vol%
-RIEIEE
KFARARVAREEEAZDRERWRE. BEBHATICK DR
EE(NRBRUVE-ESE) . ROV EREST FICLKDIRRDEBEST

3. 2. 2 KFRFMREHER (FRAME) O ERVENR

KFHR, AIAMEERTARVERDES [UKICRDMRBERBRO B R VHEREITI, KFR
FMBEREREL T, RD 2 BEDMLEAER (DKRAFEHAR. QRETIA KR, ATRMEEH
HRARUVZER) REERER) &F %, MR DEBZIBES 510, OF 30cm ULDBEREZH
L. RERORANEAROEBZERE -RHTESLO/AREZEZAVTHERZITI. 6. HBROF
BRURETIE. RRENEEE—RFARENERORE - SRS PREYFTEDH,2]
ES5ELT D

@ KERBEHER
T 759 L—23 (deflagration. 1&#R) ZZELI- RO R RIET HHBRERET S,
REE/STA—RIKKREBERVHEELL. 6 ¥—RAEET 5, ZZTlE. 1 ¥—RH1=Y 3 [
DRBREITI.
HBREHRVBEEBEEUTIZRT,
-HEREH
HEREE FEART.MRFEALFICHZ . OF 30cm OBREEETS
PRBEIREE : IR & ABE
BENAE: hRE
IKZERE 110 vol%. 15 vol%. 20 vol%
MR :25 °C. 75 °C



-BIEEE
KEAADRERVRE. BRERORADENEIE.
ERENATICRDAGEETF

BEKAOKR. aIAEERA ARV ZER) R EER
ODKFRBRRBOBREZBER . KFERBEFEFOAREETRAR (AF0) DEEZIEETS
0O KRRE. AIRMEAERARBRERVERDRERKICEISIRREFOENELILTICE
BEAASICRIMREEFEFATET D, RER/N\TA—2RIE HREE KZERVATREF#AR)
BUMEBELL. 127 —RAEET 5, CCTURAKBDUELIE 1 LITET S,
ABREHRVBEEEELUTITRT,
AEREN GREREE. MBI, B XA E IXDLRER)
JKFEEEE 10 vol%, 15 vol%, 20 vol%
AR EEHEA R (A22) B 0 vol%. 1 vol%. 2 vol%
#ERRE 25 °C. 75 °C
-RIEIEE
KEARRUAREERATRADRERVEE., RRFORANDENEIE.
BEENASICRIMREREE

3. 2. 3 KRRVEERWEMALEICEAT IEHAMEDINE
BFAREMEHEOKZRVEEGHROBRBREBICETIARORFBMERAEL. S

BOERAWICETHSIIFELEDHD, ABTHFT X RV BENARKEDOEREREFLL.

DEIECTBNRRELERIBEERT 5,

3.2. 4 MEZDERK
L3583, 2. 1~3IZDOWTHEEITELD D BEZICIX. RRD A5 T RHERICH TSR]
LEERUVTOERLEEH TS,



4. FRERACR
4.1 KRBEHEDHAR

4.1.1 HREE
ARRERTIL. KR/ AVEER. KR/ A /BRESGRERYHRLD. AR 11 mDITEY
N—F—ZRAVT ILHERARERERIE D KREE. AMVEE. BREE. T ARREL
TS THEEERL . MREBZHE T HERICKKDBESMELRET D,
B11EToEoN—F—%RLEZBOTHY . EOREZEE 11 mm, SZFIE 13 mm, £ 97 T
Hb.
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B2(LMRBEERER S AT LERLIZLDTH D KEDERIX. TRILFA*Z (Nikon D5600) %
AWT, vy a—&E 1/15 s F i 7.1.1SO BEE 4000 RUAEFRE 2416 FEIR TiRL
tzo KEDBED . FNMEY—FIS5T4HAS(FEF =YX InfReC R300BP-OF) #FLVT
BIELTz, COEE METEIT R A TEREX (BREF 100 um) IT& DK KBEMNSEEL Iz, AR
DKFRDHDZE L ME(1-2%) DAV EHRMLT =,

4.1. 2 REBREH#HLTAER

TUOEUN—F—ICRASELRERIE., MIEIRE 25°C (298 K) . FIHAE S 1 KE (101.3kPa)
FTEDIKRIEE (0~100 vol%) . FTED A2 EE (0~100 vol%) . FTEDEREE (0~50 vol%)
ELTz ARBREIX. 1.0 L/min, 20 L/min &LTz, SO EE, FHFEIE. TNZE4. 0.18 m/s,
0.35 m/s THH, FVEVN—F—ITRASEDIKFR. AV  BFROREL. TO42/)L<RTA
—arka—5—(7XEJL F4Q) THIEILT=,

TUoEUN—F—ICRASEIEERICBITIKREE. AMVEE. ZEREEIX. R1DEY
THdo

R1 KREE.MUVEE. BREE

100-0-0, 90-10-0, 70-30-0, 50-50-0,

30-70-0, 10-90-0, 0-100-0

75—0-25, 67.5-7.5-25, 52.5-22.5-25, 37.5-37.5-25,
22.5-52.5-25, 7.5-67.5-25, 0-75-25

50-0-50, 45-5-50, 35-15-50, 25-25-50,
15-35-50, 5-45-50, 0-50-50

Hz—CHs—N;

(%]

4.1.3 HBRHERLER

KK/ AZVBARERYEL, HRBFREMN 1.0 L/min DEEDIHEUKRDEEETEEZRL
DHEBTHD. KREENBNEZ(E, KRREHRTHELNEBTHD, AIVRENELL
L. BALUCEBDEBRENBREIND, CNITHERLIZRRINOREELNDIEDTHD. F=.
N—F—HOEFETIE, FREOXMNEREINS, ik CH FHEAIZELEHLDTHA[3],

B4, ARERED 20 L/min DEZTDEREETHD, £ARELT. KERITRGD, KER
BENEVEE. BORLREIBEIND, ChIFKERIDEXIZLDILDTHD, BH.C0DE
WHRWRIE BECBITIHRBICEVTHERINDGLOTHY . B TIIKR A XETBRTHER
THLITRETH D,

K5-X6(%, HREFRED 1.0 L/min & 2.0 L/min DEEDRENERLIZLDTHD, K
REENBWVNEEDAN, BEXEHS, £z, TRBRRENKELELE. ETTEHLIHE
ElEE<i5,



KB/ AR /BREE[EMYRL . BEREED 25 %, HREREM 1.0 L/min & 2.0 L/min D
LEDLBMARRDEREEZRLIZONR7ERBTHD BERICERNMHS. DEYHRE
THIKREARVDRENMETTEHIEICEY REFEAGY ., KREDBITELD, H9LH
101&, HRBFREN 1.0 L/min &£ 20 L/min DEEZDBERHERLIZLDTHS, EEARICE
ENMHEIEIZKY, REFETT S,

BRREZISICHL.50 % £T5, F11EE12(E ARBFREAN 1.0 L/min & 2.0 L/min
DEENEBRBEEZRLEEOTHY . K13ER14ILBRERHERLIZLDTHD, BEREEN
EHITELGEDE REFEHITELAGY  KREDBIFESITEL S,

KEDREBEETRLIZONE15THD, TRARRENKELGIE. REBREFETLR
T5, 5. BERRENBGLHE. REREIFETT S, Ihld. #HEShHMHE KFREAFY)
DENDELGENETHD, SHIZ. KREENBVLADL. RRREFE<LS, ik, KF
KREBEDADNAIVKKBELIYEVHIETHD,

ILRUABROHBRTE, ETOERHITEN T, EDOFREFHERINGEN o=, — A EIZDT
(E. ARUDBRBIZEENDIGE . EALUDBOBRDNBERINTNDSI LN, TORENHE
BEINTo T BN LD LICAF—ILIRZBEVTREREZITLD. TOREITENFEL TS
ZEEERL,



LU

100-0-0 90-10-0 70-30-0 50-50-0 30-70-0 10-90-0 0-100-0
[vol%]

K3 KXDEEEE
(HREFE 1.0 L/min, JKZEEE 0~100 vol%, *F>2HEE 0~100 vol%., EZREE 0 vol%)

Ll

100-0-0 90-10-0 70-30-0 50-50-0 30-70-0 10-90-0 010?0”]
vol%

K4 ARODEEEE
(HREBFE 2.0 L/min, IKFEEE 0~100 vol%, 22>/ EE 0~100 vol%. ZFREEE 0 vol%)



100-0-0 90-10-0 70- 300 50- 500 30- 700 10-90-0 0-100-0

[vol%]

.5 *J\o)/mr_/\*ﬁ
(HREFE 1.0 L/min, JKZEEE 0~100 vol%, *F>2HEE 0~100 vol%., EZREE 0 vol%)

100-0-0 90-10-0 70-30-0 50-50-0 30-70-0 10-90-0 0-1 0([)-O| %]
vol%

.6 AAo)/mr_/\ﬁ
(AR#FE 2.0 L/min, JKZEEE 0~100 vol%, A3/ B 0~100 vol%, Z2ZEE 0 vol%)



75-0-25 67.5-7.5-25 52.5-22.5-25  37.5-37.5-25  22.5-52.5-25 7.5-67.5-25 0-75-25
[vol%]

K7 KNEDEEEE
(HREFRE 1.0 L/min, IKEEREE 0~75 vol%, A3>EE 0~75 vol%, EHREE 25 vol%)

75-0-25 67.5-7.5-25 52.5-22.5-25  37.5-37.5-25  22.5-52.5-25 7.5-67.5-25 0-75-25
[vol%]

K8 NRDEEFEE
(HREHRE 2.0 L/min, IKFEE 0~75 vol%, A3 EE 0~75 vol%. EFREE 25 vol%)



75-0-25 67.5-7.5-25 52.5-22.5-25  37.5-37.5-25  22.5-52.5-25 7.5-67.5-25 0-75-25
[vol%]

X9 KAXDEESM
(HREFRE 1.0 L/min, IKEERE 0~75 vol%h, A3E2E 0~75 vol%, EHREE 25 vol%)

75-0-25 67.5-7.5-25 52.5-225-25 37.5-37.5-25 22.5-52.5-25 7.5-67.5-25 0-75-25
[vol%]

K10 KEDEESf
(HRIBFRE 2.0 L/min, IKFEEEE 0~75 vol%, 222 0~75 vol%. BXRIERE 25 vol%)

10



50-0-50 45-5-50 35-15-50 25-25-50 15-35-50 5-45-50 0-50-[50|0/ |
VOl7o

K11 KXDEEEE
(HREFRE 1.0 L/min, IKEERE 0~50 vol%, A3>/E2E 0~50 vol%., ZEHREE 50 vol%)

50-0-50 45-5-50 35-15-50 25-25-50 15-35-50 5-45-50 0-50-50

[vol%]

12 KXDEEEE
(HARHFRE 2.0 L/min, IKZ=EE 0~50 vol%, A3 EE 0~50 vol%. EFREE 50 vol%)

11



50-0-50 45-5-50 35-15-50 25-25-50 15-35-50 5-45-50 0-50-[50|0/]
VOI7o

K13 KEXDEEST
(HREFRE 1.0 L/min, IKEERE 0~50 vol%, AR>/E2RE 0~50 vol%., ZZERE 50 vol%)

i

50-0-50 45-5-50 35-15-50 25-25-50 15-35-50 5-45-50 0-50-[50|0/]
VOI7o

K14 KEDEESf
(HAAFRE 2.0 L/min, IKEEE 0~50 vol%, *2>/EFE 0~50 vol%, =EZXREE 50 vol%)

12



Tmux [OC ]

1800

1600

1400

1000

800

600

400

> ® o0

L] C'_\;gzo%
L C_\;3:35%
® Cy=50%
A C_\'Q:OO/O
A C_\~3:25%
A C_\YZ:SOO/O

0=2.0L/min
0=2.0L/min
0=2.0L/min
0=1.0L/min
0=1.0L/min
0=1.0L/min

-

it
>-

20 40 60
Hydrogen/Fuel [%]

K15 KxDE=EE

80

(HREFRE 1.0~2.0 L/min, /KZ=EE 0~100 vol%.
AR EE 0~100 vols, BFHR=E 0~50 vol%)

13

100



4. 2 KRFMBEAER

4. 2.1 HEBREE

AR TIE. OKR/ZREEROKRRERER) . QKR/ AP/ BRBER BESAKR
BB ZIMURL . KRBELAIVEEZEESET. OF 30 cm OBREZE I HHEMAE
BHREANTHERBREERT 5, RRANICFREREZFREL. PIDRAKTHIEITEY, BRIKDT
5% L—23Y (deflagration, 1B ZERL . KR REICLDIRBRBFOEBRUAIVEEITEK
HIKERBEADEEZFIDET S, COTlE. Sal)—LUEITEY KR EBOBRFONLER
REBRERET D, F-. BRNOENELZRET S,

H16[EHEANMRRARFRERLI-LOTHY, R2FZTODEXRLEHRERLIZLDTHS,

x2 FHANMEBRROERLE

. BiE 73 L
Bax -
My SuUS
B 300 mm
BRE B# | 140 mm
E2) 4
p— arrester }{Vent port Data logger

..... & Amp' ]
Check valve - g
r———————7 @ (] o
| |
Light [ ] —

o Mirror | =" -

: “ (JED [ @ | Ignition controller :

Gas cylinder | : Mirmrl

| |

I |

I I

Electrode I |

o | '

Mirror Pirani gauge T ; I

e I

X Closed chamber . L --

® Pressure sensor Q Mirror Knife edge High speed

@ Thermocouple | Vacuum pump video camera

K17 RGBS T L4
14



B1713BBERABR L AT LERLIZEDTH D, BRRRBICIE AREH SV HRT1.
BESIETAUER T AREBSI VLRSIV DT RTOF L, ZRHOSERMIZIRIETE
BEIITHELTND, EESIEOHRBBEFOBSHERNBENDOREAELTCETVIERE Y
(Keller PAA-23Y) | REFNTBDERETEEDRERIZO—REBER (T-type) ZHEL TS,
BRIREFDOBR/ANDOEBEENELENBT 56, EE Y (Kistler 6045A) F R FEas LRI
AR —MCEERYTT. EEEHAFr—IT7 27 (Kistler 5918A) KU hSh-EBEZE
T—AAHA—(F—I X NR-600) [Ck>THUTYUT EIKH 10 kHz TREERLTz, Ffz. K&
BB LV ACIBRBZLEHEICIREGT 5720 BER 350 mm OMEFEZHFT L 21—
LYUEBIEEE GBRAFZITERM SL-350) [CKYEREL Iz, Vo) —LUVERIE. B REETH
745 (Photron FASTCAM SA-X) ZFLN\T. #RFZEE 10000 fps, v yA—iRE 20 ps, HLU
fRIEEE 1024 X 1024 pixels THRELI-,

4.2 2 REREHELTAER

IRRBIZTIETHEAKL. FHRE 25°C (298 K) ., 75°C (348 K) . #IHAEH 1 KIE(101.3
kPa) . FTTE DK FRIEE (10 vol%. 15 vol%. 20 vol%) . FTTE D AF2 = EE (0 vol%. 1 vol%. 2 vol%) &L
t2e FTEDKRBEEAIVEEITHED LT, REICETEHRILI OERAIIZE SV TRAHZER
&L1-,

BT BFENICOKR/ERREER. QKFR/ AU/ EIREK[EFTEL-ER. BlE
[CEYBBROFLTRAL. BREETAIASICED ) —LUBRE. RUEBEUHIZED
FENREETof=. BERRIL. OT67—R . QTI127—R £KT 187 —RAEHEL . PABEEF
DRADBRIREENLENELELIEL z, BH. HBREHERIDEYTH D,

x3 HEBREH

FIFHREL | ASRBE | AFRE FIFHREL | AKSRBE | AFRE

[l [%] [%] [l [%] [%]
10 0 10 0
10 1 10 1
10 2 10 2
15 0 15 0

25 15 1 75 15 1
15 2 15 2
20 0 20 0
20 1 20 1
20 2 20 2

15




4.2 3 HABRERLER
DK R PR BEERER

BRDTIZTL—LavDEROBFERLE-ONAE 18 (LE) THD, 22T, MIHFERER
25°C. FHAE N T 1 KIE. KFKEEIL 10 vol%THY . A3 EBEL 0 vol%TH D, mKTE 0.1 ms
D )—LUER, RUKKFERE n, =2cm.4cm,6cm,8cm, 10 cm DEZDEREA RSN
T, KEFEOEMEEICKRTICEILATEIN ., TADRZL TEMELGRIRIZHSH
FHREEN T, COTILDOBRIEFREXXOERETRRERICERT 52D THH[4].
Fr RO KENEERELTLEAABETHIELIHERSND, CRIEEAIZLDEDTHY.
PRBEREANNSNFREX LK THEEICENIZEHTHS, AR TIE. OF 30 cm OHEERE
BT HRBERFEAVTVDILDS. COFUTTOFENDOREELRT EANHETD, K
BRRRTIBETAICE TR LEVEREREZE T OIRREFEAVDILELH S,

BHEADENELERL-OAE18(TE) THD RBERIEHEITT HEHIC. BENED
FRBLERET S, BRERGENTT LK. EHEETT S, Chik. BESBHSEFE~D
BIBRICKYBIRA R BEMNMECLENETHD, BH . B D X XFENRERENEE BH
REAIEMEAENKY 1 BIRREBALG-TLA[E], DFY ., KEZARAELI-B(EHOE) &,
EANLRLEZROBEMEDNDELEDNDTHD,

WELEEA 25°C, KFBEM 15 vols & 20 volh DEZD T 1) —LUERERLIE=-DA,
19,200 L TH D KFRERENEHRLERIC, KRDEBREEERLTNS, Thik
FRANLKDRBEENKELEZNDTHS6], Tf=. BRHRADRRKEHEILFTS(K19&
20D TESHE) , CNITE B X XBENESLENETHA7T], 4H. KFRE 20 vol% 1235
(THMBEDEANTARZVDIE, KEKBENBW-ORABENDRBBENKELGEHNLT
Hb,

VMHLREM 75°C. KFKEEM 10 vol%, 15 vol%. 20 vol% DEED T a)—L U EEERLI=D
N H21H5R230D L TH D, MERENELLEDLLE. KXDEBREIFEKRT S, hlk
RIGEREMNERL. BMEERENKEEINSTHD, Tz KXEOMMITFESMITHE>TLNS,
NFEBEFRLREEDLANILIMET T ENETHD, SHIZ. RIRANDORKEAIL. KFRREH
EWEELRL. KREENBVEETRTLH(H21H1 523D TESHE) , T lL, MABEEFC
BFEEE~NDEEBKXIZEDLDTHB[8],

16



t=0.1ms, rb=0.25cm

t=102.5ms, rb=6cm

t=126.8ms, rb=8cm

t=71.4ms, rb=4cm

t=146.7ms, rb=10cm

700

600

500

400

300

Pressure , [kPa]

200

100

BKEND
304kPa

0.3 0.4 0.5

time, [s]

E18 T34 L—avmial)—LUEGERBATEHTIE
(FIHRRE 25°C. WIHAE 1 ]RIE. KFEE 10 volh, A2 = 0 vol%)

17




t=0.1ms, rb=0.21cm t=6.7ms, rb=2cm t=14.1ms, rb=4cm

Pressure , [kPa]

t=20.1ms, rb=6cm t=25.7ms, rb=8cm t=30.9ms, rb=10cm
700
600
BXKES
<00 481kPa

400

300

200

100

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time , [s]

E19 T34 L—avhial)—LUEGERBRATEHTIE
(FIHREE 25°C. WIHAE N 1 KRIE. KFREE 15 volh, A2 = 0 vol%)

18



t=0.1ms, rb=0.21cm

t=2.9ms, rb=2cm

t=6.0ms, rb=4cm

t=8.6ms, rb=6cm t=10.9ms, rb=8cm t=13.1ms, rb=10cm
700
BARER
600 601kPa
500
§ 400
)
@ 300
a
200
100
0 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

time, [s]

E20 T34 L—avmial)—LUEGERBRATE AT
(FIHREE 25°C. WIHAE 1 |IE. KFEE 20 volh, A2 = 0 vol%)

19



t=0.1ms, rb=0.26cm t=21.4ms, rb=2cm t=49.0ms , rb=4cm

t=72.2ms , rb=6cm t=93.5ms , rb=8cm t=114.1ms , rb=10cm
700
600
500
[ =XEH
T o0 | 351kPa
o
£ 300
(-
200
100
0 L 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 L 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time , [s]

E21 FI549L—avhial)—LUEGERBRATE AT
(FIHGRE 75°C. WIHAE N 1 KRIE. KFREE 10 volh, A2 = 0 vol%)

20



t=0.1ms, rb=0.34cm t=5.6ms, rb=2cm t=11.8ms, rb=4cm

t=17.0ms , rb=6cm t=21.9ms , rb=8cm t=26.6ms , rb=10cm
700
600
BAXKES
469kPa
500

B
=}
S

w
[=]
o

Pressure , [kPa]

200

100

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time, [s]

K22 FI549L—armial)—LUEBERBRATEATIE
(FIHGRE 75°C. WIHAE N 1 KRIE. KFREE 15 volh, A2 = 0 vol%)

21



t=0.1ms , rb=0.24cm t=1.9ms, rb=2cm t=3.8ms, rb=4cm

t=5.5ms, rb=6cm t=7.0ms , rb=8cm t=8.4ms, rb=10cm
700
BRKXIEAH
600 572kPa
500
=
< 400
;
£ 300
(=%
200
100
0 I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time, [s]

H23 T35 L—avmial)—LUEBERBRATE AT
(FIHRRE 75°C. WIHAE N 1 KRIE. KFREE 20 volh, A2 = 0 vol%)

22



BA SRR ER

PHRED 25°C. KFRIEE 10 vol%, AFVIRE 1 vol%h, 2 vol% [ZHIFEHTIZTL—avd
Dal)—LUVEBREBRBHRNENEIERLIE-OAE24 (A2 RE 1 vol%) ERI25 (AFVERE 2
vol%) T#HD. CCTEARADHELLII, AFVIEE 0 vol%, 1 vol%, 2 vol% [ZHEWNT, ENE
#1.0.265, 0.375. 0487 THd, MMUBENSHIEHRIC, KXDEBEEILERL, BEA
DERRENTLERTZ,AEETFREXNLDBRBERENKRELDILICLDELEDT, £EF LM
RARBENBLEDILIZELEDTHD,

KFBREMN 15 volb DESDHEBRERERLIZDOLE26 (AFVBE 1 vol%) EF27 (AP
E 2vol%) THD, CCTUEERADHELLIX, AZVIEE 0vol%, 1 vol%, 2 vol% [ZHLNT, Eh
Z#.0.420, 0.539, 0.660 T3Hd, F1=. KRREED 20 volt DRERFEREZRLI-ZDHE28 (A%
VIRE 1 vol%) EE29 (AFVIRE 2 vol%) THD., CCTRERADHELIE. ThE . 0595,
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1.
The effects of hydrogen addition on the stability limits of methane jet diffusion flames

The flame stability limits of confined jet diffusion flames (JDFs) flowing into a co—axial oxidizing
stream was studied both experimentally and analytically. Methane and hydrogen and their mixtures
were used as the fuel. The experiments were conducted with two different jet diameters and within

a wide range of co—flowing stream velocities and hydrogen concentrations in methane or air stream.
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The hydrogen diffusion flame was found to have a much larger region of stable operation than the
methane JDF. Higher stability of the methane JDFs was achieved by the addition of hydrogen to
either the jet fuel or the surrounding air stream. A hysteresis phenomena were observed in the
reattachment process of lifted flames. It was found that the conditions prior to ignition of the
flame, such as the value of co—flowing stream and jet velocities and position of the ignitor, have
significant effect on the type of flame stabilization mechanism and flame blowout limits. The
optimum ignition conditions for achieving higher blowout limits were investigated. The blowout
limits of lifted JDFs were significantly affected by the velocity of co—flowing stream. The present
study also reports the results of the calculation of the blowout limits of lifted JDFs using as a
criterion the ratio of mixing time scale to characteristic combustion time scale. The agreement of
the experimental and calculated data was satisfactory.
2.
Effects of hydrogen addition to methane on the flame structure and CO emissions in
atmospheric burners

Hydrogen addition to methane will have an important role to reach a fully developed hydrogen
economy. The effects of this addition on the flame structure and CO emissions were evaluated in
two different atmospheric burners. Four fuels with the following composition were used: 100%CH4,
2%H2+98%CH4, 6%H2+94%CH4 and 15%H2+85%CH4. In a single—port atmospheric burner, a
decreasing trend in the height of the blue cone with hydrogen addition was determined. The
increase in the laminar burning velocity was identified as the main effect on the behavior of this
parameter. In a drilled—port atmospheric burner, a significant reduction in CO emissions with
hydrogen addition was achieved under two operating conditions: (1) keeping the primary air ratio
constant and (2) keeping the primary air ratio and the thermal input constant. The results obtained
were consistent with previous experimental studies. This reduction is attributed to a higher
concentration of OH radicals as a result of hydrogen addition.
3.
Emission and heat transfer characteristics of methane—hydrogen hybrid fuel laminar diffusion
flame

The effect of adding hydrogen to methane on the emission and heat transfer characteristics
of a laminar diffusion flame was investigated. The total input thermal energy for each test was
kept constant. The results showed that adding hydrogen increased the temperature, decreased
the flame length, and significantly increased the soot—free length fraction. CO and CO2 emission
decreased with the addition of hydrogen. The more efficient oxidation of CO to CO2 at higher
hydrogen fractions was the main contributor to the reduction of CO, whereas decreased carbon
input was the dominant factor for the reduction of CO2. The NOx emission increased owing to the
increase of prompt, thermal NOx formation and NNH pathway. The ratio of radiative heat flux to
total heat flux decreased, and the radiative heat flux did not exceed 5% of the total heat flux. The

addition of hydrogen improved the total heat flux by approximately 20%.
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4.
Experimental study on the effects of hydrogen addition on the emission and transfer
characteristics of laminar methane diffusion flames with oxygen—enriched air

The effects of hydrogen addition on the emission and heat transfer characteristics of oxygen—
enriched laminar methane diffusion flames were investigated in a laboratory—scale furnace with a
co—axial burner. The volume fraction of hydrogen in the methane—hydrogen blend was varied from
0% to 50%, and the oxygen concentration was varied from 25% to 35%. Results showed that the
addition of hydrogen led to an increase in the soot—free length and flame temperature while the
degree of increase was less at higher oxygen concentrations. Adding hydrogen chemically
enhanced the oxidation of CO to CO2, and this chemical effect was stronger when the oxygen
concentration increased. NOx emissions increased significantly with the addition of hydrogen, while
the rate of this increase decreased with greater oxygen concentrations. The total heat flux
increased with the addition of hydrogen, while the rate of this increase was less at higher oxygen
concentrations. Although the radiative heat flux increased with higher oxygen concentrations, it
did not exceed 6% of the total heat flux at 35% O2. Moreover, adding hydrogen decreased the
radiative heat flux; this decrease was significant at higher oxygen concentrations.
5.
Effect of hydrogen enrichment on combustion characteristics of methane swirling and non—
swirling inverse diffusion flame

Influence of hydrogen addition on appearance of swirling and non—swirling inverse diffusion
flame (IDF) along with emissions characteristics are investigated experimentally. The combustion
characteristics including flame length, axial and radial temperature variation, and noise level are
analyzed for hydrogen addition in methane by mass basis for constant energy input and by volume
basis for constant volumetric fuel flow rate. Hydrogen addition in methane IDF produces shorter
flame by compressing entrainment zone, mixing zone, reaction zone, and post—combustion zone.
Hydrogen addition shift these zones towards fuel and air exit from the burner. Enrichment of
methane with hydrogen on a mass basis up to 6% reduces CO emission considerably and increases
NOx emission moderately. Effect of H2 addition on combustion and emission characteristics is
more prominent in honswirling IDF. Combustion noise is augmented with the hydrogen addition and

the magnitude of sound level depends on the hydrogen concentration.

6.
Effects of hydrogen enrichment of methane on diffusion flame structure and emissions in a
back—pressure combustion chamber

In the present study, the effects of hydrogen enrichment of methane are investigated
numerically from the diffusion flame structure and emissions aspect. Fluent code is utilized as the
simulation tool. In the first part of the study, four experiments were conducted using natural gas

as fuel. A non—premixed burner and a back—pressure boiler were utilized as the experimental setup.
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The natural gas fuel consumption rate was changed between 22 Nm3/h and 51 Nm3/h. After the
experimental studies, the numerical simulations were performed. The non—premixed combustion
model with the steady laminar flamelet model (SFM) approach was used for the calculations. The
methane—air extinction mechanism was utilized for the calculation of the chemical species. The
numerical results were verified with the experimental results in terms of the flue gas emissions
and flue gas temperature values. In the second part of the study, four different hydrogen—enriched
methane combustion cases were simulated using the same methane—air extinction mechanism,
which included the hydrogen oxidation mechanism as a sub mechanism. The same energy input
(432 kW) was supplied into the boiler for all the studied cases. The obtained results show that the
hydrogen addition to methane significantly change the diffusion flame structure in the combustion
chamber. The hydrogen—enriched flames become broader and shorter with respect to the pure
methane flame. This provides better mixing of the reactants and combustion products in the flame
regions due to the use of a back—pressure boiler. In this way, the maximum flame temperature
values and thermal NO emissions are reduced in the combustion chamber, when the hydrogen
addition ratio is less than 15% by mass. The maximum temperature value is calculated as 2030 K
for the case with 15% hydrogen addition ratio by mass, while it is 2050 K for the case without
hydrogen enrichment. Therefore, it is determined that the hydrogen—enriched methane combustion
in a back—pressure combustion chamber has the potential of reducing both the carbon and thermal

NO emissions.
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7.
Second-law thermodynamics analysis on non—premixed counterflow methane flames with
hydrogen addition

Natural gas is an attractive alternative fuel because of its environment—friendly nature, and
hydrogen addition is considered as an efficient method to improve the methane combustion
performance in combustion engines. In this study, the exergy destruction characteristics in non—
premixed counterflow methane flames are numerically studied based on the second law of
thermodynamics. The irreversible processes during combustion, such as heat conduction, mass
diffusion and chemical reactions, are studied, and it is found that heat conduction is the dominant
factor in exergy destruction. Additionally, the exergy destruction from each source shows two
peaks, and their overall impact causes the total exergy destruction to exhibit three peaks.
Moreover, the effects of hydrogen addition on exergy destruction from each source are evaluated.
The effect of hydrogen addition on the exergy destruction from heat conduction is insignificant,
and the exergy destruction from mass diffusion increases with hydrogen addition. For the exergy
destruction from chemical reactions, the carbon—containing reactions are key to the first peak of
the exergy destruction rate, whereas the H2-02 system reactions are more important for the

second peak. The contribution of chemical reactions to the overall exergy destruction decreases
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with H2 addition.
8.
Experimental investigation of the effect of hydrogen addition on the sooting limit and structure
of methane/air laminar counterflow diffusion flames

The influence of hydrogen (H2) addition on the sooting limit and structure of methane/air
laminar counterflow diffusion flames has been studied. Soot limits have been obtained using the
laser light scattering technique for CH4/H2 mixtures with H2 concentration varying from 0-20%
by volume in the fuel mixture for different strain rates. The resulting soot limit map shows a
significant increase in the fuel concentration at the soot limit with increasing amounts of H2. To
understand this trend, temperature and species concentration profiles have been measured and
compared under the influence of H2 addition in (a) an incipiently sooting and (b) in a sooting
CH4/air flame. Flame temperatures have been measured using a thin—-wire S—type thermocouple
and species profiles have been measured using the gas chromatography technique (GC). The
results indicate a significant decrease in the amounts of higher hydrocarbons such as benzene
and naphthalene (which are considered important soot precursors) with an increase in H2
concentration for the sooting flame. To explain this decrease in the concentration of higher
hydrocarbons, pathway analysis has been performed to elucidate the influence of H2 on the
formation and consumption of soot forming species.
9.
Combined experimental and numerical study on the extinction limits of non—premixed H2/CH4
counterflow flames with varying oxidizer composition

Chemical reaction mechanisms with detailed kinetics are an important topic in combustion
science and an essential prerequisite for the accurate modeling of reactive flows in combustors.
Besides isolating and studying individual reactions, the development of reaction mechanisms is
often based on well-defined experimental observables, such as the laminar burning velocity and
the ignition delay time. While many optimization targets are associated with premixed combustion,
the extinction strain rate (ESR) of non—premixed flames in the counterflow configuration is another
well-defined experimental observable which, however, often receives less attention. In order to
reduce the scarcity of corresponding datasets for the emerging fuel hydrogen and its blends with
methane, this work reports ESR measurements for H2, CH4/H2 and CH4 counterflow diffusion
flames considering a variation of the oxygen content in the oxidizer stream between 14 % and 21 %.
The experimental investigation is complemented by calculations with a 1D counterflow model
utilizing a temperature—control continuation method in order to determine the extinction limits
numerically. The simulations are performed with six different well-established chemical reaction
mechanisms. It is shown from both, experimental and numerical results, that with the substitution
of CH4 by H2 the ESR increases and further, that the ESR decreases with a reduction of the
oxygen content in the oxidizer stream. In addition, decreasing flame temperatures are observed at

extinction as the H2 content increases. Overall, all mechanisms are able to qualitatively recover
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the trends found for varying H2 contents, fuel mole fraction, and oxygen content in the oxidizer.
However, significant quantitative deviations are observed between the numerical results regarding
the ESR values and the deviations are larger than for other important flame characteristics, such
as the laminar burning velocity. The results suggest that the ESR could be a useful optimization
target for further improving chemical reaction mechanisms which underlines the importance of
datasets such as the one presented in this work.
10.
Machine learning techniques to predict the flame state, temperature and species concentrations
in counter—flow diffusion flames operated with CH4/CO/H2-air mixtures

The usage of artificial intelligence (Al) is increasing in many fields of research, since complex
physical problems can be ‘learned’ and reproduced by Al methods. Thus, instead of numerically
solving partial differential equations, describing the physical processes in detail, appropriate Al
methods can be used to decrease the calculation time significantly. In the present study, artificial
neural networks (ANNs) were used to predict temperature and species concentrations in a laminar
counter—flow diffusion flame. To improve the accuracy of the ANNs, a support vector machine
(SVM) was used to subdivide the wide range of operating conditions (air—fuel ratio, strain rate, fuel
mixture) into ‘flame’ and ‘no flame’ cases. Due to classification with the SVM the prediction
performance of the ANNs was optimized and an average error to the reference values (GRI3.0)
below 10 K for all cases was detected, whereas the calculation time was decreased by a factor of

about 4,800 (solving the transport equations with GRI3.0).
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11.
Preferential diffusion effects on NO formation in Methane/Hydrogen—air diffusion flames

A numerical study in methane/hydrogen diffusion flames has been conducted to clarify the
preferential diffusion effects of H2 and H with detailed chemistry. The composition of fuel is
systematically changed from pure methane to pure hydrogen through the molar addition of H2 to
methane. A comparison was made by employing three species diffusion models, i.e., mixture—
averaged species diffusion and the suppression of the diffusivities of H and H2. The behavior of
maximum flame temperatures with the three species diffusion models is not explained by the scalar
dissipation rate but the nature of chemical kinetics such as the behaviors of chain carrier radicals
of H, O, and OH. It is found that the preferential diffusion of H radical into the reaction zone curbs
the populations of the chain carrier radicals and then flame temperature while that of H2 into the
reaction zone produces the reduction of the scalar dissipation rate and the population of chain
carrier radicals and these force the flame temperature to decrease. These preferential diffusion
effects of H2 and H are also compared among NO emission behaviors through the three species
diffusion models. Under all flame conditions, Fenimore NO is much more remarkable compared to

thermal NO. It is also seen that the preferential diffusion of H radical into the reaction zone
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suppresses the thermal and Fenimore NO while that of H2 into the reaction zone increases them.
To facilitate the details of those NO behaviors through preferential diffusion effects of H2 and H,
importantly contributing reaction steps to the production and destruction of Fenimore NO are
addressed.
12.
Flame base structures of micro—jet hydrogen/methane diffusion flames

In this study, a comparison of flame base structures of hydrogen/methane—air diffusion flames
formed over a tiny—jet is made numerically for both isothermal and thermal conductive burner
conditions, in order to clarify the fuel dependent flame stabilization mechanisms. It is found that,
unlike a methane flame, the flame base of a hydrogen flame always attaches to the burner. The
analyses indicate that the dominant intermediate—consumption steps have significantly lower
activation energies for the hydrogen flame as compared to a methane flame. More importantly,
one of the HO2 production reactions (R43f: H+ 02 + M — HO2 + M), which has a dominant role
in sustaining reactivity at the flame base, shows a negative temperature dependence, causing the
heat release rate in the flame base kernel to increase as the burner wall temperature decreases.
With a thermal conductive burner (thermal conductivity of 16 W/m—K) over a wide range of fuel
jet velocities (0.5-4.0 m/s), it is found that the burner tip is heated to a significantly higher
temperature by a hydrogen flame due to its unique stabilization mechanism. The mixing effects of
hydrogen and methane are then considered. It is found that the burner tip temperature can be
reduced by adding methane into the fuel flow. This is because, according to the investigation of
the structures of the hydrogen/methane jet diffusion flames, the reaction rate of R43f is
suppressed due to the included intermediates (e.g., CH3, CH20) consumption steps of methane.
It is expected that the flame attachment feature associated with the flame base structure can be
easily controlled by mixing hydrogen and methane, making it possible to control the burner tip
temperature in advance.
13.
Experimental characterization of diffusive—thermal instabilities in CO2-diluted H2-CH4-CO
unstrained diffusion flames

The combustion of multi—fuel mixtures is experimentally studied for the first time in unstrained
diffusion flames, where the parasitic hydrodynamic effects present in common research burners
are negligible. A broad range of H2-CO—-CH4 fuels highly diluted in CO2 is investigated to provide
an understanding of the intrinsic diffusive—thermal instabilities (DTIs) that onset in low calorific
biomass—derived syngas. For each fuel blend, the burning intensity or the Damkdhler number (Da)
is gradually reduced, going through the marginal stability state where DTlIs first appear, down to
the lean extinction limit. Flame stability limits are provided. From the large difference between the
Lewis numbers of the multiple fuel species (Lei), the cells that onset due to H2 are seen to interact
and compete with the pulsations from CO and CH4, leading to superimposed cellular—pulsating

instabilities. These are thoroughly characterized by measuring the pulsations amplitude, frequency,
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cell size, number of cells, and fraction of the flame sheet actively burning. An effective fuel Lewis
number (Le F,eff) calculated from the fuel mixture composition is introduced and used along with
the Damkdhler number to map the DTIs observed. At lower Le F,eff and D a , the cellular attributes
of the superimposed instabilities dominate, while at larger Lewis numbers and the near marginal
stability state, pulsations prevail.
14.
Study on behavior and emission of methane/hydrogen diffusion flame with applied DC electric
field

This experimental study investigates the effect of DC electric fields on flame behavior and
emissions in non—premixed hydrogen/methane flames using a co—flow burner. The study considers
varying hydrogen mole fractions of 0.1, 0.3, and 0.5, and different fuel flow velocities of 2.0, 6.3,
and 8.0 cm/s. To introduce DC electric fields, a high voltage terminal was connected to the fuel
nozzle, while the ground terminal was connected to an upper mesh located above the flame. The
applied DC voltages ranged from Vdc = —10 kV to +10 kV. The study reveals that the addition of
hydrogen reduces flame height. Furthermore, when subjected to DC electric fields, the flames
exhibit movement towards the lower potential side, displaying stable and oscillating behaviors due
to the Lorentz force acting on positive ions within the flames. The concentrations of CO and CO2
exhibit insignificant changes with varying hydrogen mole fractions. However, when exposed to
positive voltage, CO, CO2, and NOX emissions are reduced. This research provides a detailed
analysis of flame/flow behavior and emission characteristics when hydrogen and DC electric fields
are introduced, providing valuable insights into the control of flame behavior and pollutant

emissions.
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15.
Application of a reduced mechanism by computational singular perturbation method to the
calculation of the ignition delays of turbulence diffusion flame CH4/H2/N2

This work presents an application of a reduced chemical kinetic mechanism using
computational singular perturbation (CSP) based on the significant indices of the modes on the
evolution of species and the degree of participation of reactions. With this approach, the
mechanism of Yang and Pope is reduced to 22 reversible reactions (RR22). In this study, the
tabulation of ignition delays is made with Yang and Pope mechanism, GRI 3.0, and the reduced
mechanism RR22; the results obtained show a good agreement among the three mechanisms. The
“Modele Intermittent Lagrangien” (MIL) necessary to calculate the chemical source term of the
transport equation of the species requires the library of ignition delays determined above and a
probability density function (PDF) of the mixture fraction presumed by a beta distribution. The
scalar variance, one of the key parameters for the determination of the presumed beta function,

is obtained by solving its own transport equation with the unclosed scalar dissipation rate modeled

50



using either an algebraic model or a transport equation. All these models are introduced in the
computational fluid dynamics “Code—Saturne” to simulate a turbulent CH4/H2/N2 jet flame (DLR
Flame A) performed at the Deutsches Zentrum fiir Luft-und Raumfahrt (DLR), or German
Aerospace Center. A set of comparisons is made and the results of simulations show a good
agreement among the three mechanisms as well with the experimental data.
16.
CFD modellimg of a turbulent CH4/H2/N2 jet diffusion flame with detailed chemistry

A CFD model based on the Reynolds Averaged Navier—Stokes (RANS) approach combined with
a detailed chemical kinetic mechanism to investigate a turbulent CH4/H2/N2 jet diffusion flame is
developed. The CFD governing equations of momentum, mass, and energy in the turbulent field
were solved in conjunction with the standard k— & turbulence model. The laminar flamelet concept
that views the turbulent diffusion flame as an ensemble of laminar diffusion flamelets is adopted.
The coupling between turbulence and chemistry is achieved by the statistical description of three
parameters namely (1) mixture fraction (Z), (2) variance of mixture fraction (Z”2) and (3) scalar
dissipation rate ( x ). The flamelet model consists of two steps namely (a) the generation of a set
of laminar flamelet solutions and (b) the integration of the laminar flamelet solutions with
presumed-shape Probability Density Function (PDF). The GRI Mech—3.0 mechanism that involves
53 species and 325 reactions is adopted. The effect of various parameters such as C1 € constant
in the turbulent dissipation transport equation on the numerical solution is highlighted. Also, the
comparison between the CFD model results and the experimental data of velocity, temperature
and mass fractions of species (CH4, H2, N2, H20, CO2, 02 and CO) along the centreline as well
as on the radial position of x/D = 5, 40 are presented. Generally, the CFD results show a good
agreement with the experimental data, and the presented approach in this paper is an accurate
promising alternative to LES and DNS approaches for the modelling of non—premixed turbulent

configurations.
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17.

Burning velocity and Markstein length blending laws for methane/air and hydrogen/air blends
Because of the contrasting chemical kinetics of methane and hydrogen combustion, the

development of blending laws for laminar burning velocity, ul, and Markstein length for constituent

mixtures of CH4/air and H2/air presents a formidable challenge. Guidance is sought through a

study of analytical expressions for laminar burning velocity. For the prediction of burning velocities

of blends, six blending laws were scrutinized. The predictions were compared with the measured

burning velocities made by Hu et al. under atmospheric conditions [1]. These covered equivalence

ratios ranging from 0.6 to 1.3, and the full fuel range for H2 addition to CH4. This enabled
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assessments to be made of the predictive accuracy of the six laws. The most successful law is
one developed in the course of the present study, involving the mass fraction weighting of the
product of ul, density, heat of reaction and specific heat, divided by the thermal conductivity of
the mixture. There was less success from attempts to obtain a comparably successful blending
law for the flame speed Markstein length, Lb, despite scrutiny of several possibilities. Details are
given of two possible approaches, one based on the fractional mole concentration of the deficient
reactant. A satisfactory empirical law employs mass fraction weighting of the product ullLb.
18.
Laminar flame speed of H2/CH4/air mixtures with CO2 and N2 dilution

The laminar flame speeds of H2/CH4/air mixtures with CO2 and N2 dilution were systematic
investigated experimentally and numerically over a wide range of H2 blending ratios (75 vol%) with
CO0O2 (67 vol%) and N2 (67 vol%) dilution in the fuels. The experimental measurements were
conducted via the Bunsen flame method incorporating the Schlieren technique under the condition
of equivalence ratios from 0.8 to 2.0. To gain an insightful understanding of the experimental
observations, detailed numerical simulation was carried out using Chemkin—Pro with GRI3.0—Mech.
The experimental measurements were also used to validate the corresponding performance of a
semiempirical correlation derived through asymptotic analysis method coupled with the reduced
chemistry mechanism. The results showed that at lower H2 fraction (xH2 < 0.5), the laminar flame
speeds of H2/CH4/air mixtures displayed great linearly increase with the growth of H2 fractions.
The combustion of mixtures with low H2 contents was dominated by CH4 conversion which was
mainly controlled by the increasing OH radicals produced from the key oxidation reactions of H +
02 = O + OH. With the further increase of H2 fractions, the methane—dominated combustion
gradually transformed into the methane—inhibited hydrogen combustion, resulting to the growth of
laminar flame speeds was dramatical and non—linear. Due to the larger heat capacity and chemical
kinetic effect, CO2 presented a stronger dilution effect on reducing the laminar flame speeds than
N2. With the addition of CO2, the increasing stronger competition for H radical through CO + OH
= C02 + H with H+ 02 = O + OH due to the significant reduction of H mole fractions, leading to
the larger decrease of laminar flame speeds of mixtures. Besides, although the contribution of
thermal effect of CO2 decreased near the equivalence ratio, the thermal effect of CO2 still
preformed the dominated contribution to the total dilution effect. A comparison between the
experimental data and estimated results using the semiempirical correlation showed that, the
correlation using new modified coefficients provided the satisfactorily accuracy predictions on the
laminar flame speeds of diluted H2/CH4/air mixtures at lower xH2 (xH2 < 0.5) and lower xdilution
(xdilution = 0.25). The estimated results were generally located within a deviation range of +20%
errors except for two unsatisfactory eases occurred at conditions of xH2 = 0.75 and xCO2 = 0.67.
The considerably poor predictions were attributed to the significantly variation of the chemical
kinetics under high H2 content and large CO2 dilution conditions.
19.
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Experimental and numerical assessment of the effects of hydrogen admixtures on premixed
methane—oxygen flames

Thermal utilization of hydrogen is becoming increasingly important as the climate change
progresses. Fossil fuels such as natural gas are replaced by green hydrogen in the natural gas grid
to reduce CO2 emissions. However, the switch to hydrogen causes significant changes in
combustion properties, such as higher flame temperatures or higher burning velocities. As a result,
this change in flame properties impacts application processes. In order to prevent a reduction in
quality, the processes must be optimally adapted to the fuel switch. Therefore, the combustion
properties of the gas mixture have to be investigated in more detail. In this work a premixed oxy—
fuel combustion of hydrogen—methane mixtures under atmospheric conditions has been
investigated. Therefore, two scenarios are of further interest, low hydrogen admixture (0 vol-%, 10
vol-%, 20 vol-%, and 35 vol-%) and high hydrogen admixture (50 vol-%, 75 vol-%, 95 vol-%/100
vol-%). In this study, a premixed burner is utilized at three different burner powers with a maximum
power of 1.2 kW. The flame characteristics has been analyzed by optical (chemilumicence and OH-
PLIF), spectroscopic, and thermal measurements. This study aims to determine the change in
flame shape, the temperature profiles at different flame heights, and the species formed in the
combustion zone. For this purpose, various compositions of hydrogen—methane—oxygen mixtures
at different equivalence ratios ¢ = 0.8-1.2 are experimentally investigated at atmospheric
conditions. The effect of hydrogen addition to the methane—oxygen flame has been numerically
considered utilizing three different mechanisms (GRI 3.0, Glarborg, and Aramco). The adiabatic
flame temperature, laminar burning velocity and radical formation have been studied numerically
for different gas compositions.
20.
Laminar burning velocities and Markstein numbers for pure hydrogen and methane/hydrogen/air
mixtures at elevated pressures

Spherically expanding flame propagations have been employed to measure flame speeds for
H2/CH4/air mixtures over a wide range of H2 fractions (30 %, 50 %, 70 and 100 % hydrogen by
volume), at initial temperatures of 303 K and 360 K, and pressures of 0.1, 0.5 and 1.0 MPa. The
equivalence ratio (¢p) was varied from 0.5 to 2.5 for pure hydrogen and from 0.8 to 1.2 for
methane/hydrogen mixtures. Experimental laminar burning velocities and Markstein numbers for
methane/hydrogen/air mixtures at high pressures, which are crucial for gas turbine applications,
are very rare in the literature. Moreover, simulations using three recent chemical kinetic
mechanisms (Konnov—2018 detailed reaction, Aramco—2.0-2016 and San Diego Methane detailed
mechanism (version 20161214)) were compared against the experimentally derived laminar burning
velocities. The maximum laminar burning velocity for 30 % and 50 % H2 occurs at ¢ = 1.1. However,
it shifts to ¢ = 1.2 for 70 % H2 and to ¢ = 1.7 for a pure H2 flame. The laminar burning velocities
increased with hydrogen fraction and temperature, and decreased with pressure. Unexpected

behaviour was recorded for pure H2 flames at low temperature and ¢ = 1.5, 1.7 wherein ul did not
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decrease when the pressure increased from 0.1 to 0.5 MPa. Although, the measurement
uncertainty is large at these conditions, the flame structure analysis showed a minimum decline in
the mass fractions of the active species (H, O, and OH) with the rise in the initial pressure.
Markstein length (Lb) and Markstein number (Mab and Masr) varied non—monotonically with
hydrogen volume fraction, pressure and temperature. There was generally good agreement
between simulations and experimentally derived laminar burning velocities, however, for
experiments of rich—pure hydrogen at high initial pressures, the level of agreement decreased but

remained within the limits of experimental uncertainty.
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21.
Effects of hydrogen enrichment on CH4/Air turbulent swirling premixed flames in a cuboid
combustor

Effects of H2—enrichment on structures of CH4/air turbulent swirling premixed flames affected
by high intensity turbulence in a gas turbine model combustor are investigated by conducting
direct numerical simulations. Two stoichiometric mixture conditions, of which volume ratio of
CH4:H2 = 50:50 and 80:20, are simulated by considering a reduced chemistry (25 species and 111
reactions). Results showed qualitatively different flame shapes and reaction zone characteristics
between the cases. For the higher H2—-ratio case, the flame is stabilized both in the inner and outer
shear layers. For the lower H2-ratio case, the flame is stabilized only in the inner shear layer and
extinction occurs in the outer shear layer. Comparison of the reaction zone characteristics with
unstrained and strained laminar flames in phase space showed that H2 mass fraction for the lower
H2-ratio case and reaction rate profiles for both cases deviate from the corresponding laminar
values. Analysis of fuel species conservation equation suggests that the turbulent transports are
substantially influential to determine local and global flame structures. These findings would be
useful for designing practical H2—enriched gas turbine combustor in the aspect of flame structures
under high intensity turbulence.
22.
Morphology and structure of spherically propagating premixed turbulent hydrogen — air flames

Three—dimensional direct numerical simulations of spherically propagating premixed turbulent
stoichiometric hydrogen—air flames with detailed chemistry and detailed diffusion are employed to
clarify the influence of turbulence—flame interactions with respect to flame structure and
morphology. Four cases are considered within the corrugated flamelets and the thin reaction zone
regimes. The most significant fuel consumption and heat release rates occur at the negatively—
curved flamelets. Furthermore, the increments in burning velocity are lower than the increments
in flame surface area, which is due to the reduction in the local burning intensity at the positively—
curved flamelets. The morphology of intense reaction zones is quantified using Minkowski

functionals and their shapes include “tubes”, “pancakes”and more complex shapes, which are
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compared to their counterparts in planar flames. As turbulence level increases, the number of
locally defined intense reaction zones increases, and their boundaries expand to cover more
extensive parts of the flame front. However, intense reaction zones’ geometrical dimensions do
not significantly differ for each flame as it propagates. Local turbulence properties are obtained
for each intense reaction zone. The conditional averages of local Taylor microscale and local
Kolmogorov scale, conditioned based on the shape finders, are investigated. The conditional
averages of the local Taylor microscale scale correlate with the planarity and filamentary of intense
reaction zones. Therefore, turbulent motions at Taylor microscale size have a significant role in
characterizing turbulence—flame interactions relevant to flame morphology and relevant to the
local flame thickness and reaction layers of developing—flames. On the other hand, local
Kolmogorov scales’ turbulent motions show weaker or no such correlations. There is a dissidence
between global turbulence statistics and local ones representing the interactions at the flame front.
Local turbulence—flame interactions of Taylor microscale sizes occur at specific length scales,

depending on the flame size and irrelevant of eddies with other length scales.

Role of chemical kinetics on the detonation properties of hydrogen /natural gas/air mixtures

The first part of the present work is to validate a detailed kinetic mechanism for the oxidation
of hydrogen—methane—air mixtures in detonation waves. A series of experiments on auto—ignition
delay times have been performed by shock tube technique coupled with emission spectrometry
for H2/CH4/02 mixtures highly diluted in argon. The CH4/H2 ratio was varied from 0 to 4 and the
equivalence ratio from 0.4 to 1. The temperature range was from 1250 to 2000K and the pressure
behind reflected shock waves was between 0.15 and 1.6MPa. A correlation was proposed between
temperature (K), concentration of chemical species (molm—3) and ignition delay times. The
experimental auto—ignition delay times were compared to the modelled ones using four different
mechanisms from the literature: GRI [Smith PG, Golden DM, Frenklach M, Moriarty NW, Goldenberg
M, et al. (http://www.me.berkeley.edu/gri_mech/)], Marinov et al. [Aromatic and polycyclic
aromatic hydrocarbon formation in a laminar premixed n—butane flame. Combust Flame 1998;
114:192-213], Hughes et al. [(http://www.chem.leeds.ac.uk/Combustion/Combustion.html)],
Konnov [Detailed reaction mechanism for small hydrocarbons combustion. Release 0.5
(http://homepages.vub.ac.be/~akonnov/), 2000]. A large discrepancy was generally found between
the different models. Konnov’ s model, which auto—ignition delay times predictions were the closest
to the measured ones, has been selected to calculate ignition delay times in the detonation waves.
The second part of the study concerned the experimental determination of the detonation
properties, hamely detonation velocity and cell size. Effect of the initial composition, hydrogen to
methane ratio and the amount of oxygen in the mixture, as well as the initial pressure on the

detonation velocity and on the cell size were investigated. The ratio of methane/(methane +
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hydrogen) varied between 0 and 0.6 for two different equivalence ratios (0.75 and 1) while the
initial pressure was fixed to 10 kPa. A correlation was established between the characteristic cell
size and the ignition delay time behind the leading shock of the detonation. It was clearly shown
that methane has an important inhibitor effect on the detonation of these combustible mixtures.
24,
Fast—flame limit for hydrogen/methane—air mixtures

Flame acceleration experiments were performed in a 10 cm inner—diameter tube filled with
evenly spaced 0.43 blockage ratio orifice plates. The critical mixture composition required for flame
acceleration to a fast—flame was measured for four methane/hydrogen fuel—air mixtures at initial
temperatures of 298K, 423K, and 573K. These conditions provide a large range in the Zeldovich
number between 12 and 28, where the Zeldovich number was calculated from the laminar burning
velocity obtained from 1-D flame simulations. The data collapsed very well when the expansion
ratio across the flame (calculated at the critical condition) was plotted versus the Zeldovich
number. This is consistent with correlation proposed by Dorofeev [7], that was based on
experimental data obtained over a narrower Zeldovich number range. For pure hydrogen fuel, the
critical expansion ratio was found to be between 2 and 4, and for pure methane the critical

expansion ratio was as high as 8, for an initial temperature of 573K.
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25.
Numerical investigations on flashback dynamics of premixed methane—hydrogen—air laminar
flames

Injecting hydrogen into the natural gas network to reduce CO2 emissions in the EU residential
sector is considered a critical element of the zero CO2 emissions target for 2050. Burning natural
gas and hydrogen mixtures has potential risks, the main one being the flame flashback phenomenon
that could occur in home appliances using premixed laminar burners. In the present study, two—
dimensional transient computations of laminar CH4 + air and CH4 + H2 + air flames are performed
with the open—source CFD code Open FOAM. A finite rate chemistry based solver is used to
compute reaction rates and the laminar reacting flow. Starting from a flame stabilized at the rim
of a cylindrical tube burner, the inlet bulk velocity of the premixture is gradually reduced to observe
flashback. The results of the present work concern the effects of wall temperature and hydrogen
addition on the flashback propensity of laminar premixed methane—hydrogen—air flames. Complete
sequences of flame dynamics with gradual increases of premixture velocity are investigated. At
the flame flashback velocities, strong oscillations at the flame leading edge emerge, causing broken
flame symmetry and finally flame flashback. The numerical results reveal that flashback tendency
increase with increasing wall temperature and hydrogen addition rate.
26.

Numerical investigation of the hydrogen, ammonia and methane fuel blends on the combustion
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emissions and performance

The co—combustion of traditional methane gas and alternative fuels importance to reduce
emissions in combustion has increased in recent years. The literature proves the successful
operations of ammonia and hydrogen as diesel engine fuels. However, there is not sufficient
information about the combustion of methane along with ammonia and hydrogen. In this study, the
effects of the combustion of methane—hydrogen and methane—ammonia—hydrogen fuel mixture on
system performance and emissions are numerically investigated. Firstly, the effects of methane
and 5%, 10%, and 15% hydrogen mixture are investigated. Then, methane and 5% fixed hydrogen
ratio with 5% ammonia, 10% ammonia, and 15% ammonia mixtures are examined. The numerical
model is validated against the literature data using the Sandia D model with a difference of 5.9%
at x/d = 0.5. As a result of the study, 15% hydrogen addition to methane increased the maximum
combustion chamber temperature by 100 K. However, with the addition of 15% of ammonia, the
temperature is dropped by 200 K and the peak temperature location is slightly shifted away from
the injection point. A 10% enhancement of hydrogen content rate will cause a 28% increase in
thermal NOX emission and a 10% increment in the ammonia content of the fuel blend has caused
to 3000 ppm enhancement in NOX emission. With the addition of %5, 10%, and %15 ammonia mass
fraction to methane and hydrogen blend fuel at the axial location of x/d = 0.444, the NOx emission
production rate has been increased by 1970, 3010, and 3790 ppm, respectively. In addition, the
15% hydrogen addition to methane (85% methane/15% hydrogen) and 5% hydrogen plus 15% ammonia
addition to methane (80% methane/5% hydrogen/15% ammonia) reduced the CO2 emission by 30.7%
and 14% compared to neat methane (100% methane) combustion. To sum up, this study shows that
the use of methane—ammonia—hydrogen as a diesel engine fuel reduces combustion emissions.
27.
The effect of hydrogen enrichment on thermoacoustic instabilities in laminar conical premixed
methane/air flames

We perform a conceptual study about the linear stability of a hydrogen—enriched methane—air
premixed laminar flame inside a cylindrical duct with both ends open. The flame and acoustic
subsystems are coupled using the Flame Transfer Function (FTF). The power output is set to a
constant value and the hydrogen molar fraction of the fuel mixture is varied. We show that adding
hydrogen reduces the flame length and impacts the FTF in two ways: (i) gain drop—off shifts
towards higher frequencies and (ii) phase lag reduces. Then, we compute the eigenvalues of the
thermoacoustic system varying the hydrogen molar fraction. We show that adding hydrogen to the
fuel mixture can stabilize linearly unstable systems and vice versa, depending on the duct natural
frequencies. The results show that the hydrogen molar fraction can be a tunable parameter for

controlling thermoacoustic instabilities.
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28.
Effects of hydrogen concentration on premixed laminar flames of hydrogen—methane-air

The unstretched laminar burning velocities and Markstein numbers of spherically propagating
hydrogen—methane—air flames were studied at a mixture pressure of 0.10 MPa and a mixture
temperature of 350 K. The fraction of hydrogen in the binary fuel was varied from 0 to 1.0 at
equivalence ratios of 0.8, 1.0 and 1.2. The unstretched laminar burning velocity increased non—
linearly with hydrogen fraction for all the equivalence ratios. The Markstein number varied non—
monotonically at equivalence ratios of 0.8 and 1.0 and increased monotonically at equivalence ratio
of 1.2 with increasing hydrogen fraction. Analytical evaluation of the Markstein number suggested
that the trends could be due to the effective Lewis number, which varied non—monotonically with
hydrogen fraction at equivalence ratios of 0.8 and 1.0 and increased monotonically at 1.2. The
propensity of flame instability varied non—monotonically with hydrogen fraction at equivalence
ratios of 0.8 and 1.0.
29.
Investigation of cellularization characteristics of hydrogen—methane—ethanol expanding spherical
flame at elevated pressures

The incorporation of ethanol into hydrocarbon fuels for use is attracting increasing interest
and it is necessary to investigate its inherent flame instability for better application in combustion
units. The instability of hydrogen—methane—ethanol spherically expanding flame has been
investigated at an initial temperature of 400 K, initial pressures of (2—4 bar), ethanol fraction of
(20%, 50%, 80%), and equivalence ratios (®) of (0.7-1.4) using the constant volume combustion
chamber (CVCQC). High—speed schlieren technology was used to record flame propagation images.
The effects of hydrodynamic and thermal—diffusion effect on the inherent instability of the flame
were investigated. As the ethanol ratio increased, the hydrodynamic effect was enhanced. The
thermal—diffusion effect was discovered to stabilize the flame surface under all conditions, as
judged jointly by the effective Lewis humber and the critical Lewis number. The critical conditions
(critical radius and Peclet number) at the onset of instability were evaluated, and it was found that
the flames were more prone to flame instability at higher pressures. The critical Peclet number
increased with the increase in the equivalence ratio when the ethanol ratio was 20%, and showed
the opposite trend when the ethanol ratio was 50% and 80%. In addition, as the ethanol ratio
increases, the stability of the lean mixtures flame increases, while the rich mixtures flame suffers
from early on— set of instability. The theoretical and experimental results were consistent, with
some differences at ® = 1.4. An empirical correlation formula for the critical Peclet number (Pe
¢) and Markstein number (M b) was further proposed (Pe ¢ = 18.03 M b + 214.78). Finally, the
Karlovitz number was used to study the instability behavior of the flame. The critical Karlovitz
number (Ka c¢) decreased with increasing M b and the tendency of the flame to suffer from

instability diminished, and the following correlation was obtained Ka ¢ = 0.05635 X exp (—0.13852
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M b). Furthermore, the flame was more unstable in rich mixtures, this was consistent with the
conclusion of instability derived from the critical radius.
30.
Effects of hydrogen on combustion characteristics of methane in air

The explosion process of multi-component gas mixture is extremely complex and may cause
serious disaster effects. The safety issue concerning explosion of multi—-component gas mixture
is urgent to be investigated on account of its wide range of applications. In current work, series of
experiments were performed in a 20 L spherical explosion vessel at initial conditions of 1 atm and
293 K, involving methane—hydrogen/air mixtures. The proportion of hydrogen in fuels varied from
0% to 100%. It was observed that peak temperature is always behind the peak pressure in arrival
time whatever the fuel equivalence is. Experimental values of peak overpressure are lower than
adiabatic ones due to heat loss. It was also founded that the hydrogen addition can raise explosion
pressure and temperature in experiment but slightly decrease that in adiabatic condition, and both
the increase in experiment and the decrease in adiabatic show a linear correlation versus the
proportion of hydrogen. Hence the deviation between the experimental results and the adiabatic
results decreases as the hydrogen proportion rises. Moreover, the positive effect of hydrogen
addition on (dp/dt)max is very slight at low hydrogen proportion, while the effect becomes much
more pronounced at higher hydrogen contents, showing an exponential growth. For each fuel
composition throughout all experiments, the peak overpressure, peak temperature and (dp/dt)max
concerning fuel equivalence ratios of 0.6, 1 and 1.5 follow a same rule: ® = 1 is the highest,
followed by ® = 1.5 and ® = 0.6. Finally, the MIEs of gaseous methane—hydrogen/air mixtures at
a fuel equivalence ratio of 1.5 were measured as a function of hydrogen proportion. It shows a
sharp decrease as the fraction of hydrogen in fuel rises, from 118 mJ for methane—air to 0.12mdJ
for hydrogen-—air. It is also observed that the MIE of multi—-component gas mixtures can be
approximately figured as the linear weighted sum of the MIE of each component; the weighting
factor is respectively the volume fraction of each component. This can be considered as a
universal method to obtain the MIE for a specific multi—component gas.
31.
The effect of hydrogen addition on methane/air explosion characteristics in a 20-L spherical
device

The addition of hydrogen to methane changes its deflagration characteristics and increases
the combustion rate. However, studies on the effect of hydrogen on methane deflagration remain
insufficient. Therefore, based on the CFD code GASFLOW-MPI, a four—-step combustion—
mechanism model was established for methane/hydrogen mixtures. The deflagration
characteristics of a premixed combustible gas in a 20—L spherical device was numerically simulated
using a methane/hydrogen/air equivalence ratio of 1 and hydrogen addition in the range of 0-50%;
subsequently. The results were compared with experimental data. The four—step

methane/hydrogen combustion-mechanism could effectively reproduce the methane/hydrogen
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deflagration process on considering the heat losses. With an increase in hydrogen addition, the
laminar burning velocity increases, and the deflagration duration reduces. It decreases the
explosion heat loss and increased the maximum deflagration pressure. Under adiabatic simulation,
the maximum deflagration pressure decreased with an increase in hydrogen addition, in contrast
with the experimental results. This indicates that the heat-loss effect of the
methane/hydrogen/air—mixture deflagration process should not be ignored. Moreover, the heat
loss during the methane/hydrogen/air—mixture deflagration was mainly caused by thermal radiation.
Thus, the influence of the thermal-radiation and convective heat—transfer mechanisms should be

considered in the numerical simulations of methane/hydrogen/air—-mixture deflagration.
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32.
Outward propagation velocity and acceleration characteristics in hydrogen—air deflagration
Propagation characteristics of hydrogen—air deflagration need to be understood for an accurate
risk assessment. Especially, flame propagation velocity is one of the most important factors.
Propagation velocity of outwardly propagating flame has been estimated from burning velocity of
a flat flame considering influence of thermal expansion at a flame front; however, this conventional
method is not enough to estimate an actual propagation velocity because flame propagation is
accelerated owing to cellular flame front caused by intrinsic instability in hydrogen—air deflagration.
Therefore, it is important to understand the dynamic propagation characteristics of hydrogen—air
deflagration. We performed explosion tests in a closed chamber which has 300 mm diameter
windows and observed flame propagation phenomena by using Schlieren photography. In the
explosion experiments, hydrogen—air mixtures were ignited at atmospheric pressure and room
temperature and in the range of equivalence ratio from 0.2 to 1.0. Analyzing the obtained Schlieren
images, flame radius and flame propagation velocity were measured. As the result, cellular flame
fronts formed and flame propagations of hydrogen—air mixture were accelerated at the all
equivalence ratios. In the case of equivalent ratio 0.2, a flame floated up and could not propagate
downward because the influence of buoyancy exceeded a laminar burning velocity. Based upon
these propagation characteristics, a favorable estimation method of flame propagation velocity
including influence of flame acceleration was proposed. Moreover, the influence of intrinsic
instability on propagation characteristics was elucidated.
33.
Effects of inert—gas addition on the dynamic behavior and propagation characteristics of
spherically expanding hydrogen—air flames
To investigate the effects of inert—gas addition on the dynamic behavior and propagation
characteristics of spherically expanding hydrogen—air flames, the experiments of premixed
combustion were performed in a closed chamber. The dynamic behavior of premixed flames was

caught by high—speed Schlieren imaging, and the flame radius and propagation velocity were
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measured by analyzing the Schlieren photography. When the flame radius was sufficiently small,
smooth flame surface was observed, where the flame stretch affected strongly the propagation
velocity. From the correlation between the propagation velocity and flame stretch rate, we
estimated the propagation velocity of unstretched flame and the Markstein length including
thermal—expansion effects. When the flame radius was large, on the other hand, cellular surface
induced by intrinsic instability was observed, and then the flame acceleration was confirmed. As
the results, the critical flame radius corresponding to the occurrence of flame acceleration and
the increment coefficient of propagation velocity were obtained. It was found that the increment
coefficient became larger at low equivalence ratios, which was because the diffusive—thermal
instability became stronger. Under the conditions of high concentration of inert gas, the increment
coefficient of propagation velocity became smaller. This was because the burning velocity became
lower by increasing the inert—gas concentration. Moreover, we obtained the increment coefficient
normalized by the propagation velocity of unstretched flame. The normalized increment coefficient
increased as the inert—gas concentration became higher, which indicated that the addition of inert
gas promoted the instability of hydrogen flames. Based on the dynamic behavior and propagation
characteristics of premixed flames, the parameters of flame acceleration model depending on the
inert—gas concentration were obtained, and then the flame propagation velocity was predicted.
34,
Characteristics of spherically expanding hydrogen—methane—air lean premixed flames in a closed
chamber: aiming to elucidate the hydrogen explosion at Fukushima Daiichi Nuclear Power Station
In the hydrogen explosion at Fukushima Daiichi Nuclear Power Station, the presence of
flammable organic compounds together with hydrogen in reactor buildings was suggested. Aiming
to elucidate the explosion characteristics, we performed the experiments of spherically expanding
hydrogen—methane—air lean premixed flames in a closed chamber, where methane was adopted as
a representative of flammable organic compounds. At sufficiently small flame radii, smooth flame
surface was observed. The addition of methane to hydrogen—air mixtures generated the increase
in the propagation velocity of unstretched flame. At large flame radii, cellular surface induced by
intrinsic instability was found, and the flame acceleration was confirmed. The parameters of flame
acceleration model were estimated, and then the flame propagation velocity depending on the
flame radius was predicted. The normalized increment coefficient became larger at low equivalence
ratios, owing to stronger diffusive—thermal instability. Under the same hydrogen concentration, the
methane addition generated the increase in the maximum pressure in a closed chamber. The
maximum pressure of experiments was lower than that of calculations, which was because of heat
loss during premixed combustion. Under the same methane concentration, the pressure ratio of
experiments and calculations was lower when the flame propagation velocity was smaller. This was
because of larger heat loss. The obtained results were valuable information to elucidate the

hydrogen explosion at Fukushima Daiichi Nuclear Power Station.
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