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Autoignition Characteristics of Hydrogen/Air/Diluent Mixtures

Dong Youl Lee

Department of Safety Engineering, Graduate School of Industry,
Pukyong National University

Abstract

Hydrogen has been considered as clean energy comparing with fossil fuel
and the use of hydrogen in social daily life and economic industry activities
will be expected to a huge increase. For hydrogen society, the main systems
1s fuel cell, which have been actively applied to hydrogen cars and small-scale
power generation, and the related facilities is a hydrogen stations for fueling
and storage. The by-product gas produced in various chemical processes is
also important source of hydrogen gas and should be treated appropriately.
However the use of hydrogen energy is limited now because of hydrogen
production and safety. The burning velocity of hydrogen mixture is about 7
times faster than hydrocarbon fuels and hydrogen has wide flammability and
small minimum ignition energy. Therefore there is a high risk of fire and
explosion in all areas of hydrogen manufacturing, transportation, storage, and
use.

In this study, the auto—ignition characteristics was investigated numerically
for diluted hydrogen mixtures. Auto—ignition temperature was determined on
well-stirred reactor as the most important property representing fire and
explosion risk in hydrogen combustion. When nitrogen and carbon dioxide were
diluted at hydrogen/air mixture, the ignition delay time was increased with
increasing dilution ratio on both cases but the ignition of CO: dilution was
more delayed than N, dilution. It was also confirmed that the lower the initial
ignition temperature, the greater the ignition delay time at 950K or higher
temperature. Overall autoignition characteristics such as the concentrations of



participating species and ignition delay time were mainly affected by initial
temperature of the mixture. The critical temperature at which the
chain-branching rate becomes of the same order as the chain-breaking rate is
defined as crossover temperature and redefined to the temperature at which the
total production rate of hydrogen radical is zero. Crossover temperature of CO,
diluted hydrogen mixture is higher than that of N, dilution. The water vapor
addition results in the higher crossover temperature due to high Chaperon
efficiency of H-O.
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Table 1.1 San Diego mechanism tablel H»/O> combustion in 2006[2].

Rate coefficients in Arrhenius form k = BT"exp(—T,/T).
B* n Ty!
Shuffle reactions
H+0:=0H+0 352 x 10'®  _07 8590
H; +0=0H+H 5.06 =« 10¢ 267 3165
H + OH = H:O+H 1.17 x 10° 1.3 1825
H,0 -0 = OH + OH 7.00 = 10° 233 7321
Hydroperoxyl reactions
H+03+M =HO; + M" k£ 575x10"% _14 0.0
k., 4.65x10% 044 0.0
HO; + H = OH + OH 7.08 « 10" 0.0 148
HOs + H = Hy + 03 1.66 « 10"* 0.0 414
HO, + H=H,0+ 0 3.10 = 1013 0.0 866
HO; -0 = OH - 03 2.00 x 107~ 0.0 0.0
HO, + OH'= H50 + 0, 289 x 102 00 250
450 x 10" 00 5500
Radical—radical recombination reactions
H+OH+M = H,0+ M- 4.00 = 10*2 —20 0.0
H+H+M=Hy+M 130 =« 10'®* —1.0 0.0
0+0+M=05+ M 6.17 x 10" _05 0.0
H+0+M=0H+M 471 < 10" —1.0 0.0
Hydrogen peroxide reactions
OHLOH+M=H0. -+ M® kg 2.76 x10" _32 0.0
k. 9.55x 10" —027 0.0
HO» + HOy = H207 + 05 1.03 x 10" 00 5556
1.94 x 10" 00 709
H,0,4 H =H0; + H, 2.30 « 103 . 00 4000
H202 + H = H30 + OH 1.00 < 10 00 1804
H,0, + OH = H,0 £HO, 174 x10'2 00 160
7.50 « 10" 00 3660
H202 + O = HO2 + OH 9.63 < 10° 2.0 2009
Unlts are mol,s,cr, and K.
Chaperon efficiencies: Hy(2.5), H,O(16.0), CO(l 2), CO2(24, Ar and He(0.7), and 1.0 for
all other species; Troe fall off with F.=0.5
“Chaperon efficiencies: Hy(2.5), H20(12.0), CO(1.9), C02(3.8) Ar and He(0.4), and 1.0 for
all other species.
dChaperon efficiencies: H»(2.5), H20(12.0), CO(1.9), CO2(3.8) Ar and He(0.5), and 1.0 for
all other species.
“Chaperon efficiencies: Hx(2.5), H20(12.0), CO(1.9), CO2(3.8) Ar and He(0.2), and 1.0 for
all other species.
fChaperon efficiencies: h2(2.5), H20(12.0), CO(1.9), CO2(3.8) Ar and He(0.7), and 1.0 for
all other species.
9Chaperon efficiencies: h2(2.5), H20(12.0), CO(1.9), CO2(3.8) Ar and He(0.7), and 1.0 for

all other species.
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15,) = 8,y 2 —ep(— hugt) — exp(— k) (15)
12 23
d[ 5]
dt :k12[sl]_k23[52]:0 (16)
/A Arahbgol A whg QlEks (Enthalpy AH)@S 7t shetEe] o

ILOSH HO, & “"%e) Yehie 13 E 982 Fasar.

Table 1.2 AH,, S, andq, for species considered in the H,/O, reaction

mechanism.

Species | AH; (298,15) ' $(298.15) €, 300) C,(500) C,(800) C,(1000) C,(1500) C,(2000)

1 1
H : 52.10 : 27.39 497 497 497 497 497 497
0 ¢ 5956 . 3847 523 5.08 502 5.00 498 498
OH | 891 1 439 7.16 7.05 7.15 734 787 8.28
Hy ! 0.0 : 3121 6.90 7.00 707 721 173 8.18
0 , 00 490 701 744 8.07 8.35 872 9.3
H,0 | =5780 1 4510 8.00 8.45 9.22 9.87 11.26 1222
HO, | 30 15476 835 9.47 10.77 11.38 12.48 13.32
Hy0 : -32.53 : 55.66 10.42 12.35 14.29 1521 1685 17.88
N 00 | 457 6.95 7.08 7.50 783 832 8.60
A1 00 1 3698 497 497 497 497 497 497
He 'L 0.0 3002 497 497 497 497 497 497

1
Units are cal/mol/K for § and C . and kcal/mol for AH,.
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Fig. 1.1 Sensitivity coefficient of reaction for a flow reactor, laminar flame
speed and shock tube ignition delay case calculated by using the mechanism of
Mueller.et.al Initial condition : Hy=1.01% 0,=0.52% with balance N. at 3.4 atm
and 933K.
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Fig. 1.2 Define of ignition delay time at chain explosion[4].
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Fig. 1.3 The variation with initial temperature, T, of the induction time
obtained with the inflection—point criterion in isobaric homogeneous
combustion for a stoichiometric hydrogen—air mixture as obtained for
three different pressures[2].
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Fig. 1.5 Calculated ignition delay time compared with experimental
results for stoichiometric Ho—air mixtures[6].
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Fig. 1.6 Measured and simulated ignition delays for various methane -

hydrogen blends at different pressures.
different activation energies and different mixturel8].
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Fig. 1.8 Ignition delay time of Hy/CO mixture diluted with CH; at ¢=
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Fig. 2.2 Calculated ignition delay times compared with experimental
results for stoichiometric Ho/Air mixture at three different pressures[1].
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Fig. 2.3 Variable initial temperature comparison of ignition delay time
at Ho/Air dilution CO, 6.9%, 22.9%, 54.2%, and 0.5atm, 1.0atm, 2.0atm,
equivalence ratio=1.0.
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Fig. 2.5 Variable initial temperature comparison of ignition delay time
at Ho/Air dilution CO, 6.9%, 22.9%, 54.2%, equivalence ratio=1.0.
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(2) #2&/371/CO2 B#FH| ¢=0.5, 6=1.0, 8=2.09] H}AAEA

a9 2604 *ET 840KHFH 1320K7FA] 20KH  F7FelH Al oF -

l.0atme = nAgstar F=Fr] 05, 1.0, 2.09] #o= wWalo] g AstA A

AlZbe AxtstAt FAsA 22O AsdA "M CO, 80%E
L

B9o 542%2 AAF AT 1 99l

sha, galE A4 F 4SS IR 4499e 45 AR
2ol Fgulsk $H Agso] AaTe] AHHD F7] F 4ol 3764

Table 2.1 Calculation result of mole faction for COy; PSR equivalence ratio
at variable.

3 ] CO, & H, & 0, BEE& N 252 &
0.5 54.2% 7.95% 7.95% 29.9%
1.0 54.2% 13.65% 6.825% 25.675%
2.0 54.2% 20.95% 5.24% 19.7%
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Fig. 2.6 Comparison of ignition delay time H./Air dilution, CO»=54.2%,
by initial temperature and equivalence ratio variation at pressure 1.0atm.
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1.0atm, 2.0atm 37FA Zxel i3 Fi2/37] AFAAAE ALt
ArA R 219 279149k o] yEtuiddth. 1d 2714 & dkol COy
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Fig. 2.7 Variable initial temperature comparison of ignition delay time

Ho/Air dilution No»
equivalence ratio=1.0.
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(2) #4&/F71/N; G %FH] 9=0.5, 9=1.0, 9=2.09] H3}AAEA

&% 840KH-E 1320K7HA 20KA
T wstel] tid A AATE Akt 27 28049k o] xdH
o A COx 34 ANt TdF WO R PSRS 2838t AR B At}
Al =tEE E 220049k o] AltsAnh 44 N, miEs v =

dstel Yool R TEES AMn ¥ F

Table 2.2 Calculation result mole fraction for PSR Ns equivalence ratio

variation.
A A
I ZH| N, &8 H, &8 0, BEE&

Ny, B8 &
0.5 54.2% 7.95% 7.95% 84.10%
1.0 54.2% 13.65% 6.825% 79.88%
2.0 54.2% 20.95% 5.24% 73.90%
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Fig. 2.8 Comparison of ignition delay time Hs/Air
by initial temperature and equivalence ratio variation
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(1) #2/F7] CO:9 No3 A 9 HA A £ S0

Table 2.3 A comparative analysis of ignition delay time by Ny and CO-
H/Air.

1400K Pressure Concentration S ]
A1 9 (5X:54.2%, ©:1.0) (1.0atm, @:1.0) (1.0atm, & %:54.2%)
0.5 1.0 2.0 6.9 229 | b4.2
AN ZH ps ] =(. =1. =2.
1Ztlp atm | atm atm % % % 9=050=1.0) 9=2.0
F&/F7]
924 | 437 | 22.1 |21.29 | 25.45 | 43.7 | 485 | 437 | 494
/COq
F&/F7]
N 879 | 445 | 22.2 | 2154 | 2653 | 445 | 485 | 445 | 48.8
2
Pressure Concentration 3 ]
880K
A 3R

03[/\]]2} (FE:54.2%, 2:1.0) (1.0atm, @:1.0) (1.0atm, ¥ %:54.2%)
ms

0.5 1.0 2.0 6.9 Zg.9

54.2 _ o=1. _
atm | atm atm % % 9 ?=0.5 0 @=2.0

%

71/CO, 317 | 695 657 359 | 447 | 695 900 693 558

TA3 8.45 | 364.4 | 534 |10.34 | 11.6 | 1596 | 450 364 307

o]
l
Gl At COBA NS M B% 5mrh £34% wgr] gge wes

%, Yl 1094 "ol AFE FRAAATE Sk APl AATh
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[Bloll M o] === Fo|Hdrt. F4/An As37] 79 dA| wkgolA A
A W 3, ¢ O — ALO + 2H[11]E FEeE Fa WAL &4

2ol & 3100 12709 Aub&e-3 ks Rbs-4 oz vEhd 5 A

oko] i /AbA ARSHEES w7 U Eo A Elementary reaction< "9 HH
v g FEAjsk 4= 9lt}. o] 23k Elementary reactions A3t F

T Hsldd Fash w2 A @B 2ol SAE AT F AT

ARZH SRHG £2 koA whey grte] FRE gl

S BARE ¢ Ao £ kS gAY E 2td 2R H, O, OH

S AAdd Ao a2HE=E sty 8749 whEAS ol &8k 4(3.2),
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T(l
Table 3.1 Rate coefficients in Arrhenius from kZBT"eXp(—7) for

the skeletal mechanism with rate parameters in mol, s, cn, kJ, and K

Reaction B n T,
f H+0,-0H+O0 3.52 1016 {57 8590
b OH+0—-H+0; 3.03 104 -0.26 72
2f  Hy+O - OH+H 5.06 10* 267 3165
2b  OH+H - Hy40 3.03 10* 263 2433
3f  Hy+OH — H,0 +H 1.17 10° 13 1825
3b  Hy0 +H — Hy+OH 1,28 100 1.19 9412
4  H+ 03+M — HOp+M? ™ B 0™ 14 0.0
k=" 8 B0 0.44 0.0
5  HO,+H — OH + OH 7.08 10" 0.0 148
6f  HOy+H — Hy+0, 1.66 10" 0.0 414
6b  Hy+0; — HO,+H 269 10" 036 27,888
7f  HO,+OH — H;0 + 0, 280 . 00 -250
450 10™ 0.0 5500
8f H+OH+M - Hy0+ M 400 x 102 -20 0.0
8b H,0+M — H+OH+M° B | 175 .59675
9 H+H+M— Hy+M" 130 108 -1.0 0.0
9b  Hy+M — H+H+ M" 304 10" 065 52,092
10f H,0,+M'—> OH+OH+M® k, 760 10% -420 25,703
k., [26310%° %27 /25703
11f  HOy+HO; — H30540> 1,03 10" 0.0 5556
194 10" 0.0 ~709
12f  HOp+H; — HyO+H 7.80 10"° 061 12,045

“Chaperon efficiencies: H»(2.5), H,0(16.0), CO(1.2), CO»(2.4), Ar and He(0.7),

and 1.0 for all other species; Troe fall off with F.=0.5

bChaperon efficiencies: Hy(2.5), H,0(12.0), CO(1.9), COx(3.8) Ar and He(0.4), and
1.0 for all other species
cChaperon efficiencies: H»(2.5), H,0(12.0), CO(1.9), CO%(3.8) Ar and He(0.5), and
1.0 for all other species
dChaperon efficiencies: Hx(2.5), H,0(6.0), Hx0:(6.0), CO(1.5), CO22.0) Ar(0.7)
and He(0.4), and 1.0 for all other species; Troe falloff with F.=0.43
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H+ O OH + O

2f

Hy + O OH + H

3
H2+OH—f>HQO+H

4
H+02+M—f>HOQ+M

6b
Ho + O — HO, + H

10
H202+M—f>OH+OH+M

11
HO, + HO- —f> HxOz + Oy

12
HO; + Hy —f> H-O, + H

dcy,
?:_ klfCOQCH+ kaCHQCO + k3fCHQCOH
e k4fCM4COZ CH+ kaCOZ CHQ
ac,,
7: klfCOZCH_ kaCHQCO
dCox
7: klfCOZCH+ kaCHQCO - k3fCHQCOH
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Con = Ty (3.13)
d
d
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Fig. 3.1 Result of H ROP in Hy/O, mixture at residence time=3.0sec,
volume=10cm, equivalence ratio=1.0, and pressure=1.0atm.
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32 4723

7b F2/F7/CO; HAsEE A2A0H 2EWE

a9 32004 A2 2% Aol 9 A% Chemkin Fuel Tabol
A AEs CO9 §% 10%, 20%, 30%, 50%, 70%, 80%, 90%# < T4/3
71eF &7l Z2EE&2 ibstH CO, E3&2 32%, 6.9%, 11.3%,
22.8%, 40.8% 54.2%, 72.7%° | Det™, CO, =& WE AR~2Q
<=5 Aystd u59 & 32049 o] el = dv & 3204 &

4= 0% 9] Chemkin Fuel TabollA CO, BEE =73t 2 CO, EE&9

M

TR AR2M 2RI MRS s

Table 3.2 Result of crossover temperature at variation with dilution

CO, concentration in Hs/Air equivalence ratio=1.0, P=1.0atm, residence

time=3sec.
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2 ol
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Fig. 3.5 Ignition delay time of initial temperature at variation with
dilution N: concentration 6.9%, 22.8%, 54.2% in Hy/Air equivalence
ratio=1.0, P=1.0atm, residence time=3sec.
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Fig. 3.6 Compare of ignition delay time and crossover temperature
variation with dilution CO; and Ny concentration 6.9%6, 22.8%, 54.2% in
Ho/Air equivalence ratio=1.0, P=1.0atm, residence time=3sec.
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Table 3.4 Result of crossover temperature at variation with dilution

H>O concentration in Hy/Air equivalence ratio=1.0, P=1.0atm, residence

time=3sec.
Chemkin Fuel Tab 10% | 20% | 309% | 50% | 709% | 80% | 90%
O 5%
1,0 25 &[%] 32 | 69 | 113 | 228 | 408 | 542 | 727
Crossover Temperature[K] | 1120 | 1120 | 1120 | 1130 | 1140 | 1150 | 1170
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