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Characteristics of Hydrogen Oxidation by Atmospheric Non-Equilibrium Plasma
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Abstract : Oxidation characteristics of molecular hydrogen mixed with oxygen diluted with argon (H,/O,/Ar) in an

intermittent dielectric barrier discharge (DBD) are investigated to remove hydrogen in an off-gas from fuel cell vehicles.

The DBD reactor has coaxial electrode geometry and quartz glass tubes as a dielectric material. The discharge is formed

the gap volume between electrodes at an applied peak-to-peak voltage of 31 kV at an atmospheric pressure. It is found that

the gas temperature, the equivalence ratio, the gas residence time and the repetition rate corresponding to an energy density

contributed strongly to hydrogen oxidation. A 100% hydrogen conversion is obtained at the energy density of 4.4 J/cm?> at

the exhaust gas temperature of 80 °C under the equivalence ratio of 0.05. The oxidation mechanism of hydrogen is discussed

using gas kinetics with 19 elementary reactions. When using the DBD plasma, the results show that the O- and H-radicals are

the most influencing species for hydrogen oxidation in the direct treatment. The temperature effect is also discussed using the

same computational method. It is pointed out that more reaction mechanisms and thermal effects in the DBD zone should be

incorporated into the analytical technique.
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Fig.1 Experimental setup for hydrogen oxidation assisted by a

dielectric barrier discharge (DBD).

Table 1 Experimental conditions
Experimental condition 1 I
Hydrogen concentration [vol%] 2 2
Oxygen concentration [vol%] 19.8 05,1,2,19.8
Total gas flow rate , F [E/min]‘ 4,8, 12 8
Residense time [sl’ 0.43-1.61 0.68
Exhaust gas temperature [°C] 25-100 25-100
Equivalence ratio , ¢ [-1 0.05 0.05, 0.5, 1, 2
Voltage , Vpp [kV] 31.0 31.0
Repetitionrate, Rz [Hz] 7,10, 15 7,10, 15
Discharge power , P [kW] 0.24 - 0.74 0.24 - 0.85

"Standard conditions for temperature of 293K and pressure of 0.1 MPa
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Fig.2 Waveform of voltage supplied from a one-cycle sinusoidal power
source (OCS). (Flow rate of argon gas = 8 ¢ /min, Vpp = 25kV,
1/T1 = Ry = 10kHz, To = 10 us)
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Fig.3 Fundamental characteristics of hydrogen oxidation in the DBD.
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Fig.4 Effect of exhaust gas temperature on hydrogen conversion at
various repetition rate settings.
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Fig.5 Influence of electric power on hydrogen conversion at different

exhaust gas temperatures.
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Fig.6 Influence of gas residence time on hydrogen conversion as a
parameter of the discharge power.
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Fig.7 Effect of exhaust gas temperature and equivalence ratio on
hydrogen conversion.
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Fig.8 Relation between the energy density and hydrogen conversion at
¢ =0.05.
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Table 2 Hydrogen combustion mechanism of Li et al. [23] in the form &
=AT" « exp('E/ RN Units are cm, moles, s, cal, and K.

No. Reaction A n E
RI H+ 0,=0+ OH 3.547x10" -0.406 16599
R2 O+ H,=H+ OH 0.508x10% 2.67 6290
R3 H,+ OH=H,0 + H 0.216x10%” 1.51 3430
R4 O + H,0=O0H + OH 2.970%10% 2.02 13400
RS H+M=H+H+M 4.577x10" -1.40 104380
R6 0+0+M=0,+M 6.465x10" -0.50 0
R7 O+ H+M=0H+ M 4.714x10" -1.00 0
R8 H+ OH + M=H,0 + M* 3.800x10” 2.00 0
R9 H+ 0, + M=HO, + M" keo 1.475x10" 0.60 0
ko 6.366x10% -1.72 524.8
RI10 HO, + H=H, + 0, 1.660x10" 0.0 823
RI11 HO, + H=0OH + OH 7.079x10" 0.0 295
RI2 HO, + 0=0, + OH 0.325x10™ 0.0 0
R13 HO, + OH=H,0 + 0, 2.890x10" 0.0 -497
R14 HO, + HO, = H,0, + 0, 4.200x10" 0.0 11982
HO, + HO, = H,0, + O, 1.300x10" 0.0 -1629.3
RIS H0, +M=OH+OH+ M ko 2.951x10" 0.0 48430
ko 1.202x10" 0.0 45500
RI6 H;0, + H=H,0 + OH 0.241x10™ 0.0 3970
R17 H,0, + H=HO, + H, 0.482x10™ 0.0 7950
R18 H,0, + O =OH + HO, 9.550x10% 2.0 3970
R19 H,0, + OH = HO, + H,0 1.000x10'? 0.0 0
H,0, + OH = HO, + H,0 5.800x10" 0.0 9557

* Third body enhancement factors : H, = 2.5, H,O = 12.
® Third body enhancement factors : H, =2, H,O =11, O, = 7.8 ; Troe parameter: 0.8
© Third body enhancement factors : H, = 2.5, H,O = 11; Troe parameter: 0.5

MeDid % LEHETE 5.

4. RICHER & RICEBOZE

DBD IC X B KE M A D= AL Z2MHT 5 L1, K
G OB HRITH DI ICEETH 5. EEk
M6, REFICET 2 SUBED X A = X LEFTIZE VT,
DBD fHISICE T2 H 7Y AN 0 7P ANICEAT 28
HE, B, EEEOMICEEORE R E, X 5% A%
BETHY, WENRBNTZ2{T) 2 L xHETHD. Lo
L7236, DBD ICX>TH ZYAL® 0 7Y ANDBRIE
LS S e EAE L 2B REBLKSIZOWT, Z
DT KIGREZWRT 2 2 L1, SBHITREIY
ANEOREEPERGMOREICHNTH 5. o, KE
—BEIERICBT BEIGA = A LI2O0TIE, i
% DIEDIL ST B[20-26]. TS DML D 22D
T, BT Li 52311, Mueller 5[22]D X /1 = X L % Hst
L, WEE, 1, M oWwTIEIA WELRIEHTE %
19 DEKIGH E Z OMBEEE L Z PE L 72 (Table 2). 72,
ZDOHEMEZ Strohle S27IC Kk > THEEISNLTW3, 22
T, LibDHRRIGA D= A LZ2H LI, HIP AL O 7
CANDEET RO RKICFIEZ TV, K72 KSR
FAZOWTIRET U7z, BFELICIE, SUSRRIR AT ST RE 20 58
22 SOGEERERRRT Y 7 F 7 = 7 DARS-BASIC (CD-adapco
JAPAN) % 7z,

4.1. EtEZ#
REBREAIT B T 2 RGN OWRNIIERTH 5 2 &,
F 7RIS & o TRFBIIRDZ(L T 2 Fig.e DR

(51
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H radical \
Fy [2¢/min]
My -1

O radical ———

Fo [2/min]
Mol[-1]

H,/ O,/ Ar =

Fip [U/min]

vie]

Fo=F+ Fo+ Fyp
+Fop* Far

Fop [2/min]
Fay [9/min]

Fig.9 Sketch diagram of the continuous-flow stirred-tank reactor
(CSTR) model.

EEBTDE, KIGMETLVE LT, 77 7HKIGE
(PFR) N4 TH 5., L2 LA s, #ido Xk 912, DBD
TR B 2 KSR EERS AR L CT\wWb ), PFR TOD
FENT IXREECd 2. Liand Liu [28]13 Z DRTEICH LT,
SR GERE TIU (CSTR) [29]Ic & 1, 79 A= CTHEKE
Wlfig D7 A NPOGRIC T THEZTHITE 5 2

LRI L7, AREFRITHEM L7 CSTR €7V % Fig. 9 I
RY. DBD THEMRINDL H Z7PALE O FVANIEZEN
FURAELE Fyp, Fp T, K%, BE, 7LVavolRs
K ANGZNFIIRATELE Fypp, Fpp, Fyy THERE V OGRS
WAL, R&E, 7R (%) T, T Table 2 DFHESIG
IZHE>TROG L, faiE Fo THIT 5.

FHRICEB VTR, T,=20-100 ‘CEZLSH, R Fo
=8 ¢ /min, ¢=0.05—TF& L7, VI3EHLED DBD fHi%
DR (109 cm®) TH 278, MK OMEZFHT 2
GV EE LS.

ZZT, DBD ICL>THAET S H 7V ANVDENTE
My BIR O I HWVDELNR M, D%z BEES 5. Hy
DT 7L ¥ —13 4478 eV TH 275, T 19.3 J/em’
DIFAX—HEHN T2, ZhED, 1Jem’ DTFL
X—HBEICBWTIE, 100% D H DI B 52 % WIREET 5
ZEiX% B, WIS, 0 (R 7L ¥ —1F 5.12 eV) D
£, 1Jem® H7:0 45 % DSREES 2. AEBGETox
FUX—HE E, 12, 1.5-9.5)em® ORIFHICDH 55 (Fig.),
B 7213 E,=2.7 Jem® DI, 14.0% D Hy H %213 122 % D
O, ZfREf X 22V X—% b L, B AHD Hy & 02
DIFEAEDREET 2 2N F—EETHS, Lrl, ¥
ALFNE DT XY L X¥— L L btz b
I} Tl 72\, Penetrante 5[30]1%, KRAEIEFEE 77 X<
THERTEI7ANDMEEEHEEEE T2 —vavick
DHERRL, MABTIZRLX—100eV H72DICERT S
7 ¥ D IILVOIEEL (G-Value) % B4 22 LA IC D WTR D 72,
G-Value 1%, #AZ2)L¥—, {L¥fE, BEyA#K, &
T 2L X =12k > TEILT %7535, Penetrante D atH
FERBIPS, HIPANLE LN O 7T H1LD G-Value %,
ZNEFI 132, 257 L RS o7z, DBD IZ k> THAET
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80 0.020
7,= 80°C ]
P =0.58 kW
—, 60 10015
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Fig.10 Effect of gas residence time on hydrogen conversion at the
discharge power of 580 W. M}, and M, are estimated by eq. (7).

2 i D7 Y AR C [mol] 1ZRATRD S5,
fof =i(6.24x10'(’)(Px103)-m-~6' 7
A i (7

G, m; \ZZNZ i AT D G-Value [1/100 eV], E
01X 4 AT R

T,

WH [—], P IBAZF VX — [kW],

[s], Nold7 A4 Fa%[1/mol] TH 3.
2T, R E X ORABIICNT S My & M,

DEALE X CIKEIAR DL 2GR L, Z ORIBRR K &

SOBKERE 1D\ T BT 5,

4.2, FHEEE O

Fig.10 1%, T, =80 °C, P =0.58 kW 12 J % fiifd IR
N2 M, & My, DELE X OKEIRIERDOE % FHEL L
7AERTH B, 0=1.4 DIKE, My=0.006, Mp=0.011 &7 0,
A Hy D 291 % XH 72 A, 58 0, D 5.7 % 230
AR T B HE R L 2o 72, MR ORI X -
T My & My I ERAZ ML, Z4UC X > TKEIREER G
YIS A, Fige [l 5. 2721, slETHEon
7oK ERHE L, FEERRE I L CRWEiTh b, 2D
HHIZ 44 THTEET 2,

4.3. RICiE

Fig.11 1213, HB XU 0 7 P HNDHFAET B R KKl
LD IIGRERE % R T, RAEERYTH 5 H0 DAERRICIZ
OH EELEH Z 729235, OH OARICE, R2 BL Y
HO, Z#H 3 % R9, R11,RI2Z DIIGIZBVTH ANk
O ZPANDHETZZ ENbhrs,. LaL, R2DNIG
SRS ERE, Ml LT 10° - 107 BN X729, OH
ZHEKT % BRERIE, RO, RII,RI2 TH S,

EBRD FCV REF 7 W AITIIKERLZbEENE D, b
LKZESRIT X D OH DAJREDINT % 72 51X[32], Z#
12 & o TOKBWHERDIENMNT 5 2 LRI NG,

(52)

%50 % 1525 (2008 4E)

HA RS- 25

+H (R8)
+H, (R3)

Fig.11 A reaction flow diagram for hydrogen oxidation in both H and O
radical additives (7, = 80°C, My = 0.0046 and M, = 0.0157).

80
r P [kw] Mole fraction
0.35 M;=0.0018, M,=0.0034
0.50 M,=0.0025, M,=0.0048
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c
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20 — 035 kW
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Exhaust gas temperature [°C]

Fig.12 Effect of gas temperature on hydrogen conversion at the different
discharge power (7, = 80°C).

4.4. RUSHE

Fig.12 12, #AE N % ZAb S ¥ W0 KFIRER I BT
THARAMEDHEE LR, MAZRIALX =DM T % & H
BLOO I ANDERESEML, AKEEARKIZHEMS
2 EWLH)HEANIFEFER E KT 2 DD, Figd LMK
2k, FMETHE S N K RERIR I3 SR B e L T
WZ b, ¥ Z2OREEREERZBO TS W LD 5
FEERAG TN K U COKEIRIR O FHRAG RN E & % %
HHE LT, #BDOH 0 70004 &
DHEWIRETH B EEENE A2 51 %, DBD fHIK T4
W57 h0E, (1) RCTRLEDTOREHICL 25D
DI, BIZIE Hy 12DV TIERD X 9 2 b Pk 1
FIBIZ L > THAERT 5.

Hy +e >H+H

®)



TERA#E D, KEULEIET 75 X <12 & 2 KFEDRRAFHE

H+¢ —H 9)
Cofh, EHEE FASAG, BAREL SO KIEDRE,
G-Value DA K DHEEME L D D EVIREED 7 ¥ A Lh34E
RE2bDEHEZ6NS, iU, MEILOME (Fig7) %
AR FEBHEED» & bR I NG, MEIIEMNT 2 LiBFE
BEEIZEA T 270, (7) R O I 2 A IVIEE IS

L, KEGEHRLHD T 2139 TH 205, EFHERIZHET
HY, EHEMEELANDRIGC X 25 YA VAR T
HHELELH D, INSDKIGA D =X LIZDVWTIE,
Stk X5 BB ETH B, Figll O IGRER D
5, ZOELZIZIE OH BIEDFMS—IE R 2b0 L Eb
nas.

TRERIAEIC D W T OEEERTE & EHER R OE DR
& L CiZ, DBD WG D H ARESHIEIREM Bz BF
LTW3 I ENEZSND, Nozaki 5[33]1%, JEFH 75
AR ND XY v DIKELRYCE SR D A AL 2 5L,
A AHREENZHY 300 *C BT B 2 L 2SI L7, MK
FHEZRZWHSICT 57201213, RFEEICE LT KGO
WEIESEEE 225, 7, Bidb U 2 ki s
R EDHMALZ F X =1, ~MBICIEFICELE IR TE
D, LEZINSDRIEDT Y AIVERKICKR LR &
LCh, RMERFEEZFHIHTZZLIETERVTHSI.

5. #&5

FCV KRFEA 7 A R % MMl B T4 4 - LAl P g 5
DBD ¥%E% #5752 LZ#HNELT, Z7AVIVHAT
TR L 72k - BEIRAGH A% DBD THBLL 72 & & DK
FI R 2 SR KR 2.0 vol%, HINNEH 31 kv
—EDH L, HAMWE (25-100°C), Y&k (¢ =0.05 - 2.0),
A AT (0 =0.43 - 1.61's), ¥R L% (Rp=7 - 15 kHz)
DK BRI JUE TR % 7,

DBD UHRIZ k> C, RISE A AMREEDS 100 *CUAT
DR TREZZERICBLTEE I EDHS L E R o T,
Bz, Mmlh 0.05, HEX R 80 ‘COKf, T FIL¥—
L 4.4 J/om® TKEEEHK 100 % 23553 5 N7z, KEEHR
V&, AT, MR, A AR, MR L BB X -
TN U 7. A ATPEIRETE] & R Lo EIL, = # L X —
RIS X o CHBIT 2 2 L TE ., DBD ICK B FCV K
FA 7 HADKFUFIL, BABOB D S+ oA
DUHEMED D 2 & FHI S 7z,

DBD 2 & 2 /KEML D KGR & & Y2 O KGR %
BT LI, HIPALBLUR0 IV ANDERER
HeEL, Li & DOKEBRIA A=A L2 HGT, SRR
JEERE TS K D ROC#ENT 2 {7 > 7. DBD Ik % H 7
ANB LY O 7P ANVDEREDINMNE, KEDBLIIE
ICEERHEE 2T OH 2B &, O \»TIdKHETRE
KEMMESE s, L L, KEMBIEED GRS RIS

(53)
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FUCHIE L TEROWHER E 2D, £7o, FEEBRCHRREKE
WEEHTcEnrok, ZOHEBEELT, DBD HToHH
MR TREELOG 72 12 & 3 9 2 A VIREDBIIN O W HETE 3
FOBAZZNX—IT & 37 AE EROARENEDE 2 5
nir.

HE

AWFFEIL, WAE AN S 2E BRI B 2 X % Bl 2
T Tirbi, ULt z2R T 2.
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