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Aerothermochemical Considerations on Direct Reductive
Heating of a Flat Steel Plate

Kazuhiro IsHIBASHI and Shunichi TSUGE

Synopsis :

The Direct Reductive Heating (DRH) was great practical advantage in continuous heating of thin steel
plates compared with the conventional indirect heating conducted under nitrogen environment. DRH has
been so far employed experimentally with some success at the level of know-hows. However, its theoreti-
cal background has not been given as to what aerothermochemical conditions necessary for reduction at a
steel surface to be realized. An computational approach for the 2-D flame held in the boundary layer of a
steel surface shows some evidence of DRH judging from the concentration profiles of chemical species. In
fact, the ratio of CO,/CO the most crucial measure for the reduction goes down to less than 0.1 on the
surface just behind the flame foot, for a narrow wall temperature range around 900°C. It is concluded
thereby that a fuel-rich hydrocarbon-air mixture can generate a reductive region behind the flame front
where the oxygen is depleted if the cooling effect due to the wall is favorable for formation of more CO
rather than CO,.
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Fig. 1. Criterion on oxidation/reduction of the
steel surface based on -the COG combustion
product.

Table 2. The mole fractions and the mole ratios
of the species at equilibrium.

Species 700°C 900°C 1100°C
CO, 0.0781 0.0693 0.0627
Cco 0.0177 0.0265 0.0330
Hy0 0.1771 0.1859 0.1924
Hy 0.0650 .0.0562 0.0496
C0O2/CO 4.4224 2.6190 1.8995
H20/H, 2.72%4 3.3095 3.8804
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Fig. 2. Distributions of species concentrations
and temperature in 1-D flame of a COG/air
premixed gas.
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1 Ug=1.5(m/s)
T4=25°C

Boundary Layer

' Flame Front

y=(3: U:UQ!T=TU9YQ:YQOVD:OD

0 T=Tw y=0: u=0,T=Tw,dYy/3y=0
n=U//% Tw=600°C,700°C,800°C,900°C,1000°C
Table 3. The elementary reaction mechanism and
associated rate coefficients.
No. Reaction A* a* E*
1 0,+H—~OH+0 2.00x10 0.00 70300
2 OH+0—0,+H 1.40x10!3 0.00 3200
3 0+Hy—H+OH 1.50x 107 2.00 31600
4  H+OH—O+H, 6.73%10° 2.00 22350
5 OH+Hy—H+H,0 1.00%x108 1.60 13800
6 H+H,0—+0OH+H, 4.62x108 1.60 77 500
7 OH+OH—~H,0+0 1.50%10° 1.14 420
8 H,0+0—0OH+OH 1.49x 1010 1.14 71140
9*2  H+0,+M—HO;+M 2.30x10'8 —0.80 0
(4.485X10'%) (—1.8)
10 HO,+H—OH+OH 1.50x 101 0.00 4200
11 HO,+H—H;+0, 2.50x1018 0.00 2900
12 HO,+H—+H,0+0 3.00x 1012 0.00 7 200
13 HO2+OH—H,0+ 0, 6.00x1013 0.00 0
14 CO+OH—CO,+H 4.40%108 1.50 —3100
15 C0O;+H—~CO+OH 4.96%108 1.50 89710
16 CH,+H—H;+CH; 2.20%10* 3.00 36600
17 H,+ CH3—~CH,;+H 8.83x10% 3.00 33530
18 CH4+ OH—H;0+ CH3 1.60%108 2.10 10300
19 CH3+0—CH,0+H 7.00Xx1018 0.00 0
20 CH3+OH—~CH,0+H+H 9.00x 104 0.00 64800
21 CH3+OH—CH,0+H, 8.00Xx 102 0.00 0
22 CH3z+H—CH, 6.00x10'€ —1.00 0
23 CH,0+H—+CHO+Hy 2.50x10!3 0.00 16700
24 CH,0+ OH—CHO+ H;0 3.00x 1013 0.00 5 000
25 CHO+H—CO+H, 2.00x 10 0.00 0
26 CHO+OH—CO+H;0 1.00Xx 10 0.00 0
27 CHO+0y—~CO+HO, 3.00x10!2 0.00 0
28 CHO+M—CO+H+M 7.10X10% 0.00 70300
29 CH;+H—CH,+H; 1.80x 10 0.00 63000
30 CHy+0;—+COs+H+H 6.50%x 102 0.00 6 300
31 CHz+0,—~CO+OH+H 6.50%1012 0.00 6 300
32 CHy+H—CH+H, 4.00x 1013 0.00 0
33 CH+Hy—CHy+H 2.79x1018 0.00 12610
34 CH+0y—CHO+0 3.00x1018 0.00 0
35 CH3+OH—CHa+H,0 1.50x 1013 0.00 20930
36 CH,+OH—CH,0+H 2.50% 1013 0.00 0
37 CHy+OH—~CH+H,0 4.50x1018 0.00 12560
38 CH+OH—~CHO+H 3.00x10!3 0.00 0
39 H,+0,—~OH+OH 8.00x 1014 0.00 88287
40 OH+ OH—Hy+ 0, 2.76x 1013 0.00 112554

* Here Cm, mol, K, and J are the units with the notation : W=A4X T,
Xexp{—E/RT)
*2 () : Catalytic efficiencies were taken
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Fig. 3. Boundary and initial conditions.
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Fig. 4. Distribution of the temperature across the
boundary layer near ignition point.
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Fig. 8. Streamwise distribution of CO,/CO
ratio on the surface within the °‘sensitive’ wall
temperature range.

b)) #BERREY I A5 — L LTRLAEDBDTH
5. HyO/H, iz onwTi3, KEFEREIC BV TR
BeE KERZ L, RLHNOELbIFEA LRV, 9T
HNDRERNEEZTHDB L, BEmIRED 700~
1000°C 1I2B W Tk CO/CO LA T/HhE VDT
(0.1 LLF) STHNVDRBENRSN, +5%BETEN
YHETAHEEZONS. 512, BEMMBE® 100°C 2
OBV RITREN OEIHEBIIKBL TV DE L HFR
BHoh, EBRCTEITICREZREHBIFAETLEND
HELHFELTVS, Fig. 8ILAEHmHF T LVIE
B 900°C ThbH. ERICIVEBOI-RELIRER
P 700~800°C T&H bV, 100°C F L DR &b 5. HE
TR EE A% 700°C i % 7213 1000°C ## 2 5 & %143
CO,/CO N KEL LBDT (0.1 LLL), +59%&ETC
RNEALERVEEZOND. T/, BEMREIT
5 CO,/CO OEALFE L KEL 2D, BTH»HKE

CERYNRTLES.

Fig. 9 i&, BRBE s TERTLL2KEFOF S
PREHMBEEZ NG A—F— L LTRLEDDTH S, B
HIRELE S %A EKRHFORENRL 20, Bl
KBWTHERBMIETLES. 2555 LBMIZLS
BHOESRE R R, BIUEISHINTHEZEZD
ns.

3-3 EE

PTG CRE SN D KRBEEDOHITIC LY, HEREE
TEIMBAAEE CTH 5 = & PEWIIIR S iz, BEFmOfil
MIEHTEBETICHENERIBEONLZLEV) 2 &
i, BILAEMA (Bulk) FETdH - CRERIELT %W
CLERLTWAS, 2 DHDANOEETHREITAHFEL
EHICRIAHBZEEE-THBY, Thidfico W TER
BICHEIO 5N TWwABY, 5 U %)L (CH0, CHO %)
OREFMREND I LIZIDBILENOMSHPER SN

Tw=900°C

Tw=800°C

Tw=700°C

Flame Height

Distance(mb)

Flame height : Nondimensionalized by thickness of boundary blayer
Fig. 9. Loci of the flame front in the boundary
layer as dependent on the wall temperature.

BHEThiE, KBIG Oy DHLLET THEILTE 5 EIEH
FHETHUMEEME S 5. £/ H, OBREEE R C, &
U Cy RRALKFDOBBEEE 12 L~FEF K E VDT,
HREOAF 5P 0ENDBH CHRDF U H IV (CHO,
CHO %) OB HHEMBE EL, BITEN*H KR
THEEbRS.
BRAERCBCTRORHAD O 2 L2 5 2B, T4
bbb, EROFER (KEM) BT S DA EAIIERL
ENBHEVWIHEYL, ThHDIL4EZDHERSICH
BT & 519 FEIZHVTEKEFEHRERB CERL
N, FRHEEE TR LTV o TER LIS AT B
LB hS, BECIRKEORN L RISERB RS LT,
BEOBALERHEE E 2 5.

4. # b W

BRICEELT DOV EORIeHEEIC XA b EE X
SRTWVBY, KEPDSTHNVELEENETAHI L
EHEETHAS., LT, V92 0vofbhic CO
OERIERTAZ LICLY, TV NVOERICHLER
BEREE PR A LA TE, BICBROARSEH%
RTZENTET.

LSRN EZIANROBERERBANT CO F%
WE L, MIEEBREYIT> TV HHTHS.

X 79

1) fBHEE=, F[ERIEL: T3 msk, 23 (1986) 4, p. 25

2) HEJITE—: ¥k, 24 (1987) 2, p. 58

3) FBSK(BR)EEBEKAT (F415) 1986 4 10 A

4 ) R. MEYER: Gaswarme, 13 (1964) 10, p. 387

5) S. GORDON and B. J. McBRIDE: NASA Lewis Research

-~ Center, Computer Program for Calculation of Complex

o Chemical Equilibrium Compositions, Rocket

Performance, Incident and Reflected Shocks, and
Chapman-Jouguet Detonations (1973)

6) A—5L (RME) (5 83 Mk A+t I ) —) 1988 424 A



A 0> SRR L INER O AR S & BB RE O F 351

7 ) H. SCHLICHTING: Boundary Layer Theory (1986), p. 87 Hand Book (1973) [McGraw Hill]
[McGraw Hill] 11) BAE—8L, thtlite—: 45 26 EMRBES VR Y L THE
8) F. A WiLLiams#, itk —8 a0 MEto MEan (1987), (1988), p. 112
p. 509 [ AP TEHm] 12) T. CoFFEE: Combst. Flame, 55 (1984), p. 161
9) N. PETERS and F. A. WiLLIAMS: Combst. Flame, 68 13) J. WARNATZ: Combustion Chemistry (1984), p. 197
(1987), p. 185 14) EAPE, #Hhifk—, AE A RERHX
10) R. H. PERrY and C. H. CHILTON: Chemical Engineer’s 15) AE—5h HEKFELRETEMARMELER T (1989)




