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Study of Chemical Reaction Models for High Enthalpy Flow of Air
Ri’ichi MATSUZAKI and Noriaki HIRABAY ASHI

Abstract

Three models are proposed for the study of high enthalpy, reactive flow of air. They
are the dissociation model (O,, N, O, N, NO), the seven species model (O, N2, O, N,
NO, NO*, ¢7), and the thirteen species model (O,, N,, O, N, NO, O*, N*, NO*, O,*, N,",
A, A*, €). The latter two ionization models were tested both for the equilibrium pro-
perties and for the nonequilibrium flows. For the equilibrium properties, the seven
species model is inadequate in comparison with the thirteen species model, especially at
low pressures. Nonequilibrium flows behind shock waves and those through a nozzle
were calculated using these two models. The results show that the ionization and recom-
bination reactions of O and N will affect the flow properties in the flow behind the
shock wave at the Mach number of 20. On the other hand, there is insignificant dif-
ference between the two models in the nozzle flow at T, = 7,000K and P, = 1MPa. The
seven species model is sufficient at a Mach number smaller than about 10.
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ky( emt /mol - sec)

0,+ 0, =20+ 0,
0,+0 =20+0
0,+ N, =20+N,
N,+ N, = 2N+N,
N,+M =2N+M, M=0,, O

.
A

3.56% 102 T7"° exp (—59,380/T)
210%10" T7%° exp (—59,380/T)
1.19% 102 77" exp (—59,380/T)
2.97x 102 T4 exp (—113,260/T)

9.20 X 10 77" exp (—113,260/T)

6. NO+M=N+0+M, M=0, N, 0, N, NO, A
518 X102 T7"% exp (—75,490 /T)

7 N+ 0,=NO+0

1.0x10%2 T%% exp (—3,120 /T)

8. 0+ N,=NO+N 5.0X10'% exp (—38,016/T)
#3 THAERETTVOFERIDEREE W HBRICEE
E# k, (ent/mol’ - sec F 7213 em’/mol-sec )o
Na BB &E ky
1. 0, +0, =20 + O, 2.7 X10'°/1°3
2. 0, + N, =20 + N, 6.0 X10'%/1%°
3. 0,+0 =20+0 7.5%10'%/71°%°
4 0,+M =20+M , M=N. NO 3.0 x10"%/71°%°
5. N, +N, = 2N+ N, 2.72 x10%/7°%°
6. N, +N = 2N+ N 2.27 x10%/T"°
7 N, +M = 2N+M , M=0, O, NO 11x10°/7%°
8. NO+M,=N +0 +M, M=0, N, 1.0 x10%/71"°
9. NO+M,=N +0 +M,, M;=0, N, NO 20x10%°/7"°
10. NO+0 =N +0, 6.43 X 10°-T-exp (—3147.0/T)
11. N, +O0 = N + NO 3.1 X10"-exp (—168.0/T)
12. 0, + N, = 2NO 9.1 X10% -exp (—64662.0/T) /T*°
13. 0 + N =NOt+ e 6.7 x10% /T"®
14. 0, + N,=NO +NOT+ ¢ 1.0 x10%/71%°
15. NO+ 0,=NO"+e + O, 8.8 X10% /1%°
16. NO+ N,=NOt+e + N, 2.2 X10*° /T%°
172 NO+ 0 =NO*+e + O 6.0 X 102 /T%°
18 NO+ N =NOT+e + N 6.0 X10* / T%-*
19. NO+NO=NO"+e + NO 1.3x10%/71%°
20 NO+ e =NOt+e + e 8.3x10%°/1}®
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DRFLANF — e, BLU Cpy=des /dT BT
HOLHICEBLZEMBTEEW,
C,=20 Cos 75+ 25 (0 1,/0T),,
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Ky =(m Mo kT/ B2V 2 (f2 )/ fob” exp(—Dogy /KT,
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K= (2n Mo My, kT/ (Mot My) }3)%
fofu/fro exp(—Dyo/kT) ,

K,=2(27m, kT/kz)%f,{}(’;,/f};,{‘,exp(—lNo/kT).

K~K 3Zn €10, N,, NOD#gEL LU NO D
BEHICHT H5FEEKT, My, My, m, 20, N,
C OHEE. £ BETREOHRBE, £ BHTF
DONEAEBETH 5, SBR 105 Dy,=5.12¢eV,
Dyp=9.76 6V, Dyo=6.49¢eV, I[y,=9.25eV T¥H 5,
{BL 1eV=1.6022X10""°J THh 5o LRD DB LU
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—2(TorytToTnot TyTho)
—1,(4Tpta4Tyy t1o+7y ),

doz 1 =4 Ty2 (2Tt 2Tyt ) H20, 1t (T (2Tt 1),

do2 2=4 T (2Tyot 7).

do2 3=—2(4T,t 1Y) (2Tt T),

do2 4=27, (4Tipt Ty),

dyz 1= 4702 (2Txot7,)s

dyz 2= 4702 (2Tt 2Tyt 1) 20, iyt (T 2Tyt 1),

dyz 3= 2(4 702 1) (2Tt 7o),

dyza= 2T, (4721 75),

do 1 ="2752 (8Ty2t 2Tyt 2Tyt 7)),

do 2= 27y (2TyotTe),

do,3=—(4 Tyt TW)(27yo+ 1),

do 4= T, (4 ThtTy),

ANy =2702(2Tnot7,),

dn2="2Ty2(8 7o+ 275+ 2TyoHT,),s

dn3=—(4To2F7o)(2TyotT,),
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~Two(4Toot 4Tyt TotTy),
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2 TVAEANVECOBELENC IS,

I ANEDEANL 418 kI /kg (1 cal/g),
FEHDEANZ 1.013%X10° Pa (1 ata), HAT
BBBEAET IV, SBIZTHRAET IV,

BOXMER AICDVTI34.18kI/ kg (1 cal/g), Cp
iUV TI3 418 kI /kg- K(1 cal /g-K) TEXRTIL
LT B0 27,97 A =S DET pid 1.013X10°Pa
(1ata) TERTILL TH B, HBHR2D RIIHS
HEHT, 0.287kJ/kg*KTH b, TRT/213ER
2REHAEABLBULILBEDLI Y FNETH b,
2BIUBZTIBAET IVOLECERBT, 13
DETIWVOBEEAEBRTRT, CHODOEMSEHG M
1@V, p=1kPa TR 7THAET/ViZ£6,500K,
100 kPa Ti3#97,500K, p =100 kPa D3FHE%H
1 EHBT S EHLnED, OF, NT o4& &
SHIBTOEROELENH 1,500 KU ETEL <
FHENTO RN IcHIC, FEREE (LT
FHEIGAW RN ) BARERITIE 50

4. FTEHEMNIBICHITDIEH
EFIILD LB

&

ATiRs 982 &

10 —————————————————r—r

6 .
N 1.0
o —
4 ]
2 |
100
0

M3 EEHBOBEIENICLEZE. HEOD
BA7i2 4.18 kI /kg-K (1 cal/gK), EHD
B3 1.013X10° Pa (1 ata)o EMUTIZEK
SETN, BRBITEHRSET IV,

4.1 FEFEHROAFER

FFERO HEX M LFEBEOREX(EEFHERX),
HFESHT A VF —ORER, EFOUET AV F
—ORER, B8 JURENREBHFERX. B LU
ERIHENBOH BT %o
EHMCBOTEREF BN

ooV T, =n, (4)
LB EMTE B, ngid BAIRFREICBAL A +HT
ERINHFESONTERTHS, THHET NV
TRl TR, R3IKHMELT

Q =kn ”o:" kry n: Mgz s

Q20= k 20 Mro Tewor — kr 20 o
ELEHRTHLRDL DI B0

noz == Q— Q2 Q3 Qu+ Quo— Q12— Qus>

tye =—Qs— Qe Q7 Q11— Q12— Qus>»

o =2(Q Qe+ Qst Q)+ Qs+ Qo
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