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Nonequilibrium Effects and Production of NOx in High

Temperature Wind Tunnels

Ri’ichi MATSUZAKI and Noriaki HIRABAYASHI

ABSTRACT

Detailed investigations of nonequilibrium properties in nozzle-flows of an arc-
heated wind tunnel and a hypersonic wind tunnel at NAL are performed. In particular,
the production of NOx (NO, NO,, and N, 0) is estimated in the nozzle-flows. It is
shown that the main constituent of NOx at the exit of the nozzles is NO. However,
in the exhaust gases of the arc-heated wind tunnel, the concentration of NOx is as much
as 10,000 ppm at usual conditions of operation; the concentrations of NO and NO,
are shown to be in the same order. In order to explain the production of NO, in the
exhaust gases of the arc-heated wind tunnel, oxidation of NO is estimated by taking
account of the pressure recovery "in a chamber, and the isothermal compression in a
rotary pump of the vacuum system. The latter model, termed “compression model”,
is shown to be able to predict the production of a high concentration of NO,. In the
hypersonic wind tunnel, it is shown that the concentration of NOx in the exhaust gas
is of the order of 100 ppm under usual operating conditions, and the main consti-
tuent is infered to be NO.
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10°F  Nox10
- I -
[ NO: ]
i N;O i
1 -7 PRI 1 *-1---r*rr--"1"_;3"1"11'""
Om* 107 10 1
p (ata)
K15 BESTEAROHIT 20, ODESH
PitL 2&A, ERETVICL AETE
#, C=36.0/s, E#IIp,=3MPa,
S#3 p,= 10MPa
1+ i
10°F ;
10+ :
NO
10°F 1
i NO:
10°°} .
| N.O |
10‘10 a1 1 1 1 1 1 1
1 3 5 7 39
To x10°(K)
(a) Py,=1MPa
X 16

DL HECGDOHH T,= 5,000 ~6,000K DT
Ino & Xy MELLETT A Ebhrsd, KB
NODEHETIE, PoLO/hE0EE&IcizReo
PbEDNsCubLEELLNEDT, THICH
BLTCOEBLOKREVELRNB1E0E, 84
BEIORIELFERMBONE D,

6. & & B &

BREEEAR TCOZRNF LI URABLIHFEOR
BHRAME L TYMICEZBIN TV IEBEOEER
fMD>5, BHERTCRGREREOENT—7M
BEM (FHEAREER ) o0 T, THS (BE
BILUOERONTFLERF, —BLEE, —BLLEX
BLUBRIIER )M ONRIBRE[DETLELE
Z, ALFETHEIN[HICKIITHREARIL, B
BrICRAERICE DU HIERBRLDOTRELRL
o MIBKOZEERLOEBERETHERMBIEONER
MBOXKEVBETERRICOOTHHEDIIHIIC
-7

() LEFEREBICHI2EAB/BLI ISV F 4

1 F .
10°F :
107t -
2t ]
) NO

10 °r 1
5 NO: 7
107+ N.O
L .

10 i 1 1 1 1 1 1
0 3 5 7 9
To x10°(K)

(b)  Py=500kPa

T — 7 MBARTOBER /T 2 D x, D Tyis & 5 EAt,

ERETMICL 25 8RR, C=250/s,
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ZREOHE A, 7— 7 MBRFEIZ DT P=500

kPa 58X U 1MPa, Ty= 2,000~ 7, 000K D& T,

BREFEBRRICOWLT Py=3MPa 8L U 10MPa,

T,=900 ~ 1,500 COBB TIT > 120 ROKEDT,
ICEBEMDHBERRLZRL, HICNO, NO,, N,O
DERAICONT, T— 7 MBRFRTIE P ICL S
EFLVERENC, 2wp=102~10"", 2y <1175,
Ingo=10~10°TH B L AR LT, @R
BEERRTOPICLBEFELVERIN, Iw=
1074 ~107%, Xpo2=10"% Xpo=10"~10° D8
BThHAIEARLI

(2) (LFFFHLE-RIT/ AVEOFTEETY,
JANERIKHOEBOEALT — 7 MARF%
FELT, WO DORENFEFHICOOVTRRL
too ILFHEFEREIZ, V20— MEED OB
THEL/ AWK IENEBEOELAERLIS,

HEBEI-BURZLIUEFK ECFETEHROMICH 508,
Bk OB TIRLEFGHRE IV, /7 X0
AETRELIEMOREHAT 5 LA2RT,
THETFORMHER 1, D/ ANICBRIELSRL,

FEROBE LHB LT A, MER EFIC—FMBIC

A3&, BRREENLAIEEZRLIG

(3) /ANEOTD , DTy & Py iZ & 2L DE
BRERAR R UL, /7 XAvBOTE> 2, P iIlH T
DEFELES, T— / MARBOEE I T,= 2,000~
7, 000K OF RGBT Apo, Xnoz BX T XS E—
7 %R L, BAMEILT,= 3,000 ~ 4,000K i T
Ino=5X10"% JXpnoo=10"% Xppo=10"% ODEET
b5, BEEFEBT TIET,=900 ~ 1,500 °CT Xuo
FUET, EHICHET 5, P~ s ~"BICEBRE
1378, Xm=10"°~1073 Xppe=10""~107%
Ino=102~10"OEETH S, NBEBESTER
BT/ AVHOTORRBEIIZTL AT OB L
DerEL, 1=, OBLERHEREICHL L%
REELI,

4) T MARROCHEIEEL SHLT 2 %4
FONO,DBERELTRL, NOLENO, ODMMGT
S5BREMNEESDETE6,000ppm LI EICET B &%
KU, B ODHETIINOMEEESH 5L NO,
OHEMBZBNEMBPEOMICEN, /AL HOFTO
FFEROBFERL O, TOXHISERDNO,

DERAZPT A EMTENR NI EERLE,

(5 COLINBEBEEDNO, DERDRRE LR
T512, EAHBEOHRETDONOLS NO, ~ Dl
LEZRL, ZOoDEFV (BRAETVERRKEET
WYERRL, #EAT o710, RAETVTRAS
BADOREHEROBAILE L OIREA%E4, B
&4 NO 3B 1L LNO, 283 2 i AsEE 5 7>
WK ot BEIKE HIEINO, DEBITHREED
BREBTHL2MAEE Y TRTELLEEIONS
DT, ChaZRBLUICEBETVIZED, NOOK
DEHIINO, BT A EARLI, BILODE
TITI Inot Inoz s, KIEMAETHREMNIIC
10, 000ppm A 82, LD B Xyge > X E1LABED
HEHEERLIL, ChOORBRIFITZOSEBD
NO, DERAZHRAT 2 bDEEZL NS,

6) BBEERFTE, EHETVEZERBLTY,
J ZWVHOTO 1y=10"°~10"3DNO M, NO,; i
BAALINZ LDOIBR[UEBON LD o, BEEE
BT, B% OFE§HERM Tid NO, I3 100 ppm A
THY, ZOFRNMINOTHEELEZLN B,

WE, 7T— 7 mMARROEHE OFEMIC DL TITH
cweEYsnTuz, BETET - 7 mRERRCE
S 2BEBNEEIN, GEBEONO3+45
KRR INTHHREN TV, 7— 7 mBERR
DEZEHIAT ZANBEEORBIC OV TIIFHAE
RBENOSHENIEMRETECHRILTL
et te, FIS5EICRTINO BE ORFEICL DT
LT EBAERE IV — 7 OLAFEEEECH
HLTHEW, ChoDH 4l Ek#nic LT,
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ft R
Co=(9e /0T),= 3C,urt e, (57,/0T),,
};fz+T(az/aT)p}2

Z+ﬂ(6z/aﬂ)r ’

c G
r :dznp/dznp:—”{wﬁ(—i) }
C, rf

z ~0p
z :%’rs,
es=h,— kT,
Cps=de/dT

(O1,/0T),= 1,D/ D,
(01,/00)7=1.D;/D,

D=2(bc —a?),

@ =Tt 27n20+ 270z,
b=4r,+ To+ Tho+ Twzo+ 4 7woz,
C=A47+ vt Tnot 47020+ Tagz,

5
Ds:g, Cidsj, s=0,, Nz, O, N, NO,

N,O, NO,
Ci=d{nK:/dT, 6 )=1,2, - 5
doay =~ 2150,
dos 2= 21n2,
dozz=2rmp(a~c),
d02,4:27,v20(2a"0),
doss=2Tmz(a—-2¢),
dyzy = 200,
dyy,=— 21y b,
dyzs=2In(a-b),
dyog=2Tnpo(@—25),
dyos= 2Tn2( 22— 5 ),
doy = be —a® - e,
doo= v,
dos=Tw(a-¢),
doy=Tnzol2a~C),
dos=Tnz(@—2c),
dy, =TI,
dyp,=bc—a’~1yb,
dyz=rIyw(a—5),
Ang=Tn2o(@—24),
drs= Tn2(22=54 ),

dyog=To(a- ),

dyg=7w(a~5),

dyoz=bc—a’~ry(b+ec—2a),

dyo o= Tazo(3@—2b—c )

dyos= Twz (3a—b—2c),

dyzos =T (2a2—c ),

dnzoe=Tn(2—25),

dnz03= Two (3a—24—c ),

dyzoa= bc—a’— 1y (4b+c—4a),

dyzos= Tnpz (5@ —2h-2c),

dyz =T (e2—-2¢),

dupz 2= Tv(2a¢—b),

dwozs=Two (3a—b—2c),

dyoz,a= Tz (5@ —-2b—2¢),

dyozs= bc—a®~ry,(4e+b—4a),

Ci=3/2T + Tyoo/T*+ 2dinf§/dT
~dinfl/dT,

Co=3/2T+ Typn,/T?+ 2dLnf¥/dT
~dinfif/ 4T,

Cy=Tano/T?+ 2d infiy/dT
—dinf/dT - dinfif/dT,

Co=—3/2T + Tywoo/ T?+ 2d {n fifo/ dT
~dinfl'/dT — 2d infi3/dT |

Cs==3/2T 4 Typpo/ T+ 2d infil/dT
~ 2d(nfpf'/dT — dinfiy/dT

5
D;:;S:lc;ds,, s=0,, N;, O, N, NO,
N0, NO,
C=C=-1/p,
Ci=0,
Ci=Ci=+1/p,.
INSDEREIHICT L ZEFRMICHT 2
—HREERTE, NO,Z2EaUCBETROBAICEAL
PR EL L, BEEBTHREDANBE LTS
BEICH>NTE
To2To
(812+ 1)
22T
(472 + 1)
TozTo
(47rp+ 1900
2702 To
(47r2t+ 1) 0

1,

(6702/67’)9: -
(aro/aT)p: 1,

(afgz/aﬂ)f:

(aro/ap)rz“"
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(arN2/6T>p: (6TN/6T),,:(67~0/6T),; (H%&1)
= (070 /9T )= (012 /9T =0, fin=3 (1=exp (= vi/kT)}
(Orye /00 )= (O1y/00)r= (Orng/00)7 )
= (07w /00)r= (67”0242‘0)7:0' x ———-—( ! +ﬂ’fTs)Ts 9iexp (—&/kT),
HEEB L ZOHEDLHOF — 2% LT iC R (ke/k)B;o

_g_o 5':02, Ng, NO(ﬁ%Z)

; BULAc/k=143882cm-K, cliiX&HE,
];'znzzog,fexp(—e,f/kT), s=0. N {BL Ae/ cn-K, ¢

n ___]_ T/Tr
M0 6 {1—exp (=, /kT)} { 1—exp (=, / kT) }2{ 1—exp (—w,/ kT)}
w1 (T/1,)%*

NO2 ™

o {1-exp(—w,/kT)}{ 1—exp (—w,/ kT) } {1 —exp (@3 / kT) }

#&1 (s=0, N
n Im €7 (em™) 97 €(em™)
0 5 0.0 4 0.0
1 3 158.5 6 19223
2 1 226.5 4 19231
3 5 15867. 7 5 28840
4 1 33792.4 2 83285.5
5 5 73767. 81 4 83317. 3
6 3 76794. 69 6 83366
7 15 86628 2 86131. 4
8 9 88630 4 86223. 2
9 5 95476 6 88109. 2
10 3 96226 4 88153. 4
11 30 97420 2 93582. 4
12 15 97488
13 400 105000
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fE 2 (s=0, Ny, NOO"®

ni 9, €,(cm™) B,(cm™) Vp(em™) Ba (K1)
0|3 0.0 1.4378 1556. 22 1.497 x 10°°
1|2 7882. 39 1.4179 1483. 5 1.717 x10°°
0, |21 13120. 908 1.39133 1404. 79 1.992 X 1078
=2 |3 |3 35713.0 1.05 774.0 5.855 X 107°
411 36210.0 0. 8158 616. 418 9.856 X 10 °
513 49363. 1 0.814 684. 36 4.635x107°
0|1 0.0 2.001 2330. 7 0.846 X 10 °
1 |3 47756.5 1.434 1432.6 1.744 x 10°°
N, 216 59313.5 1. 6288 1705. 2 1.446 X 107°
6=2 |3 |1 59584. 0 1.472 1504 1.523x10°°
4 | 2 68956. 6 1.626 1666. 43 1.524 X 10°°
5|6 88984. 1 1.8161 2000. 94 1.207 x 10°°
0|2 0.0 1. 6957 1876. 09 1.196 X 1073
1|2 120.9 1. 6957 1875. 69 1.196 X 107°
NO |2 ]2 44138 1. 9870 2342.34 0.806 X 10°
o=1 {3 | 4 45440 1.1194 1022. 47 2.503 X 10°°
4 | 4 52373 1. 955 2347 0.2 x107°
5 | 2 53292 1.9917 2281 0.811 X107
6 | 4 60802 1.9772 2341.9 0.867 X 10 °

f%3 (s=N,0, NOo)¥
9n @, (cm™) @, (em ™) @y (em™) T, (K)
N,O
o 1 1276.5 589. 2 2223.7 0. 6059
NOZ 2 1357. 8 756. 8 1665. 5 1.1054
g
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RAT A OML 2 OF O OHE B it BF % Ar

S A T A S HAT 7 TH 44 B 1

Ak PR B = (0422)47-5911 (RUE )T 182

ORI # A 2 i ®om 7 L 2
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