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• This paper describes a computational study of the thermal and chemical nonequilibrium occuring 
in a rapidly expanding flow of high-temperature air transported as a free jet from an orifice into low-
density stationary air. Translational, rotational, vibrational and electron temperatures are treated 
separately, and in particular the vibrational temperatures are individually treated; a multi-vibrational 
temperature model is adopted. The governing equations are axisymmetric Navier-Stokes equations 
coupled with species vibrational energy, electron energy and species mass conservation equations. 
These equations are numerically solved, using the second order upwind TVD scheme of the 
Harten-Yee type. The calculations were carried out for two different orifice temperatures and also 
two different orifice diameters to investigate the effects of such parameters on the structure of a 
nonequilibrium free jet. 
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1. Introduct ion 

High- tempera ture gas, which is vibrationally ex-
cited, partially dissociated and ionized, exhibits ther-
mochemica l nonequi l ibr ium when rapidly expand-
ing. In the thermochemica l nonequi l ibr ium, thermal 
and chemical nonequi l ibr ium occurs simultaneously. 
In the present paper we focus our attention mainly 
to the thermal nonequi l ibr ium, where there exists 
nonequi l ibr ium among the translational, rotational, 
vibrational and electron-translational temperatures. 
In rapidly expanding flows, the characteristic flow 
t ime is in general smaller than the relaxation t ime for 
energy exchange between internal energy modes , so 
that within the expaning flow complete energy ex-
change will not be established, resulting in thermal 
nonequi l ibr ium. The rotational temperature is quickly 
equil ibrated with the translational temperature , so 
that these temperatures may be treated as equal. The 
vibrational temperature , however, deviates f r o m the 
translational temperature due to slow equilibration. 
Moreover , when one treats mult i -molecular species, 
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such species have individual vibrational temperatures , 
which leads to a mult i vibrat ional temperature model . 
The electron-translat ional tempera ture also deviates 
f r o m the heavy part icle translat ional temperature and 
species vibrat ional temperature . 

Such a nonequi l ibr ium rapid-expansion of high-
tempera ture gas is of interest in the fo l lowing cases: 

(i) The generat ion of thrust in electric propulsion. 
Electric propuls ion, using arc-heated gas, is known 
as arcjet thruster. For obtaining high thrust, not only 
translat ional energy but also vibrational and dissoci-
ation energy should be converted as much as possible 
to directed kinet ic energy through an expansion in a 
thruster nozzle. In the present study we investigate 
how m u c h vibrat ional and dissociat ion energy is con-
verted to thrust. 

(ii) Thermal protect ion of space vehicles. This con-
cerns the heat flux to the surface of a test body. The 
heat flux depends on the particles in the gas, and the 
heat p roduced by their t ransformat ions contributes 
to it. 

(iii) Rapidly expand ing flows of h igh- temperature 
gas are employed to fundamenta l ly study nonequil ib-
rium phenomena . Park and Lee [ 1 ] numerical ly cal-
culated a nozzle flow of h igh- tempera ture air, using a 
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Fig. 1. Structure of a free jet. 

mult i tempera ture model in which multi vibrational-
tempera tures were considered. According to their 
calculat ion, the vibrational temperatures of N 2 , 0 2 

and N O , the translational temperature and the elec-
tron temperature greatly differ. The vibrational tem-
peratures of N O and O2 were closer to the trans-
lational tempera ture than the vibrational tempera-
ture of N2, and the electron temperature was almost 
f rozen . 

In the present paper the f ree je t expansion is cho-
sen because it is the s implest fo rm of je t flow f rom 
which the fundamenta l nature of the jet flow could be 
unders tood. The h igh- tempera ture free jet considered 
here is such that arc-heated air, which is initially in 

thermal and chemical equi l ibr ium, is expanded f r o m 
an orifice as a f ree je t (Figure 1). 

2. F low Model 

The fol lowing assumpt ions are introduced: 
1) The free je t gas is partially dissociated and ion-

ized high- temperature air consist ing of the species 
N 2 , O2, N, O, N O , N O + and e ~ . This air is originally 
composed of 76 .5% N2 and 23 .5% O2 by mass. 

2) Thermal and chemical equi l ibr ium is establ ished 
upst ream of the orifice. 

3) An axisymmetr ic flow is treated, in which vis-
cosity, thermal conduct ion and d i f fus ion are consid-
ered. 

4) The flow is in thermal nonequi l ibr ium, however 
the rotational tempera ture is ful ly equil ibrated with 
the translational temperature . 

5) The vibrational energy levels of a molecule are 
populated by a Bol tzmann distribution corresponding 
to the vibrational temperature . 

6) All the translat ional-rotat ional temperatures of 
the species are equal . 

7) Molecular species have individual vibrat ional 
temperatures , that is the multi vibrat ional tempera-
tures T v l b , N 2 , Tvib,o2 , i b ) N O and T V j b ) N O + are consid-
ered. 

8) The contr ibution of electronic excitat ion on the 
the rmodynamic propert ies can be neglected. 

3. Govern ing Equat ions 

T h e flow field of the f r ee je t in a steady state is numerical ly calculated by integrating over t ime the 
uns teady equat ions and obta in ing the large-t ime limit. The problem is descr ibed by Navier-Stokes equat ions 
consis t ing of mass- , m o m e n t u m - , overall energy-, species vibrational energy- , electron energy- and species 
mass conservat ion equat ions in unsteady form. Using the cylindrical coordinates given in Fig. 1, the governing 
equat ions are wri t ten as fo l lows: 

dQ dF dG Z dFy 
— + — + — + — = - r — 

dt dx dy y dx 
dG 
oy y 

(1) 
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Z V = 

0 
TXy 

2 ^ f y ~ f> 
UTXy+VTyy ~ Qy 

,w = 
~Qvib,y,i 

~Qe,y 

Q-r-v ,i+Qv-v ,i 
+ Q v - c , i + evib , i 

• Q e - T + < 5 e - R + Q e - V + EE . 

where px is the density of species i, p the density given 
by Pi, u and v are the axial and radial velocities, 
respectively, p is the pressure, r the viscous stress, Wi 
the mass product ion rate of species z, e the total en-
ergy, ev jb the vibrational energy, e e the electron total-
energy, e v i b j the vibrat ional energy product ion rate of 
species i due to chemical reactions, e e the product ion 
rate of electron translat ional-energy due to ionization 
and recombinat ion , qXj, q^b,Xj,i and qCjX;i are the heat 
flux, vibrat ional heat flux and electron heat flux in 
the Xj-direct ion, respectively, J is the d i f fus ion flux, 
QT -V,L ? Qw-V,i, Qv-e,i, Qe-T and <2e-R are the en-
ergy transfer rates for t ranslat ion-vibrat ion, vibration-
vibration, vibrat ion-electron, electron-translat ion and 
electron-rotat ion, respectively, p is the viscosity, and 
the subscripts i, vib and e denote species i, vibra-
tion and electron, respectively. The total energy e is 
given by 

€ — ^ ^ CjCtr,i + ^ ^ Citrot)2 + ^ CiCvib,? 
i=l i=M i-M 

• x ^ + W ) . 
where 

2=1 

e t M = ( 3 / 2 )RIT1 

(2) 

(3 ) 

qx> ~ A t r ~ A r o t ^ r ~ A v i b ' 1 
3 i-M 

ax 
\J*K/ j KJ Jb J 

- _ \ ^v ib . t n ^ X j 
Q\ib,Xj,i — — U i 

(J*L> j (J Ji' j 

dXj dx, 

(6) 

(7 ) 

(8) 

where A is the heat conductivity, T t r the translat ional 
temperature, T e the electron temperature , D t the dif-
fusion coefficient, ht the enthalpy, Xx the mole frac-
tion, and the subscripts tr and rot denote translation 
and rotation, respectively. 

4. Properties of High Temperature Air 

4.1. Transport Properties 

The transport properties (viscosity, thermal con-
ductivity, d i f fus ion coefficient) can be es t imated us-
ing the Yos' fo rmula [2] which is based on the first 
Chapman-Enskog approximat ion. 

4.2. Air Chemistry 

The chemical reactions of air considered in the 
present work are: 

M i . 

0 2 + M I 2 0 + M I , 

N 2 + M 2 2 N + M2, 
N 2 + N 2 N + N , 

N O + M I ;=± N + 0 

N O + 0 O 2 + N , 

N 2 + O N O + N , 

N + o N O + + e ~ , 

erot,z = RrT, ( 4 ) 

eVib,i = -Riövib,i/[exp(öv ib ) l /rv ib, l) — 1]. (5) 

Cr = ßi/p, Mi is the molecular weight , h°t the re-
action energy, R t the gas constant , 0Vib,i the charac-
teristic temperature of vibration, TVib,; is the vibra-
tional temperature , Yli=M m e a n s the summat ion over 
the molecular species and N is the total number of 
species. The heat flux in the Xj -direction is given by 

where M , = O, N, 0 2 , N 2 , N O and M 2 = O, 0 2 , 
N 2 , NO. The reaction rate cons tants for the above air 
chemistry are taken f rom Park [3], 

4.3. Energy Transfer 

The energy transfers cons idered here are 
translation-vibration, t ranslat ion-electron, rotation-
electron, vibration-vibration and vibrat ion-electron as 
shown in Figure 2. 
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(translation j rotation) 

( vibration (N2) ) 

( vibration (OTT>"-^vibration (NO)) •«—^j l ec t ron "A translation J 

(vibration (NO*)) 

Fig. 2. Internal energy exchange. 

T r a n s l a t i o n - v i b r a t i o n e n e r g y t r a n s f e r 

The energy transfer rate per unit volume between 
translational and vibrat ional energy modes is written 
in the fo l lowing form: 

< 3 T - V , 2 = p y ^ C, 

eq 
e v i b , i — e v i b , i 

i=M {Tr) 
(9) 

where 

cS ,
b i = Ä i ö v i b f < / [ e x p ( ö v i b > < / D - 1]. 

(10) 

(11) 

Vibrational relaxat ion in an expanding flow is faster 
than that behind a shock wave, so that Mill ikan-
Whi te ' s express ion for vibrat ional relaxation t ime [4] 
must be divided by a fac tor fa. The value of fa was 
proposed as fo l lows [1]: 

0n 2 = 1.5, (j)o2 = 1.5, 0 N O = 3, </>N0+ = 3. 

( t j M W ) is given by 

<T.MW> = Z l r / E 
Pj 

M , M , ^ 
(12) 

where is the vibrat ional relaxation t ime of Mil-
likan and Whi te for an i-j encounter [4], given by 

. M W r ; v = ( p / 1 0 1 , 3 2 5 ) " 

• e x p [ A M ( T ~ 1 / 3 - Bitj) - 18.42] a tm • s, 
(13) 

where 
Aij = 1.16 x I 0 ~ 3 ß l / 2 e vib,i 5 

B i j = 0 . 0 1 5 ^ / , 

where 0V ibj is the characterist ic temperature of vibra-
tion of species i p^ij is the reduced mass of species i 
and j given by 

,3 MiMj 
/ Mi + Mj ' 

where is the molecular weight of species i. The 
coefficients A i j and B f o r N2-O, O2-N, 0 2 - 0 and 
N O - j encounters are taken f r o m [5], They are: 

N 2 - O 
0 2 - N 
Cb - O 
N O - j 

A i j = 72.4 , B ^ j = 0 .0150, 
A i j = 72.4 , B-j = 0 . 0 1 5 0 , 
A - j = 47.7 , B-d = 0 .0590, 
A i j = 49.5 , B - j = 0 .0420. 

T r a n s l a t i o n - e l e c t r o n e n e r g y t r a n s f e r 

According to Lee [6], the rate of the translational 
energy transfer be tween heavy particles and electrons 
is given by 

( 8 kTt 
Ql-t = 3Pe(.T - T e ) ( 7T m e 

1/2 y - nMe,i ^ 

ije 

where <7e,i is the cross section for electron-i species 
encounter. According to G n o f f o et al. [7], for the 
encounters of electron-neutral particle is expressed by 
the approximat ion 

Te,i =at+ &jTe + CjTe
2. 

The coefficients a,, bx and Cj are: 

N 2 : ax = 7.5 x 10~ 2 0 , br = 5.5 x 10 

ct = - 1 . 0 x 10~ 2 8 , 
0 2 : di = 2.0 x 10" 2 0 , bi = 6 .0 x 10 

Ci = 0.0, 
N O : ai = 1.0 x 10~ 1 9 , bi = 0.0, 

Ci = 0.0, 
N : at = 5.0 x 1 0 - 2 0 , bi = 0.0, 

cz = 0.0, 
O : at = 1.2 x 1 0 - 2 0 , bi = 1.7 x 10 

Ci = - 2 . 0 x 1 0 - 2 9 . 
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C o u l o m b cross section is employed for electron-ion 
encounters . 

R o t a t i o n - e l e c t r o n e n e r g y t r a n s f e r 

The energy transfer be tween the rotational and 
electron energy modes should also be considered in 
the energy conservat ion equat ions because electrons 
interact with the molecular mult ipoles produced by 
deformat ion of the electron cloud in the format ion 
of molecular bonds [8]. Using the factor gTOtjl (the 
energy t ransfer factor be tween the rotational energy 
mode and the electron energy mode) , the energy trans-
fer rate is written as 

<?R-e = Y1 Srot^e i~k(T - T e ) (15) 
f r j mt 2 I-M 

The factor grotyl is the ratio of QR_ e to Q x - e for the 
molecular species i. In the present work , we assume 
£rot,N2 = 10 [9], For oxygen , we set p ro t,o2 = £rot,N2 

because some exper imental and theoretical results for 
oxygen show that the rotational excitat ion cross sec-
tion of O2 is similar to that of N 2 [10]. The value of 
5rot,NO is set to 100 based on the work of Takayanagi 
and It ikawa [8]. The rotational excitat ion for moleclar 
positive ions is governed by the long-range cou lomb 
interaction, so that a large excitation cross section is 
expected. However, there are no reliable data for this 
type of excitat ion, so that in this analysis it is assumed 
that <7rot,i for a molecular positive ion is equal to that 
for the corresponding neutral molecule . 

V i b r a t i o n - v i b r a t i o n e n e r g y t r a n s f e r 

Vibration-vibration energy transfer be tween spec-
ies i and j is given by [ 11 ] 

Qv-v,i = ^ , j^ i , j m i [ e vib , t (^ 'v ib , i )~ e vib , i (^vib , i ) ] ; 
j¥i 

(16) 

where PL 3 is the collision probability, T^IBI the same 
vibrational temperature of two collision partners af ter 
the collision for V-V energy transfer and is the 
collision number. Accord ing to Park and Lee [1], 

P N 2 i N O = 5 . 5 x 1 0 ~ 5 ( T / 1 0 0 0 ) 2 - 3 2 , 

P n 2 , o 2 = 3 x 1 0 " 6 ( T / 1 0 0 0 ) 2 - 8 7 , 

PO2,NO = ^N2,NO-

In addition, we set 

= P N 2 , N O -

V i b r a t i o n - e l e c t r o n e n e r g y t r a n s f e r 

The vibration-electron energy t ransfer rate is given 
in the conventional form: 

/-, vib, iCTe) -
QV-E.Z = PI 1 ( 1V) 

e 

The relaxation t ime 7N2_e is expressed as a func t ion 
of electron temperature and electron pressure. It was 
given by (34) and (35) in the work of Lee [12] as 
fol lows: 

1.013 X 105
 n3.9iz2-30.36Z+48.90 

TM, = 1U 
PC 

for 103K < T e < 7 x 10 3K, 

1.013 X 105
 |ni.30Z2-9.09Z+5.85 = 10 

PC 

for 7 x 103K < T e < 5 x 104K 

where 
Z = l o g 1 0 ( T e / K ) . 

The nitrogen-electron coupl ing is much stronger 
than the coupl ing between the electron and other 
molecules, so that they are expressed as [ 1 ] 

T o 2 - e = 3 0 0 r N 2 _ e ( 1 . 4 9 2 r e ) , 

T N o - e = 3 0 0 r N 2 _ e ( 1 . 4 9 2 r e ) . 

5. Method of Numerica l Calculat ion 

A set of governing equat ions are numerical ly 
solved using the second order upwind T V D scheme of 
the Harten-Yee type [13 ,14] for the convect ion terms, 
and the second order central d i f fe rence for viscous, 
heat-conductive, and diffusive terms. 

Calculat ions were done for the upper half region 
of the free jet = 8 and y / D = 4), composed of 
left boundary (orifice and wall), upper boundary (am-
bient boundary), right boundary (downst ream bound-
ary) and lower boundary (free jet axis) (Figure 1). 
At the orifice, sonic condit ions are imposed and a 
parallel flow is assumed, so that v = 0. The orifice 
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T ( K ) p ( a t m ) C N 2 CO 2 C N O C N C O C N O + 

Orifice 4,000 0.53 7.456"1 2.599"2 4.050"2 1.114"3 1.868"1 2 .953 - 8 

Ambient 300 0.05 7.655"1 2.345"1 0 0 0 0 

pressure is set to p* = 0.53 a tm. The thermochemi-
cal state is a s sumed to be in equi l ibr ium at the ori-
fice, and the orif ice condit ions are given in Table 1, 
where Ct denotes the mass f rac t ion of species i. N o 
slip condit ions, u = v = 0, and no temperature gra-
d i e n t s , d T / d x = d T w i b i i / d x = 3 T e / d x = 0 , a r e p u t 

on the wall. Moreover , non-catalyt ic wall condit ion 
d C i / d x = 0 is employed. Ambien t condi t ions are 
given by u = v = 0, T t r = T v i b i l = T e = T ^ = 300K 
and Poo = 0 .05a tm. Ambient species condi t ions are 
shown in Table 1. On the axis, ax isymmetr ic condi-
t ions are employed . Outf low condi t ions are used at 
the right boundary. 

In order to clearly capture the d iscont inuous plane 
such as shock wave and slip line, a 160 x 70 adaptive 
grid system was employed, and 10 grid points are 
put at the orifice. Calculat ions were carried out for 
two different orifice temperatures (T*) , 4 ,000 K and 
3 ,000 K, and two different orif ice diameters (D) , 1cm 
and 3cm. 

6. Numerica l Results and Discuss ion 

6.1. Structure of Nonequilibrium Free Jet 

Figure 3 shows computed tempera ture contours of 
internal energy modes for an orif ice temperature T* 
= 4000 K and an orifice d iamete r D = 1cm. Mach 
disc, barrel shock, j e t boundary, reflected shock and 
slip line can be recognized f r o m a compar ison of 
the translat ional- temperature contours with the free 
je t structure shown in Figure 1. The structure of the 
nonequi l ibr ium f ree jet is essential ly the same as that 
for a perfect gas, that is to say, the posi t ion of the 
Mach disc for this case is x / D ~ 3, which agrees 
with the predict ion given by Ashkenas and Sherman 
[15]. However, the result of TVib,NO+ shows a radial 
spread which is different f r o m the behavior of other 
temperatures. 

Figure 4 shows on-axis tempera ture profiles. The 
translational temperature is decreased up to x j D ~ 3 
and then suddenly elevated due to the compress ion 
by the Mach disc. The region f r o m the orifice to 

T t r Tv ib .n i T v i b . o j 

0 2 4 6 8 0 2 4 6 80 2 4 6 8 
x/D x/D x/D 

Tvib.NO Tvib.NO* T e 

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 
x/D x/D x/D 

( ^ " S T 5000(K) 

Fig. 3. Temperature contours for T* = 4000 K, p* = 0.528 
atm and D = 1 cm. 

x/D 

Fig. 4. On-axis profiles of temperature for T* = 4000 K and 
D = 1 cm. 

this Mach disc is recognized as supersonic expan-
sion region. Tvib,o2 ^vib,NO remain in equil ib-
rium with T^ up to x / D ~ 0 .5 and then deviate 
f rom it. Nevertheless, these two vibrational tempera-
tures are closer to T t r than other vibrational tempera-
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Fig. 5. Radial profiles of temperature for T* = 4000 K and 
D = 1 cm. 
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Fig. 6. On-axis profiles of species mass fraction for T* = 
4000 K and D = 1 cm. 

tures (Tvjb,N2> Tyib,NO+) and the electron temperature. 
On the other hand, Tvib,NO+> T ^ ^ , and Te become 
rapidly f rozen; especially TVjb,NO+ is almost f rozen 
in the entire supersonic-region. Surprisingly, the be-
havior of Te is very close to that of T v i b i N r This 
is owing to the very strong coupl ing of N 2 vibra-
tion and electron-translat ion; the energy transfer rate 
be tween N 2 -v ibra t ion and electron-translat ion is 300 
t imes larger than those be tween other vibrations and 
electron-translat ion. The results f rom the numerical 
analysis of h ight- temperature expansion flows done 
by Park and Lee [ 1 ] shows that the nearest vibrational 
temperature to translational temperature is T v i b N 0 , 

and the next one is Twib0n. They did not est imate 
T v i b N 0 + , so that the highest vibrational temperature 
was TVlb N i . The results of vibrational temperature 
obtained by them are very s imilar to the present ones. 
However, their computa t ion also indicated that the 
electron temperature was considereably higher than 
the vibrational tempera ture of N-,. This result dif-
fers much f r o m the present result that Te is close 
to T v l b N i due to the rapid energy transfer be tween the 
N2-vibrat ional and the electron-translat ional energy 
mode. 

Radial profiles of tempera ture at x/D = 2 are shown 
in Figure 5. Ttr is decreased with radial distance and 
then increased by a barrel shock. It is decreased again 
towards outside, which shows a jet boundary. Tvib,o2 

and T v i b i N 0 also illustrate a profile similar to Ttr. 
Tv ib N , and Te show an appreciable increase due to 
a compress ion by the barrel shock, while Tvib,NO+ has 
a very different radial profi le f r o m the other tempera-
tures. 

On-axis profiles of species mass fraction are shown 
in Figure 6. It is seen that the mass f ract ions of N 2 , 
O, N O and 0 2 do not change up to the Mach disc 
( x / D ~ 3) and in part icular the mass f ract ions of N 2 

and O show constant profi les in the entire region. It 
may be ment ioned f rom these results that the chemical 
reactions related to the main four species (N 2 , O, NO, 
0 2 ) are almost f rozen in the supersonic region f rom 
the orifice to the Mach disc, which is consistent with 
the results of Park and Lee [1]. 

The mass fract ion of N is decreased f r o m the ori-
fice to the Mach disc, which implies that chemical 
reactions decreasing N, namely recombinat ions into 
N 2 , take place in a rapid expansion. It is increased 
across the Mach disc due to dissociation into N. The 
mass fraction of N O + rapidly increases immedia te ly 
downst ream of the orifice and then shows a constant 
profile up to the Mach disc. T h e mass f ract ions of N 
and NO + are very small compared with those of N 2 

and NO, so that N 2 and N O are not inf luenced by N 
and N O + . 

6.2. Comparison of Results for Single Vibrational-
Temperature and Multi Vibrational-Temperature 
Models 

A numerical calculat ion for a two-temperature 
model (Ttr and Twxb) using single vibrat ional- temper-
ature (TV i b^ 2 = - r v ; b i N o = ib,NO+ = TVib) 
was carried out to be compared with the results for 



M. Nishida and M. Matsumoto • Nonequilibrium in Expanding Flows 

4 0 0 0 

365 

vib.NO 

6 T e m p . M o d e l " 

11111111 _l_l j_l i i i i 1_1 i i i i i i 1 i i i 

I I I I I I I | I I I I I I I I 

2 t e m p . M o d e l 

0 1 2 3 4 5 6 7 8 
x/D 

Fig. 7. On-axis temperature profiles for a six temperature model and two temperature model, T* = 3000 K and D = 1 cm. 
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Fig. 8. On-axis profiles of species mass fraction for a six temperature model and two temperature model, T* = 3000 K 
and I) = 1 cm. 

the s ix- temperature mode l using mult i vibrational-
temperatures. In this calculat ion, the electron temper-
ature was neglected because the degree of ionization 
is less than 1 0 - 5 , as seen in Fig. 6*, which leads to a 
negligible effect of electrons on the flow field. A com-
parison of on-axis temperature profi les for the six-
temperature model and the two- tempera ture model is 
illustrated in Fig. 7, where the orifice condi t ions were 
set to T* = 3000 K and D = 1cm. It is seen f rom the 
compar ison that the vibrat ional tempera ture for the 
two temperature model is very similar to Tv i b ) N , for 
the multi v ibra t ional- temperature model . Moreover, 

K Single ionization is considered here, so that nNO+ 

the translational temperatures in both cases are the 
same. 

On-axis mass f ract ions in both cases are given in 
Figure 8. There are no d i f ferences be tween these cases 
except that the mass fract ion profiles of N are different 
in the supersonic region up to x/D ~ 3. It may be 
ment ioned that the two temperature model is sufficient 
for the investigation of the mass f ract ions of the main 
species N2, O2, N O and N. 

6.3. Effect of Orifice Size 

In order to clarify the effect of size of the orifice 
on the thermal nonequi l ibr ium, a calculat ion for an 
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Fig. 9. On-axis profiles of temperature, T* = 4000 K and 
D = 3 cm. 
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Fig. 10. On-axis profiles of species mass fraction, 
T* = 4000 K and D = 3 cm. 

orifice d iameter D = 3 c m was per formed, and the 
result, shown in Figs. 9 and 10, can be compared with 
the result for D = 1 cm, shown in Figs. 4 and 6. It is 
seen that the decreases of all vibrational temperatures 
are larger for the larger diameter. This result is rea-
sonable, because the flow goes to equi l ibr ium when 
the ratio of the characterist ic flow t ime (the ratio of 
reference length to reference velocity) to the relax-
ation t ime for T-V energy transfer becomes larger. It 
is also remarkable that the extent of a decrease in mass 
fract ion of N in the supersonic region up to x / D ~ 3 
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Fig. 11. Energy transfer rates for N2. Q in the units of W/m3. 

is larger in the case of larger orifice size than in the 
smaller one. 

6.4. Effect of Orifice Temperature 

The effect of orifice temperature on thermal 
nonequi l ibr ium can be unders tood f r o m a compar-
ison of the results shown in Fig. 4 (T* = 4 0 0 0 K) 
and 7 (T* = 3000 K). W h e n the orifice temperature 
is higher, vibrational tempera tures c o m e closer to the 
translational temperature . This result can be explained 
as fol lows: When the speed of sound at the orifice is 
chosen as reference velocity, the characterist ic flow 
t ime is inversely proport ional to V T * . The relaxation 
t ime for T-V energy transfer is inversely proport ional 
to T*. Then the ratio of the characterist ic flow t ime 
to the relaxation t ime for energy t ransfer is increased 
with orifice temperature which goes to an equi l ibr ium 
flow. 

6.5. Energy Transfer Rates 

In Fig. 11 are shown the on-axis profi les of the 
energy transfer rates for N2, i. e., QT-V,N2> QV-V,N2> 
Q v - e , N 2 i n u n i t s of W / m 3 . It appears that the dom-
inant energy transfer is be tween translation and vi-
bration (T-V), and that other energy t ransfers are 
negligible. The T-V energy t ransfer is significant in 
the supersonic region f r o m the orifice to the Mach 
disc, showing a decreasing and then increasing pro-
file. This means that the vibrat ional energy of N2 is 

X 1 0 8 
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Fig. 12. Energy transfer rates for CK Q in the units of W/m3. 

t ransferred to translational energy, which is consis-
tent with TVib,N2 > T t r in this region. In the subsonic 
region behind the Mach disc, an increase f r o m zero 
in QT-V,N. is seen in Fig. 11, which is caused by the 
energy transfer f rom the t rans la t ional energy mode to 
the vibrat ional energy mode. 

Figures 12 and 13 il lustrate the on-axis energy 
transfer rates for 0 2 and N O , respectively. For these 
two species, the T-V energy transfer is also dominant , 
and it occurs in the same regions as for N 2 , other 
energy transfer rates be ing negligible. However , it is 
interesting that the V-V energy transfer for N O appre-
ciably appears immedia te ly downs t ream of the orifice. 
It may be ment ioned that the T-V energy transfer is the 
most dominan t one in the nonequi l ib r ium expansion 
flow treated here. 

7. Conc lud ing R e m a r k s 

Thermal and chemical nonequi l ib r ium f ree je ts of 
h igh- temperature air, which are initially in equilib-
rium upst ream of an orif ice and are expanded f rom 
the orifice to low-density, were numerical ly analyzed 
by using a six tempera ture mode l consis t ing of trans-
lational, electron and vibrat ional tempera tures of N 2 , 
0 2 , N O and N O + , whereby the thermal and chemi-
cal nonequi l ibr ium in a rapidly expanding flow was 
clarified. The present results indicate not only that the 
vibrational temperatures greatly deviate f r o m transla-
tional temperature but also that the vibrat ional temper-
atures are out of equi l ibr ium with each other. Of four 
vibrational temperatures , the coupl ing of Tvjb,NO and 
T t r is comparat ively s trong, whereas the vibrational 
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Fig. 13. Energy transfer rates for NO. Q in the units of 
W/m3. 

temperature of the most dominan t species N 2 is sig-
nificantly different f rom T t r in the supersonic region. 
If the behavior of Tvib,N2 is considered in a nozzle of 
an arcjet thruster using nitrogen gas as propellant , it 
may be ment ioned that the vibrational energy of N 2 

will not contribute to thrust. It was clarified that the 
electron temperature is very close to the vibrational 
temperature of N 2 due to a very strong coupl ing be-
tween them. 

Chemical nonequi l ibr ium was also investigated. 
The on-axis profiles of species mass f ract ions indi-
cate that the main four species, N 2 , 0 2 , O and NO, 
show a chemical ly f rozen expansion flow not only in 
the supersonic region but also in the subsonic region 
downst ream of the Mach disc. On the other hand, 
the mass fract ion of N is decreased f r o m the ori-
fice to the Mach disc and then increased immedi -
ately behind the Mach disc. This implies that N is 
recombined in the supersonic region, and dissocia-
tion into N occurs behind the Mach disc. The mass 
fract ion of N O + is also increased downs t ream of the 
Mach disc. This is caused by the ionization process 
N + O —» N O + + e ~ . 

The results for the s ix- temperature model were 
compared with those for the two temperature model . 
According to this compar ison, the vibrational temper-
ature for the latter case is nearly the same as that of N 2 

for the former case. Moreover, the translational tem-
perature is not influenced by the temperature model . 

The effects of orifice size and orifice temperature 
on the nonequi l ibr ium free je t were investigated. It 
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was clarified that the vibrational temperatures come 
close to the translational temperature if the orifice 
diameter is large and temperature of the orifice is 
high. 

Finally, the on-axis energy transfer rates have been 
investigated for N2 , 0 2 and NO, showing that the T-V 
energy transfer is dominant and the other types of 
energy transfer play no important role. 
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