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Ahstnct-Nonequilibrium flow calculations are made in the merged stagnation shock layer of a blunt 
body using full Navier-Stokes equations to describe the flow field. A seven species, six reactions air 
model is considered. The concept of local similarity is used to reduce the equations to a set of nonlinear 
coupled ordinary differential equations. This set of equations is solved by the successive accelerated 
replacement technique. It is found that the present analysis with full Navier-Stokes equations gives 
higher temperatures in the merged shock layer than thin shock layer analysis. The electron density and 
maas fractions of N. 0 and NO are also higher in the present analysis than thin shock layer analysis. 
Heat transfer to the body surface is discussed and it is seen that the heat-transfer coefficient increases 
with the decrease in Reynolds number. The results of the present analysis are compared with the other 

available results. 

NOMENCLATURE 

heat-transfer coefficient - - 
mass fraction of ith sp&es’i’k “‘)’ - -. 

dimensionless enthalpy, /i/i: I 
7 

total enthalpy; 
Lewis number of ith species; 
mol. wt of ith species; 
effective freestream from body; 
electron density ~articles/cm3 J ; 
~rne~ionl~ pressure, p/p, iI”, ; 
second order term in the expansion for p; 
Prandtl number; 
heat-transfer rate to the body; 
universal gas constant; 
nose radius; 
effective freestream from origin; 

(Re), , freestream Reynolds number, pm iI, F*//&, ; 
(Re), Reynolds number, p, ii, j;b/h ; 
(Sc)i, Schmidt number of itb species; 

T, dimensionless temperature, T/Z ; 
u, dimensionl~s tangential velocity, iI/@, ; 
u, dimensionl~ normal velocity, ij/ii, ; 

I 
wi, mass rate of production of ith species 

Cgicm’sl; 
4, dimensionless production rate of ith species, 

dil(Prn iimlFbb); 

?9 transformed radial coordinate; 
0, angle between I and axis of symmetry; 

& dimensionless viscosity coefhcient, iilri-_e ; 

P* dimensionless density, p/pm. 

*This work was supported by the Vikram Sarabhai 
Space Centre, Trivandrum, India under a project entitled 
‘Hypersonic Viscous Flow Around Axisymmetric Bodies at 
High Altitudes’. 

tPresently on leave at Marshall Space Flight Center, 
Huntsville, Ala., U.S.A. 

Subscripts 

W, 

;’ 

wall conditions; 
freestream conditions; 
freestream stagnation conditions. 

Superscript 

(-), dimensional quantities. 

1. I~ODU~ON 

WHEN a space vehicle re-enters into the earth’s atmos- 
phere, the temperatures occuring near the body are 
very high. The air in the surrounding flow field dis- 
sociates and ionizes because of this severe aero- 
dynamic heating. In case of a blunt body, the electrons 
are generated mainly in the shock layer and the number 
density of electrons is expected to be maximum in the 
stagnation region. The mole fraction of such electrons 
is too small to significantly affect the thermodynamic 
and transport properties but this degree of ionization 
is large in terms of its influence on electrical con- 
ductivity and may lead to ~~uni~tion blackout. 
To determine the interaction of an electromagnetic 
signal and a m-entry vehicle, it is essential to predict 
accurately the ionization level in the shock layer. This, 
in turn, requires an accurate flow field model taking 
into account the finite rate chemistry. 

The previous investigations [l, 23 of the nonequilib- 
rium ionization in the shock layer of blunt bodies are 
based on the inviscid flow model which cannot rep 
resent the flow field at high altitudes and leads to large 
over prediction of the ionization level. Chung, Holt 
and Liu [3] considered the nonequilibrium viscous 
shock layer in the stagnation region for a binary dis- 
sociating gas. Later, Lee and Zierten [4] made cal- 
culations for nonequi~b~~ merged layer ionization 
in the stagnation region of a blunt body using an 
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approximate model. In their analysis, they solved the 
species conservation equations for a multi-component 
gas mixture assuming that the flow properties are 
given by frozen flow solutions. This assumption de- 
couples the species conservation equations from the 
fluid dynamic equations, thus simplifying the analysis 
to a great extent. Blottner [S] also investigated the 
nonequilibrium flow in the stagnation region by con- 
sidering thin viscous shock layer regime and using 
Rankine-Hugonoit relations to obtain the flow con- 
ditions at the edge of the shock layer. Dellinger [6] 
improved the analysis of Lee and Zierten [4] by making 
simultaneous calculations of the ionization and the 
neutral gas flow field in the merged stagnation shock 
layer under the thin shock layer assumption. He found 
that Lee and Zierten’s analysis over predicted the 
electron density in the shock layer. Recently, Adimurthy 
and Jain [7] investigated in detail the stagnation point 
flow and concluded that the thin shock layer assump 
tion is not valid at high altitudes where the Reynolds 
number is very low making the shock layer thickness 
comparable to the body radius. They suggested that 
at such low (Re), full Navier-Stokes equations should 
be used to describe the how. 

In the present analysis, no thin shock layer assump- 
tion is made. The flow field in the stagnation region 
of the blunt body is described by the full Navier-Stokes 
equations. The nonequilibrium calculations are made 
for a seven species, six reactions air model. The species 
considered are Nz, 02, NO, N, 0, NO+ and e-. For 
air dissociation and ionization, the rate expressions 
recommended by Wray [8] are adopted. Pr and (Le) 
are taken to be 0.75 and 1.4 respectively, for neutral 
species. Ambipolar diffusion is assumed for the elec- 
trons and ions so that their diffusion coefficients are 
twice that of the neutral species. Nonequilibrium 
merged stagnation solutions are obtained for a multi- 
component gas mixture using the concept of local 
similarity which reduces the equations to a set of non- 
linear coupled ordinary differential equations. This set 
of equations is solved for a fully catalytic wall using 
the successive accelerated replacement technique. 

The results are compared with the theoretical results 
of Lee and Zierten [4] and Dellinger [6]. It is found 
that the present analysis with full Navier-Stokes equa- 
tions gives higher temperatures in the shock layer than 
thin shock layer analysis. Further, although the analysis 
of Lee and Zierten [4] predicts higher electron density, 
the over prediction is not as large as estimated by 
Dellinger [6]. Results are also obtained for varying 
nose radius at 90 km altitude. Heat-transfer coefficient 
is compared with the results of Cheng [9] and 
Blottner [S]. 

2. FORMULATION OF THE PROBLEM 

Governing equations 
The nonlinear, coupled ordinary differential equa- 

tions governing the flow of a multicomponent gas in 
the merged stagnation shock layer of an axisymmetric 
body can be obtained from the full Navier-Stokes 
equations using the concept of local similarity as 

FIG. l(a). Dimensional coordinate system. 

c- _+ 
\ lb) 

FIG. l(b). Dimensionless coordinate system. 

discussed by Kao [lo]. The dimensional and non- 
dimensional coordinate systems are shown in Fig. l(a) 
and (b) respectively. The dimensionless equations in 
stagnation region are as given below. 
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(7) 

P = AT). (8) 
Here, a prime denotes differentiation with respect to q 
where q = (r - l)/(r, - 1) and (re - 1) = n,. This trans- 
formation keeps the body at r~ = 0 and the freestream 
atq=l. 

The boundary conditions with fully catalytic wall 
condition are 

(i) On the body surface (q = 0) 

u = v = 0, T = T,, C& = 0.79, co2 = o-21, 

C~o=C~=CO=CNO+= c,- = 0. 
(9) 

(ii) In the freestream (q = 1) 

r4 = 1, v= -1, p=l, T=T,, p2=0 

C& = 0.79, co, = 0.21, (10) 
CNO = CN = co = CNof = c, - = 0. 

Air Chemistry 
The nonequilibrium calculations are made for a 

seven species, six reactions air model. The species 
considered are Nz, 02, NO, N, 0, NO+ and e-. 
Of these species, NO has the lowest ionization energy 
and is first to produce electrons as the temperature is 
increased. Practically all the electrons which appear in 
the air at intermediate temperatures come from the 
ionization of NO. The reactions considered are given 
below. 

N,+0+3.3eVreNO+N 

N+0+2*8eVI$NO*+e- 

Here ‘M’ is the catalytic species. k,] and k,, are the 
temperature dependent forward and reverse reaction 
rates respectively for thejth reaction, Reactions leading 
to electronically excited species are not considered. 

For air dissociation and ionization, the rate ex- 
pressions recommended by Wray [S] are taken. The 
mass production rates for various species can be 
obtained using these reaction rates. The enthalpy of 
air is calculated assuming that molecules in the shock 
layer possess full rotational as well as vibrational 
degrees of freedom and that excitation of electronic 
states of the atoms and molecules is neglected. 

3. METHOD OF SOLUTION 

Equations (l)-(8) constitute a set of nonlinear, FIG. 2. Comparison of u, -u, T, p, p with the results of 
coupled ordinary differential equations with boundary Dellinger. 

conditions given by (9) and (10). These equations are 
integrated by a tinite difference method known as 
successive accelerated replacement method. The 
method is successfully used earlier by Dellinger [6] 
and by Adimurthy and Jain [7]. Successive accelerated 
replacement technique is applied only to second order 
equations, while the first order equations are solved 
by direct numerical quadrature. The details and various 
advantages of the method over other methods are 
given in [6]. 

Species conservation equation is used to calculate 
the mass fractions of 02, NO, N, 0 and NO+. Know- 
ing the mass fraction of NO+, the condition of charge 
neutrality gives the electron density in the merged shock 
layer. Mass fraction of N, is obtained using 

cci= 1. 
i 

4 RESULTS AND DJSCUSSION 

The results of the present analysis are compared with 
that ofDellinger [6] and Lee and Zierten [4]. The same 
viscosity law is used as taken by these authors. The 
nonequilibrium calculations are also made at an 
altitude of 90 km with ii, = 7000 m/s and varying body 
radius. The viscosity is assumed to vary as square root 
of temperature for this case. 

Figures 2-4 compare the present results with that 
ofDellinger [6] at Re, = 920. Electron density profiles 
are plotted in Fig. 3. Present calculations are made 
with reaction rates recommended by Wray [8] and 
also with reaction rates used by Dellinger [6] It is seen 
from Fig. 3 that the electron density values obtained 
by Dellinger [6] are smaller than the present values 
in the entire merged shock layer. This can be explained 
by examining the corresponding flow field properties 
in Fig. 2 which shows that Dellinger’s analysis predicts 
lower temperatures in the merged shock layer. This 
difference in temperature gives rise to the observed 
difference in the electron density because of its effect 
on the chemical reaction rates. Due to higher tem- 
peratures, the dissociation of nitrogen and oxygen is 
more in the present analysis giving higher mass 
fractions of other species plotted in Fig. 4. 
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-Present results with Del linger’s 

“E ,o,22 
--Dellingers results [/_e = 

Altitude = 78 km 
i7, = 7930 m/s 

I-0 I.04 I.06 I 16 

FIG. 3. Comnarison of electron density with the results of 
r 

Altitud_e = 78 km 
Urn = 7930m/s 
7, = 3.05 cm 

FIG. 4. Comparison of species mass fractions with the 
results of Dellinger. 

Figure 2 further shows that while there is small 

difference in total enthalpy, the difference in tem- 
perature is relatively large due to the difference in the 
normal velocity component. This is due to the fact that 
for a given total enthalpy, even a small change in 
normal velocity results in a larger change in the static 
enthalpy since it is proportional to the square of the 

normal velocity. 
Figures 5-7 compare the results of Lee and Zierten 

[4] and Dellinger [6] with the present results at 
(Re), = 814. Figure 5 shows that although Lee and 
Zierten [4] over predicted the electron density, the 
difference is not as large as obtained by Dellinger. In 
Figure 6, the chemical production rates of N, 0 and 
e- are compared. It is seen that the present analysis 
gives lower production rates for 0 and e- and higher 
production rate for N. Mass fractions of various species 
are plotted in Figure 7 and are compared with the 
results of Lee and Zierten [4]. Present analysis gives 
higher mass fractions of N and NO and lower mass 
fraction of 0. 

-Present results 
-.- Lee and Zierten’s results 

= 7000m/s 
Tb = I.7lcm 

FG 5. Comparison of electron density with the results of 
Dellinger and Lee and Zierten. 

FIG. 6. Comparison of species production rates with the 
results of Dellinger and Lee and Zierten. 

12 
r 

FIG. 7. Comparison of spe.cies mass fractions with the 
results of Lee and Zierten. 

Calculations for stagnation point heat-transfer co- 
elkient CH are made for varying body radius at an 
altitude of 9Okrn with freestream velocity equal to 
7OOOm/s. The results of the present calculations are 
compared with that of Cheng [9] and Blottner [5] in 
Fig. 8. Cheng’s results are for binary mixture of 
diatomic molecules and dissociating atoms while the 
present results and Blottner’s results are for a complete 
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I.0 - A Blottner’s results, T,=IOOOOK 

Cn : ~~‘~?z!$!+ 

‘. 
q. 

FIG. 8. Comparison of heat-transfer coefficient. 

air model. The results of Blottner are not valid at low 6. 
(Re) because he obtained the flow conditions at the 
edge of the shock layer from RankineHugonoit re- 
lations. Blottner made calculations with the wall tern- 7’ 
perature equal to 1000°K while Cheng took it as 
1500°K. Since the value of CH depends on the wall 8. 
temperature, the agreement of the results of Blottner 
with Cheng may not be as good as is seen in Fig. 8 
even at higher (Re). Present analysis predicts slightly 

9 
’ 

lower values of CH than Cheng and the difference 
increases with decreasing (Re). This is because Cheng’s lo. 
two thin-layer model becomes more and more in- 
accurate as the (Re) decreases. 
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COUCHE DE CHOC D’ARRET EN NON EQUILIBRE AUX VITESSES HYPERSONIQUES 

Rt%um&Les calculs de I’ecoulement en non equilibre effect& dans la couche de choc d’arrkt dun solide 
&nousst utilisent les equations de Navier-Stokes completes pour d&rice le champ du mouvement. Un 
modele a sept composantes et six reactions est considbe pour i’air. La notion de similitude locale est 
utilisQ afin de r&ire les equations a un systeme d’equations diffkentielles ordinaires non-lineaires 
couplQs. Ce systemme d’equations est rbolu par une technique de relaxations successives acc&r$. On 
trouve que la prbente analyse qui retient les equations de Navier-Stokes completes fournit des 
temperatures plus tlevQs dans la surface de choc diffuse que ne donne I’analyse des couches de choc 
minces. La densite electronique et les fractions massiques de N, 0 et NO sont Qalement plus &levees 
dans la prbente analyse que dans l’analyse des couches de choc minces. Le transfert de chaleur a la 
surface du solide est examine et il apparait que le coefficient de transfert thermique augmente lorsque 
le nombre de Reynolds diminue. Les rbultats de la prbente analyse sont compares aux autres rbultats 

disponibles. 

VERMISCHTE STAUGEBIETS-STOSSSCHICHTEN IM NICHTGLEICHGEWICHT 
BE1 HYPERSONISCHEN GESCHWINDIGKEITEN 

Zusammeafassuag-Es wird die Striimung bei Nichtgleichgewicht im Bereich vermischter StoBschichten 
im Staugebiet eines stumpfen Kiirpers berechnet. Zur Beschreibung des Stromungsfeldes werden die 
vollstiindigen Navier-Stokes-Gleichungen verwendet; es wird ein 7-Komponenten Luftmodell mit 6 
Reaktionen xugrundegelegt. Mit Hilfe des Konxepts der lokalen Ahnlichkeit werden die Gleichungen 
auf ein System nichtlinear gekoppeher, gewiihnlicher Differentialgleichungen reduziert. Es xeigt sich, dal3 
die vorliegende Untersuchung mit den vollstiindigen Navier-Stokes-Gleichungen hiihere Temperaturen 
in der vermischten StoBschicht ergibt als nach der bisherigen Naherung durch das dfinne StoBschicht- 
modell. Ebenso ergeben sich fur die Elektronendichte und die Massenanteile von N, 0 und NO hohere 
Werte. Der Wiirmeiibergang an den K&per wird diskutiert, wobei sich eine Zunahme des Wiirme- 
iibergangskoefiixienten mit abnehmender Reynolds-Zahl ergibt. Die Ergebnisse werden mit anderen 

vorliegenden Resultaten verglichen. 
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HEPABHOBECHbIE YAAPHbIE CJ-IOM l-IPM l?Ml-lEP3BYKOBbIX CKOPOCTIlX 

hHOTaI&Ul--c IIOUIOII&IO lTOJ-lHblX ypaBHeHHZi HaBbe-CTOKCa BbIIlOnHeH PaNeT HepaBHOBeCHOrO 

TeYeHWl B yAap!OM CnOe B6JIW3H TOYKH TOPMOXeHHII TyIIOI-0 Tena. Anann IIpOBeAeH Ha BO3AyXe. 

flOHKTI!e nOKanbHOr0 lTOAO6HSi HCIIOJlb30BaHO AJUI IIpHBeAeHHR ypaBHeH%ifi IC CIiCTeMe 06blYHbIX 

He,IHHetiHbIX ,I&f&,‘ZH~HU,bHbIX )'paBHeHHfi, KOTOpble PUllaIoTCfl MeTOAOM IlOCJleAOBaTWlbHOfi 
3aMeHblIIepeMeHHbIX.HafiAeHO,YTO I'IPH HCIIOnb30BaHHli IIOnHbIX ypaBHeH&ifi HaBbe-CTOKCa IIOny- 

YaIOTCII 6onee BbICOKHe 3HaYeHUR TeMITepaTyp AnX yKa3aHHbIX yAapHbIX CJlOeB, YeM TIPS4 aHanW3e 

~o~~&ixyAapHbIX cnoeB.TaKEe 6onee BblCOKWMW nOnyYaWTCR 3HaYeHWR IInOTHOCTH WIeKTpOHOB H 

OTHOCHTeJIbHOI-0 MaCCOBOI.0 COAepaaHHX N, 0 I( NO. PaCCMOTpeH IIepeHOC Tellna K IIOBepXHOCTH 

Tenali noKa3aHo,~To c yMeHbuekuieM wicna PekHonbAca Kos~~wunew Tennoo6hieHa eo3pacTaeT. 
~pOBeAeHOCpaBHeH‘Se~e3ynbTaTOBAaHHO~O aHaJIH3aCAPyrllMWHMelOlllHMHCR v3ynbTaTaMH. 


