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Dissociative Relaxation in Viscous Hypersonic Shock Layers
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The dissociative relaxation in a viscous shock layer of nonequilibrium dissociating diatomic
gas in the stagnation region of a blunt hypersonic body is analyzed. The case in which the
maximum loeal dissociation level is appreciably lower than the inviscid equilibrium value is
considered. A simplified atom concentration equation is derived neglecting the recombina-
tion term in the reaction, and it is solved for a range of conditions using a digital com-
puter. The procedure for determining the stagnation-point wall concentration for the general
case of arbitrary freestream and wall conditions, including air, using the result of these solu-
tions, is described. The approximate solution based on the simplified concentration equation
is compared with the exact solutions and shown to agree approximately when the maximum
dissociation is less than 809 of the inviscid equilibrium value.

Nomenclature

constants in Eq. (42a)

constant in reduced concentration equation, Egq.
(33)

constant in reaction rate: see Eq. (5a)

mean frozen specific heat at constant pressure

diffusion coefficient

stagnaiion-point tangential velocity gradient imme-
diately behind the shock

constant in B; see Eq. (34)

constant in reduced concentration equation, Eq.
(33), and defined by Eq. (30)

velocity profile function (f' = df/dn = w/u.)

Ht/H 123

ht + hr‘x

CoT + F(u? + 0?)

dissociation energy, Na: 14,450, O,: 6,610
Btu/lb

= reaction term in dimensionless concentration equa-
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tion, Eq. (17)

dissociative reaction rate constant, em®-mole ~%-sec !

wall ecatalytic recombination rate constant, fps

pu/( peste)

pressure

radius of curvature

gas constant

Reynolds number

distance from centerline

rate of change of atom concentration due to reaction

index of temperature in reaction rate; see Eq. (5a)

temperature, °K

characteristic temperature, Ns:
59,000°K

velocity in x and y directions

distance along and normal to wall

atom concentration

molar fraction of dissociating gas in the dissociating
gas-inert gas mixture, N in air with completely
dissociated oxygen: 5, Oxinair: &

shock-layer thickness

T/T,

frozen thermal conductivity

viscosity

viscosity at 1000°K

density, cm ~%mole

characteristic density, N:: 5.4, 0,: 4.1 cm ~%mole

frozen Prandtl number

see Eq. (27)

113,200°K, Oa:

= dimensionless length parameter in z and y direction
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Subscripts

= equilibrium

= edge of shock layer; see Fig. 1

fictitious value

= nonecatalytic wall value

= wall

= critical point at which atom concentration becomes
maximum

freestream
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Introduction

ECENT research in the field of nonequilibrium real gas
carried out by various authors! indicates that at the al-
titudes above 200,000 ft the air density is such that the flow
passing through the bow shock wave of a blunt body may not
attain chemical equilibrium before it reaches the viscous
region near the body surface. The variation of the atom con-
centration in this regime was first investigated by Chung?
using the thin viscous shock-layer approximation. He has
shown that the boundary-layer-type equations can be used
for the relaxing gas throughout the whole shock layer and
solved them numerically for a few typical cases with non-
catalytic walls, and has shown that the stagnation-point heat-
transfer rate is strongly affected by the lack of equilibrium.
This computation was, however, extremely tedious, and, be-
cause of a number of arbitrary factors affecting the solution,
namely, freestream velocity and density, nose radius, disso-~
ciative reaction rate, predissociation, wall catalyticity and
temperature, the result was in no way extendable to a general
case of arbitrary given conditions.

The purpose of the present paper is to investigate the effect
of each arbitrary parameter and to derive a simple approxi-
mate method for determining the stagnation-point wall atom
concentration for the general case of arbitrary freestream and
wall conditions. To do this, the basic atom concentration
equation is combined with the energy equation to convert it
into an equation for temperature and is simplified by neglect-
ing the recombination term and by assuming a profile for the
density variation. The resulting equations are solved for a
total of 90 conditions using a digital computer, and the result-
ing wall concentration parameters are correlated approxi-
mately with the given simple expressions. The procedure for
the determination of the stagnation-point atom concentration
under arbitrary given freestream and wall conditions using
these expressions is described. The approximate method is
compared with the exact solutions of Ref. 2 and three addi-
tional cases for a catalytic wall obtained in the present work
and is shown to agree within £=109 of the wall concentration
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for those cases where the maximum local atom concentration
within the shock layer is less than 809, of the inviseid equi-
librium value.

Gas Model

The gas under consideration is assumed to be a mixture of
an ideal dissociating gas® and an inert gas. By defining the
dilution fraction 8 by

molar density of dissociating gas
total molar density of mixture

the thermodynamic and caloric equations for such a mixture
are

p = pR'T(1 + o) )
_ et Ber _ T

T (a/B) ~ » "Xp< TE> @
H. = C,T + ha + 3 + v?) @)

For air, nitrogen is treated as the inert gas at low enthalpy
levels, i. e., up to the point where oxygen completely disso-
ciates, and atomic oxygen is treated as the inert gas at higher
enthalpy levels. The necessary characteristic constants g,
T,, pr, and h, for oxygen and nitrogen are given in the Nomen-
clature. This simplified gas model of air is accurate at both
low and high dissociation levels but breaks down at around
the point where oxygen completely dissociates. The following
analysis is applicable for air, therefore, only for cases where
the dissociation level is appreciably different from the said
condition.

The vibrational relaxation times for oxygen and nitrogen
are at least one order smaller than the dissociative relaxation
times in the dissociating temperature regime, and therefore
the vibrational mode is assumed to be fully excited, so that
the approximate relation ¢, = (4.5 + 0.5a.)R’ holds behind
the shock. As the flow approaches the wall, the temperature
falls and therefore the vibrational contribution decreases, but
the increase in atom concentration compensates the drop in
C, and maintains it at around (4.5 + 0.5a.)R’. In the
present analysis, therefore, the frozen specific heat C; is ap-
proximated by

Cp = 4.5+ 0.5a,)R’ (4)

The chemical reaction rate equation used is that of Ref. 4:

()l 3) -2} o

where
k = C(T°K/4500) s cmf-mole2-sec ™! (5a)

The value of s chosen here was 1.5 (derived from Ref. 5). The
value of C is left arbitrary throughout the analysis.

The Prandtl and Lewis numbers of a moderately dissociated
diatomic gas are shown to vary around 0.7 and 1, respec-
tively,® 7 and therefore, in the present paper, they are as-
sumed to be 0.7 and 1 throughout.

Fundamental Equations

At altitudes above 200,000 ft, the boundary-layer thickness
at the stagnation region of a blunt hypersonic body becomes
very large and almost comparable with the shock-layer thick-
ness. In this region, the flow between the shock wave and
the body can be solved by considering the gas to be viscous
throughout the whole shock layerz8 The fundamental
equations for such a flow are derived in Refs. 2 and 8. As-
suming that 1) the Lewis number is unity and 2) the kinetic
energy +(u? + v?) may be neglected in comparison with the
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Fig.1 Sketch of the flow field in the stagnation region of
an axisymmetric hypersonic shock layer.

frozen enthalpy in the stagnation region, the fundamental
equations within the stagnation region A > |z| are as follows
(see Fig. 1):

Continuity
o) 0 y _ ‘
Y (pur) + a—y{<1 + R) pvr} =0 (6)
Momentum _
ou ou _ _dp 0 ( Ou
p<u bx+vby +RW> T da +by (”by) ™
Energy

oh. | k) _ D [\ dh da
p(u$+vay>_ay<c’pay> ph'(bt>r ®)

Species

O« da Pe) Qe da
”(“az +”a) = a?(””a@) + ”(a) ®)

where h. is the total frozen enthalpy not containing the
chemical energy of reaction. At the wall, the atom concen-
tration is assumed to obey the simple linear reaction law®

puDu(00/0Y) 0 = puttukin (10

Multiplying Eq. (9) by k. and adding to (8), there follows, for
unit Lewis number,

 2H, , OH)\ _ o [\ dH,
e Pt 11
(o) = ala ) W
where H, is the total enthalpy containing the reaction
energy.
Introducing the transformation of variables,®
— z 2 ) \
£ = fO Dephelber 2 A (12)
U y
1=ggm ey @
o] o)
W Wempr oy = @pU ()
oy ox
‘ u _ df H,
X9 = 15
Ue d11 f g Hts ( )

it follows that, in the stagnation region,
v = — {2pep(du./dx)e} 1 (16)

Then Eqgs. (6, 7, 9, and 11) are nondimensionalized in the
stagnation region as

[(n/0)a'] + fa' + K =0 an
[(n/o)g’] +1g" =0 (18)
(nf")" +Jf" + $[2(p=/p) — 7?1 = 0 (19)
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where

_ 1 (@a/ot)r

= 2m (17a)

The governing boundary conditions are as follows: at 5 = 0,
f=f =0andg = g,

b ) pete WM Rw R pe 2
“ {Q(duL/dx)o} ouDn Iy, oo 0

andatg =1,f=/f,f =¢g = 1,and @ = a. = a, Where
fe1s given from (16) as

fe = Peve{2peﬂc(due/dx)0} —i2 (21)

The parameter f. is related to the freestream Reynolds
number R, and the shock-layer Reynolds number R..,

Ruo == potoR./ e (22a)
R.. = pa.Re/pe = Rt/ 1te) (22b)
where R, is the radius of curvature of bow shock wave, by
I = $pwpie/ pepte) Reo (23a)
= 3(p=/pe) Roe (23b)
The viscosity is approximated in the present paper by
= uo(T°K/1000) (24)

in which o is taken as 0.76 to permit the best fit for nitrogen
in the data of Ref. 6. The chosen value of w can also be used
with good accuracy for air. The value of w for oxygen is
slightly smaller than that for nitrogen, but the value 0.76 will
still be a reasonable approximation for a limited range of
temperature by choosing an appropriate value of u,.

The viscosity-density parameter n is taken as unity for
computation purposes:

n =1 (25)
This is based on the approximation

p_Tel+ a <Te)1—“’

pe Tl4+a

T

Because of the relation a. < « (near the shock wave), the
foregoing approximation is generally quite acceptable near
the shock wave. Near the wall, the approximation of Eq.
(25) is not quite accurate, but the effect of a variation in n on
the wall atom concentration is quite small, as will be shown
later.

The nature of the solution of the problem is dependent
greatly on the magnitude of K in Eq. (17). When K is very
large, the flow is almost in equilibrium; when it is very small,
there is no appreciable chemical reaction within the shock
layer. In the present work, the intermediate case of finite
values of K is considered, i.e., for flow in which an appreciable
relaxation is taking place, a condition that can be expressed as

Koo = 0(1) (26)

Approximating air by a mixture of a dissociating gas and
an inert gas (see section on gas model) is justified on the basis
of a large difference between the K values for oxygen and
nitrogen. It is possible to write down two concentration
equations of the form of Eq. (17) separately for oxygen and
nitrogen, and, as expected from the difference in dissociation
energies, nitrogen dissociation contributes approximately
twice as much energy absorption as oxygen. But the value
of K, which is maximum at the edge of shock layer, differs for
the two gases by a ratio approximately equal to exp(—T./T.),
which is a very small value when T, < 30,000°K. (The argu-
ment here refers to nitrogen values.) At low enthalpy levels,
therefore, the dissociation of nitrogen is negligible when the
oxygen dissociation rate is such as to satisfy Eq. (26); at
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high enthalpy levels where K for nitrogen satisfies (26), the
value for oxygen is so large that one can assume that the oxy-
gen is fully dissociated before nitrogen starts dissociating.

Reduction of Concentration Equation

The relaxation term K in Eq. (17) is positive in an under-
dissociated condition, i.e., when the local atom concentration
is smaller than the local equilibrium atom concentration as
determined from the temperature and density by Eq. (2), and
it is negative in an overdissociated condition. From the
nature of the atom concentration profile, therefore, one sees
that K cannot be negative at the point where atom concen-
tration reaches the maximum value. The ratio of the first
and second term in K, representing dissociation and recom-
bination, respectively, is

recombination term ( T, TT>

@7

dissociation term

where T is a fietitious equilibrium temperature satisfying the

condition
e Be <_ E)
1 — (a/B) ) P T,

In an undissociated flow,
T < Tg (27a)

where Ty is the equilibrium temperature for the given en-
thalpy and pressure, and also

Te<T (27b)

where T is the local temperature corresponding to the under-
dissociated condition. Combining Egs. (27a) and (27b), one
sees that, in an appreciably underdissociated flow in which
Tr is appreciably less than T, Tz < 0.97, say, the ratio of the
two terms [Eq. (27)] is very small when T is in the practical
range of interest, e.g., 7/7, < 0.3. Defining the critical
point 7, as the point where « reaches the maximum, then, in
the “outer region” 7. > 7 > 7%, K = K due to dissociation
alone is greater than zero. For the first approximation,
therefore, the recombination term may be neglected in the
“outer region.”

The factor p(1 — a/B) can be approximated, when o — a.
is appreciably smaller than 3, by

<1 _ gc) _ P 1~ (a/B) ~ (&~ a)/B]
P B) T RT 1+ a-+ (a—a

p 1 — (a/B) 1 1
RT 1+ e"p‘{‘<°‘ - @) (m + m)} (28)

Since in this region
(4.5 + 05000, + a. = (4.5 + 0.5a.)0 + «
where 8 = T/T,, Eq. (28) is reduced further to
ey . p 1= (a/B
"(1 B) TRT 1ta
1 1
exp{— (4.5 + 0.5c) (Et—ae + Tr a,;) 0. — 0)} (28a)

Thus, in the “outer region,” the relaxation term is approxi-

mated by

K - CpeprTr_s_l 1 - (ae/ﬁ)
2(du./dz)R’ 1+ a.

exp(—ef)0—°—1 X

exp(— % + e(9> (29)

where

e = (454 0.5a.) ( 3 _1 —+ Iﬁ) (30)
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The function 851 exp(—1/0 + e8) takes the maximum
value at the edge of the shock layer and decreases very rapidly
as temperature falls toward the wall, i.e., by several orders of
magnitude. Considering the original assumption, Eq. (26),
therefore, it is seen that the relaxation term is negligibly small
in comparison with other terms at the critical point 7 = 7.

In the “inner region” 54 > % > 0, the recombination term in
K becomes greater than the dissociation term, but the mag-
nitude of this recombination term is, at most, the same order
as the dissociation term at the critical point, i.e.,

|K| Z K(n) dissociation term only e > 1 >0 (31)
Thus one sees that the relaxation term is again negligibly small
in the “inner region” in the appreciably underdissociated
shock-layer flow under consideration. In this region, there-
fore, the error caused by neglecting the recombination term
and retaining the dissociation term in K does not affect the
solution appreciably.

The preceding argument thus leads one to use Eq. (29) as
the basis for the relaxation term used in Eq. (17) throughout
the whole shock-layer region. Using Eq. (29), Eq. (17) is re-
duced to

1 ’ ! , OpePrTr_s*l 1 — (ae/B)
(;a> Tt o dujd R T+ a

exp(—ef)§ 51 eXp(— ; + e0> =0 (32

Neglecting the kinetic energy term, multiplying Eq (32) by
h,, and subtracting from Eq. (18) gives

(0 + of’ — B~ exp[—(1/6) + €8] = 0 (33)
where
B = Bf.20. exp(—cf,) 2/ B) 34)
14+ «
and
T, \"® T, \* s Mo szTe
— 2 - —_ —_
E=oCp (4500> (1000> (CJ,) <C,,Trpr)< v )
= const (function of gas property only) (34a)

The values of the constant £ for oxygen and nitrogen are, re-
spectively,

E =29 X 107C (34h)
E = 0.80 X 10-15¢ (34c)

Awvailable data on dissociation rate constants show that the
rate constant C for nitrogen is somewhat greater than for
oxygen, the ratio of the two being somewhere between 2 and 4.
By taking this ratio as 3.6, the factor & becomes a constant
common to both oxygen and nitrogen. With this ratio taken
as 3.6, for example, and the C values for oxygen and nitrogen
as 3.5 X 10 and 1.24 X 10%, respectively, the value of E is
0.10 common to both gases.

Instead of solving Eqgs. (17-19), it is now possible to obtain
an approximate solution to this problem for solving Egs. (18)
and (19) and the reduced concentration equation, Eq. (33).
The density ratio p»/p in the momentum equation (19), how-
ever, requires the knowledge of both the temperature and the
atom concentration. Since the atom concentration is affected
by the surface condition, the velocity profile is, in general,
dependent on the wall condition. This dependence is, how-
ever, very weak, because of the small magnitude of the density
term in the momentum equation (19) which is at most 1 com-
pared with the unit value of f in the same brackets. Since
the dependence of atom concentration on the f profile is only
to the first order, error in the density ratio does not affect the
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final concentration profile very much. For this reason, the
density ratio is approximated by

pw/p = (pw/Pe) (Pe/.ﬂ) = %(08]” + 02) (35)

i.e., the density ratio across the shock is approximately equal
to 8, which corresponds to the specific heat ratio of £, and the
density at the wall is approximately equal to five times that at
the edge.

Solving the reduced equation (33) and the momentum
equation (19) with the simplification of Eq. (85) is straight-
forward. The integration is started from the wall with
arbitrarily chosen values of B, e, f.”, 6., and 8," and is ter-
minated where f' = 1. From the values of f and @ at this
terminated point, the corresponding value of E(1 — «./B8)/(1
+ «.) is determined by using Eq. (34). The present method
thus has the advantage that, for each arbitrarily chosen set of
initial values, a useful result is obtained after one integration.

The wall value of atom concentration «, is determined from
relations (3) and (20) as

= (4:5 + 0.5a.) X
8, — B + [/ (4.5 + 0.50)] = (62'/§un”)
fe(kW/ve)(ﬂw/l-‘ﬁ)(o'/gwo,) +1

where g’ is the value of ¢." corresponding to the boundary
condition g, = 0. TFor the case of undissociated freestream
flow over a noncatalytic wall, (36) gives

awn = (4.5 + 0.5a.)[0. — B — (0.'/gw’)] + a.
= 4500, — ;) (37)

in which 0 is a fictitious frozen temperature (dimensionless)
at the shock-layer edge, which is attained by the gas at the
edge of shock layer.in the absence of chemical reaction:

8y = B + (0.'/guw") -~ (37a)
In terms of aw., Eq. (36) can be written as
= (14} a)l(ewm+ a)/ L+ D] (39)
where T is the catalyticity factor
T = follw/ve) (1ao/ 1) (0/Gun") (39)
Equation (33) can be integrated formally as

(36)

6 = j;eXp(~affdn)f(]exp(affdn) Kdndn + 6, +
0,' fo exp(—d f fdn) dn
- ﬁexp(——uffdn)ﬁ)exp(affdn) Kdndy + 6,
8o that
g = 4.5 fo ™ exp(—-a f fdn) ﬁ) exp(a' f fdn) Kdndn

(40)

The quantity K in the integrand still contains 8 and hence
cannot be evaluated. Equation (40), however, enables one
to estimate the effect of wall temperature on a,.. K takes
the maximum value at the edge of shock layer and decreases
very rapidly toward the wall, and therefore the integral (40) is
determined mainly by the value of K at and near the shock
wave. The possible range of variation of wall temperature
for a cooled wall is 0 < 6, < 0.03, or of the order % of the
edge temperature 8., and has little effect on the variation of
near the shock wave. (Note also that, within the present
approximation, f is uniquely determined once the edge con-
dition is specified.) To the accuracy intended here, therefore,
the wall concentration for the case of undissociated free-
stream flow over a noncatalytic wall a,. is independent of
wall temperature 6., i.e.,

aawn/aew = 0 (41)
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Table 1 Comparison of exact and approximate solutions
Case— 1 2 3 4 5 6
Exact solution by— Chung Chung Chung Park Park Park
6, = T./T- 0.227 0.227 0.227 0.180 0.198 0.0993
fo = [3Rulpe/pe)]V/? 8.3 5.5 2.3 7.8 4.0 13.0
E(l — a./8)/(1 + «.) 0.11 0.11 0.11 0.0229 0.1 0.025
e 9 9 9 11.25 11.25 27
kw/ve 0 0 0 0.0237 0.0237 0.0237
Ay = @, 0 0 0 0.2 0 0
oy, exact 0.63 0.51 0.16 0.412 0.203 0.0530
Quny APPTOX. 0.60 0.49 0.24° 0.473 0.198 0.069
ayy APProx. 0.60 0.49 0.24* 0.429 0.189 0.0560
Cun/ 0.84 0.67 0.20 0.72° 0.51% 0.32"6
A/Ry 0.059° 0.063° 0.065° 0.067 0.065 0.078

% This case lies out of applicable range of Eq. (42a).
b Inviscid equilibrium dissociation level ag taken at the edge of shock layer.
¢ Definition of A/Rw by Chung?is Rw/R, times that of the present work,

for a cooled wall. Equation (40) also shows that the variation
of n in the “inner region” does not affect the wall concentra-
tion very much and therefore that the assumption of Eq. (25)
which applies mainly to the “outer region” can be used
throughout the whole shock layer.

Results and Discussion

The exact solutions of the Eqs. (17-21) are obtained
numerically for three typical cases by an iterative method
similar to that described in Ref. 2 for finite wall catalyticities.
The results are summarized in Table 1, and one result is com-
pared with the approximate solution in Fig. 2. It is seen
from these solutions that, despite the relatively large wall
catalyticity values assumed (k./v. = 0.0237 corresponds ap-
proximately to &, = 50 fps for nitrogen flow), the decrease in
wall concentration due to recombination at the surface is not
great. Thisis a result of small T value [see Eq. (39)]. For the
wall catalyticity &, of the order of 10 fps, Eqgs. (38) and (39)
show that the wall concentration is reduced only by the order
of 10%.

The reduced equations, Eqs. (18, 19, 33, and 35), are
solved numerically using the Ferranti Mercury digital com-
puter for the following range of conditions:

0.08 < 6, < 0.5
2<f.<15

1 - (ae//ﬁ)
14+ a

e = 11.25 (value for nitrogen in air) and

£ = 0.025, 0.05, and 0.1

= 27 (value for oxygen in air)
6, = 0.02

The total of 60 solutions was obtained for ¢ = 11.25 and 30
solutions for e = 27, through interpolation from 200 basic
solutions that gave random values of E(1 — «./8)/(1 + o).

The value hereis obtained by straight extrapolation of Eq. (42a).

It was found from these solutions that all the results are corre-
lated by the formulas

Ajzlog.0, + Aqslog.f. + As\?
. = <13_gA1 1;;0:_ A]; 1:;;'efe5> 3<f. <15
(42a)
log.fo" = —0.645 — 0.479(log.f.) + 0.00785(log.fe)* +
0.00829(log.f.)* (42b)

log.g.' = 0.237(log.f. — 0.637)'/2 — 0.879 (42¢)

The constants A; to 45 are the functions of E(1 — a./8)/(1 +
a.) and e and are given in Table 2, along with the associated
errors in approximating by Eq. (42a). Twenty solutions
corresponding to the case ¢ = 11.25 and E(1 — «./8)/(1 +
«.) = 0.1 are shown in Fig. 3 and are compared with the
approximate formula, Eq. (42a). Shown also in the figure
is the variation of f,” and g.o” as functions of f,, which are
determined by the simplified method of solution. As seen
from Fig. 3, the correlation formula (42a) agrees approxi-
mately with the computed solutions (within £2.59%, in this
case) within the range 3 < f, < 15.

The result of the solution of the simplified concentration
equation, Egs. (42a-42¢), can be used to calculate the stagna-
tion-point wall atom concentration and heat-transfer rate for
a general case of arbitrary freestream and wall conditions.
The procedure for such a calculation is as follows.

Procedure for Calculating the Stagnation-Point
Wall Atom Concentration

1) Obtain the following information: wvelocity, density,
and predissociation level in the freestream, dilution fraction 8,
dissociative reaction rate constant C, nose radius, and wall
catalyticity. For air, use the value of 8 given in the Nomen-
clature. Wall temperature is immaterial because of relation
(41).

2) Determine the condition at the edge of the shock layer,
i.e., just behind the normal shock wave, using the Rankine-

Table 2 Coustants in Eq. (42a)

Error in
Eq. (42a) +9,
e E Al Az As A4 A.a max
11.25 0.1 —-0.0312 0.632 —-0.110 0.299 1.213 2.5
11.25 0.05 0.0251 0.625 —0.132 0.315 1.158 2.5
11.25 0.025 0.0514 0.619 —0.0154 0.329 1.007 2.5
27 0.1 0.0538 0.537 —0.224 0.275 0.989 5.0
279 0.05 —0.0810 0.525 —0.241 0.285 0.931 5.0
277 0.025 0.0036 0.515 —0.265 0.295 0.897 5.0

@ Applicable range of Eq. (42a) for this case, auw. < 0.2.
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Fig. 2 Typical variation of properties in viscous hyper-
sonic shock layer; 6, = 0.180, f, = 7.80, ky/ve = 0.0237, ¢ =
11.25, EQL — a¢/B)/(1 + ag) = 0.0229.

Hugoniot relation with an appropriate specific heat ratio or,
for nitrogen dissociation in air with already fully dissociated
oxygen behind the shock wave, by solving the caloric and
state equations simultaneously.

3) Caleulate .=T,/T.,f.by Eq. (21), eby (30), E by (34a)
or, if the gas under consideration is either nitrogen or oxygen,
by (34b) or (34c).

4) From Eq. (42a), determine the corresponding value of
Qun. When E(1 — a./B)/(1 4+ «.) and ¢ are not the values
presented in Table 2, use logarithmic interpolation. (Because
of the exponential nature of the problem, logarithmic inter-
polation is preferable to the straight interpolation.)

5) Calculate the inviseid equilibrium dissoeiation level in
the stagnation region. Either the value just behind the
shock or that at the stagnation point (inviscid flow value) can
be used, because they are closely equal to each other.

6) Compare a,. with the inviscid equilibrium value. If
awn 18 appreciably smaller than the inviscid value (@w, <
0.8az), the approximate equation (42a) is valid. Proceed to
determine ., by Eq. (38) and the heat-transfer rate using Eq.
(42¢). If it is not so, the approximate method cannot be
used.

The preceding approximate method was tried for the sample
cases chosen for exact solution, and the results are presented
in Fig. 2 and Table 1. As seen from the table, the approxi-
mate method agrees within #109, when the maximum con-
centration reached is less than 859, of the inviscid equi-
librium value. Such a good agreement supports the use of the
simplification and assumptions adopted in the derivation of
the reduced concentration equation (33).

The reduced concentration equation (33), along with the
accompanying equations (34, 37-39, and 41), clearly shows
the role of each arbitrary parameter in the determination of
wall concentration: the edge temperature . and the con-
stant f. that is connected to the Reynolds number by Eq. (23)
are the main variables for which a “‘similar”’ solution is to be
found; the predissociation contributes to decreasing the
effective reaction rate and also adds to the wall concentration
as shown by Eq. (38), as well as playing a minor role in the
“similar” solution through e; the wall catalyticity reduces the
wall atom concentration in exactly the same way as in the
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Fig. 3 Typical plot of solutions of approximate concen-
tration equation, Eq. (33); e = 11.25, EQ — «./B8)/(1 +
ae) = 0.1. Circles denote the computed points, number
below each circle denoting the oy, value in percent. True
lines denote the constant oy, points as determined by

Eq. (42a).

frozen flow: and wall temperature does not effect the wall
concentration,
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