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Nonequilibrium, Ionized, Hypersonic Flow over a

Blunt Body at Low Reynolds Number

Sang-Wooxr Kang*
Cornell Aeronautical Laboratory, Inc., Buffalo, N. Y.

Ionized nonequilibrium flow in the forebody region (downstream as well as the stagnation)
of a catalytic blunt body is theoretically analyzed in the incipient merged-layer regime using
the thin shock-layer assumption. The species conservation equations for seven species and
six chemical reactions are considered; they are decoupled from the momentum and the
energy equations. Nonsimilar solutions are obtained by application of an integral methed

approach for various degrees of rarefaction.

The resulis show sizable effects of wall cooling

and species diffusion on the dissociation and the ionization levels, demonstrating in the pro-
cess that the inviscid flow analysis overpredicts the eleciron-density level by as much as two
orders of magnitude in the stagnation region and by three orders of magnitude in the down-
stream region of a catalytic blunt body. In addition, the results suggest that the binary
scaling principle may be applied to the case of an ionized merged-layer flow over a blunt body

at high altitudes.

Nomenclature

body nose radius, cm

mass fraction of 7th species, gm;/gm of mixture

specific heat at constant pressure of ith species, cal/g; —
°K

Qaqs
[

ko]
&,

D; = binary diffusion coefficient of 7th species, cm?/sec

E; = surface-concentration gradient parameter of 7th species,
= (0C;/oF )

F = transformed normal coordinate, Eq. (12)

f = dimensionless stream function

G = parameter for shock standoff distance, Eq. (12)

H = total enthalpy, A + (u? 4+ 92)/2, cal/gm or atm-cm®/g

h: = static enthalpy of ¢th species, h? + C,dT, cal/g;

h® = heat of formation of ith species, cal/g;
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h = static enthalpy, =,Cih;, cal/g of mixture

J = unity for axisymmetric flow and zero for planar flow

kr; = forward reaction rate for the jth reaction, cm3/mole;-sec

ky; = backward reaction rate for the jth reaction, cm?®/mole;-
sec, or cm®/mole;2-sec

K? = rarefaction parameter, e(poUa/gx)

Le; = Lewis number of ¢th species, Pr/Se;

m; = molecular weight of ith species, g;/g mole;

n; = mole fraction of sth species, C;/m;, mole;/g of mixture

No = Avogadro’s number, 6.025 X 1023 particles/mole

p = pressure, atm

Pr = Prandtl number

® = universal gas constant, 82.06 atm-cm?/gm mole — °K

r = distance from the axis to the body surface, ecm

Se: = Schmidt number of 7th species

T = temperature, °K

U = dimensionless streamwise velocity, u/(Uz)

U, = freestream velocity, cm/sec

u,w = velocities in physical coordinates (Fig. 1)

z,y = physical coordinates (Fig. 1)

z = r/a

8 = shock angle

v = specific heat ratio

A = shock standoff distance, cm

e = (v —1)/@2v)

6 = total-enthalpy ratio, (H — Hs)/(H., — Hs)
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viscosity, gm/cm-sec

n =
¢ = dimensionless streamwise distance, z/a

p - = density, gm/cm3

o, = electron number density, particles/em?

7 = temperature parameter, Eq. (19)

7% = energy of formation of jth species, k;°m;/®, °K

Y = stream function

Q; = species-concentration integral of ith species, e.g., Eq. (21)
w: = production rate of 7th species, jm;/cm3-sec

Subscripts

b = body surface

7 = th species

o = freestream condition

I. Introduction

NALYSIS of the flow about a blunt body at hypersonic
speeds has received much attention in recent years be-
cause of its relevance to the design of the heat-protection
system, to understanding the communications blackout
problem, and to predicting aerodynamic forces. At the
higher altitudes the blunt-body flow is complicated by the
combined presence of chemical nonequilibrium (including
ionization) phenomena and rarefaction effects that can result
in a fully viscous shock layer. Although these phenomena
have been analyzed separately, they have not been treated
simultaneously for the entire flowfield. It is the purpose of
the present analysis to investigate theoretically the ionized
nonequilibrium flow of a multispecies air in the fully viscous
merged-layer regime. An integral method approach is
applied to the forebody region (downstream as well as stag-
nation) of a blunt body under the assumption that the species
conservation equations are uncoupled from the fluid dynamic
conservation equations.

A brief review of previous analyses as well as a short out-
line of the present approach will be given in this section, while
the method of solution and the discussion of the results ob-
tained from the present analysis will be included in Secs.
IT and 111, respectively.

In analyzing the chemical nonequilibrium nature of the
flow, studies were based on the inviscid flow model®? in gain-
ing a first-order insight into actual problems. However, this
approximation is applicable only at lower altitudes where the
viscous effects are confined to a very thin layer near the
body surface. Since an inviscid model does not allow for any
energy transfer to the body, the analysis tends to overpredict
the electron density for a given flight condition, resulting in
an upper-bound estimate of the ionization levels. Analysis
of the nonequilibrium flow in the thin boundary layer has
been performed, for example, for slender bodies.* The
electron-density levels are generally lower than the maximum
level obtained from an inviscid flow model. Again the
boundary-layer approximation is valid at lower altitudes
only and is not applicable at high altitudes, where the layer
surrounding the body is a fully viscous shock layer.4

In regard to the effects of rarefaction on the chemically
reacting flow, studies’® have been made for a binary gas in
the stagnation region of a blunt body. Because a binary gas
is considered, only one equation for the atom species needs
to be solved. The analysis is further simplified in the stag-
nation region in that ordinary differential equations result
there, that is, the independent variable of importance is the
coordinate normal to the body surface. The results thus
obtained show the influence of rarefaction on the flow to be
appreciable, especially on the concentration level of the
atoms. In particular, the atom concentration level decreases
with increasing rarefaction. Additionally, Cheng’s work®
demonstrated the large influences of diffusion and wall tem-
perature on the atom concentration levels in the viscous shock
layer. Subsequently, results were obtained for ionized air
in the stagnation region at high altitudes,”® and comparison
of the results with an inviseid analysis indicates that the
rarefaction reduces the electron concentration level by as
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much as a factor of 100 in the stagnation region. One major
result obtained by these analyses is that the binary scaling
principle may be applied for an ionized flow in the stagnation
region of a blunt body at high altitudes because of the domi-
nant two-body collision processes. This is an important re-
sult, since for the same freestream velocity it enables pre-
diction of results at different altitudes and different body-nose
radii in terms of the results obtained at a given altitude and
nose radii, as long as p,a@ = constant, where p, denotes the
ambient density and o the body-nose radius. It is an addi-
tional purpose of the present analysis (which considers the
entire forebody region of a blunt body) to determine whether
the binary scaling principle may also be reasonably applied
in the downstream region at high altitudes.

In the present formulation, an axisymmetric {(or two-
dimensional) ionized flow over a blunt body with a catalytic
surface is considered. The flow will be in the incipient
merged-layer regime in which the Navier-Stokes equations
may be used, 4% and the normal momentum and the stream-
wise momentum equations are simplified by assuming a very
thin shock layer compared with the body radius. In addi-
tion, the body is taken to be spherical so that the radius of
curvature ¢ is a constant. The streamwise velocity com-
ponent as well as the temperature jump effects at the body
surface are assumed to be zero, implying a no-slip condition
which is reasonable for & cold wall® case. The nonequilibrium
ionized nature of the flow is described by the species con-
servation equations for a seven-species air undergoing six
reactions.

II. Formulation of Analysis

A. Assumptions

In order to simplify the analysis while retaining the essen-
tial features of the physical flow, the following assumptions
are introduced: 1) a thin shock layer, 2) two-layer model of
Cheng,’ 3) constant Prandtl and Schmidt numbers, 4) binary
diffusion due to concentration gradient only, 5) negligible
changes in the flow properties due to the chemical reactions
in the flowfield, 6) negligible nonequilibrium effects due to
electronic and vibrational relaxation, and 7) ambipolar diffu-
sion for the electrons and ions. These assumptions have
been made in part or wholly in the previous analyses and the
rationale for these assumptions may be found in Refs. 4, 6,
7, 9, and 10. However, justifications for some of these as-
sumptions will be reiterated in appropriate sections in the
present analysis. :

B. Basic Equations

With the preceding assumptions the governing equations for
the viscous, ionized shock layer in the incipient merged-layer
regime become® %1 (see Fig. 1 for a description of the flow-
field):

0/0x(puri) + 0/dy(pvri) = 0 )
pudu/dzx + prdu/dy = (0/0y)(udu/dy) 2)
pu/a = dp/dy 3)

OH _ oH b{p. d

u2
puax—i-pvby—a/'ﬁ.'a;yl:H—i—(PT—l)g]}'*‘

by{Pr (Le — 1) Z hi Oy} (4)

dC; oC; D o0,
A R TG AT
p = p(RTZC,-/mi (6)

These equations express the conservation of mass, mo-
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mentum, energy, and chemical species, respectively, along
with an equation of state. The seven species considered are:
O, N,, O, N, NO, NO+*, e~. With the two-layer model
of Cheng,® these equations are applied to the viscous shock
layer allowing for the diffusion of the species into the shock-
transition zone by using the modified Rankine-Hugoniot
conditions. Analysis of the entire flowfield performed in
Ref. 10 reinforces the applicability of the two-layer model, and
only the viscous shock layer will be considered in the present

analysis. The boundary conditions for a fully catalytic solid
wall are®
aty = 0,
w=0=09 H= H(),p = p)
C; = 0, (N,O,NO,NO+.e™) (7)
= Ci(), (O, N2)
aty = A(z),

u = Uy cos — (U/polis sinf)-du/dy
P =2 p,U? sin?3
H = Ho — (4/Prp-Us sinB)- (9/9y) X )
{H + [(Pr — 1)/2]u?}
Ci = —(p/ScipUs sinf) -0C:/0y

The molecular concentrations can be expressed in terms of the
other species by locally conserving the elemental composition,
yielding
Cou(y) = Cou(®) — Coly) — (mo/mxo)Cxo(y)
9)
Crxe(y) = Cxo(®) — Cn(y) — (mn/mno)Cro(y),

where Cx,(®) = 0.767 and Co,(«) = 0.233.
The total enthalpy H is expressed in terms of 7 and C;
such that

u? 4+ o2 T
H="— +;ci<h1°+ f, Cp,-dT> (10)

C. Chemical-Reaction Model
The chemical reactions considered simultaneously for air
dissociation and ionization are as follows:12:18

ky
O+ M + 512y 220 + M
kp

Ny 4+ M 4 9.76v 2 2N + M
NO+M+649=N+04+ M (11)

NO+0+1377" =0, + N

Ny + 0O 4 3827er 2 NO + N

N + O + 276 @ NO* + e~

For the forward and the backward reaction rates, k; and
ks, and the various species production rates (w;), those sug-
gested by Wray!? have been used except for the last reaction,
for which the rate obtained by Dunn and Lordil* was used.
These rates are shown in Table 1. A discussion of the
chemical reaction processes is given in Appendix A.

D. Method of Analysis

In solving the Eqs. (1-6) with the boundary conditions and
the chemical reactions described in the previous section, the
following transformation is made:*!

1 yidy

_fA(z) P dy (12)
GJo p, a’

Zz
E:g,F
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Fig. 1 Co-ordinate system.

In addition a stream function ¢ is introduced such that
oY/ox = —(1 + j)(mr)ipr and 0Y/Qy = (1 + j)(wr)ipu,
which satisfies the continuity equation (1). A dimensionless
stream function f(£F) is now obtained by putting ¢ =
1 4 ) puUar(mr)if, which yields the relationship of/0F =
UG, where U = u/(U?). Here z = r/a and is taken to be
equal to cosB, consistent with the thin shock-layer approxi-
mation.®

Transformation of Eqs. (2-5) yields, after some rearrange-

ment
o _ N _ dz . 0%
NG K2G[d$ <DF> (7 )dg or T
of 1 of of o
2G< ) as<G aF) o aFJ (13)
Op/OF = (puU.2%/G)(0f OF) (14)
(2R _oroey o
(1 tb)(apag D$DF> tegort—9 -
. 1— 1 0%
(1 +.7>(1 tb)d_gfﬁ = PriG aFZ +
Pr—1 2 of o
Pr K aF(aF aF> (15)
and
of 9C:  of oC: oC;
(ﬁi_iﬁ> L+ 7ds oF ~
12 | a6 w,

SeKG oF, T U. (16)

where Sc; = u/(pDs), 6y = Hy/Ho,© = (H — Hy)/(H.. — Hy)
and K? is the rarefaction parameter due to Cheng.®! The
term G corresponds to the shock layer thickness in the trans-
formed coordinate system.

The Eqs. (13-16) should be considered simultaneously with
appropriate boundary conditions. However, the previous re-
sults obtained, especially those by Chung, Holt, and Liu,*
indicate that for low Reynolds numbers the flowfield properties
such as the pressure, velocity, and enthalpy change very little
despite the presence of chemical reactions in the flow. Thus,
in the present study, the fluid dynamics equations, Egs.
(13-15), are decoupled from the species conservation equa-
tions in an effort to simplify the analysis without great loss
in accuracy. This assumption has also been made by Lee
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Table 1 Reaction rates for chemical processes

Catalyst
Reaction M Equilibrium constant (K. = ky/ks) Rate constant expression
ki N,NO: ks, = (3.6)(10%)7~1 exp(—59,500/T) S
0:+M=2 +M Ne: kr = 2ky, K, = (1.2)(10%)T % exp(—59,500/T')
_ kpy Os: ky = 9k; T(°K), K. (moles/cm?)
(5.1 ev) 0: ky = 25 ky,
ko 0,0,NO: &y, = (1.9)(107)T 05 exp(— 113,000/T")
N; + M = 2N + M Na: by = 247k, K, = 18 exp(—113,000/T")
(9.8 ev) N: ky = (2.15)09)T %y, K. (moles/cm3)
NO+MaN+O+M  O,Ni ks, = (3.9)(10%)T—15 exp(—75,500/T) K. = 4 exp(—175,500/T)
(6.5 ev) NO,O,N: ky = 20 ky, ' K. (moles/cm?)
NO+0=0:+ N ky, = (3.2)(10%)T exp(—19,700/T") K, = 0.24 exp(~16,120/T)
(1.4 ev)
N, + 0=NO + N ks, = (7)(10%) exp(—38,000/T) K, = 4.5 exp(—38,000/T")
(3.3 ev)
N + O =2 NO* + e~ Ky, = (1.94)(10%2) exp(~31,900/T) K. = (3.6)(10~1)T15 exp(—31,900/7)
(2.8 ev)

and Zierten’ in their analysis of the stagnation region and
meaningful results were obtained for the species distribu-
tions. Thus, these flow properties are considered to be known
quantities in solving for the species concentrations. In the
present study, the flow conditions in the downstream region
of a blunt body are required, and the flow properties previ-
ously obtained by Kang!! will be used; in particular, the
distributions of the streamwise velocity (U), the pressure
(p), and the total enthalpy () obtained in the stagnation as
well as in the downstream regions in Ref. 11 will be used as
inputs to the species-conservation equations. The static
temperature (7, on the other hand, is sensitive to the chemi-
cal reactions present in the viscous shock layer, and must be
considered as a part of the present problem. It may be ex-
pressed as, putting H., ~ U,?/2

T(EF) = Hor(8F)/Cp(E,F) (17)
where
Cp== ZC,CM-, (7 = N,0,NO,0.,N,; NO*,e™) (18)
r=t+ (1 - )0 — 2U2 —
((R/Hm)zciTio/mi; (.7 = NIO:NO;N0+:6~) (19)
J
and

7" = hi'm;/ &

The density term also changes with the chemical reactions
present in the flowfield and may be expressed from the equa-
tion of state,

p= p/((RTZCi/mi)

Thus the problem now is to simultaneously solve the
species-conservation Eq. (16) for O, N, NO, and NO+. The
concentration levels for the molecules O, and N, are then
obtained from Eq. (9) and the electron-density level may be

obtained from the relationship n.. = %inot, or Co = (M)
(Cno+/mno+), which yields in particles per em?,
0o = NopCo /Mo, (20)

where Nj is the Avogadro’s number.

In analyzing the present problem, the Kdrmén-Pohlhausen
integral method approach has been used in order to obtain
solutions because of the advantages of the method over the
more complex exact method (which requires in most cases
solution of the “two-point” boundary-value problem, or the
use of an expansion scheme). These advantages are the ease
of application and the relatively small computation time.
In addition, the integral method has been shown to be ap-

plicable to the case of nonequilibrium flow,'® and to the case
of merged-layer flow.11:® Thus, integrating the species-
conservation Eqgs. (16) from F = 0 to F' = 1, we obtain, after
a series of rearrangements for O, N, NO and NO+,

Qo _ ,(dz | Bo oG fluo
dE _Z<d£+ScoK2G Umfo o ) 2n

Ay _ (d  Bx_ _aG fruy
(%

T sxc- o Jo 7dF) (22)

divo _ ;(de  Ewo _‘ﬁflw
z(dE+ScNoK2G .o dr (23)

d
and
dno+ i d_z Exot a@ le0+
i ]<d$ Seno K2G ~ U Jo a) @
where
1
Q) = Gt +i f Ul ~C)dF and E;= oC:
0 oF J,

By substitution of the various species profiles C; (see Ap-
pendix B for details of derivation) and of the streamwise
velocity profile (U) previously obtained! in the definition of
Q;, we obtain expressions for these quantities in terms of four
unknown parameters Eo, En, Exo, and Exo+. Other terms
such as K2, &, G, etc., are specified as known quantities.
Since the species production term w; contains not only the
temperature term but other species terms as well (Co,Cx,Cro,
etc.), (see Appendix A), it is necessary to solve Eqgs. (21-24)
simultaneously. Thus the problem is to determine from
Eqgs. (21-24) the four unknown parameters E; (i = O,N,NO
and NO+) as functions of the streamwise distance £. The
term E; denotes the local concentration-gradient parameter
in the transformed coordinate system. Details of the de-
termination of these quantities for various values of the
rarefaction parameter K2 and the discussion of the results
obtained will be presented in the following section.

II1. Solutions and Discussion of Results
A. Integration Procedure

For given values of the rarefaction parameter, the surface
enthalpy ratio and the flow properties such as velocity,
pressure, and enthalpy, the Eqs. (21-24) were numerically
integrated along the streamwise distance to yield solutions in
terms of the unknown parameters En, Eo, Eno, and Exo+.
These parameters are then used to describe other flow quan-
tities of interest in the viscous hypersonic ionized flow, such
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Fig. 2 Distributions of the species-gradient parameter
along a blunt body (K? = 5).

as the various species profiles, the species distributions, and
the maximum electron-density values in the stagnation region
as well as in the downstream region.

In obtaining solutions, conditions were first calculated in
the stagnation region by specializing Eqs. (21-24) to that
region. These solutions were then used as initial conditions
in solving Eqs. (21-24) in the downstream direction. The
numerical-integration scheme adopted was the Adams-Molton
predictor-corrector method and the computation time for
integration along £ up to £ =2 0.9 for a single typical case was
about 1.5 min on the IBM 360 computer. Solutions were
obtained for K2 between 0.1 and 10, which is the approximate
range for the incipient merged-layer regime. Other flow
properties taken were £, = 0.05 (cold wall), U, = 23,000 fps,
Pr = 0.75, with the Schmidt number for the neutral species
taken to be 0.75 and the Schmidt number for the ions and
electrons taken to be 0.375. TFor a body nose radius a of 1
ft, K? = 10 corresponds to an altitude of about 290,000 it and
K? = 0.1 to a 390,000 ft altitude.® All the results obtained
display similar behavior, and only typical results are pre-
sented here. Detailed results are given in Ref. 17.

B. Results

Figure 2 shows the distributions of the parameter E for O,
N, NO and e~ along the streamwise distance from the stagna-
tion region of a blunt body for the case K* = 5. The term
E denotes the surface-gradient of the chemical species and
thus represents a measure of the flux of the species impinging
on the body surface. In conjunction with Fig. 3, which
shows the distributions of the maximum species concentra~
tions along the streamwise distance, these results demonstrate
that the levels of dissociation are greatest in the stagnation
region and gradually decrease in the downstream region.
Physically, this result is due to the fact that the temperature
is generally higher along the stagnation line than in the
downstream region and causes greater dissociation, as
shown in Fig. 4. As was pointed out in the analysis of the
stagnation region in Ref. 7, the levels of the species con-
centrations are lower than the inviscid case by about an order
of magnitude. This is primarily due to the diffusion of the
species to the catalytic wall and to the shock-transition zone
and also due to the wall cooling extending all the way to the
shock wave, thus reducing the temperature in the viscous
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Fig. 3 Maximum species concenirations over a blunt

body (K? = 5).

shock layer. The present results confirm this trend in the
stagnation region and further indicate that these same in-
fluences exist in the downstream region as well. The tempera-
ture profiles in Fig. 4 show also that the temperature gradients
at the body surface decrease in the streamwise direction,
indicating the lowering of the heat-transfer rate to the body,
consistent with the previous results obtained for the thin
boundary-layer flow19 and for the merged-layer flow along
a blunt body.!*

The variations in the maximum values of the dissociation
products (O,N,NO,NO™* and e~) with the rarefaction are
shown for the stagnation region in Fig. 5. They demonstrate
sizable reductions with increasing rarefaction, with the elec-
tron level displaying the greatest sensitivity to rarefaction.
This is due to the lowered temperatures in the merged layer
and the resultant low concentration levels for the oxygen and
the nitrogen atoms, as well as to the lowered ionization
rate. For K? below 2.0, the dissociation levels are very
small and thus the flow may be considered to be frozen.
Based on the results shown in Fig. 5, the maximum electron
density levels are obtained for various values of the rarefaction
parameter by use of Eq. (20). They are shown in Fig. 6 for
the case of an Apollo body whose nose radius is 474 em.
For this case K* = 10 corresponds to an altitude of about
340,000 ft, K2 = 5 to 360,000 ft, and K? = 1 to about 390,000
ft. It may be seen from the figure that for K? = 10 the
maximum electron density level in the stagnation region is

15,000
14,000

12,000

10,000
T(°K}
8000
6000
a0 -F £=X/a
A\ :VISCOUS SHOCK-LAYER THICKNESS
2000 a :BODY NOSE RADIUS {=474 CM)
T = 23,000 FT/SEC
0 1 1 1. f ! i 1 i i J
0 62 04 08 08 10

y/A

Fig. 4 Distributions of temperature profiles along a
blunt body (K2 = 5).
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Fig. 5 Maximum species concentrations for various rare-
faction in the stagnation region.

2(10%) particles/cm?, decreasing in the downstream direction
to 3(10%) particles/em?® at £ ~ 0.7, a reduction by about an
order of magnitude. At higher altitudes, that is, as K2 de-
creases, the electron-density levels are sharply reduced, so that
for K? = 1 they are 4.7(10%) particles/cm?® in the stagnation
region and only 9 particles/cm?® at £ ~ 0.7, indicating that
practically no ionization exists at this altitude. Coupled
with the negligible levels of the dissociation products (O,N,
NO) at this condition, these results demonstrate the sizable
influence of rarefaction on the chemistry of the flow in the
viscous shock layer.

In assessing the accuracy of the present results, comparison
should be made with more exact analyses. No exact analysis,
however, appears to exist which treats the present problem
of a merged-layer ionization in the entire forebody region of
a blunt body. However, analysis for the special case of the
ionization in the stagnation region has been made by Lee and
Zierten” and comparisons will be made with their results in

1010 -
1% 4108
N " ]
s F--. 3
L ~
& SN KZ=1
3 B ~ -1
o ~
[ N 2
10tk N 410
< - N s
a o AN —
e N 3
x
< —
b"E 7
107k 107
C ]
L a :'BODY NOSE RADIUS { = 474 ¢cM) |
= —
RY:):] S TS N N TS SOV SN SN N B W S B B FT: U
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
£=xa

Fig. 6 Maximum electron-density levels over a blunt
body.
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the stagnation region. Figures 7 and 8 show the comparisons
for the maximum levels of the neutral species and of the elec-
tron number density. Lee and Zierten? considered the case
of @ = 0.675in. and U, = 23,000 fps at 227,000 ft altitude,
which corresponds to the rarefaction value of K2 ~ 12.
Their results are compared with the present results in Figs. 7
and 8 in terms of the maximum levels of the dissociation
products (O,N,NO and e~). Good agreement is noted be-
tween the two results, especially for the maximum electron
density level, which is at approximately 3(10') particles/
cem® in the stagnation region. Similarly favorable com-
parison has been made for the 215,000 ft altitude case. As
pointed out in Ref. 7, the inviscid results are greater than the
present values by a factor of 100 in the stagnation region.
The calculations performed for this case based on an inviscid
flow model! indicate that the overpredication of the ioniza-
tion levels are even greater in the downstream region. For
example, the inviscid results showed that the maximum
electron-density level is reduced at £ ~ 0.7 by a factor of
about 2 from the stagnation value, while the present results
for the merged-layer case (Fig. 8) show a reduction of an
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order of magnitude from the stagnation value. Thus, it is
found that the prediction by the inviscid analysis is in greater
error by as much as three orders of magnitude in the down-
stream region.

Another interesting result obtained in Ref. 7 was the ap-
plicability of the binary scaling principle to the merged-layer
case in the stagnation region because of the negligible re-
combination in the flow. The results obtained from the
present analysis also show this applicability in the stagnation
region as well as in the downstream region.!! Practically
the same results were obtained when the present analysis was
applied to the two cases involving different altitudes (p.) and
nose radil (a) that varied by two orders of magnitude with
the same values of p.o and the freestream velocity, thus sup-
porting the applicability of the binary scaling principle to
the ionized merged-layer flow cases.

IV. Concluding Remarks

The ionized nonequilibrium flow of a multicomponent air
has been analyzed for the rarefied merged shock layer sur-
rounding a blunt body. Solutions were obtained for a cata-
lytic wall for various degrees of rarefaction in the downstream
region as well as in the stagnation region by decoupling the
species conservation equations from the other fluid dynamic
equations and applying an integral method approach. The
results indicate sizable influences of the wall cooling and
species diffusion on the levels of the dissociation products in
the viscous shock layer. It is found that increased rare-
faction brings about reduction in these levels, especially on
the electron-density levels, not only in the stagnation region
but also in the downstream region of a blunt body. Com-
parison of the present results with another analysis is possible
in the stagnation region, and reasonable agreement is ob-
tained. Another result is that the binary scaling principle
may be applied for the case of an ionized nonequilibrium
flow in the merged layer of a blunt body due primarily to
the dissociation-dominated nature of the chemical reaction at
high altitudes. Finally, it is found that the inviseid analysis
is found to overpredict the ionization level by as much as
two orders of magnitude in the stagnation region, and three
orders of magnitude in the downstream region, demonstrating
significant viscous effects in the merged-layer flow cases on
the electron-density levels.

Appendix A: Chemical Reaction Process

The six chemical reactions for air dissociation and ioniza-
tion have been given in Eq. (11). The various reaction rates
are tabulated in Table 1. The species production rates are

Oxygen (O):

wo = Mo+ p* (S + 83 — Sy — 85) (A1)
Nitrogen (N):

wx = mx-p* B2 + 83 4+ 8 + S5) (A2)
Nitrie Oxide (NO):

Wyo = Mno-p2-(—S: — Sy + 85) (A3)
NO* ion:

wWro+ = Mo+ - p*-Se (A4)

where

S = 2(ksno, — pkuno?): (nx + 25no + nxo +
2nx, + oy
2(ksmn, — pksnx?) - (Mxo + no + no, +
2.15 X 105/T -nx + 2.47nx,)

Ss

i

Sz = (ksnno — pkeinno) -

[’VLNZ -+ QO(nN + no + nNO) -+ nOz]
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Ss = kymonno — keiinNos, S5 = kinonn, — kentinnino

Se = kfanno - kbsn2N0+ and n; = Ci/mi

Appendix B: Species-Concentration Profiles

For the profiles of the chemical species concentration in
the transformed coordinate system, third-degree polynomial
forms are assumed. The boundary conditions used are a
fully catalytic wall to all dissociation produects, the species-
conservation equation specialized to the solid body surface,
and the modified Rankine-Hugoniot condition. They are, for
7 = O,N,NO and NO+ (or e7):

2,
atF =0, C;=0, <ac,> =0
b

OF?
(B1)

1 oo (25
a,t]( = 1, (Jze+ Q4z (aF)s = 0

where Q4 = (K2GSc;-dz/d§) ! and the Schmidt number for
O,N and NO is taken to be 0.75 and 0.375 for NO*. Com-
bination of Eq. (B.1) with the Ci-profiles yields

CiF) = Ei-(F — Nyol'®), (t = O,N,NO) (B2)
and
Cu(F) = Ex-(F — Nyol'®), (k = NO+e™) (B3)

where E1 = (OC,/OF)b, N200 = (1 + Q4)/(1 + 3Q4), sz =
1+ 209/ + 6Qy), and Qs = 4/(3K*Gdz/d§). Details of
the formulation utilizing these profiles are discussed in Sec-
tion I[-D in the text.
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An Experimental Investigation of the Compressible

Turbulent Boundary Layer with a Favorable Pressure Gradient
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U. S. Naval Ordnance Laboratory, Whate Oak, Silver Spring, Md.

This paper describes the results of a detailed experimental investigation of a two-dimensional
turbulent boundary layer in a favorable pressure gradient where the freestream Mach number
varied from 3.8 to 4.6; the ratio of wall to adiabatic wall temperature remained constant at a
value of 0.82. Detailed profile measurements were made with pressure and temperature
probes; skin friction was measured directly with a shear balance. The velocity and tempera-
ture profile results are compared with zero pressure gradient and incompressible results. The
skin-friction data are correlated with momentum-thickness Reynolds number and the pres-

sure gradient parameter 8 = (0/7.)(dP/dx).

The skin friction increases with decreasing (35

for a constant value of momentum-thickness Reynolds number.

Nomenclature
A = constant in Eq. (4)
B = constant in Eq. (4)
C; = skinriction coefficient
H, = incompressible shape factor
k= Karman’s constant
M = Mach number o
N = velocity profile exponent u/u, = (y/8)1¥
P = pressure
Res = momentum-thickness Reynolds number
T = temperature
T = (r, — w)/(TLe — Tw)
u = velocity
ur = shear velocity = (74/p0)"?
ut = w/us
xz = distance along plate
y = distance normal to flow
gyt = /v
8 = Clauser’s equilibrium parameter = (§*/7,)(dP/dzx)
Bs = pressure gradient parameter = (8/7,){dP/dz)
§ = boundary-layer thickness
p = density
§* = displacement thickness
¢ = momentum thickness
7 = shear stress
» = kinematic viscosity
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Subscripts

adiabatic wall
freestream conditions
supply conditions
wall eonditions

total conditions

aw

([T T

~g oo

Introduction

HE work presented herein is part of an experimental pro-

gram being carried out at the U. 8. Naval Ordnance
Laboratory (NOL) in which the turbulent boundary-layer
flow is studied systematically and in detail with conventional
pressure and temperature probes, and with a skin-friction
balance. The earlier studies at zero pressure gradient and
moderate heat-transfer rates were reported in Ref. 1. The
present paper describes the results of the study of the turbu-
lent boundary layer on the flat plate of the NOL Boundary-
Layer Channel? along which the freestream Mach number
varied from 3.8 to 4.6, and for moderate heat-transfer rates.
Typical velocity and temperature profile data are presented
along with skin-friction coeflicients measured with a friction
balance. The effect of the favorable pressure gradient on the
boundary-layer flow structure and friction drag is discussed,
and compared with supersonic zero pressure gradient and in-
compressible flow.

Nozzle Design

The main component of the NOL Boundary-Layer Channel
is the two-dimensional supersonic half-nozzle shown in Fig. 1.
One wall of the nozzle is a flat plate, 8 ft long and 12 in. wide.
The opposite wall is a flexible plate which may be adjusted to
give a prescribed Mach number distribution along the flat
plate. Because of the numerous pressure gradient models



