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Computation of lonization in Re-Entry Flowfields
JOHN S. EVANS,* CHARLES J. SCHEXNAYDER,* AND PAUL W. HUBER|

NASA Langley Research Center, Hampton, Va.

Techniques are described for the computation of electron concentration profiles in the
shock layer surrounding a blunt-nosed vehicle during entry into the atmosphere at near-
orbital entry speed and at altitudes where ion diffusion effects can be neglected. Emphasis
is laid on a careful treatment of finite rate chemistry and of the effects of boundary layer. A
streamtube approach is used to calculate gas composition in both the inviscid and viscous
parts of the shock layer. The effects of finite rate chemistry on streamline position and shock
shape are included. Also accounted for are the effects of boundary-layer displacement,
streamline swallowing, and vorticity interaction normal to flow direction. The major in-
fluence on the magnitude and shape of electron concentration profiles during re-entry is found
to be finite rate chemistry, although the boundary layer has an important influence on profile
shape at high altitude. Incomplete reaction systems are shown to be capable of causing large
errors in the profiles.

Nomenclature

Cp = normalized pressure coefficient, (p — pi)/(p% — pi)
Cp = specific heat at constant pressure of the mixture
djv = body nose diameter
Hi = enthalpy of the iih species
M = Mach number
NA — Avogadro constant
Ne = electron concentration
p = gas pressure
Qij = contribution of the jih reaction rate to the rate of change

of the iih species
R = universal gas constant
rs = distance from body axis to shock front
rb = distance from body axis to body surface
S = gas entropy
s = distance along streamline from shock front
T = gas temperature
Tr = 273.16°K
u = gas flow speed
x = distance along body axis from nose surface
y * = distance along perpendicular to body surface, measured

from body surface
ye = specific concentration of electrons
7i = specific concentration of the iih species
A = value of y at the shock front for a given value of x/dw
d = boundary-layer thickness as computed from classical

boundary-layer theory
5* = boundary-layer displacement thickness
5m = effective boundary-layer thickness for the merged profile
e = angle between axis and tangent to shock wave
V = 27?;
Gb = angle between axis and tangent to spherical nose
Bc = angle between axis and conical body surface
p = gas density

Subscripts and superscripts
b — body
c = cone
s = value at shock front
1 = freestream value
2 = value at shock front for stagnation streamline
' = transformed value of y (see Appendix B)

I. Introduction

IN order to quantitatively assess the radio attenuation
which occurs during spacecraft atmospheric entry it is

necessary to calculate accurately ionization profiles in the
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flowfield aft of the nose-flow region, since this is where an-
tennas are usually placed. In the case of slender sharp-
nosed bodies most of the ionization occurs within the highly
dissipative boundary-layer flow region which is generally
thin relative to the shock layer. Because these ionization
profiles are close to the body surface and contain strong ion
gradients, the effects of diffusion, surface recombination,
ablation, etc., are important considerations in computing the
ionization.1'2 However, for blunt-nosed bodies the shock
layer ionization is mainly produced in the strong shock in-
viscid nose-flow region and persists during expansion of the
flow around the shoulder and into the afterbody region. This
ionized layer may occupy a substantial fraction of the shock
layer for the first few nose diameters of flow length, and the
boundary layer is often nondissipative in this region. There-
fore, at low altitudes where the boundary layer is thin, it
plays no significant role in the ionization except for the case
of large ablation blowing, where the ablated material is
contaminated with easily ionizable impurities. At inter-
mediate altitudes, where the boundary-layer thickness be-
comes comparable with the high entropy ionized layer, the
effects of displacement and vorticity interaction have an in-
portant influence on the profile shape but not much effect on
the peak level of ionization. For these two altitude regimes
air chemical kinetics is the dominant influence on ionization
level, provided that the concentration of easily ionized
ablation impurities is sufficiently small. For still higher
altitudes (but before the boundary layer fills the shock
layer) the effects of ambipolar electron-ion diffusion and of
surface recombination produce large changes in both profile
shape and ionization level.3'4

In this paper techniques for computing ionization profiles
for blunt-nosed re-entry bodies are presented. Emphasis is
on careful consideration of the chemical kinetics and of the
effects of boundary-layer vorticity interaction. The compu-
tations are limited to orbital entry velocity and below, to the
case of no ionizable ablation impurities, and to the altitude
range below that at which diffusion effects are important.
The body considered herein is a 9° half-angle cone blunted
with a 30.5 cm diam spherical nose, and at zero angle of inci-
dence to the entry flight path. The major effects of radio
attenuation occur within these limitations on entry conditions
with the exception of attenuation of the lower frequency
signals (VHF) which starts at an altitude above the diffusion
limiting altitude (230,000 ft for dN = 30.5 cm).

The technique, which includes several machine programs
and one hand operation, is tailored for the computation of
detailed ionization profiles throughout the supersonic portion
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of the shock layer at many points along the entry trajectory.
Basically, the uncoupled streamtube approach is used, but
coupling is achieved, in effect, by iteration of the streamtube
and shock layer programs. A complete reaction system is
employed along the streamlines both in the inviscid flow
region and in the merged boundary-layer inviscid flow region,
but in the latter region the streamline locations and boundary
conditions are changed according to the dictates of the bound-
ary-layer solutions and the hand merging procedure. Al-
though the method used is not fundamentally different from
previous methods for blunt bodies with regard to use of the
streamtube technique,5 boundary-layer swallowing,3 and
boundary-layer merging,6 some of the innovations employed
lead to more precise specification of the ionization profiles.
The unique features include the use of finite rate nonequilib-
rium shock layer solutions for determination of shock shape,
for location of inviscid streamlines, and for specification of
edge conditions for boundary-layer swallowing and merging.
Also included are illustrations of the sensitivity of the profiles
to the chemical kinetic rates and to the use of incomplete
reaction systems.

II. Procedures and Typical Calculated Results

A. Definition of Inviscid Flowfield

Figure 1 shows the sphere-cone body and a typical stream-
line path in the surrounding flowfield. A number of methods
for finding the details of such a flowfield have been published
in the literature. In the subsonic region either the direct7

or the inverse8 approach is used, and the solution is continued
in the supersonic region by the method of characteristics.
In these methods the gas properties are usually assumed to be
either in complete ther mo chemical equilibrium or to have a
frozen composition. The computer time and professional
skill required to obtain a complete flowfield solution at one
flight speed and altitude is substantial. When finite rate
reactions are included9 the required effort goes up tremen-
dously.

The streamtube approach to finite rate flow property
determination avoids the complexity of the coupled approach
by utilizing the streamline paths and boundary conditions
along the streamlines as obtained from equilibrium or frozen
flowfield solutions. The error involved in the resulting
ionization profiles is usually small, except in the nose re-
gions. In the streamtube approach used herein streamline
positions are adjusted for the effects of finite rate chemistry
through a shock layer mass conservation program to be
discussed later.

Furthermore, the necessity to initially calculate an equilib-
rium or frozen flowfield for each of the many trajectory points
needed for the re-entry can also be avoided, with small error,
by utilizing normalized plots of existing solutions. The
normalizations which were used to construct inviscid stream-
line positions and pressure distributions are shown in Figs.
2 and 3. They were derived from a number of equilibrium
and frozen flowfield solutions.8-10 In the forms shown these
parameters are relatively independent of Mi, 6C, dN, and gas
properties in the hypersonic regime 15 > M\ > 30, in the

10.0 .———_____—___.————— 10(XO

Shock
Streamline

.01

Fig. 2 Normalized shock shape and body pressure for
equilibrium inviseid flow over a spherically blunted 9°

half-angle cone.

range of cone angles 6 < 6C < 15, and for the altitude range
70 X 103 < alt < 230 X 103 ft.{ Even though computations
were made only for a 9° half-angle blunt-cone-shaped body,
6C is larger than 9° at the higher altitudes where actual cone
angles are replaced by larger effective cone angles in order
to account for the displacement thickness of the boundary
layer.

For a given set of flight conditions pressure distributions
were constructed as follows: 1) the shock shape (e — 0& vs
x/dn and e/ec vs B^x/dN) and the body pressure distribution
(Cp vs x/d,N and p/pc vs O^x/dx) are found, where ec and pc
are sharp cone values based on Mi, 6C, and an assumed specific
heat ratio; 2) at given x/dn the variation of pressure and
entropy across the shock layer is found from Fig. 3. The
entropy parameter is used only for determining streamline

Fig. 3 Normalized pressure profiles, normalized entropy
profiles, and streamline pressure distribution for equi-
librium inviscid flow over a spherically blunted 9° half-

angle cone.

Fig. I Flowfield and typical streamline paths.
J The upper altitude limit varies with body scale. The limit

shown is appropriate for c._v = 30.5 cm.
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Table 1 Constants for use in reaction rate formulas
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locations in the shock layer by means of an entropy identifi-
cation, which is chosen to be the entropy behind the equilib-
rium shock at its entry point into the shock layer §; 3) the
resulting pressure distribution is curve fitted to provide pres-
sure variation along streamlines (Fig. 3).

A standard network of flowfield points, composed of inter-
sections between 20 numbered streamlines and 20 body sta-
tion perpendiculars, was devised to provide convenient cross
reference points between computer programs and as an aid
in plotting results. At the beginning of work for given flight
conditions an initial shock line is plotted. (This line is sub-
ject to later modification by mass-flow considerations.)
Each of the numbered streamlines originates at the inter-
section of a body station line with the shock line. Initial
conditions on a streamline are obtained by iterating the
Rankine-Hugoniot shock equations for a gas of freestream
composition and fully excited internal energy across an

oblique shock tangent to the shock envelope at the entry
point.

B. Integration along Streamtubes

The next step is to solve the quasi-one-dimensional fluid-
flow equations and the finite rate chemical equations by
means of step-by-step integration. These equations are
written as follows:

/I dyi\ =

W d,
1 dp

rjRT A dp\
us

2 \psds)
Ts /_! dT\
2 \T, ds)

ds (1)

rjpRTs(cp/R) _ ^L) j_ y>
T rl« I ~ ^

13

E

/ 1 djj\U*r)
1 dp

psus

54
(3)

15 20 25 x 103

Entry speed, ft sec

where 5;/ is the Kronecker delta. This way of formulating
the problem is essentially that described in Ref. 11, in which
the solution of the equations is also discussed.

The reaction system used is given in Table 1. The initial
component species are assumed to be 02(21%) and N2 (79%).
The list of species is 02> N2, 0, N, NO, NO+, 02

+, N2
+, 0+,

N+, e^, 02~, and 0~. The specific rate constants for the
molecular dissociation reactions (1-15) have the form12

100 120 140 160 180 200 220 240 260
Altitude, ft

300 320 340 x 10

Fig. 4 lonization level as a function of altitude for in-
viscid body streamline.

kti =
SRT\ut 4 /£>.yr i\
TTVH ) 37T1/2 V T 2/

X

t exp - (4)

§ This entropy value is not used for any other purpose because
of the nonequilibrium nature of the flow. The specific rate constants for the remaining reactions have
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the form

= NA
\ 7

en exp t- mi (5) Final curve
Inviscid displaced
Inviscid

The constants used in the equations are given in Table 1.
All rates are written as forward rates in the endothermic
direction. Reverse rates were obtained from the ratio

C. Profiles of Gas Properties in the Inviscid Flow

Profiles of all the gas properties (p, u, T, and p, as well as
the concentrations of the species) are found by plotting the
values computed at standard network points against y.
Initially, y values are found from the normalized plots of
Fig. 3, but these are improved by means of a computation
(see Appendix A) which adjusts the y's so as to ensure con-
servation of mass flow at the nonequilibrium conditions.

D. Effect of Boundary Layer on the Electron
Concentration Profiles

Although computer programs1 for calculating boundary-
layer flow properties along hypersonic bodies with coupled
finite rate chemistry have been developed, these programs are
all based on the classical boundary-layer problem, for which
boundary-layer edge properties change slowly in the flow
direction and for which inviscid flow gradients normal to
the boundary-layer edge vanish. Such idealized conditions
conflict with actual conditions in a thick boundary layer
where vorticity due to the curved bow shock is large. An-
other deterrent to the use of coupled boundary-layer pro-
grams for ionized flowfield calculations arises from the
mathematical complications introduced by including a large
number of finite rate reactions.

In order to fulfill the need to compute with a reasonably
complete reaction system and to be able at the same time to
include effects of vorticity interaction, streamtubes from the
inviscid region are continued into the boundary layer and
the number of matching parameters along the streamtubes
are increased from one to three. (This is done because of
the necessity to delete the momentum and energy conserva-
tion equations.) Thus, the problem reduces to determina-
tion of streamline positions in the boundary layer and of the
variation of the additional matching parameters. A three-
step procedure is used to find these properties, as described in
Appendix B.

III. Discussion of Results
A. Electron Concentration on an Inviscid Streamline

Figure 4 is a plot against altitude of ye at various body
stations. The one exception is the "max value" curve,
which shows the maximum value reached by y e on the stream-
line. The quantity je is related to electron concentration by
the equation Ne = NApye and is chosen because it displays
the electron content independent of gas density. The
curves are invalid for practical application above an altitude
at which ambipolar diffusion begins to become dominant.
This altitude is about 230,000 ft for dN = 30.5 cm.

The curves of Fig. 4 must be analyzed in terms of their
relation to the velocity-altitude plot of the corresponding
entry trajectory. (Shown as a sketch on the figure.) From
the highest altitudes down to about 150,000 ft the vehicle
is moving with nearly constant speed and at rapidly decreas-
ing altitude. Correlated with this is the flatness of the max
value curve until speed begins to decrease, which indicates
that the degree of ionization reached behind the shock front
is strongly dependent on the nearly constant vehicle speed
and is nearly independent of altitude. The max value curve
falls off at high altitude because the reactions are too slow
to produce the required electrons before production is dimin-
ished in the expansion over the shoulder of the vehicle.

Fig. 5 Steps in the calculation of an electron concentra-
tion profile; altitude = 233,000 ft, x/dN = 4.

Below 150,000 ft the reactions are fast enough for rapid pro-
duction of electrons but decreased vehicle speed produces
lower temperatures (lower ionization) behind the shock.

The amount of electron recombination occurring during
expansion of the streamline at various altitudes is indicated
by the spacing of body station curves below the max value
curve. That no recombination occurs at the highest alti-
tudes is evident from the merging of these curves into the
max value curve there. The dotted lines in Fig. 4 are local
ionic equilibrium curves. They were calculated by assuming
that all the reactions for charged particles are infinitely fast,
so that equilibrium of the charged species at local temperature
and density is achieved. These curves are useful for com-
parison with the finite rate results.

It is noted that electron recombination to the local ionic
equilibrium level is incomplete at most altitudes not only
because reaction times are comparable to flow time but also
because cooling by expansion continues to depress the local
ionic equilibrium curves as the flow proceeds from one body
station to another. However, it is complete at the lower
altitudes, where heat released by recombining atoms main-
tains gas temperature at a relatively high level. The local
ionic equilibrium curves constitute a lower limit for the re-
combination of electrons.

B. Electron Concentration Profiles

The effects of applying the procedures described herein
are illustrated in Fig. 5. Curve A is a plot of inviscid stream-
tube results against y coordinates obtained from the mass
conservation program (Appendix A). Displacement of
curve A by the boundary-layer-displacement thickness led
to curve B. The final result, curve C, includes re-evaluation
of gas composition inside the boundary layer as well as re-
calculation of y coordinates in the boundary layer based on
merged boundary layer and inviscid profiles (Appendix B).

C. Demonstration of the Importance of Using an
Adequate System of Charge Transfer Reactions

The kinetics of charge transfer is very important under
some circumstances. For example, atomic ions would persist
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Fig. 6 Initial rise of charged species on a streamline;
body streamline, altitude = 156,000 ft.

for long times at high altitudes if they were unable to transfer
their charge to molecules, which recombine by the fast
dissociative recombination reactions. Charge transfer also
allows molecular charge to be concentrated on molecules
having the lowest ionization potential (N0+ in air). Thus
the " self -limiting7' level13 of Ne depends on only one reaction
and is lower than it would otherwise be. Figures 6 and 7 (a)
show the variations of ion concentrations along an inviscid
streamline as calculated for an entry speed of 25,000 fps
and altitude 156,000 ft with the reactions found in Table 1.
(This set of reactions is hereafter referred to as the normal
set.)

(a)

No charge t ransfers
Two charge t ransfers

Two charge transfers

0 .1 .2 "~y " .4 .5 .6 .7 .8 .9 1.0

Fig. 7 Body streamline variation of charged particles;
altitude = 156,000 ft.

Fig. 8 Illustration of the influence of charge transfer
reactions on Ne profiles; altitude = 156,000 ft, x/dN — 4.

The effect of leaving out all charge transfer reactions is
shown in Fig. 7b for which only reactions 1-25, plus reac-
tions 29 and 30, were used. The main difference between
Figs. 7a and 7b is in the behavior of 0+ and N+. The
initial values on Fig. 7b are lower, and there is no decrease
at all along the streamline. The initial values are lower be-
cause there is no charge transfer to augment the production
of 0+ and N+ by reactions 22, 23, 29, and 30. The failure
of 0+ and N+ to disappear by reversal of the reactions which
produced them is attributed to the ineffectiveness of three-
body reactions at low density.

The effect of including only a limited amount of charge
transfer6 is also illustrated in Fig. 7b, for which the reactions
0 + 02+ <=± 0+ + 02 (reaction 37) and N2 + N+ +± N2+ + N
(reaction 40) were used. Up to about s/dx = 0.5 these
two reactions were transferring charge from left to right, as
evidenced by the fact that 0+ was growing and N+ was de-
creasing. Transfer from right to left at larger values of
s/dN was ineffective in reducing 0+ because the concentra-
tion of 02 was small compared to 0+. In similar fashion,
the small amount of ISU4" relative to N+ made negligible any
addition to N+ by means of reaction 40.

It is evident from Fig. 7 that the electron concentration
profiles on the aft part of the body can be in error if an in-
adequate charge transfer system is used. Figure 8, which
shows profile shapes calculated for altitude = 156,000 ft,
x/dN = 4, illustrates this point.

D. Short vs Long Reaction Systems for Air

Since the types of charged particles present in air are
different at high and low speeds, it is useful to consider
choosing between short or long systems of chemical kinetic
reactions. At low entry speeds (less than about 20,000 fps)
the N0+ ion is dominant in all parts of the flow. At high
entry speeds (greater than about 30,000 fps) 0+ and N+

ions are dominant. The transition between these extremes is
not sharply denned. The reaction N + 0 <=± N0+ + e~ is
the fastest producer of ions in air up to about 30,000 fps,14

but a large fraction of N0+ ions transfer their charge to other
species. In cool parts of the flowfield charge transfers back
to N0+, because the NO molecule has the lowest ionization
potential of any of the species present.

If the N0+ ion is the only one present in appreciable num-
bers, then computed results obtained with the 54 reaction
(normal) system described earlier are indistinguishable from
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10.0

Fig. 9 Comparison of short and long reaction systems;
body streamline, altitude = 156,000 ft.

N0, cm

10.0

Fig. 10 Two examples of the effect of rate changes on
streamline variation of electron concentration; body

streamline, altitude = 175,000 ft.

those computed with a much simpler (short) system for
which the species are 02, N2, 0, N, NO, NO+, e^ and the
reactions are the 17 neutral reactions plus the reaction N +
0 ?± NO+ + e~. If 0+ and N+ dominate, then the long
(normal) system must be used. For intermediate speeds it
is difficult to know beforehand that short and long system
calculations will give the same results. However, the
authors' experience has shown that profiles obtained from
the two systems are often identical, particularly on the aft
part of the body, where practically all species have trans-
ferred their charge to N0+.

To illustrate this a typical variation of electron concentra-
tion along a streamline at an entry speed of 25,000 fps is
shown in Fig. 9 for both short and long (normal) systems.
Curves for the same streamline at entry speeds of 29,000 fps
and 31,000 fps are also shown. At small values of s/dN the
results are not identical and the difference is larger at the
higher speeds. This reflects the increased importance of
atomic ions as speed increases. For all except 31,000 fps
the curves for short and long (normal) systems merge at
large values of s/dN. Thus, except for 31,000 fps, profiles
of electron concentration at body stations near the nose re-
gion would differ but profiles on the aft part of the body would
not.

E. Sensitivity of Profiles to Reaction Rates

The curves shown in Figs. 10 and 11 are intended to illus-
trate that electron concentration profiles can be influenced by
changing reaction rate constants. In Fig. 10 one curve was
computed using the normal reaction system, in which the
N + 0 <=^ N0+ + e~~ reaction (reaction 20) has been made
three times faster15 than the rate16 most commonly used in
recent years. Above the curve marked "Normal" lies one
obtained with the slower rate for reaction 20. The fast rate
causes the rise and fall of Ne to be more rapid. However,
note that this can make a difference only if the charged par-
ticles are out of equilibrium with local concentrations and
temperature. Thus, for small s/dN the two curves are
identical, but they split apart at large s/dN. Local ionic
equilibrium is present in the nose region, but on the aft
part of the body the effect of the faster rate is visible.

The effect on the normal system of reducing all charge
transfer rates (reactions 31-54) by a factor of 100 is shown in

Fig. 10. The lag in recombining electrons here is caused
by failure to transfer atomic ions as fast as the dissociative
recombination reactions can dispose of them. Note the
tendency for the gap between the curves to close at large
s/dN. This is because the reduction in charge transfer rates
is not so critical in a region where dissociative recombination
has begun to slow down.

The profiles of Fig. 11 show the effect of multiplying cross
sections for the dissociation rates (reactions 1-15) by the
factors 10 and 10 "1. The body station shown is x/dn = 4,
which is an aft station. It is interesting to note that changing
the dissociation rate constants affects the slope of the pro-
files as well as the magnitude of the peak electron concentra-
tion. Also, it should be pointed out that, in contrast to the
preceding examples in which ionic rates were changed,
significant changes in calculated temperature are produced
by changing the dissociation rates. These temperature

Fig. 11 Changes in the electron concentration profile
caused by increasing and decreasing the dissociation rates;

altitude = 175,000 ft, x/dN = 4.
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Displaced inviscid
profile

Fig. 12 Merging of inviscid and boundary-layer profiles.

changes, in turn, have a significant influence on the ionic
chemistry.

Concluding Remarks
The uncoupled blunt-body nonequilibrium flowfield tech-

nique presented here is tailored to provide detailed ionization
profiles in the supersonic portion of the flowfield. Use of
the streamtube approach allows a comprehensive treatment
of the ions and electrons, which are only trace species in the
flow but which are all-important for radio attenuation prob-
lems. It is shown that the ion concentration can be sensi-
tive to the chemical kinetics rates and to the completeness
of the reaction system. Innovations in the technique have
the effect of coupling the chemical kinetics to the flowfield
solution so that the resulting profiles display effects due to
boundary-layer displacement, streamline swallowing, and
vorticity interaction. The technique is useful for computa-
tion of a large number of trajectory points for a given entry
body, although computing time comparisons with other
methods have not been made.

Appendix A: Mass Conservation
Computer Program

The sketch in Fig. 1 should be helpful in understanding
the derivation of the mass conservation equations. The
basic idea is to equate the mass which flows through a specified
area of the shock wave per unit time to a corresponding mass
flow further downstream. The mass flow inside the body of
revolution generated by rotating about the body axis the
streamline whose entry point into the shock front is distant
(rs)i from the body axis is piUi(rs)i2.

The mass flow between the same body of revolution and
the surface of the body at any downstream station (except
those close enough to the nose that the streamlines are not

even approximately parallel to the body surface) is
rvi2ir I pu(rb + y cos6)dy

If these two mass flows are set equal to each other the un-
known is 2/», the thickness of the gas layer. In this form the
functions pu = pu(y) and ypu = ypu(y) must be integrated
from the body surface to the streamline in question. The
pitfalls inherent in automated curve fitting to obtain the re-
quired functions of y were avoided by formulating the prob-
lem in terms of increments of y between streamlines. For
this the entering mass flow is piwr[(rs);2 — (rs)2

z-_i] and the
corresponding mass flow downstream is

C pu[rb y) cosd]dy

Let Ai2 = (rs)t-2 - (r.)2«_i>i and B{ = r6/cos0
Then,

pittiAi2 = 2 cos0 * V% pu[Bi + y]dy

Let y = y/dyi, pu

Then,

This equation expresses the value of the increment in y, dyiy
between streamlines i and i — 1 in terms of the y coordinate
for the preceding streamline, 2/,-_i, and the integrals ^» and
0,-. The values of p and u are already known at y = 0 and
at y = 1, because these are network points. By assuming
that pu varies linearly with y in the range 0 < y < 1, the
integrals can be evaluated as follows:

= \

)^} (A3)

Appendix B: Details of
Boundary-Layer Treatment

Boundary-Layer Profiles and Displacement Effects

Initial boundary-layer profiles are calculated from laminar
similar solutions for an axisymmetric body at zero yaw.17

The results from these solutions are used in two ways: 1)
at each body station the boundary-layer displacement
thickness 6* is added to the y coordinate of each streamline
outside the boundary layer, and 2) the profiles of pu and u
are merged with corresponding profiles in the displaced
inviscid flowfield. Nonequilibrium edge conditions are
used, and the program assumes that boundary-layer gas
properties are thermally frozen (i.e., no dissociation or re-
combination of atoms occurs in the boundary layer). This
assumption is reasonably good for finding thermal proper-
ties (not ionization), as chemical kinetics computations show
very little change in atom concentration occurs in the bulk
of the boundary layer aft of the shoulder in the altitude
regime where boundary-layer effects are significant. Even
near the wall where atom recombination will actually occur
the error is quite small, since T and p in this region must
approach the cold-wall values as specified by the ablation
temperature. Use of local nonequilibrium edge properties
for the boundary layer gives better results than use of either
equilibrium or frozen-flow edge properties (as in a complete
blunt-body program), since, in general, processes behind the
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shock and in the expansion around the body are far from
either.

Initial nonequilibrium edge properties are taken from the
inviscid, body streamline calculations. Then, since the
boundary layer is thick, swallowing of the inviscid stream-
lines into the boundary layer is taken into account in choosing
edge conditions along the boundary layer for a repeat calcula-
tion. The criterion for swallowing a given streamline is
based on equality of the boundary-layer mass flow to the
entering mass flow. For stations in the nose region, let
y' = y(l + y/dN). Then

/
y' pudy' (Bl)

In the region aft of the shoulder, let y' = y[l + (cos#c/2)
(y/rb)]. Then

f*y'
piUiir(rs)i* = 2irrb I pudy' (B2)

The first use of the boundary-layer solutions is to provide
values of 5* which are added to the body dimensions and
thus displace the inviscid shock layer. A plot of the new
shock shape is used to provide new starting angles and
pressure for the entering streamlines. Also, an effective cone
angle and nose diameter are determined which, along with
use of the normalized flowfield inputs previously discussed,
allows new pressure distributions along the streamlines to
be found. The new pressure distributions are used to re-
compute the inviscid nonequilibrium shock layer properties
and streamline locations, and the whole cycle can be repeated
until satisfactory agreement is obtained between input and
output shock shape and streamline position.

Merged Profiles

Flow vorticity was accounted for partially in the preceding
step, where edge properties were chosen by means of a
swallowing criterion. An additional correction for the vor-
ticity normal to the flow direction is obtained by merging
boundary-layer profiles with displaced inviscid flow profiles.

Merging is carried out for the pu and u shock layer profiles,
and three principal criteria are applied in the merging pro-
cedure : 1) mass conservation for the pu profiles, 2) velocity
defect for the u profiles, and 3) smooth transition for both
from the displaced inviscid profile (in the neighborhood of
y = 5) to the boundary-layer profile (in the neighborhood
of y = 6*). In Fig. 12a where a typical pu profile has been
plotted against the transformed coordinate y', equality of
the shaded areas indicates that the mass flow is the same
whether obtained by integrating the merged or the dis-
placed inviscid profile. In addition to respecting the mass-
flow criterion, the merged profile is required to blend smoothly
into the two original profiles.

Figure 12b illustrates the merging of the velocity profiles.
The velocity defect inside dm (8m was determined in step 1)
on the merged profile is made similar to that within the
boundary-layer profile. This velocity defect criterion is
applied only for the outer region of the profile, since the inner
profile must merge into the boundary-layer profile.

Boundary-Layer Stream tubes and Matching Conditions

The next step in the flowfield determination is to identify
"streamline" positions inside the merged boundary layer so
that the matching parameters for use in the boundary-layer
nonequilibrium streamtube analysis may be evaluated.
This is done by integrating the pu vs yf merged profiles to
find those values of y' within which mass flow equals that
of each entering streamline. With streamline positions
established in the boundary layer, values of the matching
conditions are read from merged plots of pu and u at each
body station. These values, along with the pressure match-
ing parameters (which are assumed to be unchanged from

those of the corresponding displaced inviscid streamlines) -
are used in the boundary-layer version of the streamtube
program. Profiles of species concentration can then be con,
structed at each body station. It should be pointed out that
the specification of p and p in the boundary-layer streamtube
analysis is nearly equivalent to specifying the temperature
T, within the altitude range where the boundary layer is
significant. In this range the composition changes in the
boundary layer involve principally electrons and ions, with
no significant alteration of the neutral species concentration.
Because the chemical kinetics depends strongly on tempera-
ture, it is important that the boundary layer and matching
conditions be determined using finite rate considerations
so that the temperature in the boundary layer is correctly
specified.

The profiles of electron and ion concentrations which are
obtained by the methods described here do not contain
effects of surface recombination or of diffusion of ionic
species, and therefore restrict the validity of calculations for
the body considered herein to altitudes below about 230,000
ft.
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