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SUMMARY HGL

The prediction of communication through the ionized flow field about a re-entry
body. requires the knowledge ofthe detailed distribution of electron density. In this
paper, recent studies at GE aimed at these predictions by analysis are presented.
Results are presented for obtaining the characteristics of the chemicalily reacting
boundary layer and viscous layer with finite reaction rates on sharp and blunt conical
re-entry vehicles with the inclusion of the effects of'mass.transfér from ablation
products and surface reactions. The equations have been formulated into a system
of finite difference équations and a computer program to study the various phenomena
that can influence the electron density in the flow has.been developed. It.is found that
the effect of a small bluntness at the nose creates a domi.gax;t number of electroiis and

these effects of a small‘nose radius on re-entry body characteristics and electron

density are discussed and comparisons are-made with those of a sharp cone: In
addition, the results of this investigation discussed herein-include the effects of alkali
metal seeding, mass transfer of hydrocarbon ablation products, and catalytic surface

characteristics on the electron density distril:utions.
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1. INTRODUCTION

Re-entry communication depends to a large extent on the penetration of an
elect;;)magxaetic signal through the ionized flow field which envelops the body. It is
known that the prediction of the attenuation of a-small amplitude electromagnetic signal
cax; be estimated reasonably well if the electron density distribition is known..

In this paper, some recent studies at GE on the prediction of the electron den-

, sity dién'ibdtion about re-entry bodies will be'presented. At hypersonic speeds, shock

layer temperatures are sufficiently high to dissociate and ionize the air. The electron
density in these ionized layers have widely varying concentrations of electrons dependent
on tlxe‘fljéixt velocity, altitude, and vehicle configuration. The determination of these
electron concentrations is a complex problem in chemically reacting gas dynamics

s@ée finite rate chemistry is involved at the altitude of concern. Theoretical studies

N,

m\’xgtzfmclu&eua multicomponent chemically-reacting boundary layer:and viscous layex ¢

over shérp bodies, sli‘ghtly blun’ged‘bodies, and stagnation region> of-very bluntbodies,

and in addition, must include the jonized and dissociated air species, the ablation

~ products from hydrocarbon species, sodium, teflon species and their reaction. with

the air species and each other. Surface reactions for recombination of the atomic
specie; and for graphiﬁc'bodies are.also significant. Moreover, mass transier from
ablation products such as charring plastic ablators and teflon material-must be taken
into %?,°°P?’t ;vith nonequilibrium and finite rate chemistry over most of: the altitude
region. ‘These considerations have been integrated into a study which;has culminated
in the development of a finite difference method and a compute: code which allows the
inclusion of multicomponent diffusion with as-many as 25 species with realistic trans-

port and thermodynamic properties to evaluate the detailed distribution of electron
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density over the bodie= “xentioned above.

Electrons are created in the gas phase primarily by air species and the ablation
species. For a clean air flow-over a sharp cone, the production of electrons is due
primarily to viscous'dissipation and increases with downstream distance along the cone.
The effect of altitude and velocity with a comparison of results utilizing various rates
suggested in the literature is.discussed for sharp cones. Most bedies have some ndn-
zero bluntness at the nose so that a stagnation region is creatéd-at the tip. The effect

of this blunmes_s in the production of electrons is large. It is shown that for a slightly

blunted cone. the dominant electron production occurs at the nose of the vehicle and

the subsequent behavior of the electrs 1s downstream is a decay in contrast to the rise
for thé sharp cone. It is shown that the distribution of electrons around a slightly
blunted.cone and sharp-cone do approach each other asymptotically downstream but
only at a very large distance. For the slightly blunted cone, the edge of "the’boundary
layer receives flow from different parts of the bow shock, .i.e., the nonequilibrium
inviscid flow.is swallowed into the boundary layer. In other words, the boundary layer
edge condition is not that of the stagnation streamline. The effect of the different:edge
conditions is discussed and examples are shown.

Mass transfer of ablation species into the boundary layer has a large effect.
In addition to the change. of gross characteristics such as temperature ‘and velocity

within the layer, the mass fransfer of-material species into the boundary layer leads

to many more reactions with the air species. For most bodies there are surface
reactions of air species with the body myiterial. In particular, the ablation of graphitic.

bodiesis due entirely {o-this process and-there is also catalytic-recombination of .

-atomic species.at.the surface. Results are shown for these cases and their éffect on
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electron production. Increases of the electron production by thé minor material species

in ohemi-ioni_z;ﬁqn processes are pos“éible. Quenching of the electron production due
to the lowering of temperature by the cooling effect of transpiration gases is also
| possible. ﬁesults for the injection.of hydrocarbon species, i.e., pyrolygis gases, into
the boundary layer with the additional homogeneous reaction with air are given and the
effect on electron producﬁon is evaluated. Some results for the addition of teflon species
are 9hown.' In particular, the efficiency of the process of the attachment of electrons
to fluorine atoms as a means of electron consumption is shown. The-presence of sodium:
in the boundary layer and the ‘subsequent increase-of eléctron density is also investigated.
These-results have some-significance in the problem of the addition of electronegative
species to change the electron dénsityle,vel. -
At'tgxe.stagxclatigi point, the fionequilibrium effects appear where the flow is
,fnosgiy viacous. In other irond's, the entire boundary layer fills the distance between
the. shock and body. Results for a viscous layer theory with chemical activity of species
at finite reaction rafeé{ have been obtained. These results extend through the mérged
layer region and are valid almost to the end of the continuum range-of altitude. By
,sﬁxdying the results for several cases, it:is shown that the viscous shock layer forms
a divided-inviscid and boundary layer with the.decrease of altitude. The production
of electrons at the higher. altitudes is shown.
h_flggezae@st sections, the‘analysis that-has-developed:in.this. study is discussed_
with emphasis on the physical assumptions considered. Nexi, results-of the elc;.c;r;;
density distribution, slightly blunted bodies, stagnation region, and sharp nose bodies
arevgivqn for*hypersonici—re-éntry. "I‘tvwill‘ be seen that the electrons are due to .a

combination of fluid mechanics phenomena a8 mass transfer, diffusion, and<viscous
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dissipation and of chemical reactions. .

This paper contains the main results drawn from reports by F. G. Blottner
and the author with some additional new results. Details of the equations and methods '
of computation are given in Refs. (3) and (4). It is a pleasure to acknowledge the- '
contribution of ¥. G. Blottner to the work reported herein. A debt of gratitude is ¢
owed to the following. The chemical reactions and rates are those recommended by -
W. G. Browne, M. Bortner, W. Kaskan, and R. Porter. The computer programming
and results were competently obtainéd by Mrs. Susan Kendall and Miss Sindy Dectrow. ’
The i:yping and preparation of the manuscript was carefully done by Mrs. Terry Spence.

Several illuminating discussions have been held with R. Porter on chemi-ionization

‘mechanisms of ‘high temperature hydrocarbon and air reactions,

— — —
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il. THEORETICAL ANALYSIS

The purpose of this peper is the prediction of electron density distribution over
re-entry bodies for sharp.cones and'slightly blunted cones. This would include the
consideration of the stagnation region of blunt bodies. The-altitudes of concern here
varies.from 300,000 ft. to about 50,000 ft. where equilibrium flow will then prevail
over these bodies.. It'is sufficient to treat the flow as.laminar as this-state of the gas,
is dominant down to about the latter altitude for the re-entry velocities of concern.
These velocities are.of the.order of 20,000 ft/sec. Fér’ﬂle;se conditions, the chemical.
state of the gas is a nonequilibrium one and the Kiietic energy transformation into
thermal energy immediately leads to a highly dissociated and ionized.air species. In
the case of planetary entry CO2 - Nz. species are involved and the altitudes.and velocities
for-significant-nonequilibrium-are-changed accordingly. It ig.e;zpecj;ed that a high degree
of nonequilibrium will exist even for lower altitudes in Martian entry and-tends toward

equilibrium in the Venus atmosphere because of the higher density.

A. LAMINAR BOUNDARY LAYER

The equations of motion involved are those for a laminar boundary layer
development over an.axially symmetric‘body with an arbitrary meridian“éhai}e. For
nonequilibriuny flow with multicomponent transport phenomena, these equations-are

given in Ref.. (1), -Since a narrow region next to the body is of concern, the more

;general-equation.reduces.to.thé boundary layer form;. this leadsto the.deletion of the
second derivatives with-regpect to streamwise direction terms. Surface coordinates
@re used with one coordinate along the surface measured from the staghation region of

‘the ‘blunted cone or from-the tip of a sharp-cone ‘as the case may bé. These equations
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are those for the conservation of axial momentum, energy, and species with the addition
of the equation of state. Momentum conservation in the direction -normal to:the body is.
usually small consistent with high Reynolds Number boundary layers and:this equaticn

is not considerec-except for the low Reynolds>stagnation region considered-in Secticn C.

of the individual species are used. The multicomponent transport properties.as
viscosity and thermal conductivity of the'mixture are obtained by Wilke's formula from
individual specie properties with the latest literature wvalues of the:ccllision integral.
Multicomponent diffusion are also considered with-ambipolar diffusion of the ions and
electrons.

The basic gas model for re-entry into the earth's atmosphere involves the specias.
02, Nz, 0O, N, NO, NO+ and electrons for velocities to about 20,000 ft/sec. In addition,
the ablation of material into the boundary layer leads to many other hydrocarbon,
sodium, and teflon species which forms other compounds due to reaction with the
dissociated and ionized air. Homogeneous reactions of these species are taken into

account. The kinétic rates for these processes and the reactions considered in this

paper are given in Tables I and II. .

ﬁ.
The equations of motion for the tr,ans;')ort phenomenon as described are highly

nonlinear partial differential equations \rith the surface coordinates as independent
variables. The number of these equations can be as'large as 26 with the unknowns of
velocity components, temperature, -and species. The method of solution selected is
that of implicit finite differences of the Crank-Nicolson type. Stable.solutions with
sufficiently large step sizes areé obtained by this method so that a boundary layer >

development over a typical body can be obtained within a reasonable computer time.

2,
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The formuiéﬁmcof the implicit difference scheme leads to a system of linear.algebraic
equations which: arel tri-diagonal and can be solved by a sweeping technique. Iterative
calculation of-the coefficients when necessary usually assures the coitvergence of the
method for a: given step size.

The boundary coﬁdition for these equgtions depend to.a large extent on the behavior
of thea\uffacé material and the body,geom_etry.‘ The surface conditions are described in
this secﬁm, At the surface, the heat transfer can be considered for either a fully
catalytic or a noncatalytic material, It-is.necessary to formulate these conditions for
a multicomponent mixture of-gases. For the cases where the ablation of surface material
occurs, the surface condition includes the mass transfer normal to the surface. The
complication to the solution of the equations.is not only at the surface but also in the
interior of the boundary layer where an inflected velocity .profile and larger displacement
thickness are obtained. In addition, the usual conditions.of the vanishing.of the tangential
velocity component at the surface and of either a prescribed wall temperature or
adiabatic wall are made.

At the outer edge of the boundary layer flow.over conical bodies or high Reynolds
Number flow at the stagnation point, the inviscid‘body stréamline leads directly to the
,boundary conditions for the velocitjr,‘ temperature, and Speqi'es concentrations. For
slightly blunted bodies, the-boundary layer will swallow fluid from inviscid streamlines
processed through the bow shock othér than that of ‘the stagnation region. ‘Since the
inviscid flow for these streamlines:are usually in nonequilibrium, it is necessary to
integrate the inviscid equation from the shock to the*ejdge of the boundary layer. This
con si\deration of the inviscid nonequilibrium computation is relegated to the next.section.

Besides the boundary conditions, this system of equations is parabolic and initial
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conditions are required to completely specify the solution. For these conditions, the
equations of motion are first reduced to the limiting forms at the tip of the sharp cone
or at the stagnation point. This reduction leads to ordinary differential equations with
two-point boundary conditions which are solved by finite difference methods. These
equations-involve the same thermodynamics and transport properties as above. Some
additional remarks will be made for the stagnation point in Section C. With these initial
conditions,, the finite difference method-then-allows-the-solution to be obtained in a

step-by-step procedure marching downstream.

B. INVISCID NONEQUILIBRIUM FLOW

For the determination of the conditions at the outer edge of the boundary layer-
for a sharp nose body, it is sufficient to integrate the inviscid equation along the body
streamline. The body pressure distribution is prescribéd:.«a.ng may be that given from
experimental measurement or inviscid flow field -computation. {Iéual_ly, it:i‘s';‘ai'mm’d
that the conditions along the edge do not ‘changle much along the surface of:d sharp
nose body; that is, only.a negligible amount if dissociation or ionization is present.

For 4 slightly bluited conical body, the different inviscid:streamlines entering
the successive:points of the boundary layer edge has passed th_rough different points of
the bow shock. The chémical state along each of these streamlines are, therefore,

different. In.general, different nonequilibrium state exists for each streamline de<

pendent to a large extent.on.the initial point where the sireamline pierces-the bow
shock. Several methods have been used to obtain the development of the characteristics
along the streamlines. They differ in the manner in which the pressure distribution s
accounted for. These methods have included pressure variation across the inviscid

shock layer and the pregsure overexpansion. The method of obtaining the inviscid
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conditions follows next.

The apprdpriate swallowing of the inviscid fluid into the boundary is considered
by first determining the corresponding points at the;bow shock wave and boundsry layer
edée which have equal mass flux. It.is supposed that an estimate of the bouxidat:y layer
edge location is available. Theése points are then the:initial and end points of the various
streamlires. Since it ié known that pressure dstributions of the flow are not changed
appreciably by nonequilibrium effects, these distributions éan be taken from equilibrium
flow fields. "This can be.done by three different methods. In method A, the pressure
gradient immediately behind the shock is utilized for the gradient.along.each streamline.
This implies that the same pressure gradient is.assumed for each streamline and the
pressure gradient normal.to.surface is zero which isnot unreasonable for a slightly

blunted conical body. Ina second method, B, the pressure gradientalong the stream-

line is determined by an approximate integration of the normal pressure gradient

across the inviscid shock layer. This is done in stream function coordinates. In this

way, pressure overexpansion is accounted for. Pressure distributions obtained in this
way have. been shown:to be an excellent approximation to the inviscid flow field. A

thinicmeﬂqu, C, has also been considered. The complete pressuve field from a

_ numerical solution of the equilibrium inviscid flow field (G.E. program) has been .

utilized for the pressure distribution of each inviscid streamline. The location of

each sireamliine and shock shape from this soilltion are aigoUsed. Pressure over=

expansion along the body are, of covrse, taken into account:

These assumed pressure gradient then allows the solutions of the streamtube
inviscid nonequilibrium equations to be obtained. In general, velocity, temperature,

and air species are found along the streamline and at the edge of the boundary layer.

[ ey
)

: — ———
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With the new edge conditions, the boundary layer flow characteristics is determined
and a new distribution of boundary layér inass flux is obtained. This new mass flux
‘then leads<to new edge conditions and iterations are performed until the mass flux do

not change appreciably.

\ < .1 -
C. STAGNATION REGION OF BLUNTED. BODIES

Initial conditions are required for the unique. solutions of the system of equations
discussed in Section A. Since the Mangler-Howarth-Dorodnitsyn transformation is
utilized herein, the density does not appear explicitly in the equations; and ‘moreover,
the transformation leads to the correct form of the equations at the tip of a sharp nosed.
body (or at the stagnation point of a blunt body) if the limiting process of allowing the
streamwise variable to approach zero is made. Thus, the initial condition for either

types-of noses-are ordinary:differential equations which are two-point boundary value

problems. These are usually difficult to solve by:the more common method of "'shoot
and huat'' since so many specie are considered; they are solved here by the appilcation
of finite difference methods sc that the two end conditions are always satisfied. The
resulting algebraic equation from the finite difference formuiaﬁ’oﬁ are tridiagopgl and

a sweeping ;nethod of solution is used. Iferation-is thén applied until successive profiles

are sufficiently close to each other. 'I'he‘upre:viouis disciission.applies to conditions of

is violated. The development of the flow at stagnation area for ‘these cages are given
in the remaindér of this section.

Atthé higher altitudes, nonequilibrium-and. viscous effects begin to have equal

o
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ruﬁua concemmed, but the criterion of importance can be estimated by the:product of
-.'the\denafty and ‘nose radius. For example, the boundary layer thickness is practically
equal to the inviscid detachment distance for a 1/4" nose radius:body at-150, 000 ft.
-altitude traveling at 20,000 {t/sec. At this-low:Reynolds number range, a set-of

equations have been.considered which is valid for the entire viscous layer at the stagnation

ﬁoln:E;'NB“rmal pressure gradient across the layer as far as centrifugal effects are
cairicernedare taken into account. The boundary conditions are applied at the surface
of :{!:e body and at the shock wave. At the shock, the effects of diffusion, heat transfer,
and shear stress are accounted for. Estimates and later - alidation of these conditions

are midé by-considering the set of equations in the shock transition zone. With these

equations:and bomdary'cbnditlous, viscous nonequilibrium: flow characteristics for the
low Reynolds number range have been obtained:.
- A mq:cesdetaﬂed discussion: of the development of these equations as-outlined

above are given in.the reports by 'Lew?'and-mottner. 3




I, RESULTS AND DISCUSSION

The complete ionized flow field with finite rate chemistry of air and many-ablation
products for flow over bluited conical bodies have been studied by-the method outlined in

Section II. Some of these results pertinent to the re-entry vehicles communication problem

will be discussed here.

A. STAGNATION REGION

For blunt nosed bodies, the stagnation region is of particular importance not
only because the flow is initiated.at this point but the nose is one of the principal mech-
anisms for producing electrons. In most cases, the maximum electron density occurs
at this point and decays downstream. As discussed in Section II, the flow over small

. blunt noses are-usually entirely viscous even down to altitudes of 100,000 ft. Thus,
at the higher altitudes where the flow is entirely viscous in the .stagnation region, the
viscous.equations at the stagnation region with tangential pressure gradient variation

across the viscous layer yields the results in Figs. 2 to 5 for a 1/4" nose radius at

an altitude of 200,000 ft. and velocity of 20,000 fps for air. The significant figure is

number 3 which shows the electron deasity variation across the visccus layer from the

‘body to the shock. The coordinate y in the figure -is the actual physical distance.
Results for two altitudes of 150,000 ft. and 200,000 ft. are shown. Even at 200,600 ft.

an appreciable number of electrons of the order of 10»10 electrons/cc are produced at

AT T S T
it . : -
RYYCNS - PP > r L,

the stagnation point. e

For an order of magnitude. increasé in density from 200,000 ft. to 150,000 ft.

. altitude, the electron density has increased-by about 2-orders. Much of this change ié

1y

due to the higher dissociation of: 0, at the lower altitude. For the case given in these
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ﬁ&ureg,‘ the f,tlpzean Rankine-Hugoniot shock conditions are applied at the shock. Since
the con;i)ositionf is frozen as the flow passes through the-shock, only oxygen and nitrogen
mboleciiles ai'e present at-this point and the translational.temperature is'high. Then the
ﬁnite Tate chemistry are initiated and the oxygen molecules.begin the dissociation
process. The concentratioix of ‘oxygen molecules continues to decrease proceeding with
the flow from the shock to the body; it achieves a minimum within the layer and then
increases toﬁand the body which is held-at a constant wall temperature. The variation
of mass ‘fra:ction of positive ion NO' is shown in Fig. 5 consistent with the trend.of the

2
N and.O atoms.

It would be useful to consider additional results under the same boundary

condition at the shock for a larger body. These resultsare shown ih Figs. 6, 7, and 8
for a body with a'nose radius of 1.86°ft. traveling at a velocity of 21,600 ft/sec.and

an ailtitude of 250,000 ft. Itis seen _that the nose radius has been increased about

90 times from the previous case but with only smalier increases in velocity and altitude.

However, the variation of the profiles are similar across the entire viscous layer.
Fig. 6 shows the temperature and velocity profiles with 7 equal to zero at the body
surface. The variable 7 is the density transformed distance across the layér and

related in a nonlinear way to the physical distance y as given in Fig. 3. ‘From Fig. 6

- it is séén that there is a steep decrease in the temperature variation near the shock

front which becomes more gradual iriside the viscous layer; then there.is a sharp
decrease to the wall temperature. The steep portion of this variation is due to
dissociation of-the molecular species, for example, see Fig. 7. The temperature

immediately aft of the shock front is 26, 525°R and the wall temperature is 1000°R.

O, curve. Itis noted that the ionization mechanism-is-the-associative ‘tecombination of

1
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This wall temperatire is.a reasonable ¢ne at the altitude under consideration. Additional
boundary conditions for the body surface are needed for the:species. For the cases
under discussion, -the condition for equilibrium composition at the prescribed wall
temperature and pressure is utilized and is equivalent to that of a fully catalytic.wall for

heat transfer at this low wall temperature. The velocity profile ‘U/UE shown on Fig. 6

indicates a constant vorticity region near the shock. This suggests that a boundary
layer inodelﬁmwl\x\ich the boundary layer thickness is about one third of the physical
detachment distance matched with an inviscid flow-with constant‘vorticity in both the

3 _ values of the velocity -and its slope would be sufficient to predict the same results in

{ flow.characteristics. For this type of consideration, the boundary layer thicknese
would be about 0.02 timeé the nose.radius and is still sufficiently small f6r boundary

; layer theory to be-valid. The behavior of the-species pro‘file is similar to-that of the
: case for the smaller nose raditis. Due to the high translational temperature near the
shock, -oxygen atoms are created by dissociation of 02 through reaction (1) with a small
contribution from the dissociation of NO; the principal loss of.O atomsnear the shock.
48 by means of the shuffle reaction. Further in the layer towards the-body, oxygen
atoms are still being producéd but now a contribution is added.by the shuffle Feaction
instead of a loss and:the net production continues until the body surface is reached.

In contrast, nitrogen atoms are|present in the region near the wall due principally to
(diffusion from the Upper layers. The maximum production of atomic speciés occurs
ata distance of about 1/3 of the detachment distance from the body and drops to zero
at the wall. Equilibrium composition at the wall contains only the.molecular species.

If the other extreme of surface condition of a noncatalytic one is-assumed; the peak - -

T
L

atomic concentrations would continue to the wall. Thé concentration of nitric oxide

IR
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isehoj}:m on \Fig: 8 and it is produced near the shock prih_laril& by the bimolecular
shuffle reactions 4 and 5 with about a small amount used in the production of Nand O
atoms by dissociation reaction 3. The loss;of' NO near the wall is due to reaction 5 in
the productlon of ougygen atoms Alih wigh there are two positive ions considered in the
results for the body with. larger nose radius, the principal contributor to.the electron
‘density at- this velocity is that due to: No'. Notis produced in-the upper layers of the
flow near the:«sh‘ock‘ ‘and consumed 1in the lower layer; diffusion of the species occurs
toward both ends. Values of c;é, electron density-of the order of 1012 no. /cc are obtained;
the misximum of 72 x 102 no./cc is at about 1/3 of the distance from the body surface.
Results have also been obtained for several other conditions. Details may be
found in Ref. 2. Atthe lower altltude of 200,000 ft., the formation of a thin boundary,
:loyer is more accentuated (F‘ig. 10). Tlie temperature distribution reveals an interesting
vgriatiou. There is a step d‘i'f'ofi in temperature at both ends of the viscous layer separated
by r:";,n”ulmost constant ,temperature zone occupying about 70% of the viscous layer. In
(tjhe layer with an extent of 15% of the detachment distance from the body surface, the
shuffle reactims are very rapixi and near equilibrium<conditions prevail. Species are
shown iu Fig. 11. Electron density of the order of. 10t electrons/cc is obtained at this
altitude. -It.is noted that sinicepart:of the layer-is near equilibrium it is.possible for
the altifude and nose radius coneidered that collisional ionization of N and O atoms
might be-important in the production of electrons. Equilibrium conditions at the density
and tempve/raturetineide the viscous indicate large amowits of N and O+.,
Fo’r the higher altitude regime, the Reynolds Numbex based on the nose radius
becomes sufficiently low so that the heat transfer, diffusion, and.shear stress may

modify the Rankine~-Hugoniot shock relations. In that case, a shock transition zone may
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also appear since the shock wave may have a nonzero thickness. Restlts based on this

type-of model have been obtained' and are given by Lew elsewhere.

Boundary ‘Layer

At the low altitudes, the flow indicate a‘i .undary layer region formation near
the body which is small in ‘extent conipared to the nose radius. Moreaver, equiiibri‘um
conditions exists in the inviscid. flow outside this boundary layer. Due to this fortunate
circumstance, the edge conditions for the boundary layer may be considered in equil}brinm
and the maximum ionization occurs at this edge. For this regime, the usual boundary
layer equations as discussed .in Section I with inviscid equilibrium flow fields (eg. CE )
or NASA) giving the edge conditions-are sufficiefit. :One-notes-that.the flow in the interior
of the viscous region still has nonequilibrium chemical activity. A-large number of
results have beer obtained for this condition; it suffices to summarize the maximum
"'él‘ectron density°which occurs at;the edge of the boundary layer in Fig. 9. By the:
boundary layer theory, the electron.density profile is almost constant fhroughouf »the
layer-excépt near’the wall where it drops to the surface condition.. For a low wall
temperature, the surface value is zero.

From the values-of the electron density obtained in this sécti;n, itis:clear that
nose bluntness produces a.significant number of electrons inithé stagnation region even
though- only air species are present. The addition of ablation speciés can alte? this;
but usuaily only the aikaii metaj (or-chemi~ionization processes) can inzréease thece;
numbers appreciably. The behaviot of the electron density variation-downstream depends

now not only on-the values at the stagnation point, but algo on the flow. through the bow-

R
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.shock, the  ifluence on'the production of additional electrons by viscous heating, and

the catalyticity wall condition. this is considered further in the following sections.

B. NOSE BISUNTNE}_SS EFFECT ONﬁELECTRéN:I?ENSITY DISTRIBUTION

It has been shown in the previous section that large electron density concentrations
are obtained-at iiie stagnation point of a blunt body. For a slightly blunted body, the
‘flow development-along the conical portion ‘of the body is complicated by the fact that
flow through the different parts of the bow shock wave enter the boundary layer edge.
A mixing of the streamlines with different entropy by diffusion and convection then
occurs as the boundary layer grows along the surface of the body. ‘The boundary layer
é&'ge conditions are obtained as discussed in.Section II.. All three methods have been
u;ed in-obtaining these edge conditions. These results are-shown in Figs. 12-17 for
a slightly.-blunted 10° cone with nose radius of 1/4". An example of the difierént inviscid
vélocity distributions at the boundary layer edge utiliiiing either the'body streamline
pressufe:digiribution or the matching of the flow mass flux at each point of the boundary
layer-edge with the corresponding inviscid streamline is shown on Fig. 12. The.New-
tonian pressure javiscid velocities are always slightly lower. However, even this small
difference is sighificant in the regic. near the stagnation point. Temperature distribution
at the beundary layer edge are composed with the body streamline values using the
Newtonian pressure distribution in Fig. 13. “The larger difference in the stagnaticn
region is again significant because the temperatures are much higher. For the case
ecnsgidered (139,000 ft.), the boundary layer edge is close to the shock near the stagnation
region as discussed previously; thus, tue temperature is much higher than the equilibrium

values. The tempeérature distributi.n immediately behind the bow shock is also shown in
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this figure for comparison. It is reasonably close to the matched flux value. The
remaining curve is the peak temperature distribution within the boundary layer. In
these results, the pressure distribution required for the matched flux computation has
been assumed to be that directly behind each-point of the shock. Thus, the pi'essure*
is constant-alongsthe conical pottion of the body. For this body, the cone-sphere
junction is at a-value of x = .029 ft. where x is the surface distance along the body
measured from the stagnation point; x is the abscissa in these figures. IHowever, for
the family of Sphereé cone bodies there usually is a pressure overexpansion (as indicated
by the dotted cgrve' and crosses in Fig. 14) before the conical pressures are achieved
along the body. Moreover, the pressure history of the individual streamlines are
different than that along ‘the shock or-along the body. For these reasons, iwo other
methods have 'also been eitployed in accounting for these deficiencies. These are
discussed next..

Pressure variation across the inviscid shock layer has. been taken into account
by a closed forin integration of the transverse momentum equation in stream function
coordinates. This allows the pressure overexpansion to be accounted for with a different
pressure distribution for each streamline; Fig. 14 shows the effect of the new pressure
distribution on the inviscid velocity at the boundary layer edge (dash curve lines). It is
evident from the figure that presstre overexpansion does not change the boundary layer
edge velocity appreciably. Temperature and species distributions (dash curve) at the
boundary layer edge are &lightly below those using the-body streamline (Figs. 15 and 17).
The atomic species are shown since their presence can significantly alter the electron
distribution. It may be pointed out that these values agree with the chemical reacting

inviscid characteristic soiutions of Cornell Aeronautical Laboratory.




-20-
HGL

For'a more complete detérmination of the inviscid edge conditions, the third
' method utilizes the complete ‘equilibrium inviscid flowsfield pressure to determine tae
edge canditions. The GE equilibrium inviscid flow field gives directly each streamline
pressure and its physical location with respect to the body. Pressure distribution along
streamlines are shown on Fig. 17. Pressure overexpansion is, of course, contained
in tﬁese’propenﬁes which can be also seen from Fig. 17. The coordinate X is the axial
distance along the body. The shock shape used corresponds also to that determined as
part of the 7equilibriun‘; flow field computation. “With the pressure distribution prescribed
in this way, the inviscid honequilibrium streamtube equations lead immediately to the
results (crosses) shown on Figs. 14 to 16. Again, even with more correct equilibrium
pressure and an overexpansion slig..tly below that used before, the velocity along the
edge of the boundary-layer is not appreciably different. However, the temperature
distribution on Fig. 15 is below that predicted by the-other two methods. This trend
is‘also reflected in the Species distribution where there is a more sudden drop of the
atomic oxygen and'nitrogen distribution. Since thé bodies unider consideration are
-only slightly blunted, the electron density behavior as the fluid passes-through the
boundary layer aud interacts with the surface are more significant. In general, these
methods of analysis of the inviscid nonequilibrium flow is sufficient for the purpose at
hand. The sufficiency of the degree of approximation is determined to a large extent
by their effect on the electron density decay in the boundary layer and by comparison
with more accurate inviscid chemically reacting flows (which was pointed out above).
The electron density development in:the boundary layer can now be determined
using the edge conditions discussed above and the implicit finite difference for the

nonsimilar equations. Results for the maximum values of the species and electron
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density distributions. along the body are shown on Figs. 18, 19, and 20. Equilibrium
vdlues of the species and electron density for conical conditions of temperature and
pressure are indicated by the arrows on the right side of the figures. For the blunted
cones,. it is seen that maximum values of electron density and dissociated species as
N and O are produced.at the stagnation region and decreases to a-minimum. Figure 18
shows that the gas species then increases and approaches asymptotically the values for
a sharp cone and then both curves approaches the equilibrium vgiues of these species
at the conical temperature and pressure conditions. The sharp cone nonequilibrium
creation of dissociated species and electrons is due primarily to heating of the fluid
by viscous dissipation leading to a peak of temperature within the boundary layer which
may be about 4 times the edge values. More elaborate results for sharp cone ionization
have been obtained at GE and given in Ref. (3) utilizing an earlier computer program.
Blottner has shown in Ref. (3) that the peak electron density is proportional to x3 where
x is the cone surface distance from the tip. In the case of the electron density distribution
shown on Fig. 19, it is clear that even at 10'ft. downstream of the stagriatiqn point
ithatnowhere are the sharp cone values.close to the blunted cone values. It is suggested:
by this comparison that -short bodies with even a slight bluntness will have electron
density entirely different from that of a sharp body. The effects of altitude change on
the electron density are evident from Fig. 19 and is larger for sharp bodies ata given
body location. Surface conditions can affect the electron densi‘ty distribution through
the loss of atomic species or temperature changes; the results for the two limiting

.
conditions of a fully catalytic or noncatalytic surface with respect to the air species
are shownchere. A noncatalytic surface can increase the electron density if the body

is sufficiently long.
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The effect of using the different boundary layer edge conditions is shown on
Fig. 20. These have been considered for the two methods of utilizing the pressure
behind. the shock and the approximate streamline pressure distribution. The electron
density distributions determined in these ways are shown in Fig. 20. In the comparison,
it should be-kept in mind that stagnation region conditions are almost equivalent and the
flow is fully viscous. The largest deviation in the two curves occurs between x = 0.01
. to 0.1 where the outer edge conditions are most different. It is noted from the figure
that at large distances from the nose the two distributions approach each other asymp-
‘totically as the conical preasure is slowly recovered. It is expected that the characteristics
of the boundary layer for the boundary layer edge conditions given by the equilibrium
flow field (crosses on Figs. 14 to 16) are close to that given by the approximate pressure

distribution since the edge conditions are almost the same.

C. STAGNATION POINT ~ MARTIAN ATMOSPHERE

Atmospheric conditions for Mars appear to indicate that nonequilibrium effects
‘will persist to even a lower altitude than for earth. Thus, even‘larger body size will
pass through a longer nonequil'ibrium regime. The gas mixture is now C02'and Nz.
Results have been obtained for entry into this gas mixture to determine-the nonéqu.gibrium
characteristics of the boundary layer atthe stagnation point. The gas species was
supposed to be made up of COz, CoO, N2, 0., O, N, and NO. An idea of the degree of

ionization can be gotten from the variation of the atomic species O and N if the formation

- of the ion NO+ is the only ion formed. Thefree stream conditions of v = 14,000 ft/sec,

p_= 3.452 x 10"7 slugs/fts, P, 0.086 lb/ftz were used and a body with a nose radius

of 4.75 ft. was considered. With a mixture of 60% CO2 and 40% NZ’ the flow-characteristics
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prove to be highly nonequilibrium as shown in Fig. 21. Since the boundary layer forms
at this altitude, the maximum values of the species concentrations occur at:the edge of

the layer. The boundary layer fills about a third of the detachment distance for this body:

D. MASS TRANSFER OF ABLATION MATERIAL
Hydrocarbon

The behavior of the boundary layer with mass injected at the surface of the body
is considered here. In general, the boundary Iayer thickness is increased by the additional
mass so that a cooler layer of fluid is formed next to the-wall. In the case of flow over
a sharp cone, it is remembered from the previous sections that viscous dissipation leads
to a peak temperature-(about 3-to 4 times the edge values) at a small distance from the
surface. With the presence of mass transfer, this peak temperature is moved away
from the wall. At the same time, the Velocity profiie acquires an inflection point. ‘These
points are-illustrated by the.results for injection of hydrocarbon gases into the boundary
layer which would be typical of pyrolyzed gases from charring ablation material as
phenolic-carbon. The example selected is a 9° sharp.cone at 125,000 ft. altitude
traveling at a velocity of 24,400-fps with a wall temperature of 1530°K. The total
mass flux of species injected was c;ms'idered constant along the surface and has-a
value of 2.2038 x 10-4 slug/ftz- sec. Results are summarized in Figs. 22°to 24 for

the profiles of velocity, temperature,. and species. The. inflection. in the velocity

i & i dandaido. oo damyan o s oadle oot o Y PP
profile-is-evident-in Fig: 22-andleads-to-a-decrease-in-the-viscous-dissipation-and:

hence a drop in downstream temperature; both effects are due to the mass transferred
into the boundary layer. A drop in peak value of the temperature ratio T/ Te from 5.5

to 4.1 is shown on Fig. 23. One notes that there is a decrease in peak temperature
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even in the preserce of the combusion processes of hydrocarbon. Example profiles of

the species concentration are given in Fig. 24. In general, the values at.the wall
B .{n=0) corresponds to the values that were injected. The peak values on Fig. 25

shows that only nitrogen atom is approaching a constant asymptote. Electron density

variation for this case is shown on Fig. 26 as compared to that of air. The principal air

ionization mechanism included herein is that due to associative recombination of the

N and O atoms. The electrons produced from chemi-icnization mechanisms of the

hydro-carbon species are known to exist although the detailed processes are not
sufficiently known at this point to be included-in this analysis. However, Porter5
has:suggested a phenomenclogical model for obtaining an estimute of the electron from
hyer-carbon species. On the basis of correlation of experimental data, Porter has
suggested that acetylene yields the H; O ions‘in proportion to the hydroxl radical con-

centration; the fraction of acetylené ﬁdiecules- oxidized to.give ions decreases with

.'vu"rwqui";m. Eatics widigain
i 4
<

increasing ratio of fuel to oxygen. By this means, the net production of H; O ion can

T

bé obtained from the hydrocarbon-air boundary layer as discussed above. The dis-
tribution of electron densityis. shown on Fig. 26; an increase of several is evident.
Pérter has also suggested a similar means to obtain ion yield from methane. Porter's

experimental work in progress will.be able to improve this estimate in the near future.

Graphite

— e

Graphite forms a.class of material useful for protection of re-entry bodies.
Exposure of this material'to a hot air environment leads to ablation primarily through

heterogenous reactions. Moreover, a carbonaceous char forms over material evolving

hydrocarbon species and its surface material can be lost in a similar way. Thus, it

|
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would be useful to congider in this section the nonequilibrium flow over graphite surfaces.
Some of 'the homogeneous.reactions for a 002 - N2 atmosphere have beén discussed
previously. In addition, the species C, Cz, and CN are considered. The results are
considered here for the oxidation of the graphitic material by molecular oxjgen.

i The surface temperature variation is assigned; it can, of course, be obtained:from a
heat balance with the surface material. With the experimental rate of material erosion
known, the mass flux at the surface is obtained as part of the solution. Results for a

109~sharp cone at an altitude of 100,000 ft. traveling at a velocity of 22,000 ft/sec are

shown on Figs. 27, 28, 29, and 30. The wall}temperatm:e\ is assumed constant with a
value of 3000°K; moreover, 'the air results for the comparison in Fig. 30 are for

equilibrium composition at that témperature. Fig. 27 shows that the mass flux trans-

vy TrTeY Ty

ferred into the boundary layer decreases downstream which:is somewhat consistent
with the trend shown by the mass:fraction of oxygen-molecules at the.wall shown on
‘Fig. 28. This figure also shows that atomic oxygen increases.above the molecular
oxygen from about 0.3 ft. downstream. Other results not shown here indicate thatthe
inclusion of the atomic oxygen reaction with the carbon surface:leads to an increase. of
‘mass-loss-along the surface in contrast to the decrease shown here since more.atomic.

oxygen is available. For the flow considered here, the loss of surface material near

the tip of the cone is reaction rate controlled since-there is a large amount of:6xygen

= :ﬂ,.;,_.'_"r*?%._ b SR NS S AR A PRAAIIOIA MOSUMUMA S e Sa it 44

.and the mass flux decreases along the surface of the'body. The peak temperature:

behavior shown in Fig. 29 indicates the effect of the mass transferred into the boundai'y

IEET

layer near the leading edge of the cone; the peak temperature for the carbon-air

* boundary layer is less than that of air. Electron density are compared in- Fig. 30 and
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~ and to a smaller exteht on the loss of oxygen to surface reaction.

whereas the cesium is already 99% ionized. The most important reaction being the
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==} —-—since thé ionization mechanism is the same as for pure. air, the decrease in the electron

density of the graphite body is due principally-to mass transfer effects via the temperature

Alkali Seeding in the Boundary iigye‘r

It is well known that alkali contaminants as sodium.added to the boundary layer

can create a large number of electrons. For slender bodies, the reactions of sodium

with air ai‘e in honequilibrium. This case has been studied for air ard the additional

species of O, O_, Na, Na+. Similar rates can be considered for Cs. A summary

of these results of electron densit& for both sodium and cesium is shown on Fig. 31

for very small-amounts of these elements. For-the study, these elements are assumed

to be included in the mass transferred during the ablation process. Thus, for the,case

considered of a 10° cone at 150,000 ft. altitude and at a velocity of 22,000 ft/sec. the

mass flux was taken to be constant along the surface.of the body; the mass flux:of ‘alkali

metal to-the total mass flux-is as indicated. “Thé remaining mass flux is taken to be

nitrogen to represent the ablation prbdticts. Comparison with the pure air cone results

indicate an increase-of 4 to 5 orders.of magnitude with sodium coritaminants and a 7 to 8

orders of magnitude increase’for cesium. The sodium is:less.-than-0.5% ionized. - —~ -

detachment process (O, + e + M~ 0; + M) for both sodiura end-cesium.

Teflon

The teflon-air boundary layer analysis provides some interesting results. For

the study here it is supposed that C

2F4

molecules are injected into the boundary layer.

The-mass rate transferred can, of course, be obtained from a material and heat
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balance, but it is specified here. The mass flux-injected varies along the cone surface
with values of zero at the nose and a peak value of 10-4'slugs/f£28ec atx=0.1ft. and
decaying asymptotically to zerc (at x = 5 ft., it has a value of 3.16 x 10~5 ). Even.in.
the ncnequilibrium situation considered here, the CZF 4injected rapidly dissociates

to CF2 away from the surface of the body. With the mass transfer of CZF 4
on the boundary layer are two-fold. These are the fluid mechanical effects of cooling

the effects

and diffusion causing the boundary layer to thicken and peak temperature to decrease
along the nody from 4.33 ( x=0) to 4.18 ( x=5 ft.) times the temperature at the edge of
the boundary layer. Another is due to chemical effects. Some of this decrease temp-
erature is due to the endothermic reactions, for example, one of the contributors of
CF2 and 02 molecules (reaction (38) ). A larger amount of O atoms are produced from

the dissociation of 02 molecules by CF2. The attachment processes of electrons to

fluorine atoms are included in this kinetic gcheme and given by reactions (43-44) in
Tables I and II. Although.there is large mass fraction-of fluorine atoms present in'
the boundary layer which is of the order of the oxygen molecules, the mass fraction
of negative fluorire ions is negligibly small. Atx = 2 ft. downstream from the tip of
the cone, the mass fractions of F and F dre 1.79 x 10"1‘2 and .038, respectively and
at x = 5 ft. these values become 1.2 x 10-10 and .0828. These are the peak values

across the boundary layer. The results indicate the flow is ina nonequilibrium staté

— < -
- -

and not close to equilibrium at all. These results are based on a tentative chemical
kinetic scheme. Experimental work-underway-in this laboratory will assist-in-the

delineation of the proper.scheme for this-combination-of-gases.
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IV, CONCLUDING REMARKS

Methods obtained at-GE-for-thé prediction of the-eleciron-density distribution
about re-entry bodies have been discussed. These are based on detailed step-by-step
integration of the equations of motions with chemistry utilizing finite difference techniques.
A number of results have been shown for the electron density distribution Asubjec’tegl to
effects of nose bluntness, ablation contamination, fluid injection,and surface reaction.
The body materials considered have been the epoxy resins and Teflon yielding hydro-
carbon and carbon-fluorine species, respe;;ively. Flow over the stagnation region of
blunt bodies, slightly blimted conical bodies, and sharp nose bodies are included for a wide
range of Reynolds numbers. At low Reynelds-Number, characteristics of the flow at the
stagnation region of blunt bodies where the flow is-entirely viscous have been-also given
in detail. The salient points in this prediction of electron density distribution are the:
following.

—~

1. The nose bluntness is of essential importance in the producztion of electrons
at'the stagnation region and this effect persists for a long distance downstream. As a
consequence, the electron density is much larger than that for a sharp cone, and are
comparable to those created by chemical reactions with contaminant.

2. The viscous flow at stagnation regions produce large numbers of electrons
.evgniat,ithe-highelﬁ alt{ttxdeg. -

3. 'The effects of mass transfer due to the ablation of surface material are to
form a cooler layer next to the ;vall and to displace the maximum {emperature away
from-the-wall. Reduction of the electron density can occur -through the reduction in

temperature.

4. The effect of hydrocarbon addition to the boundary layer with the ionization

e o s i g o e = e e = e e s e e ot
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due to associative ionization of N and.O shows some changes in the electron density
due to the chemical energy effects of reactions of the hydrocarbon-air species, i.e.,
the consumption of the injected species as methane and acetyléne. Chemi-ionization ”
mechanisms can produce large concentrations of electrons but' more exact prediction
will only be made when additional data on the particular mechanism is known.

5. The addition of é‘édium which is a material contaminant shows the large
increase in electron density as cxpected; however, the study shows that the reactions
are in nonequilibrium and most of the sodium introduced is ionized.

6. The addition of Teflon speices in air boundary layer indicates that loss of

electrons in their attachment to fluorine atoms is not large in comparison with its
production. It-appezrsthat further study must be made of the Teflon-air kinetic
scheme.

7. Surface conditions of different catalytic efficiency can change the eléctron
density significantly.

By means of this study, it is now possible to predict the detailed flow and chemical
characteristics over typical re-entry bodies. In general, it has been shown that the
electron density distribution is a sensitive function of body geometry and ambient
conditions. It appears that much additional work is still needed, particularly, in the
fu;'ﬂler ;lehneé;ﬁon of the kinetic schemes for Teflon-air system, hydro-carbon—air

system and their chemi-ionization mechanisms.
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10.

11,

13.

14.

15.

16.

17.

18.

19..

20.

21’

22.

23.

TABLE I - CHEMICAL REACTIONS

0,

N2+M=2N+M

NO+M=0+N+M

+M=20+M

O+NO=N-!-O2

0+N2=N+N0'

O+N=NO"+ e~

+
2

N+N=N; + e

O2 + N‘2 = 2NO

€O, +0=CO0+0,

N, +M=N_ +e + M

2

CO+0+M=002+M

OH+H2;H20+H

H+02=OH+0

0+H2=OH+H

OH + OH = H,0 + 0

H+H+M=}12+M

H+ OH+M=H20+M

H+O+M=0H+M

02H2 + 20 - 2C0O + H2

CH4 +30 - CO+ 2H20

CH4+ 20H -~ CO + 2H2+ H20

02H2 + _02 - 2CO + H2

CH4+02-°CO-&-H:?'O~;~H2
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Table I (cont'd)

24.
25.
26.
21.
28.
29,
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

40.

41.
42,

43.

44.

45.

CO+M=C+0+M
CO+N=CN+O

Cc,+0,=2C0

2 2
Na+M=Na+ +e +M

Na+e = Na+ + 2e~
+ -
Na +0 = Na+O

+ -
Na +O2 = Na+02

Na+NO' = Na+NO
Na +e - Na+hy
O+e =G + hy
O+e + M=0 +M

02+e +M=02 + M

02F4 + M-~ 2CF2

02F4+ 0~ F200+ C?z

CF2+02-’ CO+2F+0O

CF4+M—0 CF2+2F+M

CO+M~- CO+2F+ M

+ M

o

F2+M= 2F+ M

F2+e F+F

F +M

1

+é +M

|
o]

F+e - F&+hu

CO+0-~ 002+hv
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TABLE II - CHEMICAL RATE CONSTANTS
Rate Constant: k =a1® e /T, (d) = - 10°
{ Moles/cc, sec,. ok,, and cal/gmol ;
‘ REACTION FORWARD BACKWARD
4]
& b < 2 b e
g 1 .25 (+17) - .5 .5938(5 .39(15 -.34 0
: 2 .2 (22) -1.5  .113174 (6) .18 1)  -1.55 0
, 3 .55 (21) -1.5  .75483(5) .26 (21)  -1.58 O
4 .32 (10) 1 .19676 (5) .45 (11) .85 .354 (4)
, . 5 .68 (14) 0 .377(5)  .22(14) -.05 O
’ 6 .64 (10) 5 .324(5.  .64(19) -.89 0
{ 7 60225 (8) 5 .181(6)  .3627(6) -1 0
i 8 .463732 (9) 1.3  .678(5)  .523958 (18) = .2 0’
f 9 .13 (26) 2.62  .64664 (5) .81675(23) -2.25 .43076 (5) -
‘ 10 .6 (12) 0 .29 (5) .6 (9) 0 .25 (5)
{ 11 .5 (16) 0 76 (4 .109(21) - .58  .649 (5)
‘ 12 .63 (14) 0 .2969 (4) .23 (13) .01 .1041 (5)
13 .24 (15) 0 .8429 (4)  .198 (13) .27 .491(2)
: 14 .33 (13) o . .i07(3) .03 .23 (H
15 .76 (13) 0 .5032 (4)  .865(14) - .02 .8924 {4)
16 .2 (19) -1 0 .143 (19) - .82 .51952 (5)
17 .23 (22) 150 .606 (22)  -1.31 .59393 (5)
18 .3 (15) 0 0 .696 {14) .21 .50972 (5)
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REACTION

19
20
21
22.
23
24
25
26
27
28

_ 29

30

32
33
34
35
36.
37
38
39

40

.15 (14)
.2 (14)
.27 (14)
+35-(18)
.4 (15)
.6 (16)
.24 (13)
.3 (14)
.39 (7)
.39 (15)
.12 (18)
.12 (18)
.3 (14)
.12 (15)
12 (9)
.11 (20)
.2 (19)
.782 (16)
.6(12)
.292 (11)
.924 (15)

.429 (12)

[44]

oy

.15

e e ———

£

0
. 345 (4)
.3 (4)
.34 (5)
.2175 (5)
.29 (5)
.48 (5)
.37 (5)
. 597 (5)
. 597 (5)
0

0

. 28024 (5)
0

.66828 (5)

.48130 (5)

. 27967 (5)

0

.6 (9)
.12 (12)
.92 (12)
.97 {15)
.97 (23)
.4 (16)

.82 (17)

.92 (11)

0

0

.13 (13)

.12 (11)

1

1

72

0

.25 (5)
.53 (4)

.1633 (6)

0

0

.43 (5)
. 545 (5)

.476 (5)

0

0

.17 (5)

.511 (4)

0

0
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REACTION FORWARD BACKWARD
i b _c_ a_ b L
41 .79 (138) .2 .18475(5)  .329 (13) (1} 0
42 .33 (16) 0 0 .3 (8) 1.4 . 21541 (5)
43 .3 (12) .7 .40017 (5) .136-(20) .9 0
44 .2 (10): 0 0 1 0 0
45 .2(7) 0 .1610 (4) 1 0 0
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Figure 1. Blunt Conical Body
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Figure 2, Variation of Axial Pressure Gradient Across Layer
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Figure 26, Electron Density for Hydrocarbon - Air Boundary Layer
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