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SUMMARY HGL

The prediction of communication through the ionized flow field about a re-entry

body requires the knowledge ofhe 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 chemically 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 transfer from ablation

products and'surface reactions. The equations have beenformulated into a system

of finite differehce equations and a computer program to study the various phenomena

that can influence the electron density in the flow has-been developed. 'Itis found that

the effect of a small bluntness at the nose creates a dominant number of electrons 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 distriLutions.
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I. INTRODUCTION

Re-entry communication depends to a large extent on the penetration of an

electromagnetic 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

can be estimated reasonably well if &.e electron density distribuition Is known.,

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

sity distribution 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 theflight velocity, altitude, and vehicle configuration. The determination of these

,electron concentrations is a complex problem in chemically reacting gas dynamics

since finite rate chemistry is involved at the altitude of concern. Theoretical studies

must-icludea multlcomponent chemicall;y reacting boundary layeri nd viscous layer

over sharp bodies, slightly blunted,bodies, and stagnation region,off very bluntbodies,

and in addition, must include the ionized 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

species and for graphitic bodies are.also significant. Moreover, mass-transfer from

ablation products such as charring plastic ablators and teflon material-must be taken

into account with nonequilibrium and finite rate chemistry'over most of, the altitude

region. 'These considerations have been integrated into a study whichhas culminated

in the development of a finite difference method and a computes code which allows the

inclusion of multicomponent diffusion,with as many as 25 s,,ecies with realistic trans-

port and thermodynamic properties to evaluate the detailed distribution of electron
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density over the bodie- "-aentioned 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 isdiscussed for sharp dbnes. Most bodies have some non-

zero bluntness at the nose so that a stagnation region is createdat the tip. The effect

of this bluntness 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 electrr is downstream is a decay in contrast to the rise

for the sharp cone. It is shown that the distribution of electrons around a slightly

- blunted-coe and sharp'cone" db 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 differentedge

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 transfer 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 mrterial. In particular, the ablation of graphitic

bodies is due entirely to'this process andhere is also catalytic-recombination of

:atomic speciesat-the surface. Results are shown for these cases and their effect on
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electron production. Increases of the electron production by 06 minor material species

in chemi-ioniation processes are possible. Quenching of the electron production due

to the lowering of temperature by the cooling effect of transpirati6n gases Is also

possible. Resulto for the injection. of hydrocarbon species, i.e., pyrolysis gases, into

the boundary layer with the additional homogeneous reaction with air are given and the

effect on electron production is evaluated. Some results for'the addition of teflon species

are shown. In particular, the efficiency ofthe 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 electron density is also investigated.

These-results have some-significance in the problem of the addition of electronegative

species to chsunge the electron density level.

Atthe stagnatin point, the nonequilibrium effects appear where the flow is

mostly viscous. In other words, 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 rates have been obtained. These results extend through the merged

layer region and are valid almost to the end of the continuum range-of altitude. By

studying the results for several cases, itis shown that the viscous shock laer forms

a divided inviscid and boundary layer With thedecrease of altitude. The production

of electrons at the higher altittides is shown.

In the next sections, the'analyis thiti-hasdeveloped-.inthistud.yisdiscussed

with emphasis on the physical assumptions considered. Next, resultsf the electron

density distribution, slightly blunted bodies, stagnation region, and sharp nose bodies

are given for hypersonic re-entry. It-willbe seen that the electrons are due to a

combination of fluid mechanics phenomena as mass transfer, diffusion, andviscous
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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 ofF. 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 obtained by Mrs. Susan Kendall and Miss Sindy Dectrow.

The typing 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.

b3
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he purpose of this paper is the prediction ofelectron density distribution over

Te-enty bodies for sharp-cones and slightly'blunted cones. This would include the

consideration of the stagnation region of blunt bodies. Theaititudes of concern here

variesfrom 300, 000 ft. to about 50,000 ft. whereequilibriu flow will then. prevail

over these bodies.. Itis sufficient to treat the flow as,lainar as thsostate of the gas

is dominant down 'to about the latter altitude,for the re-entr, ,velocities of concern.

These velocities are~of the~order of 20", 000 ft/sec. For/these conditions, the chemical

state of the gas is a nonequilibrium one and,*the k.lietic energy transformation into

thermal energy immediately leads to a highly dissociated and ionized- air species. In

the case of planetary entry CO2 - N2 species are involved and the altitudesand velocities

for-sigifl.an=tneq a,,,, ,r, ,angedcto6dingly. It isexpected that a highdegiee

of nonequilibrium will existeven for lower altitudes in Martian entry aid 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'wlth an arbitrary meridian, 6hape. For

-x\onequilib.riumn flow with multicomponent transport phenomena, these equationsare

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

generalquon-reducesto-tho-undary laverfom; this. leads to thedeletion of the

second derivatives with--respect to streamwise direction terms. Surface coordinates

are with one coordinate along the surface measured "from the stagnation region of

-the -bunted cone or from-the tip of a sharp-cone "as the case may be. 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 equation

is not considere-,except for the low Reynolds stagnation region considered in Section C.

For a real gas behavior, the thermodynamics properties of enthalpy and specific heats

of the individual species are used. The mulicmponent transport properties as

viscosity and thermal conductivity of themixture are obtained by Wilke's formula from

individual specie properties with the latest literature values of theccollision integral.

Multicomponient 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 specieps.

02' N2 , 0, 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 kinetic rates for these processes and the reactions considered in this

paper are given In Tables I and U.

The equations of motion for the transport phenomenon as described are highly

nonlinear partial differential equations \"ith the surface coordinates as independent

varilabes. !fie 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. Stablesolutions with

sufficiently large step sizes are obtained by this method so that a boundary layer

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

II0
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The formulationof the implicit difference scheme leads to a system of linearalgebraic

equations which, are tri-diagonal and can be solved by a sweeping technique. Iterative

calculation of the coefficients when necessary usually assures the conivergence of the

method for a given step size.

The boundary condition for these equations depend toa large extent on the behavior

of the-surface material and the body geometry. The surface conditions are described in

this section. At the surface, the heat transfer can be considered, for either a fully

catalytic or a noncatalytic material. It~is~necessary t 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,6f the-vanishing pf 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.6er conical bodies or high Reynolds

Number flow at the stagnation pointthe invisoid body streamline leads directly to the

boundary conditions for-the velocity, temperature, and species concentrations. For

slightly blunted bodies, the boundary layer will swallow fidld from inviscid streamlines

processed thi~ough the boW ihodk 6tli~rti- iiii h-t bf tlie Mittion region. Sin-e the

inviscid flow for these streamlinesare usually in nonequilibrium, it is necessary to

integrate the inviscid equation from the shock to theedge of the boundary layer. This

consideration of the inviscid noneqgilibrium 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

tiwb-point boundary conditions which are solved by finite difference methods. These

equationsinvolve the same thermodynamics and transport properties as above. Some

additional remarks will be made for thestagnation,point in Section C. With these initial

conditions, the finite difference-method-henallows4the solution tobe obtaied 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 nviscid equation along the body

- " streamline. The body pressure distribution is prescribedtand may be that given from

experimental, measurement or inviscid flow field-computation. Usually, it is -found

that the conditions along the edge do not change much along the surface oUa sharp

nose body; that is, only-a negligible amount-if dissociation or ionization is present.

For a slightly blunted conical body, the different inviscid streamlines entering

the successive points of the boundary layer edge has passed through different points of

the bow shock. The chemical state along each of these streamlines are, therefore,

different, In, general, different nonequilibrium state exists for-each streamline de-

pendent to a large extent onthe initial point where the steamline pierces -the bow

shock. Several methods have'been used to obtain the development of the characte istics

along the streamlines. They differ in the manner in which the pressure distribuoncis

accounted for. These methods have included pressure variation across the inviscid

shock layer and-the pressure overexpansion. The method of obtaining-the inviscid

- -ij I i i - - - -I - - ll l li
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conditions follows next.

The appropriate swallowing of the inviscid fluid into the boundary is considered

by first determining the corresponding points at theybow shock wave and'boundary layer

edge which have equal mass flux. It is supposed that an estimate of the boundary layer

edge location is available. These points are then thenitial and end points of the various

streamlines. Since it is known that pressure detributions of the flow are not changed

appreciably by nonequilibrium effects, these distributions can be taken from equilibrium

flow fields. This can bedone 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~tosurface is zero which islnot unreasonable for a slightly

blunted conical body. In a second method, B, the pressure gradient-along the stream-

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

across the nviscid 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

thirdmethod, C, has also been considered. The complete presstue field from a

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

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

S i j-ach uni ndshoshipefr iiil-iiti6 n i- r is i. Preur--M-

expansion along the body are, of course, 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.
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With the new edge conditions, the boundary layer flow characteristics is determined

and a new distribution of boundary layer ass flux is obtained. This new mass flux

'then leadsto new edge conditions and iterations are performed until the mass flux do

not change appreciably.

C. STAGNATION REGION OF BLUNTED BODIES

Initial conditions are required for the unique. solutions of the system of equations

discussed inSection A. Since the Mangler-Howarth-Dorodnitsyn transformation is

utilized herein, the density does not appearexplicitly 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 poi nt of a blunt body) if the limiting process of allowing the

streamwise variable to approach zero is made. Thus, the initialcondition for either

, types~of noses~are ordinary differential equations which are two-poLnt boutndary value

problems. These are usually difficult to solve bythe more common method of "shoot

and hunt" since so many specie are considered; they are solved here by the application

of finite difference methods so that the two end conditions are always satisfied. The

resulting algebraic equation from the finite difference formulation are tridagonal

a sweeping method of solution is used. Iteration-is then applied until successive profiles

are sufficiently close to each other. The previous discifssionopplies to conditions of

altitudes and velocity where -the boundar, layer equatidps as discussed in Section A

are valki. Considerations have ,also been given to flight conditions where this validity

is violated. The development of the flow at stagnation area for'these cases are given

in the rem"i of this section.

At'1th higher altitudes, nonequilibruiniind viscous effects begin to have equal

Inpo t cU ovr the entire shock layer. Ihlsis dependent to.;varge extent on the nose

1



C S i

o~ ,-12-
HGL

radius concerned, but the criterion of Importance can be estimated by the-product of

thedensity and,nose radius. For example, the boundary layer thickness is-practically

equal to the hiviscid detachment distance for a 1/4- nose radius:body at- 150, 000 ft.

altitude traveling at 20,000 ft/sec. At this-low Reynolds number range, a setof

equations have been~consldered' which is valid for the entire viscous layer at the stagnation

point. Normal pressure gradient across the layer as far as centrifugal effects are

c~cerned, are taken into account. The boundary conditions are applied at the surface

of te body and at the shock wave. At the shock, the effects of diffusion, heat transfer,

and,shear stress are 'accounted for. Estimates and later 7 alidation of these conditions

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

equationsand boundary conditions, viscous nonequilibrium flowcharacteristics for the

low Reynolds number range have been obtained.

A more detailed discussion'ofjhe development of these equations as-outlined

above are given inthe repotsby Lew2 and-Blottner. 3

K ...
L - "' & ... ....-. ............-. ,,, .....
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III. RESULTS AND DISCUSsION

The complete ionized flow field with finite rate chemistry of air and many-ablation

products for flow over blunted conical bodies have~been studied by the method outlined in

Section I. 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 .4tagnatiqn region, the

viscousequations 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 density variation across the viscous 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 200,000 ft.

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

-the stagnation-point.

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

altitude, the electron density has increased-by about 3 orders. Much of this change is

due to the higher dissociation of<0 2 at the lower altitude. For the case given in these

0 i[ o



HGL

figures, the frozen Rankine-Hugoniot shock conditions are applied at the shock. Since

the composition' Is frozen, as the flow passes through the shock, only oxygen and nitrogen

molecules are present at-this point and thetranslationalttemperature is high. Then the

finite rate chemistry are initiated and the oxygen molecules,begin the dissociation

process. The concentration 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 toward the body which is heldat a constant wall temperature. The variation

Of mass fraction of positive ion NO+ is shown in Fig. 5 consistent with the trend of the

092 curve. It is noted that the ionization mechanism-is the-associative recombination of

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 in Figs. 6, 7, and 8

for a body with a'nose radius of 1.,86'ft. traveling at a velocity of 21,600ft/secand

an altitude of 250,000 ft. It is seen that the nose radius has been increased about

90 times from the previous case but with only smaller 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 .17 equal to zero at the body

surface. !be variable t is the. density transformed distance across the layer and

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

At is seen that there is a steep decrease in the temperature variation near the shock

front which becomes more gradualinside the viscous layer; t4ln there is a sharp

decrease to the wall temperature. The steep portion of this variation is due to

dissociation ofothe 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.
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This wall temperature is a reasonable one at the altitude under conaideratioli. Additional

boundary conditions for the body surface are needed for 'thespecies. For the cases

under discussion, the condition for equilibrium composition at the prescribed wall

teniperature and pressure is utilized and is equivalent to that of a fully catalytic-walfor

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

indicates a constant vorticity region near the shock. This suggests that a boundry

layer model'In-which the boundary 'layer thickness is about one third of the physical

detachment distance matched with an inviscid flow-with Constantvorticity In both the

values of the velocity ,and its slope would be sufficient to predict the same results in

flowcharacteristics. For this type of consideration,, the boundary layer thickness

would be about O.:02- times the nosecradius and is still sufficiently small for boundary

layer theory to be-valid. The behavior of the~species profile is similar to-that of the

case for the smaller nose radius. 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 ofO atoms-near the shock

is~by means of the shuffle reaction. Further in the layer towards the body, oxygen

atoms are still being produced but now a, contribution is 'added by the shuffle reaction

instead of a loss andthe net production continues until the body surface is reach ed.

In contrast, nitrogen atoms are present in the region near the wall due principally to

,diffligio frf ti uppei layers. ,the *aifiu- p-r~ibtuion bfktoi i ic e occurs

a 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 Athe other extreme of surface condition of a noncatalytic one Iszassumed- the peak

atomic concentrations would continue to the *all. 7he concentration of niic xide
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is-,Bhodmn ow Fig. 8 and it, is produced near the shock primarily by the bimolecular

sffe reactions 4 and 5 with about a small amount used In the production of N and 0

atms by dissociation reaction 3. The losqdof NO near the waill is due to reaction 5 I

t#6. production of oxygen atoms. Alt;, ;iigh..... tere are two positive tons considered in the

riesults for, the body with arger nose radius, the principal contributor to,the electron

.density ~ ~ ytti v[I is that due toNO+ . NO ' is produced in'-the upper layers of h

flow near the' shock iand consumed -in the lower layer; diffusion of the species occurs

towqlgld both ends, Values of the electron density-of the order of 101 no. /cc are obtained;
the m,dmum of'. 2 x A no./cc'is at about 1/3 of the distane from the body surface.

Resultshave also been obtained for several other conditions. Details may be

oE

fouri in Ref'. 2., At the loweraltitude of 2.00, 000 ft. , the formation of -a thin bound:ary

jlayer~is more, accentuated (Fig. 10). The temperature distribution reveals ail interesting

variation. There is a step dr~p n temperature at both ends of the viscous layer separated

by an almost constnt temperature zone occupying about 70% of the viscous layer. In

the lsaer with an extent, of 15% ,of the detchment distance from the body surface, the

shuffle reactions are- very rapid and near equilibrium~conditions prevail. Speciesare

shown iu Fig. 11. lectron density of the order of- 10' 3 -electrons/cc is- obtained at this

altitude. Itg.s noted that sicedpart no the layeris near equilibriumIt ispossible for

the altituoe and nose radius considered that pollisionalIonization of N and 0 atoms

tpiptie-on oagett om she prdulon of eiecitrons. Equiibrium conditions at the density

and temi rature,oinside the viscous indicate large amthpets of le and h.

For the higher altitude regime, the Reynoids Number based on the nose radius

becomes sufficiently low so that the heat transfer, diffusion, andshear stress may

modify the Rankine-Hugoiot shock relations. In that case, a shock transtion zone may
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also appear since the shock wave may have a nonzero thickness. Reslts based on this

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

Boundaiy 'Layer

At the low altitudes, the flow indicate a-.,undary layer region formation near

the body which is small in -extent 9compared to, 'the nose radius. Moreqver, equilibrium

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 equilibritui

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. 'GE

or NASA) giving the edge-coihditions are ssufficieit. 'One~notesthatthe flow in the interior

of the viscous regibnstill has noneqtulibrium chemical activity. Alarge number of
s results have been obtained'for this condition; it suffices to summarize the maximum

-- 'lectron densitywhich 'occurs atithe edge of the boundary layer in.Fig. 9. By the

boundary layer theory, the electrondensity profile is almost constant throughout the

[IM 1er-except 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 electrcndensity obtained in this section, it is clear that

nose'bluntness produces a significant number of electrons inlthd stagnatici region even

though, only air species are present. The addition of bliation species can alter this;,

but usually only the alkali metal (or,chemiionization processes), can kirease thece

numbers appreciably. The behavior ofthe' electron density vaiation-downstream depends

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

I 
0
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shock, the ifluence on the production of additional electrons by viscous heating, and

the catalyticity wall condition. ihis is considered further in the folloWing sections.

B. NOSE BLUNTNESS EFFECT ONELECTRONDENSITY DISTRIBUION

It has been shown in the previous section that large electron density concentrations

are obtained-at'the stagnation point of a'blunt body. For a slightly blunted body, the

flow developmentalong 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

e4ke conditions are obtained as discussed in Section I. All three methods have been

used inobtaining these edge conditions. These results are-shown in Figs. 12-17 for

a slightly,-blunted 100 cone with nose radius of 1/41. An example ,of the difierent inviscid

velocity distributions at the boundary layer edge utilii~ing either the'body streamline

pressuiedio ribution 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. TheoNew-

tonian pressure inviscid velocities are always slightly lower. However, even this small

difference is significant in the regioi. near the stagnation point. Temperatulre distribution

at the boundary layer edge are composed with the body streamline values using the

Newtonian pressure distribution in Fig. 13. he larger difference in the stagnation

region is again significant because the temperatures are much higher. For the case

S c".sidered (.i,'), 000 ft.), tlhe boimdary layer edge is close to the shock near the stagnstion

region as discussed previously; thus, the temperature is much higher than the equilibrium

values. The temperature distribution 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 pressure,

is constantalongthe conical portilo 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 thetody

measured from the stagnation point; x is the abscissa in these figures. However, for

the family of sphere cone bodies there usually is a pressure overexpansion (as indicated

by the dotted curve and crosses in Fig. 14) before the conical pressures are achieved

along the body. Moreover, the pressure histoiy of the individual streamlines are

different than that alchg the shock or~along the body. 'For these reasons, two other

methods have also been employed in accounting for these deficiencies. These are

discussed next.

Pressure variation across the inviscid shock layer has, been taken into account

by a closed form 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 newpressure

distribution on the inviscid velocity at the boundary layer edge (dash curve lines). -It is

evident from the figure that'pressure overexpansion does not change the boundary layer

edge Velocity appreciably. Temperature and' species distributions (dash curve) at the

boundary layer edge are slightly 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 solutions of Cornell Aeronautical Laboratory.

itL
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Fora more complete determination of the inviscid edge conditions, the third

method utilizes the complete equilibrium inviscid flow~field pressure to determine the

edge conditions. The GE equilibrium inviscid flow field gives directlyeach streamline

pressure and its physical location with respectto the body. Pressure distribution along

streamlines are shownon Fig. 17t. Pressure overexpansion is, of course, contained

in theseproperties which can be also seen from Fig. 17. The coordinateX is the axial

distance along the body. The shock shape used corresponds also to that determined as

part of the equilibrium flow fieldcomputation. "With the pressure distribution prescribed

in this way, the inviscid nonequilibrium streamtube equations lead immediately to the

results (crosses) shown on Figs. 14 to 16. Again, even with more correct equilibrium

pressure and an overexpansion sligAly 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 andinitrogen distribution. Since the bodies under consideration are

lonly slightly blunted, the electron density behavior as the fluid passeshrough the

boundary layer ,and 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).

Tlhe 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

values 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 electr6h density and dissociated species as

N and 0 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 values of these speciei

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 temperaturewithin ihe 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 10ft. downstream of the stagnation point

that-nowhere 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 density 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 shownhere. A noncatalytic surface can increase the electron density if the body

is sufficiently long.

d4
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The effectof using thedifferent 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 showm 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. Thelargest 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 conicalpressure 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 nonequilibrium regime. The gas mixtureis now CO2 and N2 .

Results have been obtained for entry into this gas mixture to determinelhe nonequilibrium

characteristics of the boundary layer at'the stagnation point. The gas species was

supposed to be made up of CO2 ' CO, N2 , 02, 0, N, and NO. An idea of the degree of

ionization can be gotten from the variation of the atomic species 0 and N, if the formation

of the ion NO+ is the only ion formed. The free stream conditions of V= 14,000 ft/sec,

p = 3.452 x 10 - 7 slugs/ft , p = 0.086 lb/ft2 were used and a body with a nose radius

of 4.75 ft. was considered. With a mixture of 60% CO2 and 40% N2 , 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 layer 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
A

from the wall. At the same time, the velocity profile acquires an inflection point.- 'These

points are -illustrated by theresults 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 injectedwas considered constant along the surface and has -a

-4 2
value of 2.2038 x 10 slug/ft - sec. Results are Summarized in Figs. 22'to 24 for

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

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/T from 5.5
e

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 presence of the combusion processes of hydrocarbon. Example profiles of

the species concentration are given in Fig. 24. In general, the values atthe wall

= 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 cae 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 andO atoms. The electrons produced from chemi-lonization mechanisms of the

hydro-carbon Species are known to exist although the detailed processes are not

sufficiently known at this point to be Includ6din this analysis. However, Porter 5

hassuggested a phenonienological model for obtaining an estimate of the electron from

hydro-carbon species. On the basis of correlation of experimental data, Porter has

suggested that acetylene yields the H30 ions n proportion to the hydroxl radical con-

centratlon; the fraction of acetylene molecules- oxidized togive ions decreases with

increasing ratio of fuel to oxygen. By this means, the net production of H 0 ion can

be obtained from the hydrocarbon-air boundary layer as discussed above. The dis-

tribution of electron density-4s shown on Fig. 26; an increase of several is evident.

Porter 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.

Grpte-

Graphite forms aclass 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 con ider in this section the nonequilibrium flow over graphite surfaces.

Some of the homogeneous.reactions for a CO2 - N2 atmosphere have been discussed

previously. In addition, the species C, C2, and CN are considered. The results are

considered here for the oxidation of the graphitic material by molecular oxygen.

The surface temperature variation is assigned, it can, of course, be obtained~rom 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

100 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 walLtemperature is assumed constantwith a

value of 30000K; moreover, the air results for the comparison in Fig. 30 are for

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

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 that'the

inclusion of the atomic' oxygen reaction with the carbon surface leads to an increase. of

imass-o ss-alongthe 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

Hh-fetlp of'the cone is reaction rate controlled since-there is a large amount bf~dxygen

available. tdiat db-WrkNieam, - 'oxidation -pr cessi di66id---diff i6 -dcontWI-id

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 boundary

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

S.-
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-since the-'IoizatiOimechanism is the same as for pure air, the decrease in the electron

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

and to a smaller extent on the loss of oxygen to surface reaction.

Alkali Seeding in the Bowidary Layer

It is well known that alali contaminants as sodium, added to the boundary layer

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

with air aie in nonequilibrium. This case has been stdied for air and the additional

species of 0-, 0-, Na, Na + . Sinilar rates can be considered for Cs. A summary

of these results of electron density 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 theecase

considered of a 100 cone at 150,000 ft. altitude and at a velocity of 22,000 ft/sec,. the

mass flux was taken tobe constant along the surface, of the body; the mass-flukxof alkali

metal to the total mass flux is as indicated. The remaining mass flux is taken to be

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

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

orders of magnitude increase~for cesium. The sodium is less-than-0. 5o%ionized.

whereas the cesium is already 99% ionized. The most important reaction being the

SI! detachment process (02 + e + M 0- 02 + M) for both sodium and;cesiuni.

Teflon

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

the study here it is supposed that C F molecules are injected into the boundary layer.
2 4

The-mass rate transferred can, of course, be obtained from P, 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 slugs/ft sec at x = 0. 1 ft. and

decaying asymptotically to zero (at x = 5 ft., it has a value of 3.16'x 10-5 ). Even in

the nonequilibrium situation considered here, the CF 4injected rapidly dissociates

to CF 2 away from the surface of the body. With the mass transfer of C2F4 , #.j effects

on the boundary layer are two-fold. These are the fluid mechanicaleffects of cooling

and diffusion causing the boundary layer to thicken and peak temperature todecrease

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 endotheriic reactions, for example, one of the contributors of

CF2 and 02 molecules (reaction (38)). A larger amount of 0 atoms are produced from

the dissociation of 0 molecules by CF . The attachment processes of electrons to
2 2. C

fluorine atoms are included in this kinetic .scheme 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 fluorine ions is negligibly small. At x =2 ft. ,downstream.from the tip of

the cone, the mass fractions of F and F are 1. 79 x 10 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 in a nonequilibriuni tat

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-combnatidhn.of-gases.
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IV. CONCLUDING REMARKS

Methods obtained at-GE -forhe -prediction of the -electron-denbity 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 .subjected 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, respectively. Flow over the stagnation region of

blunt bodies, slightly bltnted conical bodies, and sharp nose bodies are included for a wide

range of Reynolds numbers. At lowReynolds-Number, characteristics of the flow at the

stagnation-region of bluntbodies where the flow is-entirely viscous have been-also given

in detail. The salient points in this prediction of electron density distribution are tho

following.

1. The nose bluntness is of essential importance in the production 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

.even--at.the-higher- altitudes.

3. TIhe effects of mass transfer due to the ablation of surface material are to

form a cooler layer next to the wall and to displace the maximum temperature away

from~the-sall. 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

_________________________
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due to associative ionization of N andO 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 acetylene. 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 sodium which is a material contaminant shows the large

increase in electron density as expected; 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, appears Athat further study must be made of the Teflon-air kinetic

scheme.

7. Surface conditions of different catalytic efficiency can change the electron

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

further delineation of the kinetic schemes for Teflon-air system, hydro-carbon-air

1system and their chemi-ionization mechanisms.
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TABLE I - CHEICAL REACTIONS

1. 02 +M=20+M

2. N 2+M=2N+M

3. NO+M=O+N+M

4. O+NO=N+O 2

5. O+N =N+NO2

6. O+N=NO+ + e

7. N +M=N+ + e + M
2 2

+8. N+N=N + e
2

9. O+N =2NO02 2

10. co 2 +o=CO+0 2

11. CO+O+M=CO +M
2

12. OH+H =H 0 +H
H2 H20

13. H+0 2 =OH+O

14. O+H =OH+H
2

15. OH + OH=H0+O

16. H+H+M=H 2 +M

17. H+ OH+ M = H20 + M

18. H+O+M- OH+M

19. C2H 2 + 20 - 2CO +H2

20. C-4 + 30-. CO + 2H0

21. CH4 + 20H -. CO + 2+H

2 2.C 2 2C 2

23. CH4 + 02 - CO +H2O+H 2

9
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Table I (cnt'd)

24. CO+M=C+O+M

25. CO+N=CN+O

26. C2 + 02 =2CO

27. Na+M=Na + e +M

28. Na+ e Na + 2e

29. Na +0 Na+O

30. Na +-0 Na+0 2

31. Na+NO+ -Na+NO

32. Na + e -Na+ hO

33. O+e -O + hv

34. O+e + M=O +M-

35. 02+e +M=O2 + M

36. C2F 4 +M- 2CF 2 +M

37. CF4+ 0 FCO + CF
2 4 2

38. CF2 +0 2 - CO+2F+O

39. CF 4 +M-. CF 2 +2F+M

'40. F2CO+M- CO+2F+M

41. F +M= 2F+M
2

42. F2+e F+F

43. F-+M F~e +'M

44. F+e -. F +hv

45. CO+O- C02+ h v
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TABLE H - CHEMICAL RATE CONSTANTS

b -c/T d
Rate Constant: k =aT e -  , (d) •10

0
Moles/cc, sec,, k,,andcal/gmol

REACTION FORWARD BACKWARD

a b c a b c

1 .25 (+17) - .5 .5938 (5) .39 (15) - .34 0

2 .2 (22) -1.5 .113174 (6) .18 (21) -1.55 0

3 .55 (21) -1.5 .75483 (5) .26 (21) -1.58 0

4 .32 (10) 1 .19676 (5) .45 (11) .85 .354 (4)

5 .68 (14) 0 .377 (5) .22 (14) - .05 0

6 .64 (10) ,5 .324 (5), .64 (19) - .89 0

7 .60225 (8) .5 .181 (6) .3627 (6) -1 0

8 .463732 (9) 1.3 .678 (5) .523958 (18) .2 .0'

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 .176 (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)

1 14 .33 (13) 0 .3593 (4). 107 (13) .03 .2613(4y

15 .76 (13) 0 .5032 (4) .865 (14) - .02 .8924 ,4)

16 .2 (19) -1 0 .143 (19) - .82 .51952(5)

17 .23 (22) -1.5 0 .606 (22) -1.31 .59393 (5)

-18 .3 (15) 0 0 .696 (14) .21 .50972 (5)

RAU
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REACTION FORWARD BACKWARD

a b c a b c

19 .15(14) 0 0 0 0 0

20 .2(14) 0 .345(4) 0 0 0

21 .27 (14) 0 .3(4) 0 0 0

22- .,35-(18) 0 .34 (5) 0 0 0

23 .4(15) 0 .275(5) 0 0 0

24 .6(16) 0 .29(5) .6 (9) 0 .25 (5)

25 .24 (13) - .5 .46 (5) .12 (12) -. 5 .53 (4)

26 .3 (14) 0 .37 (5) .92 (12) .72 .1633 (6)

27 .39 (7) 1.5 .597 (5) .97 (15) 0 0

28 .39 (15) .5 .597 (5) .97 (23) -1 0

29- .12 (18) - .5 0 .4(16) - .5 .43 (5)

30 .12 (18) -. 0 .82 (17) - .5 .545(5)

31 .3 (14) - .5 0 .92 (11) 0 .476(5)

32 .12 (15) .75 0 0 0 0

33 .72 (9) 0 0 0 0 0

34, .11 (20) - .5 0 .13 (13) 1 .17 (5)

35 .2 (19) - .5 0 .12 (11) 1 .511 (4)

36 .782 (16) .5 .28024 (5) 1 0 0

:37 .6-(12) 0 0 1 0 0

38 .292 (11) .5 .66828 (5) 1 0 0

39 .924 (15) .5 .48130 (5) 1 0 0

40 .429(12) .5 .27967(5) 1 0 0
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REACTION FORWARD BACKWARD

a b c a b c

41 .79 (13) .2 .18475 (5) .329 (13) 0 0

42 .33 (16) 0 0 .3 (8) 1.4 .21541(5)

43 .3 (12) .7 .40017 (5) .136-(20) - .9 0

44 .2 (0)" 0 0 1 0 0

45 .2 (7) 0 .1610 (4) 1 0 0
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