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ABSTRACT 

'he boundary layer and near base region of three reentry vehicles 

were calculated under conditions of a turbulent boundary layer and wake. 

Flow properties affecting the transmission of electromagnetic signals 

from the base region are presented and include predictions of the 

charged particle densities and collision frequencies. The possible 

simulation of a full scale vehicle by a vehicle of smaller size whose 

heatshield is intentionally seeded with "low ionization potential" 

materials is investigated and found to be feasible within reasonable 

engineering limits. 

Reentry heating and detailed boundary layer analyses were performed 

to establish the fluid profiles at the aft station of the vehicles. 

Boundary layer separation and the near wake flowfield was determined 

by a self-consistent viscous-inviscid interaction theory. A single 

non-equilibrium reaction was used to determine the electron concentratior 

profiles above the recirculation region, while equilibrium thermodynamics 

was applied to determine the neutral and charged species concentrations 

in the recirculation region. 

To assist in evaluating the accuracy of the modeling, similar- 

calculations were performed for a vehicle in which flight measurements 

of several flow properties were made in the base region during reentry. 

Favorable agreement with the data was achieved by the analysis. 
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EVALUATION 

Thii; report is the Final Report of Contract Fl9o28-75-C-0 1 oO 
covering the period May 1975 to September  197o.    Low altitude 
flow properties in the near wake region of hypersonic,   slender 
cones of varying bluntness were calculated.     The purpose of this 
effort was twofold.     First the results for  an RMV-340 type vehicle 
were compared to flight test data to provide some understanding 
of the level of accuracy of the analysis.    The primary objective 
was to compare the flow properties of the full scale vehicle to 
those of a smaller one with selected levels of easily ionized material 
seeded in its heat shield,   thereby determining whether the seeding 
technique could simulate full scale electrical wake properties.     This 
work was originally intended to support Task 215301,   Interaction of 
Microwave Radiators in Ionized Flow Fields,   in particular,   the 
studies based on the proposal that full scale flight testing programs 
by SAMSO/ABRES could be supplemented by less expensive tests 
using smaller,   ground-or plane-launched vehicles with seeded 
heatshields.    No additional work in this area is currently under 
consideration at RADC/ET. 

The results tend to indicate that,by appropriate selection of 
seedant leveis,a suitable range of electrical characteristics can be 
produced in the near wake for testing base mounted antennas.    In 
addition,   the calculations for the flight test comparisons may have 
applications to tne continuing research program of the U.S.  Army 
Ballistic Missile Defense Systems Command. 
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1. INTRODUCTION 

A theoretical analysis of the boundary layer and near wake of three 

hypersonic slender vehicles of small and moderate bluntness have been 

performed corresponding to low altitude conditions where the boundary 

layer and wake are turbulent. Predictions are made of those properties 

of the flow in the base region, such as electron density and collision 

frequency distributions, which affect the transmission of electromagnetic 

signals from the base region. 

A small scale vehicle and a full scale vehicle with carbon phenolic 

heatshields and graphite nuse tips are analyzed at two altitudes under 

conditions of nominal alkali metal contamination (50 ppm equivalent Na). 

In addition, to explore the possibility of near base plasma simulation with 

the large vehicle, intentional ser ng of the small vehicle heatshield is 

investigated. Seeding levels of 500 ppm and 1000 ppm equivalent Na are 

assumed. The heat transfer and ablation histories of the two vehicles 

during reentry are also calculated to provide the rate of mass loss and 

surface temperature distributions needed for the detailed boundary layer 

and wake calculations subsequently performed at the two altitudes of 

interest. 

A third vehicle is analyzed which corresponds to an RMV-340 type 

vehicle with a silica phenolic heatshield and graphite nose tip. Analagous 

boundary layer and wake calculations are performed for this vehicle at one 

altitude. In order to provide some understanding of the level of accuracy 

of the analysis, a comparison of the predicted electron density levels in 

the base recirculation region and of the base pressure are made with 

existing flight measurements for this vehicle. 

The ensuing sections will concentrate on the results of these analyses 

along with the appropriate input conditions and critical assumptions made. 

More detailed descriptions of the analyses are discussed in the Appendices, 

although for the most part these have been presented in the open literature. 
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2. CONFIGURATIONS AND TRAJECTORIES 

The geometry of the spherically tipped conical vehicles analyzed 

here is presented in Figures 1 and 2. Geometrical specifics and manorial 

data are presented in Table 1 below. 

TABLE 1 

VEHICLE CONFIGURATIONS 

Properties 
Small Scale 
Vehicle 

Full Scale   \ 
Vehicle 

RMV-340    1 
Vehicle    j 

Nose radius(RN) 0.5 in/1.27 cm 2 in/5.08 cm 0.1 in/0.25 cm 

Base radius(RB) 4.5 in/11.43 cm 12 in/30.48 cm 24 in/61 cm    i 

Length 38.5 in/97.8 cm 78.9 in/200.4 cm 170 in/432 cm   | 

Bluntness Ratio 
(RN/RB) 

0.11 0.17 0.004 

Frustum Half Angle 6.0 degrees 7.4 degrees 8.0 degrees    | 

Frustum Material Carbon Phenolic Carbon Phenolic Silica Phenolic I 

Nose Material ATJ-S Graphite ATJ-S Graphite ATJ-S Graphite  | 

Equivalent Na Level 
!  on the Heatshield 

50,500,1000 ppm 50 ppm 50 ppm 

* 
Alkali metal contam 
vehicle and are rep 

ination measurements were made for 
orted in Reference 1. 

the RMV-340     1 

The imposed flight trajectories of the small scale and full sca'e 

vehicles are presented in Figure 3. Beginning at about 20 kft the trajec- 

tories are nearly parallel with the small vehicle velocity running about 

1000 ft/sec less than that of the full scale vehicle. The trajectory of 

the RMV-340 vehicle is not shown but is presented in Reference 2. Boundary 

layer and wake analyses were conducted for conditions corresponding to the 

6 km and 4.6 km altitudes for the small and full scale vehicles and to 

the 25 km altitude for the RMV-340 vehicle. The actual flight conditions 

are summarized in Table 2 below. 

,.    !,>...» 
,.,.■ ■. 
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TABLE 2 

FLIGHT CONDITIONS ANALYZED 

Altitude 
kft/ktn 

Velocity 
kfps/kmps 

Reynolds 
Number 

P U 2RR/p 
OD    00        [y   "TO 

Mach     j 
Number 
U /a       1 

CO          00                ) 

I    Small Vehicle 20.2/6.16 12.3/3,75 3.5 x 107 11.9     | 

14.9/4.54 11.5/3.51 3.8 x 107 10.9     | 

Full  Scale Vehicle 19.4/5.92 14.2/4.32 1.1 x 108 13.7      I 

15.0/4.58 12.8/3.91 1.1 x 108 12.1      j 

5.0/1.53* 9.2/2.82 1.0 x 108 8.4     j 

RMV-340 82/25 22.0/6.71 2.3 x 107 22.7      ! 

'Sodium ionizatin calculated by equilibrium chemistry only. 
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3. REENTRY HEATING AND ABLATION ANALYSIS 

■)      The fluid mechanical and plasma properties of the near wake are 
sirongly dependent on the fluid mechanical and chemical profiles occurring 

within the boundary layer at the aft station of the vehicle. Consequently, 

the detailed development of the boundary layer on the vehicle must be 

calculated to provide initial conditions for the subsequent wake calcula- 

tion at the trajectory time points of interest. The analysis of the 

chemically reacting boundary layer utilizes a sophisticated computer code 

(KBLIMP) whose application requires knowledge of the surface state (wall 

temperature and ablation), vehicle shape, shock shape and boundary layer 

edge conditions. These parameters vary throughout the reentry trajectory 

as the vehicle responds to the changing reentry environment. Their 

determination necessarily requires an interactive calculation between 

boundary layer heating and surface heat absorption. Procedures followed 

in the present application are now described. 

The reentry heating/vehicle response analysis consists of two parts. 

First.a no-blowing (no ablation) heating environment is calculated para- 

metrical ly for various wall temperatures for the entire entry trajectory. 

This calculation is performed using engineering correlations for the shock 

shape and the boundary layer heating and skin friction. Entropy swallow- 

ing effects are accounted for by an integral matching of the mass flow in 

the boundary layer with that crossing the shock. Second, the ablation 

materials in-depth response at selected spatial points on the vehicle 

surface is calculated using the non-blown heating environment solutions. 

For low conductivity ablative materials, e.g., carbon-phenolic, graphite, 

etc., the in-depth material response can be modeled by one-dimensional 

analysis without a significant loss in accuracy relative to the 

computed vehicle shape change. The in-depth thermal conduction and virgin 

material decomposition are calculated numerically. The surface phenomena 

that include the surface chemistry, the heat blocking effect due to 

blowing, and the ablation fluxes are determined simultaneously. If 

excessive shape-change of the vehicle surface is computed, additional 

iterations on the non-blown heating environment solutions are performed. 



An alternative and simpler procedure for obtaining accurate solutions 

for the R/V shape-change and wall temperatures in the nose region can be 

found under the steady-state ablation assumption, viz., the time-rate-of- 

change of the energy stored within the heatshield is considered negligible 

in comparison with the convective heating rate to the wall and correspond- 

ing energy loss due to radiation and ablation mass loss mechanisms. Gen- 

erally this alternate method will predict higher wall temperatures and 

larger ablation loss rates than in the previous method where the in-depth 

thermal response is analyzed. 

A schematic diagram of the calculations loop leading to a detailed 

boundary layer calculation is given in Figure 4. A capsule description 

of the computer programs employed is given in Table 3. The first two 

blocks in the main loop correspond to the approximate treatment and 

the third and final part corresponds to detailed boundary layer analysis. 

The iteration back-loop (dashed lines in Figure 4) represents the calcu- 

lations path when excessive shape change is encountered. This loop was 

unnecessary in the present application to the small scale and full scale 

vehicles. 

A more detailed description of each of the components of the aero- 

dynamic heating and ablation analysis is presented in Appendix I. 

3.1 RESULTS OF THE HEATING/ABLATION ANALYSIS 

The surface integrated mass loss rate for the three vehicles is pre- 

sented in Figure 5 as a function of altitude. Compared to the small 

vehicle, the full-scale vehicle displays considerably larger mass loss 

rates due to its larger size (about 6-times the surface area), larger 

velocities, and shallower entry angle. For the full scale vehicle, the 
3 

onset of boundary layer transition was determined from the Martellucci 

correlation  and found to be at 24.4 km. The forward movement of transi- 

tion was determined using a Reynolds number - Mach number criterion 

established from Minuteman flight data but shifted so as to agree with the 

predicted onset altitude. Full turbulence on the frustum occurs slightly 

above 18 km.  For the small vehicle, transition was found to begin at an 

axial station less than 11.5 cm from the tip at altitudes above 9 km, 

and at an axial station less than 1.2 cm from the tip at the lower 

altitudes. 
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The mass loss rates for the RMV-340 vehicle are considerably larger 

than for the other vehicles because of the large size and very high vehicle 

velocities. These ablation rates were calculated at TRW during the course 

of an earlier study and are reported in Reference 1.  The Minuteman 

transition criteria was used. The predictions were found to lie within 

the error bounds of the flight measured mass loss rates.   At an altitude 

of 25 km, there is significant char removal as well as pyrolysis, suggest- 

ing that the steady state ablation assumption may be made to a good 

approximation (Section 3). This assumption was imposed in the present 

case using the analysis built into the KBLIMP computer code, and the 

result is also shown in Figure 5.  The predicted value also lies within 

the error bounds of the flight measurement.  In addition, a surface 

temperature of 2700oK was predicted which was in full agreement with the 

value deduced from on-board flight experiments.  A transition location 

consistent with the flight measured transition location was imposed on 

the calculation (at a distance of about 100 cm aft of the tip). 

Heatshield surface temperature and mass flux distributions for each 

vehicle are presented in Figures 6 and 7 for the altitudes out- 

lined in Table 2 . The surface temperature of the full-scale vehicle is 

about 550oK higher than that of the small vehicle. These temperatures 

have a strong affect on the degree of sodium ionization occurring near the 

wall, and hence on the electron concentration. The mass flux distributions 

are ordered in the same manner as the surface integrated mass flow values 

of Figure 5. 

The velocity distribution at the edge of the boundary layer for the 

three vehicles is presented in Figure 8.  The variation in edge-of- 

boundary-layer velocity for the small and full scale vehicles is due 

to the presence of a thick shock-generated entropy layer into which the 

boundary layer is growing. The entropy layer is the product of shock 

curvature and its importance scales with the nose bluntness ratio RM/RR- 

Clearly, the entropy layer is not entrained into the boundary layer before 

the end of the vehicle is reached for R^/Rg > 0.11 (Table 1). In 

contrast, the RMV-340 vehicle is sharp (RM/RR = 0.004) and the entropy layer 
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produced in the nose region is quickly swallowed by the boundary layer 

aft of the tip. The fluid at the edge of the boundary layer on the frus- 

tum has come through the asymptotic straight portion of the conical portion 

of the bow shock and the edge properties are therefore uniform. 

The pressure on the frustum of each vehicle rapidly becomes uniform 

aft of the tip. Values of pressure ratio on the conical afterbodies are 

given in Section 4.1. 

A strong temperature variation will accompany the velocity variation 
o 

at the edge of the boundary layer since the stagnation enthalpy (H = h + U /2) 

is constant within the shock layer and equal to the free stream stagna- 

tion enthalpy (H = H^ = h.., + uJ/2). 
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4.  ELECTRON SOURCES AND CHEMICAL EQUILIBRATION 

IN COMBUSTING BOUNDARY LAYERS 

In the case of non-ablating hypersonic blunt cones, there are two 

principle sources of electrons in the boundary layer. Electrons are 

generated in the nose region of a blunted cone due to shock heating. 

The shock-heated air expands and flows around the nose onto the conical 

portion of the body where entrainment into the boundary layer occurs. 

Recombination of electrons before entrainment can only occur through a 

slow three-body reaction and does not, therefore, tend to be equilibrated 

at the reduced temperatures and concentrations accompanying the expansion. 

Once in the boundary layer, the swallowed electrons diffuse to the wall 

where recombination occurs thereby diminishing the streamwise flux of 

electrons from the nose region. This effect, combined with the increasing 

flow area of the developing conical boundary layer, leads to a net reduction 

of peak electron concentration with wetted distance along the conical surface. 

A second source of electrons is the ionization of air directly within the 

boundary layer due to the high temperatures present caused by viscous 

dissipation of kinetic energy. 

In the case of ablating phenolic heatshields, electrons are present 

through the release of low "ionization potential" impurities or seedant 

materials. The major products of ablation (C, C„, CO, C0„, H, H-, OH, H?0) 

characteristically have high ionization potentials so they tend not to 

contribute in an important way to the electron density. Pure air ionization 

in the boundary layer tends to be small because of the involvement of oxygen 

in the combustion of the ablation products. Thus the primary factors affect- 

ing electron density around an ablating vehicle are pure air ionization due 

to the nose bluntness effects and the introduction of low ionization- 

potential ablation impurities or seedants into the boundary layer. 

In past analyses/ ' the combustion of hydrocarbons ablated into the 

high temperature boundary layer has been assumed to occur primarily through 

reactions with atomic oxygen at rates which are weakly dependent on tem- 

perature. These rates tend to be rapid compared to the rates of formation 
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of atomic oxygen by dissociation of molecular oxygen. Thus, oxygen dis- 

sociation was the controlling mechanism for equilibrium of the combustion 

reactions in the ablating boundary layer, unless sufficient oxygen atoms 

were already present from the high temperature nose region due to the 

decomposition of air through the bow shock wave. The combustion chemistry 

thus tended to be in equilibrium for blunted cones more so than for sharp 

cones where the equilibration of oxygen dissociation took place only after 

transversal of a sufficient distance along the conical afterbody. This 

distance for pure air dissociation equilibrium can be estimated by an 

analysis similar to that of Levenski and Fernandezv ' for ionization where 

it is shown that the pertinent parameter is PX/V^ where P is the cone 

pressure, X the wetted length, and V^ the vehicle velocity. For VM~15 kft, 

P « 1.5 atm, and X = 1 ft, the parameter is PX/V^ = 10" atm-sec, and this 

value corresponds to conditions approaching equilibrium. Values 
-4    -3 

corresponding to full equilibrium lie between 10  and 10  atm-sec depend- 

ing on the boundary layer temperature (high altitude values are below 

10" atm-sec). 

These arguments ignore possible important additional mechanisms which 

diminish the distance to combustion equilibration in the boundary layer on 

a sharp cone. One is the reaction of the free radicals with molecular 

oxygen and the other is surface catalysis for the dissociation of the oxygen. 

Taking these in order, the oxygen dissociation is slow because of the higher 

energy of the 0-0 bond (118,000 cal/mole) and the fact that no bonds are 

formed in the course of the reaction. Hence, the activation energy for 

reaction is at least as large as the bond energy, and the probability of a 

collision with joint kinetic energy exceeding 118,000 cal/mole, even at 

3500oK is very low. This situation is altered because the high temperature 

ablation of phenolic is likely to yield a few stable molecules (F^, CH^, 

CphL, CpH^,, CphL, CHpO) and a large number of atoms and free radicals 

(e.g., C , 0. N, H, OH, CH3, CH2, C2H5, HC0, etc.). The reaction of an 

oxygen molecule with a free radical, where two stable products are formed, 

may proceed with very low activation energy, as, for example, 

CH0 + 0o -*■ OLO + HO, for which the activation energy is close to zero. 
(1) 

A comparison of rate constantsv ' follows. 
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Reaction 

CH- + 02    ^ CH20 + HO 

CH4 + 0 CH3 + HO 

CH3 + 0      ■♦ H2C0 + H 

C2H5 + 02 -> C2H502 

CN + 0, NCO + 0 

3 1-1 k(cm    -mole"    sec"  )(approximately) 

10 

10 

10 

10 

10 

11 

12 

13 

12 

12 

.12 

From this  table,  it can be seen that free radicals  (OU, C2H5 and CN) 

react with 0o with rates comparable to, or within, one or two orders of 

magnitude of the rates of stable molecules reacting with 0 (given as 10 
ig       o i iM^ 

or 10  cm mole" sec ). ' It is not known what the ratio of free 

radicals is to stable molecules in the ablation process. Certainly the 

percentage is high and this mechanism, reaction with 02 molecules, might 

well promote a rapid attainment of combustion equilibrium. Failure to 

observe this in computer modelling in the past is not significant as there 

are only about 4 rate constants in the literature for reaction between free 

radicals and 02 molecules. 

The second factor, surface catalysis, is again speculative. There is 

a vast literature on catalytic oxidation of hydrocarbons observed at 

temperatures from ambient to about 1000oK; however the objective has been 

to control the oxidation in order to produce a favorable product rather 

than carry out complete combustion. There, a catalyst is usually a 

transition metal (Pt) or metallic oxide (V205, Cr02), which promotes the 

formation of atomic oxygen on the surface and then readily transfers this 

0 to the hydrocarbon. At 3500oK, a charred phenolic surface might well 

hasten the establishment of an equilibrium 0 level by lowering the activation 

energy for the 02 + M -> 0 + 0 + M reaction. An oxygen molecule striking the 

surface would tend to form -C = 0 bonds, indeed may do so part of the time, 

gradually eroding the surface to form carbon monoxide and oxygen atoms. 

It may only partly form the carbon oxygen triple bond but weaken the oxygen- 

oxygen bond, lowering the activation energy for the formation of oxygen 

atoms, and greatly accelerate that process. Under boundary layer conditions. 
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28 
oxygen molecules collide with other gas phase molecules about 10  times 

3 27 2 
per sec per cm of gas, but wall collisions occur 10  times per sec per cm 

of wall. Hence, if the wall lowered the activation energy for dissociation 

from 118,000 cal/mole to about 40,000 cal/mole, this would produce 0 atoms 
5 

10 more rapidly, easily maintaining the equilibrium as the combustion 

reactions proceed. 

Considering that pure 02 dissociation would lie close to equilibrium 

under the conditions of interest here, and that other mechanisms exist 

which would enhance equilibration of the combustion process, the assumption 

of chemical equilibrium within the boundary layer will be made in the 

present analysis. 

On the other hand, the ionization of impurity or seedant materials 

also ablated into the boundary layer may not be an equilibrium process. 

The reaction kinetics for ionization of these impurity or seedant materials 

are temperature dependent, and hence are dominated by ablation products 

through the temperatures which result from the combustion processes in the 

boundary layer. The boundary layer tends to be weakly ionized so that 

ignoring the energy involved in the ionization reactions yields only small 

errors in the thermal and density distributions. For this reason, the 

boundary layer growth and the major species profiles can be approximated 

by considering only the hydrocarbon combustion process. 

Thus, the charged species are treated as trace species whose distribu- 

tion throughout the boundary layer depends on turbulent diffusion and finite 

rate chemistry as determined from the temperature and major species concen- 

trations of the equilibrium boundary layer. 

4.1 AFT SHOULDER BOUNDARY LAYER PROPERTIES 

The KBLIMP computer program presented in Table 3 and discussed in 

Appendix I was applied to the present cases with carbon or silica phenolic 

ablation products undergoing equilibrated combustion processes in the 

boundary layer. Low ionization potential impurities or seedant materials 

accompanying the ablation process were also assumed to be equilibrated at 
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the wall but were allowed to undergo non-equilibrium reaction kinetics in 

the boundary layer. These materials were represented by an effective 

sodium atom concentration in the heatshield at levels previously discussed. 

The ionization of sodium in the boundary layer was assumed to occur 

through a collisional interchange with diatomic nitrogen, with a rate 

constant determined from the data of Hollander, et al ^  ' . The reverse 

reaction rate was determined from knowledge of the equilibrium constant 

determined in KBLIMP from the JANAF thermodynamics tables. Thus, 

Na + N, Na + e" + 

kf=1.2xl0,6T0-5e-59-4(WT (cm /mole sec) 

(T in degrees Kelvin) 

To determine the degree to which sodium ionization has approached 

equilibrium, the boundary layer calculations for some cases were repeated 

under the conditions of full equilibration of sodium ionization throughout 

the boundary layer. 

The elemental composition of the nose cap and frustum materials used 

in the calculation is presented in Table 4. Sodium was assumed present 

only in the frustum heatshield material at equal ppm levels in both the 

ablated char and pyrolysis materials. 

Properties of the boundary layer at the aft end of the frustum of each 

of the three vehicles are now presented. A rather complete set of graphically 

formated data showing the development of the boundary layer along the entire 

body of each vehicle has been delivered to the contracting agency as supple- 

mentary information. 

A summary of the velocity, temperature, and pressure at the edge of 

the boundary layer at the end of the frustum of each vehicle at the altitude 

calculated is presented in Table 5. 
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4.1.1 Full Scale Vehicle Boundary Layer 

A figure showing the velocity, temperature, and density profiles, 

and a separate figure showing the ion/electron concentration profiles for 

both non-equilibrium and equilibrium sodium ionization at the aft station 

of the frustum are presented in Figures 9 through 16 for the three altitudes 

of 5.92, 4.58, and 1.53 km. 

These results show that sodium is the primary source of ions/electrons 

in the boundary layer. Ions from the combustion process and NO were 

included as equilibrated species and their contributions were found to be 

negligible. 

Both at 5.92 and 4,58 km, the equilibrium Na+ ^or e") profiles first 

increase away from the wall and then decrease by over an order-of-magnitude 

through the boundary layer. These profiles coincide with the temperature 

profile which also displays a strong decrease in the outer portion of the 

boundary layer. In contrast, the non-equilibrium electron profiles decrease 

relatively more slowly from the wall with their maximum value occurring at 

the wall. Thus, in the non-equilibrium case, electrons are formed at the 

wall and rapid diffusion combined with slow recombination leads to higher 

concentration levels in the outer boundary layer than exist in the equi- 

librium case. 

The differences between the equilibrium and non-equilibrium profiles 

decreases so significantly between 5.92 and 4.58 km that the calculation 

of the electron profile at 1.53 km is expected to be acceptably approximated 

by the cordition of chemical equilibrium, consequently a non-equilibrium 

calculation was not performed for this case. 

4.1.2 Small Vehicle Boundary Layer 

Velocity, temperature, and pressure profiles, and electron concentration 

profiles are shown for the aft station for the two altitudes of 6.16 and 

4.54 km in Figures 17 through 22. The non-equilibrium electron concentra- 

tion profiles are considerably flatter than those observed for the full 

scale vehicle. In addition, larger differences between the equilibrium and 

non-equilibrium electron profiles are observed in the outer portion of the 

boundary layer for the small vehicle. 
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The electron concentration levels for the small vehicle are considerably 

smaller near the wall than those observed for the large scale vehicle. 

Both profiles are based on a 50 ppm sodium concentration level in the heat- 

shield. Additional calculations for seeding levels of 500 and 1000 ppm 

were performed for the small vehicle. A comparison of resulting electron 

concentrations will be presented later with the wake results (Section 7). 

Boundary layer profile data for the RMV-340 vehicle will also be 

presented in a separate section devoted to this vehicle (Section 8). 

i 
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5. SHOULDER SEPARATION AND NEAR WAKE ANALYSIS 

The flow adjacent to the base of a hypersonic vehicle is character- 

ized by a number of features which include a recirculation region attached 

to the base over which the flow from the boundary layer passes after 

leaving the body. A shear layer develops and grows between the shed 

boundary layer and recirculation region which drives the recirculation 

region flow. As the boundary layer fluid coalesces (or implodes) on the 

axis-of-symmetryjthe pressure near the axis rises and acts to turn the 

flow downstream. This process leads to the formation of a wake shock 

wave. These and other features of the flow are illustrated in Figure 23. 

Note also that as the boundary layer fluid expands into the near wake, the 

original edge-of-boundary layer streamline turns only gradually after 

separation, while the inner streamlines turn at the larger angles to fill 

the near wake. The separation process itself requires a pressure rise 

along the surface of the aft shoulder, and this rise initiates a weak com- 

pression wave which can be enhanced by the reflection of waves from the 

nearly constant pressure region adjacent to the recirculation zone. This 

often leads to the formation of a so called lip shock wave shown in 

Figure 23. 

A crucially significant property of the near wake region is the 

presence of a large subsonic flow region adjacent to base. This includes 

most of the recirculation region and a narrow strip of flow lying about 

the axis downstream of the recirculation zone. This narrow strip even- 

tually closes on the axis where the axis Mach number becomes unity. 

Within this region the downstream flow can communicate and have an influ- 

ence on the upstream flow. Thus, the point along the shoulder of the 

vehicle at which the boundary layer separates is related directly to the 

base pressure which in turn depends on the subsequent downstream pressure 

disturbances, created and imposed on the subsonic region during the con- 

vergence and subsequent turning of the streamlines downstream of the 

recirculation zone. 
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The mathematical treatment of the subsonic region and the adjacent 

supersonic flow in a steady-state formulation using the Navier-S\,okes 

equations is, consistent with the expected importance of upstream influ- 

ences, a boundary value problem. However, at sufficiently high Reynolds 

number it is not unreasonable to neglect streamwise diffusive transport 

and if the additional assumption is made that transverse pressure gradients 

can be neglecled in subsonic flow regions, the mathematical character of 

the resulting equations becomes nominally that of an initial value prob- 

lem. The upstream propagation of information when this problem is 

formulated as an initial value problem occurs through a resulting eigen- 

value character of the governing equations. 

Different eigenvalue behaviors are found for boundary layers and 

wakes. In the case of a boundary layer, a subsonic region always exists 

near the wall to provide a channel for the propagation of upstream 

information. Retaining the transverse momentum equation, and the dis- 

placement interaction with the outer supersonic flow leads to two types 

of divergent solutions about a singular envelope solution which represents 

the usual boundary-layer solution with viscous-inviscid flow interaction 

effects accounted for. An example of pressure distributions for the 

envelope solution and the two types of divergent solutions are shown in 

Figure 24 on the rounded shoulder of a body prior to separation. In one 

case, the pressure drops rapidly below that of the envelope solution. In 

the other case, the pressure rises above that of the envelope solution 

with a corresponding decrease in wall shear, resulting eventually in 

separation. These solutions can be generated by imposir.g infinitesimal 

perturbations on the initial profiles upstream on the vehicle. It has 

been found that all solutions yielding separation at a given point are 

essentially indistinguishable, regardless of the nature of the initial 

perturbation. Consequently, each separation point location characterizes 

a single distinct upstream solution.  The proper one, of the infinitude 

of possible separation point locations, is determined by downstream flow 

conditions . Therefore the separation point location, and hence base 

pressure, takes on the characteristics of an eigenvalue. 

The method of determining the proper separation point location 

becomes clear when the character of the solutions downstream of the 
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recirculation region is examined. Depending on the initial conditions, 

these solutions exhibit two types of behavior, neither of which is wake- 

like. One family of solutions is characterized by a centerline velocity 

which reaches a peak downstream of the recirculation region, then decreases 

until a second stagnation point is reached (the source solutions). The 

other is characterized by a rapidly accelerating rate of velocity increase 

on the centerline, with the calculation terminating as the rate approaches 

infinity (the sink solution). This behavior is due to the presence of a 

saddle point singularity in the wake neck region, and is depicted by the 

axis pressure distributions in the wake of the body shown in Figure 24. 

The singular solution which passes through the saddle point bounds the 

two non-wake families, and produces the only wake-like solution where the 

velocity on the centerline continues to increase downstream of the wake 

stagnation point. The role of this "wake critical point" in determining 

a unique base flow solution in a steady-state formulation has been 

thoroughly studied by a number of investigators, starting with Crocco and 

Leesr'In the present problem, the unique separation solution and asso- 

ciated base pressure correspond to the wake solution which passes through 

the critical point. 

The formulation also treats the flow within the recirculation region 

as an initial value problem, and this leads to an eigenvalue behavior of 

the solution for the thermal properties of the recirculation region. 

Clearly, the temperature of the recirculating flow near the base depends 

on heat transfer to the recirculation region further from the base. This 

upstream influence manifests itself in the form of a saddle point singu- 

larly at the wake stagnation point in Che present initial value formula- 

tion (also depicted in Figure 24).  The eigenparameter is the axis 

temperature near the base, and its proper value is that which yields a 

solution which passes through the singularity. The present formulation 

thus produces both the base pressure and recirculation region thermal 

properties during the course of the calculation for the body and flight 

conditions at hand. 

The interacting boundary layer and near wake flow analysis applied 

here has been described 1n detail in several refe-ences . ^8,9^ 

For this reason only a brief qualitative discussion will be presented here. 
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However, for completeness, a detailed description is presented in 

Appendix II. 

The analysis divides the near wake flow into two regions which are, 

respectively, interior and exterior to a streamline which lies adjacent to 

the recirculation region and to the wake axis downstream of the recircula- 

tion region. The inner region is described by an integral method in 

which the conservation equations are integrated from the axis to the 

"matching streamline" separating the two regions. The outer region is 

described by a finite difference method, using conservation equations 

which retain both the inviscid terms and cross-streamline diffusion terms. 

A strict matching of essential flow properties is maintained between the 

two regions. 

The equations governing the finite differences region are given in Appen- 

dix II. These same equations are used to calculate the boundary layer flow 

just prior to separation. Since these equations include only the cross- 

streamline diffusion terms, they can be applied only where streamwise 

diffusion would be unimportant. This excludes the application of the 

analysis to flows about sharp corners and hence some rounding of the aft 

shoulder of the vehicle is required. A rounding equivalent to five or 

six times the thickness of the subsonic portion of the boundary layer is 

normally imposed. The aft shoulder of the RMV-340 vehicle is already 

rounded (see Figure 2) and additional rounding is unnecessary. Artificial 

rounding of the aft shoulder of the small scale and full scale vehicle 

is required to the degree shown in the subsequent presentation of the 

results. 

The governing equations are written in a coordinate system consisting 

of streamlines and normals to streamlines. This is a particularly appro- 

priate coordinate system for the boundary layer-wake problem because of 

the large changes in flow direction experienced by the streamlines in the 

near wake region. It is because of this coordinate system that the results 

to be presented subsequently,are given along normals to streamlines in the 

outer flow, i.e. in the finite differences region. 
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5.1 TURBULENCE MODELING THEORY 

The present initial value method is applicable to the turbulent near 

wake since the principle exchanges of momentum and energy via turbulence 

continue to occur normal to streamlines. The only new requirement is the 

addition of a method for determining the turbulent diffusivity. The clas- 

sical method of replacing the laminar viscosity with an eddy viscosity 

based upon a mean flow velocity difference and a characteristic turbulence 

diffusion thickness is difficult to apply to the near wake. Regions of 

large shear in the turbulent near wake (such as the mixing layer and near 

axis wake downstream of the wake stagnation point) normally grow into the 

highly vortical remnant of the separated boundary layer thus making a con- 

sistent definition of the diffusion thickness difficult on the basis of 

mean flow profiles. In addition, the boundary layer remnant contains 

turbulence "rom the original attached boundary layer which interacts and 

influences the turbulence, and hence turbulent diffusivity, in the mixing 

layer and wake. The accounting for this effect and for the effect of large 

changes in pressure characteristic of the near wake requires a more detailed 

modeling of the turbulence (based upon cons, deration of the structure of 

the turbulence) than is provided by the classical technique. 

The ability to predict the changing turbulence structure in the near 

wake lies within the framework of modern higher order theoretical analyses 

of non-homogeneous fully-developed turbulence which have appeared in the 

literature during the past several years. The turbulence is characterized 

by two independent variables often consisting of the turbulent kinetic 

energy due to the fluctuations, e, and a mean macroscopic or integral scale 

length of the turbulence, I.    The Reynolds stresses are usually represented 

by the product of an eddy diffusivity, which from dimensional arguments is 
1/2 

proportional to e ' £,« and a mean flow strain rate. The turbulence vari- 

ables, and hence the eddy viscosity, are treated as field variables whose 

distribution depends on the mean flow and whose values are obtained from 

the solution of two diffusion-type equations which represent the convection, 

growth, decay, and diffusion of turbulence in the flow. Beginning with 

known mean flow and turbulence properties in the boundary layer before 

separation, this modeling permits accounting for a variety of effects 

such as the changing turbulent structure in the boundary layer remnant 

47 

aia* 



■V:M-;;V::. --   :'■,-      ,.«,,•..„,,■.;,,-.,, ,„,..,,, ,,,,„,,,.:,,  ., 

during the expansion into the wake (including possible dissipative effects 

which have a tendency to relaminarize the remnant flow), the production 

of turbulence in the mixing layer and wake, the effect of the pressure 

rise across the shock waves on the turbulence, the influence of turbulence 

in the recirculation region, and the effect on the diffusivity of the 

strong pressure rise in the vicinity of the wake stagnation point. 

The change in turbulent structure in the present analysis is based 

upon a model equation for the turbulent kinetic energy, e, and a second 
3/2 

model equation for the dissipation rate of turbulence, F. . = C.e  /«, where 

C. is a constant. Modeled forms of the turbulent kinetic energy equation 

have been applied with reasonable success to a variety of flows by numerous 

investigators, beginning with Bradshaw.  ' However, lesser experience 

exists in the application of the second turbulence equation. Consideration 

of several equations in comparative boundary layer calrilations performed 

at TRW^  showed the dissipation rate equation used here to yield the 

best agreement with the experiment. 

The turbulence modeling theory used in the present analysis is being 
iq) 

published in the open literature^ ' and is also described in Appendix II. 

The analysis of the turbulent near wake requires the formulation of 

an integral theory for the turbulent properties within the recirculation 

region consistent with the integral theory describing the mean flow. Thus, 

integral forms of the turbulent energy and dissipation rate equations were 

developed for the region from the axis to the matching streamline, and 

profiles of the turbulence variables were assumed. These equations are 

solved in conjunction with the outer flow turbulence equations in a manner 

analogous to that used for the mean flow. Details of the integral analysis 

for the turbulence properties are presented in Reference 12. 

5.2 IMPOSED CONDITIONS AND WAKE SOLUTION SUMMARY 

The boundary layer profiles at the aft station of each vehicle presented 

in Section 4.1 were used to initiate the shoulder separation solutions. The 

velocity and temperature profiles from KBLIMP were spline fit to produce 

second order smooth profiles which could be used in the shoulder boundary 

48 

iwimiWfWWiiHiiiiiiiil'li ii^tpmm wmsm?iKm 



■ 

layer and wake analysis. This procedure is necessary because of the high 

resolution required to describe the shoulder and wake flowfields. In 

contrast to the 15 mesh points used to calculate the boundary layer on the 

vehicle, the shoulder and wake solutions required 150 mesh points. The 

latter lie on streamlines which are continuously followed. 

The thermodynamic properties in the wake analysis are presently 

restricted to those of a perfect gas with constant specific heat and 

molecular weight. This proved to be an acceptable condition in the case 

of the full scale and small vehicles because the reacting boundary layer 

solutions displayed a convenient uniformity in specific heat and molecular 

weight across the boundary layer; a variation of about ten percent was 

noted. The largest changes in thermodynamic properties was observed to 

occur at the boundary layer edge. However, not accounting for this effect 

has little consequence on the near wake flow as will be discussed below. 

The RMV-340 vehicle displayed large variations in specific heat and 

molecular weight across the boundary layer. Since it is the flow near 

the wall in the boundary layer which fills the near wake directly behind 

the vehicle, the choice of thermodynamic properties was made from this 

portion of the boundary layer. The particular values of specific heat, 

molecular weight, and hence specific heat ratios, y,  used to obtain each 
solution are presented in Table 6. 

The edge-of-boundary layer streamline was chosen as the outer domain 

of the calculation. This is permissible because in the present application 

the interest lies in the very near base regton within one base diameter 

from the base. Here, the edge-of-boundary-layer streamline is turned only 

slightly by the expansion fan from the vehicle shoulder. In addition, 

the craracteristies running inwards from this streamline lie at small 

angles to the streamline because of large Mach numbers associated with 

the "edge" flow. As a result of these effects, information from the edge 

streamline cannot propagate into the near base region to affect the sub- 

sonic base flow. It is therefore possible to impose as a boundary 

condition on the edge streamline an approximate relation between pressure 

and flow angle without affecting the near wake solution in the region of 

interest here. The Prandtl-Meyer relation valid for two-dimensional flow 

was imposed in the present cases. 
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A table which summarizes the input thennodynamic properties, and the 

eigenvalue parameters of base pressure, P. , and non-reacting recirculation 

region gas temperature, T., obtained from the wake solutions for the five 

cases calculated here is given below. The uncertainty values for each 

eigenvalue reflects the degree to which the respective wake and thermal 

saddlepoint singularities were bracketed. 

Table 6.  Calculated Base Pressure and Non-reacting 
Recirculation Temperatures Region 

Vehicle Alt. CP Mol.Wt. Y P
b V 

(Km) (Cal/gm 0K) (A tin) 0K 

Full Scale 5.92 0.334 27.2 1.282 .0497 + .0020 5084 i  83 

Full Scale 4.58 0.332 27.7 1.278 .1200 + .0016 4628 + 94 

Small 6.16 0.338 27.8 1.27 .0298 + .0015 3952 i 41 

Small 4.54 0.338 27.8 1.27 .0399 ± .0020 4048 t 51 

RMV-340 25.0 0.362 22.8 1.32 .0079 1 .0003 6560 ±  80 

Reaction corrections to these non-reacting ideal gas temperatures 
are presented in Section 7. 

Isotherms will be presented later to show the temperature distribution 

near the base in the recirculation region. The calculated values presented 

in Table 6 represent the temperature of the fluid returning to the vehicle 

base from that point in the recirculation region farthest removed from the 

base, i.e., from the wake stagnation point. The present analysis does not 

account for the base plate boundary layer. Consequently, the return flow 

temperatures calculated from the present theory are those that would exist 

at the edge of the base plate boundary layer, and for that matter over a 

considerable portion of the recirculation region close to the base. 
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6. WAKE PLASMA ANALYSIS 

The electron density and temperature along streamlines from the 
boundary layer decreases rapidly as the pressure drops through the expan- 
sion into the wake. Electron generation ceases and electron decay begins 
primarily by three-body ion capture with a neutral particle es the third 
body. The three-body reaction time varies inversely with the rate constant, 
the ion concentration level, and the neutral species concentration, i.e., 
T3B =  ^'SB^M+^X^' w'1^e the  near wake flow time of the expanding flow 
Is T  = D/^, where D is the body base diameter and V^ the body velocity. 
The rate constant for three-body recombination is weakly dependent on 

* 
temperature , and hence, the major effect of the expansion on the reaction 
time is through the reduction in concentration of the ion and neutral 
species. For vehicles with D« 30 cm and V w 4,500 m/sec, the near 

-4    " wake flow time is of the order or 10  sec. With temperatures reduced 

to 1200oK through the expansion to pressures of 0.05 atms, the three-body 
reaction time becomes T. 

-9 '0 /^M+ where fM+ is the ion mole fraction. 
Thus, for the physically reasonable value of fM^ = 10' , the reaction 

l3B 

'NU- 
time is ten times larger than the flow time. The loss of electrons in the 
near wake through three-body recombination is therefore expected to be a 
non-equilibrium process. 

Other mechanisms for the depletion of electrons such as electron 
capture with O2, and by three body recombination with N0+ are not important 
because of negligible concentrations of these species. 

In contrast to the frozen like state of the electrons in the flow 
above the recirculation region, the chemical composition within the recir- 

culation region is expected to be dominated by equibrium chemistry. This 

becomes c-vident when the flow flow time is found by dividing the mass by 
the mass fl'^x within the recirculation region, hence, T* ■ p V /m where 
V is the volume and p the density of the recirculation region. The mass 
flow may je approximated by the mass flow in the shear layer below the 

* (13) 
For three body recombination of Na, Jensen  data suggests k3B 

ID"20 r^cmVparAsec) 
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dividing streamline; thus rt) = 2TT(D/4)(ö/2)(VOO/4) p where D is the base 

diameter, 6 is the shear layer thickness at the point where the dividing 

streamline is about half a base radius from the axis, V is essentially 
oo " 

•Mie velocity at the outer edge of the shear layer. It follows that 

Tf = (D/V^/U/D), which says that the flow time in the recirculation 

region is longer by the ratio D/6 than the flow time in the outer wake. 

Since 6/D» 0.1 (or less), the flow time for one cycle in the recircula- 

tion region is at least an order of magnitude longer. The flow times 

in the recirculation region and chemical times in the outer wake are 

therefore comparable. With the higher temperatures in the recirculation 

region, the chemical times are at least an order of magnitude shorter 

than the cyclic flow time in the recirculation region. The equilibrium 

condition thus appears to prevail in the recirculation region. 

The diffusional interchange of momentum, energy, and species occurs 

between the outer expanding flow and the recirculation region in the 

shear layer. The shear layer temperatures are therefore larger than in 

the expanding flow which is in the direction of stimulating electron 

formation kinetics. However, the electron concentration level in the 

shear layer is more likely to be dominated by diffusion of electrons 

from the recirculation region assuming that the high temperatures associ- 

ated with the recirculation region make it a strong source of electrons. 

Thus, because of the relatively cooler temperatures, the recombination 

kinetics are expected to prevail over the formation kinetics in part of 

the shear layer. This effect is not accounted for in the present analysis, 

6.1 OUTER WAKE PLASMA EQUATIONS 

The calculation of ion/electron concentration on streamlines from 

the boundary layer into the wake is performed on the basis of a one- 

dimensional or streamtube analysis. One reaction is assumed, 

Na + M ^ Na + e + M 

with rate constants determined from the experiments of Hollander 

Jensen^-^ i.e.. 

(6) and 
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k = 54 x 1026/T2 —S% 
mole sec 

Let e represent the degree of reaction and a the total atom mole 

fraction of Na; a is constant on streamlines since the major species con- 

stituency is assumed frozen on streamlines. Thus, 

e = [Na+]/([Na+]+[Na]) 

a • ([Na ]+[Na])/n 

where [] H moles/cc and n is the molar density of the gas mixture, i.e., 

n = P/RT 

The change in the degree of reaction along a streamline is found from the 

streamtube expression. 

^=J[kf  {ee-e)-ankr( 
2        2n 6     -  ee  )] 

Here, e    is the degree of reaction under equilibrium conditions and is 

obtained from a solution to the equation 

kf (1   - ee)  - ankr ee
2 =  0 

The rate constants depend on the local  temperature and the molar density 

depends on the local temperature and pressure. 

The above equations were solved numerically about the shoulder and 

in the wake for selected streamlines.    The value of a ard the initial 

values of e were determined from the KBLIMP solutions for the Na /e" 

concentrations in the boundary layer at the aft station of the bodies 

calculated.    The electron concentration distribution in the outer wake is 

presented in a later section for each case, and is determined from the 

relation 
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np- = aneL (electrons/cc) 

where L is Avogadros number. 

6.2    RECIRCULATION REGION COMPOSITION 

Determining the equilibrium composition in the recirculation region, 

which includes the electron density, requires specification of the elemental 

composition and two thermodynamic variables such as enthalpy and pressure. 

The consistent elemental  composition is determined rather easily within the 

framework of the present analysis.    The element continuity equations are 

obtained from the species continuity equation by summing the latter over 

all  species containing the element, accounting for the appropriate element 

mass weighting within each species.    Assuming then, equality for the dif- 

fusivity of all  species (a reasonable assumption in turbulent flow), the 

nlement continuity equation has the form p\f • v C.  - v(pDTvC.) where C.  is 

the mass fraction of element i   (0, N, H, C, Na, etc.  here), and DT is the 

turbulent diffusivity.    This equation does not contain source or sink terms 

since elements are neither created nor destroyed.     In addition, it is 

identical  in form to the total enthalpy energy equation (H replacing C-) 

when the Prandtl number and Schmidt number are both one (also a reasonable 

assumption in turbulent flow).    The boundary conditions for both variables 

H and C- are also identical   in the wake since their values along the original 

edge-of-boundary layer streamline are known and constant during the inviscid 

expansion into the wake, and the zero gradient wake boundary condition is 

applied to both variables along the axis.    Diffusion,  i.e.,  second deriv- 

ative in the streamwise direction, is ignored in the analysis so only 

upstream initial conditions need be specified.    A similarity thus exists 

between H and C- of the form C.  = aH + b where a and b are constants which 

can be evaluated from the initial wake profiles,  i.e., from the boundary 

layer, and from the edge conditions.    Thus 

C.    - C. 
i iw 

H    -  H 
w 

C7 
ie ^ 
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where C.    and H   are wall  values in the boundary layer at separation,  and iw w 
C.    and H   are known  (and constant) edge values for the boundary layer and 

IG G 
wake.    Hence, the element composition is known in terms of the stagnation 

enthalpy in the recirculation region. 

The near wake solutions produce values of temperature in the recir- 

culation region, under non-reacting conditions.    The non-reacting values 

are very high and are consequently unrealistic since considerable reaction 

would occur at these temperatures to decompose the assumed non-reacting 

gas constituency.    In effect much of the heat predicted as sensible heat 

under the non-reacting gas assumption is absorbed by the reaction processes 

at the higher temperatures.    A more practical approach to determining the 

recirculation region temperature is to use the non-reacting values of 

temperature to determine the static enthalpy of the gas mixture in the 

recirculation region.    The constituency and temperattrre are then obtained 

by specifying the static enthalpy instead of the temperature in the 

equilibrium chemical  analysis. 

The static and stagnation enthalpies in the recirculation region are 

essentially equal  since the recirculation region velocities are small, 

while the temperature is high.    At the constant C    conditions of the 

analysis, the enthalpy is found from the non-reacting gas temperature by 

the simple relation H = C T + h    -,    This relation also applies to the 

wall enthalpy, i.e., H   = C
D 

T
w 

+ Vef    ^he edge-of-boundary-layer stag- 

nation enthalpy, H  , follows from the relation H    = ^   T   + U    /2 + h    .. 

Knowledge of H, H ,  and H    allow for the determination of the element 
 ill  JBL         .   

constituency. The reference enthalpy, h f, is not required since dif- 

ferences in enthalpy are required. 

The reference enthalpy is needed in the chemical equilibrium analysis. 
As before the static enthalpy is written as h = C T + h f, but it is more 
convenient to split h , such that h = C (T - T *) + h* fj the quantity 
h^ f  refers to a chemical formation enthalpy at the reference temperature. 
The reference parameters, T _ and h*   *,  can be found from the reacting 
boundary layer solution. The atom constituency in the recirculation region 
also exists in the boundary layer at the end of the vehicle at that point 
where the ratio (H - H )/(H - H ) has a value equivalent to that determined 

W    6    Vy 
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for the recirculation region from the wake solution. The temperature and 

chemical formation enthalpy at this point are the desired reference param- 

eters, and are directly obtainable from the KBLIMP solutions. This pro- 

cedure is followed for all cases and comparison of the electron concentration 

levels under conditions of frozen major species composition and using the 

enthalpy approach discussed here will be presented. 

6.3 COLLISION FREQUENCY 

The electron-neutral collision frequency is important to the trans- 

mission of electromagnetic signals through the base region, and so dis- 

tributions of this quantity will be presented for each case. Following 

the arguments and discussion presented in Appendix III» a formula recommended 

by Basket?^os used in present analysis. It has the form 

veff = 3 x lo11 P^1^ (s60"1) 

The uncertainty in this relation is a factor of 3 in either direction. 

However, the value of 3 x 10  chosen for the coefficient does match recent 

experimental results obtained from transmission measurements through an 

ionized portion of the wake of ablating conical projectiles fired under 

simulated reentry conditions. 
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7.    WAKE FLUID MECHANICS AND PLASMA RESULTS 

Results of the wake and plasma calculations for the full  scale vehicle 

and the small vehicle are summarized here.    The RMV-340 vehicle will be 

discussed in Section 8. 

7.1     FULL SCALE VEHICLE WAKE RESULTS 

The streamline which bounds the recirculation region and sdven stream- 

lines representing the flow of the boundary layer into the wake are 

presented for the full  scale vehicle for the 5.92 km altitude condition 

in Figure 25.    These results show how streamlines from the innermost portion 

of the boundary layer turn to fill  the region immediately behind the base, 

while the outer streamlines turn more gradually.    The outermost streamline 

shown is the original edge-of-boundary layer streamline.    A line denoted 

as a "minimum pressure line"crosses many of the streamlines and represents 

the lateral extent of the influence of the inner flow on the expanding 

boundary layer.    The pressure along streamlines crossing this line sub- 

sequently rises.    Two isotherms are shown in the recirculation region to 

illustrate the near constant temperature zone near the base.    The values 

of temperature shown are corrected for chemical reactions. 

The distributions of pressure along the designated contours, which are 

normal  to streamlines, are presented in Figure 26.    Station 1  refers to the 

initial constant pressure profile across the boundary layer just upstream 

of the shoulder.    Station 2 corresponds to the position of separation of 

the boundary layer from the shoulder.    The remaining stations are in the 

wake.    The streamline which bounds the recirculation region is called the 

dividing streamline (DSL).    Properties givenin the figures at DSL and' 

AXIS refer to axial locations lying directly below the intersection of 

Streamline A and the normal  contour   at the station at hand.    The pressure 

decrease along the outer streamlines as Stations 1  through 6 are traversed 

is evident.    In contrast, the pressure on the inner region of the flow is 

nearly constant from Stations 2 through 5 but has undergone a large increase 

at Station 6. 
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Analogous temperature profiles are shown in Figure 27.    The  temperatures 

along th3 outer streamlines decrease through the expansion.    However, at 

Stations 3 through 5 the temperature increases inward of Streamline B 

because of the "hot" recirculation region and shear layer.    The increased 

pressure on the inner streamlines at Station 6 (Figure 28)  leads to a 

corresponding temperature increase.    The temperatures on the DSL and AXIS 

shown in Figure 27 are the consistent non-reacting gas temperatures  in 

contrast to those shown in the flowfield map which are "corrected" for 

reacting gas effects. 

The electron concentration distributions for the streamlines only are 

given in Figure 28.    Values in the recirculation region will  be presented 

separately.    A strong decrease in electron concentration is observed to 

occur in the wake due primarily to the decrease in density.    The concentra- 

tion reaches a constant value of about 4.5 x 10   particles/cc at Stations 

3, 4, and 5 along Streamline B.    The values shown for Streamline A are 

anticipated to be low because the analysis does not account for an increased 

concentration due to diffusion from the recirculation region.    Thermal 

diffusion effects from the recirculation region are evident on Streamline A 

in Figure 25, and species diffusion processes are comparable. 

The collision frequency distributions are shown in Figure 29.    The 

results are qualitatively the same as those for pressure.    The flowfield 

map, electron concentration distributions, and collision frequency distri- 

butions are presented in Figures  30,  31, and 32, respectively, for the 

full  scale vehicle at 4.58 km.    These results are qualitatively the same 

as those discussed at the higher altitude. 

7.2    SMALL VEHICLE WAKE RESULTS 

The flowfield map, and pressure and temperature distribution in the 

boundary layer and wake of the small  vehicle at 6.16 km altitude are 

presented  in Figure 33, 34, and 35,  respectively.    Both the temperature 

and pressure values in the expanding flow and recirculation region are 

significantly lower than those observed for the full  scale vehicle at the 

comparable altitude.    The pressure in the recirculation region near the 

base is about 0.03 atms compared to 0.05 atms for the full  scale vehicle. 
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The outer streamline temperatures lie in the range from 800 to 1200 K for 

the small vehicle, and from 1200oK to 1700oK for the full scale vehicle. 

The recirculation region temperature is also larger for the full scale 

vehicle (4400oK compared to 3260oK). 

The electron wakes of the small vehicle were studied for three heat- 

shield sodium seeding levels corresponding to a nominal value of 50 ppm 

and two intentional values of 500 and 1000 ppm. The electron concentration 

distributions through the boundary layer and in the wake for these three 

cases are shown in Figure 36. Increasing the seeding level by a factor 

of 10 and 20 leads to an increase in electron concentration in the boundary 

layer of slightly over 3 and 4, respectively. The increase thus appears to 

scale with the square root of the seeding level. For the outer streamlines 
11   12 (B through F), the full scale vehicle produced from 10 to 10  electrons/ 

cc  and this appears to be reasonably reproduced by the small vehicle only 

at a seeding level of 1000 ppm. A seeding level of between 1500 and 2000 

ppm would bring them into closer agreement on the basis of a square root 

scaling. 

The collision frequency distributions for the small vehicle are 

presented in Figure 37. The values appear to lie about a factor of 1.5 

to 2 lower than those of the full scale vehicle in comparable regions of 

the flow. 

The flowfield map, electron concentration distributions at three 

seeding levels, and the collision frequency are presented in Figures 38, 

39, and 40, respectively, for the small vehicle at 4.54 km altitude. A 

comparison of these results with those for the full scale vehicle at 4.58 

km leads to conclusions analogous to those for the comparison at the higher 

altitude. 

7.3 RECIRCULATION REGION ELECTRON CONCENTRATIONS 

Interpreting the wake thermal solutions in terms of enthalpy rather 

than directly as temperature, as outlined in Section 6.2, has two effects. 

The recirculation region temperature is decreased, and ionization of species 

other than sodium may contribute to the electron concentration. Table 7 

shows the temperature change resulting from the reaction correction for 

each case, 59 
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Table 7: Reacting Gas Temperature Correction 

|   Vehicle Alt 
(KM) 

f     Temoerature      1 
Non-Reacting Reacting | 

I Full Scale 5.92 5084°K 4400oK  1 

I    Full Scale 4.58 46280K 3870oK 

! Small 6.16 39520K 3260OK  j 

Smal 1 4.54  | 4048OK 3240°K J 

The temperature decrease due to reaction chemistry is seen to be in 

the range of 700 to 800 K. This effect influences the electron concentra- 

tion due to sodium ionization in two opposing ways. Decreasing temperature 

increases the overall particle concentration, but can decrease the degree 

of the ionization reaction. In Figure 41, the electron concentration in 

the recirculation region is shown for the full scale and small vehicles 

for the higher altitude case studied. The non-corrected points represent 

sodium ionization at the non-reacting gas temperature. For the small 

vehicle with 50 ppm Na, the ionization reaction is complete (ee = 1) and 

the reaction correction has -ehe effect of increasing the electron concen- 

tration slightly. However, with 500 and 1000 ppm Na, the effect of 

reducing temperature is to reduce the degree of reaction, with the net 

effect of reducing the electron concentration. 

Applying the reaction correction to the full scale vehicle has the 

effect of introducing a new source of electrons from the ionization of NO. 

The contribution due to N0+ is, in fact, about 2.5 larger than the Na+ 

contribution. 

The results of Figure 41 show that electron levels comparable to those 

in the recirculation region of the full scale vehicle are achievable for 

the small vehicle at seeding levels below 500 ppm Na. 

Analogous results for the full scale and small vehicles occur at the 

lower altitude studied as is demonstrated in Figure 42. 
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Figure 26.   Full Scale Vehicle - 5.92  Kin - Mear Base 
Pressure Distributions 
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STREAMLINES 

Flgs're 28.    Full  Scale Vehicle - 5.92 Km - Hear Base 
Density Distribution - Outer Flow Region 
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STREAMLINES 

Figure 29.    Full  Scale Vehicle - 5.92 Km - Near Base 
Collision Frequency Distribution 
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STREAMLINES 

Figure 31. Full Scale Vehicle - 4.58 Km - Near Base 
Electron Density Distributions - 
Outer Flow Region 
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Figure 32.    Full  Scale Vehicle - 4.58 Km - Near Base 
Collision Frequency Distributions 
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Figure 34: Small Vehicles - 6.16 km 
Pressure Distributions 

Near Base 
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STREAMLINES 

Figure 37: Small Vehicle - 6.16 km 
Frequency Distribution 

Near Base Collision 
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STREAMLINES 

Figure 40: Small Vehicle - 4.54 km 
Frequency Distributions 

- Near Base Collision 
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8. COMPARISONS WITH FLIGHT MEASUREMENTS 

The purpose of analyzing the RMV-340 vehicle was to provide some basis 

for evaluating the accuracy of the analysis performed for the other vehicles. 

A series of RMV-340 vehicles were flown under the Reentry Measurements 

Program, Phase B (RMP-^B) sponsored by the Advanced Ballistic Missile Defense 

Agency. These vehicles were highly instrumented to obtain a variety of in- 

flight data. The particular experiments of interest here are those in 

which measurements were obtained for the ion and electron densities in the 

vicinity of the base plate on the vehicle base. These densities were 

deduced from currents measured with two types of electrostatic probes 

placed on stings away from the base. Data were obtained on five flights, 

four of which maintained very small angle of attack histories. Vehicles 

were flown with Teflon, silica phenolic, and beryllium heatshields. Silica 

phenolic is most similar to carbon phenolic in its ablation characteristics 

and in the subsequent boundary layer combustion chemistry. For both the 

silica and carbon phenolic heatshields, the electron generation is due to 

ionization of contaminant "low ionization potential" metals and not to 

hydrocarbon combustion. The silica phenolic vehicle was thus chosen for 

analysis here. Valid data was obtained on one silica phenolic flight. 

In addition to the base electrostatic probe experiment, the peak ion 

density in the boundary layer was deduced from an electrostatic probe located 

on the frustum near the aft end of the vehicle. A comparison of the pre- 

dicted ion density from the reacting boundary layer analysis will be made 

with the flight deduced value. The base pressure was also measured through- 

out the flight and will provide a basis for evaluating the fluid mechanics 

solution. 

8.1 WAKE RESULTS FOR THE RMV-340 VEHICLES 

The flowfield map, and pressure, temperature, electron density and 

collision frequency distributions calculated for the RMV-340 vehicle at 

25 km altitude are presented in Figures 43 through 47 respectively. Because 

of the relatively larger velocity of this vehicle, recirculation region 
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temperatures are considerably larger than for the full scale and small 

vehicles presented earlier. The non-reacting recirculation region temper- 

ature is 6560oK and with reaction is reduced to 4460':'K. Under these con- 

ditions the ionization of atomic silicon dominates completely over that of 

sodium. The predicted electron density for silicon ionization is nc-.H- = 
13 

2.2 x 10  electrons/cc and the contribution from sodium is n^ = 6.5 

x 1011 electrons/cc and from N0+ is nNn+ = 9.0 x 10
8 electrong/cc. 

The predicted base pressure is 0.0079 (+ .0003) atm. The base pressure 

to ambient pressure ratio is PiVP^ ■ 0.316 + .013. 

8.2 FLIGHT MEASUREMENTS 

Seven electrostatic probes were located on the base plate of the silica 

phenolic vehicle. Three were spherical probes and four were long cylinder 

probes. Some geometrical specifics of the probes and their location on the 

base plate is shown in Figure 48. Also shown on separate plots are the 

electron concentration values deduced from the two types of probes in the 
(15) 

altitude range from 35 to 20 km.v ' 

It is apparent from Figure 48 that the cylinderal probes yielded 

positive ion densities that are over an order of magnitude larger than 

for the spherical probes at 25 km altitude. A reason for this discrepancy 
(15) 

was not offered in the data evaluation report.  ' However, the four 

cylindrical probes were in close agreement or displayed accountable 

differences throughout the entire flight. In contrast, some anomalous 

behavior for one of the sphere probes was noted during the flight. However, 

the other two spherical probes were in good agreement with one another 

throughout most of the flight. The predicted ion concentration level from 

the present analysis is shown on both data plots in Figure 48. The agreement 

with the cylindrical probe results is good. 

Positive ion densities in the boundary layer deduced from electrostatic 

probe measurements are presented in Reference 16 for the RMV-340 vehicle 

with a silica phenolic heatshield. The value obtained at the 25 km altitude 
12 

at a station just preceeding the aft shoulder is 4 x 10  particles/cc. The 
13 

present boundary layer analysis predicted an ion density of 1.7 x 10 , 

attributable primarily to sodium ionization. Thus, the prediction is about 

a factor of 4 high. This comparison has no influence on the comparison of 
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the predicted and deduced base probe results discussed above. Ion levels 

in the recirculation region near the base ore dominated by the ionization 

of silicon, and do not depend on the ion/electron concentration in the 

boundary layer at the shoulder. Boundary layer ionization does influence 

the outer region ion/electron densities, and if the predicted boundary layer 

values are high, then so will be the predicted outer flow values(Figure 46). 

A summary of base pressure data for these flights was presented by 

Batt. '    His results for the vehicle with a silica phenolic heatshield 

are repeated in Figure 49. The data were taken by several pressure gages 

whose range variation wasO.l, 1.0, and 2.0 psia. These gages were located 

at three radial positions on the base (r/R, " 0, 0.36, and 0.46). The 

Reynolds number based on vehicle length for the present calculation is 

Re^ L = 8 x 10 and the predicted base pressure of P^/P^ ■ 0.316 t -013 
has been included in Figure 49. 

The predicted base pressure lies between the measured base pressures 

at r/R, = 0.36 and r/R. = 0.46. The present wake theory assumes a constant 

"average" base pressure, whose value must correspond to the actual base 

pressure at radii well removed from the axis. The agreement of the predic- 

tion with the flight measurement appears to be very good. 
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Figur« 44.    RMV-340 Vehicle - 25 km 
Pressure Distributions 

Near Base 
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STREAMLINES 

Figure 46: RMV-340 - 25 km - Near Base Electron Density Distribution 
Outer Flow Region 
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Figure 47: RMV-340 - 25 km - Near Base Collision 
Frequency Distributions 
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9. CONCLUSIONS 

It is difficult to assess the degree of accuracy of an analysis of so 

many complex phenomena each of which is not fully understood. Uncertain- 

ties exist in the modeling of the ablation processes involving pyrolysis 

and char removal. Chemical processes in the boundary layer leading to 

the formation of charged species is assumptive. Finally, the accuracy of 

the modeling of turbulent diffusion models under the extreme environment 

of hypersonic reentry is unknown. The calculations and results presented 

here can, never-the-less, be useful provided the user recognizes them as 

representative of the best estimates that can be made in the spirit of 

engineerinr, and not scientific study. 

The comparisons made with flight data were encouraging. The good 

agreement with measured base pressure suggests that the boundary layer 

profiles and diffusivity modeling are reasonable. Past experience with 

laminar flow has shown base pressure to be very sensitive to the boundary 

layer profiles before separation. The electrostatic probe experiments 

yield data which must be used in analytical models to deduce the ion and 

electron density levels, and uncertainties are thereby introduced. The fact 

that the predictions of ion concentration came to at the very least, an 

order-of-magnitude of the deduced values, and at the very best,  agreed 

with the deduced values is acceptable and impress.ve. 

The predictions for the full scale and :mall vehicles suggested that 

sources other than contaminant, low-ionization-potential materials may 

produce significant contributions to the electron density in the recircu- 

lation region. This effect appears to be very sensitive to temperature. 

Only in the case of the full scale vehicle did the predominance of 

NO -e" emerge as important charged species in the recirculation region. 

This result makes the attempted simulation of the flow properties of the 

full scale vehicle by a small vehicle more complex. At lower velocities, 

the effect of NO ionization in the recirculation region diminishes suggest- 

ing that the electron density is eventually controlled by the seeding level. 
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The present results show that a lower seeding level is required for simu- 

lation in the recirculation region than in the outer wake above the recir- 

culation region. However, reasonable simulation (factor of about 2 in 

electron density) may be achieved for a seeding level («500 ppm) which 

lies between that necessary for precise simulation of the recirculation 

region and outer flow regions,respectively. 
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APPENDIX I 

AEROHEATING, ABLATION, AND BOUNDARY LAYER ANALYSIS 

1.1 Non-b1owing/Non-ab1ating Aerodynamic Heating Calculation 

The analytical procedure that has been incorporated into TRW's 

Aerodynamic Surface Heating Program (AEROHT) is based on boundary layer 

convective heating and skin friction correlations obtained from published 

analyses so that the direct solution of the boundary layer conservation 

equations is avoided. Also, the air properties behind the leading edge 

or bow shock wave and the properties at the outer edge of the boundary 

layer are calculated by interpolation on the computer program built-in 

tables and/or input tables. In this manner a very fast and efficient 

utilization of the computer for obtaining solutions of sufficient accuracy 

for most engineering purposes is attained. The shock curvature effect 

on the convective heating rate distribution on the body is calculated by 

an approximate, mass balance, iterative technique; thus, the vorticity 

interaction between the inviscid outer flow (i.e., the shock layer) and 

the boundary layer are included in the calculations. The equilibrium 

radiation heat transfer rates from the shock-heated air to the vehicle 

surface are also calculated by interpolation on built-in tables. 

The flight regimes for which the analysis is applicable include: 

wind tunnel test, ascent or launch, normal reentry, and reentry at super 

satellite speeds. These regimes are distinguished by the degree of dis- 

sociation or ionization of air present at the outer edge of the boundary 

layer. The heating rate analyses incorporated in the program that are 

applicable to the above mentioned regimes include: the stagnation point 
2 3 

convective heating correlations of Fay and Riddel 1, and Hoshizaki , 
4 

and the similarity solutions of C. B. Cohen and Reshotko , Beckwith and 
5 6 7 

N. B. Cohen , Kemp, Rose, and Detra , and N. B. Cohen for laminar bound- 

ary layer heating and skin friction distributions. The equilibrium air 

thermodynamic properties built-in tables in the program are those 
8 9 

reported by Curtis and Wohlwill ' which correspond closely with the air 

tables of Moeckel and Weston.   A curve fit to real gas data is used to 

find empirical relations of state between density, viscosity, pressure, 

and enthalpy. The Moeckel and Weston  and NBS  equilibrium air tables, 
12 

together with the viscosity data of Hansen , are employed for this 

purpose. The partial Prandtl and Lewis numbers as a function of enthalpy 
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11 12 
built-in tables are derived from NBS      and Hansen      data.    The heat of 
reactions for calculating the dissociation enthalpies are obtained from 

Lees.13   For calculating the shock heated air radiation heat transfer rate 

to the vehicle surface the equilibrium radiation air emissivity coefficient 
iler 
,15 

table of Kivel and Bailey  is employed. The correlations for turbulent 

boundary layer flow that are used in the program were derived by TRW 

using incompressible flat plate turbulent boundary layer solutions together 

with Eckert's reference properties method  for accounting for compressibility 

effects. The convective heating is calculated from the skin friction 

solutions using Rubesin's modified Reynolds analog (MRA) method.   The 

technique used in the derivation of the turbulent correlation equations is 
18 

similar to the analytical procedure of Rose, Probstein, and Adams. 

In performing the analysis, the free stream ambient conditions (V^, 

p , and Tj, the radius of curvature (nose radius) of the stagnation point, 

and the pressure distribution normalized by the stagnation point pressure 

are prescribed as independent input variables. To calculate the shock 

shape that is needed to determine the entropy layer effects, the shock 
19 

shape correlations of Love, Woods and Rainey  are used. Boundary layer 

transition from laminar to turbulent flow is determined from a transition 

criterion defined via input. 

I.I Wall Interface and In-Depth Response 

A description of the wall interface and in-depth response analysis 
20 applied to the present cases through the CARE  computer program is now 

discussed. The present heatshield materials, carbon phenolic and silica 

phenolic, are of a class of so called charring ablators. Here, the 

original virgin material decomposes by pyrolysis when the temperature 

reaches a sufficiently large value. Gases are formed which percolate 

away from the pyrolysis zone, leaving behind a porous residue or char. 

The analysis assumes that the decomposition process is temperature 

dependent through an Arrhenius-type relation. Removal of the char is 

assumed to occur by the basic ablation processes which include sublimation 

of the char material and removal by chemical reactions with the adjacent 

boundary layer fluid. Here, the wall interface chemistry is described 

by two parameters, namely, the heat-of-fusion (or sublimation) of the 

char and the heat-of-reaction (or oxidation). 
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Using a one dimensional transient formulation, an in-depth energy 

balance differential equation is written in terms of moving coordinates, 

i.e., the independent coordinate is tied to the receding char surface. 

The solution is by finite differences. Nodal positions are specified in 

the input by specifying successive node thicknesses. All the physical 

properties needed,to obtain solutions are specified as input tables that 

may be a function of one or more independent variables, e.g., temperature 

and pressure. Any surface recession causes the nodal spacing to shrink. 

1.3. Steady-State Ablation Analysis (Program SAANT) 

The problem modeled by the Aerotherm Steady State Analysis of 
21 

Ablating Nosetips (SAANT) computer code  is that of determining the 

instantaneous profile of an ablating axisymmetric nosetip re-entering 

the atmosphere at zero degrees angle of attack. The basic environment 

information required by the code is the freestream state (pressure and 

density) and velocity. Given this information the code performs real 

gas calculations for air to find the stagnation conditions. 

The in-depth thermal response is handled by the following energy 

balance:       f ?) k   t   /    f   ) v   }/}??/    ? "7— Jj_ T = T 

'        •      'W 

I    mhc 'c    & 

L-l Ti J T1 

C 

U mh " - q    = mh 
TW      •        • Ti      dE 
c       Hc c       dt 

where:    m ablation mass loss rate 

TW h enthalpy of the ablation material  (before chemical c 

J,- 

reactions) evaluated at the wall temperature 

the enthalpy of the material before exposure, T.-5360R 

q    conduction heat flux into the control volume 
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dE 
If time-rate of change of energy stored 

The steady state assumption implies that dE/dt is zero and corresponds to 

the physical situation when the temperature profile relative to the moving 

wall-interface surface is invariant with time. The assumption is accurate 

for low conductivity ablators and for high ablation rate situations. By 
• 'w 

considering dE/dt = 0, the calculation of mh   - q  is simplified since 

the quantity is independent of the ablation material thermal properties 

or response history. 

The analytical treatment of the wall interface mass and energy 

balances is modeled to account for the strong coupling which exists between 

convective heating, chemistry, diffusion, and blowing. The diffusion of 

edge (air) molecular species to the wall and ablation products species 

moving away from the wall are modeled together with the chemical reaction 

events taking place at the wall interface. The effect of heat blocking 

due to foreign species injection is also included. The program utilizes 
22 

an equilibrium chemistry computer code, i.e., Aerotherm's ACE code. 

Surface state or mass balance solutions are parametrically generated. 

These solutions (tables) are used to reconstruct the mass balances at 

particular time points of the entry trajectory and for calculating the 

chemistry and molecular diffusion effects as related to the energy balances 

at the wall interface. Heat blocking effects are handled with various 

degrees of sophistication depending on the problem treated. These effects 
23 

have been correlated using the KBLIMP  computer program and many other 

sources (see Reference 24). The methodology for calculating the boundary 

layer in the SAANT program is essentially the same as the procedure des- 

cribed in Appendix 1.1. However, the SAANT program uses different corre- 

lations for calculating the non-blowing/non-ablating boundary layer and 
21 

shock shape. 

1.4. Boundary Layer Analysis (Program TRW-KBLIMP) 

The NASA equilibrium/non-equilibrium KBLIMP computer program was 

used to generate the detailed boundary layer solutions with chemical 

reactions and ablation to provide initial conditions for the shoulder 

separation and wake analysis. The KBLIMP program was originally developed 
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by Aerotherm lor NASA-AMES for execution on a CDC-7600 computer, and has 

been subsequently modified at TRW.    Basically, the program solves the 

compressible flow boundary layer equations with chemical reactions for 

both laminar and turbulent flows.    A mixed set of equilibrium and non-equi- 

librium reactions can be treated.    In the present application to the carbon- 

and silica-phenolic heatshields, approximately 32 to 37 species were 

considered, with all  but Na and Na    (+e') determined by equilibrium chem- 

istry.    The boundary conditions for the wall  interface applied here consisted 

of specification of the wall temperature and mass ablation under surface 

equilibrium conditions (including the sodium species which are treated as 

non-equilibrium species away from the wall). 

The program uses a novel  numerical  solution procedure, termed as 

integral matrix approach, which is equivalent to a higher order finite 

difference approach (using spline fits), though the equations are solved 

in integral form.    Thus,  the program is capable within practical limits 

of obtaining accurate solutions to the governing dnierential  equations 

with fewer chemistry calculations in comparison with other contemporary 

computer programs.    Thermodynamic properties of the chemical  species are 
or*    Oc 07    00    OQ 

obtained from JANAF tables '  and other sources, ' '  and used in 

the form of polynomial curve fits to the tabulated data. Constants appro- 

priate to a lower and an upper temperature range (less or greater than 

3000oK) are determined by a least squares curve-fit routine. 

The transport properties for single components are based on a corre- 
30 

lations for single species self-diffusion binary coefficients.   The 
31 

mixture viscosity follows the method of Buddenberg and Wilke.   The 

mixture thermal conductivity is based on the method of Mason and Saxena 
32 with Eucken correction.   The basic turbulent model adopted is specifi- 

cally formulated for boundary layer flows with blowing." Turbulence is 

described in the wall region by a mixing length equation, which approaches 

Prandtl's expression, t  = k v, far from the wall. The mixing length dis- 

tribution is changed for blown flows implicitly, by the influence of 

blowing on local shear stress, t. The equation for mixing length is 

solved and used to find eddy viscosity from 

- o2 M em "   3y 
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This wall region eddy viscosity is used from the wall on out into the bound- 

ary layer until it exceeds the wake region eddy viscosity given by 

e  = C U (5 * 
m    e i 

C = 0.018, the Clauser wake constant, which can be redefined via input. 

The eddy diffusivity and eddy conductivity are related to the body vis- 

cosity by the turbulent Schmidt and Prandtl numbers.    A value of 0.75 for 

each of these is recommended unless otherwise specified by input. 

1.4.1    Nonequilibrium Chemistry Procedure (Program KBLIMP) 

Homogeneous Chemistry 

Chemical reaction rates are calculated using the procedures described 

in Reference 23.    The m-th stoirhiometric chemical reaction is written as 

L^I jm j     x—« jm j 

and its reaction rate can be expressed generally by 

R_ m m 

■uR 

p jm 
j 

m 

jm 

The equilibrium constant K can be determined from the standard sta\.Q free 

energy change, and the forward reaction rate constant can be expressed in 

the Arrhenius form 

where m 

m 

m 

m 

k- = B T rn exp 
m m - I. /RT 

m 

Temperature exponent in Arrhenius expression 

pre-exponential coefficient in Arrhenius expression 

activation energy in Arrhenius expression 

forward reaction rate 

equilibrium constant 

98 

PHMMH um «'mi iiiiwumnn .n   . -•        miMiipwii inn Hiiiiinwiiimi 



N chemical  species label 

p. partial  pressure 
J 

R universal gas constant 

PL net reaction rate 

T temperature 

y stoichiometric coefficients 

For the third body chemical reactions, the particular third body species 

influences the production rate however in many cases, only the probability 

coefficient B„ is different. In these cases, some reduction in the number 

of equations can be achieved by specifying a reference value of B and the 

relative efficiencies r  of each third body. Then by omitting the third 

body from the stoichiometric reaction an effective reaction rate kr can be 

specified in terms of the molar concentrations n. of the third bodies, i.e. 

i .e.. 

\    4^1 "i   •v»"'    '•„ 

Mixed Equilibrium/Nonequilibrium 

The prototype KBLIMP program (Aerotherm's) cannot analyze a mixed 

equilibrium/nonequilibrium chemical system with ions because of input 

variable built-in restrictions and the special treatment of the electron, 

i.e., ambipolar diffusion. Effectively the electron species is flagged 

and omitted from consideration in the diffusion transport equation. The 

concentration of electrons is determined from the molecular balance of 

ionized species so that the net charge at a spatial point is zero. This 

restriction represents a severe limitation for the current application 

where it is desired to consider a large number of species to be in chemical 

equilibrium including ionized spenes such as NO , CHO , etc., simultan- 

eously with the nonequilibrium reaction for N + N  + e~. By virtue of a  a 
the fact that only two molecular species N and N + are involved it was a    a . 
possible to alter the logic of the program to consider the N + N  + e" a   a 
reaction without altering the chemically equilibrated set that includes 

the remaining species. In essence the NA and Na species are defined äs 

99 



! ' 

elemental species and the electrons associated with the reaction 

fT -*• I^L + e' are considered only in the calculation for the backward 
a a 

reaction rate and omitted from the equilibrated chemical species set. 

The basis for the above procedure was inpired by the very general formu- 

lation of the chemical reactions treatment incorporated into the program 

which is described in detail in Reference 34. 

Kinetic Rate Constants for Sodium lonization 

The reaction stochiometric equation considered is 

N+M-»-N  +e" + M 
a     a 

where  M = third body, M = N« was used. 

The corresponding kinetic rate constants used in the analysis are: 

Bm = 1.20 x 1016 GRAM-MOLE/cc-sec m 

Am = 0.50 

Ea = 59400°K 

rN ■ 1.0 
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APPENDIX II: NEAR WAKE FLOW MODEL 

The flowfield analysis applied here describes the boundary layer and 

wake regions downstream of the undisturbed boundary layer approaching the 

aft shoulder of the vehicle. This includes the separating boundary layer 

on the rounded aft shoulder. The formulation is classed as a viscous- 

inviscid interaction problem in which the pressure field is unknown and 

determined during the course of the calculations. However, as will be seen, 

the diffusion terms are included in the calculation throughout the flow- 

field. Hence, the inviscid regions emerge naturally from the calculation 

where diffusion is found to be unimportant. 

The wake is divided into two regions which are, respectively, interior 

and exterior to a streamline which lies adjacent to the dividing streamline 

over the recirculation region and to the axis, downstream of the wake 

stagnation point. The inner region is described as an integral method in 

which the conservation equations are integrated from the axis to the "match- 

ing streamline" separating the two regions. The outer region is described 

by a finite difference method, using conservation equations which retain 

both the inviscid terms and boundary-layer-like viscous terms. A strict 

matching of essential fow properties is maintained between the two regions. 

The equations used to describe the outer wake region are aKo applied to 

the entire boundary layer, with the boundary conditions changed to the no 

slip conditions at the wall. 

7.2.1 Outer Flow Description 

A natural or intrinsic coordinate system formed by streamlines and 

normals to streamlines is used to describe the outer flow. If s and n 

represent distances along, and normal to, streamlines, respectively, then 

orthogonal independent variables i|s S, and $  can be formed where (ty = pUr dn, 

dS = ds/h , and 4. = azimuthal angle (when o * 1). The metrics are 

h ■ l/(pUra), h = ra and h (to be determined later). This coordinate 

system and set of independent variables has a number of advantages in the 

present problem. Dropping the streamwise second derivatives yields a single 

104 

■■in I,I. lim»!m. *•— "•"' '1—iTffllWWilWililMllMBH 



set of governing equations which are applicable to the flow on the body 

(including the rounded shoulder), as well as the wake flow above the divid- 

ing streamline. These equations are inclusive of the classical boundary- 

layer-like equations used to describe the body boundary layer, the shear 

layer, and the downstream viscous wake. In addition, they contain the com- 

plete inviscid formalism even in the viscous regions of the flow. They 

are therefore well-suited for describing the expansion of the boundary 

layer about the rounded shoulder, where viscous effects become important 

in a progressively thinner region, and for describing the origins of the 

lip and wake shock waves as diffuse compressions well within the viscous 

regions. Since the crosi-stream viscous terms are included throughout, it 

is unnecessary to distinguish between the viscous and inviscid regions of 

the flow in the formation; the inviscid regions will appear as a natural 

outcome of the analysis. 

The Navier-Stokes and energy equations in this coordinate system are 

given in Reference II-l. Dropping all terms containing second derivatives 

with respect to S leads to the forms of the momentum and energy equations 

applied here: 

8U/3S + (l/pU)(3P/8S) ■ (3/3*)[phsr2apU(3U/8^)] (!) 

U(3e/3S) + hsr
a(3P/3^) - | (3/3*)[phsr

2apU2(30/3^)]      (2) 

3H/3S ■  (3/3^)[(lJ/Pr)hsr
2apU(3H/3^)] + (3/3*) 

[((Pr -  l)/Pr)Mhsr
2apU2(3U/31j;)] 

e is, here,  the streamline inclination angle.    By relating this coordinate 

system to the Cartesian system,  two additional  relations are obtained after 

eliminating, by cross-differentiation, derivatives with respect to r and x; 

thus 

3(pUra)"1/3S ■ hs(3e/3tj;) (4) 

3hc/3^ ■ -  (pUrT1   (3e/9S) (5) s 
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In addition, an equation of state and viscosity law are specified. The 

modeling of viscosity in the case of turbulent flow will be the subject 

of Section II-3. 

The relationship of this coordinate system to the Cartesian system 

is 

3x/8S = h cose ax/a* = - sine/pUr01 

ar/aS = h sine ar/ai/j ■ cose/pUr 
(6) 

Implicit finite-difference approximations are used to represent the equations, 

and since they are mathematically parabolic in character, they are solved 

by marching in the streamwise direction beginning with specified initial 

profiles on the body upstream of the shoulder.    The boundary conditions will 

be discussed below.    Details of the differencing and of the method of 

solution of the difference equations can be found in Reference ll-l. 

The  initial and boundary conditions  imposed on this set of equations 

consist of a set of profiles for the dependent variables (velocity, pressure, 

flow angle, and enthalpy) along a normal  to streamlines from the body to 

the bow shock wave upstream of the rounded shoulder.    The no slip boundary 

conditions are imposed to calculate the separating boundary layer.    After 

separation,  the matching conditions between the inner and outer regions 

provide the necessary boundary conditions for the outer region.    The lateral 

boundary of the calculation consists of the uniform flow  upstream of the 

bow shock, or in the present application, the edge-of-boundary layer streamline. 

11-2      INNER FLOW DESCRIPTION 

The integral method is applied to the inner region primarily for reasons 

of compatibility with the outer flow.    The inner region equations are ordin- 

ary differential equations with the axial  coordinate as the independent 

variable.    These equations may be integrated from the base in step with the 

finite differences marching solution for the outer flow, and a matching of 

essential  flow properties can be maintained between the two regions at each 

computing step.    A finite differences solution of the inner region, while 
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seemingly more accurate,  is extremely difficult to match to the outer 

region,  and is computationally time consuming.    For practical  computing 

times,   the matching resolution would be so poor that the entire near wake 

solution would be seriously degraded. 

The flowfield properties below the matching streamline are described 

approximately using radial profile shapes of specified r dependence.    The 

x-dependent parameters in the profiles are then evaluated by requiring 

that the integrated conservation equations be satisfied,  in addition to 

satisfying the requisit boundary conditions including profile and flux 

matching at the matching streamline.    Finally, the remaining parameters 

are determined by satisfying integral moments of conservation equations or 

locally satisfying the conservation equations at a particularly important 

point in the profile (the centerline).    The initial  values of the parameters 

describing the profiles can all  be determined at the separation point by 

matching to the outer profile and from geometric considerations, except for 

the one parameter representing the centerline enthalpy.    As expected,  the 

integral  formulation, when integrated downstream using an arbitrary initial 

centerline enthalpy, encounters a saddlepoint singularity at the wake 

stagnation point, as  illustrated in Figure 9.      The value which is consistent 

with a closed recirculation region with no energy source or sink at the 

stagnation point is the one which permits the calculation to continue down- 

stream into the wake in a physically meaningful way.    The details of the 

formulation can be found in Reference  II-l. 

II.3      TURBULENCE MODELING EQUATIONS 

The ability to predict the changing turbulence structure in  the near 

wake lies within the framework of modem higher order theoretical analyses 

of non-homogeneous fully-developed turbulence which have appeared in  the 

literature during the past several years.    The turbulence is characterized 

by two independent variables often consisting of the turbulent kinetic 

energy due to the fluctuations, e, and a mean macroscopic or integral  scale 

length of the turbulence,  i.    The Reynolds stresses are usually represented 
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by the product of an eddy diffusivity, which from dimensional  arguments is 
1/2 proportional  to e      z, and a mean flow strain rate.    The turbulence vari- 

ables, and hence the eddy viscosity, are treated as field variables whose 

distribution depends on the mean flow and whose values are obtained from 

the solution of two diffusion-type equations which represent the convection, 

growth,  decay,  and diffusion of turbulence in the flow.    Beginning with 

known mean flow and turbulence properties in the boundary layer before 

separation,  this modeling permits accounting    for a variety of effects 

such as the changing turbulent structure in the boundary layer remnant 

during the expansion into the wake (including possible dissipative effects 

which have a tendancy to relaminarize the remnant flow),  the interaction 

of the remnant turbulence with the turbulence produced in the mixing layer 

and wake,  the effect of the pressure rise across the shock waves on the 

turbulence, the influence of turbulence in the recirculation region, and 

the effect on  the diffusivity of the strong pressure rise in the vicinity 

of the wake stagnation point. 

The change in turbulent structure in the present analysis is based 

upon a model equation for the turbulent kinetic energy, e, and a second 
3/2 model equation for the dissipation rate of turbulence, t . = C.e     /«, where 

Cd is a constant. 

The form of these equations, written in streamfunction coordinates  is 

represented below: 

Turbulent Energy 

convection       production 

PU ae _       / ..„af /sur 
f^a?" MpUr )   la*) 

dissipation compressibility 
effect 

^d O^TK^TH (7) 

diffusion 

f^[(^-TK^slf] 
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Turbulent Dissipation Rate 

convection production dissipation       compressibility 
effect 

2 
aej .     ^2 E.       ...,.2     P e.  , _   , e 

s 
diffusion /g\ 

s        H~ 

a    3/2 
pU  3    r/    . \    -  1/2 ..2a,     L? A 

s 

The turbulent viscosity and turbulent Reynolds number are defined as 

yT " pe1/2£/(l   +  K3/RT) {9) 

^ RT • pe1/2 ü/M . (10) 

The production term appearing in each equation results from the working 

of the Reynolds stress against the mean flow velocity gradients.    The dissi- 

pation rate governed by turbulence in the macroscale regime comprises the first 

part of the dissipation term of each equation.    Also included are factors which 

become important at low values of turbulent Reynolds number where the macro- 

scale and microscale lengths become of the same order.    These effects are 

important in the laminar sublayer of the turbulent boundary layer, and possibly 

in the expansion of the boundary layer remnant into the wake.    The constants 

K,  and K« appearing in these factors take on different values in these two 

regions due to the highly anisotropic character of the sublayer turbulence 

as compared with the more isotropic-like turbulence in the outer remnant 

of the boundary.    Table I summarizes the constants used in the present analy- 

sis.    They are chosen, for the boundary layer, so that the low Reynolds 

number dissipation term balances the laminar diffusion term to lowest order 

in the laminar sublayer and are determined for wake flows so that the equa- 

tions yield the final  decay of isotropic turbulence consistent with the 
II-2 

rigorous solution of Batchelor. 
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Table I.    Low Rj Dissipation Constants 

Dissipation 
Constants 

Boundary 
Layers Wakes       1 

Ki 

9    2 i    K 

Ld 

8    C^ 
Kd 

i      h 
2 K2 177T   Cd 

Kd 

Kj = 0.4 from Finson II-5 

The turbulent viscosity also contains a low Reynolds number term for 

boundary layer flows which serves the purpose of scaling the laminar sub- 

layer thickness.    To maintain agreement with classical  flat plat incom- 

pressible boundary layer profiles,  K. ■  16.5.    This term is not required 
O 

for wake flows. 

The diffusion term appearing in both equations models the diffusion 

of turbulence  (present in the fundamental  form of the equations in the form 

of triple correlations).    The density ractors appearing in the diffusive 
1 %Ji     %J9 

flux terms p    9pe/3* and p        3p      tJH account for the effects of compres- 

sibility found in high Mach number flat plate boundary layers.    These effects 

include the observed Invariance with Mach number of the velocity profile 
1 /p 

under a Van Driest transformation du* =  (P/P..)        du, and of the integral 
(■to 

scale length (see Maise and McDonald). 'J 

The compressibility tern appearing in both equations is a consequerrre 

of density-velocity correlations and was modeled by Wilcox and Alber  " in 

the form presented here. It is a significant term during the expansion 

of the boundary layer into the wake, and through the compression zones 

associated with the formation of the lip and wake shock waves, as well as 

across the shock waves themselves. In the absence of production and dis- 

sipative effects, the turbulence behaves isentropically, according to the 

relations 
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e ^ p 
VY 

' ed ^p 

-^h 
(11) 

and hence 

I A* p 1^1 " ^2) /Y 1 + 25 
MT  ^  P 

1 52I/Y (12) 

The parameters g. and u are constants determined by comparison with exper- 

iment.    In the case to be presented, f;, ■ 2/3 and 52 = 4/3,  but there is 

uncertainty at this time as to the values which yield best agreement with 

experimental data and further comparisons must be made.    In calculating 

the turbulence along a streamline expanding into the wake, Finson        also used 

5, = 2/3 and 5? = 4/3, consistent with the analysis of Pirri II-6 

The turbulence equations contain other constants which are intended to 

be "universal" and which have been determined by comparison of solutions 

with measurements from other turbulent flows.    By balancing production with 

dissipation in the e-equation, the relation t/pe ■ /CT is obtained from 

which C , can be evaluated from measured values of T(= -p u'v') and e in 

shear layers and boundary layers; the value C , = 0.09 was thereby obtained. 

The decay of Isotropie grid turbulence provides the value of the second 

dissipation constant, C9.    The balance between convection and dissipation 

at large RT yields the relation i % e" 

compatible value of Cp ■ 1.89, 

•> '   ' 1     Comparison with data yields a 

The equations contain two constants of order unity, 0 and a*, which 

are analogous to the inverse of the Prandtl number of thermal diffusion. 

The value of a*, appearing in the turbulent energy equation, does not 

strongly affect the solution for order one values and so a value of unity 

is used.    However, the production constant d  and a in the c^-equation can- 

not be specified independently if the theory is to properly reduce the 

velocity slope  in the law-of-the-wall  region of a flat plate incompressible 
1/4 boundary layer.    Assuming that £ = CH      Ky, and e is constant in this region, 

1/2 2 
the relation  (C,  - C2)C ■     "OK   must be satisfied, where K is the Von  Karmen 

constant.    Calculations at TRW11'7 produced good agreement with experiments 

for C 
1 

1.41 and a = 0.77. 
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The boundary conditions  imposed on e and e, reflect the dampening 

effect of a smooth wall on the fluctuations,  leading to the conditions 

e(s,o) = e .(s.o) ■ 0,    For wake flows, the symmetry condition on the axis 

is imposed,  i.e.,  3e/34) = 0, itjtii ■ 0 »t 1J1 ■ 0 for all  s. 

The description of the turbulence modeling for the boundary layer and 

wake external  to the recirculation region is completed by including turb- 

ulent as well as laminar diffusion in the mean flow momentum and energy 

equations.    According to the eddy viscosity assumption of the present 

analysis,  the diffusion  flux terms for shear and neat transfer in Equations 

8 and 10 are written d.s 

\ + ^ 

and 
ay/l    + 

yT   \3h 
(13) 

qL + qt - -pr 

where the specific heat is assumed constant.    In addition, the laminar 

viscosity is replaced with the sum p + u-r in Equation  2. 

The analysis of the turbulent near wake requires the formulation of an 

integral  theory for the turbulent properties within the recirculation region 

consistent with the integral  theory describing the mean flow.    Thus, integral 

forms of the turbulent energy and dissipation rate equations were developed 

fov the region from the axis to the matching streamline, and profiles of 

the turbulence variables were assumed.    These equations are solved in con- 

junction with the outer flow turbulence equations in a manner analogous 

to that used for the mean flow.    Details of the integral  analysis for the 

turbulence properties are presented in Reference 11-8 
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APPENDIX HI - COLLISION FREQUENCY ESTIMATES 

The purpose of this appendix is to make available estimates of electron- 
neutral collision frequencies. This is a part of the task required 
to specify the electromagnetic properties of the ionized region in the 

recirculation region immediately behind the base of a given reentry 

vehicle. The results are to be used to calculate propagation of radio 
frequency signals through the recirculation region. 

1.  A Simple Equation of Motion for Electrons in a Weakly Ionized Gas 

The equation of motion of an electron acted on by an electric field, 
E (in the x-direction), can be written down as follows based on a simple 
model 

v + v v = - E (1) x   x  m x v ' 

  
In this equation v is the average drift velocity, v is the collision frequency, 
and e,m are charne and mass of an electron, respectively. The collision term 

is written down by analogy with the derivation of the dc conductivity of free 

electrons in a metal, as shown in Reference III-l. (In Reference III-l the average 
drift velocity between collisions is written down as 7 = A-

a T' where a is 
acceleration, x is average collision time. Acceleration a = ^ EY. Thus, 

i P 1 1 e 
7 = i-^ E T. The collision frequency v = -, so that we can wite vV = 5" m Ex' 
A     £ III   A I A 

which accounts for the collision term in equation (1) (except for the factor 
of 2). The average collision time %  = A/V, where A is the mean free path, 
f is the average random electron speed. Since A = MK where N is the particle 

111-2     vi density, Q the collision cross-section,    the collision frequency v can be 
calculated from 

v = NQV 
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If the gas is a mixture we find 

v = Yln,Q, (2) 
i    ^ 

where the subscript i identifies a constituent of the mixture. If the 

electric field E is sinusoii 

can be obtained simply, viz. 

electric field E is sinusoidal, a steady state solution of equation (1) 

vx B v+jo) m ^ ^ 

where u is the radian frequency of the electric field.    The electrical 

conductivity a is obtained by comparing Ohm's Law,  J    = aE   with J    ■ nev 
A       A A        J 

as follows (J is current density, n is electron density) 
A 

ne2  1 (4) m  v+ju • 

where j = t^T. 

This expression for radio-frequency conductivity (a) is used to calculate 

the propagation of a signal of frequency w/Zir through the given plasma. 

Although the above formulas are "derived" heuristically they have been used 

extensively in the analysis of propagation through hypersonic ionized flow 

fields. 

2.  A Formal Equation of Motion for Electrons in a Weakly Ionized Gas 

A far more rigorous equation of motion can be derived on the basis of 
II1 3       111-4 

the Boltzmann transfer equation. Following Margenau   ,Altshuler    used 

that approach to derive the following equation of motion: 

vx + N/f(v.t) vxVQo (V)d7=iEx (5) 

In this equation f(v,t) is the electron distribution function, 7 is the 

vector velocity, t is time, Q is the elastic cross-section (inelastic 

collisions, e.g. ionizing collisions, are neglected). Altshuler points out 

that in the case of gaseous constituents for which V-Q(V) ■ constant. Equation 
(5) is identical with the simple form of Equation (1) since v„ = rf{v,t)v dV. 

A      J X 

However, since the energy dependence of Q can assume many different forms 

the simple equation (1) cannot reliably be used in general. 
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III-5 
Molmud    considered a generalized form of the equation of motion, i.e. 

the Langevin equation 

^x + g^x = F Ex (6) 

In this equation the term gv represents the effects of the collisions between 

electrons and neutrals. Again on the basts of the Boltzmann transfer equation 

Molmud relates g to v in certain limiting cases. His results are reproduced 

in Table I, where g is allowed to be complex, g = gr + jg.-. (Molmud's nota- 

Table I . Evaluation of g and g. for the low- and 
high-pressure cases (from Molmud^"^) 

Gu a pre in 
»/•<! 

QIV constant, air 
nitrogen 

Q constant, helium     |»(1—OJb*/«^) 

OK constant, r 
Maxwellian gas 

QV* constant, HjO,     ->(! -O.KSK'/.J1) 
NH,; molecules 
with permanent 
electric dipole 
moments 

0.18{//u.) 
X(l+2.14^/u.') 

0 

XCl+O.öOv1/««) 

f/M>l 
Form of aviTugr 

coliisiun frr«iuf ncy» 

»Cl+^STW»)*] 2u1[l-2.2,)W»)t »«•{JO/KWOV« 
+4.f7W»)i] 

» 0 r-pOK 

(irK/lbjd+O.SOc-»/»1)    0.110,(1-7.1««/»») r-2<2l,'p(m/2»Xr)» 

..*' '» rigorously iJefinH as folio«»: •• ■"./>(?(lOK/Jr, where i> is 'he neutr.il iiunide density, O'H is the cr.iai »rclion with its correct lurxtioiul 
«penuence on V. I is the normali/«! velocity Jistribulion function diasumeii ALmm-ll Holt/iuanu) and intrgnuiun is over ,il lof velocity space. 

tion differs from that used here only in the use of p for particle density.) 

It is seen that at low v/w (i.e. low pressures) for atr the effective colli- 

sion frequency g is: 

3r  3 

At high collision frequencies gr * v. At intermediate values of v/u ^ 1 it is 

not possible to relate g simply to v. 

3.  Numerical Values of Collision Cross-Section and Collision Frequency 

It is necessary to obtain numerical values for the parameters that 

determine collision frequency, so that the results of the fluid mechanical 

calculations can be translated into electrical properties. Before actually 

writing down the recommended formula it is desirable to list the constituents 

generally found in hypersonic flow fields. This list is to be followed by 

a history of collision frequency formulas. 
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Molecular Nitrogen and Oxygen.    N« and 02 are found in appreciable 

quantities up to their respective dissociation temperatures.     In the case 

of the base flow region significant concentrations of N2 are expected.    C^ is 

present to a lesser extent.    The collision cross-sections for these two 

components are relatively well  known  (by measurement). 

Atomic Nitrogen and Oxygen.    At the relatively low energies corresponding 

to hypersonic flow field temperatures  (say 0.5 ev) it is difficult to measure 

the collision cross-sections for atomic nitrogen and oxygen.    Early values 

were obtained theoretically.    More recently experimental  results have become 

available.    In the case of the recirculation region these two atomic species 

probably play Q minor role, even though their cross-sections are relatively 

high. 

Carbon Monoxide.    Relatively large mole fractions of CO are expected 

in our case.    The cross-sections of CO are also high relative to clean, 

undissociated air, so the presence of CO has a significant effect on colli- 

sion frequency.    The cross-section has been calculated theoretically 

well as measured experimentally. 

Hydrocarbons.    Hydrocarbons have not usually been considered in the 

electromagnetic propagation problem.    In the case of the vehicle treated here, 

however,  hydrocarbons are expected,  since the boundary layer is actually 

burning.    The presence of the hydrocarbons may have an important effect on the 

effective collision frequency.    Experimental   (or theoretical) values for 

collision frequency of hydrocarbons were not found in the literature consulted 

in the preparation of this appendix.    Their effects are included here, however, 

in reporting effective collision frequencies determined on the basis of 

direct microwave measurements through wakes of ablative vehicles, or through 

seeded flames. 

Water Vapor, Hydrox.yl.    HpO and OH have large collision cross-sections 

at low temperatures (say, T <   5000oK).    In the case of OH only theoretical 

results are available.    If significant amounts of H^O or OH are found in 

the base flow region it may be necessary to modify the recommended final 

formula to take into account the presence of these two constituents. 
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4. Functional  Form of Collision Frequency 

It is found that many of the important constituents of high temperature 

air exhibit collision frequencies per molecule that are proportional to 

energy.    When multiplied by particle density, which is proportional  to p/T, 

the collision frequency becomes proportional only to pressure p.    In the 

following table all entries are found to have this functional form, 

5. History of Collision Frequency Formulas 

The following table lists in simple form the formulas resulting from 

theoretical estimates or experimental measurements in historical  sequence. 

Each entry is discussed briefly below. 

4 

Table  n. Collision Frequency Formulas 

Formula 
Author{s) 

Robinson111"8 

Shkarofsky, et al111 

Sutton, et al 111-10 

Guthart & Graf 

Phelps111'7 

III-ll 

Baskett 111-12 

Year 

1957 

1 1961 

1970 

1970 

1972 

1974 

v = (approx.) 

(sec-1) 

IQii n P 

P 

1011 p 

1011 

0.7X1011 p 

g   = (measured, approx.) 

(sec-1) 

9X1011 p 

(l-lO)xlO11 p -> 3xlOn p 

*The pressure p is measured in sea-level  atmospheres. 

Discussion of Table Entries 

A.      Robinson.     It became clear when the thermodynamic properties of flow 

fields around ICBM reentry vehicles were calculated that atomic nitrogen 

and oxygen would play an important role in the calculation of transmission 

through the plasma sheath.    L.   B.  Robinson therefore set out to calculate 
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theoretically the values of the collision cross-sections and their energy 

dependence.    Based on Robinson's results and an equilibrium composition of 

the high temperature air in the plasma sheath,  in which fL, N, and 0 played 

a dominant role,typical results ended up with the given functional dependence. 

ß.      Shkarofsky, et al.    Shkarofsky, Bachynski and Johnston reviewed available 

information on collision frequency for high temperature air.    They discuss 

some of the refinements due to the use of the Boltzmann equation rather than 

the Langevin equation.    Convenient summary graphs and tables are provided 

tnat list collision frequency as a function of electron energy, gas tempera- 

ture and density.    If the electrons are assumed to have average kinetic 

energy corresponding to the gas temperature, the listed formula results. 

C. Sutton,  et al.    Sutton, Cohen and Textoris again reviewed available 

information on collision frequency up to 1970.    Because of the linear 

dependence of collision frequency per molecule on energy for the major 

constituents, again the collision frequency is found to be proportional 

to pressure. 

D. Guthart and Graf.    In carefully conducted experiments Guthart and Graf 

measured the forward and backscattering cross-sections in a seeded flame. 

The theory used to analyze the data takes into account attenuation of the 

beam traversing the flame due to collisions.    Collision frequencies were 

therefore deduced in such a way as to produce agreement between theory and 

experiment.     It should be noted that this is an indirect measurement,  and 

also, that the collision frequency results represent only one pressure  (6 torr), 

The fact that the deduced collision frequency is higher than the previous 

formulas is presumably due to the presence of combustion products, whose 

cross-sections may be higher than those of clean, dry air constituents. 

E. Phelps.     In a recent review of electron collision frequencies and 

radio signal transmission through plasmas for DNA, Phelps provided detailed 

tables and graphs for each of the important gas species.    Numerous references 

are given including references containing measured CO cross-sections.    For 

dry air Phelps also obtains a formula in which v is proportional to p, the 

proportionality constant being slightly lower than that of the previous 
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entries, in the v column.    Phelps mentions that some experimental data obtained 

in the ionosphere suggest a 10-201 higher collision frequency than that listed. 

F.      Baskett.    In developing a wake scattering model  (similar to that of 

Guthart and Graf,  above) to analyze ballistic range data,Baskett undertook 

another review of available collision frequency information, going back 

about 20 years.    Making some judgment as to the quality and applicability 

of the information at hand,a set of "best" values was obtained. Baskett 

concluded that collision frequencies could be calculated by the formula 

3x1011 p with an uncertainty in either direction of a factor of 3.    The value 

3X1011 p also matches recent experimental  results in the ballistic range. 

In these experiments the complex transmission coefficient through an ionized 

portion of a wake was measured directly.    Knowing also the electron density 

profile from independent measurements it is possible to deduce collision 

frequency.    This  is a considerably more direct method than that employed 

by Guthart and Graf discussed above.    The range of (l-lO)xlO11 p covers 

many different heatshields; one would therefore expect that the effects of 

a burning boundary layer would at least be partly covered in that range 

of values. 

6.     Recommended Formula 

For reasons discussed below,  Baskett's formula in Table I is recom- 

mended here for the present application, viz 

-1 
Vf. =3xl0llP(atm.)    (sec    > (7) 

As mentioned above there is an estimated uncertainty of a factor of 3 in 

either direction in this collision frequency formula. The subscript "eff" 

is meant to indicate that this collision frequency is an effective value 

obtained from a "direct" microwave transmission measurement and thus accounts 

for possible differences between g and v (see Section 2 in this Appendix). 

7.  Discussion 

The recommended formula uses a larger proportionality constant than 

that shown by the majority of entries in Table II. There are several reason: 

for this choice. The principal reason is the presence of combustion products 
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in the plasma region of interest.    Hydrocarbons are likely to have collision 

cross-sections that are higher than those of clean air constituents.    Small 

amounts of undissociated water vapor and/or OH will  raise the total  effective 

cross-section noticeably (see Reference 111-7).    These statements are qualitatively 

consistent with the high value obtained in a flame by Guthart and Graf  (Table II). 

(It should be noted that the Guthart and Graf result is within    the band of 

uncertainty associated with Equation  (7)).    Last, Table I suggests that 

effective collision frequencies, g, are generally higher than the conventional 

collision frequency,  v. 

It is necessary to determine the ratio v/w in order to use the information 

contained in Table  I.      A typical  pressure in the present application is 

0.05 atm.    Thus the effective collision frequency, according to  Equation (7) 

is l,5xl010 per second.    If the antenna  in the base region operates near 

S-band,  for example,  say 2 GHz, u = 4Trxl09  = 1.3xl010.    Thus v/m ■ 1.2. 

Reference 111-5 points out that under these conditions, the imaginary part 

gi of the collision parameter, cannot be neglected.    Results derived from 

the simple Langevin equation are then not valid.    Thus,  if it 1s required 

to predict v -* more accurately than the formula of Equation (7),special 

numerical  techniques may be necessary to determine the microwave propagation 

constants.    On the other hand, at much lower or higher frequencies, where g. 

can be neglected, a more accurate formula than   Equation (7) may be provided 

by a detailed consideration of the constituents in the base flow region. 

It would be necessary to gather data on the energy-dependent cross sections 

of the various combustion products.    If the overall velocity dependence of 

the collision cross section (in the neighborhood of the thermal energy) can 

be represented reasonably well by one of the forms given in Table I, then 

the information contained in that table   can be used directly.    For ot'ier 

functional  forms it may be possible to use tables developed by Molmud111"14 

for the calculation of g.    It should be noted that a review of transmission 

of radio signals through plasmas with particular application to rocket 

exhausts is available in Reference   111-15-.   Experimental determinations of 

collision frequency as reported in that reference appear to agree with 

equation  (7). 
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