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THREE-DIMENSIONAL NONEQUILIBRIUM VISCOUS SHOCK-LAYER FLOWS
OVER COMPLEX REENTRY VEHICLES
by
S. Swaminathan

(ABSTRACT)

A computer program for predicting the three-dimensional
nonequilibrium viscous shock-layer flows over blunt sphere-
cones, straight and bent multiconics at angle-of-attack has
been developed. The method used is the viscous shock-layer
approach- for nonequilibrium, multi-component ionizing air.
A seven species chemical reaction model with single ionizing
species and an eleven species chehical reaction model with
five ionizing species are used to represent the chemistry.
The seven species model considers 7 reactions whereas the
eleven species model considers 26, reactions and the results
obtained using these models are compared with perfect gas
and equilibrium air results. This code is capable of ana-
lyzing shock-slip or no-shock-slip boundary conditions and
equilibrium or non-catalytic wall boundary conditions. In
this study the diffusion model is limited to binary diffu-

sion.

A sphere-cone-cylinder-flare with moderate flare angle, a

straight biconic, and a bent biconic with seven deg. bend



angle and a sphere-cone at various flight conditions are an-
alyzed using this method. The bent biconic has been analyzed
up to an angle-of-attack of 20 deg. with respect to the
aft-cone axis and sample results are compared with inviscid
and viscous results. The surface pressure distribution com-
puted by this code compares well with that from a parabol-
ized Navier-Stokes method. The diffusion heat traﬁsfer is
about 159 of the total heat transfer for most cases. The
aerodynamic forces and moments at the base of the body and
computing time required for all cases are presented. The
shock layer profiles at a streamwise location of 8.8 nose
radii for one case computed using seven and eleven species

models compare very well with each other.
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NOMENCLATURE

-A5 =Coefficients of the parabolic partial

differential equations

ALFA =Angle of attack

ca =Axial Force coefficient

CEFPINF =Skin-friction coefficient in the transverse
directions

CEFSINF =Skin-friction coefficient in the streamwise
directions

CI =Denotes Ci

Ci =Concentration of species 1i, pi/p

CM =Pitching moment coefficient about

the nose tip

CN =Normal force coefficient

Cp =Specific heat at constant pressure
épi =Species specific heat

Dj =Binary diffusion coefficient

E-/CC =Electron concentration

per cubic centimeter

ECW =Equilibrium catalytic wall

EQBM =Chemical equilibrium

FCW =Fully catalytic wall

H =Stagnation enthalpy , H* /U« 2

Hj =Species specific enthalpy

h =Static enthalpy, h* /Us 2

hy,h 2 h3 =Shape factors for a general orthogonal coordinite
system '

X1



Ji =Diffusion mass flow term

k =Thermal conductivity,

Kpp =Backward rate constant

Kep =Forward rate constant

L =Length of the vehicle, m

Le =Lewis number

M =Mach number

M =Species molecular weight

™ =Mixture molecular weight

NCW =Noncatalytic wall

NEQ =Finite rate nonequilibrium chemical reactions
NJ =Number of species plus catalytic third

bodies, NS+N2

NR =Number of chemical reactions
NS =Number of species
NSH =Shock stand-off distance, n

Hp ansh S
NS = 20

ag

NSS =Denotes no shock slip
N2 =Number of catalytic third bodies
PG =Perfect gas
PHI =Circumferential coordinate
PINF =Freestream pressure
Pr =Prandtl number
PW =Wall pressure

p =Pressure, p* /pwﬁ;
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qw =Heat-transfer rate at the wall
2

R =Gas constant, ftz/sec R

Re =Reynolds number,

Rn* =Nose radius, m

RN =Denotes Rn*

SORN =s*/Rn*

SP =Denotes species

Ss =Denotes shock slip

STINF =Stanton number , q‘: /o Um(HS - H: )

s,n,¢ =Nondimensional surface-oriented coordinate system

T =Temperature, T*/Tref = T*/(y-1) T Mi

U =Freestream velocity, m/sec

u,v,w =Velocity components, uy* / U, v¥ / U_, w* /U

W =Dependent variable

ﬁi =Species production term

Y =Distance normal to body

2CP =Center-of-pressure location measured from
nose tip, m

ZORN =z/Rn*

z =Axial length

a =Angle of attack, deg

€ =Reynolds number parameter,e2 =“reﬂbw QDR;

¥ =Ratio of specific heats

u =Viscosity , u*/u_q¢

Xiii



£, n, ¢ =Normalized surface-oriented coordinates

P =Density, o*/pref

Lo} =Shock angle

a =Stoichiometric coefficients for reactants
B =Stoichiometric coefficients for éroducts
Superscripts

(=) =Normalized variable

() =Denotes shock-normal coordinate system

* =Dimensional variable

(=) =Measured from base of the body
Subscripts

eq =Equilibrium value

i =Species i .

ref =Dimensional reference conditions

w =Wall conditions

o =Dimensional freestream conditions

sh =Conditions behind the bow shock

4 =Derivative with respect to ¢

o] =Stagnation conditions
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Chapter I

INTRODUCTION

The viscous shock-layér equations, because of their ad-
vantages and their accurate predictions with reasonable
cost, are widely used as a tool for engineering calcula-
tions. These equations treat the entire flowfield from the
body to the bow shock in an uniform manner, and hence the
displacement effects and the outer boundary conditions can
be accurately modelled. The governing partial differential
equations are parabolic in both streamwise and crossflow di-
rections, and this makes solutions far downstream on long
reentry vehicles possible with reasonable expense. The low
densities encountered at high altitudes cause low Reynolds
numbers which make the classical inviscid/boundary-layer ap-
proach difficult to use. These advantages of the viscous
shock-layer equations inspired many investigators to apply
the viscous shock-layer equations for more complicated prob-

lems.

In recent years, increased interest is being shown in the
aerobraking and aerocapture techniques, and this introduces
the problem of analysis of flowfields over complex shapes
such as multiconics and bent biconics. Since aerobraking

and aerocapture are performed at relatively high altitudes,



the vehicle is in a chemical nonequilibrium flow regime for
most of the time. Also, during aerocapture the vehicle is
operating at reasonably high angles-of-attack. This necessi-
tates the analysis of multiconics and bent biconics in
three-dimensional nonequilibrium flow. The perfect gas
flows over multiconics and bent biconics have been analyzed
by earlier investigators. Nevertheless, three-dimensional,
nonequilibrium flow has not been analyzed by any previous

investigator for these complex configurations.

Davis! solved the shock-layer equations for laminar per-
fect gas flows over analytic bodies and Srivastava, Werle
and Davis? treated the problem of curvature discontinuity on
a sphere-cone. Miner and Lewis3®,* treated a seven-species
air mixture consisting of N, O, N2, 02, NO, NO+ and e- with
finite-rate chemical reactions over non-analytic blunt bod-"
ies such as sphere-cones at zero lift. Three-dimensional
perfect gas flowfields with wall slip were analyzed by Mur-
ray and Lewis.®,® Szema and Lewis’ extended the three-dime-
sional viscous shock-layer method to include laminar, tran-
sitional and/or turbulent shock-layer flows. Thareja, Szema
and Lewis?® studied the effects of chemical equlibrium on the
three-dimensional viscous shock-layer analysis of hypersonic
laminar or turbulent flows. Many investigators have studied

the perfect gas flows over multiconics and bent biconics,



and to cite one recent study, Miller and Gnoffo?,!' mea-
sured the surface pressure distribution over wind tunnel mo-
dels of straight and bent biconics and compared the results

from the predictions by various perfect gas (¥ = 1.4) codes.

One of the main purposes of this paper is to study none-
quilibrium three-dimensional flowfields over sphere-cones at
angle-of-attack. This study was conducted in order to de-
velop a code to predict, to a fair accuracy, the surface-
measurable quantities over a sphere-cone and to provide ini-
tial-data plane profiles for a code for analyzing the
nonequilibrium flow over the windward side of space shuttle,
and all of this within reasonable computing time. The temp-
eratures involved in reentry flowfields are very high and
they cause dissociation and ionization of atmospheric molec-
ules. Ionization affects transport phenomena and at higher
entry speeds radiative transfer and communications as well.
Since the reentry speeds of the space shuttle are not high
enough to cause communication blackout, the concentration of
the electrons in the shock layer was considered to be of
secondary importance. Hence some simplifications were as-
sumed during the preliminary study. Seven species ionizing
alr is considered as the medium, and it is assumed that the
chemical reactions proceed at finite rate. Since the behav-

iour of electrons in the shock layer was of secondary impor-



tance, the electron temperature was assumed to be the same

as that of the heavy particles.

From previous studies it has been observed that the as-
sumption of binary diffusion with constant Lewis-Semenov
numbers gives a reasonably accurate solution of surface-mea-
surable quantities. Also Blottner's study!! of nonequili-
brium, laminar boundary;layer flow of ionized air showed
that the electron density was slightly changed with the sim-
pler diffusion model. The inclusion of multicomponent diffu-
sion would increase the computing time considerably, and
hence multicomponent diffusion and the effects of ambipolar

diffusion were not included in this study.

Secondly the above code has been modified to analyze con-
figurations used in the aero-assisted orbital transfer vehi-
cles such as multiconics and bent biconics. The multiconics
include straight biconics with expansion corners and a
sphere-cone-cylinder-flare with a compression corner. The
fluid medium is assumed to be a seven species air mixture
consisting of N, O, N2, 02, NO, NO+, and e- and the chemical
reactions are assumed to proceed at finite rates. The code
is capable of treating shock slip and noncatalytic wall con-

ditions.



The high velocities at which the aero-assisted orbital
transfer vehicles fly generate very high temperatures, and
the ionization of oxygen and nitrogen atoms and molecules at
these tempefatures has to be considered. Hence the above
code has been modified to include an eleven-species chemical
model with four additional ionizing species, wviz. N+, O+,

N2+ and 02+. In this model 26 reactions are considered.

The validation of the code has been done in steps. Ini-
tially the results for a 9 degree half-angle sphere-cone at
zero angle-of-attack from the seven species model is com-
pared with those from an earlier axisymmetric code
(VSL7S)3,* and with RAM C flight test results. Because of a
lack of three-dimensional nonequilibrium results, the re-
sults for non-zero angles-of-attack have been compared with
those only from a perfect gas/equilibrium air code (VSLET)?®
and for some cases with the results from a parabolized Navi-
er-Stokes method.!2 The surface pressure distributions pred-
icted by the present method are compared with those computed
by an inviscid finite-difference code (NOL3D).!3,!% The re-
sults from the eleven-species model have been compared with

those from the seven-species model and flight data.



Chapter II
DESCRIPTION OF TEST CASES AND FREESTREAM

CONDITIONS
Four different geometries were considered as test cases
for this study. A nine-degree half-angle sphere-cone 1is
used as a test case for verifving the new method. This geo-
metry is analyzed at zero angle of attack, and the results
are compared with those from an earlier axisymmetric code
(VSL7S). The nose radius is 0.1524 m (6 inches) and the
length of the cone is 20 nose radii. The analysis is per-
formed at a freestream condition of 83.82 km (275 kft) and a
freestream velocity of 7620 m/sec (25000 ft/sec). The free-
stream conditions are given in Table 1. The wall tempera-
ture is assumed to be 1000 K (1800 R). This case is also
analyzed at a lower altitude of 70.1 km (230 kft) to see the

effects of changes in altitude.

The second body is a 9/4 biéonic with a nine-degree
half-angle sphere-cone as the forebody (Fig. 1). The nose
radius is 0.1524 m (6 inches), and the length of the fore-
cone is 10 nose radii. The afterbody is a four-degree half-
angle cone, and the total length of the body is 20 nose ra-
dii. A freestream velocity of 7620 m/sec (25,000 ft/sec)

and 83.82 km (275 kft) altitude conditions are used for this



case. The wall temperature is maintained constant at 1000 K
(1800R). The third geometry is a sphere-cone-cylinder-flare
(Fig. 2) with a 9 degree sphere-cone as the forebody. The
cylindrical portion is 10 nose radii long. The flare angle
is 5 deg., and the flare length is 10 nose radii. The free-
stream conditions for this case are the same as those for
the biconic. A schematic of the forth geometry, a bent bi-
conic, is shown in Fig. 3. This geometry is similar to
those being proposed for the Titan probe or the Aeroassisted
Orbital Transfer Vehicle (AOTV). The forecone is a 12.84
degree half-angle sphere-cone with a nose radius of 0.2 me-
ters (0.66 feet). The aftcone is a seven-degree half-angle
cone, and the total length is 30.4 nose-radii. The forecone
axis is bent upwards by 7 deg. with respect to the aftcone
axis. This causes a 12.84 deg. expansion on the windward
side and a one deg. compression on the leeward side. The
wall temperature in this case 1is assumed to be 555.5 K

(1000R) .



Chapter III

ANALYSIS

The three-dimensional shock-layer equations are developed
in a body-oriented orthogonal coordinate system. (Fig. &)
The derivation of these equations is described in detail in
Ref. 5 and 6 and hence is not discussed here. In this chap-
ter, the boundary conditions, the sources of thermodynamic
and transport properties and the chemical reaction model
used for the analysis are discussed. A brief discussion on
the modifications necessary for treating the geometrical

discontinuities is also presented.

3.1 GOVERNING EQUATIONS

The viscous shock-layer equations are developed in a
body-oriented orthogonal coordinate system (s,n,¢) where the
s-coordinate is tangent to the body in the streamwise direc-
tion, n is the coordinate normal to the surface and the ¢~
cocrdinate 1is the angle around the body measured from the
windward streamline (see Fig. 4). The shock-laver equations
derive from the governing equations for reacting gas mix-
tures, given by Bird, Stewart and Lightfoot!®, and Wil-
liams.!® These equations are first non-dimensionalized by

variables which are of order one in the region near the body



surface and in the inviscid region. The normal velocty v and
the normal coordinate n are assumed to be of order &, and up
to second-order terms are retained in the conservation equa-
tions. The equations are then normalized by the local shock
values of the variables to aid in the solution procedure. To
avoid division by small numbers, the normal and crossflow
velocities (v aﬁd w), the temperature and species concentra-
tion are not normalized. The energy and species equations
include the rate of production terms ( &i for species i )
which are functions of both temperature and species concen-
trations. These terms are rewritten so that either tempera-
ture or species concentration appears as one of the unk-

nowns. The complete set of equations are given in Appendix

A.

3.2 BOUNDARY CONDITIONS

At the body surface, the no-slip boundary conditions were

imposed. The surface ccnditions are

where Tw 1s either a constant or a specified temperature
variation. For a noncatalytic surface, (NCW), the species

boundary conditicns are
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The equilibrium catalytic wall (ECW) conditions are spe-

cified by

In the present work the surface temperatures were suffi-
ciently low that the ECW condition could be approximated by

a fully catalytic surface (FCW) condition specified by

C = 0.23456 and C. = 0.76544
02 N,

and the concentration of other species zero.

The shock-boundary condition with slip‘are the modified
Rankine-Hugoniot equations used by Davis.! The angle between
the freestream velocity vector and a wvector tangent to the
shock surface and in the plane formed by the normal vector
and the freestream velocity vector is denoted by o. The der-
ivation of ¢ is given in Murray and Lewis.®,® The eguations

for the conditions behind the shock are given in Appendix B.
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3.3 THERMODYNAMIC AND TRANSPORT PROPERTIES

The specific heat, Cp, and static enthalpy, h, are re-
quired for each of the species considered and for the gas
mixture. Also required are the viscosity, u, and the ther-
mal conductivity, k. Since the multi-component gas mixture
is considered to be a mixture of thérmally perfect gases,
the thermodynamic and transport properties for each species
were calculated using the local temperature. The properties
for the gas mixture were then determined in terms of the in-
dividual species properties. In this section all expressions
are presented in terms of dimensional quantities, and the
superscript star is not used to denote dimensional gquanti-

ties.

The enthalpy and specific heat data of the species were
obtained from the thermodynamic data tabulated by
Browne.!7°1'® A second-order Lagrangian interpolation was
used to obtain the wvalues of ﬁiand épi from the tables. The

species enthalpy and specific heat were then obtained from

the expressions
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where Ah? is the heat of formation of species 1i.

The viscosity of each of the individual species was cal-

culated from the curve-£fit relation

(A.1nT, +B.)
= 1 k i
Wi = exp (Ci) T,
where A; , Bj and Cj are the curve-fit constants for each
species from Blottner2?? and Yos?! and 'I‘k is the local temp-
erature in deg. Kelvin. The curve fit coefficients for the

species are given in Table 2.

The thermal conductivity of the individual species was
calculated from the Eucken semi-empirical formula using the

species viscosity and specific heat by the expression

After the viscosity and thermal conductivity of the indi-
vidual species were calculated, the viscosity and thermal
conductivity of the mixture were calculated using Wilke's

semi-empirical relations;
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NS X.u
uE .21 N1S1
1= X.b. .
321 i71j
NS X. k
i i
k = .Z] NS
'l:
> Xidss
i= i¥i3
where Xi = Ci M/Mi
and
12y 17877 127!
ooy = 1+(u—‘) (—l) m(nm—‘)
= 0 :
ij uJ 3 MJ

In the present work, the diffusion model is limited to
binary diffusion with the binary diffusion coefficients spe-

cified by the Lewis number from

Le = p Cp Di/k

3.4 CHEMICAL REACTION MCDEL

In the present study, it is assumed that the fluid medium
is a mixture of reacting species and the chemical reactions
proceed at a finite rate. The production terms occurring in

the energy equation and the species conservation equations
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are obtained from the various chemical reactions among the
individual species. For a multi-component gas with NS dis-
tinct chemical species and NR simultaneous chemical reac-
tions, the chemical reaction equations are written in the

general stoichiometric form

NJ Kerl N
iy s 20 B K
i=] i=]
where r = 1, 2, ... NR and NJ is equal to the sum of the

species and the catalytic third bodies. The quantities X
represent the chemical species and the catalytic third bod-
ies, and the<%ﬁ and Bri are the stoichiometric coefficients
for reactants and products. The rates at which the forward
and backward reactions occur are specified by the forward

and backward rate constants which are given by the equations

¢y 1./7,)
f Tk exp (COr -C Y‘/ k
and D2

Ty

oy
0}

~
1}

" exp (00, - D1,/T})
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where Ty 1is the temperature in deg. Kelvin. The constants

COr, Clr, C2y,, DOy, D1l ,and D2, depend in part on the specif-
ic reaction equations chosen. In the present work the reac-

tion-rate constants were taken from Blottner.!!,2?

It is desirable to rewrite the expression for the rate of
production terms so that the species concentrations appear
as one of the unknowns. When rewritten in this way, the

rate of production terms are given by the expression

i _ 0 -l
S—-wi -Wi C1
where

NR
0 _ oL, o+ T L)
Wi =M i 2;] (‘r1 f. ri b,
NR

AR rt vo) # 0 (Le /vl
W. = (r_. (L /v3) £ /7371

i 2;] ri br i ri r
- ‘ (Brl B ¢r1) if (8r1 B dr1) >0
ri =

(O if (Br_l-_xm.)io

- ‘ 0 if (Bej = tpq) 2 0

‘pioT
°(Rr1 .y if (Bri B r1) <0
_ 'Lr ';‘Nif'l )Y‘J
Le = Ker AN
r 5=
o NJ 3
- - r T rJ
Ly = kg 1 ((j)
r r



16

NJ
x = a . -]
r i1 rj

NJ
P ,-z.] (g

=

C.
y.==L j=1,2,...NS
M

The energy equation requires the rate of production terms
be rewritten with the temperature appearing as an unknown.
That form for the rate of production term was a function of
the derivative of Qi/p with respect to T. With temperature

in deg. Kelvin, Tk, the expression for the derivative is

ri ri

M. NR L
= LY (8 - o) [(C2 1T - ) L
k r=1 r

- (D2, + D1./Ty - &) Ler

The number of equations to be included in the chemical
reaction model depends on the particular problem being con-
sidered. For most reentry applications, the temperature in

the shock layer is such that a seven species reaction model
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with a single ionizing species represents the the actual
system reasonably well. The seven species considered are O,
02, N, N2, NO, NO+ and e-. For high energy flows encocuntered
during AOTV applications the temperatures in the shock layer
reach as high as 15,000 K and the ionization of atoms and
molecules of oxygen and nitrogen have to be considered and
an eleven species model consisting of O, 02, N, N2, NO, NO+,
O+, 02+, N+, N2+ and e- represents the reactions in the

flowfield more accurately.

In this study, seven species and eleven species chemical
reaction models were considered for comparison purposes.
The seven species model has been used by many investigators
and many sources of reaction rate data were available. Hence
a seven-reaction rate data from Blottner!!,2?? and a twelve-
reaction rate data from Kang and Dunn?2? were used in the
computations. The seven species models of Blottner and Kang
and Dunn are essentially the same except for the fact that
Blottner reduced the number of reactions by combining many
reactions and modifying the third body matrix to represent
the complete system. Most of the computations were performed
using Blottner's model, since it is more recent than that of
Kang and Dunn. The reactions and reaction rate data from
Blottner are given in Table 3 and those from Kang and Dunn

are given in Table 4. The reaction rate data for the eleven
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species model were obtained from Kang and Dunn and are given
in Table 5. They considered 26 reactions to represent the
chemical model. It should be noted that the reaction rate
data for seven species model from Kang and Dunn is a subset
of their reaction rate data for eleven species model. Hence
these reaction rate data were used to compare the results

from seven species and eleven species models.

3.5 SOLUTION PROCEDURE

The equations are written in the standard form

2 W
3 W W L I S L )
e I M I A

a]

and are solved using an efficient finite-difference scheme.
The continuity and normal momentum equations are solved by a
similar method but they are coupled together. The develop-
ment of the coupling scheme is given in Ref. 5. The shock
stand-off distance is evaluated by integrating the continui-

ty equation.

The solution begins over the épherically blunted nose by
obtaining an axisymmetric solution in the wind-fixed coordi-
nate system. The axisyvmmetric soluticn is rotated into the
body-fixed coordinates and is used as the initial profile

for the three-dimensional solution. The three-dimensional
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solution begins in the windward plane aﬁd marches around the
body obtaining a converged solution at each {-step. After
completing a sweep in §, the procedure then steps downstream
in ¥ and begins the next -sweep. At each point the equa-
tions are solved in the following order: (i) species, (ii)
Z-momentum, (iii) energy, (iv) &-momentum, (V) integra-
tion of continuity for shock stand-off distance and (vi)
the coupled continuity and normal momentum equations.

on
The shock-layer equations depend on §E§ﬂ and %é which

introduce an elliptic effect into the equations. In the pre-

an
sent scheme a£5h is obtained from an inviscid solution, the
v
values of Y are calculated from a backward difference,

and the solution is globally iterated until.convergence.

Since this code uses a body-oriented orthogonal coordi-
nate system, the geometrical discontinuities have to be
treated separately. The forecone is treated as a sphere-
cone, and the aftcone is treated separately with the initial
data-blane profiles obtained from the forecone flowfield.
For expansion corners, the solution procedure is marched on
an extension of the upstream geometry past the discontinuity
for a streamwise length of 0.6 nose radii. Then the profiles
at these two stations are interpolated to obtain the initial

data-plane profiles for the aftcone. The flow velocities are
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rotated through the expansion angle. For the compression
corner, the solution procedure is marched up to the discon-
tinuity. The profiles at the last two stations on the fore-
cone are used to obtain the initial data-plane profiles for

the aftcone.

For the bent biconic the aftcone axis is bent with re-
spect to the forecone axis, and the treatment is slightly
different. 1Initially the discontinuity 1is treated as a
straight biconic, and the initial data-plane profiles for
the éftcone are obtained by the procedure used for the ex-
pansion corners. Subsequently the velocity components are
rotated through the bend aﬁgle such that they conform to the
aftcone coordinate system. The transformation matrices are

given in Appendix C.

The forces and moments for the bent biconic are computed
differently than those for straight multiconics. The inte-
gration of surface pressure and skin friction over the fore-
cone and the aftcone are performed separately. For the fore-
cone the nose tip is used as the reference point whereas,
for the aftcpne the point of intersection of the two axes is
taken as the reference point. Once the forces and moments
for the two conés are obtained, the resultant forces and mo-

ments for the complete geometry are obtained by transforming



the forecone forces to the aftcone coordinate system and
then adding to the aftcone forces. The details of computa-
tion of force and moments for bent biconics are given in Ap-
pendix D. In this case the center-of-pressure location is

given with reference to the base cf the body rather than the

nose tip.



Chapter IV

RESULTS AND DISCUSSION

The results for the test cases are presented in five sec-
tions. The computations by the new method are verified by
comparing the results with those from an axisymmetric code
VSL7S3®"* and are presented in section one. The surface-mea-
surable quantities for multiconics and bent biconics comput-
ed using the seven species model are presented in section
two. These results are compared with those from other invis-
cid and viscous codes. The surface-measurable quantities for
case 3, computed using the seven and eleven species models,
are compared 1in the same section. In section three the
shock-layer profiles at a streamwise location of s/Rn = 8.8
on the cone for case 1 computed by both seven and eleven
species models are presented. The electron number density at
this location computed by the present method is compared
with flight data and those computed by Kang and Dunn using
an integral method. Section four discusses the aerodynamic
force and moment coefficients for the muiticonics and bent
biconics. In the last section, the computing time required
for all computations and the core regquirements for the

different codes are presented.
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4.1 VALIDATION OF VSLNEQ

Figures 5 - 10 show the computational results for case la
at zero angle-of-attack from the axisymmetric code, VSL7S
and the new three-dimensional code, VSLNEQ. The computa-
tions were performed for the no-shock-slip and no-wall-slip
conditions, and the wall is assumed to be fully catalytic.
Figure 5 shows the shock stand-off distance predicted by
VSL7S and VSLNEQ. These results are output from the second
global iteration. On the sphere, the predictions by both
codes are in excellent agreement whereas, on the cone, the
shock stand-off distance predicted by VSLNEQ is higher. The
maximum difference of 20 9% is observed at the end of the
body. The difference in shock stand-off distance is be-
lieved to be due to the improved differencing schemes used
in the present code. In VSL7S, a centered differencing
scheme was used, whereas a two point backward differencing
scheme was used in VSLNEQ. The earlier code VSL7S, had dif-
ficulties in obtaining a smooth shock shape for some cases
and this can be seen in the shock slope distribution.
(Fig.6) The shock slope distributions predicted by the two

codes are in good agreement.

Figures 7-S5 show the surface-measurable gquantities for

case la at zero deg. angle-of-attack. These results are
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output from the second global iteration. Fig. 7 shows the
surface heat-transfer distributions predicted by both codes,
and the results are in good agreement. The surface pressure
predictions by both codes are in excellent agreement (Fig.
8). The streamwise skin-friction distributions are shown in
Fig. 9 and the agreement is excellent. Due to lack of any
experimental results these results could not be further ver-

ified.

Figure 10 shows the electron concentration profile at
s/Rn = 8.8 for various boundary conditions and at the two
altitudes under consideration. Computations for both shock
slip and no-shock slip are made, and the results are pre-
sented. All the computations are made with no wall slip and
for a fully catalytic wall. The results from the th codes
are within 15% of each other for all the cases considered.
The measurements by a fixed bias probe from RAM C flights
are presented for comparison. RAM C flights were part of a
program conducted by NASA Langley Research Center for study-
ing flowfield electron concentrations under reentry condi-
tions. From the figure the effects of shock slip on the
production of electrons can be obtained. At 83.82 km
(275kft) the low density effects are more predominant, and
the computation with no-shock slip gives the electron con-

centration about two orders lower than the experiment. With
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shock slip the results are closer to the experimental re-
sults. Still both codes underpredict the electron concentra-
tion at 83.82 km (275kft) by about a factor of four. These
computations are made with no-wall slip, and at this alti-
tude the low density effects are important, thus making it
necessary to include the wall-slip effects into the computa-
tions. It is felt that the wall-slip effects will change
the temperature profile considerably and this in turn will
change the electron concentration. At 70.104 km (230kft)
the shock-slip effects are negligible. Both codes overpred-

ict the electron concentration at 70.104 km (230kft).

With these comparisons, it can be concluded that the new
method is validated to the level of confidence of the earli-

er method.

4.2 SURFACE MEASURABLE QUANTITIES

The results from the seven-species nonequilibrium code
have been compared with those from other inviscid and vis-
cous codes. NOL3D?!3,6t4 is used to obtain -the inviscid
shock shapes and the inviscid surface pressufe. A viscous
shock-layer code, VSLET® has been modified to analyze the
multiconics in perfect gas and equilibrium air flow, and the

results are presented for comparison. Some sample results
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recieved from Gnoffo!? have been used to compare the viscous
shock-layer results with those from a parabolized Navier-
Stokes method. The following discussion is presented in two
parts. The first part deals with straight multiconics, wher-
eas, the second part discusses the results for the bent bi-

conic.

4.2.1 Straight multicénics

Figures 11 to 18 show the surface pressure and surface
heat-transfer distributions for the 9/4 biconic (case 2) and
a sphere-cone-cylinder-flare (case 3) for zero and nonzero
angles-of-attack. Figure 11 shows the surface pressure dis-
tribution for the S$/4 biconic at five deg. angle-of-attack
for windward and lee planes. The inviscid pressure predict-
ed by NOL3D is presented for comparison. The perfect gas
and nonequilibrium pressure predictions are in good agree-
ment. Figure 12 shows the surface heat-transfer distribution
for 5 deg. angle-of-attack. The nonequilibrium heat trans-.
fer 1is higher by about 159% for the entire length of the
body. The nonequilibrium computations are performed for ful-
ly catalytic wall conditions. Since the inverse Reynolds
number parameter 1is quite high for this case, the flow is
closer to frozen flow and hence the diffusion heat transfer

is not very high. Figure 13 shows the streamwise skin-fric-
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tion distribution for case 2 at five deg. angle-of-attack.
The skin friction for the nonequilibrium, fully catalytic
wall is higher than that for for the perfect gas throughout

the length of the body for windward and lee planes.

Figure 14 shows the circumferential surface pressure dis-
tribution at two axial locations for case 2 at five deg. an-
gle of attack. The first point at z/Rn = 10 is on the fore-
cone whereas the second location is near the base of the
body on the aftcone. The nonequilibrium and perfect gas
pressures are in good agreement at these locations. Figure
15 shows the circumferential skin friction distribution at
these locations for case 2. The maximum circumferential
skin-friction occurs at about ¢ = 70 deg. and the nonequli-

brium skin friction is higher than that for the perfect gas.

Figure 16 shows the surface pressure distribution for the
sphere-cone-cylinder-flare at zero angle-of-attack. The no-
nequilibrium pressure on the flare is higher than the per-
fect gas pressure by abouf 20%. The surface-pressure dis-
tribution computed using the eleven species model compafes
very well with that computed using the seven species model.
Figure 17 shows the surface heat-transfer distribution for
sphere-cone-cylinder-flare at zero angle-of-attack. The

diffusion heat-transfer rate on the flare is much higher
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than that on the rest of the body. The dissociation of mo-
lecules and ionization of molecules and atoms in the shock
layer depend on the temperature and pressure in the shock
layer, and the concentrations of dissociated and ionized
species increase with pressure. The higher pressure on the
flare increases the concentration of these species which in
turn increases the diffusion toward the wall. This causes a
higher diffusion heat transfer on the flare. The heat-
transfer distribution computed by the eleven species model
is also plotted for comparison and the agreement is good.
Figure 18 shows the streamwise skin-friction distribution
for this case. The skin friction computed using the eleven
species model agrees well with that from the seven species
code. Once again the influence of the flare on the sur-

face-measurable quantities is seen.

4.2.2 Bent biconic

Figures 19, 20, and 21 show the surface pressure distri-
bution for « = 0, 10, and 20 deg. for various ¢-planes. The
angle-of-attack for the bent biconic is measured from the
aftcone axis. In general, the surface pressure predictions
by various codes are in good agreement on the windward side
and 90 deg. plane, whereas, the predictions for the leeward

side differ for most cases. On the aftcone the inviscid code
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shows a considerable overexpansion on the windward side,
whereas the results from the viscous codes are in good
agreement. The viscous shock-layer method is parabolic in
the crossflow direction as well as the streamwise marching
direction, and hence the VSL method cannot treat crossflow
separation. The VSL code has been written in such a way that

the separated flowfield is not analyzed.

Figures 22, 23 and 24 show the surface heat-transfer dis-
tribution for « = 0, 10, and 20 deg. for various ¢-planes.
The nonequilibrium calculations have been performed using
fully catalytic wall boundary conditions. The nonequilibrium
heat transfer is higher in general for all the cases consid-
ered. For a« = 0O the equlibrium heat transfer also is plot-
ted for comparison. For this computation, the equilibrium
air properties were obtained from equilibrium tables using a
Table-Look-Up procedure. For « = 0 deg., the equilibrium
heat transfer on the windward plane initially increases and
then decreases to a value closer to the predictions by other
cases. This.behaviour cannot be explained at present with
the available data. The equlibrium-air heat transfer is

higher for most cases.

Figures 25, 26 and 27 show streamwise skin-friction dis-

tributions for case 4 at « = 0, 10, 20 deg. for various ¢
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planes. The trend is similar to that observed in the heat-

transfer distribution.

4.3 SHOCK-LAYER PROFILES

Figures 28 to 31 show the shock-layer profiles for case 1
at a streamwise location of 8.8 nose radii. Figure 28 shows
the electron number density for case 1 at s/Rn = 8.8 comput-
ed by the present method using both seven and eleven species
chemical reaction models. The results obtained by Kang and
Dunn using an integral method and experimental data from RAM
C flights are presented for comparison. The computations by
the present method were performed for a fully catalytic wall
with no-wall slip. Without shock slip, the present method
with the seven species model considerably underpredicted the
electron number density. The results from the present meth-
od using the eleven species model were higher than those
from the seven species model. With shock slip both models
predicted higher electron density. Without shock slip the
species concentrations behind the shock were the same as in
the freestream and thus the concentrations of both NO+ and
electrons were zero. With shock slip, however, a finite con-
centration of NO+ and thus e- was permitted behind the shock
and diffusion carried the ions to the shock zcne. While the

electron density at the shock was guite low with shock slip,
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the nonzero concentration of NO+ behind the shock raised the
electron density profile. Also with shock slip both models
predicted a thicker viscous shock layer and higher static
temperature (see Fig. 29.) The increased temperature in-
creases the ionization and hence leads to higher electron

density.

The eleven species model considered five ionizing species
~and each of these species contribute to the electron densi-
ty. Even though the concentration of NO+ predicted by the
seven species model waé higher than that predicted by the
eleven species model, the concentration of 02+ is higher
than that of NO+ at these conditions (Fig. 30). The concen-
tration of O+ and N2+ are an order or more lower than that
of NO+ and 02+ and hence have less influence on the electron
density. The concentration on N+ was 1in traces, and this 1is
explainable by the temperature levels attained in the shock
layer. The maximum temperature in the shock layer was about
10,000 R, and at these conditions the ionization of atoms is
small. Also by looking at the concentrations of the dissoci-
ated species (Fig. 31) it can be seen that there was little
dissociation and hence fewer atoms were present to be ion-
ized. This also explains the higher levels of 02+ and N2+.
The predictions of dissociated atoms and the temperature
profiles by both seven species and eleven species models are

in good agreement.
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Comparing the electron density predicted by the present
method with flight data shows that the seven species model
underpredicts the electron density, wher;as the eleven spe-
cies model overpredicts the flight data. It should be noted
that at this altitude of 88.32 m (275 kft) the low density
effects are important and so the slip effects should be in-
cluded. These computations are made assuming shock slip and
no-wall slip. The effect of wall-slip should be considered
before any conclusions on the accuracy of these models are
stated. The low concentrations of N+, O+ and N2+ show that
the ionization is low for this case, and a seven species mo-
del should be sufficient: to represent the reactions occur-
ring at these conditions provided the wall-slip effects are

considered.

Comparing the electron density predicted by the present
method with that predicted by Kang and Dunn there was con-
siderable difference in the magnitude and the distribution
of electron density in the shock layer. Although the elec-
tron density predicted by the eleven species model of Kang
aﬁd Dunn is closer to the flight data in the shock laver,
the upward swing near the shock and the geak at the shock
cannot be explained. The present method predicted the peak
of the electron density profile correctly in the shock layer

but not at the shock. Since the maximum temperature in the
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shock layer is near the shock and not at the shock, the
prediction of peak electron density at the shock by Kang and

Dunn cannot be explained.

The main emphasis of the present work was on predicting
the hypersonic viscous flowfield over complex bodies, with
electron concentration profiles only a part of the flowfield
prediction. Since the electron concentration profiles are
subject to changes in reaction-rate constants as well as
changes in temperature profile, mean flowfield gquantities
such as heat-transfer and skin-friction distributions would
be a more reliable method of verifying the new method. From
the previous section it can be seen that the surface-measu-
rable quantities predicted by the two models are in good

agreement.

4.4 AERODYNAMIC FORCES AND MOMENTS

Table 6 shows the aerodynamic force and moment coeffi-
cients for the'straight multiconics. For case 2, the center-
of-pressure location predicted by the viscous codes is about
7% to 109 downstream of that predicted by the inviscid code.
The forces and méments for the nonequilibrium case are high-

er than those for the perfect gas case.
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Figures 32 and 33 show the variation of normal force and
pitching moment coefficients with angle-of-attack. The nor-
mal force coefficient for the nonequilibrium case is lower
than that for the perfect gas case. It should be noted that
the pitching moment is measured from the base of the body
and not from nose tip. Table 7 shows the force and moment

coefficients for this case in a tabular form.

4.5 COMPUTING TIME

The computing times required for analyzing the nonequili-
brium flowfield for case 1 using VSL7S and VSLNEQ are com-
pared with those required for a perfect gas in Table 8. The
nonequilibrium calculations require about an order of magni-
tude more computing time than the perfect gas. In general
the computing time is more for the shock-slip cases. At the
lower altitude the flow is closer to equilibrium and hence,
the nonequilibrium code requires more time for the solution.
However, it should be noted that these three-dimensional,
finite-rate, chemically reacting, laminar, hypersonic, vis-
cous flowfield solutions have been obtained in reasonable
computing times on Qeneral purpose computers (IBM 370,/3032
or 3081). The new code, VSLNEQ, with the simple sphere-cone
capability has a core requirement of 255 kbytes, whereas the

axisymmetric code VSL7S regquired about 265 kbytes. This 1is
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mainly due to the fact that VSL7S uses a centered-differenc-
ing scheme which requires more storage, whereas the VSLNEQ

uses a 2 point backward-differencing scheme.

Table 9 shows the computing time for the various test
cases considered. The computing time 1is based on IBM
370/3081, H=0PT2 compiler. The zero angle-of-attack case for
each case has been taken as a reference, and the time ratios
for each test case are also presented. The nonequilibrium
cases took about 4 to 5 times longer than the perfect gas
cases. The egquilibrium case used a Table-Look-Up procedure
for obtaining the equilibrium air properties and hence took
about 759% more time than the nonequilibrium case. The seven
species nonequilibrium code capable of solving multiconics
and bent biconics has a core requirement of 635 kbytes,
whereas the perfect gas and equilibrium air code needs 540

kbytes.

The eleven species nonequilibrium code capable of analyz-
ing multiconics bent biconics needs about 690 Kkbytes to
load. The computing time for the eleven species noneguili-
brium code is about 2.8 times that of the seven species no-
nequilibrium code. This time estimate is based on a conver-
gence criterion of 1% of relative difference on all the flow

variables and species concentrations. This condition 1is too
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stringent for the eleven species model where the concentra-
tions of some of the species become too small. For some cas-
es, this convergence criterion makes it impossible to obtain
a converged solution. Hence the convergence criterion for
the eleven species model is modified to 1% of relative dif-
ference on all flow variables and those species with concen-
trations more than 19%. Once these variables are converged,
the rest of the variables are assumed to be converged. With
this modification the computing time for the eleven species
nonequilibrium code is comparable to that for the seven spe-

cies nonequilibrium code.



Chapter V

CONCLUDING REMARKS

From the results for case 1 and 2 it is seen that a vis-
cous shock-layer method for solving the three-dimensional
nonequilibrium flow over axisymmetric, blunted sphere-cones
within reasonable computing time is developed. The new code
has been verified by comparing the surface-measurable quan-
tities and shock-layer profiles for case 1 at zero angle-of-

attack with those from an earlier axisymmetric code.

The computational results for three-dimensional nonegqui-
librium flowfields over straight and bent multiconics have
been compared with perfect gas and equilibrium air results.
The surface-pressure distributions over straight and bent
multiconics agree well with those predicted by other viscous
codes. The diffusion heat transfer is about 159 for most
cases considered. The aerodynamic force and moment coeffi-
cients at the base of the body for thetstraight multiconics
and the bent biconic have been computed. In conclusion, a
method for analyzing the three-dimensional nonequilibrium
flow over straight and bent biconics in reasocnable computing

time is demonstrated.

37
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The surface-measurable guantities computed using the ele-
ven species model agree very well with those computed using
the seven species model for reentry flight conditions. How-
ever the eleven species model with shock slip overpredicts
the electron number density, whereas the seven species model

with shock slip under predicts the electron density.
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Appendix A

GOVERNING EQUATIONS

The viscous shock-layer equations are derived from the
Navier-Stokes equations for a reacting mixture, as given by
Bird, Stewart and Lightfoot!® and Williams.!® The Navier-

Stokes equations in dimensional variables are given in vec-

tor form as follows.

Continuity equation: %% +9V V=0

DV _

Momentum equation: Dt -vp - Ver + 0g

Energy equation: p%';- = -7.q + p(V-g) - T ooV
NS

oP
+ =— - E c J.
Dt 47y TPy
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DC.
Species equation: °5f1'= ved, 4 W,

The following assumptions and steps are involved in der-

riving the viscous shock-layer equations. (see Ref. 5 for

details)
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1. Assume steady flow and no body forces

2. Write equations in surface-normal coordinates.

3. Nondimensionalize by reference variables

4. Assuming v and n are of the order of &, neglect terms
of higher order than ¢

5. Normalize the shock-layer equations by quantities be-
hind the bow shock. The velocity components v and w,
the temperature T, and the species concentration Ci

are not normalized to avoid division by small num-

bers.

Among the resulting set of conservation equations, the
continuity and normal momentum equations are coupled togeth-

er and solved simultaneously.
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The remaining equations are parabolic and may be expressed in the standard form

2

3W W el M,
fo szt hian AN At At A it 0
wnere W is the dependent variable u, w or h.
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Appendix B

SHOCK BOUNDARY CONDITIONS

The shock boundary conditions with slip are the modified

Rankine-Hugoniot equations used by Davis.! The angle between

the freestream velocity vector and a tangent to the shock

surfa

frees

ce and in the plane formed by the normal vector and

tream velocity vector is denoted by o. The derivation

of 0 is given in Ref. 5 The equations for the conditions be-

hind

A

ush N

psh

Psh

sh ~

the shock are

cosa
Y = (B-1)
1+ & Sh (QH-)
nSh sinc an
A ~ NS
2 . 2. "2
O.5(ush-coso) + 0.5(sin o-vsh) + & Cimhim
TS - 7 _ (8-2)
P C, sh} ., © sh (_8_T>
i=] © Tsh nshs1nc an
P .
= + sino (v ht sino) (B-3)
o*u;Z S
P
- sh (8-4)
T R >
sh (Cpref
. _ sino (B-5)
Dsh
) 2 fuley G
=4 - = \Pr n._ 3n sino (B-6)
© sh sh _
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Appendix C

VELOCITY TRANSFORMATION FOR BENT BICONIC

Initially the geometrical discontinuity for the bent bi-
conic is treated as that for a straight biconic, and the in-
itial data-plane profile for the aftcone is obtained by the
procedure used for straight biconic. The initial data-plane
velocity components for the straight biconic are u, v and w.
These velocities are then transformed to the aftcone coordi-

nate system by the following transformation

u’ =[] (0] (c] (8] ([A] u
v? v
w' W
Where [E] = [ cose ~ sing  C

-s1nex cosex 0

0 0 1

(D] = b 0 0
0 coso'’ sing'
0 -sino' cossd'

48
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(8]

[A]
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rcoseb 0 sinab-
0 ] 0
_-Sineb 0 cosebd
1 0 0 ]
0 coso' -sing'
L0 sind'  cose' |

cosg  -sing

« S nbx 0

sing cos3 G
X X

0 0 1

where 0 = body angle in the streamwise direction.

¢

A2
~
I

T /2

bend angle, ie. the angle between the forecone

and aftcone axes.



Appendix D

FORCE AND MOMENT COMPUTATION FOR A BENT BICONIC

The axial and normal forces for the forecone and
aftcone are computed separately and are given by
EA = Axial force of forecone based on
1 forecone coordinate system

F = Normal force of forecone based on

forecone coordinate system

Zcp, = Center-of-pressure location of
1

forecone measured from nose tip

FA2 = Axial force of aftcone based on
aftcone coordinate system

FNZ = Normal force of aftcone based on
aftcone coordinate system

ZCP2 = Center-of-pressure location of

aftcone measured from the point

of intersection of the axes

The axial and normal force on the forecone are then
transformed to the aftcone coordinate system. The prime (')

indicates the transformed gquantities.

50
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-
([}

coseb sinéy FA

)
\
n

-sin® <:oseb F

b 1

where eb = bend angle

The total axial and normal force then, are

F, =Fp +F
A TR T T,
Fy =Fy- +F
NN TN,

Knowing EA and FN the center-of-pressure location can be ob-

tained by the relation

. F NZ[L-(Zbcose'bﬂcpz )]+ FNi (L-Zcp]coseb>

F

N

cp
N

where L length of the vehicle.

Z

cp = center-of-pressure location

measured from the base of the body.

Once the normal force and the center-of-pressure location
are known, the moment based on the base of the body is ob-

tained by



Table 1. Test case conditions

Freestream conditions

Case Rn(m) a Alt.(m) Vel.(m/s) T«(K) Re,Rn € Tw(K)
la 0.1524 0 83,820 7620 182.16  937.36 0.1745 1000
1b 0.1524 0] 70,104 7620 217.37 7029.20 0.0590 1000
2 0.1524 0&5 83,820 7620 182.16 937.36 0.1745 1000
3 0.1524 0] 83,820 7620 182.16 937.36 0.1745 1000
0.1519 555.5

4 0.2000 0,10&20 83,820 7620 182.16 1237.30

s



Table 2. Viscosity curve fit coefficients of
individual species.

(A.lnTk+B.)
ny = exp (C) T T ; gm/cm-sec
Species A B C
e- 0.0 0.0 0.0
N2 0.048349 -0.022485 -9.9827
02 0.038271 0.021076 -9.5986
N 0.0085863 0.6463 -12.581
o 0.020022 0.43094 -11.246
NO 0.042501 -0.018874 -9.6197
N+ 0.0085863 0.6463 -12.581
o+ 0.3656258 -4.4703 6.46685912
NO+ 0.042501 -0.018874 -9.6197
N2+ 0.048349 -0.022485 -9.9827
02+ (o} 0.0177 -2.68578034

.0385788

€S
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Table 3. Reaction-rate data for 7 species model
after Blottner.

Reaction Equations

2™ 2
30 Ny + N > 2N +N
& NO + My T N +0 - My
5 N0 +0 T 0, +N
6 N2 + 0 e NO + N
7 N +0 z Nt o+ e

Catalytic Third Bodies Efficiencies Relative

to Argon: Z(j-ns),i
+
0 0, NO N NO N,
i=1 2 3 4 5 6
(j-ns) =1 M) 25 9 1 ] 0 2
2 M, 1 1 ] 0 0 2.5
3 My 20 1 20 20 0 1
4 e 0 0 0 0 1 0




Table 3. Reaction-rate data for 7 species model
after Blottner (concluded)

Reaction Rate Constants

gs

k- 1,5 exp (CO, - €1 /T))
kbr = Tkozr exp (DOr - D]r/Tk) T, degrees Kelvin
_ Reaction No (o} exp (COr) (| C2r DOr exp (DOr) Dlr 02r
rP= 1 42.7302 3.60 x 108 59,400 35.6407 3.00 x 10"° 0 172
2 39.7963 1.92 x 10" N300 -1/2 36.9275 1.09 x 106 0 172
3 52.0800 415 x 10°2 113,100 -3/2  49.1959 2.32 x 102 0 -3/2
4 47.4305 3.97 x 102 75,600  -3/2  46.0617 1.01 x 100 o -3/2
5  21.8801 3.18 x 10° 19,700 | 27.5933 9.63 x 10" 3600 12
6 31.8431  6.75x10° 37,500 0 30.3391 1.50 x 103 0 0
7 22.9238 9.03 x 10° 32,400  1/2  44.3369 180 x 10" o -




Table 4. Reaction-rate data for 7 species model

after Kang and Dunn.

REACTION

FORWARD RATE COEFF, k¢

BACKWARD RATE COEFF, kg

THIRD BODY, M

FORWARD DIRECTION

cm’lmolc sec

m3IMc sec OR cmslmolc2 sec

— |

10
n

12

0,+M —= 20+ M
N¢M —= 2N+ M
NO+M — N+O+M
0 + NO —>N002
0*N2 —= N + NO
N+Ny; —= N+N+N
O+N > NO*'+e
0,+0 —20+0
0,+0, == 20+0,
02*N2—>20*N2
Ny, + Ny == 2N+ N,

NO+M — N+O+M

36x 108 1710 45595 x 10°mM)
1.9 x 10" 7705 4ip(-1.13 x 105m)
39 x 1020 7= 15 gp(-7.56 x 104/M)
3.2 x 109 7! exp(-1.97 x 104M)

7.0 x 10"3 exp(-3.8 x 104/7)

4.085 x 1022 715 p(-1.13 x 10%M)

(1.4 + 0.4) x 105 775 axp(-3.19 x 10%T)

9.0 x 10" 7710 ;5595 x 10%/T)
324 x 10" 71710 ¢ 5(_5.95 x 1097
7.2x10'8 7710 ¢ 0595 x 10%9M)
4.7 x 10" 7705 p(-1.13 x 1091)

78 x 1020 7715 755 x 104/T)

3.0 x 10'5 7705

1.1 x 10'6 705

10x 1020 715 _

1.3x 100 710 o358 x 109M)
1.56 x 1013

227 x 103 ¢-15

6.7+ 2.3) x 102V 716
75 x 10'6 705

27 x 10'6 7705
6.0 x 1019 7705
272 x 106 y-05

20x 1020 715

N, NO
0,NO, 0,
0, N,

0, N, NO

9s



Table 5.

after Kang and Dunn.

Reaction-rate data for 11 species model

REACTION

NO. FORWARD RATE COEFF, kg BACKWARD RATE COEFF, kg | THIRD BODY, M
FORWARD DIRECTION cm3/mole sec - cm3/mole sec OR cmB/mote? sec S 4

1 {o,¢M — 20+ m 36x 10'8 7710 5595 x 104 3.0 x 10'5 7705 N, NO
2|N,+M = 2N+ M 1.9 x 10'7 7705 oxp(-1.13 x 10°m) 1.1 x 10'6 7705 0.NO, 0,
3|NO+M —=N+O+M 3.9 x 1020 71715 oup(-7.55 x 104 10x 10207715 0,. Ny
4{0+NO —N+O, 3.2 x 109 7! exp(-1.97 x 104 1.3 x 10'0 710 exp(-3.58 x 103T)
5 |0+N, —= N+NO 7.0 x 103 exp(-3.8 x 104 156 x 10'3
6|N+N, —=N+N+N 4.085 x 1022y 18 (113« 10%mM) 227 x 102V y15
7/0+N —=NO'+e (1.4 + 0.4) x 105 115 exp(-3.19 x 104M) (6.7 ¢+ 23) x 102V 1715
8|O+e” —=0'+e v 36 + 1.2 x 103V 77290 4,158 x10%m) | (22 ¢+ 0.7) x 1090 7745
9|N+e” >N e ve 1.1+ 04 x 10327731 o169 % 105M) | (22+ 0.7) x 1040 7745

10[0+0 =0, +e” (1.6 + 0.4) x 10" 77098 ., 5 _g.08 x 104T) | (8.0+ 20) x 102V T~1:8

njo+0," +o0,+0* 292 x 10"8 711 op(—28 x 10%M) 78 x 10" 705

12 [Ny + NY == N Ny' 202 x 10"V 08 13 x 10%m) 78 x 10" 705

BINeN == N v e (1.4 + 0.3) x 10" 3exp(—6.78 x 109/T) (15+ 05) x 1022 v~ 15

o, . N, = NO + NO* + e | 1.38 x 1020 77184 o p_1.41 & 10°/7) 1.0 x 1024 725

LS



Table 5.

Reaction-rate data for 11 species model

after Kang and Dunn (concluded)

REACTION

18

19

21
22
23

24

FORWARD DIRECTION

4--

. FORWARD RATE COEFF, k¢

BACKWARD RATE COEFF, kg

THIRD BODY, M

cmalmolc sec

cmalmolo sec OR ¢:m6/molc2 sec

No+~2—>~o'0e‘ouz
0+ NO* — NO + O*

+ +
Nz’o _’O*NZ
N + NO* —= NO + N'

+ +
0, + NO'—NO + 0,
owno'-»ozou'
No+oz—>uo’o.e‘coz
02+0 *2000
0,+0, = 20+0,
OZ*NZ—.ZO"'NZ
Ny + N, == 2N+ N,
NO+M —>~ N+O+M

22 % 10" 77035 . 0(_1.08 x 105/T)
363 x 10" 1706 ¢, _5.08 « 109M)
34x 10" 7720, 0_23 x 10%mM)
1.0 x 109 77093 expl{—6.1 x 104/7)
18 x 10" 7017 oy 0_33 x 10%M)
134 x 10"3 703 o5 _7.927 x 104mM)
88 x 10" 77035 5,5 _1.08 x 10%/7)
9.0 x 10'9 7710 ., (_5.95 x 109T)
324 x 10" 7710 5595 x 1097
72x10"8 7710 45595 x 109m)
47 x 10'7 7705 exp(—1.13 x 108m

7.8 x 1020 7715 ¢4 p(—7.55 x 109M)

2.2 x 1026 7—25
15 x 1013

248 x 1019 722
48x 10"

1.8 x 1013 705
1.0 x 10"

8.8 x 1026 y—2.5
76 x 1016 705
2.7 x 1016 y~05
6.0 x 10'9 7705
272 x 10'6 0.8
2.0 x 1020 Y15

0, N, NO

85



Table 6. Aerodynamic forces and

a
moments for multiconics.

e e - o - e e e e e e = - e G m G Wm e = En G T G e e e Wh S Am G e S e . G GE G — S G S R S e Ge  GE S G W SE Gn = e e Gm . - .

0

VSL PG 0.
VSL NEQ 0.38580

0

0]

NoL2 PG
VSL PG

ag species model

Inviscid code

65



. a
Table 7. Aerodynamic forces and moments for bent biconic.

a CA CN cmP ’z—c?/n.‘D
Perfect gas 0 0.24316 0.15179 -0.06843 0.4508
Perfect gas 10 0.33425 0.39959 -0.18266 0.4571
NEQ. FCW 0] 0.27199 0.13590 -0.06516 0.4793
NEQ. FCW 10 0.34733 0.38397 -0.17680 0.4605
NEQ. FCW 20 0.44640 0.69780 -0.30881 0.4425
EQBM 0 0.26910 0.14155 -0.06766 0.4779

a9 Species model

Measured from end of the body

09



Table 8. Computing times® for test case 1

Method

70,104

o

70,104

VSLNEQ
VSLNEQ
VSL7S
VSL7S
VSLNEQ

VSL7S

Flow 13 Grid sizeb
Type from - to §{-steps n-pts ¢-planes
NSS 0.0 - 20.0 57 51 1
Ss 0.0 - 20.0 57 51 1
NSS 0.0 - 20.0 57 51 1
SS 0.0 - 20.0 57 51 1
NSS 0.0 - 20.0 57 51 1
SS 0.0 - 20.0 57 51 1

Time
(m:s) ratio
4:43 1.00
5:42 1.21
5:19 1.13
6:04 1.28
5:15 1.11
6:07 1.30

4CPU time on IBM 370/3032, H=OPT2 compiler.
bCore requirements: VSL7S. 255 kbytes.

VSLNEQ. 265 kbytes.

CReference: 83.82 km NSS VSLNEQ for a = O deg.

L9



Table 9. Computing times?

for test cases 2,3 and 4

Grid size of

Time

ww

w

Lo SN S S

se a 3
Deg. from - to

PG 0 0.0 - 21
PG 5 0.0 - 21
NEQ 0 0.0 - 21
NEQ 5 0.0 - 21
PG 0 0.0 - 31
NEQ ¢} 0.0 - 31
NEQd ¢} 0.0 - 31
PG 0 0.0 - 31
PG 10 0.0 - 31
PG 20 0.0 - 31
NEQ 0 0.0 - 31
NEQ 10 0.0 - 31
NEQ 20 0.0 - 31
EoBM® 0 0.0 - 31

v o nnunnumunoom

60
62
65
64
62
67

62

101
101
101
51
51
51

101

-

O VOVWOVWOVWOVY

: 23
: 06
: 58
: 07
:33
: 48

: 28

N

= HHRHOOK

.00
.92
.87
.00
.23
.05

.75

HO QO

CPU time on IBM 370,/3081,

11 Species model

Table-look-up procedure

Nonequlibrium «

O is taken as reference

H=OPT2 compiler
Case 2 = 9/4 Straight biconic

Case 3 = 9/0/5 Sphere-cone-cylinder-flare
Case 4 = 12.84/7 Bent biconic

a = 0 for each case is taken 'as the reference

29
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Fig. 1. Schematic of biconic
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1.0 /_)T'S/

90

—

Fig. 2. Schematic of sphere-cone-cylinder-flare



65

30.4

Fig. 3. Schematic of bent-biconic
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WINDWARD STREAMLINE 0=0-deg

Fig. 4. Coordinate System.
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THREE-DIMENSIONAL NONEQUILIBRIUM VISCOUS SHOCK-LAYER FLOWS
OVER COMPLEX REENTRY VEHICLES
by
S. Swaminathan

(ABSTRACT)

A computer program for predicting the three-dimensional
nonequilibrium viscous shock-layer flows over blunt sphere-
cones, straight and bent multiconics at angle-of-attack has
been developed. The method used is the viscous shock-layer
approach for nonequilibrium, multi-component ionizing air.
A seven species chemical reaction model with single ionizing
species and an eleven species chehical reaction model with
five ionizing species are used to represent the chemistry.
The seven species model considers 7 reactions whereas the
eleven species model considers 26, reactions and the results
obtained using these models are compared with perfect gas
and equilibrium air results. This code is capable of ana-
lyzing shock-slip or no-shock-slip boundary conditions and
equilibrium or non-catalytic wall boundary conditions. In
this study the diffusion model is limited to binary diffu-

sion.

A sphere-cone-cylinder-flare with moderate flare angle, a

straight biconic, and a bent biconic with seven deg. bend



angle and a sphere-cone at various flight conditions are an-
alyzed using this method. The bent biconic has been analyzed
up to an angle-of-attack of 20 deg. with respect to the
aft-cone axis and sample results are compared with inviscid
and viscous results. The surface pressure distribution com-
puted by this code compares well with that from a parabol-
ized Navier-Stokes method. The diffusion heat traﬁsfer is
about 159% of the total heat transfer for most cases. The
aerodynamic forces and moments at the base of the body and
computing time required for all cases are presented. The
shock layer profiles at a streamwise location of 8.8 nose
radii for one case computed using seven and eleven species

models compare very well with each other.
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