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Three-Dimensional Hypersonic Nonequilibrium Flows
| at Large Angles of Attack

Bilal A. Bhutta* and Clark H. Lewist
VRA, Inc., Blacksburg, Virginia

A new three-dimensional nonequilibrium (PNS) scheme is developed to study the effects of large angles of
attack on the hypersonic flowfield and the species concentration dstributions around a typical sphere-cone
reentry vehicle. A new predictor-corrector solution scheme is developed along with a new fully implicit and
crossflow coupled shock-fitting scheme to predict the bow shock location as a part of the marching solution
under large-angle-of-attack conditions. The Mach 20 flowfield around a 7 deg sphere-cone at a flight altitude
of 175 kft is studied under 20 deg angle-of-attack conditions. The results clearly show the accuracy, efficiency,
and grid-refinement capabilities of the new three-dimensional nonequilibrium PNS scheme.

Nomenclature
CA = axial-force coefficient
CFW = crossflow skin-friction coefficient
C; = mass fraction of /th species
CM = pitching-moment coefficient
CN = normal-force coefficient
C, = specific heat at constant pressure
D; = binary diffusion coefficient for the ith species
h = static enthalpy of the mixture
hy = static enthalpy of the ith species
J = determinant of the transformation Jacobian
J; = x, ¥, and z component of the mass-flux of the ith
species, €,C;, X;
k = thermal conductivity
L = body length .
Le = Lewis number, pC,D;/k
M = Mach number
m = molecular weight
My = ‘Sn,xjgn,xk
NS = total number of chemical species
P,p = static pressure
PHI = circumferential angle ¢
Pr = Prandtl number
QW = total wall heat-transfer rate
R = radial distance from the body axis
R, = local body radius
Re = Reynold number, (o VRn)/u

RN, Rn = nose radius

RSHK = radial location of the bow shock

T = static temperature

U; = contravariant velocities u&;,

u = x-component of mass-averaged velocity
u* = friction velocity, (7/p)%?

u; =u, v, and w for j=1,2 and 3

| 4 = total mass-averaged velocity

v = y-component of mass-averaged velocity
w = z-component of mass-averaged velocity
X, x = coordinate along body axis

X; = x,y, and z for j=1,2, and 3

yr =p(R—Rp)u*/u
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XCP = axial location of the center of pressure

« = angle of attack

€ = M./Re,

€ =ele/p

1) = circumferential angle measured from the windward
side

@i = production rate of the ith species

£ = marching or streamwise coordinate

£ = coordinate measured from the body to the outer
bow shock

& = coordinate measured from the windward to the lee-

ward direction

o = mixture density
Di = density of the ith species
T = shear stress
X = intermediate solution vector after the corrector step
x* = intermediate solution vector after the predictor step
z = summation over all species, i = 1,2,3,....,NS
Superscripts
n = index for iteration
J = index in £, direction
- = mixture property
Subscripts
s = represents partial derivative
0o = freestream quantity
w = wall quantity
i = represents ith chemical species
J.k,! = indicial notation representing 1, 2, and 3
Introduction

VER the past few years the development of accurate

prediction schemes for three-dimensional, finite-rate,
chemically reacting flowfields around realistic re-entry config-
urations has become the focus of much attention. Until re-
cently the available numerical schemes for predicting finite-
rate, chemically reacting, viscous external flows have been
restricted to either boundary-layer type methods (e.g., Blot-
tner et al.2) or viscous shock-layer (VSL) schemes (Miner and
Lewis,? Kim et al.,* and Swaminathan et al.5). High-altitude
hypersonic re-entry flows are, in general, characterized by low
Reynolds numbers. Because of such typically low Reynolds
number flows, the application of boundary-layer methods has
encountered significant difficulties (such as displacement-
thickness interaction, streamline tracking, determination of
edge conditions, etc.). The VSL methods, on the other hand,
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Fig.1 Cartesian and general curvilinear coordinate system.

have been shown to have great potential for analyzing such
nonequilibrium viscous re-entry flows, especially in the blunt-
body region. The three-dimensional VSL schemes are, how-
ever, parabolic in the crossflow direction and, thus, cannot
treat the large crossflow separated regions that occur under
high angle-of-attack conditions. Short of a three-dimensional
nonequilibrium Navier-Stokes solution, the parabolized
Navier-Stokes (PNS) schemes represent the most promising
methods for a detailed and accurate analysis of the leeward
flowfield and flowfield chemistry.

In our earlier studies we have successfully developed and
used a new fully interative PNS solution scheme for three-di-
mensional, finite-rate, chemically reacting Earth re-entry
flows. Our previous studies with this three-dimensional
nonequilibrium PNS scheme have been very encouraging
(Bhutta and Lewis,® 2 and Bhutta et al.'%). However, the ap-
plication of this scheme was limited to only small-to-moderate
(<5 deg) angle-of-attack conditions. In this paper we have
extended our earlier nonequilibrium PNS scheme to study the
effects of large angles of attack on the flowfield and the species
concentration distributions around a typical sphere-cone re-
entry vehicle under hypersonic flight conditions. Substantial
extensions, modifications, and developments were done to be
able to adequately address this large angle-of-attack problem
and its associated numerical complications. To account for the
strong crossflow coupling effects that exist in the regions of
crossflow separation, a new predictor-corrector solution
scheme has been developed along with a full implicit and cross-
flow coupled shock-fitting scheme to predict the bow shock
location as a part of the marching solution. Three different
grids were used to study the flow around a 7 deg sphere-cone
at Mach 20 under 20 deg angle-of-attack conditions. The re-
sults will clearly show the accuracy, efficiency, and grid-refine-
ment capabilities of the current three-dimensional nonequi-
librium PNS scheme.

Solution Scheme

The coordinate system used for the current three-dimen-
sional PNS scheme is a general curvilinear coordinate system
(£1,62,65) shown in Fig. 1. Also, a body-fixed orthogonal
(Cartesian) coordinate system is chosen such that the origin of
the Cartesian coordinate system is at the tip of the blunt nose,
and the x axis is aligned with the axis of the body. The z axis
is chosen as pointing downward such that the windward sur-
face of the vehicle is on the positive z-axis side. The £, coordi-
nate is along the body and is also the marching direction. The
&, coordinate stretches from the body to the outer bow shock
and lies in an axis-normal plane. The {5 coordinate is measured
in the crossflow direction from the windward pitch plane. In
general, it is assumed that the (x,y,z) space is uniquely trans-
formable to the (£, £,, £3,) space such that, at each marching
step, every grid cell in the X, y, z space is transformed into a
unit cube.
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In our approach we choose the flowfield unknowns to be the
density p, the density-velocity products pu, pv, and pw, the
density-temperature product p7, and the pressure p. Thus our
vector of unknowns is

q = [P, pU, pU, pW, pT; P]T (1)

Following the approach of Peyret and Viviand!! and Vivi-
and'? it can be shown that the full Navier-Stokes equations
governing the nonequilibrium flow problem (Bird et al.!®) can
be nondimensionalized and transformed into the general curvi-
linear coordinate system (£)); i.e.,

(f; —es)g, =h (2a)

These five equations representing the differential conserva-
tion of mass, momentum, and energy are mathematically
closed by using the equation of state for the particular gas
model being used. This equation of state can be written in a
general functional form as

These equations are elliptic in £y, £,, and £; directions. If we
neglect the diffusion and dissipation effects in the £, direction
and assume a constant Lewis number, we can simplify Eqgs.
(2a) and (2b) and write the final parabolized Navies-Stokes
equations in the following vectorial form

f},gj - 6(S2,£2 + S3’£3) =h (33)

The various components of this vectorial equation are defined
as
pU;

oul; + &b

pvU; + &;,p

owlU; + &0
(C,T +0.5V)pU;
L 0 J

fi=Qas0) (3b)

0 -
Mnitd 4 (M, )/ 3

MV, + (Mpgjttjer )/3

Sy =(n/J) (30

MW, + (Ml g )/ 3
m,,kkT,E"Cp/Pr + m,,kkujuj,sn -+ m,,jkujuk,gn/3
L 0 i

where no summation is implied over n, which takes the values
of n =2 and n =3, respectively, and

- 0 |
0
0
N ’ 3d)
{E [ M;%ET,&(QJ )Cig, = h;c'o,:l +pTUG, ’E’} 7
L ‘mp —pT

The species concentrations C; are obtained from the three-
dimensional, species-conservation equations. It should be
noted that in the conservation equations of mass, momentum,
and energy we did not neglect the crossflow viscous effects.
However, in order to further simply the species conservation
equations we neglect the crossflow as well as streamwise diffu-
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sion terms appearing in these species conservation equations.
The final thin-layer parabolized species conservation equa-
tions are written as

UiCig, + eilléa (B2, /Pr) L JCiy, + ellpmy / Pr1Cig,e, = @;/p
4

where i =1,2,3,. . .,(NS—1).

The overall nonequilibrium PNS problem represented by
Egs. (3) and (4) is well-posed. However, the number of un-
knowns involved in very large (i.e., p, pu, pv, pw, o7, p, C,,
k, m, i, Pr, C;, Cy, Cs,. . .,Cyns). However, for many practical
problems, the coupling between the fluid mechanics (o, o1, pw,
pT, and p) and the chemistry (C,,, m, k, i, Pr, C|, C,,. . .,Cns)
is not very strong. With this idea in mind, we can decouple the
overall nonequilibrium PNS problem into 1) a fluid mechanics
problem and 2) a chemistry problem. The coupling between
the fluid mechanics and the chemistry is taken care of in an
iterative manner.

Fluid-Mechanics Problem

If we assume that the solution at the n + 1 level is close to
the solution at the nth iteration, we can use a first-order
Taylor series expansion around the previous iteration. Al-
though the grid also changes from one iteration to the next, it
is assumed that these changes are small and do not contribute
to the Jacobian matrices. Now, as can be seen from Egs. (3),
the governing flowfield equations are elliptic in the £, and &,
directions so that for second-order accuracy we use central-dif-
ferenced approximations for all £, and &3 derivatives. How-
ever, the use of central-differenced schemes is typically associ-
ated with solution oscillations (Kaul and Chaussee,'* Bhutta
and Lewis,®? Schiff and Steger,'> and Shank et al.!$). This
oscillatory behavior becomes more pronounced if the local
velocities are small, so that the diagonal terms of the Jacobian
matrices become relatively small also. In order to damp these
solution oscillations, it is necessary to add some additional
higher-order diffusion terms to Eqs. (3). In our earlier work
(Bhutta and Lewis®? and Bhutta et al.!?), we developed a
second-order, fully implicit smoothing approach that is accu-
rate and simple to use. In the present study we extend this basic
approach such that (to second-order accuracy) we can rewrite
Egs. (3) in terms of an intermediate solution x as

Ui00Lg; — els200)¢, — els300).¢, — A OO
= (A1/AE1~ Ag) - X 2,5,AE/4 = TAES (5a)

where

@it = X+ X, AED/4 (5b)

The right-hand side of Eq. (5a) gives the appropriate form of
the implicit and explicit crossflow smoothing operator to be
added to the implicit (left-hand) side and the explicit (right-
hand) side of Eq. (5a). As far as the smoothing effects in the
£, direction are concerned [Eq. (5b)], they are further modified
to limit them to only the pressure field. In this manner the
velocity and temperature gradients near the wall remain unaf-
fected and, consequently, there is no degradation of the wall
heat-transfer and skin-friction predictions.

Thus the final form of the system of equations to be solved
becomes

(A/AE = Ag)" - (Ax — Ax g, ALY/ 4
+ [(Ay— M) - Ax" 1] g, + [(A3 — eMB)" - A" 1) 4,
= - U}:Ej -‘E(SZ’gz + S3,£3) - h}l+ Ln + WAE% = gj+ Ln

where

g+ = x +[0,0,0,0,0,(p ¢, AEL/H]T
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Chemistry Problem

For the chemistry problem, we use a seven-species (O, O,,
N, N,, NO, NO*, and e ~) gas model to represent the finite-
rate chemically reacting air mixture. The thermodynamic
properties of these species are obtained from the thermody-
namic data of Browne.!”"!® The diffusion model used in this
seven-species model is limited to binary diffusion, with the
binary diffusion coefficient for each gas species defined by a
Lewis number of 1.4.

The gas-phase reactions considered in this seven-species air
system correspond to the model used by Blottner et al.? and
Miner and Lewis,? and use the reaction-rate data proposed by
Bortner.?° The viscosities of O, O,, N, N,, NO, NO* ,and e~
are computed from the curve-fit relations used by Blottner et
al.,? and the thermal conductivities of these species are esti-
mated with the Eucken semi-empirical formula. After the vis-
cosities and thermal conductivities of the individual species
have been estimated, the viscosity and thermal conductivity of
the mixture are calculated using Wilke’s semi-empiricial rela-
tions.

In our current solution approach the species conservation
equations are solved in an uncoupled manner. In treating the
species conservation equations in such a way, special consider-
ation needs to be given to the treatment of the species produc-
tion terms. It is known that a full linearization of these produc-
tion terms results in an unstable solution under typical flight
conditions. For this reason it is necessary to split the overall
production term into two parts (Blottner et al.2 and Miner and
Lewis?).

(@i/p) = & — &iC; O

The calculations of these production terms involve several ex-
ponential and logarithmic operations to be performed for each
species. For a typical nonequilibrium-air system there are sev-
eral species involved and, consequently, a substantial part of
the total computing time can easily be spent in doing these
calculations. In our current three-dimensional nonequilibrium
PNS scheme we have taken a new approach of a partial
streamwise linearization of these production terms. In our
approach, as in Eq. (6), the production terms are still sepa-
rated into an explicit contribution (&?) and an implicit contri-
bution (&!). However, these components are linearized based
on the flowfield and chemistry information from the previous

“marching step and, thus, need to be calculated only once at

each marching step. Since this linearization in only partial and
is done on quantities that indeed change very slowly (especially
in the PNS afterbody region), the errors introduced are very
small. However, the computing-time efficiency achieved is
substantial.

Initial and Boundary Conditions

The problem represented by the governing PNS equations is
a split-boundary-value problem and requires initial conditions
as well as boundary conditions at the wall, at the outer bow
shock, and in the pitch-plane of symmetry. The initial condi-
tions to start the nonequilibrium PNS solutions were obtained
from a nonequilibrium VSL blunt-body solution scheme. The
quality of such VSL solutions has been discussed in great detail
by Bhutta and Lewis,®~® Bhutta et al.,?' Thompson et al.22 and
Swaminathan et al.’ The VSL blunt-body solution is interpo-
lated to obtain the starting solution at the initial data plane
(IDP) for the three-dimensional PNS afterbody solution. We
typically generate the IDP at the most upstream nose-after-
body tangent point location.

For the fluid mechanics problem of the nonequilibrium PNS
equations, the boundary conditions at the wall consist of six
independent relations representing the nature of the gas mix-
ture and the physical conditions at the wall. These conditions
are 1) the equation of state of the gas, 2-4) no slip conditions
for the three velocity components, 5) the specified wall temper-
ature condition and 6) the condition of zero pressure derivative
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in the &, direction. The boundary condition on the pressure
derivative comes from a boundary-layer-type analysis per-
formed at the wall. These six boundary conditions are well-
posed and from a linearly independent set. For the chemistry
problem of the aforementioned nonequilibrium PNS solution
scheme represented by the species conservation equations [Eq.
(4)], the wall boundary conditions used consist of either 1) a
fully-catalytic wall [C; = Ci»}, or 2) a non-catalytic wall
[Ci ¢, = 0]. In the current study, however, we have only used
fully-catalytic wall boundary conditions.

The boundary conditions at the outer bow shock involve a
fully implicit and crossflow coupled shock-fitting approach,
and the bow shock is predicted at the solution marches down
the body. The windward and leeward pitch planes consist of
reflective or symmetric boundary conditions. The symmetric
and reflective boundary conditions used in the present study
are based on the second-order crossflow boundary conditions
used by Kaul and Chaussee!* and Shanks et al.!6

Predictor-Corrector Solution Scheme

1t should be noted that the right-hand side of Eq. (5a) is the
governing differential equation corresponding to the fluid me-
chanics problem written at the nth iteration level and goes to
zero in the limit of convergence. As discussed by Bhutta and
Lewis,*~? under these conditions the exact from of the left-
hand implicit terms is of no great consequence except that it
affects the convergence path of the solution. With this idea in
mind we do not update the Jacobian matrices beyond the first
iteration. Under large-angle-of-attack conditions, strong
crossflow separated regions may develop on the leeward side.
Under these conditions, solution coupling in the crossflow
direction is very important. If these coupling effects are not
properly considered during the iterative solution, they can
cause severe convergence difficulties. In order to address that
problem of crossflow coupling we have developed a new pre-
dictor-corrector approach. This predictor-corrector scheme is
divided into three different parts; namely, 1) the predictor
solution, 2) the shock solution, and 3) the correct solution.

The overall block-pentadiagonal system of equations to be
solved can be written as

[A - Axpe-1] + [B - Axyd
+[C - Axpee 1} + [D - Axg—r,d + E - Axpsy,d
= — [/}:Ej '—‘63'2’52_€S3‘53—‘h]j+ Ln + WAE% = gj+ Ln (7)

Predictor Solution

In the predictor step we neglect the implicit crossflow (£3)
coupling effects in Eq. (7) in favor of the axis-normal (&,)
coupling effects. With this assumption the equations for the
predictor step take the following block-tridiagonal form

(A 'AXI:J—I] + [B 'AXZJ] +[C- AX;,H i1=g" (8a)

These equations are inverted from the body (£ = 1) to the shock
(f= LMAX) to develop recursive relations between the solu-
tion at each successive grid point in the £, direcion. These
recursive relations have the form

AX;,( = —Ry,- AX;,H—I +riy (8b)

where k=1,...,KMAX and {=1,...,LMAX —1.

Crossflow-Coupled Fully Implicit Shock Solution

We have also developed a new fully implicit and crossflow-
coupled shock-fitting scheme that correctly predicts the bow
shock shape as a part of the marching solution. This scheme is
fully iterative and can accurately treat various gas models in a
unified manner. Unlike earlier noniterative shock-propagation
approaches (Chaussee et al.,?* Shanks et al.,'¢ and Kaul and
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Chaussee!?), the current approach does not assume the flow-
field behind the shock to be inviscid and does not neglect the
crossflow coupling effects at the shock. This can be especially
important when dealing with complex three-dimensional con-
figurations where the three-dimensional nature of the body
can interact with the bow shock and substantially distort it.
Similar strong crossflow variations may also occur on simple
configurations when pitched at large angles of attack. Further-
more, unlike the iterative shock-fitting approaches of Helliwell
et al.>* and Lubard and Helliwell,? the current shock-fitting
approach does not increase the size of the matrix solution
between the body and the shock.

In developing the present bow shock-fitting scheme, we as-
sume that from one iteration to the next the shock-points move
along the £, grid line. This assumption allows us to reduce the
number of unknowns to be solved, and the final solution has
only one additional unknown at the shock that completely
defines the spatial movement of the shock point. This smaller
number of unknowns is very important for faster iterative
solution and faster convergence characteristics of the overall
implicit shock-prediction scheme. Denoting the amount by
which the shock point moves in the £, direction as A,, the
corresponding movement of the shock-point coordinates from
one iteration to the next can be written as

GG = () + ()i Q) ®

Consequently, we can define three orthogonal shock-normal
and shock-tangent directions at the shock surface in terms of
the shock coordinates and, thus, the shock movement (4;).

Having defined the relevant velocity components for the
purpose of writing the five Rankine-Hugoniot (frozen) shock-
crossing equations (representing the conservation of mass, mo-
mentum, and energy), we note that we have actually seven
unknowns at the shock. These seven unknowns are written in
a vectorial form as

gs = [p.pu, pv, pw, p T, p, Al (10)

Thus, we need two more equations to close the system of
equations at the shock. One of these additional equations is the
equations is the equation of state and gas, and the other equa-
tion is provided by applying the differential continuity of mass
equation behind the shock. As we can see, no approximation
other than the assumption of a frozen Rankine-Hugoniot
shock has been made. These equations are equally valid
whether the conditions behind the shock are viscous or inviscid
dominated or whether substantial flowfield gradients exist be-
hind the shock.

The use of the differential continuity equation behind the
shock provides the implicit coupling between the flowfield
behind the shock ({=LMAX) and the flowfield at the grid
point adjacent to it ({=LMAX —1). Using the recursive rela-
tions of the predictor step at {=LMAX —1 [see Eq. (8b)], the
shock equations can be reduced to a block-tridiagonal system
of equations in the crossflow direction. These equations are
then solved using appropriate boundary conditions in the lee-
ward and windward pitch planes of symmetry. This solution
gives simultaneously the Agl*! vectors at each shock point
(k=1,...,KMAX). Using this shock-point solution as the
predictor solution at the shock along with the recursive rela-
tions of Eq. (8b), we can now obtain the predictor solution
(x*) for all interior grid points ({=1,...,LMAX —1). Fur-
thermore, the new x,y, and z coordinates of the shock point
locations are now determined using Eq. (10).

Corrector Solution

Just like the shock-point solution, the solution in the correc-
tor step uses the recursive relations from the predictor step to
eliminate the (k,£— 1) contributions in the original block-pen-
tadiagonal system [(Eq. (7)]. If we further assume that the
solution at the (k,f+ 1) point can be approximated from the
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predictor step, one can reduce the Eq. (7) to only a coupled
block-tridiagonal system in the crossflow direction. The equa-
tions for the corrector step can now be written as

D -Axy1o+ (B~ ARy 1) - Axpe + E - DXy 1e
=(@g"-A-ri,)—-C- AX;,F—H an

or simply

D -Axp 10+ (B —ARyy_1) - Axpe+ E - Axpesrye
=(B — AR _)) - Axie (12)

This system of block-tridiagonal equations is now solved using
plane-of-symmetry boundary conditions applied in the wind-
ward and leeward pitch planes. In this way the corrected flow-
field solution (x) is obtained within the shock layer. Once the
flowfield solution as well as the shock shape converges, the
final smoothed solution (g7*1) is then obtained using Eq. (5b).

Results and Discussion

In order to demonstrate the three-dimensional nonequi-
librium PNS capability developed in this study, we studied the
flow around a sphere-cone configuration under large-angle-of-
attack hypersonic flight conditions. The sphere-cone configu-
ration considered consists of a 7 deg forecone with a 2 in. nose
radius and an overall length of 20 in. The freestream condi-
tions for this test case are given in Table 1, and consist of a
flight altitude of 175 kft, a flight Mach number of 20, and an
angle of attack of 20 deg. The wall temperature was assumed
to be 2000°R, and the vehicle surface was assumed to be fully
catalytic.

Three different grids were used to study this test case and
evaluatethe accuracy, efficiency, and grid-refinement capabil-
ities of our three-dimensional PNS scheme. Case 1 consists of
31 crossflow planes and 30 points between the body and the
shock. Case 2 consist of 31 crossflow planes and 50 points
between the body and the shock, while case 3 consists of 51
crossflow planes and 30 points between the body and the
shock. In each case a cylindrical grid generation scheme was
used with the crossflow planes located at equal angular incre-
ments. The grid point distribution between the body and the
shock consists of an exponential distribution near the wall and
an equally spaced grid away from the wall. For cases 1 and 2
at the body and the y * values at the wall are between 0.8 and
1.0 whereas for case 3 the corresponding y* values are be-
tween 0.4 and 0.5.

In order to check the accuracy of the current three-dimen-
sional nonequilibrium PNS scheme, we compared these pre-
dictions with the corresponding predictions of our viscous
shock-layer (VSL) scheme.® The inviscid NOL3D code? was
also used to compare the prediction of surface pressure, shock
shape, and the vehicle force and moment data. Before evaluat-
ing these results there are a few points that need to be kept in
mind. Both the VSL and NOL3D results are for a crude grid
using only 9 circumferential planes, whereas the PNS results
shown are for 51 crossflow planes (case 3). Furthermore, it
should be noted that the VSL solution cannot treat the cross-
flow separated region, and the VSL predictions very close to

Table 1 Freestream conditions for the test cases

Quantity
Mach number 20.000
Reynolds number 1.34E + 4
Pressure, Ibs/ft? 1.102
Deunsity, slug/ft3 1.32E—6
Temperature, R 485.151
Velocity, ft/s 2.16E+4

Angle of attack, deg 20.000
Wall temperature, R 2000.00
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the point of crossflow separation may not be very accurate.
The results show that for the test case considered, the VSL
solution predicts crossflow separation occurring between an
axial location of 2-3 nose radii, while the PNS solution pre-
dicts the crossflow separation occuring between axial location
of 3-4 nose radii.

The results show that the PNS and VSL wall pressures are
in close agreement. The windward pressure values differ by
less than 1%, while at the ¢ =90 deg plane these differences are
of the order of 5%. Larger differences are seen at the point of
crossflow separation; however, the VSL predictions at this
location may not be very accurate. The inviscid NOL3D pre-
dictions also show less than 1% difference in the windward
wall-pressure predictions. In the crossflow separated region,
however, these inviscid results show much lower values of wall
pressure than the corresponding VSL as well as PNS results.

Figures 2 and 3 show the axial and crossflow distributions of
wall heat-transfer rates. These results show that along the
windward surface the VSL and PNS predictions of wall heat-
transfer rates are within 10% of each other. Along the ¢ =90
deg plane these differences increase to 15%, and are of the
order of 40% at the point of crossflow separational. The
streamwise skin-friction predictions also show similar trends.
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Fig. 5 Leeside crossflow velocity vector plot at the body end.

The circumferential distribution of the crossflow skin-fric-
tion coefficient at the body end is shown in Fig. 4. These
results show that up until the point of crossflow separation,
the VSL and PNS predictions are in good agreement with each
other. The crossflow grid for the VSL solution is not fine
enough to accurately predict the flowfield in the vicinity of the
crossflow separation. However, the VSL solution does indi-
cate that crossflow separation occurs somewhere between
¢ =135 and 157.5 deg. This is confirmed by the PNS calcula-
tions, which show the crossflow separation occuring around
the ¢ = 140 deg location (Fig. 5). The crossflow variation of
the bow shock location at the body end is shown in Fig. 6. This
figure shows that the inviscid NOL3D results overpredict the
bow shock location on the leeward side by as much as 6%. The
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Fig. 6 Crossflow variation of the bow shock location at the body
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Table 2 Comparison of force and moment data

Solution scheme CA CN -CM XCP/L

Parabolized Case 1 0.3607 0.6106 0.3627 0.5941
Navier-Stokes  Case 2 0.3622  0.6163  0.3677 0.5951
Case 3 0.3612 0.6161  0.3663 0.5945

Viscous shock-layer? 0.3544 0.5940 0.3554 0.5984
Inviscid 0.2763  0.5783  0.3412 0.5901

2These viscous shock-layer force and moment calculations assume that the sur-
face pressure in the crossflow separated region can be approximated by the
freestream pressure, and skin-friction in this crossflow separated region can be
neglected.

VSL predictions, however, are in excellent agreement with the
corresponding PNS predictions even up to the last circumfer-
ential grid point of the VSL solution (¢ =135 deg).

The results of predicted force and moment coefficients at
the body end are shown in Table 2. These results show that the
VSL predictions of axial-force and the pitching-moment coef-
ficients are within 2% of the corresponding PNS predictions.
The normal-force coefficient differs by less than 3%, and the
center-of-pressure location differs by only 0.7%. The VSL
axial-force coefficient is smaller than the corresponding PNS
predictions. This is understandable because these VSL force
and moment calculations assume the surface pressure in the
crossflow separated region to be the freestream pressure and,
furthermore, neglect the skin-friction contribution in this re-
gion. In fact the PNS results show that the surface pressures in
the crossflow separated region are typically of the order of 2-4
times the freestream pressure. This may account for some of
the observed differences in the axial-force coefficients. The
inviscid NOL3D results, on the other hand, underpredict the
axial force by as much as 23%. But the normal force and
pitching moments agree better and are within 6% of the corre-
sponding PNS and VSL predictions. The inviscid center-of-
pressure location is with 0.7% of the PNS predictions. For
longer bodies, however, these differences between viscous and
inviscid predictions of aerodynamic forces and moments may
be more.

The crossflow variation of O concentration levels is shown
in Fig. 7, which clearly shows the thick ionized layer on the
leeside. The leeside pack O concentration levels are roughly
three times larger than the windward side. The corresponding
O, concentration levels are also consistent with the greater
dissociation occurring on the leeside. The N, concentration
levels follow the same trend as the O and O, concentration
distributions; however, in this case the peak leeside concentra-
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tions of N are roughly 40 times that of the windward side.
Figure 8 shows the N, concentration contours and presents an
interesting process not seen at low to moderate angles of attack
(at least not to such a noticeable extent). The current results
show that the N, concentration at the point of crossflow sepa-
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Fig. 9 Electron number density contours at the body end.

ration is larger than even the freestream. While this at first
looks odd, it is understandable because first of all in the pres-
ence of viscous diffusion effects the local elemental mass frac-
tions may not be the same as the freestream. Furthermore,
under these large-angle-of-attack conditions there are very
strong crossflow convection effects (see Fig. 5). Since N, is the
dominant species, it is strongly convected toward the point of
crossflow separation not only from the windward side but also
from the leeside. This causes a local accumulation of the N,
species in the vicinity of the crossflow separation.

The NO and NO™* concentration contours show that the
peak NO concentration levels decrease as we move from the
windward to the leeward side, whereas the peak NO™* concen-
trations levels increase. The corresponding electron number-
density contours are shown in Fig. 9. These results show that,
for the case being considered, the peak ionization levels on the
leeside are roughly six times greater than those on the wind-
ward side. Furthermore, the thickness of the ionized layer on
the leeside is much greater than the windward side. It is quite
obvious that the integrated contribution of the leeward side to
the dissociated and ionized species feeding into the wake will
be the most dominant. In other words, from a nonequilibrium
chemistry point of view, an accurate modeling of the leeside
chemistry and flowfield is very important. Furthermore, the
existence of leeside crossflow separation does affect the leeside
chemistry. Although an accurate modeling of the leeside flow-
field and associated chemistry may not be very critical from
the point of view of determining aerodynamic forces and mo-
ments, it is indeed very important from the point of view of the
flowfield as well as wake chemistry.

In order to explore the grid refinement capabilities of the
current three-dimensional nonequilibrium PNS scheme, we
considered three different grid sizes. A comparison of cases 1
and 2 shows the effects of refining the grid in the axis-normal
direction, while a comparison of cases 1 and 3 shows the
effects of refining the grid in the crossflow direction. The
results of these calculations show that the predicted wall pres-
sures are relatively insensitive to grid refinement in either the
axis-normal or the crossflow direction. The predicted wall
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Table 3 Computing time

x/Rn Grid IBM3090 XMP(4/8)® CRAY-2¢
Case from-to £1X&3 X &3 (m:s) (m:s) (m:s)
Casel 1.3—-10.0 20%x30x31 3:56 1:35 2:45
Case2 1.3—10.0 20x50x%x31 5:46 2:20 4:00
Case3 1.3—-10.0 20x30x51 6:54 2:45 4:50

#Actual computing times on IBM 3090 with VS-compiler and scalar LEVEL =3
optimization.

YEstimated computing times on X-MP (4/8) with CFT77 compiler and auto
vectorization.

‘Estimated computing times on CRAY-2 with CFT77 compiler and auto vector-
ization.

pressures with all three grids are within 1% of each other. The
wall heat-transfer predictions show that in the crossflow-at-
tached region (x <4Rn), neither the additional axis-normal
grid refinement nor the additional crossflow grid refinement
had a significant impact on the predicted wall heat-transfer
rates. In this region the predictions of the three grids used are
within 5% of each other. In the crossflow-separated region
(x >4Rn) the axis-normal grid refinement changes the leeside
wall heat-transfer rates by only 10% or less. The effect of
crossflow grid refinement is, however, much more pro-
nounced, and the results show that the use of a finer crossflow
grid increases the predicted leeside wall heat-transfer rates by
as much as 25%. This leads one to conclude that, under large
angle-of-attack conditions, accurate modeling of the leeside
flowfield and chemistry is more sensitive to the crossflow grid
refinement than to the axis-normal grid refinement. The ef-
fects of grid refinement on the axial and crossflow distribu-
tions of the streamwise skin-friction coefficient follow the
same trends as the corresponding wall heat-transfer predic-
tions. These results also show that the grid refinement changes
the force and moment coefficients by less than 1%, while the
center-of-pressure location changes by less than 0.2%.

The computing time for the various calculations done in this
study are shown in Table 3. When comparing the computing
time for cases 1 and 2, we see that by increasing the axis-nor-
mal grid refinement the total number of grid points increase by
a factor of 1.7; however, the corresponding computing times
only increase by a factor of 1.5. This is because with the
increased number of axis-normal grid points, the solution at
each marching step converges at a faster rate and, thus, par-
tially compensates the increase in overall computing times. As
far as the effects of crossflow grid refinement on the comput-
ing times is concerned, since the solution scheme involves an
implicit inversion algorithm in the crossflow direction, the
computing times increase more rapidly than the corresponding
increase in the crossflow grid refinement. Even so, the increase
is not that much. For example, compared to case 1, case 3 has
roughly 1.6 times more grid points, but the computing time for
this case increases by a factor of only 1.75.

Conclusions

A new three-dimensional nonequilibrium PNS scheme has
been developed to study three-dimensional hypersonic flows
around multiconic configurations under large angle-of-attack
conditions. This scheme is unconditionally time-like in the
subsonic as well as the supersonic flow regions and does not
require the use of any sublayer approximation. A new predic-
tor-corrector solution scheme has been developed to treat the
strong crossflow coupling effects in and around the crossflow
separated regions. Furthermore, at the shock a new full im-
plicit shock-prediction scheme has also been developed. This
shock-fitting solution is fully coupled in the crossflow direc-
tion and shows very good stability and convergence character-
istics.

The Mach 20 flowfield around a sphere-cone configuration
at an angle of attack of 20 deg was predicted using three
different computational grids to study the accuracy and effi-
ciency of this new three-dimensional PNS scheme under large

NONEQUILIBRIUM FLOWS AT LARGE ANGLES OF ATTACK 165

angle-of-attack conditions. The results of this study substanti-
ate the following comments:

1) The current three-dimensional nonequilibrium results in-
dicate that under large angle-of-attack conditions the leeward
side has more dissociation of oxygen and nitrogen and forma-
tion of NO* than does the windward side. The dissociation is
due to the much thicker high temperature region on the lee-
ward side and, for other higher-velocity conditions, will un-
doubtedly result in a substantially increased electron density
on the leeward side. If one is interested in the optical character-
istics of the fluid on the leeward side, or if one is interested in
the electron-density profiles for wake studies, this indicates
that an accurate treatment of the leeward side will be essential.

2) The grid refinement studies show that the developed PNS
scheme has very good grid-refinement characteristics. Further-
more, the results indicate that, in the crossflow separated re-
gion, sufficient crossflow and axis-normal grid refinement is
essential to accurately capture the various crossflow details
that have a significant impact on the local wall heat-transfer
and skin-friction predictions.

3) These results also show that with the pseudo-unsteady
algorithm used, the present fully iterative three-dimensional
results can be obtained accurately and efficiently without any
significant computing-time penalty. Furthermore, the en-
hanced solution accuracy allows for large marching steps to be
used, and this substantially reduces the final computing times.
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