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Large-Angle-of-Attack Viscous Hypersonic Flows
over Complex Lifting Configurations

Bilal A. Bhutta* and Clark H. Lewist
VRA, Inc., Blacksburg, Virginia 24060

A new three-dimensional PNS scheme has been developed to study perfect-gas and equilibrium-air viscous
hypersonic flows over complex three-dimensional configurations. This three-dimensional PNS scheme is uncon-
ditionally timelike in the subsonic as well as the supersonic flow regions and does not require any sublayer
approximation. A predictor-corrector solution scheme and different grid-generation algorithms have been used
along with an implicit shock-fitting scheme to predict the three-dimensional flowfields around some typical
lifting configurations. A new fourth-order accurate smoothing approach has also been developed and used to
enhance solution accuracy. The results show that substantial three-dimensional crossflow effects exist in the
predicted flowfields, which need to be appropriately treated. Furthermore, the grid-generation result shows that
for three-dimensional geometries with convex cross sections a slightly modified variation of a body-normal
grid-generation scheme shows the best characterstics. The results also show that, for such complex configura-
tions, the type of gas model used has a substantial effect on the predicted flowfield.

Nomenclature
M =Mach number
n =iteration number
P,p = gstatic pressure
Pr = Prandt]l number
PW =wall pressure
PINF  =freestream static pressure, p,,
ow =total wall heat-transfer rate
Re = Reynolds number, (o VRn)/u
RN,Rn =nose radius
T =static temperature
u = x-component of velocity
v = y-component of velocity
w =z-component of velocity
X, x =coordinate along body axis
o =angle of attack
€ =M, /Re,
£, =marching or streamwise coordinate
I = coordinate measured from the body to the outer
bow shock
&5 = coordinate measured from the windward to the

leeward side

0 = mixture density

o) =circumferential angle measured from the wind-
ward side

Superscripts

n =index for iteration

J =index in £, direction

Subscripts

, =represents partial derivative

S = freestream quantity

Lk, =indicial notation representing 1, 2, and 3
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Introduction

N the last few years, significant advances have been made

in the field of computational fluid dynamics (CFD). The
existing computational methodology for predicting hy-
personic external flows over three-dimensional geometries
consists of Navier-Stokes (NS), parabolized Navier-Stokes
(PNS), and viscous shock-layer (VSL) schemes. The existing
Navier-Stokes schemes!™ are typically very time consuming
and not well suited for various parametric studies required for
design and analysis purposes. On the other hand, the existing
noniterative PNS schemes*? suffer from instabilities and inac-
curacies. Apart from being noniterative, such PNS schemes
require a substantial approximation in the way the subsonic
sublayer region is treated.®” There are generally large global
conservation-of-mass (as well as momentum and energy) er-
rors associated with these methods, which originate from the
basic noniterative nature of these PNS schemes. The existing
three-dimensional VSL schemes!®-!4 have a basic limitation of
being parabolic in the crossflow direction and, consequently,
cannot march through crossflow separated regions. This pre-
vents the VSL schemes from accurately predicting the com-
plete flowfield over complex lifting configurations, which may
experience strong crossflow separation either due to a large-
angle-of-attack condition or simply due to the three-
dimensional nature of the geometry. However, even under
these conditions the flowfield in the nose region is attached,
and the VSL schemes represent an accurate and efficient way
of generating the nose solutions for starting other (more ac-
curate) afterbody methods that can treat crossflow separation
(such as the PNS schemes).

Over the last several years we have been actively developing
a new and powerful parabolized Navier-Stokes solution
scheme!322 for three-dimensional hypersonic flows. This
three-dimensional PNS scheme uses a general curvilinear coor-
dinate system and is unconditionally timelike in the subsonic
as well as the supersonic flow regions. Due to its uncondi-
tionally timelike character, this PNS scheme does not require
any sublayer approximation.!”'® The original axisymmetric
formulation of this new PNS scheme was presented in 1985 by
Bhutta and Lewis'>1¢ for perfect-gas as well as nonequili-
brium-air flows. The three-dimensional moderate-angle-of-
attack (<5 deg) modifications of this scheme were done by
Bhutta and Lewis!” and Bhutta et al.??> Recently, Bhutta and
Lewis?%2! presented their extensions of this three-dimensional
scheme to large-angle-of-attack (= 20 deg) hypersonic flows.
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Their work covered perfect-gas, equilibrium-air, and
nonequilibrium-air gas models. However, these studies dealt
with only simple multiconic configurations which were easily
modeled using a cylindrical grid-generation algorithm.

In this paper we present our modifications of the three-
dimensional PNS scheme of Bhutta and Lewis!*?! and Bhutta
et al.?? to study perfect-gas and equilibrium-air hypersonic
flows over three-dimensional lifting configurations. We have
modified this PNS scheme to include different grid-generation
schemes in order to better model the three-dimensional geome-
tries. The vehicle geometries considered in this study have con-
vex cross sections and are representative of a large class of hy-
personic flight vehicles of current interest. In this study, we
have implemented and used the new implicit shock-fitting
scheme of Bhutta and Lewis.?*-?! In this fully implicit and
crossflow-coupled shock-fitting scheme, the bow shock shape
is accurately predicted as the solution marches down the body.
Furthermore, we have also used the recently developed
predictor-corrector solution scheme of Bhutta and Lewis.?0-2!
This predictor-corrector scheme was originally developed to
treat the strong crossflow coupling effects in and around the
crossflow separated region. However, the present study shows
that this predictor-corrector solution scheme is also very help-
ful and desirable for predicting the complex three-dimensional
flowfields around lifting configurations. Several three-
dimensional test cases have been considered to evaluate the
stability, accuracy, and computational efficiency of this three-
dimensional PNS scheme, and the results of this study are in-
deed very encouraging.

Solution Scheme

The coordinate system used for the present three-
dimensional PNS scheme is a general curvilinear coordinate
system (£,,£,,£,) shown in Fig. 1. Also, a body-fixed ortho-
gonal (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 £, coordinate 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 £; coor-
dinate is measured in the crossflow direction from the wind-
ward pitch plane. In general, it is assumed that the (x,y,z)
space is uniquely transformable to the (£,,£,,£3) space through
relations of the form

gjzgj(x:yJZ) (1)

The transformation given by Egs. (1) is generally difficuit to
obtain. However, the metric derivatives for the inverse
transformation can be easily obtained numerically. This infor-
mation about the inverse-transform metrics is then used to de-
termine the transformation Jacobians and the metric deriva-
tives for the transformation given by Egs. (1).

Governing Equations

The full Navier-Stokes equations governing the three-
dimensional flow problem?’ can be nondimensionalized and
rewritten in the following vectorial form:

(e;—€g)) =P )

In our approach we choose the flowfield unknowns to be
the density p, the density-velocity products pu, pv, and pw, the
static temperature 7, and the pressure p. Thus the vector of
unknowns is defined as

q=1p, ptt, pv, pw, T, p]” (3)

Following the approach of Viviand?* and Peyert and Vi-
viand,? it can be shown that Egs. (2) can be transformed into
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Fig. 1 General curvilinear coordinate system used.

the general curvilinear coordinate system (£;) as
f—es)e; =h @

These equations are elliptic in £, &,, and £ directions. If we
neglect the diffusion and dissipation effects in the &, direction,
we can write the parabolized Navier-Stokes version of Egs. (4)
in the following vectorial form!3-22;

Fie, — €Sy e810, =h )

These five equations representing the differential conservation
of mass, momentum, and energy are mathematically closed by
using the equation of state for the gas mixure. For a perfect-
gas model as well as an equilibrium-air gas model, this equa-
tion of state can be written in a nondimensional form as

YuP—Z*pT=0 ©)

where Z* =1 for a perfect gas model and Z* = Z*(p, T) for an
equilibrium-air gas model.

Thermodynamic and Transport Property Data

For the perfect-gas model the mixture viscosity is obtained
using the Sutherland formula,?® and the specific-heat ratio is
assumed to be a constant (1.4 for air). The mixture Prandtl
number is also assumed fixed (0.72 for air), and the mixture
thermal conductivity is obtained from the definition of mix-
ture Prandtl number.

In the case of equilibrium chemically reacting air, the mix-
ture thermodynamic and transport properties are provided in
the form of a table. The dependant variables for these tabular
data are chosen to be pressure p and temperature 7. The ther-
modynamic properties involve the mixture enthalpy A(p,T)
and the mixture density (p, 7) data and are based on the tabu-
lar data of Miner et al.? The transport properties involve the
mixture viscosity data u(p, T), the mixture thermal conductiv-
ity data k(p,T), and the Prandtl number data Pr(p,T). The
viscosity and thermal conductivity data are based on the data
developed by Peng and Pindroh.?” The Prandtl number data
were developed using this viscosity and thermal conductivity
data, and the mixture specific-heat data were obtained by nu-
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merically differentiating the enthalpy data of Miner et al.26
The equilibrium-air thermodynamic and transport property
table thus generated covers the temperature range of
10-15,000 K and the pressure range of 0.0025-15.849 atm.
The pressure range of the thermodynamic property data of
Miner et al.? is from 0.000025 atm to 39,810.72 atm; how-
ever, the reduced limits of the current table are due to trans-
port property data of Peng and Pindroh.?’ The original trans-
port property data of Peng and Pindroh?’ are in terms of a
table of density and temperature. When these data were rear-
ranged in terms of pressure and temperature, it was observed
that outside the limits of 0.0025-15.849 atm the available data
did not completely cover the temperature range of 10-15,000
K. Since a direct extrapolation of these data in terms of
pressure may not be accurate, the current table was limited to
this pressure and temperature range. It should be noted that
this range adequately covers most of the flight regime in which
the equilibrium-air effects may be important.

Local Linearization and Numerical Scheme

Let us denote the iteration level by the index 7, so that the
iteration at which we seek the solution is represented by the
superscript n+ 1, and the previous iteration (the solution to
which is known) is represented by the superscript n. If we
assume that the solution at the n+ 1 level is close to the solu-
tion at the mth iteration, we can use a first-order Taylor-series
expansion around the previous iteration. It should be noted
that in evaluating the Jacobian matrices and doing the Taylor-
series expansion around the nth iteration, we only consider the
flowfield variables as the unknowns. Although 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 matri-
ces. Thus, we see that by expanding the solution around the
nth iteration and using two-point streamwise differencing, we
can write Eqgs. (5) as

(A /A8 —Ag)" A" + [(A; —eMo)"-Ag" '],
+[(A3—6M3)”-Aq"“],s3
= =g —eSag, —€Sagy —HY T =g (7a)
where
Aqn+1 =qj+l,n+l _qj+1,n (7b)

It has been shown by Bhutta and Lewis!>-?? that for the
iterative process of Eqgs. (7), the simple two-point streamwise
differencing is conservative in the limit of convergence. This is
not only important from a storage point of view, but it also
gives the present scheme a significantly improved capability
for treating strong compression discontinuities.

Fourth-Order Smoothing Effects

Equations (5) and (7) are elliptic in the £, and £, directions
so that for second-order accuracy we use central-differenced
approximations for all £, and &, derivatives. However, the use
of central-differenced schemes is typically associated with
solution oscillations.4®!5-22 This oscillatory behavior becomes
more pronounced if the local velocities are small, so that the
diagonal terms of the Jacobian matrices also become relatively
small. To damp these solution oscillations, it is necesary to
add some additional higher-order diffusion terms to Eqgs. (5).
However, in an iterative algorithm it is very important that
these smoothing terms be consistently treated on both the im-
plicit left-hand side and the explicit right-hand side of the dif-
ferenced form of the governing equations. In noniterative
PNS schemes,*?® this is not important because the solution is
never driven to convergence. Consequently, classically, such
smoothing operators were separated into a fourth-order ex-
plicit smoothing and a second-order implicit smoothing.*®
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In our earlier work,!3-22 we developed a second-order ac-
curate fully implicit smoothing approach that is accurate and
simple to use. In that approach the second-order smoothing
effects were embedded in an explicit transformation between
an intermediate (unsmoothed) solution and the final
(smoothed) solution. However, some recent studies have
shown that for long geometries with coarse crossflow grids,
the second-order formulation can introduce excessive dissipa-
tion effects. In our present study, we have extended this
smoothing formulation to fourth-order accuracy. In this ap-
proach we can write Egs. (5) as

f[+1,n+1 =€s2/+l,n+l +6S3 J+in+l +hj+1,n+l
SiEj g7 r£3

+ 7 (AL + ma(g)AE5)! @®

where the form of the vectors =, and w, is chosen such that (to
fourth-order accuracy) we can rewrite Egs. (6) in terms of an
intermediate solution x/*! as

Vi DLy, = els200 g, +elss 0 gy
+hOI ) + O(AE)* + 0(AE;)* ®

The actual solution at the j+ 1 step is related to this intermedi-
ate solution through the following fourth-order-accurate ex-
plicit transformations:

G =X =X 1y p, e, AEY/16 (10)
G =X Xy by 1y 2, AES/16 (112)

An important advantage of this formulation is that the cross-
flow smoothing effects [Eqgs. (10)] and the axis-normal
smoothing effects [Eqs. (11a)] can be separately identified.
Furthermore, the way these smoothing operations affect the
individual flowfield variables can also be clearly seen. Being
able to distinguish among these smoothing effects permits us
to further enhance accuracy by restricting the axis-normal
smoothing effects to only the pressure field. Thus, Eqs. (11a)
are rewritten as

¢ =00y = 10,0,0,0,0,(x16)t, ¢, ¢, ¢, 1 AES /16 (11D)

where x4 is the sixth element of the vector x,. In this man-
ner, the axis-normal smoothing effects do not degrade the wall
heat-transfer and skin-friction predictions.

Under-Relaxation and Pseudo-Unsteady Approach

Using a two-point streamwise differencing, central-differ-
enced approximations in the £, and £, directions and after in-
corporating the higher-order smoothing terms, the final dif-
ferenced equations corresponding to Egs. (5) and (6) are
written in the following block-pentadiagonal form:

(A/788; —Ag)" - A" +[(Ay — eMy)" 'A‘I"H],gz

+[(A; —eM3)"-Ag"t 1]

vk
= —olfjy, €S2y, — €8y, —hytin=gitln (12a)
where
Ax"H =yt —yn (12b)

and w is an under-relaxation factor. This under-relaxation fac-
tor has values between O and 1, and it has been found to be
very helpful in obtaining converged solutions for complex
flowfields.?! Typically, we use w=0.5 for complicated flow-
field calculations and w=1 for simple flowfield calculations.

It should be noted that the right-hand side terms of Eqs.
(12a) are the governing differential equations multiplied by the
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factor w, and they go to zero in the limit of convergence. As
discussed by Bhutta and Lewis!5-2! and Bhutta et al.,?! under
these conditions the exact form of the left-hand implicit terms
is of no great consequence except that it affects the conver-
gence path of the solution. With this idea in mind we do not
update the Jacobian matrices beyond the first iteration.

Boundary Conditions

The problem represented by the governing PNS equations is
a split-boundary-value problem; i.e., the equations are
hyperbolic-parabolic in the &, direction and elliptic in the £,
and £, directions. Thus, in order to solve the problem com-
pletely we need initial conditions to be specified at the start of
the marching procedure, boundary conditions to be specified
at the wall and at the outer bow shock, and boundary condi-
tions to be specified in the windward and leeward pitch planes
(for flows with a pitch-plane of symmetry).

Initial Conditions

The initial conditions to start the PNS solutions were ob-
tained from either appropriate VSL blunt-body solution
schemes or an appropriate Navier-Stokes scheme. These
blunt-body solutions were interpolated to obtain the starting
solution at the initial data plane (IDP) for the three-
dimensional PNS afterbody solution. Typically, for multi-
conic configurations we choose the starting location to be ap-
proximately 2-3 nose radii downstream of the nose
stagnation-point location. However, in the case of a complex
three-dimensional geometry, the IDP is generated at the most
upstream nose-afterbody tangent point location.

Wall Boundary Conditions

The boundary conditions at the wall consist of six indepen-
dent relations representing the nature of the gas mixture and
the physical conditions at the wall. These conditions consist of
no-slip boundary conditions, specified wall-temperature dis-
tribution, and equation of state and zero pressure derivative in
the &, direction (p,; , = 0). This last boundary condition on the
pressure derivative comes from a boundary-layer-type analysis
performed at the wall.

Shock Boundary Conditions

The boundary conditions at the outer bow shock are, how-
ever, much more involved. These boundary conditions involve
a fully implicit and crossflow-coupled shock-fitting approach,
and the bow shock is predicted as the solution marches down
the body. This shock-fitting scheme is discussed in more detail
in the following sections.

Circumferential Boundary Conditions

Currently, our three-dimensional scheme is restricted to
flows with a pitch plane of symmetry; i.e., the vehicle geome-
try is symmetric with respect to the pitch plane and there is no
yaw. For such a case the boundary conditions in 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.?

Predictor-Corrector Solution Scheme

When three-dimensional configurations are pitched at angle
of attack, regions of strong crossflow can develop around the
body. If the vehicle cross section is strongly three-
dimensional, such regions of strong crossflow can even de-
velop under small or zero angle-of-attack conditions. Typi-
cally, in these regions of strong crossflow the 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 difficul-
ties. To address the problem of crossflow coupling, in this
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study we have used a new predictor-corrector solution scheme.
We had originally developed this scheme to enhance solution
stability under large-angle-of-attack conditions where fine
crossflow grids were needed to accurately capture the
flowfield details.2%?! However, similar fine-grid situations
also arise when modeling three-dimensional configurations.

The pentadiagonal system of equations to be solved can be
written as

(D-Axy_1,)+ (A DXy 1)+ (B-Axy )
+(C'AXk,e+1)+(E'AXk+1,i)=gj+l’" (13)

The predictor-corrector scheme to solve this pentadiagonal
system of equations is divided into three diffferent parts;
namely, 1) the predictor step, 2) the shock solution, and 3) the
corrector step. This solution scheme has been discussed in
detail by Bhutta and Lewis,?*?! and the following sections
briefly describe the solution steps involved.

Predictor Step

In the predictor step, the implicit crossflow-coupling effects
are neglected in favor of the axis-normal coupling effects.
With this assumption, the equations for the predictor step
become

(A-Dxiee- 1)+ (B-Axg ) +(C-AxE ) =8" (14)

These equations are inverted from the body to the shock to de-
velop a set of recursive relations between the predictor solu-
tion (x*) at each successive grid point in the body normal di-
rection.

Crossflow-Coupled Shock Solution

Recently, we have also developed a new fully implicit and
crossflow-coupled shock-fiting scheme.?®2! In this shock-
fitting scheme, the bow shock location is iteratively predicted
as the solution marches down the body, and the numerical for-
mulation is capable of treating different gas models in a uni-
fied manner.??! Some of the important features of this bow
shock-fitting approach follow.

1) Unlike earlier noniterative shock-propagation ap-
proaches, %228 this approach does not assume the flowfield be-
hind the shock to be inviscid. This can be quite important
when strong flowfield gradients exist behind the shock, as may
be the case in the nose-dominated region and in regions where
the bow shock starts to interact with the embedded shock
waves (or compression waves) originating from the body.

2) Unlike the iterative shock-fitting approaches of Helliwell
et al.? and Lubard and Helliwell,* this shock-fitting ap-
proach is for a general curvilinear coordinate system. Further-
more, it also does not increase the matrix size of the solution
between the body and the shock.

3) Unlike an earlier iterative or noniterative bow shock-
fitting scheme,®%%-39 this shockfitting scheme does not neg-
lect the crossflow coupling effects at the shock. This results in
accurate and smooth shock shapes even when there are strong
crossflow variations of the conditions behind the shock. This
can be especially important when dealing with complex three-
dimensional configurations where the three-dimensional
nature of the body can interact with the bow shock and
substantially distort it. Similar strong crossflow varia-
tions may also occur on simple configurations when they are
pitched at large angles of attack.

In the bow shock-fitting scheme, it is assumed that from one
iteration to the next, the shock points move along the £, grid
line. This direction corresponds to the intersection of the
£, =const and £, = const surfaces. This assumption considera-
bly reduces the number of unknowns to be solved at the shock,
and the final solution has only one additional unknown that
completely defines the spatial movement of the shock point.



198 B. A. BHUTTA AND C. H. LEWIS

The smaller size of the unknowns is very important for a faster
iterative solution and enhanced convergence characteristics of
the overall implicit shock-prediction scheme. This simplifica-
tion only represents a certain constraint on the direction in
which the shock point moves and has no effect on the accuracy
of the shock-crossing solution. To further simplify the numer-
ical solution it is assumed that the metric derivatives y ;, and
7,1, at the shock can be assumed as known from the previous
iteration. 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

Gl = ()5 + ()5 (A (15)

The various velocity components at the shock surface can
now be expressed in terms of the shock motion and shock
coordinates. These velocity components are then used to write
the five Rankine-Hugoniot shock-crossing equations (repre-
senting the conservation of mass, momentum, and energy).
However, we actually have seven unknowns at the shock, writ-
ten in a vectorial form as

g, = (o,ou,00,0w, T,p,A)T (16)

Thus, two more equations are needed to close the system of
equations at the shock. One of these additional equations is
the equation of state of the gas, and the other equation is pro-
vided by applying the differential continuity equation behind
the shock. As we see, no approximation other than the as-
sumption of a Rankine-Hugoniot shock has been made. These
equations are equally valid even if the conditions behind the
shock are either viscous- or inviscid-dominated or if substan-
tial flowfield gradients exist behind the shock. The depen-
dance of all of the quantities appearing in these seven equa-
tions on the seven unknowns at the shock point g, can be
derived, and the equations are linearized around the previous
iteration. The finite-differenced approximations to these
equations involve central-differenced approximations for the
£, derivatives and backward-differenced approximations for
the £, and £, derivatives.?:2!

Using the recursive relations of the predictor step, the inner
flowfield solution can be expressed in terms of the shock-point
solution. In this manner, the final system of equations to be
solved at the shock takes the following block-tridiagonal
form:

T (Ag)TT! 4 BL-(Ag)T (Mg =gk (1)

This block-tridiagonal system of equations is solved using ap-
propriate reflective and symmetric boundary conditions in the
leeward and windward pitch planes of symmetry. This solu-
tion gives simultaneously the Ag,”*! vectors at each shock
point (k=1,2,3,..., KMAX).

Using this shock-point solution and the recursive relations
of the predictor step, we can now obtain the predicted solution
vector x* for all interior grid points. At the same time, the x,
v, and z coordinates of the updated shock-point locations to
be used in the next solution iteration are determined using
Eqgs. (15).

Corrector Step

Just like the shock-point solution, the solution in the corre-
tor step uses the recursive relations from the predictor step to
eliminate the (k,/— 1) contributions in the difference molecule
[see Egs. (13)]. Then, assuming that the solution at the
(k,£+ 1) point is also known from the predictor step, one can
reduce Eqgs. (13) to only a coupled system of equations in the
crossflow direction. This crossflow corrector solution can be
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written as20-2!

D-Axy_1 g+ B—AR ;) Axy e+ E-Axpiy (18)
=@~ A1)~ C-Ax} 4

where x* is the predicted solution, and x is the corrected solu-
tion. This implicit crossflow solution is obtained using plane-
of-symmetry boundary conditions applied in the windward
and leeward pitch planes. In this way the flowfield solution is
marched from the shock to the body. This overall iterative
process is repeated until the solution converges at all grid
points, and then the solution moves on to the next marching
step.

Grid-Generation Algorithms

In our study we have used different grid-generation schemes
to better model the complex three-dimensional configurations.
These grid-generation schemes can be classified as 1) parabolic
grid generation, 2) body-normal grid generation, and 3) a
modified body-normal grid generation. For convex three-
dimensional shapes, these grid-generation schemes provide a
fast and efficient way of generating reliable computational
grids.

Parabolic Grid Generation

The parabolic grid-generation scheme used is based on the
algorithm developed by Noack,’! which we appropriately
modified to suit our solution procedure. An important advan-
tage of such a parabolic grid-generation scheme over a hyper-
bolic grid-generation scheme?® is that the shock-point loca-
tions are specified by the user and not determined by the
grid-generation scheme. For complex three-dimensional cross
sections, however, our experience with parabolic grid genera-
tion shows that the possibility exists that, as we march down
the body, the body-point locations may start to shift more rap-
idly than the coresponding shock-point locations. This typi-
cally arises when the body shape rapidly changes in the stream-
wise direction. This relative displacement between the body-
and the shock-point locations introduces a sort of twist in the
grid. When this grid twisting becomes large, it affects the ac-
curacy and convergence characteristics of the numerical solu-
tion. This twisting effect becomes more pronounced when the
shock-layer thickness is small, such as may occur around body
corners and shoulders. One way of reducing this grid twisting
is to use the same circumferential stretching at the shock as
used at the body. Sometimes, however, even this approach is
not adequate to avoid unnecessary grid twisting.

Body-Normal Grid Generation

The body-normal grid-generation scheme uses grid lines
that are straight body normal in an axis-normal plane. A sim-
ple algebraic grid generation is then used to locate the grid
points along these body-normal grid lines. This grid genera-
tion is faster than the parabolic grid-generation scheme, while
at the same time it does not have the problem of grid twisting.
However, with this straight body-normal grid generation
sheme, abrupt changes may occur around relatively sharp
body corners due to the rapidly changing crossflow body
slopes.

Modified Body-Normal Grid Generation

The modified body-normal grid-generation scheme was de-
veloped specifically to address the grid-generation problems
posed by bodies with relatively sharp corners in the crossflow
direction. In this case the grids generated are body normal
everywhere except in the corner region where the grid slopes
are gradually varied to proide a smoothly changing grid. For
convex three-dimensional shapes, this grid-generation scheme
provides a fast and efficient way to generate accurate and well-
behaved grids.
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Results and Discussion

To evaluate the performance of our three-dimensional PNS
scheme, we applied it to study the supersonic/hypersonic flow
around two different lifting configurations. These cases are
broadly classified as case 1 and case 2. In each case, both
perfect-gas and equilibrium-air gas models were used to ana-
lyze the flowfield. The following sections present the results
for these test cases.

Case 1 Calculations

The geometry used for these case ! calculations is shown in
Fig. 2. It consists of a spherically blunt elliptical cross section
with a flat bottom. This vehicle has a nose radius of 0.1 in.
and a total length of 50 Rn. This geometry description was de-
veloped by Weber?? by using the QUICK geometry description
program.>? The foremost nose-afterbody tangent point of this
geometry is at 0.778 Rn, and the side surface has a 7-deg com-
pression corner between x=20 Rn and x=25 Rn. The free-
stream conditions used for these calculations are shown in
Table 1. They consist of a Mach 20 flight at an altitude of
125,000 ft and an angle of attack of 5 deg. The wall tempera-

SIDE VIEW

Nose radius
= Rn = 0.1 inch

Fig. 2 Vehicle geometry for case 1.

Table 1 Freestream conditions
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ture for these calculations was fixed at 2000 °R, and only fully
laminar flow conditions were considered.

Several calculations were done to study this case, and they
have been summarized in Table 2. Cases la-le are for a
perfect-gas model, whereas case 1f is for an equilibrium-air
gas model. In all these grids, the grid spacing near the wall was
kept at 0.01% of the local shock-standoff distance. It should
be noted that only the case 1a calculations were carried over
the entire body length whereas the calculations for cases 1b-1f
were done for only the first 30 nose radii of the body length.
The following sections show some of the important aspects
studied using these calculations.

Perfect-Gas Flowfield Predictions

Figures 3 and 4 show the crossflow pressure contours at 30
Rn and 40 Rn along the body. These figures clearly show a
strong embedded shock around the lower corner surface that
is quite developed by x=30 Rn. By x=40 Rn this embedded
shock starts to interact and impinge on the bow shock and in
the process pushes the bow shock outward along the corner re-
gion. Figure 4 shows that even at this location the embedded
shock wave is clearly visible in the contour plots. The overall
results indicate that by the body end (x =50 Rn) the embedded

Pressure
(P/PINF) Alt.=125 kft
Mach=20

5° angle of attack

Perfect-gas flow

Case 1la

(51x30 grid)

Quantity Cases la-1f Case 2a___ Case 2b

Altitude 125.000 100.000 100.000

Mach number 20.000 10.000 5.000

Reynolds number 5.31E+3 2.15E+6 1.07TE+ 6

Pressure, 1bs/ft? 7.760 23.1444 23.1444

Density, shug/ft’ 1.02E-5 3.28E-5 3.28E-5

Temperature, R 442.727 410.850 410.850

Velocity, ft/s 2.07E+3 9.94E +3 4.97E+3

Angle of attack, deg 5.000 25.000 5.000 Fig. 3 Crossflow pressure contours for case 1a at x=30 Rn.

Table 2 Case parameters and computing times
Grid IBM- XMP- Cray- Type Gas Order
x/Rn, used 3090, (4/8), 2, of model of
Case from-to N1 xN2xN3? min:s® min:s® min:s¢ grid® used! smoothing

la 0.8-50 46x30x% 51 11:07 6:27 7:56 MBN PG Fourth
b 0.8-30 36x30%31 5:11 2:04 3:27 MBN PG Fourth
lc 0.8-30 36 x30x 31 6:13 2:29 4:26 MBN PG Second
1d 0.8-30 36x30%31 6:11 2:28 4:25 BN PG Second
le 0.8-30 36 x30x31 7:17 2:55 5:12 PB PG Second
1f 0.8-30 36x30x31 5:57 2:23 4:15 MBN EQ Fourth
2a 5.0-30 26 x30% 31 6:07 2:27 4:22 MBN PG Fourth
2b 5.0-30 26 x30% 31 5:28 2:11 4:14 MBN EQ Fourth

aN1, N2, and N3 represent the number of grid points in the streamwise, axis-normal, and crossflow directions.
b Actual computing times on IBM 3090 (model 200 VF) with VS-compiler and scalar LEVEL = 3 optimization.
CEstimated computing times on Cray X-MP (4/8) with CFT77 compiler and auto vectorization.

Estimated computing times on Cray-2 with CFT77 compiler and auto-vectorization

¢MBN, BN, and PB represent the modified body-normal, the body-normal, and the parabolic grid-generation schemes.
PG and EQ represent the perfect-gas and the equilibrium-air-gas models.
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Pressure
(P/PINF)
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Perfect-gas flow

Case 1la

(51x30 grid)

Fig. 4 Crossflow pressure contours for case 1a at x=40 Rn.

shock merges with the bow shock; however, the shock surface
still remains quite distorted.

Although not shown here, the corresponding crossflow dis-
tributions of the wall pressure and shock-standoff distance at
the body end indicate a constant (almost two-dimensional) be-
havior along the flat bottom surface. However, unlike the
wall-pressure distribution, the heat-transfer and skin-friction
distributions along the bottom surface do not show a quasi-
two-dimensional behavior. This is because in this case there
are strong three-dimensional flowfield effects that are more
visible in the wall heat-transfer and skin-friction predictions
because, compared to the wall pressure, they are more sensi-
tive quantities. Moreover, although the wall pressure along the
flat bottom does show a quasi-two-dimensional behavior the
predicted values are much higher due to the three-dimensional
effects of the embedded crossflow shock.

The present results clearly demonstrate that, when studying
such complex three-dimensional flows, an appropriate three-
dimensional flowfield prediction scheme must be used. This is
because, for many complex vehicle configurations some parts
of the geometry may look like simple two-dimensional or ax-
isymmetric regions and may tempt the application of simple
two-dimensional or axisymetric-like solution approaches. The
present results, however, indicate that even for the flow over
such simple surface regions there are significant three-
dimensional crossflow effects that need to be included. Fur-
thermore, the wall heat-transfer and skin-friction distributions
are more sensitive to these effects than either the wall pressure
or the shock-standoff distance.

As shown in Table 2, it took nearly 11 min and 7 s to do the
entire case la (15x30 grid) calculation on an IBM 3090
(Model 200 VF) machine. The estimated computing times for
a typical Cray-2 machine and an X-MP (4/8) machine are also
shown for comparison purposes. These computing times
clearly show that, apart from being accurate and stable, the
three-dimensional PNS scheme being presented is also compu-
tationally efficient and affordable.

Equilibrium-Air Effects

The effects of changing the gas model from perfect-gas to
equilibrium chemically reacting air were studied using case 1b
and case 1f calculations. Case 1b calculations were for a
31 x 30 grid using a perfect-gas model, and the case 1f calcula-
tions were from the same grid using an equilibrium-air gas
model. The fourth-order smoothing formulation was used in
each case.
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Fig. 5 Gas model effects on the axial distribution of wall heat-
transfer rate for case 1.

Although not shown here, the results for this test case in-
dicate that, along the windward surface, the perfect-gas and
equilibrium-air predictions agree quite well. However, on the
leeward side the perfect-gas pressures are as much as 40%
higher. One of the main reasons for these differences in the
predicted wall pressure is that, compared to the corresponding
perfect-gas case (case 1b), the predicted equilibrium-air shock
layer on the leeward side is as much as 40% thinner. Thus, due
to the thicker leeside viscous region for the perfect-gas case,
the corresponding wall pressure distribution shows a much
larger viscous-induced pressure.

The axial distribution of wall heat-transfer rates for these
calculations are compared in Fig. 5, and the corresponding
crossflow distributions at x=30 Rn are compared in Fig. 6.
These results show that, compared to the perfect-gas predic-
tions, the equilibrium-air predictions of the windward wall
heat-transfer rates are as much as 20% lower in the forebody
region, and they are as much as 15% higher in the afterbody
region. The forebody wall heat-transfer predictions on the
leeside with the equilibrium-air gas model are 30-40% lower
than the perfect-gas case. In the afterbody region the perfect-
gas and equilibrium-air predictions of the leeside wall heat-
transfer rates are within 5% of each other. The predictions of
the streamwise skin-friction coefficient are consistent with
these wall heat-transfer results.

The computing times for these calculations are shown in
Table 2. The case 1b perfect-gas calculations took 5 min and
11 s on the IBM 3090 (Model 200VF) machine, whereas the
case 1f equilibrium-air calculations took 5 min and 57 s on the
same machine. Thus, despite the accurate table look-up proce-
dure involved, the equilibrium-air calculations with the pres-
ent scheme took only 10-13% longer to do than the corre-
sponding perfect-gas calculations. This shows that with the
present three-dimensional PNS scheme, equilibrium-air calcu-
lations for even complicated three-dimensional configurations
can be accurately done in an effective and affordable manner.

One of the important conclusions based on this study of the
gas model effects is that for complex configurations, changing
the gas model from perfect-gas to equilibrium chemically re-
acting air has a significant effect on the predicted flowfield.
Previous experience with sphere cones at small to moderate
(<5 deg) angles of attack!>'%22 had shown that the primary
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effects of the gas model change were in the heat-transfer and
skin-friction predictions. Our recent experience with large (20
deg) angle-of-attack flows over similar sphere cones?-?! has
shown that, under such conditions, substantial differences
also start appearing in the predicted wall pessures and the bow
shock shape. The present results show that pronounced effects
of the gas model become evident even under moderate angle-
of-attack conditions if the vehicle geometry has a complex
three-dimensional shape.

Effects of Higher-Order Smoothing

As shown in Table 2, the effects of second-order and
fourth-order smoothing were studied using the case 1b and
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Fig. 6 Gas model effect on the crossflow distribution of wall heat-
transfer rate for case 1.
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case 1c calculations. The corresponding results showed that, in
general, the predictions using the second-order and fourth-
order formulations were in excellent agreement. Although not
shown here, the maximum differences in the wall pressure,
heat-transfer rate, and skin-friction was of the order of 1% or
less. Furthermore, there was no identifiable effect on the pre-
dicted shock shape. However, there were important differ-
ences in the computing times required for these calculations
(Table 2). The calculations with fourth-order formulation
took 5 min and 11 s on IBM 3090 (mode! 200 VF), while the
similar calculations with the second-order formulation took 6
min and 11 s. Thus, although the converged results did not
change, with the fourth-order formulation the solution con-
verged at a faster rate and resulted in a 20% reduction in the
overall computing time required.

Grid-Generation Results

In order to better model the geometry and the flowfield
around it, in this case 1 study we have looked at the use of a
parabolic grid generation (case le), a body-normal grid gener-
ation (case 1d), and a modified body-normal grid generation
(case 1¢). The crossflow grid distribution used at the surface in
all cases was the same. Some sample grids generated at x=30
Rn by using these schemes are shown in Fig. 7. As can be seen
from these grids, for the case considered, all the grid genera-
tion schemes work reasonably well. There are, however, some
important differences in the final grids generated. The parabo-
lic grid shows a small amount of grid twisting developing
around the lower body corner. This twist had started to de-
velop even after efforts were made to match the crossflow grid
distribution at the body and the shock. Furthermore, if the
crossflow grid in the corner region were made any finer, there
would be a substantial increase in grid distortion. The corre-
sponding body-normal grid shows that although the grid twist-
ing is eliminated, due to the rapidly changing body slopes
around the corner region, the crossflow grid distribution away
from the body was not good. The modified body-normal grid
shows that the grid-twisting and the crossflow grid-spacing
problems of the parabolic and the body-normal grids have
been adequately resolved.

Although the modified body-normal and the parabolic grids
shown look similar, the important difference is that farther
down the body length the parabolic grids became excessively
distorted, whereas the modified body-normal grids were still
well behaved. Furthermore, the computing times given in
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Fig. 7 Grid generation results for case 1 calculations.
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Fig. 8 Crossflow distribution of wall pressure for case 2a at x=30 RN.

Table 2 show that the calculations with the body-normal and
the modified body-normal grid-generation schemes took
nearly 15-20% less time than the corresponding calculations
using the parabolic grid-generation scheme. Thus, we see that
our modified body-normal grid-generation scheme not only
provides better quality grids for such geometries, but it is also
faster and more efficient.

Effects of Crossflow Grid Refinement

The effects of crossflow grid refinement were studied using
the 51-plane case la calculation and the 31-plane case 1b cal-
culation. For the case 1b calculations, a relatively larger
number of points were placed around the corner region to bet-
ter model the flowfield changes in that region. Although not
shown here the results showed that because of the additional
clustering in the corner region, the 31-plane results agreed
quite well with the 51-plane predictions. However, around the
windward and leeward sides the 31-plane grid was much too
coarse and considerably overpredicted the associated wall
pressure, wall heat-transfer, and skin-friction values. Further-
more, even with the additional clustering, the 31-plane solu-
tion predicted a much thicker shock layer around the corner.

In general, the grid refinement studies showed that, for such
complex lifting configurations, sufficiently fine crossflow
grids are needed to adequately model the geometry as well as
the flowfield around it. Because of the large three-dimensional
flowfield effects, the common approach of using relatively
coarse grids overall and only clustering them in regions of in-
terest may not be a good approach for complex geometries.
Because of this three dimensionality of the flowfield, inac-
curacies in the coarse-grid regions may have a significant ef-
fect on the solution accuracy in the adjacent fine-grid region.
Thus, sometimes, even if the local grid is adequate, the solu-
tion accuracy may not reflect it. And, even worse, some of the
guantities may be reasonably predicted, whereas the others
may not be (as was the case in the aforementioned shock-
standoff results). Consequently, we feel that in such cases a
general grid refinement of the solution domain may be a better
and safer approach than a selective grid refinement of some
regions at the expense of others.
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Fig. 9 Crossflow pressure contours for case 2a at x=30 Rn.

Case 2 Calculations

The geometry used for the case 2 calculations was developed
by Harris Hamilton, at NASA Langley Research Center, to
model the flowfield around the Space Shuttle Orbiter.?* The
case 2a calculations are for a perfect-gas model, whereas the
case 2b calculations are for an equilibrium-air gas model.

Perfect-Gas Predictions

The freestream conditions for these case 2a calculations are
shown in Table 1 and correspond to a Mach 10 perfect-gas
flow at an altitude of 100,000 ft and 25-deg angle of attack.
The wall temperature for this case was kept fixed at 1800 °R,
and the flow was considered to become fully turbulent at x=35
Rn. The solution in this case was carried down to x=30 Rn,
where the wing tip starts to form. The grid used for these cal-
culations consisted of a modified body-normal grid with 31
crossflow planes and 30 points between the body and the
shock.

The crossflow distribution of the wall pressure at x=30 Rn
is shown in Fig. 8, whereas the corresponding crossflow
pressure contours at this location are shown in Fig. 9. For this
case, the wall-pressure as well as the wall heat-transfer rate
predictions along the lower surface have a marked quasi-two-
dimensional character. The skin-friction predictions closely
follow the heat-transfer predictions, and the shock-standoff
distance shows the rapid thinning of the shock layer around
the corner region. The computing time and the grid used for
this case are given in Table 2, which shows that it took nearly 6
min and 7 s to do this case on an IBM 3090 (model 200VF) fa-
cility. These results and the corresponding computing times
show that the present three-dimensional PNS scheme can even
be used for large angle-of-attack flows over realistic three-
dimensional configurations in an efficient and affordable
manner.

Equilibrium-Air Predictions

The freestream conditions for these case 2b calculations are
also shown in Table 1 and correspond to a Mach 5
equilibrium-air flow at an altitude of 100,000 ft and 5-deg an-
gle of attack. The wall temperature for this case was also kept
fixed at 1800 °R, and the flow was considered to become fully
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Fig. 10 Crossflow pressure contours for case 2b at x=30 Rn.

turbulent at x=5 Rn. Like the case 2a solution, this case 2b
solution was also only carried down to x=30 Rn. The grid
used for this calculation also consisted of a modified body-
normal grid with 31 crossflow planes and 30 points between
the body and the shock.

The crossflow pressure contours for the case at x=30 Rn
are shown in Fig. 10. The corresponding axial and crossflow
distributions of wall pressure and wall heat-transfer rate are
quite smooth and well behaved. As shown in Table 2, this case
took nearly 5 min and 28 s to do on an IBM 3090 (model
200VF) facility. This is indeed a relatively simple case com-
pared to the case 1 and case 2a calculations presented earlier.
However, this case was included to demonstrate the
equilibrium-air capability of the present three-dimensional
PNS scheme for supersonic or low hypersonic Mach numbers.

Conclusions

A new three-dimensional PNS scheme has been developed
to study perfect-gas and equilibrium-air viscous hypersonic
flows around complex three-dimensional configurations. Two
different three-dimensional configurations were used to study
the various aspects of this three-dimensional PNS scheme
under realistic flight conditions. Studies were done to investi-
gate the effects of gas model, grid-refinement, and different
types of grid-generation schemes. The results of these studies
substantiate the following comments:

1) Based on the PNS scheme of Bhutta and Lewis,-?! a
three-dimensional PNS scheme for predicting perfect-gas and
equilibrium-air hypersonic flows around three-dimensional
configurations has been developed. This three-dimensional
PNS scheme is unconditionally timelike in the subsonic as well
as the supersonic flow regions and does not require the use of
any sublayer approximation. The recently developed implicit
shock-fitting and predictor-corrector solution schemes of
Bhutta and Lewis20-2! have been incorporated and used with a
general curvilinear coordinate system.

2) A new fourth-order accurate smoothing approach has
been developed to suppress numerical solution oscillations.
This scheme is an extension of the earlier second-order-
accurate approach of Bhutta and Lewis!*>-?! and results in ac-
curate and smooth flowfield predictions.

3) The results of the three-dimensional test cases considered
show that substantial three-dimensional crossflow effects exist
in the predicted flowfields. Even in regions where the body
surface looks like a two-dimensional or an axisymmetric sur-
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face, there are considerable three-dimensional effects from the
neighboring flowfield regions. Thus, simple quasi-two-dimen-
sional or axisymmetric approximations for these flowfield re-
gions are inadequate, and the overall flowfield is best pre-
dicted using an appropriate three-dimensional solution
scheme.

4) Because of the strongly three-dimensional nature of the
flowfields around complex lifting configurations, a localized
grid refinement at the expense of the neighboring regions may
not be an appropriate approach. In such cases the solution in-
accuracies in the neighboring regions can exert a strong influ-
ence on the local solution accuracy. Thus, for such flowfield
calculations, a more uniform grid refinement is a better and
safer solution strategy.

5) Grid generation results show that for three-dimensional
geometries with convex cross sections, a slightly modified vari-
ation of a body-normal grid-generation scheme shows the best
characteristics. Such a grid generation scheme not only pro-
vides much better control over the grids generated than the
parabolic grid-generation scheme, but it is also more efficient
and took 20% less computing time.

6) Studies with prefect-gas and equilibrium-air gas models
show that for complex configurations the type of gas model
used has a substantial effect on the important flowfield quan-
tities; e.g., the wall pressure, the shock-standoff distance, and
wall heat-transfer and skin-friction predictions, etc. However,
the results show that with the present three-dimensional
scheme such equilibrium-air flowfield predictions can be accu-
rately made in an efficient and affordable manner. Further-
more these equilibrium-air PNS calculations take only
10-15% more time than the corresponding perfect-gas predic-
tions.
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