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Comparison of Hypersonic Experiments and PNS Predictions
Part I: Aerothermodynamics

Bilal A. Bhutta* and Clark H. Lewist
VRA, Inc., Blacksburg, Virginia 24063

A parabolized Navier-Stokes (PNS) scheme has been developed to study perfect-gas and equilibrium-air
hypersonic flows around three-dimensional configurations. This numerical scheme is unconditionally time-like
in the subsonic as well as the supersonic flow regions and does not require any sublayer approximation. This
three-dimensional PNS scheme has been used to predict hypersonic flowfields over various blunt conical
configurations under either flight or wind-tunnel conditions. The test cases cover a Mach number range of
6.9-20 and an angle-of-attack range from zero to 27 deg. The resulting predictions of wall heat-transfer rate are
compared with flight or experimental wind-tunnel data and are found to be in excellent agreement under laminar
and fully turbulent conditions. The predictions of the transition model of Dhawan-Narasimha, however,
significantly differ from the observed flight data. Numerical results for large angle-of-attack conditions show
that accurate modeling of the leeward crossflow separated region is essential for accurately predicting the
associated leeward wall heating rates.
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Nomenclature
angle of attack with respect to foreeone
axis a, deg
maximum axial step size
static enthalpy
thermal conductivity
grid index in the £3 direction
reference length for force and moment
coefficients, also grid index in the £2 direction
Mach number
iteration number
static pressure
circumferential angle 0, deg
Prandtl number
wall heat-transfer rate, BTU/ft2-s
Reynolds number, (pVRn)/jjL
nose radius
static temperature
x component of local velocity
total velocity
y component of local velocity
z component of local velocity
coordinate along body axis
y coordinate
z coordinate
angle of attack with respect to foreeone axis, deg

viscosity
marching or stream wise coordinate
coordinate measured from the body to the outer
bow shock
coordinate measured from the windward to the
leeward pitch plane
static density
circumferential angle measured from the
windward side, deg
ratio of specific heats
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Subscripts
, = partial derivative
oo = freestream quantity
w = wall quantity
0 = total conditions
k = indicial notation representing 1,2, and 3

Superscripts
n = index for iteration
j - index in ̂  direction

Introduction

T HE existing numerical schemes for predicting hypersonic
external flows over three-dimensional geometries consists

of Navier-Stokes (NS), parabolized Navier-Stokes (PNS), and
viscous shock-layer (VSL) schemes. The NS schemes1'3 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 VSL schemes4'6 have a basic
limitation of being parabolic in the crossflow direction and,
consequently, cannot march through crossflow separated re-
gions. 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 accurate) afterbody methods that can
treat crossflow separation (such as the PNS schemes).

One of the objectives of this paper is to demonstrate the
accuracy, robustness, and computational efficiency of a three-
dimensional PNS scheme capable of treating perfect-gas and
equilibrium-air hypersonic flows over complex three-dimen-
sional configurations at large angles of attack (up to 27 deg).
The axisymmetric version of this PNS scheme was first pre-
sented by us in 1985.7 The present three-dimensional PNS
scheme is a result of continuous development of this PNS
scheme since that time.8"14 This three-dimensional PNS
scheme uses a general curvilinear coordinate system and does
not require any sublayer approximation.9 Recently, this un-
conditional time-like nature of our basic PNS scheme was
further demonstrated by extending it to the hypersonic blunt-
body region and unconditionally marching it through the sub-
sonic blunt-body region.10 All other three-dimensional PNS
schemes15'21 being used in the CFD community use some sort
of a sublayer approximation to keep the numerical solutions
stable in the near-wall subsonic flow region. These sublayer
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models represent a substantial approximation in the way the
near-wall subsonic sublayer region is treated and, thus, limit
the numerical solution accuracy. In many cases these numeri-
cal inaccuracies represent severe limitations on the computa-
tional grids that can be used. The present three-dimensional
PNS scheme not only provides enhanced solution accuracy by
not requiring any sublayer approximation but also is robust
enough to provide stable and accurate solutions over a wide
range of coarse-to-fine grids.

In this paper we have used our three-dimensional PNS
scheme over a wide range of Mach number and angle-of-at-
tack conditions. Various blunt conical configurations have
been studied under wind-tunnel or flight conditions. Compari-
sons have been made with available flight or experimental
wind-tunnel data on wall heat-transfer distributions. A wide
range of coarse-to-fine grids have been used to demonstrate
the accuracy and robustness of this three-dimensional PNS
scheme. In general, the results show that the predictions of the
present three-dimensional PNS scheme are in excellent agree-
ment with available data.

Solution Scheme
Numerical Formulation

The coordinate system used for the present three-dimen-
sional PNS scheme is a general curvilinear coordinate system
(£i»£2»?3). Also, a body-fixed orthogonal (Cartesian) coordi-
nate 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 flowfield unknowns
are chosen to be p, pu, pv, pw, T, and p.

Following the approach of Viviand22 and Peyret and Vivi-
and,23 it can be shown that the three-dimensional full PNS
equations can be written in the following vectorial form7"14:

= h (1)

The first five equations of this vectorial set represent the
differential conservation of mass, momentum, and energy,
and the last (sixth) equation of this vectorial set is the algebraic
equation of state for the gas mixture. For a perfect-gas model
as well as an equilibrium-air gas model, this equation of state
can be written in a nondimensional form as

700/7 - Z*pT = 0 (2)

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

By expanding these governing equations around the previ-
ous (nth) iteration,7"14 using two-point streamwise differenc-
ing and solution under-relaxation,11"14 we can write Eq. (1) as
a block-pentadiagonal system of equations11"14 that is solved
using a pseudo-unsteady approach.7"14 The final PNS equa-
tions are elliptic in the £2 and £3 directions. Therefore, in the
present approach, central-differenced approximations are
used for all £2 and £3 derivatives. However, the use of central-
differenced schemes is typically associated with solution oscil-
lations7"14'17"20 and, thus, additional fourth-order dissipation
terms are introduced in the £2 (axis-normal) and crossflow (£3)
directions.13'14 The accuracy of this smoothing formulation is
further enhanced by restricting the axis-normal smoothing
effects to only the pressure field.11"14 In this manner, the
axis-normal smoothing effects do not degrade the wall heat-
transfer and skin-friction predictions.

Now a simple first-order accurate finite-difference represen-
tation of the streamwise convective flux derivatives (/!,$,) has
no inherent mechanism to check or suppress the onset of
streamwise numerical oscillations. The numerical filtering
provided by this first-order backward-differenced approxima-
tion is proportional to the streamwise step size. As the stream-
wise step size decreases, the numerics become more and more
sensitive to the high-frequency (small wave length) streamwise
oscillations. To damp and suppress the growth of any stream-

wise solution oscillation, small amounts of second-order
streamwise numerical dissipation effects are added to the first-
order accurate streamwise convective derivatives such that in
the limit of A^—0 the streamwise convective derivatives are
continuous. This approach is based on a very simple damping
model, and the streamwise diffusion effects in the convective
streamwise derivatives are of the form f

where the subscript b represents a first-order backward-differ-
enced approximation. The second-order derivative to be used
in Eq. (3) is estimated using a one-sided backward-differenced
approximation. The appropriate values of 0 appearing in the
above damping model are between zero and unity. The lower
limit of 0 = 0 is quite evident as it corresponds to the damping-
free limit. The upper limit of 0— 1 corresponds to the limiting
case of a vanishingly small stepsize (A£i—0) and the require-
ment that the streamwise flux derivatives at the j and j + 1
steps be continuous; i.e., (fi,tl)j+l-~(fi,$l)J. In the present
approach, a simple linear model is used for 0 such that 0—1 as
A£i— 0 and 0—0 when A£i is adequately large (A£i>A£i).
Thus, the numerical accuracy of a large step-size solution is
not compromised. Numerical tests show that, in general, A^
can be adequately approximated as 10% of the local shock-
standoff distance.

For the perfect-gas model the mixture viscosity is obtained
using the Sutherland formula,24 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 mixture thermodynamic and transport pro-
perties are provided in the form of a table. The thermody-
namic properties involve the mixture enthalpy h(p,T) and
mixture density p(p, T) data and are based on the tabular data
of Miner et al.25 For the present calculations two different sets
of these equilibrium-air transport property data were used.
The first set of transport property data is based on the viscos-
ity and thermal conductivity data developed by Peng and
Pindroh.26 The Prandtl number data were developed using
these viscosity and thermal conductivity data and the mixture
specific-heat data obtained by numerically differentiating the
enthalpy data of Miner et al.25 Additional details on the limits
of these tabular data are given in Ref. 11. The other set of
equilibrium-air transport property data uses the equilibrium-
air composition of Miner et al.25 along with the species viscos-
ity curvefits of Blottner et al.27 and Wilke's mixture formula27

to determine the mixture viscosity of the equilibrium-air mix-
ture. The thermal conductivity and Prandtl number data used
are based on the data of Hansen.28 For this reason this set of
transport property data will be referred to as the Blottner-
Hansen combination.

The initial conditions to start the PNS solutions were ob-
tained from appropriate VSL blunt-body solution schemes.4
The boundary conditions at the wall consist of the equation of
state for the gas, no-slip boundary conditions, specified wall-
temperature distribution, and zero pressure derivative in the £2
direction (p^2 = 0).7~14 The boundary conditions at the outer
bow shock involve a fully implicit and crossflow-coupled
shock-fitting approach, and the bow shock location is simulta-
neously predicted as the solution marches down the body.11"14

The crossflow boundary conditions consist of either 1) pitch
plane-of-symmetry boundary conditions or 2) periodic
boundary conditions for flows that do not have a pitch plane
of symmetry. For cases with a pitch plane of symmetry, sec-
ond-order accurate reflective or symmetric boundary condi-
tions20"21 are used in the pitch plane.

To properly treat the effects of strong crossflow solution-
coupling effects, we have used a predictor-corrector solution
approach11"14 to solve the final block-pentadiagonal system of
equations. This predictor-corrector scheme is divided into
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three different steps11"14: 1) the predictor step, 2) the shock
solution, and 3) the corrector step. In the predictor step, the
implicit crossflow (£3) coupling effects are neglected in favor
of the axis-normal (£2) coupling effects.11'14 The crossflow-
coupled implicit shock-fitting scheme11'14 uses the results of
the predictor step to predict the bow shock shape. The correc-
tor step then uses the results of predictor and shock-fitting
steps to reduce the overall pentadiagonal system of equations
to a tridiagonal system in the crossflow direction.11'14 This
tri-diagonal system of equations is then solved using either
plane-of-symmetry or periodic boundary conditions.

Grid Generation and Related Considerations
In our previous studies we have developed several grid gen-

eration schemes to better model complex three-dimensional
configurations.11'14 Recently we have also developed and used
a new elliptic grid-generation scheme that is robust enough to
model various complex as well as simple three-dimensional
configurations in a fast and efficient manner. Thus, for any
griding application with the present three-dimensional PNS
scheme, we either use 1) a cylindrical grid or 2) an elliptic grid.
Cylindrical Grid Generation

A cylindrical grid-generation scheme is used for axisymmet-
ric cross sections. In this cylindrical grid-generation scheme,
equally spaced radial grids are generated in an axis-normal
plane using a simple algebraic grid-distribution function. This
is the simplest and the fastest grid-generation algorithm.

Elliptic Grid Generation
The elliptic grid-generation scheme used in this study is

based on the work of Sorenson and Steger,30 Chaussee and
Steger,31 and Kaul and Chaussee.32 In this approach, a grid is
generated between the body and the outer bow shock, which
corresponds to the solution of two elliptic partial differential
equations involving two forcing functions [P(£2 ,£3) and
<2(£2>£s)] that control the inclination and clustering of the
grid. In the present approach, the forcing functions at the wall
and at the shock boundaries are based on imposing grid or-
thogonality constraints, whereas inside they are exponentially
varied from their specified values at the wall to the specified
values at the shock. Currently this exponential variation is
more rapid near the wall than at the shock. With this biasing,
the grids generated have a more clustered appearance in the
near-wall region.

Numerically it is very difficult to exactly satisfy the user-
specified grid-clustering distribution and also simultaneously
satisfy the orthogonality constraints of the elliptic grid (de-
scribed by the P and Q functions between the wall and shock).
The exponential variations of these forcing functions work
very well, except that the grid generated does not correspond
to the grid clustering finally required. However, one can use
this grid and interpolate on it along £3 = const lines to obtain
the desired clustering. Unlike the actual grid before interpola-
tion, the final interpolated grid is not exactly orthogonal ev-
erywhere. However, it does ensure grid orthogonality at the
body and the shock and also ensures that the grid lines thus
generated will never cross. In short, the basic requirements for
a good computational grid are satisfied.

Since the final grid is generated by interpolating on the
elliptic grid in the £2 direction, the elliptic grid can be gener-
ated using fewer grid points in the £2 direction. Furthermore,
since exact orthogonality of the grid it not really needed, there
is no additional advantage in driving the grid iterations to
complete convergence. Thus, we use a maximum of 30
equally-spaced £2 grid points for the elliptic solution and limit
the number of grid iterations to 25. Typically, in these itera-
tions the grid coordinates are converged to within 0.01-0.1%
of their local value, and the residual norm has decreased by
three orders of magnitude. In addition, in our scheme the full
elliptic grid generation is done only once at a marching step,
which is during the first solution iteration. In subsequent

solution iterations at a step, only the shock points move along
$3 = const grid lines. Thus, during each iteration the elliptic
grid between the body and the shock is not changed and only
the grid points at the shock are adjusted to account for the
shock motion. The required flowfield grid is generated by
simply interpolating on this adjusted elliptic grid. This ap-
proach accounts for substantial computational savings, while
retaining the powers of a full elliptic grid generation.

Transitional/Turbulent Flow Modeling
For turbulent flow calculations, we use a simple two-layer

eddy-viscosity model consisting of an inner law based upon
Prandtl's mixing-length concept and an outer law based on the
Clauser-Klebanoff expressions. This model (introduced origi-
nally by Cebeci and Smith33) assumes that the inner law is
applicable from the wall outward to the location where the
eddy viscosity given by the inner law is equal to that of the
outer law. The outer law is then assumed applicable for the
remainder of the viscous layer. It is noted that the eddy
viscosity degenerates to approximately zero in the inviscid
portion of the shock layer. For this two-layer eddy-viscosity
model, the turbulent Prandtl number is assumed to be 0.9 and,
under cold-wall conditions, the boundary-layer thickness is
calculated using a total enthalpy model. In this total enthalpy
model, it is assumed that an appropriate value for the
boundary-layer thickness is equal to the value of the normal
coordinate where [hQ - /zJ/Po)** - hw] = 0.995.

For the transitional region, the present scheme uses the
model proposed by Dhawan and Narasimha.34 In this model,
continuous transition is affected by defining a streamwise
transition intermittency factor (ytr) that modifies the eddy
viscosity over the transition region (x ^xtr). In this transition
region (x > xtr) the streamwise intermittency factor (ytr) is
evaluated using the following relation:

,r = [l-exp(-0.412*2)]<l (4)

where x= 2.96(x — xtr)/xtr. The various coefficients and
parameters used in this transition model are based on numeri-
cal tests and comparisons with experimental data.

Results and Discussion
The following sections show comparisons of the predicted

wall heat-transfer rate with available flight or wind-tunnel
data. In particular, comparisons have been made with the wall
heat-transfer data from the Reentry-F flight vehicle35 under
laminar and transitional/turbulent conditions. Comparisons
have also been made with the wall heat-transfer data from
the NASA Langley Expansion Tunnel on a 12.84/7-deg bi-
cone with/without a 7-deg nose bend.36 The freestream condi-
tions for these cases are summarized in Table 1. In general,
these PNS calculations cover a Mach number range of 6.9-20

Table 1 Freestream conditions

Cases
Quantity 4-7

W-T/flighta

Mach number
Altitude, thousands of ft
Pressure, psf
Temperature, °R
Angle-of -attack range, deg
Wall-temperature range, °R
Gas model
Flow type
Nose radius, in.

Flight
19.25
120.0
9.585
435.6
0.0

650-860
EQb

LAMC

0.114

Flight
19.97
80.00
58.56
395.1
0.14

775-1086
EQ

TRNSd

0.140

Flight
19.97
65.00
119.6
388.9
0.715

938-1331
EQ

TRNS
0.151

W-T
6.89

45.57
2887.2

0.0-27.0
545-700

EQ
LAM
0.151

aW-T = wind-tunnel conditions, flight = flight conditions.
EQ = equilibrium-air gas model.

CLAM = laminar flow conditions.
TRNS = transitional/turbulent flow conditions.
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and an effective angle-of-attack range of 0-27 deg (see Table
1), where the effective angle of attack is defined with respect
to the forebody axis. It should be noted that the computa-
tional grids used for all these PNS calculations use a near-wall
grid spacing of 1.0 x 10~3% of the local shock standoff dis-
tance. Numerical experience has shown such a fine grid spac-
ing to be adequate for resolving the near-wall temperature and
velocity gradients. The present three-dimensional PNS scheme
is also stable and accurate over a wide range of small to large
marching step-size (DXMAX). Typically, the afterbody PNS
solutions are started at the sphere-cone tangent point with a
small axial step-size, which is gradually increased to DXMAX
in the afterbody region. As mentioned before, the initial con-
ditions to start these PNS solutions were obtained from appro-
priate VSL blunt-body solution schemes.4

5-Deg Sphere-Cone (Reentry-F) Calculations
The data35 from the Reentry-F flight experiment (1968) have

been recently made available. This flight experiment involved
the accurate measurement of surface heating rates on a long

CM
U.

CD

Alt.=120 kft
Mach=19.25
5° Sphere cone
Rn=0.114 inch
Equilibrium-air
Laminar
1x50 Grid

35o Flight Data"
VRAPNS

-A— Blottner-Hansen
——— Peng-Pindroh

'0.00 35.00
X/RN

Tb.OO
alQ1 140

Fig. 1 Effects of equilibrium-air property data on the axial distribu-
tion of the wall heat-transfer rate for case 1.

slender conical RV under laminar, transitional, and turbulent
flow conditions. The particular RV consisted of a 5-deg half-
angle sphere-cone with an overall length of 13 ft and an initial
nose radius of 0.1 in.

Thompson et al.37 have also used these data to make some
comparisons with results obtained using a VSL scheme. Some
of their comparisons were, however, limited due to the numer-
ical difficulties encountered on the leeside by the VSL scheme
when applied to long slender configurations even under rela-
tively small angle-of-attack conditions.37 This is primarily be-
cause the VSL solution scheme by its very nature is very
sensitive to the accuracy of the input shock shape data, and it
is numerically quite challenging to maintain the required accu-
racy for long slender configurations where the shock standoff
distance is large and grows rapidly in the streamwise direction.
The present three-dimensional PNS scheme is a higher order
formulation that is more accurate and more stable and is not
subject to these limitations.

Laminar F/ow Conditions (Case 1)
The case 1 laminar conditions considered correspond to the

Reentry-F flight altitude of 120,000 ft and zero angle-of-at-
tack conditions.35'37 The Mach number at this altitude is 19.25
and the nose radius (Rn) is 0.114 in. The numerical calcula-
tions were done using an equilibrium-air gas model. The ef-
fects of equilibrium-air transport property data based on the
Peng and Pindroh data26 and the Blottner et al.27/Hansen28

combination are shown in Fig. 1, along with the correspond-
ing flight data. These results show that under these conditions
the particular choice of the transport property data does not
have any identifiable effect on the predicted surface heating
rate. Since the Blottner-Hansen data are valid over a much
larger altitude range, we used these data for the remaining
Reentry-F calculations.

In an effort to establish the appropriate grid size, the effects
of axial and axis-normal grid refinement are shown in Figs. 2
and 3. Figure 2 shows the wall heat-transfer predictions using
50, 100, and 150 points in the axis-normal (body-to-shock)
direction and DXMAX = \Rn. This figure shows that the
predictions of the 100- and 150-point grids are almost indistin-
guishable and, for the most part, are within a few percent of
the flight data. The predictions of the 50-point grid are only
2-5% lower and also agree well with the data. The effects of
axial grid refinement are shown in Fig. 3 and include the
predictions of the 50-point grid using DXMAX of Q.\5Rn,
\Rn, and IQRn. The results show that even when the maximum

Alt.=120 kft
Mach=19.25
5° Sphere cone
Rn=0.114 inch
Equilibrium-air
Laminar
DXMAX=1 Rn

o Flight Data35
VRAPNS

-A— Case 1a (1x 50 grid)
-+_ case 1b (1x100 grid)

Case 1c (1x150 grid)

0.00
X/RN «icr

Fig. 2 Effects of axis-normal grid refinement on the axial distribu-
tion of the wall heat-transfer rate for case 1.
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Mach=19.25
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RnsO.114 inch
Equilibrium-air
Laminar
1x50 grid

o Flight Data35
VRAPNS
Case 1d (DXMAX=0.15 Rn)

— Case 1a (DXMAX=1.00 Rn)
+_ Case 1e (DXMAX«10.0 Rnl

0.00 35.00 70.00
X/RN *10r 40

Fig. 3 Effects of axial grid refinement on the axial distribution of the
wall heat-transfer rate for case 1.
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Table 2 Computing times for equilibrium-air cases 1-3

Case
la
Ib
Ic
Id
le
2a
2b
3

Altitude,
thousands

of ft
120
120
120
120
120
80
80
65

Mach
no.

19.25
19.25
19.25
19.25
19.25
19.97
19.97
19.97

Flow
typea

LAM
LAM
LAM
LAM
LAM
TRNS
TRNS
TRNS

AOA,
degb

0.0
0.0
0.0
0.0
0.0
0.14
0.14
0.715

DXMAX,
Rn
1.0
1.0
1.0
0.15

10.
2.5
2.5
2.5

Gridc

N3 X N2 X Nl
1X50X1384C

1 x 100 x 1384 C
1 X 150 X 1384 C
1X50X9116C

1 X 50 X 177 C
9 x 100 X 474 C
9 x 100 X 474 C
9 X 100 X 439 C

Time, sd

87
296
498
513

16
269
289
249

aLAM = laminar flow, TRNS = transitional/turbulent flow conditions.
bAOA = angle of attack.
CN1, N2, and N3 are the number of grid points in the streamwise, axis-normal, and crossflow directions,
respectively. The notations of C means cylindrical grid.
^Computing times on Cray Y/MP with CFT77 compiler and autovectorization.

Alt.=80 kft
Mach=19.97
5° Sphere cone
Rn=0.14 inch
Equilibrium-air
9x100 Grid
DXMAX=2.5 Rn
Trans./turb.
ALPHA=0.14°
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PH3>180°

——— VRAPNS
Flight Data

o Leeward
A windward

35

00
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30.00 3.00 90. OQ*icr 20

Fig. 4 Axial distribution of the wall heat-transfer rate for case 2 with
Dhawan-Narasimha transition model.
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ALPHA=0°

o Flight Data35
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Scaling
modifications
of F.irison
et al.

Cebeci-Smith:
with inst.
transition

Cebeci-Smith
with Dhawan-
Narasimha model

0,00 30.00
X/RN

60.00 90.00
miff

20

Fig. 5 Effects of transition/turbulent flow models on the axial distri-
bution of the wall heat-transfer rate for case 2.

axial step size is varied by two orders of magnitude, the
numerical scheme is not only stable but the predicted heat-
transfer results are also indistinguishable.

The computing times for these cases are summarized in
Table 2 along with the grid sizes used. As can be seen, the
coarsest grid (50-point with DXMAX = IQRn) used took 16 s
on a Cray Y/MP whereas the two finer grids (150-point with
DXMAX = \Rn and 50-point with DXMAX = 0.15jR«) took
498 s and 513s, respectively. Clearly, some of the fine grids
used in this case amount to an overkill; however, in this case
they demonstrate an important issue: viz., that with the pre-
sent three-dimensional PNS scheme the flowfield predictions
are relatively insensitive to axial and axis-normal grid-refine-
ment effects. Consequently, accurate flowfield predictions can
be obtained with relatively coarse grids that require short
computing times and are, thus, quite affordable. In fact,
subsequent results will show these conclusions are also valid in
general for other more complicated flow conditions.

Transitional/Turbulent Flow Conditions (Cases 2 and 3)
The case 2 transitional/turbulent conditions correspond to

the Reentry-F flight altitude of 80,000 ft and 0.14-deg angle of
attack conditions.35'37 At this altitude the Mach number is
19.97 and the nose radius (Rn) is 0.14 in. The case 3 transi-
tional/turbulent conditions correspond to the Reentry-F flight
altitude of 65,000 ft and 0.715-deg angle-of-attack condi-
tions.35'37 The Mach number at this altitude is also 19.97, but
the nose radius (Rn) is 0.151 in.

Figure 4 shows the PNS predictions using the Cebeci-Smith
eddy-viscosity model and the Dhawan-Narasimha transition
model. In this calculation, transition was initiated at an axial
location of 566Rn, and a symmetric transition front was used,
although the data indicated that the windward transition was
initiated earlier. As shown in this figure, the agreement in the
transitional/turbulent region is not very good (especially along
the windward streamline). In their VSL study, Thompson et
al.37 ignored the windward heating rates; however, their pre-
dicted leeward heating rates are in close agreement with the
PNS results shown in Fig. 4.

Since the angle of attack for this case is small, a zero
angle-of-attack investigation of the turbulent and transition
models used (Fig. 5) in this study was conducted. We consid-
ered the original Cebeci-Smith turbulence model with and
without the scaling modifications suggested by Finson et al.38

The original Cebeci-Smith model uses the local viscosity and
density values in the Van Driest damping terms in the inner
eddy viscosity. Finson et al.38 suggested that using the wall
viscosity and density values instead gave better agreement with
their calculations using a higher order turbulence model.
However, Fig. 5 shows that the modifications of Finson et
al.38 result in a substantial overprediction (40-50%) of the
final turbulent heating rates. On the other hand, the original
Cebeci-Smith model does a very good job of predicting the
correct final turbulent heating levels.

The transition length predicted by the Dhawan-Narasimha
model, however, substantially overpredicts the actual transi-
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tion region. In this case, the Dhawan-Narasimha model pre-
dicts a more gradual transition to turbulence, with the flow
only becoming fully turbulent at the body end. To see the
effects of transition location, a calculation was also made
using the original Cebeci-Smith model with instantaneous
transition to fully turbulent conditions initiated at an axial
location of ISQRn. As can be seen from Fig. 5, in this case the
predicted afterbody heating rates agree almost identically with
the data. These results show that in this case the afterbody
flow along the leeward streamline is probably fully turbulent
by x > ISQRn, which is about 4 ft shorter than the predictions
of the Dhawan-Narasimha model. For a 13-ft long body, this
is a significant difference.

The most encouraging aspect of these calculations is that
they show that under these hypersonic conditions the original
Cebeci-Smith model (without pressure gradient effects) does
an excellent job of predicting the correct turbulent levels, and
the observed differences are primarily due to the modeling of
the transition region. Encouraged by this, a final angle-of-at-
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Fig. 6 Axial distribution of the wall heat-transfer rate for case 2 with
an asymmetric transition front and instantaneous transition to turbu-
lence.

tack calculation was made in which instantaneous transition to
fully turbulent conditions was used with an asymmetric transi-
tion front. By looking at the data, the leeward transition was
initiated at x = ISQRn, and the windward transition was ini-
tiated at x - 525Rn. The results of this calculation are shown
in Fig. 6, and they show that the predictions along the wind-
ward and leeward streamlines are in very close agreement with
the flight data.

The results of a PNS calculation at 65,000 ft (case 3) are
shown in Fig. 7. In this case a single calculation was done
using the Dhawan-Narasimha transition model with transition
to turbulence initiated at x = 263Rn. In this case also the
results show that the predictions in the fully turbulent after-
body region (x > 600/to) are in close agreement with flight data
along the windward and the leeward streamlines. However,
in the transition region (26QRn <x<6QQRn), the Dhawan-
Narasimha model underpredicts the transition length (espe-
cially along the leeward streamline). In short, these results
show that the present numerical predictions in the laminar and
fully turbulent regions are very reliable and in close agreement
with the flight data. The original Cebeci-Smith model (without
pressure gradient effects) does a very good job of predicting
the proper turbulent heating levels. The predictions of the
Dhawan-Narasimha transition model are, however, not accu-
rate. It tends to significantly overpredict the transition length
at higher altitudes and significantly underpredicts the transi-
tion lengths at lower altitudes.

The computing times and grids used for these calculations
are also shown in Table 2. In general, these case 2 and case 3
calculations were done using 9 crossflow planes, 100 axis-nor-
mal points, and DXMAX = 2.5Rn. The required computing
times were between 4-5 min on a Cray Y/MP; however, a
larger DXMAX (5-lQRn) could easily be used to substantially
reduce the computing times without compromising accuracy.

12.84/7-Deg Straight and Bent-Bicone Calculations
The straight and bent-bicone configurations used in these

comparisons were tested in the NASA Langley Expansion-
Tube Facility.36 Present numerical predictions have been com-
pared with the available experimental data on the surface
heat-transfer rates. The vehicle geometries are shown in Fig. 8,
which corresponds to a 12.84/7-deg bicone with and without a
7-deg bent nose. The nose radius for these cases is 0.151 in.,
and the bodies are approximately 32Rn long. The freestream
conditions for this case are given in Table 1 and correspond to

i
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Fig. 7 Axial distribution of the wall heat-transfer rate for case 3 with
Dhawan-Narasimha transition model.
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Fig. 8 12.84/7-deg straight and bent-bicone configurations.
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Fig. 9 Effects of gas model and equilibrium-air property data on the
axial distribution of the wall heat-transfer rate for case 4.

Fig. 10 Effects of axial and axis-normal grid refinement on the axial
distribution of the wall heat-transfer rate for case 4.

Table 3 Computing times for cases 4-7 (Mach 6.89, laminar)

Case
4a
4b
4c
4d
4e
5a
5b
6a
6b
6c
7a
7b
7c

Biconic
geometry
Straight
Straight
Straight
Straight
Straight

Bent
Bent

Straight
Straight
Straight

Bent
Bent
Bent

AOA,
dega

0.0
0.0
0.0
0.0
0.0
7.0
7.0

20.
20.
20.
27.
27.
27.

Gas
modelb

PG
EQ
EQ
EQ
EQ
EQ
EQ
EQ
EQ
EQ
EQ
EQ
EQ

DXMAX,
Rn
0.5
0.5
0.5
0.5
0.1
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Gridc

N3 X N2 X Nl
1 X 1 0 0 X 7 3 C
1 x 100 x 73 C
1 X 150 X 73 C

1 X 50 X 73 C
1 X 5 0 X 3 1 1 C
33 X 50 X 73 C
65 X 50 x 73 C
33 X 50 X 73 C
65 X 50 X 73 C

101 X 50 X 73 C
33 X 50 X 73 A
65 X 50 X 73 E
33 X 50 X 73 E

Time, sd

19
20
39
7

58
92

174
88

227
371
133
287
148

aAOA = angle of attack measured with respect to forecone axis.
PG = Perfect-gas model, EQ = equilibrium-air gas model.

CN1, N2, and N3 are the number of grid points in the streamwise, axis-normal, and crossflow directions,
respectively. The notations of A, C, and E mean algebraic, cylindrical, and elliptic grids, respectively.
dComputing times on Cray Y/MP with CFT77 compiler and autovectorization.

the Mach 6.89 flow at 0-, 7-, 20-, and 27-deg angle of attack
with respect to the forecone axis. Fully laminar flow condi-
tions were assumed and the gas model used was equilibrium-air.

The present PNS calculations are actually marched along
the forebody axis. In short, the bent-nose configuration is
treated as a sphere-cone configuration with a bent afterbody
(a simple coordinate rotation). The angle of attack in the
present computations is measured with respect to the forecone
axis, whereas for the corresponding wind-tunnel tests36 it was
measured with respect to the aftcone axis. We feel that mea-
suring the angle of attack with respect to the forecone axis is
a better representation of the actual flow complexity because,
for the bent-nose case, the forebody flowfield conditions are
in fact much more severe than that indicated by the angle of
attack with respect to the afterbody. Incidently, the experi-
mental data were also obtained using the forebody axis as the
reference axis,36 and thus direct comparisons were possible
without any ambiguity about gauge locations. The following
sections show some results for the various calculations done
using this straight and bent-nose configuration.
0-Deg Angle-of-Attack Bicone Calculations (Case 4)

Case 4 corresponds to the zero angle-of-attack flow over the
12.84/7-deg bicone. The effects of gas model and equilibrium-

air transport property data are shown in Fig. 9. The results
show that a perfect-gas model underpredicts the surface heat-
ing rates by 25-30%. The predictions of the equilibrium-air
gas model are in good agreement with the experimental data.
According to Miller et al.,36 the uncertainty in the heat-trans-
fer data is about ± 15%. In the forecone region, the equi-
librium-air predictions and the data are in excellent agree-
ment. In the aftcone region, the predictions are approximately
10% lower than the data, but within the data uncertainty. The
present predictions agree with the computational results of
Miller et al.36 in being on the lower side, but the overall
agreement is better. This figure also shows that the predictions
using Peng and Pindroh26 transport property data and the
Blottner-Hansen combination are almost identical in the fore-
cone region and within a few percent of each other in the
aftcone region. However, there is general consensus that the
Peng and Pindroh26 data are more accurate and will be used in
the remaining calculations.

The effects of axis-normal and axial grid refinement are
shown in Fig. 10. The results using DXMAX of O.SRn and
0. \Rn show no differences and show that DXMAX = O.SRn is
an adequate choice to resolve various geometry and flowfield
features. The axis-normal grid refinement shows no difference
between the 100-point and 150-point grids, whereas the 50-
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point grid predicts 2-5% lower heat-transfer rates in some
regions. In view of these grid refinement studies, it was de-
cided that a 50-point grid between the body and the shock
along with DXMAX = 0.5Rn will be quite adequate for these
calculations as well as the subsequent angle-of-attack calcula-
tions. The computing times and the grids used for these case 4
calculations (Table 3) show that increasing the grid size causes
an almost proportional increase in the overall computing
times.

7-Deg Angle-of-Attack Bent-Bicone Calculations (Case 5)
Case 5 corresponds to the bent-bicone configuration at 7-

deg angle of attack. Figure 11 shows the axial distributions of
the wall heat-transfer rate along the windward and leeward
streamlines for this case. In this case, there is very good
agreement between the predictions and the data along the
windward streamline, whereas the heating rates along the lee-
ward streamline differ by 10-20%. However, in view of the
15% data uncertainty, this agreement is also quite good. Ac-
cording to Miller et al.,36 the measured fluctuations and asso-

ciated data uncertainty along the leeward streamline were
more than that on the windward side. In this figure, results are
shown for two cylindrical grids using 33 and 65 crossflow
planes with equal angular spacing. The corresponding cross-
flow distribution of wall heat-transfer rate at x = 29.5Rn is
shown in Fig. 12. These figures show that the predictions of
the two grids considered are almost identical except for a small
1-2% difference on the leeside in the aftcone region. In short,
the flowfield predictions for this case appear to be indepen-
dent of further crossflow grid refinement. The adequacy of
the axial and axis-normal grids used have already been estab-
lished from the case 4 calculations (Fig. 10).

The Y/MP computing times and grids used for these case 5
calculations are also shown in Table 3. These times also show
that, in general, changing the grid size in any of the three
axial, axis-normal, and crossflow directions has almost a pro-
portional effect on the final computing times.

2Q-Deg Angle-of-Attack Bicone Calculations (Case 6}
The 20-deg angle-of-attack results for the straight bicone

conditions are shown in Figs. 13 and 14. These calculations
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Fig. 11 Axial distribution of the wall heat-transfer rate for case 5.
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Fig. 13 Axial distribution of the wall heat-transfer rate for case 6.
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Fig. 15 Comparison of the £3 = const coordinate lines at x = 32Rn for the various case 7 grids.

(along with the following bent-bicone calculations) bring forth
some very important aspects of the leeside flowfield under
large angle-of-attack conditions when crossflow separation
exists on the leeside. Miller et al.36 noted from their experi-
mental data that as the angle of attack was increased, the
leeward heating rates toward the body end first decreased (as
expected) but then increased quite significantly with increasing
angle of attack. This trend pf the heating rate was even more
accentuated for the bent-bicone case. Ivliller et al.36 investi-
gated this effect and closely related it to the formation of
crossflow separation and associated longitudinal vortices on
the leeside under large angle-of-attack conditions. From a
computational point of view this means that if this interaction
between the longitudinal vortices on the leeside and the lee-
ward wall heating rates is indeed correct, it will be essential to
adequately resolve this crossflow separated region to accu-
rately predict the leeward heating rates under large angle-of-
attack conditions. The following numerical results do indeed
confirm this conclusion.

The axial distribution of the windward and leeward wall
heat-transfer rates for the straight bicone at 20-deg angle-of-
attack conditions (case 6) are shown in Fig. 13, and the corre-
sponding crossflow distribution at x = 2S.5Rn is shown in Fig.
14. Results are shown for three uniformly spaced cylindrical
grids using 33, 65, and 101 crossflow planes, respectively.
Figure 13 shows that the crossflow grid refinement has almost
no impact on the predicted windward heating rates, which are
in very good agreement with the data. The leeward heating
rates are, however, significantly affected by the crossflow grid
refinement. The leeward surface heating rates predicted by the
coarse (33 crossflow plane) grid are as much as 70% lower
than the data. However, the finer grid (64 and 101 crossflow
plane) results are in excellent agreement with the data. As seen
from Fig. 14, the predictions of the three grids are almost
identical until the start of the crossflow separated region. In
general, the wall heat-transfer rate initially decreases as we
move from the windward to the leeward pitch plane, reaches a
minimum at the onset of crossflow separation, and then
rapidly increases toward the leeward pitch plane. The 33-plane
grid does not adequately resolve the crossflow separated re-
gion and, thus, underpredicts this increase in leeward wall
heat-transfer rate. The 64-plane and the 101-plane grids have
the leeward grid resolution needed to accurately predict the
crossflow separate^ region and the associated wall heat-trans-
fer rate. Figure 14 further shows that a uniform crossflow grid

refinement is really not required for improved accuracy,
rather only a refinement of leeside grid can be done. This
understanding of the required grid resolution is used for the
following 27-deg angle-of-attack bent-bicone calculations
where it is shown that, with an appropriate handling of the
computational grid, accurate results can even be obtained with
a 33-plane grid. The computing times for the these case 6
calculations are shown in Table 3.

27-Deg Angle-of-Attack Bent-Bicone Calculations (Case 7)
Figure 15 shows the three computational grids used for the

bent-bicone calculations at 27-deg angle of attack (case 7).
These grids consist of a uniformly spaced algebraic grid with
33 crossflow planes, a 64-plane elliptic grid with nonuniform
grid spacing, and a 33-plane elliptic grid with nonuniform grid
spacing. The 64-plane and 33-plane elliptic grids (Fig. 15) are
such that the leeward grid size is equivalent to a uniformally
spaced 129-plane cylindrical grid. The advantage of using an
elliptic grid is to be able to use different grid clustering
schemes at the body and at the shock. With cylindrical grids,
especially at large angles of attack, nonuniform crossflow grid
clustering can lead to an undesirable crossflow grid distribu-
tion at the bow shock. With the elliptic grid-generation
scheme, a uniform or near-uniform crossflow grid spacing can
be maintained at the shock, while using very clustered cross-
flow grids at the body (see Fig. 15).

The axial and crossflow distributions of wall heat-transfer
rate for the bent-bicone at 27-deg angle of attack (case 7) are
shown in Figs. 16 and 17, respectively. The axial distributions
of the wall heat-transfer rate (Fig. 16) show that along the
windward streamline the predictions of the three grids are in
excellent agreement with each other and also with the experi-
mental data. Along the leeward streamline, however, the pre-
dictions of the uniformly spaced 33-plane algebraic grid un-
derpredict the data by as much as 140%. On the other hand,
the nonuniform 64-plane and 33-plane elliptic grids are in
close agreement with the data along the leeward as well as the
windward streamlines, with maximum differences within the
limits of data uncertainty.

The crossflow distribution of the wall heat-transfer rate at
x = 29.5Rn (Fig. 17) shows that (as expected) the predictions
of the three grids are in excellent agreement until the onset of
crossflow separation. The crossflow separated region on the
leeside predicted using the nonuniform 64-plane grid is shown
in Fig. 18. As can be seen from this figure, under these
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Fig. 16 Axial distribution of the wall heat-transfer rate for case 7.
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Fig. 17 Crossflow distribution of the wall heat-transfer rate for case
7 at x = 29.5Rn.

conditions, the leeside has a well-defined crossflow recircula-
tion region with a well-defined vortical eye near the leeward
pitch plane. This clearly confirms the reasoning used by Miller
et al.36 to explain the experimentally observed trends of the
leeward heating rates.

The computing times for the various case 7 calculations are
also shown in Table 3 along with the corresponding grid sizes.
These results show that while providing similar solution accu-
racy, the nonuniform 33-plane elliptic grid for the bent-bicone
case took about half as long to do than the 64-plane elliptic
grid. In this case, the 33-plane elliptic grid took only 11 %
longer to do than the corresponding 33-plane algebraic grid.
When compared with the enhanced computational flexibility
and solution accuracy provided by the elliptic grid generation
scheme, this difference is simply insignificant.

K=65

Fig. 18 Details of the leeside crossflow separated region for case 7 at
x = 32Rn.

Conclusions
A new three-dimensional perfect-gas and equilibrium-air

PNS scheme has been developed to study three-dimensional
hypersonic flows over complex three-dimensional configura-
tions. This PNS scheme has been used to study the flow over
various conical configurations over a Mach number range of
6.89-20 and an angle-of-attack range of 0-27 deg. Compari-
sons are made with available flight and wind-tunnel data in
terms of the surface heat-transfer rate. The results of this
study substantiate the following comments:

1) A new three-dimensional PNS scheme has been devel-
oped to study perfect-gas and equilibrium-air hypersonic
flows over three-dimensional configurations. This three-di-
mensional PNS 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.

2) This PNS scheme uses a fourth-order accurate crossflow
and axis-normal smoothing approach and a second-order ac-
curate streamwise smoothing approach and has the robustness
of being able to use a wide range of coarse to fine grids in
all three coordinate directions. This results in accurate wall
heat-transfer and skin-friction predictions even with coarse
computational grids. The numerical scheme is stable and accu-
rate over a wide range of small-to-large axial step sizes (even
when the step size variations involve a change of two orders of
magnitude).

3) Comparisons with the Reentry-F flight data show excel-
lent agreement under laminar and fully turbulent conditions
using the Cebeci-Smith turbulence model. The predictions of
the transition model of Dhawan and Narasimha, however, do
not agree well with the flight data.

4) Large angle-of-attack calculations on 12.84/7-deg bi-
conic and bent-biconic configurations show that proper reso-
lution of the leeside crossflow separated flow region is essen-
tial for accurately predicting the leeward heating rates. With a
proper griding approach, very good agreement is achieved
with available experimental data from the NASA Langley
Expansion Tunnel.

5) In general, it is seen that for the various configurations
tested, the numerical predictions are either in excellent agree-
ment with available data or at worse within the uncertainty
bounds of the data.
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