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Evaluation of Boundary-Layer and
Parabolized Navier-Stokes Solutions for Re-entry Vehicles

Mary McWherter,* Ralph W. Noack,* and William L. Oberkampf}
Sandia National Laboratories, Albuquerque, New Mexico

Numerical predictions made by a traditional inviscid/boundary-layer method and a parabolized Navier-
Stokes method are compared with wind tunnel data for slender, blunted cones at moderate angle of attack.
Mach numbers ranged from 6 to 14 and Reynolds numbers from 0.4 to 16 million. The purpose of the com-
parison is to evaluate the Mach number and Reynolds number range of applicability of the two prediction
methods. Also described are the practical aspects of using these two methods in a design environment.

Nomenclature

A, =base area

C, =form of Chapman-Rubesin viscosity coefficient,
(by/Be) (Te/T,,) ,

C, =forebody axial force coefficient, (F /q.,Ap),
based on p, =p,,

C,  =pitch moment coefficient, (M/q,A,D,), taken
about the base

C, =normal force coefficient, (Fn/g.Ap)

D, =nose diameter

D, =base diameter

DS =normal direction step size in PNS code

DX  =axial step size in PNS code

e =total energy per unit volume

E,F,G =inviscid flux vectors in the governing equations

F, =axial force

Fy =normal force

J = Jacobian of the transformation

L = vehicle length

M =pitch moment

M,  =freestream Mach number

P =static pressure

Po =freestream static pressure

D =Dbase pressure

PER =fraction of radial grid points to be clustered

qe = freestream dynamic pressure

R,S,T =viscous flux vectors in the governing equations

R, . =Reynolds number based on vehicle length,
0o Ve l/pe)

T, =freestream static temperature

T, =freestream stagnation temperature

T, =model wall temperature

u,v,w = Cartesian velocity components

U = hypersonic viscous interaction parameter,

M.[Co/Ro 1"

x,,/L =normalized center of pressure in x, measured from
the nose

x,y,z = Cartesian coordinates

£,19,¢ =Generalized coordinates of computation space

0 =mass density

¢ = circumferential angle from windward

" = absolute viscosity
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Subscripts

x,y,z =partial derivatives in x,y,z directions, respectively
£,m,¢ =partial derivatives in £,7,{ directions, respectively

Introduction

ODERN techniques for estimating aerodynamic per-

formance of re-entry vehicles are based on solving the
inviscid flow and shock equations using finite-difference
methods.! For performance characteristics which require
the viscous contribution, the inviscid flow solution is used to
calculate a boundary-layer solution.%’ This approach is
highly developed and provides accurate design estimates over
a wide range of Mach and Reynolds number.

The relatively new parabolized Navier-Stokes approach for
calculating hypersonic, viscous flowfields has received con-
siderable attention in the last ten years.®!° Shock layers
dominated by locally supersonic flows are often well
represented by conservation equations containing the
parabolized Navier-Stokes (PNS) approximations. The PNS
approximations remain valid in regions of strong viscous-
inviscid interaction, where weak interaction approaches, such
as the inviscid/boundary-layer theory, are no longer valid.
Even though this is understood by the design engineer, he or
she must balance the accuracy of each approach with the
equally important practical aspects of ease of use, robust-
ness, and the computer time required.

In this paper, surface pressure and force and moment
predictions from the inviscid/boundary-layer and PNS
methods are compared with wind tunnel data. These theory
and experiment comparisons are made over the range of
Mach numbers 6 to 14 and Reynolds numbers (based on
length) from 0.4x10% to 16x10°. At Mach 6 and high
Reynolds number, a weak viscous-inviscid interaction flow
field is expected. At Mach 14 and low Reynolds number,
however, a much stronger viscous-inviscid interaction should
appear. With this wide range of Mach and Reynolds
numbers, it can be determined where the assumptions of
weak interaction theory begin to break down and a strong
interaction method, such as the PNS approach, is required.
The purpose of this paper is two-fold: first, to evaluate the
accuracy of both methods over a wide range of Mach and
Reynolds numbers, and second, to briefly describe the
numerical and practical considerations in using both solution
methods in a design environment.

Description of Solution Techniques
Inviscid/Boundary-Layer Solution

The inviscid/boundary-layer solution technique used here
assumes that the viscous region of the flowfield has no effect
on the inviscid portion of the flowfield. The inviscid
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flowfield about the body is first obtained, and then a bound-
ary-layer solution is calculated for the inviscid pressure
distribution and streamlines. The inviscid pressure distribu-
tion can then be modified by a simple, approximate method
to account for the displacement effect of the boundary layer.

The inviscid/boundary-layer solution technique currently
in use at Sandia was developed by the General Electric Com-
pany: the GE Flow Field System (GEFFS).>’ The GEFFS
consists of a three-dimensional inviscid flowfield code (3IFF)
and a three-dimensional boundary-layer code (3DV).

Inviscid Solution

The 3IFF code contains a two- and a three-dimensional
transonic nosetip code and an afterbody code. The Euler
equations with velocity components, entropy, and the
logarithm of pressure as the dependent variables are the
governing equations solved in 3IFF. The nosetip codes solve
the unsteady, nonconservative form of the equations and the
afterbody portion of 3IFF solves the supersonic, spatially
marching form of the nonconservative (or the weakly conser-
vative) equations.

The inviscid flowfield is solved between the bow shock and
the body in the nose and afterbody regions. Explicit type
boundary conditions are applied at the body and the bow
shock surface. The body boundary conditions utilize a
method of characteristics technique to predict the body sur-
face pressure. Although the surface entropy is a constant in
inviscid flow, an entropy relaxation technique is used to bet-
ter simulate the real viscous flowfield and remove the strong
entropy gradients which can result from the blunt body en-
tropy layer. Flow tangency is the final boundary condition at
the body surface. The bow shock surface is tracked using a
method based on the method of characteristics. Once the
bow shock location and orientation is known, flow proper-
ties behind the shock are determined from the Rankine-
Hugoniot shock relations.

The blunt body solution is used as the starting condition
for the after-body solution. Simple radial type grids are con-
structed between the body and the shock for the blunt body
and the afterbody solutions. This grid is transformed to a
rectangular computational domain using a simple shearing
transform. The explicit McCormack scheme is used to solve
the finite-difference form of the governing equations.

Boundary-Layer Solution

The boundary-layer code 3DV solves integral boundary-
layer equations along inviscid streamlines. The surface
pressure distribution is obtained from the inviscid code 3IFF.
This surface pressure is used as the forcing function for the
boundary-layer equations and is used in the location of the
inviscid streamlines.

The inviscid streamline paths are determined using the
method of DeJarnette. This method integrates the axial and
circumferential momentum equations with the. surface
pressure gradients given.

The 3DV code solves the integral form of the momentum
and energy boundary-layer equations. These equations have
been derived in a streamwise coordinate system assuming
small cross-flow. Laminar boundary layers is calculated with
a quartic polynomial velocity profile; a power law profile is
used for the turbulent case. An exponent of 1/7 is normally
used in the turbulent profile.

The 3DV code includes the effects of equilibrium real gas,
entropy swallowing, pressure gradient, and surface mass ad-
dition. The effects of angle of attack are accounted for by
including the effects of local property variations, streamline
spreading, and changes in boundary-layer profile derivatives
at the wall. The code calculates skin friction, heat transfer,
and an induced pressure.

The induced pressure is used to approximate the effect the
boundary-layer displacement thickness has upon the inviscid
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surface pressure. The Sandia version of 3DV uses linear-
supersonic flow theory and the change in surface slope due
to displacement thickness to estimate the induced pressure. It
is implicit in all future references to the 3DV code that the
3IFF inviscid solution was used to provide the surface
pressure distribution and bow shock shape.

Parabolized Navier-Stokes Solution

The Air Force Wright Aeronautical Laboratory (AFWAL)
Parabolized Navier-Stokes (PNS) code, currently used at
Sandia, is based upon the numerical work of Schiff and
Steger!® and others.'¢!® In order to start the PNS code, two
initial planes of supersonic flow data are required. The
NASA Ames thin-layer Navier-Stokes code?? is used to
compute the flowfield around the nose. The afterbody por-
tion is then solved using the AFWAL PNS code.

Formulation of the Flowfield Equations

The three-dimensional, steady, Navier-Stokes equations
are arranged in strong conservation-law form for non-
dimensional Cartesian spatial variables, x, y, and z. Trans-
forming to body conforming coordinates, three independent
spatial variables are introduced. These variables transform
the physical x, y, z space surrounding the body into a rec-
tangular £,7,{ computational domain.

In the work done by Schiff and Steger!® the transforma-
tion is of the form

E=E(x) streamwise coordinate
1=1(%,2) circumferential coordinate
=8 (xp,2) normal coordinate

For hypersonic flow problems, the shock layer is mapped
such that the body surface is the plane {=0 and the bow
shock is the plane {={_.,.. This transformation simplifies the
application of surface and shock boundary conditions and
helps make possible both the thin layer approximation and
the PNS approximation in the subsonic layer.

The strong conservation-law form can be preserved in the
&,9,¢ transformation of coordinates by retaining the Carte-
sian velocity components as dependent variables. The
transformed equations become
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PNS Approximations

The PNS equations are obtained from Eq. (1) by neglect-
ing the streamwise viscous diffusion terms and by modifying
the convective flux vector to permit stable time-like marching
of the equations downstream from initial data. The latter
assumption restricts the flow so that flow separation in the
streamwise direction, for example, near a large flap de-
flection, is not allowed, while cross-flow separation is per-
mitted. It is not necessary to drop the circumferential
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derivatives dn, but doing so does simplify the computations
and is, therefore, incorporated into the development of the
equations. These approximations are physically justified for
high to moderate Reynolds number flow past bodies with
mild axial geometry changes. The resulting set of equations
include the continuity equation, three momentum equations,
and the energy equation written in matrix form as

3E oF 3G 1 as
( ) 2

__._+_ —— [

G " | 9f  Rup NOT
where the Stokes hypothesis is used to obtain the viscous
terms. The equations are elliptic in the circumferential and
radial directions, and parabolic with respect to the down-
stream marching coordinate. For turbulent flow computa-
tions, the eddy-viscosity model described by Baldwin and
Lomax? is employed.

The treatment of the streamwise pressure gradient term
dp/d¢ in the subsonic layer is the crucial approximation in
PNS methods. In the approach developed by Rubin and
Lin,* dp/3¢ from the adjacent supersonic flow is impressed
down through the thin viscous subsonic layer. This approach
is similar, in concept, to classical boundary-layer concepts.
However, in this approach the constant pressure region in-
cludes only the subsonic part of the viscous region, and the
imposed pressure is meant to be calculated concurrently with
the calculation of the entire plane.

Numerical Algorithm

The PNS equations are formulated into an approximately
factored, locally linearized form. The algorithm is a non-
iterative, implicit, finite-difference algorithm. It is in conser-
vative form and is second-order accurate in the marching
and transverse directions. Solutions are obtainable for flow
which is inviscid or viscous, either laminar or turbulent. A
fairly complete description of the solution procedure is given
in Ref. 19. ; ‘

Four smoothing and stabilizing terms have been included
in the numerical formulation. The smoothing terms are
meant to damp the high frequency oscillations often
associated with centered = difference formulations. The
stabilizing terms are used to insure that terms along the main
diagonal of the streamwise matrix Jacobian are nonzero in
the sublayer. These terms will be further discussed in the
next section.

Obtaining a Starting Solution

The NASA Ames blunt body code? determines the three-
dimensional flow over generalized nosetips using an unsteady
implicit algorithm which solves the thin layer Navier-Stokes
equations. The thin layer model is valid only for high to
moderate Reynolds number flows. The equations are solved
by inverting block tridiagonal systems in each space coor-
dinate direction and marching in time until a steady-state solu-
tion is reached.

As the blunt body solution is obtained over a sphere, the
flowfield can simply be rotated for angle-of-attack cases over
an axisymmetric afterbody. A preprocessor program takes
the blunt body solution and matches the spherical nose to
the conical afterbody. It then interpolates to determine the
flow at two axial stations: one at the sphere-cone tangency
point and the other at one axial step upstream. The grid is
then reclustered to match the PNS code requirements.

Use of Solution Techniques
3DV Solutions
The 3DV codes consist of a set of overlayed inviscid codes
(to obtain the nosetip and afterbody solutions) and a bound-
ary-layer code. These codes have been modified to fit into a
production type environment and are very easy to run. Thus,
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for a simple geometry such as a spherically capped cone, no
user interaction is required to adjust damping parameters or
step size. Generating solutions for high angle-of-attack con-
ditions can be accomplished as quickly as those for low
angles of attack. An interactive preprocessor has been writ-
ten at Sandia to generate the necessary control and data
stream to run the 3DV codes. This interactive processor
allows the user to generate within a few minutes the
hundreds of runs which might be required to provide the
aerodynamic data for a trajectory optimization.

This type of use of the 3DV flowfield code is practical due
to low user interaction requirements and low computer time
requirements. Each case presented here required approxi-
mately 10 s of execution time on a CYBER-76 computer for
the inviscid solution and less than 20 s for the boundary-
layer solution. These low execution times allow job turn-
around times on the order of minutes to an hour on a busy
computer. This type of turnaround is required to meet the
demand of rapid response to production and exploratory
concept requests.

PNS Solutions

Obtaining a PNS solution requires careful selection of in-
put parameters. As the code is currently used, there are
several input parameters which the user may vary slightly
and still obtain a solution. Typically, improper choice of
these parameters can yield unstable solutions, but they do
not have a large affect on accuracy. In our experiences with
the code, we have been able to arrive at some conclusions
about the values to be used for some of the input parameters
and the effects of these values on stability and accuracy.

Axial Step Size

Probably the most important input parameter affecting
stability is the axial step size DX. If the initial step size is too
small, the solution will have surface pressure oscillations in
the marching direction and possibly diverge. A good method
of estimating the minimum initial axial step size is to deter-
mine the physical distance from the surface to the sonic line.
This suggestion is based on the work done by Rubin*? who,
for stability reasons, suggested that a minimum marching
step size should be proportional to the thickness of the sub-
sonic layer.

It has been found that a maximum value for DX is harder
to determine. If DX is too large initially, large flow gradients
along the body, such as, near the nose on a hemisphere-
cone, cannot be properly resolved. Once the code has
marched away from the nose bluntness effects, there are
typically no large axial gradients, and a large DX should
yield an accurate solution. A large DX will also greatly
decrease the computation time on long slender re-entry vehi-
cle configurations.

To resolve the initial flow gradients and still have a large
step size farther down the body, the step size is allowed to

“gradually increase as the code marches down the body. In

this way, the code can start with a small value for DX to
resolve the initial gradients and then use a larger value
farther down the body where the axial flow gradients are
small for the geometry of interest here.

Radial Step Size

The spacing in the normal direction at the body surface is
determined by the input parameters DS. This parameter is
the distance from the body surface to the first grid point as a
percentage of the distance to the bow shock. For angle-of-
attack cases, the physical distance of the first grid point
from the body will vary around the body as the shock stand-
off distance varies circumferentially.

The value of DS directly affects the number of points in
the subsonic layer. If DS is too small, there will be too many
points in the subsonic layer and the solution may be
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numerically unstable. In the documentation for the AFWAL
PNS code, ! it is suggested that one use a maximum of seven
or eight points below the sonic line for stability and
accuracy.

Smoothing and Stabilizing Parameters

Another important input parameter is the coefficient of
the explicit damping term, e,. The explicit smoothing term is
proportional to fourth-order differences in both the cir-
cumferential and normal directions and is added to the right-
hand side of the equations in numerical form. The user is
able to control the size of the smoothing term by means of
the constant ¢,. The value chosen for e, must be large
enough so that oscillations in the shock shape do not occur.
If €, is too large, however, nonphysical results will appear in
the solution. If DX grows, e, also grows because it is scaled
by DX in the numerical formulation.

An implicit smoothing parameter, ¢, is included on the left
side of the factored numerical equations. It was initially in-
troduced to maintain stability when large values of ¢, are re-
quired to damp high frequency oscillations. Stable calcula-
tions will be maintained for any positive value of ¢, as long
as ¢; is at least twice the value of e,.

Two other input constants, ¢, and ¢, are included for
stability. The parameter ¢, is added to the difference equa-
tions to insure that the entire primary diagonal of the block
tridiagonal never goes to zero. The parameter ¢, is meant to
cause the smoothing terms to increase or decrease in size as
the grid changes radially and circumferentiaily. Since ex-
cessive values of the stabilizing damping terms lead to non-
physical terms in the equations, ¢, and ¢, are assigned values
of 0.05 or 0.1, depending upon the problem and not allowed
to increase axially. In cases of high angle of attack, larger
values of smoothing parameters are generally required to ob-
tain a stable solution.

Fraction of Grid Clustering

The fraction of shock-layer grid points to be clustered in
the normal direction near the body surface is determined by
the input parameter PER. PER is the fraction of the number
of points normal to the surface from the body to the shock
which will be clustered. The radial spacing will grow ex-
ponentially for a fraction of PER points and then smoothly
attain the constant value used for the remainder of points.

A study of the effect of PER on the flowfield grid was
made for values of 0.4 to 0.9. It was determined that values
in the 0.4 to 0.6 range yield a good cross-flow plane grid.
Values greater than 0.6 caused the grid to be too coarse in
the outer region near the shock. This caused poor resolution
of the flow in this area and typically caused static pressure
distributions in the cross-flow plane to be quite erratic. The
value of 0.6 has been used for all of the solutions presented
here.

Computing Time

The most computer intensive part of obtaining a PNS
solution is solving the blunt nose portion. The NASA Ames
Blunt Body Code currently in use at Sandia requires from 20
to 30 min on the Cray 1S computer to converge to a solu-
tion. If an already converged solution is available and it is
near the desired Mach number and Reynolds number, a new
solution can be obtained in 5 to 15 min. A significant savings
in computer time could be gained if one were to calculate
blunt body solutions using a hypersonic viscous shock-layer
technique.

Preparing the blunt-body solution for the PNS code in the
preprocessor requires roughly 30 s on a Cyber 76 computer.
The preprocessor program can be used to determine the
distance to the sonic line, which fundamentally affects the
proper choice of input parameters DX and DS. The PNS
code itself takes about 1.7 s per step, or, usually, 5 to 10 min
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on the Cyber 76. As the PNS code takes relatively long to
obtain a solution, it is particularly efficient to use the
preprocessor to determine whether or not DX and DS have
their proper values. Thus, the amount of computing time is
kept t0 a minimum.

Typical computer times for the present sphere-cone solu-
tions were: 4 min for thé Mach 5.95 cases, 8 min for the
Mach 14.1 cases, while the remainder of the cases fell within
these values. For the present bhint cones, an algebraic grid
generator was used which constructed the grid radially from
the body to the shock and evenly distributed the circum-
ferential points. The grid consisted of 46 circumferential
points and 30 points radially. For more difficult configura-
tions such as a wing-body, a hyperbolic grid generator is
used which constructs a grid normal to the body at the sur-
face and allows circumferential clustering. The run times us-
ing the hyperbolic grid generator are typically 2.5 s per axial
step.

Results

In order to determine the accuracy and range of ap-
plicability of each solution procedure, comparisons with
available experimental data are presented for slender sphere-
cones at low to moderate angles of attack. The comparisons
cover a wide range of Mach and Reynolds numbers in order
to evaluate each procedure for cases where there is strong
viscous-inviscid interaction. In this way, it can be determined
when the inviscid/boundary-layer solution is no longer valid
and a PNS type solution is needed. The comparisons are
presented for surface pressure data and force and moment
data for Mach numbers from 6 to 14. More extensive com-
parisons of both solution techniques with experiment are
given in Ref. 33.

Mach 6 Comparisons

Figures 1 through 3 show the results at Mach 5.95 for a 6
deg half-angle cone. As the Reynolds number (based on
model length) for this case was 15.2 million, the PNS and
3DV calculations assumed a turbulent boundary layer. The
surface pressure measurements were for a sphere-cone with a
2.01 in. nose diameter and a length of 38.91 in. The force

Mo = 595
Reop, = 1523 x 10°
Tw/Ty = 077

g a = 400°

0, = 6°
Dp/Dp = 020

P/PINF

0.0

:
0.0 50 100 15.0 200
X/Dp,

Fig. 1 Surface pressure vs axial distance for Mach 6 at «=4 deg.
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and moment measurements were taken from a different
model, which had a 1.5-in. nose diameter and a length of 41.5
in.

In Figs. 1 and 2, results from the two methods are com-
pared to experimental surface pressures measurements for
angles of attack of 4 and 8 degs. Each figure shows the axial
distribution of surface pressure for 45 deg increments from
the windward side to the leeward side. Both methods provide
good agreement with the experimental data for 4 deg angle
of attack. For 8 deg angle of attack, the 3DV prediction
overestimates the pressure on the 45 and 90 deg rays over
most of the body length. It should be pointed out that the in-
viscid flow prediction of pressure on the 45 and 90 deg rays
is almost identical to the PNS prediction. This implies that

Moo = 595 6, = 6°
Dp/Dy = 020

Reop, = 1523 x 10°
Tw/Ty = 077
o a = 800°

0.0

T T 1
0.0 5.0 100 15.0 200
X/Dp

Fig. 2 Surface pressure vs axial distance for Mach 6 at «=8 deg.

1.0 T T T T T T
Moo =595  Regp, = 16.09 x 10°
Tw/Ty = 077
6. =6° D, /Dy, = 0.15
091 o Data, Ref 26 ]
-— 3DV
PNS
0.8 4
2
a
[9]
b
0.7 + Bl
0.6+ 9
TI%L
0A5 { 1 1 l

0.0 1.0 21.0 3I.O 4:.0 51.0 GI.O 7.0 8.0
ALPHA(deg)

Fig. 3 Center of pressure vs angle of attack tor Mach 6.
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the induced pressure calculation overestimates the effect of
the boundary-layer displacement thickness on surface
pressure in certain situations.

The center of pressure comparisons are shown in Fig. 3.
Results from both methods showed very good agreement
with experimental data for the normal force and pitching

‘moment coefficient. The center of pressure comparisons are

in fairly good agreement, but disagreement is noted for
angles of attack less than 2 deg. It was conjectured that the
disagreement between theory and experiment for x., at low
angle of attack might be due to an inaccurate estimate of the
wind tunnel model’s wall temperature. For example, force
and moment measurements could have been initiated at low
angle of attack with the model relatively cold. As the pitch
sweep proceeded, the model heated up and approached a
temperature nearer the value used in the theoretical calcula-
tions. (The wall temperature values used for all of the
calculations in this paper were obtained from the references
quoted or from individuals familiar with testing procedures
in the wind tunnel involved.) This conjecture for the dis-
agreement, however, was discarded when calculations for
relatively cold wall conditions produced changes in x, less
than 0.002L at M, =5.95.

Mach 10 Comparisons

In Figs 4 and 3, the center of pressure and axial force are
compared for Mach 10.1, and a Reynolds number of 2.9
million, for which laminar 3DV and PNS solutions were ob-
tained. The cone half-angle of this model was 4 deg with a
0.125 in. nose diameter, and a length of 17.04 in. The center of
pressure prediction from the 3DV codes is consistently 1% low
over the angle of attack range, whereas the PNS code is some-
what higher. Both methods show fair agreement with fore-
body axial force over the angle of attack range. The 3DV code
results agree very well with the axial force at zero angle of at-
tack. It does not, however, show the proper increase in axial
force with angle of attack. The PNS predictions are approx-
imately 10% higher at zero angle of attack, but show good
agreement for angles of attack above one deg. Possibly ex-
plaining the disagreement, it has been found from numerical
experiments that the axial force coefficient can vary 10%
depending on the wall temperatures used in the simulation.

Figure 6 shows the results for surface pressure com-
parisons at Mach 9.82, and Reynolds number of 0.459

1.0 T T T
Moo =101 Reep, = 2.89 x 10°
Tw/Ty = 042
6, =4° D,,/Dy, = 0.05
99T . Data, Ref 27 1
— 3DV
.- PNS
0.8+ 4

Xep/L

0.5 t t t

0.0 1.0 3.0 4.0

20
ALPHA(deg)

Fig. 4 Center of pressure vs angle of attack for Mach 10 high R°°L‘
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million. This model also had a 4 deg cone half-angle;
however, the nose diameter was 0.56 in., and the length was
14.13 in. The pressure comparison is at an angle of attack of
2.97 deg and a laminar boundary layer was assumed for the
3DV and PNS solutions. The figure shows the axial distribu-
tion of surface pressure for the windward and leeward sides.
The PNS code results are in good agreement with the data.
The 3DV code results show better agreement on the wind-
ward side than on the leeward. This is due to the thin bound-
ary layer on the windward side. The leeward side is a region
of strong viscous-inviscid interaction where the invis-
cid/boundary layer solution may not yield an acceptable
solution. The 3DV results for the windward meridian show
distinct ““wiggles’” or roughness in the axial variation of sur-
face pressure. This roughness is not seen in the inviscid

0.10 T T T
Mg =101 Rgop, =2.89 x 10°
Tw/T, = 042
ool 6, = 4° Dp,/Dyp, = 0.05
: o Data, Ref 27 1
— 3DV
PNS
0.06 + 4
]
&
oo+ PSS g S
_________________ P A
, o °
0.02 + B
0.00 -+ + t
0.0 1.0 3.0 4.0

2.0
ALPHA(deg)

Fig. 5 Axial force vs angle of attack for Mach 10 high R°°L'
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o .o = 2.97°

Q
=}

I 1 1 T 1
00 50 100 150 200 250 300
%/Dp

Fig. 6 Surface pressure vs axial distance for Mach 10 at « =3 deg.
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distribution and is a result of the induced pressure increment
calculated by the boundary-layer code. The 3DV code
utilizes an entropy layer swallowing technique to find the
boundary-layer edge conditions. It is believed that the ‘‘wig-
gles’’ appearing in the boundary-layer characteristics and,
therefore, in the induced pressure increment, are caused by
inaccuracies in this entropy layer swallowing technique.
Figures 7 and 8 show the comparisons for center of
pressure and axial force for Mach 9.81, with a Reynolds
number of 0.43 million. The cone half-angle of this model
was 4 deg with a 0.125-in. nose diameter, and a length of
17.041 inches. The PNS code results showed good agreement
with normal force and pitch moment data, while the 3DV
code slightly overpredicts these quantities. For center of
pressure, however, both solutions are consistently lower than
the data. In the axial force comparison, the PNS results
show excellent agreement with the data, but the 3DV results
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Fig. 7 Center of pressure vs angle of attack for Mach 10 low R, =
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are considerably lower. As the Reynolds number is six times
lower than in the previous axial force comparison, one
would expect the larger disagreement between 3DV and ex-
perimental data shown in Fig. 8.

The reason for the significantly lower 3DV prediction of
axial force at low Reynolds numbers can be understood by
examining the surface pressure. The PNS code is predicting
higher values of surface pressure because of the strong
coupling between the inviscid outer flow an the viscous
boundary-layer flow. The assumption of weak viscous inter-
action, used in the boundary-layer approach, is faulty for
two primary reasons. First, the inviscid flow is moved out-
ward due to the boundary-layer displacement thickness. This
causes a larger flow turning angle, particularly on the
leeside, and thus a higher surface pressure. Second, the edge
conditions for the boundary-layer solution are taken as those
on the surface of the body. As the boundary-layer thickness
becomes significant compared to the shock layer thickness,
the edge conditions become seriously in error. The difference
between PNS and 3DV predictions should increase as the
amount of viscious-inviscid interaction increases.

Mach 14 Comparisons

The comparisons of surface pressure for Mach 14.2, a
Reynolds number of 0.72 million, and an angle of attack of 2
deg are shown in Fig. 9. This model had a 5.6-deg cone half-
angle with a 0.3-in. nose diameter and a length of 13.91 in.
The 3DV and PNS solutions were obtained assuming a
laminar boundary layer. For the zero angle of attack case, the
PNS code agreed fairly well with the experimental data. The
3DV code, however, was predicting lower values of pressure,
as expected.

In Figs. 10 and 11, results are presented for the center of
pressure and axial force coefficients for a Reynolds number of
0.57 million and Mach number of 14.3. This model had a
7-deg cone half-angle with a 0.3-in. nose diameter and a length
of 11.14 in. Both methods show good agreement for the nor-
mal force, pitch moment, and the center of pressure. As ex-
pected, the 3DV code predicts a smaller axial force than the
PNS code. The 3DV results, however, are in better agreement
with the experimental data. This result was unexpected
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Fig. 9 Surface pressure vs axial distance for Mach 14 at a =2 deg,
low R°°L‘
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because of the excellent agreement of the PNS calculation with
the axial force data for Mach 9.81 and at a slightly lower
Reynolds number.

The results shown in Figs. 10 and 11 are for much higher
angles of attack than seen previously. There were no PNS
predictions obtained above the angle of attack of 14 deg
because of the difficulties encountered in obtaining PNS
solutions for these high angles of attack. It should be possi-
ble to obtain solutions for higher angles of attack, but one
must have time and patience to use different input para-
meters until a solution can be obtained. After attempting
several solutions for angles of attack greater than 14 deg,
they were not pursued further for this paper. It should be
noted that the 3DV solutions were obtained up to a 25-deg
angle of attack with no difficulties.

Figure 12 shows results at Mach 14.1 for a Reynolds
number of 15.2 million. For this high Reynolds number, a
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Fig. 10 Center of pressure vs angle of attack for Mach 14.
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Fig. 11 Axial force vs angle of attack for Mach 14.
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turbulent boundary layer was assumed for the PNS and 3DV
solutions. The sphere-cone model had a 7 deg half-angle with
a 3.6-in. diameter nose and a length of 52.75 in. Com-
parisons are provided for the surface along the windward
and leeward sides of the cone at an angle of attack of 4 deg.
The predictions of both codes are in very good agreement
with the data. This comparison demonstrates that excellent
boundary-layer predictions for surface pressure can be ob-
tained at the higher Mach number, but the Reynolds number
must also be correspondingly higher.

Range of Applicability of Approaches

From the aforementioned pressure and force and moment
comparisons, one can suggest a range of applicability of the
two numerical approaches. The PNS approach compared
well with both the pressure and force and moment data over
the range of Mach and Reynolds number, except certain
Mach 14 pressure data. The inviscid/boundary-layer ap-
proach, however, yielded good results for certain combina-
tions of Mach and Reynolds numbers. As pointed out
earlier, viscous interaction with the inviscid flow accounts
for the disagreement.

One parameter which might aid in determining the range
of applicability of the inviscid/boundary-layer technique is
the hypersonic viscous interaction parameter .. For bodies
of revolution, it is defined by the following equation,2’

l}oo '_"Moo(c"m/RmL)‘/2

where

Co=(pw/p)(T,/T,) 3)

where p is viscosity, and 7 is temperature. As this parameter
is based on slender bodies at zero incidence, it probably
underpredicts the amount of viscous interaction at angle of
attack. This is supported by both Figs. S and 8. At zero
angle of attack the error due to viscous interaction is a
minimum, but the error increases with angle of attack. This
is due to the rapid growth of boundary-layer thickness on
the leeside of the body.
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Figure 13 shows the lines of constant o, for the different
combinations of Mach and Reynolds numbers. Also shown
in the figure (as squares) are the Reynolds number and Mach
number combinations used for both the pressure and force
and moment comparisons. Using 7, as a means of cor-
relating the viscous-inviscid interaction, the Mach 5.95 cases
have the weakest interaction and the lower Reynolds number
Mach 10 and 14 cases have the strongest interaction. The
comparisons presented show that for 7., less than 0.0045 the
inviscid/ boundary-layer solutions yield very good agreement
with force and moment data, with the exception that the the
drag-due-to-lift is slightly underpredicted. For v, =0.015 the
normal force and pitch moment from the boundary layer
method is slightly overpredicted while the zero-lift axial force
is underpredicted by 15%. The earlier work of Whitfield and
Griffith? suggests good agreement between boundary-layer
theory and experimental data for slender cones up to
U, =0.1. The present results clearly show that the zero-lift
drag coefficient predicted by boundary-layer theory begins to
deviate from experiment at ¢, =0.015.

An additional consideration is the possible effect of cone
bluntness on the just quoted values of ¢,,. The present com-
parisons with experiment range from a nose bluntness of
0.05 up to .22. How the suggested values of o, are affected
by nose bluntness ratio has not been investigated.

Concluding Remarks

The work presented herein attempts to provide an assess-
ment of an inviscid/boundary-layer method and a PNS
method by comparing both with experimentally measured
surface pressures and forces and moments for spherically
blunted slender cones. It was found that the inviscid/bound-
ary layer solutions compared well with experimental data ex-
cept for certain Mach 14 comparisons. The inconsistencies in
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some comparisons appear to be due to inconsistencies in the
wind tunnel data itself.

The viscous interaction parameter 7, was suggested as a
possible correlation for Mach number and Reynolds number
combinations for which the inviscid/boundary-layer techni-
que will provide predictions with acceptable accuracy. It is
suggested that the inviscid/boundary-layer solution be used
for surface pressure and axial force predictions for values of
U, up to 0.005. The inviscid/boundary-layer solution should
be used for prediction of normal force and pitch moment for
values of 0, up to 0.015. The PNS approach should be used
for predictions for surface pressure and forces and moments
for values of 0, greater than those stated above. Although
the PNS approach yielded accurate predictions for values of
U, less than those stated, the inviscid/boundary-layer ap-
proach is recommended because of the faster computing
times and ease of use.

The degree of difficulty in obtaining an inviscid/
boundary-layer and a PNS solution was discussed. The PNS
solution generally requires a large amount of user interaction
and the adjustment of various input parameters in order to
obtain an accurate solution. The inviscid/boundary-layer
solution is straightforward to obtain and is, thus, very well
suited for a design environment where rapid job turnaround
and low user interaction requirements are significant con-
siderations. The user must balance the accuracy requirements
with the computer time and user work requirements to ob-
tain a solution. The work presented here should help in
determining when the increased accuracy of the PNS solu-
tion justifies the additional work necessary to obtain that
solution.
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