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Prediction of Supersonic/Hypersonic Viscous Flows Over Re-entry
Vehicles and Decoys

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

In this paper we discuss the background and applications of a new unified series of codes for predicting large
angle-of-attack viscous supersonic/hypersonic flows over spherically blunt re-entry vehicles and decoys. The
solution scheme used involves a viscous shock-layer code for the blunt nose region, whereas a new parabolized
Navier-Stokes (PNS) technique is used for the afterbody region. This new three-dimensional PNS scheme is un-
conditionally time-like and does not require the use of any sublayer approximation. A new predictor-corrector
solution technique has been used along with a new fully-implicit and crossflow-coupled shock-fitting procedure
to address the large angle-of-attack problem and to predict the bow shock location as a part of the marching
solution. Several test cases are presented for various multiconic geometries under zero and nonzero angles of at-
tack. The results of these test cases are used to demonstrate the accuracy, efficiency, and robustness of the uni-
fied viscous shock-layer (VSL) and PNS solution scheme.

Nomenclature Superscripts
CA = axial-force coefficient n =index for iteration
CM = pitching-moment coefficient Jj =index in £, direction
CN =normal-force coefficient
h = static enthalpy of the mixture Subscripts
k =mixture thermal conductivity, also the grid- , =represents partial derivative
point index in the &, direction o =freestream quantity
L =body length ALk =indicial notation representing 1, 2, and 3
¢ =grid point index in the £, direction
M =Mach numbe%‘ Vector and Matrix Notation
n =molecular weight Matrix  =bold upper-case character
;Z’p - ;ttzl;?élglze?slilr;leber Vector  =bold lower-case character
Pr =mixture Prandtl number * T vestor dot product .
Re = Reynolds number, (o VRn)/p Introduction
RN,Rn  =nose radius VER the past several years increased interest has been de-
T =static temperature voted to the field of computational fluid dynamics and
u =Xx component of mass-averaged velocity aerothermodynamics. As computational capabilities become
v =y component of mass-averaged velocity more and more powerful and accessible, numerical techniques
w =z component of mass-averaged velocity for predicting flowfields around realistic re-entry configura-
X,x =coordinate along body axis tions are becoming accurate and cost-effective means of ob-
X; =x,y, and z for j=1,2, and 3 taining the necessary aerothermodynamic data. This argument
XCP =axial location of the center of pressure is even more valid today when the costs of ground-based ex-
@ =angle of attack perimental tests have become (and will continue to be) very
€ =M_/Re, high. At the same time, as the re-entry vehicles become more
) =circumferential angle measured from the wind- and more sophisticated, the available flight data (if any) can
ward pitch plane no longer suffice to represent the entire flight regime en-
X =intermediate solution vector countered by re-entry vehicles. It is indeed true that the nu-
£ =marching or streamwise coordinate merical techniques cannot totally replace the need for ex-
¢, =coordinate measured from the body to the outer perimental data. However, accurate numerical predictions can
bow shock indeed augment the available data base by extrapolating to
& =coordinate measured from the windward pitch flight conditions where no experimental data may be
plane to the leeward direction available.
0 =mixture density The existing methodology for predicting hypersonic exter-
" = mixture viscosity nal flows over three-dimensional geometries consists of
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Navier-Stokes (NS), parabolized Navier-Stokes (PNS), and
viscous shock-layer (VSL) schemes. The NS schemes (Sahu,!-?
Sahu and Nietubicz,? Richardson,* and Kumar?®) are typically
very time consuming and not well suited for various parame-
tric studies required for design and analysis purposes. On the
other hand, the existing noniterative PNS schemes (Weinacht
et al.,® Kaul and Chaussee,” and Stalnaker?®) suffer from in-
stabilities and inaccuracies. Apart from being noniterative,
such PNS schemes require a substantial approximation in the
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way the subsonic sublayer region is treated. There are gener-
ally large global conservation-of-mass (as well as momentum
and energy) errors associated with these PNS methods, which
originate from the basic solution scheme. The existing VSL
schemes (Murray and Lewis,? Thareja et al.,!®!! Thompson et
al.,”? Kim et al.,'>!" Swaminathan et al.,’* and Song and
Lewis'®) have a basic limitation of being parabolic in the
crossflow direction and, consequently, cannot march through
crossflow separated regions. This prevents the VSL scheme
from accurately predicting the aerodynamic response of com-
plex ballistic configurations, which may experience strong
crossflow separation either due to a large angle-of-attack con-
dition or simply due to the three-dimensional nature of the ge-
ometry being considered (such as finned configurations, etc.).
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 cross-
flow separation (such as the PNS schemes).

Most of the available computational schemes for predicting
viscous hypersonic external flows are as different in their re-
quired input as they are in their basic formulation and final
application. Furthermore, the file/disk manipulations re-
quired by these codes can also be quite different. The ease of
using a particular code is not a major concern when one is
working with one code and has used it frequently enough to
develop a fair amount of familiarity with the code input and
output. However, the production environment is a completely
different situation. In a production environment the opera-
tional ease and user-friendliness of a code are almost
always the deciding factors in establishing its value and subse-
quent usage, assuming of course that the code gives accurate
predictions. ‘

The term ‘‘production environment” implies that it is the
final result that is of consequence and not the code(s); that is
to say, the particular codes are looked at as only the tools to
obtain the desired data. This means that, in general, most
users are not expected to understand the fine points and in-
tricacies of the code(s) involved. This motivation is even more
appropriate when the user is to use several of such codes to ob-
tain different parts of the data base finally needed. Thus, it is
desirable to minimize the user interaction with the codes to be
used. When in a production-type environment there are sev-
eral codes to be used either independently or in a sequence, it
becomes desirable to have what one could call a ‘‘master
driver.”’ The main objective is to provide a user with as much
of a code-independant environment as possible. Furthermore,
the master driver should have a modular structure, such that
additional codes can be added to the selection when needed.

LEEWARD PITCH
PLANE

BODY
WINDWARD PITCH

BOW
SHOCK

Fig. 1 Coordinate system.
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In this paper we will present the use and applicability of a
series of unified codes available in the VRAM (VRA Master)
driver program, for predicting and analyzing viscous super-
sonic/hypersonic flows over spherically blunt multiconics or
lifting configurations, from the nose tip to the body end. The
accuracy, efficiency and ease-of-use of these codes will be dis-
cussed in detail, and comparisons will also be made with other
available schemes in terms of solutions accuracy and comput-
ing efficiency.

Solution Scheme

The complete mathematical and numerical development of
the PNS scheme used in the VRAM program has been dis-
cussed in detail by Bhutta and Lewis!’-?2 and Bhutta et al.?3:24
The following sections provide a brief overview of the general
approach used in formulating this PNS scheme.

The coordinate system used for the present three-
dimensional PNS scheme is a general curvilinear coordinate
system (£,,%,,£;). Also, a body-fixed orthogonal (Cartesian)
coordinate system is chosen such that the origin of the Carte-
sian 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 £; coordinate is measured in
the crossflow direction from the windward pitch plane (see
Fig. 1).

The density (o), the density-velocity products (pu, pv, and
pw), the density-temperature product (o7), and the pressure
(p) are chosen as the flowfield unknowns. Thus, the final vec-
tor of unknowns becomes

g=1p, ou, pv, pw, pT, p]” ¢Y)

Following the approach of Peyert and Viviand? and neglec-
ting streamwise (£,) dissipation effects, the nondimensional-
ized parabolized Navier-Stokes equations can be written in the
following vectorial form:

fj,sj €Sy, 55'3,53 =h 2)

These five equations representing the differential conserva-
tion of mass, momentum, and energy are mathematically
closed by using the equation of state for the gas mixture. For
perfect-gas as well as equilibrium-air and finite-rate chem-
ically reacting gas models, this equation of state can be written
in a nondimensional form as

w—-Z*pT=0 &)

where Z* =1 for a perfect gas, Z* = Z*(p, T) for equilibrium-
air, and Z* =/n_/m for a finite-rate chemically reacting gas
model.

If we assume that the solution at the ““n+1°’ iteration is
close to the solution at the nth iteration, we can use a first-
order Taylor series expansion around the previous (nth) itera-
tion to write Eq. (2) as

(A, /A, — Ag)" - Ag" '+ (A3-Ag" 1) o, + (AT -Ag™1)
— (M AG™ ) ¢, — (M -Ag™HY)
= =g, —esny, —essgy —HP I =gitin @
where
Aqn+1 =qj+1,n+1 _qj+1,n (5)
and two-point backward-differenced approximations have
been used for the streamwise derivatives. It has been shown by

Bhutta and Lewis!”?? that, for the iterative process of Eq. (4),
this simple two-point streamwise differencing is conservative
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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 compres-
sion discontinuities.

Equations (2) and (4) are elliptic in the £, and £; directions,
so that central-differenced approximations are used for all £,
and &, derivatives. However, the use of central-differenced
schemes is typically associated with solution oscillations
(Bhutta and Lewis, 722 Kaul and Chaussee,?® Schiff and Ste-
ger,”’ and Shanks et al.?®). Additional higher-order dissipa-
tion effects are needed to suppress such numerical solution os-
cillations. For this purpose, Bhutta and Lewis!”?? and Bhutta
et al.?»?* have developed second- as well as fourth-order-
accurate fully implicit smoothing approaches that are accurate
and simple to use. ,

For the perfect-gas case, the air viscosity is obtained using
the Sutherland formula (White?®). The specific-heat ratio is
assumed to be a constant (1.4 for air). The Prandtl number is
also assumed fixed (0.72 for air), and the thermal conductivity
is obtained from the definition of the Prandtl number. In the
case of equilibrium chemically reacting air, the mixture ther-
modynamic and transport properties are provided in the form
of a table. The thermodynamic properties involve the mixture
‘enthalpy A(p,T) and mixture density p(p;T) data and are
based on the tabular data of Miner et al.?® The transport prop-
erties involve the mixture viscosity p(p,T) and thermal con-
ductivity k(p,T) data based on the data developed by Peng
and Pindroh.3! The Prandtl number Pr(p,T) data were ob-
tained using these thermodynamic and transport property
data. Additional details about these tabular data have been
given by Bhutta and Lewis?! and Bhutta et al.?* In general,
this equilibrium-air thermodynamic and transport property
table covers the temperature range of 10-15000 K and the
pressure range of 0.0025-15.849 atm. It should be noted that
this range adequately covers most of the flight regime in which
the equilibrium-air effects may be important. The nonequili-
brium formulation of this three-dimensional PNS scheme has
been discussed in detail by Bhutta and Lewis??and Bhutta
et al.?

Using two-point streamwise differencing and central-
differenced approximations in the £, and £, directions, the
final differenced equations corresponding to the fluid
mechanics problem are written -in the block-pentadiagonal
form, as given in Egs. (4). It should be noted that the right-
hand-side terms of Eqs. (4) are the governing differential
equation corresponding to the fluid mechanics problem writ-
ten at the nth iteration level, and they go to zero in the limit of
convergence. As discussed by Bhutta and Lewis!”?? and
Bhutta et al.,”?* under these conditions the exact form of
these implicit left-hand-side terms orly affects the conver-
gence path and not the converged solution. With this idea in
mind, the implicit left-hand matrices of Eqgs. (4) are not up-
dated: after the first few iterations. Furthermore, the new
predictor-corrector solution scheme of Bhutta and Lewis??
has also been used to treat the strong crossflow coupling ef-
fects that may exist, due either to the three-dimensional nature
of the geometry or to large angle-of-attack 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. The initial conditions to start the PNS solu-
tions are obtained from appropriate VSL blunt-body solution
schemes.®!¢ The VSL blunt-body solution is interpolated to
obtain the starting solution at the initial data plane (IDP) for
the three-dimensional PNS afterbody solution. The boundary
conditions at the wall consist of six independent relations rep-
resenting the nature of the gas mixture and the physical condi-
tions at the wall. These conditions consist of no-slip boundary
conditions, specified wall-temperature distribution, equation
of state, and zero pressure derivative in the £, direction
(p,£, =0). For a finite-rate chemically reacting gas model, the
wall boundary conditions can be either ablating or nonab-
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lating wall boundary conditions. For a nonablating surface,
the species wall boundary conditions can be fully catalytic or
noncatalytic type.?? For an ablating surface, the species wall
boundary conditions assume an equilibrium-catalytic wall.??

The boundary conditions at the outer bow shock involve a
fully implicit and crossflow coupled shock-fitting approach,
and the bow shock is predicted as the solution marches down
the body. The corresponding shock boundary conditions for
nonequilibrium flows assume a frozen shock crossing. Cur-
rently, the three-dimensional PNS scheme being presented can
only treat flows with a pitch plane of symmetry; i.e, the vehi-
cle geometry is symmetric with respect to the pitch plane and
there is no yaw. The symmetric and reflective boundary condi-
tions used in this case are based on the second-order crossflow
boungisary conditions used by Kaul and Chaussee?® and Shanks
et al.

Predictor-Corrector Solution Scheme

Under large angle-of-attack conditions strong crossflow
separated regions may. develop on the leeward side. Under
these conditions, solution coupling in the crossflow direction
is very important. If these coupling effects are not properly
considered during the iterative solution, they can cause severe
convergence difficulties. In order to address the problem of
crossflow coupling, Bhutta and Lewis?'?? have developed a
new predictor-corrector solution scheme that is divided into
three different parts: 1) the predictor step, 2) the fully implicit
shock solution, and 3) the corrector step. The overall iterative
process consisting of these three steps is repeated until the
solution converges at all grid points, and then the solution
moves on to the next marching step.

1) Predictor step: In the predictor step the implicit cross-
flow coupling effects are neglected in favor of the body-

‘normal coupling effects. The equations are inverted from

the body of the shock to develop a recursive relationship be-
tween the solution at successive grid points in the axis-normal
direction.

2) Fully-implicit crossflow-coupled shock solution: In de-
veloping this bow shock-fitting scheme, it is assumed that
from one iteration to the next the shock points move along the
£, grid line. This assumption reduces the number of unknowns
to be solved, and the final solution has only one additional un-
known at the shock, which completely defines the spatial
movement of the shock point. This shock-fitting scheme has
been discussed in detail by Bhutta and Lewis?%-22; however,
briefly speaking, using A, to denote the amount by which the
shock point moves in the &, direction, the corresponding
movement of the shock-point coordinates from one iteration
to the next can be written as

DI = 051+ G, V2 (A)2 ©)

Thus, there are actually seven unknowns at the shock, written
in a vectorial form as

;- lp.pu,pv,0w,0T,p, A1 @)

The Rankine-Hugoniot shock-crossing equations (repre-
senting the conservation of mass, momentum, and energy)
provide five of the seven equations 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-of-mass equation
behind the shock. As we see, in this approach, no approxima-
tion other than the assumption of a frozen or equilibrium-air
Rankine-Hugoniot shock has been used. These equations are
equally valid whether the conditions behind the shock are vis-
cous or inviscid dominated or whether substantial flowfield
gradients exist behind the shock.

Using the recursive relation from the predictor step at
f={(LMAX-1) location, the seven shock-fitting equations are
solved to obtain the solution at the shock. Using this shock-
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point solution and the recursive relations of the predictor step,
the predictor solution can now be obtained for all interior grid
points. This predictor solution is then used to solve the final
corrector step. Furthermore, once the solution at the shock
has been obtained, the x, y, and z coordinates -of the new
shock point locations are determined from Eqgs. (6), and the
grid is updated for the next iteration.

3) Corrector step: Just like the shock-point solution, the
solution in-the corrector step uses the recursive relations from
the predictor step to eliminate the (k,f— 1) contributions in the
difference molecule. Then, assuming that the solution at the
(k,£+1) point can be reasonably approx1mated from the pre-
dictor step, one can reduce the governing pentadlagonal
system of equations to only a coupled system in the crossflow
direction. This implicit crossflow solution.is obtained using
plane-of-symmetry boundary conditions applied in the wind-
ward and leeward pitch plaries. In this way, the flowfield solu-
tion is marched from the shock to the body

Capabilities and lertatlons of the VRAM Programs

This section glves a brief overview of the various capabilities
as well as limitations of the various VSL/PNS codes involved
in the VRAM driver program. These capabilities and hmlta-
tions are given below.

1) Gas modéls:  perfect-gas model, equilibrium-air gas
model,” nonequilibrium-air gas model nonequrlrbrrum Tef-
lon/carbon-air gas model.

2) Flight altitude: 0< flight altitude < 300 kft.

3) Flight Mach number: 2 <flight Mach number <35.

4) Angle of attack: O=angle of attack =25 deg.

5) Vehicle geometry: spherically blunted three- dimensional
geometries without axial separation.

6) Nose radijus: nose radius =0.01 in.

7) Reynolds number: freestream Reynolds number based on
nose radius > 100, -

8) Flow type: fully laminar, transitional, or fully turbulent
flows.

" 9) Wall boundary conditions, ablating or nonablatmg sur-
faces, adlabatrc wall, isothermal wall, specified wall-

10°

Rn=1.0 inch
50

a) Fmo VRn‘——vlL 200 Rn7{4 266 Rn —;ll

5° -
Rn=0.1 V/

b) k , 800 Rn S— /.I/

5°
0°

10°
Rn=6.0 inch

) /,l/ 1enn,,,[< 10 an%m Rrrﬁlé

.. Rn=.01 inch

P 100 #n — 2

Fig. 2 Vehicle geometries for cases 1-6.
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Table 1 Classification of cases 1-6

Test - Mach  Alt., Gas Flow AOA,® TWALL, Vehicle
case number kft model* type deg R geometry

1a® 20,0 16405 PG LAM 0.0 2000.0 Fig. 2a
1b 20.0 16405 EQ LAM 0.0  2000.0 Fig. 2a
2a°  20.0 100.00 PG TRN 0.0  2000.0 Fig. 2a
2b¢  20.0 100.00 EQ ~TRN 0.0  2000.0 Fig. 2a
3a 20.0 10000 PG LAM 5.0 20000 Fig. 2b
3b 20.0 10000 EQ LAM 5.0  2000.0 Fig. 2b
4 - 250 275.00 PG LAM 0.0  2000.0 Fig. 2c
54 20.0 20000 PG LAM 0.0  2000.0 Fig. 2d
6° 20.0 125.00 NEQ LAM 0.0  2000.0 Fig.2d

#pG = perfect gas model; EQ = equilibrium-air .gas model; NEQ = nonequili-
brium Teflon-air gas model LAM =laminar flow; TRN—transmonal flow;
AOA angle of attack; TWALL = wall temperature.

bTurbulent- -viscosity calculations were based on the two-layer ‘eddy-viscosity
model of ‘Cebeci and Smith, with the edge condmons determmed using a total
enthalpy model.
“For cases 2a and 2b the transition to turbulence occurred instantaneously at
X/RN=10. :

Nose radius for cases 5 and 6 was 0.01 in.
“Case 6a was nonablating with 2000 R wall temperature, whereas cases 6b-6¢
had surface ablation for x> SRn. Wall temperature for ablating regron was kept
fixed at 1800 R.

temperature distribution, fully, finite, or noncatalytic wall for
nonequilibrium air, or equilibrium- catalytlc wall for ablatlng
nonequilibrium flow.

Sample Results and Discussion
Some sample results for flowfield predictions over multi-
conic RV and decoy configurations under moderate angle-of-
attack conditions are discussed in this section, and additional
results for large angle—of—attack conditions have been dis-
cussed by Bhutta and Lewis.2*?* The multiconic test cases con-

“sidered (cases 1-6) are defined in Table 1, and the vehicle ¢on-

frguratlons are shown in Fig. 2. The starting solutions for
these calculations were provided using a perfect gas/
equilibrium-air VSL solution scheme. These calculations in-
clude laminar as well as turbulent flow conditions, and both
perfect-gas and equilibrium-air gas models were used. The test
cases of laminar perfect-gas flows at 0- and 5-deg angles of at-
tack have been compared with results obtained from the Air
Force Wright Aeronautical Laboratories (AFWAL) PNS code
(Neumann and Patterson’2),

A comparison of the wall pressure dlstrlbutlons for the lam-
inar perfect-gas and equilibrium-air ca_lculatlons of cases la
and 1b is shown in Fig. 3; the corresponding heat transfer pre-
dictions are shown in Fig. 4. Since the equilibrium-air results
from the AFWAL PNS code may riot be reliable, we did not
attempt to compare the VRA PNS equilibrium-air results with
the AFWAL code results. As can be seen from these figures,
the various wall- measurable quantmes are very well behaved.
The effect of the gas model on the wall pressure distributions
is less than 5% in the over- expansion and recompression re-
gion, and it is less than 1% over most of the body length. The
effect of the VRA PNS equilibrium-air gas model on the wall
heat transfer distribution is to increase the heat transfer rate
by 20-25% over the corresponding perfect-gas predictions.
The difference in perfect-gas wall pressure distribution for the
VRA PNS and AFWAL PNS codes is almost negligible. The
correspondmg difference in the heat transfer rate distribution
is very small, except near the over-expansion and recompres-
sion region. In general, the agreement is excellent. Figure 5
shows the wall heat transfer rate predictions under turbulent
flow. conditions, with transition to turbulence occurring in-
stantaneously at x= 10Rn. Again, it can be seen that with the
VRA PNS equilibrium-air gas model], the wall heat transfer
predictions ‘increase by 20-25 %. over the correspondlng
perfect-gas predictions.

The wall pressure-and wall heat transfer predictions for the
5-deg angle-of-attack laminar case 3 calculations with perfect-
gas and equilibrium-air gas models are shown in Figs. 6 and 7.

~
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Fig. 4 Heat-transfer rate distribution for case 1a and 1b.
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Fig. 5 Heat-transfer rate distribution for case 2a and 2b.

These results show that the effects of the gas model on the
wall pressure distribution are very small. The only noticeable
differences in the wall pressure are on the leeside, where the
effect of the equilibrium-air gas model is to decrease the
wall pressure distribution by nearly 10%. The wall heat trans-
fer predictions using the VRA PNS equilibrium-air gas model
are 20-25% greater than the corresponding perfect-gas
predictions.

Extreme care should be taken to obtain a meaningful
flowfield solution from the AFWAL PNS code, since it is very
difficult to choose optimum parameters unless one conducts
parametric studiés by varying various parameters (Neumann
and Patterson®?). In our computation with the AFWAL PNS
code, we chose the important parameters ‘according to Patter-
son’s suggestions.® -

To obtain a more accurate flowfield solution with the AF-
WAL PNS code, we had to use a large number of crossflow
planes (mlmmum of 19, and typically 45) for simple axisym-
metric geometries at nonzero angles of attack. We attempted
to compute case 3a (5-deg angle of attack) with 45 crossflow
planes; however, we experienced some solufion difficulties
around 360Rn to 420Rn down the body length. Therefore,
only the result from the AFWAL 19-plane solution was com-
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Fig. 6 'Wall pressure distribution for case 3a and 3b.
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Fig. 7 Heat-transfer rate distribution for case 3a and 3b.
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pared with that from the VRA PNS 9-plane solution. The
windward wall pressure differences between the 19-plane AF-
WAL PNS and 9-plane VRA PNS solutions was less than §%;
however, with the 45-plane AFWAL PNS solution, the differ-
ence was much smaller than 8%. There was almost negligible
difference in side-plane (¢=90 deg) solution. The leeside
(¢ =180 deg) shows a much larger difference in wall pressure
prediction, but with the 45-plane AFWAL PNS solution the
difference was much less than that with 19 planes.

The heat transfer rate comparison shows small differences
in the windward and side planes; however, the leeward plane
shows larger difference around x=100Rn. But, as we ap-
proach the body end, these differences become less than a few
percentage points. The corresponding wall heat transfer pre-
dictions for the high-altitude laminar case 4 calculations, using
a perfect-gas model, are shown in Fig. 8.

To demonstrate the capabilities of the VRAM series of
codes to predict flowfields over decoy-like vehicles, we com-
puted the flow over a zero lift, 5-deg half-angle spherically
blunted cone with a nose radius of 0.01 in. at Mach 20 and al-
titude of 200 kft. Under these conditions, the freestream
Reynolds number based on nose radius was 27.6 or much less
than the recommended lower limit of 100 indicated earlier in
this paper. This case was included to show that decoy-like
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Table 2 Force and moment data for cases 1-6

Case CA CN ~CM . XCP/L
la 0.07226 E— _ E—
1b 0.07451 — _ —_—
2a 0.08508 — — —_
2b 0.09027 — . _ —_
3a 0.03658 0.16149 0.11013 0.68200
3b 0.03735 0.16220 0.11061 0.68189
4 0.36681 —_ - — e
b 1.12800 _— —_ —_—
6a -~ 0.17350 _— —_— ——
6b 0.09307 —_— —_— —
6¢c 0.09301 —_— E— —
6d 0.093%94 —_ — —_
6e 0.09472 —_ _ —

noses at low Reynolds numbers (high altitude) can also be
treated with our VSL and PNS schemes.

The pressure distribution predicted for these case 5 condi-
tions is shown in Fig. 9. Because of the low Reynolds number
flow over the cone, it was desirable to iterate globally the VSL
nose solution three times to improve the VSL and resulting
IDP solution to start the PNS downstream solution. Also,
since the normal momentum equation in the VSL technique
does not contain any viscous terms, there is a mismatch in the
VSL and PNS predictions that becomes large as the Reynolds
number becomes very small—as in this case. For conditions
such as these, we move the IDP further downstream from the
nose (around x = 45Rn) than where we would typically locate it
for high Reynolds number flows (around x=4.5Rn). By mov-
ing the IDP downstream, we reduce the éffects of the
mismatch in VSL and PNS normal momentum equations, but
we cannot completely eliminate its effects on the IDP. In Fig.
9, the bump in the pressure distribution downstream of the
IDP at 45Rn, as shown, is caused by this mismatch. However,
as.shown in Fig. 10, it is interesting to note that the effect of
the mismatch in normal momentum equations is smaller on
the heat-transfer distribution than on the pressure distribu-
tion. In this case, the surface heat transfer distribution is much
smoother and less affected by the mismatch.

The force and moment data at the body end for these test
cases are shown in Table 2. The prediction of the axial force
coefficient for case 5 is apparently too high. Of course, be-
cause of the very low Reynolds number (Re, =27.6) in this
case, the effects of wall and shock slip should have been con-
sidered. When included, these wall and shock slip effects tend
to decrease the vehicle drag. Again, without appropriate wall
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and shock slip models, we do not recommend the use of the
present PNS scheme for such low Reynolds numbers; how-
ever, with this low Reynolds number case 5 calculation, we do
hope to demonstrate a numerical capability that we believe
may be unique.

The results of calculations for case 6 are shown in Figs.
11-16. The geometry for these case 6 calculations is the same
as the one used for case 5 (see Fig. 2) and consists of a 5-deg
sphere-cone vehicle with a 0.01-in. nose radius. The free-
stream conditions consist of zero angle-of-attack, Mach 20
flow at a flight altitude of 125 kft. The gas model consists of a
finite-rate chemically-reacting Teflon-air gas mixture with and
without Teflon ablation at the surface. In case of surface abla-
tion, the nose is nonablating and ablation starts at x=5Rn.
This nonequilibrium Teflon-air gas model and the associate
equilibrium-wall-ablation boundary conditions have been dis-
cussed in detail by Bhutta et al.*

The case 6a calculations involved no wall ablation; cases
6b-6¢ involved Teflon surface ablation and used different
computational grids. The various grid sizes used are shown in
Fig. 3; however, briefly speaking, cases 6a and 6b used 50
points between the body and shock and a maximum marching
step size of SRn. Case 6¢ used 150 points between the body
and the shock and a maximum marching step size of 5Rn.
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Cases 6d and 6e used 50 points between the body and the
shock and maximum marching step sizes of 1Rn and 0.1Rn,
respectively.

The axial distribution of the surface ablation rate used for
these case 6 calculations is shown in Fig. 11. The effects of sur-
face ablation on the wall pressure are shown in Fig. 12,
whereas the corresponding effects on the surface heat-transfer
rate are shown in Fig. 13. Figure 12 shows that, under these
conditions, there is significant effect of surface ablation on the
wall pressure distribution. In general, surface ablation in-
creases the wall pressure and, by the body end, the wall
pressure with ablation is approximately 11% higher than the
corresponding case without ablation. This difference is even
larger in the forebody region. Figure 13 shows that the wall
heat transfer rate with surface ablation is much lower than
without ablation. For the case with ablation, there is a sudden
increase in the wall heat transfer at the point where surface
ablation starts. This is due to the abrupt change in the near-
wall species concentrations due to Teflon ablation and, thus,
the increased surface heat transfer due to species diffusion.
The corresponding component of wall heat transfer due to
conduction is much smaller than in the case of a nonablating
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Table 3 Computing-time estimates for cases 1-6

PNS grid
size Time, min:s® Time®
Case (N1 X N2xN3)2 Nose PNS Total CPU
la . 121x150x 1 0:15 1:20 1:35 0:40
AFWAL 2673x 90x 3 0:15 28:36 28:51 14:18
1b 161x150x 1 0:45 2:02 2:47 1:01
2a 124%x150x 1 0:16 1:29 1:45 0:45
2b 130x150%x 1 0:44 1:40 2:24 0:50
3a 101x 50%x 9 0:43 4:39 5:22 2:20
AFWAL 1409 x . 90x 19 0:43 57:46 58:29 30:24
3b 104x 50%x 9 2:14 4:19 6:33 2:20
4 33x150% 1 0:24 0:36 1:00 0:18
S 71x 50x 1 0:24 0:15 0:39 0:08
6a 46x SOx 1 1:34 0:54 2:28 0:29
6b 46x 50x 1 1:34 1:25 2:55 0:45
6c 46x150x 1 1:34 4:48 6:22 2:34
6d 109x 50x 1 1:34 2:30 4:04 1:20
6e < 955%x 50x 1 1:34 15:51 17:25 8:27

4N1.=grid points in the streamwise direction; N2 = grid points between the body
and the shock; N3 =grid points in the crossflow direction.

YThese computing times are for IBM 3090 (Mode! 300E) with FORTVS2 compi-
ler, using scalar OPT(3) optimization.

°PNS computing time estimate based on Cray 2, using CFT77 compiler.
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surface. As we move along the body, both diffusion- and
conduction-related components of the wall heat transfer for
the ablating case decrease quite rapidly. At the end of the
body, the total wall heat transfer rate for the ablating case is
30% lower than the nonablating case. However, although not
shown here, with Teflon surface ablation, the conduction
component of wall heat transfer and also of skin friction for
these conditions decrease by approximately a factor of 3. As
far as the vehicle drag is concerned, surface ablation increases
the pressure-induced drag by 11%; however, the friction com-
ponent of the drag decreases by a factor of 2.5. Thus, as
shown in Table 2, the total vehicle drag with Teflon surface
ablation (case 6b) is approximately 1.9 times less than the total
vehicle drag without ablation (case 6a).

An important aspect of the present Teflon-air PNS calcula-
tions is the accuracy with which the global conservation equa-
tions are satisfied. The errors in the global conservation of
mass, x momentum, y momentum, and total energy for this
case are shown in Fig. 14. The results shown are for the case 6¢
calculations, which use 150 points between the body and the
shock, and used a convergence constraint of 0.001% on the
flowfield variables and 0.01% for the chemical species. As can
be seen from this figure, the global conservation of these
flowfield quantities is satisfied to the order of the flowfield
convergence constraint. In fact, the global conservation of
these flowfield quantities can be further improved by tighten-
ing the flowfield convergence constraint. This is because the
the global conservation of these flowfield quantities is directly
implied by the differential conservation equations. The corre-
sponding conservation of elemental species is shown in Fig.
15. Satisfying the elemental conservation accurately is quite
difficult because the conservation of elemental species is only
indirectly implied by the conservation of chemical species. In
other words, in order to achieve good accuracy on global con-
servation of element mass, the differential species conserva-
tion equations and the differential flowfield (mass, momen-
tum, and energy) conservation equations need to be satisfied
even more accurately. As can be seen from Fig. 15, the conser-
vation errors for the primary elemental species (N and O) are
less than 0.03% of their mass, whereas for the trace species (C,
F and Na) these errors are approximately 0.1% at the body
end. The conservation errors shown in Fig. 15 for the trace
species at any axial location are as a percentage of the local in-
jected mass. Thus, at the start of surface ablation, these rela-
tive errors are large because the amount of their injected mass
is very small. '

The effects of axial step size on the surface heat-transfer
rate for these case 6 conditions are shown in Fig. 16. This
figure shows the results with maximum axial step sizes of
5.0Rn (case 6b), 1.0Rn (case 6d), and 0.1Rn (case 6¢). The
total marching steps involved for these cases were 46, 109 and
955, respectively. As can be seen from this figure, between
cases 6b and 6e, the axial step size varies by a factor of 20;
however, there is no identifiable effect on the predicted wall
heat transfer. Table 2 shows that, for these calculations, the
total axial force at the body end differs by no more than 1.7%.
These results clearly show the stability and accuracy of the
PNS marching scheme used in the VRAM driver.

Table 3 shows the computational grids used for these calcu-
lations and the corresponding computing times. The comput-
ing time for the AFWAL PNS code is also presented, along
with VRA PNS results. Generally, to get results similar to our
VRA PNS scheme, the AFWAL PNS code required approxi-
mately 15 to 25 times more computing time. We observed also
that it was very difficult to start and run the AFWAL PNS
solution completely when compared to our simple unified ap-
proach.

Concluding Remarks
A unified series of codes has been developed to study three-
dimensional viscous hypersonic flows around spherically blunt
multiconics under zero and nonzero angle-of-attack condi-
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tions. The VRA PNS scheme was used to study perfect-gas
and equilibrium-air flows around some typical multiconic RV
and decoy configurations to demonstrate its accuracy, effi-
ciency, and versatility. The results of these studies support the
following comments.

Based on the axisymmetric perfect-gas PNS scheme of
Bhutta and Lewis,!” a new three-dimensional PNS scheme has
been developed. This three-dimensional PNS scheme is uncon-
ditionally time-like in the subsonic as well as the supersonic
flow regions and does not require the use of any sublayer
approximation. Furthermore, the scheme permits very fine
grids to be used in the near-wall region for improving solution
accuracy.

This PNS scheme is capable of treating perfect-gas,
equilibrium-air, and nonequilibrium finite-rate chemically re-
acting gas models with and without surface ablation. A new
predictor-corrector solution scheme has been incorporated to
treat the strong crossflow coupling effects in and around the
crossflow separated regions (Bhutta and Lewis?!?2), and a new
fully implicit shock-prediction scheme has been used to accu-
rately predict the bow shock location as the solution marches
down the body (Bhutta and Lewis?!??). This scheme uses a
general curvilinear coordinate system and predicts the correct
shock location without having to make any approximation
about the viscous or inviscid nature of the flow behind the
shock. Furthermore, this shock-fitting solution is fully cou-
pled in the crossflow direction and results in smoother and
more accurate shock shapes, and the method has very good
stability and convergence characteristics.

This PNS scheme uses a fourth-order accurate smoothing
approach which is an extension of the earlier axisymmetric ap-
proach of Bhutta and Lewis.!”!® In this approach, the cross-
flow smoothing effects are applied to all variables; however,
the smoothing effects in the axis-normal direction are limited
only to the pressure field. This results in accurate wall heat
transfer and skin-friction predictions even with coarse grids in
the axis-normal direction.

The results of studies conducted show that with a pseudo-
unsteady algorithm, the present fully iterative three dimen-
sional results can be obtained accurately and efficiently
without any significant computing-time penalty. Furthermore,
the enhanced solution acturacy permits much larger marching
steps to be used, and this substantially reduces the final com-
puting times.

Comparisons of predicted flowfields over multiconic con-
figurations show that the results from the current approach
provide a more stable prediction of surface-measurable quan-
tities than the AFWAL PNS scheme with only a small fraction
of the computing time (approximately 5%), and the VRA PNS
required no variation of input parameters for a successful
solution.

The current calculation of a decoy-like vehicle under ex-
tremely low Reynolds number (27.6) conditions demonstrated
the successful application of the VRAM driver program and
the associated PNS and VSL schemes for high-altitude and
low-Reynolds-number flight conditions.
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