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Supersonic Noncircular Missile Computations

F. J. Priolo* and A. B. Wardlaw Jr.}
U.S. Naval Surface Warfare Center, Silver Spring, Maryland

The ZEUS program, which solves Euler’s equations by spatial marching, is applied to missiles with nencircu-
far cross sections. It incorporates a multiple-zone gridding technique and a second-order extension of Godunov’s
method. This Godunov method is an upwind scheme based on the Riemann problem for steady, supersonic flow
and cast in a control volume formulation. Second-order accuracy is obtained by computing local slopes and
adding a predictor step. The scheme fits the bow shock and captures imbedded shocks. Computatiopal speeds
can be improved by adopting an approximate Riemann solver. The program is applied to body-ixlone and
body-wing-tail configurations with elliptic cross sections. Computed surface pressure distributions agree well
with experiments on the windward and leeward surfaces with some discrepancies at the body shoulder. In this
region, the inviscid results do not accurately model the crossflow separation and associated vortex development,
but this discrepancy has little effect on the a¢curate prediction of the aerodynamic coefficients.

Nomenclature

A" = area of control volume edge lying in
the z = 7" plane

b($,z) = radial position of edge 1 (Fig. 2)

Cy = pitching moment coefficient, pitching
moment/q.SL

Cy = normal force coefficient, normal
force/q.S

c, = pressure coefficient, (0 — pw)/Gw

c(¢,2) = radial position of edge 3 (Fig. 2)

F = flux vector, Eq. (1)

H, = stagnation enthalpy

L = reference length, length of
configuration

M, = freestream Mach number

n = (ny,n,,n;)= vector normal to cell edge, Eq. (1)

{7l = cell edge area

D = pressure

o = freestream dynamic pressure

R, = upper and lower supersonic streams
for the Riemann problem (Fig. 4)

r, $.2) = cylindrical coordinates (Fig. 2)

S = reference area, maximum cross-

_ sectional area of the body
U = flux vector, Eq. (1)

(u,v,w) = Cartesian velocity components

x».2) = Cartesian coordinates with z along the
missile axis

o = angle of attack

of = flow direction angle (Fig. 4)

&.,0 = computational coordinates (Fig. 2)

y = ratio of specific heats

K’ = difference limiter, Eq. (3)

) = crossflow plane angle measured
clockwise from the positive x axis

o = density

a(r,z) = angular location of edge 4 (Fig. 2)

Wr,z) = angular location of edge 2 (Fig. 2)
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Subscripts
iLj = cell center in the crossflow plane
(Fig. 5)
o = ambient conditions
Introduction

RADITIONALLY, missile aerodynamics has been pre-

dicted using semi-empirical methods that are based on an
extensive data base. These methods determine the global aero-
dynamic characteristics using a minimum of computational
resources. Numerical methods, on the other hand, are inde-
pendent of experimental data but require a greater computa-
tional effort. Such techniques are applicable to a wider range
of configurations and flight parameters and provide detailed
flowfield properties not attainable using empirical methods. A
number of numerical procedures have been applied to mis-
siles. These include: linearized potential panel, nonlinear full
potential, space marching Euler, time marching Euler, parab-
olized Navier-Stokes, thin-layer Navier-Stokes, and Reynolds-
averaged Navier-Stokes. A survey of these methods is pro-
vided by Hoeijmakers.!

The present paper focuses on applying the Euler equations
to missiles in supersonic flight. Under these conditions, the
Euler equations are hyperbolic, and the missile’s flowfield can
be determined from known flow conditions at a cross-sec-
tional plane near the nose tip. This initial data plane is
marched down the length of the missile to the base as shown
in Fig. 1. Computational times for a complete missile are
similar to those for linear potential methods given by Ref. 1.
However, the Euler equations can treat shocks of arbitrary
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Fig. 1 Cartesian and cylindrical coordinate systems.
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Fig. 2 Quadrilateral zone structure.

strength and convect vorticity, whereas potential methods can-
not. Vorticity generated by separation is not described by the
Euler equations, and phenomena such as body vortices must
be empirically modeled.

Space marching Euler methods were originally applied to
re-entry vehicles that featured conical geometries complicated
by cuts and flaps. Mesh generation was accomplished using a
single transformation,?= a technique that is not well suited to
tactical missiles. Tactical missiles are characterized by thin,
low-aspect-ratio fins with sharp edges, and solutions for these
shapes have been accomplished using a multiple-zone strategy.
Here a complicated flowfield is divided into several quadrilat-
eral zones, each of which can be treated using a single map-
ping, as shown in Fig. 2. Zone boundaries are taken to coin-
cide with the body, wing, and tracked bow shock surfaces.
Initial work by Wardlaw et al.5-10 applied the MacCormack
scheme with characteristic boundary conditions. These char-
acteristic boundary conditions are enforced at wing edges and
surface discontinuities in conjunction with special procedures
that apply oblique shocks and expansions where appropriate.
These methods have been successfully applied to missiles but
are not robust. For complex shapes, artificial viscosity and
special procedures must be adjusted on a trial-and-error basis.
Additionally, Wardlaw et al.'! combined the same multiple-
zone approach with Godunov’s first-order method!? for
steady supersonic flow. Unlike the MacCormack approach,
this technique is robust and devoid of any special procedures.

The zonal Euler solver (ZEUS) of Wardlaw et al.'*% is a
space marching method that combines a simple, multiple-
zone, gridding technique and a second-order extension of
Godunov’s method. The Godunov method is an upwind
scheme based on the Riemann problem for steady supersonic
flow. It is cast in control volume form and consists of a
predictor and corrector step. The predictor step advances the
primitive variables using Euler’s equations in nonconservation
form. Derivatives are computed using a limited central differ-
encing procedure. The corrector step modifies Godunov’s
method by assuming linear property variations within each
control volume. This program is devoid of explicit artificial
viscosity and is robust.

The current paper applies the ZEUS program, first reported
in Ref. 13, to several supersonic noncircular missile shapes
and compares results to experiment. A brief description of the
computational algorithm is provided with more details out-
lined in Refs. 13-15. The final two sections illustrate the
results and draw some conclusions.
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Fig. 4 The supersonic Riemann problem consists of two intersecting
supersonic streams, R, and R_.

Computational Procedure
Code Structure

The ZEUS program uses a multiple-zone structure that
provides a convenient framework from which to compute
shapes having sharp-edged fins. The crossflow plane is divided
into several quadrilateral zones, and a simple, separate trans-
formation is applied to each. A general quadrilateral zone is
displayed in Fig. 2 for cylindrical coordinates. The radial
locations of edges 1 and 3 are described in terms of functions
b(¢,z) and c(¢,z), while the angular positions of edges 2 and
4 are defined by ¥(r,z) and o(r,z).

A typical multiple-zone structure for a missile, shown in
Fig. 3, features the missile body and bow shock on opposite
edges of quadrilateral zones. The fin surfaces are located on
the remaining two edges of each zone. The number of grid
points covered by the fin surfaces may change from one axial
step to the next.

Numerical Scheme

For steady supersonic flow, the Riemann problem repre-
sents the confluence of two two-dimensional supersonic
streams, as illustrated in Fig. 4. At the point of intersection,
shocks or expansion fans form, which turn both streams to a
common direction. The two final streams need not feature the
same density or velocity and a slip line generally forms be-
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Fig. 5 Control volume nomenclature.

tween them. The solution begins by guessing the slip line
orientation and computing the pressure on each side. Since the
shock and expansion relations are nonlinear, an iterative pro-
cedure is adopted that adjusts the slip line orientation until the
appropriate direction is found. This direction is the one pro-
ducing the same pressure in both streams. If the two streams
forming the Riemann problem have similar properties, a
closed-form linear solution can be obtained. Alternatively, an
approximate Riemann problem!6 can be constructed that has a
closed-form solution.

Using the notation of Fig. 5, mass and momentum conser-
vation through a control volume can be expressed as:

. - _ -
Ul ' =Uj—Fn;j+F_y;—F.u+F;_ ., (a)

where

oW pV
Uj=Alj{ow*+p| Fiivj= |owV +np

pwu ouV + np

pPWU |4 POV +mp | vy

V="Riu; @ow)y; (1b)

Equations (1) are closed using the constant total enthalpy
condition and the perfect-gas equation of state that yield the
constraint

P
ply—1

The ZEUS code integrates Euler’s equations using a second-
order Godunov method. The original Godunov’s method of
Ref. 12 (which is applied in Ref. 11) in first-order accurate and
usually cast in a control volume form. Properties within each
cell are assumed constant and fluxes [F in Egs. (1)] at cell
edges are calculated using the Riemann problem. The two sets
of properties adjacent to each cell edge define the two streams
making up the Riemann problem. Fluxes crossing a cell edge
are computed from the solution to the Riemann problem.
Along any ray originating from the point of the initial stream
intersection, properties are constant. The properties along the
ray parallel to the cell edge are used to compute the flux.

+%(u2+v2+w2)=H0 )
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When this direction falls between the shocks/expansions
defining the Riemann problem (se¢ Fig. 4), the computed flux
is influenced by properties at both adjacent cell edges. Other-
wise, the cell edge flux will be a function of only one cell’s
properties since the flow normal to the cell edge is supersonic.
The active cell is upstream or upwind of the cell edge, thus
reflecting the correct domain of dependence of the problem.

Godunov’s method is extended to second-order accuracy by
adding a predictor step to determine properties at 2" + Az/2
and linearly extrapolating these properties to the cell edge. The
property slopes for both the predictor step and the linear
extrapolation are computed using limited differences that pre-
vent oscillations near shocks. These differences are calculated
in the following manner:

(0if (fisr; ~Fi)ij —fi-1,))<0

otherwise
af ,
- = S F . |f‘ 1,'-fi— | ,
3 a Min [——2—‘— Ui ©)

—fiils &’ lfi,j "fi—l,jl]
AN,

where F’ =sign (f;.1,; —f; ;) Here, fis some dependent vari-
able differentiated with respect to some independent variable

The predictor step advances primitive variables using Eu-
ler’s equations in nonconservation form. Near shocks and
other discontinuities, the limiter reduces all slopes to zero and
the scheme collapses to the first-order Godunov method.

Boundary Conditions

ZEUS is based on a finite-volume approach. Therefore, grid
points do not lie on the boundary, but rather the cells adjacent
to the wall have an edge lying along the boundary. Properties
along cell edges adjacent to the wall are computed by extrapo-
lating predicted properties to the wall using the cell slope
normal to the wall. These edge properties do not satisfy the
tangent flow boundary conditions and must be turned using
either an oblique shock or Prandtl-Meyer expansion to satisfy
the wall boundary conditions. The flow is tangent to the wall,
and only the post-turn pressure influences the flux at the edge
lying on the wall.

Lifting surfaces may form and disappear as the solution is
marched down the length of the missile. Cell edges partially
covered by a surface are divided into two elements, one con-
taining the edge area adjacent to the surface and the other
containing the edge area adjoining another cell. Separate esti-
mates of the fluxes acting on each element are added to
determine the total edge flux.

The outer zone boundary is determined by tracking the
domain of dependence of the numerical solution using infor-
mation contained in the Riemann problem.

Special Procedures

Artificial viscosity and other special procedures are not
required by the ZEUS code. However, free parameters do
occur in the difference limiters. In the program, «’ of Eq. (3)
is set to O at cells next to fin surfaces, 1 at interior cells, and
2 at boundary cells in smooth flow regions. These values of «’
do not require adjustment from one problem to the next.

Results

The ZEUS program has been applied to several noncircular
missile shapes having elliptic cross sections. These shapes in-
cluded bodies-alone and a body-wing-tail. Computations were
performed on the CYBER 170/865 and the SUN workstation.
In all cases, the program’s “‘self starter’’ initialized properties
to freestream conditions at a plane a short distance from the
nosetip. The marching step size ranged from 20-90% of the
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Fig. 6 The three AFWAL power law bodies with cross sections hav-
ing ellipticity ratios of 2:1, 2.5:1, and 3:1 found in Refs. 17 and 18.

Gy Vs ¢ €, VS- ¢
03 e
a-m 03 a=8
02t 62 f
0.1 (%13
_@.0._.(1.._.-. o QA
c, 80¢. 2004 i ¢ 006 . 0o.c
dm«&oo 4 %
o1} o o1 f
02 ¥ o2}
——e—e— ZEUS | O e ZEUS
3t o AmwaL | 93} o AFWAL
03l 2.5:1 ELLIPTIC BODY 03f 2.5:1 ELLIPTIC BODY
a=1w a =
0.2 . P— g2t .
O o ae
’Q‘ g’e_l?‘
[ AN ? 01} ;,.
¢, 00 i ¢ Uof 4
P 1 (] ~-6-e-e-eaocmg
-1 o i -0t
O G008
0z} ® / o2}
1 MACH = 20 MACH = 5.0
-03 \ ; - w2l 3 =382
i\ = 35. = 38.
[P SOOI ST b
0 20 40 60 B0 100 120 140 160 180 0 20 40 60 80 100 120 140 180 180
4. DEG 4. DEG

Fig. 7 Calculated and measured C; on the AFWAL 2.5:1 elliptic
body of Fig. 6 for M =2 and 5, «=8 and 16 deg, and z =35.2.
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Fig. 8 Computed pressure contours and crossflow velocity vectors
for the AFWAL 2.5:1 elliptic body of Fig. 6 for Mx=2 and 5, a=16
deg, and z =35.2.
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Fig. 9 Calculated and measured Cy vs « and Cy vs « for the

AFWAL 3:1 elliptic body of Fig. 6 at M. =2-5. Each curve has its
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CFL limit. Mesh points were clustered in the vicinity of the
body shoulder. Computations featuring wings or tails were
run using multiple zones.

Computations were performed on three Air Force Wright
Aeronautical Laboratory (AFWAL) power law bodies with
cross-sectional ellipticity ratios of 2:1, 2.5:1, and 3:1. These
bodies were described in Refs. 17 and 18 and illustrated in Fig.
6. All of the calculations were completed using a one-zone
model. Results were obtained on both a (36 X 36) and a
(72 % 72) mesh. Solutions were computed for an incidence
range of 0-20 deg and for the Mach numbers of 2, 2.5, 3, 4,
and 5. The most noticeable feature in the computed flowfields
was a crossflow shock, followed by a leeside vortex. In con-
trast, experiments on the same shapes exhibit a leeside vortex
generated by boundary-layer separation.

Calculated and measured surface pressure coefficients for
the 2.5:1 elliptic body are compared in Fig. 7, and computed
pressure contours and crossflow velocities are illustrated in
Fig. 8. For all the shapes, computed pressures agree well with
experiment on the windward and leeward surfaces, with some
discrepancies near the body shoulder where the crossflow
shock occurs. In this vicinity, the sclution features a crossflow
shock while boundary-layer separation occurs experimentally.
Although not shown here, the computed crossflow shock
moves in the windward direction along the body surface with
increasing body ellipticity. At least qualitatively, the primary
vortex is predicted. But the secondary vortex, visible experi-
mentally, is completely missed. At higher Mach numbers, the
pressure discrepancy at the shoulder is almost negligible, as
illustrated in Fig. 7. Also, the computed crossflow shock
steepens, bends, and moves leeward as displayed in Fig. 8.

Normal force and pitching moment predictions on the
AFWAL bodies agree well with experiment as illustrated in
Fig. 9. This close agreement between calculation and experi-
ment is a reflection of the accuracy of the computed windward
and leeward pressures. Errors in the predicted pressures near
the model shoulder have little influence on these quantities.

Computations have been performed on the NASA
monoplane-wing missile configuration with a cross-sectional
ellipticity ratio of 3:1. This shape is described in Refs. 19 and
20 and illustrated in Fig. 10. Computed results were obtained
at the Mach number 2.5 over an incidence range of 0-20 deg,
with and without the lifting surfaces, and at roll positions of
0 and 45 deg. At 0 deg roll, computations were completed for
half of the flowfield using a one-zone model on the forebody
with an (18 x 18) mesh, and a four-zone model over the wing
and tails with a (36 x 36) mesh. In the case of 45 deg roll, the
complete configuration was computed using a one-zone model
with a (18 x 36) mesh on the forebody, and an eight-zone
model with a (36 x 72) mesh over the wing and tails.

Computed flowfields on the body-alone are similar to those
of the AFWAL elliptic bodies. A crossflow shock occurs
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followed by a vortex. Likewise, experiments exhibit a leeside
vortex; however, this vortex is generated by boundary-layer
separation. The addition of the wing and tails disrupts the
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Fig. 10 Calculated and measured C, on the NASA monoplane-wing
missile of Refs. 19 and 20 for M., =2.5, a =0-15 deg, roll orientations
=0 and 45 deg, and z/L =0.3.

NASA MONOPLANE o

/

SHARP-NOSE / \
CONFIGURATION LA P ! N
0.3:,.,,l.,.,],.ﬁr..,,l..,,l.‘,‘T,W,TYW.A

L MACH = 25 - ZEUS
o2f- rou = @ 5 &’f«’nsn—_
L x a= 15°
I BODY ALONE ]
0.1
Cp 00— ol Nlam
-0.1%
~0.2F
[ 2L = 95
PP P U IS VPO PN T IR
0 45 90 135 180 225 270 315 360
$. DEG
0.3:.,,,r,,”(”..I,..,X.,..[,mT”,.I,m:
[ macH = 25 — ZEUS 1
02— Rou = 45 252 % nasa
L X a= 15° 4
[ BODY ALONE 1
0.1~ ]
[ x ]
Cy 00 K
o1} s
~02
r ZL = .95
Y U N P PPN SURN PR S B
0 45 90 135 180 225 270 315 360

$. DEG
Fig. 11 Calculated and measured C, on the NASA monoplane-wing
missile for Mo =2.5, «=0-15 deg, roll orientations=0 and 45 deg,
and z/L =0.95 for the body-alone.

SUPERSONIC NONCIRCULAR MISSILE COMPUTATIONS 155

computed crossflow shock but does not affect the location of
the vortex (see Fig. 13).
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Fig. 12 Calculated and measured C, on the NASA monoplane-wing
missile for Mo =2.5, a=0-15 deg, roll orientations =0 and 45 deg,
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Calculated and measured surface pressures are compared in
Figs. 10-12 for the 0 and 45 deg roll orientations. Crossflow
plane pressure contours and velocities are illustrated in Figs.
13 and 14 for 0 and 45 deg roll, respectively. Close agreement
between calculated and measured pressures is achieved on the
windward and leeward surfaces, with discrepancies at the
body shoulder. These discrepancies diminish with the addition
of the lifting surfaces, and predicted results agree well with
experiment, as illustrated in Figs. 10-12. Increases in incidence
have little effect on the accuracy of the computed surface
pressures, but they do affect the strength of the crossflow
shock. The vortex behind the computed crossflow shock on
the body-alone lifts further off the surface with increasing
angle of attack, as illustrated in Figs. 13 and 14. Addition of
the tails disrupts the crossflow shock but does not change the
location of the vortex.
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Fig. 14 Computed pressure contours for the NASA mon(;ﬁla;;af
Fig. 10 for M« =2.5, o =10 and 15 deg, roll orientation = 45 deg, and
z/L =0.95 for the body-alone and the body-wing-tail.

Cp VS. @

2 B W T

¢ 2 4 6 8 10 12 14 16 18 20
ANGLE OF INCIDENCE, o, DEG

B. WARDLAW JR. J. SPACECRAFT

Normal force and pitching moment variations with angle of
attack are shown in Fig. 15 for the NASA body-alone and
body-wing-tail shapes at 0 deg roll. Computatior.s show good
agreement with experiment as a result of the well-predicted
pressures on both sides of the body. Increments in normal
force due to the presence of the wing and tails also agrees well
with experiment over the full incidence range. But moments
(referenced at 0.6L from the nose) are slightly displaced when
the lifting surfaces are added.

Concluding Remarks

This paper has investigated the application of the ZEUS
code to missile shapes having elliptic cross sections. Computed
surface pressure distributions agree well with experiment on
the windward and leeward surfaces, with some discrepancies
at the body shoulder. Near this region, computations produce
a crossflow shock followed by a vortex, while experiment
generates a vortex through boundary-layer separation. The
change in body shape and Mach number affects the location
and shape of the computed crossflow shock. Computed sur-
face pressure discrepancies at the shoulder are shown to have
little effect on the accurate prediction of the aerodynamic
coefficients. Finally, for elliptic bodies with lifting surfaces,
ZEUS computed both well-predicted surface pressures and
overall aerodynamics.

Acknowledgments

This work was supported by the Naval Surface Warfare
Center Independent Research and the Naval Air Systems Com-
mand. The project monitor was Dale Hutchins (AIR-310-C).

References

'Hoeijmakers, H. W. M. “The Role of Computational Fluid Dy-
namics in Missile Aerodynamics,’’ Missile Aerodynamics Conference,
Nielsen Engineering and Research, Inc., Monterey, CA, Oct. 1988.

2Moretti, G., Grossman, B., and Marconi, F., ‘A Complete Nu-
merical Technique for the Calculation of Three-Dimensional Inviscid
Supersonic Flow,”” AIAA Paper 72-192, 1972.

3Kutler, P., Reinhardt, W. A., and Warming, R. F., “Multi-
shocked, Three-Dimensional Supersonic Flowfields with Real Gas
Effects,”” AIAA Journal, Vol. 11, May 1973, pp. 657-664.

*Moretti, G., “Conformal Mappings for Computation of Steady,
Three-Dimensional, Supersonic Flows,”” Numerical/Laboratory
Computer Methods in Fluid Dynamics, Vol. 13, 1976.

C,VS. a

— ZEUS

_' 1 Il 1 J I 1 1  E—|

0 2 4 6 8 10 12 14 16 18 20
ANGLE OF INCIDENCE, o, DEG

Fig. 15 Calculated and measured Cyn vs « and Cps vs o on the NASA monoplane-wing missile at 0 deg roll orientation for the body-alone and

the body-wing-tail.



MAY-JUNE 1989

5Solomon, J. M., Ciment, M., Ferguson, R. E., and Bell, J. B,,
““Inviscid Flowfield Calculations for Reentry Vehicles with Control
Surfaces,”” AIAA Journal, Vol. 15, Dec. 1977, pp. 1742-1749.

6wardlaw, A. B., Jr., Solomon, J. M., and Baltakis, F. P., ‘‘Super-
sonic Inviscid Flowfield Computations for Missile Type Bodies,”
AIAA Journal, Vol. 19, July 1981, pp. 899-906.

TWardlaw, A. B., Jr., Baltakis, F. P., Solomon, J. M., and Hack-
erman, L. B., “An Inviscid Computational Method for Tactical Mis-
sile Configurations,’” Naval Surface Warfare Center, Silver Spring,
MD, NSWC TR 81-457, Dec. 1981.

8Wardlaw, A. B., Jr., Priolo, F. J., Solomon, J. M., and Baltakis,
F. P., “Inviscid Multiple Zone Calculations for Supersonic Tactical
Missiles,”” AIAA Paper 84-2099, Aug. 1984.

9Priolo, F. J., Wardlaw, A. B., Ir., Baltakis, F. P., and Solomon,
J. M., “Inviscid Multiple Zone Strategy Applied to Complicated
Supersonic Tactical Missile Configurations,’”” AIAA Paper 85-1813,
Aug. 1985.

Wwardlaw, A. B., Jr., Priolo, F. J., and Solomon, J. M., “A
Multiple Zone Method for Supersonic Tactical Missiles,”” Naval Sur-
face Warfare Center, Silver Spring, MD, NSWC TR 85-484, June
1986.

I'wardlaw, A. B., Jr., Baltakis, F. P., Martin, F. M., Priolo F. J.,
and Jettmar, R. U., “Godunov’s Method for Supersonic Tactical
Missile Computations,’’ Journal of Spacecraft and Rockets, Vol. 24,
Jan.-Feb. 1987, pp. 40-47.

2Godunov, S. K., “A Difference Method for the Numerical of
Discontinuous Solutions of the Equations of Calculation/Hydrody-
namics,”” Mathematics Zbornik, 47, 1959, pp. 271-290 (in Russian).

SUPERSONIC NONCIRCULAR MISSILE COMPUTATIONS 157

Bwardlaw, A. B., Jr. and Davis, S. F., “A Second Order Godunov
Method for Tactical Missiles,”” AGARD, CP-412, Nov. 1986, pp.
12.1-12.10.

Mwardlaw, A. B., Jr. and Davis, S. F., ‘A Second Order Godunov
Method for Supersonic Tactical Missiles,”” Naval Surface Warfare
Center, Silver Spring, MD, NSWC TR 86-506, Dec. 1986.

SWardlaw, A. B., Jr. and Priolo, F. J., “Applying the ZEUS
Code,”” Naval Surface Warfare Center, Silver Spring, MD, NSWC
TR 86-508, Dec. 1986.

1%pavis, S. F., “Simplified Second Order Godunov-Type Meth-
ods,”” SLAM Journal on Scientific and Statistical Computing, Vol. 9,
May 1988, pp. 445-473. )

"Shereda, D. E., Amidon, P. F., Dahlem, V., III, and Brown-Ed-
wards, E., “Pressure Test of Three Elliptical Missile Body Configura-
tions at Mach Numbers 1.5 to 5.0,”” Wright-Patterson AFB, OH,
AFWAL TM 84-236-FIMG, Dec. 1984,

18Amidon, P. F. and Dahlem, V., III, ‘“Flow Visualization Test of
Three Elliptical Missile Body Configurations at Mach Numbers 1.5 to
5.0, Wright Patterson AFB, OH, AFWAL TM 86-188-FIMG, May
1986.

19A1len, J. M., Hernandez, G., and Lamb, M., “Body-Surface
Pressure Data on Two Monoplane-Wing Missile Configurations With
Elliptical Cross Sections at Mach 2.50,”” NASA TM-85645, Sept.
1983.

2OGraves,, E. B. and Fournier, R. H., “Effect of Nose Bluntness
and Afterbody Shape on Aerodynamic Characteristics of a Monopla-
nar Missile Concept With Bodies of Circular and Elliptical Cross
Sections at a Mach Number of 2.50,”” NASA TM-80055, 1979.

Recommended Reading from the AIAA
Progress in Astronautics and Aeronautics Series . . .

TO ORDER: Write AIAA Order Department,
370 L’Enfant Promenade, S.W., Washington, DC 20024

tax. Ali foreign orders must be prepaid.

Thermophysical Aspects of Re-Entry Flows

Carl D. Scott and James N. Moss, editors

Covers recent progress in the following areas of re-entry research: low-density
phenomena at hypersonic flow conditions, high-temperature kinetics and transport
properties, aerothermal ground simulation and measurements, and numerical simula-
tions of hypersonic flows. Experimental work is reviewed and computational results of
investigations are discussed. The book presents the beginnings of a concerted effort
to provide a new, reliable, and comprehensive database for chemical and physical
properties of high-temperature, nonequilibrium air. Qualitative and selected quantitative
results are presented for flow configurations. A major contribution is the demonstration
that upwind differencing methods can accurately predict heat transfer.

Please include postage and handling fee of $4.50 with all
orders. California and D.C. residents must add 6% sales

1986 626 pp., illus. Hardback
ISBN 0-930403-10-X

AIAA Members $59.95
Nonmembers $84.95

Order Number V-103




