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Supersonic Flow of Nonuniform Freestreams past
Aerodynamic Decelerators
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Flowfields past aerodynamic decelerators immersed in the wake of a primary vehicle are
investigated analytically. Inviscid flowfields were computed by the methods of character-
istics and integral relations, and laminar boundary-layer properties were calculated numer-
ically. Results for pointed wedges and cones showed an adverse pressure gradient on the sur-
face which led to boundary-layer separation in some cases and an inviscid surface Mach
number going to unity for some wake profiles. Surface pressure distributions were found
to correlate very well with the tangent cone approximation and reasonably well with a New-
tonian theory applied to nonuniform freestreams.

Nomenclature
A = parameter used in specifying nonuniform freestream ve-

locity defect in Eq. (1)
B = parameter used in specifying nonuniform freestream ve-

locity distribution in Eq. (1)
CD = drag coefficient, see Eq. (5)
Cf = skin-friction coefficient based on far freestream conditions

seeEq. (3)
k = constant defined by Eq. (6)
L = cone length
M = Mach number
p = pressure
p = nondimensional pressure, p = p/p^V^
qw = heat-transfer rate at the wall, Btu/ft2-sec
Re = Reynolds number based on far freestream conditions
S = entropy
V = total velocity
x,y = coordinate along and normal to body axis of symmetry,

see Fig. 1
y* = shock-wave position on initial-data line
|8 = shock wave angle
7 = ratio of specific heats (1.4)
5 = body inclination angle with respect to body axis
0 = direction of velocity vector with respect to body axis of

symmetry
p = density
Subscripts
b = body point
s = shock point
N = conditions at the nose (yi = 0)
oo = far freestream condition at y = co
1 = local freestream condition at y = y\
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Introduction

ONE of the problems associated with the re-entry of a space
vehicle into a planetary atmosphere is the design of a

decelerate!* to slow the vehicle down to tolerable speeds.
Aerodynamic decelerators, composed of light-weight high- drag-
bodies towed behind the primary vehicle, have been proposed
to solve this problem. Since the decelerator follows in the
wake of the primary vehicle, the freestream approaching the
decelerator is nonuniform and similar to that shown in Fig. 1.
The nonuniformity of this freestream has a substantial effect
on both the drag and stability of a decelerator when compared
to the corresponding results for a uniform freestream.

Various experimental and theoretical studies have been
performed on towed right-circular cones1"7 to assess their
feasibility as a decelerator. These experimental results
confirm that the static pressure in the far wake is nearly
constant even though the velocity varies significantly.

This velocity variation causes other flowfield properties
like Mach number (Mi), density (pi), and entropy (Si) to be
nonuniform. In particular, a strong entropy layer exists
which, in turn, passes over the decelerator as it moves through
the wake. On the other hand, the total enthalpy may be
considered to be approximately constant in the wake.6

Nerem8 has shown that the tow cable changes the velocity
profiles near the axis since there is a viscous layer associated
with the cable itself. In addition, the tow cable may cause
flow separation just upstream of the nose of the decelerator.5
These effects are not considered in the present analysis which
is concerned with the calculation of flowfields past pointed
bodies immersed in wake-like nonuniform freestreams.

Sullivan et al,9 used a linearized method of characteristics
to solve the inviscid flowfield past small-angle wedges with
a freestream Mach number profile similar to that approaching
the flare on a cone-cylinder-flare configuration. However,
this linearized solution is limited to very small wedge angles.
George10 obtained linearized perturbation solutions for plane
and axisymmetric entropy layers over small angle wedges
and flares.
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Fig. 1 Coordinate system and freestream properties.

In an unpublished M.S. thesis, the third author11 used the
first approximation (one strip) of Dorodnitsyn's Method of
Integral Relations12 to calculate the flowfield of the non-
uniform freestream given by Eq. (1) past wedges and cones.
Some of these results appear herein for comparison purposes.
In an independent analysis, Barteneu and Shirshou13 also
used the one-strip method of integral relations to calculate
nonuniform supersonic flows past pointed bodies of revolution.
Since the flowfields produced by nonuniform freestreams are
highly nonlinear, the results from the method of integral
relations are questionable.

Inouye14 used a combined inverse method-method of char-
acteristics to calculate the inviscid flowfield past blunt axisym-
metric bodies in a supersonic spherical source flow. Patterson
and Lewis14 used a somewhat similar approach to investigate
nonuniform hypersonic freestreams about blunt axisymmetric
bodies. However, the freestream velocity profiles for both
of these analyses had the maximum velocity along the axis of
symmetry, and the velocity decreased in the transverse direc-
tion. These velocity profiles are quite different from the
wake-like profiles considered here.

The present paper applies the method of characteristics to
calculate two-dimensional and axisymmetric flowfields past
pointed bodies in nonuniform supersonic freestreams. Mod-
ifications are required, however, to the standard method of
characteristics16 to account for the nonuniform freestream
properties at the shock wave and the entropy layer on the
surface. Freestreams with wake-like profiles are used for a
perfect gas (7 = 1.4) with the static pressure and total en-
thalpy constant in the freestream. Laminar boundary-layer
properties are computed to check for boundary-layer separa-
tion and to determine skin-friction coefficients and heat-
transfer rates. Approximate methods, based on tangent
cone and Newtonian impact theories, are developed for the
surface pressure coefficients. Results are presented for wedges
in two-dimensional freestream profiles and cones in axisym-
metric freestream profiles.

Analysis

Determination of Freestream Properties

Campbell1 found that measured transverse velocity profiles
for wakes behind cones in supersonic flow can be accurately
represented by the relation

Vi/Vm = 1 - A exp(-57] (1)

where Vm is the wake velocity as Vi -> ± °° , Y\ is the distance
perpendicular to the body axis (see Fig. 1), and A and B are
parameters depending on the primary body shape and axial
position relative to the wake. The first author7 found that
other mathematical models of the wake velocity profile yielded
results similar to those using Eq. (1).

Equation (1) together with the assumptions of constant
pressure and total enthalpy in the freestream are sufficient

to determine all the other nondimensional properties in the
nonuniform freestream.

Inviscid Flowfield Solution

There are several methods which could be used for the
inviscid flowfield solution, depending on whether the shock
wave is attached or not. If it is assumed that MI at Y\ = 0
is large enough so that the shock wave is attached to the body,
then the most accurate and well-known method for the solu-
tion is the method of characteristics. This is the method
used here.

In order to apply the method of characteristics, the flowfield
properties must be known along an initial data line. To
determine this data, a small region of the freestream at the
nose, of height ?/*, is assumed to be uniform and have the
same properties as those at y\ = 0. This means that the
small region near the nose is unaffected by the nonuniform
part of the freestream, and hence the usual flowfield properties
for a cone (or wedge) exist in this region. In this manner the
flowfield properties are determined along an initial data line
constructed from the shock at y\ = y* along a line normal to
the body.

The method of characteristics, as given by the slopes of the
characteristic lines and compatibility conditions, Eq. 17.38
and 17.39 of Shapiro,16 for nonisentropic flow is used here to
calculate the flowfield properties. However, modifications
are required at the shock wave and body, which are explained
below.

Boundaries

The boundaries for the method of characteristics are the
body surface and the shock wave. A mesh point on the sur-
face is located by the simultaneous solution of the right-
running characteristic line from a known mesh point off the
surface and the equation of the bod}^ yb = /(#)• Since the
entropy on the surface and the flow inclination angle 6 are
known, the velocity can be found from the compatibility
condition. This is the usual approach used in the method of
characteristics; however, the strong entropy layer adjacent
to the surface in the problems considered here caused large
differences to exist for some properties between the surface
and the next mesh point off the surface. When this occurs,
linear and even quadratic interpolation of properties between
these two points is not adequate, hence additional mesh points
must be added to the characteristic mesh near the body sur-
face. This problem is discussed more thoroughly in the
Results and Discussion Section.

Calculation of shock points requires special attention, and
since the method differs from the usual method of calculation,
it is discussed in detail here. In essence, calculation of the
shock point amounts to a double iteration for the nonuniform
freestream as opposed to a single iteration in the uniform free-
stream case. The first iteration is performed as though the
freestream were uniform. That is the shock wave is first
extrapolated until it intersects the left-running characteristic
drawn from point B in Fig. 2. However, in order to avoid
the intersection from occurring too far downstream, a point
C is generally found by linearly interpolating the properties
between points A and B. Then the left-running characteristic
is drawn from point C until it intersects the extrapolated shock
wave at point D. Knowing the value 7/1 at point D, the free-
stream properties can be calculated from the equations
derived above. Next, the velocity 7s, flow-inclination angle
03) and entropy 83 just behind the shock wave are calculated
from the shock jump conditions. Using 03 and 83 and the
compatibility conditions, a new velocity just behind the shock,
say V8) is calculated and compared with F3. If Vs does not
agree with Vs within the accuracy desired, the velocity behind
the shock is given the value

7,' = (7. + 7.)/2
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and this velocity and the freestream velocity Vi at point D are
used to calculate a new shock-wave angle /3'. Then the
remaining flowfield properties are computed from the shock
jump conditions corresponding to ($' and the freestream condi-
tions at point D on Fig. 2. This procedure is then repeated
until the desired accuracy between F3 and Vs is obtained.
However, the new location of the shock point is point E on
Fig. 2, and unless point E is very close to point D the free-
stream properties at E are different from those at point D.

For the second part of the iteration scheme, if point E is
not sufficiently close to point D, new freestream properties are
computed at D using yi = y3

f in Fig. 2. The entire iteration
scheme is then repeated until the desired accuracy between
points D and E in the second part of the iteration is obtained.
Although a double iteration scheme is required, the technique
converges very rapidly, and usually two or three iterations
give an accuracy within 10~3% on velocity and shock location.

Tangent Cone Approximation

As noted by Nerem8 the tangent cone approximation,
modified for the nonuniform freestream, should provide a
reasonably accurate pressure distribution for pointed bodies
in supersonic flows. If Cp* is defined as the pressure coeffi-
cient based on local freestream conditions,

Shock^

CP* = (p- (2)

then Cp* in the tangent cone approximation can be deter-
mined from Sim's cone tables18 for the local value of d and
MI. Then the pressure coefficient based on far freestream
conditions is

= (p - (3)
This technique can be used to determine Cp at each body
position.

Approximate Pressure Distribution from
Newtonian Theory

At hypersonic speeds the Newtonian impact theory17 has
been found to yield reasonably accurate pressure distributions.
Unlike the tangent cone approximation, it may be used for
blunted as well as pointed bodies. The Newtonian pressure
coefficient based on far freestream properties is

CP = 2
Love19 has shown that a better approximation may be

obtained by requiring the equation above to yield the correct
value at the nose. The result here is

where N refers to conditions at the nose (yi = 0). For blunt-
nosed bodies sindN = 1 and CPN* is the stagnation pressure
coefficient based on freestream properties at yi = 0. In the
case of pointed bodies with attached shock waves, CPN* is
the wedge or cone Cp* at the nose.

Equation (4) is used herein to compare with the method of
characteristics and tangent cone pressure distributions over
wedges and cones. However, it is more accurate for the blunt-
nosed bodies than the pointed ones.

The Newtonian pressure drag-coefficient for the special
case of a cone in the freestream velocity profile given by Eq.
(1) is determined by integrating the pressure coefficient [Eq.
(4) ] as shown below

A; (A; + l)l
tan25 _ 1 i

.CharacteristicFrom B

CharacteristicFrom C

Fig. 2 Calcula-
tion of shock point.

!haracteristic
From C

where

k = (6)

L is the cone length, and CP = 0 is used for the base of the
cone.

Laminar Boundary-Layer Computations

As will be shown in the next section, wake-like velocity
profiles produce adverse pressure gradients on the surfaces of
wedges and cones. Therefore, solutions to the first-order
laminar boundary-layer equations were obtained, using the
finite-difference method described by Blottner20 to check for
possible boundary-layer separation and to determine skin
friction coefficients arid heat-transfer rates. The fact that
the pressure gradient normal to the surface of a wedge or cone
is zero gives some justification for using the first-order bound-
ary-layer equations. All of the results were obtained for a
perfect gas (7 = 1.4) with a Prandtl number of 0.70 and using
Sutherland's viscosity formula. The wall temperature has a
significant effect on the separation point, but the Reynolds
number does not affect separation.

Results and Discussion

In order to start the method of characteristics the height of
the uniform flow region y* (discussed previously) and the
flowfield properties along the initial data-line must be known.
For a given value of y*, the flowfield properties may be com-
puted from the shock jump conditions (for a wedge) or the
cone solution.18

A numerical study was performed to determine the effect
of y* on the solutions. For the freestream velocity profile
given by Eq. (1), it was found that when 5 = 10 the solutions
with y* = 0.01 and y* = 0.001 differed very little. How-
ever, significant differences were noted for the computational
times since y* establishes the height of the initial data line.
Therefore, all the solutions presented here used B = 10 and
y* = 0.01.

The number of points on the initial data line must be chosen
large enough to insure that the size of the characteristic mesh
remains sufficiently small downstream, yet small enough to
keep the computational time from being excessive. The
number of points on the initial data line varied from 4-11
for the cases considered. As any of the parameters Mm, A,
or d are increased the entropy difference between the body and
the next mesh point off the surface increases, and the method
of characteristics will not converge unless a finer mesh scale
is used. The method of characteristics mentioned previously
has V and S as dependent variables and uses linear interpola-
tion between mesh points. Since the entropy variation is
large in the problems considered here, several cases were also
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Fig. 3 Profiles of flow-properties normal to cone M<*> = 8.5,
5 = 20, A = 0.091.

computed using the method of characteristics developed by
Rakich,21 which has p and 6 as dependent variables and uses
quadratic interpolation near the body. However, the results
were very close to those obtained here, and that method also
would not converge near the body unless more mesh points are
added.

To illustrate the highly nonlinear nature of some flowfield
properties Fig. 3 shows the Mach number, pressure, and
density profiles normal to a cone for Mm = 8.5, A = 0.091,
and 8 = 20° at three streamwise positions. It is seen that
the Mach number and density profiles are reasonably linear
near the nose, but downstream these profiles become highly
nonlinear. This nonlinearity is encompassed in an entropy
layer near the surface which becomes progressively thinner

0.20

0.15

0.10

/ Value for M,,,

./7 —— Method of^y Characteristics«̂  —— Method of .
Integral Relations

—— Method ofIntegral Relations
(Entropy Constant on Body)

a) Cone, 5=20°, A=0.10 h) Wedge,

Value for M

4, 6 = 15°, A = 0.1

Fig. 4 Surface Mach number and pressure distribution
and shock wave shape.

downstream until finally as x -> °° an entropy singularity
exists on the surface. On the other hand, Fig. 3 shows that
the pressure profile has little variation, and in fact the pressure
gradient normal to the surface is zero.

Another problem which arises, particularly for the larger
values of d and A, is that near the body the characteristic
mesh size tends to increase in a direction normal to the body,
whereas near the shock wave it increases in a direction parallel
to the body. The local Mach number explains why, because
the Mach number on the body is generally decreasing as x in-
creases which means the Mach number just behind the shock
wave increases as x increases which causes the slope of the
Mach line there to decrease. These two problems can be
solved by again adding more mesh points to the flowfield.

Several flowfields were computed for wedges and cones to
determine the effect of Mm and the parameter A on the solu-
tion. The parameter B has no effect on the freestream non-
uniformity other than to change the scale in the i/i-direction,
so a value of 10 was used for all the cases herein. This value
is completely arbitrary, however, since B always occurs in the
product B y f , and a change in B is compensated by a change
in 2/1.

Figure 4a shows the nondimensional surface pressure, sur-
face Mach number, and shock wave shape for a cone with
d = 20°, A = 0.1 and several values of Mm. Figure 5a
gives the nondimensional pressure and surface Mach number
for Mm = 4, d = 20°, and several values of A. The shock-
wave angle p initially decreases as x increases until it reaches
a minimum value and then increases and asymptotically
approaches the value one would calculate for a completely
uniform freestream at that value of Mm. Although the
shock-wave shapes are not shown for the cases given in Fig.
5a they follow the same general trends as those in Fig. 4a.
The nondimensional pressure increases along the surfaces
and approaches an asymptotic value corresponding to that
for a completely uniform freestream. It is noticed that as
Mm or A increases the adverse pressure gradients increase
which may cause the boundary layer to separate; this point
is discussed later. Since the surface pressure increases and
the surface entropy for the inviscid solution is constant, the
Mach number decreases along the surface until it too ap-
proaches an asymptotic value. However, this asymptotic
value does not correspond to the Mach number for a com-
pletely uniform freestream because the surface entropy is
determined from the shock-wave angle and freestream prop-
erties at the nose where yi = 0. On the other hand, the
correct asymptotic value of the surface Mach number can
be calculated from the asymptotic pressure and the surface
entropy; these Mach number asymptotes are indicated on
the figures.

Figure 5b presents the Mach number and nondimensional
pressure along the surface of a wedge for M^ = 4, A = 0.1,
and various wedge angles. It is interesting to note that the
surface Mach number decreases as d increases, and finally for
d = 30° the Mach number goes to unity at x = 0.75. Since
the method of characteristics cannot compute subsonic flow-
fields, the solution was terminated at this point.

As an attempt to examine the flowfield more closely in
cases where the inviscid flowfield appeared to have embedded
subsonic regions, the one-strip method of integral relations
was used since it is applicable to both subsonic and super-
sonic regions. However, it was found that for the cases in
which the method of characteristics indicated a surface Mach
number of one the profiles of flowfield properties normal to
the surface were so nonlinear that the one-strip method of
integral relations would not give adequate results. On the
other hand the method of integral relations gives good re-
sults for freestreams with weak nonuniformities as shown in
Fig. 4b. The Mach number predicted on the surface by
the method of integral relations should be disregarded since
the surface entropy is not held constant in that approach.
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The third author11 found that by holding entropy constant
on the body (while disregarding the streamwise momentum
equation), the one-strip method of integral relations yielded
entirety different results than when the streamwise momen-
tum equation was used and the entropy on the body allowed
to vary. Comparing these results with the present method
in Fig. 4b it is seen that much better agreement in shock
shape and surface pressure is obtained if the entropy is allowed
to vary on the body; however, the surface Mach number
compares more favorably with the present method if the en-
tropy on the body is constrained to be constant.

For all the cases computed, the computational time re-
quired by the method of characteristics was highly dependent
on the number of points on the initial data line. Typical
cases with four points on the initial data line required less
than 3 min on an IBM 7040 computer, whereas cases with
eleven points on the initial data line required up to 30 min.
However this computer is relatively slow and much faster
computational times could be obtained with the newer models
of computers.

To show what a large effect these nonuniform freestreams
have on the drag, and hence on the deceleration capabilities
of a towed decelerator, the pressure distribution was nu-
merically integrated over cones of various lengths (see Fig. 6).

The asymptotic values that the drag coefficients approach
for large L are those that would be obtained for a cone in a
uniform flow with the freestream conditions being those of
the far freestream. It is seen that a detrimental reduction
in drag by as much as 65% is encountered as a result of the
nonuniform freestream and hence must certainly be accounted
for in any design of a towed decelerator.

Also shown in Fig. 6, for comparison with the method of
characteristics, are the tangent cone and Newtonian ap-
proximations to the pressure distribution and drag. It is
seen that the tangent cone approximation gives very accurate
results. .This is quite significant because one can compute
the remaining surface properties from the pressure and en-
tropy and hence obtain an accurate solution for these proper-
ties with a minimum of computations. Moreover, computa-
tional time on the computer is approximately 2% of that for
a corresponding case using the method of characteristics.
A method such as this could be used very effectively in a
boundary-layer program where the inviscid pressure along
the body is required to compute the flowfield properties in
the boundary layer.

On the other hand, the Newtonian approximations are
not as accurate as the tangent cone method far back on the
body. However, better results could be obtained by re-
quiring the Newtonian pressure coefficient approach the
asymptotic value far back on the body rather than that at
the nose.

Figure 7 shows the surface Mach number and shock wave
shape for the above case. Note that the Mach number
goes to unity at x .= 0.86 for the 30° cone. Hence the
method of characteristics cannot continue beyond this point,
but the tangent cone and Newtonian methods can still be
applied.

As mentioned previously, the adverse pressure gradient on
the surface of wedges and cones may cause boundary-layer
separation. The laminar boundary-layer equations were
solved numerically for several cases, using the method de-
scribed previously, to investigate this possibility. For these
computations, the units on x and y would be feet if the units
on B were considered (ft~1/2), because (Byz) is dimension-
less. Consider the cases presented in Fig. 5b for wedges
with Moo = 4, A = 0.1, and an adiabatic wall. The bound-
ary layer for the 30° wedge was found to separate at x « 0.70,
which is upstream of the point where the surface inviscid
Mach number went to unity (x « 0.75). On the other
hand, the wedges for d = 15° and 20° did not experience
boundary-layer separation. It is important to note that
for all the wedge solutions in which the inviscid surface
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Fig. 5 Surface Mach number and pressure distributions
for wedges. Mco - 4; 8 = 15°, 20°, 25°, 30°; A = 0.10.

Mach number went to unity, the boundary-layer separated
upstream of the sonic point for the adiabatic wall condition.
This means that the inviscid flowfield computations should
be disregarded downstream of this point where separation
occurs although the inviscid surface Mach numbers have not
reached unity.

Figure 8 shows the skin friction coefficient for the same
three cone angles (6 = 25°, 27.5°, 30°) presented in Fig. 6

Fig. 6 Surface
pressure and
drag coefficient
for cones. Mm
= 4.47, A =

0.1667.

.35h

.30
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Fig. 7 Surface Mach number and shock wave shape for
cones. Moo = 4.47; A = 0.1667.

and for an adiabatic wall. Note that the boundary layer not
only separates on the 30° cone (Mb = I at x = 0.86) but on
the 27.5° cone as well, even though an inviscid Mach number
of unity was not reached on the surface. This verifies that
one can indeed have boundary-layer separation in these non-
uniform flowfields without the inviscid surface Mach number
going to one.

In an effort to determine what effect a nonadiabatic wall
would have on boundary-layer separation, solutions were ob-
tained for the 30° cone with TW/T0 = 1.00, 0.75, 0.50, and
0.25 where Tw is the wall temperature and T0 the freestream
stagnation temperature. In this particular case the adiabatic
wall corresponded to a value of 0.75 < TW/T0 < 1.0 so that
the above four values for TW/T0 represents successively
colder values of the wall temperature. Figure 9 presents
the heat transfer at the wall, qw, where positive heat transfer
is taken to be into the wall, and the local skin friction co-
efficient, Cf. It is seen that for the hot wall (TW/T0 = 1.0)
and relatively cool wall (TW/T0 = 0.75) the boundary-layer
separates, whereas for the cold wall (TW/T0 — 0.5) and very
cold wall (TW/T0 = 0.25) the boundary layer remains at-
tached. As might be expected the relatively hot wall dis-
sipates heat into the freestream (qw negative) whereas in the
other three cases (TW/T0 = 0.75, 0.5, and 0.25), the wall is
being heated. Thus, here, as in the case of a wedge, the
boundary layer is seen to separate upstream of the point
where the inviscid surface Mach number went to unity for
an adiabatic wall and also for a relatively cool wall. Al-
though the Re /it in Figs. 8 and 9 is excessive for laminar

Re/ft = 9.2 x 107

0.5 1.0

Fig. 8 Skin-friction coefficient for cones with adiabatic
wall. Moo = 4.47; A = 0.1667.

1.2 Re/ft - 9.2 x 107

separation

. — — TW/TO - 0.50
—— —— T /T - 0.75

/T 1.00

0.5 1.0

Fig. 9 Heat-transfer and skin-friction coefficient for
cone. Mco = 4.47; A = 0.1667, 8 = 30°.

boundary layers, the Reynolds number does not affect the
calculated laminar separation point and these results are
qualitatively correct for smaller Reynolds numbers.

Conclusions

1) The method of characteristics can be used to solve the
inviscid nowfield past pointed bodies with attached shock
waves in nonuniform freestreams representative of wakes.
Modifications are required, however, at the shock wave to
account for the nonuniform freestream and also near the
body due to a strong entropy layer.

2) Typical results for wedges and cones show that the
shock-wave angle decreases near the nose until it reaches a
minimum value, then it increases and asymptotically ap-
proaches the angle corresponding to a completely uniform
freestream. An adverse pressure gradient occurs along the
surface in the nose region, after which the pressure asymp-
totically approaches the value for a uniform freestream. The
surface Mach number decreases and asymptotically ap-
proaches a value much lower than that of the completely
uniform freestream.

3) For some of the inviscid wedge and cone solutions the
surface Mach number went to unity.

4) Because of the adverse pressure gradient, the laminar
boundary layer separated on several of the wedge and cone
cases. In addition, all cases where the inviscid Mach num-
ber went to unity were found to experience boundary-layer
separation upstream of that point if the wall was assumed to
be either adiabatic or relatively cool (TW/T0 = 0.75).

5) Compared with the method of characteristics, the one-
strip method of integral relations yields accurate results
for the shock shape and surface pressure for freestreams with
a weak nonuniformity. However, the surface Mach number is
not accurate using that approach; and when highly non-
uniform freestreams are used, all the flowneld properties are
inaccurate.

6) The tangent cone approximation gave excellent results
for properties on the body and at a reduction in computa-
tional time of about 98% over the method of characteristics.

7) An approximate equation for the pressure coefficients
derived from Newtonian theory for nonuniform freestreams
was found to yield reasonably accurate results for wedges
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and cones. However, more accurate results could be ob-
tained for blunt-nosed bodies.

8) For cones used as decelerators, large drag reductions
can be realized due to the wake-like nonuniform freestreams.
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Shock-Capturing, Finite-Difference Approach to
Supersonic Flows

PAUL KUTLER* AND HARVARD LoMAxf
NASA Ames Research Center, Moffett Field, Calif.

Three-dimensional, inviscid, supersonic flow containing primary and embedded shock and
expansion waves is determined over and behind simple wings and wing-body combinations.
The nonlinear gas-dynamic equations are differenced according to a method proposed by Mac-
Cormack which is a variation of the Lax-Wendroff technique. Progressive development to-
ward aircraftlike configurations is made by obtaining results for the flow over cones at large
incidences, conical wing-body combinations, the flow over and behind pointed ogives, cone-
cylinders, and planar delta wings at angle of attack. Comparisons are made with other ap-
plicable theories and when possible with experiment.

Introduction

MANY numerical techniques used to compute supersonic
flowfields about simplified configurations have been de-

veloped in recent years. These techniques are based on both
the Eulerian and Lagrangian systems and their combination.
No attempt is made here to mention them all or to weigh their
individual merits; rather, a few of them are referenced in
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order to bring out a perspective for the one particular ap-
proach that was used to compute all of the cases shown in the
main body of this paper. The objective is to show that this
one simple, rapid, and easily applied method can be used as a
"production tool" to generate accurate solutions for the flow
over and behind a wide variety of wings, bodies, and wing-
body combinations with surrounding and embedded shock-
waves.

Two distinct approaches are used in practice to compute
multishocked flows. One is referred to as a sharp-shock
technique and the other as a shock-capturing technique.
Sharp-shock techniques isolate all shock waves by some logical
procedure and apply the Rankine-Hugoniot shock relations


