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Eq. (1) can be rewritten as

(2)

for a fixed Mw.
The test data confirm the validity of this functional

relationship. Similar to the compression ramp studies, good
correlations are obtained with a = b=l/3. Over the limited
range of a tested, LUn was found to be weakly, but linearly,
dependent on Mn. Large values of LUn were observed with
very weak shock waves. Figure 2 shows results obtained in the
first test series, carried out at constant Re^. In this case Re!

b
/3

can be written as Re!^3blf3, so the appropriate correlating
parameters are
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Note that Fig. 2 axes are cm173. Results from the second test
series, at variable Re^ , but with a. fixed at 8 deg, are shown in
Fig. 3. Since Mn is fixed, the appropriate correlating
parameters are

vs
o 5

In both figures, the data correlate well.
The importance of Mn has been demonstrated by Stalker.6

In an extension of Lighthill's small perturbation analysis7 to
infinite swept flows, Stalker showed it to be the dominant
parameter controlling upstream influence. His experimental
upstream influences (defined as the distance normal to the
isobars over which the perturbation pressure increased by the
factor e) , measured in skewed shock wave and forward facing
swept step interactions, at a fixed M^ ( = 2.36) and Re^ , were
in overall agreement with the analysis. The current data
provide further evidence of the importance of Mn .

Concluding Remarks
The results described show that a scaling technique can be

developed which correlates upstream influence in sharp fin-
induced shock wave turbulent boundary-layer interactions.
Although the dimensional scale differs from that in swept
compression ramp flows at similar flow conditions, the scale
effects of changing boundary-layer thickness and Reynolds
number are the same. In both cases, the scale increases with
increasing boundary-layer thickness and decreasing Reynolds
number.

In applying these results, a word of caution is in order.
Since the tests were made at a single Mach number and over a
limited range of shock wave strengths, "Reynolds numbers,
and boundary layers, the possible general validity of the
scaling law cannot be assessed. It is likely that the empirical
constants are dependent on freestream conditions. As part of
a continuing research program, tests at Mach 2 will be made
shortly and hopefully they will answer these questions.
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Introduction

R ECENTLY an evaluation1 of the three different
flowfield codes2'4 for the Jupiter entry conditions was

presented. However, direct comparisons have been hampered
by the fact that the three codes use different solution
procedures, different computational mesh sizes, different
chemical and turbulence models, different convergence
criterion, as well as a different number of computational grid
points along and perpendicular to the body. Even for the only
common feature of radiative transport code, there are subtle
differences in the spectral details of some species. Thus, for
an objective evaluation of the different numerical solution
methods employed by these codes, it would be desirable to
select a simple no-blowing perfect-gas flowfield case for
which the turbulent models are well established. The purpose
of this Note is to present the results of such a study.

Analysis
The results have been obtained by employing two of the

three numerical codes mentioned earlier. The first of these
two is a space-marching method (perfect-gas version of
HYVIS2) that solves the steady-state viscous-shock-layer-type
equations by the method of Davis.5 The second one is a time-
marching method (perfect-gas version of COLTS3) that
employs the time-asymptotic, two-step, finite difference
method of MacCormack6 for the solution of time-dependent
viscous-shock-layer-type equations. For this study, the two
methods also employ the same turbulence model7 with and
without blowing.

In addition to the prescribed surface blowing rate
distribution, the boundary conditions employed along the
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body surface are no velocity slip and temperature jump.§ The
wall temperature is taken as a constant specified value. The
conditions imposed at the shock are calculated by using the
Rankine-Hugoniot shock relations. Further, Sutherland's
equation has been used to determine the viscosity, and the
coefficient of thermal conductivity is computed by assuming a
constant Prandtl number. N

In order to obtain a direct point-by-point comparison and
to keep the same truncation error, the computations by the
two schemes have been done by using identical logarithmic
grid spacing8 in the direction normal to the body to allow
higher resolution near the body surface. Finally, the con-
vergence of the solutions in both the methods is sought by
requiring that the variation in the maximum value of the total-
enthalpy gradient throughout the flowfield over a specified
number of time steps (for the time-marching method) or
consecutive global iterations (for the space-marching method)
should not be greater than a prescribed value.8

The methods of solution employed are identical to those of
Refs. 2 and 3 and, therefore, are not presented here. Briefly,
since the time-marching algorithm6 is explicit and amenable
to complete vectorization, it has been programmed on a
vector processor (CYBER 203). In order to speed up the
calculations, the largest possible Courant-Friedrichs-Lewy
(CFL) time-step size for each mesh point has been used in
preference to the global minimum CFL time-step size.

Discussion of Results
First, a comparison of the predictions made by the space-

and time-marching methods against the available ex-
perimental data is given. There are no experimental data
available for the turbulent viscous-shock-layer problem with
massive surface blowing considered in this study. For the
laminar viscous-shock-layer flow at moderate Reynolds
number a comparison between the predictions made by the
two methods and the experimental data is contained in Fig. 12
of Ref. 9. Both the methods predict the heating rate for a 45-
deg half-angle cone which compares favorably with the ex-
perimental data. For the low Reynolds number case, the
predictions by the space- and time-marching methods are
compared against the experimental data of Ref. 10 in Fig. 1
(where r* is the local body radius and r^ is the nose radius) for
a 45-deg half-angle hyperboloid. Once again, the comparison
between the predictions by the two methods and the ex-
perimental data is quite good at Rex = 90. At Re^ = 1035, the
predictions depart from the experimental data. However, the
predictions by the two methods compare favorably with each
other.

Next, flowfield results obtained by the space- and time-
marching methods are presented for the forebody of a 44.25-
deg half-angle sphere-cone probe entering the Orton nominal
(0.895 H2 + 0.105 He) Jupiter atmosphere under perfect-gas
assumption. Results have been obtained with and without
surface blowing, assuming instantaneous transition at the
first grid point downstream of the stagnation point. The
freestream conditions and other parameters employed in the
analysis have been taken from the peak heating entry con-
ditions at 51.5 s for the 310-kg probe.8 Two values of the
stretching parameter /3 (1.1 and 1.01) were employed in the
computations of the logarithmic grid distribution normal to
the body surface. For the first value of /3, the first grid point
off the body surface is located at 0.295% of the shock
standoff distance as compared with 0.05418% for 0=1.01.
The various results computed by the two methods are given in
Figs. 2 and 3.

Figure 2 contains the surface pressure distributions ob-
tained by the two methods with and without surface blowing
conditions. In this figure, s is the distance along the body

surface nondimensionalized by the nose radius. The surface
blowing rate distribution employed in the computations is
also shown inset in the same figure. Except for the region near
the tangency point, both the methods give comparable results.
The results obtained by the two codes at the tangency point
should not be taken seriously owing to the curvature
discontinuity there. For an unblown shock layer, the method
of characteristics11 does give a fast pressure recovery at the
tangency point similar to the one obtained by the space-
marching method. The fourth-order damping employed with
the time-marching method appears to smear out the effect of
surface discontinuity, since a large number of global
iterations is used to obtain a converged solution. It may be
noticed from Fig. 2 that the surface pressure distribution is
unaffected by reducing the grid stretching parameter /? from
1.1 to 1.01. As will be seen later, the quantities affected most
by the mesh refinement near the surface are the wall heat
transfer and skin friction, as expected.

Figures 3a and 3b give the skin-friction coefficient and
surface heating rates, respectively, as predicted by the two
methods. Generally, the results compare more favorably over
the conical flank portion than over the spherical portion or
near the juncture point of the probe. Further, there is better
agreement between the results obtained with a finer mesh
(0= 1.01) for the unblown case. Reducing /3 further does not
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Fig. 1 Total drag coefficient predicted by two solution methods for a
45-deg half-angle hyperboloid and comparison with experimental
data.
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Fig. 2 Surface pressure distribution with and without blowing
predicted by two solution methods for a 45-deg half-angle sphere-
cone.
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method has proved to provide solutions without the numerical
instability experienced with the space-marching method.
Without blowing and for analytic body shapes both methods
appear equally accurate.

Further, the time-marching method has been used to
predict12 flows with large embedded subsonic regions. Some
recent efforts13 with the space-marching method have also
solved such flows by making use of certain approximations to
improve the initial marching profiles. The advantage of the
space-marching method in such cases lies in the fact that for
problems requiring more computational grid points (either
owing to the large body size or large Reynolds number of the
flow) the storage and computational time requirements are
much less as compared to the time-marching method. Also,
with the time-marching method, the computational time
increases substantially if more grid points are clustered in the
shear layer, whereas with the space-marching method the
computational time is not significantly affected by the
distribution of grid points in the shear layer. The com-
putational time for the time-marching method, however, can
be reduced substantially by employing its recent implicit
analog.14 Finally, the space-marching method would appear
to provide accurate results for the problems with
nonequilibrium chemistry,. free from the effect of local
differences in time on the final solution which is inherent in
time-marching methods.15

Thus the choice of the numerical method is rather problem
dependent. Both methods give comparable results provided
that care is taken in selecting the appropriate mesh size near
the body surface.
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Fig. 3 Comparison of wall quantities for two solution methods for a
45-deg half-angle sphere-cone, a) Skin-friction coefficient, b) Heating
rate.

result in any noticeable improvement. For the blown case, the
two methods give good results for even a relatively coarse
mesh (|8= 1.1). Use of the largest possible value of /3 without
jeopardizing the accuracy of the results is important, since the
computational time for the blown case is reduced by almost
20% for the time-dependent method when /3 is increased from
1.01 to 1.1.

Computationally, in absence of blowing, the space-
marching method is quite economical and gives results which
compare well with the experimental data. However, with large
blowing and arbitrary body shapes, the time-marching
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