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Supersonic Flow over an Axisymmetric Backward-Facing Step
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Large eddy numerical simulations of supersonic flows over an axisymmetric backward-facing step have been
completed using a recently developed axisymmetric version of the finite element method-flux corrected transport
algorithm, FEM-FCT. The code is based on the mixing layer and recompression premises of the Chapman-Korst
model. It solves the time-accurate Euler equations utilizing 1) adaptive unstructured gridding to resolve flow
feature details and 2) a conservative nonlinear scheme to capture features in the compressible flowfield. This
approach may be employed since the location of the separation point is fixed at the sharp corner. The simulation
allows the large-scale structures present in the mixing layer to interact dynamically with the recompression
region. Comparisons have been made with available experimental data for a range of Mach numbers and step
height to step radius ratios for which boundary-layer effects are not pronounced. In general, good agreement
between predictions and measurements was found for 1) the time-averaged surface pressure distributions along
the backstep and the reattachment wall, 2) the flowfield structure in general, and 3) the downstream reattach-
ment lengths. Effects of axisymmetry were noted in flowfield characteristics such as increased base pressure,
curvature of expansion fans, stronger recompression shocks, and higher Mach number levels in the subsonic

recirculating region.

Nomenclature

= specific total energy of flow

= fluxes of conserved quantity

= step height (defined as positive if toward the axis
of symmetry)

= Mach number

= pressure

= radius upstream of step about axis of symmetry

= radial coordinate

= source term to conservation equations

= time ‘

= conserved quantity

= velocity component parallel to axis of symmetry

= radial velocity component

= coordinate along axis of symmetry

= upstream boundary-layer thickness

= specific heat ratio

= density
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Subscripts

= conditions along step, base conditions
= high-order scheme

= low-order scheme

= reattachment point

= condition upstream of step
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Superscripts

i = coordinate summation
n = timestep level

Introduction

EVERAL applications including ballistics, spacecraft in

planetary atmosphere, such as the Space Shuttle,! and
applications in supersonic mixing may directly benefit from
further understanding the flow behind an axisymmetric rear-
ward-facing step in supersonic flow. In addition, experimental
investigations of flow recirculation and reattachment at super-
sonic speeds are commonly studied in the backward-facing
step configuration.>!2

Such a flowfield can be generically described as a supersonic
freestream of Mach number M., that turns in the direction of
the rearward-facing step through an expansion fan, with a
resulting mixing layer between the supersonic fluid above and
the subsonic recirculating region below (Fig. 1). The pressure
in the recirculating region is generally uniform, is below that
of the freestream pressure p.,, ard is termed the base pressure.
As the mixing layer impinges on the downstream wall, the
flow turns back toward the freestream direction and a recom-
pression shock wave is formed. In such a flowfield, the up-
stream boundary layer is defined as thin if it has a thickness 6
that is smaller than either the radius of symmetry R or the step
height 4.

The pressure at the base portion of such flowfields has long
been predicted with the Chapman-Korst type models.>13-18
Such models assume a stagnant flow for the recirculating
region and link the inviscid gas dynamics with the turbulent
mixing layer typically with an assumed constant pressure mix-
ing theory for velocity and energy profile. To close the set of
unknowns, a recompression criteria is imposed that usually
assumes that a discriminating streamline stagnates through an
essentially isentropic process. This discriminating streamline
indicates the slowest flow tube that contains sufficient energy
to match the recompression pressure rise given by the oblique
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Fig. 1 Sketch of supersonic flow over an axisymmetric rearward-fac-
ing step.

shock at the end of the separated flow region. Such asymptotic
models were intended to treat flows with very high Reynolds
numbers, i.e., flows in which the mixing layer is both turbu-
lent and fully developed. Empirical functions are often used to
bring the recompression model into better agreement with the
experiment.?!® Such improvements are typically based on vari-
ations of the recompression process, such as different heights
above the wall at which it occurs or the width of the turbulent
shear layer spreading. )

Shapiro!® notes that measurements for two-dimensional and
axisymmetric supersonic backsteps indicate two types of
flows: 1) flowfields where the boundary layer upstream of the
step is either laminar or of comparable thickness as the step
height, and 2) flowfields where the upstream boundary layer is
fully developed, turbulent, and small compared with the step
height. The first type typically produces base pressures and
flow structures that vary considerably as a function of Rey-
nolds number and boundary-layer characteristics, whereas for
an M, of at least 2 the second type typically shows little
deviation of base pressure and flow structure, i.e., such flows
are essentially Reynolds number independent.'?

To allow more generality and complex geometry for predict-
ing such flows, full field computational fluid dynamic solu-
tions have been recently employed; these were primarily struc-
tured mesh finite difference schemes?-2 that included a
variety of empirical turbulence models. These calculations
exhibited reasonable flow features and base pressures that
were typically within 20-30% of experimental results. It
should be noted that several researchers have recently shown
that supersonic turbulent mixing layers behave much differ-
ently than their subsonic counterparts, and this may have a
direct impact on the turbulence model predictions.?* Recently,
there has been increased focus on unstructured adaptive grids
because of their ability to provide fine grid resolution near
shocks and other compressible flow features.

Therefore, the premise of this study was to employ a time
accurate scheme using adaptive unstructured grids and a ro-
bust shock capturing scheme. For this flow, separation is
readily specified to occur at the corner of the backward-facing
step, with a subsequent mixing layér that was free to develop
large-scale structures that result from the natural shear insta-
bility. The adaptive mesh refinement can provide high resotu-
tion of the mesh in areas of significant density gradients to
resolve the critical flow features such as mixing layer dynam-
ics and shock recompression, whereas the shock-capturing
scheme provides crisp and monotonic descriptions of shock
structures and contact discontinuities while allowing second-
order accuracy elsewhere.

Much of the mixing layer dynamics may be captured since
this solution is time accurate and can resolve (due to the
adaptive refinement) the large-scale structures that have been

shown to characterize the main features of the flow.2* The
large eddy simulation is based on the premise that the large-
scale structures dominate the turbulent diffusion aspects as
compared with the inherent artificial viscosity of the numeri-
cal method. Such a methodology holds promise to predict
axisymmetric base pressure flows with similar agreement as
those of the Chapman-Korst models without having to specify
stagnant flow conditions in the recirculating region or model
the recompression dynamics. However, agreement with exper-
iment might only be expected for Reynolds number indepen-
dent flows, i.e., thin turbulent boundary layers approaching
the step and an M, of at least 2.

Employment of the recently developed axisymmetric fin-
ite element method-flux corrected transport (FEM-FCT)
scheme?’ allowed an evaluation of the model’s predictive capa-
bilities as well as further insight into the characteristics associ-
ated with supersonic flow over an axisymmetric backstep. The
objective of the time-dependent calculations was to represent
the basic time-averaged features of the flow without resorting
either to a full compressible direct Navier-Stokes solution that
is computationally expensive or to an empirically based turbu-
lence model solution.

There are a few nonintrusive experimental studies of super-
sonic flow over an axisymmetric backstep with an upstream
boundary layer that is thin and fully developed. Fortunately,
such axisymmetric flows are not subject to the end wall effects
of plane flows that can significantly alter the flow characteris-
tics.* The Roshko and Thomke study’ included a large ducted
axisymmetric body in a supersonic wind tunnel with a down-
stream facing step along its circumference. The ratio of step
height to upstream body radius #/R was varied from 0.28 to
0.042, and M., was varied from 2.09 to 4.37. Surface static
pressure measurements were made along the wall providing
base pressure and subsequent surface pressure recovery. Sur-
face oil flow visualization was used to. determine flow reat-
tachment points along with spark shadowgraphs to provide
shock and mixing layer locations.

Other available studies were generally limited to base pres-
sure measurements and schlieren photographs. These include
Chapman!? with an A/R range of 0.4-1.0 and an M,, range of
2.0-2.9, Bogdonoff?® with an A/R of 0.75 and an M,, of 2.95,
and Donaldson*® with an A/R range of 0.78-1.0 and an M.,
of 1.99. In addition, Nash® has measured two-dimensional
(h/R = 0.0) base pressures for a range of M, from 1.5 to 5.0.
From the previous studies, data were selected on the basis of
evidence of a thin, fully developed, turbulent boundary layer
before to the backstep (the criteria for a thin boundary layer
for this study was a 6 less than both 4/2 and R /2) and an M.,
of at least 2. In both prediction and experiment, the back
pressure is low enough to provide supersonic flow downstream
of the step.

In addition to the previous axisymmetric (Fig. 2a) and two-
dimensional (Fig. 2b) backstep flows, the sudden expansion
axisymmetric backstep flow (Fig. 2¢) has also been studied by
Zelenkov?’ as well as Blagosklonov and Khomutov.2® These
studies documented experimental base pressures (pressure
along the step wall), and Zelenkov?’ presented an analytical
description of base pressure similar to Chapman-Korst models
that provided reasonable correlation with experimental data.

€ —§
WR =0.28 WR=0 . B/R =-0.28
Fig.2 Sketch of various axisymmetric backward-facing step ge-
ometries.
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Numerical Method

The gas dynamic equations for axisymmetric compressible
flow can be written as follows:

rp rou ropv 0
2
ropu rou” +r ropuy 0
o L I - (1)
rpv rouv rov:+rp p
rpe |, ru(pe + p) |« rv(pe + p) |, 0

where x and r denote the axial and radial coordinates; p, p,
and e denote the density, pressure, and specific total energy; u
and v denote the velocities in the x and r directions; and the
lower subscripts refer to taking the derivative quantity of the
expression. Written in this form, Eq. (1) can be discretized to
form a conservative scheme, which is important to be able to
predict sharp discontinuities such as shocks. We then assume
an ideal gas equation of state of the form

p =y — Dple ~ 2@ +v3)] 0]

The two-step Taylor-Galerkin algorithm has been used ex-
tensively for the computation of inviscid and viscous flows for
the Cartesian coordinate system?* and recently for a few
axisymmetric examples by Loéhner et al.,?® where the code
development is discussed. The scheme is basically an explicit
two-step discretization of the system of partial differential
equations given in Eq. (1):

dU  dF’
—+-==S5 3
dt  dxf )

where U , Fi, and S denote the vector of unknowns, fluxes,
and source terms and where tensor notation is used. The two
steps of this second-order scheme are then

At dFi
U”*VZ=U”+7<S|”— dx”") )
AU":U"“—U":At<S|"+‘/Z-7dF ‘> 5)
dx”H/z

where 7 is the timestep level.

Spatial discretization is performed via the Galerkin
weighted residual method; however, we note that for step 1 the
quantities U, F', and S are assumed piecewise constant in each
clement, and for step 2 they are assumed piecewise linear. For
discretization, interpolation was formed on the quantities (p,
pu, pv, pe, and r), which leads to a higher accuracy in the r
direction® and at the same time avoids the singularity problem
at r =0, since the scheme is cell centered and the element
radius is simply taken as the average of the radii on its corners.
In addition, the weighted residual statements necessary for the
finite element scheme can be derived in closed form with such
a formulation. '

In addition to the high-order scheme given above by Eqgs. (4)
and (6), U, (which can be made essentially fourth order in
phase accuracy), two types of artificial viscosity are added to
the scheme. The first is mass diffusion, which is added to yield
a monotonic low-order scheme U, at time n + 1. This is com-
bined with the high-order scheme through the FEM-FCT?
formulation as follows:

Ur+l= U + limit(AU, — AU) ©)

where AU, and AU, denote the increments obtained by the
high- and low-order scheme advanced one timestep from U”,
and the ““limit”” is carried out such that no overshoot or
undershoot occurs in the solution.?” To maintain strict conser-
vation, this limiting is carried out on the element level.? This
nonlinear contribution through flux corrected transport has
been shown to be highly robust and accurate for several fluid
dynamics problems using both finite difference schemes (see

Oran and Boris**) and finite element schemes.?%3133.36 In addi-
tion, the modified Lapidus artificial viscosity,3® which proved
successful for Cartesian coordinate systems, is extended to the
axisymmetric case by simply multiplying the contributions by
the average element radius.

Adaptive remeshing was employed to optimize the distribu-
tion of grid points for a flowfield not known a priori. Such
regridding may reduce storage and CPU requirements by
10-100 times in advection dominated flows as compared with
an overall fine grid.??*” The remeshing was accomplished us-
ing an advancing front generation scheme where local grid size
was determined by the level of gradients (both first and second
derivative) through a normalized error indicator.’® Remeshing
criteria include allowable stretching levels and the number of
smoothing passes for the new grid. Typically, four remeshes
with a specified maximum element stretching of two were
sufficient for the present flowfields based on previous experi-
ence.25:29.32

Boundary conditions for the axisymmetric backstep prob-
lem are as follows: 1) no flux and no normal velocity along the
surfaces, 2) uniform (no boundary layer) inflow conditions
beginning one-half step width upstream of the step corner,
and 3) free outflow conditions for the top and rear of the
computational domain. The separation region was found to be
sensitive to the boundary conditions applied in the near region
of the step corner. At the corner point, the velocity vector was
set to be free. To enforce the parallel wall condition, the
predicted velocity component normal to the wall was set equal
to zero with the tangential velocity component set upward
along the base wall. Rotating the velocity vector along the wall
as suggested by Mavriplis* (as opposed to projecting the
vector as was done here) did not produce any significant
change in the results. Proper care was taken such that the flux
contributions derived from the corner velocities were consis-
tent with zero flux condition along the back face of the step.

Since there were intrinsic mixing layer fluctuations due to
the large eddy formation and dynamics, time-averaging of the
fully developed computations was employed for comparison
with time-averaged experimental data. Doubling the number
of grid points for the simulation of M, = 2.09 and A/R = 0.28
did not produce significant variation in the time-averaged
results (less than 5%) and thus it was felt that the initial
resolution, which is shown in the results (Figs. 4-9), would be
sufficient for the remainder of the cases studied. No explicit
subgrid or viscous modeling was incorporated other than the
high frequency filter that the FCT scheme naturally provides
(which effectively damps out all spatial frequency below the
local cell size). All computations were performed on a Cray
X-MP 2/4, and each case took typically less than an hour of
Cray CPU time to provide time-averaged distributions.

Results and Discussion
Typical Flowfield

Flowfields and their resulting wall pressure distributions
were found for various step height ratios (— 0.8, — 0.32, 0.0,
0.042, 0.17, 0.28, 0.50, 0.75) and freestream Mach numbers
(2.09, 3.02, 3.9). An example of a flowfield downstream of a
step is shown in the shadowgraph*® (Fig. 3) from the experi-
mental investigation of Roshko and Thomke® for a freestream
Mach number of 2.09 and a step height ratio of 0.28. From the
corner going downward, one may observe the shear layer on
the photograph indicating the flow separation at the corner.
Downstream of this point a dark recompression region can be
observed that indicates the high speed fluid is being turned
parallel to the wall as reattachment occurs. The recompression
shock front appears to become sharp at a vertical position of
roughly A/3 above the lower wall surface. Note that, as the
mixing layer impinges on the wall near the shock foot, its
interaction with the boundary results in enhancement of the
thickness of the boundary layer that subsequently grows
rapidly.
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Figure 4 shows an instantaneous solution depicting roughly
60 contours of density throughout the computational domain
for the aforementioned Mach 2.09 case. At the shoulder, the
expansion fan is evident by the decrease in density. Also, from
the corner, the mixing layer is clearly resolved along its entire
Iength. One may note the close comparison with the pho-
tograph in Fig. 3 for the inclination angle of the mixing layer
to the reattachment wall. An oblique shock of the same angle
as in the experiment is also observed along with a thick mixing
layer continuing along the wall.

Figure 5 shows the finite element computational mesh that
has adapted to the computational flow solution by optimally
refining regions of high flow gradients resulting with roughly
7300 nodes (that is typical of the resolution used for the other
cases). The areas that include the initial expansion region, the
mixing layer, and the oblique shock are all resolved with
significantly smaller elements whereas the regions in which
relatively weak or smooth flow changes are occurring are
resolved only to the preset maximum element size allowed by
the remeshing.

Figure 6 shows the pressure contours for the previous case.
The expansion fan is readily seen, and, as expected, there is
relatively no pressure jump across the mixing layer. Thus, the
high-speed flow turns through an expansion fan emanating
from the corner, resulting in a higher Mach number and a
lower pressure, which is essentially equal to that of the recircu-
lating zone, i.e., the base pressure. As the finite thickness
mixing layer approaches the lower wall surface, it tends to
bend along the wall giving rise to compression waves above.
These waves coalesce over a finite region to form an oblique
shock wave a small distance above the mixing layer. In fact,
this gradual turning of the mixing layer as it impinges on the
wall results in a nonabrupt compression along the wall ob-
served experimentally and numerically. In general, the recom-
pression shock was found to increase in strength for higher
levels of M, and as #/r was increased from — oo to 1.

The downward turning of the expansion fan away from the
corner is an axisymmetric effect, not observed in the two-di-
mensional case. It is due to the decrease in cross-sectional area

Fig. 3 Shadowgraph photograph3* for M, = 2.09 and 4/R = 0.28.

Fig. 4 Predicted density contours for M, = 2.09 and h/R = 0.28.
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Fig. 5 Finite element mesh for M,, = 2.09 and h/R = 0.28.
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Fig. 6 Predicted pressure contours for M, = 2.09 and h/R = 0.28.

Fig. 7 Predicted Mach number contours for M, =2.09 and h/
R =0.28.

as the flow turns toward the axis; flow turning through the
expansion fan far from the corner experiences a greater reduc-
tion in radius and thus must turn additionally to achieve the
same overall pressure decrease along the fan. This results in a
shorter downstream distance for interaction of the expansion
fan with the oblique shock wave, and this interaction results in
a weakened recompression shock. As expected, this effect was
found to be more pronounced as the absolute value of the step
height to body radius ratio 1A/R | was increased and was less
pronounced as M, was increased.

Figure 7 shows the Mach number contours for the same
case, where a strong change in flow speed from roughly Mach
2.61 to Mach 0.23 occurs across the mixing layer, which
continues along the downstream wall and contains nearly all
of the vorticity for this flowfield. The subsonic Mach numbers
of the recirculating zone tend to increase as the step height
ratio 2/R is increased from — oo to 1, and more dramatically
as M., is increased from 2.09 to 3.9. The velocity vectors are
shown in Fig. 8 and provide further visualization of the expan-
sion fan, the subsonic recirculating zone, the mixing layer, and
the oblique shock.

Base Pressure Distributions

The time-averaged lower wall surface pressure distributions
are shown in Figs. 9-11 for A/R = 0.28 and M, of 2.09, 3.02,
and 3.9, respectively. One can see that both experiment® and
simulation are in reasonable agreement with a relatively con-
stant low pressure near the shoulder followed by a small dip
(preceded by a small rise for the M, = 2.09 case) and then a
pressure rise that initiates at roughly two to three step heights
downstream, and ending with a relatively level high pressure
region. Note that the recompression region has forced the
downstream pressure to be higher than the upstream pressure
Do due to effects of axisymmetry, i.e., a reduction in radius.
As M, increases, the base pressure ratio p,/p., drops substan-
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Fig. 9 Lower wall surface pressure distribution for M, = 2.09 and
h/R = 0.28.
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Fig. 10 Lower wall surface pressure distribution for M, = 3.02 and
h/R =0.28.

tially. This trend is attributed to the larger turning the flow
can support at higher Mach numbers and still maintain an
oblique recompression shock, which experiments have con-
firmed. This results in reduced reattachment downstream dis-
tance as M., increases. The hump in the pressure rise for the

M, = 3.9 case may be due to the presence of a lip shock,
which is a viscous separation effect® that would not be present
in the simulations.

Figure 12 shows the corresponding wall pressure distribu-
tion for an M, of 2.09 and a relatively small #/R of 0.042.
This flow exhibits a more two-dimensional (as opposed to
axisymmetric) behavior as noted by the smaller increase of
final downstream pressure compared with upstream pressure.
The reasonable agreement observed for this distribution is
somewhat surprising since the experimental /4 approached
Y2 for this case, as opposed to the above cases where 6/h
values were about 1/10. However, the measurements’ also
observed remarkable independence of the pressure distribu-
tion after recompression had been initiated, even for é6/A
values above one.
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Fig. 11 Lower wall surface pressure distribution for M, = 3.90 and
h/R = 0.28.
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Fig. 12 Lower wall surface pressure distribution for M, = 2.09 and
h/R = 0.042.
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Fig. 13 Vertical step surface pressure distribution for #/R = 0.28.
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Fig. 14 Base pressure as a function of step height ratio (h/R) for
M, =2.09.

Further evidence of the code’s ability to predict base pres-
sure distribution is shown in Fig. 13, where static pressure
along the rear face of the step is shown for both measurement
and simulation. Both the predictions and experimental data
show a relatively uniform pressure distribution, which is typi-
cal of other axisymmetric base pressure distributions,!® and
indicates that the subsonic region below the mixing layer is one
of nearly uniform pressure. The reduction in the base pressure
as the Mach number is increased from 2.09 to 3.9 is clearly
illustrated, and the agreement between experiment and predic-
tion of base pressure is reasonable. ,

To determine effects of varying step height ratios, experi-
mental and computational base pressure ratios were plotted as

a function of A/R for M., = 2.09 and 3.02 in Figs. 14 and 15
(results for similar Mach numbers are also presented). From
these figures one may observe the increase in base pressure as
h/R is increased from its two-dimensional value (#/R = 0) to
an axisymmetric backstep with zero downstream wall radius
(h/R = 1). Correspondingly, for flows with sudden expansion
(Fig. 2c), base pressure values are lowered further. As 2/R
tends to — oo, the base pressure would asymptotically ap-
proach zero if the downstream flow conditions continued to
support supersonic continuum flow. As the base pressure de-
creased for higher Mach numbers at all values of 2/R, so did
its sensitivity to this measure of axisymmetry.

For both positive and negative values of #/R for Mach
numbers of 2.09 and 3.02-3.90, agreement between experi-
ment and FEM-FCT predictions is good, yielding an average
difference of 12% (although no acceptable data was found for
negative /R values for Mach numbers above 2). Other com-
putational results that sought to simulate the complete flow-
field employed structured grids and empirical turbulence mod-
els without monotonic schemes and typically varied signi-
ficantly from experiment in base pressure predictions as dis-
cussed by Petrie and Walker.?® Two-dimensional predictions
by Correa and Warren?! exhibit strong overprediction (see Fig.
14) and indicate significant oscillations (1 contour level of
variation along the base wall for 13 overall pressure contours
in the flow). However, Uenishi et al.?? indicate very good
vertical traverse agreement at seven step heights downstream
but do not present any base pressure predictions for the turbu-
lent backstep flow. Analytical predictions by Zumwalt!* show
reasonable agreement with the experimental results. More re-
cent analytic descriptions exhibit improved agreement and
include Zelenkov?’ and Mueller,> who employed an empirical
compressible divergence factor.

Reattachment Lengths

Another important characteristic observed in these flows is
the flow reattachment length x,, which is the downstream
distance where the flow reattaches (see Fig. 1). Measurements
taken by Roshko and Thomke® were derived from oil surface
flow visualizations to determine the reattachment distance,
whereas the predictions of x, were defined as the point where
the axial component of velocity along the downstream wall
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Fig. 15 Base pressure as a function of step height ratio (2/R) for
M, =3.02
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changed from negative to positive. Effects of axisymmetry
were not clearly evident for x,, since varying #/R for a given
M, produced roughly similar experimental and computational
values for x,. However, a general decrease in the average x,
was noted as M, increased. The predicted average reattach-
ment length distances normalized by & were 3.2, 2.8, and 2.1
for M, of 2.09, 3.02, and 3.9, respectively (a similar trend was
noted for median pressure distances, although the correlation
was not as strong). The average difference between predicted
and experimental values of x, was 9%.° Such agreement indi-
cates that reasonable prediction of the mixing layer inclination
to the reattachment wall was found, demonstrating that the
separated flow extent is largely controlled by the mixing layer
recompression characteristics once the upstream corner sepa-
ration is enforced.

The primary source of error in the calculations is expected
to be the neglect of boundary-layer effects; however, some
three-dimensional structures were also observed in the experi-
ments’ and may be important in capturing the full dynamics of
the compressible mixing layer.?% Future studies hope to ex-
amine the fluctuation properties and possible development
and addition of a subgrid modeling for such an unstructured
grid method.

Conclusions

Large eddy numerical simulations of an axisymmetric su-
personic flow over a backward-facing step have been com-
pleted using an axisymmetric version of the finite element
method-flux corrected transport algorithm. The adaptive un-
structured remeshing provided detailed resolution in areas
where rapid flow changes were occurring. Compressible flow
features were found to be well represented by the conservative
nonlinear FCT scheme when compared with available experi-
mental results such as flow visualization, measurements of
base pressure, and subsequent downstream wall pressure dis-
tribution as well as dimensionless reattachment lengths for a
range of Mach numbers and step height to step radius ratios.
Such reasonable agreement indicates that once separation at
the corner is enforced, the general structure of the flowfield is
determined largely by the presence of the transient mixing
layer if flows with a thin turbulent upstream boundary layer
are considered. Effects of increased axisymmetry (through
increased step height to step radius ratio) were noted in flow-
field characteristics such as increased base pressure ratios,
curvature of expansion fans, stronger recompression shocks,
and higher Mach number levels in the subsonic recirculating
region. In general, such axisymmetric effects were less pro-
nounced as the freestream Mach number was increased. In
addition, the opposite trends were noted for sudden expansion
flows.
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