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Experimental and Numerical Investigation
of a Shock Wave Impingement on a Cylinder

A. Brosh,* M. I. Kussoy,t and C. M. Hungt
NASA Ames Research Center, Moffett Field, California

This paper presents an experimental study and a numerical simulation of the impingement of an oblique shock
wave on a cylinder. The investigation was undertaken to attain two goals. The first goal was to experimentally
investigate and document the complex three-dimensional shock wave and boundary-layer interaction occurring
in practical problems, such as the shock-wave impingement from the Shuttle nose on an external fuel tank, and
store interference on a supersonic tactical aircraft. The second goal was to carry out a comparison of experimen-
tal measurements and numerical computations of such complex flows. The experimental results revealed a com-
plex flowfield with two separation zones, regions of cross flow, reflected shocks, and expansion fans. The
numerical predictions agreed surprisingly well with the measured results, both on the surface and in the
flowfield. However, some important flow details, such as the size and extent of the separation, and the reflected

shock-wave system, were not predicted.

Introduction

HERE has always been great interest in the fluid

dynamics community in techniques for predicting com-
plex flows that have practical significance.! During the last
several years, advances in computer speed and memory have
made this goal attainable. At present, one limitation to its
fulfillment is the accuracy of the turbulence models used to
describe the flow. Obviously, the value of any turbulence
model is measured by its ability to predict an existing flow
numerically, so that the results are consistent with experimen-
tal measurements. The present paper describes such an investi-
gation, in which a complex flow that has practical applications
was documented both experimentally and computationally.
One goal of this investigation was to obtain experimental
results- of sufficient accuracy and detail so that they would
reveal important aspects of a certain class of flows that are en-
countered in practice and lead to an improved understanding
of the details of such flows. A second and equally important
goal was to compare these results with theoretical predictions
to help assess the worth of the turbulence model used and,
more importantly, to indicate specific areas where im-
provements in the computational procedures are critically
needed.

The impingement of an oblique shock wave on a cylindrical
body is typical of an entire class of practical aerodynamic
flows. Some realistic examples are the impingement of the
bow shock from the Shuttle nose on the wing leading edge, the
wing shock impinging on an external fuel tank, store-wing in-
teraction, store separation, missile launching from supersonic
tactical airplanes, and sabot interaction with armor-piercing
ammunition. In these examples, the shock impingement
results in heat-transfer, stability, control, and force problems
which could materially affect the performance of the body.

The main features of the above class of three-dimensional
shock-wave/turbulence boundary-layer interaction flows are
duplicated by the experiment shown in Fig. 1. The test body
consists of a cusp-like nose, followed by a long cylindrical
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section aligned with a Mach 3, freestream flow. A wedge span-
ning the test section generates a planar shock wave that im-
pinges on the cylinder. The shock-wave/turbulent boundary-
layer interaction zone thus formed on the cylinder is the sub-
ject of this investigation. Experimental observations were
made using oil-flow visualization and static-pressure measure-
ments on the surface, and static and total pressure surveys on
the plane of symmetry in the flowfield. Shadowgraphs were
also taken of the interaction region.

Numerical computations of this flow are obtained in the
present study using the time-dependent, thin-layer approxima-
tion of the three-dimensional, Reynolds-averaged Navier-
Stokes equations which are solved using the mixed explicit-
implicit scheme of MacCormack,? for flow over a cylinder at
zero incidence. The turbulence model used is the two-layer,
algebraic, eddy-viscosity model of Baldwin and Lomax.3? The
computations are compared with the experimental
measurements, and conclusions are drawn concerning the
ability of the code and turbulence model used to predict this
type of flow.

Description of Experiment

The experiment was conducted in HRCI1,* which is a
blowdown tunnel with a 25.4 x 38.1 cm test section operating
at Mach 3. The test configuration and coordinate system used
are shown in Fig. 1. A modular cylindrical body, with a cusp-
shaped nose to eliminate shock waves, was mounted on the
centerline of the test section.

The cylinder was 1 m long and 5.08 cm in diameter, and
was instrumented along one body ray (@p.q, =0 deg) with 28
pressure taps. Additional pressure taps were placed at
Ppoay = 90, 180, and 270 deg to verify flow symmetry. A short
modular body section housed a traversing mechanism for a
variety of probes, enabling them to be moved perpendicular to
the model axis. A potentiometer was geared directly to the
probe support for a direct readout of the probe position in-
dependent of any gear backlash. Precise axial placement of the
various probes was achieved by moving the probe axially in
the probe support and fixing it with a set screw.

A two-dimensional shock-wave generator, consisting of an
a =16 deg wedge that spanned the tunnel width, was mounted
at a vertical position #=6.5 cm from the tunnel wall. The
wedge thickness was 5.08 cm. The two-dimensionality of the
shock was checked by shadowgraphs and geometrical calcula-
tions of the shock position.



JUNE 1985

The cylindrical test body was fixed in position, leveled, and
centered in the test section; its alignment was checked before
each individual run. The cylinder support allowed the test
body to be arbitrarily positioned axially (x) and circamferen-
tially (¢). The change in the undisturbed boundary-layer
height at the measured station, owing to the axial movement
of the cylinder, was about 1.2% of the nominal boundary-
layer height; this change was found to have a negligible effect
on the measured results.

Surface pressures were obtained using strain-gage trans-
ducers. By rotating the cylinder A¢ = 10 deg between runs (at a
constant axial position), pressure data were obtained at a suf-
ficiently large number of points on the surface to generate ac-
curate contour plots.

The oil-flow visualization technique was used to obtain sur-
face flow patterns. The surface was covered with a sheet of
black Mylar with an adhesive backing and coated with the oil
mixture. The tunnel was run until a surface flow pattern was
established that did not vary with time. Subsequent to the run,
the Mylar sheet was peeled off and placed on a flat backing
board for photographing and evaluation.

Surveys of static ‘and total pressure in the boundary layer
were made in the windward (¢ =0 deg) and leeward (¢ =180
deg) planes of symmetry intersecting the cylindrical test body.
Surveys were made at axial locations spaced at Ax=0.635 cm
in the interaction region and Ax=1.27 ¢cm upstream and
downstream of this region. The probe-traversing mechanism
could advance the probe in discrete Ay increments as small as
0.005 cm. These surveys were taken at a Reynolds number
Re,=18.2x 10%, based on the length of the cylindrical body.

Pitot pressures were measured on the windward and leeward
symmetry planes by a rectangular probe 0.012 ¢cm high by 0.1
cm wide. The static pressure probe was a cone-ogive-cone-
cylinder with a diameter of 0.07 cm. Four static holes were
drilled 90 deg apart and 0.305 cm from the probe tip, accord-
ing to the criteria of Pinckney.® This probe has the advantage
of being less sensitive to flow angularity than the conventional
cone-cylinder probe.

Total temperature was assumed constant and equal to the
freestream total temperature of 278 K. Previous measure-
ments by Kussoy et al.® at the same test conditions indicated
that the total temperature varied less than 0.5% through the
boundary layer.

The experimental uncertainties in the mean flow data in the
windward and leeward planes are =+10% for the static
pressure (because of flow angularity), +6% for static
temperature, + 12% for density, +3% for velocity, and +1%
for pitot pressure. The uncertainty in y is +0.01 cm.

Experimental Results and Discussion

Flowfield Description

The flowfield around the cylindrical body can be divided in-
to four different regions (Fig. 1): 1) the windward region,
where the shock impinges on the cylinder and is governed by
the severe pressure gradients and shear stresses caused by the
shock; 2) the leeward region, where the flow is generally
separated, and is governed by the cross flow and the thicken-
ing of the boundary layer; 3) the upstream region, ahead of
the shock, where the flow is undisturbed parallel to the body
axis at Mach 3; and 4) the downstream region, behind the
wedge expansion fan, where the flow is straightened by the ex-
pansion and the difference in boundary-layer thickness be-
tween the leeward and windward still causes some cross-flow
effects.

Shadowgraphs obtained during the experiment show, on the
leeward, the development of a thick boundary layer (=3 cm)
and the extensive upstream influence of the impinging shock.
These shadowgraphs also show the planar shock wave and the
expansion fan, verifying the existence of a region between
them where the flow is at a constant angle to the body axis.
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Oil-Flow Patterns and Their Interpretation

A basic understanding of the character of surface properties
can be gained by observing the oil-flow patterns. Some of the
discussion in this section draws conclusions based also on data
measured in the flowfield (e.g., boundary-layer height,
separation bubble size, and expansion fans); those conclusions
will be discussed later. A typical oil-flow pattern from the un-
wrapped Mylar sheet is shown in Fig. 2 where the main
features of the surface flow can be seen. On the windward
(¢ =10 deg), the oil patterns show two separation lines, S; and
S,, and a point of reattachment NR. The most upstream of the
two lines, the one that originates at S,, terminates on the
leeward (¢ =180 deg). The other, which originates at S,,
wraps around the body, changing its attitude from lateral to
axial, and becomes the primary leeward separation line.1 S; is
the secondary leeward separation line. The pattern of two
parallel separation lines on the leeward is typical of a cylinder
at an angle of attack, and has been observed previously by
Yanta and Wardlaw® and Boersen.!? An additional feature is
the intense cross flow on the sides of the body (10
deg < ¢ <100 deg) between x=S50 and 60 cm, which is of the
same magnitude as the axial flow in this region (evident from
the lateral direction of the surface lines).

The leeward interaction flow (120 deg < ¢ < 180 deg) shows
three distinct regions. The first region (between x= 54 and 60
cm) is characterized by a thick boundary layer and is almost
stagnant. The flow direction in this region is very difficult to
assess. from the oil-flow results shown in Fig. 2. The adverse
pressure gradient, which is fed laterally from the freestream to
the vicinity of the wall, and the intense cross flow (with an
angle of over 45 deg from the freestream) both contribute to
the thickening of the boundary layer in this region. The middle
region (between x=60 and 70 cm) is characterized, as men-
tioned previously, by two separation lines similar to those on
the back of a cylinder at an angle of attack (see Ref. 11). ~

The downstream region (from x=70 cm and beyond) is af-
fected by the expansion fan off the top of the wedge and is,
therefore, of less interest. The straightening of the flow in this
region weakens the separation lines which eventually
disappear.

Surface Pressure

Surface static-pressure distributions were measured on axial
rays spaced every A¢ = 10 deg around the cylinder. The wind-
ward and leeward results are presented in Fig. 3. The main
features of the windward profiles (¢ =0 deg) are the pressure
rise at the foot of the shock, the double hump in the high-
pressure region, and the downstream pressure drop caused by
the wedge-expansion fan. The second pressure maximum on
the windward ray, at x= 60 cm, is not an aberration caused by
scatter in the data. This second maximum was observed in all
measurements independent of body movement using different
pressure taps and different transducers. The leeward profile
(¢ =180 deg) shows a very small pressure rise, suggesting that
this entire region is in a wake of separated flow. The extent of
upstream influence can also be drawn from this profile, since
the inviscid shock passes the back of the body at x=62 cm,
and the pressure rise begins at x=355 cm, meaning about 6
upstream boundary-layer thicknesses of forward influence.

Surface-pressure contours display a graphic picture of
where the pressure extrema and pressure gradients are of
significant influence. Figure 4 shows the experimental surface-

IThere is some controversy about the definition of three-
dimensional separation. One view holds that skin-friction lines that
converge and form a line which passes through a saddle point form a
separation line’; the other view holds that only if a sheet of fluid ac-
tually leaves the surface is the footprint of this sheet on the surface a
separation line.® In this paper, for convenience, the first view is
adopted, without casting any judgment on the correctness of either
view.
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Fig. 2 Oil-flow pattern for 16-deg shock generator at M=3 and
Py, =25 psia.

pressure contours with the main features of the oil-flow pat-
tern (bold lines). The severe pressure gradients at the foot of
the shock (x=52 cm) on the windward (¢ =0 deg) are con-
gruent with the dual separation lines in the oil-flow picture.
Surprisingly, the contours show the same magnitude of
pressure gradients in the lateral direction. These gradients are
responsible for the severe cross flow which, in turn, causes a
leeward separation, similar to that on a cylinder at an angle of
attack, as was discussed previously. A somewhat unan-
ticipated feature is the point of minimum pressure at ¢ =100
deg and x=58 cm. This minimum occurs exactly where the
leeward separation line bifurcates, and the resulting two lines
of separation follow the two pressure valleys that lead
downstream from this point. The surface-pressure gradients
on the leeward are very small, also showing that the flow is of
separated-wake type.

X, cm
Fig. 3 Measured and predicted static-pressure distribution on a
cylinder with impinging shock wave at M =3 and P, =25 psia.

Fig. 4 Measured surface-pressure contours on a cylinder with imp-
inging shock wave at M=3 and P, =25 psia.
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Fig. 5 Measured and predicted pressure profiles on the windward
plane of symmetry of a cylinder with impinging shock at M=3 and
Py, =25 psia.
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Pressure Surveys

Additional details of this complex flowfield were obtained
from pressure surveys taken on the windward and leeward
planes of symmetry. Figure 5 shows the results of pressure
surveys in six locations (A-F), representing the main flow
features on the windward plane. Figure 5a shows the static
pressure P, and Fig. 5b shows the total pressure Py. Survey A
ahead of the interaction shows the beginning of the static-
pressure rise near the shock (Fig. 5a, y=2 cm), and the
upstream boundary-layer edge, as picked up by the total-
pressure profile (Fig. 5b, y=1.2 cm). Survey B hits the inci-
dent shock at the boundary-layer edge. Survey C traverses the
bubble. The total pressure at C shows no change close to the
surface, indicating the presence and extent of the bubble in
this location; thereafter, the pressure decreases, indicating the
presence of a local expansion fan (a ‘‘separation bubble ex-
pansion”’ since it originates from the bubble). Farther from
the body, at y=1.0 cm, survey C encounters another shock,
the ‘‘separation shock.”” Survey D, just behind the separation
bubble, indicates the presence of yet another shock at y=0.5
cm, called the ‘‘recompression shock” for obvious reasons.
“urveys E and F show the same shock-wave expansion-fan
sructure as it recedes from the body surface at a constant
angle.

Pressure Contours

The symmetry plane flow structure is illustrated further in
Fig. 6 which shows the static-pressure contours with the three
shock waves superimposed. Points of interest in this figure are
the two reflected shocks; the pressure hill behind the intersec-
tion of the incident shock and the separation shock; and the
pressure valley between the two reflected shocks which in-
dicates the existence of an expansion fan emerging from the
separation bubble. The pressure peak at the wall behind the
shock system is decaying fairly fast, because the wedge-
expansion fan, from the wedge-ramp corner, hits the body at
x=60 cm.

Numerical Simulation

Thin-Layer Approximation

Figure 1 shows the computational domain, and the
geometry used in the calculations. The basic equations of the
present analysis are the time-dependent, compressible, mass-
averaged Navier-Stokes equations. For our high-Reynolds-
number flow, the viscous effects are confined to a thin layer
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Fig. 6 Measured static-pressure contours on the windward plane at M=3 and P, =25 psia.
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near the wall, and are associated with the derivative in the r
direction. Consequently, all viscous terms associated with x
and ¢ derivatives are neglected, while those with second
derivatives in the r direction are retained. Written in
transformed cylindrical coordinates, the thin-layer approxi-
mation of the Navier-Stokes equations is as follows:

arU orF or(G-Gy) orH
—_ +
at o¢ an rog

+Q0=0

where
E=x, n=r—ry(x)

and U represents the conservative variables. F, G, and H are
the transport inviscid fluxes, G the thin-layer approximation
of the transport viscous flux, and Q the forcing term as
follows:

- - — -
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In the above equations, u, v, w are the velocity components
in the axial (x), radial (r), and azimuthal (@) directions; p, P,
and E are density pressure, and total specific energy, respec-
Lively; Oy Oprs Ogys Trps Orgs Oy, and 0y, 6, denote the thin-
layer approximations of the viscous normal and shear stresses
and heat flux components. The perfect-gas relation is used,
and the molecular viscosity is evaluated by Sutherland’s
formula.

The flow is symmetrical in ¢, and, hence, only a half-plane,
0 deg < ¢ <180 deg, is considered. The mesh spacing in the x,
r, and ¢ directions may vary independently. In the present
study, the mesh was uniformly spaced at first in both the x and
¢ directions (Ax=0.57 cm and A¢ =5 deg). In the r direction,
a fine mesh spacing is used in the region near the body,
ry<r=<ry, to resolve the viscous forces (initial Ay,= 1.24 x
10-2 cm), and coarse-mesh spacing is used in the outer region,
rysr=<r,, where viscous effects are negligible (final Ay, =0.3
¢m). Both the fine and coarse meshes are geometrically
stretched. A two-layer turbulence model developed by
Baldwin and Lomax? is used. The numerical technique in this
work is a mixed explicit-implicit scheme developed by Mac-
Cormack.2 The program is coded for the treatment of general
bodies of revolution, i.e., r, =f(x). However, in the present
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calculations rj (x) is zero, and the geometry is reduced to the
case of a circular cylinder. Details of the numerical procedure
are described by Hung et al.!>'

Boundary Conditions

The calculations duplicated the geometry of the experiment,
including the shock wave and the expansion generated by the
wedge. The upstream conditions, including the Mach number
M, boundary-layer thickness 6, and total pressure P, were in-
put from the experimental data. A symmetry condition is ap-
plied at the =0 and 180 deg planes. A zero-gradient bound-
ary condition is used at the downstream boundary. The wall is
assumed impermeable, and no-slip boundary conditions are
used. The wall is adiabatic, and the wall pressure is evaluated
using dP/9r=0 at r=r,. In the present case, the first mesh
point is close enough to the wall (y=6.2x10~? ¢cm) so that
this pressure condition is appropriate.

The impinging planar shock wave strikes the cylinder at an
angle 8 =34.5 deg, and intercepts on the windward plane ¢ =0
deg and x=xg4,. The expansion fan is generated at x=Xxg,,.
Ahead of the plane shock the boundary conditions are equal
to the freestream conditions (M, p., P ), and between the
shock and expansion fan (x>xg,) they are set at post-shock
conditions (M, p;, P;). A simple Prandtl-Meyer expansion
solution is used in the fan region (x>Xx;,,), and a uniform
solution is used downstream of the expansion.

Comparison of Computations and Measurements

One of the main problems encountered repeatedly by the
computation is the underprediction of the large experimentally
observed separation bubble.!5!¢ When the experimentally
observed bubble is small, the disturbance it introduces into the

46 48 50 652 54 56 58 60 62 64 66 63 70

b) Experiment.

Fig. 7 Comparison of computed surface-velocity pattern and ex-
perimental oil-flow picture.



JUNE 1985

X, cm
b) Measurements.

Fig. 8 Comparison of computed and measured pressure contours on
the cylinder surface at M=3 and Pz, =25 psia.
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flowfield is also small; hence, the shock pattern consists of one
incident shock and one reflected shock. This simple case can
be predicted by the calculations.!” But when the observed
separation bubble is large, introducing a large obstacle into
the boundary layer, the resulting shock pattern and the separa-
tion features are more complex, and the calculations fail to
predict the experimental observations. The comparison of
computational and experimental surface properties is shown
in Fig. 7. The computed surface limiting velocity vectors (i.e.,
velocity vectors at y=6.2 X 10~3 cm, the first grid point above
the surface) are shown in Fig. 7a. These predict accurately the
first upstream separation line and the overall flowfield
features; however, discrepancies appear in two regions. The
computed windward separation region (¢ =0 deg), represented
by the reverse flow, is extremely small, resulting in one separa-
tion line only. Also, the separation line on the leeward, caused
by the cross flow, occurs at too high a value of ¢ and consists
of a single separation line only. In contrast, the experimental
results presented in Fig. 7b show a much larger reversed-flow
region on the windward (¢ = 0 deg), resulting in two windward
separation lines. Also, the leeward separation, caused by the
cross flow, starts at a smaller ¢ and consists of two lines.

The calculated surface pressures fit the experiment very well
on the windward (¢ =0 deg) and leeward (¢ = 180 deg) lines, as
can be seen from Fig. 3. The small deviation in the location of
the pressure maximum on the windward is acceptable since the
gradients are small. The maximum is almost constant, and is
predicted within 5%. However, the second pressure maximum
mentioned previously is not predicted by the calculations. The
measured and computed surface-pressure contours (Fig. 8)
have similar overall features. The location and intensity of the
predicted pressure minimum at ¢ =100 deg agree with the
measurements. The main difference between the calculated
and measured surface pressures is the calculated strong
azimuthal pressure gradients near the leeward where the
measurements show almost constant pressure.

The computed flowfield properties are shown in Fig. 9,
which presents the pressure contours as calculated on the
plane of symmetry. Comparing the windward calculations to
the measured contours in Fig. 6, it is observed again that the
general features of the flowfield are duplicated very well,
especially when considering the complexity of the flowfield.
However, because of the small computed separation bubble,
the reflected shock structure is not predicted, and the pressure
distribution is somewhat different. The pressure peak behind
the intersection of the incident and separation shocks is miss-
ing in the calculations, no expansion fan is emerging from the
bubble top, and the two reflected shocks merge into one.
Figure 5a shows a comparison of the calculated and measured
pressure profiles on the windward plane of symmetry. The dif-
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Fig. 9 Computed pressure contours on the plane of symmetry.
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fusing effect of the computational grid on the shock is obvious
from profiles A and B. The incident shock, which is very sharp
in the measurements (and even sharper in the total pressure
surveys; see, e.g., Fig. 5b, survey B), is captured by no less
than five grid points and, therefore, is spread over almost one
full boundary-layer thickness. The same effect is evident from
profiles C, D, E, and F concerning the reflected shock. These
profiles also substantiate the conclusion obtained from the
surface-pressure contour plots, that the computations fail to
resolve the expansion fan originating from the separation
bubble.

Concluding Remarks

Experimental measurements of the complex three-
dimensional flow were made. The flowfield includes shock
waves, three-dimensional separation, and severe cross flow. A
computer code, using the thin-layer approximation of the
Navier-Stokes equations with a two-layer, eddy-viscosity tur-
bulence model is used to predict this flow. The main ex-
perimental and computational results are listed below.

1) The incident shock wave is sufficiently strong to produce
a large, double separation bubble. Two reflected shocks and
an expansion fan are observed in the windward region. Wake-
type flow with double separation is observed on the leeward.
The surface-flow structure exhibited an intense lateral cross
flow. This cross flow thickens the boundary layer and causes
significant upstream influence on the leeward.

2) The computations predict the main features of the flow,
including the surface-pressure distribution, the primary
separation, and the upstream separation lines, as well as the
cross flow and the extent of upstream influence. However,
they underpredict the size of the separation bubble, and hence,
miss some significant features of the flow on the windward,
such as the secondary separation lines, the double shock
reflection, and the bubble expansion fans. On the leeward, the
computations exhibit too high a pressure recovery, the
primary leeward separation is delayed, and the secondary
separation is absent.

3) Two weaknesses in the computations are apparent. The
first weakness is that the present eddy-viscosity turbulence
model fails to predict the large experimentally observed bub-
ble size. The second weakness is that the grid inherently
smears the shock over several mesh points, thus reducing the
gradients across it. Closer grid spacing improves the predicted
surface-pressure results.
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