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Investigation of Supersonic Flow About Strut/Endwall
Intersections in an Annular Duct
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and
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A combined experimental and numerical study was conducted to investigate the nature of supersonic turbulent
flow past an array of four, circumferentially equidistant, diamond-shaped struts which spanned the width of
an annular, constant area duct. The validity of the experimental and numerical techniques is demonstrated by
comparing predicted and measured duct wall static pressure, pitot pressure, and limiting surface streamlines.
The computations and experiments both indicate a complex shock structure which persists many chord lengths
downstream of the strut. The computations and experiments also reveal the existence of horseshoe-type vortices
which are generated at the leading and trailing edges of the struts. Corner vortices are generated at the intersections
of both the compression and expansion faces of the struts with the duct walls.

Nomenclature
c = strut chord length
M = Mach number
P = static pressure
P = total pressure
P, = pitot pressure
P, = reference upstream total pressure
r = radial coordinate measureld from the duct centerline
Uy = friction velocity, (T,,/0w)?
x = axial coordinate measured from the strut leading edge
y = coordinate normal to the endwall
yt = law-of-the-wall coordinate, (yu./v,)
Ar = radial coordinate measured outward from the centerbody
4 = circumferential coordinate measured from the strut
chordline
v, = kinematic viscosity at the wall
pw = density at the wall
Tw = shear stress at the wall

Introduction

HREE-DIMENSIONAL shock/boundary-layer interactions in

supersonic flow caused by fin/endwall intersections have been
studied extensively for several decades. McCabe! and Korkegi® used
oil flow techniques and surface pressure measurements to develop
a three-dimensional “separation” criterion for single-fin/flat-plate
interactions. (The terminology “single-fin/flate-plate interaction” is
intended to be a “label” for the flowfield about a single-fin/flate-
plate intersection. Similar labeling of other interaction types occurs
thoughout this paper.) Kubota and Stollery? proposed a flow model
for this type of interaction on the basis of their surface pressure
and smoke screen data. Settles and Lu,* Settles and Kimmel,® Set-
tles and Dolling,® and Alvi and Settles’ established a more complete
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flow model using various experimental techniques and pioneered the
development of similarity and scaling laws, which Lu® has recently
confirmed by means of endwall surface pressure measurements.
Mee et al.” measured static pressures and used an oil flow technique
to visualize limiting streamlines on the endwall to quantify mul-
tiple and single-fin/flat-plate interactions. In a more recent work,
Koide and Stollery'® employed schlieren and laser-light sheet flow
visualization techniques to investigate the influence of strake and
fillet modifications on the sharp-fin/flat-plate interaction. Shizawa
et al.'! have recently investigated the effect of bleed on reducing
the size of the horseshoe vortex generated immediately upstream
of the fin/plate intersection. Computational studies of the sharp-
fin/flat-plate interaction have clarified the nature of the separation
and attachment processes that occur on the plate surface, specifically
with respect to horseshoe vortex formation and secondary separa-
tion beneath this vortex.!2~1* Recent predictions by Panaras® and
Knight et al.’® have confirmed the flow model for the interaction
proposed by Alvi and Settles.” _

In reference to blunt-fin/flat-plate interactions, computations per-
formed by Hung and Buning'* show that the resulting bow shock
causes the boundary layer to separate well upstream of the fin,
leading to bifurcation of the horseshoe vortex and formation of a
lambda shock structure ahead of the fin. Subsequent computations
by Lakshmanan and Tiwari'’ indicate that the magnitude of vorticity
in the horseshoe vortex can be significantly reduced by proper fil-
leting. In a recent series of papers, Brusniak and Dolling,'® Erengil
and Dolling,'? and Kleifges and Dolling?® have shown that the blunt-
fin/flat-plate interaction is characterized by an unsteady separation
shock pattern upstream of the blunt leading edge. Their results in-
dicate that sweepback can have a beneficial effect by reducing the
extent of the intermittently separated region ahead of the fin and the
magnitude of rms pressure loading at the fin/plate intersection.?

Multiple-finfendwall interactions, i.e., crossing-shock-wave/
boundary-layer interactions, have been studied experimentally us-
ing surface pressure measurements and oil flow visualization by
Bogdonoff and Stokes?! and Williams and Hingst,?? whereas Davis
and Hingst?} have made pitot pressure measurements in the crossing-
shock flowfield. Garrison and Settles?*?5 have employed laser-sheet
and surface flow techniques to visualize the shock patterns and flow-
field of a multiple-fin/endwall interaction. Local skin-friction behav-
ior in this type of interaction was examined by Garrison and Settles®
in'a subsequent study. Recently, Narayanswami et al.?” and Reddy®®
have studied the crossing-shock problem numerically.
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On the basis of results generated in previous studies, fin/flat-plate
interactions can be predicted with reasonable accuracy for semi-
infinite compression fins. Some advanced supersonic propulsion
concepts, however, require axially symmetric, annular inlets. In this
case, curvature of the inlet walls may be an important factor. Fur-
thermore, supersonic flow may exist over significant distances in
these inlets, requiring the use of support struts within the super-
sonic flowfield (as opposed to traditional supersonic inlets, which
typically have support structures located downstream of the nor-
mal shock). Understanding the impact of these finite-length support
struts on the flowfield is important. The effects of endwall curvature
and finite-length struts on the flowfield have not yet been considered
in the available literature. The objective of the present study is to
examine these effects to develop a more complete understanding of
supersonic inlet aerodynamics. The emphasis is on the vortex struc-
ture and interactions generated by finite length fins (struts) placed
90 deg apart in an annular duct. In previous studies of supersonic
flow along the intersection of a semi-infinite, sharp compression fin
with a planar endwall, the presence of both a free-layer-type vortex
and a corner vortex originating near the start of the intersection has
been observed.>~>!>16 These vortices correspond, respectively, to
the leading-edge horseshoe vortex and the compression face corner
vortex upstream of the strut midchord. The present study will ex-
amine how these vortices behave and influence the flow and how
additional vortices are formed as a result of the expansion process
at the strut midchord and the recompression process at the trailing
edge. These vortices are designated, respectively, as the expansion
face corner vortex and the trailing-edge horseshoe vortex. The effect
of strut thickness-to-chord ratio on the overall flowfield is investi-
gated numerically in a companion paper by Harloff et al.?®

Experimental Approach

The experimental measurements were made in the Department
of Mechanical Engineering’s supersonic annular flow facility at the
University of Washington, which is discussed in more detail by
Williams et al.*® This facility operates continuously and consists
of a plenum chamber, annular nozzle, and test section connected
to a diffuser that exhausts into a large vacuum tank. Dry filtered
air enters the plenum (stagnation) chamber where it passes through
several flow conditioners. The annular convergent/divergent nozzle
accelerates the flow to a nominal core flow Mach number of 3 at
the nozzle exit. Boundary-layer trips were installed in the conver-
gent section of the nozzle, as shown in Fig. 1, to promote turbulent
boundary-layer development throughout the rest of the nozzle and
test section. The test section of the facility starts at the nozzle exit
and maintains a constant annular cross-sectional shape downstream.
The outer wall diameter is 118.54 mm, whereas the inner wall di-
ameter is 82.98 mm, creating a 0.7 inner-wall-to-outer-wall radius
ratio. Four symmetric, unswept, diamond-shaped struts were posi-
tioned circumferentially equidistant in the test section at zero angle
of attack, with their leading edges positioned 50.8 mm from the
nozzle exit. The strut chord was 25.4 mm, yielding a strut height-
to-chord ratio of 0.7; the maximum strut thickness was 0.125 chord
lengths, corresponding to a 7.1 deg half-wedge angle. The Reynolds
number, based on the strut chord, was 3 x 10°. Pitot pressures were
measured at axial positions of 0.5, 1.0, 2.0, 3.0, 4.0, and 6.0 chord
lengths downstream from the leading edge of the strut.

Two pitot probes were used to make measurements near the in-
ner and outer walls. Both probes had a round cross section at the tip
with an outer diameter of 0.305 mm. Round tips were used instead of
flattened tips (as are commonly used in two-dimensional boundary-
layer surveys) because of the potential for significant pressure gra-
dients in both perpendicular directions (r and 6) at the probe tip.
The ratio of probe tip diameter to upstream boundary-layer thick-
ness of the undisturbed flow was about 0.10 for both probes. Allen®!
has shown that a ratio of this magnitude results in no more than a
2% error in measured pitot pressure throughout the boundary layer.
Measurements were made near the appropriate wall for the particu-
lar probe with some overlap in the core region to verify that the two
probes were reading the same pressure. Both probes were aligned
in the axial direction and no attempt was made to account for mis-
alignment with the local flow direction. Strack®? has shown that the
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pitot pressure sensed by a probe in a supersonic flow is relatively
unaffected by flow angle; that is, an error of no more than 2% exists
for flow angles up to 10 deg. This finding was confirmed for the
probes used in the present study. Inasmuch as most flow angles at
locations where pitot pressure data were taken are less than 10 deg,
the maximum estimated error is on the order of 2%.

Wall static pressures were measured at 0.0, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, and 8.0 chord Iengths behind the leading edge in 15-deg
increments circumferentially on the inner wall and in 5-deg incre-
ments circumferentiaily on the outer wall. The wall pressure taps
had an orifice diameter of 0.343 mm and were oriented normal to the
wall. Williams et al.*® discuss the pressure measurement techniques
in more detail.

Limiting streamlines on the centerbody and the strut were exper-
imentally determined using the fluorescent oil technique discussed
by Chan.?* Fluorescent dye, No. 50 yellow, mixed with silicon oil,
was painted on the centerbody and strut in a thin film with a camel’s
hair brush. The facility was run for 60 s and then stopped suddenly
to minimize the distortion of the oil pattern on the surfaces as the
flow velocity decreased to zero in the test section.

Fig. 1 Tunnel schematic.

Numerical Approach

The computations were performed for the geometry and flow con-
ditions just described. The calculations were started 0.5 strut chord
lengths ahead of the strut leading edge to account for the upstream
influence of the strut in the subsonic part of the duct-wall bound-
ary layers. The inflow boundary condition was prescribed from an
axisymmetric calculation of the flow through the plenum, nozzle,
and test section with no struts, as performed previously by the second
author. Because the axisymmetric calculation was initiated upstream
of the convergent/divergent nozzle, the initial conditions are based
on a flow history similar to that of the experiment. The axisymmetric
calculation agrees very well with preliminary results obtained from
the experimental facility when no struts were installed (see Williams
et al.%%). The computed profiles were chosen as the inflow condition
because mass and momentum could be conserved more accurately
than by matching with experimental profiles upstream of the strut.
Planes of symmetry at the strut centerplane and between struts were
used to limit the computational domain, circumferentially, to one-
eighth of the annular duct cross section. Figure 2 shows one of the
computational grids investigated in this study, at every other grid
point, as it appears on the bounding surfaces of the domain. The
centerbody, cowl, and strut were treated as no-slip adiabatic sur-
faces. The boundary defined by the plane of symmetry of the strut,
both ahead of the strut and behind, as well as the plane of symme-
try between struts, were taken into account by extrapolating from
the first grid plane inside of the boundary. The outflow boundary
conditions at the exit plane were obtained by extrapolation from the
adjacent interior grid plane.

PARC-3D,** a three-dimensional, Reynolds-averaged, Navier—
Stokes flow solver, was used for the computations. In general, clo-
sure was obtained with the Baldwin-Lomax turbulence model®



588 WILLIAMS, HARLOFF, AND GESSNER:

Plane of strut
(6=0 deg.)
and strut surface

g

Centerbody //

surface
Plane of symmetry

between struts
(6=45 deg.)

Fig.2 Computational grid (147 x 51 x 51).

specified in regions of wall-bounded shear flow (the boundary lay-
ers), and with the Thomas turbulence model® in regions of free
shear flow (the wake of the strut). The exception is the solution
run on the first grid discussed later, for which the Baldwin-Lomax
model was implemented throughout the entire flowfield.

Several grids were examined in this study. The first was created
algebraically with hyperbolic clustering near the centerbody, cowl,
and plane of symmetry of the strut. The dimensions of this grid were
177 x 99 x 51 nodes in the x, r, and 6 directions, respectively. The
first grid point away from the endwalls (centerbody and cowl) was
ata y* = 0.1 based on the boundary-layer profile at the inlet to the
computational domain. The first grid point away from the strut was
at a distance that corresponded to a y* = 1.0 based on the endwall
boundary-layer profiles in the axial direction and a y* = 0.1 in
the circumferential direction. The other grids were created using
GRIDGEN? with the first grid point away from the inner and outer
walls at a y* = 1.0 based on the inlet boundary-layer profiles.
The spacing of the first grid point on the strut was taken to be
the same physical dimension as that used for the annular walls.
To resolve the shock structure better, the grids were optimized by
clustering along anticipated shock positions. Slight grid clustering
near the plane of symmetry between struts was also incorporated
to improve the accuracy of the symmetry boundary condition and
the resolution of the crossing shocks in this plane. The first grid of
this type had 135 x 51 x 51 nodes in the x, r, and 8 directions,
respectively. The last grid considered, as shown in Fig. 2, had 147 x
75 x 75 nodes. This grid was further adapted using MAG3D.*
MAG?3D attempted to adapt the grid by clustering around pressure
gradients present in the flow solution; however, its application had
little effect on the overall grid structure or subsequent solutions.

Results and Discussion

Comparison of Pressures

The experimentally measured and computed circumferential wall
static pressure distributions on the centerbody, normalized by the
upstream total pressure, are shown in Fig. 3a at axial locations cor-
responding to x /¢ = 0 (the strut leading edge), x/c = 1 (the strut
trailing edge), and at x /c = 2, 3, 4, 5, and 6. Three calculations are
shown; each used the same flow solver on the different grids. The
computed distributions compare well with the experimental distri-
butions, with the 135 x 51 x 51 grid solution giving slightly better
overall agreement at the various axial locations. Figure 3b shows
circumferential static pressure distributions on the cowl at the same
axial locations as those shown in Fig. 3a. Again, the overall agree-
ment is good, with the 135 x 51 x 51 grid performing slightly better
than the other two grids. It should be noted that the most striking
difference between Figs. 3a and 3b is that the pressure variation is
more severe on the cowl than on the centerbody. At x /¢ = 3, forex-
ample, the pressure on the centerbody is a minimum of 0.031 times
the reference total pressure at a circumferential position of 6 ~ 22
deg and a maximum of 0.048 at 45 deg. At x /c = 3 on the cowl, the
circumferential positions of the minimum and maximum are about
the same; however, the minimum is now 0.022 and the maximum
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Fig. 3 Comparison of measured and computed pressures.

is 0.055. This increase in maximum pressure may be explained by
the following argument: As a shock wave propagates circumferen-
tially away from the strut, the cow! is curving into the shock wave,
compressing it. The centerbody, on the other hand, is curving away
from the shock, forcing the flow to expand to remain in contact with
the retreating wall. This explanation does not, however, account for
the lower minimum pressure observed on the cowl in comparison
to that observed on the centerbody.

The circumferential variation of pitot pressure along the annular
gap midheight is shown in Fig. 3c at the various x/c locations.
This region is in the core flow where viscous effects are minimal
(except in the vicinity of the strut wake centered about § = 0 deg).
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Figure 3c shows that the shock wave generated at the leading edge
of the strut has propagated to 8 ~ 14,29, and 44 degatx/c = 1, 2,
and 3, respectively, where it then travels out of the plot domain at
6 = 45 deg. Here, a shock wave generated from the neighboring
strut at 6 = 90 deg crosses the shock wave mentioned earlier and
moves into the domain. At x/c = 4 the leading-edge shock wave
from the neighboring strutis at6 = 30 deg where it crosses the shock
wave generated at the trailing edge of the original strut. At this point,
the experimentally measured pitot pressure “spikes” to a maximum
of 0.5 times the reference total pressure, which is much higher than
the computed pressure of about 0.38-0.41, depending on the grid.
The trailing-edge shock is seen to have propagated to 6 =~ 9, 19,
and 30 deg at x/c = 2, 3, and 4, respectively. It then moves out of
the domain between x/c = 5 and 6, where the trailing-edge shock
from the neighboring strut moves into the domain. At x /¢ = 6, the
trailing-edge shock from the neighboring strut is at 6 ~ 42 deg and
the leading-edge shock has moved to 6 =~ O deg, thus completing
one “shock diamond” in the domain plotted. Both solutions for the
135 x 51 x 51 and the 147 x 75 x 75 grids compare well with
the experimental results between x/c = 1 and 3. Downstream of
x/c = 3, the agreement is not as good, with the 147 x 75 x 75
grid solution comparing best with experiment. With few exceptions,
the maximum deviation between any particular solution and the
experiment is no more than 5%.

Pitot pressure profiles at x /c = 0.5 (the strut midchord location)
along radial traverses at & = 3, 5, 8, 30, and 45 deg are shown in
Fig. 4a. The experimental results are shown as different symbols
for each of the two probes used and include measurements made
at symmetric (£6) positions on both sides of the strut. Along each
traverse, there are two sets of symbols that represent measurements
made near the cowl and two sets of symbols that represent measure-
ments made near the centerbody. The measurements made by both
probes are nearly coincident in the overlap region. Similarly, mea-
surements made on both sides of the strut at symmetric positions
are in excellent agreement. The agreement between measurements
and the computed profiles is extremely good, except near the shock
wave, which is seen to exist at & = 8 deg. This shock appears as
a discontinuity in the measured pressures near Ar/c = 0.22. The
147 x 75 x 75 grid solution matches the shock jump and position,
whereas the other two solutions show a much more gradual pres-
sure rise. The 135 x 51 x 51 grid solution, although “smearing” the
shock, does predict the full pressure rise, whereas the 177 x 99 x 51
grid solution is so smeared that the calculated pitot pressure never
reaches the experimentally measured peak pressure. The smearing
of the shock is a result of insufficient grid resolution near the shock
position. The boundary layers on the centerbody (at Ar/c = 0) and
the cowl (at Ar/c = 0.7) are clearly evident and are of nominally
equal thickness. The profiles at 6 = 30 and 45 deg are similar to
each other and represent the undisturbed boundary layers at this ax-
ial location, inasmuch as the presence of the strut has not yet been
felt at these circumferential positions. Finally, it should be pointed
out that there is a small bulge at the edge of the cowl boundary layer
at 0 = 8 deg near Ar/c = 0.6. This is a result of a lambda shock
structure and is generally present at the edges of both boundary
layers just upstream of the leading-edge shock wave. The lambda
shock structure is discussed in more detail later.

Similar pitot pressure profiles downstream of the strut trailing
edge at x/c = 2.0 are shown in Fig. 4b for 8 = 0, 6, 18, 30, and
45 deg. In this figure, the leading-edge shock wave discussed earlier
in Fig. 4a has propagated outward to 8 = 30 deg. At this location,
both the 147 x 75 x 75 and 135 x 51 x 51 grid solutions compare
extremely well with the experimentally observed pitot pressure dis-
tribution. The 177 x 99 x 51 grid solution has almost completely
smeared out the shock due to insufficient grid resolution at this loca-
tion resulting from the orthogonal nature of this particular grid. The
profile at @ = 18 deg is representative of profiles through the expan-
sion fan generated at the midchord of the strut. The characteristic
of these profiles is the “dishlike” behavior observed in the central
region of the duct. The profiles at & = 45 deg are essentially undis-
turbed. The profile at & = 0 deg is in the wake of the strut, one chord
length downstream of the trailing edge. At this circumferential po-
sition, there are substantial ditferences between the computed and
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Fig. 4 Comparison of measured and computed pitot pressures.

measured profiles and also between different computed profiles. As
mentioned earlier, the 177 x 99 x 51 grid solution uses the Baldwin—
Lomax turbulence model® throughout the flow. The other solutions,
which employed the Thomas turbulence model®® in regions of free
shear, should model the wake more realistically. There are, how-
ever, even differences between the two solutions that utilize this
model. More specifically, neither of these two solutions compares
well with the experimental profile at & = 0 deg. The reasons for
the differences between the predicted and experimentally measured
wake profiles are discussed in more detail later.

Pitot pressure profiles along radial traverses at x/c = 4.0 for
6 = 0, 5, 18, 31, and 45 deg are shown in Fig. 4c. This is the
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Fig. 5 Perspective view of measured and computed pitot pressures.

axial position where the leading-edge shock from the neighboring
strut (positioned at 8 = 90 deg) crosses the shock generated at the
trailing edge of the original strut (at & = 0 deg). This phenomenon
is seen in the experimentally measured profile at § = 31 deg as two
abrupt changes near Ar/c = 0.30 and 0.40. The computed profiles
compare well with experiment except at this crossing position and
in the wake.

Figure 5 shows a compilation of all of the measured pitot pressures
in color bar form (plotted on the left) vs calculated pitot pressures
from the 147 x 75 x 75 grid solution (plotted on the right). Subse-
quent figures include results that are based on this particular solution.
In reference to Fig. 5, the propagation of the leading- and trailing-
edge shock waves is clearly evident, as are the boundary layers on
the cowl and centerbody surfaces. The differences between experi-
mental and numerical results in the wake are evident in this figure.
The experimentally observed wake includes two discreet “divots” in
the pitot pressure behind the strut. It will be shown shortly that these
divots are caused by two counter-rotating vortices formed in the cor-
ner of each strut compression face/endwall intersection (cowl and
centerbody) that migrate away from each intersection before enter-
ing the wake. The numerical predictions severely underpredict the
influence of these vortices on the downstream wake. The spreading
angle of the measured wake is ronghly 4 deg, which is much greater
than that of the computed wake (approximately 1 deg).

Shock Structure

The computed development of the shock wave generated at the
leading edge of the strut as it propagates toward the plane of sym-
metry between struts (at 6 = 45 deg) is shown in Fig. 6. The contour
levels in this figure represent the square of the Mach number. Since
the Mach number change across a shock wave is relatively small
compared with the change across the boundary layer for this inter-
action, different contour levels of Mach number are concentrated
primarily in the boundary layer. Squaring the Mach number exag-
gerates the differences across the shock waves while diminishing the
changes in the boundary layer. The net effect is to displace contour
lines away from the boundary layer, thus illustrating the shock struc-
ture more clearly. At the first circumferential position away from the
strut, § = 4 deg, the shock wave extends linearly across the annular
gap from cowl boundary layer to centerbody boundary layer. The
shock wave can also be seen penetrating deep into both boundary
layers. At the next position, 8 = 8 deg, the shock appears to bend
forward just beyond both boundary layers but does not penetrate
either boundary layer. This behavior is associated with early devel-
opment of the lambda shock structure. By 8 = 15 deg, the shock
wave clearly shows the characteristics of a lambda-type bifurcation
Jjust beyond the edge of each boundary layer. The triple point, or the
point where the bifurcation occurs, for the centerbody lambda struc-
ture is slightly farther away from the centerbody boundary layer than
the triple point for the cowl lambda structure. The lambda structures
continue to grow as the shock moves circumferentially away from
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Fig. 6 Leading-edge shock propagation.

the strut, displacing the triple points farther into the core flow. By
6 = 25 deg, the two lambda structures have merged. As a result of
this interaction, the presence of the strut is felt upstream of the prop-
agating primary shock, even in the core flow where viscous effects
are small. As this complicated shock structure continues to move
away from the strut, the upstream extent of the secondary shock sys-
tem formed by the merged lambdas moves farther upstream relative
to the location of the propagating primary shock.

Comparison of Limiting Streamlines

Figure 7 shows experimentally measured and computed limiting
streamlines on the centerbody as viewed from directly above a strut
with the flow from left to right. The experimental limiting stream-
Iines in Fig. 7a show good symmetry above and below the & = 0 deg
line, which represents the plane of symmetry along the strut center-
line. A line on a surface onto which adjacent limiting streamlines
coalesce will be termed a “line of coalescence” and will be labeled
Cl, C2, etc. At a downstream location in the flow, coalescence of
streamlines along this line may cease, but this line (now a limiting
streamline itself) will retain its original label. In reference to the
computed results in Fig. 7b, it can be seen that lines of coalescence
emanate from the leading and trailing edges of the strut, C1 and C2,
respectively. Beyond x/c = 0.5, coalescence of adjacent stream-
lines onto C1 is no longer observed. Similarly, beyond x/c = 1.5,
adjacent streamlines no longer coalesce onto C2. The computed be-
havior of lines C1 and C2 in Fig. 7b agrees well with the surface oil
flow pattern in Fig. 7a. The maximum circumferential penetration
of computed line C1 is 20 deg at x /¢ = 1.8, which compares well
with the oil flow results in Fig. 7a. The maximum penetration of
computed line C2 1s 12 deg at x/c = 3.5, which is somewhat less
than that of its experimental counterpart. In reference to Fig. 7a, a
third line of coalescence, C3, is observed experimentally that is not
present in the computed results. This line originates at x/c = 1.8
and 8 = 22 deg, which is at a circumferential angle just greater than
that of line C2 but less than the position of line C1. This third line
of coalescence propagates outward unti} line C1 merges with it at
x/c = 2.8 and 6 = 16 deg. The maximum circumferential propa-
gation of this merged line is & = 24 deg at x/c = 3.5. The oil flow
behind the lines of coalescence in Fig. 7a is observed to luminesce
much less than that of the oil flows ahead of, and circumferentially
beyond, the lines of coalescence when illuminated by ultraviolet
light. This indicates that there is locally increased skin friction be-
hind the lines of coalescence, inasmuch as the thickness of the oil
film behind the lines of coalescence is thinner than elsewhere.

The static pressure distribution on the centerbody is also shown
in Fig. 7b. The variations in static pressure may give some insight
as to why the third line of coalescence would exist, inasmuch as
there is a pressure rise present in Fig. 7b along the position of line
C3 seen in Fig. 7a. This rise is similar to the pressure rise that
occurs where C1 and C2 originate. Near the leading and trailing
edges of the strut, there is a relatively rapid pressure rise associated
with, and positioned nominally below, the shock waves generated
there. Both lines of coalescence that emanate from the strut initially
“ride” the pressure rise away from the strut. If the pressure rise at
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Fig. 7 Flow features on the centerbody.

the location of the third line of coalescence is sufficiently large,
then this effect should generate another line of coalescence. The
computations do not predict a third line of coalescence, however,
which is possibly due to insufficient grid resolution. Aside from
this behavior, the computed limiting streamlines generally agree
well with the experimental results.

The computed limiting streamlines and static pressure distribu-
tion on the cowl are shown in Fig. 8. As with the centerbody, lines of
coalescence are observed emanating from the leading and trailing
edges of the strut. As mentioned earlier, static pressure variations on
the cowl are clearly more severe than on the centerbody (compare
with Fig. 7b). Similarly, the extent of the circumferential propaga-
tion of lines C1 and C2 is greater on the cowl than on the centerbody.
More specifically, C1 reaches a maximum circumferential displace-
ments of 33 deg at x/c = 2.8 on the cowl compared with 20 deg at
x/c = 1.8 on the centerbody. Line C2 reaches 15 deg at x/c = 4
compared with 12 deg atx/c = 3.5. A third line of coalescence, C3,
is observed to form at roughly x/c = 3 and # = 18 deg. This line,
C3, is analogous to the experimentally observed third line of coales-
cence on the centerbody (refer to Fig. 7a). Because of difficulties in
observation, no experimental results are available to compare with
the computed limiting streamlines on the cowl.

The experimentally observed limiting streamlines on the strut
are shown in Fig. 9a. A line of coalescence emanating from near
the leading edge is inclined at a very shallow angle (=2 deg) rel-
ative to the centerbody along the compression face of the strut.
When this line, C4, passes the strut midchord, the angle relative to
the centerbody changes dramatically to roughly 18 deg. The com-
puted limiting streamlines and static pressure distribution on the
strut are shown in Fig. 9b. A line of coalescence, C4, is observed
near the strut/centerbody intersection on the compression face of
the strut, similar to that observed experimentally; however, when
the computed line C4 passes the midchord, the angle of this line
relative to the centerbody increases to only 6.5 deg, which is sig-
nificantly less than that observed experimentally. Similar behavior
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is observed along the strut/cowl intersection. As will be discussed
shortly, the lines of coalescence observed on the strut in Figs. 9a
and 9b are related to the existence of compression face corner
vortices.

Vortical Flow Structure

Computed particle traces (pathlines) near the centerbody and strut
are shown in Fig. 10a. In this figure, black lines represent particle
traces that have been restricted to the first computational plane away
from the centerbody or the strut (y* =~ 1). These traces represent
limiting streamlines similar to those shown in Figs. 7b and 9b. Lines
shown in red, yellow, or blue represent particle traces that are seeded
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Fig. 10 Computed pathlines at the strut/centerbody intersection.

with no restrictions on their motion, thus representing pathlines in
the flow. Lines of coalescence (C) and divergence (D) are white lines
to aid in visualization.

The compression face corner vortex is characterized by the line
of coalescence, C4, on the strut and a line of divergence, D4, on
the centerbody, whereas the expansion face corner vortex is char-
acterized by a line of coalescence, C5, on the centerbody and a
line of divergence, D5, on the strut. This indicates that there are
two distinct vortices in the corner of the strut-endwall intersection
that rotate in an opposite sense. These corner vortices are formed
by transverse pressure gradients acting in the corner region, which
cause the flow to migrate from the strut to the centerbody along

the compression face and from the centerbody to the strut along
the expansion face. The migrating flow near these surfaces cannot
support the large changes in velocity associated with approaching a
corner having infinitesimal curvature, and the flow separates from
the surface just upstream of the corner, reattaching to the surface
just downstream of the corner. The fluid in the corner under the
migrating flow forms a corner vortex that is driven by the migrating
fluid passing over it.

Figure 10b is an enlargement of the region near the leading edge
of the strut, as shown in Fig. 10a. In this figure, particles seeded
in the core of the leading-edge horseshoe vortex near the strut are
traced in red. These traces are seen to travel away from the strut
leading edge, traveling behind the line of coalescence, C1. Clearly,
this line of coalescence represents a line of separation at the front
of the leading-edge horseshoe vortex. The horseshoe vortex in sub-
sonic strut—endwall flows wraps around the strut, but in a supersonic
interaction, it “rides” away from the strut on the pressure rise caused
by the shock wave. The vortex, as viewed on the centerplane of the
strut immediately upstream of the strut/centerbody intersection in
Fig. 10b, has a nominal diameter of y* =~ 9 based on the inlet
boundary-layer profile. This indicates that the vortex exists primar-
ily within the viscous sublayer of the boundary layer where the
flow is subsonic. This vortex is formed as vorticity in the incoming
boundary layer is stretched by the divergence of the velocity field
as the flow turns around the strut.

At the trailing edge, vorticity in the boundary layer will be
stretched by the divergence of the velocity field as the flow responds
to the recompression shock. In other words, the severe adverse pres-
sure gradient induced by the recompression shock causes the flow
to separate and vortex roll-up to occur in the subsonic portion of
the boundary layer. This process creates a “horseshoe” vortex in
a manner similar to that observed at the leading edge. In fact, a
recirculation pattern is observed just behind the strut, as shown in
Fig. 10c, which is an enlargement of the region near the trailing
edge in Fig. 10a. Vortex roll-up and the outward spiraling limit-
ing streamlines on the strut plane of symmetry in Fig. 10c are in
the clockwise direction. Particles seeded in the trailing-edge horse-
shoe vortex near the trailing edge are traced in red in Fig. 10c.
These traces are seen traveling just behind the line of coalescence,
C2. This line of coalescence is, therefore, a line of separation as-
sociated with the trailing edge horseshoe vortex. The red particle
traces in this figure were integrated forward and backward in time
so that the pathlines could be determined upstream, as well as down-
stream, of the seeding point. The traces seeded in the trailing-edge
horseshoe vortex are observed to arrive at the vortex via the ex-
pansion face corner vortex. Particles seeded near the core of the
expansion face corner vortex, slightly upstream of the trailing edge,
are traced in yellow in Fig. 10c. These traces show that the expan-
sion face corner vortex remains bounded by the line of coalescence
CS5, which merges. with C2 just downstream of the view shown by
Fig. 10c. Furthermore, the yellow traces are turned circumferen-
tially outward just downstream of the view in Fig. 10c joining up
with the red traces. This behavior indicates that the trailing-edge
horeshoe vortex is a separate vortex from the expansion face corner
vortex, but the two vortices rapidly merge. The trailing-edge vor-
tex has a nominal diameter of y™ ~ 18 on the center plane, which
indicates that it is larger in size than the leading-edge horseshoe
vortex. Behavior similar to that shown in Fig. 10 was observed for
the leading- and trailing-edge vortices generated at the strut/cowl
(outer duct wall) intersection.

Particles seeded in the compression face/centerbody corner vor-
tex in Figs. 10a and 10b are traced in yellow. All particles seeded
in the compression face/centerbody corner vortex are observed to
be swept up the strut on the expansion face and deposited in the
wake of the strut away from the centerbody (see Fig, 10a). Sim-
ilar features were also observed at the strut/cowl intersection. As
mentioned earlier, there are two distinct pitot pressure deficits in the
experimentally observed wake, as illustrated by the results shown in
Figs. 4b and 4¢. These pressure deficits have radial positions, similar
to those of the yellow traces in Fig. 10a, and particle traces seeded in
the compression face/cowl corner vortex (not shown), downstream
of the strut. It is speculated that the observed pitot pressure deficits
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are caused by the corner vortices, which propagate downstream of
the strut trailing edge and distort the wake. Even though the particle
traces are swept up the strut and occupy similar positions in the
computations, the computed corner vortex dissipates shortly after it
leaves the corner on the expansion face of the strut, which explains
why the computed pitot pressure deficit in the wake, away from
the endwall boundary layers, is not as distorted as that observed
experimentally (refer to Fig. 5).

On the basis of the aforementioned results, it can be concluded
that a multivortex flow pattern is generated at each strut/endwall
intersection. This generalized vortex pattern is shown, with rota-
tional directions, in Fig. 11. The overall pattern includes horse-
shoe vortices emanating from the leading and trailing edge of the
strut/endwall intersection, as well as corner induced vortices at the
compression face/endwall and the expansion face/endwall intersec-
tions. The compression face corner induced vortex is convected
away from the corner on the expansion face of the strut by the
crossflow in the corner region boundary layer, which has reversed
direction from that observed near the compression face/endwall
intersection. This vortex is convected by the primary flow into
the viscous wake and maintains its integrity well downstream of
the strut, as indicated by the measured pitot pressure contours in
Fig. 5.

Conclusions

A combined experimental and numerical investigation of super-
sonic strut/endwall interactions in an annular duct has been con-
ducted. Good agreement between the experimental and numerical
results has been obtained. This investigation has shown that the ef-
fect of endwall curvature is to increase the interaction strength for
concave walls and to decrease the interaction strength for convex
walls. A mcdel for the vortical structure in the flow has been pro-
posed that includes 1) a horseshoe vortex formed at the leading
edge of the strut, 2) another horseshoe vortex formed at the trailing
edge of the strut, 3) a vortex formed at the corner of the compression
face of the strut/endwall intersection, which migrates away from the
corner along the expansion face of the strut and eventually domi-
nates the flow in the viscous wake of the strut, and 4) a corner vortex
formed along the expansion face of the strut/endwall intersection,
which is entrained into the trailing-edge horseshoe vortex. Although
this vortex structure is well predicted upstream of the strut trailing
edge by the prescribed turbulence model, the model underpredicts
the strength of these vortices in the wake region directly behind
the strut. Further improvements and/or modifications to the turbu-
lence model will be required to improve overall agreement between
predictions and experiment.
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