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Introduction

T HE objective of this numerical study is to investigate flow de-
velopment in the vicinity of a strut (finite-length fin) of vari-

ous thicknesses that intersects curved endwalls with well-developed
turbulent boundary layers for weak-to-strong interaction strengths.
To accomplish this, four diamond-shaped, symmetric struts were
placed circumferentially equidistant in an annular flow passage with
a steady supersonic core flow. This type of application may exist, for
example, in dual combustion ramjets with supersonic annular flow1

or other configurations where struts are needed between the cowl
and centerbody. The current investigation extends previous studies
by Williams et al.2'3 by examining the influence of strut thickness
on interaction phenomena induced by each strut configuration. The
interactions occur in an annular flow passage with convex and con-
cave curved endwalls for the inner and outer walls, respectively, and
include the effect of crossing shocks between struts. The inner-to-
outer wall radius ratio is 0.7, the annular gap-to-strut chord ratio is
0.7, and the strut chord is 2.54 cm long. The maximum thickness
of the struts examined includes 0.125, 0.188, 0.25, and 0.5 chord
lengths, which corresponds to strut half-angles of 7, 11, 14, and
26.5 deg, respectively. The contraction ratios for the four 14- and
26.5-deg struts, 1.09 and 1.19, respectively, are less than the max-
imum permissible value for Mach 3 of 1.39, so that these super-
sonic flows can be established experimentally. The turbulent bound-
ary layers on the walls of the annular duct are roughly 0.15 strut
chords thick at a location 0.5 chords upstream of the strut and the
"inviscid" core has a nominal Mach number of 3.0. The calcula-
tions were made at a Reynolds number based on the strut chord of
3 x 105.

Numerical Approach
The PARC3D4 flow solver was used for the computations.

It solves the full Reynolds-averaged Navier-Stokes equations in
strong conservation form. Closure was obtained by applying the
Baldwin-Lomax5 turbulence model near walls and the Thomas6

turbulence model in the wake region. The grids were created using
GRIDGEN7 with the first grid point away from the strut and the in-
ner and outer walls at or below y+ = 1.0 based on the undisturbed
boundary-layer profiles. The computational control volume extends
circumferentially from 0 deg at the strut centerline to a plane of sym-
metry at 45 deg and from 0.5 chords upstream of the strut to 5 chords
downstream of the strut trailing edge. Boundary conditions include
adiabatic no slip on the duct walls and on the strut, symmetry condi-
tions on the 0- and 45-deg planes, and extrapolated properties at the
exit plane. The inlet conditions were obtained from axisymmetric
calculations and were fixed; see Ref. 2. Coarse grids of 73 x 35 x 35
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were used for all of the strut angles, and fine grids of 147 x 75 x 75
were used for the 7- and 14-deg struts to study grid resolution ef-
fects on the solution. The fine grid flowfields only are presented for
the 7- and 14-deg struts. These grids were further adapted to pres-
sure gradients for the particular solutions using MAG3D8 because
of the complex flow phenomena considered here. The rectangular
reference lines on the surfaces of most of the figures in this paper are
located at axial locations (relative to the leading edge of the strut in
chord lengths) of -0.5, 0.0 (strut leading edge), 0.5,1.0 (strut trail-
ing edge), 2.0,3.0,4.0,5.0, and 6.0 and at circumferential locations
of 0, 15, 30, and 45 deg from the strut centerline.

Results
Flow Structure

Particle trajectory paths, for particles injected in the strut center-
line inflow boundary layer, generally follow limiting wall streamline
paths beneath the horseshoe vortex that is generated at the strut lead-
ing edge. These particle path lines are indicated in Figs, la-Id for
the 7-, 11-, 14-, and 26.5-deg struts, respectively. As the strut half-
angle increases, the leading- and trailing-edge shocks strengthen,
and the leading-edge horseshoe vortex migrates more rapidly to-
ward the 45-deg symmetry plane. Figures la-Id also show that
there is an upward sweep of particle pathlines away from the cen-
terbody along the expansion face of the strut. Some of these par-
ticles originate in the corner vortex formed along the intersection
of the strut compression face with the centerbody. Their paths are
indicative of the path taken by the compression face corner vor-
tex before it is convected into the wake. Similar behavior is ob-
served for particles originating in the compression face corner vor-
tex formed at the strut/cowl intersection, noting that these particles
are deflected downward away from the cowl along the expansion
face of the strut. The net result is a pair of counter-rotating vor-
tices in the wake on each side of the strut plane of symmetry that
are roughly centered about the curved midplane between the cowl
and centerbody. Although it is not clearly evident in Fig. 1, ad-
ditional corner vortices are formed along the intersection of the
strut expansion face with the cowl and centerbody surfaces. These
vortices merge with horseshoe vortices formed at the strut trail-
ing edge as a result of the recompression process. The origin and
evolution of these vortices is described in more detail by Williams
etal.3

Total pressure contours on the strut symmetry plane and on the
exit plane of the computational domain are also shown in Fig. 1
for the four struts examined. In this figure the numerical values
correspond to Pt/PtQ, where Pt is total pressure and P,o is the
inlet total pressure. The total pressure field at the domain exit
has an obvious deficit behind the strut, and this deficit increases
as the strut half-angle increases. The low total pressures in the
strut plane of symmetry are due to both viscous wake losses and
the entrainment of low-energy boundary-layer fluid near the strut
expansion face. The growth of the viscous wake is underpredicted,3
compared with experiment, for the 7-deg strut and presumably for
the other struts as well. This deficiency is probably due to weak-
nesses of the wake turbulence model employed. For the 26.5-deg
strut, a large region of low-energy flow is predicted behind the strut
at the domain exit; see Fig. Id. This is partly due to boundary-
layer flow separation on the expansion face of the strut. For this
strut, the endwall boundary layers also separate upstream of the
leading-edge horseshoe vortex. Boundary-layer flow separation de-
tails may not be accurate due to limitations of the turbulence models
employed.

Static pressure distributions on the curved duct midplane are
illustrative of inviscid flowfield behavior in the core flow before
viscous effects are felt at this location. Shock wave locations can be
discerned by observing the static pressure contours, P/PQ,as shown
in Fig. 2, where P is static pressure and P0 is the inlet static pressure.
For the 7-deg strut, the leading- and trailing-edge shocks are readily
observed in Fig. 2a (flow is left to right), and the leading-edge shock
wave from the neighboring strut is observed to cross the trailing-
edge shock wave about 3 chords downstream from the strut trailing
edge. The expansion fan, which originates at the strut midpoint,
is also evident in Fig. 2a, and it begins to overtake the leading-
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Fig. 1 Particle trajectories and total pressure contours.

edge shock 0.5 chords from the trailing edge at about 23 deg from
the strut centerline. The maximum pressure rise on the 45-deg
plane of symmetry (domain boundary) is of interest, because stream-
wise boundary-layer separation may occur due to the added pressure
rise associated with crossing shocks. For the 7-deg strut the max-
imum static pressure ratio at the intersection of the leading-edge
shocks on the 45-deg symmetry plane is 2.44 (the highest value of
pressure does not necessarily correspond to the peak contour plot-
ted in Fig. 2a because the extreme value is determined for a volume
and the contours are plotted in planes). The midplane static pressure
distributions for the 11-, 14-, and 26.5-deg struts are presented in
Figs. 2b-2d, respectively. Similar shock and expansion fan flow
features are observed for the 11- and 14-deg struts. The resolution
for the 11- and 26.5-deg struts is lower since the solutions were
computed using fewer grid points (89,425 for the 11- and 26.5-deg
struts vs 826,875 for the 7- and 14-deg struts). The 26.5-deg strut
pressure field is very different, and as discussed later, large-scale
boundary-layer separation is evident.

§6.2|
iilii
d) 26.5-deg strut

Fig. 2 Midplane static pressure distributions.

Wall static pressures and limiting streamline distributions on the
centerbody for the four strut configurations are shown in Figs. 3a-
3d. The cowl pressure fields and streamlines are similar except near
the crossing shock location where local flow separation occurs (on
the cowl) for the 14-deg strut. These distributions are not shown
due to space limitations. Near the leading-edge shock the center-
body pressure gradients are weaker than midplane pressure gradi-
ents due to viscous dissipation effects in the boundary layer that
diffuse the pressure jump. The extent of the upstream influence
(initial streamline deflection from the freestream direction) within
the boundary layer in front of the strut, compared with the inviscid
midplane shock front, is about one-half chord length at 15 deg from
the strut centerline. As observed, the limiting streamlines follow
the pressure rise contours very closely and turn downstream with it
(see Figs. 3a-3d). The limiting streamlines indicate that the particle
pathlines turn toward the strut centerline as a result of the expansion
fan turning the flow back toward the strut centerline. For the 7-deg
strut, Fig. 3a shows that downstream of the strut (by two chords
and about 18 deg from the strut centerline) limiting streamlines turn
toward the 45-deg plane of symmetry due to the influence of the
trailing-edge shock wave. The streamlines are turned back toward
the strut centerline at three chord lengths near 20 deg due to the
pressure increase caused by the leading-edge shock reflection at the
45-deg plane of symmetry. As the strut half-angle increases, limit-
ing streamlines initially near the leading edge approach the 45-deg
symmetry plane for the 14-deg strut, as shown in Fig. 3c. The re-
flected shock at 45 deg turns the boundary-layer flow back toward
the strut centerline. The pressure variations are higher on the cowl
because the concave surface increases the strength of compression
and expansion waves due to wave reinforcement, and, similarly, the
pressure variations are lower on the centerbody because the convex
surface decreases the strength of the waves as a result of wave ex-
pansion effects. For the 7-deg strut, the maximum pressures, P/Po,
on the 45-deg symmetry plane are 1.55 and 1.69 for the centerbody
and cowl, respectively.

Previous studies have interpreted the convergence of wall stream-
lines into a coalescence line as an indication of separated flow.
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Fig. 3 Centerbody static pressure distributions and limiting stream-
lines.

Horseshoe vortices formed near the strut leading and trailing edges
are each bounded by a coalescense line. The leading-edge vor-
tex entrains boundary-layer fluid; the entrained flow accounts for
higher shear stress at the wall under the vortex, as confirmed by oil
flow visualization results,3 and diminishes the flow energy through
viscous dissipation. The compression face corner vortex entrains
low-energy boundary-layer fluid, which is convected up the strut
expansion face toward the duct midplane, and adds low-energy
fluid into the strut wake, as illustrated by the total pressure con-
tours in Figs. la-Id. In reference to Fig. 1, it can be seen that
the leading-edge horseshoe vortex has traveled progressively far-
ther away from the 26.5-deg strut than for the 7- or 14-deg strut
cases. For the 26.5-deg strut, this vortex reaches the 45-deg plane
of symmetry between struts and lifts off the centerbody surface, as
implied by the static pressure distributions and limiting streamline
patterns in Fig. 3d. This vortex lift off is associated with a severe
separation cell that encompasses the entire width of the flow do-
main in front of the horseshoe vortex. Large-scale boundary-layer
separation is also present on the cowl surface that is not shown
here.

Conclusions
A numerical study of supersonic flow about struts of various thick-

nesses in an annular duct has been conducted. The strut thicknesses
evaluated were 0.125, 0.188, 0.25, and 0.5 strut chord lengths that
correspond to strut half-angles of 7, 11, 14, and 26.5 deg, respec-
tively. In reference to vortical flow behavior, the compression face
corner vortex was observed to migrate up the strut expansion face,

away from the centerbody. This behavior is important because this
vortex, once downstream of the trailing edge, dominates the vis-
cous wake of the strut. Similar behavior was observed for the cor-
ner vortex generated at the cowl-strut intersection. An expansion
face vortex has also been identified on the centerbody surface.3
The formation of a recompression vortex was noted at the trail-
ing edge of the strut. This vortex rotates in the same direction as
the leading-edge vortex and is formed by mechanisms similar to
those that form the leading-edge vortex.3 For the strongest inter-
action studied, the 26.5-deg half-angle strut, these vortices, along
with severe boundary-layer separation on the endwalls, dominate
the flow. Boundary-layer flow separation with local flow reversal
was computed on the cowl surface for the 14-deg strut. These re-
sults indicate that, for a core flow Mach number of 3.0, struts of less
than 14 deg should be used in flight hardware to ensure unseparated
boundary-layer flow.
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Introduction

:
ONSIDERABLE attention has been focused on the develop-
ment of smart structures with integrated distributed control
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