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1 Introduction

In a hypersonic inlet, the incoming flow is compressed thtoageries of oblique
shocks. The shock waves interact with the boundary layédrftiiens on the inlet
wall, which can cause flow separation. Separation bubblessdalockage in the in-
let duct and can resultin problems in starting and high iaedlheat transfer rate. In
three-dimensional configuration, the shock/boundargdayteraction (SBLI) and
resulting flow separation can be quite complex. It is imparta understand the
flow physics in detail, so as to explore ways of minimizing flsgparation and its
adverse effect.

An extensive amount of research has been done on three-sion@hSBLI. The
most fundamental interaction is observed in a single-finfigomation. The pla-
nar shock generated by the fin interacts with the boundargrlay an adjacent
plate. The flow field generated by single fin configuration igl&d in detail by
Panaras [1], Settles [2] and others. The crossing shock generated by two fins
results in a more complex flow separation pattern on the prdtis double-fin con-
figuration is studied experimentally by Zheltovodehal. [3] and computationally
by Gaitondest al. [4].

Three-dimensional SBLI occurring in inlet ducts can oftendmaracterized in
terms of canonical flows. In this paper, the flowfield in a picdtintake geometry
is studied using computational fluid dynamics. The focudésitmpingement and
reflection of the cowl shock inside the inlet duct, and theltésy SBLI. A previous
study [5] presents a detailed analysis of the three-dinogiasishock structure and
flow separation in a simplified duct geometry. The currentivextends the analysis
to a real-life configuration.
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2 Configuration

The intake geometry considered in this work is shown in Figt tonsists of an
external compression part with two forebody ramps ofb2@leflection each. It is
followed by three expansion corners that lead to the inlet.dthe cowl is deflected

by 4° with a hinge located 150 mm downstream of the cowl lip. A sieleck is used

to avoid spillage over the edges of the forebody ramps. Tlléhwaf the duct is 120
mm in the spanwise direction. The freestream conditionsespond toM = 6.5,
p=2kPaand =220 K. A schematic of the shocks formed on the forebody ramps
and inlet duct is shown in the figure.
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Fig. 1 Intake configuration showing geometric details and repriege shocks and expansion
waves.

3 Simulation Methodology

We solve three-dimensional Reynolds-averaged NaviekeSt¢RANS) equations
and the Spalart-Allmaras (SA) model [6] is used in the siriiotes for turbulence
closure. In-house code [7] based on finite-volume formafatf the governing
equations and a modified low-dissipation form of the Sta§yarming flux-splitting
approach is used. The discretization method is second-ambeirate in space. An
implicit method is used to integrate in time and reach a stesate solution. The
code has been validated for several supersonic and hypeftom applications.

The computational domain (Fig. 2) consists of the intaket,dstarting slightly
upstream of the cowl tip. The forebody ramps are simulatpdisgely and the flow-
field solution downstream of the ramp shocks is prescribedlascondition to the
current duct simulation. The boundary-layer on the ramsig lcluded in the inlet
profile. Due to symmetry of the problem, only half of the getnynés simulated in
the spanwise direction and symmetry conditions are appli¢ide center-plane.

A structured Cartesian grid, shown in Fig. 2, is used to sparirtlet duct. A total
of 8 x 10° points are used with 200 points each in the streamwise andviease
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Fig. 2 Simulation domain and computational grid shown at the symnptane.

directions. The half-width of the duct is spanned by 150 ifhe grid points are
clustered in critical regions like the cowl tip, expansiarrters, shocks and SBLI
zones. The wall-normal spacing adjacent to the intake vigket at um, which
results in ayJ < 1.7 throughout the geometry. The grid resolution is comparédbl
that used in Ref. [5], for which a detailed grid refinementsgthas been performed.

4 Simulation results

The flow pattern in the symmetry plane is shown in Fig. 3. Thpimgement of
the cowl shock on the opposite wall results in a typical ami&BLI, described in
Ref. [8]. It leads to a complex pattern of shocks and expangiaves inside the
duct. Additional features include the expansion fans fat@ethe entry of the duct,
and a weak shock generated at the cowl hinge.

The cowl shock also interacts with the boundary layer on ttie wall to form
a quasi-conical separation zone, which is similar to thehse a single-fin inter-
action. The separation and reattachment lines are mark&gd asdR; in Fig. 4.
Note that cowl shock is bent due to the expansion fans form#uealuct entry. As
a result, the whole conical separation region on the sideisvalirved downwards.
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Fig. 3 Computed pressure contour plotted in a streamwise plamg ahe duct center line
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Fig. 5 Different flow regimes [4] are identified in terms of computgteam surfaces.

The linesS; andR3 in Fig. 4 represent flow separation and reattachment on the
ramp surface, where the region between the two lines casrespto the separation
bubble. The limiting surface streamlines at the junctiothef ramp and side walls
show a complex pattern. It is a result of an interaction betwt&e conical vortex on
the side wall and the separation bubble on the ramp surfawefldw in the corner
region is highly three-dimensional, with multiple flow seg@#on and reattachment
lines. For example, lin&;» on the side wall marks the location of secondary sepa-
ration, and it represents a longitudinal vortex formed atabrner.
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The separation bubble formed on the ramp wall acts as a kdeckathe flow,
and generates the separation shock wave. The separatick shang with the cowl
shock, forms a crossing-shock/boundary-layer interacsioilar to that observed
in double-fin configurations. Gaitondit al. [4] study the side-wall interaction in
an asymmetric double-fin geometry. They characterize thars¢ed flow region in
terms of different flow regimes like, vortex interactionpsgeated boundary layer and
secondary vortex. The same flow regimes can be identifiecciicalhrent geometry
and they are marked in Fig. 5. The critical points in the steflow pattern Fig. 4
also match those identified in the double-fin configuratiahane described in detail
by Gaitondest al. [4].
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Fig. 6 Volume and surface streamlines showing the structure odeparation bubble.

Figure 6 shows the vortical flow inside the separation bultitédeé forms on the
ramp wall. The fluid in the vortex core, shown by orange sti@anoriginates in
the conical side-wall vortex. It follows along the walls aget ejected from the
ramp wall to form a helical structure. The cross-sectionhef lhelical vortex at the
symmetry plane matches the separation bubble observed)irBFA similar flow
pattern is reported in asymmetric double-fin interactior@aitonde et al. The fluid
in the outer part of the vortex, shown by green stream lingimaites in the ramp
boundary layer and it envelops the helical vortex core.

Figure 7 shows the three-dimensional shock structure iars¢eross planes in-
side the duct. The top wall (hot shown) corresponds to the and/the bottom wall
is the ramp surface. The left boundary is the side wall, aodigted from the figure
to visualize the shock pattern in the vicinity of the cornére duct flow is domi-
nated by the cowl shock, which is initially planar. Near thdeswvall, the cowl shock
bifurcates into a lambda structure that envelops the coraaex. This is typical
of a single-fin interaction. The shape of the separation lstimened on the ramp
wall is visible in the later cross-section, and it interastth the lambda structure.
The last section also shows the planar shock generated poteninge, and the
expansion waves formed at the beginning of the duct arelgisikthe first section.
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Fig. 7 Computed pressure contours plotted on cross sectionaglan

5 Conclusion

The current paper presents a numerical study of the thmreertBional flowfield in-
side a practical hypersonic inlet duct. Impingement of tbelcsshock causes flow
separation on the opposite wall. The shock wave generatéldebgeparation bub-
ble, along with the cowl shock, results in a crossing-shioalhdary-layer interac-
tion on the side wall. The flowfield exhibits several key featuobserved earlier in
double-fin configurations. Analysis of the the surface stigzes, three-dimensional
stream-surfaces and the shock structure gives a detaitdetstanding of the com-
plex flow pattern inside the inlet duct.
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