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Abstract

The forebody of a hypersonic vehicle based on scramjet fgimpuacts as an external
compression inlet for the engine. A typical configuratiomgiets of compression ramps
and wedges. The flow field generated by these compressiacearis quite complex. In
the absence of experimental data, computational fluid dicsaserves as a valuable tool in
understanding the flow physics and predicting the chatiatitey of the inlet configuration.
In this paper, a generic hypersonic forebody geometry stingi of compression ramps
and side fences is investigated. The shock and surface flaerpas examined in detail,
followed by the surface pressure and heat transfer predicth the geometry.

1 Introduction

In a hypersonic vehicle based on Supersonic Combustion®dsgramjet) propulsion system,
the forebody acts as an external inlet for the engine. Thebfudy is designed to achieve
maximum mass capture by the engine and efficient compressitre incoming flow. The
bow shock from the nose compresses the gas on the undergluke\afhicle forebody. This is
followed by further compression in the internal inlet of #wegine. Additional surfaces, such
as side fences, are used to achieve three-dimensional essiqmn as well avoid the air spillage
from the side of the vehicle. For optimum performance of tiietj the shock waves generated
by different parts of the forebody should intersect at theldip.

The flow around the vehicle forebody is complex due to thegres of multiple shock
waves generated by the nose, ramp sections and fencessektten of these shock waves
among themselves can often result in a complex three-dimaaisflow pattern. The flight
Reynolds number is often high enough for the boundary lapethe vehicle to be turbulent.
The adverse pressure gradient of the shock waves can nesodtil separation of the turbulent
boundary layer. This degrades the pressure recovery oitbeand can lead to local high
heating rate to the vehicle walls.
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Experimental study of scramjet configurations at realiflight conditions is often pro-
hibitively expensive, if not unattainable in ground-bagadilities. Computational fluid dy-
namics is therefore extensively used to study scramjet #bagiand to predict performance
parameters. There are however several challenges in témmousnerical, physical and geomet-
ric modeling. Robust and accurate CFD methods are needeaptare the shock waves and
their interactions. Prediction of turbulent heating anioh $iction in three-dimensional bound-
ary layers is challenging for turbulence models. This iseeggly true in high speed flows
because of compressibilty effects in shock waves and pesstitock induced flow separation.
Geometric complexity of scramjet inlets requires sopb&ed griding techniques and large
scale parallel simulation capability to achieve high qyatesults.

In this paper, we study the inlet flow field of a generic scrarbpsed hypersonic vehicle
with compression ramps and side fences. The goal is to genkigh-quality solution of a
complex practical geometry, and use it to study the undaglyiow physics. The geometric
configuration is presented next, followed by a descriptibthe solution methodology and
generation of computational grid. In-house Reynolds@ayed Navier Stokes (RANS) code
with multi-block structured grid is used to simulate thee#mdimensional flow field. Results
are presented in terms of the shock wave pattern and surtaeesfieamlines. The turbulent
boundary on the vehicle surface and the resulting heatfeaasd skin friction coefficients are
computed, and the solution is analyzed for possible locad fleparation. Of specific interest is
the high-pressure region at the ramp-fence corner.

2 Geometric Configuration

The scramjet inlet considered in this work is shown in Figy) 1{t consists of two compression
ramps of 11.86 and 13.75 degrees respectively. Two sides$are attached on the second ramp
which lead to the cowl and internal compression inlet of thgiee. The current simulations
consider only the ramps and fences which constitute theredtpart of the scramjet inlet. The
top and side surfaces are relatively flat. The main focus isfwork is the lower forebody
surface and the relevant geometric parameters are identifieig. 1(a). Due to symmetry in
the geometry and incoming freestream flow, only one half etitnfiguration is simulated. The
free stream conditions correspond to a Mach number of 6dieaf attack 5 degrees, density
of 0.0122 kg/m, and temperature of 237 K. The wall temperature is assumed tmnstant at
300 K.

3 Simulation Methodology

In-house finite volume code is used to solve Favre-averagaieNStokes equations for the
mean flow, and the Spalart-Allmaras model for turbulencswie. Details of the turbulence
model are givenin [1] and are omitted here for the sake ofityewviscid fluxes are computed
using a modified (low-dissipation) form of the Steger-Wargilux splitting approach, and
the turbulence model equations are fully coupled to the nflean equations. The method



is second order accurate both in stream-wise and wall nodimadtions. The viscous fluxes
and the turbulent source terms are evaluated using secded accurate central differencing
and the implicit Full Matrix Data Parallel method is used twain steady-state solution. The
details of the formulation are given in Ref. [2]. The code hadgti-block capability and is
implemented in parallel using Message Passing Interfacdead been successfully applied to
several supersonic and hypersonic flow computation andemte&alidation in a axi-symmetric
cone-flare geometry is presented in [3] .
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Figure 1. Scramjet inlet: (a) geometry consisting of two poassion ramps and two fences
and (b) the multi-block grid topology used in the simulatdimset shows magnified view of the
fence tip region.

3.1 Grid generation

The volume grid around the three-dimensional scramjet sdafiguration is generated using
Gridgen software. It consists of five blocks with point-natg at inter-block boundaries, and
are designed based on the geometric and flow features of letg(see Fig. 1(b)). A C-type
grid block 1l is used on the first ramp with a separate grid klbat the nose to avoid grid
singularity in the stagnation region. Block Il spans thgioe downstream of the ramp corner,
on the top surface and side of the vehicle. Two additiona lgiocks are used in the vicinity of
the fence. Grid block V is placed between the fence and thieheatmid-plane to allow careful
grid refining in this region of interest, and grid block IV equired to model the finite thickness
at the fence tip.

The nose region is critical because of high three-dimemig@ometric curvature as well as
presence of the strong normal shock. The vicinity of the stesgnation point is covered by grid
block | with 100x20 surface points. Block | has almost unifiomesh in both streamwise and
spanwise direction with cell size around 0.02 of nose ratbusapture the highly curved bow
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Figure 2: Magnified view of the grid in the (a) nose and (b) geregion to highlight grid blocks.

shock at the nose. A coarser and larger block | spanning éigmation region as well as part of
the expansion regions resulted in poor resolution of thelslearvature, surface heat transfer
distribution and highly skewed cells that led to problemg&enative convergence. On the other
hand, very fine surface mesh in the stagnation region oftesesanumerical problems.

Grid block Il consists of 120x220 surface points. In theatnavise direction, the grid points
are clustered near the nose expansion regions and the d@tweren the two ramps. The grid
point distribution is based on two-dimensional simulatwdthe mid-plane section as described
below. In the spanwise or circumferential direction (j) gfimesh is used at the sharp edges at
the vehicle side and relatively coarse mesh is used neaythmstry plane in the middle. The
bottom compression surface is the primary focus of thesalations. There are 50 streamwise
(i) points downstream of the ramp corner, and the 220 j-goame split into block Il (162
points), block IV (12 points) and block V (46 points). The mal j-spacing adjacent to the
fence is maintained at 0.05mm on both outside and insideeofehce. The grid spacing is
varied to study its effect on the flow solution.

In the normal direction, the grid point distribution is deténed by the requirements of
resolving the shock wave and boundary layer, and the geanatnstraint of the fence tip.
The fence is triangular in shape with its tip located at thenepbetween the two ramps. A
structured mesh on the fence surface will have a grid simdgylkat the tip. This is avoided by
approximating the singularity by a finite but small heighflaim. This is more than two orders
smaller in magnitude than other relevant dimensions ofrlet,iand therefore is not expected
to alter the overall solution significantly.

The boundary layer adjacent to the vehicle walls is captaredt accurately by a very fine
orthogonal mesh. This is generated by extruding volume éelm the surface grid described
above with small grid cell height at the surface and a coletiadxponential stretching normal to
the wall. The mesh requirements in the outside inviscidoegre much less stringent except in
the vicinity of the shock wave. The normal grid spacing atsheck should be small to capture
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the high gradient and the grid lines in the tangential dioest should be aligned parallel to the
shock to minimise numerical error. This can be achieved bgipy the outer boundary of the
domain close to the shock and carefully aligning it with theck shape. This process is quite
challenging for a shock wave generated around a compleg-tfirmensional geometry with
multiple grid blocks. With considerable effort, the outeundary has been manually tailored
to the shock wave to a large extent.

Ideally, the extrusion layer should encompass the entitentiary layer. This is however
not possible in the current configuration because the bayrdger thickness at the end of
the second ramp is about 28.3 mm. This is larger than thathbeksstand-off distance at
the nose, which precludes having a fine mesh in the outer panecextrusion layer for the
shock. As a result, only the near-wall high gradient regibthe turbulent boundary layer on
the compression ramps are gridded using the orthogonaiséatr layer.

The height of the extrusion layer is further limited by thegeetric constraint of a small
fence tip. The 1 mm height of the fence tip has to accommodtatesttrusion layer and all the
grid lines that span the fence surface (see Fig. 2(b)). Tieefeeading edge is a single grid line.
This allows accurate description of the leading edge gegnastwell as a better resolution of
the high gradients at the inception of fence boundary lay#drealeading edge (in this region).
The fence surface is spanned by 96 points along this heigtit¢ktion). As expected, the grid
point distribution is this direction is very fine at the fertggand becomes coarse towards the
exit plane. The total number of points in the k-direction ) with the remaining 54 points
distributed between the fence leading edge and the outerdaoy

The multiblock volume grid is generated using the proceslaiescribed above. The grid
blocks are often sub divided into smaller domains for cdmgfidding, especially in the vicinity
of the fence outer surface and the side expansion corneterBgiality mesh is generated in
these sub-domains and they are then combined to form theléiek topology. The full three-
dimensional multiblock grid consists of about 4 milliondypoints.

4 Simulation Results

Figure 3 shows the bow shock and the shock generated by thpecamer in terms of the Mach
number contours on the mid-plane. The bow shock angle orotherisurface is 24 deg and the
oblique shock at the ramp corner is close to the angle of theeféeading edge. This oblique
shock merges with the bow shock at x = 1.37 m resulting in a {£dyee VI interaction to
steepen the outer shock and a weak expansion wave is geheratmagnified view of the
Mach number contours in the vicinity of the nose is also showig. 3. Careful alignment
of the grid lines to the shock shape captures the bow shoekatety and eliminates spurious
error in the nose stagnation region. An entropy layer is gard by the bow shock curvature
at the nose and it merges with the turbulent boundary layrdévelops on the ramp surfaces.
The structure of the bow shock in several cross-sectioraaigd along the length of the
second ramp is shown in Fig. 4. The bow shock shape changaighly elliptic near the tip
of the vehicle (not shown here) to circular towards the entheffore body. This corresponds
to the varying aspect ratio of the vehicle. At x=0.48, whiduresponds to the ramp corner,

5



M: 0.2 1.2 22 32 42 52 6.2

Figure 3: Mach number distribution on the vehicle mid-planth inset showing a magnified
view of the nose region.

M: 0.2 1.2 22 32 42 52 6.2

Figure 4: Mach number contours on different cross-sectiptzaes (normalized x values of
0.48, 0.69, 0.88 and 1.0) along the second compression fdasgts show magnified regions at
the fence.



TOP SURFACE

FENCE
BOTTOM SURFACE

Figure 5: Surface streamlines on the vehicle body showinliy the top and bottom surfaces.

the high compression region generated by the strong shdekdsxover majority of the ramp
surface. The shock weakens as the flow expands around theeseldes. The weak shock
generated by the ramp corner is visible in the x=0.69 sections relatively flat and two-
dimensional over the ramp, but is curved outward near theefép. This is becuase of the high
compression region formed near the fence that pushes thafldwhock outward. The curved
shock merges with the outer bow shock in the x=0.88 sectiarthEr downstream, the fence tip
extends outside of the vehicle bow shock, and is exposecetireestream. A magnified view
of the fence tip at the exit location shows the oblique shgekserated by the fence tip and how
it merges with and distorts the bow shock from the vehicleenoBhe fence thus effectively
isolates the highly compressed flow on the ramp surface fhenexpansion around the vehicle
sides.

The entropy and boundary layers on the vehicle wall is also &®the cross section. En-
tropy layer is thin and strong (almost uniform thickness}tom lower surface. It merges with
the boundary layer on the fence to thicken at the fence-raonpec (see inset A in Fig. 4). On
the top surface, effect of flow expansion results in a larggian of temperature and Mach
number variation. Distortion (thickening/thinning) ofetlboundary layer can also be seen on
the sharp edges on the vehicle sides. These are due to logadfmaration and reattachment,
for example, at the corner of the top surface. The surfaeastiines in Fig. 5 show this ef-
fect more clearly. Converging streamlines correspond ¢allfiow separation and diverging
streamlines represent cross-flow re-attachment.

On the lower surface the flow is mostly axial near the midpldng there is substantial
spillage on the vehicle side on the first ramp. The presenteeofence inhibits flow spillage
from the second ramp and results in additional compresditreayas. The span-wise pressure
gradient caused by the fence is however small enough fordhedary layer to remain attached
on the second ramp. The flow pattern on the inner compressitece of the fence as well as



Figure 6: Pressure contours and representative streaaliaglotted on the second ramp, fence
inner surface and the exit plane to show the shock/expamsoas.

the exit plane is presented in Fig. 6 in terms of the pressoméoars and surface streamlines.
The 5 degree angle of attack free-stream flow is deflected éypolv shock and then by the
corner shock, which is marginally downstream of the fenealileg edge. The corner shock
results in high pressure slightly downstream of the fenaditeg edge. The bow shock becomes
stronger on intersecting with the corner shock and it thésracts with the oblique shock from
the fence leading edge. The pressure contours in the exi¢ glaow this shock-shock interac-
tion and the resulting expansion waves that are transntittélge fence surface. Foot print of
the expansion waves can be seen on the fence wall downstfeamlmow shock impingement
location. The resulting favorable pressure gradient disflde highly compressed flow at the
fence-ramp corner towards the fence leading edge. The fltveisdeflected back by the shock
waves to form a vortical structure, as can be seen in themslirgss plotted in the exit plane.

Figure 7(a) shows the pressure on the bottom surface alengithplane section as a func-
tion of the x-coordinate, with x=0 denoting the tip of the \@d. The pressure along the first
compression ramp is mostly uniform. Pressure increaség aatnp corner followed by a grad-
ual decrease along the second ramp. There is a small inénease-plane pressure towards the
end of the second ramp due to side compression by the fencgisTdbsent in the simulation
of the fore body geometry without fences. Both simulatiohthe three-dimensional geometry
yield pressure that is about 5-7% lower than two-dimengimwécid theory, denoted by solid
triangle in the figure. Two-dimensional simulations of thiglfplane geometry as well as of the
compression ramps match the inviscid theory well. This albse of weaker bow shock in the
three-dimensional finite-span geometry than the two-dsimral configurations.

The spanwise variation of pressure on the first ramp dowenstref the bi-curvature nose
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Figure 7: Normalized pressure and heat transfer along tephane bottom section. Data from
other simulations like forebody without fences, two-dirsiemal computation of the mid-plane
section, and two-dimensional compression ramps are pexséor comparison.
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Figure 8: Normalised surface pressure and heat trasnteibdison around the vehicle at differ-
ent axial locations (shown by white lines in the inset) onfttet ramp. The geometric features
on the vehicle surface are also identified in terms of thetpaithroughf.

region is presented in Figure 8(a). Normalized pressurbttgol as a function of the arc length
measured from the bottom mid-plane section (s=0). Datadsemted along three x=constant
sections identified in the inset vehicle geometry. A largensyise portion of the ramp surface
is close to the mid-plane pressure, but the effect of flowaspdl and the associated reduction in
pressure near the vehicle side is clear. The extent of thgseftow expansion region increases
to about 50% at section Il immediately upstream of the rammer. In section | pressure



distribution, a sharp drop at poihtcorresponds to the expansion at the edge of ramp. Similar
pressure minima are observed at the subsequent expansi@io d, ande around the vehi-

cle. On the other hand, local maxima in surface pressuregpond to flow reattachment, for
example, at point®; and R, in Fig. 5. The pressure on the top leeward surface is fairifoum

and below the free stream value. All the three sections shevsame pressure pattern. The
s coordinate is stretched for downstream sections |l andddaoise of increase in the vehicle
cross-section.
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Figure 9: Normalised surface pressure and heat transfeibditon around the vehicle at dif-
ferent axial locations (shown by white lines in the inset)tba second ramp. The geometric
features on the vehicle surface are also identified in teffrttsegpointsa throughh.

Spanwise pressure variation downstream of the ramp cosrmesented in Fig. 9(a). The
three axial stations shown in the inset forebody geometmespond to 1/3, 2/3 and the end of
the second ramp. Note that the fence inreand outerd surfaces are also included in the plots.
The mid-plane pressure values are higher than those onsgheafinp, and there is an increase in
pressure from the mid-plane to the ramp-fence corner dueetadditional compression by the
fence. This trend is in contrast to that observed on the farsi;, where cross-flow expansion
causes the pressure to decrease away from the mid-planensethe fence pressure rise is
quite high at section IV probably due to the corner shocktletalose to the fence leading
edge, followed by a rapid expansion at the fence tip. At sacill, a similar pressure drop is
observed slightly inside of the fence tip This is because of the expansion waves from the
interaction of fence tip shock and the bow shock. The magdeitf pressure at the ramp-fence
corner decreases and the extent of side-compression rggiars with increasing x. At the
exit locaton VI, the effect of the fence compression is feitoas the entire span of second
ramp. The geometric locationsthroughh are identified on the pressure curve for section VI.
The pressure pattern at the expansion coragers and g are similar to that observed at the
corresponding locations in Fig. 8(a). A broad pressure megitered at around the cornér
between fence outer surface and side surface is caused bgdjmvation on the fence surface
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and corresponding reattachment on tlkesegment of the vehicle wall. This pressure peak is
prominently visible at all the three sections.

The heat transfer results plotted in Fig. 8(b) show valuethinrange of 12-15V /cm?
along the first ramp. There is sharp peak in heating rate athansion corndr. Similar heat
transfer peaks are also seen at subsequent cartlersughe, as identified for section I. The
heating rate distribution at sections Il and Ill show a santfend. The heat level progressively
decreases through the expansion corners to reach ab@it? on the top surface. There are
additional heat transfer maxima at cross-flow reattachipeints, for exampleR,; andR,. The
heat transfer rate on the second compression ramp (seg(Bjpiin the range 18-2W /cm?
except for the peak value of ¥ /cm? at s = 0.25 at cross-section V. This may be because
of the compression near the fence. There is a decrease itréwesfer rate near pointsandd,
which are located at the ramp-fence corner. The heatingnpadbserved otherwise follow the
flow expansion and separation/reattachment pattern disdwesarlier.

5 Conclusions

Three-dimensional simulations are performed using inskdReynolds-averaged Navier-Stokes
code to study the flow on a scramjet vehicle forebody. The rfwains is on the compression
ramps and side fences. Multi-block grid with about 4 milljpoints is generated with careful
grid alignment and refinement in high gradient regions. Mldtshock waves are generated by
the forebody nose, compression corners, and fences. d¢titaraf these shock waves lead to
a complex pattern of shocks and expansion waves. The magdlow on the vehicle surface
show multiple regions of cross-flow separation and reattestt,especially on the side walls.
Variation of surface pressure and heat transfer correlatbwith the underlying flow pattern.
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