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Hypersonic inlet is an important part of the propulsion system of hypersonic air-
breathing vehicles. However, the performance of the two-dimensional hypersonic inlet, a
major type of hypersonic inlets, is considerably deteriorated for lateral spillage. In this
study, waverider-configuration chines mounted on the lateral sides of a two-dimensional
three-staged external-compression hypersonic inlet for a Mach number of 6.0 are inves-
tigated to determine their ability to alleviate the lateral spillage. The chines are built
by using a waverider design method. The numerical results suggest that a severe flow
spillage induced by three-dimensional effect shows up near the lateral edge of the inlet
without chines, which degrades the mass-flow ratio and flow uniformity. In contrast, the
waverider-configuration chines effectively alleviate the lateral spillage. Consequently, the
mass-flow ratio and the flow uniformity are both improved significantly.

Keywords: Hypersonic inlet; lateral spillage; waverider design method; streamline tracing
technology; mass-flow ratio.
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1. Introduction

Hypersonic air-breathing vehicles (HAVs), which can fly at more than Mach number
of five in the atmosphere,’ have received much attention in recent years. Com-
pared with subsonic or supersonic vehicles, hypersonic vehicles have many poten-
tial advantages, including (1) dramatically reducing the traveling time?; (2) used
as reusable launch vehicles (RLVs).? To date, many countries have conducted re-
searches on HAV projects.
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An important subsystem of an HAV is the inlet which is used to capture
and compress air mass-flow. A major type of them is a two-dimensional inlet.
This kind of inlet is easy to design, and its geometry is variable for wide-speed-
range flight. However, lateral spillage, induced by three-dimensional effect, may
significantly degrade its performance, including flow uniformity and mass-flow ra-
tio. Two methodologies, sidewall*® and lateral chine,®7 have been used to restrain
the lateral spillage. The control mechanism is reducing the cross-flow in the flow
field. The inlets with sidewalls can capture almost all the free-stream; but the shock
waves and boundary layers, induced by sidewalls, may degrade the uniformity of
flow filed® and there are no benefits for improving the aerodynamic performance
of the vehicle. By contrast, mounting lateral chines on the forebody,® do not bring
out undesired shock waves and boundary layers, and well-designed chines may im-
prove the aerodynamic performance. However, experimental results show that only
one-half of the surface streamlines entered into the inlet which indicates existence
of significant lateral spillage.”

Fortunately, in the flow-field of a waverider, the cross-flow is very small.® There-
fore, the waverider-configuration chines are developed to alleviate the lateral spillage
of a two-dimensional hypersonic inlet with three flat ramps in this study. It is found
that the lateral spillage is alleviated significantly after mounted the chines.

2. Design Methodology

Figure 1 shows a sketch of the model. According to the Osculating Flow field
Method,® a waverider design method, the procedure used to generate the model
begins by assuming the upper surface geometry and the shock wave geometry on
the base plane, which are labeled as blue dash curves in Fig. 1(a). Osculating planes
are defined to be normal to the local shock wave geometry. A basic flow, shown in
Fig. 1(b), is then imposed on each osculating plane. The leading edge is subsequently
calculated. The lower surface is constructed by tracing streamlines from the leading
edge, while only the streamlines behind the shock wave of Ramp 1 in basic flow
are used. The upper surface is constructed by tracing from the leading edge in the
freestream direction. Figure 2 shows the three-view of the model with chines.
Incidentally, the basic flow is a solution of the compressible Euler equations at a
freestream Mach number of 6.0. The configuration used to calculate the basic flow
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Fig. 1. (Color online) Sketch of the inlet with chines.
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Fig. 2. (Color online) Three-view of the model with chines.

is constructed by three ramps and an isolator. The shock waves, plotted as dash
lines in Fig. 1(b), intersect at point P1. The deflection angle (f) and the wave angle
(B) of each ramp are defined by the Oswatitsch principle,? the total deflection angle
of the inlet is 16°.

3. Numerical Method

The numerical study is carried out using the compressible Reynolds-averaged
Navier-Stokes (RANS) equations. The no-slip, adiabatic wall boundary conditions
(BCs) are imposed on all surfaces of the models with and without chines. The
freestream BC is imposed on far-field. The freestream Mach number is 6.0. The
static pressure is 1197 Pa and temperature is 226.5 K. The supersonic extrapola-
tion outflow BCs are imposed on external outlet and the isolator exit. The symmetry
BC is imposed on the symmetry plane.

The unstructured grid of the model without chine contains 0.95 million nodes,
whereas the other one contains 1.39 million nodes. Grids are refined near the wall,
leading edge, ramp corners, lateral edge of the inlet and cowl lip.

The effectiveness of the numerical method is verified by comparing it with the
experimental results.!® The comparative results suggest the numerical and experi-
mental results agree well. The numerical errors of the fine and standard grids are
0.42% and 0.98%, respectively. For saving computational resources, the standard
grid (1.39 million nodes) is used for numerical simulation.

4. Results and Discussion

Figure 3 shows the flow field of the model without chines. The dimensionless cross-
flow velocities shown in Fig. 3(a), labeled as V, /V, are blanked above 0.15 for bet-
ter clarity. The results suggest a severe lateral spillage, induced by three-dimensional
effect, showing up near the lateral edge. It indicates that the mass-flow ratio is
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Fig. 3. (Color online) Flow field of the model without chines.
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Fig. 4. (Color online) Dimensionless cross-flow velocity of model with chines.

decreased. Figure 3(b) shows the pressure contours on the model surfaces and a
slice near the cowl-lip. The results suggest that the pressure near the lateral edge
is much smaller than that near the symmetry plane. It indicates that the flow
uniformity is also degraded.

Figure 4 shows the dimensionless cross-flow velocity of the model with chines.
These results suggest that the dimensionless cross-flow velocity becomes much
smaller than that of the model without chines. This indicates that the lateral
spillage is alleviated by the chines. The mass-flow ratios ¢ and averaged total pres-
sure recovery o at the isolator exit are shown in Table 1. The results suggest that
after mounted the chines, ¢ and o increase by 25.0% and 3.2%, respectively. It
indicates that the control strategy using waverider-configuration chines to allevi-
ate the lateral spillage of two-dimensional hypersonic inlet is effective. The inlet
performance is significantly improved as compared to that of the model without
chines.

Table 1. Comparison of inlet performances at isolator exit.

Model without chines Model with chines Error

0.78 0.975 25.0%
o 0.378 0.39 3.2%

<
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Fig. 5. (Color online) Pressure contours at the isolator exit.

Figure 5 shows the pressure contours at the isolator exit. The results suggest that

the flow uniformity of the model with chines is much better than that of the model
without chines. It indicates that the flow uniformity of the inlet is significantly
improved by adding the waverider-configuration chines.
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