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Abstract. Rectangular-to-Ellipse Shape Transition (REST) inlets are a kind of inward-turning inlets designed for hypersonic vehi-
cles, especially under integration design backgrounds. The streamline tracing technique is an inverse method for designing inward-
turning inlets by extracting different streamtubes from the same reference flow. In present work, the streamline tracing technique
is coupled with an optimization procedure. The procedure for designing a REST inlet with prescribed mass capture at the design
point and optimal performance is illustrated.

INTRODUCTION

The air-breathing hypersonic vehicle is a critical item for access to the space in Single-Stage-To-Orbit (SSTO) or Two-
Stage-To-Orbit (TSTO), and the primary choice for the propulsion system is the scramjet [1, 2]. Inward-turning inlet
for that systems can be generated accurately by using streamline tracing techniques [3, 4]. Three-dimensional inward-
turning inlets [3] stand out from many other types of hypersonic inlets because of its high compression efficiency and
good mass capture performance [5]. As a result, it is considered the best choice for a scramjet. In practical applications,
inward-turning inlets are easily integrated with the vehicle airframe [6], as well as with ramjet/scramjet combustors
having circular or elliptical inlet sections [7, 8]. However, the entrance shape and the exit shape cannot be controlled
at the same time. To solve this problem, a method of shape transition was proposed. Smart et al. [7] firstly designed an
inward-turning inlet with a Rectangular-to-Ellipse Shape Transition (REST). The adopted streamline tracing technique
is a kind of inverse method [9, 10] for designing inward-turning inlets by extracting different streamtubes from the
same reference flow. The REST inlet was generated with a combination of two inlets which were traced through a
reversed nozzle flowfield. In previous studies, optimization methodology has been used with the aim of improving the
performances of inlets traced through this basic flowfield [11]. In our work, the optimization procedure was directly
coupled to the design of the REST inlet.

MATHEMATICAL MODEL

Parameterization

Essentially, an inward-turning inlet is the envelope of streamtubes extracted from a basic flowfield. The inlet per-
formances are therefore significantly affected by this basic field, represented schematically in Figure 1 . As shown
in this figure, the inflow is mainly compressed by the conical shock and then by the reflected shock. A cylindrical
center-body is installed on the symmetry axis in order to avoid the presence of a Mach disk which may lead to large
total pressure losses [12]. In order to optimize the inward-turning inlet, a parameterization should be accomplished
firstly. Figure 2 illustrates the parameterization methodology of a basic flowfield. Properties of the basic flowfield
are mainly determined by the shape of compression wall which is shown in red line in Figure 2. The total length of
basic flowfield is L,, and the cowl lip is located at point D (L.). The compression wall CH is divided into two seg-
ments at point E. Line CE represents the external compression of the inflow, whereas line EH represents the internal
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FIGURE 2. Parameterization of the basic flowfield.

compression. Each line is generated using a third order Quasi-Uniform B-Spline (QUBS) curve [13] which has four
control points. For the basic flowfield, the entrance radius R; is set as reference length. All lengths have been therefore
normalized by R; throughout the present paper. As shown in Figure 2, the distance between the incident point and
the cowl lip is |Ax|, which is in turn related to the mass capture capability of the intake. The optimal condition is the
so-called “shock-on-lip” configuration where the leading shock is perfectly incident on the cowl lip, that is |Ax| = 0.
Each flexible point (green color) has two degree of freedom, namely the coordinate pairs (x, r). Many key features of
basic flowfield depend on these control points, e.g. the constriction ratios, shock angle, etc.

Streamline tracing and shape transition

Once the basic flowfield has been computed, inward-turning inlets can be generated by applying the streamline tracing
technique. The streamline tracing technique is applied in the streamwise direction, when the entrance shape of the inlet
is specified, and along the opposite direction, when the intake shape is set at the exit section. A typical basic flowfield
we obtained is presented in Figure 3(a). The design point is characterized by an incoming flow having Mach number
M;=6.0, pressure p;=2549.2 Pa and temperature 7,=226 K. A REST inlet is a kind of inlet which has a rectangular-
like entrance and an elliptical exit. An inward turning inlet can be generated through the basic flowfield if the Flow
Capture Shape (FCT) is set. Figure 3(b) illustrates how an inward-turning inlet is extracted from the basic flowfield.
To this streamtraced solution we assigned the name shape A. The 3D inlet leading edge location fits perfectly with
the shock surface. Thus the inviscid inlet is able to capture the full mass prescribed at design conditions. This inlet
has the entrance shape assigned by the designer, whereas the exit shape cannot be controlled, since it is the result

exit of basic

entrance of basic

15 | - flowfield e
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FIGURE 3. Mach contours on the axisymmetric basic flowfield (a) and a sketch of the stream-traced inlet (b).
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FIGURE 4. 3D view of the final REST inlet geometry (a). Plot of cross-section of the inlet along the x-axis (b).

of the streamtracing procedure. Therefore the procedure is applied in a similar fashion by setting at the intake exit a
prescribed shape and area, e.g. an elliptical one, and by tracing a streamtube backwards. This second intake solution
is named shape B. The geometry of the REST inlet is obtained as a combination of shape A and B by applying an
integration function as suggested in Ref. [7]. The two inlets do not have anyway the same area distribution along the
axial coordinate x, owing to the non-uniform compression of the basic flowfield. To make sure the REST inlet has
the same area distribution as shape A, shape scaling was applied at each intermediate cross section. The procedure to
control the cross-section area distribution by shape scaling was illustrated in Ref. [7]. The final REST inlet model as
well as several cross-section shapes along the axial direction are presented in Figure 4.

Optimization procedure

As illustrated in Figure 2, the geometry of the basic flowfield is expressed by using several parameters. In the primary
optimization, constriction ratios of basic flowfield are fixed so that the inlet constriction ratios will not far from the
fixed value. In order to reduce the computational cost of the optimization, additional constraints to the control points
have been introduced. Control points F1, F2, and F4 are respectively put in the tripartite position of each curve,
and the direction of the exit flow has been set as horizontal. As a result, there are only three free parameters left,
namely X = [rp1, rp2, xpa]T. Actually, we can choose another optimization vector X = [0}, 6>, xr4]T which is more
physically meaningful. In addition, we set a range for each parameter by considering a trade-off between time-saving
and flexibility. For a compression system, the total pressure recovery is of great significance for the engine thrust.
Therefore, the total pressure recovery coefficient of the inlet is selected as an optimization objective. In present work,

we use the predicted total pressure recovery o, = / o-i + 0'%3 as objective. Furthermore, the inlet mass capture should

meet engine requirements. For this kind of inward-turning inlet, the leading shock of the basic flowfield has great
effects on the mass capture performance. In the basic flowfield shown in Figure2, the smaller |Ax]| is, the higher the
mass capture performance an inlet will be. Therefore, |Ax| is another optimization objective of this work. We gave an
additional constraint of |Ax|/L, < 1%, which means that a basic flowfield will be regarded as realistic only when the
parameter meets this constraint. Finally, the optimization problem is expressed as follows

min(—o,, |Ax]) (D
0<6 <13°
0<6, <20°

st.d 0<6, <13° 2)

(2xE + )CH)/3 < Xpq4 < Xy
1Ax|/L, < 1.0%

This optimization procedure was realized by using the ISIGHT software suite, which is an efficient tool for combining
different software and programs together to achieve automation of parameterization, simulation, and optimization.
The NSGA-II optimization algorithm was adopted to solve the constrained optimum problem.
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FIGURE 5. Intake geometry and Mach contours for the final viscous solution for Cfg-1 (a) and Cfg-2 (b).

NUMERICAL RESULTS

The optimization process identifies a set of optimal solutions. A Pareto front can be also drawn. From the latter, we
extracted here two solutions, namely Cfg-1 and Cfg-2, as an example. The optimality of the inviscid results obtained
are confirmed by RANS-based CFD validations [14] reported in Figure 5. As visible, from the analysis of the flowfield
at design conditions, no flow separations occur. With respect to the inviscid solution, in the viscous case the shock
surface does not fit perfectly with the 3-D leading edge, thus leading to a flow spillage. Mass capture ratios for
Cfg-1 and Cfg-2 decreases to the 98.3% and 97.5% respectively. By inviscid computations we obtain that the total
pressure recovery of Cfg-1 is improved by 4.28% through the optimization. For the viscous results, the total pressure
performance of Cfg-1 is improved by 6.83%, but with lower mass capture ratio. From this perspective, we concluded
that the inviscid procedure is still able to improve the REST inlet performances during the optimization process.

CONCLUSIONS

A numerical procedure for the optimal design of REST inlets has been proposed. Results show that a REST inlet can
be well represented parametrically with a reduced set of variables then used as control parameters in the optimization
procedure. The optimization performed at design point have shown to improve the performances under off-design
conditions. Improvements decrease with decreasing inflow Mach numbers owing to the weaker shocks involved.
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