AIAA 2007-1048

45th AIAA Aerospace Sciences Meeting and Exhibit
8 - 11 January 2007, Reno, Nevada

Propulsion/Airframe Integration and Optimization on a
Supersonic Business Jet
David L. Rodriguez*
Desktop Aeronautics, Inc., Palo Alto, CA, 94303
1

A parametric geometry generator, an advanced Euler CFD method, and a robust nonlinear optimizer are coupled to produce a powerful aerodynamic design tool. The application
is used to integrate a propulsion system with the airframe of a supersonic business jet. More
specifically, the inlet and nozzle installations are optimized sequentially in the presence of the
airplane. For each problem, an appropriate objective function is selected to address the
tradeoffs between engine performance and aircraft aerodynamic efficiency. Constraints are
identified and selected to maintain realistic geometry and desired flow features. While the
aircraft design continues to evolve, intermediate results of the optimization process are presented demonstrating the effectiveness of the design method.

I. Background
Aerion Corporation of Reno, Nevada has developed a unique design for a supersonic business
jet which is depicted in Figure 1. Utilizing a patented feature, the wings are designed to sustain a
significant extent of laminar flow during supersonic cruise to dramatically increase fuel efficiency and range. This wing design also allows for
efficient transonic cruise. The propulsion system
uses a slightly modified Pratt & Whitney JT8D
engine with advanced nacelle, inlet, and nozzle
designs. Mounted close to the fuselage and over
the inboard strake of the wing, the engine nacelle
poses a challenging integration problem. The need
to operate efficiently with either fixed or minimally varying geometry over a wide range of
Mach numbers also augments this challenge. The
trade-offs between inlet performance, nozzle performance, and airframe aerodynamic efficiency
Figure 1. The Aerion supersonic business jet design.
must be properly addressed in order to make the
design viable.
Desktop Aeronautics of Palo Alto, CA has developed a design tool to address this difficult propulsion integration problem. The approach exploits multidisciplinary optimization techniques coupled with a powerful Euler solver
and a versatile parametric geometry generator. Earlier incarnations of this design tool have been applied very successfully to similar but perhaps less difficult problems. The first published (Reference 1) application of the tool was
the aerodynamic optimization of a generic swept-wing business jet. Reference 2 details the optimization of an axisymmetric, supersonic spike-inlet with the same design tool. However, for this problem, the tool was also extended
to incorporate a propulsion system simulator forging a truly multidisciplinary design method. For the Aerion project,
the design tool was further enhanced by extending the capabilities of the geometry engine to model the complex
shapes that are present on the aircraft design.
The design tool has been used on several parts of the entire aircraft design from the cockpit region to the empennage. For the purposes of this paper, only the design of the propulsion system is considered. This restriction limits the problem to the inlet, nozzle, nacelle outer surface, and any other part of the aircraft that is directly affected
aerodynamically by the propulsion system. Because all optimization is conducted on the airplane at cruise conditions, this limits the design region significantly. Supersonic flight conditions also allow the inlet and nozzle to be
*
1

Engineer/Scientist, Senior AIAA Member.
1
American Institute of Aeronautics and Astronautics

Copyright © 2007 by David L. Rodriguez. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.

designed separately if conducted sequentially. For
these reasons, the design integration of the propulsion
system is presented as two separate problems. Note
that the inlet and nozzle design problems are quite
similar in not only objective but also flow feature constraints as will be discussed.
The inlet design on the Aerion aircraft has had an
eventful history. Originally the inlets were conceived
as the classic axisymmetric intakes with center spikes
as depicted in Figure 2. The next generation of the
aircraft had two-dimensional inlets with roundedcorner, rectangular cross-sections as depicted in Figure 3. The design method was applied successfully to
both of these inlet designs. In fact, after completing
extensive studies with the design tool, the results indicated that orienting the inlet compression away from
the fuselage (as in Figure 3) instead of towards the
fuselage or up and away from the wing was the better
design. The current inlet design is really an offspring
of the two previous designs and is depicted in Figure 4.
The inlets are similar to classic external compression
ramp inlets but the cross-sections are elliptical instead
of rectangular. The elliptical section exhibits smaller
wetted area and hence reduced viscous losses when
compared to two-dimensional wedge inlets. It also
allows for better integration with the circular crosssection of the engine. Since the inlet becomes a significant pressure vessel at supersonic speeds, the elliptical inlet also reduces the structural weight of the nacelle.
For the initial feasibility study, the elliptic inlet
was built as cross-sections stacked along curves normal to the local flow. The ramp itself was shaped to
produce an isentropic compression in two-dimensional
flow. In other words, the inlet was essentially a classic
wedge ramp shaped to the local flow but with elliptic
sections. The leading edge was swept back behind the
Mach angle to provide a subsonic spillage region
which could stabilize the external compression. In an
attempt to improve trades between inlet recovery and
wave drag, the inlet was also modified to create a nonuniform shock system. Such a shock system induces
better pressure recovery at the core of the engine than
at the outer regions. Initial results were promising,
even with these modifications. However, these initial
“bevel” inlet designs had highly eccentric elliptic
cross-sections near the throat and excessive unfavorable pressure gradients in the diffuser section between
the throat and engine.
An intermediate series of inlets with circular
cross-sections were next designed using the “streamtracing” methods of Koncsek3. Stream tracing is a
method which generates three-dimensional internal
surfaces based on a uniform supersonic compression
flow field. These inlets showed promise, but the
stream-tracing technique did not allow for non-uniform
shock systems.
Neither of these initial approaches provided a

Figure 2. Earlier Aerion axisymmetric inlet design.

Figure 3. Earlier Aerion rectangular inlet design.

Figure 4. Current Aerion elliptic inlet design.
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means for designing the subsonic spillage zone without resorting to manual iteration. The application of Euler-based
optimization techniques, on the other hand, can address this problem. This technique for designing and optimizing
the inlet shape is presented in the next section. Due to its success on the inlet, the elliptic cross-section is also used
for the fixed geometry of the nozzle. The optimization methodology used for the inlet was also successfully used for
the nozzle.

III. Methodology
This section details the approach used to integrate the propulsion system with the Aerion airframe. The inlet
design tool is comprised of three separate tools: a parametric geometry engine, a Cartesian Euler solver, and a nonlinear optimizer. Each of these tools is described below followed by the architecture of the complete design method.
A. Parametric Geometry Engine
The geometry generator utilized in the airframe integration problem is the RAGE4 tool developed at Desktop
Aeronautics. RAGE allows the user to define very complex geometry with a set of discrete parameters. Examples of
such parameters include a fuselage cross-section width, a wing airfoil section thickness, and the radius of curvature
of a nacelle inlet lip. The number of parameters can either be small to define simple geometries or quite large to
create finely detailed models. The user has nearly complete control over the number of parameters used in the
model; the more parameters used, the more control the user has on the shape of the aircraft. RAGE differs from typical CADD software in that the parameters closely relate to the aircraft design as opposed to surface spline parameters. In other words, a wing is described by span, airfoil type, sweep, etc as opposed to the knot locations of a
NURBS surface. This approach makes aircraft design optimization more straightforward.
An entire aircraft configuration is assembled by defining several separate components such as a fuselage, a
wing, tails, nacelles, etc. Each component is a mathematically defined, watertight surface. Changing the geometric
parameter values, of course, alters the geometric shape of the components of the aircraft. The geometry definition
can be output in several formats, usually as a structured surface mesh ideal for CFD analysis. These meshed surfaces
can be input directly into the Cartesian Euler method for quick analysis. Figure 5 shows a typical RAGE model of
the Aerion aircraft. Note the level of detail in the model which even includes the canopy, diverters, and full empennage. Further details on the RAGE tool are given in Reference 4.
B. Aerodynamic Analysis
The Euler solver utilized by the design tool is the Cart3D5 analysis package. Developed primarily at NASA
Ames Research Center and the Courant Institute in New York, Cart3D is an Euler solver which uses adaptively refined Cartesian meshes. In the grid generation process, the Cartesian mesh is refined repeatedly and automatically
up to a user-specified maximum level. The mesh refinement process is driven by the local curvature and detail of the
solid surface geometry; in other words, more mesh points are added in the presence of high surface curvature to
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Figure 5. Sample RAGE model of the Aerion aircraft.
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better resolve the solution in these regions. Figure
6 shows a sample mesh on a complex Aerion
geometry.
The flow solver itself is very robust and efficient, taking full advantage of Cartesian mesh
properties and inherent multigrid capability. This
allows for quick and virtually automatic analysis
of very complex geometries. Hence whenever
Euler analysis is sufficiently accurate, the method
is very suitable for preliminary design and optimization. In the case of supersonic aircraft design
where boundary layers are extremely thin, Euler
methods have been shown (verified with NavierStokes analysis) to be more than adequate for preliminary aircraft shape optimization. The analysis
method is used to compute aircraft inviscid drag,
inviscid inlet performance, and inviscid nozzle
efficiency. The ability to make very general design
changes to a complex aircraft configuration without having to spend hours or even days to generate
a computational mesh makes this CFD method
extremely attractive for optimization.

Figure 6. Sample Cartesian mesh on Aerion geometry.
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Figure 7. Typical penalty function added to objective
function to address constraints.

Optimization Method

The design space for the inlet and nozzle design on the
Aerion aircraft has been found to be very noisy and even
discontinuous in some regions. Inlet terminal shock position is extremely sensitive to small changes in the geometry. The design space of the isolated, axisymmetric, spike
inlet from Reference 2 had similar properties and it was a
much simpler geometry. Because of the irregularities in the
design space, gradient-based methods have been unsuccessful in this type of problem. Hence, the optimization method
used for the inlet and nozzle integration problems is an
extended version of the Nelder-Mead6 nonlinear simplex
method. This optimization method is identical to that used
in Reference 2.
The extension to the Nelder-Mead algorithm allows
for nonlinear constraints by using penalty functions. In a
typical optimization problem, the objective function is penalized with both a wall (or barrier) and ramp function
when a constraint is violated. A typical penalty function is
shown in Figure 7. This forces the simplex to find solutions
in the feasible well of the design space. While this extended
algorithm has not been rigorously proven to converge, it
has been effective in every problem attempted to date. To
clarify, the algorithm has never failed to find an improved
design point, but it is unclear if the true optimum was found
in each of the hundreds of problems studied. The author
feels that this algorithm could certainly be further improved
and should indeed be rigorously analyzed for convergence
capabilities.

D. Design Method Architecture
The three components discussed above have been linked together to create a complete aerodynamic design tool.
The architecture is straightforward and represented in Figure 8. The optimizer controls the values of the userselected design variables, which are usually the values of parameters in the geometry model. These values are fed
into the geometry engine which builds the new configuration. This geometry is output as a CFD-compatible surface
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file which is passed to the Cart3D Euler solver. A flow
solution is generated and post-processed to compute
forces (lift and drag), integrated quantities (such as
inlet pressure recovery), and any other necessary flow
features (such as the Mach number near the inlet lip).
From these computations, an objective function value
is computed which includes any penalties for violated
constraints. This objective is sent back to the optimizer
to assess and determine the set of design variables for
the next iteration.
During a typical iteration, the simplex method
usually tests up to four points along the search direction. To accelerate the design process, these four points
are normally computed simultaneously using multiple
processors in parallel. This would be considered
“coarse-grain” parallelization of the problem since the
four solutions do not communicate with each other. A
single solution can also be computed over several
processors; this would be considered “fine-grain” parallelization. Often what is done when ample computing
power is available is a combination of both. Note that
when the simplex is first initialized or is required to
contract or expand, an entirely new simplex has to be
computed. Whenever this happens, the number of solutions necessary is equal to the number of design variables plus one. Here parallel computing can become
very advantageous.

Nonlinear Optimizer
Nelder-Mead Simplex
(modified)

Parametric
Geometry Engine
RAGE

Aerodynamics
Flow Solver
Cart3D
Figure 8. Architecture of complete design method.

IV. Results
Because the Aerion aircraft is a supersonic cruise design, the integration of the inlet and nozzle can be completed separately and sequentially. In other words, the nozzle design does not affect the inlet performance because
the inlet is ahead of the region of influence of the nozzle. This allows for two optimization problems with fewer
design variables as opposed to one large problem. This section details some of the results of these two separate
optimization problems.
A. Inlet Optimization
The starting geometry for the inlet optimization was based on a stream-traced design using the technique of
Koncsek3 and provided by Aerion. A RAGE parameterization was developed to mimic this original inlet design. The
resulting geometry is shown in Figure 9. Note the
geometry is modeled as a flow-through nacelle at this
point since it was not necessary to model the engine
plume.
This starting design was installed on the thencurrent Aerion aircraft design and analyzed at two
Mach numbers: the design cruise speed of Mach 1.5
and the design maximum speed of Mach 1.6. The
Mach number contours of the flow surrounding the
inlet at these two speeds are shown in Figure 10. These
contours show that the inlet is clearly not performing
as desired. At both conditions, the terminal normal
shock has been swallowed which results in a very
unstable inlet design. The inlet should be an external
compression inlet that exhibits a normal shock just
ahead of the outer (upper in the figure) lip. This represents an ideal problem for the optimization tool, once
the appropriate objective function and constraints are
identified.
Figure 9. Starting inlet geometry for optimization.
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Figure 10. Mach contours from Cart3D (Euler) solution of flow entering the original inlet at aircraft speeds of Mach 1.5
(left) and Mach 1.6 (right). Note the parts of the solution shown inside the lines outlining the inlet geometry are not
actually part of the solution but simply a plotting artifact.

Objective Function
The objective function for the inlet optimization is not initially apparent. Classic inlet design methods attempt to
maximize the inlet pressure recovery. However, this objective does not take into account the drag of the inlet installation on the aircraft. Conversely, minimizing drag does not account for the inlet efficiency and could seriously
reduce engine performance. The correct objective function for this problem is a weighted sum of these two functions. Aerion provided the appropriate weighting factors which in essence is a linear approximation of the engine
thrust as a function of inlet pressure recovery. This objective function is similar to that used in Reference 2 but without actually modeling the engine performance with a separate simulator.
For this optimization problem, the objective was therefore the appropriately weighted sum of the aircraft drag
and inlet pressure recovery. The computation of the aircraft drag is not straightforward with a flow-through nacelle.
Any drag due to internal flow must be removed from the integration of the complete exposed surface. This was accomplished by computing the loss in momentum from the freestream of the flow at the nacelle exit plane. This loss
in momentum was used to adjust the drag computed by integrating pressures on the entire CFD surface model. This
process is identical to that described in more detail in Reference 2.
Design Constraints
Several constraints, both on the geometry and the flow field, are necessary to ensure a proper inlet design. The
geometric constraints are usually obvious. Ensuring the geometry is realistic is such a constraint. For example, the
nacelle inner surface cannot be allowed move outside the outer surface definition. Other constraints ensure the engine and its accessory package fit inside the outer nacelle surface. The lift coefficient is also constrained in the
problem to ensure the aircraft can maintain level flight as its shape varies. The inlet must also be able to accept the
maximum airflow rate defined by the mission profile and engine operating envelope of the aircraft design. In fact,
during the optimization process the airflow rate is constrained to be this maximum rate. Finally, a constraint on the
Mach number of the flow ahead of the outer lip forces the inlet to be an external compression inlet. This constraint
also forces some inlet spillage to ensure acceptable off-design performance and stability. A similar constraint was
successfully used in some cases in Reference 2. The amount of spillage is set by the actual Mach number that the
flow ahead of the inlet is constrained to be. This Mach number was provided by Aerion.
For the optimization problem discussed in this paper, the objective was evaluated only at Mach 1.5 since this is
the design cruise speed. However, the inlet must also operate at Mach 1.6 in a stable manner. This again requires the
inlet to be an external compression inlet at the higher speed. Hence, during the optimization process, the flow Mach
number ahead of the inlet lip was also constrained at the Mach 1.6 flight condition. In summary, the inlet performance was optimized at Mach 1.5 but was constrained to be stable at both Mach 1.5 and Mach 1.6; the performance at
Mach 1.6 did not factor into the optimization.
Design Variables
The evolution of the inlet design to its current state was not the product of one but many optimizations. Over the
course of these optimizations, many, many design variables were included. These design variables were primarily on
parameters which define the aerodynamic shape of the inlet, the nacelle outer surface, the fuselage near the nacelle,
6
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and the wing under the nacelle. Such parameters include the length of the inlet, the interior area distribution and
shape, the exterior nacelle shape, the fuselage width, the inlet lip shape, and many others. The angle of attack of the
aircraft is also varied to satisfy the cruise lift constraint. The nozzle throat size, on the other hand, is fixed to control
the mass flow rate through the nacelle. Over all the optimizations completed, about 100 distinctly different parameters were varied. Of course, due to the limits of the simplex algorithm, the maximum number of variables ever included during any one optimization was around 20.

Objective Function

Results and Discussion
The design history from a typical optimization is shown in in Figure 11. The plot shows the value of the objective function for every point in the simplex for each design iteration. As it moves towards the optimum, the simplex
converges in size and value within the feasible space. In this case, the simplex was manually restarted at iteration 200 which sometimes hastens convergence on the true optimum. In later iterations, the spurious points above
the rest of the simplex appear after the simplex contracts and as a consequence accepts points that violate the constraints. This optimization run is probably not completely converged but was deemed completed for a following
optimization with a modified set of design variables.
After the series of these optimizations was completed, the geometry in Figure 12 was obtained. The inlet interior surface, the nacelle outer surface, and the fuselage in the region of the nacelle were all optimized to significantly
improve the performance of the airplane and still produce a stable inlet design at the design maximum speed. Note
the geometry in Figure 12 is quite different than the original geometry in Figure 9, especially the ramp maximum
height. The Mach contours on this optimized geometry are shown in Figure 13. The normal shock has moved out of
the inlet and the flow is much cleaner. The shock
structure has become like that of a classic external
1.06
compression inlet with an oblique shock coalescing off
the ramp followed by a weak terminal normal shock
1.04
just ahead of the inlet lip. At Mach 1.6, the normal
shock is actually just behind the inlet throat on the
1.02
ramp side which lowers inlet performance due to the
small over-expansion. But recall that only the stability
1
and not the performance of the inlet at Mach 1.6 affects the optimization problem. This could be a prob0.98
lem when the inlet is in viscous flow and thus the design may need to be readdressed.
0.96
The final analysis of the optimized inlet shows a
4.6% increase in pressure recovery. However, this
0.94
comes with a penalty of 4.8% increase in aircraft drag.
The weighting of pressure recovery and drag gives a
0.92
5.8% decrease in the objective function. Also, the con0
50
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Iteration
straints are all satisfied in the optimized design where
they were not with the original design. In particular,
Figure 11. Simplex history in a typical inlet optimization.
the external compression constraint was not at all satisfied since the normal shock was swallowed at
Mach 1.6 and even at Mach 1.5. Note that absolute
numbers describing the performance of the inlet could
not be reported here since they are proprietary to
Aerion.
The optimization of this inlet highlighted its advantages over the stream-tracing technique. Eulerbased optimization can generate more complex, nonuniform compression fields as well as the geometry
needed for the subsonic spill regions conducive to stability. In addition, the external contours which have a
direct effect on the overall drag are designed simultaneously with the internal surfaces. As the geometry
progressed from the initial stream-traced design, the
overall trade of wave drag and inlet pressure recovery
clearly favored a modestly non-uniform flow field. The
optimization also discovered a unique threedimensional lip shape (see Figure 12) to promote an
Figure 12. Optimized inlet geometry.
efficient subsonic spillage zone.
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Figure 13. Mach contours from Cart3D (Euler) solution of flow entering the optimized inlet at aircraft speeds of Mach 1.5
(left) and Mach 1.6 (right). Note the normal shock is now outside the inlet and the required spillage for stability is
exhibited at both Mach numbers.

Overall, the inlet optimization was very successful in producing a working inlet with good performance. Since
the completion of this set of optimizations, the restriction of stable operation at Mach 1.6 without altering the inlet
geometry has been relaxed. Now the inlet geometry is variable as described in Garzon7 allowing for better performance at Mach 1.5 without sacrificing stability at Mach 1.6. At the higher speeds, the ramp is allowed to tilt slightly
towards the fuselage and consequently alter the shock system sufficiently to maintain external compression. A diverter between the wing and nacelle has also been added to the geometry model and optimized though this task is
not detailed here. The fuselage and wing designs have also been altered somewhat for structural and aesthetic reasons. The inlet design has not changed, however, and yet it continues to operate efficiently at high Mach numbers
demonstrating the robustness of the optimized inlet design. Of course, the final inlet design will be required to operate at all flight conditions in the mission profile. Low speed performance requirements will surely require variable
geometry, perhaps like that discussed in Reference 7.
B. Nozzle Optimization
The nozzle optimization problem is actually quite similar to the inlet problem. The starting geometry for the
nozzle (shown in Figure 14) was loosely based on geometry provided by Aerion. At this point, the flow-through
nacelle model was not possible since the nozzle needs to expel hot exhaust flow. Therefore, the capability of Cart3D
to specify inflow conditions at the engine exhaust plane was exploited. Likewise, outflow boundary conditions were
used at the engine fan face. As expected, switching to these boundary conditions produced solutions in the inlet
identical to the solutions with the flow-through nacelle.
This starting nozzle geometry was analyzed with Cart3D at an aircraft speed of Mach 1.4, the design maximum
range speed. The Mach contours of the flow leaving the nozzle are shown in Figure 15. Note the strong shock present after the severe over-expansion past the nozzle
throat. Consequently, this is a very poor nozzle design
which, once again, poses another ideal problem for the
optimization tool.
Objective Function
The objective function is much easier to identify
for this case than it was for the inlet. The goal is to
maximize thrust and reduce drag of the entire aircraft.
Unlike for the inlet design case, maximizing thrust and
reducing aircraft drag are not, in general, competing
functions and sum directly without any weightings.
Therefore, the objective function is simply the computed net force acting on the aircraft acting in the direction of flight, including the forces on nozzle interior
surfaces. Maximizing this computed net thrust (which

Figure 14. Starting geometry for nozzle optimization.
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must be a thrust since all viscous forces are not included) is the goal of this optimization. Since the nozzle length was allowed to vary, one other penalty was
included in the objective function. A simple wettedarea-based viscous drag estimate for the nacelle was
also included in the total force computation. This was
included so the nozzle would not simply continue to
lengthen indefinitely in an Euler based optimization
problem.
Design Constraints
Many of the same geometric constraints necessary
in the inlet design problem are needed here as well. So
is the lift constraint. The mass flow rate constraint is
certainly necessary as it is the nozzle throat which
ultimately determines the flow rate through the engine.
Matching the nozzle flow rate with the maximum
engine flow rate is therefore imperative. Finally, based
on suggestions from the engine manufacturer, a con- Figure 15. Mach contours on flow leaving the starting
isolated nozzle at an aircraft speed of Mach 1.4.
straint on the amount of internal expansion allowed is
needed. In other words, the amount of divergence in
this convergent-divergent nozzle needs to be limited to ensure good performance at off-design conditions. This suggested constraint is actually on the area distribution of the nozzle, but this type of ramp nozzle makes it difficult to
define and compute the area distribution. Therefore, an equivalent Mach number constraint on the flow near the
nozzle exit lip (the shortest wall on the nozzle which is near the lowest point on the exit plane in Figure 14) is enforced instead. This constraint is similar to the corresponding constraint in the inlet design problem.
Design Variables
For the nozzle design problem, the design variables are almost entirely geometric. Only the angle of the attack
of the aircraft (necessary for the lift constraint) is not of this category. The geometric variables affect the nozzle interior shape, the nozzle length, the nacelle outer surface, and the fuselage in the region of the nozzle. All other parameters, including the other flight, engine exit, and fan face conditions are held constant at their appropriate values.

Objective Function

Results and Discussion
A typical optimization history is given in Figure 16. This history was less eventful than the inlet optimization of
Figure 11 as no manual restart was required. Simplex contractions were also rare and only present near the end of
the history when the simplex had become very small. This optimization also converged quite well.
The nozzle optimization was initially performed on the isolated nacelle to speed up the process by reducing the
computational mesh size. This first step was extremely successful. Once a near-optimal nozzle was found, the nacelle was reinstalled on the aircraft and the optimization process continued. After a series of optimizations with
around 50 distinct design variables, the nozzle per-1.1
formance improved significantly. The current optimized nozzle geometry is shown in Figure 17. Note
that several features were added to the geometry near
-1.2
the engine exit plane to better represent the real geometry. A near-conical hub was added as well as an
-1.3
initial contraction that exists on the real engine. This
does not affect the computed nozzle performance,
however, since it is in the subsonic flow region of an
-1.4
Euler analysis.
The Mach contours of the nozzle flow are shown
-1.5
in Figure 18. Note the significant improvement in the
quality of the flow and elimination of the strong over-1.6
expansion and shock present in the original nozzle.
The expansion was mostly eliminated by lengthening
the nozzle, but local contouring also improved the flow
-1.7
0
100
200
300
400
500
quality. The gross thrust of the nozzle improved by
Iteration
about 10%, which is significant but not surprising considering how poorly the starting geometry performed.
Figure 16. Simplex history in a typical nozzle optimization.
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The drag of the aircraft also decreased by less than 1%.
This is a relatively small improvement which also
includes effects from design changes in the fuselage
layout added in the middle of the nozzle optimization
process. In other words, the nozzle optimization did
substantially more to increase thrust than reduce drag.

V. Future Work
A good deal of work has been completed on both
the inlet and nozzle of the Aerion aircraft. Naturally,
there is still work to be done as the aircraft continues to
Figure 17. Optimized nozzle geometry.
evolve. One of the first steps will be to add a blunt
leading edge to the inlet in the region of subsonic
spillage. This should improve the off-design performance and reduce the drag of the overall aircraft. The
geometry generator has already been enhanced to
allow for this nacelle lip as shown in Figure 19. The
same process will be repeated as before on the new
aircraft with at least the same design and off-design
constraints. Another consideration is low-speed performance. Garzon7 discusses a possible method for
addressing low-speed performance with this inlet design. But addressing low-speed performance during
the supersonic optimization may prove advantageous
to the complete design.
The nozzle will also continue to be optimized as
new off-design constraints arise. One nozzle constraint
that will be added is enforcing adequate performance
at low speed conditions. The current nozzle exhibits
severe over-expansion to supersonic flow at takeoff
conditions. It is hoped that constraining the maximum Figure 18. Mach contours on flow leaving optimized nozzle
velocity of nozzle flow at the takeoff condition while
at an aircraft speed of Mach 1.4.
still optimizing performance at cruise speeds will alleviate this problem.
Once the overall configuration comes close to converging, the inlet and nozzle will have to be re-optimized
using a Navier-Stokes analysis. A similar inlet design process has already been successfully applied to a blendedwing-body design that ingested boundary layer flow as detailed in Reference 8. Such a method should also prove

Figure 19. Inlet geometry example with a blunt lip in the region of spillage.
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effective on the Aerion inlet and nozzle designs. Since supersonic aircraft have such thin boundary layers, it should
be possible to concentrate the Navier-Stokes based optimization tools on just the internal walls without affecting the
external flowfield significantly. Navier-Stokes analysis at off-design conditions (especially low speed) will naturally
have to be performed to assure adequate performance in all flight regimes of the aircraft’s mission.

V. Conclusions
A powerful aerodynamic optimization method was built by linking a versatile, parametric geometry generator,
an extremely fast Cartesian Euler method, and a robust, modified nonlinear simplex method. This design tool has
been and continues to be used to optimize and integrate the propulsion system on the Aerion supersonic business jet
design. The inlet and nozzle were designed separately and sequentially by taking advantage of the properties of supersonic cruise speeds. So far, the optimization tool has varied practically every geometric parameter used to define
the inlet to obtain a robust design that operates efficiently at all high speed flight conditions in the aircraft mission
profile. The nozzle optimization has also produced a very efficient and robust design that operates extremely well at
all flight conditions of the mission profile except at very low speeds. Future optimizations will address this limitation and should produce an even more robust nozzle design. The optimization method has proven to be effective and
robust though a rigorous analysis of convergence properties and improvements in computational efficiency remain
necessary.
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