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Aerodynamic Shape Optimization of a Subsonic Inlet
Using Three-Dimensional Euler Computation
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A design optimization study of a subsonic inlet is presented where the peak Mach number at cruise
condition on the inside of the inlet surface is the objective function to be minimized and inlet lip shape
parameters are the design variables. The peak Mach number at takeoff, rolling takeoff, static, and cross-
wind conditions are constrained to an upper limit. The three-dimensional flowfield is predicted by the
NPARC computational fluid dynamics code in Euler mode. A GRAPE- (grids about airfoils using Poisson’s
equation) based three-dimensional grid generator is employed to generate a C-grid around the inlet.
Constrained numerical optimization is carried out by interfacing NPARC with the automated design
synthesis optimization code. The constrained optimum is obtained by the method of feasible directions.
The required gradients for optimization are computed via forward difference scheme. At the baseline
(initial) design, takeoff, rolling takeoff, and crosswind conditions have their peak Mach numbers exceed-
ing the upper bounds. However, at the constrained optimum design, only the upper limit on the takeoff
peak Mach number is found to be critical with no appreciable change in cruise Mach number.

Nomenclature
a, b = major and minor radii of the superellipse
M = Mach number
n, m = superellipse exponents
X, Y, Z = global coordinates
x, ¥,z = local coordinates
o = angle of attack
B = yaw angle
0 = polar coordinate
Subscripts
c = crown
cw = crosswind
k = keel
rtof = rolling takeoff
st = static
tof = takeoff
o = freestream

Introduction

ITH the advent of high-speed computers and the avail-
ability of more accurate and reliable computational fluid
dynamics (CFD) solvers, numerical optimization processes can
be effectively used to carry out aerodynamic shape design for
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optimum performance.'”> Compared to traditional methods
such as wind-tunnel testing, this process involves modest cost
and can be completed in a short period of time. However, the
computational cost involved and time required are still func-
tions of the flow model and grid size. The Navier- Stokes
equations require more computational time to solve than the
Euler equations, but they provide a more accurate represen-
tation of the flowfield. Similarly, a fine grid will require more
computational time than a coarse grid, but it will also produce
a more accurate result. Because of the iterative nature of the
optimization process and large number of function evaluations
involved, it is desirable to keep the computational cost of the
CFD analysis low without compromising the accuracy too
much. In an earlier study,” to improve the design of the engine
inlet for a commercial transport aircraft, a potential solver was
used instead of the expensive and time-consuming Navier-
Stokes solvers. The design process was further simplified by
employing a method called statistical design of experiments,’
with a limited number of analyses for five operating condi-
tions, namely, cruise, takeoff, rolling takeoff, static, and cross-
wind. But the study concluded that the results were not satis-
factory.’

In the present work, efforts are made to define and carry out
aerodynamic shape optimization of the inlet described in Ref.
6 using three-dimensional Euler computation and numerical
optimization technique. Optimizing an inlet performance re-
quires balanced tuning of various parameters across a wide
range of flow conditions encountered during the operation of
an aircraft. The shape of the inlet lip needs to be contoured to
provide a gradual turning to minimize internal flow separation
while maintaining moderate diffuser area ratios. The contour-
ing is designed to eliminate high adverse pressure gradients
that lead to flow separation or thickening of boundary layers
that result in increased total pressure losses. Based on the ex-
perience of the inlet designers,® the peak Mach number inside
the inlet is selected as a single parameter that represents the
overall quality of the flowfield in the inviscid limit in relation
to the inlet performance. The minimization of the peak Mach
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number inside the inlet is observed to correlate to the maxi-
mum pressure recovery at the engine fan by reducing the shock
losses and diffusion rates. Thus, the choice of the peak Mach
number as an objective function makes it possible to use po-
tential or Euler codes in place of Navier-Stokes codes. The
potential code used by Mason et al.’ does not allow geometry
perturbations to be automated, which is an essential feature for
numerical shape optimization. Hence, the NPARC code,®
which has been in extensive use for the last 15 years by aero-
space companies and government agencies, is selected for
CFD calculations in the Euler mode. The objective is to seek
an inlet shape that is optimum for all operating conditions.

Preliminary results of an initial study were reported in Ref.
9, where only three operating conditions, namely, cruise, take-
off, and rolling takeoff were considered. The sum of peak
Mach numbers at takeoff and rolling takeoff and the square of
their deviation was minimized in that study while constraining
the cruise value to that at the initial design. In view of the fact
that the engine will be running at a cruise condition the ma-
jority of the time compared to other conditions, the design
optimization problem is revised in the current study to mini-
mize the peak Mach number at a cruise condition while con-
straining the peak Mach numbers at takeoff, rolling takeoff,
static, and crosswind conditions. The geometry and bounds of
the variables used are the same as those used in Ref. 6. Free-
stream and compressor face conditions, angle of attack, and
yaw angles for various operating conditions are given in Ta-
ble 1.

The inlet considered is geometrically symmetric about a 0
-180-deg plane (Fig. 1). For the cases of cruise and static
conditions (zero yaw) the flowfield is also symmetric about a
0-180-deg plane and, hence, only one-half of the inlet is mod-
eled. However, as a result of nonzero yaw, the entire inlet
(0-360 deg) is modeled for takeoff, rolling takeoff, and cross-
wind conditions. Within each optimization cycle a fixed num-
ber of iterations are used for each run of the NPARC code.
The interface of NPARC with the numerical optimization code,
called automated design synthesis (ADS) (Ref. 10) is set up
on a Cray C-90 as a shell script. The required gradients for
optimization are computed via a forward difference scheme.

The optimum inlet shape that minimizes the cruise peak
Mach number while satisfying the remaining operating con-
ditions is formulated as a constrained optimization problem.
The method of feasible directions'' is used to obtain the con-
strained optimum. Numerical results are discussed along with
the flowfield at the initial and optimum designs.

Table 1 Numerical data for various operating conditions

Operating condition M. a, deg B, deg M.

Cruise 0.84 4.0 0 0.600

Takeoff 0.274 26.4 8.826 0.603

Rolling takeoff 0.106 0 26.5 0.589

Static 0.01 0 0 0.586

Crosswind 0.023 0 90.0 0.586
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Fig. 1 Inlet cross section and lip geometry.
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Fig. 2 Variation of superellipse shape with n and m.

Inlet Geometry

The inlet contour governs the delivery of air to the engine
fan and thus plays a significant role in engine performance.
Aspects of the inlet contour such as lip shape, contraction ratio,
and drooping can be optimized to achieve the desired flow
conditions at the fan. The basic inlet geometry used in this
work is the same as the one reported in Ref. 6, and a schematic
of the inlet is shown in Fig. 1. The inlet lip shape, i.e., the
contour from the hilite to the throat, is described by a super-
elliptical curve that provides a high degree of flexibility
through the variation of four parameters. The form of the su-
perellipse used here is given by

(x/a)" + (y/b)" =1 (1)

where x is measured in the axial direction, y is measured in
the radial direction, and a and b are the lengths of the major
and minor axes, respectively (Fig. 2).

Because the inlet lip shape must perform well at multiple
operating conditions with varying angles of attack and yaw
angles, design optimization requires that the lip shape vary in
the 6 or angular direction from crown to keel. To minimize
the installation drag, an inlet is drooped or oriented so that the
hilite plane is perpendicular to the oncoming flow. Thus, ef-
ficient turning of airflow must be accomplished by the inlet
between the hilite plane and the inlet attachment flange.

CFD Analysis

Computational Grid

The design optimization process involves changes in the lip
shape and, hence, in the computational grid. The natural choice
for the type of grid that adapts to changes in the shape would
be a C-grid. For a single analysis, the conventional method of
a generating grid is to use one of the commercially available
interactive grid generation packages starting from the geome-
try definition obtained either manually or through a computer-
aided design (CAD) interface. However, it is very time con-
suming and impractical to stop the design iterations and
interactively generate the grid every time. To alleviate this
problem, a three-dimensional grid generator based on the
GRAPE (grids about airfoils using Poisson’s equation) code,"”
that can be run in a batch mode, is selected and adapted for
this study. In each 6 plane inlet lip shape parameters and
boundary grid points are defined and the GRAPE code is used
to generate a smooth grid in the entire plane. A flowchart of
the grid generation process is shown in Fig. 3.

For the inlet under consideration, the geometry is symmetric
about a 0-180-deg plane and, hence, the grid is generated for
only one-half of the inlet. The grid for the other half is generated
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Fig. 4 C-grid for Euler computation: a) close view of the grid
inside the inlet and b) sample three-dimensional grid in two planes
(alternate grid lines shown in radial direction).

by reflection. Because the flow is symmetric about the vertical
plane for zero yaw, only one-half of the inlet with a grid size
of 130 X 55 X 17 (130 along C curve, 55 from nacelle to outer
boundary, and 17 along the @ direction) is used for the com-
putation. For the nonzero yaw case, the grid size is 133 X 55
X 33, spanning the full inlet. The distribution and the density
of the grid used for the study are shown in Fig. 4. The size of
the numerical grid for the computation used in this study is
based on the mesh resolution required for the Euler computation
to produce a grid-independent solution and is determined from
a number of computations on grids of varying resolution.

Numerical Method

As mentioned previously, the NPARC code in the Euler
mode is used to predict the flowfield. The code was originally

developed as AIR3D by Pulliam and Steger,” and Pulliam'*
later added the artificial dissipation of Jameson et al.”” and
called the code ARC3D. Cooper et al.'® adapted the code for
internal flows of propulsion application and named the code
PARC3D, which was subsequently renamed NPARC (Ref. 8)
when an alliance was formed between NASA Lewis Research
Center and the Arnold Engineering and Development Center
to jointly develop and support the code. The alliance is cur-
rently very active in enhancing and supporting the code for a
wide range of aerospace applications.

NPARC solves the full three-dimensional Reynolds-aver-
aged Navier- Stokes equations in strong conservation form us-
ing Beam and Warming approximate factorization. The dis-
cretization employs central differencing on a generalized
curvilinear coordinate system with implicit and explicit sec-
ond- and fourth-order artificial dissipation. The fourth-order
dissipation is added as a background damping to prevent odd
and even point decoupling. The second-order dissipation is
added primarily to smooth out oscillations in regions of pres-
sure gradients associated with shock waves. There are several
options available in the NPARC code to modify the amount
of artificial dissipation added as described earlier. The option
used in the present computations provides for an appropriate
anisotropic model for the dissipation coefficients as suggested
by Siclari et al.'” Thus, the amount of the artificial dissipation
added becomes more a function of the coordinate direction that
depends on the local velocity component in each direction. A
detailed description of all the available options of artificial dis-
sipation treatment can be found in the report of Cooper and
Sirbaugh.'® To simplify the solution of the block pentadiagonal
system of discretized equations, the block implicit operators
are diagonalized by decomposing the flux Jacobians, resulting
in a scalar pentadiagonal system. The loss of time accuracy
from the diagonalization does not affect the spatial accuracy
of the steady-state solution."*

The code has been verified by several investigators for a
variety of flow configurations, demonstrating the accuracy of
the flow during the course of its evolution to the present state.
In the following text, some of the studies that are relevant to
the flow configuration considered here are discussed. Although
a majority of the studies involved viscous computations, the
inviscid features that dominate the flowfield are similar to
those in the present flow configuration. Hence, the numerical
accuracy of the code established through these studies is con-
sidered to be the same for the present study. This is the primary
reason for selecting the NPARC code for analysis, so that the
focus of the investigation is on optimization rather than the
accuracy of the analysis method.

DeBonis' applied NPARC to study the mixing performance
of a mixer/ejector nozzle for a future supersonic transport ap-
plication. Iek et al.*® studied the flowfield within an inlet for
an advanced ducted propeller at various angles of attack using
NPARC and compared the solution with experimental data.
Harloff et al.>" applied NPARC to compute the three-dimen-
sional flowfield in an S-duct of circular-to-rectangular transi-
tioned cross section and presented a detailed comparison of
results with the experimental data. Georgiadis and Yoder™ ex-
amined three types of nozzle configurations with flow char-
acteristics similar to those considered for a supersonic trans-
port program to assess two different turbulence models. Lam>
used NPARC in the Euler mode to estimate the off-design
transonic performance of an over/under turbojet nozzle.
DeBonis et al.** validated NPARC for two-dimensional and
axisymmetric nozzle afterbody flows at transonic speeds using
two-equation and zero-equation turbulence models to predict
separation in the flowfield. Reddy® used NPARC to study the
three-dimensional flowfield of a crossing, glancing shocks/tur-
bulent boundary-layer interaction configuration to assess the
predictive capability of NPARC for high-speed aircraft inlet
application. Khavaran and Georgiadis® applied NPARC using
simplified noise source correlation terms derived from acoustic
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analogy to predict the three-dimensional directivity of noise
for a Mach 1.5 elliptic jet as well as a round jet. Khalid and
Morky”” applied NPARC in the inviscid mode to study the wall
interference effect on a finite thickness airfoil in a wind-tunnel
test section.

Boundary Conditions

The boundary conditions for the computational domain,
shown in Fig. 4b, are typical of those for any density-based
time-marching scheme and are selected from the existing op-
tions of the NPARC code. At the inflow boundary (labeled 1
in Fig. 4), total pressure and temperature are specified, and at
the outflow boundary (4), static pressure computed from the
specified Mach number at the fan face is imposed. Freestream
conditions are specified at the far-field boundaries (2 and 3).
Slip (tangency) conditions are imposed on the solid walls (6
and 7), and the averaging condition is specified along the sin-
gular boundary of the inlet centerline ahead of the centerbody
(5). Complete details of various boundary conditions and their
implementation in the code are given in Ref. 8. For the com-
putation at the cruise condition, the symmetry condition is ap-
plied at @ = 0 and 180 planes (8 and 9, 9 is the X-Z plane
and is not shown in Fig. 4) because the flowfield is symmetric
about the yaw axis.

Design Optimization
Optimization Interface

To carry out the numerical optimization process, the ADS
code is interfaced with the NPARC CFD code and the grid
generation code. Because the NPARC is a stand-alone code,
the restart capability of ADS is utilized in the interface. A
typical interface of an optimizer with CFD and grid generator
codes is shown in Fig. 5.

The constrained problem is solved using the method of fea-
sible directions. To minimize the turnaround time on a Cray
C-90, a batch job is set up with one function evaluation. One
function evaluation includes executing ADS, grid generation,
and NPARC runs for all of the operating conditions. The CPU
time required for one such job is approximately 6800 s.

Design Variables

The operating conditions considered have angles of attack
and/or yaw and, hence, the inlet lip shapes at crown and keel
are treated as independent. The six design variables used in

Table 2 Design variables
and bounds

Lower Upper
Variable bound bound

n, 2.0 2.6
m, 1.6 2.4
Ny 2.0 2.6
My 1.6 2.4
aldb.. 2.5 3.0
a/br 2.0 2.5

Restart § Restart
= Information Information

e 5 GRID i
Restart NALYSIS)) Coaron
' o GENERATOR
¢ Information ANALYSS] :

Fig. 5 Typical optimization interface with a CFD code.
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the optimization study are the two exponents at the crown (n.
and m,.), two exponents at the keel (n, and m,), and ellipse
radii ratios at crown keel (a./b. and a./b,). The bounds of these
variables are given in Table 2. The ellipse exponents and a/b
ratios at any intermediate angles are linearly interpolated. The
outside profile is fixed and other parameters such as droop
angle, droop length, and contraction ratios are not included as
design variables in the present work.

Objective Function and Constraints

In Ref. 6, an optimum inlet design work was attempted that
maximizes inlet performance during cruise and satisfies a set
of constraints at the remaining operating conditions. These
conditions were determined from the authors’ previous inlet
design experience, and are as follows: 1) peak Mach number
at takeoff condition < 1.55, 2) peak Mach number at rolling
takeoff condition < 1.45, 3) peak Mach number at static con-
dition < 1.60, and 4) peak Mach number at crosswind condi-
tion < 1.60. In this study, the previous problem is formulated
as a constrained numerical optimization problem. The opti-
mization problem can be stated as follows:

find {inlet shape parameters} to minimize {max(M.)}
subject to the following constraints.

max (M, < 1.55

max (M, < 1.45

max (M) < 1.60

max (M.,) < 1.60

Results and Discussion

For the initial geometry, convergence of the flow solution is
studied for the cruise condition, and the mass flux residual is
shown as a function of a number of iterations in Fig. 6. The
residual decreases by more than two orders of magnitude and
there is no appreciable change in the flowfield after 1000 it-
erations. Hence, for the entire optimization cycle, the number
of iterations in each analysis (NPARC run) are fixed at 1000.
During the optimization cycle, because the NPARC solution is
used only to determine the sensitivity derivatives, the level of
convergence achieved after 1000 iterations is found to be more
than adequate. However, in the final analysis run, the residuals
of all the governing equations are reduced by four orders of
magnitude to achieve finer convergence. It is worth noting here
that the flowfield (location and value of the peak Mach num-
ber) essentially remains the same after the residuals are re-
duced by two orders of magnitude.

Figure 7 shows the variation of the Mach numbers on the
inside of the inlet surface of the initial geometry at the five
operating conditions. At all operating conditions except the
cruise, there is a strong shock on the inside of the lip. The
peak Mach numbers for takeoff, rolling takeoff, static, and

0.0001

T T

T T

Mass Flux Residual (absolute}

\i‘fﬂl‘”\"'/“\u/\ N7
, i L A
0 1000 2000 3000 4000 5000 6000
Tteration Number

=

Fig. 6 NPARC convergence history for cruise condition at initial
design.
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crosswind conditions are 1.72, 1.58, 1.46, and 1.66, respec-
tively. These distributions have similar magnitudes and pat-
terns compared with those reported by Mason et al.® Note that
the design parameters (superellipse parameters) used for the
plots in Ref. 6 are not same as the initial design in the present
work. In that study, the variables at the initial design were set
at the bounds of their ranges; whereas in the present study,
they correspond to the current design. Also, the angular posi-
tions at which the peaks occur were reported to be at 180, 180,
315, 0, and 180 deg for cruise, takeoff, rolling takeoff, static,
and crosswind conditions, respectively. However, the corre-
sponding values in this study are found to be 168.75, 202.5,
281.25, 22.5, and 281.25 deg. Because the flow is symmetric
about the 0-180-deg plane for cruise and static conditions,
one can expect the peak Mach number to occur at 180 and 0
deg. The discrepancy in the present results is found to be be-
cause of the way the symmetry condition is imposed numeri-

9 —
static cross-wind ‘
R take-off
16 ‘ ) \% H A/
rolling take-off
[ "ok
g 1.2 i
0 cruise
Z I
T o8 Al TN - j(
b= T ~ -
0.4 'I o \ """"" i
’ f R L =
|
[ | -
75 100 125 150 175 200
X

Fig. 7 Mach number variation along X at initial design.

cally along the @ direction, which has a grid interval of 11.25
deg. Other factors that affect the location of the peak Mach
number for other operating conditions are slight differences in
the lip design variables and Euler flow analysis instead of the
potential flow used in Ref. 6.

Mach number contours are shown for each of the five op-
erating conditions in Figs. §-12 at the initial and optimum
designs. The contours are shown for the angular plane that
contains a maximum Mach number. As mentioned earlier, for
the cruise condition, the flowfield does not show any signifi-
cant difference between initial and optimum design (Figs. 8a
and 8b). For the takeoff condition on the other hand (Figs. 9a
and 9b), the shock strength for the optimum design is consid-
erably less than that of the initial design. The plots for the
remaining three operating conditions (Figs. 10-12) also show
a significant reduction in the size of the supersonic flow region
around the cowl when the design is optimized.

In the present computations, because Euler equations are
solved, uniform static pressure computed from the average
compressor-face Mach number is imposed at the exit plane of
the inlet (outflow boundary). Comparison of the Mach number
contours (not shown) for the initial and optimum designs show
that the average Mach number is approximately the same for
both designs, even though the flowfield appears to vary mar-
ginally.

The design parameters and the peak Mach numbers at initial
and optimum design are given in Table 3. The optimum design
is reached in seven iterations (Fig. 13) and all of the perfor-
mance constraints are satisfied at the optimum. At the initial
design, the peak Mach number for takeoff, rolling takeoff, and
crosswind conditions exceeded the allowable limits, thereby
violating the design constraints (Fig. 14). However, the design
point is driven inside the feasible domain in the first iteration,
while increasing the objective function (cruise peak Mach
number). In subsequent iterations (two-seven) design modi-
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Fig. 8 Mach number contours at cruise condition: a) initial and b) optimum designs.



230 REDDY, REDDY, AND MOODY

&0 100 150 200

Fig. 9 Mach number contours at takeoff condition: a) initial and b) optimum designs.
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Fig. 10 Mach number contours at rolling takeoff condition: a) initial and b) optimum designs.
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Table 3 Summary of
optimization results

Initial Optimum
Variable design design
n. 2.6 2.0
m, 2.4 1.6
N 2.6 2.6
My 2.4 1.939
a.lb. 2.75 3.0
awlb 2.25 2.5
M, 0.8799 0.8918
M« 1.7156 1.5528
Mo 1.5825 1.3930
My 1.4595 1.3190
Mo 1.6550 1.3881

0.94 T

o
©
~

o
©

Objective Function (M_)

0.88

0.86 L | 1 L

o} 2 4 6 8 10
Iteration Number

Fig. 13 Iteration history of the objective function.
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Fig. 14 Iteration history of the constraint functions.

fications resulted in bringing the objective function value near
the starting value without any violation of performance con-
straints. At the optimum, only takeoff constraint (M < 1.55)
becomes critical, i.e., controls the design.

Figure 15 shows the inlet lip shapes at crown and keel. It
can be seen that the optimum lip at the crown is longer,
sharper, and steeper compared with the one at the initial de-
sign. This is because the exponents associated with the lip (n..
and m,) are driven to lower bounds (2.0 and 1.6), and the a/b
ratio is driven to the upper bound (3.0), i.e., major radius is
greater than minor radius. On the contrary, the x exponent for
the keel (n,) reached upper bound (2.6), giving a less steep but
longer lip profile. The keel’s y exponent is either at the lower
or upper limit as the design is controlled by the limit on the
peak Mach number at takeoff condition and the peak occurs
at or near the keel (8 = 180).

initial —+— optimum

crown

keel

Fig. 15 Comparison of lip shapes at initial and optimum designs.

As presented in Figs. 8b-12b, the flowfield at the optimum
design shows much weaker shocks for all of the operating
conditions. The weaker shocks result in reduction of the shock
losses as well as viscous losses caused by less severe shock/
boundary-layer interaction. Even though the study has not con-
sidered the viscous losses, the reduction of the supersonic flow
region and weaker shocks result in a considerable improve-
ment in the total pressure recovery by minimizing the losses.
If viscous flow analysis were to become affordable for these
types of configurations, performance parameters such as total
pressure recovery can be optimized directly with constraints
on stability parameters or some other design criteria.

Summary

A numerical optimization procedure has been successfully
developed to find the inlet shape that minimizes the peak Mach
number at cruise while satisfying the peak Mach number con-
straints at other operating conditions, namely, takeoff, rolling
takeoff, static, and crosswind. Also, the three-dimensional Eu-
ler code is found to be a useful tool to carry out the inlet
optimization. For the subsonic inlet geometry considered in
this paper, off-design requirements have been satisfied without
adversely affecting the cruise performance. The upper bound
on the peak Mach number at takeoff is found to be controlling
the optimum design. The crown superellipse has a sharp and
steep lip, whereas the keel superellipse has a long and less
steep lip at the final design. Results could be further improved
by including droop angle, droop length, and contraction ratio
as design variables. A more flexible lip variation along the
circumference can also be included as a parameter in the study,
i.e., the lip parameters at more € locations can be included as
design variables.
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