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ABSTRACT

An efficient methodology is presented for defining a
class of airplane configurations. Inclusive in this defi-
nition are surface grids, volume grids, and grid sensi-
tivity. A small set of design parameters and grid con-
trol parameters govern the process. The general air-
plane configuration has wing, fuselage, vertical tail,
horizontal tail, and canard components. The wing,
tail, and canard components are manifested by solv-
ing a fourth-order partial differential equation subject
to Dirichlet and Neumann boundary conditions. The
design variables are incorporated into the boundary
conditions, and the solution is expressed as a Fourier
series. The fuselage has circular cross section, and
the radius is an algebraic function of four design pa-
rameters and an independent computational variable.
Volume grids are obtained through an application of
the Control Point Form method. Grid sensitivity is
obtained by applying the automatic differentiation
precompiler ADIFOR to software for the grid genera-
tion. The computed surface grids, volume grids, and
sensitivity derivatives are suitable for a wide range of
Computational Fluid Dynamics simulation and con-
figuration optimizations.
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NOMENCLATURE

Vector Fourier coefficients

Vector Fourier coefficients

Vector Dirichlet boundary conditions
Vector Neumann boundary conditions
Surface coordinate

Surface grid

Volume grid

Vector constant for Fourier expression
Vector constant for Fourier expression
Root chord length for tail components
Root chord length for wing component
Root chord length for canard component
Wing chord length at crank

Wingtip chord length

Parameters for airfoil definition
Inboard wing span length

Outboard wing span length

Constants for grid spacing control
Constants for grid spacing control
Maximum wing camber

Location of maximum wing camber
Fuselage length

Parameters for fuselage radius
Parameter for radius at rearmost point
Derivative control design parameters
Maximum wing thickness

Wing taper parameter

Coordinates of trailing tip point
Coordinates of trailing wing point
Coordinates of trailing crank point
PDE weighting factor

Fuselage radius

Airfoil independent variable

Airfoil dependent variable

Wing camber

Wing thickness

Coordinate weighting parameter



&En ¢ Computational coordinates
&n,¢ Computational coordinates

v Grid spacing control coordinate
v Grid spacing control coordinate
6 Fuselage definition variable

P Set of design parameters

K Set of grid control parameters
Indices

1 tth point

J jth point

K kth point

n Index for Fourier series

1. INTRODUCTION

Airplane design has historically been divided into
three phases: (1) conceptual design; (2) preliminary
design; and (3) detailed design®?3. The conceptual
design of an airplane usually begins with specifica-
tions for a proposed mission and rough sketches of
the configuration. Geometry begins to evolve in the
form of sets of connected points. Usually only the
minimal amount of information for low-level analyses
is created. As a configuration approaches the end of
the conceptual design phase, Computer-Aided Design
(CAD) models are created. CAD models are most of-
ten derived by interpolating and refining the earlier
specified sets of connecting points used in low-level
analyses.

In the preliminary-design phase, high-level anal-
ysis and testing of physical models are performed.
Geometry for computational analysis and the con-
struction of test models is extracted from the CAD
model. Usually the airplane surface geometry is fixed
except for the occasional change that may result from
the new analyses, and these changes are implemented
in the CAD model. In the detailed-design phase,
the CAD model is the central design representation,
now containing detailed information for manufactur-
ing the airplane!.

It can be argued that a CAD model should be im-
plemented at the very earliest stage of conceptual de-
sign. However, conventional CAD models and CAD
software are very general and very complex. Usually
a CAD specialist 1s required to implement the soft-
ware. In an environment where the ability to quickly
change features of the geometry is nearly as impor-
tant as the geometry itself, it is desirable: (1) to have
the geometry model specified in terms of a small num-
ber of design parameters; (2) to visualize the geom-
etry and interact with it to explore the envelope of
possibilities; and (3) to quickly extract grids and grid

sensitivity for automated analysis (both low-level and
high-level) and optimization. As the geometry be-
comes detailed, it is imperative that a CAD model,
with its general characteristics be developed, and any
parameter-defined model should be upgraded with a
conventional CAD system. Alternately, it would be
desirable to incorporate a methodology like the one
described here in a conventional CAD system.

Creating an airplane surface or any other object
surface with design parameters implies that there is
an underlining set of rules or correspondences (model
functions) that are driven by the parameters and in-
dependent computational variables. Surfaces grids
are discrete evaluations of the surface functions, and
surface grids can be described as organized sets of
points. Different discipline analyses and different
techniques within a discipline most often require dif-
ferent grids to be generated from the surface model*.

High level aerodynamic analysis, such as Euler or
Navier-Stokes simulation, require that volume grids
be constructed about the configuration surface grid.
Information, such as far-field boundary surfaces and
grid spacing controls to capture anticipated physics,
is required. Surface grids that are generated for low-
level analyses usually are not suitable to directly con-
nect to a surrounding volume grid. Interpolation or
reevaluation of the surface grid is most often required
before proceeding to high-level analysis®.

The sensitivity of mission dependent variables with
respect to design variables is a desired and often
used feature in the design process. An intermedi-
ate requirement for many techniques is surface-grid
and volume-grid sensitivity with respect to the de-
sign variables®.

In this paper, a methodology to define a class of
airplane configurations and directly evaluate surface
grids, volume grids, and grid sensitivity is presented.
The objective of the methodology is to provide sur-
face definition and grid generation for conceptual de-
sign that could be used in a wide spectrum of analy-
ses (potential flow to Navier-Stokes). The methodol-
ogy and associated software is called Rapid Airplane
Parametric Input Design (RAPID). The general con-
figuration, at this writing, has wing, fuselage, vertical
tail, horizontal tail, and canard components (Fig. 1).



The definition of the lifting surfaces is based on the
PDE method as described by Bloor and Wilson”®.
Design parameters are incorporated into boundary
conditions for the PDE solution. The fuselage has
circular cross section and is defined with an algebraic
function.

2. THE PDE METHOD

The PDE method generates a Euclidean Space sur-
face X = (2(&, 1), y(&,n), 2(£,n)) transformed from
(0 < ¢ < 1) x (0 <n < 1) computational space.
The transformation is obtained by solving the fourth
order partial differential equation
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By letting (0 < ¢ < 1) — (0 < ¢ < 27), a general
periodic solution to Eq. 1 1s:

X(€,1) = Ao+ 3 An(n)cos(n) + Bu(n)sin(nc).
(2)

where
Ag = ago + ag1n + agan? + agsn®,

an an —an —an
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an1, Ap2, An3, anq and by, bya, by, by are vector-
valued constants determined by the boundary condi-
tion imposed at » = 0 and » = 1. The boundary
conditions are:

X(¢&,0) = Do(¢),
Xn(f,()) = No(f),

X(&, 1) = Dy(§),
Xy (&, 1) = Nu(§).

Incorporating a set of design parameters P in the
boundary conditions controls the shape of the sur-
face.

For the family of airplanes described herein, two
PDE surfaces define the wing (Fig.2). Boundary con-
ditions are specified at: (1) the wing/fuselage in-
tersection; (2) the crank between the inboard-wing
component and outboard-wing component; and (3)
the wingtip. The horizontal tail, vertical tail and
cannard components are each described with a single
PDE surface with boundary condition at the fuselage
intersections and at the tips. The PDE boundary
conditions are detailed in Section 4.

3. FUSELAGE SURFACE

The fuselage definition in the RAPID methodology
is an algebraic function which creates two surfaces -
one above the fuselage intersection with the lifting
components and one below (Fig. 3). The airplane
is considered to be symmetric about the zz plane at
y = 0, and only one side of the airplane surface is
computed. The fuselage cross section is circular, and
both the upper and lower surfaces can be represented

as X = (2(&, ), y(€,¢), 2(£,¢)) where
y = r(&)cos(n(/2), z=Er(&)sin(n(/2),
r(€) = Rosin(0) + Rysin(30),
0 =m((1 - Ro)§ + Ra),
0<¢<1.
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& = 0 corresponds to the end point on the fuselage,
and ¢ = 0 corresponds to a point along the curve sep-
arating the upper and lower fuselage surfaces (Fig.

3)

The parameters for the fuselage are: Rp, the fuse-
lage length; Ry and Rj, control for the fuselage ra-
dius; and Rs, a parameter to control a finite radius
at the end of the fuselage. The boundary curve sepa-
rating the upper and lower fuselage surfaces is a com-
bination of the fuselage intersection with the lifting
components and cubic curves connecting the inter-
sections. The fuselage center is optionally allowed to
translate upward along a quadratic function from the
trailing wing/fuselage intersection point to the end of
the fuselage. This creates a “duck tail” characteristic
in the fuselage (Fig. 4).

A surface grid is created by evaluating the surface
functions at discrete £(I) and ((K). In order to con-
centrate the grid in certain regions, such as around
the wing/fuselage intersection, it is necessary to cre-
ate control functions that map 0 < ¢,¢ < 1 into
0 < ¢&,¢ < 1. The grid control functions and the
grid control parameters used in RAPID for this pur-
pose are discussed in a Section 5.

4. PDE BOUNDARY CONDITIONS

Two PDE surfaces are used in RAPID to cre-
ate a wing. Each surface is computed in a subrou-
tine. The input is an evaluation of the Dirichlet and
Neumann boundary conditions Dg(£(1)), No(é(1)),
Di(&(I)), N1(&(1)), and n(J) chosen to ensure tan-
gent continuity between adjoining surface. Spacing
control in the n direction is achieved by mapping




0<n<1—0<n<1prior to the surface evalua-
tion. Grid spacing is discussed in the Section 5. The
PDE output is a surface grid X(7,J) which can be
visualized, used for volume grid computation about
the airplane, or used in an analysis of the airplane.

The manipulation of a single airfoil section is cur-
rently applied in RAPID for all of the Dirichlet condi-
tions. The section is governed by design parameters
and 1is scaled, rotated and translated into different
boundary positions with additional parameters. The
airfoil section is defined by the sum of a camber curve
and a thickness curve (Fig 6). The airfoil equations
are:

x(§) = Csinmé,  y(&) = v:(€) + ¥:(8),
yi(§) = —%(sinQﬂf + Fysindné + Fasinbrf),

ge(&) = %(QPsinﬂf — (sinwé)?), r <P

_ (1 =2P + 2Psinz€ — (sinwf)?)
ye(§) =M =Py x> P,
0<P<1, 0<¢<l, (4)

The design parameters for the section are: (', the
section chord length; 7', the section manimun thick-
ness; F7 and Fs, Fourier coefficients; M, maximum
camber; P, location of maximum camber. The defi-
nition of the section starts at the trailing point, pro-
ceeds beneath the camber curve, around the leading
point and over the camber curve back to the trailing
point. The location of maximum camber is measured
from the trailing point.

Given the basic wing section, the Dirichlet bound-
ary condition for the two wing components can be
expressed. Boundary n = 0 for the inboard surface
is at the crank, and the 5 = 1 boundary is at the
wing/fuselage intersection (Fig. 5). For the outboard
wing component the n = 0 boundary is at the wing
tip and the n = 1 boundary is at the crank. The
crank Dirichlet boundary condition 1s:

DY) =D(€) = | y=Ro+ M |, ()

where (X, Z.) translates the crank boundary in a 2z
plane at y = Ry + H1 and H; is the span length of

the inboard wing component. The Dirichlet bound-
ary condition for this component at the wing/fuselage
intersection is:

2 =y(&)1a + Zy

By, 1s the wing-root chord length, X,, and 7, trans-
late the wing/fuselage intersection, and T, scales the
thickness at the wing/fuselage intersection relative to
the thickness at the crank. The &-location on the
fuselage corresponding to the intersection is:

By _
= xr
RpC

r

The Dirichlet boundary condition for the outboard
wing surface at the wing tip is:

D{"(¢) = | y= Ro+Hi+ Hy

(7)
Z= %37(5) + Z
E 18 the chord length at the wing tip; X; and Z;

translates the wing tip in the zz-plane; and Hs 1s the
span length of the outboard-wing component.

The Neumann boundary condition for both the
inboard- and outboard-wing surface at the crank is:

S is a design parameter which affects the transition
between the inboard and outboard wing components.

The Neumann boundary condition applied at the
wing/fuselage intersection is:

or _ inwe 2L
o = Sasinmé 73
Nin = | oy _ SEr(Er)get: gy (9)
an y
0: _ g inoc0T
o = Sysinmé g



where Sy is a design parameter affecting the transi-
tion of the wing into the fuselage.

The Neumann boundary condition at the wing tip
is zero in current RAPID software.

The tail and cannard components are described in
a similar fashion with a single surface, and the de-
tails are not presented. There are numerous choices
of boundary conditions to achieve a desired effect in
the lifting surfaces. Those described here represent
only one choice that is incorporated into RAPID soft-
ware.

5. GRID SPACING CONTROL

The evaluation of the equations presented in the
previous two sections results in surface grids. An H-
type topology is chosen for the general airplane sur-
face and volume grid definition. The proper spacing
of grid points within the topology constraints is very
important for achieving acceptable accuracy in the
application of a flow analysis about the vehicle sur-
face. A double exponential function® which maps the
computational variables &, , and { onto themselves
is used in the RAPID methodology. The grid spacing
control function is:

eXs’ —1
=K
v A 6K2 1 s
OSDSI{EM OSVSI(M
v—Ks
' ' 6K41 K3 _1
V= [Xl + (1 — [Xl)ﬁ,
Ks<v <1, Ki<v<l,
D [/7
K, chosen 3 M ct. (10)
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Fig. 7 is used to help describe the grid control param-
eters Ky, K9, K3, and K4. K1 and K3 are coordinates
of a point in the unit square. v 1s the independent
computational variable and corresponds to the per-
centage of grid points in a particular direction. v
i1s the dependent computational variable and corre-
sponds to the percentage of distance in the physical
space along a grid curve. Ky and K4 are coefficients
in the exponential functions defined for a particular
part of the unit square. Where there is low slope in
the control functions, there is a concentration in the
grid points, and where there is high slope, there is
dispersion in the grid points. In the RAPID method-
ology Eq. 10 is used several times. The approach
specifies a desired spacings at the v = 0 and/or at
v = 1 and/or K3. K;,Ksand K4 are determined

by a Newton-Raphson process while satisfying a first
derivative continuity condition at (K3, K1).

The grid control parameters are distinguished from
the configuration design parameters. The design pa-
rameters are referred to as the set P, and the grid
parameters are referred to as the set X. K includes
the grid spacing parameters described above and the
volume grid control points discussed in the Section 6.

6. VOLUME GRID GENERATION

A Control Point Form/Transfinite Interpolation
technique'® is used to compute volume grids for the
RAPID methodology. A considerable amount of in-
formation has been published on this grid generation
method and its variations, and only the major steps
are presented here.

Having established a grid on the configuration sur-
face, the volume grid generation is accomplished in
four major steps.

Step 1 is the determination of a grid in the sym-
metry plane. The basic functions used in RAPID
are those for Bézier curves computed with the de
Casteljau scheme!!. Control points for an interme-
diate curve and for a far-field curve are computed
from the dimensions of the fuselage (Fig. 8). A set of
points are distributed in the &-direction on the con-
trol curves obtained from the control points. Inter-
polation from the fuselage surface across the control
curves is obtained with a de Casteljau application in
the n-computational direction (Fig. 9).

Step 2 is the determination of a three-dimensional
grid surface containing the lifting components (Fig.
10). Note that in the H-topology, the top and bot-
tom grids are considered separately. A similar process
to that used with the symmetry grid for computing
control points from the fuselage and lifting surfaces
is applied.

Step 3 is the determination of a cap grid. Control
points are extracted from the extreme x and y grid
coordinates in the lifting surface grid and the extreme
z-grid coordinates in the symmetry plane grid (Fig.
11). The de Casteljau scheme is applied with these
control points (Fig. 12).

Step 4 is the application of Transfinite Interpola-
tion to compute the interior grid (Fig. 13).



It is necessary to use several grid-spacing control
functions and their control parameters in addition to
the interpolation control points in order to achieve a
good grid for a given set of design parameters. At
this writing, this requires some trial and error before
acceptable parameters are realized. However, once
an acceptable set of grid parameters K are found for
a given set of design parameters P, small changes in
P do not require changes in K. Therefore, repetitive
small changes in the design parameters such as dur-
ing configuration optimization, does not require the
constant modification of the grid parameters. Also
note that the volume grids obtained with this algo-
rithm are computed only out to the wing tip. An
additional far-field grid would be necessary for most
high-level fluid analyses.

An option to using the volume grid generation de-
scribed above is to use the Coordinate and Sensitiv-
ity Calculator for Multidisciplinary Design and Opti-
mization (CSCMDO) process described in Reference
12. In CSCMDO, the RAPID surface grid or a surface
grid from some other source is INPUT. The GRID-
GEN/CSCMDO software is used to establish an ini-
tial volume grid. Thereafter, the initial grid 1s used
by CSCMDO to generate a new volume grid for a new
INPUT surface grid. Here again, only small changes
in the design parameters can be tolerated without
reestablishing the initial grid.

7. GRID SENSITIVITY

Gradient based techniques applied to aerodynamic

configurations optimization require the determina-

6Xnol —_ 6Xnol 6Xsu'rf) IH
P aX”Tf P :

the past in order to evaluate such derivatives, each
expression would have to be differentiated and chain
ruled through out the mathematical system, either
by hand or with the aid of a computer-aided alge-
braic manipulation system. Fortunately, today there
are automatic differentiation programs that differen-
tiate code in other programs. The automatic differ-
entiation program used with RAPID in called Auto-
matic Differentiation for FORTRAN (ADIFOR) de-
veloped at the Argonne National Laboratory and
Rice University'®. ADIFOR is a preprocessor which
differentiates FORTRAN code. The output of ADI-
FOR is another FORTRAN code containing both the
function evaluation and the derivative evaluations of
the function with respect to specified input variables.
ADIFOR has been applied to batch versions of the
RAPID methodology and is described in Reference

tion of grid sensitivity (

There is
also a C-programming language version of ADIFOR
which has been applied to CSCMDO.

14 for linear aerodynamics optimization.

8. RAPID EXAMPLES

Four RAPID examples are presented to demon-
strate the range of application. The examples show
only the configuration surfaces.

The first example is shown in Fig. 14. The wing is
high relative to the fuselage and has high aspect ra-
tio. The fuselage is relatively short compared to the
wing span. The wing is relatively thin and cambered
at the mid chord.

The second example is shown in Fig. 15. It is a
High-Speed Civil Transport (HSCT) like configura-
tion with a double-delta wing. The leading edge of
each wing segment is straight as the result of setting
the parameters S; and S equal to zero.

The third example is shown in Fig. 16 and is simi-
lar to the HSCT configuration. The difference is that
the wing now has a single delta planform created with
two components.

The fourth example shown in Fig. 17 is another
HSCT like configuration. It represents the degree of
sophistication that can be incorporated into a RAPID
model. The fuselage has a “coke bottle” shape. The
wing has dihedral, twist, and the planform is not rect-
angular. A canard is also included.

9. SUMMARY AND CONCLUSIONS

The RAPID methodology has been outlined for
creating airplane configurations for conceptual analy-
sis and optimization. By establishing a grid topology,
grid spacing control, semiautomatic volume grid gen-

eration, and grid sensitivity a more complete analysis
and optimization can be carried out in the conceptual
design phase without incurring expensive geometric
development. The methodology has considerable ver-
satility and is very computationally efficient.
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Fig. 4 Duck tail fuselage characteristic
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Fig. 3 Fuselage surface and topology

Fig. 6 Wing component boundary conditions



=

2
7
7
7
2

7

4
I/.
AN
/ ..#é\\\s %)
eSS )
=i
— T
otk v e o
i v
1 il el
i

oy )

i

Fig. 7 Grid spacing control function

Fig. 9 Symmetry grid
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Fig. 14 High wing configuration

Fig. 12 Outer grid surface
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Fig. 15 HSCT configuration Fig. 16 Delta wing configuration

Fig. 17 Canard twisted-wing configuration
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