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Abstract

The capability to accurately and rapidly predict aircraft stability

derivatives using one comprehensive analysis tool has been created. The
PREDAVOR tool has the following capabilities: rapid estimation of
stability derivatives using a vortex lattice method, calculation of &
longitudinal handling qualities metric, and inherent methodology to
optimize a given aircraft configuration for longitudinal handling
qualities, including an intuitive graphical interface. The PREDAVOR
tool may be applied to both subsonic and supersonic designs, as well as
conventional and unconventional, symmetric and asymmetric
configurations. The workstation-based tool uses as its model a three-
dimensional model of the configuration generated using a computer aided
design (CAD) package. The PREDAVOR tool was applied to a Lear Jet Modei

23 and the North American XB-70 Valkyrie.
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CHAPTER 1
Introduction and Problem Summary

Justification

Traditionally, aircraft have been designed and built using a "design
by discipline" approach. Each discipline, such as propulsion, structures,
or aerodynamics, was optimized independently with minimal input from the
other disciplines. Only after the aircraft design was fully determined
were such disciplines ashandling analysis and economics considered. (Figure
1.1). Recently, however, advances in both technology and sophisticated
analysis tools have spawned growing interrelationships and
interdependencies within the various aerospace disciplines. For example,
the use of composites links the disciplines of structures, aerodynamics,
and controls together, and the effect of each of these upon the other must
be considered during preliminary design and analysis. These new
interdependencies and interrelationships have led to a new era in the
aerospace industry, that of concurrent engineering (CE)!!. Aerospace
companies are moving towards an approach such as that shown in Figure 1.2,
in which there is considerable interplay between the disciplines much

earlier in the design process.

Structures i
. / - g
Lain e ™ Controls
Materials
Figure 1.1

“Design by Discipline” Aircraft Design Approach




The advent of CE has led to the need for intuitive graphical design
tools capable of multidisciplinary analysis. One such tool is ACSYNT
(AirCraft SYNThesis), a workstation based modular optimization tool, the
product of a government and industry institute that is administered by
Virginia Polytechnic University'’’. The necessity of preliminary design
tools such as ACSYNT is evident when considering the following. Although a
relatively small fraction of life cycle costs are spent during the
preliminary design phase of aircraft, mistakes and misjudgments during this
phase can prove costly, and sometimes financially disastrous, to fix at
later dates. If potential problems could be identified earlier in the
design process, substantial time and money could be saved. Tools are
therefore needed that model not only all of the disciplines themselves, but
predict and establish the interrelationships of these disciplines. One
such discipline not traditionally considered during the preliminary design
phase of aircraft is the handling qualities and flight characteristics of

the aircraft.

Figure 1.2

Concurrent Engineering Aircraft Design Approach




Studying the effects of handling qualities during the preliminary
design phase has three primary advantages: reduction in cost, time, and
complexity. The first consideration is cost. If an airplane has been
designed to optimize its handling qualities, its inherent dynamics will
minimize the risk and sophistication (complexity) of its control system,
thus minimizing its cost. Concurrently, sensitivity studies conducted at
the preliminary design phase of the aircraft could be used later in the
development and testing process to study and understand any changes needed
to the control system of the aircraft. This saves considerable time in the
redesign phase of the aircraft, which is traditionally a very costly part
of the program. Finally, if an analysis tool exists to examine the
handling qualities of an aircraft at the preliminary design stage, data
from this tool tould be used in conjunction with other teols, such as a
tiightSsamulator, as a learning tool. In this wayasboth istudents of
aeronautical engineering and industry engineers can get a rapid assessment
of both the handling qualities of the aircraft itself, as well as how
changes to the handling qualities affect other aspects of the design.

Statement of Problem

A tool, then, needs to be developed that is capable of predicting,
analyzing, and optimizing the handling qualities and flight characteristics
of an aircraft, including good estimations of its stability derivatives.
Traditionally, empirical methods such as those found in USAF DATCOM!! are
used to predict these stability derivatives. Due to the empirical nature
of these methods, reasonable accuracy is achieved for conventional designs.
Yet the method considerably degrades when applied to asymmetrical or non-
conventional designs. Since many of today’s modern aircraft explore the
concepts of unconventional and asymmetric flight, a method of analyzing
them is a necessity. Recent advances in computing power have made the use

of certain computational methods feasible. Vortex lattice methods are
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capable of generating data that may be used to calculate these stability
derivatives. This method, in addition to being able to analyze
asymmetrical and non-conventional designs, is also capable of providing
data to calculate some derivatives that methods such as DATCOM are

1

incapable of generating even for conventional designs. These include the

A Comparison of the Capabilities of Other Methods to Predict
Specific Aircraft Stability Derivatives
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When considering the handling qualities of an aircraft, a suitable
metric cf analysis needs to be selected. Several metrics were considered,
such as classical Neal-Smith criteria, modern Neal-Smith, the bandwidth
criteria, and the Control Anticipation Parameter (CAP) I S The "CAP
parameter was chosen for its ease of use, its intuitive nature, and its
ability to be readily incorporated into the analysis code. It was also
used to validate the optimization scheme. The framework established with
the CAP parameter makes the future incorporation of more sophisticated
metrics feasible.

Finzlly, a good analysis tool must be fast, easy to use, and readily
understood. In addition, it must provide insight to users about the
effects of their design decisions upon the flight characteristics of their
aircraft. A workstation-based tool offers many advantages. First, a
workstation can provide the computational power necessary for sufficient
analysis. In addition, the operating environment of a workstation allows
user-friendly and informative graphical interfaces (GUI’s) to be created.

The PREDAVOR analysis tool was thus created and links the rapid
estimation of stability derivatives with the automatic calculation of the
CAP parameter. It does this by combining existing analysis tools with new
code in order to create a consistent methodology for the analysis of
aircraft and their flight characteristics. The PREDAVOR methodology was
tested and comparisons were made between the derivatives generated by the
method and empirically generated data, as well as some flight test data.
The Lear Jet Model 23 aircraft was analyzed for optimization with respect
to wing aspect ratio and horizontal tail longitudinal distance. In order
to validate the method for supersonic flight conditions, stability
derivatives for the North American XB-70 were generated for both subsonic

and supersonic conditions.
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CHAPTER 2
Existing Software Used in Development of PREDAVOR

The PREDAVOR methodology uses as its foundation the capabilities of
several existing tools. The input and output of these tools are then
linked together with new code to produce an overall methodology.

The advantages and disadvantages of using existing code, rather than
developing completely new code, were examined carefully when planning the
PREDAVOR framework. Using existing tools eliminated the need to duplicate
effort. It makes little sense to write code to perform a task when such a
code already exists. In addition, it can be assumed that an existing code
is further along in its validation process, and thus more robust. The
chief disadvantage to using several different codes is linking the codes
together in a cohesive manner. Different codes imply different input and
output format, different programming languages, and potentially different
operating environments.

In this particular case, two primary codes were heavily in use prior
to the project development. The decision was made to use these codes as
the foundation for PREDAVOR, and to link the software packages together
using new code.

ACSYNT

The ACSYNT aircraft design code is used to generate the wireframe
model used in the PREDAVOR analysis. The workstation-based ACSYNT
(AirCraft SYNThesis) is modular in design. Each discipline, such as
aerodynamics, weights, or economics, is contained in an individual module,
and these modules are linked together through an analysis package. The
code is capable of analyzing a wide variety of aircraft including civil and
military aircraft, fighters, bombers, and transports. The modular
components of ACSYNT allow analysis of a single discipline, or the modules

can be combined in order to evaluate the integrated results!’’. Currently,
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ACSYNT is administered by Virginia Polytechnic University!®!. Originally,
nowever, ACSYNT was developed by NASA Ames Research Center for conceptual
design studies of advanced aircraft and is still heavily in use today.

The real power of ACSYNT lies in its non-linear optimization code.
This methodology allows the vehicle to be optimized for a particular
objective function or functions (such as gross takeoff weight), given
various restraints. In order for the non-linear optimization code to be as
realistic and feasible as possible, it is important for all of the
components of the synthesis process to be modeled correctly. For this
reason, the modules in ACSYNT are parameter driven with equations derived
from theory as opposed to table look-up methods'®. It is future goal of
this project to use this optimization package to automate the handling
gualities optimization scheme.

The version of ACSYNT currently being used in the PREDAVOR project
includes a CAD interface written entirely in the three-dimensional graphics
standard PHIGS (Programmer’s Hierarchical Interactive Graphics System) !4,
This CAD package allows a model of the aircraft to be rapidly constructed
using component templates (see Figure 2.1.) Once the model is completed,
it may be easily transferred into a file format that can be used by the
other codes in the PREDAVOR methodology.

VORLAX

PREDAVOR uses a vortex lattice method called VORLAX to generate the
forces and moments on the model that are used to calculate the stability
derivatives. Variations of the basic vortex lattice method are currently
being used to analyze both planar and non-planar aircraft configurations.
The beauty of the vortex lattice method lies in the simplicity of its
numerical technique as well as its high degree of accuracy (within the

[51

limits of the basic theory)
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The basic vortex lattice method involves superimposing a finite

number of horseshoe vortices of different strengths I, on to the surface of

the model. Consider, for example, part of a finite wing shown in Figure
2.2. A horseshoe vortex (abcd) of strength I, is placed upon a
representative trapezoidal panel. The velocity induced at an arbitrary
point P(x,y) by this single horseshoe vortex can be calculated using the
Biot-Savart Law

Vortex Alament ‘
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Figure 2.3

Trapezoidal Half-Model of Aircraft



VORLAX Code

Alzhough vortex lattice methods are currently being used and have
provea to be practical and versatile tools, most analysis has been largely
supbsonic. The applicability of the basic techniques of vortex lattice
theory to supersonic flow has been largely ignored!”’. VORLAX, developed by
Lockheed in 1977, is applicable to both subsonic and supersonic flight
conditions. The supersonic capability is justified as follows. Assume
that the discrete vortex lattice approximates the vorticity on the surface
0of —he model. The mathematical representation of this includes an integral
that has a residual term of the velocity field. Using this residual term
correctly by including it in the resulting velocity field generated by the
vortex lines, allows the calculation, and thus applicability, for
supersonic flow!®l.

In addition, the VORLAX method includes special techniques for
simulating the thickness of lifting surfaces using a double (bi-planar)
vortex lattice layer. VORLAX is also capable of analyzing fusiform bodies
by arranging a vortex grid on a series of concentric cylindrical surfaces.
These concepts are all illustrated in Figure 2.4 which shows a generalized

vortex lattice model of a wing-body configuration.

Horseshoe Free Legs

Y
\
[\

Figure 2.4

Generalized Vortex Lattice Model of Wing-Body Configuration

Source: Recreated from Miranda, L. R., and R.D. Elliot and W. M. Baker.
“NASA CR-~2865 A Generalized Vortex Lattice Method for Subsonic and
Supersonic Flow Applications,” NAS11-12972. Dec. 1977
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VORVIEW
n order to facilitate the rzther complex input to VORLAX, NASA Ames
has developed a graphical pre-processor to the code, called VORVIEW!®**. The
put to VORLAX had consisted of lengthy files that numerically defined the
coordinates of each trapezoid, as well as other required information for
analysis. There was no visual feedback of the model being analyzed, and
changes to the model were manual and tedious.

VORVIEW, on the other hand, uses as its input the wireframe geometry
generated by ACSYNT (Figure 5). This file, together with a data file
containing flight conditions, is used to launch VORVIEW. The wireframe
model may then be “sliced” from wing tip to wing tip, and subdivided into
trapezoids. Instead of defining each trapezoid numerically, as the input
to VORLAX requires, VORVIEW allows the trapezoids to be created graphically

and the manual input file to VORLAX created automatically.

Figure 2.5

Wireframe Model Generated by ACSYNT and used by VORVIEW
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While VORVIEW does a nice job slicing the model in the planform view,

it does not currently posses the capability to create vertical surfaces

automatically. These panels can, however, be crea

=t

ed by hand. ' Eigure 2.6

shows & sliced and subdivided VORVIEW model.

Afzer the model has been sliced and subdivided, VORVIEW transforms
the datz and runs VORLAX The output is shown both graphically as a Cp
distripution (Figure 2.7) and numerically as forces and moments in an

VORVIEW

Figure 2.7

Output Showing Cp Distribution



CHAPTER 3

= The

)

REDAVOR Code

Methodology Before PREDAVOR

Although rather tedious, the tools of the previous section could
be used in succession to generate the stability derivatives of a given
model. The methodology would be as follows:

Create a model using ACSYNT.

“ ' 2. Edit the input file for initial flight conditions.

(%)

Run VORVIEW/VORLAX.
4. Manually parse out the resulting forces and moments from the
output file.

5. Edit the input file to contain a perturbation of the flight

conditions. (For example, change o = 0 deg to a = 2 deg.)
6. Re-run VORVIEW/VORLAX.
i/ Manually parse out the new results.

6. Manually calculate the stability derivative from the reéults

of both ‘runs.

9. Edit the input file to undo the perturbation.

10. Repeat steps 1-9 for each derivative.
j In order to generate a complete set of derivatives, the
VORVIEW/VORLAX combination would need to be run once at unperturbed
conditions, and once for each perturbation needed (alpha, beta, pitch
rate, yaw rate, roll rate, control surface deflections, and change in

J forward velocity. The results of each of these runs must be parsed, and

! ] each derivative calculated by hand. Thus, to generate a standard set of

derivatives, many runs of VORVIEW/VORLAX must be made and many sets of

manual calculations performed. The entire process must be repeated if

=

analysis is needed at a different flight condition.

—} While it is certainly possible to generate sets of stability

13



derivatives in the above manner, it is not practical. PREDAVOR was
designed to automate this process. This has several advantages. The

irst is the elimination of tedious hand calculations involving multiple

th

runs of the code, manual manipulation of the input files, parsing large
output files, manual axes transformations, and the calculations of the
stability derivatives themselves. Secondly, accuracy may be improved
through the elimination of many sources of human error. Thirdly, time
is saved through multiple autonomous runs of the VORLAX code. And
finally, by automating this process, it is possible to one day
incorporate the PREDAVOR methodology into a mathematical optimization
scheme, such as COPES/CONMIN associated with the ACSYNT package'l’.

PREDAVOR Architecture

Fig 3.1 illustrates the overall PREDAVOR architecture. The first
step is the creation of the three-dimensional wireframe model using the
CAD package in ACSYNT. Next, generic flight conditions and a few basic
geometric parameters are added to the VORVIEW input file. The graphical
pre-processor VORVIEW is then used.

VORVIEW's current capabilities allow the user to slice the
planform view of the aircraft from wing tip to wing tip. In order to
calculate the lateral derivatives, however, a model of the vertical
surfaces needs to be included. These vertical panels may be created
manually by editing a supplementary file that includes the geometric
slice data. The user simply adds the X, Y, and Z locations of each of
the four points of the trapezoid to be created to the file. VORVIEW
allows the newly created trapezoid to be viewed graphically. Figure 3.2
shows a three-view of a model created in this manner.

Once a satisfactory slice model is created, VORVIEW is run once to
create the appropriate input file to VORLAX. Once this file is created,
PREDAVOR edits it automatically, allowing multiple runs of VORLAX to be

performed independently of VORVIEW.
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PREDAVOR Code Architecture

Figure 3.2

VORLAX Model with Manually Created Vertical Panels
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At this point the user may add control surfaces to the aircraft.
This s aone via a control surface menu in VORVIEW. A planform of the
sliced aircraft is shown, and control surfaces added by clicking on the
appropriete panel. Control surface type, per cent chord length, and
deflection angle are all inputs. The control surface part of VORVIEW
was modified to allow separate input files to be created for each
control surface (Figure 3.3). A toggle button allows the user to choose
between elevator, aileron, and "other". The control surface is created
using a point and click technique, and the user presses the "SET INPUT"
button to create the new control surface input file. Because the
control surface process in VORVIEW works only from a planform(view,
rudders may not be created explicitly in this manner. The "other"”
option was created to anticipate VORVIEW's future ability to create
vertical panels automatically. Until then, the user simply creates a
deflected rudder manually, using the method described earlier to create
vertical panels by hand. The derivative may be calculated using the
steps outlined at the beginning of this chapter.

The next step for the user is to edit the PREDAVOR input file to
include the proper flight conditions, baseline flight variable values,
and perturbed conditions. This flight conditions file, together with
the input file(s) created by VORVIEW, are used to run the PREDAVOR code.

PREDAVOR makes multiple runs through VORLAX, changing its input
file automatically to reflect the necessary perturbations. PREDAVOR
sifts through the rather large output data files and parses out the
necessary data. The stability derivatives are calculated, along with
the dimensional derivatives, and the handling qualities parameter CAP.
Options exist to calculate the downwash due to the horizontal tail, and
to perform the transformation from wind axes to body axes.

PREDAVOR may be used in a manual handling qualities optimization

scheme. Geometric changes to the model may be made, and the process to
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The goal of project PREDAVOR is to rapidly estimate stability

derivatives using given existing tools.

Automating as much of the
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process as possible aids in obtaining this goal. An intuitive,
comprehensive input file is therefore logical. The PREDAVOR input file
is called aircraft.edit. The format is line-delineated, with one data
per line. The value of the variable is the first entry on the line,
followed by a brief name and explanation for the variable (the name and
explanation serves only to aid the user in the creation of the file).
The unperturbed variables are identified by a 0, as in alpha0O and beta0.
Similarly, the perturbed values are followed by 1's (alphal and betal).
Flight condition data is included, as well as moments of inertia.

Output Files

There are two primary output files for PREDAVOR. The first is
called STABDATA. The file was designed to be an intuitive snapshot
presentation of both input and output data, presented in an easy to
understand format. Stability derivatives are presented in matrix form
rather than listed.

The second primary output file is a repeat of the data presented
in what is called a SAD format. As discussed in Chapter 4, the PREDAVOR
project is part of a larger project at Cal Poly called PANGLOSS. This
project is comprised of several interactive analysis tools. An attempt
by the PANGLOSS team is being made to define a standard aircraft data
file, referred to as a SAD file. Each SAD file is comprised of data
corresponding to a unique flight condition. The multiple SAD files
created by varying flight conditions, for a single aircraft, is called a
SAD book. A SAD book, containing an entire envelope of data for a
single aircraft, thus lends itself well to table lookup schemes inherent
in such tools as flight simulators. The STABDATA file is output
automatically, and the SAD file format will be added as soon as a format

decision is reached by the PANGLOSS team.



Operating Environment

Both ACSYNT and VORVIEW were designed to operate on Silicon
Graphics (SGI) workstations, optimally running IRIX version 4.0.2.
ACSYNT is written mostly in FORTRAN, while VORVIEW is primarily written
in ANSI C. Both, however, have graphical interfaces that are compatible
with the SGI's. PREDAVOR, in order to ensure compatibility, was written
in ANSI C and runs on the SGI workstations.

It must be noted, however, that the only part of the PREDAVOR
process that requires graphical, workstation abilities is the creation
of the model and the initial run of VORVIEW. Once these steps are
completed, a user may download the necessary files to any system that is
cepable of running compiled C code. The rest of the process and the
analysis may then be completed on the new system.

PREDAVOR Calculations

In addition to editing input files, performing multiple VORLAX
runs, and parsing output data, PREDAVOR performs internal calculations
to generate the stability derivatives, the dimensional derivatives, and
axes transformations.

Stability Derivative Calculation

The output of VORLAX contains the total forces and moments upon
the analyzed model. These forces and moments are in turn used to
calculate the non-dimensional stability derivatives of the model at that
flight condition. Usually, stability derivative data, such as flight
test data, wind tunnel results, and theoretical computations, are given
in non-dimensional stability derivatives. This facilitates comparison
of aerodynamic characteristics of different aircraft as well as those of
the same aircraft at different flight conditions!®’. The stability
derivatives generated by PREDAVOR are thus of the non-dimensional form.

An example of a stability derivative calculation is as follows.

Each derivative is non-dimensionalized as appropriate.
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Dimensional Derivative Calculation

In order to calculate the handling qualities parameter CAP, some
dimensional derivatives are needed. Dimensional stability derivatives
are used when determining the analytic transfer function of the model.
They directly correspond to the coefficients of the differential
equations that describe the dynamics of the model®®. It is these
dynamics that the CAP parameter interprets into a useful metric of
aircraft performance.

The dimensional derivatives are calculated according to the
definitions shown in Table 3.1. It is assumed Cdy = 0. The moments of
inertia were provided in the input file aircraft.edit.

Drag Considerations

It is important to note that, due to the limitations of the vortex
lattice method, only aerodynamic (induced) drag can be estimated.
Therefore, a good estimation of Cdy, must be obtained using other
methods.

Axes System

In order to ensure appropriate comparisons between sets of
stability derivatives, it is necessary to look at them in a common axes
system. Choice of axes system 'often depends on the method and location
of data generation. VORLAX uses a non-conventional axes system, shown
in Figure 3.4. Anticipating the average user to be familiar with the
more conventional axes system used in aircraft analysis, PREDAVOR
internally corrects for the change in systems. Thus both the input and
the output of the code are in traditional coordinates. These

coordinates correspond to the body axes, and PREDAVOR has been designed



to give its output in the body axes. The transformation from wind axes

to body axes is given below:

Body Wind
-CD» cos(a)cosff) cos(a)sin(@) -sin(a) | -CD»
+CYs| = - sin(B) cos(f) 0 |+cCY.
-CLs sin(a)cos(ff) sin(a)sin(f) cos(a) | -CL»
Cls cos(a)cosff) cos(a)sin(a) -sin(a)| Ch
Cms = —sin(f) cos(f) 0 Cm.
Cns sin(a@)cos(f) sin(a)sin(f) cos(a) | Cnw

Table 3.1 Dimensional Derivative Definitions

Longitudinal Dimensional Derivatives

% = '(CDM+2CD0)QS X = '(CDa+2CDo)QS
u mu, N mu,
. -(C,, +2C,)0S
“ mu,
] + c
z - (C., +2C,,)0S Zy = -C o= 0S/(ugm)
mu, w Za 2u0
Z, = uZ, Zy = uyZ,
¢
Z, = -Cppm—0OS/m Zg = -C100S/m
2u,
M. = ¢ (05%)
uyl,
M, - c, (25 M=,
Uy, ma 2u, upl,
M, = uM, M, = uM,

c
M, = Cmq_2u (PSe)/1,
0

M& = Cm&(QSE) /Iy
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Table 3.1,

continued

Lateral Dimensional Derivatives

QSC

QSbC,, QSbC

= vB 2 = - b daded)
Yﬁ_T(ﬂS) Nﬂ——T(SZ) L, = L (s?)
QSbC QSbZC,,
Y, = 2 (ft/s —2 (")
5 2mu, ) P | o
Qsz,
L o= P
g 21 4, )
SbC Sb*C
Y, = s N, = B o)
2mu, 2l u,
2
L, = Qsb°C, ")
2l u,
SC SC
Y, = BCa ®R/s?) Y, = BCrs (ft/s%)
m n
SbC
N& QSbCl& ( ) N& = Q nér
I\ IK
L. = QSbC,,, . = QSbC,,
IN IX
Source: Nelson, Robert C. Flight Stability and Automatic Control.
York: McGraw-Hill, 1989. 127, 166.
X Ny a2
Lp
M.q
Y
Y

Non-fraditional Axes System used in VORLAX
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Figure 3.4

Axes Systems Used in the PREDAVOR Project

Traditional Axes System used in PREDAVOR
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Handling Qualities

In order to validate the handling qualities optimization scheme,
it was determined that a single baseline metric was necessary. Several
metrics were considered, including classic Neal Smith analysis,
bandwidth and time delay, Nichols chart analysis, and control
anticipation parameter (CAP). The CAP metric was chosen for several
reasons. First, a longitudinal metric was thought to be most
appropriate. Pitch control, both as a primary control axis and as an
indirect way of controlling flight path, has long been identified as a
vital component of flying qualities!®). The CAP parameter is readily
calculated using available information. The only additional information
that needs to be supplied that is not inherent to the VORLAX analysis is
the moments of inertia of the model. 1In addition, the CAP parameter can
be calculated internally. Several of the other metrics have calculation
schemes that require intensive calculations. These calculations could
be performed quite readily using existing packages such as Matlab or
Program CC. This would, however, necessitate yet another interface
between pieces of code. Using an easily calculated metric such as CAP
reduces both complexity and computational time. Finally, the CAP metric
is very intuitive in nature. An easy to understand metric aids in using
PREDAVOR as an educational tool. The primary disadvantage to using the
CAP parameter is its non-applicability to unconventional aircraft.

The control anticipation parameter is defined as the ratio of the

initial pitching acceleration to steady-state normal acceleration, and
can be represented by mwz/(n/a), as shown in Figure 3.5. Although there
are several interpretations of CAP, the one used in PREDAVOR is the
maneuvering stability margin interpretation. Because n/a is
proportional to CLa, and 0y’ to Cma, @’ /(n/a) can be recognized as

being related to static margin, Cma/CLa'®. It therefore may be
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calculated as a function of stability derivatives, dimensional

derivatives, and moments of inertia:

&
E__ La , spz qSC CLa(Cma 4 Scp C,,, )
W I C. 4m ™
2
o, e
cap = 22 = N Cne, 8P ()
(n/a) 1 'C.  4W/S)

The CAP parameter is plotted against the damping ratio, {, and the
point plotted on a graph with empirically defined regions for Level 1,
Level 2, and Level 3 handling qualities boundaries. PREDAVOR uses the
CAP plot corresponding to the Category B Flight Phase.

The-CAP metric was used as a baseline metric in order to test the
handling qualities optimization scheme. Once the proof of concept of
the scheme has been verified, other metrics may be considered for future
incorporation. The PREDAVOR code was written to establish the basic
framework of the scheme, and ;dditions and enhancements of the code

should be encouraged.

N, !
F | M, n/a » M, n/a
s |dB 1 ¥ 7 &2
| S Cm,,s + 0y 50 )
1 0db
mﬁ
o(log scale) ->
M- o'
CAP = = =
M, n/a n/a

Figure 3.5
Stability Margin Interpretation of CAP Parameter

Source: Dept. of Defense. Military Standard Flying Qualities of Piloted
Aircraft. MIL-STD-1797A. 30 Jan. 1990. 172-175.




CHAPTER 4
The PANGLOSS Project

The PREDAVOR methodology is part of a larger framework called the
PANGLOSS Project. The goal of PANGLOSS is to provide students with
accurate yet intuitive tools that would allow them to rapidly analyze
and understand aircraft stability, control, and handling qualities.
PANGLOSS is an ongoing project at Cal Poly and team members consist
mostly of graduate students designing analysis tools to be used at the
undergraduate level.

One major branch of PANGLOSS is comprised of three projects that
are designed to work together in a seamless methodology. PREDAVOR is an
important part of this branch. The framework of this branch is shown in
Figure 4.1. 1In the upper left hand corner a burgeoning aerospace des.ign
engineer conceives of an aircraft design. First they models their
aircraft and obtain stability derivatives as well as a first cut
handling qualities analysis from PREDAVOR. Next, they can analyze and
manipulate this data using the intuitive graphical interface SAVI.
Finally, they can input this new data, gained from PREDAVOR and SAVI,
into a workstation-based simulator called RADIAN. In this way, the
designer can very rapidly conceive of a design, analyze it, and actually

fly his design, all in a matter of hours.

4.':':

5 " Mogel Arcratt
u—-v-

Figure 4.1
PANGLOSS Project Overview
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graphical interfaces. Figure 4.2 shows the

SAVI control window and Figures 4.3 and 4.4 show a 2-D and 3-D plot.

The 3-D plot may be rotated for better viewing.
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SAVI Control Window
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Figure 4.4

SAVI Three-Dimensional Plot Window

RADIAN
Project RADIAN'’!' consists of the development of a workstation-
based flight simulator that will have the following features:
~ Six degrees of freedom simulator.

~ Full non-linear equations of motion.

Workstation-based, flight stick or mouse.
~ Performance evaluation consisting of an “up and away” task and a
landing task.
-~ Visual representation of model on screen.
The simulator will use data generated by PREDAVOR and SAVI.
RADIAN contains two performance evaluation situations that allows
the designer to gqualitatively evaluate the aircraft dynamics. The up

] and away task, shown in Figure 4.5, consists of a floating cross with a

ot

light on one end. The light changes locations on the cross in a random

— e
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Testing and Results

EDAVOR methodology, test cases were

.

In order to wvalidate the P
conducted. For the subsonic case, a Lear Jet Model 23 was used, and for
the supersonic case, the North Zmerican XB-70 Valkyrie was selected.
Both models were chosen because stability derivative data as well as
geometric data was readily available. In addition, a basic handling
qualities analysis was conducted.

Subsonic Case- Lear Jet Model 23

PREDAVOR was applied to a conventional subsonic aircraft, the Lear

Jet Model 23. This T-tail aircraft features fuselage mounted engines as
well as fuel tip tanks. The aircraft model, shown in Figure 5.1, was
created wusing ACSYNT. The aircraft was analyzed at the flight

conditions shown in Table 5.1.

Figure 5.1

Wireframe Model of Lear Jet Model 23

The planform model of the aircraft was “sliced” automatically
using the VORVIEW interface to create the analysis panels. Vertical
panels were created by hand. The slice model is shown in Figure 5.2.

Sl



)
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Table 5.1- Flight Conditions for Lear Jet Model 23

Flight Condition Cruise Max. Weight
Altitude (ft) 40,000
Air Density (slugs/ .000588
Speed (fps) 677 (M=0.7)
Initial Attitude (deg) 2R

Geometry and Inertias

Wing Area (ft°) 230595
Wing Span (ft) SH T
Wing Geo. Chord (ft) T:03
Weight (1lbs) 13,0600

Bs - (Sligs £E5) 28,000
Lo Lslitigh £t <) 18,800
Jeon (BlugFft") 47,000
T s ag REEs) 1,300

Figure 5.2- Sliced Representation of Lear Jet Model 23

The model of the Lear Jet was then analyzed using 150 wing tip to
wing tip slices and 1500 subpolygons. The resulting stability
derivatives are shown in Table 5.2. The derivatives were compared to
those generated using empirical methods for the same aircraft at the

given flight conditions!’’. 1Included in the table are relative
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importance of the derivatives‘®-.

empirical method is given in order to

The

B O o Al o £ Tan
} berivatives 0I Lear

Longitudinal Stability Derivatives

estimated accuracy using the

facilitate a comparison.

Jet Model 2

W

Derivatives VORLAX Emp. Data Importance * Est. Pred.

C. 0.2594 0.4100
€r s 5,550 5.84 10 +5%

Ci's dot 2,98 2.20 - +40%
€L q 9293 4.70 3 +20%
Cr 6 8t 31 0.40 5 +20%
Cp 0.0261 0.0335
B SORST2S 0.3000 5 +10%
Co -0.0644 0.1040 6 +20%
Cu =0. 0247 0.00

Gy =G5 701 -0.6400 10 +10%

CH aldot -4.9660 =6 100 +40%
Cy q 16,55 =151 50 9 +20%
S =l S O 0.050 8 +20%

Lateral Stability Derivatives
Derivatives VORLAX Emp Data | Importance * Est. Pred.

cib -0.3849 =0, 1100 10 +20%

Cl p -0.4818 -0.4500 10 +15%

&k 0.2252 0.1600 7 +40%

€n b 0. 59899 0.1270 10 +15%

En'tp = QIS 0TEY -0.0080 8 +90%

En T -0.5475 -0.2000 2, +25%

Sy b -2.4666 -0.7300 7 +20%

Cy p 0L 1759 0.0000 4 +50%

Cy r 1.3567 0.4000 4 +30%
*Relative Importance, 1l0=Major, 5=Minor, 0O=Negligible, Roskam

(0%}
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The vortex lattice method did a good job predicting the

longitudinal derivatives. Cyy and Cp(q 4oty Were predicted satisfactorily,

as was Cugs s CM(a dot)r and Cuq. Crq was significantly overpredicted. The
forward perturbation derivatives were not predicted well. The
derivatives based on drag are difficult to compare because the vortex
lattice method, by nature, only predicts induced drag effects. A good
estimation of Cpy is needed to accurately predict the drag derivatives.
The lateral derivatives, in general, were predicted well, with beta

derivatives consistently predicted high.

Supersonic Case- North American XB-70

In order to validate the code’s capability to analyze supersonic
configurations, a test case of the North American Valkyrie XB-70 was
conducted. This aircraft was a canard delta wing aircraft designed as a
strategic bomber in the 1960’s. The wireframe model of the XB-70 is
shown in Figure 5.3. The sliced model, generated in the same manner as
the Lear Jet model, is shown in Figure 5.4, and the test case flight

condition is given in Table 5.3.

Figure 5.3

Wireframe Model of the XB-70



Slice Model

of the XB-70

Table 5.3- Flight Conditions for the XB-70

Flight Condition

Cruise Max. Weight

Altitude (ft) 60,000
Air Density (slugs/ .0002237
Speed (fps) 2420 (M=2.5)
Initial Attitude (deg) 4.4
Geometry and Inertias
Wing Area (ft-) 6297.8
Wing Span (ft) 105
Wing Geo. Chord (ft) 180563
Weight (1lbs) 13,000
Tl ughEts) .18E7
2.5 (Slugh ££5) .10E8
il e (S LugheEE) .221E8

W

w

The stability derivatives for the XB-70 were calculated and are

tabulated in Table 5.4. The derivatives for the most part agree with

| data from various sources, including flight test data'®.

Of the

important derivatives, Clg and Cng are again overpredicted, but still
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well within tolerable range. This agreement illustrates the vortex
ttice code's ability to analyze supersonic configurations. Iin® both
the subsonic and supersonic case, it was found that this method 1is
extremely sensitive to the placement of the center of gravity. Handling
qualities analysis showed that the XB-70 is a Level 1 aircraft at both

the subsonic and supersonic conditions tested. Optimization studies are

Table 5.4- Stability Derivatives of the XB-70

Longitudinal Stability Derivatives

Derivatives | VORLAX Data*x* Importance *
C. 0.08 0.091
Cr ta i 5103 17590 10
C: s o 4
&g 0.70% !
S ~1.88 5
Er s = 5
Co ¢ 0.0002 6
Cu =
Cy a =0:91'55 — @M 10
Ch s ot 0,017 0.0 7
Cu g =0.565 -0.4 9
ChRs 0.469 8
Lateral Stability Derivatives
Derivatives VORLAX Datax** Importance *
Ghik is) 0.005 0.013 10
(@1 o} =065 =007 10
ohigh -0.049 =0 =0iS 7]
Cn b 0:097 0.05 10
en'p -0.048 =0 SN0 75 8
Cn x -0.089 =036 9
Cy b —0%23 =0.36 7
Cy p O 11 4
Cy r G520 4

*Relative Importance, 10=Major, 5=Minor, O=Negligible, Roskam

**Source: Heffley, R. K, and W.F. Jewell.“NASA CR 2144 Aircraft
Handling Qualities,” December 1972.
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Optimization of Wing and Horizontal Tail

The optimization scheme was applied to the geometry of the Lear
Jet Model 23 by varying horizontal tail location and aspect ratio.
Results are shown in Figure 5.5. First, the longitudinal location of
the horizontal tail was changed. Point 5 on the graph locates the
actual position of the horizontal tail. The tail was then moved forward
and aft in 3 foot increments. At its original location, the Lear Jet is
a Level 1 aircraft to Category B tasks. As the tail is moved fore, the
aircraft moves away from the Level 1 space, with both CAP and §
increasing. As the tail approaches the moment center of the aircraft,

the handling gqualities stay solidly Level 1.

10 PO I O U o
. LEVEL 2
W, L T T, W UL
N .4
3 | LEVEL 1
h|
CAP 1] \
Y
-1 -2 -
g’ sec” .s ]
z A |
\
2 | A
Y
Y
1 o 1
'S A VN N SN NV
.05 7
AT O A A g e g x Horizontal Tail
moving aft
.02 © Aspect Ratio
of wing, same
area
«01 T T T T l]
o o2 .5 1 2 5

Damping Ratio,
CATEGORY B FLIGHT PHASES

Eigure 5.5

CAP Graph for Lear Jet Model 23



38

Next, the aspect ratio was varied, keeping constant wing area and

llowing the wingspan to change. The points on the CAP graph are

[\l

numbered with the value of the aspect ratio. There 'dis ne clear
relationship between varying aspect ratio and the flying qualities of
the adrcrafe. Aspect ratio's 2,3, and 5 seem to form an increasing
path, yet aspect ratio of 4 is clearly an anomaly, as l1s aspect ratio 7.
This type of analysis would be useful when aspect ratio is used as a
constraint on the preliminary design. It would only be necessary to
ensure that the aspect ratio given provides a Level 1 aircraft.

In both cases, the analysis was extremely sensitive to center of
gravity location, more so than with the stability derivatives. Because
of this sensitivity, this tool is recommended for use in identifying

trends, rather than to force the optimization to a specific CAP value.




CHAPTER 6
Conclusions and Recommendations

A comprehensive workstation-based tool to facilitate the
optimization of aircraft for handling gualities was designed and
implemented. PREDAVOR rapidly calculates stability and dimensional
derivatives given a three dimensional model of an aircraft. It then
estimates the handling qualities metric control anticipation parameter
(CAP) and plots it via a graphical interface on a CAP plot. In this way
it allows the user to rapidly assess aircraft geometry changes and
identify trends as they pertain to handling qualities. The aircraft may
then be optimized for these qualities.

In general, both the longitudinal and lateral derivatives were
predicted well.

The inherent vorlax lattice method has been shown to be extremely
sensitive to eenter of gravity location, ds is the EAP caloulation. This
sensitivity must be noted by the user in order to use the tool
effectively. The stability derivatives predicted are well within
tolerable ranges for such estimations.

Further research will include the possible implementation of this
scheme into an existing optimization and aircraft design package, such
as NASA’s ACSYNT, in order to allow multidisciplinary optimization,
including handling qualities, of aircraft during the preliminary design

stage.
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