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Abstract

A procedure for incorporating a key non-linear aecrodynamic characteristic into the
design optimization of a high-speed civil transport has been developed. Previously, the
tendency of a high-speed aircraft to become uncontrollable (pitch-up) at high angles-of-
attack during landing or takeoff for some wing shapes could not be included directly in the
design process. Using response surface methodology, polynomial approximations to the
results obtained from a computationally expensive estimation method were developed by
analyzing a set of statistically selected wing shapes. These response surface models were
then used during the optimization process to approximate the effects of wing planform
changes on pitch-up. In addition, response surface approximations were used to model
the effect of horizontal tail size and wing flaps on the performance of the aircraft.
Optimizations of the high-speed civil transport were completed with and without the
response surfaces. The results of this study provide insight into the influence of nonlinear

and more detailed aerodynamics on the design of a high-speed civil transport.
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1. Introduction

The use of optimization methods in the design of aerospace vehicles is often
limited due to the need to use computationally expensive design tools such as
Computational Fluid Dynamics (CFD), where a single design point analysis may take
many hours and thousands of analyses are needed during a single optimization cycle. In
addition, the results often contain small ‘wiggles’ as a function of the design variables due
to the presence of numerical noise which affects convergence and lengthens the
optimization process. To obtain an optimal aircraft configuration within a reasonable
amount of time, algebraic relations or computationally inexpensive models, with a
compromise in accuracy, have been used to shorten the optimization cycle in aircraft
design programs such as FLOPS' and ACSYNT?. Another technique is to use a variable
complexity modeling approach which involves combining computationally expensive
models with simple and computationally inexpensive models. This technique has been
previously applied to the aerodynamic-structural optimization of the High-Speed Civil
Transport™. An additional approach is to replace computationally expensive analysis
tools with a statistical technique, called response surface methodology, in the actual
optimization process. Response surface methodology approximates the response of a
computationally expensive analysis tool with a low-order polynomial by examining the
response of a set of statistically selected numerical experiments. The result is an
extremely fast function evaluation, which not only shortens the optimization process but
also filters out any numerical noise generated by the analysis tools. Without numerical
noise to create artificial local minima and inhibit optimization, an optimal design is much
easier to obtain. The response surface approach has been applied to the wing structural
optimization of the High-Speed Civil Transport® and to the aerodynamic design of the

wing of a High-Speed Civil Transport®.



In this study, the integration of a key non-linear acrodynamic characteristic (pitch-
up) into the design optimization of a high-speed civil transport is addressed using
response surface approximations. In previous studies®?, variable complexity modeling
was used to calculate the linear aerodynamic relationship between the pitching moment
and the angle-of-attack of a high-speed civil transport conﬁguraﬁon. However, these
studies did not include the aerodynamic pitch-up which occurs at low speeds due to non-
linear aerodynamic effects related to wing planforms typically proposed for supersonic
cruise transports. In addition, response surface approximations were used to model the
effects of using wing flaps on the takeoff performance of the aircraft. With the use of the
Aerodynamic Pitch-up Estimation (APE) method developed by Benoliel and Mason’, a
means of estimating aerodynamic characteristics and pitch-up of high-speed aircraft wings
is now available and can be used during the design optimization.

Optimizations of the high-speed civil transport were completed with and without
response surface models. The response surface models were used during the optimization
to integrate a simple approximation of the aerodynamic characteristics and pitch-up as
predicted by the APE method instead of using the APE method itself, where a single
analysis may take minutes and thousands of analyses are needed in a single optimization
cycle. Another benefit is to smooth out the noise generated by APE, which is a problem
for any derivative-based optimization.

Section 2 is a review of the multidisciplinary design optimization efforts for a
high-speed civil transport at Virginia Tech and includes the current method for horizontal
tail sizing. Section 3 describes possible improvements to the horizontal tail sizing
methodology. Pitch-up and the APE method are described in Section 4. Section 5
describes the nonlinear pitching moment and flap effect models. Response surface

methodology and its use within optimization is introduced in Section 6. Section 7 applies

to



the response surface methodology to the results of the APE method. Section 8 presents
the results of the optimizations of a high-speed civil transport with and without the

response surface models. Finally, Section 9 includes the conclusions of this study.



2. HSCT Design Optimization

The design problem studied extensively at Virginia Tech is to minimize the total
takeoff gross weight of a 251 passenger High Speed Civil Transport with a range of 5,500
nautical miles and a cruise speed of Mach 2.4. A design code has been developed which
comprises of conceptual-level and preliminary-level tools which estimate the subsonic
and supersonic aerodynamics, takeoff and landing performance, mission performance,
propulsion, and weights. The HSCT is defined by 29 variables which include the
planform shape and thickness distribution of the wing, the area ruling of the fuselage,
engine nacelle locations, tail sizes, the cruise trajectory, and the amount of fuel to be
carried. The configuration is analyzed and then optimized by evaluating constraints on the
geometry, performance, and aerodynamics using the conceptual-level and preliminary-
level tools. An optimized HSCT configuration will have the minimum TOGW which

satisfies all the constraints on the problem.

2.1 Optimization Problem

Twenty-nine design variables are used to describe the HSCT design problem and
are listed in Table 1. The wing planform is specified using eight design variables which
include the wing root chord, wing tip chord, wing span, locations of the wing leading-edge
and trailing-edge break points, and the location of the leading-edge of the wing tip as
shown in Figure 1. The airfoil sections (Figure 1) are described by four design variables
which include the airfoil leading-edge radius parameter, chordwise location of maximum
thickness, and the wing thickness at the wing root, leading-edge break, and tip. The
thickness distribution at any spanwise station is then defined as follows:

1. The wing thickness varies linearly between the wing root, leading-edge

break, and wing tip.



2. The chordwise location of maximum airfoil thickness is constant across
the span.

3. The airfoil leading-edge radius parameter is constant across the span.
The leading-edge radius-to-chord ratio, r, is defined by r,‘ =
1.1019[(¢/c)(1/6)T- |

4. The trailing-edge half-angle of the airfoil section varies with the

thickness-to-chord ratio according to 7y = 3.03125(¢/c) - 0.044188.

This relationship is fixed throughout the design.

Two design variables position the nacelles spanwise along the trailing-edge of the
wing. Another design variable specifies the maximum sea level thrust per engine. The
fuselage is assumed to be axisymmetric and is area ruled using eight variables which
include the axial positions and radii of four fuselage restraint locations. The horizontal tail
and vertical tail areas arc described using two variables. These control surfaces are
trapezoidal planforms, where the aspect ratio, taper ratio, and quarter chord sweep are
specified. Three additional design variables include the fuel weight, initial supersonic
cruise altitude, and constant cruise climb rate. Additional parameters which describe the
design problem are included in Table 2. These values do not change during the
optimization and include flight characteristics, takeoff and landing parameters, landing
gear parameters, baseline engine values, and other miscellaneous design settings which are

discussed in detail in Reference 8.



Table 1. Design variables.

Baseline Baseline
# Value Description # Value Description
1 181.5 Wing root chord (f7) 16 12.2 Fuselage restraint 2, x (f7)
2 155.9 LE break, x (f7) 17 3.5 Fuselage restraint 2, r (f7)
3 49.2 LE break, y (1) 18 132.5 Fuselage restraint 3, x (f7)
4 181.6 TE break, x (1) 19 5.3 Fuselage restraint 3, r (f7)
5 64.2 TE break, y (ff) 20 248.7 Fuselage restraint 4, x (f7)
6 169.6 LE of wing tip, x (f7) 21 4.6 Fuselage restraint 4, r (1)
7 7.0 Tip chord (£?) 22 26.2 Nacelle 1, y (f7)
8 75.9 Wing semi-span (f7) 23 32.4 Nacelle 2, y (ff)
9 0.4 Chordwise location of max t/c 24 322,617 Mission fuel (/bs)
10 3.7 Airfoil LE radius parameter, ry 25 64,794 Starting cruise altitude (f7)
11 2.6 Airfoil t/c at root (%) 26 33.9 Cruise climb rate (f/min)
12 2.2 Airfoil #/c at LE break (%) 27 697.9 Vertical tail area (sq f7)
13 1.8 Airfoil t/c at tip (%) 28 713.1 Horizontal tail area (sq f7)
14 2.2 Fuselage restraint 1, x (1) 29 55,465 Max sea level thrust per
15 1.1 Fuselage restraint 1, » (1) engine (Ibs)

|
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Figure 1. Airfoil section and wing planform with design variables.



Table 2. Command file options.

ﬁght Characteristics Landing
Altitude at start of cruise (f1) 50,000 ] Speed (knots) 145.0
Climb rate in cruise (ft/min) 100 Maximum landing angle of attack (deg) 12.0
Mach number 2.4 CLmax 1.0
Design lift coefficient 0.10 Clmax ) 2.0
Fraction of leading edge suction 0.8 Fuel ratio at landing 0.5
Mission fuel weight (lbs) 290,905 | Cross wind speed (knots) 20.0
Landing Gear Miscellaneous rr—
Main gear length (/) 19.75 Fuel fraction of weights 1.0
Nose gear length (f7) 18.75 Fuel density (lbs/ﬁ3) 48.75
Tipback angle (deg) 15.0 Percentage wing volume available for fuel 0.5
Maximum overturn angle (deg) 63.0 Minimum range (7. mi.) 5,500
Take Off Minimum chord length (f7) 7.0
CLmax 0.9 Minimum engine spacing (f7) 7.0
Altitude (f7) 0.0 Structural interlacing factor 1.0
Ground friction 0.03 Engines
Braking friction 0.30 Thrust per engine 46,000
Stall k 1.165 Ref. thrust for calculating engine weight 46,000
Braking reaction time (sec) 3.0 Reference weight 17,800
Height of obstacle (/1) 35.0 Reference diameter of nacelle 6.5
Maximum BFL (/1) 11,000 | Reference length of nacelle 35.0
Maximum distance (f7) ~ 9,000 | Number of engines 4

.. Overwritten by design variables.
... Fraction of fuel remaining for FLOPS weight and cg calculation.
Ratio of structural optimization bending material weight to FLOPS bending material weight.

A complete design optimization is comprised of a sequence of optimization cycles
using sixty-nine constraints (Table 3), which include geometry, performance, and
acrodynamic constraints on the design of the HSCT. These constraints are discussed in
detail in References 4 and 8. During the optimization, the optimizer (NEWSUMT-A?)
uses an objective function, which includes an extended interior penalty function for
inequality constraints and an exterior penalty function for equality constraints, to identify
an optimal aircraft design which satisfies all sixty-nine constraints. To shorten the entire
optimization, variable-complexity modeling is used to scale the results of simple analyses
to the results of computationally expensive “exact” analysis methods at the beginning

each optimization cycle. These scale factors are carried through the optimization cycle



with an added benefit of performing thousands of computationally inexpensive
calculations, instead of time-consuming exact calculations, to predict an improved design.
At the beginning of the next cycle, the design is evaluated with the exact analysis methods
and new scale factors are calculated. This process continues until the design is converged
or changes only slightly from cycle to cycle. More details of thev variable complexity
modeling are in Reference 4. A typical optimization is completed within 25 to 50 cycles
using NEWSUMT-A. A typical optimization cycle takes approximately 10 minutes to
complete on an R-8000 SGI Power Challenge.

Table 3. Optimization constraints.

# Geometric Constraints # Aero. and Performance Constraints
1 Fuel volume < 50% wing volume 35 Range > 5,500 n. mi.
2 Wing spike-shape prevention 36 Landing angle-of-attack < 12°
3-20 | Wing chord > 7.0 ft 37 Landing C7, < 1.0
21 LE break < wing semi-span 38-56 Landing section C; < 2.0
22 TE break < wing semi-span 57-59 No engine scrape at landing with 5° bank
23 Root t/c > 1.5% 60-61 No wing scrape at landing with 5° bank
24 LE break #/c 2 1.5% 62-63 Limit aileron and rudder to 22.5° and bank
25 TE break t/c > 1.5% to 5° during 20 knot crosswind landing
26-30 | Fuselage restraints, x 64 Tail deflection during approach < 22.5°
31 Nacelle 1 > side-of-body 65 Takeoff rotation < 5 seconds
32 Nacelle 1 < nacelle 2 66 Engine-out limit with vertical tail design
33 Nacelle 2 < wing semi-span 67 Balanced field length < 11,000 -
34 No negative TE sweep inboard 68-69 Required engine thrust < available thrust
TE break

" MacMillin used a balanced field length constraint of 10,000 feet in Reference 8.

2.2 Analysis Methods

The design code comprises of conceptual-level and preliminary-level tools which
include a combination of public domain software which was obtained from NASA and
software developed in-house. The software can be broken into several design disciplines:
subsonic and supersonic aerodynamics, takeoff and landing performance, mission

performance, propulsion, and weights. In each group, there are several levels of analysis



from more complex and computationally expensive analysis tools to simple approximate
models, which are used together during the optimization using variable-complexity
modeling. A list of analysis tools is provided in Table 4. Their applications within the

design code are described in detail in References 3, 4, and 8.

Table 4. Analysis and optimization tools.

Design Conceptual-Level Preliminary-Level Analysis
Discipline Analysis
Subsonic Lift-curve slope Diederich model” VLM code'’
aerodynamics Pitching moment DATCOM'* VLM code’
LE vortex effects Polhamus suction analogy13
Ground effect Kuchemann’s'* and Torenbeek’s > approximation
Stability and control | DATCOM ™ VLM code by Kay
derivatives
Supersonic Drag due to lift Lineary theory for approx. | Supersonic panel code based
aerodynamics cranked delta planform"’ on Cﬁrlls)son’s Mach box
code
Wave drag Approx. version of Harris wave drag code”
classical far-field slender
body formulation'!

Skin friction drag Algebraic boundary-layer strip method
Takeoff /Landing | Engine-out Algebraic relations’
performance Crosswind landing
Powered approach trim
Balanced field length | Loftin” Numerical/analytical
integration with Powers
method”
Mission performance Algebraic relations with minimum time climb using
Rutowski® and Bryson’s®* energy approach
Propulsion Simple engine scaling
Weights FLOPS weight module’ GENESIS FEM
optimization”
Optimization NEWSUMT-A"

Since we are concerned with the subsonic aerodynamic pitching moment in this
study, there are two levels of modeling used to estimate the subsonic aecrodynamics. The
detailed calculations for the subsonic lift curve slope and pitching moment curve slope are
performed using a vortex-lattice code developed by Hutchison which is discussed in detail

in Reference 11. The code calculates the pitching moment at zero angle-of-attack and at |
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degree angle-of-attack. The differences in the pitching moment is the pitching moment
curve slope (Cy,). The simple approximation for the pitching moment curve slope is an
empirical algebraic relation from the U.S.A.F. Stability and Control DATCOM'. Since
we are not specifying a wing camber distribution’, the zero lift pitching moment (Cy,) is

Z€r0.

2.3 Current Horizontal Tail Sizing

Three constraints on takeoff and landing performance currently have a major effect
on the horizontal tail size or how much control power is needed during the mission. The
take-off constraints include a balanced field length requirement of 11,000 feet and a
rotation time to lift-off attitude constraint of less than 5 seconds. For approach trim, the
aircraft must trim with a tail deflection of less than 22.5 degrees. These constraints were

added to the design code by MacMillin®,

2.3.1 Takeoff Performance

Takeoff performance is evaluated by integrating the equations of motion during
the ground run, rotation, and climb out phases of takeoff. The sum of the horizontal
distance covered by the airplane during these three segments is the takeoff field length.
The longest distance required for takeoft occurs when an engine fails at a certain critical
speed at which time the pilot can decide to abort the takeoff and safely brake to a stop or
to continue the takeoff. This distance is known as the balanced field length or FAR
takeoff distance.

During the evaluation of the takeoff requirements, lift and moment flap effects are

added to the aecrodynamics of the airplane. High-lift devices are important for low speed

" We do not specify a wing camber distribution within our acrodynamic evaluation, which is a good
approximation to thin supersonic wings. Instead, we are currently integrating wing camber into the design
via the wing bending material weight which is the major portion of the wing structural weight. This is
performed using response surface approximations to wing structural weight optimizations which include
aerodynamic loads which are affected by wing camber and twist.
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operation of the HSCT?. If high-lift devices are ignored, supersonic efficiency is
compromised to satisfy low-speed performance requirements such as the takeoff balanced
field length. Ground effect and drag due to the landing gear and a windmilling engine are
also included within the calculations and are discussed in detail in Reference 8.

The takeoff requirements are calculated with an all-moving hoﬁzontal tail deflected
-20 degrees, leading-edge flaps deflected 10 degrees, and trailing-edge flaps deflected 30
degrees. The longitudinal derivatives with respect to horizontal tail deflection (Cps,Chss)
are calculated using a vortex lattice code developed by J. Kay'®. In order to save
computational effort, the derivatives are calculated only every five optimization cycles
and are scaled using variable complexity within each optimization cycle. The longitudinal
derivatives with respect to flap deflection (Cpy Cuy) were picked based upon
investigation of the aerodynamics of AST-105-1 configurations?” and other proposed
HSCT designs’. These derivatives are currently fixed throughout the optimization as:

Crg= 0.2508/rad
Cug= -0.0550/rad

The aircraft is required to rotate to lift-off in under 5 seconds. If takeoff rotation
takes too much time, it will greatly increase the takeoff distance. This requirement was
determined by MacMillin® before the balanced field length constraint was added to the
design code. After investigating typical rotation times for large aircraft, he required the
aircraft to rotate in under 5 seconds which is a reasonable assumption. Since this
constraint is active in most of our optimizations, we are currently investigating the effect
of increasing the time-to-rotate or may decide to remove the constraint entirely since the
time-to-rotate is dependent on the takeoff speed and is included within the calculation of

the takeoff rotation distance and balanced field length.
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2.3.2 Approach Trim Performance

The aircraft must be able to be trimmed at an angle-of-attack well above operating
procedures. In addition, there should be extra control deflection to allow for pitch control.
We require that the tail deflection to trim is less than 22.5 degrees at a landing speed of
145 knots and an altitude of 5000 f# at maximum TOGW. The tail deflection required to
trim the aircraft is determined by calculating the pitching moment about the aircraft
center-of-gravity generated by the lift, drag, thrust, and weight. The tail deflection to trim
is then found by calculating how much the tail needs to deflect in order to trim out the
pitching moment (i.e. to obtain zero pitching moment about the cg). The approach trim

analysis currently neglects the effects of flaps.
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3. Proposed Improvements to Design Code and Other Related Issues

As described in Section 2.3, the horizontal tail is sized to provide adequate control
during takeoff and landing. This section describes improvements to the horizontal tail
sizing methodology which includes requirements on the center-of-gravity and the use of
active control technology to minimize the required size of the horizontal tail. In addition,
a short summary of the aerodynamic center and its shift from subsonic to supersonic
cruise related to HSCT-type planforms is provided. This subject is important since the
center-of-gravity range must be located properly relative to the aerodynamic center to

balance the aircraft for minimum trimmed drag flight.

3.1 Center-of-Gravity Requirements

A typical tail sizing diagram used to find the minimum required horizontal tail size
for the aircraft to meet center-of-gravity (cg) requirements is presented in Figure 2. This
diagram is known as an “x-plot” or “scissors-plot”®. In this diagram, the forward and aft
center-of-gravity limits are plotted against the non-dimensional horizontal tail volume,
which is proportional to the size and moment arm of the horizontal tail. The required cg
range represents the cg range needed to cover the anticipated combinations of fuel,
passengers, cargo, etc. Typical cg ranges and tail volumes are provided by Roskam® in
Table 5. To find the minimum tail size, the smallest value of tail volume is picked for
which the distance between the forward and aft limits is equal to the required cg range.

The forward center-of-gravity location is typically limited by the control
authority of the horizontal tail to rotate the aircraft nose-up about its main landing gear
during takeoff, and to trim the aircraft during approach. Both constraints are shown in
Figure 2. Several conditions may limit the aft cg locations. The aft center-of-gravity
location is limited by the control authority of the horizontal tail to recover from a high

angle-of-attack (nose-down control), the tip-back location of the main landing gear to
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ensure that the aircraft does not tip backwards onto its tail (tip-up limit), and the lower
stability limit of the aircraft. Analysis must be made for a particular design to determine

which constraints are critical. Prior to the use of RSS/CCV, the stability limit was

normally the active constraint for the aft cg limit.

: Constant
’ Level Nose-down Control
’ + Aft CG Limit
- ~
Vs
T f
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pd
,
Increasing f,
Horizontal Required Operational ;
Tail Volume|  Mipimum Tail CG Range v
Coefficient Size ,/f
’
-
7
Approach Trim 3
Forward CG Limit ’,'
/.
4
/
/
Va
.
<@—— Forward Center-of-Gravity Location on Aft —p»

Projected Mean Aerodynamic Chord

Figure 2. Tail sizing diagram (Ref. 28).

Table 5. Typical values of cg ranges and tail volumes (Ref. 29).

cG Range
Jet transport 26 -91 in,
0.12 - 0.32 mac
Supersonic cruise 20 - 100 in,
aircraft 0.30 mac
Tail Volume

Boeing SST 0.36
AST-100 0.052
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As described in Section 2.3, the active constraints on takeoff and landing
performance have a major effect on the size of the horizontal tail within the MDO
process. As presented in Figure 3, these constraints do not include aft cg requirements
associated with nose-down control or the required cg range. To automate the complete tail
sizing diagram within an optimization code, the forward and aft center-of-gravity limits
are needed for a given horizontal tail size. In general, the landing gear location would also
be allowed to vary. Therefore, it is essential that the optimizer is given a range of possible
center-of-gravity locations to search and locate the forward and aft limits given
performance, stability, control and tipback requirements. Since the current procedure is to
calculate a single cg location for each piece of an aircraft, a new procedure for calculating a

range of possible locations for a given aircraft configuration is needed.

Takeoff Rotation
Constraint

f

C.G. Location

Increasin Approach Trim
) g Constraint

Horizontal

Tail Area

Required Tail Size

Main Gear Location

15 degree
Tipback

<@—— Forward Center-of-Gravity Location on Aft ——pp
Projected Mean Aerodynamic Chord

Figure 3. Current tail sizing procedure.
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A new method for calculating the range of possible center-of-gravity locations has

P° This new method begins by

been proposed for use within optimization by Chai, et a
determining an uncertainty cg range for each non-movable structural item of the aircraft
and a movement range for each piece of service and operational equipment. The range of
possible center-of-gravity locations is then calculated by shifting thé weight of each item
within their respective uncertainty ranges and movement limits. The theory behind this
method is that services and operational equipment can be located in multiple places
within the aircraft instead of one predefined position. Also, there exists some uncertainty
about the actual cg location of each structural piece of the aircraft.

Using this method, the range of possible center-of-gravity locations can then be
used with the tail sizing diagram to determine the optimum horizontal tail size depending
upon the relation between the range of possible cg locations, the range between the
forward and aft limits, and the required operational cg range. If the forward and aft cg
limits are within the range of possible locations, the horizontal tail size is iteratively
increased or decreased during the optimization process so that the required operational
range is exactly between the forward and aft limits as shown in Figure 4. If the forward
and aft limits are outside of the range of possible center-of-gravity locations, the aircraft
configuration must be rearranged by moving the wing, landing gear, or horizontal tail along
the aircraft fuselage.

For a realistic and flyable aircraft design, the aircraft center-of-gravity
requirements must be addressed during the horizontal tail design process. Without
addressing these requirements, the horizontal tail may be undersized or over-sized. If the
horizontal tail is under-sized, then the result is a design which does not meet aircraft
center-of-gravity requirements and is not flyable. If the horizontal tail is over-sized, the
aircraft meets all requirements but the additional size of the horizontal tail adds

unnecessary weight and drag which affects performance in terms of range and payload



weight. Using the tail sizing process during the optimization, the final result is an overall
optimum aircraft design where the horizontal tail is the minimum size required for the

aircraft to satisfy all center-of-gravity requirements.
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Figure 4. Iterative approach to tail sizing.

3.2 Nose-Down Control

To obtain efficient supersonic flight, the aircraft must be balanced near neutral
stability to minimize trim drag. With the use of relaxed static stability, neutral stability
can be obtained at supersonic speeds without transferring fuel. However, this will lead to
an unstable aircraft at subsonic speeds due to the shift in acrodynamic center with Mach
number. An unstable aircraft leads to problems such as pitch departure and deep stall trim
from which recovery may be difficult at high angles-of-attack. To overcome this problem,

sufficient nose-down moment is needed at any angle-of-attack. A typical pitching

























































































































































































































































