Old Dominion University

ODU Digital Commons

Mechanical & Aerospace Engineering Theses &

Dissertations Mechanical & Aerospace Engineering

Spring 1998

Experimental Geometry Optimization Techniques for Multi-
Element Airfoils

Drew Landman
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/mae_etds

b Part of the Structures and Materials Commons

Recommended Citation

Landman, Drew. "Experimental Geometry Optimization Techniques for Multi-Element Airfoils" (1998).
Doctor of Philosophy (PhD), Dissertation, Mechanical & Aerospace Engineering, Old Dominion University,
DOI: 10.25777/b98s-qs18

https://digitalcommons.odu.edu/mae_etds/69

This Dissertation is brought to you for free and open access by the Mechanical & Aerospace Engineering at ODU
Digital Commons. It has been accepted for inclusion in Mechanical & Aerospace Engineering Theses &
Dissertations by an authorized administrator of ODU Digital Commons. For more information, please contact
digitalcommons@odu.edu.


https://digitalcommons.odu.edu/
https://digitalcommons.odu.edu/mae_etds
https://digitalcommons.odu.edu/mae_etds
https://digitalcommons.odu.edu/mae
https://digitalcommons.odu.edu/mae_etds?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F69&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/224?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F69&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/mae_etds/69?utm_source=digitalcommons.odu.edu%2Fmae_etds%2F69&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

EXPERIMENTAL GEOMETRY OPTIMIZATION TECHNIQUES FOR
MULTI-ELEMENT AIRFOILS

by
Drew Landman
B.S.M.E., June 1983, Lehigh University
M.S.M.E., December 1984, Lehigh University
A Dissertation submitted to the Faculty of Old Dominion University in Partial
Fulfillment of the Requirement for the Degree of
DOCTOR OF PHILOSOPHY
AEROSPACE ENGINEERING
OLD DOMINION UNIVERSITY
May 1998

Approved by:

Colin Britcher (Director)

Ponnampalam Balakumar (Member)

Oktay Baysal (Klemb£r)

John Lin (Member) .

Natalia Alexandrov (Member)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT

EXPERIMENTAL GEOMETRY OPTIMIZATION TECHNIQUES
FOR MULTI-ELEMENT AIRFOILS.

Drew Landman

Old Dominion University, 1998
Director: Dr. Colin P. Britcher

A study is reported on geometry optimization techniques for high-lift
airfoils. A modern three-element airfoil model vyith a remotely actuated flap
was designed, tested, and used in wind tunnel experiments to investigate
optimum flap positioning based on lift. All the resuits presented were
obtained in the Old Dominion University low-speed wind tunnel. Detailed
results for lift coefficient versus flap vertical and horizontal position are
presented for two airfoil angles-of-attack: 8 and 14 degrees. Three
automated optimization simulations, the method of steepest ascent and two
variants of the sequential simplex method, were demonstrated using
experimental data. An on-line optimizer was demonstrated with the wind
tunnel mode! which automatically seeks the optimum lift as a function of flap
position. Hysteresis in lift as a function of flap position was discovered when
tests were conducted with continuous flow conditions. It was shown that
optimum lift coefficients determined using continuous flow conditions exist
over an extended range of flap positions when compared to those determined

using traditional intermittent conditions.
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1 INTRODUCTION

Modern designers rely on sophisticated high-lift devices to meet the
severe design challenges inherent to aircraft which must operate between
high subsonic cruise speeds and the lower speeds required for take-off and
landing. A large transport wing is typically designed for optimum cruise, a
flight regime which is characterized by high speed, low lift coefficient (C;) and
low drag coefficient (C4) [Nelson, 1995]. These design goals are met with a
thin swept wing of small area [Butter, 1984]. Conversely, the landing flight
regime requires the wing to generate high lift and drag for the lowest
approach speed, the steepest approach angle, and the shortest roilout.
During take-off, high lift is required for minimum take-off distance, wheras
maximum climb angle is achieved with maximum lift-to-drag ratio. These
bipolar design constraints have traditionally led designers to provide a
mechanical alteration of the wing section on at least the inboard portion of the
wing [McCormick, 1995].
1.1 The Importance of High-Lift Systems

During take-off, the rolling distance is principally a function of the take-
off maximum lift coefficient (Cl,,,), while the climb angle is a function of lift-to-
drag ratio (L/D) [Butter, 1984; Hale, 1994]. A system for generating more lift,
supplementary to that of the cruise defined wing geometry, is a necessity for

modern transports; this system is known as the high-iift system. Consider the

The model journal for this document is Applied Mechanics Reviews.
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take-off, to a first order, the take-off distance d can be shown to

be [Butter, 1984]

d=WW_1
TS (1.1-1)

aoCl

Here W is the aircraft weight, T the thrust, S the wing area and o the density
ratio. T/W is known as the thrust-fo -weight ratio and W/S as the wing
loading. The landing distance depends on the same variables with the

omission of thrust. Again, to a first order the landing distance d can be shown

to be [Butter, 1984]

g 1 (1.1-2)
S o(C,
Typically, an aircraft will be designed with a compromise thrust loading and
wing loading to meet all design constraints while in flight. This leaves the
alteration of the wing C, as the primary free variable to achieve acceptable
landing and take-off performance. Several alternatives arise for increasing C,,
of which the most common may be to increase wing camber, to increase
effective wing area, to use circulation control, or to use boundary layer control
to delay stall [Nelson, 1995; McCormick, 1967 and 1995; Kohiman, 1981].
Historically, retractable devices were developed due to the desire to
improve landing and take-off performance by increasing Cl,,,. Retractable

devices can be deployed at lower speeds to increase wing area and retracted
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for high-speed flight conditions. Small improvements in the high-lift system
can have dramatic effects on the aircraft performance. As an example, a 5%
improvement in maximum lift coefficient (Cl,,,,) at landing allows a 25%
increase in payload [Butter, 1984].

Transport aircraft are normally configured with leading-edge devices
known as s/ats or leading-edge flaps and one or more trailing-edge devices
known as flaps to provide typical cruise C, values near 0.5 and maximum C,
values (Cl,,) of 2.4 [Nelson, 1995; Butter, 1984, McCormick, 1995]. Figure
1.1 shows some of the many variations of mechanical flaps and slats in use
on aircraft today [McCormick, 1995]. The blown flap and jet flap can
outperform the mechanical flaps but require a continuous supply of air from
sources such as the aircraft engine. The blown and jet flap are extreme
examples of increasing lift by circulation control.

The pure jet flap employs a jet of air only at the trailing edge, deflected
downward, whereas the blown flap utilizes a sheet of air blown over its upper
surface [Kohiman, 1981; McCormick, 1967]. The behavior of the two flaps is
similar, stemming from the sheet of high momentum air that is directed
downward from the trailing edge which results in increased circulation. The
pure jet flap causes a reaction lift due to the vertical component of the jet
stream as well as an effective increase in wing area. Also, a favorable
pressure gradient develops on the airfoil so that boundary layer separation is

delayed allowing a higher angle-of-attack to be reached before stall occurs.
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The blown flap benefits from the same phenomena with the addition of the
increased area of the physical flap leading to even higher circulation.

For engine-out safety reasons, civil transports currently employ only
passive mechanical high-lift systems [Nelson, 1895]. System reliability
decreases with increasing mechanical complexity, while weight and cost
increase. Hence designers seek configurations with the fewest airfoil
elements. The Fowler flap and extensible slat increase the local chord length
(and wing area) as well as the camber. Figure 1.2 shows a contemporary
three-element airfoil typicai of the more simplified approach to high-lift design
now in vogue with major aircraft manufacturers which employ the Fowler flap
with the extensible slat [Nelson, 1995]. In figure 1.3, the relative positions of
the airfoil elements of a multi-element high-lift system are shown for each
corresponding flight regime [Woods, 1988].

The discussion so far has focussed on maximum [ift, which is the most
important factor in the landing and take-off distances. Upon leaving the
ground following the take-off roll, regulating authorities require aircraft to
maintain a positive climb angle with one engine out [Nelson, 1995;
McCormick, 1995; Dillner, 1984]. The climb angle, vy, for small angles is

shown in equation 1.1-3 where D is the aircraft drag [Hale, 1984]

Y= —— =« —- = (1.1-3)
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5

Clearly, the climb angle is critically dependent on the L/D and for this reason
the high-lift system must be optimized accordingly.
1.2 Current Design Tools for High-Lift Airfoils

The aerodynamics of high-lift airfoils are extremely complex including
confluent boundary layers, transonic regions and local flow separations
[Kuethe and Chow, 1986; Smith, 1974]. Computational design and analysis is
fraught with difficulty, so that experimental validation is an essential part of
the research and development process.

At the initial design stage a data base is often employed which is
based on correlations of experimental results around a theoretical framework
[Wedderspoon, 1986; Nelson, 1995]. This empirical tool provides the basis
for sizing high-lift devices for a new aircraft design based on past experience.
The flow field around an aircraft with a high-lift system deployed is so complex
that an accurate three-dimensional viscous solver has not been demonstrated
successfully to date. The computational modeling of high-lift systems is
primarily performed with two-dimensional (2D) viscous flow solvers, that give
wing section data in conjunction with three-dimensional (3D) surface
singularity methods, which reveal only the inviscid flow field. In addition,
some aircraft manufacturers employ a quasi-3D viscous method. One
approach joins the two methods by coupling a normalized mid-span pressure
distribution, calculated with the 2D viscous solver, with a non-uniform
distribution over the whole wing calculated by a 3D panel method

[Wedderspoon, 1986].
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The methods discussed can provide a reasonable prediction of the lift
forces for the 3D aircraft model and a more accurate prediction of the lift
forces for the 2D airfoil. In contrast, the drag forces are relatively poorly
predicted. In the 2D case the computer codes suffer from poor modeling of
turbulence and other flow field features such as transition, confluent boundary
layers and wakes, laminar separation bubbles, and compressibility effects. In
the 3D case the quasi-3D model provides drag results which suffer from the
inherent compromises of the code's design. While great advances in
computational design tools have occurred in recent years, it is clear that wind
tunnel testing is still a necessity in the design process.

1.3 Multi-Element Airfoil Nomenclature

A multi-element airfoil possesses many geometric degrees of freedom.
The main element has an angle-of-attack which is associated with the entire
high-lift system. Each auxiliary element such as a slat or flap has a relative
angle-of-attack with respect to the main element. In addition, the relative
positions of the auxiliary elements with respect to the main element are
defined in terms of gap and overhang. Nomenclature for describing the
relative positions of the elements is shown in figure 1.4. Slat and flap
deflection angles are measured from a reference chord line defined in the
airfoil's stowed configuration. A gap is the shortest distance from the trailing
edge of a forward element to an aft element. Overhang is defined as the

chordwise overlapping distance between two elements. Overhang is positive
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if elements overlap and negative if they are a distance apart [Klausmeyer and
Lin, 1997; Lin, 1995].

1.4 Wind Tunnel Testing Issues and Procedures

In addition to the geometric degrees of freedom there are fluid
parameters to consider which include Reynolds number and Mach number.
The wind tunnel testing of a given multi-element airfoil model over a range of
values for all the possible degrees of freedom is virtually impossible. As an
example, consider a simple airfoil consisting of a main element and flap. If
one fluid condition is chosen (Reynolds and Mach number) and the four
geometric parameters (flap gap and overhang, flap deflection, and angle-of-
attack) are each evaluated for ten values, a test matrix of 10,000 points is
needed. Typically, researchers test new designs over an extremely sparse
test matrix which is chosen based on experience and computational results
[Nelson, 1995; Valarezo, 1991]. Optimization of multi-element configurations
first requires individual element optimization while other elements are in a
"conservative" setting, followed by entire system optimization to find the
highest performance possible [Lin and Dominik, 1995; Ljungstrém, 1973a].

Wind tunnel models most often used for high-lift testing are of three
main types: two-dimensional wing sections, three-dimensional half wing
models, and full 3D aircraft models [Wedderspoon, 1986]. In most cases,
fixed brackets are used to position the auxiliary elements with respect to the

main element, requiring the tunnel to be shut down between each geometry
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change. Technicians will typically gage angles, gap, and overhang settings
manually between each test run [Lin, 1993].

The testing objective can be to optimize lift, minimize drag, or find the
best lift-to-drag ratio (L/D). To properly optimize a real multi-element airfoil
high-lift system the model should be tested at Reynolds numbers and Mach
numbers that approach flight conditions since significant differences in
maximum lift coefficient have been measured due to variation in these
parameters [Valarezo et al., 1993]. It is generally not practical to obtain full-
scale Reynolds numbers by using a full-scale model; however, there are
methods of increasing the Reynolds number with a reduced scale model.
One popular method is to pressurize the wind tunnel [Rae and Pope, 1984].
A second approach is to use a different warking fluid with a higher density,
such as Freon 12. This fluid can increase the Mach number and the
Reynolds number for a given power input when compared to air. A third
approach is to cool the fluid - a cryogenic tunnel [Rae and Pope, 1984].

1.5 Dissertation Objective

This research seeks to demonstrate the practicality of experimental
optimization of multi-element airfoils. In other words, methods will be
developed permitting the remote adjustment of the airfoil geometry in the wind
tunnel. To demonstrate the practicality of remote geometry adjustment for
multi-element airfoils, a unique model with actuators capable of moving while
enduring forces associated with wind tunnel testing, must be designed,

constructed and tested. A modemn three-element airfoil model with a remotely
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actuated flap will be used in wind tunnel tests to explore the possibility of in
situ optimization of flap position for best lift using automated optimization
algorithms. Specifically, the response to be optimized is lift coefficient (C,)
with flap vertical and horizontal motion as design variables (C;=f{x,y}). This
study will also investigate any unknown flow physics associated with this
unique application of optimization, such as inherent hysteretic effects in
geometry dependent lift measurements which are thought to influence
optimum rigging.

The current research expands the existing sparse data base for
variation of lift with flap gap and overhang changes and is unique in that
geometry optimization using continuous flow conditions had not previously
been published. The proposed benefits of this study are focused on
experience with optimization methodology as applied to the experimental
testing of high-lift systems which can be transferred to production facilities. it
is hoped that the knowledge gained from this preliminary 2D investigation
may be extended to 3D testing and ultimately benefit vehicle high-lift system

design.
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2 MULTI-ELEMENT AIRFOIL AERODYNAMICS

In order for subsequent experiments to be properly configured and to
assist in the interpretation of experimental results, this section will review the
following: (1) the flow physics assaciated with muilti-element high-lift airfoils,
(2) current wind tunnel procedures as they apply to multi-element airfoil
testing, and (3) the state of the art in relevant computational methods.

The flow field of a multi-element airfoil presents challenges to both
experimental and computational analysis in that it is dominated by complex
viscous flow phenomena. The flow field, as illustrated in figure 2.1 includes
laminar and turbulent boundary layers, confluent (merging) boundary layers,
and often local separations and separation bubbles, all requiring finesse in
modeling and experimental measurement techniques [Brune and McMasters,
1990; Nakayama et al., 1990; Olson and Orloff, 1981; Braden, 1986; Adair
and Horne, 1988a and 1988b]. Airflow near the leading-edge slat can be
accelerated to transonic velocities, requiring that compressibility effects be
included in an analysis. The large pressure gradients make it difficult to
achieve spanwise uniformity in a two-dimensional testing program due to wind
tunnel wall boundary layer interactions with the model [Paschal et al., 1991].
In this section, an overview of the flow field features is presented first,
followed by a review of current methods for computational analysis and

description of experimental methods as they apply to muiti-element airfoils.
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2.1 Two-Dimensional Multi-Element Airfoil Flow Field Features
2.1.1 Forces - The Effect of Leading and Trailing-Edge Devices

The overall effects on the aerodynamic forces due to the deflection of
leading and trailing-edge devices can best be described by considering each
element separately. Deploying a trailing-edge flap causes an upward
displacement of the lift curve (C, vs a) while the lift curve slope remains
relatively constant [Hoerner, 1985; Katz and Plotkin, 1991]. For example,
consider a plain flap as shown in figure 2.2, a 20% chord flap on a NACA
66(215)-216 profile. As the deflection angle (3) is increased the lift is seen to
increase while the angle-of-attack (a) at maximum lift is slightly reduced. If a
thin turbulent boundary layer is maintained over the aft portion of the wing
section (as is the case with a largely laminar airfoil design), small deflections
of the flap do not cause separation, with corresponding large increase in drag.
Rather, they shift the range of lift coefficients for which low drag is obtained
[Abbott and Von Doenhoff, 1959]. Figure 2.3 shows results from a 2D wind
tunnel model of a NACA 2419 airfoil with a 30% chord Fowler flap [Hoerner,
1988]. From this figure, it is seen that the deflection of the flap produces the
same change in the lift curve, however the lift increment is greater than with
the plain flap in part due to the increased effective chord and camber. In
addition, choice of gap and overhang are important; minute movements have
a profound effect on the maximum lift coefficient (Cl,,,). Figure 2.4 shows
contours of Cl,, @s a function of flap location with respect to the main

element trailing edge for a NACA 23012 airfoil with a 25% chord flap
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deflected at 50 degrees [Abbott and Von Doenhoff, 1959]. It is worth noting
that the optimum configuration positions the flap with a small positive
overhang and gap - found to be a typical rigging.

Deploying a leading-edge flap or slat causes an extension of the lift
curve (Cl vs ) while the lift curve slope remains relatively constant [Hoerner,
1985; Nelson,1995]. A simple example is depicted in figure 2.5 where a plain
Clark Y airfoil is fitted with a slotted leading edge [Hoerner, 1985]. A siot
differs from a slat only in that the exterior geometry is fixed [Hoerner, 1985].
Here the fundamental effect of a leading-edge device is clearly shown - delay
of stall by extension of the lift curve. In this case the angle-of-attack at stall
increased approximately 10 degrees. The minimum profile drag for the slat
and airfoil is increased with the deflection of the slat [Abbott and Von
Doenhoff, 1959].

Consider now forces on a three-element airfoil with a slat, main
element and trailing-edge Fowler flap compared to the plain airfoil with high-
lift devices retracted. Figure 2.6 summarizes the changes in the lift and
profile drag. Using the notation of the figure, the wing lift coefficient increases
by AC ¢ due to the trailing-edge flap while the angle-of-attack before stall is
increased by A, e by the slat [Nelson, 1995]. The profile drag coefficient
is increased from its minimum value by the deployment of the slat and the flap
by ACdmin ¢ and ACdmin. respectively. The corresponding minimum drag
profile lift coefficient increments due to the same geometry changes are given

as AClp and AClpe.
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1.2 Boundary Layer Structure
A general understanding of the pressure distribution and boundary
layer structure surrounding a multi-element airfoil is provided by figure 2.7
[Kuethe and Chow, 1986]. This configuration incorporates two trailing-edge
devices located in succession with the nomenclature vane (C1) and flap (C2)
respectively. The boundary layer that develops on the suction side of the slat
(A) is initially laminar and typically transitions to turbulent before forming a
confluence with the layer from the underside of the slat and the boundary
layer formed on the suction side of the main element (B). On the pressure
side of the slat, a separated region may exist with recirculation, followed by
boundary layer growth [Brune and McMasters, 1990; Nakayama et al., 1990;
Nelson, 1995]. This pattern is broadly repeated for each subsequent
downstream element. It should be noted that laminar separation bubbles are
often found at the leading edge of the flap(s) and main element. Separation
and recirculation can occur on the bottom surface of the main element in
configurations where the flap cove (the open area where the flap is stowed in
cruise configuration) is poorly faired [Brune and McMasters, 1990; Nakayama
et al., 1990; Nelson, 1995; Lin, 1992]. It is interesting to examine the wake,
which carries a "history" of the upstream elements in the form of a velocity
deficit for each element. Note also that the shear layers over the flap become
curved and thick (true especially at high angles-of-attack), leading to a static

pressure variation across the shear layer [Nakayama et al., 1990].
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Recent experimental work has focused on careful measurement of
flow field quantities such as mean velocities, turbulent stresses and static
pressures [Nakayama et al., 1990; Olson and Orloff, 1981; Braden et al.,
1986; Adair and Horne, 1988a and 1988b]. Figure 2.8 shows the mean
velocity vector plot from hot-wire data for a three-element airfoil [Nakayama et
al., 1990]. Clearly shown are overall velocity profiles defining the shear
layers, flow curvature in the near wake, and the flow in the flap cove area.
The static pressure within the shear layers of this high-lift system was found
to vary by as much as 10% of the dynamic pressure, which the authors note
as typical for a multi-element high-lift system. They attribute this variation to
the large pressure difference between the upper and lower surfaces as well
as the thick confluent shear layers. Turbulent stress profiles often provide
more detailed representations of merging shear layers than mean velocity
profiles [Nakayama et al., 1990; Adair and Horne, 1988b]. Figure 2.9 shows
the level of detail possible with a hot-wire survey.

Nakayama et al. give an excellent written characterization of the
various boundary layers of a three-element airfoil tested at a Reynolds
number of three million for two cases: (A) a = 10°, &g,, = 15°, &4, = 30° and
(B) a = 18°, &g, = 30°, &y, = 30° both at near optimum gap and overhang
settings [Nakayama et al., 1990]. In both cases no separation was noted
except for separation bubbles in the flap cove and on the underside of the
slat. The shear flows on the bottom of the surfaces were termed "negligibly

thin" compared to those of the top surface and the wake.
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The wake of the slat was found to be very small and even difficuit to
identify for case A while in case B it was more significant. This was thought to
be related to the slat loading, which is much higher for case B. The slat wake
is the only additional flow phenomena present on the main element versus a
plain airfoil with boundary layer. Nakayama et al. (1990) believe the shear
layer interaction between these two flows was weak but not negligible.

The flow around the flap is, of course, the most complex; here three
separate shear layers interact and merge over the leading edge. The distinct
layers were characterized as an outermost layer composed of the wake of the
main airfoil combined with the slat, a jet-like accelerated middle layer from the
gap with a much lower static pressure compared to the outer layer, and an
inner boundary layer with a strong favorable pressure gradient and convex
curvature, tending to remain thin and laminar. By the time the flow reaches
the flap trailing edge, all of these layers have had time to interact with the
strongest influence in terms of mean velocity and turbulent stress being the
wake of the main element. Figure 2.10 shows the turbulent stress profiles for
case A revealing the distinct regions discussed above. The mean velocity
profile for the jet region in the gap adjacent to the flap leading edge was
captured in another study by Adair and Horne which involved only a flap and
airfoil [Adair and Horne, 1988a]. Figure 2.11 shows the mean velocity vector
plot in the area, note the higher velocity flow and sharp inflections to the

velocity profile when compared to the flow elsewhere over the flap.
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Nakayama et al. (1990)describes the "near wake" and "intermediate
wake" as the region where most of the smoothing of the velocity profiles and
flow turning takes place. Here the contributions of separate shear layers may
still be identified, however their effect is attenuated. The near wake was
found to be very thick with large curvature visible in the mean velocity vectors
of figure 2.12 [Nakayama et al., 1990]. Here it is clear that the confluent
boundary layers, visible as the multiple velocity deficit regions, blend intc a
large wake with a single velocity deficit. A similar wake structure was found to
exist on a two-element system consisting of a main airfoil and flap by Olson
and Orloff [Olson and Orloff, 1981]. The distinct shear layers merged in the
near wake and eventually formed a velocity profile with a single velocity
deficit.

An understanding of the shear layers and their interaction coupled with
a knowledge of the pressure distribution led to the identification of several
characteristic effects inherent to multi-element airfoils. This work was first
published in a landmark paper presented by A.M.O Smith in August 1974 and

is the subject of the next section [Smith, 1974].

2.1.3 Characteristic Aerodynamic Effects of High-Lift Systems

Five primary effects due to gaps in multi-element airfoils were
originally discussed by A.M.O. Smith. Reviewing the pressure distribution of
figure 2.7a high suction peak is noted on the slat which coincides with very
high velocities. The flow over the slat of a multi-element airfoil can therefore

become supercritical with freestream Mach numbers as low as 0.2 [Brune and
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McMasters, 1990; Nakayama et al., 1990; Butter, 1984]. The slat actually
reduces the suction peak on the main element as compared to the main
element acting alone. This effect was given the name "slat effect” by Smith
(1974) and it can be summarized as follows: velocities associated with
circulation on an upstream element tend to reduce the pressure peak on a
downstream element [Smith, 1974]. Smith (1974) used a simple example
which is repeated as figure 2-13 to illustrate the effect. If a line vortex is
positioned near the leading edge of an airfoil it simulates the circulation
present around a slat. It can be seen that the velocities induced on the airfoil
by the vortex are counter to those from the airfoil alone, hence the pressure
peak is reduced.

Examining the pressure distribution of figure 2.7 again, it is noted that
the pressure at the trailing edge of the main element is elevated as compared
to an airfoil acting alone. This effect has been termed the "circulation effect"”
by Smith (1974) and it can be stated as: a downstream element causes the
trailing edge of an adjacent upstream element to be in a region of increased
velocity inclined to the mean line at the rear of the forward element. The
trailing edge is effectively at a higher angle-of-attack and therefore to satisfy
the Kutta condition, circulation on the upstream element must increase. As a
demonstration, Smith (1974) used an airfoil as the upstream element and a
line vortex to represent the downstream element. Figure 2.14 is a

reproduction of Smith's (1974) original demonstration.
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The multi-element arrangement allows a fresh boundary layer to form
beginning at the leading edge of each separate element. When compared to
a single-element airfoil of the same chord, the boundary layers of the multi-
elements are thinner, and thinner boundary layers can withstand stronger
adverse pressure gradients, delaying separation. Smith (1974) calls this
effect the "fresh boundary layer effect".

When the boundary layer of a forward element is discharged from the
trailing edge into the region of higher velocity flow caused by a downstream
element, Smith (1974) terms this the "dumping effect". The higher discharge
velocity helps attenuate the pressure rise impressed on the boundary layer,
hence providing increased lift or avoiding separation problems. In addition,
these same boundary layers decelerate without contact with a solid wall. This
"off the surface pressure recovery”, as termed by Smith (1974) is an efficient
method. Although an adverse pressure gradient magnifies the velocity defect
and flow reversal can occur, off the surface pressure recovery is still more
effective than any alternative in a boundary layer flow which contacts a wall
[Smith, 1974].

2.2 Two-Dimensional Multi-Element Experimental Aerodynamics

By definition, two-dimensional (2D) airfoil models are constant chord
airfoil elements positioned in a wind tunnel so as to maintain a uniform
spanwise flow. Force measurements and boundary layer flow diagnostics are
the most common measurements on 2D models. This discussion will focus on

the methods for measuring forces, verification of flow uniformity, and
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configuration optimization. In addition, an introduction to the effects of Mach
and Reynolds number scaling is reviewed as they apply to muiti-element
optimization.

2.2.1 Force Measurements

Aerodynamic forces on the model can be indirectly calculated using
integrated pressures from the model, or the tunnel walls, and from a wake
survey or rake [Fankhurst and Holder, 1965; Rae and Pope, 1984;
Ljungstrém, 1973a and 1973b]. Currently, the most popular method for
determining lift forces is to integrate surface pressures [Lin, 1992; Papadakis,
1997: Innes et al., 1995; Wentz, 1976; Lin and Dominik, 1995; Valarezo et al.,
1991]. Pressures are sampled from orifices located on the model surface,
usually at the mid-span, upper and lower surfaces on all elements. Static
pressure taps should be kept small so as not to interfere with the flow,
particularly where boundary layer transition is of interest [Rae and Pope,
1984; Lynch, 1992]. If they are kept to a diameter of 1/32 of an inch or less it
has been reported that there is negligible difference between drilling them
perpendicular to the surface or perpendicular to the chord when used on
typical low-speed airfoil models [Rae and Pope, 1984]. However, the taps
should always be flush with the surface. One method to assure this is to drill
holes from the outside of a metal model and join annealed stainless steel
tubing to the hole by press fitting the tube into a small counterbore on the
inside [Backley, 1994; Pope and Goin, 1978]. Pressure orifices are clustered

near the leading edge where the pressure gradients are steeper; Rae and
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Pope recommend as a minimum, locations at 0, 1.25, 2.5, §, 10, 15, 20, 30,
40, 50, 60, 70, 80, 90, 95, and 100% chord. This clustering provides better
resolution for integration of forces. While many investigators report the
details of their measurement methods, it is difficult to find any mention of the
integration method. The NASA Langley Low Turbulence Pressure Tunnel
(LTPT) staff use a simple trapezoidal integration rule for their force data
reduction [Walker, 1994]. This method can be justified by comparing resulting
forces from integrations of a known continuous pressure distribution versus
using discrete points (at the pressure orifice locations) from the pressure
distribution with a trapezoidal approximate integration. Appendix A.2 details
the method used in this work for determining the lift coefficient from pressure
data for a multi-element airfoil model. Two recent studies help quantify
uncertainty in lift coefficient measurements using integrated pressures. Lin
reports an uncertainty of £0.02 for maximum lift coefficient (Cl,,,,,) using 140
pressure taps [Lin, 1992] while Anderson reported +0.03 for lift coefficients
using 146 pressures during his recent study [Anderson and Bonhaus, 1993].
Both studies were conducted in LTPT using three-element high-lift models.

While forces derived from integrated surface pressures, resolved

normal to the freestream direction, provide accurate and repeatable
measurements for lift, integrating pressures and resolving forces in a direction
parallel to the freestream will not give the total drag, since skin friction is not
included [Paschal et al., 1991; Rae and Pope, 1984]. Instead, the well

established momentum deficit method, which relates momentum loss in the
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wake to airfoil drag, is most often used [Lin, 1992; Rae and Pope, 1984,
Ljungstrém, 1973a; Papadakis, 1997; Lin and Dominik, 1995]. The derivation
of this method is not presented here but figure 2.15 summarizes the results
[Ljungstrém, 1973a]. In the figure, static pressure, dynamic pressure, and total
head are denoted by p,q, and h respectively and Y,, is the total wake rake
survey width. Ljungstrém shows two standard deviations in drag to be about
2.7% with the rake positioned one chord length downstream using a 2-D
insert in a low-speed tunnel. Lin chose 1.35 chord lengths and quotes an
uncertainty of £2.5% for the drag coefficient for recent tests in LTPT [Lin,
1992]. The static pressure at these downstream locations does not vary
significantly across the wake compared to the reference static pressure
upstream of the model (P, in figure 2.15) [Nakayama, 1990; Ljungstrom,
1973a]

A more direct method of determining forces is to mount the model on a
balance [Ljungstrém, 1973b]. For two-dimensional testing the balance
system usually supports the model through both sidewalls with the model!
spanning the tunnel (or insert) [Paschal et al., 1991; Biber and Zumwalt, 1992
and 1993]. The LTPT balance is representative of a modern sidewall balance
for two-dimensional testing [Stainback, 1986]. Figure 2.16 shows the general
configuration [Paschal et al., 1991]. The airfoil model is held between two
circular endplates that are attached to an inner drum. A motor driven,
externally mounted pitch mechanism provides attitude control by rotating the

inner drums within the outer drums. The outer drums are attached to the yoke
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arm which is connected to the force balance platform. The force balance is a
three component strain gage configuration with load limits of 18,000 pounds
in lift and 550 pounds in drag and is accurate to within 0.1% of design load
limits. When comparing typical force measurements with the balance versus
momentum deficit methods (drag) or integrated pressures (lift), the balance is
generally inferior. One reason is that the entire flow field must be two-
dimensional requiring careful sidewall boundary layer control. Pressure
methods require only that the centerline flow field be representative of the
two-dimensional flow field. In addition, there is often uncertainty (typically
reported +0.5°) in the mean flow direction leading to further error [Paschal,
1991, et al.; Ljungstrém, 1973a and 1973b].
2.2.2 Maintenance of Uniform Spanwise Flow

Large pressure gradients induced by high-lift airfoils can cause the
wind tunnel sidewall boundary layers to separate in the test section and
reduce the lift generated. Reviewing the pressure distribution in figure 2.7
reveals steep suction peaks at the leading edges of the airfoils which can turn
the sidewall boundary layer towards the upper surface of the model near the
model/wall juncture. This process will tend to cause the sidewall boundary
layer to separate leading to an irregular three-dimensional flow pattern which
contaminates the flow over the low aspect ratio model resulting in reduced lift
[Paschal et al., 1991; Meyers and Hepner, 1984; Schieman and Kubendran,
1988; Kornilov and Kharitonov, 1984; Kobashi et al., 1982]. Separation is

particularly likely at high angles-of-attack where the pressure gradients are
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the steepest [Innes, 1995; Paschal et al., 1991]. Control of flow two-
dimensionality is generally accomplished by one of three methods: sidewall
blowing, sidewall suction, and the use of model endplates (2D insert), or a
combination of these methods [Nakayama, 1930; Braden, 1986; Innes et al.,
1995; Wentz, 1976; Valarezo, 1991].

A boundary layer control system (BLC) utilizing the blowing technique
as used in LTPT is shown in figure 2.17 [Paschal et al., 1991]. Note the
profound increase in lift when the blowing system is used, particularly for the
lower Reynolds numbers at high angles-of-attack. Tangential blowing slots
were positioned at the leading edge of the slat, top surface of the main
element and flap, and just upstream of the flap cove region. These slots were
fed with pressurized air through plenum chambers. The mass flow rate of the
injected air is controlled through valves and tunnel pressure is held constant
by removing air downstream of the test section. [Paschal et al., 1991; Morgan
et al., 1987].

Wall suction involves the removal of the boundary layer through porous
walls or suction slots. This can require that a vacuum system be installed in
the case of a test section at atmospheric pressure, or achieved simply by
venting the walls of a pressurized tunnel [Paschal et al., 1991; Ljungstrém
1973b; Wedderspoon, 1986]. In figure 2.18 a cross section of the current
LTPT BLC system using ventilated walls is depicted. Air from the porous
endplates vents through ducts which are instrumented with total pressure

probes, static wall taps, and a thermocouple [Paschal et al., 1991]. The mass
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flow rate of the exiting air is automatically calculated using compressible flow
equations [Stainback, 1986]. An auxiliary compressor, controlled by a
feedback loop, is used to make up the lost air. Results for various endplate
perforation patterns for a typical four-element high-lift model are shown in
figure 2.19, where m/my is the ratio of vent and test section mass flow rates.
The spanwise pressure distributions are “fuller” and more uniform with the
BLC system operating.

A more simplified approach to boundary layer control is the use of
endplates on a model which are displaced from the tunnel sidewall [Olson and
Orloff, 1981: Innes et al., 1995; Wentz, 1976; Biber and Zumwalt, 1992 and
1993]. Figure 2.20 shows the use of circular endplates with a high-lift model
in the NASA Ames 7 x 10 foot wind tunnel [Olson and Orloff, 1981]. The gap
between the endplate and the tunnel wall reduces the interaction of the model
pressure gradient with the tunnel sidewall since the end plate boundary layer
is fresh and thin. A recent report by Innes contains an example of a hybrid
method for sidewall boundary layer control [Innes et al., 1995]. Here a
tangential blowing slot was incorporated into the end plate to control
separation of the end plate boundary layer and reduce flow three-
dimensionality. If a full span model is used, fences can be installed slightly
inboard of the tunnel sidewall to act as endplates [Adair and Horme, 1988b].

Verification of flow two-dimensionality is accomplished using spanwise
pressure measurements and flow visualization. The study summarized by

figure 2.19 shows the use of pressure data. The level of spanwise uniformity
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considered acceptable varies among experimenters. As discussed earlier,
the use of a force balance demands the utmost regard for uniform flow.
Paschal et al. (1990) were able to control all spanwise pressure coefficients to
within £0.1 for a given spanwise location which represented roughly 0.5% of
the leading-edge suction peaks typically seen at maximum lift [Paschal, 1991].
Nakayama, Kreplin, and Morgan report an acceptable level of spanwise
uniformity as less than 5% of the total pressure coefficient variation over the
whole model [Nakayama et al., 1990].

The most common flow visualization method used to verify uniform flow
is tufts or "minitufts”, attached to the surface [Nakayama et al., 1990; Paschal
et al., 1991; Crowder, 1977]. The entire model can be tufted with fluorescent
monofilament nylon line (minitufts) and viewed with an ultraviolet light to show
overall local flow directions and separation [Rae and Pope, 1984]. Separating
flow will cause a tuft to lift off and twirl while attached flow will force the tuft to
lay on the surface and align with the local flow direction. Tufts can of course
also be used to investigate stall and separation patterns due to configuration
changes or changes in angle-of-attack [Wentz, 1976].

Tempera and kerosene were used by Biber to investigate the flow
character near the wall juncture of a high-lift model [Biber and Zumwalt,

1993]. Oil flow was successfully used by Ljungstrém to check flow uniformity
and also allowed the identification of laminar separation bubbles, natural

transition and turbulent separation [Ljungstrém , 1973b].
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2.2.3 Optimization of Multi-Element Airfoils at High Reynolds Numbers

To truly optimize the geometry of a muliti-element airfoil high-lift system
the model should be tested at near flight Reynolds and Mach numbers; this
constraint severely limits the number of facilities available for high-lift testing
[Nelson, 1995; Butter, 1984; Lynch, 1992; Valarezo, 1993]. Significant
differences in maximum lift coefficient have been measured due to variation in
Mach and Reynolds numbers [Valarezo, 1991 and 1993; Woodward, 1988].
For most aircraft, it is not generally practical to obtain full-scale Reynolds
numbers in wind tunnel testing by using a full-scale model; however, it is often
possible with a reduced scale model. Pressurized and cryogenic tunnels
provide the increased density and/or the decreased viscaosity required to raise
the Reynolds number [Rae and Pope, 1984].

Rigging geometry optimization of muiti-element configurations requires
individual element optimization first while other elements are keptin a
"conservative setting”, meaning a choice of gap and overhang that, based on
experience, is thought to provide adequate slot flow without risking
separation. This is followed by whole system optimization to find the highest
performance possible [Nelson, 1995; Lin and Dominik, 1995; Valarezo, 1991].
Certain parameters must be chosen before testing can begin. The variables
include: baseline slat and flap gap and overhang, slat and flap deflection,
angle-of-attack, and freestream Mach and Reynolds number. The number of
variables, the economics of tunnel occupancy, and development time

restraints realistically dictate the development of a sparse test matrix. As a
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relevant example of a modern optimization consider the recent work of
Valarezo et al. in LTPT [Valerezo, 1991]. The study focused on obtaining
maximum lift coefficients of 4.5 and 5.0 respectively for two advanced
transport high-lift landing configurations, the first a three-element, and the
second a four-element configuration as shown in figure 2.21. Testing began
by first measuring Cl,, for the cruise configuration wing (high-lift devices
stowed) as a function of Reynolds number at a Mach number of 0.2. These
results served as a baseline for investigating Reynolds number effects on the
high-lift configuration and showed that Cl,, is relatively constant (cruise
configuration) for Reynolds numbers above 5§ million. Unfortunately this
Reynolds number insensitivity was not repeated for the high-lift
configurations. It was decided to choose 9 million and 0.2 for the Reynolds
and Mach number so as to best represent full-scale flow over the stall critical
section of the wing, which is simply the first spanwise location on the wing to
encounter stall. Next, the four-element configuration's flaps were installed
and set at 35° and 15° deflection (35° deflection for main flap, 50° for the
auxiliary flap) with conservative gap and overhang settings.

A slat optimization was now performed using three slat deflection
angles : 25°, 30°, and 35° and several gap and overhang values. The resulits
are shown as figure 2.22, where each point (a single geometry) can represent
as much as two hours tunnel occupancy due to the use of a pressurized
facility in conjunction with manual adjustment and gaging of elements [Lin,

1993]. The maximum lift coefficient occurs with the 30° slat deflection. The
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two higher deflections were shown to load the slat, even past the angle-of-
attack where the main element stalled. Having chosen the deflection angle,
the slat gap and overhang were varied further as the grid in figure 2.22
shows. An optimum rigging was chosen for a Reynolds number of 5 million
and the test was run again at 9 million - results are shown in figure 2.23. The
difference in optimum slat gap settings with overhang held constant was
0.7%C, a significant difference. The most significant Mach number effect on
the slat is the limiting of the peak pressure attained as shown in figure 2.24
which occurred at 0.26 Mach number. The flap optimization was conducted
subsequent to the slat studies. Using the optimum slat setting, a Reynolds
number of 9 million, and the two segment flap, seven gap and overhang
riggings were chosen for the same deflection settings as were used in the slat
optimization. The effect of Mach number on the four-element airfoil is shown
in figure 2.25. Focussing now on the single element flap at two deflection
angles; 30° and 35°, the rigging choices and Cl ., results are shown in figure
2.26. What is not evident in the lift plots is the large separation at low angles-
of-attack in the 35° flap deflection case leading to the choice of the 30°
deflection as optimum. The pressure distribution on the flap for the two
deflections shows the distinctive droop in the upper surface plot of the 35°
case of figure 2.27 indicating that separation has begun in this region. The
investigators rejected the rigging which allowed flow separation at low angle-
of-attack due to the noise that would have been created on the actual airplane

while approaching the airport.
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This study and other recent studies in LTPT provide insight into the
testing of muiti-element airfoils and the importance of testing at representative
Mach and Reynolds numbers particularly while choosing optimum rigging
geometry for slats and flaps.

2.3 Two-Dimensional Multi-Element Computational Aerodynamics

The purpose of this section is to briefly review some popular
computational fluid dynamics (CFD) methods as they apply to the analysis of
2D multi-element airfoils. The discussion in the previous sections detailed
the complex flow physics associated with the viscous flow over the airfoil. In
particular, even at the time of this writing, code developers have had difficulty
modeling merging shear layers, separated flow, and boundary layer transition.
This is due in part to the fact that experimentalists do not fully understand the
flow physics [Nelson, 1995; Brune and McMasters, 1990].

Only recently have computational tools been available that partially
deal with the separated flows and viscous interactions of high-lift systems.
[Brune and McMasters, 1990]. In the beginning, inviscid panel codes were
used for analysis. A natural evolution was the coupling of a boundary layer
solution to the panel code. Later these codes were adapted to include small
scale separation and later massive separation. The most recent tool
developed has been the use of algorithms which solve the Reynolds-
averaged Navier-Stokes equations (RANS) directly using a turbulence model

for closure [Brune and McMasters, 1990; Nelson, 1995].
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Recent progress is perhaps best summarized, with respect to this
study, by the results of the "High-Lift Workshop CFD Challenge”, held in May
1993 at the NASA Langley Research Center [Klausmeyer and Lin, 1997].
This meeting was a pseudo-contest where competitors were asked to
compute aerodynamic force coefficients, pressure and velocity distributions
using a Douglas three-element airfoil at given flow conditions without prior
knowledge of experimental results taken in LTPT. It is the purpose of the
following sections to provide an overview of some current methods used for
analysis, while focusing on comparisons to experimental results. The most
popular modern codes (excluding airfoil optimization and design) can be
broadly grouped into two categories: coupled inviscid-viscous and Navier-

Stokes methods.

2.3.1 Coupled Inviscid - Viscous Flow Methods

In general, these methods are less expensive to run than Navier-
Stokes (N-S) solvers and have simplified grid requirements. In comparison,
the biggest disadvantage is that the flow physics are not as accurately
represented. The codes must provide a model for separation regions, wakes
and confluences [Nelson, 1995].

Modern coupled codes model large separated regions as well as
boundary layers and small separation bubbles. The method of Cebeci is
representative of a modern methodology which uses a panel method loosely
coupled to boundary layer equations [Cebeci, 1992]. The interactive

sequence of calculations begins by solving for the external inviscid velocity
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field using a panel method which provides the edge velocity for the boundary
layer on the airfoil elements, with the exception of troublesome areas such as
the flap cove region. The Falkner-Skan transformation is used to transform
the boundary layer equations which are solved next, beginning on the top
surfaces, progressing from the stagnation point, through the regions of
laminar, transitional, and turbulent flow to the trailing edge. The bottom
surface boundary layer solution progresses in a similar manner. With velocity
distributions on both surfaces known at the trailing edge, calculations are
extended into the wake. A displacement thickness is now available and the
panel method is again invoked; iteration continues until convergence. One
advantage to this method is that the required grid is restricted to the surface.
The turbulence model employed is that of Cebeci and Smith [Cebeci and
Smith, 1974].

MSES is an extremely fast and robust code developed by Drela and
Giles which is currently in use for research and production [Drela, 1990 and
1993]. The Euler equation is solved on an H-grid simultaneously with the
integral boundary layer equations using a Newton solver. The inner grid
boundary is displaced by the calculated boundary layer displacement
thickness and the wake trajectory is determined implicitly. Boundary layer
transition is said to occur when the amplitude of the most unstable Tollmien-
Schlichting wave in the boundary layer has grown by a factor of e’ (~8100).

This code has been proven to handle large-scale separation and asymmetric
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wakes; results for a three-element configuration are presented in section 2.3.3
[Nelson, 1995; Klausmeyer and Lin, 1997].
2.3.2 Navier-Stokes Methods

Navier-Stokes methods are perhaps best characterized by the choice
of grid, flow solver, and turbulence model. Multi-element grids can be
patched together from smaller structured grids generated around each
element which share common points at their boundaries. Alternately,
structured grids may be generated around each element and randomly
overlapped, or unstructured grids surrounding the entire model can be used
[Nelson, 1995; Klausmeyer and Lin, 1997].

Grids are often described by their overall shape. An example of a C-
grid is a grid which forms a doubly connected region beginning at the upper
surface trailing edge (or in the wake) of an airfoil and wraps around the
leading edge until the endpoint is coincident with the start point. When a
slender body, such as an airfail, is inserted into a surrounding grid, it is
represented as a slit in the computational domain, and this doubly connected
region is known as an H-grid.

Patched or multi-block grids split the domain into patches with common
boundaries. A grid which is point-wise continuous is generated for each
individual patch which shares common boundaries with neighboring patches.
Typically C-grids are used around each element and the domain is patched
together with other C or H-grids. An example of a multi-block grid is shown

for a three-element airfoil in figure 2-28 [Vatsa et al., 1994]. This 97 block
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grid was generated using GridPro™/az3000 software and has approximately
50,000 grid points.

Overset or Chimera grids randomly overlap body-fitted grids for each
element and have the advantage of not requiring prior knowledge of the flow
field [Renze et al., 1992, Nelson, 1995; Benek et al., 1986]. In the Chimera
method, individual grids receive information from each other in the form of
interpolated quantities.

Unstructured grid methods offer geometric flexibility and naturally lend
themselves to the complex geometry and flow physics of multi-element
configurations [Marcum, 1995; Barth and Linton, 1995; Nelson, 1995). Also,
unstructured grids offer the potential to adapt the grid to improve the
computational accuracy. Unstructured grids typically rely on geometric
triangulation algorithms which distribute a stretched mesh over the domain,
clustering points near the body surfaces to provide resolution in the flow field
where the influence of viscosity is greatest.

The multiblock grid shown in figure 2.28 was used with a finite volume,
central difference code originally developed for three-dimensional
applications called TLNS3D-MB. The Spalart-Alimaras turbulence model
[Spalart and Allmaras, 1992] was chosen over the Baldwin-Lomax model
[Baldwin and Lomax, 1978] by comparing computed velocity profiles to
experimental data using both methods. Results from this code and others for
a three-element airfoil are compared with experimental data in the next

section.
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A Chimera grid was used in a comparative study of two popular
turbulence models used with a muiti-element model [Renze et al., 1992]. The
Baldwin-Lomax [Baldwin and Lomax, 1978] and Baldwin-Barth [Baldwin and
Barth, 1990] algebraic turbulence models were used with a code called
OVERFLOW to solve the thin-layer N-S equations [Buning et al., 1991].
OVERFLOW uses a three factor, diagonalized, central difference scheme,
purposefully designed to process Chimera overset grids.

An unstructured grid was used by Anderson and Bonhaus to solve the
RANS equations for flow around a three-element airfoil [Anderson and
Bonhaus, 1993]. An upwind, implicit, node based solver, using a linearized
backward-Euler formulation, known as FUN2D was used with both the
Baldwin-Barth [Baldwin and Barth, 1990] and Spalart-Alimaras [Spalart and
Allmaras, 1991] turbulence models. Results including comparison to
experimental data are included in the next section.

2.3.3 Modern CED Multi-Element Airfoil Methods Compared

The data presented in this section is a result of a cooperative
agreement between the Douglas Aircraft Company and the NASA Langley
Research Center (LaRC). Atthe LaRC "High-Lift Workshop CFD Challenge,"
twelve invited researchers shared computed results for flows over a Douglas
three-element airfoil [Klausmeyer and Lin, 1997]. The participant's computed
results were found with no prior knowledge of experimental results obtained in
the LTPT. The overall geometry is a three-element configuration based on a

11.55%C thick supercritical airfoil, with slat and flap chords of 14.48%C and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37
30%C, respectively based on the nested airfoil chord (C). Results shown are
for the landing configuration which is designated 30P30N meaning a 30° slat
deflection, and 30° flap deflection. The "P" refers to the slat rigging where the
slat gap is 2.9%C and the slat overhang is -2.5%C. The "N" refers to the flap
rigging, although two flap rigging configurations were tested leading to some
confusion concerning the nomenclature; results will be presented for
configuration "A" which defines the flap gap as 1.27%C, flap overhang as
0.25%C [Anderson and Bonhaus; Nelson, 1995]. Figure 2.29 shows the
geometry for the A configuration in solid lines including the numbered
chordwise stations. Table 2.1 summarizes the codes and participants used in
the high-lift workshop blind calculations. Note the column marked "legend
key" which identifies the participant's results in the following figures. Figures
2.30 and 2.31 present the lift, drag, and pitching moment coefficient data.
Clearly, all the methods have difficulty in accurately predicting the drag polar.
Collectively, the RANS methods appear to better predict the lift curve and
pitching moment polar than the coupled methods, although Drela's and
Amirchoupani's routines perform favorably. In figures 2.32 and 2.33 some
representative velocity profiles are shown for chordwise station 1 (on the main
element, x/c = 0.45) and station 3 (on the flap, x/c =0.8982) of figure 2.29.
Problems can be seen in accurately modeling the slat wake region and a
generally wide variation in velocity magnitude between the codes is noted. A
pressure distribution representative of typical RANS solvers used at the CFD

challenge, is given in figure 2.34 [Anderson and Bonhaus, 1993].
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Comparatively, the coupled methods produced more scatter in the pressure
distribution results than the RANS methods [Klausmeyer and Lin, 1997]. In
summary, Rogers listed the most important findings of the workshop: (1) it is
best to include wind-tunnel walls in the computational model when comparing
to experimental data, (2) most grid approaches showed they could handle the
three-element geometry, (3) grid resolution studies were important, (4) there
is a need for solution adaptation of the grid for shear layers and wakes, (5)
there are no reliable transition models, and (6) for 2D modeling it is only
important to identify trends, not absolute levels [Nelson, 1995].

In conclusion, it is apparent that there is a very real requirement for
experiments. In general, CFD methods as applied to multi-element airfoils are
not fully capable of modeling the associated complex flow physics, and
therefore they do not predict forces and moments with sufficient accuracy.
Nevertheless, one of the primary benefits to using computational methods in
developing high-lift airfoils is to predict the effects of gap and overhang
changes and the scaling effect of Reynolds number to reduce wind tunnel

occupancy time during configuration optimization [Klausmeyer and Lin, 1997].
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Legend| Person Affilianon | Program | Type Gnd Modeling Notes

Key
Kyle | Anderson/ Langley FUN2D | RANS Unstructured | Without point vortex
Bonhaus farfield corrections
Kylett | Anderson/ Langley | FUN2D RANS Unstructured | With point vortex
Bonhaus farfield comrections
jones | Jones Langley |CFL3D RANS Structured-
Chimera
bied | Biedron Langley |CFL3D RANS Structured-
Eiseman
muld-block
vatsa | Vatsa Langley |TLNS3D |RANS Structured-
Eiseman
muld-block
dod Dodbele Langley [|MCARF | Coupled -
mavk | Mavnplis/ Langley [NSU2D |[RANS Unstructured
Klausmeyer
stusb | Rogers Ames INS2D RANS Structured- | Baldwin/Barth
Chimera turbulence model
stusa | Rogers Ames INS2D RANS Structured- | Spalart/Allmaras
Chimera turbulence model
stuso | Rogers Ames INS2D RANS Structured- [k oy turhulence
Chimeza | odel
drela | Drela MIT MSES Coupled | Structured

hawk | Hinsorn/ Hawkd Leaet | MEAFOIL | Coupled -

wood | Woodson Cessna | MCARE | Coupled -

caobb | Cao/ Kusunose| Boeing | INS2D RANS Structured Baldwin/Barth

turbulence model
cacba | Cao/ Kusunose| Boeing | INS2D RANS Structured | Spalart/Allmaras

turbulence model
amrr | Amurchoupant | Boeing Coupled - Free transition
amurt | Armurchoupani | Boeing Coupled - Fixed transition

Table 2.1 High-Lift Workshop CFD Challenge Participants
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Figure 2.2 Force and Moment Coefficients for a NACA 66(215)-216 Airfoil with a 20% Chord Plain Flap
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Figure 2.6 Effect of High-Lift Devices on Airfoil Lift Curve and Drag Polar
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Figure 2.8 Mean Velocity Vectors from Hot-Wire Measurements for a Three-Element Airfoil

Copyright ©® 1990 AIAA - Reprinted with permission



47

o

.y 3.0 [

N3 . a0t

. W : C .
, 20 3 - :

2o, : 20f =
Yy L o s -

(in)f ¢ e
Lol 3 1 A °..) e
. [ n..\ - A f:t‘l te

t PR
o. —— — -2
0 2.0 0 2.0 0 1.0
a) b) c)
'Z 2 =z —Z 2 )
/U of ¥ /Uref' /U ag uv/Ll £ X 10

Figure 2.9 Representative Turbulent Stress Profiles for Case A
of the model of Nakayama et al.; a) Main Element Upper Surface,

x/c=0.4, b) Flap Upper Surface, x/c=0.8 ¢) Wake, x/c=1.05
Copyright © 1990 AIAA - Reprinted with permission

ref
. J
° ( 2/ ! |77
U::.f BRI

0.1c

Figure 2.10 Turbulent Stresses for the Three-Element Model of Nakayama et al.
Copyright® 1990 AIAA - Reprinted with Permission

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

—_——
\ b T——
N —
\\\\ —_—
Main Element S —
79 § -
L= S
—_— \t:‘\ o

30 m/s

Figure 2.11 Mean Velocity Vectors Showing
Recirculation Region on Flap

U VvV Wa. i
HOT-WIRE o a a 4.0L o e
5-HOLE PROBE« « . . R T :
FLAT TUBE - . e q
- ., - 8
IS ° e
2.0 200 3 & i
L 3 :‘ i E 2.0 ¢ ¢
y [ 2 o 5 s I
(in.)] 5 3 :
10 1.0 oL
ol &, . )
0 1.0 2.0 0 1.0 20 0 1.0
a) b) c)
U/Urefs V/Upgps W/lper

Figure 2.12 Representative Mean Velocity Profiles for Case A

of the Model of Nakayama et al.; a) Main Element Upper Surface,
x/6=0.6, b) Flap Upper Surface, x/c=0.8, c) Wake, x/c=1.5
Copyright © 1990 AIAA - Reprinted with permission

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VELOCITY
RATIO

0.0

VORTEX

-1.0

az(5°
€p OF ISOLATED
AIRFOIL =22.3741|

0.0 Q.2 s 0-4 ‘

/CE
1 ]
0.6 Q.8 1.0
cg TOTAL = 2.4741
¢¢ AIRFOIL = 1.8789
cd AIRFOIL = 0Q.3680

49

Figure 2.13 Velocity Distributions on an Airfoil with a Vortex Located

Near the Leading Edge lllustrating the S/at Effect
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(c) Blowing Slot Locations
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Figure 2.18 Langley Low Turbulence Pressure Tunnel
Venting System for Sidewall Boundary Layer Control
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Figure 2.21 Airfoil Configurations Tested by Valarezo et al.
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Figure 2.29 High-Lift Workshop Douglas Three-Element
Airfoil with Chordwise Stations
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3 EXPERIMENTAL OPTIMIZATION

Optimization can be defined in the broadest sense as the collective
process of finding the set of conditions required to achieve the best result
from a given situation [Beveridge, 1970]. If an optimum is sought on the
basis of experimental results, this process is called experimental optimization.
In a complementary fashion, optimization is often used to design efficient
experiments to help extract data and physical insight from an experiment.
This process is known as optimization of experimental design [Scott and
Haftka, 1995].

Experimental optimization methods can be grouped into two
approaches: on-line and off-line. On-line methods are often called "direct
insertion" methods since they are embedded into the experiment, allowing
optimization in real time [Yesilyurt, to be published; Otto et al.,1985]. In off-
line methods, the experiment is invoked only to construct a simple input-
output model (a surrogate or response surface) from experimental data; this
model then serves as a simulation in subsequent design studies [Otto, 1995;
Yesilyurt, 1995). Comparing the two approaches, the off-line approach to
optimization offers several advantages [Otto et al., 1996; Landman and
Britcher, 1996]. First, the number of appeals to the experiment for a desired
confidence level can be specified beforehand. Second, the model is flexible,
in that different optimization methods may be studied with the same model,
without rerunning the experiment. Third, the model approach offers a natural

means to add data from other sources. With regards to disadvantages, a
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new source of error is introduced by the model. On-line approaches often
require less data points, a distinct advantage; however, most on-line methods
rely on a serial progression towards an optimum, a process inherently
unforgiving of a poor data point.

To describe optimization, it is first necessary to define some terms.
These definitions are consistent with the literature but some variation in strict
meaning is found among authors [Fox, 1971; Box and Draper, 1987; Scott
and Haftka, 1995, Haftka and Gurdal, 1992]. The numerical quantities for
which values are to be varied are called design variables or factors. The
numerical quantity for which a best value is desired is referred to as the
response; moreover, noise is defined as the uncertainty associated with the
response. Strictly speaking, the function to be optimized which governs the
dependent relationship between response and design variables is called the
objective function. In this study, the measured response is airfoil lift
coefficient (C,), and the design variables are flap movement in the vertical (y),
and horizontal (x) direction. An analytical objective function in this case is
unknown; an experiment will take its place. Design constraints are the
restrictions that must be satisfied to permit an acceptable design. In this
study, design constraints are the extreme limits of motion for the flap. Design
space is a term given to the n-dimensional space defined by the range of
continuous design variables [Fox, 1971, Haftka and Gardal, 1992]. A design
point is a point in design space defined by a unique set of design variables

[Scott and Haftka, 1995]. A response surface is a simple function such as a
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linear or quadratic polynomial, used to describe response in a small
neighborhood of the design space [Box and Draper, 1987]. The term has
been used more loosely to represent any surface describing a response in the
entire design space, whether analytically generated or fitted from
experimental data.

3.1 Experimental Optimization Methods

When using a mathematical function for the objective function, different
optimization methods offer different strategies for obtaining sequences of
points which will lead to the optimum design. In experimental optimization
these same methods may be employed with the response provided by an
experiment.

In a recent publication, which reviewed optimization methods as they
apply to experiments, one of the strongest deciding factors listed in the
selection of methods was the cost of each experiment [Scott and Haftka,
1995]. Another major factor was whether a method required derivatives of the
objective function. Sometimes approximations for derivatives (i.e. finite
differences) will be satisfactory if the noise level is low; alternately, one can
seek methods in which derivatives are not required [Scott and Haftka, 1995).
In the following sections, a variety of techniques will be presented. Later, the
more promising techniques for this work are selected and discussed in more
detail.

Relatively expensive experiments require efficient methods in order to

minimize the number of experiments required. One reported efficient method
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is called Evolutionary Operation [Box and Draper,1987; Cornell,1990]. In this
method, a response surface is fitted to the results of the experiments and
used to perform a local optimization. Each local optimization is called a
design cycle and involves a small portion of the design space. A second
design cycle is subsequently performed in the region of the first optimum, and
the process continues. This method has been very successful in optimizing
chemical and biological processes [Villen,1992; Banarjee, 1993; King and
Buck, 1991]. Taguchi methods, which offer techniques for choosing design
points as well as a comprehensive method of optimization are ideally suited to
expensive experiments [Beck and Arnold, 1977; Gardner, 1991, Kaufman and
Stone, 1987]. In the Taguchi method a response surface is generated using
products of linear polynomials in each design variable. Other methods
suitable to expensive experiments include the D-Optimal criterion and Box-
Hunter methods [Villén et al., 1992]. The D-Optimal criterion in its most
rudimentary form is sometimes called a parametric study or interactive
method. Using this method, the ranges of the experimental design variables
are determined first. Next, the objective function is calculated using a limited
number of design points chosen by incrementing each design variable
uniformly. The design space is then reduced based on the initial calculations,
centered on the estimated optimum, divided again in smaller increments, and
an objective function is again calculated. The process is repeated until
convergence on an optimum is achieved [Scott and Haftka, 1995]. Variations

of this algorithm have been used successfully in problems as diverse as
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optimizing the placement of sensors on space structures [Bayard, 1988] to
determination of the optimum test for "nitrogen washout" in the human lung
[Lewis et al., 1982].

Unless an objective function is convex, no optimization algorithms can
distinguish local and giobal optima. The most simplistic approach to seeking
the global optima is to restart the optimization at randomly selected initial
points to seek other solutions. While this may be practical for simple
problems, problems with many variables may require an excessive number of
runs. Genetic algorithms use techniques analogous to biological processes,
mimicking Darwin's theory of "survival of the fittest" [Holland, 1975; Haftka
and Gurdal, 1992]. One advantage to this method is that it is easy to
program, and has a high probability to reach the global optimum [Krottmaier,
1993]. Combinations of the design variables are represented by bit strings
which are analagous to chromosomes in nature. The method seeks to
minimize the objective function which is quantified by the combinations in the
strings. The optimization problem involves three commonly used genetic
operations: reproduction, crossover, and mutation. At the onset, the
population size is chosen and each variable in the string is assigned a
random value. The next step, reproduction, involves forming a new
population of strings with good objective function values determined by the
initial search. Now the members of the new population are paired off
randomly for crossover. Crossover involves choosing a random point in the

bit string where the values of 0's of each bit are replaced by 1's and vice
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versa. These transformed strings are known as offspring. At this point it may
be possible to have a population made up of multiple copies of an optimal
string. To avoid this, mutation is periodically implemented by randomly
changing one value in the bit string. No derivatives are required, an
advantage when using experiments. A disadvantage may be the typically
high number of required objective function evaluations. The genetic algorithm
is summarized in figure 3.1 [Haftka, and Gurdal, 1992].

A minority of problems fall into the category of inexpensive
experiments. Experiments which are easily performed and/or are suited to
rapid data acquisition are often inexpensive. If the noise is also found to be
low, then this type of problem lends itself to more simplistic optimization
methods originally developed for use with an analytic objective function.
Adaptive control problems, such as adjusting chemical process variables on-
line, are possibly the most common examples of inexpensive, low noise,
experimental optimization problems [Scott and Haftka, 1995]. Gradient
methods are often used in these problems [Sameness and Lim 1990; Jacoby
et al.,1972; Fox, 1971]. These methods have in common the use of gradients
of the objective function, or in the case of experiments, approximations to the
gradient. All gradient methods seek the set of design variables that minimize
the gradient of the objective function, which is a measure of the rate of
change of the response [Fox, 1971]. The method of steepest ascent (or
descent) seeks the greatest magnitude of the gradient, for a given set of

design variables, and moves in that direction progressively, stepping towards
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a local optimum. The magnitude of the gradient in previous steps is retained
and used to scale the step size [Fox, 1971; Beveridge and Schecter, 1970;
Jacoby et al., 1872]. This method is detailed in section 3.2.

The sequential simplex method is one of the oldest search methods for
optimization [Spendley, 1962]. This method has been used successfully with
many problems, particularly those optimizing chemical processes
[Khummongkol, 1992; Walters, 1991]. The basic premise is to use a
geometric figure with responses as vertexes to define an object in the design
space. The responses are then ranked and the figure is translated and
transformed until it surrounds the optimum region. A major advantage to this
direct search procedure is that no derivatives of the objective function are
required. The sequential simplex is most often used with problems involving
few design variables [Scott and Haftka, 1995; Jacoby et al., 1972; Walters,
1991]. A major disadvantage is that no information is retained beyond two
step cycles, often resulting in a less efficient path towards the optimum
[Jacoby et al., 1972]. Two variations of this method are presented in sections
3.3and 3.4.

If optimization is performed based on a simple response surface, there
is a need to validate the results. Validation can be as simple as rechecking
some of the design points after achieving an optimum, using any method, or a
more rigorous mathematical approach can be implemented which provides
statistical bounds to the accuracy of the method. For example, Kaufman and

Stone reported the use of additional experiments for validation of an optimum
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lap shear bond strength [Kaufman and Stone, 1987]. Fox and Lee describe
the use of a "signal-to-noise ratio" calculation for each design variable used in
optimizing a metal injection process using the Taguchi method [Fox and Lee,
1980]. A recent method for optimization including validation has emerged
using Bayesian-Validated Surrogates [Yesilyurt and Patera, 1995]. The
method was originally demonstrated using noisy computer simulations [Otto,
Landman, Patera, 1995; Yesilyurt et al., to appear] and has now been
successfully utilized with experimental data [Otto et al., 1996]. In this method,
surrogates are analogous to response surfaces, constructed by fitting
surfaces to a finite grid of experimental design points, but over the entire
design space. In addition, a number of randomly generated design points are
used to statistically validate the optimization. The entire data set is taken at
one time and all optimization and validation operations are performed off-line
and "a posteriori".

3.1.1 Experimental Qptimization in Aerodynamics

There has been very little published work on the subject of
experimental optimization methods applied to aerodynamics. While multi-
element airfoils have always required wind tunnel testing to determine
optimal gap and overhang rigging, the methods used to obtain these settings
have been trial and error with a matrix of test values typically generated from
computational results [Valarezo, W. O. et al., 1993; Klausmeyer and Lin,

1997].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

The objective of the present study was to optimize lift coefficient (C)) as
a function of flap position (x,y). [nitial evaluations of the response using the
experiment revealed very low noise (discussed later), while the use of
automatic positioning and data acquisition equipment classified the
experiment as inexpensive. This rare combination permitted the choice of
relatively simple methods more often reserved for use with closed form
functions. The following methods were chosen as candidates for an on-line
optimization routine. The final choice of method was based on results from
simulations which modeled the response and noise of the experiment.

The primary objective in this study was to demonstrate the practicality
of experimental optimization using multi-element airfoils. A simple gradient
based method and pattern search technique were chosen as representative of
numerous more refined methods suitable to this type of problem. While
algorithm efficiency was of interest, demonstration of the viability of in-situ
optimization was of prime concern during this study.

3.2 The Method of Steepest Ascent

The method of steepest ascent falls under the broad category of
optimization methods known as gradient methods [Fox, 1971; Beveridge,
1970]. These methods depend on the evaluation of a function's gradient at a
given point [Jacoby et al., 1972]. Gradient methods can be used to find local
optimum points (maxima or minima) in a design space by invoking a
sequential algorithm which, starting at a given point, will progress through

intermediate points toward a local optimum (i.e. maximum of F). The method
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depends on an evaluation of the gradient of the response starting with a given
point (design variable set), chooses a direction to move which is based on
successive gradient magnitudes and a scaling factor (often obtained from
experience), and moves until the optimum response is attained [Beveridge,
1970).

3.2.1 The Method of Steepest Ascent - Analytical Background

For a function F=F(X), where X is a column vector of design variables
(%4, X2, X3 ...), the vector VF, the gradient of F, lies in the direction of the
greatest rate of change of F and has the rate of change as its magnitude
[Shenk, 1979]. The direction given by VF is known as the direction of
steepest ascent; similarly the direction of steepest descent is given as -VF
[Fox, 1971]. In a given design space, a starting point X, can be chosen to

begin a minimization process; at the kth iteration the next point is obtained as

X(q=X,+AS (3.2.1-1)

Here S is the unit vector in the direction of steepest descent and o is chosen

so F is minimized. The unit vector S is found to be

- VF
S=-——_ -
VE] (3.2.1-2)

If the function F to be minimized is quadratic, it may be written as
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,cz%x TQx«bTx+c (3.2.1-3)

where Q is known as the Hessian matrix. The step length, « can be
determined directly by substituting equation 3.2.1-1 into 3.2.1-3 for the k+1
iteration followed by a minimization of F with respect to a which yields o, a

value for a that minimizes F [Haftka and Gardal, 1992; Fox, 1971]

. (x'Q+bT)s

= 3.2.14
(s7Qys) ( )

The performance of the steepest descent method (using 3.1.2-1) depends on
the condition number of the Hessian matrix. The condition number of a matrix
is the ratio of the largest to smallest eigenvalue, where a large condition
number implies that the contours of the function form an elongated design
space, causing the method to proceed at a very slow pace. For large
condition values, the design variables may be rescaled to approach a
condition number of unity, avoiding the slow zig-zag progression known as
hemstitching [Haftka and Gurdal, 1992].

For most multivariable function minimizations, it is not easy to
determine an appropriate scaling of variables to assure a rapid convergence.
An alternative method is provided by Fletcher and Reeves, which is
guaranteed to minimize quadratic functions without scaling the design

variables [Fletcher and Reeves, 1964]. The minimization process is begun in
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the same manner given above: an arbitrary point X, is chosen and the
function F is minimized along the steepest descent direction, S, = VF(X,),
then using equations 3.2.1-3 and 3.2.1-6 the next iterate X, is found.

Subsequent steps toward the minimum may be found using

xk.1 = Xk + ak'.‘ Sk (3.2.1‘5)

such that F is minimized with respect to a and

|VF 2

- r §k=-—VFk + Bkgk-" (3.2.1‘6)
[VFea P

Be

Unfortunately, in experimental optimization the behavior of the objective
function is often unknown and subject to noise, very often rendering this
analytical approach to determining step size infeasible. Nonetheless, this
method provides a background for developing step sizes based on the
magnitude of the gradient. In the next section a method of steepest ascent is
presented which has been developed by this author using some of the
concepts discussed previously.

3.2.2 The Method of Steepest Ascent - Optimizer Algorithm

In the earlier general discussion, a gradient is calculated assuming a
function exists for the input-output relation. In this application, the input -
output relationship is known only through an experiment . In particular, lift
coefficient (C,) is defined as a function of flap position, or C;=C\(x,y). To

evaluate the gradient, this method relies on sampling three closely spaced
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points (the minimum number possible), which form an equilateral triangle.
The gradient is then calculated from the plane defined by the triangle and a
move is made in the direction of the gradient (steepest slope) to a new point,
where the process is repeated. The response at the location of the centroid
of the triangle, formed by the three points, is used to determine convergence
on the optimum. This procedure is depicted graphically in figure 3.2, where
the gradient vectors for successive points are shown at the centroidal points
of each triangular grouping of points. The level curves form a contour plot of
the response; the ordinate and abscissa mark the two design variables.
Borrowing from the method of Fletcher and Reeves, the magnitude of the
gradients for the 2 successive calculations is then used to scale the distance
moved to the next point [Landman and Britcher, 1996; Fletcher and Reeves,
1964]. In figure 3.2 the gradient vector for the first point (0) has a larger
magnitude than the second point indicating a steeper local gradient and
resulting in a larger step to the second point than the following step to the
third point. The choice of the step size is important since it directly influences
the number of points used to reach an optimum. The calculation proceeds
until a local maximum is attained within a desired tolerance. The algorithm is
explained in detail below and is known as the method of steepest ascent, the
name reflecting the dependence of the method on the positive value of the
gradient, leading to a maximized objective function [Beveridge, 1970].

In general the equation for a plane through 3 points of the C, versus x,y

surface is given by
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C,-a+bx.cy (3.2.2-1)

The gradient defines the direction of steepest slope for the plane formed by
the three points. The coefficients a, b and ¢ are found by simultaneous
solution of equation 3.2.1-1 using the coordinates of each of the triangle's
vertexes. The unit direction for the plane formed by the first three points is

easily shown (using subscript “0") to be [Shenk, 1979]

V6é + ¢

Po (3.2.2-2)

The centroid of the first three points (x,, y,) is the starting point for the
optimization. Using a fixed scaling factor S, determined by experience, the

next centroidal point (x4,y4) is calculated [Fox, 1971]:

b
X, = Xg + Sy ——2— Syv.S o
1=X+ S o Yi=Yo+So = (3.2.2-3)
Y o * %o

Now three points about x4, y; can be used to calculate the gradient for the
new location. Subsequent points are computed in the same manner but using
a scaling factor based on the local slope and the distance between previous

points [Fox, 1971]:

b; c
Xjq = X + S§§——— Vig=Vi+ S m——i—
> i1 i i 3.224
b? + cf b? + c? ( )
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where the scaling parameter (described below) is

M
Vb2 + ¢
S; - [ L OG- X P (Vi - Vi P (3.2.2-5)

i
2 2
b; ¢+ 4

Since the actual objective function is unknown, S; can be limited by a
maximum value to prevent extreme moves (overshoot) in areas of steep
gradients [Jacoby et al., 1972]. Now the algorithm can be reapplied until C,
satisfies some convergence criterion. This will be discussed in section 6.5.

The choice of a theoretically optimal scaling factor would require an
analytical model of the objective function. In practice, the choice of scaling
factors is often a result of experimentation and it has been found (particularly
in the case of inexpensive experiments) that it is better to choose a smaller
than optimal step size (and hence scaling factor) [Jacoby et al., 1972;
Semones and Lim, 1989].

In this work, an experimental response surface was first constructed to
investigate the nature of the objective function (discussed in section 6.5.1) for
the purpose of choosing a scaling factor with global applicability. As can be
seen in figure 3.3 the surface is composed of steep nearly linear regions
bordering relatively flat "plateaus" with some regions of locally higher
response. The design space encompasses this entire region including the
sharply defined transition regions where the slopes are essentially

discontinuous.
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sharply defined transition regions where the slopes are essentially

discontinuous.

The simplified scaling method shown was successfully invoked with a
steepest ascent optimizer using the fitted experimental data in a simulated
experiment. The exponent of the gradient magnitude ratio, M was varied
through trials with the optimizer until the final value of ¥z was selected as a
good compromise between convergence rate and stability. Since the focus
of this work was to demonstrate the practicality of experimental optimization in
a particular setting rather than develop the most efficient optimization routine,
no further effort was expended toward increasing algorithm efficiency.

3.3 Fixed-Size Sequential Simplex Optimization

The fixed-size sequential simplex method was originally conceived by
Spendley, Hext, and Himsworth [Spendley et al., 1962]. Since the design
space of this study involved two dimensions, the remaining discussion will be
focussed on the two design variable case which means each simplex is a
triangle. Each vertex of the triangle represents a set of experimental
conditions and for visualization purposes solid lines are drawn between
vertexes.

Each of the three responses to the pair of design variables at each
vertex of a simplex can be ranked in descending order. The responses are
sorted from "best" to "worst" with the center response called "next to best".
Adopting the notation of Walters et al., the abbreviations for these responses

are B, N, and W where B always has the highest numerical response value, N
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has the next highest, and W has the lowest numerical response value of the
three [Walters et al., 1991]. Each vertex represents a pair of design
variables. For example a vertex B is located at [x1,x2] and has response Y
(see figure 3.4).

If a vertex is removed, what remains is called a face [Walters et al.,
1991]. If the W vertex of the simplex is removed (i.e. by discarding the worst
response), the centroid of the remaining face is given the symbol P. The
coordinates of P are found by averaging the coordinates of B and N, one

design variable at a time.

P-—-(N.B) (3.3-1)

N[

The fixed-size simplex optimization algorithm is very simple. An initial simplex
is chosen, the responses are evaluated, and the best and next best vertex are
retained for use as vertexes in the next simplex. The third vertex for the
second simplex comes from a reflected vertex called R. The term reflection
describes the process of taking the mirror image of the W vertex about the
line formed by the B and N vertexes. Now the only other rule to follow is to
force the N vertex of the previous simplex to become the W vertex of the next
sequential simplex. This last rule serves two purposes, it will eliminate the
possibility of a simplex getting stuck on a "ridge" in design space, and the
sequential simplex structure will "circle" the optimum. This means that only

the initial simplex requires all three responses to be ranked in descending
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order. All subsequent simplexes will require only the ranking of the B and N
vertex, the W vertex having already been chosen as the previous N vertex.
Figure 3.4 illustrates a simplex in a design space with design variables
X1 and X2. A reflected vertex, calied R, is defined as a point found by

reflecting the worst response (W) about the simplex face. R is found to be

R-2P-W (3.3-2)

The fixed-size sequential simplex algorithm is known as a direct search
method; the movement of the simplex toward the optimum is facilitated by
comparison of responses of the objective function. There is no need to
evaluate gradients of the objective function either directly (as in the case of an
analytical function) or indirectly (using finite differences for instance). When
the optimizer is in the neighborhood of the optimum the simplexes will circle
the optimum region.

Choice of size of the simplex is related to the desired accuracy in
locating the region of local maxima and the noise level in the response
[Walters et al., 1991; Jacoby et al., 1972; Spendley et al., 1962]. These
criteria must be established on an individual problem basis through
experience and may require trial and error. For relative spacing of the initial
simplex vertexes used with a variable-size simplex method, Jacoby, Kowalik,
and Pizzo suggest using two auxiliary values, p, and g, with a scaling factor
S, to define the n+1 simplex vertexes for a simplex with edge length S [Jacoby

et al., 1972].
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_yn-1-1+n4 q,- n-1-1g (3.3-3)

ny2 ny2

Pn

Restricting the simplex to two dimensions (n=2), the vertexes (x1,x2,x3)
corresponding to design variables x and y are found to be

X" = (Xegart + Yotart)

X2 = (Xt * Pp+ Ystart * G ) (3.34)

X3« (Xt * U+ Ystart * Pr)
The author found this method useful for finding the spacing of the vertexes
using the fixed-size method as well as the initial simplex for the variable-size
simplex method. The choice of the scaling factor(s) is still required and was
determined by trial and error.

At some point the sequential simplex development must be haited.

The convergence criteria can be based on changes in response or on
changes to the design variables; however, none of the methods are foolproof
and their performance is degraded as noise levels increase [Walters et al.,
1891]. One method is to calculate the standard deviation of the responses for
the three vetexes, and hait development when this value is below a
prescribed threshold [Nelder and Mead, 1965]. A simple method useful for
the two-dimensional fixed-size simplex algorithm when used in a design

space with very little noise is to identify the first instance of two successive
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new reflected vertexes overlapping previous vertexes - development is now
halted, since the simplexes are "circling”.

3.4 Variable-Size Sequential Simplex Optimization

The fixed-size sequential simplex algorithm was later modified by
Nelder and Mead (19695) to yield the variable-size sequential simplex method
[Nelder and Mead, 1965]. It is related to the fixed-size method with the
addition of two basic modifications which allow the simplex to expand in
directions that are favorable and contract in directions that are unfavorable
[Walters et al., 1991; Nelder and Mead, 1965]. The new contracted and

expanded vertexes are calculated as given by Walters et al. and found to be

(3.4-1)

The possible moves of the variable-size simplex with labeled vertexes are
shown in figure 3.4. Choosing a small initial simplex size is not as important
as with the fixed-size method, since the subsequent simplexes will contract
and expand dependent on the responses. Convergence criterion are difficult,
if not impossible, to define, especially in a noisy experiment [Walters et al.,
1991; Khummongkol, 1992]. The variable-size sequential simplex method is
outlined below [Walters et al., 1991].

1) Rank the vertexes of the first simplex in decreasing order of response from

best to worst (i.e. B, N, W).
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2) Calculate the location of the reflected vertex R and evaluate the response:
A) if NsRsB, use simplex B N R, go to step 3)
B) if R>B, calculate an expanded point, E. Evaluate the response.
i) If E2B, use simplex B N E, go to step 3)
ii) If E<B, use simplex B N R, go to step 3)
C) If R<N:
i) if R=W, calculate a contracted point Cg, evaluate response,
and use simplex B N Cg, go to step 3)
ii) If R<W, calculate contracted point Cy,, evaluate response,
and use simplex B N Cyy, go to step 3)
3) Never use the current simplex vertex W in the next sequential simplex.
Always use the current N vertex as the W vertex for the next simplex. Rank
the remaining retained vertexes in order of decreasing response and go to
step 2). Repeat until convergence criteria are satisﬂed.
Convergence is usually judged by comparing the computed standard

deviation in the response of the vertexes to a given threshold [Walters et al.,

1991].
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MINIMIZE FOX), X={x,. xg. x3. x,)
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Figure 3.1 Operations of the Genetic Algorithm

-

design variable y

design variable x

Figure 3.2 The Method of Steepest Ascent
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