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ABSTRACT

A simplified vortex lattice method (VLM) is used to gain additional insight into three problems
in three dimensional aerodynamics. A literature review examines vortex systems pertaining to lifting wings
of moderate aspect ratio and the design of winglets for aircraft wing tips. The VLM is used to investigate
winglets with the focus being to determine the mechanism by which winglets producy: a drag reduction.
This drag reduction is shown to be due to both a forward thrust on the winglet and an induced drag
reduction on tiie main wing. The magnitude of the forward thrust component is shown to vary signiticantly
with winglet size and wing lift coefficient. Then the vortex sheet roll-up behind a lifting wing is considered
using the VLM. The emphasis is on the effect of the boundary layer thickness on the wing and
consequently the vortex sheet thickness on the developing vortex core. As well, the stretching and thinning
of the vortex sheet in the vicinity of the core is demonstrated using multiple rows of vortices to represent
the vortex sheet thickness. As a final application of the VLM, the topic of anti-icing fluid distribution on
airport runways is considered. Three aircraft which are typically used in Canada during anti-icing fluid
usage are modelled. The flow-off of the anti-icing fluid during rhe take-off ground roll results in anu-icing
fluid being distributed on the runway. The calculations show the amount and distribution of the fluid

deposition on and near the runway, along with the amount of anti-icing fluid which remains airborne.
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aspect ratio of wing

wing span, m
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coefficient of induced drag
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lift curve slope, radian’

normal force coefficient of winglet
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induced drag, N

change in induced drag, N
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induced efficiency factor
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lift of incremental spanwise section of wing, N/m
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lifi - drag ratio
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Mach Number

local and stagnation pressure, N/m?
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radius from center of vortex, m

radius from center of vortex #n, m

radius of viscous core of vortex, m
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time, s

time for vortex roll up, s

a dimensionless measure of time in a vortex flow
aircraft or freestream veiocity. m/s

velocity of descent of a vortex, m/s
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x coordinate (streamwise), m

y coordinate (spanwise), m
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spanwise location y, m
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angle of vortex core with respect to the helix axis, degrees

circulation of a vortex, m?/s

spanwise distribution of circulation, m?/s

radial distribution of circulation in an evolving trailing vortex system. m’/s
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a dummy variable for y the semi-spanwis~ location

absolute viscosity of air, kg/m s

kinematic viscosity of air, p/p, m?/s

a dummy variable for the radial distance from the center of the evolving vortex
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or the density of the fluid or air, kg/m".
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drag force, N
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L lift, N

L/D lift to drag ratio
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X Vyely (x,y,2) coordinate of vortex
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Greek Symbols

o local angle of attack of wing section, degrees

it local angle of attack of wing section before induced velocity is added, degrees

B, angle to one end of vortex element

B, angle to second end of vortex element

¥(¥) trailing vortex filament circulation, m?/s

I, I'y) circulation of a line vortex, circulation of a tound vortex element, or the local circulation of
a vortex, m?/s

T, centerline or total circulation of vortex, m*/s

€ dowawash angle, degrees

P Pair density of air, kg/m’
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vorticity intensity vector of an area of vortex shee:
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radius of Rankine vortex core. m

wing span, m

boundary layer thickness. m

drag coefficient

lift coefficient

induced drag, N
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2nd moment of vorticity about the centroid of vorticity for the semi-span
2nd moment of vorticity about the centroid of vorticity of an emerging
vortex core

2nd moment of vorticity about the ¥ axis

2nd moment of vorticity about the y' axis through the centroid of
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radius from center of vortex, m
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CHAPTER 1

INTRODUCTION

1.1 Overview of the Problems

The research presented here involves the use of a simplified vortex lattice method (VLM) for the
solution of various three dimensional aerodynamics related problems. This study shows that engineering
problems can be treated with a relatively simple numerical technique to give solutions of engineering
significance. The first part deals with a literature review of vortex systems and focuses on the design and
analysis of winglets as applied to the aircraft wing tips. The VLM computer model is then applied to the
actual case of winglets on aircraft wings. The use of even a vortex lattice model produces insight regarding
the mechanism of the drag reduction produced by winglet application on a wing. The winglet prc.lem is
considered using a rigid wake (i.e. the vortex sheet not rolling up). The problem of the roll-up of a finite
thickness vortex sheet to account for the wing boundary layer is discussed in the next part. Insight is
provided into the vortex sheet roll-up process using a multiple row vortex model to allow for vortex sheet
stretching and thinning during the roll-up. In the final part, the vortex lattice method is used to model the
rolling up of the vortex wake and the movement of anti-icing fluid in the wake during a take-off ground
run. The model handles the complex geometry of three commercial transport aircraft in the take-off
configuration. Then the computer model determines the movement in the aircraft wake and the final
ground deposition of anti-icing fluid which flows off the aircraft wings.

A necessary starting point for any research endeavor involves uncovering what has already been
discovered. This involves a literature survey of past works. In the recent past, there bave been several
very good reviews of vortex systems ard simulation of vortical flows (examples are: George (1985) and
Sarpkaya (1989)). For one of the best reviews, the reader is referred to the paper by Sarpkaya (1989).
Instead of repeating that work, the review which is presented here is an attempt to highlight significant
contributions concerning the study of vortex systems, the trailing vortex wake, and winglets.

The first of the problems considered is the application of the VLM computer program to determine
the mechanism by which winglets on a wing produce drag reductions. Winglets are currently used on
numerous aircraft and can be shown to produce performance benefits. This problem is considered in the
third chapter since the literature review showed that throughout all of the numerical and experimental work
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that has been done examining winglets, the drag reduction mechanism is still poorly understood.
Specifically, this work was prompted by the lack of a clear understanding of the reason that a winglet on
a wingtip can produce a drag reduction, and hence how to optimize a winglet design for a given wing.
The computer program uses a vortex lattice method which is an inviscid, incompressible, potential flow
fluid model. In addition, viscous effects (excluding separation) are included by way of a calculation of the
profile drag of the airfoil sections along the wing span. This is done by calculating the profile drag based
on the the local wing section lift coefficient and applying the relation for the Cp,-C, from the airfoil drag
polar. This provides a reasonable ability to compare the relative importance of the profile drag and the
induced drag components. The drag reduction produced by a winglet is then quantified and the components
of the drag reduction are clearly demonstrated.

Numerical modelling of airfoils, wings, and vortex sheets has been the subject of much work over
the years. Methods vary from point vortex methods, to Cloud in Cell (CIC), to vortex panel methods, and
others. Yet with the availability of all of the methods and the vastly increasing computational power, there
is yet to be shown a clear and accurate method for the vortex sheet roll-up into the developing core region
behind a lifting wing. This study considers the boundary layer thickness, and consequently the vortex sheet
thickness. since there does not exist a clear link between the wing boundary layer and the developing core
behind the lifting wing. Thus, the fourth chapter uses the vortex lattice method to specify an elliptical wing
loading, and then to examine the problem of the roll up of the vortex sheet behind the lifting wing. The
vortex core development is determined with consideration given to the boundary layer thickness on the wing
which is assumed to affect the vorticity distribution through the boundary layer and hence the shed vortex
sheet thickness. The use of multiple rows of vortices to represent the vortex sheet provides insight into the
phenomenon of vortex sheet stretching and thinning which is observable near the developing trailing vortex
core region, as well as the sequence of roll-up of the upper and lower portion of the vortex sheet.

The trailing vortex wake has much significance since current air traffic is constrained by the need
for sufficient spacing between aircraft to allow the trailing vortex system to lose its intensity and its danger.
This requirement for spacing is a consideration during all phases of flight, but is especially true in the take-
off and landing phases. The importance of the velocity distribution through a vortex core has to do with
the maximum tangential velocity and the vortex core size. The maximum tangential velocity in a vortex
core determines the roll rate of an aircraft intercepting a trailing vortex, particularly if the encountering
aircraft is much smaller than the aircraft creating the vortex system. During the 1970s much research
focused on the trailing vortex wake and methods of alleviation, without a great deal of success. Although
vortex roll-up was not completely understood, the lack of funding seems to have led to reduced research
concerning the trailing vortex hazard. Now again in the 1990s, the problems of air traffic congestion have
revitalized the study of the trailing vortex hazard, and the need for greater understanding of the trailing
vortex core development and structure.

Chapter five examines the movement of anti-icing fluid in the trailing vortex wake of aircraft
during rhe ground run, and the final deposition of that fluid on and near the airport runway. The
motivation for this study was twofold. First, since safety is a major issue in commercial aviation some



concern exists regarding the change in coefficient of friction on a runway due to anti-icing fluid deposits,
especially near the runway centerline. Landing aircraft may observe some reduction of braking coefficient
during anti-icing fluid usage which is due to the fluid on the runway. The magnitude of this reduction is
unknown at this time, largely due to the lack of information regarding the amount of anti-icing fluid on the
runway. The second reason is due to the possible enviromental impact of the anti-icing fluid deposits near
an airport runway. Type II anti-icing fluids are typically glycol based, and collection and treatment
systems do not exist along the runways of most airports where Type II fluid is used. Collection of excess
anti-icing fluid is done at the airport ramp area where the fluid is applied, but not elsewhere, specifically
there is no collection of fluid which moves off the runway itself.

The study considers the use of the vortex lattice method to determine the wing loading of complex
wing geometries. This is done for the aircraft considered prior to rotation during the take-off ground roll,
hence ground effect is considered. The three jet aircraft considered possess complex wing geometry,
especially during the take-off phase. This includes triple slotted flaps, single slotted flaps, leading edge
slats, double taper, wing twist, and different airfoil sections. This wing geometry is considered with this

computer model.

Note that this work is significantly different from the other two applications of the vortex lattice
method. Now the VLM is used to predict the span loading of these more complex wing geometries, during
the ground run before take-off and with ground effect included. Then the VLM is used to predict the wake
roil-up within close proximity to the ground. Finally, anti-icing fluid flows off the wing and the fluid drop
movement within that developing wake is calculated using a Lagrangian method. Appendix 5.A will
elaborate on the theory and assumptions for the drop movement calculations.

Chapter six gives a summary of the conclusions from each chapter and suggests some avenues for

future research.

1.2 Choice of the Computer Model

With the vast array of computer software being developed in the last years one must field the
question of why any particular method is shosen for a particular problem. Specifically, there is needed
some argument for the credibility of the Vortex Lattice Method (VLM) as applied to the particular
problems being considered. As indicated the VLM is used for this study. This VLM is basically a solution
which uses a vortex lattice system but accounts for more of che aircraft geometry as is common with vortex
panel methods. The computer code which was used for the study was developed entirely by the author.
The VLM was chosen since it is a reliable technique and is always useful for comparison with more robust

methods.

Other methods such as the Cloud in Cell (CIC) technique (as developed by Christiansen (1973)
and Baker (1979)) are amongst the more efficient computationally. However the difficulty of developing
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the code and the corresponding input data in order to implement the boundary conditions may not prove
beneficial (Sarpkaya (1989)), as compared to direct application of the Biot-Savart law. Sarpkaya (1989)
also notes that "the time saved may be disappointingly small” as compared to directly applying the Biot-
Savart law. Note that the VLM approach uses a direct application of the Biot-Savart law. As well, the
use of the CIC method leads to solving a Poisson’s equation, therefore only simpic boundary conditions
can be handled (Sarpkaya (1989)). The final result, therefore, is that even a simple winglet configuration
is not feasible with the CIC method.

As stated by Sarpkaya (1989), "The ultimate objective of the simulation via vortex dynamics is
the acquisition of new insights rather than accurate predictions. The flow simulated by the numerical model
may not be physically realizable even under controlled laboratory conditions.” However, sufficient
accuracy is required of the particular vortex method being used to ensure that the results can provide the
correct basis for the new insights which are acquired.

Sarpkaya (1989) pointed out that "the representation of a continuous distribution of vorticity by
a finite number of discrete vortices is the major source of inaccuracy,” then later he commented that "It
is entirely possible that vorticity does not like to be discretized.”

However, a good point made is that "As is often the case in computational vortex dynamics, the
reasonableness of the results depends on the criteria of credibility.” (Sarpkaya (1989) with regard to vortex
sheet development which was reasonably predicted on the large scale, while at the same time there occurred
the disorderly movement of individual vortices.)

Jones and Lasinski (1981) has commented that even lifting-line methods can produce results as
good or better than those by vortex panel methods at least in the prediction of induced drag.

Rossow (1990) has developed other methods for determining loads during wing-vortex interaction
and has stated that the vortex lattice method was used as a method with which to compare and verify the
accuracy of the new analytical techniques. Apparently, the vortex lattice method was used for comparison
since it was considered to be a sufficiently accurate too! in itself. There would be no point in comparing
to another tool which was deficient.

These arguments and other verification within Chapter 3 concerning winglets show that the present
VLM approach is sufficiently velid to produce believable results. This work does not pretend to be a final
solution to each of the problems, however, in line with the sentiment expressed by Sarpkaya (1989) as
quoted above, even the use of a relatively simple VLM model may provide some additional engineering
information and useful insight.
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CHAPTER 2

LITERATURE REVIEW
of VORTEX SYSTEMS
and WINGLETS

2.1 INTRODUCTION

2.1.1 Background and Literature Review

The purpose of this chapter is to survey the literature regarding the subjects of vortex methods for
determining wing performance, vortex systems, and winglets. The performance of finite length wings can
be calculated by numerous different vortex methods, some of which will be reviewed. Similar methods
have been used for significant efforts to discover the nature of the trailing vortex wake, with one of the
goals being to understand the velocity distribution through the evolving vortex core. Some of these
pumerical vortex methods as well as many experimental programs have been the source of much of the
information which will be presented regarding winglet performance.

The use of vortex methods for aerodynamic performance calculations goes back at least as far as
Munk (1921) and yet today continues to develop into a more precise science. The basics of the vortex
Jattice methods and vortex panel methods will be discussed. This work focuses on the low-speed,
incompressible flow application of winglets. Thus, compressibility effects can be ignored, i.e. at speeds
up to M = 0.30, which greatly simplifies computations.

The study of the trailing vortex wake development has been, currently is, and undoubtedly will
continue to be the focus of much work in the next years. This focus will continue to dominate as the need
to increase airport traffic without corresponding increase in capital expenditures. The BOEING 757 wake
intensity during the 1993-4 year has been the focus of much attention by aerodynamicists following the
crash of several small aircraft during wake vortex encounters. This is since the BOEING 757 (a medium
jet) wake vortex appears to be much more intense than previously expected for that aircraft at the given



loading and airspeed conditions.

Winglets are devices on the wing tip which are used to modify the tip flow. The main goals of
winglets are to reduce the induced drag of a wing and to reduce the maximum tangential velocity of the
vortex core. The redistribution of vorticity caused by winglets is the key to the reduction of the maximum
tangential velocity in the vortex core, i.e. by the splitting of the circulation into more than one vortex.

The exact mechanism by which winglets work is not yet clearly understood. Several ideas have
been put forth, but as yet the importance of each has not been confimaed. As well, it may be that the
mechanisms suggested are only different manifestations of the same underlying phenomenon, or that the
total is a combination of several effects. A review of the possible mechanisms and current design

considerations will be given.



2.2 VORTEX METHODS and VORTEX SYSTEMS

2.2.1 Genperal

A very thorough review of all aspects of vortex systems and the numerical simulation of many
aspects of vortical flows including applications in aerodynamics was presented by Sarpkaya (1989), hence
the reader is referred to that work for a comprehensive overview of vortex methods. Also. a good
coverage of the material concerning vortex sheet roll-up and vortex sysiems (specifically relevant to trailing
vortex cavitation) is given by George (1985) and hence the reader is referred to that work for more a
detailed account of vortex roli-up. A survey of the literature will be given here with the concentration on
areas not specifically covered by George (1985) and Sarpkaya (1989). Specifically covered are: numengcal
vortex models for wing loading, vortex core models and voriex sheet roli-up, multiple vortex systems, axial
velocity deficit, and the persistence and decay of vortex systems.

2.2.2 Numerical Models for Wing Loading

A lifting wing generates lift by producing circulation such that the lift per unit span, £, is given
by:
t=pV,T 2.1

where, p is the air density, V, is the aircraft velocity. The total circulation generated by the wing, T, is
obtained by an integration of the local value of circulation, T', across the span, b. Likewise, the total lift
of a wing is obtained by integration of the local lift across the span. Circulation is defined as the line
integral of the tangential velocity component, V,,, around any closed circuit in a fluid (Houghton and
Carruthers, 1982). If the closed circuit is taken around the vortex core, to enclose all of the vorticity, then
the circulation is called the strength of the vortex.

Basically, a vortex is a line or chain of fluid particies spinning on a common axis and carrying
around with them a swirl of fluid particles which flow around in circles (Houghton and Carruthers, 1982).

A vortex in inviscid incompressible fluid would demonstrate a tangential velocity, v, versus
radius, r, profile as shown in Figure 2.1, with
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Hence. merely increzsing the distance from the vortex axis leads to decreased v,,. For a vortex with total

circulation, T,
2.3)

L, =2nrv,,

or,

(2.4)

Beyond a certain distance from the axis, a vortex in a viscous fluid will behave as a voriex in inviscid
fluid. However, the inner core is significantly affected by viscosity. A vortex in inviscid fluid has a
singularity as r—0, which implies an infinite tangenrial velocity at the very center. Obviously this cannot
be a realistic condition, and experimental measuremens have confirmed this fact. The tangential velocity
has been found to vary nearly linearly with the radius for the inner region of the viscous core. such that
the core rotates like a solid body, then to round off to meet the curve of the potential vortex velocity
profile, as shown in Figure 2.2. The exact extent of this viscous core, however, is not agreed upon

en.irely.

2.2.2.1 Vortex Lattice Methods

The vortex lattice method (VLM involves replacing the wing and the trailing vortex sheet by a
discrete number of horseshoe vortices. The finite bound vortex lies on the wing quarter chord position and
the semi-infinite trailing vortices extend in the streamwise direction. For symmetrical loads the bound
vortices may extend from the left semi-span 15 the right semi-span location. Alternately, the bound vortices
may be discretized along the span. The lezation for each of the trailing vortices is determined by the
method for discretizing the main wing in the spanwise direction. Typically, the vortex sheet is considered
rigid. i.e. does not roll-up, for calculation of the wing loading. The Biot-Savart law is then used to
determine the induced velocities at any point. The reader is referred to the next section concerning
computational schemes for vortex sheet roli-up for references to the VLM. Also, a further explanation of
the details of the VLM is given in Chapter 3.

2.2.2.2 Vortex Panel Methods

The vortex panel method (VPM) is such that the wing is partitioned into a discrete number of areas
or paneis which are oriented in the streamwise and spanwise directions. Once the wing is partitioned. a
horseshoe vortex is attached to each panel. Generally, the bound vortex. is placed at the quarter chord of
each panel and the trailing vortices at the edge of the panci. The three quarter chord point of each panel
is usually chosen as the location to ensure that the boundary condition of no normal flow. With some of
these methods, the vorticity may be distributed across the panels according to some mathematical function.
As well, for some of the VPM, the trailing vortex system is represented by a trailing vortex lattice system,
just as for the VLM. For other types of the VPM the wake is partitioned using panels of vorticity. Which



ever wake representation is used, the method may have a rigid wake or may allow the trailing vortex
system to move with the local flow. The wing loading is calculated bv solving for the spanwise and
chordwise distribution of vorticity.

Generally, surface or panel methods do not consider wing thickness effects, hence, the thickness
of wings must be accounted for in another fashion. As well, boundary layer development is not included,
but could be added in another step. The reader is referred to the next section concerning computational
schemes for vortex sheet roll-up for references to the VPM.

2.2.3 Fully Rolled-Up Vortex Core Models

Spreiter and Sacks (1951) were among the first to derive a value for the vortex core radius, r’,
of the fully rolled up trailing vortex behind a lifting wing. Thes= authors derived a value for the vortex
core radius based on equating the total kinetic energy (both inside and outside the core) per unit length of
the vortex pair to the induced drag, D;. (Note that D; times distance travelled equals energy expended to
overcome that induced drag.) They assumed a Rankine style vortex, as shows: in Figure 2.3, such that the
core rotated as a solid body and the fluid outside of the core conformed to potential flow.

Their calculations for an elliptically loaded wing gave r’ =0.0775b, where b is the wing span.
Bilanin and Donaldson (1975) also used the r' =0.0775b. Corsiglia, er al. (1973) used hot-wire
anemometer surveys of the wing tip vortex to show that radius of the laminar core region is between
0.010b and 0.015b.

Roberts (1983) has shown analytically that the laminar subcore radius, r’* . can be expressed as

r = 0.175 [(S)log(1)1*s b 2.5)
2 c
where ¢ = (40000/Re) and, for a lifting wing, Re = (o V, b/u Ag).

Based on a wing with elliptical spanwise loading and Re = 107, Roberts showed the laminar core
radius, to be 0.018b. This radius was the radial position of the maximum tangential velocity.  Roberts
(1983) then showed there to be a turbulent core region extending to r = 0.175h, which corresponded to
the position at which the tangential velocity of the core region attained the same v, of the potential vortex.
Roberts® view on the velocity profile of the core region is shown in Figure 2.2, and corresponds to the
approximate currently accepted form for the velocity profile in the vortex core in viscous flow.

The exact extent of the viscous region is still a matter of debate. As well, there is uncertainty as
to whether the core is mostly laminar or turbulent, and where v, for turbulent flow will match v, for
potential flow. Also in question is the exact relationship between the tangential velocity and the radius of
the core region. Roberts (1983), Donaldson et al. (1974), Bilanin 2nd Donaldson (1975), Corsiglia et al.
(1973), Brown (1973), and McCormick et al. (1968), all give good reviews and discussion of the velocity
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profile in the vortex core. Basically, all of these authors adhere to the idea that the core region velocity
profile is similar to that already described, with the flow outside the core conforming to the potential flow
field. The work of Brown (1973), however, differs from the rest in disputing the relationship of v, o 1/r.
Instead, Brown (1973) proposed that the relationship should be v, 1//°%, This view apparently has not
been supported elsewhere and, hence, is not pursued further at this time.

From the figures given by Roberts (1983) and Corsiglia et al. (1973), the maximum value of vy,
is seen to occur where r* £0.018b. Also, from their figures, the value of the maximum Vv, of the viscous
core is seen to be about the same s the value of v,, for the potential vortex, provided that v,, of the
potential vortex is taken at r & 2r°, that is, twice the radius where the maximum v,,, occurs in a viscous

core.

The core size of a vortex is determined largely from the roll up process, and hence can be shown
to be significant to the induced velocities caused by the vortex. Staufenbiel (1984) noted that the Rankine
vortex core model does not accurately represent the invariants of the vortex system during roll-up (i.e. the
invariant the 2nd moment of vorticity), hence criticized the continued use of that core model.

Next. concerning the effect of wing loading, Donaldson et al. (1974) showed how "the exact
behaviour of the load at the tip has a profound effect on the inviscid roll-up of a vortex. By changing the
load distribution just slightly so as to reduce dI'/dy at the tip, the maximum velocities that can be achieved
in roll-up can be reduced accordingly.” (T is the locai bound circulation, and y is the spanwise location.)

Ciffone and Orloff (1975) also show that by unloading the wingtips of a plain wing (which
produces a single vortex) the maximum v, is reduced and the core radius is increased. As well, they
found that the core size increases in the downstream direction as (x/b)"* and the maximum v,,, decreases
as 1/(x/b)>* hence the total circulation remains constant downstream.

The velocity field around a prescribed value of circulation was given by Lamb ( 1932). He
showed that the effect of redistribution of vorticity in the region had no effect on the circulation contained
in the region. However, Cone (1962) has shown that vorticity spreading and attenuation leads to reduced
downwash, lower induced drag, and decreased kinetic energy in the vortex system. Staufenbiel (1984) also
maintained that taking vorticity away frox the core would increase the vortical dispersion and thus, in
general, reduce the vortex energy. This may be a significant factor worthy of investigation.

2.2.4 Vortex Sheet Roll-Up Process
Lanchester (1907) was apparently the first to consider relating a finite span lifting wing to a vortex
system. He attempted to explain the bound vortex and the streamwise vortices generated at the wing tip

and their mode of roll-up, see Figure 2.4. Vorticity is first shed from the trailing edge of the wing as a
vortex sheet, as proposed by Prand!l (1921). The vortex distribution shed from the trailing edge of the
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wing is determu.ed largely by the planform and airfoii shape along the span (geometry of the wing) as
shown by Spreiter and Sacks (1951), and others. For conditions of a smooth planform and no flap
deflection, the vortex sheet rolls up, starting at the wing tips, into two discrete vortices trailing the wing.
Figure 2.5 shows the scheme of roll up of the vortex sheet beginning at the wing tip.

Betz (1933) described the laws of conservation of vorticity. These show that a fully rolled up
vortex sheet must produce a core region whose moments of vorticity are the same as that of the original
vorticity distribution. Betz discussed how to relate the spanwise vorticity distribution to the radial
distribution of vorticity in an evolving trailing vortex system.

Donaldson et al. (1974) refer to the Betz (1933) presentation of the vortex conservation theory and
present the followirg equations (Equations 2.6 to 2.11) which summarize Betz’ ideas. Figure 2.6 shows
the Betz roll-up model as given by Donaldson et al. (1974). The spanwise circulation distribution is given
by I'(y) or I'(). and the radial distribution of circulation in an evolving trailing vortex system is given by
I'(r) or T"(p). T\ is the total circulation for the semi-span, and R is the radius for the fully developed
vortex core within which all of the vorticity from each wing is contained.

For a fully rotled up vortex sheet from each wing semi-span, Equations 2.6 to 2.8 apply.

_ 2 dT(y) (R dAIYN) - 2.6)
j; _dy dy = j; = dr = T, (
b2 dY(y) _ =
- Y = Toy @7
_r dT) o2, - (R AT 2.8)
L Er oty [ e
For a partially rolled up vortex sheet along each wing semi-span, Equations 2.9 to 2.11 apply.
i dT(n) r dT(p)
- 2\ gn = 2Pl dp =T 2.9
A el A . 4 = TO)
fm dT(n) . gy - y(y)f"” dl‘(n) dn (2.10)
y dn
o7 o seep? ST 4o L 2 dTV(p) dp 2.11)
fy (n 50N =7 4= dn [ e P

Equations 2.6 to 2.8 and 2.9 to 2.11 show the basic relationships for the conservation of circulation (Oth
moment) and the 1st and 2nd moments of vorticity, where 7 is the a dummy variable for y the semi-
spanwise location measured outboard from the wing root towards the wing tip at y=b/2, y is the spanwise
location of the centroid of vorticity shed by the wing outboard of the spanwise location y, y, is the
spanwise location of the centroid of vorticity for the semi-span, and p is dummy variable for the radial
distance from the center of the evolving vortex core whose radius is indicated by r.
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As Betz (1933) showed, the conservation laws require that the center of vorticity (the 1*' invariant
of vorticity, which is similar in nature to a center of gravity) will remain at a constant spanwise location
during the roll up process, given that the aircraft is free of nearby boundaries. This will be the case even
though the actual pattern of roll up will be influenced by the spanwise rate of change of loading of the wing
(dT/dy). This topic is covered adequately by Spreiter and Sacks (1951), Brown (1973), Donaldson et al.
(1974), Bilanin and Donaldson (1975), Roberts (1983), Yates (1974), and others. Yates (1974) gives an
especially good discussion of vortex roll up considering the problem of multiple vortices, as would be the

case from flap deflection.

"Roli up of a sheet asymptotically approaches the completely rolled up condition as distance to the
wing approaches infinity," Spreiter and Sacks (1951). The actual time for the vortex sheet to roll up into
discrete vortices incorporating essentially all of the vorticity, has been shown by Sprieter and Sacks (1951)
to be dependent only on the aspect ratio, final vortex spacing (as determined by method of Betz), lift
coefficient, and aircraft velocity. The calculations of Spreiter and Sa~ks (1951) were based on an elliptical

wing loading and gave the following value for time to roll up:

e C, v,
where, f,, = time to roll up (s), Ax = aspect ratio of wing. b’ = vortex spacing (m), C, = lift

coefficient, and V, = aircraft vel! ity (m/s).

The distance to roll up, d,,,. then can be found:

0.36 A, b’
d, = t,V, = (___C:‘-'—) (2.13)

For example, a typical fixed wing, single engine aircraft may have Ay = 5.5, C, = 0.6, V, = 45 m/s and
b* = 0.82 b (where the span, b = 12 m), hence d,,, is determined to be 32.5 m and t,,, = 0.72 seconds.

The vortices will roll up even faster when more of the load (than for elliptical loading) is towards
the wing tips as with subsonic rectangular wings (Spreiter and Sacks, 1951). Noting that winglets increase
outboard spanwise loading, winglet vortices should tend to roll-up faster than those from a plain wingtip.
However, since the vortex is split into several vortices of lesser intensity, the roll-up process may be

delayed.
2.2.5 Vortex Behaviour Near the Ground and Vortex Bounce
In an unconfined region in the absence of crosswinds the movement of the fully rolled up trailing

vortices from a lifting wing would be the same as two infinite line vortices. For two infinite line vortices
at the same height, and of equal but cpposite strength, T, their motion is vertically downwards. Their

velocity of descent, V.. is given by
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where b' is the lateral separation between the vortices.

The presence of a ground plane imposes a boundary condition such that there can be no airflow
component perpendicular to the ground surface. This condition is adequately satisfied by the use of image
vortices. The actual bound vortex and each of the trailing vortices are above the ground plane. The
ground plane acts as a reflection plane such that the image vortices abpcar as reflections of the real
vortices. Near a ground plane, actual trailing vortices, once rolled up, will be curved semi-infinite line
vortices. This will occur because they stay vonnected with the wing vortex sheet as it moves away and,
at any point, they move down and outwards laterally, depending on the ground plane proximity.

2.2.5.1 Vortex Roli-Up In Ground Effect

The influence of the ground plane will undoubtedly have an affect on the roll-up process and time
for roll-up. This is one matter which does not seem to have received much attention in research as yet
and, apparently, is not completely understood. In fact, it is likely that the vortex roll-up would not procede
in the same fashion near the ground as would be the case in an unconfined region. Note that at distances
far from a ground plane, the trailing vortices will roll-up such that their lateral spacing conserves the center
of vorticity, as has been explained by Betz (1933). This is not the case with a wing which is in close
proximity to a ground plane. When a wing is close to the ground the trailing vorticity is influenced by the
ground plane or image vortex system. As a result of the vortex images. with a wing close to the ground
plane, there will be considerable outward lateral movement of the trailing vortices during the vortex sheet
roll-up process. The effect of the ground plane on the motion of the trailing vortices will be more dramatic
the nearer to the ground the vortices originate or descend. Thus, the ground plane is a significant influence
when considering both the vortex roll-up and the path taken by the trailing vortices after formation.

2.2.5.2 Ground Effect And Secondary Vortices

The formation of a secondary vortex at the ground level has been documented by Bilanin ez al.
;1978) and Harvey and Perry (1971). The trailing vortex descends near to the ground plane after some
time and, at the same time, moves laterally outwards. The reason for the formation of this secondary vortex
is linked with the viscosity of air and the scrubbing effects of the trailing vortex adjacent to the ground
plane. Morris (1978) has suggested that the boundary layer below the descending trailing vortex grows
and separates, resulting in the secondary vortex. The secondary vortex is of opposite sign to that of the
descending trailing vortex. As the secondary vortex grows it will induce both upward and outward motion
on the descending vortex, hence is termed ‘vortex bounce’. This can be important when considering the
movement of spray droplets in the aircraft wake, especially those droplets laterally inwards from the
secondary vortex, will be affected by the same upwards and outwards induced flow. Harvey and Perry
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(1971}, using a wind tunnel with moving floor, were amongst the first to show that vortex bounce does

oc.ur and to explain the phenomenon in terms of the separation of the boundary layer. They suggested

the for--ation of a ‘bubble’ of vorticity which separates from the boundary layer flow forming the
=condary vortex. Bilanin er al. (1978) showed isopleths of vorticity for a vortex pair descending toward
ground plane, and the vortex bounce caused by the secondary vortex, as shown in Figure 2.7.

Figure 2.8 shows the effect of the secondary vortex on the motion of the one of the trailing
vortices, as compared to the movement under inviscid conditions. Dee and Nicholas (1969) were the first
to actually measure the occurrence of vortex bounce using actual flight tests and commented on it.
However, they made no effort to explain the phenomenon.

As shown in Figure 2.7, the formation of this secondary vortex will take a finite period of time,
as indicated by the vortex flow time, t*, a parameter which is a dimensionless measure of time in a vortex

flow. Bilanin er.al. (1978) showed that

t 1‘.,2 2.15)
2nb’

t’ =

An idea of the magnitude of ¢ which corresponds to the particular values of t* for standard small
aircraft can be determined by substitution of the relevant parameters. Using the equation given by Houghton
and Carruthers (1982) for a rectangularly loaded wing that T, = (b V, C, / 2Ag) with " =0.82h =
0.82 x 12.625m. V, = 50 m/s, C, = 0.5, and 4, = 5.5, gives I, = 28.69 m?/s.

Now. subsitituting into equation 2.12, one gets ¢* = 0.043 1. Hence, for the value oft* =8
(from Figures 2.7 and 2.8), when the secondary vortex is starting to develop, t = 188 seconds. Since most
drop movement for medium to large droplets takes only a few seconds, the secondary vortex will not be
sufficiently developed to have any significant influence on these droplets.  or finer sprays, the secondary
vortex may have some affect, however, the exact magnitude is unknown . this time.

Drummond er al. (1991) show experimentally that vortex bounce does occur and should be
included in any calculations for spray movement in the wake of an aircraft near the ground. Although
some researchers are convinced of the importance of the secondary vortex, the model does not include the
development of the secondary vortex in any case.

2.2.6 Computational Schemes for Vortex Sheet Roll-Up

The following section deals with the two most common methods of vortex sheet roll-up modelling:
vortex lattice and vortex panel methods. A choice regarding the computational method may involve the
cpu requirements of time and memory for a typical wake roll-up.

Some numerical modelling problems arise because of the uncertainty about whether the vortex
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sheet remains discrete long after roll-up or if viscous effects cause the core to develop immediately as the
sheet deforms to some given curvature. In wind tunnel studies, O’Callaghan (1988) observed discrete
spirals a short distance back from a wing. A single m of the vortex sheet was indicated by the
phenomenon of a discrete step increase in v, at a particular radius. As yet there still remains a significant
question concerning how long the vortex sheet should remain discreie or when it should be combined into
a viscous and/or turbulent core, when modelled by computer.

2.2.6.1 Vortex Lattice (Filaments) Methods for Vortex Sheet Roli-Up

The vortex lattice method (VLM) for modelling vortex sheet roll-up involves replacing the bound
vortex system and the trailing vortex sheet by a discrete number of horseshoe vortices. These trailing
vortices are then allowed to move with the local fluid flow. Rosenhead (1931) was amongst the first to
study the rolling up vortex sheet using an array of discrete vortex filaments in the streamwise direction.
Later. Westwater (1935) used 20 equal strength vortices to model the sheet roll-up with reasonable success.
Numerical instabilities were observed in the core region, as evidenced by the erratic movement of the point
vortices as the vortices rolled up and the core wound tighter.

Hackett and Evans (1971) also used discrete vortex lines and the Biot-Savart law for the induced
velocities to model the vortex sheet roll-up. In addition, they mentioned an interesting method to show
streamlines by the use of vortex lines of zero strength imbedded in the flow.

Moore (1974) used point vortex approximations with a 4th order Runge-Kutta integration scheme.
That led to chaotic motion of the vortices, only worsening with increasing number of vortices.  Moore
developed his own method which he explains regarding spacing of vortices and the radius of spiral urns
and when to combine vortices in the developing vortex core (see Moore (1974) pp.228-229). However,
it should be noted that the decision as to how exactly to combine vortices into the core has been
controversial (see Chorin & Bernard (1973), Clements & Maull (1973)). Moore noted that Euler
integration leads to cumulative errors as previously noted by Crow ( 1965). i.c. a continuously increasing
vortex separation, which contradicts potential theory and experimental observation.

2.2.6.2 Vortex Panel Method for Vortex Sheet Roll-Up

When the VPM is applied to the vortex sheet roll-up, the wake is partiticned using either vortex
filaments or panels of vorticity which are allowed to move with the local flow.

Mokry and Rainbird (1975) used a first order panel method. They found that the use of discrete

straight line vortex elements of constant strength over the element produced stable results without artificial
viscosity (i.e. when to take the vortex element into the core).
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Hoeijmaker and Vaatstra (1983) noted that numerical instabilities still occurred in the case of a
wing with part span flaps when using the method of Mokry and Rainbird (1975). Therefore they developed
a second order panel method, using a scheme to adapt the panels based on the curvature of the vortex
sheet. As well, they used a concept for treating the highly rolled up portions of the vortex sheet. The
method cut the rolled up and stretched vortex sheet when its angular extent exceeded a specified amount
and dumped the cut portion into the core, which was then placed at the center of vorticity of the core and
the cut off portion. The method gave accurate computation of the velocity field and, thus, allowed the
vortex sheet motion to be followed in a reliable, smooth, and stable manner for long time periods.

Staufenbiel (1984) commented that discrete vortex approximations cannot be used to compute the
maximum v, to agree with experiments. He points out some shortcomings of the Rankine vortex core
model as to its inability to accurately represent the invariants of the vortex system during roll-up (i.e. the
2nd moment of vorticity). Staufenbiel was able to show that the same was the case for the Lamb and Betz

core models.

Goldhammer (1976) used a lifting surface method with a continuous chordwise vorticity
distribution.  However, the method still retained a discontinuous spanwise vortex distribution.
Goldhammer's method was found to give reasonably good correlation with experimental methods for
nonplanar surfaces. Also of note was that Goldhammer used a rigid wake, hence the resulting induced
velocity field would not accurately represent the real vortex sheet which rolls up. However, the exact
shape of the wake will have a diminishing effect on the flow over the wing with increasing distance from
the wing. hence for determining the airfoi! characteristics a rigid wake may suffice, whilst saving

considerable computational effort.

2.2.7 Axial Velocity Defect

The understanding of the axial velocity component, particularly its direction along the axis of the
trailing vortex, still needs some research. Batchelor (1964) was one of the first to consider, in a purely
theoretical sense, the problem of the axial flow in vortices but did not provide conclusive evidence to show

what was really happening.

Roberts (1983) provided a very good discussion on the axial and radial flow in trailing vortices,
and related that to the persistence and decay of the vortices. Roberts (1965) showed how the acceleration
of flow along the axis of a vortex causes radial inflow countering radial diffusion, hence persistence of the
vortex core. When the axial flow recovers to the free stream velocity, inflow ceases and the vortex starts
to decay. (Possibly greater wing drag could cause larger axial defect thus causing the vortex to wind
tighter and the maximum v, to increase, hence, the vortex to persist longer.)

Corsiglia et al. (1973) showed the axial velocity at the center of the core to be in the order of

17



0.2 V, towards the wing. They found this value for both 10 and 31 span lengths downstream from the
wing. This axial velocity is substantial from the view of the vortex life and energy considerations.

Figure 2.9 shows the vortex from a C-47 jet fly-by intercepting smoke emitted from a 31 foot
smoke tower, from Olsen ef al. (1971). The figure clearly shows the smoke in the vortex core drawn
along towards the aircraft (which had flown by from right to left). hence indicating a strong axial flow in
the vortex core.

Ciffone and Orloff (1575) were able to show the existence of a considerable axial velocity defect
using a water channel. The defect was seen by air bubbles, which were entrained in the water along the
axis of the vortex, moving towards a wing. They also measured the maximum v,,, through the vortex core
with downstream distance. Of note from their work was that the maximum v, remained constant until
about 30 spans downstream of the wing. Their work showed that the axial velocity defect was greatest
(about 0.10 V,) immediately behind the wing and decreased continuously. but at the greatest rate about 30
to 50 span lengths behind the wing. Thus some correlation between axial and tangential velocity is borne
out.

Faery and Marchmann (1976) commented that a stronger axial velocity deficit leads to a greater
reduction in maximum v,,. They also note that with a Whitcomb winglet there would be a greater axial
velocity deficit and a greater reduction of maximum v,,,. They noted that the upper winglet alone gave the
greatest reduction of maximum v,,,. Of interest was their note that the upper winglet alone as well as the
whole Whitcomb winglet produced 2 vortices, with a corresponding 64 % reduction of maximum v,

George (1985) suggested that the axial flow contribution to the minimum pressure in a vortex core
may be under estimated. His suggestion was based on the work of Spreiter and Sacks (1951), who equated
the rotational kinetic energy (i.e. that due to v,, only) of the vortex to induced drag. George did not
clearly explain his idea, but it can be shown that if both axial and tangential velocities were added when
determining the kinetic energy of the trailing vortex core, then the radius of the core would be reduced.
Hence. since the minimum pressure would be reduced (that occurning at the vortex center), cavitation
would occur sooner (i.e. at a lower value of T).

2.2.8 Pressure Variation in a Rankine Vortex

For some studies the pressure variation through a vortex is relevant. The relationship for the
pressure variation from the center of a Rankine style vortex can be shown to be as follows:

2
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Where, p is the fluid density, and T' = 27avy,, with v, determined at the core edge, r=a. (Houghton and
Carruthers, 1982). Observe that the minimum pressure which occurs at the center where r=0, is then a
function of (I'/a®. Any modification of a vortex, such that the value of I'/a is smaller, will reduce the

absolute value of the minimum pressure.

2.2.9 Multiple Vortex Systems

Multiple vortices rolling up off the trailing edge of a wing may be caused by discrete changes in
lift distribution such as a wing with flap defiection, discrete changes in chord, winglets, etc. Such is the

topic of this section.

Donaldson et al. (1974) used an inviscid model after the manner of Betz (1933) for multiple
vortices. The Betz (1933) method replaced the rather difficult computation for the inviscid vortex sheet
roli-up with a locally axisymmetric vorticity distribution. This vorticity distribution gave consideration to
the invariants of the vortex system, i.e. conservation of vorticity and the first two momeants of vorticity
during the roll-up process. Donaldson et al. (1974) note that this method "does not give a complete
description of an actual roll up” but does give a picture of the vortex system resulting from any initial

spanwise loading.

Donaldson e al. (1974) compared the results from their model to flight tests and achieved
sufficient agreement to suggest that the inviscid model was largely adequate. They showed the roll-up
centroid to occur at the maximum value for the absolute value of (dI'/dy), and that the roll-up occurs
between points of minimum dI'/dy. Also noted was that the flap and tip vortices spiral around each other

until they finally merge into a single core.

Yates (1974) agreed with the findings of Donaldson et al. (1974) who stated that the "initial
vorticity shed between the local minima of the curve abs(dl'/dy) vs y will roll up into a discrete vortex."
Note that ¥ is the spanwise location of the centroid of vorticity shed by the wing outboard of the spanwise
location y. Rossow (1973) found that the roll up center occurred at the maxima of abs(dI'/dy) and that the
shed sheet of vorticity roll up edges were at the mininjum of sheet strength.

Cone (1962) found that vorticity spreading would decrease the maximum v, in the trailing vortex
system. Similarly, O'Callaghan (1988) found that winglets effectively split the tip vortex and reduced
substantially the maximum v, Marsden (1988) also was able to show substantial reductions in the

maximum V.

Splitting of a vortex core by a winglet results in several vortex cores of lesser strength at different
locations. The result is that the induced velocity at any given position is the combination of the induced
velocities from each weaker vortex, such that the magnitude of the induced velocity, Vi, will be decreased.
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where T, = (T, + T, + I'; + ... ) and r, is the distance to the axis of each core.

Note that the reduction in v,, at any location will be marginal due to the mere rearrangement of
the vortex cores, at least in potential flow. Since induced drag is related to the tilting of the lift vector due
to the flow redirection, this change in v, is just a small part of the contribution to the reduced drag, but
it will be a part of the answer. Also, since v,, will be reduced in the ore, the kinetic energy should be
slightly lower with the vortex core split. (Note that Spreiter and Sacks (1951) showed that kinetic energy
per unit length equals D;; also, recall Cone (1962) on vorticity spreading.)

Also, simply increasing the spanwise displacement of the center of vorticity would lead to a lower
Vi, at any spanwise location. This would be partly due to the reduced value of T, because of the greater
span, and partly due to the increased radius to each vortex core center, hence the resulting decreased
induced drag again will be a definite part of the whole reduction. As will be shown later, winglets do in
fact modify the spanwise loading so as to increase the outboard loading. This may be a significant factor
in the overall effect of winglets.

2.2.10 Persistence And Decay Of Vortex Systems

Oseen (1927) and Lamb (1932) were among the first to consider vortex persistence, and derived
expressions for the decay rate of the tangential velocity function of a vortex. They showed it to be an
exponential function, as follows:

r i~
= -2 (1 - A (2.18)
Ve () 2nr (1 - expl 4v t))

where v = u/p is the kinematic viscosity (v, = 1.5*10°m%s). Hence, as can be seen by this equation, time
must have a fairly large value for the decay of a vortex in air to be significant. Thus, vortex decay as a
result of viscosity is inconsequential when determining the induced drag of an airfoil.

Crow (1970) was a major contributor to the knowledge about the instability of trailing vortex pairs.
His most significant contribution, often called the Crow instability, concerned explaining a sinusoidal
instability leading to the linking of the two trailing vortices to produce elongated vortex rings which appear
to decay rapidly. He also commented on a core bursting phenomenon based on axial flow in the vortex
core. However, both phenomena are most appropriate for longer time frames than of interest for induced
drag reduction. Other researchers have elaborated on both the Crow instability and vortex core bursting.
There does not yet appear to be an irrefutable explanation for the cause of core bursting.

Radial inflow, or tendency for such, will tend to cause increased persistence of a vortex, se¢
Roberts (1983). The author speculates that the axial flow due to the wing profile drag will influence the
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radial inflow and the vortex life, such that if a wing has lower drag the mass defect behind the wing will
be lower. hence the tendency for radial inflow will be reduced. This will result in less persistence of the
vortex core and less concentration of it. This should then reduce the maximum v,,. Lower drag should
also give decreased axial flow toward the wing, therefore reduced time of persistence of the core.

There have been suggestions that injection into the core (blowing) would have a similar effect, i.e.
to cause the vortex to diffuse more rapidly. Poppleton (1971) tried this, only to find that the necessary
volume of air was a large amount of the flow through typical jet engines, hence too large a volume to be
of practical interest. However, it should be noted that later work was done on the merit of wingtip
mounted engines, for instance Dunham (1976), and Snyder and Zumwalt (1969) who used propellers

mounted on the wingtips.
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2.3 WINGLETS

2.3.1 General

Tbe theory of induced drag has lonig been known. Munk (1921) showed for large aspect ratios,
that a uniform downwash across the span, i.e. that generated by an elliptical loading, produced the
minimum induced drag for a specified magnitude of lift. Hence, theory clearly demonstrates that for a
planar lifting wing configuration generating a single vortex the minimum induced drag is obtained by an
elliptical lift distribution across the span.

The theory is not so clear, however, for the generation of a multiple vortex wake, as would be
the case for a nonplanar wing. Lanchester (1907) was probably the first to suggest the use of wing end
plates to restrict the spanwise flow. Other early researchers such as Munk (1921), Mangler (1938), Nagel
(1924), and Weber (1954) did investigate the nonplanar wing configurations (i.c. flat end plates) in
potential flow and found them to be of limited benefit. Thus, even though some subsequent researchers
did show that end plates could be useful, the application of winglets was not taken seriously prior to
Whitcomb’s work. However, serious work in the area was revived when Whitcomb (1976) investigated
a winglet configuration which proved beneficial. Since that time the study of winglets has been alive and
flourishing.

Winglets must produce a normal force in order to be effective, hence a vortex sheet is shed from
their trailing edge. Since some spanwise vortices (i.e. bound vortices) will then extend along the winglet,
the effective length of the bound vortex increases. Also, since = p VT, more lift is produced further
outboard due to the increased circulation outboard on the wing. This may help explain the increased lo.al
lift coefficient, C,, on outboard stations of the wing due to a winglet, and the possible link to the normal
force coefficient of the winglet, Cy,. i.e. as C, of the winglet increases the C; of the wing outboard stations

increases.

Vorticity spreading is accomplished by the addition of a winglet to a wing tip. As discussed
earlier, any discontinuity of the spanwise circulation along a wing will result in initial vortex sheet roll-up
at that location. Generally, the discontinuity of circulation produced by the junction between a wing tip
and winglet root will provide a site for initial vortex sheet roll-up. Thus, a winglet on a wing tip will
typically result in a double vortex core being formed in the wing tip region. As discussed by Cone (1962),
this vorticity spreading may contribute to the benefits of winglet addition.

Investigations into winglet effectiveness must consider the thrust produced by a winglet, the vortex
spreading and hence the possibly lower maximum v,,, and the apparently increased outboard span loading
caused by the addition of a winglet. All of these and more may be contributing factors and thus should
be considered to fully explain the effectiveness of winglets.
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The actual effectiveness of winglets for achieving drag reduction of lifting surfaces has generated
significant discussion, hence, the literature will be reviewed and the significant points noted.

2.3.2 Mechanisms Of Induced Drag Reduction

The exact mechanism by which winglets work is not yet clearly understood. Several ideas have
been put forth, but as yet the importance of each has not been confirmed. As well, it may be that the
mechanisms suggested are only different manifestations of the same underlying phenomenon, or that some
observed effects are just by-products of another, or that the total is a combination of several effects.

2.3.2.1 Forward Thrust Component of Winglet Normal Force

Some literature suggests that the forward thrust on a winglet due to the local flow angularity is
a significant factor in the reduction of induced drag. As well, the significance of the forward thrust has
been suggested by some preliminary wind tunnel tests by the author on a single and double winglet
configuration at the University of Alberta. The local flow angles have been indicated by the use of wool
wfts. As well, the normal force produced by a winglet has been demonstrated by observations of the
surface flow (i.e. the position of the separation line on an airfoil), as indicated by a surface flow
visualization technique. Since the local flow angle may be inclined to the mainstream, any thrust on the
winglet which is perpendicular to the local flow may have a component in the mainstream direction, see
Figure 2.10. To some degree this will offset some of the main wing drag, and is usually attributed to

reducing the induced drag.

Flechner, Jacobs, and Whitcomb (1976) examined a Whitcomb style winglet on a jet transport
semi-span model. They commented that the forward component of the side force vector produced by the
winglet is the primary mechanism by which induced drag is reduced. Whitcomb (1976) also notes thai
significant side force (on a vertical winglet) is required for winglets to be effective. however at that time

he made no comment concerning a forward thrust component.

Spillman (1987) gave a summary of a decade or so of work to that point, which has had him
involved studying multiple winglet configurations (see section on multiple winglets). It should be noted
that Spillman considered that the primary, if not only, effect of the winglet to be the forward thrust
component; thus he appropriately labels his devices "sails.” Spillman stated that "sails act like a fixed
windmill in a rotating airflow, unwinding the flow and experiencing a thrust as a result. " See Figure 2.10,
Figure 2.18, and Figure 2.26 for a view of the thrust vector and Spillman’s winglets.

Concerning the magnitude of this thrust, note should be taken of the area of winglets. Their area
is generally rather small (i.e. 1/2 to 2 percent) compared to the whole wing area, indicating that aD,
contributions likely come from something additonal to the forward thrust component. Some rather
hypothetical calculations given in Appendix 2.A for a typical aircraft provide an idea of the significance
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of this thrust component. It should be noted, for the sample calculations given, that the forward thrust of
the winglet is shown to be a significant amount of the induced drag of the aircraft (but not enough to
explain all of the possible drag reduction by winglets). hence should be considered in the overall analysis,

2.3.2.2 Redistribution of Spanwise and Chordwise Loading

Another significant effect of winglets is a redistribution of both the spanwise loading and
chordwise loading at a given span location. Mangler (1938) was one of the first to show that in potential
flow the use of an end plate would modify the circulation distribution over the entire wing. Since then
many researchers have shown the same.

Ishimitsu and Zanton (1977) of Boeing have done a fairly comprehensive study of the retrofit of
winglets to the KC-135 air transport. They used a potential, 3-D flow theory then strip theory of boundary
layer growth (Boeing programs: TEA 230, 372, 200, and 242) and found good correlation of theoretical
predictions with experimental results, see Figure 2.11. They found that the addition of winglets caused
greater loading of the wing toward the outboard span locations, for an example of their results see
Figure 2.12. They also found that ihe chordwise pressure distribution at about 90% span and greater was
significantly affected by the winglet local pressure field, see Figure 2.13.

The significance of the change in spanwise loading lies in the fact that the minimum induced drag
for a planar wing corresponds to elliptical spanwise loading. Thus, any increased outboard loading of an
initially elliptical loading would cause increased induced drag for the same span of a planar wing. For the
case of a nonplanar wing with winglets, any increased drag due to non-optimum loading along the main
span must then be offset by the other benefits derived from the winglets, such as the forward thrust
component or effective increases of span (or aspect ratio). Hence, the winglet thrust (or whatever the
mechanism) really must be even more than just the apparent drag reduction compared to the basic
configuration, but need also account for the change from the optimum configuration.

Horizontal winglets which have a narrow chord would not produce as much lift as a simple wing
tip extension of the same length, therefore smaller increases in wing roct bending moment could be
expected. Likewise, the small chord of a winglet would not contribute to as much parasite drag as would
a simple wing tip extension. Hence, a tip mounted winglet could act as a high aspect ratio wing (which
inherently has low induced drag) attached to the wing. Also, increased cant angle (or dihedral) of a winglet
would lead to decreased wing root bending since the moment arm would then be reduced. Note that, due
to the orientation of the local flow and the cant angle of the winglet, the normal force of the winglet has
a moment arm of less than the semi-span, b/2, (by a factor ~sin(winglet cant angle) or ~cos(winglet
dihedral angle)), whereas the normal force on a wing tip extension would have a moment arm equal bi2
plus the distance to the center of pressure of the wing tip extension.

Heyson et al. (1977) undertook a parametric study of the relative advantages of winglets and
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wingtip extensions using a unified vortex lattice program from North American Rockwell (NARVUL).
A single winglet with 30° leading edge sweep was used while varying the taper ratio, aspect ratio, and
washout of the wing. The main result found was a 40% improvement in induced efficiency factor using
winglets on an untapered, untwisted wing. A typical jet transport with A, =7 gave ~ 15% drag reduction
with winglet and ~7.5% with tip extension. They found that a winglet on an untwisted wing gave 2 to
5 times the benefit of a wing tip extension, whereas on a wing with twist the winglet was only 1.5 to 2
times as good as the tip extension. The reason considered for the winglet on the twisted wing performing
more poorly was that the twisted wing reduced the outboard loading.

Heyson et al. (1977) commented that since winglets increase the wing loading at the tips, there
is an increase in bending moment along the wing, the extent of which must be fully determined. This

would be especially important for retrofit applications.

Flechner er al. (1976) have shown that the local pressure coefficient Cp increases on a wing from
the span location 0.96b/2 and greater, hence resulting in an increased wing rcot bending moment. Of note
is that their work was for Mach numbers from =0.7 to =0.8. Flechner and Jacobs (1978) also showed,
via transonic wind tunnel studies, that Whitcomb style winglets increased outboard loading of the wing.

2.3.2.3 Maximum v,, Reduction due to Vorticity Redistribution

Vorticity redistribution by witiglets has been shown to substantially reduce the maximum tangential
velocity through a region of vorticity, v,,. compared to that of the single trailing vortex from a plain tip.
O’Callaghan (1988) and others.

O'Callaghan (1988) performed wind tunnel experiments using a wing tip configuration with as
many as three winglets, and a total of sixteen different mounting configurations for the winglets. The
winglet designs considered the combined velocity field over the wing and the chordwise pressure gradient,
dP/dx, at the winglet root. O'Callaghan measured the mid-semispan lift on a wing via pressure taps, hence
the lift curve slope could be determined. As well, a 0.195 inch diameter five hole probe downstream of
the wing was used to measure the wake characteristics, including the vortex tangential velocity.
O'Callaghan showed the maximum v,,, to be about 65% of freestream velocity, V,, for a plain wing. The
use of a single winglet was seen to reduce the maximum v, for each of the new vortex cores to 30% of
V., or less. One could show that since a split vortex core reduces the maximum v, , the tilting of the lift
vector would be reduced, at least locally in the region of the vortex core edge, hence resulting in slightly
lower induced drag. Of note was that O’Callaghan did find an increase of lift curve slope, dC,/de, due
to winglet additions; as much as 26% lower induced drag was indicated.

2.3.2.4 Kinetic Energy Reduction due to Vorticity Redistribution

Rotational kinetic energy is dependent on the angular velocity of a rotating mass. Therefore, the
redistribution of vorticity results in lower Yinetic energy of the rotating air mass due to the lower maximum
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tangential velocities through the vortex core. Cone (1962) showed an energy reduction in the vortex system
for multiple vortices, thus reduced induced drag, D;, for the system as compared to a single core.  As
shown by Spreiter and Sacks (1951), the kinetic energy of the vortex core is directly related to the induced
drag of the airfoil, hence the lower kinetic energy means lower induced drag. Cone (1962) showed this
by integration for a single vortex core then with multiple cores of evenly distributed vorticity to determine
the relative changes in total kinetic emergy. Also seen in the section regarding multiple winglet
configurations is Kippers' (1983) work relating the kinetic energy and the number of vortex cores.
Kiippers showed a decrease of the kinetic energy in the vortex system with increased number of vortex
cores. for the same total vorticity (see section on multiple vortices, i.e. Figure 2.24).

2.3.2.5 Delay of Tip Vortex Roll-Up

Delay of roll-up of the tip vortex may be possible by the use of a winglet configuration (Ciffone
& Orloft, 1975). This may explain the occurrence of lower v, at given downstream locations as compared
to a plain wing. However, Faery and Marchman (1976) have shown the roll-up of a4 vortex sheet to oceur
within 20 chord lengths downstream for both a plain wingtip and winglet. Note that this appears to conflict
with the idea that increased outboard loading (as caused by the attachment of one or more winglets to a
wing) increases the rate of roll-up, as proposed by Spreiter and Sacks (1951). It may be that any ditference
in loading was not sufficient to be detected by the experimental work of Faery and Marchman (1976).
However, anything beyond about 10 chord lengths behind the wing will likely have little effect on drag,
although it may influence the persistence of a trailing vortex pair. This is entirely another topic for
investigation.

2.3.3 Present Winglet Concept Design Considerations

Whitcomb (1976) pioneered work on optimized narrow chord winglets and formulated the general
design considerations predominantly used to date. Others have also considered winglets of the Whitcomb
style and done parametric studies on that general configuration. Hence, Whitcomb's work and that done
by others will be reviewed.

Whitcomb (1976) investigated winglet configurations experimentally in the Langley 8 foot transonic
wind tunnel. He used a semi-span model with th« basic fuselage, wing, and engine nacelles representative
of a typical first generation, narrow body jet transport. The C, of the wing and winglet Cy were
determined with chordwise pressure taps at various span locations along each.

Whitcomb (1976) contended that winglets must produce significant side force to reduce lift induced
inflow above wing and outflow below the wing. He noted that the principle physical effect is a "vertical
diffusion of the tip vortex flow at least just downstream of the tip.” However, in that report he made no
comment delineating the significance of a forward thrust component. Whitcomb winglets were for design
M = 0.78. therefore they were swept back significantly and the airfoil was of necessity a supercritical
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design. See Figure 2.14 for a description of the Whitcomb winglet.

The performance benefits shown by Whitcomb (1977) showed a 9% increased maximum lift-drag
ratio, (L/D),... due to the upper winglet alone and about 20% reduction of induced drag at C . = 0.44.
In comparison, a wingtip extension gave only about 4% improved (L/D),,, for the same wing root bending
moment increase, hence, note was made that the upper winglet alone was found to be approximately twice
as effective as a simple wing tip extension. The addition of the lower winglet had little effect on the L/D
at the design conditions, however, at higher lift coefficients adding the lower winglet gave significant
improvements in the L/D. Whitcomb (1977) noted that the winglets were placed on a wing with nearly
elliptical basic span loading, and that a winglet application on a wing with more inboard basic loading
would result in less significant reductions in the induced drag (as suggested by Goldhammer, 1976).

2.3.3.1 Wing Root Bending Moment

Winglets appear to be a means of increasing the effective aspect ratio of a wing, hence, providing
reductions of induced drag without the associated penalties accompanying an equivalent spanwise extension.
Currently. the main objective is the reduction of induced drag, and this should be accomplished at the same
wing root bending moment, especially when the winglets are designed for retrofit applications. The wing
root bending moment is usually considered since it is a reasonable index of the structural weight of a wing.
As will be shown. when considering winglet applications, a compromise must be made between the
reduction of induced drag and the root bending moment.

It must be noted that the bending moment at all spanwise locations is also an important parameter
for design considerations. For example, a plain wing will have no loading at the extreme tip. The addition
of a winglet will create a finite load at the tip. Hence, the ratio, of bending moment at a plain wing tip
to the bending moment at the tip with a winglet, will be infinite.

Mangler (1938) recognized that increased force on an upper end plate produced a proportionately
greater increase in bending moment at the wing root. Also, Weber (1954) was able to show the increased
loading of outboard span positions due to vertical plates at various spanwise locations; which would lead

to greater bending moment.

Heyson et al. (1977) commented that since winglets increase the wing loading at the tips, there
is an increase in bending moment along the wing, hence the extent of this effect must be determined.

Dahlin (1981) using a potential flow, lifting surface method calculated an induced efficiency factor,
e, for a wing with given spanwise loading, with winglets or wing tip extensions, relative to an ellipticaily
loaded wing. His findings (Figure 2.19) showed that the effectiveness of both winglets and wing tip
extensions was sensitive to the spanwise loading. Of note was that Dahlin’s work showed that for both
cases of loading of the basic wing the winglet was superior to the wing tip extensions. Also seen was that
increased wing loading gave better increases in the e for the winglets than for the wing tip extensions.
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Dahlin (1981) examined the effect of winglet length on the root bending moment of a wing using
lifting surface methods. His findings are shown in Figure 2.15, which shows that the root bending moment
of the wing increased with increased length of winglet, for all cant angles (dihedral) of the winglet.

2.3.3.2 Parasite Drag Considerations

The attachment of a winglet or wing tip extension is intended to produce an induced drag
reduction, however, whatever device is attached the increased surface area leads to increased parasite (skin
friction) drag resulting in a penalty. According to Asai (1985) the inclusion of the parasite drag appears
to be essential to determing the overall merits of any one tip configuration, and for the comparison with
others.

Asai (1985) used a voriex-lattice representation of the Treffiz plane wake to show that if parasite
drag is neglected and the perimeter length in the Trefftz plane is held constant then a planar wing is more
efficient than a nonplanar wing from the view of induced drag even if the root bending moment is
considered. That conclusion was based on a wing extension of the same chord as the main wing. Also,
it is better to extend the wingspan and shift the load inboard to improve induced efficiency (according to
Munk (1921) only the wake shape in the Trefftz plane and load distribution matter for induced drag).
(Note: see Jones (1979) for comments about perimeter length in the Trefftz plane.)

Asai did go on to consider a winglet of chord equal to half of the tip chord of the main wing, this
he did with a vortex-lattice program developed by Margason and Lamar (1971). For that he found that
there was no real difference between the ability of the winglet or the extension to reduce the induced drag.
However, for the planar versus the nonplanar, the highly nonplanar winglet or extension proved to be about
twice as effective at reducing the induced drag at the same root bending moment as the planar. This was
explained by the nonplanar being able to have a greater span than the planar to produce the same bending
moment (note this was without the parasite drag added), see Figure 2.16. Asai comments "that the parasite
drag consideration is indispensable to explain the relative advantages of a winglet and spanwise tip
extension." This he adds. since the induced drag efficiency at a given wing root bending moment is
insufficient to explain the advantage of a winglet over a wing tip extension. It should be noted that parasite
(skin friction) drag is roughly proportional to the wetted area. A winglet has a smaller chord than an
extension, hence lower parasite (skin friction) drag. When parasite drag is considered Figure 2.17 shows
that for the same wing root bending moment narrow chord winglets are about twice as effective as simple
spanwise extensions at all cant angles. Asai concludes that the primary reason (narrow chord) winglets are
more effective than spanwise tip extensions is that the increase in parasite drag for the winglet is small
compared to that of the extension, not due to winglet being nonplanar. Asai closes commenting that a short
span planar winglet may be a promising alternative to a large span nonplanar winglet. Note that Asai
(1985) did not include the interference drag at the winglet root.
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2.3.3.3 Winglet Length

Weber (1954) was among the first to comment that induced drag reduction is approximately linear
with height of winglet. Since thea others have examined that approximate relation.

Taylor (1983) presented the final evaluation of winglet tests for the DC-10 flight test program.
The winglets were of the Whitcomb style. Two upper winglet spans were considered, 3.22m and 2.13m.,
as well as a 0.76m lower wingle:. Taylor noted a total drag reduction of 5.7% at C,=1.2, and 2.5% at
C,=0.47 when using the long upper winglet, and 2% at C, =0.47 using the short upper winglet. Hence,
the improvement was proportionately less than the length increase, but nearly linear with C;. The lower
winglet enhanced performance such that its removal led to about 1% reduction in total drag coefficient
gains (i.e. at C, =1.2 removal of the lower winglet gave total drag reduction of 4.7%, as compared with
5.7% with upper and lower winglets installed). The improvements due to the winglet addition were not
as significant as expected, but the performance shortfall was attributed to the high suction peaks noted on

the outer span of the upper winglet.

Heyson et al. (1977) noted that the winglet efficiency did not increase as rapidly as length, but
the root bending moment increased at a rate greater than the increase in efficiency. Specifically, for a wing
of Ay = 7 and winglet lengths of 0.15b/2 and 0.30b/2, the longer winglet gave an induced efficiency 60 %
greater than the shorter one. However, the root bending moment of the longer winglet was 90% greater
than that of the shorter winglet. Thus, Heyson et al. observed that the root bending moment increased at
a faster rate than the induced efficiency. This implied that there would be an optimum length for a winglet,
however, no specific length could be said to be optimum since that would be dependant on the allowable

increase in bending moment.

Dahlin (1981) examined the effect of winglet length on the induced efficiency of a wing. His
findings are shown in Figure 2.15. As can be seen the optimum efficiency factor of the wing increased
with increased length of winglet, for all cant angles (dihedral) of the winglet.

Spillman (1978 and 1987) illustrated typical streamlines near the tip of a plain wing tip and gave
an indication of the local flow angle as a function of distance from the tip, see Figure 2.10. The figure
shows how the local flow angle decreases with distance from the tip. The figure also shows that the local
flow velocity decreases with increased distance from the center of the rolling up vortex at the tip. rence,
the combination of these two effects would reduce the effectiveness of the sections of a winglet further
from the wing tip (i.e. greater angle gives greater forward thrust or sail effect, and greater velocity gives
greater dynamic pressure and thus greater normal force). This also would imply an optimum winglet/sail

length.

Examination of Figure 2.16 and Figure 2.17, from Asai (1985), gives findings very similar to that
of Heyson ez al. (1277). ‘The overall observation can be made that increasing the length of a winglet gives
a decreasing marginal reduction of induced drag, thus implying an optimum winglet length. However,
exactly what that length might be is not obvious.
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2.3.3.4 Winglet Chordwise Position

Chordwise positioning of winglets is a significant consideration especially for control of pressure
peaks on the upper surface of the wing. This may be most important for winglet applications at high
subsonic conditions, as for most current generation transport aircraft. However, it will also be a
consideration for low speed applications. Whitcomb (1976) suggested that "the leading edge of the root
of a winglet should probably not be significantly ahead of the upper-surface crest of the wing-tip section.”
The combination of the chordwise pressure distributions of the wing and the winglet is the focus of the
concern. Also, for multiple winglets of various sizes there is no consensus as to the optimusn arrangesaent,
i.e. are the larger winglets near the leading edge or trailing edge of the wing.

2.3.3.5 Winglet Spanwise Load Distribution

Note that many of the winglet characteristics (such as cant angle, toe-in angle, twist, taper, sweep
angle, and airfoil shape) really relate to the spanwise variation of the normal force produced by the winglet.
Hence, in the design of a winglet these would be dealt with all at the same time. The major isste would
concern the spanwise load distribution along the winglet, howsver, each will be mentioned separately. The
spanwise loading of a winglet was noted by Ishimitsu and Zanton (1977). but no recommendations were
made concerning an optimum winglet load distribution and twist. The topic of optimizing the spanwise
Joading of the winglet itself has not yet been extensively studied (i.e. As suggested by Whitcomb (1976),
should the normal force coefficient be constant along the winglet span?).

2.3.3.6 Winglet Cant Angle

The cant angle of a winglet is considered to be the angle from the vertical to the wing spar at the
wing tip, where positive angles are usually taken to be outwards, such that the span of the wing is
effectively increased. Sometimes the cant angle of the winglet is referred to as the winglet dihedral, with
the 0° position being planar with the wing just like a simple extension. Note should be taken that winglet
effectiveness will depend upon the winglet cant angle and the toe-in angle of the winglet, since the local
winglet angle of attack is a function or combination of both values.

Spillman (1987) maintained that a winglet which is in the plane of the wing (i.e. 90° cant angle)
results in the best im~rovement of induced drag. However, Spillman does not delineate the associated
bending moment chi...

Heyson et al. (1977) noted that if the winglet cant angle were less than zero then induced
efficiency would be significant with a corresponding low root bending moment. This would be a desirable
situation. However, the acute angle between the winglet and the wing would cause increased interference
which would likely offset the benefits derived from the induced efficiency improvements.
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Dahlin (1981) examined the effect of winglet cant angle on the induced efficiency and root bending
moment of a wing. His findings are shown in Figure 2.15. As can be seen the root bending moment and
optimum efficiency factor of the wing increased with cant angles (dihedral) of the winglet, approaching 90°
(or 0°), i.e. approaching planar extensions of the wing.

Whitcomb (1976), based on the work of Lundry (1968), suggested a smail outward cant angle
based on the trade off between induced drag reductiou, skin friction, and bending moment increases; and
confirmed experimentally that positive cant angles were best.

As can be seen there is little agreement as to the correct or optimum winglet cant angle, however,
winglet effectiveness generally increases with greater cant angle although this increase is accompanied by

even greater percentage increases of wing root bending moment.

2.3.3.7 Winglet Toe-In Angle

The toe-in angle of a winglet is defined by the angle the winglet chord makes with the free stream
direction. For a winglet design, the winglet toe-in angle will be directly related to the cant angle of the
winglet since the local angle of attack, and hence the normal force of the winglet, is a fenction of both

values.

Cary (1976) used a nonplanar lifting surface theory (the method of Goldbammer, 1976). hence
no assumptions of small perturbations, to study winglet effects on a Boeing BAC 311 wing (design M =
0.78) with a taper ratio of 1/3. The single upper winglet was mounted at the rear top of the wing tip as
per Whitcomb (1976). Of note is that the method used considered only inviscid, irrotationai, uniform flow;
hence. the model had no consideration given to viscosity and thus skin friction drag, or to interference
between the winglet and wing. Cary managed to achieve from 15% to 27.5% reductions of induced drag
for the range of wing dihedral, aspect ratio, and sweep angles studied. The best reduction of induced drag
achieved was 27.5% for a wing with 45° sweep and A, =7 (note that the range of Az from 4 to 7 was
studied). Cary noted the best percentage reduction of induced drag occurred for the highest wing aspect
ratios, but hest absolute magnitude of decrease was achieved for low aspect ratios.

Cary (1975) examined winglet toe-in angle and found that a small inward angle to be the best.
At C_=0.6 Cary found that an angle of +10° gave 2Cp;=0.0032, and -10° gave aCp;=0.0030 (where,
Cp, is the coefficient of induced drag). Hence, toe-in angle was seen to affect the aCy,;, but not to be a
really significant factor in itself. Note that Cary (1976) found that at C; =0.5 and toe-in angle equal -10°,
the &Cp,,=0.0021; hence, C, was sigidficantly more important than toe-in angle. Also refer to section
2.3.3.18 for the effects of main wing C; on aCy; due to winglets.

2.3.3.8 Winglet Twist

Spillman (1978 and 1987) suggested that the rwist, as shown in Figure 2.18, is necessary for wing

31



sails to work and to avoid separation from the root to the tip of the sail. Spillman's figure of streamlines
around the tip of a plain wing tip (Figure 2.10) show significant change in flow angle with radius from the
tip, but the imposition of the winglet in the flow would straighten the flow somewhat. Some work by
Marsden (1988) has determined that the flow angle after installation of a winglet is vastly different from
that around a basic wing tip, thus the winglet twist can not be determined by the flow around a plain wing
tip. Recall that winglet twist would be integrally related to winglet spanwise toading.

2.3.3.9 Winglet Sweep Angle

Heyson et al. (1977) maintained that sweep of a winglet would help to reduce junction drag
(interference drag). Forward sweep would lead to acroelastic problems, therefore backward sweep is the
only practical alternative. This conforms to the general recommendations of Whitcomb (1976).

2.3.3.10 Winglet Taper

According to Whitcomb (1976). winglet taper is desirable so as to optimize the spanwise loading
of the winglet itself, i.e. such that the normal force coefficient is constant along the winglet span. This
is another topic not yet extensively studied, and perhaps should be.

2.3.3.11 Winglet Airfoil Shape

The efficient production of the normal force by the winglet necessitates consideration of an airfoil
which will operate adequately over the range of Reynold's numbers and Mach numbers expected. As well,
the Cy of the winglet should be kept nearly equal to the C, of the wing, so as to avoid severe separation
problems on the winglet, and thus any adverse drag rises.

A related concern deals with the pressure distribution over the winglet surface. A winglet or tip
modification must prosiuce some effect on the flow about it, hence, the force generated and the range of
necessary normal force coefficients needed will determine the type of flow regime. Also, of concern is
the combination of flow fields produced by the winglet and that produced by the wing in the tip region.

2.3.3.12 Winglet Fairing to Wing

Another topic apparently neglected, or at least not emphasized, by most researchers to date,
concerns the precise nature of the winglet fairing to the wing. Winglet designs should consider the
combined velocity field over the wing and the chordwise pressure gradient, dP/dx, at the winglet root. The
importance of this cannot be neglected since flow separation at the root of the winglet would lead to
significantly greater drag.
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2.3.3.13 Effects of Spanwise Loading of the Wing

Weber (1954), Lundry (1968), and Goldhammer (1976) all indicate that in order for winglets to
work well the outboard regions of the main wing need significantly increased loading. The same comment,
that increased outboard loading increases winglet effectiveness, is made by many other researchers. Hence,
second generation aircraft, which tend to have lower tip loading than the elliptically foaded first generation
aircraft, stand to benefit less from the retrofit of winglets (Taylor, 1983).

Webber and Dansby (1983) showed, via analytical methods of the Lockheed-Georgia Co., Canada,
that increased outboard wing loading provides greater benefit from winglets. They offered the explanation
that greater tip loading gives greater vorticity shed at the tip, thus greater induced velocity at the wing tip

therefore greater thrust on the winglet.

Heyson et al. (1977) found that a winglet on an untwisted wing gave 2 10 5 times the benefit of
a wing tip extension, whereas on a wing with twist the winglet was only 1.5 to 2 times as good as the tip
extension. The reason considered for the winglet on the twisted wing performing more poorly was that

the twisted wing reduced the outboard loading.

Dahlin (1981) showed that the effectiveness of both winglets and wing tip extensions was sensitive
to the spanwise loading, as shown in Figure 2.19. Dahlin also noted that increased wing loading gave
better increases in the induced efficiency factor, e, for the winglets than for the wing tip extensions.

Flechner and Jacobs (1978) carried out transonic wind tunnel investigations of four representative
large jet transport aircraft. Their results showed an 8% improvement in the L/D for the KC-135, 4% for
the DC10 and L1011, and 6.5% for a future aircraft of 4;=9.8. with the same winglet configuration. The
significance was that the KC-135 has the highest outboard wing loading of the four aircraft studied.

supporting the contentions of other researchers.
2.3.3.14 Effects of Spanwise Twist of the Wing

Spanwise twist or washout of a wing is basically a means to modify the spanwise loading of a
wing. The use of washout on a wing results in urtoading of wing tips and increased loading of the inboard
regions of the wing, hence the bending moment along the wing is decreased at the sacrifice of induced
efficiency. Heyson et al. (1977) showed the effects of spanwise twist or washout of a wing on the
effectiveness of winglets. Figure 2.20 through 2.22 (Figures 15,18, and 21 from Heyson et al. (1977))
show that the ratio of induced efficiency with winglets to that without winglets decreases with increasing
amount of washout for both high and low lift coefficients. This is basically the rese1t found by others, i.e.
that increased outboard span loading improves the effects of winglets.
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2.3.3.15 Effects of Main Wing Aspect Ratio

Cary (1976) found the greatest reduction of induced drag achieved was 27.5% for a wing with 45°
sweep and Az =7 (note that the range of Ay from 4 to 7 was studied). Cary noted the best percentage
reduction of induced drag occurred for the highest wing aspect ratios, but best absolute magnitude of
decrease was achieved for low aspect ratios. The reason for such a trend was not discussed.

2.3.3.16 Effects of Main Wing Sweep Angle

Cary (1976) investigated the effect of wing sweep on the effectiveness of winglets. He found that
reductions of Cp; were greater in both magnitude and percentage with increased sweep of the wing. The
range of wing sweep angles was from 15° to 45°. Again he found the greatest reduction of induced drag
achieved was 27.5% for a wing with 45° sweep and Az=7. He also noted that the aC,,; was just better
than linear with the sweep angle, however no rationale was offered. To reiterate, winglet effectiveness
was better for greater sweep angles of the main wing.

2.3.3.17 Multiple Winglets Configurations

Kiippers (1983) considered the wing tip feather concept seen in nature on soaring birds. To model
the bird feathers he developed a multiple winglet configuration employing five winglets which were
mounted using a ball and socket joint to provide complete flexibility of position, see Figure 2.23.
However, the root of each winglet could not have been faired into the wing tip very well for all positions.
Anoer of the significant drawbacks of his work was the low Re (= 10%) at which the testing took place,
especially when comparing his results to aircraft with typical Re = 10° to 107,

Note that Kiippers developed a method to calculate the induced drag kinetic energy loss due to one
or more Rankine style vortices. He assumed that the radius to the maximum v, was inversely related to
the number of vortices. and that the circulation contained in each vortex was likewise inversely related to
the number of vortices. i.e.

(2.19)

x|~

T, - 2.20)

x|

Recall that T = 2 7 r v, Kiippers showed the relationship between energy in the multiple vortex system
and the number of vortices, 7, (or number of winglets plus one). The relationship appears nearly as 1/
see Figure 2.24.
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Here it should be noted that Kiippers' assumptions imply that the maximum v, for eaci of the
smaller vortices is still the same as that of a single large vortex. This has been shown not to be the case.
For instance, O'Callaghan (1988) showed that the maximum v,,, for each of two smaller vortices shed from
a winglet was about half of that of a single large vortex. Hence, Kiippers' assumptions about either
circulation in or radias of split vortices appear to be in error.

Ktippers then showed the combination of energy in the vortex system plus that lost due to the
increased parasite drag. The result was that there is an optimum number of winglets which will give a
minimum drag, see Figure 2.25. Note that the parasite drag is related to the wetted area of the winglets,
bence, parasite drag is approximately linear with the number of winglets.

O’Callaghan (1988) (and Marsden, 1988) considered various winglet configurations in experimental
measurements, for example a double winglet with the top winglet ahead of a lower one. His wind tunnel
investigations revealed potential for induced drag reductions in the order of 26 % for a double winglet, even
without optimization of the configurations. O’Callaghan, in agreement with Kiippers (1983) and Spillman
(1978) found a decreasing benefit from each additional winglet, hence, indicating an optimum number of

winglets.

Spillman (1987) achieved approximately 12% and 28 % induced drag reductions for the single and
triple winglet configurations (for example, see Figure 2.26), respectively, but gave no clear indication as
to the change in root bending moment associated with these. Also, using a Paris aircraft (a light jet) at
C,=0.5, Spillman (1978) measured an L/D increase from 12.5 in standard configuration to 15.6 with 3
sails. Of note is that Spillman (1987) maintained that a winglet which is in the plane of the wing (i.e. 90°
cant angle) results in the best improvement of induced drag.

Spillman (1978) found that with 3 or 4 wing sails, a spiral angle of ~15° to ~ 20° between each
sail was the best. He found that greater spiral angles reduced the overall effectiveness of the sail group.

2.3.3.18 Effects of Main Wing C, on aCy, due to Winglets

From the considerations of winglet effectiveness thus far, the effect of the overall aircraft wing
C, has been acknowledged. However, to be specific, the consensus has been that winglets generally
provide greater reductions of induced drag at greater values of C;. Cary (1976), Flechner et al. (1976),
Montoya et al. (1977), Spillman (1987), Webber and Dansby (1983), Whitcomb (1976), and most others
will agree with this result. The reason as suggested by Cary (1976) is that the increased angle of attack
associated with increased C, leads to greater flow around the tip. This greater flow around the wing tip
increases the thrust of the winglet, therefore the forward thrust component is greater to offset the induced
drag of the aircrafi. Note that this is virtually the same argument provided by Webber and Dansby (1983)
concerning the increased effectiveness cf winglets at greater outboard span loading.

Cary (1976) also noted that a Cp; is almost linear with C,. This observation could be confirmed
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by the work of Taylor (1983) who found aCp,=5.7% at C,=1.2 and 2 C,;=2.5% at C, =0.47. Ishimistu
and Zanton (1977) also show a nearly linear relation between aCyp; and C, for their winglet styles (only
one typical example given here), using both analytical and experimental methods, see Figure 2.27.
However. notice that these do not considzr low values of C;.

Similarly, this basic result was found by O’Callaghan (1988) and Marsden (1988) by analyzing
the effect of winglets on the lift curve slope of an airfoil. O’Callaghan (1988) showed that an increase in
the lift curve slope, dC,/da, was related to induced drag reduction for modified wingtips, and that the
curve remained basically linear up until stall. Thus, winglets provide the best percentage improvement at
low speeds mostly because the induced drag becomes a greater portion of the total drag of an aircraft at
low speed (high C,) than at high speed (low C,).

The relation between C; and twist of a wing should also be noted. Heyson ez al. (1977) and
Montoya et al. (1977) noted improved effectiveness of winglets on wings with washout as the C;. increased.
The reason for this stems from the basic and additional loading of the wing, due to C,. The argument is
as follows. At low C_ (i.e. as C,~0) the inboard sections of the wing take most of the loading, while the
outboard sections may not be loaded at all, or may even have negative loading. At high C,. the load
increases near uniformly across the span, hence, the tip loading increases the greatest percentage. The
result is that the winglet normal force, and kience effectiveness, increases with increasing C,.

Dahlin (1981) also noted that increased wing loading gave better increases in the induced efficiency
factor, e. for the winglets than for the wing tip extensions.

2.3.3.19 Various Other Considerations

Winglet effects on aileron effectiveness has been noted by Flechner and Jacobs (1978). For
transonic wind tunnel investigations of the KC-135 they found that the installation of winglets increased
aileron effectiveness.

2.3.3.20 Economic Considerations

Boeing (1983) considered the overall benefit-cost analysis for winglet or wing tip extension retrofit
to the Boeing 747 derivatives. Their concerns included weight, performance improvement potential, initial
cost and complexity of construction, capital recovery, time to recover 100%, etc. Their work was based
on the Whitcomb style winglet which they found could provide ~3.2% improvement of (L/D)yu.
Operationally, the winglets were superior with regard to reducing drag and thus fuel consumption.
However, the winglet initial costs were higher, i.e. the production costs for the winglet retrofit was three
times that for the extensions (~$100000 vs ~$30000 respectively). The overall resuit was that for the
needed return on investment of 15% only the extension was acceptable.

It should be pointed out that since the Boeing (1983) study was done, the Boeing Aircraft Co. has
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produced the 747-400 which does employ winglets. As well, the Boeing 7J7 which was studied and was
scheduled for production in the 1990's was proposed to employ winglets. These developments imply that
the relative merit of winglets versus tip extensions must have improved since their 1983 study.

The small margin of improvement and the high production cost for the Boeing winglet should be
noted. Most probably, the cost for the production of winglets for smaller aircraft together with a greater
potential drag reduction would favour the application of winglets.

2.3.4 Winglets Applied To Propellers

The application of winglets to propellers has been the focus of a limited number of studies.
Goodman and Breslin (1980) performed a case study concerning winglets on marine propellers. However,
their work lacks credibility due to rather poor experimental design. For instance, they used flat plate
winglets and no real consideration was given to the details of mounting the winglets to the propeller blades.
Not surprisingly they found that winglets on the propeller gave no performance increase, and in fact

decreased the propeller efficiency.

Chang (1980; analyzed winglets on aircraft propellers using a vortex lattice method and noted a
small performance improvement, in the order of 1 to 3 percent.

2.3.5 Other Wingtip Modifications

The idea of wing tip modifications has received considerable attention over the years.
Modifications have ranged from changes of the tip geometry in the plane of the wing, to nonplaiar
modifications (e.g. end plates and winglets), to active tip flow control devices (e.g. blown wingtip jets).
A couple will be discussed merely for demonstration of the diversity of ideas for induced drag reduction.

Zimmer (1987) discussed a triangular tip, i.e. one for which there is simply a discrete change in
leading edge sweep near the wingtip, which shows some success. Perhaps such a tip produces the same
phenomenon as appears from winglets. that of splitting the tip vortex core.

Wu ez al. (1982) have investigated the use of wingtip jets to replace winglets. They used an
adjustable jet of air blown in the desired direction to attempt to achieve the same end result.
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2.4 LITERATURE REVIEW CONCLUSION

This chapter surveyed the literature concerning vortex systems of a lifting wing and winglets
applied to aircraft wing tips. The subject of winglets received the greatest attention, since they are a means
of reducing the induced drag of finite span wings through the modification of the trailing vortex system.

An overview of vortex systems has been given as pertains to lifting wings of moderate aspect Tatio.
A lifting wing generates vorticity in the three dimensions of the wing, but the most significant is the
spanwise distribution. The review of vortex methods showed that vortex techniques have proven
satisfactory for the calculation of aircraft wing loadings since the time of Munk (1921) and Prandtl (1921).
The requirements for engineering design and aerodynamic improvement can be done even with relatively
simple vortex methods. The vortex lattice method is one of these methods which can provide useful
information when analyzing aircraft aerodynamics. As with any model there is some difficulty in exact
replicaton of real flows. However, even the vortex lattice method is a useful tool and has success in
showing trends and the development of the aircraft trailing vortex wake.

The application of winglets to aircraft wings was reviewed, since they appear to be an effective
means of drag reduction. As stated by Webber and Dansby (1983), “it is clear that a tip device is not a
universal panacea that will in all cases confer drag savings for little or no penalty in other areas.” Winglet
application will inevitably result in increased bending moment both at the root and at all spanwise locations.

This review has shown that properly designed winglets can effectively reduce drag during all
phases of flight. However, winglets have been shown to be most effective during high C, phases of flight,
i.e. takeoff and climbout, hence providing greater reduction in induced drag thus less power is required
and less noise generated during that phase (Heyson et al., 1977). The reason for improved winglet
effectiveness at low speeds was discussed. Some researchers have shown that, for a limited range of G,
the reduction of induced drag varies linearly with C; (i.e. a constant fraction of C,). Therefore, the reason
that winglets work best at low speeds is due to the induced drag becoming a greater portion of the total
drag of an aircraft at low speed (high C,) than at high speed (low C)).

The assertion that the forward component of the side force vector produced by the winglet is the
primary mechanism by which D, is reduced must be investigated. The level of uncertainty about the
importance of the forward thrust is sufficient motivation for further research into the induced drag reduction
mechanism of wingiets.

Winglets operate to split the vortex into more than one vortex with a resulting change in core sizes
and maximum v,,. The recombination of the multiple cores then would follow, finally producing a single
vortex core with a velocity distribution different from that which would be produced by the simple wingtip.
The hope is that by tailoring the winglet configuration properly the maximum v,, can be reduced in the
final rolled up single vortex per semi-span. However, the maximum v,, downstream may not be as
important for drag as it may e for trailing vortex persistence. Also, the decreased magnitude of v, may
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merely be a manifestation of the effects of winglets. This concept and the nature of dependency should
receive some consideration in order to determine more precisely if there is any link to the winglet normal

force.

The relationship between the induced drag and the kinetic energy of a vortex system was
discussed. As could be shown, a trailing vortex system composed of multiple vortices would have lower
kinetic energy than a single large vortex of equal circulation. This problem appears to be of sufficient
significance that investigation of a vortex system with minimum kinetic energy as well as a winglet
configuration to produce such a system should be considered.

The spanwise loading of the wing has been shown to be a significant factor when considering the
potential for reduction of induced drag by a winglet, hence should be the subject of further study. Winglets
have been seen to give greater reductions of induced drag, and hence total drag. for applications on wings
with greater outboard spanwise loading. The connection between spanwise loading and the twist or
washout of a wing has been discussed. The amount of washout has been shown to be directly related tu
the increased benefit of winglets at high lift coefficients with increasing washout. Heyson et al. (1977)
commented that for an untwisted wing "it would be difficuit to design a winglet so poorly that it would not
obtain a greater gain in induced efficiency (at the same cost in root moment) than a tip extension.”

As well. for retrofit applications, the modification of the spanwise loading of the wing upon
addition of a winglet has been shov.n to be significant enough to warrant investigation. The reason is two
fold. First a modified spanwise loading such that the center of vorticity is further outboard (due to
increased effective aspect ratio) leads to reduced total circulation T, hence, lower values for v,, and
induced drag. The second reason stems largely from the modification of the bending moment at the root
of the wing and at spanwise locations, especially near to the tip. This concern would be most important
when considering the application of winglets for aircraft with optimized structural designs. Whereas most
light aircraft likely have sufficiently over designed wing sections near the tip (i.e. those with rectangular
planform and uniform spar) that bending moment increases, especially near the wing tip, would probably

be of little significance.

The delay of trailing vortex roll-up was considered. This would have some effect on the induced
velocities at the wing, but mostly the roll-up delay would affect the vortex persistence and decay.

Winglet physical parameters were discussed. An optimum length for winglets could not be
predetermined without considerations of the allowable increases in bending moment over the span of a
wing. As well, the observation was made that increasing the length of a winglet gave a decreasing
marginal reduction of induced drag, hence implying an optimum winglet length (although it was not obvious
what that length might be). As well, the cant angle of a winglet, or winglet group, cannot be determined
exclusively on its own. Considerations of a specific winglet (or winglet group) design such as cant angle,
toe-in angle, sweepback, twist, taper ratio, airfoil type, chordwise positioning, must be dealt with
simultaneously. All of these parameters of the winglet will have an effect on the spanwise load distribution



of the winglet (or winglet group). and how the wing spanwise loading is effected. especially in the tip
region. Without a doubt, winglet effectiveness will have a direct link with the spanwise loading of the
winglet.

The importance of the inclusion of parasite drag has been discussed. In order to determine the
meriis of a specific winglet over other tip modifications, no doubt the parasite drag will have to be
considered.

The problem of winglet effectiveness has been argued. It should be noted that much of the
literature examined dealt with one very similar wing scenario and winglet type - the Whitcomb winglet.
This has occurred because Whitcomb’s research published in 1976 was led a significant revival into winglet
research. The general results and ideas are expected to be applicable for most winglet configurations,
however, the improvements expected may be significantly different from those derived thus far. Also, the
variety of current aircraft with the diversity of their wing types and spanwise loadings currently used as
yet appears to leave the design of winglets to be very specific for each aircraft.
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Figure 2.1 Vortex in Inviscid Incompressible Flow.
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Figure has been removed due to copyright restrictions

Figure 2.4 Lanchester’s drawing of vortex system behind a wing, adapted from Lanchester (' 07).
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Figure 2.5 Vortex Roll Up Behind a Lifting Wing.
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Figure has been removed due to copyright restrictions

Figure 2.6 Betz vortex roll-up model, adar ' from Donaldson er al. (1974).
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Figure has been removed due to copyright restrictions

Figure 2.7 Isopleths of Vorticity for a Vortex Pair Descending near Ground Plane, adapted from Bilanin
et al. (1978).

Figure has been removed due to copyright restrictions

Figure 2.8 Effect of Secondary Vortex on Trailing Vortex Motion
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Figure has been removed due to copyright restrictions

Figure 2.9 Vortex Co:_e Visualization by Tower Fly By, adapted from Olsen ez al. (1971).
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Figure has been removed due to copyright restrictions

Figure 2.10 Flow Streamlines, Tip Flow Angle, and Forward Thrust Component, adapted from Spillman
(1987).
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Figure has been removed due to copyright restrictions

Figure 2.11 Comparison of Analytical and Experimental Winglet Pressure Distributions, adapted from
[shimitsu and Zanton (1977).
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Figure has been removed due to copyright restrictions

Figure 2.12 Winglet Effects on Spanwise Pressure Distributions, adapted from Ishimitsu and Zanton
(1977).
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Figure has been removed due to copyright restrictions

Figure 2.13 Winglet Effects on Chordwise Pressure Distributions, adapted from Ishimitsu and Zanton
(1977).
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Figure has been removed due to copyright restrictions

Figure 2.14 Whitcomb Winglet, adapted from O’Callaghan (1988)
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Figure has been removed due (o copyright restrictions

Figure 2.15 Induced Efficiency and Wing Root Bending versus Winglet Length and Cant Angle, adapted
from Dahlin (1981).
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Figure has been removed due to copyright restrictions

Figure 2.16 Induced Drag versus Percentage Change in Root Bending Moment, adapted from Aszi (1985).

Figure has been removed due ‘4 copyright restrictions

Figure 2.17 'uduce” Plus Parasite Drag versus Percentage Change in Root Bending Moment, adapted
from Asazi (1985).
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Figure has been removed due to copyright restrictions

Figure 2.18 Winglet Twist, adapted from Spillman (1978 and 1947).
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T'igure has been removed due to cg, yright restrictions

Figure 2.19 Induced Esficiency Factor for .. - versus Wing Tip Extensions for Twe Span Loadings,
adapted from Ddhlin (3751
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Figure 2.20 Ratio »f Induced Efficiency Factors for Winglets versus Plain Wing Tip with Washout = 0°,
adapted from Heyson et al. (1977).
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Figure has been removed due to copyright restrictions

Figure 2.21 Ratio of Induced Efficienc: Faciors for Winglets versus Pzsis Vying Tip with Washout = 5°,
adapted from Heyson et al. (1977).

60



Figure has been removed due to copyright restrictions

Figure 2.22 Ratio of Induced Efficiency Factors for Winglets versus Plain Wing Tip with Washout =
10°, adapted from Heyson et al. (1977).
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Figure has been removed due to copyright restrictions

Figure 2.23 Winglet Configuration of Kippers (adapted from Kiippers, 1983).
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Figure has been removed due to copyright restrictions

Figure 2.24 Energy in Multiple Vortices, adapted from Kiippers (1983).

Figure has been removed due to copyright restrictions

Figure 2.25 Induced and Skin Friction Drag for Multiple Vortices, adapted from Kiippers (1983).
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Figure has been removed due to copyright restrictions

Figure 2.26 Wingtip Sails, adapted from Spillman (1987).
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Figure has been removed due to copyright restrictions

Figure 2.27 Relation between a Gy, and C; with Winglets, adapted from Ishirn - a and Zanton (1977).
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APPENDIX 2.A. SAMPLE CALCULATIONS FOR THE FORWARD
THRUST COMPONENT OF A WINGLET NORMAL FORCE VECTOR

The following is a sample calculation to demonstrate the magnitude of iz forward thrust component of the
wingle* normal force vector. This forward thrust cor:ponent directly court:  the drag of the aircraft, and

generally is considered as a reduction of induced drag.

Assume that the winglet operates at the same C, as the wing, and that the forward thrust component is
~(1/5) of the normal force of the winglet (i.e. 11.5° local cross flow angle), and that the winglet area is

1% of the wing area.
Now,
L/D = (C,/Cp) = Lift-Drag ratio of aircraft

Now assume that L/D = 50 (or D = L/50).

Also, the forward thrust component, Fy, is
Fr = (1/5) (0.01) L = (L/500).

But we have D = (L/50), thus,
(F+/D) = [(L/500)/(L/50)) = (1/10)
Hence, the forward thrust component is 10% of the fotal drag of the aircraft wing.

Similarly, if L/D = 20, then (F7/D) = (1/25) = 4%, which is still a significant amount.

Note that these values do not account for the tctal induced drag reduction possible by the use of winglets,

therefore this forward thrust is only one part of the drag reduction mechanism by winglets.
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CHAPTER 3

WINGLET FORWARD THRUST QUANTIFIED

and the
MECHANISM of INDUCED DRAG REDUCTION!

3.1 INTRODUCTION

Whai are winglets? What are they supposed to do, and do they actually help? These are some
frequently asked questions about winglets. Winglets are a passive drag reduction device aimed at reducing
the induced or trailing vortex drag of a wing. They are typically reduc=d chord *= extensions, which are
usually oriented vertically. Basically, the winglet is a smaller wirg attached to the tip of the main wing.
By observing the aircraft that are currently on the market, one quickly notes that winglets are on many
aircraft today. For instance, the Gates LearJet 28L Lenghorn, BOEING 747-400, Airbus A320, and the

Canadair 601 and RJ, to name just a few.

Winglets are designed to reduce the induced drag (also calted the trailing vortex drag) of a finitc
ving. The induced drag is the d:ag of a finite wing due to the trailing vortex system. The trailing vortex
system induces a downwash at the wing and tilts the lift vector into the d+-nstream direction. The result
is that there is a component of the lift in the downstream direction which is then considered to be the
induced drag or trailing vortex drag, as shown in Figure 3.1

The structure of the :raiiwy; vortex system (or trailing vortex wake) isd nendent on the spanwise
loading of th: iy serevaiey te wake, The optimum spanwise ioading of a wing i. elliptical, as every
good student of aerouynami.~ +::}{ remember. With respect to induced drag the elliptical loading has been
"known" to be the most efficient ever since that was proven by Munk (1921). However, as will be shown
iw tus study, with tip modifications such as winglets, one still can produce some reduction of the induced
and ‘otal drag, for a given wing span, even with an initially elliptical wing loading. The explanation for
this appas :nt incongruity lies with the assumptions leading to the result that the optimum spanwise loading

1 A version of this chapter was presented at the 5th CASI Aerodynamics Symposium, Canadian Aeronautics
and Spacc Institute 42nd Annual Conference, Montreal, Quebec. May 08-10, 1995.
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is elliptical for a given wing span. These assumptions are: 1) a planar wing, 2) uniform downwash at the
wing, 3) small induced velocities (due to a low average lift coefficient of the wing). and thus, 4) the rigid
wake. Note that under these assumptions the elliptical loading can be accomplished by an elliptical
planform. The planar wing assumption is a key assumption to explaining why and how winglets work.
Note that non-planar wings are very different. Therefore, this paper will comment on dispelling the myth
that the elliptical spanwise loading is optimum.

Precisely what is the mechanism of drag reduction by a winglet? There has always heen debate
about how winglets work, or even if they can produce an induced and total drag reduction on any given
wing. Some researchers suggest that winglets produce a forward thrust, but they don't know or state the
quantity of that thrust (Spillman, 1578 and 1987). Others say that winglets operate by splitting the vorticity
and thus reduce the kinetic energy in the wake (Kiippers, 1983). (The matter of kinetic energy reduction
in the wake is really just a manifestation, in the wake of the wing. of the winglet influence at the wing
itself.) A few have suggested that the main reason is a reduction of induced drag all along the span. The
latter has been demonstrated by the experimental technique of measuring the change in mid-span lift
coefficient to determine the magnitude of the drag reduction due to winglets (O’Callaghan, 1988). This
paper will help to show clearly the nature of the mechanism by which winglets produce the drag reduction.

The main focus of this paper will be to explain the mechanism of the induced drag reduction
produced by winglets and to sh~w the relative importance of the forward thrust due to the winglet
compared to the reduction of induced drag along the span of the main wing. The forward thrust of a
winglet is basically a negative induced drag. This is sketched in Figure 3.2 for the cases of a reduced
chord vertical and a horizontal winglet (i.c. winglet root chord is substantially less than the tip chord). As
seen in the figure, in both cases the induced flow field at the wing tip where the winglet is attached <+ wes
there to be a negative induced drag or forward thrust by a winglet. As will be shown, the other s n
by which winglets reduce drag is by the reduction of the downwash aleng the entire span of the
Figure 3.3 shows a sample of this downwash reduction for a small wingiet on an elliptical wi,
that the figure clearly shows that this downwash reduction is along the entire wing span, hence leaas
reduction of induced drag all along the span of the main wing. This downwash reduction is due in pan
to the vorticity redistribution at the tip of the wing and also to the change in spanwisc loading of a wing
with a winglet attached.

The explanation of how winglets work will proceed as follows. The general winglet design and
the parameters involved will be discussed. Then the necessary background theory will be discussed,
followed by the computer model which was employed. The results of the studies will be given and finally
some conclusions will be drawn,
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3.1.1 The General Winglet Design Problem

Winglets are wing tip modifications which are different from a simple wing extension in that the
wing extension would have the same chord as the wing at the junction with the wing. In contrast, winglets
are extensions to the wing which have a marked reduction of chord at the junction with the main wing.
This feature allows the (single) winglet to produce a trailing vortex system which has a double vortex core
structure, giving a broader distribution of the vorticity in the core region. This vorticity redistribution leads
to the effective induced drag reduction attributed to the winglet, due to both the reduction of downwash
along the span and the forward thrust of the winglet itself.

The design of a specific winglet involves numerous parameters. These include: the winglet
airfoil, the winglet span, the winglet root chord and tip chord (hence the winglet taper ratio), the winglet
dihedral angle, the winglet root toe-in and the winglet tip toe-in (hence the winglet twist), the winglet
sweep angle, the placement and design details of the wing-winglet junction, and the winglet tip shape.
These were chosen since these parameters are sufficient to completely specify the requirements for the
design of a particular winglet. In general, aside from the operational or performance related parameters,
some consideration is often given to aesthetics of a particular winglet design.

3.1.1.1 The Winglet Airfoil

The winglet airfoil used for this study is designated by UA(2)-180, a good low Reynolds number
airfoil developed at the University of Alberia by Dr. D.J. Marsden (1988). The UA(2)-180 airfoil is ¢.
12% thick airfoil with a convex upper and lower surface. The absence of concave surfaces allows eas:~

construction of the airfoil shape.

Optimizing a winglet design for a particular wing involves matching the winglet airfoil
characteristics to the desired operating conditivas. The importance of the winglet airfoil is related to the
amount of the reduction of induced drag and at the same time the increase in profile drag of the winglet.
There will 21so be a need to strike a balance between the potential improvem :its at the different operating
conditions to be encountered. Specifically, it is important to use an airfoil with a low drag region ("drag
hucket”) which covers the range of lift coefficients at which the winglet is operating. If the range of
operating lift coefficients is outside of the "drag bucket” then the decision must be made as to where the
greatest penalty will occur. The UA(2)-180 was chosen since the range of low drag lift coefficients
corresponds well to the range of desired winglet lift coefficients (roughly 0.6 to 1.2), and the off design
profile drag penalty is not severe.

3.1.1.2 The Winglzt Span and the Winglet Size
The winglet span (or length of the winglet) is one of the most obvious variables. However, what

is not so clear is exactly how to relate that to the other parameress. For this study, the winglet span is used
to define each winglet size. This is done by using a paricuiar typical wingiet "family.” This winglet
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family is defined by a set of winglets all possessing the same general qualities. Specifically. the wingle
root chord is one half of the winglet length, and the winglet tip chord is one quarter of the winglet length.
This gives a set of winglets !l having a taper ratio equal 0.5, and the winglet aspect ratio is 5.37 wh-n
the winglet semi-span is considered to be the winglet length from root to tip. The end result is that cach
member of this winglet "family" to%s just like a scale version of any other in the same family. Aiso, note
that with this "family" of wirgleis, the winglet area equals (3/8)x(winglet span)’.

3.1.1.3 The Winglet Root Chord, Root Toe-in, Taper Ratio, and Twist

Once the winglet airfoil has been chosen, the winglet root chord and root toe-in controls the
amount of circulation moved onto the winglet, and hence geverns the maximum normal foree that the
winglet may produce. The taper ratio along with the winglet twist determines the spanwise loading of the
winglet itself, thus controlling the location of the centroid of vorticity for the winglet. (The reader is
referred to Chapter 2, section 2.2.4 for the discussion of vortex sheet roli-up.) Also, notice that the
winglet toe-in and twist affect the winglet local C; and hence the profile drag of the winglet

3.1.1.4 The Winglet Sweep Angle

The sweep angle of a wing is usually defined in terms of either the leading edge sweep or the
«weep of the quarter chord line. The latter definition is used here. The sweep angle may be chosen to
unimize Mach number effects, however very often the sweep is chosen more on the basis of aesthetics.
Since this study is for incompressible flow, all winglets examined have zero quarter chord sweep.

3.1.1." The Winglet Dihedral Angle

The dihedral of the winglet has a significant effect on the bending moment at the root of the wing
and aloug the wing. According to the definition for this study, the dihedral is defined with respect to the
horizontal plane, such that a horizontal winglet would have 0° dihedral angle. Thus, the winglets which
are modelled all have a diheral angle of 90° which produces a straight vertical winglet, with no resulting
increase of wing span.

3.1.1.6 The Wing-Winglet Junction

The design of the geometry of the wing-winglet junction is a significant challenge. The actual
final shape is very difficult to optimize, kence is usually done with wind (unne! experiments to ensure
attached flow in the wing-winglet junction region. Basically, the winglet root region must be faired into
the wing at the tip. The radius of the faired region should increase towards the trailing edge of the ving
s0 as to reduce the adverse pressure gradient within the junction region as the air flows chordwise from
the leading edge to the trailing edge.

The location of the winglet fore and aft on the wing tip is also a design parameter. For the study
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at hand the quarter chord line of the winglet is aligned with the quarter chord of the wing at the tip. The
merit in the particular location depends on the flight velocity and Mach number expected tor the wing, as
well as structural dynamic considerations.

3.1.1.7 The Winglet Tip Shape

Just as the main wing tip shape determines the wing induced drag, the winglet tip shape determines
to some degree the induced drag of the winglet. However, it is clear that the size of the winglet is much
Jess than the main wing, therefore the benefits gained by optimizing the winglet tip shape are very small.
Realistically there is a trade-off made between the efficiency gain possible, the increased cost of
construction, and aesthetics. For simplicity of construction the recommended winglet would have an
efficient wing tip shape such as the Hoerner tip, which many consider to be aesthetically pleasing.
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3.2 THEORY and METHOD

3.2.1 Theory for the Wing Loading and the Trailing Vortex Wake

A lifting body produces its lift by generating vorticity. For an aircraft wing producing lift, this
vorticity is distributed in the three dimensions of the wing and is considered bound to the wing itself. The
bound vorticity distribution is dependent on the geometry of the wing in three dimensions, but most
significant is the spanwise distribution of that bound vorticity. The significance is due to the fact that the
spanwise loading of the wing is determined by the spanwise distribution of bound vorticity. The orientation
of the bound vorticity vector is generally considered to be along the spanwise direction of the wing. Since
vorticity or vortex filaments cannot simply terminate within a fluid, the vorticity trails off the wing in the
downstream direction. The trailing region of the wing sheds the vorticity as a three dimensional vortex
sheet while the aircraft moves longitudinally. The result is the aircraft wake which is a three dimensional
region of vorticity which induces a flow field. That induced flow field combined with the ambient air
movement. and the aircraft velocity (hence, the location of the bound vortex system), all contribute to the

way in which the trailing vorticity :tself moves.
3.2.1.1 Quantifying Vorticity and the Circulation Generated by a Lifting Wing

The general case of the induced velocity field and the aerodynamic forces for a finite wing is given
by Cone (1962). Cone presents a formula which clearly shows the » r velocities involved in calculating
wing loading. Using the notation of Cone (1962) for Equations 3.1 and 3.2, th- total velocity is g(s), at
a point along the arc of the wing, s, where r is the distance vector from the vortex element to the point on
thc arc. g(s) is given by the sum of the velocity at a point due to the freestream, V. the induced velocity.

. due to the semi-infinite vortex sheet which has the vorticity intensity vector given by Q at the
clcmcnwl area of the vortex sheet dS, and the induced velocity due to the bound vorticity of the wing. g.,.
where 7 is the unit tangent vector along the ac giving the orientation of the bound vorticity, I'(s).

) = V+gr+q, = V+-—ff Qs x —dS+——j I‘(s)tx—ds 3.1

Thus, the for that spanwise location on the wing, the aerodynamic force per unit length, F, is a sum of the
lift, L, the induced drag, D;, and the self induced force, F;.
F = pa(s)xl‘(s)i=p(T’+E+Z)xI‘(s)§=Z+_D:+I_~'; (3.2)

Note that the self induced force is negligible for a near planar wing (where the bound vortices are nearly
parallel, giving P(s)1 X T = 0), hence for this reason is generally neglected. However in this study of
nonplanar wings the self induced force must be and is included. (The computer model used for this work
includes all of the components of the aerodynamic force and stores them separately to facilitate analysis

of the results.)

As noted, a lifting body or wing produces lift by generating vorticity. This vorticity can be
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quantified by the circulation. T, which is a measure of w. the component of the vorticity, @, normal to the

r - [[od = [[odd 3.3)

Alternately, circulation can be given as the line integral of the tangential vel- ", component around any

area. 4.

closed circuit in a fluid. If the closed circuit is taken around the center of a vortex, then the circulation
is called the strength of the vortex. (Basically, a line vortex is a line or chain of fluid particles spinning
on 4 common axis and carrying around with them a swirl of fluid pariicles which flow around in circles
(Houghton and Carruthers, 1982).)

T-= f;m ds 3.4)

where, vy, is the tangential velocity and ds is an element of the arc length around the closed circuit.,

I or a CirCu]ar contour Of radius. r. Lhis heconlcs:
l = nTry 3-.;

The total circulation generated by the wing, T, is the local change in the circulation, dT(v/dy,
integrated across the semi-span, b/2.

. _[b? dr(y)
l"o = fo —Ey_- dy (3-6)

Notice thz* the total value. T, corresponds to the circulation of the wing in the plane of symmetry which
is at the centerline.

As shown by McComick (1979). the circulation at each spanwise location, y, can be given hy:

I(y) = % c(y) C(y) V(») 3.7)
where. Cy(y) = Cpp(3) *+ Cro(y) a(y) (3.8)
and. v ,(y)

a(y) = 2y, (y) - =2 3.9

V(y)

where, c(y) is the local chord, C(¥) is the local lift coefficient, V() is the local streamwise air velacity,
C,(y) is the local lift coefficient at o = 0°, C..(y) = dC,(»)/da is the local hift curve slope, al(y) is the
local angle of attack, a;(y) is the angle of attack due to the initial wing incidence and air velocity without
the downwash considered, V,o(¥) is the induced velocity component norma’ {0 the local wing section at
y. The rate that circulation is shed at any spanwise location can be determined by the spanwise rate of
change of circulation of the wing, dI'(y)/cy.

As given by Houghton and Carruthers (1982), the distribution of the load on a wing is related (o

the bound circulation distribution (where T'(y) can be determined from Equation 3.7) since the circulation
generates the lift per unit span at any spanwise location equivalent o I(y).
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I(y) = pV(y) I'(y) (3.10)

Where, p is the air density, and V(y) the local streamwise air velocity. Hence, the total lift of the wing
is given by:
= [ (3.11)
L= [, 10)dy

3.2.1.2 Vortex Sheet Roll-Up

For an actual wing, vorticity is first shed from the trailing edge region of the wing as a vortex
sheet. The circulation distribution, T'(y), on a tiree dimensional wing is determined largely by the
planform, airfoil shape, wing twist, and flap deflection along the span. Hence, those parameters of the
wing determine dI'(y)/dy, also. As was noted by Bilanin and Donaldson (1975) the vortex sheet starts to
roll up at local maximums of dI'(y)/dy. For conditions of a smooth planform and no flap deflection, the
vortex sheet rolls up, starting at the wing tips, into two discrete vortices trailing the wing. When a wing
with winglets is considered, there is more than one location for roll-up in the near wake. The shed vortex
sheet rolls up into discrete trailing vortex cores. This roll-up starts at the positions of the local maximum
dT'(v)/dy. specifically at the tips of the main wing and at the tips of the winglets. These later amalgamate
into a trailing vortex from each semi-span. giving the more familiar pair of counter rotating tip vortices.
one from each semi-span. Figure 3.4 shows a general idea of the vortex sheet roll-up for the conditions

of a smooth planform and no flap deflection.

A wing with winglets will produce a multiple core vortex system, in the early stages. In these
early siages of the wake development, the local centers of vorticity determine the local vortex core
development. These vortex cores will wrap or rotate around each other in the wake. Later in the wake
development downstream, the center of vorticity (where the center of vorticity is much like a center of
gravity) of the wing semi-span as a whole is dominant, and the multiple vortex cores merge to become a

single vortex core per semi-span.

For the purposes of this study, the vortex sheet is considered to be "rigid." This "rigid wake"
does not roll up. However, the actual initial location of the shed vortex sheet is dependent on the geometry
of the wing which is modelled. Therefore note that winglets will cause the shed vortex sheet to be

nonplanar even without the wake roll-up.
3.2.1.3 The Induced Velocity of a Vortex

A lifting wing sheds a vortex sheet which is dependent on the spanwise loading of that wing (more
accurately, the arc-wise loading). The shed vortex sheet itself has a dominant influence on the lcad
distribution of that wing. This occurs since the downwash distribution is determined largely by the induced
velocity field of that vortex wake. As will be discussed later, the vortex wake is discretized into trailing
vortex filaments which are modelled as semi-infinite line vortices, parallel to the longitudinal axis of the
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aircraft, with a Rankine core. The bound vortices are modelled as finite vortex elements.  As given by
Houghton and Carruthers (1982), Figure 3.5 shows that for a finite vortex element the induced veiocity,
Vi 1S given by:

r

Vo = 5o (0SB, + cospy) (3.12)

where, r is the perpendicular radius from the axis of the vortex element, and 8, and B, are the included
angles to the respective ends of the finite vortex element. For a semi-infinite vortex (i.e. a vortex with
one finite end location, such that 8, # 0), the angle to the second end of the vortex is zero, B, = 0. hence
the induced velocity, vy, is given by:

Voo = 1—27 (1 + cosP,) (3.13)

In order to avoid singularities when exactly on a vortex axis. the modelled vortices use a Rankine

vortex core. For a Rankine vortex the induced velocity is the same as that given above while outside of

the core radius. r > r'. However, within the core of a Rankine vortex. r < r’, the induced velocity is
given by:

'r

:;t—(r/—)z (COSB, + COSBz) (3.14)

Vyn =
To determine the induced velocity for a semi-infinite trailing vortex filament parallel to the positive x-axis
simply let 3, >0 and 8, # 0 .

Thus we can get the induced velocity components in an xyz Cartesian coordinate system at point
P at (x,.¥,.2;). The Cartesian coordinate system which is used for this work is shown in Figure 3.4. The
vortex lecation is given by (x,.)..z,). Now with the circulation positive (according to the right hand rule:
right hand thumb along the axis) we get the following velocity components:

V, = Vi (22 (3.15)
vz = Vou (_A_)’) (3.‘6)
;

where, ax = X, - Xy, &Y = Yp = Yoo and az = z, - 2. Now fora bound vortex element parallel to the
positive y-axis (note typically: 8, # 0 and B, # 0) with positive circulation, we get:

vx = vm (_AE (3.]7)
r
v, = Vg () (3.18)
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3.3 THE COMPUTER MODELS

“rhe research involves the computer simulation of a winglet attached to a wing. The main task
was that of determining the spanwise loading and drag for each wing with and without winglets. As

mentioned, the wake is assumed to be rigid.
3.3.1 The Computer Model for the Aircraft Wing Loading and the Wake

The aircraft wing loading and vortex wake is modelled using a simplified vortex lattice method
(VLM). The VLM involves replacing the wing and the trailing vortex sheet by a discrete number of
horseshoe vortices. The finite bound vortex lies on the wing quarter chord position and the semi-infinite
trailing vortices extend in the streamwise direction. The current model altows most of the wing geometry
to be included, although the effects of wing thickness and chordwise variation effects are not considered.
This model is based on the equaions by Cone (1662). The VLM computer model solves for the spanwise
circulation _istribution, T'(y). considering the velocity field from trailing vortex filaments, and the velocity
field from the bound vortex elements with the 3-D effects of the non-planar, wing included.

Note that the airfoil characteristi:s at each wing section are incorporated in the model. The airfoil
lift curve is represented as a linear function which is capped at the maximum lift coefficient, C,,,. as
shown in Figure 3.6, and given in Equation 3.19. The fluid viscous effects are included by determining
the profile drag of each wing section. This is is accomplished by employing a parabolic function for the
C,,-C, from the airfoil drag polar as shown in Figure 3.7, and given in Equation 3.20. These allow
reasonable approximation for the lift and drag characteristics of any airfoil used for a wing.

C,(y) = C,,(») + C,(») a(y) < Gy (3.19)
C

i > C!mu

tmax

Cp3) = Coin® * Coe(¥) (CLG) = Cgmin)’ (3.20)

As given in Figure 3.7 Cgy, is the minimum Cy, Cicq is the C; at which C,,;, occurs, and Cy, is the

parabolic shape function.

The simplified vortex lattice method is used to study the individual components of the rotal drag
of a lifting wing. The profile drag and the induced drag are examined separately along the main wing and
winglet span. This model gives a good first estimate of the change of the coefficients of induced drag,
aCp,;, and total drag, aCpr,. due toa winglet application oa a wing. Hence, the actual mechanism for
winglet effectiveness in producing a drag reduction is shown clearly. When considering the total drag
reduction attributable to winglets one must consider the additional profile drag produced (Asai, 1985). This
includes both the increased profile drag due to the winglet itself and the change in profile drag of the main

wing especially in the tip region.
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A winglet will be shown to produce significant induced drag reducticn all along the span of a
wing, as well as providing a forward thrust (or negative induced drag) component on the winglet itself,
hence, reduction of the tota! drag of a wing. The wing bending moment has been caleulated for the wings
considered in this study.

The model used for determining the aircraft wing loading is a simplified vortex lattice model with
a rigid wake. By the term "rigid wake” it is meant that the trailing vortex filaments are semi-infinite line
vortices which remain in their initial positions attached to the wing and trail off to infinity. Hence, the
induced velocity field ‘sed in determining the wing loading is that due to those trailing vortices while
attached to the wing. Figure 3.8 shows the main set up of the vortex lattice system: or the wing. The wing
spanwise circulation distribution and loading is determined by simultancous solution of the equations tor
Iy) = pV()T'(v): where I'(y) is dependent on C,(v) which is dependent on the induced velocity at v, which
is itself dependent on I'(y). The total circulation contained in the system of trailing vortex filaments trom
each wing is equal to the total circulation generated by the wing. The local circulation at any spanwise
focation of the wing is considered to be produced by the bound vortex element, which is a vortex element
Jocated at 25 percent chord and at the center of that spanwise element. The spanwise extent of each hound
vortex eleinent is determired by the initial spanwise separation of the two trailing vortex filaments  One
vortex. filament trails off the inboard side of the spanwise element, while the other vortex filament trails
off the outboard side of the spanwise element. These trailing vortex filaments are attached to the wing at
25 percent local chord so as be continuous with the bound vortex elements.

The aircraft wake model is based on a free flight condition, meaning that the aircraft is clear of
the ground or any other boundaries. The spanwise loading is determined by the spanwise circulation
distribution. Appendix 3.A gives the development of the equations from which the model is programmed.
and the method used to arrive at the solution.

For the current study the computer model limitations led to the following. The interference effects
of the winglet and wing at the tip can not be determined. The problem of the winglet root junction to the
main wing is not trivial, and generally extensive wind tunnel testing is required to develop a fully attached
flow regime within the region. An assumption made for this model is that attached flow is achieved on
both the wing and winglet (no flow separations), and that the 2-D airfoil properties on the winglet and those
of the main wing near the tip are not substantially altered due to interference effects.

3.3.2 Computer Model Verification
The computer model verification was done to ensure accuracy of the calculations. These tests
included comparisons with known wings for the spanwise distribution of circulation and lift coefficient.

Also, the induced drag component was verified by examining various known taper ratios. Also, included
is a demonstration that the vortex sheet discretization was sufficient.
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A necessary first step in using the computer model was the confirmation of the computer model’s
ability to accurately perform circulation and lift calculations. This was done by calculation of the
circulation distribution and lift coefficient variation along the span for the four wing types to be used and
comparing them with the known lift distributions for these wing shapes. These were the elliptical wing,
and linearly tapered wings with taper ratios 0.4, 0.6, and 1.0. The computer model calculations of the
circulation distribution for wings of aspect ratio 12.7 are show in Figures 3.9. (The wing modelled here
had 15 m span, and was at G, = 1.13.) Note that the shape of the curves are the important feature, and
that the particular values for the circulation distributions are for specific conditions and can be scaled by
any valued desired. The results can be compared with information shown in Figure 3.10 from McCormick
(1979) for Ax = 6.0. These figures can be compared examining the circulation at the centerline (where
y/h = 0) for the elliptical and rectangular wings, giving ooy and Ty respectively. For this VLM model.
Fyer! Foree =24.0/20.7 = 1.16. and McCormick’s shows Tyey/ o = 0.180/0.152 = 1.18. Thus,
this VLM model is within 2.1% of that of McZormick. These calculated circulation distributions compare
with acceptable accuracy with those numerical results by McCormick which were calculated using a vortex

Jattice method.

The VLM computer model calculations for the normalized lift coefficient (C,/Cy) for the same four
wings as above are given in Figure 3.11. Note that the curve for the elliptical wing should show the value
of C,/C, = 1.0 across the entire span. The calculations show this to be the case for most of the span,
but that near the tip region the value increases to greater than 1.0. This is due to the upwash at the tip
region, as a result of the vortex sheet discretization. Notice that this effect was also seen in Figure 3.3
showing the downwash comparisons for a sample winglet and for the case of no winglet on an elliptical
wing. This effect is well known for vortex sheet discretizations using the same sign of vorticity (Rossow.
1992) which causes the last two vortices near the wing tip to experience an upwask at the start of roli-up.
Note that the Figure 3.11 compares favorably with that given by McCormick (1979) shown in Figure 3.12,
and that McCormick’s figure shows the same phenomenon of increased C,/C_ near the ti. The
comparisons of the calculations for the normalized lift coefficient (C,/Cy) by this VLM model are seen to
be within 2.5% of those given by McCormick (1979), when comparing the centerline values.

‘The induced drag calculations will form the most important information to be determined by this
study. Therefore, for a comparison of induced drag calculations. the computer model is used to provide
cures of Effective Aspect Ratio Factor versus Taper Ratio for untwisted, linearly tapered wings. The
effective aspect ratio factor, e, is given by Cp; = C*/ (weAp). This information is presented in Figure
3.13 for the aspect raios 8.0, 10.0, 12.7, 15.0, 20.0. Similar curves are given by Abbott and von
Doenhoff (1959) and McCormick (1979), which are shown in Figures 3.14 and 3.15. respectively. Note
that both of these other figures are in slightly different format, however can be used for comparison.
Again, the comparisons of the calculations for the effective aspect ratio factor by this VLM model are seen
to be in excellent agreement with others. These results are within 1.5% of those given by Abbott and von
Doenhoff (1959). Also, these are within 39 of those given by McCormick (1979). Notice that
McCormick uses the form  Cp; = C* (1 + 8)/ (7 Ag), such that e = 1/Q + 9.
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For the simulations performed. there were 59 bound vortex elements and 59 vortex filaments used
to model each semi-span of each planar wing, and an additional 10 of each were used when a winglet was
considered, This number proved to be sufficient to give reasonable results which could be done even on
an IBM 386 desktop computer, and kept the computational time required very reasonable at about 40
seconds per run. (The odd numbers are due to the effect of the aircraft centerline with the method used
for discretizing the wing span.) Figure 3.16 shows the relation between the Effective Aspect Ratio Factor
and the number of vortices per semi-span for the case of an elliptical wing with Ay = 12.73 (the figure
shows points for discrete numbers of vortices from 9 + 10n to 99, and from 99 + 100n to 999, where
n =1, 2..9). Note that the value of the effective aspect ratio for the elliptical wing should be 1.0.
Noting the verical scale, as the figure shows, even a small number of vortices (as few as 19 per semi-span)
proved to be adequate to give accurate results (i.e. 19 vortices gave ¢ >0.993, and 59 vortices gave ¢
>0.999). The calculations for this work were done with 59 vortices on the main wing, since the use of
a greater number only increased computation time without any substantial increase in accuracy. Note that
Figure 3.16 shows the value of e slightly > 1.0 for greater than 79 vortices. This happens due to the
vortex sheet discretization process, which as mentioned by Rossow (1992) causes an upwash at the outer
2 vortices. This upwash tends to increase the apparent efficiency of the wing by a very small amoun.
There is no reai concern with this since the same phenomenon happens for each wing, thus the relative
merits of different cases will still be correct. As shown, this VLM method gives the effective aspect ratio
factor accurate to within 0.1% of the correct value for an elliptical wing.

These favourable comparisons of the results of this model for planar wings with those from other
researchs gives confidence that this VLM model may be used to provide at least relative comparisons
between different wing configurations, even when extrapolated to the case of a nonplanar winy.

The comparisons thus far have been for the conditions of planar wings only. The verification of
the model for non-planar wings was less straight forward since the available data for comparison wis more
limited.

Recall from Chapter 2, Ishimitsu and Zanton (1977) of Boeing have done a fairly comprehensive
study of the retrofit of winglets to the KC-135 air transport. They used a potential, 3-D flow theory then
strip theory of boundary layer growth (Boeing programs: TEA 230, 372, 200, and 242) and found good
correlation of theoretical predictions with experimental results (see Chapter 2, Figure 2.8). They found
that the addition of winglets caused greater loading of the wing toward the outboard span locations (for an
example of their results see Chapter 2, Figure 2.9). They also found that the chordwise pressure
distribution at about 90% span and greater was significantly effected by the winglet local pressure field (see
Chapter 2, Figure 2.10).

The specific information about the winglet design from other studies, was not available to allow

modelling of the same case. However, using the VLM for the wings of this study a similar increase in
loading near the wing tip was determined. This similarity adds credibility to the usefulness of this model
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for non-planar cases.

Figures 3.17 and 3.18 showing the span loading (or circulation) for a wing with a winglet addition
on an elliptical wing and on a wing with taper ratio 0.4. These figures show increased circulation on the
outboard portion of the wing with a winglet. This is qualitatively consistent with the experimental work

of Ishimitsu and Zanton (1977).

Later the results section presents predictions of percentage change in L/D for various wing and
winglet combinations. As well. some of the results presented show the percentage o L/D versus the main
wing C,. This model predicts ~3% aL/DatC, = 0.4 and ~15% aL/Dat C. = 1.1 depending on
the wing and winglet combination. These values are similar to the findings of Ishimitsu and Zanton (1977).
Spillman (1987) and others. The reader is referred to the literature review of winglets for a summary of
the findings of others to note the similarity of these findings with other research.

The fact that other researchers such as Asai (1985) and Heyson et al. (1977) and others have used
vortex lattice methods for determining winglet performance gives some confidence that the VLM is
sufficie.t to give believable results. The accuracy of the model may not be perfect but the results are
expected 10 be within ahout 15% of actual aL/D for the wing and winglet combinations examined. As
well. since the model is based on a rigid wake the results for aL/D are expect to be slightly higher for the

actual case including wake roll-up.

The credibility of these results for the predictions of percentage change in L/D gives confidence
that the drag reduction mechanism determined is sufficiently accurate to predict the trends which show the
importance of the forward thrust of the winglet and the induced drag reduction along the main wing span.

The comparison made here is of a more qualitative nature than those for the planar wings,
however gives some assurance that the model can be used with reasonable confidence for the current study.
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3.4 CONDITIONS MODELLED

The main varables considered are the main wing shape and the signiticant winglet parameters.
Four different spanwise wing load distributions are considered. As well, a particular "winglet family” is
modelled. However, the resules from this family will help to show trends that will occur with other
particular winglets.

3.4.1 Main Wing Types Modelled

There are four different main wing types modelled which are considered to represent a wide range
of spanwise load functions. These are the elliptical wing, and three wings wings each with a linear tapes.
The taper ratios used arz 0.4, 0.6, and 1.0. The value 0.4 is used since it is nearly what is considered to
be the most efficient linearly tapered wing. (Note that untwisted wings with linear taper = 0.4 are not
usuallv used due to their undesirable stall characteristics.) The taper of 1.0 corresponds to a rectangular
planform wing which is commonly in use in general aviation, due to the ease of construction associated
with that shape. Al of the main wings that are examined are simple wings in that there are no
discontinuities of the surface. Specifically, there are no flaps or ailerons, and the wings considered have
no twist ajong the span. The main wing airfoil used is the NACA 64,-618. Also, the airfoil section s
unchanged for the entire span of the main wing of each test, although the characteristics of the main wing
airfoil do have an affect on the results as shown later. The main wings are planar (i.e. zero dihedral) and
have zero sweep of the quarter chord line. Also, the performance of the wing alone is determined with
no consideration given to the fuselage or tail. Table 3.B.1 of Appendix 3.B gives the wing spans used at
each Ay (for all taper ratios).

3.4.2 The Winglet “Family" Modelied

One of the comparisons is to be between a simple elliptical wing and one with a winglet attached.
However, an elliptical wing has a zero tip chord which makes attachment of a finite chord winglet
somewhat difficult. Therefore the elliptical wing has been modified to produce a finite tip chord. Figure
3.19 shows the method of extrapolating to a finite tip on an elliptical wing. In order to produce the
modified elliptical wing, the elliptical wing used is one with a linear trailing edge and elliptically curved
leading edge. As explained in Appendix 3.B, the modification was such that there was a tangent taken to
the elliptical curve at some designated spanwise location. Then that tangent line was used to extrapolate
to the same span as the original elliptical wing. Of course, since the total wing area would have been
increased due to the increased tip area, the wing chord was adjusted all along the span to produce the same
wing area as the basic elliptical wing. This chord adjustment produced a final wing with winglet with the
same area and aspect ratio as the basic elliptical wing, hencs comparisons are made correctly between
resulting wings. This method of modifying the elliptical wing was used to produce three different winglet
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sizes, based on the linear taper of the elliptical wing from three semi-span locations (v/(b/2)) = 0.7. 0.8,
and 0.9. For these, Wingletl con. -nnds to the taper from (y/(b/2)) = 0.7, Winglet2 corresponds tc the
wper from (y/(b/2)) = 0.8, and Winglet3 corresponds to the taper from (v/(b/2)) = 0.9. This produces
the three winglets in order of size such that: Winglet] > Winglet2 > Winglet3. These three sizes of
wingl=ts were then attached to the four wings used in the study. Note that when the winglets were on the
modified elliptical wings the winglet spans were always equal to the modified wing tip chord. However.
when those sare winglets were on the tapered wings they had three different ratios of winglet span to wing
tip chord. The winglet sizes for two particular aspect ratios are given to provide an idea of the actual size
of the winglets used. For a wing span 15 m and A, = 12.73: Winglet 1 span = 0.61 m: Winglet 2 span
= 0.45 m; Winglet 3 span = 0.3 m. For a wing span 11.89 m and Az = 8.0: Winglet 1 span = 0.77
m; Winglet 2 span = 0.62 m; Winglet 3 span = 0.43 m. (Table 3.B.1 given in Appendix 3.B presents
the wing and winglet geometry information for all of those usea in the study.)

Also, note that the exact same size of winglet is used on each of the four wing types when they
are compared at the same Ap. This means that two difierent wing shapes, at the same aspect ratio and
wing span, will have the exact same winglet attached. Hence, comparisons between different planform
wing shapes of the same aspect ratio and span can be made and still be meaningful. However, note that
for wings of different aspect ratio, the winglet is actually a different physical size. This is since the winglet
span is based on the wing tip chord of the modified elliptical wing. This produces larger winglets for low
aspect ratios than for high aspect ratios. Note that since the winglets are scale versions of one another,
the area ot say winglet 1 on a wing of Agl is inversely propoitional to the area of winglet 1 on a wing of
Ag2, such that: (Areawggien / Arawygee) = (Ag2 / Agl). Also, note that with this "family" ot winglets,
the wingle: arca equals (3/8)X(winglet span)’. Note that  (Areawyge = 3 X Al€dyy,es) and that

(Areawy,. - 2 X Aldwigen)-

For the winglet family used the other defining characteristics were as follows: The winglet span
is equal to 1.0 times the modified elliptical wing tip chord, i.e. the tip chord which was produced by the
linear extrapolation from the designated spanwise location on the elliptical wing. All of the winglets
examined were vertical winglets (winglet cant angle = 90°). The winglets have no sweep of their quarter
chord line. The winglet root chord equals the one half of that winglet span. The winglet root is set at a
zero toe-in angle with sespect to the freestream direction. The winglet tip chord equals one quarter of that
winglet span. Hence, the winglet has 0.5 taper ratio and the winglet Ay = 5.3. At the winglet tip, the
toe-in is set at 3° (unless stated otherwise), such that the winglet is twisted inboard at the leading edge.
The quarter chord iine of the winglet at the winglet root is aligned with the quarter chord line of the main
wing at the main wing tip. Figure 3.20 shows a sketch of a typical winglet. For most comparisions the
winglet airfoil is the UA(2)-180 (Marsden, 1988), although a few cases done to examine the effects of C;
use the NACA 64,-618 airfoil. Note that the UA(2)-180 airfoil is used for the winglet unless explicitly

stated otherwise.
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3.5 RESULTS

The results here apply specifically to the analysis done on this particular winglet family.
However, the trends which are shown will be applicable to other winglet designs. The following are some
of the most significant of the results which can be shown by the use of this non-planar vortex model o
examine winglets.

The terms "forward thrust” and "forward thrust component”, as used for this study, warrant some
explanation. In the interest of brevity. so far in the chapter the tzrm "forward thrust” has referred (o the
negative induced drag of a winglet. The forward thrust is actually the sum of the induced drag torce plus
the profile drag of the winglet. (Recall that this VLM mode! does calculate both the induced dray and the
profile drag of the wing and winglet.) Thus, the forward thrust produced by a winglet eftectively considers
the profile drag of the winglet. This is done by using the drag polar for the airfoil and the local lift
coefficient to determine the profile drag.

Note that the wing and winglet profile drag is always in the streamwise direction. However, it
induced velocities cause the induced drag to be negative that means that the induced drag is actually in the

",

opposite direction to the sireamwise direction and the induced drag and is labelled a "thruse.”

If the sum of the induced drag and the profile drag is in the opposite direction to the freestream,
then there is a resuliant forward thrust due to the winglet. However, if the sum of the winglet induced
drag and the winglet profile drag is in the same direction as the freestream, then there is a negative
resultant forward thrust (which is the same a drag in the typical sense). Note that irrespective of the
direction, this study uses the term "forward thrust” to account for the sum of both the induced drag and
the profile drag along the span of the winglet.

The “forward thrust component” is simply the ratio of the forward thrust to the total drag
reduction produced by the winglet. Note that this ratio may be positive or negative.  This total drag
reduction is the total drag of the basic wing alone minus the total drag of the given wing and winglet
combination.

For overall performance of a finite wing the change of Lift/Drag ratio, aL/D, is used. Clearly.
the aL/D takes into account the induced drag of the finite wing as well as the profile drag which is a
function of the airfoil G,-C, characteristics.

3.5.1 Spanwise Drag Distribution of a Wing

The Figures 3.21 to 3.24 present the chord adjusted drag coefficient along the arc length of the
wing, as opposed to the more conventional method of showing the typical drag coefficient.  The chord
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adjusted drag coefficient is a significant parameter used for this study, since this is the parameter which
most clearly shows the actual mechanism of the drag reduction along the span of a wing due to winglets.
The chord adjusted drag coefficient is determined by simply multiplying the local drag coefficient by the
local chord and dividing by the mean chord, this provides a more informative scaling of the drag of that
particular local wing section. For comparisons, the results are presented for the wings under study without
winglets and with winglets 1 to 3. Thus, by using the chord adjusted drag coefficient, a winglet is shown
to produce a significant induced drag reduction all along the span of a wing. as well as providing a forward
thrust (or negative induced drag) component. “The cases presented are for the elliptical wing and the three
linearly tapered wings (0.4 to 1.0) with 4, = 8.0, ata wing C, = 1.13.

Figures 3.21 to 3.24 for these four wing shapes all show that much of the span of the main wing
experiences a reduction of induced drag by a constant amount, regardless of the wing shape (i.e. the wing

loading).

Again referring to Figures 3.21 to 3.24, observe that the case of the elliptical wing shows &
winglet producing an increased drag in the tip region on the main wing, then a negative drag on much of
the winglet. The case of the tapered wings are much different. showing a winglet producing a decreased
drag in the tip region on the main wing. then a negative drag on much of the winglet. As well, the tapered
wings show that the winglet affects the main wing all along the span, and an even greater amount for about
one winglet span in from the tip. The results shown fer G, = 1.13 show a forward thrust on most of the
winglet, whereas the extreme tip region of the winglet produces drag in the streamwise direction.

The results of the total and component drag along the wing span are shown in Figures 3.25 and
3.26 for a tapered wing (¢/c, = 0.4), Ax = 8.0, with winglet 1. These sample figures clearly show that
the induced drag provides the major contribution to the total drag at high lift coefficients, i.e. C, = 1.13,
whereas at lower lift coefficient values, i.e. C, = 0.45, the profile drag begins to dominate.

The drag may be integrated along the span to provide insight into the relative magnitude of the
drag components. Table 3.1 shows results of comparisons of such a summation of the drag reductions.
(Note that this table is for a wing span of 15m and Aspect Ratio 12.73 with a UA(2)-180 airfoil (Marsden.
1988) at C, =1.13, and winglet twist = 6°.) Note that the comparison is made with the drag due to each
wing without a winglet. (The winglets on the elliptic wing are compared to the basic elliptic wing, and
the winglets on the 0.4 tapered wing are compared to the basic 0.4 tapered wing.) The changes are shown
as a percentage of the total drag of each basic wing. The change in total drag up to the tip of the main
wing is shown first, which indicates the total (mostly induced) drag reduction along the main wing span.
Then the additional change in total drag due to the winglet itself is given, which indicates the magnitude
of the forward thrust (which includes the negative induced drag plus the winglet profile drag). Equations
3.21 and 3.22 show the drag integraiion method.

52
Dy = D(s) ds
[ 3.21)

=f_::f2 D(s) ds + f_:f Dis) ds + fb;’z D(s) ds
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where. D(s) is the drag at the arc-wise location, 5. from the wing root along the semi-span. h/2, and the
total length of the semi-span arc is given by s/2. Since a symmetric wing is being studied.

Dp = 2 [ D(s) ds

3.22)

2 fo”” D(s) ds + 2 fb‘: D(s) ds

Notice that the forward thrust component is easily quantified by the area of the negative drag on
the winglet. Clearly, the drag reduction along the span is a significant component, although the winglet
thrust must also be recognized as significant. Recall that for an elliptical wing the induced drag coefficient
is Cp, = C*/ (m Ap). Hence, for any other wing the effective aspect ratio factor, e, is givenby G, =
C,? / (7 e A). These results show that both the drag reduction along the span of a wing and the forward
thrust of a winglet contribute to drag reduction. Table 3.1 also includes the change of wing root hending
moment since it is an important structural design parameter.

3.5.2 Change in Lift/Drag Ratio vs. Aspect Ratio

The percent change in Lift/Drag ratio 1. a good indicator of the performance of a finite wing.
Figures 3.27 to 3.30 show the percent change in Lift/Drag ratio versus aspect ratio, all at a wing ¢, =
1.13. The wings examined are the elliptical and tapered with taper ratios = 0.4 to 1.0. Notice that
winglets are shown to help even the elliptical wing. The elliptical wing shows up to 16% increase in
Lift/Drag ratio at Az = 6.0, when fitted with winglet 1. EvenatAg = 20.0 the elliptical wing shows more
than 5% increase in Lift/Drag ratio when fited with winglet 1. The wing with linear taper = 0.4 shows
improvements similar to the elliptical, whereas the less tapered wings show more improvement with winglet
addition. When fitted with winglet 1, the rectangular wing shows a 19% increase in Lift/Drag ratio at A,
= 6.0, and at A, = 20.0 the rectangular wing shows about 8% increase in Lift/Drag ratio.

In all cases the much smailer winglet 3 produces an increase in Lift/Drag ratio which is more than
half of that shown by the winglet 1. Qualitatively, this shows a decreasing benefit from increasing the
winglet size. Recall that (Aredwyge = 3 X Al€dwpgea)- Notice that for these figures the winglets are
those determined by the modified elliptical wing hence the sizes are dependent on the wing aspect ratio.

Note another feature which these figures show. Examining Table 3.B.1 shows that Winglet 1 at
Ag = 20.0 has about the same area as Winglet 2 at A = 12.73 and Winglet 3 at A, = 6.0. Also, Winglet
2 at Ay = 20.0 has about the same area as Winglet 3 at Ag = 10.0. Examining the points for these
winglets on each of Figures 3.27 to 3.30 shows that, for a given wing type, the percent change in Lift/Drag
ratio is nearly constant for a given winglet area, regardless of the wing aspect ratio.
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3.5.3 Forward Thrust/Total Drag Reduction vs Winglet Length (Size)

Figure 3.31 shows the forward thrust/total drag reduction versus winglet length (size) for a wing
with taper = 0.4, at C, = 1.13. The wing is shown at Az = 6 to 20. This figure shows the interesting
trend that larger winglets produce about 20% of the total drag reduction via the forward thrust component.
This leaves the most significant portion of about 80% of the total drag reduction due to the induced drag
reduction along the span of the main wing. This value is somewhat dependent on the aspect ratio, however

the aspect ratio is not a dominant factor.

Figure 3.32 shows similar information, except now the different wing shapes (elliptical and taper
= 0.4 to 1.0) are compared. These wings of Ay = 12.7 are operating at G, = 1.13. This figure shows
a very interesting trend that even though the wings have very different spanwise load functions, the forward
thrust/total drag reduction ratios are very much similar. Also, notice that winglets which are of practical
sizes are about 0.25 to 1.0 times the tip chord. Thus, the practical range of winglet sizes produce about
50% to 20% . respectively, of the drag reduction by a forward thrust at this C,.

3.5.4 Forward Thrust/Total Drag Reduction variation with C;

The forward thrust component (or forward thrust/total drag reduction) variation with C; is shown
in Figure 3.33. Now note that two wings are shown, taper ratio = 0.4 and 1.0. Both wings are at Az =
12.7. and show the results with winglets 1 and 2 attached. This figure shows a key relationship between
the forward thrust component of the total drag reduction and the wing C,. Clearly, the forward thrust
component is seen to decrease to the point of being negligible or even negative (i.e. a drag in the typical
sense), with decreasing C,. Near C, = 1.13 the forward thrust component is abcut 30 % of the total drag
reduction.  Also of interest is that the curves seem to show an asymptotic behavicu: at high C, indicating
that with increasing C, above that shown the forward thrust component does unt become any more
dominant. However. the significance of the C, is shown, sice when the C; = C 5 the torward thrust
component is zero, and for C; < 0.5 the forward thrust component is actually negative,

There is some dependence of the results on the wing taper. The rectangular wing with a greater
outhcard wing loading shows a greater forward thrust component for both winglets, than does the wing
with taper = 0.4. Also, again note that the smaller of the winglets (Winglet 2) produces a greater forward
thrust component than the larger Winglet 1 for both wings at all C,. Note that Figures 3.32 and 3.33
show an "apparent” contradiction of results for different winglet sizes. However, such is not the case.
Note that Figure 3.32 gives (winglet size / tip chord). Therefore since the rectangular wing has a larger
tip chord, for a given winglet the ratio of (winglet size / tip ckord) will be significantly smaller than for
the wing taper 0.4.

This influence of the C, of the wing could easily explain why many researchers find different
results regarding the forward thrust of winglets. The findings regarding the importance of the forward
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thrust are highly dependent on the C, of the wing.

3.5.5 Change in Lift/Drag Ratio variation with C,

The Figure 3.34 shows the specific cases of two wings with taper = 0.4 and 1.0, with Ag = 12.7,
and with the winglets 1 and 2. Clearly there is greatest positive change in Lift/Drag ratio at high values
of wing C,. Also, there appears to be a decreasing rate of improvement at higher lift coefficients. As
well, at low C, there is no real benefit with winglets in terms of increase in Lift/Drag ratio. However,
for most practical C; values (say, 0.2 to 1.2) there is s:)me increase in Lift/Drag ratio to be obtained.

The same figure shows the comparison of the two winglet sizes on the two different wing taper
ratios at the same aspect ratio. Note that because the wings are the same aspect ratio, winget 1 is the same
physical size, independent of the wing to which it is attached. Likewise, winglet 2 is the same physical
size independent of the wing. With that in mind, observe that the same winglet (say #1) produces more
improvement on the wing with taper 1.0, than the wiag of taper 0.4. Also, notice that the larger winglet
1 gives more increase in Lift/Drag ratio than winglet 2, for both wings at the high C, values. Also, for
both wings the smaller winglet 2 gives slightly greater improvement at the low C, values. This means that
when considering winglets for a particular wing, some performance trade off will be made depending on
the typical operating scenerio of the given aircraft.

3.5.5.1 Effect of the Main Wing Airfoil

A very subtle but important affect on the apparent performance of a winglet is due to the airfoil
Cp-C, characteristics of the main wing. The influence is not immediately obvious, but can have an impact
on the percentage improvements shown in the Lift/Drag ratio. Take for instance two wings identical in
every way except that of the airfoil, let wing #1 have C,-C, values greater than wing #2 (i.c. ai the same
C, the Cp, for wing #1 is higher than the C,, for wing #2). Now attach an identical winglet to each wing.
Observe, even though magnitudes of drag reduction may be the same for two wings, now the percentage
of drag reduction for wing #2 will be greazer than the percentage drag reduction for wing #1. Since
percentage improvement is often the criterion used for winglet performance evaluation, this subtle effect
may explain why different researchers find such different results.

A similar effect is noticable depending on the low drag region for the airfoil. (The information
for the NACA airfoil presented in this section is taken from Abbott and von Doenhoff (1959).) Take for
instance the two similar low drag, laminar flow airfoils, the NACA 64,-018 and the NACA 64,-618. Both
airfoils have a wide drag bucket, with a low drag coefficient (== 0.0055). However, the former has the
low drag range for C, = 0.0 £ 0.3, whilst the latter operates in the low drag region at a moderately high
C. = 0.6 + 0.3. Now consider the NACA 64,-018 at C, = 0.5, the Cp = 0.007, whereas the NACA
64,-618 C, = 0.0055. Next examine the NACA 64,-018 at C; = 1.0, the Cp > = 0.011, whereas the
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NACA 64,-618 C, = 0.006. This may have a significant influence on the apparent performance of a

particular winglet on a given wing.

For this study, the main wing airfoil is maintained as one of two standard airfoils. The ones
chosen are low drag, laminar flow airfoils, the UA(2)-180 and the NACA 64,-618. The UA(2)-180 has
a wide drag bucket, with a low drag coefficient (Cy, = 0.0063) while vperating at a high C, (= 1.0 +
0.3). The NACA 64,-618 airfoil has a wide drag bucket, with a low drag coefficient (= 0.0055) while
operating at a moderately high G, (= 0.6 + 0.3). For most of the study when examining winglet effects
at a high C, = 1.13 the UA(2)-180 airfoil is used. For the part of the study when examining winglet
effects at a varying or low C, the NACA 64,-618 airfoil is used. This should be kept in mind when
scrutinizing the results and comparing with results from other stuZies. The relative merits shown by
different winglets will still be valid, however the absolute magnitudes may vary according to the main wing

airfoil selected.

Figure 3.35 shows a comparison of the percentage change in L/D versus C,_ for the same winglet
(winglet 2) applied to main wing with taper ratio 0.4, but using three different airfoils. These airfoils are:
the UA(2)-180, NACA 64,-618, and NACA 2412. The first two are described above. The NACA 2412
i a2 common general aviation airfoil (see Abbott and von Doenhoff, 1959). Although, the NACA 2412
does not have « drag bucket as the other two, it does have its lowest drag C, = 0.0065 in the region of
C, = 0.2-0.25. Notice that the figure shows the UA(2)-180 airfoil producing the greatest aL/D at the high
C, = 1.1, with the NACA 64,-618 showing similar performance. However, note that at the high C| =
1.1. the NACA 2412 main wing leads to poorer apparent performance of the winglet. Similarly, at low
C, = 0.4, the main wings with the NACA 64,-618 and NACA 2412 (which have their low drag regions
at low C,) show greater aL/D due to the winglet, than the wing with the UA(2)-180, because the UA(2)-
180 has its low drag region at high C;. Generally. the trend is that the main wing using the airfoil with
lower profile drag for a given C;_ will produce a greater apparent change in L/D at that particular C,.

Recall that the addition of a winglet to a wing produces a downwash reduction along the main
wing span, especially near the tip. This leads to another subtle effect which should be noted. The
downwash reduction at any spanwise location changes the local angle of attack, which results in a different
local lift coefficient. This will produce a change in the profile drag of that section. Depending on the
main wing airfoil Cp-C, characteristics and the local C, this may produce a decrease in the local profile
drag of the main wing. For an aircraft in flight, a reduction of downwash along the span will require an
increase in wing incidence to maintain the same aircraft C;. The over all result of a downwash reduction
can be important and is accounted for in this model.

3.5.6 The Lift/Drag Ratio versus Wing Root Bending Moment

Many researchers consider the wing root bending moment to be a reasonable measure of the
structural requirements of a wing. With the addition of a winglet the change in wing root bending moment
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can be directly related to the structural modifications required for the winglet addition to the wing.

Figures 3.36 to 3.39 show that for a given wing root bending moment winglets can give some
increase in the Lift/Drag ratio. Another way of viewing the results is that for a given Lift/Drag ratio the
wing root bending moment can be decreased by adding winglets to a wing. The figures show that the
greatest benefit is obtained by attachment of the winglet to a wing with less wper. Specifically. the
rectangular wing demonstrates the greatest potential for improvement with winglets. However, for all taper
ratios examined (0.4, 0.6, and 1.0) there is some increase of Lift/Drag ratio for all aspect ratios. Notice
that these figures, which show groups of 4 points which represent the wing and 3 winglets, also show that
when retrofitting a winglet on a given wing, there is an increase in the Lift/Drag ratio and the wing root
bending moment.

Another significant feature shown in these figures is that the lines are virtually parallel. This
shows that the magnitude of improvement is virtually constant for the addition of the winglet of a particular
family to a given wing. However, the same observation shows that the percentage improvement at low
aspect ratios is greater than at higher aspect ratios.

These comparisons are for winglets 1 to 3, and none. Note that increase-d winglet length (size)
gives decreased benefit in terms of Lift/Drag ratio at a given wing root bending moment (at €, = 1.13).

Figure 3.40 shows all of these results, from these previous four figures, for the Lift/Drag ratio
versus wing root bending moment (at C, = 1.13) plotted onto one figure. This figure provides a
convenient means to compare the final result of each of the winglets on each wing type being studied.
Notice that there are 6 clumps of 16 data points each, which correspond to the 6 aspect ratios examined.
The 16 data points within each clump are for the 4 wings and 4 winglet cases on each wing (no winglet,
and winglets 1 to 3). Note that the data points at the top of each of the 6 clumps correspond to Winglet]
and the points at the bottom of each clump correspond to the no winglet case. (Recall that the larger
winglets for each wing produce greater improvements in the L/D.)

Figure 3.40 shows that linearly tapered wings with winglets can produce L/D values greater than
for the planar elliptical wing without a winglet. Specifically, the data clump for the wings with Ag = 6.0
(the clump at the lower left side) shows the Winglet 1 on the 1.0 tapered wing bas L/D = 17.56, while
the elliptical wing without a winglet only has L/D = 15.25. This is an improvement of 15% for the
rectangular wing and winglet compared to the planar elliptical wing. Note that for all cases 4z < 15.0
the wings with winglets could perform equal to or better than the planar elliptical wing. Remember that
this is at C, = 1.13, and a lower C; will not give as great an improvement.

Another feature becomes apparent when comparing the L/D for each winglet size within each

aspect ratio clump of Figure 3.40. Recall that the winglets used are exactly the same size of winglet for
each of the 4 wing types at that particular aspect ratio. The figure shows that at A, = 6.0 the rectangular
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wings (1.0 taper) with winglets can produce L/D values nearly equal to those by the other tapered wings
with the exact same winglets attached, at this C,. Even at the moderate aspect ratios the rectangular wing
with winglets produce L/D values comparable to the other wings. As well, the figure indicates that the L/D
is not significantly different when using a winglet ona wing with taper 0.4 or 0.6 or on an elliptical wing.
Also, the 1.0 tapered wing produces a greater wing root bending moment for a given value of L/D, than
the 0.6 and 0.4 tapered wing and the elliptical wing. These features can be important when considering
the trade-off between the construction difficulty and cost of a wing versus the aerodynamic performance.

The effect of C, on the L/D versus wing root bending moment is shown in Figure 3.41. This
figure shows the 0.4 tapered wing at Ag = 12.73 with no winglet and various sizes of winglets. For each
of C, = 0.282, 0.447, and 1.13 there are 8 points given. The left-most point of each set is the no winglet
case, then the next points give winglets of increasing size. The figure shows winglet lengths such that
(winglet length/wing tip chord) = 0.00 (no winglet), 0.509 (winglet 3), 0.732 (winglet 2), 0.910 (winglet
1), 1.40, 1.60. 1.80, and 2.00. This figure accentuates the observation that larger winglets are best suited
to high C, and smaller winglets to low G, flight regimes. This type of figure would kelp the winglet
designer pick the optimum size of winglet for the range of flight conditions expected for a particular

aircraft.



3.6 CONCLUSIONS

The mechanism by which a winglet reduces wing drag has been shown. A winglet has been shown
to produce a significant induced drag reduction all along the span of a wing, as well as providing a forward
thrust (or negative induced drag) component by the winglet itself. This forward thrust has been quantified
and shown to be significant, although for most practicai winglet sizes the dominant drag reduction
mechanism is the induced drag along the main wing. Specifically, the following results have been shown.

Winglets can reduce the total drag of an elliptical wing. Also, tapered wings with winglets have
been shown to have a greater L/D at high C_ than a planar elliptical wing. This is significant since the
elliptical shape is "known" to be the most efficient shape for the case of a plarar wing. This shows that
a winglet can improve upon even the most efficient planar wing.

For the wings considered in this study, the winglet forward thrust component has been quantified.
The forward thrust component has been shown to be about 20% to 50% of the total drag reduction due to
winglets at high C;, for most practical winglet sizes. This means that even for a wing operating at high
C,. the induced drag reduction along the main wing span accounts for S0% to 80% of the total drag
reduction, therefore is the dominant mechanism.

The forward thrust component due to a winglet was found to be relatively insensitive to the wing
spanwise loading. Although, the actual change in Lift/Drag ratio is dependent on the spanwise loading of
a wing.

The relationship has been shown between the forward thrust component of the total drag reduction
and the wing C,. Specifically, the forward thrust component has been shown to decrease to the point of
being negligible or even negative (i.e. a drag in the typical sense), with decreasing C, .

Another significant result is the change in Lift/Drag ratio versus C;. The results show that a
wingiet can produce a significant increase in the Lift/Drag Ratio at high C,.. and a winglet can produce
some increase in the Lift/Drag ratio even at low C,. This result taken together with the relation between
the forward thrust component and C, highlights the important result, that the induced drag reduction along
the main span due to winglets is the most important mechanism for drag reduction due to winglets,
especially at low C,.

Notice that the change in L/D is not linear with C,_ as noted by other researchers in the literature
review of Chapter 2. (Note that the change in L/D is the reciprocal to the change in Cp at a given total
lift.) However, there can be an erroneous appearance that the relationship is linea- if limited data is
selected only at high C, values. (This appears to the the case for Ishimitsu and Zanton (1977). See
Chapter 2, Figure 2.24.)
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The vortex lattice method has been utilized to show that winglets can help improve the efficiency
of most planar wings. However, the dominant operating scenario of a particular aircraft will dictate the
specific geometry for winglets employed to give the optimum improvement. Generally, the operation of
aircraft at high C, values will favour the choice of large winglets, whereas operation at low C, values will
favour the choice of small winglets. In all cases, the winglet airfoil should have low drag for the range
of lift coefficients of the winglet itself.

As a final note, the wing root bending was examined. For a winglet retrofit on a given wing the
wing root bending moment will increase. However, The main finding was that for a given wing root
bending moment winglets can produce some increase in the Lift/Drag ratio.

RECOMMENDATIONS for FUTURE RESEARCH

The implications of the rigid wake should be considered. The author intends to include the wake
roll-up feature in this VLM computer model in order to investigate the change of winglet effectiveness with

the vortex roll-up included.
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Table 3.1. Results from Wing-Winglet combinations on an Elliptical and a 0.4 Tapered wing at C, =1.13.

aTotal Drag | aTotal Drag e % %

Wing-Winglet % on the % additional Effective aL/D aBM

combination main wing along winglet | Ay factor at root
Elliptical (No Winglet) 0 0 1.00 0 0
Elliptical & Winglet 1 -6.0 -1.5 1.10 +8.1 +3.7
Elliptical & Winglet 2 4.9 -1.3 1.08 +6.6 +2.4
Elliptical & Winglet 3 -3.4 -0.9 1.05 +4.4 +1.3
0.4 Tapered (No \;\'inglel) 0 0 0.99 0 0
0.4 Tapered & Winglet 1 -5.6 -1.6 1.09 +7.8 +1.5
0.4 Tapered & Winglet 2 -4.5 -1.6 1.07 +6.4 +1.2
0.4 Tapered & Winglet 3 -3.0 -1.5 1.05 +4.7 +0.8

Note that except for the value of e , the comparisons of the elliptical plus winglets are to the basic elliptical
wing and the tapered plus winglet are compared to the basic tapered wing.
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oz " Vertical Winglet

Forward Thrust of Winglet = /. D

Figure 3.2 Forward Thrust of vertical or horizontal Winglet.
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Downwash Velocity vs Spanwise Location
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Figure 3.3 Downwash Velocity vs Spanwise Location for an Elliptical wing with Winglet 3 and without
a winglet (wing span = 15.0 m, Az = 12.7, C, = 1.13).

96



Induced Velocity from Vortex Element

Vortex Axis

Figure 3.4 Vortex Sheet Roll-Up. Figure 3.5 Induced Velocity by a Vortex.

dmin

Figure 3.6 Lift curve parameters. Figure 3.7 C, - G, curve parameters.
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Vortex Lattice System
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Figure 3.8 Simplified Vortex Lattice for Simple Unswept
Tapered Wing.
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BOUND CIRCULATION vs Spanwise Location
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Figure 3.9 Circulation distribution for the four wing types used.

Figure has been removed due to copyright restrictions

Figure 3.10 Spanwise bound circulation distribution, adapted from McCormick (1979).
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LIFT COEFFICIENT vs Spanwise Location
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Figure 3.11 Normalized Lift Coefficient distribution for the four wing types, Az =12.73.

Figure has been removed due to copyright restrictions

Figure 3.12 Spanwise C, distribution, adapted from McCormick (1979).
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Figure 3.14 Induced drag factor versus taper ratio, adapted from Abbott and Von

Doenhoff (1959).
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Figure has been removed due to copyright restrictions

Figure 3.14 continued...

Figure has been removed due to copyright restrictions

Figure 3.15 Induced drag factor for unswept linearly tapered wings, adapted from
McCommick (1979).
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Figure 3.16 Effective Aspect Ratio Factor versus Number of Vortices per Semi-Span.
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BOUND CIRCULATION vs Spanwise Location

50
. winglet1 vs None, ELLIPTICAL Wing
. C = 13
o ]
T ]
£ 304
E 4
< 4
8 E
o 4
E] .
£
S J
g 104
= g
Q
a 4
i acese ELLIPTICAL Wing, Mo Winglet
J 4=+ ELLIPTICAL Wing, with Wingletl
-10 lvllvrv|I¢|1|VIII|v||||||lr|1lvvvllllllllvnvllllln|||||Tl
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Spanwise Location, (s/(b/2))

Figure 3.17 Spanloading of elliptical wing, with and without a winglet, Az = 12.73,
at CL = ].13.

BOUND CIRCULATION vs Spanwise Location
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Figure 3.18 Spanloading of a 0.4 taper wing, with and without a winglet, Az = 12.73,
at CL = 113.
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Elliptical Wing Modification for Winglet Retrofit
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Figure 3.19 Elliptical wing modified to produce a finite tip for a winglet attachment.

Figure 3.20 Typical member of winglet "family" in the study.
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Chord Adjusted DRAG Coefficient vs Spanwise Location
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Figure 3.21 Total Drag for an Elliptical Wing with and without Winglets, Ag = 8.0.
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Figure 3.22 Tota! Drag for 0.4 Tapered Wing with and without Winglets, A, = 8.0.
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Chord Adjusted DRAG Coefficient vs Spanwise Location

__ 0.09
© B Winglets vs None, 0.6 Tapered Wing
o 4 CL =113
£ -
C 0.07 1
c i
(w] -4
Q .
= -
o J
— -
2 i
O 0.03 ~
) 4
o n
S .
< 0.01 4
= ]
'73 ]
o —0.01 4
o -
Q .
p=
e ] ;
— —0.03 + s+ Total Drog, 0.6 Tapered Wing. No Winglet y
8 i a+ssa Total Drag, 0.6 Topered Wing, Winglet !
b ] 040+ Total Drog, 0.6 Tapered Wing, WirgletZ L)
] ] oooeo Total Drog, 0.6 Topered Wing, Winglet3
_0.05 llll‘llll'l’l]rlT"‘llll’l'l’[lllrllIll]l"ll(llll"-I‘llll"
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Arc Length along Wing Span, (s/(b/2))
Figure 3.23 Total Drag for 0.6 Tapered Wing with and without Winglets, A, = 8.0.
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Chord Adjusted DRAG Coefficient vs Spanwise Location
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Figure 3.25 Components of the Drag Coefficient for 0.4 Tapered Wing with Winglet 1,
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Percent Change in Lift/Drag Ratio vs. Aspect Ratio
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Figure 3.27 Percent Change in Lift/Drag Ratio vs Aspect Ratio for an Elliptical Wing with and without
Winglets, Ag = 12.73.
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Percent Change in Lift/Drag Ratio vs. Aspect Ratio
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Figure 3.29 Percent Change in Lift/Drag Ratio vs Aspect Ratio for 0.6 Tapered Wing with and without
Winglets, Ay = 12.73.
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Figure 3.30 Percent Change in Lift/Drag Ratio vs Aspect Ratio for a 1.0 Tapered Wing with and
without Winglets, Ay = 12.73.

110



Winglet Forward Thrust Component
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Figure 3.31 Winglet Forward Thrust Component versus (Winglet Span / Wing Tip Chord).

111



Winglet Forward Thrust Component
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Figure 3.32 Winglet Forward Thrust Component versus (Winglet Span / Wing Tip Chord).
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Lift/Drag Ratio vs. Wing Root Bending Moment
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Figure 3.36 Lift/Drag Ratio vs wing root Bending Moment for an Elliptical Wing with and without
Winglets.

Lift/Drag Ratio vs. Wing Root Bending Moment

50
] Wing'I_eLts 1-1-3;30nd Woné, 0.4 Tapered Wing, AR = 16,8,10,12.7,15,20
] - = | !
457 [ |
40_— _________ J Sl o e — — =
] oeeee Winglet 1 ! !
o 1 seesa Winglet 2 I |
= 35 &eesa Winglet 3 | [
o 1 66600 No Winglet
o< ] f I
00+ - mmm = D b= = -
s} ] |
—
a ] I
EZS-_ |
= [
0wt ---4~ - - - - = - — - = L o o e e — — —
] » ! [
] I !
15 | |
] I I
Illll|lll]l|lllllll]llll""ll]llll‘lIll|l|llllll']lllllllll]lIlll'lll

10
10000 12000 14000 16000 18000 20000 22000 24000
Wing Root Bending Moment (Nm)

Figure 3.37 Lift/Drag Ratio vs wing root Bending Moment for a 0.4 Tapered Wing with and without
Winglets.
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Lift/Drag Ratio vs. Wing Root Bending Moment
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Figure 3.38 Lift/Drag Ratio vs wing Root Bending Moment for 0.6 Tapered Wing with and without
Winglets.
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Figure 3.39 Lift/Drag Ratio vs wing root Bending Moment for a 1.0 Tapered Wing with and without
Winglets.

117



Lift/Drag Ratio vs. Wing Root Rending Moment
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APPENDIX 3.A
The Simplified Vortex Lattice Method (VLM)

This section gives the approach used for the solution for the spanwise loading of a non-planar wing
using this simplified vortex lattice method. Note that this solution also includes the geometry for a finite
wing with varying chord, twist, and airfoil.

The distribution of the load on a wing is related to the bound circulation distribution since the
circulation generates the lift for a unit span at any spanwise location equivalent to, /(y).

I(y) = p V(y) T'(y) G.AN
Where, p is the air density, and V(y) the local resultant air velocity. Hence, the total lift of the wing is
given by:
m
L= 1y) d (3.A.2)
f_m o) dy

Note also that per unit span the lift, {(y). can be given by,
10) = 3 p CO) ) VO (3.A3)

with,

dc,
C,(y) = C,() + T(a(y))
« (3.A.9)

= C,(y) +dC,, (a(y))

where, ¢(y) is the local chord of the airfoil, C,(v) is the local lift coefficient, C,(y) is the local lift
coefficient of the airfoil at & = 0°, and C,, = dC,(y)/de is the local airfoil lift curve slope. Also, a()
is the local angle of attack. which is given by:

Vaorma(¥) (3.A.5)

a(y) = a,,(y) - YO

where, W(y) is the resultant air velocity, and Vym,a.(¥) is the induced air velocity component normal to the
wing section at the spanwise location y.

0,0 = a, + () (3.A.6)

Also, ay;(y) is the angle of attack due to the initial wing incidence and the direction of the freestream air
velocity without the downwash considered, a, is the initial wing root incidence, a,,(y) is the increased
angle of attack due to the twist of the wing relative to the root incidence.

Combining Equations 3.A.1 and 3.A.3, and solving for the circulation, I'(y), at each spanwise location,
y, shows that

() = = ¢(3) C() V() (3.A.7)

po =
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where,
V(y) = V.(3) + Vs(¥)

hence,
r(y) = % ) Cy) (V(3) + VO

Including the term for C,(y) gives,
rQy) - % ¢ [Cu) *+ CuaM] [V * V()]

Also, including the term for a(y) gives,

I'(y) = % c(y) [C,(») + C ) (0, + (¥ + 2N IV.(¥) + Vg (]

Now inserting Voomw(¥)/ V() for as(y) gives,

e
rQy) = 7,12 c) [Cu) + € ) (8, + Boe) * ”—;(%y—)l [V.(3) + V,gO)]

Expanding W(y) gives,
vmmd(}’)

. homal v " | 4 +V .
o) V-0 )]

r'(y = -%C(y) [C,,(0) + C(¥) (&, * &, (¥) +

Now rearranging terms,

I'(y)

c() C,(») [V.(¥) + Va(¥)]

+

c() C. () [a, + 8 (M IV(Y) + Veng(¥)]

+

() Cp\u(¥) Voormat (M)

or giving,

ry) = 4 ¢ €, 0 V.0) + % c(y) C,, Vopg(¥)
c(y) C , (¥) [a, + ap,, (] V.(¥)

c(y) Cpu () [0, + (3] Vepns(¥)

c(¥) Coa () Voormat(¥)
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Note that v formally is the spanwise coordinate axis, but is also used a3 the arc-length variable here. Also,
note that Vo () is the induced velocity normal or perpendicular to the section at y.

The circulation shed at any spanwise location can be determined by the spanwise rate of change of
circulation of the wing, dT'(y)/dy. This shed circulation determines the strength of the ‘ng vortex sheet
at that location.

The strength of the trailing vorticity then determines the induced air velocity at any spanwise location,

The end result of this is that the solution is found for T'(y) as given in Equation 3.A.9. from which the
loading at any location along the span of the wing is determined, as per Equation 3.A.1.

For the vortex lattice method the bound vortex system is the discretized form of T'(y), and vortex sheet is
discretized into n trailing vortex filaments. These are semi-infinite line vortices each of strength
determined by (dT'(y)/dy)ay, where ay is the spanwise distance between vortex filaments.

The method of solution is to find the simultaneous solution for n equations, where n is the number of
trailing vortex filaments and also the number of the bound vortex elements.

When the discretization of the vortex system has taken place the equations may be rewritten in indicial
form.

Starting with the bound vortex at the spanwise location y with the discretized bound vortex segment
designated at that point labelled as j, then
r'(y) =T (3.A.16)

and the trailing vortex filaments are represented by

arQy) ay -y, (3.A.17)
dy !

The strength of the bound vortex element at point j is the sum of all of the trailing vortex filaments
outboard of that point as given by

r,-Y" v, (3.A.18)

Now, the normal velocity component at point j along the wing due to the trailing vortex system is
, = E'i'-j Y, CU (3.A.19)

where, ¢; is the influence coefficient of the trailing vortex filament i at point j of the bound vortex. (i.c.
c; is the coefﬁcxent which includes all of the information regarding the geometry from the vortex i to the
pomt Jj which is used to define the induced normal velocity at the point j due to vortex i.)
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Now notice that some portions of the terms will be constants. Therefore, the following substitutions may
be made.

1
Constl; = 5 c(y) C.0yp) (3.A.20)
Const4, = % c(y) Cp» (3.A.21)
Const3, = Const4, - V.(y») (3.A.22)
Const5j =a, + a,. (¥ (3.A.23)
Const2; = Const3, Const5; - V_(¥) (3.A.29)
Const6; = Constl; - Const5, (3.A.25)
Finally, we get the result that
T, = Const3. + Const4, v + Const2;
j ! S ! (3.A.26)

+ Constlj . ConstSl. . v‘Mj + Constlj : vmrm,j

Or simplified more as,

I‘j = Consl3j + Consth + (Consty, + Consl6j) Vi, * Const1; * Vaormal; (3.A.27)

Recall that

Ly = E:, Yi

And recalling that the normal velocity component induced by the trailing vortex filaments is
Vaormal, = 21 Y1 i

where, ¢; is the influence coefficient of the trailing vortex filament / at point j of the bound vortex for the

pormal velocity component.
And writing the normal velocity component induced by the bound vortex elements as

- n
vmmal/ - El-l ri 8;j

where, g; is the influence coefficient of the bound vortex element i at point j of the bound vortex for the

normal velocity component.
And letting the streamwise (x-axis) velocity component induced by the bound vortex elements as

Ve, = X Ty (3.A.29)

where, dj; is the influence coefficient of the bound vortex element i at point j of the bound vortex for the
streamwise velocity component.

(3.A.28)
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Therefore,

" _
oy Vi = Const3i + Consth

+ (Const4; + Const6) 3.0 T, d; (3.A.30)

+ Const1; D vyt )IVR U
Finally, we get the result
Y v, = Const3; + Const2;

i=j

+ (Const4, + Const6)) (3| (h, e d)) (3.A.31)
+ Const1, [(X, v, ¢;) + (X7, (3 haYe 8]

Now we can solve this set of n equations for the values for the strengths of the trailing veriex filaments
v and hence also for the strengths of the bound vortex elements T, which will in rn give us the values
for spanwise load distribution /(y).

The solution is not straight forward due to the double summations and ; appears on both sides.

The linearizing assumptions are that the wing is nearly planar and hence the self-induced velocity of the
bound vortex system is negligible. (But, for a vertical winglet the wing is non-planar.)

However, notice that if the linearizing assumptions are made then the terms with the double summation
drop out and the solution is simple, which uses the induced velocity due to the trailing vortices only. In
that case we are left with,

Y5, v; = Const3; + Comst2; + Constl, Qo viey) (3.A.32)

or moving all of the terms with v, to the one side gives.
E".'_l vy, (k + Constl; ¢;)) = Const3, + Const2,

where, k=1, iz2j (3-A.33)
k=0, i<j
This is in the form of a system of linear equations
" AyY, =B where, j=1,2,..,n (3.A.34)

This is easy to solve for v; using Gaussian Elimination, from which T can be determined.

Next, the non-planar effects can be considered by taking this initial solution as a starting point for the next
step of the solution.

The solution for the spanwise loading is determined using the downwash from the trailing vortex system.
Once this is doze then the induced velocity field from the bound vortex elements can be fed back into the
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equations above (Equation 3.A.31) and treated as constants, then the solution can be recalculated using
Equation 3.A.35. This provides an iterative method to arrive at a more accurate value for the spanwise

circulation distribution and loading.

For the final phase of the solution, once the linear solution is found, i.e. dT'(y)/dy and I'(y), the information
for the bound vortex and the trailing vortex system is used to deiermine the aerodynamic forces that the
wing produces. During this phase of the calculations all of the information is calculated and stored
separatedly with regard to the profile drag, the induced drag, and the induced lift along the arc of the wing.
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APPENDIX 3.B

Explanation of the Linear Taper Modification to the Elliptical Wing
and the Winglet "Family" Modelled

Oue of the comparisons is to be between a simple elliptical wing and the same with a winglet
attached. However, an elliptical wing has a zero tip chord which makes attachment of a finite chord
winglet somewhat difficult. Therefore the elliptical wing has been modified to produce a finite tip chord.
Figure 3.1 shows the method of extrapolating to a finite tip on an elliptical wing. In order to produce the
modified elliptical wing, the elliptical wing used is one with a linear trailing edge and elliptically curved
leading edge. The modification was such that there was a tangent taken to the elliptical curve at some
designated spanwise location. Then that tangent line was used to extrapolate to the same span as the
original elliptical wing. Of course. since the total wing area would have been increased due to the increasc
tip area, the wing chord was adjusted all along the span to produce the same wing area as the basic
elliptical wing. This chord adjustment produced a final wing with winglet with the same area and aspect
ratio as the basic elliptical wing, hence comparisons are made correctly between resulting wings.

For an elliptical wing, the chord at any spanwise location is given by ¢ where,

c=c, (1-(772-)2)"2 3.B.1)

Now at the tip of the elliptical modified wing, the new wing tip chord is given by,

dc
€y = €, + (1-7) ), (3.B.2)
dy
and at any spanwise location within the linear taper region, the wing chord is given by,
y de
c=c +(=-r) (=)l (3.B.3)
.+ ( b2 ) ( dy)’

where, (dc/dy)|, is the derivative of the chord function at the tangent point, and where,

dc -c r
Lt = (—22) (1-r))i2 (3.B.4)
d)"ﬂ%-' ( b2 ) (1-r)

which then gives for the chord at any spanwise location within the linear taper,

= - + L— ~_C°r - - .D.
C'(zyﬁ) = c,(1-r)'"? (b,2 r [ W ) (1-72)"17] (3.B.5)

This method of modifying the elliptical wing was used to produce three different winglet sizes,
based on the linear taper of the elliptical wing from (y/(b/2)) = 0.7, 0.8, and 0.9 of the wing span. For
these, Wingletl corresponds to the taper from (y/(b/2)) = 0.7, Winglet2 corresponds to the taper from
(/(b/2)) = 0.8, and Winglet3 corresponds to the taper from (y/(b/2)) = 0.9. This produces the three
winglets in order of size such that: Winglet] > Wingle2 > Winglet>. Specifically, Winglet 1 span =
1.24340 X Winglet 2 span = 1.78920 x Winglet 3 span. Also, note that with this "family" of winglets,
the winglet area equals (3/8) x(winglet span)®. This gives Areaygey = 1.54605 * Areay. g0 = 3.20128
X Ar€aywigies-
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For the winglet family used these were the other defining characteristics. The winglet span is
equal to 1.0 times the modified elliptical wing tip chord, i.e. the tip chord which was produced by the
linear extrapolation from the designated spanwise location on the elliptical wing. All of the winglets
examined were vertical winglets (winglet cant angle = 90°). The winglets have no sweep of their quarter
chord line. The winglet root chord equals (0.5 X winglet span). The winglet root is set at a zero toe-in
angle with respect to the freestream direction. The winglet tip chord equals one quarter of that winglet
span. Hence, the winglet has 0.5 taper ratio and the winglet Ap = 5.3. At the winglet tip, the toe-in is
st at 6°. The quarter chord line of the winglet at the winglet root is aligned with the quarter chord line
of the main wing at the main wing tip. Figure 3.2 shows a sketch of a typical winglet. For this
comparision, the main wing airfoil is the NACA 64,-618. The winglet airfoil is the UA(2)-180 (Marsden,

1988).

These three sizes of winglets were then attached to the four wings used in the study. These wings
are: the ~llipitcal and taper ratios 0.4, 0.6, and 1.0. Note that when the winglets were on the modified
elliptical wings the winglet spans were always equ=' to the modified wing tip chord. However. when those
same winglets were on the tapered wings they had three different ratios of winglet span to wing tip chord.
Table: 3.B.1 gives the winglet sizes for the particular aspect ratios are given to provide an idea of the actual
size of the winglets used.

Also. note that the exact same size of winglet is used on each of the four wing types when they
are compared at the same Ag. This means that for two different wing shapes, at the same aspect ratio and
wing span, they will have the exact same winglet attached. Hence, comparisons between different planfoim
wing shapes of the same aspect ratio and span can be made and still be meaningful. However, note that
for wings of different aspect ratio, the winglet is actually a different physical size. This is since the winglet
span is based on the wing tip chord of the modified elliptical wing. This produces larger winglets for low
aspect ratios than for high aspect ratios. Note that since the winglets are scale versions of one another,
the area of say winglet 1 on a wing of Ag1 is inversely proportional to the area of winglet 1 on a wing of
Ag2, such that: (Areawiger / Al€awingier) = (Ar2 ! Agl).

Table 3.B.1. Wing and Winglet Information for the current study.

" Wing Wing Span Winglet 1 Wingiet 2 Winglet 2 Winglet 1 Winglet 2 Winglet 3
Aspect Ratio (m) Span (m) Span (m) Span (m) Area Area Area
(% main) (% main) (% main)
6.0 10.297 0.892 0.718 0.499 0.528
8.0 11.890 0.773 0.622 0.432 1.268 0.820 0.396
10.0 13.293 0.691 0.556 0.386 1.014 0.656 0.317
12.73 15.000 0613 0.493 0.342 0.797 0.515 0.249
15.0 16.281 0.564 0.454 0.315 0.676 0.437 0.211
20.0 18.800 0.489 0.393 0.273 0.507 0.328 0.158

Also. note the area of the winglets with respect to the main wing planform areas. For all aspect ratios of
the test cases used and shown main wing planform area is 17.67146 m’.
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CHAPTER 4

ROLL-UP OF THE TRAILING

VORTEX SHEET BEHIND A LIFTING
WING CONSIDERING THE EFFECTS
OF BOUNDARY LAYER THICKNESS

4.1 INTRODUCTION

For the last 70 years, since F.andtl (1921) and even earlier back to Lanchester (1907), numerous
researchers have studied the phenomenon of vortex sheet roll up. Even today the area attracts much
interest, hence, adding to the body of accumulated knowledge has become very challenging.

Multitudes of vortex sheet roll-up simulation methods have been attempted, some more
successfully than others. However, with all of the work that has been done, it is even more remarkable
that there remains such uncertainty about the roll-up process and how it is influenced by the main wing
char:- teristics.

Significant past effort has been focused on the development of efficient wing systems, their
vorticity distributions, and the shed vorticity. Much of that work has concerned the subject of the
tangential velocity distribution through a trailing vortex core, yet a great deal of that work has dealt only
with the case of a fully rolled up vortex (See Staubenbiel, 1984; Arakeri et al., 1988, etc.). Also,
especially in the mid 1970’s, there was an abundance of research concerning the relationship between
tangential velocity and radius during the period of vortex decay. The interest in the trailing vortex
structure and decay arose mainly due its importance regarding vortex persistance and the implications for
air traffic control. At that time and still today, the vortex wake hazard dictates the requirements for
spacing between aircraft during flight and even more importantly in take-off or landing phases. Much of
the work done in the 1970’s did not continue into the next decade even though there was still much to be
i. wrned (likely financial constraints limited the continuation of the research). The importance of the vortex
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wake hazard alleviation has become a dominant issue again in recent years. This has been due to the need
for increased air traffic at many airports where there is no opportunity for growth in physical size. Also.
in the last couple of years, several aircraft accidents have been thought to be caused by aircraft encounters
with the wake from preceding aircraft. These accidents occurred even though the standard rules for
separation were being adhered to at the time. There have been indications that some aircraft are producing
trailing vortex wake structures which are more intense than would be normally predicted by the aircraft
weight and airspeed. The end result is that there remains room for improvement in the prediciton of the

trailing vortex wake structure.

The importance of the process of vortex sheet roll-up has been recognized by many researchers.
However, a literature review revealed that amidst all of the numerical simulation and experimental work
that has been done, there does not seem to be any clear indication of a time dependent relationship between
the boundary layer thickness on the lifting wing, the rolling up vortex sheet, and the tangential velocity
profile in the resulting vortex core, especially the maximum tangential velocity in the developing core.

Thus, this work will attempt to add to the understanding of the significance of the trailing vortex
sheet structure on the evolving vortex core structure. In particular, this research has focused on examining
the time dependent relationship between the boundary layer thickness, the rolling up vortex sheet, and the
structure and velocity profile of the developing vortex core (especially the core size, the maximum
tangential velocity, and the minimum pressure in the evolving trailing vortex core).

This work has been prompted by some preliminary wind tunnel experiments at the University of
Alberta which have provided some indication that the boundary layer thickness of a wing would affect the
rolling up vortex sheet and hence the radius of and the wangential velocity profile in the developing vortex
core. Based on this preliminary experimental work, some numerical simulation has been done which does
indicate that a wing with a thick boundary layer will produce a developing vortex core which has a lower
maximum tangential velocity at a larger radius than another wing at the same C, but with a thinner

boundary layer.

As stated by Sarpkaya (1989), "The ultimate objective of the simulation via vortex dynamics is
the acquisition of new insights rather than accurate predictions. The flow simulated by the numerical model
may not be physically realizable even under controlled laboratory conditions.” Although the mcdel
accuracy is not ignored, with this in mind, the goal of this study was to use a simple vortex model, but to
concentrate on obtaining some new insight. Hence, the vortex sheet was modelled with multiple rows of
Rankine vortices, as shown in Figure 4.1. The multiple row method may not be experimentally
reproducible, however the method will be shown to shed new light on the vortex sheet roll-up problem.

To date, this numerical simulation has only considered the case of an elliptically loaded, planar
wing with various boundary layer thicknesses. This wing produces a single trailing vortex core from each
semi-span during the vortex sheet roll-up. In e future, the investigation will proceed to cover systeins
which model a varying boundary layer thickness over the wing and a multiple winglet system.
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4.2 REVIEW OF RELATED MATERIAL

The reader is referred to Chapter 2 which gives a literature review summarizing the necessary
basics of vorticity and provides references for more comprehensive reviews of vortex dynamics.

4.2.1 Some Theoretical Basics of Vorticity

The Betz laws of conservation of vorticity were described by Donaldson ez al. (1974) (and Betz
1933). These conservation laws show that a fully rolled up vortex sheet must produce a core region whose
moments of vorticity are the same as that of the original vorticity distribution. The equations given by Betz
also related the initial spanwise vorticity distribution to the radial distribution of vorticity in the emerging
core of a rolling up trailing vortex wake.

4.2.1.1 Boundary Layer Thickness and the 2nd Moment of Vorticity

From the conservation laws of vorticity, a fully rolled up vortex sheet must produce a core region
whose 2nd moment of vorticity is the same as that of the original vorticity distribution. For a fully rolled
up vortex core the initial spanwise distribution of vorticity generally dominates the 2nd moment. However,
in the very early stages of vortex sheet roll-up, the developing vortex core size must be dependent on the
2nd moment of vorticity locally in the wing tip region. The standard approaches using single rows of
vortices do not consider that the vorticity may be distributed perpendicular to the trailing edge of the wing
section. This is an oversight. In actual fact, the distribution of the vorticity is (can be) through the
thickness of the shed boundary layer, producing a vortex sheet “with finite thickness. Therefore, from the
conservation laws of vorticity, the evolving core region possesses a 2nd moment of vorticity which is
dependent on the contribution of the vortex sheet thickness to the 2nd moment of the vortex sheet especially
in the region of roll-up.

Consider now the 2nd moment of vorticity about the centroid of vorticity of the d-veloping core,

1,;, and the corresponding 2nd moments of the region about the vertical z'-axis, ., and about the horizontal
y'-axis, ., where these axis are centered on the core. Now,

IPI = Iy/ + Iz’ “4.1)

but if /. « I then.
’p/ - Izl (402)

For the case of the planar elliptical wing loading being studied here, in the very early stages of
roll-up the vortex sheet starts to roll up at the very tip where the greatest gradient of shed circulation
occurs and the strongest vortices are shed. In this case, the initially rolling up sheet will produce a core
which is highly dependent on the thickness of the sheet since the increment in the 2nd moment of vorticity
due to the boundary layer thickness (in the vertical z direction) will be significant. This corresponds to
the case where I, is of the same order of magnitude as /., therefore both must be considered in Equation
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4.1. Note that much later, in the fully developed core, the boundary layer thickness and will produce litde
effect. Note that even a thick boundary Jayer gives a vortex sheet thickness which is small compared to
the wing span. Thus, since this is the case for the initial vortex sheet, then I, « I, and equation 4.2
applies due to the invariance of L, [, = initial , for the semi-span. Here I, I, and /, are values for the
wing semi-spari. This result is the same as that from the Betz equation. This is because Betz's equations
(1933) do not inciude this thickness effect, and that the 2nd moment of vorticity of the evolving core is
dependent only on the spanwise distribution of vorticity in the outer vortex sheet region which is considered

rolled up.

Motice that for a planar wing, the 2nd moment of vorticity of the semi-span is increased only by
a small amount by the use of the vorticity distribution through the region of the boundary layer, relative
to that due to the spanwise distribution. However, special note should be made that a noaplanar winglet
system will significantly increase the and moment of vorticity of the wing in the tip region, due to the
distribution normal to the span. Hence, during early stages of vortex sheet roll-up the number of vortex
cores and their sizes is changed significantly for wings employing winglets. Obviously, this will
significantly alter the resulting downwash field, especially in the region near the wing tip. Recalling that
the kinetic energy of the vortex system is related to the induced drag, then perhaps the effectiveness of
nonplanar wings such as those with winglets is manifest in the vortex wake as an increase of the 2nd
moment of vorticity by a significant amount as compared to a planar wing.

4.2.2 Boundary Layer Thickness and Vortex Core Sizes

There has been some (limited) werk (i.e. McCormick (1954). Grow (1969)) examining the
relationship between the wing boundary layer thickness and evolving trailing vortex core sizes and
development. Grow (1969) examined this phenomenon experimentally, but was unable to predict any
correlation between the thickness of the boundary layer on the bottom of a wing and the size of the
evolving trailing vortex core. He attempted to correlate the boundary layer thickness from the bottom of
the wing, since he thought that the boundary layer from the upper surface would not be wrapped into the
core. However, those experimental investigations provided no conclusive results. Also, Chorin and
Bernard (1973) used distributed Rankine vortices to numerically model the vortex sheet roll-up, yet they
made no observations regarding the vortex sheet thickness and the radius of the evolving vortices.

On a similar problem, especially, noting the experimental results of O’Callaghan (1988) there does
not appear to be a predictable relationship between the size of an evolving vortex core and the maximum
tangential velocity in that core. However, O’Callaghan’s work gave no consideration to the boundary layer

thickness on the wing.

Many researchers starting with Kaden (1931) describe the tip edge of the shed vortex sheet as it
develops into a trailing vortex core as a spiral of infinite length which is wound up even at ¢ = 0.0”
(Sarpkaya, 1989). Clearly, this can only be true if the boundary layer has zero thickness, since the
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thickness of the stretching vortex sheet and the distance between wraps of the spiral would have to be equal
to zero, to allow the infinite number of wraps. Much effort, using computational techniques and numerical
models of vortex sheets, has been expended on attempts to achieve as many wraps of the vortex sheet as
possible without regard to experimental evidence which suggests that this is nor the case.

This study was prompted by some preliminary experimental results which have suggested a
connection between the boundary layer thickness and the vortex core development. Further experimental
work is warranted to further investigate the correlation between the size of the vortex core and the
boundary layer thickness. Preliminary wind tunnel work by this author has indicated that an increased
boundary layer thickness leads to greater core radius and therefore a lower maximum tangential velocity,
Vi The University of Alberta Mechanical Engineering Department possesses a wing section which has
the characteristic that the boundary layer thickness increases rapidly between angles of attack o &= 6° and
a = 8° (corresponding to C; = 0.8 and C, = 1.0). During wake traverses only several chord lengths
downstream from the wing trailing edge, the vortex core radius, r. was measured by using a pitot tube and
it was found that the ratio of core radii was (rat C, = 1.6)/(rat G, = 0.8) = 1.4. However, based
on other past work by O’Callaghan (1988), the maximum v,,, should remain nearly constant. Therefore
based on the change of root circulation for the change of C; this ratio should be 1.25 for the two core
radii. Thus. there does seem to be a link between the boundary layer thickness and the developing vortex
core radius near to the wing trailing edge.

4.2.3 Time Dependence of the Tangential Velocity Profile

This work also considers time dependence of the maximun tangential velocity in a developing
trailing vortex core. Concerning such a time dependence, Baker (1979) hints that his method of applying
the "Cloud in Cell" (CIC) technique to the roll-up of vortex sheets shows that maximum tangential velocity
decreases as time increases. However, he does not follow this up or even comment further on it. Thus,
this investigation examines the time dependence of the maximum tangential velocity through the emerging
trailing vortex core from the elliptically loaded wing.
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4.3 NUMERICAL STUDY

Numerical modelling of airfoils, wings, and vortex sheets has been the subject of much work over
the years. Methods vary from point vortex methods, to vortex lattice methods, to the Cloud in Cell (CIC)
method, to vortex panel methods, and others. Yet with the availability of all of the methods and the vastly
increasing computational power, there is yet to be shown a clear and accurate method for the vortex sheet
roll-up into the developing core region behind a lifting wing. This work does not pretend to be that final
solution, however it is hoped that some additic.aal and useful insight may be gained by the use of the vortex

lattice method (VLM).

Some researchers consider other methods such as the Cloud in Cell (CIC) technique (as developed
by Christiansen (1973) and Baker (1979)) amongst the more efficient computationally. The CIC method
was developed for in partical simulations for use in plasma physics. The CIC method represents continuous
regions of voriticity by areas of discrete vortices. then local centroids of vorticity are used to approximate
behaviour of large numbers of the vortices. However the difficulty of developing the code and the
corresponding input data in order to implement the boundary conditions may not prove beneficial (Sarpkaya
(1989)), as compared to direct application of the Biot-Savart law. Sarpkaya (1989) also notes that "the time
saved may be disappointingly small.” As well, the use of the CIC method leads to solving a Poisson’s
equation, therefore only simple boundary conditions can be handled (Sarpkaya (1989)). The final result,
therefore, is that even a simple winglet configuration is not feasible with the CIC method.

For this investigation, a relatively simple vortex lattice method is used which employs semi-infinite
Rankine vortices to represent the trailing vortex filaments from the discretized trailing vortex sheet. The
semi-infinite trialing vortices are continuous with the bound vortices to ensure the conservation of vorticity.
However. the influence of the starting vortex is neglected. The trailing vortices are considered to remain
parallel to the freestream direction. This method allows great flexibility in initial vortex sheet shapes and
circulation distributions. The idea of Rankine vortex filaments is similar to that of Chorin and Bernard
(1973). An additional feature that the model incorporates is a measure of thickness of the vortex sheet and
a multiple row vortex discretization as a means of examining the behaviour of the vortex sheet thickness.

This method of using the VLM with Rankine cores and multiple rows of vortices has not been
used previously to examine variation of maximum tangential velocity in an evolving vortex core as a
function of boundary layer thickness, or at least there appears to be nothing published specific to this
application. This simple model does give an indication of some relationship. Also, the relationship may
be more obvious and accurate using a more complex model and more rigorous experimental work, however
it is not clear that the extra work and expense to do so would be warranted.

As the trailing vortex sheet rolls up the sheet thickness may vary during the process. This model
allows such variation of the vortex sheet thickness, hence this model provides new information concerning
the stretching and thinning of the vortex sheet which is observed near the emerging core of the vortex roll-

up region.
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The problem of solving the spanwise loading of wings is the starting point for this vortex sheet
method. The vorticity distribution of a lifting wirg is discretized then the VLM method solves for the
strength of the discrete vortex distribution. This requires the simultaneous solution of a set of n equations.
The computing memory requirements and time for the solution is of the order n*. Therefore, the standard
discrete vortex approximation to a vortex sheet roll-up is performed using only single rows of vortices to
represent the sheet. Using this method one arrives at the standard multiple turn spiral of the sheet rolling
up into the developing core region. As well, there is always a chaotic motion of the vortices within the
center of the developing core which is considered to be a breakdown of the model. One solution is the
amalgamation of the discrete vortices into a single vortex core (as per Moore 1974), but this problem of
the core development using discretized vorticity has no certain solution. Various methods are used but no
one has been proved to be the correct method, and all must be used with care so that the errors introduced
by the amalgamation do not become unacceptably large.

Studying the problem, one finds that the discretized vortex sheet using the single row
approximation does give an indication of vortex sheet stretching since the arc length of the sheet must
increase during formation of the spiral core section. Nevertheless, thinning of the vortex sheet is not
observable with the single row methods, even if the discretization is done using Rankine vettex filaments,
to produce an approximation to finite thickness of the sheet.

Herein lies the advantage of the multiple row representation of the discretized vortex sheet. The
use of the multiple rows representation aliows the boundary layer thickness to be more realistically
incorporated. The result is a single more realistic spiral with a developing core which tends to show a
more uniform vorticity distribution and seems more reasonable than some previous models.

A major disadvantage is the increased computational time requirements for the extra rows of
vortices. However, if additional information and insight is available through the use of this method then
the extra cpu time is well spent.

The numerical simulation for this investigation involved only symmetrically loaded wings, hence
the vortex sheet was assumed to be symmetrical. This allowed onl the vortex system for one semi-span
of the wing to be followed through time, although that of other semi-span was required and used for
calculating induced velocities. Therefore, when referring to the number of vortices representing the voriex
sheet it should be noted that the numbers given are those representing one semi-span only.

4.3.1 Initial Conditions and Conditions Modelled

Numerical simulation has been done with up to 2500 Rankine vortices (per semi-span) to represent
the vortex sheet. and the induced velocity is calculated using the Biot-Savart law for all the Rankine
vortices. The thickness of the sheet is represented by the Rankine core diameter of each vortex in the
sheet, such that the number of rows of vortices multiplied by the vortex core diameter of each row equals
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the boundary layer thickness (and the vortex sheet thickness).

Once the spanwise loading is determined (the elliptical loading), the discretized trailing vortex
sheet is then allowed 1o roll-up beyond the trailing edge of the wing. The movement of the trailing vortex
filaments was modelled using an Explicit Eulerian approach. Fluid theory shows that the vortices in a fluid
will be convected with the induced flow field (Truesdell 1954). The induced velocity calculations for a
vortex are similar to those shown in Chapter 3 (sec 3.2.1.3). Therefore, for the trailing vortex wake
movement, the air velocity at each vortex filament is calculated for the positions where the vortices are
initially located, then the trailing vortex filaments are moved to their new position at the end of the time

step, At, and so on.

Note that the calculations were based on given numbers of vortices per semi-span, although those
of the other semi-span were included for calculating induced velocities. A cosine spatial vortex filament
distribution from the centerline to the wing tip gave sufficient detail in the roll-up region at early time
periods. The cosine function was chosen to give better spatial resolution in the tip region than would a
uniform spacing, while a: the same time reducing the circulation shed in each of the vortex filaments near
the tip. The value of the circulation for each vortex filament was calculated from the incremental change
of circulation along each section of the span. For this study an elliptical spanwise loading was used
(however, any spanwise loading could have been chosen).

During the modelling of the roll-up of a discretized vortex sheet from a wing with a monotonically
decreasing loading function, for example the elliptical function used here, the roll-up starts at the wing tips.
Thus, the critical time steps are determined by the vortex spacing and circulation in the tip region.

The vortex sheet which is modelled here is that shed from an elliptical wing. The test cases
considered here were based on the following conditions. The wing root circulation value is chosen to be
fixed at T', = 10.0 m*/s such that at V=60 m/s, the result is L = 5804 N and C,, = 0.1315, for the typical
wing with 10.0m span and 2.0m root chord. The value of the root circulation could be varied, however
the actual effect of a greater value of root circulation would be to increase the roll-up rate. Therefore, to
observe the effect of different wing root circulations (and hence different C,) values it is reasonable, at
least for a first approximation, to just look at a later time period. This follows since induced velocities due
to a vortex are proportional to the circulation of that vortex. Thus, for example, if results were desired
for T', = 20.0 m?¥s (i.e. C, = 0.2630) at ¢ = 0.1s then it would be reasonable to examine results for I',
= 10.0 m¥s (i.e. C, = 0.1315) at r = 0.2s, and so on.

To examine the effect of the boundary layer thickness (b.1.t.), the b.1.t. is varied from 0.010m
(0.1% span) to 0.100m (1.0% span). The specific values used were b.1.t. = 0.0lm, 0.05m, 0.10m. The
lower values would correspond to laminar flow and the larger values would correspond to a wing with
turbulence and even some degree of separation.
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4.3.2 Boundary Layer Thickness and Vortex Sheet Thickness Related to the Vortex
Core Size

For any wing section in a fluid flow there exists in the wake of the wing a velocity defect region
which represents a momentum loss due to the wing drag. This momentum loss is used to calculate the
value of the drag coefficient, Cp, for the section. The shape of this velocity defect region is dependent on
distance from the trailing edge of the wing. Immediately at the trailing edge of the wing but still adjacent
1o the surface of the wing, the no-slip boundary condition of viscous flow forces the fluid velocity to be
zero with respect to the wing surface. Immediately behind the wing the boundary layers from both the top
and bottom surfaces must diffuse together. The vortex sheet which is shed from the trailing edge of the
wing is confined to this region of the combined boundary layers. Henceforth, the thickness of this
combined vortex sheet - boundary layer may be referred to as the vortex sheet thickness (v.s.t) or the
boundary layer thickness (b.1.t.). Initially downstream, there still exists a wake region of zero fluid
velocity with respect to the wing. Within a short distance downstream viscous diffusion would cause the
boundary layer - vortex sheet to thicken, however, near the wing tip the trailing vortex sheet immediately
starts to roll-up into a single core for a plain wing. (For wings in general, centers of trailing vortex sheet
roll-up occur at local maximums of the abs(dl'/dy).)

The vortex sheet thickness wiil be shown to be important to the developing vortex core radius.
Initially, only the thickness of the sheet at the wing tip is relevant since the vortex sheet at the tip
immediately starts to roll-up into the vortex core. During the time taken for the vortex sheet to roll-up the
vortex sheet may increase in thickness (by viscous diffusion of the velocity defect region) at the regions
not yet rolled up. However, especially for the portion of the trailing vortex sheet near the developing
vortex core there is a tendency for the vortex sheet to be stretched and thinned as it is rolled into the core.
Thus, it is this combined effect which determines the actual vortex sheet thickness at any spanwise location
during vortex core development. For this case study, the b.Lt. or the v.s.t. is assumed constant along the
span except for the effects of stretching and thinning.

4.3.3 The Vortex Sheet Model with Rankine Cores

The boundary layer of a wing, was modelled by an approximately rectangular region of uniform
vorticity at any spanwise location. For the simple simulation, the boundary layer thickness was done by
the use of Rankine vortices to simulate the vortex sheet. This produces a uniform distribution of vorticity
over the area of the vortex cores. Thus, the boundary layer thickness was given as the product of the
number of rows of vortices and the diameter of the vortex filament cores.

The focus of this study was to examine the vortex sheet roll-up behind a lifting wing. The focus

was on the influence of the wing boundary layer thickness on the vortex sheet roll-up process and the
evolving trailing vortex core structure.
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This relatively simple vortex lattice model employs Rankine vortices to represent the trailing vortex
filaments from the discretized trailing vortex sheet. The use of this simple model allows great flexibility
in initial vortex sheet shapes and circulation distributions. The idea of Rankine vortex filaments is similar
10 that of Chorin and Bernard (1973) with the additional feature that the model incorporates a measure of
thickness of the vortex sheet.

Due to the spanwise distribution of the number of vortex filaments with this model there were
circular areas of vorticity overlapping to give greater vorticity intensity (vorticity per unit area) at the tip
region. This model provides increased vorticity intensity by allowing the overlap of vortex cores in the
spanwise direction. Recall that the vortex sheet discretization was produced by a cosine distribution of the
number of vortices along the span. This means there are regions at inner span locations where the vortices
do not touch and regions at outer span locations where the vortices overlap. Others have allowed the same
situation. For instance, Shelley, Meiron, and Orszag (1993) also ailow vortex core overlap in their viscous

fluid simulation.

At first glance th’ woblem with this method. Strictly speaking, the vortex "lines”
can not occupy the same sp- zm  time (Truesdell, 1954). This result comes from the fact that
point vortex lines coraenc: +_simal) maerial lines and that different material lines can not
occupy the same spa. * it sune (Truesdell, 1954).

However, there is uncertz; -y if areas of vorticity can overlap in viscous flow. That is to say, the
ensemble averaged areas of vorticity due to the entwined regions containing point vortices may not be
constrained by the same requirements. The assumption made for this work is that the regions of the cores
of ' . rziling Rankine vortex filaments may overlap.

: past, the idea of Rankine cores representing the vortex filaments has been used for the
modelling of vortex sheet roll-up (Sarpkaya ( 1989), Chorin & Bernard (1973)). To date. however, this
method has not bee-. sed to examine the variation of maximum v,, as a function of boundary layer
thicknes: - at least were appears to be nothing published specific to this application.

This simple model does give an indication of some relationship. Also, the relationship may be
mare obvious and accurate using a more complex model and more rigorous experimental work. however
it is not clear that the extra work and expense to do sc would be warranted.

4.3.4 Velocity Profile Through a Vortex Core
For the purposes of this numerical investigation, the velocity traverses through the core were done
in a manner similar to the way they would be done in a wind tunnel. In a wind tunnel one would attempt

to make a wake traverse through the center of the developing vortex core region. For this numerical work,
the center of vorticity was determined for the vortex filaments which initially comprised the outboard 10%
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of the number of vortex filaments. Then the developing core was scanned in a spanwise direction at a
vertical position corresponding to the center of vorticity of those same vortex filaments that were initially
the outboard 10% of the total. Note that at t=0.0 the "core” is not clearly defined. but the core begins
to emerge at the very tip. The scan line then passes right through this “core.” This method of using the
center of vorticity of those vortex filaments that initially comprised the outer 10% of the total number of
vortices proved quite satisfactory for locating the evolving vortex core. Figure 4.1 and Figure 4.2 shows
a typical scan line and the vortex filaments during roll-up (the view zoomed in at the tip region). (Recall
that the wing semi-span is 5.0 m, and notice that the plots are such that the spanwise location is given in
meters.)
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4.4 RESULTS

The results here first show results of numerical scans for the velocity profiles for various boundary
layer thicknesses. Then the effect of varying the number of rows of vortices and the number of vortices
is considered. The number of rows will be shown to affect the roll-up process, especially the vortex sheet
stretching and thinning near the developing core. Lastly, the numerical instabilities are considered. The
2nd moment of vorticity is discussed along with the effect of the time step for the vortex movement. Also,
the Kelvin-Helmholiz instability is described and discussed.

The results shown are based on the figures given later. The Figures 4.3 to 4.8 show velocity
profiles and the effect of boundary layer thickness. Figures 4.9 to 4.14 show velocity profiles and the
effect of various number of rows and vortices. The remaining figures are arranged in sets according to
the number of rows of vortices and number of vortices per row. For each set the velocity profile is shown
for times ¢ = 0.0s to 1.0s, then the vortex positions are plotted for the same times. Figures 4.15t0 4.23
give 5 rows of 100 vortices for b.l.t. = 0.050m. Figures 4.24 to 4.31 give 3 rows of 100 vortices for
b.l.t. = 0.050m. Figures 4.32 to 4.38 give 2 rows of 100 vortices for b.1.t. = 0.050m. Figures 4.39 to
4.48 give 1 row of 300 vortices for b.1.t. = 0.050m. Figures 4.49 to 4.56 give 3 rows of 100 vortices

for b.l.t. = 0.100m.

4.4.1 Numerical Scans for Velocity Profiles

The work shows that a thicker boundary layer gives significantly decreased maximum tangential
velocities in a larger core in the rolling up trailing vortex at the early times.

The series of figures beginning at Figure 4.3 and ending at Figure 4.8 shows the velocity profiles
through the rolling up vortex core region for 1 row of 300 vortices per semi-span for the times =0.0s to
1.00s for boundary layer thicknesses, b.I.t. = 0.010m, 0.050m, and U.100m. Recall that a planar wing
is being modelled, therefore there is no dihedral. As a result, note that at ¢=0.0s the "core" which will
be at the very end of the vortex sheet is at the same height as the rest of the vortex sheet, hence the
velocity traverse and profile passes through the vortex sheet along the span.

As can be seen from these numerical simulations, a thicker boundary layer produces a trailing
vortex core with lower maximum v, and a larger radius, at the early stages when a small percentage of
the vorticity is rolled up. As noted earlier (theoretical basics section), at later times of the roll-up
sequence the vortex sheet thickness is less important since the 2nd moment of vorticity term then is
dominated by the spanwise distribution of vorticity not the distribution perpendicular to the wing trailing

edge.
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4.4.2 Velocity Profile Comparisons for Various Numbers of Vortices and Number
of Rows of Vortices

Comparisons of the resulting velocity profiles for a variety of numbers of vortices as well as
numbers of rows of vortices show that the profiles are fairly constant for a wide range of combinations.
See the sequence of figures starting at Figure 4.9 and ending at Figure 4.14. The comparisons are done
for the specific case of b.1.t. =0.050, however, the generalization can safely be made to other vortex sheet
thicknesses. As will be shown later, the differences due to different numbers of vortices and numbers of
rows is insignificant compared to the differences due to changing the vortex sheet thickness.

4.4.3 The Vortex Core Size

There is a need to define the vortex core size for a partially rolled up vortex sheet. This need
arises in trying to calculate the vorticity, circulation, and vorticity intensity in the vortex core. Ina
Rankine vortex the average vorticity is simply (T'/7a”). In a symmetrical completely rolled up vortex core
the average vorticity is still simply (I'/xr**) where r* is radius at which all of the vorticity is encompassed.
However, in a partially rclled up vortex sheet there is no clear definition, especially since the core is
significantly asymmetric.

One possible definition is the radius to the maximum vy, labelled as r'. Examination of literature
will show that this is by far the most popular definition. However, with this definition there arises a
problem because the core region is far from symmetric. Noting the figures (i.e. Figure 4.15, Figure 4.16,
Figure 4.39, Figure 4.40) showing the tangential velocity for a rolling up sheet, the asymmetry is obvious.
Note, that for the experimental work which was done it has been found efficient to use the radial location,
r’, to the maximum V.

As per Roberts (1983) another possible definition is the radius to the location where the tangential
velocity is the same as it would be for a potential vortex, r* (that is to the radius r* at which all of the
vorticity it encompassed). For this definition one needs to determine or specify the strength and location
of that currespon’iug potential vortex.

Observing the curve of v,, vs 7 for a vortex, one can see that all of the vorticity for a Rankine
vortex is contained within the radius to the location where v,, is maximum. Note that only for a Rankine
vortex do the three definitions become equal, i.e. a = r’ = r*. The definition of a for the vortex core
radius will be employed for this numerical work when referring to the Rankine vortex filaments. However,
when referring to the evolving vertex core one of the other definitions will be used. but will be specified
each time used.

Comparisons of the core sizes from this model with other work is of interest. Figures 4.3t0 4.8
show velocity profiles through the delveloping vortex core from ¢=0.0s to 1.0s. Recall that for this study
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the wing span is 10.0m, and V=60 m/s, therefore t=0.5; corresnands to a downstream distance of 3.0b
and 1=1.0s corresponds to a downstream distance of 6.0b. Examising Figure 4.7 shows that for the wing
with b.1.t. =0.100 gives (r'/b) = ((4.68-4.57)/10.0) = 0.011 atz=-0.5s. Similarly, Figure 4.8 shows that
for the wing with b.1.t.=0.100 gives (r'/b) = 1(4.565-4.41)/10.0) = 0.0155 at t=1.0s. Recall from
Chapter 2 (section 2.2.3) that the values found experimentally with a hot-wire anemometer by Corsiglia
et al. (1973) for an elliptical wing loading were (7'/b) = 0.010 to 0.015. Also, Roberts (1983) had found
(r'/b) = 0.018. Thus, the results of this * M model are in very good agreement with those of other

researchers.

4.4.4 Velocity Prefile Through a Vortex Core

The tangential velocity profile in # developing vortex core is shown to be modified by varying the
boundary layer thickness uear the wing tip. Specifically, increased tiiickness of the boundary layer is
shown to reduce the maximum tangential velocities during the initial stages of vortex roll-up, which is
shown to be consistent with i e laws of vorticity conservation.

The sequence of figures starting at Figure 4.3 and ending with Figure 4.8 shows the velocity
profile through the evolving trailing vortex core for 1 row of 300 vortices and three different vortex she
(boundary layer) thicknesses (namely: b.1.t.=0.010m, 0.050m, and 0.100m). As well, the fif: :s of
velocity profiles are given for 3 rows of 100 vortices at different vortex sheet thicknesses (namely:
b.L.t.=0.050m and 0.100m) (Figure 4.24, Figure 4 15, Figure 4.49, Figure 4.50). These all clearly
support the idea of decreases in maximum v, and increases in the radius of the core with increased vortex
sheet thickness, and most noticeably the size of the coie to th~ radial position encompassing all of the

vorticity in the roll-up region.

Figures showing the velocity profile for various combinations of numbers of rows and numbers
of vortices. These are given as follows: for 1 row of 300 vortices (Figure 4.3, Figure 4.39, Figure 4.40),
for 2 rows of 100 vortices (Figure 4.32), for 3 rows of 100 vortices
(Figure 4.24, Figure 4.2% Figure 4.49, Figure 4.50), anG for 5 rows of 100 vortices

(Figure 4.15, Figure 4.16).

Note that in the velocity profile figures, mainly at 1=0.00s, there occur local perturbations or
‘jiggles’ in the plots. These perturbations are most pronounced for fewer vortices in the spanwise
direction, especially for 100 vortices at 1=0.00s, and the "jiggles® are smaller for a thicker vortex sheet.
For example, compare Figure 4.24, Figure 4.25, Figure 4.49, Figure 4.50 and Figure 4.39, Figure 4.40
noting especially the curves for £=0.00s. The plots are not smooth because ‘he induced velocity is
calculated using the Biot-Savart Jaw for all the Rankine vortices. When doing the scan through the core
region (based on the centroid of the outboard 10% of the vortex filaments according to initial locations)
it is inevitable that the traverse passes very close to some of the Rankine vortex filaments (recall Figure 4.1
and Figure 4.2). Notably, for planar wings as cxamined here, at t=0.00s the scan is done along the line
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of the initial vortex filament distribution. There are no actual singularities, however, when traversing very
close to any one vortex there is a significant contributiva due to that vortex. The ‘jiggles' are larger tor
fewer spanwise vortices because the effect of the adjacent vortex filament is much more significant (recall
that these are Rankine core type vortex filaments). Also, recall that the size of the Rankine core with the
linear velocity profile is dependent on the vortex sheet thickness. This correlation means that the thick
vortex sheet produces the reduced size of "jiggles'. Also, notice that for 1>0.00s. since the scan line does
not go directly through or along the vortex sheet the curves are mostly smooth except in the core region
itself where the scan may pass close to vortices.

A feature also noticeable is that for £>0.00s there is invariably a discrete step in the velocity
profile (not just a local perturbation). These step changes occur as the position where the traverse passes
through another wrap of tli vortex sheet or ancther clump of vortex filaments. Observing Figure 4.2 one
readily observes the sheet crassing by the traversc and the corresponding jump in the tangential velocity.
Basica'ly, the jump occurs beczase the traverse poitii is then outside of the core and encompasses all of
the vorticity (note the similarity to the velocity profile for a Rankine .r.iex).

Ancther teatun - observable through all of the figures showing the time dependent relations for
the velocity profiies ror the evolving core. That feature is that the absolute maximum tangential velocities
generally ¢.ur at the hzginning of roll-up, and decrease later in the roll-up sequence. This arises from
the fact that the vor:izity density of the vortex sheet near the tip is greater than that portion of the sheet
qiear the root of a Lifiing wing with an elliptical spanwise load distribution, and for virtually any practical,
smooth, monotorzcally decreasing spanwise loading. Thus when ihe sheet starts to roll up, the highest
vorticity density portion rolls up first creating a core region which i5 very small and has large vorticity.
This leads to the occurrence of high tangential veincities in the very small core.

4.4.5 Vortex Sheet Stretching and Thinning

The main distinguishing property of this numerical model is that the vortex shret roll-up
incorpo:ates a featire with multipie rows of vortex filaments for consideration of the wing boundary layer
thickness. This vortex sheet thickness may vary during the roll-up process, hence this model provides
insight concerning the stretcking and thinning of the vortex sheet which is most clearly observed near the
roll-up region. (Notice that most of the figures showing the vortex sheet rolling up show just the tip region
of the wing, since tke sheet is merely a straight line of rows of vortices at the inner spanwise locations.
As well, recall that the wing semi-span is 5m, and rote that the plots are such that the spanwise location
is given in meters.)

The sequence of figures starting from Figure 4.17 at t=0.00s to =1.00s presenis 5 rews of 100
vortices and most dramatically show the phenomenon of vortex sheet stretching and thinning. The other
multiple row tests also show thic. as observed with the 3 rows of 100 vortices as seen in the two sequences
of figures starting from Figure 4.26 and Figure 4.51, and with the 2 rows of 100 vortices as seen in the
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sequence of figures starting from Figure 4.33. However, as these figures show, the greater the number
of rows the better the sheet thinning is observed. Also, it is interesting to notice the reduced propensity
for the Kelvin-Helmholtz instability to develop at early times with multiple rows, and especially for the
thicker vortex sheet or boundary layer. However, the Kelvin-Helmholtz instability does still occur later
in time as evidenced by the local clumps of vortex filaments at larger times for each of the numbers of

rows and numbers of vortices.

Also, for a single row of vortices, it is useful to notice the sequence of figures from Figure 4.4
to Figure 4.48 at t=0.01s to t=10.00s. These present 1 row of 300 vortices and do not shaw th,
phenomena of vortex sheet thinning. althnugh stretching is apparent by the increased separaticn bHetwen
vortices of the sheet near the core. T :inuity equation of 2-D flow would imply the thinnigg - ihe
sheet during the stretching, but this is not immediately obvious with this single row repre-- v,

4.4.6 Amalgamation of Discrete Vortices

Amalgamation of discrete vortices into a single vortex core is still a problem with no obvious
solution. The problem seems to be caused by the very act of discretizing the continuous vorticity
distribution. Various techniques have been used but no one method has bezn praven to he the correct

method.

Moore (1974) and others have used arbitrary cut-off schemes to amalgamate 2-D Jine vortices into
a core region during 'l-up. For instance, Moore (1974) developed the scheme whereby once any vortices
had wrapped more than 270° around the evolving core they would be dumped into that core region forming
a new core at the center of vorticity of the combination. Moore’s method has been wideiv adopicd.
Obviously, this and any other schemes are all approximate and only attempt to give a general idea of the
flow, but more importantly they attempt to save computational time.

For this model (at this time) there was no attempt to amalgamate vortices in the core region.
Sarpkaya (1989) notes that merging (amalgamating) like sigi.d vortices decreases the 2nd moment of
vorticity. This is another motive for not merging vortices. ‘s well, not amalgamating and so creating a
single core, ensures that there are no singularities in the core region, although there are some local spikes
iz« the velocity profile as nientioned in the section concerning the velocity profile thivugh a vortex core.

4.4.7 Numerical Instabilities

Two numerical instabilities are common for this type of model. The one deals with the growth
of the 2rd moment of vorticity which should be invariant. The other deals with the Kelvin-Helmholtz
instability and the erratic movement of vortices. These instabilities may occur even though the spanwise
location of the center of vorticity is invariant.
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4.4.7.1 The 2nd Moment of Vorticity Invariant

The 2nd moment of vorticity is one of the invariants of the vortex wake shed from a lifting wing.
Numerical modelling of tue movement of the discretized vorticity must consider the effect of the time step
size on this invariant to avoid significant errors.

According to Chorin and Bernard (1973) who used finite Rankine type vortex cores to discretize
and mocz] vortex sheet roll-up, a necessary condition for the stability of the numerical method is that
(Vag? = Ugnat =) Upat « a. This means that for strong vortices (i.e. with large circulation) the time
increment for calculation must be smaller than for weak vortices. For example, comparing one vortex with
cironlation aT and time increment af at some radius, and another vortex with circulation 24T then one
would need to use a#/2 at that same radius.

The time step requirement given here dictates the maximum distance that a particular vortex is
moved due to the induced velocity from another vortex. For a moment, consider the case of only two
vortices, specifically the vortex movement due to the induced velocity from the other vortex. Note that
the induced velocity at the center of vortex #2 is tangential abcut the center of the vortex #1, and vice
versus. During a discrete finite time step the vortex is moved in that tangential direction. However, the
vortex is displaced radially at th- same time since the motion is truly tangential only in the Yimit a5 &0 —=
0.0. This radial movement of vortices during the tangential movement during each time s12p cavses the
growth of the 2nd moment of vorticity. Since the 2nd moment of vorticity is not invariant 13 thi: case,
the magnitude of this 2nd moment growth is a source of some concern. If the chianges can be kpt smaii.
then the error accumulation should be of smatl concern.

Table 4.1 shows the values of the time step, af, used in this model. For each cases studied, the
value of (v, 8f) is included here Where, Vi = Yuw/(27%a). The value of v,,, is that of the last shed
trailing vortex filament, and a is the radius of the Rankine core of that vortex filament. Table 4.1 also
shows the value of the 2nd moment of vorticity, where the 2nd moment of v ~tizity about the center of
vorticity is given by ,, for times r=0.0s, 0.5s, and 1.0s. Note that for the conditions modelled ¢=1.0s
corresponds to a downstream distance of 60m or 6 span lengths. The results show - ..* for all combinations
of numbers or rows and numbers of vortices that after ¢=0.5s the 2nd moment has increased 0.8%. and
that after r=1.0s the 2nd moment has increased 2.8%. Also, shown for 1 row of 300 vortices that after
¢t=".0s the 2nd moment has increased 23 %, and that after =10.0s the 2nd moment has increased 29%.
This i considered to be an acceptabl: increase ic the error for this study.

4.4.7.2 Kelvin-Helmheltz Instability
During the study, a Kelvin-Helmholtz type instability occurred during the rolling up sheet. This

instability is similar to that found in real flow shear layers. The Kelvin-Helmholtz instability is seen by
the localized clumping of vortices.
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Note also that the use of different numbers of vortices per semi-span (i.e. 100 or 300) leads to
instabilities in different locations, hence the instabilities are certainly due to nrumerical initial conditions and
not error accumulations. During the study the first occurrence of the Kelvin-Heimholtz instability for 1
row of 500 vortices per semi-span was found to occur at the same location for both time steps af =
0.00001s and at = J.0001s, which indicated that the initial instability was due to the discretized vortex
spacing and net the choice of the time step. This would imply that any irregularity on a wing may cause
this Kelvin-Helmholtz instabiiity in a real flow.

It is interesting to note that with the use of two or more rows of vortices the apparent Kelvin-
Helmholtz instabilities are delayed and almos: disappear in the immediate roll-up region where the sheet
is being stretched, at least for early times. The figures with 5 rows of 100 vortice: and 3 rows of 100
vortices show this (see sequences of figures starting at each of Figure 4.17, Figure 4.26, and Figure 4.51).
Also. noticeable was that this Kelvin-Helmholtz instability was reduced for the thicker vortex sheet or
houndary layer (compare the sequences of figures starting at Figure 4.26 and at Figure 4.51). For long
time periods, the Kelvin-Helmholtz instabilities still occurred for all systems modelled. The Kelvin-
Helmholtz instability is seen by "clumps” of vor:izes in Figures 4.21 to 4.23,4.30t0 4.31, and 4.45 10

4.48.

4.4.8 Sequence of Vortex Sheet Amalgamation into the Emerging Vortex Core

The effect of the boundary layer thickness has been shown to be important. Another interesting
property to note is the specific portion of the vortex sheet which is being amalgated into the emerging
vortex core. Clearly from the single row models the vortex sheet is pulled into the emerging core. The
multiple row examples show the same result plus other informztion not shown with the single row
concerning the sequence of roll-up of the rows of vorticity.

Specifically, the sequence of vortex sheet amalgamation in the core is shown in the examples
where the thickness of the vortex sheet is represented by multiple rows of vortices. Notice that “ortices
from the bottom row(s) of the vortex sheet are wrapped into the core slightly before the vortices from the
top row(s) of the vortex sheet. However, note that all of the figures showing the multiple row
representation of the vortex sheet show that even at the earliest times #=0.0* vortices from the top row
of the vortex sheet do move into the emerging voriex core. Noting that the rows all started with the same
number of vortices in the spanwise direction, the top row can be seen to have moved into the emerging
core at the beginning of roil-up. This contradicts the assumption made by Grow (1969) that only the
boundary layer on the bottom of a wing would move into the emergirg core, and hence that the thickness
of the boundary layer on the bottom: of a wing would influence the trailing vortex core size.
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4.5 CONCLUSIONS

The study of the phenomenon of vortex sheet roll-up has produced a plethora of results via
methods in vortex dynamics, however much remains to be iearned. This work has focused on applying
a simple vortex lattice computer model to add to the understanding of the phenomenon of trailing vortex
sheet roll-up behind a lifting wing.

From this work there are clear indications that a wing's boundary layer thickness may influence
the initiel roll-up of the vortex sheet trailing off the lifting wing. However, after roll-up has been
completed the effect of the boundary layer can be seen only in the slightly increased 2nd moment of
vorticity due to the vortex sheet thickness, which is small compared to that due to spanwise variation ot
loading. This is of importance sitice the vortex distribution and near wing vortex sheet roll-up phenomenon
have the most influence on change of induced drag.

The VLM model was shown to give excellent agreement with other research and experimental
studies of vortex core sizes. This model showed that at a downstream distance of 3.0b to 6.0h the vortex
core size was given as (r'/b) = 0.011 to 0.0155, respectively, which is in excellent agreement with others
who give values of (r'/b) = 0.010 0 0.018 in the fully rolled trailing vortex core.

The work showed that a thicker vortex sheet - boundary layer gives significantly decreased
maximum tangential velocities in a larger core in the rolling up trailing vortex, especially during the early
stages of roll-up. Recalling from the literature review of Chapter 2 that the kinetic energy of the wake is
related to the induced drag. this may have significance in explaining the induced drag differences possible
with different wing tip shapes.

Also observed in this chapter was that the maximum tangential velocities generally occur at the
location of the developing vortex core and at the beginning £ roll-up, and decrease later in the roll-up
sequence, regardless of the boundary layer thickness. Spe. iically, the current work showed that the
maximum tangential velocity does decrease as time increases with the greatest values of the tangential
velocity occurring immediately as a sheet begins roll-up. Since the vortex core size and the snazinium
tangential velocity influences the pressure drop through a vortex core, perhaps the incepiion of caviiation
by a marine propeller may be reJuced or controlled by boundary layer control near the propeller up.

The VLM model using single rows of vortices gave veiovity profiles in the developing vortex core
region which were similar to those found using multiple rows of vorticies, when modelling the same
boundary layer thickness. Therefore, a single row model seems adequate for use when the induced velocity
field of the emerging vortex core is being determined.

The use of multiple rows of vortices for the discretization of the trailing vortex sheet provides
more insight into the vortex sheet behaviour and the emerging vortex core. Specifically, the multiple row
fe. ture of this model provides some insight concerning the stretching and thinning of the vortex sheet which
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is observed near the roll-up region, since ihe sheet thickness may vary during the roll-up process. The
stretching and thinning shown by this model helps to demonstrate a realistic number of wraps of the vortex
sheet around the emerging trailing vortex core. The continuity equation of 2-D flow implies the thinning
during the stretching of a vortex sheet, however this is not immediately obvious with a single row of
vortices representing the vortex sheet. Therefore, notice should be made that the phenomenon of stretching
and thinning of the vortex sheet is observed most easily when a greater number of rows of vortices are

used to represent the vortex sheet.

Another feature that the multiple row representation of the vortex sheet showed was that even at
the earliest times 1=0.0" during vortex sheet roll-up the vortices from the top row of the vortex sheet do
move into the emerging vortex core. This result is different from assumptions used by other researcher
who have investigated the connection betwecn boundary layer thickness and trailing vortex core

development.

This work has been done using trailing vortex filaments with Rankine vortex cores which remain
a constant size during the vortex sheet roll-up. Turbulent diffusion has not been considered, but weuld
likely smooth the discontinuities between the wraps of the vortex sheet in the developing core region and
produce a smoother velocity profile through the emerging core.

Recommendations for Future Research

Further experimental work planned by this author will include measurements of the trailing vortex
sheet thickness and velocity profiles waicia can be varied by changing the boundary layer thickness on the
wing and winglet using a boundary layer transition device at the desired chordwise location. At the same
time, wake traverses will make measurements of vortex core size, tangential velocity profiles, and kinetic
energy for various wing arrangements. In that work, consideration should be given to possibly increasing
the roughness of the wing in the tip region so to increase the boundary layer thickness in that region and
perhaps increase the initial core size. Time will allow the rest of the sheet to thicken by diffusing outwards
before it is rolled up into the core. Hence, for a small increase in profile drag at the tip, a larger trailing
vortex core may be produced, with the resulting decrease in induced drag, and significant drop in

maximum tangential velocity.

The numerical modelling of a 2-D wing section uses opposite signs of vorticity distributed along
the upper and lower surfaces. Therefore, at the trailing edge the trailing vortices should have both signs
of vorticity. However, since the number of vortices to be modelled would be doubled if that were done,
the usual procedure is to simply add together the two signs of vorticity, leaving only the one single signed
vortex trailing off in the wake. This may be inaccurate since as noted . v Lang (1985) regarding
experimental investigation, the modelling of shear layers has shown the need for both signs to correctly
model development of the large scale structure in the resulting flow. Future work by this author will
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include modelling the trailing vortex sheet roll-up using both signs of vorticity.

Non-planar wing systems should be investigated, i.e. wings with winglets, to determine the effect
of a multiple row model on the trailing vortex core development from a wing with winglets, with the goal
to reduce the maximum tangential velocities in the fully developed trailing vortex core.

The computational time requirements for the vortex roll-up studies with the VLM limit the scope
of the studies. This has motivated the author to continue to develop a method for correcting the radial
movement of vortices during the tangential movement of each time step. This will allow the time steps
to be increased and the wake roll-up simulations made more quickly, without sacrificing the numerical
control of the invariants of vorticity.
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Figure 4.1 Velocity profile from wake traverse via numerical scan through voriex core region using 3

rows of 100 vortices, b.1.t.=0.050, t=0.01s
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Figure 4.2 Velocity profile from wake traverse via numerical scan through ‘¢ .ex core region using 3

rows of 100 vortices, b.1.t. =0.050, t=0.10s
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Figure 4.3 Velocity profiles with 1 row of U0 vortices at t=0.00 and h.L.t. = 0.010,
0.050, 0.100
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Figure 4.4 Velocity profiles with 1 row of 300 vortices at t=0.01sand b.1.t. = 0.010,
0.050, 0.100
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Velocity Profile through Vortex Core
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Figure 4.5 Velocity profiles with 1 row of 300 vortices at t=0.02s and b.1.t. = 0.010,
0.050, 0.100
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Figure 4.6 Velocity profiles with 1 row of 300 vortices at t=0.10s and b.L.t. =0.010,
0.050, 0.100
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Velocity Profile through Vortex Core
{ 1 row of 300 vortices, time = 0.50 sec )
20.00 -
1\: ]
\E] ‘I0,00:
> i
g
:
- -
E -
§ 0.00
o ;.
c

2 ]

] 1. = 0.010

T e b.. = 0.050

1 --- bl = 0100

—-10_00-'-..w..v.....-.;‘r”.....;.r.,v.....-,v,.v,..'.'.
4.40 450 460 4.70 4.80 4.4,
Spanwise Location (m)

Figure 4.7 Velocity profiles with 1 row of 300 vortices at t=9.50s and b.1.t. N 1.010.‘
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Velocity Profile through Vortex Core
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Figure 4.9 Comparisons with b.1.1. = §.05C and vcrious numbers of TOWS G/ vorices
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Figure 4.10 Comparisons with b.1.t. = 0.050 and various numbers of rows of vortices
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Velocity Profile through Vortex Core
( time = 0.02 , bl = 0.050 )
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Velocity Profile through Vorto- Core
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Figure 4.14 Comparisons with b.l.t. = 0.050 and various numbers of rows of vortices
at t=1.00s
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Roll Up of Vortex Sheet

5 rows of 100 vortices at Time = 0.00
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Figure 4.17 5 rows of 100 vortices, b.l.t. = 0.050, at t=0.00s.
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. 4.18 5 rows of 100 vortices. b.l.t. = 0.050, at t=0.01s
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Figure 4.19 5 rows of 100 vortices, b.L.t. = 0.050, at t=0.02s
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Roll Up of Vortex Sheet
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Figure 4.20 5 rows of 100 vortices, b.l.t. = 0.050, at t=0.05$
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Figure 4.21 5 rows of 100 vortices, b.l.t. = 0.050, at t=0.10s
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Roll Up of Vortex Sheet
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Figure 4.22 5 rows of 100 vortices, b.l.t. = 0.050, at t=0.50s
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Figure 4.23 5 rows of 100 vortices, b.L.t. = 0.050, at t=1.00z
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Roll Up of Vortex Sheet
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Figure 4.26 3 rows of 100 vortices, b.L1.t. = 0.050, at t=0.01s
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Figure 4.27 3 rows of 100 vortices, b.L.t. = 0.050, at 1=0.02s
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Roll Up of Vortex Sheet
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Figure 4.28 3 row« of 30 vortices. b.Lt. = 0.050, at t=C.05s
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Figure 4.29 3 rows of 100 vortices, b.l.t. = 0.050, at t=0.10s
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Roll Up of Vortex Sheet
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ﬁg—ﬁrt-: <35 3 rows of 100 vortices. b.l.t. = 0.050, at t=0.50s
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Figure 4.31 3 rows of 100 vortices, b.1.t. = 0.050, at t=1.00s
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Roll Up of Vortex Sheet

2 rows of 100 vortices ot Time = 0.01
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Figure 4.33 2 rows of 100 vortices, b.L.t. = U.050, at t=0.01s
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Figure 4.34 2 rows of 100 vortices, b.1.t. = 0.050, at t=0.02s
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Roll Up of Vortex Sheet
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Figure 4.35 2 rows of 100 vortices, b.1.t. = 0.050, at t=0.05s

Roll Up of Vortex Sheet

2 rows of 100 vortices at Time = 0.10
0.25

0.15

0.08

seppaataleataaxaaelaa sl

|
o
(o]
w\

1

Vertical Position (m)

-0.15

aaaa et elaes

-0.25 TTTTYroy TTYTTTT T T Ty T Ty T T v v rrereg

50 4.60 4.70 4.80 4.90 5 00
Spanwise Position (r)

Figure 4.36 2 rows cf 100 vortices, b.1.t. = 0.050, at t=0.10s
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Roll Up of Vortex Sheet
2 rows of 100 vortices ot Time = 0.50
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Figure 4.37 2 rows of 100 vortices, b.l.t. = 0.050, at t=0.50s
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Figure 4.38 2 rows of 100 vortices, b.L.t. = 0.050, at t=1.00s
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Figure 4.41 1 row of 300 vortices, b.1.t. = 0.050, at t=0.01s
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Figure 4.42 1 row of 300 vortices, b.l.t. = 0.050, at 1=0.02s
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Roll Up of Vortex Sheet

1 row of 300 vortices at Time = 0.05 s
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Figure 4.43 1 row of 300 vortices, b.L.t. = 0.050, at t=0.05s
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Figure 4.44 1 row v 300 vortices, b.1.t. = 0.050, at t=0.10s
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Roll Up of Vortex Sheet
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Figure 4.45 1 row of 300 vortices, b.l.t. = 0.050, at t=0.5Cs
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Figure 4.46 1 row of 300 vortices, b.l.t. = 0.050, at t=1.00s
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Roll Up of Vortex Sheet
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Figure 4.47 1 row of 300 vortices, b.l.t. = 0.050, at t=5.00s
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Figure 4.48 1 row of 300 vortices, b.1.t. = 0.050, at t=10.00s
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Roll Up of Vortex Sheet
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Figure 4.51 3 rows of 100 vortices, b.l.t. = 0.100m, at 1=0.01s
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Figure 4.52 3 rows of 100 vortices, b.l.t. = 0.100m, at t=0.02s
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Roll Up of Vortex Sheet
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Figure 4.53 3 rows of 100 vortices, b.l.t. = 0.100m, at t=0.05s
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Figure 4.54 3 rows of 100 vortices, b.1.t. = 0.100m, at t=0.10s
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Roll Up of Vortex Sheet
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Figure 4.55 3 rows of 100 vortices, b.1.t. = 0.100m, at 1=0.50s

Roll Up of Vortex Sheet
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Figure 4.56 3 rows of 100 vortices, b.l.t. = 0.100m, at t=1.00s

182



CHAPTER 5

ANTI-ICING FLUID DEPOSITION
on RUNWAYS!

5.1 INTRODUCTION

This research project involved the computer simulation of the movemeni of anti-icing fluid droplets
in the wake of three aircraft which were considered typical for the Canadian operatior: during the use of
anti-icing fluids. The focus was to determine the fluid movement and the resulting lateral distribution of
the deposition of anti-icing fluid on the ground. The anti-icing fluid movement in the wake of these aircraft
is modelled during the aircraft's take-off ground run. Finally the resulting fluid deposition on the ground
surface is determined, giving the depth of the fluid and the distribution cf the fluid on the runway and the
adiacent ground surface. The researcher has developed programs for aircraft spanwise load distributions

and for the spray movement and final deposition.

The three aircraft studied include the BOEING 737-300. BOEING 747, and the Airbus A320.
Information regarding the spanwise wing loading for these aircraft within ground effect for representative
phases of the take-off roll was unavailable. Hence, deiermining the wing loading for each aircraft
composed the first phase of the research. For that phase, the aircraft wing geometry and performance was
determined or specified for various conditions of the ground take-off run. This included the spanwise
variation of the slat and flap deflections, giving the lift curve information for all spanwise locations. The
wing geometry combined with the aircraft velocity data, the induced velocity field due to the wake (which
was assumed rigic for the spanwise loading calculations), and the atmospheric conditions was sufficient to
then determine the spanwise wing loading using a vortex lattice method.

Once the spanwise wing loading for each aircraft was calculated (based on a rigid wake, i.e. a
trailing vortex system which was not rolling up), the wake 10ll-up and development was determined. The

1 A version of this chapter was presented at the 5th CASI Aerodynamics Symposium, Canadian Aeronautics
and Space Institute 42nd Annual Conference. Montreal, Quebec. May 08-10, 1995.
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method used represented the trailing vortex system (the aircraft wake) as a system of semi-infinite vortex
filaments trailing from the wing. Then for the wake roll-up the vortex filament movement within the
induced velocity field was modelled using an Explicit Eulerian approach.

Finally, the anti-icing fluid movement in the developing wake was calculated, using a Lagrangian
method to track particle movement and deposition. For part of this study, the information concerning the
drop size spectrum for the anti-icing fluid was unavailable. As a result, the assumption was made that the
anti-icing fluid leaves the wing in droplet form in pre-determined sizes. Hence the simulations were done
for fluid droplet sizes deemed to be representative of those typical for the temperature conditions during
the fluid usage (drop diameters of 100xm and 200um). Later in the study information concerning the
dropsizes for both Type I and II anti-icing fluids became available for the BOEING 737 aircraft take-off
run. Type I fluids gave drop diameters ranging from ~150um to ~213um and Type H fluids gave drop
diameters ranging from ~940um to ~ 1110um at the two aircraft speeds modelled during the take-off run.
This data was interpolated and extrapolated as needed to supply information for the Airbus A320 and the
BOEING 747 take-off runs.

The tinal results of the research are in the form of anti-icing fluid particle movement (or droplet
trajectory) plots, as well as plots of the ground deposition of anti-icing fluid laterally (i.¢. in a spanwise
direction) across the runway and adjacent areas. The plots showing the anti-icing fluid droplet movement
trajectories, as well as the plots of spanwise distribution of anti-icing fluid were used as a means of
evaluation. Final tabulated results show the amount of anti-icing fluid which lands on the 200 foot wide
runway. The results are given as percentages of the initial fluid which leaves the aircraft at any location
along the runway. As well, the calculations provided a measure of the amount of anti-icing fluid which
can be considered to be lost as an aerosol to the atmosphere, again given as percentages of the initial fluid
which leaves the aircraft at any location along the runway.
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5.2 THE RELEVANT THEORY

5.2.1 Theory for the Wing Loading and the Trailing Vortex Wake

The vortex lattice method (VLM) was used to determine the wing loading and the development
of the vortex wake. The reader is referred to Chapter 3 for a description of the VLM.

5.2.1.1 Vortex Sheet Roll-Up

This study considers the drop movement in the wake of the aircraft, therefore the roll-up and
development of that trailing vortex sheet must be considered. Vorticity is first shed from the trailing edge
region of the wing as a vortex sheet. The circulation distribution, T'(y), on a three dimensional wing is
determined largely by the planform, airfoil shape, wing twist, and flap deflection along the span. Hence,
those parameters of the wing determine dl(y)/dy, also. The vortex sheet starts to roll up at local
maximums of dI'(y)/dy (Donaldson er al., 1974). For conditions of a smooth planform and no flap
deflection, the vortex sheet rolls up, starting at the wing tips, into two discrete vortices trailing the wing.
With the flap deflection for take-off conditions, there is more than one center of vorticity roll-up in the near
wake. The ched vortex sheet rolls up starting at the positions of the local maximum dI'(y)/dy, specifically
at the tips of the flaps and at the wingtips, into discrete vortices. These later amalgamate into a trailing
vortex from each semi-span, giving the more familiar pair of counter rotating tip vortices one from each
semi-span. Figure 5.1 shows a general idea of the vortex sheet roll-up for the conditions of a smooth

planform and no flap deflection.

A wing with flap deflection will produce a multiple core vortex system, in the early stages. In
these early stages of the wake development, the local centers of vorticity determine the local vortex core
development. These vortex cores will wrap or rotate around each other in the wake. A feature to note
with this multiple vortex is that when the vortices rotate around each other, alternately one vortex core then
the other descends downward more than a single shed vortex would have. This is significant in the
movement of fluid droplets near the ground plane. Later in the wake development downstream, the center
of vorticity of the wing semi-span as a whole is dominant, and the multiple vortex cores merge to become
a single vortex core per semi-span.

5.2.1.2 The Induced Velocity of a Vortex

The development and movement of the aircraft wake is determined largely by the induced velocity
field of that wake (i.e. the shed vortex sheet). Also note that the movement of any anti-icing fluid drop
is determined by this same induced velocity field. As will be discussed later, the trailing vortex filaments
are modelled as semi-infinite line vortices, parailel to the longitudinal axis of the plane, with a Rankin
core. The bound vortices are modelled as finite vortex elements.
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5.2.1.3 Ground Plane Effects

For an aircraft free of nearby boundaries, the center of vorticity of each wing which is similar in
nature to the center of gravity, would remain at a constant spanwise location during the roll up process.
However, for the conditions concerning the anti-icing fluid movement, i.e. during the take-off ground run,
the actual pattern of vortex sheet roll up is influenced greatly by the nearby ground plane. When an
aircraft is near the ground, the presence of the ground restricts the downward airflow from under the wing.
For theoretical equivalence the method of image vortices can be used. It should be noted that the image
vortex method neglects the viscous effects concerning the lateral airflow outboard from under the wing,
which may result in the production of secondary vortices. Under the image vortex method, the ground
plane is modelled with a set of mirror image vortices (where the ground plane itself acts as a reflecting
mirror). Thus, the method of image vortices is used to ensure zero normal flow through the ground plane,
but also shows the increased spanwise outboard flow from under the wing. Image vortices mirror both the
bound and trailing vortex system.

5.2.2 Theory for the Droplet Movement

5.2.2.1 Drag Theory As Applied To Droplets

The theory for drag on droplets has been quite well developed in the past few decades. This has
been the result of research for the application of sprays using nozzies, and as a result of the desire to
improve understanding of the formation and development of clouds in the atmosphere. For the purposes
of this study certain assumptions are made about the anti-icing fluid dropless themselves. The majority
stem from the fact that most droplets of concern with anti-icing fluid are less than 1200 microns in
diameter, Dy, as discussed later under drop size assumptins. Others are more related to the movement
of the mass of the anti-icing fluid droplets after departure from the wing. Appendix 5.A gives a more
complete coverage of the assumptions for the computer model for droplet movement.

There are two forces on the droplet which dominate its motion, that due to gravity and that due
to drag. Hence the droplet movement is determined by these two forces and the inertia of the droplet.
Gravity has the obvious effect of pulling the drop toward the ground. The drag force on the drops tend
to move the drops along with the local airflow. The resultant drag force, 17, on the droplet is due to the
relative velocity of the droplet with respect to the air, V,,. Since the droplets which are being considered
are generally less than 1000 microns, they are assumed to remain perfectly spherical in shape. Note that
the Type II anti-icing fluids produce drop diameters in the 1000 um range, however only slight changes
in the drag coefficient would occur. The non-spherical condition is neglected since the error introduced
for that assumption is small in light of other approximations made in determining the size of the fluid
drops. Consequently, the fluid drops can be treated as rigid spheres which simplifies the calculation of the
drag coefficient of each drop, Cp. Under that assumption,
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Note that the function for C, = f(R,) is based on a steady state drop model. That means that the C,, used
is for a drop at a constant R,. The deceleration of the drop will have a small effect on the Cp, such that
the C,, in the steady state case will tend to under predict the Cy, of a decelerating drop. However, this is
a very small amount and not entirely known, therefore the influence of the deceleration of the drop is
neglected for calculations of the Cp. See Appendix S.A for the equations used to determine the relation

for C, = f(R,).

Additionally, the assumption is made that each droplet of fluid leaving the wing is acted on
independently of all other droplets. This means that the wake of one droplet does not affect the movement
of the next droplet. This simplifies the individual droplet drag calculations so that each droplet is treated
as being the only droplet in the wake.
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5.3 THE COMPUTER MODELS

The research invelved the computer simulation of anti-icing fluid movement in the wake of three
aircraft. The modelling was done in two stages. The first stage involved determining the wing spanwise
ioading for each of the aircraft. Based on that spanwise load distribution, the trailing vortex wake was
modelled for each of the aircraft at two speeds representative of their take-off ground roll. (These two
speeds were chosen based on an approximate speed at which the anti-icing fluid first started flow-off and
another speed just prior to rotation.) The second stage involved the anti-icing fluid movement simulation.
The fluid droplet movement in the aircraft wake was calculated by using data generated concerning the
vortex wake development from the first program. The following pages briefly describe the two programs.
Appendix 5.B provides information regarding the program which is used and the input and output files.

5.3.1 The Computer Model for the Aircraft Wing Loading and the Wake

5.3.1.1 The Aircraft Wing Loading and the Vortex Lattice Model

The model used for determining the aircraft wing loading is a simplified vortex lattice model with
a rigid wake. By the term "rigid wake" it is meant that the trailing vortex filaments remain in their initial
positions attached to the wing and trail off to infinity. Hence, the induced velocity field used in
determining the wing loading is that due to those trailing vortices while attached to the wing. Figure 5.2
shows the main set up of the vortex lattice system on the wing. The wing spanwise circulation distribution
and loading is determined by simultaneous solution of the equations for I(y) = pVI(y). where T(y) is
dependent on C,(y) which is dependent on the induced velocity at y, which is itself dependent on I'(y). The
total circulation contained in the system of trailing vortex filaments from each wing is equal to the total
circulation generated by the wing. The local circulation at any spanwise location of the wing is considered
to be produced by the bound vortex element, which is a vortex element located at 25 percent chord of that
spanwise element. The spanwise extent of each bound vortex element is determined by the initial spanwise
separation of the two trailing vortex filaments, where the initial separation is determined by the spanwise
Ciscretization method. The one vortex filument trails off the inboard side of the spanwise element, while
the other vortex filament trails off the outboard side of the spanwise element. These trailing vortex
filaments are attached to the wing at 25 percent local chord so as be continuous with the bound vortex
elements.

The aircraft wake model is based on a standard take-off operation such that each aircraft is
travelling along the runway prior to rotation. As a result, the aircraft is not producing lift equal to its
weight and the aircraft is basically level with the ground while it is travelling during the ground roll. This
means that the angle of attack of the wing is determined by the wing incidence, along with the aircraft
velocity and the induced velocity field generated by both the bound and the shed vorticity, and the image
vortex system. Note that any headwind component is neglected and only the crosswind component is taken
to be a concern. The instantaneous aircraft speed is used to determine the conditions at a given position
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along the take-off run. The spanwise loading is determined by the spanwise circulation distribution and
a rigid wake. Then once the loading is determined, the wing sheds vorticity which rolls up starting at the
positions of maximum rate of change of circulation with spanwise location, specifically at the tip of the
flaps and at the wingtips into discrete vortices which then amalgamate into two counter rotating tip vortices,

one from each wing semi-span.
5.3.1.2 The Trailing Vortex Wake Model

Once the spanwise loading is determined the discretized trailing vortex sheet is then allowed to
roll-up beyond the trailing edge of the wing. The movement of the trailing vortex filaments was modelled
using an Explicit Eulerian approach. Fluid theory shows that the vortices in a fluid will be convected with
the induced flow field. The induced velocities are calculated in the same manner as given in Appendix 3.A
and Chapter 3 (section 3.2.1.3) for the induced velocity of a vortex. Therefore, for the trailing vortex
wake movement, the air velocity at each vortex filament is calculated for the positions where the vortices
are initially located, then the trailing vortex filaments are moved to their new position at the end of the time

step. At, and so on.
5.3.1.3 The Ground Plane Model

As indicated earlier, the ground plane is modelied using the image vortex method. Although the
acrual runway will have a slight crown, the assumption is made that the ground plane is a flat horizontal
plane. For this method, image vortices are used which are of the same magnitude but opposite sign to that
of the real vortices. These image vortices are located on a line which runs perpendicular to the ground
surface through the real vortices, and at a distance below the ground surface equal to the perpendicular
distance of the real vortex above the ground plane. Thus, the method of image vortices is used to ensure
zero normal flow through the ground plane. At the same time there is an increased spanwise outboard flow
from under the wing. Image vortices mirror both the bound vortex elements and each of the vortex
filaments in the trailing vortex system. Hence, the resultant induced velocity field which affects the wake
development and the anti-icing fluid movement is due to the total number of real plus image vortices

modelled.

As discussed in the literature review of Chapter 2, trailing vortices in the vicinity of the ground
plane cause the formation of secondary vortices. However, since these seem to be most relevant for longer
time frames than for the movement of most anti-icing fluid drops, the influence of the secondary vortices
and the vortex bounce phenomenon is not included in this study.

5.3.1.4 Tail Plane Effects
For this model, the effects of the tail are neglected. Hence, ia both the computations for the wing

loading and the trailing vortex wake, as well as those for the anti-icing fluid movement in the wake, the
vortex system from the tail is not considered. The tail rudder is assumed to be in a neutral position, even
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for crosswind take-off conditions. In that case the rudder will produce no side loads and hence shed no
wake. /s well, during the ground roll for each aircraft considered for this report. the assumption is made
that the horizontal tail plane is not producing any lift, positive or negative. In flight, the tail produces a
negative lift force as a consequence of longitudinal stability requirements. Asa result of the negative lift,
a vortex system will develop, similar in nature to that of the main plane, but of opposite sign. The wing
must produce an additional amount of lift to counter the negative lift of the tail. Hence, the lift of the wing
can be considered to be equal to the all up weight of the aircraft, and the increased circulation of the wing
will be cancelled by the circulation of the tail. The effects of the tail plane of a conventional aircraft, on
the wake of the aircraft, can usuaily be neglected since the contribution is small compared to that of the
main wing (in the order of 10 percent).

5.3.1.5 The Fuselage Effects

In the computations for the wing loading and the vorticity distribution, the fuselage for the each
of the aircraft is modelled in that the wing is considered to extend through the fuselage. However, the
fuselage is not considered to produce significant lift. Hence, the wing lift is decreased linearly from the
wing root to the aircraft centerline.

Another significant effect of the aircraft fuselage would be to shelter or block crosswind effects
on droplets before they have passed the tail of the aircraft. The blocking effect of the fuselage on the
crosswind is unknown and entirely neglected in this model. As a result, the fluid droplets will be affected
by any crosswind immediately after leaving the wing.

5.3.1.6 The Aircraft Engines

The aircraft engines pr.cuce the thrust to propel the aircraft. Hence, obviously, the engines
produce localized but strong longitudinal air velocities. However. for the purposes of this study the
longitudinal displacement of the anti-icing fluid along the runway is not of any significant corcern.  Also
concerning the engines, although not strictly true, the lateral air flow is treated as independeni of the
longitudinal air flow due to the engines. Some lateral or crossflow velocities may be associated with the
large rate of air entrainment due to the jet engines on these aircraft. However, this information was
unavailable for the current study. Also, in light of other approximaticn made for this study, the effect of
the jet engines on the lateral dispersion of anti-icing fluid is not likely significant, hence neglected for this
study.

The aircraft engines may have an influence on the drop sizes in the regions near the jet efflux.
The high velocity fields generated may contribute to break up any large droplets tha: may leave the wing.
Since no information was available concerning this phenomenon, this factor is neglected in the model.
Therefore, the fluid droplets are assumed to remain constant in diameter after the anti-icing fluid flow-off.
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5.3.2 The Computer Model for the Droplet Movement

5.3.2.1 Fluid Droplet Movement

The computer model for the fluid drop movement is based on a Lagrangian method. The essence
of the Lagrangian method is that each of the fluid drops or particles is stepped through space in discrete
increments of time. For each drop simulated, at each time step the drop’s position and velocity are used
t0 determine its acceleration. Then the drop is stepped to its next time step location using the acceleration
and velocity at the previous location. Note that this is done for each and every drop until the end of the
simulation. Hence, approximately 1000 drops are used to represent the fluid shed from the wing, then the
results can be scaled linearly to fit any actual flow-off rate and aircraft velocity.

The initial conditions (location and velocity) for each drop simulated are determined by the point
of release of the drop from the wing. Then drop location is used to determine the induced velocities at that
drop. The relative velocity of the drop to the air at the drop location is determined by the drop velocity
combined with the induced velocities and crosswind. The relative velocity is then used to calculate the
drop’s Reynolds number and then the drag coefficient for each drop. From inat the drag force on the drop
is calculated. Then the drop acceleration and a new drop velocity and location calculated for the end of

that time increment.

A Runge-Kutta fourth order method is used for the integration. The efficiency is not the best for
a fixed time step. However, for use in this model a variable time step is employed. The time step is
modified hased on the change in the droplet Reynolds number each time interval. Continually making the
time step size modification allows the method to be reasonably fast while still maintaining accuracy of drop

movement.
5.3.2.2 Induced Air Velocity at the Droplet Position

The induced air velocity at each drop location is calculated in the same manner as that for the
induced velocity for the wake development. Thus, the number of calculations per drop is proportional to
the number of trailing vortex filaments (and bound vortex elements). This reason required using a
minimum number of trailing vortex filaments which would give a satisfactory measure of span loading,
while yet being manageable for tke drop movement calculations. The calculations for the wing loading and
the wake development was done using 45 vortices per semi-span.

In the near wing condition, all components of vorticity are used to determined the induced flow
field at a drop. However, in order to improve computational speed the model was simplified once the
drops were a significant distance behind the aircraft. After a short time of modelled drop movementi (two
seconds, somewhat arbitrarily chosen) the influence of the bound vortex elements is neglected. The
contribution from those elements is very small at that time and the calculation of that insignificant
contribution is expensive computationally (that being even more than for the trailing vortices). For
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instance, after two seconds the BOEING 737-300 will have moved forward 79 m at the lower speed and
113 m at the higher speed. Recall that the induced velocity for a vortex decreases as 1/r. Therefore. the
induced velocity due to the bound vorticity (which are finite length vortex elements) will be much less than
that due to the trailing vortices which are acting almost like infinite line vortices at that time and typically
have their axis closer to the drops in the more distant wake.

5.3.2.3 Deposition Calculations

The anti-icing fluid drops are tracked until they hit the ground or for the first 20 seconds of their
modelled movement, which ever comes first. The time of 20 seconds is used since it was found that at
that time most significant drop movement was complete. The drops which do not impact the ground plane
in the first 20 seconds are considered to remain airborne and are lost to the atmosphere. During the
simulation, the location of each droplet is recorded every 0.25 seconds of modelled time, and used later
to plot the drop trajectories for each aircraft and configuration. Finally, the lateral deposition of the anti-
icing fluid is calculated for the drops which landed and were deposited on the ground. This information
is then used to plot the spanwise deposition patterns, and then tabulare the percentage of the initial fluid_
which lands on the runway and the percentage of the initial fluid which is considered lost.

5.3.3 Computer Model Verification

The simulation of the anti-icing fluid movement involves two distinct problems, the wing loading
and vortex wake roll-up, and the fluid drop movement within that wake. Therefore the verification of the
computer model is done in two steps. The first will examine the validity of the calculated wing loading,
the shed vortex wake and the ensuing vortex wake development. The second examines the movement of
the anti-icing fluid drops within the velocity field of the vortex wake and the atmospheric influence.

5.3.3.1 Aircraft Wing Loading and Vortex Wake Model

Determining the wing spanwise loading for each of the aircraft was the first step towards
calculating the drop movement. However, each aircraft uses airfoils developed by the respective companies
and thus due to the proprietary nature of the information, the exact data concerning the lift curves for
various take-off flap settings was not available. Hence, as will be discussed further in the section
concerning conditions modelled, the performance of the aircraft wings was approximated by specifying the
lift curves at the different spanwise locations.

The flap settings for each of the aircraft was determined by consulting the Aircraft Flight Manual
or Operations Manual for the respective aircraft. Appendix 5.C gives all of the information needed and

used for the simulation of each of the aircraft.

The calculated wing loading is as expected for these aircraft under these take-off conditions with
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the flap settings chosen. As well, as shown in Appendix 5.C the calculated Cp., at the stall speeds
corresponds well with information gleaned from other references concerning each of these aircraft. This
reasonable correlation lends credibility to the results of this portion of the computer model dealing with
calculating the wing loading. Further discussion is given in the results section, later.

The initial vortex wake structure is dependent on the wing loading. The ensuing wa.e
development is then dependent on the initial vortex wake structure and its self-induction within ground
effect. The results section shows samples for these aircraft, which are consistent with other works in the
related area of aerial spraying. The results here are consistent with those found by Donaldson ez al. (1974)
for a wing with flaps, although those r-sults do not include any ground effect.

Note that the phenomenon of the wake movement while the aircraft is still on its ground roll is
not typically modelled. The usual case is tc model the wake development in free flight conditions far from
the influence of the ground plane. Occasionally, modelling of the wake is done for spraying conditions
where the aircraft is flying near but still above the ground.

5.3.3.2 Drop Movement Model

Precise verification of the model is difficult since this appears to be the first computer simulation
research to be done examining the ground deposition of anti-icing fluid. Some very crude observation of
ground deposition has been made, however actual measurement of depth of deposition has not yet taken
place. These two reasons were the mnain motivation for this phase of the research program. (Note that
funding for this research and much information was made available by the Dryden Commission of

Transport Canada.)

Comparisons with existing data from aerial spraying operations research is of limited usefulness.
However, some will be done to give a qualitative confirmation of the reasonableness of the results.

The work by Morris, er al. (1984) shows some experimental deposition information for an
AgTruck aircraft. The reasonableness of modelling aerial spray deposition even using a very simple
horseshoe vortex system has been shown by Merkl (1989). That study examined a spray aircraft which
was considered to have simp'e wing geometry with no flap deflection. Merkl (1989) showed that spray
deposition could be reliably modelled with a much simpler model. This was because the spray movement
happened after much of the vortex system had rolled up in to the two trailing vortices.

For a previous model used by the author (Merkl 1989), the trailing vortex system was modelled
using discrete trailing vortices 'ocated at an initial separation given by the center of vorticity for the wing.
That research involved aircraft with simple wing geometry and no flap deflections, such that single vortices
were produced from each wing. The time for vortex sheet roll up is significant, but with regards to the
average time for droplet movement it could be neglected. The separation of the trailing vortices could be
calculated exactly, for aircraft of various loadings. For example, in unconjined flow conditions, ie. far
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from the ground. for an elliptically loaded wing the initial lateral vortex spacing is (7/4) X Span or about
78% Span. Using that method provided very good correlation with actual spray deposition results from
NASA research using a Cessna AGtruck spray plane (Merkl, 1989). Using the improved distribution of
discretized trailing vortex filamenss has enhanced the accuracy of deposition calculations.

Some of the reasons will be presented for the differences tetween the current problem of anti-icing
fluid deposition and that of aerial spraying.

Some of the differences involved are concerning the aircraft used. For aerial spraying operations
the aircraft are generally (if not always) flown in a clean configuration. That mears that the spray aircraft
have flaps retracted, producing a relatively simple geometry and wing load function. The aircraft which
are studied here are typical of those uced when anti-icing fluid is applied. These are the BOEING 737-300.
BOEING 747. and Airbus A320. For the condition of take-off ground run the aircraft will invariably have
their flaps deployed for take-off position. The two BOEING aircraft use a triple sloted trailing edge main
flap and a leading edge slat. The A320 uses a single slotted trailing edge main flap and a leading edge slat.
These complex geometries produce a much more complex trailing vortex wake. Of particular note is that
the wing loading over the region of the main flaps will be substantially increased with the flaps deployed.
This will produce a strong gradient in the circulation distribution on the wing and hence lead to a strong
trailing vortex at that location. In contrast, the simple wings of the typical spray plane will typicaily have
the strongest vortex develop in the wing tip region. This will have significant ramifications for the
movement of drops in the wake.

Another factor is that in the anti-icing fluid deposition study all of the aircraft are jet aircraft.
Aerial spray aircraft are predominantty propeller driven. The jet engines of the jet aircrafi are designed
to produce thrust with minimum swirl velocity since that would be a waste of energy. However, the
propeller produces a significant swirl velocity in its wake. This propwash has a significant effect on the
spray movement. The effect is generally countered by asymmetric nozzle placement on spray planes.
Comparison with aerial spray results would necessarily have to consider this very significant phenomenon.

The matter of the fluid distribution is also a problem for consideration. For an aircraft with the
anti-icing fluid applied the fluig distribution is intended to be of uniform thickness over the entire wing.
Assuming that the fluid flows in the chordwise direction and off the trailing edge of the wing, this means
that the volume of fluid flow-off at any spanwise location is dependent on the wing chord at that location.
For spray operations, the spray is typically released much more uniformly across the span of the wing.
The result is that the case of the anti-icing fluid will produce a much greater deposition near the centerline
or wing root.

The location for initial anti-icing fluid flow-off is not clearly known. Most of the fluid flows oft

at the trailing edge of the main section of the wing chord, and some leaves from the flap region and trailing
edges. For aerial spraying, nozzles are typically attached below and perhaps behind the trailing edge of
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the wing. The distance may be as much as 0.5m below the wing trailing edge. This difference has a lot
of impact on the initial air velocity to which the drops are subjected.

The anti-icing fluid flow-off velocity is basically in the local freestream direction and the
magnitude is much less than that of the free stream velocity. The spray plane nozzles impart a
predetermined initial velocity to the spray. The significance is that the initial velocity is usually not in the

free stream direction.

The drop sizes of anti-icing fluids in flow off are also a matter of some uncertainty. However,
the study examined cases using the recommended sizes and also used some hypothetical sizes ranges in
order to broaden the research results.
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5.4 CONDITIONS MODELLED

Now that some of the background theory and computer models have been considered, the specific
conditions and variables which were modelled will be examined in greater detail. These conditions include
those involving each of the aircraft, the anti-icing fluid and its movement and deposition, and the
atmospheric conditions. For each of the aircraft the general performance conditions are given, as well as
the airfoil data for the wing sections, and the take-off flap and slat settings. For the anti-icing fluid,
consideration was given to the initial fluid distribution on the aircraft, the initial conditions for the fluid
drop movement, and various other conditions pertinent to the drop movement. Next, the specifics involved
in determining the anti-icing fluid spanwise deposition patterns are considered. Finally, the atmospheric
conditions are dealt with which are of concern to the fluid movement.

5.4.1 Aircraft Variables and Conditions

5.4.1.1 Aircraft General Conditions

Three aircraft are modelled which are considered to be typical of those used in the Canadian
operation during the use of anti-icing fluids. These are the BOEING 737-300, BOEING 747, and the
Airbus A320. The aircraft were modelled in typical take-off configurations during their respective ground
rolls. Table 5.1 summarizes the conditions modelled. (The complete sets of information and statistics
which were used to model the each of these aircraft is given in Appendix 5.C)

The aircraft were modelled at a typical take-off weight as determined from the Operations or
Flight Manuals for each of the aircraft. Note that the weight is not necessarily the maximum take-off
weight for the conditions, but merely an upper range value for the weight which was thought to be
representative for the conditions typical for the periods of operation during the use of anti-icing fluid.

Considered next were the two ground roll speeds used for each aircraft. For each aircraft a low
speed of 75 knots was used since the early stages of anti-icing fluid flow-off typically occur at least by that
speed. The other speed is different for each aircraft. The higher speed for each aircraft is one which is
lower than the rotation speed, Vg, but higher than the aircraft stall speed gear up, V;. For the BOEING
737-300, that speed is 56.625 m/s (110 kt). For the BOEING 747, that speed is 77.216 m/s (150 kt). For
the Airbus A320, that speed is 66.921 m/s (130 kt). The higher speed is used since the anti-icing fluid is
required to be essentially off the wing prior to lift off. Hence, these two speeds bracket the range of
concern for the anti-icing fluid movement. (Note that the odd values for the speeds given in ST units are
used to equate to the speeds given in Imperial units.)

196



Table 5.1: Aircraft and Basic Conditions Modelled.

Take-Off Mass
(Weight)

Aircraft Velocity

BOEING 737-300 V = 56.625 m/s 47 000 kg 15°
(110 kt) (460 913 N)
V = 38.608 m/s (103 617 Ib)
(75 kt)
BOEING 747 V = 77.216 m/s 335 658 kg 10°
(150 kt) (3291 681 N)
V = 38.608 m/s (740 000 1b)
(75 kt)
Airbus A320 V = 66.921 m/s 70 000 kg 15°
(130 k¢) (686 466 N)
V = 38.608 m/s (154 324 1b)
(75 ke)

5.4.1.2 Airfoil Data for the Wing Sections

Each of the aircraft studied use airfoils developed by the respective companies. Due to the
proprietary nature of the information, the exact data concerning the lift curves for various take-off flap
settings was not available. Hence, performance of the aircraft wings was approximated by specifying the
lift curves at the different spanwise locations. Some information was gleaned from papers presented at the
AGARD Symposium on High-Lift Systems Aerodynamics (AGARD CP-415), October 1992. Those papers
included the ones by Flaig and Hilbig (1992), and others. Also, data regarding the performance of a single
slotted flapped airfoil has been acquired in past studies in the University of Alberta wind tunnel. Data from
the University of Alberta wind tunnel shows that a value for C,, = 1.7 is not unreasonable even for a
single slotted flap at a flap angle, &; = 15°. The leading edge slats affect the maximum lift coefficient,
Cru. Of the wing section but are considered to not affect the zero angle of attack lift coefficient, C.. For
a particular airfoil section, neither the slat nor flap settings significantly influence the lift curve slope,
dC,/da, however the flaps do affect the zero incidence lift coefficient, C,,, and they both affect the
maximum lift coefficient, Cp,.,. The data sets for each of the aircraft reflect this.

5.4.1.3 The Take-Off Flap and Slat Settings for the Aircraft and the Corresponding Airfoil Data
The flap settings for each of the aircraft was determined by consulting the Aircraft Flight Manual

or Operations Manual for the respective aircraft. A typical take-off loading was considered. The trailing
edge flap settings were determined for the modelled take-off load. For each of the aircraft, the leading
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edge flap or slat settings are controlled by the flap seitings and are not independently controlled. Once the
spanwise slat and flap settings were determined, that 2-Dimensional information was used to designate the
lift curve slope, dC,/da, the zero incidence lift coefficient, C,,, and the maximum lift coefficient, Cyu,
for each of the spanwise wing sections. Table 5.2 gives the airfoil data used for determining the wing
spanwise loading.

Table 5.2: Aircraft Spanwise Airfoil Settings and Data.

Aircraft Wing Spanwise Section dC /da Cro Cloax
and Flap Settings

BOEING 737-300 | on the main flaps 6.1 2.00 4.0
(a triple slotted flap)
at &, = 15°
Outboard of the flaps, but 6.1 0.50 3.0

still where leading edge
slats are used

Outboard of ailerons and 6.1 0.25 2.5
leading edge slats

BOEING 747 on the main flaps 6.1 1.80 4.0
(a triple slotted flap)
at 6 = 10°
Outboard of the flaps, but 6.1 0.50 3.0

still where leading edge
slats are used

Outboard of ailerons and 6.1 0.25 2.5
leading edge slats
Airbus A320 on the main flaps 6.1 1.70 4.0
(a single slotted flap)
at 6{ = 15°
Outboard of the flaps, but 6.1 0.50 3.0

still where leading edge
slats are used

Outboard of ailerons and 6.1 0.25 2.5
leading edge slats
On vertical winglet 6.1 0.25 2.0

As noted in the previous section, the airfoil data was proprietary to the companies, therefore the
CL.. values given here were chosen due to uncertainty of the actual values. However, as will be shown
in the results, for the ground roll conditions that were modelied, the local wing section C, values did not
reach or approach these specified C,,.. values.

Appendix 5.C gives the overall lift coefficients for each of the aircraft as a whole. These are
calculated based on the exposed wing area with flaps retracted, not the gross wing area.
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5.4.2 Anti-Icing Fluid Considerations

The following sections discuss considerations and assumptions concerning the anti-icing fluid and
its movement which were not covered in the discussion of the particle-wake interaction computer model.

5.4.2.1 Initial Fluid Distribution on the Aircraft Wing Surfaces

During aircraft operations in the conditions requiring anti-icing fluid usage, the anti-icing fluid is
sprayed onto the upper surface of an aircraft wing with an attempt to maintain a uniform thickness of the
layer (approximately 0.030 in (0.76 mm)). As a result, the volume or mass of fluid which leaves the wing
at any spanwise location along the trailing edge is directly proportional to the area from which that fluid
originates. For this research the assumption is made that the fluid at any spanwise location simply moves
longitudinally along the chord of the wing and there is no spanwise fluid flow on the wing. The fluid then
fluws of at the trailing edge of the main wing and the trailing edges of the flaps. For the simulation, this
mez.s that the mass of fluid leaving the wing is dependent on the local chord. Also, the variation of the
mass flow-off rates as a function of location along the span and time were not available for this study.
"“hus the assumption was made that fluid would flow off all locations along the entire wing span regardless

of the aircraft location along the runway.

5.4.2.2 Initial Droplet Locations and Velocities

The initial conditions which govern the movement of the anti-icing fluid drops include the initial
locations of the drops in 3-dimensional space and the initial velocities of the drops as they leave the wing

of the aircraft.

As indicated above, the initial spanwise locations for the anti-icing fluid drops are governed by
the distribution of the mass of the fluid on the wing. (See additional comments under section: Anti-Icing
Fluid Drop Sizes.) Then the anti-icing fluid droplets leave the wing from the trailing edge region.
Actually most of the fluid may leave the wing at the junction of the main wing and flaps (as observed in
video footage from tests at Chicago O'Hare Airport, 1992). For the computer simulations, the assumption
is made that the initial location of the droplets is determined by a hypothetical wing trailing edge location,
see Figure 5.3. That position of the wing trailing edge is given by rotating the local chord through the
angle of attack of the wing (during ground roll this equals the wing incidence). The hypothetical trailing
edge point is then given by the location where the trailing edge of the wing would be with zero flap

deflection.

Another unknown parameter is the initial drop velocity, which is determined by the flow-off
velocity (magnitude and direction) of the anti-icing fluid. For these simulations, the magnitude of the initial
velocity of the fluid droplets has been approximated by Boluk (1994a) for a BOEING 737 take-off run.
For Type I fluid, Boluk calculated the flow-off velocity magnitude relative to the wing to be ~0.80 m/s
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at all aircraft speeds. For Type II fluid, Boluk calculated the flow-off velocity magnitude relative to the
wing to be ~0.25 m/s at an aircraft speed of 38.308 m/s (75 kt), and ~0.38 m/s at an aircraft speed of
56.625 m/s (110 kt). For the Airbus A320 and the BOEING 747, the flow-off speeds wen: assumed to
be the same as that of the B737 at the two speeds (even though the A320 ard 747 have a higher upper
speed modelied). These flow-off speeds were used for emitting fluid droplets from the wing trailing edge.
The initial velocity direction is parallel to the angle of attack of the wing. It wrns out that the initial
velocity is not all that critical since the small droplets (i.e. ~200 pm) reach their terminal velocities in
approximately the first 0.1 seconds. The larger droplets take slightly longer to reach their terminal
velocity, but that still is not important since longitudinal displacement is not of any real concern for the
purposes of this study. Only the vertical component of the initial velocity will significantly influence the
lateral displacement of fluid droplets. Noting that the initial velocity direction is determined by the wing
angle of attack, which equals the angle of incidence during the ground roll, it is clear that the vertical
component of the initial droplet velocity is small.

5.4.2.3 Anti-Icing Fluid Mass and Volume Flow-Off Rates

Boluk (1994a) approximated the anti-icing fluid mass flow-off rates for the BOEING 737 aircraft
during its take-off run. These mass flow-off rates, dm/dt, are for the whole aircraft. For Type 1 fluid,
over the speed range concerned, dm/dt = 2.5 kg/s, for the BOEING 737. Using a fluid density of 1000
kg/m?, this results in a volume flow-off rate, dVol/dr = 2.5x10°% m®/s. Since actual information was not
available for the BOEING 747 and Airbus A320, the flow-off rates for these aircraft were assumed to be
proportional to the BOEING 737 based on the exposed wing area flaps retracted. This gives for the B747,
dVol/d: = 13.25x10° m/s; and for the A320, dVol/dt & 2.99x10° m*/s. Note that for Type I fluid these
volume flow-off rates were applied to both the upper and lower speeds considered.

For Type 11 fluid, on the BOEING 737 at 38.608 m/s (75 k1) dVol/dr = 1.80x10 m*/s, while
at 56.625 m/s (110 kt) dVol/dr = 2.20x10* m’/s. (Again using a fluid density of 1000 kg/m’.) Again,
since actual information was not available for the BOEING 747 and Airbus A320, the flow-off rates for
these aircraft were assumed to be proportional to the BOEING 737 based on the exposed wing area flaps
retracted. This gives for the B747 at 38.608 m/s (75 kt) dVol/dt = 9.54x10° m*/s, while at 77.216 m/s
(150 kt) dVol/dr = 11.66x10° m%s; and for the A320 at 38.608 m/s (75 kt) dVol/dt = 2.15x107 mYs,
while at 66.921 m/s (130 kt), dVol/dt = 2.63x10° m’/s.

5.4.2.4 Droplet to Droplet Interference

The mass of anti-icing fluid leaving the wing is about 63 kg total for the BOEING 737-300, about
335 kg total for the BOEING 747, and about 76 kg total for the Airbus A320. This is based on a fluid
depth of 0.762 mm (0.030 in.) over the exposed wing area for each aircraft. All of the fluid flows off the
wing during the take-off run, prior to rotation. Since, the fluid mass flow-off rate at any location is not
large, the assumption is made that each droplet of fluid leaving the wing is acted on independently of all
other droplets. This means that the wake of one droplet does not affect the movement of the next droplet.
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This simplifies the individual droplet drag calculations so that each droplet is treated as being the only

droplet in the wake.
5.4.2.5 Evaporation From Droplets and Change of Drop Size

For this study, the atmospheric conditions which lead to the use of anti-icing fluid (mainly, high
humidity and temperatures near 0°C) are such that the evaporation from the fluid drops is negligible, and
thus is neglected in the model. Hence, the droplets are assumed to be constant in size during their

movement after flow-off.

5.4.2.6 Anti-Icing Fluid Density

The anti-icing fluid which is used is assumed to be a constant density over the range of
temperatures concerned, -20°C to 5°C. That density is 1000 kg/m®. Any errors introduced through this
assumption will be small since the variation of droplet density with temperature should be rather small,
only a fraction of a percent. (Unlike the variation of air density over the same temperature range.)

5.4.2.7 Anti-Icing Fluid Drop Sizes

The most significant parameter for drop movement is the drop size. Therefore, the drop size was
varied for the study. For the first part of this study, the information concerning the drop size range for
the anti-icing fluid was unavailable. As a result, the assumption was made n .t the anti-icing fluid leaves
the wing in droplet form in pre-determined sizes deemed to be representative of those typical for the
temperature conditions during the fluid usage. The two droplet diameters modelled were 100 pm and 200
pm. The 100 um diameter drops correspond to the smallest sizes considered typical of those flowing off
of the trailing edge of the wings of these aircraft. Note that the first part of the siudy assumed that for
each test case the drop sizes were constant for all drops flowing off the wing at all spanwise locations.

For the second part of the study, information concerning the dropsizes for both Type I and Type
11 anti-icing fluids was available for the BOEING 737 aircraft take-off run from Boluk (1994a). Type |
fluids gave drop diameters ranging from ~150um to ~213um and Type II fluids gave drop diameters
ranging from ~ 940um to ~ 1110um at the two aircraft speeds modelled during the take-off run. This data
was interpolated and extrapolated as needed (Boluk, 1994b) to supply information for the Airbus A320 and
the BOEING 747 take-off runs. (Hence, overall, Type I fluids gave drop diameters ranging from ~ 130um
to ~230um and Type 11 fluids gave drop diameters ranging from ~870um to ~ 1130um at the two aircraft
speeds modelled during the take-off run.) Figures 5.4 and 5.5 show the drop sizes for the two anti-icing
fluid types as a function of chord, for the aircraft involved at the two speeds considered. Note that the
lower speed considered (38.608 m/s or 75 kt) was the same for each aircraft, hence the drop sizes were
the same for the same cherd of each aircraft. However, the second speed for each aircraft was just prior
to rotation and thus was different for each aircraft. Therefore the drop sizes for each aircraft were
differant for the second speed modelled.
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Note this author believes that the drop sizes for Type II fluid are suspect. The information
proviled for these drop sizes were determined by fluid flow-off from a flat plate into a free stream which
was parallel to the flat plate, Boluk (1994b). For the fluid which flows-off from an actual main wing
section, that fluid crosses the flap gap region and may intercept the faster air velocity flowing through the
flap gap region. This fluid flow across the gap would likely lead to the formation of smaller drops, due
to the increased shear on the drop as it intercepts that faster air flow.

This uncertainty of dropsizes for Type II fluid prompted a desire to know the effects of dropsize
variation. Hence, a sensitivity analysis was done for Type I drop sizes flowing off the BOEING 737-300
wing. These were done for the three crosswind conditions. The study examined the effect of taking the
dropsizes given by Boluk (1994a) and multiplying those by the factors 0.25, 0.50, 0.75, and 1.00.

Recall that the amount of fluid flow-off at any spanwise location depends on the chord of iie wing
at that spanwise location. Now since the drops released were all approximately the same size, this meant
tha: the model released a greater number of drops from the inboard locations compared to the outboard
locations.

5.4.2.8 Spanwise Deposition Considerations

Deposition of anti-icing fluid is of a concern both on the runway surface and on the areas adjacent
to the runway. For this study the runway is considered to be 62 m (~200 ft) wide. The plots which show
depth of deposition versus spanwise location do not specifically show the runway surface. However for
the final tabulated data (given in Tables 5.3 to 5.7, later), the ranway width is used to calculate the anti-
icing fluid deposition on the runway surface as a percentage of the original mass (or volume) of anti-icing
fluid flowing off the respective aircraft at the given speeds.

For the deposition simulations there were 1000 fluid droplets released from each aircraft. These
were released such that the initial droplet spacing in a spanwise direction represented the fluid volume
distribution across the span on the wing. However, for the plots of droplet paths only 100 droplets were
shown as released from each aircraft, so as not to clutter the plots.

5.4.2.9 Depth of Deposition of Fluid on the Runway

Some actual flight tests have been performed at Chicago’s O'Hare Airport (1992) by another
research group. The study noted that there was NO deposition of anti-icing fluid on the runway surface.
It should be noted that for a BOEING 737-300 aircraft the total fluid volume on the wing is 6.325 x 10?
m®, based on 0.030 in. initial fluid thickness. Then assume that all of the fluid is distributed uniformly
over the runway width 61 m (200 ft) and for a length of €10 m (2000 ft). The result is a fluid depth of
1.7 pm (1.7 X 10*m). That depth is basically impractical to measure on the actual runway surface.
Hence, it is no surprise that the investigators thought there was NO anti-icing fluid deposited on the runway
while doing visual inspections for the fluid.
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For the part of the study of Type I and Type 11 fluids, the actual depth of anti-icing fluid
deposition on the runway was calculated since the mass flow-off rates were available. For the part of study
examining the movement and deposition of dropsizes equal to 100um and 200um, the actual depth of anti-
icing fluid deposition on the runway was not calculated since the mass flow-off rates were unknown.
Spanwise deposition calculations give the volume and number of drops deposited in each one meter
increment laterally across the runway. Recall that this is from approximately 1000 drops initially released
for this portion on the study. One can then scale the plots to get the depth of fluid for a given flow-off

rate and aircraft velocity.

The depth of fluid can be found as follows:

Volw

Velpm Vo’nmwm

dvi
depth = olfa (5.3)

where, Vol is the volume of modelled fluid drops deposited in each 1.0 m increment of the lateral strip.
dVol/dt is the volume flow-off rate from the whole aircraft, Vel is the aircraft speed, and Volrou v
is the total volume of the ~ 1000 drops which are modelled.

5.4.3 Atmospheric Conditions

Atmospheric conditions included the ambient temperature and the crosswind component. The
ambient air temperature is significant in that lower temperatures produce higher air density and lower air
viscosity. The drag force on the fluid droplets is dependent on the dynamic pressure, g. of the relative air
velocity, V.. That is given by: g = %2 p V.>. As well, the drag force is dependent on the drag
coefficient which is a function of Reynoids number, which is a function of density and viscosity. (Note
that for this portion of the model the airport elevation is considered to be sea level. The changes of
atmospheric properties (specifically, air density) are basically a function of temperature.) Comparisons
for most of the study were done at an ambient temperature of 0°C. In the part of the study examining
Type 1 fluid drops, an addition set for comparison was done at an ambient temperature of -20°C, but only

for a zero crosswind condition.

Wind is the main atmospheric phenomenon of significance. Note that any headwind component
would lead to a simple longitudinal displacement of the anti-icing fluid along the runway length. Hence,
the crosswind component is the only real concern. The crosswind will tend to carry the anti-icing fluid
further downwind. The crosswind components which are modelled are always from the left wing toward
the right wing. Three values were modelled: 0 m/s, 5.1477 m/s, and 10.2955 m/s (0 kt, 10 kt, and 20

kt, respectively).
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5.5 RESULTS

5.5.1 Aircraft Loading and Wake Model

The following section discusses the results from the model for the aircraft wing loading, as well
as the trailing vortex wake and the vortex wake development.

5.5.1.1 Aircraft Spanwise Loading and Lift Coefficient

For the three aircraft Figures 5.6 and 5.7 show plots of local spanwise lift coefficient versus
spanwise location, y/(b/2), for the two speeds concerned. There are several things to note about the
figures. The A320 shows a higher lift coefficient along the span. This is mainly due to the wing root
incidence (root-wing setting) of 3.66°, even though the aircraft only uses a single slotted flap at a setting
of 15° and hence has a slightly lower C_,(y) than the other two air-raft examined. The BOEING 737-300
has a triple slotted flap setting of 15° and wing root incidence of 1°. The BOEING 747 has a triple slotted
flap setting of 10° and wing root incidence of 2°. The BOEING 737 flap angle of 15° gives it a greater
C(y) than the BOEING 747, even though the BOEING 747 has a greater wing incidence.

The plots for the spanwise loading for each of the aircraft are shown in Figures 5.8, 5.11. and
5.14. Figure 5.14 shows that a significant feature is the greater outboard loading of the Airbus A320
compared to the BOEING 737. Hence, even though they have similar wing spans, the A320 has further
outboard center of vorticity. The A320 wing designed for a winglet application has greater outhoard
loading due to the planform (i.e. greater span flaps), so even without the winglet added it would have a
greater outboard center of vorticity.

5.5.1.2 Aircraft Wing Bound and Shed Circulation

Plots of bound circulation and shed circulation for each of the aircraft are shown in Figures 5.9,
5.10. 5.12, 5.13, 5.15, and 5.16. Note that the bound circulation distribution. T'(y;, shows a direct
correlation with the spanwise lift distribution, /(y). Similarly, note that the local maximums of the shed
circulation, dT'(y)/dy. shows a direct correlation with the centers of roll-up of the vortex sheet for each
wing, see Figures 5.17 to 5.19.

5.5.1.3 Aircraft Trailing Vortex Wake Development
The initial trailing vortex wake development is shown for each of the aircraft in Figures 5.17 to

5.19. These figures show the positions of the 45 vortex filaments from t = 0.0 to t = 1.0 seconds for
each of the aircraft. The vortex roll-up is seen to occur most rapidly at the wing tip. However, for each
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of the aircraft there also is another vortex core developing at the location of ti.c end of the flaps. By
comparison with the shed circulation plots, the roll-up can be seen to originate at the regions of local
maximum shed circulation, dI'(y)/dy. Reczil that the trailing vortices are modelled as semi-infinite vortex
lines parallel to the aircraft longitudinal axis (and aircraft velocity). Hence Figures 5.17 to 5.19 show the
location of the axis of each of the vortices in the plane which is perpendicular to the longitudinal axis.

5.5.2 Anti-Icing Fluid Droplet Movement and Deposition

Results concerning the anti-icing fluid droplet movement in the wake and the lateral ground
deposition comprise the most significant of the figures. These are presented from Figure 5.20 to Figure
5.68. Basically, two types of figures are shown for each of the aircraft. The figures are presented in sets
of four per page. The first three figures in each set show the anti-icing fluid droplet trajectories or paths
for the three crosswind components, and the fourth figure shows the depth of deposition of the fluid
laterally across the runway. These sets of figures are given for each aircraft at the two ground speeds
examined. Figures 5.20 to 5.44 give the plots for Type | anti-icing fluid and Figures 5.45 to 5.68 give
the plots for Type II anti-icing fluid.

5.5.2.1 Anti-Icing Fluid Droplet Movement Trajectories

Some typical droplet paths or trajectories are shown for each of the aircraft at each of the
conditions modelled. At the outset, note that the points shown are not all individual fluid drops. The plots
present the movement of only 50 droplets leaving each wing (100 drops per aircraft). Showing more
droplets would excessively clutter the figures. Note that for all plots of droplet paths or trajectories, the
droplets are shown plotted as points along their path in 0.25 sec intervals during their modelled movement.
This gives the appearance of many drops. but actually there are only 100 drops shown with each one being
shown many times along its trajectory. These plots also show the effect of the initial droplet velocity by
the distance the drop moves in that first interval. Noticeable is the fact that in general the drops decelerate
to terminal velocity in the first 0.25 sec (at least in the vertical and lateral movement).

The droplet movement plots show a set of droplets which are all released at the same instant from
the aircraft. The droplet positions - then plotted every 0.25 seconds (showing droplet path lines). The
wing is shown by the straight line of the original positions of the droplets. Notice that both the trailing
vortex system and the droplets are moving. Therefore especially the smaller anti-icing fluid droplets tend
to be caught in and travel with the moving vortex system. Since the droplets are all released at one instant,
there appear to be "humps” in the movement. If one watched behind the plane this would not appear since
droplets would be released continuously, smoothing out the appearance. Also, note that when watching
fluid come off a wing on video, one tends to observe one location and watches a progression of droplets
move through that same region. This is noted since some readers may have observed videos of the anti-

icing fluid movement in the aircraft wake.
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5.5.2.2 Depth of Deposition of Anti-Icing Fiuid

The depth of deposition of anti-icing fluid is based on the actual calculated deposition in discrete
spanwise intervals of 1.0 m each. For the figures showing the depth of deposition, the curves shown are
the "best-fit" curved lines using a 10® order polynomial. Although the exact deposition data is not shown,
the fitted curves help to show the trends. Also, overlaying two or more plots of the actual calculated
values obscured the plots so that they were not easily interpreted. Figures 5.68 to 5.70 show samples of
the curve fitting for the BOEING 737-300 at V = 56.625 m/s, for the three crosswinds and using Type
I fluid. Note that sirce a finite number of fluid droplets were released (i.e. 1000 per aircraft), there are
discrete values of droplets "collected” in each interval. As noted, the actual depth of anti-icing fluid on
the runway was calculated in this study since the mass flow-off rates were known or estimated. Thus, the
fluid depth at any spanwise location could be determined by appropriately scaling the spanwise deposition
for any speed and flow-off rate.

Finally, the deposition plots give the amount of fluid that lands on the runway surface as well as
the fluid that lands somewhere in the first 20 seconds. That is because the fluid drop movement is
simulated for 20 seconds or until they hit the ground, which ever comes first. If a drop has hit the ground
(considered as up to one inch above the ground) within the first 20 seconds, that droplet is considered as
landed, otherwise it is considered as lost.

The figures show that for the lower speeds considered the depth is always greater than for the
higher speed. This occurs since the Type I fluid flow-off rates used at both speeds are the same, and for
Type 11 fluid the flow-off rate is ~ 1.8 kg/s at 75 kt and only ~2.2 kg/ at the higher speeds. Note that
the BOEING 737-300 produced a maximum depth of about 2.0 um for Type I fluid and 38.608 m/s (75
kt), and a maximum depth of about 2.2 um for Type Il fluid and 38.608 m/s (75 kt). The BOEING 747
produced a maximum depth of about 6.0 um for Type 1 fluid and 38.608 m/s (75 kt), and a maximum
depth of about 5.1 um for Type II fluid and 38.608 m/s (75 kt). The Airbus A320 produced a maximum
depth of about 1.8 um for Type I fluid and 38.608 m/s (75 kt), and a maximum depth of about 3.4 um
for Type 11 fluid and 38.608 m/s (75 kt). The greatest depths occur near the position along the length of
the runway where the aircraft have accelerated to the speed of about 38.608 m/s (75 kt), which is where
the anti-icing fluids typically begin to flow-off. The actual distance along the runway would be different
for each aircraft and would be dependent on the aircraft weight and the atmospheric conditions.

Another significant feature is seen in the plots of depth of deposition. That feature is that the
maximum depth of fluid deposition geaerally occurs near or just slightly towards the upwind side of the
centerline of the runway.

Presented at the SWIFT '94 conference, a study at NASA Wallops Island Flight Facility showed
that Type II anti-icing fluid deposition as little as 0.4 gal U.S./1000f (~15.7um depth) produced
measurable friction coefficient reduction using a K.J. Law Friction tester minivan (Cowper, Comfort, and
Horne, 1994). Note should be given since this is the cumulative amount deposited by approximately seven
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take-offs by BOEING 737-300s, or about two or three take-offs by BOEING 747s. (Also note that at the
conference, Comfort commented that amounts of Type 11 fluid greater than 0.4 gal U.S./ 1000ft* did not

increase the friction coefficient reduction.)

5.5.3 Anti-Icing Fluid Deposition on Runway and Fluid Not Lost

The following tables show anti-icing fluid deposition on the runway surface and the fluid not lost.
The runway is considered to be 62 m (~200 ft) wide. Recall that the anti-icing fluid is considered to be
lost if it does not land on the ground anywhere in the first 20 seconds of the simulation. Tables 5.3 and
5.4, comparing Type I and Type 1 fluid, and Table 5.5 and 5.6 comparing dropsizes of 100 pm and 200
pum are based on an air temperature of 0°C. Note that the tables give values as percentages of the original
mass (or volume) of anti-icing fluid flowing off the respective aircraft at the given speeds.

Tables 5.3 t0 5.7 clearly show that a greater percentage of the initial fluid from the BOEING 737-
300 lands on the runway than for the other two aircraft. As well, the trend appears that a greater wing
span leads to decreased deposition on the runway and decreased fluid deposited within 20 seconds (i.e.
NOT Lost) and hence increased fluid considered lost to the atmosphere. Note that comparison of the
Airbus A320 with the BOEING 737-300 shows that the greater span of the A320 (33.91m) compared to
the B737-300 (29.03m) dominates the fluid movement. This is the case even though the A320 has a further
outboard wing loading than the B737-300. Also, note that the wing span of the BOEING 747 is 59.64m
and that the runway is only 62m wide. Thus e wingtip of the BOEING 747 is right at the edge of this
runway. This leads to reduced fluid deposition on the runway surface compared to the other two smaller
span aircraft. This is the case even though the amount of anti-icing fluid which is deposited within the first

20 seconds is still high.

Another result clear from these tables is that larger drop sizes from the Type 11 fluid (870 to 1130
um) produce greater depostion on the runway and less fluid lost than the smaller drops of the Type I fluid
(130 to 230 pm).

The effect of a crosswind produces a result that was not necessarily expected. Tables 5.5and 5.6
(using 100 and 200 um drop sizes) show that under the influence of a light crosswind (5.148 m/s or 10 kt)
the deposition on the runway increases compared to the zero crosswind condition. However, when the
crosswind increases more (to 10.295 m/s or 20 kt) the deposition on the runway again decreases. The
study also shows a similar trend with Type I fluid (Table 5.3), but the trend is not as clear with the larger
drops of the Type II fluid (Table 5.4). This increased deposition on the runway is due to the fluid from
the upwind wing being blown back onto the runway surface under the light crosswind condition. However,
when the wind is stronger (10.295 m/s or 20 kt) much more of the fluid from the upwind and downwind
side is blown completely off of the runway area. These observations for the variation of deposition with
crosswind are made clear by examining the figures which plot the drop trajectories and those which plot

the depth of deposition of fluid.
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In the study examining drop sizes for Type I fluid, an addition set of data for comparison was
done at an ambient temperature of -20°C, but only for a zero crosswind condition. The results are shown
in Table 5.7. Comparisons with drop deposition at 0°C showed that there was not any dramatically
significant difference of fluid deposition on the runway at the lower ambient temperature.

5.5.3.1 Type II Anti-Icing Fluid Drop Size Sensitivity Analysis

As mentioned earlier in the section regarding the conditions modetled for the anti-icing fluid drop
sizes, the drop sizes predicted for the Type II anti icing fluid were suspect. Thur. a rough sensitivity
analysis was done by varying the Type II fluid drop diameters. Other evidence showed that the Type 1l
drop sizes were probably much smaller than those given by Boluk (1994a) and shown in Figure 5.5.
Therefore. factors of 0.25, 0.50, 0.75. and 1.00 were applied to the drop diameters of the Type 1 fluid
as shown in Figure 5.5. (i.e., for the BOEING 737-300 at V = 56.625 m/s, the drop diameters with the
factor 1.00 were 940um to 1050um. and for the factor 0.25 the drop diameters were 235um to 262pum.)
Note that this analysis was done only for the BOEING 737-300. Table 5.8 shows the results of the fluid
deposition on the runway and fluid not lost.

The data shows that for the BOEING 737, the results are relatively unchanged for factor 0.75,

as compared to 1.00. Only slight change is noted for the factor 0.50, and it is no surprise that the most
significant change is noted for the factor 0.25.
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5.6 CONCLUSIONS

This scuay has examined anti-icing fluid movement and deposition by three typical Canadian
transpor: aircraft under take-off conditions. The study was aimed at detcrmining the spanwise movement
and deposition of anti-icing fluid droplets. Some information regarding Type 1 and Type 1l anti-icing fluid
drop sizes was available, thus the approximated drop diameters were used for each fluid type. As
expected, the smaller Type | anti-icing fluid droplets (in the size range 130 pm to 230 um) appear to drift
much more than the larger Type II anti-icing fluid drops (in the size range 870 gm to 1130 pm).

As can be seen, for the cases of no crosswind, a substantial amount of anti-icing fluid is deposited
on the 62 m (~200 ft) wide runway surface. For crosswind components of 5.148 m/s (10 kt) there is an
increased fluid deposition near the centerline since the fluid from the upwind wing moves back onto the
runway. For crosswinds of 10.295 m/s (20 kt) the off runway deposition is significant, especially for the
smaller drops of the Type I anti-icing fluid. The *obvious’ conclusion that a crosswind causes greater off
runway deposition is not necessarily correct, since moderate crosswinds appear to increase fluid deposition

on the runway surface.

The results showed that the smaller span aircraft tend to produce an increased rate of anti-icing
fluid deposition on the runway surface, when considering the percentage of the initial fluid. The larger
BOEING 747 moves a greater percentage of the spray off of the runway surface, even though much of the
spray will still be deposited on the adjacent areas.

The amount of anti-icing fluid deposited on the airport runway near the centerline was seen to be
sufficient to produce potentia! reductions of the runway braking coefficient after the take-off of only a small

number of aircraft.
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Table 5.3: Fluid Deposition on Runway and Fluid Not Lost, Type | Anti-Icing Fluid.

I 0 m/s (0 ke 5.148 m/s (10 kt 10.295 m/s (20 kt) _ ]

Aircraft % Fluid % Fluid % Fluid % Fluid % Fluid % Fluid
and Velocity NOT ON NOT ON NOT ON
Runwa Lost Runwav Lost Run _
BOEING 737-300
w1th 8, = 15°
-—(1516061(23 m/s 99.8 70.1 99.9 75.2 99.9 65.7
V = 38.608 m/s 100.0 87.4 100.0 75.5 100.0 67.5
(75 kt)
BOEING 74{0
S 216 mis 99.5 30.9 99.8 48.2 98.5 44.2
(150 kt)
= 38.608 m/s 98.0 37.0 97.5 59.1 97.3 40.7
(75 kt)
Airbus A320
wnh 5 = 15°
= 66 921 m/s 99.1 50.7 99.4 67.8 99.5 46.5
(130 kt)
V = 38.608 m/s 99.0 48.3 99.3 65.2 99.1 34.1
(75 kt)
Table 5.4: Fluid Deposition on Runway and Fluid Not Lost, Type !l Anti-Icing Fluid.
Crosswind

5 148 m/s (10 kt 10.295 m/s (20 kt J

|
! 0 m/s (O kt

Aircraft % Fluid % Fluid
and Velocity I]i?;r ON
s

BOEING 737-300
wu.h 8, = 15°

_(151606k2§ m/s 100.0 97.7 100.0 97.8 100.0 93.1

t

V = 38.608 m/s [| 100.0 99.4 100.0 97.4 100.0 92.7

(75 kt)
BOEING 747

0°
V=17 216 m/s 100.0 69.8 100.0 78.4 100.0 76.6
(150 kt)
= 38.608 m/s 100.0 75.3 100.0 - 81.1 100.0 75.7

(75 kv

Airbus A320
wnh o = 15°
—(163609](2; m/s 100.0 96.5 162.0 90.2 100.0 86.8
t
V = 38.608 m/s 100.0 98.1 100.0 94.4 100.0 90.2
(75 kt)

Note: Values are given as percentages of the original mass (or volume) of anti-icing fluid flowing off the
respective aircraft at the given speeds.
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Table 5.5: Fluid Deposition on Runwa and Fluid Not Lost, Dropsize = 100 um. B

Crosswind

|—mm- 5148 s (10k) | 10295 mis (20

Aircraft % Fluid % Fluid % Fluid
_________ Runwa Lost
BOEING 737-300
wnh 5 =15
= 56 625 m/s ~98.0 ~64.6 ~97.5 ~68.0 ~96.5 ~46.2
(110 kt) {
= 38.608 m/s ~96.0 ~59.8 ~89.1 ~68.9 ~90.1 ~36.8
(75 kt)
i BOEING 74'{0
Wit D 216 mis ~71.0 ~33.8 ~79.5 ~36.5 ~76.5 ~32.7
(150 kt) ‘
V = 38.608 m/s ~63.0 ~33.3 ~65.5 ~48.9 ~70.5 ~21.3
(75 kt)
Airbus A320
wnh 5 = 15°
= 66 921 m/s ~94.0 ~46.8 ~93.0 ~58.1 ~93.5 ~33.7
(130 kt)
= 38.608 m/s ~65.0 ~47.7 { ~84.0 ~58.9 ~80.0 ~11.2
(75 kt)
Table 5.6: Fluid Deposition on Runway and Fluid Not Lost, Dropsize = 200 um.
| I Crosswmd

‘ 0 m/s (0 kt 5.148 m/s 10 kt 10.295 m/s (20 kt I

Aircraft % Fluid % Fluid
and Velocity NOT
st
BOEING 737-300
with §, = 15°
Y -—(15160 6}(2? m/s ~1000 | ~74.7 ~1000 | ~77.3 ~1000 | ~727
t
= 38.608 m/s ~1000 | ~84.8 ~1000 | ~73.7 ~100.0 | ~67.7
(35 ki)
BOEING 747
with & = 10° |
V = 77.216 m/s ~1000 | ~347 ~99.5 ~48.3 ~99.0 ~44.5
il (150 kt)
V = 38.608 m/s ~96.0 ~34.0 ~98.0 ~55.6 ~97.0 ~35.7
(75 ki)
Airbus A320
thh 5 = 15°
—(16360 91:2§ m/s ~1000 | ~64.0 ~100.0 | ~69.0 ~100.0 | ~57.0
t
\ =7358.k(:08 m/s | ~97.0 ~48.5 ~99.5 ~64.8 ~98.5 ~37.6

Note: Values are given as percentages of the original mass (or volume) of anti-icing fluid flowing off the
respective aircraft at the given speeds. (Note: values with " ~ " are done using 100 drops per semi-span.)



Table 5.7: Fluid Deposition on Runway and Fluid Not Lost, Type 1 Fluid,
Ambient Temperature = -20°C.

Crosswind

[ omsow |

Aircraft
and Velocity

BOEING 737-300

with §, = 15°

V = 56.625 m/s
(110 kt)

V = 38.608 m/s
(75 kt)

BOEING 747
with §, = 10°
V = 77.216 m/s

(150 kt)
V = 38.608 m/s
(75 kt)

Airbus A320
with §, = 15°
V = 66.921 m/s

(130 kt)
V = 38.608 m/s
(75 kt)

Note: Values are given as percentages of the original mass (or volume) of anti-icing fluid flowing off the
respective aircraft at the given speeds. (Note: values with "~ " are done using 100 drops per semi-span.)
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Table 5.8: Fluid Deposition on Runway and Fluid Not Lost, Variation of Drop Sizes for Type 1l
Anti-Icing Fluid.

10.295 m/s (20 kt) ‘

Alrcraft
and Velocity

Drop Diameters = 0.25 x Type 11 Drop Diameters from Figure 5.5

BOEING 737-300
With 6{ = 15°
V = 56.625 m/s 100.0 81.6 100.0 78.5 100.0 75.8
(110 kt)
V = 38.608 m/s 100.0 97.2 100.0 81.1 100.0 76.2
(75 kt)
Drop Diameters = 0.50 x Type Il Drop Diameters from Figure 5.5
BOEING 737-300
with &, = 15°
V = 56.625 m/s 100.0 97.6 100.0 90.0 100.0 85.9
(110 kt)
V = 38.608 m/s 100.0 99.4 100.0 92.9 100.0 88.4
(75 kt)
| Drop Diameters = 0.75 x Type 1l Drop Diameters from Figure 5.5
BOEING 737-300
wuh & = 15°
= 56.625 m/s 100.0 97.4 100.0 93.6 100.0 89.0
(110 kt)
V = 38.608 m/s 100.0 100.0 100.0 97.1 100.0 90.4
(75 kt)
Drop Diameters = 1.00 x Type 1l Drop Diameters from Figure 5.5
BOEING 737-300
with § = 15°
V = 56.625 m/s 100.0 97.7 100.0 97.8 100.0 93.1
(110 kt)
V = 38.608 m/s 100.0 99.4 100.0 97.4 100.0 92.7
| (75 kt)

Note: Values are given as percentages of the original mass (or volume) of anti-icing fluid flowing off the
respective aircraft at the given speeds.
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DROPSIZE versus WING CHORD
Type 1 Anti-Icing Fluid
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Figure 5.4 Drop Size versus Wing Chord, Type I Anti-Icing Fluid.

DROPSIZE versus WING CHORD
Type II Anti-lcing Fluid
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Figure 5.5 Drop Size versus Wing Chord, Type II Anti-Icing Fluid.
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LIFT COEFFICIENT vs Spanwise Location
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Figure 5.6 Lift Coefficient versus Spanwise Location for the three aircraft, just prior
to rotation.

LIFT COEFFICIENT vs Spanwise Location
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Figure 5.7 Lift Coefficient versus Spanwise Location for the three aircraft, V =
38.608 m/s (75 kt).
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Drop Movement for BOEING 737-300

25

Verticol (m)

2% 80 7 100 128
Spanwise Location (m)

Figure 5.20 Drop Movement, BOEING 737-300, Speed = 56.625 m/s, Crosswind = O m/s, Type I Anti-Icing Fluid.
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Figure 5.21 Drop Movement, BOEING 737-300, Speed = 56.625 m/s, Crosswind = 5.148 m/s, Type I Anti-Icing Fluid.
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Figure 5.22 Drop Movement, BOEING 737-300, Speed = 56.625 m/s, Crosswind = 10.295 m/s, Type I Anti-Jcing Fluid.
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Figure 5.23 Depth of Deposition, BOEING 737-300, Speed = 56.625 m/s, Type 1 Anti-Icing Fluid.
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Figure 5.24 Drop Movement. BOEING 737-300. Speed = 38.608 m/s, Crosswind = O m/s, Type 1 Anti-Icing Fluid.
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Figure 5.25 Drop Movement, BOEING 737-300, Speed = 38.608 m/s, Crosswind = 5.148 m/s, Type | Anti-Icing Fluid
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Figure 5.26 Drop Movement. BOEING 737-300, Speed = 38.608 m/s, Crosswind = 10.295 m/s, Type | Anti-Icing Fluid.
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Figure 5.27 Depth of Deposition, BOEING 737-300, Speed = 38.608 m/s, Type ! Anti-Icing Fluid.
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Drop Movement for BOEING 747
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Figure 5.28 Drop Movement, BOEING 747, Speed = 77.216 m/s, Crosswind = 0 m/s, Type I Anti-Icing Fluid.
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Figure 5.29 Drop Movement, BOEING 747, Speed = 77.216 m/s, Crosswind = 5.148 m/s. Type I Anti-Icing Fluid.
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Figure 5.30 Drop Movement, BOEING 747, Speed = 77.216 m/s, Crosswind = 10.295 m/s, Type I Anti-Icing Fluid.
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Figure 5.31 Depth of Deposition, BOEING 747, Speed = 77.216 m/s, Type 1 Anti-Icing Fluid.
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Drop Movement for BOEING 747
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Figure 5.32 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = O m/s, Type I Anti-Icing Fluid.
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Figure 5.33 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = 5.148 m/s, Type I Anti-Icing Fluid.
Drop Movement for BOEING 747

N
w

Vertical (m)

o

T T 71 1 1
=75 ~-50

Spanwise Location (m)

Figure 5.34 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = 10.295 m/s, Type I Anti-Icing Fluid.
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Figure 5.35 Depth of Deposition, BOEING 747, Speed = 38.608 m/s, Type I Anti-Icing Fluid.
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Drop Movement for Airbus A320
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Figure 5.36 Drop Movement, Airbus A320, Speed = 66.921 m/s, Crosswind = 0 m/s, Type I Anti-Icing Fluid.
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Figure 5.37 Drop Movement, Airbus A320, Speed = 66.921 m/s, Crosswind = 5.148 m/s, Type I Anti-Icing Fluid.
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Figure §.38 Drop Movement, Airbus A320, Speed = 66.921 m/s, Crosswind = 10.295 m/s. Type 1 Anti-Icing Fluid.
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Figure 5.39 Depth of Deposition, Airbus A320, Speed = 66.921 m/s, Type I Anti-Icing Fluid.
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25 Drop Movement for Airbus A320
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Figure 5.40 Drop Movement, Airbus A320, Speed = 38.608 m/s, Crosswind = 0 m/s, Type 1 Anti-Icing Fluid.
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Figure 5.41 Drop Movement, Airbus A320, Speed = 38.608 m/s, Crosswind = 5.148 m/s, Type 1 Anti-lcing Fluid
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Figure 5.42 Drop Movement, Airbus A320, Speed = 38.608 m/s, Crosswind = 10.295 m/s, Type 1 Anti-leing Fluid.
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Figure 5.43 Depth of Deposition, Airbus A320, Spced = 38.608 m/s, Type 1 Anti-Icing Fluid.
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Drop Movement for BOEING 727-300
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Figure 5.44 Drop Movement, BOEING 737-300, Speed = 56.625 m/s, Crosswind = O m/s, Type II Anti-Icing Fluid.
Drop Movement for BOEING 737~300
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Figuse 5.45 Drop Movement, BOEING 737-300, Speed = 56.625 m/s, Crosswind = 5.148 m/s, Type II Anti-Icing Fiuid.
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Figure 5.66 Drop Movemeni, BOEING 737-300. Spced = 56.625 m/s. Crosswind = 10.295 m/s, Type Il Anti-Icing
Fluid.
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Figure 5.47 Depth of Deposition, BOEING 737-300, Speed = 56.625 m/s, Type II Anti-Icing Fluid.
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Figure 5.48 Drop Movement, BOEING 737-300, Speed = 38.608 m/s, Crosswind = 0 m/s, Type 1l Anti-Icing Fluid,
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Figure 5.49 Drop Movement, BOEING 737-3(X). Speed = 38.608 m/s, Crosswind = 5.148 m/s. Type II Anti-lcing Fluid
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Figure 5.50 Drop Movement, BOEING 737-300, Speed = 38.608 m/s, Crosswind = 10.295 m/s, Typc Il Anti-leing
Fluid.
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Figure 5.5 Dzpth of Deposition, BOEING 737-300, Speed = 38.608 m/s, Type Il Anti-lcing Fluid.
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Drop Movement for BOEING 747
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Figure 5.52 Drop Movement, BOEING 747, Speed = 77.216 m/s, Crosswind = 0 m/s, Type Il Anti-Icing Fluid.
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Figure 5.53 Drop Mavement, BOEING 747, Speed = 77.216 m/s, Crosswind = 5.148 m/s, Type 11 Anti-Icing Fluid.
Drop Movement for BOEING 747

25

_—

E

~ O+ Y o . :.'.' . * .,

= I X e O oK fk. <. ol

I : s e Vi o a3l L0038, L LD S

T % ¥, ST I T S A

Ky [ o7 TN Y \ L2 AV P e . U
O+ rTT 7 v T T 7T 7+ 11 11 T T Ty v
-75 -50 -25 0 25 50 7% 100 125

Spanwise Location (m)

Figure 5.54 Drop Movement, BOEING 747, Speed = 77.216 m/s, Crosswind = 10.295 m/s, Type I Anti-icing Fluid.
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Figure 5.55 Depth of Deposition, BOEING 747, Speed = 77.216 m/s, Typ. 1l Anti-Icing Fluid.
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Drop Movement for BOEING 747
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Figure 5.56 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = 0 m/s, Type 11 Anti-Icing Fluid.
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Figure 5.57 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = 5.148 m/s, Type II Anti-Icing Fiuid.
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Figure 5.58 Drop Movement, BOEING 747, Speed = 38.608 m/s, Crosswind = 10.295 m.~, Type II Anti-Icing Fluid.
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Figure 5.59 Depth of Deposition, BOEING 747, Speed = 38.608 m/s, Type Il Anti-Icing Fluid.
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25 Drop Movement for Airbus A320
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Figure 5.60 Drop Movement, Airbus A320, Speed = 66.921 m/s, Crosswind = 0 m/s, Type Il Anti-Icing Fluid.
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Figure 5.61 Drop Movement, Airbus A320, Speed = 66.921 m/s. Crosswind = 5.148 m/s. Type II Anti-Icing Fluid.
Drop Movement for Airbus A320

Vertical (m)
,§’

25

Vertical (m)

Ot TT T 7 T 1|
-75 -50 -25

Sponwise Location (m)

Figure 5.62 Drop Movement, Airbus A320, Speed = 66.921 m/s. Crosswind = 10.295 m/s, Type II Anti-Icing Firid.
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Figure 5.63 Depth of Deposition, Airbus A320, Speed = 66.921 m/s, Type II Anti-Icing Fluid.
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Drop Movement for Airbus A320
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Figure 5.64 Drop Movement, Airbus A320, Speed = 38.608 m/s, Crosswind = 0 m/s, Type Il Anti-lcing Fluid.
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Figure 5.65 Drop Movement, Airbus A320, Spced = 38.608 m/s, Crosswind = 5.148 m/s. Type Il Anti-Icing Fluid.
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Figure 5.66 Drop Movement, Airbus A320, Speed = 38.608 m/s, Crosswind = 10.295 m/s, Type 1l Anti-Icing Fluid.
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Figure 5.67 Depth of Deposition. Airbus A320, Speed = 38.608 m/s, Type II Anti-Icing Fluid.
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DEPTH of DEPOSITION of ANTI-ICING FLUID
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Figure 5.68 Spanwise Deposition, BOEING 737-300, Speed = 56.625 m/s, Crosswind = 0 kt, Type I Fluid.
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Figure 5.69 Spanwisc Deposition, BOEING 737-300, Speed = 56.625 m/s, Crosswind = 10 kt, Type I Fluid.
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Figure 5.70 Spanwise Deposition. BOEING 737-300. Speed = 56.625 m/s, Crosswind = 20 ki, Type 1 Fluid.
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APPENDIX 5.A. DROP SIMULATION ASSUMPTIONS

Much of this sectioa is similar to the work of Merkl (1989).

Drag Theory As Applied To Droplets

The theory for drag on droplets has been quite well developed in the past few decades. This has
been the result of research for the application of sprays using nozzles, and as a result of the desire to
improve understanding of the formation and development of clouds in the armosphere. For the purposes
of this study certain assumptions are made about the anti-icing fluid droplets themselves. The majority
stem from the fact that most droplets of concern with anti-icing fluid are less than 1000 microns in
diameter. Others are more related to the movement of the mass of the anti-icing fluid droplets after

departure from the wing.
Forces on a Drop and Drop Acceleration

There are two forces on the droplet which dominate its motion, that due to gravity and that due
to drag. The forces on droplets due to static pressure gradients can be neglected for aerial spraying since,
in general, the small diameter of the drops result in negligible static pressure differences across the droplet.
Hence the droplet movement is determined by these two forces and the inertia of the droplet. Gravity has
the obvious effect of pulling the drop toward the ground. The drag force on the drops tend to move the
drops along with the local airflow. The resultant drag force, Fp, on the droplet is due to the relative
velocity of the droplet with respect to the air, V..

1
Fp = r pu VLA Cy (5.A.1)
where p,, is the air density, A is the cross-sectional area of the droplet, and C;, is the droplet drag
coefficient. The total drag can be split into the component forces. These component forces acting on a
spray droplet as defined here are in the cartesian reference frame, the axes of which are coincident v ith
those for the aircraft and aroplet computer model.

1

Fp. = 2 Par Veret Vie 4 Cp 5.A.2)
1

FDy = 5 Pair Vynl an 4 CD (5.A.3)
1

Fp, = 5 Pair Vera Vea 4 Cp (5.A.4)

where V, ;. V, ., and V, ., are the component velocities of the droplet relative to the air. As well it should
be noted that C,, is a function of the Reynolds number, R,, in which velocity used is the resultant relative

velocity of the droplet with respect to the air, V.

C, = f(R) (5.A.5)
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When gravity is considered, the resultant ferce on a drop of mass., m, may be broken into its three
component forces, giving the components of the acceleration of the drop as follows.

a, - Fp. (5.A.6)
m

o = o 5.A.7)
4 m

. Fp~mg (5.A.8)
z m

Spherical drop shape assumption

The droplets which are being considered are generally less than 1000 microns and are assumed
to remain perfectly spherical in shape and, consequently, behave as rigid spheres. In agreement with this,
the assumption also is made that the fluid in the drop itself undergoes no significant circulation. This
would be important with larger droplet sizes, as the motion of the fluid adjacent to the surface could alter
the air movement around the droplet and hence the drag of the droplet. Very closely linked to the fluid
circulation, is the assumption that the droplets do not oscillate between oblate and prolate spheroids, as
would be the case of larger droplets close to the point of releas from a nozzle or the edge of a plate or
the trailing edge of a wing. According to Hughes and Gilliland (1952), this is considered to be quite
realistic for drops under the 1000 micron diameter range.

Note that the Type I anti-icing fluids produce drop diameters in the 1000 um range, however only
slight changes in the drag coefficient would occur. The non-spherical condition is neglected since the error
introduced for that assumption is small in light of other approximations made in determining the size of
the fluid drops. Consequently, the fluid drops can be treated as rigid spheres which simplifies the
calculation of the drag coefficient of each drop, C,,. Under that assumption,

C, =f(R) = f(piyl;—'#) (5.A.9)

Drag Coefficients Of Droplets

The topic of drag coefficients of drops has been the subject of a significant amount of research.
The first major work was done by Eisner (1930). Since the quality of his work was so high, his work has
thereafter been referred to as the benchmark with which to compare most other studies. The shortfall of
his work is that it was purely graphical in form. Hence, much work has been done to verify Eisner’s work
and to develop mathematical formulations for the drag coefficients for given intervals of Reynolds numbers.

Perhaps the most detailed and carefully done work has been that of Beard and Pruppacher (1969).
“+ry used a "well designed and controlled wind tunnel” (Mason, 1971) to study droplet movement for the
yurposes of cloud studies. Their formulation and development resulted in egy.ations, determined by the
least squares method at the 95 percent confidence level (regression coefficient = 0.95), as follows:
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.5 (5.A.10)

FD: CD.
= %o R, (5.A.11)

24
=1+0010 R*, 02 <R, <20 (5.A.12)
=1+011SR*2, 20 <R, <21 (5.A.13)
=1 +018) R?®2 21 <R, <400 {5.A.14)

where Fp, = Stoke’s drag, N, and G, = Stoke's drag coefficient.

Cpp = 2 (5.A.15)

R

(4

In their work, Beard and Pruppacher (1969) showed that droplets do, in fact, remain spherical
to R. < 200, and to a very good approximation also to R, < 400. This confirmed the assumption of
spherical droplets which is made for drop modelling purposes.

For Reynolds numbers less than 50000, a formula developed by Langmuir and Blodgett (1946)
commonly has been accepted,

F
—2 -1 +0197 R®® + 000026 R'*® , 0 <R, < 50000 (5.A.16)
Ds
Again, the droplets are assumed to be spherical and rigid even though £r.any of the larger ones,
for this range of Reynolds numbers, will actually be oblate spheroids according to Marshall (1954), and
Hughes and Gillitand (1952).

Actually, there is some difference between the values of the drag coefficient as obtained by
Langmuir and Blodgett (1946), and by Beard and Pruppacher (1969) in the interval for the Reynolds
number up to 400. The more recent studies by Beard and Pruppacher (1969) apparenily give more accurate
formulas relating drag coefficients to Reynolds numbers for Reynolds numbers up to 400. Their work
dealing with terminal velocities and Reynolds numbers compares more favorably with the Eisner curve
across the range of values of concern than that of Langmuir and Blodgett (1946). However, Langmuir and
Blodgett (1946) presented the formula for kigher Reynolds numbers as well, hence the formula of
Langmuir and Blodgett is used for R, = 400. In the less certain region, 200 < R, < /A2, - limear
interpolation between the two equations has been used in the computer we<ds! to avoid any 'G:5¢: - duuity
in {"e equation representing the drag coefficient in that interval.

For Reynolds numbers greater than 50000 the value
Cp, = 0.500 (5.A.17)

is used, since an examination of the Eisner curve readily reveals that the drag coefficient does not change
much from this value for Reynolds numbers up to about 2 x 10°. At higher Reynolds numbers the
departure is greatcr, but Reynolds numbers in this range will be of little concern for the topic at hand.

(Figure 2.2 of) Merkl (1989) shows the plot of the Eisner curve as well as the relation for G,

versus R, used in the model. The correlation was seen to be very good in the range of Reynolds numbers
of concern with anti-icing fluids. Some differences occurred between the curves at the higher Reynolds
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numbers (i.e. R, = 50000) but is of little concern for the study at hand where typically R, = 5UJ.

Some typical values of D, along with the Cp, and R, corresponding to the terminal velocities, are included
in Table 5.A.1.

Table 5.A.1 Drop Diameters, Drag Coefficients, R, and Terminal Velocity.

D, Co R, Terminal

(pm) Velocity
im/s)

50 96.094 0.257 0.07s
100 15.779 1.791 0.260
200 4.199 9.819 0.713
300 2.424 23.746 1.150
400 1.672 44.008 1.598
500 1.293 69.937 2.031
1000 0.691 270.441 3.928

Acceleration Effects on Drag Coefficients of Drops

Lapple and Shepherd (1940) were among the first to estimate drop movement and the time for a
drop to decelerate from high initial velocity (as from a spray nozzle for spray seperation processes) to
terminal velocity considering the instantaneous drag coefficient. However, they make no effort to explain
the effects of deceleration on the drag coefficient.

As noted by Hughes and Gilliland (1952), the effects of acceleration on particles rve most apparent
at low Reynolds numbers. Although probably not a major concern here, it is worthwhile to note the
rationale since there still may be some effect. As a fluid particle accelerates (decelerates) the flow pattern
around the drop must vary continuously. The Eisner curve, the accepted norm, gives G, versus R, for
steady state flow conditions. The flow around a drop at any poim i time, especially as a drop is
decelerating when first released from a wing, takes time to change. Hence, the flow is never actually in
the steady state mode represented by the Eisner curve. Thus, the flow regime is always lagging behind
what the steady stite flow would be at the same instantaneous R,. As the drag coefficient increases with
decreasing R., it is apparent then that the drag coefficient at any time will be lower than that predicted by
the instantaneous R,. Hence, the C, in the steady state case wi's tend to under predict the G, of a
decelerating drop. However, this is a very small amount and not entirely known, therefore the influence
of the deceleration of the drop is neglected for calculations of the Gy,

Air Entrainment with Drop Stream and Drop Mutual Interference
Next, considering the droplet release from the wing, there can be observed a certain amount of

entrainment of the air mass with the movement of the spray itself. This entrainment could cause
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significantly lower drag effects on the droplet near the point of release, where the stream of fluid leaving
the wing is still relatively concentrated. Once the stream has proceded further away from the wing there
will be enough spreading of the stream to no longer cause any significant entrainment effects. Since this
phenomena would be difficult to model accurately, and may be of negligible importance in this particular
application, the assumption has been made that the entrainment effects are not significant at any point

during droplet motion.

Similarly, the assumption is made that each droplet of fluid leaving the wing is acted on
independently of all other droplets. This means that the wake of one droplet does not affect the movemnent
of the next droplet. This simplifies the individual droplet drag calculations so that each droplet is treated

as being the only droplet in the wake.

Apparent Acceleration Due To Evaporation

The concept of zpparent acceleration due to evaporation from droplets was considered. For a full
discussion of this phenomenon the reader is referred to Merkl (1989). For the present case, since most
use of anti-icing fluid occurs during atmospheric conditions of high relative humidity and the fluid absorbs
water, the evaporation from the fluid drops would be very small. Hence, the apparent acceleration due
to evaporation was neglected in this model.

Evaporation From Drops

" poration and Drop life

The concern of this section is that of the prediction of the life of a droplet of pure water under
given conditions of evaporation. The drop life predictions are based on drops under free fall conditions.
at terminal velocity. This is reascnable since droplets in the size range of concern will be moving at only
slightly greater velocities behind the aircraft than they would at terminal velocity in free fall conditions
(Ormsbee and Bragg, 1978).

Trayford and Welch (1977) have given a method to calculate the drop life and the diameter of a
droplet at any time after formation.
D 2
° (5.A.18)
B AT

where. 7 = droplet life, s, AT = wet bulb depression, °C, D, = initial diameter, m,
Pr = Frandtl number = 0.72, R, = Reynolds number, and § = 84.76 (1.0 + 0.3 Pr'" R.'? ) x 10,

The Prandtl number has been shown to remain nearly constant at 0.72 for air over the temperature
range 250 K to 1000 K (Ranz and Marshall, 1952a and 1952b). Here, the Reynolds number is that for
the terminal velocity of the droplet at the initial diameter and density in a free fall state.Hence, this drop
life is that for a drop which is continuing to fall at the terminal velocity corresponding to its instantaneous

diameter.

Manning and Gauvin (1960) considered the problem of heat and mass transfer from decelerating,
finely atomized sprays. They concluded that, if the feedwater temperature is not too different from the wet
bulb temperature, the droplet will reach the wet bulb temperature within approximately !3 mm from the
nozzle. Hence, it is reasonable to use the wet bulb depression of the air to give a measure of the mass
transfer from a spray droplet. If the drop remained at a temperature different from the wet bulb
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temperature of the air, the droplife could not be based on the wet bulb depression.

Next, knowing the drop life, the drop diameter at any time after formation can be determined
(Trayford and Weich, 1977).

Dyt (5.A.19)
D, T

where. ¢t = time since formation of drop. s, ana D = ¢ . ".'or of drop at time £, m.

Walton and Walker (1970) have given a treatment of the drop diamete7 at any time, similar to that
of Trayford and Weich (1977) but in a slightly different form. These can be shown to be equivalent
(Merkl, 1989).

(Figure 2.3 from) Merkl (1989) shows that at AT the time to reack D/D, = 0.5 for most water
drops is sufficiently large so as tc be of no concern in condiiions for anti-icing fluid usage. The figure
showed, that drops with D, = 200 would take about 25 s to evaporate and that drops with D, = 500 would
take about 90 s to evaporate. Also, results from Merkl (1989) showed that, for normal aerial spray
conditions conducted at an aircraft height of near one half wingspan, most drops with D, near to, or greater
than, about 200 um would hit the ground within approximately 2 seconds.

Effects of Impurities on Evaporation Rates

A considerable uncertainty in the evaporation rate of a water-based drop may develop dug to the
content of glycol or other less volatile or non-evaporating liquids in a spray. The problem exists because
of the various possible distributions of the impurities throughout the droplet. This may range from the
liquid moving to the surface, bring evenly distributed throughout the droplet, or being confined inside and
away from the droplet surface. However, again due to the high humidity conditions accompanying anti-
icing fluid usage this consern is neglected for this model.

250



APPENDIX 5.B WAKE MODEL OPERATION

Program Input

The VORTINFO data set provides information on the aircraft geometry, i.e. the chird, sweep,
twist, dC,/da, Cy,, and Ci,,, all as a function of spanwise location.

The program V-CSM-34.04L was used for all calculations of the aircraft loadings and vortex wake
development. The program WAK7794T.FOR was used for all calculations of fluid droplet movement.
The required input datz is enered when the program are erecuted. As the programs run, the information
is input for the aircraft geometry, the aircraft operation, atmospheric conditions and the fluid droplet

statistics.

The needed informat:on is entered v :a four data files. The first file contains the information about the
aircraft and its operadion. thus is appropriately labelled VORTINFO. The second file called VDATAL is
output 7 sm the previous =-ugram arnd contains the information concerning the vortex wake development.
The third file is cailed SPTAYIN.DAT and contains the required information regarding the droplet, and
pertinent atmospheric conditions. The fourth file is called WAKEINPU and contains informaticen regarding
anti-icing drop release locations, the numbers of drops. and other information.

Program Output

A cemplete file of data regarding the conditions for the particular run is written into a file called
SPRAYOUT.DAT.

If dropiet trajectories, velocities, drag coefficients, and Reynolds numbers for individual droplets
are desived, the file DROPDATA.SAT will have the information regarding the individual droplet written
to it. The file DROPLOC.DAT gives the just drop locations every 0.25 sec and the final drop position
tor each droplet.

Another file SWATHDIS.DAT has written into it the droplet distribution over the entire swath
width. This informatica is recorded both on the basis of the volume as well as the number of droplets at
each of the spanwise sta:.ons, in increments as given in the input (usually 1.0 m).

Lastly, the file U JFORMT.DAT has written to it the drop distributions. Also given is the
measure of uniformity, the aiount of fluid (both number of drops and velume of spray) which is not lost
fre..a recovery area, aad the amount of fluid not evaporated.

Depth of deposition on the runway is calculated by the program DEPTHDEP.BAS. This program
gives the convs rsion for the depth of deposition across the runway for the aircraft velocity and the mass
flow-off rate. The output file is SWATHDEP.QUT.



APPENDIX 5.C AIRCRAFT DATA and STATISTICS

Airbus A3520 Infonsation aad Statistics

From the Airbus A320 Maintenance Manuai, and the Airbus A320 Aircraft Operations Manual.
{some also from Jane's All the World's Aircraft 1993-94, pp 118-120.)

Exposed Wing Area, flups retracted, calcvlated based on the statistics given in the VORTINFO data file.

Take-off conditions given here are considered to be 0° OAT. 2000 ft Pres. Alt., and dry runway.

Fuselage width at wing: 3.950 m (12 ft 11.5in)
Wing Span: 33.9Im (lil ft 3 im)
Wing Dihedral: 5.11° (0.08919 rad)
Wing chord at centerline: 7.0694 m (23 ft 2.3 in;
Wing chord at root: 6.07m (19 ft il in)
Wing chord at tip: 1.50m (4 ft 11 in)
Wing Area Gross: 122.4 m* (1317.5 ft)
Wing Area Exposed, Flaps Retracted 99.19 m* (1067.7 ft°)
Wing Aspect Ratio: 9.4

(Ag based on gross wing area)
Wing Root Height at Centerline: 2.67Tm

(measnred “om figure in Airbus Maintenance Manual)

Max Landing weight: 64,500 kg (142,195 1b)
Max T-O weight (Standard): 73.500 kg (162,040 Ib)
Modelled T-O weight: 70.000 kg (154,324 1b)
Max wing loading (Standard): 600.5 kg/m* (123.0 1b/ft*)

T-O Stall speed, 15° flans down, gear ug.. 2¢ modelled T-O weight
V, = 66.92 m/s (130.0 kt or '« .7 miph )

T-G Safety speed, 15° faps down, at modelled T-O weight
V, = 65.89 m/s (128 kt or 147.4 mph )

T-73 Rotation speed, 15 's down, at :a0delled T-O weight
Ve = 61.41 m/s (119.3 kt or 137.4 mph))

T-O Ground Roll speeds modelled, 15° flaps down, at modelled T-O weight
38.608 m/s (75 kt or 8¢ 4 mph )
66.9205 m/s (130 kt or 149.7 mph )
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VORTINFO file for Airbus A320:

38.60800 686165.500 2.6700 2.6700 1.9750

4
0.08919 7.06940 0.00000
0.43633 0.06388 6.10000 1.70000 4.00000

0.08919 6.07000 1.97500
0.43633 0.06388 6.10000 1.70000 4.00000

0.08919 3.76000 6.54000
0.43633 0.06388 6.10000 1.70000 4.00000
0.08919 2.27083 13.40600
0.43633 0.06388 6.10000 0.500100 3.00000

0.08919 1.50000 16.96000

0.43633 0.06388 6.10000 0.25000 2.50000
LI

1.57080 0.75000 0.37500 0.80000

¢.00000 0.00000 6.10000 0.25000 2.00000

0.03000

45 35 10

1 45 1

0.00010 0.10000 20.00000

Note: At the stall speed given above (130 kr), the Maximum Lift Coefficient based on the exposed wing
area is:

Cow =L/%MpVS= 252

Note that this is in fair agreement with the data shown ir; Figure 4 of Flaig and Hilbig (1992) which shows
the Airbus A320 producing a Cy,,,, = 2.5 - 2.6. Hence, the approximated areas and spanwise loading

secins reasonable.
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BOEING 737-300 Information and Statistics
From the BOEING 737-300 Maintenance Manual, and the BOEING 737-300 Operations Manual.
(some also from Jane's All the World's Aircraft 1993-94, pp 441-443.)
Exposed Wing Area, flaps retracted, calculated based on the statistics given in the VORTINFO data file.

Take-off conditions given here are considered to be 0° OAT, 2000 ft Pres. Alt., and dry runway.

Fuselage width at wing:

Wing Span:

Wing Dihedral:

Wing chord at centerline:

Wing chord at root:

Wing chord at tip (theoretical):
Wing Area (gross):

Wing Area Exposed, Flaps Retracted
Wing Aspect Ratio:

3.6190 m (11 ft 10.5 in)
29.03 m (95 ft 3 in)
6.00° (0.10472 rad)
7.318 m (24 ft 0.1 in)
471m (15ft5.6in)
1.621m (5 ft 3.8 in)
105.4 m* (1135.0 ft®)
83.01 m? (893.5 ft?)
7.91

(Ag based on gross wing area)

Wing Root Height at Centerline:

221m (7 ft 3 in)

(measured from figure in BOEING 737-360 M.M.)

Max T-O weight (Basic):
Modelled T-O weight:

Max wing loading (A1l models):

56,472 kg (124,500 1b)
47,000 kg (103,617 Ib)

575.6 kg/m* (117.9 1b/ft%)

T-O Stall speed, 15° flaps down, gear up, at modelled T-C wearht

V., = 54.82 m/s (106.5 kt or 122.6 mph )

T-O Safety speed, 15° flaps down, at modelled T-O weight

V, = 65.89 m/s (128 kt or 147.4 mph )

T-O Rotation speed, 15° flaps down, at modelled T-O weight

Vi = 61.41 m/s (119.3 kt or 137.4 mph )

1-O Ground Roll specds modeiled, 15° flaps down, at modeiled T-O weight

38.608 m/s (75 kt or 86.4 mph )
56.625 ra/s (110 kt or 126.7 mph )
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VORTINFO file for BOEING 737-300D:

5¢ 62507 460912.550 2.2100 2.2100 1.8095
5

0.10472 17.31800 0.00000

0.43633 0.01745 6.10000 2.00000 4.00000

0.10472 4.01000 4.85100

0.43633 0.00000 6.10000 2.00000 4.00000

0.10472 2.50600 10.59200

0.43633 0.00000 6.10000 0.50000 3.00000

0.10472 1.80400 13.25900

0.43633 0.00000 6.10000 0.25000 3.00000

0.10472 1.62100 14.22400

0.43633 0.00000 6.10000 0.25000 2.530CD

0.10472 0.69600 14.51600

0.43633 0.00000 6.10000 0.25000 ~.50000

0 O
0.02000
45 45
1 45
0.00010

o—o

10000 20.00000

Notc that this gives Aircraft G, = 1.90. Therefore, rotation angle of ~8° to produce C =232
necessary for take-off at this speed (110 kt). This is within the acceptable angles for rotation at take-off.

Note: At the stall speed given above (106.5 kt). the Maximum Lift Coefficient based on the exposed wing
area is:

Cow =L/IVpV:S= 302

Note that this is in fair agreement with the data shown in Figure 4 of Flaig and Hilbig (1992) which shows
the BOEING 737 producing a C,,,, = 2.8 - 2.9. Hence, the approximated areas and spanwise loading

seems reasonable.
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BOEING 737-200 Information and Statistics

This is given since it was some of the oniy complete information available ¢ determine compiew
aircraft performance for one of the represented aircraft.

(From Jane's All the World's Aircraft 1974-75, pp 283-285.)

Wing Span: 28.35m (93 ft 0 in)

Wing Dihedral: 6.00° (0.10472 rad)

Wing chord at root: 471 m (15 ft 5.6 in)

Wing chord at tip: 1.60m (5 ft 3 in)

Wing Area Gross: 91.05 m*> (980 ft)

Wing Aspect Ratio: 8.83

Wing Ront Height at Centerline: 2.21 m (measured from figure)
Max landing weight (All models): 46.720 kg (103,000 Ib)

Max T-O weight (All modeis): 52,390 kg (115,500 Ib)

Max wing loading (All models): 575.6 kg/m* (117.9 1b/ft))

Stall speed. flaps down, at max landing weight 49.67 m/s

(179 km/h: 111 mph; 9/ kt)
T-O Stall speed. flaps down, at max T-O weight  72.77 m/s
This gives, for the aircraft as a whole, in Landing condition,

Cmm =L/'/2pV"S

(46.720 kg)(9.80 m/s?) / (V2)(1.2256 kg/m*)(49.67 m/s)? (31.05 m’)

3.326 (Landing at Max landing weight.)

1

This is a complete aircraft Cy,,,. therefore since the outboard wing sections at the ailerons would not be
producing this high C_ locally, it is reasonable to assume that the inboard flapped stations will produce
greater than C; =: 3.326 locally. Note that for landing the aircraft may deploy greater flap deflection in
order to achieve s greater C,,,,, even though the trailing vortex drag would be greater. Therefore, it seems
reasonable that for the take-off condition, the C,,, would not be as great as for the landing condition given
above. For the purposes of this report, at take-off condition the assumption will be that local wing sections
may achieve not greater than C,,,, = 4.0.
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BOEING 747 Information and Statistics:

Most information taken from the BOEING 747 Maintenance Manual and the BOEING 747 Aircraft

Operations Manual.
(and some from Jane's All the World's Aircraft 1993-94, pp 443-446.)

Exposed Wing Area, flaps retracted, calculated based on the statistics given in the VORTINFO daua file.
Note that the wing area (gross) given in the BOEING 747 Maintenance Manual is 5500 ft* (511 m?) appears
to be the area of the wing inciuding that area extending into the fuselage, but not including the area of the
triangle composing the root strengthening region at the trailing edge (i.e. take the outboard trailing edge
of the wing and project it to the centerline).

Take-off conditions given here are considered to be 0° OAT, 2600 ft Pres. Alt., and dry runway.

Fuselage width at wing: 6.5024 m (21 ft 4 in)
Wing Span: §9.6392 m (195 ft 8 in)
Wing Dihedral: 7.00° (0.12217 rad)
Wing chord at centerline: 16.516 m (54 ft 2.2 in)
Wing chord at root: 14.623 m (48 ft 1 in)
Wing chord at tip: 4064 m (13 ft4in)
Wing Area (gross): 511.0 m? (5500 ft*)
Wing Area Exposed, Flaps Retracted 439.8 m* (<5500 ft*)
Wing Aspect Ratio: 6.96

(Ag based on gross wing area)
Wing Root Height AGL at Centerline: 3.48 m (measured from figure)

Max T-O weight (most models): > 335,658 kg (>740.000 1b)
Modelled T-O weight: 335,658 kg (740,000 Ib)

T-O Stall speed, 10° flaps down, gear up, at modelled T-O weight
V, = 74.64213 m/s (145 kt. or 167 mph)

T-O Safety speed, 10° flaps down, at modelled T-O weight
V, = 89.57 m/s (174 kt or 200.4 mph )

T-O Rotation speed, 10° flaps down, at modelied T-O weight
Ve = 86.22 m/s (167.5 kt or 192.9 mph )

T-O Ground Roll speeds modelled, 10° flaps down, at modelled T-O weight
38.608 m/s (75 kt or 86.4 mph)
77.216 m/s (150 kt or 172.7 mph)
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VORTINFO file for BOEING 747:

77.21600 329i681.310 3.4800 3.4800 3.2512
4

0.12217 16.56160 0.00000

0.65450 0.03491 6.10000 1.80000 4.00000
0.12217 9.55220 11.93800

0.65450 0.03491 6.10000 1.80000 4.00000
0.12217 6.1727G 21.18360

0.65450 0.03491 6.10000 0.50000 3.00000
0.12217 4.40390 28.32100

0.65450 0.03491 6.10000 0.25000 3.00000
0.12217 4.06400 29.81260

0.65450 0.03491 6.10000 0.25000 2.50000

0 0

0.00000

42 42 0

1 42 1

0.00010 0.10000 20.00000

Note: At the stall speed given above (145 kt), the Maximum Lift Coefficient based on the exposed wing
area is:

Cowe =L/I%pViS= 219

Note that :his is in fair agreement with the data shown in Figure 4 of Flaig and Hilbig (1992) which shows
the BOEING 747 producing a Cp,,,, = 2.2 - 2.3. Hence, the approximated areas and spanwise loading
seems reasonable.

Note that for landing the aircraft may deploy greater flap deflection in order to achieve a greater C,,, even
though the trailing vortex drag would be greater. Therefore, it seems reasonable that for the take-off
conditoe, the L, would ot be as great as for the landing condition given above. For the purposes of
{his repert, 2t take-off condition the assumntion wil! be that C,,,, = 4.0 for the regions with the leading
sy 12 or ihe leading edge slats, and trailing edge triple slotted flaps.
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CHAPTER 6

CONCLUSIONS
and FUTURE RESEARCH

SUMMARY of CONCLUSIONS

A simplified vortex lattice method (V1 %1) has been applied to three different problems in three
dimensional aerodynamics. The use of even a simple model was shown to provide additional insight into
each problem considered, hence, the VLM can still be considered a useful tool for engineering problems

in aerodynamics.

Chapter 2 has reviewed and highlighted studies regarding vortex systems pertaining to lifting wings
of moderate to high aspect ratio (6 to 20). The review discussed some vortex methods which have been
used to determine aircraft wing loading and the development of the trailing vortex wake. The roll-up of
the trailing vortex wake behind a lifting wing was shown to be dependent mostly on the spauwise wing
loading. The development of the trailing vortex wake within ground effect was discussed.

The literature was also reviewed concerning the design of winglets for the use on the wing tips
of aircraft. This review bas shown that a significant amount of research has been rgpe regarding winglet
des'gn. Most notably the revival of winglet research was prompted by Whitcomb’s work published in
1976. Somewhat surprising is that throughout all of the research that has been done the question still
remained s to exactly how wir‘ets provide the drag reduction which they do produce. This uncertainty
was the reason for the investigation performed for Chapter 3 of this work.

The literature review showed that winglets can be designed and constructed to produce a reduciion
of the total drag of a wing, hence, the drag reduction mechanism was investigated in Chapter 3. The
vortex lattice model was able to provide significant insight into the problem. This study showed that by
the proper design and application of winglets, some drag reduction is possible even for wings which were
previously considered to be the optimum elliptical loading. The nonplanar winglet addition to a wing was
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the reason for the improvement of the Lift/Drag ratio by as much as 15% over the "supposed™ optimum
wing at high lift coefficients.

The investigation has provided insight into the importance of the forward thrust component of the
total drag reduction d..c to a winglet. As well, the induced drag reduction along the span of the main wing
winglet was shown to be a significant portion of any drag reduction caused by a winglet. The study has
shown that winglets which are very small compared to the main wing tip chord produce mos* of the drag
reduction by the forward thrust mechanism, while larger winglets provide most of the ;. 2 reduction by
the induced drag reduction along the span of the main wing. The study showed the necu to include both
components of the induced drag reduction (forward thrust and the induced drag reduction along the span
of the main wing) to explain the total drag reduction possible by winglets. Also, the results indicated that
the forward thrust compcnent of the drag reduction by a winglet is highly dependent on the main wing G, .
The forward thrust was shown to be 20% to 50% of the total drag reduction on a wing at high C;, but at
low C, the forward thrust may become negligible or even negative. Thus, the induced drag along the main
span of a wing was shown to be the dominant drag reduction mechanism by winglets at low ¢} of the main
wing. Another of the specific results showed a probable reason for much disagreement about if winglets
work or why winglets actually can help on a particular aircraft. The reason is that the percentage
improvement in the Lift/Drag ratio by using winglets on a given aircraft is dependent on the G,,-C, curve
for the main wing. The usefulness of this VLM can be to prov w ~formation for the design optimization
of winglets for a particular aircraft wing.

Closely, related to the problem of aircraft wing loading is the development of the trailing vortex
wake. The VLM was used in Chapter 4 to consider this problem. The development of the trailing vortex
wake is dependent mainly on the wing spanwise loading. Additionally, the developing trailing vortex core
was shown to be dependent on the wing boundary layer thickness which affects the vortex sheet thickaess.
The size of the developing core of the trailing vortex can be influenced by the vortex sheet thickness, hence
the velocity profile through the vortex core was shown to be dependent on the boundary layer thickness.
Modelling of the vortex sheet with multiple rows of vorticity has provided new insight into the stretchiny
and thinning of the vortex sheet near the developing core. Also, the vorticity from the upper surface of
the wing was seen to roll-up into the developing vortex core at the very beginning of the roll-up sequence,
a result which was different from assumptions used by other researchers.

Chapter 5 has examined the problem of determining the deposition of anti-icing fluid on airport
runways and adjacent areas. The problem involves the flow-off of anti-icing fluid from aircraft during the
take-off ground run. Three specific aircraft were examined which wers consiceied to be the aircraft which
would typically be used in Canada duriss:; - »udisions requiring the use of anti-icing fluid. The wing loading
and the trailing vortex wake of the<e i:x..ft are complex due to the wing slai and flap settings for the take
off condition. The study reveale. ini ‘= movement of anti-icing fluid is significantly affected by the
developing wake of the aircraft, as well as any crosswinds during the take-otf ground roll. Deposition of
fuid on the runway, and especially near wie runway centerline, during light crosswinds was seen to
:..: .ase as compared to the no wind condition. Small span aircraft gave higher percentages of the initial
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fluid amounts deposited on the runway surface, while larger span aircraft produced greater off runway
deposition. The arount of anti-icing fluid deposited on the runway by only a few aircraft was seen to be
sufficient to produce a potential for the reduction of the runway friction coefficient.

This research has shown that valuable insight and design infurmation may be gained by the
application of a vortex lattice method to problems of three dimensional aerodynamics. Sometimes the
abundance of data provided through the opportunity to apply more complicated computer modeliing
techniques can obscure the ultimate goal of developing insight into the particular problem being analyzed.
Clearly, by the careful observation of results there is still much that can be learned by the application of
a relatively simple model such as the VLM to these particular areas of aerodynamics.

RECOMMENDATIONS for FUTURE RESEARCH
Some possibilities for future work include the following in line with each of the research areas.

More comprehensive computer modelling of wing and winglet combinations should be done. with
the focus on developing a more generalized formula for the drag reduction by a winglet.

This winglet study has been done with the assumption of a rigid wake. Obviously, this does not
correspond to the real world situation. Further investigation should be done with the incorporation of a
rolling up trailing vortex wake. Results due to both assumpticns could then be compared to give the
improvement of prediction of the acrodynamics of winglets with a more realistic model. Specifically. any
information would be valuable which pertains to the effect on the induced drag reduction components due
to including the relaxed wake. Comparisons of the results of this vortex lattice method should be made
with a full vortex panel m-thod and even perhaps with more rebust CFD methods. Such: a comparison
wouis! /. whether there is a need for a more complex computer model.

‘...utionaliy, wind wnnel modelling of winglet configurations for comparisex with computer
predictions of winglet effectiveness would help to provide greater confidence in the results of these

coumnputer models.

Other applications of this work reqariics winglet design include the improvement : aileron
;inl'y during the critical flight phase at high C; near stall
=+ using winglets to enhance aircraft aileron response, and

effectiveness due to wingh:t addizon s
conditions of the main wing. The putensx’ |
hence flight safety, warrants further researc::.

The tailiusz vortex wake hazard to aircraft is still a major concern for air traffic safety. Beuter

understanding of the vortex wake is necessary to tailor aircraft wings and wing tips to reduse that i..zard.
The vortex sheet roll-up model provided some interesting insight into the vortex sheet stretching and
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thingsng. Wind runnel work would be useful to provide some more confirmation of the accuracy of this
vortex core development, and the effect of a wing boundary layer thickness on the developing vortex core.
The effects of winglet addition on wing tips should also be investigated with special notice given to the
winglet bouixJary layer thickness.

This work examined the deposition of anti-icing fluid on runways and adjacent areas. The study
showed that significant amounts of fluid land on the runway surface. However, more work needs to be
done to determine the effect of anti-icing fluid on an airport runway, especially concerning the runway
friction coefficients and the effects on landing aircraft. Also, the ability to predict the deposition and
accumulation of anti-icing fluid, which is generally a glycol based fluid. lends itself to the possibility of
improved methods of reclaiming the fluid. As well, the environmental impact of off runway deposition
should be addressed.
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