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Abstract

We invedtigaete the change in induced drag
generated by a lift producing control
auface in an  undeady environment.
When a lifting surface, such as aflgp a an
angle of atack, encounters disturbances in
a fluid, the changing loads placed on the
flap by the time-dependent flow cause the
crculation about the flap to change. This
changing dirculdion generates vorticity
tha sheds from the lifting surface
Accompanying the shed vorticity is an
induced drag that is due solely to the time-
dependent loading. The flexible region
deforms in response to the time-changing
flud loading ad  modulaes the
circulation changes — hence, induced drag
— that would otherwise occur with a rigid
control  surfacee. We use numerica
gmulation of inviscid flow coupled to a
lineer dadgtic control surface mode to
andyze induced drag reduction and the
modification of lifting caused by surface

flexibility. Arrays of oncoming free
vortices of vaying drength approximate
the unsteady environment. Our results
may ad in induced drag modification for
specidized high-performance water craft.

Introduction

A body immesd in a flud may be
ubjected to forces resulting from the
relative motion between body and fluid.
The forces exeted on the body are
generdly caegorized as lift and drag,
forces  pependicular and  padld,
regpectively, to the rdative fluid motion.
The drag forces are of severa forms and
vay in rddive magnitude depending on
the body geometry and flow type. Skin
fricion drag is the direct result of the
shear dress induced on the body by a
moving fluid of finite viscosty. The drag
due to flow separation is another type of
drag associated with viscosty. These two
forms of drag are often lumped together



and referred to as paraditic or profile drag
(Kroo, 2001). A body producing lift is
aso subjected to losses associated with
lift generdtion. These losses, often
referred to as induced drag, arise from the
momentum left in the flud as a lifting
body traveds through it (Ashley &
Landahl, 1965).

The various types of drag that are
mentioned above are steady phenomena
Another form of drag is produced by a lift
producing body in an  unseedy
environment.  When a lifting surface
encounters disturbances in the fluid, the
changing loads placed on the body by the
time-dependent flow cause the circulation
about the body to change. This changing
circulation generaes vorticity tha sheds
from the lifting sufacer  Accompanying
the shed vorticity is an induced drag that
is due soldy to the time-dependent
loading (Katz & Plotkin, 2001).

A number of aduhors have
investigated the physcs of vortex-body
interactions and the induced loading
caused by this interaction (Rockwell
1998; So et a., 1999). There has dso
been work to suggest that vortex-body
interactions can be utilized to efficently
prope an oscillating foil through a vortex
aray fidd (Streitlien e d., 1996) and to
reduce the overd| drag forces in a fishlike
model (Barrett et a., 1999). Much of the
work in this area is primaily ingpired by
examples given in nature (Azuma, 1992).

Nature aso provides examples of
increased  efficiency through passve drag
reductions by means of compliant
sructures (Pabst e d., 1999). Our
method of passve drag modification uses
a control surface with a flexible traling
region. The flexible region deforms in
regponse  to the time-changing fluid
loading and modulates the circulation
changes — hence, induced drag — that
would otherwise occur with a rigid control

aurface. We use numericad smulaion of
inviscid flow coupled to a linear eadic
control surface model to andyze induced
drag reduction and the modification of
lifting caused by suface flexibility.
Arrays of oncoming vortices of varying
drength  gpproximate  the  ungeady
environment. The god of this work is to
demondrate that the unsteady drag force
on a lift producing foil can be changed by
dlowing compliancy in the traling three
quarter chord of thefail.

Mathematical M odel Development

To obtan ingght into the dynamics of
unsteady drag production we choose a
amplified two-dimensond modd  tha
includes the pertinent physca aspects.
We choose not to include steady drag
effects, so as to more clearly andyze the
effects of the unseady drag. We utilize a
linear elagtic beam equation to mode our
dructure, and a vortex lattice method to
smulate the hydrodynamic portion. The
dructurd and hydrodynamic portions of
the model are directly coupled. Arrays of
convecting vortices agpproximate  the
unsteady disturbancesin the fluid.
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Figurel: Diagram of Coordinatesfor Fail

Figue 1 shows the generd
coordinate diagram  utilized for the
dructurd and hydrodynamic  equations.
For our modd we assume that the leading
edge quater chord has infinite diffness
and does not deform. The region of the
foil traling the quater chord point is



compliant and deforms in response to the
seady and unsteady hydrodynamic forces
placed on it. The following sections show
a more detalled explanation of the mode
stup and the eguaions utilized to
describe the modd.

Structural Equation

The flexible control surface is assumed to
be a two-dimensond plae  This 2-D
plae is assumed to have sufficiently smdl
deflections and behaves in a linear dagtic
manner.  The angle of attack remans
aufficiently smdl so tha the beam
deflection is assumed to be in the z
direction only. The unsteady equation
that describes the structureis
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where rl(x) is the mass per unit chord
length, h(x,t) is the vertica digplacement
of the beam from its nondeformed
position, E is the modulus of dadticity,
I(x) is the moment of inettia per unit
gpan, and Ap(x,t) is the difference in
pressure between the top and bottom of
the foil. It is noted that the moment of
inertia is dlowed to vary dong the chord
of the foill. For al examples of this work
we assume a NACA 0012 arfoil cross
section to cadculate thickness vaues for
the structura mode (Ladson, 1996).
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Hydrodynamic Equations
We asume that the flud fidd is
incompressble, inviscid, and irrotationd.

The fluid field can therefore be described
usng the potetid flov modd. The
equation that describesthefidd is

V2P =0 @)

where @ is the veocity potentid. The
relaionship between the veocity potentid
and pressure can be derived from the
momentum  equation. Assuuming gndl
disurbances and linear theory, the
pressure difference between the upper and
lower surfaces of thefail is
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Whereris the flud dengty, u.is the
mean free dream velocity, and Vois the
velocity potentid difference between the
and bottom of thefail.

An ungeedy discrete vortex lattice
mode is used to describe  the
hydrodynamic portion of the problem. In
this discrete modd the pressure difference
of equation (3) a atimet becomes
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where I isthe dlscrete vortex srength.
The undeady naure of the

problem is introduced to the otherwise
non-time dependent hydrodynamic
equation through the unsteady boundary
conditions.  This manifests itsdf in the
vortex lattice modd through the equations
that describe the induced and prescribed
downwash a each pand. This equation
is
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where a is the nondeformed agle of

attack and h is the verticd deflection of
the beam from its nondeformed position.
The three summations on the right hand
sde of eguation (5 account for the
induced wash due to the bound vorticity

of the fail, the vorticity shed into the
wake, and the disturbance vorticity,
respectively.

The drag on the foil due to
unsteady loads is caculated usng the



equation suggested by Katz and Plotkin
(2001) for a lumped vortex mode. The
drag equation utilized is
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where N is the number of pands used to
modd the fail, w,, is the wash induced by

the wake at the three quarter chord point,
Ax is the individua pand length, and a,
istheloca angle of atack of each pand.

The convection of the individud
vorticesis described by
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and
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where x"*! and h"'*! are the calculated x
and z pogtions of an individud vortex a
the new time At is the time gsep, and
U is the free sream veocity. The terms
utand w!) ae the x and z induced

velocities. For the case of a fixed wake or
a fixed vortex disurbance aray, the
induced veocities, u? and wd, are
assumed to be zero.  When the influence
of the vortices in the free dream is

congdered, the induced ve ocities become
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where the e is introduced to prevent the
‘encounter problem’ (Krasney, 1987; Hdl
& Hadl, 2000). The three summations
account for the induced velocity due to the
bound vorticity of the foil, the vorticity
shed into the wake, and the disturbance

vorticity respectively.
Terminology for Results

The parange that diginguishes the

different compliant foils is the bending

diffress of the two-dimensond plate

For our purposes we define the bending

diffness as the dimendonless parameter
given by
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where E is the modulus of eadicity, d is

the foil thickness a the quarter chord, ris

the flud dendty, U, is the mean free
stream velocity, and ¢ isthe chord length.
The lifting and drag forces are
normdized in the standard manner as the
coefficient  of lift (c ) and drag

(11)

coeffident (C,). The coeffident of lift
and drag coefficient in two dimensons are
Ll
o= y2r0Zc 12
and
D/
Cp :—]/2nJ§Cc (13)

Where L’ and D’ ae the lift and drag

forces per unit span respectivdy. To
more explicitly demondrate the effect of



bending diffness, the diagrams in this
work present the drag as a ratio of drag
coefficients. Thedrag ratio (DR) is

Co (14)
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where C,, _ is the time averaged

ungeady drag coefficient for a fal with
infinite bending giffness.

DR =

Equilibrium Angle of Attack

To accurady compare the drag and lifting
forces on fols of differing bending
diffness, the angle of attack of the leading
quarter chord is vaied to ensure the
equaity of the deady dae lift of the
contrasted foils. Because of the response
of a compliant structures, leading quarter
chord angle of attack of foils with smdler
bending diffness will be greater than
those of larger bending Hiffness because
of the decreased ability of the compliant
tralling region to support a hydrodynamic
load.
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Figure2: Bending Stiffness vs. Angle of Attack
Ratio for NACA 0012 Foil Shape

Fgure 2 shows the leading edge angle of
attack ratio (ratio of leading edge angle of
atack of a finite iffness foil to a foil of
infinite  iffness) plotted agang bending
diffness.  Figure 2 shows that for small
bending diffness the angle of atack ratio
approaches a value of 4.0, which is to be
expected when the load carrying

cgpability of the traling three quarter
chord goes to zero. At this point al of the
hydrodynamic load is caried by the
leading edge quarter chord.

The plot gives the authors a
ressonable range of diffness vaues to
investigate.  The limits of this range ae
determined by ensuring the proper
maiching of the hydrodynamic force and
impedance of structura response.

Single Disturbance

The most badc test of the effects on lift
and drag that disturbances have on a fail
is the interaction of a single disturbance.
The vortex disturbance darts upstream of
the fol with an initid horizontd
displacement and convects downstream.
The individud  vortex drength s
presented as a factor of the foil's steady
sate circulation vaue. For dl cases of
this work we will present the srength of
the individud vortices as a multiple of the
foil’s seady Sate circulation.

We choose to present only one
specific  dngle disurbance case  to
illusrate the effect that bending diffness
has on the drag exerted on the fail in the
sngle disurbance modd. The diagram
shown in Figure 3 presents the results for
the specific chosen case.  Figure 3 is a
plot of bending diffness to drag ratio for a
NACA 0012 foil at a five degree angle of
atack that interacts with a sngle vortex
disurbance. The vortex drength is one
hdf of the foil deady dae dcirculaion.
The vortex is rdeased 30 chord lengths
upstream and one chord length below the
foil zero postion. The disturbance vortex
and vortices shed from the fol ae
convected with the free dream and
induced velocities of the free wake modd.
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Figure 3: Bending Stiffnessvs Drag Ratio for
Single Vortex Disturbance

Figue 3  demondrates that
ggnificant differences in  unsteedy drag
force are achievable for foils carrying the
same deady lifting force and differing
only in bending diffness  This particular
case shows that as the bending diffness is
decreased from infinity the ungteady drag
magnitude increeses dightly and then
begins to decrease dramaticdly for
bending gtiffness vaues less than 1.0.

Multiple Disturbances— Vortex Arrays

There is a posshility of exdting a
resonant phenomenon that may dter the
unseady drag and lifting forces of a fail
of finite bending giffness (So et d.,1999).
This phenomenon is explored by dlowing
arays of vortices that are convecting with
the free dream to interact with a
compliant foil. Two types of multiple
disurbance arays are briefly explored in
this work. The firg places the foil in
between the two arays of vortices in a
vortex dreet. This geometry is smilar to
the geometry utilized by So and Mignolet
(1999) and Gopakrishnan et d. (1994) in
ther dudies of vortex-foll interactions.
The second geometry offsets the foil from
a dngle aray of vortices of dternating
srength values.
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Figure 4. Diagram of Dual Rows of Vortices

Figure 4 shows a basic diagram of
a foll a the center of a Karman vortex
dreet. The distance between vortices is
D and the distance between the two
vortex arays is 2H (with the fol zero
point centered between the two arrays).
Both of these vdues ae nomdly
presented as factors of chord. All
individua  vortices have the same
drength, which is presented as a multiple
of the steady state foil circulation.

Once again we choose to present
the reaults for a specific case of this type
of vortex interaction. Figure 5 is a plot of
the bending diffness vs. drag ratio for a
NACA 0012 foil at a five degree angle of
attack at the center of a Karman vortex
dreet. The individua vortex srengths are
equd to the vaue of crculaion of the foil
a seady date, the haf distance between
the arays (H) is equd to one chord
length, and the distance between vortices
(D) is equd to two chord lengths.  For
this case the fixed wake modd is utilized
where the disturbance vortices and the
vortices shed from the foil are convected
with the free sream ve ocity only.
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Figure5: Bending Stiffnessvs. Drag Ratio for

Dual Vortex Rows



Figure 5 shows the difference in
unsteedy drag that is obtained for different
bending diffness  vaues The cae
presented shows a variation of over 200%
in  undeady drag. Once agan
demondreting the dggnificant differences
in unsteady drag that are achievable by
vaying the diffness of the foil. There is
adso weskly defined reldive extrema that
occur for bending giffness of 0.1 and 1.0.
These extrema correspond to the wel
defined extremum shown in Figure 7.
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Figure6: Single Row of Alternating Convecting
Vortices

Figure 6 shows a basic diagram of
the geometry the second type of multiple
digurbance aray. In this geometry the
fol is offss bdow a sngle aray of
equaly spaced vortices, that are of equa
magnitude  drength, but dternate  in
direction of rotation. The distance
between the foil zero point and the array
is H, the offst distance. The distance
between vortices of Smilar rotationis D .
The results of the specific case we choose
to present are shown in Figure 7. Fgure 7
is a plot of bending diffness vs. drag ratio
for a NACA 0012 foil a a five degree
angle of attack offsst from a single aray
of dternating vortices  The individud
vortex drengths are equad to the vaue of
circulation of the foil a Seady dSate, the
offset disance (H) is one chord length,
the distance between smilar vortices (D)
is two chord lengths. For this case the
fixed wake modd is utilized. Therefore
the induced veocities ae zero and the
disurbance and shed vortices are
convected with the free stream velocity
only.
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Figure7: Bending Stiffnessvs. Drag Ratio for
Single Row Alternating Vortices

Figure 7 once again demondrates
the ggnificant change in ungeady drag
that is achievable. The figure aso shows
a dealy ddined locd extremum
gopearing a a bending diffness of 0.6.
The gppearance of this clealy defined
extremum suggeds tha a dructurd
resonance phenomenais occurring.

Conclusons

The god of this work is to demondrate
that the unsteady drag force can be atered
by changing the bending diffness of the
trailing three quarter chord of a compliant
foil. The three types of vortex disturbance
andyzed in this work to demondrate the
change in ungteady drag force are a single
vortex disturbance, dud vortex arays, and
a dngle dternating drength vortex array.
The results of the three specific cases that
ae presented dl demondrate that varying
the bending diffress of the foil will
sgnificantly dter the undeady drag forces
that are fet by foils supporting the same
seedy lifting force. Not presented in this
paper is the dramaic effect tha
compliancy has on the lifting force
perturbations caused by the perturbations.
There are severa aress of future
work planned for this topic. The first is to
andyze more cdosdy the aess of
sructura and hydrodynamic resonance as
they relate to both the unsteady drag and



lifting forces. We dso intend to congruct
a tet gopaaus to confirm the numerica
results presented in this work. The results
of this and future work may ad in the
induced drag reduction for specidized
high-performance  water crait and for
vehides tha utilize compliant foils for
propulsion (Hobson et d., 1999).
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