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" Abstract

Unsteady rotor wake interactions with the empennage,
tail boom, and other aerodynamic surfaces have a sig-
nificant influence on the aerodynamic performance of
the helicopter, ride quality, and vibration. A Computa-
tional Flnid Dynamic (CFD) method for computing the
aerodynamic interaction between an interacting vortex
wake and the viscous flow about arbitrary two-
dimensional bodies has been developed to address this
helicopter problem. The vorticity and flow field veloci-
ties are calculated on a body-fitted computational mesh
using an uncoupled iterative solution. The interacting
vortex wake is represented by an array of discrete vor-
tices which, in turn, are represented by a finite-core
model. The evolution of the interacting vortex wake is
calculated by Lagrangian techniques. The flow around
circular and elliptic cylinders in the absence of an inter-
acting vortex wake has been calculated. These results
compare very well with other numerical results and
with results obtained from experiment and thercby
demonstrate the accuracy of the viscous solution, The
interaction of a simulated rotor wake with the flow
about two-dimensional bodies, representing cross-
sections of fuselage components, has been calculated to
address the vortex-interaction problem. The vortex
interaction was calculated for the flow about a circular
and an elliptic cylinder at 45 and 90 degrees incidence,
‘The results demonstrate the significant variation in lift
and drag on the two-dimensional bodies during the vor-
tex interaction,

Symbols

Cd  =drag coefficient

Crx = force coefficient in x-direction
Cfy = force coefficient in y-direction

C; = lift coefficient

hg = vector length in transformed space
hn = vector length in transformed space
J = transformation Jacobian

1 = body length

n = time step index, shedding frequency
P = transformation parameter

P = pressure

Q = transformation parameter

T = radial variable

Ic = vortex core radius

Iy = yortex core outer radius

Re = Reynolds number, Use Iy

St = Strouhal number, nl/Uco

t = fime

U = free stream velocity

| = velocity component in x-direction
v = velocity component in y-direction
X = Cartesian coordinate

y = Cartesian coordinate

o = incidence angle

B = transformation parameter

A = incremental value

r = ¢ircutation

n = coordinate in transformed space

v = kinematic viscosity

13 = coordinate in transformed space
® = yorticity

Subscripts

vW = interacting vortex wake quantity
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o = reference value

1 = value at body surface

oo = value at far field
Introduction

The numerical prediction for the strong interaction
between vortical wakes and the viscous flow field about
bodies is of considerable importance in the design anal-
ysis of rotorcraft, The flow field surrounding a heli-
copter configuration is highly complex due to the lack
of symmetry and the unsteady aspects of the flow. This
unsteady, asymmetric flow field is complicated further
in that the shed wake from the rotor blades interacts
with other components of the aircraft (e.g., rotor blades,
fuselage, tail boom, and tail rotor). In general, these are
strong interactions in which the rotor wake flows onto
or passes very close to the other components of the air-
craft. Vortex interactions occur at many flight attitudes
(e.g., hover, descent, and low speed flight) and there-
fore have profound effects on the overall asrodynamic
efficiency of the rotorcraft. The effects of the vortex
interactions are realized as increased vibratory loading
on the fuselage, decreased payload capabilitics, and
increased noise.

Because of the complexity of the problem and the limi-
tations of the computer in modeling the entire flow
field, the research effort addressing vortex interaction
for rotorcraft has developed in two directions: blade-
vortex interaction and rotor-fuselage interaction, Most
of the vortex-interaction research for rotorcraft has been
directed toward blade-vortex interaction in forward
flight and, therefore, concentrated on the flow field near
the rotor tip on the advancing side of the rotor, The flow
field in this region is transonic and the rotor blade is at
near zero incidence. Navier-Stokes calculations of
blade-vortex interaction are being conducted with
increasing efficiency (Refs 1, 2). These calculations
model limited separation, due to the incidence of the
biade and flow velocity. In addition, the blade-vortex
interaction is generaily not a direct inferaction between
the rotor blade and the rotor wake, but a very close pas-
sage. Aircraft descent is the exception when the rotor
wake is convected through the rotor and directly inter-
acts with the rotor biades. The flow beneath the rotor is
quite different, with rotor-fuselage interactions present
over a large portion of the fuselage length.

The rotor-fuselage interaction has received far less
attention than that for the blade-vortex interaction.
These interactions, which exist for most flight configu-
rations, are caused by the impingement of the convected
rotor wake onto the fuselage components. An overview
of the rotor-fuselage interactional aerodynamics can be
found in Ref. 3. In contrast to the blade-vortex interac-

tion, the flow field of the rotor-fuselage interaction is
subsonic, highly separated, and vortex dominated. Por-
tions of the fuselage are immersed in the rotor down-
wash, which is an unsteady flow with very large veloc-
ity gradients just inboard of the rotor tip. The fusclage
is not streamnlined in the direction of the downwash; as a
consequence, separated wakes form at the surface
owing to viscosity. These separated wakes are very
unsteady due to the interaction of the impinging rotor
wake. The result of the vortex interaction is the cou-
pling of the vorticity produced at the surface of the
fuselage with the interacting voriex wake. The flow
becomes increasingly unsteady due to the mutoal con-
vection between the interacting vortex wake and the
surface vorticity. The resuiting flow field is very com-
plex, and therefore difficult to model and predict.

The analysis of rotor-fuselage interactions, as well as
blade-vortex interactions, is complicated further by
computer memory limitations, Currently available com-
puter memory is inadequate for the three-dimensional
meshes necessary to model the flow field surrounding a
representative rotorcraft. Therefore, the computational
mesh enclosing a body is generaily concentrated near
the body to resolve the flow at that location and consid-
erably less dense away from the body. Owing to numer-
ical diffusion, the coarse mesh away from the body is
inadequate for accurate predictions for the evolution of
the rotor wake surrounding a rotorcraft. In order to cal-
culate the rotor-fuselage interaction, a method is needed
to accurately predict both the rotor wake evolution
away from the body on a coarse mesh and the separated
viscous flow near the body surface.

As a first step toward analyzing the full three-
dimensional rotor-fuselage interaction, this paper pre-
sents a method to calculate the unsteady, two-
dimensional, incompressible interaction of an interact-
ing vortex wake with the separated flow about bodies.
The method solves the velocity/vorticity formulation of
the Navier-Stokes equations. The computational mesh:
is concentrated near the body surface to resolve the
boundary layer and is increasingly coarse further from
the body. The interacting vortex wake is modeled as an
array of finite-core vortices (Refs 4, 5). The core radius
is variable and is independent of the mesh spacing, The
finite-core model eliminates the numerical diffusion
associated with the coarse mesh spacing away from the
body and provides for the accurate prediction of the
rotor wake evolation. The finite-core vortex model is
accurate away from the body where the flow field is
inviscid and dominated by the rotor wake. However,
closer to the body, the flow is viscous and the convec-
tion of the rotor wake can no longer be considered
inviscid. In this region, the interacting vortex wake
interacts with the viscous separated wake and can no
longer be modeled by the finite-core vortex model. The
vortex core is acted upon by shearing forces which will

L1132



contort and possibly separate the vortex core into sev-
eral separate vortices. As the vortex approaches the
body, the finite-core voriex is distributed to the compu-
tational mesh and allowed to convect as part of the vis-
cous solution. In this way the evolution of the rotor
wake away from the body and the vortex interaction at
the body are accurately simulated. In addition the pres-
ent methed for two-dimensional calculations is directly
extendable to three-dimensional analysis.

Results for the viscous flow about two-dimensional
bodies have been calculated with and without an inter-
acting vortex wake. The flow around circular and ellip-
tic cylinders in the absence of an interacting vortex
wake has been calculated in order to compare results of
the current method with those of other numerical stud-
ies and experimental investigations. The intent of this
paper is to provide comparisons between the flow about
bodies with and without the presence of an interacting
vortex wake. The simulated flow represents the down-
wash beneath a rotor. In this two-dimensional analysis,
the body represents a cross-section of the tail boom or
fuselage component, which may be circular or elliptical
in geometry,

Problem Formulation

The vortex interaction problem is modeled by the
velocity/vorticity form of the unsteady incompressible
Navier-Stokes equations. The nondimensional govern-
ing equations in Cartesian coordinates are written: for
the velocity,

V24 = - dfdy , V2v = da/ox (la,b)
and for the vorticity,
g + Jue)/Ax + Avaydy= VZe/Re )

where V2 = 32( yax2 + 32()joy?

where (x,y) are the Cartesian coordinates, Re is the
Reynolds number, and t is the time, The variables (u,v)
are the Cartesian components of the velocity and (o, the
vorticity, is defined by

o = dv/ox — du/dy 3)
The nondimensional variables are written

x =X/, y=y/Mtu=0/Ux,v=v/Usx

0 = 0/(Uofl), t = t'/(1/Uco), Re = UsclV
where

1 = the body length

Re = Reynolds number based on body length

Uso = free stream velocity

v = kinematic viscosity
A body fitted computational mesh is used in the finite-
difference solution to the governing equations. A
hyperbolic mesh generator was used to generate the
computational mesh, Ref 6. A portion of the computa-
tional mesh is shown in Fig 1. The solution to the flow
is obtained by solving the transformed Cartesian equa-
tions in the computational domain (€,1).

The general transformation expression can be writien,
via the chain rule, as

9 )/AE = 3x/aE(3( )/Ox) +3y/0E(A( )/0y), and
9 )/om = ox/an(d( )/ax) +dy/am(a( )/dy), or

{B()faj _ ijai ay/aﬁ} [a()IBX}

a0l laxam  ayen]|a0my

The derivatives &( }/0x, and 3( )/dy are solved for by
inverting the coefficient matrix in the above equation.
The Cartesian derivatives become

[ao,fax] ) w[ dy/a -ay/ae,] {a()/a&}
30My|  |-axom  axiog || a0vem ]

where I is the Jacobian of the transformation. This rela-
tion is used to transform the derivatives of the govem-
ing equations to the generalized curvilinear coordinates.
In the computational domain, the governing equations
become
for the u-velocity component,
hn2(@%0/3%2) - 2B@Zw/oEM) + he2(92u/n2)
+ Pou/ot + Qdu/om

= -Jxe@w/on) - x B/t (4a)
for the v-velocity component,
hn2(32v/0E2) - 2B@%v/3Edm) + he2(@%v/n?2)
+ Pav/ag + Qaviom

= Jlyn@/eE) - y£@aw/om), (4b)

and for the vorticity,
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o + [yn (0uw/ol)- ye(duw/on)}/J
+ [xE(ve/on) — xn(dve/oR))/]
= [hn2(82/9E2) - 2B(@2e/3EaM) + he2(32w/mm?)
+ PIOYOE + Qo/onl/(Rel?) ®

where (§,1) are the transformed coordinates, hg and hy
are the vector lengths,

e = (2 + ye2) V2 and
by = G2 + yn 12
with
B =xExn + yEyn,
F=xgyn - *nyg,
P = [y&(hnxet ~ 2Bxgn + hyPxny)
- x5 yeg - 2ByEn + hy Pyl
Q= [-yn(hnxet - 2Bxtn + bnZxqn)
+ xq(in2yeE — 2Bygn + bnZynpld,
and
XE = 9x/dE, xq = Ax/oN, y& = dy/dE, yq = dy/om,
XEE = 92x/0E2 xq = 9%/ yeg = 92y/0E%
ynm = 92y/om?
The boundary conditions for Eqgs 4a, 4b, and 5 at the

body surface are calculated irom the no-slip condition
as

u=0,v=0 6)
and the definition of vorticity for w,
© = [yndv/o + xndu/oE)/J (7

The boundary conditions at the far field boundary are

1 = UosCos(ct) (8a)

v = Usesin(a) - (8b)
and

®=0 9

in the potential flow region upstream of the body, i.e.,
for n1 <M < m2 of Fig 1, with 7 increasing in the
counter-clockwise direction.

In the region downstream of the body, the velocity at
the far field boundary is calculated from Eqs 4a and 4b
and the vorticity is calculated from Eq 5 by considering
the inertia terms only and neglecting the viscous terms.
Therefore, the vorticity at the far field boundary, for
N2 <M < Nmax a6 Nmip <N <M1 is calculated from

o + [yn(0uw/dt) — y&(duw/on)}/I
+ [XE(vayom) — xq(dvey/dE)}/T = 0. (10)

The surface pressure is obtained by integrating the tan-
gential component of the Navier-Stokes equation along
the surface of the body. At the surface

pr = —{(Bexn — by 2(00/3E)/(Red) an
or

M

P1=Po- I/Re.’. [Bom - hn2@wEE)Ildn  (12)
%

where p1 is the pressure on the surface and pg is the

reference pressure on the surface.

The reference pressure is obtained by the line integral
of the momentum equation from the far field boundary

to the body surface along a constant 11 line. The refer-
ence pressure is caiculated from

S
Po= I [O(xgu + y&v)/ot — (xE v — yEUW)
&
+ he2@0/om) - BEWEY RIS + 112 (13)

The force components acting on the body are calculated
from the integration of the pressure and shearing forces
at the body surface. The force coefficients are

Minax
Chx=~ '[ (P1yn) dn

Nimin

Mimax
—(URe)f (@pe)dn (14)

Mmin

H.1134



Minax
(®1yn)dn (15}

where ] is the vorticity at the body.
The lifi and drag coefficients are
Ci = - Crylsin(a)) + Cey(cos(o)] (16)
Cd = Cxlcos(a)) + Cey(sin(o)] 17
where ¢ i3 the incidence of the body,

The interacting vortex wake is modeled as an array of
finite-core vortices. A third-order-polynomial distribu-
tion of vorticity about each vortex position is used to
represent the vortex core, Ref 4. This distribution of
vorticity is

Wyw(} =T/ (2_751'02)[ 20/3(r3/r03)
- 10(%/r0%) + 10/3) (18)

where vy represents the vorticity of the interacting
vortex wake and rg is the outer radius of the vortex dis-
tribution. The core radius, rc, the radial position of
maximum tangential velocity, is equal to 0.6376 1 for
this finite-core voriex model. The influence of the infer-
acting vortical wake is included in Eqgs (4a) and (4b)
through the € and 1 components of {V x Byy). The
interacting vortex wake is modeled as an array of finite-
core vortices prior to the interaction. However, when
the interacting voriex wake is less than a prescribed dis-
tance from the body surface, the finite-core model is no
longer adequate to model the wake. At this point, the
interacting vortex wake is distributed to the computa-
tional mesh and included as part of the viscous solution.
In this way the vortex inieraction is modeled by the
governing equations,

Numerical Method

The governing equations arg solved by standard finite
difference methods on the body-fitted computational
mesh. The mesh is concentrated near the body to
resolve the flow at that location. The solution is started
impulsively from rest. The impulsive start is repre-
sented by a potential velocity distribution in the flow
field with zero velocity and a sheet of vorticity at the
body surface.

The vorticity transport equation, Eq (5), is solved using
an alternating direction implicit method (ADI) (Ref 7).
The ADI method solves the time-dependent vorticity
transport equation by separating the equation into two
implicit equations representing two fractional steps for
a single time step. This method results in the solution of
scalar tridiagonal matrices for each fractional step.

The vorticity at the body surface in Eq {5) is calculated
from Eq (7), The velocity, Eqs (4a) and (4b), are cast in
a time-dependent form and solved by the ADI method.
The influence of the interacting vortex wake is included
in the velocity equations through the negative curl of
the vorticity distribution in the vortex core,
~(V x Byw). The vorticity distribution in the vortex
core is defined in Eq (18). Outside the outer radius the
voriicity is zero.

The solution 1o the time-dependent problem is calcu-
lated by solving the vorticity transport equation and the
velocity equations in an uncoupled manner. In this way,
the vorticity transport equation is solved first, after
which each velocity equation is solved in turn. This
solution procedure continues until a converged solution
is obtained for the carrent time step, The influence of
the interacting voriex wake is considered constant at
each time step during this iteration process. At conver-
gence, the vorticity, flow field velocity, and interacting
vortex wake position are updated and the solution
advances in time,

Computed Results

The method described above has been applied to the
flow about a circular cylinder and a 25% elliptic cylin-
der for a Reynolds number of 3000. The computational
grid is dimensioned 81 x 241 with the far field radius
feo = 20 for all calculations, The time is nondimension-
alized with respect to the length of the body, in this case
the diameter of the cylinder, Therefore, a time interval
of At = 1.0, corresponds to the time required to travel a
distance equal to the cylinder diameter at a velocity
equal to that of the free stream velocity. The flow is
calcutated with and without the presence of the interact-
ing vortex wake.

The flows about a circular cylinder and an elliptic
cylinder at 45 and 90 degrees incidence are calculated
without the interacting vortex wake and are included for
comparison with the results of the vortex interaction.
The incidence angle is measured with respect to the
vertical axis as shown in Fig 1. Comparisons of the
results for the circular cylinder without the interacting
vortex wake can be found in Ref 8. In this reference
comparisons are made between the results of the present
method, the experimental results of Ref 9 and the
numerical results of Ref 10. In Ref 8, comparisons are
made between the current method and the resulis of
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Ref 9 for the surface vorticity and were shown to be
excellent, In addition, the velocity profile in the wake of
the circular cylinder for the current method was com-
pared with the results of Refs 8 and 9. The comparisons
were shown o be excellent.

The flow around a circular cylinder and a 25% cltiptic
cylinder is calculated during the vortex interaction. The
flow about the elliptic cylinder during the vortex inter-
action was calculated for 45 and 90 degrees incidence
with respect to the vertical axis. The flow about the
elliptical cylinder at 45 degrees incidence was calcu-
tated for a vortex strength of each vortex in the interact-
ing vortex wake of I' = 1.0 and I" = 1.0. The flow
about the circular cylinder and the elliptic cylinder at
90 degrees incidence is only calculated for a vortex
strength of each vortex in the interacting vortex wake of
I' = 1.0 due to symmetry. A vortex of strength I = —
represents a clockwise rotation, while a vortex of
strength I' = 1 represents a counterclockwise rotation.
These vortex interactions were considered to evaluate
general vortex interactions and because no specific
experimental data representative of this flow exists.

No Vortex Interaction Case

Circular Cylinder, The variation of the lift and drag
coefficients with time for the flow about the circular
cylinder are shown in Fig 2. The effect of the secondary
vortices on the drag coefficient can be seen as the small
variations in the curve. The development of the sepa-
rated vortices remain symmetric up to t = 40.0 and,
therefore, the lift coefficient is zero. Comparisons
between these results and the resuits of other investiga-
tions can be found in Ref 8. The development of the
streamlines of this flow are shown in Fig 3. The figure
demonstrates the emergence of sccondary vortices
downstream of the cylinder. These results will be com-
pared with the results during a voriex interaction pre-
sented later in this paper.

Elliptic Cylinder. The time evolution of the lift and
drag coefficients for the flow about a 25% elliptic
cylinder are shown in Fig 4 for 45 degrees incidence.
For t greater than t = 20.0, the Strouhal number (§¢ =
nl/Uos) for this flow is equal to 0.174 based on the pro-
jected body length. The development in time of the
streamlines around the elliptic cylinder are shown in
Fig 5 for 45 degrees incidence,

Variations in the lift and drag coefficients with time for
the flow around an elliptic cylinder at 90 degrees inci-
dence are shown in Fig 6. For this flow the separated
vortices do not remain symmetric and begin to oscillate
at t = 5.0, This is indicated in the nonzero lift coeffi-
cient and is shown in the development of the stream-
lines in Fig 7. The Strouhal number of this flow is equal
to 0.214.

Vortex Interaction Case

The interaction of a vortex wake with the flow about a
circular cylinder and the flow about a 25% elliptic
cylinder ar¢ calculated. The interaction of the vortex
wake with the flow about the elfiptic cylinder was cal-
culated for 45 and 90 degrees incidence with respect to
the free stream.

Each inicraction modeled the interacting vortex wake as
an array of vortices inserted into the flow field at con-
stant time intervals. This represents the periodic passage
of a rotor blade and the associated tip voriex, thus gen-
erating the rotor’s vortical wake structure. The orienta-
tion of the interacting vortex wake with respect to the
elliptic cylinder is depicted in Fig 8. The free stream
velocity is directed along the negative y-axis and repre-
sents the downwash due to a rotor. The vortex interac-
tion was started at t = 0.25, which was long enough
after the impulsive start as not to adversely affect the
initial development of the flow. At the start of the inter-
action, five vortices are inserted in the flow field, as
shown in Fig 8. Then, as the interaction proceeds, an
additional vortex is repeatedly inserted in the flow field
at the uppermost position, y = 6.5, at a constant time
interval, At = 1.0, Therefore, the interacting vortex
wake will represent the periodic rotor wake during the
entire vortex interaction.

Circular Cylinder , I' = 1.0. The variation in the lift
coefficient and drag coefficient during the vortex inter-
action arc shown in Figs 9 and 10, respectively. The
immediate effect of the interaction is 10 rapidly increase
the lift on the cylinder, Fig 9a, and slightly reduce the
drag, Fig 10a. This increased lift is the result of the
induced angle of attack of the cylinder due to the pres-
ence of the interacting vortex wake. The lift on the
cylinder in the absence of the interacting vortex wake
was zero. As the interaction progresses, the effect of the
periodic passage of the interacting vortex wake can be
seen in the variation in the lift on the cylinder. The lift
coefficient rises rapidly and then is reduced quickly in a
sawtooth pattern representative of a vortex interaction.
The separation in these lift peaks is approximately t =
1.0. This corresponds to the natural convection of the
vortices at the free stream velocity, Uss = 1.0. The
effect of the vortex interaction on the drag, Fig 10, is
less pronounced than that for the 1ift, Fig 9, Att=50a
strong vortex interaction begins to occur. This sirong
vortex inieraction is the result of the initial vortex tra-
jectory taken by the uppermost vortex at the start of the
interaction. As the interaction starts, the uppermost
vortex trajectory is acied upon by the free stream veloc-
ity and the influence of the vortices beneath this posi-
tion. Because there are no vortices above this position,
the vortex is convected in a direction down and to the
left. This is indicated in the vortex trajectories of Fig 11
and the development of the streamlines during the
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interaction, as shown in Fig 12. In Fig 12¢ att = 5.0, a
pair of vortices can be seen just above the cylinder
surface, The voriex to the left is the vortex that started
at the uppermost position and is being convected into
the cylinder due to the effect of the vortex to the right.
Alfier the strong interaction, the interacting vortex wake
has regained the the constant vortex separation similar
to the initial disiribution of the inferacting vortices.
However, the vortices of the interacting vortex wake are
now convected along a curved trajectory to the left of
the initial distribution, as shown in Fig 11b. The lift
returns to the sawtooth distribution prior to the strong
interaction, Fig 9, t = 6.0. For time t > 20.0, a pattern of
periodic vortex shedding from the cylinder is shown in
the lift, Fig 9b, and the drag, Fig 10b.

The vortex wajectories during the interaction are shown
in Fig 11. The trajectories of the five vortices initially
inseried into the flow at t = 0.25 are shown in Fig 11a
and the trajectories of the vortices inserted in the flow at
y = 6.5 for the duration of the interaction are shown in
Fig 11b. The figure indicates that the initial vortex that
staris at the uppermost position, y = 6.5, is convecied in
a direction down and o the left. It is this vortex that
generates the strong vorlex interaction because it is
convecied nearest to the cylinder surface owing to the
effects of the other vortices. Once the initial vortex af
the uppermost position has passed the cylinder, the
interacting vortices of the vortex wake convect in a
regular pattern along the curved trajectory of Fig 11b.

Development of the streamlines for the vortex inierac-
tion are shown in Fig 12. Initially, Fig 12a, t = 1.0, the
vortices are aligned in a pattern similar 1o that of the ind-
tial vortex distribution. Later, at t = 2.0, Fig 12b, a vor-
tex has been distributed to the mesh and is shown as the
local curvature in the streamlines jusi above the cyiin-
der surface. At t = 4.0, the vortex that staried at the
uppermost position, y = 6.5, can be seen near the stag-
nation streamline and is being convected at an increased
rate as o overtake the adjacent voriex. This increased
descent is due 0 the influence of the adjacent vortex.
The voriex which started at the uppermost position
passes closest o the cylinder surface at t = 6.0 and is
the closest approach of any vortex during the voriex
imieraction, Later on, the vortices of the inieracting vor-
tex wake are very regularly spaced and are being con-
vected along the curved trajectory toward the cylinder
surface,

ERiptic Cylinder. Several vortex interactions are con-
sidered for flow about a 25% eiliptic cylinder The dif-
ferences in the vortex interactions are the result of
varying the incidence angle and the rotation sense of the
vortices that comprise the interacting vortex wake. The
vortex interaction is considered for 45 and 90 degrees
incidence. Due to symmetry, a single interaction is con-
sidered for the flow at 90 degrees incidence, At

45 degrees incidence, two interactions are considered,
the difference being the rotation sense of the vortices in
the interacting vortex wake. The three interactions are
described below.

First Interaction, I' = - 1.0, o = 45°; The voriex interac-

tion is started at t = 0.25, as before. The variation in the
lift and drag coefficients during the vortex interaction
are shown in Figs 13 and 14, respectively, The initial
effect of the vortex interaction is to rapidly reduce the
tift on the elliptic cylinder. The is due to the movement
of the stagnation streamline and therefore, a reduction
in the induced incidence of the elliptic cylinder. A cor-
responding reduciion in the drag is seen in Fig 14, The
reductions in the lift and drag are guickly reversed as
the vortex interaction progresses, t = 2.0, and the saw-
tooth signature in the 1ift and drag develop. The saw-
tooth pattern is representative of ithe passage of the
periodic interacting vortex wake over the elliptic cylin-
der. As in the previous vortex interaction for the circn-
lar cylinder, the vortex that starts at the uppermost
position, v = 6.5, convects in a direction 50 as to pass
closest 1o the surface of the elliptic cylinder. During this
interaction, the uppermost voriex is convected in a
direction down and o the vight, which is again toward
the stagnation streamiine and is caused by the effecis of
the interacting voriices below the initial voriex position.
This is clearly seen in the development of the vortex
trajeciories of Flg 15 and the development of the
streamlines shown in Fig 16, The strong vortex

interaction scems 10 occur at ¢ = 6. Ai this tiime a change
in the lift, Fig 13, and the drag, Fig 14, is observed. A
spike in the loading before 1 = 4.5 and after 1t = 8.5 is
not present in the 1ift and drag distribuiion at 1 = 6.0 due
to the strong vortex interaction. At ¢ = 8.0, the hift,
Fig 13, and the drag, Fig 14, return {0 the sawiooth
distribution prior 10 the strong interaction, As in the
previous interaction, the interacting voriex wake has
regained the consitant voriex separation, as shown in
Fig 16, similar to the initial distribution of the
interacting voriices, and the voriices are being
convected along a curved trajeciory. The curved
trajectory is now 1o the right of the initial disiribution,
as shown in Fig 15b. For t > 20.0 the loading on the
elliptic cylinder is periodic, The effect of the voriex
interaction can be seen as the “spikes” in the loading,

The vortex trajectories during the interaction are shown
in Fig 15, and indicate that the initial voriex which
starts at the uppermost position, y = 6.5 is convected in
a direction down and to the right, as shown in Fig 15a.
It is this vortex that generates the strong voriex interac-
tion because it is convected along wajectories close o
the stagnation streamline of the cylinder. This trajectory
provides the closest approach to the surface of the ellip-
tic cylinder as shown in the figure. After this interac-
tion, the vortices are convected along the curved trajec-
tory shown in Fig 15b.
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Development of the streamlines for the vortex interac-
tion are shown in Fig 16. At the early developments of
the interaction, Figs 16a,16b, and 16¢ (t = 1.0, t = 2.0,
and t = 3.0), the vortices are aligned in a pattern similar
to that of the initial vortex distribution. When t = 4.0
(Fig 16d) the vortex started at the uppermost position
can be seen closest to the stagnation sireamline. It is
this voriex that will make the closest approach to the
cylinder and generate the strong vortex interaction. At
t = 5.0, the effect of the adjacent vortex to the left of the
vortex staried at the uppermost position is shown to
convect this vortex toward the cylinder. The interacting
vortex wake has a profound effect on the development
of the separaied wake below the elliptic cylinder. This
is most significant at t = 7.0, 8.0, and 9.0, where three
separated vortices are in close proximity to the lower
surface of the elliptic cylinder, During the developing
fiow in the absence of the imteraciing vortex wake
(Fig 5), the shed vortices oscillate from leading to
railing edge, thereby generating a vortex street in the
wake of the cylinder. This vortex street is altered sig-
nificanily during the vortex interaction.

Second Interaction, T = 1.0, o = 45° This vortex inter-
action is calculated because the flow about the elliptic
cylinder at 45 degrees incidence is not symmetric with
respect to the rotation direction of the vortices in the
interacting vortex wake. The vortex interaction is again
started at t = 0,23, The vortex strength is now equal to
= 1.0, for each voriex in the interacting vortex wake.
This corresponds to a counter-clockwise rotating vortex
of magnitude T = 1.0, The variation in the lift and drag
coefficients during the vortex interaction are shown in
Figs 17 and 18, respectively. During this voriex interac-
tion, the effect of the interacting vortex wake is to sig-
nificantly increase the lift and drag on the cylinder. This
is due to the rotation of the stagnation streamline which
increases the induced incidence of the cylinder. At
approximately t = 1.5, the sawtooth pattern in the lift
and drag can be seen. The pattern is less pronounced
during this interaction than the previous interaction
because the effect of the interacting vortex wake is less
significant in comparison with the vorticity generated at
the surface of the elliptic cylinder. The strength of the
shed vorticity at the leading edge of the cylinder
increases with incidence and will dominate the fiow
near this location. The sawtooth pattern is fairly consis-
tent for the lift, Fig 17, and for the drag, Fig 18, uptoa
time of t = 5.5, At this time t = 3.5, the strong vortex
interaction is occurring, aithough not clear from the lift
and drag. This strong interaction is again the result of
the convection of the uppermost vortex due to the influ-
ence of the other interacting vortices and the closest
approach of this vortex to the surface of the cylinder.
This can be seen in the vortex trajectories of Fig 19 and
the streamline contours of Fig 20. The effect of the
interacting vortices during the interaction is to first
accelerate the flow around the leading edge of the ellip-

tic cylinder and to then retard this flow, Figs 20¢ and
20f. This has a significant ¢ffect on the separated vortex
wake generated at that location and, therefore, the vor-
tex wake below the cylinder.

The variation in the drag coefficient on the cylinder
during the interaction is shown in Fig 18, As in the
previous interaction, Figs 13 and 14, and unlike the
interaction of the vorteéx wake with the circular
cylinder, Figs 9 and 10, the lift, Fig 17, and the drag,
Fig 18, show similar trends during this interaction, At
the early stages of the interaction, t = 1.0, the drag is
sharply increased due to the interaction, after which the
sawtooth patiern is present, t = 1.5t0t = 5.0. At t = 5.0,
the drag is significantly increased due to the strong
vortex interaction as was seen in the lift, Fig 17. Later,
the sawtooth pattern in the drag reemerges, t > 8.0,
Fig 18. Later, Fig 18b, the loading on the cylinder
becomes periodic with a Strovhal number similar to that
for the flow with no vortex interaction.

The vortex trajectories during the interaction are shown
in Fig 19 and indicate that the vortex which starts at the
uppermost position, y = 6.5, is convected in a direction
down and to the left due to the influence of the other
interacting vortices. It is this initial vortex that gener-
ates the strong vortex interaction because it is convected
along trajectories close o the stagnation streamline of
the cylinder and passes closest to the cylinder surface.
After this vortex passes the cylinder, the interacting
vortices are convected along a curved trajectory,
Fig 19b, to the left of the initial distribution.

Development of the streamlines for the vortex interac-
tion are shown in Fig 20. At the early developments of
the interaction, Figs 20a, 20b, and 20c (t= 1.0, t = 2.0,
and t = 3.0}, the vortices are aligned in a pattern similar
to that of the initial voriex distribution and have signifi-
cantly increased the induced incidence of the elliptic
cylinder, When t = 4.0 (Fig 20d) the vortex that started
at the uppermost position can be seen as the vortex to
the left in the figure. At t = 5.0 and t = 6.0, this vortex is
close to the surface of the elliptic cylinder and will pass
closest to the cylinder. It is this vortex that contributes
to the sirong vortex interaction,

Third Interaction, I" = 1.0, & = 90°; The variation in the
lift and drag coefficients during the vortex interaction
are shown in Figs 21 and 22, respectively. The effect of
the interaction is to first increase the lift on the elliptic
cylinder, up to ¢ = 6.0, at which time a strong vortex
interaction occurs. The sawtooth pattern in the lift,
indicative of vortex passage, is again present. In com-
paring the lift during this interaction, Fig 21, with the
lift during the vortex interaction with the circular cylin-
der, Fig 9, the current interaction generates a less pro-
nounced effect on the lift. This is due to the curvature of
the respective cylinders and the effect of the interacting
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vortex wake on these surfaces. The variation in the drag
during this interaction is shown in Fig 22. The drag is
initially increased, but only slightly when compared
with the drag for no interaction as shown on the figure,
Later, large spikes in the drag distribution are present at
t=2.5,3.5,4.5, and 5.5, representing the passage of the
interacting vortices. These spikes in the drag distri-
bution are due to the influence of each vortex in the
interacting vortex wake. As each vortex approaches the
ciliptic cylinder, the flow at the upper surface is
accelerated resulling in a corresponding reduction in
drag. The drag during the interaction neatly returns o
the value for no interaction. The strong vortex
interaction at t = 6.3 disrupts this effect and suppresses
the spike in the drag. At t = 8.0, the strong voriex inter-
action is over and the drag, Fig 22, begins to retarn o
the distribution shown prior to the interaction. For
i > 20.0, the flow becomes periodic with a Strouhal
number similar to that for the no-interaction flow.

The vortex trajectories during the Interaction are shown
in Fig 23 and indicates that the initial vortex which
starts at the uppermost position, v = 6.5, is convected in
a direction down and to the left due to the influence of
the other interacting vortices. This vortex passes close
to the upper surface of the cylinder, disrupting the flow
at thai location, Fig 23a, The interacting vortices are
sventually convected slong a curved traieciory, Fig 235,
to the left of the initial voriex distribution. Closer 1o the
cylinder, the vortices do not {ollow a single teajectory,
similar to that for the interaction with the flow about a
circular cylinder, Fig 11, Instead, the vortex trajectorics
are fanned out near the surface.

Development of the sireamiines for the vortex interac-
tion are shown in Fig 24. At the early developments of
the interaction, Figs 24a, 240, and 24¢ (5= 1.0, t== 2.0,
and t = 3.0, the vortices are again aligned in a pattern
similar to that of the initial vortex distribution. The
effect of the interacting vortices is to increase the upper
surface circulation around the right side of the cylinder.
This produces the increase in lift, Fig 21, and the corre-
sponding spikes in the drag, Fig 22 for the passage of
each interacting vortex. The strong vortex interaction is
shown for times t = 6.0, Fig 24f when the initial vortex
at the uppermost position passes closest 1o the cylinder,
Figure 24f clearly shows the effect of the interacting
vortex wake on the shed wake below the cylinder when
these results are compared with the flow for no
interaction, Fig 7.

Conclusions

A method has been developed to model the two-
dimensional interaction between an interacting vortex
wake represented by a finite-core model and the viscous
flow around arbitrary bodies. The method solves for the
flow field velocities on a body-fitted computational

mesh using finite-difference techniques. The viscous
flow field of the two-dimensional body is calculated on
an Eulerian grid via the velocity/vorticity formulation
of the Navier-Stokes eqnations.

The method demonstrates that the finite-core vortex
model is accurate in convecting the interacting vortex
wake away from the body. This will significantly
reduce the need for a fine computational mesh away
from the body to resolve the interacting vortex wake.
Near the body, the interacting vortex wake is distributed
to the computational mesh to provide accurate vortex
interaction with the flow field.

A simulation of a rotor wake interaction with the flow
about a circular cylinder and a 25% elliptic cylinder at
45 and 90 degrees incidence was shown for Reynolds
number 3000. The simulation was considered to address
the interaction of a rotor wake with the cross-section of
the tail boom and empennage components. Results of
the vortex interaction indicate that the presence of a
interacting vortex wake has a profound effect on the
flow field and therefore, the loading on the circular and
elliptic cylinders. The calculation of vortex interactions
with the flow about a circular and an elliptic cylinder
were considered to evaluate general vortex interactions,

The lift and drag on the circular cylinder and the elliptic
cylinder at 90 degrees incidence were significantly
increased due 10 the interacting vortex wake. The lift on
the circular cylinder during the interaction was
increased significantdy and the drag was slightly
reduced from that for no interaction due to the effect of
the interacting vortex wake on the circulation around
the cylinder. The drag on the elliptic cylinder at
90 degrees incidence was significantly increased due to
the voriex interaction. Spikes in the drag distribution,
representing the passage of the vortices in the inter-
acting vortex wake were shown. The magnitude of
these spikes are significant with respect to the drag rise
due to the vortex interaction,

Large variations in the loading of the elliptic cylinder at
45 degrees incidence were shown for changes in the
rotation direction of the vortices in the interacting vor-
tex wake. When the vortices were rotating in a clock-
wise direction, the lift and drag on the elliptic cylinder
were significantly reduced during the vortex interaction.
Conversely, when the vortices were rotating in a
counter-clockwise direction, the lift and drag on the
elliptic cylinder were significantly increased during the
vortex interaction, These variations are important in
understanding the interaction of the rotor wake with the
flow about empennage components.

The present two-dimensional method has demonstrated
the ability to efficiently compute the two-dimensional
interaction of finite-core vortex wakes with the flow
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about arbitrary bodies. The method is currently being
extended to three-dimensional analysis.
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