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Formation of a Rotor Tip Vortex

Hui Li,*O. R. Burg:{graf,T and A. T. Conlisk*
Ohio State University, Columbus, Ohio 43210-1107

The origin of the tip vortex is described and important properties, such as core radius and circulation, as a
function of these parameters, are calculated. Despite the fact that alarge amountof computationaland experimental
work on the rotor wake has been published, little of a quantitative nature is known about the origin of the main
component of the rotor wake, the tip vortex, as a function of the rotor speed, rotor blade geometry, and angle of
attack. Experimental data by several workers have revealed little dependence on the Reynolds number. This lack
of dependence on Reynolds number will hold only if the flow remains substantially unseparated, although it may
be noted that drag coefficients of bluff bodies are remarkably constant over wide range of Reynolds number. The
rotor blade is assumed to be of large aspect ratio, that is, to leading order in the blade aspect ratio, it appears
infinite in length. In this limit case, the analytical solution for the bound circulation on a fixed wing is shown to be
extendable to the rotary wing case when the blade is viewed as a lifting line. Lifting-surface results are obtained
also, and these compare well with the lifting-line results for the bound circulation.

Introduction

HE helicopter-rotor wake is among the most complex flow-

fields in aerodynamics. The wake is fully three dimensional,
and in many cases, there are regions within the wake in which the
flow is extremely irregular.!> Moreover, many experiments have
focused on trimmed conditions in forward flight, which involves
cyclic pitch, complicating the wake and making difficult fundamen-
tal experiments designed to elucidate primary wake features. It is
well known that the wake position is difficult and expensive to cal-
culate accurately beyond about one revolution of the rotor,* even
using advanced computational fluid dynamics methods. Note that
correlation of experimental data by other authors™® has revealed lit-
tle dependence on the Reynolds number, provided the flow remains
substantially unseparated. Therefore, in this paper inviscid meth-
ods are used to describe the origin and evolution of the tip vortex,
with the further goal of predicting circulation and local blade loads
accurately.

Although there have been many papers that have presented re-
sults for the bound circulation on a rotor blade, there are relatively
few papers that have addressed the physics of the formation of the
tip vortex on rotor blades. Rule and Bliss’ discuss the relationship
between blade loading parameters and the tip-vortex circulation for
a vortex with a turbulent core using a momentum integral approach.
Bhagwat and Leishman® measured the velocity field near a rotor
blade and used the data to integrate numerically around the blade at
a specific spanwise location to obtain the bound circulation. They
found that their results for a one-bladed rotor are independent of
contour size, but the results for a two-bladed rotor are not. This
discrepancy was explained by postulating that extraneous vorticity
from the rotor wake was being included in the calculation. Even
though the bound circulation results for the two-bladed rotor could
not be made contour independent, they suggest that the strength of
the tip vortex is about 83-85% of the maximum bound circulation.
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Earlier, Cook® presented experimental results suggesting that the
tip-vortex circulation is much less than the maximum-bound circu-
lation. In contrast, the experimental results of Caradonna and Tung’
suggest that the tip-vortex circulation is close to the maximum.

In a comprehensive experiment, McAlister et al.!° measured the
fully three-dimensional velocity field for a rigid rotor blade; the
measurements include data from as close as 0.3 chord length down-
stream of the trailing edge and so the origin of the tip vortex, in
particular, can be analyzed. According to McAlister et al.,!° the
vortex begins to be formed near the point of maximum thicknesson
the top of the blade, and the center of the vortex is offset inboard a
small amount. The vortex leaves the wing in the chordwise direction
parallel to the trailing edge of each airfoil section, as is the case, in
theory, when the classical Kutta condition is applied.

In this paper, we calculatethe leading-ordersolutionfor the bound
vorticity and its corresponding trailing vorticity for rotary wings;
from these results the circulation of the tip vortex can be calculated.
We then compare the results with existing experimental data. From
an analyticaland computationalperspective,the flow near the tip has
beenviewedas the innersolutionin a matched asymptoticexpansion
in the small parameter defined as the ratio of the chord to length of
the rotor blade, that is, the inverse of the wing aspectratio. This idea
isnotnew: Van Dyke!!!2 alluded to this in his discussionof the fixed
wing. For that case, Stewartson'? derived an analytical formula for
the bound circulation on a semi-infinite fixed wing. We have shown
that a modified form of this formula is applicable to the rotor wing
as well.

The configuration for our analysis is shown on Fig. 1, together
with the subdivisioninto inner and outer regions. Consider the case
of a fixed wing. Far from the tip, the circulation in the inner (tip)
region becomes constant, and, to leading order, vorticity is not shed
from the wing in that region. This observation explains the im-
portance of the trailing vortices in the tip region and their rela-
tive unimportance inboard for a fixed wing. In the tip region where
the circulation varies rapidly, the individual vortex filaments would
be expected to roll over each other to form the tip vortex. In the case
of the rotary wing, vorticity is shed inboard, and the bound circu-
lation assumes a more or less linear behavior away from the blade
tip. Later we show that Stewartson’s solution!® applies to the rotary
wing as well, except that the rotary wing equation for the bound
circulationinvolves an additional parameter, which is dependenton
aspect ratio, angle of attack, and number of blades.

The formation of the tip vortex is viewed here as a collection
of individual vortex filaments shed from discrete positions on the
wing as a result of the spanwise variation of the bound circula-
tion. The individual filaments roll around each other to form the tip
vortex as shown in the photograph in Fig. 2 (Refs. 14, 15); these
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Fig. 1 Inner and outer problems for the flow past a two-bladed rotor.

Fig. 2 Vortex wake of a fixed wing as photographed by Head.'*

streakline patterns show the behavior of trailing vortices shed from
discrete positions. Note that some of the vortexlike lines wrap from
the underside. As quoted by Anderson,'® such a filamentlike struc-
ture for the tip vortex is mentioned by Lanchesterin Aerodynamics,
published in 1907, indicating a long history of this interpretation.
Lanchester shows a tip vortex as consisting of individual vortex fil-
aments winding around themselves to form the developedtip vortex
downstream.

The plan of the paper s as follows. After a discussionof the wake
model, the lifting-surface problem is formulated. It is then found
that, to leading order in aspectratio, the blade appears semi-infinite
in length. Horseshoe vortices are used to model the rotor blade and
wake (inner problem), and the helical vortex structure of the far
wake (outer problem) is modeled as a cylindricalstructure of vortex
rings. The numerical results for the circulation compare very well
with the analytical solution for the rotary wing, corresponding to
the lifting line. Results are then presented for the rollup structure of
the tip vortex. Finally, a computational model for wake contraction
is presented. The computational results for the bound circulation
compare well with the experimental data for the rotary wing.

Asymptotics of Lifting-Line and Lifting-Surface Theory
for Rotary Wing in Hover

Lifting Line

The integral equation of lifting-line theory has been derived for
the case of a fixed wing in many text books. In particular,in Ref. 17,

b/2 * *
P09 =2 v - = [ SR}
2 4 —bp2 dy; y*— g
where I'* is the circulation, ¢ is the geometric angle of attack, U,
is the speed far from the wing, b is the span of the wing, and c is
the local value of the chord. Here m is a constant equivalent to the
lift-curve slope, which is airfoil dependent. For a flat plate, m =2x.
Inthe general case, both ¢ and oy may dependon y. Itisimportantto
understand the assumptions of linearized theory associated with the
derivationof this equation. The following two points are of principal

importance for our purposes.

1) The trailing wake is assumed to remain in the plane of the wing
z=0 for all time, or equivalently, in linearized theory, in the cross
plane containing the freestream velocity vector.

2) The pressure difference between the bottom and the top of the
wing must approach zero at the tip, and so I'* =0 there also.

However, for a rotary wing, the trailing vortices are driven down-
ward away from the rotor-tip path plane and form a more-or-less

helical wake. Therefore, the assumption that trailing vortices re-
main in the rotor-tip path plane as for the fixed wing is not valid,
and the lifting-lineEq. (1) cannotbe applied to the rotor tip directly.
‘When the influence of the helical rotor wake is included, it is shown
here that in the tip region, to leading order, the bound circulation
of the rotary wing has a solution similar to that of a fixed wing,
although the rotary wing analysis involves a parameter dependent
on the aspect ratio, the angle of attack, and the number of blades.

We have applied the results of vortex theory together with the
concepts of Prandtl’s lifting-line theory to describe the interaction
betweenanassumedcylindricalslipstreamand the boundcirculation
for an n-bladed rotor operating in hover (static thrust). In Prandtl’s
theory, the high aspect ratio wing is represented by a line vortex
(the lifting line), and the aerodynamic properties of each spanwise
section are approximated locally by the two-dimensional character-
istics from linearized airfoil theory. However, the freestream of the
local section is replaced by the relative wind, that is, the effective
angle of attack is the geometric angle of attack reduced by the local
downwash induced by the trailing vortices.

For the case of the rotor blade in hover, two modifications must
be made.

1) The true freestream in wing theory is replaced by the angular
velocity of rotation of the blade.

2) The trailing vortices of the rotor follow a more-or-less helical
path.

Corresponding to the variation of bound circulation, vortices are
shed all across the rotor, forming an approximately cylindrical slip-
stream filled with concentric helical vortices. These discrete helical
vortices are approximated by uniform cylindrical sheets of vortic-
ity. For purposes of computing the downwash, these elemental vor-
tex cylinders may be viewed as composed of vortex rings, whose
strengthis approximately constanton each cylinder. The axial com-
ponent of the helical vortices, that is, the component of the circu-
lation oriented in a direction normal to the tip-path plane may be
ignored for present purpose because it does not contribute to the
downwash.

A cylindrical coordinate system (r, 8, z) is convenient, where r
is the radial coordinate, 6 the azimuthal coordinate, and z the axial
coordinate. (See Fig. 3, which illustrates a single vortex cylinder.)
These elemental vortex cylinders, formed from the inboard vortex
sheet, are superposed with the vortex cylinder generated by the tip
vortex to form the complete rotor slipstream.

Unlike the apparently simpler case of the fixed wing, simple an-
alytical formulas have been derived for rotor aerodynamics. Knight
and Heffner'® based their derivationon vortex theory, discussed ear-
lier, whereas Gessow and Myers!® derive the same resulton the basis
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Fig. 3 Vortex-cylinder coordinate

system.

of Glauert’s®® simple momentum theory. In either case, the results
are shown to depend on a single parameter

A = eapa/nc

where a is the blade-tip radius and n is the number of blades. For
the case of a rectangularblade, the induced downwash has the form

W(R) = v./Qacy = (1/40)(v1+ 8AR — 1) )

where W (R) is the nondimensional downwash and R =r/a. We
have introduced the parameter € to account for the varying pitch of
the helical vortex loops along the assumed cylindrical slipstream.
Knight and Heffner'® have taken € =2, corresponding to condi-
tions either just inside the slipstream boundary, or at infinity on
the boundary itself, whereas € = 1 corresponds to conditions on the
slipstream boundary just below the rotor. We have chosen e =1 as
more appropriate for evaluating the bound circulation on the rotor.

Itis easy to seethattheinduceddownwash W (R) increasesmono-
tonically, from zero at the hub to a maximum value at the tip, the
latter value depending on the parameter A. Equation (2) shows as
A — 0, W(R) has a linear spanwise distribution. Also W (R) van-
ishes as A — oo (infinite blade aspectratio), and, thus, in this case,
the rotary wing is equivalentto a semi-infinite wing.

The blade circulationis given by

I =T*/Qac = nay[R — W(R)] (3)

This outer solution, already described, is not valid near the rotor tip,
and proper treatment of this irregularity requires consideration of
the inner expansion.

Consider the flow in the tip region shown on Fig. 1. In the tip
region, the most recently shed trailing vortices can be approximated
as straight lines because here the curvature of the trailing vortices
is much less than the length scale c. Therefore, their influence is
represented by the integral term in Eq. (1). However, different from
the fixed-wing case, the previouslyshed vorticesdonot remainin the
rotor tip-path plane; instead, they are driven downward away from
the rotor tip-path plane and form the helical rotor wake. Therefore,
the influence of the helical rotor wake needs to be considered in
Eq. (1).

We replace Uy, and y* in Eq. (1) with Qr and r, respectively, and
nondimensionlize Eq. (1) by writing R =r/a. Hence,

mC(R) A~ f'ar 4R,
I'(R) = R —— | — )
2 4z dRy R — R,

0

where C(R) =1 for a rectangular rotor and I" has been defined
earlier.

To focus on the tip region, we make the transformation ¥ =
(1 — R)A#, where B is a constant. Substituting ¥ into Eq. (4), we
find, to balance both sides, g = 1. If we assume that I" remains O(1)
near the rotor tip, and the chord is finite at the wing tip, then I' may
be expanded as I' =T'; + O(A~!). When substituted into Eq. (4),
the leading-order terms of the lifting-line integral equation for a
semi-infinite wing are found, as

. 1 [*dr, dY, s
E\" T ), Yoy,

For the helical rotor wake, the correction to the downwash in the
tip region, caused by the wake, must be included in Eq. (5). There
results

“dr,  dy

4 aY, Y — Y,

0

1
() = % |:0f0 - — - (XUW(Y):| ©6)

where W (Y) is the downwash induced by the helical rotor wake in
the inner region.

Expanding the outer solution for the downwash in the rotor-
tip path plane W(R) in Eq. (2) with the inner variable Y =
(1—R)/A~!, we find that to leading order as A — 0o

Wo(Y) ~ v/T+ 81 /45 — 1/41 )

Substituting W, (Y) into Eq. (6), we have

R O o
0

42 ) an aY, ¥ — Y,

(®)

When Eq. (8) is compared with the leading-order equation for a
fixed wing, it is easy to see that, to leading order, the only difference
is the appearance of a constant parameter

D=1-v1+81/4r+1/41
which contains the wake information. Therefore, to leading order,
in the tip region, a rotary wing is similar to a fixed wing, and thus,

Eq. (8) has an analytical solution similar to that of Stewartson.!?
Hence, Eq. (8) becomes

moyD 1 o dr', dy,
ryYy = 1- — )
2 dragD J, dYo Y — Y,

LetY = (m/8)&, and let

2 *dr, d
f($)=—/ dry _do (10)
0

wmoyD dé & — &
Hence, for the leading-orderinner solution, we have
[ (Y) = (mayD/2)[1 — f(£)] (1D

and from Eq. (10), the solution is obtained in the same form as that
of Stewartson,'? that s,

_ 1 [T exp(=1§) 1 "log6 do
f(é)—n/; —(th)% eXp( n/; 1+02)dt (12)

We call Eq. (11) the modified Stewartson’s solution because it is
identical to his analytical solution, aside from the parameter D.

Because the bound circulation directly influences the subsequent
position of the tip vortex and the intensity of the subsequentinterac-
tions with othercomponents of the wake, it is importantto determine
the circulation as precisely as possible. In the next section, we use
lifting-surface theory to evaluate the inner solution, valid near the
rotor tip, and compare the results with our lifting-line theory.

Lifting Surface

Following the work of Falkner?! and of Schlichtingand Thomas,*?
the semi-infinite wing may be represented by vortex panels dis-
tributed over its surface, as shown in Fig. 4a. For clarity, in Fig. 4a,
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Fig. 4 Definitions, where solid boxis a surface panel, which is replaced
by a horseshoe vortex (- - -).

only three chordwise panels and nine spanwise panels including
semi-infinite panels (discussed subsequently) are shown, whereas
in the numerical calculation, 10 chordwise and 20 spanwise panels
were used. Each wing panel consists of a horseshoe vortex system
with abound vortex along the panel quarter-chordline together with
trailing vortices lying along the panel edges, extending through the
trailing edge of the wing and moving with the local velocity after
leavingthe trailingedge of the wing. Figure 4b shows a wing surface
panel represented by a horseshoe vortex.

We now define local panel-based coordinates: Define the x axis
to be oriented in the chordwise direction, the y axis spanwise, and
the z axis vertical, as shown in Fig. 4b. Here x’ and y’ are measured
from the midpoint of the selected panel and z from the plane of the
wing. The panel-width dimensions are 2a by 2b in the chordwise
and spanwise directions, respectively. Then the velocity induced by
each horseshoe vortex segment is evaluated using Biot—Savart law.
The velocity induced by the bound-vortex segment is

1 “

) S a2

y+b
V@ +a/2R 4 (6 b2+ 22

X

—_ y/ _b
V@ +a/2R + (5 b2+ 22

1 X' +a/2
4w (x' +a/2)? + 22
y+b
V& +a/2)? + (y +b)? + 22

—_ y/ _ b
V@ +a/2R 4 (6 b2+ 22

whereas the two unit trailing vortices produce the contributions

1 z

UTl(x’y’Z)ZEm
8 x'+a/2 !
V@ +a/2R 4 (5 b2 + 22
.y D) -1 Yy +b
wr (x, Yy, z2) = ——m—m——
nt.y ar (v + b2+ 22
'+a/2
x X ta/ +1
V@ +a/22 + (407 + 22
and
e
'+a/2
x X ta/ +1
V@ +a/2R 4 (5 = b2+ 22
Wy e LY =P
wr, (x', Y, 2) = ———m—m———
R 4z (v — by + 22
'+af2
9 x'+a/ 41

V@ +a/2R 4 (5 = b2+ 22

where u, v, and w are the x, y, and z components, respectively.
Subscript B designates the bound-vortex segment and 7| and 7,
designate the two trailing vortices.

Now we consider the global coordinates: Define the x axis to be
oriented in the chordwise direction, originating at the leading egde
of the wing; the y axis spanwise, originatingat the wing tip; and the
z axis vertical, as shown on Fig. 4a. The panel-influence coefficients
Ay; are given by the normal velocity inducedin the plane of the wing
at the three-quarter chord position on panel k due to the horseshoe
vortex of unit circulation with the bound vortex at the one-quarter
chord position on panel j, as

Ay = wp(Xgj, Yij, 0) + wr (X5, Yij, 0) + wr, (Xij, Vs, 0)

where x;; = x; — x; +a/2 and y;; = y, — y;. Note xi, x;, ¥, and y;
are global variables, and x;;, and y,; are the earlier local variables
x"and y'.

The boundary condition of zero normal velocity on the wing
surface is satisfied at the three-quarterchord point on the centerline
of each panel, as by Schlichting and Thomas,??> and the vortices
emanate from the panel quarter-chord line and extend through the
trailing edge of the wing to infinity downstream (Fig. 5). Thus,
the panel circulations 'y, k=1, ..., N, may be evaluated from the
surface boundary condition, expressed as the linear equation

N
D AT, = -wy

j=1

For a flat-plate airfoil, the right side vector w, is just the vertical
componentof the freestream velocity vector reduced by the leading-
order inner downwash induced by the helical rotor wake, that is,
Uap[1 — Wy(Y)] in linearized theory.
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from one quarter chord
line of panel

Colocation point at
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Fig. 5 Schematic of the trailing vortex system: o, quarter-chord loca-
tion of each panel (bound vortices); @, panel edges; and arrows normal
direction at the panel three-quarter chord line (normal-velocity bound-
ary condition).

For the numerical computation, the semi-infinite wing is repre-
sented by a finite number of panels outboard of a semi-infinite panel.
The baseline configuration uses 20 chordwise panels and 40 span-
wise panels. The semi-infinite panels have been applied beyond the
40th spanwise panel at each chordwise location to model the semi-
infinite aspect of the problem. Each of the semi-infinite panels has
only one bound vortex and one trailing vortex, that is, half of a
horseshoe vortex. The bound vortex extends to infinity spanwise,
and the trailing vortex extends to infinity downstream as shown, in
Fig. 4a. The boundary condition of finite circulation at infinity is
represented by requiring the values of bound circulation of each of
the semi-infinite panels to be equal to those of the panels next to
them. The velocities induced by the leading bound-vortex segment
of the semi-infinite panel are

1 z

) S a2

|- y+b
V@ +a/2? + (y+b)? + 2

1 x+a/2

W) S a2 4 2

- y+b
VO +aj2? + (v +b)2 + 2

The trailing vorticity becomes small at a distance of the order of a
chord length from the wing tip. Hence, accurate computation of the
trailing vorticity requires a strong concentration of the horseshoe-
vortex panels in the region near the wing tip. Consequently, it is
helpfulto use panels of variable width. We have chosen the variation

y = btan#, 0<6<m/2
where b is the computational span of the semi-infinite wing. Thus,
distributing the panels uniformly in the 6 variable increases the
physical density of panels near the wing tips. A constant chordwise
width was used for each panel because varying panel width was
found to be less important in the chordwise variable x.

Figure 6 shows the effectof the number of panelsusedin the lifting
surface code. Note that the comparison is good. This suggests that
10 chordwise panels and twenty spanwise panels are sufficient for
the computations.

Figure 7 shows the results of the lifting-surface computation
for the bound circulation near the rotor tip. Note the excellent
comparison of the numerical results with the modified formula of
Stewartson,'* Eq. (11). Computationalresults are for 10 chordwise
and 20 spanwise panels. In the region of sharp dropoff of the bound
circulation, the individual vortex filaments will roll around each
other to form the tip vortex. In the region away from the tip, where
the circulation approaches a constant, no trailing vorticity is shed
to leading order. Comparisons between lifting line and lifting sur-
face models for a finite length rotor blade have been presented by

)L%oo
. o+
+0F +°
+& 10
+2 o+
Q " +0 +
o}
e+G+
n
o f 2
o) o+
Q + 0+ +0 +
© ot 1
ot o+
G so+ +© +
~ +Q+G'
* 3.5
— +0 + +
+9+G-+°+
0.1
o+ +& +0+ +0O + O+
O|\|\||\|\||\|\I\|\||\|\||\|\|||\|\||\|\
0 1 2 3 4 5 6 7 8

Fig. 6 Comparison of the computational results with different num-
ber of panels in the lifting surface code: o, computational results with
10 chordwise and 20 spanwise panels and +, computational results with
20 chordwise and 40 spanwise panels.

25

no

r*/Qacao,
o

Fig. 7 Comparison of the inner solution for the bound circulation
for a rotary wing between the lifting surface code and the modified
Stewartson’s!® Eq. (11) indicated by the ——.

Kocurek et al.?*; they find that lifting-line theory overpredicts the
torque coefficient at large thrust coefficient.

Having described the model for the rotor blade, we can calculate
the positionsof the shed vortices behind the rotor blade. The amount
of trailing circulation is determined by the derivative of the bound
circulation, and in discrete form the trailing circulation at a fixed
radial location in the inner region near the blade tip is

r,=—— 13
: v (13)
Inasteadyinviscidflowfield, the trailing vortex lines are also stream-
lines. Therefore, we can obtain the positions of vortex lines by solv-
ing the set of equations

ar_y 14
— =" (14)
_dz_ 1 - WY 15
— = ool = Wo(¥)] (15)
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where we have linearized the right-hand side of each equation
about the dimensionless freestream speed. Here (x, Y, z) are global
coordinates, with x measured from the leading edge and non-
dimensionalized by the chord. Here x is the independent variable
measured from leading edge of the wing. The vortices are initiated
at the one-quarter chord position of each panel at the beginning of
the numerical integration for every iteration. For the initial condi-
tion, z=0and Y is the spanwise location of the trailing vortex shed
from the one-quarter chord of each panel. The trailing vortices are
forced to stay on the wing surface up to the trailing edge of the
wing but can be displaced in the Y direction by the induced ve-
locity, unlike the previous work of the present authors?* This set
of ordinary differential equations was solved numerically by the
Adams—Moulton method. Note that the velocity components were
calculated for straight-line trailing vortices in the first iteration.

To obtain the initial positions of the trailing vortices, we introduce
three parameters to describe the rollup process. They are ¥ and z,
whicharethe Y and z componentsof the center of the tip-vortexcore,
and 7, which defines the core radius measured from the centroid.
We define

Y X T
ZZ: 1 Ziv: 1 rf.jk

Y

(16)

_ Zzzlzyzlrt.jkzjk
== n N (17)
k:le:lrf.jk

where n is the number of trailing vortices which are rolling over
each other, M is the number of chordwise panels and I'j; is the
circulation of the panel (j, k). The core radius r has been defined as

(18)

" \/22_12?4—1(?_Yfk)2+(5—zjk)2
r =

nxN

The iterative process was assumed to be convergent when
(Faew — Told) /Toia is less than 107* at each given value of x. Here
we have used one chordwise panel, 20 spanwise panels on the wing
surface, and 120 nodes on each of the trailing vortices. The sepa-
ration between the nodes on each of the trailing vortices is 0.05.
Beyond the last node, the trailing vortex is represented by a semi-
infinite, horizontal straight vortex line extending to x = +o00 and
parallel to the free-stream velocity.

Simple Contraction Model

A simple model for the slipstream contraction has been used to
determine the effect of contraction on the bound circulation. In this
model, the slipstream has been modeled by a piecewise-continuous
sequence of vortex cylinders having different (finite) lengths /; and
radii a;. The cylinders are distributed both radially and axially to
give a discretized representation of the continuous distribution of
vorticity in the rotor slipstream. The contraction ratio of succes-
sive vortex cylinders is represented by the variable §; =a; +1/a;,
i=1,..., N,with §; < 1. The first vortex cylinder, i = 1, originates
in the rotor tip-path plane z = 0 and has radius a equal to that of the
rotor. The last vortex cylinder,i = N, extends downward to infinity.
Thus, the overall contractionratio is ay /a;.

For this model, the lifting-line model was solved by a numerical
scheme, using the elliptic-integralformulas to follow to evaluate the
downwash induced by each vortex cylinder. The slipstream config-
uration used in the computations, shown in Fig. 8, is composed of
30 vortex cylinders.

The axial velocity induced by a cylinder of radius 7" and length
(z;+1 —z;), composed of vortex rings of azimuthal vorticity yj;,
may be written as follows?:

Exponential Slipstream Fitted by Cylindrical Vortex Segment s

Fig. 8 Exponentially shaped slipstream fitted by cylindrical vortex
segments; spirals are for illustrative purposes.

1

Yo (r') Z—Z
2 \/(Z—Z[)Z—F(r—l—r/)z

U;f(”, z 1, z, Zig1) =

Z—Zi41

VE=z0)? + ¢+

X |:K(k[.[) - :%::H(U[z, k[.[)i| -

x |:K(k[.[+1) - %n(mz,kf.m)” (19)

where K is the complete elliptic integral of the first kind and IT is
the complete elliptic integral of the third kind. The moduli of the
elliptic integrals are defined as

’
) 4rr

K= ’ ) 4rr’
Yoo+ (z—zp)?

o; = —(r n r/)2

For the uncontracted slipstream, the vortex cylinder is semi-infinite
in length. For this limit, the following properties of the elliptic in-
tegrals are convenient:

M0 =r/2V1—o?

[(c? 0) = E(6)/(1 —c?)

K(0)=7/2,

Hence, in the limitz; — 0, z; ;.| — 00, Eq. (19) yields the following
result for the axial velocity induced by the uncontractedslipstream:

v:(r,2) = (v /A1 +sign(a — 1] + Q/m){z/[0r + a)* + 2°]}
< {K (k) = [(r —a)/(r + &)T1(a*, b)}) (20)

This result may be used also for the final vortex cylinder of the
contracted slipstream model by replacing r by ay and z by z — zy.

The induced axial velocity for all elementary vortex cylinders,
both axially and internally (across the slipstream), is obtained by
integrating that for a single cylinder, Eq. (19), with respect to r’
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from the axis to the slipstream boundary r = a;, and summing with
respectto i over all axial cylindrical segments:

N aj
v.(r,z) = E / v (rz vz, z ) dr
0

i=1

The azimuthal vorticity y; is equivalent to the strength of the
circulation shed from the rotor divided by the axial distance the
shed vortex advances in one turn of the rotor. Denote the physical
value of the circulation of the shed vortices by I'} . Then, for small
helix angle,

e @1
Yoi = v. - At o 27 - .

Because the circulation of each of the vortex “helices” is constant
along the whole length of the slipstream, y; varies inversely with
v-. Because the elementary slipstreams are streamtubes, this implies
that y, is proportional to the local radius of the slipstream. Hence
the ratio of vorticity of successive vortex cylinders is just

V9[+1/V9[ =da;41/a

and this result holds for each internal vortex cylinder as well.

The azimuthal vorticity of the uppermost vortex cylinder can be
evaluatedin terms of the downwashin the rotor path plane as follows.
For a thin, uncambered airfoil section, the lift coefficient is given
by C; =2ma, where « is the local angle of attack with respect to
the relative wind, that is, « =a — v./Qr. Then from the Kutta—
Koukowsky theorem, the blade circulationis given by

' = mc[Qoyr — v.]

The circulation shed from the blade at radius r, per unit span, is
'Y =dI'*/dr, so thatfrom Eq. (21) the azimuthal vorticity becomes

_ Qc 1 ! dw
YT dR

where the nondimensional variable R and W have been defined
earlier in the lifting-line section. If the downwash is approximated
by Eq. (2), then the azimuthal vorticity of the uppermost vortex
cylinderis given by

vor = 2Qer/a) - (1/VT+8AR)

The streamtube induced by the semi-infinite (uncontracted) vor-
tex cylinder provides a convenient approximation for the shape of
the contracted slipstream. The coordinates of the streamtube were
obtained by integrating the equation for its slope:

dr v,
dz V-

where the radial and axial componentsof velocity are obtained from
elliptic-integral formulas corresponding to Eq. (20), as given by
Radcliff et al.?> The results closely fit the exponential approximation

R=R + (1 —R)exp(—Z/Z))

where R; =0.729 and Z; =0.4254. Note that R and Z are nor-
malized by the rotor tip radius, as defined earlier in the lifting-line
section. In the calculations, the radii a; of the outermost vortex
cylinders were evaluated from this exponential approximation.

Results

No Wake Contraction

In this section, results will be presented first for the bound cir-
culation and then for the rollup process. As mentioned, we solve
for the bound circulation on the rotor by the method of matched

745

Table 1 Parameters for the rotor

investigated by McAlister et al.!’
Parameter Value
R 1.14m
QR 132 m/s
np 2
Chord 0.191 m
Attack angle 8 deg
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Fig. 9 Section view of rollup process of trailing vortices shed from the
rotor; core radius converges up to x = 30, angle of attack is 8 deg, and
single chordwise panel used.

- o
mo T
o

aymptotic expansion. We use “mutiplicative composition,” as de-
fined by Van Dyke,!? to form the uniformly valid solution for the
bound circulation

l—‘inner X Fouler

Cuniform = —————— 22
f T (22)

where I'jnner 18 the inner solution of the bound circulation (near the
tip region) given by the modified Stewartson'? or the lifting surface
code, Touer is the outersolution 2 and I"¢p is the common part, which
is defined as the bound circulation evaluated either in the limit as
the outer variable R — 1 or as the inner variable Y — oo.

The parameters of the rotor are are chosen to correspond to the
parameters of McAlister et al.'” and are givenin Table 1. Figures 9a
and 9b presentthe x—Y and x—z views of the rollup process for the
rotor, which converges up to x =30. The vortex lines emanating
from each panel are shown here. The direction of U, relative to
the rotor blade is indicated. Note that the trailing vortices near the
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Wing surface

Roll-up Vortices
( Tip-vortex)

Weak inboard vortex

Fig. 10 Three-dimensional view of the rollup process of the trailing
vortices; angle of attack 8 deg, single chordwise panel used, and iteration
process converges up to x = 30.
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Fig. 11 Evolutionof the circulation of the tip vortex: a) angle of attack
is 8 deg, maximum bound circulationis 0.153, core radius has converged
up to x =30, and single chordwise panel used and b) angle of attack is
12 deg and maximum bound circulation is 0.274.

tip region roll over and form a strong trailing vortex. However, in
the region away from the tip, the trailing vortices do not rollup in
distances of the order shown here. The tip vortex is also shown to
have moved inboard. The three-dimensional view is presented in
Fig. 10.

Figure 11 shows the growth of the circulation of the tip vortex
as a function of x. The circulation of the tip vortex is obtained by
summing the circulations of each of the individual filaments. The
open circles in Fig. 11 are the solution using four chordwise pan-
els. For the rotor at oy =8 deg seen in Fig. 11a, as we go farther

downstream, and the iterationprocessis convergedto x = 30, thecir-
culation of the tip vortex has reached 79% of the maximum bound
circulation. The asterisks in Fig. 11 are the solution for a single
chordwise panel that is very close to four panel case. Clearly, one
panel is sufficient for design purposes, a big savings in computa-
tional cost.

Figure 12 shows the downstream developmentof the core radius
r of the tip vortex measured from the centroid for angle of attack
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Fig. 12 Evolution of the core radius 7 of the tip vortex measured from
the centroid; core radius has converged up to x =30, single chordwise
panel is used, and angle of attack is 8 deg.
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b) Radial view

Fig. 13 Section view of the rollup process of trailing vortices shed from
the rotor; core radius converges up to x = 30, angle of attack is 12 deg,
and single chordwise panel is used.
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b) Radial view
Fig. 14 Section view of rollup process of trailing vortices for a rotary

wing; iteration process converges up to x =30, and angle of attack is
12 deg.

of 8 deg. The core radii 7 in Fig. 12 were calculated at each down-
stream location x at which an additional trailing vortex enters the
rolling-overtrailing vortices. Note that 7 develops downstream and
approaches a constantasymptotically.

Figures 13a and 13b show the x-Y and x—z views of the rollup
process for a rotor with ag = 12 deg. A single chordwise panel was
used in this case. The core radius is converged out to x = 30. Note
that the center of the core has moved.

Figures 14a and 14b show the x-Y and x—z views of the rollup
process for the rotary wing at oy =12 deg with 4 chordwise and
20 spanwise panels. Note that trailing vortices shed from different
chordwise panels but from the same spanwise location roll into
the single strong tip vortex at different downstream locations. The
trailing vortices that emanate from the panels closer to the leading
edge of the rotor blade roll into the tip vortex more quickly. The
three-dimensional view is shown in Fig. 15.

Table 2 shows the comparison of the circulations of the tip vortex
for different fixed and rotary wings. At the same angle of attack
and downstream location, the tip vortex shed from a fixed wing?* is
stronger than that for a rotary wing, that is, the fixed wing tip vortex
develops more quickly than the rotor tip vortex. Morever, the tip
vortex shed by the wing at higherangle of attack also develops more
quickly than that shed by the wing at lower angle of attack. Such
a different downstream development is attributed to the different
spanwise variation of the bound circulation near the tip region: A
steeper spanwise gradient produces strongertip vortices and, hence,
a quicker development of the tip vortex.

Table 2 Circulation of the tip vortex
for different rotary wings®

Wil’lg g, deg X1 Flip /Fmaxbnd
Rotary1 8 deg 30 0.785
Rotary2 12 deg 30 0.815

“Two-bladed rotor of aspect ratio six and consistingofa single
chordwise panel and 20 spanwise panels is used in each case.

Wing Surface

Roll-up Vortices
(Tip-vortex)
Weak Inboard Vortex

Fig. 15 Three-dimensional view of rollup process of the trailing vor-
tices; angle of attack is 12 deg, 4 chordwise panels and 20 spanwise
panels used, and iteration process converges up to x = 30.
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Fig. 16 Vertical velocity in the rotor plane at x =4, three chord lengths
behind the trailing edge of the rotor: *, is experimental data from
McAlister et al.2”; ——, is computational data; and rotor tip is at ¥ = 0,
and inboard locations are for Y >0, 8-deg angle of attack.

Figure 16 compares the numerical results for the vertical velocity
with the more recent experimental data of McAlister et al.?’ at a
positionthree chord lengths behind the trailingedge of the rotor. The
comparisonis surprisingly good, although the spanwise location of
the maximum positive velocity occurs inboard of the experimental
result.

Effect of Contraction

Consider the downwash induced by the rotor-wake contraction
in the inner region, where R ~ 1. Li?*® has evaluated the influence
of contraction on the value of the downwash, and the maximum
deviation from the uncontracted value is 8% for A =0.07 and only
5% for . ="7. This influence may be significant from the point of
view of blade loading and design, but for the present fundamental
study, the influence is considered minor. Consequently,in the results
presentedhere, the influence of contractionwas only incorporatedin
the outer solution for the bound circulation away from the blade tip.

Figure 17 is a comparison of the resulting uniformly valid so-
lution without slipstream contraction with the solution accounting
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Fig. 17 Uniformly valid solutions with and without wake contraction
for different A\, with oy =8 deg: - - - -, without wake contraction and
——, with wake contraction.
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Fig. 18 Comparison of the computational solutions with the exper-
imental data of Caradonna and Tung’ for a two-bladed rotor: ——,
numerical solutions with wake contraction; - - - -, numerical solutions

without wake contraction; +, experimental data for ;g =12 deg; O, ex-
perimental data for oy = 8 deg; and *, experimental data for oy =5 deg.

for the rotor-wake contraction. Note that as A increases the effect of
slipstream contraction is reduced. This effect appears to be due to
the reduction of induced downwash with increasing A.

Figure 18 shows a comparison of the current theoretical results
with the experimentaldata of Caradonnaand Tung.’ The comparison
is reasonably good in each case, although the peak value is under-
predicted for the smallest value of angle of attack (wy =5 deg). For
the large angle of attack («g = 12 deg), the wake contraction model
produces better results than the model without wake contraction
except near the tip.

Summary

We have developed a model for the aerodynamics of the forma-
tion of a rotary-wing tip vortex based on vortex-dynamics consid-
erations. The flow near the tip of a large aspect ratio rotary wing is
equivalentto the flow past a semi-infinite fixed wing with appropri-
ately modified freestream and the incorporation of a suitable wake
model. We have presented results for the bound circulation on the

wing and for the subsequent rollup and formation of the tip vortex
downstream of the blade tip. Following the work of Falkner*' and
Schlichting and Thomas,?? we have modeled the lifting surface as a
distribution of horseshoe vortices. The lifting-surface results com-
pare very well with the analytical solution of Stewartson'* for the
lifting line, suitably modified to account for the rotor wake. More-
over, the solution for the bound circulation does not seem to depend
strongly on the number of panels in the chordwise direction, and 20
spanwise panels is sufficient in the spanwise direction.

In the tip region where the bound circulation varies rapidly, the
individual vortex segments roll over each other and form a strong
tip vortex. The tip vortex does not completely roll up near the rotor,
as assumed by many wake models; instead, the tip vortex develops
downstream, and its circulation seems to be approachinga constant,
which appears to be significantly less that the maximum bound
circulation. However, more work needs to be done to confirm this
point.

The results for the vertical velocity induced by the shed vorticity
compared well with the experimentalresults of McAlisteretal.'” No
turbulence model was necessary despite that, at the Reynolds num-
bers of the experiment, the flow would be expected to be turbulent.
The numerical results for the bound circulation compare well with
the experimental data from Caradonna and Tung,’ and the influence
of contractionwithin the inner region near the blade tip appearsto be
of second order. Based on the comparisons with experimental data,
there is little basis for the argument that the presence of turbulence
has a significant effect on the structural properties of the tip vortex.
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