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ABSTRACT 

flfi 

-X Helicopter rotor noise levels are sharply increased when a 
rotor blade intercepts the rolled-up tip vortex trailed by a 
previous blade. This study deals with modification of the 
induced velocity structure of the vortex from both an analyt- 
ical and an experimental standpoint.  Ten tip configurations 
were evaluated in a wind tunnel, to determine the magnitude 
of velocity reduction achievable.  Results indicated that the 
maximum velocities induced within the vortex core could be 
reduced to about 12 percent of those for a standard tip 
(formed by revolving the tip airfoil section about the chord- 
line and typical for many present generation helicopters). 
Drag data measured on the model wing for each blade tip indi- 
cates that most configurations adversely affect performance. 
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FOREWORD 

This report was prepared by R. H. Spencer and H. Sternfeld, 
Jr., Vertol Division, The Boeing Company, and Dr. B. W. 
McCormick, Aero Engineering Associates, State- College, 
Pennsylvania, under Contract DA 44-177-AMC-215(T).  It was 
sponsored by the U.S. Army Aviation Materiel Laboratories 
under the technical cognizance of Mr. J. Yeates and 
Mr. J. McGarvey. 

The wind-tunnel study was conducted at Pennsylvania State 
University under the direction of Dr. McCormick, with the 
assistance of Mr. 6. L. Sanders. Dr. McCormick was a major 
contributor to the final text. 
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SUMMARY 

The sheet of vorticity shed by a lifting wing rolls into a 
vortex at the tip with a large-magnitude induced velocity 
component. The system persists for long times and, in the 
case of a rotating wing, takes the form of an elongated 
helix.  When intercepted by a trailing blade of sufficient 
tip speed, the resultant velocity can exceed the critical 
Mach number and produce shock waves periodically.  The 
objective of this study was to modify the induced velocity 
distribution of the trailed vortex without any appreciable 
effect on the strength of the bound circulation on the blade, 
and to accomplish this for a minimum performance penalty. 

The approach taken in this study was to achieve the desired 
reduction in velocity profile by changes to the configuration 
of the rotor blade tip, and a wind-tunnel study was conducted 
to investigate this approach. A measure of vorticity was 
used to determine the velocity profile behind 10 blade tip 
configurations.  In addition, photographs were made of a tuft 
grid mounted downstream of the blade with each of the 10 tips 
mounted. 

The results of the program demonstrate that the velocity 
induced within a trailed vortex system can be significantly 
reduced by modification of the tip configuration (Figure 1). 
This reduction can be achieved with no overall loss of vortex 
strength, although an increase in the overall drag force may 
result in appreciable performance penalties. For example, 
predictions indicate that an additional 4 percent of the power 
required to hover a medium transport helicopter is required 
for operation with a tip which has 20 percent of its planform 
area open. 

Since the trailing vortex does not become a significant noise 
source until it is intersected by a rapidly moving body, both 
vortex velocity and space location must be defined in order to 
predict the generated noise. Where possible, the high- 
velocity vortex system should not intersect high-velocity rotor 
blades. However, when this condition is unavoidable, modifi- 
cation of the induced velocity profile of the vortex appears 
to be a feasible approach to rotor noise reduction. 
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INTRODUCTION 

The subject study is part of a program to reduce helicopter 
rotor blade noise. The objective was to develop an optimum 
rotor tip shape aimed at thickening the tip vortex core, thus 
reducing the total flow over the blade to a value less than 
Mcr for that section. 

Rotor noise can be considered to fall into four mai*. cate- 
gories: 

1. Rotational noise which is due to the pressure 
distribution associated with aerodynamic lift 
and which has time and space variation, with 
respect to a fixed observer, due to blade 
rotation. 

2. Vortex induced noise which arises from viscous 
effects such as profile drag, boundary layer 
turbulence, flow instabilities, etc. 

3. Blade slap which results from large angle-of-attack 
changes and flow separation. This noise is not 
associated with a specific azimuth location, but 
may occur over a range of stations. 

4. Blade banging due to the pressure disturbance of 
a shock wave, resulting from the intersection of 
a trailed vortex filament and a rapidly moving 
body such as a rotor blade. This component of 
rotor noise is highly directional and occurs only 
at the rotor azimuth where a blade intercepts a 
trailed vortex filament. 

This study deals with a solution for the last type of noise 
only. When it occurs, rotor bang becomes the predominant 
external noise associated with the aircraft and plays a major 
role in determining aircraft detectability and in setting the 
low-frequency end of the internal noise spectrum. One of the 
approaches to reducing this last source consists of reducing 
the induced velocity of the vortex. Since vortex strength is 
proportional to lift, no method which results in a weakening 
of the vortex can be considered. There remains, however, 
the possibility of enlarging the core diameter such that the 
velocity profile through the vortex is reduced in magnitude. 
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ANALYSIS OF THE PROBLEM 

Any finite lifting surface produces a trailing system of vor- 
tices as a consequence of the lift distribution decreasing to 
zero at the tips* This system usually takes the form of a 
sheet immediately behind the surface which rolls up rapidly 
into discrete vortices.  In the case of a wing, vortices trail 
from each tip, while for a rotor blade, the vortices trail from 
the hub and the tip. 

In proximity to a trailing vortex, the resultant velocity is 
due to (1) the free-stream and (2) a tangential component pro- 
duced by the circulation around the vorcex. The tangential 
velocity can be appreciable in magnitude, i.e., of the order of 
the free-stream velocity. In fact, for two-dimensional poten- 
tial flow, the tangential velocity varies inversely with the 
radius according to 

vi =  2trr (1) 
where 

v.  is the tangential component of induced velocity, 
r  is the radial dimension of the vortex. 
r  is the circulation. 

Hence, at the center the velocity would be infinite.  In a real 
fluid, however, v^ behaves as shown in Figure 2*  Toward the 
center, the velocity increases almost inversely proportional to 
the radius. Nearer the center, however, the velocity begins to 
depart from potential theory, reaching a maximum, and then de- 
creasing to zero precisely at the center. The central region 
where the velocity distribution departs from the potential dis- 
tribution is referred to as the core.  Like the thickness of a 
boundary layer, the size of the core is not well-defined since 
the actual velocity distribution apprc aches asymptotically to 
the potential distribution. Within the core, the velocity of 
the circulatory irrotational flow varies inversely with the 
radius, somewhat like a rigid body. 

From Figure 2 it is seen that for the simplified core rotating 
as a rigid body, 
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where u> is the core rotational speed.  Thus, the circulation may 
be thought of as the area irr^2 rotating at an angular velocity 
of 2d». 

The variation of the vorticity through a vortex core is pre- 
sented in Figure 3. The vorticity is defined as the curl of 
the velocity vector and in polar coordinates can be written as 

3v 1 3u 
t = lr *•"   v ~ r- »ft 3r r 39 (2) 

where 

u  is the velocity component in the r direction. 

v  is the velocity component normal to u. 

For axisymmetrical flow where —£ = 0, Equation 2 becomes 
3 9 

rsdr = rdv + vdr 

or 

rcdr =. d(rv) . 

Integration yields 

R 
f  d(rv) = f     r^dr 

rv 
,R     R 
I  = /  rcdr 

RV 

o 

R 
= f     redi 

l rR r where v = f (R) 

v(R)  = if  rcdr . (3) 

The curve of Figure 2 is obtained from the curve of Figure 3 by 
applying Equation 3. 
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Figure 3.  Vorticity Distribution Through Vortex 



Typical test results show that for a free-stream velocity of 
75 miles per hour (110 feet per second), the maximum tangential 
velocity around the vortex for a particular wing attains a 
maximum of about 52 feet per second, 47 percent of the free- 
stream velocity. A full-scale tip speed of 700 feet per 
second and a forward velocity component of 200 feet per second 
produce a resultant velocity of 900 feet per second for an 
advancing blade and would induce a tangential velocity within 
the vortex as high as 420 feet per second. A trailing blade 
piercing this vortex would momentarily experience a velocity as 
high as 1320 feet per second.  This is illustrated schemat- 
ically in Figure 4a. Furthermore, it will be shown later that 
the vortex interaction problem may be even more severe than 
this because the velocity induced by the vortex at higher 
Reynolds numbers may be equal to the free-stream velocity. 
Thus the relative wind over a rotor blade having a high tip 
speed can momentarily exceed the speed of sound if the blade 
tip intersects a vortex trailed from a previous rotor blade. 

The result of exceeding Mach 1 would be an increase in the 
oscillating pressures and magnitude of unsteady aerodynamic 
forces. Also, depending on how the blade intersects the vortex, 
it could experience an appreciable change in the angle of 
attack as each section passes through the upwash and downwash 
of the core. Two possible paths intersecting a vortex, either 
of which would produce undesirable effects, are pictured in 
Figure 4b.  If the section pierces the center of ths vortex, 
its angle of attack changes +45 degrees with some increase in 
its resultant velocity.  If the section cuts tangentially to 
the circle, for maximum velocity, it still experiences a sub- 
stantial variation in angle of attack, but the primary effect 
is a change in the resultant velocity. 

8 
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TEST PROGRAM 

DESIGN OF A WING TO SIMULATE A ROTOR BLADE 

Since it was not practical to survey the geometry of the trail- 
ing vortex of a rotating blade, a fixed wing was designed to 
have the distribution of bound circulation similar in form to 
that calculated for a CH-46A rotor blade in hover. Only the 
circulation over the outer 14 percent of the rotor blade was 
simulated since calculations showed that the circulation was 
shed over this portion. This statement may be clarified by 
reference to Figure 5. 

The rotor blade being simulated employs a 0012 airfoil section 
with a solidity of 0.0573, a 13.5-degree pitch angle at the 
root, and an 8.36-degree twist. Goldstein's vortex theory of 
propellers was used to predict the bound circulation distribu- 
tion, r , along the blade. Initially, the distribution was 
numerically analyzed for its harmonic content and the Fourier 
coefficients were substituted into lifting-line theory to de- 
sign the wing. However, this procedure was not satisfactory 
because the Fourier series converged very slowly. Instead, 
from the radius for maximum r outward, the circulation was 
assumed to be shed in the form of small but finite trailing 
vortices. This portion of the blade was divided into 2000 in- 
crements with a vortex shed from the center of each increment 
having a strength equal to the change in r over the increment. 
These vortices were then assumed to trail from a wing, and the 
induced velocities were calculated along the wing. In this 
way, the twist of the wing was calculated to produce the same 
r distribution as that of a rotor blade. The entire procedure 
was programmed through an IBM 7074 digital computer. 

The geometry of the model wing was scaled from the outboard 14 
percent of a full-scale CH-46A rotor blade - a span of 42 
inches. Since the CH-46A has a rectangular planform with a 
blade radius and chord of 25 feet and 18 inches, respectively; 
the 42-inch outboard section to be simulated has an aspect 
ratio of 4.68. Because of wind tunnel size restrictions, the 
model wing semi-span was limited to 18 inches, with a corre- 
sponding chord of 7.7 inches. 

AR = ggS^ - f^£]      = l^r) = 4.68 

Wing 

10 



Since the twist of the model wing to simulate rotor loading 
would have been less than 1 degree over 80 percent of the span, 
the model wing was constructed with no twist. 
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Figure 5. Wing and Rotor Blade Bound-Circulation 
Distributions 

The velocity induced by an isolated vortex is given by Equation 
1. From the Kutta-Joukowski law, this can be rewritten in the 
form 

li -7^ *CL (4) 
V    4» r L 

where for the wing or rotor blade section having the maximum 
bound circulation, 

CL is the lift coefficient. 

c  is the chord. 

V  is the free-stream velocity. 
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V£ is the tangential component of the induced 
velocity at vortex radius, r. 

Hence, if the geometry is scaled so that c/r for the model and 
rotor remains constant, then VJ/V would be proportional to CL. 
One might thus expect that the maximum value of VJ/V which can 
be obtained with the model wing would equal the maximum value 
of VJ/V for the rotor. This would be true except that the 
size of the vortex core depends on the thickness of the bound- 
ary layer on the wing, which in turn is a function of the 
Reynolds number. The ratio c/r will thus not be a constant 
but will increase with increasing Reynolds number. Reference 
1 presents strong experimental evidence showing Vj/V to vary 
with the two-tenths power of the Reynolds number. This implies 
that the core size increases with increasing boundary layer 
thickness (assuming the boundary layer to be turbulent). Since 
most of the experimental results reported herein are taken at 
110 feet per second while the full-scale rotor blade tip speed 
is 690 feet per second, the ratio, c/r, should possibly be 
increased by a factor of 

DESCRIPTION OF TIP SHAPES 

Figure 6 shows the wing and each of the 10 tips investigated. 

Standard Tip - A tip with a shape generated by revolving an 
airfoil section around the blade tip chord. 

60°-Sweptback Tip - A tip swept back 60 degrees from the 
leading edge was tested, since Reference 3 reported that delta 
wings have favorable tip-vortex cavitation characteristics. 

Honeycomb Tip - A circular duct, 1.625 inches in diameter and 
1.5 inches long, was positioned 1.128 inches behind the stand- 
ard tip so that the tip vortex passed through its center. The 
duct was filled with an expanded honeycomb with approximately 
0.1-inch cell size. 

Duct Tip - A hollow duct, approximately 1 inch in diameter, 
was mounted on the tip of the wing. It was anticipated that 
the duct would have an end-plate effect and also enlarge the 
core radius. 

12 
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Figure 6. Wing and Wing Tips  (Sheet 4 of 6) 
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Duct/Vanes Tip - Vanes were installed within the hollow duct 
noted above to produce a rotation of the flow through the duct 
opposite to that of the tip vortex. 

Contravane Tip - A set of small vanes was mounted on each 
side of a tip projecting into the flow. An angle of attack 
was selected that would produce a rotation opposite to that 
of the tip vortex. 

10%-Porous Tip - This is 2.75-inch extension of the standard 
tip. The extended portion was drilled with 0.0935-inch- 
diameter holes spaced at 0.25 inch on centers to give a 
porosity of 11 percent (actual) or 10 percent (nominal) of the 
planform area. 

20%-Porous Tip - This is also a 2.75-inch-extension tip, but 
0.1285-inch-diameter holes were drilled to give a porosity of 
20.8 percent (actual) or 20 percent (nominal) of the planform 
area. 

40%-Porous Tip - This is again a 2.75-inch-extension tip, but 
the holes were spaced closer to give a porosity of 41.6 percent 
(actual) or 40 percent (nominal) of the planform area. 

Blown Tip - This has a 0.005-inch-wide chordwise slot along 
its outboard edge from which a jet of air is blown spanwise 
to thicken the core of the trailing vortex. 

INSTRUMENTATION 

Testing was performed in The Pennsylvania State University's 
subsonic wind tunnel operated by the Department of Aeronautical 
Engineering. The tunnel has a 3-by-3-foot test section, is 
equipped with a six-component strain-gage balance, and is 
capable of speeds up to 300 miles per hour. Most of the 
testing, however, was performed at 75 miles per hour. The 
semi-wing was mounted vertically and supported from the 
balance. The test setup is shown in Figure 7. 

A probe-positioning mechanism designed and made specifically 
for this investigation (see Figure 8) was installed behind 
the wing so that the vortex probe could be positioned 
accurately in rectangular coordinates. With this mechanism, 
the position of the probe can be determined within 0.002 
inch. 

19 1A 
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The vortex probe used to measure the vorticity in the 
trailing vortex system is shown in Figure 9. A set of un- 
pitched vanes with 0.375-inch outside diameter is mounted on 
a shaft supported in jewel bearings. The shaft has a lucite- 
filled hole through it, permitting light transmission. On 
one side of the shaft, in line with the hole, is a grain-of- 
wheat bulb; on the other side is a photovoltaic detector 
similar to those used for punched-card readout. As the shaft 
rotates, a voltage pulse is generated twice every revolution. 
The pulses are counted electronically to give an accurate 
measurement of the rotational speed of the vanes. The probe 
is described in detail in Reference 2. 

The vortex probe has given very satisfactory performance but 
must be corrected for two types of error in order to obtain 
absolute numbers: the error due to friction and windage 
losses, and the error due to its finite size. Unfortunately, 
changing the diameter of the vanes has an opposing effect on 
these two errors. The error due to friction and windage 
losses can be determined experimentally by calibrating the 
vane.  Ideally this would mean generating a known vorticity 
field and inserting the probe into it, but this was too 
difficult.  Instead, an attempt was made to calibrate the 
probe by rotating the probe mechanism in the wind tunnel. If 
there were no friction, the vanes would not rotate, and rota- 
tional speed of the vanes relative to that of the housing 
should be a measure of the error due to friction. However, 
even this procedure proved difficult to perform accurately. 
Because of the high rotational speeds required, very slight 
misalignments led to excessive centrifugal force on the 
bearings and, hence, excessive frictional losses. After con- 
siderable deliberation and interpretation of the data, the 
following relationship was arrived at.  It was concluded that 
the aerodynamic torque produced by the rotating vanes will be 
proportional to 

Qw (uf - uv)V 

where 

ü>f is the angular velocity of the fluid, 

uv is the angular velocity of the vanes, 
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rv is the tip radius of the vanes, 

Qv is the aerodynamic torque, 

providing 

(u)f - «v)rv<<V. 

The frictional torque opposing the rotation of the shaft will 
be proportional to wv. Hence, equating the two torques gives 

n = 
uv _ 
«f    1 + k/V 

where 

k is a constant of proportionality. 

This constant has been determined experimentally to be approx- 
imately 18.8 with V in miles per hour, resulting in the vane 
calibration shown in Figure 10. This curve can be expected to 
hold for all the results of this experiment. 

The error due to friction and windage losses is minimized in 
the design of the probe by (1) the use of jewel bearings lubri- 
cated periodically, (2) filling the window in the shaft with a 
clear plastic, (3) using as large a vane diameter as can be 
tolerated, and (4) allowing sufficient clearance between the 
shaft and the internal surfaces of the housing. At 75 miles 
per hour, the speed at which most of the testing was performed, 
the vane rotates at about 80 percent of the true angular 
velocity. 

The error due to the finite size of the vane is illustrated in 
Figure 11. A hypothetical linear variation of uf with radius 
is shown. With the vane centered in the fluid rotation, the 
angular velocity of the vane will be less than the angular 
velocity of the fluid, u0. For an ideal frictionless vane, it 
can be shown that 

JV -i-Afs ,5, 
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where 

ü)V is the angular velocity of the vanes. 

o>0 is the angular velocity of the fluid at vortex 
center. 

rv is the tip radius of the vanes. 

Rf is as shown on Figure 11. 

As the vane moves outward from (l) (Figure 11), its angular 
velocity approaches the true angular velocity of the fluid, 
attaining that value at a radius equal to the vane radius (2) 
where-the vanes lie within the linear range of «f. It will 
continue to read the correct u as r is increased until ® is 
reached. For radii greater than this radius, e.g., Q) ($) , 
the angular velocity of the vanes will be greater than <o of 
the fluid. 

The correction for finite size depends on the change of the 
slope of the u versus r curve. If the slope is decreasing 
with radius, the vane u> will be low, as shown in Figure 11. 
Unfortunately, the correction for finite vane size can be 
calculated with assurance only for the condition of Equation 5. 

In addition to the measurements made with the vortex probe, 
visual observations of the flow in the vortex system were made 
by means of a tuft grid behind each tip, and sound recordings 
were made using a microphone located downstream of the model. 

EXPERIMENTAL PROCEDURE 

After installing a wing and tip combination in the tunnel, lift 
and drag curves were obtained. Then,with the probe well clear 
of the wing, a calibrating device was installed on the probe. 
This device consisted of a fixed set of pitched vanes mounted 
ahead of the probe to impart a rotation to the flow. The 
tunnel speed was then brought up to 75 miles per hour, and 
the output from the vanes was noted. Calibrations were per- 
formed periodically as a check on the friction losses in the 
probe bearings. It was found that the calibration of the 
probe would remain unchanged for four or five hours of testing 
and then would suddenly, and noticeably, change by an appreci- 
able amount. A drop of jeweler's oil on each bearing always 
returned the probe to its original calibration. 
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If the check on the probe calibration proved satisfactory, 
the calibrator was removed, the wing was positioned to the 
desired angle of attack, and the tunnel was again brought up 
to speed. For measurement downstream of the wing, where the 
vorticity had rolled up into a single vortex, it was sometimes 
difficult to locate the vortex. This was accomplished by 
tracing the path of the vortex with a tuft on the end of a 
rod from the trailing edge aft to the survey plane. The probe 
was then positioned sideways (y direction) and vertically 
(x direction) until a nearly maximum count was displayed on 
the electronic counter. Then holding y constant, a run was 
made by varying z in small increments, usually 0.075 inch. 

The count per second (CPS) read from the electronic counter 
was then plotted against the z reading and, if far enough 
downstream, would give a curve symmetrical about a z value. 
This z value was then set, and another run made in the y 
direction would thus pass through the center of the vortex. 
For some tests, to be discussed later, the maximum rotational 
speed did not occur at the center.  In runs where the vortex 
motion was not axisymmetrical, such as close behind the wing, 
it was necessary to survey varying y values for several fixed 
z values. 
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DISCUSSION OF RESULTS 

VORTEX MEASUREMENTS 

Unless specifically stated, all the data to be presented are 
uncorrected for probe calibration or finite probe size, with a 
few exceptions to be noted later. Since the data are compared 
on a relative basis between configurations, the validity of 
data interpretation is unaffected. An attempt was made to hold 
the lift values constant between wing configurations with 
different aspect ratios, although some variations did occur. 
It is nevertheless felt that the resulting effect on induced 
vorticity did not adversely affect the overall interpretation 
of results. A comparison of the measured vorticity distribu- 
tions for several of the tips is presented in Figure 12.  The 
data points have been omitted for clarity. Close behind the 
wing, it was necessary to make passes at each of several values 
of z from which contour maps for constant values of angular 
velocity could be constructed. Figure 13 presents typical 
results from such passes 1 inch behind the trailing edge of the 
wing equipped with the standard tip. 

In view of the similarity of the data for the various tips pre- 
sented in Figure 12, it was decided to fit the data taken 
through the rolled-up trailing vortices by a parametric family 
of curves.  Lamb (Reference 3) presents a solution for a poten- 
tial vortex in which viscosity is allowed to act for time t> 0. 
Rouse and Hsu (Reference 4) recently argued that Lamb's model 
requires an infinite amount of energy to establish the potential 
vortex. However, this objection is removed when one considers 
two equal and opposite rotating trailing vortices. Rouse and 
Hsu propose that the trailing vortex be visualized as having 
been generated by a rotating cylinder of finite circulation but 
zero radius. Considering the manner in which the tip vortex is 
actually generated, the choice of model on which to base reduc- 
tion of the data is probably academic. This report will use 
Lamb's developments. 

In terms of the vorticity for axisymmetrical flow, the Navier- 
Stokes equations of motion can be written in polar coordinates 

at " Mär7  r Trr (6) 

The above can be integrated for the vorticity to give 
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r2 

C - T-h^"4^ * (7) 

Substituting Equation 7 into Equation 3, the velocity around 
the vortex becomes 

- M1-*'*1') ■ (8) 

The above is Lamb's solution. To fit the data obtained here, 
it was decided to use an exponential similar to Equation 7; 
namely, 

c = c e-(r/w)
nloge2 (9) 

o 

where 

5   is the maximum vorticity. 

w   is the "width" of the vortex, defined as twice the 
value of r for which c = C0/2. 

A computer program was written whereby, given t0 and values of 
C for two values of r, the constants w and n were obtained. 
These were then inserted by the computer into Equations 3 and 3 
and numerically integrated to obtain v as a function of r. The 
circulatory strength of the vortex can be obtained by performing 
the following: 

Y =f  2irrcdr. (10) 
J o 

Using Equation 9, this integral can be shown to reduce to 

Y =• 
\n(logp2) / 

ill) 
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where 

r(n) = 9anma function of argument (-). 

For the particular case where n = 2.0f 

Cn (12) 
irw2 

loge 

and 

v ■ 
w2 ta       L . -(r/w)2log 2 

2r loge 
[l-e-(r/w,'1<V]. (13) 

With only a few exceptions, Equation 9 could be made to fit the 
experimental data closely by the proper choice of n. The maxi- 
mum angular velocity at the vortex center w0 is numerically 
equal to half of the maximum vorticity,c0 . Figure 14 shows a 
typical fit of the exponential curve to the test data points, 
and Figure 15 illustrates the correlation of the induced veloc- 
ities calculated from the test data by evaluating Equation 7 
and substituting in Equation 3. Both the goodness of fit of 
Figure 14 and the excellent correlation between test points and 
calculated potential vortex velocity at the edge of the core 
confirm the validity of the test data. 

The effect of angle of attack on u)Q, w, £»nd n is shown in 
Figures 16 through 19 for the standard, porous, and 60-degree- 
sweptback tips. The nature of the variation of u0 and a seems 
to depend on the tip shape. For the porous and 60-degree- 
sweptback tip, «0 decreases with a at angles above 6 degrees. 
Because of this behavior, it is difficult to predict the vortex 
geometry for an arbitrary tip shape. Notice that w increases 
nearly linearly with a,  and that the values of n all lie between 
1.5 and 2.0. 

The critical dependence of the vortex geometry on irregular- 
ities in the tip shape is demonstrated by Figure 20. The two 
vorticity distributions were obtained with the same tip; but 
for the "cavities-faired" curve, the two attachment-screw holes 
were filled with clay. Unfaired holes reduce vorticity at the 
center of the vortex. This phenomenon seems to depend on both 
a and velocity. Figure 21 presents the maximum vorticity as a 
function of the tunnel velocity for the standard tip at 12 de- 
grees. These data were obtained before the importance of fair- 
ing the tips was realized by searching for the maximum rpm 
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CONSTANTS FOR a = 6° CONSTANTS FOR a = 12° 

WING TIP 
(Inches)(Rad/Sec) 

n 
(Inches)(Rad/Sec) 

n 

Standard 0.215   1940 1.51 0.302    2670 1.58 

60°-Sweptback 0.200   1160 1.21 0.576     817 1.40 
Honeycomb 0.468    220 2.22 0.688     402 1.70 
Duct 0.217    864 1.28 0.227    1650 0.83 
Duct/Vanes 0.294    770 1.66 0.303    1480 0.90 
Contravanes   0.447     748 1.02 
10%-Porous 0.218   1290 1.41 0.550     534 1.71 
20%-Porous 0.842     66 1.84 0.712     195 1.83 

40%-Porous 0.917     63 2.20 0.866     104 2.27 

Exponential Fit: 
Standard Tip 
a = 12° 
V = 75 mph 
z = 4c 

1.0      -0.5       0 

Distance Through Vortex (r) IN. 

Figure 14. Exponential Fit of Data 
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reading at each V rather than by detailed surveys. The maximum 
vorticity, ;0 , as indicated by the maximum recorded vane angu- 
lar velocity, w.v# increases linearly with tunnel velocity, V, 
from V=0 to V=50 miles per hour. From 50 to 60 miles per hour, 
the relation of maximum vorticity to tunnel velocity changes. 
Above 60 miles per hour, the maximum vorticity increases 
linearly with tunnel velocity but at a lower rate than when 
V<50 miles per hour. When the tip was faired, a maximum u was 
obtained at 75 miles per hour in line with the points below 
50 miles per hour. Hence, the unfaired tip seems to have 
changed the form of the vorticity distribution between 50 to 
60 miles per hour peak to a dip in the middle of the curve. 
Figure 16 illustrates the same sort of behavior for an a of 
14 degrees. The dip may be caused by a localized separation 
which depends on Reynolds number, surface condition, and angle 
of attack, or it may be related to the so-called "vortex break- 
down" phenomenon. 

The performance of the blown tip was similar to the unfaired 
tip. At a 12-degree angle of attack, a small amount of blowing 
air caused the vorticity distribution curve (Figure 22) to dip 
in the center; for 6 degrees (Figure 23), however, the greatest 
blowing available produced only a general flattening of the 
vorticity curve. The curves were integrated graphically to 
obtain the velocity distributions shown on Figure 24.  These 
curves are for different values of the blowing coefficient 
defined by 

P-tV-jtC 
CQ = pfc- <14) 

or 

*-(*) (15) 

where 

Rj is the jet reaction. 

L is the wing lift. 

Cj, is the wing lift coefficient. 
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The numerator in Equation 14 was evaluated by measuring the jet 
reaction as a function of the gage pressure in the wing tip 
cavity just ahead of the slot. For the geometry tested, the 
jet reaction is related to gage pressure by 

= 0.0355 
*P 

(16) 

where 

R-; is the jet reaction in pounds. 

Ap is the gage pressure in inches of mercury. 

Figure 24 shows that blowing has only a slight effect on the 
maximum induced velocity, even though the velocity-versus- 
radius curve is altered appreciably for an a of 12 degrees. 

PHOTOGRAPHIC TUFT-GRID STUDIES 

Photographs were made of 6-inch-square tuft grid mounted two 
chord-lengths behind the trailing edge of each wing tip.  The 
results are 3hown in Figures 25 through 28. The tufts are 
light plastic strips, 0.5 inch long, spaced 0.375 inch apar . 
The angle of attack and tip configuration are noted on each 
photograph. 

In Figure 25, the vorticity and velocity distributions for the 
standard tip at 12 degrees are superimposed to the same dis- 
tance scale on a photograph of the tuft grid. Tuft deflections 
correspond with the velocity distribution, and the blurred 
tufts are limited to the aree.. where vorticity is concentrated. 

Figure 26 compares the standard, honeycomb, and 40-percent-open- 
porous tip, all at a 12-degree angle of attack. 

In Figure 27, a series of photographs tahen at 1/60 of a second 
illustrates the effect of angle of attack on the trailed vor- 
ticity of each tip. With the exception of the porous tips, a 
well-defined circular area can be seen increasing in diameter 
with increasing angle of attack; the projected length of the 
tufts indicates a high tangential velocity in the vortex. Also, 
for several of the tips, blurring of the tufts indicates the 
severity and extent of rotation in the center of the vortex. 
The 10-percent-porous tip displays a rather weak circular 
pattern for 8 degrees and 10 degrees which becomes blurred at 
12 degrees. The other two porous tips do not display any 

44 



60-r 

Q) • 0.0196 
a . 120 
o » 6° 

•3       .4       .5 
Vortex Radius (r) - IN. 

Figure 24.  Effect of Blowing on Velocity Distribution 
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Standard Tip a = 12°  V = 75 mph 

Relative Vorticity and Velocity Distributions 

Figure 25. Comparison of Photographic Tuft-Grid Study 
With Vortex Measurements 
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Figure 26. Tuft-Grid Study: Standard, Honeycomb, and 
40%-Porous Tips at 12° Angle of Attack, 
z - 2c, V = 75 mph. 
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Standard Tip 
V = 75 mph 
z = 2c 

•   J.' f:' 
o = 4° 

a = 12* ,o = 14° 

Figure 27. Tuft-Grid Study: Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 1 of 8) 
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60°-Sweptback Tip 
V = 75 mph 
s = 2c 

a = 6° a = 8° 

a = 10« a = 12« 

Figure 27. Tuft-Grid Study: Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 2 of 8) 
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Figure 27. Tuft-Grid Study: Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 3 of 8) 
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Figure 27.  Tuft-Grid Study:  Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 4 of 8) 

51 



Contravanes Tip 
V = 75 mph 
z = 2c 

a = 6° a = 8° 

a = 10" a = 12° 

Figure 27. Tuft-Grid Study: Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 5 of 8) 
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10%-Poroua Tip 
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a = 6 a = 8( 

a = 10° a = 12( 

Figure 27. Tuft-Grid Study:  Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 6 of 8) 
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Figure 27.  Tuft-Grid Study:  Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 7 of 8) 
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40%-Porous Tip V = 75 mph 
z = 2c 

a = 6' a = 8° 

a = 10" a = 12' 

Figure 27.  Tuft-Grid Study:  Effect of Angle of Attack 
and Tip Shape on Vorticity (Sheet 8 of 8) 
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Figure 28.  Tuft-Grid Study at Varying Distances Downstream, 
From the Standard Tip (Sheet 1 of 2) 
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definite patterns throughout the angle-of-attack range. 

Figure 28, a sequence of pictures taken at various distances 
downstream from the trailing edge of the standard tip, shows 
little difference in the tuft-grid patterns of the core. 

EVALUATION OF VORTICITY FROM TEST DATA 

The contour maps for the standard tip (Figure 29) show the 
progressive rolling-up of the trailing vortex sheet into a 
somewhat distorted vortex two chord-lengths downstream of the 
wing. The measurable rotating fluid extends inboard for 
approximately 60 percent of the semi-span at one inch behind 
the trailing edge.  This region shortens progressively down- 
stream, but it is interesting to note that it remains 
essentially plain, distorting only where it feeds into the 
vortex. 

Figure 30 shows similar information for the 40-percent-porous 
tip.  Inboard along the trailing edge of the: wing, the contours 
are similar to those for the standard tip. Outboard, however, 
the region of rotational flow is much larger, and the maximum 
vorticity is considerably less than for the standard tip. 

These contours from probe data agree well with the tuft photo- 
graphs shown in Figure 28: both show that the core vortex per- 
sists for a long time. This suggests that a rapid decay of 
vorticity cannot be counted upon to achieve noise reduction. 

VORTEX STRENGTHS 

It is interesting to consider the vortex strengths which were 
determined by integrating the vorticity. According to Helm- 
holz's theorem of vortex continuity, the strength of the 
trailing vortex should equal the midspan value of the bound 
circulation, given by 

1 o   2 co CL V 
SiflL 
CL (17) 

where 
ro  is the bound circulation. 

Co  is the midspan chord. 

cl0    is the section lift coefficient, 
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IS Inch*« Downetrea«, 
Vortex Sheet Decay« 
into Single Vortex 

25.500 KM 

Figure 29. Contours of Constant Rotational Speeds in Four 
Transverse Planes Downstream From Standard Tip 
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Figure 30. Contours of Constant Rotational Speeds 1 
2 Inches Downstream Prom 40%-Porous Tip 
(Sheet 1 of 2) 
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a  =  12° 
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Figure  30. Contours of Constan4-  Rotational Speeds  30 Inches 
Downstream From 40%-Porous Tip  (Sheet 2 of 2) 
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From the computer program used to design the wing, the ratio 
C
*O/

C
L 

was determined to be 1.08. Hence, for a V of 75 miles 
per hour, r0 should be 

r0 = 38.0 CL ft
2/sec. (18) 

When Equation 18 is reduced 20 percent to account for the probe 
calibration at 75 miles per hour, and then compared (Figure 31) 
to the circulation data obtained from vorticity, close agree- 
ment is obtained at the higher angles of attack between the 
standard tip and the 10-percent-porous tip. At the lower 
angles, the r obtained by integrating the vorticity is less 
than the midspan circulation, due probably to an incomplete 
rolling-up of the vortex sheet.  However, th> agreement shown 
at the higher angles lends considerable support to the credit- 
ability of the data which has been presented. Notice that the 
vortex sheet from the porous tips rolls up more slowly than 
that from the standard tip, due probably to the graduated 
loading at the tip. 

PERFORMANCE EVALUATION 

The decrease in the tangential component of the trailed vortex 
by core thickening has been achieved with an accompanying 
increase of the tip drag. This drag is directly realized as an 
increase in the power required for flight. However, the power 
required by a "banging" rotor (i.e., one which intersects a 
trailed vortex) has not been measured quantitatively but could 
conceivably be of the same order of magnitude as that required 
by adding tip drag.  Thus, while the wind-tunnel measurements 
indicate an increase in power required for the subject tips, 
they do not take into account any power loss already inherent 
in a "banging" rotor, and the accompanying data might indicate 
a higher than actual value for the performance penalties of the 
subject tip configurations. An estimate of the power required 
by the tips in hover is preserted below. 

The drag coefficient at any angl?» of attack is related to 

CD0# 
tne zero angle coefficient, by 

4CDM.> - 4cDo§7 ♦ .** (g|)(!£i) S 
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Measurements 
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Where 

ACD0 ~ 
CD0 (TIP) " CDo (STD) 

S = Wing Area 

c = Wing Chord 

dCL 
-r— ■ Slope of the Lift Curve 

and 

\ 
\ 

dCpp 1 1 
dCL2   "   wARe   "   irAR  " | 

The increment in power required relative to the standard tip 
may then be evaluated from 

j ACpc^qflRb   u 

X 550 

Estimates of the power required in hover are presented for a 
CH-47A helicopter with the following geometry and operating 
characteristics: 

Gross Weight = 28,500 pounds 
Blade Radius = 29.5 feet 
Rotor rpm    - 230 
No. of Blades = 3 
C 1.92 feet 

Tip Configuration AHP re Std Tip 

Standard 0 
Duct/Vanes 138 
60°-Sweptback -54 
Contravanes 194 
Honeycomb 689 
10%-Porous 32 
20%-Porous 120 
40%-Porous 435 

In forward flight, the power required will be the result of the 
added torque at the tip plus the increased drag of the rotor. 
This method has not been developed for the case of added rotor 
blade tips. 
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NOISE-LEVEL MEASUREMENTS 

Measurements of noise level were made in the wake of eight tip 
configurations at 75 mph and a - 12 degrees to evaluate the 
effect of vorticity on the generated sound levels (Figure 32). 
The noise obtained in the tunnel is of a continuous broad-band 
nature and not the sharp rotor bang which would be experienced 
by the interaction between the vortex and an intersecting rotor 
blade at speeds sufficient to cause shock wave formation. 
While no direct correlation with full-scale rotors was antici- 
pated, it was felt that noise could be a measure of tip vortex 
strength. 

Introduction of the wing into the tunnel causes boundary layer 
turbulence and tip vortex formation, both of which result in 
noise. The higher noise levels associated with the porous 
tips are probably due to increased boundary layer turbulence 
caused by surface roughness and may indicate that the general 
broad-band type of blade noise may increase.  This, however, 
would be of secondary importance.  The noise data do not always 
appear consistent; this may be due to the proximity of the 
microphone with respect to the vortex, which is an important 
factor in the measured noise level, and also due to shift in 
the path which the shed vortex takes with each tip configura- 
tion.  In addition, for some configurations, the vorticity is 
concentrated over a small area; for other shapes, it is dis- 
tributed over a large area.  Thus the noise measured by a 
microphone in the wake of a weak vortex might be higher than 
the level measured by the same microphone located out of the 
wake of a strong vortex. No attempt was made to center the 
microphone in the wake of each tip configuration. 

Figure 33 presents the sound level measurements for the 20- 
percent- poious tip at several angles of attack.  A large in- 
crease in level is noted until an a of 6 degrees, above which 
the level remains essentially constant. 

Figure 17 shows a similar relationship between vorticity and 
angle of attack, where a maximum vortex velocity is attained 
at some a below stall and may remain level, or even decrease, 
at still higher angles. 

INTERPRETATION OF RESULTS 

This program has investigated the maximum induced velocities 
in the trailed vortex for each wing tip by integrating the 
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Figure 34.  Tangential Component of Induced Velocity 
Variation for Ten Tip Configurations 
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vorticity, as previously described. The results are presented 
in Figures 34 and 35. 

The data have been presented as measured by the probe, without 
any corrections for calibration or finite size of the probe. 
With the exception of Figure 21, all of the curves are for 75 
miles per hour, so they are directly comparable. Any values of 
vorticity, velocity or circulation read from these curves must 
be increased by 20 percent to obtain true values. The width 
of the vortices is not affected by the calibration.  The 
calculated value of the exponent n will not depend on the probe 
calibration, since n is a function of the shape, not magnitude, 
of the vorticity distribution, and therefore does not depend on 
the correction for finite size of the probe. Generally, the 
wings with the more "pointed" vorticity distributions produced 
the lower n values.  In fact, correcting a few selected distri- 
butions for finite size brought their values of n very close 
to the theoretical value of 2. Therefore, it seems that 
Equations 12 and 13, for the case where n = 2, are truly des- 
criptive of the trailing vortex geometry. In this case the 
maximum tangential velocity can be obtained directly from 
Equation 13, as 

vimax = -384 w?o 

Vji =  .0846 X. 
■"■max w 

This occurs at a radius of 1.35 w. 

Figure 34 shows the magnitude of velocity reduction achieved 
by core thickening due to the tips tested. Note that, in 
general, the lower maximum induced velocity curves peak at 
larger vortex radii, indicative of core thickening. 

Figure 35 shows that,for the standard tips, velocity increases 
almost linearly with angle of attack, attaining its maximum 
value of over 52 feet per second at 12 degrees. For the 10- 
percent-porous tip and the 60-degree-sweptback tip, v^ again 
increases almost linearly with a; but for the 10-percent-porous 
tip, V£ is nearly constant between 6 degrees and 12 degrees, 
and actually decreases slightly at 12 degrees. The 40-percent- 
porous tip induces velocities about 1/10 those of the standard 
tip. Thus the porous tip seems to be a promising means of 
reducing the velocities associated with a trailing vortex sys- 
tem. A comparison of maximum induced velocities for the porous 
tips at 12-degree angle of attack is shown in Figure 36. 
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Figure  36.     Lift and Drag Data 
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This reduction in v±,  however, is not gained without a penalty 
of increased drag. Lift and drag data for eight of the wing 
tips are given in Figure 36. Cn is the drag coefficient for 
CL = 0« while c is Oswald's span efficiency factor defined by 

2 
e =  SL  

*AR (C0-CDo) 

Plotting CD ,   t ,  and vimax against porosity reveals that a 
porosity between 10 and 20 percent is probably the optimum; 
above 20 percent the rate of increase of CDQ with respect to 
v£ appears to be prohibitive. 
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CONCLUSIONS 

Conclusions which can be drawn from this program are: 

1. Tangential velocities around trailing vortices can 
be at least as high as 57 percent of the free-stream 
velocity and can be significantly reduced by altering 
the tip shape. 

2. The vorticity decreases exponentially wrth the square 
of the radius. 

3. The width of the vortex increases nearly linearly 
with angle of attack. Depending on the tip con- 
figuration, the width may be from 5 to 10 percent 
of the chord. 

4. The vorticity increases with a up to some a which is 
less than the stalling angle of attack, and then 
decreases for higher a. The a for maximum vorticity 
depends upon the tip shape and is apparently related 
to the tendency of the flow to separate locally. 
Vortex induced noise appears to follow a similar trend, 

5. Thickening the vortex core to reduce the tangential 
velocity increases the drag and may increase the 
boundary layer noise* 

6. The most promising means of reducing v^ seems to be 
the use of a porous tip. Compared to a standard tip, 
the induced velocity can be reduced by a factor of 10. 
This should lead to the elimination of blade bang, 
which, when it occurs, is the predominant rotor noise 
source. 

7. Performance penalties are not clearly calculable, 
since the increase in drag predicted for the blade 
tips may be offset by a decrease in the power required 
for trailing rotor blades to intercept significantly 
reduced vortex core velocities. 
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