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ABSTRACT

The generation of tip vortices from finite-span
lifting surfaces degrades the overall effectiveness of

these surfaces. An extensive literature survey per-
taining to this viscous rollup phenomenon and the

numerous concepts advanced for its alleviation has
been made. Those concepts which appear applicable to

delaying the formation of marine propeller tip vortex
cavitation are highlighted, and further experimental
investigations are recommended.

ADMINISTRATIVE INFORMATION

The research reported in this paper was sponsored by the in-house

independent research (IR) program of the David W. Taylor Naval Ship

Research and Development Center (DTNSRDC) . Funding was provided under

Program Element 61152N, Project ZR 00001, Task Area ZR 0230101, and

Work Unit 1544-329.

INTRODUCTION

On a lifting surface of finite span, the pressure difference between

the pressure and the suction sides must disappear at the surface tip,

so that lateral pressure gradients of opposite signs exist on these two

sides. The spanwise velocity components are similarly of opposite sign,

and this gives rise to trailing vortices, particularly at the wing tip,

as shown in Figure 1. This tip vortex phenomenon presents special problems

in practically all applications of winglike bodies, e.g., the noise and

vibration caused by the interaction of the concentrated tip vortex trailed

from the tip of a helicopter rotor with a following blade, and the

potential hazard associated with the loss of control of light aircraft

which follow in the trailing tip vortex wake of heavier aircraft. Addi-

tionally, in the case of the marine propeller, this phenomenon can lead

to the situation where the local pressure in the tip vortex core reduces

to the vapor pressure of the liquid, resulting in cavitation and its

attendant problems.

The severity of the tip vortex problem is determined by the intensity

or strength and location of tip vortices. Although numerous concepts have



Figure 1 - Tip-Vortex Rollup Process



been advanced for the alleviation of this phenomenon, no fundamental solu-

tion to the problem is yet feasible because the details of the complex flow

are not known, and the analytical tools have not yet been developed to pro-

vide design guidlines. As a result, a majority of the work in this area is

fragmented and empirical in nature, being guided primarily by intuition and

observation; the results cannot usually be generalized and are restricted

to the specific application or investigation.

The present study attempts to identify, through an extensive literature

survey, the work pertinent to the tip vortex rollup phenomenon and its

alleviation. Over 150 documents are identified and cataloged. In addition,

those alleviation concepts which hold promise for the delay of tip vortex

cavitation on marine propellers are given closer consideration, and appro-

priate experimental investigations are recommended.

BRIEF DESCRIPTION OF TIP VORTEX LITERATURE

The large volume of literature devoted to the tip vortex rollup phe-

nomenon attests to both the importance of the associated problems and the

lack of a fundamental understanding of the mechanism involved. Approxi-

mately 60 percent of the papers reviewed in the present survey represent

experimental work which attempts to define the nature of the rollup process.

Although the results of these investigations have begun to identify the

pertinent parameters governing the vortex rollup process, they have not

provided the generalized tools necessary for its prediction. As a result,

the remaining 40 percent of the papers reviewed comprise experimental

studies which are directed solely to the solution of the tip vortex problem.

The literature dealing with the analytical representation of the viscous

rollup will be reviewed in the next section.

A bibliography of all the literature reviewed is given in the Appendix.

In addition, a capsuled highlight of each of the bibliography references is

given in Table Al of the Appendix. As seen in the Appendix, the large

volume of tip-vortex-related literature offers very little information with

regard to marine propellers, and particularly to tip vortex cavitation.

Of the 40 percent of the literature dealing with tip vortex alleviation



concepts, only a few papers consider the marine propeller. In fact, a

majority (over 80 percent) of the work in this area is associated directly

with the aircraft industry. However, although the particular applications

are quite different, the results of the aircraft tip vortex alleviation

work can be applied, to varying degrees, to the marine propeller. The

limits of applicability and the disparities in the literature will be high-

lighted in later sections of this report.

REPRESENTATION OF TIP VORTEX ROLLUP

The earlier attempts—Lamb and Prandtl—to represent the complex vortex

rollup phenomenon generally consisted of a simplified, two-dimensional,

inviscid theory, where a vortex sheet emanates from the trailing edge of

a lifting wing and rolls up, in the form of a spiral, under the action of

its self-induced velocity field. The initial strength of the vortex sheet

is determined by the spanwise load distribution of the wing. This over-

simplified model failed to correctly predict the sizes and strengths of

the observed vortices. As more experimental data emerged, later models

became more realistic and elaborate; for example, these models began to
1*

incorporate both the viscous effects governed by the wing-tip boundary
2

layer and an observed axial velocity in the vortex core, which basically

introduced a three dimensionality to the models. A recent vortex core

representation, shown in Figure 2, includes four distinct regions: (1)

a viscous inner region, (2) a smoothed-out spiral where the velocity dis-

tribution is essentially inviscid, (3) a tightly wound spiral, and (4) an

external region containing the unrolled portion of the vortex sheet.

1 3
Some results from this theory are compared with experiment in Figure

3, which shows the variation of the vortex core axial velocity w_ with

Reynolds number R . The observed disagreement is not totally unexpected

since the theory is confined to laminar flow, which renders comparison with

high-Reynolds-number, turbulent-flow, wind-tunnel experiments somewhat

uncertain. In addition, these models are limited to very simple wing
4

planform and loading distribution. Recently, numerical techniques have

*A complete listing of references is given on page 59.

4



Figure 2 - Proposed Spatial Distribution of Vortex Structure:

1 - Viscous Inner Region; 2 - Smoothed-Out Spiral,

Velocity Distribution Essentially Inviscid;

3 - Tightly Wound Spiral; and 4 -

Unrolled Portion of Vortex Sheet
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been employed to predict the fully rolled up vortex sheet. However,

judgement must wait until some initial computational difficulties are

resolved.

In summary, the most widely held theories for tip vortex rollup in-

volve the role of the wing-tip boundary layer and assume a laminar vortex

structure for simplicity. As a result of theoretical deficiencies, the

models fall short of predicting the turbulent tip vortex rollup and the

resulting vortex characteristics. The three-dimensional aspects of the

crossflows and the turbulent vortex are issues which remain unsolved and

await further study.

Although the theoretical representations are still evolving, the

results of these analytical efforts, to date, in conjunction with the ex-

perimental observations, offer an insight to a general understanding of the

viscous rollup process. The two common parameters identified as governing

the formation of the tip vortex are:

• the spanwise distribution of the lifting surface circulation, and

• the detailed configuration of the lifting surface tip geometry.

Both the magnitude and distribution of the spanwise circulation

directly control the basic shape and strength of the resulting tip vortex.

In addition, the wing tip geometry can be as equally significant in chang-

ing both the rollup process and the nature of the flow forming the vortex.

Experimental observations have indicated that the strength and stability

of the tip vortex is sensitive to changes in velocity due to the wing-tip

boundary layer and also to the turbulence level of the flow entering the

vortex core.

The spanwise circulation distribution is fixed for a majority of the

lifting surface applications. Thus, a majority of the efforts to reduce the

tip vortex and the associated problems have involved modification of the

wing tip geometry. One exception is the marine propeller, where the cir-

culation or loading is decreased in the area of the tip for the purpose of

improving tip vortex cavitation performance. The intent of these various

modifications is to either delay or dissipate the tip vortex without an

unreasonable penalty in efficiency. The remainder of the present study

will involve a discussion of these various concepts and their potential

applicability to the marine propeller and tip vortex cavitation.



TIP VORTEX ABATEMENT CONCEPTS

SCHEMES PROPOSED IN THE LITERATURE

The literature identifies approximately twenty concepts for allevi-

ating tip vortex. These concepts, some of which are shown in Figure 4,

generally involve wing tip modifications. Table 1 identifies the biblio-

graphy listing with the particular concept considered. Comparison of the

relative merits between concepts is difficult due to differences in the

experimental procedures, the recorded data, and the operational Reynolds

number R .

n
Figure 5 shows the range of investigative Reynolds number R and angle

of attack a for the various concepts shown in Figure 4. The majority of

these investigations were performed in low-speed wind tunnels and involved

far-field wake surveys of vorticity generated by planar wings. Approxi-

mately one-half of the investigations include some force data to determine

the efficiency of the concept. Only a small percentage of the studies were

performed in water and recorded cavitation data.

In light of the above findings, it is apparent that the results of the

literature offer very limited guidance when considering the problems of

delaying tip vortex cavitation on a marine propeller. The crucial cavita-

tion inception data and the wing near-field wake data are generally not

available. In addition, for application to marine propellers, any concept

must be evaluated with regard to certain practical aspects, e.g., structural

suitability, reliability, and operational environment. Also, the concept

should not be a source of any additional local cavitation and should not

introduce prohibitive performance penalties. These requirements should

be kept in mind as the details of the various concepts are discussed.

SPANWISE LOAD DISTRIBUTION

The strength of the tip vortex is strongly dependent on the magnitude

of the spanwise load distribution near the tip. As the loading shifts in-

board, away from the tip, the tip vortex strength decreases. This is

accomplished for aircraft through the use of wing flaps, which effectively

change the wing aspect ratio, and for propeller blades through appropriate



OGEE TIP

Figure 4 - Illustration of Schemes for Alleviating Tip Vortex



TABLE 1 - LISTING OF CONCEPTS PROPOSED TO ALLEVIATE TIP VORTEX AND THE

NUMBERED BIBLIOGRAPHY ENTRY IN WHICH THE CONCEPT IS PROPOSED

Vortex
Alleviation

Concept

No. of

Times
Proposed

Bibliography Entry No.

(see Appendix A)

Spanwise Loading 2 29, 125

Planform: Delta,
Sweep, etc.

9 15, 27, 32, 33, 35, 41, 98, 125, 130

OGEE 3 1, 73, 109

Edge Detail 5 22, 57, 131, 132, 142

Honeycomb 1 125

Bulbous Tip 1 36

Serrated Edge 2 123, 124

Tip Duct 1 125

Porous Tip 5 119, 121, 125, 130

Endplate 2 57, 130

Drooped Wing 1 87

Fence 1 83

Contravanes 1 125

Tip Spoiler 4 30, 35, 130, 148

Splines 3 35, 83, 101

Mass Injection 12
1, 59, 61, 64, 84, 106, 120, 122

142, 147, 148
, 125,

Winglet 1 92
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pitch and camber changes. The benefit of this concept is shown in Figure 6

which presents cavitation inception data for a pair of propellers, one

with and one without a 10 percent pitch reduction at the tip. As shown,

the variation of cavitation index a with advance coefficient J. is lower
A

for the reduced pitch propeller by approximately ojo^ ~ 4/3 for J = 0.80,

which corresponds to a ratio of free-stream speeds of 1.15, i.e., an

increase in tip vortex cavitation inception speed of approximately 15

percent. Although this concept has proven effective, the propeller

efficiency suffers a decrease on the order of 5 percent.

PLANFORM: DELTA, SWEEP, AND OGEE TIP

A change in planform shape can alter the wing spanwise load distribu-

tion, and hence the strength of the tip vortex. This is the primary differ-

ence between the delta planform and the rectangular planform. Also, for the

delta planform, a strong spanwise flow exists along the sweptback leading

edge, which significantly alters the characteristics of the vortex rollup.

Apparently, the rollup occurs over a much larger area, resulting in a less

concentrated vortex. In the case of marine propellers, this same effect is

obtained with blade skew. However, model experiments failed to demonstrate

any improved tip vortex cavitation performance with increased propeller

blade skew. One difficulty reported in Reference 7 is distinguishing

between tip vortex cavitation and leading edge surface cavitation.

The OGEE tip planform (Figure 4) is a concept specifically designed

for helicopter rotors to increase rotor overall efficiency through re-

duction in the induced drag associated with the tip vortex rollup. This

improved performance is achieved by a rather complex flow process where

secondary vortices interfere, destructively, with the primary tip vortex.

The results from OGEE tip investigations are somewhat conflicting: opti-
Q

mistic reports indicate a 75 percent reduction in vortex core peak tan-

gential velocities with a 5 percent increase in efficiency, but less opti-
9

mistic reports indicate decreases in vortex core velocities with decreases

in rotor efficiency. In addition, the effectiveness of the OGEE tip is

reduced significantly for rotor off-design operation. Based upon the

12
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questionable performance limitation, the adaptation of an OGEE tip plan-

form to a marine propeller appears, at best, marginal.

An increase in the lifting surface area is another planform change

which can improve tip vortex cavitation performance. The thicker viscous

boundary layer associated with a larger planform area increases the viscous

mass flow entering the vortex core, thus accelerating the vortex core decay.

The benefit of this concept is shown in Figure 7 which presents cavitation

inception data for several propellers—all with identical loading distri-

butions. As shown, the variation of cavitation index a as a function of

advance coefficient J is substantially lower for increasing blade area,

e.g., at design J = 0.833, the 4132 and 4133 propellers, with area ratios

of 0.303 and 1.212 respectively, show a o^lo^ ~ 8.8/4.2, which corresponds

to a ratio of free-stream speeds of 1.40. However, the increased blade

area also results in increased blade drag, and thus decreased propeller

efficiency.

WING TIP EDGE DETAIL

The chordwise edge of a wing tip can be finished by being rounded,

squared, or tapered sharp. Investigations of wing tip edge details have
11 12

reported ' varied and contradictory observations. However, the discon-

tinuity of a sharp or squared edge appears to disturb the tip vortex rollup

process in a somewhat favorable manner. Although, intuitively, little gain

would be expected, this simple modification could prove beneficial.

SERRATED LEADING EDGE

A serrated wing-tip leading edge (Figure 4) produces a much higher

level of turbulent flow entering into the tip vortex core. This increased

turbulence destabilizes or accelerates the decay of the tip vortex. Exper-
13

imental studies with serrated leading edges report a small increase in

wing efficiency for small angles of attack and identify the serration size

and density as important parameters. The adaptation of this concept to the

marine propeller would likely produce additional local cavitation.

14
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POROUS TIP

Wing tip porosity refers to perforations, of varying size, distribu-

tion, and density, which connect the pressure and suction sides of the

lifting surface tip. The porosity concept may produce several beneficial

effects with regard to delay of tip vortex cavitation, e.g., the perfora-

tions connecting the pressure and suction sides will tend to decrease the

local circulation and shift the spanwise load distribution inboard, away

from the tip, thereby reducing the tip vortex strength. In addition, the

perforations may produce a higher level of turbulent flow entering the

vortex core and also direct an additional opposing mass flow into the core,

both of which would tend to produce destabilizing effects.

As indicated in Table 1, this concept has received much attention for
14 15

aircraft application. Investigations, both model and full-scale, have

indicated a substantial reduction in the vortex core near-field tangential

velocity, with a minimal drag penalty.
14

Figure 8 presents wind tunnel data which shows the effect of wing

tip porosity on both the tip vortex characteristics and the wing perfor-

mance. As seen for a modest tip porosity of approximately 15 percent, a

substantial reduction of up to 70 percent in the vortex core tangential

velocity is achieved for a minimal decrease and increase of the wing

efficiency and drag, respectively.

Similar qualitative results are also reported for a porous tipped

propeller. However, careful attention must be given to the perforation

alignment and finishing in order to avoid local surface cavitation

For the alleviation of tip vortex cavitation on marine propellers, the

porosity concept appears to be attractive. The results indicate that it is

efficient and it is extremely simple and practical. However, care must be

exercised to avoid local surface cavitation.

ENDPLATES, WINGLETS, FENCES, AND CONTRAVANES

The attachment of vertical endplates to the wing tip (Figure 4) signif-

icantly interferes with the tip vortex rollup. Numerous investigations re-

port that the endplate retards the rollup, thereby increasing the tip

loading. In addition, the increased endplate surface area tends to disperse

16
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and reduce the strength of the forming tip vortex. However, these gains

are accompanied by a large drag Increase and a loss in overall efficiency.

The drooped wing is a similar concept which represents one-half of an end-
1 6

plate. Experimental studies with this concept indicate an optimum drooped

wing attachment angle, with respect to the parent wing, of 90 degrees.

The winglet (shown in Figure 4) is a recent sophisticated adaptation

of the endplate which employs highly efficient lifting surfaces at the wing

tip. This concept has received attention in the aircraft industry as a

means of increasing the wing cruise efficiency through reductions in the tip

vortex-induced drag. Winglet model studies have reported reasonable in-

creases in performance and reduced strength of the near-field tip vortex.

These investigations have also shown that, to be effective, the winglets

must be designed with extreme care. The present winglet design for aircraft

is quite fragile and, thus, may not be structurally suited for application

to marine propellers.

The fence is a form of vertical endplate which is repositioned inboard,

of the wing tip. Its characteristics are similar to those of the endplate;

however, the effects on the tip vortex decrease as it is moved inboard or
18

away from the wing tip. Reports show that the fence increases the level

of turbulent flow entering the tip vortex and, thus, reduces the far-field

vortex tangential velocities by as much as 70 percent. However, due to the

inboard location, the fence would have less effect on the tip vortex near-

field region—the region of interest for propeller tip vortex cavitation.

Contravanes (shown in Figure 4) generally refer to a localized group

of small fences which are specifically oriented in such a way as to re-
14

direct the incoming flow and oppose the vortex rollup. Past studies

indicate that contravanes are more effective than fences and maintain good

efficiency.

In addition to the reported performance limitations, all of the

endplate- type concepts discussed above would be susceptible to local cavita-

tion. Also, secondary vortices would be likely to emanate from the various

surface intersections. Therefore, the use of these devices on marine

propellers appears questionable.

18



BULBOUS TIP

A wing tip bulb is defined as any selective increase in the wing tip

thickness, e.g., aircraft wing tip tanks or pods. The thicker tip viscous

boundary layer associated with the bulb increases the viscous mass flow

entering the vortex core, thus destabilizing or dissipating the vortex core

energy. In addition, the bulb may act in a manner similar to an endplate

and retard the tip vortex rollup process.

The bulbous tip concept has been applied, with varying degrees of

19
success, to both model and full-scale marine propellers. The benefit of

this device is shown in Figure 9, which presents cavitation inception and

19
efficiency data for a pair of model propellers, one without and one with

a tip bulb of thickness approximately 2 percent of the propeller diameter.

As shown, the variation of cavitation inception index a as a function of

advance coefficient J is substantially lower for the bulbous tip propeller;

e.g., for J ~ 0.65, Aa ~ 7.5, which corresponds to a ratio of free-stream

speeds of 1.4. The bulbous tip propeller suffers a maximum decrease in

efficiency r\^ - 4.5 percent.

The results from the bulbous tip work appear promising, and the bulb

may prove to be a viable concept for delaying tip vortex cavitation incep-

tion. However, the bulb must be carefully designed to minimize both local

cavitation and efficiency loss.

TIP DUCT

The tip duct consists of a faired tube attached to the transverse or

chordwise edge of the wing tip. The duct outer surface acts similar to the

bulbous tip, while the inner surface tends to destabilize the vortex core

by retarding the core entry flow. Also, reverse swirl vanes can be added

inside the duct in an attempt to induce rotational velocities to oppose the

14
vortex rollup. Tip duct investigations report only modest increase in

effectiveness with a large increase in drag. Thus, this device does not

appear to be suited for the marine propeller.
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TIP SPOILER

The tip spoiler is similar to a fence, except that it is oriented in a

spanwise manner, perpendicular to the incoming flow. Spoilers can be loc-

ated at various chordwise locations on the wing pressure or suction side,

but ideally the location should be such that the spoiler-increased turbulent

flow is absorbed directly into the vortex core, thereby dissipating the

vortex core energy.

The numerous tip spoiler investigations generally concur that this

20
device is highly effective; e.g., some reports claim an 80 percent re-

21
duction in the tip vortex circulation strength, while others indicate

that a small tip spoiler may be as effective as a much larger one, with

substantially less parasitic drag. However, there also is a large discrep-

ancy in the reported spoiler drag—from negligible to prohibitive. Again,

based upon the possible performance penalty and the potential for local sur-

face cavitation, spoilers hold little promise for application to propellers.

TRAILING EDGE DEVICES: SPLINES AND HONEYCOMB

Splines and honeycomb (shown in Figure 4) represent trailing edge de-

vices which are located off the wing and just aft of the wing-tip trailing

edge. These devices are positioned in the path of the tip vortex, the in-

tent being to destroy the vortex structure and promote early decay. Recent

investigations involving the application of these concepts to weaken large

aircraft vortex wakes report ' a high degree of effectiveness, but also

an equally high increase in drag.

The trailing edge devices operate in the downstream tip vortex wake

region and, as such, do not affect either the rollup process on the wing or

the tip vortex structure in the wing near field. On this basis, it appears

that these devices would have little, if any, effect on the inception of

tip vortex cavitation. In addition, for marine propeller application, these

concepts would suffer obvious structural limitations.

TIP MASS INJECTION

As implied by the title, tip mass injection involves the ejection of a

fluid in the vicinity of the wing tip vortex. Of all the devices reviewed.
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this one has received the greatest attention (see Table 1). Basically,

three mass ejection techniques are reported in the literature: linear or

axial mass ejection, directly into the vortex core, with either an (a) up-

stream or (b) downstream facing jet, and (c) spanwise mass ejection with an

outboard facing jet. These injection schemes are illustrated in Figure 4.

Linear mass ejection increases the core axial pressure and accelerates the

vortex decay through the viscous interaction of the two flows. Spanwise

mass ejection blocks or interrupts the vortex rollup as it forms along the

tip chord and results in improved wing performance.
22 23

Linear mass ejection studies ' have repeatedly demonstrated the

concept effectiveness with regard to dissipation of the vortex core energy

with little or no effect on performance. The results of some linear mass
22

ejection wind tunnel studies are given in Figure 10 which shows the vari-

ation of vortex core relative vorticity intensity Q,/Q,^ as a function of jet

momentum coefficient C. with both an upstream and downstream facing jet, for

various values of z/c. As indicated, for fixed values of C. the upstream
J

facing jet appears to be more effective in reducing the vortex vorticity

than the downstream one. However, the upstream configuration would require

higher delivery pressures in order to overcome the opposing free-stream

stagnation pressure.
24

Spanwise mass ejection has been shown to be an effective means of

altering tip vortex rollup and increasing wing performance. As shown in
24

Figure 11, the spanwise ejection data indicate that, within one chord

length downstream of the wing trailing edge, the peak rotational velocity

is reduced by approximately a factor of 5, and the vortex sheet wrapup has

been delayed beyond one chord length downstream. This is accompanied by an

induced drag reduction of approximately 15 percent at operational lift co-

efficients. Although these results are impressive, the spanwise mass

ejection rates are an order of magnitude higher than the corresponding

linear rates.

There is little data on the correlation between the water mass

ejection rates required to delay tip vortex cavitation and the reported air

mass rates required to reduce vortex core vorticity. Nevertheless, tip

22



z.u
1 1 1

— — DOWNSTREAM FACING JET (REFERENCE 22)

-^ "^
y N

1.5 - /
/

I'

\
y

i
/

/

\ ^ a = 8°

^ \ R^ ~ 1.3x10^

\ \

• \ \
• \ \

z/c = 3\ ^ -1.0 t
\ \ \
\ \ \
\ ^^ \z/c = 13

\k \ V,
V N \

0.5

n

\
1 Xi 1

0.004 0.008 0.012

JET MOMENTUM COEFFICIENT C.

0.016

Figure 10 - Variation of Tip Vortex Vorticity as a Function of Jet
icient C. for Linear Mass

J

(Data from Reference 22)

Momentum Coefficient C. for Linear Mass Injected Tip

23



I4UU
1 1 1 1 1 1 1

a = 10°

1 U = 225 ft/sec

1200 — CL z/c ~ 1 -

w
0. C)
H 1000 — 1 1J^ I
Q \
UJ 1
111 1
a. J /"SCO
-1 O : ^ O (a = 0) REFERENCE 24
< 800 ~" f h A (C ~ 0.06) REFERENCE 24 "
o

I
1- I
< \1- 1
o T ^^
S 600

jj
9

UJ VH r\
UJ w
S \X \LU \

t 400 " / \ 1
O p v
>

\ 1

200 — XT

^^^'^ifV^"
n

t:^ocP*i^^"^
-3 -2 -1 ~ 1 2

SPANWISE DISTANCE FROM WING TIP POSITIVE OUTBOARD (IN.)

Figure 11 - Variation of Tip Vortex Rotational Velocity as a Function
of Wing Outboard Distance for Spanwise Mass Injected Tip

(Data from Reference 24)

24



mass ejection, especially linear, may prove to be an effective means of

delaying tip vortex cavitation on marine propellers. Practically, the

concept will be limited by the required delivery power, which will be aided

by the centrifugal action of the propeller.

OTHER CONCEPTS

There are other tip vortex dissipation concepts which are not reported

in the literature, e.g., elastic and flow separation tips and large tip

skew. All of these ideas address the propeller nonhomogenous wake environ-

ment and would tend to delay tip vortex cavitation by averaging the unsteady

blade loading—i.e., by avoiding the unsteady high lift conditions, the

unsteady tip vortex cavitation would be reduced. Both an elastomer tip sec-

tion designed to deform to reduce camber and a flow separation tip section

designed to have separation, at angles of attack larger than design, would

present a more constant loading for a given wake variation. However, flow-

separation-related cavitation may be a limitation here. Similarly, large

tip skew, applied to that area of the blade span which directly controls the

vortex rollup, would also tend to average the unsteady propeller loading

due to wake nonuniformity. This idea could suffer possible structural

limitations as a result of increased blade stresses.

One final thought, a very recent, but not yet reported, concept aimed

at delaying vortex cavitation involves the application of a localized arti-

ficial surface roughness in the area of the wing tip. Earlier qualitative

studies have shown that a roughened surface on the pressure side of the

wing tip can reduce the tip vortex cavitation inception index O by approx-

imately 20 percent. This lends support to the earlier hypothesis that the

thickness of the wing tip viscous boundary layer plays an important role in

the occurrence of tip vortex cavitation. Although no supporting performance

data are available, this idea may warrant pursuit.

SUMMARY AND CONCLUSIONS

As mentioned earlier and reinforced in the above discussions, the large

body of literature dealing with tip vortex delay offers limited guidance
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when considering the effectiveness of a particular device to delay tip

vortex cavitation on a marine propeller. The primary problem is that most

of the studies are performed in air and involve investigations of the wing

far-field wake. The crucial cavitation inception and performance data and

the wing near-field wake data are generally not available. However, even

with these limitations, the aircraft tip vortex alleviation work can provide

some insight. For example, the trailing edge devices (splines and honey-

comb) designed to mechanically destroy the tip vortex structure are subject

to high drag and reduced efficiency; similarly, planform changes designed

to thicken the tip boundary layer and increase tip vortex decay may, if not

carefully designed, alter the spanwise loading and result in decreased

efficiency; and, practically, all of these aircraft "add-on" devices are

susceptible to local cavitation. One additional consideration which deserves

mention: the marine propeller usually operates in a nonhomogenous wake and

experiences a large angle of attack variation which results in rather

dramatic changes in blade loading. Thus, any potential concept should also

provide a reasonable degree of effectiveness for off-design operation.

This requirement would tend to render less attractive such devices as the

OGEE tip and endplates.

In view of the foregoing discussions of the various devices and the

additional requirements imposed for marine propeller application, three

concepts appear to warrant further consideration with regard to their po-

tential for delaying marine propeller tip vortex cavitation. They are

• the bulbous tip

• the porous tip

• the linear mass injection tip.

All of these candidates have been shown to be effective and reasonably

efficient.

The bulbous tip which represents the only concept with supporting cavi-

tation inception data, has been shown to delay tip vortex cavitation on

marine propellers with a small-to-modest efficiency loss. Optimization of

the bulb design should result in additional improved performance.

Similarly, the porous and linear mass ejection tips, with supporting

data based only upon air studies, have been shown to significantly alter
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and enhance tip vortex decay, with little or no efficiency loss. For the

porous tip, care must be exercised in the perforation design to avoid local

cavitation, while for the mass ejection tip, the mass flows must be

minimized to be practical.

Until improved analytical representation of the tip rollup process is

realized, progress in this area must be made through empirical means. Thus,

it is recommended that an experimental investigation be initiated to assess

the potential of the above candidate tip vortex alleviation concepts. The

investigative Reynolds number R should be as high as possible, using large

models, in order to minimize uncertainties when extending the model results

to full-scale. In addition, the study should be conducted in a cavitation

tunnel with an appropriate force dynamometer in order to provide the neces-

sary tip vortex cavitation inception and performance data. Due to both a

lack of existing data and a physical understanding, it would be prudent to

keep the initial experimental effort fundamental and simple, employing, say,

a fixed planar lifting surface. The particular concept adaptation to a

propeller could come at a later stage. However, the parameters which tend

to control the tip vortex rollup on a propeller blade should also be in-

corporated into the fixed planar foil: e.g., the geometric planform, espe-

cially the tip area, and the spanwise circulation or loading distribution.

A representative planform would, obviously, be ellipitical, while the load-

ing distribution should be similar to that of the outer portion of a typical

marine propeller (e.g., see Figure 12). Finally, the investigative angle-

of-attack range should be sufficient to evaluate the candidate concept

performance for off-design operation.

In conclusion, an attempt has been made to survey the pertinent litera-

ture dealing with the tip vortex rollup phenomenon and, especially, its

alleviation. The major dissipation concepts have been briefly discussed.

Those few which appear adaptable for delaying tip vortex cavitation in

marine propellers are identified, and appropriate experimental investiga-

tions are recommended. The candidate concepts would appear to offer better

tip vortex performance than is obtainable through the present technique of

propeller spanwise unloading alone.

27



SUPERIMPOSED PLANAR
ELLIPITICAL PLAN FORM

PROPELLER PLANFORM

Figure 12 - Comparison of Spanwise Loading for a Fixed Planar Elliptical
Planform Foil and a Typical Propeller Blade-Variation of

Circulation (T/T ) as a Function of Span (r/R)
max

28



ACKNOWLEDGMENTS

The authors wish to express gratitude to Messrs. R.A. Cuinining and

G.L. Santore, and to Dr. B.D. Cox for their continual guidance and support

in conducting this study.

29





APPENDIX

ALPHABETICAL BIBLIOGRAPHY OF TIP VORTEX LITERATURE

31



1. Balcerak, J.C. and R.F. Feller, "Vortex Modification by Mass Injection

and by Tip Geometry Variation," U.S. Army Air Mobility Research and

Development Laboratory, Technical Report 73-45; Rochester Appl. Sci.

Assoc, RASA Report 73-01 (Jun 1973).

2. Baldwin, B.S. et al., "Prediction of Far Flow Field Intrailing

Vortices," Am. Inst. Aeronaut. Astronaut. J., Vol. 11, No. 12, p. 1601

(Dec 1973).

3. Baldwin, B.S. et al., "Decay of Far Flow Field on Trailing Vortices,"

National Aeronautics and Space Administration, Tech. Note TN D-7568

(Jan 1974).

4. Batchelor, G.K. , "Axial Flow in Trailing Line Vortices," J. Fluid

Mech., Vol. 20, Part 4, pp. 645-658 (1964).

5. Benjamin, T.B., "Theory of the Vortex Breakdown Phenomenon," J. Fluid

Mech., Vol. 14, Part 4 (1962).

6. Bilanin, A.J. et al., "Experimental and Theoretical Study of Aircraft

Vortices," Aeronautical Research Association of Princeton, Inc.,

AFOSR-TR-75-0664 (Feb 1975).

7. Bilanin, A.J. and C. Donaldson, "Estimation of Velocities and Roll-Up

in Aircraft Vortex Wakes," J. Aircraft, Vol. 12, No. 7 (Jul 1975).

8. Bilanin, A.J. et al., "Vortex Interactions and Decay in Aircraft

Wakes," Am. Inst. Aeronaut. Astronaut. J., Vol. 15, No. 2 (Feb 1977).

9. Billet, M.L., "Surface and Tip Vortex Cavitation on a Family of

Rectangular Foils," Applied Research Laboratory, Internal Memo. 75-263

(Oct 1975).

10. Blake, W.L. et al., "Effects of Boundary Layer Development on

Cavitation Noise and Inception on a Hydrofoil," Naval Ship Research

and Development Center, Report 76-0051 (Dec 1976).

11. Blaser, D.A. and H.R. Velkoff, "Boundary Layer Velocity Profiles on a

Helicopter Rotor Blade in Hovering and Forward Flight," Proc. 28th

Annual National Forum of the American Helicopter Society, Washington,

DC, Preprint No. 622 (May 1971).

32



12. Bloom, A.M. and H. Jen, "Roll-Up of Aircraft Trailing Vortices Using

Artificial Viscosity," J. Aircraft, Engineering Notes, Vol. 11, No. 11

(Nov 1974).

13. Bossel, H.H., "Vortex Breakdown Flow-Field," Phys. Fluids, Vol. 12,

No. 3 (Mar 1969).

14. Bossel, H.H., "Vortex Computation by the Method of Weighted Residuals

Using Exponentials," Am. Inst. Aeronaut. Astronaut. J., Vol. 9. No. 10

(Oct 1971).

15. Boswell, R.J., "Design, Cavitation Performance, and Open-Water

Performance of a Series of Research Skewed Propellers," Naval Ship

Research and Development Center, Report 3339 (Mar 1971).

16. Brashears, M.R. and J.N. Hallock, "Aircraft Wake Vortex Transport

Model," J. Aircraft, Vol. 11, No. 5 (May 1974).

17. Brashears, M.R. and J.N. Hallock, "Analysis of Predicted Aircraft Wake

Vortex Transport and Comparison with Experiment," J. Aircraft, En-

gineering Notes, Vol. 12, No. 7 (Jul 1975).

18. Brinich, P.F. et al., "Vortex Shedding from a Blunt Trailing Edge with

Equal and Unequal External Mean Velocities," National Aeronautics and

Space Administration, Tech. Note TN D-8034 (Aug 1975).

19. Brown, C.E., "The Use of Ship Model Basins for the Study of Vortex

Wake Phenomena," Hydronautics, Inc., Tech. Report 7115-2 (Mar 1973).

20. Brown, D.K., "Effect of Number of Blades on Tip Vortex Cavitation,"

Admiralty Experiment Works, AEW Report2/73 (Jan 1973).

21. Caiger, B. and D.G. Gould, "An Analysis of Flight Measurements in the

Wake of a Jet Transport Aircraft," publ. in "Aircraft Wake Turbulence

and Its Detection," ed. by J.H. Olsen et al. , Plenum Press, New York

(1971), p. 125.

22. Chandrashebhara, N. , "Analysis of Tip Vortex Cavitation Inception at

Hydrofoils and Propellers," Hamburgische Schiffbau-Versuchsanstalt

Gmbh (May 1976).

33



23. Chevalier, H. , "Flight Test Studies of the Formation and Dissipation

of Trailing Vortices," J. Aircraft, Vol. 10, No. 1 (Jan 1973).

2A. Chigier, N.A. and V.R. Corsiglia, "Wind Tunnel Studies of Wing Wake

Turbulence," J. Aircraft, Vol. 9, No. 12 (Dec 1972).

25. Chigier, N.A., "Vortexes in Aircraft Wakes," Sci. Am., Vol. 230, No. 3

(Mar 1974).

26. Ciffone, D.I. and K.I. Orloff, "Axial Flow Measurements in Trailing

Vortices," Am. Inst. Aeronaut. Astronaut. J., Vol. 12, No. 8

(Aug 1974).

27. Ciffone, D.L. and K.I. Orloff, "Far-Field Wake-Vortex Characteristics

of Wings," J. Aircraft, Vol. 12, No. 5 (May 1975).

28. Clements, R.R. and D.J. Maull, "The Rolling Up of a Trailing Vortex

Sheet," Aeronaut. J., Vol. 77 (Jan 1973).

29. Coon, J.M. , "Propeller Vortex Cavitation Inception Studies," David

Taylor Model Basin, Report 1724 (Mar 1963).

30. Corsiglia, V.R. et al., "An Experimental Investigation of Trailing

Vortices Behind a Wing with a Vortex Dissipator," publ. in "Aircraft

Wake Turbulence and Its Detection," ed. by J.H. Olsen et al.. Plenum

Press, New York (1971), p. 229.

31. Corsiglia, V.R. et al., "Rapid Scanning, Three-Dimenslonal Hot-Wire

Anemometer Surveys of Wing-Tip Vortices," J. Aircraft, Vol. 10, No. 12,

pp. 752-757 (Dec 1973).

32. Corsiglia, V.R. et al., "Experimental Study of the Effect of Span

Loading on Aircraft Wakes," J. Aircraft, Vol. 13, No. 12 (Dec 1976).

33. Crimi, P. , "Experimental Study of the Effects of Sweep on Hydrofoil

Loading and Cavitation," J. Hydronaut., Vol. 4, No. 1, (Jan 1970).

34. Croom, D.R., "Low Speed Wind Tunnel Investigation of Forward Located

Spoilers and Trailing Splines as Trailing Vortex Hazard Alleviation

Devices on an Aspect Ratio B VJing Model," National Aeronautics and

Space Administration, Tech. Memo. TM X-3166 (Feb 1975).

34



35. Croom, D.R.and R.E. Dunham, "Low Speed Wind Tunnel Investigation of

Span Load Alteration, Forward Located Spoilers, and Splines as

Trailing Vortex Hazard Alleviation Devices on a Transport Aircraft

Model," National Aeronautics and Space Administration, Tech. Note

TN D-8133 (Dec 1975).

36. Crump, S.F., "The Effects of Bulbous Blade Tips on the Development of

Tip-Vortex Cavitation on Model Marine Propellers," Naval Ship Research

and Development Center, Report C-99 (Mar 1948).

37. Cumming, D.E., "Vortex Interactions in a Propeller Wake," Mass. Instit.

Technol. Report 68-12 (Jun 1968).

38. Dannenberg, R.E. and J. A. Weiberg, "Effects of Type of Porous Surface

and Suction Velocity Distribution on the Characteristics of a 10.5-

Percent-Thick Airfoil with Area Suction," National Advisory Committee

for Aeronautics, Tech. Note 3093 (Dec 1953).

39. Donaldson, C. et al. , "Calculation of Aircraft Wake Velocity Profiles

and Comparison with Experimental Measurements," J. Aircraft, Vol. 11,

No. 9 (Sep 1974).

40. Dosanjh, D.S. et al. , "Decay of a Viscous Trailing Vortex," Aeronaut.

Quart. (May 1962).

41. Ei-Ramly, Z. and W.J. Rainbird, "Flow Survey of the Vortex Wake Behind

Wings," J. Aircraft, Vol. 14, No. 11, pp. 1102-1108 (Nov 1977).

42. Evans, J.R. and T.A. Krauss, "Model Wind Tunnel Tests of a Reverse

Velocity Rotor System," Fairchild Industries, Inc., Report HC 144

R 1070 (Jan 1973).

43. Fidler, J.E., "Approximate Method for Estimating Wake Vortex Strength,"

Am. Inst. Aeronaut. Astronaut. J., Vol. 12, No. 5 (May 1974).

44. Francis, M. , "A Wind Tunnel Investigation of the Formation of a

Trailing Vortex," University of Colorado, PhD Thesis—Engineering,

Aeronautical— (1976)

.

45. Gouindaraju, S.P. and P.O. Saffman, "Flow in a Turbulent Trailing

Vortex," Phys. Fluids, Vol. 14, No. 10 (Oct 1971).

35



46. Gowen, F.E. and E.W. Perkins, "A Study of the Effects of Body Shape

on the Vortex Wakes of Inclined Bodies at a Mach Number 2," National

Advisory Committee for Aeronautics, Report RM A53I17 (Dec 1953).

47. Grow, T.L., "Effects of a Wing on Its Tip Vortex," J. Aircraft, Vol.

6, No. 1 (Jan—Feb 1969) (also, Pennsylvania State University, Thesis

under McCormick, Jun 1967).

48. Hackett, J.E. and M.R. Evans, "Vortex Wakes Behind High-Lift Wings,"

J. Aircraft, Vol. 8, No. 5 (May 1971).

49. Hackett, J.E. and P.F. Evans, "Numerical Studies of Three-Dimensional

Breakdown in Trailing Vortex Wakes," J. Aircraft, Vol. 14, No. 11,

pp. 1093-1101 (Nov 1977).

50. Hall, M.G., "On the Vortex Associated with Flow Separation from a

Leading Edge of a Slender Wing," Royal Aircraft Establishment, Tech.

Note AERO 2629 (Jun 1959).

51. Hall, M.G., "A Theory for the Core of a Leading Edge Vortex," J. Fluid

Mech., Vol. 11, Part 2 (Sep 1961).

52. Hall, M.G., "On the Occurrence and Identification of Vortex Breakdown,"

Royal Aircraft Establishment, Tech. Report 662B3 (Aug 1966).

53. Hama, F.R. and E.R. Burke, "On the Rolling Up of a Vortex Sheet,"

University of Maryland, Tech. Note BN-220; also, Air Force Office of

Sci. Res. Report AFOSR TN 60-1069 (Sep 1960).

54. Hancock, G.J., "On the Rolling Up of a Trailing Vortex Sheet,"

Aeronaut. J. Royal Aeronaut. Soc, Vol. 74 (Sep 1970).

55. Harvey, J.K., "Some Observation of the Vortex Breakdown," J. Fluid

Mech., Vol. 14 (1962).

56. Hilton, W.F., "Longitudinal Flow in a Trailing Vortex," Aeronautical

Research Committee, R&M No. 1858 (Aug 1938).

57. Hoerner, S.F., "Fluid Dynamic Drag," publ. by Author, United States

(1965), Library of Congress No. 64-19666.

36



58. Hoffman, E,R. and P.N. Joubert, "Turbulent Line Vortices," J. Fluid

Mech., Vol. 16, Part 3 (Jul 1963).

59. Hunt, R.R. et al., "Performance Characteristics of a Jet Flap

Propeller," Naval Ship Research and Development Center, Report 2936

(Dec 1968).

60. Isay, W.H., "A Vortex Model of the Flow at a Rotorblade of a

Helicopter," Institute of Shipbuilding of the University of Hamburg,

Report 272 (Jul 1971).

61. Jarvinen, P.O., "Aircraft Wing-Tip Vortex Modification," J. Aircraft,

Vol. 10, No. 1 (Jan 1973).

62. Jordan, P.F., "Structure of Betz Vortex Cores," J. Aircraft,

Engineering Notes, Vol. 10, No. 11 (Nov 1973).

63. Kaden, H. , "Aufwicklung Finer Unstabilen Unstetigkeitsflache," Ing.

Archiv. 2, 140 (1931) (English Translation—Royal Aircraft

Establishment Library Translation No. 403).

64. Kantha, H.L. et al. , "Response of a Trailing Vortex to Axial Injection

into the Core," J. Aircraft, Engineering Notes, Vol. 9, No. 3

(Mar 1972).

65. Kiang, R.L., "Sub-Scale Modeling of Aircraft Trailing Vortices," publ.

in "Aircraft Wake Turbulence and Its Detection," ed. by J.H. Olsen

et al.. Plenum Press, New York (1971), p. 81.

66. Kirkman, K.L. et al., "Evaluation of Effectiveness of Various Devices

for Attenuation of Trailing Vortices Based on Model Tests in a Large

Towing Basin," National Aeronautics and Space Administration, Report

CR-2202 (Dec 1973).

67. Koronowicz, T., "Hydrodynamic Characteristics of Systems of Helical

Vortices with Vortex Cores of Finite Dimensions," Instytut Maszyn

Przeplywowych (Apr 1977) .

68. Kraft, C.C., "Flight Measurements of the Velocity Distribution and

Persistence of the Trailing Vortices of an Airplane," National

Aeronautics and Space Administration, Tech. Note TN3377 (Mar 1955).

37



69. Labrujere, I.E., "A Numerical Method for the Determination of the

Vortex Sheet Location Behind a Wing in Incompressible Flow," National

Aerospace Laboratory, Netherlands; Naval Res. Lab. Translation

72091 (U) (Jul 1972).

70. Labrujere, T.E. and 0. Vries, "Evaluation of a Potential Theoretical

Model of the Wake Behind a Wing Via Comparison of Measurements and

Calculations," National Aerospace Laboratory, Netherlands; Naval Res.

Lab. Translation 74063 (U) (Jul 1974).

71. Landahl, M.T. and S.E. Widnall, "Vortex Control," publ. in "Aircraft

Wake Turbulence and Its Detection," ed. by J.H. Olsen et al. , Plenum

Press, New York (1971), p. 137.

72. Landgrebe, A.J., "An Analytical and Experimental Investigation of

Helicopter Rotor Hover Performance and Wake Geometry Characteristics,"

U.S. Army Air Mobility R&D Laboratory, Tech. Report 71-24 (Jun 1971).

73. Landgrebe, A.J. and E.D. Bellinger, "Experimental Investigation of

Model Variable-Geometry and Ogee Tip Rotors," Proc. 29th Annual

National Forum of the American Helicopter Society, Washington, DC,

Preprint No. 703 (May 1973).

74. Lessen, M. et al., "The Stability of a Trailing Line Vortex: Part I -

Inviscid Theory," J. Fluid Mech., Vol. 63, Part 4, pp. 753-763 (1974).

75. Lessen, M. and F. Paillet, "The Stability of a Trailing Line Vortex:

Part II - Viscous Theory," J. Fluid Mech., Vol. 65, Part 4,

pp. 769-779 (1974).

76. Lessmann, R.C., "Diffusion of a Rectilinear Vortex in a Weakly

Viscoelastic Liquid," J. Hydronaut. , Vol. 4, No. 4 (Oct 1970).

77. Lezius, D.K., "Water Tank Study of the Decay of Trailing Vortices,"

Am. Inst. Aeronaut. Astronaut. J., Vol. 12, No. 8 (Aug 1974).

78. Lezius, D.K., "Analytical Solution for Inviscid Vortex Roll-Up from

Elliptically Loaded Wings," J. Aircraft, Vol. 12, No. 11, Engineering

Notes (Nov 1975).

38



79. Logan, A.H., "Vortex Velocity Distribution at Large Downstream

Distances," J. Aircraft, Vol. 8, No. 11 (Sep 1971).

80. Logan, A.H. , "A solution to the Vortex Breakdown Phenomenon in a

Trailing Line Vortex," Pennsylvania State University, MS Thesis

(Dec 1966).

81. Lugt, H.J. and E.W. Schwidersbi, "On the Birth and Decay of Vortices,"

Nav. Weapons Lab. Report 1972 (Apr 1965).

82. Lusby, W.A., Jr., "A Study of the Decay of a Trailing Vortex,"

Pennsylvania State University, MS Thesis (Jun 1963).

83. Marchman, J.F., III and J.N. Uzel, "Effect of Several Wing Tip

Modifications on a Trailing Vortex," J. Aircraft, Engineering Notes,

Vol. 9, No. 9 (Sep 1972).

84. Mason, W.H. and J.F. Marchman, III, "Far-Field Structure of Aircraft

Wake Turbulence," J. Aircraft, Vol. 10, No. 2 (Feb 1973).

85. May, D.M., "The Development of a Vortex Meter," Pennsylvania State

University, MS Thesis (Jun 1964).

86. McCormick, B.W. et al. , "A Study of the Characteristics and Means of

Controlling Trailing Vortices Shed from Rotor Blades," American

Helicopter Soc. Proc, Washington, DC (May 1965).

87. McCormick, B.W. and R. Padabannaya, "The Effect of a Drooped Wing Tip

on Its Trailing Vortex System," publ. in "Aircraft Wake Turbulence and

Its Detection," ed. by J.H. Olsen et al.. Plenum Press, New York

(1971), p. 157.

88. McCormick, B.W., Jr., "On Cavitation Produced by a Vortex Trailing

from a Lifting Surface," J. Basic Engineering, pp. 369-379 (Sep 1962)

(extends PhD Thesis, Pennsylvania State University, 1954, to larger

Reynolds number)

.

89. McCormick, B.W. et al., "Structure of Trailing Vortices," J. Aircraft,

Vol. 55, No. 3 (May—June 1968) (Pennsylvania State University, MS

Thesis 1966).

39



90. Mertaugh, L.J., and R.B. Damania, "An Investigation of the Near-Field

Wake Behind a Full-Scale Test Aircraft," J. Aircraft, Vol. 14, No. 9

(Sep 1977).

91. Mokry, M. and W.J. Rainbird, "Calculation of Vortex Sheet Roll-Up in

a Rectangular Wind Tunnel," J. Aircraft, Engineering Notes, Vol. 12,

No. 9 (Sep 1975).

92. Montoya, L.C. et al., "Effect of Winglets on a First-Generation Jet

Transport Wing," National Aeronautics and Space Administration,

Tech. Note TN D-8474 (Jul 1977).

93. Moore, D.W. and P.G. Saffman, "Axial Flow in Laminar Trailing

Vortices," Proc. Royal Soc. London (1973), A. 333, pp. 491-508.

94. Moore, D.W. , "A Numerical Study of the Roll Up of a Finite Vortex

Sheet," J. Fluid Mech. , Vol. 63, Part 2 (1974).

95. Newman, E.G., "Flow in a Viscous Trailing Vortex," Aeronaut. Quart.

(May 1959).

96. Nielson, J.N. and R.G. Schwind, "Decay of a Vortex Pair Behind an

Aircraft," Aircraft Wake Turbulence and Its Detection, ed. by J.

Olsen, Plenum Press, New York (1971), pp. 413-454.

97. Olsen, J.H., "Results of Trailing Vortex Studies in a Towing Tank,"

publ. in "Aircraft Wake Turbulence and Its Detection," ed. by J.H.

Olsen et al. , Plenum Press, New York (1971), p. 455.

98. Orloff, K.L.. and D.L. Ciffone, "Vortex Measurement Behind a Swept

Wing Transport Model," J. Aircraft, Engineering Notes, Vol. 11,

No. 6 (Jan 1974).

99. Owen, P.R. , "The Decay of a Turbulent Trailing Vortex," Aeronaut.

Quart., Vol. 21, Part 1 (Feb 1970).

100. Parks, P.C, "A New Look at the Djmamics of Vortices with Finite

Cores," publ. in "Aircraft Wake Turbulence and Its Detection," ed.

J.H. Olsen et al. , Plenum Press, New York (1971), p. 355.

40



101. Patterson, J.C., "Vortex Attenuation Obtained in the Langley Vortex

Research Facility," J. Aircraft, Vol. 12, No. 9 (Sep 1975).

102. Poppleton, E.D., "Effect of Air Injection into Core of a Trailing

Vortex," J. Aircraft, Engineering Notes, Vol. 8, No. 8 (Aug 1971).

103. Portnoy, H., "Aerodynamic Effects of Vortex Suppressors," Technician

R&D Foundation, Sci. Report 4 (TAE Report No. 221) (Jul 1974).

104. Ramly, Z. et al., "Wind Tunnel Measurements of Rolling Moment in a

Swept-Wing Vortex Wake," J. Aircraft, Vol. 13, No. 12 (Dec 1976).

105. Rehback, C, "Numerical Study of the Influence of the Wing Tip Shape

on the Vortex Sheet Rolling Up," National Aeronautics and Space

Administration, Report NASA-TT-F-14538 (Aug 1972).

106. Rinehart, S.A. et al., "An Experimental Study of Tip Vortex

Modification by Mass Flow Injection," Rochester Appl. Sci. Assoc,

RASA Report 71-01 (Jan 1971)

.

107. Rochester Applied Science Associates, "Development of Vortex Control

High Lift Devices for Hydrodynamic Lifting Surfaces," General

Hydrodynamic Research Proposal 1837 (Mar 1975).

108. Rochester Applied Science Association, Proposal 73-06, "Proposal for

the Reduction of the Induced Drag of Propeller by Relocation and

Modification of the Forming Tip Vortex" (Mar 1973) .

109. Rorbe, J.B. and R.C. Moffitt, "Wind Tunnel Simulation of Full Scale

Vortices," National Aeronautics and Space Administration, Report

CR-2180 (Mar 1973).

110. Rossow, V.J., "On the Inviscid Rolled Up Structure of Lift Generated

Vortices," J. Aircraft, Vol. 10, No. 11 (Nov 1973).

111. Rossow, V.J., "Theoretical Study of Lift Generated Vortex Wakes

Designed to Avoid Roll Up," Am. Inst. Aeronaut. Astronaut. J., Vol.

13, No. 4 (Apr 1975).

112. Rossow, V.J. et al. , "Velocity and Rolling-Moment Measurements in the

Wake of a Swept-Wing Model in the 40-by-80-Foot Wind Tunnel," National

Aeronautics and Space Administration, NASA-TM-X-62, p. 414 (Apr 1975).

41



113. Rossow, V.J., "Prediction of Span Loading from Measured Wake-Vortex

Structure-An-Xnverse Betz Method," J. Aircraft, Vol. 12, No. 7

(Jul 1975).

114. Rossow, V.J., "Convective Merging of Vortex Cores in Lift-Generated

Wakes," J. Aircraft, Vol. 14, No. 3 (Mar 1977).

115. Saffman, P.G., "Structure of Turbulent Line Vortices," Phys. Fluids,

Vol. 16, No. 8, pp. 1181-1188 (Aug 1973).

116. Saffman, P.G., "The Structure and Decay of Trailing Vortices," Am.

Inst. Aeronaut. Astronaut., A 74-41044 (1974).

117. Saffman, P.G. and J.S, Sheffield, "Flow Over a Wing With an Attached

Free Vortex," Studies in Appl. Math. (1977), pp. 107-117.
.

118. Shalnev, K.K. , "Cavitation of Surface Roughness," Zhurnal

Tekhnicheskoy Fiziki (USSR), Vol. 21, No. 2 (1951). (Translated by

R.D. Cooper, Dec 1955.)

119. Sherrieb, H.E., "Decay of Trailing Vortices," Pennsylvania State

University, MS Thesis (Jun 1967).

120. Shipman, K.W. et al. , "Drag Reduction of a Lifting Surface by

Alteration of the Forming Tip Vortex," Rochester Appl. Sci. Assoc,

RASA Report 74-06 (Apr 1974)

.

121. Smith, H.C., "Effects of a Porous Wing Tip on an Aircraft Trailing

Vortex," Pennsylvania State University, MS Thesis (Dec 1967).

122. Snedeker, R.S., "Effect of Air Injection on the Torque Produced by a

Trailing Vortex," J. Aircraft, Engineering Notes, Vol. 9, No. 9

(Sep 1972).

123. Soderman, P.T., "Aerodynamic Effects of Leading Edge Serrations on a

Two Dimensional Air Foil," National Aeronautics and Space

Administration, Report TM X-2643 (Sep 1972)

.

124. Soderman, P.T., "Leading Edge Serrations Which Reduce the Noise of

Low Speed Rotors," National Aeronautics and Space Administration,

Tech. Note TN D-7371 (Aug 1973).

42



125. Spencer, R.N. et al. , "Tip Vortex Core Thickening for Application to

Helicopter Rotor Noise Reduction," U.S. Army Aviation Materials

Laboratory, Tech. Report 66-1 (Sep 1966).

126. Spivey, R.F., "Blade Tip Aerodynamics-Profile and Planform Effects,"

24th Annual National Forum of the American Helicopter Society,

Washington, DC, Preprint No. 205 (May 1968).

127. Spreiter, J.R. and A.H. Sacks, "The Rolling Up of the Trailing Vortex

Sheet and Its Effect on the Downwash Behind Wings," J. Aeronaut. Sci.,

pp. 21-33 (Jan 1951).

128. Squire, H.B., "The Growth of a Vortex in Turbulent Flow," Aeronaut.

Quart. (Aug 1965).

129. Stewartson, K. and M.G. Hall, "The Inner Viscous Solution for the

Core of a Leading Edge Vortex," J. Fluid Mech. , Vol. 15 (1963).

130. Thompson, D.H., "A Preliminary Towing Tank Study of the Trailing

Vortex Generated by a Rectangular Wing, Including the Effects of

Several Tip Modifications," Australian Defense Scientific Service,

ARL/A Note 342 (Sep 1973).

131. Thompson, D.H., "An Experimental Study of Axial Flow in Wing Tip

Vortices," Australian Defense Science Service, ARL/A Note 355

(May 1975).

132. Thompson, D.H., "Experimental Study of Axial Flow in Wing Tip

Vortices," J. Aircraft, Vol. 12, No. 11, Engineering Notes (Nov 1975).

133. Thompson, J.F. et al., "Numerical Solutions of Three-Dimensional

Navier-Stokes Equations Showing Trailing Tip Vortices," Am. Inst.

Aeronaut. Astronaut. J., Vol. 12, No. 6 (Jun 1974).

134. Ting, L. and C. Tung, "On the Motion and Decay of a Vortex in a

Nonuniform Stream," Polytechnic Institute of Brooklyn, PISAL Report

851 (Aug 1964).

135. Ting, L. , "Studies in the Motion and Decay of Vortices," publ. in

"Aircraft Wake Turbulence and Its Detection," ed. by J. Olsen et al.

,

Plenum Press, New York (1971), pp. 11-40.

43



136. Titchener, I.M. and A.J. Taylor-Russell, "Experiments on the Growth

of Vortices in Turbulent Flow," Aeronautical Research Council, Report

CP No. 316 (Mar 1966).

137. Treaster, A.L., "The Design of a Free-Vortex Blade System for

Cavitation Studies in the Small Water Tunnel," Pennsylvania State

University Ordinance Research Laboratory, Tech. Memo. File No. 508-02

(Oct 1970).

138. Weber, J. A. et al., "Three-Dimensional Solution of Flows Over Wings

with Leading Edge Vortex Separation," Am. Inst. Aeronaut. Astronaut.

J., Vol. 14, No. 4 (Apr 1976).

139. Wetmore, J.W. and J. P. Reeder, "Aircraft Vortex Wakes in Relation to

Terminal Operations," National Aeronautics and Space Administration,

Tech. Note D-1777 (Apr 1963).

140. Whitcomb, R.T., "A Design Approach and Selected Wind-Tunnel Results

at High Subsonic Speeds for Wing-Tip Mounted Winglets," National

Aeronautics and Space Administration, Tech. Note TN D-8260

(Jul 1976).

141. White, R.P., Jr. and J.C. Balcerak, "An Experimental Investigation of

Vortex Flow Control for High Lift Generation," Office of Naval

Research Report, ONR CR212-223-2 (Dec 1975).

142. White, R.P., Jr. and J.C. Balcerak, "Investigation of the Dissipation

of the Tip Vortex of a Rotor Blade by Mass Injection," U.S. Army Air

Mobility Research and Development Laboratory Report 72-43, Contract

to Rochester Appl. Sci. Assoc, RASA Report 72-03 (Aug 1972).

143. White, R.P., Jr., "An Investigation of the Vibration and Acoustic

Benefits Obtainable by the Elimination of the Blade Tip Vortex,"

Proc. 29th Annual National Forum of the American Helicopter Society,

Washington, DC, Preprint No. 735 (May 1973).

144. Widnall, S.E. et al. , "Theoretical and Experimental Study of the

Stability of a Vortex Pair," publ. in "Aircraft Wake Turbulence and

Its Detection," ed. by J.H. Olsen et al. , Plenum Press, New York

(1971), p. 305.

44



145. Williams, G.M. , "Viscous Modelling of Wing-Generated Trailing

Vortices," Aeronaut. Quart., Vol. 25 (May 1974).

146. Yates, J.E., "Calculation of Initial Vortex Roll Up in Aircraft

Wakes," J. Aircraft, Vol. 11, No. 7 (Jul 1974).

147. Yuan, S.W. and A.M. Bloom, "Experimental Investigation of Wing Tip

Vortex Abatement," Am. Inst. Aeronaut. Astronaut., A 7441336 (1974).

148. Zalay, A. et al., "Investigation of Viscous Line Vortices With and

Without the Injection of Core Turbulence," Rochester Appl. Sci.

Assoc, Report 74-01 (Feb 1974).

45



^
>; T3 oj c m

c a 1-1 -a u s rt c rt 1
••-1

c o
(U J= >^ >%

> M DO C 3 u c tn o
^.^B*

r-<

2 ?i •O QJ XI
.i3 a ^ "c C e s ill o d >

°. K •r^ H . (U •a o
-H o 3 c Q> > x: iJ O JC 0) x; ^ o-S3

i M a Ij ^ 3 3
XI 4J

3J d rt O <ll XI •o O Xa o rH x:
5-s

_u 3 ^ T3 W >« £. w «4-l 3
T^ d O >^

1
u >. "II oo 3 O -H ^ B ^J •o -i-* •

-C >. d iJ -o
M -H XI •H -H U OJ 3

H •O •*-' -a 00 <u 3 3 o ^ o 3 3 W-(
T3 k. U-. -g 3 C rt rt at rt M H cn

C H 00 -H
3

g
-d u QJ C O U "O a o. t-i

•o ^ a 3 rt -H T3 Xi M
o >. • 3 O at -o 3 K > O a 4-1 B >s u a

?3 C O O U C U B
l-i t3 >% -H UH C OJ

s.^ J01 -a

% ^^ 0)

c D. ^ at -r^ ^ 14-1 -a m
c o >. rt t3 fH rt T^ o o d 3 £O 3

U-. E 14-. C O Xn HI B u-i > rt -au -a X M
-H a, at d ffl 4J aj
T3 - a

11
w "^ 3 ^ C/1 Ui

W c
i i

"

5.3 S
a >-< "3 u -a ( 3

c
""^

d
C O E rt Ma 3 rt

>^ W . H QJ H M > at .H W 3 T3 3 iwH XJ 0) B u 4J -H 3
C ij d o >N (fl a. o > 13 at rt O 3 XI

dJ rt -H I£S X o <U M -H o X x: 60 OJ d x: 01 3 £ d d
.^ ^'I^ gQ e bO tL. > tt- &^ u > Q 01 4-1 M 3 rvj u Q ra u S 4J U 3 rt > Z «

C 13
O 1 C

XI

oo > -

.^1

d d

3
tf) fi. J3

H XI

Z w QJ E ^ i*-( -H H •H

<

o

u 3 X

o ^

-I E

3 E

uj E

Si 01

d 3 'o

rt -a T3

1

>

a.

>>

! 1

Measured

circu

of

thrust

and

ualization

via

tuft

grids.

a

^ -a

j-i « >-,

> X)

U 13 O
d

1-1 rt >.

d at 'b

Q > rt

-H

13

2

>! at

>. at

d
"^

CO x:

^

aiv3s nru -5 c ">-
^fc.

laaow -> >.

viva NOIIVXIAVO "^ 'X

aaivM "^ ^»-

wniaaw

aiv "*. ">- ->• ->- ^ -> ^

aovians ONiiin
^*. '>. "^ '>. •>. "^ "^ ">. ">-

HVNVld

u ^

iJ w u m

aanadoaa

p]
OCT)

32

iNaKisa<ixa '>• ->. ->. ->> '>

AHOaHl "> ->. >. '>^ ~fc. -> ^^ "> -

^ ^ VO o CM ro
•ON aonaia ^ ^ ^

46



z

rt 3
U O

5-

•H *^
«1 > C

XI 1-1

Iff
3 S 3
o c

3 o ra

i-si-

iw

-2

>

c

3 .

0) Q.

hii.

3 *0 S

!ls

to e Qi

U T3

w -a 3
I-. c

> 3 C

.S 3 i

< Tj <

o a

e

o 3
c

1-1 -o

ncS„

1^1
strong

Karman

vortices

developed

behind

blunt

trailing

edge

of

plate.

Disappear

when

upper/lower

surface

velocities

unequal.

3 >>
4J X)

a i-i

n jj

0) >

•H TO c

O --~ Jii

C -H 3

c

> T3

a -H o

C XJ 01H (B -O

>nJ3 B

13 ^-'

Xt 0) -o
0) X) (U

^ s >
l-i 3 t^

CO C OJ

^ .%
< CO o

c

> >
1-1 a.

3 o

r-l

Theoretical

analysis

estimates

structure

of

tip

vortex,

circulation

distribution

core

radius,

and

critical

cavitation

index

for

hydrofoil

and

propeller.

e XI

•rl T3

11

c

It

11

c to

ao 3
(fl -a .

C TO O
>-* u o

Qualitative

article

for

general

public.

Some

of

FAA

studies

mentioned.

Including

use

of

ground

deflectors

to

reduce

tip c >.

c >

rl >,

1 11

> V-

01 XI rH
W rH 3

1

H

3

e"

e

B

b"

Si N

.-( nH

••-< <-^

c
D

3

a c

^ 3 d

3 11 O

*6o e

<u a.

H
z a

Q. x:

c 3

> ^

at B

O 13

O. l-i

T3 to

3 4J

11
C

C --H

3 U

C OJ

c

•A
>

3

t- c

-o c

-a 3

a.

w B OJ

B -H X3

H x: e

c x:

H X 3

B

>,
XI XI
C >!

o e

^ B

OJ CL

> l-l

3 3 3

E >v C

(0 rH W
0) (U 0)

S > E

aiv3s Tini ~»- ">. > -> -> >.

laaow >• ">. -». ^>. -> ^ ^>.

ViVa NOIIVIIAVD ~». ^ >

wniaaH

aaiVM ->• -». ^ -> ^

aiv ~>. -». '>. ~>- ~fc.
>> ^ ->. ^

aovians omian
HVN\nd

~>- ^ •>- ~»- ~»- ^». ~». ~>- ^ -»• ->.

aanadoaa -». ->- ~».

iNHWiaaaxa -». -*. ^ ~». ~». - ->- -> ~>- ">. > -».

AH03H1 >. -». ~»- ~».

•ON •oonsiH <r
•:: s - s - o S s ;:;

-T s s

47



J

a ?^
1 ao 3 OO OO (0 C CO c g

c 0) 3 o T^ 3 3 a
i ° >,

fH 3 <-H
c 00 c • c Tl -H in 's 0)

C u C -H 0) CO 0) -i-i a a n] 3 O O 01 E X
2 " s C cQ 3 rt 3 iH a o 4J >^ -H 3
0< 3 t-f >. a a. cj -H t3 -u CO

5 'i _9 V (fl O 3 J3 O ij 73 a CO 3-H a ^
;> a .:: QJ XI 3

1- 3 3 3 4) .-1 l4-« • >S
3 • U 3

'"
3 3 QJ -H 0) T3 !/) V- Z

Xi a. 3 D. -< |g ^
>4-l Ot XI

•^ d 3 O X
+ > H C

nj T3 -H )h -O w E O. OJ> -H ij (U .H >. X
U-i -H O 3 to >. l-<H ui o .Z *J U M •-< rC <U O -t-l 4) -H 41

00 0) H c B >H 3 O J3
>s *J -a o U ^ QJ O i-t

z x: fl TJ > 3 u-i 1-1 m t-H

T3 >% ^4 -3 3 ei 3 4) x:U - -a .H H C "O U >M-H •H -H 3 O CO

4-1 Qj x: to 4J 0) 4-1 O x: 4)•as*-* t4 O. k4 u J OS m 3u X 3 -H >-< c V Oi O JZ 3 y-i CO -» m a 3 U 4) (0 4)

s t; 5 D. n) ffl C C 4J -H d) c S ^ -H
3 O > CL U 0) nj C 3 a 0) 13 3 -H QJ d

a. fl O OJ OC 3 3 a I- a N O -H
w - c a CO) a •-^ O 0( S tl B^ i-i E o 4J CO O U

M ^ "O ^ n] rt a 3 u >-. 3 U ca u ph c CO > 4J^330 C 3 o W 3 T3 m a
1-1 3 O O 3 E 3 tfi o > B

(n. u CO "O 4J CO (0
3 rC U > OO 3 0> 3 T3 "m

4j 3 u 3 ^ E ^ (U 0) XI 01 00 3 -H 4J H Ct O Q> > 3
u-i a U-. t3 4J U 3 O > a 3 Jn! ^ W 4-1 3 4-j a > rH O

3-i
vi •--( c c (U o o j= a o CO -w O CO O 4)

o; H tfl oi B B u td O > 3 -H o to > U 4J U 3 en u (N Q. 3 [i] 3 D. QJ <-H £ 60

C 0) >,
"^

oil O (U H 1
n ,1, i!

CJ 3 1-H
1*4 C

--* CO Tl t5 3

-H T) > 3 O a 4-t 3
XI 3 -H

a c n H 3
"S 'Z (fl • Q

3 CO ^ ^ t,

U3 3
•H 3 >

>i O *-l •O -H >-i 00 c
z 3 a) rH .H

c r^ B •H o >, to CO

c C X3

g
C O 3 T^ - T3 41 H >, X

3 C >. —1
4J T3

•a o c 4-1 3

3
> 3 OJ E (13 QJ cr a e

c 3 C
3 -d c
o <u E C QJ 3 3

X 3 l* c
•4-1 d 01 u 3 -3 a. a> OJ to

e o c C c 3 C
4J to c o 4! -M H
14-. 0) E 4J E 4-1 CO CO r-« u 3 X

e
« 3 -J 3 E c c n) tH

E - M 3 3 >.
> e (u -H -H

-H C O J^ U V J£ c 3 3 > I- •H "2
fo j«: U-.

3 -H 3 <U (0 J= -H u >
1 3 3 N (fl 3 OO O ^ 3 3 -V O.

C O <H

Si
*

S
Q) O U c c ^ r-l y-( X £

J.; o Q) * XI
C D. « rH e 3 --I 3 l-

•H i oj o to 13 x: T3 41

t^ > c 1 C O C !-< •H >, H I- 3 1 CO -H
OS T^ > > ^ t»- > > [t. > > a > x: 3 -3 CO > 6

aivos Tini ->- ->-

laaoH ~fc. ->. '^ "V ^ ^ ->• ->- •>- '> •>.

viva N0IIV1IAV3 **- "> "> ">•

Hnia3N

Haxvn •> ">- ">• ">- "*. -»•

«IV -fc.
">• "^ '>. ^ "•^ '> ">. ">.

aDViuns oNiiin
avNvid

->• -fc- ^^ ^ -> ">. ->. - ^ - -^ -

sanaaoHd - "> >

mawiHacjxa ->. ~». •^^ - ^ "V "> -» '^ ~»- -» "^ -».

AHoaai -*. •>. "».

•ON "Donaia K S s o S s ^
<

S s s s ^ o

48



z

m o,

rt «

C T^

3 m

P
a •

•H >^

Is?
U 3 -S

a 0)

11
>, U

W H

i-l -Q u

> -U X)

si

J= T3 T^

i si
^^

-a u u

i ij ,-<

u t-i a
<u a.

3

X)

a

3

3 X

s ><

-H X)

Q XI

Structure

of

turbulent

line

vortices

is

examined.

Argues

that

vortex

must

develop

overshoot

of

circulation

to

entrain

fluid

faster

than

molecular

diffusion.

13 >, >
Hi -0

W C 3

U -H

> c a.

•sll

1 £ .

XI c
-a

>^ 1- —

(

5 Is

3 M

u

c

°
§

U X

TJ 3 ><

u -a

m 3

C T3

3 fl

11
X

>

> j= *J

3 0)

u jz c

C

n •

X) Hi

3 X

-H -H

X3 W

B *

tl >

B P

Z iw

XI kJ

S

>

C u

a £

E c

m £ 3

Predicts

flow

field

within

vortex

core

separating

from

leading

edge

of

a

slender

delta

wing.

Predictions

agree

with

ex-

periment.

Shows

numerically

that

vortex

breakdown

does

occur

with

a

pronounced

deceleration

of

axial

flow,

at

location

where

break-

down
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observed.
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1

Reexamines

and

clarifies

the

classical

analysis

of

vortex

sheet

roll

up

by

Rosenhead.

Demonstrates

that

sheet

rolls
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laws

governing

the

flow

in

turbulent

line

vortex.

Shows

that

circu-

lation

is

proportional

to

log

of

core

radius.
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H

Complete

sets

of

time-dependent

solutions

for

Stokes'

slow-motion

equations

are

con-

structed.

They

describe

growth

and

decay

of

vortices.
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Wing

tip

modifications,

such

as

spinning

blades,

obtain

benefits

similar

to

mass

injection

without

the

use

of

additional

power.
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Investigation

of

several

devices

to

reduce

vortex

core

tangential

velocities.

Porous

tip

found

to

be

the

most

effective

(factor

of

10).
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Tip

vortex

cavitation

dependent

on

bound-

ary

layer

thickness
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pressure

side.

Core

thickness

independent
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induced

drag

Reynolds

No.

Scaling

(linear).
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A

small

perturbation

analysis

for

a

lami-

nar

vortex

is

given.

Equations

of

motion

are

linearized.

Fair

agreement

with

mea-

surements.
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Stability

theory

for

wave-like

disturbance

in

trailing

vortices

modified

to

account

for

finite

core

radii

and

distributions

of

vortlclty.
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Injects

air

into

vortex

core

to

show

cir-

cumferential

velocity

distribution

is

In-

dependent

of

axial

flow

of

vortex

in

near

field.

Develops

mathematical

models

to

represent

devices

that

dissipate

wlngtlp

vortices

In

order

to

calculate

their

effects

on

wing

performance.
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4J Cx a -H

-H 3
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d ii >
0) -^ -o

Improve

performance

of

various

control

surfaces

with

devices

such

as

snags

and

strakes

which

alleviate

stall.

Apply

to

leading

edge

vortex.

PROPOSAL—

to

demonstrate

that

liquid

in-

jection

from

propeller

leading

edge

will

reduce

induced

drag,

alleviate

tip

vor-

tex,

and

attenuate

noise

spectrum.

Determines

scaling

parameters

for

flow

in-

core

region

of

vortex.

Peak

tangential

velocities

generated

by

OGEE

tip

substan-

tially

less

than

parent

tip.

Simplifies

Betz

rollup

equations

and

ex-

tends

them

to

make

estimate

of

vortex

structure

behind

wings

with

arbitrary

spanwise

load

distributions.

It

is

found

that

substantial

reductions

in

rolling

moment

are

predicted

for

certain

range

of

generating

and

following

wing

span

ratios.
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Various

ways

In

which

vortical

regions

interact

are

developed

by

numerical

analy-

sis

of

Inviscid

time-dependent

convective

motions

of

the

vorticity.
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Vortex

core

diameter,

tangential

and

axial

core

velocities

via

triaxle

hot

wire.

Spanwise

lift

distribution

via

pressure

taps

on

wing

surfaces.
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o

Experimental

study

of

effect

of

surface

roughness

on

cavitation.

Examines

region

of

cavitation.

Some

application

to

cavi-

tation

in

lines

vortices.
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Demonstrates

use

of

holes

(porosity)

to

reduce

tangential

velocities

in

trailing

vortex

core.

10

percent

porosity

shows

60

percent

reduction

in

velocity.
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Results

of

acoustic

test

of

rotor

with

leading

edge

serrations

show

serrations

more

effective

at

speeds

less

than

135

m/sec.
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The

motion

of

trailing

vortices

studied

In

both

theory

and

experiment

to

determine

vortex

distribution

for

downwash

calcu-

Considers

growth

of

line

vortex

with

time

and

the

spread

of

a

vortex

behind

a

wing,

due

to

turbulence.

Eddy

viscosity

function

of

circulation.
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HZ

Study

of

wingtip

modifications

on

trail-

ing

vortex.

Circulation

endplate,

perforated

tip

extension

and

tip

spoiler

on

upper

sur-

face

found

to

be

most

effective.
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Analytical

study

of

the

motion

of

a

vor-

tex

in

a

2-D

incompressible

nonuniform

stream

as

solutions

to

the

Navier-Stokes

equations.
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Application

of

a

novel

potential

flow

computational

technique

to

solution

of

subsonic

3-D

flow

over

wings

with

lead-

ing

edge

vortex

separation.

An

analysis,

based

on

current

understand-

ing

of

vortex

structure,

to

provide

effect

on

aircraft

encountering

vortices,

circum-

stances

of

occurrence.
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