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16. ABSTRACT (cont.)

measured profiles for these cases is not satisfactory, and it
is surmised that under these conditions the actual vortices

tend to merge through the action of turbulent transport. Thus,
the measured profiles, in many cases, appear to represent
vorticity concentrations that are the result of two or more
vortices merging together.

It is concluded that the effects of drag on the inviscid
structure of the vortices are small. Although there is a
reduction in peak swirl velocities, this effect is confined
to a small radial region. It is recommended that further
efforts be made to understand the role of turbulent transport
in the merging of vortices due to complex wing loadings, since
it appears that this phenomenon is of major importance in the
reduction of wake hazard.



PREFACE

The authors acknowledge with thanks the assistance and
cooperation of the following individuals for providing necessary
data and Information:

L. J. Garodz, FAA-NAFEC
N. Miller, FAA-NAFEC
J. Thelander, Douglas Aircraft Co.
0. R. Dunn, Douglas Aircraft Co.
W. A. Stauffer, Lockheed-California Co.
A. S. Mahal, Boeing Co.
P. W. Tracy, Boeing Co.

The authors also extend their appreciation to Mrs. Lois Ridgway
of A.R.A.P. for typing the manuscript anc to Mrs. Patricia Tobin
of A.R.A.P. for preparation of the figures.

iii





TABLE OF CONTENTS

1. INTRODUCTION 1

2. ESTIMATION OF THE VELOCITIES IN AN INVISCID VORTEX WAKE... 4
2.1 Single and multiple vortex wakes 4
2.2 Betz roll up 6
2.3 The inclusion of distributed drag 12

2.4 The effect of distributed drag on vortex intensity.. 17

3. CALCULATION OF SPANWISE LOAD DISTRIBUTIONS 20
3.1 Lift distributions 20

3.2 Drag distributions 35

4. COMPARISON OF CALCULATED VORTEX VELOCITY PROFILES WITH
THE NAFEC MEASUREMENTS 37

4.1 Data selection 37

4.2 Comparison of computed and measured velocity
profiles *•*•

4.3 Vortex merging and its effect on wake descent rate.. 77

5. CONCLUSIONS 8o

6. RECOMMENDATIONS 82

APPENDIX 83

REFERENCES 123

iv





1. INTRODUCTION

Significant progress has been made over the past four years

in the understanding of the formation and decay of aircraft vor

tex wakes. An essential element in this progress has been the

adaptation of the inviscid wake model first postulated by Betz

in 1932 (Ref. 1). The Betz model relates the spanwise distri

bution of circulation about a wing to the radial distribution in

a trailed, rolled-up vortex and depends on the assumption that

the moments of vorticity during roll up are invariant. The

initial application of this model to the present-day wake hazard

problem associated with large aircraft was given by Donaldson in

1972 (Ref. 2). Since that time numerous studies have been

carried out, at A.R.A.P. and elsewhere, which involve the modifi

cation or extension of the Betz approach to a variety of wake

formation situations.

As a result of a study carried out with FAA and AFOSR

support, Donaldson, et al. (Ref. 3), reported In 1973 that wake

vortex velocity profiles computed using the Betz approach showed

remarkably good agreement with those measured by the FAA during

full-scale tower flyby tests of DC-7, DC-9, and C-141 aircraft

at its NAFEC facility. In that report, it was further demon

strated that the principles of the Betz approach could be

successfully applied to wakes other than those from wings that

were approximately elliptically loaded. It was shown that the

initial rolled-up form of the wake from a flapped wing of more

complex spanwise loading could also be calculated successfully.

Comparisons of the FAA data for flaps-down flybys of those air

craft with calculated vortex profiles showed good agreement if

it was assumed that the measured vortex in such cases was always

the interior or "flap" vortex, rather than the tip vortex. Such

an assumption was reasonable in view of the fact that for most

cases the spanwise loading was such that the tip vortices were

significantly weaker than the flap vortices. Nevertheless, the

question was left unresolved as to the fate of the tip vortices



and whether or not they contributed to the rolled-up wake profiles.

In the case of the C-141, in particular, with flaps set for take

off and landing, the tip vortices, while weaker than the flap vor

tices, were still of significant strength. It could not be de

termined whether these vortices ultimately became diffused with the

flap vortices or whether, through the effects of mutual induction,

they had moved to a position where they could not be detected at

the instrumentation tower. In fact, they may also have been sub

ject to some form of breakdown brought on by self-induced or atmos

pheric turbulence interaction. It is important to note that all

three of the aircraft used for the reported flyby tests had flaps

that were aerodynamically continuous in spanwise extent (Fig. 1-la).

That is, there was no segmentation of the flaps that might give

rise to additional vortex roll-up centers. Thus, only one signifi

cant interior vortex might have been expected in the wakes from

these aircraft. As will be shown, the four aircraft involved in

the study to be reported here, the Boeing 727, Boeing 747,

McDonnell Douglas DC-10, and Lockheed L-1011, all have flaps that

are arranged in two spanwise segments with a substantial gap be

tween them (Fig. 1-lb). This arrangement can give rise to as many

as four interior vortices of comparable strength.

In this report, the modified Betz method will be applied to

the wake formation of the 727, 747, DC-10, and L-1011 aircraft.

The inviscid, rolled-up velocity profiles will be calculated for

several flight configurations. In addition, a method will De de

scribed for the inclusion of profile and induced drag in ths roll-

up calculation. Finally, the calculated wake velocity profiles,

with and without drag, will be compared with the NAFEC flyby

results for these aircraft. Anticipating the results somewiat, it

will be seen that the individual interior vortices calculatsd for

these aircraft with flaps extended do not show as good agre sment

with the vortex profiles measured at the tower as in the ca3es re

ported previously (DC-7, DC-9, C-141). Possible reasons for this

finding will be discussed.



(a) Aircraft with continuous flaps
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(b) Aircraft with segmented flaps

Fig. 1-1. Rear view wing profiles of NAFEC test aircraft showing
(a) continuous and (b) segmented flaps. Spanwise
dimensions to scale; otherwise schematic.
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Fig. 2-1. The wing loading, sheet strength, and vortex
for a simply loaded wing.

system



Now suppose an aircraft has flaps deployed for landing. A

typical load distribution for such a case is shown in Fig. 2-2.

Note that the trailed vortex sheet now has two local maximums, and

it is not unreasonable to presume that two vortices of like sign

proceed to roll up from each side of the wing. The roll up of the

flap or "interior" vortex begins at y = y and the roll up of the

tip vortex begins at y = s .

If, in fact, two vortices roll up from each side of the wing,

one might immediately wonder at what location along the sheet does

the vorticity divide itself. As a rule of thumb, Donaldson, et al.

(Ref. 3), have suggested that the points at which local minimums

of the absolute value of sheet strength occur be taken as the

locations at which the vorticity divides itself. This conjecture

has been checked by exact calculation by Yates (Ref. 10), and was

shown to be correct under most circumstances. In Fig. 2-2 the

vorticity inboard of yg rolls up to form a flap vortex, while
that outboard of yfi becomes the tip vortex. In Fig. 2-3 is shown
an illustration of what the roll-up geometry of the vortex sheet

might be like for the wing load distribution shown in Fig. 2-2.

2.2 Betz roll up

Having given a prescription of how the trailed vorticity

divides and proceeds to roll up into discrete vortices, we will now

give a method which determines how this vorticity is distributed in

an axisymmetric vortex downstream.

The Betz method can be motivated by considering the time rates

of change of the following moments of the vorticity distribution.

r=/ 5dA (I)

ry =/ y?dA (2)

rz =/ z^dA (3)

rr =/ (y2 +z2kdA (H)



Center

line

Flap vortex Tip vortex

Fig. 2-2. The wing loading, sheet strength, and vortex system
for a flapped wing.
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Fig.2-3.Therollupoftheflapandtipvorticesfromtheloaddistributionshown
inFig.2-1(fromRef.7).



where c is the trailed vorticity. The trailed vorticity as

viewed in a plane normal to the flight direction is shown in

Fig. 2-4. The area over which the integrations in Eqs. (1-4) are

to be taken is given by y >_ 0 .

The wake strength is the circulation r and the y and z

moments are used to define centroids

y = i fysdA 5)

z = y ] zCdA (6)

The polar moment r when y and z are measured from y and
r

z , respectively, can be used to define a length squared, which is
a measure of the spread or dispersion of the vorticity distribution

For a constant density fluid, using continuity and the two-

dimensional vorticity equation, it is not difficult to show that

the time rates of change of Eqs. (1-4) are given by

dT_
dt

= - v

* 'y=o
dz

dT

£*" °dt

dr,

dT
z _

dT

dt"
r _

— CO

+vz HI ! •y=o **y=o

(z -z) |-| dz +2vr
ly-0

(7)

(8)

(9)

(10)

where v is the kinematic viscosity and where it is assumed that

V(0,z,t) = 0 . In the absence of viscosity, the circulation cannot

change in the half-plane. This implies that y , the horizontal

centroid of the vorticity distribution, remains constant. The fact



z,W

Fig. 2-4. The streamwlse vorticity as viewed in a plane normal
to the flight direction (from Ref. 7).
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that r is a function of time is perhaps not surprising since
z

dz

dt
i5l
r dt

(ID

can be shown to be the observed descent rate of the vortex wake.

The time rate of change of Tr is directly related to the
symmetry of W2(0,z,t) about I . Betz argued that during roll up
of the flat sheet of vorticity trailed from the wing rr should
not, in fact, vary much so that rr could be taken to be approxi
mately constant. In fact, Betz argued that the polar moment should
be preserved during roll up locally as well. Therefore, for a

simply loaded wing, the relationship between the vorticity

immediately behind the wing to that downstream where roll up is

complete is given by

§£ (n)Cri -y(y)]2dn = dr
Od£

where n and E, are dummy variables for y and r

respectively, and

y(y) =-f y)
dr(n)
dn

ndn

(12)

(13)

is the centroid of the vorticity shed between wing station y and

the wing tip. An implicit assumption is that the vortices roll up

independently of each other. For high aspect ratio, simply loaded

wings, this assumption appears to be valid.

It can be shown that Eq. (12) is equivalent to specifying that

as roll up of a vortex proceeds from the wing tip, the torque

exerted on the fluid by the wing about y(y) must equal the axial

flux of angular momentum of the vortex from a circular area of

radius r . If the axial velocity in the vortex is not uniform,

the circulation at wing station y is the same as the circulation

in the vortex at radius r . In this case, the relation between

r and y is obtained from

11
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7(y)= |dn„

Aircraft centerline

Wing load or
circulation distribution

b/2 = s

Center of '
rolled-up ~T

shed vorticity^
in wake-^x

Shed

vorticity
distribution

\r'(r)«r(y)

r=y(y)-y

Fig. 2-5. The Betz roll-uo relations for a sinroly loaded win?
(Ref. 7).
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Fig. 2-6. Comparison of vortex velocity profile measured In the wake

of a C5 aircraft with those calculated using the Prandtl
and Betz theories.
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If Eq. (12) is multiplied by - pU^/2 and integrated by parts,
it can be shown that

s r

(adiKn -y(y)]dn =2^ v(c)^2d? (17)
y o

where Eqs. (15) and (16) have been used and £(y) = - pU^rty) is
the wing sectional lift exerted on the fluid. The Betz model is

therefore equivalent to specifying that as the vortex rolls up, the

torque exerted by the wing on the fluid between wing station y and

the tip s about y(y) equals the axial flux of angular momentum

from the vortex through a circular cross section of radius r . It

is then postulated that the "interior" vortex should roll up

according to

y2 r

I fcdiXn - y12)dn = I p^(Ou(-02-n^K <18)
yl

where

In;

yi

The quantity y,„ is the centroid of the vorticity shed between

wing stations y. and y„ which, for the moment, are the arbitrary

points inboard and outboard of y in Fig. 2-2. Note that the

axial velocity in the term which represents the axial flux of

angular momentum In Eq. (18) has been taken under the integral and

is not necessarily uniform nor equal to the flight speed U^ .

A consequence of Kelvin's theorem for an "interior" roll up
is that

r(r) = r(y1) - r(y2) (20)

However, unlike roll up of a tip vortex where y = s , a relation

ship between y1 and y2 is needed. Donaldson, et al. (Ref. 6),
assumed that

15



(y2 - y12) = (yx - y12) <21>

which specifies how the vorticity enters the "interior" vortex from

each side of the point y,2 . Differentiating Eq. (18) and using
Eqs. (19-21) yields

U«>d(yi "yi2>2 =u(r)dr2 (22)
and gives the relation for an interior vortex between wing station

y. , radial position in the vortex r , and axial velocity in the

vortex. The expression to be used to compute the roll up of a tip

vortex is obtained by setting y2 = s in y,2 , whereby Eq. (22)
becomes Eq. (14).

Before proceeding to discuss how the wing drag enters into the

determination of u(r) , an interesting result using Eq. (22) will

be noted. It can be shown that the swirling velocity at the center

of the rolled-up flap or tip vortex is given by

^ -- j[¥T § (23)

y=y„m
or

y=s

where it is necessary to assume that u(0) is bounded to determine

this result. This result is significant in that it shows that the

inviscid magnitude of the swirling velocity at the center of the

vortex is directly determined by the maximum values of sheet

strength. Note also that deficits in axial velocity u/U^ < 1 re

duce the swirling velocity at the vortex center while axial velocity

excesses intensify the vortex.

To couple the axial velocity to the wing drag distribution,

axial momentum is balanced across a "cylindrical" control volume

of radius r containing the portion of the wing between stations

y.. and y2 .. The details and approximations involved are dis
cussed in Ref. 7. The result is that

16



dy2cd(y1)c(y1) - cd(y2)c(y2) ^- = iru £ + p(u - U )
u °°

d(yi-y12)'
dy-

(24)

where c, is the wing sectional drag coefficient and c is the
2local chord. When the u term is linearized, Eq. (24) is that

given by Brown (Ref. 13). The appropriate axial momentum equation

for a tip roll up is obtained by setting dy2/dyi = ° • Tne
pressure p in the vortex is primarily a result of the swirling

velocity and may be calculated from

Equations (22), (24), and (25) with the boundary conditions

yl=yA
|v2 and

y!=yA
= 0 interior

yl=ym

P

y=y

--fv*
B

and

y=y3

= 0 tip
y=S

(26)

form a coupled system of nonlinear equations with two-point

boundary values. These equations have been programmed and their

solution is now straightforward.

2.4 The effect of distributed drag on vortex intensity

Linear wing loading permits an analytic solution for a tip

roll up with drag. This, then, provides an example of how much

intensification or deintensification of a vortex results from

distributed drag. The inverse problem, where the axial velocity

is also prescribed and the distributed drag is computed, is given

in Ref. 6. The results are shown in Fig. 2-7. Case 3 has the

axial velocity uniform and equal to the free stream value, and,

as can be seen, the drag required is of the order of that typical

of current aircraft. As can be seen from Case 2, a modest

17



CL;|, A;5, LINEAR WING LOADING

4i-

Fig. 2-7. The vortex wake structure for a linearly loaded wing (Ref. 7)
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reduction in the vortex swirling velocity requires a rather sizable

increase in drag (nearly an order of magnitude).

Experience has shown that the levels of drag typical of
today's aircraft do not significantly alter the roll-up structure
of the vortex except in the central region of the vortex. This is

not particularly significant, however, since the amount of axial

flux of angular moment from this region is a rather small fraction

of the total flux in the vortex. This is not to say that drag is

not important in determining vortex structure. Drag, in general,

results in the production of turbulence and hence ages the vortex.

However, turbulent transport and the resulting aging process are

not treated here.

In closing this section, we would like to reemphasize one

point. The Betz roll-up procedure assumes that vortices roll up

essentially independently of each other. That is to say that no

interactions between vortices are assumed to take place. Analysis

of the NAFEC fly-by results suggests that under conditions where

several vortices are shed from each side of the wing, this

assumption might have to be reexamined. We will return to this

point below.
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3. CALCULATION OF SPANWISE LOAD DISTRIBUTIONS

The spanwise load distributions needed for the calculation

of the rolled-up vortex velocity profiles were determined on the

basis of information supplied by the aircraft manufacturers. Where

available, this information included spanwise lift distributions as

a function of both lift coefficient CT and flap deflection 6„ .

Otherwise, the manufacturers supplied wing section and planform

information sufficient to enable a calculation of the spanwise lift

distribution to be made at A.R.A.P. by means of a vortex-lattice

program. Induced drag distributions were calculated on the basis

of the lift distributions in the usual manner. Profile drag

distributions were derived from the airfoil section and planform
data supplied.

The results of the spanwise load calculation for the 727,

L-1011, DC-10, and 747 aircraft are presented in Figs. 3-1 through
3-14 for a range of values of aircraft CT . The range of CT

L L

chosen for these curves encompasses all of the values of CT for
each aircraft in each flight configuration for those NAFEC flyby
tests that were analyzed. In Section 4, where comparisons are made

of velocity profiles computed for specific cases, the load distri

butions were calculated for the exact CL of each case. Some de
tails of the calculation of these distributions will be reviewed in

the following, subsections.

3.1 Lift distributions

In the case of the L-1011 and DC-10, the manufacturers

supplied computed curves of the spanwise loading parameter c-c/c ,

where c^ is the local section lift coefficient, c the local
chord, and c the mean aerodynamic chord. These curves were pre

sented in the usual way, including one set of curves of "basic"

T?
The authors wish to thank Richard J. Margason of NASA Langley for
making this program available to A.R.A.P.
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c£c/c

cdlc/c

-.041-
2y/b

Fig. 3-1. Spanwise lift and drag distribution:
holding configuration, 6r = 0° .
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-,.020

cdic/c Cdpc/c

-.I1-

Fig. 3-2. Spanwise lift and drag distributions.' 727 aircraft,
take-off configuration, 6f = 25° •
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V

2y/b

81-

Cd.C/C

CdpC/C

Fig. 3-3. Spanwise lift and drag distributions. 727 aircraft,
landing configuration, <5f = 40° .
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cc/c

2y/b

.OI25r

.0100 -

.0075 -

cd.c/c
.0050-

.0025 -

-.0025-

Fig. 3-4. Spanwise lift and drag distributions. L-1011
aircraft, cruise configuration, 6=0°.
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2y/b

24r

Fig. 3-5. Spanwise lift and drag distributions. L-1011
aircraft, take-off configuration, 6~ = 10° .
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2.0r-

c£c/c

.30r-

Flg. 3-6. Spanwise lift and drag distributions. L-1011
aircraft, take-off/approach configuration,
6„ = 25° •
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2.5

2.0

C£C/C

cd.c/c

Fig. 3-7. Spanwise lift and drag distributions
landing configuration, 6f = 42° .
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c£c/c

Fig. 3-8. Spanwise lift and drag distributions. DC-10 aircraft,
cruise configuration, <$- = 0° .
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c, =

c£c/c

-.04-

Fig. 3-9. Spanwise lift and drag distribution
take-off configuration, 6f = 10° .
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2.0-

L6 -

C^C/C

.35r-

cd.c/c

Fig. 3-10. Spanwise lift and drag distributions,
take-off/approach configuration, 6f
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Pig. 3-11. Spanwise lift and drag distributions,
landing configuration, 6f = 35° •
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cd.c/c cdDc/c

-.04>-

Fig. 3-12. Spanwise lift and drag distributions. 747 aircraft,
holding configuration, <5f = 0° .
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Fig. 3-13.
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Spanwise lift and drag distributions
take-off configuration, 6f = 10° .
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Fig. 3-14. Spanwise lift and drag distributions
landing configuration, 6„ = 25° •
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lift for C- = 0 and various flap deflections, and another set of

curves of "additional" lift as a function of CL .

For the 727 and 747, the manufacturer supplied camber line,

twist, and planform information which was sufficient to carry out

the vortex lattice calculation of load distribution mentioned above.

In these cases, the planform change due to chordwise extension of

the flaps was taken into account. Since the calculation of vortex

velocity profiles actually makes use of the spanwise circulation

distribution r(y) , the distributions of c.c/c were converted

during the calculation through the relation

r(y) =4-2^5
c

3.2 Drag distributions

In no case was the manufacturer able or willing to supply drag

distribution data. Therefore, it was necessary to make estimations

based on the available planform and section information.

The local induced drag is related to the product of the local

downwash velocity w(y) and the local circulation r(y) by

c„ (y) =- -£ w(y)r(y) (27)
di U^cCy)

The distribution r(y) is already known, and it only remains to

evaluate w(y) . This is found from lifting line theory for a wing

of known circulation distribution through the relation

sdr

w(y) =-fcj au (28)
-s

For the L-1011 and DC-10 aircraft, the calculation of induced drag

was carried out by applying Eqs. (27) and (28). In the case of the

727 and 747, the calculation was made by the vortex-lattice program.

None of the aircraft employed airfoil sections for which pro

file drag data were readily available. It was necessary, therefore,
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to select standard NACA sections which closely resembled those

actually used on the basis of comparison of profile shapes found
on the drawings supplied. Since profile drag coefficients do not
vary greatly within one family of airfoil shapes, as long as the
thickness is approximately correct, it is felt that this method of
estimation was adequate for present purposes. It should be noted

that the profile drag curves for the L-1011 and DC-10 are not

plotted since the suggested value was taken to be constant across

the wingspan. In each case, the manufacturer felt that a value

cd = .01 would be an adequate average value for our purposes.
P
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4. COMPARISON OF CALCULATED VORTEX VELOCITY
PROFILES WITH THE NAFEC MEASUREMENTS

4.1 Data selection

For the purposes of making comparisons between calculated vor

tex velocity profiles and those measured at NAFEC, 53 flyby cases

were selected from the total of 232 available for the four aircraft

involved. The selected cases are listed in Table 1 wherein a

number of the important characteristics of each flyby and the re

sulting wake are given. (The significance of b' and dh/dt will
be discussed in Subsection 4.3.) The relevant aircraft character

istics are given in Table 2.

The basic aim of the data selection was to choose five cases

for each flight configuration of each aircraft. In most cases this

was possible, although there were some combinations for which only

a single run was made and others for which only a few of the runs

produced adequate data.

Selection criteria depended on the aircraft involved. For the

727 and 747, the NAFEC data were made available in the form of final

project reports issued by FAA (Refs. 14 and 15) in which plots of

the wake velocity profiles were given. These profiles were the

result of the NAFEC data reduction procedures described in the cited

reports. The selection for these aircraft took into primary account

the extent of the profiles to each side of the vortex center and

the freedom from apparently faulty data acquisition channels.

Apparent axial symmetry was also a factor in selection, although it

is realized that erroneous values of lateral drift velocity and

local probe interference effects at the instrumentation tower can

limit the validity of axial symmetry as an indication of "good"

data. For the L-1011 and DC-10, A.R.A.P. was provided with a set

of plots of sensor response time history for each flyby.

Tangential velocity profiles were deduced from these plots by the

method described in Ref. 3. This method is essentially equivalent

to that used by NAFEC for the 727 and 747 data. Criteria for the

selection of L-1011 and DC-10 cases were necessarily less stringent
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Table 1. (Continued)

Aircraft NAFEC Weight U„

Conf. Run No. (lbsxlO-3) (ft/sec) (ft2/sec)
b«

(ft)

-dh/dt

(ft/sec)

DC-10 'ro 3
4

5
6

316.7
315.3
314.0
313.0

257.0
262.0
253.0
257.0

1.23
1.18
1.26
1.21

5742.5
5628.5
5783.9
5653.9

97.5
97.2

97.5
97.9

9.4
9.2
9.4
9.2

DC-10 •rA 18
19

277.7
276.7

253.0
243.0

1.2

1.2
5370.9
5370.8

96.7
96.4

8.8
8.9

L-1011 H/C 19 328.0 515.0 0.31 2400.0 113.9 3.4

L-1011 L 2

4
6

7
18

363.0
356.0
353.0
350.0
329.0

240.0
2 36.0
241.0
235.0
230.0

1.57
1.59
1.51
1.57
1.54

5818.0
5711.0
5709.0
5687.0
5489.0

111.6
113.4
110.1
112.4
111.8

8.3
8.0
8.3
8.1
7.8

L-1011 TO 14

15
16

337.0
360.0
340.0

282.0
279.0
280.0

1.05
1.07
1.06

4651.0
4583.0
4538.0

110.3
120.8
114.8

6.7
6.0
6.3

L-1011 TA 9
10

11
12

345.0
344.0
343-0
341.0

267.0
267.0
268.0
267.0

1.2

1.2

1.19
1.19

4861.0
4861.0
4879.0
4860.0

114.1
113.8
112.6
112.8

6.8
6.8
7.0

6.9

NOTE: H/C - Holding/cruise configuration
L - Landing configuration
TO - Take-off configuration
TA - Take-off/approach configuration
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Table 2. Relevant aircraft and test characteristics

Aiwrnf4. WinS Ref- WinS Span -c Air DensityAircrait Area (ft2} (ft) (n) (siugs/ft3)

727 1700 108 15.0 .0022

747 5500 196 27.3 .00238

DC-10 3550 155 25.0 .0022

L-1011 3456 155 22.3 .00233
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because of the relatively few runs available - 19 for the L-1011 and

20 for the DC-10. Of primary concern in the selection were the

clear indication of both downwind and upwind vortex "hits" and the

absence of suspect data channels. In addition, an attempt was made

to choose cases for which the ambient air was the least turbulent.

It has already been pointed out that with their segmented

flaps deployed, these aircraft present complex spanwise load

distributions which can result in wake formations having several

initial centers of roll up. The application of the extended Betz

method to such cases results in a well-defined inviscid vortex

velocity profile for each center of roll up, where the vortices so

defined are assumed to form independently. In a real wake, of

course, from the onset of their formation, the vortices are subject

to a number of influences. Primary among these are the mutually

induced motions of the centers themselves and the interactions of

the vortex flow fields, both with each other and with the ambient

atmosphere. Under these conditions, turbulent interactions may

very well result in substantial redistribution of vorticity in the

wake. It is reasonable to suppose, therefore, that at the time of

measurement, the vortices which may have begun to form as a result

of a specific complex load distribution may have, in fact, inter

acted to the point that their individual identification as a "tip"

vortex or a particular "interior" vortex is no longer possible.

These interactions may result both in the formation of new velocity

profiles, brought on by the merging of vortex centers, and in the

early dissipation of some vortices due to mutually induced in

stabilities. The method of presenting the velocity profiles com

puted for each case and their comparison with the NAFEC measure

ments takes into account the foregoing considerations.

4.2 Comparison of computed and measured velocity profiles

The results of the velocity profile calculations and their

comparison with the NAFEC measurements are shown in Figs. 4-1

through 4-14, and in Appendix Figs. A-l through A-39.
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Figures 4-1 through 4-14 give the results for one case of each air

craft in each flight configuration. Each figure has two parts,

"a" and "b." Part "a" presents the calculated profiles of both

swirl or tangential velocity and axial velocity for all vortices

that resulted from well-defined minima of |bT/dy| . In some cases,

an attempt was made to limit the number of vortex concentrations

resulting from a complex T distribution by designing the compu

tation to recognize only those minima of |dr/dy| that would re

sult in vortices of strength AT >. 0.1T . The profiles were

calculated both with and without the effects of distributed wing

drag. In this part of each figure, the vortices are located at the

appropriate computed value of y and their strengths are given.

Part"b" of each figure presents a comparison of the profiles

measured at NAFEC with the computed profile from part "a" that

gives the best match. The interior vortices in these figures are

designated by number, starting with 1 for the innermost vortex and

proceeding out toward the wing tip. In the appendix figures, only

the positive vortices are compared with the measurements.

Some details of the results for each aircraft will now be

reviewed. (The aircraft are taken in order of increasing wing

spans.)

Boeing 727

In the holding configuration (Figs. 4-la and 4-lb) the data

are in good agreement with the calculated profile, although the

data for this case are of limited radial extent. As might be ex

pected, whatever core there might have been was too small to be

resolved by the measurements. As will be seen to be typical for

tip vortices calculated by this method, there is little effect due

to distributed drag except for a small region of axial velocity

excess near the center.

The computation for the take-off configuration (Figs. 4-2a and

4-2b) shows four interior vortices, two strong positive ones

(2 and 4) and two much weaker negative ones (1 and 3). Vortex
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Fig. 4-la. Computed swirl velocity profiles for a 727 aircraft in
holding configuration (6f » 0°). NAFEC Run 49
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Fig. b-2&. Computed swirl velocity profiles for a 727 aircraft
in take-off configuration (6f = 25°). NAFEC Run ho.
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Fig. 4-3a. Computed swirl velocity profiles for a 727 aircraft
in landing configuration (6f = 40°). NAFEC Run 18
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No. 1, in fact, was computed in the absence of the 0.1T

limitation mentioned earlier and can be considered negligible.

The predominant vortices are Nos. 2 and 4, those emanating from the

outboard ends of each flap segment. As shown in Pig. 4-2b, the

stronger of the two, No. 4, while it gives the best match with the

data, still falls below the measured velocities throughout the

profile. This suggests that what was actually measured may have

been a merged combination of two or more of the vortices shed for

this configuration. It should also be noted at this point that the

apparently large cores computed for the profiles with drag are a

result of the way in which the effect of drag is included in the

inviscid analysis (Sect. 2). In an actual vortex, the central

region of the velocity profiles is "filled in" by the action of

turbulent transport. Because of the consequent radial inflow of

fluid toward the center, the resulting core might be expected to be

considerably smaller than the computed inviscid core.

For the landing configuration (Fig. 4-3a), the pattern of shed

vortices is the same as that for take-off, except that the inner

negative vortex has now been neglected. It is seen, too, that the

interior vortices are now relatively stronger compared to the tip

vortex. In the case shown (Fig. 4-3b), the inner of the two

positive flap vortices, No. 1, gives a good match with the data.

In spite of this good agreement, however, it cannot be said with

certainty that the measured profile is actually that of vortex No. 1.

As long as there are other vortices in the system of comparable

strength, the possibility of significant merging exists and the

uncertainty as to the exact identity of the measured profile remains.

In this connection, it may be significant that Barber, et al.

(Ref. 16), observed apparent merging of flap and tip vortices in

flow visualization studies of a 727 wake after 40 seconds.

° #

Tf
The definition of the r distribution at the inboard end of the

inboard flap, i.e., near the wing root, is somewhat arbitrary,
since the presence of the fuselage is always neglected in this
analysis. For this reason, this innermost or "fuselage" vortox
is usually neglected.
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Fig. 4-^a. Computed swirl velocity profiles for a L-1011 aircraft
in cruise configuration (6r = 0°). NAFEC Run 19
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Fig. 4-6a. Computed swirl velocity profiles for a L-1011 aircraft
in take-off/approach configuration (6f = 25°).
NAFEC Run 10
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Fig. 4-7a. Computed swirl velocity profiles for a L-1011 aircraft
in landing configuration (6f = 42°). NAFEC Run 4
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With flaps fully deployed for landing, the L-1011 load

distribution results in four strong vorticity concentrations

(Pig. 4-7a). The strongest, vortex No. 3, appears to agree well

with the data (Fig. 4-7b), especially for the upwind vortex. Since

the downwind vortex in this case passed near or above the top of

the instrumentation tower, the location of its center may have been

misjudged in the data reduction. A shift of five to ten feet would

bring the measured half-profile into satisfactory agreement with

the computed profile of vortex No. 3. It is possible, in this case,

that vortices Nos. 1 and 2, being of opposite sign and both

relatively strong, may have tended to neutralize each other,

leaving vortex No. 3 as the dominant one. The data for this case

show definite signs of a core of perhaps five to ten feet in

diameter.

McDonnell Douglas DC-10

The results for the DC-10 are generally similar to those for

the L-1011, which may not be surprising in view of the geometrical

similarities of the two aircraft. What differences there are

appear to be a result of slight differences in the detailed shapes

of the loading curves.

In the cruise configuration (Pig. l<-8a), a very flat profile

is noted, and the computation cannot resolve a high swirl region

near the center. The data are consistent with this result

(Pig. J<-8b), although increased swirl velocities are found within

about five feet of the center.

For take-off (Fig. 4-9a), the results are remarkably similar

to those for the L-1011 (Fig. *.-5a), even to the presence of a

weak vortex No. 2 and the same relative strengths of all the

vortices. In both cases, the data appear to agree best with the

tip vortex (Figs. 4-5b and 4-9b), although the measurements indi

cate a profile of greater circulation, perhaps the result of vortex

merging. Coincidentally, the vortex ages for these two cases are

also quite similar.
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Fig. ii-lla. Computed swirl velocity profiles for a DC-10 aircraft
in landing configuratior. (6 - = 35°). KAFEC Rur. 15
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With the flaps further extended for the take-off/approach

configuration (Fig. iJ-lOa), the DC-10 shows the three major vortices

that might be expected, one from the outboard end of each flap

segment and one from the tip. They are all of comparable strength.

In this case, the data also agree best with the tip vortex, although,

once again, there is some indication of merged vortices, especially

in the case of the downwind vortex (Fig. ^i—10b) .

In the landing configuration (Fig. 4-lla) , the expected

pattern is continued, with the major concentration, vortex No. 2,

emanating from the outboard flap segment. A portion of the data

agree very well with vortex No. 2, while there is some ambiguity

for the remainder (Fig. ij-llb). Portions of the measured profile

for this case are marked by considerable scatter.

At this point it is of interest to mention that the NAFEC data

for the L-1011 and DC-10 included several instances of apparent

multiple-vortex "hits" at the instrumentation tower. Heretofore,

in the analysis of data for the aircraft discussed in Ref. 3 (DC-7,

DC-9, and C-l'll), there was seldom if ever any indication of more

than a single pair of vorticity concentrations intercepting the

tower. For both the L-1011 and DC-10, however, there are a number

of instances where the upwind vortex appears to be a multiple

vortex at some stage of merging. The characteristic sensor time

histories show two distinct peaks at approximately the same

altitude, and there is a very marked increase In the field of in

fluence as this pattern passes the tower. (The two peaks in this

case are distinguishable from and should not be confused with the

twin peaks that are indicative of a "core penetration" for a single

vortex.) The most pronounced cases of this kind were observed In

the data for the DC-10 in take-off configuration. For take-off/

approach and landing, the same effect was noted but it was less

pronounced, perhaps an indication that merging had proceeded

further in these cases. The most distinctive aspect of this

observation is that there was never any clear indication of similar

multiple concentrations near the downwind vortex. This may mean

68'



either that the vortices which ultimately appear to merge on the

upwind side of the wake were not within range when the downwind

side passed the tower, or that there actually was some asymmetry in

the wakes of these aircraft under the conditions of these obser

vations. An example of apparent asymmetry was found for NAFEC run

16, with the DC-10 in landing configuration. A possible interpre

tation of the data for this case is illustrated schematically in

Fig. 4-15. It is seen that within a fairly short time interval,

three vorticity concentrations passed the tower at different alti

tudes on the upwind side of the wake. The lateral spacing of the

vortices in this figure is based on the times of intercept and the

approximate ambient v/ind speed indicated by the velocity time

histories at t = 0 . Naturally, asymmetry of the kind illustrated

could be the result of atmospheric interactions. A careful study

of flow visualization pictures for this case might clarify this

point.

Boeing 7^7

The computed tip vortex for this aircraft in holding configu

ration is in excellent agreement with the measured profile as shown

in Fig. 'l-12b.

In take-off configuration (Fig. 4-13a), the computed tip

vortex is far stronger than either flap vortex, and it shows the

best agreement with the data (Fig. ;l-13b). There is an indication,

however, of even greater circulation in the measured profiles,

which may mean that some merging has taken place.

In landing configuration, five vortices result from the

calculation for this load distribution (Fig. 4-1'ia). The innermost,

however, is weak and can be neglected as discussed earlier. The

predominant vortex is No. 'I, and it is seen to give the best agree

ment with the measurements (Fig. ll-Ulb). In the case of the down

wind vortex, it appears that better agreement would result If the

center of the measured profile were moved five to ten feet lower.

The measured profiles for this aircraft in landing configuration
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are the only ones of all those examined in this study which exhibit
large viscous cores. In the present case, the core is ever 20 feet
in diameter. Some cases for the L-1011 and DC-10 in landing configu
ration showed measurable cores, but these were less than ten feet

in diameter.

4.3 Vortex merging and its effect on wake descent rate

As has been illustrated in the foregoing review, there is

mounting evidence that the multiple vortices shed from certain air
craft with flaps deployed do not remain distinct but merge at some

distance downstream. Dunham, as cited in Ref. 17, first observed

this phenomenon in towing tank experiments where ink was used to

mark the flap and tip vortices. In these experiments, merging

occurred between 30 and 45 span lengths behind the aircraft.

Movies of flight tests with a 727 aircraft where flaps were slowly

deployed and the wake was marked by oil vapor also show this

phenomenon (Ref. 16). The distance behind the aircraft at which

merging occurred, however, was difficult to discern from the movies.

This merging phenomenon has two important consequences. The

first is that merging involves rapid turbulent redistribution of

the trailed vorticity, which quite effectively ages the wake. This

mechanism is now believed to be responsible for the success of the

NASA low vortex hazard configuration which has recently been flight

tested.

The second consequence is that if this merging process always

occurs, the inputs of initial vortex separation and strength for

the wake vortex transport predictive model may be directly

specified, without having to assume an elliptic load distribution.

One cannot say with certainty that all vortices shed from one half

of a wing eventually merge, but an investigation into the motion of

vortex pairs (see Fig. 2.2, Ref. 7) seems to suggest that for con

ventional aircraft this might be the case.
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Postulating that merging does, in fact, occur fixes the re

sulting net vortex strength from one half of the wing to be the

wing root circulation rQ . For the aircraft analyzed in this
study r can be obtained from

2f

U c
CO

V
(29)

where the root sectional loading c0c/c| is shown in Figs. 3-1

through 3-H. The initial separation 2y(=b') of the merged

vortices is obtained from W = pU^r 2y where W is the weight of

the aircraft (see Table 1).

To see how much of an error might be introduced into the

initial wake descent velocity dh/dt (see Table 1), we compare

the descent velocity of a wake from an elliptically loaded wing to

the descent velocity obtained by merging the vortices from the

actual load distribution. It is not difficult to show that

dh/dt
ellipt

dh/dt
merged

1C,

^TTC,, C/C I
X, ' 0

(30)

where c-c/c| is the wing root loading. In the following table

Eq. (30) is tabulated for the DC-10 aircraft.

Conf.
'L

H 0.1

H 0.4
TO 1.0

TO 1.4
L 1.0

L 1.4

TA 1.0

TA 1.4

dh

dt
ellipt

78

0. 3Ji
0.65
0.75
0.78
0.71
0.71
0.73
0.76

merged



As can be seen, the assumption that the wake is that trailed from

an elliptically loaded wing may result in appreciable errors in

the initial descent velocity.
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5. CONCLUSIONS

The object of this study has been to compare measured swirl

velocity distributions of the wake vortices of the B-747, B-727,

DC-10, and L-1011 with distributions computed from the Betz roll-

up method. Swirl velocity distributions from 53 flybys have been

analyzed. The aircraft configurations include cruise/holding,

landing, take-off, and take-off/approach. The following conclu

sions have been reached as a result of this effort.

1. The wakes of these aircraft in the holding/cruise configu

ration, where the wing load distribution is simple, are well de

scribed by the Betz method. Comparisons of swirl velocities ob

tained from flyby measurement with computed velocities are in good

agreement for the aircraft analyzed. The effect of distributed

wing drag on the inviscid structure of these wakes is small, and

while the axial velocity excesses or defects which can result are

quite large, the radial extent of this region is small.

2. The wakes of these aircraft in a landing, take-off, or

take-off/approach configuration are extremely complicated due to

the spanwise segmentation of their flaps. While observation and

measurements in the near field have shown that multiple vortices

are trailed, analysis of flyby data strongly suggests in most cases

that merging of vortices occurs by the time that the vortices

intercept the measurement tower. The result of merging is that,

ultimately, downstream only one vortex pair can be discerned.

Since the merging process is one of turbulent interaction, there is

little hope of obtaining vortex structure from the inviscid Betz

method. In these cases, an analytic determination of axial and

swirl velocity distributions must be obtained from a complete

numerical solution of the flow field. Since it has been assumed

that interior and tip vortices roll up independently of each other

and remain discrete, it is not surprising that agreement between

measured swirl velocities and computed distributions is unsatis

factory .
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3. The effect of distributed wing drag on the structure of

the "interior" vortices, which are part of a multiple pair wake, is

at first glance quite significant near the vortex center in that

the peak swirl velocities are reduced significantly. Closer in

spection reveals that the extent to which the vortex has been de-

intensified, in terms of the rolling moment it can induce on an

encountering aircraft, is not significant unless the aircraft's

wing span is comparable to the size of the modified region. Since

the largest drag-modified regions were found to be of the order of

twenty feet in diameter, only the smaller general aviation aircraft

can benefit from the immediate effects of drag. The large axial

velocity deficits which result, however, are important in that they

provide a mechanism by which turbulence is generated. The ultimate

dissipation of the wake is a result of this turbulent transport.
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6. RECOMMENDATIONS

In terms of incorporating the results of this effort into

TSC's Wake Vortex Transport Model, a recommendation can be made

regarding initial specification of wake vortex strength and

separation. If it is assumed that merging of all vortices shed

from each half of the wing occurs, initial vortex strength is the

wing root circulation r which may be obtained from Table 1 for

the aircraft and configurations investigated in this report. In

addition, vortex separation b1 and initial descent velocity are

tabulated. It is anticipated that improvement in predicted vortex

tracks would be obtained by using these descent rates and strengths

over those values given by elliptical loading assumptions.

It must be emphasized, however, that the values of wing root

circulation, vortex spacing, and initial descent velocities given

in this report have been obtained from analytic considerations and

may still depart from those of actual aircraft. The reason is that

lifting surface theory or vortex-lattice theories which are

currently considered to be the most reliable methods of computing

wing load distributions are not adequate for wings with slats and

flaps deployed. It is, therefore, not surprising that the effect

of the fuselage on the wing load distribution is not reliably

treated with these methods.

Clearly, the least understood phenomenon in aircraft wake

vortex dynamics is turbulent transport. The merging phenomenon

illustrates the turbulent vortex-vortex interaction, and it is this

process which is believed to be responsible for the low hazard wake

now under study by NASA. Other problems appear to be equally

important, and these include the interaction of the wake with the

turbulent atmosphere and the interaction of the turbulent wake with

the ground. The lifespan of an aircraft wake is ultimately

determined by turbulent transport, and it is suggested that re

search be continued in these areas.
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APPENDIX FIGURES

A-l - A-39

Comparisons of calculated
tangential velocity profiles with

measurements made by NAFEC
for 727, L-1011, DC-10 and 717 aircraft
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