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Tho draj inducod by’ the trailing.vor:ex system of an aircraft
 wing was raducad by introducing auxiliary airfoil shaped surfacel, or .
AL fins, * at the wingtip, Induced drag réduction, which is a rosult of
reduced downwash due to a redietribution of vorticity in the wake, was

\éqghproved by optimizing the number. positions, and orientations of the .

fins. An efficient wingtip modif tribdted vorticity by

generating additional 1ift, particu ‘ d ‘the wing

As -a conaequance;n‘the spanwése centroid of " the' wake ”
‘distribution was shifted outward and downwdah on the" 'wing was reduced
| The same reduction of downwash which reduces induced drag also
Y " causes an increase in the wing 1ift curve slope, dC',/da .' Because“
lift could be measured accurately by means of a set. of chordwise
pressure .taps located  at the mid-semispan of 4 rectangular wing,li'
accurate evaluation of lift curve slope and, by. inference, induced
drag reduction could be performed This procedure produced repeatableu
»reaults shat showed the influence of various wingtip configurations on
effective”aspect ratio and induced drag.
| Redistribution of ~the wake vo ticity was also investigated by
traversing a five—hole flow angle probe through the vortex wake in 1
cross-stream planes behind the wing. “The probe provided the position -
and rotational velocity distribution of a trailing vortex.
The results suggested that a fin should have a span 'comparable
“to t;e wingtip chord and that its trailing edge should align with that

i
of the wing._ An untoed fin positioned in this manner and canted
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',Jtit;n':rd through ' 45 : was sho¥n'¢o cause a coﬁiid'oubh opmd of
voifiéity.‘ not only vas the -trongth of the wingtip vortox raducod.
ghe fin also dﬂed from 1ta tip a secondary vortex comparuble in
strength to the wingtip vortex. - When a second fin, untoed and‘
uncanted. was placed ahead of this fin, an induced'drag (:ductionJ,df:
25. 82 was measured, . Supplementary tests indicated that -little

-.{mprovement in the induced efficiency of this combination could be had

with the further introducticn of additional fins. :
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The drag due to the influence of the trailing vortex systemzp

‘nerated by the wing of a tranSport or. general aviation aircraft qan‘L
ﬁ:acc”unt for as much as’ 50% of the total aircraft drag during climbin37
‘flight and a substantial portlonwof drag, typically 20% even duringﬂ
1cru1se. Th1s ~drag is -due - to downwash at the wing. caused by the‘
traillng vortex systeml.lAttempts to reduce 1nduced drag by prov1d1ng:
. the wlng with endplates arelreported from as early as 1897 when .
f‘Lanchester obtalned a patent for vert1ca1 surfaces et the‘~w1ngtips.i“
) More recently, Snyder and Zumwalt [1] report the use of w1ngt1p—
mounted propellers to actlvely alter the downwash dlst\lbutlon along
i the wing., Other researchers [2] [3] have d1ffused ther::ngtlp vortex
: by 1ntroduc1ng ‘spanwise blow1ng at the t1p, thereby reducing both‘
:ulnduced drag and the vortex wake hazard encountered by f0110w1ng
‘alrcraft. , h _ 4‘ o i ‘ |
54' In‘ 1976, »&hitcombm[4]ﬁintroduced small nearly vertical winglikeA
"surfaces, ori winglets, mounted at the wlngtlps. These reduced the
‘lnduced drag of a representatlve f1rst—generat10n narrow-body Jetv
‘ transport by 20% at a de81gn 11ft coeff1c1ent of% 44 and a cruise
fMach number of 0. 78 Wlnglets also causéd a 9% - increase in the- lift—
'to—drag rat1o, more than tw1ce the value obta1ned w1th a spanw1se
-wlngtlp exten31on for the Same bend1ng moment penalty.- F1gure vi'lff.
shows the Whltcomb wlnglet as it is now called to be composed of twovw
parts: a large aft—positloned upper’ wlnglet canted outward 150; and ‘a
ismaller wlnglet,_ placed ahead ‘of and below the upper w1nglet : canted

N )
outward 36 Flgure 1—2 prov1des conventlons for both the cant angle»



'ﬂand"the winglet"incidence ‘or toe angle.‘ S

The ‘?hitcomb winglet works in part like an endplate" it spresds'"‘
the wake vorticity, ‘with 'a subsequent vertical diffusion of the :
s Wingtip‘ vortex and a consequent reduction ‘in ,downwash However,
'1unlike an endplate. ‘the winglet is also an efficient llfting surface.
The signiflcance of this. may readily be seen in Figure 1-3, where the
wlnglet utllizes the local flow around the wingtip to ;enerate both a
lift and a drag. These forces may be recombined into two components-
an 1nwardly d1rectly spanwise force, ‘and a chordwise force, wh1ch
prov1desz drkcomponent of thrust 1n the direction of motlon. ?heq

2 ‘\ .
winglet thus tends,to‘behaye like a sail, over and above the mechanism

Y
ot

of vorticity redistribution. ~ In this-manner the winglet is superior
"~ to - an endplate,' whlch is not an . eff1c1ent 11ft1ng, surface. ‘ In
addltlon, Asa1~ [5] has noted that a wlnglet is also superior to a
.;Spanwlse w1ngt1p extension, in that the winglet has a narrower chord
and thus incurs a 1ower para31te drag penalty.

Whltcomb de31gned the w1ng1et in an ~attempt to obtaln the wing
1oad distributlon that would in theory provide minimum 1nduced drag 1n”
subcritical flow. | He admltted however .that his- model was not
optimum. More recently, other;investigators [5] - [10] have altered - .
‘vthe" or1g1na1 geometry “in order to rfurther improve efficiency.
lshimitsu and Zanton'[8 : for example, changed the airf011 shape so
that the winglet would work satlsfactorily at low speeds yet not
develop flow separation at high speeds.. Some researchers have even
fdone away with the lower winglet altogether. (Whitcomb proved . its-

benef.t to be marginal.)



‘transports > the ¥ the
‘Canadair Challenger,, as well as the Gates Learjet Model 28 Longhorn
:‘and Model 55 [10], and Model 28/29 [11] Lighter aircraft such_ aslp
sailplanes and general aviatlon aircraft might be better suited to
“the low speed wingtip devices’ d1scussed by Splllman and Allen [12]
These employ an array of 1nclined aux1liary wingllke surfaces, or
flns, each of wh1ch 1mp1ements the sail mechanlsm of Flgure 1-3.

B
‘, .

Splllman and Allen reasoned that because flow angles at the wingtlp'
Tare hf%hly dependent on the wing 1nc1dence, a s1ng1e fin placed at the
'ltlp may experience upper surface flow separation at. hlgh 1nc1dences,
or undersurface separation at low 1nc1dences. But, several f1ns
arranged in a Splral cascade about the t1p would reduce the tip flow

angles to less severe values, and would thus reduce the llkellhood of

‘separatlon. The array should be cascaded 1n ‘a d1rect10n opp081te to

that of the tip flow S0 that each f1n but the for é¥benefits from -

the downwash of the f1n ahead, 0Of course, no f1n should cross the

o
"~ wake of another ~ an angular separatlon of 15 or more was suggested.

Splllman "and, Allen }ound the cascade of Flgure 1-4a to increase °
‘the lift- to—drag ratio by 21% at a 1lift coefficient of 0 35 with a
vcorrespondlng effect1ve aspect ratio 1ncrease of over 40%. ‘Héré;
_three 1dent1cal flns are mounted on the surface of a t1p tank. . An:
‘extensive set of w1nd ‘tunnel measurements was conducted on .. the
adJustable dev1ce of Flgure 1—4b where the number of fins, their'
pos1t10n, 'and their angular spac1ng could be ‘var1ed The life-

dependent drag factor was reduced by 9% w1th one hor1zonta1 fin and by

'292 w1th three flns. Because each addltlonal fin 'cont51buted a

ot
S



= were fonnd tb be adequate. - It‘:as also foun ?vhat an’ array in ‘which‘; 5
- the. fins were essentially horizontal gave the Enwest lift-dependent;"'
drag for a given 11ft coefficient,% and an array for which the fins,
were - essentially Vertical gave the lowest'lift—dependent drag for a
given wing root bending moment . Of these, the horizontai:array ‘had .
the lower 11ft—dependent drag. . ! |
Some other wingtip devices that are intended for Tow speed

flight are'thoée‘of Zinner [13]. One ofvhis wingtip configurations is -
'illustrated 1in Figure 1-5a, where fourbfins are arranged in two
inclinedvpairs. Within each pair, the fin incidences are.set apart/by'.
6i, This placement forms an optimal biplane'arrahgement,‘ so named
because the‘aerodYnamic performance‘of‘a biplane is.naximiaed ‘if the
upper and lower wing incidences differ by about 60. Zimmervgfodhd
this device to be more effective than a simiia{g dewice,‘,shown in.
Figure i—Sb, for which the fin incidences.were'set'apart in eqdal'ﬁ
increments." The configuration of Figdre 1-6, which combines 'the
x‘optimal biplane arrangement with a triangular wingtip extension, was
4 ngund' to be superior when gains’in"aerodynamic“fnerformance were -
cdﬁpromised with penalties in weight‘and.drag; - Water tunnel tests
showed it to reduce total drag by 13% at a 11ft coeff1c1ent of 0. 3

1 - The danger of the optimal biplane arrangement is that one fin may
11e§with1n the wake of another at low wlng inc1dences. Also, if flow
separatlon develops on the 1eading f1n,' the trailing fin_ may not
| benefit from ,the downwash. - In ‘addition, jZimmer's .de;ices‘ are

essen;ially spanwise wingtip“extensions and therefore may contribute a
\ . . . Y i : v

substantial ;nt  to the bending moments along the. wingspan, .

.

ox




Aeei [5] h,es noted that wingtip devices such as winglete have 155:‘ '
g_‘seen widespread use on major new aircraft betause deeigners sare. not
fully convinced that -a wing/winglet combination ‘1 more feasible than
a planar wing. This is partly because there is no good theoretical
explanatlon for the drag reduction mechanism. The 1ntent of this work -
is to explore the mechanism through whlch aux1liary w1ngt1p surfacés“d
reduce 1nduced drag and to provide criteria for | optlmlzing the’
placement and geometry of these surfaces. ~This researth is also
- concerned w1th the development of induced drag measurement technlques.

Induced drag‘reduction-ie calculated from the measu;Ed change in the

lift curve slope of a wing as itnis fitted with"different' wingtdp,
configurations. The effectiveness of a.wingtip device may velso “be
inferred from the extent to which the dev1ce redlstrlbutes vort1c1ty
on the wing and within the wingtip vortex. A five-hole flow angle
probe; when traversed through the w1ngtip vortices behlnd different
devices,. affords comparlsons of these vortices on the basis of their:

relative strengths and positions. Low speed wind tunnel experiments

. form the basis of the investigations.



21 mmnucmnmonumc'wmc o o
A conventional planar wing generates a series of streamwise,'
lvortices distributed along its entire span. The vortices are shed from
the w1ng trailing edge as a continuous sheet of vo:ticity which
subsequently rolls up into two wingtip .vortices some - distaucev
downstream pf the wing, as shown in'Figure 2—1. The wake vorticity is
most‘?intense near the wingtips, . where the rstelbf change of the
C1rcu1at10n distribution is greatest. . \
| The streamwise vortices induce downwash alonglthe wingspsn;~ A
typical downwash distribution is displéqed in Figure 2—23,‘ along with
the corresponding circulation distribution. The mechanism uﬂich
relates downwash to lift is depicted schematically inv Figufe 2-25,
which shows a tress section of tue wing. The downwash, w, amd free—
stream, ) U_,, velocities coubine to preducev‘a resultaut effective
freestream 'veloeity, g. ,» which 1is displaced from the’ undisturbed
freestream direction by an induced angle of incidence, .B . As a
result, the wlng section lies at an effective incidence, a_, which
is lower than the geometric incidence, a .

| When thevwing is placed in a stream of velocity g. it
experieuces a force perpeudicular to the direction of g.. - Kutta-

Zhukovsky theorem expresses this force (per unit length 1 3 spa,wise
. . 3 ’

direction) in terms of the bound vorticity on the wingﬂl

the vector sum of the sectional 1ift p

-

induced drag pwrl,_. , which are perpendicul®

6




%?‘U wnd W mpec:ively. "It can be seen that o incruu"

= glFestiGaa
in downwaah reduces the megnitude of the effective 1ncidence. and
corﬁhaponds to an 1ncrease in 1nduced drag. »

" As. the downwash varies across the span so must . the sectional
induced drag, and a spanwise integration of the sectional induced
drags .produces the total induced drag.~ (Note that the downwash
remains constant only along the span of a wing which. has an ellipEical
lift distribution “and the itotal induced drag is a minimum.)

?
It follows that for the same geometric incidence, a three~

dlmen81onal wing 1lifts less stromgly than a two-dimensional w1n;,
which has no trailing vortices and no downwash This is illustrated
in Figure 2-3, which presents thetlinear portions of the lift curves
for three configurations: - a conventionel_planar wing, the same wing
with a suitably modified‘uingtip, and a two-dimensional wing.‘ Their
respective lift curve slopes are iabeled7n\;n1m, and m,. A properly
deeigned wingtip device reduces downwash and increases loading near
the wingtips, thus making the wing more two-dimensional. This effect
is reflected as an increase in the lift curve slope. Once modified,

the wing can fiy at a lower angle of attack for the same 1lift

. coefficient.

2,2 LIFT CURVE SLOPE COMPARISONS

The induced drag of a wing and the slope of its 1lift curve are
related through their dependence on the downwash distribution from the
- trailing vortex system. One experimental.technique of this work is to

determine the reduction in induced drag due to a wingtip device by
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| measuring - tho’éorracpohding incresse in the liftd curva. slope, This
method, although indirect, provides a fundamental measure of induced

drag because both liftd curve slope an_d induced drag rely on the same
mechanism. This method also excludes the masking effects of viscous
drag and form drag that would otherwise be present had the drag been
mé;g'ured directly. . . |

. Consider expressions for the induced drag and 1ift curve slope of

a conventional wing:

[

C, =C,(1+6) , o(2-1)y
nA

[ — (2-2)
1+m (1+¢) ’

A

The factors & and & are small numbers that accougt, for the shape of
the 1ift distribution a;gnd are both zero for a wing with an élliptical
lift distribution. The lift curve slope for a two-—digensiona]’. wing is

m_ and its theoretical value is 2m per radian. If Equation 2-2 is

[ ]
solved for the geometric aspect ratio and substituted into Equation
2-1, a relation between induce,a drag and the slope of the lift curve

is obtained:

C, =C; (1+6) L__’_._] | A _
,.‘(I+e)[m m, . (2-3)

If a wing is fitted with a wingtip device, the resulting change

—



1n 1nducad drag may be alculuted aa a nondimenaional percontage

chanse whare the unmodified wing is used as a baseline: . .

: \ o
The unmodified and modified cases are represented by the subscripts u

and 1N-reapectg¥ely. The change in induced drag as indicated byﬁ the
.y )
measured li_ft 'c_yrve slopes is obtained by substituting Equation 2-3

\
into Equation 2-4:.

:
. s

AC, = [’:"-}[’”-][m/ 'm."] —4 (2-5)
: L1+ JL1+6 ILm,/m_~1

where the modid.ﬁiqed and unmodifled cases are compared at the same 1lift
coefficient. Although a wingtip device can be expected to alter the
values of § and ¢ for the wing, it appears reasanable to assume that
the ratio of 7+6 to f+¢ does not change appreciably when the

wingtip is modified., With this assumption, .Equation 2-5 reduces to:

-4C, = [I—m./mn] (2-6)
’_ms: m.

L4

where ~AC, denotes induced drag reduction.
4

Equation 2-6 is the desired expression which relates changes in

. i . .
the lift curve slope to changes in induced drag. It can be seen that
if a wingtip device causes the slope of the 1ift curve to rise, it

also causes induced drag to be reduced.
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An. increase in the.!1ift curve slope cai‘ also be shown to
correspond with an 1ncrqaé§'in effective aspect ratio., . If the

effective aspect ratio of a wihg is established as

vA ’

.=A
T+e

then Equation 2-2 may be rewritten as

I+1no

nd,

and solved for the effective'éspect ratio in terms of.the lift curve
slope:

A, = 1[1; r]" : :
nlm m,] ‘ "

This may be substituted into Equation 2-7, which is similar in

form o
and function to Equation 2-4:
’ AA. = Ann - Atu '
A.U
(2-7)
so that the change in effective aspect ratio may be expressed as -
AA. ='—[,_mwf|/muj| * (2—8)
1-1n'577n.



[

¥

3

R

I: ‘can bc seen from Equation 2-8 ‘that & wingtip' device qﬁwg,*
increases the 1lift curve slope of a wing increases its effective
aspect ratio as well, Note that this derivation' is without'
- simplifying assumptions. In contragt. the derivation for induced
drag reduction requtred an estimate of the behaviour of the 1ift

distfibution in order to ‘quce Equation 2-5 to Equation 2-6.

\ 2.3 FOUNDATIONS OF VORTEX WAKE ANALYSIS

“. A~ rolled-up vortex may be modelled as a rotating viqcous core
surrounded by a potential field. A crlSs section of a typical vortex
in Figure 2- 4ba shows thes rotational velocity, v, » to be tangent to
the d1rection of swirl at any radial distance T, from the center.
The wing enters from the left side, and flow is out of tﬁe page. The
velocities are radialiy distributed in the manner shown in Figure
2-4b. The velocities /on the inboard side of the vortex follow a
negative convention because they induce downwash on the ‘wing. The
~core 1is seen to be bordered by the two rotatlonal veloc1ty peaks’ that
flank the vortex center. These peaks are separated by a distagce of

or where r___ is the core radius.

mex .

The characteristics of g2 wingtip vortex are governed by the wing
loading and tib géometry. A'wiﬂgtip modification such as a winglet or
an array of fins can alter the vortex wake considerably, including
dispersion of the wake vorticity as we11~as changes in the number,
strengths, and positions of the traillng vortices. A useful parameter

for comparing the vortices shed from d1fferent wing geometries is the

vortex intensity /. ~This may be defined as N

\
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Tﬁe intensity 'of a vorgex differs from its strength in that
strength must be-éalculated using rotational velocities from the outer
field of the vortex in order to avoid the turbulent and  v1scous
actions which redur;g. vglocitigs near the core. | Becauée t:h;,‘_
Mmeasurements of this work are conductéd in aﬁd near the core region,
vortex cdmparisons based on intensity, tho;gh approximate.;'are mofe,
convenient , and give a good indicatioﬁ of the’relative sﬁrengths

between different vortices. The differences between strength and

intensity are treated fully in Section 5.2.3.



A settiing_chamber'dndjthe rectangdf.:imaln test
“sectlon (8 0 x4, 0 x 36 ft) make up the lower portlon.ip Fllters “and
;flow ‘stralghteners 31tuated throughou the upper channel and Just
before the settling chamber reduce théjair turbulence level in ‘the

R

ﬂr}.

‘maln test seeﬁlon to a ‘very low value,. Fout 0. OlZ
A -m&ximum’ alrspeed of 130 ft/sec can be achleved in the malnﬂtest

eectlon, w1th a veloc1ty proflle un1f rm to w1th1n 17 when the test

o
NS

' sectlon is free of experlmental apparat s. R R

a8 .

3.2 TEST SECTION COORDINATE,CO VENT

e

LAIN

S N The rlght—handed coOrdlnate conventlon deplcted in Flgure 3—2 is

e

) used for the main test sectlon. ~ The Jrlgin is placed at the entrance

Sy

to 7. the test sectlon ‘on the cen%erllne.' The ‘X-ax1q p01nts

fhorlzontally toward the wall agalnst which the w1ng 1s mounted and the

L

‘ Y—ax1s p01nts vertlcally downward The‘Z—axis.c01nC1des with. the test'
M- . " ] \\.y."" - - .“')
sect1on ceﬁterllne..; S /,
o

L . o o »_ /% . ' fy
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A wing section of 3, 91 ft semispan was used as '8 reflection

'plane model to which wingtip devices could be attaehed The section isjt’

descrlbed by Marsden [14] as FX61'163/SF a slotted flapped verslon of

f‘a sailplane w1ng. It has a constant ‘chord of"l 53 ft and the aspect

;measurementS‘undertaken in this‘WOrk

' chord‘ 1engths d

ratio is 5 10. The w1ng is untw1sted and untapered with 2.27 camber

‘and 16, 37 max1mum th1ckness. Every test was -performed with the'flap

completely retracted. Q
As' noted in [14] the aerodynamlc character1st1cs of e_wing.and,

its good performance at 1ow Reynolds numbers make 1t suitahle Vfor

, llght powered alrcraft. It-is thus well suited for the ' low speed

b
A

A set of chordw1se static pressure taps on the wing enabled,
measurement of " the surface pressure dlstrlbutlop . The taps are .
1ocated along the m‘ﬁrsemlspan‘on the upper‘and lower surfaces, as

well as on the flap., Table 351 lists the measured tap coordinates,:

Y 3.4 WING Mounm'{s

The wing sectiof was - mounted horlzontally w1th its spanwise ax1s
8 ’p Sp:

: normal to the test section walls, Thls is illustrated 1n Flgure 3-3

‘and pictured'in':;zﬁp 3-1. The wing was pos1t10ned approximately flve o

tream from the test sectlon mouth "w1th"1ts tip

_near the test sectlon centerllne.’ Its base was held against ahwooden
"platform w1th a steel rod One end of the rodgpxtended 1ongitudinallyor

7‘1nto ehe w1ng at 1ts quarter—chord p01nt and the other end protruded.

W



al owEdfthe winguincidence to be adjusted manually.~ L
oy BRREYT ' R

35 wmc'rIP" DEVICE 's"pac‘m‘cm'ous,;

A variety of wingtip dev1ces were created by affixing different
combinations of airfoil shaped ﬁins to a wingtip—mounted tip - tank.

“The spec1f1cat10ns of the tip tank and fins are prov1ded‘in Figure

3<4,

Figure 3-4a describes the'tip tank ~which had a length of{1.64c
|
and a- maximum thickness of 14% of its length. Its rear half ‘retained

- z

seven f1n supports ‘that were d1str1buted amongst three chordw1se

positions, one for each of three fins. Different wingtip
.c;nfigurations could be created by securing combinatlons of up to
three fins to the tip tank, w1th'no more than one fln per chordwise
p031t10n. | | | | |
Figure 3-4b specifies the fin dimensions. The fin a1rf011.shapes
- were modelled after that of the w1ng section UA(2) 180, wh1ch is known
to have good characteristics at low Reynolds numbers. Every fin had a‘
sharp unswept trailing edge, aﬁhean chord of approx1mate1y 0.22 ¢,
and "a root chord 11m1ted to 0 33 c, so that fins mounted at adjacent
chordwise p081t10ns do not OVerlap.bi The fins were each twisted 5o
enough - to account for the variation in crossflow w1th radial dlstance
dfrom the w1ngt1p, but not so mugh as to promote flow separatlon. Their'
spans \‘;ary islightlko that when they are. mounte\d on the tlp tank
their tips remain equally dlstant from the tip tank centerline. Each ,
fin retained in its base a threaded rod and a pin at the one—thlrd and

>

' three-quarter cgord points respectively. The rod allowed the fin to be"




'ew;ﬁbolted securely to: the tip tank and the pin prevented fin “rotation{
‘ The pin could be inserted into one of three pinholes provided with " a

‘ fin support thus allowing the fin root chordline to be fixed at a toe:f
) o o
angle of -5 0 or +5 Fins are mounted such that their 1lift

vectors point upward and/or toward the wing root. Plasticene,

appliediaroundvthe base of a fin, ensured a smooth cont  ous fairing

between tip tank and fin.
e ' A :
g The‘ileading edge of a fin placed at the foremost chordwise

p081t10n 1ay just ahead of the crest of the main wing, 0.23 ¢, behind vl

q 8
‘the wing leading edge., A-distance of 0.054.0, separated the trailing

edges of - the wing and a fin placed at the middle position: - A fin
placed at the aftmost position extended horizontally in a spanwise
direction uith its trailing edge?situated flush with Shewrearuard tip‘
of the tip tank., |

The main set of tip tank measurements was complemented with a
supplementary study 1n _which tt'n of the fin for the: " middle
‘chordwise p051t10n n@s*varied The was truncated from its tip to
:spans of 0. 65(: and 0 Qﬂcl, from an original span of 0. 87 ¢, . Figure
3—ﬁ§ shows the dimensions of the shortened fin.l .
Flnally, a rounded tip represented a standard of reference. The

t1p is specified in Figure 3-4d and is p1ctured w1th the w1ng section

(1n Plate 3-2.

3.6 TIP TANK NUMBERING SYSTEM

The t1p tank is 111ustrated once more in Figure 3 5. _.The order

in khlch the fin supports are . numbered is included as well ~ Each -



ERP
tey o
k.
ke
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.on the tip tank are identified by the three diglt code

[y

abe , ~ %

where a, b, and c correspond to chordwise p081tions A, B,,‘and C

respectiVelj, also shown in. Flgure 3-5, Each d131t of the code

contains the number of the support to which a f1n is attached. ‘If no

-

fin is mounted at a g1ven chordw1se p031t10n, the correspondlng digit

is' zero. - For example, the tip tank configuration 301 signifles one

fin placed at chordw1se p051t10n A in hole number 3 no fin at
chordwise posltlon B, and one. fin in hole number 1 at chordw1se

position‘C. The code 000 1nd1cates an unfinned tip tank

Toe angles are’ zero degBees unless otherwise 1nd1cated 1E‘shown¢

below:

" 026 60 - 5,

.
o,

for-inStanoe, indicates fins in the holes numbered 2 and 6, with the

fln in hole 6 be1ng toed out by five degrees. The fin in hole 2 is at

)

‘& toe angle of zero degrees. \

‘it

jThe truncaGEd fin. of Figure 3-4c was used. exclusively on

configuration 020. The variable fin spans are identified as‘follows:

-
-

020 o~ fin span at 0.87o! N

“  020Ll - fin span of 0.65¢, , ¢
‘ 020'L24 - fin span of O, 430 .

One possibie tip tank configuration is pictured in Plate 3-3,

,particular cant angle.ff

The correspondence is lieted 1n Table 3—2. Different fin combinations"



Hetls a1l thréefinsareémployed theforemoet 18+ Uncanted,”
middlemost is canted outward 450, and the rearmoat is canted 90o ‘ lhe
toe angles of all three fins are Oo. ~ This particular configuration,

" incidentally, has a form similar to that of the Spillman and Allen
H[12]..cascade; | Figure 3-6 provides an easy reference'through which
to identify different fin‘combinations:‘ the tip tank configurations
that are discussed in the results are pictured with their
corresponding codes. | |

¥

3.7 FIVE-HOLR FLOW ANGLE PROBE

T

The five-hole probe is modelled after one'described by Wickens
and Williams [15]. It may be used in an unknown flow field to
determine the localfflow angles, the local resultant veloc1ty and its
c0mponents and the" local total and static pressure coeff1c1ents. When :
' placed 1n a vortex wake, the probe provides the 1local rotational
velocity asiwell | _ | .

The probe is constructed from four stainless steel tubes arranged
symmetrically about a fifth as shown in Figure 3- The outer tubes
lie in pairs along two orthogonal planes centered on the axial tube.
The faces of each pair are ground to an included angle of 909. That
~of the axial tube is ground_normal to the.probe axis, |
Pressurel differences between opposing outer tubes furnish.
‘the local‘flow angles when the probe is faced upstream in a nonaxial
flow field. As.Figure 3-8 showsai the local resultant flow véloc ty
. vector, - V; . _*formsl,la pitc'h'angle, 6, with the’probe. axis"ifj a

combined pitcééﬁlane. A roll angle, ¢, describes the orientation of




bﬁgthis plane with the verticalw‘ The. orientation!of the local resultant '

;velggity vector may also be described in terms of a pitch angle,‘kh ,
‘vwin the vertical plane and a yaw angle, M » 1n a horizontal plane.
" These angles are also shown in. Figure 3-8. ,

The resultant velocity vector at the tip of the probe may be
‘separated into three mutually perpendicular components that 1lie
~parallel w1th the test section coordinate axes. Sidewash, v , and

longitudinal,1l, components_point 1n.the‘positivevk’and Z,directions
.respectively, and’ an upwash, u), component poihts in the_negative Y
direction. | |

‘The tip design of the probe limits its application to . impinging
flows for which .the local pitch angle does not . exceed 450. The

~procedures for callbratlon and use of the probe are based on those
prov1ded in [15] and are outllned in Appendix I.
: - . G
3.8 MEASUREMENT APPARATUS - “
. o :

The experimental arrangement ' whlch is depicted schematlcally in
Figure 3-9, enabged measurements of the wing surface pressure
distribution, “flow angles yithin the trailing vortex wake,. and the
test section airspeed

- The five-hole' probe was mounted on a portable XY traversingl
mechanism, orrtraverse, which is pictured in Plate 3-4, A close;upx

view of the probe and its mount ‘is prov1dé&\in Plate 3-5. The traverse

les always placed so that the probe t1p lay in the same cross—stream

'plane as one of six wall taps, or stations, situated,downstream of the

wing. For example, Figure 3-9 shows the probe positioned at“Station 4,
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| ”mThe wall taps, which were spaced every 4 0 ft along the test seqﬁfﬂh ‘

wall at its mid—height. provided baseline pressures for wake analysis.

| A pitot-static tube pbsitioned about three chord *1engtha
downstream of the wing and outside of the wake furnished the test
section alrspeed The ailspeed upstream of the wing was obtained from
”another -pitot-static tube positioned'near the entrance toz the test
section. |

A mercury-ln—glass thermometer 1n31de the test sect1on supplied
tbe' working air temperature and a mercury barometer provided the
barometric pressure.

Figure 3-10 ls a schematic diagram of the data acquisition system
which is semi-automated, being run for the most part by a -ﬁ? 85
minicomputer. . |

Validyne transducers receive pressure, differences from the
measurement apparstus and convert them to electronlc 31gnals through a
varlable reluctance pr1nc1ple. The responses are llnearlzed by a set
of carrier demodulators, one for each- transducer. (The transducer
. calibration procedhrelis provided in Appendix lI.)

Multiple 1ines from the wing pressure taps feed into ports of a
Scanivalve whlch in t@irn feeds into the wing Valldyne. | On command
from the computer, the\ scanlvalve is cycled through the. 11nes,
connecting each in turn to the transducer." The reference side of the
Validyne is left open to the atmosphere, as is the zero'port of the
scaniralve§3}When’ the‘SCanivalve-is homed at its zero port, equal
pressures are felt on e1ther side of the wing Validyne, and the

transducep may be zeroed

Ll%és from _the five-hole probe and the total pressure from ‘the

.
&
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Wteatﬁ section pitot feed intt")t another scanivilve in a similar manner. |
Here, a wall tap provides the -referenceﬁ pressure,

A scanner selects a particular transducer oﬁ' cue | from the
computer, which in turn accepts the response through a digital
multimeter. The data are then stored ]n magneticktape for later use,
The wing pressure dist;IBhiyons may be plotted as tﬂey are obtained,by
using a pen plottér.

| An indexer steps the traverse in the horizontal and verticél
directions in a créss—étream plane behind the wing. The sizes and
number of steps may be specified by the operator.

The measurement system is powered by a 24 volt supply..




4. NEASURRMENT PROCEDURE
4.1 WING DATA ACQUISITION

“T _
This section outlines the procedure used to obtain the 1ift curlf-

for the wing. The flowchart in Figure 4-1 accompanies the discussion.

The wing incidence is setjto a desired angle after system start-
up and with the wind at full speed. (The incidence must be set while
the wind is at full speed because Ztherwise, as the wind accelerates.
the - lift-generated moment. wﬁll cause the wing to slip by a few tenths
. of a degree.) ,Thevwihg45cenivalve is then cycled through the surface
 pressure taps untik7a %ressure distribution'has been obtaineﬁ. At
this point the wind‘is shut off,

Surface pressure taps are absent at the leading and trailing
edges df the wmng, so the pressures at these points must be estimated.
The 1eadingvedgé pressure is calculated from an average of two linear

extrapolations, one from each of the upper and lower surface|pressure

dlSttlbUth%S. ‘The_ trailing edge pressure is found in like ' manner.
/ .

An 1ntegrat10n of the complete pressure distribution provides a
sectlonal lift coeff1c1ent and hence one point on the lift curve, A
" complete 1lift curve is generated by repeating the measurements for
different angles of attack.

 The measurements are corrected for the test section walls; . wind
Mtunnel Béunda:} corrections are summarized in Appendi% éII.
The'bing operates at a Reynolds number of 1.0 x 10 based on the

mean chord when the wind is at full speed, The Reynolds number based

on the roogbchord of a fin is 0.33 x 10 .

N
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4.2 WAKR DATA -ACQUISITION

Before the vortex wake behind a wingtip device was meaaured the

‘five-hole flow angle probe was positioned with its long axis parallel

to the test section centerline and with its tip in 1llne with a wally‘

tap station. Then, with the wind at full speed, the vortex center was
- !
located by traversing the probe in a cross—-stream plane until its

~ central tube registered a'minimum_ pressure. Rotational ocities
were gathered by stepping the orobe in 0.05 inch inérement:sl:;;ohgh
tﬁe innermost two inches of the‘vortex. Two velocity distributions
were measured one along a horizontal radial axis and the other along
a vertical axis, Radial coordinates originate from the vortex center,
with positive directions as shown in F}gure 4-2a., Also shown are the
dowuwash_ sides of th® vortex: these are taken to be the inboard and

bottom sides, ’
The sample plot of Figure 4-2b was measured 4.1 chord lengths

behind the wing fitted with the round tip for a lift coefficient of

- 0.33.  Circle and square symbols enclose data from the horizontal and

vertical traverses respectively. Rotational velocities are normalized'.

with respect to the freestream velocity. The core limits are seen to -

be defined ‘by the rotational velocity peaks on either' side . of the
vortex center, - Variations in the oositioné and magnitudes of these
peaks due to vortex as}mpetry or experimental uncertainties could be
reduced by averagiﬁgAthe results from both distributions.

. Apart from ;;e ‘initial éurvey in which the vortex center was

located, the entire measurement procedure was automated.



5. YALIDITY OF THE MEACUREMENT PROCEPURE - -
5.1 LIFT CURVE MEASUREMENTS | »
5 i :

5.1.1 Justificatiod of Lift Measurement at Midspan

A total 1ift coefficient for the wing section could not be
measured due to the nature of the experimental arrangementé either
force balance or a gpanwise integration of the 1ift distribution is
required to find'tofal 1ift. | Instead, the measured mihspan'sectional
1lift coefficient 4is'used to éenerate the 1ift curve. This lift is
assumed to e a reasonable approximation of the total’ 1lift or‘
reasons that follow. ' f\\\d/

A-wingtip device is suspected to affect the wing loading in twa .
wa}s; These are illustrated schematically in Figure 5-1. First, a
device increases the wing agpect ratio, It also displaces the wingtip
vortex outward, resulting in ré&géed dowﬁwash across the wingspan.
Thus, a wingtip device increases sectidnal lift at all spanwise
sétations, as shown in Figure 5-la. 'A set of chordwise pressure taps‘
will sense a lift increase no matter their spanwise location. Second,
a wingtiﬂ device redistributes vorticity with a subééquent
. redistribution' of downwasb. Because vortex laws require that no -
vorticity is lost ér dissipated in ﬁhe near wake, reduced downwash
near the wingtip must be associated ‘with increased dowﬁwash across thé
rest of the wing., This causes the 1lift distribution _to increase
toward the wingtip and to decrease near the Qing root, as shown in
Figure 5-1b, Lift remains unghanged near the middle of ;ﬁelwing.

Both of the%b mechanisms occur sim&ltaneously with the

introduction of a wingtip device., Of the two the first is believed to

} 24



be more dominent- although minimal to immeasureable changes in midspan
eectionel 1lift are poee:ble ‘with the second mechanism. the results of
Section 6.1 will show that subetantial induced drag reductions (up to
26%) can be measured using pressure taps located at midspen.

Q

5.1.2 Calculation of the Lift Curve Slope

) )

The lift curve of the wing model is highly linear for 1ift

coefficients becween about 0.2 and 0.8, corresponding to uncorrected
wing incidences of about —20 and 50. This is the normal operating
range of " the wing. As the wing incidence is increased beyond this
: »Jgange, flow separation begins to develop on the wing‘upper surface,
leading to a loss of 1lift. This ds maniﬁested in the 1lift curve as a
departure from linearity. tikewise, reduction of wing incidence below
the operating range leads to loes of 1lift due to undersurface
separation. It was faqu that thetiocation and extent of the 'linear
range for the wing model depended slightly on the wingtip "geometry.
Before the lift curve slope could be measured, the endpoints of the
linear range hed to be determined, |

Lift coefficients were always measured for a specific set of wing
incidences which encompassed the linear range. This set contained

, o .0 ) e
pncorrected wing incidences between -4 and 8 , spaced 1 apartome™

-0 )
Additional half—degree steps were ﬁuded at -3. 5 ‘—2.5 , and 8, 5,

in- order to better define the regions where the lift curve becomes
nonlinear. In all, sixteen points make up the lift curve.

The lift curve data were grouped into a series of twenty-five

intervals, each with different endpoints. The endpoints were taken

N



from the first five and 1é ,‘:fivo dats points. PBach interval

~ thus enclosed points corresponding to uncorrected wing 1nc1dohca§}
between -2o and 50.- "Linear regressions were perfprmed on the
intervals, anég\the 1lift curve slope was obtained from the interval
which had the highest correlation coefficient, Linearity was found
to be excellent‘for the 1lift curves of all wingtip configurationg: a
typical value for the gorrelation coefficlent was about 0.9999, :
k\}txuses as maﬁy data points

N,

as posgjble while avoiding departures from linéhrity. As well, it is

The advantage of this method is that

automated and r uickly. It is thus more flexible than a procedure

where the sl

»

found for a fixed, prespecified domain of wing

incidences.
5.1.3 Sensitivity of the Calculations

One can differentiate Equation 2-6 to find the sensitivity of
calculated induced drag reduction to changes in 1lify curve slope.

Equation 2-6 in functional form is

-AC, = f(m_). (2-6)
Differentiating,
d(—AC.‘)zaf(m‘)dmm, _ ¥ .
om -

- * »

where the sensitivity is given by the partial. derivative. This
results in 7 A
Q

d(-aC, )= m /m_ dm_
) f=m_/m,



e

_ 'This may-be rewritten in terms‘of'the'uncertainty,‘E,:'“

E'(-AC )= 1 E(m,).
: m. ,/nz -1 .

Note that if the uncértalnty of 11ft curve slope measurement is the

'5same for a11 tests,. thén uncertalntles in calculated inauced dragi
= reductlon decrease w1th 1ncrea31ng 11ft curve slope. |
Some r;sults from Sectlon 6. (Table dcl;’w1ll be borrowed at this
p01nt in order to demonstrate the seqs1t1v1ty of ‘the relatlon g1ven’;
‘ }ahove. For example, 1f the unmodlfled t1p tank. is used as a
: _réference;v then- 1n 1s 1 358 n/radlan. If one uses the l1ft curve - .

L.

- reSults for conflguratlon 300 whlch performed marglnally well w1th an t

11nduced drag reductlon of 6 IZ then17; 1s 1 3811r/rad1an and théf“lﬁ

sen31t1v1ty,takes on.a VaIUe of 59 0 ' That 1s, 1f the uncertalnty in

in”;is say, 0 12 then the correspondlng uncertalnty in 1ndueed drag ;;i;

[ AR

reductlon 1s 5 9Z The sen31t1v1ty is seen to 1mprove reparkably as'”

4‘1

,.;tﬁé‘ performance_ of a. wlngtlp dev1ce 1mpr°V85-'h .FOff; example :

' vconf1gurat10n 321 was the best overall cg%flgurat1on w1th a 11ft‘Cﬁrve-

: Y LT
t'islope of 1 463h/rad1an and an . 1nduced drag reduct1on of 26 0%. here, ST

tﬁe sen81t1vrty works out to a value of 12 9 Although an exac

pumerlcal value for E(m )(and hence forE'( AC )) was not - found hev

/ .
measured 11ft curve 310pes}3re belneved! e very prec1se for reasons“:.

s \
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"which may be‘fouud in the next aubsection;.er

S ‘ . #. _
5.1.4 Precision of the Lift Curve Results A

-
e

is assoc;ated w1th~exper1menta1 1naccurac1es and leads to scatter in

"-the Lift curve data. Because the llft curve slope 1s a derivatlve, it

1s h1ghly sen81t1ve to this’ type of error. ‘ Yet;~'as_was‘dlscussed in

s

‘Sectlon 5.1.2,_ the data”had extremely high correlatfone{ indicating

very little scatter over the linear: range. The other error source is

aasociatedeith the 1ift‘measurement technique. That~is,veven though

»@ a 11ft coeff1c1ent can be’ measured with high prec131on, 1t may not

; match the true total 11ft coeff1c1ent. Here, there are two causes for

4

error' thegtest sectlon walls 1mpose constraints on the airflow~ and

4

M
the total 11ft is approx1mated w1th the mldspan sectlonal lift. A

supporting dlscu331on for the latter was: provided in Sectlon 5.1, 2 AsA

: well wlnd tunnel boundary corrections were applled in order to

vcounter the 1nf1uence of the test sect%on walls. The measured 11ft is

therefore believed to-be representat1ve of the ‘true 11ft.
G : :
=-y_ . M ) L .“n ) ’5 ',

5 2 VORTEX'WAKE ANALYSIS

e
5 2 1 Underlzing Assumgtions
~ 3
lf.VFivel.basic“hsSumptions,are'implied’ln the'analyeia of a'Vvortex
vake; | E
1. Interference. between’the.five-hole flow angle prohéfahq5 a
trailing vortex is minimalrh_f" L o




2. The. trailing :
N L '
complete and orderly fashion.

_ has, rrolled‘ up‘:vin” ‘a
'3.ijfThe wake has not deqayed appreciably.,

4. The rolled-up vortex is axially symmetric.
5. Constituents of a multiple—vortex' wake’ ‘may be

ltreated'separately;

These assumptions are“justified in the subsections that followr

'a) *Probe/Vortex’Interaction “

ﬁ The trajectory of ac trailing vortex tends “to approach the‘
freestream direction asymptotically as the vortex rolls- up;‘ as shown
in Flgure 5~2" It is.thus reasonable to assume that the axis of an
ﬂessentially completely rolled-up vortex is parallel with the’ free—
stream direction." | . | m |

As noted by Uzel and Marchman [16] and by Mason and Marchman‘

[17], a measurement probe placed in a vortex core disturbs it least 1fh,,

o o
the probe andrcore axes are 001nc1dent It is therefore assumed thdt

the “five~hole ‘probe may be faced directly upstream S0 as to m1nim1ze

_'vortex disturbance. o o x . . .

b) Co-pletion'of Roll-up
-
The trailing vortex sheet is assumed to wrap around itself in an‘
'.ordegly fa&hion such that vorticity shed from the wingtip w1nds up in

the genter of the completely rolled-up vortex. The outer. layers -of
ey . .

ol
;vortek are made up of vorticity shed from near the wing root.

,jﬁgure 5 2 - which includes a cross—sectional v1ew of the trailing
e ) ‘
" .vortex sheet illustrates the manner of roll-up.
. B . ) . ) . .;,\‘_.
AN ‘ o i S v‘
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The rate of roll-up end the degree to which it ie complete at a

‘ particular point downstream depend in- part on the wing 1oading.i”f"”

Spreiter ‘and Sacks [18] haVe noted that with higher loading near ‘the
wingtip, the shed vorticity is. more/intense and(rolls up at a faater‘d
rate, In fact, Corsiglia et al [19] mention cht a rectangular wing
‘with rectangular 1oading prec1pitates an extremely rapid rate of roll-

up. With more conventional wlngs, Rossow [20] states that roll—up is

genéraliy

g .

Spreiter ‘and Sacks found that the downstream ‘distance, e , at
which<ro714up is complete for a lifting wing may be expressed as

?/f

®

_ Kk ab o
Cec (5-1)

[+

e : ‘ , : - ‘ :

where ¢ -is the mean chord of the wing.  For a wing with iptical
T ) <. : N
“loading, K = O 28. Spec1f1cally,° the equation for the wing section
that was used in this work a flat rectangular wing with af aspect
-ratio of 5, is - .
| T . i ' p ' ‘

T,

where data from Figure 9 of [18] have been used. For the range of -
lift coeffic1ents that were used in this work Equation 5- 2 implles

‘that roll-up is complete between about three and seven chord lengths
. behind the-wing section. a | lﬁ~ ’ ,‘ , >

These results may be applied to the measured rotational velocity

'dlstxibutlons for the.wingtip vortex at several'points downstream of .



’ﬂthe wing section.

4$distance of 12.0 chord lengths. - L

- Thy ok

(MA "

, ehows the distribution about 1 5 chord lengths behind the wing

trailing edge for a lift coefficient of 0 16. The breaks ig thexa
velocity distribution indicate that the vortex sheet is still iny the~
early stages of wrap—up. Figure 4—2b (the sample plot of Section 4, 2)

shows roll-up to be much closer ‘to completion 4,1 chord lengths

behind the wing tralling edge for a lift coefficient of 0. 33 There

, |
is little change between this distribution and that of Figyre 5-4,

~ which was measured at the same lift coefficient and ‘a downstream

-

i
Most wake analyses were performed 4.1 chord lengths behind the

wing. Strictly speaking, roll—up is not always fully complete at this

, g
point. »Nevertheless, ~on the basis of the data presented in the .

preceding"discmssfah," roll-up has proceeded to a degree that it may

\
be deemed essedkially complete. : ‘ SRR

&»'

c) Vortex Wake Decay

. o ©
,“_ | . ;}

Visc081ty does not take on significance until mucﬂ@later stages

in wake evolution. Long after the entire vortex sheet has rolled up

-

. into trailing vortices, they .begin to decay through viscous
1nteractions and sometimes through internal fluctuations of turbulence

.. and axial velocity.,

It is assumed that decay processes have not been._initiated at
v o - . .

points  where wake measurEments are‘conducted This assumption is

‘based ‘once’ again upon a comparison of Figures 4-2b and 5-4, which

: shows 11tt1e change in the. cross-sectional characteristics of the

wingtip vortex' as it is carried,to‘the end of the test section. A

g is fitted with the roundxtip. Figure 5-3*“‘:‘
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'rotating vortex is usually stable enough that the time scale required

for decay is much grqpter than those used in this work

d) Axial Symmetry

- In order to simplify the wake analysis, a rolled-uu ivortex is
 assumed to be axially symmetric. Although downwash in the region of

the wing can tend to increase the rotational velocities on the inboard

side of the vortex, this will be noted in Section,5.2.2 to be slight-"

and therefore negligible. Also Westwater [21] and Moore [22] mention

in their numerical studies of wake evolution that the vortex can take
5 .

on a distinctly elliptlcal shape, but this occurs at time scales

comperahle ‘'to those of decay and is not con31dered to. present a

-

problem.

e) Multiple-Vortex Wakes -

' ‘Some wingtip devices-mey cause multiple—vortex wakes to be 'shed
from either side of a wing. * This phenomenon‘is»not'a'new or unusual
one, endoleteS'and flaps also‘cause secondary vortices to be'shed

The number, positions, and strengths of the shed vortices are
determined by the shape of the load distributlon on the wing. The
mechanism of multiple vortex shedding is treated fully in Section
6.2.4. o |

Glosely spaced vortites nay interact and/or merge with each

other. Turbulent transport and the subsequent diffusion of vorticity -

are caused by the straining interactions between vortices. However,

merging‘ is ' not always a necessary consequence of a multiple-vortex

R T, R
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”mfvﬁgke, , Ita bccurrence d pends on the signs and strengths of the“}ﬂ‘

vortices, as well as’ their separation distance. According to Bilanin
:et al [23], vortices of like sign and equad strength will merge if
close enough ‘and it was found‘in [24] that a weak vortex will convect U
around a strong vortex without significantly altering the strong.:'
vortex., , ’ | |
Given enough'time, the constituents of a multiple—vortex wake may
k.interact .80 as to destroy axial symmetry and- complicate the wake
analysis. severely. However the time scales required for interactlon'
are generally very 1arge, _and the very weak secondary vortices that
. were encountered in this work are believed to have a minimal effect on

the wingtip vortex. It is assumed, then,y that each vorkex in a

multiple-vortex wake may be viewed as- distinc‘;drom,the‘rest.

-

5.2.2 - PRECISION .p_g THE WAKE RESULTS

Figure 5-5 demonstrates that even with a fine point spacing the
'peak of the rotational velocity distribution\may not be accurately -
defined. In order to increase resolution and reduce errors in both
the measured magnitutude of the peak velocity and its radial(~
position, a very fine point spacing (0.05") was used. The ‘core radius
is therefore resolvable to within one half of this spacing, or 0.025",

The measured core pg:ition was found to be repeatable to w1th1n
0.13", Thus, ‘the flow angle probe could not always be passed”
?prec1se1y through the vertex center as "desired, An example of this

._problem is illustrated in Eigure 5-6a which shows a cross section of

the vortex. The horizontaﬂﬁtraverse is shown to be offset slightly




i 9‘ o

.

from the centar. ‘whereas the vertical traverse remains on an axis’ofw
symmetry. The resulting measured velocity distributions are depicted
in Figure 5—6b. It can be seen that the horizontal traverse measures
velocities thattare lower than the true values. As well, the measured

-

. core radius.is‘smaller;‘ e ‘ - ©
"Other’ factots contribute' to uncertainty' in measured peak
rotational uelocity. " For one, “the flow angle probe :becomes '
increasingly less ‘accurate in regions uith high flow angles (neat
45?), particulagiy within the core. As well, most of the measured
rotationa‘//'velocity distrib;:ions were found to be . slightly
asymmetri : ‘nelocities on the inboard side of a vortexfnere up to
about 5% higher than those on thedoutboard side, ThlS might be caused
"~ by downwash from the w1ng bound vortex which tends to increase
veloc1t1es‘-on the inboard side of a trailing vortex. Asymmetry may

. also be due to incomplete vortex roil-up;
> In order 4tb“ teduce the margin of error, the peak rotational
velocities. --ada“core radii as measured from both the horizontal and
vert1ca1 traverses were averaged |
]

5.2.3  Distinction Between Vortex Strength and Intensity

<\A w1ngt1p device redistributes vorticity on the wing and 1n the

wake - with’ a consequent change in strength of the wingtip vortex.
Vortex ) strength is  best calculated with rotational velocities
nea;uted in the irrotational outer field,‘ where the measutements afé*’

- least susceptible to viscous interacti& and turbulent fluctuations
L ) . . :

near the core region. As well, some researchers [25]-[27] have noted




measurements are conducted across much of”the outer~ gions of the
vortex, the calculated strength will be much 1eni than that 1ndicated

by the Kutta—Zhukovsky theorem:

v

l=pUT,.

“For - example, Donaldson and Bilanin [26] discovered that.dnly/saz of\
n»the. total circulation of a vortex may be found within a vortex radius
of 7/(b/2)< 0.10. The measurements of this investigation, however,
are made w1th1n a radius of T/(b/2)< 0.021 in order to accurately
define the core limits. Here it is‘more convenient to use the peak
rotanional vélocity to estimate vortex strength.

A measure of vortéx strength is the intensity; I , which - was

c
defined as

I 2n(rv oHmes : (2-9)
v

A distinction between strength and intensity must. be made because the -
extent ’to which viscosity éffects the velotities near the c;re edge
is unknown. Turbulence can also affect these veloc1t1es but it is not -
known if the vortices of this work are laminar or turbulent iFor a
laminar vortex, the intensity takes on a theoretical value of 0.716.
This reéult is pfesented in Appendix Iv aIbng ‘with an extended

discu931on on turbulent vortices. As well, other uncertaintles in

the measured peak rotat10na1 veloc1ty were d1scussed in the previous



subsection.. Nevertheless, it is desired bnf} to comparé different

wingtip vortices on a qualitative basis. Here, then, intensity is a

sufficient indication of strength.

Y
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6. DISCUSSION OF RESULTS
6.1 LIFT CURVE RESULTS

in hPrder lto redistribute the yake vorticity, a wingtip device
must generate circulation (1lift) so as to draw off some of the ‘bound
vortieity from the wingtip vortex. The effectiveness of the device is
determined by geometrical details such as the span andvtwist of each .
/ﬁin, as well as their placement and orientation with reséect to e
wingtip; A technique to measure the overall effectiveness would q‘i w ¢
. experimental evaluation of the ‘e?fect of changes in .the device
geometry. In this investlgatlon an indlrecx\,etermlnation of induced &
drag is derived from a measurement of changes in the 11ft curve slope
'as was discussed in Section 2. 2 -

Table 6-1 1lists the measured lift curve slope, induced drag
reduction, and effective aspect ratio increase due to each wingtip.
configuration; Equations 2-6 aﬁd 2-8 are reproduced below for the

reader's convenience. '

» —AC,‘ = [I—mu/m_] , 2 (2-6)
17 0 '

...m/m.

(2-8)

The unmodified wingtip here is taken to be the unfinned tip tank.
Thus, m, = 1.3581T/radian,.» which is an average of two repeatability

37
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As well, ‘Marsden [14] has found the tWo dimensiotal 118t curve .slobe

runs .(labelled #1 and #2) that vere measured-for this configutatiop.'

for wing section FX61-163/SF to be 1.863ﬁ/radian. This value is yBsed

for m, rather than the theoretical value of 2ﬂ'/radik£$¥or

The induced drag reduction (5.8%) andueffective' aspect ratio
increase (6.17) due to the unfinned tip tank a}e obtaffied ffom a
coyparison with the round tip. Fo; this case only,*rnh = 1.336n per
radian, which vagain isvan average of two fepeatability measurements.

The unfinned tip tank improves performance for two reasons: it extends

~the wing farther in a spanwise direction than does the round tip and

»

thus carries the load disﬁribuf}on outward to a greater extent; an it
has ﬁore surface area than the round tip, so the local‘ fl es
round the wingtip are reduced. The latter of these was not y
Spillmah and Allen [12] for their tip tank.

,’ Finally, it shoqld be noted that the measured induced drag
reductions of- Table 6~1 are highly repeatable. However, because the
repeatability measugéments for a given wingtip configuration are

composed of only two runs, there are not enough data to accurately:

estimate a value for the repeatability. !

6.1.1 Effects of Wingtiﬁ Geometry on Performance

a) Chordwise Position of a Fin

The importance @f the chordwise location of an auxiliary fin is

determined by the extent of flow interference between the fin. and
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wing. Flow aeperation on the wing might ocedr 1f ‘the fin were located ngﬁ

" i -~
¥

near the position of the wirg prensure "3. so the fin should be
& .
placed either ahead of or behind this peak Whitcomb's reeults [4]
" !

support this conjecture: as long as the winglet leading edge did not
exceed the wfng crest, the flow int?rference between wing and winglet

that could promote sepadgtion was minimized, ‘Although these results
’ were ,qbtained under Supercritical conditions, none of the 1ow speed
devices of Spillman and Allen [12] had fins which exceeded the wing
crest either. | |
'The tip tank was constructed in accordence . with  these

considerations: all fins were'placed*aft of the wing crest. As a
result, no tests were performed to determlne the consequences of a fin
~ placed ahead of the crest.’ Perhaps it should be noted at this point

that other .researchers at the Unlvergity of:zklbérta héve since i

- - . g TS . '
performed a supplementary set of winglet tests,’efte;;the measurements & %

of th{e work were completed
.

'chordwise locatlon of a fin while. the ca
held constant. The reader may f1nd the’ diagiti'

~helpful v1sua1 aid in the discussion thae ﬁ% Qﬁcri: 5
A comparlson of the results for confﬂ:

induced drag reduction to 1mprove by 5. 2%

moved from the rearmost chordw1se p031€?o

L
A
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position, This t¥hd is once again eviZE}t upon comparison “of .
-~

configuratipns 301 and 051: induéed.drag reduction improvea‘_by 3.8%.
The improvement is due to the fact that a fin at the rearmost position
lies entirely behind the wing in & region where downwash patterns have
already ?een established and flow angles are high, and is therefore
susceptible to flow separation. In fact, flow visualization (Section
6.3.1) showed extensive flow separation to exist on this fin. By
toeing = the fin outward through 50, the separation regions could be
{reduced in sizé somewhat. Nevertheless, because flow separation
prevents the fin;from generating 1ift to its full potential, the
resui} is poér induced drag reduction (6.1%).

B

Apart from these results, Table 6-2 provides no conclusive

evidence through which to optimize fin placement. If a fin is canted
o

e

45 , it would appear to be better placed at the middle chordwis* &
‘ ‘ W

-

position, whereas if it were uncagtgd; it should be placed at the
.‘ i 7::\ ' R 4

foremost chordwise™ poéiiibn. According to the resdlts of other

& o .
investigators, an optimal chordwise placement appears to be one for
which the trailing edges of fin and wing are flush. Whitcomb [4], for
example, recommended that this be the case on the basis of some
exploratory investigations, but he gave no physical explanation. As N

N

well, the arfays of Spillman and Allen [12] were arranged so that the

trailingjedées of the aftmost fin and the wing were aligned.

¢
b) Cant Angle

- z
The result of canting a.vertical fin outward is to allow easier

fairing of the tip tank/fin intersection and thus reduce .:;h@

H



'-fﬁpossibility of flow separation. - ccording to Heysdn et al [29] theﬁf\;7

’7hbenefit. of a single winglet over‘a spanwise wingtip extension is bestf:hv’;
f}for small cant a\gles.,‘ In fact,, studies of the Whitcomb winglet and
jlts vazlations 1ndicate a cant angle of 15o to beﬂnear optlmum [11]
EAs well, Splllman and Allen [léj noted that Cantlng vertlcal end-‘-‘
ukx plates odtward by only 5o can-reduce 1nduced drag cons1derab1y. _
o . ;
BT Although a- small outward cantrhay be best for ‘a. s1ngle neardj

AR

: fvertical fin or wanglet larger cant angles are regulred for multlple—(

. fin arrays. Each followlng f1n must be canted further outward than the‘
v . i
Afln dlrectly ahead so as to allow” benef1¢1gl mutual interference

‘between the flns. As a consequence,‘ the cant angles of the foremost‘
. . : : o 4 '
, and aftmost f1ns can dlffer by as much as 90 . For these arrays,’f

’;'hlghly canted flns tend to behave as t1p extens1ons and f1ns w1th‘

¢

‘11tt1e or no cant behave more llke endplates. *‘ —_— , ] ey

fThe' role- of large cant angles in 1nduced drag reduct1on was

L~

;tested by us1ng a s1ng1e f1n attached to the t1p tank at a spec1f1Ci

chordwlse p081t10n. The f1n was glven succe351vely 1ncrea81ng degrees

3-of cant “with the 11ft curve: of the w1ng measured at each step. The
;f" resultlng 1nduced drag reduct1ons are dlsplayed in Flgure 6 1 along~¢js*

| \;w1th the correspondlng t1p tank conflguratlon codes. Results ‘f%reh
presented for: the foremost and m1dd1e chordwlse pos1t10ns only,' there"

'mtwas no provision at the aftmost chordwlse p031t1on,for any cant angles

-_'other than 90o | ’

The veffect of outward cant at the m1ddle chordwlse position'-ls”;V
; du1te pronounced.. Flgure 6- 1 shows a cant angle of &50" to 1mprovex
‘_,[1nduced drag reductlon by approximately 4 SZ over cant angles of 0o or N
vf?~90°;'1 Induced drag reductlon appears to be nearly 1ndependent of cant’

R T



45 .. It is not known :

42
ftangle at the foremost chordwise position,‘ at least for cants of up toph

“nd continues For- higher cant angles.';h"

It .should be noted t t the résults of Figure 6-1 contain some‘fj

-, -v1,' Foh
‘1nconsistenc1es° For example,

'two chordwlse pos;tlons- at’
.0 ;

\

5 whereas it is untoed at the mlddle p031t10n.“ Note also- thgu

dlfference 1n cant angle domalns. It follows that a dlrect comparlson

of the cant angle re3u1ts from both pOS1t10ns cannot be made “because

of these dlfferences Unfortunately, t1me 11m1tations and the t1p tank

geometry d1d not allow for c1rcumstances other than these.

Conf1gurat1on~ 020 - reduces‘ 1nduced drag ‘by 17. 0%, more

e difference in toe angle for the

emost position, a fin'is tOed Out“;

than any other conflguratlon of - F1gure 6 1. This configurat1on waS'f

also observed to shed a. strong f1n vortex secondary to the w1ngt1p

"'vortex. Ev1dently, vort1c1ty redlstrlbutlon in the w1ngt1p reglon
contrlbutes to the super1or 1nduced drag reductlon. It~appears that

‘the fin has an. 1dea1 or1entat10n relatlve to the t1p flow so as to

L
M

‘ 1nduce* secondary vortex sheddlng. ' Forvnow, it w111 sufflce to say
'that no f1n at any other cant angle or chordw1se p051tlon shed as

' strong or as notlceable a vortex Section 6. 2 examlnes‘thls result 1n

- detail, ’ iv—‘ o R L e

c)  Toe Angle

»

As Conley [10] bo1nted out an untw1sted w1ng1et must necessarlly

be toed outward because the var1at10n in crossflow away | frOm the

a

wlngtlp may otherw1se promote flow separatlon on the wlnglet upper

' surface. Also, 1n 11ght of the sa11 mechan1sm shown in Figure 1- 3, a'

. ,..l

toed-out W1nglet,§an 1ncsehse the'magnitude of thrust in the d1rectlon1

¥ P
;.;a ) R
3}&";'-
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"‘ of motion.

. a few degrees. ' R

"for two tip tank configur.

i

P

Parasite adrag and benﬁing moments increase with toe-out to

the point where they nullifybreductions in induced drag, 80 an- -

fllght condltlons. Accordlng to Conley, toe-out need notabe more than K

8

5

The 1nf1uence of toe angle on- induced drag reductlon was studied

' one conflguration (001) retalned a

VW s

‘ 51ngle vert1ca1 f1n at the foremost chordw1se pos1tlon, .and the other

o
(020) retalned a’ 31ngle fin, canted outward 45 , at  the mlddle

chordwise p081t10n. These are the two 81nglé-f1n conflguratlons that

were found to reduce 1nduced drag the most when the: fins were untoed

Kl

The toe angle results are presented in Figure 6-2, f:_f

o

Both conflguratlons show a notlceable drop in effectlveness when
. o " o

fa fin is toed from 0 to =5 . The losses in induced drag reductlon are

3. 71 and 7. 1% for ‘the 020 and 001 conflguratlons reSpectlvely. These

¥

_results appear to contradlct Conley s f1nd1ng for the-Whltcomb wlnglet

.

»“that )a small degree of toe-out improves performance. The Whltcomb

[ .'/ o -

‘w1nglet however, is gnthsted ‘and needs to be. toed out at the root to

take advantagé of the large-
"%'. *

the wing at the. wlngtlp. In. addltlon, the Whltcomb w1nglet 1s 1ntended

.y

for ‘near son;c flow speeds. The 1nflow angies are muchnlower for the

tip tank because it works ln 1ncompre531b1e flow and it increases the
: surface area of the w1ngtip. As a consequence, a toed-out fln cannot

A provade as much 11ft as an untoed fin because it 1s at ‘a- lowerb

low angles near the upper surface of

. e .
*optimum toe—out angle will depend on the wing load limits and the

:1nc1dence relatlve to. the t1p flow. As well, the fln alrfoil sections

<

have a zerovlfft angle‘of -5 s SO the flns do not generate as much ,

“
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‘ o

- o

' fin of c nflguration 020 2@-5 is canted outward, its incidence w1th;
¥ ¢ :

respect t the tip flow 1ncreases ‘with increasing‘wing incldence., The
fin thusj generates more: 11ft and increases 1nduced feff1c1ency moreu
2 than the Pncanted fin Qf ﬁonfiguratlon 001 1@-5.

Bothf tip. tank conflguratlons experlence a loss in effectiveness

o 0 14
when thelr fins are toed from O to 5. The losses, 2.5% and 0.3% for

"~ _the 020 and 001 conflguratlons respectively, are much less severe than -
those fqr toe-out apparently because a f1n with toe—ln is at a high’
'1nc1dence relatlve to the tlp flow- dlrectlon and can consequently

.generate a higher llfe»force. This lift would normally berexpected,to'

I i

be greater than that for an untoed fin, - ‘'which is at a lower incidence

relatlve to the d1rect10n of flow round the w1ngt1p. However, because“"

" the local flow rapldly turns’ toward the freestream d1rect10n with
'ilncrea31ng radual dlstance from the w1ngt1p, the outer portlon of a

'toed-ln,‘fln is at a hlgh inc1dence relatlve to. the freestreamf‘

.

dlrectlon. It has a larger progected area in a cross-streanhplane,thanf

does an untoedrﬁ;n, S0 1t experlences a sllght 1ncrease 1n para31te
: s ,;_:, .

‘}drag. Slmllarly, a toed—out f1n aiso experiences a drag 1ﬁcrease.,

These results suggest that tlp tank flﬂS that 'are given"an
‘ optlmum or ‘near optlmum amqunt of cant must be hétoed if thef aref to
.operate in’ 1ncompress15$% q&pw. Unfortunately, there are not enough
data to support a. cohﬁé?atlon between . toe angle and cant angle.

R X 5 : :



v,d)'_iFi%)Span

Mangler_ [30] “and Weber [31] conducted endplate studies that |

indicated spanwise 1oading in the region of the wingtip is heavily"'
dependent on the endplate height They calculated the effect of
height on the?induced drag factor x, which is obtained from Equation

2-1 and relates induced drag to the total 11ft coefflcient‘

] . . »
P
’

"

-’ follows a‘contlnuous decline with increasing endplat% height,

| Because a winglet is a form oi'endplate, its span is expected to
be a domindnt factor in 1nduced drag reductlon. This 1s,because with
1ncrea31ng span, a w1ng1et can generate more lift. Whitcomb [4] found
induced drag to. decrease sllghtly less than 11near1y W1th 1nCr3381ng
‘w1nglet span. In addition, Splllman and Allen [12] showedﬁthe 11ft—
depegdent drag factor ‘of a w1ng with a: s1ng1e horizontal fin to
decrease steadlly wlth 1ncrea31ng fin span.  This result is reproduced
in Flgure_6~4 Unfortunately, the plots ofiFlgures 6-3 and 6-4 cannot
-be superlmposed because llft—dependent drag is only partly composed of
1nduced drag. 4 Nevertheless, both curves can be seen to exhibit
SimilarvtrendSs'; |

The precedlng results contrast with those given in Flgure 6-5

Here, 11ft ‘curves were measured for the 020 conf1gurat1on with three

dlf%e;em: fm spans‘ o. 43¢, , 0.65¢, and 0:87 c, . . A'l»tqhough

\
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induced drag reduction improves with increasing £fh span, the curve is.

not continuous. Drag reduction appears to be roughly span-independent
‘].at about SZ for fin apans between 0. 43 ¢, and O. 65 c « A marked.

*increaSe in effectiveness is shown for spans above 0 65 e, ., with

induced drag reduction reaching 17.0%" for the greatest span " tested,
0.87 ¢, .

A definite‘conelusion cannot be drawn from the data‘of Figure 6-5
because the curve is composedlof only‘three widely-spaoed points,
Changes in‘fin span, howeuer, will be seen in Section 6.2.1 to have
pronounced effects on the vortex wake. Here, an explanation for the
discontinuity ‘ in Figure 6-5 may lie. in the redistribution of
vorticity. The 020 configuration‘ Wasﬁobserved ‘to shed _a strong
‘seoondary vortex no matter.the fin length. Although the poSition and
intensity of the vortex was’found to_vary with fin span, the pattern
of variation was.not continuous. | |

JIt is important to note that the endplates of Manglerkand Weber

were uncanted, whereas the fin of Spillman and Allen was oriented

horizontally, One would expect, then, that the 81m11ar trends. of

" Figures 6-3 and 6-4 should have little deoendence on cant angle and

'should be evident in Figure 6-5. However, the differing geometries of
the fins and endplates forbid a direot‘comoarison.” |

The optimized -spans of fins in a ‘multiple~fin array must
.compromise 1nduced drag reduction . w1th 1ncreases in para81te drag and

bending moment. The vert1ca1 foremost fin should proba -have' the

greatest "span as it must produce significant side forces. The

’ horizontal aftmost fin should have the least span so that the 'wing

root bending moments do ﬁot become ti;“-.severe. "An irg_tri_oate'. test'

UL AN ol e
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program would be required to explore the full effects of span

[

varietion in a multiple—fin array.

’,4;': Kt
r

C gb Mntual Interference Between Fins

.+ " The 1atera1 separation Ay, of a wingtip configuration may be
o defined as the difference in cant angle between successive flns. ' It

i3 the - lateral separatibn which determines the extent of ‘mutual

4

_‘inference between . adjaceht fins: with increasing separation, a

_trailing fin is placed further away from the downwash field of a
’ ) ’ -

leading fin and is less able to benefit from that downwash.

In order to test the role of mutual interference between fins in
effecting induced drag reduction, lift curve measurements for several
-mdlt1p1e~fin tip tank configurations w1th lateral separations rangingb
from 22.5 th 90. Oo were conducted. The fins were always spiralled

'in a direction opp031te to that of the wingtip flow 80 that ‘the

ﬂ

rearmost of a pair of fins was canted further outward <han the

o

foremost.-, The resultlng induced drag reductions are*compared against

the lateral separations in Figure 6-6. A t1p tank configuration ‘code-

accompanies each data point on thp plot. " (Data for a lateral

separation of zero degrees are not provided because they ‘come - from-
R O
devices for which one fin lies within the wake of another ) The

results as shown in the plot suggest no sdmple correlation between

§

"drag reduction and lateral separation. In fact, it would appear that

‘ lateral separation has little 1nf1uence on 1nduced drag at all
&).. R A

~
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mutual int:erf:'erencé,_.;qe‘t:l.!"}een~ f.ins‘ as a‘ dfag reduc'tion me'chanis’m."t‘
} Rather,.the extent’ﬁo:which a given'multipie-fin configurationﬁreduces
> induced drag depends on how much each fin of the configurationh
%%%ﬁhgforms when acting - alone.‘ For example, consider the single—fin
configuratlon 020, which retains a fin canq.d 45 at . the mdddle
}é;" chordwise positlon. This device reduced induced drag by 17.0%, m?re'
than any other:i%pgle-fin configuration that was tested. It is’seen"
in Flgure 6—6 chat multlple—fln COnflgurations Wthh retain this fin
as a component (ie° dev1ces.321, 021, 320, and 026‘6@—5) have, :ne
average, superlor 1nduced'bdfag reduction compared to the other
devices. ' Uhen conflguratlon 020 is combined with configuration 001
whlch also, had hlgh 1nduced drag reductlon (14, 8%), the results are
clearly super1or multlple—fln conflgurations 021 ‘and 321 both reduced
induced drag by over 257, . more than any 'other multlple—fln‘
configuration, o . |

These- observations indicate'that the influence of an additional

fin i furthering induced dfag reducﬁion depends on the: effectiveness

. of thih” % It w111 be shown here that the 1ncremental influence of
an add1tiona1 f1n also contrlbutes a progre351ve1y less amount to
1nduced drag reductlon with 1ncreasing effectlveness of -the . original
conflguration. This' effect was noted by.Splllman and Allen [12] who
- found that three or four fins in an arfajlwas near optimum, ‘and that
little could be galned with the addltlon of more fins.

4 Thev precedlng discussion 1mp11es that glven two wingtip

configurations 'A and B, which d1ffer only in that conflguratlon B

' rethlns an - addltlonal fin whlch is abse vin A, the incremental

Y

change_ 1h3;l;ft curnp slope between A a

4

should depend on the



magnitude | of"‘thc 1lift cu;\)e' slope for the original configuration A.
That 1is, '

m,~-m, = ﬁ('fn‘) ,

7

‘where f is some unknown functional dependence, . -

The dependent and independent variables of this equation may be
normalized with respect to the 1ift curve slope of some reference:

configuration,m,, and the ‘two-dimensional 1ift curve slope,m,,

" as follows: : ' . . ‘ ;o)
my,=-m, = ( ml_mk> .
m,-m, m,~m, (6-1)

where g is another unknown fi.mction. The possible domains and ranges

are . .
. -m_<
myEm,sm,: 0sm,-m,<1,
, —*
=M,
- . - 2 . B . »;
& mysm,sm,: 12m, m,20. @,«5@.%
. » o . 3
m,mm, T e

© That .is, g takes on a value of 1 if the initial wingtip configuration
“i's the reference configuration. The functional dependence tends to
" zero - as the lift curve slope of the inital ﬁ{,mgt:ip configuration

) . . ﬁ‘
approaches m, , g 3?'5 .
| F A
The unfinned tip tank is used as a refere?ce here, so that m is

v

1. 358ﬂ/rad1an.‘ The variables of Equati‘Bn 6-1 are tabulated for

several sets of tip tank configurat!.ons Auand B in Table 6- The

Y

e
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2956/ are categoriZed by fin support number: thie is the fin support
‘ of configuration B into which an additional fin has been placed, Note

the absence of any mention of fin support 4 in Table 6-3.. The only
‘ nase for which an additional fin cbuld be.placed into support 4 While

keeping fins spiralled opposite to the tip flow direction is one where

hconfiguration 300 isgtransformed into configuration 340. However, the:

poor performance of the hor1zonta1 aftmost fin (configuration 300) was

discovered early during testlng so the lift curve of configuration 340

: s * Y

waS'never measured.x o

The data of Table 6~3 are plotted in Figure 6-7.. The fundfion of
Equatlon 6-1 follows a steady decllne with some increase in scatter as
m approaches m, s Despite the scatter, which is apparently dependent

‘on the placement and orientation of the additional f1n, it can be seen

that the - influence of an additional fin in furthering = induced drag

reduction lessens with higher values of m,. Logically, one can deduce

that a wingtip conflguratlon which reduces induced drag by a la;ge

amount is close to optlmum, and little can be gained by adding more -

-fins to the configuration, o ~

6.2 WAKE ANALYSIS RESULTS

6.2.1 Rotational Velocitz Distributions

Figures 648 to 6-18 contain the measured rotational ~velocity
distributions for the round tip, the ®nfinned tip tank, and several
tip , tank configurations. The 1ift coefficients range from 0.33 to

0.90. The plot format was described in Section 4.2. Because the

© positions and internal characteristics of the vortices evolve  with

.. -
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dovnstream distance,’ the distributions were measured in ‘the same
cross-stream plane. 4.1 chord lengths behind the wing, in order to
ai;bw direct comparisons. Some plots contain closed data points wiﬁ‘dn
the vortex core: at these points either the flow angles exceeded 45
and were thus beyond the measurement range of the probe, or else 3
suction had developed on the probe tip,

The wingtip vortices shed from the round tip and the unfinned tip

tank are compared in Figures 6-8 and 6-9 respectively; Both

configurations produce distributions with distinct cores and high peak

"rotational veloc1t1es for all tested lift coefficients. The effect of

the t1p tank is to widen the core slightly, with very iittle change in
the shape of the distribution.” Most notable are the increased flow
dangleS'in the core region.

A remarkable change in the wingtip vortex can be had. with tip
tank configuration 020, Figure 6-10, upon comparlson with Flgure 6-9,
indicates a considerable reduction in both rotational velocity and
core flow angles for all lift coefficients, The dlstrlbutlon shows a
smooth transition between the core and the outer vortex so that . the
core limits are difficult to define, As well, the rotational veloc1ty
decreases with radial distance more gradually than it does for .the
unfinned tip tank. Thus, more vorticity is diffused intolthe outer
regions of the vortex.

Device 020 .shed a secondary vortex 'from its f1n tip. The
corresponding velocity distribution is presented in Flgure 6~11. 'Note

that the data from the horizontal and vertlcal traverses do not 11ne

- up. In fact, data from the horlzontal traverse on the downwash side of

the vortex appear to m1rror data from the vertical traverse on the

51



upwash side, and vice versa. Part of this result is due to the choice

of a "downwash" side for the vortex when making a verticglw traverse,

This was taken to be the bottom side of the vortex. Had the top of

the vortex beeh‘chosen‘instead, the peculiar symmetry of Figure 6-11

would not be apparent. Thefe would still, howevef%; bé asymmetr},
possibly due to one or both of the foliawing: |

1) The sheet of vorticity shed from the t;ailing edge of the

fin is initially inclined 450 with the test section walls.

If this sheet is ﬁot complefely rolled up, horizontal and

vertical traverses through the inner wrappings of the sheet

will produce velocities of differing magnitudes.

2) The weak secondary vortex convects in a counterclockwise
;7 direction around the stronger wingtip vortex as it travels
_ downstream. (This phenomenon is analysed in Section 6.2.4,)

The axis of the secondary vortex will thus point in the

direction of motion: gownstream and inboard. The flow angle’

probe, because it is inclined with the vortex axis, will:

thus measure ‘flow angles that ar'e too high on one side - of

. the vortex and too low on the other side.

If the‘secdnq of these conjectures is true, then the wingtip vortex

" 52

should also exhibit some asymmetry due to its convection around the -
; \ : ;

secondar}~ vortex. This is shown to be the case at higher lift

coefficients where ' the secondary vortex is stronger and thus more
influential. Figures 6-10c .andé§§r10d show that the syumetry  of
» the wingtip\ vortex behzkﬁ configuration 020 is opposité in sense ‘to

that - of the secondary vortex. . That is, ‘the wingtip vortex rotates
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upvabd and outward as it travels downstream. The reader. wiI

that of the wingtip vortex for all lift coefficients,

core 1is more easily defined. Note also that the magnitudes of the
rotational velocities approaéh those of the wingtip *vortex with
increasidg life, This indicates that the strengths of the two vortices
Pecome comparable. ) ' .
| A comparison of Figures 6~10 and 6-12 shows tﬁat the velocity‘ #
d1stributions due to the 020 and 300 3@-5 configurations are
R 5remarkably similar ab;ve a 1lift Eoefficient of 0.35. Yet,
configuration 020 shed a measurable secondary vortex and provided
superior induced drag reduction (17.0%) compared to configuration 300
38-5 (6.1%Z). Evidently the flow sepafatidn that was . observed for
configuratiéh 300 3@-5 prevents Secéndary vortex shedding by reducing
the amount of 1lift geéerated on the fin. Also, a direct comparisQn of
Figures 6-10 and 6-12 Qust be made witﬁ care because measurements were
m;de only in the core regions and it is.not knqwn if the similarity of
vorticity redistribution is continued beyénd the cores.
If devices 020 and 300 3@-5 .are combined into configuration 320
3@-5, the distribution shown in Figure 6-13 is obtained. The vortex
here is the secondary vortex shed from the fin with 450 cant.. The
lift coéfficient is 0.90. One can see very little gifference between
this plot and that of Figure 6-11d for the 020 configuration. Induced
drag reduction for configuration 320 3@-5 is marginally better ~at
18.4%, compared to 17.0% for the 020 device. The horizontal fin may

ihprove life slightly on the outer regions of the wing, thus 1leading

to a slight increase in induced drag reduction.
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Another uingtip device which did not shed .a measurable secondary

Ll

- vorie} wasi'configuration 001, Its wingtip vortex 1is examined in
© Figure 6-14, Updn comparison with Figure 6-9 for the unfinned tip P
tank, it is obvious thatn the auxiliary ‘fin"reduces rotational !
velocity and generates a thinner core. At highef lift coefficients . g

rotational velocity reduction is not so pronounced but the core flow

angles are reduced. Despitewthetabsence of eithe; a secondary vortex

or extensive vorticity redistribution, this device still reduces

rd

induced drag by a respectable amount, 14. 8% This 1is probably because

Jﬁ

N ] ‘,v
y .

the fin acts 11ke an endplate to increase lift near the wingtip.

aWhen the fin of the 020 configuratlon is shortened to 0.65 c, ,
0%
both the rotational velocitles and the core radius of the wingtip

P
[

Jiedv,vortex are reduced. This.may be seen by comparing Figures 6-15 and
I 6-10c, -which were both measured for a lift coeff1c1ent of about 0.7.
};,»" W The secondary vortgx, however,, is’ reduced in strength A comparison ¢

o f&Flgure 6-16 w1th Fxgure 6-1lc shows the rotational velocities to, be
: ,? : “." e ot

L .;ﬁ;,reduced and the core to be less well defined. When the fin is
{:‘f'fenfurther' shortbned to 0.43 ¢, the wingtip vortex remains virtually
f%lét{ 'unchanged as shown in Flgure 6 17. ThlS is possibly associated with
}gg;f' . the almost identical induced drag reductions for conflguratlons 020 -

‘L1 and* 020 L2 8.0%Z and 7.5% respectively, and may explain the
‘ Adlscontlnulty of Figure 6-5. In conttast, the ¥ secondary vorte;
'(Figure_ 6-18) is comperable in strength to that forv the original
configuration, which retains an unshortened fin. ilIn fact, the peak
rotational velocities exceed those of'configuration 020, _end the core
is easily defined. . ‘ ‘

\/,//j? Results - from the measured rotational velocity distributions are
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that conflguration. Secondarl vort1ces are labeled with a "B"

) » :
' analyzed &ndlviduallygu The main vortex for a given tip tank

s

e

_‘irect.Lon as the X Y, Z: axes 0

ed“fih»‘Tablerbeﬁ;j The’ main (wingtip) and secondary (fin)

e
L

VOrtices of'Qconflgurations that shed multiple-vortex wakes are f'

configuration is 1ndicated withuthe label "A" follow1ng the code of '

h:ortex core p051tions are 'prov1ded

Two sets of measured

Table 6—4 The flrst of these llStS the core pOSltions in a cross—giv’

‘\; v

stream plane relatlve to the w1nd tunnel centerllne,’awhere the test

v -«

section\%bordinate cOnventions of Figure 3-2 are used The second set ';

prOV1des the corg p081t1ons relatlve to elther the wlngtlp,_ if+a

vortex 1s ca main vortex, ‘or the t1p of a f1n,‘ 1f the vortex 'is ‘a-

secondary vortex.;. Here the local coordlnate conventlons shown in

.J

ﬂ;f Flgure 6—19 are used The local or1g1n is always placed 1n the -same|"

-

cross—stream plane as the trall‘

'edge of the w1ng, d1rect1y on- or

behlnd .a tip. The ;p x,, y,.,

$lv

2N

1

hole probe}_\Extensive surveys were conducted w1th1n the wakes of many

w1ngt1p configuratlons for varying l1ft coeff1c1ents in an effort to

Unfortunately,, not ﬁ;ll secondary vortlces could He“measured;|"

3. are parallel to and\\g the }same‘:ur“

the test sectlon convent10n. e @f* |

"apparently because they Were too weak to be detected w1th the flve- f;V_

locate a secondary vortex, but wlthout success. These vortices, Eif»l

they ex1st, are asdumed to be weak ‘enough tihat they may be neglect d
T O : R ; : .

‘s..v

6.2 .Qor_'e 'wiyd;th_ and .v;peak_._.Rdtatiangl flle‘idcit 2

" The,vstructureroffthe_wihgtipﬂvorterfcore depénds,héavily,on the =

R e T LR . #

BV



load distribution near the tip and may be used’to infer the lifting {ft”

- conditions on the wing.,¢ Grow [25] recognized that the boundary layer

o 1ayer thickness, the core spreads out with increa51ng lift. _\”

-T{Q fOr the unfinned tip tank and the round tip. Both the main andx”fi

Lt
E

- all 11ft coeff1C1ents.“ If the core w1dth 1s an‘hedication of the w1ng

-

fﬁ&o the core. Because the coré width is determined by the boundary"

f‘,varying core thicknesses 1nd1cate that an auX1liaryH¢

* shrinks as the w1ff‘

fromxthe IOWer surface of the wing at the trailing edge rolls upﬂl'

‘ Figure 6-20 shows the measured core radii as a function of lift“‘:'

. coeff1c1ent for the 001 020 and 300 3@-5 conflgurations as well asa

o e .
sec0ndary vortlces for the 020 configuration.are X »:ue§§Equ The ‘\w
o s & T -

. i-, ) h
h *Cﬁn affectﬁ g

¢

- the load 1nten31ty 1n the region of the w1ngt1p,, w1th the degree of

change dependent on the fin orientation. - .
The most striklng results are those for configuratlon 020. Here,

I
LI

the wingtip vortex core thickness remains essentially unthanged for '

boundary layer thickness,r- then these results 1mp1y that this
. - ,s. *_,,

cohfi‘%a;tion prﬁéﬁé the same amou;;t of 1ift 1n the: *ingtif reglon’

& 3

: regagdless of w;ng 1nc1dence. _ The core of the 'seCOndary vortex

. '} L .
1dence is in‘}eased probably becausg the ratef L

by

of roll—up 1ncreas‘ ,_1th,1ncreasing llft, making the core tigh;er at i

e e - p
higher>1ift eoefficients. e L ey e @’z y”ﬂ
’The core widths of the main vortices shed by the 001 and 300 3@-5’ -

e

o confrgurations ‘are, “aot nearly as impressive as those for the 020,: '

-@: con igurations were. not aligned with the wing t;ailingmedge aﬁﬁfiv

‘f configuration, p0951b1y because neither one alteqngthe w1ng worticitye

distributlon enough o~ shed & significant secondary vortex. Also,f ”5;

-




‘gfconsequently not in as good a position to affect the boundary layerfj;

.‘shed from the wing trailing edge.,, Nevertheless, the induced drag L

“\- -

T

u‘of vorticity,dF ,/dan is provided as~‘we11 When ‘an auxiliary 7

. 8 »
’ Figure 6—21b The Circulation must be continuous at the tip tank/fin;

';fwill roll up into a discrete vortex [32] Therefore, the modified tip .

2% * . *
:zi'*:ff!f;-, R e

31n§le wingtip vortex to be shed

fvelocity. } For constant loading at the wingtip, the value of the

reductions due tﬁ the 001 and 300 3@—5 configurations (14, 8% and 6.17

. respectively) indicate 'that the auxiliary fins must still have ‘a

.beneficial effect on the downwash distribution. T

The effect of a wingtip device on the characteristics of the

vortex ‘wake may be understood by considering the manner in which rthe

N

oadevice affects the spanwise distribution of circulation on the wing. '

”Figure 6—21a contains a sketch of the circulation distribution for the

p §

_~w1ng fitted with. the unfinned tip tank ‘The corresponding distribution

“6

:f -,fin is fitted~ to the 'tip‘ tank “the ‘Circulation and vorticity

dibtributions are conJectured to- take a form similar to that shown in \

+

Juncture, even though the vort1C1ty can have a di€continu1ty [29]
According to Bilanin et a1 [24J, the number of trailing vorticesyt. :

vthat ‘are shed .on one. 31de of a wing is equal to th§~number of local'

~

*tank 1n Figure 6—21b will shed\two vortices where the trailing vortex

in

sheet divides it f at the pOSition, T,
hf

of dF.//dxu'The inned tip: tank in Figure 6—21a will " cause only a-

. Q‘"‘.‘--

A wingtip vortex w111 become more intense ‘as Circulation isz 7

o concentrated on the outer portions of the wingJ Mason and Marchman

°peak

/o

o
R

) of the local minimum

: maxima of anr /dx.. Further, the vorticity shed. between 1oca*i minima

: [17] have noted this ‘xfbe marked by an 1ncrease in rotational f-;T
. o

o



3../)

;rotational velocity is an. indicatioff«-of the magnitude of dl" /d:c at a |

o

% Co
1oca1 maximum [33] Figure 6—21 a,hows that with an added auxiliary o

fin, the circulation becom“”

dI‘ ‘Az at the wingtip isc'j

.. ‘ U%«‘ﬂ'
: veloc1t1es within the wingtip vortex are reduced as well. o

' v bt

The peak rotational velocities for the round t1p,3 the unfinned

tip tank, and the 001, 020 and 300 3@-5 configurations arq presentedﬁ

as a function of 11ft coeff1c1ent in Figure 6-22 . The peak rotational' o
¥

"velocity of the main t1p tank vortex is seen to always be reduced with °

the addition of a fin.\u The most s:.gnificant eduction occurs for the

4

-f020 configuration.. , f - . A

. lts_ for configu‘rations 020 and 3

TheA?nf
: . o

_ exhibit SHNONG

bave 1ow rates of change w1th lift coefficient. This 1nd1cates a low

”‘ ra'%e of change in- the magnitude of ar /da: in th, region of ‘the

. wingtlp. On _ the. other hand the rotational velogities for the 001

configuration are comparable to those of the unfinned tip tank. * This

suggests that much of the: loading remains on the outer 'po%\ n of the

4

fundoubtedly

eason a strong secondary ortex was not observed for

f’zero at the wingti‘ The magnitude of :

%“quently reduced so the peak rotational .

trends. : The low peak rotational veloc1t1es 1ndicate .

raws some vd‘rt1c1ty off the wing. : 'The’ve’locities <also v

3@—5 are seen to.,

is not carr'“d out onto the aux1liary f1n."TE'1s/ﬁ\



core ‘width increasesfdiﬁ 3taper ratio but is almost independent of‘"*

pect ratio.o Core width may also be’ related to the point of

- 1

ftransition between laminar and turbulent flow within the wing boundary _

: layer' as the line of transition moves” toward the leading edge, ‘the .
core width necessarily increases because a turbulent boundary 1ayer is’

3

thicker ‘than a 1aminar boundary layer. \ This relation, _ however,~ ' is'

rbelieved to have only a slight effect. n

| .
b o

vt L . - Y .
I~ 6 2 3 Vortex Intensity S , e o .-
Bk g - SR
. ' . e . "‘ - ®
. ‘The peak rotational veloc1ty and- core radius of a trailing vort¥x

M .
? mag\ be related through their product the vortex inten31ty, whlch was

defiﬂed 1no tion 2.3: - o _ﬁr .

SR . , : 1 Zﬂ(rw) ﬁ . o (2-9) =7 A
s K} ; . Ly e T N TR f‘.‘.. b :\ u
Phom ey T

T : o ‘H“, B

s g.'

The intensity of a ’rol*d—upl, undecayed vortex must rem;fn constant at
successﬁve pomts downstream of the wing [13], [ 25] That is,?‘
“reductions in paak rotational veloc1ty as ‘the vortex evolves fnust w v
assocf’ated with increases 1n core width and v1ce versa. - This is .b
X .direct consequence of fonservation of angular momentum, through whicl} -
R th/e\> total :circulation of the vortex must b‘—\preserved Therefore,
‘even though the. vortices shed behind different wingtip con gurations
T may have slightly differing rates of evoluE‘idn, . they may all ‘be
compared in the -same crossistream pgne (on/ the basis of constant e

t%sity. ghis is done in Figure 6-23 for the round t1p and the 000

N N : i ; : ¥ ' S ‘ e




| oot ozo and 300 3@-5 configurati‘ns.

B

, 1nd1cates the cross-stream position of tv'

C
The plots indicate that configurations which reduce duced drag

also have wingtip vortices of reduced intensity, with the reduction

#bing most pronounced for the 020 configuration. The results~ also

.

show" that the lower the intensity of a trailing vortex, theiless tﬁls

<l

1ntensity inc ses with incre331ng lift coefficient.f' Onde again,

7
/

the main vortﬁces of configurations 020 and 300 3@-5 are shown to have o

81milar resuloan 'g e

b

It was mot p0331b1e t
. the lift curve for any
’e'downwash;distribution;'in

i?tip and the induced drag depend not only on

% 6.2.4 VorteivPositions ';

Figures 6-24a throughf "

p081b10ns for the, ooo,, 001?? 020 and 300 3g-5 configurations in a”

\

cross—stream “plane- *1 chord lengths behlnd the wing trailin,g edge.

The plots are arranged in order oF 1ncrea31ng 1ift coefficient, from

-etween the rate' of .

_ -on vortex position and the distrlbution of

e

0.35° .to 0 88, The plot for'a lift coeffic1ent of 0,71 1nc1udes»core “

p031tions for the 020 configurations with shortened fins. ‘.$he

coordinate conventions of each plot follow those of Figure 3- 2 .with
\\

chain dag&es mafking ‘the: cross—st;eam axes of the test section and

3

%flow OUthf the .page. R\ wing contour enters from the left side
and

a plus symbol marks the tip tank centerline. A cross symbol

fin tip for the 020



configura 1on.

'I‘he core posi&ions for the 020 conf /uration ~are joined wﬁth a
* & : ¢ - Ny .
straight line- a closed-circle symbol on this‘“ 1ine marks th'e centroid
e Mbh . > o
of these two: vgrtices. The centroid here is based on-: vortex

"' 0.

intensity, and its coordinates Xc.aJ’cy are calculated ‘in‘he following

manner, for a system of n VOI‘tlceS' _

zzx

e

The meaSured vortex pomtions@may no-t coinc1de with thos'e to be

4

found “in free flight <$‘due tbo constraints imgoéed by the wind tunnel

walls. Nevertheless, the relative displacem f the vortices May be

>

B b -‘ )
studied in order to gain an understand‘lng of. how a’ w1ngtip dev1ce

""affects flow on the wing. '_'- :
¥

m‘:
il N

o~ P -

The first thing to noEe about the vortex posi@ons of Figure °6—24
? is, that the cores ere displaced downward wﬂx increasmg lift
coefficient, ‘as - are the t1p tank centerline and the fin,, tip. This

. occurs. because the wing rotates about its quarter-chord axis as the
e S-S
incidence is- increased;x S0 the tralling edge n;oves downward w1t#

. , o
, . e - . .
N . . "o . - .

e N S . . . s_“

| Tespect to. the coordinate system.\ff_

%

Apart from this displacement mechanism, \ the pos:l.tion of a ggrtex

PO

core is aﬂfected by three things' convection in which the traJectdry

of ‘a wingtip vortex is'affected by the presenCe of one ~or more weaker' -

" o

secondary vortices° redistribution of qortic:.ty ‘the wing due ‘to a

Ny - [
s . £, Co P A




“oooa) Spanwise~Displacementidue¥to,Mut?el Conwection

k3 L.

.‘7'

The phenomifon,bf mutual coﬁ%ectibh is best illustrated if one:'
. o &
- considers the - main and< ‘ ry vortex positions for the 020

Ao

%bnfiguration{. .These ‘are replotted in Figure 6-25a which is similar'u

'0"@ R s

«wﬁo'Figure 6-24 exqept that the coordina systéﬂ'originates at the tip

tank centerline, in order to make ﬁhh ﬁrocess oi mutual convectlon_.
P 2 N W wsﬁ‘ u%&ww&} ;mh .. »
between the vortites easierfgo s@e.‘ Again, the cross-stream plane”
Sk

E 11es 4 1 chord lengq.p behind the wing trailing edge.

J B
! R

o :
. '

The resultd show that the rate of convection increases as the
L \ A
become more intense with increasing lift. As‘ well, the

convect in a directlon dependent on their direction of
A

rotation, ~ Because rotary motlon from oné vortex forces convection of’

L

the other, and _because bbth- vortlces rotate in a counterclockwise
] N \

fashion, conwection also proceeds in a counterclekwise direction with o
1ncreasing lift. The secondary v°rtex.is weaker than the wingtip

vortex -:and 1s thus displaced further inboard thanwﬁhe wingtip ébrtexﬂ

.- is displaced outboard The centep of ro&ation can be seen in- Figure '
" ..
%; 6f25a -to,c01ncide roughly with the centroid location, especially at

»

the higher lift coefficients. This implies that the 1ntensities of

¥ oy -
*

both vortices remain proportional with. changing lift
Mutual rotation is also shown to proceed with increasing

. ‘. . v
downstream distance ‘as shown in Figure 6—251|~ Here, the 1lift

4

coefficient is held constanteat 0. 71 apd the plot format once ’ again

R v Lo ! BRI

(8

3



follo;ls . that_of Figure 6-24 Measurem‘hnts behind configuratd.on 020

) were.conducted,at 4, I. 9 3y and 12 0 chgd lengths behind the wing.
“ The positions of the vorxx shed from the unfinned tip tank are .
included as well for reference, - As rotati;onal velocity distributions ‘

were not measured for all vortices, centrqidal coordinates could not

. ;

%obtained | - T L

ﬁ . '{r' %The outboard ) displacement of the wfngtip vortex of the 020
. “"i" & )

s, 'thus seen to depend on the,'influence OA’ ' sec" _‘dary

"‘i:;ﬁ«,‘,‘fg‘énﬁ'gui‘ﬁtibn‘-’

.., . If. one refers again to Figure 6-24, one can see that the

T

,"gmngti &'ortices of. the 001 and 300 co gurations are also ‘displaced

//"

o rd with increasing lift coefficient, albeit to

ey ems evident that these displacements may be due to the influences '
.';:. 41 secondary vortices that are too. weak to be measured with the flow

w5

"rg ) . o . ’ - \
2 a‘a‘ngle probe. N . _
e

L 2

3« s"‘

N ?‘igure 6-26 : ares the spanwise positions f the vortices of -
! 7, 'v A :
(« Fi-guxse ’6-24 against lift coefficient. Displ’acements are” me‘asured‘

horizontally- from the wing root The centroid of the 020 vortices is

ot‘,teduaas well The roun tip d the unfinned tip tank produce
v t l ‘ﬁ [ /
curves vith*negative slopes' the trailing vortices mova moard as the

e lift is increa.sed All other wingtip dev1ces force t,;{; wiengtip vortex

outward with 1ncreas1ng lift Note that‘mutual convectlon unﬁoubtedly
plays a role in the results of Figure 6-,26 WIth increasing lift the ’

wingtip Vortex of the 020 configuration travels outward toa greater

The slope of the curve is higher as‘

well, - This attests to the presence of a strong. secondary vortex. ‘The
t o

motions of the wingtip vortices for the other tip tank configurations___

.



are believed to be affected in a similar manner but to a leaaer extent
by veak secondary vorticee. Becauee the unfinned tip tank and the

round tip do not geénerate secondary vortices, " the wingtip vortex 1is s

L4

4 not CQnVQCted outward but instead moves inward. ) : - A
'ael, ‘ . ‘ ’

e ' .
b) Spanwise Displacement due to VorticitysRedistribution

... The 1 possible 'ﬁluen

g

of a secondary vortd& is only partly

reeponsible for the spanwise dieolacement Qﬁ a wingtip vortex, A

'wingtip device increases the spanwise load distribution, particularly

near ‘the wingtip, and causes more vorticity to be shed from the t1p ﬁ
region.' The additional vorticity causes the centroid.of the trailing

vortex - sheet to be shifted outward. Because the wingtip vortex rolls wa

o 8T

. up about this centr01d its position is shifted as well, . W

e

The mechanism is illustrated schematically in Fignre 6427 which’

shows ‘the circulation and vorticity distribdtions for a wing fitted 5:?

~in turn with the round tip, the unfin p tank an modified t1p
\tank. The corresponding sites of vortkx ro‘up are indicated as’
, ﬁ*
‘ell, As noted by Donaldson et al [33], roll-up ‘sites oceur at loca1~‘

/

] max;ma of |dT ,/lkrl and at abrupt changes in vortex sheet strength ~

Ed

The sheet divides ibqglf«ht local minima of ldF /dx|. Betz [34]

‘proposéd that the circulation and the f&rat and second moments of this

u

,circulation Wust be conserved at all stages of the roll-up process.
"The - spanwise 1ocation x, of the centroid of vorticity on one half'

of the wing must therefore remain invariant. The magnitude of T
' :

increases as thg wing and. the load distribution are extended A

(; a LS

single auxiliary * fin, when mounted on“the tip tank, extends the

vorticity distribution well beyond‘the wingtip;” \Vortex roll—up thus

q

"§I‘~ ‘ ‘ IR ib *



EREE L ,@g,k 65
- centers on ¥ and, so long as th,r\;is nd influencedlue to d»secot'arv‘.'
} vortex,  remains at the sem#v spanwise station for all points

downstream. = Hence, the measured value of z, is equivalent to T

However, once the’ convecting influence of a secondary vortex is
. . 3

introduced“s as in Figure 6-”-27c, ’the wingtip vortex is ‘forced outward-
apd x, is no longer equivalent to T, | . )

The trends of Figure 6-26 may also be explained in terx‘ of the
effect a . wingtip ‘device has on- the load distribution. A wingtip

. modificetion can cause more lift and vorticity to be generated on the

out"er portions of the wing as the incidence is increased. 'I;here is a

\l%

vconsequent ‘tendency for the tentroid of the vortidity'distribution to

. move outward and the trend in Figure 6-26 1 exhibit a positive

»

N ‘ slope. ,. This does not happen with a.

generated on thq inner porttﬁns of the winngithwincreasing incieence.

e
Thel wingtip vortex moves inward, and' the, slope of, . w?:i. trw%id"w;.; ..
negative. -
~ An  outward displacementr of the wingtip vortex -/is expected to
reduce downwash in the-wingtip region and’ thus reduce induced drag.
. However, no correlation be'tween dC / da and dC / dx, could be found
for a1l the wingtip configurations. This is because the results of
‘Figure 6-22 e due'\ to a combination of both vorticity redistribution

Nan‘d vorte conveciion. Note in particular the results for the wingt’i\pa‘
vorticesf shed from the 300 3@—5 and 001 configurations. - The wingtip

V'Q vortex for the 300 3@’-5 configuration was displaced further outbo!rd

R and moved outward. a\f a greeter rate _with i’ncreasing lift. | Yet, .

induced drag teduction _for the 001 configuration was much higher *
(14 8%) than tth for the\300 3@—5 d ce (6 12). * These results make, ,



T

sense if each conf&;uration sheds a secondary vortex . which forces
convection of the wingtip vortex, The magnitude of x, and its rate of
change with lift coefficient would consequently depend on bothiﬁthe
shape of the vorticity distribution and the relative strengths of the‘

main and secondary VOrtices. ‘ . o

A

c) 'Vortex_Ascension due to the Experimental Setup ‘ o

"

Flow visﬁalization showed that for any tip tank configuration,
the wingtip vortices originated directly behind the rearward point of

the tip.. tank An immediately obvious result from Figure 6-24 then, =

(’\

is that the wingtrp ~vortices rise from the tip as they travel
downstream whereas they should descend according to classical theory.
. However, - Westwater [21] and Moore [22], in their numerical studies of

the eVOlutlon of a trailing vortex sheet, have shown that the core of

.

a . wingtip vortex 1n1tia11y ‘ascends slightly as the sheet rolls _up.
Ascen31on occurs within the first few chord ‘lengths behind the wing

.trailing edge, after which the vortex desqgnds.

' The w1ngt1p vortices are assumed to be"” essentially-rol}ed up by

the’ t1me they “have velled 4.1 chord lengths downstream, so ‘the

: roll—up Pfocess -described\above is not believedvto account for vdrtex
ascen / \‘Rather, ascen ion is likely due to‘on® or more of the

\
Y

following:

1) . a. weak secondagy vortex inf

i . - Ty .
. 4 (8] ’ :
fo vortex, Ss

! .:'. 7 »

2) the travex;se creates blockage in the ‘test ;iec.t:ion’.
f el . B 50y I g
affects a vortex traJectory, _ » , A .

. LM -



3)

~

‘shed from the unfinned tip tank also ascendg (as ,‘

R
-24) but without the influence of a’ secondary vortex. The second of
the causes listed' above is probable because the portable trayerse

creates a .blockage of 7.2% (based on projected ‘area) in the test

*

et section  and forces the flow to accelerate up and over the traverse
Sk e _ '
tiiﬁfbase,'causing_vortiées to ascend in the proCess.
d In order to illustrate the last of.the possible 'causes listed

’ avae the physical situatich must be replaced with a 'mathematical \

fﬁﬂh& simqlhtion. This is done with 4he vortex image system of P%Epre 6-28a.

Here, the wing is replaced with a bound vortdx along’ its span and a

trailing vortex at’ its tip, Flow is out of the page. The ‘test
section walls are simulated by placing an . 1mage -vortex, equal: in
strength ‘and opposite in sense to the trailing vortex, " behind .each

‘boundary to be represented. Each wall is thus replaced with a zero
s : -
'streamline. In order to provide a completely balanced System, the

image vortices must be reflected as well so that an infinite grid of
f
-image vortices, alternatrng in” sign, surrounds the trailing vortex.

4n/:\“...- B
A

6—288'13 but a first-order wrepreSentation' the

"The szstem,pf‘?t r

ﬂ higher order vogtices are considered to be far enough removed from the
" B H
test section that' their cumulatlve influence on the trailing vortgx is
‘ negligible. Therefore, they are not included ih the simulation.



Suppose the image vor‘!cea ere lnbelled A through H as shown, in’

~Jthe figufe 'and auppose the trailing yortex 1s centered on the _test
eection centerline. Image vor£§§ A and the trailing vortex mutuai}y o

interact, with the downwash from one forcing the trajectory of

the other downward., However, ‘the. trailing vortex also receives an

[

ieequal amount of upwash from image vortex B,' and its trajectory ie

ﬁ“forced upward an equal amount, The vertical influences from imaée
vortices A and B thus cancel each other out, In like fashion, the
induced velocities from image vortices‘C,and D that yould- cause the
trailing vortex to move laterally in a horizontal plane also cancel
out. As well, the cumulative }nfluence from image vortices E, F, G,
% and H is also zero, and the wingtip vortex trajectory is’ constrained
| to remain c01ncident w1th the test section Centerline. The motion is
in concordance with Theorem 3 of [34] which states that the motion of
a vortex flanked by parallel walls is constrained to move parallel to

the walls,

The mechanism described ahove may now he ~applied to the
experimental results, where the wingtip vortex does not originate at
the center of the test section. The arrangement is depicted in Figure
6- 28b where the image vortices are 1abe11ed as before and the ,
tralling vortex originates on the ‘horizontal axis of the test ;ection,

,slightly to the right of the vertical axis. Now that the image system
?i;uis;asymmetric,- the image vortices do”not compiete1§ cancel each other
" out and a few s1mple calculations show that the cumulative effect vof‘
this f1rst-order representat1on is'%o induce a slight amount of upwash

on the trailing vortex. The intereSted reader may derive, the

L 3

calculations as an.exercise; their introduction here would only serve



to COmplicate the discussion. Let it suffice to say that ascension of L,
3 R

o a vortex. as noted in/the results. may be due 1" part o the action °£
R e,
S image 'vortices. "However. becadse the wingtip 'vortices of the

\_'\ BT S
v experiments always originate at a point close to the test settion
\k ,;,.Y \‘v
centerline, image vortices .are. believed : to “have only a slight

: L ‘ . , o
- fhfluence. IO v SRR S S

* .

.The ﬁhilosophy of the preceding discusgiod may be applied to “the
*image system of Figure 6—28c,nwhich constrains the main and secondary L,

vortices;of the OZO'Configuration. Once again, however, the influence
\\

of 1mage vortices is believed to be minimal ‘even. though the secondary
,‘vortex 'is much farther from the test section centerline and ‘should
thus be» influenced more by its im&ée vortices, it is wegk and its =
]

traJectory 1s‘vdom1nated by the convecting influence of the wingtip

. N .
,vortex. e . ;h- . . N o ‘. - ”." S
: - €0f the image vortex _system, - traverse blockage, and secondary
. ‘l-vortices,” it is not known which affects the ascehsion of a wingtip
- VOrtex the most although the role of 1mage vortices 1s believed to be .

minor. One would suspect that these factors combine to affect ,the

L
:\ "tesults of this 1nvestigat10n. ST R SR ”ﬁ o '_'“l\“
The trends of Figure 6—26 may also be explained in tbrms of the

EW

,4% effect a wingtip dev1ce has on the. load distribution., A wingtip

~

)

) modification can cause more lift and vorticity to be generated on the g’
'_ \outer portions of the wing as the incidence is increased There is a ..
consequent tendency for thebcentr01d of the vort1c1ty diséribution_ to
move outwa;d and the trend in Figure 6 26 will exhibit a positive

v slope_ This does not happen with a clean wing, where lift is

generated on the inner portions of the wing with increasing incidence.~



negative._ w : S\ ‘f” e h“ oL '"Afj"'A‘L«k'

‘approx mately at the quarter chord

" /

An outward displacement of the wingtip Vovte* is expected

i e
. 1 ‘;"1 \ RN !,.:

rfreduce downwash in the region of the wingtip and thus reduce induced'”,

'drag. However, no correlation between lift/hurve slope and x could be

f

'found for the wingtip configurations. ?his mam»be due in part‘to the

. mutual rotation of the main and secondfry vortfces that was shown to’

Appendix IV contains a detailéd description of the assumptions,

_,conservation laws and procedurél due to Betz through which the

on the wing, - -;wm_x,”;_//j_ - R o« e

v B S

I

6.3 FLOW VISUALIZATION/

. L /y " . ' . ‘
6.3.1 .Observations of Surface Flow Patterns.

A A G T

Airfofl surfaces were painted with a coat of kaolin and varsol so

h.that regions of flow separation could be revealed Kaolin is a powder

which, when combined with varsol produces a mixture that turns white

in regions of attaéhed flow but . remains clear in regions where flow o

/ . a : ;!

. separates. S : .

/ , e , ;K R
/ B S |
° This methdd of - flow visualizatidn revealed the presence of

/ 3 -5

*laminar sepavation bubbles on the upper surfaces 07 the wing and the f
(tipT tank f1ns.< Laminar bubbles mark the point where a laminar
i_boundary layer separates from an airfoil surface, becomes turbulent,

and rea taches itself They were located along the airfoil crests, .

S
! .
e
£

'

happen for the 020 configuration and is believed to happen for the 001 ”ff.f
d 300 configurations. A Nl
an configurations ' “fi\\g" | o

bcircula/tian within a wingtip voréex may*i“w related to tﬁe circula&ion S S



 One tip tank fin,
, - g 0.
‘ycanted- outward by 90 , showed extensive regions ‘of flow - separation

-

woN

rather than a\laminar bubble., This was alleviated somewhet by toeing
. O < )a [P -

- the Fin through 5. % s vas demoﬂstrated in Section 6. 1 1 the fin

‘contributed very.. little to induced drag reduction, whether~q}one or
"in conjunction with other fins. . Separation probably otcurred because
the fin is situated in a région where wake roll-up has @lready been

1nitiated and where the flow angles are high.

\ s M : R '...'
% ’ : .

;,J" '

6.3.2 Observations 'of the Trailing Vortices
A‘tuft of 'string,  attached to a thin“ﬁstal rod, was used toglocate

the . position ofra trailing vortex. The tuft spun rapidly-when it was =

;placed with!n the vortex core,v otherwise it aligned itself with the

- -
P

freestream direction.

This very simple and direct method of flow visualization was used
to show that main vortices originated directly behind the rearward
VI"point of the tip tank or, iP‘the-tip tank was absent directly behind
the»wingtipt“ fA secondary vortex rolled up- directly behlnd the tip of,

: the fin from which it was shed. . '

The tip tank=f1ns were all shown:to shed secondaryfvortices,v but
only that of the 020 configuration could be followed ddwnstream.‘ é&l |
others were lost within a fraction of a chord length behind the &dng.'."
In. addition, the secondary vottex of the 020 configuration caused’ the

~

tuft to Spin very rap1d1y “and there was a noticeable decrease in the E

spin rate of the main vortex, .On the otherr hand, the secondany

vortices of -the otherbconfigurations-produced a low spin rate '?nd

»



- . there was no noticeable. change in the spin rates of the maih vortices.

Tl

"

.the only fin placement which produced a strong secondary vortex, high c

oty N
E ‘ LI
. .

-

s,
¢
H
;

v _ b L L . n e -’ . ) ‘- e
. ' 6.4 FINAL COMMENTS ON'THE RESULTS = -

. Tt R ‘L i
ST R T e T L s

Although flow visuélization had confirmed secondary vortices to |

}
be shed from all tip tank configurations, most of these wgre found to

. be weak and nonevident in ths‘far vortex wake. They may~ have bGEn" V

—
disaipated by the strong rotary motion of the wingtip vortex.

.The strength o( a fin vortex indicates ‘the intensity of loading o

] » v'
on the fin. On the basis of the 1lift curve data, most of the more
o
superior cOnfigurations retain an untoed fin, canted outward 45 with

its - trailing edge nearly id line, with that of the wing. As this was

loading on a fin is evidently a necessary factor cin downwash

. redistribution. Here - the fin is apparently at or near- an optimum

: p031tioh and orientétion relatlve to the local flow round the w1ngtip.‘

It should also\be noted that a vertical fin, mounted just behihd\

¥

the Wing crest also contributes strongly to induced drag reduction,.ﬁ

'despite the absence of a strong secondary vortex. When this fin is .

combined with the one mentioned above, the resulﬁf are excellent

,1nduced drag reduction is 25.8% for the 021 cohfiguration and 26 0% .

"for, configuration 321. ) The added lift in the wingtip region due to

.

the vertical fin evidently combines with the vorticity—splitting
action of the incliﬁ“& fin to reduce induced drag considerably___

" Because the rotational velocity distributions of configurations ’

020 and 300 3@—5 are very similar, both configurations introduce

similar rages of_change of loading. near the wingtip.- However,'because

»
N ‘



aaparation oggura on. the fin of configuranion 300‘3@-5. thia fin is

unable to, generate .as mueh additionam lift,v and - theerore cannot

-produce a strong aacondary vurtex. Induced drag reduction is, qgﬂ_guys¥“>

Cw n'i’; ' ﬂ P

conseuuence. {nimal. AR 5 ‘ : -



The ';sctmique o,ﬁ uaing dift curn siopu to- ealcum:e 1ndueed drag

reduction has been shown to be Simple.. effective, and repeatable. As’:

well. studie% of the » vortex wake have proved to be invaluable in

. determining the mechanism through which a wingtip device accomplishes

- induced drag reduction.

The reduced downwash and subsequent induced drag reduction due to

a wingtip-™ device-- are caused by a reshaping of the vorticity

]

distribution on the wing. The spanwise centroid of this distribution

.shifts outwand in o§?er to accommodate the addad life being generated

the wingtip ont

in the wingtip region, ‘with a consequent outboard displacement of the

wingtip vortex. the vorticity distribution is also continued beyond
i‘

6 the wingtip dexice, with two consequenceg: the rate

of change of loading at the 'wingtip is reduced, leading to a

subsequent reduction. in wingtip vortex intensity; and 1lift is

By

generated on . the device,s~sometimes enoughrto generate a secondary

vortex. The wingtip vortex position is not necessarily indicative of

the centr01d .position of the trailing vortex sheet because a strong

- secondary vortex will, ~ through” its rotary influence, convect the

-wingtip vortex outboard as bath vortices travel downstream. As . the

rotation is mutual, the secondary vortex is convected inboard
The loading intensity on an auxiliary fin is expected to increase‘

with increasing fin span, with a consequent reduction in induced drag.

‘Although the measyred trend satisfies this expectation, it is still

- 74
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‘f‘,,inconclupivo beclmu At is supported by only threa data pointl end it

is discontinuous. As woll.r considereble chengea in bz th the wingtip

_and  secondary vorticee due to changea in fin apan.:

again there is not enough evidence to support a conclusinnea\ An

~increased fin span must compromise reductions in indhced drag with

inevitable gains in weight and parasite drag. ‘ ' : '
The choqdwise,placement of an auxfliary fin dﬁjthe wingtip must
be chosen so as to avoid flow: separation on either the Nin or‘ the
wing rather than to minimize induced drag. The fin should not be
placed behind the wing, where the flow angles are,high nor should it
be located near he. position of the wing pressure peak The resulta of
other . researchers and this work: appear to indicate that a fin placed
vwith its -trailing edge aligned with that'of fthe thg will give
‘superior‘results if it is given g;fé!& amount (450) of outtyard cant.

The trends which relate'induced d{ag reduc;ion to variations in

_the toe angle and cant angle are somewhat inconclusive as only a few,g

data points were !:asured It appears, however, that an auxiliary fin
on a low'speed wingtip device should be untoed because it is otherwise

oriented at too high or too Iow an incidence relative to the tip flow

direction and thus cannot generatéjSufficient 1ift. A$ well, the_fin"

may require"a “certain degree of outward cant in order to ensure °

v

smooth fairing 'betveen the wingtip and the fin. Best results for
)
single-fin devices were obtained for cant angles of 45 (configuration
~0
- 020) and O (configuration“OOl)._

When a fin is added to a wingtio device, ihduced drag is reduced.

by “&n amount which depends on the effectiveness of the original

device.’ Each additional fin contributes a progressively smalier

e

e noted.. ohuto . .

rvr



‘ Oﬂmmt ) e:foctiveneu and lprocra’ivoly inerou:u\g munt to

ovorall woight 4n\dl:Luite drag. It would appur that two or thrae

device are cloae to optimum. . ' .‘

o

e e e e T

fiis on a multipl ‘
) ‘:a;auxiiiaryrfin which experiencoa high loadiug will tand to act’ °
as a wingtip aaif with Xta lift vector pointing in the direction of
motion. At low epeede. however, th‘; mechapism 1is believed to
contribdte a relatively minor amount to induced drag  reduction
g,mcompared to the action bf vorticity redistribution.' As'well, on the

basis oiﬁaaia rebults, the mechanism of . mutual interference between

¥on induced

adjacent fins is also helieved to have a min madh i

drag reduction.

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH

Futgre research 'may be ehriched through -more detailed
investigations .of - the spanwise loading on the wing and a wingtip
configuration, with particular emphasis . on the wingtip region, The.
‘lloading could be determined either through wind tunnel meaeurements

)

or through numerical calculations using a vortex lattice soheme to
represent the wing geometry. As well, investigations of the wingtip
vortices. including regions well outside the core, will aid in an

understanding of the manner and extent to which a wingtip device
'redistributes vorticity. In 'particular, the method of Betz .[34],
which' is outlined {n Appendix V, may be used to calculate the wing
circuiation‘ »distributionJ by using ' the measured circulation
:distribution?of'the'wingtip vortex. Finally, future studies must also
"consider the increnentalygains in weight and parasite drag due to .a’

s

—
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wingtip device in addition to the corresponding reductions in induced

'glrag. | A ‘ » ' S T
) ' ‘.’ * | - r’_ ‘
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specifled in Figure I—

the probe.,

The methods for. calculating flow pressure parhmeters and for
&

M

. l"-

The probe orlfiCes< are identlfled W1th the pdmber

G

B

E using the probe in an unknowq

[ 15] . n“':_,

7

A

/‘\

z

///// wall tap static pqessure »B,:
/,‘”1_ (p(—po) ' 1' = ”l ?l 3p‘41 5-

i

’

~I.1. PROBE COEFFICIENTS  /

‘\.

A set oq/pressur'

,,/_ (p;-p,)

flow fie&d are obtained directly froh )

-

where the pressurezp‘sensed by the it - or

K.}

i,

"

A

R

i

R

g,

lng

-

L]

-

system

/
lyu-w\ere the v1ew 1s dlrected dowgstream 1nto'
‘ oef£1c1ents may be defined as follows,

ifice is referenced t(# ‘the

- ~
AT

The coeff1c1éhts are normallzed to the test sectlon total pressure

v
pressures sensed by the per1phera1 or1f1ces and is deflned as
/

A'setfof‘flow-parameters hay'now>be defined. These are:
e ‘ . o Lt .

1]

1pr . Another pressufb coefflcient represents

: E -(C +C +C) +C )

L}

A
-

/

/ dynamic parameter -

;oo

i,

-sidewash parameter

- ¥pwash parameter” -

'i-ststio parameter e

;

4

-

‘the average of the

..

(I—la).
(I-1b)

.h(;"ld)’
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(
faligned w1th the test section centerline. ExCept for “the probe, the,

o

necessitatep probe calibration at several stations, each corresponding

S B , o .

‘ . i ' o “‘ y . . . ' . ; . . " . i
I r&,““..;;' ; 1;., T et f S s ;
. ‘A': static pressure gradient along the test section length"

to a wall tqp. At eﬁch station, the probe was faced upstream and"”

*l-‘a

»

portable Xd‘traverse, ‘and a pitot—static tube, the ‘test section was
v ’ . - . [ ,

empty. ) . B .
. | The - calibration setup allowed the probe angles to be ranged as
g

follows L - L ‘, /! o -
| . D ‘ . . ) K o ) g
roll angle 0’ S¢s 260° ., increments of 10 , '
v M N . I3 o
pitch angle 0°s09s 45? , increments of 5 .. ,

2

These angles are illustrated in Figure 3—8iof the- main repo rti‘,.A

q

stepp1ng motor incremented the ‘roll angle by rotating the sprobe about‘

is longitudinal axis. The pitch angle was set by flxing the probe at

an 1nc11nation with its mount. Any flow 1nterference effects that may'“"”

have ' been caused by ‘the presence of the probe mount %ﬁfe nullified by

s 1eav1ng the mount in place durlng experiments.

The flowchart in Figure I-2 outlines\the calibration procedure.
For each fixed pitch angle, the roll angle was . ste '
r‘.‘l . N :

1ncrements “with data gathered by the computer at each step.v Upon; -

completion of measurements, a set of calibration curves were

_ palculated and plotted. This procedure was repeated at every station.

Correlations -between the flow angles and the flow parameters P,

o L 4
2



a’f/“ Q 4&. and«S wera retained within a set of four caIibratip ,plots.

“’fnd qua "respectively, so o the .-
ratio Q/R\reflects the magnitude of thé roll

le. The relation isﬁ
pictured in Figure I—3 and is fairly independent?of pitch angle. " In
turn, (Q +R')'/"‘indicates the magnitude of the velocity vector and is °
largely independent of roll angle, - Its variatidh with pitch is shown
in Figure I-4, Although the polynomial fit follows a rather haphazard.
trend\\for pitch angles higher than about 35 - the probe is less

,‘ﬁ accurate 1n this region- anyway ‘as is shown by the wide spread of data
points. The.pitch angle and the measured dynamic parameter.P
correlated in Figure I—S The torrelation is 1argely independent of
roll for small pitch angles. " This restriction holds true as well for
Figure I-6, whlch relates the measured statlc flow parameter.S o to the
square of the pitch angle. ~The curvesrdiyerge remarkably.for large

pitch angles. ' .

Empirlcal relationS& were obtained by. Eittlng polynomlals to the!

’
data. The polynom1a1 coeffic1ents were retained in a data file for

L later analysis of experimental data, - . | . : ~

. . :
The_calibration furnished a side-hole sensitivity of -
. ~ |
S R 7 Ap ‘00552\‘per degree \
N 77,7727 At ‘

'+ . where Ap is. the pressure difference between opposing peripheral
'orifices of the probe. This result compares.well with the value"
(O 0583 per. degree) obtained by Wickens and Williams [15] for their- '

probe.
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- ‘An automated* method for using the probe to determine ‘the‘

i characteristics of an unknown flow field may be summarized as followa- <

— L)
.

© . 1) Calculate the. flow parameters P,Q,R, and S ffom. the .
experimental data.

\

> 2) Determne the local roll and pitch angles from, the

‘

bpolynomial fits to Figures I—3 and I-4

¢ f(tan"(lQ/Rl)) 9= f((Q +R )”')

3) Compute.the local dynamic pressure from

where the subscript T fefers to the freestream value and

y ' P, is obtained from Flgure I-5 using the computed values
of 9 and -¢. | .
H . : .
4)  Determime the, local resultant velocity : o
3 Ve (2_)””
’ s U" 'q.f " v
and its components: N .
) u: A o ' .
longitudinal —=_2 cosf ,
' * S u(u) A
IEYR] 4
_sidewash — = | |8inf sing ,
(g eme e
o : \ l
o .
upwash —= (_)stne cos
. . - U, U, ‘ ¢



signs ofQand R, - | e .

\ -

5) Coupute the ]_.{Scalv total ;‘pressure coefficient »

‘where S, 1s obtained from Figure I-6 using ‘the computed

-

values of 6 and ?.

\ °

6) Compute the. local static pressure coefficient

N A C: = C’ _q . X
r —— .

7 S (1-3)

7 ’Determine’the local induced velocity at a point in a vortex
wake;» ,

. . v' v l+-~w 1/ 2 th - - 3 : .
S (7— ﬁ— S ol Tj?_ : [7- 81N | s

| Il
il

{ : ' -

v

e v
i
The reader may find it more convenient to express the local flow
angles [/ and ¢ as A, the pitch in a vertical plane, and u, the yaw in

a horizontal-plane. .i These angles are shown in Flgure 3-8 of the main

report and are defined as follows- . : »

A =tan”'(tanb cosp), u=tan'(tanb sing) .
N :

3

Inverse relations are

6= sin”'((sin"u+cos’u sinr)'"’?) , ¢ = tqn"(tanu) .0
2 tank,

Thn “3‘“‘ °£ ““‘ GWPOnenes are asugne’d aecardiﬂg to tﬂ“e [Ea

" L . ' . y /‘
. ' ‘ #
C,r 3 C"+PS“, ' ‘ . (;-2)_

]



FIGJk

E I—lﬂ Numbering of probe orifices, with view directed downstream
into the probe
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The Validyne pressure transducers wers each calibrafed 1in turn
' PR b i : [ ]

o

against a U~tube Qator manometer. A dial gauge wan”uihd to measure
pressure differences to an accuracy of 0.006111NChol of water., The

L]

: '
Validynes were calibrated over their entire operating range and a

regression - analysis of thixbreasure-voltage curve fér each transducer
indicated an extremely linear response - the correlation coeff;cient
was always greater than 0-.99992. -A sample calibration curve for the
tunnel airspeed Validyne is provided in Figure II-1.

The responses have an inherent tendency to drift slightl; with
time * so calibrations ngd to be conducted difectly before ; test run,
Dufing a test run, ¢qual pressures were periodically applied to

’ ,
both sides of the wing Validyne in order to updat® the y-intercept of

the pressure-voltage response.

N
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_ FIGURE II}I ‘Sample plot ’for_calib:rat:'i.off of a Validjne' transducer -



The wing model in the test section does not experience 'precise1y~" ;

the same flow conditions as 1t wbuld in free flight. The flowf

o streamlines and the vortex system behin’;the model are constrained by

the test ‘section walls, and the‘model creates some ‘blockage as -well.

In order to: gain realistic and 1nterpretable test results. the’;“

exper1menta1 ‘data must necessarily be corrected for the test sectio:g

boundarles. SN

Wind tunnel boundary corrections for a three-dimen81ona1
modhted wing _model are derived in Pope and Harper [35;.,

;derivation fbegins with a mathematicah simulation of the test~ section
/

| boundarles by 1ntroduc1ng the vortex image system of Eigure 6~ 28
‘dwhlch was‘aexplalned in Section 6.2. 4 of the report " Although it

contains an 1nfin1te dlstrlbutlon of 1mage vortices,; the first order

' F

' representatlon of Figure 6-28 w111 sufflce. " Corr étions must be made

. for the follow1ng factors: | -Z‘b' )//

"1) Solid blocking' The -model4’obs fucts part" of' the test:
section, so the flow velocity mu t 1ncrease in the reglon of :

‘"w1th a doublet, wh1ch is congtrained to remain tationary in
/ 5.

the model. The airflow is :;mhlated by replacing the modell

doublets. :
2) Wake bloCking:‘The teSt section walls prevent the model wake
‘from expanding laterally. "'This action _is simulated by

representating the wake with a source, and a sink of equal

strength is 1ntroduced (for coutlnuity) far downstream.



rvature: The ‘»boundarﬂy-induced upwashwat ‘1 ’

‘model is found by superimposing the upwash contributions

' from the image vortices. L | R

4) 'Downwash- The upwash induced by the image vortices reduces
;'the downwash of the model giving too low. a value for the

‘ }’ ‘_measured induced“drag. With the upwash accounted for, the

induced angle of flow and induced drag increment due to ‘the

' walls may be found

<
,“"9

Boundary corrections for the model FX61 163/SF are summarized .

below. Uncorrected parameters are indicated with the subscript U

The planform area, S, ,' and volume,,V, , of a wingtig device partly :

,‘ " e —'PJ

‘determine the magnitudes of the correctidné“and are summarized in

'i Table IIr-1. e wi ‘ ' ’f"‘;;?ﬁ ity | v, .already been i

J

coefficient, C,

- corrections that follow.

1ncorporated into the equations, "?‘1 VILi,,f al, drag

The

planform ' area -and volume of a wingtip device must be given

‘ respectively in units of - square inches and cubic inches, for the

Freestream velocity.

U= U 1. oos34+4 049(10“)V +(862. 3+S )y] R
AL 15752

nynamic preSsure'
g=q, [1 01268+4. osa(ro")v + (862 3+5 JC, } .
| | , 7876 b

Reynolds number based on wingtip chord: o
’ - Re, —nRe.“[U; ]. ' ' .
o ot —— : B




R

o c, = c, [o .98732-8 098(10™ )v .-(ase 3+8S,). C, ]

Total lift coefficient.

7876 _ .
R )

...-8.97‘0(10")'-1.041(10")5, .

R : i " ‘ ‘\\ .

Angle of attack: /" Teo .

a=a, +C (I 5482+I 795(10")8) (degrees)

% Pltching moment about: the wing quarter chord

Curps = c,,/, [o .98732- 8098(10")V -(862.3+S,) C, ]

7876

[+2.242(107 )+2.602(10*)s,

T
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APPENDIX IV: SOME COMMENTS ON VOR

IV.1 LAMINAR VORTEX EQUATIONS . - = \ o

" Detailed derivations of the equations for a laminar vortex may be

by -

found in (271, [36]‘,'» and’ [37].4The hequati'ons may be obtained by first

linearizing the Navier'-S"toke equations ' for incompressible flow

through the following assumptipns:

1) ‘Thé axial velogity deflsit and the rotational velocity at
d ~ any point within the vb/rtex are small compared to the o
-freestream velocity, ,_

N

. 2) * The radial velocity is much smaller than the freestfeam
" velocity,
3) The Reynolds number (based on freestream velocity and,

downstream distance) is 1arge.'

The linearized equatigné are, with these mptions,
v 19,
r por .
-
. . .2 . e
U"a_v! =v 9 Yy ’_ (_9_’!_)_'_'!)'] , .
0z or ror r ; ‘}
‘ A Udv, [8', 1 dv
— -V _,_+ — —— .
0z | Or r or

The boundary conditions gnd initial conditions are -

1_)' - For  2>0,v,, v, -0 as r-e,
2) For z-eo, v, v.\-ﬂb forallr,

3) When 2=0, v,=T, /21T and v =0 .



" 'With' these, -#blie vortex parameters are

~v' = L[""ez’p("”.'r ‘ v | ﬁx
nr . ‘4‘1)"’:; 4 ’

. r,=r, [I-exp(- ] | :
: . | 4uz} ’

(V) e = 0.638&_(_!{__)"-' -
o 2n dvz

Tonae = [’-3.6 (4V=)]'-" .
. ; U. -

#

I'=2n(rv,),,, =0.716T,

No attempt * was made to correlate these parameters  with the
experimental data partly because it is not7EQOWn if the vortices are

laminar or turbulent and partly because of the first assumption '

_through which the Navier-Stokes equations were linearized: the peak

rotat10na1 veloc1ties were found to be.as much as 70% -of the '

freestreah velocity and are thus too large to allow a correlation with

]

the laminar vortex equations.

IV.2 TURBULENCE .

The core width, peak rotational velocity, and distribution of

-circulation within a vortex depend on whether the vortex is 1aminar or

turbulent. Some ‘ways in which a laminar »ortex may be distinguished

from a turbulent vortex are discussed in the following subsections.




IV 2,1 g Causes and Mechanisma ;o_f; Turbulence

A vortex is classically modelled as a viscous core surrounded by

potential flow, Stresses and strains between the rotational and

irrotational fields can generate turbulent eddies. Turbulence can

| ~also be created from variations ia the axial velocity distribution.

However; turbulent eddy diffusivity tends to be reduced in a‘ stable
rotating wake and turbulent eddies tend to be gathered into the iore
and damped out. Although the cores from simply loaded wings tend to be
lamlnar [38], the loading of a wing with a modified’ tip is more

complex and may lead to a turbulent core.

IV 2.2 Rate of Core Growth

The presence of turbulence in a vortex may be verified or ruled

out by studying the core width as the vortex evolves, The core of a

t

laminar _vortex grows parabolically with distance downstream; this

result may be derived from the linearized Navier-Stokes equations of

Section IV.1. The core of a turbulent vortex was determined to grow

linearly by Hoffman and Joubert [39], but this result was derived from
mixing length theory. Perhaps a more accurate result is that of Brown
[40], where an analysis of the wing vorticity distribution was used to
show that core growth proceeds as the two-thirds power of tiie,

The experimental results of Figures 4-2b and 5-4 of the main
report show little change in core width over the length of the test
section, so it cannot be determined on the basis of core width if a

bwingtlp vortex is laminar ‘or turbulent.




2.3 mm as.zes Bem.&m _._e.t.:___gvei“‘” tie
(’ !
The Peak rotational velocity of a vortex at any point downstream

can vary slightly, Jdepending on the: point within the wing boundary
layer at which laminar flow becomes turbulent flow. Brown f40]
predicts thé peak rotational velocity of a turbulent vortex to decay
with the inverse one~third power of ,time. According to the results of
“lthe linearized Navier-Stokes equations, the peak rotational velocity
"of A laminar vortex should decay as the inverse one-half power of
“time,

It cannot be determined on the basis of peak rotational velocity
if the vortices of this work are laminar or turbulent because again,
Figures 4=2b and 5-4 show very little change in velocity for the same
vortex over the length of thehthst section,

, PN

IV 2.4 ~ Yortex Circulation Distribution .

Corsiglia et al [19], divided the circulatlon distridution of a
turbulent vortex into three regions based on comparision . with
turbulent boundary layers: an inner or core regiOn, a region in the
vicinity of ‘the rotational velocity peak where the distribution is
xlogarithmic, and an outer region. The distribution differs from that‘
of a laminar vortex, where the distribution is exponential |
A simple and direct way to find out if a vortex is turbulent is
eyto look for a circulation overshoot, which occurs only in turbulent
vortices. The overshoot is a localized excess of circulation which
‘occurs at the core edge because conservation of momentum requires the

f core edge velocities .to increase so as to compensate - for axial
- . - . . .




velocity defects. Woam 1

For most of the vortices that were anelysad. no discontinuities

were noted, except near the core center,
,near the core edge were so high that they’ w-f
range of the five-hole probe. In all l'w

laminar, but this proposal can be qeit?pk Q~gorous1y defended nor

)

denied.

The effect of turbuiencevmay be incorpofated into the equations
for a 1laminar vortex siﬁply through the use of an effective eddy
. viscosity [36]. The kinematic viscosity v .in the equatious is
replaced with an effective eddy viscbsity Lﬁ+aF where aq is an
empirically determined constant, It turns out, though that this
method does not fully account for shears and strains within the

vortex. Mason apdearchman [17], for,instance, report substantial

1ncon31stencies in the laminar vortex equations when this method is

used. ’ -

§



APPENDIX V: ixm;ou BETVERN VING AND VORTEX CIi

“

V.l THE METHOD OF BETZ

. Lt
v

The circulation diaeribution within a tip v rtdx may X be
correlated directly witﬁ that on the wing by implementing the
_conservation laws of Betz [34]. Although the Betz nodel of the vortex
is inviscid and unaoncerned with the~inner core, 1t hasfbeen found to

be very reliable for regions.ontside of the core.

The method of’ Betz is found?d on . fiue-assumption3° . ”

1) The vortex is axially symmetric, -

2) Tne vortex'shlet rolls up in an orderly fashion,

3) There is negligdble interaction from the opposite wingtip

¥ vortex, | ‘

4) The opposite vortices just touén each other on completion. of
roll-up, ” _ ¢

5) Plane flow and straiéht parallel vortex filaments exist 1in
the initial étagee of roll-up.

The model is applied to the early rolled-up vortex before decay
is initiated and befwge turbulence mechanisms have had time to act.

Donaldson and Bilanin [26] provide an extensive summary of Eho
Betz method It is founded on the four integral invariants of a two—
dimensional incompressible rotational fluid motion. These are: the
total circulation, which must remain conserved during roll-up; the
spanwise location of the centroid of the circulation distribution' ‘the
dispersion of vorticity about this centroid and the kinetic energy of \

the fluid motion. Of special iqterest here are the circulation and

the spanwise centroid of vorticity on one half of the wing. Consider

ca )



the ccntr‘o:ld‘ of the vo.rticity contained between the wingf.ip "and an
fnboa:"d static;;l, x , as :I.lbl'ustrat:ed in Figure v-1 'for a aimpiy loaded
w:l'.‘ng'.‘ As tl{e' vortex gheet rolls up, ti'ne centroidal position remains
at a constant spanwise station, Zx), with distance dolwnst:ream. .

The conservation laws of Betz are those due to the circulation
and the "Pirat and second moments of this circulation:

f dr(¢)de _ ("dr(p)dp . .
. dt ,ap .
o

/0 edr,(¢) d _ E(x) P ar () at.
J d¢ '

(7 e-Z(x ) dT (¢)de _ f’p‘dr,(p)'dp
J dé ~J, Tde T

z

These may be used to calculate the circulation distribution within a
wingffp vortex given the distribution on the wing.

e R
Rossow [20] proposed an inverse Betz method through which the

3

circulation distribution in the vortex out to a radius r, may be used
to repfoduce the distribution on the wing between the tip and an

inboard station =z, . The relevant equations are

?-m: =r+ "1 dlpv,(p)]
4‘ 7% . .-v—?" ) '

! f T (¢)ds
' r-(xl) ¢/ 2 '

There 1is, however, a serious drawback with this method in that
& : -

the tip loading cannot always be accurately reproduced due to' viscous

and turbulent shears that are‘generated in the wing boundary layer and



| thut:‘w:iifd Up in the core, For this reason, the method wal not used '
for this work, '

. The . method .of Betz may be extended to multiple-vortex wakes so
‘long as each vortex rolls up 1nd9pendent1y and does not “interact.
significantlylwith any other, The.method is beyond the scope of this
work but the interested reader may consult Donaldson et al [33].

V.2 CENTRAL ROTATIONAL’ VELOCITY

The conservation laws of Betz may be used to relate the singular
rotational velocity“at the center of a wingtip vortex to the rate of
change ‘of loading a%‘the wingtip. From Donaldson et al [33], this

velocity is

—— — ]

- v')".=-ldl"')
m dx

eav /2 B

\, . - , J

An extensive derivation is provided by Donallson and Bilanin [26], who-?

e

incorporated the cong&}bﬁtion of Qpe central axial-velocity:

= - e g
Mede= ot <_“)'-°) di-) . (V-1)
T\U_ T/ pnn e .

[}

Axial ‘velogy:y deficits reduce the central rotational velocity

‘

»

for an inviscid vortex. Axial velocity‘;;riationzgzie a8 consequence

of axial momentum variations which arise from the d defect in the

wing boundary layer. The axial and rotational xocities are 11nked '
Bl \
through the radial static pressure gradi

which balances the

centrifﬁgal forcevgenerated by the rotary motion. A reduction in fhis

+

N



pressure gud:l.ont is essociated with a roduction in both the axial und
rotational vcloci’tiu. . '
Equation V-1 was used to calculate the value of dr /dx),..,.
for some aelected vortices and the resulta are presented in Figure
V-2, The substantial amount of scatter may be attributed to three.,
things: as was the case for the invérse Betz method.\ the wingtip
loading cannot be reprqduced,accuratel} because of viscous actions and
- turbulent shears in a vortex core; the five—hole probe does not
perform well in regions with high flow angles.' and the exact poaition
AZi so the true

of the vortex core is known only to a fraction of an in

value of the central rotatiohal velocity may not have been measured.
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* FIGURE V-1 “The Betz [34] roll-up model for a simply loaded wing.
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