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EXPLORATORY INVESTIGATION OF FACTORS AFFECTING
THE WING TIP VORTEX

By James Scheiman, James L. Megrail,*
and James P. Shivers
Langley Research Center

SUMMARY

An investigation was conducted in the Langley full-scale tunnel, mainly by means
of a tuft grid, to study some factors affecting the tip vortex of a wing. Measurements
made at a distance of 5 chord lengths downstream from the wing showed that there was
an effect of Reynolds number on the size of the tip-vortex core, the core being about the
same size for Reynolds numbers between 1.2 x 108 and 1.9 x 108 but being markedly
smaller for a Reynolds number of 0.8 X 106. An attempt was made to determine what
aerodynamic parameters — such as lift, drag, or induced drag — influence the size of
the vortex core, but no particular function of these parameters was found to be Superior
to the others. The implication is that the core size must be determined more accurately
or it must be determined by parameters other than those investigated. Various spoilers
placed on the upper or lower surfaces of the wing to increase the boundary-layer thick-
ness resulted in a reduction in the core vorticity, as determined from the tuft grid, which
result seems to be contrary to some hypotheses that the wing boundary layer forms the
vortex core. Various solid objects placed in the vortex core downstream of the wing tip
seemed to decrease the vorticity within the vortex core. The most promising such
object seemed to be a small vane of about 1.5 percent of the area of the wing semispan,
located with the surface of the vane alined with the free stream.

INTRODUCTION
A fundamental understanding of the structure of the helicopter rotor-blade tip vor-
tex and a means of controlling it are of particular importance with regard to reduction of
rotor-blade noise and dynamic loads. Unfortunately, there is no clear understanding of
the structure of the tip vortex, and also the factors that affect it are not well known. The
present investigation was conducted in an attempt to provide information to aid in the
general study and possible alleviation of the trailing tip-vortex problem. Also, a review
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of the literature indicates that a large portion of the published work has been performed
on small-scale models with very little attention given to scale or Reynolds number
effects. Hence the present investigation, which was conducted at fairly large scale, also
includes an attempt to determine whether there are any significant scale effects.

" In attempting to modify the tip vortex, one of the desired engineering goals is to
minimize the induced tangential velocities associated with the circulation of the vortex
core. It has generally been supposed that the tangential velocities would be decreased
if the size of the vortex core could be increased but, unfortunately, there is no common
understanding of what parameters determine the vortex core size. Reference 1 states
that the boundary layer shed from the trailing edge is turbulent, and it is this boundary
layer that forms the vortex sheet that ultimately rolls up into the core. Using energy
techniques (ref. 2) indicates that for an elliptical spanwise loading the core diameter is
directly proportional to the wing span. Reference 3 indicates that the core diameter
increases in direct proportion to the lift coefficient.

In an effort to obtain a clearer understanding of the structure of the tip vortex and
to gain some insight into the Reynolds number effects, a semispan wing was tested in the
Langley full-scale tunnel at Reynolds numbers from 0.8 X 106 to 1.9 x 106. Numerous
full- span and semispan spoilers were tested in an attempt to affect the wing boundary-
layer thickness and thus, hopefully, to affect the tip-vortex core size. It should be real-
ized that the tip vortex of a fixed wing does not accurately represent the vortex of a rotor
blade, but it was believed that fixed-wing tests would show up significant variations in the
tip vortex. ' ' '

The results of this investigation are presented mainly in the form of tuft-grid pho-
tographs. In addition to these photographs, motion-picture film supplement L-1113 has
been prepared of smoke-flow tests. A request card and a descriptidn of the film are -
~ included at the back of this document. ' ’

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and
calculations were made in the U.S. Customary Units. '

A,B,C,E - constants
" b : wing span, m (ft)

Cp wing drag coefficient, D/qS
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wing lift coefficient, L/qS
wing chord, m .(ft)
wing drag force, N (lb)

tip-vortex core diameter, m (ft)

- core~-diameter—wing-chord ratio corresponding to each variable value

(data point), referred to as core-diameter ratio

core-diameter ratio determined from least-square-fit straight line corre-
sponding to each variable value '

average core-diameter ratio determined by averaging the data

L wing lift force, N (lb)
q dynamic'prt.assure, %sz, N/m2 (lb/ftz)
R effective Reynolds number, 1.1(Vc/v)
r correlation coefficient
yGe- %)
rl=1-= ‘ _c_ 3
s
c c
s wing area, m2 (ftz)
free-stream velocity, m/sec (ft/sec)
Vi tangential velocity around the tip-vortex core, m/sec (ft/sec)
o angle of attack, deg
r wing tip circulation, (L/ %) / PV, m2/ sec (ftz/ sec)




v kinematic viscosity, m2/sec (£t2/sec)
p air density, kg/m3 (slugs/ ft3)
APPARATUS AND TESTS

This test program was conducted in the Langley full-scale tunnel which has a test
section 9 by 18 m (30 by 60 ft). The semispan wing was installed on the tunnel scale
system with its span axis vertical. The wing angle of attack was varied by rotating the
wing about its quarter-chord axis. An angle-of-attack drive servo and potentiometer
were used to vary and measure the wing angle of attack. In order to provide clearance

for the wing angle-of-attack drive system and to insure that the wing was above the

ground-board boundary layer, the wing root end was mounted 15.88 cm (6% in.) above the

wind-tunnel ground board. A small end plate (0.61 by 0.91 m (2 by 3 ft)) was installed
on the wing root end to simulate a semispan wing. A photograph of the semispan wing in
the wind tunnel is shown in figure 1. The model aerodynamic forces were measured on
the tunnel scale balance system and recorded on a magnetic-tape system. The tip-vortex
cross-sectional characteristics were obtained from photographs of a tuft grid. A sketch
of the photographic system is shown in figure 2. A smoke generator was used at times
to obtain a visual display of the tip-vortex fluid motion.

Model

The wing model had an NACA 0012 airfoil section with a span of 2.13 m (7 ft) and
a chord of 0.61 m (2 ft). The wing tip was a body of revolution. The dimensions of the
basic model are presented in table 1. The wing surface was not polished and no transi-
tion strip was used during these tests. The wing was tested with spoilers, with heights
of 8.33 percent chord and 4.16 percent chord, which were of sufficient height to achieve
a change in the wing flow conditions, especially the boundary layer, and not for the pur-
pose of obtaining airfoil performance. They are called spoilers herein in the sense that
they spoiled the airflow even though, when located on the lower surface of the wing, they
might increase the lift. The spoilers were fabricated from a standard extruded angle.
The spoilers were made in 1.07-m (3.5-ft) lengths so that they could be used as either
full-span or semiSpan spoilers. The spoiler locations were about 25 and 80 percent
chord from the wing leading edge as shown in figures 3(a) and 3(b). The spoilers could
be put in any of the four positions shown, and these positions are designated by Roman
numerals I to IV. In addition to the full-span and semispan spoilers a spoiler 8.33 per-
cent chord high and 15.2 cm (6 in.) long was installed at the t1p along the 80-percent-
chord location on either the upper or lower surfaces. '



In addition to the spoilers, a wind sock, a solid cone, and a vane were placed in the
tip-vortex core at various distances downstream of the wing tip (see figs. 3(c), 3(d),
and 3(e) for the dimensions).

Tuft Grid and Photographic System

A 0.91- by 1.37-m (3— by %-ft) tuft grid was mounted on the survey carriage in
the full-scale tunnel to survey the tip vortex. The individual tufts, 7.62 cm (3.0 in.)
long, were mounted on a 2.54-cm (1-in.) grid spacing. The tuft grid was moved later-
ally and vertically in an attempt to keep the vortex in the center of the tuft grid. There-
fore, the tuft-grid photographs presented herein should not be used to determine relative
core position. A sequence camera, for permanent recording on film of the tuft-grid
pattern, was mounted in the exit cone of the wind tunnel. The camera was positioned
behind the semispan-wing—ﬁp streamline when the wing was at 00 angle of attack in order
to minimize individual tuft parallax effects. A sketch of the photographic setup is shown
in figure 2. A remote-control zoom-lens television camera was mounted behind a
viewing window and below the tunnel exit cone. The television camera gave a continuous
monitoring capability and a direct instantaneous and enlarged view of the results seen by
the still camera.

Test Program

Photographs of the tuft grid were taken at each model test angle of attack with the
grid located at 1, 5, 9, and 14 chord lengths downstream from the trailing edge of the
semispan wing. For some special cases photographs were made at intermediate chord
lengths downstream. At least two photographs were taken at each position. Whenever
the vortex motion was unsteady, additional photographs were taken. The vortex core
diameter was estimated from the tuft-grid photographs. For purposes of Reynolds num-
ber evaluation, the basic semispan-wing model was tested at four tunnel speeds, namely,
17.9, 25.6, 32.0, and 40.3 m/sec (58.7, 84.0, 105.0, and 132.0 ft/sec).

The motion pictures of the smoke tests were made for tunnel speeds of less than
6.1 m/sec (20 ft/sec). At higher tunnel speeds the smoke dispersed so rapidly that
little useful information could be obtained.

The remaining tests with spoilers were run at the same tunnel speed, namely, at
40.3 m/sec (132.0 ft/sec). This speed corresponds to a wing Reynolds number of about
1.7 x 106 which, by applying the tunnel turbulence factor of 1.1, results in an effective
Reynolds number of about 1.9 X 108. The model angle-of-attack variations were from
-7° to 21°.




The semispan-wing lift and drag forces were measured with the existing external
scale balance system in order to afford an aerodynamic definition of the test conditions.
Twenty force data points were taken and these values were averaged at each test point.

Interpretation of Tuft-Grid Data

The data used to determine the diameter of the vortex core were taken from photo-
graphs of the tuft grid. By assuming that in the flow field outside of the vortex core
region the axial velocity (paral_lel to the core axis) is near free-stream velocity, that the
radial velocity (in or out of the core) is small, and that the gravity effects on the tufts
can be eliminated by averaging, it can be shown that the tuft length, as seen on the tuft-
grid photographs, is directly related to the tangential velocity around the core. The
inner core region consists of a rotational fluid that has vorticity. Therefore, a vorticity
meter or tuft placed inside of the vortex core will rotate or spin with the fluid. A tuft
exposed to vorticity will appear as a blur on the tuft-grid photographs because of fairly
high spin rate of the tuft compared to the exposure speed of the photographs. Since
vorticity is a vector quantity, it can cause the tufts to rotate about a particular axis, and
the axis of rotation can be other than the core axis (for example, with wing separation).

Conventionally, the vortex core diameter is defined as the distance separating the
points of greatest tangential velocity measured on a line crossing the center of the vor-
tex. However, as with other instrumentation, there are numerous difficulties in mea-
suring this diameter precisely with a tuft grid, for example, the unsteadiness of the vor-
tex and the finite size of the instrumentation pickup. Further, some of the tuft-grid
photographs indicate a noncircular core. Also, wing separation, resulting from stall or
spoilers, seems to create on the tuft grid a vorticity in a plane perpendicular to the
vortex core axis.

For the clean wing operating below stall, the vortex core is fairly-well defined. .
For these conditions the following procedure was developed to measure the vortex core
diameter from the tuft-grid photographs. The blurred area, corresponding to the vor-
ticity of the core, was first located. Just outside of this blurred area, the tufts of a
small area were examined to determine which tuft was the longest. Looking diagonally
across the blurred area, a corresponding longest tuft was located. With a pair of
dividers, the diameter of the vortex core was measured as being the greatest distance
separating the chosen tufts. This measurement was then checked by placing the set
dividers across the blurred area along a diameter which was angularly displaced from
the first measurement. The longest tufts were once again determined. The agreement
or disagreement was noted and the checking process was repeated at least twice more
for other angular positions. Thus, the core-diameter readings were averaged. With a



minimum of four measurements for each photograph, it is believed that the individual
core diameter may be read to within +1.27 cm (+1/2 in.).

DISCUSSION OF RESULTS

The discussion is presented in three sections entitled '""Force Data,"' "Tip-Vortex
Characteristics,’ and "Reynolds Number Effects."” The discussion of force data gives
the aei‘odynamic test conditions and the effects of the spoiler configurations. The dis-
cussion of tip-vortex characteristics includes the effect of various aerodynamic and geo-
metric parameters on the core size as defined for this study. The discussion of Reynolds
number effects provides a method for comparing the experimental data of various
investigations.

Force Data

The force data for the basic wing operating at different Reynolds number are pre-
sented in figure 4. No corrections were made for airstream misalinement. The data of
figure 4 indicate that the maximum lift coefficient increases with increasing Reynolds
number over the entire test range. Also, below the stall, there is very little change in
the drag coefficient with variations in Reynolds number.

Figures 5(a) and 5(b) present the variation in lift and drag coefficients with angle
of attack for the 8.33-percent-chord-high spoiler configurations. These figures indicate
the characteristics of the full-span and semispan spoilers when placed on the outboard
and inboard half of the wing. Also shown are the characteristics of the 15.2-cm-

(6-in-) long wing-tip spoiler. This spoiler had very little effect on the lift and drag
compared with the clean wing. Figure 6 shows the lift and drag coefficients for the
4.16-percent-chord-high full-span spoiler when placed at the four different positions on
the semispan wing.

Tip-Vortex Characteristics

Concern about the tip vortex generally centers about the magnitude of the tangen-
tial velocity since, presumably, the tangential velocity is largely responsible for the
problems associated with tip-vortex strike on a helicopter rotor blade or for the problem
of the upset of one airplane by the trailing vortex from another. It has generally been
supposed that the maximum tangential velocity, and consequently the influence of the tip
vortex, would be decreased if the size of the vortex core were increased; for this reason,
considerable effort has been devoted to trying to establish the mechanism and controlling
factors of the vortex core. The results of the present investigation are therefore dis-
cussed mainly in terms of vortex core size, maximum tangential velocity, and the factors




that affect these parameters. The results are presented mainly in the form of photo-
graphs of the tuft grid, but smoke-flow tests were made for some conditions and film
from these tests is available as a film supplement (L-1113) to this paper. A request
card and a description of the film will be found in the back of the paper.

Clean wing.- For the clean wing operating at a relatively high circulation value
(high CL), but below stall, the tip-vortex core diameter is a fairly definable parameter
in the tuft-grid photographs. All the tuft-grid photographs of the clean-wing configura-
tion for the four tunnel speeds were read to determine the core diameter. In order to
get a statistical sample for averaging, the same photographs were read by two individ-
uals independently. The results were examined to determine whether any of several
parameters were key variables in determining the core size. From each of the assumed
parameters, a least-square-fit straight line was determined. A étraight line through the
data may not be the correct functional relationship. For example, it is known that for
zero lift there is zero circulation and zero core size and, therefore, the étraight line
must pass through the point Cy, =0 and Dg/c =0. The least-square-fit straight line
obtained herein does not pass through this point. A least-square-fit approach was used
because of the scatter in reading the core diameter. This approach tends to minimize
the error by combining thg data points, such that the average value has less error than
the individual data points. A statistical linear-regression-analysis method, described in
reference 4, was used to determine the variance between the least-square-fit straight
line and the measured data. This statistical analysis is used to determine the deviation
between the individual data points and the least-square-fit straight line. This deviation
is measured by the value of the correlation coefficient. Each assumed parameter was
evaluated to determine whether any one parameter was a key variable.

In evaluating the core size, four parameters were investigated: (1) core diameter
as a function of lift coefficient, (2) core area as a function of lift coefficient, (3) core
diameter as a function of induced drag CLZ, and (4) core area as a function of induced
drag. A sample plot of the results for a Reynolds number of 1.9 X 106 and for the four
assumed parameters is shown in figure 7. The data for the two individual readers are
shown superimposed on the same plot. A summary tabulation of the statistical results
and the least-square-fit line for the four assumed parameters and four Reynolds num-
bers is shown in table 2.

From the data in table 2 other functional relationships can be examined. For
example, for an elliptical spanwise load distribution
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Substituting this value of Cp, into Tc = A + BCy, from table 2 results in
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Therefore, the parametric relationship % = A + EI" can be determined from the
results in table 2 by simply changing the slopé parameter B in table 2 (i.e.,
= = (F5v)2)

28V.

Table 2 includes a parameter r2, the correlation coefficient squared. The square
of the correlation coefficient may be interpreted quantitatively as equal to the variance
of the core size % or (%) that has been accounted for by the relationship with Cjp,
or CLZ. For example, if the correlation coefficient is 0.80 (r = 0.80), then 64 percent
(r2 = 0.64) of the variance of D, or Dc2 could be explained by the assumed func-
tional relationship between core size and lift coefficient. A correlation coefficient of 1.0
means that the experimental data do not deviate from the least-square-fit line, that is,
all the data fall in a straight line. Of course, scatter in the experimental data is
reflected in the magnitude of the correlation coefficient. In other words, the assumed
functional relationship cannot fit the data well if there is a lot of scatter in the data, and

this scatter will result in a lower correlation coefﬁcient.

By referring to table 2 and considering any one functional relationship (e.g.,
_c£ =A+ BCL) for the four Reynolds numbers, it is seen that the lowest Reynolds num-
ber has a very small correlation coefficient (r2 = 0.28). This implies that the assumed
functional relationship was a poor choice and there must be other variables that are
important (e.g., drag coefficient). For the three highest Reynolds numbers about three-
fourths of the variance (r2 = 0.75) in core size can be attributed to the assumed func-
tional relationship. However, a comparison of the correlation coefficient for any one
Reynolds number and all four functional relationships indicates that no one single func-
tional relationship is superior to another. It is concluded from this that the assumed
functional relationships are not the exact ones (e.g., the core size does not go to zero
with the lift coefficient). Further, there seems to be a relatively strong relation between
the core size and lift coefficient for the three highest Reynolds numbers and a weak

relationship for the lowest Reynolds number.

In addition to the linear regression analysis using the variables Cj, and CL2,
a multiple linear regression analysis using Cjp,, CL2, and Cp was attempted. For



example, a functional relationship was assumed as follows: % =A + BCy, + CCp + ECL2
where A, B, C,and E are constant coefficients. The resulting correlation coeffi-
cient did not increase significantly above those presented in table 2. This is believed to
be due to the scatter in the data. '

The smoke-flow tests provided some information on the axial velocities in the
vortex core. The smoke tests were made at tunnel speeds between about 6.1 m/sec
(20 ft/sec) and 4.5 m/sec (15 ft/sec). At higher speeds the smoke dispersed too rapidly
to provide valuable information. Because of the mass of the smoke particles, centrifugal
force concentrates the smoke in the vortex core at its outer periphery; thus, the core
behavior can be visualized on the film. By using intermittent smoke emission, axial
velocities above or below free-stream velocity can be visualized. The film indicates
that initially the core axial-velocity compohent is greater than free stream and that
farther downstream it becomes less than free stream. This result is in agreement with
the results presented in reference 5.

Wing with spoilers.- Reference 1 states that the wing boundary layer forms the
vortex sheet that ultimately rolls up into the core. This seems to be a logical statement
since the wing frictional losses and vorticity originate within the boundary layer and are
shed in a trailing vortex sheet. Downstream this same vorticity has been shown to roll
up into the vortex core. Therefore, it seems logical to assume that the downstream
fluid-momentum losses, due to profile drag, would appear within the tip-vortex core and
thus, the thicker the wing boundary' layer, the larger the downstream core size would be.
Reference 6 states that a small vertical panel (or spoiler) mounted on the upper wing
surface produced a significant reduction in the maximum tangential velocity in the
trailing vortex. The statements in both of these references seem logical and consistent
in that a small vertical panel on the wing upper surface would be expécted to increase the
boundary-layer thickness and this, in turn, might be expected to increase the core size,
which for a constant circulation, or lift, would decrease the maximum tangential velocity
around the vortex core. In order to explore this phenomenon further, a number of ‘
spoiler configurations were investigated in the present program. l

Figures 8 and 9 are photographs of the tuft grid showing the wing tip vortex for
various spoiler configurations with the tuft grid at 5 chord lengths downstream of the
wing trailing edge. The figures are for an effective Reynolds number of about 1.9 x 106.
Figures 8 and 9 are for near-constant lift coefficients of 0.9 and 1.0, respectively, and
for markedly different drag coefficients depending on the spoiler conf1gurat10n These
figures show that the vortex core is much less well defined when the sp011ers are
installed than for the clean wing. It seems, from inspection of the figures, that the
intensity of the vorticity in the core is reduced by the spoilers but the general level of
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turbulence in the vicinity of the core is increased. This increase in turbulence is prob-
ably associated with the separated flow behind the spoiler. (Note that the wing was not
stalled and was operating at only about two-thirds of its maximum lift coefficient, as indi-
cated by figs. 5 and 6.) This turbulence was of a different character from the vorticity in
the vortex core in that a high percentage of the tuft activity was observed to be in the
plane of the tuft grid rather than along the core axis as was the case for the clean wing.
The turbulence is not well understood and has an odd pattern in that there is less turbu-
lence in the vicinity of the tip-vortex core when there is no spoiler at the wing tip, as
would be expected, but there is more turbulence for the case of the tip spoiler than for
the case of the full-span spoiler.

Because of the doubt as to how to interpret the photographs, as a result of the
general turbulence in the vicinity of the tip-vortex core, no positive indication of the
effects of the spoilers on the core size can be obtained. It can be determined, however,
from estimates of the tangential velocity from the tuft grid, that there is no significant
effect of the spoilers on the maximum tangential velocity. This result, together with the
previously noted fact that the spoilers reduced the intensity of the vorticity in the core,
seems to be contrary to statements of references 1 and 6. These references would seem -
. to indicate that the spoilers, which cause an increase in drag, would cause an increase in
the afnount of boundary layer which would roll up into the tip-vortex core with a resultant
increase in core size and a consequent reduction in maximum tangential velocity.  One
possible explanation for these differences is the difference in Reynolds number. The
data in reference 1 were obtained at a Reynolds number of about 0.25 X 106, whereas the
Reynolds number for the tests reported herein was about 1.9 X 106. The results of the
full-scale flight tests reported in reference 6 were inconclusive.

In an attempt to answer the question of whether all the wing boundary layer goes
into the vortex core, photographs of smoke emitted upstream of the wing leading edge
were taken at three spanwise locations. These photographs, presented as figure 10,
indicate that only the smoke emitted at the wing tip goes into the wing tip vortex. The
film supplement also indicates that all the boundary-layer fluid does not end up in the
tip-vortex core, at least for the downstream-distance limits of these tests. It appears
rather that the boundary-layer fluid subjected to three-dimensional effects near the tip
tends to form the vortex core. Smoke emitted at 50 and 75 percent span was slightly
affected by the tip vortex. The outer 10 percent of the span seemed to have the largest
effect on the tip-vortex formation. Because of difficulties in evaluating smoke flow,
these conclusions can only be considered to be tentative. For example, even though
attempts were made to keep the smoke within the boundary layer, the density of the
boundary-layer smoke may have been such that it was not as visible as the smoke not
in the boundary layer.
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In addition to the full-span and semispan spoilers, a smaller 15.2-cm- (6-in-)
long spoiler was also tested. For these tests, the spoiler was placed at the tip of the
wing along the 80-percent-chord location and was tested on both the upper and lower
surfaces of the wing. Figures 11 and 12 are photographs of the tuft grid showing the tip
vortex for this short (15.2-cm (6-in.)) spoiler at wing angles of attack of 16.8° and 18.8°,
respectively, and for a Reynolds number of about 1.9 X 108. A comparison of lift coeffi-
cient for these spoiler configurations and the clean wing (fig. 5) indicate no significant
differences. Figures 11 and 12 indicate that the vorticity as determined by the blurred
tufts has been decreased and the core size seems to be smaller for the modified wings
than for the clean wing. However, the core size, as determined from the maximum tan-
gential velocity, seems to be about the same for all three configurations. Estimates of’
the maximum tangential velocity from the tuft photographs for the three configurations
are about the same magnitude. There seems to be slightly more turbulence in the flow
field outside of the core (potential field) for the two spoiler configurations than for the
clean wing.

It is concluded from the foregoing tests that at full-scale Reynolds number and at
the same lift or lift coefficient, the spoiler configurations tested tended to decrease the
vorticity within the vortex core and made no significant change in the maximum tangen-
tial velocity. This conclusion is based on comparison with results for the clean wing.

Trailing objects in core.- In addition to the foregoing basic program some explora-
tory investigations were performed. An attempt was made to affect the vortex core with
some wing-tip trailing objects.

First, the wind sock shown in figure 3(c) was "played out" (from 1 to 3 chord
lengths) on a wire trailing from the wing tip. The thought was to capture the core within
the wind sock, create a downstream pressure gradient within the wind sock, and bring on
the onset of vortex bursting. Recall that vortex bursting has been associated with an
adverse pressure gradient (ref. 7). This test resulted in the wind sock rotating in a
large circular path away from the vortex core area. A restraint wire was then placed in
the trailing position downstream of the wind sock, such that there were now two stream-
wise restraint wires, forward and aft of the wind sock. The tuft grid and television
monitor were used to guide the wind sock into the vortex core position. This setup
resulted in the wind sock rotating about its own axis (as a rigid body in the vortex core)
until it twisted the restraint wires and broke some wire strands and eventually the wind
sock became torn. The wind sock seemed to disperse the vortex core, but the result
was inconclusive because of the short duration of the test.

An exploratory attempt to disturb the vortex was also made by placing the solid
cone shown in figure 3(d) in the vortex core. The cone was fixed to a long boom which
was in turn fixed to the tuft grid with the cone located 4 chord lengths ahead of the tuft
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grid. By monitoring the tuft grid on the zoom-lens television camera, the cone could be
placed in the vortex core. Figure 13 presents photographs of the tuft grid with the cone
above (fig. 13(a)) and inside (fig. 13(b)) the tip-vortex core. The photographs indicate
that the vorticity in the core, as shown by the blurring of the tufts, is decreased when
the cone is in the core. However, the core size as determined from the maximum tan-
gential velocity is also about the same as for the clean wing. The decrease in vorticity
is probably due to the separation that exists at the trailing edge of the cone body.
Similar results were obtained with the tuft grid at 10 chord lengths downstream and at
other wing angles of attack. . These cone tests were duplicated at lower tunnel speeds by
using a smoke generator to show visually that the cone did tend to eliminate the central
core region. The results are shown in the film supplement mentioned previously.

A small 10.1- by 20.3-cm (4- by 8-in.) vane (which is about 1.5 percent of the
area of the wing semispan) shown in figure 3(e) was attached to the wing tip approxi-
mately 1/2 chord length downstream of the wing trailing edge. The effect of the vane is
shown by the tuft-grid photographs of figures 14(a) and 14(b) and by the smoke-flow tests
in the film supplement. The figures indicate that the vorticity, as determined from the
blurring of the tufts, is greatly reduced by the vane. Inspection of the tuft-grid photo-
graphs indicated that the core size, as determined from the maximum tangential velocity
(tuft length), is about the same for all these photographs, but the maximum tangential
velocity is decreased by the vane. Since reduction in the tangential velocity is a par-
ticular goal, the tangential velocities were determined for the clean wing with and without
the vane, and the data are presented in figure 14(c). The scatter in the data results from
the inability to read the tuft lengths precisely, but there seems to be no doubt that the
maximum tangential velocity is reduced by use of the vane. At radial distances beyond
about 0.25¢ (Dc/ c= 0.5), however, there is no clear-cut effect of the vane.

There is a question as to whether the vane simply disorganized the core without
really eliminating the vorticity, with the possibility that the core would become reorga-
nized farther downstream. Tuft-grid photographs made at distances of 9 and 14 chords
downstream are presented in figures 14(d) and 14(e). These data were taken at a higher
Reynolds number than those of figures 14(a) and 14(b) but are believed to be comparable.
In any event, figures 14(d) and 14(e) show that there is no evident increase in vorticity
within the core as compared with the photographs of figure 14(b) taken at a distance of
5 chords.

Reynolds Number Effects

Reynolds number effects on the tip vortex are evaluated in this section on a basis
of vortex core size. The flow region outside of the vortex core is generally accepted as
being a potential flow region and would therefore be expected to be unaffected by viscous
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forces. The tip-vortex inner core region consists of fluid in a rotational state which
does not permit a potential flow solution. Therefore, it is this inner core region that
might be expected to be most subjected to viscous forces. Reynolds number, which
reflects scale effects, is the ratio of fluid inertia to fluid viscous forces. It is expected
that where the viscous forces exist, namely, in the inner core region, the Reynolds num-
ber effects should be most pronounced.

Taking any one of the functional relationships in table 2 and comparing this for the
four Reynolds numbers indicate that the least-square-fit lines are nearly the same for
the three highest Reynolds numbers, but that they are markedly different for the lowest.
Further, for the lowest Reynolds number, the tip-vortex core size increases at a slower
rate (lower curve slope) than for the higher numbers. For example, take the relation-
ship D¢ = A + BCp,; for the four Reynolds numbers, from the lowest to the highest,

A =0.0692, 0.0338, 0.0512, and 0.0562 and B =0.0521, 0.1438, 0.1404, and 0.1258,
respectively. Note that the slope B for the three highest Reynolds numbers is -
approximately the same and also that this slope is approximately 2l times the slope for
the lowest Reynolds number. This trend is also shown graphically in figure 15. This
same characteristic is true for any of the four parametric relationships shown in table 2.
Thus, it is concluded that a Reynolds number effect on the tip-vortex core size does
exist and that the critical value of Reynolds number above which there is little further

effect is between 0.8 x 106 and 1.2 x 108.

A pictorial method of viewing the Reynolds number effects is to view the tip-vortex
photographs for the different dynamic pressures with various parameters held constant.
For example, photographs of the tip vortex for the four dynamic pressures are shown in
figures 16 and 17 for a near-constant lift force of 289 N (65 lb) and 178 N (40 1b),
respectively; in figures 18 and 19 for a near-constant circulation of 2.79 m2/sec
(30 ft2/sec) and 4.83 m2/sec (52 ft2/sec), respectively; and in figures 20 and 21 for a
near-constant lift coefficient of 0.91 and 1.04, respectively. Figures 16 and 17 are for a
near-constant lift force, and hence the circulation decreases with increasing dynamic
pressure, as would be expected, since for an elliptical loading I' = 773 oV Also, for a
constant lift force the core size appears to decrease with increasing dynamic pressure
or decreasing lift coefficient (same as the results in table 2). In figures 18 and 19, for
near-constant circulation and varying dynamic pressure, it appears that the core size is
constant for the four dynamic pressures and, therefore, is independent of dynamic pres-
sure. However, the results of the larger data sample in the statistical analysis in
table 2 discounts this conclusion. The results in figures 20 and 21 show more clearly
the results presented in table 2; namely, for the three highest dynamic pressures, the
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core size is nearly the same for a given lift coefficient, whereas it is significantly
smaller for the lowest dynamic pressure.

An attempt was made to evaluate the Reynolds number effects with the use of a
vorticity meter. Photographs of the meter and its installation are shown in figure 22.
In using the meter numerous difficulties were encountered in keeping the meter properly
lubricated. Pretest and post-test calibrations were inconsistent. In addition, in tra-
versing the vortex core area with the meter, the vanes would sometimes oscillate rather
than rotate, and when the vanes were alined properly with the photocell in the meter,
this oscillation would result in a pulse similar to that of the rotating vane. This diffi-
culty was overcome by closely observing the vorticity meter vanes while making meter
readings. Further, the conversion factor for converting the vane rotational speed to
vorticity apparently was not constant because of the inability to compute the wing lift
consistently (as measured on the wind-tunnel scales) from the rotational speed of the
vorticity meter. Hence, no Reynolds number evaluation was made based on the vorticity-
meter results; however, a typicalb rotational speed map obtained with the vorticity meter
is presented in figure 23. The results are similar to those obtained by other investi-
gators. The results indicate that the vorticity rolls up rapidly (within 1 or 2 chord
lengths downstream) and, further, that the vorticity is concentrated within the core of the
wing tip vortex. ‘

CONCLUDING REMARKS

An investigation was conducted in the Langley full-scale tunnel to study some
factors affecting the tip vortex of a wing. The data obtained consisted of measurement
of the properties of the vortex by use of a tuft grid, measurement of the aerodynamic
forces on the wing, and qualitative analysis of smoke-visualization studies.

Wind-tunnel tests were performed on a semispan wing at four tunnel speeds B
between 17.9 m/sec (58.7 ft/sec) and 40.3 m/sec (132.0 ft/sec) in order to determine
the effects of Reynolds number on the tip-vortex core size. The results indicate that
there is a definite Reynolds number effect. The tip-vortex core size seems to increase
with increasing lift coefficient at nearly the same rate for the three highest Reynolds
numbers, whereas for the lowest Reynolds number the core size increases with
increasing lift coefficient at a much slower rate. This change in the core-size behavior
occurred at a Reynolds number between 0.8 X 106 and 1.2 x 108,

An attempt was made to determine what parameters influence the tip-vortex core
size. Numerous functional parameters such as lift, drag, and induced drag were chosen
and correlated with the core size. The results indicate that, of the functions chosen, not
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one was superior to the others. Therefore, it is concluded that the core size must
either be defined with more accurate data than were obtained in this study or the core
size must be defined by parameters other than those considered.

Spoilers were placed on either the upper or lower surface of the wing to increase
the boundary-layer thickness and/or drag. All these tests were run at the highest tunnel
speed, which corresponds to a Reynolds number of about 1.9 X 108, For the same lift
the full-span spoilers seemed to decrease the vorticity within the core when compared
with that of the clean wing, but the core diameter determined from the maximum tangen-
tial velocity is about the same. Since the spoilers were expected to increase the
boundary-layer thickness on the wing, a resulting change in vortex core size was also
expected. It appeared that this increase in boundary-layer thickness resulted in no
change in the vortex core size, which seems contrary to some préviously published
statements. Further, the maximum tangential velocity seemed to be about the same for
the clean wing and the wing with the spoilers as long as the lift coefficient remained the
same. Similar tests were made with smaller full-span and partial-spa.\n spoilers and the
same conclusions were reached.

Smoke tests were performed at a relatively slow tunnel speed. The smoke test
confirmed the results of the spoiler tests, namely, that not all the boundary-layer fluid
is transmitted to the vortex core. In particular, it appears that only the fluid that is
subjected to three-dimensional effects has an influence on the tip vortex. The smoke
tests also indicated that the vortex core, upon initially leaving the wing, has an excess
axial velocity in the free-stream direction, but that further downstream the axial velocity
of the core becomes less than the free-stream velocity.

Various solid objects were placed downstream of the wing tip in an attempt to
break up the tip-vortex core and reduce the tangential velocities in the vortex. The
most successful object was a small vane, attached to the wing tip, having an area of
about 1.5 percent of the area of the semispan wing, whose surface was alined with the
free stream approximately 1/2 chord length downstream of the wing trailing edge. The
vane seems to decrease the vorticity greatly within the core and also to decrease the
maximum tangential velocity. The core size, as determined from the maximum tangen-
tial velocity, is about the same as for the clean wing. These results are documented
with the tuft grid and with smoke visualization.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., February 18, 1972,
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TABLE 1.- CHARACTERISTICS OF THE BASIC SEMISPAN
WING AND SPOILERS

Airfoil section . . . . . . . . . Lo e e el e e e e e NACA 0012
Chord, €m (A1) v v v v v e e e e e e e e e e e e e e e 60.96 (24)
Thickness, cm (in.) .. ... .. ..., [ 7.31 (2.88)
Span, m (ft) . . . . . .. e e e e e e e e e e e e e e e e e e 2.13 (7
Reference area, m?2 (ftz) .......................... 1.3 (14)
Twist,deg . . . .. .. . it IR AP EPIP P 0
Large spoiler height, cm (in.) .. ... e e e .. 5.08 (2.0)
Small spoiler height, ecm (in.) . ..... e e e e e e e e e e e e e e 2.54 (1.0)
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TABLE 2.- SUMMARY OF STATISTICAL RESULTS

I | s | s |2 ot
ECE =A+BC; | 0.0692 | 0.0521 | 0.28 | 189.6 3.96 | 0.8x 108
.0338 1438 16 | 387.8 8.10 | 1.2
0512 1404 7 | 6009 | 12,55 | 1.5
.0562 1258 0 | 9629 | 2011 | 1.9
L=A+BC 2 | 0.0862 | 0.0350 | 0.25 | 189.6 3.96 | 0.8x 10°
0775 .0988 2 | 387.8 8.10 | 1.2
.0925 .0954 5 | 6009 | 12.55 | 1.5
.0962 .0788 65 | 962.9 | 2011 | 1.9
D.2
—£ =A+BCp, | 0.00422 | 0.0108 | 0.27 | 189.6 3.96 | 0.8x 108
c -.00628 | .0379 18 | 387.8 8.10 | 1.2
-.00500 | .0430 3 | 6009 | 12.55 | 1.5
-.00380 | .0340 78 | 962.9 | 201 | 1.9
2
€ -A+BCy? | 0.00769 | 0.00745 | 0.25 | 189.6 3.96 | 0.8x 106
c .00483 | .0268 18 | 387.8 8.10 | 1.2
00719 | .0300 16 | 600.9 | 12.55 | 1.5
00889 | .0241 78 | 9629 | 2011 | 1.9
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L-72-137
Figure 1.- Photograph of semispan model setup in

Langley full-scale tunnel.
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Figure 3.- Sketch of various model configurations used to determine effectiveness of
disturbing trailing tip vortex of semispan wing. All dimensions in cm unless noted.
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(b) Spoilers in position II.
Figure 5.- Concluded.
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Figure 8.- Photographs showing effect of full-span and semispan spoilers on tip

spoiler.

vortex at 5 chord lengths downstream for a near-constant lift coefficient of

. R=1.9x 106,

Spoiler position III

about 0.9.
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L-72-138
Figure 10.- Photographs of smoke flow with smoke filament at

various spanwise stations.
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Figure 14.- Concluded.
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Figure 16.-

5 chord lengths

operating at near-constant lift force of 289 N (65 1b).

downstream; varying dynamic pressure.
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Figure 17.-

5 chord lengths

operating at near-constant lift force of 178 N (40 1b).

varying dynamic pressure.

downstream:
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Figure 19.- Photographs of tuft grid showing wing tip vortex for clean wing

operating at near-constant circulation of 4.83 m

5 chord lengths downstream; varying dynamic pressure.
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Figure 20

5 chord lengths

constant lift coefficient of 0.91.

downstream; varying dynamic pressure.
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Figure 21.- Photographs of tuft grid showing wing tip vortex for clean wing
operating at near-constant lift coefficient of 1.04. 5 chord lengths
downstream; varying dynamic pressure.



(a) Vorticity meter mounted behind wing.

L-72-139

(b) Vorticity meter.

Figure 22.- Photographs of vorticity meter.
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Figure 23.- Typical map of rotational speed as measured by vorticity
meter at 1 chord length from trailing edge of wing and at o = 12.8°
and q =962.9 N/m2 (20.11 lb/ft2).
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A motion-picture film supplement L-1113 is available on loan. Requests will be
filled in the order received. You will be notified of the approximate date scheduled.

The film (16 mm, 17.5 min, color, silent) documents, with a smoke-flow visualiza-
tion technique, the wing tip-vortex flow pattern generated by a semispan-wing model
having an NACA 0012 airfoil section with a 0.61-meter (2-foot) chord and set at 120 angle
of attack. Illustrations are presented for the wing tip clean, with spoilers on the lower
surface, with an end plate on the wing tip, with a solid object (cone) in the vortex core,
and with a vane located 0.5 chord behind the wing in the vortex core.

Requests for the film should be addressed to:

NASA Langley Research Center
Att: Photographic Branch, Mail Stop 171
Hampton, Va. 23365

Date

Please send, on loan, copy of film supplement L-1113 to
TM X-2516.

Name of organization

Street number

City and State Zip code
Attention: Mr.
Title




NASA Langley Research Center
Att: Photographic Branch, Mail Stop 171
Hampton, Va. 23365






