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Abstract

The deformation of a vortex sheet behind a 30
degrees swept back wing, has been measured in a
low-speed wind tunnel.

The measurements inocluded:

- A total-head survey behind the wing,

- Sidewash measurements across the wake,

- Measurements of trailing vorticity by a vortex
indiocator.

It has been found, that 60 percent of the
trailing vorticity is concentrated in the tip
vortex leaving the wing tip upper surface. Pro-
ceeding downstream, the remaining vorticity due to
the wing diffuses into the surrounding air,without
rolling-up into the tip vortex.

The deformation of the vortex sheet behind the
wing has been caloulated by means of a method,
whioh may be considered as an extension of the NLR
panel method for the determination of the pressure
distribution on lifting wing-body combinations
in uniform flow. It comprises an iterative prooce-
dure for the determination of the location of the
vortex sheet, represented by discrete vortices,
for given onset flow oonditions, The diffusing
process and the presence of a concentrated tip
vortex are not taken into account in the calou-
lation method.

In view of the above mentioned simplifioations,
the agreement between oaloulation and experiment
may be considered satisfactory.

Symbols
a = angle of attack, measured relative to the
root ohord (degrees)
' = oirculation (m2/sec)

r = oirculation, measured with an "ideal"

vortex indioator

3 = sidewash angle (degrees)

AS = maximum difference of the sidewash angle
just below and above the wake (degrees)

" = rotational speed of the vortex

indioator (radians/sec)
b = wing span (m)
o = wing ohord (m)

1lift :
¢, = q—ob—o- = total 1ift coeffioient (=)
op = 2oction UM | yootion 1uft

qoc

ooefficient (-)

P-p,
C = = pressure coefficient (-)
P q,
D = diameter of the vane wheel of the
vortex indiocator (m)
H = total head (kef/ﬂz)
p = local static pressure (kgf/ng)
p, = free-stream statio pressure (dgt/m")
q, = free-stream dynamio pressure (kgf/nz)
Au = sidewash velooity difference aoross
the vortex sheet n/seo
A free—-stream velcoity m/sec
x = oo-ordinate along the local chordj
x=0 at the leading edge, (m)
or
downsiream oo-ordinate along the free
stream direotion; x=0 at the treiling
edge of the tip section (m)
y = spanwise co-ordinate; y=0 at the
tip (m)

z = vertical co-ordinatej z=0 at the
trailing edge of the tip seotion (m)

1, Introduotion

Potential flow calculations around wing-body
oombinations often assume a straight vortex sheet
behind the wing, extending to infinity in a fixed
direotion. However, the deformation and rolling-up
of the vortex sheet can have a significant effeot,
espeoially on downstream airoraft oomponents, e.g.
tail surfaces and could possibly also influence
the pressure distribution on the wing.

A number of investigators has calculated the
deformation of a vortex sheet by discretizing the
continuoug_vortex sheet by a number of discrete
vortices §1'253v4). Also at NLR, a program has been
developed 5 s whioh calculates the vertioal dis-
placement and, approximately, the rolling-up of the
vortex sheet. This program may be considered as an
extension of the NLR panel method 7) for the de-
termination of the pressure distribution on lifting
wing-body oombinations.

Apart from numerical questions &as e.g. the oon-
vergence to a well-defined limit, the question

+) This investigation was performed under contraot with the Netherlands Agenoy for Aerospace

Programs (NIVR),

267



arises whether the caloulated results agree with
the actual flow field behind a wing. Experimental
data on vortex sheet deformetion, suitable for com-
parison with theoretiocal resulis, can hardly be
found in the literature, Therefore, a wind tunnel
investigation was started to measure the downstreanm
development of the vortex sheet behind a swept back
wing a?d the spanwise 1lift distribution on the
wing(a .

In this presentation, model geometry, lift
distribution at itwo angles of attack and a survey
of the downstream development of the vortex sheet,
will be given. The results of the measurements will
be compared with the results calculated with the
NLR method.

2. NModel

The model consists of a 30 degrees swept baok
wing of constant chord and a NACA 0012-64 pro-
file parallel to the plane of symmetry (figure 1).
The wing heas a washout of 4 , linearly distributed
along the span. The tip consists of one half of a
body of revolution, generated by rotating the tip
profile about its ohord line,

The starboard half of the wing is provided with
pressure holes in 15 sections parallel to the
plane of symmetry and also in 5 sections on the
tip, perpendicular to the plane of symmetry
(figure 1),

b = 1500 mm

c =300 mm

4 DEGREES LINEAR WING
TWIST ( WASHOUT) ABOUT
50 % CHORD LINE

k

CONSTANT PROFILE
NACA 0012-64

Wing geometry, looations of the sections
with pressure holes and a detail of the
pressure holes in the wing tip,

Fig.1

The sting mounted model was suspended in an
inverted position in the octagonal test-section
(width 3 m, height 2 m) of the low-speed wind
tunnel (figure 2). The junction between wing and
sting was placed at the wing lower surface, to
restrict the disturbance by the sting. The
junction was placed asymmetrically, tc permit
pressures tc be measured at the wing root.
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Fig.2

Sting mounted model, suspended in an in-
verted position, Notice the asymmetri-
cally placed sting, the pressure leads
at the port wing tip and the total head
rake behind the starboard wing.

3. Testing techniques

3.1 Introductory remark

The 1ift distribution on the wing was deter—
mined from pressure measurements. Some insight into
the flow characteristics on the wing surface was
obtained by flow visualization techniques, i.e.
tufts and oil pattemns.

The experimental determination of the develop-
ment of the vortex sheet behind the wing, will be
discussed hereafter in some detail.

3.2 Total-head survey

By considering the total-head loss, originating
in the boundary layer of the wing, as a passive
quantity flowing downstream, a total-head survey
at several downstream stations behind the wing,
should reveal the streamline pattern behind the
wing.

The total~head distribution was measured with
a total-head rake (cf. figure 2) at several span-
wise and downstream stations. By interpolation,
contour lines of constant total head, in planes
perpendicular to the free-stream, can be deter-
mined. The down-stream deformation of the contour
lines shows the cross-flow streamline-pattern.
However, the wake diffuses downstream and the
determination of the contour lines becomes increas-
ingly inaccurate. The location of the trailing
vorticity within the wake cannot be determined by
this technique.

3.3 Sidewash measurements

In potential flow, the sidewash varies dis-
continuously across a vortex sheet. In viscous flow,
the trailing vorticity oocupies a layer with finite
thicknees and the sidewash varies through this
layer with a finite gradient.

Measuring the sidewash with a yaw meter at
several downstiream stations gives, in principle,
the possibility to determine the location of this



layer with trailing vortioity. Moreover, the
magnitude of this sidewash is a measure of the
local strength of the trailing vortioity and offers
a possibility to oheck the usefulness of the pre-
diotion of the flow field behind a wing by nume-
rical oaloulations,

_The sidewash has been measured with a oobra
head type of yaw meter, which was used as a re-
motely controlled null~reading device., The
angular aoouracy was about 1/4 degree and possibly
a somewhat larger systematic error of about
1 degree was present (calibration of free-stream
direotion with model in the test section).

At a fixed spanwise and downstream looation,
the yaw meter was transversed vertioally. The
acouracy of the vertioal traverse is about 2 mm,
but there are possible systematio errors in
vertioal position, due to the deflection of the
support of the yaw meter oontrol box under aero~
dynamio load., Therefore, the determination of
the location of the verticity layer from widewash
measurements is not suffioiently aocurate. Nore-
over, a traverse in a potential flow at some
distance of a concentrated vortex shows a large
sidewash gradient. This indicates that a side-
wash gradient not always means that the yaw meter
traverse crossed a layer of treiling vorticity.

With the above mentioned exoeption, it is
possible to determine the strength of the trailing
vortioity from the maximum difference in sidewash
across the wake (Aé). The trailing vorticity
ar /dy induoes a sidewash velocity difference Au
just below and above the trailing vortioity layer.
Assuming a constant mean velocity above and below
the wake equal to Vo, the difference in sidewash

angle aoross the wake can be oalculated from:

ns = n dr/dy

A = (radians)

o}

3.4 Measurement of trailing vorticity

The direot measurement of the treailing vorti-
city appears to be the only way to determine the
location of this trailing vorticity and the de-
velopment of the rolling-up process properly.

In order to obtain a quick but approximate
method for measuring the trailing vorticity in the
wake, a so-called "vortex indicator" was chosen.

Fig.3 Vortex indioator mounted in a streamlined
support.

The vortex indicator (developed at NLR) consists
of a small wheel with vanes parellel to the axis
of the wheel. The axis of the wheel is plaoced
parallel to the mean flow. Only when the flow
through the vane wheel oontains vorticity with its
axis parallel to the mean flow, the vane wheel
will rotate,

A low friction, cruoial for the proper operation
of the instrument, has been obtained by applying
air-bearings. The number of revolutions of the
vane wheel has been measured, without extracting
energy from the wheel, by a light source and a
photo-diode, built into the instrument. Vane wheels
of different diameters oould be used. A photogreph
of the vortex indicator is shown %n figure 3.

Aooording to a simple analysis , the relation
between the rotational speed w and the circulation

Ttn enolosed by the vane wheel, should be:
- B
M ™ Z D .2uw

Tests with the vortex indioator showed, however,
that aocurate calibration was imposasible, but a
very rough oalibration factor has been extracted
from the tests, vis.:

I's 0.7 I‘th

4. BNumerioal method

The numerioal method for the calculation of the
deformation of the vortex sheet behi?d a wing, is
an extension of the NLR panel method 7). This is
a singularity method, using source distributions
on the contour and horseshoe vortices inside the
wing. The vortex lines extend to infinity on a
discontinuity, surfaoe behind the wing.

The nethod(5gr, that has been used for the de-
termination of the location of the vortex sheet
behind the wing, proceeds along the following
lines:

- For an estimated position of the vortex sheet,
the lift distribution on the wing is caloulated
(first step).

= With the 1lift distribution thus determined and
the strengths of the vortices thus being known,
the trailing vortioes are relaxed into the local
streamline directions. In this relaxation pro-
oedure, the modification of the streamline
pattern by modifying the shape of the vortex
lines, is taken into acoount.

= For the newly found shape of the vortex sheet,
the 1ift distribution on the wing is determined
again (seoond step), whereafter the whole pro-
cedure is reiterated until convergence of the
results has been established.

Full dezailg of the method may be found in
references(5y7), but here it may suffice to make
the following remarks:

= No attempt has been made to represent the tip
edge separation, that may lead to the formation
of the tip vortex, leaving the wing some
distanoe upstream from the trailing edge.

= The. velocity distribution along the vortex sheet
is calculated midway between the discrete
vortices, for reascons of mathematical consistency,



The average flow angle at the discrete vortices
themselves, is obtained by interpolation.

= The relaxation of the vortices is performed
simultaneously while proceeding downsireanm,
thus determining successive cross-seotions of
the vortex sheet in planes normal to the plane
of symmetry of the wing.

5. Experimenial results

5.1 Lift distribution

The 1lift distribution, determined from pressure
measurements, is given in figure 4. Flow visua-
ligation indicated a crescent shaped area with
flow ssparation at a = 16° (¢,=0.82), whereas at
a =10 (cL =0,50), the flow i& attached along the

entire trailing edge.
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. &\ Fig.5 Contour lines of oonstant total head in
5 \ planes perpendicular tc the free-stream,
y 18 CALC. FIRST STEP : ‘ The wake location is not corrected for
tunnel wall constraint,
——~—— CALC. SECOND STEP
- ©  EXPERIMENT ) 5.3 Sidewash across the wake
The sidewash variation in vertical traverses
through the wake, is shown in figure 6. The large
gradient of the sidewash is clearly shown. Down-
0 stream, the inboard stations show a diminuation

10 0.8 0.6 0.4 0.2 0 of the gradient by diffusion of the vorticity.
&7 Close to the tip (2y/b = 0.07), the gredient of the
sidewash increases downsiream, due to the inboard
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5.2 HWake deformation L ol 42

Figure 5 gives an example of the deformation of
the wake at several distances downstream (x=y=z=0) P
ooincides with the wing tip treiling edge).
Some remarks can be made about this figure, vis.3 L
~ The tip vortex exists already at the wing tip
trailing edge (x/0=0). Downstream, the vortex o] 5
oore moves 8lightly inboard and upwards. The
upward movement is possibly caused by tunnel
wall oonstraint.
- Downstream, the inboard part of the wake moves <3
downwards. In the tip region, the wake stretches
laterally and moves in a helical path around (

the tip vortex, < NFLO¥ | OuTFLow
~ The downstream broadening (diffusion) of the Sl S0 s — i l=me o0 TR

wake is not clear from this figure, beoause the 5 (DEGREES)

contour lines are given at a oonstant value of Fig.6 Sidewash variation across the wake,

the total head instead of a oonstant frection measured at 3 spanwise and 2 downsiream

of the maximum total head loss in the wake. stations.
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The downstream variation of the spanwise
distribution of the sidewash difference across the
wake Ad (3°° Sect. 3.3) is shown in figure 7.

At a = 107, there is no significant downstiream
variation. The downstream igncrease of Ad in the
tip region at a = 10 and 16", is due to the in-
board movement of the tip vortex (of. Fig.6). At

a = 16 , there is a downstream decrease of the
strength of the treiling vorticity, which is
possibly connected with the flow separetion on the
trailing edge at that angle of attack.

AS
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Fig,7 Sidewash difference across the wake,
showing the downstream variation of the
strength of the trailing vorticity.

5.4 Trailing vorticity

The location of the layer with trailing vorti-
city is determined by measuring at each spanwise
station the vertical co-ordinate z, at which the
vortex indicator showed the maximum rotation.
Figure 8 shows the downstream development of the
trailing vorticity layer, measured in that way.
The last experimental point in the tip region
coincides with the centre of the tip vortex.

Figure 9 shows the downstream variation of the
strength of the trailing vorticity (d I /dy) in
dimensionless form), using a rough estimate of the
.calibration factor of the vortex indicator. The
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Fig,8 Location of the trailing vorticity layer,
measured with the vortex indicator. The
location is not corrected for tunnel wall

oonstraint,

strong decrease with x/c in the tip region indi-
cates the laterel stretching of the vorticity
layer into a helical path around the tip vortex
(cf. Fig.5). The apparent downstream decrease
along the entire span is possibly caused by out-
ward diffusion (widening) of the vorticity layer,
80 that the vane wheel of the indiocator does no
longer encompass all the vorticity of a definite
spanwise part of the layer. It must also be no-
ticed, that the plane of the measurements is per-
pendicular to the plane of symmetry of the wing.
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Fig.9 Spanwise distribution of the strength of
the trailing vorticity, measured with a
vortex indicator.



‘Therefore, due to the sweep of the wing, the
distance from the trailing edge is larger at
the root than at the tip.

It is interesting to lmow, whioh part of the
circulation is contained in the tip vortex, al-~
ready existing at the trailing edge and which
part is contained in that part of the vortex
sheet, that rolls-up into the tip vortex down-
stream.

The ciroulation on the wing can be estimated
from the local wing 1ift cy » using Vo instead

of the looal velocity at the bound vorticity
(it has been ohecked with numerical calculations,
that the error is within 5 percent). The
strength of the tip vortex can be estimated from
vortex indicator measurements.

4

L |
I,

CENTRE
OF

VORTEX
35 mm

e |

Fig,10 Sketch of different vane wheels for
determining the circulation distribution
of the tip vortex. Axis of wvane wheel
coinocides with centre of vortex,

The vorticity in the tip vortex is distri-
buted over a finite cross-sectional area. A
vortex indicator, whose axis coincides with the
centre of the tip vortex, will only measure
that part of the ciroulation, that is enclosed
by the vane wheel. Using different vane wheel
diameters, the circulation distribution within
the vortex can be determined (see Fig, 10),
tending to a constant value of I' at larger
distance from the centre.

Figure 11 shows the circulation distribution
in the tip vortex at three downstream stations,
The arrows on the abscissa indicate the centres
df the tip vortex at different x/c (tip vortex
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Fig.11 Downstream variation of the vorticity
distribution in the tip vortex and the
spanwise circulation distribution on the
wing in the tip region,

moves inboard at increasing x/o). At small
distances from the centre of the vortex, the
circulation diminishes slightly downstream,
revealing some vortex decay. At large distances
from the oentre (maximum vane wheel diameter),
no decrease is found.

From the shape of the circulation distribution
a slight tendency of further increase of the
oirculation could he detected.

The almost constant strength of the tip
vortex along its downstream path, stands in
marked contrast with the deorease of the
strength of the vortex sheet in the tip region,
shown in figure 9. Further measurements with
the vortex indicator showed, that due to the
lateral stretching along a helical path around
the tip vortex, a rapid diffusion prevented this
vorticity to be included into the core of the
tip vortex,

Also shown in figure 11, is the circulation
distribution on the wing in the tip region,
determined from pressure measurements. The arrow
on the ordinate indicates the maximum circu-
lation at the wing root, It is clear from this
figure, that already 60 percent of the total
trailing vorticity is concentrated in the tip

vortex at the wing trailing edge (x/c=0), where-
as further downstream, the strength of the tip
vortex hardly increases (within the range of

the present tests). Mea? ements at large
distances behind a wing gﬁ also showed, that a
tip vortex contains about 60 percent of the
maximum circulation, which agrees with the
present measurements at short distances behind
the wing.

Figure 12 suggests a possible course of bound
and trailing vortex lines. It can be shown by
Stoke's law, that the circulation of the tip
vortex just behind the trailing edge must be
equal to the circulation around wing section A,



YORTEX SHEET

TIP
VORTEX

Fig.12 Bound and trailing vortices, Section A
has a circulation equal to the tip
vortex,

Figure 11 shows, that this section is lo-
cated at 10 to 15 percent of the semi span from
the tip. The viscous forces in the separated

boundary layer on the tip have to be very effect-

ive in conocentrating the vorticity into this tip
vortex.

6. Comparison with calculations

6.1 Introductory remarks

Due to viscous ari tunnel wall effects, there
will be differences between experimental and
caloulated results. In potential flow, the same
1ift will be obtained at a lower angle of attack
than in viscous flow and it seems obvious to
compare experimental and oaloulated results at
equal over-all lift, instead of at equal angle
of attack, because the 1ift fixes the strength
of the trailing vortex sheet and the pertur-
bation of the free-stream, which determines the
deformation of the vortex sheet. It means, how-
ever, that the wing position in space differs
in caloulation and experiment and this affects
the downstream location of the vortex sheet in
both cases, -

The tunnel wall correction on angle of attack
is nog needed, when experiment and caloulation
are compared at equal over-all 1ift, However,

a correction on the downwash behind the wing is
still necessary. Due to the approximate nature
of the corrections found in the literature,
these corrections are only estimated in a single
case (detailed caloulations with the NLR panel
methodewere not considered worthwhile, beoause
the calculated corrections will not differ
largely from the estimated values).

6,2 Lift distribution

Figure 4 shows the calculated and measured
spanwise 1ift distribution. The calculation
with the a priori chosen vortex sheet location
is designated with "first step”, whereas the
"second step" is the calculation with the de-
formed vortex sheet location,

The agreement between calculation and expe-
riment is very good at CL = 0,50, It must be

noticed, that the agreement is good because
almost equal over-all 1ift was chosen in both
cases, in that way approximately compensating
the viscous 1ift loss., Small deviations at tip
and root are possibly caused by boundary layer
displacement effects.

The less good agreement at CL = 0.82 is pro-

bably caused by trailing edge separation (of.
Sect. 5.1). The relatively large difference in
the tip region between first and second step,
is possibly connected with the chosen distri-
bution of discrete trailing vortices (panel
distribution). At C;, = 0.50 no difference in

shape was found between first and second step,
because of a finer panel distribution at the
tip was chosen in that oase. The influence of
the deformed vortex sheet on the over-all 1lift
(second step), was only 3 percent,

6.3 Pressure distribution

Figure 13 shows the calculated and measured
prossure distribution at two spanwise stations

at C; = 0.82, At mid semi span, the calculated
6
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O  EXPERIMENT
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-3
-2
§;§{\Q¥ Y/ b = 0.500
=i}
HL*l‘~**“‘{r——_~_____§~
. % &
WM
+1

w
.

Y/% b =0.02

il

h”*¥-1>——4

—8—8—

o
o 0 0 o

0.75

+1

0 0.25 0.5 1.0

r/C

Fig,13 Measured and oaloulated chordwise
pressure distribution at two spanwise

stations,
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w92 = 0.82
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1 o
= o]
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o EXP.

CALC. FIRST STEP

Fig.14 Measured and calculated pressure distri-
bution in sections perpendicular to the
tip chord,

pressure distribution agrees with the measured
one, except on the rear part of the upper sur-
face, where the influence of the flow separation
is clearly visible. Even close to the tip, the
agreement between calculation and experiment

is very good, except on the rear part of the
profile. This is possibly connected with the tip
vortex on the wing tip upper surface.

The calculated and measured pressure distri-
butions across the wing tip, are shown in figure
14, The agreement between calculation and
measurement is very good at sections perpendi-
cular to the tip ochord, some distance away from
the trailing edge. Close to the trailing edge
(x/c = 0,78), large deviations occur. This is
probably caused by the simple mathematical
model for the tip flow, used in the calculations,

274

6.4 Vortex sheet location

Calculation and measurement have been per-
formed at almost equal 1ift, which means differ-
ent angles of attack in both cases, Due to the
sweep back of the wing, the position in space
of the trailing edge also differs., In order to
oompare the oaloulated vortex sheet looation
with the measured one, the wings have been
shifted in suoh a way, that both wing tip trail-
ing edges coinoide (x=y=z=0), but there remains
a difference in trailing edge position, in-
creasing towards the wing root.

Figure 15 shows the vortex sheet looation at
two values of CL and three downstream stations.

At high 1ift, the calculated shape of the vortex
sheet agrees better with the measured shape,
than at low 1ift, as far as the rolling-up pro-
cess is conoerned. The increased downwash in the
inboard region at C; = 0.82, is not revealed by

the caloulations, possibly because of the limi-
ted number of trailing vortioes used in the
calculations and the lower 1ift at the root.
Figure 16 shows the measured and oalculated
downstream vortex sheet location at mid semi
span. The difference in vertical and downstream
scale must be noted. Also indicated is the

position of the wing trailing edge during the

measurements and the position used in the cal-
culations.

o EXPERIMENT
CALCULATION z/¢c

€ =0.50
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° o o o
o
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0 0 0 o o 4 [
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X/C=0

1.0 0.75 0.50 0.25 0

Fig.15 Measured and ocalculated spanwise vortex
sheet location at 3 downstream stations

and 2 CL values,
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Measured and calculated downstream wake
location at mid semi span, Notice the
difference in horizontal and vertical
scale,

Fig,16

Part of the difference in downstream slope
can be explained by tunnel wall constraint,
as is shown in figure 17, where the measyrepents
are oorreoted for tunnel wall oconstraint 10?
and where the trailing edges at mid semi span
are made to coincide. There remains a difference
between caloulation and measurement, whioh is
partly oaused by:

— The fact, that in viscous flow the trailing
vortioity originates mainly from the boundary
layer of the upper wing surface. Simultaneous
measuremigts of total head and vortiocity
revealed ) that the trailing vorticity is
located above the centre of the total head
wake.

—~ The different angles, at which the vortex
sheet leaves the trailing edge in potential
and viscous flow., Acgording to the oriteria
of Mangler and Smith'1l), valid for potential

flow, the vortex sheet haes (in the present

oases to leave the wing in a direotion parallel
toc the wing upper surface. Measurements in
viscous flow shoved(e), that at small inoi-
dence the wake leaves the wing in a direction
approximately parallel to the biseoctor of the
tail angle and at high incidence more or less
parallel to the wing lower surface,

The ocalculated vortex sheet is strongly
curved close behind the trailing edge. The in-
fluenes of the initial direction of the vorgex
sheet on the vertical location further down—
stream, will probably be small.

6.5

Because the shape of the vortex sheet can
only be approximately oalculated, it is im-
portant to know, whether the downstream velocity
field can be predicted with some accuracy.

The downwash is rather well predicted, because
there is only a slight difference between cal-
oculated and measured slope of the downstream
vortex sheet location, as is shown in figure 17,
Examples of detailed calculations of the side-
wash are given in the figures 18 and 19, The
data labelled "first step" are calculated with
straight trailing vortices approximately
parallel to the wing chord. The "second step"
data are calculated with the deformed vortex
sheet (cf, Fig.15).

An inviscid continuous vortex sheet would
show a discontinuity in the sidewash, when the

T o
P caLcuLaTiON

+0.2p
Z/C

Sidewash

EXPERIMENT (CORRECTED)

+0.1

+0.21
Z/C
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CL =082

LOCATION T. E.
ATY /b =0.5

-0.4% ! 1 Il I J

0 1 2 3 4

X/C

Measured and ocaloulated downstream wake
looation at mid semi span, Measured
location oorrected for tunnel wall
oconstraint and for difference in trail-
ing edge position,
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Fig,18 Measured and calculated values of the
sidewash behind the wing at CL = 0,50,

vortex sheet is crossed, With the disorete
vortex representation, this discontinuity no
longer exists, as long as the discrete vortex
is not crossed. The sidewash distribution midway
between the discrete vortices resembles (more
or less accidentally) the sidewash distribution
of the viscous vorticity layer. The second step
improves the agreement in most cases.

The agreement between calculated and measured
sidewash is in the tip region better at CL= 0.50

than at C; - 0.82, notwithstanding the remark

stating the opposite in seotion 6.4, regarding
the calculated downstream shape of the vortex
sheet (of, Fig,15). The large difference between
calculation and measurement in Fig,19 at 2y/b =
= 0,13, is caused by the concentrated tip vor-
tex, present in the measurements.
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Fig.19 Measured and caloulated values of the
sidewash behind the wing at CL = 0,82,
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The present numerical method uses the velo-
city midway between disorete vortices, to de-
termine the streamline pattern and thus the
vortex sheet location, The good agreement
between calculated and measured sidewash at some
distanoe away from disorete or concentrated
vortices (e.g. at 2y/b = 0.40) showe, that this
choice works well within the range of disore-
tizations applied in these oaloulations.

J. Concluding remarks

.1 Experiment

At the trailing edge, about 60 perocent of all
trailing vorticity is already oonoentrated in
a tip vortex, which originates 'in the boundary
layer on the wing tip upper surfaoce. The tip
vortex flows downstream approximately parallel
to the free-stiream, without significant
variation of its strength.

The remaining part of the trailing vorticity
leaves the wing in the form of a vorticity layer.
The inboard part moves downwards and the vorti-
ocity diffuses slowly into the surrounding air,
whereas the outboard part of the vorticity layer
moves in a helical path around the tip vortex,
diffusing its vorticity into the surrounding
air without concentrating it into the core of
the tip vortex.

Except the trailing vorticity close to the
tip vortex, the vortioity is located above the
centre of the total-head wake of the wing.
Therefore, the centre of the total-head weke is
not a reliable measure for the location of the
trailing vorticity.

1.2

Comparison of ocalculation and measurement

The spanwise 1ift distribution is well pre-
dicted, with the exception of a slight under-
estimation at the root. Other disorepanocies
are due to:
~ Flow separation on the trailing edge at

high 1ift,

- The tip vortex, already present upstream of
the trailing edge on the wing tip upper sur-
face, which was not represented in the mathe—
matical model used.

The calculated influence of the deformation
of the vortex sheet on the over-all 1ift, was
about 3 percent,

The pressure distribution was also well pre-—
dicted, even on the front part of the wing tip.
The disorepancies in the pressure distribution
on the rear part of the wing tip are possibly
due to neglecting the flow separation on the
tip and the corresponding tip vortex formation,

The vertical displacement of the vortex sheet
is generally overestimated, except at the wing
root. The main reason for this is the neglect
of viscous effects in the caloulations, viz.:

— In viscous flow, the trailing vorticity stems

mainly from the wing upper surface and is,

therefore, located in the upper part of the
total-head wake behind the wing,

The initial direction of the wake is not the

same in potential and viscous flow. The

criteria of Mangler and Smith are not appli-
cable in viscous flow. The influence on the

vertiocal location of the wake farther down-

stream, is possibly small.



There are discrepancies between the calcu-
lated and the measured shape of the vortex sheet.
The discrepancies are not fully clarified, but
have their roots in:

— The numerical iteration process. The influence
of several computational details will possibly
be investigated in the future.

~ The neglect of viscous effects, i.e. the
neglect of the concentrated vortex, already
existing on the wing tip upper surface and the
neglect of the diffusion of vorticity.
Notwithstanding the discrepancy between cal-

culated and measured shape and position of the

vortex sheet, the agreement between caloulated
and measured sidewash is satisfactory at distan-
ces not too close to discrete or concentrated
vortices. This agreement also supports the
choice made in this mathematical model, viz. to
determine the path of the trailing vortices

from velooities, caloculated midway between the

discrete vortices.

Apart from the discrepancies between measured
and calculated shape and position of the vortex
sheet, the present results are sufficiently
accurate to predict for moderate 1ift, the flow
around downstream aircraft compcnents (e.g.
tail surfaces), when the proximity to the tip
region of the vortex sheet is not too close,
Improvement of the mathematical model should in
the first place concern the treatment of the
tip flow,
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DISCUSSION

A. Das (DFVLR-Braunschweiq, Germany): In the picture
of your paper, the spanwise circulation distribution
of the rolled-up vortex sheet is shown. In case

the vortex sheet is completely rolled up at the
edges, how is the circulation distribution defined
in the rolled-up area - both from experiment and
theory? If we relate the circulation with the
potential jump across the vortex sheet, the rolled-
up area presents some formal difficulties.

0. de Vries: The circulation at a xadius R from the
centre of the tip vortex in figure 11 of the paper,
is defined as the contour integral of the velocity
tangential to a circle with radius R perpendicular
to the free-stream.

The vortex indicator rotates due to tangential
velocities and in that way measures the contour
integral. The experimental determination of the
circulation is difficult, especially of the effec-
tive radius of the vortex indicator.

The circulation distribution is not calculated,
because of the limited number of discrete vortices
used and because the calculated vortex sheet was
not rolled up.




