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(54) Flow surface for athree-dimensional boundary-layer flow, especially on a swept wing, a swept

tail plane or a rotor

(57)  Aflowsurface (16), e.g. on a swept aircraft wing,
has a three-dimensional boundary-layer flow. The sur-
face is defined by a spanwise direction (z) and a chord-
wise direction (x). In or on the flow surface excitation
locations (22) are arranged, exciting primary disturbanc-
es (24). The invention is characterized in that the excita-
tion locations (22) are arranged such that benign steady
primary disturbances are excited and maintained on a

sufficiently high amplitude level as longitudinal vortices
respectively crossflow vortices, suppressing naturally
growing nocent primary disturbances by a non-linear
physical mechanism. The benign primary disturbances
preserve a laminar flow, such that unsteady secondary
disturbances, which may initiate turbulence and which,
otherwise, are excited in streamwise direction by nocent
primary vortices, are suppressed or at least stabilized.
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Description

[0001] The invention relates to a flow surface with
three-dimensional boundary-layer flow, especially on a
swept wing, a swept tail plane or a rotor, according to the
preamble of claim 1.

[0002] On every body with a fluid flowing over its sur-
face a thin friction-dominated layer, the so-called bound-
ary-layer, within which the speed of the fluid adapts due
to friction to the speed of the body, forms at the body
surface. The state of the boundary-layer flow determines
the drag, wherein the calm, laminar form causes a sig-
nificantly smaller drag than the mixing, rough, turbulent
form. The turbulent form is caused by the instability of
the laminar flow form, which finally becomes turbulent in
a transition process by increase of disturbances.
[0003] In order to diminish drag and, thus, to increase
the efficiency of machines as well as their environmental
compatibility, it is attempted to maintain the laminar form
as long as possible on the surface of the body resp. - in
case of a wing, tail plane or rotor - over a profile chord
range as large as possible by means of transition delay.
A method for achieving this object, is the suction of
boundary-layer fluid at the wall surface, which stabilizes
the laminar flow.

[0004] It was, however, noted that, especially in case
of swept aerodynamic surfaces, the boundary-layer suc-
tion is not as efficient as desired. This is due to the fact
that on such aerodynamic surfaces three-dimensional
flow effects occur due to a flow component (cross flow)
extending in spanwise direction. This causes an instabil-
ity of (cross flow) disturbances, leading to an early tran-
sition, i.e. an early alteration of the laminarinto a turbulent
boundary-layer flow.

[0005] Three-dimensional laminar boundary-layer
flows are highly unstable due to the existing cross flow
within the boundary-layer, especially in case of pressure
decrease in down-stream direction. Because this insta-
bility causes a growth of longitudinal vortex-type (prima-
ry-) disturbances and their final disintegration by un-
steady secondary disturbances into the turbulent flow
form, it has been attempted to weaken the cross flow by
suction of boundary-layer fluid at the wall.

[0006] For this purpose the wall is provided with per-
forations, being mostly laser- or electron-ray-blasted mi-
cro-hole- or micro-slot arrangements. Suction chambers
situated under the surface are connected with vacuum
pumps, sucking the fluid from the boundary-layer. Pres-
ently, however, no aircraft with boundary-layer suction is
in service, but in the past and even in the most recent
past repeated flight tests were performed with suction at
the vertical fin or at the wings.

[0007] For the boundary-layer suction, arrangements
of micro-holes with a diameter of typically 50 um and a
chordwise/streamwise and spanwise distancz between
the holes of typically 500 pm - 1000 pm are used, with
the object of coming as close as possible to a kind of
ideally porous wall. The disadvantage is, however, that
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each three-dimensional disturbance of the wall flow can
excite exactly the aforementioned undesired vortices,
even if the perforation distances are selected such that
the excitation theoretically occurs in an uncritical stream-
wise and spanwise wave-number range. The reason is
that even smallest non-uniformities in the perforation dis-
tribution may again lead to an excitation of unstable dis-
turbances.

[0008] A possible solution is suggested in WO
03/089295 A2. Here, the perforation distribution or pat-
tern is designed such that the excitation spectrum being
obtained by means of a double-spectral-Fourier-analysis
of the two-dimensional (repeating) perforation pattern,
has the smallest possible amplitudes at the streamwise
and spanwise wave-number values of the unstable
steady vortex disturbances. Furthermore, it is proposed
to design consecutive hole- or slot groups in such a way
that they cancel, as far as possible, steady disturbances
arriving from up-stream and being caused by the perfo-
ration, or, at least, that they dampen them in such a way
that the transition is delayed in chord direction.

[0009] WO 03/089295 A2 is based on the principle of
the successive local cancellation of undesired excited
steady disturbances due to groups of perforations, fol-
lowing a linear method valid for small disturbances. This
principle results typically in irregular distances of perfo-
rations in spanwise and chordwise direction within a
group. In order to be able to achieve the desired minimum
excitation or good cancellation, the perforations following
each other in chordwise direction must be shifted in span-
wise direction at least within the group relative to the
streamline resp. the vortex axis of the primary distur-
bance.

[0010] The disadvantage of this proposition is a small
robustness of the method, as deviations of the ideal, cal-
culated distribution due to manufacturing tolerances or
operationally caused disturbances such as surface dirt
or clogged holes lead to a strongly reduced efficiency.
Furthermore, only disturbances caused by suction are
minimized. There is no influence on other disturbances,
e. g. due to undesired surface roughness.

[0011] Itis the object of the present invention to signif-
icantly improve the efficiency of the suction of boundary-
layer fluid in three-dimensional boundary-layer flows, as
they occur e. g. on (backwardly) swept wings or tail-plane
surfaces of aircrafts or on rotors of wind turbines.
[0012] This object is achieved with a flow surface as
defined in claim 1. Advantageous further embodiments
are defined in the sub-claims.

[0013] According to the invention it was realized that
the narrow distance between the excitation locations
(seen in spanwise direction) known from the state of the
art, which induce a benign primary vortex disturbance,
which is not secondarily unstable and suppresses nocent
primary vortex disturbances by nonlinear disturbance in-
teraction, delays the transition only over a relatively small
distance (seen in chordwise resp. streamwise direction).
Furthermore, it was realized that a mere and, seen in
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chordwise direction, repeated periodic arrangement
does not solve this problem in a satisfying manner.
[0014] Theinventionpursues, instead ofanaimed can-
cellation of undesired primary disturbances, the principle
of a continuous excitation (i.e. seen in chordwise resp.
streamwise direction over a possibly long distance) of a
primary disturbance and its maintenance with a relatively
high amplitude (non-linear disturbance with feedback to
the basic state). An important aspect of the invention is,
thus, to permanently excite benign cross-periodic vortex
disturbances (primary disturbances) in downstream di-
rection by means of a specific geometric arrangement of
the excitation locations in order to sustain them on a use-
fully high amplitude level. The benign primary crossflow
vortices supress naturally growing nocent primary distur-
bances by a non-linear physical mechanism.

[0015] Thus, it is ensured that other nocent primary
disturbances, which may occur due to the perforation or
other disturbance sources, are suppressed or at least
impeded in their unstable development by non-linear dis-
turbance interaction. Forthis purpose the cross distances
(i.e. the distances in spanwise direction) and/or the
streamwise distances (i.e. the distances in chordwise or
streamwise direction) between the excitation locations
are adjusted in such a way that the benign primary vortex
disturbance, having preferably approximately 2/3 or less
of the spanwise wavelength of the most unstable and
dangerous vortex disturbance, is specifically excited.
[0016] As, due to the typically altering basic flow, the
streamwise wave number of the benign primary distur-
bances changes in downstream direction, the distances
between the excitation locations in this direction are not
constant, either. A part of the acting mechanism of the
benign primary disturbance ("UFD-vortex" - UFD = Up-
stream Flow Deformation) is that it generates a deforma-
tion of the mean flow (by means of the so-called Reynolds
stresses), being somehow not unalike to the deformation
by means of suction, but, however, having an improved
stabilizing effect.

[0017] In direct numerical simulations the positive ef-
fect of the permanent UFD-excitation due to the excita-
tion locations arranged now in spanwise as well as chord-
wise direction could be proved. These simulations are
very complex, but under the given boundary conditions
very reliable.

[0018] By means of the excitation locations arranged
according to the invention it is achieved that unsteady
secondary disturbances, initiating turbulence and being
excited in streamwise direction by nocent primary distur-
bances, are stabilized and, thus, the transition can be
delayed over a considerable distance, seen in chord-
chordwise direction.

[0019] By means of the delayed transition a laminar
boundary-layer flow can be maintained along a wide
chord range, the laminar boundary-layer flow reducing
drag. This effect was successfully simulated under air-
craft flight-conditions over a practically relevant range of
20 cm in wing chord direction.
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[0020] Forthe arrangement of the excitation locations,
different patterns are possible, each having its specific
advantages with regard to aerodynamic efficiency and
manuf acturing effort. It is particularly preferred to realize
a flow surface with excitation locations being arranged
in rows extending in spanwise direction, the distance be-
tween the rows increasing in chordwise or streamwise
direction. The rows may be arranged in groups, and
groups with different geometric parameters (distances
and ewolution of distances between rows and/or excita-
tion locations) may be arranged in chordwise and/or
spanw ise direction.

[0021] From the point of view of aerodynamic efficien-
cy, itis particularly preferred to realize, seen in chordwise
direction, increasing distances between the rows within
a gro. p and from a precedent group to a subsequent
group, and to realize increasing spanwise distances be-
tween excitation locations from one row or group to an-
other.

[0022] If suction openings are used as excitation loca-
tions, one can furthermore benefit from the known ad-
vantag es of the known boundary-layer suction. In this
case the stabilising effect is larger than in the case of
ideal, homogeneous suction with the same suction rate
! stren gth, or for the same effect, the total suction rate /
strength can be reduced. A variation of the local suction
rate/strength, i.e. of the air volume sucked off per suction
openir g group, furthermore, permits the adaptation to
the actual conditions of the boundary-layer flow.

[0023] In order to achieve this positive effect, simple
round openings can be used, which can be realised by
means of current manufacturing methods. However, slot
openir gs are more suitable for the design. It is favoura-
ble, if they are oriented in spanwise direction or approx-
imatel'y perpendicular to the streamlines.

[0024]] Itis also possible, thate. g. only in an upstream
leadinig region, seen in chordwise or streamwise direc-
tion, suction openings are used, whereas in a down-
stream region having e. g. a lower pollution risk, less
expensive types of excitation locations can be utilized.
The rc bustness of the method with regard to manufac-
turing tolerances is significantly higher than with the
known cancellation principle based on superposition of
anti-pt ased disturbances.

[0025] In the following, embodiments of the invention
are de scribed in more detail with reference to the en-
closed drawings.

Fig. 1 is a schematic top view representation of an
aircraft with a first embodiment of a flow sur-
face;

fig. 2 is an enlarged detail of the flow surface of figure
1

fig. 3 is a representation similar to fig. 2 of a modified

embodiment;
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fig. 4 is a sectional view in a plane situated trans-
versely relative to a main flow direction in order
to visualize the shape of natural primary dis-
turbances on a flow surface;

fig. 5 is a representation similar to fig. 4 of primary
disturbances artificially excited on the flow sur-
face of fig. 1;

fig. 6 is a schematic top view representation of an
aircraft with a second embodiment of a flow
surface;

fig. 7 is an enlarged detail of the flow surface of fig. 6;

fig. 8 is a representation similar to fig. 7 of a fourth
embodiment;

fig. 9 is a representation similar to fig. 7 of a fifth em-
bodiment;

fig. 10 is a representation similar to fig. 7 of a sixth
embodiment; and

fig. 11 is a schematic top view representation of an
aircraft wing according to the sixth embodi-
ment.

[0026] In figure 1 an aircraft is generally designated
with reference numeral 10. It comprises a fuselage 12
and a wing 14, constituting a lifting surface. The upper
or lower side of the wing forms a flow surface 16. An
elevator unit is designated with reference numeral 18. A
spanwise direction is designated with z, a chordwise di-
rection of the wing 14 and the flow surface 16 with x.
[0027] A plurality of rows 20a to 20f of excitation loca-
tions 22 is realized in the flow surface 16, the excitation
locations being for exciting primary disturbances that
spread out in a vortex type manner in flow direction. One
of these primary disturbances is shown in figure 2 as an
example as a dash-dotted-line having the reference nu-
meral 24.

[0028] In the present embodiment the excitation loca-
tions 22 are realized as suction openings. They are con-
nected to a corresponding pump device (not shown). For
reasons of representation only six rows are shown, how-
ever, in reality, there are much more of them, i.e. such a
number that a reliable excitation of the desired benign
primary disturbances 24 over a possibly long chord range
of the flow surface 16 is assured.

[0029] The distances dz,, (see also figure 5) between
excitation locations 22 (and, by consequence, of primary
disturbances 24) in spanwise direction z amount to ap-
proximately 2/3 of a distance dz;,, which "natural”, nocent
and turbulence initiating primary disturbances 24 (cross
flow and longitudinal vortices, as shown in figure 4) would
have, the primary disturbances 24 being those which
would occur, if no excitation locations 22 at all were pro-
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vided. In the present embodiment, the distances dz,,
(spanwise direction z) are the same for all rows 20a to 20f.
[0030] The chordwise distance dx,, , between, seen
in chordwise direction x, third row 20c and second row
20b is larger than the distance dx,, | between, seen in
chordwise direction, second row 20b and most leading
row 20 a. Seen in chordwise direction x, this principle con-
tinues for the forth, fifth, and sixth rows 20d, 20e and 20f.
The distances dxyq 4, dXog 2, dXog 3, dXpg 4 @nd dXyg 5
between rows 20a to 20f, thus, continuously increase in
chordwise direction x.

[0031] As can be seen from figure 3, it may be advan-
tageol s nottoincrease the distance dx continuously from
one row to the next, but in discrete steps. As a conse-
quence, in the wing area shown in figure 3 a group 21a
of row:s 20a-c and a group 21b of rows 20d-f (and so on)
is built, having the same spanwise distances dz,, be-
tween excitation locations 22 of rows 20a-f within all
groups 21a and 21b. However, a distance dx between
the rows 20a-c, seen in chordwise direction x, remains
consta ntwithin the firstrow group 21awith avalue dx,q 4.
[0032] For the next group 21b of rows 20d-f of excita-
tion locations 22, dx skips to dx,g ,=pedxyq 4, With p>1,
p=2 be ing particularly preferred because this value helps
to avoid disadvantageous nonlinear generation of nocent
vortices. The general expression then is:
dxag , =P 1*dX,q 4. It may be noted that in figure 3 and
subsequent figures the groups 21a and 21b of rows 20a-
f of excitation locations 22 are shown in a shortened way
for rea sons of ease of representation.

[0033] As can be seen from figures 2 and 3, the exci-
tation locations 22 are arranged such that the benign
primar y disturbance 24 isrepeatedly excited by excitation
locatio ns 22. This benign steady primary disturbance 24
sustaining the laminar flow is maintained as a longitudinal
vortex respectively cross flow vortex on such a high am-
plitude level, that unsteady secondary disturbances,
which may initiate turbulence and which, otherwise, are
amplified by nocent primary disturbances in streamwise
direction, are suppressed or at least stabilized.

[0034]] Figures 6 and 7 show an aircraft 10 having an
alternative embodiment of a flow surface 16. It is noted
that sL ch elements and regions having equivalent func-
tions to elements and regions described above are des-
ignaterd with the same reference numerals and are not
again described in detail.

[0035] In contrast to the embodiment of figure 2, the
spanw ise distances dz,, between excitation locations 22
are nct the same from one row 20 to another, but in-
crease , seen in chordwise direction x. This means that
within the first row 20a the distance is dz,, 4, within the
next rc w 20b the distance is dz,, ,, and so on. Thus, in
figures 6 and 7 the distance dz,, 4 between excitation
locatio ns 22 within row 20f is the_largest, whereas dis-
tance dz,, 1 between excitation locations 22 within the
most leading row 20a is the smallest. Distances dxy |
to dx, 5 are those of the embodiment of figure 2.

[0036]]_ Figure 8 shows an area of another embodiment
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of a flow surface 16, the general principle of the arrange-
ment of excitation locations 22 being that of figure 7, rows
20 however being grouped in groups 21a and 21b. This
means that spanwise distance dz,, | between excitation
locations 22 is the same within gro_up 21a, but different
to spanwise distance dz,, , between excitation locations
22 within group 21b.

[0037] The chordwise distances dx,, 4 and dx,q » be-
tween rows 20a and 20b and between rows 20b and 20c,
respectively, are those of the embodiment shown in fig-
ure 3. The distance dx,, is about twice the distance
dx,q 4. The general expression for such a stepwise var-
iation of the distances is dxy , = p"'*dxyy 4 and dz,, |,
= pn-Tedz,, 4. Again, p = 2 represents a particularly fa-
vourable value.

[0038] Figure 9 shows a preferred arrangement of a
flow surface 16 on a wing with a high aspect ratio, e.g. a
long commercial aircraft wing or a long rotor. With such
flow surfaces, chordwise variations ("d/dx") of the dis-
tances d are considerably higher than their spanwise var-
iations ("d/dz"). In contrast hereto, with flow surfaces with
a small aspect ratio, spanwise and chordwise variations
may be of the same order of magnitude.

[0039] As may be seen from figure 9, distance dxyq 1
between rows 20a and 20b increases to a value dx,g »
between rows 20b and 20c, rows 20a-c belonging to a
row group 21a, with the same spanwise distance dz,,
between excitation locations 22 of all rows 20a-c within
row group 21a. Similarly, distance dx,y 3 between rows
20d and 20e increases, seen in chordwise direction x, to
a value dx,q 4 for the distance between rows 20e and
20f, rows 20d-f being member of a row group 21b, with
the same spanwise distance dz,, , between excitation
locations 22 of all rows 20d-f within group 21b, preferably
with dzy, ,=2+dzy, 4.

[0040] Distance dx,, 3 between the first two rows 20d
and 20e of subsequent group 21b is again increased with
respect to distance dx,y » between last two rows 20b
and 20c of the preceding group 21a, preferably by a factor
2. The chordwise distance dx,, between the last row 20c
of preceding group 21a to the first row 20d of subsequent
group 21b preferably is twice the distance dx,, , be-
tween the last two rows 20b and 20c of the preceding
group 21a.

[0041] Figures 10 and 11 show another embodiment
of a flow surface 16 of an aircraft wing 14. As may be
seen from this figures, excitation locations 22 are notonly
grouped in chordwise direction x, but also in spanwise
direction z. This means that the gradient of the boundary-
layer flow in spanwise direction z is approximated by
piecewise constant distance values. As shown in figure
11, such flow surface, e.g. an high aspect ratio aircraft
wing, is segmented in a plurality of spanwise segments
A-F. Within each of the segments A-F the excitation lo-
cations 22 can be arranged as shown in one of the pre-
ceding figures 3, 8, and 9, the last one being the preferred
embodiment.

[0042] Another embodiment, yet not shown, may have
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groups of rows of excitation locations, the groups being
defined by equal distances in chordwise direction be-
tween the rows within one group, but distances in span-
wise d irection between excitation locations varying from
one row to another within a group.

[0043] In the embodiments shown above only chord-
wise d istances dx and/or spanwise distances dz between
excitattion locations 22 vary. Furthermore possible, yet
not shown, is a variation of the suction rate / strength,
the ge ometry of the suction openings and/or the realiza-
tion of different types of excitation locations, e.g. the re-
alization of suction openings as well as the application
of extremely small bumps on the otherwise smooth lift
surface.

Claim:s

1. Flow surface (16) for a three-dimensional boundary-
laryer flow, especially on a swept wing, a swept tail
pliane or a rotor, with a spanwise direction (z) and a
ct ordwise direction (x), with a plurality of excitation
locations (22) exciting primary disturbances (24),
ct aracterized by the excitation locations (22) being
ar ranged such that benign steady primary, a laminar
flc w preserving disturbances (24) are excited and
m:aintained on a sufficiently high amplitude level as
loingitudinal vortices respectively crossflow vortices,
st ch that temporarily occurring secondary, turbu-
leince initiating unsteady disturbances, which, other-
wi se, are excited in streamwise direction by nocent
primary disturbances, are suppressed or at least sta-
billized.

2. Flow surface (16) according to claim 1, wherein the
ex citation locations (22) are arranged in rows (20)
ex tending in at least approximately spanwise direc-
ticn (z), the chordwise distance (dx,q ) between
or e pair of rows (20a, 20b) being different from the
di:stance (dx, ,) between another pair of rows (20b,
2Cc).

3. Flow surface (16) according to one of claims 1 and
2, wherein the excitation locations (22) are arranged
in rows (20a-20f) extending in at least approximately
st anwise direction (z), the spanwise distance
(dzy, 1) between excitation locations (22) of one row
(20a) being different from the spanwise distance
(dz,, 5)between excitation locations (22) of another
row (20b).

4. Flow surface (16) according to 2, wherein the span-
wise distance (dz,,) between excitation locations
(22) of different rows (20a-20f) is the same.

5. Flow surface (16) according to one of claims 2 to 4,
wiherein a plurality of groups (21a, 21b) of rows (20a-
f) of excitation locations (20) is provided, the excita-
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tion locations (22) of one group (21a, b) having the
same spanwise distances (dz,,) between each oth-
er, but the excitation locations (22) having different
spanwise distances (dz,, 4, dz,, ») from one group
(21a) to another group (21b).

Flow surface (16) according to one of claims 2 to 5,
wherein a plurality of groups (21a, 21b) of rows (20a-
f) of excitation locations (22) is provided, the rows
(20) within one group (21a, 21b) having the same
chordwise distance (dxyq 4, dXoq ) between each
other, but different chordwise distances (dxyg 1,
dx,q o) fromone group (21a) to another group (21b).

Flow surface (16) according to one of the claims 5
to 6, wherein at least two groups (21a, 21b) are ar-
ranged one behind another in chordwise direction

(x).

Flow surface (16) according to claim 7, wherein the
distance (dx,) between the subsequent group (21b)
and the preceding group (21a) is at least approxi-
mately twice the distance (dx,g 1) between the last
two rows (20b, 20c) of the preceding group (21a).

Flow surface (16) according to one of claims 7 and
8, wherein the distance (dx,q 5) between the first
two rows (20d, 20e) of the subsequent group (21b)
is at least approximately twice the distance (dx,q 1)
between the last two rows (20b, 20c) of the preceding
group (21a).

Flow surface (16) according to one of the claims 5
to 8, wherein at least two groups (21a, 21c) are ar-
ranged one behind another in spanwise direction (z).

Flow surface (16) according to one of claims 2 to 10,
wherein the distances (dx, dz) between rows (20)
and/or groups (21) increase in chordwise direction

(x).

Flow surface (16) according to one of claims 2 to 11,
wherein the distances (dx, dz) between rows (20)
and/or groups (21) increase in spanwise direction

().

Flow surface (16) according to one of the preceding
claims, wherein at least some of the excitation loca-
tions (22) are realized by suction openings.

Flow surface according to claim 13, wherein the suc-
tion rate or strength of at least one row or row group
is different from the suction rate or strength of at least
another row or row group and/or wherein the suction
rate or strength of at least one suction opening is
different from the suction rate or strength of at least
one suction opening of the same row or row group.
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15.

16.

10

Flow surface (16) according to one of claims 13 and
14, wherein the geometry and/or the size of the suc-
tic n openings (22) of at least one row (20) or row
group (21) is different from the geometry and/or size
of the suction openings (22) of another row (20) or
row group (21) and/or wherein the geometry and/or
th.e size of at least one suction opening (22) is dif-
fe rent from the geometry and/or the size of another
st ction (22) opening of the same row (20) or row
group (21).

Flow surface (16) according to one of the preceding
claims, wherein the type of excitation location of at
le:ast one row or row group is different from the type
of excitation location of another row or row group
ar d/or wherein the type of excitation location of one
row or row group is different from another excitation
location of the same row or row group.
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