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Abstract

The paper describes the considerations, tests
and results of an investigation aimed at designing
some improved airfoils for sailplane applications.
The following preliminary studies are discussed.
Windtunnel experiments on two actual wing segments
of a Standard Class sailplane ASW-19B are described.
The characteristics of some modern airfoils for
sailplanes are analyzed. Results of flight and
windtunnel experiments with respect to leading
edge contamination by insects are presented. The
effectiveness of pneumatic turbulators, applied to
decrease the airfoil drag by avoiding laminar
separation bubbles, is demonstrated.

Based on the experience gained in these studies,
some airfoils were designed and, after windtunnel
verification, applied to the wing of an ASW-19B.
Flight performance measurements before and after
the wing modification showed an improvement of 5%
in glide ratio .over the entire practical flight
speed range.

I. Introduction

At the Delft University of Technology Low
Speed Laboratory (LSL) an investigation was conduc-—
ted to design and test some new airfoils for the
wing of a Standard Class sailplane. To avoid build-
ing a new wing the airfoils were designed such that
just by adding material to the surface an existing
wing could be modified and tested in flight. For
this purpose, the ASW~19B was selected, fig. 1,
mainly because of its relatively thin wing. The
manufacturer Alexander Schleicher Segelflugzeugbau
was willing to participate in the investigation
and provided two wing test segments to be used for
windtunnel experiments,as well as a new sailplane
which was flight tested before and after the wing
modification.

This paper describes the considerations, tests
and results of this research. Several preliminary
studies are discussed successively:

-~ Windtunnel experiments on an inner wing and an
outer wing segment are described, yielding infor-
mation about the quality of the actual airfoils
achieved in serial production, as well as the
quality of the LSL airfoil analysis and design
computer program.

The characteristics of some modern airfoils
commonly used in Standard Class sailplanes are
analyzed and consequences of a rough leading
edge are clarified.

Much attention has been given to the problem of
leading edge contamination by insects. Insect
impact patterns, gathered in flight with seven
different sailplanes, are related to airfoil
shape and application (e.g. flap deflection).
Some practical results with respect to insect
roughness formation and critical roughness
height in relation to airfoil size are obtained
from theory. Results of windtunnel measurements
with real insect remains on a wing segment and
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with a well-known simulated bug pattern are
compared.

A brief discussion is given of the application
of pneumatic turbulators, a technique to reduce
airfoil drag by avoiding pronounced laminar
separation bubbles.

Based on the experience gained in these inves-
tigations, two airfoils were designed (for the
inner wing and the tip of the wing respectively)
by utilizing the computer program mentioned before.
The inner wing test segment was modified according-
ly and the windtunnel tests were repeated. Results
of the measurements with and without pneumatic
turbulators, and with a simulated bug pattern are
presented.
Next the wing of the ASW-19B sailplane was modified.
Results of flight tests, performed by DFVLR
Braunschweig before and after the wing modification,
and with pneumatic turbulators active and inactive,
are presented.

2. Tests on two ASW-19B wing segments

An investigation was conducted to determine
the aerodynamic characteristics of two segments of
the ASW-19B wing. The wing geometry and the posi-
tion of the test segments are shown in fig. I.
The segments are situated approximately in the
middle of the inner and outer wing, their mean
chords are 0.838 m and 0.590 m respectively. The
inner wing segment was obtained from a wing used
for static strength tests, and the outer wing seg-
ment was built in the wing production mould especial-
1y for the present windtunnel tests. Comparison
shows that the actual airfoil shapes measured at
the segment mid-spans are about 1.27% chord thicker
than the local design shapes, fig. 2.
The wing segments were placed vertically in the
windtunnel test section, which is !.80 m. wide and
1.25 m. high. For further details the reader should
consule (1),

For accurate pressure distribution measurements
the inner wing segment was provided with 107 pres~
sure orifices (nominal diameter 0.4 mm) situated in
the mid~span chord. A selection of measured pres—
sure distributions at Re = 1.5 * 10° is presented
in fig. 3, and fig. 4 shows the aerodynamic
characteristics., Excessive forces restricted the
measurements to Cy < 1.15 at Re = 3 * 10°.

By using a stethoscope, the oilfilm technique and
from pressure distributions the following obser-—
vations were made. On the lower surface a laminar
separation bubble is present at all investigated
Reynolds numbers and angles of attack above approxi-
mately -39, At the lower end of the low-drag bucket
transition on the lower surface moves rapidly for-
ward at decreasing angle of attack. On the upper
surface the bubble is present at angles of attack
up to approximately 6°. At higher angles of

attack transition becomes the '"normal" instability
type (no bubble). It is noted that also in these
cases transition is indicated by a hump in the




pressure distribution (see fig. 3, o = 8%, 30%
chord upper surface), caused by the change in
boundary layer displacement thickness and hence
effective airfoil contour.

Although turbulent separation moves rapidly forward
at angles of attack higher than 109, the pressure
distribution develops such as to cause a gradual
stall.

The outer wing segment, which contrary to the
actual wing had no aileron, was investigated only
with respect to flow behaviour and drag charac-
teristics. Calculation showed that due to the taper
ratio the greater part of the outer wing has an
airfoil more resembling the inner wing airfoil than
the tip airfoil. Consequently the test results of
the outer wing segment were similar to the inmer
wing segment results, so there was no need to pro~
vide the outer wing segment with pressure orifices.
As an example, fig. 5 shows oil-flow patterns,
made at a practical Ci-Re combination, where there
is the "normal" instability type tranmsition and
some trailing edge separation on the upper surface
and a quite long laminar separation bubble (11%
local chord) on the lower surface.

The characteristics of the actual inner wing
airfoil, named FX61-163/ASW-19B, and of the design
airfoil FX61-163 were calculated with the LSL air-
foil analysis and design computer program as it
was available at the time the measurements took
place. The results (1) indicated a slightly higher
drag coefficient for the actual airfoil, while the
lift versus angle of attack .curves coincided.
However, there was a striking discrepancy between
the calculated and the measured lift versus angle
of attack curve in that the measured 1ift was
about AC] = 0.15 lower than the calculated lift.
This clearly demonstrated the importance to take
into account the effect of the curvature of the
wake (which acts as a fluid flap).

A review of the computational methods incorporated
in the present computer program, including the
correction procedure for wake curvature effects,
is given in . Although the program is not per-—
fect in every detail as will be shown, and experi-—
mental verification remained necessary, it is
clear that it was an indispensable tool in the de-
sign process which ultimately led to the improved
airfoils.

3. Analysis of airfoil characteristics

A comparison of the characteristics of the
Wortmann and Eppler airfoils which are commonly
used in modern Standard Class high performance
sailplanes, supplemented with some calculated re-
sults, clarify some typical features.

In general, the Wortmann airfoils designed after
1964 (as FX S02-196 and FX 66~S-196V1) have lower
drag coefficients at high 1lift coefficients than
earlier designs (as FX 61-163 and FX 61-184), as
shown by the examples in fig. 6 (3),

The pressure distribution of the newer types is
such that in the low drag range of lift coefficients
transition on both sides of the airfoil stays near
a particular chord position. The upper end of the
low drag bucket is pronounced and coincides with
the maximum 1ift coefficient: i.e. when transition
moves forward suddenly due to the development of

a pressure peak on the airfoil nose, separation of
the turbulent boundary layer at the rear of the
airfoil follows.
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On the earlier designs the pressure distribution
develops such that transition on the upper sur~
face moves steadily in forward direction at in~
creasing angle of attack, thus increasing the drag
(and decreasing the 1ift curve slope). When tran-—
sition approaches the airfoil nose the turbulent
boundary layer starts to separate at the trailing
edge.

On the well-known Eppler airfoil E603 transition
and turbulent separation move forward steadily at
the high angles of attack (instead of suddenly as
on the "after 1964" Wortmann airfoils), thus
rounding off just the upper edge of the low drag
bucket.

In order to get some qualitative information
about the effects of a rough leading edge - the
next chapter will discuss the insect contamination
problem in more detail - the characteristics of
the airfoils previously mentioned were calculated,
at practical combinations of 1lift coefficient and
Reynolds number, with the assumption of a turbu-
lent boundary layer from 5% chord on both sides
of the airfoil.

In addition to an almost doubling of the upper and
lower surface drag contributions at attached flow
conditions, the calculations indicated serious
separation problems for the upper surface flow of
the E603 and newer Wortmann airfoils, and no such
problems for the earlier Wortmann designs. At the
former types the turbulent boundary layer is mnot
able to overcome the pressure gradients on the
rear part of the airfoil up to the trailing edge.
Windtunnel experience at LSL with roughness on
the nose of FX 66-5-196V1 (4) and 603 (3), as
well as the results presented in the next chapter
confirmed these predictions.

4, Leading edge contamination by insects

From gliding practice the serious degradation
of performance (as increased sink rate, increased
stalling speed and sometimes bad stalling behav-
iour) caused by insect contamination of the wing
leading edge or by collection of rain, is well-
known. In order to investigate whether measures
could be taken to alleviate these problems by
proper airfoil design, some flight experiments,
windtunnel tests and a theoretical study were
performed. Main results of this research (which
is still going on) will be described.

Flight experiments

In order to establish whether there is a
relation between airfoil shape and insect impact
pattern, as suggested in ref. 6, flights were
carried out with seven different sailplanes,
flying simultaneously most of the time, and gather-
ing insects on sheets of matted polyester film
glued to the wing. The 0.08 mm thick and 0.59 m
wide sheets were placed both on the left and on
the right inner wing at equal distance from the
wing root, covering about the front half of the
local wing depth. Due to the mat top layer the
traces of ruptured insects could easily be found.
Two additional sheets to be used for the windtun-
nel measurements which will be described, were
placed on the left and right wing of an ASW-19B at
a spanwise position corresponding to the position
of the inner wing test segment (fig. 1) and
covering the whole local wing depth. To simulate
the surface condition of the clean wing these



sheets were painted accordingly.

After the tests the sheets were carefully removed
and pinned on frames for transport and further
examination.

All sailplanes were winch-launched, sometimes moreé
than once. The Nimbus II, flown by an experienced
pilot, made a cross—country flight, and the pilots
of the other sailplanes were asked to perform a
normal local flight. Weather circumstances were
normal for a sunny day in July and small cumulus
clouds aided in thermal finding: the mean value

of the reported climb rates was about 1.5 m/s.
Fortunately, the density of the aerial insect
population, which consisted almost exclusively of
Aphides, was high; more than 3000 insects were
captured. (The long wet period preceding the test
day may have contributed to this.) Since the Aphis
is probably the best representative of the great
majority of insects, which are small and rela-
tively fragile and therefore most liable to cause
insect roughness, the present results may repre-—
sent a severe case of insect contamination. How—
ever, the insect roughness distribution and hence
the airfoil characteristics may differ from the
present results when other species or quantities
of insects are involved.

Table 1 lists data and main results of the
insect impact measurements. The results for the
left and the right wing sheet were put together
because they didnot show any peculiar differences.
Fig. 7 shows the extent of the impacts on the
upper and lower surface of the local airfoil
shapes. The reason for comparing the fractional
chord extent of the impacts is, as elucidated in
the next section, that this ratio depends on air-—
foil shape, speed and angle of attack, but not
on the absolute size of the airfoil. Fig. 8 shows
some typical insect impact distributions.

The different relations between speed and angle

of attack for the non-flapped and the flapped
airfoils - the range of angles of attack for the
flapped airfoils is much smaller - as well as the
sharp nosed rather flat lower surface of the flap-—
ped airfoils cause the great difference in insect
impact distribution and extent as given in table 1
and shown in fig. 7 and 8.

With respect to the KA-6CR results it should be
mentioned that the pilot, for reasons of staying
aloft, never exceeded 110 km/h. Probably the low
flight speeds have affected the impact pattern
(less ruptured insects, shorter impact extent).
Similarly, the different operation speeds of the
Nimbus II and LS-3A, which have the same wing air-—
foil, might have caused the difference in impact
distribution. The Nimbus II was flown at higher
penetration speeds and spent less time on low
speed circling, and hence captured relatively more
insects on the upper surface and less on the lower
surface than the LS-3A.

No correlation between airfoil thickness and the
number of impacts per minute could be established.
According to theory the insects are only
slightly deviated by the induced velocity field
set up by the airfoil, and hence, less impacts
could have been expected on the thinner airfoil.
Anyhow, although not all the results of these
naturally - uncontrolled - roughened sheets can be
fully explained, it is clear that there is a

great difference between impact patterns of flap-—
ped and non-flapped airfoils. While.for non-
flapped airfoils some 557 of the total number of
impacts is found on the upper surface and 457 on
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the lower surface, these figures read roughly 807
and 20% for the flapped airfoil. Apart from the
corresponding great difference in the fractional
chord extent of the impacts, there is a trend
toward a less extended impact pattern for the
thinner airfoil.

Theory

Some additional practical conclusions with
respect to insect roughness formation and critical
roughness height in relation to airfoil size were
obtained from theoretical consideratioms.

In Coleman's comprehegsive work with respect to
the insect problem (7)it is shown that in many
cases — certainly in the present ones - the dif-
ferential equations which rule the insect trajec-
tory may be solved by assuming that the parameter
Kk is a constant. This parameter links the size,
density and drag coefficient of the insect with
the size of the airfoil and density of the air.

As a result, the trajectory of an insect is inde-
pendent of the velocity of the approaching airfoil,
and impact velocities can be presented in dimension-
less form against the fractiomal chord positionm,
similar to the velocity distribution of an air-
foil set at a particular angle of attack.

When the component of the impact velocity normal
to the surface is larger than a particular value,
termed rupture velocity, the insect disintegrates
and leaves a trace or sticks to the surface, thus
forming a roughness element. Coleman measured
rupture velocities of several species of insects,
as well as roughness height distributions on air-
foils. The rupture velocities measured in a wind-
tunnel vary from 10 m/s (Aphides) to 20 m/s.
(Mormoniella) while field experiments showed a
mean value of 11 m/s with possible variations of
1.8 m/s. The roughness height distributions, ob-
tained in a windtunnel by discharging fruit flies
upstream of an airfoil, set at an angle of attack,
show a characteristic pattern. There is a narrow
region near the leading edge where the insects
adhere more or less intact in a relatively dense
pattern, followed by a rapid transition to a much
more extensive region where the roughness height,
composed mainly of shallow fluid deposits, is much
diminished and decreases more or less linearly to
zero at the limit of roughness.

From these considerations the interesting conclu-
sions can be drawn that for a particular airfoil
and aerial insect population, the roughness heigth
distribution of the remains and the extent of the
insect impacts, in terms of fractional chord,
depend on speed and angle of attack, but not on
the absolute size of the airfoil. The number of
impacts is related to the size of the airfoil.

With respect to critical roughness height
- the next section will show the importance of
this parameter - it is shown in that when the
size of an airfoil is increased from chord length
¢y to cp and the airspeed (exactly: the unit
Reynolds number U/v) remains unchanged, the criti-
cal roughness height increases as (C2/cy)*. Thus,
doubling the size of an airfoil means an increase
in critical roughness height of only 19Z.

Combination of the foregoing arguments lead to
some practical conclusions as:
- sailplane wings with equal shape but different
size, flying at equal wing loading, are equally
sensitive for insect contamination. However, the



bigger one may have a higher drag coefficient
because of the greater number of insects it
captures.

- the taper ratio of a wing with continuous air-
foil shape does not influence the local sensiti-
vity for insect contamination, however the num-—
ber of insects and in consequence the local drag
coefficient may increase towards the wing root.

Windtunnel experiments

Windtunnel measurements were performed with
the two naturally roughened sheets mentioned be-
fore, attached to the inner wing test segment.

The 1ift coefficient was found from the tunnel-
wall pressures and the correlation between tunnel-
wall pressures and lift coefficient of the clean
segment. Mean drag coefficients were obtained from
measured drag distributions along 0.15 m span
(staying out of the turbulent wedges which occasio~
nally originated from the rims of the sheets).

The onset of turbulent flow was detected by a
stethoscope.

In a similar way the aerodynamic characteristics
of the inner wing section, but now provided with
an artificial "bug pattern", were determined. This
bug pattern, consisting of rows of little squares
of silver duct tape on the leading edge of the -
wing, is used in the U.S.A. in measuring the per-
formance of gliders, thus hoping to gsimulate a
fairly severe collection of insects . The simu-
lated insects, 0.33 mm thick and measuring 5 mm
on the sideés, were placed each 150 mm directly on
the leading edge, another row in between 25 mm
above the leading edge, and a third row also in
between and 13 mm below the leading edge.

Fig. 9 presents the results for combinations
of lift coefficient and Reynolds number which will
occur in flight. While at lift coefficients higher
than 0.8 (corresponding to speeds lower than
91 km/h in fig. 22) the drag curves of the arti-
ficial and real insects coincide, there is a
remarkable difference at lower 1ift coefficients,
i.e. the greater part of the speedpolar, where
the contribution of the profile drag to the total
drag of the sailplane increases with speed. At
negative angles of attack the drag increase due to
the real insects is roughly half the increase due
to the simulated imsects.

With respect to the real insect measurements, the
stethoscope revealed that at positive angles of
attack the upper surface flow was disturbed by the
insects on the airfoil nose (and at angles of at-
tack beyond 6 degrees the area washed by turbulent
flow rapidly increased) while the lower surface
flow was not disturbed since the location of tran-
sition was corresponding to the clean airfoil case.
At negative angles of attack it was the reverse,
only the lower surface flow was disturbed by the
insects on the airfoil nose. At zero angle of
attack the height of the insect remains is below
the critical roughness height, and no drag increase
results.

The left wing sheet was examined in more detail

at a Reynolds number of 1.5 % 106. As shown in

fig. 10, the range of angles of attack where the
insect remains are not, or to a less extent, dis-
turbing the flow is increased. Due to the lower
velocity of the air at Cj < 0.8 the critical rough—
ness height is increased to a value close to or
higher than the actual height of the insect remains.
Also shown are the decrease of the 1lift curve
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slope and maximum 1ift coefficient due to the
growth of the upper surface boundary layer thick-
ness, which reduces the effective camber. (Although
the method to obtain the lift coefficient from
wall pressure measurements is not accurate at ‘high
angles of attack as shown in fig. 10, the effect
of the roughened leading edge is obvious.)

A successive removal of the remains behind res-
pectively 2.5% chord and 1% chord did not yield
any change in characteristics at this Reynolds
number. Hence, the results with respect to overall
leading edge contamination are not crucialj the
thickest insect splatters on the very leading edge
cause premature transition and the deposits more
rearward do not add any contribution to the drag.
In that respect it is noticed from the impact
measurements that at the modern sailplanes (KA-6CR
excluded) some 557 of the total number of impacts
is found in front of 2i% chord and 35% in fromt

of 1% chord. (For the KA-6CR these figures read
81% and 57% respectively.)

Finally, with all the insects removed, the charac-
teristics closely correspond to the results ob-~
tained earlier for the airfoil without sheet.

No stethoscope measurements were performed for the
artificial roughness case. However, the drag
measurements show that the bugs are located such
that the flow is always disturbed. Besides, the
drag depends very much on the bug pattern .

More research is clearly necessary to define
the conditions on the airfoil nose relevant for
the insect contamination case and useful in expe-
rimental and theoretical work.

5. Drag reduction by pneumatic turbulators

At LSL an airfoil was extensively tested,
HQ 17/14.38, designed by Horstmann and Quast,
DFVLR Braunschweig. This airfoil is applied in
the wing of the ASW-22, a new Open Class sailplane
(24 m span). Special feature of this airfoil is
the application of pneumatic turbulators, a more
detailed discussion on this subject is given in
ref. 10.
It is well-known that laminar separation bubbles
may spoil the initial conditions of the turbulent
boundary layer, thus increasing the drag of an
airfoil. This especially holds when the laminar
part of the pressure distribution is followed by
a concave pressure distribution. Wortmann an
gave a solution to the problem by using a so called
instability region, being a region with a slightly
adverse pressure gradient which destabilizes the
laminar boundary layer without causing separationm.
Considering the various combinations of angle of
attack and Reynolds number at which the airfoil
should have the lowest possible drag it is obvious
that this region should be carefully designed and
built.
Another method to decrease drag by avoiding laminar
separation bubbles is to disturb the boundary layer
in the vicinity of the laminar separation point by
blowing air through small orifices periodically
spaced in spanwise direction. In this way Pfennin-
ger (12) obtained a drag reduction, for a parti-
cular airfoil at a constant angle of attack, which
started at Re = 2 % 106 and gradually increased
with decreasing Reynolds number up to 407 at
Re = 0.33 * 10°.
Fig. 11 shows, as an example, the drag reduction
which was obtained by using such pneumatic turbu-
lators on the lower surface of the HQ 17/14.38



airfoil. Although the pronounced laminar separation
bubble is not completely removed in this case, the
drag reduction is still up to 10Z.

Also shown is the result of the LSL airfoil analy-
sis and design computer program, showing a fair
agreement with the measurements except for the
prediction of the drag increase due to laminar sep-
aration bubbles. The method which calculates the
change in boundary layer characteristics between
transition and reattachmant (i.e. the aforemen—
tioned initial conditions of the turbulent boundary
layer) has to be improved 2y,

6. Airfoil design and windtunnel tests

Based on the experience gained in the preceding
studies two airfoils were designed, for the inner
wing and for the tip of the ASW-19B wing respective-
ly. For weight reasons the new airfoils should fit
as tightly as possible around the existing one,
especially at the aileron (to avoid flutter); this
put of course a limitation to the designs. During
the design process the effect of calculated changes
in airfoil characteristics on the sailplane perfor-
mance were repeatedly evaluated using the computer
program for parametric sailplane performance opti-
mization, described in ref. 13.

First the inner wing airfoil was designed. Fig.
12 shows the new design, named DU 80-176 (Delft
University, 1980, thickness-to-chord ratio of
0.176), fitted to the inner wing test segment air-
foil. Fig. 13 compares some potential flow pres-—
sure distributions, and fig. 14 shows the calcula-
ted characteristics at practical combinations of
1ift coefficient and Reynolds number.
The upper surface was designed for a longer lami-
nar flow extent without detrimental laminar separa-
tion bubbles in case of a clean airfoil, and no
separation problems in case of a contaminated
leading edge.
The lower end of the low drag bucket was designed
at C1 ~ 0.2 for Re = 3 x 106 considering the sail-
plane penetration speeds in relation to practical
climb speeds and a margin for vertical air velo-
city fluctuations during the penmetration phase.
Increasing the laminar flow region on the lower
surface, while maintaining lift (aft-loading) in—
troduced the danger of pronounced laminar separa-—
tion bubbles. Here, the use of pneumatic turbula-
tors seemed to be promising. While fixing the po=
sition of laminar separation, needed for the appli-
cation of these turbulators, is easy to obtain
through a proper design of the pressure distribu-
tion, the desired development of the boundary
layer in front of the laminar separation point
needed more iterationms.
According to stability theory, small harmonic dis-—
turbances in the laminar boundary layer become un-—
stable gnd amplify, the amplitude ratio is expres-—
sed by 3, = e Ta, As goon as they have gained a
sufficient amplification, tramsition occurs. The
corresponding amplification factor 04 = Opyurb,
however, is a function of the free-stream turbu-—
lence and other disturbances such as sound. Conse-
quently different values of Oyyyh (and hence dif=~
ferent aerodynamic characteristics, in particular
drag coefficients) may be valid for a given wind-
tunnel facility and for free flight. A detailed
discussion about this phenomenon is given in (2),
The pressure distribution on the lower surface of
DU 80-176 was designed such that, at situations
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near the lower end of the low drag bucket, the
amplification factor gradually increases in chord-
wise direction. The effect is twofold. Due to the
controlled movement of the position of tramsition
with decreasing angle of attack, the drag increases
more or less gradually and not suddenly, as cal-
culations indicated for the actual inner wing air-
foil, fig. l4. Secondly, at free flight conditions,
where Opyyp is higher than in the windtunnel situa-
tion, the transition position starts to move for-
ward at a lower angle of attack than in de wind-
tunnel, thus extending the low drag range at the
lower end.

However, the exact value of Ogyrp for free flight
conditions is not known at the moment. (An experi-
mental program on this subject is being performed
in cooperation with the Lockheed Georgia Company.)
The provisional value given in ) would result in
an extension of the low drag range which corresponds
to 25 km/h in flight speed.

(It is believed that this effect causes the discrep-
ancy which is often found when measured speedpolars
- in particular those of sailplanes with flaps -
are analyzed by using airfoil data obtained in a
windtunnel,)

Finally, it was realized that the lower surface,
squeezed out for laminar flow conditioms, is not
optimal in case of a roughened leading edge. Prac—
tice will learn whether maintaining adequate clim-
bing performance will compensate this drawback.

The inner wing test segment was modified to the
new airfoil shape, and the windtunnel tests were
repeated. Again, the lift coefficient was obtained
from the tunnel-wall pressures. The results*),
shown in fig. 15, as well as oil~flow patterns in-
dicated the existence of pronounced laminar separ-—
ation bubbles on the lower surface except at situ-
ations near thg lower end of the low drag bucket
at Re = 3 # 10°. At practical combinations of
angle of attack and Reynolds number, no bubble was
present on the upper surface. The intended 1ift
coefficient at the lower end of the low drag bucket
and gradual drag increase below it was realized.
Next, tests were performed at four practical combi-
nations of 1ift coefficient and Reynolds number to
determine the best location of the pneumatic tur-
bulators, as well as the air volume flow needed to
obtain the lowest drag. Forty pnmeumatic turbulators,
existing of 20 mm long tubes with 0.6 mm inner
diameter and installed with 16 mm interspace, were
tested at 63, 64, 65 and 677 chord position. (From
oil-flow patterns the laminar separation position
was detected at 63-64% chord.) By pressurizing the
wing test segment the total air volume flow was
varied from zero up to 150 em3/sec. While the
results of the 63, 64 and 657% chord position did
not differ much (the 657 chord position showed the
smoothest drag curve), the 67% chord position was
clearly too far rearward. The air volume flow needed
to obtain the lowest drag was mnot critical, the
curves showed a flat optimum. A value of 80 em3/sec
(i.e. 2 cm’/sec per pneumatic turbulator) was
suitable at the four practical combinations of lift

*) It is emphasized that, because of improved tun-
nel wall interference corrections, the present
results on DU 80-176 supersede the results pre-
sented before



coefficient and Reynolds number.

Fig. 16 shows the characteristics with pneumatic
turbulators at 65% chord and this air volume flow
of 80 cm3/sec. At the lower end of the low drag
bucket for Re = 3 % 10°, where the laminar separ-
ation bubble in case of no blowing is very small
or absent, as well as at lower lift coefficients
where blowing occurs in the turbulent boundary
layer,the pneumatic turbulators do not have any
effect. At the remaining situationms up to C} =~ 1.3
the drag decrease is dramatic. The effect on lift
is negligible.

In fig. 17 the measured characteristics of the
new and the original airfoil are compared at prac-—
tical conditions. While the drag of the new air-
foil is higher at C]1 > 1.1 (corresponding to speeds
lower than 78 km/h in fig. 22), the drag decreases
to more than 14 percent at low lift coefficients.
The maximum lift coefficient is maintained. Thus,
though the calculations (fig. 14) are a little op-
timistic, particularly at the higher 1lift coeffi-~
cients, the predicted trends are in fair agreement
with the measurements.

Also shown in fig. 17 are the results where the air
volume flow was obtained by means of an open ended
forward facing tube (diameter 4 mm) mounted on the
tunnel-wall. The same results, not shown here,
were obtained with the air volume flow obtained
from 80 orifices (diameter 0.6 mm, equally spaced
8 mm) drilled at 907% chord of the lower surface,
being the location with the highest pressure in
the turbulent part of the airfoil.

Finally, fig. 18 shows the results with the simu-—
lated bug pattern mentioned before. The maximum
1ift coefficient is practically maintained (as in-
tended) and the drag at positive angles of attack
is lower than for the original airfoil, fig. 9.
However, even when the drag increase due to real
insects should be half of the drag increase due to
simulated insects at o < 0°, the pilot should (as
always) be aware of the consequences of flying too
fast with contaminated leading edges.

Next the tip airfoil was designed. The consider-
ations were similar to the previous case, with the
addition of the severe limitation that the shape of
the aileron should not alter. Several attempts re-—
sulted in a modification of mainly the lower sur-—
face, as shown in fig. 19, thus making the outer
wing suitable for the application of pneumatic tur-
bulators. A comparison of potential flow pressure
distributions and calculated characteristics is pre-
sented in fig. 20 and fig. 21. Again, the estimated
effect of free flight conditions on the location of
transition has been exploited. This airfoil was not
tested in the windtunnel.

Since the outer wing is formed by linear loft-
ing, aileron deflections of plus and minus 5 degrees
were examined at both the inner wing airfoil and
the tip airfoil. No problems are expected, as far
as the calculations concern.

7. Sailplane wing modification and flight
performance tests

Experience gained with the weight penalty of
the modification of the inner wing test segment
indicated an increase in minimum wing loading of
about 7%. For compensation, considering the climb
performance of the unmodified sailplane, the inner
wing airfoil was slightly more cambered. This air-
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foil, named DU 80-176V1, and the tip airfoil

DU 80-141 were used in modifying the ASW-19B wing.
After removing the white top coat, the wing was
modified by adding respectively foam, a glass—
fiber skin, light-weight filling material and
finally a white top coat. The correct shape was
grinded with the help of 15 templates (for each
0.5 m span position) and 8 additional nose
templates.

Some 870 little tubes (pneumatic turbulators),
weighing only 70 grams in total, were installed
within four man-hours. Similarly to the windtunnel
tests, the air volume flow needed for the pneumatic
turbulators was obtained in each wing half by
means of a nozzle mounted on the streamline cap -
which covered the aileron actuator. Flight ex-
periments showed that a nozzle diameter of only
6.5 mm was needed to obtain the right internal
wing pressure.

Fig. 22 shows the performance curves of the
sailplane before and after the wing modification,
as measured by DFVLR, Institut fur Flugmechanik,
Braunschweig. The improvement is most satisfying,
partly even beyond expectation.

Not shown is the performance curve obtained with
the pneumatic turbulators inactive (covered by
tape); the curve coincides with the polar of the
unmodified sailplane. Obviously the drag increase
due to the pronounced laminar separation bubbles
on the lower surface in case of inactive turbula-
tors is equal to the sum of the drag reductions of
the improved upper and lower surface in case of
active turbulators.

Stalling behaviour is very gentle, and a test with
the wing surface entirely wetted in flight by
water drained from the DFVLR test sailplane Cirrus
revealed no change in minimum flight speed in
comparison with the clean wing case.

8. Conclusions

Main conclusions of the theoretical and experi-
mental studies, aimed at designing improved air-
foils for sailplane application are briefly sum-—
marized.

- The LSL airfoil analysis and design computer pro-
gram is a powerful tool for low speed airfoil
design. The "effective turbulence level of the
flow" (which includes sound disturbances) can be
taken into account, and as a result differences
in airfoil characteristics for windtunnel and
free flight conditions are indicated. Drag pre-
diction in case of laminar separation bubbles
still has to be improved.

- Several airfoils used in modern sailplanes have
serious separation problems for the upper sur-—
face flow in case of a roughened leading edge.

- Insect impact patterns, gathered in flight, show
some differences which are related to airfoil
shape and application. However, windtunnel
measurements reveal that the overall leading
edge contamination is not crucial; the thickest
insect splatters on the very leading edge cause
premature transition, depending on angle of at-
tack and flow velocity, while the deposits more
rearward do not add any contribution to the drag.

- Windtunnel measurements with real insect remains
and with a well-known simulated bug pattern show
great differences in drag.

- Pneumatic turbulators, working like roughness
with adjustable height, can be used effectively
to decrease airfoil drag by aveiding pronounced



laminar separation bubbles.

Based on the experience gained in these studies
two airfoils were designed such that they could be
fitted to the wing of an ASW-19B. The main objec-
tives, being drag decrease in the clean airfoil

case, and no upper surface separation problems

in case of a contaminated leading edge, are sub-
stantially confirmed by windtunnel experiments on

one of the designs.

Sailplane performance measurements before and af-
ter the wing modification show an improvement of

5% in glide ratio over the entire practical flight

speed range, as well as the detrimental effect

of pronounced laminar separation bubbles when

the pneumatic turbulators are made inactive. Mi=-

nimum flight speed proved to be insensitive for

leading edge contamination.
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7. Coleman, W.D.: Roughness Due to Insects. Boun-

NO FLAP FLAP
Type ASW-19B St.Cirrus | Astir KA-6CR Nimbus II | LS-3A Vega
Wing Loading kgf/m2 31.7 29 29 22.6 30.6 31.6 31.4
Airfoil FX61~163 (*) E603 (¥*) FX67-K-170 | FX67-K-170 {FX67-K~150
Local chord m 0.83 0.81 0.95 0.87 0.84 0.83 0.79
Local thickness| %C 16.3 19.2 19.2 15.8 17.0 17.0 15.0
Flight time min, 187 230 223 267 195 282 190
Starts 2 1 1 3 1 3 1
Impacts Total 457 420 455 247 466 613 283
Distribution in|upper 48 56 58 55 84 75 75
% of total lower 52 44 42 45 16 25 25
Extend in upper 12 18 16 7 20 19 15
% chord lower 14 15 16 9 4 5 5

(*) FX66502-196 —+ FX66~17A1I-182

(**) NACA 632—618 -+ K4

Table 1: Results of insect impact measurements on two sheets of polyester film (0.59 m
wide) attached to the left and right wing at equal distance from the wing root
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