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Abstract

As part of a joint venture between DASA/Domier Luft-
fahrt GmbH and DLR Braunschweig, a laminar wing
glove was designed for the Do 228 turboprop aircraft. The
glove, covering nearly 50 % of haif-span, was attached to
the right wing of the aircraft.

The extensive flight tests, performed in close cooperation
between DLR and DORNIER, included the evaluation of
the laminar properties in the undisturbed glove region and
in the propeller slipstream region. The influence of distur-
bances due to simulated surface imperfections was stud-
ied to determine the magnitudes for allowable manufac-
turing tolerances. A liquid cleaning and de-icing system
covering a spanwise region of 1 m was tested on the outer
part of the glove.

In this paper, some of the design aspects of the glove are
discussed and the main results of the flight test are pre-
sented.

1. Introdyction

Research programs have shown that laminar flow can be
maintained on wings with moderate sweep for chord Rey-
nolds numbers in the range of 12 to 16 million using natu-
ral laminar flow (NLF). By shaping the airfoil to have fa-
vorable upper and lower surface pressure gradients,
laminar runs of up to 60 % chord-length on commercial
airplanes are possible.

To get insight into the problems associated with the appli-
cation of NLF-technology to commuter type aircraft, in
this case the Do 228 shown in Fig. 1, a research program
was initiated which addressed the following items:

. Verification and improvement of the design tools
(transition prediction) for NLF airfoils.

. Verification of an NLF-airfoil in flight.

. Test and improvement of a fluidic anti-contamina-
tion and de-icing system,

. Investigation of the propeller slipstream region
and determination of the drag reduction caused by
laminar effects.
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Test of the influence of disturbances representing
surface imperfections to determine the magnitude
and kinds of allowable manufacturing tolerances.

2. Glove design
2.1 Wing geometry and geometrical constraints

In Fig. 2 the glove and wing geometry are shown. The
glove covers 45 % of half-span, which corresponds to
3.5 m in actual span. In order to keep the landing flap and
aileron unchanged, the surface was allowed to be modified -
only up to 75 % chord on the upper and 65 % on the lower
surface. To allow for the wiring of the measuring equip-
ment, a minimum glove thickness of 7 - 10 mm was re-
quired [1].

2.2 Aerodynamic requirements
2.2.1 Requirements for airfoil design.

At the design point, the Reynolds number based on the
mean aerodynamic chord is 13 million. For Reynolds
numbers in this range, accelerated flow must exist up to
the desired transition point. For this reason, the required
amount of laminar flow of 60 % also determines the posi-
tion of the start of the main pressure recovery.
For a ¢, value, corresponding to the climb condition, no
trailing edge separation is allowed.
The maximum lift coefficient of the NLF airfoils should be
' comparable to the values of the turbulent airfoils. Because
the required acceleration results in a thinner leading edge
for the NLF airfoils, a careful design of the nose region is
important.

222 R nts for thr

In order to keep the additional rolling moment caused by
the glove as small as possible, the spanwise load distribu-
tion had to be maintained.

To be certain that the results obtained in the different span-
wise regions were comparable, no change in the baundary
layer in spanwise direction was allowed. This means that
the N-factor had to be kept constant on percent lines of air-
foil chord. The N-factor is a measure for transition loca-
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tion using boundary-layer stability theory.
In the propeller slipstream region, it was required that the

pressure distributions altered by the propeller swirl must
allow laminar flow.

2.3 Acrodynamic properties of the inner and outer glove
section.

To achieve the desired aerodynamic properties of the
glove, airfoils had to be designed for both the inner and
outer span stations. In Fig. 3 the calculated properties of
the inner glove section at Re, = 14.8 million are shown.
On the left, the drag polars for free and fixed transition
(§ %) are presented. Within the laminar bucket, the transi-
tion is approximately at x/c = 55 % on both the upper and
lower surfaces.

With the definition of the bucket form (bucket width and
upper and lower ¢ limits) for the inner airfoil, the corre-

sponding values for the outer airfoil are determined by the
spanwise wing lift distribution (Fig. 4).

2.4 Propeller region

The qualitative behaviour of a laminar baundary layer in-
fluenced by a propeller slipstream is already known from
flight and wind-tunnel investigations [2]. Under certain
conditions, laminar flow is not totally lost in a slipstream
affected region. Hot-film signals in this region show an al-
ternating laminar/turbulent behaviour of the boundary-
layer. The turbulent part of the signal is caused by the vis-
cous propeller-blade wake.

Besides this viscous effect within the baundary layer, the
propeller swirl has an influence on the wing pressure dis-
tribution. This change in pressure distribution must be
known for the design of the inner glove airfoil. Therefore
the propeller influence was calculated with a panel
method. In Fig. §, the result of this calculation is pre-
sented. The influence of the propeller swirl reduces the
acceleration in the wing region behind the upward mov-
ing blade. The adverse effect on boundary-layer stability
(N-factor) is shown in Fig. 6. To achieve the desired N-
envelope, the airfoil in the propeller region had to be de-
signed with higher accelerations on the upper surface.

3. Test equipment
In Fig. 1 the Do 228 test aircraft with the additional test-
equipment, i.c., the laminar glove on the right wing, a
flightlog on the noseboom, a movable wake-rake system,
and the pod with mounting system for the infrared cam-
era, is shown.

The laminar glove with the main dimensions is shown in
Fig. 7. The glove covers the whole outer wing except for
the triangular tip region. It is made of glass-fibre and con-
tains two rows of pressure taps on both the upper and
lower surfaces. One row is in the propeller region at

/R =0.85, the second in the middle part of the glove.
Each row has 60 static pressure taps. Two hot-film arrays,
each having eight films, are located behind the propeller
on the upper and lower surface in the position at t/R =
0.67.

The outer one third of the glove contains a fluidic contam-
ination protection system in the leading edge, which also
can be used as an anti-ice-system. Observation of the
boundary-layer conditions of the glove surface is done by
two infrared cameras. The upper camera is mounted in a
pod 2.2 m over the wing using a four-legged support sys-
tem. To observe the lower glove surface, a camera is lo-
cated in the right main landing-gear box. To generate dif-
ferent temperatures between the glove surface and the
freestream (necessary for the infrared observation), the
surface can be heated [3]. The heating is controlled auto-
matically by eight temperature sensors.

The drag of different glove sections can be measured by a
rake system having 70 total- and five static-pressure
probes. The rake can be moved in the spanwise direction
during flight over a distance of 0.52 m. By changing the
rake position before flight on the support tube, the drag be-
hind either the propeller or the undisturbished section can
be measured.

To get the angle of attack and yaw, a flightlog mounted on
a noseboom 1.7 m in front of the fuselage was used. All
required pressures (total, static, calibration) are measured
using high precision pressure sensors. The flight measure-
ments were taken with a self-contained data acquisition
and reduction system with quick-look capability for evalu-
ating the results directly during flight.

Fig. 8 shows an example of an infrared image from the
glove upper side in cruise flight conditions. The laminar
baundary layer is marked by the white field, which reaches
up to 55 % chord. A turbulent wedge, caused by the holes
of the pressure tap row, can be observed to run from the
leading edge.

4. Results

4.1 Drag of the laminar profile

The measured polar of the laminar profile in the undis-
turbed middle part of the glove is shown in Fig. 9. The
very small scatter of the measured drag values, which
were taken in four different flights, is notable. The polar
shows a very distinct laminar drag bucket with a minimum
drag coefficient of cp = 0.0037 at a Reynolds number of
15 million.

Fixing the transition at 5 % chord on both upper and lower
surface causes the drag to be nearly doubled (Fig. 10). For
these measurements, the thickness of the zig-zag shaped
transition strip was optimized by controlling the transition
location using the infrared image capability.

To determine the influence of the engine- and propeller
noise on the laminar-turbulent transition, drag measure-
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ments with the right engine not running were made. As
shown in Fig. 11, the drag is quite the same with and
without the engine operating. The differences are within
the accuracy of the measurements. It is concluded that the
noise of the engine-propeller system has no measurable
influence to the transition location.

4.2 Drag behind the propeller

Turboprop driven regional airliners have a relatively large
amount of the wing in the propeller slipstream. To ascer-
tain the penalty of losing laminar drag in this region, hot-
film measurements at the station /R = 0.67 were made
[4]. Fig. 12 shows the hot-film signals obtained with the
two arrays. On the lower side, two films were damaged
and not operating.

One can see the time history of the boundary-layer condi-
tion during one rotation of the propeller at different chord
positions (left scale), and the percentage of laminar flow
time at these positions (right scale). Outside of the propel-
ler slipstream region, natural transition occurs at 55 %
chord. This is considered 100 % laminar flow benefit.
Evaluation of the data taken in the slipstream indicate
that, on the upper surface, 30 % of the drag benefit ob-
tained with natural transition is achieved, while on the
lower side, a benefit of 32 %. Similar results were found
by measuring the wake drag behind the propeller. The
wake measurements in this region are complicated, how-
ever, by the fact that the total pressure in the slipstream is
not unique, and it is somewhat difficult to define the ac-
tual wake region.

Fig. 13 contains the measured drag behind the propeller.
It is shown that there is an advantage of using laminar
profiles in the propeller slipstream region relative to hav-
ing conventional turbulent airfoils there.

4.3 Influence of surface disturbances

To achieve laminar flow at Reynolds numbers of 15 mil-
lion, it is necessary to have an undisturbed surface. For
manufacture, it is important to know what type and height
of disturbances can be tolerated for a laminar wing,
Therefore, extensive investigations were carried out with
simulated rivet heads, forward- and rearward-facing
steps, and inspection hole covers with different heights
and chord positions.

Fig. 14 shows, for example, the infrared image of rivet
heads located at different chord positions from 3 to 25
percent. In this region, all rivet heads with a height of 6 h,
where h is a proprietary quantity, disturb the flow and tur-
bulent wedges are observed. As shown in Fig. 15, the in-
fluence of these three-dimensional disturbances to the la-
minar-turbulent transition depends on the height and the
location. Heads with h = 1 and located behind 20 % chord
have no influence on laminar flow and are tolerable.

The sensitivity of the boundary-layer stability to three-di-
mensional disturbances is much greater than it is to two-

dimensional ones, such as forward- and rearward-facing
steps. Such steps result by fitting, for example, a nosepart
to the main wingbox. In Fig. 16, the infrared image of a
forward-facing step with the height of 6 h running from 5
to 25 percent chord show that such steps do not disturb the
baundary layer behind 10 % chord. The results for differ-
ent step heights are shown in Fig., 17. Forward-facing
steps of a height below 4 h do not disturb the flow at any
location, including the immediate leading edge region.
The boundary-layer stability is more sensitive to rearward-
facing steps than it is to forward-faci ones.

4.4 Anti-contamination system

To achieve the full low drag potential of a laminar wing, it
is essential that the wing surface and, especially the lead-
ing edge, is kept clean. Flight in the thermal convection
layer, such as during take off, climb, descent and landing,
can result in leading edge contamination by insects. The
amount of contamination depends mainly on factors such
as temperature, wind velocity and, most important, local
geographical conditions. In Mid-Europe, especially in the
months June and July, insect contamination can be great.
Fig. 18 demonstrates the influence of insect contamination
on the drag polar during three different flights. The drag
values of the different flights are more or less the same.
They are nearly as high as those of a turbulent baundary
layer tripped at 5 % of chord length, as indicated by the
dashed line. The benefit of laminar flow is nearly lost.

One possibility to avoid the insect contamination is to ap-
ply a fluid film on the leading edge surface. The fluid film
reduces the adhesive forces by orders of magnitude. The
insects stick much less on the surface and are removed
downstream by means of the fluid layer and the shear
stress of the flow.

The special advantage of such a fluidic anti-contamination
system is the possibility of combining this system with a
fluidic anti-icing system [5]. The wing leading edge region
is equipped with a porous surface consisting of a laser
drilled titanium sheet with typical hole-diameters of 50
microns and a spacing of 0.5-1.0 mm. A mixture of glycol
alcohol and water is pressed through the porous surface
forming a closed film while the fluid is moved down-
stream by the flow shear stresses. Such an anti-contamina-
tion system must fulfill some important conditions:

. The system must not disturb the laminar baundary
layer when not operating.

. In the active phase, a sufficient surface wetting is
necessary to form a closed fluid film. This can be
achieved by controlling the mass-flow through the
panel and adding a wetting agent to the fluid.

. When the glycol flow is switched off, a fast and
complete relaminarization of the flow must be
achieved.

During three flight-test periods and four wind-tunnel test

periods, different anti-contamination systems and their
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modifications were tested. For the flight tests, a cleaning
panel with a spanwise length of one meter was installed in
the outer part of the Do 228 glove. The central zone of the
glove was taken as reference. The glove surface was
painted using polyester resin.

Fig. 19 shows a typical upper side infrared image of a
contamination flight test. In the outer part of the glove,
protected by the anti-contamination system, the bound-
ary-layer remains laminar except for a single turbulent
wedge. The reference zone in the central part of the image
is, on the other hand, characterized by many turbulent
wedges. Downstream of 10 % chord only some small la-
minar regions are left.

This amount of contamination was achieved during six
take offs and landings The effectiveness of the anti-con-
tamination system can be defined by comparing the num-
ber of wedges in the cleaning zone to those in the refer-
ence zone. Typically in the cleaning zone, only 10 % of
the insects stick as compared to in the reference zone.

Summarizing, the tests show that a fluidic anti-icing sys-
tem with some modifications can successfuily be used as
an anti-contamination system of a laminar wing. There
still exist some difficulties, however, especially in the uni-
form wetting of the surface and a fast and complete
relaminarization after switching off the system.

5. Comparison of theoretical results with the flight mea-
surements

The main objective of the glove design was to obtain la-
minar flow on more of half the surface in cruise flight
conditions, and to achieve a drag coefficient on order of
¢p = 0.004. On the other hand, it was not allowed to
change the handling qualities of the basic Do 228 aircraft,
especially in the low speed region.

A comparison of a calculated pressure distribution with a
measured one is shown in Fig . 20. The agreement is very
good, including the trailing edge pressure. Quite the same
agrecment was found by comparing the calculated and
measured drag polars with natural and fixed transition, as
shown in Fig. 21. The measured drag in the laminar
" bucket region corresponds well with the calculated val-
ves. Outside the bucket the measured drag is slightly
higher. With transition fixed at 5 % on both the upper and
lower surfaces, the measured drag coefficient is slightly
lower than calculated. This may be caused by underfixing
ransition in the low-lift region, as the strip optimization
was done for the lift of the upper edge of the laminar
bucket.

6. Conclusions
The experience gained in this research program shows
that NLF can be used for reduction of viscous drag in an
operational environment typical of commuter aircraft.

The results of the wake measurements show that the re-

duction in profile drag is predicted correctly by the theo-
retical tools applied.

For undisturbed laminar flow (transition location
x/c = 55 %), the reduction on profile drag in the glove re-
gion outside propeller slipstream is on the order of 50 % of
the turbulent value (transition location x/c = 5 %).

A reduction in drag due to laminar effects also remains to
some extent in the propeller slipstream region. The drag
reduction in this region is about 14 % at the turbulent
value.

The anti-contamination system tested reduces the number
of insects adhering to the surface to 10 % of the number
sticking in the reference region where no cleaning system
is installed.

The influence of surface imperfections depends strongly
on the geometry of the disturbance. Forward-facing steps
can be tolerated within reasonable manufacturing toler-
ances, while rearward-facing steps cannot. For three-di-
mensional disturbances, like rivets, only a small region in
the vicinity of the nose exists where they can be tolerated
atall.

The flight tests with the laminar glove demonstrated no
noticeable changes in the handling qualities over the
whole speed range, including the stall.

Generally, all of the desired objectives for the glove were
obtained in the flight measurements.
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Fig.1 Do 228 test aircraft with right wing laminar glove

Fig.2  Glove and wing geometry overview
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