Experimental study of aerodynamics of an airfoil with airbrake
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Abstract

A low-speed wind tunnel study was performed on a generic sailplane laminar airfoil section equipped with air-
brakes of different geometric configurations. The fundamental effects of an airbrake are evident — loss of lift
and increase of drag. The motivation was to provide and extend data valid for aerodynamic design of current
sailplanes and light aircraft where the airbrakes are used as a standard device. The study was focused on the
influence of the basic geometric parameters of the airbrake, on its global aerodynamic performance, on the
pressure distribution of the airfoil surfaces and on the separation of flow. Two essentially distinct geometric
configurations of the airbrake were studied — the airbrake on the airfoil upper surface only and the airbrakes on
both the upper and lower surfaces. Also studied were the influence of the chordwise position of the airbrake, of
the airbrake height and of a gap between the airbrake plate and the airfoil. Forces and moment measurements,
surface pressure distribution measurements, PIV (Particle Image Velocimetry) and surface visualizations using
minitufts were performed. The aerodynamic influence of a box in the wing housing the airbrake was studied
using CFD (Computational Fluid Dynamics) software.

Nomenclature
Cp drag coefficient
Cr lift coefficient
Cn moment coefficient (at 0.25 of chord)
c, pressure coefficient
c chord length
cwp chordwise position of airbrake
g gap size, see Fig.
h height of airbrake including gap (h = g+ hp)
hp height of airbrake plate
a angle of attack

Introduction

The airbrake (also called dive brake or speed brake or aero-
dynamic brake) is a device commonly used to control the glide
path of sailplanes and motorgliders, namely during the final ap-
proach stage of the flight. The necessity of its use is due to the
high lift-to-drag ratio of these aircraft that complicates the exact
accomplishment of the final approach and touchdown without
airbrakes. As a secondary role (but historically the primary rea-
son for the airbrake invention and introduction), the airbrake pre-
vents exceeding the certificated never-exceed speed. The prin-
cipal airbrake effects are evident, decreasing of the lift and in-
creasing of the drag. Surprisingly, detailed description and ex-
planation of the flow physics as well as quantitative aerodynamic
values are difficult to find in the available literature. The reasons
consist of the fact that the main research effort was performed in

I'This article was peer reviewed by two independent, anonymous reviewers.

TECHNICAL SOARING

connection with military dive-bomber aircraft in the thirties of
the last century. The primary use of the airbrake at that time was
completely different to their current use and the technical design
of airbrakes have also evolved.

The airbrakes were first proposed by Jacobs [112]] especially
as a safety device to limit speed in anomalous flight attitudes
following pilot disorientation or error, although the possibility
of their use to facilitate landing was mentioned. Jacobs funda-
mental articles presented a speed polar for a complete aircraft
with DFS-type airbrakes and 2D smoke wind tunnel visualiza-
tion for three airbrake configurations, without publication of any
aerodynamic forces or pressure data. Hoerner [3]] was very brief,
focused on the influence on drag only, he did not pay attention to
the explanation of the flow physics and did not cover the type of
the airbrake that would be beneficial for contemporary sailplane
design. Rebuffet [4] gave more considerations on the general
performance including lift and moment consequences of plate
airbrake similar to the current sailplane airbrakes but did not
publish neither pressure distributions nor description of the con-
nected flow phenomena. Schlichting and Truckenbrodt [S]] pre-
sented basic information of an airbrake similar to the currently
used type, but their book of general survey character did not con-
tain any detailed descriptions. Fuchs [|6] performed a systematic
wind tunnel study of airbrakes on a model of an aircraft with an
elliptical wing and on a model of a rectangular wing. The main
purpose, also in this study, was to provide data for control of dive
flight of military aircraft. In addition to force results, Fuchs also
presented also pressure distributions for one airbrake configu-
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ration, unfortunately (from the contemporary point of view) for
the airbrake positioned only on the lower side of the wing, an ar-
rangement not used on contemporary aircraft. Blenkush et al. [[7]
was concentrated on the military use of the airbrakes, but pointed
out the importance of the chordwise position and the influence
of the airbrake not only on the drag but also on the maximum lift
coefficient and on the pitching moment. Davies et al. [8] report
contained more quantitative information including the influence
on the lift and the trim of a wider spectrum of airbrake types but
the described flaps also summarized the experience with military
use and were not of current sailplane type, although the airbrakes
of the Hamilcar WW II military glider could be at least of some
interest. The presented results were limited to the global aero-
dynamic forces, without any airfoil pressure distributions and
mainly without any descriptions of flow physics and its specific
phenomena. Arnold [9] dealt with force and moment measure-
ments of a finite-span wing with airbrakes of different relative
span.

The above mentioned literature sources were connected pri-
marily with very specific kinds of past military flying and thus
focused mainly on the speed control during steep dives. They are
not directly exploitable for design of contemporary sailplanes or
light aircraft, mainly due to the substantial differences in wing
airfoil sections and in airbrake geometric configurations and due
to their current use to control the slope of relatively shallow
flight paths (shallow compared to military dive attack) at practi-
cally constant low speed.

Two papers devoted to the sailplane airbrake design were pub-
lished. Simpson [[10] summarized the importance of the airbrake
for sailplanes; its contribution is concentrated on certain aspects
of the DFS-type airbrake, the type now rather outdated. Matte-
son [11] published a paper in 1968; it is also of limited use as
far as detailed flow physics of the airbrake is concerned.

A very useful and extensive set of experimental data of sys-
tematically designed low-speed airfoils was published by Al-
thaus and Wortmann [[12f]. It is of particular interest as certain
of these airfoil sections proved their worth in design of success-
ful sailplanes. Their measurements of a low-speed airfoil with a
trailing edge airbrake and with a combined flap and airbrake at
the airfoil trailing edge are interesting with respect to the topic of
this paper, especially because a similar device was used on sev-
eral produced sailplanes. But mainly their set of measurements
of different installations of “conventional” airbrakes on two air-
foils successfully used on the first generation of composite sail-
planes is a valuable source of data concerning the airbrakes. The
results are focused mainly on the airbrakes on the both upper and
lower surfaces and with lower height, as was usual in the sixties
of the last century, when the design of the FX airfoils was per-
formed. The published results incorporate mainly the lift curves
(and the moment coefficient to a very limited extent, in one con-
figuration only) and do not contain the drag coefficients and the
pressure distributions.

The aim of our paper is to enlarge the collection of avail-
able data and to contribute to a better understanding of the
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phenomena connected with the airbrakes. That is why a new
mainly experimental research focused on current sailplane air-
brake use was performed. The partial results of the research on
a current-type airfoil with Schempp-Hirth airbrake were pub-
lished in [13H15]. The present paper summarizes global re-
sults of an experimental research conducted on a contemporary
generic sailplane airfoil (thinner and with longer areas of lam-
inar boundary layers than Wortmann airfoils) with a Schempp-
Hirth type airbrake. The airbrakes on the airfoil upper surface
and on both upper and lower surfaces were studied, also the in-
fluence of the brake height, brake chordwise position and the
gap between the airfoil and airbrake were examined. Table
gives an overview on the configurations tested.

position cwp/c | hp/c glc h/c
upper surf. 0.4 0.173 0 0.173
0.5 0.173 0 0.173
0.210 0 0.210
0.247 0 0.247
0.5 | 0.155 | 0.018 | 0.173
0.155 | 0.055 | 0.210
0.155 | 0.091 | 0.246
05 | 0228 | 0.018 | 0.246
0.155 | 0.091 | 0.246
0.6 0.173 0 0.173
upper-+lower surf. 04 0.173 0 0.173

Table 1: Experimentally tested configurations.

Airfoil and airbrake

A model of an advanced generic sailplane airfoil section was
used. Maximum thickness of the airfoil was 14.5 percent of the
chord at 43.5 percent of the chord. The model was designed and
manufactured by HpH Sailplanes company. The airbrake is of
the Schempp-Hirth type. The model consists of a plate perpen-
dicular to the airfoil chord equipped with a short perpendicular
ledge on the upper edge of the plate (Fig.[I). This ledge sim-
ulates a spring-loaded cover on the airbrake plate and assures a
smooth wing surface contour with the airbrake in retracted posi-
tion.

Model

The wind tunnel model was in the form of a rectangular wing
with circular endplates, a chord of 0.600 m, a span of 1.200 m
and the diameter of the endplates was 1.080 m (Fig. [2). This
geometry is standard use for airfoil testing, the endplates assure
the 2D flowfield. The pressure distributions were measured us-
ing 68 pressure taps distributed over the airfoil surface. The row
of the taps was positioned near the midspan of the model, the
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Fig. 2: Model equipped with the extended airbrake in the test sec-
tion.

taps were more dense in the region of the leading edge. For clar-
ity in the following graphs of the pressure distributions, not all
pressure taps are represented by the marks.

Wind tunnel and measuring devices

The tests were performed in the 3m LSWT low speed wind
tunnel at VZLU, Czech Aerospace Research Centre in Prague.
The wind tunnel used is an atmospheric type with an open test
section of 3 meters diameter. The velocity deviations in the re-
gion of the model are 0.5 percent of the velocity in the axis of the
test section or lower, the intensity of turbulence is 0.3 percent.

The model was hinged on a strain-gauge balance to measure
the lift, drag and pitching moment. The balance was used be-
cause the airbrake caused such pronounced changes in the lift
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and drag that the balance was more convenient that other meth-
ods. The surface pressure distributions were measured using a
multi-port pressure transducer built into the model. Comparison
of the lift curves measured by the balance and by the integra-
tion of the surface pressure distributions show good agreement
(Fig.[3). The integration of the drag was not performed because
the pressure distributions did not contain the pressures acting
directly on the airbrake plate and the flow beyond the extended
airbrake was too turbulent in too large an area for the technique
of the wake measurements.

PIV (Particle Image Velocimetry) experiments were carried
out to better record the development of the flowfield for sev-
eral principal geometric arrangements of the airbrake. Visu-
alization of the boundary layer flow (on the whole surface of
the model, both upstream and downstream of the airbrake) was
performed using minitufts illuminated by ultraviolet light.The
Reynolds number based on the airfoil chord was 1.5 - 10°.
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Fig. 3: Comparison of lift curve (top) and moment curve (bottom)

measured by the balance and obtained by pressure integra-
tion.

VOL. 44, NO. 1 January — March 2020



Wind tunnel corrections to the angle of attack standard for
an open-jet test section and used geometry of the model were
applied. A uniform lift distribution along the wingspan is con-
sidered; the computations show that this premise is correct with
the uncertainty of 1 percent for the used wind tunnel model ge-
ometry. The principle of the correction is described for example
in Barlow [[16], section 10.7.

Airbrake aerodynamics
Airbrake on the airfoil upper surface only

The airbrake itself creates a barrier perpendicular to the flow,
thus the airfoil becomes extremely asymmetric. This leads to a
strong asymmetry of the flow.

All techniques — the pressure distributions (Fig. @), the PIV
measurement (Figs. [5] [6|and [13)), the minituft surface visualiza-
tions (Fig.[7) — clearly show the pronounced differences between
the flow field with the airbrake retracted and extended. Extend-

o= 0.5 deg

S

j

-O-airbrake ret.
-0~ upper airbrake ext.
-0~ upper and lower airbrakes ext.

0.2 04 0.6 08 1
we [-]

o =8 deg

-O-airbrake ret.
-0~ upper airbrake ext.
1.5 =0~ upper and lower airbrakes ext.

0 0.2 0.4 0.6 0.8 1
xle []

Fig. 4: Pressure distributions, cwp = 0.4 ¢, hp =0.173 ¢, g=0
at o = 0.5 deg (top) and « = 8 deg (bottom).
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Fig. 5: PIV on airfoil leading edge at @« = 0 deg, airbrake re-
tracted (top) and upper airbrake extended (bottom) with
cwp=05¢,hp=0.173 c,g=0.

ing the airbrake at low angle of attack, the flow on the upper
surface is slowed down and the stagnation point on the airfoil
moves to its upper surface. The incoming flow is forced to over-
come the leading edge from the upper to the lower surface and
thus is susceptible to leading edge separation.

Upstream of the airbrake, the upper surface of the airfoil is
characterized by the pronounced overpressure even at the posi-
tive angles of attack. A separated recirculation area begins ap-
proximately at 15 percent of the airfoil chord upstream of the

=G

Fig. 6: PIV upstream of extended airbrake, o = 0 deg, cwp = 0.5 c,
hp=0.173¢c,g=0.

—\
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Fig. 7: Minitufts on upper surface (top), the extended airbrake is
a broader light band, o = 8 deg, cwp = 0.5 ¢, hp = 0.173 ¢,
g = 0; minitufts on lower surface (bottom), upper airbrake
extended, ot = 0 deg, cwp =0.5¢,hp=0.173 ¢, g =0.

airbrake and slowly expands to the airfoil leading edge with in-
creasing angle of attack. The flow is completely separated down-
stream of the airbrake regardless of the angle of attack.

The airfoil lower surface is characterized by suction on its
front part, even at positive angles of attack, as the stagnation
point relocates from the lower side of the leading edge to its up-
per side. The flow is separated at the leading edge not only at
the negative angles of attack, but even at the low positive angles
of attack, as the flow advancing from the stagnation point (po-
sitioned on the upper surface) to the lower surface is not able
to overcome the leading edge without separation. The flow does
not become attached until at relatively high angle of attack of ap-
proximately +6 deg, when the flow pattern changes as the stag-
nation point moves downward to the lower surface of the airfoil.
With the flow attached at the lower surface at the high angles of
attack, diminution of the angle of attack leads to the separation
that begins at the leading edge and brusquely (during 0.1 deg
decrease of the angle of attack) expands along the whole lower
surface of the airfoil.

The pronounced loss of lift and increase of drag due to an ex-
tended airbrake are registered as expected (Fig. [§). The flow
separation at the lower surface at angles of attack near zero
means that (with continuing diminution of the angle of attack)
the airfoil negative lift does not further decrease to higher abso-
lute values, but the airfoil drag increases. Nose-down moment is
also pronounced Fig.[8] bottom) for angles of attack between ap-
proximately 1.5 deg and 5 deg. This implies that the nose-down
moment caused by the changes in the pressure distribution on
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moment vs. &, cwp =0.5¢,hp=0.173 ¢, g =0.
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Fig. 9: Pressure distribution and streamlines for airbrake without
box (top) and with box (bottom); o = 0 deg, cwp = 0.5 c,
hp=0.173¢c,g=0.

the airfoil itself prevails over the nose-up moment caused by the
downstream oriented force acting on the airbrake plate. Below
1.5 deg, the moment goes fast to positive values which helps
to recover from a dive. Nose-up change for higher angles of
attack than 5 deg is explainable by the attachment of the flow
on the airfoil lower surface and the resulting change of the pres-
sure distribution. The detailed analysis of the basic airbrake flow

physics was given in [13]] and [14].

Airbrakes on both the upper and lower surfaces

Both the upper and lower airbrake plates are of identical di-
mensions and are located in identical chordwise positions, so
they act as strong symmetrization elements and consequently the
whole airfoil configuration is aerodynamically close to a sym-
metrical one. The overpressure zones are created in front of both
the airbrake plates and the detached zones are formed behind
them for all tested angles of attack (Fig. ). The configuration
results in extreme loss of the lift coefficient and the very con-
siderable increase of the drag coefficient (Fig. [8). The overall
symmetry of the configuration results in the moment coefficient
relatively close to zero at the whole range of the operational an-
gles of attack.

Influence of the box on the airbrake

The airfoil wind tunnel model does not contain a box where
the retracted airbrake is deposited in a real wing. Therefore, the
influence of the box was analysed by means of CFD computa-
tions using the EDGE software [[17]]. The EDGE solver uses the
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Fig. 10: Velocity distribution and streamlines for airbrake without
box (top) and with box (bottom), o = 0 deg.

node-centered finite-volume discretization of the Navier Stokes
equation on ustructured grids.

In both cases we used an unstructured 2D mesh consisting
of approximately 450 000 elements with a y+ value < 1. The
flow is assumed to be fully turbulent and the EARSM Hell-
sten k-omega turbulence model was employed. The comparative
computations were performed for the identical airbrake geome-
try configurations, i = 0.173¢, hp = 0.155¢, g = 0.018c.
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Fig. 11: Influence of the height hp, pressure distributions at
a=8deg,cwp=05c,g=0.
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Fig. 12: Influence of the height hp on lift curve, drag polar and
pitching moment(from top to bottom), cwp = 0.5 ¢, g =0.

Although the simulated box is deep and rather wide, the air in
the box is nearly still. The comparison of the pressures, veloci-
ties and streamlines in the flowfields (Figs. []and [T0) reveal the
differences that seemed to be of limited significance. The pres-
sure distributions on the airfoil and the airbrake, the distributions
of the pressure and velocity in the flowfield and the streamlines
are very similar in the both cases. The large detached areas are
formed downstream of the airbrake. The CFD computations pre-
dict different vortex structures in these detached areas depending
on the presence of the box. Higher pressure difference is ob-
served between windward and leeward side of the airbrake plate
with low value of the suction in the box (C, =~ —0.4). But the
differences generally seemed to be of limited importance from
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Fig. 13: PIV upstream of airbrake, airbrake extended, o = 0 deg,
cwp =0.5¢,hp=0.173 ¢, g = 0.018.

the point of view of the real flight efficiency of the airbrake.
Thus the experimental results acquired by the measurement of
the model without the box can be considered representative.

Discussion

Influence of the height of the airbrake plate

As expected, with growing height of the airbrake plate hp,
there is higher loss of the lift coefficient, increase in the drag
coefficient and higher nose-up increment of the moment coeffi-
cient (see Figs. [IT] and [I2). Analysis of pressure distributions
revealed not only higher pressure area upstream of the airbrake
plate and reduced suction downstream of it on the airfoil upper
surface with increasing plate height but also higher values of the
suction on the airfoil lower surface.

Influence of the gap between the airbrake plate and the air-
foil surface

The aerodynamic influence was examined of the gap between
the airfoil upper surface and the airbrake lower edge on the air-
brake performance. The first stage of the research compared two
airbrakes of the identical total height 4, the first without any gap
and the second with a small gap of g = 0.018c.

On the airfoil upper surface, a root vortex develops in front of
the footing of the airbrake without a gap (Fig. [f). Strong flow
separation is registered behind the airbrake including the close
proximity of the upper surface (Fig. [/} top).

Fig. 14: Minitufts on upper surface, airbrake extended, o = 0 deg,
ewp=0.5¢,hp=0.173¢c,g=0.018 ¢
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Fig. 15: Influence of gap height g on pressure distributions,
a=8deg, cwp=0.5c,hp=0.173 c.

Opening of the gap (i.e. decreasing of the height of the air-
brake plate hp keeping the total airbrake height h constant) re-
sults in the appearance of another stagnation point on the wind-
ward side of the airbrake plate and in the dissolution of the root
vortex (Figs. @] and[T3). The flow approaching the airbrake be-
comes divided by the stagnation point in two flows, and the bot-
tom flow passes through the gap. The thin layer on the airfoil
surface remained attached even closely upstream of the airbrake
and downstream of the airbrake as well. The minituft visual-
ization indicated the attached flow on the airfoil upper surface
even in the close upstream and downstream proximity of the air-
brake, the minitufts surface pattern was practically identical to
the airfoil without the airbrake (Fig. [T4). The dissolution of the
root vortex results in the modification of the pressure distribu-
tion on the airfoil upper surface where the overpressure expands
slightly closer to the airbrake plate (Fig.[T5). The aerodynamic
performance of the airbrakes are nearly identical (Fig.[I6]). The
influence of the gaps between the airfoil surface and the edge
of the airbrake plate is minor from the point of view of global
airfoil lift and drag coefficients.

The second stage of the gap research was focused on the ex-
amination of the gap size between the airfoil upper surface and
the airbrake lower edge at the constant height of the airbrake
plate hp. The consequence of opening the gap consists in less
abrupt changes in the airfoil pressure distribution (Fig. [T7), es-
pecially on the airfoil upper side. The effect of a gap of 0.018 of
chord was close to the configuration without the gap, but the
wider gaps distinctly changed the pressure distributions. In-
creasing the gap caused the pressure distribution features to
change less abruptly.

For the given height of the airbrake plate hp, the wider gap g
caused a lower lift decrease and higher drag increase (Fig. [T8).
The narrower gap seems to be relatively more advantageous with
respect to the lower lift-to-drag ratio of the airfoil, but the lift-
to-drag ratio is very low, nearly zero for all the tested geome-
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Fig. 16: Influence of gap height g on lift, drag polar and moment
curves (from top to bottom), cwp = 0.5 ¢, hp = 0.173 c.

tries. So the differences are practically insignificant. As a con-
sequence, the criterion of the smallest change in moment could
gain importance in selection: a wider gap seems to be advanta-
geous from the point of view of the low change of the moment.

Different concept of the airbrake height

Obviously, the identical total height £ of the airbrake can be
achieved by combining the different plate heights hp and the
different gap sizes g. The comparison of these two approaches
is given in Figs.[T9] 20]and 21} As lift-to-drag ratio here in-
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Fig. 17: Influence of gap height g on pressure distributions,
cwp =0.5¢,hp=0.173 ¢, o = 8 deg.

dicates, the results are quit close from the point of view of the
aerodynamic performance of the airbrake.

Influence of the airbrake chordwise position

The influence is presented in Figs.[22]and 23] The changes of
lift coefficient vs. angle of attack are very close for each studied
chordwise position in the operationally exploited range of angles
of attack during a standard final approach, i.e. at angles of attack
of about 10 degrees. At high angles of attack above 17 degrees,
the slope of the lift curves gradually differ from each other, Cy, is
still increasing, but such high angles of attack are not important
for the normal sailplane operation.

The drag coefficients differ significantly. The drag increases
with the forward movement of the airbrake as is clearly ex-
plained by the changes in pressure distributions (Fig. 22).

The differences in the moment coefficient evidently depend
on the airbrake position Fig.[23] The tendency is that the most
rearward position produces the highest nose-up change, as the
pressure distribution on the forward part of the airfoil is less
influenced (or rather less destroyed). The aerodynamic focus
shifts rearward with the rearward shift of the brake. The reasons
are visible in the pressure distributions (Fig.[22), as the airbrake
is located at more rearward position the airbrake influences the
forward part of the airfoil less.

From an operational point of view, the lower angles of at-
tack are of more potential importance than extremely high an-
gles. In the region of angle of attack between 0 and +5 degrees,
the values of the drag coefficients of the airfoil with the air-
brake are similar regardless of the chordwise airbrake position
(Figs. 23). This means that the constraints posed by a limited
available space in the forward, thinner part of a wing and by re-
quirement to minimize surface disturbances on the forward part
of the wing can be fully taken into account without any signifi-
cant penalty of the airbrake performance.
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Fig. 18: Influence of gap height g on lift curve, drag polar, lift
ratio and moment curve (from top to bottom),
.Sc,hp=0.173 c.
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Fig. 19: Different approach to airbrake height hp, pressure dis-
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Fig. 20: Different approach to airbrake height hp, lift curves (top)
and drag polars (bottom), h = 0.246 ¢, cwp = 0.5 c.
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Fig. 22: Influence of the chordwise position cwp, pressure distribu-
tions, hp = 0.173¢, g = 0, o = 8 deg.
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Fig. 23: Influence of the chordwise position cwp, lift curves, po-
lar curves and moment curves (from top to bottom),
hp=0.173¢c,g=0.

Comparison with Althaus and Wortmann

In comparison of our data with the data published by Althaus
and Wortmann [|12], the trends in the development of the lift co-
efficient dependence on the airbrake height, gap and chordwise
position are generally similar. The drag coefficient can not be
compared as there are no cases in [12]. There is a different trend
in the moment coefficient. They found that the extended air-
brakes both on the upper and lower surfaces caused the positive
increase of the moment coefficient (trailing edge tends down).
The opposite result is observed in our measurements. Althaus
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and Wortmann published the moment coefficient for one con-
figuration only and without pressure distributions. Thus, a thor-
ough comparative analysis is impossible and the exact reason of
the difference can not be determined.

Conclusions

The consequences of several different parameters of airbrake
geometry on airfoil aerodynamics were studied using different
experimental techniques. The aerodynamic performance of the
airbrake and consequently the airbrake capability to contribute
to the control of an aircraft depends primarily on the airbrake
height. The other geometric parameters of the design seem to
be of limited importance. The airbrake height creates such sig-
nificant changes in the flow-field that other relatively small dif-
ferences in the airbrake geometry (in usually used geometric
ranges) seem to be of minor importance from the point of view
of global airbrake effect. Nevertheless, the geometric details are
of aerodynamic interest and can improve the airbrake efficiency
and/or moment behaviour. On the other hand, the limited signifi-
cance of the geometric details can facilitate compliance with the
other design constraints posed by structural, strength and manu-
facturing requirements.

Airbrakes on both sides of the airfoil create distinctly higher
aerodynamic performance than an airbrake on the upper surface
only, but known disadvantages of such solution (possible catch-
ing of growth during an outlanding, disturbance of laminar flow
on the lower surface in retracted position) compromise their ap-
plication.
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