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Wing Performance in Moderate Rain

B. E. Thompson,* J. Jang,t and J. L. Dionf
Rensselaer Polytechnic Institute, Troy, New York 12180-3590

Emphasis is placed on the correlation of surface-film behavior including rivulet formulation with measured
values of lift, drag, and moment at angles of attack up to stall. Four regions of surface flow are identified: 1)
the droplet-impact, 2) film-convection, 3) rivulet-formation, and 4) droplet-convection regions. The extent that
each of these regions covers the airfoil surface changes with incidence and correlates with changes in aerodynamic-
force coefficients. Additionally, results quantify effects of the use of boundary-layer trips for linking flight and
wind-tunnel models in rain, and show that surface water phenomena affect laminar-to-turbulent transition in
a manner that is inconsistent with the use of transition fixing to increase the effective test Reynolds number.

Nomenclature
Aging = wing planform area
C, = drag coefficient, DRAG/gA
o = lift coefficient, LIFT/gA.,.,
C, = moment coefficient,
PITCHING MOMENT/gA ;..
c = chord length :
Re = Reynolds number based on chord length and
freestream velocity
« = angle of attack
AC, = drag coefficient increment, (Cp)yee — (Co)ary
AC,, = percent change in lift coefficient,
100 x [(Cl)wct - (Cl)dry]/(cl)dry
AC,, = moment coefficient increment, (C, ). — (C,)ary

Introduction

W EATHER-RELATED factors contribute to more than
25% of the serious general aviation accidents annually
in the U.S.! and this focuses attention on the aerodynamic
performance of airfoils in rain. Heavy rain rates above about
1800 mm/h can decrease lift by up to 30% and increase drag
by up to 20% (Ref. 2), affecting stall speed and the handling
qualities of aircraft. In heavy rain, the airfoil surface near the
leading edge is completely wetted and a sheet film forms and
convects downstream.?> Downstream at distances dependent
on the Weber number, rivulets or water beads may form.*
Rivulets significantly affect boundary-layer development either
by reducing the Reynolds number at which transition occurs’
or by increasing the surface roughness and skin friction,® or
by changing the mechanism of laminar—turbulent transition.
Transition can be influenced by film perturbations such as
surface waves or turbulence in the surface film, rather than
just from growth of instabilities from within the boundary-
layer flow.

Even light-to-moderate rain rates effect increases in surface
roughness and boundary-layer development due to the ac-
cumulation and behavior of surface water. The surface-water
film may induce premature laminar-to-turbulent transition,’
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can result in early boundary-layer separation, and can cause
aircraft to stall at higher indicated airspeeds than normal.?
Stall-spin during the turn to final approach for landing is
known by general-aviation pilots to be a cause of fatal acci-
dents. High bank angles and a cross-controlled rudder can
effect one wing to stall and the aircraft to spin, and this can
happen during a landing approach with insufficient altitude
to recover before impact. Rain increases the stall speed of
aircraft and thus reduces the bank angle necessary for spin
entry, and so it is for safety considerations in sport and gen-
eral-aviation flying that this contribution quantifies rain ef-
fects at light and moderate rain rates.

The principal objective of this article is to understand the
effects of rain on the performance of wings at low Reynolds
number. Results are obtained at a low Reynolds number of
2.5 x 10°, in part to provide insights useful in the design of
natural laminar-flow airfoils,” which are anticipated for the
next generation of general-aviation aircraft. Emphasis is placed
on the combination of a low Reynolds number and light-to-
moderate rain rates because low-Reynolds-number airfoils,*
are affected by these low rain rates, in contrast to the com-
mercial-aircraft wings of the heavy-rain studies discussed pre-
viously, because the lift, drag, and moment coefficients of
laminar-flow airfoils depend on boundary-layer transition.

The second objective is to understand the behavior of
boundary-layer trips in rain. In order to extrapolate wind-
tunnel measurements to flight conditions, boundary-layer trips
are often used on wings to increase the effective Reynolds
number. The trip device fixes the location of laminar-to-tur-
bulent boundary-layer transition, and then wind-tunnel tests
are run at lower Reynolds numbers. The effect of rain on
laminar-to-turbulence transition caused by boundary-layer trips
on wind-tunnel models is uncertain: results are obtained here
with natural, wire-, and grit-tripped transition strips on wings
operated under both wet and dry conditions.

The following section describes the present wing configu-
ration, its arrangement in the Rensselaer 4 X 6 ft wind tunnel,
and the water spray system. It is followed by a presentation
of measured results from surface-flow visualization and wind-
tunnel-balance measurements obtained with clean, wire-, and
grit-tripped wings under dry and rainy conditions. Measure-
ments of lift, drag, and moment follow this and are correlated
with these visualizations of surface water flow patterns over
the wing with and without trips. The next, penultimate section
discusses the flow of surface water and its relationship to the
degradation of airfoil performance, and this article ends with
a summary of salient conclusions.

Flow Configuration and Instrumentation

Figure 1 shows the wing section of the present study with
a NACA 4412 airfoil profile, rectangular platform, 6-in. chord,
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‘b)
Fig. 1 Surface-water flow patterns on the suction-side of a wing: a) clean wing at 2-deg incidence, b) clean wing at 8-deg incidence, c) clean
wing at 18-deg incidence, and d) wire-tripped wing at 8-deg incidence. (LE = leading edge and TE = trailing edge.)

and a span-to-chord AR of 6. The wing model was mounted
in the center of the tunnel on three pressure-side struts that
were supported by a six-component strain-gauge balance that
allowed the measurement of force coefficients and the ad-
justment of wing incidence. The wingtips were square in ver-
tical and streamwise directions and were located about 18 in.
from the wind-tunnel wall so that the wing flow did not in-
teract with the wind-tunnel boundary layers. Windows in the
wind-tunnel sidewalls and roof allowed visualization of the
wing surface and of the spray that was distributed uniformly
in the spanwise direction over the wing, as discussed next.

Instrumentation

An external, six-component, strain-gauge balance was used
to obtain mean values of acrodynamic forces and moments.
Load cells were connected to amplifier circuits and then to a
microprocessor-controlled data-acquisition system. Measured
loads were obtained by the data-acquisition system and con-
verted into aerodynamic forces and moments with a calibra-
tion matrix that corrected for model weight and for load-cell
interactions. Angle of attack was adjusted and measured with
an electronic inclinometer and then recorded by the data-
acquisition system. Maximum uncertainties in lift, drag, and
moment coefficients are 0.001, 0.0003, and 0.0008, respec-
tively.

Wind-Tunnel Configuration

The Rensselaer closed-circuit, subsonic wind tunnel with a
4 X 6 X 20 ft test section was operated at a static pressure
of about atmospheric, at a maximum dynamic pressure of
about 40 psf, at a maximum speed of about 205 ft/s (140 mph),
and at a freestream turbulence factor of less than 1.06. For
the present experiment, tunnel flow rate was adjusted to give

d)

a chord Reynolds number of 2.5 X 10°, based on measured
values of dynamic pressure obtained with a pitot tube mounted
at the inlet to the test section.

To be able to spray in this tunnel, drains were added to
remove up to 0.5 gpm of water accumulation, and the pro-
peller motor that is located inside the return duct was covered
with a waterproof cowling and cooled by a 300-scfm centrif-
ugal blower. Cooling was needed to keep the enclosed motor
below its recommended continuous operating temperature of
122°F. Thermocouples were located on the inductor casing
and on the strut just aft of the propeller, and they continuously
monitored the motor temperature that was below 110°F dur-
ing full-power operation. Another advantage of this blower
is that it pressurized the cowling to about 3 psi above free-
stream, which generated leakage flow that prevented droplets
from entering the motor housing through any cracks or gaps.

Water Spray System

Figure 2 shows the spray system that produced a uniform
cloud of water droplets using spray nozzles that are similar
to the NASA Lewis standard icing spray nozzle and were
manufactured based on the recommendations of Marek.” Air
at 140 psi and water at pressures and flow rates up to 80 psi
and 9 USGPM, respectively, were provided to the three noz-
zles. Bourdon-tube gauges monitored air and water pressures,
and valves regulated and maintained flow rates to sustain the
rain rates and droplet size that are specified later.

Preliminary experiments found that three nozzles covered
the 36-in. wingspan with uniform droplet flow, and these three
nozzles were mounted on a spray bar located in the plane of
the wind-tunnel screens about 25 wing chords upstream of the
contraction and test section as shown in Fig. 2. The bar was
located about 12 in. above the airfoil centerline and adjusted
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Fig. 2 Test section and spray configuration.

in the vertical direction to center the spray around the leading
edge of the wing. For the results presented later, measurement
in spray was performed only after the tunnel and sprayer were
operated continuously and until the humidity of the tunnel
was measured with an electronic hygrometer to exceed 95%
relative humidity and remained stable within 1%.

Boundary-Layer Trip Devices

Transition fixing may increase the effective Reynolds num-
ber of wind-tunnel results and can be accomplished typically
with the use of boundary-layer trips such as wires, tape strips,
grooves, steps, or grit. These devices on the present wing
would locate transition close to the trip, either because a
laminar-separation, turbulent-reattachment bubble® occurs
downstream of the trip, or because boundary layers in the
low Reynolds number flow regime are extremely receptive to
small disturbances.® Two types of transition strips were used
here: a grit—trip was made from carpenter sandpaper with a
uniform streamwise length of 0.25 in. and a mean grit rough-
ness height of 0.024 in.; and a wire—trip was made by gluing
a hypodermic stainless steel tube with an o.d. of 0.024 in.
onto the airfoil surface. Both trips were placed on the suction
side of the wing at an x/c of 0.025, which corresponds ap-
proximately to the location of peak suction pressure.

Measured Results

Figure 1a shows water sheeting at an angle of attack of 2
deg, which extends downstream to about 50% of the chord
where the initial stages of rivulet formation are apparent and
small beads form. Figure 1b shows water sheeting at 8-deg
incidence, which ends at about 20% of the chord and the
rivulets seem to have larger beads. Spanwise flow is evident
at the trailing edge. Figure lc shows evidence of large com-
ponents of spanwise velocity at 18-deg incidence and water
beads are stagnated in the water sheeting and rivulet for-
mation regimes. Some reverse flow is apparent near the trail-
ing edge at all incidences from about 2 deg less than that for
maximum lift.

Figures 3-5 present increments in lift, drag, and moment
coefficients, respectively, for clean (untripped), grit-, and wire-
tripped wings in light-to-moderate rain. These increments are
the difference between the measured values of force coeffi-
cients in rain minus that with the airfoil dry and at the same
incidence. Results are presented at angles of attack from —2
deg through stall and for rainfall rates of 77-137 mm/h. All
results were obtained at a chord Reynolds number of 2.5 X
10° with a mean droplet size of 18 pum and a standard deviation
in droplet diameter of about 1 um.
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Clean Wing

Figure 3 shows measured values of the percent change in
lift coefficients that are independent of rain rate between 77—
137 mm/h for the clean wing. Lift loss is constant at about
15% of lift in the range 5-12-deg incidence. At a higher
incidence above maximum lift, separated flow is well devel-
oped in the surface-water flow patterns and the lift increment
changes from negative to positive, which suggests the surface
water is delaying separation. On an aircraft, this implies that
such a wing at high incidence in rain would have a higher lift,
and thus, a larger safety margin than if this wing were dry
and approaching stall. Further, the lift change is more gradual,
which implies that the stall would be less pronounced and
controls of the aircraft would likely be more mushy than nor-
mal.

Figure 4 shows drag is increased at all incidences on clean
wings. Below a 5-deg incidence, the increment in drag is con-
stant at about 0.010, which corresponds to about a 15% in-
crease over the dry wing. In the region of constant lift loss
between 5-12-deg incidence, drag increases almost linearly
with incidence and also increases with increasing rain rate.
This is the only evidence in lift, drag, or moment coefficients
with either clean and tripped wings of a dependence on rain
rate for the range of rain rates between 77—137 mm/h reported
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Fig. 5 Moment coefficient increments for the wing (RR = rainfall
rate, mm/h).

here. Since Fig. 4 also shows that lift and moment are un-
affected, it seems this linear increase in drag is associated with
increased skin friction. This is supported with the flow visu-
alization results, which suggests that the surface-water flow
is becoming more turbulent with increasing incidence. At an-
gles of attack above C, .., the drag increase is constant, al-
though its value increased by 0.0280 when the rain rate in-
creased from 77 to 137 mm/h.

Figure 5 shows measured values of increments in pitching
moment that are again independent of the rain rate in the
range investigated here. From zero incidence to maximum
lift, the change in moment coefficient is negligible. Beyond
the maximum lift coefficient, moment coefficient increases
linearly with incidence, which suggests the application of greater
than normal elevator control forces would be required to
avoid stall.

Grit-Tripped Wing

The effects of rain are significantly different from the un-
tripped wing. Figures 3—-5 show that increments in lift, drag,
and moment coefficient are less than half of those for the
untripped wing. Lift is down by about 5% from zero to max-
imum lift and then about 5% above that for the clean wing
from this maximum lift to stall. Drag does not show a de-
pendence on rain rate and remains almost constant at 0.0080
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for incidence below maximum lift. Approaching stall, the drag
change due to rain decreases with increasing incidence and
this suggests that larger turbulence in the water sheet, prob-
ably generated by the grit, is transporting momentum to the
near-wall flow and this shifts the recirculation region aft, which
is confirmed with flow visualization. Also, the increment in
moment coefficient increases between maximum lift and stall
and suggests a decrease in aft loading on the wing, which is
further evidence of the separated-flow region reducing in size.

Wire-Tripped Wing

Figure 1d shows flow patterns with the wire trip for an 8-
deg incidence and a rain rate of 137 mm/h. This is similar to
that of the untripped wing with two notable exceptions: the
bead size and extent of water accumulation at the trailing
edge are larger for the wire-tripped wing. The water-sheeting
region also increases in length with the wire trip and at 10-
deg incidence extends downstream to about 40% of the chord
before rivulet formulation is apparent.

Increments in lift, drag, and moment coefficient shown on
Figs. 3—-5 are again smaller than those of the clean airfoil,
but are larger than those with the sandpaper trips. Measured
values of lift show that the maximum lift coefficient has de-
creased by about 6%, with increases in rain rate from 77 to
137 mm/h and that angle of attack at maximum lift has in-
creases from 12 to 14 deg. The distribution of lift change
resembles that for the clean wing except that the decrements
are about 60% smaller. Near stall, the increment in lift coef-
ficient is larger, which is likely associated with an observed
accumulation of water immediately downstream of the trip
wire. The distribution of drag increment, however, resembles
that for the grit-tripped wing. A constant drag increase of
about 0.012 is measured below C, ., and at higher incidence
drag decreases with increasing angle of attack. It is reasonable
that the change in moment coefficient is negligible up to max-
imum lift, then behaves in a similar manner to the clean wing
as did the lift increment.

Discussion

Turbulent, trailing-edge separation® occurs on a NACA
4412 airfoil in dry flow.!® Measured results at high Reynolds
numbers!'! suggest that laminar—turbulent transition takes place
very close to the leading edge upstream of the location of
pressure peak”? and is caused by processes that occur inside
the laminar boundary layer as described by Mayle.'? At lower
Reynolds numbers below 5.0 x 10%, the transition process is
more sensitive to freestream disturbances, aberrations of the
airfoil geometry,® surface roughness, and Reynolds number.
This suggests the transition process is dominated by instabil-
ities that originate from the inflection point in velocity above
the leading-edge separation bubble,* which occurs on this and
many other airfoils in the low Reynolds number regime.® Rain
and the associated accumulation of surface water affect tran-
sition and cause premature laminar-to-turbulent transition of
the boundary layer.

Surface Water Flow Regions

Figure 1 shows the patterns of surface flow on the upper
surface of the wing for a rain rate of 137 mm/h. The painted
surface of the leading edge of the entire wing is completely
wetted at this rain rate. Figure 6 shows four regions with
different patterns of surface flow that can be identified as
follows: 1) droplet-impact, 2) film-convection, 3) rivulet-for-
mation and 4) droplet-convection regions.

Droplet-Impact Region

The droplet-impact region'® is observed on the present wing
and is characterized by the impact of droplets both on the
surface and in the growing film of surface water. It extends
from the leading edge downstream to about x/c of 0.06 on
the airfoils suction side for all of the rain rates and trip con-

Fig. 6 Characteristics of surface-water flow regions: 1, droplet-im-
pact region; 2, film-convection region; 3, rivulet-formation region; and
4, droplet-convection region.

figurations tested here. Large craters and waves are observed
in the surface film in this region. Some fog appears close to
the surface, which suggests the scattering of smaller droplets
back into the boundary-layer flow. This cloud of droplets may
be ejecta-fog,'* which would act to drain energy from the
boundary layer as these droplets are accelerated by the local
boundary-layer flow. This loss of energy affects downstream
development of the boundary layer, resulting in a loss of lift
and can be contributed to early flow separation's: this expla-
nation is consistent with the measured loss in lift at incidence
up to the separation, discussed earlier.

Film-Convection Region

The next region downstream is the film-convection region,
which is characterized by convection of a film of surface water
that covers the airfoil surface like a transparent sheet. Here,
surface water is dragged downstream by friction with the
boundary-layer flow and appears to convect in a smooth lam-
inar film with some surface waves and can then become tur-
bulent. The most pronounced effect of turbulence observed
in the water film was to shift the location of mean-streamline
detachment aft with associated reductions in lift loss and drag
gain.

Rivulet-Formation Region

Further downstream in the rivulet formation region, sep-
arate rivulets and beads form. Characteristics are similar to
those found in liquid film-flow down inclined surfaces.!%-!” The
sinuosity, wavelength, and amplitude of the waves of the riv-
ulet are dependent on flow rate. Also, the distance between
two sliding droplets decreases with increasing water-flow rate
until a point is reached where two successive droplets touch
and a single straight laminar rivulet is formed, and is consis-
tent with the results of Schmuki and Laso.!®

Droplet-Convection Region

Last is the droplet-convection region? in which the mean-
dering rivulets are no longer stable and the beads move slowly
dragged by the airflow and coalescing with other beads until
all the water is dragged to the trailing edge and torn away by
the external flow. The transfer of momentum in this region
is dominated by the flow structure at the trailing edge. For
attached boundary-layer flow, shear forces are much larger
than surface tension forces in the region where suction and
pressure-side boundary layers are mixing, and the surface flow
breaks freely into a wake spray. For separated suction-side
flow, there is accumulation of surface water upstream of the
trailing edge that effects an increase in effective airfoil thick-
ness near the trailing edge, which reduces the adverse pressure
gradient approaching separation, causes the location of mean
streamline detachment to move aft, and results in the mea-
sured increase in lift coefficient compared to the dry airfoil
as discussed next.

Aerodynamic Performance Regimes

Results from flow visualization and force-coefficient mea-
surement can be combined to identify the regimes I-IV shown
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in Figs. 3-5, each with a different flow pattern. Each regime
can be defined by the extent of the droplet-impact, film-con-
vection, rivulet-formation, and droplet-convection regions,
which is correlated with measured AC,,, values.

Inregime I, the first two of the flow regions discussed earlier
are observed. The first is the droplet-impact region where the
water film is thick and extends back to about 5-10% of the
chord. For all angles of attack, the length and nature of the
droplet-impact region remained constant. The second is the
film-convection region and is defined as the region with a film
sheet. It extends from about 10% back to about 80% of the
chord. In regime I for the incidence range from —5 to 5 deg,
the lift increment shown on Fig. 3 increases almost linearly.
The film-convection region decreases as the upstream bound-
ary of the rivulet-formation region, which is characterized by
beading and rivulet formulation, decreases from about 80 to
50% of the chord as the incidence increases from 2 to 5 deg.
In this range the lift increment increases almost linearly with
incidence as a result of a larger rivulet-formation region.

In regime II between about 5—12-deg incidence, the length
of the film-convection and rivulet-formation regions remains
constant. The lift increment shown in Fig. 3 also remains
almost constant in this incidence range. Beads in the rivulet-
formation region are about 5 mm in diameter and start some
water accumulation near the trailing edge in the droplet-con-
vection region.

In regime III between 12-18-deg incidence, the length of
film-convection region again decreases. Lift increment again
increases almost linearly. Figure 1c shows the film-convection
region extending only to about 20% of the chord and the large
beads of diameters about 10—-15 mm are stagnated in the
rivulet-formation and droplet-convection regions.

In regime IV at incidence above 18 deg, three-dimensional
water-flow patterns are apparent over most of the wing and
the lift increment remains constant with increasing incidence.
In this flow regime the classic definitions of impingement,
film-convection, and rivulet-formation are not applicable.

Conclusions

Experimental results are presented to quantify increments
in lift, drag, and moment coefficients due to moderate rain
on a wing of AR 6. These results are correlated with quali-
tative visualization of surface water behavior over the wing.
Four flow regions are identified: 1) droplet-impingement, 2)
film-convection, 3) rivulet-formation, and 4) droplet-convec-
tion regions. The percentage of the wing covered by these
different flow patterns depends mainly on the angle of attack
and correlates with changes in aerodynamic coefficients. Dif-
ferences between the behaviors of clean, grit-, and wire-tripped
wings suggest that transition fixing for wings in rain does not
represent an effective increase in chord Reynolds number,

and therefore, would not result in an improved correlation
between flight and wind-tunnel data in moderate rain con-
ditions.
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