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Rain Effects at Low Reynolds Number

J. F. Marchman III,* Edward A. Robertson,t and Howard T. Emsleyt
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Wind-tunnel tests were conducted to determine the influence of rain on the aerodynamic performance of the
Wortmann FX63-137 wing at Reynolds numbers 100,000-300,000. Models with aspect ratios of 6 and 4 were
tested with normal as well as waxed and soaped surfaces to evaluate wettability effects. Test results showed an
improvement of performance at the lowest Reynolds number but general deterioration at higher speeds. The
primary effect noted was a decrease in lift at higher angles of attack. A favorable result was the elimination of
stall hysteresis, which characterizes the Wortmann's normal performance at low Reynolds numbers. At lower
Reynolds numbers, rain appeared to lower drag whereas, at higher speeds, drag generally increased.

Introduction

I N the past few years, interest has increased in two impor-
tant areas of aerodynamic research. Growing public con-

cern about weather-related aircraft accidents has spurred in-
terest in determining the effects of the natural environ-
ment—and, in particular, of vertical gusts, or wind shear, and
rain—on the aerodynamic performance of wings and aircraft.
At the same time, increased activity in ultralight aircraft and
remotely piloted vehicles (RPV's) has renewed interest in low
Reynolds number aerodynamics. Since low Reynolds number
flight is very sensitive to disturbances from environmental ef-
fects, such as rain or wind shear, an interesting focal point of
both concerns is research into the effects of rain on a low
Reynolds number airfoil.

Recent studies by Haines and Luers,1 Hansman and Barsot-
ti,2 and Dunham et al.3 have shown that rain causes signifi-
cant reduction in maximum lift coefficient and generally alters
stall characteristics. These results appear to be essentially due
to the introduction of an effective surface roughness by the
rain. This roughness effect has been shown in Ref. 2 to be a
function of surface "wettability."

The primary result of added surface roughness is to increase
the likelihood of laminar-turbulent transition. This subject
has received considerable attention in the past. In recent years,
however, the advent of airfoils designed for laminar flow and
low Reynolds number operation has made the subject of
roughness effects more important. Aircraft accidents involv-
ing vehicles with laminar flow design wings and canards have
been associated with dramatic alteration of the wing or canard
aerodynamics due to boundary-layer tripping caused by sur-
face roughness or rain.

Wings designed to operate at low Reynolds numbers (below
500,000) may be especially susceptible to rain-induced aero-
dynamic deterioration. Studies by Marchman, Sumantran,
and Schaefer4 have shown that an airfoil designed for low
Reynolds number operation may have a very large stall
hysteresis behavior and that this behavior may be altered by
acoustic or flow turbulence disturbances. It is likely that rain
would also lead to large changes in the stall behavior of a wing
at low Reynolds number. The low Reynolds number stall
hysteresis phenomenon is illustrated in Fig. 1 for a Wortmann
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FX63-137 wing. After stall, the wing angle of attack must be
significantly reduced in order to obtain flow reattachment.

It is conceivable that rain conditions may alter the perfor-
mance of the Wortmann airfoil in several ways. The presence
of water droplets in the flow affects airfoil performance
primarily through a surface roughening effect as the fluid
beads on the wing. The effects of momentum transfer from
water droplets striking the wing and the increased weight of
the wing due to the water film are considered less significant
than the roughness effect for rainfall rates less than 500
mm/h.2 According to Haines and Luers,1 rainfall rates >500
mm/h (calculated for a 1-min interval) are highly uncommon
although rates as high as 1828.8 mm/h have been recorded.
Typical short-duration rainfall rates are less than 100 mm/h.
A recent report by Alan Bilanin5 supports the insignificance of
raindrop momentum for reasonable rainfall rates, but it in-
dicates that the cloud of minute droplets produced by rain im-
pact may have a strong effect on the boundary layer. The
cloud of droplets known as the "ejecta fog" drains energy
from the boundary layer as the droplets are reaccelerated to
local flow velocity. The loss of energy contributes to early
flow separation and a resulting loss of lift.

According to Ref. 2, the size of the surface beads, and thus
the magnitude of surface roughness, is directly related to the
wettability of the surface material. A nonwettable (waxed)
surface should exhibit a greater performance loss than a
semiwettable (untreated) surface owing to the thicker beads of
water. Similarly, the untreated surface should degrade perfor-
mance more than a wettable (glycerin-soaped) surface under
rain conditions. A uniformly wettable surface is difficult to
prepare, however, due to irregularities in the soap coating.
The soaped surface may actually produce a rougher water film
and a greater performance loss than an untreated surface.

Hansman and Barsotti2 performed experiments to simulate
the water droplet roughness effect by artificially tripping the
boundary layer. If the point of laminar-to-turbulent transition
is moved toward the leading edge to simulate decreased wet-
tability, variations in drag data can be accurately modeled
when corrected for drop momentum transfer. The loss of lift
and the decrease in the effective angle of attack, however, can-
not be re-created by artificially inducing transition on a dry
wing.

Hastings and Manuel6 found that the reduction in the effec-
tive angle of attack is a camber effect due to the uneven
distribution of the water film. Their experiments showed that
the continuous water film on the upper surface is considerably
thinner than the film on the lower surface. Additionally, the
point of maximum film thickness occurs farther aft on the
lower surface.

Parameters of importance in water spray experiments are
the Weber number, the liquid water content (LWC), and the
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equivalent rainfall rate (RRe).2 The Weber number relates
dynamic pressure forces to surface tension forces and can be
used to characterize zones of water flow on the wing surface.
In the forward zone, shear forces due to the airflow result in a
fairly uniform film of water. In the rear zone, particularly
after flow separation has occurred, surface tension forces are
dominant. Hastings and Manuel6 state that adverse changes in
lift and/or drag are more likely to result from surface water on
the top, rear of the wing, than from a continuous film on the
front of the wing. The effects of beading in the aft zone are
considered to be increased friction drag and earlier turbulent
flow separation in the adverse pressure gradient. Because the
Weber number depends on surface tension, the surface wet-
tability of a wing has a direct influence on its performance
under rain conditions.

The LWC is a parameter that relates the mass of water
crossing a vertical plane at the wing to the volume of air flow-
ing past the wing.3 Because water spray experiments do not
generally simulate the drop size distribution present in natural
rain, the LWC is preferred over a rainfall rate specification to
denote the intensity of rain at the wing. However, an
equivalent rainfall rate is often included which indicates what
the natural rainfall rate would be for the given LWC. The
equivalent rainfall rate is a generalization based on the in-
tegrated product of the LWC and the drop velocity.

Bilanin notes in Ref. 5 that the application of experimental
rain effect data to various scale wings involves a complex in-
teraction of aerodynamic parameters. Reducing the dimen-
sional rain variables (neglecting compressibility) by the Buck-
ingham pi theorem yields nine nondimensional groups. These
groups involve the Reynolds number of air and water, the
Weber number squared, surface tension and inertial forces,
and rain geometry. Scaling of these parameters without the
distortion of one or more nondimensional groups is prevented
by velocity considerations. Thus, the application of subscale
results to full-scale designs is limited until accurate scaling
laws are devised. It is calculated by Bilanin5 that parameter
imbalances in one-quarter scale tests may result in water film
thicknesses several times too large. Reference 1 also notes that
because the ratio of roughness element height to wing chord
determines the decrease in the maximum lift coefficient, it is
probable that full-scale performance losses will be much
smaller than indicated by present subscale experiments.

Experimental Procedure
Tests were conducted in the Virginia Tech Stability Wind

Tunnel, a closed-circuit facility with a 6x6x28 ft test sec-
tion. Seven sets of antiturbulence screens and an air exchange
tower effectively minimized turbulence and acoustic in-
fluences in the testing environment. All tests used wings
employing the Wortmann FX63-137 airfoil section (Fig. 2)
mounted on a six-component, strain-gage strut in the wind
tunnel. One test wing was constructed of styrofoam and balsa
wood with a C-shaped steel spar for rigidity and strength. This
wing had a Wortmann FX63-137 section with a 5-in. chord
and an aspect ratio of 6, with no sweep and no taper. A second
model used the same section and chord but was constructed of
aluminum and had an aspect ratio of 4. The angle of attack of
the model was manually controlled on command via a remote
system using an electronic inclinometer. The actual angle
sensed by the inclinometer was read by the data acquisition
system. The data acquisition package consisted of a six-
component strain-gage balance, a Hewlett-Packard 3052A
Automatic Data Acquisition System, and a Hewlett-Packard
9836 computer with full data processing and plotting
capabilities. Using software developed by A. A. Abtahi and V.
Sumantran of Virginia Tech, 25 readings were averaged for
each data point. The data were automatically corrected for
tares and reduced to coefficient form.

1.6 _

1.2 Jl.

WORTMANN FX63-137
ASPECT RATIO = 8
Re = 200,000

38

Fig. 1 Low Re stall hysteresis behavior.

Fig. 2 Wortmann FX63-137 section.

To provide the rain conditions, a streamlined tube (2-in.
chord, 7/8-in. maximum thickness) incorporating seven or-
dinary garden sprayer nozzles was mounted horizontally 13 ft
upstream of the model. Initially, the spray tube was placed in
the same horizontal plane as the wing. Since an expected effect
of rain was a reduction in the stall hysteresis effect normally
seen at low Reynolds numbers, it was important to evaluate
the effect of the spray system itself on tunnel turbulence and,
hence, on stall hysteresis. Tunnel turbulence has been shown
by Marchman et al.4 to be a primary contributor to hysteresis
reduction. Hot-wire anemometer tests with this configuration
indicated an apparently acceptable freestream turbulence of
0.06-0.07%. But subsequent tests with the wing models
revealed that the stall hysteresis loop was destroyed by the
presence of the spray tube, indicating that although overall
turbulence levels were still low, the turbulence spectrum was
such that boundary-layer instabilities were apparently suffi-
ciently excited to greatly alter the character of the boundary
layer. Moving the tube 18 in. above the plane of the wing
restored the stall hysteresis loop while still providing a
uniform spray over the wing itself.

Dry tests were first performed at Reynolds numbers of
100,000, 200,000, 300,000 to provide control data with the
spray system in the tunnel. These data compared favorably
with results from previous experiments at Virginia Tech4'7'8
showing only the changes one would expect from a very slight
turbulence increase. The prestall lift and drag data were not
noticeably altered from previous tests without the rain system
in place, and there was only a very slight reduction in the ex-
tent of stall hysteresis from previous tests.

The seven nozzles on the spray tube were set for a large,
uniform spray. Because the airflow constricted the spray area,
the wide initial setting was necessary so that the nozzles would
not have to be adjusted at high wind-tunnel velocities. Figure 3
shows details of the spray nozzle system, along with a view of
the system at work in the wind tunnel. Although the droplet
size distribution in the spray was not evaluated in these tests,
its effects should have been minimized by this procedure. The
maximum water flow rate through the !/2-in. valve was 3.4
gal/min. The valve was kept fully open for all rain ex-
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periments to avoid surging and to maintain a uniform spray.
Unfortunately, because the LWC is based on the spray area
and the freestream velocity, a constant LWC could not be
maintained since the spray area was reduced as freestream
speed increased.

The first rain tests were performed on the untreated wing,
again for Reynolds numbers of 100,000, 200,000, and
300,000. The paint finish of the wing approximated the
semiwettable surface of standard aircraft. A Reynolds number
of 200,000 was chosen for the wettability experiments because
of the low scatter in the data at that speed. The waxed surface
(prepared with a liquid car wax) was much less wettable than
the untreated surface and for the purposes of this experiment
was considered noriwettable. Both the untreated and waxed
surfaces were tested from an angle of - 14 deg through stall in
2-deg increments.

Attempts were made to test with a fully wettable surface by
using a glycerin-based soap to coat the wing. Unfortunately,
the soap very quickly washed away. Tests were conducted at a
few isolated angles of attack on the aspect-ratio-6 wing;
however, the inability to maintain a wettable surface for a
reasonable period of time as the angle of attack was varied
prevented any valid assessment of the effect on stall hysteresis
of rain impacting a wettable surface. More extensive tests were
conducted on the aspect-ratio-4 model.

Test Results
Initial testing involved the aspect-ratio-6 wing. The first

series of tests evaluated the effect of rain on the wing with a
normal, unwaxed surface. Testing was done at Reynolds
numbers of 100,000, 200,000, and 300,000. At each Reynolds
number, tests were conducted through a range of angle of at-
tack from -14 deg through stall (or as high as 30 deg). All
tests were run with the spray system in the tunnel; thus, any ef-
fects of that system on the flow were present in all tests.

Figure 4 shows the results of the tests at a Reynolds number
of 100,000, and the data are seen to be quite different for the
two cases. Some explanation of the "dry" wing data is in
order, especially for those unfamiliar with low Reynolds
number aerodynamic behavior. The "dry" wing results show
a relatively linear CL increase from - 14 through about 6 deg
with a slight dip in the curve around 0-deg angle of attack. In
this range of ce, a separation bubble (laminar separation
followed by turbulent reattachment) exists on the wing's lower
surface at the lower angles of attack. As angle of attack in-
creases, a large laminar bubble over the wing's upper surface
is moving forward arid shrinking in chordwise size. At 6-deg
angle of attack, the bubble has moved forward on the upper
surface and transition in the bubble, followed by reattachment
resulting from the transition to turbulent flow, results in an in-
creased lift curve slope. Massive upper-surface separation
results when the bubble can no longer force attached flow in
the presence of large pressure gradients and advancing
trailing-edge separation. At angles of attack above 16 deg,
flow is separated over the entire upper surface of the wing.
When the angle of attack is reduced following stall, the classic
stall hysteresis loop appears in the lift curve. This occurs
because, in order to regain an attached flow on the wing's up-
per surface, the laminar bubble must be re-established. Refor-
mation of the laminar bubble requires a substantial decrease in
angle of attack.

The "wet" wing results at Re- 100,000 are seen to be quite
different from the "dry" case. Essentially, the rain has totally
eliminated the normal low Reynolds number behavior of the
flow. It appears that a turbulent boundary layer now exists on
both the upper and lower wing surfaces. The apparent altera-
tion of the slope of the lift curve results from elimination of
laminar separation and the laminar bubble on both surfaces of
the wing. Since the laminar bubble is a lift-enhancing device at
higher angles of attack, its elimination results in a reduction of
C.L . Accompanying this reduction in CLmax is, however, an

Fig. 3 a) Spray nozzle detail and b) wing behind spray in tunnel.

elimination of the sudden massive upper-surface separation
found in the "dry" wing case and the hysteresis that accom-
panies that laminar bubble related separation process. The
result is a more gentle stall and even a gentle secondary stall
with no hysteresis.

The net result of the rain is actually an improved wing per-
formance in terms of lift, with increased CL at most positive
angles of attack and a much more gentle stall. This is accom-
panied by a slight decrease in CLmax.

The drag coefficient results for these same tests at a
Reynolds number of 100,000 are shown in Fig. 5. The very low
drag values at this Reynolds number result in considerable
scatter in the data. It appears, however, that the increase in
boundary-layer turbulence due to rain has no adverse effect on
drag. The scatter in these results prevents more precise conclu-
sions regarding rain effects on drag at a Reynolds number of
100,000.

The results of similar tests at a Reynolds number of 200,000
are shown in Figs. 6 and 7. At this Reynolds number, it ap-
pears that the results of rain on lift are generally detrimental.
Here the normal dry wing boundary-layer flow is more stable
near the wing's leading edge than in the previous case, and the
added roughness due to rain is no longer needed to promote a
stable, attached flow. At higher angles of attack, the rain now
appears to be promoting separation, perhaps due to water
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Fig. 9 Lift at Re = 300,000.

droplet accumulation and a resulting "bump" on the aft por-
tion of the wing's upper surface where turbulent separation
occurs, as can be seen in the photograph in Fig. 8. The result is
a severe degradation in lift coefficient at higher angles of at-
tack. Stall is again smoother in the "wet" case, however, this
ceases to be an advantage due to the decrease in CL at all
angles of attack in this range. While the "wet" wing does not
experience CL values as low as those on the lower (stalled) por-
tion of the "dry" wing hysteresis loop, the net result does not
appear to represent any real advantage.

The drag data at Re = 200,000 again show very little dif-
ference between the wet and dry cases.

Figures 9 and 10 present the data for a Reynolds number of
300,000. The results here are very similar to the 200,000
Reynolds number case in lift. The drag results, however, in-
dicate that at this Reynolds number, the drag is definitely in-
creased by the rain. At this Reynolds number, the wing is
beginning to behave more as it should at "normal" Reynolds
numbers, where the role of the laminar bubble in determining
upper-surface flow characteristics is not as great as it is at
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Fig, 11 CL change with "clearing" of rain.
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Fig. 14 Aspect-ratio-4 lift results.

lower Reynolds numbers. The presence of water droplets on
the wing is definitely increasing turbulence and skin-friction
drag at moderate angles of attack, having much the same ef-
fect as added surface roughness.

All other testing was done at a Reynolds number of 200,000.
Here the wettability of the surface was examined as a
parameter, and the ability of the wing to "clear" itself of rain
effects when the rain stopped was evaluated. In Fig. 11, the CL
results are shown from a test in which the angle of attack was
increased to 6 deg with rain in the flow, and then the rain was
stopped to simulate the drying process that would occur if an
aircraft flew out of the rain into clear air. The wing was left at
an angle of attack of 6 deg, and a series of data points were
taken over a period of 2 min as the wing dried. Most of the lift
coefficient increase due to drying occurred within 20 s. After
the 2-min pause, the angle of attack was again increased, and
the curve is seen to follow the previous dry wing data plot.
Stall occurred at a slightly lower angle of attack than for the
dry wing, probably due to residual water droplets, which re-
mained on the wing in the region of trailing edge turbulent
separation and moved forward as the separation region ad-
vanced with increases in angle of attack.

Tests were run using a waxed wing surface to determine if
the enhanced beading effect of a waxed surface would alter the
effects of rain. Figure 12 compares the waxed wing wet and
dry cases with the previous tests of the normal surface
("semiwettable") wing at the same Reynolds number of
200,000. It is seen that the dry cases are virtually identical, in-
dicating that the base wing had a fairly well-polished surface
and that waxing the surface did not alter its roughness.

The wet wing tests did, however, show that waxing the wing
resulted in increased beading of the water and that increased
roughness further reduced the lift from the unwaxed case.
This is similar to the effect reported by others3 with a waxed
wing surface in rain.

Figure 13 shows that waxing the wing also increased the
drag over most of the range of angle of attack for the wet
wing. This again indicates the increased roughness effect due
to enhanced water beading on the waxed surface.
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Fig. 15 Aspect-ratio-4 drag results.

An attempt was made to simulate a wettable surface, i.e.,
one on which there was a total sheeting of water rather than
formation of droplets on the surface. This was done by
coating the surface with a glycerin-based soap. This coating,
however, was only temporarily successful at causing sheeting
because the coating quickly washed away and the wing re-
turned to its normal semiwettable state. Because of the inabili-
ty to ascertain the true degree of wettability over any period of
time during these tests, we have not presented the results here.
The sheeting of the water appears to behave in a manner
somewhat between the waxed and unwaxed wet wing cases
tested earlier. Sheeting results in a smoother surface, which
results in a decreased tendency to trip the boundary layer;
however, there is still water accumulation in separated flow
regions, such as the laminar bubble or at trailing-edge tur-
bulent separation, and this tends to eliminate stall hysteresis
and result in a lower CLmax, much like the CLmax seen on the
normal, unwaxed wing in rain.

A better way to investigate a fully wettable surface would be
to introduce a wetting agent into the spray water itself, assur-
ing a continued coating of the wing. This was not attempted in
the present case, however, since such a case, while aero-
dynamically interesting, would not represent a real-life
situation.

Tests were also conducted at a Reynolds number of 200,000
on the aspect-ratio-4 model. These test results are shown in
Figs. 14 and 15. In this case, a complete set of tests was con-
ducted using the soap-coating technique to evaluate the fully
wettable case. The lift coefficient results (Fig. 14) are quite
similar to those seen for the higher-aspect-ratio case. Figure 15
shows that the aspect-ratio-4 tests gave an apparent reduction
in drag for the "wet" wing cases at most angles of attack,
whereas little change was noted in the aspect-ratio-6 case. It is
suspected that this may be due partly to the greater role of in-
duced drag at the lower aspect ratio, where the lift reduction
of the wet cases leads to a drag reduction.

The soaped-wing case shows that increasing the wettability
of the wing surface does lead to a slight increase in CLmax. It is
also noted that a slight hysteresis behavior appears to exist at
aspect ratio 4 for the wet cases. This apparent effect needs fur-
ther investigation and may be due merely to scatter in the data,
although tests showed it to be repeatable behavior.

Conclusions
The somewhat unique and certainly complex nature of the

aerodynamic behavior of the Wortmann FX63-137 airfoil at

low Reynolds numbers results in exposure to rain causing
more profound effects than those normally seen on most air-
foils. The normal influence of rain on a wing is an effective
roughening of the surface, which trips the boundary layer and
results in the expected effects from an increase in the extent of
the turbulent boundary layer.

In the case of the Wortmann airfoil at low Reynolds
numbers, the effect of rain may actually be beneficial in some
circumstances. At a Reynolds number of 100,000, rain pro-
duces an increase in CL over a wide range of angle of attack;
and, while there is some reduction in CLmax, the elimination of
stall hysteresis may make this a worthwhile tradeoff. While
scatter in the drag data makes a firm conclusion difficult, it
appears that, at this Reynolds number, rain may actually
reduce CD over much of the range of angle of attack, and
there is certainly little evidence of a drag increase. For the
lower-aspect-ratio test case, the drag reduction due to rain also
seemed to occur at the higher Reynolds number (200,000)
case.

At higher Reynolds numbers, rain seems to be largely
detrimental on the aspect-ratio-6 wing, with only slight in-
creases in drag but significant increases in lift, especially in
CLmax. Here the elimination of stall hysteresis may make air-
foil performance more predictable, but that predictability of
stall behavior comes at a cost of a substantial loss in maximum
lift coefficient.

A waxed surface increases water beading and causes further
deterioration of wing performance. This brings into question
the advisability of waxing the surfaces of low Reynolds
number wings since the waxed surface seems to give no im-
provement in dry wing performance while making wet wing
performance worse than that seen in the nonwaxed case.

It appears that a major contributor to the deterioration of
performance for the wet wing case at low Reynolds number is
the tendency for water to accumulate in regions of flow
separation, effectively changing the shape of the airfoil. The
resulting "bumps" in the surface enhance the separation pro-
cess, resulting in earlier stall and lower maximum lift
coefficients.

It should be pointed out that, due to a constant water flow
rate in the spray system, the LWC of the flow varied inversely
with Reynolds number. This is not thought to be a meaningful
factor in this study since, in all cases, the LWC was sufficient
to coat the wing thoroughly with water droplets. The amount
of water on the wing was sufficient in all cases to cause the ef-
fects noted, and it is believed that these effects would be in-
variable over a much wider range of LWC values than those
observed in this experiment.
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