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Rivulet Formation in Surface-Water Flow on an Airfoil in Rain

Brian E. Thompson* and Monica R. Marrochello
Rensselaer Polytechnic Institute, Troy, New York 12180-3590

The location of the onset of rivulet formation in the surface-water flow over a wing with a NACA 4412 airfoil
in rainfall rates of 50-160 mm/h is calculated and compared with wind-tunnel experiments. A model is presented
in which rivulets form when the surface-tension shear stress between the liquid and the airfoil surface equals the
interface shear stress caused by aerodynamic forces on the liquid due to air motion. Surface-tension shear stresses
are obtained from measurements of surface tension and contact angle at the solid-water interface. Aerodynamic
shear stresses are calculated by solution of Reynolds-averaged Navier-Stokes equations. Comparisons of calculated
and measured locations of the onset of rivulet formation agreed within about 3% of chord for wettable and
nonwettable surfaces at incidence up to stall for Reynolds numbers of 2.5 X 105 to 4 X 10°.

Introduction

HE flow of water accumulated on the surface of an airfoil in

rain affects aerodynamicperformanceand is influenced by sur-
face tension, effective surface roughness, and aerodynamic forces.
In rain at rates in the range of 50-160 mm/h, rivulets cause an in-
crease in surface roughness for the aerodynamic boundary layer,!
and both the structure and formation of rivulets depend on surface
wettability? Regions of surface-water flow have been identified on
the suction side of an airfoil surface,** and the droplet-impact, film-
convection, rivulet-formation, and droplet-convectionregions have
been defined.*

In the droplet-impingementregion, rain impacts the leading edge
and is either absorbed into the surface film or released back into
the freestream as ejecta fog.’*® Droplet impacts increase the effec-
tive surface roughness experience by the airflow, which can cause
boundary-layer transition prematurely and degrade aerodynamic
performance.'-2"7

Downstream in the film-convection region, surface-water covers
the airfoil surface like a transparentsheet and convects downstream
driven by aerodynamic forces in a smooth, laminar film with some
surface waves.* Farther downstreamin the rivulet-formationregion,
instabilities that have grown in the surface-water flow cause the film
to break up. The combined effects of surface tension and aerody-
namic forces coalesce the film into individual, thin streams of water
called rivulets that run chordwise toward the trailing edge. The flow
rate and the direction of the rivulets are determined by aerodynamic
shearforcesacting at the free surface of the liquid.* *-8 Finally, in the
droplet-convectionregion, surface tension forces cause the breakup
of these rivulets into beads of water that convectindividuallytoward
the trailing edge where they coalesce into larger globules. Water is
sheared away from the airfoil trailing edge by the external flow and
is transported into the downstream wake 2

Aerodynamic force coefficients depend on the location of rivulet
onset? Measurements suggest that the greater the roughness of
the rivulets and the greater the length of the region over which
rivulets occur, the greater the drag and the smaller the lift.® Be-
cause of the influence of rivulet formation on airfoil performance,
a method is presented in the next section to locate the onset of
rivulet formation on airfoils, and this is followed by a section that
presents calculations for the flow configuration of the experiments
by Thompson et al.* and Thompson and Jang.® The penultimate
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section provides a brief discussion that compares measured and
calculated locations of rivulet onset, and the paper closes with a
summary of the salient conclusions.

Rivulet-Formation Model

Steady-state, theoretical analysis of rivulet formation in laminar
and turbulent water sheets”™!! is applied in the film-convection re-
gion to the surface flow of water that sheets over an airfoil in rain.
The principle of the model is that rivulets form where the surface-
tension shear stress, between the liquid and the wetted surface, is
equal to the interface shear stress caused by aerodynamic forces
on the liquid. At this location, the inertia of the surface-water flow
is reduced such that the water surface contacts the airfoil surface
and thereafter flows in channels, called rivulets, with essentially dry
areas in between. This model defines a surface-tensionskin friction
that is obtained from physical propertiesof the liquid and the wetted
surface and compares it with the aerodynamic skin friction obtained
from computational fluid dynamics calculations of flow over dry
airfoils. This section presents the model, and the next section com-
pares calculated locations of rivulet onset with those measured*:®
on a NACA 4412 airfoil in rain.

The restraining force due to surface tension at the solid-liquid
interface'” is given by

T, = o(1 —cos 6) (1)
where 0is the contactangle and o is the surface tension. The contact
angleisdefined as the anglebetween the tangentto the liquid surface
at the air-liquid-solidinterface and the solid surface upon which the
liquid rests.

The interface shear stress due to flow in the aerodynamic bound-
ary layer is defined as

Ti = Cfﬂc%paionzo (2)

where C ;. is the aerodynamicskin-frictioncoefficientand U is the
freestreamvelocity. The skin-frictioncoefficient causes the uniform
liquid film to transition to an unstable water stream and to form
rivulets. Rivulet formation occurs at the location where!®

I, =T, (3)
Surface-Tension Skin Friction

The surface-tension shear stress is calculated from Eq. (1) using
experimental values of the contactangle and the liquid-to-airsurface
tension. It is convenient to express this shear stress in the form of a
skin-frictioncoefficient for comparison with the aerodynamic shear
stresses described later. Combining the preceding three equations
leads to the following definition of the surface-tensionskin-friction
coefficient:

20
L Pair UOZO
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Fig. 1 Computational grid for a NACA 4412 airfoil at 8.0-deg inci-
dence.

Aerodynamic Skin Friction

The shear stress due to aerodynamic forces at the boundary be-
tween the moving air and the surface-water film is modeled as that
which would occur between the airflow and the stationary solid
surface of a dry airfoil. This approximation follows from the ex-
perimental observations, first, that the surface velocity of the water
film is small in the present experiments partly because gravitational
forces are negligible on the nearly horizontal surface in this region
and, second, that calculations showed that the present surface-water
film is too thin to affect the pressure distribution around the airfoil
or the local rate of boundary-layerdevelopment.

In contrast, the surface-water flow does affect the location of
laminar-turbulencetransition. In the present calculations, transition
is fixed at the leading edge because of experimental evidence that
shows thereis crateringnear the leading edge where dropletsimpact
the surface water: This cratering effects a significant increase in
surface roughness and stimulates turbulent aerodynamic flow.

The aerodynamic skin-friction coefficient was calculated by the
solution of two-dimensional, Reynolds-averaged, Navier—Stokes
equations in conservative form'? using the linearized block im-
plicit numerical procedure,!>'* which employs centered spa-
tial differences with adjustable numerical dissipation. Figure 1
shows the computational mesh generated for the experiments of
Thompson et al.* and Thompson and Jang,® who tested a NACA
4412 airfoil section with blunt trailing-edge thickness of 0.0025
chord. The upper, lower, and exitboundaries were located 100 chord
lengths from the airfoil. At the inflow boundary located 60 chords
upstream of the airfoil, uniform flow was introduced. Elliptic equa-
tions were solved using the grid-generation routine EAGLE'S to
define the location of grid nodes between the airfoil surface and the
boundaries. A mixing-length turbulence model was used because it
is simple and provides reasonable accuracy.”” Laminar-turbulence
transition was fixed 0.8 % chords downstream of the airfoil leading
edge.

The calculated results that follow are subject to uncertaintiesthat
result from numerical, boundary-condition and turbulence-model
assumptions that are difficult to isolate. Numerical uncertainties
in the present calculations were estimated using the grid conver-
genceindex GCL'~'® The GCl is calculated based on a generalized
Richardson extrapolationand assumes that only ordered discretized
errors exist in the solution.!” It is assumed that the solution for finer
grids approaches the exact solution and that the error approaches
zero in the limit of the grid spacing approaching zero.!® For the
present calculations, the CGI was calculated using converged solu-
tions on grids of 185 x 125 and 210 x 150 nodes. The differences
in the aerodynamic coefficients of lift, drag, and moment were less
than 1.4, 5.8, and 2.8%, respectively. The difference in the drag
coefficient obtained with each grid is greater than that in the lift,
confirming again that calculated drag is more sensitive than lift to

numerical approximations. The differencesin the CGI and aerody-
namic performance reflect a grid dependence that is adjudged to
be acceptable for the present engineering purposes following the
recommendations of Lotz et al.'®
The aerodynamic skin-friction coefficient was obtained from the
following expression:
C=1— )
=T 1.
épair Ugo

in which the wall shear stress 7,, was obtained from the linear distri-
butionof mean velocity calculatedbelow y ™ of 5 in the aerodynamic
boundary layer. The location of rivulet onset is identified as where
this aerodynamicskin-frictioncoefficient equals the surface-tension
skin-friction coefficient of Eq. (4).

Results

Measured and calculated results were obtained for a NACA 4412
airfoil in subsonic flight in the Reynolds-numberrange of 1 x 10°
to 4 x 10° and in rainfall rates of 50-150 mm/h. The experimental
results® showed that flow was two dimensional over more than 80%
of chordatincidenceof about—2to 12 deg, and accordinglycalcula-
tions were limited to this range. Results are compared on a wettable
surface that was a sunlight curable epoxy with a measured contact
angle of 64 deg, and a nonwettablesurface that was a silicon coating
with a measured contactangle of 120 deg. The water-to-airinterface
surface tension was measured to be 58 dyne/cm.® With these mea-
sured values in Eq. (4), the surface-tensionskin-frictioncoefficients
are 0.00832 and 0.0111 for the wettable and nonwettable coatings,
respectively.

Figures 2—4 show calculated distributions of aerodynamic skin-
friction coefficient at low, moderate, and large angles of attack,
respectively. Calculated and measured locations of rivulet onset for
wettable and nonwettable surfaces are also shown in Fig. 2. Mea-
sured locations of rivulet onset were obtained from photographs of
the NACA 4412 airfoil suction side taken during wind-tunnel tests
to within an experimental uncertainty of about 1% of chord. For
example, at a Reynolds number of 2.5 x 10° and an incidence of
8.0 deg, the locations of the onset of rivulet formation were cal-
culated to be at x/c of 0.264 and 0.104 and were measured at
about 0.25 and 0.10 for the wettable epoxy and nonwettable silicon,
respectively.

Figures 5 and 6 show measured and calculated locations of the
onset of rivulet formation for wettable and nonwettable surfaces,
respectively. Calculated results were not obtained for angles of at-
tack greater than 12.0 deg because experiments show that flow over
the airfoil has large regions with significant crossflow and vortical
structures.

Discussion

The present calculations provide insights into the flow structure
around airfoils in rain. Velocity distributions at angles of attack
between —2 and 12 deg show that the boundary layers remain at-
tached throughout the droplet-impact, film-convection, and rivulet-
formation regions. Calculated values of lift and drag coefficients
agree within 2 and 6%, respectively, of measurements,'>*2’ which
justifies, in part, the choice of a mixing-length turbulence model
and the chosen location of far-field boundaries. More specifically at
an incidence of 8 deg and a Reynolds number of 2.5 x 10°, the cal-
culated lift and drag coefficients are 1.27 and 0.0204, respectively,
and compare with experimentalvalues'® of 1.23 and 0.0198, respec-
tively, which is consistent with previous observations that viscous
effects are more important to lift than to drag.!

Calculatedlocations of rivuletonsetare consistentwith trends® in
the measurements. Specifically, the onsetof rivulet formation occurs
closer to the leading edge on nonwettable surfaces than on wettable
surfaces, and the onset of rivulet formation moves farther down-
stream with decreasing Reynolds number. Measured and calculated
locations of rivulet onset are sensibly within about 2% of chord for
the wettable surface and about 3% of chord for the nonwettable sur-
face in the range of incidence from 5 to 12 deg, although agreement
is poorer at lower incidence as discussed later. The distributions
of aerodynamic skin-friction coefficients at incidence of 5-12 deg
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Fig.2 Calculated aerodynamic skin-friction coefficient on a NACA 4412 airfoil at an angle of attack of — 2 deg and Reynolds number of 1 X 10°.
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Fig.3 Calculated aerodynamic skin-friction coefficient on a NACA 4412 airfoil at an angle of attack of 6 deg and Reynolds number of 2.5 X 10°.
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Fig.4 Calculated aerodynamic skin-friction coefficient on a NACA 4412 airfoil at an angle of attack of 12 deg and Reynolds number of 4 X 10°.

show clear peaks near the leading edge, such as those apparent on
Figs. 3 and 4, and so uncertainty in the surface-tension shear stress
has a negligible effect on the predicted location of rivulet onset.

At angles of incidence from —2 through 4 deg, distributions of
suction-side skin-friction coefficients do not display pronounced
large, sharp peaks but instead have rounded peaks just downstream
of the leading edge similar to the peak shown in Fig. 2. An un-
certainty of 1% in surface-tension shear stress translates into a

movement of 10, 4, and 2% of chord at —2, 0, and 4 deg because the
value of the skin-friction coefficient becomes more nearly constant
immediately downstream of the suction peak as the incidence de-
creases. This extreme sensitivity to uncertainty in the measurement
of surface-tensionshear stress accounts for the increasingly poorer
and poorer agreement between calculated and measured values of
the onset of rivulet formation below angles of attack of 4 deg at
Reynolds numbers between 2.5 x 10° and 4 x 10°.
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Fig.5 Locations of the onset of rivulet formation on the wettable surface of the NACA 4412 airfoil in rain rates of 50-150 mm/h.
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Fig.6 Locations of the onset of rivulet formation on the nonwettable surface of the NACA 4412 airfoil in rain rates of 50-150 mm/h.
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In contrast, the locationsofrivuletformationat Reynoldsnumbers
of 1 x 10° are about4% of chord too far downstream for all angles of
attack. This correspondsto an underpredictionof about 0.001 in the
calculated value of the skin-frictioncoefficient: a value thatis almost
constant over the entire incidence range. The present model repre-
sents additional turbulence productionassociated with cratering and
reabsorption of the ejecta fog in the droplet-impactregion only by
fixing transition near the leading edge. Such a systematic under-
prediction of aerodynamic skin friction suggests that at Reynolds
numbers below about 1 x 10° turbulence production immediately
downstream of transition may have a significant component due to
rain effects in the droplet-impactregion, in addition to that caused
by shear forces in the acrodynamic boundary layer, and the former
is neglected in the present model.

Concluding Remarks

Calculated and measured values of the location of the onset of
rivulet formation are compared on the suction-side surface of an
airfoil in low-speed flight at incidence up to stall in rainfall at rates
of 50-160 mm/h. The location of the onset of rivulet formation
was calculated within 3% of chord of experimental values with a
method that applied the following assumptions: 1) rivulet onset was
identified at the location where the aerodynamic shear stress equals
the surface-tension shear stress, 2) the only significant effect of
the surface-water flow was to cause early transition in the droplet-
impact region, and 3) the film of surface-water flow was so thin that
it did not influence the pressure distributionor local boundary-layer
development.
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