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Experimental Aerodynamic Characteristics
of an NACA 0012 Airfoil with Simulated Ice

K. D. Korkan,* E. J. Cross Jr.,T and C. C. Cornell}
Texas A&M University, College Station, Texas

An experimental program was conducted with an NACA 0012 airfoil to investigate the effect of Reynolds
number on the aerodynamic coefficients with and without a leading-edge simulated ice shape. Six Reynolds
numbers from 0.36 to 3.36 x 10° were investigated at both positive and negative angles of attack through stall.

Values of ACy, AC,, AC, , and AC,,

were measured for the no-ice/generic-ice airfoil configurations. The

experimental values have shown that the addition of the generic ice shape causes premature stall with a con-

siderable reduction in C,

and stall angle of attack; an increase in the drag values of 120-200%
compared to the clean airfoil values; and a significant increase in C,,

resulting in positive values of dC,, /dC,.

However, the aerodynamic coefficients of the airfoil with the leading-edge simulated ice showed little depen-
dence on Reynolds number throughout the range tested, unlike that of the clean airfoil configuration.

Nomenclature
c =airfoil chord
Cy = drag coefficient, D/g.c
Cyp =drag coefficient at 0-deg angle of attack
o = lift coefficient, L/g.c
Co o =maximum lift coefficient
Cr,,q = moment coefficient, M/q.c?, atc/4
D =drag force
k = grit diameter
L =lift force
M = pitching moment
q = dynamic pressure, pe V% /2
Re,, = Reynolds number, po Vo €/ poo
Ve = freestream velocity
o = airfoil angle of attack
oy, = airfoil angle of attack at zero lift
Hoo = air viscosity
o = air density

Introduction

HE accretion of ice on airfoil surfaces has been a

significant factor in limiting the safe flight regimes of
various aircraft due to performance degradation. In the case
of rotating systems such as propellers and helicopter rotor
blades, drastic reductions in performance have been ex-
perienced with respect to thrust and power required when ice
is allowed to accrete. Analytical models which provide
theoretical values of performance degradation due to an icing
encounter on helicopter main rotor blades in hover! and in
forward flight? in addition to a propeller’ have been under
study. As noted in these previous studies, there is a paucity of
data regarding the change in the aerodynamic coefficients
when an ice shape is added to the leading edge of an airfoil.
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Since the current theoretical models employ airfoil data
banks, it is imperative that the incremental change of C,, C,,
Cy» and Cpp » due to ice accretion be known to further
enhance the current theoretical efforts. Further, since these
data are to be employed in the investigation of an ex-
perimental and theoretical study of the performance
degradation of a model helicopter main rotor with simulated
ice shapes,*® the effects of Reynolds number are of
paramount interest, in addition to the use and validity of
generic ice.

The series of tests described in this paper were undertaken
to determine the effect of Reynolds number on the
aerodynamic performance of the airfoil with and without
generic ice addition. Previous studies have taken a similar
approach. For example, Brumby® tabulated data on the effect
of airfoil surface roughness on maximum lift coefficient, and
Bragg and Gregorek’ have used simulated rime ice on the
leading edge of an NACA 65A413 airfoil. Unlike the previous
studies, with the exception of Bragg and Gregorek,” this series
of tests measures the effect of the generic ice on airfoil lift,
drag, and pitching moment and thereby provides.a convenient
data bank which can be used in helicopter theoretical
prediction studies in comparison with experiment.*3

NACA 0012 Airfoil Experiment

Wind tunnel tests were conducted with a two-dimensional
NACA 0012 airfoil having a 21-in. chord to investigate the
effect of Reynolds number on the acrodynamic performance
with and without a generic ice shape attached to the airfoil
leading edge. The Reynolds number range investigated
consisted of 0.36 to 3.36 x 10° which includes the operating
regime of a model helicopter rotor tip.** The airfoil ex-
periment also served to generate a data bank for the generic
ice shape addition including roughness in terms of AC,, AC,,
AC, . ,and AC

Mer4°

Experimental Facilities

The airfoil tests utilized the Texas A&M University 7 x 10 ft
low-speed wind tunnel. The closed-circuit tunnel has a test
section 7 ft high, 10 ft wide, and 12 ft long, fabricated of
structural steel, and lined with solid marine plywood and
plexiglass. Any desired test section Reynolds number up to
1.84x 10%/ft may be obtained by proper blade pitch angle
positioning of the 12.5-ft diam, four-blade Curtiss Electric
propeller, as shown in Fig. 1.
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Fig. 1 Wind tunnel test section velocity and Reynolds number at
standard conditions.

Fie.2 NACA G012 oirioll section mounted in 7% 10 1 subsonic wind
tunnel,

Lift, drag, and moment measurements are taken via the
facility’s six component external balance. Resolution of
forces and moments is accurate to within 0.1 1b and 0.1
ft-1b, respectively.® Upon transmission of the measurements
to the Perkin-Elmer 8/16 E data acquisition and analysis
computer system, corrections are included for wind tunnel
interference and model support effects. On-line plotting
capabilities of a Hewlett-Packard 7021-T Plotter enable C; vs
a, C,; vs Cy, and C,,  vs C, plots to be obtained for detailed

. . c/4
examination.

The generic ice shape utilized during the present tests has
been documented by The Ohio State University Aeronautical
and Astronautical Research Laboratory (OSU/AARL) on the
main rotor of a UH-1H helicopter during a recent icing flight
test program.'® The main rotor of this configuration employs
an NACA 0012 airfoil with a 21-in. chord. Although several
shapes were identified as a function of radial location on the
main rotor during this flight test program, the ice profile
chosen for this study was based on the criteria that the profile
could be reasonably scaled to the model helicopter main rotor
including roughness.** The 44% radial station of the UH-1H
main rotor was selected for a flight test condition of a 3-min
icing encounter with a free air temperature of —19 deg F and
a liquid water content of 0.7 g/m?. Figure 3 shows a
projection of the ice shape as molded during the OSU/AARL
flight tests and that used on the tunnel airfoil model. It may
be noted that an accurate reproduction of the flight test shape
may not be required since one of the objectives is to validate
scale testing as noted by previous studies,” and thereby
justifies the exclusion of the ice feathers on the upper and
lower surfaces of the airfoil.

A molding technique was selected in fabricating the
simulated ice shape. To insure maximum surface contact
between the airfoil leading edge and the matching contour of
the generic ice shape, the airfoil section was used in the
molding process. With the tunnel airfoil model positioned
horizontally, a channel was formed on the leading edge by
spanning the airfoil with two strips of aluminum. L-shape
bends were pressed into these aluminum mold walls to provide
stiffness and ensure the appropriate ice depth. End-plate
templates were secured to both ends of the airfoil section to
orient the mold channel with respect to the airfoil leading
edge. Finally, spanwise consistency of the mold was checked
with a template insert and maintained with several outriggers.
Upon application of a mold releasing agent, fiberglass resin
with a hardening catalyst was poured into the channel and
reinforced with fiberglass cloth. Minor hand finishing, using
templates as checks, provided a consistent, representative ice
shape. Holes were then drilled and tapped through the generic
ice shape into the airfoil leading edge to insure secure and
correct positioning during the wind tunnel tests.

Roughness was added to the generic ice shape to simulate
actual ice roughness. As noted by earlier studies,!! a typical
ice roughness of k/c=0.001 was chosen. An aluminum oxide
grit with an average size of 0.028 in. was selected to yield a
k/cvalue of 0.0013 on the 21-in.-chord airfoil model. The grit
was applied to the generic ice shape by coating the surface
with 3-M spray adhesive and applying the grain material. Two
successive coats of the adhesive were then applied to secure
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the particles and provide a realistic roughness surface as
shown in Fig. 4.

NACA 0012 Airfoil Aerodynamic Performance

The NACA 0012 airfoil section was initially tested with no
generic ice addition to obtain baseline data and establish
agreement with Abbott and Von Doenhoff'? for the case of
Re=3.3x10°. The.generic ice shape was then attached to the
leading edge of the airfoil and the test matrix was repeated.
Effects on the lift, drag, and pitching moment about the
quarter-chord as a function of angle of attack and Reynolds
number were then examined to determine aerodynamic in-
crements due to the addition of the generic ice shape.

Lift
The addition of the asymmetric generic ice shape with
roughness to the leading edge of the NACA 0012 airfoil, in
comparison to the clean airfoil, is expected to cause early
boundary-layer transition in addition to leading-edge
separation and reattachment. As shown in Fig. 5 for a
Reynolds number of 1.4 x 10%, the addition of the generic ice
shape does cause premature stall with a significant reduction
inC, _and stall angle of attack. Here it can also be seen that
because of the asymmetric location of the generic ice shape on
the airfoil leading edge, the maximum lift coefficient and
corresponding angle of attack for both positive and negative
values differ unlike that of the symmetrical airfoil. For
example, a C,  of 0.99 is measured at an o of 12.2 deg as
opposed to a Cgmax of 0.86 at an « of —10.5 deg. Also due to
the asymmetry of the ice addition, resulting in leading-edge
boundary-layer separation and distortion of the airfoil
_ pressure distribution, camber is introduced resulting in a zero
lift angle of attack shift of approximately —0.5 deg. This
appears to be consistent at all Reynolds numbers tested as
shown in Fig. 6. Also shown in this figure, it can be seen that
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Fig. 5 Experimental C,-a data for an NACA 0012 airfoil clean and
with simulated leading-edge ice (Re=1.4 X 10°).
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Fig. 6 Reynolds number effects on the lifting performance of the
NACA 0012 airfoil with simulated ice.

there is no change in the lift-curve slope which could be
detected for the Reynolds number range of 0.7 to 3.4x 106.
However, a slight dependence of the maximum lift coefficient
on Reynolds number is indicated as shown in Fig. 7 in
comparison to the clean or no-ice two-dimensional airfoil
values. With regard to the increase in Cy with decreased
Reynolds number, it has been suggested that this phenomenon
is related to the combined excessive leading- and trailing-edge
boundary-layer separation resulting in a C[max that is
relatively insensitive to Reynolds number.

The anticipated leading-edge boundary-layer separation
and reattachment eventually leads to premature stall as shown
in Fig. 5. However, in the vicinity of the maximum lift
coefficient, the reattachment of the boundary layer after stall
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has also been encountered, as shown in Fig. 8 for a Reynolds
number of 0.7 x 10°. This phenomenon is significant enough
to cause the lift of the clean and generic ice airfoil to coincide
at an angle of attack of approximately 20 deg for this
Reynolds number.

Drag

The increase in the drag values for the airfoil with generic
ice attached for a Reynolds number of 2.1 x 10° is shown in
Fig. 9. Here, upon comparison with the clean airfoil, it can be
seen that an increase of approximately 120% is found for Cdo
The AC,; values increase significantly as C, increases, e.g.,
exceeding 200% at a C,; of 0.6. For negative angles of attack,
due to the asymmetry of the generic ice shape, the AC, ex-
ceeds this value (Fig. 9). Reynolds number effects, shown in
Fig. 10, indicate a slight dependence for the range of 1.4 to
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Fig. 7 Variation of maximum lift coefficient with Reynolds number
of the NACA 0012 airfoil clean and with simulated ice.
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Fig. 8 Experimental C;-« data of an NACA 0012 airfoil clean and
with simulated leading-edge ice (Re= 0.7 x 10%).
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2.8 % 10% with an increase for a Reynolds number of 3.4 x 10°
for both positive and negative angles of attack. The
magnitude of the ACy is of the same order as that predicted by
Bragg and Gregorek” and Lee. '

Pitching Moment

Moment coefficients about the airfoil quarter-chord were
also measured, and a representative comparison of the clean
and generic ice cases is presented in Fig. 11 for a Reynolds
number of 2.1x10¢. The moment coefficient data for the
clean configuration are characteristic of the symmetric airfoil
and are agreeable within the resolution of the wind tunnel
balance. The addition of the generic ice shape results in two
effects on the pitching moment variation as a function of C,.
A small nose-down pitching moment caused by the camber
effect similar to the ¢, 0 shift was noted. Also, the influence of
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Fig. 9 Wind tunnel measurements of the increase in drag, ACy, due
to simulated ice on an NACA 0012 airfoii (Re =2.1x 10%).
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Fig. 10 Cy -Cy measurements of an NACA 0012 airfoil for a
Reynolds number range 1.4-3.4x10°,
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Fig. 11 Measured pitching moment coefficient about the quarter-
chord of an NACA 0012 airfoil clean and with simulated ice
(Re=2.1x10°%).
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Fig. 12 Effects of Reynolds number on pitching moment
measurement of an NACA 0012 airfoil with simulated ice.

the simulated ice on dC,,/dC, is large, where the slope of the
curve becomes positive due to the region of incipient
separation and its influence on the airfoil pressure
distribution as a result of the artificial introduction of camber
by the generic ice shape. This effect appears to be relatively
independent of Reynolds number for the range tested as
shown in Fig. 12.

Summary

In support of model helicopter tests,** wind tunnel tests
were conducted with a two-dimensional NACA 0012 airfoil
having a 21-in. chord to investigate the effect of Reynolds
number on the aerodynamic performance with and without a
generic ice shape attached to the airfoil leading edge. The
Reynolds number range investigated consisted of 0.36 to
3.36 x 10% which includes the operating regime of the model
helicopter rotor tip.** Values of AC,, AC,, AC, ., and
AC,,,C/ , were presented for the no-ice/generic-ice airfoil
configurations, and have shown that the addition of
simulated ice to the leading edge of the airfoil creates
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premature stall with a considerable reduction in Cymax and
stall angle of attack. An increase in the drag values of 120-
200% compared to the clean airfoil values was measured in
addition to a significant increase in the airfoil moment
coefficient about the quarter-chord resulting in positive values
of dC,,/dC;. The aerodynamic coefficients of the airfoil with
the leading-edge generic ice showed little dependence on the
Reynolds number range tested.
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