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ABSTRACT

The effect of a simulated glaze ice accretion on the aerodynamic performance of a three-dimensional
wing is studied experimentally. Results are reviewed from earlier two-dimensional tests which show the
character of the large leading-edge separation bubbles caused by the simulated ice accretion, .Thhe 2-D
bubbles are found to closely resemble well known airfoil laminar separation bubbles. For the 3-D
experiments a semispan wing of effective aspect ratio five was mounted from the sidewall of the UIUC
subsonic wind tunnel. The model uses a NACA 0012 airfoil section on a rectangular planform with
interchangeabl e tip and root sections to allow for 0- and 30-degree sweep. A three-component sidewall
balance was used to measure lift, drag and pitching moment on the clean and iced model. Fluorescent oil
flow visualization has been performed on the iced model and reveals extensive spanwise and vortical flow
in the separation bubble aft of the upper surface horn. Sidewall interaction and spanwise nonuniformity are
also seen on the unswept model. Comparisons to the computed flow fields are shown. Results are also
shown for roughness effects on the straight wing. Sand grain roughness on the ice shape is seen to have
a different effect than isolated 3-D roughness elements,

I. iNTRODUCTION

The operation of aircraft in icing conditions
are affected by large performance penalties due
to ice accretion on unprotected surfaces.
Understanding the aerodynamic penalties due to
ice accretion on both lifting and non-lifting
surfaces is important since many components are
not ice protected. The initial cost. cost of
maintenance and weight penalty associated with
ice protection systems makes their use practical
on only the most critical components.

Most icing experiments, where aerodynamic
measurements have been made, have only dealt
with two-dimensional aircraft components. The
experimental work of Bragg et. alJ_, and the
corresponding computational research of
Potapczuk4, Cebects, and Sanka_, have focused

on a 2-D NACA 0012 airfoil with a simulated glaze
ice accretion. Only the most recent work, Bragg
et. al.7-_and Kwon_° have begun to investigate the
flow field about a wing with simulated glaze-ice
accretion. Braggz measured the surface

pressures on a straight aspect ratio 5 wing with a
NACA 0012 section and the simulated ice shape
of ref. 1 - 3. Kwon 1° compared Navier-Stokes
calculations to these data and showed good
results except near the root where the sidewall
boundary conditions differed. Sankar 11modeled
the tunnel sidewall and improved the prediction
near the root. Khodadoust _ and Bragg9 extended
the 3-D wing pressure measurements to include
the effect of wing sweep.

In this paper, the 3-D results on both the
straight and swept wing will be reviewed.
Emphasis will be on the experimental results with
some comparison to the computational data.
Flow visualization results will be presented which
clearly show the very 3-D features of the flow field
about the iced, swept wing. The effect of
sandgrain and isolated 3-D roughness on the
unswept wing are discussed. The two roughness
models are shown to have a very different effect
on the wing maximum lift coefficient. However,
first a brief review of earlier 2-D data taken using
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this ice shapeshouldhelpput the current3-D
resultsInperspective.

II. EXPERIMENTALPROCEDURE

Themost recent tests were conducted in the
subsonic wind tunnel at the University of Illin0is at
Urbana-Champaign. The tunnel is of conventional
design with approximately athree-by-four foot test
section, eight feet in length. The tunnel operates
at speeds from zero to 165 mile per hour at
Reynolds numbers of up to 1.5 x 106 per foot.
The tunnel is of open return type and uses four
turbulence screens and honeycomb in the settling
chamber to reduce tunnel turbulence to
approximately .07 percent. Earlier experimental
data were acquired in a similar, three-by-five foot
tunnel, at The Ohio State UniverSity_

The 2-D model used for these tests was a 21-
inch chord NACA 0012 airfoill The first15 percent
of the leading edge was removable so a simulated
ice accretion Could be installed. The ice accretion
used was a simulation of that measured on a
NACA 0012 airfoil in the NASA Icing Research
Tunnel, Figl 1_ The icing conditions were a free-
stream velocity of 130 mph, angle of attack of 4
degrees, icing time of 5 minutes, volume median
diameter droplet of 20 microns, LWC=2.1 g/rr_
and a temperature of 18° F. Under these
conditions the ice which accretes is considered
glaze. Data on the 2-D model was taken from its
approximately 95 surface pressure taps and a
wake'survey probe. Detailed measure-nle6t§_Nere
taken in the separation bubble with a Split hot-film
probe 3 which could detect and measure reverse
flow.

The 3-D model used for this test is a
semispan wing with a chord of 15.0 inches and a
span of 37.5 inches when in the unswept position,
Fig. 2. The swept wing has a sweep of 30
degrees and a span of 35.18 inches. A NACA
0012 airfoil section was chosen to compare to
earlier 2-D tests. The model consists-of several

components to allow wing sweep and to allow
different sirnu_ated ice Shapes to be tested
through interchangeable leading edges. Two
leading edges have been constructed for the
model ahead of the 15 percent station, a NACA
0012 leading edge and the simulated glaze ice
accretion.

The rnodel is equipped with surface static
pr-esso_e-tapS. The taps_are locate=in 5 major
rows plus a row on the tip section. The centerline

row of taps has 80 taps in the no-ice
configuration and 83 in the iced configuration.
The other 4 rows on the main element have 40
and 41 taps In the no-ice and iced configurations,
respectively. Including the 21 taps on the wing
tip section, the model has a total of 261 taps in
the no-ice configuration and 268 taps In the iced
configuration. Pressure measurements were
made using 6 Scanivalves.

A three-component sidewall balance was
designed and constructed for the 3-D experiment.
The balance is used to determine model lift, drag
and pitching moment by measuring the normal,
axial and moment. The balance is mounted
outside the tunnel with the model spar passing
through the tunnel wall and down the center of
the balance. A 0.1 inch gap was left between the
model and the sidewall to avoid any balance
interference. D0Ulsllng the gap had no
measurable e_fect on.the model measured loads.
Balance calibration resulted in linear primary
coefficients and balance interactions.

Flow visualization was performed on the
models using fluoescent oil. The oil is placed on
the models and the tunnel is run until the flow
pattern is established. The oil is illuminated with
ultraviolet light and photographed with a 35mm
camera. The flow visualization was performed at
a chord Reynolds number of 1.2 million.

Data acquisition and reduction was performed
at UIUC using an AT&T 6386WGS PC and the
ASYST version 3.1 software written by ASYST
Technologies Software incl A Data Translation
model DT2821-FiSSE A to D board ( i2 'bit, 16
channel and 140kHz) was used to acquire the
data. The sensors were excited, and the outputs
filtered and gained as needed by eight
Measurement Group model 2200 signal
conditioners.

The pressure data, both model surface
pressures and facility transducers, were acquired
and reduced in the usual fashion and a detailed
discussion will not be presented here. PresSure
data were taken at a nominal Reynolds number of
1.5 million. Model pressures were converted to
pressure coefficients using the tunnel dynamic
pressure measured on each of the Scanivalves.
Note that when span!oads are shown, Y is taken
parallel to the leading edge and Ci is taken along
the tap lines perpendicular to the leading edge.
Balance data were acquired using 300 samples
per channel at 200 Hz and averaged to get one
data point. The balance and model gravity tares
are taken and subtracted from the data. Wall
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correctionsare made to the data based on the
method of Rae and Pope12. These data were
taken at a chord Reynolds number of 1.2 million.

II1. RESULTS AND DISCUSSION

2-D Results

Two-dimensional experimental results on an
airfoil with a simulated ice accretion have been
taken by Bragg et. al._3. The results shown are
with and without the simulated glaze ice accretion
shown in Fig. 1. Glaze ice accretions are
characterized by the "horns" which arethe spoiler
like protrusions that are formed. These horns
cause significant alteration of the airfoil flow field
through the formation of separation bubbles.
Here some information on these bubbles is
presented as an Introduction for the 3-D data. A
more detailed discussion of the 2-D ice-induced
separation bubbles can be found in ref. 13.

Figure 3 shows the split hot-film measured
velocity profiles in the upper and lower surface
separation bubbles at an angle of attack of 4
degrees. First, consider the upper surface
measurements. The first profile is taken at x/c =
-O.02, just behind the ice horn. The flow is
separated here with a very thin region of reverse
and shear flow. The reverse flow region grows
rapidly as we move downstream to x/c = 0.02.
Note that the reverse flow is very slow, rarely
exceeding 20 ft/sec or about 15 percent of the
free-stream velocity. As the flow moves
downstream the shear layer thickens and the
amount of reverse flow decreases until the

boundary layer reattaches around x/c = 0.16.
Immediately downstream a distorted turbulent
boundary layer is seen. Flow in the lower surface
bubble is similar with reattachment of the bubble
occurring between x/c = 0.12 and 0.14. Similar
trends are also seen at 0 and 2 degrees angle of
attack.

In Fig. 4 the measured pressure distribution
about a NACA 0012 airfoil, with and without the
simulated ice accretion of Fig. 1, is shown. The
clean airfoil shows the well known pressure
distribution about a NACA 0012 airfoil. Looking
on the upper surface of the iced airfoil, a region
of almost constant pressure is seen extending
from the leading edge to x/c = 0.08. This
indicates that a leading-edge separation bubble is
present. These bubbles, although quite large, act
like classical airfoil laminar separation bubbles _3'
14. The bubble and shear layer are initially laminar
with shear layer transition occurring in the region

where the constant pressure ends. The turbulent
mixing In the shear layer leads to reattachment
downstream after some degree of pressure
recovery. In this case reattachment occurs at x/c
= 0.1613. A separation bubble is also seen in the
pressure distribution on the lower surface. It's
behavior is similar to the upper surface bubble.
Note that comparing the pressure distribution to
the profiles of Fig. 3, the largest reverse flow
velocity occurs at x/c = 0.08, the end of the
constant pressure plateau. This compares
qualitatively to the classic model of a
reattachment vortex in a laminar separation
bubble.

Figure 5 shows the bubble size and shape as
indicated by the separation streamlines for the
upper and lower surface bubbles calculated from
the mean velocity measurements. At e = 0
degrees both upper and lower surface bubbles
are quite large. As the angle of attack increases,
the upper surface bubble grows slowly from 0 to
2 degrees and more rapidly from 2 to 4 degrees.
Between 4 and 6 degrees the bubble grows
rapidly and the bubble becomes unsteady. The
bubble fails to reattach at angles much above 6
degrees. The lower surface bubble decreases
rapidly in size at first as c_ is increased, but
changes little in length between 2 and 4 degrees
angle of attack. The location of maximum bubble
thickness measured normal to the surface occurs
at the transition location for bubbles on smooth
airfoils TM, However, here due to the surface
geometry, this does not correlate to the transition
locations indicated by the surface pressures.

Measured boundary-layer momentum
thickness for the upper surface taken from the
split hot-film data_3 are shown In Fig. 6. The
momentum thickness grows rapidly from the
separation point at a rate relatively independent of
angle of attack. For angles of attack of 0, 2 and
4 degrees a maximum value is reached in the
bubble. This maximum value moves downstream
with angle of attack, x/c = .02, .04 and .08
respectively, and the maximum value increases
with angle of attack. A local minima is reached
further downstream in the vicinity of, but slightly
ahead of the reattachment point. The values are
x/c = .06, .08 and .14, for the angles of attack of
0, 2 and 4 degrees, respectively. Downstream of
the bubble reattachment, the momentum
thickness rises slightly, falls again, then grows
steadily over the region x/c = 0.3 to the trailing
edge. At 6 degrees angle of attack the character
of the curve has changed. Here reattachment is
shown by a leveling off of the momentum
thickness and a slight decrease around x/c = .35.
The momentum thickness rises rapidly thereafter.
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Thissimulatedicedairfoil reaches maximum lift at

7 degrees angle of attack and the bubble is
completely burst at 8 degrees angle of attack. At
6 degrees the separated flow is observed to be
very unsteady and the bubble large and
approaching a bursting condition.

Briley and McDonald 15 show calculated
momentum thickness values in a laminar

separation bubble on a NACA 663-018 airfoil. Their
results show a slight reduction in momentum
thickness after shear layer transition, and a rapid
rise occurring just before reattachment. These
trends compare well to the data presented here.
In fact, as shown in reference 13, the
measurements made in the separation bubble aft
of the ice horn compare qualitatively to a classic
laminar separation bubble of the long bubble

type.

3-D Result_

A sketch of the 3D model in the swept and
straight configurations is shown in Fig. 2. Initial
tests with the 3-D model were carried out in the

straight-wing, con_figur_at_!pn. These tests were
conducted primarily to generate data to compare
to the 2-D data already available 1-3. More recent
measurements, which have been used for
comparison to the Navier-Stokes corn putations of
Kwon and Sankar, have utilized the 3-D model in
both the swept and straight configurations.

Figure 7 shows flow visualization results on
the straight wing at _ = 4 and 8° At 4 degrees
the oil flow reveals a very 2-D flow. The only 3-D
character is a small interaction seen with the wing
tip vortex. Although difficult to see in these
reproductions, an ice-induced separation bubble
exists at the leading edge. It reattaches around
15 percent chord. In the 8 degree case the
bubble reattachment can be seen to vary greatly
in the spanwise direction. The maximum extent
of the bubble is over fifty percent chord, about
1/3 of the semispan inboard. Due to the 3-D
induced flow, the effective angle of attack reduces
as the wing tip is approached, and the bubble
reattachment moves forward. Near the root, the
bubble also reduces in length. This is due to a
sidewall separation which forces early
reattachment of the bubble l_'_s.

The presence of spanwise flow on the wing is
greatly affected by the wing sweep. This result
can be seen in CFD flow visualization _ shown in

Fig. 8. For the CFD flow visualization, the
location of several massless air-stream particles is
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tracked over the wing. The c, = 4° flow
visualization clearly shows the formation of a
leading edge vortex. This vortex forms in the
separation bubble aft of the upper surface ice
horn. The vortex grows in diameter as it moves
out from the root to the tip. Spanwise velocities
in the vortex are seen to be quite large9. Also
note that significant spanwise flow is seen aft of
the leading-edge vortex, particularly near the tip.

The CFD particle-trace flow visualization
shows a complex flow field for the iced swept
wing at _ = 8°. The leading edge separation
bubble seen at 4 degrees has now enlarged
significantly. The particles tracked in the
separation bubble are shown to heavily interact
with the particles tracked on the wing further
downstream. This is partly due to the stall
characteristics of a swept wing. A swept wing
tends to stall at the wing tip first. The CFD flow
visualization shows a massively separated flow
region on the swept wing starting near the wing
tip and extending into the midspan region of the
wing, engulfing the separation bubble region.

In Fig. 9, experimental and computational
surface flow visualization results are shown. The
computational results are from simulated oil flow
generated by tracing the trajectories of massless
particles introduced into the Navier-Stokes flow
field. The experiment was conducted at a chord
reynolds number of 1.2 million while the
computation was carried out at 1.5 million. Here,
the leading edge vortex grows in size as it moves
from the root to the tip. In the computational
result, the reattachment line moves back to about
80 percent chord near the tip. Ahead of this line
the vortex-induced surface flow is forward into the
free stream and towards the tip as before. A
similar result is seen in the experimental data.
Near the tip the flow is essentially parallel to the
trailing edge behind the reattachment line. The
interaction of the large leading-edge vortex and
the tip vortex causes an interesting flow at the tip.
The flow moves forward toward the leading edge
then turns back towards the trailing edge, all the
time flowing outboard. Near the trailing edge this
motion is more pronounced in the experimental
data. The experimental data shows a somewhat
different flow at the tip in the midchord to leading-
edge region. This is probably due to the simpler
leading-edge geometry used in the CFD model.

Span loads for both the iced and no-iced
configurations of the 3-D straight wing are shown
in Fig. 10. These data were obtained by
integrating the pressure data to obtain sectional
lift coefficients. At 0 and 2 degrees angle of



attackthetwospanloads are amazingly similar.
This indicates, as can also be seen in the 3-D lift,
that the zero-lift angle and lift-curve slopes are not
affected by the simulated ice. It is well known
that a straight rectangular wing stalls first at the
root. This is clearly seen in the iced span load
data as the sectional lift values on the inboard
wing fall below those of the clean model as the
angle of attack is increased. This occurs due to
the bursting of the ice-induced separation bubble
near the root where the effective angle of attack
is high.

The spanwise wing loading for the swept wing
is shown in Fig. 11 for positive angles of attack
form 0 to 8 degrees. As expected, the presence
of the ice shape has caused a reduction in wing
loading, especially on the outboard sections
where stall occurs first on a swept wing. Contrast
this to the straight wing in Fig. 10 where the root
stalls first.

As a part of the experimental icing research,
the effect of roughness was studied on the
aerodynamic performance of the straight wing in
the iced and un-iced configurations. Two types of
roughness were examined on the straight wing:
isotropic and three-dimensional roughness. The
isotropic roughness was a 50-grit sandpaper
roughness with k\c = 0.0010. The 3-D roughness
were 0.25 x 0.25 inch squares, 0.054 inch high,
placed offset 0.5 inches apart in rows. In Fig. 12,
the section lift performance of the smooth ice
shape is compared with the section lift
performance of the iced wing when isotropic and
3-D roughness is added. The results indicate that
in the linear region, c= = -6 to 6 deg., neither the
isotropic nor the 3°D roughness significantly affect
the lift performance of the wing. In the non-linear
region, the isotropic roughness has little effect on
the positive stall angle, with a small reduction in
maximum lift. At negative angles of attack, an
earlier stall onset is seen with a reduction in lift
due to the roughness.

The effect of the 3-D roughness on the
section performance of the model seems to be
somewhat different in the stall regime. Here, a
distinct stall angle can not be detected in either
the positive or the negative range of angles of
attack. Rather, at the angle where the wing
section stalls in the smooth-ice case, the lift-curve
slope changes but the lift continues to increase.

This phenomena could be attributed to the
size of the three-dimensional roughness used.
The 3-D roughness is three times larger than the
particles which form the isotropic roughness. The

result of the particles' action Is similar to the
results of vortex generators. The effect of the
roughness becomes particularly evident near the
stall regime. In this regime, the flow seems to
remain attached somewhat longer, therefore
producing a potentially softer stall at both positive
and negative angles of attack. Neither of these
two types of roughness may correctly model the
actual 3-D, and highly irregular roughness found
on actual ice accretions. More research on

surface roughness effects is needed.

The lift performance of the straight wing,
measured with a three component balance, is
shown In Fig. 13. Comparison between the clean
wing, the clean wing with roughness, and the iced
wing with rough leading edge reveal no
appreciable change in the lift curve slope of the
wing. The angle of stall, however, is shown to be
directly affected by the presence of roughness.
The straight wing stalls at c= = 17° in the clean
configuration. With the addition of roughness, the
stall angle is reduced to 13° . The presence of
leading edge ice in addition to roughness further
reduces the stall angle to 100. In addition to the
stall angle, roughness is shown to affect the post
stall performance of the straight wing.

IV. SUMMARY

The glaze ice accretion studied in this paper
had a severe effect on the aerodynamics of the
NACA 0012 airfoil. The 2-D data clearly showed
the laminar separation bubble which is a
dominant feature of the iced airfoil flow field. The

bubble causes a large drag increase and early
airfoil stall when the bubble bursts and fails to
reattach. The bubble has the characteristics of a
classic long bubble type airfoil laminar separation
bubble. A straight aspect ratio five wing was
tested with the same simulated ice accretion.
Flow visualization results showed a fairly 2-D flow
on this unswept wing. Significant sidewall
boundary-layer interaction was seen in the flow
visualization as well. The wall boundary layer in
the tunnel affected the results by delaying the root
stall. When this was modelled properly in the
CFD code the results for span load compared
favorably.

The swept wing was seen to have a very
three-dimensional flow field. At low angle of
attack, flow visualization shows a strong leading
edge vortex formed in the separated flow aft of
the upper surface ice horn. Spanwise flow in the
vortex is significant. As the angle of attack is



increased,thevortexgrows,especiallynearthe
tip,anda verythree-dimensionalflowdevelops.
Sincethesweptwingstallsfirstatthetip,thewall
boundarylayerhaslittleeffecton theseresults.
Comparisonof the experimentalresultsto the
computations are good.

Surface roughness effects were presented on
the unswept wing. Both sandgrain roughness and
isolated 3-D roughness elements were placed on
the simulated ice accretion. The effects were

exactly the opposite with the 3-D roughness
actually increasing the maximum lift of the iced,
unswept wing. Much more research is needed on
roughness effects on icecia_rfoils and its effect on
the leading- edge separation which is so critical to
the iced airfoil performance. Roughness models
more complex than simple sandgrain roughness
will have to be developed to properly reproduce
actual ice roughness effects.

Future research will include laser Doppler
vetocimeter data for a more detailed look at these
3-D flow fields. This will provide a more Complete
picture of the 3-D Separation bubbles. Research
on roughness effects an(] its proper modelling are
also underway to improve our understanding of
this complex flow.
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