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ABSTRACT

The findings from a recent University of Illinois
investigation on the effect of ridge ice location on
airfoil aerodynamics using additional airfoils are
presented. Previous studies involving two airfoils
(NACA 23012m and NLF 0414) showed that the most
severe performance penalties were observed when the
simulated ridge ice was located near the adverse
pressure recovery region of the clean model. Two more
airfoils (a commuter aircraft wing and tail sections)
were tested and original findings were confirmed. The
results from the commuter airfoils showed that an
airfoil's sensitivity to SLD ice accretion (ridge ice that
typicaly form between 10-20% chord) was dependent
largely onitsload distribution. If the airfoil was more
front-loaded, then its performance degradation due to
SLD ice accretion tended to be more severe.

NOMENCLATURE

Cq Drag coefficient
Gy Fap hinge-moment coefficient
G Lift coefficient

Cimax Maximum lift coefficient

Cn Pitching-moment coefficient
G Pressure coefficient

Comin  Minimum pressure coefficient
M Mach number

Re Reynolds number

c Model chord length

k Protuberance height

t Airfoil thickness

X Model coordinate in chordwise direction
a Angle of attack

INTRODUCTION

The“critical iceaccretion” isusually described as
the one ice formation that causes the maximum
degradation in aircraft performance and control.
However, accurately determining acritical iceaccretion
for an aircraft is difficult because the effects of a
particular ice accretion on aircraft aerodynamics are
dependent on several factors. the ice-accretion
geometry, size and location, the airfoil geometry,
aircraft 3-D configuration, the flight Reynolds number,
Mach number, etc.

Past studies have shown that, generally, the larger
ice shape sizesresulted in more severe performance and
control degradations?*® The more streamlined ice
shape geometries also resulted in less performance and
control degradation.® Also, iced-airfoil aerodynamics
was shown to be reatively insensitive to Reynolds
number variations*>® Lee, Kim, and Bragg’ provided a
comprehensive review of the effects of some of the
parameters described above.

Recent studies at the University of Illinois at
Urbana-Champaign (Illinois)*"® with spanwise ridge
ice (typically found in SLD encounters) have shown
that airfoil aerodynamics are particularly sensitive to
the ice-shape location. However, significant
differenceswere observed on thetwo airfoilstested, the
NACA 23012m and the NLF 0414. The effects of the
simulated ice shapes were much more severe on the
NACA 23012m, with a G max aslow as 0.25 for theice
shape with a k/c = 0.0139. The lowest true Gmax
measured for the NLF 0414 with same ice shape was
0.68. Thiswas attributed to the large differencesin the
clean-model surface pressure distribution of these two
airfoils.

Because the two airfoils tested were so different,
it was difficult to conclude precisely what aerodynamic
characteristics of the clean airfoil were important in
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determining its sensitivity to ice-shape location. In
order to answer this question, two additional airfoils
weretested at I1linois with spanwiseridge ice at various
chordwise locations.  The purpose of the current paper
isto incorporate the results of this test with the results
of the previous Illinois tests"” in order to provide a
more complete picture of the effects the airfoil
geometry in determining its sensitivity to the ice-
accretion location.

EXPERIMENTAL SETUP

All of the tests described in this report were
performed in the University of Illinois 3'x4' Subsonic
Wind Tunnel. Four 18-inch chord airfoil models were
used: a modified NACA 23012m model (described in
more detail in Lee, et a.%), aNLF 0414 model, and a
wing and tail airfoil models from a commuter aircraft
currently in service. The wing airfoil was a modified
NACA 63A415, and the tail airfoil was a modified
NACA 63A213. A 25% chord simple flap was present
on the NACA 23012m and NLF 0414 models. Thetwo
commuter models did not have flaps.

Figure 1 isaschematic of the experimental setup.
The model was attached to a three-component bal ance,
which was also used to set the angle of attack. A load
cell on the flap atuation linkage measured the flap-
hinge moment on the flapped models. All of the
models had surface pressure taps in order to measure
the pressure distribution. A traverseable wake rake
with 59 total -pressure probes was used to measure the
wake pressures, from which the drag was determined.
The pressures were measured using an electronically
scanned pressure (ESP) system.

The lift coefficient (C) and pitching moment
coefficient (C,) measurementswere derived from both
the force balance and the surface pressure
measurements. Thedrag coefficient (Cy) measurements
were taken with the wake rake. The flap-hinge-moment
coefficients (C,) on the NACA 23012m and NLF 0414
models were measured with the flap-hinge load cell and
confirmed with the surface pressure measurements. For
the commuter models (which did not have flaps), the
hinge moment was obtained by integrating the surface
pressure over an imaginary flap located between x/c =
0.75 and the trailing edge. The C, C,, and Cy
measurements were calculated using standard methods
with conventiona definitions. The G, was obtained by
determining the trailing-edge-down moment about the
flap-hinge line and nondimensiondizing by the flap
surface area and the flap chord length. All of the
aerodynamic coefficients were corrected for wall
effects using the method described by Rae and Pope.'°
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The ridge-ice shapes were simulated with wooden
forward-facing quarter-round shapes of k =0.25” (k/c =
0.0139) as shown in Fig. 2. The boundary layer was
tripped at x/c = 0.02 on the upper surface and at x/c =
0.05 on the lower surface using 0.012-inch diameter
microbeads. All of thetestswere conducted at Re=1.8
millionand M = 0.18.

RESULTSAND DISCUSSION

Included in this section isthe analysis of the effect
of the ridge-ice location on the four airfoils tested at
Illinois. Some of the results from the NACA 23012m
and NLF 0414 have been published previously.’
However, they are presented here again for
comparisonsto the results from the commuter wing and
tail airfoils, which have not been previoudy published

Figure 3 showsthe comparison of the geometry of
the four arfoils tested. The airfoils were grouped in
pairs that had similar geometries (and aerodynamic
characteristics). The commuter wing was the thickest
airfoil tested (t/c = 0.16). The commuter tail was the
thinnest airfoil (t/c = 0.11). The commuter wing and
NLF 0414 were highly cambered while the NACA
23012m and commuter tail werenot. Itisinterestingto
note that first 30% chord of the NLF 0414 and the
commuter tail airfoilswere very similar.

Clean M odel Pressure Distribution

Figure 4 shows the clean-model pressure
distribution comparison at a nominal lift coefficient of
0.5. Because of varying degree of camber, each model
was at adifferent angle of attack.

The NACA 23012m has avery large suction peak
(with Cy min = -1.4) centered near x/c = 0.08. Therewas
a severe pressure recovery (with very adverse pressure
gradient) from x/c = 0.08 to 0.22. The pressure
recovery became more gradual downstream of this
location and extended to the trailing edge.

The commuter wing airfoil had a pressure
distribution that was quite different. A large suction
peak was not present on this airfoil at this angle of
attack, with a G, in value of only -0.93 located at x/c =
0.23. Because alarge suction peak was not present, the
pressure recovery was very gradua, with a nearly
constant pressure gradient extending from x/c = 0.25to
0.80. The pressure gradient became more adverse
between x/c = 0.80 and the trailing edge.

The NLF 0414 had a nearly constant C, between
x/c =0.04t0 0.72. The pressure recovery did not start
until x/c =0.72. Because of the short recovery region,
the adverse pressure gradient in this region was the
most severe of the four airfoils tested.
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The commuter tail airfoil was similar to the NLF
0414 in that the C, wasrelatively constant (with aslight
adverse gradient) between x/c = 0.03 and 0.45, with
most of the recovery occurring between x/c = 0.45 and
thetrailing edge. Becausethe pressure recovery region
on the commuter tail was larger than on the NLF 0414,
the adverse pressure gradient was not as severe.

I ntegrated Coefficients

Figures 5 shows the lift coefficient on the four
models with the simulated ridge ice located at x/c =
0.02, 0.10, and 0.20. Figure 5a shows that varying the
ridge-ice location in this range on the NACA 23012m
had asignificant effect on thelift coefficient. Whenthe
ridge ice was located at x/c = 0.02, there was a clearly
defined C; o Of 0.53 at a = 7°. When theridgeicewas
located at x/c = 0.10, a clearly defined G s Was not
present. Instead, thelift coefficient plateaued at a = 3°
and remained nearly constant toa = 9°. The highest lift
coefficient value obtained was 0.27. When the ice
ridge waslocated at x/c = 0.20, aC| ma in the traditional
sense was not present. There was a break in the lift
curve slope at a = 2°, after which lift increased linearly
with angle of attack, but a a much reduced rate when
compared to the clean model. Flow visualization had
shown that the airfoil was separated soon after the
break in the slope.

Figure 5b show the effect of ridge-icelocation on
the commuter wing airfoil. It shows that unlike the
NACA 23012m, there was aclearly defined C . at all
three ice-ridge locations. When the ice shape was
located at x/c = 0.02, the G na Was 0.82. The G nax
value dropped to 0.56 and 0.33 when the ridge ice was
located at x/c = 0.10 and 0.20. The angle of attack at
which the model stalled decreased from 8° to 4° as the
ice shape location was moved downstream from x/c =
0.02t0 0.20.

Varying the ridge ice location between x/c = 0.02
and 0.20 had very little effect on the NLF 0414, asFig.
5¢ shows. When theridgeicewaslocated at x/c = 0.02,
the Gma Was 0.74. The G ma Only changed to 0.71
when the ice ridge was located at x/c = 0.20. The lift
curves for the three iced cases were very similar as
well.

The effect of ridge-ice location on the commuter
tail airfoil is shown on Fig. 5d. G ma Was present for
these iced cases but was not as clearly defined as on the
NLF 0414. After abreak in thelift curve slope, the C,
reached a plateau and did rot vary significantly with
angle of attack. There was a dight variation in the
C, max With the ice-ridge location, but was not aslarge as
observed on the NACA 23012m and the commuter
wing airfoil. When the ice ridge was located at x/c =
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0.02, the G o Was 0.70. When the ridge ice was
located at x/c = 0.20, this reduced to 0.58.

Figures 6 shows the drag polars of the four
models with the simulated ridge ice located at x/c =
0.02, 0.10, and 0.20. Figure 6a shows the drag polars
on the NACA 23012m. Location of the simulated ice
shape had a significant effect on drag. The lowest drag
was observed when the simulated ice shape was located
a x/c =0.02. Significantly higher drag was observed
then the simulated ice ridge was located at x/c = 0.10
and 0.20. The drag ploars at these two ice-ridge
locations appeared very similar. However, at G <0,
the x/c = 0.20 had dlightly higher drag. At G > 0, the
x/c = 0.10 case had higher drag. This corresponded
well to the lift values shown on Fig. 5a, which showed
that x/c = 0.02 case had the highest lift, followed by x/c
=0.20, and x/c=0.10

Figure 6b show the effect of ridge-icelocation on
the commuter wing airfoil. It shows that as the ridge
ice location was increased from x/c = 0.02 to 0.20, the
drag increased aswell. Figure 6¢ shows the drag polars
on the NLF 0414. It also shows that as the ridge-ice
location was varied between x/c = 0.02 to 0.20, the drag
increased aswell. There was significant variationin the
drag polars even though the lift curves (Fig. 5¢) were
very similar. Figure 6d shows the drag polars on the
commuter tail. Again, as the ice ridge was moved
downstream from x/c = 0.02 t0 0.20, the drag increased.

Figure 7 showsthe effect of theridge-icelocation
the pitching moment. Pitching moment is a good
indicator of the onset of rapid bubble growth sinceitis
a measure of load distribution. The onset of rapid
bubble growth is usualy indicated by a negative break
in the pitching moment curve as the growing bubble
starts to induce a strong nose-down pitching moment.
Figure 7a shows the effect of ridge-ice location on the
NACA 23012m. When the ridge ice was located at x/c
= 0.02, the break in the pitching moment occurred at a
= 5. When the ridge ice was located at x/c = 0.10 and
x/c=0.20, thebreak in C,, occurred ata =-1°anda =
-4°, respectively.

Similar results were observed for the other three
airfoilstested, as Figs. 7b to 7d show. Figure 7b shows
that on the commuter wing, the angle of attack at which
break in the C,,, curve occurred decreased form 8° to 0°
as the ice-ridge location was varied from x/c = 0.02 to
0.20. On the NLF 0414, the angle of attack decreased
from 5° to 4°, while on the commuter tail, the angle of
attack decreased from 6° to 0°.

It is interesting to note that the least amount of
variation in the angle of attack at which the G, broke
was observed on the NLF 0414, followed by the
commuter tail. These also happened to be the two
airfoils with the least amount of variation in lift as the
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iceridge location was varied. Also of interest was that
as the ridge ice was moved further downstream from
the leading edge, the break in the pitching moment
became more gradual and the magnitude of the G, ,
value decreased.

Figure 8 shows the effect of ridge-icelocation on
the flap-hinge moment. Flap hinge moment usually
serves as a good indicator of when the separation
bubble reaches the flap. When the bubble reaches the
flap, a strong flap nose-down pitching moment is
generated, creating a sharp negative break in the G,
curve. Thisbreak inthe G, curve usualy occured afew
degrees angle of attack after the break in the C, curve.

Figure 8a shows the hinge moment on the NACA
23012m. When the ridge ice was located at x/c = 0.02
the break in the hinge moment occurred at a = 6°.
When the ridge ice was located at x/c = 0.10 and x/c =
0.20, the break in G, occurred at a = 1° and a = 0°,
respectively.

Similar results were observed for the commuter
wing and tail airfoils. On the commuter wing, the angle
of attack at which the break in G, occurred decreased
from a = 7° to a = 1° when the ridge-ice location was
varied from x/c = 0.02 to 0.20. On the commuiter tail,
the angle of attack at which the break in G, occurred
decreased from a = 6° to a = 3° when the ridge-ice
location was varied from x/c = 0.02 to 0.20.

The hinge moment on the NLF 0414 behaved
quite differently from the other three airfoils, asFig. 8c
shows. The iced hinge moments were similar to the
clean values at nearly all angles of attack. Thiswas due
to trailing-edge separation that was present on the clean
model. Because the trailing edge (and significant
portion of the flap) was adready separated when the
bubble reached the flap, there was not alarge changein
the G, value. Because of this, the flap hinge moment
did not yield results of any interest.

Figure 9 shows a summary of G asafunction
of the ridge-ice location for the four airfoils tested.
Figure 5 to 8 showed the results from only three ridge-
ice locations. However, the ridge ice was tested at
many more locations in order to accurately determine
the most critical chordwise location for these four
airfoils. Figure 9 provides a summary of the cases
tested. All the models were tested with ice shapes
located as far downstream as mid-chord. However,
only the data points for which a clear C, , existed are
shown. For example, on the NACA 23012m, aCj a in
the traditional sense was not observed when the ridge
ice was located between x/c = 0.14 and 0.30. Figure 9
shows that, generally, moving the ridge ice downstream
resulted in larger degradations of maximum lift. For all
four airfoil models, the highest G . Was observed
when the ridge ice was located at the leading edge. The
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NACA 23012m was most sensitive to the ridge ice
location in the first 15% chord. Thiswas followed by,
the commuter wing, the commuter tail, and the NLF
0414. There was little variation in G, when the
ridge-ice location was varied between x/'c = 0.02 and
0.20 on the NLF 0414 and the commuter tail.
However, on the NACA 23012m and the commuter
wing, moving the ridge-ice from x/c = 0.02 to 0.20
caused significant reductions in the maximum list.

Figures 10 to 13 show the effect of the ridge ice
location on the changes in the integrated coefficients
from the clean model. Figure 10 shows the DC,
(Ci.cea— Cjiced), OF the lift loss compared to the clean
airfoil, due to the simulated ridge ice. Each curve
represents afixed angle of attack, and the simulated ice
shape location is depicted on the x-axis. Alsoshownon
the figure by the solid arrows are the locations of
maximum local air velocity or C,nin (of the clean
airfoil) for each angle of attack and by the open arrows
are the location of the maximum adverse pressure
gradient (also of the clean airfoil). Figure 10a shows
that on the NACA 23012m, DC,; remained relatively
small and did not vary significantly with the ice shape
location at angle of attack of 0°. The DC; values
remained approximately at 0.04 at al x/c locations
except at the leading edge where it was nearly zero.
Increasing angle of attack increased the lift loss at all
ice shapelocations. Thelargest lift loss occurred when
the ice shape was located at x/c = 0.12 and did not
change with angle of attack until a = 9° where it moved
upstream to x/c = 0.10. The simulated ice-shape
location for maximum lift loss was well downstream of
the maximum local air velocity and dlightly upstream of
the maximum adverse pressure gradient. The x/c =
0.12 ice-ridge location was near the same x/c location
that produced the lowest Cj o« @ showninFig. 9.

Figure 10b shows the lift loss on the commuter
tail. The maximum adverse gradient location was not
shown for a £ 6° because it was near the trailing edge
and outside of the x-axis range shown on the plot. For
a = 9° (where the maximum adverse gradient is
shown), the ridge-ice location with the largest lift loss
appeared to coincide with the location of the maximum
adverse pressure gradient.

Figure 10c shows the lift loss DC, on the NLF
0414. When the ice shape was placed between x/c =
0.02 and 0.20, there was not a large variation in the lift
loss. This was similar to what was observed in the
Cj.max Plot of Fig. 9. It was only when the ice shape was
located downstream of x/c = 0.30, and closer to the
adverse pressure gradient at the trailing-edge pressure
recovery that amuch larger increase in the lift loss was
observed. This was even the case a a 3 3° where the
adverse pressure gradient associated with the leading-
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edge suction peak was more severe than the trailing-
edge pressure recovery.

Fig. 10d shows the lift loss on the commuter tail.
It shows that the lift loss was relatively insensitive to
theridge-ice location (except at the leading edge) at all
angles of attack shown. This behavior was similar to
that observed on the NLF 0414, but for a much larger
range of chordwise location. However, because the
ridge ice was not tested downstream of x/c = 0.40, it is
not known for how much of the chord this behavior
would have existed.

Figure 11 shows the change in drag DCq (Cy glean —
Cuiced) cOMpared to the clean airfoil duetothe 0.25” ice
shape simulation. Again solid arrows show the location
of the maximum local air velocity and the open arrows
show the location of the maximum adverse pressure
gradient. Figure 11ashowsthat on the NACA 23012m,
there was significant variation DCy with the ice shape
location even at angles of attack as low as 0°. At this
angle of attack, the largest increase in the drag was
observed when the ice shape was located at x/c = 0.12.
As the angle of attack was increased, DC, increased as
well. However, as the angle of attack was increased,
the ice shape location where the largest drag increase
occurred moved upstream as well. At a = 3°, this
occurred at x/c = 0.10 and ata = 9°, thisoccurred atx/c
= 0.02. The most critical location in terms of drag
increase appeared to coincide with the location of
maximum local air velocity.

Figure 11b shows the drag change on the
commuter wing. Unlike on the NACA 20312m, the
ridge-ice location with the largest drag increase did not
correspond to the location of the largest local air
velocity. At a = 3°, thelargest drag increase occurred
when theridge ice was located at x/c = 0.30. However,
the location of the maximum loca ar velocity was
0.17. The maximum drag increase location did not
coincide with the location of the maximum adverse
gradient either. However, it was located between the
location of maximum local air velocity and the
maximum adverse gradient.

Figure 11c shows the drag change on the NLF
0414. At a = 0° and 3°, the largest change in drag
occurred when the ridge ice was located near x/c = 0.4.
At higher angles of attack (@ = 6° and 9°) the most
critical ridge ice location moved upstream towards the
leading edge. Neither maximum local air velocity nor
adverse pressure gradient was an indicator of the most
critical ridge ice location in terms of changes in drag.
As with lift, there was little change in DCy when the
ridge ice location was varied between x/c = 0.02 and
0.20.

Figure 11d shows the drag change on the
commuter tail. The results were similar to that of the
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NLF 0414. At lower angles of attack (a = 0° and 3°)
the most critical ridge-icelocation was near x/c = 0.40.
However, at the highest angle attack shown (a = 9°),
the most critical location was near the leading edge.
Neither maximum local ar velocity nor adverse
pressure gradient was an indicator of the most critical
ridgeicelocation in terms of drag change.

Figure 12 shows DC, (Chcemn — Cmiced)s the
change in the pitching moment due to the ridge ice
simulation. Figure 12a shows the pitching moment
change onthe NACA 23012m. Ata =0°, theice shape
did not have any effect on C,, when it was located at the
leading edge. As it was moved downstream, the DC,,,
became more negative, which indicated that the
pitching moment became more nose up than the clean
case. However, at x/c = 0.04, DC,, started to increase,
reaching a value of 0.02 when the ridge ice was located
a x/c = 0.12, after which it leveled off. Astheangle of
attack was increased, the x/c location at which the DC,,,
started to increase moved upstream. The location
where the DC,,, peaked aso moved upstream with angle
of attack and appeared to coincide with the location of
the maximum local air velocity.

Similar results were observed for the commuter
wing, as Fig. 12b shows. However, the location at
which the peak DC, vaues were observed did not
coincide with the location of the maximum local air
velocity (but was further downstream). Figure 12c
shows the changes in the pitching moment for the NLF
0414. As with lift and drag, the location of the
maximum changein C,, was located near x/c = 0.40 for
low angles of attack @ = 0° and 3°) and near the
leading edge for high angle of attack (a = 9°). Figure
12d shows the pitching moment change on the
commuter tail airfoil. The results again were similar to
that of the NLF 0414.

Figure 13 shows the effect of the simulated ridge
ice on DC; (Cigen — Chiced)- The results were very
similar to that of DC,, shown in Fig. 12. Figure 13a
shows the change in the hinge moment on the NACA
23012m. At a = 0°, the ice shape did not have any
effect on C, when it was located at the leading edge.
As it was moved downstream, the DC;, became more
negative, which indicated that the hinge moment
became more nose up than the clean case. However, at
x/c = 0.12, DG, vaue leveled off and remained nearly
constant until x/c = 0.30. At a = 3°, the DC, value
reached a peak (or a maxima) a x/c = 0.12. The
location where the DC,, peak occurred moved upstream
with increasing angle of attack. Largest changesin C,
were observed when the simulated ice shapes were
located between the locations of the maximum local air
velocity and the maximum adverse pressure gradient.
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Figure 13b shows the changes in the flap hinge
moment on the commuter wing airfoil. Thetrendswere
similar to that of the NACA 23012m. However, the
location of the maximum local air velocity coincided
with the onset of the rapid rise in DC,,. Figure 13d
shows the change in flap hinge moment on the
commuter tail. Again, the trends were similar to that of
the NACA 23012m and the commuter wing. However,
the location of the maximum local air velocity was not
an indicator of the onset of rapid risein DC;..

The results of Figs. 10 to 13 showed that critical
ridge-ice location where the maximum changes in C,
Cs Gy, and G, occurred were generaly related to the
location of the maximum loca air velocity and the
maximum adverse pressure gradient. However, precise
relationship depended greatly on the particular
integrated aerodynamic coefficient and the airfoil
geometry.

Flowfield Analysis

Thereason for the differencesin the sensitivity of
theairfoilsto theridge-icelocation was attributed to the
differences in the clean-model pressure distributions
(Fig. 4). Generally, the severity of the effect of ridge
ice is directly related to the length of the separation
bubble that forms downstream of theice shape. Thisin
turn is determined primarily by the severity of the
adverse pressure gradient downstream of the ice shape,
over which the bubble is forced to reattach. More
severe adverse gradient typically results in longer
separation bubble. The effect of ridge ice on surface
pressure distribution is shown on Fig. 14. All of the
clean models are at C, = 0.5, which explains the various
angles of attack. Before the iced-airfoil pressure
distribution is discussed, it is important to understand
the basic features. Figure 14b shows pressure
distribution on the commuter wing airfoil with theridge
ice at x/c = 0.10. On the upper surface, the C,
decreased as the flow initially accelerated from the
leading edgeto x/c = 0.06, whereit started to decel erate
as it encountered an adverse pressure gradient due to
theridgeice. The flow then accelerated again over the
ridge ice and separated, resulting in a region of
relatively constant C, between x/c=0.10and 0.22. The
C, then increased as the reattachment process began.
The reattachment occurred where the iced G, value
approached the clean value and started to take on
similar form, a x/c = 0.35. A more complete
description of the iced-airfoil pressure distribution can
be found in Lee and Bragg.*®

Figure 14a shows why the NACA 23012m was
the most sensitive airfoil when theridgeice waslocated
in the first 20% chord. Because the NACA 23012m
had a large suction peak near the leading edge, it also
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had a very severe pressure recovery region that
extended from x/c = 0.10 to 0.20. If an ice shape was
located upstream of x/c = 0.20, the resulting separation
bubble would be located in this region of very adverse
pressure gradient. The bubble cannot easily reattach in
this region, resulting in a long bubble. This is shown
on Fig. 14a, where the ridge ice was located at x/c =
0.10. The pressure distribution on the upper surface of
theiced airfoil did not approach the clean case after the
initial separation over theice shape. Thisindicated that
the bubble failed to reattach on the airfoil.

The adverse gradient on the commuter wing was
not as severe as the NACA 23012m. Thus, the
separation bubble that formed downstream of the ice
shapes was not as large, resulting in less lift
degradation. This is shown on Fig. 14b. The bubble
appeared to have reattached at x/c = 0.35.

The pressure gradient on the NLF 0414 is shown
on Fig. 14c. On the clean model, the adverse gradient
(where the recovery took place) on the NLF 0414 did
not begin until x/c = 0.74. Ahead of the recovery
region, the pressure gradient was nearly zero. Because
of this, thelift wasrelatively insensitive to theice shape
location, as the bubble did not encounter an adverse
pressure gradient. It was not until the ridge ice was
located at x/c = 0.30 that the bubble encountered the
adverse gradient and the maximum lift started to
decrease. When theridgeicewaslocated at x/c = 0.10,
the bubble reattached at x/c = 0.35.

The commuter tail airfoil was similar to the NLF
0414 in that there was a region of nearly constant
surface pressure extending from the leading edge, as
shown on Fig. 14d. However, this extended to only x/c
= 0.45. Most of the pressure recovery occurred
downstream of x/c = 0.45 where there was a more
severe adverse gradient. When the ridge ice was
located at x/c = 0.10, the bubble reattached at x/c =
0.40. Figure 9 shows that the commuter tail was
dlightly more sensitive to the ridge-location than the
NLF 0414 because of the slight adverse pressure
gradient present between x/c = 0.03 and 0.45.
However, it was less sensitive than either the NACA
23012m or commuter wing airfoil due to the region of
nearly constant pressure.

The results shown above indicated that generaly
the more front loaded the airfoil was (with large
leading-edge suction peak), the more sensitive it wasto
SLD-type ridge ice accretion. Of the four airfoils
tested, the NACA 23012 was the most front-loaded,
with the largest suction peak. It had the largest
performance degradation due to ridge-ice accretion,
especially in the 10-20% chord range where it islikely
to occur. The NLF 0414, which was the most aft-
loaded of the airfoilstested, was the most insensitive to
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SLD ridge ice accretion. The two commuter airfoils
fall in between the NACA 23012m and NLF 0414 in
terms of their front-loadedness. The performance
degradations on the commuter airfoils, thus, fall in
between the NACA 23012m and NLF 0414.

SUMMARY

Recent studies at 1llinois have shown that arfoil
geometry was an important factor in determining a
particular airfoil’s sensitivity to ice-shape location.
Because only two airfoils (the NACA 23012m and the
NLF 0414) were used in these investigations, it was
difficult to conclude exactly what theimportant features
were in determining an airfoil’ s sensitivity to ridge-ice
location. Thus, two additional airfoils (commuter
aircraft wing and tail) were tested with ridge ice at
various chordwise locations. These results were then
compared to the NACA 23012m and the NLF 0414.

The results from the two commuter airfoils
confirmed that the largest losses in lift occurred when
the ridge ice was located near the region of the adverse
pressure gradient of the clean model, where the
pressure recovery occurred. The exact location,
however, varied with different airfoils tested. On the
NACA 23012 and commuter wing, the most critical
location was the region between the location of the
maximum local air velocity and the maximum adverse
pressure gradient. On the NLF 0414 and the commuter
tail, the most critical location was the trailing edge
pressure recovery region.

The findings also showed that an airfoil's
sensitivity to SLD ridge ice accretion (which usually
forms between 10-20% chord) was largely dependent
on it's the load distribution. The airfoil that was very
front-loaded, with large leading-edge suction, tended to
have the most severe performance degradation due to
SLD-typeiceaccretion. Incontrast, the most aft |oaded
airfoil with favorable or zero pressure gradient near the
leading edge was the least sensitive to SLD-type ice
accretion.

ACKNOWLEDGEMENTS

This work was primarily supported by the Federal
Aviation Administration (FAA) under grant DTFA MB
96-6-023 The authors would like to thank Systems
Technology, Inc. for the commuter airfoil models used
in this study.

REFERENCES

! Lee, S. and Bragg, M. B., “Effects of Simulated
Spanwise-1ce Shapes on Airfoils: Experimental
Investigation”, AIAA Paper No. 99-0092, Reno, NV,
January 11-14, 1999.

2 Brumby, R.E., “Wing Surface Roughness- Cause and
Effect,” D.C. Flight Approach, Jan. 1979, pp. 2-7.

% Jacobs, E.N., “Airfoil Section Characteristics as
Affected by Protuberances,” NACA Report No. 446,
1932.

* Hoerner, S.F, Fluid-Dynamic Lift, Hoerner Fluid
Dynamics, Brick Town, NJ, 1975, p4-19.

®> Morgan, H.L., Ferris, J.C., and McGhee, R.J,, “A
Study of High-Lift Airfoils at High Reynolds Number
in Langley LowTurbulence Pressure Tunnel,” NASA
TM-89125, July 1987.

® Kim, H.S. and Bragg, M.B., “Effect of Leading Edge
Ice Accretion on Airfoil Performance,” AIAA Paper
99-3150, 17th Applied Aerodynamics Conference,
Norfolk, VA, June 28-July 1, 1999.

"Lee S, Kim, H., and Bragg, M. B., “Investigation of
Factorsthat Influence Iced-Airfoil Aerodynamics’,
AlAA Paper No. 2000-0099, Reno, NV, January 10-13,
2000.

8 Lee, S. and Bragg, M .B., “An Experimental
Investigation of Simulated Large-Droplet |ce Shapeson
Airfoil Aerodynamics,” Journal of Aircraft, Vol. 36,
No. 5, Sept-Oct. 1999, pp. 844-850.

°Lee S, Dunn, T., Gurbacki, H.M., Bragg, M.B., and
Loth, E., “An Experimental and Computational
Investigation of Spanwise-Step-1ce Shapes on Airfail
Aerodynamics,” AIAA Paper 98-0490, 36" Aerospace
Sciences Meeting & Exhibit, Reno, NV 1998.

19 Rae, W. H. and Pope, A., Low-Speed Wind Tunnel
Testing, John Wiley & Sons, 1984.

American Institute of Aeronautics and Astronautics



Wake

I

Airfoil
Model Roke 15
Direction Flap e
of Flow :/ N\
- . e a | \ ) ]
—_ E o S N R
b 05 [ —~ 3

\Hinge Moment '
1T Balance os b NACA 23012m

2 F Commuter Wing .

1i PR B SR S S S RS SR BT R

Force Balance 0 0.2 0.4 0.6 0.8 1
xlc

Fig. 1: University of Illinois experimental setup. Fig. 48) NACA 23012m (a = 4.12°) and
commuter wing (a = 1.02°)

15—
S ]
.05 ;’/ e J
% r o / ]
Quorter Round +—mmm= [ e TRk D .. ]
of Tl \\_
BL. Trip 2 ]
N N L ]
0.5 E NLF 0414 7
oo Commuter Tail ]
1 P T RS T S S S S N S SR S SR

%%/////////////////////////////%I//////m oo e e 1

Fig. 4b) NLF 0414 (a =0.02°) and

Fig.22 NACA 23012m airfoil and spanwise commuter tail (a = 3.07°)

protuberance geometry.

Fig. 4: Clean-model surface pressure comparison. C, =
05

— NACA 23012m
-+~ Commuter Wing

Fig. 38) NACA 23012m and Commuter wing

NLF 0414
Commuter Tail

Fig. 3b) NLF 0414 and Commuter tail

Fig. 3: Geometry comparison of four airfoils tested at
Illinois.

8
American Institute of Aeronautics and Astronautics



2 , , . 15 e .
F —Clen 3 - I B
15 freeemy -o— x/c = 0.02 - 1p-= ]
[ ~@-xc=010 - ] [ ¢ ]
I --%--x/c=0.20 - - 1 05 [-e P S — - -
3 T = ] 2 Py X X %=X
E / ] F i o~ X X a3 e ) o]
~ 05 E =9 X-X ] — 0 E ‘L . xﬁ-xL .
0 : 2 @)
E SRXXTXTTRT ] XS o 1
: DT ] F 30 oX - Clen ]
of i 1 -05 % - xlc=002 ]
o '/’ ] S e x/c=0.10 b
.05 : o, : 1 : x x/c =0.20 :
- . b i 1
-10 -5 0 5 10 15 20 0 0.05 0.1 0.15
a(®) C,
Fig. 5a) NACA 23012m Fig. 6a) NACA 23012m
2 15
g 3 S Sl - - ]
15 F ] 1E l{ .
: R 2 R
1 A e 05 F-I b e <
e . . Ezmn o - ]
s R ] - o ixeo® %
O~ 05F J;j/x;o(‘"o ¥ = ] o O-§; oooxxx = Clean  roveeeeees -
F g% ~ 38 ] o X - — ]
ok A//(i/"g 2% = i os | to & X 5 i ]
—— Clean - -0. 4 B ............... -~
E 444“ - x/c=002 | J 3 ’sg_ X x/c=0.20 ]
E & © x/c=0.10 | ] b B ]
05 oA X x/c=0.20 | "] 1r ) ]
_l :I i1 114 I R 1 P T 1 11 11 i 11 I: _15 : I TR T TR T T T N 1 T T T T TR N T N 1 T T T T T N T N 1 :
-10 -5 0 5 10 15 20 0 0.05 0.1 0.15
a(®) C,
Fig. 5b) Commuter wing Fig. 6b) Commuter wing
2 1.5
b 3 . A T - ]
15 [ ] 1F __f .
E o/‘/“-\_ E E & o T & 4. X T aex -—...E
L a2 : 05 FS e B2 :
3 -2 -- 1 F I g i
o~ o5f l;:/;"'x st B 1 o~ oF 5 { 52"( ]
c Iﬁ{ ] S S ]
E , - a ] b %z,\‘ - Clen 1
°F > o oS I - x/c=002 ]
/ e XI0=0.10 ] E °  x/c=0.10 3
-05 F --X--x/c=0.20 = 1 F a0 1
-10 -5 0 5 10 15 20 0 0.05 0.1 015
a(®) C,
Fig. 5c) NLF 0414 Fig. 6¢) NLF 0414
2 1.5
o E o -~ ]
15 : e e
E - ] Eof ]
1| Y AN osf# B A -
3 _~ ] FE 0 ek X ]
O~ 05 E d{-§§&§§‘"§%ﬁ4 E o~ 0 E ‘i 7‘-'- Oo‘:xx E
E Fi;i?* S . TN - Clen ]
0F 5 o X/C=0.02 3 -05 F &K - x/c=0.02 .
E e 10 /=010 3 R > uEa ]
Y — ol -%--X/c=0.20 ..._.... £ 1 | 020 ]
5, [ S L1 L1 PP R i IR . -15 b IR B S T N T B PR R T R W PR R N R R A ]
-10 -5 0 5 10 15 20 0 0.05 0.1 015
a(®) C,
Fig. 5d) Commuter tail Fig. 6d) Commuter tail
Fig. 5. Effect ice ridge-ice location on lift. Re=1.8  Fig. 6: Effect of ridge-ice location on drag. Re= 1.8
million. million.
9

American Institute of Aeronautics and Astronautics



Fig. 7

01 .
0.05 S f
N RO PUTS SR S oy, SRNE
sttt NI AN \ ]
-005 E g_ - - e XX “ ]
; TlaaRiiee ]
01 F p— ]
F -=— x/c = 0.02 E
-0.15 @ x/c = 0.10
E --%--x/c = 0.20 ]
N33 ST SR BRI SR R A .
-10 -5 0 5 10 15 20
a(’)
Fig. 7a) NACA 23012m
01 , ! .
0.05 E = CI@ 1
r - x/c=0.02 E
oF °  x/c=0.10 ]
E X x/c=0.20 ]
-0.05 E e O g s g .. ]
E R gEg o= 0 * ]
E *XTe et E
-015 F = ]
_0.2:............ ............:
-10 -5 0 5 10 15 20
a(’)
Fig. 7b) Commuter wing
01 o T T ]
005 | - Clem :
g - x/c=0.02 ]
o ¢ x/c=0.10 ]
0r X x/c=0.20 .
005 F ]
;y- &zrgzgi:_ .r:ii*o) ;\5 — - 0—\\_ ]
01 F et 1t 1
3 2xffo ]
-0.15 F .
_02 :l 11 T ] T | T ] T ] 11 l:
-10 -5 0 5 10 15 20
a(’)
Fig. 7c) NLF 0414
0.1 r .
0.05
o _l :
B e i
U XG0 oo -]
t —a o Y e =
Y S e .
E e-x/c=0.10 < i
oY [ m— --%- - x/c=0.20 ]
Y] S I D D D P
-10 -5 0 5 10 15 20
a(’)
Fig. 7d) Commuter tail
Effect of ridge-ice location on pitching

moment. Re= 1.8 million.

0.1

0.05

-0.05

-0.1

-0.15

-0.2

oy
.

-

e

X

“ @ xic = 0.10

- Clean

T-e
X.
o Ke
—— x/c =002 “"g\f?fz&“"

i

--X--x/c=0.20

KN
o

0.1

0.05

-0.05

-0.1

-0.15

-0.2

-5 0 5 10 15
a(®)
Fig. 8a) NACA 23012m

n
o

EEREL Y
T——— o

g & S

X

., '—\
Q
—e— Clean X X X s
- -

< x/c=0.02 - <
° x/c=0.10 -'k'-

X x/c=0.20 =

KN
o

0.1

0.05

-0.05

-0.1

-0.15

-0.2

-5 0 5 10 15 20
a(®)
Fig. 8b) Commuter wing

- Clean
-=— x/c=0.02
=@ x/c=0.10

N --X--x/c=0.20 [

P S T S S T A Ly

g
o

0.1

0.05

-0.05

-0.1

-0.15

-0.2

-5 0 5 10 15
a()
Fig. 8c) NLF 0414

T

.i

i1
oK
i
mx
s

TTNSgE,

<

x\

Clean ~

x/c=0.02 iv -\\
Fagray]
[N
>

x5 ol

x/c=0.10
x/c=0.20

X o 11

g
o

-5 0 5 10 15
a(®)
Fig. 8d) Commuter tail

N
o

Fig. 8. Effect of ridge-ice location on flap-hinge

moment. Re= 1.8 million.

American Institute of Aeronautics and Astronautics



Clean lced

NACA 23012m —&— NACA 23012m
Commuter Wing —X— Commuter Wing
NLF 0414 - &— NLF0414
Commuter Tail +=-&--- Commuter Tail
16 C T T T T ]
14 E ]
oo e e e e e e e — —— ]
1.2 % 3
I ]
18 /
& ]
£ 08 m
o~ F A—.ﬁ.& i S ]
0.6 F \"'\-am...; .......... " ~~a 3
F . 1
o N ]
04 | ~ B
E X~ _ ]
02 F e 3
0 : 1 1 1 1 :
0 0.1 0.2 0.3 0.4 0.5

Ridge-I ce L ocation (x/c)

Fig. 9: Effect of ridge-ice location on maximum lift.
Re= 1.8 million.

1 T T T T
I Maximum Local Maximum Adverse  a(°) ]
L Air Velocity Pressure Gradient E
os = 0]
L = 3 A
L x‘x X»)( / g6
06 :l -X--9| ]
°y [ x \ Sl ]
04 fr o) N .
L X 1
:‘ o‘ B 3
02 | v ° 3
e - J\ -
otz TTTT¢T T v

0 R 3

[=)
-
o
N
o
w
o
IS
[=)
3

| ce Shape L ocation (x/c)

Fig. 10a) NACA 23012m

1 T T T T
I Maximum Local Maximum Adverse a)
i Alr Ve|0(:|t3$( X - b Pressure Gradient
08 X Ly TRl
o6 o

bCc
T
3
X
.t
(-]
-— -
[\
\
\
\
M B B B AR

0.4 [
o2fes_ 7 -
- - 0T I
0 VA N T N T T
0 0.1 0.2 0.3 0.4 05

| ce Shape L ocation (x/c)

Fig. 10b) Commuter wing

11

1 T T T T
[ Maximum Local Maximum Adverse  a(°) ]
[ Air Velocity l Pressure Gradient E
0.8 |- N
0.6 L X x % ]
_ [ x‘! S Tex X XL . T
8 i v x4 7 “/y
0.4 P l x o 4
0.2 ie_p/o"°"*"° e // .
L. o - - i
I '
o .S A P R S R 1
0 0.1 0.2 0.3 0.4 0.5

| ce Shape L ocation (x/c)

Fig. 10c) NLF 0414

1 T T T T
[ Maximum Local Maximum Adverse a(°)
[ Air Velocity Pressure Gradient
0.8
06 [

L S - X .
0.4 / XX Tox
) e - o @
/.o oo
1 L

pC
5

02f

AL

;f

&_ I

nnlnnnnl*nnnlnnnn

\

0 0.1 0.2 0.3 ! 0.4 0.5

| ce Shape L ocation (x/c)

Fig. 10d) Commuter tail

Fig. 10: Effect of ridge-ice location on lift loss.
1.8x10°.

-0.25 T T T T
L Maximum Local Maximum Adverse  a(%) ]
o2 [\ ¥ Air Velocity \L Pressure Gradient =5l ]
PR o
015 [ opoa ::x oy X9
g e f /z"-@-vf \ ]
R T ]
0w E S g R SRS
- / ]
[} < R B R B
0 0.1 0.2 0.3 0.4 0

I ce Shape L ocation (x/c)
Fig. 11a) NACA 23012m

-0.25 T T T T
L Maximum Local Maximum Adverse  a(%) ]
o2 X Air Velocity \L Pressure Gradient ]
Foxy ]
015 [ 4 }‘ S .
U | A ]
-0.1 :— 0\ - - X —:
Eo§ SN - - ]
005 fo - - ]
el — :
0 S T N
0.1 0.2 0.3 0.4 0

I ce Shape L ocation (x/c)

Fig. 11b) Commuter wing

American Institute of Aeronautics and Astronautics

Re =



-0.25

-0.2

-0.15

-0.1

-0.05

-0.25

-0.2

-0.15

-0.1

-0.05

Fig. 11:

0.1

0.08

0.06

1) 0.04

0.02

-0.02

0.1
0.08
0.06
0.04

0.02

-0.02 |-

-0.04

T T T T

[ Maximum Local Maximum Adverse  a(%) ]
N Air Velocity Pressure Gradient 1
EX T« E
[l A X b
i‘ ?x X %< _ 4
by . ]
C / S < 1
[ o o ]
Lo / e o - Tl 1
TRV % ° o aeg A
[ o B v _ ~..!
L. 31 _ _ - e 4
£V o= - - ]
L -—-— - ]
1 PSR S RRSR SR TS NS SR S S ST S S W M SRR
0 0.1 0.2 0.3 0.4 0.5

| ce Shape L ocation (x/c)

Fig. 11c) NLF 0414

a(’)

T T T
Maximum Local Maximum Adverse
Air Velocity Pressure Gradient

x
'
x

RER”
Tx
X

...".

.O\X
oo

‘.\ °

V.

\

l|o

|

IOX,

hl
<
§

o -

\

0.1 0.2 0.3 0.4
| ce Shape L ocation (x/c)

Fig. 11d) Commuter tail

o

Effect of ridge-ice location on drag increase.
Re = 1.8x10°.

T T T
\ l Maximum Local i Maximum Adverse
M Air Velocity Pressure Gradient

. " i:(. R
; ° 97_ ,-\*’;[;_\‘\9 <\x._‘,
'l J —

LS

I I T 101 1= T T T T T I

L
N T S
0 0.1 0.2 0.3 0.4 0.5
| ce Shape L ocation (x/c)
Fig. 128) NACA 23012
T T T T
Maximum Local iMaximum Adverse a(®)
Air Velocity Pressure Gradient —0

L
X f Tx
x L0~
o T
. . i

TR

<} T EETI EE T N EE FR NS RN N

6," o w7
R ..' - - \ Q
Z;X-/e’\"! -
L e
YRV TR T (NN TR Y NN TN [T TR TR SO SN Y T TR TN SO (Y SO S S
0 0.1 0.2 0.3 0.4 5

| ce Shape L ocation (x/c)

Fig. 12b) Commuter wing

0.1
0.08
0.06
0.04

0.02

-0.02

-0.04

0.1

0.08

0.06

R 004

0.02

o

-0.02

Fig. 12:

0.1
0.08

0.06

0.02

-0.02

0.1
0.08
0.06
0.04

0.02

o

t

-0.02

-0.04

T T T T
Maximum Local $ Maximum Adverse
Air Velocity Pressure Gradient

x

~4#'
. ‘e
<~ &
° x
° x
LR X
o
-]

AL L L ELLULE BRI B

(= VA7 A I W T N T

e
S o
'TT..l....|....|....|....
o ' o1 0.2 03 0.4 5
| ce Shape L ocation (x/c)

Fig. 12¢) NLF 0414
L Maxigum Local i Maximum Adverse a(’)
:.& Ai’f, W,»ﬂ N Pressure Gradient o

x AN

xA,
2
°

L B e
Tro

-~

0 = ‘071. = ‘072. - ‘073. = ‘074. - .0.5
| ce Shape L ocation (x/c)
Fig. 12d) Commuter tail
Effect of ridge-ice location on pitching

moment. Re = 1.8x10°.

T T T T
- Maximum Local Maximum Adverse a(®) g
L Air Velocity Pressure Gradient - 0 ]
.x - 3 4
[ XX e 6| ]
[ x-x g\o 0.0 & :_o‘. Teexe- --x:-_9 -4
b Tx x’fo e. . h
L @ o 3
o A~ l -
Lo T - J
L < ~ ]
Lo \ . o ]
B .
AN '_/ ]
L. T - A B

[S)
o
S

0.2 0.3
I ce Shape L ocation (x/c)

Fig. 13a) NACA 23012m

0.4

o
2]

T T T T
Maximum Local Maximum Adverse
Air Velocity Pressure Gradient

a(’)

X o
%
\
¥

0.1 0.2 0.3 0.4
| ce Shape L ocation (x/c)

Fig. 13b) Commuter wing

1
[< 3 I I I A I N

O

American Institute of Aeronautics and Astronautics



01 C T T T T
N Maximum Local Maximum Adverse
0.08 Air Velocity Pressure Gradient 1
0.06 } ‘E
0.04 F - o - -4
8 :’F/ X »,:v“"“ Ly .. - 1
0.02 -j/ Koyx - o K
E X 3
E .0 p
r. = s ’d < 0] ]
0 :?'9._/9 ™ S 3| 1
Mo e ™~ T ]
L = B -V 4
-0.02 :ﬁ --X--9| ]
L p
o Yo/ N I I I R I RIS B
0 0.1 0.2 0.3 0.4 0.5
| ce Shape L ocation (x/c)
Fig. 13c) NLF 0414
01 C T T T T ]
r Maximum Local Maximum Adverse a(®) ]
0.08 Air Velocity Pressure Gragient - =
C x -x 7 ]
0.06 | J . ]
C[x L e ]
_ oo fN T 3
] Erox o ]
002 F Lt - ]
F o P E
E o - ]
0oL - - ]
0o e ]
-0.02 }"‘\* —= -= - ]
o004 Lo v vty e
0 0.1 0.2 0.3 0.4 0.5

| ce Shape L ocation (x/c)

Fig. 13d) Commuter tail

Fig. 13: Effect of ridge-ice location on hinge moment.

Re = 1.8x10°.

-2 r T T T T ]
15 F x 7
1 :/ N 7
[ - J

E ~ E
o -05F — e
oo —_— T .

C ~

E Clean ]
sE ¢ Iced 3

1 i N | [ 1 1

0 0.2 0.4 0.6 0.8 1

Fig. 14a) NACA 23012m (a = 4°)

15 | '
1E S— ':
Clean —E
loed
1 1 I 1
0.4 0.6 0.8 1
xlc
Fig. 14b) Commuter wing (a = 1°)
-2 N T T T T
15 | 3 ]
a1 E ]
0% 05 EoT ‘ ]
B Clean | | = -
o5 Iced 3
1 1 1 | 1
0 0.2 0.4 0.6 0.8 1
xlc
Fig. 14c) NLF 0414 (a = 0°)
-2 N T T T T
15 - 3
A F . ]
N — - ]
0% -05 a e 3
o L e T e ]
3
0.5 | Clean —-
loed
1 1 1 M| 1
0 0.2 0.4 0.6 0.8 1
xlc

Fig. 14d) Commuiter tail (a = 3°)

Fig. 14: Effect of ridge ice on surface pressure
distribution. Ridgeiceat x/c=0.10. Re=1.8
million. Clean model C, = 0.5.

American Institute of Aeronautics and Astronautics



