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Investigation of Factors Affecting Iced-Airfoil Aerodynamics

Sam Lee* and Michael B. Bragg’
University of lllinois at Urbana-Champaign, Urbana, Illlinois 61801

A summary of the effects the ice-accretion geometry, size, and location; the airfoil geometry; and the flight
Reynolds number on iced-airfoil aerodynamics, based on the findings of the recent University of Illinois investiga-
tions, is presented. Four airfoils were tested with simulated glaze-ice horn and spanwise ridge ice. Increasing the ice-
shape height generally resulted in more severe performance degradation. The exception was when the ice shape was
located at theleading edge of the airfoil, where increased ice-shape height did notsignificantly degrade performance.
Varying the leading-edge radius of glaze-ice horn did not have a large effect on airfoil performance. The variations
in the geometry of the simulated ridge ice had some effect on airfoil aerodynamics, with (of the shapes tested) the
half-round shape having a significantly higher maximum lift. Iced-airfoil aerodynamics were relatively insensitive
to Reynolds number variations. Large differences in iced-airfoil aerodynamics were observed between different
airfoil geometries. The findings showed that an airfoil’s sensitivity to ridge-ice accretions (which usually forms
between 10 and 20% chord) was largely dependent on its load distribution. The airfoil that was very front-loaded,
with large leading-edge suction, had the most severe performance degradation due to this type of ice accretion.

Nomenclature

Cy drag coefficient
Cy clean drag coefficient of clean airfoil
Cyicea = dragcoefficient of iced airfoil
C, = flap hinge-moment coefficient
C, = lift coefficient
Ciaean = lift coefficient of clean airfoil

1icea = lift coefficient of iced airfoil

Imax = maximum lift coefficient
Cn = pitching-moment coefficient
C, = pressure coefficient
Cpmin = minimum pressure coefficient
c = model/airfoil chord length
k = protuberanceheight
M = Mach number
Re = Reynolds number
r = protuberanceradius
s = model/airfoil coordinate in surface length
t = airfoil thickness
X = model coordinate in chordwise direction
w = protuberancebase width
o = angle of attack
ACy = (Cy.cean — Ca.icea) at same angle of attack
AC = (C cean — Ciicea) at same angle of attack

Introduction

HE critical ice accretion is usually described as the ice forma-

tion that causes the maximum degradation in aircraft perfor-
mance and control. However, accurately determining a critical ice
accretion for an aircraft is difficult because the effects of a particu-
lar ice accretion on aircraft aerodynamics are dependent on several
factors: the ice-accretion geometry, size, and location; the airfoil
geometry; aircraft three-dimensional configuration; phase of flight;
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and the flight Reynolds and Mach numbers. Determining the rela-
tionship between these parameters and their effects on iced-aircraft
aerodynamics can lead to an accurate prediction of the critical ice
accretion for a particular aircraft, as well as flight conditions to be
used in the certification process. Other benefits include incorporat-
ing this relationship in the design phase of an airfoil or wing of an
aircraftto minimize the sensitivity to icing, as well as improving the
accuracy of computational models.

Recent studies at the University of Illinois (Illinois) have at-
tempted to identify the effects of these parameters on iced-aircraft
aerodynamics. Lee and Bragg,!'? Lee,® and Lee and Bragg* stud-
ied the effects of simulated ridge ice [typically formed in super-
cooled large droplet (SLD) icing encounters when the ice accretes
downstream of the deicing system] on airfoil aerodynamics. The
simulated ice shapes were tested on the NACA 23012m (a modi-
fied version of NACA 23012),the NLF 0414, and the airfoil sections
from a turbopropcommuter aircraftcurrently in service. There were
large differencesin the iced-airfoilaerodynamicsin the four airfoils
tested. The most severe performance degradations were observed
for the NACA 23012m, with a C; . as low as 0.25 for the ice
shape with a k/c =0.0139. The effects of the simulated ice shapes
were least severe on the NLF 0414, with the lowest C; .« of 0.68
for the identicalice shape. The effects of ridge ice on the commuter
wing and tail airfoils fell in between. The severity of the perfor-
mance degradation was strongly linked to the location of the ridge
ice. Again, the exact nature of the linkage depended greatly on the
airfoil geometry. The aerodynamic penalties (in C;, Cy, C,,, and
C)) were shown to become more severe as the k/c increased from
0.0056 to 0.0139.

Kim and Bragg® reported findings on a systematic study of the
effect of simulated leading-edge ice-shape geometry on the NLF
0414 airfoil. The ice shapes tested were designed to simulate a sin-
gle glaze-ice horn with variations in the leading-edge radius, size,
and airfoil surface location. The objective of this research was to de-
termine the sensitivity of iced-airfoilaerodynamicsto ice-shape ge-
ometry. They determinedthatice-hornleading-edgeradiushad only
a small effect on airfoil aerodynamics. However, the aerodynamic
performance was very sensitive to ice-shape size and location. An
almostlinearrelationshipbetweenlossin maximumliftandice-horn
location was found, with the largest loss at the furthestlocation back
ontheuppersurface. Reynoldsnumber was foundto havelittle effect
on the aerodynamicresults on the airfoil with simulated ice shapes.

The purpose of the current paper is to provide a summary
of the effects of the ice-accretion geometry, size, and location;
the airfoil geometry; and the flight Reynolds number on iced-
airfoil aerodynamics based on the findings of the recent Illinois
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investigations. When appropriate, the Illinois data will be supple-
mented by (or compared to) the data that currently exist in the liter-
ature to provide a more complete analysis.

Experimental Setup

Two-dimensional airfoil testing was performed in the University
of Illinois 3 x 4 foot Subsonic Wind Tunnel. A detailed description
of the experimental methodology is provided in Ref. 3. Four 18-in.
chord airfoil models were used: a NACA 23012m model (described
in more detail in Ref. 6), an NLF 0414 model, and wing and tail
airfoil section models from a commuter aircraft currently in ser-
vice. The wing airfoil was a modified NACA 63A415, and the tail
airfoil was a modified NACA 63A213. A 25% chord simple flap
was presenton the NACA 23012m and NLF 0414 models (with the
hinge located at x /¢ =0.775). The two commuter models did not
have flaps.

The model was attached to a three-component balance that was
also used to set the angle of attack. A 0.03-in. gap was present be-
tween the model and the floor/ceiling. All of the models had surface
pressure taps to measure the pressure distribution. A traverseable
wake rake was used to measure the wake pressures, from which the
drag was determined.

The lift coefficient C; and pitching moment coefficient C,, (about
the airfoil quarter-chord) measurements were derived from both the
forcebalanceand the surface pressuremeasurements. The integrated
surface pressure measurements were used whenever possible be-
cause they were generally more accurate due to lower uncertainties
(as shown in Table 1). However, because the ice-shape simulations
were not instrumented with pressure taps, force balance measure-
ments were used when the ice shapes were tested near the leading
edge of the models. Indications of whether the data were obtained
from the force balance or the surface pressures will be given later.
The drag coefficient C; measurements were taken with the wake
rake. All of the aerodynamic coefficients were corrected for wall
effects using the method described by Rae and Pope.” Shown in
Table 1 are the uncertainty estimates of the aerodynamic coeffi-
cients for a typical data point. The case shown is that of the NACA
23012mmodel with 0.25-in.ridge-icesimulationatx /¢ = 0.10. The
model was ato = 5 deg with zero flap deflectionand Re = 1.8 x 10°.

The simulated ridge-ice shapes used by Lee and Bragg,'* Lee,?
and Lee and Bragg* were constructed from wooden forward-facing
quarter-round shapes of k/c=0.0056, 0.0083, and 0.0139. The
k/c=10.0139 shape on the NACA 23012m is shown in Fig. 1. The
simulations maintained constantsize and shape over the entire span.
The boundary layer was tripped at x /¢ = 0.02 on the upper surface
and at x /c =0.05 on the lower surface to simulate the residual ice
typically found over the airfoil ice protection system.

Table1 Experimental uncertainties for the NACA 23012m
model with 0.25-in. ridge-ice simulation located at x/c = 0.10:
a=5deg,Re=1.8 X 10%, and M =0.18.

Aerodynamic Reference Absolute Relative
coefficient value uncertainty uncertainty,%
C; pressure 0.282 1.53x 10793 0.54

C; balance 0.295 1.55x 10793 0.53

C 4 wake 0.158 1.47 x 10793 0.93

C,, pressure —0.0787 6.87 x 10794 0.87

C, balance —0.0791 3.93 x 107% 0.50

Quarter Round
B.L. Trip

%7%

Fig. 1 NACA 23012m airfoil and spanwise protuberance geometry
used by Lee and Bragg.!

SNy

/w=0
99° ”[l
f L ww=025
~k=117in
k=1.80in T 1k=0'54m
t L] - 0 /w = 0.50
w=094in—~ |-
W=0.61in4—] L JLw=o.28m
K/c=0.0667 kic=00433 kic=0.0200

29°
30°
20 ig
7@006 s/ =0.017

~ 54°
390 jv £ de=0012 ¥ sl =0034

Fig. 2 Simulated glaze-ice shapes and NLF-0414 model used by Kim
and Bragg.’

A scale drawing of the simulated leading-edge ice shapes and
the NLF 0414 model used by Kim and Bragg® is shown in Fig. 2.
These simulations maintained constant size and shape over the en-
tire span as well. The simulated ice was tested in three heights:
k=12 (k/c=0.0667), k=0.8 (k/c=0.044), and k=0.4 in.
(k/c=0.0222). The simulated ice shapes were tested at six differ-
ent surface locations between s /c = 0.012 on the lower surface and
s /¢ =0.034 on the upper surface (which corresponded to horn an-
gles from —50 to +60 deg). The simulated leading-edge glaze-ice
geometries were determined from averaging geometry data from
a set of actual ice accretions collected from a test at the NASA
Glenn Icing Research Tunnel® Leading-edge glaze-ice accretion
usually consists of an upper- and a lower-surface horn. However,
only the upper-surfaceice-accretion geometries were simulated for
this research.

Results and Discussion

Brumby’ provideda generalizedsummary of the effects of rough-
ness (including icing) on the airfoil maximum lift. This summary
showed the relationship between the airfoil maximum lift and the
surface disturbance height/location as derived from the existing
wind-tunnel data at the time. It showed that increasing the pro-
tuberance height and moving it toward the leading edge resulted in
increased performance degradation. The relationship was derived
primarily form roughness and leading-edgeice simulations. Recent
investigations, however, have revealed that this relationship is not
valid for large ice accretions.

Effects of Ice-Shape Height

Jacobs!® reported the effects of various spanwise protuberance
heights and locations on the NACA 0012 airfoil. Although these
were not tested as ice-shape simulations, the effects on airfoil per-
formance degradation would have been similar to that of ridge ice.
The effect of the protuberanceheighton C; . exhibiteda strong de-
pendenceon the ice-shapelocation, (Fig. 3). When the protuberance
was at locations other than the leading edge, the C; . decreased
with increasingprotuberanceheight. When the protuberance was lo-
cated at the leading edge, the C; n.x decreased with increasing k/c
until k/c=0.005. When the size of the protuberance was further
increased, it had little additional effect on C; ..
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Fig. 3 Variation of maximum lift with spanwise protuberance height
on NACA 0012: Re =3.1 x 10° (Ref. 10).
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Fig. 4 Variation of maximum lift with simulated ridge-ice height on
NACA 23012m: Re = 1.8 x 10° (data from pressure measurements).
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Fig. 5 Variation of maximum lift with simulated glaze-ice height on
NLF 0414: r/w =0.25 and Re=1.8 X 10° (data from balance measure-
ments).

Similar behavior was observed on both the simulated ridge ice
shapes (Fig. 4) and the leading-edge glaze-ice shapes (Fig. 5) tested
at Illinois. Figure 4 shows that when the ridge ice was at and down-
stream of x/c =0.02, increasing the height resulted in decreased
Cimax- When the ridge ice was at the leading edge, increasing
the height from k/c =0.0056 to 0.0139 had little effect on C; 4.
Figure 5 shows that when the simulated glaze ice was at the lead-
ing edge, increasing the height from k/c =0.02-0.067 had almost
no effect on C; . However, at all other locations, increasing the
glaze-ice height resulted in decreased C; .

This effect can be examined in more detail through the lift- and
pitching-momentplots in Figs. 6a and 6b. Figure 6 shows the effects
of simulated ridge ice of various heights (at the leading edge) on lift
and pitching moment on the NACA 23012m. Note from Figs. 6 that
the height of the simulated shapes made very little difference on the
airfoil performance when they were located at the leading edge. The
C).max Vvaried by less than 10%, even though the height was almost
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Fig. 6 Effect of simulated ridge ice of various heights at the leading-
edge location on the NACA 23012m: Re = 1.8 X 10° (data from pressure
measurements).
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Fig. 7 Effect of simulated ridge ice of various heights at x/c =0.10

location on the NACA 23012m:Re =1.8 x 10° (datafrom pressure mea-
surements).

tripled. The break in the pitchingmoment (which indicated the onset
of stall) for all three heights occurred at 12 deg.

Figure 7 shows the lift data with the simulated ridge ice lo-
cated at x/c=0.10. The effects of increasing ice-shape height
were much more pronounced. The differencein C; ,,,x between the
k/c=0.0056 and 0.0139 shapes was 0.4. Also, increasing the ice-
shape height from k/c =0.0056 to 0.0139 decreased the angle at
which the break in C,, occurred from 5 to —1 deg.

The height effects were similar for the glaze-horn shapes on the
NLF 0414.Figure 8 shows the lift curve with the simulated glaze ice
at the leading edge, and Fig. 9 shows the same at s /¢ =0.034. As
shown in Fig. 8, height variations at the leading edge did not cause
any appreciablechangein C ,,x, whichremainednear 1.1 regardless
of height variations (C; p.x =1.12 fork/c =0.02, C; ,.x = 1.09 for
k/c=0.0433, and C; . = 1.10 for k/c =0.0667). The same was
true for o, which remained at « = 9-10 deg. However, there was
a large incremental change in C,, caused by the variation in height,
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Fig. 8 Glaze-ice simulation height effects on NLF 0414: s/c =0.00,
riw=0.25,and Re =1.8 x 10° (data from balance measurements).
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Fig. 9 Glaze-ice simulation height effects on NLF 0414: s/c =0.034,
riw=0.25,and Re =1.8 x 10° (data from balance measurements).

with the pitching moment increasing as the ice height increased for
0 <o <10 deg. At « =9 deg, the k/c =0.0667 shape resulted in
C,, =—0.005; k/c=10.0433 shows C,, =—0.013, and k/c =0.02
shows C,, = —0.031. This was due to the changes in the flowfield
and the effective lengtheningof the airfoil chord due to the presence
of the ice shape.

At 5/c=0.034, the ice-shape height made a significant differ-
ence in C; . and oy, as shown in Fig. 9. With k/c =0.0667, the
Cimax =0.43 and o = 1 deg, which was only about 32% of the
clean C; .« and 12 deg less than the clean oy, . The k/c =0.0433
and 0.02 shapes show C; ,.x values of 0.56 and 0.72, respectively,
and o, values of 3 and 5 deg, respectively.

All of the data showed thatincreasing the ice-shape height gener-
ally resulted in more severe performance degradations. The excep-
tion to this was when the ice shape was located at the leading edge
of the airfoil. After a critical height was reached, further increases
in the height did not significantly degrade the performance.

Effects of Ice-Shape Geometry

The glaze horn shapes tested on the NLF 0414 had varying horn
radii,as shownin Fig. 2. All of the cases tested had a constantheight-
to-baseratio of 3.12. For these shapes, the hornradius had very little
effect on the iced-airfoil performance. Figure 10 shows the effects
of the k/c =0.0433 glaze-ice horn radius on C; 1. It shows that
roundingthe hornincreased C; ,,,x only slightly. The effectsbecame
slightly more pronouncedbecause the ice shape was located further
away from the leading edge. When the ice shape was located at
the leading edge, the C; .« remained nearly identical as r/w was
increased from 0 to 0.50. The largest increase in C; ,,x occurred
when the ice shape was located furthest from the leading edge (at
s/c=0.034), but this was only a 0.07 increase. The effects of horn
leading-edgeradius were studied for differentice-shape heights as
well and were found to be relatively insensitive to the ice-shape
height effects.
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Fig. 10 Glaze-ice simulation horn radius effects on NLF 0414:
kic=0.0433 and Re =1.8 X 10° (data from balance measurements).
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Fig. 12 Effect of simulated ridge-ice geometry on lift (NACA 23012m):

kic =0.0139 simulation height, Re = 1.8 x 10° (data from pressure mea-
surements).

Lee and Bragg! studied the effects of different types of ridge-ice
geometries on the NACA 23012m, as shown in Fig. 11. In addition
to the forward-facing quarter-round, the backward-facing quarter-
round, half-round,and forward-facingramp were tested as well. The
ramp shape had a base length-to-heightratio of 3.

Figure 12 shows the effect of various ridge-ice geometries (as
shown in Fig. 11) on lift. All of the simulations shown in Fig. 11
had k/c =0.0139 and were located at x /c =0.10. Figure 12 shows
that varying the ridge-ice geometry did have measurable effects
on lift, although they were not usually very large. The forward-
facing quarter-round had C; ,,, of 0.27, whereas the backward-
facing quarter-round has a C; . of 0.34. The backward-facing
quarter-round had only a slightly less severe effect on lift than the
forward-facing quarter-round, even though the side facing the flow
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was much more streamlined. The half-round had a significantly
higher C; max (0.58) than the backward-facing quarter-round, even
though they had an identical forward face exposed to the flow. Thus,
the geometry of the downstream side can have a significant effect
on lift. However, this was the case only when the face exposed to
the flow is streamlined (such as with the backward-facing quarter
round and the half-round). Figure 12 shows that the forward-facing
quarter-round and the ramp shape had nearly identical lift curves,
even though they had very differentdownstreamsides. Thus, for the
two shapes with very blunt forward faces, the shape of the backward
face was not as important (for the shapes tested).

Reynolds Number Effects

When the Reynolds number of a clean airfoil is increased,
the C; .x typically increases as well. This change in C; ,,x With
Reynoldsnumber can be quite significanton some airfoils. However,
on an airfoil with simulatedice, this large effect of Reynoldsnumber
has not been observed. Airfoil experiments with surface roughness
indicated that once a critical Reynolds number is reached, C; .«
becomes relatively insensitive to further increases in the Reynolds
number. This is important because wind-tunnel tests with simulated
iceshapesare typically performedat a Reynoldsnumber much lower
than that encounteredin flight.

Morgan et al.!! tested frost and ice-shape simulations on a high-
lift airfoil in cruise configuration, with the Reynolds numbering
varying from 2.8 x 10% to 1.2 x 107. They observed that the max-
imum lift of the iced airfoil varied by less than 10%, even in this
wide range of Reynolds numbers.

Similar results were observed in the Illinois data, although the
range of Reynolds numbers tested was much lower. Figure 13 shows
the cleanandiced-airfoildata for the NLF 0414 at Reynoldsnumbers
of 0.5x10° 1.0x 10°, and 1.8 x 10°. On the clean airfoil, the
C.max varied greatly with Reynolds number, even in this limited
range. The C; .« for 0.5 x 10 case was 1.12, whereas C; ., for
the 1.8 x 10° case was 1.35, a difference of 20%.

With the addition of the simulated glaze ice, these Reynolds
number effects were greatly reduced. Figure 13 shows the lift
curves among the three Reynolds numbers tested were virtually
identical. The C; nax for the Re =0.5 x 10° case was 1.10, for the
Re=1.0 x 10° case was 1.12, and for the Re = 1.8 x 10° case was
1.09 (a maximum difference of 3%). Therefore, AC; ,,.x between
clean and iced configurations may vary with Reynolds number, but
the actual C; . of the airfoil with the glaze-ice shape remained
consistent at least within this Reynolds number range. Similar in-
sensitivity to Reynolds number effects were also observed for drag,
pitching moment, and flap-hinge moment.

Figure 14 shows the same trend for the simulated ridge ice on
the NACA 23012m. When the Reynolds number was varied from
1.0 x 10° to 1.8 x 10°, the change in C; . Was less than 0.02 for
the iced cases, indicating insensitivity to the Reynolds number in
this range.

Recent studies by Papadakis et al.'> and Broeren et al.!?
also showed relative insensitivity of iced-airfoil aerodynamics to
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Fig. 13 Reynolds number effects for simulated glaze ice on NLF 0414:
riw=0.25,s/c =0.0,and k/c =0.0433 (data from balance measurements).
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Fig. 14 Reynolds number effect: NACA 23012m, simulated ridge ice,
klc =0.0139 (data from pressure measurements).
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Fig. 15 Effect of protuberance location on maximum lift: NACA
0012; roughness, Re = 2.88 x 10° (Gregory'#); and protuberance Re =
3.1 x 10° (Jacobs'?).

variations in the Reynolds number. Papadakis et al.!? tested span-
wise spoilers to simulate ice accretion on a NACA 0011 model.
The results show that as the Reynolds number was increased from
1.36 x 10° to 2.46 x 10%, the effect on the lift curve was generally
lessthan5%. Theseresults were nearlyidenticalto thatof the NACA
23012m(Fig. 12). Broerenetal.'* tested simulated intercycleice ac-
cretions (ice that forms between the deicing boot cycles) on a NACA
23012 airfoil in a pressurized wind tunnel. Both the Reynolds and
Mach numbers were controlled in this study. Significant changes in
ice-airfoilaerodynamics were not observedas the Reynolds number
was varied from 2 x 10° to 1.05 x 107 (at constant Mach number).
However, there were slight changes as the Mach number was varied
from 0.10 to 0.28 (at constant Reynolds number). This suggested
that any slight Reynolds number effect observedin previous studies
may have been due to changes in Mach number because this was
not held constant.

An implication of the insensitivity of the two-dimensional iced
airfoil to the increases in the Reynolds number is that the wind-
tunnel data generated at relatively low Reynolds number (less than
2 x 10%) can be applied to flight Reynolds number (over 6 x 10°)
because the results will not vary significantly. Also, this indicates
that when the full-size ice shape/airfoil is to be scaled down to be
tested using a smaller airfoil at lower Reynolds number, the proper
ice-shape scaling is the geometric scaling of k/c.

Effect of Ice-Shape Location

It has previously been assumed that the most critical location
(in terms of performance degradation) for the ice accretion was the
leading edge of the airfoil” This assumption, however, was largely
based on distributed roughness studies that showed that the most
severe degradations occurred when the roughness distribution was
started at the leading edge of the airfoil.

However, recent Illinois investigations, as well as further analy-
sis of previous experiments, have shown that, for ice accretions, the
most critical location is not necessarily the leading edge. Figure 15
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Fig. 16 Summary of maximum lift with simulated ridge ice of var-
ious heights: NACA 23012m and Re=1.8 X 10° (data from pressure
measurements).

shows the effectof spanwise protuberancelocation on the maximum
lift on the NACA 0012 (as reported by Jacobs!?). Also plotted in
Fig. 15 are the surface roughness results as reported by Gregory
and O’Reilly.!"* Figure 15 shows that the most critical protuber-
ance location depends largely on the size. For protuberances of
k/c <0.001(typical size of roughness), the most critical location
was the leading edge. For larger protuberances, the most critical
location appears to be between x/c =0.05 and 0.15. Because the
tests were only conducted at five chordwise locations, the precise
location could not be determined. There also appearsto be a trend of
the most critical location moving upstream with the decreasing pro-
tuberance height. Again, this is not conclusivefrom Fig. 15 because
of the sparseness of the data.

The Illinois tests' with simulatedridge ice on the NACA 23012m
airfoil yielded similar results. The ice shapes were simulated using
a forward-facingquarter-round,as shownin Fig. 1. Figure 16 shows
a summary of the C; .x on the NACA 23012m with simulated ridge
ice at various chordwise locations. The simulated ice shapes were
tested at many more chordwiselocationsthan was done previouslyto
locate the most critical locations precisely. Also shown in Fig. 16 is
the summary of C . With 16-gritroughness (k/c =0.0014). First,
note that there are no C; ., results shown between x/c =0.14 and
0.30 for the k/c =0.0139 ice shape. This was because a distinct
C) max 1n the traditional sense was not observed at these locations
for this ice shape. Instead, there was simply an inflection in the lift
curve when the flow downstream of the ice shape had become fully
separated. However, the flow ahead of the ice shape was still fully
attached, increasing lift with increasing angles of attack (although
at a much reduced rate).

On the NACA 23012m, the most critical location for the ice shape
was not at the leading edge, but at x /¢ =0.14 (for k/c =0.0139),
x/c=0.12 (for k/c =0.0083), and x /c = 0.10 (for k/c = 0.0056).
When the ridge ice was located upstream of this location, the sepa-
ration bubble that formed downstream of the ice shape was not very
large. (It is important to distinguish this bubble from the classic
laminar separation bubble that forms on airfoils at low Reynolds
numbers. Structurally, it is more similar to a recirculation region
downstream of a backward-facing step.) This was because the ice
shape was located in a favorable pressure gradient, ahead of the
pressure recovery. When the ridge ice was located downstream of
this location, a significant amount of lift was still generated from
the attached region upstream of the ice shape. When the ridge ice
was located in the critical location of x /c =0.10-0.14, the separa-
tion bubble that formed downstream of the ice shape eliminated the
largeleading-edgesuctionpeak of the cleanmodel, from which most
of the lift on the NACA 23012m was generated. This is explained
in greater detail by Lee and Bragg.!

Figure 16 shows that the most critical location moves upstream
with decreasingice-shapeheight, butthat the shift was notlarge over
this size range. For the distributed roughness (with k/c =0.0014),
the most critical location was at x/c =0.02, much closer to the
leading edge. This was because the distributed roughness had an

effect that was quite different than that of the ridge ice. The ridge
ice induced early stall through the formation of a separation bubble
that grew rapidly with increasing angle of attack. The roughness,
however, extracted momentum from the boundary layer, resulting
in early transition and separation. Because of this, the largest loss
in momentum occurred when the roughness was located near the
leading edge (which coincided with the lowest C; .4 ).

Bowden'> speculated that the most critical ice-accretionlocation,
in terms of drag increase, was the location of the maximum local air
velocity (or C,, in) of the clean airfoil. Lee and Bragg! speculated
thatthe ice accretion would extractthe greatestamount of boundary-
layer momentum at this location. Similarly, they also thought that
the most critical ice-accretion location, in terms of lift and pitching
moment, was closely related to the location of C,, i, and the max-
imum adverse pressure gradient downstream of C, i,. The large
performance degradations due to ice accretion are primarily due
to the large separation bubble that forms downstream of the ice. It
was believed that the largest separation bubbles would form when
the ice accretion was located near the location of C,, i, placing
the separation bubble in the region of maximum adverse pressure
gradient.

A new analysis of Jacobs’s data'® and the Illinois results of Lee
and Bragg! showed that, for NACA 0012 and NACA 23012m air-
foils, the critical ice-accretion location was often related to the lo-
cation of C,, i, and the maximum adverse pressure gradient.

Figure 17 showsthe AC, (liftloss due to the k/c =0.0014 rough-
ness and k/c =0.0139 ridge ice when compared to the clean airfoil
at the same angle of attack) on the NACA 23012m. Each curve
represents a fixed angle of attack, and the spanwise protuberance
locationis depicted on the x axis. Also shown in Fig. 17 by the solid
arrows are the locations of maximum local air velocity (or C, in) of
the clean airfoil for each angle of attack. The open arrows are the lo-
cation of the maximum adverse pressure gradient (also of the clean
airfoil). The most critical location of the roughness varied between
x/c=0.02 for o =3 deg to x /c =0.06 for « = 8 deg. For the ridge
ice, the most critical location was between x /c =0.10 and 0.12 and
did not vary significantly with angle of attack. For the roughness, the
most critical location appeared to be slightly downstream of the lo-
cation of the maximum local air velocity. For the ridge ice, the most
criticallocation was situated between the locations of the maximum
local air velocity and the maximum adverse pressure gradient. Thus,
it did appear that the most critical simulated ice-shape location was
related to these flow features.

Figure 18 shows the drag increase due to roughness (k/c=
0.0014) and spanwise ridge-ice simulation (k/c =0.0139) on the
NACA 23012m. It shows that the most critical location moved up-
stream with increasing angles of attack and closely coincided with
the location of the maximum local air velocity. This appeared to
validate the observation reported by Bowden.!

The results from the NACA 0011 and NACA 23012m showed
that, for these two airfoils, the ridge-ice location that resulted in the
most severe performance degradation was related to the location of
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Fig. 17 Lift loss due to surface roughness (k/c =0.0014) and simulated
ridge ice (k/c =0.0139): NACA 23012m and Re =1.8 x 10° (data from
pressure measurements).
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Fig. 19 Geometry comparison of four airfoils tested at Illinois.

the maximum local air velocity and the maximum adverse pressure
gradient of the clean airfoil. In fact, the most critical location in
terms of drag coincided very well with the location of the maximum
local air velocity. However, tests with other airfoils showed that this
relationship did not exist for other types of airfoils.

Effect of Airfoil Geometry

In the preceding section, it was shown that the aerodynamic ef-
fects of protuberance on the NACA 0012 and the NACA 23012m
were very similar. This is not surprising, because although NACA
23012m is cambered and NACA 0012 is not, they have identical
thickness distributions !® It was shown by Lee and Bragg* that the
effects of simulated ice can depend greatly on airfoil geometry.
Those results are reviewed and explained in this section.

Identical ridge-ice geometry (the forward-facing quarter-round)
was tested on four airfoils: NACA 23012m, NLF 0414, and wing
and tail airfoil sections from a commuter-class aircraft currently in
service. The geometries of these airfoils are shown in Fig. 19. The
commuter wing was the thickest airfoil tested (1/c=0.16). The
commuter tail was the thinnest airfoil (#/c =0.11). The commuter
wing and NLF 0414 were highly cambered, whereas the NACA
23012m and the commuter tail were only moderately cambered.

The different aerodynamic characteristics are very apparent in
the measured clean-model surface pressure distribution of Fig. 20.
In Fig. 20, the surface pressures are compared at nearly identical
lift coefficients of 0.5. Because of varying degree of camber, each
airfoil was atadifferentangle of attack. On the NLF 0414 and NACA
23012m, there was a pressure discontinuity near x /¢ =0.76 due to
the flap gap on the models. This was not present on the commuter
wing and tail sections because these models were not flapped.

The NACA 23012m has a very large suction peak (with C, yin =
—1.4) centerednear x /¢ = 0.08. There was a severe pressure recov-
ery (with very adverse pressure gradient) from x/c = 0.08-0.22.

s ——NACA 23012m
S Commuter Wing ]
1 : : ‘ }
0 0.2 0.4 0.6 0.8 1

x/¢
a) NACA 23012m (o =4.12 deg) and commuter wing (o =1.02 deg)
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b) NLF 0414 (o =0.02 deg) and commuter tail (oo =3.07 deg)

Fig. 20 Clean-model surface pressure comparison, C; = 0.5.

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 air-
foil at this angle of attack, with a C), ;, value of —0.93 located
at x/c=0.23. Because a large suction peak was not present, the
pressure recovery was very gradual, with a nearly constant pressure
gradient extending from x /¢ =0.25 to 0.80. The pressure gradient
became more adverse between x /¢ = 0.80 and the trailing edge.

The NLF 0414 had a nearly constant C,, between x /¢ = 0.04 and
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.

The commuter tail airfoil was similar to the NLF 0414 in that the
C, was relatively constant (with a slight adverse gradient) between
x/c=0.03 and 0.45, with most of the recovery occurring between
x/c=0.45 and the trailing edge. Because the pressure recovery
region on the commuter tail was larger than on the NLF 0414, the
adverse pressure gradient was not as severe.

Figure 21 shows a summary of C; ., asa functionof the ridge-ice
location for the four airfoils tested. The airfoil models were tested
with ice shapes located as far downstream as midchord. However,
only the data points for which a clear C; ,,,x existed are shown.
As stated earlier, on the NACA 23012m, a C, ,,,« in the traditional
sense was not observed when the ridge ice was located between
x/c=0.14 and 0.30. Figure 21 shows that, generally, moving the
ridge ice downstream resulted in larger degradations of maximum
lift (the exception being the NACA 23012m). For all four airfoil
models, the highest C; .« Was observed when the ridge ice was lo-
cated at the leading edge. The NACA 23012m was most sensitive to
the ridge-ice location in the first 15% chord. This was followed by
the commuter wing, the commutertail, and the NLF 04 14. There was
little variation in C; .« When the ridge-ice location was varied be-
tween x /¢ = 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 /¢ =0.02 to 0.20 caused significant reductions
in the maximum lift.
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Fig. 21 Effect of ridge-ice location on maximum lift: k/c =0.0139 and
Re =1.8 x 10° (data from pressure measurements).
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Fig. 23 Effect of ridge-ice location on drag increase; Re=1.8 x 10°
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a =0, and commuter tail o =3 deg.

Figures 22 and 23 show the effect of the ridge-ice locationon the
change in the integrated coefficients from the clean model values.
Figure 22 shows AC; (C cean—Cl.icea), OF the lift loss compared to
the clean airfoil, due to the simulated ridge ice. Each curve repre-
sents a fixed angle of attack, and the simulated ice-shape location is
depictedon the x axis. The angle of attack shown for the four airfoils
correspondedto that of the clean airfoil at a nominal C; value of 0.50
to provide a fair comparison. Shown in Fig. 22 by the solid arrows
are the locations of maximum local air velocity, or C,, v, (of the
clean airfoil), for each angle of attack. The open arrows are the lo-
cation of the maximum adverse pressure gradient (also of the clean
airfoil). On the NACA 23012m, the largest lift loss occurred when

the ice shape was located at x/c =0.12 and was located between
the maximum local air velocity and the maximum adverse pressure
gradient. The x /¢ =0.12 ice-ridge location was near the same x /¢
location that produced the lowest C; ., as shown in Fig. 21.

On the commuter wing, the maximum local air velocity was lo-
cated at x/c =0.20. The maximum adverse pressure gradient was
located at x /¢ =0.90 and is not shown in Fig. 22. Moving the ridge
ice downstreamincreased the loss in lift. This trend continued as far
off (x /c =0.50) as the simulated ridge ice was tested.

On the NLF 0414, the maximum local air velocity was located at
x/c=0.55,and the maximumadverse pressure gradientwas located
atx/c =0.75. Neither of these locations is shown in Fig. 22. When
the ridge ice was located between x/c =0.02 and 0.30, there was
little change in AC; with ridge-icelocation. When the ridge ice was
located at x/c =0.02, AC; was 0.10, and when the ridge ice was
located at x/c =0.30, AC; was 0.14, an increase of 40%. In the
same x/c range, AC; increased by 260% on the commuter wing
airfoil. When the ridge ice was located downstream of x /¢ =0.30
on, there was a much larger increase in lift loss as the ridge ice was
moved downstream.

On the commuter tail airfoil, the maximum local air velocity was
located very near the leading edge at x/c =0.01. The maximum
adverse pressure gradient was located at x /¢ =0.50. As the ridge-
ice location was varied from the leading edge to x /¢ =0.40, there
was a gradual increase in AC,, with values very similar to that of
the NLF 0414. Unlike on the NLF 0414, there was not a sudden
increase in AC; downstream of x /¢ = 0.30.

Figure 23 shows the change in drag AC; (Cy clean—Cl.icea) COM-
pared to the clean airfoil due to the 0.25-in. ridge-ice 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. On the NACA 23012m, there was a large
increase in the magnitude of AC, as the ridge-ice location was
moved downstream from the leading edge. The peak value in drag
rise occurred when the ridge was located at x /c =0.10, which co-
incided with the location of the maximum local air velocity. As the
ridge ice was moved downstream of this location, the magnitude of
AC, decreased.

On the commuter wing, the magnitude of AC, increased as the
ridgeice was moved downstream, in manner similar to thatobserved
forlift (Fig. 22). On the NLF 0414, as the ridge ice was moved down-
stream from x /¢ = 0.02 to 0.30, there was a gradual increase in the
magnitude of AC, (approximately one-third of the rate observed
on the commuter wing). As with lift, there was a sudden increase
in the magnitude of AC, at x /c =0.30. The commuter tail exhib-
ited similar characteristics, except that there was a decrease in the
magnitude of AC, when the ridge ice was moved downstream of
x/c=0.30.

The results of Figs. 22 and 23 showed that, except for drag on the
NACA 23012m, the critical ridge-ice location where the maximum
changes in C; and C,; occurred were not precisely related to the lo-
cation of the maximum local air velocity and the maximum adverse
pressure gradient of the clean airfoil. The ridge-ice location where
the maximum changes in lift and drag occurred appeared to be only
loosely related to where the maximum adverse pressure gradient
was located.

The differences in the sensitivity of the airfoils to the ridge-ice
location was attributed to the differences in the clean-model pres-
sure distributions (Fig. 20). Generally, the severity of the effect of
ridge ice is directly related to the length of the separation bubble
that forms downstream of the ice shape. This, in turn, is determined
primarily by the severity of the adverse pressure gradient down-
stream of the ice shape, over which the bubble is forced to reattach.
A more severe adverse gradienttypically results in a longer separa-
tion bubble. The effect of ridge ice on surface pressure distribution
is shown in Fig. 24. All of the clean models are at C; = 0.5, which
explainsthe various angles of attack. Before the iced-airfoil pressure
distributionis discussed, it is important to understand the basic fea-
tures. Figure 24b shows the pressure distribution on the commuter
wing airfoil with the ridge ice at x /¢ = 0.10. On the upper surface,
the C, decreased as the flow initially accelerated from the leading
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Fig. 24 Effect of ridge ice on surface pressure distribution; ridge ice at x/c = 0.10, Re =1.8 x 10°, clean model C; =0.5.

edge to x/c =0.06, where it started to decelerate as it encountered
an adverse pressure gradient due to the ridge ice. The flow then
accelerated again over the ridge ice and separated, resulting in a re-
gion of relatively constant C,, betweenx /¢ =0.10and0.22.The C,
then increased as the reattachmentprocess began. The reattachment
occurred where the iced C, value approached the clean value and
started to take on a similar form, at x/c =0.35. A more complete
description of the iced-airfoil pressure distribution can be found in
Ref. 1.

Figure 24a shows why the NACA 23012m was the most sensitive
airfoil when theridge ice was locatedin the first20% chord. Because
the NACA 23012m had a large suction peak near the leading edge,
it also had a very severe pressure recovery region that extended
from x /¢ =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.24a, where theridgeice was locatedatx /¢ =0.10. The pressure
distribution on the upper surface of the iced airfoil did not approach
the clean case after the initial separation over the ice shape. This
indicated that the bubble failed to reattach on the airfoil (which was
confirmed by flow visualization).

The adverse gradient on the commuter wing was not as severe as
that on the NACA 23012m. Thus, the separationbubble that formed
downstream of the ice shapes was not as large, resulting in less lift
degradation. (Note that lift was actually increased in the region of
the bubble when compared to the clean case. However, before and
aft of the bubble, the lift was decreased due to the global effect of
the bubble on the airfoil flowfield and circulation. The loss in airfoil
lift increased with the size of the bubble.) This is shown in Fig. 24b.
The bubble appeared to have reattached at x /¢ = 0.35.

The separation bubble or recirculation region aft of the ice shape
forms due to a large, local adverse pressure gradientimposed on the
boundarylayer over the ice shape. The separated shear layer thus re-
covers this local pressurerise, but over a larger distance. In addition,
the bubble resides in a global flowfield imposed by the overall air-
foil flow that may impose an additional pressure gradient, favorable

or unfavorable, on the bubble shear layer. Thus, the local ice-shape
flowfield and the global, clean-airfoil flowfield in a sense interact
to produce the final iced-airfoil pressure distribution and integrated
forces and moments. The pressure distribution on the NLF 0414 is
shown on Fig. 24c and demonstrates the influence of the global or
clean-airfoil flowfield on the bubble size and iced-airfoil pressure
distribution.On the clean model, the adverse gradient (where the re-
covery took place) on the NLF 0414 did not begin until x /¢ =0.74.
Ahead of the recoveryregion, the pressure gradient was nearly zero.
Because of this, the lift was relatively insensitive to the ice-shape
location because the bubble was not required to recover additional
pressure by the imposed clean airfoil flowfield. It was not until the
ridge ice was located at x /¢ =0.30 that the bubble encountered the
adverse gradient and that the maximum lift started to experience an
additional penalty. When the ridge ice was located at x /¢ =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 constantsurface pressure extending from the
leading edge, as shown on Fig. 24d. However, this extended to only
x/c=0.45. Most of the pressurerecovery 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 24 shows that the commuter tail was slightly
more sensitive to the ridge location than the NLF 0414 because of
the slightadverse pressure gradient present between x /¢ =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 indicated that, generally, the more front loaded
the airfoil was (with large leading-edge suction peak), the more
sensitive it was to SLD-type ridge-ice accretion. Of the four air-
foils tested, the NACA 23012m 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 is likely to occur. The NLF 0414, which was the most
aft loaded of the airfoils tested, was the most insensitive to SLD
ridge-ice accretion. The two commuter airfoils fall in between the
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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

This paper provided a review of findings from recent Illinois in-
vestigations on the effects of icing on airfoil aerodynamics. More
specifically, the effects due to the following parameters were re-
viewed: the ice-accretion geometry, size, and location; the airfoil
geometry; and the Reynolds number. The review was also supple-
mented with data that currently exist in the literature to provide a
more complete analysis. The following conclusions can be drawn
from this research:

1) Increasing the ice-shape height generally resulted in more
severe performance degradation. The exception was when the ice
shape was located at the leading edge of the airfoil. After a critical
height was reached, further increases in the height did not signifi-
cantly degrade performance.

2) Varying the glaze-ice horn leading-edge radius did not have
a large effect on airfoil performance. The effects were most pro-
nounced for positions furthest away from the leading edge of the
airfoil and did not depend on the ice-shape height.

3) The variations in the geometry of the simulated ridge ice had
some effect on airfoil aerodynamics, with (of the shapes tested) the
half-round shape having a significantly higher C; .

4) Iced-airfoil aerodynamics were relatively insensitive to
Reynolds number variations.

5) Large differences in iced-airfoil aerodynamics were observed
between different airfoil geometries. The findings showed that an
airfoil’s sensitivity to SLD ridge-ice accretion (which usually forms
between 10-20% chord) was largely dependent on its load distri-
bution. The airfoil that was very front loaded, with large leading-
edge suction, had the most severe performance degradation due to
SLD-type ice accretion. In contrast, the most aft loaded airfoil, with
favorable, or zero, pressure gradient near the leading edge was the
least sensitive to SLD-type ice accretion.
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