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ABSTRACT 
 
 An experimental investigation was conducted to 
determine the effect of simulated-spanwise-ice shapes 
on airfoil aerodynamics.  The simulated ice shapes were 
tested on the NACA 23012 and the NLF 0414 airfoils at 
Re = 1.8 million.  The ice shapes produced very 
different results on the two airfoils.  The effects of the 
simulated ice shapes were much more severe on the 
NACA 23012, with a Cl,max as low as 0.25 for the ice 
shape with a height to chord ratio of 0.0139.  The 
lowest Cl,max measured for the NLF 0414 with same 
ice shape was 0.68.  The effect of the simulated ice 
shape on the flap hinge moment was much more severe 
on the NACA 23012 than on the NLF 0414.  The 
NACA 23012 effects were more severe due to the large 
adverse pressure gradients at the ice-shape location. 
Various simulated ice shape size and geometries were 
investigated on the NACA 23012.  The aerodynamic 
penalties (in Cl, Cd, Cm, and Ch) became more severe as 
the height to chord ratio of the simulated ice shape was 
increased from 0.0056 to 0.0139.  The variations in the 
simulated ice shape geometry also had measurable 
effects on the airfoil aerodynamics. 
 
 

NOMENCLATURE 
 
Cd Drag coefficient 
Ch Flap hinge moment coefficient 
Ch,α Flap hinge moment curve slope 
Cl Lift coefficient 
Cl,max Maximum lift coefficient 
Cl,α Lift curve slope 
Cm Pitching moment coefficient 
Cp Pressure coefficient 
Cp,min Minimum pressure coefficient 

Re Reynolds number 
c Model chord 
k Protuberance height 
x  Model coordinate in chordwise direction 
α Angle of attack 

 
 

INTRODUCTION 
 
 A spanwise-step type of ice accretion 
protuberance can occur on an aircraft wing when ice 
accretes behind the leading-edge de-icing system.1  This 
type of accretion presents both a forward and aft facing 
step to the flow and is essentially 2-D, extending 
spanwise on the wing.  They generally occurs in the 
presence of supercooled large droplets (SLD), where 
the droplet sizes are much larger than those in the FAA 
Part 25, Appendix C icing envelopes.  This type of 
accretion can lead to large changes in the lateral control 
(and the associated aileron hinge moments) by severely 
altering the flow over the ailerons.  This is thought to 
have caused the crash of an ATR-72 commuter aircraft 
near Roselawn, Indiana on October 31, 1994.2  A 
spanwise-step type of ice accretion can also occur in 
supercooled droplet clouds, of Appendix C size, at air 
temperatures near freezing.  This occurs when the 
surface water runs back and freezes behind the leading-
edge deicing system.  
 A recent study at the University of Wyoming, 
which examined the effects of various types of icing 
conditions on a King Air aircraft, found that the 
freezing drizzle exposure resulted in the most severe 
performance degradation.3  Under this icing condition, 
a spanwise step ice accretion was observed.  In low-
Reynolds number wind tunnel tests with simulated ice 
shapes, Ashenden, Lindberg and Marwitz4 found that a 
freezing drizzle ice shape with a simulated de-icing 
boot operation resulted in a more severe performance 
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degradation than one without the de-icing boot 
operation.  When the de-icing boot is not in use (in SLD 
icing condition), the ice accretion occurs around the 
leading edge of the wing and tends to conform to the 
geometry of the wing.  No spanwise step is formed.  
However, when the de-icing system is in use, the 
spanwise-step shape forms immediately downstream of 
the boot, which typically extends to 5 - 10% chord on 
the upper surface. 
 In 1996 Bragg5,6 reviewed the aerodynamic 
effects of the SLD ice accretion and showed that the 
SLD accretion not only degraded lift and drag, but also 
adversely affected the aileron hinge moment.  This was 
thought to be the result of a large separation bubble that 
formed downtream of the accretion, which severely 
altered the pressure distribution over the aileron.  Bragg 
reviewed NACA data on airfoils with 2-D 
protuberances to provide a useful background.  In 1932, 
Jacobs7 tested a series of protuberances of different 
heights at various chordwise locations on a NACA 
0012 airfoil.  The test revealed that the 5% and 15% 
chord locations on the airfoil upper surface were the 
most critical in terms of lift and drag penalties for the 
large protuberance (k/c = 0.0125).  This protuberance 
resulted in reductions in lift as much by as 68%, and a 
large change in the pitching moment.  However, no 
locations between 5 and 15% were tested.  For smaller 
protuberances, (k/c < 0.005), the effects were much less 
severe, and the most critical location was the leading 
edge. 
 In 1956, Bowden8 tested a spanwise spoiler-type 
step protuberance of k/c = 0.00286 and 0.00572 on a 
NACA 0011 airfoil at x/c = 0.01, 0.025, and 0.05.  The 
test showed that the effects of the protuberance on lift 
and pitching moment became more severe as it was 
moved closer to the leading edge.  The reduction in lift 
was as high as 25%.  At angles of attack greater than 
4°, the maximum increase in the drag was observed to 
occur when the protuberance was placed near the 
location of maximum local velocity. Calay, Holdo and 
Mayman9 tested 3 different small simulated runback ice 
shapes (k/c = 0.0035) at 5, 15 and 25% chord on a 
NACA 0012 airfoil.  The shapes at 5% chord had the 
largest effect on lift and drag, with penalties similar to 
those seen by Bowden.8  The reports described do not 
provide the reasons why one protuberance size, shape, 
and location produced a more severe degradation in 
aerodynamic performance and control than another.  
This may have been due to the limited scope of the 
work that did not provide the authors enough 
information to draw any definitive conclusions. 
 In 1998, Lee, et al.10 presented the initial findings 
of a comprehensive experimental and computational 
study of the aerodynamic effects of simulated SLD ice 

shapes with k/c values of 0.0083 and 0.0139.  The study 
examined the sensitivity of airfoil lift, drag, pitching 
moment, and flap hinge moment to different chordwise 
locations and size of the ice simulations.  They found 
the most critical simulated ice shape location on the 
NACA 23012 airfoil to be x/c = 0.12 for k/c = 0.0139, 
with a Cl,max of 0.27.  This was a reduction of more than 
80% when compared to the clean airfoil.  The primary 
cause of this reduction in lift was the long separation 
bubble that formed downstream of the simulated ice 
shape.  This prevented the leading-edge suction (where 
most of the lift on the clean model was generated) from 
forming and led to early stall.  The computational 
results compared well to the experimental results and 
consistently predicted all of the major trends of the 
aerodynamic features that were measured 
experimentally.  This comparison provided a good 
validation of both the experimental and computational 
results. 
 The current report is the continuation of the 
experimental component of the study first presented by 
Lee, et al.10  The current computational work has been 
reported by Dunn and Loth.11  In the current 
experimental paper, the effect of simulated ice shape 
size and geometry on airfoil aerodynamics was 
investigated.  Also, the importance of airfoil geometry 
on iced-airfoil aerodynamics was investigated by 
testing the simulated ice shapes on the NLF 0414 
airfoil, which has aerodynamic characteristics quite 
different from the NACA 23012.  Studying the effect of 
simulated ice shapes on two very different airfoils 
provided a much clearer explanation of the 
aerodynamic factors that determine the critical ice 
shape location. 
 
 

EXPERIMENTAL METHODS 
 
 The tests were performed in the University of 
Illinois 3'x4' Subsonic Wind Tunnel.  Two 18-inch 
chord airfoil models were used: a modified NACA 
23012 model (described in more detail in Lee, et al.10) 
and a NLF 0414 model.  A 25% chord simple flap was 
present on both of the model.  The NACA 23012 airfoil 
was chosen because it has aerodynamic characteristics 
that are typical of the current commuter aircraft fleet.  
The NLF 0414 airfoil was chosen because, as a natural 
laminar flow airfoil, it has aerodynamic characteristics 
that are quite different from the NACA 23012.  The 
differences will be explained in more detail in the next 
section.   
 Figure 1 is a schematic of the experimental setup.  
The leading edge of the flap was located at x/c = 0.75, 
and the flap hinge axis was located at x/c = 0.779.  The 
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model was attached to a three-component balance, 
which was also used to set the angle of attack.  The flap 
was actuated by a two-arm linkage system, which was 
driven by a linear traverse.  The traverse was mounted 
on the metric force plate of the balance.  A load cell 
was attached in one of the arms of the flap actuation 
linkage and measured the flap hinge moment.  The 
NACA 23012 model had 50 surface pressure taps on 
the main element and 30 on the flap (including 12 
spanwise taps).  The NLF 0414 model had 59 surface 
pressure taps on the main element and 22 taps on the 
flap.  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 (Cl) and pitching moment 
coefficient (Cm) measurements were derived from both 
the force balance and the surface pressure 
measurements.  In this report, only Cl and Cm data from 
the pressure measurements will be shown.  The primary 
drag coefficient (Cd) measurements were taken with the 
wake rake and confirmed with the force balance.  The 
flap hinge moment coefficients (Ch) were measured 
with the flap hinge load cell and confirmed with the 
surface pressure measurements.  The surface pressure 
measurements and fluorescent oil flow visualization 
were used for flow diagnostics.  The Cl, Cm, and Cd 
measurements were calculated using standard methods 
with conventional definitions.  The Ch was obtained by 
determining the trailing-edge-down moment about the 
flap hinge line and nondimensionalizing 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.12 
 The baseline SLD ice accretions were simulated 
with wooden forward-facing quarter-round shapes of 
0.10”, 0.15”, and 0.25”.  This is shown in Fig. 2.  The 
other geometries tested consisted of backward facing 
quarter round, half-round, and forward-facing ramp, (all 
with 0.25” height) as shown in Fig. 3.  The ramp shape 
had a base length to height ratio of 3. 
 Roughness was also used in place of and in 
addition to the simulated ice shape.  When it was used 
in place of the ice shape, the roughness had a 0.5” 
chordwise extent.  When used with the ice shape, the 
roughness extended upstream and/or downstream from 
the ice shape.  The chordwise extent of the upstream 
roughness varied from 0.25” to 2”, and the extent of the 
downstream roughness was 2”.  The roughness was 
simulated using 16-grit aluminum carbide attached to a 
double-sided tape.  This resulted in 0.025” roughness 
height, with k/c = 0.0014.  The roughness density was 
estimated to be about 30%. 

 For selected cases, the boundary layer was tripped 
at x/c = 0.02 on the upper surface and at x/c = 0.05 on 
the lower surface.  The trip consisted of 0.012-inch 
diameter microbeads that were applied onto a 0.003 
inch thick and 0.25 inch wide double-sided tape.   
 The flap gap was sealed on the lower surface 
using a 1” wide Mylar strip that was taped only on the 
main element side.  At positive angles of attack, the 
high pressure on the lower surface of the model pushed 
the Mylar strip against the flap gap, effectively sealing 
it without adversely affecting the measurements from 
the flap hinge balance. 
 All measurements were taken at 50 Hz and 
averaged over 2 seconds. The force balance data were 
low-pass filtered at 1Hz.  None of the other 
measurements were filtered.  A typical run consisted of 
sweeping the angle of attack from negative stall to a 
few degrees past positive stall in 1° increments. 
 Shown in Table 1 are the uncertainty estimates of 
the aerodynamic coefficients for a typical data point.  
The case shown is that of the clean the NACA 23012 
model at α = 5º with zero flap deflection and Re = 1.8 
million.  The relative uncertainties for Cm and Ch appear 
to be rather large, but this was due to relatively small 
reference values at this point.  The clean model baseline 
measurements on the NACA 23012 compared 
favorably with the previously published experimental 
measurements of Stuttgart.13 
 
 

RESULTS AND DISCUSSION 
 
 In this section, the comparisons of iced-airfoil 
aerodynamics between the NACA 23012 and NLF 
0414 airfoils will be presented.  This will be followed 
by the effect of simulated ice shape size and geometry 
on the NACA 23012 airfoil. 
 
Comparisons between NACA 23012 and NLF 0414 
 Large differences in the iced-airfoil aerodynamics 
between the NACA 23012 and the NLF 0414 were 
observed.  This was because these two airfoils have 
very different geometry and aerodynamic 
characteristics.  Figure 4 shows the comparisons 
between the NACA 23012 and the NLF 0414 geometry.  
The NACA 23012 is a thinner (t/cmax = 0.12) airfoil, 
with its maximum thickness at x/c = 0.30.  The NLF 
0414 (t/cmax = 0.14) has nearly uniform thickness from 
x/c = 0.10 to 0.70 and is highly cambered near the 
trailing edge.  NACA 23012 was designed to provide 
low pitching moment by generating most of the lift near 
the leading edge.  NLF 0414, however, was designed to 
achieve a laminar flow over the airfoil by distributing 
the load over a large portion of the chord and delaying 
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the onset of pressure recovery and the accompanying 
large adverse pressure gradient (where transition 
occurs) until around 70% chord.   
 The different aerodynamic characteristics are 
quite apparent in the measured clean-model surface 
pressure of Fig. 5.  In this figure, the surface pressures 
are compared at nearly identical lift coefficients.  
However, because the NLF 0414 is highly cambered, 
it’s α was much lower than that of NACA 23012.  On 
both of the models, there was a pressure discontinuity 
near x/c = 0.76 due to the flap gap.  On the NACA 
23012, there is a strong suction peak centered at x/c 
=0.08, followed by an adverse pressure gradient that 
extended to the trailing edge.  There is a discontinuity 
in the surface pressures between x/c = 0.18 and 0.20 on 
the upper surface due to a laminar separation bubble.  
The flow was laminar upstream of this location and 
turbulent downstream of this location.  On the NLF 
0414, a leading-edge suction peak was not present.  
Instead, after the initial acceleration around the leading 
edge to x/c = 0.02, the surface pressure was nearly 
constant (Cp ≈ -0.8) to x/c = 0.73.  The pressure 
recovery process began at this point and the adverse 
pressure gradient extended from here to the trailing 
edge.  Since the flow around the nose on the NACA 
23012 accelerated to a Cp,min = -1.7 versus only -0.9 for 
the NLF 0414, much more pressure recovery was 
required on the NACA 23012 airfoil. 
 Because the adverse pressure gradient did not start 
until x/c = 0.73, the flow was laminar over the first 75% 
of the chord (this was verified by flow visualization), 
compared to 18% chord on NACA 23012.  A result of 
this is a lower drag because such a large percentage of 
the model was under laminar flow.  However, this 
comes at a cost of much higher pitching moment.  
Because of the large region of constant pressure, the lift 
was distributed much more uniformly over the entire 
length of the chord, resulting in a large pitching 
moment about the quarter chord.  The NACA 23012 
was much more front loaded, resulting in a low pitching 
moment about the quarter chord. 
 
Effect of Ice-Shape Locations on NACA 23012 and 
NLF 0414 
 All of the results shown in this section were with 
a 0.25” forward-facing quarter round ice shape 
simulation.  The boundary layer was tripped at x/c = 
0.02 on the upper surface and x/c = 0.05 on the lower 
surface.  The boundary layer was not tripped for the 
clean model or when the ice shape was located at x/c ≤ 
0.02. The Reynolds number was 1.8 million. 
 The differences in the airfoil geometry (and the 
resulting clean-airfoil aerodynamic characteristics) 
between the NACA 23012 and NLF 0414 led to large 

differences in behavior with simulated ice shapes.  
Figure 6 shows the effect of simulated ice shape on the 
lift of the two airfoils.  Varying the ice shape location 
form x/c = 0.02 to 0.20 had large effects on lift on 
NACA 23012 (Fig. 6a).  The loss in lift was most 
severe when the ice shape was located at x/c = 0.10 
(with Cl,max = 0.27).  When the ice shape was located at 
x/c = 0.02 Cl,max was approximately doubled.  A 
classical Cl,max, where as α is increased Cl eventually 
reaches a maximum and then decreases, was not 
observed when the simulated ice shape was located at 
x/c = 0.20.  Instead, only an inflection in the curve was 
observed at α = 4° (and Cl = 0.42).  Jacobs7 observed 
similar lift curves (where a real Cl,max was not observed) 
under certain conditions.  However, the location of this 
inflection is effectively the Cl,max because the surface 
pressure measurements showed that it was caused by 
the flow downstream of the simulated ice shape 
completely separating off the airfoil even though the 
flow upstream of the simulated ice shape was still 
attached.  The increase in the airfoil drag was large in 
the angle of attack range where the inflection in the lift 
curve was observed.  This further supports representing 
this as the Cl,max.  
 Figure 6b shows the effect of simulated ice on the 
lift of the NLF 0414.  When the simulated ice shape 
location was varied from x/c = 0.02 to 0.20, the lift 
curves did not vary significantly, with only slight 
changes in the Cl,max and αstall.  The maximum lift was 
also much higher than on the NACA 23012, with a 
typical value of 0.70.  When the ice shape was located 
at x/c = 0.40, the lift curve was significantly different 
(and similar to the NACA 23012 with the simulated ice 
at x/c = 0.20).  A normal Cl,max was not observed, and 
only an inflection in the curve was observed at α = 1° 
(and Cl = 0.20). 
 The large differences between the NACA 23012 
and NLF 0414 airfoils can also be seen in Fig. 7, a 
summary of Cl,max as a function of ice shape location.  
The lowest Cl,max for the NACA 23012 was 0.25 (an 
83% reduction from the clean value) when the 
simulated ice shape was located at x/c = 0.12.  The 
maximum lift increased rapidly as the simulated ice was 
moved upstream and downstream of this location. 
Figure 7 shows that on the NLF 0414, the variations in 
the ice-shape location did not have a large effect on 
Cl,max between x/c = 0.02 and x/c = 0.20.  The Cl,max 
varied only between 0.68 and 0.79 when the ice shape 
was located in this region.  These values were much 
higher than those observed for the NACA 23012.  
Figure 7 shows that on the NLF 0414, there was a rapid 
decrease in the Cl,max downstream of x/c = 0.20.  
However, what is shown is the Cl value at the inflection 
in the lift curve since, as described previously, a 
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“classical” Cl,max was not observed when the simulated 
ice shape was located at x/c ≥ 0.20. 
 Very different results were observed for flap 
hinge moments, as Fig. 8 shows.  On the NACA 23012 
(Fig. 8a), the ice shape produced a significant change in 
the Ch curve (compared to the clean case) at all ice 
shape locations.  There was rapid divergence of the flap 
hinge moment at a critical angle of attack at which it 
became sharply negative.  This critical angle of attack 
varied from 1° (for x/c = 0.10 and 0.20) to 6° (for x/c = 
0.02).  The ice shape did not produce significant 
changes in the Ch values for the NLF 0414 when it was 
located between x/c = 0.02 and 0.20.  However, the 
slope Ch,α was more negative at about α = 5°, where the 
airfoil was stalling.  When the ice shape was at x/c = 
0.40, the Ch was significantly more negative (or flap 
up) than the clean case between α = -5° and 7°.  At the 
other angles attack, the values did not vary by a large 
amount. 
 As stated in the Introduction, studies7,8 have 
shown that the effects of spanwise surface protuberance 
(of k/c < 0.005) on lift, drag, and pitching moment 
became more severe as it was moved closer to the 
leading edge.  Gregory and O’Reilly14 showed that k/c 
= 0.0004 surface roughness resulted in the most severe 
loss in Cl,max (on a NACA 0012 airfoil) when it was 
placed at the leading edge.  Bowden8 observed that the 
maximum increases in the drag occurred when the 
protuberance was located near the location of maximum 
local velocity (or minimum Cp).  This is thought to be 
the case because the protuberance would extract the 
greatest amount of boundary-layer momentum at that 
location, which would thicken the boundary layer and 
increase drag. 
 Figure 9 shows ∆Cd, the drag increase due to the 
ice shape when compared to the clean airfoil, for the 
0.25” ice shape.  Each curve represents a fixed angle of 
attack, and the simulated ice shape location is depicted 
on the x-axis.  Also shown on the figure by the solid 
arrows are the locations of maximum local air velocity 
(or Cp,min) of the clean airfoil for each angle of attack 
and the open arrows are the location of the maximum 
adverse pressure gradient (also of the clean airfoil).  
Figure 9a shows the drag increase on the NACA 23012.  
It shows that the most critical location (in terms of ∆Cd) 
moved upstream with increasing angles of attack and 
closely coincided with the location of the maximum 
local air velocity.  This closely agreed with Bowden.8 
 Fig. 9b shows the drag increase on the NLF 0414.  
At angles of attack of -3° and 0°, a leading-edge suction 
peak was not observed.  Instead, the highest local air 
velocity occurred near mid chord at x/c = 0.55 (for α =  
-3°) and 0.45 (for α = 0°).  The location of maximum 
adverse pressure gradient was located at the trailing 

edge pressure recovery near x/c = 0.75.  Because the 
simulated ice shape was not tested at x/c > 0.50, some 
of these points described above are not shown in Fig. 
9b.  At angles of attack of 3° and 5°, a leading edge 
suction peak was present, with the location of the Cp,min 
at x/c = 0.01.  The location of the maximum adverse 
pressure gradient was located immediately downstream 
of the CP,min and not at the trailing edge pressure 
recovery.  At angles of attack of -3° and 0° (where there 
was no leading-edge suction peak on the clean model), 
there was a gradual increase in ∆Cd as the ice shape was 
moved downstream from the leading edge to x/c = 0.30.  
As the ice shape was moved further downstream, ∆Cd 
increased at a much faster rate.  At angles of attack of 
3° and 5°, ∆Cd was relatively constant between x/c = 
0.02 and x/c = 0.20, after which ∆Cd started to increase 
rapidly.  The ∆Cd values eventually reached a 
maximum (at x/c = 0.4 for α = 3° and at x/c = 0.35 for 
α = 5°) after which they decreased.  Unlike the NACA 
23012, the location of the maximum local air velocity 
was not a good indicator of the most critical simulated 
ice-shape location. 
 Figure 10 shows the lift loss ∆Cl (when compared 
to the clean airfoil) due to the 0.25” ice shape 
simulation.  On the NACA 23012 (Fig. 10a) the most 
critical location of the simulated ice shape (in terms of 
lift loss) was between x/c = 0.10 and 0.12 and did not 
vary significantly with angle of attack.  This was the 
same location that resulted in the lowest Cl,max, as 
shown in Fig. 7.  The most critical location 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 ice-shape location was 
related to these flow features. 
 The lift loss behavior of the NLF 0414 airfoil, as 
shown in Fig. 10b, was quite different from that of 
NACA 23012.  Figure 10b shows that when the ice 
shape was placed between the leading edge and x/c = 
0.20, there was not a large variation in the lift loss.  
This was similar to what was observed in the Cl,max plot 
of Fig. 7.  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 a much larger increase in the lift loss was observed.  
This was even the case at α = 3° and 5° where the 
adverse pressure gradient associated with the leading-
edge suction peak was more severe than the trailing-
edge pressure recovery.  Unlike the NACA 23012, loss 
in lift increased with increasing chordwise location, and 
the locations of maximum local air velocity and adverse 
pressure gradient were not proper indicators for critical 
locations. 
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Flowfield Comparisons 
 The flowfield of the NACA 23012 and NLF 0414 
airfoils will be discussed and compared in order to 
provide an explanation to the performance data of the 
previous section.  Figure 11a shows the surface 
pressure distribution on the NACA 23012 model with 
the 0.25” simulated ice shape at various chordwise 
locations.  The pressure distribution for the clean case 
shows a suction peak (Cp = -1.7) at x/c = 0.08.  Well 
over half of the lift is centered on this large suction 
peak in the first 25% chord.  When the simulated ice 
shape was present on the airfoil, a long separation 
bubble usually formed immediately downstream.  A 
region of relatively constant pressure characterized this 
flow separation.  The highest velocity on the airfoil 
usually occurs over this bubble because the flow 
accelerates over the ice shape before separating.  Ahead 
of the ice shape, the Cp is much higher because the flow 
decelerates as it approaches the ice shape.  The 
reattachment location can be estimated using a method 
proposed by Tani.15  The bubble reattaches where the 
pressure in the perturbed flow (with ice shape) 
approaches the unperturbed flow (clean airfoil).  
However, this method only works for moderately long 
separation bubble.  When the bubble is very long, the 
perturbed pressure never approaches the unperturbed 
pressure. 
 Fig 11a shows that when the simulated ice shape 
was at x/c = 0.02, the Cp in the separation bubble 
downstream of the simulated ice shape was even more 
negative than that of the clean model suction peak.  The 
simulated ice shape was still located in a favorable 
pressure gradient, and the separation bubble was 
relatively short.  This resulted in a surface pressure 
distribution that was not severely affected by the 
simulated ice shape. 
 When the simulated ice shape was located at and 
downstream of x/c = 0.10, a very long separation 
bubble formed downstream of the simulated ice shape. 
This was because the shape was located in an adverse 
pressure gradient.  It was difficult to determine from the 
surface pressure values whether or not the separation 
bubble reattached.  However, it was likely that at α = 5° 
the bubble was unsteady and was intermittently 
attached at the trailing edge.    When the ice shape was 
located at x/c = 0.10, the large suction peak that 
normally forms near x/c = 0.08 was completely 
eliminated by this separation bubble.  However, when 
the simulated ice shape was located downstream (x/c = 
0.20 and 0.50), a significant suction peak was able to 
form ahead of the ice shape because there was a greater 
surface length for the flow to accelerate.  This suction 
peak grew as the simulated ice shape was moved 
downstream.  Thus, the most critical location (among 

the cases shown) was at x/c = 0.10.  This was because 
upstream of this location, the simulated ice shape was 
located in a favorable pressure gradient, resulting in a 
short separation bubble.  Downstream of this location, 
the ice shape was located far enough downstream that a 
significant leading-edge suction peak was able to form, 
recovering some of the lost lift. 
 On the clean model, the loading on the flap was 
very small, resulting in a very small value of Ch.  For 
the cases where the separation bubble reached the flap, 
the flap became much more loaded, resulting in large 
changes in Ch.  This can be seen in Fig. 8b. 
 Figure 11b shows the surface pressure distribution 
on the NLF 0414 model with the ice-shape simulation 
at various chordwise locations.  The angle of attack was 
1°, where the clean airfoil had a Cl similar to the NACA 
23012 at α = 5°.  On the clean model, there was a sharp 
decrease in upper surface Cp from the leading edge to 
x/c = 0.06 as the flow accelerated around the leading 
edge of the model.  The Cp then leveled off and was 
relatively constant between x/c = 0.10 and 0.70, 
providing the slightly favorable pressure gradient for 
laminar flow.  The Cp then started to increase as the 
pressure recovery process started and continued until 
the trailing edge was reached.  The lift was distributed 
relatively uniformly over the entire chord ahead of the 
pressure recovery, and there was no leading-edge 
suction peak. 
 When the ice shape was located at and between 
x/c = 0.02 and 0.20, low suction pressures were 
measured immediately downstream of the ice shape, 
which was caused by the acceleration of the flow over 
the ice shape and the separation bubble.  The bubble 
reattached during a pressure recovery region, followed 
by a region of relatively constant Cp.  The pressure then 
increased again as the flow recovered pressure 
approaching the trailing edge.  When the ice shape was 
located between x/c = 0.02 and 0.20, the suction region 
(due to separation) had similar CP values (-1.3) and the 
separation length did not vary as much as it did for the 
NACA 23012.  The bubble length varied from 18% 
chord for x/c = 0.02 case to 28% chord for the x/c = 
0.20 case.  After the flow had reattached, the CP on all 
three cases dropped to approximately 0.50 and 
remained fairly constant until the pressure recovery 
over the flap occurred. 
 When the ice shape was located at x/c = 0.40, the 
surface pressure distribution looked significantly 
different than those of the other three iced cases.  The 
suction region downstream of the ice shape was at a 
higher pressure than the other cases, with a Cp,min value 
of only -0.81.  Also, based on the low trailing-edge 
pressures, it appears that the separation bubble may not 
have reattached, resulting in a separation length of 60% 
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chord. In the other three iced cases, the Cp values were 
very similar to the clean model values. 
 The reason for the similarities in the x/c = 0.02, 
0.10, and 0.20 cases was that the ice shape and the 
resulting separation bubble was located in a region of 
relatively constant pressure (on the clean model).  Thus, 
the separation bubbles in the three cases above were all 
allowed to attach in a similar pressure gradient (which 
happened to be nearly zero in this case).  The resulting 
separation bubbles all appeared similar, with relatively 
similar suction regions and separation lengths because 
the ice shape was in a similar flowfield.  The variation 
in the separation length may be due to the thicker 
boundary layer the ice shape encountered as it was 
moved downstream.  The similarities ended when the 
ice shape was located at x/c = 0.40.  Although the ice 
shape itself was in the region of constant pressure, it 
was located close to the clean model pressure recovery 
region (where there was a strong adverse pressure 
gradient).  Thus, the separation bubble was forced to 
reattach in an adverse pressure gradient, resulting in a 
much longer bubble (or a trailing-edge separation). 
 At α = 1°, the separation bubble did not reach the 
flap when the ice shape was located at and upstream of 
x/c = 0.20 (Fig. 11b).  Thus, the pressure distributions 
over the flap were very similar, with similar Ch.  When 
the ice shape was located at x/c = 0.40, the flow over 
the flap was separated and resulted in a large flap 
loading.  This can be seen in Fig. 8b.  On the clean NLF 
0414 model, the flow over the flap was observed with 
flow visualization to stall at α = 5°.  Thus, the Ch - α 
curve with the ice shape at x/c = 0.40 converged with 
the clean case at α = 5° because the flow over the flap 
was separated for both of the cases. 
 Figure 12 shows the surface pressure comparison 
between the NACA 23012 and the NLF 0414 with the 
simulated ice shape at x/c = 0.10.  The corrected angle 
of attack for the NACA 23012 was 4.93° and the 
corrected angle of attack for the NLF 0414 was 1.06°.  
If the simulated ice shapes were not attached to the 
models, these angles of attack would result in a Cl of 
approximately 0.60.  However, with the ice shape, the 
Cl for the NACA 23012 was 0.25 and the Cl for NLF 
0414 was 0.47.  The reason the simulated ice shape has 
a much more severe effect on lift becomes quite 
apparent when one examines the surface pressure 
distributions.  On the NACA 23012 model, the ice 
shape generated a much longer separation bubble 
because the simulated ice shape was located in a much 
more adverse pressure gradient.  Although it was 
difficult to conclude from the surface pressures, it 
appeared that the separation bubble on the NACA 
23012 had reached the region near the trailing edge, 
resulting in a near stall condition.  The ice shape also 

effectively eliminated much of the leading edge-lift on 
the NACA 23012.  The separation bubble was much 
shorter on the NLF 0414 model, having reattached near 
x/c = 0.35.  Because of this, the momentum loss on the 
NLF 0414 was much less than that on the NACA 
23012, resulting in much less drag.  This also allowed a 
much stronger suction region to form downstream of 
the ice shape, resulting in greater lift.  Although the ice 
shape eliminated almost all of the lift ahead of it, the 
increased lift in the bubble region immediately 
downstream made up nearly all of the lost lift.  Also, 
because the separation bubble was still short, increasing 
α will result in a greater lift.  On the NACA 23012, 
increasing α will result in only a marginal gain in lift 
because the model is at near stall condition. 
 
Effect of Simulated Ice Size and Shape 
 Figure 13 shows the effect of the simulated ice 
shape size on lift and flap hinge moment of the NACA 
23012.  The height of the forward-facing quarter round 
was varied from 0.10” to 0.25” (k/c = 0.056 to 0.0139) 
and were tested on the airfoil surface at x/c = 0.10.  The 
boundary layer was tripped.  Figure 13a shows 
significant variations in the lift curves with simulated 
ice shape height.  As the simulated ice shape height was 
increased from 0.10” to 0.25”, the Cl,max decreased from 
0.60 to 0.27.  Also, the angle of attack at which the lift 
curve diverged rapidly from the clean case decreased 
from 5° to 2°.  Increasing the ice shape height increased 
drag at all angles of attack as Fig. 13b shows.  Figure 
13c shows that the simulated ice shape height had a 
significant effect on the pitching moment as well.  As 
the ice shape was increased from 0.10” to 0.25”, the 
angle of attack at which the pitching moment started to 
diverge rapidly from the clean case decrease from 5° to 
-1°.  Increasing the ice shape size from 0.10” to 0.25” 
decreased the angle of attack at which the flap hinge 
moment diverged rapidly from the clean case from 6° to 
1°. 
 The reason for this behavior is that as the 
simulated ice shape height was increased, the separation 
bubble was larger in chordwise extent.  This can be 
seen in the surface pressure plots of Fig. 14.  When the 
simulated ice shape was 0.10” high, the separation 
bubble reattached near x/c = 0.45.  When the ice shape 
was 0.15” high, it was not clear where the reattachment 
location was because of the large effect on the 
flowfield.  However, it appeared that the reattachment 
took place near x/c = 0.65 because downstream of this 
location, the Cp profile looked very similar to the clean 
case except for the 0.1 offset.  When the simulated ice 
shape was 0.25” high, it was not clear if the separation 
bubble reattached on the model.  If it had, it was most 
likely near the trailing edge.  As the simulated ice shape 
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height was increased, the Cp in the separation bubble 
increased.  A reduction in the suction peak upstream of 
the ice shape was also observed as the ice shape height 
was increased.  The higher Cp values in the separation 
bubble and the smaller suction peak decreased the lift 
(from to 0.51 to 0.25 as the ice shape height was 
increased from 0.10” to 0.25” at α = 5°).  The longer 
separation bubble also resulted in earlier stall, higher 
drag, and an earlier divergence of the pitching and the 
flap-hinge moments from the clean values, as Fig. 13 
shows. 
 Figure 15 shows the summary of the Cl,max with 
the three simulated ice shape sizes at various x/c 
locations.  Also shown in the figure is the summary of 
Cl,max with the 16-grit roughness (k/c = 0.0014, density 
= 30%) as described in the Experimental Setup section.  
It shows that increasing the simulated ice shape height 
increased Cl,max everywhere except at the leading edge.  
The simulated ice shape height did not have a large 
effect on Cl,max at the leading edge, with the Cl,max 
ranging from 0.92 to 1.01.  In fact, the Cl,max for the 
0.15” simulated ice shape was higher than that of the 
0.10” shape.  Another interesting feature is that as the 
ice shape height was decreased from 0.25” to 0.10”, the 
location of the minimum Cl,max moved upstream from 
x/c = 0.12 to 0.10.  This upstream movement of the 
minimum Cl,max location with decreasing ice shape size 
is clearly evident in the roughness data.  The 16-grit 
roughness had an average height of 0.025”, making it 
approximately ¼ the height of the 0.10” simulated ice 
shape (the smallest one that was tested).  The minimum 
Cl,max for the roughness occurred when it was located at 
x/c = 0.02, and continued the trend of the simulated ice 
shapes.  When the roughness was placed at the leading 
edge, the Cl,max was 0.90, which was similar to what 
was observed for the ice shapes. 
 The upstream movement of the minimum Cl,max 
location was probably due to the following reason.   As 
the simulated ice shape size was decreased, the critical 
location became more sensitive to the location of the 
maximum local air velocity and less on the location of 
the maximum adverse pressure gradient.  This occurred 
because the bubble length decreased as the ice-shape 
size decreased.  Since the location of the maximum 
local velocity is closer to the leading edge than that of 
the maximum adverse pressure gradient, the ice-shape 
location with the lowest Cl,max moved upstream as the 
ice shape size was decreased. 
 
Effect of Simulated Ice Shape Geometry 
 The effects of the simulated ice shape geometry 
on airfoil aerodynamics were also studied in order to 
understand what the critical features were.  Figure 16 
shows the effect of various geometries (as shown in 

Fig. 3) on lift and flap hinge moments.  All of the 
simulations shown in Fig. 16 had height of 0.25”.  
Figure 16a shows that the forward facing quarter round 
had Cl,max of 0.27 while the backward facing quarter 
round has a Cl,max 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 was much more streamlined.  The half 
round had a significantly higher Cl,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 had 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).  
Fig. 16a shows that the forward facing quarter round 
and the ramp shape had nearly identical lift curves even 
though they had very different downstream sides.  
Thus, for the two shapes with very blunt forward faces, 
the shape of the backward face was not as important 
(for the shapes tested). 
 Similar effects were observed for the flap hinge 
moments, as shown in Fig. 16b.  It shows that the 
backward facing quarter round experienced Ch 
divergence at a higher α than the forward facing quarter 
round.  The half round, in turn, had the divergence at a 
significantly higher α than the backward facing quarter 
round.  Finally, the forward facing quarter round and 
the ramp shape had nearly identical flap hinge curves. 
 
Effects of Roughness Near Ice Shape 
 SLD icing flight tests have shown the presence of 
roughness-type accretion upstream and downstream of 
the spanwise ice shape.  Thus, it was important to 
understand the effect of the roughness-type accretion on 
the iced-airfoil aerodynamics.  The roughness type 
accretion was simulated using 16-grit roughness tape 
extending upstream and downstream from the simulated 
ice shape (with k/c = 0.0014, density = 30%).  The size 
and density of the roughness was identical to the 
roughness only case in Fig. 15.  Figure 17 shows the 
result of the roughness on lift.  In all of the cases, a 
0.25” forward facing quarter round was used at x/c = 
0.10.  Unlike in the other cases, the boundary layer on 
the upper surface was not tripped.  That is the reason 
why the no-roughness Cl,max shown in Fig. 17 is 0.37 
and the Cl,max shown in Fig. 6a is 0.25.  The various 
extents of the roughness that were tested did produce 
large relative changes in lift, but they were not large in 
an absolute sense since the Cl values were so low.  
Figure 17 shows that the lowest Cl,max (0.31) resulted 
when the roughness extended 0.5” in front of the ice 
shape.  When the chordwise roughness extent was 
0.25”, most or all of the roughness was located inside 
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the separation bubble that formed upstream of the ice 
shape, lessening its effect (Cl,max = 0.34).  When the 
roughness extent was increased from 0.5” to 2”, the 
Cl,max increased from 0.31 to 0.37.  This may have 
happened because the roughness decreased the effective 
height of the ice shape by displacing the boundary layer 
upwards.  Figure 17 also shows that when the 2” 
chordwise extent roughness was placed immediately 
downstream of the roughness in addition to the 1” 
extent upstream, the resulting Cl,max was 0.32.  This was 
slightly lower than the case with only the 1” extent 
upstream roughness (Cl,max = 0.34).  Thus the roughness 
downstream of the ice shape had a measurable effect on 
lift even though it was completely submerged within 
the long separation bubble that formed downstream of 
the ice shape. 
 
 

CONCLUSION 
 

 An experimental study was conducted in order to 
understand the effects of spanwise-step ice accretion on 
aircraft aerodynamics.  The following conclusions can 
be drawn based on the results. 
 
1.  Large differences in aerodynamics characteristics 
were observed between the NACA 23012 and NLF 
0414 airfoils with spanwise-step ice simulations. 
 
2.  The effects of the ice shape simulation were much 
more severe on the NACA 23012.  With the 0.25” (k/c 
= 0.0139) ice shape simulation, the lowest Cl,max on the 
NACA 23012 was 0.25.  On the NLF 0414 the lowest 
Cl,max was 0.68. 
 
3. The most critical ice shape location (in terms of lift 
loss) for the NACA 23012 was near x/c = 0.12.  On the 
NLF 0414, the Cl,max did not vary by a large amount 
when the simulated ice shape was located between x/c 
= 0.02 and 0.20. 
 
4.  On the NACA 23012, the largest increase in drag 
occurred when the simulated ice shape was located at 
the location of the maximum local air velocity of the 
clean model.  This did not occur for the NLF 0414. 
 
5.  The largest loss in lift on the NACA 23012 occurred 
when the simulated ice shape was located in the region 
between the largest local air velocity and the maximum 
adverse pressure gradient of the clean model.  Again, 
this did not occur for the NLF 0414. 
 
6.  The ice shape affected Ch much more on the NACA 
23012 than on the NLF 0414.  On the clean NACA 

23012, the flap is lightly loaded.  When the separation 
bubble due to the ice shape reached the flap, the flap 
became heavily loaded and caused a large change in the 
Ch,α slope.  On the NLF 0414, the flap was heavily 
loaded even on the clean model due to early flap 
separation.  Thus, even when the bubble reached the 
flap, it did not significantly alter the Ch at α > 5°. 
 
7.  The differences described above were due to large 
differences in the clean model pressure distribution 
between the NACA 23012 and the NLF 0414.  The 
NACA 23012 is a very front loaded airfoil, with a very 
large leading edge suction peak.  The NLF 0414 has 
relatively uniform chordwise loading until the pressure 
recovery near the trailing edge.  On the NACA 23012, 
the largest penalties occurred when the simulated ice 
shape prevented the leading-edge suction peak from 
forming.  On the NLF 0414, the largest aerodynamic 
penalties occurred when the simulation ice shape (and 
the associated separation bubble) was located near the 
trailing-edge pressure recovery region. 
 
8.  On the NACA 23012 the simulated ice shape 
location at which the lowest Cl,max occurred moved 
upstream with decreasing ice shape size. 
 
9.  The variations in the geometry of the ice shape 
simulation had some effect on airfoil aerodynamics, 
with the half-round shape having a significantly higher 
Cl,max. 
 
10.  The presence of roughness immediately upstream 
of the ice shape had measurable (although not large) 
effects on airfoil aerodynamics.  The presence of 
roughness downstream of the ice shape did not have 
any significant effect. 
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Table 1.  Experimental uncertainties for the clean 
NACA 23012 model at α = 5º.  Re = 1.8 million. 
 

Aerodynamic Reference Absolute Relative 
Coefficient Value Uncertainty Uncertainty 
Cl Pressure 0.633 2.11x10-03 0.33% 
Cd Wake 0.01022 1.43x10-04 1.40% 
Cm Pressure -0.00894 3.49x10-04 3.90% 
Ch Balance -0.0157 3.55x10-03 9.70% 
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Fig. 1.  Schematic of the experimental setup. 
 
 

 

 
 
Fig. 2.  NACA 23012 model with quarter round ice 
simulation. (0.25” quarter round at x/c = 0.10 shown) 

 
 

 
 

 
 

Fig. 3.  Ice shape simulation geometry.  
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Fig. 4.  Comparison between NACA 23012 and NLF 
0414 geometry. 
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Fig. 5.  Comparisons of clean model surface pressure 
distribution between NACA 23012 and NLF 0414.  Re 
= 1.8x106. (NACA: 23012. α = 5.15°, Cl = 0.62) (NLF 
0414: α = 1.06°, Cl = 0.60) 
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 6b) NLF 0414 
 
Fig. 6.  Effect of simulated ice-shape location on lift.  
0.25” forward facing quarter round; Re = 1.8x106; 
Boundary layer tripped. 
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Fig. 7.  Summary of Cl,max with 0.25” forward-facing 
quarter round simulated ice shape at various chordwise 
locations. 
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8b) NLF 0414 
 
Fig. 8.  Effect of simulated ice-shape location on flap 
hinge moment.  0.25” forward-facing quarter round; Re 
= 1.8x106; Boundary layer tripped. 
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 9b) NLF 0414 
 
Fig. 9.  Drag increase due to ice shape.  0.25” forward 
facing quarter round; Re = 1.8x106; Boundary layer 
tripped. 
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 10b) NLF 0414 
 
Fig. 10.  Lift loss due to ice shape.  0.25” forward 
facing quarter round; Re = 1.8x106; Boundary layer 
tripped. 
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 11a) NACA 23012, α = 5° 
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 11b) NLF 0414, α = 1° 
 
Fig. 11.  Effect of simulated ice shape location on 
surface pressure.  0.25” forward facing quarter round; α 
= 1°; Re = 1.8x106; Boundary layer tripped. 
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Fig. 12.  Surface pressure comparisons between NACA 
23012 and NLF 0414 with 0.25” ice shape simulation at 
x/c = 0.10.  Re = 1.8x106; (NACA 23012: α = 4.93°, Cl 
= 0.25) (NLF 0414: α = 1.06°, Cl = 0.47) 
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Fig. 13.  Effect of simulated ice-shape height on 
integrated aerodynamic coefficients.  Forward facing 
quarter round; Re = 1.8x106; NACA 23012; Boundary 
layer tripped. 
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Fig. 14.  Surface pressure with simulated ice shapes at 
x/c = 0.10.  NACA 23012; Re = 1.8x106; Forward 
facing quarter round; Boundary layer tripped. 
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Fig. 15. Summary of Cl,max with simulated ice shape at 
various chordwise locations.  Forward facing quarter 
round; 16-grit roughness of ¼” chordwise extent; 
Boundary layer tripped; NACA 23012.  
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16a) Cl vs. α 
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 16b) Ch vs.α 
 
Fig. 16.  Effect of simulated ice-shape geometry on lift 
and flap-hinge moment.  0.25” simulation height; Re = 
1.8x106; Boundary layer tripped. 
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Fig. 17.  Effect of roughness extent upstream and 
downstream of simulated ice shape on lift.  0.25” 
forward facing quarter round simulation at x/c = 0.10; 
16-grit roughness 
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