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 This paper presents the results of a study that examined the aerodynamic effects of two 
important ice-simulation features.  It first examines two types of pressure-tap 
instrumentation, a pressure-slice configuration and a tapped-casting configuration, on 
streamwise and horn-ice simulations.  It then examines the aerodynamic sensitivity of small 
changes in the geometry of horn-ice simulations.  These experiments were carried out using 
ice simulations from icing-tunnel testing on 18-inch chord NACA 0012 and 23012 models.  
The subsequent aerodynamic testing was performed at the University of Illinois at Reynolds 
numbers of 1.0×106 to 1.8×106 and Mach numbers of 0.10 to 0.18.  The results of the first 
part showed that there were no major differences in integrated aerodynamic performance 
between the pressure-slice and tapped-casting configurations.  Therefore, either method is 
acceptable provided that care is taken in determining pressure tap placement.  The results of 
the second part showed that small changes in upper-surface horn height and tip radius can 
significantly affect maximum lift.  This is important as it has application to how ice 
accretions are traced in order to make two-dimensional ice simulations for aerodynamic 
testing. 
 
 

Nomenclature 
α  = airfoil angle of attack 
c  = airfoil chord length 
Cd  = drag coefficient 
Cl  = lift coefficient 
Cl,max = maximum lift coefficient 
Cm  = quarter-chord pitching-moment coefficient 
Cp  = pressure coefficient 
k  = ice-shape horn height  
M  = freestream Mach number 
r  = ice-shape horn tip radius  
Re  = freestream Reynolds number, based on the airfoil chord 
s  = airfoil model coordinate in surface length 
θ  = ice-shape horn angle with respect to the chordline 
x  = coordinate in the airfoil model chordwise direction 
y   = coordinate normal to the airfoil model chordline 
z  = coordinate in the airfoil model spanwise direction 
 

I.  Introduction 
 Due to the extreme degradation in performance under certain icing scenarios, the Federal Aviation 
Administration (FAA) established a set of icing regulations, including defining the atmospheric conditions for flight 
into known icing.  Manufacturers must go through a process in order to certify aircraft for flying in these conditions.  
There are various methods currently used to simulate ice accretions for aircraft certification.  In some cases a natural 
ice accretion is analyzed, and in other cases the test uses a simple geometric representation of the ice shape.  
However, there has not been a comprehensive study performed in the public domain to determine the effect of 
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varying simplifications of the simulation ice shape.  In order to properly certify aircraft for flight in icing conditions, 
the simulation must reasonably represent the ice shape aerodynamically.  It is therefore necessary to examine the 
aerodynamic sensitivity of ice simulations. 
 A comprehensive simulation test should include ice shapes that would be representative of the majority of 
possible ice formations.  Therefore, a study was performed to determine the differences and similarities between ice 
accretions.1  Four classifications of ice shapes were developed—ice roughness, horn ice, streamwise ice, and 
spanwise-ridge ice.  Each of these ice shape types has distinct flowfield physics and consequently different 
aerodynamic characteristics.  It is important to note that there is an overlap region between certain categories and 
some ice shapes show characteristics of two classifications.  The basic flowfield physics and the important 
characteristics for each of these classifications are discussed in detail in Bragg et al.1 
 Several issues remain to be addressed in order to develop a comprehensive aerodynamic simulation study for 
ice accretion.  For example, it is important to document ice accretion geometry and properly reproduce the accretion 
in scale.  Experimentally, it is important to accurately quantify the flowfield behavior and performance parameters, 
such as lift and drag.  This paper focuses on two of these issues.  First the paper examines the different 
methodologies for measuring pressures on an ice shape; then it examines the sensitivity of simulated ice-shape 
geometry that may result from the documentation of the ice shape.  These are both important factors that directly 
contribute to the development of a comprehensive simulation strategy. 
 In order to obtain the aerodynamic data for icing tests, either a force balance is used, pressure taps are placed 
directly on the ice-shape casting, or a pressure-instrumentation slice is manufactured.  The pressure-instrumentation 
slice is generally designed using a tracing of the ice shape.2,3,4,5 The coordinates for the tracing are then used to 
fabricate a thin 2D ice-shape segment in which the pressure taps are placed (Fig. 1).  Therefore, the pressure slice is 
inherently a 2D simulation of the 3D casting.  
The effect of placing the pressure taps directly in 
the casting versus using a pressure-
instrumentation slice must be understood before 
the fidelity of such a simulation method can be 
determined.  
 Whether placing pressure taps in the ice 
shape or in the pressure-slice, the placement of 
the taps is an important issue when making 
measurements.  Consider a hemisphere on a flat 
plate simulating a roughness element in a 
freestream flow.  The velocity on the top of the 
hemisphere is greater than the velocity on the 
forward or aft face.  Therefore, the pressure 
coefficient (Cp) would be more negative on the 
top of the hemisphere than either face.  Having a 
greater Cp would affect the integrated lift and 
drag and could result in inaccurate conclusions if 
not properly considered.  Previous icing research d
wind-tunnel tests, the ice shape was not tapped in m
pressure slice2-5,12 do not explain the methodology 
where the clean taps were located.  In a study by R
smooth surface was shown to affect the measured
casting, the ice features may interfere with the st
friction used an object to partially block the flow 
port would measure a mix of the total and static pre
Preston tube, and in the razor-blade techniques.14  In
the placement of a tap could show a higher or lowe
these variations must be considered so that pressure

-

 The sensitivities in the aerodynamic perform
explored.   Simulations of the ice shapes mentioned
ice accretion is the highest fidelity and is referred
extrusion of a tracing from the original casting.  Th
added to the 2D simulation in order to increase the 
such as a quarter-round or a spoiler, simulating the i
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Fig. 1.  Pressure slice installed in a 3D casting of the horn
ice shape used in the horn-geometry sensitivity study.  
oes not explore this facet of the problem.  Of the more recent 
any cases. 6-9  The studies that do tap the ice shape10,11 or use a 

for placing the taps on the ice shape or simply placed these taps 
ayle,13 the placement and geometry of pressure taps located on a 
 surface pressure.  In addition, when placing the taps in an ice 
atic-pressure measurements.  Early methods of measuring skin 
around a static-pressure port.  In these cases, the static-pressure 
ssure.  This is seen in Stanton tubes, certain configurations of the 
 the case of ice accretions with highly three-dimensional shapes, 

r pressure than is representative.  Therefore, during data analysis 
 variation is not misinterpreted.   
ance due to geometric changes in the ice shape must also be 
 previously can be made of varying fidelities.  The casting of the 
 to as a 3D ice shape.  A 2D simulation refers to a smoothed 
e 2D shape has no spanwise variation.  Roughness is sometimes 
fidelity.  The lowest fidelity would be a simple geometric shape, 
ce accretion. 
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 When making these simplifications it is essential to understand the key flow physics of the ice shape so that 
important details are not neglected.  Since the streamwise and horn-ice shapes were selected for this study, only 
these will be mentioned.  The roughness and spanwise-ridge ice categories are explained in Bragg et al.1  The 
aerodynamics of the horn are predominantly determined by a separation bubble resulting from the severe adverse 
pressure gradients near the tip of the horn.  Due to this mechanism, the horn ice generally produces a thin-airfoil 
type stall. The important characteristics in determining the size and extent of the separation bubble, and thus the 
performance, are horn height (k/c), tip radius (r/c), angle with respect to the chord line (θ), and the location on the 
surface (s/c when non-dimensionalized by the chord).  Streamwise ice can form a separation bubble, but it is not at a 
fixed point on the ice shape as in the case of the horn.  Depending on the airfoil on which the ice accretes, a short 
bubble can form instead of a long bubble.  With the short bubble, the peak suction will continue to increase up to 
stall, similar to the clean case.  The thickness of the ice at the leading edge and the presence of roughness are also 
important.   
 It has been hypothesized that the 3D casting should have a shorter separation bubble than the 2D simulation due 
to the irregularities in the ice shape acting as vortex generators.2  The creation of additional vortices increases 
mixing in the shear layer causing reattachment to occur farther upstream.  However, results have been conflicting 
when tests were performed to compare the 3D castings to the 2D simplifications.  In a study by Addy and Chung,15 a 
horn-ice shape was tested on an NLF-0414.  The 2D ice shape, which was smoothed using 30% control points in 
SmaggIce,16 was seen to have a higher Cl,max than the 3D ice shape.  When a different horn-ice shape and a mixed 
horn/streamwise-ice shape were tested on a business jet airfoil by Addy et al.,3 the 2D ice shapes (smoothed using 
100% control points) both had a lower Cl,max than the 3D ice shapes.  In a study by Gurbacki and Bragg17 performed 
on a NACA 0012, a third horn-ice shape and a mixed horn/streamwise-ice shape were tested.  In this case the 2D 
horn-ice shape had a lower Cl,max than the 3D ice shape whereas the 2D mixed-ice shape had a higher Cl,max than the 
3D ice shape.  Both shapes were smoothed using 50% control points.  These results show the importance of 
selecting the correct simulation when measuring performance.  All of these simulations were fabricated based on a 
tracing of the ice shape.  However, when spanwise variation is present on the ice shape the location of the tracing 
becomes very important.  If the horn has a slightly different angle, surface location, radius, or height, then the 
simulation could yield a different aerodynamic penalty.  The differences seen in the studies just mentioned could be 
a result of the tracing location.  Since the 2D model was extruded directly from smoothed versions of the tracing, the 
2D simulation of the 3D casting may have slightly different geometric parameters.  It is important to note that the 
measured differences in critical performance, such as Cl,max, between 2D and 3D ice simulations is small relative to 
the degradation from the clean case.  Nonetheless, it is important for a comprehensive simulation study to 
understand why these differences exist. 
 Several studies have already been conducted which parametrically varied horn geometry, but these studies have 
investigated only large variations in horn height.  Kim and Bragg6 used an NLF-0414 airfoil to simulate three horn 
heights at various surface locations and with different tip radii.  The smallest horn had a height k/c = 0.0222 with the 
taller horns being double and triple this height.  Broeren et al.18 performed a similar test on NACA 23012 and 3415 
airfoils.  Additionally, Papadakis et al.19 simulated a horn with height k/c = 0.0625 at several surface locations on a 
NACA 0011.  A horn double this size (k/c = 0.125) was then tested at the same locations.  In all of these tests, horn 
height was found to be a significant factor in determining the penalty to Cl,max.  However, these studies were 
intended to evaluate the aerodynamic penalties of various ice shapes.  They were not intended to determine the 
effect of small variations in horn height that could result from differences in quantifying the geometry of a particular 
ice shape from a tracing. 
 This paper addresses two relevant issues in the aerodynamic simulation of ice accretions.  The first objective 
was to determine the important factors in pressure measurement and instrumentation.  The second objective was to 
determine the sensitivity of small changes in ice-horn geometry on airfoil performance.  During the first study, two 
variations in the pressure instrumentation technique were analyzed on a streamwise and horn-ice shape.  Ice 
accretions were acquired on an 18-inch chord NACA 23012 airfoil model.  Molds of these accretions were used to 
make castings that were pressure tapped and traced to build a corresponding instrumentation slice.  These 
simulations were then tested in an aerodynamic tunnel on a different 18-inch chord NACA 23012 airfoil model.  The 
horn geometry sensitivity study utilized a pair of 3D castings and 2D-smooth geometries available from previous 
studies on a NACA 0012 airfoil.2,17  For the 2D simulations, a new set of horn shapes were developed that 
parametrically varied the horn height and tip radius.   All aerodynamic testing was performed at the University of 
Illinois’ 3×4 ft wind tunnel at Re = 1.0×106 to1.8×106 and M = 0.10 to 0.18.  
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II.  Experimental Methods 
 The tests performed in this study occurred in the UIUC subsonic, low-turbulence, open-return wind tunnel.   
The test section was 2.8 ft high, 4 ft wide, and 8 ft long and widened approximately 0.5 inch over the length to 
account for the growth in the sidewall boundary layer.  The inlet contained a four-inch honeycomb followed by four 
anti-turbulence screens which reduced the empty test-section turbulence intensity to less than 0.1% at all operating 
speeds for 10 to 5000 Hz bandwidth.20  The inlet contraction ratio was 7.5:1. 
 A schematic of the setup is shown in Fig. 2; note that the z-coordinate is zero at the model centerline and the x-
coordinate is zero at the model leading edge.  The airfoil model was oriented vertically in the test section.  A three-
component force balance was used to measure the lift 
and pitching moment on the airfoil as well as to set 
the angle of attack.  The force balance was located 
below the test section and supported the model.  A 
traversable wake rake with 25 tubes, measuring both 
total and static pressure, was used to obtain the airfoil 
drag.  The wake pressures and the model surface 
pressures were measured with an electronically-
scanned pressure system.  The lift and moment data 
presented were taken from both the pressure 
measurements and the force balance.  The drag 
coefficient was calculated from the wake pressures 
using standard momentum-deficit methods.  The 
wake drag was measured 4.13-inches above the 
NACA 23012 model centerline for the pressure-
instrumentation portion of the study and was 
measured 3.00-inches below the NACA 0012 model c
study.  More details about this experimental apparatus ca

. 

 This study also included surface fluorescent oil-fl
mechanisms, and three-dimensional flow features.  The a
is dependent on the local shear stress in that region.  T
zones or regions of turbulent flow than in low shear 
repeated for each run consisted of (1) spraying an even
running the tunnel for approximately five minutes for t
fluorescent dye with black lights and documenting the re
 All of the aerodynamic coefficients and the angle of
methods of Rae and Pope.22  The experimental uncertain
Kline and McClintock23 and Coleman and Steele24

 for 20
calculated from both the surface-pressure and force-bala
Blumenthal21

 for a horn-ice shape at α = 3 deg. with f
uncertainty in estimating the reattachment zone using 
estimated to be ±0.04 x/c. 
 

Table 1. Summary of the Pres
Aerodynamic 

Quantity 
Reference 

Value 
Cp -0.851936 
Cl 0.452424 
Cm 0.032785 
Cd 0.053779 

Table 2.  Summary of the
Aerodynamic 

Quantity 
Reference 

Value 
α 3 degrees 
Cl 0.457239 
Cm 0.032203 
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Fig. 2.  Schematic of the wind tunnel configuration
enterline for the horn geometry sensitivity portion of the 
n be found in Blumenthal.21   
ow visualization to study separation bubble lengths, stall 
mount of fluorescent oil in a particular region on the model 
he model appears darker in high shear stress reattachment 
stress regions of separated or laminar flow.  The method 
 coat of fluorescent oil on the model with an airbrush, (2) 
he flowfield to reach steady state, and (3) illuminating the 
sults using digital photography. 
 attack were corrected for wall interference effects using the 
ty in these coefficients was estimated using the methods of 
:1 odds. The bias uncertainties in the measured values were 
nce data (Table 1 and 2).  The values were determined by 

reestream conditions of Re = 1.8×106 and M = 0.18.  The 
the surface fluorescent oil-flow visualization technique is 

sure Measurement Uncertainties 
Absolute 

Uncertainty 
Relative 

Uncertainty (%) 
±0.004308 ±0.50 
±0.002333 ±0.52 
±0.000414 ±1.26 
±0.000502 ±0.93 

 
 Force-Balance Uncertainties 

Absolute 
Uncertainty 

Relative 
Uncertainty (%) 

±0.02 degrees ±0.67 
±0.002068 ±0.45 
±0.000116 ±0.36 
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Pressure-Instrumentation Study 
 The pressure-instrumentation study was performed on a NACA 23012 airfoil, which was an aluminum 18-inch 
chord, 33.563-inch span model with a removable leading edge.  The main body of the model consisted of two 
chordwise rows of taps and one spanwise row. The primary chordwise row was located at spanwise station z = 0.50 
inches and the secondary chordwise row was located at z = -2.80 inches.  The chordwise taps on the model were not 
swept, as the model was designed for icing applications.  Further, the non-swept layout of the pressure taps yielded 
an additional way to compare spanwise variation.  There was also a row of pressure taps oriented spanwise, located 
at x/c = 0.70 on the upper surface.  The performance data were acquired through angle-of-attack sweeps.  These 
generally went from negative stall to a few degrees past positive stall in one-degree increments.  In cases where 
several spanwise locations were measured with the wake rake, the angle-of-attack range was reduced. 
 As discussed in the Introduction, the pressure measured by a tap on an ice shape depends on the exact 
placement of the tap.  To get the best averaged pressure on the ice shape, the taps were placed on varying high and 
low features so as not to overly bias the integrated values, with all taps being perpendicular to the surface (Fig. 3).  
Each instrumented section, tapped casting or pressure slice, contained 20 taps.  The taps were spaced such that the 
important flowfield features would be captured.  The locations of the taps were based on the coordinates for the 
pressure slice; thus the locations were approximately in the same place for both configurations.  However, in the 
horn shape, the tap on the tip of the horn was placed in a slightly different location.  This was due to the three-
dimensional nature of the ice shape.  Since the horn thickness varied along the span, it was not possible to place all 
the pressure tubing for the tapped casting inside the horn.  Therefore, pressure tubing was left on the outer surface of 
the horn on the downstream face.  The tubing was placed alongside glaze feathers to limit the effect on the flowfield.  
This problem did not occur for the streamwise-ice shape and thus all pressure tubing was concealed inside the shape.  
The comparison of the tapped casting to the pressure slice can be seen in Fig. 4 for the streamwise and horn-ice 
shapes.  The distortion seen in the lower surface of both configurations, but to a much higher extent in the horn-ice 
shape, was due to a problem in manufacturing the castings.  Since the performance of the horn-ice shape is 
dominated by the upper and lower-surface horns,1 the modified lower surface should have little effect on the 
performance as this region would be located in a separation bubble.  In addition, since the main objective of this 
study was to examine the differences between the casting and the pressure-slice configurations, the effect of the 
lower surface modification was mitigated as the pressure-slice coordinates were based on the casting. 

The streamwise ice used in the present study had a stagnation line thickness of approximately 0.58 inches (k/c = 
0.032). Rime feathers formed on the upper and lower surface of the airfoil to approximately 6% and 17% chord, 
respectively.  The horn ice used in the present study was highly three dimensional and all of the geometric 
parameters varied along the span. The upper-surface horn had an average height of one inch (k/c = 0.056) at an s/c = 
0.01 with an average angle of 54 degrees with respect to the chord line.   
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     (a)      (b) 

Fig. 3.  Comparison of the cross-section for the (a) streamwise-ice shape and (b) horn-ice shape.  Tap locations 
are indicated by the filled circles on the ice shape.
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  (a)         (b) 

 
Fig. 4.  Comparison of the tapped and pressure-slice configurations for the (a) streamwise-ice shape and
(b) horn-ice shape. 
                                                                                                                             
Horn-Geometry Sensitivity Study 
 The model used for the horn-geometry study was an aluminum 18-inch chord, 33.563-inch span NACA 0012 
airfoil with a removable leading edge.  The clean, un-iced, baseline leading edge could be replaced with several 
available alternate leading edges with attached simulated ice accretions. On this model, the pressure taps in the main 
body between the leading edge and mid-chord were swept at approximately 15 degrees from the freestream 
direction.  This model also had a spanwise pressure tap row on the upper surface at 70% chord.  More details on the 
model and simulated ice accretions can be found in Gurbacki.2 
 Both a 3D casting (which used a pressure slice) and a 2D simulation (which was tapped directly) were tested.  
The 3D casting was produced from a mold of an ice accretion on an 18-inch chord NACA 0012 model in a separate 
icing test.17  The 2D simulation was made from a pencil tracing of the 3D casting.  The tracing was smoothed using 
50% control points in SmaggIce16 and extruded in the spanwise direction.  This simulation had removable upper and 
lower-surface horns that could be detached individually and replaced by a horn of a different size or shape.  These 
geometries are shown in Fig. 5.  The original upper surface horn was about 0.48-inches tall (k/c = 0.027) with a tip 
radius of approximately 0.07 inches (r/c = 0.0039) and the original lower surface horn was 0.24-inches tall (k/c = 
0.013) with a tip radius of 0.24 inches (r/c = 0.013).  Three upper surface horn modifications were tested.  The 
geometries of these horns were chosen such that they would simulate tracings made at various spanwise stations 
along the casting.  The original tracing appeared to have been made at a high point on the ice shape, so only shorter 
horn geometries were tested.  The first upper surface horn variation was 0.43-inches tall (k/c = 0.024, 0.05 inches 
shorter than the original horn), the second was 0.36-inches tall (k/c = 0.020, 0.12 inches shorter than the original 
horn), and the third was the same height as the original upper surface horn, but had a sharper tip radius, which was 
0.02 inches (r/c = 0.0011).  The k/c = 0.024 horn, which will be referred to as the short horn, was chosen such that it 
would be approximately equal to the mean height of the casting.  The very short horn (k/c = 0.020) is the same 
height as the lowest point on the casting.  Lower surface horn heights of 0.17 inches (k/c = 0.009) and 0.31 inches 
(k/c = 0.017) were also tested, 0.07 inches shorter than and 0.07 inches taller than the original horn, respectively.  
The lower-surface horn tip radius remained constant (k/c = 0.013) for each case.  In order to obtain pressure 
measurements, the 2D simulations were tapped directly. 

 

 
American Institute of Aeronautics and Astronautics 

6



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x/c

y/
c

0.00 0.04 0.08

-0.04

0.00

0.04

Clean 0012
Original Horns (Upper k/c = 0.027, r/c = 0.0039; Lower k/c = 0.013)
Short Upper Horn (k/c = 0.024)
Very Short Upper Horn (k/c = 0.020)
Sharp Upper Horn (r/c = 0.0011)
Tall Lower Horn (k/c = 0.017)
Short Lower Horn (k/c = 0.0094)

Fig. 5.  Parametric variation of horn geometries tested on the NACA 0012 airfoil. 

III.  Results and Discussion 
 Since this paper focuses on two significant issues in ice accretion simulation, this section is organized 
accordingly.  The pressure-instrumentation study is discussed first, followed by the horn-geometry sensitivity study.  
Each section presents the aerodynamic performance results and is followed by a discussion of the important 
implications. 
 
Pressure-Instrumentation Study 
 In this study the differences in the measured aerodynamic parameters due to pressure-measurement technique 
were examined for two ice shapes—a streamwise-ice shape and a horn-ice shape.  First the data corresponding to the 
streamwise-ice shape configurations will be presented followed by the data corresponding to the horn-ice shape 
configurations. 
 The performances of the tapped-casting and pressure-slice configurations were very similar to each other for the 
streamwise-ice shape when compared to the clean configuration (Fig. 6 and Fig. 7).  The addition of the streamwise-
ice shape caused the airfoil to exhibit a more gradual trailing-edge stall as opposed to the leading-edge stall seen in 
the clean configuration.  However, note that the pressure-slice configuration had a delayed stall when compared to 
the tapped-casting configuration.  This was seen in the data from the integrated pressures as well as that from the 
force balance.  The Cl,max was on average reduced by 26% and the αstall was reduced by approximately 2.5 degrees.  
The drag was increased on average 145% at zero degrees.  The tapped casting had both slightly higher lift and 
higher drag than the pressure-slice configuration, as seen in Fig. 6.  This was most likely due to the location where 
the drag was measured.  While the pressure-tap line was located 0.41 inches above the centerline, the drag was 
measured 4.13 inches above the centerline.  Due to the three-dimensional geometry of the ice shape, the drag varied 
slightly depending on the measurement location (Fig. 8).  At 0.41 inches the tapped-casting configuration had a 
lower drag than the pressure-slice configuration as would be expected by examining the lift curves. 
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Fig. 6.  Comparison of the streamwise-ice configurations for (a) lift and pitching moment and (b) drag.  Cl 
and Cm data are from integrated surface pressures. 

 

 

Fig. 7.  Comparison of the streamwise-ice configurations 
for lift and pitching moment calculated from the force-
balance data. 
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Fig. 8.  Comparison of the drag measured at 
several spanwise locations for the streamwise-ice 
shape for two sample angles of attack. 
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These differences were also seen in 
the surface pressures and oil-flow 
visualization.  The pressure distribution 
at six degrees for the streamwise-ice 
shape configurations and the clean 
configuration are shown in Fig. 9.  The 
streamwise-ice shape taps show some 
variation in the leading-edge region due 
to the extremely three-dimensional 
feather features.  The pressure taps, 
while located at the same x/c location, 
were located at a slightly different 
location on the feather features of the 
tapped casting than on the pressure 
slice.  In Fig. 10, the pressure tap 
locations of the points with a lower 
magnitude Cp are indicated.  From the 
actual configuration, it is seen that there 
are feathers just downstream of and in 
the case of the tapped-casting slightly 
covering the indicated taps.  Therefore, 
it makes sense that these taps would 
have a lower velocity and thus a Cp with 
a lower magnitude based on the earlier ana
seen in Fig. 6 and Fig. 7, when the data we
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ceiling.  While the tapped-casting configuration had an estimated separation location of x/c ≈ 0.50, the pressure-slice 
configuration was estimated to have maintained attached flow until x/c ≈ 0.57.  While this is close to the estimated 
uncertainty, the earlier stall was clear during the experiment.  Upon stall, the airfoil would start to buffet in the wind 
tunnel.  The tapped-casting configuration consistently began to buffet earlier than the pressure-slice configuration.  
In a previous study, the flowfield was altered due to the presence of the pressure slice, with vortices forming at the 
intersections of the pressure slice and ice casting.2  The present study showed no discontinuity in the flowfield near 
the pressure-slice region (Fig. 12).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pressure slice Tapped casting 

 
 
 
 

Fig. 11.  Fluorescent oil-flow visualization for the streamwise-ice shape at α = 11 deg. for the tapped-casting 
and pressure-slice configurations; flow is from left to right. 

Pressure slice Tapped casting 

 
  
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 12.  Close-up of the fluorescent oil-flow visualization for the streamwise-ice shape at α = 11 deg. 
for the tapped-casting and pressure-slice configurations.
 
The comparison of the horn-ice configurations for the lift, drag, and pitching moment from the integrated surface 
pressures is shown in Fig. 13, and the lift and pitching moment from the force-balance data is shown in Fig. 14.  No 
appreciable difference was seen between the tapped-casting and the pressure-slice configurations in the aerodynamic 
data for either data collection method.  The horn-ice configurations showed an average decrease of 61% in Cl,max and 
an eight-degree decrease in αstall.  The stall changed from a leading-edge stall in the clean case to a thin-airfoil stall 
in the iced cases.  The drag was greatly increased with a 450% difference at zero degrees when measured at a 
spanwise location 4.13 inches above the model centerline.     
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Fig. 13.  Comparison of the horn-ice configurations for (a) lift and pitching moment and (b) drag.  Cl and
Cm data are from integrated surface pressures.

 A separation bubble formed due to the horn-ice shape on the upper and lower surface as a result of the adverse 
pressure gradients caused by the ice-shape geometry.  As the angle of attack increased, the upper-surface separation 
bubble increased in chordwise extent.  As the angle of attack decreased, the lower-surface bubble increased in 
chordwise extent.  The pressure distributions for the horn-ice shape configurations and the clean configuration are 
shown in Fig. 15.  The agreement is very good between the tapped-casting and the pressure-slice configurations.  
This agreement downstream of the horn tip was in part due to the separation bubble.  Since the flow was separated, 
the location and orientation of the pressure taps on the surface geometry played a reduced role in determining the 
measured pressure.  However, in the region forward of the upper-surface horn, a pressure spike is seen in the 
leading-edge region in the tapped casting that is not evident in the pressure-slice configuration.  This difference was 
due to the tap on the casting being located in a slightly different position than on the pressure slice due to the three-
dimensional nature of the ice shape.  The pressure tap in the tapped-casting configuration was located at a point in 
the flowfield where the air was accelerating around the horn geometry before the flow separated.  A similar pressure 
spike is often predicted by computational methods.25,26   
 The separation bubble reattachment location was dependent on the spanwise location (Figs. 16 and 17).  The 
reattachment zone is signified by the low shear region.  The approximate reattachment line has been added in white 
in Fig. 17.  To the right of the reattachment line the flow was from left to right and was attached to the surface as it 
progressed toward the trailing edge.  To the left of the reattachment line the flow was reversed and progressed 
toward the leading edge.  No appreciable difference was seen in the oil-flow visualization between the two 
configurations.  Unlike the streamwise-ice shape, neither horn-ice shape configuration showed any indication of a 
trailing-edge separation.  This is consistent with the description of the flowfield given by Bragg et al.1 
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Fig. 15.  Pressure distribution for the horn-ice 
shape configurations at α = 3 deg. 

Fig. 14.  Comparison of the horn-ice configurations 
for the lift and pitching moment from the force-
balance data. 

Tapped casting Pressure slice 

 

Fig. 16.  Fluorescent oil-flow visualization for the horn-ice shape at α = 3 deg. for the tapped-casting and 
pressure-slice configurations; flow is from left to right. 
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Pressure sliceTapped casting 
Fig. 17.  Close-up of the fluorescent oil-flow visualization for the horn-ice shape at α = 3 deg. for the tapped
casting and pressure-slice configurations; flow is from left to right. 

 
The drag for the horn-ice shape was clearly dependent on the spanwise location (Fig. 18).  These variations were 
similar in both the pressure-slice and tapped-casting configurations.  The reattachment location has also been plotted 
in Fig. 18.  While it seems that the reattachm
make any conclusions.  When the 
reattachment position was plotted as a 
function of the drag, an increasing trend 
was seen (e.g., if the reattachment 
location moved further aft, the drag 
increased).  Yet, the measured Cd value is 
a function of many other factors.  For 
example, when the horn height increases 
the expectation is that the drag would 
increase since theoretically the bubble 
length would increase.  However, the drag 
increased as the horn height decreased as 
z went from 0.41 to 0.91.  The bubble 
reattachment location, while influenced 
by the changes in horn height, did not 
directly correlate to the horn height.  This 
suggests that there are other factors that 
have an effect on separation bubble size.  
What is important to note though is that 
the pressure-slice and tapped-casting 
configurations were very similar when 
looking at the aerodynamic performance 
and the flowfield visualization.  Thus 
both configurations are equally valid for 
future experiments. 
 Differences in the aerodynamic 
parameters due to va

ent location is proportional to the drag, more data are needed in order to 
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results for a specific ice shape are very simi

 
American In
Fig. 18.  Comparison of the drag measured at several spanwise 
locations with the separation bubble reattachment location for 
the horn-ice configurations. 
surement techniques were examined for two ice shapes—a streamwise-
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were compared across the span of the airfoil, the configurations were also seen to be very similar for each respective 
ice shape.  This was further shown by examining the flowfield using fluorescent oil-flow visualization.  Therefore, 
as long as the pressure taps are placed carefully so as to not bias the results, either configuration can be selected for 
future experiments.  
 
Horn-Geometry Sensitivity Study 

nd tapped-casting configurations yielded nearly identical results for horn-ice 
ap

tric horn-geometry study, the upper and lower-surface horn geometries were modified slightly to 
pr

 had Cl,max = 
.56

rably affected Cl,max and the size of the 

 
 (a) (b) 

esults for the degradation in Cl,max agree with an earlier study by Broeren et al.18 on NACA 23012, NACA 
3415, and NLF-0414 airfoils.  The horn height, tip radius, and horn location were each varied parametrically using 

 Since both the pressure-slice a
sh es, either configuration would have been acceptable for the horn-geometry sensitivity study.  The pressure-slice 
configuration for the casting was used simply because a pressure-slice had already been manufactured and was 
readily available. 
 In the parame
re esent various cross-sections of a three-dimensional horn.  The geometries of the horns tested are shown in Fig. 5.  
The effect of these modifications on Cl,max, Cm, and Cd were measured to determine if the discrepancy in Cl,max 
between 2D and 3D ice shapes in previous studies might be due to a difference in mean horn geometry. 
 Both the 3D casting and the 2D simulation exhibited thin-airfoil stall at α = 7 deg.  The 3D casting
0  and Cd = 0.0297 at α = 0 deg.  The 2D-smooth simulation with the original horns installed had Cl,max = 0.55 
and Cd = 0.0248 at α = 0 deg (differences of 2% and 14%, respectively).  The difference in drag quickly decreased 
as the angle of attack increased.  At α = 4 deg., the difference was only 4%.  The presence of roughness on the 
casting may have caused this difference.  As the angle of attack increased, the separation off the tip of the upper-
surface horn became more dominant and roughness became less important.  
 The variations in the upper surface horn height and tip radius conside
separation bubble.  The effect of modifying the upper-surface horn on the lift, pitching moment, and drag is shown 
in Fig. 19.  The Cl,max increased by 7% (with respect to the original 2D simulation) for the short upper-surface horn 
and increased by 13% for the very short upper-surface horn.  Airfoil stall was delayed by one degree for both of the 
shorter horns.  Changes in the height of the upper-surface horn also caused substantial changes in drag.  The short 
horn had 9% less drag and the very short horn had 15% less drag than the original horn (at α = 0 deg).  This 
decrease in drag for shorter horn heights became even more noticeable as the angle of attack increased. 
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Fig. 19.  Comparison of the upper-surface horn variations for (a) lift and pitching moment and (b) drag. 
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si le geometric simulations.  The NACA 0012 data from the current study is superimposed on the data from the 
previous study in Fig. 20 (the horn was located at s/c = 0.020 on the NACA 0012 and at s/c = 0.017 on the other 
three airfoils).  The differences in Cl,max due to changes in horn height were consistent for the NACA 0012 and 
NACA 23012; the penalty to these airfoils was likely similar because they both derive their lift mainly from a large 
suction peak near their leading edges.  The NACA 3415 and NLF-0414 were less affected by the ice shape because 
they are more uniformly loaded.18 
 Decreasing the upper-surface horn tip radius also 
affected Cl,max, decreasing it by 8%

mp

 and causing stall to 

es are shown in 

c
p

occur one degree earlier.  This contrasts with an earlier 
parametric study using simple geometric shapes on an 
NLF-0414 in which changes in the upper-surface horn tip 
radius affected Cl,max by only 1%.27  On the NLF-0414, 
the horn tip radius was varied from 1.10% to 0%, whereas 
the tip radius of the shape on the NACA 0012 was varied 
from 0.39% to 0.11%.  A smaller change in tip radius had 
a larger effect on the Cl,max of the NACA 0012.  This 
suggests that some airfoil and ice shape geometries are 
more sensitive to horn tip radius than are others.  The 
sharp upper-surface horn had a Cd = 0.0260 at α = 0 deg, 
an increase of only about 5%.  As the angle of attack 
increased, the difference in drag between the sharp and 
original horn cases became larger.  By α = 4 deg. the 
difference in drag grew to 16%.  
 The pressure distributions around the airfoil for each 
of the upper-surface horns at α = 4 degre
Fig. 21.  The differences in lift and drag seen in Fig. 19 
can be explained by the relative sizes of the separation 
bubble that formed immediately downstream of the horn.  
A plateau of relatively constant pressure is indicative of a 
separation bubble and can be used in conjunction with the 
location.  The intersection of the iced and clean airfoil 
location,28 although recent studies have shown reattachm
intersection.2,21  The original ice shape had a pressure spike n
the tip of the horn.  This spike was followed by a separation
0.005) to x/c ≈ 0.23.  The separation bubble for the 3D cast
other upper-surface horn geometries did not exhibit the pres
low pressure was localized and the taps were in slightly
geometries.  The sharp upper-surface horn had the largest se
The very short upper-surface horn (k/c = 0.020), had the sm
very short upper-surface horn had the lowest drag at α = 4 de
it stalled later and had a higher Cl,max than the original horn ca
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 The effects on lift, pitching moment, and drag due to modifying the lower-surface horn height are shown in Fig. 
22.  All data presented for the lower-surface horn variations are with the original upper-surface horn at Re = 1.0x106 

and M = 0.10.  Altering the lower-surface horn height had little effect on Cl,max.  The variations in drag due to 
changes in lower-surface horn height were on the same order as the variations when the upper-surface horn height 
was altered.  The original lower-surface horn configuration had Cd = 0.0244 at α = 0 deg, 6% lower than the tall 
lower-surface horn and 24% lower than the short lower-surface horn.  The drag for each configuration converged as 
the angle of attack increased past zero because features on the lower surface became less important at high positive 
angles of attack.  At negative angles of attack, the tall lower-surface horn surprisingly had the lowest drag.  This was 
most likely due to the presence of a protrusion on the ice shape in front of the lower-surface horn. 

Fig. 21.  (a)  Full and (b) detail pressure distributions for various upper-surface horn geometries at α = 4 
deg. 

 This apparent anomaly in Cd can be further explained by examining the pressure distributions for each lower-
surface horn variation (Fig. 23).   These distributions show a pressure plateau on the lower surface beginning at x/c ≈ 
0.01 (α = -2 deg), revealing that the flow separated off a protrusion in front of the lower-surface horn (Figs. 5 and 
23).   For the original and short lower-surface horns, the flow reattached to the main airfoil at x/c ≈ 0.18 and x/c ≈ 
0.20, respectively.  The tall lower-surface horn, on the other hand, was considerably larger than the protrusion and 
mitigated its effects.  The initial separation bubble from the protrusion was much smaller than for the other cases, 
and the flow reattached to the tall lower-surface horn and then separated a second time.  The second reattachment 
location occurred on the main airfoil surface near x/c ≈ 0.12, farther upstream than the separation bubble for the 
short and original lower-surface horn cases.  The separation bubble for the 3D casting was also shorter than for the 
short and original lower-surface horn cases.  The protrusion was not located directly in front of the row of taps, but 
rather it was located just beside the taps.  This reduced its effect, so the flow reattached to the lower-surface horn.  
The flow then separated again off the horn and reattached at x/c ≈ 0.13.  Conversely, the short and original horns, 
which were not significantly larger than the initial protrusion, were too short to provide a point of reattachment.  
There was no chance for a second separation bubble to form for these cases.  The tall lower-surface horn had the 
lowest drag at negative angles of attack because it had two small separation bubbles instead of one large separation 
bubble.  As α increased toward zero degrees, the flow reattached to the original horn, cutting the large separation 
bubble into two smaller bubbles for this case as well.  When this occurred (at α = -1 deg.), the drag of the original 
lower-surface horn dropped below that of the tall lower-surface horn because the separation bubbles of the original
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Fig. 22.  Comparison of the lower surface horn variations for (a) lift and pitching moment and (b) drag. 
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horn were smaller than the bubbles of the tall horn.  As α continued to increase, the separation bubble from the 
initial protrusion became less important, so the drag coefficients for each case converged.  The lift was not 
significantly different between the three cases because lift is relatively insensitive to separation bubbles until the 
airfoil is near stall.  These data suggest that ice shapes with short lower-surface horns may have other features that 
have a significant effect on the flowfield along the lower surface of the airfoil. 
 It was stated earlier that the tracing used to extrude the 2D simulation appeared to have been made at a high 
point on the ice shape.  This would cause the corresponding Cl,max  to be slightly lower than that of the 3D casting.  
Additionally, the tracing was made with the pencil held vertically which might cause the tip radius of the horn to be 
slightly enlarged for the 2D simulation, thus yielding a higher Cl,max.  This study demonstrated that a decrease in 
horn height of 11% could increase Cl,max by 7% and a sharp tip radius instead of a rounder radius could decrease 
Cl,max by 8%.  Recall that the difference in Cl,max between the 3D casting and the 2D simulation was 2%.  This 2% 
difference was likely due to the 2D simulation having 
some combination of a taller horn and slightly larger 
tip radius. 
 The difference between the 3D casting and the 2D 
simulation in drag was more likely due to the presence 
of roughness on the casting than a disparity in mean 
geometric features.  At α = 0 deg. the difference in 
drag was 16% and at α = 4 deg. the difference was 
4%.  The drag converged as angle of attack increased, 
suggesting that the reason for the difference in drag at 
α = 0 deg. was due either to a discrepancy in 
geometry on the lower surface or to roughness.  The 
lower-surface horn on the 2D simulation appeared to 
be representative of the lower-surface horn on the 3D 
casting, so it is more likely that the roughness of the 
casting caused the extra drag.  Additionally, another 
study on the same ice shape showed that the presence 
of 14 grit roughness along the front surface of the ice 
shape increased drag at α = 0 deg. by 24% (Fig. 24).  
This accounts for the higher drag of the 3D casting. 
 The large variations in Cl,max
from small variations in upper-surface horn height and 
tip radius suggest that tracings of an ice shape must be 
made carefully.  The location of the tracing must be 
chosen at a cross-section that is representative of the ent
ice shape, the 2D extrusion of that ice shape will likely
casting.  Additionally, the tip of the upper-surface horn m
to the shape to prevent the horn from having an unrepres
selecting the best location for the upper-surface horn trac
smaller effect on the Cl,max than did variations in upper-s
averaged together to form a single tracing that is more rep
 

 and drag resulting 
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NACA 23012—the streamwise-ice shape induced a trailing-edge stall and the horn-ice shape induced a thin-airfoil 
stall.  However, it is important to note that when the streamwise-ice shape was tested, differences were seen between 
the tapped-casting and the pressure-slice configurations near stall.  In the pressure-slice case, the flowfield remained 
attached slightly longer than in the tapped-casting case.  No appreciable difference was seen between either of the 
horn-ice shape configurations.  Unlike the streamwise shape, the drag for the horn-ice shape was highly dependent 
on spanwise location.  However, these variations were similar for both the pressure-slice and tapped-casting 
configurations.  The location of the tap placement was seen to be important when the surface-pressure distributions 
were examined.  Therefore, regardless of whether a tapped casting or pressure slice is used, the determination of tap 
location should be done with care.  Further, either configuration can be selected for future experiments as both 
showed such similar results. 
 The purpose of the horn-geometry sensitivity study was to consider what variations in a 2D simulation could 

monstrate the sensitivity in iced airfoil performance to small changes in geometry and the need 
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