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Quantitative Comparison of Ice Accretion Shapes on Airfoils
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The need to compare quantitatively ice accretions that form on aircraft during � ight in icing conditions has
recently expanded from a research-oriented activity to more general applications. For example, veri� cation of
the calibration of ground-test facilities is often performed by comparing ice shapes produced at a speci� c icing
condition. Because icing tests in ground facilities are important in the aircraft certi� cation process, concerns about
the subjectivity and consistency of these ice shape comparisons have increased. The ice accretion comparison
method presented uses geometric features as well as several parameters extracted from a P-Fourier descriptor of
the ice accretion pro� le to develop a singleparameter that can be used to rank how well two ice shapes compare. The
results of this automated method were found to be consistent with comparisons of ice accretions made visually and
based on percent differences of geometric characteristics. Also, for comparisons of ice shapes having a calculated
comparison parameter less than 0.075 (7.5%), the drag coef� cient of the iced airfoils differs by less than 10%.
Higher values of the comparison parameter produce greater visual differences in the ice accretions and larger
variations in the drag coef� cient.

Nomenclature
ak = Fourier descriptor (coef� cients of the Fourier transform)
c = airfoil chord, cm
cd = drag coef� cient (two-dimensional)
cl = lift coef� cient (two-dimensional)
f = frequency, cycles/(s=c)
s = surface distance, cm
w = normalized line segment array
x; y = airfoil coordinates, cm
xi = measurement of geometric characteristic i
z = complex line segment array
1cd = normalized difference in drag coef� cients, Eq. (11)
± = uniform line segment length, s=c

Introduction

T HE comparison of the ice accretions that form on aircraft sur-
faces and the effect these accretions have on aerodynamic

performance plays an integral part in aircraft icing research and
� ight certi� cation. The need to compare quantitativelyice accretion
shapes has recently expanded from being a research-orientedactiv-
ity, such as for the development of icing scaling techniques or the
evaluation of numerical simulations, to more general applications.
Some of these applications, such as the veri� cation of ground-test
simulation capability and the comparison of calibrations between
test facilities, frequentlyhave important implications regarding air-
craft certi� cation. It is, therefore, critical that these comparisonsof
ice accretion shapes be made as consistently and quantitatively as
possible. However, the range of objectives of the applications that
require two ice accretions to be compared places signi� cant de-
mands on any proposed technique. A practical method to compare
ice accretions should be 1) easy to apply at different icing facilities,
2) applicable to glaze, rime, and mixed icing conditions,3) applica-
ble to the comparison of experimentally and numerically produced
ice accretions, 4) independent of test article geometry, and 5) free
from the subjectivity of the operator.
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The � rst step in comparing ice accretions is to determine which
characteristics should be compared. Generally either geometric
characteristicsof the ice accretion or aerodynamicperformancepa-
rameters are proposed for comparing accretions.1¡4 These param-
eters should be evaluated based on their ability to satisfy the � ve
requirements just listed. Although the ultimate objective of many
icing tests is to determine the aerodynamic performance of a test
article with accreted ice, the measurement of lift, drag, and mo-
ment coef� cients in an icing wind tunnel introduces another level
of complexity and uncertainty into the test procedure. Not all ic-
ing test facilities are equipped to measure aerodynamiccoef� cients
that would limit the usefulness of these parameters in a standard-
ized comparison method. In icing test facilities that are equipped to
make aerodynamic measurements, turbulence levels are generally
higher than in true aerodynamic test facilities and can signi� cantly
affect themeasurement.The use of aerodynamicparametersto com-
pare experimentallyand numericallyproduced ice accretionsis also
problematicbecause the determinationof accurateperformancepa-
rameters from a numerical simulationof the icing process is an area
of active research.5 For these reasons, recent applications of ice ac-
cretion comparison methodologieshave focusedon the comparison
of speci� c geometricfeatures.1;2 However,becausetheaerodynamic
performance is so critical to the comparison of aircraft ice accre-
tions, an additional constraint on a practical comparison method is
that ice shapes determined to compare well should also have similar
aerodynamicperformance parameters.

The use of geometric characteristics of ice accretions as com-
parison parameters satis� es many of the constraints listed earlier.
Measurements can be made at any icing test facility and are appli-
cable to both experimental and numerical ice accretions. Several
ice accretioncomparisonmethods that make use of variousgeomet-
ric parameters have been reported. Ruff and Anderson1 have used
six geometric parameters to characterize an ice accretion shape.
These parameters, illustrated in Fig. 1, are the thickness of the ice
accretion at the stagnation point, maximum thickness, maximum
width of the ice accretion, impingement width, horn length, and
horn angle. These parameters were measured from a digitized im-
age using CAD software and comparisons made by calculating the
percent difference in each of the measurements between the two
accretions. The percent differences for all of the pairs of measure-
ments were then averaged to serve as a measure of the merit of the
comparison of the ice shapes. This method was found to agree very
well with a subjective ranking of the similarity between pairs of
ice accretions. Ruff and Anderson1 also applied a fuzzy inference
system to aid in the interpretationof these data, although the results
were similar to those obtained by comparing the average percent
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Fig. 1 Geometric characteristics of ice accretion used in quantitative
analysis of Ruff and Anderson.1

difference of the measured quantities. Wright and Rutkowski2 de-
veloped an automatedmethod to determine 11 geometric character-
istics of an ice accretion from digitized coordinates. In this method,
the characteristics are extracted from a plot of the ice thickness as
a function of surface distance and include 1) upper and lower icing
limits, 2) upper and lower surface maximum thickness,3) minimum
thicknessbetween these two maximums, 4) upper and lower surface
angle at maximum thickness,5) upper and lower surface ice area, 6)
total ice area, and 7) total included angle between upper and lower
maximum thickness.

The data set described in Ref. 2 includes experimental and pre-
dicted ice accretions for 231 icing conditions. For these 231 con-
ditions, there is a database of 842 experimental ice shapes from
repeat conditions and off-centerline locations. When repeat experi-
mental ice shapes were available, an experimental average for each
of the features listed was calculated, and measurements from pre-
dicted and experimental ice shapes were compared to these aver-
age dimensions.Various averages of these percent differenceswere
formed and used to draw conclusionsabout the overall comparison
of predicted and experimental ice accretions. A single comparison
parameter to rank the quality of the comparison of two ice shapes
was formed from these averages,but the performanceof this param-
eter relative to a visual comparisonof the ice shapes or aerodynamic
performance was not evaluated. Subsequently, Wright and Chung3

have calculated performance coef� cients for ten experimental ice
shapes and the associated LEWICE6 predictions from those icing
conditions.A regressionanalysiswas performedto determinewhich
of the 11 ice shape parameters de� ned in Ref. 3 and listed here cor-
related best with the lift, drag, and moment coef� cients. The results
of this work will be discussed in detail later in this paper.

If geometric features are to be used to compare ice accretionsand
should be related to aerodynamicperformance,it is logical to exam-
ine previousstudies thathave investigatedthe effectof ice geometric
featureson changes in aerodynamiccoef� cients. In 1958, Gray cor-
related the geometric measurements of upper surface horn length
and horn angle from an ice accretion with the impingement rates,
icing conditions,and drag coef� cients.7 Subsequently,he expanded
this correlation of ice accretion geometry with icing conditions to
additionalairfoils.Gray used this largerdatabase to developa corre-
lation to predict the aerodynamic penalties caused by ice accretion
on various airfoils as a function of the impingement rates and icing
conditions.8 This was a very unique and potentially useful correla-
tion, although later work indicated that the increase in drag coef� -
cient caused by the ice accretion was frequently overpredicted.9;10

Papadakis et al.11 conducted an experimental evaluation to deter-
mine the effects of leading-edge ice accretion geometry on airfoil
performance. In these tests, they measured the lift, drag, pitch-
ing moment, and pressure coef� cients for a NACA 0011 airfoil,
on which spoilers had been placed to simulate the ice accretion.
Tests were run using61-cm- and 30.5-cm-chordairfoilswith spoiler
heightsof 3.8 and 7.6 cm. These heightswere selectedto correspond
to 22.5-and 45-minglaze ice accretionsthathad been formedon this
airfoil during icing tests. The spoilers were placed at angular loca-
tions around the leading edge of the airfoil, simulating the location
of the horn of an ice accretion. Parametric studies of horn height,

horn angle, and horn location were conducted for three Reynolds
numbers. They found that the height of the structureand its location
on the surface played an important role in performancedegradation,
with the simulated ice structures having the largest height, reducing
cl max by up to 76% and increasing cd by up to 13 times that of the
clean airfoil. Lee et al.12 reported similar study in which they also
attached simulated ice structures to the leading edge of a natural
laminar � ow airfoil (NLF-0414F). These structures had heights of
0.067c, 0.0433c, and 0.02c and were placed at one of six s/c lo-
cations around the leading edge of the airfoil (s=c D 0:034, 0.017,
0.0085, 0.00, ¡0.075, and ¡0.015). They too found that the height
of the structure and its location on the surface played an important
role in performance degradation, with the simulated ice structures
having the largest height producing the greatest effects on cl and
cd . The height and location of the simulated ice structures used by
Papadakis et al.11 and Lee et al.12 roughly correspond to the horn
length and angle used by Gray7;8 to correlate drag coef� cients.

Even though aerodynamic performance of iced airfoils has been
investigatedusing horn length and horn angle, these two geometric
characteristics alone are not suf� cient to form a satisfactory com-
parison method. For example, whereas glaze ice typically has an
upper and lower horn on both sides of a stagnation point, only the
upper horn was used by Gray7;8 to correlate aerodynamic perfor-
mance. However, the size and shape of the lower horn affects the
appearance of an ice accretion and does play a role in determining
the drag coef� cient.10 Gray7;8 considered a rime ice accretion as a
single horn that formed on the leading edge of an airfoil. Therefore,
any comparison method that would make use of both an upper and
lower horn would not be directly applicable to rime ice accretions.
Icing conditionsthat produceaccretionshaving both rime and glaze
portions frequentlyhave glaze horns near the leading edge and large
rime feathers further aft. Although there are glaze horns on these
accretions, the rime portions can have an effect on the � ow and,
therefore, on the performance of the iced airfoil. Obviously, glaze,
rime, and mixed ice accretionshavedifferentgeometric featuresthat
make the selection of a single set of relevant parameters dif� cult.
Increasing the number of features measured to ensure all situations
are addressed is also problematic. If several features to be measured
are redundant or missing from a particular ice shape, the interpre-
tation of a single average comparison parameter can be ambiguous.
Ideally, an ice accretion comparison method will contain as few pa-
rameters as possiblewhile ensuringthat the most signi� cant features
of the ice accretion are represented.

Objective
The objective of this paper is to develop a method to quantify

the geometric characteristics of an ice accretion and to use these
characteristics to compare two ice accretions. The output from this
method is a comparison parameter that ranks the quality of the
comparison. This paper begins with a description and justi� cation
of the methods to be used to geometrically compare ice shapes,
followed by a presentation of the experimental methods used to
obtain the ice accretions.The performanceof the automatedmethod
is evaluated by comparing it with average percent differences of
a set of measured geometric characteristics. The difference in the
aerodynamicperformanceof compared accretions is also evaluated
in terms of the comparison parameters.

Two-Dimensional Pattern Recognition
The automatic quanti� cation of ice accretion characteristics has

many similarities with two-dimensional pattern recognition. The
comparison of geometric characteristics of ice accretions is an ex-
ample of a feature-basedpattern recognitionmethod that makes use
of geometrical or topographical features (local features). Feature-
basedmethodscanalsomakeuseof globalfeaturesthat are extracted
from a transformation algorithm. Methods applying Fourier (see
Refs. 13–16), Hough (see Ref. 17), Walsh (see Refs. 18 and 19),
and wavelet20 transformations of a two-dimensional pro� le have
been developed.The use of local geometric features is conceptually
simple and can clearly describe relevant features. However, it can
be dif� cult to extract the requiredmeasurements,and these methods
generallyrequiremore user interventionto help interpret features.21
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Transformmethods are more robust in that they require less user in-
terventionto extract the variablesused in the comparison.However,
their ability to describe speci� c features is not as straightforward
as that of geometric methods. Hybrid feature-based methods that
make use of both global and local parameters have been relatively
successful in handling dif� cult pattern recognitiontasks such as au-
tomatically identifyinghand-written characters.22;23 One important
difference between pattern recognition methods and a method to
compare ice accretions is that the objective in most pattern recogni-
tion applications is to determine if an unknown geometry matches
one of the geometries stored in a database.An ice accretioncompar-
ison method must not only be able to determine if two geometries
are the same, but must also consistently quantify any differences
between them. Thus, two-dimensional pattern recognitionschemes
may serve as a starting point for the development of a comparison
method, but one or more comparison parameters will have to be
identi� ed and evaluated.

Description of the Ice Accretion Comparison Technique
In this section, the details of the hybrid comparison method will

be presented. As discussed earlier, the ice accretion comparison
method resulting from this work uses parameters derived from both
structural and transform methods. First, the transform technique
used to characterize the global features will be discussed and sev-
eral examples presented to illustrate the physical signi� cance of
the descriptors. The technique used to compare ice accretions and
quantify the differencesbetween them will then be described.

P-Fourier Transform Methodology

The use of Fourier descriptors was � rst introduced by Cosgriff13

in 1960. In general, a starting point on a boundary curve is selected,
and a function is de� ned that measures the slope of the curve as a
function of arc length. This function is normalized and expanded
in a Fourier series. The set of Fourier coef� cients comprises the
shape features to be analyzed and the coef� cients form the Fourier
descriptors of the original curve. Early work in this method of pat-
tern recognition indicated that “look-alike shapes are usually near
each other in a space of Fourier descriptor features: : : .”14 Uesaka15

presented a Fourier descriptor that is applicable to open and closed
curvesandnamedit the P-Fourierdescriptor.Becausethesedescrip-
tors are based on the slopes of segments of a curve, the technique
is invariantunder the parallel translationand enlargement/reduction
of the curve being evaluated.This method has recently been applied
to the automatic recognition of human face pro� les,16 a problem
very similar in concept to the comparison of ice accretions. The
current approach is to calculate the P-Fourier descriptor for the
two-dimensional pro� le of an ice accretion shape and develop ap-
propriatemetrics to compare the shapes using this descriptor. In the
followingparagraph,the P-Fourier transformmethodapplied in this
work is described. The terminology follows that given in Ref. 16.

Let the curve de� ning the perimeter of the ice accretion be rep-
resented by line segments on a two-dimensional complex plane

z. j/ D .x=c/. j / C i.y=c/. j/; j D 0; 1 : : : ; n (1)

where x and y are the digitized airfoil coordinates, c is the airfoil
chord, and i D

p
.¡1/. Let the length of each line segment com-

prising the pro� le curve be constant and equal to ±. Then, from
Eq. (1),

± D jz. j C 1/ ¡ z. j/j; j D 0; 1; : : : ; n ¡ 1 (2)

Each line segment can then be normalizedby ± to form line segment
array w. j/. From Eqs. (1) and (2), this is

w. j/ D [z. j C 1/ ¡ z. j/]=± (3)

The discrete Fourier expansion of w. j/ becomes

w. j/ D
n ¡ 1X

k D 0

ak exp

³
2¼i

jk

n

´
(4)

where the Fourier coef� cients ak , k D 0, 1, 2,: : :, are

ak D 1
n

n ¡ 1X

j D 0

w. j/ exp

³
¡ 2¼i

jk

n

´
(5)

The set of ak is the P-Fourier descriptor. The spatial frequency
associated with the ak is given by

fk D [k=.n ¡ 1/]. fs =2/; k D 0; 1; : : : ; n ¡ 1 (6)

where fs is the sampling frequency given as 1=±. The units on ±
are surface length/chord (s=c) making the units of fk D cycles per
nondimensional surface length, that is, cycles/(s=c).

Geometric Signi�cance of the Fourier Coef� cients

One of the shortcomingsof transformmethodsof pattern recogni-
tion is that it is more dif� cult to describespeci� c featuresof a pro� le
than it is when using structural methods. However, the features are
representedby the Fourier descriptors, and information about them
can be extracted. In this section, the geometric signi� cance of the
Fourier coef� cients is examined.

Simulated ice accretion. A sinusoidal function having the form

x D ¡f2 sin[2¼y.0:5/] C A sin[2¼y.B/]g (7)

was constructed to illustrate the behavior of the P-Fourier descrip-
tor. As shown in Fig. 2, when A D 0 and this function is plotted
from y D 0 to 1, the pro� le resembles the leading edge of an airfoil.
For nonzero values of A and B, sinusoidal roughness elements are
superimposed onto the airfoil shape with the value of A determin-
ing the height of the elements. The frequency of the roughness is
speci� ed by B. The pro� les for B D 10 and A D 0.1 and 0.3 are
shown in Fig. 2. Figure 3 shows the magnitude of the Fourier co-
ef� cients for these two cases as a function of frequency. For both
values of A, the � rst frequency peak is located at f D 1 cycles/s,
that is, cycles/unit surface distance, because of the limited resolu-
tion of the discrete Fourier transform. The second frequency peak
occursat f D 10 cycles/s, which correspondsto the frequencyof the
superimposed waveform. The peaks at higher frequencies are har-
monics of the function up to approximately f D 50 cycles/s, where
the frequencycomponents are primarily discretizationnoise. When
the magnitude of the coef� cients at f D 10 cycles/s are compared,
it is observed that the waveform produced with the larger roughness
elements (A D 0.3) produced a signi� cantly greater coef� cient than
that with A D 0.1. Based on these results, it is observed that the
frequency content of a two-dimensional pro� le can be quanti� ed
from the Fourier descriptor for that pro� le. The magnitude of the
coef� cients is also an indicationof the size of the geometric features
on the two-dimensional pro� le.

Fig. 2 Pro� le to demonstrate P-Fourier transform method.
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Fig. 3 Fourier descriptor of analytic pro� le.

Fig. 4 Fourier descriptors and associated ice shapes for a) rime, b)
glaze, and c) mixed ice accretions.24

Type of ice. Unlike the preceding example, the shape of an ice
accretion is not described by a single frequency, but by a range a
frequencies. Because glaze, rime, and mixed ice accretions have
different geometric characteristics, these differences should be ev-
idenced in the Fourier descriptors. The algorithm described in the
preceding section was applied to representative rime, glaze, and
mixed ice accretion shapes and the results are shown in Fig. 4. The
inset in each sub-� gure of Fig. 4 shows the associated ice accretion

Fig. 5 Effect of magnitude of maximum coef� cient on ice accretion
pro� le.

pro� le and run identi� cation number used by Anderson and Ruff.24

In Fig. 4a, the magnitudeof the coef� cients of the rime ice accretion
decreases very quickly. The maximum coef� cient is in the second
frequency bin, similar to the simulated accretion shown in Fig. 3.
The glaze ice accretionshownin Fig. 4b has itsmaximumpeakin the
secondfrequencybin,buthasa signi� cantlybroaderfrequencyspec-
trum, extendingout to approximately100 cycles/(s=c). The magni-
tude of the Fourier coef� cients of the mixed ice accretion shown in
Fig. 4c extendsto frequenciesof about60–100cycles/(s=c), between
those for the rime and glaze accretions. As shown in Fig. 4, rime,
glaze, and mixed ice accretionscan be differentiatedby their Fourier
descriptorswith glaze ice accretionshaving the broadest frequency
content.

Magnitude of the coef�cients. We can also investigate how the
magnitude of Fourier coef� cients representsan ice accretion geom-
etry by calculating the Fourier coef� cients, modifying the value of
one or more of the coef� cients, and performing an inverse Fourier
transform to reconstruct the x and y coordinates from the modi-
� ed coef� cients. The effect of the modi� cation can be evaluated
by comparing the modi� ed pro� le with the original. For example,
Fig. 5 shows the original ice accretion pro� le and a pro� le gen-
erated after increasing the value of the maximum Fourier coef� -
cient by 10%. (A glaze ice accretion was used for this investigation
because glaze ice was found to have a broader frequency content
than rime or mixed ice shapes.) Note that the right-hand portion
of the shape was not changed, but that the rest of the tracing was
stretched to the left. Therefore, all other coef� cients being equal,
the magnitude of the maximum coef� cient is seen to be a measure
of the size of the ice accretion. Similarly, modifying higher coef-
� cients was found to have a decreasing effect on the ice accretion
shape.

Number of coef�cients. The next question to be addressed is
how many coef� cients are required to describe accurately an ice
accretion? To answer this question, the coef� cients of the Fourier
descriptor were calculated, a portion of them were set to zero, and
the inverse transform operation was performed. The reconstructed
ice accretion was then compared to the original pro� le. Figure 6
shows the results when all frequenciesgreater than 25, 50, and 100
cycles/(s=c)were setequal to zero.Althoughthegeneralshapeof the
ice accretion is captured by frequencies lower than 25 cycles/(s=c),
frequenciesout to at least 100 cycles/(s=c) must be included before
there is no signi� cant difference between the original and inverse
pro� les. Note that the general location of the horns of the glaze
accretion is captured by the lowest frequency components. As an
aside, this techniqueappears to be an excellentmethod of obtaining
the coordinates for smoothed ice accretionsused in various types of
icing testing.

Based on these investigations,it was concludedthat the frequency
content of the ice accretion pro� le does depend on the type of ice
accretion, with glaze ice having the largest Fourier coef� cients at
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Fig. 6 Evaluation of frequencies required to reconstruct ice accretion
pro� le.

higher frequencies.The magnitudeof the maximum coef� cient rep-
resents the size of the ice accretion. Frequencies out to approxi-
mately f D 100 cycles/(s=c) are required to accurately describe a
typical ice accretion shape to the resolution available by the ice
tracing technique.

Difference Terms

The preceding discussion showed that the coef� cients of the
Fourier descriptor are directly related to the geometry of the ice
accretion pro� le. However, to compare ice accretion shapes, it is
necessary to develop parameters that quantify the differences be-
tween two sets of Fourier descriptors.Because the magnitudeof the
maximum coef� cient was found to be representative of the size of
the ice accretion, the normalized difference in the magnitude of the
maximum coef� cient was selected as a comparisonparameter.This
can be expressed as

E1 D
jamax;2 ¡ amax;1j

1
2 [amax;2 C amax;1]

(8)

The subscripts 1 and 2 denote a parameter from one of the two ice
accretions being compared. Note that the absolute value of the nu-
merator is speci� ed.As shownin Fig. 4, the frequencycontentis rep-
resentativeof the type of ice as well as the presence and location of
horns. Therefore, a second difference term was formed by summing

Fig. 7 Geometric parameters used in hybrid comparison method.

the frequency-weighted,normalized difference in the Fourier coef-
� cients from f D 0 to 100 cycles/(s=c). This is expressed as

E2 D
KX

k D 1

1
fk

ja fk ;2 ¡ a fk ;1j
1
2 [a fk ;2 C a fk ;1]

(9)

A frequencyweighteddifferenceparameterwas appliedbecausethe
coef� cients at higher frequencies were found to have signi� cantly
less in� uence on the ice accretion pro� le.

Measurement of Geometric Parameters

As discussed earlier, many practical two-dimensional pattern
recognition schemes make use of both global and local parameters
to make use of the strengths of both of these methodologies.22;23

Accordingly, the comparison method developed in this work used
not only difference parameters from the P-Fourier descriptor de-
scribed, but also several geometric parameters that could be easily
extracted from the digitized ice accretion pro� le. Speci� cally, the
geometric parameters are the maximum forward width, maximum
thickness,and the ice thicknessat y D 0 and are illustrated in Fig. 7.
The maximum thickness and ice thickness at y D 0 are measured
from the vertical axis at x D 0. The maximum forward width is the
maximum width of the ice accretion upstream of the leading edge.
Note that these features de� ne a region in which the ice accretion is
located. The fractional difference in these measurements was cal-
culated using the equation

1xi D
jxi;2 ¡ xi;1j

1
2 [xi;2 C xi;1]

(10)

where xi is the value of the i th geometric characteristic.
The � rst step in the comparison process was to digitize a two-

dimensional tracing of each ice accretionpro� le. The P-Fourier de-
scriptors for pairs of ice accretions was calculated using the x and
y coordinatesobtained as a result of the digitization.The difference
parameters given by Eqs. (8) and (9) were then calculated, and the
geometric parameters identi� ed in Fig. 7 were measured. The aver-
age of the � ve differenceparametersfrom this technique(maximum
forward width, maximum thickness, thickness at y D 0, normalized
difference in maximum coef� cient, and the sum of the frequency-
weighted normalized difference in the coef� cients) was calculated
to obtain a single parameter to characterizethe comparison.The en-
tire process, including digitization, analysis, and comparison, was
automated in a MATLAB®25 program.

Experimental Methods
Tests to investigate the selection of the model velocity in ic-

ing scaling methods were performed in the NASA John H. Glenn
Research Center at Lewis Field Icing Research Tunnel (IRT) in
March and May of 1998.24 The IRT is a closed-loop tunnel with a
refrigerationsystemthat permits controlof temperaturefrom¡30 to
4±C. A water-spray system provides a range of liquid-watercontent
and water droplet size that covers a signi� cant portionof the Federal
Aviation Administration Part 25 Appendix C icing envelope. The
test section has dimensions of 1.8 by 2.7 m, and velocities of up to
160 m/s are possible. Tests were performed using two-dimensional
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NACA 0012airfoilswith chordsof 53.3, 35.6, and 26.7 cm mounted
vertically across the 1.8-m span of the IRT test section. All of the
solid aluminum models had a span of 61 cm and were placed be-
tween end plates to reduce end effects. The models had a uniform
chord and were unswept. A set of test conditions were selected to
represent reference cases, and the various scaling methods were
applied to determine the correspondingscale test conditions. Tests
were run at both sets of conditions: Two-dimensional cuts through
the resulting ice accretions were made at the center of the tunnel
test section and 20.3 cm above the centerline, and ice shapes were
recorded by tracing the ice outline onto a cardboard template.

Previous work has shown that an average difference parameter
calculated from measurements of a set of six geometric parameters
yields essentially the same ranking of the quality of a comparison
as that done by observation.1 The geometric parameters included in
this set were illustratedin Fig. 1. To compareexperimentalice accre-
tions, 21 pairs of conditionsvisually judged to represent good, fair,
and poor comparisons were selected from the data set of ice accre-
tionsobtainedduringthe icingscalingtestsconductedin 1998.24 The
10pairsof ice accretionspresentedin Ref.3 wereused to evaluatethe
ability of the method to compare experimental and computational
ice accretion shapes. For each pair of ice accretions, the geometric
characteristics were measured, and the nondimensional fractional
differenceof each characteristicwas calculated using Eq. (10). The
average of the 1xi , that is, 1x , was also calculated to yield a sin-
gle measure of the comparison using this geometric method. The
comparisons in this data set had values of 1x that ranged from
0.020 to 0.412.The hybrid ice accretioncomparisonmethod should
yield results that agree with the visual and geometric-based rating
of how well two ice accretions compare. This will be discussed in
the following section.

Comparison of Ice Accretion Shapes
Figure 8 shows four pairs of experimental ice accretions that rep-

resent a range of quality of shape comparisons. The values of the
geometricandhybridcomparisonparametersare shown in eachsub-
� gure of Fig. 8. The valueof theseparametersare not equal, but both
rate the quality of the comparison fairly well, with the lower values
indicating the better comparison.Note that the ranking of the qual-
ity of the comparisons is differentdependingon which parameter is
used. For example, the hybrid method ranks the comparisons in the
orderof Figs. 8a–8dwith Fig. 8abeingthebestcomparison.The geo-
metricmethodranksthemFigs. 8a, 8d, 8b, and8c.The differenceoc-
curs because the Fourier descriptormethod identi� es the difference
in the rime feathers along the upper and lower surface of Fig. 8d that
is missed in the geometric method. The hybrid method is observed
to be at least as effective in ranking the quality of the comparisons
as the average fractional difference of the geometric parameters.

Figure 9 shows comparisonsexperimentallyproduced(solid line)
and computationally produced (broken line) ice accretions from
Ref. 3. Note that the hybrid comparison parameter for Figs. 9a–9c,
differ by less than 0.05, indicating that the quality of the compar-
isons are similar. Visually, the comparisons shown in these three
sub� gures of Fig. 9 are of approximately equal quality. The com-
parison of the geometric parameters indicates that the comparisons
shown in Figs. 9a and 9c are considerablybetter than that in Fig. 9b.
The comparison in Fig. 9d is the worst for both the geometric and
hybrid comparison parameters because of the obvious large differ-
ences between the two accretions.

Figure 10 shows the averagedifferenceparameter for all 31 cases,
plotted as a function of the average fractional differenceof the geo-
metric measurements. As was shown in Figs. 8 and 9, the values of
the hybrid and geometric comparison parameters are not equal, but
the hybrid comparison parameter is shown to correlate fairly well
with the averageof the geometric features.The differencesbetween
these parameters occur because the P-Fourier transform methodol-
ogy is sensitive to the frequency content of the overall ice accretion
pro� les, not to a difference in any particular feature. This is clearly
demonstrated in Fig. 11, which compares the frequency content of
experimentally and computationally produced ice accretions. (The
two ice shape pro� les are overlaid in the inset of Fig. 11.) At the

Fig. 8 Comparison of experimental ice accretion shapes and associ-
ated geometric and hybrid comparison parameters.

lowest frequencies, the Fourier coef� cients compare very well, in-
dicating that the general shape of the accretions is similar. However,
the magnitude of peaks at approximately 10 and 14 cycles/(s=c)
in the Fourier descriptor for the computed ice accretion are larger
because the glaze horn on the upper surface of the computed accre-
tion is larger than that on the experimental ice accretion. Starting
at about 20 cycles/(s=c), the magnitude of the Fourier coef� cients
decays more rapidly for the computed ice accretion.This is because
the mechanisms that produce the roughnesselements on the surface
of an ice accretion and contribute to the higher-frequencycompo-
nents are not modeled in LEWICE.6 However, because the shape of
the ice accretion is primarily determinedby the coef� cients at lower
frequencies,the absenceof thehigh-frequencycomponentsdoes not
generally degrade the visual comparison. The value of the hybrid
comparison parameter for these two cases is 0.158 that, based on
the comparisonsshown in Figs. 8 and 9, is consistentwith the visual
comparison of the ice shapes.

Comparison of Aerodynamic Performance
It is also important that two ice accretions that are judged to be

geometrically similar using a comparison method are also aero-
dynamically similar. Olsen et al.10 measured the drag coef� cients
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Fig. 9 Comparison of experimental (solid line) and computational
(dashed line) ice accretion shapes and associated geometric and hybrid
comparison parameters (run numbers refer to conditions in Ref. 3).

Fig. 10 Comparison parameters from hybrid and geometric compar-
ison methods.

Fig. 11 Comparison of Fourier descriptor for an experimentally and
computationally produced ice accretion (run number 204 from Ref. 3;
hybrid comparison parameter equals 0.158).

Fig. 12 Correlation of hybrid comparison parameter with normalized
difference in drag coef� cient.

for ice accretions formed at a range of icing conditions. Shin and
Bond26 measured the drag coef� cient for 26 accretions and then
predicted the shapes using an early version of LEWICE.27 They26

then calculated the drag coef� cient for the computational shapes
using an interactive boundary-layermethod developedby Cebeci28

and compared these values to the experimentalvalues.As discussed
earlier, Wright and Chung3 recently calculated the aerodynamic
performance parameters for 10 experimental ice accretions and the
correspondingcomputationalaccretions produced by LEWICE for
the same icing conditions.These ice shape data were digitized, and
pairs of ice accretionswere comparedusing the hybrid method.The
fractional difference in the drag coef� cient for each pair of accre-
tions was also calculated using the equation

1cd D 2.cd;2 ¡ cd;1/

2.cd;2 C cd;1/
(11)

The valueof 1cd was plottedas a functionof the calculatedcompar-
ison parameteras shown in Fig. 12. For valuesof the comparisonpa-
rameter below approximately 0.075, the drag coef� cients between
the two ice accretions differ by less than 10%. For values above
0.075, the fractional difference in drag coef� cient increases signif-
icantly and can be as great as 0.50 or more. As expected, as the
values of the hybrid comparison parameter and, therefore, the ge-
ometric differences between the two ice accretions, increases, the
drag coef� cient varies considerably,dependingon speci� cally how
the ice accretions differed. Note that 14 of the ice shape compar-
isons from Shin and Bond26 included in Fig. 12 are comparisons
between experimentally produced and computationally produced
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ice accretions. These data were found to be consistent with the
other experiment-to-experiment comparisons shown in Fig. 12, and
they demonstrate that this method can accurately quantify differ-
ences between experimental and computed ice accretions.The data
of Wright and Chung,3 indicated by the solid circles in Fig. 12,
have values of the hybrid comparison parameter greater than 0.075
and, accordingly, larger differences between the normalized drag
coef� cients.

Wright and Chung3 performed a regressionanalysis to determine
which of the 11 ice shape parameters listed and de� ned in Ref. 3,
as well as the Fourier error parameters de� ned by Eqs. (8) and (9),
correlated best with the lift, drag, and moment coef� cients. They
found that these aerodynamic performance parameters were most
sensitive to the upper horn angle, upper horn thickness, leading-
edge minimum thickness,and the frequency-weighteddifference in
Fourier coef� cients. For many accretions, the maximum forward
width and maximum thickness used in the hybrid method locates
the same point on the accretion used to calculate the horn angle
and thickness used by Wright and Chung3 (compare the de� nitions
of these parameters shown in Figs. 1 and 7). Also, at angles of at-
tack near 0 deg, the point used to measure the thickness at y D 0
used in the hybrid method is close to the point used to determine
the leading-edge minimum thickness. Obviously, the selection of
comparison parameters is not unique, and different parameters can
provide different quanti� cations of the same feature on an ice ac-
cretion. Evaluating comparison methods then becomes a matter of
how well they satisfy the requirements listed at the beginningof this
paper.

Conclusions
The objective of this work was to develop an automated method

to quantify the merit of a comparison of ice accretions. A practi-
cal method must not only provide quantitative information to com-
pare ice accretions, but should satisfy as many of the following
requirements as possible. The method should be 1) easy to ap-
ply at different icing facilities; 2) applicable to glaze, rime, and
mixed icing conditions; 3) applicable to the comparison of experi-
mentally and numerically produced ice accretions; 4) independent
of test article geometry; and 5) free from the subjectivity of the
operator.

Additionally,ice shapes that are foundto comparewell using such
a method should have similar aerodynamicperformance.A method
that combines the automatic measurement and comparison of sev-
eral local geometric features and metrics of the Fourier descriptors
of the two ice accretion pro� les was developed. The entire process
was performed in the MATLAB programming environment to in-
crease the consistency and objectivity of the analysis. The average
difference parameter obtained from the hybrid comparison method
yielded results that were consistent with comparisons made both
visually and based on fractionaldifferencesof geometric character-
istics. The use of the hybrid method eliminatesproblems associated
with de� ning geometric characteristics that are applicable for ex-
perimentally or computationallyproduced ice accretions formed in
glaze, rime, and mixed icing conditions. Furthermore, ice shapes
for which the comparison parameter was less than 0.075 (7.5%)
were found to have drag coef� cients that differed by less than 10%.
Other, more speci� c conclusions drawn from the results presented
follow:

1) The P-Fourier transformmethodprovidesan excellentmethod
of obtainingcoordinatesfor smoothedsimulated ice accretionsused
in certain types of icing tests. This is accomplished by calculating
the Fourier descriptor for an ice accretionshape, setting all frequen-
cies greater than some cutoff frequency to zero, and performing an
inverse Fourier transform.

2) Glaze, rime, and mixed ice accretions can be differentiated
by their Fourier descriptors. Horns on a glaze or mixed ice accre-
tion produce Fourier descriptors having signi� cant contributionsat
higher frequenciesthan those found in rime ice accretions.Compu-
tational ice accretions generally lack the higher frequency compo-
nents because the mechanisms governing the formation of surface
roughness are not modeled.

3) Frequencies less than 100 cycles/(s=c) are required to accu-
rately representan ice accretionshape and should be included in the
calculation of difference terms from the P-Fourier descriptor.

4) The method developed in this work is applicable to the
comparison of experimentally and computationally produced ice
accretions.

With this method, the quantitative comparison of ice accretion
pro� les canbemademoreconsistentlyandobjectively.In additionto
providing a method of comparing ice accretionsformed at different
ground-test facilities, this comparison method can help researchers
quantify the improvement of an ice shape prediction resulting from
modi� cations to the ice accretion model. It can also assist in the
developmentand validationof icing scaling methods by providinga
quantitativemethodof evaluatingthe relativeperformanceof scaling
methods. The global representation of the ice accretion using its
P-Fourier transform is a unique analysis tool that may be able to
quantify the small-scale surface roughness on ice accretions that is
so critical in the heat transfer processes. Future work on the effect
of surface roughnesson heat transfer will investigate the usefulness
of the procedure.
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