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Abstract: Determining the criticality of ice shapes is a necessary condition for verifying compliance
with icing airworthiness regulations. However, the clear, concise, and applicable criterion based on
the geometric characteristics of ice shapes has not been clearly given out by current advisory circulars.
To address this problem, this paper summarizes aerodynamic performance items and recommended
ice shapes the latest version of CCAR-25 and corresponding advisory circulars for a variety of flight
phases, including takeoff, holding, en route, DTO, etc., instead of the single phase of holding in the
previous research. Based on the geometric classification of the ice shapes, the dominant parameters of
various ice shapes are clarified by the correlation between the geometric parameters and aerodynamic
effects. The geometric parameters to determine the criticality of specific ice shapes are defined as the
roughness height and range for the roughness ice and the total projection height in the direction of
lift for the horn ice. On this basis, the detailed determination criterion of critical ice shape geometries
corresponding to different flight phases and aircraft components is formulated, which will provide
an operational selection methodology for determining the geometries of critical ice shapes at the
airworthiness certification stage.

Keywords: icing; airworthiness; critical ice shape; determination of criticality

1. Introduction

Icing is a serious threat to the safety of flight [1,2]. According to the databases of NTSB
and ASRS, 228 icing-related accidents and 30 inflight-icing-related incidents were revealed
from 2006 to 2010, and 40 accidents were related to inflight icing occurring on the wings,
fuselage, or control surfaces [3]. The fatal accidents caused by icing in recent years include
the crashes of the ATR-72-212 (ATR, Toulouse, France) in Cuba in 2010 and the Saab-340A
(Saab AB, Linkoping, Sweden) in Argentina in 2011, where the icing condition under the
en route phase surpassed the ice protection and led to a loss of control [4], which indicates
that flight safety under icing conditions still remains a focus concern. The verification
of compliance with icing-related regulations is a key part of civil aircraft airworthiness
certification. In the process of obtaining certification for icing airworthiness, it is necessary
to check the controllability, stability, and performance of the aircraft after icing under each
specific flight state so as to demonstrate the capability to ensure flight safety under the
icing conditions [5-7].

Compliance with regulations on icing airworthiness is usually demonstrated based on
a combination of computational analysis, wind tunnel testing, dry-air flight, and natural
icing flight. The critical ice shape is the foundation as well as the basic input for this
procedure. According to AC 25.1419 [8], in order to carry out the analysis of aerodynamic
performance under icing conditions for the verification of airworthiness, the critical ice
shapes must first be determined under various flight states and atmospheric conditions.

The definitions of critical ice shapes can be found in the corresponding advisory
circulars. The AC 20-73A [9] defines the critical ice shape as the aircraft surface ice that
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forms under the required icing conditions and has the most adverse effects for specific
flight safety requirements. AC 25-25 [10] states that the most critical ice shape in terms of
handling characteristics and /or performance for each flight phase should be determined.
Meanwhile, the advisory circulars not only provide the definition but also the important
factors, such as flight conditions, that need to be considered when determining the critical
ice shape. They also point out that the critical ice shapes of different components may
be different for specific flight stages and configurations. AC 20-73A [9] states that it is
necessary to determine the critical ice shape for the different flight characteristics according
to the concerned flight phases. Based on the definition of ice shape for the various flight
phases in AC 25-25 [10] provides recommendations of the appropriate ice shape for the
subject to be examined. Some more detailed descriptions of the characteristics of ice shapes
for the different flight phases are also provided.

In recent years, the sensitivity analysis of ice shapes on aerodynamic performance
has been widely carried out, which forms an important background for this study about
the determination of the criticality of ice shapes in view of geometry parameters. The
effect of roughness parameters on aerodynamic degeneration was studied by Broeren [11].
A methodology for predicting the effects of glaze ice geometry on airfoil aerodynamic
coefficients by using neural network prediction was proposed by Cao [12]. An available
icing certification concerning the various critical ice shapes was outlined by Hu [13]. The
sensitivity of ice shape attributes and ice mass to five critical physical and modeling
parameters was investigated by Raj [14]. Oztekin [15] performed a parametric study on
the aerodynamics of ice accretions on airfoils. A parametric investigation of aerodynamic
performance degradation due to icing was carried out by Nath [16]. However, with the
current engineering practice of airworthiness for civil aircraft, the following aspects of
determining the criticality of ice shapes still remain to be solved:

(1) Although the above advisory circulars have given a detailed explanation and analysis
of the definition and application principles of critical ice shapes, while the aerody-
namic effects of various ice shapes have been revealed in available literature [17],
the applicable criterion of determining the critical ice shapes in terms of geometric
characteristics has not been clearly given out, namely, how to determine the criticality
for ice shapes with certain and limited geometric parameters from a variety of effect
factors. Moreover, the previous works mainly focused on the selection of the critical
icing conditions [18], where the aerodynamic effects are usually ignored, though it is
the final step of the entire process.

(2) According to the latest version of CCAR-25 and AC 20-73A, the determination of
criticality for ice shapes should be performed under different flight phases, including
takeoff, holding, en route, etc., instead of the previous requirement of only holding.
According to the available results of aerodynamic performance after icing, even for the
same flight phase, the corresponding critical ice shapes may be diverse for different
configurations and components of aircraft; however, both the current airworthiness
regulations and the related advisory circulars do not give corresponding guidance or
suggestions about the geometric definition of critical ice shapes, which increases the
complexity of the problem [19-21].

Therefore, to address these problems, according to the aerodynamic performance
required to be examined under the icing conditions of different flight phases defined in
CCAR-25, this paper sorted the ice shapes according to the factors to be considered in
the advisory circulars in terms of geometry characteristics first. Then, the criticality of ice
shapes is revealed according to the correlation between their geometric characteristics and
aerodynamic performance. As a result, the criteria for determining the critical ice shapes
corresponding to different flight phases and aircraft components are summarized so as
to provide a reference for determining the critical ice shapes at the stage of airworthiness
certification. It should be pointed out that the current study was mainly based on open
publications and data; our own experiments in wind tunnels and numerical simulation
were not conducted unless otherwise indicated.
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2. The Classification of Ice Shapes According to the Airworthiness Regulations

In the latest version of CCAR-25, the icing conditions used to demonstrate compliance
with Division B are defined, and requirements for the contents to be examined and verified
after icing are also given, which mainly include performance, stability, controllability,
trimming and stalling, etc. [7]. For the contents of stability and maneuvering involved in
Division B, as well as the ice shapes defined for each phase of flight, AC 25-25 [10] gives
recommendations for the corresponding ice shapes for each subject. Thus, according to the
flight performance in the icing airworthiness validations under each phase of flight, the
concerned aerodynamic performance is summarized, respectively, as shown in Table 1.

Table 1. The recommended ice shapes concerned aerodynamic performance in each flight phase.

Chapters Contents Recommended Aerodynamic Performance
Performance Ice Shapes Clmax Cd L/D wast Cl  Cm Eff Stab Cn
Takeoff ice

Final takeoff ice
25.103 Stall speed . .
En route ice

Holding ice
25.111 Takeoff Path Takeoff ice . .
25.119 all—éi;?;:sg— g}lj:;‘:t:mg Holding ice .
25.121 one—engi(rileizgpera tive Final takeoff ice .
25.123 En route flight paths En route ice .
25.125 Landing Holding ice . °
Maneuverability and Stability Clmax Cd L/D  ast Cl Cm Eff Stab Cn
25.143 Holding ice ° . . . °
T mar?ecl)lr\lrt;?;l;ll)iitl}ifi;relgeral Roughness * * * * *
j DTO . . . . .
25.145 Longitudinal control Holding ice . . . °
25147 Directional and Holding ice . c e e e
ateral control
25.161 Trim Holding ice . . . °
25.171 Stability—general . . ° °
25175 Dlir;‘gol‘t‘zgig?‘; t(;{afltli;c Holding ice c e o e
25.177 dirsetcaé:;aaltiiﬂi iy Holding ice c e o e
Stall Clmax Cd L/D  ast Cl Cm Eff Stab Cn
25.201 Stall demonstr.ati.on Holding ice . R . . R .
25.203 Stall characteristics
Holding ice ° . . . ° °
25.207 Stall warning DTO ® b i ° o o
Failure ice . . ° . ° °
25.237 Wind velocities Landing ice . . °
25.251 Vibration and buffeting Residual ice ° ° .
25.1309 Failure conditions Failure ice . ° . . . .

o: Concerned aerodynamic performance.
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According to geometric characteristics, the ice shapes can be defined as roughness ice,
horn ice, and streamwise ice [17]. Thus, the recommended ice shapes listed in Table 1 can be
further classified according to the geometric characteristics and statistics of ice accretion in
each flight phase, as shown in Table 2, where the small or large size of horn ice is a relative
quantification that depends on the height of the horn generated in a specific meteorological
condition. Then, by analyzing the effect of ice shapes with different geometric parameters
on aerodynamic performance, the criticality of ice shapes under the corresponding flight
phase can be determined. For each flight phase, a certain geometric parameter will be given
to determine the criticality of the ice shapes.

Table 2. The classification of ice shapes according to the geometry.

Flight Phase Classification by the Geometry of Ice

Takeoff Roughness ice
Final takeoff Roughness ice

Small-size horn ice

Holding Large-size horn ice

En route Small-size horn ice
DTO Roughness ice

Failure Large-size horn ice

3. The Criticality of Ice Shapes with Different Geometric Characteristics

The effect on the aerodynamic performance of different geometric characteristics is
the basis for the determination of the critical ice shapes. NASA has conducted a compre-
hensive study on ice accretion and the corresponding aerodynamic effect [17,22]. Based
on these studies, this paper will discuss the criticality of ice shapes according to the
aerodynamic effect.

3.1. The Roughness of the Ice

The roughness of ice mainly occurs in the initial stage of icing accumulation or gen-
erates as rime ice, which tends to form at combinations of low ambient temperature, low
speed, and/or a low value of cloud water concentration [23]. The early transition and the
increasing of the boundary layer thickness will be introduced by this type of ice, which
directly increases the profile drag of the airfoil and enhances the trailing edge separation,
resulting in a reduction in the aerodynamic efficiency of the airfoil.

The effect of roughness ice on aerodynamic performance is closely related to the
roughness height and distribution location. The definition of roughness height is shown
in Figure 1, which is generally expressed as the ratio k/c of the absolute roughness height
k to the airfoil chord length c. Shin [24] measured the absolute roughness height of the
icing surface and showed that the height of roughness elements is generally within the
range of 0.3-0.8 mm. Bragg [17] concluded that the roughness height is positively related to
the degradation amount of maximum lift, which is shown in Figure 1, where the symbols
represent discrete points of AClmax with corresponding k/c. The effects of height, chordwise
extent, and location of roughness are all demonstrated in Figure 1a, where a wide range
of roughness types and locations for a variety of airfoils and Reynolds numbers were
considered. For the same height, the roughness effect increases as the range moves from
x/c¢ = 0.3 toward the leading edge, especially in the region ahead of x/c = 0.1. When the
roughness height is fixed, the maximum lift decreases with the increasing roughness density
until it reaches 30%, which is demonstrated in Figure 1b, where the effects of modifying
the roughness density were examined on an NLF0414 airfoil.
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In Figure 2, based on a typical commuter-sized aircraft with a critical wing chord of
90 inches, where the roughness effects were induced by spherical-shaped leading edge
contamination, Tanner [25] further confirmed the notable positive correlation between the
degeneration of stall AOA and the increasing roughness density as well as height, where
the in**2 mean square inches. Bowden [26] found that roughness has the greatest effect
on aerodynamic performance when the roughness elements are distributed at the point of
minimum pressure or maximum velocity. From Figure 3, it can be seen that the leading
edge of the airfoil is the most sensitive to the distribution of roughness, and the effect
of roughness on the aerodynamic performance is the most obvious within the range of
5% chord length, where the effects of height and density of the roughness are measured
comprehensively under the same Rp of 0.00003, which is an empirically derived parameter
developed by Bombardier that relates the aerodynamic effect of distributed leading edge
roughness to the geometric qualities of the roughness elements. Tanner [25] has also shown
that the roughness of the ice within 5% of the chord length of the leading edge has a
significant effect on the stall AOA and maximum lift. Within this range, the wider the
distribution of rough ice is, the more critical the aerodynamic effect will be. It is noticed that
the degradation of stall performance is not completely consistent between the two results
due to the inevitable difference between the wind tunnel and the flight test; however, the
current results have qualitative consistency and support the criterion of criticality.

MHOUGHNESSHE\GHT)l X re
60 HIGH LIFT DEVICES
*
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Figure 1. The effect of roughness on Clmax [17]. (a) Effect of the height, the chordwise extent, and
the location of roughness. (b) Effect of the density and the height of roughness.
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Figure 2. The effect of roughness, density, and height on stall AOA [25].
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Figure 3. The wind tunnel results from the roughness distribution effect on the aerodynamic per-

formance [25]. (a) Effect of roughness distribution near the leading edge. (b) Effect of roughness
distribution after the leading edge.
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Based on the above analysis, the following conclusions can be obtained:

(@) The larger the roughness height, the more critical the effect on the aerodynamic
performance of the airfoil will be. The effect will no longer increase after the roughness
density reaches 30%.

(b) The effect of roughness on the stall AOA and the maximum lift is most critical within
5% of the chord direction of the upper surface of the airfoil, and the wider the
distribution range, the more critical it is. Thus, the geometric parameters to determine
the criticality of the roughness of the ice can be defined as the roughness height
and range.

3.2. The Horn Ice

Horn ice refers to a class of ice shape with horn-like geometric features along the
normal direction, which can be divided into single-horn ice and double-horn ice. This
type of ice is usually generated at combinations of warm temperatures close to freezing,
high speed, or high cloud water concentrations [23]. Horn ice will seriously damage
the leading edge of the airfoil. A typical large-scale flow structure of separation bubbles
usually forms behind the ice shape. The global flow characteristics are dominated by the
generation, evolution, and development of the separation bubble, which has a great impact
on the aerodynamic performance. Thus, the ice shape is the most concerned at the stage
of airworthiness certification. The effect of horn ice on the aerodynamic performance is
closely related to the parameters of the height, the angle, and the chord position of the horn,
as shown in Figure 4.

e
N

Figure 4. The schematic diagram of parameters characterizing the double-horn ice shape [17].

A systematic study of the effect of simulated ice shape geometry on airfoil aerody-
namics was performed by Kim [27] with the wind tunnel test based on a NLF-0414 airfoil.
Firstly, the angle of the horn is given, and the effect of different heights of horn on the
maximum lift, stall AOA, and pitching moment is analyzed. As shown in Figure 5a, it can
be seen that the larger the relative height of the horn is, the more critical the aerodynamic
effect will be. The horn angle can be defined as the angle 6 between the chord lines of the
horn and the airfoil. Similar to the above analysis, the height of the horn is given to analyze
the effect of different angles on the aerodynamic performance. The results are shown in
Figure 5b. It can be seen that when the horn is located below the leading edge point of the
airfoil, the effect on the stall performance is negligible. When the horn is located above the
leading edge point but still near the leading edge, the more backward the position is, the
greater the effect on the maximum lift and the stall AOA will be.

Figure 6 gives more comprehensive data to analyze the correlation between the horn
angle and stall performance for three heights of horn, which illustrates that the loss of
maximum lift is linearly related to the horn angle. Based on the conclusion, the correlation
between the loss of maximum lift ACLmax, the height k, and the angle 8 of the horn can be
obtained, i.e., ACLmax =f ((k + r) x sinf). It can be seen from the equation that the larger
the distance between the highest point of the ice shape and the chord line of the airfoil, the
greater the loss of maximum lift and the corresponding stall AOA will be.
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Figure 5. The effect of the height and angle of the horn on the aerodynamic performance [27].
(a) Horn height. (b) Horn angle.
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Figure 6. The effect of the horn angle on the maximum: lift [27].

Kim [27] also analyzed the aerodynamic effect of the lower horn of ice. The upper
horn mainly affects the maximum lift at positive AOA, while the lower horn has a small
impact. Conversely, the lower horn mainly affects the maximum negative lift at negative
AOA. Kim also analyzed the effect of the upper and lower horns on drag, indicating that
the upper horn increases drag significantly only near the stall AOA, while the lower horn
leads to a significant increase in drag at the small AOA.

During the process of airworthiness certification, there may be situations when one
ice shape is characterized by a large, single upper horn while the other is characterized by
a small double horn. For the two ice shapes, it is necessary to determine which ice shape
is more critical. If the total projected height of the single-horn ice in the lift direction is
greater, then it has the most critical impact on the maximum lift, stall AOA, and drag, and
the corresponding ice shape is more critical. If the total projected height of the single-horn
ice in the lift direction is smaller than the double-horn ice but greater than the upper horn,
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then from the perspective of lift and stall AOA, the single-horn ice is the most critical; but
from the perspective of drag, the double-horn ice is the most critical. Thus, the critical ice
shapes are inconsistent when the determination methods are different.

Figures 7 and 8 show the effect of AOA on ice shapes simulated with LEWICE version
3.2 [28] under different icing conditions. It can be seen that when the AOA is large, on the
one hand, a significant upper horn with a small angle will be generated; on the other hand,
due to the effect of positive pressure and low speed on the lower surface of the airfoil, the
local temperature is high and the convective heat transfer is relatively smooth, making it
difficult to form a significant lower horn. As the AOA gradually increases, on the one hand,
the height of the upper horn remains unchanged while the angle gradually increases; on
the other hand, a significant lower horn gradually forms. Therefore, it can be concluded
that larger single-horn ice generally corresponds to a smaller angle, while double-horn ice
generally occurs at lower AOA, corresponding to a larger upper ice angle, and the total
projection height of the upper and lower horns in the lift direction is also larger than that
of single-horn ice. Therefore, for the same aircraft, flight envelope, and ice envelope, the
maximum lift, stall AOA, and drag effect caused by double-horn ice are the most critical.

Final Ice Shape , analysis description, Summary Plot, 0012

T T
‘ } e airfoil
defname111, 233.10 kts, 0.00 AOA, 20.0 MVD, Single Size, 0.47 LWC, 17.6 Temp ||
defname121, 233.10 kts, 2.00 AOA, 20.0 MVD, Single Size, 0.47 LWC, 17.6 Temp
defname131, 233.10 kis, 4.00 AOA, 20.0 MVD, Single Size, 0.47 LWC, 17.6 Temp
,,,,,,,,,,,, defname141, 233.10 kis, 6.00 AOA, 20.0 MVD, Single Size, 0.47 LWC, 17.6 Temp ||

T T T

Figure 7. The effect of AOA on the horn shape of a symmetric airfoil.
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| | |
| | |
| I |
2 - 0
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Figure 8. The effect of AOA on the horn shape of a supercritical airfoil.

Although the effect of the roughness of ice on the aerodynamic performance of clean
airfoils is not negligible, the effect of the roughness of horn ice is relatively small. Bragg [17]
showed that the effect of the surface roughness of horn ice on the slope of the lifting line,
the stall AOA, and the maximum lift is not significant. Addy [29] added roughness to
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the ice shapes of the GLC305 airfoil, but the aerodynamic performance did not change
significantly. He also concluded that the roughness did not have a significant effect on
the development of separation bubbles. Kim [27] also analyzed the effects of parameters
such as horn height, top radius, and position on aerodynamic performance based on the
NLF0414 airfoil. From Figure 9 to Figure 10, it can be seen that the shape of the horn tip
has little effect on the maximum lift and stall AOA. From Figure 11, it can be seen that the
shape of the cross-section of the horn also has less effect on the stall performance.

I.5F © cLiaN NACA 0012 1
0 LEWICE SMOOTH Re=15x10
O LEWICE, K/C = 0.0011
A SIMULATED SMOOTH
10 F ¥ SIMULATED, K/C=00011 E
)
0.50 | -

0 1 L )
0 5 10 15

ANGLE OF ATTACK deg

Figure 9. The effect of surface roughness of horn on the aerodynamic performance [30].

= Clean
—4A r/'w=0.00
—O— 1r/'w=025
——— 1/w=0.50

Figure 10. The effect of the size of the horn tip on the aerodynamic performance [27].

Based on the above analysis, the following conclusions can be obtained:

(@) The height and angle of the horn are the main factors affecting the aerodynamic
performance of iced airfoils. With a certain horn angle, the amount of effect increases
with the height, but the correlation is non-linear. With a certain height, the amount of
loss at the maximum lift is basically linearly related to the angle of the horn.

(b) The larger the distance of the highest point of the horn from the chord line of the
airfoil on the positive lift surface, the more critical the effect on the aerodynamic
performance will be, i.e., the larger the height of the projection of the horn in the
direction of lift, the more critical the effect on the aerodynamic performance will be.
Thus, the geometric parameter to determine the criticality can be defined as the total
projection height in the direction of lift for the horn ice.
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(¢) The lower horn has a large effect on the drag of the airfoil but does not affect the
stall performance. For the specified aircraft, flight envelope, and icing envelope, the
maximum lift, stall AOA, and drag effects of double-horn ice are the most critical.

2.0 14 7
] Suction Surface
1.5 4 1.2+
1.0 N 1]
E 1Y - L45 - ]
ey - . c -
§ 0.5 ] . ) - e 'g 0.8
g 00 0 —— Airfoil € 5
by E & ‘f —@— SP45-1 8 1
5 05 = ) ! --@- SP22-1 £ g4
S ] — 4 O  L45-Ports =
1.0 4 & Ve <O L22-Ports 02
] J_— .9__:},—/0 1 f e 24°c, Re=2m, L45, Run 28
15 3 0 - = 24, Re=2m, L45C, Run 58
] 1 = - = 24%, Re=2m, SP45-1, Run 25
] —@— 24°c, Re=2m, Clean, Run 22
2.0 e e T 0.2 LI L N LA N e
20 -15 1.0 -05 00 05 10 15 20 5 0 5 10 15 20
X-Axis (inches) Angle of Attack (deg.)
(a) (b)

Figure 11. The effect of the cross-sectional shape of the horn on the aerodynamic performance [31].
(a) Cross-sectional shapes of ice accretion. (b) Effect on the aerodynamic performance.

3.3. The Streamwise Ice

The streamwise ice can be regarded as a special kind of horn ice, in which the horn
points to the direction of incoming flow, or the horn angle is considered to be near 0°. Since
the geometry of the streamwise ice shape is similar to the leading edge of the airfoil, it is
usually difficult to induce global separation, but the discontinuity at the junction of the
ice shape and the airfoil may induce local separation, and the separation position may
vary with the AOA and other flow parameters. As shown in Figure 12, the maximum lift
of the airfoil is less affected by the height of the horn, but the pitching moment varies
relatively significantly. Compared with the horn ice, the streamwise ice is more sensitive
to surface roughness. Kim [27] studied the effects of streamwise ice and double-horn
ice on aerodynamic performance and showed that the effects of streamwise ice on the
maximum lift and the stall AOA are small. Since the loss of aerodynamic performance
caused by streamwise ice is relatively limited, it is usually not a major concern in terms
of airworthiness.

3.4. The Three-Dimensional Shrimp-Tail Ice

In a natural icing environment and an icing wind tunnel, flake ice is often generated on
the swept-back wing, which is often called shrimp-tail ice. Compared between the shrimp-
tail ice and the smooth ice, it remains to be investigated which one has a more critical effect
on the aerodynamic performance. To address the problem, Papadakis [32] analyzed the
aerodynamic performance of an iced swept-back wing, studied the sensitivity of the wing
to various forms of ice shapes under typical conditions, compared the differences of ice
shapes between the icing wind tunnel and the LEWICE simulation, and evaluated the
effects of ice shape parameters such as height, angle, and surface roughness. As a result,
an experimental database of the effect of ice shape on the aerodynamic performance of
swept-back wings was established. Figure 13 shows the 2D profiles and 3D ice shapes.
Figures 14-16 summarize the amount of effect on the aerodynamic performance. It can
be seen that the effect of shrimp-tail ice on the maximum lift and stall AOA is similar to
that of the 2D ice shapes. The effect quantities of the ice shapes obtained from the icing
wind tunnel and the LEWICE on the stall performance are basically the same; the loss of
aerodynamic performance caused by the experimental ice shapes is slightly larger than
that of the LEWICE. Therefore, the conclusion of determining the critical ice shapes based
on the 2D profiles is still applicable for the swept-back wing.
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Figure 12. The effect of the thickness of streamwise ice on aerodynamic performance [27].
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Figure 13. The schematic diagram of ice shapes at different profiles of the swept-back wing [32].

Configuration | Clsan | ACLstar | Ostan | Akstan ucil;&ago 35%:} CDnmin ACDnmin (i%aeto igg;t
Clean 0.87 | 0.0% |13.8°| 0.0% 0.87 0.0% | 0.006 0.0% 0.147 0.0%
IRT-CS10 0.54 | -37.9% | 10.5° | -23.9% | 0.56 | -35.6% | 0.072 | 1100.0% 0.209 | 42.2%
IRT-IS10 0.64 | -26.4% | 10.6° | -23.2% | 0.59 | -32.2% | 0.047 | 683.3% 0.198 | 34.7%
IRT-SC5 090 | 34% |15.8° | 145% | 0.86 -1.1% [ 0.014 | 133.3% 0.172 17.0%
IRT-CS2 0.77 | -11.5% | 12.7° | -8.0% 0.76 | -12.6% | 0.018 | 200.0% 0.174 18.4%
IRT-CS22 0.056 | -93.6% | 6.0° | -56.5% | 0.36 | -58.6% | 0.218 | 3533.3% 0.300 | 104.1%
IRT-IPSF22 | 0.53 | -39.1% | 10.5° | -23.9% | 0.53 | -39.1% | 0.078 | 1200.0% 0.210 | 42.9%
Figure 14. The summary of the effect of ice shapes on aerodynamic performance, measured by

IRT [32].
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Figure 15. The effect of ice shapes on maximum lift via wind tunnels and LEWICE [32].
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Figure 16. The effect of ice shapes on the stall AOA via the wind tunnel and LEWICE [32].
3.5. The Comparison of the Criticality of Different Ice Shapes

NASA Glenn Research Center analyzed the effect of ice on aerodynamic performance
under different icing stages [29]. Figure 17 and Table 3 show the effects of roughness ice,
horn ice, and streamwise ice on the aerodynamic performance of the NLF0414 airfoil. It can
be seen that the effect of horn ice on the maximum coefficient of lift and the stall AOA is
the largest, followed by streamwise ice, and roughness ice is the smallest. The comparison
of the effect of ice shapes on aerodynamic performance at different icing stages is given
in Figure 18. It can be seen that the effect of ice shapes on aerodynamic performance is
gradually increasing with the increase in icing time. During this process, the ice shape is
evolving through the stages of roughness ice, streamwise ice, and double-horn ice, thus
illustrating the magnitude of the effects of ice shapes. Shin [33] investigated the effect of
different icing conditions on the drag coefficient increment of the airfoil. When the icing
condition changed from rime ice to glaze ice, the increment of the corresponding ice shape
on the drag also increased, and when the upper and lower horns had the maximum height



Aerospace 2024, 11, 710 14 of 19

of the projection in the direction of the lift, the corresponding drag increment reached the
maximum value as shown in Figure 19.

Figure 17. Roughness ice, horn ice, and streamwise ice on the leading edge of the NLF0414 airfoil [29].

Table 3. The ice shapes and aerodynamic effects on the NLF0414 airfoil.

Ice Shape Reduction of Maximum Lift Reduction of Stall AOA
Roughness ice 0.13 2°
Horn ice 0.64 8°
Streamwise ice 0.32 3°
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Figure 18. The comparison of the icing effect on the aerodynamic performance at different stages [29].
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Figure 19. The effect of ice shape on drag increment corresponds to different icing conditions [33].

Based on the above analysis, the criticality of different ice shapes on aerodynamic
performance can be summarized as follows:
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(b)

(©

For the leading edge roughness ice, the larger the roughness height and the larger
the distribution range near the leading edge on the upper surface, the more critical it
will be.

For the leading edge horn ice, the larger the height of the upper horn and the further
downstream it is, the more critical the effect on the maximum lift of the drag and
the stall AOA will be. The larger the height of the projection of the lower horn in the
opposite direction of the lifting force, the more critical the effect on the drag will be,
which can be summarized as the larger the total height of the projection of the horn in
the direction of the lifting force, the more critical it will be.

The effect of leading edge horn ice on the maximum lift and stall angle is greater than
that of roughness ice and streamwise ice. For a given aircraft configuration, flight
envelope, and icing condition, if the double-horn ice is generated, the corresponding
effect on the maximum lift, the stall AOA, and the drag is the most critical.

4. The Determination of Criticality for Ice Shapes According to Flight Phases and
Aircraft Components

4.1. The Determination of Criticality for Ice Shapes According to Flight Phases

According to the possible icing geometry characteristics of ice shape in different flight

phases and the conclusion of this research on the criticality of ice shapes on aerodynamic
performance, the criteria of critical ice shape are formulated for each flight phase, as shown
in Table 4.

Table 4. The recommended ice shapes and criteria of criticality.

Flight Phase Classification by Ice Geometry Criterion of Criticality
The larger the roughness height and the larger the distribution
Takeoff Roughness ice range (impact limit) of ice near the leading edge on the upper
surface, the more critical it will be.
Roughness ice Same as the takeoff.
1. The larger the height of the upper horn and the further
Final takeoff Small-size horn ice downstream, the more critical it will be.
2. The larger the total height of the projection of the horn in the
direction of the lifting force, the more critical it will be.
Holding Large-size horn ice Same as the second case of final takeoff.
En route Small-size horn ice Same as the second case of final takeoff.
DTO Roughness ice Same as the takeoff.
Failure Large-size horn ice Same as the second case of final takeoff.

4.2. The Determination of Criticality for Ice Shapes According to Aircraft Components

According to the criterion of determining the criticality of the ice shape of each flight

phase, combined with the main aerodynamic performance and the components of concern,
the criterion of critical ice shape for each component is formulated.

)

For the regulation at 25.103 of stall speed, the main verification is the stall speed, and
the corresponding aerodynamic parameters are the maximum lift and the stall AOA.
According to the law of the effect of ice shapes on stall performance, the conclusion
can be drawn as follows:

(a) For the roughness ice of takeoff, whether for protected or unprotected areas,
from the leading-edge stationing point of each component, the larger the
distribution range of roughness ice on the positive lift surface, the more critical
it will be.

(b)  For the ice of the take-off final stage, if it is roughness ice, the criterion is the
same as (a). If other factors such as minimum overrun capability are taken
into consideration, resulting in longer flight time to reach the maximum level
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altitude and obvious ice accretion having already been generated on the wing
surface, according to the criterion of the criticality of horn ice, the larger the
projection height of the horn in the direction of the positive lift, the more critical
it will be.

(c) For the en route ice and the holding ice, if obvious ice accretion has already
been generated, the same as in the second case of (b), at this time, the larger
the projected height of the horn on the positive lift surface is, the more critical
it will be.

For the regulation at 25.111 of the takeoff path, the main verification is the effect of the
change in drag on the takeoff path after icing, and the corresponding aerodynamic
parameters are drag and lift-to-drag ratio. For the takeoff ice, the criterion of roughness
can be applied. For the takeoff ice of the final stage, and the total projected height
should be confirmed.

For the performance regulations at 25.119, 25.121, 25.123, and 25.125, the main aero-
dynamic parameter to be examined is the lift-to-drag ratio, and for the takeoff ice of
the final stage, route ice and holding ice, the icing time is long, thus the critical ice is
generally horn-like, thus the criterion of horn ice can be applied.

For the controllability regulations at 25.143, 25.145, 25.147, and 25.161, as well as the
stability regulations at 25.171, 25.175, 25.177, and 25.181, the criticality of ice can be
determined according to the focus performance of components. For the fixed lift
components, the ice shape, which leads to a decrease in the maximum lift coefficient
and stall AOA, is the most critical. For the movable lift components, besides the above
mentioned, the decrease in the efficiency of the control surface and the increase in
trailing edge separation are taken into consideration. For the horizontal tail, the ice
accretion mainly affects the pitching moment and controls surface efficiency. The
criticality can be determined by the decrease in trimming capability. For the vertical
tail, the icing effect on side force and rudder efficiency is the most concerning. Since
these characteristics are all directly related to the stall performance or separation
characteristics of each component, the determination of the criticality of different
components is consistent, i.e., the criterion of roughness ice and horn ice can be
applied based on the required icing condition.

According to the above analysis, the criterion of critical ice for each component is

summarized in Table 5.

Table 5. The criterion of critical ice shape for each component.

Flight Phase Protected Area of Slat Unprotected Area of Slat Horizontal Tail Vertical Tail
The larger the lower The larger the impact
The larger the upper impact limit and the roughness impact limit and the e arg pe
Takeoff . N . limit, the more critical
height, the more critical it will be. roughness height, the S
L Lo it will be.
more critical it will be.
DTO Same as takeoff
Same as takeoff
The larger the total The larger the total
. L height of the projection of  height of the projection
Final takeoff The larger the total height of the projection of the horn

the horn in the direction
of the trimming lifting
force, the more critical it
will be.

in the direction of the lifting force, the more critical it
will be.

of the horn in the
direction of the side
force, the more critical
it will be.
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Table 5. Cont.
Flight Phase Protected Area of Slat Unprotected Area of Slat Horizontal Tail Vertical Tail
Holding Same as the second case of final takeoff.
En route Same as the second case of final takeoff.
Failure Same as the second case of final takeoff.
Same as the second case
ICTS None of final takeoff None

5. Conclusions

Based on the aerodynamic performance required to be examined for each flight phase
under icing conditions in the airworthiness regulation, the ice shapes are classified ac-
cording to their geometric characteristics. With the correlation between the ice shape
and aerodynamic performance, the criteria for critical ice shapes corresponding to differ-
ent flight phases and components are summarized, and the following conclusions can
be obtained:

(1) Different from the previous study, which mainly focused on the ice shapes and effects
of the holding flight phase, according to the aerodynamic performance required to
be examined and the icing definition of each flight phase in the latest version of
CCAR-25, the classification of the ice shapes in view of geometry characteristics and
the corresponding aerodynamic performance to be examined is performed with the
factors to be considered in the advisory circulars.

(2) Based on the aerodynamic effect of ice shapes with different characteristics, the
correlation between the geometric parameters and the criticality of ice shapes is
clarified. According to the possible ice shapes in different flight phases, the criteria
for determining the criticality of ice shapes corresponding to each flight phase and
aircraft component are summarized.

(3) The most critical geometry among various ice shapes is identified. For the specified
aircraft, flight envelope, and icing envelope, the maximum lift, stall AOA, and drag ef-
fects of double-horn ice are the most critical. The conclusion of determining the critical
ice shapes based on the 2D profiles is still applicable for the 3D swept-back wing.

(4) The dominant geometric parameters to determine the criticality for typical ice shapes
are defined. For the roughness of the ice, the larger the roughness height near the
leading edge, the more critical it will be. For the horn ice, the larger the total height
of the projection of the horn in the direction of the lifting force, the more critical it
will be.

The current work will contribute to providing an operational selection criterion in
terms of geometries for determining the critical ice shapes for different phases of flight and
aircraft components at the airworthiness certification stage. In future research, with the
icing condition and airworthiness regulations of 25.1420 in the latest version of CCAR-25,
the current determination of criticality will be further extended to the field of SLD ice with
corresponding investigations of the effect of ice shapes on the aerodynamic performance,
which will provide a reference for the icing airworthiness certification of next-generation
civil aircraft.
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Abbreviations

The definition of acronyms

CCAR-25 the part 25 of China civil aviation regulation
NTSB national transportation safety board
ASRS aviation safety reporting system
AC advisory circular
DTO delayed turn on
NASA National Aeronautics and Space Administration
AOA angle of attack
Cl coefficient of lift
Clmax maximum coefficient of lift
Cd coefficient of drag
L/D lift to drag ratio
ast AOA at stall
Cn yaw moment coefficient
Cm pitching moment coefficient
Eff control effectiveness
Stab longitudinal and lateral directional stability
GLC305 Gates Learjet Corporation-305
NLF414 Natural Laminar Flow-414
LWC liquid water contents
MVD median volume diameter
ICTS ice-contaminated tailplane stall
SLD supercooled large droplets
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