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An important consideration for swept-wing ice shapes is the level of
geometric fidelity required to accurately capture the aerodynamics. One way
to help make the task of addressing this more manageable is to organize the
ice shapes into a small number of classifications. These classifications are done
by grouping similar ice shape geometries that also have similar iced wing
aerodynamics. Ice shape classifications for airfoils are more mature and are
reviewed as an example. Swept-wing ice shape classifications are based on the
well-established airfoil classifications and here five classifications are
proposed: leading-edge roughness, streamwise ice, 3D leading-edge horn,
highly 3D leading-edge horn and spanwise ridge. Recent data on swept-wing
icing aerodynamics is used to develop and support this classification. The
development, or suppression, of the leading-edge separation vortex on swept
wings without a leading-edge device is seen to be key in the classification of the
highly 3D leading-edge horn.

I. Introduction
Understanding the effects of ice accretion on the aerodynamic performance of large-scale,

swept wings is an important consideration affecting the design and certification of transport
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aircraft. These effects on highly three-dimensional wings are currently not well documented and
can present a significant challenge to airframe manufacturers, certification authorities, and
research organizations. A large collaborative research program led by NASA, the Office National
d’Etudes et Recherches Aérospatiales (ONERA), and the Federal Aviation Administration (FAA)
is addressing these challenges. Broeren et al. [1] describe the objectives of this project in more
detail. Two of the primary goals involve creating a database of realistic publicly available, swept-
wing ice accretions and documenting the aerodynamics of the iced swept-wing configurations.

In the early stages of this research project an effort was made to classify swept-wing ice
accretions by aerodynamic effect to organize and simplify the aerodynamic and ice accretion
research.[2] However, the limited data on swept wings with ice accretions hampered the ability
of the researchers to fully develop the classifications. Bragg et al.[3] reviewed the research on
airfoil icing aerodynamics and classified ice accretions by their basic geometry and aerodynamics.
This was made possible by the extensive past research into the aerodynamic performance effects
and flowfield physics of ice accretions on airfoils and straight wings. However, swept wings with
ice accretions have extremely complex geometry. Many icing conditions result in highly three-
dimensional ice accretions that are often referred to as “scallops” or “lobster tails” due to their
appearance and the complex spanwise variations in the ice geometry.[4] The aerodynamics of
swept wings with ice accretions is also highly three dimensional and these effects must be
considered in any swept-wing ice shape classification system.

A major issue, and one that will benefit significantly from swept-wing ice shape classification,
is the level of geometric fidelity required to accurately capture the aerodynamics of these ice
shapes. An ice accretion database for large-scale swept wings has been created based on a series
of tests in the Icing Research Tunnel (IRT) at the NASA Glenn Research Center.[5] Thus, the
effort to develop a swept-wing ice shape classification system relies heavily on the ice accretions
measured in the IRT and tested with varying fidelity as artificial ice shapes in a series of
aerodynamic wind tunnel tests in dry-air wind tunnels. The ice accretion database and the
aerodynamic wind tunnel models are all based on the Common Research Model (CRM).[6-9] For
this project, the full-scale geometry is a 65% scale version of the CRM, here referred to as the
CRMBG65.[1] The design of the icing wind tunnel models is described by Fujiwara et al.[10] Low-
Reynolds number testing was performed using an 8.9% scale model of the CRM65, and the high-

Reynolds number testing utilized a 13.3% scale model. Broeren etal.,[11] Camello et al.,[12] and

2
American Institute of Aeronautics and Astronautics



Lum et al.[13] have presented results related to the low-Reynolds number aerodynamic testing
with Camello et al. making a preliminary investigation into the ice shape fidelity effects relating
to the aerodynamics. Papers by Broeren et al.,[14] Lee et al.,[15] Sandu et al.,[16] Woodard et
al.[17] provide additional details regarding other aspects of these wind tunnel tests.

The purpose of this paper is to review and update the initial swept-wing ice shape classifications
made by Broeren et al.[2] based on our more recent data and improved understanding. After
reviewing the airfoil icing classifications, and the initial swept wing icing classifications, more
recent data will be examined and used to update the current classifications. In addition, suggestions
toward developing a more complete system will be presented including its limitations and

challenges.

Il. Background

Aerospace professionals usually think of ice shapes in terms of the accretion process. Labels
such as rime ice, glaze ice, mixed accretions, etc. are often used. These labels are extremely useful
when the objective is to understand or document the ice accretion on an aircraft. However, aircraft
performance and safety in icing conditions depend primarily on the aerodynamics of the iced
surfaces (lift, drag, moments, etc.) and these depend on the flowfield physics. Hence it is useful
to classify ice shapes into a small set of shapes based on real ice accretion geometries considering
their effect on the flowfield physics which govern the aerodynamics. This allows for iced surface
aerodynamics to be studied and understood for a smaller, simplified, number of shapes which can
be varied parametrically, and thus the aerodynamics better understood. Understanding these
sensitivities can help engineers design ice simulations of reduced geometric fidelity and
complexity that mimic the actual ice or a high-fidelity simulation.

Aircraft icing researchers and engineers often discuss ice shape fidelity using the phrase, “How
good is good enough.” By this it is usually meant how accurately must the ice shape geometry be
predicted by a computer code, or simulated for a wind tunnel or flight test, to generate sufficiently
accurate aerodynamics for design or certification uses. How good is good enough first requires an
answer to the question “good enough for what purpose?”” The level of ice shape fidelity required
for a specific research purpose, versus an aircraft certification action or aircraft design analysis
may be different. Thus, a more general question might be “what is the effect of the level of fidelity

on the iced wing aerodynamics?” Being able to reduce the problem to the study of the sensitivity
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of the key geometric features for swept wing ice shape classifications greatly facilitates addressing
“How good is good enough,” for swept wing ice shape prediction and simulation.

This section of the paper will describe the airfoil ice shape classification and as an example
present a parametric study that has helped improve our understanding of iced-airfoil aerodynamics
and the sensitivity of the aerodynamics to changes in geometry. Following the airfoil discussion,

swept-wing ice shape classification is discussed.

A. lced-Airfoil Classifications
Four ice shape classifications were identified and presented as part of the iced airfoil
aerodynamics review paper by Bragg, et al.[3] These classifications were then used to help
understand the relationship between airfoil design and iced airfoil aerodynamics, determine the
critical ice shape geometric features, and their sensitivity on airfoil aerodynamics. The
classifications were also useful to help understand iced airfoil flowfield physics and to address the
level of fidelity needed to reproduce iced airfoil effects (“how good is good enough”).
The development of the airfoil ice shape classifications followed these steps:
1. Reviewed all the different ice shapes and aerodynamic and flowfield effects observed from
the many aerodynamic studies available on simulations of measured ice accretion shapes,
2. Grouped similar shapes that produced similar aerodynamic and flowfield effects,
3. Developed four airfoil ice shape classifications,
4. For each classification established the key flowfield features and the key geometric
parameters that governed these effects,
5. Developed the sensitivity of the aerodynamic performance and flowfield features to these
geometric parameters.
The classification development process and its application are depicted in Fig. 1. The Ice
“Accretion Shapes” box depicts step 1 from above — Gather and review all available airfoil ice
accretion shapes. The transition then from this box to the “2D Classification” box represents steps
2 and 3 where these accretion-based shapes were grouped and classified into common geometries
with similar aerodynamics. Step 4 is represented in the “Critical geometric parameters” box where
some of the most important geometric parameters of each classification is identified. The final
box in the lower left then represents the many experiments and studies that have developed the
sensitivity of airfoil aerodynamics to these geometric parameters for each classification. It is

important to understand that this sensitivity depends on the airfoil design as represented by its
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Fig. 1 Airfoil Ice Shape Classification Process

geometry. Thus, the airfoil surface geometry is important to include and is noted on the figure.
While Reynolds number and Mach number sensitivity of iced airfoils are usually small,[3] it
should also be a consideration for any application.

One example of the classification process that is included in Fig.1 is iced airfoil leading-edge
roughness. Leading-edge roughness can result from many different ice accretion processes and
from ice protection system operation. Initial accretions of rime and glaze ice result in leading-
edge roughness. Residual ice left on a leading edge after ice protection system operation can also
result in surface roughness. While the accretion processes are different, aerodynamically the
flowfield physics are essentially the same. The roughness, which is often larger than the local
boundary-layer thickness, extracts momentum from the flow and contributes to early boundary-
layer transition and separation. Thus, one of the airfoil ice shape classifications is airfoil leading-
edge roughness. The roughness can be characterized by the roughness location, the roughness
size, and the density of the roughness elements. (Studies have found roughness element shape of

secondary importance.)
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B. Iced-Airfoil Performance Parametric Studies

Several airfoil studies have been conducted to better understand the contribution of a geometric
feature of an ice shape classification to the change in flowfield and the resulting aerodynamic
penalties that result. These studies are reviewed more fully in Bragg et al.[3] and Broeren, et
al.[18,2] Such studies contribute to a better understanding of the sensitivity of iced airfoil
aerodynamics to the geometric parameters key for a given classification. This helps in the
understanding of how to simulate ice with lower fidelity shapes and what is critical to be predicted
by ice accretion computer codes. An example of horn ice sensitivity on airfoil aerodynamics is
provided below.

Horn ice on airfoils usually results from glaze ice accretions. The dominant flow feature of
airfoils with horn ice is a large separation bubble that exists as the flow separates from the ice horn.
Failure of this flow to reattach leads to airfoil stall and large reductions in lift, increases in drag,
and changes in pitching moment. The most important geometric features of horn ice are the height,
location, and angle with respect to the flow over the upper surface horn. This determines much of
the flowfield (dominated by the separation bubble aft of the horn) and the resulting airfoil
aerodynamic performance. Figures 2 — 4, modified from Broeren et al.,[18] show the measured
effect of simulated ice horn size and location on the lift, moment and drag of three typical subsonic
airfoils.

Figure 2 summarizes the horn sensitivity study. In the study three different horn simple horn
shapes were tested with three horn heights and three different horn tip geometries. These were
tested at six different leading-edge locations with three on the upper surface, the leading-edge
point, and two locations on the lower surface. In Fig. 2 one horn shape at three locations on the
airfoil is shown. This matrix of horn heights, locations, and tip geometry was tested on three
different airfoils: NACA 23012m, NACA 3415, and NLF 0414. The pressure distributions for
these airfoils are shown all at C; = 0.5, M=0.18 and Re = 1.8x10°. Figures 3 and 4 show the effect
of horn locations and heights, respectively, on lift, drag and pitching moment versus angle of
attack. In Fig. 3 the change in airfoil performance with horn location is significant with the
degradation in performance increasing as the horn moves from the lower surface around to the

upper surface. In Fig. 4 horn height is increased from k/c = 0.02, 0.0433 to 0.0667, an increase of
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Fig. 2 Horn height and location simulations on three airfoils[18]
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over 300 percent. The impact on the performance is significant with the large horn height causing
the larger loss in performance, but the sensitivity is not as significant as to horn location as seen in
Fig. 3. The relative impact of location and size for the horn on the NACA 23012m maximum lift
is seen in Fig. 5. As expected from the earlier figures the impact of location is dominant over that
of the horn height.

Airfoil geometry is also important as seen in Fig. 6. Here the NACA 23102m airfoil is seen to
be much more sensitive to ice on the upper surface than the NLF 0414. Figure 2 shows the pressure
distributions for these three airfoils at matched C;. The 23012m was designed for high maximum
lift and low pitching moment. To achieve this, it has very high surface velocity (low Cp) on the
leading-edge upper surface and a large adverse pressure gradient downstream of the peak. The
NLF 0414 airfoil is a laminar flow airfoil with an almost constant surface velocity, and therefore
pressure, back to about 75% chord to maintain laminar flow. The impact of the higher surface
velocity on the 23012m at the horn location and severe adverse pressure gradient at or just
downstream of the horn causes larger aerodynamic losses due to the horn on the upper surface
leading edge.

Based on these data and other data sets,[19,20] the sensitivity of classifications: ice horns,

roughness and spanwise ridge shapes to location, size, etc. have been documented on several airfoil

7
American Institute of Aeronautics and Astronautics



over a range of Re and M. From these data the required ice shape fidelity needed to achieve a
given level of performance can be estimated and hence answer “how good is good enough” for

many cases. Airfoil geometry is seen to be important as well and should be considered in the

analysis.
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I11. Swept-Wing Ice Shape Classification

A. Background

The initial attempt to classify swept-wing ice shapes was presented by Broeren, et al.[2] in
2013. It relied heavily on the airfoil classification system[3] and the limited existing data on iced
swept-wing aerodynamics and fundamental flow physics. Following the airfoil system, which was
developed after extensive systematic and fundamental experimental studies, four classifications
were proposed: roughness, streamwise ice, horn ice, and spanwise-ridge ice. The next few
paragraphs follow the review and development from Broeren, et al.[2]

Fundamentals of the aerodynamics of swept wing are presented in the studies of Poll[21] and
Furlong and McHugh[22] focusing especially on the leading-edge vortex that often forms as the
angle of attack is increased. This leading-edge vortex results from leading-edge separation that
reattaches downstream and, due to the spanwise pressure gradient, develops into a full or usually
partial span vortex that is associated with the complex stall behavior of swept wings.

Some roughness studies on swept wings aerodynamics[23-25] are available from the literature.
These classic studies show the effect of size and location but find little Re effect. A lack of
flowfield information is available in the literature and more is needed including the parametric
variation of size, location, and density.

Vargas[4] also found that streamwise ice generated by a rime accretion process showed no
fundamental difference in geometry with different sweep angles. Only one study was found,
Papdakis, et al.[26,27] where the ice shape increased the maximum lift coefficient. This has been
seen in the airfoil case[28] as well and affects the flow similar to a leading-edge device. This is
not, however, the usual case for airfoils and is assumed to be a special case for swept wings as
well. Data from more streamwise ice geometries are needed and especially experiments that also
provide flowfield data.

Papdakis, et al.[29] studied spanwise-ridge ice on a swept-wing geometry for a range of simple
ice shapes at low Re. For most cases a decrease in lift-curve slope and increase in drag were
measured. However, the maximum lift and stall angle increased. This also appears to perhaps be
a special case which was also seen in the airfoil case. Whalen[30] and Papadakis et al.[31] both
observed that when the clean airfoil exhibited trailing-edge stall and the height of the spanwise
ridge ice simulation was comparable to the local boundary-layer thickness, the iced airfoil

performed better at angles of attack near and above clean wing stall. This performance
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enhancement was attributed to the mixing layer generated by the ice shape entraining higher-
momentum fluid into the boundary layer. Broeren et al.[32] showed that this lift enhancing effect
on airfoils can be an artifact of low-Reynolds number testing of the clean airfoil. As in the
streamwise ice case, more data are needed to further explore this, especially at higher Re and with
flowfield measurements.

Horn ice shapes on swept wings have received more attention than either streamwise or
spanwise-step ice accretions. This classification of shapes has also been more heavily studied in
the airfoil icing literature as well.[3] For swept wings Vargas[4] found a significant effect of
sweep angle on the glaze ice geometry. Depending upon the sweep angle, air temperature, cloud
liquid water content, and other factors, highly three-dimensional features called “scallops” or
“lobster tails” may form. No airfoil equivalent exists to this swept-wing icing phenomena.
Vargas[4] identified sweep angle and icing conditions leading to: no scallops, incomplete scallops,
and complete scallop glaze and mixed ice accretion. The complete scallops are distinguished by
regular gaps in the spanwise direction in the glaze ice horns. The reader is referred to Vargas[4]
for much more information on scallop ice formation.

For the aerodynamics of swept-wing horn ice Broeren et al.[2] relied on two different sets of
experimental data. Bragg et al.,[33] Kwon and Sankar,[34] and Khodadoust and Bragg[35]
performed a more fundamental flowfield and wing aerodynamics study on a simple geometry horn
ice shape on a low aspect ratio swept wing at low Reynolds number. Papdakis et al.[36-38]
examined the performance of measured and LEWICE predicted ice shapes on a swept wing at low
Reynolds number.

Bragg et al.[33] performed a flowfield study on a swept wing using Laser Doppler Velocimetry
(LDV) to measure all three components of velocity behind a simulated glaze ice shape. Their
experimental results were complemented by the computational results of Kwon and Sankar.[34]
The model tested was a rectangular semispan wing with a NACA 0012 section, a chord of 15-in.,
sweep angle of 30 deg., and an aspect ratio of approximately 2.3. The ice shape was produced by
uniformly extending a horn ice shape formed on a NACA 0012 airfoil in NASA’s Icing Research
Tunnel. A cross-section of the ice shape is shown in Fig. 7. The ice shape generated a leading-
edge vortex that can clearly be seen in the constant pressures on the upper surface leading edge on
the right plot in Fig. 8. The Kwon and Sankar computational results compared well to the surface

pressure and LDV measurements for this swept wing with ice. Figure 9 shows the computational
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surface oil flow and CFD particle trajectories that clearly show the ice-induced leading-edge
vortex. The 3D LDV measurements reported by Bragg et al. also show the leading-edge vortex
and its reattachment, the extensive spanwise flow and separation, and the development of the flow
both spanwise and streamwise.

The Papadakis study[36-38] looked at a swept wing with complete scallops (the most three
dimensional), incomplete scallops, and the least three-dimensional shapes based on LEWICE
calculations. The scallop shapes came from IRT tests. The most interesting results for our
purposes here are those comparing a complete scallop test from an IRT high-resolution casting
and the much less 3-D LEWICE shapes. Figure 10 shows the Cp for Ice6 (IRT-IPSF22) highly
three-dimensional ice accretion geometry typical of complete scallops. In this case, both the
smooth and rough LEWICE shapes (LS-IPSF22 and LR-IPSF22) exhibited a clearly identifiable
region of approximately constant pressure from x/c = 0.06 to x/c = 0.2 associated with the leading-
edge vortex. In contrast, the pressure distribution for the Ice6 (IRT-IPSF22) shows a very different
leading-edge pressure distribution. Here the nominally two-dimensional LEWICE shapes show a
distinct region of approximately constant pressure that has been shown to correspond to the
leading-edge vortex. For the highly three-dimensional geometry of the complete scallop ice casting
simulations, this pressure region was not observed. Broeren et al.[2] suggest that the need for an
aerodynamic subclassification of horn ice that distinguishes between ‘“nominally three-
dimensional” horn ice and “highly three- dimensional” horn ice. Nominally three-dimensional
horn ice is associated with glaze ice accretion having either no scallops or incomplete scallops
where the gross shape does not vary significantly over small spanwise distances. Highly three-
dimensional horn ice is associated with glaze ice accretion having complete scallop tips and rapidly
changing geometry spanwise. This suggestion is developed later in the paper based on more recent
results.

While these two experimental studies provide some flowfield information and some highly 3D
scallop iced swept wing data, a significant need for data still exists. The ice shapes tested were
not accurate representations of actual full-scale ice shapes of interest and no high Reynolds number
data were available. These issues were addressed in the Swept-wing icing program conducted by

the authors and their colleagues[1] and are discussed in the next section.
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Figure 7. NACA 0012 swept horn-ice-shape cross section, after Bragg et al.[33]
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Fig. 8 Pressure distributions for the NACA 0012 swept wing with and without the
horn ice shape, a = 8°, Re = 1.5x105, after Khodadoust and Bragg.[33] (a) Clean
wing. (b) Wing with glaze ice.

13
American Institute of Aeronautics and Astronautics



-

-
<
8

2
51
PRENEN
n v
i ~
AR b
-
2% i 3 .
1 % v
1 &\ 2 o !
ll AT N
¥ 3 X +
%‘ ;
M ? s i
£ o x &
;
: Ther
: f #
i
H

Fig. 9 Flowfield over the NACA 0012 swept wing with horn ice shape. (a) CFD
surface oil simulation. (b) CFD particle trajectory simulation, a = 8°, Re = 1.5x10°,
after Kwon and Sankar.[34]

-1.5
] Clean (R006)
. --%-- |IRT-IPSF22 (R091)
104 —o—-- LS-IPSF22 (R348)
' —& - - LR-IPSF22 (R374)

o
o
|

Pressure coefficient

50 percent semispan
a=4°

o
$)]
AR B

10 IIIIIIIIIJIIII|IIIIIIIIIllllll[Illlllllllllllllll

0.0 0.2 04 0.6 0.8 1.0
x/c

Fig. 10 Effect of IRT Ice6 (IRT-1PSF22) and LEWICE ice-shape simulations on
GLC-305 swept wing at Re = 1.8x108, after Papadakis et al.[36]

14
American Institute of Aeronautics and Astronautics



B. Current Iced swept aerodynamics results

Based on the aerodynamic and flowfield data acquired since 2013 in the swept-wing icing
research program additional information is now available to update the swept-wing ice shape
classifications of Broeren et al.[2] In this program, the majority of the aerodynamic testing was
on horn shapes as represented by varying fidelities of horn ice accretions including scalloped
shapes. Only one of the accretions tested was a streamwise ice shape and no spanwise ridge or
leading-edge roughness cases were accreted in the icing tunnel or tested in a dry-air tunnel for its
aerodynamics. The ice shape names and accretion conditions are shown in Table 1.

Table 1. Icing conditions for the six ice accretion cases.

RunID—Name AoA Speed Ttotal MVD LWC Time

(deg) | (k) | (deg.C) | (um) | (g/m’) | (min)
3—Venetian Blind 3.7 130 -3.8 25 1.0 29
4—Maximum Scallop 3.7 130 -6.3 25 1.0 29
5—Small Gap 3.7 130 -8.7 25 1.0 29
6—Incomplete Scallop 3.7 130 -11.2 25 1.0 29
9—Streamwise/Rime 3.7 130 -17.9 25 0.6 23
23—WB33 Direct App. C 3.7 130 -3.1 25 0.9 45

Horn ice shape results:

Thus, referring to Fig. 1 on the airfoil classification process, and the swept wing ice
classification already put forward by Broeren et al.,[2] the contribution of the current swept-wing
icing study is to better understand the horn ice classification. In the analysis of Broeren et al.[2]
the authors noted the difference in the pressure distributions on an IRT measured complete scallop
ice shape simulation on a swept wing and a LEWICE prediction and simulation that did not have
the spanwise variation and regular gaps as seen in a scalloped shape, Fig. 10. These differences
were referred to as highly 3D (complete scallops) and nominally 3D horn shapes. The current
research benefits from having also tested low-fidelity simulations of the complete scalloped shapes

to provide a better understanding of the effect of the highly 3D geometry. These measured scallop
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shapes were carefully generated and are thought to be accurate representations of full-scale ice
accretions on a swept CRM65 wing in actual full-scale icing conditions. The current study also
has extensive pressures measurement on the swept wing and surface flow visualization to provide
some understanding of the flowfield. Key results from this research are presented below.

In this research program the majority of the testing was on horn shapes as represented by
various degrees and fidelities of scallop ice accretions.[12-17] Based on these data, there appear
to be two key flowfield features that result from highly 3D and nominally 3D horn ice shape
geometry. The two flowfield features result from differences in the formation and development
of the leading-edge vortex that dominates these flowfields at moderate to high angle of attack. At
this time these two flowfield types are referred to as Type | and Type Il. More recent analyses of
type I and Il flows are given in by Broeren et al.[39] and Lee et al.[40]

Type | flowfields are dominated by spanwise-running leading-edge vortices generated by flow
separation from the leading-edge ice accretion. Similar flowfields are well known and generated
from leading-edge separation that can occur on clean, swept wings as documented by Poll[21] and
others. This is roughly the 3D extension of the separation bubble widely studied in the horn ice
airfoil case. It may be one single vortex from root to tip, or more often multiple leading-edge
vortices as a result of the spanwise-varying leading-edge ice-accretion geometry and its interaction
with the highly 3D swept-wing flowfield. The type | flowfield was common for low-fidelity ice
shapes which did not have highly 3D features, such as scallops. The type Il flowfield lacks the
leading-edge spanwise vortex seen for the more uniform spanwise 3D horns. In the oil flow
visualization this flowfield is observed to exhibit multiple streamwise-running streaks of oil
appearing to emanate from the spanwise gaps in the scallop geometry. These features appear to
dominate the flowfield through the useable lift coefficient[14] and angle of attack range,
suppressing the leading-edge vortices for all or significant portions spanwise of the wing.

More likely, these streaks are the result of counter-rotating vortices emanating from the scallop
features and repeating as the scallops repeat spanwise on these shapes. Figure 11 from Diebold[41]
shows an oil flow visualization on the upper surface behind a large scallop ice shape which repeats
(as indicated by the red lines) spanwise. This is a small-scale experiment at low Reynolds number
(3 x 10°) on a CRM semispan model at AoA = 3 degrees. The section of the wing shown is from
just outboard of the Yehudi break to 75% span at the tip of the photo. Each section of the flow,

bordered by the red lines, shows an almost identical flowfield containing three “cells”, Fig. 12.
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Each cell is generated by a pair of counter rotating vortices which attach to the surface in the center
of the cell and lift off where the red dashed lines show the oil flowing together and pooling. This
flow pattern is very clear in these photos due in part to the flow visualization method used, but

also likely due to the large scallops and low Reynolds number.

Fig. 11 Oil flow visualization behind a high-fidelity scallop shape on a swept wing at
Re = 3x10° and AoA = 3 deg. CRM wing. Red lines indicate where ice shape
repeats.[41]
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Fig. 12 Close up of oil flow visualization behind a high-fidelity scallop shape on a
swept wing at Re = 3x10°, AoA = 3 deg.[41]

Fig. 13 3D smooth max and high fidelity scallop ice shapes[17]
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Fig. 14 Max scallop high fidelity and 3D smooth oil flow at o = 6.4 deg.

The type | and type Il flowfields and the corresponding ice shape geometries can be better
understood by considering the high-fidelity maximum scallop ice shape and the lower fidelity
version referred to as the 3D smooth maximum scallop ice shape. These are depicted from their
CAD representations in Fig. 13.

Figures 14 and 15 show surface oil flow and streamwise pressure distributions at 6 spanwise
stations, respectively, for the 8.9% scale CRM65 wing with the 3D smooth and high-fidelity
maximum scallop ice shapes at an AoA of 6.4 degrees.[17] In Fig. 14 the high-fidelity shape
clearly shows the type Il flowfield. This is seen as the series of streamwise streaks in the oil
originating from the leading-edge ice simulation and extending streamwise to the midchord and
beyond. At this angle of attack the oil streaks are seen from root to tip, and no evidence of
organized spanwise vortices is seen. No evidence of a leading-edge vortex is present in the surface
oil. However, the 3D smooth surface oil flow is very different. First, there are no streamwise
streaks in the oil. Instead, careful examination reveals leading-edge separation at various locations
across the span. One of these vortices is highlighted in Fig. 14 where the vortex reattachment is

shown.
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Fig. 15 Surface Pressures for Maximum Scallop Configurations at a = 6.4 deg.

Figure 15 displays the surface pressure coefficients on the 6 chordwise rows across the model.
Pressures are shown for both the high-fidelity and the 3D smooth ice shapes as seen in Fig. 13 in
addition to the pressure for the 3D smooth with grit (surface roughness). The pressure for the 3D
smooth and 3D smooth + grit is very similar indicating little effect of the grit. The leading-edge
vortex can be seen in the surface pressures as the small region of almost constant pressure on the
leading-edge, upper surface of the model. This is the pressure on the model surface under the
leading-edge vortex. For example, on the second spanwise row under the label y/b=0.28 the 3D
smooth and 3D smooth + grit pressure coefficients are relatively constant for about two inches and
then quickly return to pressures that match the high-fidelity case about 20 percent chord
downstream as the external flow returns to the airfoil surface. This constant pressure plateau is
seen for every pressure distribution moving outboard to the final tap row at y/b=0.90. This
indicates the presence of a spanwise leading-edge vortex aft of the ice shape at these tap locations.
For each spanwise row the high-fidelity shape C,’s show a suction peak at the leading edge and
no constant pressure, separated flow, region.

Figures 16 and 17 show the surface oil flow and surface pressure, respectively, for these same
ice shapes at a higher angle of attack at 8.4 degrees. The high-fidelity shape again shows the
streamwise running streaks near the root, but they appear less well defined passed the Yehudi
break moving outward spanwise. Looking carefully, periodic pooling of the oil is seen aft of the
ice shape beyond the Yehudi break indicating the presence of the oil streaks and local separation
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Fig. 16 Max scallop high fidelity and 3D smooth oil flow at o = 8.4 deg.

regions, but no organized spanwise vortices. The 3D smooth oil flow shows a spanwise-running,
leading-edge vortex near the root that appears to grow significantly in chordwise extent as it moves
spanwise. Significant separation is seen further outboard as the very low shear results in little
movement of the oil. In the surface pressures of Fig. 17 for the 3D smooth shape, note the
extensive constant pressure plateaus at y/b = 0.44 and 0.60 indicating very large regions of
separated flow. Remember that the end of the pressure plateau does not necessarily indicate
attached flow which instead usually occurs well aft of this chordwise location as pressure recovery
takes place as the vortex reattaches. At this angle of attack the high-fidelity ice shape configuration
at y/b=0.44 and 0.60 shows what is probably some leading-edge flow separation as the sharp
pressure spike seen inboard, and at the lower angle of attack, is no longer present and instead the
Cp broadens chordwise. Thus, inboard where the oil flow still shows distinct streamwise oil
streaks and no leading-edge vortex, a sharp pressure spike is present for the high-fidelity case.
Figure 18 shows the aerodynamic performance of the high-fidelity max scallop shape and the
low fidelity simulation, 3D smooth, with and without grit roughness.[17] The 3D smooth shape
is seen to be nonconservative in over predicting the maximum lift and underpredicting the drag.

The addition of the grit improves the simulation, but the results are still nonconservative.
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Fig. 17 Surface Pressures for Maximum Scallop Configurations at a = 8.4 deg.
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Fig. 18 Aerodynamic performance comparison between the four fidelity representations of
the Maximum Scallop ice shape at Re = 11.9x106, M = 0.23. (Woodard, et al. [17])
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Fig. 19 Streamwise high fidelity (top) and 3D smooth (bottom) ice shapes

Streamwise ice shape results:

The streamwise ice shape was generated in rime icing conditions in the NASA IRT as shown
in Table 1. As with the other accretions in Table 1, an aerodynamic wind tunnel test was conducted
for the CRM65 swept wing with the full-span high-fidelity ice shape as well as a lower fidelity 3D
smooth shape. Camello et al.[12] presented the first and most detailed discussion of the effect of
fidelity on the streamwise ice shape aerodynamics. Figure 19 shows a segment of the high-fidelity
ice shape as well as the 3D smooth low-fidelity shape. The 3D smooth version lacks the irregular
features at the leading edge that are present in the high-fidelity shape. This will be seen to
significantly affect the aerodynamics.

The lift, moment, and drag for the high-fidelity, 3D smooth, and 3D smooth with roughness are
shown in Fig. 20. Note that the high-fidelity and 3D smooth data were only taken at angles of
attack up to 16 degrees. The lift for the three ice shape simulations looks very similar up through
maximum lift, although the 3D smooth with grit has a slightly lower maximum lift. The high
fidelity and 3D smooth plus grit have similar drag performance over the angle of attack range with
the 3D smooth showing lower drag. The pitching moment comparison follows from the lift. Here
the 3D smooth plus grit results compare well with the high-fidelity up to 12 degrees angle of attack.
This agrees well to the lift performance where these two ice shapes also diverge at about 12 degrees
A0A. The 3D smooth pitching moment for angle of attack greater than two degrees has a more

negative, nose-down pitching moment. Both of the 3D smooth pitching moment curves show a
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Fig. 20 Streamwise ice aerodynamic performance. Re = 1.6 x 10® and M =0.17
nose-up break at around 12 degrees angle of attack defining the range of useable lift. The high-
fidelity shape breaks later but more data at higher angles of attack are needed to define the angle.
Upper surface oil-flow visualization is shown in Fig. 21 for the high-fidelity streamwise ice
shape and the 3D smooth shape at 9.5 degrees angle of attack. In the high-fidelity ice shape
visualization we can see massive flow separation at, and just outboard of the Yehudi break. Further
out spanwise and almost to the wing tip, streamwise oil streaks can be seen similar to those
discussed earlier in the section on Horn Ice Results. In the horn ice case these streaks were
produced by the flow through and around the highly 3D horn ice scallops and were believed to be
the result of streamwise vorticity generated by the geometry. Here for this streamwise ice shape,
it appears a similar phenomenon is occurring with streamwise vorticity generated by the very
nonuniform leading-edge geometry of the high-fidelity streamwise ice shape. Just as in the horn
case, this streamwise vorticity is affecting the flow in this region. This phenomenon does not seem
as consistent across the span as in the horn case. Perhaps this is due to the variation of the ice
shape across the span and the fact that the streamwise vorticity generated may not be as strong as

in the horn case. Further measurements are needed to more fully understand this flowfield.
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Fig. 21 Streamwise high fidelity and 3D smooth oil-flow visualization at Re = 1.6 x 10® and
M=0.18, & =9.5°

Figure 22 shows the surface pressure coefficients measured at the six streamwise tap rows for
the three ice shape configurations at an angle of attack of 9.5 degrees. Here the black circles are
the high-fidelity ice shape and it shows a large separation (nearly constant Cp from the leading
edge to about 20 percent back on the chord) at y/b = 0.44. A smaller almost constant pressure
region is also seen at y/b = 0.28 and is due to the increased pressure under the leading-edge
separation vortex. This corresponds to the separation seen around the Yehudi break spanwise
location in the flow visualization. Outboard of this station at y/b = 0.60, 0.81, and 0.90 a very
peaky leading-edge pressure distribution is seen with no constant pressure region. As discussed
in the Horn Section this represents the low pressure on the leading-edge as the vortex is suppressed
by the ice shape geometry and the flow remains attached on the leading edge. This is the region
where the oil streaks are seen on the outboard leading-edge section in Fig. 21.

The 3D smooth with grit has similar pressure to the high-fidelity while the 3D smooth sees
slightly more suction on the leading edge. Note for example the y/b = 0.28 station. Here very
clearly the 3D smooth has the peaky, no leading-edge vortex distribution, and the 3D smooth with
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Fig. 22 Streamwise ice surface pressures at a =9.5 deg. Re = 1.6x10% and M =0.18

grit has the C,, of the leading-edge separation case. Consistently, the 3D smooth plus grit and the
high-fidelity have very similar flowfields as represented by the measured surface pressure
distributions in the region of the Yehudi break where the leading edge separation first appears.
Thus, for the streamwise ice shapes the type | and type Il flowfields discussed in the Horn
Section are also seen here. However, in some ways this flowfield on the streamwise shape seems
more complex. Perhaps this is because the streamwise geometry is not as highly 3D as the scallop
shape discussed in the horn section and that here the type | and 11 flowfields vary across the span.
It is also interesting that adding the surface roughness is seen to best generate the pressure field
seen in the high-fidelity case. There is not enough flowfield information to discern if this is by the
same flow mechanism, but it does suggest a highly complex flowfield that must be better
understood before the key geometric parameters can be identified with confidence and the goal of
accurately simulating its aerodynamic effect with simple geometric shapes achieved for the general

streamwise ice classification.

C. New Swept-wing classification

Using the 2013 swept wing ice shape Classification of Broeren et al.[2] the scalloped ice shapes
tested of any fidelity would be classified as horn shapes. However, as just discussed in the previous
section the flowfields as seen in the oil flow visualization, and as described by the surface

pressures, are different depending on the level of three-dimensionality in the ice shapes. That is
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whether the ice shape supports the formation of the leading-edge vortex or suppresses it. Thus,
consistent with the philosophy of grouping ice shapes in consideration of the flow physics, these
two different flowfields should be grouped into two different ice shape classifications. So, the
horn classification now becomes:

e 3D leading-edge horn

e Highly 3D leading edge horn
Only a small number of shapes have been tested and the study of the flowfield physics is also
limited. Thus, the understanding of the characteristics of these two classifications is not nearly
complete. At this writing here is the best information for the critical characteristics of these two
classifications based on the process depicted in Fig. 1. The 3D leading-edge horn ice shape
classification is characterized by the horn size, location, and angle as in the 2D airfoil case. The
variation and rate of change of this horn spanwise is small with respect to the size of the horn. The
next section provides a summary of a small sensitivity study looking at these characteristics.

Providing characteristics of the highly 3D leading-edge horn is more difficult and

uncertain. The location and size of the horn in a spanwise averaged sense is expected to be
important to the flowfield and aerodynamics of the wing. The characterization of the rapid changes
in the horn or ice shape spanwise is more difficult to characterize. Woodard et al.[17] have
developed some basic parameters in studying the high-fidelity maximum scallop shape from this
research program in an attempt to develop a simple, low-fidelity, representation of this shape.
Tests of low-fidelity ice shapes based on these parameters for their aerodynamics are briefly
summarized in the next section.

In summary, the proposed swept-wing ice shape characterization is:

e Roughness: key parameters are roughness height, location and density.

e Streamwise: key parameters are shape, roughness height and density

e 3D leading-edge horn: key parameters are horn height, location, angle, and roughness

e Highly 3D leading-edge horn: key parameters are spanwise averaged are horn height,

location, angle, spanwise variation of horn geometry, and roughness

e Spanwise ridge: key parameters are location and height

Tests of the one streamwise ice shape in this research program produced a type Il flowfield for the

high-fidelity shape and a type | flowfield for the 3D smooth low-fidelity version of this
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shape.[12,42] Thus, the argument could be made to remove streamwise ice from the classification
and include this streamwise shape, and potentially all streamwise shapes, into the two new
categories of horn shapes. Clearly, many streamwise shapes have a geometry that can be viewed
as a horn shape on the leading edge oriented at a low angle roughly into the incoming relative
wind. The authors have decided that one case was not enough to make this change - that other
flowfield physics on additional examples of this shape may later suggest other classification
solutions. For example, airfoil streamwise shapes have been tested that are very conformal to the
leading edge which increases camber and effectively acts as a leading-edge device. Perhaps a
future streamwise shape on a swept will also demonstrate these physics. So, for now the

streamwise classification has been retained pending additional information in the future.

D. Parametric Studies of Swept Wing Ice Shape

Two studies were conducted as part of the Swept Wing Icing Research Program using simple
ice shape geometries to better understand the sensitivity of ice shape parameters to aerodynamic
performance. One set of shapes used simple horn geometries to better understand the 3D Horn
swept wing ice shape classification in terms of horn size and angle. The second study explored
ice shape geometry within the highly 3D horn geometry classification. These two studies are

presented briefly below and much more information can be found in the references.

Horn ice sensitivity:

The 3D horn classification study considered horn size and angle. Much more information on
this study can be found in Broeren et al.[42] The simple horn geometry was based on the WB33
ice shape. The icing conditions for this accretion case are shown in Table 1. In Fig. 23 the CAD
renderings of the WB33 high-fidelity shape and the low-fidelity 3D smooth shape are shown as
well as a simple 3D horn. These represent three very different fidelities of the same measured
WB33 ice accretion.
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Fig. 23 Comparison of WB33 high-fidelity shape (top), 3D smooth shape (middle),
and simple 3D horn (bottom) (Broeren et al.[42])

For the 3D horn sensitivity study two different horn heights and three different horn angles
were tested. The horns were tested with two horn sizes of k/c = 0.0355 as shown in Fig. 23 and
one half this horn height of k/c = 0.0177 as defined at the midspan. The horn angle measured from
the chord line of 10 degrees is shown in Fig. 23. Horn angles of 25 degrees and 40 degrees were
also tested. It should be noted that these simple horn shapes were not intended to match or
accurately simulate the actual accreted ice geometry. Instead the horns were intended to be used
to study the sensitivity of the aerodynamics to changes in horn size and angle ad be representative
of horn parameters measured on actual accretions.

Remember that the swept-wing ice accretions are created based on measured accretions from
the NASA IRT from three wind tunnel models each representing a different wing spanwise
station.[43] Figure 24 shows the simple horns with 10 and 40-deg. angles and the two heights at
the three spanwise stations compared to the WB33 3D smooth profiles and a LEWICE3D
calculated shape.

Figure 25 shows the lift, pitching moment, and drag for the 10- and 25-deg ice horns at k/c =
0.0177 compared to the clean wing, and the wing with the 3D smooth shape and LEWICE3D
shape. All of these were tested at Re = 2.4 x 10° and M = 0.026. All of these shapes show a much
lower maximum lift, earlier moment break, and higher drag than the clean wing as expected. The
lift and moment performance of the 10-deg horn compares well to the 3D smooth. Increasing the
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Fig. 24 3D smoo);/; and LEWICE3D ice profile:/gompared to simple horn conﬁ(g:]urations at
the three spanwise stations (Broeren et al.[42])

angle to 25 degrees produces a significant additional maximum lift penalty and earlier moment

curve break. Thus, horn angle is shown here to have a significant effect on aerodynamic

performance. The drag is more complex, but as expected the 25-deg. horn shape shows more drag

at positive lift as compared to the 10-deg horn.

In Fig. 26 the maximum lift is shown versus Reynolds number for the 10-deg and 40-deg horns
at the two heights and with grit. The grit indicates surface roughness at high density applied to the
horn surfaces. The grit scales to a 3mm roughness at full scale. The first thing to note is that the
change in CLmax with Reynolds number of 1.6 to almost 12 million is very small. No clear trend
is seen (at least not above Re = 4x10°). With horn angle, however, the trend of reduced maximum
lift with increasing horn angle from 10 to 40 degrees, is clear across all Reynold numbers. At a
horn angle of 40 degrees, horn size has a clear effect on maximum lift with increasing size,
decreasing maximum lift. The with horn angle of 10 degrees, the effect of roughness is less clear
with almost no effect on maximum lift at the higher Reynolds numbers. The effect of horn angle
and size on usable lift is also shown and follows the same trends, although more significant, Fig.
26. Similar sensitivity of the aerodynamics to horn length and angle has also been noted for
airfoils. Note for example Fig. 5 where horns located s/c = 0.0 (also horns at a low angle to the
flow, also saw reduced influence on maximum lift. Based on the more detailed results presented
by Broeren et al.[42] these simple ice shapes have shown horn size and angle to be key parameters

in understanding the 3D horn swept wing ice shape classification.

30
American Institute of Aeronautics and Astronautics



0.10 = C(Clean
———o—— 3D Smooth
0.04 ——ea—— LEWICE3D
o 4—— k/c =0.0355, 6 = 10 deg. Horn
002 087 ~  Kc=008355,6=25deg. Hom
CM ]
-0.08 061
C. 1
-0.14 0.4
-0.20 021
-0.26 0.0
-0.32 -0.21
-0.38 0.4 i
4 0 4 8 12 16 20 24 0

o (deg.)

Fig. 25 Lift and moment performance of the swept wing including 3D simple horn
shapes. Re =2.4x10° and M = 0.026 (Broeren et al.[42])
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Fig. 26 Effect of Reynolds number on maximum lift and usable lift for swept wing
including simple horn shapes (M = 0.09 to 0.34) (Broeren et al.[42])
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Highly 3D Horn Ice:

Woodard et. al.[17,44] studied low-fidelity ice shape simulations of the maximum scallop ice
shape. Three of these simulations are shown in Fig. 27. The first is the 3D smooth shape created
by smoothing the maximum continuous cross-section. In aerodynamic testing of the 3D smooth
and 3D smooth with grit, these low-fidelity simulations produced non-conservative lift and drag
results compared to the high-fidelity simulation. To improve the simulation, and better understand
the flowfield and overall aerodynamics, a simulation strategy was developed to produce a simple
geometry that included some large variation of the geometry. The small gap discontinuous and
medium gap discontinuous ice shapes were based on measurements of the scallops and the gaps
that produce the streamwise vortices that have been shown to be important in the aerodynamics.
The shapes were formed by including gaps in the 3D smooth shape as seen in Fig. 27. Other
discontinuous configurations have been developed and tested but are not discussed here. [45]

The aerodynamics performance of the high-fidelity, small gap discontinuous and medium gap
discontinuous is shown in Fig. 28. Here the lift and pitching moment are seen to be reasonably
well predicted by both discontinuous shapes. Some discrepancy in the lift above eight degrees
Ao0A and the moment between eight- and sixteen-degrees AOA exists but are relatively small. The
drag is, however, not well predicted by the discontinuous shapes. Below C. = 0.3 the drag is
significantly under-predicted and above this value the drag is over-predicted by both discontinuous
shapes. Oil flow visualization of the upper surface flow at AoA = 5.3 degrees is shown in Fig. 29.
No evidence of a leading-edge vortex is seen in the oil flow of any of the three simulations. The
high-fidelity clearly exhibits the oil streaks produced by the streamwise vorticity that is generated
by the scallop geometry and that suppresses the leading-edge vortex formation (type Il flow). The
medium gap discontinuous shape also clearly shows this flowfield and, while harder to see in the
flow visualizations because of the reduced size, the small gap discontinuous shape also has
streamwise vorticity suppressing the leading-edge vortex.

The pressure distributions on the 6 streamwise pressure tap rows is shown in Fig. 30. All three
simulations at all spanwise stations show the peaky leading-edge pressure distribution
characteristic of the type Il flowfield. At a higher angle of attack, not shown, the pressure

agreement is not as good at all spanwise locations and especially near the Yehudi break. At these
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angles of attack the flowfield is not as clear and type | and 1l may both exist at different spanwise
stations on the wing.

Much more analysis of this flowfield and the various low-fidelity simulations can be found in
the literature.[17,44,45] The purpose of this paper, however, is swept wing ice shape classification,
which includes identifying the critical geometric parameters and understanding the sensitivity of
the aerodynamic performance to these parameters. (Thus, helping explore “how good is good
enough.”) For the highly 3D horn classification represented by the maximum scallop, it appears
accurate modeling on lift and moment requires the large spanwise geometric variations like the
discontinuous shapes tested. However, the drag is not well modeled and the flowfield modeling
at all angles of attack (especially higher AoA) is not clear. It is not well understood at this time
exactly how to characterize the parameters needed to characterize the simple shapes that can
reliably capture all the physics in the large spanwise geometric variations seen in highly 3D horn

ice on swept wings.

Fig. 27 Maximum Scallop 3D smooth (top), small gap discontinuous (middle), and
medium gap discontinuous (bottom) low-fidelity ice shapes (Woodard et al.[44])
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Fig. 28 Aerodynamic performance of high-fidelity max scallop and small and
medium gap discontinuous ice shapes. Re = 1.6x106, M = 0.17

Small gap s Medium gap

Fig. 29 Surface flow visualization for high-fidelity max scallop and small and
medium gap discontinuous ice shapes. Re = 1.6x108, M = 0.17, AOA =5.3
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Fig. 30 Surface pressures for high-fidelity max scallop and small and medium gap
discontinuous ice shapes. Re = 1.6x10%, M =0.17, AOA =5.3

E. Future Studies and Considerations

Iced Swept wing flow physics:

The 2D airfoil case had the advantage of years of more fundamental studies. Roughness
flowfields about single elements and distributed roughness, fundamental transition and separation,
backward-facing steps, and blunt flat plates had all been extensively studied and available in the
literature. Some of these are noted in the review article of Bragg et al.[3]

To better interpret the current swept wing results additional flowfield and flow physics
information is needed. Types of data that would be useful include off-body flow visualization,
off-body flowfield velocities, and unsteady flowfield information. To better understand the type
Il flowfields it is especially important to document the flow through and around the scallop shapes
and how this interacts with, and delays or prevents, the formation of the leading-edge vortex. This
information will provide a better understanding of the flow physics and allow a better
characterization of the ice shape geometry. With this information, researchers can provide simple
geometries, low-fidelity simulations, and icing simulation code guidance, etc. to help contribute

to “how good is good enough.”
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Fundamental Flowfield studies:

For the airfoil horn ice case much was learned from fundamental experiments on laminar
separation bubbles and backward-facing step flows. These fundamental experiments guided the
researchers in more detailed examinations of the flow physics of the iced-airfoil flowfields and
greatly contributed to the overall understanding of the flows.[3]

The iced swept wing case is comparable in some ways to the flow behind a swept, backward-
facing step. This flow is characterized by the formation of a separated shear layer and recirculation
vortex behind a sharp expansion, followed by reattachment. Due to the popularity of the 2D
backward-facing step as a means of studying separating and reattaching flows, it is somewhat
surprising that so few researchers have conducted detailed experimental and numerical studies of
the swept backward-facing step. A significant portion of the papers offer insight into the effects of
sweep angle rather than any geometric modifications of the step. This means that the literature
offers little guidance towards the understanding of the spanwise discontinuities that are of primary
interest in the scallop icing case. One exception is the paper focusing on the swept, backward-
facing step conducted by Selby.[46] In addition to varying sweep angle and step height, Selby
also made geometric modifications to the edge of the step, including shallow streamwise troughs
that form counter-rotating vortices. This was the closest comparison to the spanwise variations
seen in many of the previously discussed ice shapes. The experimental studies of the swept
backward-facing step by Weber[47] acquired holt-film measurements while using Selby’s
experiments[46] as a benchmark. Similar to other studies, the direct numerical simulation results
of Kaltenbach[48] investigated the effect of sweep and the independence principle between normal
and spanwise flow behind the step. Kaltenbach and Janke[49] further studied the transitional flow
over a swept step, again investigating the effect of sweep angle.

Yoshida[50] has undertaken an experimental study of a backward-facing step including
discontinuous step geometry that is based on low-fidelity simulations of the scallop shapes of this
research program.[17] The leading edge of a swept flat plate was fitted with a backward-facing
step and also a discontinuous backward-facing step as shown in Fig. 31. Flow is from top to
bottom on both Figs. 31 and 32. The Reynolds number based on a 0.5 step height was 5.11x10*
and the leading-edge sweep angle was 37.15 degrees matching that of the CRM wing leading edge.
The plate spans the 36-inch width of the subsonic wind tunnel and is 64.2 inches long fitted with

an additional 12 adjustable trailing-edge flap. Surface oil flow visualization, Fig. 32, on the
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backward-facing step (left image) clearly shows the leading-edge vortex and its reattachment just
downstream of the leading edge. The lower right of the image shows the wall interference as it
alters the leading-edge vortex. Secondary separation is seen as the oil flows forward and outboard
toward the leading edge and then pools just downstream of the step. The distance the secondary
separation is behind the step grows as the vortex moves outboard. The right image is the
discontinuous step flow visualization. Here no spanwise vortex is seen and instead the streaks
generated by the streamwise vorticity are present as seen in the highly 3D horn flow visualizations
earlier in the paper.

In Fig. 33 the surface pressures are shown downstream of the step and the discontinuous step.
In the notation of our earlier discussion, the solid backward-facing step exhibits a type | flowfield
where the leading-edge vortex is present and the discontinuous backward-facing step shows a type
Il flowfield where the leading-edge vortex is suppressed. As seen earlier on the swept wing, the
surface pressure is very different between the two cases. The backward-facing step sees a much
lower pressure due to the separation and suction under the vortex. Here the minimum C; is about
-0.5 centered around 2 inches (4 step heights) downstream of the step. The discontinuous step
doesn’t have an organized spanwise vortex, or the same acceleration of the flow over the step. For
this case the peak negative pressure coefficient downstream of the step is -0.22 just downstream
of the discontinuous step. Future studies plan to measure off body velocities and conduct off-body

flow visualization to help better understand these flows.

Fig. 31 Step leading-edge (left) and Discontinuous step geometries on a flat plate
with leading-edge sweep angle of 37.15 degrees. (0.5” step height with step Re of
5.11x10%)
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Fig. 32 Surface oil flow on swept plate with leading-edge step (left) and
discontinuous step (right)
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Fig. 33 Surface Pressure coefficient downstream of leading-edge step and
discontinuous step on a swept plate leading edge
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Effect of swept-wing geometry:

The research reported here used a CRM65 swept-wing configuration for the ice accretion and
aerodynamics testing. This wing was highly tapered and twisted and included a Yehudi break.[51]
The tested configuration had no engine or phylon, no flaps or control surfaces, and no tip devices.
It is highly unlikely that any potential future engineering application of the data from this program
or use of the ice shape classification system proposed here, will use this exact swept wing
geometry. It was shown in Section Il A) that the impact of airfoil design on the effect of horn ice
shapes on the performance could be very significant. Swept-wing geometry is much more complex
than 2D airfoil geometry and it can safely be assumed that the accretion and aerodynamic impact
of ice accretion on a swept wing will be very dependent on the wing geometry. A simple example
is the dependence of the leading-edge vortex on wing sweep.[21,22] The effect of ice accretion
and ice accretion fidelity on the formation, or the delay in this formation, was shown as an
important feature in the iced aerodynamic performance of this CRM65 wing. Wings of other
sweep angles are expected to have different sensitivity to the leading-edge vortex formation and
thus leading-edge ice shapes.

Lynch and Khodadoust[52] point out in their extensive review of aircraft and wing icing
aerodynamics that the proper assessment of three-dimensional icing effects relies on an
understanding of the spanwise variation in stall initiation on the clean wing. They note that 3D
wings have a spanwise location that is critical to stall initiation. The addition of wing-mounted
engines, nacelles and pylons can also modify the stall behavior. Therefore, it is important to know
the critical section, span-load distribution, baseline wing stalling characteristics, and how ice
accretion affects the stall progression relative to the critical section. All of this will vary from
aircraft to aircraft and even with different aircraft configurations. Thus, while the ice shape
classification proposed here is most likely to be valid across a variety of swept-wing geometries,
the sensitivities of the aerodynamic performance will undoubtedly vary across different wing
geometries. Hopefully the classification system and results presented here, and in the many other
publications derived from this research, can help guide and inform determining “how good is good

enough” for other geometries and configurations.
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IVV. Summary, Conclusions and Recommendations

This paper reviewed the concept and motivation for ice shape aerodynamic classification. The
2D airfoil classification that was developed in the mid-2000s is reviewed. The primary objective
of this paper was to present new data and analysis to support an improvement to the swept-wing
aerodynamic ice shape classification developed in 2013 based on the limited data available before
the NASA/ONERA/FAA Sunset Il swept wing icing program. For the swept-wing, two different
flowfields are observed for different fidelities of the horn ice shapes representing scalloped ice
accretion cases. These two cases represent different ice shape classifications that were not fully
anticipated in the 2013 classification effort. The formation of a leading-edge separation vortex is
a well-known flowfield for swept wings without leading-edge devices. Some high-fidelity horn
ice shapes have highly-3D local geometric features (ice scallops) that produce a flowfield that
delays the formation of this leading-edge vortex, referred to here as a Type Il flowfield. Flow
visualization suggests streamwise vorticity produced by the flow over and through the scallop
geometry is a necessary feature of these flows. The lowest fidelity simulations that do not include
the highly 3D features generate leading-edge vortices at lower angles of attack, referred to here as
Type | flowfields. Surface roughness attached to low-fidelity shapes can in some cases result in
Type 1l flowfields, particularly at low angles a of attack. Thus, it is proposed that the 2013 swept
wing ice shape classification be updated to divide the horn classification into a 3D horn
classification (generating primarily Type | flowfields) and a highly 3D horn classification
(generating primarily Type Il flowfields). The new proposed classifications are then:

e Roughness: key parameters are roughness height, location, and density.

e Streamwise: key parameters are shape, roughness height and density

e 3D leading-edge horn: key parameters are horn height, location, angle, and roughness

e Highly 3D leading-edge horn: key parameters are spanwise averaged are horn height,

location, angle, spanwise variation of horn geometry, and roughness

e Spanwise ridge: key parameters are location and height

The list above also includes the current best understanding of the key geometric parameters in
each classification. These are important as they represent the key parameters that control the
aerodynamic performance of the iced wing to the geometry of the ice shape in each classification.

Thus, as is proposed in the paper, “how good is good enough” is best answered by providing the
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aerodynamics as a function of these parameters so “how good is good enough” can be determined
for a specific application. In the recent data from this research program ice shapes in the
streamwise, 3D horn and highly 3D horn ice classifications were tested. Limited tests were
conducted using simple geometry and varying key geometric parameters to start to understand the
sensitivity of the aerodynamics of the wing to these parameters. This included a 3D horn study
varying horn size and angle, and also a study of discontinuous ice geometry to model highly 3D
ice shapes unlike the 2D airfoil case where many of these studies have been conducted, our data
set here is very limited. Thus, our understanding of the key parameters is at this time incomplete
and more parametric studies, are needed. For the 3D horns more sizes and locations are needed
including variations in size and angle with the spanwise location. For highly 3D horns, a better
parameterization of the complex scallop geometry is needed. This should be facilitated by time-
dependent off-body flowfield studies to better understand the relationship of the geometry to the
flowfield. Also, some studies on at least one different swept wing geometry is needed to better
understand how this affects the current results. As these additional data are acquired, and a better
understanding of the flowfields and aerodynamics obtained, additional improvements to the ice-
shape classifications for swept-wings are possible.
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